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Abstract

Clostridioides difficileis the major cause of infectious antibiotieassociated
diarrhoea, imparting a substantial clinical and financial burden on healthcare
facilities. Resistance development, particularly to fluoroquinolons, has been
implicated in major, international epidemics, predominantly associated with the
hyper-virulent ribotype 027. The development of multiple antimicrobial
resistance may contribute significantly to the considerable clinical challenges

associated wth this organism.

In this study, optimised germination environments, antimicrobial susceptibility
testing and next generation sequencing were utilised in the recovery and
characterisation of an historicalC. difficilecollection (1980-86). Epidemiological
comparisons of ribotype distribution and susceptibility patterns with modern
surveillance data (2012-2016) sought to reveal antimicrobial resistance
variance between two distinct periods. By correlating phenotypic resistance and
genetic determinants, thedissemination of resistance genes was evaluated.
Contributions of bacterial mutability to resistance propagation were
investigated in response to fluoroquinolone exposure amongst seven prevalent,
clinical ribotypes; (n=44). Throughin vitro batch and conthuous co-culture
modelling, the impact of resistanceconferring gyrA and gyrB mutations on the

fitness of ribotype 027 (n=7) was assessed.

The majority of test antimicrobials (1=8/9) were less active against modern vs
historical isolates. This is potentialy due to increased antimicrobial exposure
and subsequent selection/expansion of resistant strains. Moxifloxacin testing
demonstrated the largest increase in resistant populations, reinforcing the
notion of reduced susceptibility to modern fluoroquinolonesas a potential
contributory factor in disease. Phylogenetic analyses highlighted the complexity
of molecular clock predictions, with 69% of historical genomes correlating with

a 95% prediction interval.

Elevated mutability was observed amongst ribotype B7, suggesting greater
propensity for resistance evolution in this type. Common fluoroquinolone
resistanceconferring substitutions revealed advantages to bacterial fitness.

Continuous, competitive ceculture modelling of a Thr82>lle mutant, 027 strain
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emphasised the fithess benefits of this polymorphism, retained in the absence of
fluoroquinolone pressure. These findings indicate a potential contribution to the

success of this ribotype.
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Chapter 1 Introduction

1.1 Clostridioide s difficile

Clostridioides difficileis a Grampositive, spore bearing, obligate anaerobe. This
highly motile, rod-like bacterium is ubiquitous in nature, often found in soil and
aquatic environments®. 2), The existence o€. difficilespores in both hospital(. 4
and community cohorts ) demonstrates the abundance of tis organism, whilst
asymptomatic colonisation(¢-8) and zoonotic carriage®. 10) further facilitate
transmission. Pathogenicity is toxinmediated and directly related to antibiotic

associated microbiota depletion and the creation of colonic nichdsh.

1.2 History

Though the importance was not appreciated at the time, the first recorded
isolation of this significant pathogen was published by Hall and Toole in 1935
(12), They reported the isolation of this bacterium from the stool of a healthy
infant, originally giving it the nameBacillus difficilis due to difficulties associated
with its culture. A dearth of research followed this discovery, with no significant
literature published until the 1960s, by 1970 the organism was renamed

Clostridium difficile(*3). Exidence of human infections soon followed4).

Pseudomembranous colitis (PMwas first discovered by an American surgeon,
John Finney in 18931%), He identified complications arising with a pos
operative patient, whom developed haemorrhagic diarrhoea after gastrenteric
surgery. Nonetheless, associations betwedd. difficileand this severe outcome

were not made until much later(16. 17),

By 1973 the first links between PMC and antibiotic exposure were made,
through a study connecting seven out of eight PMC patients with prior
lincomycin use8). Clindamycin use was first associated with PMC in 1973. 20),
with a plethora of casegeported in the following years(@1-24), By 1974 the initial
discovery of a cytopathic toxin associated with clinical manifestations of PMC

was made, as described in guinea pig stodks).
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Hamster models proved significant in initiating further breakthroughs in the
understanding of the diseaseC. difficilewas established as the aetiological agent
of PMC in 1978, when it was isolated from the caecal contents of elssed
animals, andthe presence of neutralisable toxins were demonstrate6-28),

Work by Bartlett and colleagues was crucial in demonstrating the link between
C. difficileand PMC, suggesting a crogsactivity with clostridial anti-toxins (16.

17), Subsequently antibiotics were identified as specific risk factors, with
clindamycin and cephalosporins deeme the agents of highest risk and the main
antimicrobial classes associated with infectio?%. 29). The awareness o€. difficile
infection (CDI) risk associated with quinolone compounds rapidly followed their

introduction and wide spread usage€?39).

Recently, the classification o€. difficilehas been under review, with
phylogenetic analyses first suggesting a proxiity to the Peptostreptococcaceae
family 31, However, further research assessing phenotypic behaviour in
conjunction with phylogenomics has led to a reclassification into a novel genus,
and should be officially referred to @& Clostridiodes difficilé32). Nonetheless, this
bacterium is still commonly referredto aC. difficileand will herein be referred to

by that name.

1.3 Clostridioides difficile infection

C. difficileis the leading cause of antimicrobiahssociated diarrhoea in hospital,
and increasingly, community settings33. CDIprimarily affects the elderly, with
incidences and mortality dramatically increasing at >50 yearand risk further
escalating at >65 year$34. C. difficileproduces resilient spores that can remain
dormant in the environment for prolonged periods, before potentially being
ingested by a host. Subsequent exposure to broapectrum antibiotics has a
deleterious effecton the host gut flora, depleting colonisation resistance; a
mechanism where the resident gut bacteria inhibit invading pathogens from
colonising @3, This subsequently allow<C. difficileto proliferate, release toxin
and initiate infection 1), Most recent UK figures from 2012 indicated that 1,646
deaths were attributable toC. difficile(3®, with an estimated potential healthcare

cost of up to £8,82 per CDI patient®”). Financial impact on healthcare
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providers is significant, with annual healthcare costs have been estimated as

more than five billion US dollars, in North American aloné&?).

1.4 Clinical manifestations

CDl is characterised by a wide range of clinical symptoms, from mild, self
limiting antibiotic -associated diarrhoea to colitis, PMC and toxic megacol&f).
Diarrhoea is often watery, voluminous and commonly emartas a distinctive
odour 40 whilst additional clinical markers include fever, low serum albumin
levels (<3 g/dL), raised leukocyte count (>15,000 cells/uL) and high serum
creatinine levels1. 42). Severe cases resulting in PMC and toxic megacolon are
often associated with abdominal cramping, distention, vomitingethargy,
nausea and white blood cell counts as high as 50,000 cells/({E: 43. 44, PMC is
characterised by necrosis of the epithelial lining, producing lesions that can
erupt exudate, effecting further necrosig+%). Other complications associated
with CDI are tachycardia, hypotension anéxtensive dehydration leading to
renal failure (49, Fulminant disease is reported in <5% of CDI patientahere
toxic megacolon can result in bowel perforation and deatf9, with fulminant

CDI associated withan all-cause, 30 day mortality rate as high as 36%f).

1.4.1 Recurrence of infection

Post symptomatic CDI resolution, 1385% of patients suffer recurrent episodes
of infection (47-50), Of these cases 465% experience further episodes of relapse
or reinfection 1.52), with extrapolated rates reported in the United States of
83,000 recurrent infections in 201163). Retention ofC. difficilespores or the
reintroduction of new strains into a sustained diminished colonic environment
can result in germination, proliferation and disease. Several studies have
reported an increased risk of mortality assaiated with recurrent CDI, with 9.3%
and 16.4% of cases resulting in death after 30 and 365 days, respectively>5).
Many of the common risk factors associated with primary instances of CDI are
further correlated with recurrent infections, including advancing age, use of
antacids and prolonged antibiotic treatmentg57-60), Immune response is

important in the prevention of recurring infections, with poor IgG antibody
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responses toC. difficiletoxins associated with elevated primary and recurrent
CDiI risk(61. 62),

Recurrentepisodes of CDI can be differentiated into relapses of disease with the
same strain, and reinfections with a different strain from the environment.
Figueroaet al.reported higher proportions of relapse over reinfection in early
(0-14 days) compared to lée (15-31 days) recurrences, 86.7% and 76.7%
respectively 63), Ribotype 027 cases were significantly more likely to result in
relapses (93%), than nor027 strains (75%), indicating further challenges
associated with this hypervirulent ribotype. In support of these findings, data
from molecular surveillance of 102 patients revealed that 88% of secondary
episodes occurring within 8 weeks were a result of a relapse, whilst only 65% of
episodes recurring after 8 weeks were attributed to the same strain§4. This
suggests that retained spores may be the most likely aetiology of recurrent
infection in the majority of instances, even two months after initial disease

resolution.

Secondary to the clinical implications, the cost of recurrent infections is a major
burden to healthcare providers, and has been estimated as $2.8 billion per
annum in the USA aloné?>). Spiralling costs are predominantly attributable to
increased lengths of hosp#l stay and additional intensive care admission§®),
with one study reporting 68% of cost associated withnicreased hospitalisation,
20% with surgeries and 8% constituted of additional drug expenditure$®®). The
true cost of recurrent CDI is difficult to calculate, due to many confounders, such
as associations with cemorbidities. However, a large scale, retrospective
observational study by Zhanget al. proposed an estimated aveage cost of
$49,456/£37,289 per case, $10,580/£7,977 more than a primary CDI instance

(58)

Antimicrobial re sistance is not thought to be a factor in CDI recurrend), and
recommended therapies often involved repeat courses of either metronidazole
or vancomycin, although efficacy of this approach was observed in only 50% of
cases®”). Therefore, recent guidelines focus on treatment with vancomycin,
administered via a tapered or pulsed regimeff8. These alternative dosing
regimens were reported as significantly inproved over standard therapies, with

recurrence reported in 44.8%, 31.0% and 14.3% of cases, for repeat, tapered
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and pulsed vancomycin treatments respectivels9. Due to the evident success
of fidaxomicin in clinical trials 0. 70), current recommendations also suggest the
use of this narrow spectrum antimicrobial, however this remains a far more
costly drug 1. In cases of multiple recurrences, the use of faecal microbiota

transplants has demonstrated superior efficacy’2-74).

1.4.2 CDirisk factors

Identification and understanding of the risk factors associated with CDI
acquisition and severity are crucial to the effective diagnosis and management of
potential patients. Several important patient characteristics have been linked

with in creased incidence and severity of CDI.

1.4.2.1 Increased age

The most commonly reported risk factor for CDI is increased adg#- 7580). As
outlined in the Society for Healthcare Epidemiology of America (SHEEA
guidelines, incidence of CDI is highest in patients aged over 6%. One
prospective study encapsulating over 4,000 patientsaoss six Canadian
hospitals, further outlined this risk, demonstrating a 2% increase in risk for
every additional year beyond 18 years of agé¥. The same research group
further delineated their findings, indicating an elevated incidence amongst a
population of over 50 years of age, whilst mortality rates correlated significantly
with those over the age of 6078). Whilst age demographics strongly correlate
with CDI rates, the association with disease severity is less clear. A recent
retrospective chart review revealed significant correlation between advanced
age (>70), severe Cdnd allcause mortality 81). Nonetheless, other studies
have found no links to outcome severity82-85). The plethora of confounding
factors that are associated with age further complite this picture. Increased
contact with healthcare settings, greater exposure to antimicrobial treatments,
additional co-morbidities and potential physiological alterations impairing
immune response efficacy, may all contribute to an overall risR0. 86. 87) Changes
in microbial diversity of the gut have been observed in aging populatiori8s. 89),
with Reaet al.identifying a distinct reduction in Bacteroidetes and Closidium

species amongst this populatior®®. Ultimately, these alterations to the gut
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microbiota may affect the level of colonisation resistance and susceptibility to

CDI onset.

1.4.2.2 Predisposing antimicrobials

Understanding the complex relationship between antimicrobial usage and CDI is
critical to reducing incidence of this disease. The majority of antimicrobial
classes have previously been linked with predisposition to C[H, however,
early research implicated particular broadspectrum antimicrobials as CDI
inducing agents, including clindamycin, ampicillin and cephalosporing?).
Further studies supported these findings, indicating those compounds with
greater anti-anaerobic activity were associated with greater CDI risk?. 92),
Conversely, several antibiotic classes, including ureidopenicillins and
tetracyclines have been associated with a lower risR3). Exposures to both
prolonged therapies and multiple, concurrent antimcrobials have also been
correlated with an increased risk of severe CD#0. 94. 95 undoubtedly due to the

severe deleterious effect on intestinal microbiota.

1.4.2.2.1 Clindamycin
This broad spectrum lincosamide has a rage of indications for use, including

respiratory, soft skin, bone and joint infectiong®). Clindamycin has long been
established as a risk for the onset aintibiotic -associated diarrhoe&??, with

many subsequent studies confirming the high level of risk related to use of this
antimicrobial (28.80.95,9799) Three large scale metanalyses comprising

almost 50,000 subjectg100-102) g|| determined clindamycin as one of the primary
risk factors for CDI (with odds ratios as high as 20.4), whether in hospital or
community environments. As awareness of this ass@tion increased,

restrictions on this antibiotic have led to decreased incidence of CDI, attributable
to more considered prescribing, as opposed to declining resistance development
(97,103, 104). Consequently, cuent UK guidelines recommend the avoidance of
clindamycin in elderly patients 05, Highlevel resistance development to this
agent has been reported as characteristic of epidemic strains and may be

considered a potential risk factor(92. 97),



1.4.2.2.2 Cephalosporins
Cephalosporins, particularly second and thd generation compounds, have

demonstrated some of the strongest associations with CDI rigk0-102),
Increasingly reported in the aftermath of clindamycin restriction(29), these
agents were regularly descibed as significant risk factors forC. difficiledisease
in both hospital and community settings(78. 80. 95, 98, 106, 107) A systematic review
revealed cephalosporins as, by far, the class of antibiotics with tlggeatest risk
of CDI, more than fousfold higher than clindamycin(®©2. One prospective study
of Canadian cohorts indicated cephakporins as a risk of disease (OR 3.8; 95%
Cl 2.26.6) even after adjustment for confounders, such as age and-co
morbidities 34. The high degree of CDI risk associated with cephalosporin use
may partly be due to their lowlevel of activity againstC. difficile(108-110), This
intrinsic resistance to many agents in this class, mayacerbate the associated
risk, by enabling the bacteria to survive and proliferate where other gut flora do

not.

1.4.2.2.3 Fluoroquinolones
Fluoroquinolones were previously considered as low risk antibiotics with

regards to CDI development!1l), However, more recent work has revealed an
increasing risk association34 92.99), Crucially, the emergence of the hyper
virulent, PCR ribotype 027 as a major cause of epidemigsdase at the beginning
of the century was strongly attributed to the development of fluoroquinolone
resistance(4 112), In the context of this outbreak situation, Lot al. observed a
strong, independent correhtion between prior fluoroquinolone exposure andC.
difficile-associated diarrhoea (OR 3.9, 95% CI 2636) (34, Pepinet al.
demonstrated that one quarter of CDI patients received fluoroquinolones prior
to onset, with over a third of these featuring a quinolone as contributory to the
onset of infection®. Gayne<t al. reported associations amongst a lorterm
care facility cohort, where prescribing policies changed from levofloxacin to a
predominance of gatifloxacin®b. This shift in third generation fluoroquinolone
was correlated significantly with CDI acquisition p<0.0001), as 30% of patients
receiving gatifloxacin developed CDI. Equally, prolonged treatment was
associated with significant increases in CDI risk, with those developing disease

averaging a length of fluoroquinolone exposure of 13.5 days vs 6.9 in the ron
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CDI cohort. The distinct dference in risk may be explained by the markedly
improved activity of gatifloxacin against anaerobic bacteri&13), potentially
conveying considerable deleterious effects against the gut microbiota. In support
of these data, another study demonstrated similar finding§14, with Gayneset

al. further demondrating significance with a reversion in the formulary back to
levofloxacin. This resulted in a considerable decrease in CDI cases, although
other factors, such as differing iliness severity amongst the cohorts and potential
ascertainment bias from clinicens are possibly involved®l). Conversely, one
North American study revealing fluoroquinolone use as the only significant risk,
demonstrated vastly more levofloxacin use (60%) than gatifloxacin (15%}15),
further indicating the complexity of drug-microbiota interactions.

)T OAOAOOET Cl Uh x1T OE AU #h&infectomri8k / 6 #1111 C
increased, where the residentC. difficilestrain displayed existing resistance to

the administered drug(11), With rates of asymptomatic carriage described as
high as 51% withincertain populations (116), it may be proposed that
administration of fluoroquinolones could have greater implications if resistance
ET ACAAOAA ET AlI1TTEOET C OOOAET O ) T OOE G
combination of ribotype 027 and moxifloxacin in arin vitro model of the human
gut, indicated toxin production prior to notable germination and the generation

of fluoroquinolone resistant colonies(1?). This maybe due to a preexisting sub-
population of resistant colonies connected with the hypewirulent strain. The

risk is not always straight forward; in the aforementionedin vitro models,
levofloxacin displayed a reduced impact on gut flora, although spore

germination still occurred. These data highlight the potential involvement of
additional factors in disease onset, such as direct stimulatory effects of antibiotic

molecules or the relevance of elimination of specific metabolite&!?

Although fluoroquinolones were attributed to CDI risk to a lesser extent than
clindamycin and cephalosporin in a large metanalysis, the association was
described in more studies than any other antibiotic clas§%0). With the increased
prevalence of fluoroquinolone resistant straing!18), the risk associated with this

broad spectrum class of antimicrobials is considerable.



1.4.2.2.4 Other CDI eliciting compounds
In the 1980s broad spectrum penicillins, such as amoxicillin, were the second

highest antibiotic CDI risk factor behind clindamycin29. 119.120) |argely due to
the extent of usage. Current opinions reflected in several metnalyses, report
them as moderate risk (OR 1.45), above macrolides and
sulphonamides/trimethoprim (100-102) whilst carbapenem use has also been
reported as a significant risk factor7). A further review suggesed the length of
exposure as more important in penicillin risk, with treatments prolonged over
one week carrying a significant risk (Relative Risk 3.62; 95% CI 1.28842) (121),
In contrast, a recent analysis of randomisedontrolled trials demonstrated

penicillins and fluoroquinolones as involved in equal numbers of CDI casg&?).

1.4.2.2.5 Low risk antimicrobials
There does not appear to a simple relanship between broadspectrum

compounds and onset of disease. Antimicrobial combinations, such as
piperacillin/tazobactam have demonstrated relatively low CDI risk compared to
other antibiotic classes(101.123,12) A |arge metaanalysis of clinical CDI risk
factors recently identified an odds ratio of 1.45 (1.08.02) associated with
penicillins (100), Interestingly, in anin vitro model of the human gut,
piperacillin/tazobactam combination therapy effected a major deéterious
influence on gut microbiota populations, yetC. difficilespores remained dormant
(125), Nonetheless, the literature does correlate strongly for some antimicrobial
classes. All three large scale metanalyses of healthcare and community settings
concurred in the observation of no significant CDI risk increase relating to
tetracyclines treatment, whilst assessment of aminoglycosides also

demonstrated no elevation of risk(100, 101, 126)

1.4.2.3 Length of hospital isation

Length of hospital stay has regularly been associated with an increased risk of
CDI acquisition(76. 80, 82,107, 127) This may be as anticipated, as prior exposute
healthcare settings often serves as a proxy for an increased period of potential
contact with spores in the clinical environment, raising the chance of
colonisation. Equally, patients suffering extended hospitalisation are often
burdened with co-morbidities and are exposed to further risk factors, such as

multiple antibiotic treatments. Length of hospital stay is not only associated with
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increased incidence of CDI, but an elevated severity. Dudukgienal. reported
significance associated with mortality observing a prior hospitalisation of 12
days vs. 6 days in deceased and living CDI patients; respectivéd. Ultimately,
this risk is difficult to separate from other risk factors, but demonstrates a

compounding effect of several high risk characteristics.

1.4.2.4 Proton pump inhibitor use

One area of considerable ebate is the impact of proton pump inhibitors (PP)

on CDI acquisition. Several studies have reported gastric acid suppressants as
significantly associated with CDI128-130) while others have found no correlation
(131,132), These widely consumed gastric acid supressing drugs, used in the
treatment of ulcerations and gastroesophageal reflux diseas&? were first
independently associated withC. difficilecolonisation risk by Dialet al. in 2004
(128), This study of a large scale Canadian cohort also revealed an increasing risk
associated with prolonged PPI use. The mechanismhiad this elevation in risk

is likely to revolve around an increased potential for ingested spores to reach

the lower gastrointestinal tract intact. Research has demonstrated that the
reduction of gastric acid production associated with these agents has dre
demonstrated to lead to overgrowth of bacteria in the gastrointestinal tracf34),
with considerable microbiome alterations reported with prolonged PPI usé!3s.

136). Nonetheless, not all studies have observed an increased risk associated with

PPs (99, 131)_

1.4.2.5 Nasogastric intubation

The association between nasogastric tube feeding and CDI has been well
documented(80. 137, 138) This relationship is generally attrituted to the extra
involvement of clinical staff during insertion (137.139) in addition to the risk of
feed mntamination (140), A recent large scale metanalysis demonstrated a 1.8
fold increase in risk associated with enteral feeding tubes, although no
significance was linked to recurrencel3®), Blisset al. observed a significant risk
of nasogastric tubes, with involvement reported in 20% of colonisation cases vs.
8% of the control37), Disease was established in 9% of intubated patients in
comparison with only 1% of control cases. Again, the literature is not always
consistent, with an increased severity of disease reportedly associated with

enteral feeding in some studie$8s. 139), whilst others observed no significant link
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significance associated with this clinical practicego),

1.4.2.6 Additional risk factors

The severity of underlying disease and additional comorbidiés, including
inflammatory bowel disease, renal failure, cardiac disease, diabetes and
hematologic cancer have all been correlated with CDI rigk. 141, 142) Host factors
such as immune response have also bednked to C. difficilecolonisation and
disease. Locet al. reported a link between the level of toxin B antibodies and
healthcare-associated colonisatior{”®). This association has been supported by
recent findings of trials of monoclonal antibodies toC. difficiletoxins, where

antibody response to toxin B was deemed as protective to recurrent Ci3).

1.4.1 Diagnosis of CDI

Diagnostic algorithms for CDI vary across country, study and even hospit&4).

Although recommendations ofOCT 1 A OOAT AAOASd [ AGET AT 11 CI
outlined (145.146) not every institution can access the finance or expertise

required for best practice. This variation impacts on infection rate surveillance

(147) and could lead to falsely reported CDI cases, due to the use of sydtimal

testing algorithms.

1.4.1.1 Detection of clinical manifestations

The foundation of any diagnstic assay is the accurate determination of clinically
relevant symptoms. Since, the primary indicator of CDI is diarrhoeal stools,
reliable and consistent definitions of what constitutes diarrhoea are necessary.
Current SHEA and Infectious Diseases Sogiaif America (IDSA guidelines
recommend that more than three episodes of loose stools in 24 hours, which
take the shape of the container, should be further tested for the presence©f
difficile, unless explained by an underlying reasofi®. Confirmation of disease
should then be sought through histopathological evidence &fMCor subsequent
laboratory testing. The absence aforrect diarrhoeal diagnosis may result in
wasted financial and time resources.

4xi [ AOETATITCEAO EAOA AAAT AT 1 OEAAOAA

identification of toxigenicity; cell cytotoxicity neutralisation assays (CCNA) and
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cytotoxigenic culture (68.146. 148) CCNAs rely on the identification of a cytopathic
effect on a cell culture line, associated with the action &. difficiletoxin.
Confirmation of cell death can be attributed tcC. difficiletoxins, through the
simultaneous demonstration of the neutralising effect o€Clostridium sordellii
anti-toxin. While this method is highly specific and sensitiv€48-150) it is not

ideal for rapid clinical diagnosis, ast is time consuming and requires constant
maintenance of cell lines. Cytotoxigenic culture involves an initial culture step on
selective agar, and subsequent CCNA of broth culture to identify the presence of
a toxin producing strain151), Where the latter has beemlemonstrated as more
sensitive (152) questions are raised as to the validity of this method, as it only
tests the potential for the colonising strain to produce toxin and not the actual
presence of toxin in faece§48). Therefore, since these tests identify different

targets, they demonstrate differing sensitivities andpecificities (148. 153, 154),

1.4.1.2 Glutamate dehydrogenase and toxin screening

Many commercially available kits exist for the detection oflutamate
dehydrogenase (GDHand C. difficiletoxin (151,155, Based on enzyme
immunoassay(ElA), lateral flow (immunochromagraphic) and PCR techniques,
these kits enable the simple and naid detection of surface enzymes, free toxin or
the presence of thecdB gene in stool.The detection ofC. difficilein faeces is
routinely carried out with an EIA, which detects the GDH enzyme present on the
outer surface of allC. difficilecells (156), Although this method is unable to
distinguish between toxigenic and nortoxigenic strains, it acts as a highly
sensitive screening method forC. difficiledetection (155-159) Interestingly, GDH
sensitivity has been demonstrated as strain dependent, with significantly lower
sensitivities observed for PCR ribotypes 002, 027 and 108%0. 161), Due to the

low specificity of GDH assays and the lack of direassociation with diseasg162),
positive GDH specimens must be subjected to subsequent toxin testiiag

diagnose CD{¢8. 146),

With the increasing prevalence of CDI associated with toxin A negative, toxin B
positive strains (163165 E|A is now widely used for the deta@n of both toxins A

and B. Where commercially available toxin detection kits provide a rapid result
and reduce the level of expertise required, they have been demonstrated to

exhibit extensive variability and, in some cases, suboptimal
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sensitivities/specificities (151.155), In one large scale comparison of nine toxin
detection kits, sensitivity ranged from 66.7 to 91.7%, whilst specificity ranged
between 90.9 to 98.8%, with the Premier toxin A+B and Techlab tox#/B kits
amongst the most sensitive EIA8%5). Both of the membrane assays
demonstrated greater specificity than the EIAs tested, with highest positive
predictive values (PP\8) observed for these kits. Nonetheless, PPVs for
commercial kits are generally reported as low, with a systematic review by
Plancheet al.suggesting that due to poor results, single assay kits were

insufficient as independent diagnostic test§51),

1.4.1.3 Nucleic acid amplification testing

The advent of PCR based, nucleic acid amplification testing (NAH Tethods,
has led to a reconsideration of recommended testing algorithim88. 146), There
are multiple different commercial testing platforms avaibble for these molecular
tests, which are used to identify the presence #€dAand/or tcdBgenes in a
specimen, but none are able to differentiate between expression of toxin and
toxigenic potential (166, PCR teleniques have been demonstrated as far more
sensitive than CCNA approaché7"), with Berry et al.reporting sensitivity of
99.1% vs 81.0%; respectively168). However, since asymptomatic carriage of
toxigenic strains has been reported as approximately 6%69, the use of NAATs
could potentially over diagnose CD#66. 170) and a multiple step algorithm may
be necessaryor accurate diagnosig16é.171), Therefore, both the European and
North American guidelines recommend a twestep algorithm of GDH and toxin

detection or toxin detection and PCR identification, never NAATSs alokfé. 146),

1.4.2 CDI treatment

There are several therapeutic options for the treatment of CDI, with antibiotic
administration often the primary response (8. 146), Nonetheless, ltis paradox of
treating an antibiotic-associated disease with further antimicrobial therapies
has led to the consideration of other approaches, including faecal microbiota

transplant and monoclonal antibody therapies.
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1.4.2.1 Metronidazole

Metronidazole has beerused to treat anaerobic infections for over fifty years
A72) with a range of diseases, including respiratory, bone and joint, intra
abdominal, oral and skin and skin structure infections treatable with this
antimicrobial @73), This nitroimidazole agent has demonstrated good activity
against a variety of anaerobes, with a spectrum covering Gram positive and
negative bacteria®74.17%), Metronidazole is weltabsorbed and can be given
intravenously and topically, but since the CDI target is in the gastrointestinal
tract, oral administration is most common(@73), Alongside vancomycin,
metronidazole is a primary treatment for CDI, previously considered as the
antibiotic of choice176.177) due to the low cost!78) and perceived non
inferiority to vancomycin (179-181)_ A ten year surveillance program revealed oral
metronidazole clinical cure rates of CDI as superior to vancomycin (91% vs
88%), with only 7% recurrence associated with the formef8l), However,
considerably more patients were treated with this antibiotic, potentially
skewing the data. Another study by Wenischbt al.revealed comparable rates of

clinical cure and recurrence with vancomycir{180),

Recently the efficacy of metronidazole has ooe into question, with several
studies indicating treatment failures and inferior outcomes compared to those
with vancomycin (84, 122,182, 183) A study by Musheeet al.revealed only 50% of
207 patients treated with metronidazole were cured, with 22% demonstrating
no symptomatic relief at all182), They also reported significantly higher
mortality rates associated with those demonstrating mininal treatment
response, compared to cure (33% vs 21%<0.05). In a randomisedcontrolled
study by Zaret al.clinical cure was observed as 90% and 98%, for
metronidazole and vancomycin respectively!83), while others found failure
rates as high as 22%484. Whilst seemingly efficacious in the treatment of mild to
moderate CDI, metronidazole has demonstrated poor success in cases of severe
disease(183-185 A retrospective cohort of almost 50,000 patiets showed that
treatment of CDI with metronidazole was significantly more likely to result in
death than if vancomycin was uset84. Recurrence rates associated with
metronidazole treatment have also been reported as elevated above other

therapeutic options (84,182, 185, 186) in someinstances recurrent infection was
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described in as many as 25% of patient&# 186), Although resistance to
metronidazole is scarce, isolates with reduced susceptibility have been reported
(187,188) Whilst resistance is rare, since faecal concentrations are relatively low
(189) any small reduction in susceptibility may contibute towards treatment
failures. The true reasons behind metronidazole treatment failures are likely to
be multifaceted, with some suggesting correlations between increased age,
severity of underlying diseas€41.190) proad spectrum antimicrobials91),
resistance development (not primarily to metronidazole)©1. 115.191) gand the
emergence of hypesvirulent epidemic clones(12.192) Taken tagyether these
results have led to a consideration of a shift in CDI treatments away from

metronidazole.

1.4.2.2 Vancomycin

Vancomycin is a widely used antibacterial agent, particularly in cases of severe
Gram positive infections, often where resistance to otherdntline antibiotics is
encountered@93), Due to the poor absorption of vancomycin, high faecal
concentrations are achieved (>1,000 mg/L}194, which are ideal for the
treatment of gastrointestinal diseases. As one of the recommended primary
treatments for mild to moderate cases of CD%8. 146), vancomycin has
demonstrated significant superiority of clinical cure rates, over metronidazole
(183,195, 196). Equally, for severe CDI, significant differencep£0.02) in cure rates
were observed for vancomycin (97%) compared to metronidazole (76%)83).
However, these differences are not always observed. Several early studies have
exhibited comparable efficacies of vancomycin and metronidazol&®. 180), and
since the latter agent is considerably less expensivE®), it is still used as a
frontline treatment. Recurrence of CDI is comparable between vancomycin and
metronidazole (183.184) with approximately 16% of cags resulting in further
episodes. However, although the study was not powered for the investigation of
recurrence, Johnsoret al.identified vancomycin superiority amongst the total

study population, including 20% with recurrent infections (195),

Although vancomycinresistance is uncommon irC. difficile(118, 197, 198) instances
of resistant isolates are gradually being reported!99-201), Whilst these are
unlikely to contribute to treatment failures, due to high colonic concentrations, it

demonstrates the potential for resistance acquisition. Furthermore, the selective
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potential on concomitant bacteria must be considered, as the emergence of
vancomycinresistant enterococci (VRE has been associated with use of the
compound 092), Evidence of ceexisting VREs andC. difficilepopulations has

been reported(203.204) and both correlate with many of the same risk factor§90),

1.4.2.3 Fidaxomicin

Fidaxomicin is a macrocyclic antibiotic demonstrating strong activity against.
difficil e (118, 205, 206) with high concentrations of the compound accumulating in
the faeces (>1,000 pg/g)2°”. Exhibiting a narrow spectrum of activity, focussed
on Gram positive anaerobic bacteri&08), fidaxomicin has a lower deleterious
effect onthe concomitant gut microbiota than vancomycin. After phase Il
clinical trials revealed its safety and a nofinferiority to vancomycin (0. 70),
fidaxomicin was introduced to the European market in 2012 for the treatmenof
severe CDI?0). Clinical cure rates have been demonstrated as 88%2%,
compared to 8691% for vancomycin(®0. 195, Fidaxomicin demonstrates
superiority over other antimicrobials, with reduced incidence of recurrent
episodes of CDI reported. Clinical trial evidence revealed that fidaxomicin
reduced the risk of recurrence, with only 186 of cases relapsing, compared to
25% with vancomycin 0. 70), Nonetheless, the significant impact on recurrence
rate was only observed in norribotype 027 strains (59, One proposed
mechanism contributing to the reduction in recurrent infections is the
adherence of the compound, via electrostatic interactions, to spore surfacé%).
This could mean that vegetative forms emerging after spore germation are

rapidly met with direct antibiotic action.

The main drawback of fidaxomicin use is expensél), however, the clinical
benefits of reduced recurrent infections and hospital stay can result in cost
savings(210. 211) \Whilst this compoundmay not currently be routinely used as a
first line treatment, it may be beneficial in the treatment of the first episode of
recurrence. Until recently, fidaxomicin resistant isolates have not been reported
in clinical specimens(188. 206, 212) phut laboratory mutants have demonstrated the
potential for resistance development?213), However, a contemporary study of
Floridian isolates has identified one of the first clinicaktrains, resistant to up to

16 mg/L fidaxomicin (214), whilst a single French isolate demonstratd a
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fidaxomicin MIC of >8 mg/L, amongst >3,000 susceptible surveillance strains

(215)

1.4.2.4 Faecal microbiota transplant

Failure of antimicrobial therapies and recurrent infections often require
alternative approaches to treatment. Since dysbsis of the gut microbiota is
essential to the onset of CDI, replenishment of a healthy and diverse colonic
microbial population is considered as a novel preventative method for chronic
relapses of infection. The instillation of healthy faeces directly itthe gut
through a nascgastric tube, colonoscopy or even via the ingestion of frozen
faecal capsule$?1®) act to redress the balance of micr@rganisms in the colon.
Thus, restoring the benefitsassociated with a healthy gut microbiome, including
OAT1TT1EOAQGETIT OAOEOOAT AAd AT &N A POIT EEAE]
The first randomised, controlled clinical trial to investigate the efficacy of faecal
microbiota transplants (FMT) in the resolution of CDI synptoms was performed
in the Netherlands, between 2008 and 20122). Van Noocet al.randomly
assigned each of 43 CDI patients to one of three treatment regimen; vancomycin
alone, vancomycin followed by bowel lavage, arancomycin, bowel lavage and
subsequent FMT instillation through naseduodenal tube. With a primary
endpoint of diarrhoeal resolution and no recurrent infection for up to ten weeks,
13 out of 16 FMT patients (81%) demonstrated clinical cure and a furthemto
patients achieved symptomatic resolution with a second instillation. Results
were significantly superior to vancomycin treatment, which achieved only 31%
cure rate (p<0.0001). Importantly, no significant differences in adverse events
were observed. Furhermore, one major systematic review of FMT studies

identified a treatment resolution of over 90%(74).

Although the success of faecal bactetiioerapy is not wholly understood,
associations have been observed with increased microbial diversity in the gut,
particularly with elevated populations of Bacteroidetes and Clostridium clusters
IV and XIVd72. 73.218), The search for the combination of fundamental species
necessary to preventC. difficileproliferating in the human gut continues through
the use of modern metagenomic techniques, such as 16S sequendit.
Although a successful treatment option, it is not without limitations and

controversy. There may be a stigma associated with the nature of this treatment,
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with 41% and 24% of patients reportedly concerned about safety and
cleanliness, respectively?20), Crucially, there are no studies demonstrating the
longitudinal outcomes of FMT, and whilst there are suggestions of potential links
between intestinal microbiota composition and diseases such as obesity and
diabetes(221. 222) the National Institute for Health and Care Excellence (NICE

guidelines advise cautior223),

1.4.2.5 Novel therapeutics

The search for new ati-CDI antibiotics is ongoing, with several compounds
reaching clinical trial stages. Equally, attempts to circumvent the treatment
paradox of using antimicrobial therapies to treat an antibiotic elicited disease

have generated several novel approaches ©DI.

1.4.2.5.1 Novel antimicrobials
Ridinilazole is a novel, bactericidal antimicrobial demonstrating potent activity

againstC. difficile(224. 225, Although its mechanism of action is unknown, it has
been demonstrated toeffect cell division and septum formation226), Due to its
narrow spectrum of activity (227-229) demonstrating superior retention of gut
microbial diversity than fidaxomicin (228), the gut microbiota is spared any major
deleterious effects, potentially preserving colonisation resistanc&28). During
phase Il clinical trials ridinilazole demonstrated a norinferiority to vancomycin
treatments in rates of sustained clinicature over 30 days (66% vs. 42.4%;
p=0.0004) (230), The strong potential of the agent was further outlined by the
indication of statistical superiority over vancomycin in the primary analysis
population 230), Furthermore, Snydmaret al.revealed a lessened risk of VRE
acquisition, compared to vamcomycin (23.7% vs. 29.7%), although this was not

significant (231),

Another promising anti-C. difficilecompound was the oxazolidinone, cadazolid.
This protein synthesis inhibitor demonstrated potent activity againstC. difficile
preventing toxin and spore formation(232.233), Phase Il clinical trials revealed
increased rates of diarrhoeal resolution compared to vancomycin (60.0% vs.
33.3%), with marked reductions in recurrent infections 60% vs.25%) (234).
Unfortunately, following mixed phase Il trial results, development was

discontinued (235),
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An alternative approach to reducing the impact of antimicrobial therapies is

ATl DI T UAA AU OE A Aladaimdseid aimidisekedcomc@rlritly 1

x EOE ET O Oaktérds larititfiofcs#36). Ribaxamase administration is aimed

AO OAAOGAET ¢ OEA EI PAAO 11 @qdetam dompddd AAO /
reaching the gastrointestinal tract thus reducing the risk of CDI development

(236), Ribaxamase has performed well in phadéclinical trials, demonstrating

both significant reductions in relative CDI risk p=0.045) and VRE acquisition

(p=0.0002) (236, 237),

1.4.2.5.2 Microbiota therapeutics
Based on the perceived success of faecal transplantats in the treatment of

recurrent CDI(2), probiotic capsules derived from faecal microbiota are under
clinical testing as a potentially more accessible treatment option. SER)9,
created by Seres Therapeutics, Incs a formulation of purified spores
(predominantly Firmicutes) from healthy faecal donors, promotedas an antiCDI
recurrence treatment. Initial clinical trials demonstrated safety and clinical
success, with 86.7% of patients sustaining resolution of diaridea for 8 weeks
(238), Significant increases in microbial diversity were observed and deemed
important to the success of this formulation, however, no placebo control cohort
was used in this study. Disappointigly, the phase I, randomised, placebo
controlled trial results failed to meet primary efficacy end pointg239), but
further analyses suggestd that higher dosages may improve the result§49).

Phase Il trialling of SERLQ9 is currently underway (241),

A similar microbial formulation, designed for the treatment of recurrent CDI is
RBX2660. Phase Il clinical trials revealed 889% success in prevention of
recurrent infection (242.243) with comparable efficacy to FMT treatment$72).
Nonetheless, the most recent trial did not meet the primary end point, as the
efficacy of two doses was not significant, with only single doses demonstrating
significance over plac®o (242). This serves to highlight thecomplexity of
microbiota suspension treatments, with further trialling necessary. As with FMT,
the long term consequences of microbiota alterations are yet to be determined

and therefore caution must be taken with these approaches.

Knowledge of the role & both primary and secondary bile acids irC. difficile

spore germination (244 has also led to proposed novel therapies, such as those
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altering the bile acid milieu, either through instillation with probiotic, bile acid
metabolising microbiota (245) or synthetic bile acid analogue$?46). Other
approaches include the controversiatargeted colonisation with non-toxigenic
strains (247, and largely unsuccessful toxirsequestering adjunctive compounds

such as tolevameii9s),

1.4.2.5.3 Immunotherapeutics
A considerably elevated risk of developing severe CDI has been associated with

low IgG levels in the serunt8). Therefore, to counteract this lack of antibody
response, artificially increasing immunoglobulin concentrations is one approach
to reduce the risk of CDI recurrence. The intravenous administration of
immunoglobulins, containing antitoxin antibodies againstC. difficilehas
demonstrated efficacy in preventing infection relapsé248-251), Nonetheless,
mixed results have been observed with these passive immunotherapies. In a
retrospective review of immunoglobulin treatments, McPhersoret al.reported
sustained resolution of disease in 64% of casé®2), and Abougergkt al.
indicated that beneficial effects were achieved in four nogontrolled trials (253).
However, the only controlled study reported, revealed no significant differences

in all-cause mortality rates assomated with post-antibiotic immunotherapy (254,

One promising monoclonal antibody therapy is Bezlotoxumab. Targeting the
clostridial toxins A and B, Bezlotoxumab inhibits the binding of toxin to host cell,
neutralising the threat and conferring host immunity. Phase Il clinical trials
have revealed a significant reduction in recurrent CDI episodes associated with
this treatment (7% compared to 25%)255). Interestingly, further analysis by
Gerdinget al.revealed that the largest reduction in CDrecurrence associated
with Bezlotoxumab use was observed in patients with more than three risk

factors (256),

1.4.3 Asymptomatic colonisation

Highly discriminatory molecular techniques, such as next genome sequencing
have been utilised to map nosocomial transmissions &. difficile(257-259), Due to
large proportions of unexplained transmisions in these studies, the role of

asymptomatic carriers has become a focus of recent infection control
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considerations(©.8). WhereC. difficilespores are ingested by subjects with
healthy gut microbiomes, the oganism can either colonise asymptomatically or
transiently pass through the gut®. Although these carriers have no direct
clinical concerns, they can potentially act as transmission sources for CB¥-

258), Reported colonisation rates differ extensively and seem depdant on the
study setting. Asymptomatic colonisation rates range from-21% amongst
hospitalised patients(. 78. 259261) gnd 4-15% in healthy adults(262-264) with
highest rates observed in long term healthcare facility cohorts, (51%) (88. 265
267), Nonetheless, instances of colonisation are difficult to separate from CDI
cases, with testing algorithms important to differentidion (). These issues could
be reflected in the wide ran@ of colonisation rates described. The lowest rates
of colonisation are reported by some of the largest studieg%®. 259, however, Kong
et al.suggest that this may be due to the high prevalence of epidemic strain
within these study populations(¢8), Nonetheless, there is evidence suggesting
that asymptomatic carriage may act as a potential transmission source for.
difficile and the value of additional screening at hosgal admission should be

considered.

1.4.4 C. difficile in the community

CDl is traditionally regarded as a hospitahcquired infection, associated with
well-defined risk factors, such as antibiotic and healthcare exposure. However,
increasing numbers of caseeaports of community acquisition and onset of
disease associated with individuals not previously deemed at risk, have been
reported (269), This has highlighted the importance of these cases and is currently
considered essential to the holistic understanding of epidemiology and infection
prevention. Community-acquired (CA-CDI is gaerally defined as symptomatic
onset within 48 hours of admission or more than 12 weeks post dischard&®
(Figure 1), although as highlighted by Wilcoxt al.271), many authors use
varying definitions further complicating the determination of true acquisition
rates. Rates of CADI vary extensively, with ranges reportedly between-26%

of CDI case$&3. 77, 21x273) \Whilst these cases are generally considered to elicit
less severe clinical outcomes with fewer reported instances of recurrent

infections (1. 272), CACDlhasbeen associated with a grater severity of early
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symptoms 274), likely due to late diagnoses. Although still primarily a
nosocomial disease, the incidence of community onset infections remains high,
whilst strict adherence to dassical risk factors may result in a significant
proportion of CA-CDI cases being overlooke@71). Interestingly, in the UK
ribotype prevalence varies betwe@ hospital and community settings, with the

latter dominated by the toxigenic 002 type27s),

Symptom
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Figure 1: Definitions of hospital vs community onset of CDI. COcommunity
onset, HQ hospital onset, CAICFA; Community acquired healthcare facility
associated. Adapted from McDonald (2007%0).

1.5 Virulence factors

Symptomsof CDlare elicited by the action of up to thee distinct,
proinflammatory toxin molecules, toxin A (enterotoxin), toxin B (cytotoxin) and
binary toxin (CDT) (276),

1.5.1 Large clostridial cytotoxins A and B

The main virulence components o€. difficle, toxin A (TcdA and toxin B (TcdB

are large clostridial cytotoxins, 308 kDa and 270 kDa in size, respectivehys).

TcdA weakens the junction between epithetdil cells, whilst TcdB further disrupts
the actin cytoskeleton(@7?), These toxins, encoded by genes within the
pathogenicity locus (PaLoy, act by glycosylating Rho GTPases, inhibiting
essential transcription proteins and disrupting cellintegrity. Subsequently,
membrane permeability is increased and characteristic diarrhoea is instigated
(278), TcdA was initially considered as the key virulence factor, demonstrating
direct causation of mucosal denage in rats in the absence of TcdB, whereas TcdB

alone had no effectz’9). This stance has recently become more ambiguous, with
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evidence of diseasecausing, TcdA negative TcdB positive strair3? and work
from Riegler and colleagues indicating TcdB as ten times more potent, with
increased electrophysiological and permeabilityalterations in Ussing chamber
experiments (281), Furthermore, Lyraset al.were able to demonstrate the
necessity of TcdB through the production of isogeni€. difficilestrains with tcdA
and tcdB gene knockouts@82), Interestingly, Warnyet al.identified a greater
proportion of TcdB production in hyper-virulent ribotype 027, demonstrating
toxin production as 23 times higher when compared to twelve other type€s3).
Nonetheless, the results of this experiment should be treated with caution, as the
findings were only representative of batch culture experiments, lacking the
complexities of immune responsan vivo. Strains lacking he tcdAandtcdB genes

are deemed as noftoxigenic (280),

1.5.2 Pathogenicity Locus

The pathogenicity locus is a well characterised, 19.6 kb section of tke difficile
genome, which encodes the TcdA/B elements of the organism. The absence of
the PaLoc is also wll documented in nontoxigenic isolates, where it is replaced
with a 115-bp fragment(84), The PalLoc consists a€dAandtcdB genes,
corresponding to the toxins of the same name and additional accessory genes,
tcdC tcdD, andtcdE (285 286), Hundsberger and colleagues analysed the
transcriptional pattern of the PaLoc and determined thatcdD and tcdCare
positive and negative transcriptional regulators fortcdA and tcdB respectively
(285), By determining high levels ofcdCexpression during the exponential

growth phase and its depletion at stationary phase, in correlation with toxin
production, they were able to indicate the impact of this negative regulatory
gene. Whilst the PalLoc is highly stable and conserv&d”, variation in the small
open reading frames (ORBs containing the accessory genes, have been reported
(288)  Interestingly, Spigaglia and Mastrantonio demonstrated 25% PalLoc
divergence, with all strains variant intcdG offering further support for this

transcriptional regulator as influential in virulence potential(288),
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1.5.3 Binary toxin

The first binary toxin was identified by Popoffet al.in 1988, who discovered the
production of a novel ADPribosyltransferase in the hypervirulent C. difficile
strain, CD196(289), Subsequent studies have identified an association with
hyper-virulence in selected ribotypes(34.290), As an ADFribosyltransferase, it
blocks actin polymerisation(276) and has been linked to increased pathogenicity
due to greater cell adherence capabilities, enabling a more efficient delivery of
its inhibitor y elements(@78). CDT is unrelated to the large clostridial toxin group
and consists of two independent protein chains, CDTa and CD#9). Encoded
by cdtAand cdtB, which demonstrate >80% sequence identity with the iota toxin
produced by otherclostridia (291, these components are required in combination
for functionality. The larger, binding component enables the traslocation of the
enzymatic component, preventing polymerisation and effecting modifications to
the cytoskeleton(292), The expression of CDT genes is reportedly controfidy a
regulator, cdtR, demonstrating influence on CDT production with the insertion
and deletion of this putative gend293). CDT prevalence among$t. difficile
isolates has been reported as around 6%, but variable rates have been

demonstrated (1.6:34.7%), depending on sample sizand outbreak context(283.

294-297)

The precise relevance of the binary toxin t&. difficilevirulence remains unclear.
Casecontrol studies have exhibited a significant increase in diarrhoeal severity
(76.9% liquid stools compared to 59.5% in noRCDT producing strains) and
mortality associated with binary toxin strains (28% deaths within 30 days of
infection vs 17% in binary toxin negative strains)29.299), Nonetheless,
differentiating between the impact of TcdA/B and binary toxin has proven
difficult, since they are often expressed concomitantl{#). The demonstration
of a TcdA/B negative, CDT positive toxinotype Xl failing to cause disease in a
hamster model, suggests that the rel of binary toxin may be more

interconnected, exhibiting an additive effect300. 301),

1.5.4 C. difficile Spores
The ability of this anaerobic bacterium to sporulate, allows survival in aerobic

atmospheres, extreme tenperatures and chemical pressure§02). This
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environmental persistence through resilientC. difficilespores ensures an
effective pathway fa onward transmission of this successful pathogen.
Importantly, spores in isolation are unable to cause disease and therefore must
germinate in order to reach a vegetative state, where they can produce the

toxins essential to elicit diseaséll).

1.54.1 Structure

The ultrastructure of C. difficileendospores has been elucidatethrough
transmission electron microscopy. Similar in structure to other well
characterised species, such a@acillus subtilisand Clostridium perfringens they
consist of an inner peptidoglycan core containing dipicolonic acid, germ cell wall
(which forms the outer wall of the nascent vegetative cell), thick spore cortex
and a spore coat303. Further to these classical spore component§. difficile
spores exhibit an additional surface layer, the exosporiurdos. 304, Although less
than 25% of C. difficilespore coat proteins demonstrate homology td. subilis,
research has suggested their similar roles in protection from external stressors

and potential links to virulence (305, 306),

1.5.4.2 Sporulation

The fundamental dogma oLC. difficle transmission is its ability to sporulate and
repeat the cycle of infection. Although not fully defined, its sporulation pathway
shows many similarities to other Bacilli(304. 307), SpoOA is reported as the magte
regulator for sporulation, and is activated by a sequence of phosphorylation B.
subtilis (308, 309) While there is a distinct lack of homologous phosphorelay
transferases, research suggests direct kisa activation of SpoOA as the initiating
factor for C. difficilesporulation (307.310), A collection of key sigma factors activate
specific transcriptional pathways leading to endospore formatior307. 311), As
outlined in other species, sporulation commences with asymmetrical division of
the mother cell with septum formation, creating a large mother cell and smaller
forespore compartment. This division is influenced by sig and sigE (397, Under
the influence of sigGand sigK, the mother cell then engulfs the forespore by a
process akin to phagocytosis, forming membrane and outer coayers. Finally,
mother cell autdysis releases the endospore ito the environment (307, Whilst

these pathways are relatively conserved ii€C. difficile Pereira and collegues
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reported variant sigma factor pathways, indicating that the order of sigma factor

expression may not be cruciaP1l),

1.5.4.3 Germination

Proliferation and outgrowth of quiescentC. difficilespores requires reactivation
of this form to a metabolically active state. This complex process of germination
is necessary to initiate the outgrowth of the toxin producing, vegetative cell

form.

1.5.4.3.1 Mechanisms
Germination pathways forC. difficileare not as well defined as in other spore

forming organisms, where mechanisms are highly conserved. In the model
organism, B. subtilis germination triggers (which are species dependant) signal
gerreceptors to initiate the germination process. Briefly, nutrient germinants, -
alanine, -valine and -asparagine bind toger receptor, protein complexes in the
inner-membrane, leading to a change in permeability and the release of2@APA
(dipicolonic acid) through SpoVA channels. This triggers cortex lysis enzymes to
hydrolyse the spore cortex, allowing rehydration, activation of cell metabolism
and eventual outgrowth(312. However, throughanalysis of the completeC.
difficile 630 genomic sequence, Sebaihia and colleagues discovered a marked
lack of germinant receptor homologues, as described in Bacillus and other
clostridial species(313.314) Thisabsence of the tricistronicger operon is
indicative of a novel response mechanism to external germination stimuli
utilised by C. difficile

Since ingestedC. difficilespores inhabit the gastrointestinal tract, the key to
germination initiation can alsobe discovered there. A combination of the

primary bile acid, taurocholate and glycine (cegerminant) has been identified as
an important germinant trigger in C. difficile(244. 315, 316), Bjle secreted by the gall
bladder, to assist with digestion and absorption of fat and cholesterol, consists of
cholate and deoxycholate molecules conjugated with taurine or glycine.
Metabolism of these complexes by the indigenous gut flora releases potentil
difficile germinantsinto the ileum. Also, bile salt hydrolases produced by the gut
flora alter glycine conjugates as they passes through the lower gastrointestinal
tract, releasing free glycine for germination interactiong31?). Adding to the

complexity of the germination mechanics, other primary bile acids have been
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implicated in the direct inhibition of C. difficilegermination, with
chenodeoxycholate demonstrated as inhibitory by Sorg and Sonenshé#t#). In
the aforementioned study they observed direct competition for receptor sites
between primary bile acids, wth chenodeoxycholate exhibiting a greater affinity
than taurocholate. This correlated convincingly with the knowledge of a
reduction in chenodeoxycholate concentration in the colof?19, enabling
directed germination in the anaerobic environment of the lower intestine. The
availability of both taurocholate and amino acid cegerminants allow
interactions with inhabiting C. difficilespores and the initiation of the complex
germination process. Interestingly, Buffieet al recently discovered the

OECT EZLZEAAT AA hy@rox@i&idg adtiehlofoskiditm/scingengo an
enhanced protective effect to CDB20). This was deemed to be due to the
generation of inhibitory secondary bile acids and could be considered as a novel
pre-treatment. Nonetheless, as with any therapgffecting the balance of gut
microflora, caution would be advised when consideng this mechanism as a
potential method of prophylaxis, as high levels of bile acids have been linked

with several cancers321),

Detailed mechanisms for these interactions are only gradually being elucidated.
The current working model (Figure 2) implicates CspC, a pseudoprotease, as the
initial receptor for cholic acid derivatives. This interacton stimulates a protease,
CspBB22), to activate S2C via cleavage of a small prodomain, leading to lysis of
the spore cortex. C&DPA is released and the germination process proceeds as
in other organisms323-325), Further work on this model suggested that CspC,
although essential in signalling CspB, actually inhibits the core lysis enzyr#&d.
How the nutrient signal of glycine presence interacts with this model remains
unclear. Since several other amino acids hawalso been implicated as effective
germinants for C. difficilespores, including -alanine, -phenylalanine, -arginine
and serine(326-328) further mechanistic elucidation is required. Interestingly,
Shrestha and Sorg highlighted the importance of loweevel temperature
differences in germinant potential, indicating a series of amino acids previously
considered as ineffective at 25°C, as germination stimulating at 37%27. This
broad spectrum of potential germinants is suggestive of either the presence of
multiple specific receptor sites or a more complex, pliable interaction at a single

site.
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Other factors must also be considered in this complex process, as additional
elements have been implicated irC. difficilegermination response. Intriguingly,
Kochan and colleaguesaported the influence of Cét ions on theC. difficile
germination process®29), By demonstrating a 90% germination reduction in
murine models with depleted ileal calcium levels, they related this deficiency to
the use of proton pump inhibitors, a known CDI risk factofl30), They postulated
that the presence of glycine triggers the release of endogenous calcium,

stimulating the germination cascade.

