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Abbreviation list

A

A: Adenine

AFLP: Amplified fragment length polymorphism
AMOVA: Analysis of molecular variance

ANOVA: Analysis of variance

B

B. difficilis: Bacillus difficilis

B. heparinolyticus: Bacteroides heparinolyticus
Blast: Basic local alignment search tool

BMI: Body mass index

bp: Base pair

BSC: Bristol stool chart

C

°C: Degree Celsius

C: Cytosine

C. butyricum: Clostridium butyricum

C. difficile: Clostridium difficile

C. sordellii: Clostridium sordellii

C. sporogenes: Clostridium sporogenes

C. tertium: Clostridium tertium

CA-CDI: Community-acquired C. difficile infection
CC: Clindamycin

CCF: Cycloserine cefoxitin fructose
CCFA: Cycloserine cefoxitin fructose agar

CCFAT: Cycloserine cefoxitin fructose agar taurocholate
medium

CCFBT: Cycloserine cefoxitin fructose taurocholate
enrichment broth

CCFT: Cycloserine cefoxitin fructose taurocholate
CDA: C. difficile associated disease

CDI: C. difficile infection

Abbreviation list

CDIF: C. difficile
CDRN: C. difficile Network
CDT: C. difficile binary toxin

cdtd: C. difficile gene encoding for the enzymatic
component of the binary toxin CDT

cdtB: C. difficile gene encoding for the binding
component of the binary toxin CDT

cdtLoc: Full binary toxin locus

CE: Cytotoxicity assay

CEF: Cefquinone

CI: Confidence interval

CLSI: Clinical and laboratory standard institute
cm: Centimeter

em*: Square centimeter

D
D: Dependant resident
DNA: Deoxyribonucleic acid

DNTP: Deoxyribonucleotide triphosphate

E

€: Euros

E: Erythromycin

E. lenta: Eggerthella lenta

E. faecalis: Enterococcus faecalis

E. gallinarum: Enterococcus gallinarum
E. faecium: Enterococcus faecium
ECOFF: Epidemiological cut-off value
EFSA: European food safety authority
EIA: Enzyme immunoassay

ELISA: Enzyme-Linked immunoSorbent assay
ENR: Enrofloxacin

ESBL: Extended spectrum B-lactamasa

F

F: Female



F. magna: Finelgoldia magna
FAM: Carboxyfluorescein
F+M: Flunixin meglumine

FSM: French society of microbiology

G

g: Gram

G: Guanine

G+C: Guanine + cytosine

GDH: Glutamate dehydrogenase
GEN: Gentamicin

GM: Gentamicin

Gram +: Gram positive

gyrA: DNA gyrase coding gene from C. difficile

H
h: Hours

H2 blockers: (or H2 antagonists) Blockers of histamine at
the histamine H2 receptors

HIV/AIDS: Immunodeficiency virus

1

I: Intermediate antimicrobial resistance
ICU: Intensive care unit

ID: Index of diversity

i.e.: Thatis

IgA: Immunoglobulin A

IgG: Immunoglobulin G

K
kb: Kilo base
kDa: Kilo Dalton

Kg: Kilogram

L
L. graminis: Lactobacillus graminis

L. rhamnosus: Lactobacillus rhamnosus

Abbreviation list

LCT: Large clostridial toxins
LSR: Lipolysis-stimulated lipoprotein receptor

LZ: (or Met) Metronidazole

M

M: Male

MAR: Marbloxacin

Met: (or LZ) Metronidazole

min: Minutes

ml: Millilitres

MLST: Multi-locus sequence typing

MLVA: Multi-locus variable number tandem repeat
analysis

mm: Millimeter
mol: Mole unit
MRC-5: Medical Research Council cell strain 5
MUT: Mutation

M(0)X(F): Moxifloxacin

N

n: Number

NAP1: North America pulsotype 1
ng: Nanograms

NSAIDS: Non-steroidal anti-inflammatory drugs

o

OTU: Operational taxonomic unit

P

P: Penicillin

PaLoc: Pathogenicity locus

PCoA: Principal coordinate analysis

PCR-ribotyping: Polymerase chain reaction-ribotyping

PCR-RFLP: Polymerase chain reaction-restriction
fragment length polymorphism

PEN: Penicillin

PFGE: Pulsed-field gel electrophoresis



PMC: Pseudomembranous colitis

PYG: Peptone yeast glucose

R

R: Resistance

RA: Rifampicin

RAPD: Random amplified polymorphic DNA
rDNA: Ribosomal deoxyribonucleic acid

REA: Restriction endonuclease analysis
rep-PCR: Repetitive sequence-based PCR-typing
rpm: Revolutions per minute

rRNA: Ribosomal ribonucleic acid

RT-PCR: Real-time PCR

S

S: Susceptibility

s: Second

S. capitis: Staphylococcus capitis

S. haemolyticus: Staphylococcus haemolyticus
SD: Semi-dependant resident

SFM: French society of microbiology

SIDS: Sudden infant death syndrome

sIpAST: Surface-layer protein A gene sequence typing
S-layer: Surface immuno-protein layer

spp.: Species

ST: Sequencing type

STRD: Summed tandem repeat difference

SXT: Trimethoprim sulfamethoxazole

T

TcdA: C. difficile toxin A

tedA: C. difficile gene encoding toxin A
TcdB: C. difficile toxin B

tedB: C. difficile gene encoding toxin B

tedC: C. difficile gene (putative negative regulator gene

of toxin production)

Abbreviation list

tedC 39bp: C. difficile tcdC gene with a 39 base pair
deletion

TE: Oxytetracycline
TET: Tetracycline
T: Thymine

tpi: Triose phosphate isomerase gene

U

UCL: Université Catholique de Louvain
UK: United Kingdom

USA: United States of America

USD: U.S. Dollars

UV: Ultraviolet light

v

V: Volt

VA: Vancomycin

Vit: Vitamin

VNTR: Variable number of tandem repeats

VPI: Virginia Polytechnic Institute

w

WGS: Whole genome sequencing

X

XNL: Ceftiofur

Other symbols
png: Microgram
ul: Microliter

uM: Micromolar
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1.1 C. difficile Era: understanding the bacterium and associated infections

Clostridium difficile is a strict anaerobe, Gram-positive spore-forming bacterium that was first
identified by Hall and O'Toole in 1935, in a study of the daily microbial changes in the feces of ten
normal breast-fed infants. Since then, C. difficile emerged as a major human enteropathogen and
nowadays the bacterium is considered as the leading cause of antibiotic-associated nosocomial
diarrhea, responsible for outbreaks in hospitals and other health-care settings worldwide, capable of

causing mild or serious diarrhea, fulminant colitis and death.

The major research studies of the last years have been focused on rapid diagnosis of C. difficile
infection (CDI) and its epidemiology. In the past two decades CDI has increased in severity, with the
emergence of epidemic strains such as PCR-ribotype 027. This strain has substantially contributed to
the rise in CDI incidence in North America and Europe. In addition, many different factors, like
increased antibiotic therapy prescription or prolonged hospitalisation, have contributed to the spread
of the bacterium. Recently, severe manifestations of CDI as well as recurrent episodes of infection,
especially among elderly people over 65 years in whom a worse outcome is more probable, have
alarmed clinicians. Therefore, because the life expectancy in humans now exceeds 81 years in several
countries worldwide and the proportion of the elderly population is increasing, more serious CDI will
probably occur in the near future. Furthermore, in the last decade, the increasing number of CDI
acquired in the community suggests possible transmission outside healthcare settings. In view of this
situation, many efforts have been made based on a list of educational measures that could reduce the
exposure to the bacterium, as well as several clinical guidelines to better diagnose and treat the

infection.

The introduction of this dissertation is intended to describe the history of C. difficile, starting from the
first descriptions up to the present, including the current knowledge regarding detection, typing

methods and laboratory diagnosis of CDI.
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C. difficile infection: early history, diagnosis and molecular strain typing methods
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1. Introduction

Clostridium difficile is one of the most important nosocomial
pathogens in humans. It is responsible for outbreaks of hospital-
acquired infection, with symptoms including serious diarrhoea

* Corresponding author. University of Liege, Faculty of Veterinary Medicine (DDA
FARAH), Quartier Vallée 2, Avenue de Cureghem, 10 (B43b), 4000 Liege, Belgium.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).

http://dx.doi.org/10.1016/j.micpath.2016.05.018
0882-4010/© 2016 Elsevier Ltd. All rights reserved.

and, in several cases, pseudomembranous colitis and even death.
Although the principal risk factors in patients are a history of
antibiotic treatment, an age of over 65 years, and prolonged hos-
pitalisation [1,2], in recent years, studies have described the bac-
terium spreading further into the community [3] and an increase in
the incidence and severity of nosocomial C. difficile infection (CDI)
in North America and Europe [4]. This rise has been attributed to
the emergence of new hypervirulent strains, including PCR-
ribotype 027 [5] and PCR-ribotype 078 [6], which has been asso-
ciated with antimicrobial exposure. Furthermore, a significant
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correlation between the lack of PCR-ribotype diversity in health-
care settings and greater antimicrobial resistance has been
observed [7].

In the past years, several studies and guidelines have been
published to compare CDI incidence among different clinical set-
tings, to increase the awareness of C. difficile and to improve the
diagnosis and management of the infection [8]. This review is
intended to describe the history of C. difficile, starting from the first
descriptions up to the present, including the current knowledge
regarding the detection, typing methods, and laboratory diagnosis
of CDI.

2. Clostridium difficile discovery and its early history in
humans

C. difficile was first identified by Hall and O'Toole in 1935, in a
study of the daily microbial changes in the faeces of ten normal
breast-fed infants up to the tenth day, when they left the hospital.
The bacterium was described as a strict anaerobe with sub-
terminal, non-bulging, elongate spores. In recognition of the diffi-
culty of its isolation and study, it was originally named Bacillus
difficilis [9]. Another remarkable property was its pathogenicity.
Some strains were capable of producing toxins and caused respi-
ratory death, with marked edema in the subcutaneous tissues of
guinea pigs, rabbits, cats, dogs, rats and pigeons and convulsions in
guinea pigs similar to those of tetanus. Its toxin was thermolabile,
being inactivated in 5 min at 60 °C, but was not absorbed from the
intestinal tract of the guinea pig, rat and dog: it acted only upon
injection into the tissues [10]. In 1938, the bacterium B. difficilis was
reclassified into the genus Clostridium [11] and C. difficile nomen-
clature was adopted by the Approved List of Bacterial Names [12].

Between 1940 and 1962, only two studies in the literature refer
to C. difficile in humans [13,14]. However, there was no evidence in
these cases that C. difficile was pathogenic. In the 1970s, a number
of reports focused on the isolation of C. difficile from different
hospitalised cases [ 15—21], but there did not seem to be an obvious
pathogenic role in these cases, and C. difficile was still considered to
be part of the normal faecal flora of humans. During this period, the
first studies in animal models were published [22,23]. One of these
studies [23] reported a cytopathic toxin in tissue-cultured cells and
suggested the activation of an uncultivated virus. However, in
retrospect, these findings could represent a description of the
cytopathic effect of C. difficile induced by its toxins [24].

Pseudomembranous colitis (PMC) was first described in 1893
[25], prior to the availability of antibiotics, as a post-operative
complication of gastrojejunostomy for an obstructive peptic ulcer
in a young woman. Ten days after surgery, the patient developed
haemorrhagic diarrhoea and died. After autopsy, the disease was
identified as diphtheric colitis [26]. In subsequent years, many
other early cases of PMC were recorded after surgical operations, in
particular for patients with obstructive colorectal carcinoma [27] or
under antimicrobial therapy [28—30]; however, while many studies
showed important clues, its association with C. difficile would not
occur until 1978 [31—-36]. The finding was reported by three studies
that were published in the literature almost simultaneously. In
March 1978, one study [37] suggested that C. difficile was the
causative agent of PMC. The authors found high titres of toxin in the
faeces of all patients with PMC studied and hypothesised that the
bacterium might be present in small quantities in the intestines of
healthy adults and that under the appropriate conditions, it was
able to multiply and cause postoperative diarrhoea or PMC due to
its potential for toxin production. In April 1978, a second study [38]
reported the isolation of C. difficile from the faeces of a patient with
clindamycin-associated PMC and demonstrated both the presence
of a faecal toxin and the toxigenicity of the isolate using a tissue-

culture assay. In May 1978, a third study [39] reported that C.
difficile was responsible for PMC and that previous antibiotic ther-
apy produces susceptibility to infection, presumably as a result of a
change in the bacterial flora. Finally, in late 1978, it was demon-
strated that vancomycin eliminates toxin-producing C. difficile from
the colon and is associated with rapid clinical improvement in
patients with pseudomembranous colitis [40]. Fig. 1 summarises
the early history of C. difficile in humans.

Since then, the number of reports documenting C. difficile
infection in hospitals increased, and it became the pathogen of the
90s [41]. In the early 2000s, a rise in the incidence, severity and
mortality rate of CDI was reported in Europe and North America,
associated with the emergence of a new hypervirulent strain, PCR-
ribotype 027 [5]. C. difficile is now a worldwide public health
concern, as it is considered the major cause of antibiotic-associated
infections in healthcare settings. Three previous reviews have
addressed the recent epidemiology of CDI in hospitals, nursing
homes and in the community as well as the principal outbreaks
reported [2,42,43].

In recent years, with the availability of next-generation
sequencing technologies, it has been demonstrated that C. difficile
is closely related to the Peptostreptococcaceae family. It has there-
fore been suggested that C. difficile should be attributed to a new
Peptoclostridium genus, renaming C. difficile to Peptoclostridium
difficile. The newly proposed genus, Peptoclostridium, are Gram-
positive, motile, spore-forming obligate anaerobes. All strains are
mesophilic or thermophilic, grow in a neutral to alkaline pH and are
oxidase- and catalase-negative. The G + C content of the genomic
DNA ranged from 25 to 32 mol % [44].

3. The scope of CDI

C. difficile intestinal colonisation can be asymptomatic or pro-
duce disease. The clinical manifestations of CDI range from mild or
moderate diarrhoea to fulminant pseudomembranous colitis [8].
Other symptoms described are malaise, fever, nausea, anorexia, the
presence of mucus or blood in the stool, cramping, abdominal
discomfort and peripheral leucocytosis. Extraintestinal manifesta-
tions (arthritis or bacteraemia) have been described but are rare.
Severe disease can present colonic ileus or toxic dilatation and
distension with little or no diarrhoea. The worst outcome of CDI is
sepsis and death [8], which is estimated to occur in 17% of cases;
however, this percentage is higher among older people [45].

Antibiotic treatment [ 1] and advanced age have classically been
associated with C. difficile infection and related to an increased
mortality rate [46]. A recent review regarding CDI cost-of-illness
describes a mean cost ranging from 8911 to 30,049 USD for hos-
pitalised patients (per patient/admission/episode/infection) in the
USA [47]. In Europe, the annual economic burden is estimated to be
approximately 3000 million euro [48]. However, it is necessary to
note that the diagnostic strategy remains suboptimal in a large
number of healthcare facilities, and a significant proportion of in-
fections may remain undiagnosed [49].

Colonisation by non-toxigenic C. difficile has also been
described, with a prevalence ranging between 0.4% and 6.9% [50],
although this prevalence is lower than the estimated asymptomatic
colonisation by toxigenic strains, which is between 7% and 51%
[51,52]. Furthermore, it has been hypothesised that asymptomatic
carriers can be colonised by both types of strains (toxigenic and
non-toxigenic) for long periods of time without developing the
disease [53]. However, these asymptomatic carriers could play an
important role in transmission as a source for many unexplained
cases [54]. It has been suggested that the presence of non-toxigenic
C. difficile in the intestinal tract protects against CDI, although there
is no clear evidence to explain how these avirulent strains reduce
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EARLY HISTORY OF CLOSTRIDIUM DIFFICILE IN HUMANS
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Fig. 1. Clostridium difficile history in humans PMC: pseudomembranous colitis.

the risk of developing an infection [50]. Simple competition for a
niche in the gastrointestinal tract or other complex effects on
mucosal immunity and nutrient acquisition have been hypoth-
esised [50]. A variation in C. difficile non-toxigenic colonisation with
age has been described, ranging from 6.9% for patients aged 60
years or more [55] to 22.8% for patients younger than 20 years of
age [56], and up to 53—96% in neonatal units [57,58], supporting the
hypothesis that these strains are more prevalent in younger pa-
tients and infants [50].

4. C. difficile outside Europe and North America

As previously cited, C. difficile is the most frequent bacteria
associated with nosocomial diarrhoea in Europe and North Amer-
ica. However, little information is available regarding the extent of
the infection in other regions or developing countries. In
Zimbabwe, a study conducted in a healthcare centre reported a
prevalence of 8.6% in a total of 268 diarrhoeal stool samples.
Further characterisation of the isolates showed that all were sus-
ceptible to metronidazole and vancomycin, but approximately 70%
were resistant to co-trimoxazole, which is an antibiotic widely used
in this region as prophylaxis against infections in HIV/AIDS patients
[59]. In a study of the gut microbiota of 6-month-old Kenyan infants
consuming home-fortified maize porridge daily for 4 months and
receiving micronutrient powder containing 2.5 ng of iron, C. difficile
was detected with a high prevalence (56.5%). The results obtained
showed that iron fortification in infants adversely affected the gut
microbiota, with an increase in the proportion of some pathogenic
bacteria, including Escherichia coli, Salmonella, Clostridium

perfringens and C. difficile [60]. A review [61] on the epidemiology of
C. difficile in Asia shows that infection occurred at similar rates to
other areas but with a predominance of variant toxin A and toxin B
positive strains, including PCR-ribotypes 017 and 018. In contrast
with the situation in America and Europe, PCR-ribotypes 027 and
078 have rarely been reported in Asia. The unregulated use of an-
tibiotics in some Asian regions and the lack of surveillance raise
concerns over the risk of bacterial mutation and infection [61]. An
additional review describes the situation in Thailand in detail. A
lack of data regarding C. difficile epidemiology is reported along
with a high level of indiscriminate use of antimicrobials. C. difficile
strains isolated from Thai patients showed a high degree of resis-
tance for a wide range of antibiotics, including clindamycin,
cefoxitin and erythromycin. Nevertheless, the strains were fully
susceptible to metronidazole and vancomycin. In the same review,
the authors concluded with the recommendation for a monitoring
plan for C. difficile infections in hospital and community settings in
Thailand and other Asian countries [62]. The same observation has
been made for Latin America, where little data are available
regarding the epidemiology of C. difficile in hospitals, and increased
awareness and vigilance among healthcare professionals and the
general public seem essential [63]. In an epidemiological study of C.
difficile-associated diarrhoea in a Peruvian hospital, the reported
overall incidence per 1000 admissions was 12.9. As the presence of
another patient with CDI in the same room was significantly
associated with the development of diarrhoea, the authors
concluded that C. difficile transmission commonly occurred in this
healthcare setting and highlighted the need for implementing
adequate hygiene programmes [64] (Table 1).
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One of the most serious human health problems in developing
regions is the microbial contamination of drinking water and foods,
leading to severe gastrointestinal diseases that are exacerbated by
under-nutrition and the lack of medical treatment in these regions.
Water-, sanitation- and hygiene-related deaths occur almost
exclusively in developing countries (99.8%), of which 90% are the
deaths of children [65]. Indeed, children are the most at-risk group,
especially in the first year of life. C. difficile was identified among a
large number of bacteria associated with diarrhoea in this popu-
lation. However, the source of contamination (water, food or
environment) by the enteropathogens identified in diarrheic chil-
dren was not elucidated [65].

Another issue of concern is CDI in immuno-compromised pa-
tients in developing countries. In a study conducted to assess the
microbial aetiologies of diarrhoea in adults infected with human
immunodeficiency virus (HIV) in India, C. difficile was the most
common bacterial pathogen identified, with a reported prevalence
of 18% [66]. Consistent with this study, HIV-positive inpatients and
outpatients in Nigeria were shown to be C. difficile-positive in 43%
and 14% of cases, respectively [67] (Table 1). Both studies show the
importance of establishing controlled and regulated access to an-
tibiotics in developing countries, as well as the importance of the
early diagnosis of intestinal pathogens to reduce morbidity and
mortality rates, especially among HIV-positive people. In a further
study evaluating CDI in travellers, infection was reported to be
more commonly acquired in low- and middle-income countries.
Furthermore, CDI was often acquired in the community by young
patients and associated with the empirical use of antimicrobials,
frequently fluoroquinolones [68].

5. C. difficile is found everywhere

C. difficile is ubiquitous in the environment, and the bacterium
has the capacity to persist on inanimate surfaces for as long as
several months [69]. These contaminated areas can contribute to-
wards C. difficile transmission in healthcare settings. Bed frames,
floors or bedside tables have been described as the most commonly
contaminated areas in rooms used to isolate patients with C. difficile
diarrhoea [70], even after detergent-based cleaning [71]. Table 2
summarises the available studies in the literature regarding the
dissemination of C. difficile spores in healthcare settings and related
environments. However, the difference in prevalence among
studies may be due to the sampling and culture methods used [70]
and in the cleaning programmes used to control the spread of C.
difficile. In this context, a previous study reported that unbuffered
hypochlorite (500 ppm) was less effective than phosphate buffered
hypochlorite (1600 ppm) for surface decontamination [72]. In
addition to the patient room environment, the bacterium was iso-
lated from the hands and stools of asymptomatic hospital staff and
from the home of a patient suffering CDI. Furthermore, C. difficile
inoculated onto a surface (floor) has been shown to persist there for
five months [73]. In an intensive care unit, an outbreak of pseu-
domembranous colitis was attributed to the cross-contamination of
inanimate environmental sources with persistence in the hospital
for several weeks [77]. Regarding the medical equipment, two
previous studies have reported that the replacement of electronic
thermometers with single-use disposables significantly reduced
the incidence of C. difficile-associated diarrhoea in both acute care
and skilled nursing care facilities [78,79]. However, it has also been
reported that with the use of disposable or electronic thermome-
ters, there was no effect on either the overall rate of nosocomial
diarrhoea or the rate of nosocomial infections [79]. A further study
also describes how the use of tympanic thermometers reduces the
risk of acquiring vancomycin-resistant Enterococcus and CDI by 60%
and 40%, respectively [80].

Increased interest in the transmission of C. difficile has led to
new studies in the literature reporting the presence of spores in
other areas never studied before. Medical staff has increasingly
used mobile technology devices in hospitals, such as iPads, to ac-
cess electronic patient information. A recent study [82] evaluated
the contamination of 20 iPads by C. difficile spores in a healthcare
setting. Although with the number of samples tested, there was not
sufficient data to estimate the prevalence, and in addition, there
was no C. difficile recovery, the study also reported the effect of
different agents on iPad disinfection. The results showed that
bleach wipes were able to remove the inoculated spores completely
from the screen surface, while a microfibre cloth was more effective
than alcohol wipes. As there are no existing medical guidelines
specific to electronic devices, and the manufacturer recommends
avoiding the use of chemicals or abrasives to clean the device, the
authors emphasised the importance of reducing the tablets’ envi-
ronmental contact in rooms housing patients suffering from CDI.

There are few studies describing the presence of C. difficile in the
natural environment and in the environment in the community
(Table 3). The prevalence of C. difficile was recently studied in retail
baskets, trolleys, conveyor belts and plastic bags in 17 different
supermarkets from 2 cities in Saudi Arabia. The study reported a C.
difficile prevalence of 0.75% on sampled surfaces, with the highest
level of contamination in baskets and trolleys, which could suggest
the need for the implementation of planned disinfection in super-
markets to control community-acquired CDI [83]. In the natural
environment, the bacterium was detected in seawater, zooplankton
[84], tropical soils [85] and rivers [86]. In the rural environment, C.
difficile was recovered from homestead soils, household-stored
water [87] and soils of stud farms with mature horses [88]. In
this last study, C. difficile was inoculated in equine faeces and the
bacterium was found to survive at least 4 years (no later time points
were tested) when kept at room temperature and outdoors at an
ambient temperature over the year.

While C. difficile is also known as an enteric pathogen in some
food-producing and companion animal species, there are several
reports describing the presence of the bacterium in the intestinal
contents of apparently healthy animals (Table 3). Moreover,
recently published data suggests that animals are an important
source of human CDI that can spread disease through environ-
mental contamination, direct or indirect contact, or food contami-
nation, including carcass and meat contamination at slaughter or, in
the case of crops, through the use of organic animal manure [129].
Table 3 summarises the prevalence of C. difficile reported in pets
(dogs and cats), food animals (pigs and cattle), horses and wild
animals. Despite the large number of studies describing the pres-
ence of human epidemic PCR-ribotypes in these animals, C. difficile
has not been confirmed as a zoonotic agent, but it seems evident
that there is a potential risk of transmission, especially in people
with close contact with contaminated animals and their
environment.

6. C. difficile characteristics and its toxins

Since its discovery in 1935, the characteristics of C. difficile
growth, sporulation and virulence have been documented in detail.
The fundamental aspects of the bacterium are summarised in
Table 4. One of these characteristics is that C. difficile has no pro-
tease, phospholipase C or lipase, but it is among the few bacteria
able to ferment tyrosine to p-cresol, which is a phenolic compound
that inhibits the growth of other anaerobic bacteria [134,20].
Dawson et al. (2008) [134] found that Clostridium sordellii tolerated
p-cresol but did not produce it. Therefore, the authors suggested
that the mechanism of tolerance might not be linked to the pro-
duction of this organic compound. Furthermore, the increased
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Table 2
C. difficile spores in the environment of healthcare settings.
Environment Positive surfaces (number or percentage of Study conditions Main PCR-ribotypes (% Reference
positive surfaces/patient rooms) of toxigenic strains)
Hospital rooms previously Patient-helper trapeze (5) Surface sampling before being PCR-ribotype 012 [70]
accommodating CDI patients Call button (3) cleaned PCR-ribotype 020C
Bed table (4) PCR-ribotype SE121
Bedrail (6) PCR-ribotype 023
Tap (3)
Toilet (7)
Inner door handle (1)
Shackle of hand disinfectant (1)
Door handle facing to outer sluice (1)
Stethoscope (1)
Rail at foot-end (2)
Patient-helper trapeze (1) Surface sampling after being
Bedrail (2) cleaned
Toilet (3)
Hospital side rooms used for Floor (45%) Surface sampling after PCR-ribotype 1 [71]
the isolation of patients with Light (35%) detergent-based cleaning (93% of toxigenic
symptomatic CDI Bed (9%) strains)
Sink/table (8%)
Window (3%)
Hospital with an outbreak of Environmental cultures obtained on the ward Surface sampling before ward - [72]
antibiotic-associated colitis (31.4%) disinfection
Environmental cultures obtained on the ward Surface sampling after ward
(21%) disinfection with unbuffered
hypochlorite®
Environment and contacts of Floors and other surfaces (9.3%) Areas where carriers had (100% of toxigenic [73]
hospitalised patients diarrhoea strains)
carrying C. difficile in their Floors (2.6%) Areas without C. difficile carriers
stools
Different areas of hospitals with Environmental cultures (32.5%) Case-related environments” - [74]
and without positive Environmental cultures (1.3%) Control sites®
patients for C. difficile Highest counts of C. difficile from toilet seats, Ambulatory patients
toilet bowl rims, bathroom handrails and
bathroom floors
Highest counts of C. difficile from bed handrails Non ambulatory patients
and near the beds
Two elderly medicine wards Environmental cultures (35%) Two different types of cleaning - [75]
which included hypochlorite or
neutral liquid detergent®
Samples of the inanimate ward Environmental cultures (34%). Highest counts of Environmental samples for - [76]
environment on two elderly C. difficile (sorted in descending order) from: ward A
medicine hospital wards (A sluice floor, commodes, toilet floors, ward
and B) floors, radiators and air vents
Environmental cultures (36%). Highest counts of Environmental samples for
C. difficile (sorted in descending order) from: ward A
commodes, toilet floors, ward floors/air vents/
sluice floor and radiators
Samples from surfaces of a Environmental cultures (kitchen, kitchen-staff Sampling before and after - [81]

variety of areas in a nursing
home

locker room and bathroom, resident’s rooms,
private bathrooms, residence hall, lifts and
staircase railings (0%)

cleaning routine

production and p-cresol tolerance of some strains, including PCR-
ribotype 027 strains, has led to hypotheses regarding its contribu-
tion towards C. difficile hypervirulence [134].

C. difficile is able to produce two major toxins, toxin A (308 kDa)
and toxin B (270 kDa), as well as the binary cytolethal distending
toxin (CDT). Toxins A and B belong to the group of Large Clostridial
Toxins (LCT). Only strains that produce at least one of the three
toxins cause disease. Toxin A is considered to be an enterotoxin
because it causes fluid accumulation in the bowel. Toxin B does not
cause fluid accumulation but is extremely cytopathic for tissue-
cultured cells [130]. These toxins are encoded by two genes, tcdA
and tcdB, mapping to a 19.6 kb pathogenicity locus (PaLoc) and
containing 3 additional regulatory genes, tcdC, tcdR, and tcdE, that
are responsible for the synthesis and regulation of toxins A and B

If disinfection with phosphate buffered hypochlorite, 98% of reduction in surface contamination.
Hospital bedrooms and bathrooms used by eight patients with faecal cultures positive for C. difficile.
Hospital bedrooms and bathrooms where there were no known cases of diarrhoea.

Decrease of CDI incidence on one ward when it was disinfected with hypochlorite.

[135]. Deletions, insertions, or polymorphic restriction sites in one
or more of the PaLoc genes can result in toxin variant strains that
produce either toxin A or toxin B [135]. While the power of purified
toxin A to produce pathology in vitro has been widely described, a
study [136] reported that toxin B, but not toxin A, was essential for
virulence. Finally, in 2011, it was shown that both mutant variants,
toxin A+ toxin B— and toxin A— toxin B+, can cause disease [137]. It
is worth noting that toxin A + B— isolates of C. difficile have not
been described in nature. Toxin A— toxin B+ strains have been
widely reported in human cases [138] but also in animals suffering
from diarrhoea [139]. A previous study reported that toxin A— toxin
B+ strains caused the same spectrum of disease that is associated
with toxin A+ toxin B+ strains, ranging from asymptomatic colo-
nisation to fulminant colitis, with outbreaks in hospitals and other
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Table 4
Fundamental aspects of the bacterium.
C. difficile characteristics Data Reference
Cells Gram Gram-positive [130]
Motility Motile in broth cultures
Ciliature Peritrichous
Size 0.5—1.9 um wide
3.0—1.9 um long
Chains Some strains produce chains of 2—6 cells aligned end-to-end
Spores Shape and position Oval, subterminal (rarely terminal) and swell the cell
Cogerminants for spores Bile salts (cholate, taurocholate) [131]
Glycine, histidine
Colonies Morphology Circular, occasionally rhizoid [10,130]
Size 2—5 mm
Colour Opaque, greyish, whitish, with a matt-to-glossy surface® [133]
Yellow fluorescence”
Other characteristics Non-haemolytic. They produce a characteristic odour, described as smelling like cow manure, [132]
a barnyard or horse stables
Growth temperature Optimum 30—37°C [10,130]
Range of growth 25—-45°C
pH 5 (minimum)
Water activity 0.969 (minimum)
Atmosphere Anaerobic conditions
Cultures in PYG after 5 pH 5.0-5.5 [130]

Products in this medium
Other characteristics

days of incubation®

Acetic, isobutyric, butyric, isovaleric, valeric, isocaproic, formic and lactic acids?
Cultures are turbid with smooth sediments

Colonies on blood agar.

s T oo

healthcare settings worldwide [135]. It must be noted that toxin A—
toxin B+ strains are sometimes reported solely on the basis of the
lack of tcdA amplification; however, there are some A+ variant
strains with a partially deleted tcdA fragment [140].

Both toxins A and B translocate to the cytosol of target cells and
inactivate small GTP-binding proteins. By glycosylating small GTP-
ases, the two toxins cause actin condensation and cell rounding,
which is followed by cell death. Toxin A acts primarily within the
intestinal epithelium, while toxin B has broader cell tropism [141].
Both toxins induce the production of tumour necrosis factor alpha
and pro-inflammatory interleukins, which induce the inflamma-
tory cascade and the pseudomembrane formation in the colon. The
endoscopy of C. difficile colitis shows a colonic mucosa with mul-
tiple whitish plaques, usually raised and adherent, of a size varying
from a few millimetres to 1—2 cm; the cells can even be confluent in
severe disease. The intervening colonic mucosa can be oedematous,
granular, hyperaemic or completely normal [142].

The genes cdtA and cdtB, encoding the CDT, which belongs to the
group of clostridial binary toxins, are not found on the PaLoc. This
toxin is encoded on a separate region of the chromosome (CdtLoc).
It has been described that all strains with cdtA and cdtB genes are
variant strains (with changes in the tcdA and tcdB genes) [143]. In
contrast, most types not producing binary toxin have toxin genes
very similar to the reference strain, VPI 10463.! These CDT + strains
represent up to 6% of the toxigenic isolates from hospitalised pa-
tients [143]. The production of CDT is frequently associated with
hypervirulent strains. CDT has been described as causing the
collapse of the actin cytoskeleton and cell death. The lipolysis-
stimulated lipoprotein receptor (LSR) is known to be the host re-
ceptor for the C. difficile CDT toxin [144]. Furthermore, the CDT
toxin also induces the formation of microtubule-based protrusions
and increases the adherence of the bacterium [145]. While CDT is
still being investigated, some studies have already reported data
regarding the clinical relevance of this toxin. Bacci et al. (2011) [ 146]

! http://www.mf.uni-mb.si/mikro/tox/.

After 24 h of incubation on cycloserine cefoxitin fructose agar (CCFA) or after 48 h of incubation on blood agar under long-wavelength ultraviolet light.
Peptone yeast glucose (PYG) broth is a liquid non-selective medium used to identify metabolic products of anaerobic bacteria.
When lactate is not used, pyruvate is converted to acetate and butyrate, and threonine is converted to propionate.

associated the presence of CDT in patients with higher case-facility
(death) rates. Other authors also found that CDT was a marker for
more virulent C. difficile strains or that it contributed directly to
strain virulence. Tagashira et al. (2013) [ 147] described two cases of
fulminant colitis due to CDT + strains in the same ward of a hospital
in Japan occurring within ten weeks of each other. A further study
suggested that CDT was a predictor of recurrent infection, and its
presence may require longer antibiotic treatments [148]. CDT + C.
difficile strains that do not produce toxins A and B have been
described in independent cases of patients with diarrhoea sus-
pected of having CDI [149].

7. Laboratory diagnosis of CDI

To aid in the surveillance of CDI and to increase comparability
between clinical settings, standardised case definitions have been
proposed (Fig. 2) [8]. A laboratory diagnosis of CDI must be based
on the detection of C. difficile toxins or on the isolation of toxigenic
C. difficile strains from stool samples [150]. However, these results
should be combined with the clinical findings to diagnose the
disease. The clinical manifestation includes diarrhoea with the
passage of 3 or more unformed stools in 24 or fewer consecutive
hours [8]. In this context, only unformed and fresh stools should be
tested for diagnostic purposes (the specimen should be loose
enough to take the shape of the container). The cytotoxic activity is
lost very quickly, meaning if the analysis of fresh specimens is not
possible, the samples should be stored at 4 °C or below. However,
cultures are not affected by temporal conditions due to sporulation
[150]. Formed stools only must be tested if they come from patients
with ileus or potential toxic megacolon or in the case of epidemi-
ological studies [150].

A recent guide to the utilisation of the microbiology laboratory
for the diagnosis of infectious diseases [151] highlights the
importance of the collection device, temperature and transport
time because the interpretation of the results will depend on the
quality of the specimens received for analysis. Specifically,
regarding C. difficile, the recommendations are that the stool
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Fig. 2. Community onset CDI and healthcare facility-associated CDI definitions.

samples must be received in sterile close containers and kept at
room temperature for a maximum of 2 h, and therefore, specimens
of dubious quality must be rejected [151].

The culture of samples is recognised as the most sensitive
method for the detection of C. difficile, but its specificity for CDI is
low because the rate of asymptomatic carriage of C. difficile among
hospitalised patients is so high. This method is not clinically prac-
tical for routine diagnosis because it does not distinguish between
toxigenic and non-toxigenic isolates and requires 24—48 h to obtain
the first results [150]. However, stool culture testing permits the
molecular typing of the isolated strains and antibiotic susceptibility
determination, making it essential for epidemiological surveys
[8,150]. Therefore, stool culture testing can be coupled with a cell
cytotoxicity assay or EIA (enzyme immunoassay) to detect toxin-
producing C. difficile strains (known as toxigenic cultures), result-
ing in increased specificity [150].

Since it was first proposed by George et al. in 1979 [133],
cycloserine-cefoxitin fructose (CCF) has been the most commonly
used medium for C. difficile isolation. The original formulation has
been extensively modified, including the replacement of egg yolk
by blood [150]. The addition of 1 g/L of taurocholate, desoxycholate
or cholate has also been shown to induce the germination of C.
difficile spores when they are incorporated in CCF [152,153]. Sodium
salt of cholic acid is more inexpensive than pure taurocholate but
just as effective [150]. The concentration of the selective agents has
also varied among studies, from 250 mg/L to 500 mg/L for cyclo-
serine and from 8 mg/L to 16 mg/L for cefoxitin. Other modifica-
tions to improve this media have been proposed. Delmée et al. [ 154]
included cefotaxime instead of cefoxitin, which increased the
sensitivity and specificity of the medium. C. difficile colonies are
easily recognised in this media when observed under the micro-
scope: with an appearance similar to ground glass, they release an
odour akin to horse manure and reveal a yellow-green fluorescence
under ultraviolet illumination. Early identification of C. difficile
colonies in this primary selective culture can be performed using an
antigen latex agglutination assay. Latex particles are coated with
IgG antibodies specific to C. difficile cell wall antigens. When the
bacterium is present, the latex particles agglutinate into large
visible clumps within 2 min. However, cross-reactions have been
described, including with C. sordellii, Clostridium glycollicum and

Clostridium bifermentans [155].

Presently, several commercial selective media are available for
the detection of C. difficile from stool specimens. The new chro-
mogenic media seem to be effective as well as more rapid and
sensitive than the classic selective media and have been shown to
aid in the diagnosis of CDI [156—159]. However, pre-made agars are
expensive and unaffordable for many research groups. Further-
more, they are used for the clinical recovery of C. difficile from faecal
samples and not for the semi-quantification of viable spores [160].

Pre-treatment of samples with ethanol shock has been associ-
ated with an increase in sensitivity [161—164]. However, in the
different studies conducted in our laboratory (unpublished data),
ethanol shock or pre-heat treatment of samples does not improve
the recovery of C. difficile from faecal or food samples. Rather, it
seems that an increase in the time of enrichment is best for
improving the sensitivity of the method. A bacterial competition in
the enrichment broth has been observed [164]. In a previous study
on carcasses and faecal samples [116], after 30 days of enrichment,
different C. difficile types were identified, and colonies other than C.
difficile were rarely present in the plate. However, the enrichment
of samples is a time-consuming technique for laboratory purposes
and might not be worth the slight increase in sensitivity observed.

Toxin detection is the most important clinical test [8]. It can be
performed using cell lines to examine a stool filtrate (cell cytotox-
icity assay) or by EIA [150]. Cell cytotoxicity is often considered the
best standard test for identifying toxigenic C. difficile as it can detect
toxins at picogram levels and is recognised as the most sensitive
available test for the detection of toxin B [165]. A laboratory cell line
(Vero, Hep2, fibroblasts, CHO or HeLa cells) is exposed to a filtrate of
a stool suspension. If C. difficile toxins are present, a cytopathic ef-
fect is observed after 24—48 h (cell rounding via cytoskeleton
disruption). The effect is mainly due to toxin B, which is more
cytotoxic than toxin A. The presence of toxigenic C. difficile can be
confirmed if a specific antiserum (added later) reverses the effect
on the cells. This method is very sensitive and specific but is rela-
tively slow and requires the maintenance of cell lines. If the anti-
serum does not neutralise the cytopathic effect, which is observed
in 21% of cases, the results are inconclusive [150].

EIA is rapid but less sensitive than the cell cytotoxicity assay [8],
missing 40% of diagnoses [165]. However, it is easy to perform and
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does not require technical training or special equipment. EIA can
detect both toxin A and toxin B and may also detect glutamate
dehydrogenase (GDH), a specific enzyme of C. difficile found in
toxigenic and non-toxigenic isolates. C. difficile constitutively pro-
duces GDH in easily detectable levels, so tests based on GDH
detection have good sensitivity (96%—100%). As GDH only identifies
the bacterium and not the presence of toxins, the method is com-
parable with stool culture. Furthermore, it only takes 15—45 min
and the cost is low (estimated at 8 USD); it can also be combined
with a cell cytotoxicity assay, EIA for toxins, or culture with further
toxin characterisation of the strains [165]. However, the results
from GDH seem to differ based on the commercial kit used, and
therefore, for some authors, this approach remains an interim
recommendation [8]. EIA may be useful in laboratories without
tissue culture facilities, but it must be combined with a positive
culture. If the EIA results are negative and the culture test results
are positive, it is recommended to isolate the strain from the plate
and repeat EIA testing to determine if it is toxigenic [150]. Table 5
summarises the most-used tests for the diagnosis of C. difficile
infection.

Delmée et al. (2001) [150] proposed the following scheme for
the routine bacteriological diagnosis of CDI in humans. First, culture
and toxin detection (by cytotoxicity assay or by EIA) should be
performed directly from the stool specimen. If both tests are
negative, a diagnosis of CDI is excluded. In contrast, if both are
positive, the patient is diagnosed with CDI and requires immediate
treatment. When the culture is positive but toxin detection is
negative, an EIA test should be performed on several colonies
removed from the culture plate. If the test is still negative, treat-
ment is not necessary. If the test is positive, the patient should be
considered positive for CDI. Finally, when the culture is negative
but toxin detection is positive, a control specimen is requested and
the culture must be repeated, which results in a patient testing
positive for C. difficile in most cases. Repeat testing of patients who
were previously positive as a “test of cure” is not appropriate [150].

Many studies have developed different real-time PCR (RT-PCR)
methods for the detection of C. difficile toxin genes directly from
stool samples, not only from humans [166,167] but also from ani-
mals [168], and for the quantitative detection of C. difficile in hos-
pital environmental samples [169]. Various automated RT-PCR
systems are commercially available, intended as diagnostic tools for
CDI. These systems include BD GeneOhm™ Cdiff (Becton Dick-
enson)” and Xpert® C. difficile (Cepheid).” These commercial RT-
PCRs have been shown to be rapid (<4 h for a result), sensitive
and specific. Therefore, they have been largely proposed for the
laboratory diagnosis of CDI [170—172]. In addition, a recent guide
for the management of C. difficile infection in surgical patients
suggests that PCR testing of perirectal swabs may be an efficient
method for toxigenic C. difficile detection [173].

There are several other molecular genetic test systems
commercially available for the identification of C. difficile from stool
and culture samples. One example is Genotype Cdiff (Hain Life-
science), which is based on DNA strip technology.” This system is
based on DNA amplification, hybridisation and visualisation using
the enzyme alkaline phosphatase. The results are visible in a
colorimetric reaction. The test is rapid in detecting C. difficile, its
toxins, deletions in the tcdC gene, and mutations in the gyrA gene
that are associated with moxifloxacin resistance. However, these

2 https://www.bd.com/resource.aspx?IDX=17953.

3 http://www.cepheid.com/us/cepheid-solutions/clinical-ivd-tests/healthcare-
associated-infections/xpert-c-difficile.

4 http://www.hain-lifescience.de/en/products/microbiology/genotype-cdiff/
genotype-cdiff.html.

new technologies require considerable capital equipment, costly
cartridges and experienced laboratory personnel. Furthermore, the
results reported have not shown any significant improvement
when compared with classic methods [150]. Therefore, some lab-
oratories use these procedures to verify dubious results observed
after rapid screening with other methods or to further process the
samples for epidemiological purposes.

8. C. difficile typing methods

To characterise and compare the circulating strains and to
identify emerging strains and those responsible for outbreaks
worldwide, several typing methods have been applied. Table 6
summarises the available typing methods and their advantages
and disadvantages. Lemée et al. (2004) [140] designed a multiplex
PCR for the simultaneous identification and toxigenic type char-
acterisation of C. difficile isolates. Several other studies have pro-
posed different multiplex PCR primers and protocols not only to
detect the genes encoding the major toxins A and B but also to
detect binary toxin genes (cdtA and cdtB) and other deletions in the
Paloc genes [174].

Pulsed-field gel electrophoresis (PFGE”) and restriction enzyme
analysis (REA) are widely used in the United States and Canada.
PFGE was one of the first molecular methods used for C. difficile and
other food-borne pathogens in North America [175]. The method
uses restriction enzymes that infrequently cut (such as Smal or
Sacll) to cleave bacterial DNA at different restriction sites. The use of
these infrequently cutting restriction enzymes limits the number of
restriction fragments (to between 7 and 20) and ensures that they
are relatively large [176]. Generally, the frequency of cutting is
inversely proportional to the number of nucleotides in the recog-
nition site [177]. In North America, the isolates are designated with
NAP and a number (e.g., NAP1: North America Pulsotype 1) [178].
The technique separates the large fragments of DNA generated
based on size using a pulsed-field electrophoresis gel with resulting
electrophoresis patterns that are highly discriminatory. However,
large amounts of high-molecular-weight DNA have to be read,
making the process labour-intensive (Table 6). C. difficile typing
based on REA is performed using total cellular DNA, which is
digested with a frequently cutting restriction enzyme (HindIII), and
the resulting fragments are resolved by classical agarose electro-
phoresis. This method was shown to be reproducible, highly
discriminatory and universally applicable. However, the visual
assessment of the large number of fragments in a single gel can be
difficult and may be confounded by the presence of extra-
chromosomal DNA [175] (Table 6).

In Europe, C. difficile PCR-ribotyping has been recognised as the
dominant typing method. PCR-ribotyping is based on the size
variation of the 165—23S rDNA intergenic spacer regions. A PCR-
ribotype is defined as a group of strains that produce an identical
band pattern. Therefore, a single band difference warrants a new
ribotype [178]. Stubbs et al. (1999) [179] constructed a C. difficile
PCR-ribotype reference library composed of 2030 isolates, with a
total of 116 distinct types identified from environmental, hospital,
community practitioner, veterinary and reference sources. The
method was performed with agarose gel-based electrophoresis.
Bidet et al. (1999) [180] improved the reading of the banding pat-
terns by selecting a partial sequence of the rRNA genes (165—23S)
and the intergenic spacer region with a new set of primers located
closer to this intergenic spacer region. The Public Health Laboratory

5 Pulsed-field Gel Electrophoresis (PFGE) | Pathogens and Protocols | PulseNet |
CDC [WWW Document]|, n.d. URL http://www.cdc.gov/pulsenet/pathogens/pfge.
html (accessed 6.18.15).
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Service Anaerobe Reference Unit, Cardiff (UK) has established a
ribotyping nomenclature reference database for C. difficile. This
nomenclature is designated by a three-digit number starting from
001 (ex. PCR-ribotype 027). Currently, the collection of existing
PCR-ribotypes and the assignment of new ones is performed by the
Health Protection Agency-funded C. difficile Ribotype Network
(CDRN) in Leeds (UK), which has more than 600 different PCR-
ribotypes in the CDRN database [181]. However, in many labora-
tories, the standard nomenclature is not always available and a
local nomenclature is used, making inter-laboratory comparisons
difficult [178] (Table 6). Indra et al. (2008) [182] developed a C.
difficile sequencer-based PCR-ribotyping method based on capillary
gel electrophoresis that was proposed in order to solve the prob-
lems associated with inter-laboratory comparisons of typing results
and to make PCR-ribotyping less time-intensive (Table 6). PCR
amplification was performed using a fluorescent label in one of the
primers, and the amplicon sizes were determined using an ABI
genetic analyser [175]. A database and web-based software pro-
gramme was created that allows the analysis and comparison of C.
difficile capillary-sequencer-based PCR-ribotyping data by simply
uploading sequencer data files.® Janezic et al. (2011) [ 183] described
a modification to PCR-ribotyping that enables the detection of C.
difficile in stool samples within hours. The designed primers were
located partially within the C. difficile 165—23S rRNA intergenic
spacer regions and partially within 16S (forward primer) and 23S
(reverse primer).

The QIAxcel® system has been proposed as a new method for C.
difficile ribotyping, the detection of tcdC18 bp deletion, and toxin
gene detection (toxin A, toxin B and binary toxin CDT genes).”
QIAxcel is based on an automated electrophoresis platform that
processes samples in batches of 12 and allows the analysis of up to
96 samples per run. The system does not require the use of
fluorescein-labelled primers and displays the data as both a gel-
view format and an electropherogram. The system has the poten-
tial to reduce the cost of PCR-ribotyping by drastically reducing the
hands-on time. The major costs are the purchase of cartridges, the
setup of the QIAxcel system hardware, and the BioCalculator
analysis. However, the method has limited sensitivity and
discriminatory power. It cannot clearly distinguish between closely
related ribotypes, such as 027 and 176 [184].

Serotyping distinguishes variations in C. difficile strains based on
the bacterial surface antigens. Serogrouping by slide agglutination
and by polyacrylamide gel electrophoresis have both been tradi-
tionally accepted as practical in routine typing [185]. Both methods
have shown a good correlation in results and allow the differenti-
ation of 10 major serogroups (A, B, C, D, F, G, H, I, K and X). Specific
profiles have been associated with each of the 10 serogroups except
for serogroup A. Strains from serogroup A have a common flagellar
antigen that is responsible for cross-agglutination. The shearing of
the flagella allows the differentiation of 12 different subgroups of
serogroup A. Delmée et al. (1993) [186] used an enzyme-linked
immunosorbent assay (ELISA) with antisera specific for the 10 C.
difficile serogroups (A1, B, C,D, F, G, H, I, K, X) and the 12 serogroups
within serogroup A (A2 to A12) for the serogrouping of C. difficile
colonies for 314 positive faecal samples. The authors found that
ELISA was a rapid and reliable method for C. difficile serotyping and
that cross-agglutination caused by flagellar antigens in the slide
agglutination method is totally suppressed by ELISA.

Surface-layer protein A gene sequence typing (sIpAST) has also
been described for C. difficile characterisation. C. difficile has a

5 https://webribo.ages.at/.
7 https://www.qiagen.com/be/products/catalog/automated-solutions/detection-
and-analysis/qiaxcel-advanced-system/.

surface immuno-protein Layer (S-layer) encoded by the slpA gene,
and the typing of isolates is performed by the sequencing of this
sIpA gene. It can also be used for direct typing from DNA stool
specimens without culture [187]. This method has been reported as
a discriminative tool for C. difficile characterisation [188]. However,
Dingle et al. (2013) [189] showed that the C. difficile genotype was
not predictive of antigenic types. Therefore, S-layer typing could be
useful for explaining the temporal changes and geographic differ-
ences in the epidemiology of CDI as well as the way in which iso-
lates (and antigens) are selected for inclusion in C. difficile vaccines
[189].

Repetitive sequence-based PCR typing (rep-PCR) is another
method proposed for the characterisation of C. difficile strains [190].
Bacterial genomes contain multiple dispersed short repetitive se-
quences separating longer single-copy DNA sequences. Specific
repetitive PCR primers complement these repetitive sequences, and
the amplified DNA fragments provide a genomic fingerprint that
can be employed for subspecies discrimination [191]. The Diversi-
Lab system?® is an automated rep-PCR typing method that has a high
discriminatory power when compared to traditional PCR-
ribotyping. However, this method requires the visual interpreta-
tion of rep-PCR fingerprint patterns and technical skills. Further-
more, interlaboratory reproducibility for this method must be
demonstrated prior to its use for C. difficile surveillance [192].