Research is ongoing to complete the understanding f. difficilegermination
pathways, with modern molecular technique such as forward and reverse
genetics demonstrating vast potential in the elucidation of all the relevant
proteins involved (330). Whilst determination of the intricacies of theC. difficile
germination pathway isvaluable, identification of optimal germination
conditions is of importance in the practical and diagnostic implications of this
knowledge. Since the factors affecting germinationra multifaceted and often
appear contradictory in the literature, further investigation is necessary to

improve in vitro recovery and research.
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Figure 2: Proposed C. difficile germination model by Francis et al. (324.325) additional calcium involvement reported by Kochan et al. (329)
(Orange circle). Diagram adapted from Kochan et dB29. 1. Taurocholate (TC) and glycine (G) from bile acid interact with CspC, 2. Enabling
glycine and C& transport through the spore coat. 3. Glycine bintdsan unknown receptor, 4. Releasing@&om the core, which interactwith

CspB, 6. Cleaving the pdomain of SleC. 7. Active SleC lyses the cortex, 8. Releadibp&e®. Exchanging with water to rehydrate the core
metabolism.
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1.5.4.3.2 Invitro germination
To increase the efficacy o€. difficilediagnostics and research, careful selection

of culture environment is essential to the optimisation of germination and
outgrowth of spores. Comparisons of agar and broth media, along with potential
germination enhancing supplements have previously been investigated, with

varied results (244, 331-335)

Supplementation of taurocholate into solid agar has been shown to improve
recovery rates ofC. difficilespores, with additionto cycloserine-cefoxitin-
fructose agar (CCFAconsistently demonstrating improved recovery(332),
Nonetheless, the concentration of cholate utilised in culture media is important
to the efficacy ofC. difficilegermination. Studies have indicated that although a
0.1 mmol L taurocholate concentration isthe minimum requirement for
germination, a greater concentration of 110 mmol/ L produces a more complete
recovery of spore populations244.331), The latter concentration is comparable to
the physiological concentations found in the jejunum (1.2 mmol L) (336) and
duodenum (6.9 mmad/ L) 337, suggesting an evolutionary, clinical relevance.
Conversely, there are reports in the literature suggesting that lesser
concentrations produce omparable levels of recovery, with 0.05% taurocholate
recommended as an equally effective, cheaper alternati@s). Nevertheless,
variable strain responses areoften observed with bile acid supplementation
(339), so it may not be achievable to identify €. difficileculture media, optimised

for recovery of al strains.

The germination process appears to be more convoluted, with Sorg and
Sonenshein suggesting exposure period impacts on bacterial propagatiGr®).
They determined that prolonged exposure to low levels of taurocholate, coupled
with the co-factor glycine, acted as a more efficient germinant combination than
high concentrations over a short exposure period. Exposure to 10% sodium
taurocholate for a ten minute period led to germination of only 60% of the
spores recovered through continuous exposure at 0.1% concentration. This
would suggest that a prolonged expsure to the bile salt provides a more
suitable environment for efficient spore germination and recovery than a

transient exposure(244), However, this is contradictory to the understanding that
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bacterial spores have been demonstrated to commit to germinatio@40,

suggesting that prolonged exposure to germinant signals is unnecessary.

The purity of taurocholate is also considered as a potential factor affectirg.
difficile germination. Earlier studies reported inefficiences with some crude
reagents lacking purity(315.341) However, manufacturingprocesses have vastly
improved in recent times and synthetic analogues are likely to negate this

variance.

Lysozyme has also been associated with increaséxd difficilespore germination
and recovery from environmental sampled342. Deemed an artificial germinant,
lysozyme acts to digest the spore cortex releasing EBPA and initiating
germination, as opposed to interacting with species specific germination

receptors (312, 343),

As with many core functions, strain variability inevitably affects germination,

with research indicating significant divergence in the germination efficiency

between C. difficileribotypes 38 ) T OAOAOOET Ci Uh +Al EUA8O
distinct differences between toxigenic and noftoxigenic C. difficilestrains, with

the latter demonstrating lesser germination efficiency34b),

1.5.5 Biofilms

Biofilms are ubiquitous in nature and the clinical environment is no different.
Formation on medical devices and prosthetic implais can be a serious
challenge to clinicians, and their presence in dental and gastrointestinal niches
are universal(344-346) C, difficilehas been demonstrated to form biofilms in the
gut environment (347, 348) offering protection from external stressors and
survival assistance in a hostile environment. Biofilms often consist of multiple,
co-existing species promptingsymbiotic relationships. C. difficilehas been
reported in these integrated bacterial communitieg349. 350), Formation and
arrangement of planktonic cells imo sessile structures is a multifactorial
process, which is not fully understood irC. difficile The influen@ of quorum
sensing on biofilm formation is often reported®51. 352) with evidence of duxS
homologue implicated in cell assembly352. 353), Surfacdayer proteins have

demonstrated involvement in early stage biofilm formationg353), whilst type IV
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pili have been shown to mediate cell surface adhesid#?4). Flagella have been
implicated in maintenance of mature biofilms, withfliC deficient mutants
demonstrating decrease efficacy?>3. The production of etra-cellular matrix
contributes large portions of biofilm structure (353. 355 whilst acting as a physical
buffer for the sessile cells within(56), Implicated in recurrent infections, biofilms
are of extreme importance when considering antimicrobial susceptibility.
Phenotypes of cells within biofilms have been reported as divergent from
planktonic populations(359), with reports of up to 1000fold increase in
resistance leveld356). Dapa and colleagues demonstrated resistance to higher
concentrations of vancomycin inC. difficilesessile populations353), whilst in
silico modelling predicted treatment failures after a gowth density threshold

was reached357),

1.6 C. difficile epidemiology

1.6.1 Typing methods

Molecular typing of C. difficileis essential toepidemiological investigation and

the identification and control of potential hyper-virulent, epidemic strains.
Numerous typing methods have been utilised globally, with geographic
preferences highly apparent358-361), Different methodologies present distinctive
nomenclature, making direct comparisons challenging (E.g. PCR ribotype 027 is
also referred to as North American pulsedield gel electrophoresis type 1

(NAP1) and restriction endonuclease analysis grouplB

Restriction endonuclease analysis (RBAItilises the Hindlll enzyme to digest the
entire bacterial genome, with fragments resolved via gel electrophores&?2).
Pulsedfield gel electrophoresis (PFGEis similar to REA, but exploits theSmal
enzyme to generate larger fragments and geialist equipment to apply pulsed
field separation for greater fragment resolution. Whilst PFGE was historically
considered as the gold standard for outbreak investigation, these gbhsed
methods are time consuming, require technical expertise and aremited by the

inter -laboratory comparability of profiles (358),

PCR ribotyping is the most widely applied method throughout Europ60. 361),
implemenOAA AO OEA OAAET ENOA T &£ AET EAA AU
service, theClostridium difficileRibotyping Network (CDRN)®83), SinceC. difficile

o
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demonstrates significantly greater variability in the 16S- 23S intergenic spacer
regions than other organismg364), ribotyping takes advantage from this
variability to discriminate between strains. Demonstrating strong concordance
with PFGE types, this methodology providesighly accurate and reproducible
groupings (36%), Originally developed in cajunction with gel electrophoresis (366-
368), the profile comparability was improved by the addition of fluorescently
labelled primers and the use of capillary electrophoresis resolutiof#t9). This
development enabled direct transferability of ribotype profiles across
laboratories with searchable databases allowing rapid and reproducible

comparisons.

More discriminatory methods such as multilocus variable number tandem
repeat analysis (MLVA), fragment DNA based on the highly variable number of
non-coding tandem repeats. Due to its high discriminatory power, MLVA has
applications in subtyping 379 and outbreak investigations71). Nonetheless, it
cannot be used to infer ribotype and is not used routinely in the UK, due to its

requirements in cost and expertisg3s9. 361),

Several other techniques provide typing o€. difficilestrains into distinct groups
aligned by a specific phenotype. Toxinotyping amplifies and digests specific
regions of the PalLoc, identifying variability in toxin genes. Currently 34

toxEl T OUPAO EAOA AAAT EAAT OEZEAA 1 0601 ET EI
they are less discriminatory than other methods and binary toxin identification
cannot be determined3. 372), Serotyping methods rej on bacterial surface layer
proteins and the variation amongst the antigens presentnitially relying on
immunoassay techniques, they were proven as reliable and reproducible in
grouping C. difficileisolates 373, Modern surface layer protein (SLPgene
analysismethods have largely superseded thesé’4. However, this typing
method is uncommon and SLP types differ within ribotypes, presenting

comparability challenges(338),

Multi-locus sequence typing (MLST utilises sequence differences in seven or
more housekeeping genes, assigned to distinct alleles to designate sequence
types (ST). This allows some phylogenetic relationships to be identified, as well
as accurate translatability between testing laboratorie$373). Single nucleotide

polymorphism (SNP)analysis such as MLST, although highly discriminatory, is
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also expensive69), Nonetheless, the viability of typing by sequencing common
genes through next generation sequencing (NG8as already been

demonstrated effectively(257.376) The advent of highthroughput sequencing
technologies and sequencing by synthesis methods is generating greater access
to bacterial genomes. Where previous typing methods utilise a select number of
genes to calculate sequence type, NGS allows for a corsatbly greater number

of target genes or even the whole genetic sequence to be assessed in typing
algorithms G77). Providing far superior resolution, NGS typing is able to
distinguish between previously indstinct sub-groups G779, as well as predict

antimicrobial resistance (378, 379),

1.6.2 C. difficile epidemiology in the United Kingdom

Prior to the emergence of hypeitvirulent ribotype 027, C. difficileepidemiology

in the UK was dominated by riboty 001 (367.380. 381) As the first reported
epidemic strain, ribotype 001 was implicated in 55% of all UK CDI cas&§9,

and 93% of all UK outbreak$382). Other prevalent UK ribotypes priorto the
twenty -first century were 010, 014, 106, 012 and 02@®567). The first UK outbreak
of CDI caused by the PCR ribotype 027 strain, epidemic in North Ameriga112),
occurred between 2003 and 2004 at Stoke Mandeville hospital, where it was
involved in 174 cases and 19 death§83). As this hypervirulent strain spread
through the country, the number of deaths associated with CDI rose sharply,
from 2238 in 2004 to 8324 in 2007(105), By 2008 ribotype 027 was implicated in
55% of all UK incidences of CD¥84). In 2007, theintroduction of a national
surveillance service, the CDRN, alongside mandatory cases reportiiy),
enabled a valuable insight into the epidemiology of. difficilein the UK(363).

With ribotyping data for more than two-thirds of reported cases, this national
service acts as a vital tool in outbreak assessment and control, allowing a greater
understanding of UK epidemiology and the ability to track ribotype prevalere

longitudinally.

Two recent, large scale studies reported CDI incidences in the UK of 3.7 and 10.6
cases per 10,000 patient day§>4 385), Baueret al.reported clustering of
ribotype 106 in the UK (13 isolate$, whilst it was not detected in any of the

other 33 countries involved in the study(38%. A recent comparison of discharge
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data from the USA and UK revealed a considerably lower rate in the latter (115.1
vs 19.3 cases per 100,000 populatiorp<0.0001) 386), These vast differences

were reflective of, and potentially attributed to, the introduction of CDI
management policies in the UKI99), resulting in a reduction of predisposing
antibiotic use. This finding was supported by Dinglet al,, who used nationalC.
difficile data in conjunction with NGS to report a decrease in CDI cases caused by
fluoroquinolone resistant strains in Oxfordshire. Correlating with a reduction of
fluoroquinolone use, CDI rates from resistant strains declineffom 67% in

2006, to 3% in 2013387,

A major panEuropean study irto C. difficileepidemiology and antimicrobial
resistance revealed that in 2014 the most prevalent UK ribotypes were 014, 106,
015, 020, 078 andd02 (188), Ribotype 027 only constituted 3% of all UK CDI
reported in the study. The latest CDRN report (201:35) confirmed similar

results as the large European studie@>4 188), identifying emergent ribotypes as
078, 002, 005, 014 and 01%%3). The longitudinal data also indicated
considerable decreases in UK epidemic strains, 027, 001 and 106, correlating
with decreased usage of high CDI risk antibiotics, cephalosporins and
fluoroquinolones (384, @mpensatory increases in sporadic strain types led to a
more heterogeneous spread of ribotype&63), potentially reflecting improved

infection control and antimicrobial stewardship.

1.6.3 C. difficile epidemiology in Europe

The emergence of PCR ribotype 027 in North America at the beginning of the
twenty -first century resulted in rapid dissemination into Europe. As observed in
the UK(383), by 200506 outbreaks were being reported across several European
countries (388-392) |n the Netherlands, considerable in@ases in CDI between
2004 and 2005 were attributed to the emergence of ribotype 027, with
incidence rising from 4 to 83 cases per 10,000 patient admissiof®¥9. To

combat this rise, restrictions of cephéosporins and a ban on fluoroquinolone

use were instated. In conjunction with increased infection control procedures
and ward separation, Debaset al. reported the cessation of one large, Dutch

outbreak (393),
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In 2003, Barbut and colleagues reported a mean incidence of CDI in one pan
European study, as 11 cases per 10,000 patient day4. This rate was
considerably lower when reported from 97 hospitals across 34 European
countries in 2008, where a mean incidence of 4.1 per 10,000 patient days was
observed (385, However, this rate varied widely between individual countries

and hospitals, with Turkey and Poland demonstting polarised incidence of 0.0
and 36.3 per 10,000 patient days, respectively. Two large scale studies reported
comparable numbers of ribotypes amongst European populations, with 66
reported in 2007 and 65 in 2008(385. 394), In 2007 Barbutet al.reported a distinct
lack of diversity, with a predominance of 12 ribotypes (mostly 001, 014, 027,
020, and 017) constituting over 65% of the total394. All of the ribotype 027
isolates demonstrated resistane to modern fluoroquinolones, but were

clustered in only three hospitals. Bauer reported similar ribotype prevalence,
with 014 (16%), 001 (9%), 078 (8%) and 027 (5%) the most abundant3s),
Instances of ribotypes 106 and 078 were increased over early fimnmgs (144),
reflecting the emergence of these ribotypes in other countrie@90. 395), with the
latter potentiall y implicating the role of zoonotic transmission9. In support of
"AOAOOS8O AET AET ¢cOh OEAT OUPA mncgyx AAITT OO
only being detected in six out of 34 nations. This may be a result of improved
management and infection control practices in response to major outbreaks of
previous years. Potential outbreaks of other ribotypes were reported by Barbut
et al, with ribotype 017 observed in up to 80% of cases from Poland and Ireland
(394), Equaly, ribotype 001 was detected in 73% of CDIs across three hospitals in
Madrid.

More recent, large scale paffturopean surveillance reported that PCR ribotypes
027, 001, 078 and 014 were prominent, comprising of over one third of all
infections (118.188) Ribotype 027 prevalence remained stable between 20114,
constituting between 11.8% and 12.6% of all CDI cases. Nonetheless, these
instances were highly country dependant, and were particularly abundant in
Denmark,Hungary, Italy and Poland. This reinforced the findings of the earlier,
European, multicentre, prospective, biannual, poirprevalence study of CDin
hospitalised patients with diarrhoea (EUCLID study, which reported similar
prevalence rates, with the noticeable lesser frequency of ribotype 07&4. In

the EUCLID study, 19% of infections were attributed to ribotype 027, although,
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again these were isolated primarily in far countries, with isolates from

Germany, Hungary, Poland and Romania comprising 88% of total cases.
Considerably more ribotypes were reported in these recent studies than those of
Barbut and Baueret al, with 144 and 138 reported in theClo€£R and EUCLID
studies respectively(18.154), TheClo€R study also revealed the presence of
ribotypes 198 and 356 emerging in Italy and Hungary, respectively; potentially
due to further diversification of CDI strains(118). Nonetheless, as highlighted by
Davieset al.,only 32% of hospitals involved in the EUCLID study utilised optimal
diagnostic methods(1>4). It was conservatively projected that this cold lead to
more than 40,000 missed instances of CDI per year, representing a vast potential
impact on CDI rates. Through the sequencing of the EUCLID isolates, Ejral.
suggested that there were two distinct patterns oCC. difficiledissemination
acrossEurope, one health care transmitted (027 and 001) and one diverse
lineage, widely spread group (002, 014, 02039%),

1.6.4 C. difficile epidemiology in North America and the rest of the
world

Historical CDI outbreaks in the USA, were attributed to a PCR ribotype 001,
Al ET AAT UAETOCODAAGE GATXxEEGYE xAO Ei DIl EAAGAA
four hospitals, between 1989 and 1992°7). CDI rates rapidly increased at the
turn of the century, with the emergence of the hypetvirulent ribotype 027,
implicated in several outbreaks across Canada and North Ameri€4 112.397), The
first 027 reports from the multi -institution , casecontrolled study by Looet al.
revealed 22.5 CDI cases per 1,000 admissiof8, whilst rates in the USA more
than doubled between 1997 and 2001due to of clonal expansion of this
epidemic strain (92, 398), A review of Canadian cases by Pépat al.indicated a
four-fold increase in CDI incidence between 1991 and 2003, with a téaold
increase observed in the ppulation of over 65 year olds397). In support of these
findings, a nulti -centre study comprising eight American institutionsrevealed
the presence of the BI/NAP1/027 type in 51% of CDI caséd2. The success of
these isolates was attributedin part to a resistance to moderrfluoroquinolones

(78,99) and postulated the superior toxin producing ability of this ribotype(283),
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Adjusted estimates of CDI cases in ten geographical distinct regions of the USA
indicated 453,000 instances and approximately 29,000 deaths in 20133).
Increasingcommunity cases®3), in addition to reports of disease onset in
previously low risk populations, such as paediatric$*99) and peri-partum

women (400) all contributed to this large burden of disease. A recent, nationwide
database rewvew including ten years of CDI case data from the USA (20@514),
revealed an annual increase in infections of 3.3%, with a larger proportional
increase in community acquired diseas&0l). Although rates continued
increasing, mortality rates decreased from 9.7% in 2005 to 6.8% in 2014;
(p<0.0001). This may be attributable to improved awareness of antimicrobial
restriction and infection control requirements, as observed by Evaret al.(402).
The aforementioned study of CDI in veteran affairs lonterm care facilities in

the USA demonstrated a 36% decrease in CDI following the introduction of a CDI

prevention initiative in 2014 (402),

The clonal expansiorof the epidemic ribotype 027 has reached beyond Europe
and North America. Although this ribotype is not as prevalent in the rest of the
world, cases have been reported across Asi3-405 and into Australia (406),
Nonetheless, in a collection of 474 Australian isolates typed by Knigét al.,37
different ribotypes were detected, but none were ribotype 027497), Historically,
high levels of CDI in Western Australia were attributed to widespread use of
third generation cephalosporins in the 19805408, Rates decreased as the usage
of this high risk class of antimicrobials lessened, with-3 cases per 100
discharges reported in 199398, compared to 0.87 in 1999. A five year study of
Japanese cases revealed an epidemiological shift from a predominance of
ribotype ain 2000 (45%), to domination by ribotype f/ smzin 2004 (409). Meta
analysis of 51 studies of Asial€. difficileinfections revealed similar instances to
Europe and the USA, 5.3 caspsr 10,000 patient days®“19. CDI was highest in
East Asia (19.5%), with the Middle Eastrn and South Agn regions
demonstrating rates of 11.1% and 10.9%, respectively. There is a paucity of
epidemiological data from Latin America, with data from Argentina suggesting
an increase in CDI from 37 cases per 10,000 admissions in 2000, to 84 in 2005
411) and one review suggesting a 4% mortality rate, lower than more developed
countries (412), However, caution must be taken as these results may be

attributed to sub-optimal diagnostics implemented in some of these regions.
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Where global epidemiology often reflets divergent patterns of strain
prevalence, comparisons are made more challenging due to the lack of
consensus on typing method$*13). Geographic isolation, diverse infection

control measures and varied prescribing regulations can lead to differing strain

dominance (186, 198, 201, 407, 414416)

1.6.5 PCR ribotype 027

As previously mentioned, hypervirulent ribotype 027 emerged as an epidemic
strain in North America in 2004 and has been implicated in multiple
international outbreaks since first reported(34.112), The discovery of the 027
strain correlated with a 400% increase in CDI cases in Canada alone, with 82%
of Canadian cases attributed to this hypevirulent strain. Ribotype 027 emerged
as a cause of CDI outbreaks in the UK shortly thereafté#), followed by a
dramatic increase inC. difficileassociated death$*17). This important ribotype
has also beerinked to increased rates of recurrent diseasé&18. 419), although
other risk factors such as increasing age and antibiotic use may be stronger

predictors of recurrence.(420),

The success of this particular strain &s been linked to superior toxin production
(283) although not all evidence superts this finding (421). Initially assumed to be
caused by an 18bp deletion in a putative toxin regulator gentgdC (112, 283),
Matamouroset al.demonstrated no detriment to TcdC harbouring the 18bp
deletion (422). A single base pair deletion at the 117 position of thedCgene,
resulting in truncation of the negative regulator protein, has also been
implicated in the elevated production of TcdA and TcdB22. 423), However, there
may be other factors involved in hypesvirulence, as Curryet al.observed other
distantly related, non-hyper-virulent C. difficilestrains exhibiting the same 1bp

tcdCdeletion (423),

Although generally described as hypewirulent, there are reports demonstraing
no correlation between 027 isolates and superior toxin levels or disease severity
(424-426) 'whilst not all ribotype 027 strains have demonstrated equivalent
behaviour 424, 427) A study of Swedish ribotype 027 isolates discovered several
genotypically distinct strains containing the wildtype tcdCgene, revealing a 13

fold reduction in in vitro toxin production “424), Sporulation assays have



40

demonstrated the increased rate of spore production in hypevirulent vs non-
hyper-virulent strains, with considerable intra -ribotype variation observed
amongst 027 isolateg421. 427), Akerlund et al.demonstrated sporulation rates
ranging between 25% and 45% ot. difficilecells after 48 hours ofin vitro

culture 427, Conversely, Burn®t al.observed no significant association between
increased sporulation and ribotype 027, reporting wide variationwithin the
population “428), These phenotypic differences could be factors in differing

disease severity and recurrence potential.

Other potential explanations for the success of ribotype 027 have been
proposed. Stableret al.reported instances of novekcdB variants, suggesting
putative N-terminal domain alterations were impacting the binding potential of
the toxin molecule 29, Merrigan and colleagies suggested that excess toxin
production may be attributed to RNA polymerase sigma factot¢dR, and
polymorphisms in the ribosomal binding site, leading to potential

transcriptional read-through of tcdAand tcdB (421),

Robinsonet al, usedin vivomurine modelling to observe the ability of ribotype
027 strains to outcompete nor027 isolates in the gut39), suggesting this
competitive advantage as a potential contributor to its success. Recent work
using stochastic simulations of infection model$ested several healthy,
colonised and diseased states for the probability of an invading. difficilestrain
to proliferate amongst established intestinal microbiota#3l). Here they observed
a propensity for more infecious/virulent strains to supersede other resident

microbes.

Nonetheless, increased resistance to antibiotics, particularly fluoroquinolones
remains strongly linked to the success of this ribotype, which has become
synonymous with agyrA, Thr82>lle mutation (34.99.112) Resistance to these
widely used, broad spectrum antimicrobials can result irC. difficilesurvival in
severely diminished gut microbial environments and a high risk of disease onset.
Neverthelessrecent increased awareness and infection control governance,
along with the implementation of national surveillance systems has led to a

reduction in ribotype 027 prevalence in countries such as the U®88, 363),
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1.7 Antimicrobial resistance in C. difficile

In order to fully comprehend the effects of both direct and ancillary antibiotic
exposures on the evolution ofC. difficilestrains, the mechanisms of action and
resistance must be fully understood. Whilst resistace to CDI treatment drugs is
minimal, the development of reduced susceptibilities to other antimicrobial

classes is of high importance to the onset of disease.

1.7.1 Quinolones

1.7.1.1 Mechanism of action

Quinolones are a class of synthetic, broad spectrum antibioticedt have been
widely used for over 50 years. Their extensive spectrum of activity allows for an
abundance of clinical applications in the treatment of skin and soft tissue,
respiratory, sexually transmitted and urinary tract infections(“32),
Fluoroquinolones are modern generation quinolone derivatives containing an
additional fluorine atom at position G6. This modification provides increased
efficacy of DNA gyrase suloinit A binding, interfering with the DNA cutting and

resealing process433),

The mechanism of action employed by quinolones involves the inhibition of two
essential bacterial DNA enzymes, DNA gyrase and topoisomerase V. By
targeting specific regions of both these enzymes, antibiotienzyme complexes
form and binding elicits conformational changes, enzymatic inactivation and
eventual DNA replication inhibition 434, The impact on these key elements of

the DNA replication process enhles quinolones toeffect bactericidal properties

(435)

DNAgyrase and topoisomerase |V are the two type Il topoisomerase enzymes
involved in the essential processes of bacterial DNA replication. The DNA gyrase
molecule consists of two sukunits, A and B“36), Hydrolysed adenosine
triphosphate (ATP) binds to the molecule, effecting a conformational change,
which allows the gyraseenzymeto begin a process of negative supercoiling. The
enzyme binds to positively supercoiled bacterial DNA enabling a transient break
of the double-strand (a process carried out by sukunit A) and a negative

supercoiling to allow replication (associated with subunit B) 437,
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Topoisomerase |V is the essential affiliated enzyme to DNfxrasefor DNA
replication in most bacteria Similar in structure to gyrase, it contains 2 ParC and
2 ParE subunits. Its primary function is to allow the separation of interlinked
daughter chromosomes in the final stages of DNA replication. A secondary
function is to enable the positive supercoil to relax in prepargon for gyrase
enzymes to carry out negative superhelical twisting of the DNA. An absence of
topoisomerase IV genes has been outlined in the. difficilegenome and

therefore eliminates it as a quinolone target in this organisni3s),

1.7.1.2 Mechanism of resistance

Resistance to the quinolone class of antimicrobials is commonly mediated by
mutations in the targeted, DNA gyrase genegyrA & gyrB). Located within the
quinolone resistance determining region (QRDR}39), mutations of thegyrA
coding region reduce the binding affinity of the transcribed gyrase molecule to
guinolone molecules, whilst chromosomal changes in thgyrB region often
exacerbate binding affinity reductions49). If the quinolone molecule cannot
bind to its target effectively, its efficacy will reduce and the organism will benefit

from reductionsin susceptibility.

Mutational hotspots (regions of high mutational frequency44)) have been
implicated in resistance to fluoroquinolones. Cambau and Gutmann highlighted
the clustering of substitutions around the Ser83 codon of thegyrA gene inE.coli
as a predisposition for quinolone resistancé*42). Due to phylogenetic closeness
mutations in this region can also be associated with quinolone resistance @

difficile isolates.

Ackermann and colleagues identified moxifloxacin resistance in 19 out of 72
(26%) clinical C. difficileisolates, with 14 harbouring single point mutations in
codon 82 (equivalent toE. colinumbering 83) (443). Single point mutations were
demonstrated in 13 of these isolates, ACT (Thr) to AT(Tle). The remaining
resistant isolate displayed two base changes, GTT, leading to the expression of
valine. All susceptible strains exhibited the same, wild type sequence,
reinforcing the significance of these mutational substitutions. Data from
Spigagliaet al. supported this finding; by determining 73 of 82 multidrug
resistant isolates exhibited the same single point mutation in thgyrAgene, in

conjunction with the moxifloxacin resistant phenotype®“44). Nonetheless,
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modification in this region of the genome. This sustains the comprehension that
guinolone resistance can be multifaceted with additional mechanisms, such as

mutations in gyrB genes or an increase in drug efflux being influential.

Mutations in the gyrB gene have also been implicated in quinolone resistai.
difficile strains, with the critical importance of the Asp426 codon reported InE.
coliand S. aureus#3?)., Drudy et al.demonstrated a comparable mutation
repeatedly occurring ingyrB across all fluoroquinolone resistantC. difficile
isolatesin one study“45), This graip hypothesised that the relationship of
mutations in codon 426, from aspartic acid to valine, and fluoroquinolone
resistance is potentially due to a physical hindrance of the binding process. As
valine is a branched chain amino acid, this additional bulik the binding pocket
region could partially inhibit the antimicrobial molecule forming the necessary
complex with the organism. Dridi and colleagues identified mutations in the
same Asp426 codon in five isolates with moxifloxacin minimum inhibitory
concentrations (MICs) of 816 mg/L 438, However, unlike in previous studies,
these solates refected a mutation irto an asparagine amino acid, as opposed to
valine. This may indicate the influence of charge on the binding complex, as
Asp426>Asn reflects a replacement of a negatively charged amino acid with an
uncharged residue. The same alteratiomicharge would apply to the valine

i OOAOGET1T ET $00AUBO x1 OES

Barrett et al. suggested that quinolones bind to a pocket created by a complex of
the QRDR of gyrase subnit A and a similarly influential region of subunit B

(446), One proposed model of this binding pocket implicated As$26 and Lys

447 of gyrB as key regions, demonstrating interactions with both the phosphate
backbone of DNA and the € group of ciprofloxacin (447). This proposal
suggested that the antibiotic molecule acts as an intercalating agent, inhibiting
the enzyme. Therefore, any mutations at thgyrB encoding region leading to
structural changes, may affect the solidity of the compleand the activity of the
guinolone molecule. Although this provides a detailed insight into the
ciprofloxacin-gyrase interface, there is a requirement for this proposed

mechanism of resistance to be further validated. By identifying interactions
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between anarray of fluoroquinolone compounds, greater confidence in these

defined complexes can be established.

1.7.2 Nitroimidazoles

1.7.2.1 Mechanism of action

Metronidazole is a low molecular weight compound which diffuses across the
cell membrane and imparts bactericidal etcts via intracellular reduction within
anaerobic organismg448), Reduction occurs through interactions with the nitre
group of metronidazole and PyruvateFerredoxin oxidoreductase (PFOR
creating toxic derivatives that covalently bond to DNA. This disrupts the helix,

inhibiting DNA synthesis and instigating cell deatl#49).

1.7.2.2 Mechanism of resistance

Since sensitivity to metronidazole is dependent on PFOR adtiy, primary
resistance mechanisms have been identified as involving the alteration of
enzyme efficiency and reductase pathways. In Bacteroides sppe involvement
of nim genes has been identified in the reduction of the nitrgroup of
nitroimidazoles and the creation of an inefficiently active amine groug#s9,
leading to the conversion of nitromidazoles into nontoxic derivatives (448), Gal
& Brazier discovered 24% carriage ohim genes amongst Bacteroides sppwith
11.6% displaying resistance above therapeutic levels (>16 mg/L%51). However,
they did also indicate that seven isolates not carrying theim genes were
resistant to 5mg/L, suggesting alternative mechanisms, such as decreased

uptake or increased efflux.

Nitroimidazole resistance is multifacted, and since analysis of metronidazole
resistance inC. difficilepresented no evidence ohim genes(452.453), other
mechanisms must be considered. I€. difficile Lynch et al.identified mutations
in the nifJ, furand rsbWgenes, encoding for part of the PFOR pathway,
regulation of ferric uptake and an antisigma factor, respectively#>4). These are
involved in bacterial stress reactions, potentially reducing oxidatie stress and
nitroimidazole activation 455, Disruption of electron transport pathways(456),

over expression of efflux pumpg45”) and the DNA repair protein, RecA®8), have
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all been implicated in reduced susceptibility to metronidazole in other

organisms, albhough these are yet to be reported il€. difficile

A recent series of work from Wu & Hurdleet al.suggested a strong correlation
between stable metronidazole resistance and presence of heme@n difficile
cultures 459, They demonstrated resistance instability by reducing

i AOOT T EAAUT 1 Ang/L to Befiveele @2 rhg/L) vili simple passage#c0),
The addition of heme maintained the resistant phenotypé vitro. Not only this,
but the group were able to demonstrate the association, both through a
reduction in MIC with the exclusion of hemin from growth media and the
dramatic increase in MIC in its presence. Ribotype 027 strains were specifically
influenced by hemin inclusion in culture media, with 410-fold increases in
metronidazole MIC observed459. The group went on to test hemin metabolite
action on metronidazole MIC, indicating no correlation between resistance and
the presence of hemin breakdown products (Biliverdin, Protoporphyrin 1X,
Bilirubin and FE3+), only evidencing a arrelation with the complete hemin
molecule. One hypothesis is that hemin may be acting as afector for an
unknown enzyme. Further work is required in this area to identify the potential
involvement of iron regulatory genesnifJ, feoBand Iscr (460, Emerging research
from Smitset al. has implementedin silico analyses to find a correlation between

the presence of a pCD630 plasmid and a metronidazole resistant phenotyp&).

1.7.3 Glycopeptides

1.7.3.1 Mechanism of action

As a primary treatment option for CD, vancomycin is the key glycopeptide of
interest when considering resistance irC. difficile Its mechanism of action
involves interfering with the process of cell wall biosynthesis via the binding of
this bulky molecule to -Ala- -Ala peptidoglycan precursors, physically blocking

the transpeptidation process®62), Without this crosslinked formation the

1.7.3.2 Mechanism of resistance
The high specificity of the glycopeptide class of antimicrobials allows for a

targeted toxicity, whilst the physical inhibition of cell wall synthesis ensures that
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resistance acquisition is difficult. Vancomycin does not directly target theed
wall biosynthesis enzymes, its efficacy comes from effecting the substrate
specificity of peptidoglycan precursos synthesising enzymeg463). Therefore,
resistance to this class is determined by gene clusters working to simultaneously
synthesise modified precursors and etninate pre-existing high-affinity peptides
464) A VanH dehydrogenase enzyme, usually located on alBbA6transposon,
reduces pyruvate to -Lac, while VanA ligates this to -Ala to generate he
modified precursor 464, Different configurations ofvangenes have been
identified among other genera65-467), where similar mechanisms generat
variant precursors containing -Ser or -Ala components. Simultaneous activity
of a - -dipeptidase encoded byanXYgenes results in the removal of usual
precursors, subsequent uptake of modified peptides and an intermediate

resistant phenotype.

In C. dfficile avanGlike cluster was identified in the 630 reference genome,
containing five open reading framesyanR, vanS, vanG, vaniyd vanT (314),
However, no resistant phenotype was observed. Later Ammaat al.
demonstrated the functionality of this operon, identifying the presence of
modified precursors (“468), Whilst it is unclear why hese do not lead to

phenotypic expression, the lack of regulatory genes may be contributory.

1.7.4 Rifamycins

1.7.4.1 Mechanism of action

The rifamycins class originates from the fermentation product oAmycolatopsis
mediterranei, rifamycin B“69). Rifampicin and rifaximin are semisynthetic

derivatives of this natural product with increased antimicrobial activity. The

mechanism of action they employ involves inhibitiorof RNA synthesis through

Al 11T OOAOEA EET AOATAA 1T &£ Pil1UI ACAAf AADEC
RNA polymerase blocks phosphodiester bonding early in the elongation process

of the RNA backbone, effectively inhibiting the synthesis of essentigbacterial

proteins (470-473),
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1.7.4.2 Mechanism of resistance

As with fluoroquinolones, rifamycin resistancegenerally arises from mutational
events reducing the binding affinity of the antimicrobial agent and target
molecule, RNA polymerasé&’l). Several studies have reported over 20 SNP
variations in the 350bprpoB gene ofC. difficile in direct correlation with
rifamycin resistance“44. 474477)  Studies by Huhulescet al, Curryet al.and
Pecavaret al.all identified Arg505>Lys as the predominant sequence variant, in
74%, 48% and 46% of resistant strains, respectivel{#75-477), Combinatins of
multiple SNPs in therpoB gene were also reported by these groups, with the
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further delineated through the use of Xray crystallography, which identified the

proximity of key RpoB amino acids and the rifamycin binding pocket73).

Since the presence or absence of apoB mutation directly affect susceptibility
phenotype, the distribution of susceptibilities to this class of antibiotics is
generally reported as bimodal“78. 479, Whilst geographic bias impacts resistance
epidemiology, due to overuseof rifamycins in certain countries“80), often

epidemic ribotypes reveal rifampicin resistance(474. 475),

C. difficileresearch identifies a strong correlation between resistance to
rifampicin and rifaximin, once considered for its potential as an alternative CDI
treatment option (474.476), Onein vivo study reported the rapid development of
rifaximin resistant C. difficilein a patient exposed to rifampicin(48l),
Furthermore, a rifampicin resistant, ribotype 046 clone has also been ipticated
in an outbreak amongst tuberculosis patients in Polant82). Interestingly, seven
out of eight patients exposed to a rifamycin inwe North American study

harboured resistant strains“75),

1.7.5 Tetracyclines

1.7.5.1 Mechanism of action
Antimicrobials of the tetracycline class function via protein synthesis inhibition.
By binding to a sngle, high affinity site of the 3(Bribosomal subunit, they

interfere with tRNA complex formation 483),

OAC
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1.7.5.2 Mechanism of resistance

The mechanism of resistance to tetracyclines revolves around ribosomal
protection. Resistant determinants were first discovered in Streptococci spp.
(now E. faecali¥, indicating thattetM genes expras a soluble protein, which
protects the ribosome, preventing translation interference and protein synthesis
inhibition “84), The majority of tetracycline resistance determiants have been

demonstrated to reside on mobile element§*85).

Tetracycline resistance inC. difficileis usually mediated bytetM genes found on
conjugative transposong486-488), The most prevalent of these mobilisable
elements is Tr916 (487.488), Nonetheless, reports ofetM positive isolates that are
susceptible to tetracycline suggest a more complex relationship between genes
and phenotype(201. 489)_|nterestingly, Spigaglieet al.identified confluent
resistance in strains contaning the Tn5397-like determinant, whilst those
harbouring Tn916 exhibited a spectrum of susceptibilities. Wangt al provided

the first reported instance of a clinicalC. difficilestrain containing the Tr916
insertion (“499), The discovery of lhis transposon inS. aureusEnterococcis spp.

and Streptoccocus spp. suggests that transfer is highly likely to occur between a

range of organisms, widening the potential sources fadostridial acquisition

(491)

The use of cryeelectron microscopy to study the detailed interactions of
tetracyclines and TetM, ribosomal pro¢ction proteins indicated potential
interactions between the Gterminal of the TetM protein and 7(Bribosomal
subunit 492), Further interactions with the 16S rRNA binding si, leading to
conformational changes and eventual drug release from the active site were
observed. Contemporary research furthered this work by imaging the complex
during translation (493), reporting no alteration of nucleotide C1054, as

previously proposed “492),

1.7.6 Resistance to other antimicrobial classes
Resistance to chloramphenicols irC. difficileis often mediated by acatD gene,
encoding for a chloramphenicol acetyltransferas&94. Carried on a Td435ao0r

Tn4451 transposon, this enzyme adds an acetyl group to chloramphenicol
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molecules, effectively inhibiting its complex formation with the ribosome49s).
This gene has been found in combination with other mobile genetic elements,

such asermBandtetM, and is typically lineage associate@6).

[ -Lactam compounds such as agents in the cephalosporin class, act upon the

penicillin binding proteins during cell wall synthesis. Resistance to this action is
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been identified in C. difficile but at present no functional activity has been

determined (498),

1.7.7 Antimicrobial susceptibility testing methodologies

In vitro susceptibility testing provides a valuable prediction of bacterial

response to antimicrobial compounds in clinical settings. MIC data can be used
as an indicator of novel agent efficacy or as essealtisurveillance to track the
intrinsic levels of susceptibility of an organism. Although the Clinical and
Laboratory Standards Institute (CLSI) recommend the agar dilution technique
for anaerobes“99), there are multiple methodologies in use across clinical and
OAOAAOAE OAOOET ¢cO8 T7EEI OO Ai 1 OEAAOAA
dilution is laborious and time consuming, making it unsuitable for routine
analysis of clinical specimen$9%9). Nonetheless, comparisons of more rapid
methods, such as Etest and disk diffusion, have identified discrepancies between
MIC findings. In support of previous findingg>%Y), a recent comparative study
demondrated a negative bias for MIC data generated using a broth

microdilution method, as opposed to agar dilutior{>00), also observing poor
reproducibility of the former technique. Conversely, Igawat al.demonstrated
concordance between the methods, when testing a panel of Japanese isolates
(502), This serves to highlight the ambiguity of method accuracies. Whilst
discrepant disk diffusion and Etest results have incited debate as to where the
resistant breakpoints should lie, due to the subjective nature of zone boundaries
(503),| research has demonstrated their inferiority to agar dilution method$!87.

504), Despite the fact that comparisons largely favour the guideline method, there
remains a debate as to which is the optimal agar f&. difficiletesting. Baineset

al. suggested that metronidazole MICs mabe affected by the testing method

AO
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187), whilst others have supported the notion of differing media constitution
affecting growth density and the generation of variable result&03. 505), Use of
Wilkins Chalgren agar has been demonstrated to display greater reproducibility
over Brucella agar18”), and has been used successfully in a major European

surveillance study@88),

1.7.8 Multidrug resistance

1.7.8.1 Epidemiology

A consortium, comprising of experts from both the European Centre for Disease

Prevention and Control (ECDY¥and the Center for Disease Control and
Prevention (CDQ outlined standardised definitions of multidrug resistance(309).
In these guidelines the development and acquisition of resistance to three or
more antimicrobial classes was defined as multidrug resistance (MDR
Resistant organisms were further delineated as extensively drugesistant
(XDR), where resistance is demonstrated to all but two antimicrobial clases and
pan drug-resistant (PDR, where non-susceptibility to all of the agents tested is

observed.(506)

Large scale surveillance studies have begun to highlight the extent of the
problem in C. difficile(188. 444). TheClostridium difficile European Resistance
(Clo€R) study indicated the predominant MDR strains as PCR ribotype 001,
npxh mp¢ AT A me¢xh ET ACOAAT AT O xEOE
former three types as 39%, 18% & 12% of all MDR isolates, respectively.
However, no ribotype 027 isolates were reported in the latter work, possibly
due to a small collection period in this prospective study. Th€lo€R study also
highlighted regional prevalence, with high levels of MDR linked to the related
ribotype 018 and emergent ribotype 356 strains in Italy. Further work by
Freeman and colleagues expanded the antibiotic test panel of tido£R study,
indicating that ribotypes previously linked to MDR (including ribotype 027) also
displayed resistance to linezolid and/orceftriaxone (225, Adding additional
concern, these already MDR ribotypes demonstrated the highest MICs for
fidaxomicin and a novel treatment compound $MT19969. This strengthens the
suggestion of the presence in specific ribotypes of determinants that are able to

influence resistance to multiple antimicrobial classes.

3DEC
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difficile isolates as resistant to at least one antibiotic, 54 isolates displayed
resistance to two antimicrobials, whilst 82were resistant to three or more“44),
Of these, 39 (12% of total) showed resistance to four different classes,
lincosamides, macrolides, fluoroquinolones and rifamycins. A recent review of
12 studies encapsulatig 370 MDR isolates, indicated class prevalence in these
strains, with combined clindamycin, erythromycin and fluoroquinolone

resistance comprising almost 30% of all MDRO?7).,

Recent large scale, retrospective surveillance across >7,000 inpatients indicated
C. difficileas the most frequently reported MDR pathogen (1.66%63°®). As the
principal aetiological agent of antibioticassociated diarrhoea, development of
MDR inC. difficilehas important implications with regards to the instigation of
infection. However, resistance to multiple classes of antimicrobials implates
complex mutational and transposable mechanisms, many of which remain

unidentified.

1.7.8.2 Mechanisms

The factors involved in expressing resistance are multifacetedr{gure 3), with
numerous elements often working insynergy. Conformational changes in a
AOOC6O OAOCAO OEOAR AlT1 ¢ xEOE A1 OEAEI OF
combination with mutable influx and efflux determinants(09). Although not fully
understood, several of these multiple resistance mechanisms have been

described inC. difficile
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Figure 3: Antibiotic resistance mechanisms overview. Created by J. Vernon

1.7.8.2.1 Erythromycin resistance methylase ( erm) genes
The primary determinants implicated in the crossresistance d the macrolide-

lincosamide-streptogramin B (MLS) classes of antibiotics are the erythromycin
resistance methylase genesrm (444489, 510) \Whilst most Erm determinants are
genus specificermBis widespread throughout bacterial genera and are
reported extensively inC. difficilepopulations 511. 512), Ribosomal RNA
methyltransferases encoded byrm genes, methylate the adenine residue at
position 2058 of the 23S rRNA migcule, part of the 50S ribosomal unit13-515),
This effectively blocks antibiotic binding complexes forming and allows DNA
synthesis to proceed as normal. Since the active sites for Milafitimicrobials

overlap, resistance can develop simultaneously for multiple agent§14).

Surveillance studies have reprted ermBfrequencies of 28% and 19% in
European and AmericarC. difficileisolates, respectively444.510), With all isolates
demonstrating the crossresistant phenotype to erythromycin and clindamycin
(444) The widespread distribution of these resistance determining elements
suggests that genetic transfer is rife among<st. difficilepopulations. Early work

identified that C. difficilecarried ermB genes ona conjugative-like transposon,
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Tn5398, demonstraiing the capability for bi-directional genetic transfer, but
lacking the excision and integration genes necessary for independent
conjugation (516.517), Nonetheless, Wasels ancblleagues later successfully
implemented conjugation assays with these mobilisable elements,
demonstrating the potential of genetic transfer in the absence of plasmid DNA
(518), Furthermore, one recently identified arrangement ofermB determinant,
Tn6215, has been demonstrated as bacteriophage mediat&d. Interestingly,
transconjugants have been demonstrated to suffer from a fitness cost associated
with the insertion of ermB carrying transposons®18). Thase strains harbouring

the transduced DNA exhibited significant growth deficiencies, although it cannot

be discounted that this was due to insertional site disruption.

Seventeen genetic variants of thermBarrangement have been reported to date,
termed E1z E17(444.489,517) The most prevalentermBvariant is reportedly
transferred on the Tr6194 conjugative transposon(#44.520), Interestingly, the
MLSs resistant, CD630 gnome contains two copies of thermBgene on a
Tn5398transposon, a novel arrangement proposed to be the product of
homologous recombination17). Whilst no direct correlation between genetic
arrangement and PCR ribotype have been identifieé*4, the E2 arrangement

demonstrated resistanceto a lesser extent4s9).

Although ErmB elements appear to drive the majority of ML esistance inC.
difficile, repeated findings of erythromycin and clindamycin resistant strains in
the absence obrm elements are apparent444.521-523) These underline the
potential contribution of other mechanisms in the expression of this resistance

phenotype, such as efflux and mutation of the 23S rDNA targgi!. 524),

1.7.8.2.2 Chloramphenicol -flor fenicol resistance gene
Resistance to the phenicols, lincosamides, oxazolidinones, pleuromutilins and

streptogramin A (PhLOP%) group of antimicrobials is associated with the
presence of a chloramphenicoflorfenicol resistance genegfr (525 526), First
observed inStaphylococcus scuif?2%), this MDR determinant expresses a
methyltransferase, leading to the methylation of the A2503 residue of the 23S
rRNA sub unit. Since the target of these antimicrobial classes overlap, a simple
methylation interferes with drug binding and allows synthesis to proceed27.

Homologues of this plasmidmediated determinant have since been reported in
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C. difficile with direct associations with a concurrent linezolid and

chloramphenicol resistant phenotype(528-530),

Whilst oxazolidinone insusceptibility is rare inC. difficile resistant strains have

been reported@25.444.538 - AOET 6 O OOOAU 1T £ 3PAT EOE 0O
nine linezolid, clindamycin and chlorampheicol resistant strains harboured a

cfr-like gene®28) with findings reinforced by the absence of afr gene in ten

susceptible strains. This gene indicated 89% sequence identity wittfr elements

from Bacillus amyloliquefacienssuggesting a similar epigenomic modification in

clostridia. Equally, the absence of point mutations/deletions in the 283rRNA sub

unit, indicated that, although linezolid resistance is often caused by this,

additional mechanisms, such asfr genes must be involved.

Later designated as TA218, due to its mobilisable characteristicscfr

demonstrated a concrete relationship with thePhLOParesistant phenotype

through its expression inE. coliand insertion/deletion in a C. difficilegenome

(529, 532), Confirmation of thecfr homologued © AZDPOAOOAA £OT ACET 1
through significantly elevated MICs and the indication of both methylation at

A2503 and reduction at theCm?2498 stop codon.

Contemporary research has indicated the presence of a not-like gene,

cfr(C), and a direct correlation withPhLOP @ resistance(330). Whilst ten percent
of C. difficileisolates and seven percendf genomes analysedh silicoharboured
this gene, it is primarily found in other commensal gut bacteri&33). Ultimately,
these plasmid mediatedcfr genes demonstrate higtpotential for dissemination

and the expansion of problematic MDR strain§34),

1.7.8.2.3 Efflux pumps
Efflux pumps are active transporters, requiring chemical energy to transport

toxic compoundsincluding antibiotics across the cell membrane and out of the
cell. These transmembrane pumps are grouped into two main categories,
primary ATP-binding cassettes (ABC) and secondary multidrug transporters.
The former rely on the hydrolysis of ATP to provié energy for transport, whilst
the latter generate a difference in electrochemical potential by pumping ions in

and out of the cell®3%). The expelled molecule can then travel along the
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electrochemical gradient, either out (uniporters/symporters) or in and out

simultaneously (antiporters) (536.537),

Efflux pumps are a major factor associated with MDR in prokaryotic celfs?).
Where some transporters mediate the extrusion of a specific class of drug,
others are ale to efflux multiple, structurally unrelated compounds. Therefore,
these multidrug transporters are of major interest in the identification and

treatment of MDR infection.

It is not only the presence of efflux encoding genes that must be considered.
Mutations in these sequences have been demonstrated to reduce antimicrobial
susceptibility in other organisms(538.539) whilst adaptation to environmental
stimuli, such as pH and iron availability have been reportetb affect expression

regulation (540, 541),

1.7.8.2.3.1 Major facilitator superfamily (MFS)

The major facilitator superfamily group consists of several subgroups, including
the multi antimicrobial extrusion protein superfamily (MATE), small multidrug
resistance family (SMR and resistance nodulation cell division superfamily
(RND) 338), To date, there is no evidnce of the latter two subgroups irC. difficile

reported in the literature.

All MFS efflux pumps consist of membrane proteins involved in uniport, symport
and antiport. These efflux processes are divided into two main categories, those
with 12 transmembrane segments (TM¥and those with 14. Within the 12TMS
cluster, theS. aureugprotein NorA has been implicated in resistance to
hydrophilic compounds, such as antimicrobials from the fluoroquinolone and
methicillin classes(>42.543), Further work by Neyfakhet al.suggested that NorA
mediates resistance to a range of structurally diverse drugs i8. aureusvith

structural homologues identified in other species, includingB. subtilis®44. 545),

Lebelet al.observed fiveORFsn C. difficilewith homology to NorA
determinants, transforming thecmegene intoE. faecaligdo demonstrate a link
between its expression and erythromycin resistancé&46). Equally, the use of
reserpine, an efflux pump inhibitor, facilitated enhanced resistance to ethidium

bromide and safranin O inC. difficile47). In support of this work, the presence of
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the cmegene in ore draft C. difficilegenome was putatively identified as the

cause of erythromycin resistance>48),

1.7.8.2.3.2 Multi antimicrobial extrusion protein superfamily

The first multidrug transporter determinant reported in C. difficilewas cdeA(09),
Dridi et al.determined that this gene encoded a protein with homology to
known proteins from the MATE family of efflux pumps present in ther
organisms. Through PCR detection methods, this work highlighted thatieAis

present in the majority of C. difficilestrains (509),

Research has indicated that MATE family proteins are Naoupled efflux pumps,
dependent on the presence of sodium for transportatiof49.550. DOEAE& O COT O
confirmed this with CdeA, by observing weak efflux activity in the absence of Na

and aneight-fold increase in its presencé>%9). AlthoughcdeAharbouring strains
demonstrated high levels of efflux for ethidium bromide, the extrusion of

ciprofloxacin and norfloxacin remained low. However, by overexpressing the

protein with the Placpromotor driving the transcription, resistance to

ciprofloxacin and norfloxacin increased. Therefore, mutations in thedeA

regulatory gene have the potential to markedly increase resistance to

fluoroquinolones.

Further mechanisms hae been determined in other organisms. ThaorM gene

of Vibrio parahaemolyticushas been identified, along with its homologe in E.coli
(ydhE), asencodingan energy dependent efflux systent?>1). These mediate
resistance to hydrophilic fluoroguinolones and aminoglycosides. Nonetheless,
although NorM has 12 transmembrane segments, which would generally classify
it as part of themajor facilitator superfamily, no other similarities in sequence to

this family were determined.

1.7.8.2.3.3 Multiple antibiotic resistance ( mar) gene

Although not clearly defined inC. difficile themar regulon, consisting of
transcriptional regulators, influencesresistance to a plethora of compositionally
diverse compounds, including antimicrobials, organic solvents and disinfectants
(552), Associations have been determined betweethe mar locus inE.coliand

decreased susceptibility across a range of antibiotic classes including;
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chloramphenicol, cephalosporins, rifamycins, tetracyclines, fluoroquinolones

and penicillins (553),

The sequence of this multiple antibiotic resistance locus has revealed the
involvement of a series of fundamental regulatory genes in both. coliand
Salmonella typhimuniunis54). Martin & Rosner first described the involvement of
MarR, a repressor that binds to the operator, Mar®>%). This down regulates
expression of the repressor itself and MarA, a regulator in efflux mechanisms
and outer membrane proteins. Therefore, mutations in the repressagene,

marR, result in inactivation and subsequent expression oharA. The multiple
resistance phenotype occurs due tonarA up-regulation of a series of genes
involved in the activation of the AcrAB efflux pump, coupled with the down

regulation of outer membrane protein F(556.557),

Cohenet al.indicated a propensity forE. colistrains containing mutations in the
mar loci to have a lower susceptibility to fluoroquinolones®%8). By identifying a
4-8-fold decrease in fluoroquinolone susceptibility inmar mutants, when
compared to an OmpF only mutant, they highlighted the involvement of other
resistance mechanisms. Underlining the impact of negyrase ortopoisomerase
gene mutations on fluoroquinolone resistance, Kerr and colleagues described up
to aten-fold decrease in fluoroquinolone susceptibility in strains containing

both gyrA and mar mutations in E. coli®59. This highlights the potential for the
mar gene to impact keavily on multiple antimicrobial resistance, compounding

existing prevalent mechanisms.

There is a paucity of data available relating tanar genes inC. difficile put the
presence of MarR encoding genes have been identified in the 630 genoh&®.
Although the C. difficilemarR gene has reported low sequence similarities witlk.
coliand S. aureusnarR genes, investigation of its crystal struatre identified
highly similar dimer structures (560). One recent investigation into fidaxomicin
resistance in the organism, throughn vitro induction by serial passage,
identified a mutation in amarR homologue (213, Discovered in a laboratory
mutant displaying a 64fold increase in fidaxomicin MIC, the homolage
exhibited a deletion in CD22120 resultingn a frame shift after amino acid 117
of the mar loci. This significant finding implies the presence of noiRNA

polymerase based mutations that appear to directly affedT. difficileresistance
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phenotype. Nevertheless, no direct evidence of resistance ather antimicrobial

classes was reported to correlate with the mutation at CD22120.

1.7.8.2.3.4 ATP-binding cassette superfamily (ABC)

There are currently no reports of ABC transporters present if©. difficile but
work by Harnvoravongchai and colleagues suggested thaxpression ofE. coli
primary transporter genes in C. difficilereduced susceptibility to several

compounds®35),

1.8 C. difficile evolution

1.8.1 Evolutionary analysis methodologies

Epidemiological distributions and C. difficilestrain transmission are routinely
investigated using several well defined gnotyping methods; PFGE, REA and PCR
ribotyping (360). Where further strain differentiation is required, more advanced
genomic techniques, such as MLVA prove valual$#é!. 561). However, since the
rapid progression of NGS technologies, high throughput apparatus has brought
affordability and widespread accessibility to near complete genomic sequences.
Subsequently, analysis of species phylogeny has enabled a greater

understanding of bacterial evolutionary lineageg562-564),

1.8.2 Phylogeny

Comparative analyss of the C. difficilegenome has demonstrated the existence
of at least eight phylogenetic clade§. 375. 564, 565) Clade 1 represents a highly
heterogeneous collection of clinically relevant strains; clade 2 atudes the
hyper-virulent PCR ribotype 027 as well as closely related ribotypes 176, 198
and 244666) clade 3 includes RT023, whilst clade 4 comprises the atypical toxin
B only type, RT017564). Reported by Griffiths and colleague§7, the fifth clade
includes the genetically distinct, binary toxin producing, RT078, which has been
linked to zoonotic transmission®¢7). The final clades, €, Gll and CGlII consist of
rare, environmental, often nortoxigenic strains of even greater genetic

distinction than clade 5, potentially considered as novel subspecies Gf difficile

(565, 568).



59

Evolution occurs through mutational or transposable alterations to a genome
that do not significantly disrupt the core survival processs of the mutant. Since
mutation rates for the C. difficilegenome have been determined to lie between
0.74 and 1.4 SNPs per genome, per ye&h?’ 569), it is apparent that major

genomic evolution is likely to bedriven by transfer of large coding sequences.

A study of 75 representative strains covering clades-4 demonstrated that only
19.7% of genes were homologous throughout al. difficileisolates, comprising
those responsible for essential cell processes, cln as metabolism and
replication 84, Since around 11% of the comprehensively annotated 630
genome consists of mobile genetic elements, indicative of longitudinal
interactions with gut microbiota 314, it can be concluded that the&. difficile
genome is highly adaptable to change. With a genome over 40% larger than
closely relatedclostridia (up to 4.3kb) and variability amongst core coding
sequerces®79 it is highly suited to adaptation and species survivat’l 572, In
support of this notion, the C. difficilepan-genome has been conservatively
estimated to contain 9,640 coding DNA sequencé&s33), sugyesting ultra-low

levels of conservation.

Such diversity in theC. difficilegene pool suggests an abundance of horizontal
genetransfer, affecting evolutionary change. Whilst investigating the
evolutionary dynamics ofC. difficile He and colleagues iddified large coding
regions distinctly unrelated to C. difficileorigins, as well as determining that the
majority of SNPs were limited to distinct areas of the genome. These findings
potentially signified large fragments of homologous recombination, up t800kb
(563), In assessing the relative ratio of recombination and mutation, they
determined a moderately high ratio, supporting the concept of homologous
recombination asserting a substantial effect on genome expsion. Analysis of
the PaLoc of 1,69Z. difficileisolates strongly supported this hypothesis,
highlighting 26 independent evolutionary events of acquisition or loss of full loci
AT A OEA ETOI 1 OATATO T &£ EITiT1T11T¢ci 00 OAATI /
(565), The actions of bacteriophages are likely to contribute to extensive

horizontal transfer and drive evolutionary change inC. difficile(68),
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1.8.3 Paloc evolution

Investigation of the PalLoc indicated high conservation of this operon, sntial

to disease potential®6%). Similar phylogeny of this region across PCR ribotypes
indicated evolution postclade divergence, strongly suggesting the involvement
of homologous recombination between clades.i@ilarly, evidence of related
tcdAandtcdB genes in otherclostridia suggests the strong probability of the

contribution of inter -species transfer on theC. difficilepangenome74),

1.8.4 Molecular clock

The determination of a theoretical rate of evolution is essential to the
phylogenetic analyses bany organism. Approximations of the number of
mutational events per genome, per year allow lineages to be approximately
dated and transmission events to be linked through microevolutionary analyses.
Based on Bayesian phylogenetics, f&@. difficilethe number of SNPs has been
estimated at between 0.74 and 1.4 per genome, per ye@¥’. 562,569, 575) This

figure correlates strongly with other bacterial specieg576).

A key factor potentially affecting the accuracy of. difficie molecular clock
calculations is the time spent in the quiescent spore forfa%9. This state of
evolutionary suspension is difficult to assess, potentially impacting the mutation
rate, leading to a substantial underesmation. Nonetheless, the rate applied in
any given investigation must be carefully considered, as several factors could
impact on the analysis. Short term estimates of the molecular clock, calculated
through the sequencing of serial samples, have demomated rates elevated
above historical approximations(¢3. 576. 577) \Whilst short-term rates are useful
for microevolutionary analysis of transmission, extrapolations of these
estimates may lead to inaccurate longerm rates. Also, the emergence of
recombination events must be considered, so not to vastly overestimate the SNP
rates (569), Software algorithms are available to include variable elements, such

as thesed578).
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1.8.5 PCR ribotype 027 evolution

The evolution of PCR ribotype 027 is of acute interest to enable a greater
understanding of the important genetic alterations that have led tothte
emergence of hypetvirulence. Phylogenetic analysis has suggested that this
ribotype experienced a population expansion period around the turn of the
century, with evidence of horizontal gene transfer across multiple points of
phylogeny 563), This was demonstrated through evidence identifying
complementary SNPs between isolates with large evolutionary distances.
Comparisons of whole genome sequences between modern, epidemic and
difference, suggesting recent acquisitions in evolutionary term§&79. However,
no genetic differences were identified in the PaLoc between 027 isolates from
pre or post outbreak eruption of 2003(562), This lends greater weight to the
argument that excess fluoroquinolone use and subsequent resistance in this
ribotype was the major influential factor driving its emergence® 4178 ( A 3§ O
utilised maximum-likelihood models and Bayesian statistics to stnagly indicate
the presence of two main lineages for PCR ribotype 027, both acquiring
Thr82>lle mutations through separate evolutionary events, leading to
fluoroquinolone resistance. Offering the nomenclature of FQR1 and FQR2, He
and colleagues discoveredhat FQR1 originated in NortREast USA, whereas
FQR2 was more widespread across Canada and North America, and was the
source of international dissemination of the original outbreak. Similar patterns
of lineage divergence have recently been determined in thtexin B only
ribotype, 017 (580),

Additionally, transcriptomic analysis of different strains in a murine model of
infection has highlighted the differentialexpression ofC. difficilegenes(81). The
well characterised 027 strain, R20291 demonstrated upregulation of different
genes to CD630 (PCR ribotype 012), including many proteins of unknown
function, which may have involvement in the success of this strain. This finding
correlates with the previous discovery of several point mutations upstream of
coding sequences in ribotype 027 isolates%4. All of these findings further
highlight the evolutionary divergence of ribotype 027 and its direct impact on

gene expression.

000
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1.8.6 C. difficile mutation

1.8.6.1 Spontaneous mutation

Mutations are spontaneously occurring, permanent modifications in the
nucleotide sequence of DNA. Any mutational event has the potential to alter the
translational output of amino acid chains and result in divergent phenotypes.
This capacity for the generation of genetic variation is crucial for bacterial
populations to survive changable environments and exogenous stresses. As
conventional DNA replication occurs, errors will arise in the base pairings
created by DNA polymerase enzymes. Internal DNA repair systems ordinarily
correct these mistakes, but not with 100% efficiency82. Spontaneous
mutagenesis is understood to be a product of leakage through the error repair
pathways resulting in these errors béng permanently incorporated into the

bacterial genome (583)

The fundamentals of evolution dictate that under stable conditions, bacterial
genomes will spontaneously mutate at a given rate, which is generally accepted
to lie between 10° and 1010 mutations per genome, per generatiorf84). The
natural variation in mutagenesis rate is dependent on a multiplicity of factors,
including organism and environment®83), In thein vivoexperiments by Giraud

et al, population dynamics within a murine model were shown to affect the
mutation frequency 85, When the environment remained stable and bacterial
populations thrived, mutation frequencies were low. In contrast, the presence of
exogenous stressors or environmental pressures elevated mutant generation
rates. Since spontaneous genomic mutations are considered to be stochastic,
with no bias toward advantageous change§g®), increased mutagenesis in stable
populations has the potential to disadvantage the pagation through increased
risk of introducing deleterious effects. Conversely, where populations are under
threat, an increased mutation rate presents the opportunity to generate

AAT AEEAEAT AAADOAOGEI T O Al AGOGOHSHDEOA OEA
One key external stressor implicated in increased formation of bacterial
mutations that has been well reported in the literature, is exposure to

antimicrobial agents (589-591),

(
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1.8.6.2 Mechanisms (DNA SOSmut genes, mismatch repair)

Bacterial SOS response was first outlined over 40 years ago, with further
elucidations of precise mechanisms followingp92. LexA and RecA have long
since been recognised as the key proteins invadd in bacterial SOS response,
protecting the stability of the genome593), LexA is a transcriptional regulator,
which binds to DNA sequences near gene promotor regions, obstructing RNA
polymerase and the transcription of SOS response genes. RecA acts as the
inducer protein, cleavingLexA and enabling cell survival responses, such as
increased mutagenesis. These genes are ubiquitous in the bacterial kingdom,
with homologues identified across most specie&%). Whilst studies have
reported mechanisms in otherclostridia (95.59%), minimal evidence has been
reported in C. difficile Walter and colleagues have undertaken comprehensive
analyses of tlis mechanism, identifying its role in a host of crucial pathways,
including sporulation, biofilm formation and sensitivity to antibiotics (597. 59),
They discovered amino acid substitutions amongst a collection efrains, but
none were associated with the active site. Interestingly, they determined that
LexA disassociation fronrecAgenes was twenty times slower irC. difficilethan
that of E. coliequivalents. This indication of late expression of key SOS genegsw
deemed suggestive o€. difficilepotentially prioritising upregulation of other
stress response genes, located on the same regulon, such as those involved with

transporters and sporulation (598),

The bacterial methyldirected mismatch repair (MMR system is also
understudied in C. difficile butmutS mutL operon knockouts have

demonstrated an increased mutability in otherclostridial strains (599, OneC.
difficile focussed study discovered high conservation of the MMR genes across
genomes®73), whilst Eyre and colleagues discovered comparable dafg0).
Nonetheless, any evidence of genomic differencestimese loci may lead to
reduced stability of the genome and high rates of mutation, as observed in other

genera(582, 589, 601)_

The hfg gene is pleiotropic in nature, demonstrating effects on multiple core
proceses, including sporulation, growth rate and stress responsé®). Its
involvement in the unification of small RNAs and mRNA targets has

demonstrated impact on expression of a multitude of areas. Hfq deficiency in
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other organisms has provided evidence of diéring stress responses and

therefore may have involvement in mutation propensity(¢03),

1.8.6.3 Antimicrobial mutagenesis

The principal mechanisms of antibiotic resistance are the presence of
endogenous mutatons in active target sites, drug uptake/efflux systems and
exogenous horizontal gene transfer of resistant determinant§94. 605, Since
hypermutable strains demonstrate inefficiencies in DNA repair systems and
increased capacities for interspecies gene transfefs88. 606), the potential for
these phenotypes to promote MDR is vast. Consequently, the study of these
hypermutable strains can be extremely valuable in researching worst case

scenarios for resistance acquisition.

Ground-breaking work by Maoet al. demonstrated the potential of mutagenesis
associated with a single selection stage, with mutator proportions elevated from
0.001% to 0.5%(607), Miller et al.demonstrated large increases in mutank. coli
generation with independent exposure to both rifampicin and ciprofloxacirito8),
Since development of resistance to both of these compounds require only a
single point-mutation in either rpoB or gyrArespectively; mutant phenotypes
are likely to occur. Nonetheless, they also indicated that resistance to
antimicrobials requiring mutations in multiple target regions (cefotaxime & B
cycloserine) were more prevalent in mutator strains than normomutators.
Although resistance to fluoroquinolones can be demonstrated with single
mutations, multiple DNA gyrase mutationshave been linked to further

reductions in susceptibilities to this class of antibiotic.

Studies have shown that increased mutation frequencies of fluoroquinolone
resistance in other genera are associated with pressure from compounds such as
salicylate (609). However, research has indicated that, as well as being strain
dependent, mutational frequencies vary within the class of quinolone agent&o.
611), Also, the exposure concentration apgars to impact the generation of

mutants, with polarised antibiotic concentrations both demonstrating elevated

levels of mutation in different organisms(s91. 612),

Stressinduced mutagenesis occurs when damagedNA is identified by a
signalling molecule, which initiates a cascade of reactions leading to the-de

repression of DNA SOS systeffi#3). In the case of fluoroquinolones, single
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stranded DNA acts as the stimulatorylement, and is identified by the RecBCD

enzyme, which activates RecA resulting in LexA cleava§&.

The capability of any antimicrobial compound to select resistant, mutant
progeny is a consideration in its clinical alue and dosing practices. Studies have
demonstrated that selection pressure from exposure to increased
fluoroquinolone concentrations can lead to increased resistant populations. This

correlation suggests a link between higher mutation frequencies and egpure

(615)

Determination of a compounddependant, mutation prevention concentration
potentially minimises resistance development and onward transmission, as well
as aiding prescribing guidelines. Howeer, since an agent such as moxifloxacin is
not generally used as a treatment option for CDI, a flaw in the mutation
prevention contingency may be exposed. Effective treatment of an unrelated
bacterial infection could potentially lead to the propagation ofesistant C.

difficile populations.

1.8.6.4 Mutation rate vs mutation frequency

Mutation frequency and mutation rate have distinctly different definitions, since
the measureable phenomena they refer to differ in both concept and
determination. Where mutation rate denotes an estimated probability of the
number of nucleotide changes over a designated time period, frequency refers to
acquisition or loss of a specific, quantifiable phenotype, such as resistance to a
class of antibiotics(®89). Since the majority of mutations are likely to occur in
non-coding DNA regions or result in no expressible differences, the mutation
rate is not always directly relevant to an evolutionary advantage. Determation

of an actual frequency of phenotypic expression transformation may be more
useful when considering clinical impact. Consequently, mutation frequencies
determined for a designated antibiotic class must only be considered as relevant
to that specific phenotype. Ultimately, since heterogeneous quinolone
susceptibilities have been associated with combinations of mutational events in
gyrA and gyrB regions (616), before even considering other QRDRdependent
mechanisms, such asnhanced efflux systems, mutation rates are often of lesser

relevance than mutation frequency.
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As all progeny of a mutant cell will carry the same phenotype (disregarding

reverse mutations at the same nucleotide) standard mutation frequency

calculationswill be wholly dependent on the generation at which the mutation

I AAOOOAA8 O- OOAOGET T AT EAAEDI 006 AAT AOEC
transpires in an early generation replication, resulting in an almost entirely

homogeneous bacterial population reftcting the mutant type(®1?). In order to

suppress this potental effect, methodologies have routinely adopted the use of

multiple biological replicates to generate an average frequend§is. 619),

1.8.6.5 Mutator strains

Bacterial strains demonstrating the capacity to mutate at an elevated rate are
OAZEAOOAA O1I AO Oi 6OAODI been diddd oBitithe AT A E A
understanding of DNA errorrepair systems(%83), Defects in these pathways are
often reported in mutator strains, resulting in increased mutagenesi&?82. 583, 606),
The MMR system involves the identification of an erroneous nucleotide addition,
cleavage and correction by DNA polymerase. If any of theutS mutL or mutH
genes involved in the repair process exhibit reduced functionality, then elevated
mutability (100 -1000-fold increase)can been observeds®83. 606, 608) Although the
majority of research into DNA rep#& systems reflects theE. coligenome, studies
have identified defective homologies in other genera producing increases in
mutation rate (620-623) Natural mutator populations amongstE. coliand
Salmonellaisolates have been reported as up to 1922 624), whilst Pseudomonas
aeruginosaand S. aureugproportions are reported as high as 20% in the

persistent environment of the lungs of cystic fibrosis patient$23. 625),

Baqueroet al.proposed further delineation of terminology when categorising

strains of E.colipopulations based ortheir mutation frequencies (582),

Frequencies in proximity to the modal distribution point (8 x 10924 x 108) were
AAEET AA AO O1T1 O0i 11 OOAAT Aoh xEOE OOOAET O
AOANOCAT AEAO OAOI AA OE ORIAIOGDO @OGThO @A ODIAMA OGEE
Mutators have been demonstrated to confer an early advantage under new

stress environments(85), However, they are generally accepted to become a

hindrance when external pressures abaté&s’. 588), Mutators can lead to

decreased bacterial fithess through impairment of growth rates, additional

temperature sensitivities and reduced motility 587). As indicated previously, a
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stable genome is beneficial to a stable population. Constant genetic alteration is
proposedto maintain the rarity of mutator populations, due to the inevitable

high proportion of deleterious mutations impacting on strain fithess. This is
ETT xT A0 - OlcpoAThéradoreithasheedddggested that it is
efficacious for elevated mutation frequencies to be transient in nature and that
natural populations may lose the mutator phenotype, due to mutational
reversion or recombination of functioning DNA repair genes>88). SOS repair has
been implicated as the mechanism involved in transient switching of mutator
status 627, Transience may negate the deleterious potential of constant

mutation, enabling survival and stability.

Research inE. colisuggests an inversely proportional correlation between
rifampicin resistance and population density demonstrating reductions in
density causing ahree-fold increase in mutation rate(®28), This work has
highlighted links between the quoruntsensing geneluxS and the transitory

nature of mutation frequencies.

There is a paucity of research into hypermutability ofC. difficilestrains. One
large study interrogated the genomes of 184 PCR ribotype 027 isolates of both
clinical andin vitro origin documented no evidace of deviations in MMR
homologues, previously described in other organism#09), Interestingly, in the
absence of any classical mutator gene homologs, S. pneumoniadas
demonstrated 3.4fold increases inrpoB mutations after ciprofloxacin exposure,

suggesting the involvement of other unknown mechanism@§18).

1.8.7 Antibiotic resistance and Clostridioides difficile fitness
The impact of antimicrobial resistance conferring mutations has been
extensively studied in other organisms, with a particular focus on
fluoroquinolone substitutions (629-636) However, there is a paucity of data

investigating their influence in C. difficile

Recent work by Kuehneet al.demonstrated the fitness cost of mutations
imparting fidaxomicin resistance inC. difficile(637), By introducing substitutions
in the Vat1143 codon of therpoB gene by allelic exchange, this group observed

deficiencies in virulence and competitive growth rates compared to isogenic
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parent strains. This burden upon bacterial fithess could contribute to the
reasons behind fidaxomicin resistance scarcity in the clinic. Interestingly,
rifamycin resistance conveying substitutions in other regions of the same gene

did not impose any burden m fitness in the majority of case$638),

Waselset al.have reported the detrimental effects of the uptake of transferable
elements, with all isolates receiving a transposon containing thermBgene
demonstrating deterioration of growth rates (518), However, crucially, further
work by the same group reported a lack of fitness cost associated with gyrase
alterations conveying fluoroquinolone resistance®39. The most common
chromosomal substitution, Thr82>Ile, demonstrated no impairment to fitness,
although amino acid replacement of the same codon with valine did indicate a
significant disadvantage. Although this studyocussed on several resistance
imparting variants, all originated from only one ribotype 012 strain. Therefore,
more work is necessary to further elucidate the intricacies of the relationship

between fithess and resistance irC. difficilein other key ribotypes, such as 027.
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Chapter 2 Optimising Clostridioides difficile Germination and

Recovery Methodologies z The Inhibitory Effect of Glycine

2.1 Introduction

Spores are fundamental tcC. difficiletransmission, but cannot produce the
toxins necessary for disease. Thefore, germination and subsequent vegetative
outgrowth are essential to disease aetiology. Consequently, knowledge of
germination pathways and signalling molecules is important to the optimal
recovery of this bacteria.C. difficilespore germination mecharsms are gradually
being elucidated(323. 324, 640) phut remain less well defined than that of the model
organism,B. subtilisIn B. subtilisger genes act as nutrient germinant receptors
initiating the germinatio n cascadéd343. 641), Since the discovery of an absent
tricistronic gerreceptor operon from the CD630 genomé&14), an alternative

germination mechanism was sought foC. difficile

Bile acid componentshave been strongly implicated in theC. difficile

germination process, of which taurocholate is the most effective germinarfi*4
315,316), Notable work by Sorg and Sonenshein revealed a significant increase in
spore germination in the presence of 0.1% sodium taurocholate, with a 3dold
increase observed in broth culture44), Optimal taurocholate concentrations
were reported between 0.21%, whilst prolonged exposure to low levels
demonstrated greater germination efficacy than short exposures at higher
concentrations. They also identified the involvement of glycine, as a germination
co-factor. By isolating individual nutrient components from the culture media,
they were able to demonstrate the germination o€. difficilespores in a glycine
buffer with taurocholate, but not in its absence244). Further work into the
influence ofphysical and chemical factors or€. difficilegermination, supported
this glycine association@31). Other amino acids have also been implicated as
germination co-factors, with L-alanine,-histidine and L-serine reported amongst
compounds increasing the efficiency of. difficilegermination (244. 327, 642) One
study reported the importance of histidine as a caerminant, observing

consistent spore germination and recovenof between 97.9 and 99.9%6542),
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Nonetheless, germinationnteractions with bile acid components are more
complex. The primary bile acid chenodeoxycholate has been demonstrated to
inhibit C. difficilegermination, potentially through direct competition with
taurocholate for receptor sites(244.318), |nterestingly, primary bile salt analogues
have demonstrated efficacy as CDI prevention treatments in murine modefs3).
Furthermore, Buffie et al.revealed the concept of a bile acuinediated CDI
resistance, highlighting the presence df. scindensas potentially protective due

to its bile acd hydrolysing ability (320),

The most recently proposed model involves bile acid analogues stimulating a
spore coatbound pseudoprotease, CspC. This interaction initiates an enzymatic
cascade comprising a protease, CsfB2), in the activation of a spore lysis
enzyme, SleC. This reportedly occurs when a small prodomain is cleaved,
allowing subsequent disruption of the spore cortex. Dipicolinic acid in the spore
core can then be releasgin an exchange with water. This process of hydration
enables the reactivation of spore metabolism and results in vegetative
outgrowth (323-325) Further additions to the model implicate C#& in the

activation of CspB329), Kochanet al.reported an absence of germination during
in vitro assays deficient in C&, highlighting its involvement in the germination
mechanism. Cegerminant involvement remains unclear, however, interactions

between C&+, glycine and CspB suggest a-€actor relationship (329,

Recently, additional characterisation has implicated further genes i€. difficile
germination, with Fimlaid et al.reporting evidence of the involvement of a GerS
lipoprotein regulator (397), By observing defective germination and cortex lysis in
gerSknockout strains they indicated the requirement for GerS in the activation
of SleC. Furthermore, thgerGgene has been implicated in the incorpation of
CspA, CspB and CspQarthe spore, and thus, the efficacy of germinatiof§*4).
Using strains containirg gerGdeletions Donnelly et al. highlighted the influence

of this gene, observing a detrimental effect to both germination efficiency and

response to germination triggers.

Recovery of aged spores presents further challenges @ difficilegermination
investigations. The concept of super dormancy describes bacterial spores with
attenuated capacities for germination under normal conditions, and has been

reported in several specieg645-648), Nonetheless, it can oglbe considered as a
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relative notion, where germination environment plays an important role.
Observations of small proportions of spore populations demonstrating
superdormancy may represent a risk reducing, nolcommittal strategy, in case
the exogenous enironment is not tolerable. Spore aging has been related to
superdormancy inC. difficile potentially associated with a range of other factors
linked to longitudinal storage (647). This concept must be considered as a
potential complicating factor in the attempted recovery ofC. difficilespores from

historical catalogues.

Optimisation of culture media is essential to the reliable germination and
recovery of C. difficile whether for diagnostic or research purposes. Many
comparisons of culture media, agar and broths, have resulted in a general
consensus for taurocholate supplemetation to increase germination efficiency
(332,649653), Cycloserinecefoxitin fructose agar (CCFA), cycloserineefoxitin egg
yolk agar with lysozyme (CCEYL) an@. difficileChromID agars (bioMérieux,
France) ae amongst those widely favoured332. 342, 654657)  Although

chromogenic ChromID agar has demonstrated superior sensitivity and recovery
rates (657-659)  deficient detecton of ribotype 023 colonies due to an inability to
hydrolyse esculin indicates a major pitfall with this novel agaf¢¢0. 661), A further
reason for the reluctance to adopt ChromID agar may be because of the higist
of these colorimetric plates. The CDRN utilises CCEYL for national surveillance,
since the addition of lysozyme has been demonstrated to increase the recovery
rates of environmental sampleg342. 363), Enrichment broths, particularly those
supplemented with germinants have demonstrated beneficial increases i@.

difficile germination, although a range of broth bases are often uséd?®. 650. 653),

While previous studies have indicated the germinant actions of taocholate and
co-germinant, glycine(244. 315, 316) inconsistent reports of optimal germination
concentrations have been propose¢p44. 315, 338) A continued search for opmised
culture approaches is necessary to further define highly sensitive and robust

culture methods to promote optimal diagnostic testing.
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2.2 Rationale

By assessing theC. difficilegermination potential of two solid agar and two
anaerobic broth basessupplemented with a range of known germinant
compounds at varying concentrations, a model algorithm for spore germination
and recovery was sought. This was acknowledged as critical ttoee maximal
recovery of C. difficilespores from a historical collectionof isolates (Chapter
Three), essentialfor the further investigation of MDRdevelopment inthis thesis.
Without recovery of isolates through optimised germination protocols,

downstream epidemiological and genomic analyses would not be achievable.

Whilst the synergistic effects of glycine, as a egerminant to sodium
taurocholate, have been demonstrated at low concentration831. 642), here
elevated levels revealed inhibitory effects orC. difficilegrowth. Further
examination of this finding was necessary to improve the understanding of this
concept. This initial chapter attempts to define an optimal combination of solid
and broth media, in order to maximise the germination and recovery of aged.
difficile spores, whilst concurrently investigating inhibition of germination or

outgrowth by high concentrations of glycine.
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2.3 Methodologies

Two solid agar bases and two broth culture media, supplemented with
contrasting combinations and concentrations of germinant compunds, were
assessed folC. difficilegermination capabilities. Spore and vegetative population
dynamics were evaluated through culture assays and phas®ntrast

microscopy, with an optimal algorithm sought to facilitate recovery of historical

C. difficilespores.

All C. difficileincubations were carried out in an A95 anaerobic workstation
(Don Whitley Scientific, UK) at 37C for 48 hours, unless otherwise stated.

2.3.1 Pilot investigations

2.3.1.1 Germinant exposure pilot

Pre-reduced 5 mL Schaedlers anaerobic broth€©ioid, UK) supplemented with

0.1% sodium taurocholate (MP Biochemicals, USA) and 0.4% glycine (Sigma

Aldrich, USA) were inoculated with PCR ribotype 02€. difficilespores (2.5

x107); (spore preparation and harvesting is described ir2.3.2.2 to achieve a

broth concentration of 5.2 x1® CFU/mL. Broths were incubated ancC. difficile

vegetative cells were enumerated after 30, 60, 90 & 120 minutes. Enumeration

was performed through serial dilution (107) in pre-reduced, sterile PBROxoid,

5+q POEI O Oi bpIAOGETC T £ OEA OOAOGANOGAT O 1/
UK) supplemented with cyloserine (250 mg/L); (LabM, UK) cefoxitin (8 mg/L);

(LabM, UK), 2%defibrinated horse blood (E&O Laboratories, UK) lysed with

Saponin (50 ni/L); (Sigma-Aldrich, USA) and 5 mg/L lysozyme (Sigmaldrich,

USA); (CCEY)L Aliquots of 200 uL were collectd at each time point and

OOET AEAA6 ET AOEATTITxAOAO jumbp O7¥0Q A (
described previously. Germination differences were assessed based on the

proportions of spores and vegetative cells. Testing was performed in biological

trip licate.

2.3.1.2 Phase-contrast microscopy pilot
Pre-reduced 5 mL Brain Heart Infusion (BH) broths (Oxoid, UK) supplemented
with 0.1% sodium taurocholate and 0.4% glycine were inoculated with 50 pL of

PCRribotype 001 C. difficilespores (2.3 x10) to achieve an initial broth
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concentration of 2.3 x1@. After 90 minutes incubation, broth aliquots of 125 pL,
250 L, 500 pL & 1,000 pL were transferred into 1.5 mEppendorf tubes (in
duplicate) and centrifuged at 12,000 g for one minute. The supernatant was
decanted and the cell pellets resuspended in 50 pL of M9 minimal séimedia,
before transferring onto a glass slide (26mm x 26mm). Slides were fixed on a
heatplate at 50°Cfor 30 minutes, prior to the addition of 70 uL of molten

Wilkins Chalgren anaerobe agar (Oxoid, UK) and a glass coverslip. Fixed slides

were dried at 50°Cfor a further period of 30 minutes.

Outcomes were assessed based on an ability to dlgadentify entities on a
single plane of view, whilst ensuring sufficient, countable numbers (3Q00) to
allow accurate quantification.C. difficilespores appeared oval in shape with a
thick, dark outer coat. C&DPAIn dormant spores, presented an inner white
glow or phasebright spore core, whilst germinating, phasedark spores
appeared far darker. Vegetative cells appeared as dark, elongated ro¢iSigure
4).

Figure 4: Phasecontrast microscopy image of alternative C. difficile forms. A
Z vegetative cell (containing forespore), Bz phasedark spore, G phasebright
spore. Image recorded using a Leica DM2000 phasetrast microscope (100x Hi

ol AT T AEAAOEOAQ AT A Al |/ DPOEEA1T 6EOEIT

0 ¢
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2.3.2 Optimising growth media for spore germination

The efficacy of ten solid agar and nutrient broth formulations were investigated
for their potential germination capabilities on C.difficile spores. Total viable
counts and spore counts, in addition to phaseontrast microscopy techniques
were performed to facilitate the determination of germination response

amongst different PCR ribotypes(Figure 5).

2.3.2.1 Testisolates

Single isolates ofC. difficilefrom five PCR ribotypes; 001, 015, 020, 027 and 078,
were assessed for germination response to all test media. These were library
strains assigned by the CDRNLeeds, UK. Further data is available via the
National Centre for Biotechnology Information BioProject database (NCBI

http://www.ncbi.nlm.nih.gov/bioproject/248340.

2.3.2.2 Spore preparation and harvesting

All strains were inoculated onto single CCEYL agar plates and cultured for 48
hours, before subculture onto a further eight CCEYL agars. Growth from each
CCEYL plate was inoculated onto a furthéen Columbia Blood Agar (CBpplates
(E&O Laboratories, UK) by spread plating technique and cultured, anaerobically
for 10-14 days. After incubation, cultured plates were removed from the
anaerobic cabinetchecked for purity and exposed to aerobic conditions for a
minimum two hour period. Subsequent sporulated growth was removed from
the plates with a dry swab and emulsified io ethanol/water (50% v/v), at a

rate of 20 plates of growth per millilitre of ethanol (209, 662),

Spore preparations were enumerated before use, through a serial dilution
plating method, standardised via ethanol dilution to a cell density of ~6 x F0

CFU/mL and stored at ambient temperaturen sealed universal tubes.

2.3.2.3 Solid media comparisons

Laboratory produced agar plates of ten solid growth media combinations were

compared for their spore recovery capabilities. BHI and cycloserineefoxitin
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egg yolk agar (CCEYwvere used as base media, with each also supplemented
with a series of germinant compounds; Table 1). Egg yolk was omitted from

CCEY agar to provide a direct comparison to the mediged by the CDRN.

StandardisedC. difficilespore preparations were serially diluted with sterile PBS
in 96-well microtitre trays (10 7). Twenty microlitres of each dilution was
inoculated onto quartered agar plates and spread. Inoculated plates were

incubated and individual colonies were counted.

Identifier Base Media  Supplements

BHI None

BHI(L) BHI + Agar Lysozyme (5 mg/L)

BHI+0.1% Technical 0.1% taurocholate + 0.4% glycine
BHI+1% No.3 (159/L) 1% taurocholate + 4% glycine
BHI+1% (0.8%) 1% taurocholate + 0.8% glycine
CCEY None

CCEYL CCEY Lysozyme (5 mg/L)

CCEY+0.1% (withoutegg  0.1% taurocholate + 0.4% glycine
CCEY+1% yolk) 1% taurocholate + 4% glycine
CCEY+1% (0.8%) 1% taurocholate + 0.8% glycine

Table 1: Constituents of solid agar media used in C. difficile spore

germination experiments. Taurocholate and glycine added prior to autoclaving,
lysozyme was added subsequen®HI z brain heart infusion, CCEY cycloserine
cefoxitin egg yolk.

2.3.2.4 Broth med ia comparisons

Eight broth culture media combinations were compared for germination
efficacy; (Figure 5). Schaedlers anaerobic broth and BHI broths were tested as
base media, without the addition of Agar Technicallo.3(Oxoid, UK)to the

either broth. A series of broths supplemented with differing germinant
combinations were tested; Table 2). Wassermann tubes containing 5 mL of pre
reduced broth were inoculated with 50 pL & fresh (<2 days old)C. difficilespore
preparation and allowed to germinate for 90 minutes; as determined by a
previous exposure experiment 2.3.1.2. Broths were serially diluted as

previously (2.3.2.3 with pre-reduced PBS and 20 pL of each dilution spread on
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guartered CCEYLIndividual colony forming units were counted post

incubation.

After 90 minute germinant exposure, two 500 pL aliquots of each broth were
transferred into 1.5 mL Eppendorf tubes; one for phaseontrast microscopy
(see2.3.2.5 and one shocked with 500 uL ethanol/water (50% v/v) for spore
population determination. Ethanol shocks were mixed and left aambient
temperature for a minimum of one hour, prior to serial dilution to 164 and

plating as previously €.3.1.1).

All broths were tested in duplicate, with triplicate serial dilutions. Repeat testing
of the PCR ribotype 001 and 078 spore preparations was performed after a six

week period to identify any temporal differences.

Identifier Base Media  Supplements
SCH Schaed None
SCH(L) chaeciers Lysozyme (5 mg/L)

anaerobic :
SCH+0.1% broth 0.1% taurocholate + 0.4%glycine
SCH+1% 1% taurocholate + 4% glycine
BHI None
BHI(L) BH| Lysozyme (5 mg/L)
BHI+0.1% 0.1% taurocholate + 0.4% glycine
BHI+1% 1% taurocholate + 4% glycine

Table 2: Constituents of broth media used in C. difficile spore germination
experiments. Taurocholate and glycine added prior to autoclaving, lysozyme was
added subsequentlyBHI z brain heart infusion, SCKHl Schaedlers anaerobic broth.

2.3.2.5 Phase-contrast microscopy

As part of the broth media comparison investigationC. difficilespores were
processed for phasecontrast microscopy after 0 and 90 minutes incubation.
Cultured broth aliquots of 500 pL were centrifuged at 12,000 g for one minute,
and slides were prepared as previously described(3.1.9. Ten fields of view
were imaged for each slide, using a Leica DM2000 phasentrast microscope
(100x Hi Plan objective) and an Optik&V Vision Pro Digital USB Camera, Italy.

Entities included in the counts were vegetative cellgphasebright spores and
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phasedark spores, with proportionate data evaluated; Figure 5). All test were

performed in triplicate.

2.3.2.6 Statistical analysis
Statistical analyses were performed with IBM SPSS Statistic2¥.0.0.1. The

spore recovery on solid agar data was compared using a ea&y ANOVAwith
Tukey comparison, after logarithmic transformation. Individual PCR ribotype
and broth germination data were compaed using a nonparametric Kruskal-
7A1 1 EO OA O @dst hactedirt. PSaldiési<@a5 were classed as

significant, whilst p<0.001 were defined as highly significant.
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2.3.3 Susceptibility testing
2.3.3.1 Agar incorporation testing

A panel of the same fiveC. difficileisolates (ribotypes 001, 015, 020, 02’Aand 078)
tested in the germination assaysZ.3.2.1) was utilised to determine any
antimicrobial effects of the supplementing germinant concentrations. All strains
were tested for detrimental effects on both vegtative and spore forms ofC.
difficile. Glycine and sodium taurocholate were tested both independently and in
combination using an againcorporation minimum inhibitory concentration
method, as previously described!8?. 480), Briefly, concentration ranges were
selected to correspond with broth supplementation Table 3), with compounds
dissolved and diluted in sterile water to achieve a doubling dilution series.
Supplementay solutions of 5 g/L increments were tested to further delineate the
MIC, where necessary. Two millilitres of each concentration of test compound
solution was added to 18 mL of molten agar, med, set and dried at 37°C for 20
minutes. Vegetative cell response was investigated using isolates cultured on CBA
for 48 hours, prior to inoculation into 4 mL Schaedlers anaerobic broth and
further culture for 24 hours. Broth cultures were diluted 1 in 10with pre -reduced
saline (Oxoid, UK), before a 1 pL inoculation (~1 x 2@FU) of the compound
incorporated agars using a multipoint inoculator (Denley Hydraulics, UK). Spore
response was investigated using a standardised inoculum of each spore
preparation (~1x107 CFU/mL) directly onto the agar series. Susceptibilities were
tested on both Wilkins# EAT COAT AT A " OAUEAOB8O ## %9
lysed, defibrinated horse blood. Due to the insolubility of glycine in high
concentrations, testing of >30y/L was carried out with supplementation directly
into individual agar aliquots, prior to autoclaving. Inhibition of growth was
assessed after anaerobic incubation, with the MICs defined as the lowest
concentration at which growth was markedly inhibited. Al test compound

concentrations were assessed in duplicate.

AC ¢
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Compound Concentration Range (g/L)
glycine 1.257 40
sodium taurocholate 0.3z10

glycine & (sodium taurocholate) 1.25 (0.3)7 40 (10)

Table 3: Test compound conceriration ranges for minimum inhibitory
concentration determination. Compounds were tested in duplicate at doubling
concentrations.

2.3.4 Germination inhibition assay (PCR ribotypes 015 and 020)

Two C. difficilestrains, PCR ribotype 015 and 0202.3.2.1), were utilised to test

the effects of increasing glycine and sodium taurocholate concentrations in broth
culture, on both vegetative and spore populationsAs with agarincorporation
testing (2.4.5), both compounds were tested independently and in combination for
the same concentration ranges(Table 3). BHI broths supplemented with doubling
concentrations of test commund were aliquoted (180 pL) into duplicate wells of a
Sterilin Microplate U, 96well tray. Spore preparations of approximately 5 x 1©
CFU were added (20 pL) to the brotltontaining wells, in order to achieve a final
spore concentration of ~5 x 1@ CFU, as per CL§Lidelines(663), Vegetative

inocula were created using 0.5 McFarland preparations of overnight BHI broth
cultures. These were further diluted by 1 in 100 in fresh broth, prior to the
addition of 20 pL of cuture each test well, achieving a final cell concentration of
~5 x 105 Test wells were created in duplicate with a further set of biological
duplicates used to validate the results. Blank, uninoculated wells containing each
compound concentration were usd as negative controls, enabling a normalisation
process of the absorbance data; (Absorbance readings for uninoculated wells
containing the equivalent compound concentrations were averaged and
subtracted from thoseof test wells). Absorbance measurementstéb95nm were
taken at multiple time points (0, 1.5, 3, 6, 24 & 48 hours) using a Techrfinite

F200 pro (Tecan, Switzerland) and plotted on growth curves.
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2.4 Results

2.4.1 Germinant exposure pilot

Total viable counts (TVQwere comparable across all time points, while after 90
minutes of germinant exposure, an approximate log reduction in spore counts
was observed (Figure 6). Exposure for longer periods (120 minutes)
demonstrated no further substantial decrease in spore recovery. Therefore,

further experimentation progressed with a 90 minute exposure period.

mETVC

m Spores

Mean Spore Recovery (log,,CFU/mL)
I

30 60 90 120
Exposure Time (mins)

Figure 6: C. difficile spore germination vs exposure time in broth culture.

Spores wereultured in Schaedlers anaerobic broth, supplemented with 0.1%
sodium taurocholate and 0.4% glycine. Differences in TVC (total viable counts) and
spore count were indicative of germination.

2.4.2 Phase-contrast pilot

Centrifugation of a 500 pL aliquot was demed to be the optimal volume for clear
visualisation of broth culture populations by phasecontrast microscopy. Entities

appeared in sufficient quantities (106100) for reliable proportional data to be
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determined, whilst background cell debris was minimised(Figure 4). Greater
volumes (1,000 pL) produced slides that proved over populated, with reliable
entity counts obscured by cell debris. Smaller samples (<500 pL) conveyed

insufficient total spore populations to ahieve accurate estimates.

2.4.3 Solid media comparisons

Four variations of solid media demonstrated equivalent peak levels &. difficile

Spore recovery,

A BHI 0.1%: (7.93-8.45 logioCFU/mL,@= 8.16+0.10),

A BHI 1% (0.8% GLY): (7.80-8.59 logioCFU/mL,@= 825+0.08),
A CCEY{8.15-8.32 loguoCFU/mL,@= 8.20+0.05),
A

CCEYL(8.15-8.38 logioCFU/mL,@= 8.26+0.08).

No significant differences were observed between the four optimal variations;
(p>0.05); (Figure 7). Slichtly elevated spore recovery rates were observed after
supplementation of 0.1% taurocholate irto BHI (&= 0.88 logoCFU/mL), but this
was not significant (p>0.05), whilst the equivalent addition into CCEY
demonstrated a significant decrease in recoveryd= 2.73 logoCFU/mL,p<0.001).
Increased concentrations of 1% taurocholate (T)Cand 4% glycine (GLY effected
complete inhibition of spore outgrowth for both media types. Redction in glycine
concentration (to 0.8%) with 1% taurocholate exhibited significantly different
effects on recovery with BHI and CCEY<€0.001). In CCEY, the addition of 1% TC/
0.8% GLY led to a significantly reduced recoveryZ& 5.34 logoCFU/mL,p<0.001),
whilst supplementation into BHI demonstrated no significant effect§>0.05). The
addition of lysozyme to either media base produced no significant effect on spore
recovery (p>0.05). No significant variation in recovery performance was observed

acrossthe five PCR ribotypes testedg>0.05).



84

**%x

‘ *kk
9 - ‘ *kk
=, I

= m RT001
@ mRT015
S : W RT020
(o))

i} RT027
)

2 mRTO78
>

(@]

3 :

o

o

@)

Q.

n

C

@

Q

=

L DD
SIS Y
4 Qo oo
o& S NS
Qe *x'\,
LT $
Qé’o ©

Figure 7: Comparison of germinant supplemented agar for C. difficile spore
recovery. Percentage concentrations refer to sodium taurocholate, unless stated.
BHIz Brain Heart Infusion, SCH{ Schaedlers anaerobic broth,z.lysozyme

(5mg/L), GLYz glycine. Data was based on mean average (xSE) of triplicate counts.
*** n<0.001.
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2.4.4 Broth media comparisons
2.4.4.1 Agar plate growth counts

Total viable counts across all broth variatios remained consistent within each
isolate/ribotype tested, only differing between 0.08 and 0.48 loggCFU/mL,;

(Figure 8). TVC and spore count differences were comparable between all BHI and
Schaedlers anaerobic brdt variations, ranging from 0.08z 0.64 (&= 0.22
log10CFU/mL,p>0.05). Supplementation with 5 mg/L lysozyme displayed minimal
variance in recovery (0.002z 0.07,= 0.03 logoCFU/mL,p>0.05). Broths
containing bile acid germinants showed notably widedistinctions between TVC
and spore counts, compared to those without (1.63.30 logroCFU/mL,d= 2.52 vs
0.03z1.38 logoCFU/mL,d= 0.42 respectively) (p<0.001). Increased taurocholate
concentration in both BHI and Schaedlers broths demonstrated a meslight
decrease in spore recoverygd= 0.11 and 0.21 logoCFU/mL, respectively p>0.05).
In BHI only, reduction of glycine concentration (from 4% to 0.8%) indicated
further slight reductions (&= 0.35 logoCFU/mL) in spore recovery >0.05), (data

not shown).

PCR ribotype variance was apparent, with ribotype 001 demonstrating the largest
difference in vegetative population (TVC minus spore count) between cultures,
with and without germinant supplementation (&= 2.87 and 2.88 logpCFU/mL for
BHI andSchaedlers broths, respectivelyp>0.001). This contrasted to ribotype

078, which demonstrated far lower differences ofZ= 1.44 and 1.12 logpgCFU/mL

in BHI and Schaedlers broths. Ribotype 015 displayed the lowest decrease in
spore population after taurocholate addition, whilst all other ribotypes indicated
differences within 0.3 logioCFU/mL of the mean difference@= 2.08 and 2.11
logi10CFUmML, BHI and Schaedlers broths, respectively).
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Figure 8: Germination of five different PCR ribotype (RT) C. difficile strains in broths supplemented with various germinant
concentrations. Germination efficiency is represented by differences in mean (xSE) total viable counts (TVQ)@medceunts. Brothsvere
exposed to germinants for 90 minutes. B#HBrain Heart Infusionbroth, SCH Schaedlers anaerobic broth,z.lysozyme (5mg/L), GLY glycine,
TCz sodium taurocholate. Counts are based on triplicate broths. *** P<0.001.
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2.4.4.2 Phase-contrast microscopy results

Proportions of entities observed with phasecontrast microscopy were
comparable across all ribotypes tested, with the exception of ribotype 078;
(Figure 9). Excluding the data for this riboype, proportional entity counts at time
of spore inoculation (zero) revealed phaséright spore populations ranging
between 70-91%, (= 82%), with phasedark spores and vegetative cells
comprising of between 225%, (3= 11%) and 510%, (J= 8%) respectively.
Visualisation of ribotype 078 at the zero time point revealed proportions of phase
bright, phasedark and vegetative cells as 8%, 85% and 7%, respectively.
Excluding ribotype 078, comparable entity proportion data was observed for both
base media varying by 05%, (J= 2.4%). Therefore, average proportional changes
associated with broth supplementation are reported from here in. Phaseontrast
data correlated with broth germination colony counts, with the same trends
observed in both assays. Mimal differences were observed between base media
and supplementation with lysozyme, with an average of 3% of phad®ight

spores shifting to phasedark state. As with agar plate enumerations, bile acid and
co-germinant addition considerably altered the pgulation dynamics, with 0.1%
taurocholate conferring significant changes from phaséright to phase-dark
spores (<0.0001). Phasebright spore populations reduced to between 610%,
(9= 3%), a decrease in the range of 6@8%, (J= 65%). Phasedark spore
proportions elevated to 48-49%, (3= 48%), an increase ranging between 449%,
(= 48%). Vegetative cell percentages raised by 1&1%, (3= 18%) to a range
between 17-41%, (&= 30%). Exposure to an increased concentration of
taurocholate (1%) resulted in an even greater percentage of phasgark spores
(61-88%, [@= 72%]), with phase-bright proportions almost eliminated (0-6%, [J=
1%]) and an increasing vegetative cell population, (1-B8%, [@= 26%]). In both
BHI and Schaedlers broth assaysith ribotypes 020 and 027, phasebright spores

were undetectable (0%).
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Figure 9: Broth germination comparisons of five different PCR ribotype C. difficile strains by entity proportion determination with
phase-contrast micros copy. Mean proportions (xSE) of entities after 90 minute incubation are displayed. Entities were enumerated in 10x
fields of view, per biological replicate-a&is numbers (e.g. 001) refer to PCR ribotype designations. Percentages refer to taurocholate.
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2.4.4.3 Six week aged spore preparations

The trend of TVC and spore population differentiation remained comparable
between fresh and six week aged sporeéAppendix). Findings for BHI and
Schaedlers broth cultures produced equivalent counts, ranging frori.24 7 0.97,
(9= 0.3]) log10CFU/mL,p>0.05. The differences between broth cultures with and
without germinant supplementation remained significant, ranging from 1.663.30
log10CFU/mL, @= 2.52) and 0.0%1.38 logioCFU/mL, @= 0.42), respectively);
(p<0.001). All but two broth variants demonstrated differences between TVC and
spore populations slightly elevated over fresh spore observationgZ= 0.38
logi0CFU/mL); (Table4). Whilst the reduction in TVC and sporeitference was
minimal in ribotype 001 Schaedlers broths with 0.1% taurocholate (0.28
logi10CFU/mL), the same spore preparation germinated in BHI with 0.1%
taurocholate exhibited an outlying finding of a 1.24 loggCFU/mL reduction

compared to fresh spores.



Mean CFU (ogioCFU/mL) difference between TVC and spore populations

BHI+0.1% TC BHI+ 1% TC

SCH+0.1% TC SCH+ 1% TC

BHI BHI(L) (0.4% GLY) (4% GLY)  SCH  SCH(L) (0.4% GLY) (4% GLY)
RT001 (Fresh) 035 042 3.22 3.26 043 055  3.31 2.83
RTOO1 (6 weeks) 0.85 0.80  1.98 3.62 1.39 158  3.03 3.14
Difference 050 0.38 -1.24 0.36 096 103 -0.28 0.31
RTO78 (Fresh) 1.07 1.03 250 2.83 1.38 131  3.14 2.99
RTO78 (6 weeks) 1.87 2.00  2.79 3.17 200 208  3.16 3.19
Difference 0.80 097 0.29 0.33 062 077 0.02 0.20

Table 4: Mean CFU differences logio0CFU/mL) between TVC and spore counts for fresh and six week old spore preparationsof PCR
ribotypes 001 and 078. Data represents the mean average of triplicate values.Ribotype, BHIz brain heart infusion, SCH schaedlers
anaerobic broth, T@ taurocholate, GLY glycine, CF colony forming units. Figures reported to 2 decimal places.

06
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2.4.5 Susceptibility testing

2.4.5.1 Agar incorporation testing

Triplicate testing of five C. difficilePCR ribotypes demonstrated marked inhibition
of vegetative growth by glycine at 20 g/L concentration (with no colony formation
at 25 g/L); (Figure 10). Three ribotypes (001, 020 and 078) exhibited noticeably
inhibited growth at 20 g/L, whilst the other two (015 and 027) demonstrated
complete inhibition. Results were comparable across both agar types, as well as
with vegetative and spore forms. Minimal differences were observed between
vegetative and spore assays, with 86.7%nd 80.0% MIC concordance
demonstrated with Wilkins Chalgren and Brazie® agar, respectively Table5). All
MIC disparities between vegetative and spore populations were within one
doubling dilution. No detrimental effect to C. difficilevegetative growth was
observed in the presence of sodium taurocholate, up to 10 g/L concentration. The
combination of both compounds in a 4:1 ratio indicated comparable results to
glycine alone, demonstrating inhibition of growth at20 g/L glycine: 5 g/L sodium
taurocholate, although three strains exhibited marginally elevated MICs (<1
doubling dilution).

PCR Ribotype

001 015 020 027 078

GLY concentration (g/L)

Figure 10: Photographic representation of the growth and inhibition response
of five different C. difficile PCR ribotype strains cultured on Wilkins Chalgren
anaerobe agar incorporated with increasing concentrations of glycine (GLY).
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Minimum Inhibitory Concentration (g/L)
GLY + TC* veg

GLY veg (spores) TC veg (spores) (spores)

PCR Wilkins Brazier® Wilkins Brazier® Wilkins Brazier®
Ribotype Chdgren Chalgren Chalgren

001 20 (25) 25(25) >10(>10) >10(>10) 20(20) 20 (25)
015 20 (20) 25(25) >10(>10) >10(>10) 20 (20) 20 (20)
020 20 (25) 25(25) >10(>10) >10(>10) 20 (20) 20(20)
027 20 (20) 25(25) >10(>10) >10(>10) 20 (20) 25(20)
078 20 (20) 25(25) >10(>10) >10(>10) 20 (20) 20 (25)

Table 5: Summary table of minimum inhibitory concentrations for glycine

(GLY) and taurocholate (TC) of five different C. difficile PCR ribotypes, tested in
both vegetative (veg) and spore forms by agar incorporation method, on two
agars. * GLY + TC combined in a 4:1 ratio, values displayed refer to GLY
concentration.

2.4.6 Germination inhibition assay (PCR ribotypes 015 and 020)
Absorbancereadings at 48 hours were consistent (within ~0.1) for all glycine
concentrations up to 10 g/L, including a glycinegree control broth; (Figure 11A).
Substantial reductions in absorbance were demonstrated at 20 €0 g/L
concentrations (from ~0.8 to 0.02). The combination of glycine and taurocholate
produced a similar finding; (Figure 11C). Absorbance levels reduced from ~0.8 to
0.02 between 5 g/L glycine (1.25 g/L taurochahte) and 10 g/L glycine (2.5 g/L
taurocholate). Parallel analyses of taurocholate concentrations indicated no
inhibition of growth, but a notable detrimental effect on absorbance was observed
with the addition of the compound (0.950.77, 29% reduction), futher decreasing
to 0.60 (37% reduction) as the concentration increased to 2.5 g/L. Absorbance at
higher concentrations remain stable at ~0.60. All findings were consistent across

both PCR ribotypes Figure 11B), as well as with vegetative and spore forms.
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Figure 11: Germinant compound minimum inhibitory concentrations of PCR
ribotype 015 and 020 C. difficile spores, as measured by absorbance at 595nm
after 48 hour incubation. Azglycine, Bz sodium taurocholate, @ glycine and

sodium taurocholate in 4:1 ratiogodium taurocholate concentration show in
parenthesis). Data represents mean averages (xSE) of two biological replicates per

test.
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Absorbance measurements from multiple tine points highlighted a delayed
outgrowth in broth cultures containing 10 g/L glycine (Figure 13 A-B) compared

to those with 5 g/L concentration (Figure 12). Whilst absorbance increased it®

g/L glycine culture after 24 hours (range 0.290.48), 10 g/L broth readings
remained low (0.015-0.049). However, by 48 hours the absorbance readings of
both sets of cultures were similar (0.470.87 and 0.560.76 for 5 and 10 g/L,
respectively). Whilst 24 hour reads for 10 g/L glycine remained low (0.020.07)

for both PCR ribotypes tested, ribotype 020 exhibited elevated absorbance levels
at 48 hours (0.76), surpassing the growth of &% g/L cultures (0.46-0.65); (Figure
13B). However, ribotype 015 demonstrated a considerably decreased absorbance

level of 0.35 at the same concentratigr(Figure 13A).