Random amplified polymorphic DNA (RAPD) analysis is the
‘random amplification’ of DNA segments by PCR reaction using a
single primer consisting of an arbitrary nucleotide sequence. RAPD
is an inexpensive and powerful typing method and does not require
any specific knowledge of the DNA sequence of the target micro-
organism. The amplification of a segment of DNA will be performed
depending on positions that are complementary to the primer
sequence. Green et al. (2011) [193] used PCR-ribotyping in
conjunction with RAPD to further categorise different C. difficile
types within defined PCR-ribotypes and therefore obtained a
higher discriminatory power than either of the methods used
alone. Barbut et al. (1993) [194] evaluated genomic fingerprinting
of C. difficile strains using RAPD and suggested that this method
could be an additional valuable tool for epidemiological studies.

In the amplified fragment length polymorphism (AFLP) tech-
nique, a small amount of purified genomic DNA is totally digested
with two restriction enzymes, one with an average cutting fre-
quency and the other with a higher cutting frequency. This step is
followed by the ligation of double-stranded oligonucleotide adap-
tors to the sticky ends of the restriction fragments, followed by PCR
amplification. After final amplification, the selectively amplified
fragments are separated by gel electrophoresis and comparison of
banding patterns is typically achieved using dedicated finger-
printing analysis software. AFPL has a relatively low cost, but
variation in the precision of the sizing of fragments has been
observed, leading to suboptimal reproducibility [ 195]. This method
has seen limited application in C. difficile typing. Klaassen et al.
(2002) [196] reported that AFLP analysis yielded high-resolution
and highly reproducible fingerprinting patterns in a short time
period (24 h) to evaluate epidemiological relatedness among hos-
pital C. difficile isolates. A further study showed that AFLP is better
able to discriminate between C. difficile reference strains (most of
them toxin A+, toxin B+) than PCR-ribotyping. However, for toxin
A—, toxin B+ isolates, both methods yielded similar results [138].

Toxinotyping is a polymerase chain reaction-restriction frag-
ment length polymorphism (PCR-RFLP) based method for differ-
entiating C. difficile strains according to changes in their toxin genes

8 http://www.biomerieux-diagnostics.com/diversilab.
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when compared to the reference strain VPI 10463. Strains
belonging to the same toxinotype have identical changes in the
PaLoc region. Toxinotyping is performed by PCR amplification and
restriction enzyme digestion of 10 regions of the PaLoc [175].
Currently, 31 different toxinotypes are identified and designated by
Roman numerals from I to XXXIL. Strains with toxin genes similar to
VPI 10463 are classified as toxinotype 0. A total of 12 out of 20
toxinotypes with variant strains produce binary toxin, while most
of the toxinotypes not producing binary toxin have toxin genes very
similar to the reference strain, VPI 10463°. In this context, only one
strain resembling VPI 10463 and positive for CDT has been previ-
ously described [197]. Toxinotype XXXII has been recently reported
and corresponds to a new type of C. difficile strain (toxin A—, B+,
CDT-) that completely lacks the tcdA gene and has an atypical
organisation of the PaLoc integration site [198].

Multilocus sequence typing (MLST) analysis uses the sequences
of internal fragments of housekeeping genes (usually seven) to
characterise the strains. The internal fragments of each gene
(450—500 bp) are sequenced on both strands using an automated
DNA sequencer. For each housekeeping gene, the different se-
quences present within a bacterial species are assigned as distinct
alleles, and for each isolate, the alleles at each of the seven loci
define the allelic profile or sequence type (ST). The data obtained
are unambiguous, and the allelic profiles of the isolates can easily
be compared to those in a large central database and therefore can
be compared between laboratories'’. There are two MLST data-
bases available for C. difficile, each adapted to a different typing
scheme: the first is organised according to the scheme described by
Griffiths et al. (2010) [199], which is performed with the house-
keeping genes adk, atp, dxr, recA, sodA, tpi and glyA''; and the
second is organised according to the scheme described by Lemée
et al. (2004) [200], which is performed with the housekeeping
genes aroF, dutA, gmk, groEL, recA, sodA and tpi.”> The primary
problem with MLST is the time-consuming nature of the method,
with the completion of analysis taking several days. In addition,
MLST is a relatively costly and laborious technique that requires
specific technical skills.

Multilocus variable-number tandem-repeat analysis (MLVA) has
been suggested to have higher discriminatory power than other
typing methods for investigating the relatedness between C. difficile
strains [201]. It has been widely used in medical microbiology as an
alternative or complement to other typing techniques such as PFGE,
rep-PCR or MLST [202]. MLVA utilizes the naturally occurring
variation in the number of tandem repeat DNA sequences found in
many different loci in the genome. Therefore, the lengths of the
variable number of tandem repeats (VNTR) regions are determined
to distinguish among the strains. The technique is achieved by a
multiplex PCR assay (with primers designed to target different
VNTR regions in the genome) and visualised by electrophoresis or
automated fragment analysis on a sequencer. The product size is
used to calculate the number of repeat units of each locus. The
calculated numbers of repeats of the VNTR loci (alleles) are com-
bined, and this provides the MLVA profile. Each unique MLVA
profile is given an MLVA type designation. The MLVA profile can be
used for the comparison and clustering of the bacterial strains.">
Compared with traditional PCR ribotyping, MLVA has increased
discriminatory power, which allows for the more efficient tracking
of outbreaks and has the potential to determine phylogenetic

9 http://www.mf.uni-mb.si/tox/.

10 http://pubmist.org/general.shtml.

1 http://pubmist.org/cdifficile/.

2 http://www.pasteur.fr/recherche/genopole/PF8/mlst/Cdifficile2.html.
13 http://www.mlva.net/.

relationships. In addition, MLVA produces digital data with a
decreased turnaround time [175].

Whole genome sequencing (WGS) reveals the complete DNA of
an organism at a single time and provides the most comprehensive
collection of an individual’s genetic variation [203]. Sanger
sequencing and subsequently Roche 454 and Illumina next-
generation sequencing technologies have been applied to study
the evolutionary dynamics of C. difficile [175] at increasingly low
cost [203]. Recent studies have applied WGS to determine the
epidemiological relationships between C. difficile strains in
healthcare settings or in the scientific community employing WGS
[204]. Although the method is still under development and the
large amount of data obtained requires technical skills for further
processing and analysis, it is very probable that in the near future,
WGS will replace all other current typing techniques.

Killgore et al. (2007) [205] compared seven different techniques
(REA, PGE, PCR-ribotyping, MLST, MLVA, AFLP and sIpAST) for
epidemic C. difficile strain typing. They found that all methods
appeared to be adequate for detecting an outbreak strain in a
particular institution. However, REA or MLVA showed the highest
level of discrimination between strains, and they seem to be the
most recommended methods to track outbreak strains geographi-
cally. However, as neither of the techniques are widely used and
little data are available, there is currently no method with proven
interlaboratory reproducibility for inter-institutional C. difficile
tracking.

9. High-throughput sequencing analysis and CDI

16S metagenetics is a culture-independent strategy allowing the
identification of bacterial populations present in a large panel of
samples. It has been recently introduced to investigate the intes-
tinal microbiota of healthy patients and patients suffering CDI. In
the last year, most of the studies reported bacteria at the phylum
and class level, but higher taxonomic resolution may reveal more
differences in the population structure [206]. Preliminary results
have shown that one of the taxa found in high proportions in pa-
tients with CDI is Proteobacteria, while Bacteroidetes proportions
are lower in infected patients [207]. In this context, one study has
proposed the use of Bacteroidetes and Firmicutes as probiotics to
treat CDI [208]. However, the few available data regarding alter-
ations to the intestinal microbiota of patients with CDI has been
obtained in different patient conditions (age, antibiotic treatment,
hospitalisation), which explains the high amount of variability
between the studies. Despite this limitation, further studies
exploring the diversity of the gut microbiota in CDI patients will be
critical for further understanding the pathogenesis of C. difficile and
for developing new approaches for the treatment and prophylaxis
of the infection. In addition, recent studies in humans and animals
have shown that many of the sequences were not identical to
sequence entries present in the available databases [209,210].
Furthermore, among the sequences identical to known entries, the
species name was seldom taxonomically defined. As previously
reported, these findings underline the complexity of the gut
microbiota, stressing the need for further research on taxonomy
and functional microbiology [207].

10. Conclusions and perspectives

Eighty years after its discovery, C. difficile continues to be the
focus of attention in hospitals and an important topic for many
research groups worldwide. Recognised as the leading cause of
nosocomial antibiotic-associated diarrhoea, the incidence of CDI
remains high and in some years has increased, despite the efforts to
improve prevention and reduce the spread of the bacterium in
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healthcare settings. Outside of Europe and America, the incidence
of CDI infection is also rising. The major research studies of the last
decade have been focused on the control of the spread of the
bacterium, the rapid diagnosis of CDI, and the efficacy of treatment
and recurrence prevention. Different guidelines have been
designed to improve the management of the infection. Diagnosis
must consider both clinical and laboratory findings. Laboratory
tests must be rapid and sensitive; therefore, stool culture is not
clinically practical. However, the isolation of the strain is necessary
for epidemiological studies. There is a need for highly discrimina-
tory typing methods, and results should be comparable between
laboratories. One potential alternative in the near future is whole
genome sequencing, now considered as the next-generation typing
tool.

The investigation of the gut's microbial communities by new
metagenetic analyses will allow researchers to discern whether any
alteration of the gut microbiota composition can favour C. difficile
colonisation, as well as the microbes responsible for rendering in-
dividuals less susceptible to the infection. This approach will be
critical in the future to further understand the pathogenesis of C.
difficile and to develop new successful prevention and treatment
measures.
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1.2 C. difficile in animals, foods and their environments

C. difficile is able to colonise the intestinal tract of human beings and different animals, which excrete
the bacterium in their feces. To be transmitted from host to host and survive in anaerobic conditions,
the bacterium must form a dormant spore. These spores are ubiquitous in the environment as they are
extremely resistant to desiccation, heating, alcohol and routine environmental cleaning with
detergents, surviving on hard surfaces for months. Transmission of C. difficile occurs via faecal-oral
route, when there is a direct or indirect contact with contaminated surfaces or other sources (water,
animals or foods) and spores are ingested. It is largely accepted that, when intestinal conditions are
changed, C. difficile can be established and may produce clinical signs of infection. But, with a
normal gut microbiota, intestinal colonisation may be transient (in the sense that shedding can result
from short-term successful bacterial colonisation or from intestinal passage of dormant spores
ingested), without associated pathology. The problem is that apparently healthy animals can carry C.
difficile spores at slaughter, and therefore, there is a potential risk of meat contamination during
processing. Furthermore, close contact with colonised animals, including household pets, are probably
involved in the epidemiology of C. difficile in the community. A large number of reports have
described the presence of C. difficile spores in foods, animals and their environments. For this reason,
several studies have considered food and animals as potential sources for human community-acquired

C. difficile infection (CA-CDI).

The second part of the introduction of this dissertation describes the current knowledge regarding C.
difficile in animals, foods and the environment, starting from the first description up to the present.

The available data about the role of animals and foods as reservoirs of CDI has also been reviewed.
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Abstract

Zoonoses are infections or diseases that can be transmitted between
animals and humans through direct contact, close proximity or the envi-
ronment. Clostridium difficile is ubiquitous in the environment, and the
bacterium is able to colonise the intestinal tract of both animals and
humans. Since domestic and food animals frequently test positive for
toxigenic C. difficile, even without showing any signs of disease, it
seems plausible that C. difficile could be zoonotic. Therefore, animals
could play an essential role as carriers of the bacterium. In addition, the
presence of the spores in different meats, fish, fruits and vegetables
suggests a risk of foodborne transmission. This review summarises the
current available data on C. difficile in animals and foods, from when the
bacterium was first described up to the present.
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1 Introduction

Clostridium difficile is a spore-forming anaerobic
bacterium recognised as the leading cause of
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antibiotic-associated diarrhoea in hospitalised
patients. However, in recent years C. difficile
infection (CDI) is increasingly common in the
community, in younger patients without a previ-
ous history of hospitalisation or antibiotic treat-
ment (Gupta and Khanna 2014). Studies
worldwide have reported the presence of the
bacterium in animals and foods (Songer and
Anderson 2006; Hoover and Rodriguez-Palacios
2013; Rodriguez-Palacios et al. 2013) with a
prevalence that varies according to the method-
ology used, the geographical area, the age and
the animal species studied. While C. difficile is
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well known as enteric pathogen in some food
producing, wild and companion animal species
(Donaldson and Palmer 1999; Songer and Uzal
2005), there are several reports describing the
presence of the bacterium in the intestinal
contents of apparently healthy animals
(Rodriguez et al. 2012; Hawken et al. 2013).
Moreover, data recently published suggests that
besides the nosocomial transmission, animals are
an important source of human CDI, whether
through environmental contamination, direct or
indirect contact, or food contamination, includ-
ing carcass and meat contamination at slaughter
—or in the case of vegetables and other fruits, by
the use of organic fertilizer or contaminated
water (Rupnik and Songer 2010; Hoover and
Rodriguez-Palacios 2013; Rodriguez-Palacios
et al. 2013).

The European Food Safety Authority (EFSA)
defines zoonoses as infections or diseases that
can be transmitted directly or indirectly between
animals and humans (through direct contact or
close proximity with infected animals, or through
the environment). As noted before (Rodriguez-
Palacios et al. 2013), the relevance of the pres-
ence of C. difficile in some environments,
animals and foods is little understood. This
review describes the current knowledge regard-
ing C. difficile in animals, foods, and the envi-
ronment, as well as the prevalence among
animals with and without signs of disease. The
available data about animals and foods as vectors
of CDI in humans has also been reviewed.

2 The Evolutionary History
of C. difficile Detection
in Animals and the Natural
Environment

C. difficile was first reported in animals in 1960
(McBee 1960). The bacterium was isolated from
a sample of a Weddell seal’s large intestine
contents, obtained during the course of a brief
biological survey in the Ross Sea area of
Antarctica. In 1974, a doctoral thesis described
for the first time the presence of C. difficile in
hay, soil, sand, and mud from the bank of the

C. Rodriguez et al.

river, and in stools from diverse animals such as
donkeys, horses, cows and camels, in Pakistan
(Hafiz 1974). In an experimental study
conducted in 1979 to reproduce neonatal diar-
rhoea in young gnotobiotic hares, the authors
concluded that C. difficile was the causal agent
of neonatal diarrhoea and that other strains of
Clostridium enhanced its pathogenic effect
(Dabard et al. 1979). CDI in pigs was first con-
firmed in 1980 when gnotobiotic pigs were acci-
dentally exposed to C. difficile and accordingly
suffered dehydration and excreted mucoid faeces
containing specks of blood (Nagy and Bilkei
2003). In 1981 C. difficile was isolated from a
goat (Hunter et al. 1981) and in 1982 the bacte-
rium was obtained from rectal samples of healthy
cattle in Nigeria of different breeds aged
6 months and above (Princewell and Agba
1982). Borriello et al. (1983) were the first to
report the carriage of C. difficile in household
pets and their immediate environment, including
dogs, cats, ducks, geese, chicken, ring-necked
parakeets, rabbits, goats, hedgehogs and guinea
pigs. However, most of the recovered isolates
were identified as non-cytotoxigenic. In the
same year, C. difficile was recovered from pigs
(Jones and Hunter 1983) and identified as the
causative agent of antibiotic-associated colitis
in a Kodiak bear (Orchard et al. 1983). Interest
in the study of C. difficile in animals continued to
increase during this period. From 1984 to 1987
three new studies described the bacterium as
causal agent of enteric disease and diarrhoea in
hares, European and cottontail rabbits (Carman
and Evans 1984), horses (Ehrich et al. 1984) and
foals (Jones et al. 1987). These findings raised
the first concerns that domestic animals might be
vectors of C. difficile among humans (Weber
et al. 1988). From 1978 onwards, several studies
focused on the isolation procedures and
characterisation of C. difficile from healthy and
diarrhoeic animals, including not only domestic
animals such as foals (Jones 1989), cats, dogs
(Weber et al. 1989; Riley et al. 1991;
Martirossian et al. 1992) and captive ostriches
(Frazier et al. 1993), but also wild animals such
as cotton-top tamarinds (Snook et al. 1989). In
1995, C. difficile toxins were detected in the
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small intestine and cecum of three juveniles and
one adult rabbit with clinical signs of anorexia,
decreased faecal output, nasal exudate and
laboured breathing before death (Perkins
et al. 1995). A later study in 1996 also reported
the presence of C. difficile in animals (dogs, cats,
horses, sheep and poultry) and in the environ-
ment: in soils, in river, sea and lake waters, and in
swimming pool and tap waters (al Saif and Bra-
zier 1996). Waters et al. (1998) described an
outbreak of C. difficile in suckling piglets, and
in 1999, Rieu-Lesme and Fonty isolated the bac-
terium from the ruminal reservoir of newborn
lambs (Rieu-Lesme and Fonty 1999).

Besides clinical reports of CDI in exotic
animals, such as Asian elephants (Bojesen
et al. 2006) and ocelots (Silva et al. 2013a),
C. difficile has been also isolated from faecal
samples of captive white-tailed deer (Odocoileus
virginianus) in confinement facilities in Ohio,
USA, with a prevalence of 36.7 % (French
et al. 2010). Furthermore, different studies have
investigated the presence of the bacterium in
wild animals, including wild passerine birds
(Bandelj et al. 2011) and barn swallows (Bandelj
et al. 2014); zoo animals (chimpanzees, dwarf
goats, Iberian ibexes and plains zebras)
(Alvarez—Pérez et al. 2014); sea otters (Miller
et al. 2010); free-living South America coatis
(Silva et al. 2014); small and medium-size wild
mammals (raccoons, shrews, deer and house
mice, rats, voles, opossum and groundhogs)
(Jardine et al. 2013); black and Norway rats
(Firth et al. 2014; Himsworth et al. 2014); feral
pigs (Thakur et al. 2011) and Iberian free-range
pigs (Alvarez-Pérez et al. 2013).

In the natural environment, C. difficile has
recently been described in soils of studfarms
and farms with mature horses in Sweden
(Baverud et al. 2003), in homestead soils and
household-stored water in Zimbabwe (Simango
2006), in tropical soils in Costa Rica (del Mar
Gamboa et al. 2005) and in Slovenian rivers
(Zidaric et al. 2010). In a study conducted in
marine environments in the South of Italy, toxi-
genic C. difficile was also detected in seawater
and zooplankton (Pasquale et al. 2011).

3 Clostridium difficile
in Household Pets: Dogs
and Cats

Rodriguez-Palacios et al. (2013) refer to the
importance of household pets as common trans-
mission routes for human infections of
C. difficile: in modern lifestyles dogs and cats
are considered family members and have access
to all parts of the house, including beds, sofas,
kitchens and dining rooms. Children under
16 years old often have close contact with their
pets, as dogs often licked their faces and both
cats and dogs usually sleep in the child’s bed. In a
study conducted in Canada, it was reported that
very few of these children (2.94.4 %)
recognised the need for washing their hands
after contact with pets (Stull et al. 2013). A
further study evaluating C. difficile in dogs and
in the household environment indicated that
10 % of dogs were colonised by the bacterium
and 31 % of households were contaminated with
its spores, suggesting that exposure to this patho-
gen may be common (Weese et al. 2010a). In this
environment, children, elderly and immune-
compromised people could be more at risk of
being colonised and developing CDI. In the
same study, molecular characterisation of the
isolates revealed that household and dog strains
were different, concluding that there are sources
of household C. difficile contamination other
than dogs (Weese et al. 2010a). In any case, all
dog isolates were indistinguishable from those
circulating in human hospitals in the same geo-
graphical area (Rodriguez-Palacios et al. 2013).
Therefore, the potential transmission of
C. difficile between pets and humans is currently
unclear.

Conversely, it has been reported that pets
owned by an immune-compromised person or
dogs living with a human receiving antimicrobial
treatment were at greater risk of being colonised,
presumably because the owner is at greater risk
of developing the disease and in turn becoming a
source of infection for the pet (Rodriguez-
Palacios et al. 2013; Weese 2011). C. difficile
has been detected in very high rates in healthy
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dogs that visit human hospitals (58 %) (Lefebvre
et al. 2006a). The risk seems to be particularly
high when they accepted treats during the visit or
licked patients (Lefebvre et al. 2009). However,
it is not yet clear whether the contamination
comes from patients or the hospital environment
(Weese and  Fulford 2011). Lefebvre
et al. (2006b) reported the first human epidemic
strain PCR-ribotype 027 in a healthy 4-year-old
toy poodle that visited patients in healthcare
settings in Ontario on a weekly basis. In 2009,
Lefebvre and Weese (2009) reported the acquisi-
tion of toxigenic C. difficile by a therapy dog on
its paws during a visit to an acute care facility. In
this visit, the dog had been encouraged to ‘shake
paws’ with patients. With these findings authors
demonstrated that transient contamination of pet
therapy animals (without colonisation) could be a
source of pathogen transmission.

Regarding C. difficile as a cause of disease in
pets, it seems that infection is more commonly
community-associated rather than acquired at
veterinary hospitals or after antimicrobial ther-
apy (Weese 2011). However, the prevalence and
causes of infections acquired in veterinary
practices is largely unknown. A previous study
identified administration of antimicrobials prior
to admission, or administration of immunosup-
pressive drugs during hospitalisation, as risk
factors for veterinary hospital-associated
colonisation (Clooten et al. 2008). Murphy
et al. (2010) described an important proportion
of veterinary hospitals (58 %) with positive envi-
ronmental swabs for C. difficile. While signs of
disease could range from mild self-limiting diar-
rhoea to chronic or fatal diarrhoea (Berry and
Levett 1986), the relevance of the bacterium in
small veterinary clinics is still uncertain (Weese
2011; Busch et al. 2014). Different other studies
have associated the presence of C. difficile in
faeces with diarrhoea in dogs and cats (Weese
etal. 2001a; 2001b; Weese and Armstrong 2003;
Koene et al. 2012; Wetterwik et al. 2013). How-
ever, dogs can also be healthy carriers of
C. difficile strains belonging to human epidemic
PCR-ribotypes (Schneeberg et al. 2012; Silva
et al. 2013b; Spigaglia et al. 2015), with a high

colonisation in the first period of live (Perrin
et al. 1993; Alvarez-Pérez et al. 2015).

Regarding CDI in cats, little information is
available. It seems that colonisation rates are
relatively low in the general population
(0-21 %), but slightly higher among cats in vet-
erinary hospitals (9.4-31 %) (Marks et al. 2011).
The same C. difficile strains were recovered from
cats and floor drains in the same veterinary hos-
pital, suggesting the clinical environment was a
possible source of contamination (Madewell
et al. 1999).

Pet nutrition has been identified as a possible
source of C. difficile, via pet treats (as bully sticks
for dogs) and other raw or processed foods (Free-
man et al. 2013; Rodriguez-Palacios et al. 2013).
In a study conducted in France, C. difficile was
not detected in any feline raw foods (n = 20)
purchased from 20 Paris stores (Bouttier
et al. 2010). However, a further study conducted
in Ontario reported the presence of toxigenic
C. difficile in turkey-based pet food. In the same
study the authors recommended disinfecting
food and water bowls daily with a 10 % bleach
solution to reduce the potential burden of bacte-
ria. Furthermore, it was proposed owners should
not feed pets with raw diets in households with
young children or immunosuppressed or elderly
individuals (Weese et al. 2005).

4 Clostridium difficile in Horses

C. difficile toxins were associated with equine
diarrhoea for the first time in 1984, in a study of
horses in Potomac River area. In this study,
Ehrich et al. (1984) concluded that toxins
appeared not to be primary determinants of diar-
rhoea but they may have contributed to the dis-
ease. Currently, C. difficile is considered one of
the most important causes of diarrhoea and
enterocolitis in foals and horses (Arroyo
et al. 2006; Weese et al. 2006; Uzal et al. 2012;
Diab et al. 2013b). The prevalence of C. difficile
in foals and adult horses with gastrointestinal
disease varies considerably among studies, rang-
ing between 5 % and 63 % (Diab et al. 2013b).
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In newborn foals, C. difficile has been associated
with spontaneous watery or bloody diarrhoea
immediately after birth, depression, dehydration,
toxaemia and finally death (Diab et al. 2013a).
While in some cases the disease can occur with-
out a history of antibiotic therapy or
hospitalisation (Diab et al. 2013b), the major
risk factors for the development of CDI in horses
are antimicrobial treatment, hospitalisation, pre-
or post-surgical feed withdrawal or changes in
diet. The antimicrobials that have been most
frequently associated with C. difficile diarrhoea
in horses are erythromycin, clindamycin, rifam-
picin and gentamicin (Diab et al. 2013b).

Like other species, horses can carry
C. difficile without showing signs of disease. In
healthy foals the reported prevalence can vary
between 0 and 29 % depending on different
factors such the type of the study, the diagnostic
test used and the method of sample collection
(Diab et al. 2013b). A colonisation rate of up to
44 % has been reported in non-diarrhoeic foals
under antibiotic treatment (Baverud et al. 2003).
Mare-foal pairs can harbour C. difficile subclini-
cally and potentially serve as reservoirs for cross-
colonisation (Magdesian and Leutenegger 2011).
In hospitalised horses without clinical signs of
C. difficile disease, the observed prevalence
ranged from 4.8 to 11 % (Medina-Torres
et al. 2011; Rodriguez et al. 2014a), possibly
under the influence of stresses that alter the intes-
tinal flora (such as change of diet, transportation
to the hospital, hospitalisation, and surgical or
medical treatments) (Baverud 2004). Some stud-
ies have suggested a transient shedding of
C. difficile in adult horses (Schoster et al. 2012)
but also in other animal species including cattle
(Rodriguez-Palacios et al. 2011b) and humans
(Ozaki et al. 2004).

A recent study has evaluated the effect of
probiotics on foals developing diarrhoea within
6 months of birth. The authors concluded that
there was no benefit observable of administering
a 3-week course of probiotics. Furthermore, a
significantly higher incidence of diarrhoea in
foals receiving probiotics than in control groups
suggested a negative impact of probiotics
(Schoster et al. 2015), although in vitro inhibition

of C. difficile and C. perfringens by commercial
probiotic strains has also been reported (Schoster
et al. 2013).

5 C. difficile in Food-Producing
Animals

In the twenty-first century the possibility of
human exposure to C. difficile spores via
environments and foods contaminated with
feces of colonised animals has aroused consider-
able interest. Furthermore, besides the concern
for zoonotic transmission, C. difficile is also a
costly disease on companion animals and live-
stock production. There are no financial loss
estimates for the treatment of household pets,
but veterinary services and medical treatment
for a case of acute diarrhoea without further
complications costs between 100 and 200 euros
in Europe. In production animals, C. difficile
losses and treatment costs have also not been
estimated, but C. difficile can produce mortality
in breeding, weight loss, and delayed weight gain
in animals (Rodriguez-Palacios et al. 2013;
Squire and Riley 2013).

5.1 Food-Producing Animals: Swine

C. difficile has been widely described in both
healthy pigs and pigs with diarrhoea (Table 1).
In neonatal piglets (<15 days old), C. difficile has
been proposed as the most common cause of
diarrhoea (Songer and Anderson 2006) with a
mortality rate of up to 50 % in suckling piglets
(Songer 2000). Previous studies reported spore or
toxin detection ranging between 23 and 93 % in
faeces of diarrhoeic piglets and between 1.4 and
96 % in piglets with normal faeces (Table 1).
The presence of C. difficile toxins in the colon
of neonatal swine has been associated with: pro-
fuse non-haemorrhagic yellow pasty-to-watery
diarrhoea, colitis, typhocoloitis, severe
mesocolonic edema, other microscopic lesions
such as erosive or ulcerative colonic lesions,
infiltration of neutrophils in the lamina propia,
and exudation of fibrin into the lumen, resulting
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in ‘volcano lesions’ (Lizer 2010). Scrotal edema,
dyspnoea, mild abdominal distension, hydrotho-
rax, ascites, anorexia and dehydration are other
extra-intestinal symptoms probably caused by
systemic sepsis (Squire and Riley 2013). How-
ever, an absence of diarrhoea does not discount
possible C. difficile colonisation (Yaeger
et al. 2007). Why some colonised piglets with
toxigenic strains of C. difficile do not develop
any signs of disease remains unclear and may
be explained by the variability in colostrum
intake and colostrum antibody concentration
(Squire and Riley 2013). Similarly, the presence
of C. difficile-negative piglets has been described
in litters where most of the members carried the
bacterium. The reason why these piglets were
negative despite being constantly exposed to the
bacterium is also unknown (Weese et al. 2010c¢).
The prevalence of the bacterium decreases with
age, varying from 0 to 23 % at finishing in the
farm or at slaughter (Table 1). Furthermore,
outbreaks in adult pigs have only been reported
in periparturient sows (Kiss and Bilkei 2005). It
appears that sows are more likely to be colonised
by C. difficile before or after farrowing (Thakur
et al. 2010; Weese et al. 2010c; Susick
et al. 2012), which may be due to environmental
stress or the administration of antibiotics (Kiss
and Bilkei 2005). While it seems sows would
pose an obvious contamination source for piglets
during farrowing, one study describes the pre-
dominance of different PCR-ribotypes in each
group, suggesting that external sources other
than sows could be responsible for CDI in piglets
(Weese et al. 2010c; Hopman et al. 2011a).
Widespread aerial dissemination of C. difficile
on a pig farm was demonstrated and associated
with personnel activity. Furthermore, possible
aerial dispersal of the bacterium between
farrowing pens was revealed by the detection of
spores in the hallway following relocation of
piglets (Keessen et al. 2011a). On pig farms,
vermin such as house mice, drain flies, lesser
houseflies and yellow mealworms were found
positive for C. difficile and proposed as vectors
for bacteria transmission (Burt et al. 2012).
Despite the progress made in these studies, the
sources of C. difficile in pig farms and aspects of

the infection cycle still remain unclear. Several
procedures, like surface disinfection and the use
of gloves, have been proposed to reduce disease-
associated mortality in piggeries (Squire and
Riley 2013).

5.2 Food-Producing Animals: Cattle

As in the case of swine, the reported prevalence
of C. difficile in cattle can vary wildly from one
study to another depending on the geographical
location studied, with percentages as diverse as
0 % in farms in North America and 60 % in Iran
(Doosti and Mokhtari-Farsani 2014; McNamara
et al. 2011) (Table 2). Furthermore, the pathoge-
nicity of C. difficile in cattle is not fully under-
stood. The bacterium and its toxins have been
associated with diarrhoea in calves and dairy
cows (Table 2). Using post-mortem analysis of
calves infected with C. difficile, it has been
showed that the bacterium was more frequently
encountered in the cecum, where histologic
lesions were also more severe (Rodriguez-
Palacios et al. 2007b).

A higher prevalence (up to 56 %) has been
reported in apparently healthy calves aged less
than three months old (Table 2). One experimen-
tal study investigated the infection of neonatal
calves by oral inoculation (in the colostrum) of
toxigenic C. difficile spores. Results showed
faecal shedding but did not detect toxins or the
induction of enteric disease, and suggested that
simple exposure to C. difficile could not cause
disease in calves (Rodriguez-Palacios
et al. 2007b). Colostrum can also play a protec-
tive role, providing passive immunity in neonatal
calves. A natural protective effect of this first
milk when ingested by calves immediately after
birth is  plausible  (Rodriguez-Palacios
et al. 2007b) and merits further investigation. In
the literature, many studies have investigated
hyperimmune bovine colostrum (obtained by
repeated immunisation of pregnant cows) as an
effective treatment for CDI in human patients
(Steele et al. 2013). However, with or without
signs of enteric disease, a decrease in the preva-
lence rate of C. difficile is observed in adult
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animals (Table 2). While the reason for this age
effect is still unknown, a probable explanation is
that the bacterium is better able to colonise and
proliferate in the intestinal tract of younger
animals, where the gut microbiota is less devel-
oped (Rodriguez-Palacios et al. 2006).

5.3 Food-Producing Animals:
Poultry

A wide variety of zoonotic diseases can be trans-
mitted by poultry. However, few studies have
focused on the study of C. difficile in these
animals. The limited data available shows that
the situation is similar to other species, with
prevalence decreasing with increasing age (rang-
ing from 100 % in faecal samples of 14-day-old
birds to 0.29 % in mature farm animals), and
with bacterial colonisation observable with or
without development of disease (Table 3).

Only one outbreak of C. difficile has been
described in newly hatched ostriches (Cooper
et al. 2013). In this outbreak, more than 90 %
of birds died within three days of the onset of
diarrhoea. At necropsy, the colon and rectum
were dilated and diffusely haemorrhagic. Micro-
scopic examination also revealed necrotizing
typhilitis and colitis in all the birds. After this
report, 300 additional birds from a subsequent
hatching were also affected by an epidemic of
necrotic enteritis. Identical symptoms were
observed which may suggest that CDI is a com-
mon and important problem in captive ostrich
chicks (Frazier et al. 1993).

In rural communities in Zimbabwe, chickens
were identified as major reservoirs of C. difficile.
Water probably acted as a source of the bacte-
rium for these chickens, as spores were detected
in well water and household-stored water.
Sources of water contamination may be faeces
of domestic animals or humans, although this
was not investigated in the study. In addition,
soils were also heavily contaminated with
C. difficile by chicken faeces. The free movement
of chickens between neighbouring homesteads
highlights the importance of these colonised
animals as vectors for widespread distribution

of C. difficile in rural communities (Simango
2006).

5.4 Food-Producing Animals: Sheep
and Goats

Other production animals such as lambs, sheep
and goats have been also described as carriers of
the bacterium, with a prevalence varying
between 0.6 and 10.1 % (Table 3). As in other
animal species, the rate of C. difficile detection
seems to decrease with age.

On average, a lower prevalence has been
reported in sheep and lambs than in swine. This
may be associated with the greater use of
antimicrobials in production of pigs than in
sheep (Knight and Riley 2013). However, as
stated before, the few studies available in the
literature studying the effect of antibiotics did
not find a direct relation between the use of
antimicrobials and C. difficile colonisation or
infection (Romano et al. 2012; Susick
et al. 2012). While the presence of C. difficile in
apparently healthy sheep and goats in farms and
at slaughter could play a role in animal-to-ani-
mal, environmental or zoonotic transmission,
there are no reports identifying the bacterium as
responsible for outbreaks of enteropathogen in
these animal species.

6 Clostridium difficile in Foods

Recent studies have described the presence of
C. difficile spores in a variety of food products
of both animal and plant origin. These findings
highlight the potential risk of infection
associated with consuming foods, particularly if
they are not cooked prior to eating (Lund and
Peck 2015).

6.1 Prevalence and Food Products
Concerned

The contamination by C. difficile spores has been
detected in different types of food products,
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including seafood, vegetables and meats, with a
prevalence ranging between 2.9 and 66.7 %
(Tables 4 and 5). Considering that C. difficile is
present in healthy food-producing animals at
slaughter, it is not surprising that its spores have
also been found in meats (Table 4). The mean
prevalence of C. difficile spores in these products
ranges between 0 and 15 %. While early studies
conducted in North America reported a much
higher contamination rate than elsewhere
(Rupnik and Songer 2010), recent studies show
the situation to be similar to other countries
(Table 4). Rodriguez-Palacios et al. (2009), not-
ing an increased recovery of the bacterium from
ground beef and chops in winter in Canada,
suggested a seasonal component in C. difficile
contamination in meats, and also hypothesised a
possible epidemiological connection between the
prevalence of C. difficile in food animals, some
foods and humans (Rodriguez-Palacios
et al. 2013).

If the initial contamination of food products
with C. difficile is low, the preservation method
used may play a fundamental role in the spores’
survival. One of the key features of C. difficile in
foods is if the pathogen grows or resides in the
dormant state, especially if there are anaerobic
conditions and the cool chain is not respected.
C. difficile has been reported in vacuum-
packaged meat in France (Bouttier et al. 2010)
and in New Zealand, where the bacterium was
isolated from chilled vacuum-packed meats in
which ‘blown pack’ spoilage had been observed
(Broda et al. 1996). The impact of C. difficile
survival in these storage conditions clearly
demands further study.

There has also been interest with respect to
thermal inactivation of C. difficile spores by ther-
mal treatment. Rodriguez-Palacios and Lejeune
(2011) reported that cooking food at a minimum
of 96 °C for 15 min produced an inhibitory effect
on C. difficile spores. However, minimally-
processed fruits and vegetables are treated
below these temperatures and therefore could
be potential vectors of human infection
(Rodriguez-Palacios et al. 2013). The contami-
nation source of these fruits and vegetables could
be the use of organic fertilizer containing

C. Rodriguez et al.

C. difficile spores, or irrigation or washing with
contaminated water.

6.2 Routes of Food Contamination

As stated before, C. difficile is present in the
intestinal contents of apparently healthy food-
producing animals, suggesting carcasses and
meats could be contaminated during the slaugh-
ter process. A few studies have addressed the
contamination of carcasses at slaughter. In pigs,
C. difficile was detected in a total of 3 out of
20 carcasses (15 %) sampled at post-bleed and a
further 3 out of 20 (15 %) at post-evisceration in
a processing facility in Canada (Hawken
et al. 2013). A further study reported a preva-
lence of 2.2 % and 2.5 % in antimicrobial-free
pigs at post-evisceration and post-chill respec-
tively  (Susick et al. 2012). Harvey
et al. (2011b) detected 3 positive samples from
a total of 10 sponge swabs collected from carcass
hide, post-excision hides and ears from pigs in a
processing plant in Texas. In Belgium, the prev-
alence reported in carcasses from slaughter pigs
was 7 % (7/100) (Rodriguez et al. 2013).

C. difficile has also been described in cattle
carcasses. In Belgium, the observed prevalence
in cattle carcasses reached up to 7.9 % (8/101)
(Rodriguez et al. 2013). In a study conducted in
Pennsylvania, Houser et al. (2012) detected the
tpi housekeeping gene in 4 out of 100 cattle
carcass swabs by PCR, but C. difficile was not
isolated using culture techniques. The same data
has been reported in an Australian study of cattle
carcasses sampled in the processing area of the
slaughter line where none of the samples taken
(n = 151) were positive for C. difficile (Knight
et al. 2013). Rodriguez-Palacios et al. (2011b)
reported O positive carcasses from a total of
168 samples analysed.. In a further study
conducted in the USA, samples were collected
from pig hides, pre-evisceration carcasses, post-
intervention carcasses and ground beef. The bac-
terium was detected in hides with a prevalence of
3.2 %. However, none of the carcass or meat
samples tested positive, evidencing a low
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contamination of the chain
(Kalchayanand et al. 2013).

Regarding the environmental shedding of
C. difficile in processing facilities, little data is
available. In seven hamburger processing plants
in Iran, C. difficile was detected in 3.5 % (2/56)
of swabs taken from the environment. The
authors suggested that this environmental con-
tamination might be due to biofilm formation
which could facilitate the attachment of spores
(Esfandiari et al. 2014b). In contrast, in a further
study conducted in three sausage-manufacturing
plants, sponge swabs collected from equipment
and facilities yielded no C. difficile isolates
(Harvey et al. 2011b), while meat samples tested
positive for the bacterium, indicating meat con-
tamination with C. difficile from the intestinal
contents of food animals.

The hands of food handers, especially of those
who produce ready-to-eat food, are well-known
vectors of foodborne pathogens, in most cases
due to poor hygiene. However the impact of
contamination of C. difficile by humans who
handle foods without washing their hands has
not yet been evaluated. In a previous study
investigating the C. difficile contamination of
foods prepared in-house at a Belgian nursing
hom, only 1 out of 188 food samples tested
positive for C. difficile. This positive sample
was recovered from a meal composed of carrot
salad, mustard sauce and pork sausage. However,
as they were analysed together, contamination
could have originated from any of the ingredients
or as a result of manipulation (Rodriguez
et al. 2015).

production

7 The Threat of Zoonotic
and Foodborne Transmission

The literature of the last decade has presented
several hypotheses about C. difficile transmission
(Bauer and Kuijper 2015). Weese et al. (2002)
reported a risk of zoonotic transmission of some
animal diseases, including C. difficile, especially
in small veterinary hospitals. Goorhuis
et al. (2008) described PCR-ribotype 078 as fre-
quently encountered in human CDI and in pigs

with diarrhoea in The Netherlands. A further
study reported that this ribotype was the most
prevalent type in pig, cattle and horse species
worldwide, and also reported an increase in its
prevalence in humans in different countries
(Rupnik et al. 2008). Other studies conducted in
2008 (Jhung et al. 2008) and in 2009 (Debast
et al. 2009) showed a high degree of similarity
between pig and animal C. difficile PCR-ribotype
078 toxinotype V strains, suggesting a common
origin. Recently, Janezic et al. (2014) showed
that the most prevalent C. difficile types in
humans are also prevalent in different animals
from different geographic areas, evidencing the
potential for global dissemination of some
strains.

In the twenty-first century, the development of
different typing methods has allowed genome
analysis and the comparison of animal, food
and human strains (Griffiths et al. 2010). The
first study investigating the phylogeny of
C. difficile by multilocus sequence typing
(MLST) analysis reported that differences
between phylogenetic lineages do not correlate
with the type of host (human or animal) (Pons
2004). Lemée et al. (2004) studied the genetic
relationships and population structures of
72 C. difficile isolates from various hosts and
geographic sources, including human, dog,
horse, cow and rabbit stools. Results obtained
in the study showed that animal isolates did not
constitute a distinct lineage from human isolates.
In subsequent works, the same study group
(Lemée et al. 2005; Lemée and Pons 2010)
observed that animal isolates were intermixed
with human isolates. In the recent years, clade
5 has been largely studied as it contains
C. difficile PCR-ribotype 078  (Knight
et al. 2015a). This type was classically associated
with animals, especially pigs (Alvarez-Pérez
et al. 2013). However, lately it has been also
reported in hospitals (Indra et al. 2015). At pres-
ent, clade 5 seems to be highly heterogeneous
and divergent from the rest of population
(Janezic and Rupnik 2015).

Marsh et al. (2010) used multiple-locus vari-
able number tandem repeat analysis (MLVA) to
show that toxinotype V (REA group BK) human
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and animal isolates were highly related but
differentiated. In another study conducted in the
Netherlands (Koene et al. 2012), faecal samples
from healthy and diarrhoeic animals were com-
pared with human strains isolated from patients
with diarrhoea and hospitalised patients. MLVA
analysis showed a genotypic correlation between
animal and human PCR-ribotype 078, but a dis-
tinction  between human and  animal
PCR-ribotypes 012 and 014.

Whole genome sequencing (WGS) has
recently been used to study the epidemiology of
CDI and the genetics of C. difficile (Knight
et al. 2015a). One such study investigated the
evolutionary  relatedness of C. difficile
PCR-ribotype 078 isolated from humans and
pigs (in farms) (Knetsch et al. 2014). Results
revealed that farmers and pigs were colonised
with identical or nearly identical C. difficile
clones (with zero or less than two single nucleo-
tide polymorphism differences). These results
supported the hypothesis of interspecies trans-
mission between animals and humans; however,
the existence of a common contamination source
(in the environment) was also possible.

It seems that C. difficile occurs as a low-level
contaminant in meats and other food products.
Therefore foodborne transmission may be
responsible for only a small proportion of
human CDI cases (Curry et al. 2012). However,
other authors have reported no molecular rela-
tionship between clinical human and meat
isolates and, therefore, that sources other than
meat are responsible for CDI (Esfandiari
et al. 2014a). At present, the human infectious
dose for C. difficile is not known (Hoover and
Rodriguez-Palacios 2013) and the risk posed by
the presence of its spores in meat and other foods
is still not clarified. Among healthy people with
normal intestinal flora, the ingestion of low
quantities of spores may not have major
repercussions. However, the consumption of
these contaminated foods by vulnerable
populations with gastrointestinal perturbations
could lead to C. difficile colonisation and infec-
tion, or can contribute to the asymptomatic
C. difficile carriage and transmission in the
community.

8 Conclusions and Perspectives

Eighty years after its discovery, C. difficile
continues to be the focus of attention in hospitals
and an important topic for many research groups
worldwide. Comparisons of strains have revealed
that in some regions animals and humans are
colonised with identical C. difficile clones or
these strains cluster in the same lineage. There-
fore, it is suggested that C. difficile should be
considered as a zoonotic pathogen and that
animals play an important role as reservoirs of
the bacterium.

While many questions remain unanswered,
next generation typing techniques must be
applied in the future to study the relatedness of
strains of human and animal origins. In this con-
text, it will be interesting to assess the presence
of C. difficile in close related human and animal
populations, like pets and their owners or farmers
in close contact with their animals. The analysis
of the isolates by WGS analysis will definitively
confirm the absence of host tropism of certain
strains and the zoonotic transmission of the
bacterium.
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1.3 Gut microbial communities and C. difficile colonisation

As previously reviewed, in both humans and animals C. difficile colonisation can occur without
development of any sign of disease, or the bacterium can cause disorders that range from mild-to-

severe forms of gastrointestinal infections.

The gastrointestinal ecosystem is a fundamental component of health and a new point for the diagnosis
of several diseases, including CDI, thanks to the emergence of metagenomic and multi-omic
approaches. The gut community has been reported to play a critical role in resistance to colonisation
by other pathogenic organisms. But the intestinal microbiota can be influenced by factors such as
antibiotic use or comorbidities. Broad-spectrum antibiotic treatment has been associated with a
decrease in overall diversity of gut bacterial communities and therefore, the total number and the
proportions of metabolites in the intestine can be altered. It has been hypothesised, although not
demonstrated, that changes in microbial composition with age will also modify the metabolic capacity
of the gut microbiota and the resistance against pathogens colonisation, producing a favourable niche

to lead to disease.

The third part of this introduction explores the current available data in humans about the differences
in C. difficile colonisation among individuals of different ages and the role of the microbiota in CDI

for each group of patients.
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C. difficile infection and intestinal microbiota interactions
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1. C. difficile: the scope of the problem

Clostridium difficile is a Gram-positive, anaerobic spore-forming
bacterium considered as the leading cause of infectious diarrhoea
and antibiotic-associated pseudomembranous colitis in hospitals.
C. difficile is largely known as a nosocomial infectious agent in
industrialised countries [1]. However recent studies have described
outbreaks in other, developing regions [2,3], highlighting the

* Corresponding author. Food Science Department, Faculty of Veterinary Medi-
cine, University of Liege, B43bis, Sart-Tilman, 4000 Liege, Belgium.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).

http://dx.doi.org/10.1016/j.micpath.2015.10.018
0882-4010/© 2015 Elsevier Ltd. All rights reserved.

potential worldwide spread of this bacterium [4]. C. difficile has
been isolated from the gastrointestinal tract of many animals,
including wild, companion and food animals [5—9], soil [10], rivers
[11] and foods [12—14]. These findings suggest the possibility of
zoonotic and foodborne transmission of the bacterium, although
this hypothesis remains unproven. Furthermore, several recent
studies have shown that isolates of C. difficile from human beings,
animals and foods were epidemiologically-linked [15], especially
for PCR ribotype 078 isolates [16].

Direct or indirect contacts with animals and ingestion of
contaminated foods have both been proposed as possible sources of
C. difficile infection in the community. CDI acquired in the
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community accounts for one-quarter of all diagnosed CDI patients,
and usually these subjects do not have the classic risk profile of
patients who develop the infection in a healthcare facility [17].
Community-acquired CDI is defined as a case patient who had
symptom onset in the community and/or within 48 h of admission
to a healthcare setting, if the patient had not been discharged from
a healthcare facility in the previous 12 weeks [18]. Changing
epidemiology of CDI has been described not only in the community
but also in hospitals. The disease is now frequently described
among healthy peripartum women, who have been previously
considered at very low risk for the infection [18,19]. The incidence
of CDI in hospitalised patients has risen dramatically in the last 20
years; from 31 cases per 100,000 patients in 1996 [20] to 30—120
cases per 100,000 patients in 2011, according to one study con-
ducted in the US [21]. Furthermore, it has been suggested that the
current true incidence is substantially higher, reaching 390—730
per 100,000 person-years as estimated in the Netherlands [21,22].
Mortality rates also have risen dramatically worldwide, account 4.5
times more in hospitalised patients and 7 times in nursing homes
in 2005 in Texas in 2005 than in 1999 [23], with an estimated
14,000 deaths annually in the US [24]. Attributable costs for CDI in
children are estimated at €3545 per patient. In adults costs per
patient range from €4396 to €14,023 in different countries in
Europe, with the major cost being hospitalisation [25].

Standard treatment of CDI involves the administration of anti-
biotics. Metronidazole is the drug of choice (500 mg orally 3 times
per day for 10—14 days) for the initial episode, mild or moderate
diarrhoea, due to C. difficile. Vancomycin is the drug of choice for an
initial episode of severe CDI (125 mg orally 4 times per day for
10—14 days). Vancomycin administered orally or per rectum with
or without intravenously administered metronidazole is the
treatment of choice for severe and complicate CDI [18]. Recurrence
after discontinuation of antibiotic treatment occurs in 20%—30% of
patients [26], leading to other interventions, like faecal microbiota
transplantation. It has been described that faecal bacteriotherapy is
capable of restoring the microbiota and promoting resistance to
colonisation. Therefore, a new concern of several studies has been
the identification of the microbial communities implicated in the
infection.

Despite the interindividual and environmental variability, new
sequencing techniques have made it possible to discern whether
any alteration of the gut microbiota composition can favour
C. difficile colonisation, infection and recurrence, as well as the
microbes responsible for restoring the gut and those which render
an individual less susceptible to the infection. The purpose of this
review is to explore the current data about the differences in
C. difficile colonisation among individuals of different ages and to
analyse the microbiota's role in CDI for each group of patients.

2. C. difficile infection

C. difficile is an opportunistic pathogen that is able to proliferate,
and to produce toxins and disease, when there is an event that
causes a disruption of the normal flora. The normal human gut
microbiota of adults and children over two years old is considered
to be capable of preventing C. difficile colonisation. Within this
natural barrier, anaerobic species, including Bacteroides, seem to be
especially important [27].

To become infected, it is necessary to ingest spores. Spores are
resistant to a wide range of cleaning products and are especially
prevalent in hospitals and other healthcare settings [28]. C. difficile
spores are transmitted via the faecal-oral pathway. If there is a
disruption of the gut microbiota, they are able to germinate into the
vegetative state once they have reached the gut [20]. In vitro studies
have shown that germination depends on the presence of primary

bile acids, including taurocholate [29]. After the attachment to in-
testinal epithelial cells, C. difficile can express several virulence
factors that include adherence to mucosa, expression of fimbriae,
capsule production and secretion of tissue degradative enzymes.
However, the most critical step is the production of toxins [30]. CDI
is associated with isolates that produce at least one of the two
toxins denoted as TcdA and TcdB. While most pathogenic strains
have been classically associated with the production of both toxins,
the toxin variant strain TcdA-negative TcdB-positive appears to be
isolated with increasing frequency worldwide [31]. The presence of
a third toxin, known as binary toxin (CDT) has been frequently
associated with increased severity of CDI and increased 30-day
mortality [32]. Recently, binary-toxin positive C. difficile strains
that do not produce either toxins TcdA or TcdB have been reported
in different and independent cases of patients with diarrhoea
suspected of having CDI. Thus some literature has raised the
question of the role of binary toxin as a virulence factor and its
implications for laboratory diagnostics [33].