Growth curves were similar for all taurocholate concentrations and both

rib otypes, expanding exponentially from six hours onwardqFigure 13 GD).
Interestingly, 5 g/L (0.74-0.79) and 10 g/L (0.740.81) concentrations closely
matched the final absorbance measurements for cultures without taurocholate
supplementation (0.85-0.76), whereas lower concentrations peaked between
0.52-0.60.

Whilst low concentrations of glycine alone (2.5 g/L) reached comparable levels
at 48 hours as cultures containing no glycine, in combination with taurocholate
the absorban® was reduced (0.260.34) in comparison to 0 g/L (0.56) (Figure 13
E-F).
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RTO15 (5 g/L)
0.9 1 —a=RT015 (10 g/L)
0.8 J =—RT020 (5 g/L)
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Figure 12: Comparison of absorbance measurements (595nm) from BHI

broths supplemented with 5 and 10 g/L GLY, inoculated with C.difficile spores

of two PCR ribotypes (015 and 020). Datawas calculated as mean averages (+SE)
of quadruple replicates, calibrated against blank (uninoculated) media controls.
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Figure 13: The effect on absorbance (595nm) of gycine (A and B), sodium taurocholate (C and D) and glycine/taurocholate combined
(4:1) (E and F) on PCR ribotype 015 (A, C and E) and 020 (B, D and F) C. difficile spore outgrowth over timeSpores were cultured in
brain heart infusionbroths supplementd with doubling concentrations of test compound. Data represents mean averages (+SE) of quadruple

replicates, calibrated against blank (uninoculated) media controls.
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2.5 Discussion

Many commercially produced agars are available for the culture &. difficik,
whilst various non-selective broths exist for enrichment of recovery. However,
there is no conclusive agreement as to which media provides the greatest
germination recovery and sensitivity, with different studies favouring CCFA,
CCEYL (utilised by the BRN®63)), and ChromIDC. difficileagars(333. 342, 658, 659, 664,
665), Often the recovery targets differ, with fresh, aged and environmental spores
amongst the variable targets tested. Here we investigated selective (CCEY) and
non-selective (BHI) solid media and two commonly used bittbs (BH| (244, 341, 666)
and Schaedlers anaerobic brotki87. 280. 480))  supplemented with varying additives
and concentrations in an attempt to identify optimal spore gemination and
recovery. Determination of the most efficient method for spore recovery and
germination was sought with the intention for use in the optimal recovery of aged

C. difficilespores from an historical collection of isolates.

2.5.1 Solid media compariso ns

Ten combinations of common solid growth media were tested for their efficacy in
triggering germination in C. difficilespores. Whilst CCEY exhibited superior
recovery over BHI alone, when supplemented with 0.1% taurocholate, BHI was
equivalent to CCEYn demonstrating the greatest levels of recovery. This
complements evidence from Listeet al., who also established the latter media as
the most sensitive, when compared to four other selective agaf&$?). In the
aforementioned study, CCEY was able to detect levels as low a8 CBU/mL,
whereas other media could only detect levels above 20Although ChromIDC.
difficile agar has been reported as the mogffective in recovery by several studies
(657-659), the high sensitivity reported for CCEY is of greater importance with
regards to aged isolates, since they are likely to contain diminished spore levels.
This mayalso translate to diagnostic applications, where clinical specimens may
have been exposed to antibiotic treatment prior to sample collection and are liable

to contain reduced bacterial loads.

Whilst the primary bile acid, taurocholate, in combination wih a cegerminant,

glycine, has been implicated in increased germination and recovery, Sorg and
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Sonenshein proposed that germination with taurocholate may be enhanced by a
semi-solid support, implying an efficacy in solid medi&44). We might, therefore
have expected to see a universal increase in recovery using taagholate, however,
this was not the case in CCEY. Supplementation with low concentrations (0.1%) of
taurocholate demonstrated polarised effects on the recovery of spores with both
agar bases. Whilst an increased efficacy was observed in BHI, bringingrésovery
potential in line with unmodified CCEY, a dramatic reduction was demonstrated
with its addition to CCEY (Figure 7). It is hypothesised that these diverging

findings are due to the preexisting cholate cotent in CCEY, absent from BHI,
which provides an existing germination efficiency in this previously optimised

media.

Strikingly, enhancement of either media with high concentrations of taurocholate
(1%) and the equivalent 1:4 ratio of glycine (4%) resulté in complete inhibition
of vegetative growth. Since reduction of glycine concentration to 0.8% enabled
spore recovery, comparable to lower concentrations (0.4%) in BHI and to a
reduced extent in CCEY, this potentially identifies it as the implicating famtin
inhibition. In order to further elucidate the source of inhibition, additional
experiments were undertaken to investigate the antimicrobial potential of

elevated concentrations of both compoundsZ.3.3).

Notably, the addition of lysozyme to either agar type demonstrated no beneficial
effect to recovery, supporting work by Nerandzid338), with others even finding
detrimental effects when assessing 24 hour lysozyme exposed culturés?).
However, these data are in contrast with previous work by Wilcort al, where
supplementation of CCEY agar with lysozyme was shown to imprevecovery of
C. difficilespores from environmental swabg342). Nonetheless, the latte
experiment focussed on the recovery of environmental spores, which are likely
damaged through desiccation and exposure to external physical and chemical
stressors, such as heat and detergents. This may potentially precede a state of
dormancy and therefore a reduced germination rate, presenting a greater
propensity for enhancement by lysozyme action. Although no beneficial impact on
germination was demonstrated with the relatively new spores tested in this
investigation, since lysozyme addition showed noeatrimental effect, its use in

recovery of highly aged spores maybe more pertinent.
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Since ChromlID agar also contains taurocholate, it might be expected to be effective
in spore recovery, however it is expensive, at almost three times the cost of CCEYL
(658), However, issues have been reported regarding lack of colouratiamcertain
genotypes(©60. 661) gand since the chromogenic nature of the media is not necessary

for pure recovery applications, CCEY provides a reasonable alternative.

The findings of this investigation suggest t comparable efficacy of three solid
media variants, CCEY, CCEYL and BHI supplemented with 0.1% taurocholate and
0.4% glycine. Whilst any of these formulations would provide optimised spore
germination, selection of a particular agar must be assessed basauthe specific
purpose. For pure culture recovery, all would suffice, although assessment of the
costings per plate suggest that the BHI option (19 pence) would be less expensive
than CCEY (32 pence). Although these calculations are highly estimatedpasing
will vary on quantity and supplier etc., an obvious preference can be seen for this
application. However, if faecal specimens or potentially impure samples are to be
tested, the additional selection factor of cycloserine and cefoxitin would be
necessary. Whilst BHI was not tested with the addition of these antibiotics, it
seems unlikely that this would provide equivalent levels of selectivity, as the

AT T OOEOOAT O AT Ai AT OO 1T &£ " OAUEAOS8O GAACAO
difficile.

2.5.2 Broth media comparisons

Determining a sufficient length of exposure time for the effects of germination to
be distinguishable was essential. The pilot data described Figure 6 showed that
spore counts decreased by alost 1 log between 60 and 90 minutes exposure to
0.1% taurocholate and 0.4% glycine. This represented the largest single step
decrease in spore population, whilst TVCs remained stable, indicative of the
exposure time with the greatest increase in germinatin. Equally, this remained a
short enough period to eliminate the potential for vegetative overgrowth to mask
the data. Therefore, a 90 minute incubation was utilised in all broth comparison

assays.

There were no apparent differences in germination efficiecy between the

commonly used BHI and Schaedlers broth3aurocholate incorporation irto

E.
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broths supported previous findings(332. 655, 668) demonstrating significantly
elevated germination ©<0.001); although increasing the concentration yielded no
advantage. This directly contradicted work by Heegt al.who found the majority
of isolates tested demonstrated a greater germination rate when broths were
supplemented with 1% taurocholate, as opposed to 0.19%39. However, one strain
did exhibit no difference in germination response, suggesting intestrain
variation, as demonstrated significantly in the differentribotype 027 isolate
responses to both primary and secondary bile acids. Intestrain variation was
demonstrated here, with as much as a 2 log difference observed between
ribotypes; (Figure 8). Nonetheless, these idparities were consistent across broth
variations, potentially suggesting some inconsistency in the initial inocula.
Recently, Weingarderet al.investigated the germination efficacy of clinically
relevant bile acid concentrations from CDI patients of.difficile spores, noting
PCR ribotype variancd®69. Interestingly, two ribotype 078 isolates demonstrating
more efficient germination responses were shown to contain several amino acid
substitutions in the cspQreceptor gene. The elevated recovery of 078 spores in
this study supports previous findings, although no genomic analysis has been
undertaken to correlate CspC mutations. It is possible that these receptor
polymorphisms may contribute to the increased succss of this ribotype in clinical
settings.Nonetheless, the slight variance observed amongst individual ribotypes
may be related to slight differences in growth rate, as opposed to germination
efficiency. Inter -ribotype growth rate differences have previousy been reported

in C. difficile(679), and may contribute to the variancesletectedin this study.

Interestingly, in this study, the inhibitory effects of high glycine concentration
observed in solid media was not replicated in brothnvestigations. This finding
may have been a consequence of a larger initial inoculum (50 pL)time broth
enrichment experiments, or simply that the spores were unculturable in direct
contact with high glycine concentrations, only stimulating the initiation of the
germination process. Consequently, when aliquots of broth were enumerated on
less inhibitory media, germinating spores were able to outgrow as expected. The
differences between supplemented and noisupplemented broths may be a result

of pre-exposure to the necessary germinants.
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Phasecontrast microscopy is a vital tool in the evaluation ofjermination data

(671), since it allows a visual assessment of spore response at a cellular level,
providing support to colony counting data¢72), Initial tests showed the density of
spores within the broths to be insufficient to allow a comprehensive analysis of
entity population by phasecontrast microscopy. Therefore a small pilot study was
implemented in order to optimise the protocol to allow the inclusionof this

method.

Phasecontrast data from the optimised methodology Figure 9) proffered strong
support for the colony count findings, demonstrating high proportions of phase
bright (dormant) spores in the broths exhibiting comparable TVC and spore
counts, whilst a predominance of phaselark (germinating) spores wereobserved
in broths containing taurocholate. Dominance of phasdark spores in conjunction
with a reduction in phasebright spores is indicative of germination, since the
release of C&DPA associated with spore cortex lysi§73) causes a marked
OAAOGCAOQGETT ET A OBiv0TAdscalteatafioOmMspoieE édbeET AA @
differentiated effectively by phase-contrast microscopy.

Comparator investigations of broth germination in six week aged spore
preparations were implemented to identify any variance between germination
response of nascent and more established sporgdable 4). Whilst no major
differences were identified, a far lengthier aging of spores may be necessary to
elicit different responses, as outlined by several studie§4s. 647, 675), Sege\et al.
reported variable RNA production in freshB. subtilisspores exposed to diverse
environments, including polarised temperatures and prolonged dormanc§f7s),
whilst Ghosh and colleagues described a decrease in germinaeteptors in super
dormant spores(45). InC. difficileRodriguezPalacios identified diverging
responses of fresh and aged spores to germination via heat shd&0.
Unfortunately, due to extensive experimental testing with these prgarations
during a series of investigations ito C. difficilespore heat response, where no
benefit was observed with heat shockindf’®), insufficient volumes of the
necessaryspore suspensions remained for this further testing. Interestingly,
differences were amplified in the aged spore investigation for broths without
supplemented by the classical germinants. This could potentially be due to the

slightly larger inoculum in the aged spore experiment, exacerbating the difference,
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whereas the germination efficiency of taurocholate broth optimisation may negate

any discrepancies.

2.5.3 Glycine mediated inhibition

The inhibitory effects of glycine, along with other amino acids, has been
documented since the 1940477, with hindrance to bacterial growth reported in
multiple genera, irrespective of Gram statu$§78-681), Hishinumaet al.identified
substantial variation in the inhibitory action of high concentrations,
demonstrating a spectrum of responses from sensitive through to resistant.
Although described in otherclostridia (678.682) to our knowledge this is the first
report in the literature linking glycine with inhibition of C. difficileoutgrowth. The
findings of this study, that glycine in high concentrations (>2%) entirely inhibits
bacterial growth, coincide strikingly with other studies demonstrating complete
inhibition at 2% concentrations, inC. acetylbutylicumL. lactisand Helicobacter
pylori (678,679, 681) |nterestingly, Hishinumaet al.reported minimal disruption at
0.5% glycine, similar to the concentration achieving thedst recovery in this study
(0.4%) (678),

One study reported thatC. difficilegermination significantly reduced in slightly
acidic conditions (pH 5.566.32) (331), Since glycine buffers to pH 6.0, high
concentrations of this compound could bring the pH environment within this
range, potentially inhibiting germination. Nonetheless, since the inhibitory effect
of glycine was observed in both vegetative and spore assays, it seems more likely
that the inhibition is related to vegetative cell reproduction, as opposed to a
germination. As glycine is considered a egerminant for C. difficile this may not

be unexpected. Glycine, the simplest amino acid, is a protein precursor
metabolised from serine©83), One of its primary functions in bacteria, is as
constituent part of the peptidoglycan cell wall, where it forms pentaglycine cross
linkages to bridge tetrapeptides, as part of the transpeptidase reaction of cell wall
biosynthesis (684, One putative explanation for glycine mediated inhibition o€.
difficile is the substitution of alanine isomers with glycine, iresidue positions 1
and 4 of the peptidoglycan subunits, as demonstrated in other organisrfgs. 685),
Incorporation of these deficient tetrapeptide precursors intothe cell wall

structure has been confirmed to reduce crosdinking and result in an inability to
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withstand the pressure of cell turgidity and eventual cell lysis(Figure 14). The
observed reversibility of glycine inhibition with the addition a L-alanine by
Hishinuma et al.strongly supports this hypothesised mechanism in other bacteria
(678), Nonetheless, a recent study has highlighted the novel structure ©f difficile
peptidoglycan, reporting a prevalence of &8 cross bridging, compared to the
typical 4-3 linking ¢86), Therefore, the relationship between glycine an@. difficile
peptidoglycan formation may potentially differ. An additional explanation
suggested by Minamet al.involves the interaction of glycine and
carboxypeptidase enzymes, essential to cell wall biosynthediB9. Since glycine
has been demonstrated to inhibit this enzymatic process, it is plausible that cell
disruption is effected by this interaction. A more simplistic explanation could
involve the greater glycine concetrations leading to a hypertonic environment
and the potential loss of water into the highly concentrated media. Nonetheless,
this explanation does not account for the lack of inhibition at relatively high
glycine concentrations below 2% or the decrease irecovery in CCEYL plates with
0.4% glycine supplementation (Figure 7). Equally, the aforementioned
reversibility demonstrated by Hishinuma contradicts this hypothesis, suggesting

the involvement of other mechanisns.
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Peptide
pentaglycine bridge

‘ L-Alanine o D-Glutamate Q L-Lysine. D-Alanine . Glycine
@ N-acetylmuramicAcid N-acetylglucosamine

Figure 14: Representation of deficient peptidoglycan formation caused by
alanine substitutions with glycine in peptide subunits. (A)- Glycine replacement
of L-alanine in position 1. (B Glycine replacement of @lanine in position 4.

The delayed outgrowth observed in cultures containing 1% glycine compared to
0.5% (Figure 12) potentially indicates an inhibitory concentration boundary. Since
the final absorbance measurements masthis development, the growth curve
assays were crucial in elucidating these findings. Here, the actual MIC is likely to
fall between these concentrations and the exponential outgrowth observed cannot
occur until the glycine concentration is reduced to bew the MIC. It can be
speculated that glycine within the nutrient broth is being metabolised between

the six and 24 hour period, after which the concentration becomes tolerable to log
phase growth. The absence of differentiation between final absorbanceagings at
48 hours may be a result of a prolonged culture, offering the slow starting cultures
an opportunity to catch up. Interestingly, inhibition at high glycine concentrations
was demonstrated by micro broth assay, but not at larger volumes during
enrichment broth germination comparisons (Figure 8). As previously discussed,
this may potentially be due to difference in exposure length and the additional

recovery step on nonselective agar, necessary to enumeratee broth cultures.
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2.5.4 Response to high levels of taurocholate

Since previous studies found minimal detrimental effects of taurocholat@44. 687),

it may be as expected that these data demonstrated no absolute inition of C.
difficile vegetative growth at high concentrations (<=10 g/L); Table5). However,
as observed spectrophotometrically, a reduced absorbance, reflective of
diminished cell density, was identified withsupplementation of concentrations
above 0.6 g/L; (Figure 11). Although cultures remained viable, the decreased
absorbance connotes demonstrable impairment. Taurocholate mediated
inhibition in C. difficilevegetative growth has been reported, with crude
formulations reducing viable counts by a factor of 3 x Hocompared to pure
compound 315, This work suggested potential impurities in the preparation,
including the known inhibitor, deoxycholate 244 . However, unlike in the present
study, Wilsonet al.found no detrimental impact of pure taurocholate preparations
(315), Due to the vast expense in the formulation of taurocholate, it is not
inconceivable that there may be an element of impurity in the compound used in
this study. Other organisms have exhibited impairment in the presence of
taurocholate, with Tannocket al.observing a reduction inlactobacilli viability

with exposure (688), They discovered high levels of cholic acid accumulating in
cultures, due to the deconjugation of the primary bile acid by bile salt hydrolases.
Whilst it seems selfdefeating for C. difficileto produce these enzymes,
homologues have been identifed in its genome, as well as in othedlostridia (689
690). Although Darkohet al.observed no complete inhibition with taurocholate,
they demonstrated some interstrain variability in response. It may be plausibé
that expression of these bile salt hydrolase encoding genes is repressedin
difficile, until unnecessarily high concentrations of primary bile acids are
encountered. Nevertheless, this did not appear to impact on the germination and
recovery of sporesin more voluminous broths and could represent an artefact of

the micro broth assay.

2.5.5 Study limitations
An obvious limitation of this study was the focus of germination testing on only
two bases each, for both solid (BHI and CCEY) and broth (BHI and Scheed

anaerobic broth) media. Whilst other bases are widely use@34. 335, 505, 657, 658, 667)
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those tested here represented the commonly used options within our research
group, inclusive of the CCEYL media typdilised by the national reference centre.
The focus of these investigations remained on the impact of the addition of

varying bile acid and cegerminant concentrations.

One drawback of this investigation surrounds the application of these findings to
the actual test specimens, which the experimental design was determined for.
Whilst it was never feasible to replicate spores between 32 and 38 years old, the
spores tested in the germination assays were only aged by six weeks. Since,
variation has been identifed amongst spores of diverse age&*. 647, further aging
may have enabled closer comparisons to the ultimate application. However,

minimal differences were observed after six week aging.

Although five prevalentdisease causing ribotypes were tested for germination
responses, multiple isolates from within each type would have further
substantiated findings, as well as potentially revealing some intetibotype
variability, as previously detected(339. 669), Nonetheless, the experimental
protocols, particularly the broth methods, were considerably time and labour
intensive and the addition of multiple strain variables would have proved too

costly.

Another possibility for future testing would be to use highly pure taurocholate,
since the preparation tested was classified as >97% pure, and variation in purity
has previously been associated with disparity of germination efficacigd*d),
testing of highly pure compound may have provided additional confidence in the

results.

Heat activation and ethanol pretreatments were not considered as part of this
investigation, as they were beyond the scope of this work and would have
detracted from the main focus of this research. Nevertheless, some of these
hypotheses were investigated within our research group, with no beneficial effect
to germination of heat treatment observed (Pickeringet al.2018, publication

under review).

With regards to the discovery of the inhibitory impact of glycine, only five isolates
were assessed. Whilst determination of susceptibilities of a larger panel of isolates

would provide a better indication of MIC distributions, highlighting any strain
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variation, the results served to identify the source of the inhibition irC. difficile

and create an awareness of the burden of high concentrations in solid media.

2.6 Conclusion

Based on the commomaboratory media tested, these data suggested an optimal,
two-step algorithm for C. difficilegermination and recovery. This would involve an

initial enrichment protocol with either BHI or Schaedlers broth supplemented

with 0.1% taurocholate and 0.4% glyane, followed by recovery on a standard
"OAUEAOB8O ##%9 ACAO Pi AOCA8s .11 AOEAI AOOh
considered and the addition of lysozyme to the solid media may yield benefits for
spores exposed to high levels of environmental stre$3*2). This also correlates

with the media currently in use by the CDRN63),

Supplementation with greater concentrations demonstrated no advantage to
spore gemination and is therefore deemed an unnecessary expense, particularly
in high throughput diagnostic lines. Whilst, lysozyme exhibited no beneficial

effects on fresh spore recovery.

These findings are the first reports of glycine mediated inhibition irC. dfficile,
with concentrations greater than 2% proving inhibitory. Whilst the detrimental
effect appears related to vegetative outgrowth, the exact mechanism requires

further elucidation.
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Chapter 3 Phenotypic Characterisation and Typing of Historical
Clostridioides difficile Strains

3.1 Introduction

Phenotypic characterisation and bacterial typing are highly important to the
surveillance of epidemiological trends in CDI. Identification of the circulating
strain types in a given setting facilitates the monitoring of endemity and
transmission of epidemic strains@57. 371, 376, 691) While a range of typing
techniques are available, standardisation is essential to the production of a
coherent epidemiological picture across multipé time points and geographic
locations (358-361, 367), The introduction of a national typing service in the UK, the
CDRNG83), enabledC. difficilestrain distribution and prevalence to be
longitudinally monitored and epidemiological shifts tracked, through the use of
PCR ribotyping®¢7). Unfortunately, there are few studies pruiding typing data
using this high resolution technique forC. difficileisolates from the early 1980s
(381,496, 692694) This poses challenges when comparing historical and modern
prevalence data. Whilst the CDR data is able to highlight decreasing rates of
ribotype 027 infection and the emergence of ribotypes 005 and 023, it can only
provide data back to 2008Prior to the launch of the CDRN, an isolate collection
existed at the Anaerobe Reference Unit, Univatg Hospital of Wales, Cardiff, UK
dating back to 1993367, This collection was used as a typing service for England
and Wales for the purpose of outbreak investigation. Whilst the collection at
Cardiff was invaluable in the formation of the CDRN, thetrains described in this
chapter pre-date these isolates, often by more than a decad@eports ofthese
earlier isolates reveal a dominance by ribotype 001 and 106 isolates, with John
and Brazier discovering 55% of all isolates tested representing the former strain
type (692, This correlated with data fom outbreaks, caused by clindamycin
resistant ribotype 001 strains in the USA®7). C. difficilepopulations have
fluctuated frequently, whether due to the introduction of epidemic strains,
change in antibiotic usageand infection control behavioursor clonal expansion
of resistant strains(363.417). Analysis of CDRN data revealed considerable

decreases in endemic ribotypes 001 and 106 between 2007 and 2010. This
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correlated with the reduction of high risk antibiotic use, as well as with infection
control behavioural changes brought about by the introduction of mandatory
reporting (384, As outlined by one parEuropean surveillance study of isolates
from 2014, ribotype prevalence was often region/country dependent8s),

Whilst hyper-virulent ribotype 027 remained the predominant type across
Europe, UK distribution demonstrated greater heterogeneity, reporting a
predominance of ribotypes 014, 106, 015, 020, 078 and 0089, In support of
these data, other large European studies discovered associations between

ribotype diversity, incidence of epidemic strains and antimicrobial resistance

(118, 154, @5)_

Further to strain typing, the elucidation of antimicrobial resistance patterns
gives valuable information, revealing correlations between antibiotic use and
reductions in susceptibilities °1. 97. 103, 115) These are of importance to the
potential prediction of clinical response and risk of disease onset. Antibiotic
susceptibility data from the late 1980s and 1990s is more readily available than
ribotyping data. The available data fronC. difficilestudies temporally tracking
susceptibilities, generally reveals increases in resistance over tintl. 521, 693)
presumably due to prolonged antibiotic exposure. A study of 179 Scottish
isolates revealed MXF resistance imeases, with reported rates of 0, 3.3 and
10.2% resistance in 197986, 1987-95 and 1996:04, respectively(81),

However, itis not always the case that resistance levels are reported to increase
over time. Whilst, reductions in susceptibility to modern agents were observed
in ananalysis by Taoriet al, decreases in resistance associated with older
compounds,clindamycin and tetracycline, correlated with declines in their use.
Metronidazole and vancomycinsusceptibilities are commonly reported to
remain stable, with minimal resistance development21.69), Conversely, Barbut
et al.demonstrated reductions in the number of isolates resistant to
clindamycin, tetracycline erythromycin, rifampicin and chloramphenicol
between 1991 and 1997%9%). This serves to highlight the relevance of type
prevalence to resistance levels, since decreases in the aforementahstudy
were strongly related to a distinct shift in the predominance of serogroup C

isolates.
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Recent large scale, retrospective surveillance across >7,000 inpatients indicated
C. difficileas the most frequently reported MDR pathogef¥°®). SinceC. difficileis
the primary cause of antibioticassociated diarrhoea, resistance to multiple
agents is of high importance, as it may result in elevated risk of disease
acquisition through increased pathogen survival to atimicrobial exposure for
alternative infections (387. 697, 698) Determination of the development of MDR, by
assessing prevalence pre and post introduction of antimicrobial compounds is
important to the understanding and management of these organisms. High
prevalence of MDR irC. difficilehas been reported amongst recent surveillance,
with one study reporting a rate as high as 55%4. Common ribotypes
associated with mdtiple resistance were 001, 012, 017, 018, 027, 078, 106 and
356, where reduced susceptibilities teerythromycin, clindamycin, moxifloxacin
andrifampicin constituted the majority of instances(188. 444), Contrastel with
historical data discovering only 7.8% MDR amongst 179 UK isolatdéstracycline
resistance was elevated andhoxifloxacin resistance minimal(381), Whilst
determination is highly dependent on the panel of agents tested, knowledge of
any MDR acquisition is central to understanding CDI therapeutics and

antimicrobial stewardship.

Ultimately, knowledge ofC. difficileepidemiology and resistance progression
over time provides an opportunity to respond quickly to emerging resistance
and outbreak situations. Equally, lessons can be learnt from putativeistakes
from the past, and prescribing behaviours optimised. In this chaptean
historical collection of isolates was interrogated and assessed regarding
ribotype distribution and phenotypic response to a panel of antimicrobial
agents. Understanding toxin status may also help to uncover cases of
asymptomatic carriage or instance®f alternative enteric disease, wrongly
attributed to C. difficile Comparisons to modern UK isolates enabled an
assessment of resistance development, particularly regarding MDR

development.
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3.2 Rationale

Considering the relationship between the introductian of new antibiotic agents
and the progression of antimicrobial resistance irC. difficileis essential to
understanding the development of MDR strains. Investigations in this chapter
sought to recover and characteris€. difficileisolates from the early1980s (pre-
dating isolates stored in existingnational collections)to establish strain
distribution and susceptibility profiles, prior to the addition of modern

generation antibiotics to the formulary. This baseline comparative data could be
used to further the understanding of the expansion of certain PCR ribotypes and
their propensities for acquisition and development of multiple antimicrobial

resistances.



112

3.3 Methodology

3.3.1 Isolation of C. difficile from an historical strain collection

3.3.1.1 Historical C. difficile collection properties

An historical collection of ~2000 clostridia spp. isolates was established by
Professor Peter Borriello and retained at Public Health England laboratories,
Colindale, UK. Strains were collected (September 198Beptember 1986) as
part of a first national diagnostic servie and were originally seeded ito cooked
meat broth at point of isolation. Log books were retained with the specimens,
containing basic demographic dataProf. Borriello gave his specific consent and

encouragement br his isolate collection to be studied in Leeds.

3.3.1.2 Sample selection

Upon transfer of this collection to the HealthcareAssociated Infection Research
group in Leeds, UK, specimens were paired with clinical data where possible.
Due to the large volume of retaned material, an initial cohort selection process
was implemented. Specimens with the following demographics were removed
from selection: not specifically identified asC. difficile of non-human origin, cell
cytotoxicity negative and/or an absence of oginal C. difficilepositive
confirmation. Of the retained isolates, 1,253 were matched to specific laboratory
records, constituting 476 patients. These provided the final sample selection to

be subjected to recovery and isolation methods.

3.3.1.3 C. difficile recovery and isolation

Historical samples were subjected to multiple recovery methodologies in order
to isolate the maximum number of strains for further analysis(Figure 15). The
progression of methodological approahes was based on assessments of
recovery rates and the contemporaneous findings of the spore germination
optimisation investigations from the previous chapter. Where patients were
associated with multiple specimens, testing was ceased after initi@l. dificile
isolation (unless tested for repeat isolation confirmations). All incubations were

carried out in an A95 anaerobic workstation at 37C for 48 hours, unless stated.

3.3.1.3.1 Direct plat ing method (n=270)
Historical specimens (cooked meat broths) were vortexg for ten seconds, prior

to inoculation of 100 pL of isolate suspension onto CCEYL. Where specimens
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were too dry or viscous to pipette, an arbitrary inoculum of a one millilitre loop
full of material was transferred to the agar. Inocula were streaked in dler to
isolate individual colonies, prior to incubation. Where positive growth was
observed, individual cdonies were subcultured to CBAand re-incubated. Where
multiple colony morphologies were present, each type was sutultured to CBA
for further diffe rentiation by PCR ribotyping @.3.2.1). C. difficilecolonies were
identified through their grey, feathery appearance and characteristic horse
manure odour, or by MatrixAssisted Laserdesorption Identification z Time of
Flight Mass Spectrometry (MALDITOF); (BrukerDaltonik, Germany) see
3.3.1.4 Recovery batches were controlled using a positive growth control plate,
consisting of 10 pL of PCR ribotype 001 spore suspensi, created as previously
described(699), streaked onto CCEYL agar. A CCEYL plate streaked with a sterile
loop acted as a negfive control. A CCEYL settle plate was left on the bench
during culture preparations, representing an environmental control. All control
agars were incubated alongside test cultures. Recover€& difficileisolates were
assigned a unique laboratory idenfication number (e.g. JV01) and retained in

duplicate (-20°C), in 1 ni aliquots of 17% glycerol nutrient broth.

3.3.1.3.2 Broth enrichment ( n=20)

SAEAAAT AOO AT AAOT AEA AOT OE xAO POADAOAA
instructions and supplemented with lysozyme (5 ng/L) post autoclaving.

Twenty millilitre aliquots were pre -reduced overnight in an anaerobic
atmosphere to remove any oxygen. Original cookatdeat broth specimens were
vortexed for ten seconds with 1 mL transferred into a sterile universal,
containing 1 mL of ethanol/water (50% v/v). Samples were shaken for five
seconds and left for one hour at ambient temperature (alcohol shock). A 1 mL
aliquot of the alcohotshocked sample was transferred into the preeduced
Schaedlers broth and shaken for ten secondstipr to incubation. CCEYL plates
were inoculated with 100 L of the broth cultures, streaked for individual
colonies and incubated. A preaeduced Schaedlers broth inoculated with 10 plC.
difficile spore suspension acted as a positive experimental contr@in
uninoculated broth was incubated alongside test samples, as a negative growth

control. A further uninoculated broth with the lid removed, located alongside
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test platesfor the duration of testing,acted as an environmental control. All

control plates were incubated as previously described(3.3.1.3.).

3.3.1.3.3 Broth enrichment with multiple germinants ( n=739)
The method was as described i8.3.1.3.2(excluding the ethanol shok stage),

with the addition of either 4 g/L (0.4%) glycine and 1 g/L (0.1%) sodium
taurocholate; or 40 (4%) and 10 g/L (1%) to the Schaedlers broth, prior to
autoclaving. Positive and negative controls were as previously described
(3.3.1.3.2.

3.3.1.3.4 Broth enrichment z whole sample method ( h=389)
Schaedlers broth was prepared at double the manuf@cOOA 06 © OOOAT COE

recommendationand were supplemented with the same concentration
combinations of glycine and sodium taurochiate as previously (3.3.1.3.3.
(Broth enrichments using spore germinants were evaluated in Chapter Two.
Based on the conclusions of this work regarding the potential inhibitory effects
of high concentrations d glycine, a modified version of this method was also
performed with glycine supplemented at 4 g/L in conjunction with 10 g/L
taurocholate). The entire original cooked meat broth specimen (~20 ) was
added to a 100 mL flask containing 20 mL broth and agited prior to incubation.
Enriched cultures were plated and incubated as previously described
(3.3.1.3.2. Positive and negative controls were created geeviously (3.3.1.3.2,

using doublestrength Schaedlers broth.
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Figure 15: Germination and recovery methods for C. difficile recovery from the historical collection (1980 -86). Individual samples were
subjected to multiple recovery methaed Specimens were not tested if C. difficile was isolated from another sample associated with the same patient. n
sizes for each methodology are totals from multiple test batches. gglycine, T taurocholate.
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3.3.1.4 Confirmation of C. difficile identificati on by MALDI-TOF
MALDITOFwas performed for the rapid identification and confirmation ofC.
difficile. Principally, a UVabsorbing matrix assists the ionisation of biomolecules

by laser excitation and subsequent separation based on charge. Electropherogram
peaks determine standardised molecular weight fragments that can be compared
against a database on known profile§99)., |dentification was carried out using

single colonies of fresh growth (2448 hours) from non-selective agar (CB).
Colonies were emulsified oto a clean MALDITOF plate, overlaid wih 1 pL of

matrix, air dried and analysed on a MALDI BiotypeiBruker Daltonik, Germany)
4R000 xE@RAINDABOATImEcsn xAOA AAAADPOAA AO
value >1.7, confirms the genus only. Specimens with scores less than this-ofit

were re-tested to acquire an organism classification.

3.3.2 C. difficile strain characterisation

RecoveredC. difficileisolates were subjected to an array of phenotypic and
genotypic typing methods in order to elucidate individual strain characteristics;
(Figure 17).

3.3.2.1 PCR ribotyping

C. difficileisolates were genotyped by th&CDRN based on the methods of Stubbs
et al. 367), with the additonof AAPET 1| AOU Al AAOOT PET OAOEO8 -
national typing service forC. difficile consisting of eight regional laoratories,
including a reference centre in Leeds, UK. Providing surveillance for the
mandatory reporting of this pathogen, the CDRN currently tests over 8,000
specimens per year363), Briefly, single colonies from norselective agar (CBA)
were emulsified in sterile water (McFarland 0.5) and loaded ito an extraction
block for automated DNAextraction by a QIAxtractor (Qiagen, Germany). Extracts
were digested and specific 16S rRNA regions amplified by PCR. Subsequent
amplicons were separated by fragment length via capillary elémphoresis (ABI
Genetic Analyser 3130x|Applied Biosystems, USPand peak data assigned by
GeneMapper software v4.1 (Applied Biosystems, USA). Electropherograms were
compared against the CDRN database using BioNumerics softw&fd) (Applied-
Maths, USA) and ribotypes were designated.
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3.3.2.2 Inferred multi -locus sequence type

Next generation sequence read data (FASTQ format) was obtained as described in

Chapte Four and was used to generate an inferred MLST sequence type for one
strain (JV59), due to its novel ribotype determination. EnteroBase Clostridiodes
v1.1.2(702) was used to assemble raw lllumina reads and determine MLST

sequence type, based on the seven housekeeping loci described by Grifféhal

(375).

3.3.2.3 Determination of C. difficile toxin status by cell -cytotoxicity assay
Forty-eight hour growth of C. difficilecolonies on CCEYL agar was transferred into
4 mL pre-reduced BHI broth and incubated. After pipette mixing, a 1 mL aliquot of
each broth culture was transferred ino sterile Eppendorf tubes and sedimented

by centrifugation for 10 minutes at 12,000 g. Veraeell cultures (African Green

Monkey Kidney cellsSigma! 1 AOEAEh 53! q xAOA AEI OOAA j

iTAEEEAA AACI AG6O | AAEOI OO0 mbderdnm (&ibdd,A A
Life Technologies, USA), 1% antibiotic/antimycotic solution (Sigm&ldrich, USA)
and 1% -glutamine (SigmaAldrich, USA). 180 pL was aliquoted to 96-well
microtitre trays (Sigma-Aldrich, USA) and incubated at 37°C for 48 hours in a 5%
OOz cabinet (Panasonic, Japan). All preparation and passage of Veedl lines was
carried out in a laminar flow hood (Holten LaminAir, Holten, USA). Confluency of
Vero cell monolayers were confirmed via inverted microscopy (Leica DM IL,
Germany). For eachliest sample, two wells were inoculated with 20 pL of test
supernatant, before dilution (1:10) in two further wells. The addition of 20 pL of
Clostridium sordelliianti-toxin to one set of wells, acted as a neutralising control.
Inoculated trays were incubaded in 5% CQ at 37°C. Cells were examinediaer 24
hours and results were confirmed 48 hours post inoculation. Positive results were
assigned with the identification of >50% rounding of Vero cells and neutralisation
(no cytopathic effect) in the correspomling antitoxin well, indicating the presence

and action ofC. difficiletoxin; (Figure 16).

xEO|



Figure 16: Verocell response to cytopathic effect of C. difficile toxin as viewed
under in verted microscopy. A- Confluent growth of living Veraell monolayer. &
Cell rounding with deterioration of thecellmonolayer.

3.3.3 Agar incorporated minimum inhibitory concentration testing

Wilkins Chalgren based againcorporated susceptibility testing of the historical C.
difficile isolates was performed in accordance with previous studie@8?. 188), A
panel of 16 comparator antimicrobials; vancomycin (VAN metronidazole (MT2),
rifampicin (RIF), fidaxomicin (FDX, moxifloxacin (MXB, clindamyadn (CLI),
imipenem (IPM), chloramphenicol (CHL, tigecycline (TGD), linezolid (LZD),
ciprofloxacin (CIP), piperacillin/tazobactam (TZP), ceftriaxone (CR® amoxicillin
(AMX), tetracycline (TET) and erythromycin (ERY) was investigated. Briefly,
antibiotic dilution series were created (Table 7), with 2 mL of each added to 18
mL molten Wilkins Chalgren anaerobe agar and mixed. WilkinShalgren agar was
OOAA AO A AT 1T AAT OOAOEIT EECEAO OEAI
10% more agar powder, to account fothe additional diluent from the antibiotic
solutions. Overnight Schaedlers broth cultures were diluted (1:10) in sterile saline
and added to an inoculation block. A mukpoint inoculator was used to transfer 1
pL of diluted cultures (~1 x 10* CFU) onto amibiotic -incorporated agar of
doubling concentrations, which were subsequently incubated anaerobically for 48
hours. Minimum inhibitory concentrations were defined as the lowest
concentration at which growth was markedly inhibited. All antibiotic
concentrations were tested in duplicate. The panel of antimicrobial compounds
were selected to span a range of antibiotic classes, including the standard
treatment options for C. difficile Control strains were tested across all batches to

evaluate quality and consstency of results; Table 6).

OEA
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Initial culture Culture
Organism Strain Identifier conditions .

A media

(°C, hours)
C. difficile ATCC 700057 Anaerobic, 37,48 CCEYL
C. difficile E4 (PCR Ribotype 010) Anaerobic, 37,84 CCEYL
Bacteroides fragilis ATCC 25285 Anaerobic, 37,48 CBA
Staphylococcus aureus ATCC 29213 Aerobic, 37, 24 CBA
Enterococcus faecalis ATCC 29212 Aerobic, 37, 24 CBA

Table 6: List of control strains for susceptibility testing. CCEYIz cycloserine
cefoxitin egg yolk agar with lysozyme, CBA olumbia blood agarATC& American
Type Culture Collection



- . - . Powder  Volume H,O dilution to
Antimicrobial : Antimicrobial MIC range . : : .
Supplier Solvent Diluent Stock Cona Quantity of achieve working
Agent Class (mg/L) .
(mg) solvent  stock solution
Vancomycin Acros Organics Glycopeptide 0.125-32 Water Water 6400mg/L 32 5mL 1in 10 (640 mg/L)
Metronidazole Fluka Biochemika  Nitroimidazole 0.125-32 DMSO Water 6400mg/L 32 5mL 1in 10 (640 mg/L)
Rifampicin SigmaAldrich Rifamycin 0.001-16 DMSO Water 3200mg/L 16 5mL 1in 10 (320 mg/L)
0,
Fidaxomicin Astellas Pharma Macrolide 0.002-4 DMSO lD(I)\/I/OSO 800mg/L 4 5mL 1in 10 (80 mg/L)
Moxifloxacin gsan;grr:yChemmal Fluoroguinolone  0.125-64 Water Water 12800mg/L 32 2.5mL 1in 10 (1280 mg/L)
. : Santa Cruz . . )
Clindamycin . Lincosamides 0.125-64 Water Water 12800mg/L 32 2.5mL 1in 10 (1280 mg/L)
Biotechnology
. Merck Sharp & M .
Imipenem Dohme Carbapenem 0.125-64 MOPS Water 12800mg/L 32 2.5 mL 1in 10 (1280 mg/L)
Chloramphenicol  SigmaAldrich Chloramphenicol 1-256 Ethanol  Water 51200mg/L 256 5mL 1in 10 (5120 mg/L)
Tigecycline Pfizer Tetracycline 0.03-1 Water Water 800mg/L 4 20 mL 1in 10 (80 mg/L)
Linezolid SYNkinase Oxazolidinone 0.25-16 DMSO Water 3200mg/L 16 5mL 1in 10 (320 mg/L)
Ciprofloxacin Fluka Biochemika Fluoroquinolone 1-64 DMSO Water 12800mg/L 32 2.5 mL 1in 10 (1280 mg/L)
Piperacillin/ Sandoz Betalactam 0.25-64 Ethanol Water  12800mg/lL 64 5 mL 1in 10 (12800 mg/L)
Tazobactam (8:1)
Ceftriaxone SigmaAldrich Cephalosporin 4-64 Water Water 12800mg/L 64 5mL 1in 10 (1280 mg/L)
Amoxicillin SigmaAldrich Betalactam 0.125-16 DMSO Water 3200mg/L 16 5mL 1in 10 (320 mg/L)
Tetracycline Alfa Aesar Tetracycline 0.015-32 Water Water 6400mg/L 32 5mL 1in 10 (6400 mg/L)
Erythromycin Cayman Chemical ) - olide 4-256 Ethanol Water ~ 51200mg/L 128 25mL  1in 10 (5120 mgiL)

Company

Table 7: Preparation of antimicrobial solutions for agar incorporation, minimum inhibito

ry concentration determination.

0cT
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3.3.4 Multi -Locus Variable number tandem repeat Analysis

Multi-locus variable number tandem repeat analysis was carried out using the
enhanced fingerprinting service ofthe CDRNS371), MLVA utilises polymorphisms in
the number of tandem repeating sequences across several well characterised loci.
PCR amplification of these regions allow charge separation of fragment
size/repeat length and subsequent profile comparison. Briefly, AL of DNAextract
from the PCR ribotyping process was added to a 98ell PCR plate containing 18
pL amplification mix (10 puL HotstarTagPlusMastermix, 0.5uL of two
oligonucleotide forward and reverse primer pairs, 1.2uL MgCt, 5.8uL water);
(Qiagen). The plate was foil sealed and amplified through 35 PCR cycles with a
VeritiA thermal cycler (Applied Biosystems, USA). Amplimer fragments were
separated via capillary electrophoresis (ABI Genetic Analyser 3130x) and peak
size identified in GeneMapper software v4.1.regment sizes were recalculated to
represent numbers of tandemrepeats and compared via dendrogram in the

BioNumerics software(701),
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Figure 17: Identification, phenotypic and genotypic characterisation
workflow.

Orange arrows represent workflow, blue arrows additional confirmatory steps.
MLVAZ multi-locus variable number tandem repeat analysiglCz minimum
inhibitory concentration.

3.3.5 Statistical analysis

Statistical analyses were performed witiBM SPSS Statistics v.21.0.0MICs for
each test antimicrobial were compared using a twaailed Mann-Whitney test. P
values <0.0002 were classed as extremely significant, whilptvalues <0.01 were

highly significant andp<0.015 were defined as significant.
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3.4 Results

3.4.1 Isolation and recovery of C. difficile

In addition to clinical C. difficileisolates, a large proportion of specimens consisted
of other clostridial species and multple replicates from the same patients,

together with several zoonotic and environmental isolates. Specimens were
received in an array of conditions, with many in a state of putrefaction or
overgrown with fungal growth; (Figure 18). Several laboratory note books
accompanied the isolates, although correlation of data and sample proved difficult,
due to fading and missing labels or an apparent absence of any demographic data.
To the best of our knowledge these specimaremained untouched, post isolation

and were stored at ambient temperature.

Figure 18: Photographic representation of the variable states of the historical
isolates. From left to right; complete putrefaction, through to visie
fungal/bacterial growth and desiccation.

From 1,253 unique specimens, associated with 476 patients, a total of
difficile isolates were cultured. Fourteen strains were discounted as repeat
isolations of the same PCR ribotype frorsamples connectd with the same
patients. Therefore, 75 distinct strains were identified from 64 different patients

and progressed for phenotypic and molecular characterisation. A total of 117
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specimens were not tested due to the recovery @. difficilefrom previous sanples

associated with the same patient.

Recovery with direct plating and ethanol shock methods was low, 5% and 1.2%
respectively, whilst simple enrichment broth did not increase the yield (5%).
Supplementation of broths with germinants in low concentratiors generated a
slight increase in strain recovery (8%), whilst testing of whole sample volumes
offered no enhancement in yield (6.5%). A gradual improvement in recovery
numbers was observed with broths containing an elevated taurocholate

concentration of 1% (up to 13.5%); (Figure 19).



476 patients
(1136/1253 unique
specimens tested)

/u n=513 MnNn:zze
4 N\

4 AY Y4 N ( N ( N\
Broth Broth Broth Broth Broth
_ Broth Enrichment Enrichment z Enrichment Enrichmentz Enrichment
Direct Ethanol Enrichment Multiple Whole Sample Multiple Whole Sample| | Whole Sample
Plating Shock Germinants- Method - 0.1% Germinants- Method - 1% Method - 1%
0.1% TC, 0.4% TC, 0.4% GLY 1% TC, 4% GLY TC, 4% GLY TC, 0.4% GLY
GLY
|_\
o1
Yield: n = 5 (5%) Yield: n = 2 (1.2%) Yield: n = 1 (5%) Yield: n = 41 (8.0%) Yield: n = 3(6.5%) Yield: n = 30 (13.3%) Yield: n =4 (1.6%) Yield: n = 3 (3%)

75 distinct C. difficileisolates recovered (89 total) from 64 Patients

Figure 19: Total yields of historical (1980 -86) C. difficile obtained from individual germination and recovery methods. Individual
samples were subjected tmultiple recovery methods. Test numbers include isolates recovered in duplicate from the same sample by different
isolation methodologies. n sizes for each methodology are totals from multiple test batchesg @&ine, T taurocholate.
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3.4.2 PCR ribotype and toxin status

Twenty-six known and one previously unobserved PCR ribotype were detected.
Ribotype prevalence was dominated by strains 015 and 020, which equated to
21.3% and 17.3% of the total, respectively. Ribotype 001 was isolated on six
occasionswhilst a further nine ribotypes were recovered in multiple instances;
two (n=4), three (h=3) and four (n=2). Single instances of fifteen other ribotypes

were observed (Table 8).

Hyper-virulent ribotype 027 was recovered on three occasions from specimens
dating back to 1981, 1983 and 1986. Two instances of the binary toxin producing
078 strain were observed, in addition to notedVIDRribotypes 012 (n=4) and 017
(n=3). One strain matched with no previous ribotyping pofiles and was
subsequently designated the nomenclature, PCR ribotype 862 by the CDRN.
Isolates were recovered from specimens dated between 1980 and 1986 with the
majority originating from between 1981 and 1983; (95%).C. difficilewas isolated
from a total of 64 patients, with six patiens linked to multiple ribotypes; five
exhibited two strains, whilst one harboured seven (001, 014, 015, 027, 041, 078
and 200).

The majority of strains demonstrated cell cytotoxicity (96%), with only three
ribotypes (4%) identified as toxin negative via CCNA; 010, 033 and novel ribotype
862.

3.4.2.1 Inferred MLST typing
Isolate JV59 (ribotype 862) was defined as muHiocus sequence type 337.
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PCR Isolates % CCNA Original Specimen
Ribotype (n) Total Collection Dates
015 16 21.3 + 1981 - 1984
020 13 17.3 + 1980 - 1983
001 6 8.0 + 1981 - 1983
012 4 5.3 T 1981 - 1982
014 4 5.3 + 1981 - 1983
027 3 4.0 + 1981; 1983; 1986
002 3 4.0 + 1981; 1981; 1983
017 3 40 + 1981; 1982; 1982
078 2 2.7 + 1981; 1983
070 2 2.7 + 1980; 1983
200 2 2.7 + 1981; 1982
061 2 2.7 + 1983; 1983
220 1 1.3 + 1982
056 1 1.3 + 1983
103 1 1.3 + 1983
137 1 1.3 + 1983
041 1 1.3 + 1981
626 1 1.3 + 1983
341 1 1.3 + 1983
032 1 1.3 + 1981
862 1 1.3 - 1983
619 1 1.3 + 1983
033 1 1.3 - 1983
242 1 1.3 + 1981
003 1 1.3 + 1986
023 1 1.3 + 1983
010 1 1.3 - 1982
Total 27 75 100.0

Table 8: PCR ribotype prevalence and cell cytotoxcity status amongst UK
historical C. difficile isolate collection (1980 -86).

CCNA cell cytotoxicity neutralisation assay.
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3.4.3 Antimicrobial susceptibilities of UK  C. difficile isolates (1980 -
1986)

The distribution of MICs by compound is shown iTable 10, whilst statistical
analyses for each antimicrobial agent ardisplayedin Table9. Individual isolate

susceptibility patterns are reported in the appendkx.

3.4.3.1 Antimicrobi al resistance breakpoint analysis

Breakpoints were defined based on the U.S. Clinical & Laboratory Standards
Institute (CLSI)“99) and European Committee on Antimicrobial Susceptibility
Testing (EUCASY (793) figures; or from previous surveillance reports(201, 225, 444, 480,

704) where no data forC. difficileexisted. These are outlined inTable 11.

All isolates were sensitive to both FDX and MTZ, with the majority also sensitive to

VAN (94.7%). Four isolates (5.3%) demonstrated intermediate resistance to VAN

at 4 mg/L, with two of these identified as PCR ribotype 001. MXF susceptibilities

were bimodal, seven isolates (9.3%) exhibited resistance (182 mg/L) with the

OAl AET AAO OOOAAPOEAIT A js¢ icr,qs ,A0O OE.
OOOAADPOEAT A O1 #, nce(>8mg/L) vaF uniGessal,tand0 OAOE OO,
evidence of resistance was established in IPM (1.3%), CHL (5.3%), LZD (5.3%),

CRO (12.0%), TET (9.3%) and ERY (16.0%Figure 20). No isolates revealed

resistance to TGC, AMX, Rt TZP; (Table11).

Five (71.4%) of the MXF resistant isolates were PCR ribotype 00d=2) or 027
(n=3), with single instances of ribotype 041 and 200 demonstrating the phenotype
(Table12). PCR ribotypes 012, 015 and 078 were the only strains to demonstrate
resistance to TET or LZD. The two most prevalent PCR ribotypes 020 and 015
were susceptible to most agents, only indicating resistance to CIP and CLI, in

100% and 36.0%o0f isolates respectively.
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Percentage of Resistant Isolates
0% 20% 40% 60% 80% 100%

CIP
CRO
CLI
IPM
ERY
MXF
TET
VAN
CHL
LZD
RIF
MTZ
FDX
TGC
TZP
AMX

Figure 20: Percentage of historical C. difficile isolates (1980 -86) resistant
(including intermediate resistance) to a panel of 16 antimicrobials.

VANvancomycin, MTAnetronidazole, RIFifampicin, FDX-fidaxomicin, MXF
moxifloxacin, CLklindamycin, IPMimipenem, CHichloramphenicol, TGC
tigecycline, LZBinezolid, ClPciprofloxacin, TZPpiperacillin/tazobactam, CRO
ceftriaxone, AMXamoxicillin, TETFtetracycline, ERYerythromycin.
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Historic UK Isolates
(1980 -1986) n=75 (unless stated)

Antimicrobial
Compound MICso MICoo Geometric

(mg/L) (mgll)  s(mg)  ~ange(mglL)
VAN 0.5 1 0.704 0.25-4
MTZ 0.125 0.25 0.171 0.06z1
RIF 0.001 0.002 0.001 0.001z1
FDX 0.03 0.06 0.028 0.00470.125
MXF 1 2 1.617 0.1257 32
CLI 4 32 4.000 0.1257>64
IPM 4 8 4.553 2216
CHL 4 8 4.902 27264
TGC 0.03 0.06 0.035 0.03z70.125
LzD 2 2 1.725 1716
CIP 16 32 22.00 16 7 >64
TZP(n=42) 8 8 6.672 4716
CRO 32 64 27.60 16764
AMX 1 2 0.920 0.5z2
TET 0.06 0.125 0.104 0.0157>32
ERY <4 >256 7.926 <47 >256

Table 9: Antimicrobial susceptibility data analysis from 75 PCR ribotype UK C.
difficile (1980 -1986) isolates.

VANvancomycin, MTZnetronidazole, RIFifampicin, FDXfidaxomicin, MXF
moxifloxacin, Clclindamycin, IPMimipenem, CHichloramphenicol, TGC
tigecycline, LZEinezolid, CIPciprofloxacin, TZPpiperacillin/tazobactam, CRO
ceftriaxone, AMamoxicillin, TEFtetracycline, ERYerythromycin.



Antimicrobial Number of C. difficile isolates with minimum inhibitory concentration (MIC) mg/L

Compound

n=75 0.001 0.002 0.004 0.008 0.016 0.03 0.06 0.125 025 05 1 2 4 8 16 32 64 >256
(unless stated)

VAN — M 2 44 23 2 4

MTZ S | N 4 45 19 2 5

RIF ——— 48 26 1

FDX = 3 7 19 20 20 6

MXF — N 1 1 40 26 4 3

CLI — e 2 2 1 8 22 12 13 6 2 7 *

IPM — I 11 40 23 1

CHL — M 4 57 9 1 1 3

TGC N 62 10 3

LZD —A 27 44 1 3

CIP A 1 44 23 7*
TZP(n=42) —"— 14 25 3

CRO —N" 1 22 43 9

AMX —N— 20 44 11

TET - 6 10 27 25 2 1 4 %3

ERY A 62 * 1 12

Table 10: Distribution of historical (1980-86) C. difficile isolate MICs by antimicrobial compound.

VANvancomycin, MTZnetronidazole, RIFifampicin, FDXfidaxomicin, MXFmoxifloxacin, CLklindamycin, IPMimipenem, CHL
chloramphenicol, TG@gecycline, LZBinezolid, ClPciprofloxacin, TZPpiperacillintazobactam, CRGceftriaxone, AMXamoxicillin, TETF
tetracycline, ER¥erythromycin.™ 6 isolates >647? all isolates >64;3 2 isolates >32}* all isolates <4. Line graphs denote the distribution of
isolate MICs, from low (left) to high concentrations (right).

TET



n=75 (unless stated)

MIC Interpretive Criteria (mg/L)

> . Susceptible  Intermediate Resistant
Antimicrobial (n) (n) (n)
Compound S I R
VAN? S¢ 4 I @ 71 (94.7%) 4 (5.3%) 0
MTZt S ¢ 4 | @ 75 (100%) 0 0
RIFt Snt8mnmnt 000816 | po 74 (98.7%) 1 (1.3%) 0
FDX1t Smt8uv 1 * 75 (100%) 0 -
MXF? S¢ 4 (1] 68 (90.7%) 0 7 (9.3%)
CLt S¢ 4 (1] 35 (46.7%) 12 (16.0%) 28 (37.3%)
IPM? ST 8 |l p o 51 (68.0%) 23 (30.7%) 1 (1.3%)
CHL? Sy 16 | 0¢ 70 (93.3%) 1 (1.3%) 4 (5.3%)
TGCt Sn8pcgu 025 * 75 (100%) 0 -
LZD2 S¢ 4 | @ 71 (94.7%) 0 4 (5.3%)
CIp. 4 S ¢ 4 I @ 0 0 75 (100%)
TZP8. 4(n=42) So¢ 64 | p gy 42 (100%) 0 0
CRO? Spo 32 l @t 23 (30.6%) 43 (57.4%) 9 (12.0%)
AMX3 S ¢ 4 | @ 75 (100%) 0 0
TET Sm8u 1 | T 68 (90.7%) 0 7 (9.3%)
ERY Sn8¢u 05 | ¢ 63 (84.0%) 0 12 (16.0%)

[AN)

Table 11: Breakpoint analysis of UK C. difficile isolates (1980-1986) against a panel of 16 antibiotics.

Breakpoints as defined by * Freeman et al. (2015a) based on the U.S. Clinical & Laboratory Standards Institute (CLSI)opedEDommittee
on Antimicrobial Susceptibility Testing (EUCAB®r existing publications: 2 Freeman et al. (20158)Pirs et al. (2013)4Dong et al. (2013)?
Spicaglia et al. (2011). * No resistant breakpoint defined. VABncomycin, MTZnetronidazole, RIFrifampicin, FDXfidaxomicin, MXF
moxifloxacin, CL:ktlindamycin, IPMimipenem, CHichloramphenicol, TG@gecycline, LZEinezolid, CIPciprofloxacin, TZP
piperadllin/tazobactam, CRQceftriaxone, AM»amoxicillin, TETFtetracycline, ERYerythromycin.



PCR Ribotype =)

015 (16) 020 (13) 001 (6) 012 (4) 014 (4) 027 (3) 002 (3) 017 (3) 078 (2) 200 (2) Other (19)

S R S R S R S R S R S R S R S R S R S R S R

(%) (%) | (%) (%) | (%) () (%) (%) [ (%) (%) | (%) (%) | (%) (%) | (%) (%) | (%) (%) | (%) (%) | (%) (%)

VAN 100 - 100 - 66.7 33.3 | 100 - 100 - 100 - 100 - 100 - 100 - 500 500 | 947 53
MTZ 100 100 100 100 100 100 100 100 100 100 100

RIF 100 100 100 100 100 100 100 100 100 100 941 59
FDX 100 100 100 100 100 100 100 100 100 100 100

MXF 100 100 67.0 33.0 | 100 100 100 100 100 100 50.0 500 | 947 53

CLI 437 563 | 385 615 | 167 833 | 250 750 | 750 250 | 66.7 33.3 100 | 66.7 33.3 100 | 50.0 50.0 | 684 316

IPM 688 312 | 923 7.7 | 66.7 333 | 500 50.0 | 100 100 | 100 100 | 50.0 50.0 100 | 73.7 263

CHL 93.7 63 | 100 100 750 250 | 100 100 100 100 100 | 100 947 53
TGC 100 100 100 100 100 100 100 100 100 100 100
LZD 93.7 6.3 100 100 75.0 250 | 100 100 100 100 100 100 100

CIP 100 100 100 100 100 100 100 100 100 100 100
TZP(n=42) | 100 100 100 100 100 100 100 100 100 100 100

CRO 100 | 53.8 46.2 | 16.7 833 100 | 100 100 100 | 66.7 33.3 | 100 100 | 36.8 63.2
AMX 100 100 100 100 100 100 100 100 100 100 100
TET 93.7 6.3 100 100 100 100 100 100 100 100 100 100

ERY 100 100 66.7 333 | 50.0 50.0 | 750 250 100 | 100 66.7 33.3 | 100 50.0 50.0 | 842 158

Table 12: Antimicrobial resistance breakpoints of 75 historical (1980 -86) C. difficile isolates by PCR ribotype.

Breakpoint defined as iTable 11. Sz Sensitive, R Resistant (inclusive of intermediate resistanc&ANvancomycin, MTZnetronidazole, RIF

rifampicin, FDXfidaxomicin, MXFmoxifloxacin, CL-clindamycin, IPMimipenem, CHichloramphenico] TG&igecycline, LZEinezolid, CIP
ciprofloxacin, TZPpiperacillin/tazobactam, CR@&eftriaxone, AM»amoxicillin, TETFtetracycline, ER¥erythromycin.

eeT



134

3.4.3.2 Multidrug resistance classification

Seventeen isolates (22.7%) demonstrated resistance to three or more
antimicrobial agents, with half of these only classified as MDR due to CIP
resistance. Eight isolates (10.7%) were resistant to three antibiotics, four (5.3%)
to four and five (6.7%) to five compounds. Ten different combinations of
antimicrobial resistance were demonstrated in the cohort, with three different
antimicrobial permutations predominating; (TET, CLI, CIP, LZD & CHL; CLI, CIP,
ERY, MXF & CRO; CIP and CLI, CIP & EREpl€ 13). Combined ERY and CLI
resistance was apparent in eight (47.1%) MDR isolates (10.7% of total), whilst
LZD, CLI and CHL resistance was demonstrated in four (23.5%; 5.3% of total). No

ERY resistance was associated with any of the latter isolates.

PCR ribotypes 012, 027 and 078 constited 23.4% (=4), 17.6% (©=3) and 11.8%
(n=2) of all MDRstrains, respectively. This represented all recovery instances of
these PCR ribotypes. Single instances of ribotypes 001 and 017 were also resistant
to multiple agents. Isolates from these five PCRubtypes, comprised 64.7% of the
total MDR population. Both ribotype 078 isolates displayed the same resistance
pattern, demonstrating MICs above the breakpoints of CLI, CHL, LZD, CIP and TET,

whilst other ribotypes with multiple isolates exhibited varying resistance profiles.



Number of C. difficile isolates resistant to different antimicrobial combinations

, CLI, CIP, CLI, CIP, CIP, TET, CIP,CRO MXF, CLI, MXF,CIP, CLI, CIP, MXF,CL CLI, CHL, MXF, IPM,
PCR ribotype ERY TET ERY ERY CIP, ERY CRO, ERY CRO, TET, CIP, CRO, LZD, CIP, CIP, CRO,
(n=) ERY ERY TET ERY

012 (4) 1 1 1 1
027 (3) 1 1 1
078 (2) 2

137 (1) 1

041 (1) 1

001 (1) 1

200 (1) 1

014 (1) 1

017 (1) 1

010 (1) 1

015 (1) 1

Total (17) 3 1 1 1 1 1 1 3 4 1

GET

Table 13: Characteristics of the multi -resistant isolates isolated from (1980 -1986).

CLI- clindamycin, CIR ciprofloxacin, MXE moxifloxacin, CHIz chloramphencol, LZDz linezolid, IPMz imipenem, CR® ceftriaxone, TETR
tetracycline, ERY erythromycin. Breakpoints as defined ifable 11. PCR polymerase chain reaction.
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3.4.4 Further investigation of PCR ribotype 027 iso lates from the
historical collection by MLVA

The three recovered ribotype 027 isolates all displayed very similar susceptibility
profiles, demonstrating resistance to five antimicrobials Table 14). However, each
isolate proved distinguishable from each other by MLVA, as well as from 633

comparator ribotype 027 strains, dating back to 2010.

MLVA
2 kel % 2 % 1A6 B7 cé E7 F3 G8 H9 Requestor
[ EX 20 21 12 5 15 2
13 20 21 12 5 15 2
14 20 20 12 5 14 2
13 20 20 12 5 14 2
13 20 19 12 5 14 2
39 20 21 12 5 15 2
39 20 21 12 5 15 2
38 21 23 12 5 14 2
39 20 22 12 5 15 2
39 20 22 12 5 15 2
38 21 23 12 5 14 2
38 21 24 12 5 14 2
39 20 19 12 5 15 2
M — 39 20 19 12 5 15 2
39 20 19 12 5 15 2
39 20 20 12 5 15 2
31 20 22 12 5i 15 2 JVo2
31 20 22 12 6 15 2 JVO02 patient re-isolation
31 20 22 12 5 14 2 Salford Hospital
31 20 22 12 5 15 2 JV02 patient re-isolation
31 20 22 12 5 15 2 JV02 patient re-isolation
31 20 22 12 5 15 2 JV02 patient re-isolation
’7 - 12 20 19 9 5 16 2 027 Control
{ 11 20 18 12 5 15 2
31 20 18 12 5 16 2

Figure 21: BioNumerics output for a MLVA comparison of the historical isolates
and the entire CDRN reference database for PCR ribotype 027.

AEA EECEI ECEOAA AAOA pOIT £ZE1 A AATT OAO EOI |
strains recovered during rasolation experiments from different specimens

associated with the same patienrd6, B7, C6, E73FG8 & H9 refer to primed,

amplified sequences; the number designated refers to the number of tandem repeats

at a specific locus. MLVA data is primarily used for cluster analysis, so comparing

strains this way can only provide indicative information.



Minimum Inhibitory Concentration (mg/L)

JVID RT VAN MTZ RIF FDX MXF CLI IPM CHL TIG LZD CIP TZP CRO AMX TET ERY
Jvo2z 027 05 1 0.002 0.06 32 8 8 4 003 1 >64 16 64 1 0.125 >256
Jv73 027 05 1 0.001 0.06 16 2 8 4 0.06 1 >64 nt 64 2 0.125 >256
Jve7 027 05 1 0.001 0.06 16 2 16 4 0.06 2 >64 nt 64 2 0.125 >256
Jvi4 078 0.5 0.125 0.001 0.004 1 >64 4 64 006 16 16 nt 16 05 4 <4
Jv22 078 1 0.125 0.002 0.03 2 >64 8 64 006 16 16 nt 16 05 8 <4

Table 14: Susceptibilities of historical PCR ribotype 027 and 078 isolates against 16 comparator antimicrobials.

VANvancomycin, MTZnetronidazole, RIFifampicin, FDXfidaxomicin, MXFmoxifloxacin, CLklindamycin, IPMimipenem, CHL
chloramphenicol, TG@gecycline, LZBinezolid, CIRciprofloxacin, TZPpiperacillintazobactam, CRGceftriaxone, AMXamoxicillin, TETF
tetracycline, ERYerythromycin. RTz ribotype, ntz not tested.

LET
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3.5 Discussion

3.5.1 Isolation and recovery of C. difficile

Due to the absence of improvement in recovery with imeased taurocholate
concentrations determined by the previous germination efficiency work (Chapter
Two), and the high expense of taurocholate, lower concentrations (0.1%) were
favoured for the attempted recovery of the majority of specimens. Furthermore,m
recovery advantage was observed with their supplementation in solid agar.
Therefore, a decision was made to proceed using Schaedlers anaerobic broth with
0.1% taurocholate/0.4% glycine and CCEYL agar plates for the majority of
recovery efforts from the historical catalogue. Although CCEY with and without
lysozyme addition demonstrated comparable spore recovery, due to its association
with improved recovery of stressed, environmental spore$*42), it was used here

for maximum recovery of potentially damaged, aged spores.

Initial recovery attempts with 1% taurocholate demonstrated slightly eevated
yields compared to 0.1% taurocholate broth supplementation (13.3% vs 8.0%).
However, this may have been biased by repeat testing of the same specimens,
where samples not recovered by one method were retested with another.
Therefore, the sample recogry probability of subsequent tests was likely
diminished and would impact on an observed recovery rate. It is hypothesized
that, since the viability of spores in the specimens was unknown, there is a
possibility that many samples tested did not contain apsurviving spores. Thus, a
reliable comparison of recovery methods for application with this specific
collection is not necessarily achievable. Recreating problematic sample recovery is
difficult and it is possible that many of these specimens did not ctain any
recoverable material prior to testing. Pilot testing using actual specimens
produced inconsistent results (data not shown), highlighting the potential for low
bacterial loads and stochastic variation. Therefore, caution must be taken when
considering the findings from these recovery attempts, as it is likely that they do

not necessarily translate to isolation from more consistent collections.

Although C. difficilewas eventually isolated from 15.8% of patient cases, the
attrition rate of this collection was high, with overall recovery attempts from each

of the multiple patient specimens demonstrating an approximate seven percent
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success rate. No single approach demonstrated superiority over the rest, but based
on the conclusions from Chapter Two, wsof enrichment broths supplemented

with low -level germinants was considered the most efficient method for the

OAAT OAOU 1T &£ AADPI AOGAA -ATA®IAA OO ds4myEies@fyd OE AT |

all specimens with multiple recovery methodologies would be preferable to
determine an optimal protocol, but was not feasible due to cost and time
limitations. Since the aim was the recovery of as many strains as possible fo
further analyses, this was deemed unnecessary for the purposes of this study.
Whilst, one research study suggested that preeating spores with sublethal
temperatures facilitated the reactivation of dormant sporeg®47), a small pilot study
performed here, as preliminary work to historical strain recovery (data not
shown) demonstrated no advantage of this treatment on recovery from the
EEOOT OEAAT AT11AAOEI T8 4EEO xAO 1 AOAO
work on heat exposure and germinatiori¢’6), which indicated only detrimental
effects at temperatures above 70°C. Consequently, heat greatment was

excluded from the recovery protocols.

3.5.2 PCR ribotype and toxin status

Strikingly, the prevalence of PCR ribotypes recovered from isolatesiginating
between 19801986 corresponded closely with the most prevalent types isolated
in 2015 by the CDRNB¢3), Each of the ten most common ribotypes recovered from
the historical collection (Table 8) appeared in the equivalent top 15 list of modern
circulating strains, whilst six (027, 001, 014, 002, 020 and 015) feature highly in
European prevalence!18. 154,385, 394) Although the historical collection is clearly
dominated by ribotypes 015 and 020, the CDRN data reflects a more even
apportioning of the most prevalent strains, with ribotypes 078 and 002
constituting a greater share. The considerable discrepancy in sample size is one
explanation for these disparities; (=75 vsn=7609). Nonetheless, the recovery of
ribotype 002 isolates fromthe historical collection was not surprising, as this type
has demonstrated a transitionary epidemiology over the last 40 years. Ribotype

002 prevalence in the late twentieth century has been reported as high as 15% of

CDIcases8 $AAOAAOEI ¢ EIT DOi i ETATAA ET OEA

(384), 002 is once again a prevalentlootype (363.705), Currently reported as the
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primary cause of communityonset CDIK706.707) ribotype 002 accounts for 13.5% of
all UK caseg?7). Interestingly, these correlate less with known CDI risk factors,
such as age and antibiotic exposur&®®). Emergent ribotypes 005 and 023 are not
represented in the histaic collection, further indicating their rise in prevalence in
modern CDI epidemiological surveillance. Nonetheless, since the original sources
of the historical specimens are not specifically known, the collection may be

subject to geographic or samplingpias.

Epidemiological comparisons can be made with a study of 69 Scottish isolates from
1979-1986, which demonstrated dominance by ribotypes 002, 014 and 012,
constituting 30% of all strains(381). These ribotypes were prevalent in the

historical isolates recovered here, representing 15% of the total. Interestingly, in
contrast to the present study, only single instances oflsotypes 015 and 001 were
identified, whilst no ribotype 020 strains were reported. These ribotypes

constituted a high proportion of isolates recovered in this study, which suggests

potential bias attributed to localised outbreaks.

While the majority of isdlates recovered represent those predominating in modern
surveillance, single instances of uncommon PCR ribotypes were observed,
including 137, 242, 341, 619 and 626, as well as the novel ribotype 862. These
strains may have been superseded by ribotypesit h more efficient growth,
germination and virulence pathways, promoting their superior aetiological
potential. This is demonstrated in CDRN surveillance reports; where particular

strains proliferate, the occurrences of others diminish363),

Further investigation of the previously unassigned ribotype 862, toxin negative
isolate, JV59, assigned it to SB37, part of the obscure clade @ @. This strain

type is uncommon and generally associated with environmental samplé3,

although it has been identified in one clinical report709. Representing a novel
toxinotype (XXXII), this sequence type harbours a unique genetic organisation of
the PalLoc, featuring armbsence of thecdAgene and several SNPs in thedB gene
(709), This rare finding in a clinical specimen may suggest an inefficiency associated
with this atypical genetic assembly. Although this sequence type purportedly
exhibits functional clostridial toxin B genes, isolate JV59 repeatedly demonstrated

negative cytotoxicity results. This casts doubt as to whether this strain was the

AAOET 1T G¢U T £# OEA PAOEAT 0860 OUI POIiI O 10

X
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Although separated by approximately 35 years, the hisrical typing data revealed
distinct similarities in populations with modern surveillance studies. While
epidemiological investigations showed significant fluctuations in the prevalence of
epidemic strains across several year§84. 417), these data suggest that there may be
a homeostatic base line of strain distributions that is reverted to, as outbreaks of

endemic or epidemic nosocomial strains subside.

Conversely, historical strain recovery could potentially reresent the ribotypes

OEAO AOA OEA OEZEOOAOGOGS A O 11T ¢ OAOI AT O
epidemiological spread of the time. Previously reported ribotype variability in

spore tolerance to external stressors such as heat, pH and organidvemts (710, 711),

in addition to differing sporulation and germination efficiencies(712) could

potentially explain the recovery of ribotypes that reflect the current

epidemiological composition. Nonetheless, since the recovery rate of this historical
catalogue was low, an accurate distribution cannot be assumed, making holistic

assessment more challenging.

Toxigenic strain dominance was as expected (96%), since specimanginated

from patients with suspected CDI. However, the recovery of three newxigenic
strains suggests that these patients were asymptomatically colonised by the
isolated C. difficilestrains and their diarrhoea was attributable to other

undiagnosed adiologies. Equally they may have been concomitantly colonised by a
toxigenic strain, as has been previously described3. 714, Although the latter
explanation cannot be substantiated by the recovery results (i.@o toxigenic

strains were recovered from the patients from whom nortoxigenic strains were
isolated), the high attrition rate of this isolate catalogue potentially masks this
discovery. Interestingly, two less common, binary toxin gene carrying strain823

and 033 were both isolated in single instances.

3.5.2.1 Hyper-virulent PCR ribotype 027 recovery

The hyper-virulent PCR ribotype 027 has been associated with numerous
international outbreaks, particularly at the beginning of the twentyfirst century
(78,112, 383) Persisting as one of the most prevaler@. difficilestrain types across
Europe 219, ribotype 027 remains of prominent interest to researchers. The
earliest example of a ribotype 027 strain ecorded in the literature is CD196, an

isolate recovered in France in 198%%89. Two of the ribotype 027 isolates
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recovered from this historical collection, JVO2and JV73, were originally isolated
from clinical specimens dating back to 1981 and 1983, respectively. Therefore, if
the findings are true, these potentially represent the earliest PCR ribotype 027
isolates reported to date. As these isolates may be of sificance in the
understanding of outbreak development associated with this ribotype, further

confidence was sought to ensure the findings were accurate.

Firstly, repeat attempts were made to consistently ra@solate the same strains from
the original speamen tubes, as well as from other specimens associated with that
patient (untouched in these investigations). Ribotype 027 strains were isolated on
three occasions and compared to the original finding using MLVA. All subsequent
strains recovered proved indstinguishable by this method (data not shown). For
additional confidence in the findings, MLVA was also used to ensure that these
historical 027 strains were distinct from 633 other 027 isolates analysed by the
CDRN enhanced fingerprinting service, includg the most commonly used
laboratory control strain. No exact profile matches were observed for any of the
historical isolates, indicating no direct links to any of the 633 strains processed for
MLVA by the reference laboratory over the last eight year8Vhilst both isolates
JV67 and JV73 demonstrated distinctly different profiles from any other (>10

SNPs), all strains recovered from different specimens associated with the same

DAOEAT Oh xAOA ET AEOOET COEOEAAI A j S¢ 3.

demonstrated a profile only 2 SNPs divergent from JVOFigure 21). While this
would officially be classified as indistinguishable, since one of these
polymorphisms was identified in the often highly conserved, G®ci ¢76) the
relatedness of these isolates maybe further questioned. Equally, when considering
the demographic data, since this closest profile was generated in 2010, years
before the historical collection evenentered our laboratory is strongly suggestive

of a distinction between the isolates. Similarly, it was highly unlikely that the
related reference isolate had been cultured over the past ten years, remaining only
in frozen storage. Whilst sufficient measurs were imposed to restrict the
possibilities of contamination, we cannot vouch for the period between specimen
collection and receipt at our laboratory. Although this does not provide a definitive
result, as MLVA is only directly appropriate for cluster aalysis, it gives further

confidence that the isolates recovered were not contaminants from this laboratory.

00«
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Interestingly, all three isolates exhibited MXF resistancel@ble 14), where none

had been previously rerted in isolates dating prior to its introduction (112),

Whilst this finding may be unexpected, if we consider the alternative hypothesis of
contamination with a modern strain, it may seem more likely that all

ONOAOGOET T AAT A6 OOOAET O x1 O A AA CAT AOEAA]
individual specimens with distinct strains of the same ribotype seems highly

unlikely. Since all 027isolates were demonstrated aglistinguishable from each

other, this further refutes the theory of contamination.

3.5.2.2 Recovery of multiple ribotypes

Infection by multiple strains of C. difficilehas been previously described, with rates
reported as high as 716% of CDI case§13. 715718)_ |n acordance with this rate,
these data demonstrated that 9.3% of patients from whicl. difficilewas

recovered were colonised with multiple strains. These may potentially occur due
to recurrent infections and contact with heavily contaminated nosocomial

environments.

The recovery of seven different strains from one patient presented rare and
interesting discovery. Nonetheless, one recent study reported a severely ill patient
as suffering from eight relapse/reinfection episodes of CDI across a 13 month
period (719), In this patient ten phendypically diverse strains of six PCR ribotypes
were recovered, with one instance of a mixed infection with three concurrent
types. This case closely reflects the known circumstances of the patient harbouring
multiple strains from the historical collection. There is a paucity of clinical data
associated with any of the historical strains, but this patient was documented as
suffering from chronic diarrhoea for a period of 18 months, treated with several
antimicrobials. With this combination of antibiotic therapies and prolonged

hospital stay, colonisation with multiple strains and development of multiple
symptomatic recurrences is possible. This may be plausible, since the risk of
secondary and tertiary reinfections has been demonstrated to become significant!
compounded with each recurrent CDI episod€20). However, caution must be
taken when directly comparing these rates with previous reports, as recovery
issues in this study will have a high impact on the data. Althougltrigt anti -

contamination procedures were employed during the recent recoveries, the
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possibility of contamination events occurring prior to receipt of the specimens to

our laboratory cannot be disregarded.

3.5.3 Antimicrobial susceptibilities of UK  C. difficile isolates (1980 -
1986)

As expected, there was no evidence in this data set of resistance to the primary
treatment drugs, MTZ and VAN. Equally, no resistance to the relatively recently
licensed, FDX was observed. Since MTZ resistance was only first reported 981
(535) and is still scarce in contemprary surveillance studies(88. 385) the absence of
reduced susceptibility to this agent was as anticipated. Similarly, no historical
isolates exhibited resistance to VAN, with four strains demonstrating intermeaete
levels of reduced susceptibility. Nonetheless, VAN resistance remains rare in
contemporary studies, with a large scale European surveillance study reporting

resistance in only 0.87% of isolate$!88).

RIF andFDX were the most active compounds, demonstrating geometric mean
MICs of <0.001 and 0.028 mg/L, respectively. Whilst FDX resistance is scdie
721), an estimated 11% of moderrC. difficileisolates display resstance to RIF498),
However, large proportions of this resistance has been identified as highly
concentrated in specific geographical regions, sh as Italy or Czech Republic,

where high levels of rifamycin consumption are reported!8s),

As a fourth generation fluoroquinolone, MXF was not introduced until 1999, with
resistance to the compound observed i€. difficilesoon after43, Although
resistance to this compound was demonstrated in the pr®1XF, historical isolates,
resistance to previous generations of quinolones have been demonstrated to
impart cross-resistance due to identical target site$*38. 722), Nevertheless, all
isolates indicated CIP resistance, but only seven translated this mechanism to a
MXF resistant phenotype. Two out of six ribotype 001 isolates werdXF resistant,
which was not too dissimilar to the findings of study of Scottish historical isolates
by Taori et al.(50%) (381), suggesting that even in their infancy fluoroquinolones
and associated resistance was potentially contributory to CDI onsét/hilst the
striking observation of CIP resistance across all test isolates is not uncomm@pg.
723,724) these strains predated the introduction of this antimicrobial (1987). This
could potentially indicate the development of crosgesistancedue to exposure to

earlier compoundswith similar structures, such as nalidixic acidHowever, this
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drug had minimal use as a treatment for urinary tract infection$72% and therefore
extensive selection seemsnprobable. A more plausible explanation would be that
the majority of C. difficilegenomes exhibit an intrinsic resistance to this agent.
Further discussion of this finding is presented in Chapter Four, where the data is

discussed in the context of the potential genetic mechanisms.

Resistance to ERY, CLI and MXF amongst more recent isolates has been reported as
49%, 65% and 40%, respectively?24), These farsurpass the levels in this historical
collection, which demonstrated 16%, 37.3% and 9% of isolates as resistant. The
historical resistance rates support work by Ackermanret al.(521), who determined

very similar resistance levels in ERY (18%) and C(30%) amongst isolates from

1986-95. They also demonstrated slightly lower findings in MXF (2%), which is

probably exaggeratedly elevated in the historical collection by the inclusion of

three fluoroquinolone resistant ribotype 027 strains. Nevertheless, AEAOI AT 1 8 0
research indicated a gradual decrease in susceptibility to each of these agents over

three isolate groups, delineated by date.

MICoo data from the Scottish cohort (197986) analysed by Taoriet al.
demonstrated comparable results with the histrical strains for MTZ, CRO and
MXF@®81), Conversely, VAN, CLI and TET MICs were elevated above the present
study. Adding further confidence to the findings,a study of Australian isolates from
between 1979 and 1989 revealed similar susceptibilities to those observed in the
present investigation (726). However, the number of isolates independently
resistantto CLI and TET were elevated above the present study; (CLI) 100% vs
37.3% and (TET) 22% vs 9.3%. Interestingly they found no evidence of MXF
resistance. Nevertheless, the predominance (68%) of toxinotype 0 and the small
number of isolates tested for antimerobial susceptibilities (n=9) may have

contributed to this variance.

One of the earliest reports ofn vitro susceptibilities of clinical C. difficilestrains,
described resistance levels of ERY, CLI and TET in {1f@80 strains, as 7%, 14%
and 9% respectvely (727), These correlate well with the findings of this historical
collection, where resistance proportions are slightly highef{Table 11), perhaps

due to differences in the age demographics between the cohorts. Furthermore the
work by Dzink and Bartlett studied isolates from the USA, and although no

ribotyping data was provided, we know fom other surveillance that
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epidemiological differences are apparent. This may further contribute to the
variance in antimicrobial susceptibilities. Nonetheless, these resistance rates are
greatly reduced in comparison to those of modern collections acroske world,

where ERY and CLI resistance is reported as high as 100% and 82.7%, respectively

(214, 394, 728),

3.5.3.1 Comparison of UK C. difficile antimicrobial susceptibility data
between (1980 -1986) and (2012 -2016)

In order to assess the progression of antimicrobial susceptibilities from the early
1980s until the present day, the susceptibility data for 416 UK isolates from the
Clo€R surveillance study (20122016) was used as a modern comparator set.
Significant increases in geometric mean MICs between the historical and modern
isolate collections were observed. All treatment compounds, MET, VAN and FDX,
exhibited significant differences across the two panel§&0.0001,p<0.0002 and
p<0.0001 respectively). CDI predisposing agents, MXF and CLI demonstrated
highly significant differences =0.0025 &p=0.0053; Table 15). All other test
compounds also exhibitedstatistically significant increases in MIGC(Table 15).
These clear statistical differences between the two time periods indicated the

development of antimicrobial resistancein C. difficileacross all classes.

All test compounds demonstrated an MI& increase of one doubling dilutionfrom
the historical (1980-1986) to the modern collections (20122016), with the
exception of IPM and CHL(Table 15). Since MI&o is an indicator of the
fundamental activity of an antibiotic on the totalC. diffidle population, this reflects
a general trend for reduction in susceptibility to most antimicrobial classes. Due to
the potential selection pressure exerted by these compounds over long exposure

periods (approximately 35 years), these findings were not ungected.

Although, these data are of value as a whole, the biasing impact of the genotypic

distributions of these populations required consideration.



Susceptibility Variance
(Historic » ClosER)
Antimicrobial (Doubling dilution increase)

Compound MICso  MICeo Geometric MICso  MICeo CcOMmetric MICso MiCe, ~ Ceometric

Historic UK Isolates ClosER Study UK Isolates
(1980 -1986) n=75 (2012 -2016) n=416

(mg/ll) (mg/ll) e(mg/ll) (mg/l) (mgL) (mg'/l_) Signif. (mg/L) (mg/L) (mg°/L)
VAN 0.5 1 0.704 1 2 0.839 p<0.0002 +05 (1) +1 (1) +0.135
MTZ 0125 025  0.171 025 05 0.283 p<0.0001 +0.125 (1) +0.25(1)  +0.112
RIF 0.001 0.002  0.001 0.002 0.004  0.002 p<0.0001 +0.001 (1) +0.002 (1) +0.001
FDX 0.03 006  0.028 0.06 0125  0.050 p<0.0001 +0.03(1) +0.06(1) +0.022
MXF 1 2 1.617 2 8 2.021 p=0.0025 +1 (1) +6 (2) +0.404
CLI 4 32 4.000 8 16 4.880 p=0.0053 +4 (1) -16 (1) +0.880
IPM 4 8 4.553 4 8 3.940 p=0.0133 0 0 -0.612
CHL 4 8 4.902 4 8 5.462 p<0.0001 0 0 +0.560
TGC 003 0.06  0.035 0.06  0.06 0.050 p<0.0001 +0.03(1) O +0.015
LZD 2 2 1.725 nt nt nt - i - i
CIP 16 32 20.022 nt nt nt - - - -
TZP(n=42) 8 8 6.672 nt nt nt - i - -
CRO 32 64 27.601 nt nt nt - i - i
AMX 1 2 0.920 nt nt nt - - - .
TET 0.06 0125 0.104 nt nt nt - i - i
ERY <4 >256 16 nt nt nt - - - -

Table 15: Comparison of UK C. difficile antimicrobial susceptibility data from 1980 -1986 and 2012-2016. VANvancomycin, MTZ
metronidazole, RIFrifampicin, FDXfidaxomicin, MXFmoxifloxacin, CL-clindamycin, IPMimipenem, CHichloramphenicol, TG&gecycline,
LZDlinezolid, ClPciprofloxacin, TZFPpiperacillin/tazobactam, CR&eftriaxone, AMamoxicillin, TEFtetracycline, ER¥erythromycin.
Geometric means are calculated to 3 decimal places.mut tested. * Significance based on twailed Mann Whitney analysig p<0.0002
extremely significantp<0.006 very significantp<0.02 significant.

LYT
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3.5.3.1.1 Assessing comparator data set similarity
Examination of ribotype distribution across the historical and nodern comparator

groups demonstrated an imbalancg(Figure 22). Since reduced susceptibility is
often strongly correlated with PCR ribotype(188. 444, 729) considerationsof bias were
essential for the evaluation of the data. In order to eliminate any potential bias,
comparator cohorts were matched by ribotype. Ultimately, 59 isolates were
selected for analysis, in conjunction with ribotypematched modern comparators
(Table 16).

20 -

18 1 m UK Isolates
16 - (1980-1986)
14 - = UK Isolates

(2012-2016)

Prevalence (%)
=
o
1

001 002 012 014 015 017 020 027 070 078
PCR ribotype

Figure 22: Proportional prevalence of PCR ribotypes UK historical (1980 -
1986); n=75 and modern (2012 -2016); n=416 comparator groups.

3.5.3.1.2 Analysis of PCR ribotype -matched susceptibil ity data
Elimination of ribotype bias only strengthened the trend seen prior to genotypic

balancing, further demonstrating reduced susceptibilities across all antibiotic

classes over a 35 yegperiod.

MICoo represents the level of susceptibility of the restant bacterial population and
can therefore be utilised as a valuable tool in describintpe potential clinical

impact of a population. Increases in MIé were only associated with agents with



149

direct clinical relevance, i.e. therapeutic and Cpredisposing agents20. 99.103) An
increased MTZ Ml@ of two doubling dilutions potentially demonstrated the
impact of the reliance on this nitroimidazoleas the primary treatment compound
for over 50 years. This perhaps highlights thanpact of selective pressure
gradually driving a reduction in susceptibility. The largest increase in resistance
over time was observed with MXF, revealing a threfold doubling dilution
increase in MIGo. In conjunction with a significant increase in geometric mean
MIC, this serves to highlight the relevance of modern fluoroquinolones 1@. difficile
outbreaks and evolution(®9. 417.58), Heet al. used whole genome and phylogenetic
analyses to identify strong links between fluoroquinolone resistance and the
dissemination of the hypekrvirulent, 027 strain (562), which has elicited several
outbreaks since 200334). Rapid clonal expansion of highly fluoroquinolone
resistant strains, such as ribtype 027,likely accounts for the major increase in
resistance to MXF, a compound that was only introduced into the formulary in
1999.

The temporal differences inC. difficilesusceptibilities observed in the present
study were also identified in the study of Australian islates by Mackinet al. (726),
Slight increases in MICs of the primary treatment agents, VAN and MTZ, and a

substantial increase in MXF MIC were observed over a period of several decades.

Conversely, with the exception of fluoroquinoloe resistance, Hechét al.observed
no significant differences between MICs of a collection of 64 isolates from 1983
1998 and those collected from 20062004 “478), Unfortunately the study does not
delineate the tenporal groups any further, as the fifteen year span of the older

catalogue may well contribute to this perceived lack of resistance development.

Nevertheless, when assessing variations in susceptibility data, we must reflect
upon the methodology. Agar incgporation is considered the gold standard method
for MIC determination in C. difficile(500. 730, 731) but is subject to interexperimental
variability due to non-exact endpoints. At the higher end of a testing raye, a
difference in MIC (e.g. 16 to 64 mg/L) is more likely to be a true reflection of
reduced susceptibility; in contrast, at the lower end of a testing range it is much
more difficult to determine this with confidence. An increase in MIC from 0.002 to

0.008 mg/L is very small in real terms and could be within the error of the method.



Historic UK Isolates ClosER Study UK Isolates Susceptibility Variance (Historic » ClosER)

(1980 -1986) n=59 (2012 -2016) n=59 (Doubling dilution increase)
Antimicrobial MICso MICeo Geometric  MICso MICeo Geometric  MICso MICso Geometric
Compound (mg/L) (mg/L) e (mg/L) (mg/L) (mg/L) o (mg/L) (mg/L) (mg/L) o (mg/L)
VAN 0.5 1 0.703 1 1 0.754 +0.5 (1) 0 +0.051
MTZ 0.125  0.25 0.173 0.25 1 0.291 +0.125 (1)  +0.75(2) +0.118
RIF 0.001 0.002 0.001 0.002 0.002 0.002 +0.001 (1) 0 0
FDX 0.03 0.0795 0.031 0.03 0.06 0.036 0 -0.0195 (1) +0.005
MXF 1 2 1.638 2 16 2.845 +1 (1) +14 (3) +1.207
CLI 4 16 3.518 8 32 6.034 +4 (1) +16 (1) +2.516
IPM 4 8 4.394 4 8 4.606 0 0 +0.211
CHL 4 8 5.000 8 8 5.624 +4 (1) 0 +0.623
TGC 0.03 0.06 0.035 0.06 0.06 0.047 +0.03 (1) 0 +0.012

Table 16: Comparison of antimicrobial susceptibility data from 59 PCR ribotype -paired, UK C. difficile from 1980-1986 and 2012-
2016.

VANvancomycin, MTZnetronidazole, R=-rifampicin, FDXfidaxomicin, MXFmoxifloxacin, CLklindamycin, IPMimipenem, CHL
chloramphenicol, TG@gecycline. Geometric means are calculated to 3 decimal places.

0GT
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3.5.3.1.3 Temporal comparisons of additional antimicrobial agents
The panel of agents were dected for testing in order to provide an overview of

the antimicrobial activity of a broad spectrum of classes. Although there is no
direct comparative data from theClo€Rstudy for several of these compounds, the
breakpoint analyses offer useful information into the understanding of MDR in the

historical collection.

Several contemporary data sets, obtained using the same methodologies, were
available for comparison with these addional antibiotic classes. Although the
majority of modern surveillance data is generated from internationalC. difficile
cohorts, research by Freeman and colleagues indicated MIC data for a selection of
UK isolates(732), In their study ceftriaxone MICs wre demonstrated to be one
doubling dilution higher than those from the historical collection presented here,
with resistant proportions reported as five times higher (12% historical and 60%
modern). LZD resistance was also reported in higher proportions(3% and

13.7%, across the historical and modern strains, respectively) with an increase of
three doubling dilutions in MIGe. These may suggest a possible increase in clonal

spread or horizontal gene transfer of resistance determinants

Data for LZD ancERY resistance may link the presence of MDR determinants, such
as thecfr or mar genes, with these phenotype&28). Similarly, the presence of TET
resistance may suggest the existence of mobile genetic elements, such as
transposons harbouring TET resistane determinants. TET resistance was
observed in 9.3% of listorical isolates, far lower than the rate reportedby a study
of Scottish isolates from 197986 by Taoriet al,, where this rate reduced to
comparable levels over the next ten year881), Interestingly, in the present
investigation, resistance to TET did not translate to decreased susceptibility to
TGC, a modern tetracycline derivative. This supports the findings in other
organisms(733.734) although one recent study identified the potential for multiple
tet gene mutations to confer resistance to all tetracycline compound$3). This
was hypothesized to be due to a decreased selectivity of efflux proteins, allowing
TGC expulsionTET resistance levels were as high as 42% in Chinese isokate
compared to only 9.3% in the historical UK isolate&%D). Althoughribotype
prevalence and geographic isolation will affect these comparisons, they remain

indicative of potential temporal resistance development
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All isolates from the historical collection demonstrated sensitivity to AMX and
TZP. This correlates with several studies indicating total AMX and TZP
susceptibility (197.407,736) |n correlation with the historical isolates, almost all

strains in two Japanese studies demonstrated CIP resistanées. 724),

3.5.3.1.4 Temporal susceptibility comparison by individual PCR ribotype

The relatively small number of isolates recovered t5m the historical collection
meant that an indepth comparison of antimicrobial susceptibilities by individual
ribotype was not feasible and is unlikely to reflect genuine trends. Nonetheless,
some evaluations have been proffered for ribotypes 015 and 02@here isolate
numbers were sufficient. MIGo figures for the majority of agents, including MTZ
and VAN (Appendix), demonstrated a doubling dilution increase in the modern
ribotype 020 strains, with CLI levels rising from 16 to 32 mg/L. Since CLI MICs
ranged between 2 and 16 mg/L in this ribotype alone, we may be identifying
differences between lineages with or without previous exposures to the antibiotic.
More notably, MXF Ml@sfigures increased by two doubling dilutions, reflecting
the same trend as anafsis of the entire catalogue. The effects are less pronounced
in ribotype 015 comparisons, where MTZ and CLI Migfigures doubled, although
this is within the range of error for the agarincorporation susceptibility testing

method.

3.5.4 Multidrug resistance investigation

The data from this study demonstrated a MDR rate of 22.7%. This is similar to the
MDR rate reported in a previous large scale European surveillance study by
Spigagliaet al. (26%) (444), but consideraly lower than reported recently in a

North American study by Penget al.(59.7%) (214, Many fators have the potential
to influence the rates of MDR in any given surveillance study. Of these factors it is
important to note geographical differences in strain prevalence and antimicrobial
prescribing that may have areffect on MDR rates in distinct sidy populations.

The prevalence of particular ribotypes within a collection will influence overall
rates of MDR. This may be a feature in the study by Spigagdiaal.,where no
instances of the commonly reported MDR ribotype 027 were isolated, potentially

reducing overall MDR rates. Equally, the selection of antibiotics in the test panel is
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crucial. In the US surveillance study by Peng and colleagues, the susceptibility
testing panel comprised of almost twice as many antibiotics as those in the study
by Spgagliaet al. Ampicillin and cefoxitin contributed greatly to MDR
determinations in the former study; compounds that were not even tested against
the European isolates. This factor may have also inflated the MDR rate of the
collection tested in the presem investigation, as susceptibilities to a large number

of antimicrobial agents were assessed.

3.5.4.1 PCR ribotype prevalence of MDR strains

Forty-one percent of the PCR ribotypes recovered displayed a MDR phenotype,
largely constituting ribotypes 012, 027 and 0B; (23.4%, 17.6% and 11.8%,
respectively). These correlated with data reported in theClo€R surveillance
study by Freemanet al.(188), Interestingly, the Clo€£R study discovered the high
prevalence of MDR in ribtypes 001 and 017, which were also identified in single
MDR instances in the historical collection. Nonetheless, the majority of ribotype
001 and 017 isolates in the collection presented in this thesis did not exhibit a
multiple resistant phenotype. Thesemay represent distinct lineages of these
strain types, isolated prior to their evolution into modern MDR genotypes. As a
direct temporal comparison, an historic collection of Scottish isolates
demonstrated dominance by ribotypes 012 and 001, representing3¥6 and 29%

of the total MDR strains, respectively38l).

Phylogenetic analysis estimates that the ribotype 017 clone did noéach Europe
until 1986 (580), However, the 017 isolates in the historical collection originated
from specimens dating 1981 and 1982. Therefore, these isolaenay indicate the
international dissemination of this ribotype earlier than previously believed. The
lack of a multiresistant phenotype in the majority of these strains, potentially
suggests an independent, parallel evolution, where multiple resistanesonferring

determinants were yet to be acquired.

3.5.4.2 Multidrug resistance patterns

In the historical collection, nearly half (47.1%n=8) of the MDR strains exhibited a
combination of ERY, CLI and fluoroquinolone resistancé€Table 13). This finding
was in concordance with a recent large scale reviei#?®, which indicated this
combination as the most prevalen{comprising of almost 30% of all MDR

isolates). In contrast, this combination was observed in 92% of Korean isolates
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(724), further highlighting the potential for geographic variance in resistance
element distributions. Resistance to ERY and CLI are often reported in tandem,
frequently amongst ribotype 001 isolates (521. 693, 705) One comparative study of
strains from 1990 and 2008 by llchmanret al.demonstrated significant increases

in this concomitant phenotype, from 37% to 87% of isolates respectively
(p<0.001) (693), Interestingly, European surveillance by Spigagliet al.

demonstrated that all modern MDR isolates were characterised by a combined
ERY and CLI resistance phenotyp&4. The presence of thermB gene has been
identified as the most common MLGresistance-conferring determinant in C.

difficile (444.489,518) suggesting a proficiency in the dissemination or selection of
this gene over time. Where the historical collection demonstrated consistent €o
resistance of MXF and ERY, the majority {%) also exhibited CLI resistance. This
PAOOAOT EO 0007 T Cl U coiffidicdidetnt iobrpdratiig ! AEA O |
strains from 1986-1995 (521),

Research by Spigaglia and colleagues revealed that by far the most dominant MDR
phenotype was tte combination of ERY, CLI, MXF and RIF; with this permutation
dominated by ribotype 001444, Although only one historical ribotype 001 isolate
was designated as MDR, the pattern of resistance matched the one mettl by
Spigagliaet al., with the exception of RIF resistance. Large proportions of modern
MDR isolates exhibit resistance to RIF37-740), with the increase in prevalence of
this phenotype across Italy and east® Europe linked to the extensive use of
rifamycins in these countries over the last twenty year$98). This offers a potential
explanation asto why no evidence of rifamycin resistance was observed amongst
the historical collection, whereas it contributes substantially to modern MDR

rates. Many of the recently emerging ribotypes, such as 176 and 356 are closely
related to pre-existing MDR typessuch as 027739 and 018 respectively(740), They
may not be expected in an histacal collection and their increasing presence in
more recent epidemiological studies could partly explain the increase in MDR over

time.

Each of the four ribotype 012 and three 027 isolates exhibited differing
combinations of resistance, demonstrating th@otential for these ribotypes to
develop resistance tovarying classes of antibiotics. A similar pattern is reflected in

ribotype 012 strains identified by Spigagliaet al., where ten isolates demonstrated
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five different resistance combinations#44). Differences in fithess cost may impact
upon resistance acquisition and survival, as individual isolates respond to specific
antimicrobial exposures. Wasels and colleagues demonstrated no detrimental
effect of fluoroquinolone resistance mutations on then vitro fithess of C. difficile
(639), while other transposable elements, such as macrolidancosamide-
streptogramin B resistance determinants presented a fithess burde@!8),
Interestingly, a recent observational study of CDI control interventions

highlighted a greater decline in CDI cases associated with fluoroquinolone strains
when use of the antibiotic class was restricte¢8”). This notable research by
Dingle et al.indicated that resistance to key antimicrobial classes may potentially

be as important to strain proliferation as multiple resistances.

Four strains displayed phenotypic resistace to CLI, CHL and LZD. This
combination of class resistance habeen linked to a transposablefr homologue
reported in C. difficileby Marin and colleagues528). Whole genome sequeting
analysis of all historical strains is presented in Chapter Four, providing a valuable

insight into the presence or absence of putative resistance genes suclchs
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3.6 Conclusions

This study highlights some of the difficulties faced when investigatinfgistorical
culture collections. Whilst recovery was achieved from a proportion of the aged
specimens, approximately 85% of patient strains either remained dormant under
exposure to conventional germination methods, or more likely, had perished

leaving noviable bacterial cells to recover.

The observation of striking similarities between ribotype prevalence amongst the
historical isolates and modern epidemiology prompted two potential

explanations:

1) Ribotype distribution in the UK has a tendency to revero a state of

equilibrium, when outbreaks subside,
Or
2) The prevailing ribotypes are the fittest for longterm survival and recovery.

Through continued surveillance of this important nosocomial pathogen, emerging
ribotypes external to this stable digribution, can be monitored carefully as

potential epidemic strains.

This investigation has also potentially identified two of the earliest isolates of PCR
ribotype 027 C. difficile dating back to 1981. Due to the originality of these
findings, MLVA waautilised to check for contamination events amongst other
laboratory strains, ultimately demonstrating that the historical isolateswere
distinguishable from 633 other ribotype 027 lab strains. Phylogenetic analyses of

the historical collection is further discussed in Chapter Four.

Significant increases in antimicrobial resistance were observed between the
historical collection (1980-86) and Clo€R isolates (20122016). Geometric mean
MICs were increased in the modern strains for all but one of the antimicbaal
comparators (IPM). Susceptibility to the therapeutic agents (MET, VAN, FDX)
demonstrated marginal decreases, but resistance was not observed. Reductions in
high-level CLI resistance may indicate the success of the management of this
known risk antibiotic, but increased resistance in other classes remains a concern.
On average lower rates of MDR were observed in the historical collection in

comparison to modern comparator studies, with commonly reported MDR
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ribotypes 001, 012, 027 and 078 detectet18. 381, 444) A combination of ERY, CLI
and fluoroquinolone resistance was the most frequently observed resistance
pattern. This is reflective of previous studies, indicating the involvement of MDR
conferring genes,such asermB. This serves to emphasise the extent of MDR

development and highlights the need for antimicrobial stewardship.

MXF resistance was observed in the historical strains, long before the introduction
of the compound, further strengthening the argment for co-selection of

resistance mutations with earlier generation compoundg741. 742), As eyected, due
to the current widespread resistance to fluoroquinoloneg!18. 48 MXF resistance
increased considerably, with MlGo data revealing a threefold doubling increase.
Intriguingly, the three ribotype 027 isolates recovered from 198186

demonstrated MXF resistance. These strains represent evidence of resistance in
this hyper-virulent ribotype, prior to existing reports in the literature (34,112,289,

562) and may contribute to the understanding of the evolution of this epidemic
strain type. Nonetheless, caution must be taken,ith further investigations

essential to ascertain the validity of this finding.
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Chapter 4 Genomic Interrogation and Phylogenetic Analysis of
Historical Clostridioides difficile (1980 -86)

4.1 Introduction

The acquisition of an historical collection ofC. difficileisolates has provided an
opportunity to generate valuable baseline data, from which we can assess strain
dissemination and antimicrobial resistance development. Whilst phenotypic
investigations present important information on bacterial susceptibility, they
cannot provide information on the mechanistic foundation of resistance. Modern
molecular techniques offer the opportunity to elucidate the genetic machineries
behind antibiotic resistance and enables epidemiologists to monitor how

determinants disseminate.

The advent of NGS has enabled the rapid, inexpensive acquisition of large
quantities of genomic data. Unlike Sanger sequencif@®, where DNA is
synthesised with chainterminating di-dNTPs and sequenced in a separate stage
of the process, NGS enables sequencing by synthesis on a massively parallel
scale(4), Here adaptorligated DNA is indexed and hybridised to
oligonucleotides fixed to a glass flow cell. Clustering occurs through a process of
bridge amplification, where fixed template strands are complemented by DNA
polymerase before being washed away, allowing the nascent strand to form a
bridge by binding to a second oligo on the flow cell. Polymerase then generates a
copy of the original template bound tahe flow cell, before the process is
repeated to generate millions of copies through clonal amplification. Sequencing
of these clusters occurs with the addition of fluorescently labelled nucleotides,
which are excited after each nucleotide addition. Theifflerences in signal
emission determines the nucleotide incorporation at each stef§*>. This method

produces millions of read sequences, which require compler silicoassembly.

Sequences will produce terabytes of output data for individual base calls. In
order to assess the accuracy of each of these determinations the base calls are
each associated with a quality score, known as a Phred score. This data is

essential to downstream qualityassessment and is calculated based on the
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sequencer peak parameters, such as resolution and shape, and represent the

probability of a correct call(746),

Reliable genome assembly and variant calling from NGS data requires a complex
pipeline of computational processes for quality control, adapter trimming,
sequence alignment, mapping to a reference genome, indetlagégnment, PCR
duplicate removal and variant analysig747). Adding to the challenge of
computational assembly, there are multiple optios for analysis tool selection at
any given stage of the algorithnt’48). The majority of practices involve
executable, UNIX command line based frameworks withoat graphical user
interface (GU), making initial access for beginners particularly difficult.
Nonetheless, some GUI based frameworks are availab#). Taverna(7>9 and
Galaxy(751) are two such webbased interfaces, which can be utilised in
conjunction with cloud processing, negating the requirement for vast amounts of
local processing powerSandalone NGS handling software such as CLC
genomics workbench are available and provide more user friendly, guided

analysis, although licenses are highly expensive, limiting their availability>2).

There are many assembly and alignment tools available that can be categorised
into two main approaches, string and de Bruijn graph based method&®).
Burrows-Wheeler transformation is an example of the former, where tools such
as BWA(Burrows -Wheeler Aligner) (753) and Stampy(7>4) rely on a reversible,
text-based transformation of reads, using cyclical rotation and subsequent
sorting to dramatically reduce required processing power. The de Bruijn graph
method is based on linking overlappindg-mers to generate all potential

pathways through a sequenceSoftware tools such as Velvet’s enable the
simplification of these pathways, reducing computational memory

requirements. Whilst no single tool repesents the gold standard across all
metrics, Hatem and colleagues identified BWA as the best application for longer

read lengths, as produced with lllumina NGS chemistfye8),

Variant calling is typically the fundamental goal for NGS, with different tools
available for this task, including the Genome Analysis Tool Kit (GAYK5") and
SAM tools(758), Differentiating true SNPs from sequencing artefacts is thmost
challenging part of the process, therefore the greater the read depth (number of

read sequences covering a particular base) the more reliable a variant c&®).
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Whilst the GATK attempts to define optimal pipelines for sequence data analysis
(757), each research group implements pipelines tailored to their specific needs.
Analysis of theC.difficile genome is no different, with the use of Stampy for
mapping, Velvet forde novoassembly and SAMools for SNP calling seemingly
preferred in recent, large scale studie&>7. 565,760, 761) Nonetheless,

bioinformatics expertise is required to access these pipelines, hence, the most

accessible platform, CLC genomics workbench, was utilised here.

In the pursuit of resistance elements, searchable resence determinant
databased762. 763) were interrogated with the historical genomes and loci of
widely reported resistance-conferring chromosomal mutations were aligned
(764), Polymorphisms in the DNA gyrase genegyrA and gyrB have been
extensively described inC. difficile(438. 443-445) " wjith the substitutions in the QRDR
commonly associated with fluoroquinolone resistancé*39. 442,765, The most
common amino acid substitution ingyrAis that of Thr82>lle (438, 443-445) gnd has
been strongly associated with the epidemic ribotype 02712, 766), Conferring
high levels of resistance to modern generation fluoroquinolones, this mutation
reduces the antibiotic binding capacityof the gyrase enzyme, resulting in a
continuation of unhindered DNA synthesig#40), These genetic regions were
examined to ascertain the levels of these polymorphisms in isolates from the
early 1980s.