Enteric C. difficile colonisation of humans and animals can have a
range of outcomes, from bacterial carriage without signs of disease,
to mild or moderate diarrhoea typically non-haemorrhagic, to co-
litis or fulminant life-threatening pseudomembranous colitis in
extreme cases [18]. Fever, abdominal pain and leucocytosis
commencing 48—72 h post infection are other common clinical
signs [34]. C. difficile infection (CDI) is essentially a disease of the
colon and involvement of the small intestine is rare [15]. A case
definition for CDI in humans is the emission of more than three
unformed stools in less than 24 h, a stool test positive for toxigenic
C. difficile, its toxins or its toxin's genes, or the presence of pseu-
domembranous colitis observed after colonoscopy or histopathol-
ogy. The same criteria are used to diagnose recurrent cases of
infection [18,35]. Recurrent CDI within six months after completion
of the initial CDI case has been associated with an increased risk of
death in human hospitalised patients [36]. Non-diarrhoeal pre-
sentation with acute abdomen pain has been described, which oc-
curs with gastrointestinal ileus where faecal fluid collects in loops of
dilated and atonic colon [15,37]. A history of antimicrobial treat-
ment within the previous eight weeks is present for the majority of
patients suffering CDI [18,38]. It has been reported that more than
90% of CDI cases occur in conjunction with antimicrobial therapy,
making this antibiotic therapy the most important risk factor for
CDI in humans [15]. Resistance of C. difficile to many classes of an-
tibiotics allows the pathogen to survive antibiotic administration
better than other commensal species. The decrease of these com-
mensals in the gut creates conditions favourable for overgrowth and
C. difficile colonisation [37,39]. The list of antibiotics associated with
an increased risk of acquiring CDI includes clindamycin, cephalo-
sporins, penicillins and fluoroquinolones [20]. Other risk factors
associated with the disease are hospitalisation and the use of proton
pump inhibitors and H2 blockers, which decrease the acidity of the
stomach and allow C. difficile spores to transit through the stomach
into the gut. In vitro studies show that proton pump inhibitors also
affect the growth of other bacterial communities, including Lacto-
bacillus [40]. The anaerobic environment of the gut and the pres-
ence of bile salts allow the spores to germinate into the vegetative
state and produce the toxins [20,41]. Advanced age is known to be
associated with CDI. Age-related changes in the gastrointestinal
tract, changes in diet and host immune system reactivity inevitably
affect microbial population composition [42]. Therefore, the
gastrointestinal tract becomes more susceptible to C. difficile colo-
nisation [30]. Other factors that have been associated with disease
severity and complications are faecal incontinence, debility and
cognitive impairment, and the use of gastrointestinal instrumen-
tation such as endoscopy, oesphago-gastroduodenoscopy, left-
sided colonoscopy, total colonoscopy and nasogastric or
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percutaneous endoscopic gastrostomy feeding [43].
3. Gut microbiota interactions

The gastrointestinal ecosystem is a fundamental component of
health and a new focal point for the diagnosis of several diseases
through new DNA sequencing technologies. A rich community of an
estimated 100—200 different bacterial species comprises the gut
microbiota, although some studies have estimated up to 1000
species per individual [44]. The gut microbes are estimated to
contain 100-fold more genetic potential than a human's own
genome and, therefore, they can provide functions the host alone
cannot supply [26]. This community has been reported to comprise
70% of the total microbiota found in the human body, with a total of
10™ bacteria that play a critical role in resistance to colonisation by
other pathogenic organisms [45]. One previous study reported two
predominant phylotypes in the distal gut of healthy adults, which
include Firmicutes and Actinobacteria [46]. Other less prevalent
phyla also described in the lower intestine are Proteobacteria and
Fusobacteria [20]. The description of Firmicutes as one of the
dominant phylum of gut bacterial populations is in agreement with
other molecular analyses of intestinal communities [47]. Among
this phylum, the dominant members seem to be associated with
the Clostridia class [46,47]. Regarding Actinobacteria, the study of
Eckbourg et al. [47] described relatively few sequences belonging to
this phylum as well as fewer populations of Proteobacteria, Fuso-
bacteria and Verrucomicrobia in the gut of healthy individuals. The
authors reported that the majority of the detected species belonged
to Firmicutes and Bacteroidetes phylum [47—49]. Bacteroidetes have
been suggested as a providing protection against pathogen-
mediated intestinal inflammation and to confer resistance to in-
fectious colitis [50]. In addition, these studies also reported a high
percentage of sequences from species that have not been cultured
with the currently available methods and novel phylotypes not
previously described in the available databases.

Direct microbe interactions, production of bacteriocins and
competition for nutrients and niches are some of the mechanisms
that the indigenous gut microbiota uses to resist colonisation [20].
The impact of the gut microbiota in the intestinal metabolism is
well described, playing an important role in many metabolic
functions that convert luminal compounds into secondary metab-
olites, which can be either beneficial or harmful to the host. These
metabolic functions include carbohydrate fermentation, regulation
of amino acid metabolism, protein digestion and lipid metabolism
[45,51]. The genus Eubacterium has been implicated in steroid and
bile transformation, creating potentially toxic metabolites [52].
Butyrate-producing bacteria, including Lachnospiraceae taxa, play a
major role in the host metabolism. Butyrate acts as an energy
source of colonic epithelial cells [53] and it is implicated in the
hormo-neuro-inmuno-system as well as in tissue development and
repair, and in down-regulation of bacteria virulence, both by direct
effects on virulence gene expression and by acting on cell prolif-
eration of the host cells [54]. Therefore, depletion of butyrate-
producing bacteria and lactate accumulation can result in a high
susceptibility to C. difficile infection in asymptomatic carriers, or
could potentially lead to epithelial dysfunction and higher osmotic
load in the intestinal lumen of patients suffering C. difficile infec-
tion; increasing the severity of the infection [55—57]. Bacteroides
are thought to be responsible for the majority of polysaccharide
digestion that occurs in the large intestine. Changes in this popu-
lation at species level could produce alterations in microbiota
metabolic profiles and in other bacterial communities, such as
hydrogen-utilising syntrophs [52].

The intestinal microbiota can be influenced by factors such as
antibiotic use or comorbidities. Antibiotic treatment has been

associated with a decrease in overall diversity, and more specif-
ically with a decrease in the abundance of the Firmicutes phylum
and an increase of Proteobacteria [45]. Broad-spectrum antibiotic
treatment may result in the decreased abundance of Bacteroides,
which would favour germination and growth of other pathogens,
like C. difficile [55,58]. Oral administration of vancomycin has been
reported to significantly decrease Gram-positive bacteria (Firmi-
cutes), bile acid dehydroxylation and peripheral insulin sensitivity
in patients with metabolic syndrome. These data further suggest
the important role of Firmicutes in glucose and bile acid metabolism
[59]. In the case of metronidazole, a 1000-fold reduction in cell
counts only 12 h post-treatment was observed. Clostridium butyr-
icum and Clostridium innocuum have also been described as highly
susceptible to this drug. Bifidobacteria, including Bifidobacterium
adolescentis and Bifidobacterium longum, and Clostridium per-
fringens have been reported to be unaffected after therapy with
metronidazole. Ampicillin treatment also reduced Bacteroides and
C. perfringens populations at different dose rates [60]. Cephalo-
sporin and fluoroquinole exposure have been described as
decreasing the abundance of Clostridiales incertae sedis IX. This
bacterial group has been hypothesised as competing with C. difficile
for similar nutrient sources or ecological niches in the gut and,
therefore, their depletion will increase the probability of devel-
oping CDI [61] (Table 1).

By altering the gut microbiota, antibiotics affect the total num-
ber and the proportions of metabolites in the intestine. Bacterial
fermentation is particularly modified, which results in a decrease of
short-chain fatty acids and an excess of carbohydrates and amino
acids. C. difficile would be able to utilise these metabolites for
germination and, therefore, would also have a favourable niche to
colonise and grow [45,55].

4. Asymptomatic colonisation versus C. difficile infection
4.1. Asymptomatic colonisation of C

difficile without any signs of disease has been described in hu-
man beings and animals [8,62,63]. Testing of stools from human
patients without symptoms of C. difficile infection is not clinically
useful and therefore not recommended [18]. However, several
studies have showed that intestinal C. difficile colonisation rates of
healthy adults can range from 2.4% to 17.5% [62,64]. Zhang et al. [55]
considered that asymptomatic C. difficile colonisation was associ-
ated with the intestinal microbial communities but also with other
extrinsic factors, like living environment as well as the host im-
mune state. Ozaki et al. [62] reported that C. difficile colonisation
was relatively common among healthy individuals belonging to the
same employee group, and therefore a common contamination
source in the work environment was possible. In the same study,
the authors also examined possible host-related factors that may
affect colonisation by C. difficile and reported a significant number
of enterococci in faeces among C. difficile-positive subjects
compared with non-colonised individuals. Interestingly, high pro-
portions of enterococci have also been described in the gut of in-
fants [62,65], which are more frequently colonised by C. difficile
strains than adults [66]. Hopkins and Macfarlane [52] detected high
levels of enterococci in colonised individuals, however in this case
in patients suffering CDI. According to these studies, there could be
an association between enterococci and C. difficile colonisation and/
or infection [62]. A further study reported that colonised but
asymptomatic subjects showed no major differences at phylum or
family level compared to those that were culture negative. There-
fore, the authors suggest that the commensal flora in such subjects
could protect the host by preventing potentially pathogenic
C. difficile colonisation, multiplication and toxin production [67].
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Table 1
Summary of gut microbiota alterations in relation to C. difficile infection or other risk factors classically associated with the development of the disease.

Subjects/Type of study C. difficile colonization/Study Gut microbiota characteristics or changes References
parameters

Adults (different ages) Healthy Bacteroides - especially important as natural barrier to CDI 27

Predominant phyla Firmicutes (Clostridia class), Actinobacteria and Bacteroidetes 46—49
Less prevalent phyla Proteobacteria, Fusobacteria and Verrumicrobia 20, 47
Asymptomatic colonization “P Enterococci 62
No major differences at phylum or family level compared to negative individuals 67
“P Enterococcus and Lactobacillus 55
PP Bacteroides, Lachnospiraceae and Ruminococcaceae
CDI “P Enterococci 52
Similar richness and microbial diversity compared to asymptomatic C. difficile ~ 55
carriers but different microbial communities
Decrease in richness and diversity 57,61
Fewer taxa and °P Proteobacteria’ 57
P Proteobacteria and low proportions of Bacteroidetes and Firmicutes® 55, 106,
105
PP Bacteroidetes, Bacteroidaceae, Bacteroides Porphyromonas-Prevotella group and 61
Clostridiales incertae sedis IX.
“P Enterococcaceae and facultative anaerobes
bp Ruminococcaceae and Lachnospiraceae 55,57,107
bp Bacteroides, Lachnospiraceae and Ruminococcaceae 55
“P Enterococcus and Lactobacillus
No association between CDI and enterobacteria, bifidobacteria or lactobacilli 61
groups
“P Gammaproteobacteria and Bacilli, Lactobacillus, Streptococcus and Enterobacter 39
Infants Healthy Bifidobacterium antagonize adhesion of C. difficile 87
“P Bifidobacterium longum 92
Lactobacillus paracasei and Lactobacillus plantarum protective effect against 93,94
C. difficile
Asymptomatic colonization “P Enterococci 62, 65
“P Ruminococcus gnavus and Klebsiella pneumoniae 92
Asymptomatic colonization and "P Bifidobacterium and Bacteroides 76
born by caesarean
Asymptomatic colonization in  °P Escherichia coli, Bacteroides and lactobacilli 76
formula-fed infants
Colonised SIDS Triple colonization by C. perfringens, C. difficile and C. innocuum 95
Healthy breast-fed infants “P Bifidobacterium and suppression of Bacteroides and Clostridium 71, 86
PP peptostreptococcaceae family and Verrucomicrobiaceae family 80
Elderly Healthy 3P Bacteroides, enterobacteria, clostridia and eubacteria,"P bifidobacteria 52, 100
CDI Decrease in taxa assignment compared with asymptomatic patients. 67
“P Bacteroidetes phylum, Lactobacillaceae family and Clostridium spp.
PP Bacteroides, Prevotella and Bifidobacterium
4P eubacteria, Bacteroides, Enterobacteriaceae, enterococci, lactobacilli and 52
clostridia (C. difficile, C. ramosum, C. sporosphaeroides).
PP anaerobic facultative species
Faecal microbiota transplantation in CDI After fecal transplantation Replenishment Roseburia and Bacteroides 32
patients (different ages) Increase of richness and diversity, eradication of Proteobacteria species and 57,26
restoration of Firmicutes and Bacteroidetes

Healthy donors in faecal microbiota Predominantly microbiota Bacteroidetes desired 57

transplantation

In vitro studies Lactulose supplementation Suppression of C. difficile and Bacteroides spp 102
Fructo-oligosaccharides Modulation of intestinal inflammatory responses to C. difficile 103
supplementation
Primary bile acids Germination of C. difficile 29
(taurocholate)

Drug treatment Proton pump inhibitors Affect the growth of Lactobacillus 40
Broad-spectrum antibiotic Decrease in overall diversity, 45, 55, 58
treatment “P Proteobacteria

PP the Firmicutes and Bacteroides
Vancomycin PP Firmicutes 59
Metrodinazole PP cell counts including C. butyricum, C. innocuum 60
Ampicillim PP Bacteroides and C. perfringens 60
Cephalosporin and PP Clostridiales incertae sedis IX 61
fluoroquinole

CDI = C. difficile infection.

SIDS = Sudden infant death syndrome.

1 = patients have been treated with vancomycin.
2 = patients have NOT been treated with vancomycin.

¢ P = high proportions of.
> p = low proportions of.
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Other previous studies [57,61] have described a decrease in
richness and diversity in the microbiota of patients suffering CDI in
comparison with healthy individuals. Zhang et al. [55] reported that
species richness and microbial diversity of asymptomatic C. difficile
carriers is similar to that of CDI patients, however the microbial
community of the two groups is significantly different. Therefore,
asymptomatic or transient colonisation could be explained by the
fact that the infecting strain is poorly virulent, or because the de-
gree of compromise of the intestinal flora is insufficient to permit
establishment and full expression of virulence [30], which means
that colonisation by C. difficile does not directly lead to C. difficile-
associated disease. Changes in the intestinal microbiome may
contribute to the development of CDI in asymptomatic patients
[55]. It has been suggested that certain patients have a predispo-
sition to acquire CDI after hospital admission due to a more
permissive or less resilient intestinal microbiota composition,
which enables the invasion of C. difficile when they are under
antibiotic treatment. In contrast, neonates younger than two years
are frequently colonised by the bacterium with absence of any
clinical sign of disease, which may be due to the immaturity of toxin
A receptors on intestinal epithelium, the protection by maternally
derived toxin-neutralising antibodies or to the presence of non-
toxigenic strains [15,68].

Intestinal C. difficile carriage by healthy infants and adults may
play an important role as a reservoir for community-acquired CDI.
However, a previous study suggested that cross-contamination of
C. difficile does not occur frequently among family members at
home [64]. In long-term care facilities, asymptomatic carriers had
higher percentages of skin and environmental contamination,
suggesting a potential source of transmission in these establish-
ments [69,70]. Regarding neonates, the carrier state seems to be
well tolerated, and the immunoglobulin G antitoxin response that
infants develop during this carriage appears to provide subsequent
protection for the disease [71]. However, a concern around
C. difficile colonisation in infants is that pathogenic strains are
circulating in asymptomatic individuals and may form a reservoir
contributing to the spread of the bacterium in the community [72].

5. Further analysis of C. difficile colonisation in infants

C. difficile was first isolated from stool samples of healthy neo-
nates [73]. Since this report in 1935, the presence of the bacterium
in faecal samples of new born infants has been widely reported,
with a prevalence that can reach 71% [66,74,75]. The acquisition of
the bacterium by neonates and infants seems to be environmental
[71] and hospitalisation and prematurity have been associated with
higher prevalence counts of C. difficile [76]. Contamination of the
maternal genital tract and vaginal delivery has not been shown to
be a risk factor for neonatal acquisition. In addition, rates of colo-
nisation reported are near zero per cent in the first two days of life
and they only rise when babies are seven days old or more
[66,71,74,75]. One study examining vaginal swabs collected from
mothers just before delivery they were all found negative for
C. difficile by culture. However, their infants had the bacterium in
their stools. This finding allowed the authors to conclude that
infection is mainly from environmental sources rather than
maternal transmission [66]. The findings of positive environmental
cultures (including baby baths, oximeters and hospital floors)
[74,77—79], and similar strains of C. difficile in different babies from
the same ward support this hypothesis [74,75]. Furthermore,
vaginal delivery has not been shown to predispose to higher rates
of C. difficile colonisation in babies [71,75,80]. In contrast, birth by
caesarean delivery was associated with a 100-fold increased colo-
nisation with C. difficile [81]. In this sense, it seems that the mode of
delivery has a major role in the composition of the neonatal gut

microbiota [82]. Penders et al. [76] describe infants born by
caesarean that had lower numbers of Bifidobacterium and Bacter-
oides and that were more often colonised with C. difficile compared
with vaginal delivery infants.

A recent study conducted in a Japanese hospital reported that
none of the neonates studied were positive for the bacterium [83].
Authors suggest that there was no environmental contamination or
staff hand contamination with C. difficile in the neonatal care units
of the hospital. Another explanation of these negative results was
that the majority of the neonates were breast-fed, which may be
associated with lower rates of C. difficile colonisation [71]. Type of
feeding method has also been reported to influence the overall
intestinal bacteria composition of infants. Factors preventing
C. difficile colonisation in breast-fed infants are probably related to
the reduced buffering capacity of breast milk versus formula milk
and an increase in the acidity in the intestine contents, which may
facilitate sporulation and reduce vegetative forms [71,84]. Proteins
of human milk have shown an inhibitory effect in toxin TcdA
binding to colonic receptors in animal models [85]. Secretory IgA
has shown neutralising activity against toxin A because IgA con-
tains a domain similar to the intestinal receptor for toxin A[71]. On
the other hand, formula-fed infants seems to be more often
colonised with Escherichia coli, C. difficile, Bacteroides and lactoba-
cilli compared with breast-fed infants [76]. Breast-fed infants have
areduced faecal pH (5.29 in average), which could favour growth of
Bifidobacterium and suppression of Bacteroides and Clostridium
[71,86]. In this context, a further study investigated the gut
microbiota of healthy infants in Canada and also reported the
overrepresentation of C. difficile (Peptostreptococcaceae family) in
formula-fed infants compared with breast-fed infants. The Verru-
comicrobiaceae family was also more abundant in infants not
receiving breast milk. In contrast, no relation could be established
between the diet and the presence of the genus Bifidobacterium
[80]. However, the ability of bifidobacteria strains isolated from
healthy infants to antagonise adhesion of C. difficile to enterocytes
has also been demonstrated, including Bifidobacterium adolescentis,
Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium
infantis, Bifidobacterium longum and Bifidobacterium pseudolongum
(87].

Both toxigenic and non-toxigenic C. difficile isolates are common
in infants during the first two years of life [88,89]. However, some
studies have reported a higher percentage of non-toxigenic strains
in this population group [90]. Furthermore, even if toxigenic
C. difficile strains are present, in most cases the colonisation in early
stages of life seems to be transient and rarely associated with CDI
[75]. The infant gut appears to be resistant to C. difficile toxins until
12—24 months of life [71]. While the reason for this asymptomatic
colonisation with toxigenic strains remains unknown, potential
explanations are the absence of toxin receptors, poorly developed
cellular signalling pathways in the immature gut mucosa, or the
presence of protective factors in the infantile gut [71,91]. Delmée
et al. [68] showed that strains isolated from neonates and prema-
ture infants admitted in a neonatal care unit were different from
those usually found in adults suffering CDI. In addition, most of the
strains isolated from infants were non-toxigenic, and the toxigenic
isolates belonged to serogroups never isolated from adults
suffering from colitis at that time in the healthcare setting.
Furthermore, in only 68 out of 105 stools harbouring toxigenic
strains were faecal cytotoxins detected, which suggests that the
neonatal isolates were poor toxin producers.

At this early stage of life, the presence of C. difficile has been
reported to be associated with several bacterial species that are
able to discriminate between colonised and non-colonised infants.
Rousseau et al. [92] described Ruminococcus gnavus and Klebsiella
pneumoniae as being more frequently presented in colonised
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infants, while Bifidobacterium longum was associated with faecal
microbiota of non-colonised individuals. High counts of lactobacilli
in the intestines of infants, including Lactobacillus paracasei and
Lactobacillus plantarum, have been suggested to have a protective
effect against colonisation by C. difficile [93,94].

A further study compared the gut microbiome of infants
suffering sudden infant death syndrome (SIDS) with that of normal
babies. Surprisingly, detection of C. difficile was significantly asso-
ciated with SIDS. Furthermore, SIDS babies had dual colonisation
with both C. perfringens and C. difficile and triple colonisation by C.
perfringens, C. difficile and C. innocuum more frequently than normal
babies. The authors concluded that these associations may play a
critical role in the final events of SIDS pathogenesis, including
hypoxemia, fever, intrathoracic petechial, bradycardia and other
signs of bacterial sepsis [95] (Table 1).

6. C. difficile in the elderly

While mortality associated with CDI is estimated at around 17%,
it seems that this percentage could be higher among older people
[96]. The presence of C. difficile PCR-ribotype 027 in patients be-
tween 60 and 90 years of age has been related to an increased
likelihood of CDI-related death [97,98]. Some of the risk factors for
CDI in the elderly are age-related immune senescence, comorbid-
ities, surgical interventions, vitamin D deficiencies, Crohn's disease,
irritable bowel disorders and immunosuppressive medications,
including chemotherapy [20]. The constant movement of patients
from nursing homes to hospitals and vice-versa may facilitate
C. difficile transmission among elderly patients [99]. Changes in
microbial composition with age will alter the metabolic capacity of
the gut microbiota and the resistance against C. difficile colonisa-
tion. Hopkins et al. [100] associated advancing age with decreased
bifidobacteria and increased Bacteroides, enterobacteria, clostridia
and eubacteria species number and diversity [52,100,101]. Rea et al.
[67] examined the carriage rate of C. difficile and the associated
changes in the intestinal microbiota of elderly subjects recruited
from the community, including out-patient, short-term respite and
long-term hospital patients. A decrease in taxa assigned to patients
with CDI compared with asymptomatic carriers was noted. Elderly
patients suffering CDI presented a microbiota dominated by
members of Bacteroidetes phylum and the Lactobacillaceae family.
These patients also showed a decrease in number of Bacteroides,
Prevotella and Bifidobacterium, and an increase of Clostridium spp.
According to these findings, Hopkins et al. [52] also reported total
numbers and diversity of lactobacilli and clostridia increased in CDI
patients, including high numbers of C. difficile, Clostridium ramosum
and Clostridium sporosphaeroides. C. sporosphaeroides is able to
utilise pyruvate and lactate and its presence in CDI patients may be
related to increased lactobacilli populations and lactate production.
Other findings found in the same study were a reduction of
anaerobic facultative species, and higher eubacteria, Bacteroides,
Enterobacteriaceae and enterococci counts compared with healthy
elderly subjects. The authors suggested that these species could
contribute to profound changes in the biochemical capacity of the
gut microbiota with age.

Modification of the gut microbiota by functional foods and
beverages has been proposed as a good method of prophylaxis and
treatment of CDI, especially in elderly people [52]. Several carbo-
hydrates can affect the growth of C. difficile. Lactulose supplemen-
tation suppressed the growth of C. difficile and Bacteroides spp.
[102] and fructo-oligosaccharides have been shown to modulate
large intestinal inflammatory responses to C. difficile in antibiotic-
compromised mice [103]. The reduced number of bifidobacteria
species found in elderly patients suggests that probiotic therapy
would be likely to succeed as a treatment for CDI in this population

[52]. However, to date there is only moderate evidence for the
effectiveness of probiotics in preventing primary CDI, and few data
to support their use in secondary prevention of recurrent infection
[104] (Table 1).

7. Microbiota of healthy donors and CDI patients before and
after faecal microbiota transplantation

It has been suggested that after an episode of CDI the remaining
microbiome is deficient in the ability to restore its barriers against
C. difficile colonisation and, therefore, an ideal treatment would be
the manipulation of the microbiome to increase colonisation
resistance [105]. Faecal microbiota transplantation is now consid-
ered one of the most effective methods of choice to treat recurrent
CDL In this process, donor screening remains once of the most
important factors for a successful treatment, as patients will adopt
certain elements of the donor microbiota. In the last decade, several
metagenomic analyses have been focused on the study of faecal
microbiota of patients with CDI before and after faecal trans-
plantation, and of healthy donors.

Comparing donors with individuals suffering CDI, Shahinas et al.
[57] reported that at phylum level the microbiota of healthy in-
dividuals consisted predominantly of Bacteroidetes whereas CDI
patients presented an over-abundance of fewer taxa, specifically a
great abundance of Proteobacteria. It must be noted that CDI pa-
tients had been treated with vancomycin, which could have altered
the stool microbiota and decreased diversity and richness. How-
ever, other studies have also observed a decreased overall diversity
[105], high percentages of Proteobacteria and a paucity of Bacter-
oidetes and Firmicutes in CDI patients not receiving vancomycin
therapy [55,105,106]. Vicent et al. [61] also reported that sequences
corresponding to the phylum Bacteroidetes and to the families
Bacteroidaceae and Clostridiales incertae sedis IX were depleted in
CDI patients, while these subjects showed a higher percentage of
Enterococcaceae compared to controls. In addition, authors
observed reduced levels of the Bacteroides-Porphyromonas-Pre-
votella group and increased levels of facultative anaerobes in pa-
tients with CDI [61]. CDI stools also exhibited a depletion of
Ruminococcaceae and Lachnospiraceae, which constitute the ma-
jority of butyrate-producing bacteria in the intestinal tract
[55,57,107]. Zhang et al. [55] noted a relative paucity of Bacteroides
and butyrate-producing bacteria Coprococcus and Roseburia (Lach-
nospiraceae family) as well as Faecalibacterium and Ruminococcus
(Ruminococcaceae family) in CDI patients and C. difficile asymp-
tomatic carriers. In the same study, other genera that appeared
more abundantly in both CDI patients and in asymptomatic carriers
were Enterococcus and Lactobacillus, but their relationship to bac-
terial colonisation or disease states is still unknown. However, a
further study found no association between CDI and members of
the enterobacteria, bifidobacteria or lactobacilli groups [61].
Shankar et al. [39] reported that faecal samples of CDI patients were
abundant in Gammaproteobacteria and Bacilli and, at genus level,
they detected high numbers of Lactobacillus, Streptococcus and
Enterobacter. They also found that the patients' distal gut commu-
nities were completely restored within three days following faecal
transplantation, being stable in each patient for at least four
months and indistinguishable from that of the donor [39].

Successful faecal transplantation has been associated with a
replenishment of Roseburia and Bacteroides, which are also
involved in butyrate production [32]. After faecal transplantation,
other successful markers that have been reported are an increase of
richness and diversity, an eradication of Proteobacteria species and
a restoration of Firmicutes and Bacteroidetes species [57,26]
(Table 1).
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8. Conclusions

Alterations to the intestinal microbiota of patients with an
initial or recurrent episode of CDI are becoming more widely
studied for diagnosis, treatment and prevention purposes. How-
ever, most of the available data has been obtained under different
study conditions, including the influence of different antibiotics,
diet, age of the individuals studied, underlying diseases or other
medications that complicate the comparison of results among
studies. Despite these limitations, it seems that there are specific
and important differences in the abundance of key bacterial taxa
between C. difficile-colonised patients and healthy individuals. Gut
microbiota of CDI patients is severely compromised with a sig-
nificant reduction in diversity and richness, due to antibiotic use in
most cases. However, how the altered microbiome facilitates the
colonisation of C. difficile is still not well understood. Further
detailed information about the species composition of the gut
microbiota is essential for prophylaxis and treatment of CDI and
other pathogens for different age and health status groups within
the population. Results of new omics techniques, such as meta-
genomics, will be critical in the future for further understanding
the pathogenesis of C. difficile and other infectious agents, and to
contribute towards the development of new more successful
treatments and prevention measures, or fine-tuning existent
measures such as diet, use of antibiotics and probiotics or faecal
transplantation.
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1.4 Advanced age and C. difficile colonisation

Age-related changes in intestinal flora and host defences cause a decrease in species richness and
diversity in the microbiota and therefore, it is possible that C. difficile can colonise and grow. Along
with antibiotic treatment, immunosuppression or prolonged hospitalisation, advanced age has
classically been considered to be a risk factor for C. difficile colonisation, and it has been related to an
increase in mortality rate. The deteriorating health status of nursing home residents and the usual
proximity between them promote bacterial colonisation, infection and the spread of spores. Therefore,
retirement care facilities for elderly people have been pinpointed as frequent focus of C. difficile

contamination.

While a reduced variability in the types of isolates from residential care facilities for elderly people
was reported, the hypervirulent PCR-ribotype 027 remains the most common identified type in
nursing homes regardless of their location. The presence of this PCR-ribotype in elderly patients
increased likelihood of C. difficile infection related death. Contaminated areas of the environment can
contribute towards C. difficile dissemination in healthcare settings. Elderly patients are often
transferred to hospitals when they require special medical care, which may results in transmission of
C. difficile strains between healthcare establishments (hospitals and nursing homes) and in the

community.

This last part of the introduction reviews the current literature data on the occurrence of C. difficile
colonisation in nursing home residents, as well as the main factors associated with the infection, the

mortality rate and the genetic diversity of the isolates between different geographic areas.
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presence of underlying diseases are some of the most common risk factors associated with Clostridium
difficile infection. Therefore, retirement care facilities for elderly people have been pinpointed as frequent
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1. Introduction

Clostridium difficile is a well-known anaerobic Gram-positive
spore forming bacterium responsible for significant antibiotic-
associated diarrhoea and pseudomembranous enterocolitis.
Although reporting is not mandatory, the incidence of C. difficile
infection (CDI) in hospitals has been established at both regional
and national levels, ranging from 0 to 19.1 per 10, 000 patient days
with an annual European economic burden estimated around
€3000 million [1]. C. difficile related diarrhoea is frequently diag-
nosed among elderly residents in nursing homes and other long-
term care facilities for older people [2—4]. Along with antibiotic
treatment [4,5], advanced age has classically been considered to be
a risk factor for C. difficile colonisation, and related to an increase in
mortality rate [6—8].

Recent studies describe colonisation by toxigenic C. difficile
strains as ten-times higher in nursing home residents than in the
general population living outside long-term care facilities [9,10].
The deteriorating health status of nursing home residents and the
typically close contact between them (including cohabitation in the
same contaminated environment) promote bacterial colonisation,
the development of infection and the spread of bacterial spores. In
addition, the risk of C. difficile acquisition by nursing home resi-
dents during a hospital stay is significant [ 11]. Residents can also be

* Corresponding author. Food Science Department, Faculty of Veterinary Medi-
cine, University of Liege, B43bis, Sart-Tilman, 4000 Liege, Belgium. Tel.: +32 4366
40 15; fax: +32 4366 40 44.

E-mail addresses: c.rodriguez@ulg.ac.be, kriszsi@hotmail.com (C. Rodriguez).

http://dx.doi.org/10.1016/j.anaerobe.2014.08.007
1075-9964/© 2014 Elsevier Ltd. All rights reserved.

asymptomatic carriers while still representing a potential source of
contamination among other patients [9].

Here, we review the current literature data on the occurrence of
C. difficile colonisation in nursing homes. The main factors associ-
ated with infection are also analysed, as well as the mortality rate
and the genetic diversity of the isolates between different
geographic areas.

2. Methods

Publications analysed were searched on PudMed (http://www.
ncbi.nlm.nih.gov/pubmed) with the terms “C. difficile nursing
homes” and “C. difficile elderly”. Additionally, further articles were
included by reviewing the references of the articles identified.

3. Occurrence of C. difficile in nursing homes across different
countries

A relatively low number of studies have estimated the preva-
lence of C. difficile in nursing homes and other long-term care fa-
cilities for the elderly. High isolation frequencies have been
described in most of the studies conducted in USA, with up to 46%
of residents testing positive for C. difficile. In contrast, in Canada,
Europe, UK, Ireland or Australia the reported rates are much lower,
varying between 0.8% and 10% (Table 1). However, it is necessary to
note that sample size, age, or methodologies are not standardised
among the available studies, making meaningful comparison of the
results difficult. Seasonal differences should be also considered: a
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Table 1
Summary data for the presence of C. difficile in nursing homes and other long-term care facilities for elderly people across different geographic areas.
Country Residence of the patients C. difficile colonization (%)  CDI Asymptomatic carriers Main Mean aged  Study period Reference
enrolled in the study case of toxigenic C. difficile (T) PCR-ribotypes of colonised
or (NT) non-toxigenic identified residents
carriers (%)
Germany Nursing home? 11/240 (4.6) (0—10)° 1 T9(81.8) 014 83 2010-2011 [9]
NT 1(9.1) 001
France Nursing home® 2.39/10,000 resident-days® 25¢ - 027 79.8 2006—2009 [12]
UK
Scotland Care home residence® 19/2385 (0.80)¢ 19 - - >65 2008—-2009 [2]
Ireland
Cork Continuing care institution 10/100 (10) 0 T7(7)NT(3) - 82 - [13]
for the elderly
Australia
Melbourne Residential aged care 1/119 (0.84) 0 T/NT 1 (0.84) — 79.2 2010 [14]
facility®
USA
Maryland Long-term care facility 119/258 (46.1)° 119 - - 78.3 2005—2010 [15]
for the elderly
New York Nursing home? 0.52—0.67/10,000 102 - - 83 2009-2011 [11]
‘resident-days
Virginia Nursing home® 235/489 (48.1)2 225 NT 10 (2.04) 027 - 2009 [10]
Pennsylvania Long-term care veterans 0.04—0.028/1000 66 - - 77 2004—-2009 [16]
affairs resident-days
Ohio Nursing home* 1.7-2.9/10,000 11,200 — - - 2006 [3]
resident-days
Ohio Long-term care facility® 40/73 (54.8) 5 A 35 (47.9) 027 70 2006 [17]
Rhode Island  Nursing home*® 11/172 (6.4)" 11 - — 81.4-85.8 2008 [18]
Canada
Ontario Nursing home (2.1-8.1) — — — — — [4]

¢ More than one setting enrolled in study.

b Variation in C. difficile colonisation rate among 25 nursing homes.
¢ Only confirmed CDI 027 cases were taken into account.

d Results obtained from a national or regional level survey.

e

Data from a survey conducted in a hospital reflecting the total of patients with CDI acquired in a long-term care facility in relation to the total number of hospitalised

patients developing CDI.
f Incidence of CDI developed more than 30 days after admission.
¢ Data from nursing home residents obtained in a laboratory for C. difficile testing.
" Only patients in nursing homes with results of a urinalysis were studied.

higher number of C. difficile patients were observed during the
winter months in a previous study conducted in Germany [19].

A reduced variability in the isolates from residential care facil-
ities for elderly people was reported between different countries,
with PCR ribotype 027 remaining the dominant type in nursing
homes regardless of their location [10,17,20]. In an investigation of a
large outbreak of C. difficile PCR-ribotype 027 infections in France
from 2008 to 2009, elderly patients over 80 years old were found to
be the main population affected. Some of these patients were
probably transferred from hospitals to nursing homes (and vice
versa) contributing to the spread of the strain [12]. In contrast, in a
study conducted across 25 nursing homes in Germany, none of the
isolates obtained were identified as PCR-ribotype 027, although this
type had been largely isolated from hospitalised patients in this
region. The authors hypothesised that this PCR-ribotype may be
more related to CDI rather than asymptomatic carriage as in only
one case did a resident develop the infection during the course of
the study [9]. Other PCR-ribotypes most frequently found in
nursing homes are 014 (accounting for between 8% and 30% of the
isolates) and 001 (accounting for between 7% and 20% of the iso-
lates) [9,10].

4. Factors associated with C. difficile colonisation in elderly
people

Previous studies have highlighted certain factors that make
people over 65 years old more susceptible to being colonised by
C. difficile [4,5]. Antibiotic treatment and age-related changes in
intestinal flora and host defences, as well as the presence of other

underlying illness may promote C. difficile colonisation, the devel-
oping of the infection and (in some cases) further recurrences
[21,22]. One previous study evaluating factors associated with
C. difficile acquisition in residents of a nursing home found no
apparent relationship between infection and dementia, inconti-
nence, contact with other residents with diarrhoea or age over 82
years. However, the authors observed that previous CDI, hospital
admission or antibiotic therapy seemed to be related to toxigenic
C. difficile presence [9]. A further report identified no association
between C. difficile carriage and gender, age over 65 years, the
length of the hospital stay, previous infection with the bacterium or
the use of proton pump inhibitors [13]. In another study of the
epidemiology of CDI among elderly care home residents, the
presence of a nasogastric or gastronomy feeding tube, inconti-
nence, underlying diseases or an antibiotic treatment were iden-
tified as significant independent variables associated with the
infection [35]. Antibiotic treatment has been shown to alter gut
microbiota and to decrease the colonisation resistance for patho-
gens such as C difficile, increasing the risk of developing the
infection. Nevertheless, a study conducted in hospitalised patients
aged 65 years or more reported 50% of the positive culture samples
to be found in asymptomatic subjects with a history of an antibiotic
usage (except clindamycin). Moreover, most of the strains obtained
were toxigenic [23]. In the same study, a reduction in faecal mi-
crobial diversity was observed in patients with CDI but not in
asymptomatic subjects from whom C. difficile had been isolated.
Another study reported similar results with reduced numbers of
Bacteroides, Prevotella, Bifidobacteria and an increase of facultative
species such as Clostridium or Lactobacillus sp in the presence of
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CDI. Although this study found a decrease in the diversity of bifi-
dobacterial species in favour of an increase in Bacteroides species in
the faeces of healthy elderly people, the authors also found the
microbiota of elderly patients with CDI markedly different from
those without colonisation [24].

In a literature review of C. difficile associated small bowel en-
teritis involving analysis of 56 cases published from 1980 to 2010,
the authors came to support the contention that immunose-
nescence and severe underlying disease could play a critical role in
this infection [16].

On the other hand, a recent report defines prognostic markers
for a complicated course of CDI, studying hospitalised patients with
diarrhoea and with a positive result for the C. difficile toxin test. The
mean age of these patients was 65 years. The study concludes that
age (>85 years), admission due to diarrhoea, diagnosis at the ICU
department, recent abdominal surgery and hypotension were in-
dependent predictors of a complicated course of C. difficile infection
[21].

5. C. difficile spores in room environments and
contamination of nursing home residents in hospital

Several studies have reported the capacity of C. difficile to persist
on the skin and in the room environment for between one and four
weeks after therapy, and on inanimate surfaces for as long as five
months [25,26]. There are few studies that refer to the presence of
C. difficile in the environment of elderly patient hospital wards
[4,27,28]. Contaminated areas of the environment such as floors,
electronic thermometers and even the air can contribute towards
C. difficile transmission in healthcare settings [4,29]. In patient
rooms, the most commonly contaminated areas have been identi-
fied as bedside tables, bedrails and toilet floors [17,26,27].

Nursing home residents are often transferred to hospitals when
they suffer an acute clinical problem or when they require special
medical care. These situations can result in transmission of
C. difficile strains between hospitals and nursing homes. A previous
study found that approximately two-thirds of CDI cases occurred
within 30 days of nursing home admission after hospitalisation
[11]. An additional study states that the mean duration of hospital
stay in elderly patients without C. difficile diarrhoea is 20 days while
75% of C. difficile infection cases in aged people occur by day 21 of a
hospital stay. The authors conclude that CDI is, for many patients,
the cause of their prolonged stay in hospital [30].

6. Mortality associated with C. difficile among elderly and
nursing home residents

Although mortality associated with CDI is estimated at around
17%, it seems that this percentage could be higher among older
people [31]. In a pooled analysis of C. difficile enteritis [16], authors
found that age was significantly higher in the 18 (32%) non-
survivors from a group of patients with a mean age of 66 years
(subjects between 60 and 76 years old). The median time between
the onset of C. difficile infection symptoms and death was 4 days.
Similar finds were reported in an epidemiology survey conducted
in Ohio where, within the total number of patients' deaths from
CDI, mortality was consistently higher in the oldest age population
[3]. Another recent study conducted in four different nursing
homes in New York reported three deaths among 23 residents who
develop C. difficile infection after more than 30 days following
admission [11].

Further studies have attributed the presence of C. difficile PCR
ribotype 027 in patients between 60 and 90 years of age with an
increased likelihood of CDI related death [16,32,33]; however,
studies concerning the incidence of this strain in nursing homes are

limited. Besides the hypervirulent PCR-ribotype 027, other
C. difficile types have been linked with the death of elderly patients
living in long-term care facilities, such as PCR-ribotype 078. In a
C. difficile outbreak which occurred in Irish hospitals and nursing
homes, eight out of 15 subjects with PCR-ribotype 078 colonisation
died, and in five of the cases the bacterium directly contributed to
the death of the patients [34].

Despite these findings, other reports about CDI and related
mortality in older people have not definitively established C. difficile
as the causative agent of death [4,35]. Furthermore, in a cohort
study of community-associated CDI infection among older people
and the relationship between infection, antibiotic exposure, and
care home residence, authors reported an increased mortality
among subjects that whose infections were healthcare-onset, but
not among CDI cases in the community [2]. Similarly, in the study of
Garg et al. [15], the highest mortality was found among C. difficile
infection cases in hospital (9.4%) while the percentage of deaths
was lower in long-term care facility CDI cases (7.6%) and in com-
munity acquired infections (2.3%).

7. Conclusions

There seems to be clear evidence that C. difficile colonisation and
infection is more likely in elderly patients, as many factors associ-
ated with ageing influence susceptibility. Despite the currently
limited data on the age-related changes in gut microbiota, this may
play a critical role in C. difficile colonisation. Antibiotics, as well as
specific treatments or interventions, and other individual condi-
tions that decrease immune defences appear to promote the
development of infection.

Hospitals are traditionally considered to be the main focus of
C. difficile contamination, but some studies have also highlighted
long-term care facilities as an environment predisposed for trans-
mission. The constant movement of patients from nursing homes to
hospitals and vice versa may facilitate transmission of epidemic
and non-epidemic C. difficile strains between both of the healthcare
establishments.

The severity and mortality rate of CDI appears more elevated
among nursing home residents than older people living in the
community. In addition, the hypervirulent PCR-ribotype 027 have
been described as the most prevalent strain in long-term care fa-
cilities for elderly people.

Although it is difficult to separate the increased CDI suscepti-
bility of nursing home residents from that induced by other factors
(e.g. exposure to antibiotics, hospitalisation), further studies are
required to better understand the epidemiology of C. difficile in
long-term care facilities, in both the presence and absence of an
epidemic situation.
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Objectives

C. difficile remains the leading cause of healthcare-associated diarrhea and outbreaks continue to
occur worldwide. In Belgium, CDI is recognised as a major cause of diarrhea and pseudomembranous
colitis in both acute and chronic healthcare institutions. But between 2008 and 2014, an increase in the
proportion of community associated C. difficile cases and a decrease in the hospital-associated
infection have been reported. The emerging detection of C. difficile in animals and foods raised
questions on zoonotic, foodborne transmissions or the existence of an animal reservoir and its role in

the changing epidemiology of CDI in humans.

The main hypothesis of the present dissertation was that companion animals, food animals, their
environment and foods can drive epidemic C. difficile strains to exposed humans, and consequently

expand the infection in the community.

To start the survey, C. difficile was first investigated in companion animals. The main objective was to
assess the carriage of C. difficile in hospitalised horses and to investigate the possible influence of
some risk factors in colonisation. The study was completed with the investigation of the gut
microbiota of hospitalised horses by high-throughput sequencing analysis in order to attempt to
determine whether the presence of diarrhea and/or the isolation of C. difficile were related to changes

in the composition of the faecal microbiota.

The second objective was to assess C. difficile shedding in food animals (pigs and cattle) in farms and
at slaughter, and to determine how the intestinal carriage of C. difficile represents a risk for carcass
contamination in the slaughter line. In addition, to investigate the risk of food contamination, the

presence of C. difficile spores in retail meat was also evaluated.

To complete the investigation about the role of livestock animals as sources of C. difficile
contamination for humans, the third objective was to compare all the isolates obtained (from animals,
carcasses, meats and human patients) by two different typing methods, multi-locus sequence typing
(MLST) and multi-locus variable-number tandem-repeat analysis (MLVA) and to establish possible

relationships between them.

The fourth objective was to determine the risk of ingestion of C. difficile spores on freshly prepared
foods in the kitchen area of a nursing home, after cooking with recommended minimum temperatures.
The study was performed in a nursing home as elderly are considered as a community at high risk for

acquisition of CDI.

Besides foods, different areas of the environment such as floors, toilets or beds can contribute towards
C. difficile transmission in healthcare settings. Spores of C. difficile are resistant to many antiseptic
cleaners, and survive for long periods of time in the environment. The fifth objective was to evaluate
the presence of C. difficile in patient rooms and other common areas of the same nursing home, in

order to elucidate all potential sources of contamination.
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Once the food and environmental contamination was evaluated in the nursing home, the sixth
objective was to determine and follow the prevalence of C. difficile in the elderly care home subjects.
In addition, high throughput sequencing analysis was used to characterise the faecal microbiota of the
residents to evaluate the global evolutions of the total microbiota and to identify possible relationships

between certain bacteria populations and C. difficile colonisation.

The final objective of this study was to survey the presence of C. difficile in another European country
(Spain) and to compare the PCR-ribotype distribution with those observed in a second hospital in
Belgium, during the same study period, in order to investigate if there was a regional or ward spread

of some C. difficile strains implicated in human infections.

Overall, this study was conducted to assess if epidemic strains present in foods, animals and their
environment are commonly found in humans, and to determine if some strains are moving from
animals to humans, either directly or indirectly, causing infections in susceptible people in the

community.
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Experimental section - Study of C. difficile in hospitalised horses: carriage rate and faecal microbiota characterisation

3.1 Study of C. difficile in hospitalised horses: carriage rate and faecal

microbiota characterisation

C. difficile is commonly associated with diarrhea and enterocolitis in horses. As in humans, the major
risk factors for the development of CDI include hospitalisation or antibiotic therapy. A preliminary
study was conducted in hospitalised horses at an equine medical teaching clinic to assess the presence
of C. difficile at admission and also during hospitalisation. Results revealed an estimated C. difficile
colonisation rate of 13.7% during a total of seven months of study. However, only two horses
presented clinical signs of diarrhea associated with CDI. This finding suggests that while horses can
harbour toxigenic and non-toxigenic C. difficile, the development of C. difficile associated diarrhea is
more unusual. Molecular typing of the isolates revealed a wide variety of PCR-ribotypes, most of
them toxigenic, including PCR-ribotype 014, UCL16L, UCL16a, UCL228, UCL9, UCL261 and
UCL5a. This great variety of PCR-ribotypes detected could suggest that, for most of the horses, there
was not clinic ward contamination, at least with a particular circulating strain. Similarly, the
combination of clinical history and MLST analysis did not allow us to establish any relationship
between the acquisition of C. difficile in the clinic and a particular circulating strain or between the
presence of diarrhea and one particular type. In relation with antibiotic resistance, most of the isolates
were resistance to ceftiofur but susceptible to metronidazole, moxifloxacin and vancomycin.
Regarding gentamicin, it should not be tested. It is well described in the literature that

aminoglycosides are less active against anaerobes.

Once the presence of C. difficile in hospitalised horses was assessed, a second study was conducted to
investigate the nature of the bacterial communities present in horses developing diarrhoea, through
comparison with faeces from horses without diarrhea. The study also examined the carriage of C.
difficile at admission and attempted to determine the faecal microbiota of horses suffering CDI. High-
throughput amplicon sequencing analysis revealed that a great part of the sequences (60%) were not
identical (less than 1% mismatch) to sequence entries present in SILVA database. These finding
underline the lack of knowledge regarding the horse gut microbiota. Bacterial diversity of the faecal
microbiota in diarrhoeic horses was lower than in non-diarrhoeic horses in terms of species richness
and in population evenness. Some taxa like Fusobacteria, Actinobacillus and Porphyromonas were
detected more abundantly in horses with diarrhea, while Akkermansia was found in all of the horses
studied. This bacterium is an appealing candidate to become a human probiotic, selected based on
established mechanisms of preventive treatment of obesity and diabetes. The relevance of its presence
in the equine intestinal microbiota deserves further investigation. The overall prevalence found for C.
difficile colonization was lower than in the previous study (3.7%). However, animals were only

sampled at the time of admission but not tracked during their hospitalisation as in the previous study,
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in which animals were also sampled during their hospitalisation. In addition, it must be considered that
the sampling size between studies is not identical. Five different PCR-ribotypes were identified: 014,
UCL237, UCL49, UCL23f and. Only one of these types (UCL36) was non-toxigenic. None of these
positive animals suffered an episode of diarrhea, which corroborates the hypothesis that C. difficile
was transient in horses studied without overgrowth to trigger infection. Due to this lack of horses with
infection during the study period, no association between CDI in horses and a specific modification of

the microbiota could be demonstrated.
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3.1.1 Carriage and acquisition rates of C. difficile in hospitalized horses, including

molecular characterization, multilocus sequence typing and antimicrobial susceptibility
of bacterial isolates

Veterinary microbiology 172 (2014), 309-317 doi: 10.1016/j.vetmic.2014.05.013

Cristina Rodriguez, Bernard Taminiau, Bastien Brévers, Véronique Avesani, Johan Van Broeck, Aurélie Leroux,

Héléne Amory, Michel Delmée, Georges Daube
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Clostridium difficile has been identified as a significant agent of diarrhoea and enterocolitis
in both foals and adult horses. Hospitalization, antibiotic therapy or changes in diet may
contribute to the development of C. difficile infection. Horses admitted to a care unit are
therefore at greater risk of being colonized. The aim of this study was to investigate the
carriage of C. difficile in hospitalized horses and the possible influence of some risk factors
in colonization. During a seven-month period, faecal samples and data relating the clinical
history of horses admitted to a veterinary teaching hospital were collected. C. difficile
isolates were characterized through toxin profiles, cytotoxicity activity, PCR-ribotyping,
antimicrobial resistance and multilocus sequence typing (MLST). Ten isolates were
obtained with a total of seven different PCR-ribotypes, including PCR-ribotype 014. Five of
them were identified as toxinogenic. A high resistance to gentamicin, clindamycin and
ceftiofur was found. MLST revealed four different sequencing types (ST), which included
ST11, ST26, ST2 and ST15, and phylogenetic analysis showed that most of the isolates
clustered in the same lineage. Clinical history suggests that horses frequently harbour
toxigenic and non-toxigenic C. difficile and that in most cases they are colonized regardless
of the reason for hospitalization; the development of diarrhoea is more unusual.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Most human Clostridium difficile infections (CDI) are
acquired in hospitals and nursing homes following

* Corresponding author. Tel.: +32 4366 40 15/+34 6079 00 929;

fax: +32 4366 40 44.

E-mail addresses: c.rodriguez@ulg.ac.be, kriszsi@hotmail.com

(C. Rodriguez).

antibiotic therapy. It seems that infected patients and
contaminated environments play an important role in the
transmission of this pathogen (Bengualid et al., 2011).
Moreover, colonized new admissions also contribute to C.
difficile transmission in hospitals (Clabots et al., 1992).
Reported prevalence rates of C. difficile range from 5.9% up
to 11% in asymptomatic carriers at admission and from 4%
up to 21% for hospital acquisition. More than 63% of
infected patients remain asymptomatic (Barbut and Petit,
2001).

http://dx.doi.org/10.1016/j.vetmic.2014.05.013
0378-1135/© 2014 Elsevier B.V. All rights reserved.
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C. difficile is an important agent of diarrhoea and
enterocolitis in foals (Uzal et al., 2012) and horses (Arroyo
et al., 2006; Weese et al., 2006). Newborn foals can suffer
spontaneous C. difficile infection with watery or bloody
diarrhoea several days before death (Diab et al., 2013).
Additionally, in foals, a possible synergism of C. perfringens
type C and C. difficile has been suggested, characterized by
the presence of a necrotic mucosa with a superficial
pseudomembrane, haemorrhage and vascular thrombosis
in the small intestine and colon (Uzal et al., 2012). C.
difficile has also been hypothesized to be the aetiology of
duodenitis-proximal jejunitis disease in adult horses
(Arroyo et al., 2006). As in humans, the major risks factors
for the development of nosocomial C. difficile associated
disease (CDAD) in horses include hospitalization, antibiotic
therapy, changes in diet and pre- or post-surgical feed
withdrawal. Transmission by oral-faecal route includes
contact with other infected horses or a contaminated
environment (Diab et al., 2013). An interspecies transmis-
sion, including one involving human beings, has also been
speculated (Rodriguez-Palacios et al., 2013).

Carriage of multiple strains of C. difficile in the
gastrointestinal tract of healthy horses has been reported
(Schoster et al., 2012a). As in other young animals
(particularly piglets and calves (Rodriguez et al., 2012)),
neonatal foals are more likely than adult horses to be
carriers of this bacterium (Rodriguez-Palacios et al., 2013).
Mare-foal pairs can harbour C. difficile subclinically and
therefore potentially serve as reservoirs for cross-coloni-
zation (Magdesian and Leutenegger, 2011).

Many articles have reported the prevalence of C. difficile
in horses, mares and foals from different ranches or
breeding farms over a specific period of time, but screening
for C difficile in an equine hospital has rarely been
addressed. Only one previous study has examined the
prevalence of C. difficile in horses with normal faeces
admitted on Sundays and Mondays in a large animal clinic
(Medina-Torres et al., 2011).

The main objective of this study was to assess the
presence of C. difficile in hospitalized horses at an equine
medical teaching clinic. Faeces of horses with soft or liquid
bowel movements were analyzed at the moment of the
episode of diarrhoea. In addition, horses with an extended
clinical stay were tracked during their hospitalization. All
the isolates were characterized by genotyping, PCR-
ribotyping, toxigenic activity and antibiotic resistance.
Further characterization was performed by multi-locus
sequencing typing (MLST) analysis in order to study clonal
relationships of the isolates.

2. Materials and methods
2.1. Sample collection

A prospective study was conducted over seven months
at the Equine Clinic, Department of Companion Animals
and Equids, Faculty of Veterinary Medicine, University of
Liege, between January-April 2011 and October-Decem-
ber 2011. During this period, a total of 580 horses were
admitted to the clinic (emergencies or consultations), with
about 250 hospitalizations.

Between one and three samples were collected from
each horse enrolled in the study. Eligible horses were
animals with a hospital stay of at least one day. In addition,
faeces of horses with soft or liquid bowel movements were
analyzed at the moment of the episode of diarrhoea.
Whenever possible, horses enrolled in the study whose
hospital admission was prolonged over nine days were
monitored every week for the presence of C. difficile. The
exclusion criteria were horses with dysphoric mood,
intolerable stress or other disease for which sampling by
rectal manipulations was not recommended. Horses with a
highly contagious infectious disease and isolated in
quarantine boxes were also excluded from the study. All
horses were documented for data relating to clinical
history, diagnostic findings and treatment received during
hospitalization. In addition, all predisposing factors for
developing C. difficile infection (CDI), such as the prescrip-
tion of antimicrobials, were carefully recorded. Faecal
sampling was performed directly via the rectum. Samples
obtained were scored as normal, diarrhoea or bloody
diarrhoea faeces. All samples were processed on the same
day immediately after transport to the laboratory (with
travel at room temperature and for a maximum of 45 min).
In the case of a diarrhoea episode during the night or on a
non-working day, faecal samples were stored at 4 °C in the
hospital for a maximum of 4 days before analysis.

2.2. C. difficile culture and characterization

Fresh faeces (0.1 g) were spread directly on home-made
cycloserine cefoxitin fructose taurocholate (CCFT) plates
(Delmée et al., 1987) and incubated in an anaerobic
workstation (Led Techno, Heusden-Zolder, Belgium) at
37 °C for three days. At the same time, one gram of faeces
was inoculated into 9ml of CCFT broth as previously
described (Rodriguez et al., 2012) and incubated anaero-
bically for 72 h at 37°C. After the enrichment phase,
approximately 10 ul of the broth was spread on CCFT
plates and incubated anaerobically at 37 °C for two days.
Initial identification of C. difficile colonies was based on
morphological criteria such as yellowish colonies with an
appearance of ground glass and a characteristic horse
manure odour. One morphologically suspected colony per
plate was subcultured onto blood agar (5% Sheep Blood;
Biorad, Nazareth, Belgium) and checked using a C. difficile
latex agglutination rapid test Kit DR 1107A (Oxoid,
Dardilly, France). Identification was confirmed by detec-
tion of a species-specific internal fragment of tpi and
detection of genes for toxin A, B and binary toxin (cdtA) as
described previously (Rodriguez et al., 2012). A cytotoxici-
ty assay using confluent monolayer MRC-5 cells was
carried out as previously described (Rodriguez et al., 2012).

2.3. Molecular typing of C. difficile isolates

PCR-ribotyping was performed using the primers and
protocol of Bidet et al. (1999). International numbers were
used for C. difficile strains that presented a PCR-ribotype
profile matching the Cardiff ribotypes from the strain
collection available in our laboratory. Otherwise, isolates
were identified with internal nomenclature.
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All isolates were additionally retested by the Genotype
Cdiff system (Hain Lifescience, Nehren, De), according to
the manufacturer’s instructions, for the presence of the tpi,
all toxin genes (tcdA, tcdB, cdtA and cdtB) and deletions in
the regulator gene tcdC and gyrA mutation.

2.4. Antimicrobial susceptibility testing

All of the horse isolates were tested for susceptibilities
to a total of 10 antimicrobial agents by disc diffusion (n=8)
and E-test (n=2).

Disc diffusion was performed with standard disc
(Becton-Dickinson, Erembodegem, Belgium) of rifampin
(25 wg), erythromycin (15 pg), oxytetracycline (30 pg),
vancomycin (30 wg), penicillin (10 pug), clindamycin
(2 g), ceftiofur (30wg) and gentamicin (10 wg) on
Brucella Blood Agar with hemin and vitamin K1 (Becton-
Dickinson) according to the French Society of Microbiology
(SFM) (www.sfm-microbiologie.org) protocols. These anti-
microbials were chosen because they are widely used in
the equine teaching hospital featured in the study, or
because they have been associated with C. difficile-
associated disease or its treatment. The zone diameters
were read after 24 h of anaerobic incubation at 37 °C. The
resistant and susceptible zone diameters were defined as
reported by Delmée and Avesani (1988): rifampin no zone
and >23 mm, erythromycin <13 mm and >20 mm, oxy-
tetracycline <14 mm and >23 mm, clindamycin no zone
and >12 mm. The zone diameter breakpoint for vancomy-
cin was >19mm as proposed by Erikstrup et al. (2012).
Susceptibility and resistance to penicillin was defined at
the limits of <8 mm and >29 mm established by Cattoir
et al. (2008). The remaining diameters were based on the
only values available for other Gram + bacteria reported by
Marie et al. (2000) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) (www.eu-
cast.org) as follows: ceftiofur <21 mm and >21 mm and
gentamicin <20 mm and >20 mm.

Susceptibility to metronidazole and moxifloxacin was
determined by the Etest method (Lucron ELITechGroup St-
Martens-Latem, Belgium) on Schaedler with Vit K1 and 5%
sheep blood (Becton-Dickinson) according to the manu-
facturer’s instructions. Metronidazole was tested because
it is the first choice antibiotic for adult horses with
diarrhoea in the equine hospital studied (if they are
excluded from the human food chain). Resistance to
moxifloxacin was evaluated because it is quite common in
human C. difficile isolates (Barbut et al., 2007). Plates were
incubated anaerobically at 37 °C for 48 h. The susceptibility
and resistance breakpoints for metronidazole (s <8 g/
ml; r > 32 pg/ml) and moxifloxacin (s < 2 pg/ml; r > 8 g/
ml) used for interpretation were those recommended by
the Clinical and Laboratory Standard Institute (CLSI, 2010).
Bacteroides fragilis ATCL 25285 was tested as a quality
control.

2.5. C. difficile multilocus sequencing
Seven housekeeping loci (adk, atpA, dxr, glyA, recA, sodA

and tpi) were used for the analysis of C. difficile isolates by
MLST according to the protocol described previously by

Griffiths et al. (2010). PCR products were purified with a
Wizard SV Gel and PCR Clean-Up System kit (Promega,
Leiden, The Netherlands). The Sanger sequencing reaction
was carried out with the BigDye terminator kit version 3.1
(Applied Biosystems, Life technologies Europe BD, Gent,
Belgium) and resolved with a 3730 ABI capillary sequencer
(Applied Biosystems) (48 capillaries). Results were ana-
lyzed using the Geneious program (http://www.geneious.-
com). The allele number, clade and sequence type (ST)
were assigned according to the C. difficile MLST reference
database (http://pubmlst.org/cdifficile). A dendrogram
was constructed using the Geneious program (Drummond
et al., 2013).

3. Results
3.1. C. difficile prevalence in hospitalized horses

During the course of the seven-month study period, 102
faecal samples were collected from a total of 73 hospital-
ized horses. Eighteen horses were sampled on more than
one occasion either because they had a long hospital stay
or because they suffered an additional diarrhoea episode
after the first collection. Ten out of a total of 73 horses
(13.7%) tested positive for C. difficile but only two
presented clinical signs of diarrhoea associated with CDI.
Most of the positive samples (8/10) were detected after
three days of enrichment, but two tested positive in direct
culture without enrichment of the faeces. Because these
two samples also tested positive after three enrichment
days, a total of 12 strains were obtained from 10 horses.
None of the horses tested positive for C. difficile on more
than one occasion.

Of the total of 73 animals tested, 41 horses (56.2%)
presented gastrointestinal disorders (diarrhoea or colic). C.
difficile was detected in five (12.2%) of these 41 horses with
gastrointestinal problems. Two had diarrhoea and were
suspected to suffer from CDI (one new born foal with
bloody diarrhoea and septicaemia and one adult horse
with diarrhoea and anorexia). Three other adult horses
tested positive for C. difficile had colic with a diagnosis of
impaction and volvulus of the jejunum, nephrosplenic
entrapment and incarceration of the jejunum, respectively.
The remaining 36 horses (87.8%) tested negative for C.
difficile, with intestinal disorders diagnosed as the follow-
ing: 18 had diarrhoea (50%) and another 18 (50%) suffered
an episode of colic. The most common causes of colic for
these 18 C. difficile negative horses included: colon
impaction (5/18; 27.8%), nephrosplenic entrapment (4/
18; 22.2%) and colonic displacement (3/18; 16.7%).

Of the remaining 32 animals (43.8%) not affected by
gastrointestinal problems, C. difficile was isolated from five
horses (15.6%). The clinical diagnosis of each positive
animal was hip fracture, sinusitis, wound on leg, chorioptic
mange and paraphimosis, respectively. In contrast, 84.4%
(27/32) of the horses without gastrointestinal problems
tested negative for C. difficile. Their clinical diagnoses were
varied; for example mange and other parasites (n=7),
wounds (n=6), dislocation and bone fracture (n=2),
among others.
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Table 1

Clinical characteristics of the 73 horses enrolled in the study and comparison of of C. difficile colonized versus non-colonized horses.

C. difficile positive
horses (%)

C. difficile negative
horses (%)

Overall totals (%)
Mean age in years®
Sort by gender
Mare
Stallion
Gelding
Sort by size
Light horses
Heavy horses
Ponies
Horses with gastrointestinal disorders 41/73 (56.2)
Diarrhoea
Colic
Horses without gastrointestinal disorders 32/73 (43.8)
Dislocation/bone fracture
Chorioptic mange/other parasites
Wounds
Others
Horses with an antibiotic treatment 44/73 (60.3)
Penicillin
Penicillin®~Gentamicin
Cefquinome
Cefquinome® combined treatment
Others*
Horses with a surgery intervention 27/73 (37)
Intestinal surgery
Other type of surgery

10 of 73 (13.7) 63 of 73 (86.3)

9.1 11.8
4 (40) 29 (46)

1(10) 8 (12.7)

5 (50) 26 (41.3)

8 (80) 53 (84.1)

2 (20) 4(63)

0 (0) 6 (9.5)

5 of 41 (12.2) 36 of 41 (87.8)
2 (40) 18 (50)

3 (60) 18 (50)

5 of 32 (15.6) 27 of 32 (84.4)
1(20) 2(7.4)

1(20) 7(25.9)

1(20) 6(22.2)

2 (40) 12 (44.4)

9 of 44 (20.5) 35 of 44 (79.5)
1(11.1) 2(5.7)
1(11.1) 7 (20)

6 (66.7) 9(25.7)
1(11.1) 6(17.1)

0(0) 11 (31.4)

1 of 27 (3.7) 26 of 27 (96.3)
1 (100) 11 (42.3)

0(0) 15 (57.7)

Mean age of the hospitalized horses.
Antimicrobial treatment of penicillin combined with gentamicin.

Including single or combined antimicrobial therapy.

In relation to clinical interventions and treatments,
previous gastrointestinal surgery had been carried out on
11 of the negative horses, but in only one of the 10 C
difficile positive animals. Regarding the antimicrobial
therapy, a total of nine horses tested positive for C. difficile
had previously received an antibiotic medication. Cefqui-
nome and penicillin were prescribed for six and one
positively tested horses, respectively. A combined antibi-
otic treatment composed of two or more different
antibiotics was administrated to the two other positively
tested horses. Among the animals that tested negative for
C. difficile, 35 had received antimicrobial therapy. Cefqui-
nome and penicillin was administrated to nine and two
negatively tested horses, respectively, while 37.1% (13/35)
of C. difficile negative horses had received a combined
antibiotic treatment (Table 1).

Of the 10 horses carrying C. difficile in their faeces, two
animals had been assessed positive less than two days after
admission (H7252 and H3113). Another two horses were
suspected of being colonized during their hospitalization
(H4850 and H0521), as they were both tested negative for
C. difficile during initial sampling on admission. For the
remaining six positively tested horses, initial sampling
could not be performed until five days after admission.
Monitoring of the hospitalized horses reveals that two C.
difficile positive animals tested negative after 10 and 20
days of clinical stay (H6647 and H3113). Three horses were
euthanized during the study. One of them (H7516) was

Association of cefquinome with other antibiotics such as gentamicin, metronidazole, penicillin or marbofloxacin.

identified as positive for C. difficile only in a second
sampling after euthanasia (Table 2).

3.2. Toxin gene profiles, toxin activity, PCR-ribotyping and
genotype Cdiff test

Seven different PCR-ribotypes were identified. Only one
strain has a ribotype profile corresponding to an interna-
tional collection number (014). The remaining isolates
were not associated with any reference Cardiff ribotypes
(UCL16L”, UCL5a, UCL228, UCL9, UCL261, UCL16a). Five
out of these seven different PCR ribotypes had toxic
activity (75% of all isolates). All toxigenic isolates encoded
toxin A and B, while only PCR-ribotype UCL5a also
contained the binary toxin (Table 2).

The two animals assessed as C. difficile positive after less
than two days of admission carried toxigenic C. difficile PCR
ribotypes UCL16L” and UCL5a. Isolates from the horses
suspected to have been colonized during the hospitaliza-
tion were also toxigenic and identified as PCR ribotypes
UCL16a and UCL228. Gastrointestinal surgery or diarrhoea
was not associated with the presence of a specific PCR-
ribotype.

3.3. Antibiotic resistance

Isolates were tested for resistance to a total of 10
antibiotics. All strains were susceptible to vancomycin,
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Table 2
Detailed information of hospitalized horses positive for C. difficile and molecular type of the isolates.
Date of  Positive Age Hospital Diagnostic Diarrhoea Intestinal Antibiotic Positive culture PCR- Toxin
sampling tanimgl ) (years) stay I?efore surgery  treatment m ribotype profile
identification positive
culture (days)
17/01/11 H7252 11 1 Colic (nephrosplenic — - - - + UCL16L” A*B*CDT~
entrapment)
24/01/11 H5017 11 5 Colic (impaction - - CEF - + UCL16a A'B'CDT™
and volvulus
of the jejunum)
31/01/11 H4850 3 22 Paraphimosis - - PEN + + UCL228 A'B'CDT™
03/03/11 H5197 16 35 Chorioptic mange - - CEF - + ucCL9 A B CDT~
31/03/11 H6695 4 8 Colic (incarceration — + PEN-GEN + + UCL261 A B CDT™
of the jejunum)
08/04/11 H6647 4 17 Wound on leg - - CEF - + ucL9 A B CDT™
29/04/11 H7516 8 days 7 Septicaemia +€ - LZ-MAR-CEF — + 014 A'B*CDT™
14/11/11 H3113 11 2 Anorexia + - CEF - + UCL5a  A'B'CDT"
24/11/11 H2867 6 21 Sinusitis - - CEF - + UCL5a  A'B*CDT*
16/12/11 HO0521 2 16 Hip fracture - - CEF - + UCL16a A'B*CDT-

@ Positive results detected after direct culture of the faeces.
b Positive results detected after 3 days of enrichment.
¢ Bloody diarrhoea.

CEF: cefquinome; PEN: penicillin; GEN: gentamicin; ENR: enrofloxacin; LZ: metronidazole; MAR: marbloxacin.

metronidazole and rifampicin. In addition, all of the
isolates showed full sensibility to moxifloxacin, with the
exception of one non-toxigenic isolate (H5197) that had
intermediate resistance to this drug. These results were
correlated with the absence of a mutation in the gyrA gene.
Moreover, all the strains were resistant to clindamycin,
gentamicin and ceftiofur. For penicillin, only one isolate
(H3113) was resistant while all others showed intermedi-
ate resistance. Resistance to erythromycin was detected in
one non-toxigenic isolate (H5197) and also in one
toxigenic strain (H2867) that was also intermediately
resistant to tetracycline (Fig. 1). The only isolate from a
horse without an antibiotic treatment (H7252) showed a
very similar antimicrobial susceptibility to the other
strains with coresistance to clindamycin, gentamicin and
ceftiofur and intermediate resistance to penicillin.

3.4. C. difficile MLST analysis

In order to determine the allelic diversity between C.
difficile strains from the hospitalized horses, each isolate
was characterized by MLST. The analyses revealed four
different sequencing types (ST), which included ST11,
ST26, ST2 (two isolates) and ST15 (one isolate). Only the
two strains included in ST11 and identified as PCR-
ribotype UCL5a were binary toxin positive. The two
nontoxigenic PCR-ribotypes UCL9 and UCL261 were
related with ST26 and ST15, respectively. All the strains
with the same PCR-ribotype (UCL9 and UCL16a) clustered
in the same lineage. For three strains (H7252, H7516 and
H4850) ST assignment was not possible as no loci sequence
combination matched the allelic profile of the isolates.

Two different clades were assigned. Clade 1 was
correlated with PCR ribotypes UCL261 (non-toxigenic
isolate) and UCL16a. No clade assignation was available
for the types UCL9, UCL16L”, UCL228 and 014. The two

isolates with PCR ribotype UCL5a were included in clade 5,
which appear in a different cluster from all the remaining
strains (Fig. 1).

4. Discussion

Few studies describing the carriage of C. difficile in
hospitalized horses exist, and the majority of these focus
their investigation on animals with a particular health
problem, such as duodenitis—proximal jejunitis (Arroyo
etal., 2006), post-operative diarrhoea or colic (Niwa et al.,
2013), acute haemorrhagic diarrhoea (Uzal et al., 2012),
antibiotic associated diarrhoea (Barr et al., 2013), mare-
foal pairs infection (Magdesian and Leutenegger, 2011) or
the prevalence variation in different intestinal compart-
ments after euthanasia (Schoster et al., 2012b). Overall,
we reported an estimated C. difficile colonization rate of
13.7% (10/73) in an equine hospital setting during a total
of seven months of study. Only two horses out of 73
(incidence of 2.7%) presented clinical sign of diarrhoea
associated with CDI. From currently available data, it
seems that foals are more likely to suffer the infection, and
that antimicrobials increase the risk of developing the
disease. Thean et al. (2011) observed a C. difficile
prevalence of 23% (14/62) in horses with diarrhoea tested
in Australia (10 of them were foals). Baverud et al. (2003)
reported a prevalence of 42% (18/48) in horses that
developed acute colitis during antibiotic treatment, and
6% (4/72) in mature horses with no history of antibiotic
administration. The results of our study suggest a low
endemic CDI incidence in horses admitted to the veteri-
nary hospital studied.

Limited information is available regarding the presence
of C. difficile in hospitalized horses in the absence of clinical
signs of C. difficile disease. Medina-Torres et al. (2011)
observed a prevalence of 4.8% (4/82) from patients at a
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veterinary teaching hospital with normal faeces at the time
of admission. In the present study, the colonization rate
detected in horses without CDI was 11% (8/73) over the
seven months. Remarkably, none of the horses tested
positive for C. difficile on more than one occasion. These
findings suggest that colonization is transient in most
cases. This colonization may be influenced by many stress
situations that alter the intestinal flora, often difficult to
quantify (change of diet, transportation, hospitalization
and surgical or medical treatment among others) (Baverud,
2004). Transit shedding of C. difficile has been previously
reported in healthy adult horses (Schoster et al., 2012b) but
also in cattle (Rodriguez-Palacios et al., 2011) and humans
(Ozaqui et al., 2004).

The mean age of horses enrolled in this study was ten
years, with the great majority older than two years;
nevertheless an association between an age of more than
24 months and the carriage of C. difficile could not be
established. Three foals under 17 months old participated
in the study and of these only an eight day-old filly was
colonized with C. difficile. As previously reported, foals may
develop C. difficile infection in the first days of life (Diab
et al., 2013). In this case, the animal presented the classic
signs of spontaneous C. difficile infection including
depression and bloody diarrhoea (Diab et al., 2013). Forty
eight hours after the hospital admission, the foal was
treated with metronidazole, cefquinome and marboflox-
acin. An initial sampling of faeces was carried out four days
after the start of antibiotic treatment with a negative result
for the presence of C. difficile. A second sample was
collected 24 h later, directly from the large intestine after
euthanasia. The second analysis revealed the carriage of
toxigenic C. difficile in the intestinal contents. It has been
suggested that even though faecal samples can demon-
strate the presence of C. difficile, rectal samples might not
absolutely reflect the status of proximal compartments
(Schoster et al., 2012b).

Intestinal flora perturbations and colic may facilitate
the proliferation of C. difficile in horses (Donaldson and
Palmer, 1999). In this study two C. difficile positive horses
(H5017 and H6695) presented signs of colic and had
received an antibiotic therapy, but only one harboured a
toxigenic C. difficile strain (the other was colonized with a
non-toxigenic type). Two horses with health problems
other than enteric disease and treated with antibiotics
tested positive for toxigenic C. difficile after nine and 18
days of hospitalization. They had tested negative at the
time of admission, and it was therefore suspected they
were colonized during the period of hospitalization.
However, neither of the horses showed signs of C. difficile
infection. Two other positive horses became negative
eight days after stopping cefquinome antibiotic treat-
ment. This observation correlates with the results of
numerous studies reporting antibiotic exposure as the
most important risk factor for C. difficile colonization in
humans, including clindamycin, cephalosporins or fluor-
oquinolones (Deshpande et al., 2013; Slimings and Riley,
2014). Nevertheless, in the present study no relation
between C. difficile infections and clinical signs or
medication could be obtained, since the group of positive
horses was too small.

A wide variety of types were observed without the
predominance of a particular PCR-ribotype. In most
instances (six horses out 10), animals did not present
any of the clinical signs classically associated with C.
difficile infection, such as diarrhoea, abdominal pain, colic,
nausea, depression or dehydration (Keel and Songer, 2006;
Diab et al.,, 2013). This correlates with the findings of
previous studies describing horses infected by C. difficile
subclinically (Magdesian and Leutenegger, 2011; Schoster
et al., 2012a; Schoster et al., 2012b). Moreover, it has been
suggested that healthy or sick carriers without any signs of
the C. difficile infection may harbour strains that do not
produce toxins (Uzal et al., 2012). In the present study,
three positive-tested horses were colonized with non-
toxigenic C. difficile strains (PCR-ribotypes UCL9 and
UCL261). Two of these horses showed no sign of enteric
disease. Non-toxigenic C. difficile strains have been
described in horses (Thean et al., 2011) and other farm
animals including pigs and cattle (Pelaez et al., 2013;
Rodriguez et al., 2013; Zidaric et al., 2012). Furthermore,
the non-toxigenic PCR-ribotype UCL9 has been previously
isolated from suckling piglets in Belgium (Rodriguez et al.,
2012).

Resistance to more than one antimicrobial tested was
found among the isolates obtained. Resistance of C. difficile
to multiple antimicrobials has been previously described
in several studies conducted in both humans and animals
(Pelaez et al., 2013; Pirs et al., 2013; Zidaric et al., 2012;
Weber et al., 2013). Furthermore, all of the isolates were
resistant to ceftiofur and gentamicin, which is not
surprising as these antibiotics are the most commonly
used in the equine clinic. Even though gentamicin has been
associated with C. difficile diarrhoea in horses (Diab et al.,
2013), no relationship between treatment of animals with
this medication and the appearance of soft or liquid bowel
movements could be established. Furthermore, no associ-
ation between antimicrobial resistance and toxigenic
strains was observed, which correlates with the findings
of a previous study (Pituch et al., 2005). Data observed
suggested that antibiotics might have an important role
in C. difficile colonization, but that the distribution of
other enteric bacteria may be involved in the occurrence
of diarrhoea. As previously suggested by Diab et al.
(2013), metagenomic analysis of the gut microbiome is
useful in improving understanding not only of C. difficile
associated diarrhoea but also other etiologies of diar-
rhoea in horses.

Some studies have used MLST to discriminate human C.
difficile strains, but only a few have applied this method to
animal isolates (Lemée et al., 2004; Lemée and Pons, 2010;
Stabler et al., 2012). To date, this study is the first to
address genetic analysis of C. difficile by MLST in an equine
hospital. We found a clear concordance between some
PCR-ribotypes and ST as described in human isolates from
hospitals (Dingle et al.,, 2011; Weber et al., 2013). Two
horse isolates (both of them PCR-ribotype UCL5a) were
included in ST 11. In the literature, ST 11 is correlated with
PCR-ribotypes 078, 126 or 033 among others (Knetsch
et al., 2012). Remarkably, all of them are binary toxin
positive, as are our two strains PCR-ribotype UCL5a. For
three strains, the allelic profile over the seven loci did not
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match with any number assigned to the unique allelic
profiles available on the PubMLST database. Two of these
isolates are closely related in the constructed neighbour-
joining phylogenetic tree, and the allelic profile is the
same. Nonetheless, results obtained do not allow us to
establish any relationship between the acquisition of C.
difficile in the hospital and a particular circulating strain, or
between the presence of diarrhoea and one particular
sequence type. The same observation has previously been
reported in an epidemiological surveillance of C. difficile
infection in a tertiary care hospital (Weber et al., 2013).

Our study has several limitations. Firstly, only 18 of 73
horses were monitored for the presence of C. difficile
throughout their stay in the clinic because only animals
whose admission was prolonged (over nine days) were
monitored. In other cases, the animal’s health status
prevented monitoring. Consequently, some horses colo-
nized during hospitalization may have been missed, and it
was not possible to determine the duration of carriage for
some other positive animals. Additionally, the small
number of C. difficile positive horses made it impossible
to conduct an epidemiological analysis. For this reason,
care has to be taken when interpreting the results. For six
positive horses, initial sampling could not be performed
until five days after admission; we were therefore not able
to determine if they were colonized during or before
admission. Only two positive samples were detected
directly without enrichment media, while in eight other
cases detection required an enrichment step. This finding
indicates that in most cases the spore load was low and the
colonization may have been transient. Another limitation
of the antibiotic resistance test is the need to use different
criteria breakpoints when SFM criteria were not available,
and with a different culture media than usually recom-
mended. Additionally, the lack of sufficient reference
strains in our laboratory only allowed us to identified one
ribotype profile corresponding to an international collec-
tion number while the remaining 6 PCR-ribotypes were
identified with an internal nomenclature.

In conclusion, the results of this study show that CDI is
very rare in the studied equine clinic and that C. difficile
colonization is transient by different toxigenic and non-
toxigenic types, suggesting that an appropriate infection
prevention strategy may reduce the associated disease.
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Abstract

horses at the time of admission is also reported.

Background: The equine faecal microbiota is very complex and remains largely unknown, while interspecies
interactions have an important contribution to animal health. Clostridium difficile has been identified as an
important cause of diarrhoea in horses. This study provides further information on the nature of the bacterial
communities present in horses developing an episode of diarrhoea. The prevalence of C. difficile in hospitalised

Results: Bacterial diversity of the gut microbiota in diarrhoea is lower than that in non-diarrhoeic horses in terms of
species richness (p-value <0.002) and in population evenness (p-value: 0.02). Statistical differences for Actinobacillus,
Porphyromonas, RC9 group, Roseburia and Ruminococcaceae were revealed. Fusobacteria was found in horses with
diarrhoea but not in any of the horses with non-diarrheic faeces. In contrast, Akkermansia was among the three
predominant taxa in all of the horses studied. The overall prevalence of C. difficile in the total samples of hospitalised
horses at admission was 3.7 % (5/134), with five different PCR-ribotypes identified, including PCR-ribotype 014. Two
colonised horses displayed a decreased bacterial species richness compared to the remaining subjects studied, which
shared the same Bacteroides genus. However, none of the positive animals had diarrhoea at the moment of sampling.

Conclusions: The abundance of some taxa in the faecal microbiota of diarrhoeic horses can be a result of microbiome
dysbiosis, and therefore a cause of intestinal disease, or some of these taxa may act as equine enteric pathogens.
Clostridium difficile colonisation seems to be transient in all of the horses studied, without overgrowth to trigger
infection. A large proportion of the sequences were unclassified, showing the complexity of horses’ faecal microbiota.

J

Background

Equine gut microbiota is poorly characterised and stud-
ies are currently underway to increase understanding of
how defined microbial communities are able to interfere
with different bacterial aetiologies of diarrhoea in horses.
Recently, high-throughput amplicon sequencing analysis
has been introduced to investigate the intestinal microbiota
of healthy horses and horses with colitis [1-3]. However,
the equine faecal microbiome is still largely unknown, as
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are interspecies interactions and their contribution to ani-
mal health [1, 3].

In horses, diarrhoea and colitis have been associated with
a number of different pathogenic agents, including Clostrid-
ium difficile, Clostridium perfringens, Salmonella spp and
Escherichia coli [4-7]. Clostridium difficile is amongst the
most important agents of diarrhoea and serious colitis in
horses [8]. While both adult horses and foals can suffer C.
difficile enteric disease, it seems that foals are more likely to
be colonised by the bacterium [9]. A diagnosis of C. difficile
infection (CDI) requires clinical suspicion as well as detec-
tion of pre-formed C. difficile toxins TcdA and/or TcdB
(or transcripts) in non-enriched specimens. Other pos-
sible causes of acute colitis must also be ruled out [8].

© 2015 Rodriguez et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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However, in most cases of diarrhoea, the aetiology remains
unclear and the prevalence of C. difficile colonisation in
hospitalised horses has rarely been addressed [10, 11].

As in humans, the major risk factors for the develop-
ment of CDI are antibiotic treatment and hospitalisation
[8]. However, some cases of infection have been also re-
ported in horses without previous exposure to these risk
factors, including in foals at 2 to 5 days of age [12]. Fur-
thermore, it has been reported that up to 7 % of horses
carry spores of C. difficile without showing any signs of
diarrhoea [10, 13].

The first objective of this study was to provide fur-
ther information on the nature of the bacterial commu-
nity present in horses developing diarrhoea, including
possible alterations in the microbiota profiles as a result of
antibiotic treatment, through comparison with faeces from
horses without diarrhoea. This study also aimed to examine,
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by culture of horse faeces at admission to an Equine Clinic,
the carriage rate of C. difficile. Isolates obtained were char-
acterised in terms of PCR-ribotype, toxigenic activity and
antibiotic resistance. Further metagenetic analyses were per-
formed to compare the faecal microbiota of C. difficile in
colonised and non-colonised horses.

Results

Bacterial community present in horses with and without
diarrhoea

A group of 10 horses with diarrhoea at the moment of
sampling were compared with 10 non-diarrhoeic horses
via metagenetic analysis. All of the animals (# = 20) tested
negative for C. difficile by faeces culture (Table 1). Pyrose-
quencing yielded between 4,000 and 5,000 reads per
sample (Additional file 1). The microbiota composition
for each horse is presented at phylum level (Fig. 1),

Table 1 Detailed information on twenty C. difficile negative horses studied via high-throughput amplicons sequencing analysis with

and without diarrhoea

Clinical history of horses

Date of Animal number Age Diagnostic Diarrhea Hospital stay Antibiotic treatment NSAIDs
sampling (years) (days) (days) ' treatment
9/10/13 13 12 Colic + 5 Pen-Gen (1) F-M
21/10/13 14 3 Diarrhoea + 3 - -
28/10/13 15 21 Diarrhoea and colic + 2 SXT (2) F-M
5/11/13 17 13 Equine atypical myopathy + 1 - -
18/11/13 23 9 Diarrhoea and colic + 1 - Dipyrone
18/11/13 25 2 Haemorrhagic enterocolitis + 1 - -
Hyperlipemia
22/11/13 26 5 Diarrhoea and weight loss + 1 Xnl (1) F-M
Dipyrone
26/11/13 27 6 Colic + 2 - F-M
26/11/13 28 1 Colic + 4 Pen-Gen-LZ (1) F-M
Dipyrone
Firocoxib
19/12/13 29 2 Diarrhoea + 2 - -
8/10/13 il 11 Oesophageal obstruction - 1 Pen-Gen-LZ (1) F-M
9/10/13 12 8 Horse fall - 10 Xnl (7)? Dipyrone
28/10/13 16 21 Wound - 3 SXT (4)° Dipyrone
7/11/13 18 8 Equine atypical myopathy - 1 - -
8/11/13 19 6 Colic - 1 - -
12/11/13 20 6 Colic - 1 - F-M
13/11/13 21 5 Equine atypical myopathy - 1 - -
18/11/13 22 3 Osteochondritis dissecans screening - 1 -
18/11/13 24 9 Colic - 2 Pen-Gen (2)° F-M
19/12/13 30 2 Arthroscopy - 3 - -

NSAIDs nonsteroidal anti-inflamatory dugs

Pen penicillin, Gen gentamicin, Xn/ ceftiofur, SXT trimethoprim/sulfamethoxazole, LZ metronidazole

F-M Flunixin meglumine

'"Time before antibiotic administration in days *Antibiotic treatment in progress at the time of sampling

100



Experimental section - Study of C. difficile in hospitalised horses: carriage rate and faecal microbiota characterisation

Rodriguez et al. BMC Microbiology (2015) 15:181

Page 3 of 14

Fig. 1 Microbiota faecal composition at phylum level for horses with and without diarrhoea. Bar chart detailing the relative abundance of the 17
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genus level (Fig. 2) and species level (Additional file 2).
The more abundant bacterial families found for both
groups were Lachnospiraceae (between 7 % and 39 %),
Ruminococcaceae (between 2.7 % and 28.7 %), Verruco-
microbiaceae (between 0 % and 43.1 %), and Prevotel-
laceae (between 0.6 % and 17.5 %). Bacterial diversity
of the gut microbiota in diarrhoea was lower than in non-
diarrhoeic horses (p-value: 0.0105). This effect was ob-
served both in terms of species richness and in the popula-
tion evenness (Fig. 3). Principal coordinate analysis (PCoA)
of the diarrhoeic and non-diarrhoeic horses did show
the sample distribution along the 3 main axes (PC1-PC2-
PC3) (Additional file 3). Analysis of Molecular Variance
(AMOVA) revealed a significant difference between the
variance of both groups taken as a single group and the
variance of each group (sum of squares (ss): 0.53 and 11.66
among and within groups respectively; AMOVA test statis-
tic Fs: 1.57; p-value: 0.006). Unifrac weighted analysis fur-
ther showed that both groups share different population
structure (Wscore: 0.88 and p-value: <0.001). Thus, the
microbiota structure of each group was showed statistically
different from each other. The relative abundance of
each genus in both groups were compared in order to
identify the populations responsible for this difference

(White ¢-test), leading to statistical differences for Actino-
bacillus, Porphyromonas, RC9 gut group, Roseburia and a
taxonomically undefined population belonging to the
Ruminococcaceae (Ruminococcaceae unclassified) (Fig. 4).

Clostridium difficile prevalence in horses at admission and

strain characterisation

During the three-month study period, the total number of
horses admitted at the clinic for either emergencies or con-
sultation was 302, with 141 hospitalisations. A total of 136
samples were collected from the 134 hospitalised horses
enrolled in the study. Two horses were sampled on two
different times because they suffered a diarrhoeal epi-
sode during hospitalisation. However, these horses did
not test positive for C. difficile on any of the sample days.
The overall prevalence of C. difficile in the faecal micro-
biota of hospitalised horses at admission was 3.7 % (5/134).
All horses testing positive were adult animals aged between
four and 16 years old.

Altogether, 52 of the total of 134 horses studied (38.8 %)
presented gastrointestinal problems at admission, but C.
difficile was isolated from only three of these animals (two
with colic and one with proximal enteritis). In these three
horses a nasogastric tube had been passed before the faecal
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Fig. 2 Microbiota faecal composition at genus level (cumulated mean relative abundance >4 %) for horses with and without diarrhoea. Samples
13,14, 15,17, 23, 25, 26, 27, 28 and 29: horses with diarrhoea. Samples 11, 12, 16, 18, 19, 20, 21, 22, 24 and 30: horses without diarrhoea. The
unclassified populations correspond to defined groups of the genus level for which a taxonomical classification assignation to the genus cannot
be attributed. These populations are therefore labelled with the first defined superior hierarchical taxonomic level followed by “_unclassified” to
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collection. However, none of them had previously received
an antibiotic treatment. Nineteen horses (14.2 %) had diar-
rhoea at admission but all tested negative for the bacterium
(Additional File 4).

The remaining 82 horses sampled (61.2 %) were not af-
fected by gastrointestinal disorders. In this group, C. difficile

was detected in two horses. The clinical diagnoses in these
two infected horses were multiple wounds and wound with
tendon injury, respectively. Both had received a similar
antibiotic treatment (gentamicin and penicillin with or
without ceftiofur) and non-steroidal anti-inflammatory
drugs (dypirone). Age (9 years) and the gender (female)

102



Experimental section - Study of C. difficile in hospitalised horses: carriage rate and faecal microbiota characterisation

Rodriguez et al. BMC Microbiology (2015) 15:181 Page 5 of 14
Bacterial biodiversity - diarrhea Bacterial Richness - diarrhea Bacterial evenness - diarrhea
. value : 0.0227

p value : 0.0105 p value : <0.002 pvalue 00
x *
° 71 1500~ 1.0
_E * x *k g | |
I [ | S £ 0.9
5 £ .
£ ® . 1000 @

> i

2 @ g 0.8
» 2 c
Q 57 £ g
5 2 ° 0.7
] - 500 c
£ 4_ ) e
[ ] £ 0.6
8 o £
c o " &
g 3 T T 0 T T 0.5 T T

XY X9 ~O XY XY &

& & & & & &
& & & & & &
> Ky o Ky > K
Qo (\O (\O

Fig. 3 Bacterial biodiversity, bacterial richness and bacterial evenness in C. difficile negative horses with and without diarrhoea. Box plot of richness,
evenness and diversity values showed that the microbiota structure of each group (diarrhoeic and non diarrhoeic horses) is statistically different from
each other. Whiskers represent minimum and maximum value. Bottom and top of the box are the first and the third quartile. The median is shown as
a band inside the box
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showing mean relative sequence abundance of Actinobacillus, Porphyromonas, RC9, Roseburia and Ruminococcaceae_unclassified in horses with and
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of the two horses were also the same (Table 2). In terms of
antimicrobial therapy, 54 out of 134 horses studied (40.3 %)
had previously received antimicrobial therapy (prior to the
study period), but most (1 = 52) tested negative for C. diffi-
cile. Among them, the most common drug used was ceftio-
fur, which was administered to 16 (11.9 %) horses.

Four of the equine isolates were positive for tcdA, tcdB
and binary toxin CDT genes while only one was non-
toxinogenic. The presence of TcdB was confirmed by
cytotoxicity assay using confluent monolayer MRC-5
cells. None of the isolates presented an 18, 39-base pair
deletion or a deletion at 117 of the tcdC gene. Five differ-
ent PCR-ribotypes were detected. Only one strain had a
ribotype profile associated with the reference Cardiff
collection number (014). The remaining isolates were
identified as UCL237, UCL49, UCL23f and UCL36 (non-
toxigenic PCR-ribotype). PCR-ribotypes UCL49, 014 and
UCL23f were isolated from three animals with gastrointes-
tinal problems while PCR-ribotypes UCL237 and UCL36
were recovered from the two horses with wounds (Table 2).

Only the non-toxigenic strain PCR-ribotype UCL36
showed resistance to metronidazole (minimum inhibi-
tory concentration (MIC) =40 pg/ml, average of two
essays) and erythromycin. For clindamycin, only one
isolate (PCR-ribotype 014) was susceptible, while all
others were fully resistant. Intermediate resistance for
penicillin was observed in all of the isolates tested. The iso-
late PCR-ribotype UCL237 also exhibited intermediate re-
sistance to tetracycline, while all the rest were susceptible.
There was no vancomycin, moxifloxacin or rifampicin
resistance detected, but all the strains were resistant to

ceftiofur (Table 2).

Microbiota composition for C. difficile positive and
negative horses

Stool samples from all horses testing positive for C. diffi-
cile (n = 5) were studied in order to obtain further infor-
mation about the microbiota composition of the colonised
subjects. As during the entire study period (3 months) only
five animals were positive for the bacterium, we could only
use five C. difficile-negative horses as control group, but
with similar clinical history (Additional file 5). In both C.
difficile colonised and non-colonised horses, the dominant
taxa were Lachnospiraceae (ranging from 3.2 to 20.8 %),
Bacteroidales (ranging from 5 to 29.0 %) and Ruminococca-
ceae (ranging from 7 to 17.9 %). In the group of C. difficile
positive horses, only one animal (10) presented a predom-
inance of Bacteroides (36.8 %) and Akkermansia (19.5 %).
The same Bacteroides genus was found in another C. diffi-
cile positive sample (01) at a level of 7.2 % (Fig. 1). Only 45
distinct OTUs (with a mean abundance greater than 4 %)
were identified, representing 25-40 % of the relative abun-
dance of the microbial taxa in the faecal samples (Fig. 5
and Additional file 6).
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However, bacterial biodiversity, bacterial richness and
bacterial evenness were not statistically different be-
tween C. difficile colonised and non-colonised horses
(p-value > 0.05). Ordination analysis with PCoA sup-
ported the grouping of most of the individuals into
one group (Additional file 7), which confirmed by non
significant results from AMOVA (sum of squares (ss)
0.41 and 3.18 among and within groups respectively; test
statistic for AMOVA (Fs) 1.03; p-value: 0.389) and Unifrac
analysis of sample clustering (Wscore: 0.97 and p-value:
0.92). Indeed, White test abundance population compari-
son between groups performed at the different taxonomical
levels identified two taxa (RF16 group and Clostridiales) for
which the relative abundance was statistically different
(Additional file 8).

Microbiota composition relation with gastro-intestinal
disorder diagnostics

We grouped the microbiota profiling data from the 20 sam-
ples from diarrhoeic and non diarrhoeic samples with the
10 C. difficile positive and negative samples together
and assigned them to diagnosis categories: Colic (n =12),
Enteritis (# = 1), Enterocolitis (# = 1), diarrhoea (# = 3) and
others (13). We used this clustering in order to identify
genus whose abundance could be related to one particular
category. Statistical abundance comparison with ANOVA2
between colic, diarrhoea and other categories highlight a
higher abundance of Escherichia and Streptococcus genera
in colic group compared to the others and higher abun-
dance of Akkermansia, Fusobacterium, Porphyromonas
and Xylanibacter genera in the Diarrhoea group (Additional
file 9). Enteritis and Enterocolitis group, having only one
sample could not be included in statistical abundance
comparison but each sample was dominated by 2
defined genus: Bacteroides and Parabacteroides in the
Enteritis sample and Porphyromonas and Fusobacter-
ium Enterocolitis sample (Additional file 10).

Discussion

High-throughput amplicon sequencing analysis is one of
the methods of choice in the study of complex gut micro-
biota ecosystems [14]. However, most of the studies re-
ported bacteria populations at the phylum and class
level while the genus and species level were explored only
in a few recent studies [15, 16]. Higher taxonomic resolu-
tions (genus or species level) may reveal more differences
in population structure than phylum or class level [17]
and provide the degree of precision necessary for clin-
ical diagnosis [18]. As previously demonstrated, select-
ing the accurate region of 16S ribosomal DNA (rDNA)
gene to sequence is essential in determining the utility
of microbial genomics for species-level assignments [19].
In the present study we report genus and species labelling
based on V1-V3 region.
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Fig. 5 Microbiota faecal composition at genus level (cumulated mean relative abundance >4 %) of C. difficile culture-positive and -negative horses.
Samples HF_01, 03, 04, 09 and 10: C. difficile positive horses detected by faeces culture. Samples HF_02, 05, 06, 07 and 08: C. difficile negative horses
detected by faeces culture

To determine whether the presence of diarrhoea was re-
lated to changes in the composition of the faecal microbiota
of horses, a strict screening process was carried out among
all the samples obtained over three months, in order that
the two groups (with and without diarrhoea) were as simi-
lar as possible and therefore comparable. As observed in a
previous study investigating the microbiota in the equine
large intestine via 16S ribosomal DNA sequencing [1],
a great part of the sequences (60 %) were not identical
(less than 1 % mismatch) to sequence entries present in
SILVA database (v1.15). Even among the sequences identi-
cal to known entries, the species name was seldom taxo-
nomically defined. These findings underline the lack of
knowledge regarding a good part of the horse gut micro-
biota stressing the need for further research on funda-
mental microbiology either on taxonomic as well on the
functional level.

Interestingly, Akkermansia was found in 90 % of horses
studied, with a relative abundance ranging between 0.03 %
and 43.1 %. This bacterium is an appealing candidate to
become a human probiotic, selected based on established

mechanisms of preventative treatment of obesity and dia-
betes [20-22]. Only one previous study [23] describes the
genus Akkermansia in the equine intestinal microbiota In
this study we reported the presence of Akkermansia muci-
niphila and Akkermansia EU779370 in the faecal micro-
biota of horses with and without diarrhoea. Akkermansia
EU779370 population identified in this study is 100 %
identical to the Akkermansia EU779370 GenBank entry
(for the sequenced V1-V3 section). It represents a po-
tential new Akkermansia species as it shares only 90 %
of nucleotide identity with Akkermansia muciniphila. The
relevance of this finding deserves further investigation.
Opverall, the composition of the microbiota of all horses
studied was dominated by the same taxa as previously de-
scribed [4]. However, the differences observed in the cumu-
lative mean relative abundance among individuals in these
dominant bacterial groups may be linked to recent dietary
history [17] or to antimicrobial therapy [23]. Diarrhoea has
been associated with changes in the faecal microbiota com-
position of humans but alterations in the equine gut micro-
biota has been rarely addressed [24]. In the present study,
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Actinobacillus (0.3 % mean abundance in diarrhoeic group
versus 0.004 in non-diarrhoeic group) and Porphyromonas
taxa (5.6 % mean abundance in diarrheic group versus
0.002 in non-diarrhoeic group) were detected more abun-
dantly in horses with diarrhoea. These results contrast with
a previous study of commensal bacteria in acute diarrhoea
in children, where Porphyromonas species were in the
lowest proportions during acute diarrhoea compared
with levels during periods of normal gastrointestinal health
[25]. Fusobacteria were found in horses with diarrhoea but
not in any of the horses with normal faeces. In a previous
study, Fusobacterium spp. was also found in higher per-
centages in horses with colitis, which could be a conse-
quence of overgrowth due to bacterial dysbiosis or an
aetiological agent of disease [4]. In human beings, Fuso-
bacteria have been associated with colorectal carcinomas
and adenomas [26]. However, there are no previous studies
describing this bacterium as an equine enteropathogen [4].

After clustering of the different feces samples into more
defined diagnosis categories, genus Escherichia and Strepto-
coccus were more abundant in horses with diarrhoea with-
out any other symptoms. A more refined analysis revealed
that the species involved were Escherichia coli and Strepto-
coccus equinus. If the first is long known to be associated
with diarrhoea, the second is the most common Streptococ-
cus found in horse feces. In the colic group, Fusobacterium
and Porphyromonas genera were found in higher amount
compared to other groups but were composed of yet un-
known species. As mentioned above, little is known regar-
ding the involvement of these bacteria in gastro-intestinal
disorders. Finally, two horses suffered from enteritis and
enterocolitis and their 16S profiling revealed a domination
(above 30 % of the sample sequences) of genus Bacteroides
in the enteritis case and genus Porphyromonas in the
enterocolitis case. The Bacteroides population was mainly
represented by Bacteroides heparinolyticus. This species,
originally characterised as an agent of periodontitis in hu-
man [27], is phylogenetically related to Bacteroides fragilis
which is well-known enterotoxinogenic bacteria involved
in human infections [28]. However, there is still no evi-
dence of B. heparinolyticus involvement in gut disorder
in horse or in human and it is thus unclear whether its
abundance is related to the symptomatology.

We are aware that the limited size of the analysed cohort
reduces the strength and the scope of our results. Lar-
ger cohort studies will be needed to improve our know-
ledge on diarrhoea impact on horse microbiota.

In the present study, the carriage of C. difficile at the
time of admission was examined. The overall prevalence
found was 3.7 % (5/134). None of the positive animals had
diarrhoea at the moment of sampling which may suggest
that C. difficile colonisation in these horses was transient
in most cases. In the literature, there is only one previous
study that investigated the presence of C. difficile in horses
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at admission to a veterinary teaching hospital [11]. Our re-
sults correlate with the findings of this study, which re-
ported a prevalence of 4.8 % (4/82). In another previous
study conducted at the same Belgian Equine Clinic, we
observed a C. difficile colonisation rate of 13.7 % (10/73).
However, in that study, animals were not only sampled
at the time of admission but also tracked during their
hospitalisation, which could explain the higher preva-
lence found [10].