The dissemination of antimicrobial resistance determinants often occurs
through the horizontal transfer of mobile elements. Common MDR genes
involved in methyltransferase activity, ribosomal protection and efflux have all
been reported inC. difficile as associated with transposable element&4. 488, 489,
528), Themain TET resistance encoding elementetM, has been observed
primarily on Tn916 transposons(“87. 488), whilst carriage on a T5397-like
determinant has also been reported489. Methylation of key residues of
ribosomal subunits can sterically block antibiotic binding, enabling DNA
synthesis to proceed as usual. ErmB and Cfr are two such enzymes with this
capability and have been implicated in concurrent resistance i@. dfficile to
ERY, CLI and the PhLOR&roup of antimicrobials (97. 489, 511, 528) Seventeen
different genetic arrangements of theermB gene have been described i€.

difficile (444,489, 511) with variation in resistant phenotypes observed489. An
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increase in the frequency oermB detection amongstC. difficileisolates was
observed between 199198, correlating with increased useof CLI in the
experimental setting (510, Rates among modern strains have been reported as
high as 28% amongst European isolates, with confluent ERY and CLI resistance
observed“44), Frequencies otfr determinants have been reported as around
10% (530), with Marin et al.identifying the gene in seven out of nine LZD resistant

isolates(528),

Determination of the prevalence of resistance determinants amongst historical
isolates may help to reveal the involvement of these elements in resistance
progression over the last 35 years. Identificabn of the frequencies of resistance
genes could further allude to reasons for proliferation amongst specific
ribotypes. In this chapter, NGS was performed on all historical isolates, with
genomic data interrogated for resistanceconferring chromosomal mutdions

and transposable determinants. Findings were correlated with susceptibility
phenotypes and evaluated for potential clinical impact. Furthermore,
phylogenetic analysis of the historical isolates and modern comparators was

performed to assess the evoliion of common ribotypes.

4.2 Rationale

The determination of genetic aetiology for antimicrobial resistance phenotypes
is essential to the understanding of MDR progression. NGS technologies,
combined with a plethora of genomic analysis tools were utilised ttacilitate a
greater awareness of resistance mechanisms and prevalence in the historical
collection. By enabling comparisons to modern studies, this data would allow
epidemiological differences between two temporally distinct bacterial
collections to be icentified and evaluated for their influence on MDR
development. Phylogenetic analyses were performed to further contribute to the
understanding of C. difficileevolution and how the presence of resistant

determinants progress over time.
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4.3 Methodology

4.3.1 Antimi crobial resistance determinant detection

4.3.1.1 Genomic sequencing

4.3.1.1.1 Culture and DNA extraction
Growth from 24 hour C. difficileCBA culture was emulsified in pharmacy grade

water, achieving a 0.5 McFarland suspension. Emulsifications were transferred
to a deepwell extraction block and DNA extracted with QlIAamp Fast DNA Kit
chemistry (Qiagen) on a QlAxtractor, with extended lysis stages (2 x 10

minutes).

Double-stranded DNA (dDNA was quantified via a PicoGreen tlorescence

assay. Briefly, DNA extracts were diluted 1:50 in a Nunclon 96 Flat Bottom Black
Tray (Thermo Fisher Scientific, USA) and mixed with 0.5% PicoGreen (Life
Technologies, USA) in TBuffer (SigmaAldrich, USA). This was followed by a

ten minute incubation at ambient temperature. Fluorescence was excited at
585nm and measured at 535nm, using a Tecan infinite F200 pro. Absorbance
readings were converted to dDNA quantifications via a célration curve of

lambda DNA(SigmaAldrich). A cut-off of 1 pg/uL dDNA was implemented

before proceeding with library preparation.

Quiality control and sample transposition were assured by PCR ribotyping of four
DNA extracts from disparate plate locationsnd cross referenced back to the

original determination.

4.3.1.1.2 Library preparation and next generation sequencing
Library preparation and sequencing was performed by the University of Leeds

. AgO ' AT AOAOGETT 3ANOAT AET ¢ &BNAEbr&aaydU OOEIT
Prep Kit for lllumina®; (New England Biolabs, USA).

Briefly, dDNA was quantified with the QuantE 4 A Sénstilsity dSDNA Assay

Kit (Thermo Fisher Scientific) and a FLUOstar Omega Microplate Reader (BMG

Labtech UK) to enable an optimal 200 ng of gDN#o be sheared via sonication

in a Covaris E220 Focused Ultrasonicator (Covaris, USA). Optimal DNA

fragmentation was assessed with an Agilent Technologies 2200 Tapestation

(Agilent Technologies USA), prior to endrepair and A-tailing of fragments using
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a two stage incubation with end prep enzyme mix; 30 minutes at 20°C, followed
by 30 minutes at 65°C. NEBNext adapters were ligated to the engpaired
fragments during a 15 minute incubation at 20°C, followed by cleage of the
adapter hairpin at the uracil base by incubation with the USER (Uracil-Specific
Excision Reagent) Enzyme (New England Biolabs) at 37°C for a further 15
minutes. This process creatd the Y:shaped adapters necessary for primer
annealing and binding to the complementary oligonucleotide sequences on the
flow cell. A magnetic bead clean up (AxyPrep Mag PCR clegm Axygen USA
with two 80% ethanol washes removed excess reagents and lnound adapters.
Adapter-ligated fragments were indexed and enriched with unique 6bp primer
indexes, through eight PCR cycles. PEBCR samples were subjected to a further
magnetic clean up step to remove any primer dimers and an additional
Tapestation che& to assess the enriched fragment spread. Indexed libraries
were quantified as previously @.3.1.1.), allowing equal concentrations of
sample DNA to be pooled for cluster generation on the lllumina cBot Cluster
Generation System (lllumina, USA). Clonally amplified DNA, hybridised to the
flow cell, was sequenced on a HiSeq 3000 Sequencing System (lllumina, USA)

through sequencing by synthesis.

4.3.1.1.3 Bioinformatic assembly
Raw read data files were processed through adinformatics pipeline, using CLC

Genomics Workbench (Qiageny>2). Briefly, forward and reverse reads were
compiled into single files by the software, before processed through a trimming
protocol. Here poor quality reads (cutoff 0.05) were annotated to be ignored in
downstream analysesDe novoassembly was achieved via a de Bruijn graph
method (755 with minim um contig length set at 200. Multiple contig files were

generated and output in FASTA format.

4.3.1.2 Genome annotation and resistance gene identification

Identification of resistance determinants was accomplished with a multiple step
algorithm; (Figure 23). Coding DNA sequences (CD& all sets of contig
assemblies were annotated using the Rapid Annotation using Subsystem
Technology (RASTweb server based service, accessible at

http://rast.nmpdr.org (767-769), Sequence data was uploaded in FASTA format and
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annotations were output in both GenBank (an annot&d sequence format for
use with the National Center for Biotechnology Information (NCB) and a fully

searchable, tab delimited format (csV.

RAST outputs were interrogated foresistance genes, putatively implicated irC.
difficile; (Table 17). Nucleotide sequences of known resistaneeonferring,
mutable genes; DNAdirected RNA polymerase beta subunitrpoB), Large
ribosomal subunit proteins (L3, L4 and L22), DNA gyrase subunit AyrA) and B
(gyrB) were extracted from RAS output files and converted irto a FASTA
format using a programmable script coded by the author in th& programming
language; (Appendix). Sequences were then compared with CD630 gef#4

through multiple sequence algnment, using Clustal Omega 1.2(%4),

Assembled contig sequences were interrogated for antibiotic resistance genes

using both the Compreh T OEOA 11 OEAET OEA 2A0AAOAE $A
Resistance Gene ldentifier (REI762) and ResFinder 3.0763). RGI search

parameters were set to include perfect, strict andbose hits, with the latter

allowing for novel resistance determinant and distant homologe searches. All
OPAOEAAOS AT A OOOOEAOG EEOO xAOKk ZOOOEAC
difficile. Results from CARD and ResFinder were cross referenced tcame

maximal identifying coverage, any discrepancies were fgin as confirmation.

Contigs were also searched by PlasmidFinder 1.3 (Center for genomic

epidemiology) (779 to identify plasmid-borne genes originating from the
Enterobacteriaceae family and enterococcus, streptococcus and staphylococcus

genera.

Where the aforementioned software did not identify certain targeted resistance
determinants, amino acid sequences of selectedifative MDR genesTable 17)
were obtained from the necessary publications. These were then BLAST
(v.2.2.26)(771) searched against the individual genomes using the RAST SEED
Viewer (v.2.0). Thecfr, CD2068 and gritike sequences used for comgrisons
were obtained from accession numbers KM359438.1, YP_001088582.1 and
CAJ69589.1; respectively. ThmarR gene from CD630 was compared to all

historical genomes using Clustal Omega alignments.
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Determinant

Mechanism and Putative Phenotype

Reference

ImrA

vgaB

msrA

efrA

cfr

gnr-like

CD2068

cme

marR

cdeA

Bacterial homologue of human MDR efflux
pump, MDR1, functional irE. coli

ATP-binding cassette (ABC) transporter
involved in macrolide-lincosamide-
streptogramin resistance.

ABGF subfamilyinvolved in ribosomal
protection from macrolide and streptogramin
resistance.

ABC transporter involved in MDR efflux,
including fluoroquinolones.

rRNA methyltransferase encoded bgfr causes
methylation of position A2503 of the 23S rRNA
gene. CHL, LZD, CLI and ERY stance.

Pentapeptide repeat proteins protect DNA
gyrase from quinolone activity.

Homologue of cmpA an ABC transporter
involved in MDR efflux, including
fluoroquinolones.

Efflux pump homologie of norA.Resistance to
ethidium bromide, safranin O, and ERY.

Repressor gene for efflux. Resistance to CHL,
cephalosporins, rifamycins, tetracyclines,
fluoroquinolones and penicillins.

MATE family N&-coupled efflux pump.
Responsible for ethidium bromide and acriflavin
resistance, as well as putative fluoroquinolone
resistance.

Van Veeret al. (1996)
(772)

Chesneadet al.(2005)
(773)

Reynoldset al.(2003)

(774)

Leeet al.(2003) (775

Marin et al.(2015) (28),
Candelaet al.(2017) (530)

Rodriguez-Martinez et al.
(2008) (779)
Ngernsombatet al.
(2009) (777

Lebelet al.(2004) (546)

Leedset al.(2014) 213)

Dridi et al.(2004) (509)

Table 17: List of putative resistance genes with potential involvement in C.

difficile resistance, used for historical genome interrogation.

MDRZ

multidrug resistance, MATE multidrug and toxic compound extrusion, CHL
chloramphenicol, LZ[¥ linezolid, CLE clindamycin, ERY erythromycin.


http://www.ncbi.nlm.nih.gov/pubmed/14638474
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Figure 23: Work flow for sequence analysis and interrogation. CARD RGthe
Comprehensive Antibiotic Research Database and Resistance Gene Identifier
software (762, RASTF Rapid Annotation using Subsystem Technold&y),
ResFinder 3.0¢3) (Center for Genomic Epidemiology), Clustal Omega multiple
alignment software 1.2.4764), PlasmidFinder v1.3 (Center for Genomic
Epidemiolog) (770),
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4.3.1.3 Mobile element determination

Transposon identification was sought in order to correlate resistance
determinant configurations with published data. The sequences of B397 and
Tn916-like transposons fromC. difficilegenomes CD630 and M120; accession
numbers AM180355.1 and FN665653.1; respectively, were obtained from the
NCBI website. Thefr gene encoding element, Te218was acquired from
accession number KM359438.1. $giences were aligned to the genomes of the
historical collection using NCBI BLAST.

4.3.1.4 Investigative responses to genotyping data

4.3.1.4.1 Efflux pump inhibition
The impact of efflux mechanisms on antimicrobial susceptibility was

investigated for all isolates demonstating ERY resistance in the absence efmB
genes, as well as those resistant to MXF. The agarorporation method used
previously (Chapter Three), was adapted to allow integration of known efflux
inhibitors; the plant alkaloid, reserpine (Sigma, UKJ78) and proton motive force
inhibitor, Carbonyl Cyanide 3Chlorophenylhydrazone (CCCP (Sigma UK) (779),
Briefly, both efflux inhibitors were dissolved in 5 mL dimethyl sulfoxide and
further diluted in sterile water to create 250 mg/L and 800 mg/L solutions, for
CCCP andeserpine respectively. CIP, MXF and ERY dilution series were each
tested independently and in the presence of reserpine and CCCP to compare the
effect of these compounds on antimicrobial susceptibilities. Wilkin€halgren
anaerobe agar was used with res@ine assays and Brazigs (supplemented
with 2% lysed horse blood) with CCCP. Two millilitres of antimicrobial solution,
plus equal volumes of efflux pump inhibitor were added to 16 mL of agar base
(prepared with a 20% reduction in water content, to accommdate the addition
of efflux pump inhibitors). For the control series, where no inhibitor solution
was added, agar was supplemented with 2 mL sterile water. As previously,
plates were dried and multipoint inoculated with MXF resistant and ERY
resistant, ermB negative isolates. In line with other research, a foufold change

in MIC was considered as efflux related impairmerit44).
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4.3.1.4.2 Further antimicrobial susceptibility testing
Streptomycin susceptibility was assessedith the agarincorporation method,

as previously described; (Chapter Three). Streptomycin (Sigma, UK) was
dissolved in sterile water and tested in doubling concentrations, ranging
between 256 and 2,048 mg/L. Isolates harbouring the putative streptomycin
resistance geneaadE(JV73 and JV7Awere tested alongside nineaadEnegative

isolates.

Isolate JV60, encompassing an ElFu homologue of a mutated elongation factor
relating to resistance to the kirromycin class of antibiotics, was not tested for
phenotypic resistance to this class. Equally, JV73 was not tested for a kanamycin
resistant phenotype, related to the presence of thAAC(6'}le-APH(2") gene,

since it has been demonstrated to have minimal Gram positive and anaerobic

activity (780, 781),

4.3.2 Phylogenetic analysis

NGS data from the historical isolates of seven common PCR ribotypes; 001, 002,
014, 015, 020, 027 and 078, encompassing three different clades, was further
processed through a phylogenetic aalysis pipeline. Sequences were analysed,
grouped by PCR ribotype. Additional comparator sequences from these
ribotypes were included from the EUCLID stud{5¥, (552 sequences from a
pan-European survey [20122013]) and Heet al.(562) (149 ribotype 027

sequences [19852010]).

Sequence data was processed/r David Eyre (Nuffield Department of
Medicine, University of Oxford, John Radcliffe Hospital, Oxford) using a
bioinformatics pipeline established for the analysis of bacterial genomic dat&s’:
782), Briefly, llumina HiSeq sequencing data was mapped to thi& difficile630
reference genome314), with the exception of ribotype 027 (clade 2) isolates,
which were mapped to CD196°79 to enable comparisons of the novel genetic
elements exhibited by this ribotype. Mapping was performed with Stamp§/>4),
variants were identified using AMtools mpileup (758) and filtered requiring a
read consensus of >75% and a minimum coverage of five reads. Maximum

likelihood phylogenetic trees were generated with PhyML(83), from mapped



169

data adapted with ClonalFrameML(84) to exclude regions of recombinatio. The

author analysed the resulting trees using the Interactive Tree of Life (v.4.285).

Prediction intervals were calculated based on SNP and year differences to
nearest neighbouring taxa on the maximum likelibod trees. RStudio v.1.1.383
(786) was used to calculate prediction intervals based on Poisson distribution of

the estimated molecula clock (0.74per genome, per yeay, using the formula:
ppois (SNP difference, years difference*0.74).

E.g. for 25 actual SNP differencdsetween two genomes31 years divergent, the
calculation was: ppois (25, 31*0.74) =0.71
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4.4 Results

4.4.1 Antimicrobial resistance determinant detection

4.4.1.1 Bioinformatic assembly

All historical isolate NGS read data assembledtmmmultiple contig files
successfully. The average assembly size was 4,371,170bp, consisting of 494
contigs with N50 and L50 figures of 128,249 and 2@espectively. Individual

genome assembly statistics are reported in th&ppendix.

4.4.1.2 Transferable genetic elements

Twenty different antibiotic resistance encoding genetic elements were identified
amongst the genomes of the historicaC. difficileisolate cdlection. Sixteen of

these were detected by a combination of the CARRGI and ResFinder 3.0
databases. Eighteen (24.0%) historical strains revealed mobile genetic elements,
by this algorithm. Four additional resistance gene homolages were identified

via BLAST comparisons.

TET resistance gendgetM was identified in seven (9.3%) strains, all of which
demonstrated a TET resistant phenotype. These strains represented three PCR
ribotypes; 012 (n=4), 078 (n=2) and 015 (=1); (Figure 24). All tetM genes
clustered into two phylogenetically distinct groups; Figure 25). In all ribotype
012 genomestetM was contained on the TB397 transposon, matched with
100% coverage and sequereidentity. All other genomes harbouring the TET
resistance determinant carried it on a T®16-like mobile element,
demonstrating 100% coverage and 97% identity with that contained on th€.
difficile M120 genome. One isolate, JV32, harboured an additionelA(P) gene in
conjunction with tetM, displaying a TET MIC of >32 mg/L. No other strains
exhibited reduced susceptibility to TET; Table 18).

MLSs resistance determinant,ermB, was detected in six (8.0%) genomes,
reflecting ribotypes 014 (n=3), 012 (h=2) and 010 (=1); (Figure 24). AllermB
gene sequences clustered by ribotypefF{gure 25). Three isolates (50.0%)
demonstrated a conbined CLI and ERY resistant phenotype, whilst one (16.7%)
exhibited resistance to CLI only and two (33.3%) were fully susceptible to
members of the ML8class. Eight (10.7%) strains displayed an ERY resistant
phenotype, with no evidence of theermB gene, whilst thirty -six (48.0%) showed
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reduced susceptibility to CLI in the absence of thermB determinant; (Table 18;
Figure 26).

Four genomes (5.3%) revealed the presence ofcallection of VAN resistance
determinants (vanRGvanSGvanUGvanYGvanG vanXYGvanWGandvanTQ,
correlating precisely with all intermediate VAN resistant (4 mg/L) phenotypes.
Although representing three ribotype variants, all four of these strains @re co
recovered from a single patient at multiple time points. Sixtfour remaining
strains exhibited CARBRGI matches of 77.9% similarity to VAN resistance
regulator gene,vanRG with single instances ovanSDand vanSGyenes also
discovered. None of thee strains conferred a reduced susceptibility to VAN;
(Table 18).

ermB tetM cfr

< ' " ‘

Van Operon aadE Thr82>Ile

0Oe

® PCR Ribotype 001 = PCR Ribotype 010 = PCR Ribotype 012 = PCR Ribotype 014 m PCR Ribotype 015
® PCR Ribotype 027 m PCR Ribotype 041 ® PCR Ribotype 078 ® PCR Ribotype 200

B CLI Rxonly M Resistant O Intermediate @ Sensitive

Figure 24: Distribution of resistance determinants and phenotypes identified
in historical C. difficile genomes (1980 -86) by PCR ribotype.Inner circles refer
to susceptibility phenotype proportions to relevant agents; erm@rythromycin
and clindamycin, tetM tetracycline, cfrz clindamycin, chloramphenicol and
linezolid, Van operorz vancomycin, aadg streptomycin, Th82>lle in gyrAz
moxifloxacin. Numbers refer to n size.
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All four LZD resistant isolates, JV14, JV17, JV22 and JV30 demonstrated coding
sequences with 100% identity to thecfr gene, previously identified inC. difficile
28), All cfr genes were located on Té218transposons, correlating with

concurrent CHL and CLI resistance.

The genomes of strains JV73 and JV74 demonstrated perfect matches to
streptomycin resistance determinant,aadkg with the former also revealing an
AAC(6'}Yle-APH(2") complex associated with kanamycin resistance. Upon further
testing both of these isolates exhibited streptomycin resistance (>2,048 mg/L),
whilst all but one aadEnegative strain indicated MICs of <512ng/L. Isolate

JV47 revealed a streptomycin MIC of >2,048 mg/L in the absence of twedE
determinant; (Appendix).

The putative ABC transporterCD2068was detected in 85.3% of historical
isolates, with BLAST comparisons revealing identities >98%. The renmang
eleven isolates only demonstrated 3681% homology and consisted of ribotypes
015 (n=6), 020 (h=3), 341 (h=1) and 862 (n=1). All isolates revealed >99%
identity with gnr-like putative pentapeptide repeatcontaining protein, with the
exception of JV59 wiich revealed 91% homology. Isolate JV60, ribotype 619,
exhibited a sequence similarity (80.6%) with astreptomycesderived elongation

factor, EFTu, implicated in natural kirromycin resistance.

All genomes revealed 100% identity with thecmegene fromC.difficile strain H3,
whether demonstrating an ERY resistant phenotype or not. The multidrug efflux
gene,cdeAwas universally observed in all historical genomes. Conversely, MDR
determinants msrA, ImrA, vgaBnd efrA, present in other organisms were not

detected in thisC. difficilecollection.
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Figure 25: Phylogenetic analysis of ribotype (RT) clustering of ermB (top)
and tetM genes (bottom) identified in the historical (1980 -86) C. difficile
collection. Genes were aligneditth Clustal Omega and visualised by the
Interactive Tree of Life.

4.4.1.3 Mutational resistance
Fifty-six (74.7%) genomes revealed amino acid substitutions in known mutable

resistance-conferring genes gyrA, gyrBand rpoB); (Table 18).

Seven strains (9.3%), including all three ribotype 027 isolates exhibited the
common Thr82>lle polymorphism in thegyrAgene. All MXF resistant
phenotypes (16-:32 mg/L) correlated with this mutation. Two of six ribotype 001
strains shared these characteristics, along with each ribotype 041 and 200
isolate; (Figure 24). Epidemic ribotype 027 strains also exhibited two further
gyrAmutations; Leu406>Ile and Asp468>Asn, which have not previously been
reported as linked with fluoroquinolone resistance. Across the entire collection,
only two other non-synonymous mutations were determined ingyrA,
Lys413>Asn fi=3) and Asp205>Glu 1G=1), although only the ubiquitous CIP

resistant phenotype was displayed in thee strains; (Table 18).

Eight variant gyrB polymorphisms were identified amongst the strain collection,
with fifty (66.7%) genomes revealing at least one nofsynonymous mutation in

the gyrB gene. Whilst, no previaisly reported mutations related to
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fluoroquinolone resistance were discovered, five mutant variants were
determined. The two most prevalent were Val130>lle and Ile139>Arg, revealed
in 29.3% and 25.3% of historical genomes, respectively. Ribotype 078 straimall
exhibited three gyrB mutations; GIn160>His, Ser366>Val and Phe375>Leu,
whilst all ribotype 017 isolates displayed the Ser366>Ala mutation alone. Single
instances of lle266>Val and Glu523>Gly substitutions were identified in
ribotypes 061 and 137, repectively; (Table 18). None of these substitutions
correlated with reduced susceptibility to MXF.

I TATUOGEO 1T £ OEA 2.1 bl Ul hdBAhddalegsixOOA
non-synonymous mutant genotypes; lle750>Met (10.7%), lle750>Val (8.0%),
lle750>Glu (1.3%), Pro1113>Ser (1.3%), Val1033>Gly (1.3%) and concomitant
Glul037>GIn, Asn1207>Ala, Ala1208Fhr and Asp1232>Glu mutations,
representing all ribotype 027 strains. Newly assigned ribotype 862 strain, JV59,
the only isolate exhibiting reduced susceptibility to rifampicin, demonstrated 16
non-synonymous mutations in therpoB gene; (Table 19), however, none had

been previously linked to a resistant phenotype.

No nonsynonymous mutations were observed in the majority of historical
genomes when compared to thenarR transcriptional regulator sequence of
CD630. Segence identity was 99% for all isolates except JV59, which had

previously demonstrated distinct phylogeny.

(@}
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. PCR Resistance Non-synonymous mutations Phenotypic
Strain Ribotype Genes Resistancen
yp Identified* gyrA gyrB rpoB
JVvo1l 012 tetM, ermB, CLI, CIP, CRO,
cdeA TET, ERY
JV02 027 cdeA Thr82lle, Glul1037GIn, MXF, CLI, IPM(I),
Leu406lle, Asnl1207Ala, CIP, CRO, ERY
Asp468Asn Ala1208Thr,
Aspl1232Glu
JV03 015 cdeA Vall30lle CLlI, CIP, CRO(l)
JVo4 001 cdeA CLlI, CIP, CRO(l)
JV05 020 cdeA lle139Arg CLI(1), CIP,
CRO(I)
JV06 020 cdeA lle139Arg CIP, CRO(])
JVOo7 015 cdeA Vall30lle CLI(1), CIP,
CRO(I)
JV08 220 cdeA lle139Arg lle750Val, CLlI, CIP, CRO(l)
Pro1133Ser
JV09 015 cdeA Val130lle CLI(1), CIP,
CRO(I)
JV10 015 cdeA Val130lle CLI(1), CIP,
CRO(I)
JV1il 015 cdeA Val130lle CLlI, CIP, CRO(l)
JV12 020 cdeA lle139Arg CLI, CIP
JV13 020 cdeA lle139Arg CLI(1), CIP,
CRO(I)
V14 078 cfr, tetM, cdeA  Lys413Asn  GIn160His, lle750Met CLI, CHLLZD,
Ser366Val, CIP, TET
Phe375Leu
NAVARS) 020 cdeA lle139Arg CLlI, CIP, CRO(l)
JV16 056 cdeA CIP
JVv17 015 cfr, tetM, cdeA  Lys413Asn  GInl60His, Ille750Met CHL, CLI, CIP,
Ser366Val, LZD, CRO(l), TET
Phe375Leu
JVvi8 103 cdeA CLI, CIP, CRO(l)
JV19 137 cdeA Val130lle, CLlI, CIP, CRO(l)
Gu523Gly
JV20 041 vanRG, vanSG, Thr82lle VAN(I), MXF, CLI,
vanYG, vanG, CIP, CRO(l), ERY
vanXYG, vanTG
vanWgG, vanugG,
cdeA,
JVv22 078 cfr, tetM, cdeA  Lys413Asn  GIn160His, lle750Met CLI, IPM(1), CHL,
Ser366Val, LZD, CIP, TET
Phe375Leu
JVv23 001 vanRG, vanSG, Thr82lle VAN(I), MXF, CLI,
vanYG, vanG, CIP, CRO, ERY
vanXYG, vanTG
vanWgG, vanuUgG,
cdeA
JVv24 200 vanRG, vanSG, Thr82lle, VAN(I), MXF, CLI,
vanYG, vanG, Leu406lle, IPM(I), CIP, CRO,
vanXYG, vanTG Asp468Asn ERY
vanWgG, vanUG,
cdeA
JVv25 014 ermB, cdeA lle139Arg CLlI, CIP, ERY
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Resistance

Strain Ribot Genes Resistancen
IDotype Identified* gyrA gyrB rpoB esistanc
JV26 015 cdeA Vall30lle CLI, IPM(I), CIP,
CRO(l)
Jva7 020 cdeA lle139Arg CLI, CIP
Jv2g 001 cdeA CLI, CIP
JV29 002 cdeA CLI(1), CIP,
CRO(l)
JV30 012 cfr, tetM, ermB, CLI, CHL, LZD,
cdeA CIP, CRO(l), TET
Jv3l 002 cdeA CLI, CIP, CRO(l)
JV32 012 tetM, tetAP, CLI, IPM(I), CIP,
cdeA CRO, TET
JV33 014 ermB, cdeA lle139Arg CIP
JV34 001 vanRG, vanSG, Thr82lle VAN(I), MXF, CLI
vanYG, vanG, (), IPM(1), CIP,
vanXYG, vanTG CRO(l), ERY
vanWG, vanUG,
cdeA
JV35 020 cdeA lle139Arg lle750Val CLI, CIP
JV36 015 cdeA Vall30lle CLlI, CIP, CRO(l)
Jv37 001 cdeA Val130lle CLI, CIP, CRO(l)
JV38 626 cdeA Val130lle CLI(1), CIP,
CRO(I)
JV39 341 vanYG, cdeA Vall30lle CIP
Jv40 014 ermB, cdeA lle139Arg CIP
JvV4l 002 cdeA CLI, CIP, CRO(l)
V42 015 cdeA Vall30lle CLI(1), CIP,
CRO(l)
Jv4a3 015 cdeA Vall130lle CIP, CRO(])
Jva4 020 cdeA lle139Arg CIP
Jv4as 015 cdeA Vall130lle CIP, CRO(])
JV46 061 cdeA Val130lle, Vall033Gly  IPM(I), CIP, CRO
lle266Val
Jva7 012 tetM, cdeA IPM(l), CIP,
CRO(l), TET, ERY
JVv48 020 cdeA lle139Arg CIP
JV49 032 cdeA CIP
JV50 017 cdeA Ser366Ala lle750Met CLI(I), IPM(1),
CIP, CRO, ERY
JV51 020 cdeA lle139Arg lle750Val IPM(I), CIP,
CRO(I)
JV52 020 cdeA lle139Arg lle750Val CLI(I), CIP
JV53 020 cdeA lle139Arg lle750Val CLI(I), CIP
JVv54 015 cdeA Vall130lle CIP, CRO(l)
JV55 015 cdeA Vall130lle IPM(1), CIP,
CRO(I)
JV56 017 cdeA Ser366Ala lle750Met IPM(I), CIP
JV57 200 cdeA Val130lle IPM(I), CIP,

CRO(l)
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. PCR Resistance Non-synonymous mutations Phenotypic
Strain Ribotype Genes Resistancem
YP€  4entified* gyrA gyrB rpoB
JV58 017 cdeA Ser366Ala lle750Met IPM(I), CIP
JV59 862 cdeA RIF(1), IPM(1),
SeeTable 19 CIP, CRO(I)
JV60 619 S. cinnamoneus CIP, CBR(I)
EFTu, cdeA
Jvel 015 cdeA Val130lle IPM(), CIP,
CRO(I)
JV62 015 cdeA Vall30lle IPM(I), CIP,
CRO(I)
JV63 001 cdeA Vall30lle IPM(I), CIP,
CRO(I)
JV64 020 cdeA lle139Arg CIP, CRO(l)
JV65 033 cdeA Lys413Asn  GInl60His, lle750Met CIP
Ser366Val,
Phe375Leu
JV66 015 cdeA Val130lle IPM(1), CIP,
CRO(l)
JV67 027 cdeA Thr82lle, Glul037GIn, MXF, IPM, CIP,
Leu406lle, Asnl1207Ala, ERY
Asp468Asn Ala1208Thr,
Asp1232Glu
JV68 242 cdeA Ser366Ala lle750Met CIP
JV69 014 cdeA lle139Arg CIP
JV70 003 cdeA lle139Arg lle750Val CIP, CRO(l)
Jv71 070 cdeA CIP, CRO(])
JV72 023 cdeA Asp205Glu CIP, CRO(l)
V73 027 aadE, AAC(6Y) Thr82lle, Glu1037GIn, MXF, IPM(l), CIP,
le-APH(2"), Leu406lle, Asnl1207Ala, CRO, ERY
cdeA, ant(6)la  Asp468Asn Ala1208Thr,
Aspl1232Glu
JVv74 010 ermB, aadE, CLI, IPM(1),
cdeA CHL(l), CIP, ERY
JV75 061 cdeA IPM(I), CIP, CRO
JV76 070 cdeA IPM(), CIP

Table 18: Summary of resistant determinants and phenotypes for 75
historical C. difficile strains (1980 -1986).* Resistance genes were identified

either by the Comprehensive Antibiotic Research Database (CARD) Resistance Gene
Identifier (RGI)(762) and/or ResFinder 3.0763). The cfr gene was identified through

BLAST comparisonsy " OAAEDT ET 00 AMasddborafd UASACIimcalA OE |
& Laboratory Standards Institute (CLSI) and European Committee on

Antimicrobial Susceptibility Testing (EUCAST); or existing publications. VAN
vancomycin, RIFifampicin, MXFmoxifloxacin, CLtlindamycin, IPMimipenem,
CHL-chloramphenicol, CIFciprofloxacin, CR&eftriaxone, TETetracycline, ERY
erythromycin. (I) indicates intermediate resistance.
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Figure 26: Heat map of antimicrobial resistance genes and ph enotypes
observed in the historical collection. Breakpoints as defined previously, based on
CLSI and EUCAST definitions, or existing publications.-VaMtomycin, MTZ
metronidazole, RIFifampicin, FDXfidaxomicin, MXFmnoxifloxacin, CL

clindamycin, IPMimipenem, CHichloramphenicol, TG@&gecycline, LZEinezolid,
ClIRciprofloxacin, TZPpiperacillin/tazobactam, CR@&eftriaxone, AMXamoxicillin,
TET-tetracycline, ER¥erythromycin, STR streptomycin.
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4.4.1.4 Distinctive genome, JV59

Isolate JV59 demonstrated a high number of nesynonymous mutations in the
phenotypically important gyrA (n=12), gyrB (n=8) and rpoB (n=16) genes; [able
19). Whilst intermediate resistance to RIF waglentified in this strain, the

gyrase alterations conferred no reduction of susceptibility to MXF.

Non-synonymous mutations

gyrA gyrB rpoB
Asn4>Lys Vall30>Leu Thr227>Ser
Vall94>lle llel39>Val Glu291>GIn
Leu406>GlIn lle348>Leu Asp312>Glu
Glu410>Asp Ser366>Ala* Ala316>Asp
Lys413>Asn Ser416>Ala Asp350>Asn
Asp444>Glu Val563>Ala Ser575>Ala
Ser478>Ala Glu581>Asp Glu603>Asp
Val546>lle Glu587>Asp Asn744>Ser
Ala613>Thr Asp747>Glu
Lys628>Arg GIn748>Lys
Glu664>Asp lle750>Glu
Glu693>Asp Lys751>Arg
Val951>lle
Glu1019>Asp
Ser1038>Thr

Aspl1232>Glu

Table 19: Table of non-synonymous substitutions identified in the JV59
genome in genes known for conferring resistant phenotypes. * Previously
reported in a moxiflox&in sensitive C. difficile straif4%8).

4.4.1.5 Resistance gene identification software comparison

Resistance genes (>90% identity) were identified by both CARRGI and
ResFinder 3.0 in 92% (46/51) of cases. Both ideniidation systems overlooked
determinants recognised by the other. ResFinder failed to identify resistance
elements in three instances (5.9%), including failing to detect the presence of an
ermBgene in JVO1, even though it was highlighted with 99.15% idekyiby the
CARD algorithm. Individual VAN resistance elementanYGwas not reported by
ResFinder in isolate JV3%anWGwas missed in JV34. CARRGI could not detect
resistance determinants on two occasions (3.9%), with the lack of identification

of aadEgenes in JV73 and JV74; (Appendix). ResFinder did not report the highly
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abundantcdeAgene or anywvanRGvanSGr vanSDgenes with lesser similarity
(77.9%).

Neither software was able to identify the presence of thefr gene, whilst the

RAST service assighA OE A A RibdsainAl @HA LargeGBubunit
Methyltransferase ® O AT AET ¢ $.! OANOAT AAO EI
whether they encoded for Cfr or RImN proteins. No plasmids were identified by

the PlasmidFinder 1.3 algorithm.

4.4.2 Phylogenetic analysis

Isolates recovered from the historical catalogue generally formed clusters with
at least one other strain from the same collectionKigure 27 - Figure 33),
reflecting the original sampling frame. The estimated number of SNPs from the
AT T OAOO OIi 1 AA AB)dvasEdnimbnly @éntifipdcast13. In keeping
with the age differences between the historical isolates and comparator
sequences (~30 years) and the estimated ratef C. difficileevolution (~0.74
SNPs peigenome peryear), the majority of sequences (69%) fit within a 95%

prediction interval of Poisson distributions.

Analyses of two PCR ribotypes provided exceptions to these findings. The three
ribotype 027 isolates did not cluster together and the historical isolates, JV73
and JV67 were only eight and two SNPs different from genomes recovered in
2008 and 2006; respectively; Figure 27). The Poisson probability distribution of
these events were calculated as 4.51 x @&nd 3.93 x 163, for JV73 and JV67
respectively. Isolate JV02 demonstrated closest relatedness to another UK
isolate from 2008, 13 SNP differences, but within the prediction interval,
(p=0.07). Furthermore, tre three ribotype 027 genomes demonstrated multiple
non-conserved regions between each isolate. Isolates JV14 and JV22,
representing PCR ribotype 078, demonstrated identical genomes, representing
six SNP differences from an Irish strain from 2013;Kigure 29). Prediction
intervals for six SNPs in isolates of this presumed age were outside of the 95%

probability projection, based on current molecular clock estimationsp=0.0003.

Al
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45 Discussion

4.5.1 Antimicrobial resist ance determinant detection

Whilst the C. difficilecore genome is comprised of approximately 1,000 genes, the
pan genome consists of nearly 10,00073). This demonstration of genomic
plasticity highlights the potential for resistant determinant acquisition through
mobile genetic elements. The historical collection harboured twenty resistance
conferring genes with the poential to spread amongst the gut microbiome, along
with multiple mutational elements. As these strains are exposed to antibiotics, a
selection process may result in concentration of MDR. difficilecausing greater

clinical challenges.

4.5.1.1 Macrolide -lincosami de-streptogramin -B resistance

Methylation of ribosomal RNA is widely accepted as the most prevalent
mechanism of resistance to the ML&lasses of antimicrobials, with the ERY
resistance methylation genes predominant in resistan€C. difficile(444. 498), Whilst

up to 86.7% of modern isolates have demonstrated the presence of taemBgene
(521,728) only eight percent of this historical collection harboured the determinant.
This disparity is potentially attributable to the temporal differences between the
strain catalogues, since more comparable frequencies (15%) were reported @
difficile from 1987-1998 (10), This North American study by Tang-eldmanet al.
demonstrating an elevated occurrence rate wasbservedover a period spanning a
decade and was primarily associated with increased CLI use and subsequent
selection®19), This increase in resistant genotype prevalence over time may be as
expected, since the frequency and heterogeneity of genetic arrangements
previously reported in ermB determinants suggests high levels of transosition

and genetic exchange among4l. difficileand other specieg48d. 496, 511, 512)

Reflective of previous publicationg510. 521, 787) resistance to both ERY an@LlI in
the ermB positive isolates was not absolute, with a minority of strains containing
the determinant, but displaying CLI sensitivity. Here, two strains remained
lincosamide sensitive, whilst harbouring this resistanceconferring element. This
could patentially be explained in terms of an inducible ML&phenotype, often
reported in Gram positive bacteria788. 789), |solates demonstrating contrasting

phenotypes (ERY resistant / CLI sensitive) arise because CLI is known as a poor
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inducer. This inducible phenotype could have important clinical imfications in

instances where ML&therapy is used.
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Figure 34: Schematic representation of the configuration of regulatory
sequences upstream from the ermB gene of historical C. difficile genomes.
Thick blue lines represent identical nucleotides to the consensus sequence, whil
dashed lines represent sequence variation.

Analysis of the upstream regions of thermBgene was performed to establish any
sequence differences that may be inhibiting methyltransferase expressiofrigure
34). ERY sensive isolate JV30 exhibited an additional repeating region on the
leader peptide sequence. Since mutations grm leader peptide regions have been
reported to reduce the efficacy of expression inductiofr99), this sequence
polymorphism has the potential to cause the sensitive phenotype observed here.
During an urrinduced state the ShineDalgarno sequence of thermBgene is

concealedwithin a hairpin structure in the mRNA, resulting in inhibited
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translation. In the presence of an ERY inducer molecule the ribosome stalls during
leader peptide translation, exposing theermB Shine-Dalgarno sequence for
translation (791), Therefore, sequence mutation in this region may impact on RNA
secondary structure and expression inducibility, ultimately affecting susceptibility
phenotype. Furthermore,the transcriptional regulator is truncated in this genome

and may impact the transcription of the methyltransferase.

These data cannot explain the exact mechanisms behind the apparent lacleohB
expression in isolates JV33 and JV40. Since these seqesrere comparable with
those of ERY resistant isolates (JV01/JV25), they may require a preeubation
with sub-MIC ERY in order to induce expression. Alternatively, there could be a
potentially distant, trans-acting element silencing the gene. Whilst theegjuences
237bp upstream of the transcriptional regulator are different between resistant

and sensitive isolates, these regions may be too distant to impaatmB expression.

Interestingly, isolate JV74 demonstrated an absence of leader peptide or Shine
Dalgarno sequence, but still an ERY resistant phenotype. This may be explained in
terms of a substantial deletion of upstream sequence resulting in a lack&imB
Shine-Dalgarno obstruction and subsequent over expression of trermB gene

(791), This would suggest that resistance in this strain was constitutive as opposed

to inducible.

Additional determinants have been demonstrated to confer this susceptibility
pattern in other genera, with anmsrAgene responsible forresistancein
streptococci(789). The mechanism ofnsrA-like proteins has recently been
attributed to one of ribosomal protection, as opposed to effluxclarifying long
standing controversy in this area?92. Although not previously reported in C.
difficile, this protection protein has selective activity for 14 and 1&membered ring
macrolides, andis therefore incapable ofinhibiting lincosamide activity, thus
generating phenotypic differentiation. Nonetheless, this study was unable to
identify any closemsrAhomologues amongst the historical collection. Further
unidentified determinants responsible for this phenotype could potentially

demonstrate similar ribosomal protection mechanisms.

SinceermB presence usually confers ERY resistané#&4. 510.521) the unexpected
finding of two strains (JV33 and JV40harbouring the gene, but not indicating the

resistant phenotype (even after secondary testing) was intriguing. This may be
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due to expression complexities associated with promotor or regulator sequences
or even a mutation within theermBgene, leading to Igs of functionality. The

latter notion has been previously reported in arermB positive, ERY sensitiveC.
difficile strain (793, Nonetheless, although three differenérmB gene sequences
were obseved (Appendix), these did not correlate with the resistant phenotypes
and cannot explain the differences detected. Further investigations would be

required to determine the mechanism behind these discrepancies.

Similarly, since ten strains tested in thistudy exhibited an ERY resistant
phenotype without the presence of the classiermBgene, further elements
conferring a reduced susceptibility must be conveying influence. Similar to one
large study of MDRC. difficilestrains, where 17% of isolates exhilied ERY
resistance in the absence of aearmBdeterminant (444, this collection revealed

12% with the same genotype/phenotype combination. Additional efflux
transporters (794.795) or target modifications in rRNAdomains (513. 796) could

provide ulterior mechanisms for macrolide resistancealthough no non
synonymous mutations were discovered in the L22 or 23S large subunits of rRNA
ET AEOEAO OEE O “ OheldabdE i€skafch &utlyao coreiGakd
that all nine ermB negative strainsreferred for supplementary MIC testing were
unaffected by efflux inhibitors, CCCP and reserpine. Correspondingly, CCCP and
reserpine testing revealed no demonstrable effect on ERY MICs in these historical
strains, suggesting the presence of further, undetmined elements relevant to the
macrolide resistance mechanism. No proximal homolages to mefAor mefE
determinants were detected amongst the historical collection, with all CARRGI

outputs revealing <35% similarity.

4.5.1.2 Oxazolidinone resistance determinants

LZD resistance amongst. difficileis uncommon(797-799) although higher
prevalence has been demonstrated in ribotype 001 and 027 isolaté€8%. Whilst it
is not a typical treatment option for CDI, as with many broad spectra
antimicrobials, resistance to this oxazolidinone has the potential to induce
disease. This protein synthesis inhibitor targets the 23S ribosomal RNA unit, with
resistance conferred via alteration of the central loop domain ¥, In C. difficile
the predominant resistance aetiology is the presence of thefr geneand the

subsequent methylation at position A2503528.530.532) The discovery of this gene
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in all four LZD resistant isolates doubtlessly conferred the phenotype in these

strains, all of which revealed concurrent CHL and CLI resistance, as previously

associated with this multiple resistance determmant (225 528), |nterestingly, two of

these isolates represented the 078 ribotype, in support of the work by Mariat al.

who identified the cfr gene on a TB218transposon amongst ribotypes 017 and

078 (528), In support of this data the same transposable element harboured tioér

gene in all LZD historical genomes. Curiously, the RAST annotation service proved

unable to distinguish between theCfr and RImN methyltransferases, since both

i AOEUI AOA OEA ' qumno DI OEOEITh AGRAECT ET C
methyltransferas® 8 (1 x AOAOh OEA 12 AOpphedtbthed®E Ul AOAC
position directed by thecfr gene, and crucially is1ot associated with reduced

antimicrobial susceptibility (801),

Whilst, the presence of thefr gene is the primary source of LZD resistance i@.
difficile, point mutations in ribosomal proteins have also been linked to
oxazolidinone resistance in its absencé?28. 802, 803) Here, investigations of three
previously implicated ribosomal proteins, L3, L4 and the 23S subunit revealed
several nonsynonymous substitutions. Though mutations in th&3S ribosomal
subunit are the most prevalently reported resistanceconferring element in other
species(®00. 804) with the Gly2576>Thr substitution strongly implicated, none were
discovered during anin vitro passage experiment withC. difficile(%%), Nonetheless,
further regions of the central loop domain, crucial to drugribosome interactions
have been discovered, including the substitutions Gly2032>Ala and Gly2447>Thr
(E. colinumbering) %), In the genomes investigated in this thesis, 12 isolates
revealed three variant amino acid substitutions at the 1le750 codonTable 18), in
the proximity of the aforementioned point mutations. Intriguingly, all LZD
resistant isolates exhibited a methionine replacement at this position, providing
further credence to the notion that these point substitutions may effect the
tertiary structure of the LZD active site. Interestingly, replacement of the aliphatic
isoleucine at the same codon with either valine or glutamic acid did not correlate
with a resistant phenotype. Since valine has very similar properties to isoleucine,
this exchange may not convey asgnificant structural changes as the sulphur
containing methionine. Nevertheless, five isolates demonstrated the lle750>Met
point mutation in the absence of a resistant phenotype, potentially suggesting that

this polymorphism is not independently responsibde for the phenotype.
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Examination of the L3 ribosomal protein gene revealed only one nesynonymous
substitution amongst all historical genomes. Identified in the highly distinct
genome of isolate JV59, an lle205>Val mutation did not correlate with LZD
resistance. However, SNPs were detected in the L4 protein in concurrence with
reduced susceptibility; (Appendix). Resistant isolates JV14, JV17 and JV22
exhibited Gly71>Asp and Val163>lle point mutations, which although is distal to
the drug binding site, haseen linked to reduced susceptibility to LZ[¥%). The
former substitution has been associated with resistance i€€. perfringengso?),
whilst a proximal Lys68>Asn mutation has been implicated il€. difficile(805),
Although the finding of this substitution correlated with LZD resisance in these
isolates, JV30 exhibited a lower level of resistance (8 mg/L), in the absence of any
L4 gene variations. Whilst it seems more plausible that the presence of th
gene is likely the primary aetiology of the phenotypethese substitutions may be
contributory. Non-synonymous amino acid replacement at the Val63 codon was
deemed as less plausible as an influential factor in the reduction of LZD
susceptibility, as JV65 harboured modification at this position, independent of

resistance.

The rate of cfr prevalence amongst this historical collection was lower than
reported in modern collections, 5.3% vs 10%°30), Although CLI use is currently
subject to greater restriction (8. 103) this increase may be attributed to the
introduction of LZD in the interim period (8%8), resulting in increased selection of
this gene. The identification of thecfr gene amongst an isolate collection from the
pwpnd O OOCCA OO Gantiayhdve oEtibGied foB. dificddd E 1
outbreaks in a period of elevated CLI use.

4.5.1.3 Tetracycline resistance determinants

All TET resistance discovered in this historical catalogue was correlated with the
primary determinant in C. difficile tetM (486. 488), The importance of this element
was supported by the absence of any TET sensitive isolates harbouring thene
The 9.3% prevalence rate ofetM in this collection corresponds closely with the
13.0% resistance raes amongst UK isolates from 19786 (381), Although TET
resistance rates in the UK have reduced since this periél. 394, European
frequencies were reported as high as 17.1% in MDR isolaté$9. In support of

previous work (444, 488) this TET resstant group encompassed all instances of both
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ribotypes 012 and 078. These two ribotypes have historically contained resistance
determining transposable elements, with the TB397 and TrO16-like transposons
found in 012 and 078, respectively4®. These findings are reflected unerringly in
the historical genomes interrogated in this thesis. This complete coverage of
particular strain types is indicative of resistant elements proving advantageous,
leading to retention and subsequent clonal expansion. Interestingly, a recent
report from Dingle et al.revealed the presence of théetM gene in 76.9% of
ribotype 078 isolates(®09), identifying the determinant in pre-1990 strains, but
describing major clonal expansion from 2000 onwards. The research postulated
that the most plausible explanation for this, in the wake ofaduced clinical use,

was agricultural prescribing and zoonotic transmission.

The presence of an additional TET resistance elemeigtA(P), in conjunction with
tetM in isolate JV32, correlated with a >32 mg/L TET MIC. This MFS efflux
determinant featuring 12 transmembrane domains, is ubiquitous amongst.
perfringens(®19 and has previously been reported in 19% of zoonoti€. difficile
isolates(576), Theminimal clinical data associated with this specimen documents
Grofuse diarrhoea following tetracyclind 8 #1 ObP1 AA xEOE OEA
this potentially indicates that, whilst tetA(P) imparts no independent resistant
phenotype 76), these two elements combinednay demonstrate an exacerbating
effect. NonethelesstetM mediated TET resistance irC. difficilehas been linked to
a diverse range of resistant phenotype$!1, with gene configuration contributory
to this.

4.5.1.4 Fluoroquinolone resistance determinants

The QRDRhas been outlined as a region of mutational hotspots, relevant to
fluoroquinolone resistance development“38). The majority of substitutional
determinants are reported in these short regions of thgyrAand gyrB genes(765.
812-814) gnd the examination of historical genomes from this study revealed
comparable findings. All MXF resistance detected in the historical collection
correlated with the common Thr82>lle substitution. Associated with higHevel
resistance (1632 mg/L), the majority of strains carrying this genotype
represented ribotypes 001 and027. In addition to this mutation, all three 027
isolates carried the same two, norsynonymous substitutions, Leu406>lle and

Asp468>Asn. Whilst neither of these two extr&QRDR alterations have been

000
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independently associated with a resistant phenotype, thegannot be dismissed as
contributory factors based on this data set. Similarly, the two further non
synonymous substitutions identified ingyrA of the collection did not convey MXF

resistance.

While the isolates displaying MXF resistance are well charactsed with the
Thr82>lle mutation, the rationalisation for the ubiquitous CIP resistance was not
clear. While there are several known mechanisms of fluoroquinolone resistance in
bacteria, unfortunately, the data presented in this study cannot provide suffient
information to identify a mechanism for the putatively intrinsic CIP resistance
observed here. Whilst evidence for the involvement of putative efflux or gyrase
protective homologues, such a€D2068777) or gnr-like genes(®15. 816) jg

undermined by lack of absolute correlation between genotype and phetype, all
extra-QRDR mutations revealed a neexistent relationship with CIP resistance.
Therefore, further unidentified mechanisms are likely connected, whether that be
efflux or mutational inhibition. Although C. difficiledoes not contain any closg@arC
homologues, the role of the topoisomerase IV must be performed by an alternative
enzyme, as it is crucial to DNA synthesis. Therefore, there may be an unidentified
enzyme of similar function, with a lower affinity to CIP, which potentially inhibits

its action. Discussion of the evidence available from this investigation, including
the reasoning why they are unlikely to be the cause of CIP resistance, is presented

below.

Multiple sequence alignments of two putative fluoroquinolone resistance
determinants, aqnr-like, pentapeptide protein and an AB@ansporter, CD2068
was performed to further investigate a potential mechanism for the apparent,
intrinsic CIP resistance observed hereCD2068nhas been associatewvith
upregulation in the presence of CIP and the impact on fluoroquinolone
susceptibility has been reported inC. difficile(777), Demonstrating 63% identity
with the CpmA transporter observed in other clostridia®1?, this putative MDR
efflux determinant exhibited >98% identity in the majority of historical genomes.
Since this ATPactivated element has demonstrated membrane translocation of
several antimicrobial classesincluding fluoroquinolones (777, it has the potential
to be associated with the CIP resistancebgerved in these strains. However, it

cannot explain the resistance in those isolates exhibiting low homology (30%) to
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this gene and therefore, it is likely that the CIP resistance cannot be attributable to
this determinant. Interestingly, the presence ofhis CD2068like gene with low
homology seemed confined to specific ribotypes (015 and 020, particularly).
Coupled with its low homology determination in single instances of two rare,
distinctive ribotypes (341 and 862), it appears to represent an elemerdssociated

with clonal divergence.

Further genomic analysis revealed the presence of homologues (>99%) to the
DNA gyrase protectinggnr-like element (815.816). However, thisC. difficileelement
only demonstrates a low homology to theE. coligene responsible for a
pentapeptide repeating protein, which inhibits the quinolone molecule from
binding to the gyrase active site. Whilst close homologues to tl@& difficileelement
discovered in other clostridia conferred a reduction in susceptibility to CIPwhen
transformed in to anE. colistrain, the CDgnr-like protein demonstrated minimal
effect on CIP MIT76) and is therefore unlikely to be the cause of intrinsic

resistance.

Corroborating other findings 814, 74.7% of all test isolate genomes demonstrated
no QRDR mutations. Two QRDRdependent polymorphisms in thegyrB gene,
Vall130>lle and lle139>Arg, were highly prevalent amongst MXF sensitive isolates,
signifying that they conwey no resistant phenotype. This finding is in support of
previous work indicating these mutations in sensitive isolate$14). Nonetheless, it
cannot be dismissed that they contribute to the steric hindrance of antimicrobial
binding, as codon 139 represents a sidehain area of the protein, likely imparting
a greater conformational changds4). Many of these silent mutations in thegyrB
gene were observed as highly ribotypespecific, with Vat130 intrinsically linked

to ribotypes 001 and 015, and 11e139 to the closely relded 014 and 020 strains.
Equally, the previously reported Ser366>Ala was localised to ribotype 017 and
242 genomes198), These findings reflect the study by MacAogagt al.who
identified similar ribotype traits, suggesting homoplasic variation$814). This
apparent parallel evolution of analogous substitutions highlighted the potential
for consistent, highlevel mutability in this important resistance determining
region. Due to the lack of correlation between these polymphisms located
outside of the QRDR and CIP resistance these are unlikely to impact on the

phenotype.
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Assessment of the highly distinct genome of isolate JV59, revealed a plethora of
amino acid substitutions in the DNA gyrase genesTéble 19). All gyrA
substitutions were located outside of the QRDR, whilst only the S866 and Ser
416 codons ofgyrB demonstrated SNPs inside the central region. Both of these
non-synonymous mutations have been reported to confer naesistance to
fluoroquinolones (198.814) a5 observed in the phenotypic analysis of this isolate.
Therefore, although harbouring a highly variant set of gyrase genes from the rest
of the collection, these variatiors appear to represent the distinct phylogeny of
this ribotype 862 isolate, rather than an adaptive response to antimicrobial
pressure. While they do not appear deleterious in nature, this ribotype has not
previously been reported and it is therefore likelythat elements of its genetic
organisation may have contributed to its inability to compete with other, more

successful ribotypes in clinical environments.