From the five C. difficile positive horses found, three
of them presented gastrointestinal problems (colic and
proximal enteritis) with a nasogastric tube passed before
sampling. Nasogastric tube placement has been previously
identified as a risk factor for C. difficile infection [11]. Two
other horses without enteric perturbations were also colo-
nised by C. difficile. Both had suffered wounds and were
treated with antibiotics. Previous studies reported intes-
tinal flora perturbations and antibiotic exposure as the
most significant risk factors for C. difficile proliferation
in horses [5].

There were five different PCR-ribotypes detected among
the five C. difficile positive animals, which suggests that a
wide variety of C. difficile strains circulate in horses, as
previously reported [11, 29], including PCR-ribotype 014.
All the isolates were resistant to ceftiofur and four out of
five were also resistant to clindamycin, which agrees with
the findings of previous studies [10, 30]. Only one isolate
was resistant to metronidazole and erythromycin. Sur-
prisingly, this strain (PCR-ribotype UCL36) was the only
non-toxigenic isolate. A high degree of resistance to anti-
microbials (including erythromycin and clindamycin) in
non-toxigenic strains has been reported previously [30] but
the role in disease development or prevention is still
unknown [31].

We were unable to identify C. difficile by pyrosequenc-
ing analysis in the stool samples with positive cultures.
In humans, it is considered that feces harbour up to 10'2
bacteria per gram [32]. Thus, our sampling of thousands
of sequences limits our detection ability to populations
above 10° bacteria per gram. The horses testing positive
by culture did not have any clinical signs of C. difficile
disease and the isolate was obtained only after three days
of enrichment. While the results of high-throughput ampli-
con sequencing analysis are limited by the small number of
animals positive for C. difficile, and by the fact that none of
the animals suffered CDI, the findings for each colo-
nised horse should not be dismissed as they provide a
first insight, albeit limited, about the impact of C. diffi-
cile colonisation in the horses’ gut microbiota, which
merits further investigation.

Conclusions
Metagenomic analysis is a promising tool to identify correla-
tions between changes in the gut microbiota and intestinal
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diseases. The abundance of Actinobacillus, Porphyromonas
and Fusobacteria in the faecal microbiota of diarrhoeic
horses deserves special attention, as it can be a result of
microbiome dysbiosis, and therefore a cause of intes-
tinal disease, or in the case of Fusobacteria, may act as
equine enteric pathogen. Furthermore, the high propor-
tion of Akkermansia in all of the horses studied and its
role in the intestine merits further investigation. Clos-
tridium difficile colonisation seems to be transient in
all of the horses studied without overgrowth to trigger
infection. For a great variety of bacterial species the cur-
rently available systems are not able to confidently assign
taxonomy, which shows how complex and still unknown
the equine microbiome is.

Methods

Inclusion criteria and sampling

Samples were collected over a three month period (October
to December 2013) at the Equine Clinic, Department of
Companion Animals and Equids, Faculty of Veterinary
Medicine, University of Liege.

All hospitalised horses during this period with a clinic
stay of at least one day were eligible. Subjects were all se-
lected without regard to their diagnosis or the possible dur-
ation of hospitalisation. The exclusion criteria were horses
exhibiting dysphoric mood, intolerable stress, or any other
disease for which sampling by rectal manipulations was
not recommended. Samples were collected between day
one and day two following admission. In addition, all horses
developing an episode of diarrhoea during their hospital
stay were sampled for a second time. Horses were docu-
mented for data relating to clinical history, diagnostic find-
ings and treatment received, including the prescription of
antimicrobial agents. Faecal sampling was performed dir-
ectly via rectal. Samples obtained were scored as nor-
mal faeces, diarrhoea or bloody diarrhoea faeces. All
samples were processed on the same day immediately
after transport (at room temperature) to the laboratory
(approximately 15 min after sampling). In cases of emer-
gency admission (i.e., during the night or on a non-working
day), two samples per horse were collected. The first sam-
ple was collected in an individual identified sterile 50 ml
tube for further culture to detect C. difficile; the second
was collected using the Stool DNA stabiliser (PSP® Spin
Stool DNA Plus Kit 00310, Invitek) and stored at 4 °C in
the hospital for a maximum of three days before process-
ing. After culture of faeces, all samples were frozen imme-
diately at —80 °C before DNA extraction.

16S rDNA pyrosequencing and data analysis

Among all the faecal samples collected, clinical history
of each subject was investigated in order to select two
homogenous groups of horses (with and without diarrhoea)
with the same number of individuals in each group. Both
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groups were matched for age, pathologies, previous hospital
stay and medical treatment. A total of 20 faecal samples
(ten with diarrhoea and ten without diarrhoea) were further
studied. A second selection was done on the pool of 140
horses to gather 2 homogenous groups of horses, either or
not positive for C. difficile by classical microbiology (1 = 5),
which were matched for age, pathologies, previous hospital
stay and medical treatment. Finally, the 30 samples were
grouped together in a third analysis and clustered into de-
fined diagnostic category based upon diagnostic (Table 1;
Table 2; Additional file 5). The resulting diagnostic categ-
ories are: colic—horses suffering from abdominal pain (n =
12); diarrhoea—horses with 3 or more loose or liquid stools
per day, without other symptom (= 3); enteritis—horse
with ileon inflammation (7 = 1); enterocolitis—horse with
ileon and colon inflammation (7 = 1) and others—horses
with non Gastro-intestinal disorders (n = 13).

Total DNA was extracted from the stool samples with
the PSP® Spin Stool DNA Plus Kit 00310 (Invitek), fol-
lowing the manufacturer’s recommendations. The DNA
was eluted into DNase/RNase-free water and its concen-
tration and purity were evaluated by absorbance measure-
ment using the NanoDrop ND-1000 spectrophotometer
(NanoDrop ND-1000, Isogen). PCR-amplification of the
V1-V3 region of the 16S rDNA was performed as previ-
ously described [33]. Primers E9-29 and E514-530 [33-35]
were selected for their theoretical ability to generate the
lowest possible amplification capability bias among the
various bacterial phyla [36]. The oligonucleotide design
included 454 Life Sciences’ A or B sequencing titanium
adapters (Roche Diagnostics) and multiplex identifiers
(MIDs) fused to the 5" end of each primer. The master mix
composition consisted of 5 units of FastStart high fidelity
polymerase (Roche Diagnostics), 1x enzyme reaction buffer,
200 pM dNTPs (Eurogentec), 0.2 pM of each primer and
100 ng of genomic DNA in a volume of 100 pl. The ampli-
fication was carried out in a gradient thermocycler (Eppen-
dorf) as follows: denaturation at 94 °C for 15 min followed
by 25 cycles of 94 °C for 40 s, 56 °C for 40 s; 72 °C for
1 min; and a final elongation step at 72 °C for 7 min. PCR
products were run on 1 % agarose gel electrophoresis and
purified using the SV PCR purification kit (Promega
Benelux). Picogreen dsDNA quantitation assay (Isogen)
was performed in order to assess the quality and quan-
tity of the products. All libraries were run in the same
titanium pyrosequencing reaction using Roche multiplex
identifiers, and amplicons were sequenced using the Roche
GS-Junior Genome Sequencer instrument (Roche).

Sequence reads were processed using MOTHUR soft-
ware package v1.32 [37] and denoised using the Pyro-
noise algorithm [38]. Trimming criteria of the reads was
applied as follows: read lengths no shorter than 425 bp,
an exact match to the barcode, and 1 mismatch allowed
to the proximal primer [33]. Sequences were checked for
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the presence of chimeric amplifications using the UCHIME
algorithm [39].

The read sets obtained were compared with a reference
data set of aligned sequences of the corresponding region
derived from the SILVA database (v1.15) of full-length
rDNA sequences [40] implemented in MOTHUR [41].
The final reads were clustered into operational taxonomic
units (OTUs) using the nearest MOTHUR neighbour algo-
rithm with a 0.03 distance unit cut-off. Taxonomic identity
was attributed to each OTU by comparison with the SILVA
v1.15 database [37] (80 % homogeneity cut-off) [33]. When
taxonomic identification fell below the 80 % treshold, the
taxonomic level was labelled with the first defined level
from higher level followed by the term “_unclassified”.

All unique sequences for each OTU were further com-
pared with the SILVA data set version v1.15 using the
BLASTN algorithm [42, 43], as MOTHUR is not suitable
to taxonomic assignment beyond the genus level. For each
OTU, a consensus detailed taxonomic identification was
given based upon the identity (less than 1 % of mismatch
with the aligned sequence) and the metadata associated
with the most frequent hits leading to 3 kind of label-
ling : (i) the population is identical to a taxonomically
defined species and is labelled “genus_species”; (ii) the
population is identical to a reference sequence belonging to
a still undefined species and is labelled “genus_NCBI Ac-
cession Number”; (iii) the sequence is not identical to any
known sequence and is arbitrarily labelled with its OTU
number [33].

Subsample datasets were obtained and used to evaluate
ecological indicators (the richness and microbial diversity
of the samples) using MOTHUR. Population structure and
community membership were assessed with MOTHUR
using distance matrices based on the Jaccard index (a
measure of community membership; which considers
the number of shared OTUs but not their abundance)
and the Yue and Clayton measure of dissimilarity (a meas-
ure of community structure which considers shared OTUs
and their relative abundances) [44]. Richness estimation
(Chaol estimator) [45], microbial biodiversity (non-para-
metric (NP) Shannon diversity index) [46], and the popula-
tion evenness (Shannon evenness) [47] were calculated
using MOTHUR. Chao 1 estimator was used to esti-
mate the richness of the detected species (OTUs) in a
sample [33].

Ordination and statistical analysis and biosample accession
numbers
Ordination analysis were performed with Vegan package
in R [48].

Principal coordinate analysis (PCoA) was applied to
visualise the biodiversity between the two groups [49].
Statistical analysis regarding community structure and
composition were performed with AMOVA and UNIFRAC
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implemented in MOTHUR v1.32. Analysis of molecular
variance (AMOVA) was used for estimating population dif-
ferentiation [50]. Unifrac unweighted analysis, which
accounts for the relative abundance of each of the taxa
within communities, was used to evaluate differences in
population structure between pairs of sample categories
[51]. The differences were considered significant for a
p-value of less than 0.05; all the results given are the
means + the standard deviations of the results between
the samples of each category [33]. Statistical differences
between bacterial biodiversity, richness and evenness were
assessed using two-sided unpaired ¢-test using PRISM 6
(Graphpad Software). In order to highlight statistical differ-
ences in the bacterial population abundance between
categories, a White tests (paired comparisons) and ANOVA
with Tukey post-hoc test were performed using STAMP
software [52]. All the biosample sequences have been
deposited at the National Center for Biotechnology Infor-
mation (NCBI) [53] and are available under de Bioproject
ID PRJNA279335.

Clostridium difficile culture, identification and
characterisation

For isolation of C. difficile, one gram of faeces was inoc-
ulated into 9 ml of CCFT (cycloserine cefoxitin fructose
taurocholate) broth as previously described [54] and in-
cubated anaerobically for 72 h at 37 °C. A 10 ul aliquot
of the enriched broth was spread on CCFT plates and
incubated anaerobically at 37 °C for three days. One pre-
sumptive colony per plate was subcultured onto blood
agar 5 % Sheep Blood (Biorad) and checked using a C. dif-
ficile latex agglutination rapid test Kit DR 1107A (Oxoid).
Identification, toxin gene profile, deletions in the regulator
gene tcdC, and gyrA mutation (gene associated with moxi-
floxacin resistance) were determined using the Genotype
Cdiff system (Hain Lifescience) according to the manu-
facturer’s instructions. The supernatant from each pure
culture was tested for cytotoxicity assay (TcdB) using con-
fluent monolayer MRC-5 cells, as previously described
[54]. A PCR ribotyping method based on capillary gel
was performed using the primers recommended by Bidet
et al. [55]. The isolates with a PCR-ribotype profile from
which reference strains were available in our laboratory
were designated with the relevant Cardiff international
number. Otherwise, isolates were identified with an in-
ternal nomenclature beginning with UCL.

Antibiotic resistance

Clostridium difficile isolates (n =5) were tested for sus-
ceptibilities to a panel of nine antimicrobial agents by disc
diffusion (7 =7) and E-test (1 =2). The antimicrobials
studied were chosen because they have been associ-
ated with C. difficile infection or its treatment, or
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Additional file 1: Quality analysis of the metagenetic libraries created for the horse
faecal samples analysed.

Item Total number (or %) Mean read length,
nucleotide

Raw reads 137,319 510

Postdenoising/filtering 118,429 452

Loss in denoising (%) 13.8

Postchimeric detection 104,608 450

Chimeric reads (%) 11.7

OTU 0.032 8,086

113



Experimental section - Study of C. difficile in hospitalised horses: carriage rate and faecal microbiota characterisation

Additional file 2: Microbiota faecal composition at species level (cumulative mean
relative abundance >4 %) of horses with and without diarrhoea. Samples 13, 14,
15,17, 23, 25, 26, 27, 28 and 29: horses with diarrhoea. Samples 11, 12, 16, 18, 19, 20,

21, 22, 24 and 30: horses without diarrhoea.
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Additional file 6: Microbiota faecal composition at species level (cumulative mean
relative abundance >4 %) of C. difficile culture-positive and -negative horses.
Samples 01, 03, 04, 09 and 10: C. difficile positive horses detected by faeces culture.
Samples 02, 05, 06, 07 and 08: C. difficile negative horses detected by faeces culture.
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Additional file 8: Bacterial genus whose relative abundance was statistically
different between C. difficile positive and negative horses. Result of a White test (p
value <0.05) pairwise comparison.

Statistical differences - genus level - CDIF
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3.2 C. difficile in food animals: potential sources for zoonotic and foodborne

contamination

Once the presence of the enteropathogen C. difficile was evidenced in both horses with and without
any signs of disease, the next concern was to determine if food animals on farms and at slaughter
could also be sources of toxigenic C. difficile and therefore, reservoirs for human infection. In order to
address that concern, a first study was conducted to evaluate the carriage of C. difficile in healthy
newborn piglets and calves on farms, and in full-grown cattle and pigs at slaughter line. Results
obtained revealed a high colonisation in clinically healthy suckling piglets (78.3%) and in calves
(22.2%) less than three months of age. In contrast, a reduction in colonisation rate with age was
observed. At slaughter, C. difficile was recovered with a prevalence of 6.9% from cattle aged between
11 and 52 months, but from none of the intestinal samples collected from pigs between 5 and 6 months
of age. The increased susceptibility to colonisation in young animals may be due to an immature
endogenous microbiota. However, there is little evidence to explain why some newborn animals do
not develop the disease despite being colonised with C. difficile strains. Some hypotheses are the
absence of toxin receptors, which have been largely studied, or poorly developed cellular signalling
pathways in the immature gut mucosa. In addition, the colostrum intake and colostrum antibody
concentration could be crucial in the development (or not) of the disease. Among the different PCR-
ribotypes identified (078, 002, 015, 014, 081 and 087) the predominance of the type 078 in calves and
piglets from breeding farms has not been explained. In contrast, isolates from cattle presented the

widest range in PCR-ribotype variety, most of them being toxigenic.

The results obtained in the previous study presented evidence that healthy food animals are carriers of
toxigenic C. difficile strains on farms and at the time of harvest. Therefore, it was important to
determine if such carriage represents a risk for carcass contamination at slaughter line. Intestinal
contents and carcass samples from pigs and cattle were collected from a single slaughterhouse.
Intestinal samples were collected from the large intestine of each animal, directly from the viscera
processing area. In the same day, carcasses were sampled just after fast chilling in the chilling room.
C. difficile was isolated in 1% and 9.9% of the pig and cattle intestinal contents and in 7.9% and 7% of
cattle and pig carcass samples respectively. Despite the relative high prevalence of C. difficile in
intestinal contents and on carcasses, only one animal was positive for both samples but PCR-ribotypes
were not identical. This finding suggests that cross contaminations during processing might occur.
Moreover, while only 1% of pig intestinal contents were detected positive for C. difficile, the
prevalence of the bacterium on pig carcasses was much higher (7%), which, in agree with the previous
observation, may reflects a faecal contamination through at slaughter line. A total of 19 different PCR-

ribotypes were identified, with predominance of PCR-ribotypes 078 and 014. Furthermore, some of

123



Experimental section - C. difficile in food animals: potential sources for zoonotic and foodborne contamination

the PCR-ribotypes most prevalent in hospitals in Belgium in the same year that the study was
conducted were detected in pigs and cattle samples (PCR-ribotypes 014, 078, 023, 015, UCL16L,
UCL5a and UCL46).

It was revealed that slaughter animals are carriers of toxigenic C. difficile associated with infections in
humans, and carcass contamination occurs inside the slaughter line. To investigate genetic
relationships between C. difficile isolates from human faecal samples, pig and cattle intestinal and
carcasses samples, MLST and MLVA were performed. Six clonal groups of strains were obtained
from the same animal species, irrespective of the isolation date. Three of these six clonal groups of
strains (detected in hospitalised patients and in cattle and pigs intestinal contents at slaughter) were
identified as PCR-ribotype 078. MLST analysis revealed that all of the other human and animal
isolates with a given PCR-ribotype clustered in the same lineage. Identical C. difficile strains were also
detected in the same animal species for PCR-ribotypes 014, UCL16U and UCL36, although
interspecies transmission was no evident. The fact that isolates were obtained from subjects (human
beings and animals) localised in different geographical regions and in different environments should

be also considered, which would explain the divergence of strains.
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3.2.1 C. difficile in young farm animals and slaughter animals in Belgium

Anaerobe 18 (2012), 621-625 doi: 10.1016/j.anaerobe.2012.09.008

Cristina Rodriguez, Bernard Taminiau, Johan Van Broeck, Véronique Avesani, Michel Delmée, Georges Daube
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ABSTRACT

Faecal carriage of Clostridium difficile in healthy animals has been reported recently, especially in piglets
and calves. However there is limited data about carriage in animals just prior to slaughter in Europe. The
main objective of this study was to determine the presence of C. difficile in pigs and cattle at the
slaughterhouse. C. difficile was isolated in 6.9% of the cattle at the slaughterhouse. None of the pig
slaughter samples were positive for C. difficile after an enrichment time of 72 h. For complementary data,
a short study was conducted in piglets and calves at farms. C. difficile was more prevalent in piglets
(78.3%) than in calves (22.2%) on the farms. Regarding the piglet samples, 27.8% of the positive samples
were detected without enrichment of stools. The PCR ribotype 078 was predominant in farm animals.
Samples isolated from slaughter cattle presented the widest range in PCR-ribotype variety, and the most
prevalent PCR ribotype was 118a UCL. The results of this study confirm that C. difficile is present in
slaughter animals in Belgium with a large percentage of toxigenic strains also commonly found in

humans.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Clostridium difficile is an anaerobic, Gram-positive, spore-form-
ing, rod-shaped bacterium that has been widely characterized as
a serious pathogen agent in humans and animals. In humans it may
be considered as the most commonly isolated bacterium in patients
developing nosocomial diarrhoea and, in the most serious cases,
pseudomembranous colitis after use of antibiotics.

C. difficile has also been isolated from stools of different types of
animals suffering from severe enteric diseases [1—3]. Recent
isolation of this bacterium in healthy young carrier animals
demonstrates the possible existence of an animal reservoir [4,5].
Some of those animals, like piglets and calves, are destined to enter
the human food supply chain. In addition, a significant number of
animal isolates are correlated with PCR ribotypes found in humans,
establishing a possible relationship between them [6,7]. Similar
studies in food, including retail meat [8,9], revealed the presence of
C. difficile ribotypes in relation with human C. difficile infections
(CDI) [5]. This recent observation suggests a potential risk of
foodborne infections linked to C. difficile but, at the moment, there
is not much data describing C. difficile in animals at the slaughter-
house in Europe.

* Corresponding author. Tel.: +32 4 366 40 17; fax: +32 4 366 40 44.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).

1075-9964/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.anaerobe.2012.09.008

The aim of this study was to determine the presence of C. difficile
in full-grown animals at the slaughterhouse and young animals on
farms and to compare the main PCR-ribotypes in the animals with
those found in humans.

2. Materials and methods
2.1. Samples

A total of 437 intestinal and faecal samples were collected from
pigs and cattle on farms and at a single slaughterhouse during
a sample collection campaign performed in Belgium from January
to July in 2011.

During this period, 202 intestinal samples from cattle and 194
from pigs were collected over 9 different visits to a local slaugh-
terhouse. The yearly production of this slaughterhouse is approxi-
mately 32,000 cattle and 205,000 pigs with a work schedule of four
days a week. Cattle intestinal samples were recovered from animals
coming from 55 different herds on seven different sampling occa-
sions. All samples were from animals aged between 11 and 52
months. The information regarding the specific age and the herd of
24 cattle intestinal samples is not available. Pig intestinal samples
were collected from animals between 5 and 6 months of age and
collected on 4 different occasions. All intestinal contents were
collected from the slaughter line, directly from the large intestine in
the viscera processing area. The samples were collected weekly on
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rotating days. Each sample (approximately 50 g of intestinal
contents) was kept in individual, identified, sterile 50 ml tubes.
They were kept at room temperature for a maximum of 1 h until
their arrival in the laboratory where they were stored at 4 °C. All of
the intestinal samples were analysed within 2 h of sample
collection.

Samples from 23 newborn pigs were collected from 3 different
breeding farms. On each farm, faecal samples were collected from
individual piglets from at least two different litters. The farms used
an all in/all out system. Piglets were stimulated to make them
defecate in individual sterile 50 ml tubes. The piglets did not have
diarrhoea and were still suckling (<15 days old).

Faecal samples of 18 non-diarrhoeic clinically healthy calves
were collected from 5 local farms. The rectal faecal samples were
obtained using sterile gloves and kept in sterile 50 ml tubes. Calves
were less than 3 months of age at the time of sampling.

All freshly collected faecal samples were processed on the same
day after transport to the laboratory at room temperature for
a maximum of 2 h. In those cases when there was a delay in
analysis, samples were stored for a maximum of 3 days at 4 °C
before processing.

2.2. Isolation of C. difficile

Culture of all samples was carried out as described by Delmée
et al. [10] with minor modifications. Briefly, approximately 0.1 g of
faeces were spread directly on cycloserine cefoxitin fructose agar
taurocholate medium (CCFAT), freshly prepared in the laboratory as
previously described [11]. Plates were incubated anaerobically for
72 h at 37 °C. The anaerobic atmosphere in the jar was created
using AnaeroGen™ sachet (Oxoid, Dardilly, FR) and checked using
an anaerobic indicator BRO055B (Oxoid).

At the same time an enrichment step was performed. One gram
of sample was inoculated into 9 ml of home-made cycloserine
cefoxitin fructose taurocholate enrichment broth (CCFBT), as
previously described [11], but without agar, and incubated anaer-
obically for 72 h at 37 °C. Subsequently, 10 pl of the broth was
spread on CCFAT [11] and incubated at 37 °C for two days. Colonies
of C. difficile were identified from culture plates by morphological
criteria as greyish colonies with an appearance of ground glass and
a characteristic horse manure odour. Between one and four
presumptive colonies per plate were subcultured onto blood agar
(5% Sheep Blood; BioRad, Nazareth, BE). Multiple colonies were
taken when morphologies suggested more than one type of ribo-
type or when the presumptive colonies were too small to ensure
isolation on the blood agar.

2.3. Identification of C. difficile by latex agglutination assay,
polymerase chain reaction and GenoType Cdiff test

2.3.1. Latex agglutination assay

All non-haemolytic and morphologically suspect colonies were
checked using a C. difficile latex agglutination rapid test (C. difficile
Test Kit DR 1107A; Oxoid) according to the manufacturer’s
instructions. Briefly, using an inoculating loop, the suspect colony
was mixed in a drop C. difficile latex reagent (Oxoid). The aggluti-
nation was examined after 1-2 min. In the event of uncertain
agglutination, the procedure was to classify it as unconfirmed
agglutination and to continue with the same process as would have
been done with a positive sample.

2.3.2. C. difficile identification and toxin genes detection

Total DNA was harvested from a single C. difficile colony picked
up from a group of colonies cultured onto blood agar (5% Sheep
Blood; BioRad) using a sterile loop and suspended in 150 ul of

a chelex 100 solution 5% (BioRad). The suspension was shaken in
a thermomix (Eppendorf, Hamburg, DE) (950 rpm, 15 min, 56 °C
and 10 min, 95 °C) and then centrifuged (1400 rpm, 60 s). The
resulting supernatant was recovered, and the DNA quantity was
measured by absorbance spectrophotometry (Nanodrop-2000;
Thermo-Scientific, NanoDrop products, Wilmington, USA). Next,
detection of a species-specific internal fragment of the tpi gene,
toxin B gene [12] and detection of CDT (cdtA) [13] were performed
according to the multiplex PCR protocol of Lemée et al. [12].
Another PCR was performed for the detection of the toxin
A encoding gene according to the primers and protocol from
Lemée et al. [12]. PCR products were separated by electrophoresis
in 2% agarose gel (Eurogentec, Seraing, Be) stained with 0.1 pl
GelGreen™ ml~! (VWR, Leuven, Be) in 1x TAE buffer (VWR) for
30 min at 100 V and analysed under UV light.

2.3.3. GenoType CDiff test

All strains with discrepant results in cytotoxicity and amplifi-
cation of toxin genes were additionally tested using the molecular
genetic GenoType CDiff test system (Hain Lifescience, Nehren, DE).

The test allowed the detection of tpi and all the toxins’ genes
(tcdA, tcdB, cdtA and cdtB), and made possible the detection of
deletion in the regulator gene tcdC (18 bp and 39 bp deletion or
single base deletion at position 117).

Procedures and reagents for DNA extraction, DNA amplification,
hybridization and hybridization wash were accomplished following
the manufacturer’s instructions. DNA amplification and hybridiza-
tion were performed respectively in a commercial thermocycler
(PerkinElmer, Massachusetts, USA) and a TwinCubator (Hain
Lifescience).

2.4. Cytotoxicity assay using cell lines

Toxic activity of the isolated strains was confirmed by a cyto-
toxic assay on cells. A suspension of colonies, from a 48 h subculture
on Columbia agar supplemented with 5% Sheep Blood (Becton
Dickinson, Erembodegem, BE), was prepared with 1 ml of physio-
logical solution. After centrifugation of the suspension (13,500 rpm
for 10 min), 75 ul of supernatant from each sample was placed into
1 well containing 0.75 ml of confluent monolayer MRC-5 cells
prepared in the laboratory. The concentration of the cells was
15 million cells per 100 ml of a solution MEM REGA (Life technol-
ogies, Darmstadt, DE). Plates were incubated at 37 °C under 5% CO,
atmosphere and examined at 24 and 48 h. In addition, 75 pl of
specific C. difficile antitoxin (TechLab, Virginia, USA) was used in
order to confirm the specificity of the cytotoxic activity by
neutralization.

2.5. 165—23S intergenic spacer region PCR-ribotyping

The PCR-ribotyping was based on the patterns comparison of PCR
products from the 165—23S rDNA intergenic spacer regions using
primers described by Barbut et al. [14]: primer 16S (5-GTG—CGG—
CTG—GAT—CAC—CTC—CT-3') (forward primer) and 23S primer
labelled at the 5’ end with carboxyfluorescein (FAM) (5'-FAM—CCC—
TGC—ACC—CTT—AAT—AAC—TTG—ACC-3') (reverse primer). The DNA
extraction was performed using a chelex 100 solution 5% (Biorad) as
previously described [15].

For PCR amplification, 3 pl of DNA (diluted 1:10) was added to
a 22 pl mixture containing 2 mM of final concentration of MgCly,
2.5 pl of Buffer 11 10x (Applied Biosystems, California, USA), 200 uM
of final concentration of DNTP (Eurogentec), 1.25 Units of final
concentration of AmpliTaq (Applied Biosystems) and 0.2 uM of final
concentration of each PCR primer. The reactions were performed in
a commercial thermocycler (PerkinElmer) under the following
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conditions: 5 min at 95 °C, followed by 40 cycles of 30 s at 95 °C,
30 s at 60 °C and 30 s at 72 °C with a final extension at 72 °C for
30 min.

Amplicon size was analysed by capillary electrophoresis using a
3100 automatic sequencer (ABI 3100 Automated Capillary
DNA Sequencer and GeneScan Analysis) (Applied Biosystems). A
35—500 bp ROX ladder (Applied Biosystems) was used as an
internal marker for each sample.

Strains with an international number have a ribotype profile
corresponding to one of the 23 profiles of the Brazier collection,
which are available to every reference laboratory in Europe. If
a strain has a profile that does not correspond to any of the 23, an
internal number beginning with UCL was given.

3. Results
3.1. Isolation of C. difficile

A total of 220 cattle samples were analysed. C. difficile was
isolated from 4/18 samples from calves (22.2%) and from 14/202
samples from slaughter cattle (6.9%). In slaughterhouse, three
positive samples were found in January during the same
sampling day. In February 6 positive samples were found also
during the same sampling day, and in March 1 positive sample
was found in one sampling day and 4 positive samples in another
sampling day.

Samples from 217 pigs were also analysed. C. difficile was iso-
lated from 18/23 piglets (78.3%). None of the 194 samples collected
from pigs on the slaughter line was tested positive for C. difficile.

Isolates from cattle and calves were obtained only with
enrichment culture. In piglets, 5 out of 18 positives were also ob-
tained by direct culture (27.8%). Thus, only 5 of all study isolates
obtained were recovered by direct culture and only from piglets.

3.2. Cytotoxicity assay using cell lines, toxin gene detection and
GenoType CDiff test

Thirty-one (86.1%) of the total isolates (n = 36) were positive on

cytotoxicity assay using cell lines. All calf isolates (n = 4) were
positive for the cytotoxicity assay, while only one piglet was

Table 1

PCR-ribotypes and toxin gene profiles of Clostridium difficile isolated from food animals.

negative. Among isolates recovered from cattle intestinal samples,
10 were positive and 4 were negative. These results were compared
with the PCR results targeting tpi, tcdA, tcdB and cdtA and with
results of the GenoType CDiff test system. Simplex PCR for tcdA
showed only 14 positive isolates and 22 negative isolates. Subse-
quently, GenoType CDiff method was used to retest the 22 tcdA™ in
previously test and indicated a total of 17 tcdA™ isolates. Using
GenoType CDiff test and multiplex PCR results, 31 strains contained
tcdA and tcdB genes, and 17 strains contained cdtA gene coding for
the binary toxin. Only 5 strains (9, 238, 103, 36, and 273 UCL) were
negative for all toxin genes. Only the 239, 172 UCL and all of the 078
ribotype strains had a 39 bp deletion in the regulator gene tcdC
(Table 1).

3.3. PCR-ribotyping

Eighteen different PCR ribotypes were identified with
a predominance of type 078 in calves and piglets from breeding
farms (75% (3/4) and 66.7% (12/18) respectively). Other identified
ribotypes were 002, 015, 014, 081 and 087 while the rest of the
strains were not associated with any international Brazier types.
Isolates from cattle presented the widest range in PCR-ribotype
variety (Table 1). None of the positive animals were identified as
a bearer of more than one PCR-ribotype strain.

4. Discussion

C. difficile has been isolated in a significant proportion of calves
from breeding farms (22.2%), which is in accordance with the
prevalence obtained in analogous studies [16,17]. This study was
the first to target C. difficile isolated from cattle (between 11 and 52
months old) at a slaughterhouse in Belgium, and the observed
prevalence (6.9%) was higher than expected. Two isolates were
from cattle of 11 and 52 months old. The twelve remaining positives
were from animals between 16 and 24 months. One of the most
remarkable aspect of these findings is the high prevalence given the
age of the animals. C. difficile has not been extensively described in
older food animals, especially in Europe. A small proportion of
culture positives were reported from cattle just prior to slaughter
[17—19]. In Europe, Hoffer et al. [ 18] reported only one positive stool
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sample collected on a slaughter line, in a total of 204 calves aged
between four and six months. Only one recent study (in Pennsyl-
vania) [20] pointed to a prevalence of 12% in five and a half month-
old calves just before slaughter.

C. difficile was recovered from a high prevalence of piglets
(78.3%) from breeding farms. This finding is in accordance with
analogous studies [21] and indicates a significant colonization rate
of C. difficile in suckling piglets. Interestingly, piglets in our study
were clinically healthy, even though a very high percentage tested
positive. More important, C. difficile was detected by direct plating,
indicating high spore counts. However, in our study none of the
intestinal samples collected from pigs on the slaughter line tested
positive for C. difficile after an enrichment of three days. This finding
is lower than the prevalence in slaughter pigs found in analogous
studies [6,18,22,23], but indicates the significant reduction in
colonization rate with age that has been reported by others
[1,17,21].

In most cases, isolation of C. difficile from animals requires an
enrichment stage, but the current literature does not conclusively
establish a standard method for isolating C. difficile from animal
faecal samples. Due to this lack of a standard and the negative
results of the first 179 slaughter pig samples, the enrichment step
was increased 10 times to a maximum duration of 30 days. This
experimental modification was applied to the last 15 samples, and 3
positives resulted (two PCR ribotypes 078 and one PCR ribotype
081). However, thirty days of enrichment is an appreciably long
technique for laboratory purposes, and the sample size for the
experimental study was small for drawing conclusions. It might be
desirable for further investigations to focus to a greater degree on
how the enrichment duration influences results, in order to work
towards an accepted standard procedure for detection of C. difficile
in animals.

Six PCR ribotypes out of a total of eighteen found could be
assigned to international Brazier types. Even though the PCR
ribotype 078 was predominant in piglets and calves, it was not
identified in any isolates from older cattle. This result was in
accordance with previous studies [17,22,24]. The PCR ribotype 002
was the second most identified ribotype in piglets on breeding
farms and was identified in one sample from the cattle. The greatest
variety of PCR ribotypes was found in slaughter cattle (13 different
PCR ribotypes among 14 isolates), including types 014, 087 and 081.
Of the six PCR-ribotypes assigned to international Brazier types
identified in the present study, four (014, 015, 078 and 002) are
among the seventeen most frequent PCR ribotypes identified in
humans in Europe [25].

In Belgium, the predominant PCR ribotypes identified in
patients are currently 027, 014, 020, 002, 46 UCL, 078, 015 and 001,
sorted by decreasing values in number of isolates (unpublished
data). Four of these ribotypes were isolated in the present study in
the following proportions 2.7% (014), 11.1% (002), 41.7% (078) and
2.7% (015).

Most of the isolates in this study possessed gene encoding for
both A and B toxins. In addition, some of them were also cdtA™.
However, all PCR ribotypes 078, 239 and 172 UCL were tcdA~ by
simplex PCR and tcdA™ by GenoType CDiff test systems. The simplex
PCR primers used appear to be very insensitive compared to both
cytotoxicity assay and GenoType Cdiff method. The discrepancies
between GenoType CDiff test and simplex PCR may be due to the
choice of the tcdA primers [26]. Variability in the genes tcdA and
tcdB has been previously studied [27], and is the basis of a novel
C. difficile toxinotyping scheme [28].

The results obtained in this study present evidence of the
presence of toxigenic C. difficile isolates in piglets and calves on
farms and in cattle stools on the slaughter line in Belgium. This
suggests a potential risk of retail meat contamination. Nevertheless,

there is a need for more studies focussing on straight carcass and
meat tests to demonstrate a true animal-to-human transmission
through the food chain.
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cattle intestinal contents and in 7.9% and 7% of cattle and pig carcass samples respectively. A total of 19 different
PCR-ribotypes were identified, among them types 078 and 014. Seven of 19 ribotypes correlated with the PCR-
ribotypes involved in human C. difficile infections in Belgium. This study confirms that animals are carriers of
C. difficile at slaughter and ribotypes are identical than those in humans, and that carcass contamination occurs
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1. Introduction

Clostridium difficile is an anaerobic, spore-forming bacterium that
remains the main cause of nosocomial diarrhoea in humans after use
of antibiotics. C. difficile has also been described in other environments
outside of hospitals, such as soil, river and seawater samples (Al Saif
and Brazier, 1996; Pasquale et al., 2011; Zidaric et al., 2010) and in
animals, in which it can also cause enteric disease (Rodriguez-Palacios
etal.,, 2006; Songer and Anderson, 2006). The possibility of transmission
of C. difficile pathogenic isolates between animals, environments and
humans has been suggested (Janezic et al,, 2012).

In recent years, the interest in C. difficile in food and in food animals
has increased, leading to studying animals as a possible reservoir and a
potential risk for food borne infections linked to C. difficile. Studies in
various countries have determined differences in the prevalence of
C. difficile in animals just before slaughter (Baker et al., 2010; Hoffer
et al., 2010; Houser et al., 2012; Keeseen et al., 2011; Rodriguez et al.,
2012). In addition, many types, including PCR-ribotype 078, are present
in humans, animals (Debast et al., 2009; Janezic et al., 2012) and meat
(Boer et al,, 2011; Curry et al, 2012; Weese et al,, 2009). The PCR-
ribotype 078 was among the three most prevalent ribotypes of C. difficile
isolated from humans in Europe in 2009 (Bauer et al., 2011), and it also
appears to be associated with increased virulence (Goorhuis et al.,
2008) as the highly virulent epidemic strain C. difficile 027 (Kuijper
et al,, 2006). However, there is not much data describing C. difficile on
carcasses at the slaughterhouse, and studies have failed to establish

* Corresponding author. Tel.: + 32 4 366 40 57; fax: 432 4 366 40 44.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).
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the importance of the faecal contamination of the carcass on the
slaughter line.

Differences in prevalence have been observed between studies.
These differences between continents may be due to geographical
differences in occurrence, seasonality or methodological variations
(Hensgens et al., 2012; Rodriguez-Palacios et al., 2009; Weese, 2010).
In most cases, isolation of C. difficile from animals requires an enrich-
ment stage, and the methods recently used to detect C. difficile in
animal samples have varied greatly. The influence of different factors
such as enrichment time can affect the recovery rates of C. difficile in
faecal samples or carcasses (Limbago et al., 2012).

The primary objective of this study was to determine the presence of
C. difficile in intestinal contents and on carcasses in full-grown animals
at the slaughterhouse. Additionally, the influence of the enrichment
duration was evaluated with a method of 3 enrichment days and an
increased enrichment step to a maximum of 30 days. C. difficile isolates
were characterized and compared to the main PCR-ribotypes found in
humans in Belgium.

2. Materials and methods
2.1. Sampling

Sampling was carried out between September 2011 and May 2012,
and a total of 402 cattle and pig samples, including intestinal contents
and carcass samples were collected. Intestinal contents and carcass
samples were collected from a single slaughterhouse. This local slaugh-
terhouse has a mean daily production of 154 cattle and 985 pigs with a
work schedule of four days a week. Intestinal and carcass samples were
collected between September and November 2011 on nine different
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rotatory days at 1 to 2 week intervals. Between 4 and 20 consecutively
slaughtered animals were sampled. Cattle samples were recovered from
animals coming from 57 different herds. Most of the samples were from
animals between 15 and 56 months old. Only two animals sampled
were younger than 12 months, and 6 were older than 7 years. Pig
samples were collected from animals between 5 and 6 months of age
coming from 14 different herds with an average weight of 96 kg per
carcass.

2.1.1. Intestinal contents

A total of 101 intestinal samples from cattle and 100 from pigs were
recovered from the large intestine of each animal at the slaughter line,
directly from the viscera processing area. Approximately 50 g of intesti-
nal contents were collected by making an incision of approximately
3 cm on the top of the cecum. The sample content was extracted by
applying pressure on the surface and after discarding the first outgoing
content. All collected samples were kept in individual, identified, sterile
50 ml tubes at room temperature for a maximum of 5 h. They were
processed the same day, immediately upon arrival at the laboratory.

2.1.2. Carcass samples

In total, 101 carcasses from cattle and 100 from pigs were sampled
2 h after slaughter, just after fast chilling in the chilling room. For cattle,
80.1% of carcass samples (81 animals) were taken from the same animal
from which the intestinal content had been collected. In those cases
when it was not possible to take the intestinal content and the carcass
swabs from the same animal, another carcass in the chilling room was
randomly selected for swabbing. In the case of pig samples, intestinal
contents and carcass swabs were always taken from different animals.

Samples were taken from half carcasses according to the Belgian
Royal Decree of 20 August 2002 from four different places. Briefly,
cotton cosmetic pads were first moistened in sterile buffered peptone
water with cysteine 0.5% (Oxoid, Dardilly, France). A 400 cm? area of
rump, flank, brisket and posterior face of the anterior limb were
swabbed with the wet side of the cotton, representing in total an area
of 1600 cm? on each cattle carcass. On pig carcasses, swabs were
taken from ham (100 cm?), basin (100 cm?), sternum (300 cm?) and
forelimb (100 cm?), covering a total area of 600 cm?. After using the
wet side of the cotton, the same procedure was repeated in the same
areas with the dry cotton face. For each carcass swab, an effort was
made to exert the maximum pressure possible. Swabs from each half
carcass were placed together in sterile, identified 100 ml tubes. They
were kept at room temperature for a maximum of 2 h until arrival at
the laboratory, where they were immediately processed.

2.2. C. difficile isolation and characterization

Culture of all samples was performed with an enrichment step. The
enrichment broth used, cycloserine cefoxitin fructose taurocholate
(CCFT), was freshly prepared in the laboratory as described by Delmée
et al. (1987) but without agar. One gram of intestinal sample was inoc-
ulated into 9 ml of CCFT as previously described (Rodriguez et al., 2012).
Carcass swabs were put into 50 ml of CCFT. Subsequently, the enrich-
ment broth of each sample was incubated in an anaerobic workstation
(Led Techno, Heusden-Zolder, Belgium) at 37 °C for 3 and 30 days.
After each phase of enrichment, approximately 10 pl of the broth was
spread on home-made cycloserine cefoxitin fructose agar taurocholate
agar plates (CCFAT) (Delmée et al.,, 1987) and incubated anaerobically
for 48 h at 37 °C. Colonies of C. difficile were identified from culture
plates by morphological criteria as yellowish colonies with an appear-
ance of ground glass and a characteristic horse manure odour. One
morphological suspected colony per plate was subcultured onto blood
agar (5% Sheep Blood; Biorad, Nazareth, Belgium) and checked using a
C. difficile latex agglutination rapid test Kit DR 1107A (Oxoid, Dardilly,
France). Multiple colonies where taken only when presumptive
colonies were too small to ensure isolation on the blood agar or when

morphologies suggested more than one type of colony (4 samples).
Confirmation of C. difficile by detection of a species-specific internal
fragment of tpi and detection of genes for toxin B and binary toxin
(cdtA) were performed according to a specific multiplex PCR as
described previously (Rodriguez et al., 2012). A second simplex PCR
for the detection of the toxin A encoding gene was performed according
to the primers of Antikainen et al. (2009) and the protocol of Lemée
et al. (2004). Monolayer MRC-5 cells were used in order to confirm
the cytotoxic activity as described previously (Rodriguez et al., 2012).

2.3. GenoType CDiff test and PCR-ribotyping

In addition, all of the isolates were tested using the Genotype CDiff
test system (HainLifescience, Nehren, DE). The test detects specific in-
ternal fragments of tpi and all the toxin genes (tcdA, tcdB, cdtA and
cdtB) and also deletion in the regulator gene tcdC (18 bp and 39 bp
deletions or single base deletion at position 117). Procedures and
reagents were accomplished following the manufacturer's instructions.
PCR-ribotyping was performed with primers used for amplification of
16S-23S intergenic spacer regions previously described by Bidet et al.
(1999). DNA was extracted using a chelex 100 solution 5% (Biorad,
Nazareth, Belgium) as described by O'Neill et al. (1996). PCR amplifi-
cation was performed following a previously described protocol
(Rodriguez et al., 2012). Amplicon size was analysed by capillary
electrophoresis using the ABI 3100 Automated Capillary DNA
Sequencer and GeneScan Analysis (Applied Biosystems, California, USA).
As an internal marker, 35-500 bp ROX ladder (Applied Biosystems,
California, USA) was used for each sample. The isolates with an interna-
tional number had presented a PCR-ribotype profile corresponding to
one of the 23 reference Cardiff ribotypes from the strain collection
available in our laboratory. If a strain had a profile that did not corre-
spond to any of the 23, an arbitrary internal number beginning with
UCL was given.

3. Results
3.1. Prevalence of C. difficile in intestinal contents and carcass samples

A total of 202 cattle samples were analysed. C. difficile was isolated
from 10/101 (9.9%) intestinal samples from slaughter cattle. Most of
the positive samples (8/10) were already isolated after 3 days of enrich-
ment, but 2 positive samples were only isolated after 30 enrichment
days. In cattle carcass samples, C. difficile was isolated from 8/101
samples (7.9%). Seven positive samples were detected after 3 days of
enrichment, and only 1 sample was negative after 3 enrichment days
but positive after 30 enrichment days. Positive samples were from
animals aged between 11 months and 6 years. Two animals with posi-
tive carcasses came from the same herd, while the remaining positive
samples (intestinal contents and carcasses) were from animals coming
from different herds. Only in one case was C. difficile detected in the in-
testinal content and on the carcass sample of the same animal (Table 1).

From pigs, a total of 200 samples were analysed. C. difficile was iso-
lated from 1/100 (1%) intestinal samples from slaughter pigs. This sam-
ple was already detected after 3 days of enrichment, and it was also
positive after 30 enrichment days. On pig carcass samples C. difficile
was isolated from 7/100 samples (7%) on the same sampling day. Six
positives were detected after 3 and 30 days of enrichment, while 1
sample was only positive after 30 days of enrichment (Table 2).

All of the positive samples (intestinal and carcass samples from pigs
and cattle) detected after 3 days of enrichment were also positive after
30 enrichment days.

3.2. PCR-ribotyping, toxin activity, toxin genes detection and Genotype CDiff

From the total of 26 positive samples, 19 different PCR-ribotypes
were identified. Six of these PCR-ribotypes have a ribotype profile
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Clostridium difficile in intestinal and carcass samples obtained from slaughter cattle per sampling day and herd after 3 and 30 days of enrichment.

Date of  Positive animals  Positive herds Positive herd Positive ~ Age of Positive PCR-ribotypes Positive PCR-ribotypes
sampling (total animals) (total herds) identification animals  positive Intestinal isolated from Carcasses isolated from
(animal sampled ineach animals contents Intestinal contents Carcasses
by herd) herd (months) 5 days® 30days® 3 days® 30 days® 3days® 30days” 3days® 30 days”
15/09/11 0(7) 0(7)
23/09/11 3 (11) 3(4) A(7) 1 26 + + UCL118 UCL118
B (1) 1° 17 + + UCL16R UCL16L
c(3) 1 76 + + ucL270 UCL5a
30/09/11 2 (12) 2(8) D(3) 1 24 + + UCL273/029Y 029
E(1) 1 30 + + UCL254/078%  UCL254
07/10/11 2 (7) 1(6) F(5) 2¢ 19 + + UCL5a  UCL5a
18 + + 015 015
21/10/11 1(12) 1(8) G(1) 1 1 — + 014
04/11/11 2 (12) 2(7) H(1) 1 17 + + 078 078
1(1) 1 18 - + 078
18/11/11 3 (11) 3(8) J(1) 1 22 + + UCL103 UCL103
K (1) 1 20 + + UCL16u  UCL16u
L(1) 1 23 + + UCL16u  UCL16u
22/11/11  3(6) 3(5) M (1) 1 20 + + 023 023
N (1) 1 20 + + 078 078 + + UCL11  UCL11
o(1) 1 18 + UCL23d
29/11/11 1(4) 1(4) P (1) 1 22 + + UCL5a  UCL5a

Shadowed parts of the table mean that no positives were found in the samples.
Positive results detected after 3 days of enrichment.

Positive results detected after 30 days of enrichment.

Intestinal and carcass samples were not taken from the same animal.

Two different PCR-ribotypes isolated from the same sample.

b
d
corresponding to the international collection (078, 014, 029, 023, 015,
081), while the rest of the strains were not associated with any refer-
ence Cardiff ribotypes (Table 3). The same PCR-ribotype was isolated
from cattle intestinal contents and cattle carcass samples (PCR-ribotype
UCL5a) (Table 3). PCR-ribotype 078 was isolated from pig and cattle
intestinal contents. PCR-ribotype 014 was isolated from cattle intestinal
contents and from pig carcasses (Table 3).
From cattle, in two intestinal contents more than one PCR-ribotype
(n = 2) was isolated from each sample after 3 days of enrichment,
while after 30 enrichment days only one PCR-ribotype was detected
(Table 1). For the other positive samples, the same PCR-ribotype was
detected after 3 and 30 days of enrichment except in two intestinal
samples (positive herd B: 3 days with PCR-ribotype UCL16R and
30 days with PCR-ribotype UCL16L; positive herd C: 3 days with PCR-
ribotype UCL270 and 30 days with PCR-ribotype UCL5a). Two animals
with positive carcasses came from the same herd (herd F), but different

Table 2

PCR-ribotypes were detected on each carcass (Table 1). Regarding the
only animal testing positive in both intestinal content and carcass sam-
ples, different PCR-ribotypes were detected from each sample
(intestinal content with PCR-ribotype 078; carcass with PCR-ribotype
UCL11) (Table 1).Isolates from intestinal contents presented the widest
variety in PCR-ribotypes (11 different PCR-ribotypes among the 19
identified) followed by the isolates from carcasses (6 different PCR-
ribotypes identified) (Table 3).

From pigs, the same PCR-ribotype was detected after 3 and 30 days
of enrichment, except in the positive intestinal content where two
different PCR-ribotypes were isolated (3 days with PCR-ribotype 078;
30 days with PCR-ribotype UCL46) (Table 2). All positive carcasses
(n =7) came from the same sampling day, and 3 different PCR-
ribotypes were identified (014, 081 and UCL36) (Table 2).

Forty-two of the total isolates (n = 50) had a toxic activity con-
firmed by the cytotoxicity assay. In cattle intestinal contents a total of 8

Clostridium difficile in intestinal and carcass samples obtained from slaughter pigs per sampling day after 3 and 30 days of enrichment.

Date of sampling Positive animals (total animals) Positive PCR-ribotypes Positive PCR-ribotypes
Intestinal contents isolated from Carcasses isolated from
Intestinal contents Carcasses
Intestinal contents Carcass samples 3 days® 30 days” 3 days® 30 days” 3 days® 30 days® 3 days® 30 days”
23/09/11 0(20) 0(20)
30/09/11 0(12) 0(12)
07/10/11 0(12) 0(12)
21/10/11 0(12) 0(12)
04/11/11 1(12) 0(12) + + 078 ucCL46
22/11/11 0(12) 0(12)
29/11/11 0(20) 7(20) + + UCL36 UCL36
+ + 014 014
+ + 014 014
+ + 081 081
+ + UCL36 UCL36
+ 014
+ + 014 014

Shadowed parts of the table mean that no positives were found in the samples.
@ Positive results detected after 3 days of enrichment.
b Ppositive results detected after 30 days of enrichment.
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Table 3
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PCR-ribotypes, tcdC and toxin gene profiles of C. difficile isolated from cattle and pigs intestinal contents, carcass and meat samples.

Animal group ~ Sample type PCR-ribotype  No. isolates  Toxin activity

Detection of toxin

Genotype CDiff test system

genes by PCR

tcdA

tcdB cdtA tcdA  tcdB  cdtA  cdtB  tcdC18bp  tcdC39bp  tcdC117 bp

Cattle 078
UCL5a
014
UCL16L
029
UCL118
UCL16R
UCL254
UcCL270
ucCL273
UCL103
023
UCL5a
UCL11

Intestinal contents

I+ +

Carcass samples

UCL16u
UCL23d
078
UCL46
014
081
UCL36

Pork Intestinal contents

Carcass samples

BANN = = = DANNANN=S=SN=SNN=—=—=O
[ e e St e e o

I+ 4+ +++ o+t

I+t ++++++++ 1

+

+ +
I+ +++++++
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[ e
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I+ +++++++++1
I+ +++++++++

PCR-ribotypes had toxic activity, and only three were identified as non-
toxigenic, while all cattle carcass PCR-ribotypes identified were toxigen-
ic. Among PCR-ribotypes recovered from pigs, only one strain from
carcass was non-toxigenic. These results are obtained at the same time
by the PCR results targeting tpi, tcdA, tcdB and cdtA and by the results
of the GenoType CDiff test system. All the toxigenic identified isolates
contained tcdA and tcdB genes. All isolates of PCR-ribotypes 078, 023,
UCL5a and UCL11 also contained cdtA and cdtB gene coding for the binary
toxin and had a 39 bp deletion in the regulator gene tcdC. An 18 bp
deletion in tcdC was only detected in all the isolates of PCR-ribotypes
015 and 023. All the isolates of PCR-ribotypes UCL 270, UCL 273, UCL
103 and UCL 36 were negative for all toxin genes (Table 3).

4. Discussion

The present study determined the prevalence of C. difficile in intesti-
nal contents and carcasses in slaughter pigs and cattle in Belgium and
also includes toxin activity, toxin gene detection and detection of
deletion in tcdC gene of all isolates.

C. difficile was isolated most frequently from intestinal contents
(9.9%) of cattle at the slaughterhouse. In our previous study in Belgium
(Rodriguez et al,, 2012) and in two other studies in The United States
(Houser et al,, 2012; Thitaram et al., 2011) the prevalence reported
ranges between 6.3% and 12% in cattle just before slaughter. This prev-
alence is much lower in other studies conducted in slaughter cattle in
Europe (Hoffer et al., 2010; Koene et al., 2011). However, the difference
in prevalence among studies may be due to geographical, seasonal or
methodological variations as previously described (Hensgens et al.,
2012; Weese, 2010). The condition that the sampling size between
studies is not identical should also be considered. Limited information
is available for the prevalence of C. difficile on cattle carcasses at the
slaughterhouse. Rodriguez-Palacios et al. (2011) reported O positive
carcasses from a total of 168 samples analysed. Houser et al. (2012)
detected the tpi housekeeping gene by PCR in 4 of 100 carcass swabs.
One of these carcasses was also positive for the tcdA gene, but C. difficile
was not isolated using culture techniques. This present study is the first
to target C. difficile isolated from cattle carcasses at the slaughterhouse
with an observed prevalence of 7.9% (8/101). Positive samples were

detected on three different sampling days. Despite the high prevalence
of C. difficile in intestinal contents and on carcasses, only one animal was
positive for both samples but ribotypes were not identical. These results
suggest that carcass contamination during processing might occur.

C. difficile was recovered from only one intestinal content (1%) from
pigs at the slaughterhouse. Reported prevalence rates of C. difficile vary
widely among other studies conducted in different countries. A preva-
lence ranging between 3.3 and 8.6% was reported in The Netherlands
(Keeseen et al., 2011), Austria (Indra et al,, 2009), The United States
(Norman et al., 2009) and Canada (Weese et al., 2011). In other studies
the prevalence described is much lower: in Switzerland (0%) (Hoffer
et al, 2010), in The United States (0.3%) (Susick et al,, 2012) and in
our previous study in Belgium (0%) (Rodriguez et al., 2012). However,
as in the case of intestinal contents from cattle, the condition that the
sampling size or methodologies between studies are not identical
must be considered. Carcasses from 7% (7/100) of the slaughter pigs
were positive for C. difficile. There are only a few studies describing C.
difficile on pig carcasses at the slaughterhouse. In The United States
Susick et al. (2012) reported a prevalence of 2.2% (4/182) and 2.5% on
post-evisceration and post-chill swabs respectively in antimicrobial
free pigs. Harvey et al. (2011) detected 3 positive C. difficile samples
from a total of 10 sponge swabs collected from carcass hide, post-
excision hide and ears in a processing plant in Texas. Another recent
study conducted in Canada (Hawken et al., 2013) reported a total of
3 out of 20 positive carcasses (15%) sampled at post-bleed and a
further 3 out of 20 (15%) at post-evisceration. To the authors' knowl-
edge, this current study is the first study to isolate C. difficile from pig
carcasses at the slaughterhouse in Europe. However, the 80 negative
carcasses previously collected in 6 different sampling days and the
sole positive sample of intestinal content detected corroborate that
the prevalence of C. difficile in slaughter pigs is very low. The higher
prevalence of C. difficile in pig carcasses reported in the present study
(7%) could be explained by an unusually high contamination in the
slaughtered herd or a previous faecal contamination through at the
slaughter line. In the sampling plan developed for pigs, first, intestinal
contents were collected from consecutively slaughtered animals
coming from the same herd. Next, carcasses from another herd were
sampled in the chilling room. These carcasses were from animals
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Table 4
C. difficile PCR-ribotypes isolated from pig at cattle at slaughter age and comparison with the most frequent PCR-ribotypes isolated from humans.
Cardiff Cattle Pigs Humans
iicbttypes Faecal samples Carcass samples Faecal samples Carcass samples No. Isolates (%)
No. Isolates (%) Country Reference No. Isolates (%) Country Reference No. Isolates (%) Country Reference No. Isolates (%) Country Reference Belgium  Europe
2011 2008
014 1(7.1) Belgium Present study'" - - - 9(155) Netherlands Keeseen etal, 2011 7 (50) Belgium Present study"’ 56 (12.1) 61(16)
1(7.1) Belgium Rodriguez et al., 2012
1(333) Austria Indra et al., 2009
002 1(7.1) Belgium Rodriguez et al., 2012 - - - 1(1.7) Netherlands Keeseen et al., 2011 - - 37(8) 18 (5)
027 - - - - - - - - - - - 36(7.8) 19(5)
078 4(286) Belgium Present study'" - - - 1(50) Belgium Present study‘" 6(100) Canada Hawkenetal,2013 35(7.6) 31(8)
1(100) Switzerland  Hoffer et al,, 2010 20 (67) Canada Weese etal, 2011 3 (10( USA Harvey et al, 2011
4 (100) Canada Costa et al., 2011 8(31) Netherlands Keeseen et al,, 2011 - - -
020 - - - - - - - - - - - 31(67) 61(16)
001 - - - - - - 2(34) Netherlands Keeseen etal, 2011 - - - 10(21) 37(10)
023 - - - (12.5) Belgium Present study) 2 (3.4) Netherlands Keeseen et al., 2011 - - - 10(21) 10(3)
012 6(85.7) Netherlands Koene et al., 2011 - - - - - - - - - 9(2) 17 (4)
015 - - - (125) Belgium Present study” 2 (3.4) Netherlands Keeseen etal, 2011 - - - 4(087) 13(3)
081 1(7.1) Belgium Rodriguez et al., 2012 - - - - - - 1(16.7) Belgium Present study‘!’ -
087 1(7.1) Belgium Rodriguez et al., 2012 - - - - - - - - - -
033 1(143) Netherlands Koene et al., 2011 - - - - - - - - - -
013 - - - - - - (8.6) Netherlands Keeseen etal., 2011 - - - -
018 - - - - - - - - - - - - - 23(6)
106 - - - - - - - - - - - - - 20 (5)
017 - - - - - - - - - - - - - 14 (4)
126 - - - - - - - - - - - - - 12(3)

(1) PCR-ribotypes of isolates after 30 days of enrichment were only taken into account in the case of being different of the previously found after 3 days of enrichment.
(2) Unpublished data from the National Reference Laboratory for Clostridium difficile in Belgium.
(3) Data from the study of Bauer et al. (2011).
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slaughtered before the animals from which the intestinal contents had
been taken. Therefore no conclusion about the focus of the contamina-
tion can be stated.

The detection method that was used in this study was performed
without ethanol-shock treatment. A previously pilot study in our labo-
ratory demonstrated that the detection of the C. difficile colonies
improved without pre-treatment of the samples (unpublished data).
Furthermore, the medium used (CCFT) is an excellent selective and
differential medium for C. difficile, as described previously (Delmée
et al,, 1987; George et al., 1979). This detection method has two enrich-
ment phases. In our first study the enrichment step was prolonged to a
maximum duration of 30 days in 15 pig intestinal samples that tested
negative after 3 days of enrichment. A total of three new positive samples
resulted (Rodriguez et al.,, 2012). As the sample size (n = 15) was small
for drawing conclusions, in the present study the enrichment step of
30 days was applied to all samples. Additional positives were found in
20% of cattle intestinal samples (n = 2), 12.5% of cattle carcasses (n =
1) and 14.3% of pig carcasses (n = 1). It seems that the increase in the
time of enrichment improves the sensitivity of the method. However
30 days of enrichment is a long technique for laboratory purposes for
the slight increase of the sensitivity observed. Moreover, a bacterial com-
petition or a low level of C. difficile in the enrichment broth could explain
the differences between 3 and 30 days of enrichment, which can have a
direct impact on the results (Weese et al., 2009). After 30 days of enrich-
ment, rarely other colonies than C. difficile were found. The presence of
other bacteria in the plate was more relevant after 3 days of enrichment.
The finding of different PCR-ribotypes in some of the samples after 3 and
30 enrichment days reinforced this hypothesis.

Six PCR-ribotypes out of the total of 19 found could be assigned to in-
ternational Brazier types. Intestinal contents and carcass samples from
slaughter cattle showed the greatest variety of PCR-ribotypes. Intestinal
contents also showed a considerable percentage of non-toxigenic PCR-
ribotypes. Some of these strains, like PCR-ribotype UCL273 had not
been isolated before in humans in Belgium. Moreover, several different
PCR-ribotypes were obtained in some single intestinal samples from
cattle. This finding is in accordance with a previous study describing
the presence of more than one different type of isolate in rectal samples
of calves (Zidaric et al., 2012).

Other studies in various countries have also identified C. difficile PCR-
ribotypes from slaughter animals closely related to human PCR-
ribotypes (Table 4). In 2011 in Belgium the most prevalent PCR-
ribotypes in hospitals were 014, 002, 027, 078, 020, UCL46, UCL16l,
UCL26, 001, 023, UCL23f, 012, UCL16b, 015, UCL5a, UCL20a and UCL49
sorted by decreasing values in number of isolates (unpublished data).
A total of 7 of these 17 ribotypes were isolated in the present study.

In conclusion, this study shows that toxigenic C. difficile is present
in the slaughterhouse in Belgium, among them PCR-ribotypes 078,
029 and 014. Carcasses were contaminated with a variety of PCR-
ribotypes that were not found in the intestinal samples for the
same animals, suggesting a slaughterhouse environmental contami-
nation. This study further documented that animals are carriers of C.
difficile at slaughter, and carcass contamination occurs inside the
slaughterhouse.
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ABSTRACT

Multilocus sequence typing (MLST), multilocus variable-number tandem-repeat analysis (MLVA) and an-
timicrobial susceptibility were performed on 37 animal and human C. difficile isolates belonging to 15
different PCR-ribotypes in order to investigate the relatedness of human and animal isolates and to iden-
tify possible transmission routes.

MLVA identified a total of 21 different types while MLST only distinguished 12 types. Identical C. difficile
strains were detected in the same animal species for PCR-ribotypes 014, 078, UCL 16U and UCL 36, ir-
respective of their origin or the isolation date. Non clonal strains were found among different hosts; however,
a high genetic association between pig and cattle isolates belonging to PCR-ribotype 078 was revealed.
MLVA also showed genetic differences that clearly distinguished human from animal strains. For a given
PCR-ribotype, human and animal strains presented a similar susceptibility to the antimicrobials tested.
All strains were susceptible to vancomycin, metronidazole, chloramphenicol and rifampicin, while PCR-
ribotypes 078, UCL 5a, UCL 36 and UCL 103 were associated with erythromycin resistance.

The data suggest a wide dissemination of clones at hospitals and breeding-farms or a contamina-
tion at the slaughterhouse, but less probability of interspecies transmission. However, further highly
discriminatory genotyping methods are necessary to elucidate interspecies and zoonotic transmission

of C. difficile.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

Clostridium difficile is an anaerobic spore-forming bacterium re-
sponsible for serious enterocolitis in humans and animals. Several
outbreaks have been reported in recent years, particularly in hos-
pitals, making C. difficile a primarily nosocomial pathogen in humans
(Jones et al., 2013). However, the increasing number of C. difficile
infections (CDI) acquired in the community (Hensgens et al., 2012)
and the large number of reports describing food (Rodriguez-Palacios
et al.,, 2013), animal (Susick et al., 2012) and environmental (Zidaric
et al., 2010; Hargreaves et al., 2013) reservoirs of the bacterium
suggest possible transmission outside healthcare settings. For this
reason, several studies have considered food and animals as
potential sources for human community-acquired CDI
(Rodriguez-Palacios et al., 2013).

* Corresponding author. Tel.: +32 4366 40 15.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).

http://dx.doi.org/10.1016/j.tvjl.2015.09.001
1090-0233/© 2015 Elsevier Ltd. All rights reserved.

Previous studies have focused on comparing C. difficile isolates
from diverse sources and hosts (Lemée et al., 2005; Bakker et al.,
2010; Griffiths et al., 2010; Stabler et al., 2012). Multilocus variable-
number tandem-repeat analysis (MLVA) and multilocus sequence
typing (MLST) have been recently developed to bring out phyloge-
netic relationships among the C. difficile population. MLVA shows
a high level of discrimination and is considered useful for tracking
outbreak strains geographically and for identifying cross-infection
clusters between patients (Killgore et al., 2008; Manzoor et al., 2011).
Data obtained by MLST can be used to determine the molecular phy-
logeny of C. difficile isolates and are highly transportable inter-
laboratory (Killgore et al., 2008).

Few studies using MLVA and MLST methods have focused on
comparing human and animal isolates. Three previous studies (Lemée
et al., 2004, 2005; Stabler et al., 2012) analysed isolates from various
hosts by MLST, and the MLVA technique has been applied to de-
termine the relatedness of C. difficile PCR ribotype 078 and 027
isolates from different hosts (Debast et al., 2009; Bakker et al., 2010).

In this study MLVA and MLST were both used to investigate
genetic relationships between C. difficile isolates from human faecal
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Table 1

PCR-ribotypes, toxin activity, gen profile and in vitro antibiotic resistance of the human and animal strains characterised by MLST.
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Strain Origin Source PCR-ribotype Toxin Toxin genes® tedC deletion® GyrA mutation®

: . . R

identification activity tcdC18bp  tcdC36bp  tcdC117  gyrAMut1A  gyrA Mut 1B
5828 Human  NRCCD¢ 078 + A B* CDT* - + - - -
5063 Human  NRCCD¢ 078 + A*B* CDT* — + _ + _
4667 Human  NRCCD¢Y 078 + A*B* CDT* - + - _ _
6136 Pig Intestinal contents® 078 + A*B*CDT* + - + - -
6135 Pig Intestinal contents® 078 + A" B*CDT* + - + — -
7485 Cow Intestinal contents’ 078 + A*B*CDT* - + - - _
6423 Cow Intestinal contents’ 078 + A" B* CDT* - + - + -
1101 Human NRCCD! UCL 11 + A*B* CDT* NT NT NT NT NT
6412 Cow Carcass' UCL11 + A*B* CDT* - + - - -
5001 Human  NRCCD! UCL 5a + A*B* CDT* NT NT NT NT NT
6408 Cow Carcass’ UCL 5a + A*B* CDT* - + - + _
4592 Human NRCCD! 014 + A*B*CDT- - - - - -
4455 Human NRCCDY 014 + A*B*CDT- - - - - -
6420 Cow Intestinal contents’ 014 + A*B*CDT- - - - - -
7071 Pig Carcass’ 014 + A*B*CDT- - - - - -
6414 Pig Carcass’ 014 + A*B* CDT- - - _ _ _
6415 Pig Carcass’ 014 + A" B* CDT- - _ _ _ _
6427 Cow Intestinal contentsf UCL 16L + A*B*CDT- - — — — _
1601 Human NRCCD! UCL 16U + A*B* CDT- NT NT NT NT NT
6410 Cow Carcass’ UCL 16U + A*B*CDT- - - - _ _
6413 Cow Carcass’ UCL 16U + A*B*CDT- - - — - -
4597 Human NRCCD! 015 + A*B*CDT- NT NT NT NT NT
6409 Cow Carcass’ 015 + A*B*CDT- + - — - -
8387 Human NH¢ UCL 36 - A B CDT - - - - -
8378 Human NH¢ UCL 36 - A B CDT- - - - - -
7083 Pig Carcass' UCL 36 - A-B CDT- - — _ _ _
7078 Pig Carcass' UCL 36 - A-B-CDT- - - - — —
8101 Human NRCCD! 081 + A*B* CDT- NT NT NT NT NT
7077 Pig Carcass’ 081 + A*B*CDT- - - - _ _
6140 Pig Intestinal contents® 081 + A*B*CDT- - - - - —
4181 Human NRCCD! UCL 46 + A*B*CDT- - - - - -
7488 Pig Intestinal contents’ UCL 46 + A*B*CDT- - - - - _
6421 Cow Intestinal contents’ UCL118 + A*B*CDT- - - - - -
6425 Cow Intestinal contents’ UCL 270 - A~ B~ CDT- - - - - _
7487 Cow Intestinal contents’ UCL 103 - A-B CDT- - — - — _
6430 Cow Intestinal contents’ UCL 254 + A*B*CDT- - - - - -
6411 Cow Carcass’ 023 + A*B* CDT* + + - - -

NT, not tested.

2 Toxin activity was determined using confluent monolayer MRC-5 cells.
b Results obtained by the Genotype CDiff test system and/or multiplex PCR.
¢ C. difficile isolates from patients of a Belgian nursing home (unpublished data).

d C. difficile strains isolated from hospitalised patients at the Belgium National Reference Centre for Clostridium difficile.

¢ Rodriguez et al. (2012).
f Rodriguez et al. (2013).

samples, pig and cattle intestinal and carcasses samples isolated in
the same geographic region and during the same time period. Ad-
ditionally, all of the isolates were characterised and compared with
respect to their antibiotic resistance.

Materials and methods
Isolates

A total of 37 isolates were investigated. Eleven human isolates were obtained
from the C. difficile collection at the Microbiology Unit, Catholic University of Louvain
(the human C. difficile reference laboratory in Belgium). Another two human iso-
lates were obtained from aged residents at a local Belgian nursing home. In animals,
a total of 24 isolates were analysed; 12 were obtained from animal intestinal samples
at slaughter (four from pigs and eight from cattle). The remaining 12 isolates were
recovered from carcasses at the slaughterhouse (six from pigs and six from cattle).
Isolates were first characterised using PCR-ribotype and toxin gene profiles using
the multiplex PCR and Genotype CDiff systems (Rodriguez et al., 2012, 2013) (Table 1).

MLVA

All of the C. difficile intestinal and carcass isolates from pigs and cattle were
analysed by MLVA. In addition, three isolates from hospital patients (PCR-ribotype
078) and two isolates from nursing home residents (PCR-ribotype UCL 36) were further
typed by MLVA in order to compare them with the same PCR-ribotypes found in
animals. These human isolates were selected on the basis of their prevalence in Belgian
healthcare settings.

DNA extraction was performed using a Chelex 100 Solution 5% (BioRad) as de-
scribed previously (O'Neill et al., 1996). A6, B7, C6, E7, G8, CDR5 and CDR60 variable-
number-tandem repeat (VNTR) loci were amplified as previously described with minor
modifications (Manzoor et al., 2011). Briefly, three separate PCR duplexes (A6-B7;
C6-E7; CDR5-CDR60) and one single PCR (G8) were performed. Forward PCR primers
for loci CDR60, E7 and B7 were labelled with hexa-chlorofluorescein (HEX) while
the remaining loci (A6, C6, CDR5 and G8) were labelled with 6-carboxyfluorescein
(FAM). PCR fragments were analysed using multi-coloured capillary electrophore-
sis on an ABI3130 automatic sequencer (Applied Biosystems). Electropherograms
were analysed using Genemapper V4.0 software (Life Technologies) and copy numbers
were determined. The summed absolute difference between two MLVA-typed iso-
lates was the calculated summed tandem repeat difference (STRD) at all seven loci
using the Manhattan coefficient (Marsh et al., 2006). Isolates with MLVA STRD <2
were indicative of a high degree of genetic relatedness and the value was used to
define MLVA clusters (Best et al., 2014). For each VNTR, the Simpson and Hunter-
Gaston’s diversity indices were calculated using the VNTR diversity and confidence
extractor software (V-DICE).!

MLST
C. difficile animal (n = 24) and human (n = 13) isolates were further characterised

by MLST. Isolates were sequence typed using seven housekeeping loci (adk, atpA,
dxr, glyA, recA, sodA and tpi) according to the scheme described by Griffiths et al.

1 See: http://www.hpa-bioinformatics.org.uk/cgi-bin/DICI/DICLpl (accessed 20 Feb-
ruary 2014).
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(2010). PCR products were purified with a Wizard SV Gel and PCR Clean-Up System
Kit (Promega) and sequenced (10 ng of DNA) with PCR forward or reverse primers
using the Sanger sequencing reaction BigDye Terminator Kit version 3.1 (Applied
Biosystems). Results were analysed using the Geneious program.? The allele number,
clade and sequence type (ST) were assigned according to the C. difficile MLST ref-
erence database.> A dendrogram was constructed using the Geneious program. Prim’s
algorithm was applied to draw a minimum-spanning tree from allelic profile data.*

Concordance and discriminatory ability of MLVA and MLST methods

Simpson’s index of diversity was used to compare the discriminatory ability of
MLVA and MLST by measuring the probability that two unrelated strains will be dif-
ferentiated by the two typing methods (Hunter and Gaston, 1988). Adjusted Wallace
coefficient and corresponding confidence intervals (CI) were used to determine the
concordance between MLST and MLVA typing methods (Severiano et al., 2011). Simp-
son’s diversity index and concordance calculations were performed with an accessible
online tool for quantitative assessment of classification agreement.?

Antibiotic resistance Etest testing

Susceptibility to metronidazole, moxifloxacin and vancomycin was deter-
mined by Etest strips (Lucron ELITechGroup) on Brucella Blood Agar with hemin and
vitamin K1 (Becton-Dickinson) according to the manufacturer’s instructions. Plates
were anaerobically incubated at 37 °C for 48 h. The susceptibility (s) and resis-
tance (r) breakpoints for metronidazole (s <8 pg/mL; r > 32 pug/mL) and moxifloxacin
(s<2ug/mL; r>8 ug/mL) used for interpretation were those recommended by the
Clinical and Laboratory Standard Institute (CLSI, 2010). Vancomycin MIC break-
points (s <2 pg/mL; r > 2 pg/mL) were established following the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) rules.5 Bacteroides fragilis ATCL 25285
was included as a quality control.

Antibiotic resistance disc susceptibility testing

Disc diffusion was performed with standard discs (Becton-Dickinson) of rifampin
(25 pg), erythromycin (15 ug), tetracycline (30 pg), chloramphenicol (30 pg) and
clindamycin (2 pg) on Brucella Blood Agar with hemin and vitamin K1 (Becton-
Dickinson) in accordance with the French Society of Microbiology (SFM) guidelines.”
The zone diameters were read after 48 h of anaerobic incubation at 37 °C.

The zone diameters were established as previously reported by Delmée and
Avesani (1988): rifampin no zone and >23 mm; erythromycin <13 mm and >20 mm;
tetracycline <14 mm and >23 mm; chloramphenicol <10 mm and >20 mm;
clindamycin no zone and >12 mm. Bacteroides fragilis ATCL 25285 was also tested
as a quality control.

Results
C. difficile MLVA analysis

A total of 26 C. difficile isolates were typed with MLVA. For PCR-
ribotypes 078 and UCL 36, the animal and carcass isolates were
compared with the human isolates circulating in Belgian hospi-
tals and nursing homes. No amplification was obtained in loci A6,
CDR5 and B7 for strains belonging to PCR-ribotypes UCL5a, UCL11
and 078 isolated from pig and cattle intestinal contents and car-
casses. In contrast, the three human PCR-ribotypes 078 were positive
for both loci A6 and B7 with invariable results in locus A6 and two
amplifications in locus B7. For the PCR-ribotype UCL 036, al-
though the two human isolates were different from the pig carcass
strains they were similar to each other with a STRD < 2. All animal
isolates belonging to the same PCR-ribotype (078, 014, UCL 16U or
UCL 36) obtained from the same animal species (pig or cow) and
from the same type of sample (intestinal contents or carcasses) were
clonal by MLVA (STRD < 2). Furthermore, clonal animal isolates were
detected not only within the same sampling day but also among
strains collected in different dates (Table 2).

2 See: http://www.geneious.com/ (accessed 7 November 2014).

3 See: http://pubmist.org/cdifficile/ (accessed 20 November 2014).

4 See:
http://www.webcitation.org/getfile?fileid=40a0115241957fa1cf077cae26bb54650
772ce9c (accessed 20 February 2014).

5 See: http://www.comparingpartitions.info (accessed 23 February 2015).

6 See: http://www.eucast.org (accessed 13 September 2014).

7 See: http://www.sfm-microbiologie.org (accessed 13 September 2014).

The large number of MLVA clusters identified in this study is
probably related with the allelic diversity observed among the MLVA
loci. The highest number of different repeats in the sample set was
found for loci C6 (n=24) and B6 (n =15). In contrast, loci CDR5 and
CDR60 presented the lowest allelic diversity. However, these loci
were valuable to discriminate isolates PCR-ribotype 023, UCL 16u
and 081 (CDR5), and isolates PCR-ribotype 015, 081, 023, UCL 118
and UCL 254 (CDR60) (Table 3).

C. difficile MLST analysis

A total of 12 different STs were found by MLST. ST assignment
was not possible for two isolates (PCR-ribotypes UCL 254 and 014)
as no loci sequence combination matched the allelic profile of the
isolates. A clear concordance was found between most of the PCR-
ribotypes studied and ST. However, PCR-ribotype 014 correlated with
two different STs (49 and 2) while ST 11 and ST 49 were assigned
to more than one different PCR-ribotype (Fig. 1). Most of the iso-
lates belonged to clade 1, which cluster a great variety of PCR-
ribotypes, including the six non-toxigenic types. Clade 5 was
attributed to PCR-ribotypes 078, UCL 5a and UCL 11 whereas only
one isolate (PCR-ribotype 023) was related to clade 3.

A phylogenetic tree shows a correlation between isolates with
the same PCR-ribotype regardless of their origin (carcass, intesti-
nal contents or human faeces) (Fig. 1). According to the minimum
spanning tree, the nearest neighbour strains belonged to ST 49, ST
2, ST 14, ST 45 and ST 6, which corresponded with PCR-ribotypes
014, 015, UCL 16U, UCL 16L, UCL 118 and UCL 46 respectively (Fig. 2).

Discriminatory power and concordance among genotyping methods

Results of Simpson’s diversity index showed that MLVA had the
greatest discriminatory power, with and index of diversity value of
0.979 (Table 4). MLVA identified a total of 21 different types, of which
six grouped more than one isolate. However, most of these types
(n=15) were defined by a single isolate. MLST only distinguished
12 different STs (sequence types) generating an index of diversity
value of 0.868. Wallace coefficient of concordance among genotyping
methods reveals that the probability of predicting the correct ST
based on knowledge of MLVA type was 71%. There were four STs
that represented multiple MLVA types (comprising between two and
five different MLVA types for one ST). For example, MLST could not
discriminate between L, M and N MLVA groups, classified as ST15
(Fig. 1).

C. difficile antimicrobial susceptibility

All human and animal isolates were susceptible to vancomy-
cin, metronidazole, chloramphenicol and rifampicin. In addition, all
of the isolates showed full sensibility to tetracycline except for PCR-
ribotypes UCL 5a and UCL 11 which both showed intermediate
resistance to this drug. Only two isolates (one animal and one human
strain) belonging to PCR-ribotype 078 and the two isolates belong-
ing to PCR-ribotype UCL 5a showed in vitro resistance to moxifloxacin
by Etest. These results were correlated with the presence of a mu-
tation in the gyrA gene by Genotype CDiff system. Moreover, four
isolates assigned to PCR-ribotypes UCL 36 (n=1),UCL 11 (n=2) and
UCL 078 (n =1) were resistant to clindamycin, while resistance to
erythromycin was detected in 13/37 (35.1%) isolates belonging to
PCR-ribotypes UCL 36, UCL 103, 078 and UCL 5a (Fig. 1).

Discussion
In studies of C. difficile isolates, MLVA and MLST have shown

limited application to date (Griffiths et al., 2010) and few studies
have investigated the phylogenic relatedness of isolates from humans
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Table 2
Characterisation of the 26 main C. difficile types by MLVA.
PCR-ribotype MLVA profile Strain MLVA Sample Date of
identification type type the isolation
A6 B7 Cc6 E7 G8 CDR5 CDR60 Total
078 10.6 9.1 37 8.1 9.8 NA 22 76.8¢ 5828 A Human 2011
25.1° 387 8.7
4.20
10.6 9.1 37 8.1 10.7 NA 22 77.7¢ 5063 A Human 2010
38.32 14.32 8.7
43 "0
10.6 9.22 26.5 9.1 12.7 NA 22 70.2¢ 4667 B Human 2010
12 10.9°
NA NA 30.5 8.2 117 NA 22 52.6¢ 6136 C Pig IC 22/06/2011
167
NA NA 30.5 8.1 117 NA 22 52.5¢ 6135 C Pig IC 22/06/2011
1.6%
NA NA 33.7 8 10.8 NA 22 57.8¢ 7485 D Cow IC 22/11/2011
162
NA NA 34.8 8 11.7 NA 22 56.7¢ 6423 D Cow IC 04/11/2011
1.6%
UCL 11 NA NA 419 8 10.8 NA 22 63.8 6412 E Beef C 22/11/2011
UCL 5a NA NA 285 8 117 NA 22 50.4¢ 6408 F Beef C 07/10/2011
167
014 279 222 25.5 6 7 6.8 72 102.6° 6420 G Cow IC 18/11/2011
24.4°
19.2 131 275 7 9.9 6.8 7.2 90.7 7071 H Pork C 29/11/2011
20.2 131 275 7 9.9 6.8 7.2 91.7¢ 6414 H Pork C 29/11/2011
26.5°
19.3 13.1 275 7 9.9 6.8 7.2 91.8¢ 6415 H Pork C 29/11/2011
26.5°
UCL 16L 25 121 40.9 39 8.9 6.8 10.2 107.8 6427 I Cow IC 23/09/2011
UCL 16U 349 9 24.4 6 8.9 7.8 72 98.2 6410 ] Beef C 18/11/2011
35.9 9 254 6 8.9 7.8 7.2 100.2 6413 ] Beef C 18/11/2011
015 14.5 14 48.7 2.8 10.8 4.2 6.2 101.2 6409 K Beef C 07/10/2011
UCL36 318 18.1 35.8 8 10.8 49 11.2 118.5 8387 L Human 19/04/2013
19.2 17 42.8 8 9.9 49 10.2 112 8378 M Human 08/03/2013
17.3 15.1 204 8 10.8 49 12.2 88.7 7083 N Pork C 29/11/2011
173 181 194 8 10.8 4.8 12.2 90.6 7078 N Pork C 29/11/2011
081 279 21 51.8 29 7 4.9 273 142.8 7077 (o] Pork C 29/11/2011
267
26 14.9 40 2.7 8.9 59 26.2 124.6 6140 P Pig IC 23/09/2011
UCL 118 279 19 18.4 7 8.9 4.2 8.2 93.6 6421 Q Cow IC 23/09/2011
UCL 270 379 14.1 154 6 13.7 4.8 11.2 1031 6425 R Cow IC 23/09/2011
UCL 103 34.9 121 38 8 118 4.8 12.2 121.8 7487 S Cow IC 30/09/2011
UCL 254 25 131 29.5 5 11.8 4.2 33 919 6430 T Cow IC 22/11/2011
023 NA 181 34.7 8.1 14.6 8.8 23 86.6 6411 u Pork C 22/11/2011

NA, no amplification; C, carcass; IC, intestinal contents.
4 Two fragments amplified for the same locus.
b Three fragments amplified for the same locus.

¢ When there were two or more amplifications for the same fragment, only the first value indicated in the table has been taken into account to make the sum (total).

and from different animal species isolated in a restricted geograph-
ical region. Lemée et al. (2005) used a set of 74 C. difficile isolates
from various hosts, geographic sources and PCR-ribotypes to in-
vestigate the allelic diversity and population structure of the isolates
by MLST. Bakker et al. (2010) studied the relatedness of human and
porcine C. difficile PCR-ribotype 078 isolates from four European

Table 3
Simpson and Hunter-Gaston diversity indices of MLVA VNTRs studied.

countries using MLVA. In the present study, characterisation of
C. difficile isolates was achieved using both MLST and MLVA methods.
Six clonal groups of strains were obtained from the same animal
species, irrespective of the isolation date. Furthermore, MLST re-
vealed that all of the other human and animal isolates with a given
PCR-ribotype clustered in the same lineage.

Simpson diversity index

Hunter-Gaston diversity index

Locus Diversity index Confidence interval K Max (pi) Locus Diversity index Confidence interval K Max (pi)
C6 0.952 0.934-0.969 24 0.107 6 0.987 0.969-1.000 24 0.107
B7 0.895 0.845-0.945 15 0214 B7 0.929 0.879-0.979 15 0.214
A6 0.885 0.825-0.946 14 0.250 A6 0.918 0.857-0.979 14 0.250
G8 0.865 0.818-0.912 11 0.214 G8 0.897 0.850-0.944 11 0.214
E7 0.827 0.745-0.908 11 0.321 E7 0.857 0.775-0.939 11 0.321
CDR60 0.821 0.736-0.907 11 0.321 CDR60 0.852 0.766-0.938 11 0.321
CDR5 0.814 0.739-0.888 8 0.321 CDR5 0.844 0.770-0.918 8 0.321

Diversity index for VNTR data is a measure of the variation of the number of repeats at each locus (ranges from 0.0 [no diversity] to 1.0 [complete diversity]). Confidence
interval: precision of the diversity index; expressed as 95% upper and lower boundaries. K, number of different repeats present at this locus in this sample set. Max (pi) is
the fraction of samples that have the most frequent repeat number in this locus (range 0.0-1.0).
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Isolate ST
Number
8387 15
8378 15
7083 15
7078 15
8101 9
7077 9
6140 9
6421 45
7488 6
4181 6
6425 48
6409 10
7487 125
4592 2
4455 2
4597 2
6420 2
6427 14
1601 49
7071 49
6414 49
6413 49
L 6410 49
6430  NA
6415  NA
6411 5
5828 11
5063 11
5001 11
4667 11
1101 11
7485 11
6423 11
6412 11
6408 11
6136 11
6135 11

353
Alleieic Profile Clade PCR CC-R TE-R E-R MXF-R Origin
(atp, adk, dxr, glyA, Ribotype
recA, sodA, tpi)
1,1,6,1,8,5,8 1 UCL 36 - - + - Human
1,1,6,1,8,5,8 1 UCL 36 - + - Human
1,1,6,1,8,5,8 1 UCL 36 - - + - Pig carcass
1,1,6,1,8,5,8 1 UCL 36 + - + - Pig carcass
1,1,6,1,1,6,1 1 081 = - - - Human
1,1,6,1,1,6,1 1 081 - - - - Pig carcass
1,1,6,1,1,6,1 1 081 - - - - Pig
1,4,6,1,1,5,1 1 UCL 118 - - - - Cow
1,2,6,1,1,5,1 1 UCL 46 - - - - Pig
1,2,6,1,1,51 1 UCL 46 - - - - Human
1,1,2,1,1,51 1 UCL 270 - - - - Cow
1,2,2,1,1,3,1 1 015 - - - - Cow carcass
1,4,6,1,4,26,1 1 UCL 103 - - + - Cow
1,1,2,1,5,3,1 1 014 - - - - Human
1,1,2,1,53,1 1 014 - - - Human
1,1,2,1,5,3,1 1 015 - - - - Human
1,1,2,1,53,1 1 014 - - - - Cow
1,1,2,1,5,5,3 1 UCL 16L - - - - Cow
1,1,2,1,5,8,3 1 UCL 16U - - - - Human
1,1,2,1,5,8,3 1 014 - - - - Pig carcass
1,1,2,1,5,3,3 1 014 - - - - Pig carcass
1,1,2,1,5,3,3 1 UCL 16U - - - - Cow carcass
1,1,2,1,5,3,3 1 UCL 16U - - - - Cow carcass
1,1,2,11,1,3,1 NA UCL 254 - - - - Cow
1,1,2,1,9,83 NA 014 - - - - Pig carcass
6,1,4,7,2,8,7 3 023 - - - - Cow carcass
8,5,5,11,9,11,8 5 078 - - + - Human
8,5,5,11,9,11,8 5 078 - - + + Human
8,5,5,11,9,11,8 5 UCL 5a - | + + Human
8,5,5,11,9,11,8 5 078 - - - - Human
8,5,5,11,9,11,8 5 UCL 11 | - - Human
8,5,5,11,9,11,8 5 078 - + - Cow
8,5,5,11,9,11,8 5 078 - - + + Cow
8,5,5,11,9,11,8 5 UCL 11 + | - - Cow carcass
8,5,5,11,9,11,8 5 UCL 5a - | + + Cow carcass
8,5,5,11,9,11,8 5 078 + - + - Pig
8,5,5,11,9,11,8 5 078 - - + - Pig

Fig. 1. Neighbour-joining phylogenetic tree constructed with the MLST results showing the relationships between animal and human C. difficile strains. Allelic Profile: atp,
adk, dxr, glyA, recA, sodA, tpi; ST, sequence type; NA, no available data; MXF-R, moxifloxacin resistance; E-R, erythromycin resistance; CC-R, clindamycin resistance; TE-R,

tetracycline resistance; I, intermediate antimicrobial resistance.

Three of the six clonal groups of strains were identified as PCR-
ribotype 078. They were detected in two hospitalised patients, in
two cattle intestinal contents at slaughter and in two pigs’ intes-
tinal contents also obtained at the slaughterhouse (specifically, in
the viscera processing area). The human PCR-ribotype 078 clonal
strains were isolated from two different Belgian provinces in two
different years (unpublished data). The porcine strains were ob-
tained on the same sampling day in one slaughterhouse; this could
suggest a widespread dissemination of C. difficile at the slaughter-
house (Rodriguez et al., 2012) or even in the pig farm, as previously
described (Keessen et al., 2011). The same conditions were ob-
served for the two PCR-ribotype 078 isolates from cattle intestinal
contents. These were considered clonal by MLVA, but in this case
the isolates were obtained on two different sampling days and the
animals proceeded from different herds. As previously suggested,
this finding may indicate either an epidemiological connection
between farms (Scheeberg et al., 2013) or slaughterhouse contam-
ination. However, clonal strains were not detected among C. difficile
isolates from pig and cattle origins, which indicates that cross-
contamination between the two slaughter lines (bovine and porcine)
during processing is unlikely.

Identical C. difficile strains were also detected in the same animal
species for PCR-ribotypes 014, UCL 16U and UCL 36. These results
indicate that clonal C. difficile strains are circulating among the same
animal species (including humans), although interspecies trans-
mission was not evident. In a previous study, Kenetsch et al. (2014)
reported transmission between farmers and pigs but the authors
did not exclude the possibility of a common environmental source

of C. difficile for both populations. In addition, more than half of the
sequenced farmer/pig pairs were not clonal. As in our study, iso-
lates were obtained from subjects localised in different geographical
regions and in different environments. It was consequently very un-
likely that identical C. difficile isolates would be found among the
different hosts although MLST and MLVA revealed a close relation
between them. Furthermore, for PCR-ribotype 078 MLVA showed
a higher genetic association between pig and cattle C. difficile iso-
lates (STRD < 6) than between animal and human isolates
(STRD > 20).

Varshney et al. (2014) observed significant genotypic and phe-
notypic differences between meat and human isolates for a variety
of PCR-ribotypes, while a few meat isolates (including PCR-ribotype
078) were very similar to human C. difficile strains. It has been sug-
gested that relatedness between human and animal isolates of PCR-
ribotype 078 is a consequence of less natural variability in this type
than in other types (Bakker et al., 2010). However, our results in-
dicate genetic differences that clearly distinguish between human
and animal isolates.

As has been previously reported, MLST shows less discrimina-
tory power than MLVA but does establish the C. difficile genetic
lineage (Marsh et al., 2010). In our study some limitations of the
MLVA technique were observed. Three loci, including A6, B7 and
CDR5, did not seem to be stable and disappeared from some iso-
lates, recording a null result. Variations in loci total size were also
observed for some of the isolates, possibly due to the weak stabil-
ity of the loci in vitro after several passages which may cause isolates
with closely related MLVA profiles to appear non-clonal (Wuyts et al.,
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Fig. 2. Minimum spanning tree of 37 C. difficile human, animal and carcass isolates based on MLST data. Each circle represents a unique sequence type. The number of strains
that share an identical MLST type are shown in parenthesis: ST-15 (8), ST-5 (2), ST-14 (2), ST-49 (10), ST-2 (8), ST-48 (2), ST-10 (2), ST-Null (2), ST-11 (22), ST-9 (6), ST-125

(2), ST-45 (2), ST-6 (4).

2013). Further studies to investigate the stability of these loci are
therefore required. In addition, MLVA provides little insight regard-
ing genetic relatedness. In consequence, it may be useful to combine
both methods (MLVA and MLST) in order to resolve phylogenetic
diversity (Zaiss et al., 2009) although the best alternative could be
whole genome sequencing, which is generally considered to be the
next generation tool to type bacterial strains.

Resistance of C. difficile to multiple antimicrobials has been de-
scribed in several previous studies in both humans and animals
(Pelaez et al., 2013; Pirs et al., 2013). Even though some isolates were

Table 4

resistant to both moxifloxacin and erythromycin or to clindamycin
and erythromycin, no association between antimicrobial resis-
tance and toxigenic isolates was observed in our study, echoing the
results of previous work by Pituch et al. (2005). Furthermore, for a
given PCR-ribotype, human and animal strains presented a similar
susceptibility to the antimicrobials we tested.

Our study has some limitations. Firstly, only two different human
PCR-ribotypes were analysed by MLVA because the other types found
in animals were either not available in the human collections in our
laboratory or have not been frequently isolated in previous studies

Simpson’s index of diversity and adjusted Wallace coefficient of concordance among genotyping methods.

Method Simpson'’s diversity index Adjusted Wallace coefficient of concordance (95% CI)
Number of units ID 95% CI Sequence typing MLST MLVA type

MLVA 21 0.979 0.961-0.997 0.712 (0.440-0.984)

MLST 12 0.868 0.780-0.955 0.101 (0.000-0.234)

ID, index of diversity; CI, confidence interval.
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conducted in Belgian hospitals or nursing homes. Additionally, the
lack of sufficient reference strains in our laboratory only allowed
us to identify five ribotype profiles corresponding to an interna-
tional collection number while the remaining PCR-ribotypes were
identified using an internal nomenclature.

Conclusions

This study shows that clonal C. difficile strains circulate among
the same animal species or among human patients, irrespective of
the geographic area and the isolation date. The typing methods used
also reveal close relationships between isolates of different species,
but less genetic similarity among human and animal strains.
However, animal and human strains cluster in the same lineage. Our
data evidence the need for highly discriminatory genotyping
methods, not only to elucidate the possible transmission routes
between humans and animals but also to investigate animal-to-
animal transmission in herds or cross-contamination at
slaughterhouses.
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3.3 C. difficile in retail meats

In previous studies, C. difficile was isolated from livestock (pigs and cattle) at slaughter and it was
revealed that carcass contamination occurs inside the slaughterhouse. Therefore data obtained suggest
a potential risk of retail meat contamination. The human C. difficile infectious dose is not known.
Among healthy people with normal intestinal microbiota, the ingestion of low quantities of spores may
have no major repercussions. However, a small dose of spores ingested with a disruption in the gut
microbiota equilibrium could lead to C. difficile colonisation and infection. The main objective of this
study was to evaluate the presence of C. difficile in retail meat sold in market places in Belgium.
Freshly minced meat, including pure pork or pure beef burgers and sausages, were sampled from 21
different retailers between January and June 2012. C. difficile was isolated from 3/133 (2.3%) retail
beef samples and from 5/107 (4.7%) retail pork samples. Positive beef samples came from 3 different
establishments on 3 different sampling days. For pork samples, one establishment was positive for 3
retail pork samples collected on three different sampling days. Most of the isolates were identified as
PCR-ribotypes 078 or 014. Only one isolate was non-toxinogenic (UCL378). The relationships among
the human and meat isolates were examined using MLST analysis. The most common sequence type
(ST) was ST49 (corresponding with PCR-ribotype 014), followed by ST11 (corresponding with PCR-
ribotype 078). ST11 has been frequently related with human disease. Furthermore, some isolates are

indistinguishable from the Belgian human isolates by MLST.
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Clostridium difficile has been isolated from food animals and meat, specially ground pork and ground
beef. The recovered isolates were closely related to C. difficile human strains, indicating that animals and
food are possible transmission routes of human C. difficile infection. The main objective of this study was
to characterize C. difficile isolates from retail meat and to compare with human isolates recovered from
hospital patients in Belgium. Raw meat (beef and pork) was obtained from the retail trade. C. difficile was
recovered from 2.3% of the beef samples and from 4.7% of the pork samples. A total of 4 different
PCR-ribotypes were identified with a large percentage of types 078 and 014. Resistance to moxifloxacin
and erythromycin was detected. The multi-locus sequence typing (MLST) analysis showed that meat and
human isolates cluster in the same lineage. This study reveals the presence of toxigenic C. difficile in retail
meat in Belgium with predominance PCR-ribotypes 078 and 014, which are among the four most

prevalent ribotypes of C. difficile isolated from humans in Europe.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Clostridium difficile is an anaerobic spore-forming bacterium
recognized as the major cause of nosocomial diarrhoea in humans
after antimicrobial therapy. In animals, as pigs, calves, horses, os-
triches, dogs or poultry, C. difficile also seems to be an important
cause of enteric disease (Arruda et al., 2013; Cooper et al., 2013;
Diab et al., 2013; Frazier et al., 1993; Rodriguez-Palacios et al.,
2006a,b; Songer and Anderson, 2006; Weese and Armstrong,
2003). However, a carriage of toxigenic and non-toxigenic C. difficile
has been also described in animals without diarrhoea like Iberian
free-range pigs (Alvarez-Pérez et al., 2013), wild mammals (Jardine
et al., 2013), sheep and lambs (Knight and Riley, 2013), cats and
dogs (Schneeberg et al., 2012; Wetterwik et al., 2013), horses
(Schoster et al., 2012), pigs and cattle (Baker et al., 2010; Houser
et al.,, 2012; Rodriguez et al., 2012).

A few recent studies have focused on the study of C. difficile in
intestinal contents and on the carcasses in pigs and cattle at
slaughter (Harvey et al., 2011; Hawken et al., 2013; Rodriguez et al.,
2013). These studies showed that full-grown animals are carriers of

* Corresponding author. Tel.: +32 4 366 40 57; fax: +32 4 366 40 44.
E-mail addresses: kriszsi@hotmail.com, c.rodriguez@ulg.ac.be (C. Rodriguez).

http://dx.doi.org/10.1016/j.fm.2014.03.021
0740-0020/© 2014 Elsevier Ltd. All rights reserved.

C. difficile and carcass contamination occurs inside the slaughter-
house, suggesting a potential risk of retail meat contamination.

Moreover recent isolation of C. difficile in a variety of meat
products as chicken meat (De Boer et al., 2011; Indra et al., 2009),
ground turkey meat (Harvey et al., 2011), pork sausages (Curry
et al, 2012; Harvey et al., 2011; Songer et al., 2009), chorizo
(Curry et al., 2012; Songer et al., 2009), retail beef or retail pork
(Metcalf et al., 2010; Rodriguez-Palacios et al., 2009; Songer et al.,
2009; Visser et al., 2012; Weese et al., 2009) reinforces the hy-
pothesis about a potential risk of foodborne infections linked to this
bacterium. In addition, some of these meat isolates were identified
as PCR-ribotypes 078 (De Boer et al.,, 2011; Harvey et al.,, 2011;
Songer et al,, 2009; Weese et al., 2009), 027 (Rodriguez-Palacios
et al., 2009; Metcalf et al., 2010; Songer et al., 2009; Weese et al.,
2009), 014 (Rodriguez-Palacios et al., 2009) or 001 (De Boer et al.,
2011) which are correlated with the types implicated in human
disease (Bauer et al., 2011).

PCR-ribotypes 078 and 027 have been largely isolated from beef
and pork retail meat in USA and Canada. Those strains are the most
frequently recovered ribotypes (Harvey et al., 2011; Metcalf et al.,
2010; Rodriguez-Palacios et al., 2007; Songer et al., 2009; Weese
et al.,, 2009). On the contrary, these types have not been isolated
from meat samples in Europe. Furthermore, no studies conducted
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in Europe have recovered C. difficile from pure pork meat (Hensgens
et al., 2012) in retail stores.

Multi-locus sequence typing analysis (MLST) for C. difficile has
been developed to study clonal relationships of the bacterial pop-
ulations (Griffiths et al., 2010; Lemée et al., 2004a). Recent MLST
studies on C. difficile have focused on human isolates but have not
been widely adopted in animal and food strains. Lemée et al.
(2004a, 2005) investigated the allelic diversity and population
structure of C. difficile strains including isolates from animal host
while Stabler et al. (2012) used MLST analysis to study 16 C. difficile
isolates from human, animal and food sources.

In a previous study, a C. difficile carcass contamination was re-
ported at the slaughterhouse in Belgium with an observed preva-
lence of 7.9% and 7% in cattle and pig carcasses respectively
(Rodriguez et al., 2013). The main objective of this study was to
evaluate the presence of C. difficile in retail meat sold in market
places in Belgium. Additionally, C. difficile isolates were character-
ized with respect to the presence of toxin genes, toxigenic activity
and antibiotic resistance. MLST was used in order to determine
genetic relationships between meat and human C. difficile isolates
recovered from hospital patients in Belgium.

2. Materials and methods
2.1. Sampling

A total of 133 beef samples and 107 pork samples were collected
from 21 different retailers between January and June 2012. Between
5 and 18 samples from pork and beef were collected weekly (one
beef and one pork sample by establishment). Each establishment
was visited at least three times in order to carry out the mentioned
sample collection. For each sample, between 200 and 400 g of
freshly minced meat (pure beef or pure pork) were purchased. Pure
pork or pure beef burgers and sausages were included. The pur-
chase date, analyse date, quantity and store name for each sample
were registered. Samples were transferred at room temperature to
the laboratory (about 3 h) and stored for a maximum of 3 days at
4 °C before processing.