4.5.1.5 Vancomycin resistance determinants

Whilst VAN resistance is common in other genera, such as staphybaci and
enterococci, it is relatively rare inC. difficile(108. 188, 818, 819) Nonetheless, reduced
susceptibility has been reported amongst clinical isolates, particularly in the
context of outbreak situations(199. 200, 820) |nterestingly, whilst no resistance was
detected in this historical collection, reduced susceptibility was observed in four
strains isolated from temporally distinct specimens, associated with theame
patient. The potential for horizontal gene transfer between these concomitant
strains may well have been high, and as one of these isolates represented ribotype
001, a type occasionally associated with reduced susceptibility MAN (188), this

may have been the source of transmission.

The identification of eightvangenes in each intermediate resistant isolate
supported the suggestions that this operon only encodes for lovevel resistance
(467, 821). ThevanGlike cluster identified by Sebaihia®314), consists of five open
reading frames,vanR, vanS, vanG, vanXivd vanT, whilst regulatory genesvanUG,
vanRGand vanSGompletethe operon(821), |n this data set, the presereof all
eight genes correlated with an intermediate resistant phenotype, whilst the
independent detection of homologies appeared to confer no influence on VAN
resistance. Interestingly, it has been reported that although theanGcomplex was

often presentin C. difficile it did not correlate with a resistant phenotype468).
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Ammamet al.were able to confirm the functionality of the genes, with identifiable
modified peptidoglycan precursors, but could not explairthe lack of cell wall
uptake. One explanation was proffered, suggesting a lack of elimination of
unmodified peptidoglycan building blocks and subsequent competitive inhibition.
Whilst this seems plausible, the revelation that the€. difficilecell wall is
synthesised in a novel configuration may contribute to the deficient cell wall
modification ©86), Nevertheless, the clinical implications of these geneppears
minimal, as the faecal concentrations of VAN are reportedly far superior to the
resistant breakpoint (520-2,200 mg/L) (822),

4.5.1.6 Further resistance determinants

The identification of an EFTu, elongation factor homologe in isolate JV60 may be
indicative of resistance to the kirromycin class, as demonstrated in streptomyces
(823), This class of protein synthesis inhibitors act to block the disassociation of the
elongation factor and ribosome, preventing formation of essential peptide
bonding (824, Minimal data is available regardingC. difficilesusceptibilities to this
class, although Clabotst al.were able to demonstrate MICs in the range of 0.6
0.5 mg/L for a panel of strains exposed to efrotomycin, a mdmer of the

kirromycin class (825), However, the resistance phenotype of isolate JV60 was not
able to be tested for this class, as the compounds are highly expensive and the
clinical relevance deemed minimal. Equally, the determination o$olate JV73,
possessing the kanamycin resistance determining compleXAC(6'}le-APH(2"),
was not further investigated, as kanamycin has been demonstrated to have
minimal activity in anaerobic bacteria(780. 781). Nonetheless, this transposable
resistance element®26), further demonstrates the ability of C. difficileto assimilate
a range of resistance conferring elements. TH®AC(6}le-APH(2") gene may also
contribute to multiple resistances; by encoding for a multifunctional enzyme,
combining sequential acetylation and phosphoriation (827), The enzyme can
reduce electrostatic and steric interactions, decreasing the binding affinity of

several aminoglycosides to the rRNA targe$2s).

Both strains JV73 and JV74 harboured treadEgene, a resistance determinant for
streptomycin 829, Generally, there is an absence of activity of aminoglycosides
against anaerobic bacteria; however Pirst al.demonstrated only 81%

streptomycin susceptibility in C. difficileisolates of human origin(794). Nonetheless,



199

breakpoints were defined as high as 1,000 mg/L, elevated considerably above
potential gut concentrations achieved by the drudf3°. 831). Here, both isolates
harbouring the resistance determinant demonstrated high levels of resistance to
streptomycin, whilst the majority of aadEnegative comparators were sensitive to
the drug (<512 mg/L). Nevertheless, mice one isolate demonstrated resistance in
the absence of the gene, it suggests that additional determinants are involved.
Whilst streptomycin resistance inC. difficileis of lesser importance, as it is not
deemed as a classic risk factd#3?), in particular patient cohorts such as those with
paediatric cancers, aminoglycoside administration has been correlated with an
increased CDI risk®33), The pesence of these determinants also further
highlighted the potential for horizontal gene transfer across the bacterial

kingdom.

The presence of chromosomal efflux genedeA in all isolates supported previous
findings of high prevalence amongs€. difficle (834). Whilst this MATE protein
encoding homologie was initially considered a putative cause for the ubiquitous
CIP resistance, in this study the presence of sodium ion gradient based expulsion
inhibitor, reserpine, revealed no effect on susceptibilities. Equbl in the primary
study by Dridi et al,, native C. difficilepromotors did not sufficiently respond to CIP
exposure to elicit resistance®%9). These outcomes corroborated to suggest further
unidentified elements as the source of the underlying CIP resistance, for instance

modified promotors or additional efflux determinants.

4.5.1.7 Multidrug resistant strains

Of the MDR strains identified in the historical collection, 76.5% exhibited
transposable resistanceconferring elements, predominantlytetM, ermBand cfr.
Chromosomal mutations in thegyrA gene were contributory in 41.2% of isd¢ates
demonstrating an MDR phenotype. Whilst fluoroquinolone resistance
substitutions have been reported as highly influential in the success of ribotype
027, this data suggests that mobile elements may offer a substantial contribution
to the spread of MDRstrains. Since for genetic transposition to occur, no
antimicrobial pressure is necessary, the opportunity for this event to transpire is
more widespread. Nonetheless, evidence eluded to in Chapter Six of this thesis
indicates that once acquired, resistace to fluoroquinolones seemingly causes no

detriment to C. difficilefitness and would therefore likely be retained through
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subsequent generations. The retention of such elements, combined with
transposable multi-agent resistance determinants, may ultimatly result in an
untenable position, where many antibiotic classes become ineffective against this

prevalent pathogen.

Interestingly, two MDR isolates did not demonstrate any of the wetlefined
resistance conferring determinants identified in this investgation. This suggests

the contributions of unknown or yet to be fully understood factors, such as the
multi-compound extrusion system, CdeA, ubiquitous in this collection. Equally,
whilst genes encoding DNA gyrase and RNA polymerase elements were examined
for amino acid substitutions, alterations in other chromosomal regions, yet to be

implicated in antimicrobial resistance, may well be responsible.

4.5.2 Phylogenetic analysis

Phylogenetic analyses were utilised to corroborate the notion that the isolates
recovered from the historical collection genuinely originated from the early
1980s. Harnessing the knowledge of th€. difficilemolecular clock(57.569), the
majority of these genomes were assessed for age authentigibased on their
relatedness to modern genomes in evolutionary tree analyses. Since this type of
analysis presents no absolute answer, only probability of relatedness, the
investigation proved complex. Where distant relationships were ascertained, with
divisions of thousands of SNPs separating genomdsdure 28), an evolutionary
distinction could be assumed. However, the majority of instances were not so

definitive.

The unusual discovery of MXF resistant ribotyp827 isolates, predating the

addition of the agent to the formulary, raised questions regarding the accuracy

AT A OAlI EAAEI EOU 1T &£ OEA EOI 1 AOGAOGS DPOAOGOI A,
to exposure to earlier quinolones, such as nalidixic acid, phydenetic analysis was
PDAOA&EI O AA 01 Al OAEAAOA AT AAOGOOAT OAlI AOGET |
identify how these strains related to modernC. difficilepopulations. Seven

ribotypes were investigated to establish evolutionary relationships in dstinct

clades. These genomes consisted of many of the most prevalent ribotypes, both in

the historical collection and also amongst modern epidemiology. The comparator

database for ribotype 027 was the most extensive, including isolates from over 30
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years gyo. Unfortunately, such historical comparators were not available for other
ribotypes at the time of analysis. Nonetheless, in some instances considerable
genomic distinction from modern genomes provided convincing conclusions;
(Figure 28 and Figure 33).

Whilst spatial clustering and root proximity on phylogenetic trees offer valuable
evidence into genomic ancestry, the magnitude of SNP deviations from the closest
modern relation may provide an additional measure of confidence in the true age
of an isolate. Prediction intervals were calculated to represent a probabilistic
lower limit of evolution, based on currentC. difficilemolecular clock estimations
(0.74 SNPs per genomeper year)(257.569), |n this context they refer to the
probability of an observed number of SNPs or fewer occurring in the number of
years separating a genomé&om its nearest neighbour on the phylogenetic tredt
was observed that 69% of genomes from the historical collection correlated with a
95% prediction interval; (Figure 35). This inspired confidence in the age
demographics of these historical isolates, potentiallgupporting the accuracy of
proposed evolutionary rates. Nonetheless, this analysis also casts some doubt on
the validity of the genomes observed outside of the expected range. Since
molecular clock data only provide estimations, it may be conceivable thatsmall

proportion of ancestral genomes may deviate from this projected range.
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modern genomes of recent EUCLID strains. Combined with the presence of
fluoroquinolone resistance, prior to previously reported acquisition time scales
(562), these isolates did not necessarily fit the anticipated characteristics of early
ribotype 027 strains. Whilst the closest relative of isolate JV02 (putatively from
1981) was an isolate from Glasgow from 2008, the prediction interval mbability
(based on 0.74 SNPs per genome, per ydea”)) for 13 or fewer SNPs occurring

over 27 years wasp=0.07. This observed SNP difference would fall into the
expected range (95% prediction interval) of the Psson distribution of the
molecular clock Figure 35), alluding to the finding of a true historical isolate.
Nonetheless, the other two isolates JV67 and JV73 were only eight and two SNPs
divergent, respectively. Based on the current understanding of the molecular

clock, the latter finding would conflict with the notion that it was greater than 25
years older than comparator genomes. However, further analysis of branches
comprising older isolates (back to 1985) indtated the assimilation of some

modern strains, denoting close ancestries. If we consider the branches close to the
root of the phylogram (Figure 36), it can be observed that isolates >20 years apart
reveal only ~8 SNPs difference. Equally, isolates separated even further by time
have shown zero SNP differences between genomes from 1991 to 2007 and 1993
to 2004. These findings would also lie outside of the 95% prediction interval
estimations. This evidence is highlguggestive of a greater complexity to temporal
analyses based on phylogeny. Assuming that this sequence data (acquired from
highly cited publications) is reliable, a relationship is portrayed where additional
considerations may be necessary when investigeig the dating ofC. difficile
genomes, other than clustering and SNP differentiation. The extent of evolutionary
dormancy experienced by a strain, whilst existing in a quiescent spore form is one

potential explanation.

The striking observation of two clugers of identical genomes, spanning 11 and 16
years, appeared to contradict the current understanding of. difficileevolution.
Further investigation into these isolates revealed another possible intriguing
explanation for these seemingly erroneous findigs. All isolates clustered with
zero SNP differences (highlighted in green iRigure 36) originated from Arizona,
with one isolate putatively deriving from 1991 clustered amongst strains from

2006/2007 (583), These genomes were sequenced in a study by Songeal., which
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revealed the presence of ribotype 027 in retail meats purchased in Arizor&?>).
However, a follow up publication from the same research grou3¢), used MLVA

to demonstrate that many of these isolates were indistinguishable from each
other, with all data strongly suggestive of specimen contamination with a
laboratory strain. This seems inceasingly likely to have been with the identical
1991 isolate, prior to whole genome sequencing. These data serve to highlight the

caution required during interpretation of external data sets.

The convoluted nature of the individualC. difficilePCR ribotype evolutionary trees

may be partially explained by the sporulation of this bacteri&?3"). Since genetic

replication does not occur when bacteria exist in the quiescent spore form,

evolution has beenreported as far slower in sporeforming organisms (838. 839),

With no way of knowing how long a particular strain has existed in spore form, it

proves difficult to confidently establish temporal, evolutionary links. Whilst it may

be assumed that the isolates from the historal collection existed in spore form

for over 30 years, the proportion of time, seA A1 1T AA Oi 1T AAOT 6 OOOAE]
remained in this state is practically incalculable. We knoW. difficileis harboured

as spores, asymptomatically in both humans and anima® and can potentially

exist for prolonged periods in the environment(849, This unknown period of

quiescence contributes to the difficulty of aging through phylogenetic analysis.

7TEETA 11 OEA ZAAA T £ EOh s@&mbnstatedEQ®1 OEAAT
SNPs difference to genomes from 2013, we cannot be certain as to the number of

CAT AOAGET T O OEA OAI T OAT U OAI AGAAG OOOAET
others. Longitudinal studies could provide further information as to the impacof

spore state on molecular clock estimations.
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The close relatedness to a neighbouring isolate from 2013 of the two ribotype 078
genomes isolatedrom the historical collection does not fit within even the lowest
ranges of molecular clock estimations for this distinct ribotypd>s7s). It is still
reasonable to consider the potential involvement of evolutionary dormancy

during unknown periods of existence in spore form. Whilst it must only be
considered as conjecture, there may be an exacerbated evolutionary stasis effect
linked with ribotype 078, due to its association with zoonotic carriage. This could
potentially result in an extended existence in spore form, whilst carried

asymptomatically amongst animals.

Analysis ofthe phylogenetic tressfor all ribotypes, with the exception of 027,
demonstrated clustering of the genomes from this collection, as maybe expected.
However, the 027 phyogram presented a different picture, with isolates spread
out amongstgenomesof all ages. This finding is supported by the identification of
groups of older isolatesamongst more modern genomes in the existing data.
Where older strains are branched closely with more modern genomes, the silico
fluoroquinolone susceptibility statuses correlated; sensitive with sensitive and
resistant with resistant. This was also trudor the three 027 strainsrecovered
from the historical collection. However, the resistance identified in these isolates
potentially exhibits a deviation from the expected molecular clock behaviour,
indicating the possible complicating role of spore quiesence Furthermore, these
findings may suggest the earlier emergence of fluoroquinolone resistance in
regions outside of North America as previously documenteds62). One potentially
occurring in the UK (relatingto JV02/JV67) and one emerging from Western
Europe (relating to JV73). Whilst gyrase genes are highly mutable, it is plausible
that resistant mutants may have arisen from multiple locations. The phylogenetic

analyses performed here potentially support thishypothesis.

The analysis of PCR ribotype 027 isolates provided a substantial insight as to the
relatedness and common ancestry of the strains isolated from the historical
collection, due to the considerable temporal span of the genomes available.
However, this is not the case for other ribotypes. Due to a distinct lack of pre
twenty -first century genomes for nor027 ribotypes, the database inadequacies
pose difficulties to the accurate estimations of chronology. Nonetheless, where

vast genomic deviations g apparent more confidence can be ascertained.
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Interestingly, all ribotype 014 isolates clustered towards the root tree, sufficiently
distant from modern genomes. Three distinct phylogenetic tree branches were
observed, this was in support of previous fidings indicating three different

sequence types within this ribotype(576),

The outcome of these phylogenetic analyses potentially casts some doubt on the
reliability of aged isolate collections. Whilst appropriately controlled collections

with suitable restrictions may be considered dependable, without the knowledge
£ A ATT1AAOETT1 680 AAAAOGO AT A EATAI ET C
contamination procedures are obeyed, queries regarding the age of isolates
cannot be answered with absolute certainty. Though measures wer

implemented, such as the use of negative controls and bench top settle plates, the
risk of single cell contamination cannot be eradicated entirely. Conversely, the
recovery of rare ribotypes, highly unlikely to be circulatirg in the laboratory
environment and the recovery of identical strains in previously untouched

specimens, all contributed to confidence in the findings.

EE
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4.6 Conclusions

NGS provides an excess of data for subsequent analysis. While geltom
interrogations enable the identification of genotypt resistance determinants, a
multitude of tools are available to generate further genetic links including those
regarding ancestry and evolution. Here, we observed a diverse range of bacterial
resistance determinants, with reduced prevalence from contempary isolates.
Whilst not all resistant phenotypes can be explained by the current level of
understanding, the acquisition of NGS data will allow future retrospective
analyses for the further elucidation of resistance mechanisms. The data presented
here indicated that resistance progression has developed over the past 35 years,

with horizontal gene transfer and antibiotic exposure the probable driving forces.

Whilst the majority of phylogenetic analyses conform to current molecular clock
estimations, severadisolates were observed outside this range. Though we may
question the reliability of isolations from historical collections, there remains a

possibility of spore dormancy impacting heavily on evolutionary rates.
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Chapter 5 The Impact of Clostridioides difficile Mutation
Frequencies on Fluoroquinolone Resistance

5.1 Introduction

Fluoroquinolone resistance is often considered as an important feature of major
C. difficileoutbreaks, particularly those associated with ribotype 02734 112),
Differing strain propensities for spontaneous mutation may contribute to
evolutionary survival and a subsequent favoured clonal spread of certain

ribotypes, particularly those harbouring mutational resistance determinants.

The process of DNA nglication is not infallible, on occasion DNA polymerase
enzymes make mistakes when pairing nucleotide basé&§2. Whilst DNA repair
systems have evolved to correct mismatches, errors result in spontaneous
mutations that become permrAT AT O AAAEOEI 1T O O1 ONA
Evolutionary principles assume that spontaneous bacterial mutationgenerally
occur at frequencies between 1@° and 10° per genome, per generatiori*84),
whilst precise frequencies are highly species dependaf#>. Where a consistent
genome is favoured in a stable environment, the stochastic nature of

spontaneows mutations benefit the bacteria when exposed to external stressors

(613, 841) Elevated potential for mutagenesis offers possible survival opportunities

through the acquisition of favourable, resistance conferringenotypes. A
comparatively increased capability of one strain type to mutate at important
antimicrobial resistance determining regions more readily than another,

potentially contributes to successful dissemination of the more mutable type.

Mutation frequencies have been demonstrated to vary amongst organisms,
ranging between 1x10° and 7x103 (232, 590, 608, 611, 842, 843) Equally, varying
fluoroquinolone mutation frequencies have been observed between individual
compounds within the class610.611) and under differing selection concentrations
(591,612) |n C. difficile fluoroquinolone resistant mutants are reportedly
generated d rates as high as 2.4 x T8for levofloxacin and 6.6 x 106 for MXF
(812), Nonetheless, there is a paucity of data separati@y difficilemutation

frequencies by ribotype. The determination of any variance mayrpffer a

AAOC
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further contributory factor to the distribution of ribotypes, particularly the

widespread success of ribotype 027 in clinical environments.

C. difficilegenomes reveal highly conserved methydlirected mismatch repair
genes(573.600) and whilst there is minimal data available regarding th€. difficile
specific mechanismmutSand mutL knockouts in Clostridium acetobutylicum
resulted in elevated mutagenesi$%). An assessment of the influence of these
genes, in relation toC. difficilemutation frequency, may help to identify posgle
explanations for variable mutability and link to any association with ribotype

prevalence.

Ultimately, an elevated capacity to mutate crucial fluoroquinolone resistance
genes potentially confers an evolutionary advantage, allowing progeny to
survive exposure to such agents. Subsequent capacity for clonal expansion of
resistant strains may contribute to endemicity and epidemic potential. Here,
bacterial mutagenesis of fluoroquinolone resistance determining regions is
investigated in a range ofC. diffidle ribotypes to examine the influence of

mutability differences on C. difficilepropagation.

5.2 Rationale

In this chapter, the mutability potential of seven prominent PCR ribotypes was
explored through increasing mutational assays and fluoroquinolone seleon. C.
difficile mutation frequency assays were implemented to ascertain whether
particular PCR ribotypes or individual isolates demonstrated differing

propensities to development fluoroquinolone resistanceconferring mutations.
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5.3.1 C. difficile mutation frequency determination

5.3.1.1 Test isolates

C. difficileisolates (h=44) from seven of the most prevalent diseaseausing PCR
ribotypes (001, 012, 015, 017, 020, 027, and 078)18. 385 were acquired from
the historical collection (1981-83) investigated in Chapter Three;(=18) and the

modern Clo€R; (1=26). All isolates selected for mutability testing demonstrated

susceptibility to MXFj S ¢

i ¢cr, gh

xEOE OEA AgAADPOEII

which displayed an MIC of 32 mg/LMICs of all original test isolates were

confirmed via retesting through an agatincorporation susceptibility testing

method, as outline in Chapter ThreeClo€R stain identifiers were generated

with a prefix of CDto the last four digits of original reference number (e.qg.

CD9609). Strain demographics and MXF MICs are reported in the Appendix.

Isolate Reference Isolation Origin Original MXF
Number Date MIC (mg/L)
CD3904 2015 OAAOT h 3:1

CD3891 2015 OAAOT h 3:2

CD9609 2016 St Antoine, France 1

CD9946 2016 Glasgow, UK 1

CD3809 2012 Dublin, Rep. Ireland 1

CD3051 2013 AGES, Austria 1

CD3079 2013 OAAOT h 3:1

Table 20: Demographics of seven moxifloxacin susceptible PCR ribotype 027
isolates investigated in the mutation frequency assays. MXFz moxifloxacin,
MICz minimum inhibitory concentration.

5.3.1.2 Mutation frequency calculations

Mutation frequencies were calculated with an adaptation afhe method

s o~ N s A

AAOROEAA Aet &0 (Figurdazd d " OEA &l Uh

with 2% lysed, defibrinated horse blood was supplemented with MXF to create

" OAUEAO0BO

4, 8 and 16 mg/L incorporated agars. Plates were dried at 37°C for 25 minutes

and pre-reduced overnight. Strains were cultured for 18 hours on CBA to isolate
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distinct colonies. Ten to ifteen colonies of overnight growth were enulsified

into 5 mL pre-reduced BHI broths and cultured for six hoursTotal C. difficile
populations were enumerated via serial dilution in prereduced PBS and plated
ITO1T "OAUEAOGO AsgektedBhrough ibokutakon df ©00 plioD A
neat broth culture onto each of ten MXHncorporated (4x MIC) agar plates and
spread. All plates were incubated anaerobically at 37°C for 48 hours, prior to
enumeration by direct colony counting. For each ribotype 027 isolattest, three
colonies were picked off from the MXF selective plates and transferred into
Schaedlers anaerobic broth for MXF MIC determination. Mutant isolate pickoffs
of other ribotypes were tested intermittently to ensure the antibiotic
concentration in the agar was accurate. An agancorporation testing

methodology was used as described in Chapter Three.

Individual assays were controlled usingC. difficileisolates (obtained through

pilot investigations) with MXF MICs of 0.5x and 2x the antibiotic conogration

of the test agars. Control strains were streaked onto the same MXF

o0O0pbi Al AT OAA " OAUEAO6O ACAO OOAA ET OEA
the 0.5x MIC, positive control demonstrated visible growth, whilst growth of the

2x MIC, negative cotrol was inhibited after 48 hour culture.

-O0A0ET T MEOANOAT AEAO xAOA AAOGAOI ET AA AO
TvQnt (CFU/mL)
TVC (CFU/mL)

Where TVQutwas the total colony counts from all ten MXfincorporated agars,
TVCis the total viable count fromnorOAT AAOE OA ar"pé& AililErd 06 O AC
Mutation frequencies were reported as a mean average of a minimum of three

biological replicates.
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Figure 37: Flow diagram of mutation frequency determination
methodologies. TVCz total viable count, MIG minimum inhibitory
concentration, BHE brain heart infusion, MXk moxifloxacin, p/oz pickoff.
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5.3.1.3 Experimental design

Mutation frequencies were determined at 4x MIC for the entire panel of isolates.
An expanded selection of ribotype 027 strains wersubjected to repeat assays at
4x MIC, in addition to further testing at 4, 8 and 16 mg/L MXF concentrations.
Mutant isolates were assessed for MXF MIC by agacorporation and retained,
frozen (-20°C) in glycerol broth for further molecular analysis. Mutdon
frequency assays were repeated in triplicate for all primary experiments, whilst

ribotype 027 isolates were subjected to a minimum of six replicates.

Mutant strains generated from the primary experiments were further exposed
to frequency testing underincreased MXF concentrations. Six 4 mg/L MXF MIC
ribotype 027 mutants were tested with exposures of 8 and 16 mg/L MXF, and
three 32 mg/L MXF MIC 027 mutants (including one MXF resistant 027 isolate,
CD4362) were subjected to 32 and 64 mg/L testingHigure 38).
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Figure 38: Experimental design of mutation frequency investigations. Orange
arrows refer to parent isolate testing, green arrows refer to reduced moxifloxacin
(MXF) susceptibity mutant testing. MICz minimum inhibitory concentration.
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5.3.1.4 Next generation sequencing and single nucleotide polymorphism
identification

All seven PCR ribotype 027 parent isolates, one strain with prexisting MXF
resistance (CD4362) were processed for N&as previously; (Chapter Four).
Sequencing was performed by the University of Leeds, Next Generation

Sequencing facility, whilstde novoassembly was performed as before.

Genomes were annotated using RASF") and SNP differencesn DNA gyrase
genes, as well as iseven genes related the DNA repair and SOS respongatlile

21) were identified through multiple sequence alignment usag Clustal Omega

(764)

Gene of Interest Function

mutS(601) DNA mismatch repair
MutSrelated protein gene DNA mismatch repair

mutL(601) DNA mismatch repair

lexA(>98) SOSresponse repressor protease
recA(98) DNA recombination and repair
recX(®44) RecA Regulator

hfq (602, 845) RNAbinding protein

Table 21: List of C. difficile genes putatively related to mutability, compared
for sequence homology.

5.3.1.5 Statistical analyses

All statistical tests were performed using IBM SPSS Statistics v.21.0.0/litation
frequency data was analysed usingrskal-Wallis and the DunnBonferroni
multiple comparison posthoctest. Differences were deemed significant at
p<0.05 and highly significant a{p<0.001.
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5.4 Results

5.4.1 C. difficile mutation frequency determination

5.4.1.1 Mutation frequencies with 4x MXF MIC selection

Considerable inter and intra ribotype variation of mutation frequencies
associated withfluoroquinolone resistancewere observed (3.77 x 167 5.91 x
106, 3= 4.15 x 107); (Figure 39). The highest frequency was detected in
ribotype 027 isolate, CD3904. Five isolates (CD0128, JV05, CD3904, CD9609 and
CD0222) constituting four out of the seven ribotypes tested (012, 020, 02Hh£2)
and 078), exhibited markedly elevated mutation frequencies (5.83 x 10z 5.91 x
10-%). Ribotype 027demonstrated two isolates with mutation frequencies
greater than 1 x 106 (CD3904 and CD9609). Highly polarised frequencies were
observed in these four ribotypes, with 020 and 027 strains demonstrating the
largest divergence; 3.38 x 107 4.58 x 10%and 7.23 x 1® 7 5.91 x 108,

respectively.
- OOAOEIT T AEOANOAT AEAO A Obelowktie lo&edlimit g OA O  x /
deteciomh AO 11T OAOEOOAT O ATTTTEAO xAOA AAC

ribotype 017 isolate (CD3771) and vere designated low average frequencies of
@=5.10 x 10°. Mean average mutation frequencies indicated 027 as the most
mutable ribotype when exposed to fouffold MXF MIC pressure@= 1.48 x 106);
(Table 22). No direct correlation was observed between mutation frequency and
isolate age, averaging 2.71 x 10and 5.28 x 107 for historical and modern

isolates, respectively.
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pressure. Lower limit of detection (LLOD) calculated as 1/ (mean total viable counts/mL). No error bars are displayed where the fregue
was below the LLOD.

8T¢



219

Mutation Frequency - Moxifloxacin Selection

;%F;type (4 X MIC)
Mean @ Minimum Maximum

001 4.95 x 108 3.79 x 109 1.41 x 107
012 1.07 x 107 3.00 x 109 5.83 x 107
015 2.55x 108 <3.72 x 109* 9.17 x 108
017 5.10 x 10° <3.05 x 109* <1.37 x 108*
020 7.82 x 107 <3.38 x 109* 4.58 x 106
027 1.48 x 106 7.04 x 109 5.91 x 106
078 3.88 x 107 7.24 x 109 2.25 x 106

Table 22: Mutation frequency determinations by PCR ribotype. All ribotype data
consisted of six isolates each, except 027 (n=5). * frequency allocated as the iouter |
of detection, where no resistant colonies were identified.

Categorising mutation frequency data by PCR ribotype further demonstrated the
high levels of variation; Figure 40). Multiple comparison analyses usg the Dunn
Bonferroni test revealed significant differences betweemibotypes 017 and 001
(p=0.008), 015 ©=0.038) and 078 (p=0.025), whilst highly significant differences
were observed in comparison taibotype 027; (p<0.001). Further differences were
identified betweenribotype 027 and 012, =0.007); (Table 23).

PCR Ribotype (p=)

001 012 015 017 020 027 078
T 001 1.000 1.000 *0.008 1.000 0.869 1.000
% 012 | 1.000 1.000 1.000 1.000 *0.007 1.000
2 015 | 1.000 1.000 *0.038 1.000 0.885 1.000
g 017 | *0.008 1.000 *0.038 0.079 ***<0.001 *0.025
x 020 | 1.000 1.000 1.000 0.079 0.495 1.000
% 027 | 0.869 *0.007 0.885 ***<0.001 0.495 1.000
a 078 | 1.000 1.000 1.000 *0.025 1.000 1.000

Table 23: Chequerboard of P values for PCR ribotype mutation frequency
pairwise comparisons. Values were determined by the Kruskélallis andby Dunn
Bonferroni tests. * significant, ***- highly significant.
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Figure 40: Mean average (xSE) moxifloxacin (MXF)selected mutation
frequencies by PCR ribotype (RT).All RT groups n=6, except RT027 (n=5). *
significant, ***- extremely significant by DuriBonferroni test.

Fluoroquinolone pressureselecteda diverse range of mutant, MXF resistant
phenotypes, with MICs ranging between 4 mg/L and 64 mg/LTable 24). Isolates
from ribotypes 001 and 078 generated only highlyesistant mutants (>32 mg/L),
while the remainder, including ribotype 027 strains, produced a series of
susceptibility phenotypes from 4 mg/L upwards. Not all ribotype 027 isolates
generated resistant mutants >8 mg/L, with one (CD9946) adapting minimally to
survive (4 mg/L MXF MIC). This isolate demonstrated #tnmedian mutation

frequency.
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PQR Strain Original MXF Mutant MXF MICs (mg/L)
Ribotype MIC (mg/L)
P/O1 P/O 2 P/O 3
001 JVv28 1 32 32 64
CDO0160 1 32 32 32
CD4032 1 4 4 4
012 CDO0099 1 4 8 32
CDO0079 1 8 16 32
JV30 2 32 32 32
JV32 2 32 32 32
CDO0127 1 8 8 16
015 JV03 1 32 32 32
JVO7 1 8 8 8
JV09 1 16 16 16
JV10 2 4 8 8
JV11 2 8 8 8
JV26 1 8 8 8
020 JV05 1 32 32 32
JV06 1 8 8 8
Jva7 1 4 4 4
027 CD3904 1 4 32 32
CD3891 2 4 32 32
CD9609 1 4 8 32
CD3051 1 4 8 8
CD9946 1 4 4 4
CD3809 1 4 16 16
CD3079 1 8 16 32
078 CDO0223 1 32 32 32
CDO0222 1 32 32 64
CD4112 2 32 32 32

Table 24: Cross section of minimum inhibitory concentrations of C. difficile
mutants generated with 4 mg/L MXF pressure.The minimum inhibitory
concentrations (MIC) for three pickffs (P/O) represent colonies from different
biological replicates. MXE moxifloxacin.
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5.4.2 PCR ribotype 027 mutability

5.4.2.1 PCR ribotype 027 mutation frequencies at 4x MIC

The observatian of elevated mutation frequencies, combined with the broad
distribution of mutational propensities detectedin ribotype 027 isolates (Table 22),
advocated a more in depth focus on this clinically important straitype. Two
additional susceptible strains were identified from theClo€R study88), allowing

further analysis of a total of seven European, clinical isolates.

Additional ribotype 027 isolates, CD3051 and CD3079%ainonstrated comparably
low mutation frequencies of 3.02 x 1 and 2.93 x 1@, respectively; Figure 41).
Frequencies appear to be of almost bimodal sliribution, with delineation in to two
approximate groups of ether high (>107) and low (<10°) mutability. Again, no
apparent relationship was observed between fluoroquinolone mutation response
and isolate age or origin. The three isolates originating from the same institution,
rebro University Hospital in Sweden revealed demonstrably different responses,

particularly those from the same year of isolation (CD3904 and CD3891).
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Figure 41: Mean (xSE) mutation frequencies of sevenPCR ribotype 027 isolates
with 4x MIC moxifloxacin (MXF) selection . Data represent a minimum of three
replicate tests. Lower limit of detection (LLOD) calculated as 1 / (mean total viable
counts/mL). No error bars are displayed where frequency was below the LLOD.
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5.4.2.2 PCR ribotype 027 mutation frequencies at fixed MXF concentrations
Since the lowest frequency determined was associated with that of the only isolate
with an initial MXF MIC of 2 mg/L (CD3891), all 027 strains were examined for their
response to a fixed MXF concentration of 4 mg/L. To further ensure robuhdings,
six biological replicates were tested for each isolate, with minimal effect observed
on the majority of the data. Reducing the selectivity of the agar for isolate CD3891
from 8 mg/L to 4 mg/L dramatically altered the mutation frequency, from 7.@ x 10
9t0 2.11 x 1068; (Figure 42). Isolate CD3904 demonstrated a mutation frequency that
was significantly elevated above CD3051pE0.003), CD9946 §p=0.038) and CD3079
(p=0.050).

1.0E-05 -

1.0E-06 -

1.0E-07 -

(proportional)

1.0E-08 -

MXF Resistance Mutation Frequency

1.0E-09 -

—
Te)
o
2]
o
o

Figure 42: Mean (+SE) mutation frequencies of seven PCR ribotype 027 isolates
selected under 4 mg/L moxifloxacin (MXF) pressure. Lower limit of detection
(LLOD) calculated as 1 / (mean total viable counts/mL). No error bars are displayed
where frequeng was below the LLOD. * p<0.05.
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Mutation frequencies determined at elevated MXF concentrations (8 mg/L and 16
mg/L) demonstrated a substantially reduced capability for ribotype 027 isolates to
adapt and generate resistant colonies;Tiable 25). Mean mutability decreased from
2.12 x 106 (4 mg/L) to 4.25 x 10° (8 mg/L), with no colony growth detected under
16 mg/L MXF pressure. This resulted in a frequency designation of below the lower
limit of detection; <3.69 x10°. Only four isolates exhibited colony formation on 8
mg/L MXF agar, albeit in a vastly reduced capacityT é&ble 25). No correlation was
observed between mutation frequency in the 4 and 8 mg/L assays. CD3891
demonstrated the highest mutation frequencies at 8 mg/L (7.04 x 1), whilst the
two other isolates exhibiting high frequencies to 4 mg/L (<16), CD3904 and
CD9609, revealed no recordable growth.

Mutation Frequency
Moxifloxacin Selection (n=)

Strain 4 mg/L 8 mg/L 16 mg/L
CD3904 5.91x108(6) <3.35x10% <3.35 x 10%*
CD3891 2.11x1068 7.04x10°(6) <3.14 x 10°*

CD9609 2.73x106(6) <4.01x10%  <4.01 x 10%*
CD9946 3.77x108(6) <3.24x10%  <3.24 x 10%*

CD3809 3.91x107(6) 4.14 x10° <4.14 x 10%
CD3051 3.02x108(6) 4.17 x 10° <4.17 x 109
CD3079 2.93x108(6)  3.77 x 10° <3.77 x 10%

Table 25: Comparison of mutation frequencies of seven PCR ribotype 027 strains
selectedunder 4, 8 and 16 mg/L moxifloxacin pressure. n = 3 unless stated. Where
no resistant colonies were identified frequencies are defined as <, with valuesireje
to the lower limit of detection.

5.4.2.3 Molecular analysis of PCR ribotype 027 isolates investigated in
mutation frequen cy assays

With the exception of one isolate, all MXF sensitive ribotype 027 strains investigated
in this chapter demonstrated one hundred percent homology for all DNA gyrase,
mismatch repair and SOS response genes. The exception was CD9946,

demonstrating substantial SNP divergence from the other isolates of the same
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ribotype, exhibiting a host of synonymous and norsynonymous mutations; (Table
27). Two non-synonymous amino acid substitutions were observed igyrA,
Ile406>Leu and Asn468>Asp, with no impact on the fluoroquinolone susceptibility
phenotype. Both of these variants were exclusively present in the genomes of the
ribotype 027 isolates (=3) from the historical collection; (Chapter Four). OngyrB
modification, Val130>lle, represented a commonly observed polymorphism
amongst the historical strains (=29/75), with no perceived consequence to
resistance phenotype. Resistant isolate (32 mg/L) CD4362 harboured the common
Thr82>lle substitution. Sequencing of singt mutant colonies for each isolate
revealed individual instances of Thr82>lle and Asp71>Tyr mutations igyrAand
Gly429>Val and GIn434>Lys substitutions igyrB; (Table 26).

Parent Mutant Mutant Strain Amino
Parent MXF MIC  MXF MIC Acid Substitution
Isolate

(mg/L) (mg/L) gyrA gyrB
CD39%04 1 32 Thr82>lle -
CD3891 2 32 Thr82>lle -
CD9609 1 32 Thr82>lle -
CD9946 1 4 - Gly429>Val
CD3809 1 16 Asp71>Tyr -
CD3051 1 4 - GIn434>Lys
CD3079 1 32 Thr82>lle -

Table 26: Characteristics of C. difficile ribotype 027 mutant strains generated
during mutation frequency investigations (4x MIC). Parent and mutant progeny
moxifloxacin (MXF) minimum inhibitory concentrations (MICs) and mutant strain
amino acid substitutions are displayed.

Single nonrsynonymous mutations in each of thenutS mutL and lexAgenes were
observed in the CD9946 genome, whilst five were identified in theautSrelated
protein; (Table27). This isolate did not demonstrate an extreme level of mutation
compared to the other isolates with no deviance in these genes, therefore no
correlation could be determined between these SNPs and mutation frequency. No

nucleotide modifications were detet¢ed in any of therecA recXor hfq genes.



mutS related

Isolate CD9946 gyrA gyrB mutS protein, family 1 mutL lexA recA recX hfq
Non-synonymous 1le406 >Leu, Vall30 >lle  Metb>lle Phed2>Leu, Asp379>Gly Thr9>lle  None None None
substitutions Asn468 >Asp Asn191>Asp,

Ser266>Ala,

le377>Val377,

Val556>lle
Number of 3 5 7 4 11 2 0 0 0
synonymous
substitutions

Table 27: Single nucleotide polymorphisms in the DNA gyrase, mismatch repair and SOS response genes of PCR ribotype 027 isolate

CD9946.SNPs were identified in comparison to the homologous genes of all other 027 test isolates.

N

9
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5.4.2.4 Mutation frequencies of primary mutant strains under exposure to
fixed MXF concentratio ns

Secondary culture and selection with increased fluoroquinolone concentrations (8
mg/L and 16 mg/L) resulted in all primary mutants (MXF MIC 4 mg/L) producing
subsequent populations exhibiting higher levels of MXF resistangé-igure 43).

Mean average mutation frequencies were 1.24 x ¥and 1.71 x 1@, for 8 mg/L and
16 mg/L respectively. Isolates CD3809 and CD3051 demonstrated strikingly raised
frequencies under 8 mg/L exposure (3.61 x 18 and 3.81 x 1(; respectively).
Isolates CD3904 and CD3891 expressed a slightly elevated proclivity for mutability
when exposed to higher MXF concentrations (16 mg/L); (4.73 x 1vs 2.50 x 18
and 2.76 x 13 vs 1.47 x 1, respectively). No 4 mg/L mutants were generated
from isolate CD3079 to enable further testing.
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Figure 43: Mean (xSE) mutation frequencies of six PCR ribotype 027 mutants (4
mg/L MXF MIC)selectedunder 8 and 16 mg/L moxifloxacin (MXF) pressure.
Lower limit of detection (LIOD) calculated as 1 / (mean total viable counts/mL). No
error bars are displayed where the frequency was below the LLOD.
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Further testing of two mutant strains with 32 mg/L MICs (from CD9609 and
CD3079) generated during initial 027 mutation frequency assg demonstrated
distinctly different responseswhen assessed wittfurther elevated MXF
concentrations; (Appendix). No colonies were generated by CD9609 mutant at
either raised concentration, therefore, mutation frequencies were determined as
<2.81 x 10°. Conversely, the CD3079 mutant responded at a frequency of 2.65 x510
under 32 mg/L pressure and 6.08 x 16 at 64 mg/L. Isolate CD4362, exhibiting pre
existing MXF resistance (32 mg/L MIC), was observed to mutate at 4.67 x5énd
5.71 x 108, under 32 and 64 mg/L MXF pressure; respectively. MXF MICs for all

subsequent mutant colonies were determined as 128 mg/L.

5.4.2.5 Minimum inhibitory concentrations of secondary =~ mutant strains
produced during stepped exposure investigations

All but one 4 mg/L MXF MIC mutangenerated in mutation frequency experiments
demonstrated further increases in MIC aftesecondary assay and selection with
elevated MXF pressure;Table 28). A mutant isolate generated from CD9946 did not
produce any further stepwise when selected withincreased fluoroquinolone

concentrations.

In four isolates, 8 mg/L MXFexposureselected formutants with MICs of up to 16
mg/L, however, one strain (CD3891 4 mg/L mutant) was able to generate mutant
colonies with MICs of 32 mg/L. Three out of six 4 mg/L mutants tested produced
colonies with MICs of 32 mg/L, under 8 or 16 mg/lselection. Two mutant strains
(CD3904 and CD3051) generated a homogeneous responseler 8 mg/L selection,
with all progeny revealing consisent MICs. The remainder produced a
heterogeneous reaction, with differing MICs observed between coloniest€ble 28).
A CD3051 mutant was the only strain unable to grow on 16 mg/L MXF agar, while
able to produce cdonies at 8 mg/L. Of the two mutants demonstrating initial step
mutant MICs of 32 mg/L, only one (CD3079) was able to withstand up to 64 mg/L

MXF pressure, generating mutants with a corresponding MIC.

Concurrent testing of an original MXF resistant strainCD4362, highlighted a
potential to produce further resistant phenotypes, capable of surviving up to 128
mg/L. Sequencing revealed a further Alal18>Ser substitution in thgyrA gene;

(Appendix).
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Primary MXE Secondary Mutant MXF MIC
Strain Mutant Pressure (mg/L)
MXF MIC (mg/L)
(mg/L) P/O 1 PIO2 P/IO3
CD3904 4 8 16 16 16
16 16 32 -
CD3891 4 8 32 - -
16 32 16 -
CD9609 4 8 16 8 -
16 32 16 16
CD9946 4 8 No mutants
16 No mutants
CD3809 4 8 8 16 -
16 16 16 -
CD3051 4 8 8 8 8
16 No mutants
CD3051 32 32 No mutants
64 No mutants
CD3079 32 32 32 32 32
64 64 64 64
CD4362 32 32 32 32 64
64 128 128 128

Table 28: Minimum inhibitory concentrations of second -step mutants of C.
difficile selectedwith further exposure of first -step mutant 027 isolates to 8, 16,
32 or 64 mg/L moxifloxacin (MXF) pressure. Where available, three colonies from
each strain and each MXF concentration were tested for MXF KaiGefers to no
colony availablefor testing.MICz minimum inhibitory concentration, P/Qg pick off.



230

5.5 Discussion

5.5.1 C. difficile mutation frequency determination

The importance of fluoroquinolone resistance and its impact on CDI rates has
recently been highlighted87), Therefore, investigating the propensities for
individual C. difficileisolates to develop MXF resistanci vitro may be crucial to the
further understanding of the proliferation of the organism. Here, an interrogation of
a panel ofisolates consisting of historical and modern strains highlighteghotential
strain and ribotype specific variance in fluoroquinoloneresistance conferring
mutation frequencies.Whilst these data indicatel interesting findings, further
exposure of this stran collection to mutability assays with additional antibioticsis
necessary to corroborate the results. The use of a compound such as rifampicin,
where mutability could be assessed independeit from DNA gyrase gene
mutations, is essentialto confirm the observed mutational differencesBy
establishing comparable levels of mutability in other areas of the genome, this data
could potentially validate the hypothesis of variable mutation frequencies, as
opposed to alternative explanations such as heteresistance. Therefore, these

findings are discussed in provisional context.

The most striking observation from the mutation frequency screening experiment
was the variation of both inter and intra ribotype mutability demonstrated; (Figure
39). While the mean average spontaneous mutation frequency at four times MIC
selection, a common approach successfully applied by othe@2. 608, 610, 611, 619) was
determined as 4.15 x 10, the range was expansive: 3.77 x I 5.91 x 108. This

range reflects the results of fluoroquinolone resistancenutability research in other
organisms(590. 608, 610, 611, 842, 843) glthough much of this relateto earlier generations
of quinolones, such as CIP. One such study identified @tEuced mutations inE.

coli, with a closely comparable range of 1 x19to 1.5 x 106 (608),

Although there is a paucity of data for MXfesistancemutation frequencies inC.
difficile, Locheret al.demonstrated this agent as generating higher levels of
spontaneous mutation compared to other antingrobials, including LZD and VAN
(232), Nevertheless, the average observed frequency here is greater than that
reported in C. difficileby Locheret al. (~2 x 10-8) (232), but lower than previously
described by Spigaglia and colleagues, where levels of mutation amongst five

fluoroquinolone sensitive isolates were reported as between 3.8 x 10and 6.6 x 1
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(812), Nonetheless, the disparities in variance between the findings of the present
study and other published data may be explained by the greater numbef strains
OAOOAA ET OEEO E1T OAOOECAOEI T8 %NOAI T Uh
represented colony formation from only two-fold MICselection, as opposed to four
fold exposure tested here. Though findings of the present study determined
mutation frequencies based on the ability of a colony to demonstrate an increase in
MIC, the study by Spigagliat al.searched forgyrA or gyrB mutations in three colony
pick offs before allocating a mutation frequencyt12). Whilst this may seem more
appropriate, this approach neglects to consider alternative resistance aetiologies.
DNA gyrase alterations are often associated with higlevel resistance(#43. 812) and
ignoring slight reductions in susceptibility could overlook important intermediatory
steps, potentially caused by alternative mechanisms, such as efflux. The slight
decreases in susceptibility may act as a precursor step to higével resistance
mutations and consejuently may be considered as potentially significant to the
dissemination of fluoroquinolone resistance. Hence, the methodology for measuring
mutation frequency selected here, of using a defined MIC multiple concentration
with secondary susceptibility confrmation, may produce a more comparable and
clinically representative data set. Although gyrase substitutions were identified for
ribotype 027 mutant isolates, the majority of other strains were unable to be
genotyped due to the high expense of sequencisgveral colonies of multiple
isolates. Interestingly, Spigaglia only observed the classic Thr82>lle substitution in
spontaneous mutants generated by levofloxacin pressure and not M¥f),

However, since only fivesolates were tested, this finding may denote an

unrepresentative test panel.

Whilst mutation frequencies for ten isolates were determined as below the lower

limit of detection, further bacterial concentration steps via centrifugation would

have potentidly enabled the recovery and enumeration of resistant mutants with
greater precision. However, since the inter strain divergence between mutation
frequencies was clearly apparent and an excessive amount of work would have been

required to repeat ten tests,n triplicate, this was not performed.

A major factor to consider when assessing mutation frequencies is the amount of
antimicrobial selection pressureto expose test isolates to, as spontaneous mutation

has been demonstrated aselectionconcentration dependant (591. 608, 842) Since
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susceptible isolates will vary in MIC, standardisation of experimental approach is
critical. Consequently, testing at multiples of original MICs is often implemented as
best practice(232. 608, 610, 611, 619) Studies have revealed elevated mutation frequencies
at four times MIC(608. 610, 611) whilst imposing sufficientselection pressureon a
population to identify genuine mutational response. Greater fold increases appear to
reduce bacterial capacity to mutate, since large step increases in concentration
prove more efficient in inhibiting growth (608.842) Astudy by Spence and Towner
observed marked reductions in mutation frequency ofcinetobacterbaumannii
exposed to MXF at concentrations between four and eighild MIC. This is equally
reflected here, where data from focussed experimentation with ribotyp®27

isolates showed distinct reductions at 8 mg/L and 16 mg/L; Table 25).

Although all the primary test strains were MXF susceptible (< 2 mg/L), the initial
MICs were inconsistent, defined as either 1 mg/L or 2 giL; (Appendix). Therefore
the use of a multiple of MIC concentration resulted in antimicrobial pressures
infused in the agars of 4 mg/L and 8 mg/L. This disparity in testing protocol
potentially resulted in some of the inter strain variation observed, wih discrepant
conclusions determined for those strains tested at higher concentrations. Seventeen
isolates (42%) demonstrated an initial 2 mg/L susceptibility phenotype, with a
noticeably reduced mean mutation frequency of 6.40 x 10compared to 7.05 x 16

for all 1 mg/L MIC isolates. Nonetheless, in order to include a larger number of
isolates in frequency testing, a stringent parameter was necessary to enable cross
comparisons of all isolates. During focussed ribotype 027 investigations, CD3891
demonstrated conspicuously low mutation frequencies at four times MICHgure

41), but when tested at the same concentrations as comparator strains (4 mg/L MXF
pressure), mutability was considerably raised; Figure 42). These approaches
generated highly divergent results. Nonetheless, the latter approach may have
resulted in test concentrations too close (only one doubling dilution increase) to the
original MIC for a requirement of nutation to survive the fluoroquinolone pressure.
Since MIC data is generally regarded as somewhat approximated, this may have

been the case.

Interestingly, mutant colonies produced by isolates within all ribotype groups; (with
the exception of ribotype 0B), exhibited a broad spectrum of susceptibilities (from

4 mg/L to 32 or 64 mg/L). Resistant progeny of all three 078 isolates investigated
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for further susceptibility testing, had MICs greater than 32 mg/L. Whilst this
ribotype is not frequently associatedwith MXF resistance, reduced susceptibility is
not uncommon (188. 480, 846) and MDR does occutgs. 846), This was observed in both

078 isolates from this historical colection; (Chapter Three).

Whilst the data from this mutation frequency investigation demonstratecputative
mutability variance between individual bacterial strains, one alternative explanation
to the differences observed could be the existence of heteresistance amongst
strain populations. The presence of minority sukpopulations of highly resistant
bacteria,concealedin standard MIC determination methodologied84”), may have
contributed to the variance observed in this data seEvidence of hetereresistance
had been reported inC. difficile primarily associated with MTZ452), but has also
been demonstrated with fluorogquinolones in other specie$48. 849), The
epidemiological andclinical relevance of this smewhat ambiguous phenomenom
has thepotential to be vast. If ribotype 027 ha a greater propensity to demonstrate
hetero-resistance to MXF than other strains, this could prove contributory to the

progression of fluoroguinolone resistance in this epidemic strain type.

5.5.2 PCR ribotype 027 mutability

Large differences in mutation freqencies were observed across the examined
isolates, but the significantly higher rates observed in general for ribotype 027
strains (compared with those for ribotypes 012 and 017 Figure 40]) were of
particular interest. Given the® results and the clinical importance ot€. difficile
ribotype 027, focussed investigation of these strains was undertakeBince ribotype
027 is a prominent, outbreak causing ribotypds34 112), and is commonly asociated
with fluoroquinolone resistance ©62), this ribotype was of particular interest for
further examination. Observations of twopotentially hypermutable strains (CD3904
and CD9609), the highest mean averageutation frequency (Table 25) and a broad
diversity of mutation frequencies between the isolates{.23 x 10°-5.91 x 109),

further underlined ribotype 027 as being of particular of interest.

5.5.2.1.1 Phenotypic analyses
The variability of MXFselectedmutation frequency observed across all ribotypes,

remained apparent in the focussed analyses of ribotype 027. This variation may be
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reflective of the potential for strain survival and population maintenance through
clonal expansion. As it may be reasonably assumed that highly mutable strains are
more likely to mutate in clinical situations, survival and onward transmission of
these strains may prove advantageous. Dorgj al.reported correlations between
high fluoroquinolone mutation frequencies inS. aureusnd greater progeny
resistance(®s0), The data set acquired here largely supports this notion, with the
three isolatesindicating the highest mutational ability all producing mutants with
loc T Cc¥, -)#8 )1 AT 1 OOAOOh OEOAA 1060 1 £ .
lowest mutability (CD9946, CD3809 and CD3051) all failed to generate resistant
mutants with MICs >16mg/L conferred by the Thr82>lle substitution. This may be
reflective of an amino acid substitution dependent bacterial fithess impad#39, with
a potential for bacteria containing intermediate resistance conferng SNPs to be
less fit than others. This hypothesis is partially supportedby further investigations

into bacterial fitness in Chapter Six.

Fluoroquinolone resistance is an almost universal characteristic of ribotype 027,
with very few sensitive isolates eported (118.851), This was reflected in the difficulty
in obtaining such strains for this investigation. Since sensitive isolates are rare, that
would suggest that although mutability may vary, these strains magither develop
and retain resistance to this class of antimicrobials or be quickly superseded by
other more clinically adapted bacteria. The successful dissemination of this ribotype
may have originated from a propensity for highlevel mutagenesis under pessure
from these antibiotics. Interestingly, three of the seven strains originated from
Swedish institutions, which are reportedly amongst the lowest consumers of
fluoroquinolones in Europe (852, Equally, one further sensitive strain was isolated
from the United Kingdom, where antibiotic stewardship programs are more
established than other countrieg853.854). This goes to further the argument for

regulated prescribing regimens as a measure to reduce resistance.

Based on the data produced in this study, the fotfiold MIC approach to mutability
testing appeared to generate optimbfindings. Colony forming units were readily
countable (<200 CFU) and a diverse, measurable response was observed across all
strains. Increased MXF pressure, particularly at 16 mg/L often inhibited all

vegetative growth, necessitating frequenciestobe i OOAA AO O1I AOGO OE
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concentration for these isolateg855. 856),
Secondary mutation investigations were undertaken in ordr to assess the
subsequent mutability of progeny with reduced susceptibilities. Whilst no clear
trend was observed, all isolates, with the exception of CD9946 revealed the
propensity to generate highly MXF resistant (>32 mg/L) mutants; Table 28).
Resistance acquisition throughincremental steps has been previously reported!?,
and is deemed crucial for bacteria to reach a level of reduced fluoroquinolone
susceptibility necessary to gain an adaptive advantage in clinical environments.
Although clinical levels are generally likely to surpass these test concentratiofs",
the tapering effect of antimicrobial concentrations post treatment may allow for
mutational response tosurvive antimicrobial pressure. This may confelC. difficile
strains a temporal advantage over commensal gut flora and therefore a proliferation
opportunity. Interestingly, pre-existent MXF resistant isolate CD4362 demonstrated
the propensity to develop further resistance up to 128 mg/L. TheyyrA sequencing
of this highly resistant mutant revealed the common Thr82>Ile mutations in
addition to an Alal18>Ser substitution, reported in other strains with MXF
MICs >64 mg/L(768), This elevated level of resistance becomes of greater clinical
concern when considered in relation to the faecal concentrations achieved by MXF
treatment. Edlundet al.reported concentrations in the faeces to reach a peak of 65.7
mg/ L 857), Although faecal concentrations may be lower than true intestinal levels,
this figure remains well below the tolerable level of these higltevel mutants.
Resistance to this extent could potentially result in increased CDI cases, where
fluoroquinolone use is putatively involved as a predisposing factor. Since no fithess
cost has been associated with this phenotyp€39), resistant substitutions can be

retained for clonal expansion.