2.2. Isolation and characterization of C. difficile

A total of 10 g of minced meat was added to 90 ml of home-
made cycloserine cefoxitin fructose taurocholate (CCFT) as pre-
viously described (Delmée et al., 1987), but without agar, and
both were homogenised for 2 min in the Pulsifier® (Led Techno,
Heusden-Zolder, Belgium) and then incubated in an anaerobic
workstation (Led Techno, Heusden-Zolder, Belgium) at 37 °C for 3
days. After incubation, approximately 10 ul of the broth was
spread on home-made cycloserine cefoxitin fructose agar taur-
ocholate agar plates (CCFAT) (Delmée et al., 1987) and incubated
anaerobically for 48 h at 37 °C. Presumptive cultures (irregular
yellowish colonies with an appearance of ground glass and a
characteristic horse manure odour) were checked using a
C. difficile latex agglutination rapid test Kit DR 1107A (Oxoid,
Dardilly, France) and subcultured anaerobically onto blood agar
(5% Sheep Blood; Biorad, Nazareth, Belgium). Identification as
C. difficile was confirmed by detection of a species-specific inter-
nal fragment of tpi by PCR as described previously (Lemée et al.,
2004b). Detection of genes for toxin B (Lemée et al., 2004b) and
binary toxin (cdtA) (Antikainen et al., 2009) were also performed
in the same multiplex PCR (Rodriguez et al., 2012). For the
detection of the toxin A encoding gene, another PCR assay was
performed using the primers of Antikainen et al. (2009) and
protocol of Lemée et al. (2004b).

2.3. Toxin activity

To detect the presence of toxin activity of isolates, a cytotoxicity
assay was carried out as previously described (Rodriguez et al.,
2012). Briefly, the cytotoxicity testing was performed on a 48 h
anaerobic broth culture contained confluent monolayer MRC-5
cells and 75 ml of a suspension of C. difficile colonies. In addition,
75 ul of specific C. difficile antitoxin-B kit (T500, TechLab, Virginia,
USA) was used in order to confirm the specificity of the cytotoxic
activity by neutralization, according to the manufacturer’s
instructions.

2.4. PCR-ribotyping and genotype CDIff test system

PCR-ribotyping was performed by amplification of 16S-23S
intergenic spacer regions (Bidet et al., 1999). Total DNA was
extracted according to O'Neill et al. (1996). PCR amplification and
amplicon size analysis were performed as previously described
(Rodriguez et al, 2012). International number was used for
C. difficile strains that presented a PCR-ribotype profile which
matched the Cardiff ribotypes from the strain collection available in
our laboratory. Otherwise, isolates were coded as UCL followed by
an internal number.

In addition, all of the isolates were analysed using the Genotype
Cdiff test system (Hain Lifescience, Nehren, De). This method was
used to retest the presence of the tpi and all toxin genes (tcdA, tcdB,
cdtA and cdtB). This test detected the deletions in the regulator gene
tcdC (18 bp and 39 bp deletions or single base deletion at position
117) and gyrA mutation associated with moxifloxacin resistance
(Drudy et al., 2007).

2.5. Antimicrobial susceptibility testing

2.5.1. Etest testing

Susceptibility to metronidazole, moxifloxacin and vancomycin
was determined by Etest strips (Lucron ELITechGroup St- Martens-
Latem, Belgium) on Schaedler with Vit K1 and 5% sheep blood
(Becton-Dickinson) according to the manufacturer’s instructions.
Plates were anaerobically incubated at 37 °C for 48 h. The suscep-
tibility (s) and resistant (r) breakpoints for metronidazole (s < 8 pg/
ml; r > 32 pg/ml) and moxifloxacin (s < 2 pg/ml; r > 8 pg/ml) used
for interpretation were those recommended by the Clinical and
Laboratory Standard Institute (CLSI, 2010). Vancomycin MIC
breakpoints (s < 2 pg/ml; r > 2 pg/ml) were established following
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (www.eucast.org). Bacteroides fragilis ATCL 25285 was
included as a quality control.

2.5.2. Disc susceptibility testing

Disc diffusion was performed with standard discs (Becton-
Dickinson, Erembodegem, Belgium) of rifampin (25 pg), erythro-
mycin (15 pg), tetracycline (30 pg), chloramphenicol (30 pg) and
clindamycin (2 pg) on Brucella Blood Agar with hemin and
vitamin K1 (Becton-Dickinson) in accordance with the French
Society of Microbiology (SFM) (www.sfm-microbiologie.org). The
zone diameters were read after 48 h of anaerobic incubation at
37 °C. The zone diameters were established as previously re-
ported by Delmée and Avesani (1988): rifampin no zone and
>23 mm, erythromycin <13 mm and >20 mm, tetracycline
<14 mm and >23 mm, chloramphenicol <10 mm and >20 mm
and clindamycin no zone and >12 mm. B. fragilis ATCL 25285 was
also tested as quality control.
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2.6. Multilocus sequence typing analysis

All of the C. difficile meat isolates were further characterized by
MLST. In addition, 6 isolates from hospital patients (three PCR-
ribotypes 078, two PCR-ribotypes 014 and one PCR-ribotype
UCL57) were obtained from the human C. difficile collection at the
Microbiology Unit, Catholic University of Louvain (reference human
C. difficile laboratory in Belgium). These human strains were pre-
viously characterized by the same methods described in this work
and selected on the basis of their PCR-ribotype, toxin activity, toxin
genes presence, deletions in the regulator gene tcdC, gyrA gen
mutations and antimicrobial susceptibility, to be as similar as
possible to the isolates from meat. The six human PCR-ribotypes
were further typed by MLST in order to compare them with the
same PCR-ribotypes we found in ground meat. MLST analysis was
performed using the housekeeping genes (adk, atpA, dxr, glyA, recA,
sodA and tpi) and the amplification conditions previously described
by Griffiths et al. (2010). Seven PCR amplicons were obtained for
each isolate. PCR products were purified using the kit Wizard SV
Gel and PCR Clean-Up System (Promega, Leiden, The Netherlands)
according to the manufacturer’s instructions and sequenced (10 ng
of DNA) with PCR forward or reverse primers. Purification of
sequencing products was performed using a Magnetic bead
CLEANSEQ kit (Agencourt Bioscience Corporation, Massachusetts,
USA). Capillary electrophoresis was carried out using 3730 Genetic
Analyser (Applied Biosystems, California, USA), 48 capillaries. The
analysis of the two sequences obtained for each gene fragment was
conducted using the Geneious program (http://www.geneious.
com). The assignment of the allele number, clade and sequence
type (ST) was performed with C difficile MLST website (http://
pubmlst.org/cdifficile). Sequences were concatenated and a
neighbour-joining phylogenetic tree was constructed using Gene-
ious program (Drummond et al., 2013).

3. Results
3.1. Prevalence of C. difficile in meat samples

A total of 240 meat samples were analysed. C. difficile was iso-
lated from 3/133 (2.3%) retail beef samples that corresponded to
beef burger and ground beef. Positive beef samples came from 3
different establishments on 3 different sampling days. From retail
pork samples, C. difficile was isolated from 5 (4.7%) of 107 samples
collected from 3 different establishments after 3 days of enrich-
ment, including ground pork, pork sausages and chipolata. One
establishment was positive for 3 retail pork samples collected on
three different sampling days.

Table 1

3.2. PCR-ribotyping, toxin activity, toxin genes detection, and
genotype CDiff test

A total of 4 different PCR-ribotypes were identified among the 8
positive samples. Two of these PCR-ribotypes have a ribotype
profile corresponding to the international collection (078, 014),
while the 2 other strains were not associated with any reference
Cardiff ribotypes (UCL57 and UCL378). PCR-ribotypes 078 and 014
were isolated from beef and pork retail meat samples (Table 1).

Seven of the total isolates (n = 8) displayed cytotoxic activity. All
the isolates (n = 3) found in retail beef were toxigenic. Among PCR-
ribotypes recovered from retail pork (n = 5), only one isolate was
non-toxigenic. These results were also corroborated by the PCR
results targeting tpi, tcdA, tcdB and cdtA and by the results of the
GenoType CDiff test system. All toxin positive isolates contained
tcdA and tcdB genes. PCR-ribotypes 078 also contained cdtA and
cdtB gene coding for the binary toxin and had a 39 bp deletion in
the regulator gene tcdC. GyrA mutation, related with moxifloxacin
resistance, was also detected in all of the PCR-ribotypes 078 iden-
tified. Neither 18 bp nor 117 bp deletion in tcdC was detected in any
isolates. Isolate of PCR-ribotype UCL 378 were negative for all toxin
genes (Table 1).

3.3. C. difficile antimicrobial susceptibility

A total of four C. difficile isolates (50%) were fully susceptible to
all the antimicrobials tested. Only two isolates (25%) (strain 2404
and 2405) belonging to PCR-ribotype 078, showed intermediate
resistance to tetracycline by disc diffusion test, in vitro resistance to
moxifloxacin by Etest and a mutation in the gyrA gene by Genotype
Cdiff test. In addition, one of these two isolates (strain 2404) also
showed resistance to erythromycin by disc diffusion test.

Of the four isolates identified as PCR-ribotype 014, only one
isolate recovered from ground pork (strain 2012) and one isolate
recovered from ground beef (strain 3030) showed intermediate
resistance to clindamycin by disc diffusion test as defined by
Delmée and Avesani (1988). All the meat isolates were fully sus-
ceptible to metronidazole, vancomycin, chloramphenicol and
rifampin.

3.4. C. difficile MLST analysis

Among the 14 isolates analysed, a total of 6 different STs were
identified. The most common sequence type was ST49 (5 isolates)
followed by ST11, which included 4 of the isolates. ST identification
and PCR ribotyping are compared in Fig. 1. A concordance between
PCR-ribotypes and STs was found. Most of the PCR-ribotypes 078

PCR-ribotypes, toxin activity and gene profile of Clostridium difficile isolated from retail meat samples.

Sample type Isolate  PCR-ribotype Toxin Detection of toxin  Genotype CDiff test system
number activity  genes by PCR
tcdA tcdB cdtA tcdA tcdB cdtA cdtB  tcdC 18 bp®  tcdC 39 bp®  tcdC 117 bp®  gyrA MUT®
Retail Beef Beef burger 2404 078 + + + + + + + + - + - +
Beef burger 2001 014 + + + - + + - - — — - -
Ground beef 3030 014 + + + - + + — - — — — —
Retail Pork Chipolata 2405 078 + + + + + + + + - + - +
Ground pork 2012 014 + + + - + + - — — — — —
Ground pork 2403 014 + + + - + + - — — — — —
Pork sausage 1003 UCL57 + + + - + + - — — — — —_
Pork sausage 1703 UCL378 - — — — — — - - - _ _ _

2 Presence of deletions in the regulator gene tcdC.

b presence of mutation in the gyrA gene associated with moxifloxacin resistance.
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Alleleic Profile Clade PCR tedC GyrA MXF-R E-R CC-R Origin
(adk, atpA, d, alyA, recA, sodA, tpi) Ribotvpe  39bp mut
11,7,14,14,6, 1,10 4 UCL3T8 Pork
sausage
5,8,5, 11,9, 11,8 5078 + + + + Beef burger
Human
5,8,5,11,9,11,8 5078 stool
Human
5.8,5,11,9.11,8 5 078 stool
58,5, 11,15, 11,8 5 078 ool
Pork
5,8,5,11,9,11,8 5 078 + + + Chipolata
Pork
2,22, 1,113 ND  UCLS7 sausage
Homan
2,2,2,1,1,1,3 ND  UCLS7 stool
Human
1,1,2,1,5,3,1 1 014 stool
1,1,2,1,5,3,1 1 014 Beef burger
Ground
1,1,2,1,53,3 1 014 - R R R 1 pork
Ground
1,1,2,1,5,3,3 1 014 .
1,1,2,1,5,3.3 ! 014 1 Ground beef
Human
1,1,2,1,5,3,3 ! o o el

Fig. 1. Neighbour-joining phylogenetic tree showing the relationships between meat and human C. difficile strains. ST: sequence type. tcdC 39 bp: Presence of deletions in the
regulator gene tcdC. gyrA mut: Presence of mutation in the gyrA gene. MXF-R: moxifloxacin resistance. E-R: erythromycin resistance. CC-R: moxifloxacin resistance. I: intermediate

antimicrobial resistance.

(meat and human C. difficile isolates) were associated with ST11,
and only one human PCR-ribotype 078 was assigned to ST186.
Similarly, all the isolates from meat identified as PCR-ribotype 014
shared the same ST (ST49) whereas the two PCR-ribotypes 014 from
humans were associated with two different STs (ST2 and ST49). The
single nontoxigenic isolate from meat (PCR-ribotype UCL 378) was
related with ST124.

A total of 3 different clades were assigned. All the PCR-ribotypes
078 and 014 belonged to clade 5 and 1 respectively. Non-clade
assignation was available for the meat and human PCR-ribotypes
UCL57 (ST21). The sole nontoxigenic isolate (strain 1703) was
included in clade 4.

The relationships among the human and meat isolates were
examined using the concatenated sequences of the seven MLST loci
(adk, atpA, dxr, glyA, recA, sodA and tpi) to construct a neighbour-
joining phylogenetic tree. This neighbour-joining tree confirms
the correlation between meat and human isolates with the same
PCR-ribotype and the correlation between toxigenic type and ST.
The only nontoxigenic isolate (ST124) appears in a different cluster
from all of the other toxigenic meat and human isolates analysed
(Fig. 1).

4. Discussion

C. difficile was isolated from 5 of 107 (4.7%) of pork and from 3 of
133 (2.3%) of beef meat samples, which is in agreement with the
previously reported prevalence in other studies in Europe with a
similar sampling size (Bouttier et al., 2010; J6bstl et al., 2010; Von
Abercron et al., 2009) but lower than the prevalence detected in
North America, which ranges between 1.8 and 20% of positives
(Rodriguez-Palacios et al., 2009; Weese et al., 2009).

C. difficile carcass contamination was reported at the slaugh-
terhouse in Belgium with an observed prevalence of 7.9% and 7% in
cattle and pig carcasses respectively (Rodriguez et al., 2013). The
present study confirms that the detection of C. difficile in pig and
cattle carcasses appears to carry through into Belgian retail meats.
In our previous study, we investigated the contamination of car-
casses by C. difficile spores in a single slaughterhouse. Here, we have
sampled a wide selection of meat of many brands from various
large and small supermarkets and butcher’s shops. These meat
samples were originated from different slaughterhouses and meat
processing plants around the country. Therefore, this study pro-
vides a more comprehensive picture of the presence and preva-
lence of C. difficile in Belgian retail meats.

Most of the isolates in this study showed toxic activity and genes
encoding for toxins A and B. The only non-toxigenic strain PCR-
ribotype UCL378 obtained from a pork sausage had not been iso-
lated before in humans in Belgium. C. difficile non-toxigenic types
have also been isolated from cattle and pig intestinal contents
(Rodriguez et al., 2013, 2012) with a percentage ranging between
14% and 16%. The presence of these non-toxigenic types in meat
provides further evidence that the source of C. difficile in retail
meats may involve faecal contamination of carcasses at slaughter.

The most common PCR-ribotypes recovered from pork and beef
retail samples were PCR-ribotypes 014 (50%) and 078 (25%). With
regard to the authors’ knowledge, this study is the first one to
isolate PCR-Ribotypes 078 and 014 in retail meats in Europe and the
first one to recover from pure pork meat in retail stores in Europe.
These two types have also been recently isolated from cattle and
pork intestinal contents and carcass samples in a slaughterhouse in
Belgium (Rodriguez et al., 2013), suggesting that food animals can
be a possible reservoir and a potential risk for foodborne infections.
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Furthermore, a hospital-based survey in Belgium (2011) (unpub-
lished data) and in Europe (2009) (Bauer et al., 2011) identified the
PCR-ribotypes 014 and 078 among the four most prevalent PCR
ribotypes of C. difficile isolated from humans.

Zidaric et al., (2012) find that antibiotic resistance patterns may
help to differentiate strains of C. difficile within a ribotype. The
in vitro antimicrobial susceptibility testing in the present study has
been performed by disc diffusion and E-test method. The disc
diffusion technique has been suggested as an inexpensive option
for a routine antimicrobial susceptible testing (Erikstrup et al.,
2012) which permits a clear-cut discrimination between resistant
and sensitive C. difficile strains (Delmée and Avesani, 1988). How-
ever, some minor errors have been reported in the correlation be-
tween results of gradient test and disc diffusion method for
metronidazole, vancomycin (Wong et al., 1999) and moxifloxacin
(Erikstrup et al.,, 2012). In the present study susceptibility to these
three drugs has been tested by E-test method while resistance to
the other four antimicrobial agents was determined by disc diffu-
sion method. Data obtained reveals that the C. difficile meat isolates
were sensitive to most of the antibiotic agents used in this study. All
the strains identified as PCR-ribotype 078 were resistant to moxi-
floxacin and carried a mutation in gyrA gene. Amino acid sub-
stitutions in the gyrA or gyrB genes have been implicated in
C. difficile resistance to some fluoroquinolones as ciprofloxacin,
gatifloxacin, levofloxacin or moxifloxacin (Dridi et al., 2012; Drudy
et al,, 2006). Nonetheless, in the majority of the human C. difficile
clinical strains, fluoroquinolone resistance is caused by alterations
in the gyrA gene (Drudy et al., 2007; Spigaglia et al., 2009). Resis-
tance to moxifloxacin and other fluoroquinolones is quite common
in human and food isolates. A prospective study of C. difficile in-
fections in Europe (Barbut et al., 2007) revealed that 37.5% of the
clinical strains circulating in hospitals showed resistance to moxi-
floxacin. In meat, moxifloxacin resistance has been previously re-
ported for C. difficile isolates belonging to PCR-ribotype 027 (Songer
et al., 2009), 012 (Bouttier et al., 2010) and 053 (Jobstl et al., 2010).
Multidrug resistance has been detected in one isolate PCR-ribotype
078 which also showed resistance to erythromycin and fell within
the intermediate zone for tetracycline. Any of the strains were
resistant to both antibiotics erythromycin and clindamycin. This
condition has been less common observed but previously described
in human C difficile isolates (Delmée and Avesani, 1988). In
agreement with other studies in food (Harvey et al, 2011;
Rodriguez-Palacios et al., 2007), low susceptibility to clindamycin
in C. difficile retail meat isolates has been observed. In humans,
44.4%, 46.1% and 9.2% of the strains circulating in hospitals showed
resistance to erythromycin, clindamycin, and tetracycline respec-
tively (Barbut et al., 2007).

Few studies have used multilocus sequence typing (MLST)
technique to established genetic relationships of human and ani-
mal C. difficile strains. In two previous studies (Lemée et al., 2004a;
Lemée et Pons, 2010) a MLST scheme was developed to study the
allelic diversity between C. difficile strains from different hosts. The
results obtained showed that animal and human isolates do not
cluster in distinct lineages. Another recent study analysed strains of
animal and food origin. Results showed that both of them were
associated with the two sequence types (ST1 and ST11) frequently
related with human disease (Stabler et al., 2012). The present study
is the first to apply MLST analysis to C. difficile isolates from meat
and humans in the same geographical region within a given PCR
ribotype and an antimicrobial susceptibility profile. As previously
reported, a close relation between PCR-ribotypes and STs was
observed as well as a congruent association between clade and
PaLoc tcdC variants (Dingle et al., 2011). The more prevalent STs
detected (ST11 and ST49) corresponds to PCR-ribotypes 014 and
078 and are included in clades 5 and 1 respectively. In humans, a

high prevalence of isolates belonging to clade 1 and clade 5 (ST11)
was also recently described in a clinical study in Spain (Weber et al.,
2013). Furthermore, MLST analysis shows that meat and human
strains isolated in this study cluster in the same lineage.

They are some limitations of this study. We are not able to assert
that animals are the sole origin of C. difficile meat contamination.
The source may involve faecal or environmental contamination of
carcasses at slaughterhouse but also contamination during pro-
cessing or in retail meat markets. In the current study, it was not
possible to identify the facility of origin or slaughterhouse for all of
the samples. Therefore we cannot define if one slaughterhouse or
processing plant has a great risk of C. difficile meat contamination
than another. Furthermore, as all of the analysis were performed by
enrichment culture of the samples, it is not possible to determine
the numbers of C. difficile cells presented in the positive samples.

In summary, this study shows that toxigenic C. difficile are pre-
sent in retail meats in Belgium. Among the types identified, 078 and
014 were the most prevalent PCR-ribotypes. Furthermore, meat
strains isolated are indistinguishable from the Belgian human iso-
lates by PCR-ribotype, toxin activity, toxin genes, MLST, antimi-
crobial resistance and genes for moxifloxacin resistance, suggesting
a potential risk of foodborne infections linked to C. difficile.
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3.4 C. difficile in long-term-care facilities for the elderly

In the previous study it was shown that toxigenic C. difficile strains are present in retail meats.
Therefore, it's plausible to assume that people may be continuously exposed to a small numbers of the
bacterium by food products. A low number of potentially infectious C. difficile spores under healthy
intestinal conditions may have not effect. However, aged patients (which are frequently hospitalised,
under antibiotic exposure and/or suffer from different underlying diseases) are more susceptible to
endure perturbations in the gut microbial ecosystem. In this case, a small dose of spores ingested with

an altered gut microbiota may be able to trigger infection.

The following three studies were conducted at a local Belgian nursing home at the same time period.
The first aimed to assess the presence of C. difficile on freshly prepared food in the kitchen area of the
retirement home and to examine the presence of the bacterium in the environment, including kitchen
surfaces, patient rooms, toilets at common lounges. Results obtained showed that none of the tested
surfaces were positive for the bacterium, indicating that the number of spores in the environment must
have been low and not detectable with the methodology used, and the reason for this might be the
efficacy of implemented cleaning protocols to control the spread of C. difficile spores on the nursing
home. However, in this study we have not investigated the effectiveness of different cleaning
protocols against C. difficile spore dissemination and thus, this statement is only a hypothesis.
Regarding food samples, C. difficile was isolated from only one food sample composed by pork
sausage and salad. This low recovery rate from foods could be explained by the fact that C. difficile
spores have been observed to be inhibited after a heat shock at 85°C, with a sub-lethal effect at 71-
75°C. The PCR-ribotype isolated was identified as PCR-ribotype 078, which has been isolated from
retail pork in Belgium in a previous study, and which is among the most common PCR-ribotypes
found in Belgian and other European hospitals. Nevertheless, contamination of the freshly prepared

meal could have originated from any of the ingredients or by the food handlers.

In the second study performed in parallel, the main objective was to assess and follow the prevalence
of C. difficile among a group of 23 residents of the nursing home during a total of seven weeks. The
bacterium was detected in seven out 23 (30.4%) residents during the entire study period, but there was
only one episode of CDI diagnosed by the medical service of the nursing home. Four different PCR-
ribotypes were identified but the most common type isolated was the hypervirulent ribotype 027.
MLVA showed clonal relatedness of the C. difficile isolates and cross-infection between patients.
Additionally, barcoded pyrosequencing was used to characterise the faecal microbiota of the elderly
residents, to evaluate the global evolutions of the total microbiota and to identify possible relationships
between certain bacteria populations and C. difficile colonisation. Comparison between C. difficile

positive and negative residents showed an increase in microbial diversity in C. difficile positive
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individuals. A marked decrease in genus Akkermansia and a high abundance of Lachnospiraceae were
detected in C. difficile positive individuals. The study of the microbial phylotype composition of the
samples showed that almost all of the samples were clustered in a sub-tree corresponding to a single
resident, underlining that each resident studied had his own bacterial imprint and that it was stable
during the entire study. Full characterisation of the gut microbiota in a large number of patients
suffering infection due to C. difficile is warranted and will provide a high valued insight for new

therapeutic and prevention approaches.
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3.4.1 C. difficile from food and surface samples in a Belgian nursing home: an unlikely
source of contamination
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This study investigates the contamination of foods and surfaces with Clostridium difficile in a single
nursing home. C. difficile PCR-ribotype 078 was found in one food sample and in none of the tested
surfaces. These results indicate that food and surfaces are an unlikely source of C. difficile infection in this

© 2015 Published by Elsevier Ltd.

Clostridium difficile is a spore-forming anaerobic bacterium
recognised as a major cause of nosocomial colitis and antibiotic
associated diarrhoea. The main risk factors for C. difficile infection
(CDI) are considered to be patient age over 65 years; gut microbiota
changes; previous hospitalization; antibiotic exposure and certain
underlying diseases [1,2]. Nursing homes can therefore be partic-
ularly susceptible to outbreaks [3], and the environment (e.g.
contaminated surfaces in resident rooms) and foods might play a
significant role in the nosocomial transmission of this bacterium
[4,5].

The aim of this study was to assess the presence of C. difficile on
freshly prepared food in the kitchen area of a nursing home and to
examine the presence of this bacterium in the environment,
including kitchen surfaces, patient rooms, toilets and common
lounges of the retirement home.

The study was conducted over four months, from March to June
2013, at a local Belgian nursing home with a total capacity of 110
beds. This healthcare facility implemented cleaning protocols to
assure an appropriate eradication of C. difficile spores. Residents'

* Corresponding author. Food Science Department, Faculty of Veterinary Medi-
cine, University of Liege, B43bis, Sart-Tilman, 4000 Liege, Belgium.
E-mail address: c.rodriguez@ulg.ac.be (C. Rodriguez).

http://dx.doi.org/10.1016/j.anaerobe.2015.01.001
1075-9964/© 2015 Published by Elsevier Ltd.

rooms are cleaned and disinfected daily using bleach-based disin-
fectants (sodium hypochlorite 10%). Subsequent automated
gaseous decontamination (stabilised hydrogen peroxide 6%) is also
performed weekly. However, for residents suffering from CDI, the
automated gaseous decontamination of the room is performed
every day.

During the study period, one case of CDI was diagnosed by the
nursing home medical services between weeks 11 and 14 while an
additional case was detected 9 days before the study began.
Furthermore, during the same study period another research work
was conducted in the same nursing home. A group of 23 elderly-
care home residents was followed weekly to evaluate the pres-
ence of C. difficile. Preliminary results revealed 7 out of 23 moni-
tored residents positives for C. difficile at least once. Regarding
positive residents to the bacterium, 57.1% (4 out of 7) suffered at
least one diarrhoea episode at the time of sample collection.
However, the nursing home did not experience a C. difficile
outbreak during the study period. The main C. difficile strains found
in the nursing home residents were identified as PCR-ribotypes
027, UCL36 and UCL16a (unpublished data). UCL followed by an
international number was used only for C. difficile strains that
presented a PCR-ribotype profile which not matched the Cardiff
ribotypes from the strain collection available in our laboratory.
None of the human strains isolated during the entire study were
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identified as PCR-ribotype 078.

In this nursing home, all meals for residents served daily in the
canteen are prepared in-house by the kitchen staff. A second
kitchen is available for residents who want to prepare their own
meals. Every day (where possible), approximately 90 g of the main
course of the midday meal prepared in the canteen and 60 g from a
meal prepared in the resident's kitchen were sampled and stored
at —20 °C in the nursing home's freezer for a maximum of 6 days.
This meal quantity was the maximum provided by the two
kitchen's services of the nursing home and included all food sorts of
the meal in equal parts. Every Friday, samples were collected and
transported to the laboratory for immediate analysis. The food
preparation date, analysis date, quantity, and ingredients for each
sample were recorded.

Samples from surfaces were taken on two different occasions
with a 65-day interval between them (5th March and 8th May). A
variety of areas in the canteen kitchen (including trays and meal
delivery carts for the canteen and rooms) kitchen-staff locker room
and bathroom, residents' rooms, private bathrooms, residence hall,
lifts and staircase railings were tested. Samples from common
areas, the kitchen and the staff bathroom and locker room were
swabbed after routine cleaning. Resident rooms were sampled
before (n = 4) or after (n = 4) being cleaned. A variety of residents’
rooms were sampled, covering a range of occupancy and need re-
quirements; private rooms were sampled from dependant, semi-
dependant and independent residents. The dependant classifica-
tion was used for residents who were confined to bed. Residents
able to get out of bed but who need assistance with walking, toi-
leting or eating in the canteen were classified as semi-dependant.
Independent residents were identified as those who can perform
all basic tasks necessary for a normal life without additional care
support. On the first day of sampling, surface swabs were collected
from randomly chosen rooms. During the second visit, sampling
was performed in rooms from residents previously tested and
identified as positive for C. difficile, based on the previous results of
faeces culture (Table 1). Samples were collected using a sterile
cotton swab first moistened in sterile buffered peptone water with
cysteine 0.5% (Oxoid, Dardilly, France). A total area of approximately
100 cm? was swabbed for each sample. Swabs were placed in sterile
and labelled 10 ml tubes. They were kept at room temperature for a
maximum of 5 h until arrival at the laboratory, where they were
immediately processed.

An enrichment culture was performed on all samples. A total of
50 g of meal was added to 150 ml of cycloserine cefoxitin fructose
taurocholate (CCFT) broth (produced in-house), as previously
described [6] but without agar, and both were homogenized 3 min
in a stomacher device (Interscience, Saint-Nom-La Brechete,
France). Surface swabs were placed into 10 ml of CCFT. The
enrichment broth was incubated for 3 days in the case of food

Table 1
Characteristics of the resident’s rooms sampled.

samples and for 10 days in the case of surface samples, both at 37 °C
in an anaerobic workstation (Led Techno, Heusden-Zolder,
Belgium). Subsequently, approximately 10 pl of the broth was
spread on to CCFT plates [6] and incubated anaerobically for 48 h at
37 °C. Suspected colonies were identified by C. difficile latex
agglutination rapid test Kit DR 1107A (Oxoid) and by C. difficile-
specific PCR, as previously described [7]. A cytotoxicity assay using
MRC-5 cells was performed, as described elsewhere [8].

C. difficile isolates were characterised using the GenotypeCDiff
test system (HainLifescience, Nehren, Germany) for detection of all
toxin genes (tcdA, tcdB, cdtA and cdtB), the deletions in the regulator
gene tcdC (18 bp and 39 bp deletions or single base deletion at
position 117), and gyrA mutation, according to the manufacturer's
instructions. PCR-ribotyping was performed as described previ-
ously [9].

A total of 246 environmental surfaces and 188 food samples
were analysed. C. difficile was isolated from only one meal sample
(0.53%) composed of pork sausage, mustard sauce and carrot salad.
This meal had been prepared in the canteen kitchen. The isolate had
a toxic activity confirmed by cytotoxicity assay and contained the
genes coding for the A, B and binary toxin. A 39 bp deletion in the
regulator gene tcdC was also detected. The isolate was identified as
PCR-ribotype 078.

This finding suggest that the contamination level in prepared
meals is lower than the contamination reported in other raw foods
such as meat or vegetables where the prevalence ranged between
0.9% and 20% [10]. Regarding the prevalence of C. difficile in foods in
Belgium, only one previous study reported the presence of the
bacterium in retail meat with a percentage of positive samples
ranging between 2.3% and 4.7% [11]. One possible explanation for
this low recovery rate in prepared meals is that an inhibitory effect
on C. difficile spores has been observed after a heat shock at 85 °C,
with a sub-lethal effect at 71 °C[12]. In this study, a total of 70 out of
188 (70.7%) samples analysed were composed entirely from cooked
ingredients, while 55 out of 188 (29.3%) contained one or more raw
ingredients such as lettuce, tomato or raw meat. The only positive
sample for C. difficile was recovered from a meal composed of carrot
salad, mustard sauce and pork sausage. However, contamination
could have originated from any of the ingredients (as they were
analysed together) or even from the kitchener's hands. The PCR-
ribotype isolated (078) has been frequently reported in pork retail
meat in USA and Canada [10] but has also been considered as an
emergent hypervirulent strain in humans [13]. Nevertheless, in the
present study none of the circulating clinical C. difficile isolates in
the nursing home were identified as PCR-ribotype 078. These re-
sults indicate that food is an unlikely source of C. difficile infection in
the nursing home evaluated.

Surprisingly, none of the surfaces sampled were positive for
C. difficile, even after 10 enrichment days on selective medium.

Room identification Floor Resident health condition Sampling before or after Resident faeces analysis for C. difficile
cleaning room routine

0 1 Semi-independent resident Sampling before being cleaned Not tested

A 1 Independent resident Sampling after being cleaned Not tested

B 1 Dependent resident Sampling after being cleaned Not tested

C 2 Independent resident Sampling before being cleaned Not tested

D 2 Dependent resident Sampling after being cleaned Positive®

E 2 Independent resident Sampling before being cleaned Positive®

F 3 Independent resident Sampling before being cleaned Positive®

G 3 Dependent resident Sampling after being cleaned Positive®

2 Resident positive for C. difficile at least one week before and at the time of sampling.

b Resident positive for C. difficile one week before sampling.
¢ Resident positive for C. difficile two weeks before sampling.
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Previous studies have reported an environmental contamination of
C. difficile spores in hospitals with a prevalence ranging between
2.4% and 47% [14—17]. A range of culture methods have been pro-
posed to isolate environmental C. difficile, including swabbing [14],
electrostatic cloths [15] contact CCFT plates [16] and rodac plates
[17]. This diversity in the methodology can help to explain the
variations in spore detection. For this reason, a standard method to
estimate the environmental contamination of C difficile spores
would be desirable. However, care was taken to achieve robust
results: a large number of samples were performed from a variety
of surface types, including the zones commonly contaminated, e.g.
bedside table, bedrail or toilet floor [14]; sampling was performed
on two different days separated by a large time interval (65 days);
and an effort was made to exert the maximum pressure possible for
each swab. Because of these measures, our results indicate that the
implemented clean program to control the spread of C. difficile on
the nursing home is effective and if there was any surface
contamination, the number of spores in the environment must
have been very low and not easy detectable.

In conclusion, the results of this study indicate that the nursing
home environment and meals studied are unlikely to serve as
vector of C. difficile infection. As meals from two different kitchens
with different hygiene procedures were tested over a period of four
months, we report a low C. difficile contamination level in ready-to-
eat foods prepared in the nursing home's kitchens. For the envi-
ronment, it is probable that results vary significantly between
retirement and healthcare establishments according to procedures
for routine cleaning and disinfecting, or even depending on the
procedure used to isolate C. difficile.
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Abstract

Background: Increasing age, several co-morbidities, environmental contamination, antibiotic
exposure and other intestinal perturbations appear to be the greatest risk factors for C. difficile
infection (CDI). Therefore, elderly care home residents are considered particularly vulnerable to the
infection. The main objective of this study was to evaluate and follow the prevalence of C. difficile in
23 elderly care home residents weekly during a 4-month period. A C. difficile microbiological
detection scheme was performed along with an overall microbial biodiversity study of the faeces

content by 16S rRNA gene analysis.

Results: Seven out of 23 (30.4%) residents were (at least one week) positive for C. difficile. The most
common PCR-ribotype identified was 027. 16S-profiling analyses revealed that each resident has his
own bacterial imprint, which is stable during the entire study. Variations in the abundance of taxa have
been observed in the faecal microbiota of colonised residents. Positive C. difficile status is not
associated with microbiota richness or biodiversity reduction in this study. A decrease of Akkermansia

in positive subjects to the bacterium has repeatedly found.

Conclusions: This association of classical microbiology protocol with pyrosequencing allowed to
follow C. difficile in patients and to identify several other bacterial populations whose abundance is
correlated with C. difficile. The link between Akkermansia, gut inflammation and C. difficile

colonisation merits further investigations

Keywords: C. difficile, elderly care home residents, 16S rRNA gene analysis

Background

Clostridium difficile is a Gram-positive, anaerobic, spore-forming, rod-shaped bacterium that has been
widely described in the intestinal tract of humans and animals. In 1978, Clostridium difficile was
recognized as a cause of antibiotic associated diarrhoea and, in the most serious cases
pseudomembranous colitis [1-3]. Since then, many outbreaks have been reported; most of them were
associated with the emergence of a specific subtype, hyper-virulent PCR-ribotype 027 [4]. Nowadays,
C. difficile is a worldwide public health concern as it is considered the major cause of antibiotic-
associated infections in healthcare settings [5]. A recent report of C. difficile infection (CDI) cost-of-
illness attributes a mean cost ranging from 8,911 to 30,049 USD for hospitalised patients (per
patient/admission/episode/infection) in the USA [6] and annual economic burden estimated around

3,000 million euro in Europe [7].
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CDI is more commonly diagnosed among older people in nursing homes. High isolation frequencies
have been described in USA, with up to 46% of elderly residents testing positive for C. difficile, while
in Europe or Canada the reported rates are much lower, varying between 0.8% and 10% [8]. This is
partly because elderly people are more commonly in hospitals, have an antibiotic treatment and age-
related changes in intestinal flora and host defences, as well as the presence or other underlying health
problem [8-10]. These factors can have an impact on the intestinal microbiota, which may promote C.
difficile colonisation and the development of the infection [11]. Therefore, a new concern of several
studies has been the identification of the microbial communities implicated in the CDI through the use

of new sequencing techniques, like metagenomics [12].

The aim of this study was to evaluate and follow the prevalence of C. difficile among the residents of a
Belgian nursing home. Multilocus variable number of tandem repeats analysis (MLVA) was
performed to determine the genetic diversity of the C. difficile isolates and possible cross-infection
between patients. Additionally, 16S rRNA gene sequencing was used to characterize the faecal
microbiota of the elderly residents, to evaluate the global evolutions of the total microbiota and to
identify possible relationships between certain bacteria populations and C. difficile colonization,

diarrhoea and antibiotic treatment.
Results
Prevalence of C. difficile

A total of 242 faecal samples were collected from 23 residents in seventeen consecutive weeks
(resident number 11 was excluded from the study as he finally did not agree to participate in the
survey). Two subjects passed away within the four-month study period. Seven of 23 monitored

residents were positive for C. difficile at least once (Table 1).

There was only one case of CDI diagnosed during the study (subject 01). He was diagnosed in week
eleven of the study after suffer more than three episodes consecutives of diarrhea C. difficile was
detected in 14 out of these 30 diarrhoeal samples (43.7%). Regarding the antimicrobial therapy, a total
of five residents tested positive for C. difficile had previously received an antibiotic medication.
Probiotic treatment was noted in 4 residents, two of them were positive for C. difficile even 5 weeks
after the first administration. Only one resident (number 08) was hospitalized during the study (Table

2).
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Table 1. Detailed information on 23 nursing home residents enrolled in the study, including the detection of C. difficile with and
without enrichment

Resident Week

Identification 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

01 E E ¢+ - - + - - + E E E ¥ D + D -
02 - - - - - - - - - - - - - - - - -
03 S T T I - £ - P+ %
04 - - - - - - - - - - - + - - - - -
05 S . T T S S - - P - - - $
06 S S S T £ - P+ - - %
07 - - - ¥ ¥ - - - - ¥ - - - - ¥ - ¥
08 ¥ - - H H H H - + - - - - £ - E: ¥
09 S L T T £ - - - £ - -
10 - 2 - ¥ - - ¥ - - - - - E - - 2 ¥
12 S T T - - - - £ - -
13 D D - - k4 - - - ¥ - - - k4 - ¥ t ¥
14 - - - - ¥ ¥ ¥ - - - k4 - E - 4 2 E
15 E E E - F2 D D D D D D D D D 2 + D
16 - - - - - - t t t t t t t t t t t
17 - - - ¥ - - - D - - - - ¥ - S ¥ ¥
18 k2 2 E D % D % D % k2 D E ¥ E 2 E
19 E E E E E E D + - - E ¥ D t - ¥ ¥
20 - ¥ - ¥ ¥ - ¥ ¥ - ¥ F ¥ F ¥ - ¥ ¥
21 E - - - - - ¥ - ¥ - - ¥ E ¥ - t -
22 S A (S SRS S S SRS SRS SRS S SR
23 S S T - - - £ - - -
24 k2 2 D % E - ¥ E # - E - E - ¥ 2 -

Resident number 11 was excluded from the study

D: Positive results detected without enrichment

E: Positive results detected after 3 days of enrichment
-: Negative results for C. difficile presence

#: Sample was not available

H: resident hospitalized

+: The resident passed away during the study period
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Four different PCR-ribotypes (UCL16a, UCL36, UCL46 and 027) were identified among the 38
isolates. In one resident (number 19), different PCR-ribotypes were found in different sampling days
while in another subject (number 17) two different PCR-ribotypes were detected in the same sampling
day (direct culture: PCR-ribotype 027; 3 days of stool enrichment: PCR-ribotype UCL36). Only in one
resident (number 015), all but one samples obtained were positive for C. difficile and the isolated
strains were all identified as PCR-ribotype 027. Three out of these four different PCR-ribotypes had
toxic activity. All toxigenic isolates encoded toxin A and B, while PCR-ribotype 027 also contained
the binary toxin. In addition, all types 027 contained an 18-base pair deletion, a deletion at 117 of the

tcdC gen and gyr4 mutation associated with moxifloxacin resistance (Table 2).
C. difficile MLV A analysis

MLVA was performed in order to provide further insight into the clonal relatedness of the C. difficile
isolates and cross-infection between patients. A total of 59 isolates have been obtained during the
study. Among them, 44 toxigenic and non-toxigenic isolates were further analysed by MLVA.
Selection of these strains was based on the inclusion of a representative number of isolates from each
classified PCR ribotype. In order to determine if the seven VNTR loci were stable over time or if
subjects harboured more than one C. difficile type, isolates obtained from the same resident on direct
culture and after 3 enrichment days and on different weeks were also studied by MLVA. Thirty-one
different MLVA profiles were identified. However, a high degree of genetic relatedness was observed
among most of the strains with the same PCR-ribotype (summed tandem repeat difference at all loci <
2). The C6 and A6 were the most diverse VNTR loci. Regarding the strains identified as PCR-ribotype
027, most of them were closely related. Furthermore, several isolates from patients 15, 18 and 19 had

an identical MLVA profile (Table 3).
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Table 3. MLVA profile of the isolates obtained from each nursing home resident

PCR- MLVA Profile Resident No. of Week
Ribotype A6 B7 Cé6 E7 G8 CDR5 CDR60 Total Number isolates
027 22 9 38 10 17.5 3.9 7.2 107.6 15 4 1E 2E 6E
18 1 7E
5E
23 9 38 10 17.5 3.9 7.2 108.6 15 1 3E
22 9 39 10 17.5 3.9 7.2 108.6 15 1 7D
22.2 9 37.8 10 17.5 3.9 7.2 107.6 15 3 9D 10QE
18 1 14E
19 1 15E
120
22.2 9 37.8 10 17.5 3.8 7.2 107.5 15 1 8E
22 9 37.8 10 17.5 3.8 7.2 107.3 15 1 9E
23 9 37.8 10 17.5 3.8 7.2 108.3 15 1 120
22.2 9 26.5 10 18.5 3.9 7.2 97.3 15 1 12E
23 9 40 10 17.5 3.9 7.1 110.5 18 1 2E
22 9 36.8 10 17.5 3.9 7.2 106.4 18 1 7D
22.2 9 37.8 10 17.6 3.9 7.2 107.7 18 1 7E
23 9 36.8 10 17.5 3.8 7.2 107.3 18 1 9E
22 9 37 10 17.5 3.9 7.2 106.6 19 1 3E
22.2 9 36.8 10 17.5 3.8 7.2 106.5 19 2 7E11E
UCL16a 30.8 14.1 235 5 10.8 6.8 3.2 94.2 1 1 1E
30.8 14 23.5 5 10.8 6.8 3.2 94.1 1 2 2E 16E
30.8 14 24.5 5 10.8 6.8 3.2 95.1 1 1 10E
30.76 14 11.3 5 10.8 6.8 3.2 81.8 1 1 11E
29.8 14 235 5 10.8 6.8 3.2 93.1 1 2 12E 16D
31.84 14 23.5 5 10.8 6.8 3.2 95.1 1 1 14D
UCL46 28.8 21.1 22.3 14 8 8.8 2.2 105.2 19 1 1E
28.8 21.1 22.5 14 8 8.8 2.3 105.5 19 1 28
UCL36 19.2 17 42.8 8 9.9 4.9 10.2 112 13 1 1D
18.3 16 42.8 8 9.9 49 10.2 110e 13 1 1E
18.3 16 36.8 8 9.9 4.9 10.2 104.1 13 1 2D
19.2 16.1f 418 8 9.9 4.9 10.2 110.1 13 1 2E
30.8 17 34.7 8 10.8 4.9 10.2 117.4 17 1 8E
31.8 17.1 34.7 8 10.8 49 10.2 118.5 19 1 7D
31.8 17 34.8 8 10.8 49 10.2 118.5 24 1 3D
31.8 17 34.7 8 10.8 4.9 10.2 118.4 24 1 SE
31.8 18.1s  35.8 8 10.8 4.9 10.2 120.6 24 1 8E

Differences found in the results after one or more repetitions: a24.5; ¥30.8; ¢17.3; 426.9; ¢10.3; {16; 618
EStrain isolated after 3 days of feces enrichment
D Strain isolated after direct culture of the feces
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Analysis of the residents’ faecal microbiota by barcoded pyrosequencing

Among the 23 residents, available faccal samples from 13 residents (6 C. difficile negative and 7 C.
difficile positive, in total 118 faecal samples) were selected for 16S profiling of their faecal
microbiota. A total of 433,815 final reads were attributed to 3,940 species level OTUs among 118
samples (Additional file 1). The analysis showed that the major phyla found in patients were
Firmicutes and Bacteroidetes followed by the Verrucomicrobia and the Proteobacteria (Fig. 1). On the
family level, the major populations were consistent with previous human studies, Bacteroidaceae,
Ruminococcaceae  and  Lachnospiraceae  being  dominant. The  Verrucomicrobiaceae,
Porphyromonadaceae and Rikenellaceae were subdominant (Fig. 1). The 6 major genera were
Bacteroides, Akkermansia, Parabacteroides, Alistipes and two populations undefined at the genus

level belonging respectively to the Lachnospiraceae and the Ruminococcaceae (Additional file 2).

Phylum

100
[] Others

[l Fusobacteria
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[ Synergistetes
[ Actinobacteria
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I Bacteroidetes
[l Firmicutes

NA >O 0O DO AN O N A
SIS I NMNNMN NN MNVQY

Relative population abundance (%)

Resident
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Figure 1. Taxonomical distribution deduced by 16S rDNA profiling. Bart chart detailing the

mean cumulated relative abundance of the major phyla and families for each resident
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The mean alpha diversity and richness is variable between residents (Additional file 4), though no
resident mean values are statistically different from the rest of the cohort (Fig. 2). Moreover, the
analysis of the microbiota species structure and composition showed that each patient has his own
microbiological imprint during the study as revealed by weighted UNIFRAC analysis of phylotypic
distribution of the samples based on a Bray-curtis distance matrix (Fig. 2 and Additional file 3).
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Figure 2. Species bacterial diversity and species phylotypic tree based on Bray-Curtis distance
matrix

(A) Bacterial diversity (inverse Simpson biodiversity index), bacterial richness (Chaol richness index)
and bacterial evenness (Deduced from Simpson index). Bacterial diversity indexes are expressed as a
box plot of the mean from subsampled datasets, whiskers represent minimum and maximum value.
Median is shown as a line inside the box. (B) Phylotype tree of the 118 subsampled datasets built upon

a Bray-Curtis distance matrix at the species taxonomical level (average tree is shown, 1000 iterations).

Among the 118 samples, 24 samples were detected positive for C. difficile by 16S rRNA gene analysis
(Fig. 3). Reads sharing minimum 99% of identity to the Clostridium difficile 16S TRNA sequence were
easily identified as such. Indeed nearest known species (Clostridium glycolicum, Terrisporobacter
mayombei and Romboutsia lituseburensis) share less than 99% of nucleotidic identity on the V1-V3
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hypervariable region with C. difficile 16S rRNA sequence. On these specific 118 samples analysed by
16S rRNA gene analysis, 37 were labelled C. difficile positive by culture microbiology. Among the
positive samples, 18 samples were detected by both methods, 19 samples were positive only by culture

and 6 were positive only by 16S rRNA profiling.
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Figure 3. C. difficile detection results for the 118 samples analysed by culture and metagenetics

Grid detailing the detection results for the samples analysed by both methods. For classic
microbiology, samples are positive if either direct or enrichment culture is positive. For metagenetics,
samples are positive if at least one sequence read is identical to C. difficile V1-V3 16S rDNA
sequence. Red — negative sample; white — non-analysed sample; yellow — C. difficile positive culture;

blue — C. difficile metagenetic detection and green — C. difficile positive for both methods.

Link between C. difficile colonization and faecal microbiota

In order to explore the link between C. difficile colonization and the resident microbiota, residents

negative and positive for C. difficile detection were grouped. As the inter-individual variability is the
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main driving factor for the sample clustering, the grouping has been made by resident instead of strict
positive and negative samples. Figure 4 shows the major mean genus relative abundance for both
groups. Statistical analysis revealed that only four genus populations have significant relative
abundance between both groups (Fig 4). Indeed Blautia (Firmicutes) and Flavonifractor (Firmicutes)
and the Lachnospiraceae unclassified (Firmicutes) appeared more abundant in the C. difficile positive
group, whereas Akkermansia (Verrucomicrobiaceae) abundance was higher in the C. difficile negative
group. In order to better understand these differences, both groups were further splitted into diarrheic
(> 1 diarrheic feces sample) or non-diarrheic residents. If the decrease in Verrucomicrobiaceae is still
linked to C. difficile positive groups (data not shown), the higher abundance of Lachnospiraceae
family is specific to C. difficile positive diarrheic residents compared to other groups (p<0.05)
(Additional file 5).

The analysis of mean alpha diversity of both groups showed that C. difficile positive group exhibited a
higher evenness (inverse Simpson index) . This difference was not seen in the species richness (Chao

index) or microbial biodiversity (Fig. 4).
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Figure 4. Microbiota comparison between C. difficile negative and positive residents

(A) Mean cumulative relative abundance distribution for the major bacterial genera (>1%) for C.
difficile negative and positive residents. (B) Changes in microbial genus populations between C.
difficile negative and positive residents. Populations whom relative abundance is statistically different

are expressed as mean relative abundance + standard error of the mean (p < 0.05 according to multiple
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unpaired t-test with Benjamini-Hochberg False Discovery Rate). (C) Bacterial diversity (inverse
Simpson biodiversity index), bacterial richness (Chaol richness index) and bacterial evenness
(Deduced from Simpson index). Bacterial diversity indexes are expressed as a box plot of the mean
from subsampled datasets, whiskers represent minimum and maximum value. Median is shown as a
line inside the box. Statistical differences are represented by asterisks (p< 0.05 according to non

parametric Mann-Whitney test) after Bonferroni corrections.

Discussion

The gut microbiota ecosystem plays a critical role in resistance to colonisation by pathogenic
organisms, infection and recurrence [11]. C. difficile colonisation has been described as ten times
higher in elderly nursing home residents than in the general population living outside long-term care
facilities [13]. The deteriorating health status of nursing home residents, their frequent hospitalisation
and the cohabitation in the same contaminated environment promote bacterial colonisation and
dissemination [14,15]. The aim of this study was to evaluate the presence of C. difficile in a short
cohort of elderly nursing home residents and to evaluate the global evolutions of their faecal

microbiota.

In the present study, 30.4% (7/23) residents were positive to C. difficile. In previous studies conducted
in Germany, UK, Ireland, Australia or Canada, the prevalence of positive residents reported ranges
between 0.80% and 10% [13,16-19]. This prevalence is much higher in other reports in USA, varying
between 6.4% and 54.8%. The differences in results obtained among studies may be due to
geographical or methodological variations [20]. The same scenario was reported for the incidence of
CDI in Belgian hospitals when compared with other hospitals in Europe and USA [21,22]. In addition,
in the present study residents were not only sampled in one occasion but also tracked weekly during a
total of 4 months, which could explain the higher prevalence found in comparison with the other
studies conducted in Europe. In our study, only one resident was diagnosed with a CDI. However,
other residents presented symptoms (diarrhoea) and either stool test positive for toxigenic C. difficile.
Therefore, the lack of clinical diagnosis or request do not exclude that other residents suffered CDI
during the study period [23]. On the other hand, positive residents to C. difficile without any signs of

disease were also detected.