5.5.2.1.2 Genomic analyses
In order to ascertain the source of the extensive variation in mutation frequencies

amongst isolates of the same PCR ribotype, several mechanisms with demonstrable
effects on mutability in other organisms were investigated>83. 593, 594, 606, 627)
Unfortunately, since all but one strain demonstrated full homology of mismatch
repair and SOS response genes, no correlations could be identified. The variation in

mutation frequencies could not be connected to any identiflale differences in the

/
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repair and response genes tested here. As there are likely to be many more ancillary
genes involved in these processe&®3. 841) differences in alternative loci may be

relevant to mutation frequency variance.

Intruigingly, isolate CD9946 represented a highly distincitive genome in comparison
to the other strains examined, with multiple synonymous and notsynonymous
mutations exhibited in these genes. Interestingly, the single amino acid sutigtion
detected in themutSgene, Met5>lle, represented a start codon alteration.
Modification of start codons have previously been reported to impact on the
efficiency of translation, with a reduced binding affinity of tRNAiypothesised as the
primary cause(®8-860). Nevertheless, the substitution in thenutSstart codon did not
APDPAAO O EAOA AT U AAOOEI AT OAl AEEAAOD
fluoroquinolone stress and may not have affected translation of this gene. Further
protein expression analyses would help to elucidate the validity of this theor{pél),
Also, the threonine substitution at codon nine of théexAgene does not occur near
the binding site of the LexA protein®98), and it is therefore improbable that this
would impact the efficacy of the translated protein; reflected in the relatively low
mutation frequency (3.23 x 108) observed in this isolate. Simar observations were
made with the mutL gene, as the only nofsynonymous alteration occurred at Asp
379, outside of the distinct domains recently associated witmutSinteractions in in
silicodocking simulations(®62), The eighteen silent mutations detected across the
mutSand mutL genes of CD9946 are more likely to represent the evolutionary
distinction between this relatively distant genome, than convey any discernible

influence on the mismatch repairsystem of this isolate.

Nonetheless, isolate CD9946 was conspicuous by its muted response to resistance
development (no resistant mutants were generated in stejise experiments) and
genomic analysis indicated a distinctly distant genotype in comparisoio the other
ribotype 027 strains examined; Table 27). It is not unreasonable to suggest that a
plethora of SNP differences in this genome may contribute to influence the efficacy

of DNA repair response.

Molecular analysis of the DNA gyrase genes was performed to establish any variance
in baseline characteristics at these loci, potentially influencing antimicrobial
mutagenesis. As expected, ngyrAor gyrB polymorphisms were observed in the

majority of fluoroquino lone sensitive ribotype 027 isolates. However, three SNPs

-_
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were detected in strains CD9946, two igyrA and one ingyrB; (Table27). These
amino acid substitutions, although variant from the majority of genomes exaimed,
were detected in other fluoroquinolone susceptible isolates(Chapter Four).
Interestingly, the lle406>Leu and Asn468>Asp modifications observed were evident
in all of the ribotype 027 genomes investigated from the historical collection.
Although the historical strains demonstrated fluoroquinolone resistance, this was
associated with the characteristic Thr82>lle mutation. Therefore, it is conceivable
that the gyrase polymorphisms possessed by this MXF sensitive isolate are artefacts
of archaic horizortal gene transfer, characterising this PCR ribotyp€%3). The valine
substitution at codon 130 of thegyrB gene also appears to transmit minimal
influence on fluoroquinolone resistance, as it has been detectedtime genomes of

22 MXF sensitiveC. difficileisolates from the historical collection (Chapter Four) and
in no resistant strains. Therefore, this difference appears to be of evolutionary

origin, as opposed to driven by quinolone exposures.

These findings futher verify the reports of a high-level of gene conservation irC.
difficile mutS andmutL homologues(573. 600), thus indicating the presence of an
alternative source of mutation variability in these strains. Tle mechanisms relevant
to the diverse mutability observed here, are likely to be more complex, potentially

epigenetic in nature.

5.6 Conclusions

The high proportion of CDI cases associated with ribotype 027 strains resistant to
modern fluoroquinolones (34.118) is a major clinical concernProvisional evidence
reported in this chapter suggests that a greater propensity for mutagenesis
effecting resistance tathese antimicrobials may contribute to the wide distribution

of these polymorphisms Increased mutability potential may have provided an
advantage to these strains with regards to fluoroquinolone survival and resistance
acquisition (883), The rarity of fluoroquinolone sensitive ribotype 027 isolateg!18)
suggests that resistance may develop more readily in these strains and be retained
in the absence of any bacterial fithess co&B9. Whilst, subsequent clonal expansion
has enabledhis ribotype to reach epidemic levels, other lineages demonstrating

lower mutability may have been lost to evolution. The mechanism driving this
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mutability variance in these isolates does not appear to be directly related to the
common DNA SOS and mismdtgepair genesmutS mutL, recAor lexA and further

investigation is necessary to establish the cause.
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Chapter 6 The Impact of Fluoroquinolone Resistance -Conferring
Mutations on In Vitro Bacterial Fitness

6.1 Introduction

Fluoroquinolones have been associated with[@ as a predisposing risk factof92.
99) and have been strongly implicated in major international outbreaks of PCR
ribotype 027 (34.92), A recent retrospective analysiseported correlations
between a reduction in fluoroquinolone prescribing and CDI caused by
fluoroquinolone resistant strains (387), However, the potential forC. difficile
strains to retain the resistant phenotype n the absence of antimicrobial
pressure remains unclear. The fitness associated with these resistant
determinants may be a factor in the maintenance of fluoroquinolone resistance

in this important nosocomial pathogen.

The impact of resistance determinantsnay not always be constrained to an
antibiotic susceptibility phenotype. Several reports have linked resistance
conferring amino acid substitutions to a demonstrable burden on bacterial
fitness (518, 585, 629, 864) \Whilst typically related to a reduction in growth rates, the
effects on the functionality of crucial pathways, such as sporulation and toxin
production in C. difficilecan also be appropriate measures of fitness.
Investigations of fluoroquinolone resistance mutations have demonstrated
diverse responses across a host of bacterial speci€¥. 633, 634) with some more
detrimental to fitness than others. Both transferable elements and chromosomal
mutations have bea correlated with fitness disadvantages irC. difficile with
ermB (18) and rpoB (637), respectively. However, the relationship is not always
straightforward; rifamycin resistance-conferring mutations in different locations
on the rpoB gene have demonstrated minimal effect of. difficilefitness (638),
Similarly, Waselset al. observed no impairment with the common
fluoroquinolone resistance, Thr82>lle mutation in isogenic mutants created via
allelic exchange, whilst the rarer valine substitution at the same codon imposed

a significant fitness burden(639),
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We investigated the impat of gyrA and gyrB mutations on C. difficilePCR
ribotype 027 fitness, through growth rate analysis and, for the first time, using a

competitive co-culture assay.

6.2 Rationale

In this chapter, the bacterial fithess impact of common fluoroquinolone
resistance-conferring substitutions was determinedin vitro. A collection of MXF
susceptible 027 parent strains and their resistant progeny were investigated for
differences in growth rate, toxin production and competitive ceculture

response. Continuougo-culture modelling was performed with one strain

pairing, to further test the effects of the Thr82>lle mutation in a bacterial
turnover environment, more reflective of clinical situations. Whilst previous
findings in ribotype 012 have indicated an absence of afiess burden

associated with the majority of resistance mutation$839, equivalent discoveries
in ribotype 027 may suggest a contributory factor to the success of this epidemic

ribotype.
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6.3 Methods

6.3.1 Test isolates

Seven MXF susceptible (2 mg/L) PCR ribotype 027 strains (parent) and seven
corresponding MXF resistant mutants Table 26), generated through previous
mutation frequency assays (Chapter Five), were subjected o vitro fithess
investigations. Bacterial responses were evaluated for both parent and mutant

comparators (Figure 44) to determine the impact of fluoroquinolone resistance

substitutions.
Parent Parent Mutant Mutant Mutant Strain Amino
MXF MIC  Strain MXF MIC Acid Substitution
Isolate o) Identifier (mg/L)
g g gyrA gyrB
CD3904 1 CD3904 Mut 32 Thrg2>lle -
CD3891 2 CD3891 Mut 32 Thrg2>lle -
CD9609 1 CD9609 Mut 32 Thre2slle -
CD9946 1 CD9946 Mut 4 - Gly429>Val
CD3B09 1 CD3809 Mut 16 Asp71>Tyr -
CD3051 1 CD3051 Mut 4 - GIn434>Lys
CD3079 1 CD3079 Mut 32 Thre2slle -

Table 29: Characteristics of C. difficile ribotype 027 strains tested during
bacterial fitness investigations. Parent and muant progeny moxifloxacin (MXF)
minimum inhibitory concentrations (MICs) and mutant strain amino acid
substitutions are indicated.

6.3.1.1 Test isolate variant detection

Genomes were sequenced, annotated and interrogated for fluoroquinolone
related resistance mechnisms, using RAST67), CARD RGI62 and ResFinder
3.0(783) as previously; (Chapter Four). Variant detection was performed
between parent and mutant genomes using CLC Genomics Workbeféh);
(Appendix). Briefly, sequence reads were mapped to the difficile R20291
reference genome and realigned for indel and structural variants, prior to basic
variant detection and amino acid change determination. SNP differencis
fluorogquinolone resistance determining genesgyrA and gyrB were confirmed

through multiple sequence alignment using Clustal Omedé*.
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6.3.1.1.1 Sanger sequencing
Sanger sequencing of the QRDRs of bairA and gyrB genes was used to

confirm SNPidentification. As previously described (Chapter Four), DNA was
extracted from an overnight, single colony emulsion using a QIAxtractor and the
QIAamp Fast DNA Kit.

6.3.1.1.1.1 Amplification of gyrA and gyrB regions

Primer sequences were obtained from previously pulished literature (438.812),

and synthesised by metabionnternational AG; (Germany). The QRDR sections of
the DNAgyrase genes were amplified using the primer pairgyrAF (5™~
AATGAGTGTTATAGCTGGABE gyrAR (5-TCTTTTAACGACTCATCAAAGI)
and gyrBF (5-AGTTGATGAACTGGGGTEIY, gyrBR (5-
TCAAAATCTTCTCCAATAGCGA, generating 390bp regions ofyrA and gyrB,

respectively.

The PCR reactions consisted of 12.5 pL Dreamtaq green PCR master mix
(Thermo Fisher Kientific), 0.3 pL forward primer, 0.3 pL reverse primer, 10.9 pL
PCR water and 1 uL DNA target. PCR amplification was performed using a 2720
thermal cycler (Applied Biosystems) with an initial denaturation stage of 94°C

for 15 minutes, followed by 30 cycles of dnaturation for 30 seconds at 94°C,
annealing for 30 seconds at 58°QyyrA) and 54°C @yrB) and a 30 second
extension phase at 72°C. A final extension stage of five minutes at 72°C was
implemented. PCR cleap was performed using the QIAquick PCR Purifitan

s~ A o~ N

+EON j 1EACAT gh A0 PAO OEA T AT OEAAOOOAOG C
6.3.1.1.1.2 Sanger sequencing of QRDR regions
Purified PCR product was quantified using a Nanodrop 2000C (Thernkasher

Scientific) and subsequently diluted by 10€fold in sterile water. Sequencing was
performed by the Leeds Teaching Hospitals Trust, Molecular Microbiology

$ADAOOI AT Oh OOET ¢ "ECS$SUAA 4 Agriefificdad O +EC(
an ABI 3130xI genetic analyser. Sequence data was analysed in comparison with

the gyrAand gyrB sequences of tik CD630 reference genomé!4), using CLC

Genomics Workbench.
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6.3.2 Invitro fithess determination for fluoroquinolone resistance
mutations

6.3.2.1 Maximal growth rate determination
Bacterial growth curves were generated for dlstrains, in order to determine the

beginning and end of the exponential growth phases. Based on the assay
outlined by Waselset al.18), ten colonies of overnight CBA culture were
emulsified into 25 mL BHI broh in soda glass universals. Broths were cultured
anaerobically, whilst shaking on an Orbital Shaker PS10i (Grant-Bio, UK) at

150 rpm, for 18 hours. Optical densities of the bacterial cultures were measured
with a Genesys 20 spectrophotometer (Thermé&isher Scientific) and diluted to
0.5 (x0.05) ODRoo with sterile BHI broth. Dilution ratios were recorded and
recreated under anaerobic conditions, to limit the exposure of the culture to:0
Fresh 25 mL BHI broths were inoculated with 1 mL of standardised dwire and
cultured for a further 11 hours, under the same conditions as previously. At
hourly time points (including zero hour) broths were mixed via multiple
inversions and 200 pL was transferred to a 9&vell microtitre tray. Absorbance
measurements were aken at 595nm using a Tecan Infinite F200 pro plate
reader. All absorbance measurements were calculated as the mean averages of
three independent culture replicates. Growth curves were plotted and the log
phase was determined as between the initiation andessation of exponential

growth. Maximal growth rates were calculated using the following formula:

. A

i m ) 4 <«
Where,In is natural logarithm, Nt is the absorbance at log phase end poirtl is
absorbance at the beginning of the log pls&, 4 is the growth rate constant and

is time at log phase endg®s. 866),

6.3.2.2 Assessment of toxin production by cytotoxigenic culture
Clostridial toxin production was measured via toxigenic culture and cell

cytotoxicity titre assay. Strains were cultured in BHI broth for 48 hours, before
centrifugation for 10 minutes at 12,000 g. Twenty microlitresof supernatant
was inoculated irto microtitre tray wells containing 180 L of confluent Vero

cell culture. Serial dilution to 106 was performed and cell cultures were
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incubated in 5% CQfor 48 hours. Toxin action was confirmed by neutralisation
of additional wells with aC. sordelliantitoxin. Toxin titres were recorded, with

positivity determined at >50% cell rounding, as previously; (Chapter Three).

6.3.2.3 Competitive batch culture

Independent overnight BHI cultures of parent and mutant strains were
standardised as previously(6.3.2.1) and combined in equal bacterial
concentrations (0.5 mL:0.5 mL) into 25 mL BHI broths. Coultures were
incubated, whilst shaking for 24 hours. Population distributions were quantifie
at both zero and 24 hour time points by serial dilution to 160 (20 pL:180 pL) in
peptone water (Oxoid, UK), before plating onto selective and neselective
"OAUEAOB8O ACAO8 - OOAT O DI pitcbrfofated agad x AOA
(0.25x MIC). After 48hour anaerobic incubation, colonies were counted and
mutant populations subtracted from the TVC counts to determine parent
populations. All strains were tested in both biological and technical triplicateln

vitro fithess was calculated as:
s=In(Ch/[txIn(2)]

Where,sis selection coefficientClis competition index andt is number of

generations(518),

Number of generations is log1o Nt - 10910 No
log1o 2

Where, Nt is total population at time point 24 hours andNo is total population at

time point zero hours (631),

Competition index is Rt1) / Sqi)
Ro) / S(to)

Where Ro) is the resistant (mutant) population (CFU) at time point zeroR) is
the resistant population at 24 hours andSis the sensitive (progenitor)

population (CFU).

Fitness of the parent strains were set at 1 and the relative fitness of the mutant

in competition (w) was defined asw =1 + s, per generation.
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Figure 44: Flow diagram of bacterial fithess determination methodologies.
Seven PCR ribotypaoxifloxacin(MXF)susceptible parent strains (MIC < 2mg/L)
and resistant progny were assessed by three fithess determining assaysg BHI
brain heart infusion, O optical density, RT ribotype.
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6.3.2.4 Competitive co -culture in a continuous chemostat model
A continuous competitive coculture chemostat model was implemented to
further investigate any associated effects of fluoroquinolone mutation o@.

difficile fitness.

6.3.2.4.1 Chemostat model configuration
A one litre sealed, glass chemostat vessel was autoclave sterilised with BHI

mediain situ. The chemostat was connected to an additionatgvth media
supply (BHI) by sterile tubing, fed through a peristaltic pump; (WatsofMarlow
101 U/R peristaltic pump; Watson-Marlow, UK). BHI was continuously fed into
the chemostat over the span of the model, at a rate of 42 mil.Hexpended
growth media sources were aseptically replaced daily, to ensuraconsistent
supply of nutrients. The pH of the vessel was measured and maintained at 6.8
(x0.2) using a P200 ChemoTrode (Hamilton, USA), in conjunction with an
Anglicon Bio Solo 3 pH controller; (AngliconJK). Duran bottles containing acid
(1M HCI) and alkali (1M NaOH) solutions were connected to the chemostat
vessel through the peristaltic pumps of the controller unit with sterile tubing.
The chemostat was positioned on an AGE magnetic stirrer (VELP Stifca,
Italy), with an integrated magnetic flea continuously mixing the culture at
approximately 150 rpm. Temperature was maintained at 37°Ct2°C)using a
silicone beaker heater and the BriskHeat SDS Benchtop Digital Temperature
Controller; (BriskHeat, USA). To ensure anaerobicity, the vessel was continually
sparged with N> from a generator (Parker Balston, USA). The full continuous
culture model apparatus is presented irFigure 45, whilst the chemostat
configuration is displayed inFigure 46. Additional details are shown in the

Appendices.
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Figure 46: Continuous co-culture vessel port configuration. Az Sample port, &
Growth media input, @ Nitrogeninput, Dz pH probe, & Alkali input, FzZ Acid input,
Gz Inocula input, Hz Gas outlet.

6.3.2.4.2 Experimental design
Equal proportions of the CD3079 parent (1 mg/L MXF MIC) and CD3079 Mut (32

mg/L MXF MIC) stains were syringe inoculated irto the continuous cuture model.
Prior to inoculation, these initial cultures were standardised as previouslyg.3.2.3.
The population balance of the inoculum was measured to ensure that the parent to
mutant colony ratio was suffigently balanced (0.2 OD), before proceeding with the
experimental run. Population dynamics were tested at the zero time point using the
previously described viable count method §.3.2.3. This enabled baseline
proportions to be established for the assessment of population progression.
Sampling was achieved aseptically by using a 20 mL syringe to draw a vacuum
through a sterile glass bijou connected to a sampling tub@Appendix). Each model
replicate was run fora period of eight days (192 hours) with samples tested every
24 hours for population dynamics and further resistance mutations (>32 mg/L and
>64 mg/L MXF MICs). Fitness of the mutant strain was calculated as previously

(6.3.2.3. Three independent model replicates were run and the data was compiled.
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6.3.2.4.3 Population dynamics testing
Parent and mutant populations were assessed by comparing TVCs and MXF

breakpoint plate colony counts to differentiate between fluoroquindone sensitive
parent and resistant, mutant bacteria. Samples were serially diluted to 10n sterile
peptone water with 20 pL aliquots inoculated oo both nonrOAT AAOEOA " OAUI

i 0O0bpbPI Al AT OAA xEOE ¢b 1T UOAA EIT G®A Al TT AQ
containing 8 mg/L MXF. Colony counts from breakpoint plates were subtracted from
46# Al O1T 6O6h T AOAET AA &£01Ti OEA "OAUEAO0GO ,

These were compared to resistant mutant counts to assess the population ratios.

Spore popuations were also determined with a one hour ethanol shock (50% v/v)
DOET O OI AEI OOCEIT AT A DI AOET ¢ lyfsampA UEA O
were inoculated orto further breakpoint plates, containing 32 and 64 mg/L MXF, in

order to investigate elevated mutational response. All tests were carried out in

triplicate with mean averages reported. Several colonies from both 32 and 64 mg/L

MXF plates had their MICs determined, via the agarcorporation method;

(previously described in Chapter Three)

6.3.3 Statistical analyses

All statistical tests were carried out using IBM SPSS Statistics v.21.0.@ae to the
skewed data in one of the fitness assay variables, Thr82>lle containing isolates were
analysed using a Wilcoxon signed rank teg® values <005 were identified as
significant, whilst p<0.001 as highly significant. Holistic batch coulture data was

compared using the same statistical test.

For continuous competitive coculture model data, mutant to parent population
ratios were assessed after armality testing using the Shapiro Wilk test statistic. The
paired t-test was utilised to compare ratios at the zero and peak difference time

points.
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6.4 Results

6.4.1 Invitro fitness determination for fluoroquinolone resistance
mutations

6.4.1.1 Parent and mutant isolat e characteristics

Mutant colonies representing the highest MXF MICs generated for each strain tested
in mutability assays (Chapter Five) were selected for further investigation into the
effect of fluoroquinolone resistance adaptations on strain fitness;T@able 30). All

gyrA and gyrB substitutions were confirmed by Sanger sequencing (Appendix), with
the detected mutations all demonstrating close proximity to the fluoroquinolone

target region of DNA gyrase;Kigure 47).

Gly429>Val

GIn434>Lys

Thr82>lle

Figure 47: Visualisation of the non -synonymous mutation locations on the

protein structure on the C. difficile 630 DNA gyrase complex interacting nucleic

acid (orange). Light blue structures represent gyrase subunit A, light green
represents gyrase subunit B. Atomic spatial depictions denote amino acid
substitutions; GyrA: reg Thr82>lle and purplez Asp71>Tyr. GyrB: green

Gly429>Val and yellow GIn434>Lys. Image creatagsing CLC Genomics Workbench.
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6.4.1.2 Maximal growth rate determination

Based on bacterial growth curvesKigure 48), log phase was estimated to begin at
the three hour time point, where absorption increased by an averagef 176% from
the previous time point; (in comparison to 137% between to prior two readings).
The end of log phase was determined as the nine hour time point, since no further
increase in absorbance was recorded after this point. For the purpose of maximal

growth rate calculations, the three and nine hour measurements were applied.

Maximal growth rates of all parent and fluoroquinolone resistant isolates remained
comparable, ranging between 0.005®.0065 ODs9s min-1 (J= 0.0060) and 0.0053
0.0070 ODs95 min-1 (= 0.0061), respectively; Table 30). Individual parent to
mutant growth rate comparisons demonstrated no substantial differences, ranging
between-0.0006 and 0.00070Ds00 min-1 (&= 0.00007). Three mutantstrains
(CD3904, CD9609 and CD9946) exhibited slightly reduced maximal growth rates
than their progenitor isolates, whilst three demonstrated marginally elevated rates
(CD3809, CD3051 and CD3079). One parent and mutant strain pairing revealed

almost the exact same growth rate calculation (CD3891);Kigure 49).

Analysis of maximal growth rate and mutation frequency revealed a positive
correlation. Parent isolates demonstrating mutation frequencies greater than 1x10
(Chapter Five) revealed a correlation with marginally elevated maximal growth
rates (0.0062-0.0065 ODBgs min-1), compared to those with lower mutation
frequencies (0.00530.0059 ODBgs min-1); (Table 30).
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6.4.1.3 Assessment of toxin production by cytotoxigenic culture

All parent and mutant strains produced clostridal toxin, negated byC. sordellianti-
toxin, effective to a titre of 104; (Table 30). No differences were observed between

parent and mutant isolates.

6.4.1.4 Competitive batch culture
A variation of fitness (v) responses to fluoroquinolone resistance conferring

mutations were observed, ranging betweenv=0.80 and 1.24 @= 1.13), relative to
parent fitness set at 1; Figure 50). In six isolates, fluoroquinolone resistant, mutat
progeny exhibited a fitness advantage when cultured in direct competition with
parent strains. All mutants containing a Thr82>lle substitution displayed a
considerably elevated fitness level, with collective 24 hour mutant to parent ratio
scores signifcantly higher than the zero time point scoresp=0.002. Isolate CD9946,
containing a Gly429>Val substitution, demonstrated the largest fithess benefit
(w=1.24). Notably, the single fluoroquinolone resistant strain exhibiting the
Asp71>Tyr mutation (CD3809)demonstrated a distinct burden to fitness, with
relative fitness defined aswv= 0.80. All strain comparisons identified a statisticdy
significant variation between the ratios of fluoroquinolone sensitive parents and
resistant mutants atthe zero hour andtwenty -four hour time points; (t(20) = 4.307,
p<0.001).
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Figure 50: Mean relative fitness (+SE) of fluoroquinolone (FQ) resistant progeny
compared to parent fitness (set to 1) in competitive co -culture assays. Vaues are
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MXF (4 mg/L)

Maximal Growth Rate

Competition Assay

Co-culture Relative

Cell Cytotoxicity Assay

induced Mutation (ODsgs min-1) Parent:Mutant Ratio Fitness (w) Status (+ve titre)

Strain Frequency

Identifier (proportional) Parent FQR Mutant Zero Hour 24 Hours Parent FQR Mutant Parent FQR Mutant
CD3904 5.91 x 106 0.0062 0.0059 1.17 0.46 1 1.2224 + (104) + (104)
CD3891 2.11 x 106 0.0065 0.0065 0.92 0.68 1 1.0815 + (104) + (10%)
CD9609 2.73 x 106 0.0063 0.0057 0.94 0.58 1 1.1925 + (104) + (104)
CD9946 3.77 x 108 0.0059 0.0053 1.03 0.40 1 1.2459 + (104) + (10%)
CD3809 3.91 x 107 0.0064 0.0070 0.95 1.20 1 0.8036 + (104) + (104)
CD3051 3.02 x 108 0.0059 0.0066 0.97 0.74 1 1.1777 + (104) + (10%)
CD3079 2.93 x 108 0.0050 0.0057 1.19 0.69 1 1.1512 + (104 + (104

Table 30: Fitness testing of seven PCR ribotype 027 strains and fluoroquinolon e resistant (FQR) progeny determined by batch culture.

Parent strain moxifloxacin (MXF) mutation frequencies are shown to enable growth rate comparisons.

9G¢
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6.4.1.5 Competitive co-culture in a continuous chemostat model

Fluoroquinolone resistant mutant to parentratios demonstrated a gradual increase
across the duration of the model, averaging ati= 1.43, with a peak of 1.80 at 96
hours; (Figure 51). Mutant to parent population ratios were significantly different
between the zero (4= 1.16, SD=0.38) and 96 hour time points{= 2.7, SD=1.9);
t(8)=-2.294,p=0.025. Proportional disparity was briefly reduced between 120 and
144 hours, before rising again towards peak levels. Populations of highly MXF
resistant bacteia peaked after 24 hours, with counts on 32 mg/L and 64 mg/L MXxF
containing agars observed at 7.34 x ¥(and 4.44 x 10 logio CFU/mL, respectively.
By 72 hours, >32 mg/L mutant counts decreased to stable populations for the
remainder of the model duration, ranging between 7.89 x 1®and 1.17 x 1@ logio
CFU/mL; @= 9.54 x 16). Greater than 64 mg/L MXF mutants were undetectable
between 48 and 96 hours, with sporadic lowlevel detection identified towards the
end of the culture model. All colonies obtaied from 64 mg/L MXF agars were
confirmed to have MXF MICs of 128 mg/L. Colonies present on 32 mg/L MXF agars
from early (days 1-2) and late (days 68) stages of each model had MXF MICs of 64
mg/L. MXF resistant mutant fithess remained relatively consistenthroughout the

duration of the continuous caculture model (w= 1.1171.45,d§= 1.25); (Appendix).

Total C. difficilecounts peaked after 24 hours (1.23 x 1®0logio CFU/mL), with the
population levelling out by 48 hours, remaining stable through to the conclusion of
the model (@= 7.93 x 10 logio CFU/mL); (Figure 52). Spore counts demonstrated an
exponential increase between 24 and 48 hours (4.07 x 3@ 6.32 x 1% log1o
CFU/mL), corresponding to the initial reduction and subsequent stabilisation of

total C. difficilecounts.
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Figure 51: Progression of mutant (CD3079 Mut) and parent (CD3079) ribotype 027 C. difficile ratios in a continuous co -culture
chemostat model. The linear trend line (purple) demonstrates the increasing divergence between mugaudt parentstrain populations.
Highly resistant populations >32 mg/L and >64 mg/L MXF were documented to track further resistance development. The Iqeabtye
represents the baseline of equivalent mutant and parent strain proportions, data above thisfgs a fithess advantage for the mutant strain.
Data are presented as meaverages (+SE) of three independent model replicates. * p=0.025, significantly different mutant : parent ratiees.
series relate to the lefhand yaxis and bar charts relatéo the right-hand y-axis.
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6.5 Discussion

6.5.1 Invitro fitness determination for fluoroquinolone resistance
mutations

AEA AEEAAO 1T £ & OI O NOETTTTTA OAOEOOAT A
been widely investigated in a host of bacterial specie§87. 629, 630, 633, 635) \While

fithess burdens are regularly reported, commonly associated with a decreased
growth rate (585,629, 864) heneficial effects of gyrase and topoisomerase mutations
have also been observe($30. 633.634) However, there is a dearth of information
regarding the fitness effect of fluoroquinolone mutationsn C. difficile particularly
ribotype 027. Fluoroquinolone resistance was a notable characteristic of PCR
ribotype 027 strains involved in large outbreaks of severe disease around the world
and fithess impactsmay have been a factor in the predominance s ribotype (¢,
387,562), |n vitro batch culture experiments with C. difficilemay yield indicative data,
whilst chemostat models have been used successfully to predict clinical CDI risk and

treatment response(117. 125, 867869),

6.5.1.1 Competiti ve batch culture

The competitive batch culture findings of this investigation demonstrated evidence
of both benefit and burden to bacterial fithess, with amino acid substitution
dependent responses observed. Whilst the majority of mutations exhibited a
significant advantageous effect<0.001), intriguingly, an Asp71>Tyr mutation in
isolate CD3809 demonstrated a distinct fithess burder(Figure 50). Therefore, these
data present a complex picture, with mutational site impacting heavily on bacterial

fitness.

In this study Thr82>lle mutations demonstrated no fitness burden orC. difficile in
agreement with previous findings in this organism®39) as well as in otherg870-872),
Furthermore, a significant advantage was observed in these mutant isolates in-co
culture experiments. This common fluoroquinolone resistancsubstitution has been
identified in isolates associated with major ribotype 027 outbreak$34 92), suggesting
that resistance acquisition without fundamental hindrance to fitness may offer a
substantial contribution to clonal expansion. A recent retrospective analysis of local
and national data provided further insight into the influence of fluoroquinolones on

CDI rates387), Dingle et al. identified major and significantreductions in CDI caused
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by fluoroquinolone resistant strains, but no changes in case rates due to susceptible
strains, in the context of a fluoroquinolone restricted environmentWhilst the
aforementioned study highlighted the important role of antibiotics in selection and
maintenance of certain populations, it does not necessarily explain the whole story.
In a three-year panEuropean study ofC. difficilePCR ribotypes and resistance,
Freemanet al.described the continued prevalence of MXFesistant PCRibotype

027 in Cyprus, against a background of decreasing fluoroquinolone use. In contrast,
the PCR ribotype 027 isolates from Cyprus became progressively less resistant to
other antimicrobials tested, inferring no detriment to fithess from the presencef
fluoroquinolone resistance mutations in these isolate§!1®). This suggests the
involvement of additional factors. Infection control interventions in the Netherlands,
without fluoroquinolone restriction, resulted in substantial decreases in ribotype

027 prevalence in the aftermath of a series of outbreaks,hist other types

flourished in its absence873), The data outlined in this chpter suggest that, for
Thr82>lle mutants in particular, retention of a resistant genotype incurs no
detectable fitness cost, and so may be retained in the absence of antibiotic pressure.
This may help to explain the continued presence of fluoroquinolone sistant C.

difficile PCR ribotype 027 in some locations.

The only available data forC. difficilecomes from a study by Waselst al.,who
observed no fitness cost to the organismassociated with the majority of amino acid
substitutions investigated 639, However, ondn vitro mutant variant of the CD630
strain (ribotype 012) did demonstrate a statistically significant impairment in ce
culture investigations. Interestingly, the amino acid substitution present wa the
less common Thr82>Val mutationThis could explain the rarity of the mutant
variant, as strains acquiring the mutation could incur the reduced growth rate and
suffer from competitive inhibition in clinical environments. Leeet al.reported
epidemiological shift in Korean hospitals, aligned with this fithess dynami@24).
They described a shift from a predominance of ribotype 001 to a broad distribution
of other ribotypes, representing a change from Thr82>Val to Thr82>lle. This
followed the fitness model, since the ousted strain type harboured the substitution
variant demonstrating the greater fithess burden©39. Nonetheless, there are other
factors that potentially had a major impacton strain prevalence, including
fluoroquinolone MICs and additional antibiotic classesistances of the emerging

strains.
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In batch culture, one Asp72Tyr containing mutant demonstrated a burden on
fitness. Although proximally located tothe advantageous mutation, Th82>lle, a
contrasting fitness response was observed. Whilst the mechanis of these

polarised responses are not yet understood, there may be a considerable impact on
the tertiary structure of the gyrase molecule, affecting replication efficacy. Although
the fitness cost of CD3809 Mut alterations may be attributed to thgyrA Asp71>Tyr
mutation, as this amino acid substitution was only present in a single instance,
further isolates featuring the same modifications are required to substantiate this

hypothesis.

The mutations ingyrB, conveying lowlevel resistance, also displayedo fitness
burden. This correlated with previous findings 639, where mutations at Asp426,
generating equally moderate MIC increases (4 mg/L MXF), produced very slight
(non-significant) fitness advantagesSincethese intermediary steps are an

important stage in evolutionary resistance development, it may be that the absence
of a fithess cost/slight fithess advantage may shift the population baseline and allow
further advantegeous mutations to achieve higher levs of resistance. WhilsgyrB
mutations may appear of less importance, producing only marginal decreases in
fluoroquinolone susceptibility, they can act as a transitional step up the resistance
hierarchy. The capacity to incur fluoroquinolone resistance mtations without
detriment, as shown in the present study, may be a contributory factor to
widespread dissemination in this ribotype. Research in other genera support this
notion, with resistance mutations generating the least burden, identified as the most

clinically prevalent (636),

Although a definitive cause for this fithess advantage is unknown, Marcussenal.
suggested that modifications to the genes involved in the supercoiling process may
ultimately affect gene expressiont3%). By eliciting increased gyrase promotor

activity and the upregulation of other core processes, beneficial adaptations may be
AANOEOAA8 &OOOEAOI veredtafiered ttahstriptames)ietiveer E O A |
parent and gyrA mutant, Neisseria gonorrhoeaésolates (874, indicating a potential

for differential expression associated with fluoroquinolone resistance mutation in

other bacteria. Whilst it remains unclear as to why sterically proximal mutations can
impart such opposing effects, one hypothesis may be that the change in amino acid

chemistry may affect the enzymenucleic acid binding affinity.
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Though it might be expected that advantageous chrorsomal mutations would be
optimised and preserved through Darwinian evolution, we cannot discount the
impact of these substitutions on other factors, crucial to the bacterium.
Interestingly, Hiramatsu et al. suggested that theS. aureusvildtype gyrA gene nay
have offered resistance to natural antibacterials, such as nybomycin, as the
emergence of mutations conferring resistance to modern fluoroquinolones resulted
in nybomycin susceptibility 875, This suggests that the retention od survival
element (natural antimicrobial resistance), was perhaps more important in archaic
lineages than the slight fitness advantage arising from an additional Thr82>lle

susbstitution.

The ability to outcompete other strains may have been a factor imé successful
expansion and maintenance of epidemic ribotype 027 strains. Robinset al.
demonstrated a competitive advantage for ribotype 027 versus other neQ27
strains in anin vivo murine model 430), although the precise mechanisms are not
clear. The authors proffered an explanation of an elevated ability to outcompete
others for limited nutrients, postulating an increased replication rateof the thyA
gene, encoding for thymidylate synthase enzyme, as a potential factor in ribotype
027 fitness 430, Combined with such physiological factors, additional benefits
conferred by gyrase mutations, however slight, have the potential to compound any
ecological advantags held by this ribotype. Nonetheless,sano mention of
fluoroquinolone resistotype was made in the study by Robinsoat al, differing

susceptibilities may have been a contributory factor.

Since the discovery of both fithess advantages and burdens, amshg similar

cohort of isolates is of great interest, an additional presentation of the data was
produced to further outline the findings; (Figure 53). Inoculation of co-culture
experiments with carefully balancedproportions of test populations is vital to any
fitness investigation. However, although optical densities of the individual cultures
were meticulously measured, with a tolerance of £0.05 G variability, a

consistent, precise balance of populations isrpactically impossible to achieve. Thus,
in two strains of equal growth rate, a slight imbalance in initial populations would
only be exacerbated with exponential growth, potentially skewing findings.
Nonetheless, in this investigation a repeatable fitnessffect was observed across the

replicates, whether or not the mutant strain population outweighed its competitor
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strain at the zero time point. This pattern was also reflected whether or not the
mutation was advantageous or detrimentalThe majority of the seven batch
competition experiments generated atleast one replicate representing a slight
imbalance favouring parent and one weighted towards mutant populations. For
example, CD3904 replicates A and C were imbalanced in the favour of the parent
strain, whilst replicate B exhibited the opposite imbalance. Nevertheless, after 24
hours growth, all cultures demonstrated the same predominance of mutant isolate
populations; (Figure 53). Forthe majority of parent and mutant test pairings, each
replicate generated comparable final ratios. This observation adds to the robustness
of the findings, although the result of intentionally varied inocula proportions would

provide interesting insight towards the ultimate assessmenbof this hypothesis.

Whilst these findings are stark, it is not inconceivable that compensatory mutations
may have occurred during fitness investigation$7¢). Since genomianalysis was

not implemented for the endstage resistant mutants, there is a possiblity that those
reflecting no fithess burden may have generated compsatory mutations in order

to redress a fithess imbalance.

Maximal growth rate calculations revealed miimal differences between parent and
mutant strains, demonstrating a lack of correlation with ceculture data. This
suggests that fitness variability may only become apparent in direct competitive
culture. Equally, no effect was observed on strain cytotosity. However, the
possibility cannot be excluded that a competitive growth advantage could result in

increased toxin load.
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6.5.1.2 Bacterial fitness of the gyrA Thr82>lle mutation in a continuous co -
culture chemostat model

Animal modelling has been extensively used to tegt vivo CDI responsg8’7-881),
however this methodology requiresspecialist skills and environments to achieve
reliable results. Whilst batch culture experiments can provide easily obtainable
insights into bacterial responses, it is not particularly reflective of the bacterial
turnover occurring in gastrointestinal environments. Continuous culture models
provide more representative data regarding the dynamics within clinical bacterial
populations (882), The concept of continual nutrient replenishment and population
dilution permits a highly controlled environment for adaptive evolutionary analyses
(882) where strain dynamics and serial adaption under selective pressures can be
assessed. Onderdonkt al. utilised this method to successfully investigate the

impact of environmental pressures orC. difficiletoxin production (883).

6.5.1.2.1 Relative fitness of MXF resistant C. difficile isolate CD3079 Mut in a

continuous co -culture model.
The balance of mutantind parent population ratios in caculture represents the

ideal foundation to measure the effect of genetic mutations, whether advantageous
or detrimental, on the fitness of an organism. Here the proportion of mutant to
parent strain populations in the initial inocula were remarkably concordant (0.98
ratio). Based on this close proximity, thecontinuous co-culture model demonstrated
that isolate CD3079 Mut, encompassing amino acid substitution Thr82>lle in the
important gyrAgene, revealed a gradual increasin divergence in population from
its progenitor strain. In support of batch culture findings, these data demonstrated a
lack of detrimental effect of the aforementioned DNA gyrase mutation d@. difficile
fitness. Intriguingly, this mutant progeny demonsrated an advantage over its

parent strain, CD3079. The fitness calculations for this strain generated consistent
findings throughout the experimental model, regardless of at which time point the
determination was made (Appendix). The mean average fitnessf the mutant was
established aswv=1.25, which supports the results of the batch culture investigation
of this strain; (w=1.16). This advantage surpasses the fitness effects observedin
difficile by Waselset al.(w=0.90-1.09) (639), as well as those reported across a range
of organisms (v=0.80-1.05) (884), |t also correlates closely with the highest relative

fitness report in a single instance of &. difficileisolate containing anrpoB mutation
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(w=1.26) (638)  suggesting that this may be a substantial benefit, in the context of
other findings. Further confidence in this finding could be attained, since each
independent experimental model replicate ekibited consistent trends with regards
to the population ratios; (Appendix). These data all indicate how a slight bacterial
fitness advantage can quickly become exacerbated in continuous culture, resulting

in significant growth benefits.

Nutrient limitatio n may impact the behaviour and fithess of an organism. When
assessing the total vegetative and spore populations of each-colture (Figure 52),

it is plausible that after 24 hours the availability of nutrients lesened. Total viable
populations peaked at this stage, prior to a reduction in numbers, whilst spore
populations expanded extensively just after. This is suggestive of an inhospitable
environment, triggering sporulation as a survival mechanism. Thereaftethe

gradual supply of fresh nutrients correlates with population stabilisation. Since
populations of high-level MXF resistant strains (>32 mg/L) diminished soon after
the point of putative nutrient limitation, it may also suggest that these bacteria
becomeburdened with additional mutations and cannot compete efficiently at high
levels. The sporadic instances of 128 mg/L MXF resistant mutant detection may be
explained by the same rationalisation, which would reflect observations of high
level resistance rewersion in previous C. difficilemodels 117, Intriguingly, the models
described by Saxtoret al.also demonstrated lowlevel toxin production prior to
detectable germination, during investigations with MXF and ribtype 027. The
presence of a minority, resistant subpopulation, able to germinate in the presence
of high MXF concentrations may explain this phenomenon. This concept may also be
evident in the continuous culture model described here, where early detectmoof

highly resistant colonies was observed.

One interesting observation, apparent in all independent model replicates, was the
reduction in mutant to parent ratio occurring between 96 and 120 hours, prior to
returning to a gradual increase after 144 hours(Figure 51 and Appendix). Since this
time point correlated with the creation of fresh breakpoint media, one explanation
for this could be the deterioration of the antibiotic efficacy in the fluoroquinolone
incorporated agar used to quantify mutant populations. Nonetheless, this does not
explain the rapid increase observed beyond 144 hours, where relatively fresh

culture plates were utilised, or the absence of any effect on the 32 mg/L MXF viable
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counts. However, dferences at higher concentrations may prove less discernible.
This period may also align with the formation of biofilm, temporarily impacting the

planktonic population dynamics, resulting in a decreased mutant to parent ratio.

6.5.2 Study limitations

Whilst multiple stage chemostat models using faecal emulsions have proven
effective in modelling CDI responses to a plethora of environmental pressurés’.
125, 350, 869, 885) they require a complexity of expertise to perate successfully. While
these may be more reflective of a human intestinal environment, they cannot
replicate the interactions with an immune responsésé?). Therefore, whilst this
model does not reflect the complexity of interactionsn vivo, the pure continuousC.
difficile culture system implemented here, enabled an extension of th®tch culture
investigations into the fitness of fluoroquinolone resistant strains; 6.4.1.3. Further
development of this chemostat system to accommodate culture in a faecal emulsion
would closer imitate the clinical environment and the microbial inteactions
between colonic flora, as utilised by Saxtoat al.(117), One study has suggested that
the fitness behaviour of an organism maybe different betweeim vitro andin vivo
experiments, suggesting there may ba culture medium specific element to the

adaption to a fitness burden(8se),

It is also possible that compensatory mutations may have occurred during fithess
investigations (876). Since genomic analysis was not implemented on the resistant
mutants detected towards the end of the continuous ce@ulture model, there is a
chancethat those demonstrating no fithess burden may haveacquired
compernsatory mutations in order to redress a fithess imbalance. Instances girB

mutation reversion have been previouslyobserved inin vitro C. difficilemodels (117),

Although the mutants in this investigation were not developed via controlled gene
insertion (allele exchange), the mutations represent a natural adaptive response and
may be more clinically representative. Nonetheles#, vivo modelling would provide

additional insight, as variable outcomes have been observé®).
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6.6 Conclusions

In summary, fluoroquinolone resistance was a feature of PCR ribotype 027
associated outbreaks of severe disease. This PCR ribotype continues to persist and is
highly prevalent in some locations(34 112), This study demonstrates a fitness
advantageassociated with the common Th82>lle gyrA mutation, which may have
afforded this strain an epidemiological advantage. Without hindrance @n

associated fitness impairment, the potential for clonal expansion is increased.
Notably, a lack of fithess detriment associated with this phenotype, theoretically
allows for the retention of fluoroquinolone resistance in the absence of

antimicrobial pressure.
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Chapter 7 Concluding Discussion and Further Work

7.1 Discussion

This thesis presents evidence of antimicrobial resistance progression (@.
difficile, through comparisons of historical and modern isolate collections.
Potential contributory factors have also bea suggested with the demonstration
of variable mutation frequencies and a fitness benefit associated with common

fluoroquinolone resistance mutations observed.

The discovery of MXF resistant isolates from the early 1980s demonstrated the
potential for the development of crossresistance between generations of
fluoroquinolones, as previously reported38), The isolation of three ribotype
027 strains from the historical collection, potentially provided two of the earliest
instances of this epidemic, hypewirulent ribotype. Originating from 1981 and
1983, these two isolates predated the CD196 stran recovered from a French
patient in 1985 (289), While it is likely that this ribotype existed prior to this
isolation, CDI cases caused by 027 strains may haveeln rarer due to the
scarcity of a resistance advantage. The detection of fluoroquinolone resistance in
this important ribotype, prior to the major clonal expansion of the early 2000s,
may suggest the presence of genomic differences hampering these strafirenm
flourishing where others did. Although outside the scope of this work,
comparative analysis of SNP locations between these historical isolates and
modern, resistant strains may reveal distinct regions with the potential to affect

epidemiological sucess.

Whilst it is known that resistance often rapidly follows the introduction of a new
antibiotic 39, there is a paucity of data comparin@. difficileepidemiology
across decades, using modern molecular techniqué&§!. 726), Here we compared
phenotypic resistance prevalence amongst an historical collection &. difficile
isolates originating from the UK between 19861986 and modern UK strains
from a large-scale surveillance study (202-2016) (118), Comparisons revealed
significant increases in the geometric mean MICs of all comparator compounds
(p=0.01-p<0.0001), with the exception of imipenem. Whilst no evidence of

resistance to the primary treatment drugs (vancomycin, metronidazole and
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fidaxomicin) was detected in the historical isolates, all demonstrated slightly
lower geometric mean MIC, when comparetb modern strains; (VAN 0.135,

MTZ 0.112 and FDX 0.001 mg/L). Interestingly, the MXF Mbiivas two doubling
dilutions lower in the historical isolates, suggesting a substantial expansion of
high-level resistance amongst modern strains. This development bfgh-level
resistance may substantially increase the risk of CDI onset in colonised patients
with fluoroquinolone exposures and therefore, generate considerable concern

for clinicians.

Ribotype prevalence in the historical catalogue reflected modern epideology,
with the collection dominated by ribotypes 015 and 020. Whilst it cannot be
ignored that the recovered strains may represent those ribotypes fittest for long
term survival, distributions potentially indicate a baseline of strain types that is
reverted to as outbreaks (e.g. ribotype 027 or longerm periods of endemicity,
such as ribotype 001 in the UK during the 1990s) subside. The presence of the
rare ribotypes 242, 341, 619, 626 and 862 may indicate that these were more
common decades ago, but k& subsequently become more or less extinct, due
to competition inhibition by more successful genotypes. Importantly, these data
cannot account for the interim period between the two collections, as they only
inform us about two disparate time points. Nonéheless, taken as a whole, the

data indicate increasing resistance to multiple antimicrobials irC. difficile

Next generation sequence data revealed the presence of many resistance
determining elements in the historical genomes. Although not as prevaleas
indicated in modern surveillance studies, resistance determinants, such asmB,
tetM and cfr were detected in genomes from the 1980s. The discrepancy in
prevalence between the temporally distinct isolate collections highlighted the
progression of theseelements, potentially through clonal expansion and
horizontal gene transfer. This escalation in the presence of resistance
determinants emphasises the concerning progression towards increased
incidence of multidrug resistance inC. difficile The situation becomes sel
perpetuating, as the greater the abundance of transposable genes in the gut

microbial pan-genome, the more opportunities for gene acquisition.

The phylogenetic investigations performed on these strains highlighted the

necessity for caution both when interrogating historical isolate collections and
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in the assessment of molecular clock data. Whilst contamination of historical
specimens with modern isolates cannot wholly be dismissed, rigorous measures
were imposed during the recovery protocas to ensure the risk was minimal.
Though the phylograms indicated that the majority of isolates fitted within the
predicted range of SNP differences, molecular clock estimations did not always
correlate with age distinctions. The dormancy experienced bg.difficile during

its existence in spore form conceivably contributes to the evolutionary rate.
However, as this is an almost indeterminable measure, it should be reasonable
to consider that estimations of molecular clock rates are only guideline
approximations and outlying findings may be observed. The impact of spore
quiescence on evolutionary estimations is therefore an area requiring further

examination.

Investigations of C. difficilemutability under fluoroquinolone selectionrevealed
a diverse range éresponses, with ribotype 027 isolates demonstrating the
highest rates (F1.48 x 106). This discovery revealed the high plasticity of the
QRDR, particularly amongst the hypevirulent types and may contribute to the
success of these strains. Though the mechanism driving these different
responses is yet to be elucidated, seval genes relating to the DNA SOS and
mismatch repair systems revealed no correlations with mutability phenotypes.

The cause may lie in, yet undiscovered, complex epigenetic mechanisms.

The impact of any genetic alteration on bacterial fitness potentiallinfluences
the survival and evolution of a genotypés8%). Here the effects of fluoroquinolone
resistance mutations onC. difficilegrowth rates, toxin production and ceculture
competition were assessed in the epidemgiribotype 027. Three fluoroquinolone
resistance conferring mutations, both in thegyrA and gyrB genes, indicated no
burden to fitness, with a significant advantage observed in isolates harbouring
the common Thr82>lle substitution (v=1.16,p=0.002). A coninuous co-culture
chemostat model was successfully established for the further evaluation of
bacterial fitness testing, with repeatable results observed for one Thr82>lle
harbouring isolate. The capacity forC. difficileto develop common
fluoroguinolone resistance mutations without detriment to the core functions of
the bacteria, revealed the potential for resistance spread through unabated

clonal expansion. Similarly, where resistant mutants arise they may quickly
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proliferate and outgrow sensitive populaions in the gut, causing additional
clinical challenges. From ribotype 027 phylogeny it was observed that the
majority of ancestral strains were fluoroquinolone sensitive, whilst recent
lineages are almost entirely resistant. The fithess advantages of retsince
substitutions, observed in this ribotype, may be a contributing factor in this
evolutionary direction. Nonetheless, an absence of fithess burden was not a
universal trait with MXF resistance mutations. A single instance of an Asp71>Tyr
substitution revealed a substantial detriment in batch culture, highlighting the

importance of SNP location to bacterial fitness.

In conjunction with the absence of a fitness burden associated with common
fluoroquinolone resistance substitutions, clonal expansion of geetic elements
may result in even more problematic, clinical challenges. Whilst resistance to
antibiotic treatment options remains uncommon, an assemblage of elements
providing protection from other antimicrobial classes may generate increased
occurrencesof CDI. Current trends are moving away from managing this
antibiotic -mediated disease with paradoxical antimicrobial treatments and
towards alternative therapeutics, such as monoclonal antibod{>>), microbial
transplants (216. 887) and probiotic therapies(24%). While, in time, research may
generate efficaciousnovel treatment options, controlled antimicrobial
stewardship programs remain essential to reduce resistance development

contributing to the onset of disease.
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7.2 Further work

Whilst the elucidation of the mechanism behind the vegetative cell replication
inhibition effected by high concentrations of glycine would be of interest, further
optimisation of additional C. difficileculture based media would have greater

clinical relevance. A comprehernige assessment of all widely used growth media,
AT OE ACAO AT A AOT OEh x1 O1 A AT AAT A OEA
recovery method, potentially leading to a reduction in false negative

determinations of CDI and an improved clinical response.

Beyondthe scope of this thesis, further extensive attempts to recover agéd
difficile isolates from the historical collection would be valuable. Further
investigations of historical C. difficileisolates would be worthwhile in their
contributions to the knowledge base, however caution must be taken when

considering the provenance of isolates and any potential contamination issues.

With regards to the mutation frequency investigations, repeat testing of the
same panel of isolates with exposures tan agent withan alternative resistance
mechanism, such as RIF, would corroborate the mutability findingédssessment
of C. difficilemutability frequencies when exposed to the commonly used
ciprofloxacin and levofloxacin, as well as testing of all ribotype groups under
elevated concentrations, would further clarify the mutational consequences for
C. difficile

In order to confirm the consistency of the fithess responses outlined in this

thesis, theassays could be repeated with end stage mutants sequenced to ensure
no additional compensatory mutations had occurredEqually, corroboration of

the fitness effects of mutations tested in only single replicates (e.g. Asp71>Tyr)

could contribute to the significance of the conclusions.

The introduction of a fluorescent marker, sich as green fluorescent protein
(GFP), into the mutant populations tested in bacterial fithess assays would
enable the use of flow cytometry to assess small variations in growth
rates/fitness. Where only slight effects were observed, they could be acaitely
guantified. Nonethelessassays would require suitable controls to ensure the

addition of fluorescent markers did not contribute a fithess effect.

O/
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Both batch and continuous ceculture fitness experiments would benefit from
being performed in faecal slury, as opposed to pure broth. This would facilitate
the assessment of fithess response in an environment closer reflecting a clinical
setting and the effects of bacterial interactions amongst colonic microbial
populations. Repeat model testing with diffeent strains exhibiting the same
substitution, as well as others with diverse mutations would all increase the
robustness of the hypotheses outlined here. Equally, since the continuous
culture chemostat model has produced consistent results across several
replicates, this model could be used to test the impact of other resistance

elements or even to perform fitness assays in other organisms.

The analyses performed as part of this PhD research are only the tip of the
iceberg when considering the use of NG&th. Generation of vast amounts of
genomic information provides a whole host of opportunities for genome mining
for novel resistance determinants and the identification of genetic relationships
to phenotyping data. With the ever increasing availability ofequencing
technologies, this collection of genomic information (directly linked to
phenotypic resistance determinations) could provide a basis for future
antimicrobial resistance prediction algorithms. Applications such as machine
learning (888. 889) have the potential to harvest genomic data sets and produce

robust links between the pargenome and antimicrobial resistance.
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