Results obtained from PCR-ribotyping and MLVA showed that there was a clonal dissemination
within the nursing home residents. Therefore, even if some authors have refuted the theory of person-
to person transmission to explain the increase incidence of CDI within hospital awards [24,25], it
seems that in this nursing homes the situation is different. Only four different PCR-ribotypes were
identified and three of them were toxigenic (UCL16a, UCL46 and 027). Surprisingly, none of them
were among the five PCR-ribotypes most commonly identified in Belgian hospitals in 2013 and 2014
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[22]. Since 2011, decline in the prevalence of the PCR-ribotype 027 has been reported in different
European countries. Furthermore, in Belgium, the proportion of hospitals with the hypervirulent PCR-
ribotype 027 decreases from 34% in 2009 to 15% in 2013. The same situation is described for PCR-
ribotype UCL46 [21]. Unfortunately, there are no recent studies in the literature conducted in nursing
homes and therefore is not possible to compare the PCR-ribotype distribution found in Belgium with
those present in other countries. One way of introduction new C. difficile strains in nursing homes is
by incoming patients, visits, by the transfer of residents to hospitals when they suffer an acute clinical
problem [8,14] or by foods or animals visitation [25,26]. Then nursing home population is more
closed and restricted and changes in the prevalence of PCR-ribotypes come later than in hospitals.
Therefore, it could be hypothesised that the most prevalent PCR-ribotypes today in hospitals (PCR-
ribotypes 078 and 014/020) [22] will be in a few years predominant in nursing homes.

The 16S rRNA profiling of faccal microbiota has been applied to a small cohort of this longitudinal
study. Although the elderly gut microbiota is thought to be different from that of the healthy adult, the
number of publications addressing this topic with "omics" approaches is still low [27,28]. We chose to
base our 16S amplicon design on the V1-V3 hypervariable region as it provides precise taxonomical

assignment to the genus level and beyond [29,30].

In previous studies on elderly gut microbiota, Bacteroidetes and Firmicutes have been reported to
dominate with a marked preponderance of Bacteroidetes over Firmicutes [31-33]. In the present study,
the major bacterial phyla identified in residents' microbiota are the Firmicutes followed by the
Bacteroidetes. We also found a higher abundance of Verrucomicrobia than previously observed [31-
32]. The predominance of Firmicutes and Bacteroidetes has also been highlighted in a large cohort
study in Belgium [34], although the overall prevalence of Bacteroidetes in our study is higher than the
mean value on a large scale population level (34% in our study vs 25% in the Belgian Flemish Gut
Flora Project). This increase in Bacteroidetes relative proportion in elderly gut microbiota compared to
a matched cohort of younger adults has already been described [31]. The analyses of the bacterial
genera distribution in this study indicate significant differences in the major population compared to a
previous study on elderly with western lifestyle and diet [31]. These differences are mainly in the
Firmicutes phylum, with a higher abundance of genus Blautia and a lower abundance of

Faecalibacterium. Among notable genera, Escherichia abundance is surprisingly high in our results.

It has been recently underlined that longitudinal survey of microbiota in elderly and long-stay
residents did not support a model of unstable microbiota and diversity [35]. The longitudinal analysis
of the bacterial diversity of community composition showed that bacterial diversity and richness is
variable between residents but did not reveal any evolution during the study. Moreover, inter-
individual microbiota variability is known to be greater than temporal variability [32] and has been

confirmed by community structure analysis.
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There are a growing number of publications on the gut microbiota exploration and CDI. Some of them
focus on the idea that commensal bacterial populations can protect from CDI [36]. Although no
candidate population has emerged, loss of some bacterial genera like Bacteroides has been associated
with CDI [37]. Other studies on hospitalized CDI patients described a significant alteration of gut
microbiota during CDI along with decreased biodiversity and richness [27,28,36,39]. This alteration
includes a rise in Proteobacteria and a decrease in Lachnospiraceae and other butyrate-producing
bacteria. However, it should be noted that these alterations do not appear to be specific to CDI, but are
also observed in patients with non C. difficile diarrhoea [36]. In a first extensive study on elderly and
CDI, Rea et al. [28] showed that there was little difference regarding the microbiota composition
between CDI subjects and asymptomatic C. difficile carriers. Moreover, only minor bacterial taxon
showed a statistically different abundance between C. difficile positive subjects and negative

individuals.

The 16S rDNA profiling has been performed on a limited cohort of C. difficile negative and positive
residents. Even if it was longitudinal, we did not focus on the pathology or on the antibiotic use that
might have occurred during the survey. We centred this analysis on the hypothesis that in these long
term stay residents, C. difficile persistent or recurrent colonisation might be associated with more
pronounced differences in microbiota between both groups. Significant changes have been observed in
C. difficile positive individuals in the relative abundance of bacterial populations, but these are limited
to the Lachnospiraceae and Verrucomicrobiaceae. Surprisingly, Lachnospiraceae and specifically
genus Blautia abundance is higher in C. difficile positive individuals, which is quite different from
previous reports [37,38]. Even if CDI diagnosis was not specifically performed during the study, we
further split both residents groups regarding the presence of diarrheic feces and observed that this
bacterial family abundance is significantly higher in C. difficile positive residents having diarrheic
feces compared to diarrheic C. difficile negative individuals. Verrucomicrobiaceae (genus
Akkermansia) is known to be linked to gut health and its abundance seems to be reduced in context of
gut inflammation [40]. Even if gut inflammatory status of the residents has not been investigated, it is
a known risk factor for C. difficile colonization and could therefore be responsible for this negative

correlation.

Positive C. difficile status is not associated with microbiota richness or biodiversity reduction in our
study. It appears that impact on gut microbiota structure is associated with actual diarrheic episodes
instead of C. difficile positive status [28]. Recent studies have demonstrated that stool consistency is a
dominant factor associated with microbiota composition and species richness is negatively correlated

with stool looseness [34,41].

The major limitation of this is the relatively low number of volunteers. Microbiota analysis has been

marked by a strong inter-individual variability, which can certainly influence comparisons between C.
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difficile negative and positive groups. It has been recently shown that several types of microbiota
composition might increase susceptibility to CDI [37]. Further studies on long-term stay residents will

be needed to improve our knowledge of the C. difficile reservoir and susceptibility in nursing homes.
Conclusion

This study aimed to investigate an elderly closed community, classically considered at risk of being
colonised and developing CDI. In addition, we have studied whether the recruitment in a healthcare
setting can have an impact on the evolution of the intestinal microbiota communities. C. difficile
colonisation is higher in nursing homes than in hospitals, with a predominance of the hypervirulent
PCR-ribotype 027. Variations in the abundance of taxa have been observed in the faecal microbiota of
colonised residents. Positive C. difficile status is not associated with microbiota richness or
biodiversity reduction in our study. Notably, a decrease of Akkermansia in positive subjects to the
bacterium has repeatedly found. The link between Akkermansia, gut inflammation and C. difficile

colonisation merits further investigations
Materials and Methods
Resident recruitment and sampling

The study was conducted at the Saint-Joséphine (ACIS) nursing home, in the province of Liége
(Theux), Belgium. This local nursing home has a total capacity of 110 beds with a total of 73
employees. Written informed consent was obtained from all of the participants or their next of kin in
case of cognitive impairment. Data collected included gender, age, clinical status, medical history,
recent history of diarrhoea, recent hospitalization, medication, including nonsteroidal anti-
inflammatory drugs (NSAIDs) or antibiotics, probiotics and changes in diet. The study was approved
by the Hospital-Faculty Ethics Committee of the University of Li¢ge (707).

During a 4-month period, from March through June 2013, stool samples from a group of 23 elderly
care home residents were collected weekly. Most of the subjects were aged 65 years and older. Faecal
sampling was performed from Thursday until early Friday. Two samples per person were collected.
The first sample was collected in an individual identified sterile 50 ml tube for further culture to detect
C. difficile. The second one was collected using the Stool DNA Stabilizer (PSP® Spin Stool DNA Plus
Kit 00310; Invitek, Westburg b.v., Netherlands) to study the microbial biodiversity of the faeces
content by amplicon sequencing. Samples obtained were scored as normal, diarrhoea or bloody
diarrhoea faeces. They were kept at 4°C for a maximum of 48 hours until their arrival in the laboratory

for immediate culture or DNA extraction.

C. difficile culture, identification and characterization
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Culturing of faeces (with and without a phase of enrichment), isolation and identification of C. difficile
colonies were performed as previously described [42]. Toxic activity of the isolated strains was
confirmed by a cytotoxicity assay using confluent monolayer MRC-5 cells as described previously

[43].
Molecular typing of C. difficile isolates

C. difficile isolates were tested using Genotype Cdiff system (Hain Lifescience, Nehren, De) for the
presence of the tpi gen, toxin genes tcdA, tcdB, cdtA and cdtB, deletions in the regulator gene fcdC and

gyr4 mutation, according to the manufacturer’s instructions.

PCR-ribotyping was performed using the primers and conditions described by Bidet et al. [44]. An
international number was used for C. difficile strains that presented a PCR-ribotype profile matching
the Cardiff ribotypes from the strain collection available in our laboratory. Otherwise, strains were

identified with an internal nomenclature.
MLVA

The DNA extraction was performed using a chelex 100 solution 5% (Biorad, Nazareth, Be) as
described previously [45]. For MLVA, seven variable-number-tandem repeat (VNTR) loci (A6, B7,
Co6, E7, G8, CDRS5, CDR60) were studied as previously described [46]. Isolates with MLVA STRD <

2 were indicative of a high degree of genetic relatedness [47].
16S rDNA pyrosequencing and data analysis

Total bacterial DNA was extracted from the stool samples with the PSP® Spin Stool DNA Plus Kit
00310 (Invitek), following the manufacturer’s recommendations. 16S rDNA profiling, targeting V1-
V3 hypervariable region and sequenced on Roche GS Junior was performed as described previously
[42]. Briefly, libraries from 20 samples were run in the same titanium pyrosequencing reaction using
Roche multiplex identifiers, and amplicons were sequenced using the Roche GS-Junior Genome
Sequencer instrument (Roche). A total of six sequencing runs were necessary to obtain the data for the

118 samples.

Sequence reads processing was treated as previously described [29] using respectively MOTHUR
software package v1.35, Pyronoise algorithm and UCHIME algorithm for alignment and clustering,
denoising and chimera detection [48-50]. 16S rRNA Reference alignment and taxonomical assignation
in MOTHUR were based upon the SILVA database (v1.15) of full-length 16S rRNA sequences [51].
Clustering distance of 0.03 was used for OTU generation. Subsample datasets were obtained and used
to evaluate ecological indicators, Richness estimation (Chaol estimator), microbial biodiversity
(reciprocal Simpson index), and the population evenness (derived from Simpson index) at the

phylotype species level using MOTHUR. Population structure and community membership were
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assessed with MOTHUR using distance matrice based on Bray-Curtis dissimilarity index (a measure
of community structure which considers shared OTUs and their relative abundances [52,53].

abundances).

Weighted UNIFRAC test implemented in MOTHUR v1.35 was used to assess differences regarding
bacterial community structure between residents. Statistical differences in bacterial biodiversity,
richness and evenness between residents and between C. difficile positive and C. difficile negative
groups were respectively assessed using one way-ANOVA and Mann-Whitney test using PRISM 6
(Graphpad Software), and Bonferroni analysis. In order to highlight statistical differences in the
bacterial population abundance between groups, multiple unpaired t-test with Benjamini-Hochberg
False Discovery Rate were performed using PRISM 6 (Graphpad Software). Differences were

considered significant for a p-value of less than 0.05.

All the biosample raw reads have been deposited at the National Center for Biotechnology

Information (NCBI) and are available under the Bioproject PRINA315622.
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Additional file 1. Quality analysis of the 16S rRNA gene analysis for the 118 human faecal
samples analysed.

Item Total number (or %) Mean read length, nucleotide
Raw reads 590,067 512
Postdenoising/Postchimeric 433,815 454

Loss in Treatment (%) 26

OTU 0.03" 10,458

Phylotype species 3,940

Phylotype genus 208

* OTU clustering distance
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Others
Betaproteobacteria_unclassified
Enterococcus

Parasutterella

Turicibacter
Clostridia_unclassified
Burkholderiales _unclassified
Lentisphaeria_unclassified
Prevotella

Sedimentibacter

Dorea

Opitutae_unclassified
Streptococcus

Coprococcus

Bilophila
Firmicutes_unclassified
Family_XIll_Incertae_Sedis_unclassified
Coriobacteriaceae_unclassified
Peptostreptococcaceae_unclassified
Flavonifractor

Desulfovibrio

Pseudomonas

Prevotellaceae unclassified
Roseburia

Acidaminococcus
Bifidobacterium

Victivallis

Sutterella

Barnesiella

Collinsella
Erysipelotrichaceae_unclassified
Synergistaceae_unclassified
Bacteroidales _unclassified
Enterobacteriaceae_unclassified
Bacteroidetes unclassified
Faecalibacterium
Subdoligranulum

Blautia

Escherichia
Clostridiales_unclassified
Oscillibacter

Alistipes

Parabacteroides

Akkermansia
Ruminococcaceae_unclassified
Lachnospiraceae_unclassified
Bacteroides

Additional file 2. Taxonomical distribution deduced by 16S rDNA profiling. Bart chart detailing

the mean cumulated relative abundance of the major genera for each resident

Bart chart detailing the mean cumulated relative abundance of the major genera for each resident.

Additional file 3

181



Experimental section - C. difficile in long-term-care facilities for the elderly

W Score
P01 P02 P04 P05 P10 P12 P13 P15 P17 P18 P19 P21
PO1
P02 1
P04 1 1
P05 0.989227 0.989227 0.994597
P10 1 1 1 0.975752
P12 1 1 1 0.994597 1
P13 1 1 1 0.811885 1 1
P15 1 1 1 0.994597 1 1 1
P17 1 1 1 0.989227 1 1 1 1
P18 1 1 1 0.989227 1 1 1 1 1
P19|0.978402 0.978402 0.91147 0.987315 0.976086 0.91147 0.997421 0.898462 0.978402 0.978402
P21 1 1 1 0.994597 1 1 1 1 1 1 0.893297
P24|0.953487 0.969149 0.996232 0.989227 0.980789 0.996232 1 0.996232 0.969149 0.905936 0.937105 0.93807

W significance
P01 P02 P04 P05 P10 P12 P13 P15 P17 P18 P19 P21

P01
P02| <0.001

P04| <0.001 <0.001

P05| <0.001 <0.001  <0.001

P10| <0.001 <0.001  <0.001  <0.001

P12| <0.001 <0.001 0.011 <0.001 <0.001

P13| <0.001 <0.001 0.076 0.075 <0.001 0.040

P15| <0.001 <0.001  <0.001  <0.001 <0.001  <0.001  <0.001

P17| <0.001 <0.001  <0.001  <0.001 <0.001  <0.001 <0.001 <0.001

P18| <0.001 <0.001  <0.001  <0.001 <0.001  <0.001 <0.001 <0.001  <0.001

P19| <0.001 <0.001  <0.001  <0.001 <0.001  <0.001 <0.001 <0.001  <0.001  <0.001

P21| <0.001 <0.001  <0.001  <0.001 <0.001  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P24| <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Additional file 3. Unifrac weighted score and significance between patients

UNIFRAC weighted score (W score) and significance for patients clustering based on Bray-Curtis

dissimilarity distance matrix.
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Additional file 4. Longitudinal distribution of the ecological indicators

Bacterial diversity (inverse Simpson biodiversity index), bacterial richness (Chaol richness index) and

bacterial evenness (Deduced from Simpson index) expressed for each analysed samples.
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Lachnospiraceae relative abundance
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Additional file 5. Relative abundance of Lachnospiraceae between groups of diarrheic/non

diarrheic and C. difficile status.

Lachnospiraceae relative abundance is expressed as mean relative abundance + standard error of the
mean. Different superscript letters correspond to statistical difference according to one way ANOVA

with Tukey-Kramer post-hoc test (p < 0.05).
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3.5 C. difficile in hospitalised patients with diarrhea

When this study first began in 2010, there was a global increase in incidence, severity and mortality
associated with CDI. This increase was attributed with the spread of the epidemic strain C. difficile
PCR-ribotype 027. However, from 2014 in North America and in some European countries, it was
reported that PCR-ribotypes 078 and 014 were becoming more prominent and associated with a higher
rate of complications compared to other ribotypes. Furthermore, in Belgium the last epidemiological
report has revealed a decreasing prevalence of PCR-ribotype 027, with a large variety of circulating
ribotypes. Other European countries include slightly different definitions of CDI cases and different
typing protocol within their surveillance and therefore, comparisons between countries are not always
consistent. Some preliminary international studies have revealed that Belgium has incidence rates of

CDI lower than reported in the United States but in the mid-range of other European countries.

To complete this study the final goal was to survey the C. difficile circulation in an European hospital
(located in Spain) and to compare the ribotype distribution with that observed in a second hospital
located in Belgium, during the same study period. Data obtained shows that even if the total number of
samples analysed per month in the Belgian hospital was triple the number of samples analysed in the
Spanish hospital, the prevalence is lower in the Belgian hospital (9.3% versus 12.3%). These results
may reflects the efforts of the Belgian hospital to improve the management of CDI, and a probable
misdiagnosis of CDI in Spain due to the lack of clinical suspicion and request. The most common
PCR-ribotypes reported in Europe were found in the two hospitals, including 078 and 014. The great
variety of PCR-ribotypes detected underlined the absence of regional or hospital spread of one specific
clone. Furthermore, the strain diversity may indicate that there are multiple pathways of transmission.
In addition, it was found that the same PCR-ribotypes commonly detected in animals and foods were
the predominant types circulating in the Belgian and in the Spanish hospital (PCR-ribotypes 078, 014,
020, 002). Once again, these results evidence the potential role of animals and foods as reservoirs of

CDI in the community.
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Clostridium difficile presence in Spanish and Belgian hospitals

in preparation for submission
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Abstract

Clostridium difficile is recognised worldwide as the main cause of infectious bacterial antibiotic-
associated diarrhoea in hospitals and other healthcare settings. The aim of this study was to first
survey C. difficile prevalence during the summer of 2014 at the Central University Hospital of
Asturias (Spain). By typing the isolates obtained, it was then possible to compare the ribotype
distribution at the Spanish hospital with results from the St Luc University Hospital in Belgium over
the same period. The prevalence of positive cases reported in Spain and Belgium was 12.3% and 9.3%
respectively. The main PCR-ribotypes previously described in Europe were found in both hospitals,
including 078, 014, 012, 020 and 002. In the Spanish hospital, most of the C. difficile-positive samples
were referred from oncology, acute care and general medicine services. In the Belgian hospital the
majority of positive samples were referred from the paediatric service. However, a high percentage of
isolates from this service were non-toxigenic. This study finds that the presence and detection of C.

difficile in paediatric and oncology services requires further investigation.

Keywords

Clostridium difficile; infection; hospitals; PCR-ribotype distribution

Introduction

Clostridium difficile is currently one of the most largely studied pathogenic bacteria in the world and is
considered the major cause of nosocomial antibiotic-associated diarrhoea and colitis in industrialised
countries'. Clinical manifestations of C. difficile infection (CDI) range from mild or moderate
diarrhoea to fulminant and sometimes fatal pseudomembranous colitis’. Normally, the diarrhoea has
been described to appear 48-72 h post infection and is characterised as non-haemorrhagic and watery,
accompanied with abdominal pain, fever and leucocytosis’. However, the worst outcome is sepsis and
death, which is observed in 17% of CDI cases’. The highest incidence and mortality rate is usually

reported among patients of advanced age who have had a stay in a healthcare setting’.

A recent review of CDI cost-of-illness attributes a mean cost ranging from $8,911 to $30,049 per
hospitalized patient in the USA® and around €3,000 million total per annum in Europe’. In addition, in
many hospitals the diagnosis strategy remains suboptimal and a proportion of infections may remain
undiagnosed®. In the past decade, an increase in the incidence and severity of the infection has been
reported in various healthcare settings among many countries’. This situation was attributed to the
emergence of a new epidemic and hypervirulent C. difficile strain, identified as PCR-ribotype 027
(North American pulsed field type 1)'°. Since 2003, in the United States and Canada, studies have

shown an increase in the number and severity of CDI cases, including an increase in the case fatality,
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mortality and colectomy rates. The change in the epidemiology of C. difficile was also attributed to the
spread of the NAP1/027 strain''. The situation presented by studies in North America is mirrored in
Europe. In 2008, the PCR-ribotype 027 was detected in 16 European countries and caused outbreaks
in Belgium, Germany, Finland, France, Ireland, The Netherlands, Switzerland and the United
1,12

Kingdom'"
PCR-ribotypes were identified as 014/020 (15%), 001 (10%) and 078 (8%), while PCR-ribotype 027

. However, in a further epidemiology study conducted in Europe, the most prevalent

was less prevalent (5%)'". Surveillance data for Belgium from 2008 to 2010 showed a stable incidence
of CDI in Belgian hospitals, and even a decrease in 2010. In addition, PCR-ribotype 027 was the most
prevalent type during the years 2007-2009". A further study reporting CDI ribotype distribution in
Belgian hospitals between 2008 and 2010 described a decrease in cases caused by PCR-ribotype 027
(from 55% in 2008 to 28% in 2010). In contrast, the proportion of other PCR-ribotypes involved in
CDI increased, such as ribotype 014 (from 20% in 2008 to 33% in 2010) and ribotype 078 (from 11%
in 2009 to 23% in 2010)"*. Meanwhile, a prospective study conducted in 2009 in the region of
Barcelona (Spain) identified the main PCR-ribotypes associated with CDI as 241 (26%), 126 (18%),
078 (7%) and 020 (5%), while PCR-ribotype 027 was not detected". In a later study conducted in the
region of Madrid (Spain) from January to June 2013, most of the isolates associated with a CDI case
possessed binary toxin and were classified as PCR-ribotype 078/126 (90.7%)'°. Consistent with these
reports, Weber et al.'” studied C. difficile clinical isolates recovered at the reference hospital of the
Balearic Islands (Spain) between August 2007 and April 2011. The authors detected a total 43
different PCR-ribotypes with a higher prevalence of types 014 (34%), 078 (13%) and 001 (5%). As in
other Spanish studies, none of the isolates were identified as PCR-ribotype 027.

The aim of this study was to survey the C. difficile circulation during the summer of 2014 at the
Central University Hospital of Asturias (Spain), a provincial hospital located in the North of Spain. By
typing of all the isolates obtained, we were able to compare the ribotype distribution with that

observed in the St Luc University Hospital (Belgium) during the same period.

Methods
Hospital selection, data and sampling

The Central University Hospital of Asturias (HUCA) located in Oviedo (Asturias, Spain), is the
referral hospital of the Health Service of the Principality of Asturias. Overall, the hospital has 17
buildings with a total of 1,324 beds, 29 operating rooms, 203 consultation rooms (for outpatients) and

123 emergency rooms.

During the 4-month period from July to October 2014, all samples from outpatients and hospitalised
patients suspected of being infected with C. difficile were tested. Stool consistency of samples was

evaluated using the Bristol Stool Chart (BSC). Samples were documented for data relating to clinical
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history, diagnosis and treatment received, including the prescription of antimicrobial agents.

Numerical identification was used for all samples to guarantee patient anonymity.

C. difficile rapid detection

Initial screening for C. difficile presence was performed using a rapid membrane enzyme
immunoassay for the simultaneous detection of C. difficile glutamate dehydrogenase antigen and
toxins A and B (Cdiff QuickChek Complete® TechLab, Blaclsburg, USA). In the case of doubtful
results or glutamate dehydrogenase antigen testing positive and toxins A and B testing negative,
GenomEra CDX System C. difficile (Abacus Diagnostica, Turku, Finland) was performed for rapid
identification of toxin B. These tests were applied only in semisolid, mushy stools and watery/entirely
liquid faeces (Bristol stool chart levels 4 to 7) while samples outside this range were discarded. This
analysis constituted the routine protocol followed in the hospital laboratory for the diagnosis of CDI. If
various stool samples were received from the same patient, a second analysis was only performed if

the first C. difficile screening was made at least one month prior.

Culture, identification and characterisation

All specimens received in the laboratory for C. difficile testing were cultured regardless of their
classification in the Bristol stool chart. Culture was carried out as described previously'®. Briefly,
approximately 0.1 g of faeces was spread directly on cycloserine cefoxitin fructose agar taurocholate
medium (CCFAT), freshly prepared in the laboratory. Plates were incubated anaerobically for 72 h at
37 °C. The anaerobic atmosphere in the jar was created using AnaeroGen™ sachet (Oxoid, Dardilly,
FR) and checked using an anaerobic indicator BR0O055B (Oxoid). An enrichment step was also
performed. One gram of faeces was inoculated into 9 ml of CCFT (cycloserine cefoxitin fructose
taurocholate) broth and incubated anaerobically for 72 h at 37 °C. A 10 pl aliquot of the enriched
broth was spread on CCFT plates and incubated anaerobically at 37 °C for three days. One
presumptive colony per plate was subcultured onto blood agar 5 % Sheep Blood (Biorad, Temse, BE)
and checked using a C. difficile latex agglutination rapid test Kit DR 1107A (Oxoid). Detection of a
species-specific internal fragment of the #pi gene, toxin A and B genes, and CDT (cdtA) was
performed according to the multiplex PCR protocol'®. Further toxin profile characterisation, deletions
in the regulator gene fcdC, and gyr4 mutation (a gene associated with moxifloxacin resistance) were
determined using the Genotype Cdiff system (Hain Lifescience, Nehren, DE) according to the
manufacturer’s instructions. The supernatant from each pure culture was tested for cytotoxicity assay

(TcdB) using confluent monolayer MRC-5 cells, as previously described'®.

All strains were ribotyped as described by Bidet et al'’

. Amplicon sizes were analysed by capillary
electrophoresis and profiles obtained were compared with those of reference strains from the European
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collection (Cardiff International number, Brazier classification) and with our own database

(nomenclature beginning with UCL).

Antibiotic resistance

Susceptibility of the isolates to metronidazole, moxifloxacin and tetracycline was determined by Etest
strips (Lucron ELITech Group, Zottegem, BE) on Brucella Blood Agar with hemin and vitamin K1
(Becton-Dickinson Benelux NV, Erembodegem, BE) according to the manufacturer’s instructions.
Plates were anaerobically incubated at 37° C for 48 h. The resistance (r) breakpoints for metronidazole
(Met r > 32 pg/ml), moxifloxacin (Mox r > 8 pug/ml) and tetracycline (Tet r > 8 pg/ml) were those
recommended by the Clinical and Laboratory Standard Institute (CLSI)*. Bacteroides fragilis ATCL

was included as a quality control.

Surveillance data in Belgium

During the same study period (from July to October 2014) analysis of C. difficile ribotype distribution
was made at the St Luc University Hospital (Brussels, Belgium) in order to compare PCR-ribotypes
with those obtained in Spain. The Belgian hospital is an academic acute care hospital with a total of
1,000 beds. All stools received in the laboratory were tested for the presence of C. difficile. Unlike the
Spanish hospital, multiple stool samples from the same patient were all tested, without regard for the
date of the first analysis. Initial screening was made using Cdiff QuickChek Complete® (TechLab).
Culture of positive samples was performed on CHROMagar C. difficile Colorex™™ (CHROMagar,
BioTrading, Keerbergen, BE) in order to isolate the strain (without enrichment, planting faeces
directly on agar). Plates were incubated anaerobically for 24 h at 35 °C. All cultures were read with a
binocular stereomicroscope, with the light beam through the Petridish under a certain angle. Strains
were ribotyped as described above. The toxin gene profile of the strains and PCR-ribotype distribution

in the Belgian hospital were then compared with those found in the Spanish ward.

Results
C. difficile detection and strain characterisation in HUCA, Spain

During the four-month study period, a total of 249 samples were screened for C. difficile presence
using both the rapid enzyme test and culture analysis. Twelve additional samples were only examined
by culture because they were classified outside of the range established (between 4 and 7) on the
Bristol stool chart. The overall prevalence of C. difficile in the faccal microbiota of patients studied
was 12.3% (32/261). Of these, 69% were from adults aged more than 65 years old. Only following
clinical suspicion, and a positive result for toxins A and/or B by rapid-test detection (Cdiff QuickChek
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Complete® or GenomEra CDX System C. difficile), was the patient was considered to suffer from

infection. With this approach, 22 patients were diagnosed with CDI.

Altogether, 7 of the 32 C. difficile-positive samples detected (22%) were referred from the oncology
unit. However, the medical services which sent the most samples for the screening of C. difficile
during the study period were the acute care unit (28/261; 10.7%) and general medicine service
(37/261; 14.2%) (Table 1). From these two services, C. difficile was isolated from six and five patients
respectively. Regarding the type of faeces, six patients (2.3%) suspected of CDI presented bloody
stools but all tested negative for the bacterium. Most of the positive patients had mushy, watery or
liquid stools (n=24). However, two patients with formed stools were also colonised with toxigenic C.

difficile strains (Table 1).

Using rapid detection, 22 isolates tested positive for fcdB gene while 6 isolates were found to be non-
toxigenic. Characterisation of colonies obtained after culture of samples showed 27 toxigenic isolates
(presence of toxins A and B). Of these 27 toxigenic isolates, 6 had binary toxin genes. None of the
isolates presented a single base deletion at position 117 in the regulator tcdC gene. Two isolates
showed an 18 bp deletion and eight presented a 39 bp deletion in the regulator tcdC gene. Twenty
different PCR-ribotypes were detected. Only nine isolates had a ribotype profile associated with a
Cardiff collection reference number (002 (n=3), 078 (n=2), 012, 070, 023 and 020). The remaining
isolates were associated with an internal nomenclature (UCL), with a total of 14 different PCR-
ribotypes identified. The only non-toxigenic PCR-ribotype was associated with the ribotype UCL9. In
addition, this ribotype was the only that presented three types of deletions in the regulator tcdC gene
(117 bp, 39 bp and 18 bp deletions) (Table 2). The same results (the presence of C. difficile in the
sample with the same PCR-ribotypes) were obtained with and without enrichment of faeces. None of

the patients were identified as carriers of more than one PCR-ribotype.
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Table 1. Clinical data comparison between C. difficile-colonised and non-colonised patients

C. difficile-negative patients (%) C. difficile-positive patients (%)

Total (%) 229 of 261 (87.7) 320f261 (12.3)
Mean age in years 60.5 63,6
Sorted by age
>65 years 137 (60) 22 (68.8)
20-<65 years 76 (33.2) 7(22)
>10-20 years 7(3.1) 3(94)
>3, <10 years 4(1.7) 0(0)
<3 years 5(2.2) 0(0)
Sorted by gender
Male 125 (54.6) 22 (68.8)
Female 104 (45.4) 10 (31.3)
Sorted by service
Oncology 4(1.7) 7(22)
Acute Care Unit 22 (9.6) 6(18.8)
General Medicine 32(14) 5(15.6)
Nephrology 14 (6.1) 2(6.3)
Digestive 20(8.7) 2(6.3)
Haematology 5(2.2) 2(6.3)
General Emergencies 11 (4.8) 2(6.3)
Paediatric Emergencies 6(2.6) 1(3.1)
Surgery 1(0.4) 1(3.1)
Urology 2(0.9) 1(3.1)
Other 112 (48.9) 3(94)
Sorted by type of sample
Bloody stools 6(2.3) 0(0)
Mushy, watery or entire liquid stools (Bristol Stool Chart 6-7) 163 (62.5) 24 (75)
Smooth and soft stools (Bristol Stool Chart 4-5) 82 (31.4) 6(18.8)
Formed stools (Bristol Stool Chart 1-3) 10(3.8) 2(6.3)

None of the isolates showed resistance to metronidazole. For tetracycline, eight isolates were fully
resistant: PCR-ribotype 078 (two isolates), PCR-ribotype UCL16b (one isolate), PCR-ribotype UCL5a
(four isolates) and PCR-ribotype 36a (one isolate). Resistance for moxifloxacin was detected in all
isolates of PCR-ribotypes 078, UCL5a and UCL9. All of these isolates (PCR-ribotype 078, UCL9 and
UCLYS) presented a mutation in gyr4 gen (Table 2).
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Between July 2014 and October 2014 a total of 880 stool specimens were analysed from patients of
the St Luc University Hospital suspected of having CDI. The national prevalence for C. difficile
reported from the Belgian Reference Centre was 9.3%. A total of 127 C. difficile-positive samples
were obtained from 87 patients. Seventeen of these positive patients (19.5%) were referred from the
paediatric service (including eight from the paediatric haematology unit and four from the intensive
neonatology unit). The other medical services with significant numbers of C. difficile-positive patients
were general internal medicine (n=9; 10.3%), consultation (n=8; 9.2%), pneumatology-
gastroenterology (n=8; 9.2%), nephrology-neurology (n=7; 8%), surgery (n=5; 5.7%) and subacute
geriatrics (n=5; 5.7%). The oncology service referred three positive patients (3.4%). Twenty-one
patients were C. difficile-positive in more than one sampling. The mean age of positive patients was 45
years old. However, 19 positive patients were children less than 10 years old, with a mean age of 1
year and 6 months in this group, and 9 of these patients were less than 1 year old. If the paediatric

group is analysed separately, the mean age of positive adult patients was 60 years old (Table 3).

Eighty-three isolates (65%) were positive for toxigenic culture and toxins A and B. Forty-four isolates
were identified as non-toxigenic. Overall, 37 different PCR-ribotypes were detected. Eight of these
had ribotype profiles associated with the Cardiff collection under reference numbers 015 (n=1), 078
(n=14), 106 (n=8), 014 (n=5), 020 (n=9), 056 (n=13), 012 (n=6) and 002 (n=4). The remaining isolates
were associated with an internal nomenclature (UCL), with a total of 29 different PCR-ribotypes

identified, including all the non-toxigenic isolates (Table 3).
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Table 3. Detailed information on C. difficile positive patients at the St Luc University hospital (Belgium),
including molecular characterisation of the isolates

Patient Age Genre Medical service C. difficile PCR- CE tcdA
Number Isolation date | ribotype tcdB
01 4 years Male Paediatric haematology 01/07/2014 UCL36 - -
04/07/2014 UCL36 - -
08/07/2014 UCL36 - -
17/07/2014 UCL36 - -
06 28 years Male Consultation 09/07/2014 UCL36 - -
11 62 years Male Medical surgical intensive care 25/08/2014 UCL36 - -
15 1 year Male Paediatric haematology 10/10/2014 UCL36 - -
56 51 years Female Gastroenterology 25/08/2014 UCL36 - -
59 81 years Female General internal medicine 02/10/2014 UCL36 - -
09/10/2014 UCL36 - -
61 88 years Female Not specified 15/10/2014 UCL36 - -
63 48 years Female Consultation 17/10/2014 UCL36 - -
38 6 years Male Paediatric haematology 12/09/2014 UCL36a + +
82 35 years Female Urgency 01/10/2014 UCL36a + +
02 4 years Male Paediatric haematology 01/07/2014 UCL9 - -
03 62 years Male Cardiovascular surgery 07/07/2014 UCL9 - -
04 64 years Male Nephrology neurology 07/07/2014 UCL9 - -
07 20 days Male Intensive neonatology 28/07/2014 UCL9 - -
08 5 months Male Outpatient emergency 04/08/2014 UCL9 - -
12 2 years Male Paediatric haematology 26/08/2014 UCL9 - -
01/09/2014 UCL9 - -
22/09/2014 UCL9 - -
13 10 days Male Intensive neonatology 16/09/2014 UCL9 - -
14 2 months Male Intensive neonatology 22/09/2014 UCL9 - -
19 2 years Male Not specified 23/10/2014 UCL9 - -
16 60 years Male Outpatient dialysis 13/10/2014 UCL9 - -
49 9 months Female Consultation 01/07/2014 UCL9 - -
50 14 years Female Consultation 18/07/2014 UCL9 - -
53 15 days Female Intensive neonatology 28/07/2014 UCL9 - -
54 84 years Female Subacute geriatrics 04/08/2014 UCL9 - -
58 8 years Female Paediatric haematology 22/09/2014 UCL9 - -
60 8 months Female Paediatric 13/10/2014 UCL9 - -
05 66 years Male Pneumatology gastroenterology | 07/07/2014 UCL110 - -
21 35 years Male Pneumatology gastroenterology | 01/07/2014 UCL100b + +
02/07/2014 UCL100b + +
62 25 years Female Abdominal surgery 17/10/2014 UCL122 - -
09 79 years Male Subacute geriatrics 05/08/2014 UCL257 - -
Intensive Care Unit 16/10/2014 UCL257 - -
Neuro-traumatology
55 66 years Female Haematology 13/08/2014 UCL384 - -
10 47 years Male Orthopaedics 19/08/2014 UCL46d - -
25/08/2014 UCL46d - -
34 94 years Male Urgency 01/09/2014 UCL48 + +
20 76 years Male General internal medicine 29/10/2014 UCL122 - -
22 40 years Male General internal medicine 14/07/2014 UCL 23f + +
23 46 years Male Urgency 14/07/2014 UCL86 + +
39 33 years Male Consultation 16/09/2014 UCL14 + +
32 82 years Male Not specified 19/08/2014 UCL5a + +
86 68 years Female General internal medicine 29/10/2014 UCL26 + +
72 78 years Female General internal medicine 18/08/2014 UCL16r + +
44 63 years Male Not specified 03/10/2014 UCL16u + +
30 81 years Male General internal medicine 18/08/2014 UCL16b + +
77 79 years Female Subacute geriatrics 08/09/2014 UCL16L + +
31 5 years Male Paediatric intensive care 18/08/2014 UCL16L + +
70 58 years Female Cardiovascular and thoracic 13/08/2014 UCL16L + +
surgery 29/08/2014 UCL16L + +
01/09/2014 UCL16L + +
01/09/2014 UCL16L + +
07/10/2014 015 + +
29 1 year Male Not specified 11/08/2014 UCL160** + +
12/08/2014 UCL160** + +
13/08/2014 UCL160** + +
02/09/2014 UCL160** + +
03/09/2014 UCL160** + +
24/09/2014 UCL160** + +
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27/10/2014 UCL160** + +
57 17 years Female Paediatric haematology 30/08/2014 UCL266 - -
68 36 years Female Maternal Intensive Care 23/07/2014 UCL381 + +
52 77 years Female Nephrology neurology 22/07/2014 UCL468 - -
Nephrology neurology 04/08/2014 UCL468 - -
Subacute geriatrics 30/08/2014 106 + +
51 34 years Female Stomatology neurology 22/07/2014 UCL471* - -
28 11 years Male Paediatric haematology 11/08/2014 UCL475* + +
45 50 years Male Nephrology neurology 06/10/2014 UCL477* + +
17 78 years Male Subacute geriatrics 17/10/2014 UCL478* - -
18 6 months Male Ambulatory emergency 17/10/2014 UCL479* - -
27 55 years Male Pneumatology 31/07/2014 UCL472* + +
Gastroenterology 07/08/2014 078 + +
64 78 years Female Surgery, orthopaedics and 02/07/2014 078 + +
traumatology
Subacute geriatrics 23/07/2014 078 + +
71 64 years Female Haematology 18/08/2014 078 + +
28/08/2014 078 + +
40 67 years Male Pneumatology 18/09/2014 078 + +
Gastroenterology 18/09/2014 078 + +
47 30 years Male Pneumatology 17/10/2014 078 + +
Gastroenterology 17/10/2014 078 + +
20/10/2014 078 + +
75 53 years Female Oncology 01/09/2014 078 + +
Medical surgical intensive care 29/09/2014 078 + +
76 60 years Female Nephrology neurology 01/09/2014 078 + +
78 57 years Female Nephrology neurology 14/10/2014 078 + +
23/10/2014 078 + +
80 92 years Female General internal medicine 29/09/2014 078 + +
24 67 years Male Nephrology neurology 17/07/2014 014 + +
25 90 years Male Subacute geriatrics 30/07/2014 014 + +
12/08/2014 014 + +
33 44 years Male Medical surgical intensive care 27/08/2014 014 + +
81 54 years Female Gastroenterology 29/09/2014 014 + +
41 29 years Male Oncology 24/09/2014 020 + +
42 11 months | Male Paediatric transplantation 25/09/2014 020 + +
48 1 year Male Consultation 20/10/2014 020 + +
65 2 years Female Paediatric transplantation 04/07/2014 020 + +
73 1 year Female Consultation 26/08/2014 020 + +
79 68 years Female General internal medicine 09/09/2014 020 + +
10/09/2014 020 + +
12/09/2004 020 + +
87 7 months Female Paediatric transplantation 30/10/2014 020 + +
35 82 years Male Pneumatology 08/09/2014 056 + +
Gastroenterology
83 84 years Female Not specified 06/10/2014 056 + +
14/10/2014 056 + +
36 62 years Male Oncology 09/09/2014 106 + +
11/09/2014 106 + +
12/09/2014 106 + +
37 71 years Male Urgency 10/09/2014 106 + +
46 92 years Male Cardiology 07/10/2014 106 + +
26 60 years Male Consultation 30/07/2014 106 + +
84 64 years Female Nephrology neurology 20/10/2014 106 + +
43 76 years Male Neurology 01/10/2014 012 + +
10/10/2014 012 + +
27/10/2014 012 + +
67 85 years Female Pneumatology 16/07/2014 012 + +
Gastroenterology
85 9 months Female Consultation 24/10/2014 012 + +
66 90 years Female Pneumatology 09/07/2014 002 + +
Gastroenterology
Cardiology 05/08/2014 002 + +
69 21 years Female General internal medicine 11/08/2014 002 + +
74 56 years Female Gastroenterology 01/09/2014 002 + +

* New PCR-ribotype
CE: cytotoxicity assay using confluent monolayer
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Discussion

C. difficile continues to be the most common cause of healthcare-associated infection in the developed
world. A previous European C. difficile infection hospital-based survey has shown that the incidence
of CDI and the distribution of causative PCR-ribotypes differed greatly between hospitals®'. In Spain,
the number of toxin-positive cases reported varied between 5.5%- 5.6% (2008)%, 9% (2008)*' and
6.0%-6.5% (2013)*. In this study the prevalence was higher than has been previously found in Spain.
The number of C. difficile-positive specimens was 32 (12.3%), but in 1 of these a non-toxigenic strain
was identified. In addition, two other positive cases detected only by rapid test were toxin-negative.
Therefore, the final percentage of toxin-positive cases in the Spanish hospital was established as
11.1% (29/261). While in the other surveys>"> C. difficile was more commonly detected in females, in

this study 68.8% of positive samples were from male patients.

All diarrhoeal non-duplicate specimens submitted to the diagnostic laboratory were tested, even if they
were discarded from the routine C. difficile detection protocol due to their consistency (samples
labelled outside levels 4 to 7 in the BSC). Two positive samples were detected in the analysis of these
additional samples (n=12); however, the overall prevalence was almost the same (12.3% (32/261);
12% (30/249)). In a recent study conducted in Australia, while the number of C. difficile-positive
specimens increased with the analysis of all diarrhoeal specimens (including non-requested samples),
the overall prevalence with the analysis of all samples was lower than that identified by routine
testing”. In a further study conducted in Spain, the authors found that CDI remained a highly
neglected disease because of the absence of clinical suspicion or the lack of sensitive diagnostic
testing in some institutions. They also observed that underdiagnosis most frequently affected younger
patients and patients with community-acquired CDI*. In the present study, no positive patients were
detected in the paediatric group (less than 10 years old). However, during the study period only 9
samples were received from this service. This data may reflect that in this Spanish hospital a specific
request for the diagnosis of CDI from the clinician is less common in the paediatric service than in
others. The mean age of all patients studied (62.5 years old) corroborates this observation. Recent
reports warn that the incidence of CDI has increasingly risen among paediatric patients®*. Collins et
al.” reported in one survey conducted in Western Australia that undiagnosed CDI cases only occurred
among paediatric patients, and 32.3% of all CDI cases were aged <20 years. A further study also
conducted in Spain showed that the isolation of C. difficile was common in children hospitalised for
diarrhoea, especially in patients younger than 2 years old with chronic disease. Furthermore, in the
same study the authors reported that the clinical picture observed in children with CDI was
characterised by mild symptoms and low clinical severity*’, which may contribute to underdiagnosis
in this population. In a previous survey that assessed risk factors and outcomes in children with C.
difficile-associated diarrhoea, only 12.5% of positive samples were identified as bloody stools while
79% of positive samples were watery stools™. In a further study conducted in Calcutta to investigate
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the major clinical features of C. difficile-induced diarrhoea, only 17.6% of C. difficile cases reported
bloody stools compared to 84.2% reporting watery diarrhoea®’. These reports suggest that bloody
stools are not the most common samples associated with CDI. Concurrent with these findings, in this

study it was observed that all bloody stools tested negative for the bacterium.

In the study of Alcala et al.”%, the second cause proposed for undiagnosed or misdiagnosed CDI was
the lack of sensitive diagnostic tests in some institutions. In the present study, four specimens were
identified as negative for C. difficile and its toxins using rapid tests, but were found to be positive for
toxigenic C. difficile strains following the culture of samples. In three additional samples toxins were
not detected by rapid test but culture, isolation and characterisation of the isolates revealed the
presence of at least one of the two toxins A and B. Enzyme immunoassay detection of GDH as initial
screening for C. difficile presence has been suggested as a potential strategy. However results appear
to differ based on the GDH kit used and therefore this approach remains an interim recommendation”.
While the GenomEra C. difficile assay has been described to be an excellent option for toxigenic C.
difficile detection in faecal specimens®, in the present study toxigenic C. difficile strains were isolated
by culture from three samples that were found negative for the toxin using this method. However, the
results obtained confirm that GenomEra C. difficile assay is more sensitive than EIA testing for C.
difficile toxin B, as described previously”. In contrast, four samples were only positive for C. difficile
by rapid tests. Two of these positive samples were toxin negative by EIA and Genome C. difficile
assay. Ethanol shock was not used in the course of this study, nor was alcohol selection of
microorganisms conducted, and cultured colonies were observed in high numbers. Therefore, the high
contamination of samples by other bacteria species may explain the failure to isolate these four strains
by classical culture. For the two non-toxigenic samples identified by rapid screening, false-positive
GDH test results are also plausible”. The use of the enrichment step in this study was shown to be not
useful in the clinical samples tested, as all of the samples that tested positive after 3 enrichment days

were already positive by direct culture and the same PCR-ribotypes were isolated.

The surveillance data in Belgium reported a lower prevalence than in Spain (9.3%). It should be noted
that the Spanish and Belgian results must be compared with caution. In the case of the Belgian
laboratory, all diarrhoeal faecal specimens were analysed, including duplicate samples from the same
patient. In the Spanish hospital only non-duplicate specimens were analysed. Nevertheless, despite this
important difference in the routine protocol among laboratories, the prevalence of C. difficile is likely
to be genuinely lower in Belgium than in Spain. While incidence varies considerably between
hospitals and regions, an increase in the proportion of community-associated cases and a decrease in
the proportion of hospital-acquired cases of CDI between the years 2008 to 2014 have been reported
in Belgium. This data may reflect the efforts of Belgian hospitals to improve the management and

prevention of CDI.
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Another important difference found is the mean age of positive patients. In Spain, the mean age found
in C. difficile-positive cases was 63.6 years old, which correlates with other surveys conducted in the
country™. In contrast, in Belgium the mean age of adult positive patients was 45 years old. However,
if the paediatric group is evaluated separately, the mean age in Belgium is 60 years old. A significant
number of positive samples in the Belgian survey were from children less than ten years old (n=19).
However, only eight of the positive patients harboured toxigenic C. difficile strains. It has been
described that during early infancy the gut microbiota complexity is poor and asymptomatic
colonisation by C. difficile is common’'">. However, all the paediatric patient samples analysed in this
study were diarrhoeal. These findings corroborate with previous suggestions> that the surveillance and

the significance of C. difficile in paediatric groups requires further investigation.

In both Spain and Belgium, C. difficile-positive patients referred from oncology services all carried
toxigenic strains. In a previous study, a great diversity of C. difficile strains associated with CDI was
detected among paediatric oncology patients®. A further study found a probable association between
certain types of tumours, the use of antibiotics and CDI incidence. The authors also emphasised the
urgent need for early recognition and diagnosis of CDI in adult cancer patients®. PCR-ribotypes 078,
014, 012, 020, 002, UCL36a, UCL5a, UCL16b and UCL9 were isolated in both hospitals. In previous
surveys in hospitals in Spain, PCR-ribotypes 078/126, 014 and 001 were the most prevalent™. As in
previous years, PCR-ribotype 014 remains the most common in Belgium, increasing in proportion to
other ribotypes and in the number of hospital sites affected since 2014. The other PCR-ribotypes more
commonly detected in Belgian hospitals in 2014 were BR020 and BR078". In the Spanish hospital
studied, there were no commonly-encountered PCR-ribotypes, suggesting there is neither regional
infection nor contamination in the hospital. On the contrary, a great variety of toxigenic PCR-
ribotypes was identified. Consistent with the European survey which reported that PCR-ribotype 027
was less prevalent than others®', this ribotype was not detected either in Spain or Belgium during the

present study period.

In conclusion, the data obtained shows that even with three times the number of samples analysed per
month, the prevalence of C. difficile is lower in the Belgian hospital than the Spanish one. This data
may reflect the efforts of the Belgian hospital to improve the management and prevalence of CDI, and,
as previously reported, misdiagnosis or underdiagnosis of CDI in Spain due to a lack of clinical
suspicion. The most common PCR-ribotypes reported in Europe were found in both hospitals. The
great variety of PCR-ribotypes detected suggests there is neither regional infection nor contamination
within the hospital. This study finds that the presence of C. difficile in paediatric and oncology

services requires further investigation.
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Background, hypothesis and aims

Since its discovery in 1935, the bacterium C. difficile has been largely investigated, as well as all the
aspects regarding its infection in humans and animals. Nowadays, C. difficile is recognised as the most
important cause of antibiotic associated hospital-acquired diarrhea worldwide. The infection has been
classically associated with advanced age, antibiotic treatment such as fluoroquinolones, hospitalisation
or stays in other healthcare settings, like nursing homes (Kelly and LaMont, 1998). In the last decade
the circulation of C. difficile in the community has been repeatedly reported (Tracey et al., 2015) but
little is known about the sources of contamination. Humans have been proposed as the main reservoir,
with the hypothesis that C. difficile is most often acquired from asymptomatic carriers; the infection is
developed in the community and subsequently spread to healthcare facilities (Bauer and Kuijper,
2015). A second hypothesis was also suggested: direct or indirect contacts with animals and ingestion
of contaminated foods have both been proposed as possible sources of community-acquired CDI
(Gould and Limbago, 2010). Therefore, C. difficile transmission is a complex problem that must be
addressed taking into account the circulation of the bacterium in both humans and animals, in order to

have a global vision of the situation.

The main objectives of this dissertation included:

¢ Understanding the dissemination of C. difficile in companion animals (horses) and the changes
in the gut microbiota in presence of C. difficile colonisation and/or diarrhoea (Goal 1)

*  Understanding the dissemination of C. difficile in food animals (pigs and cattle) on farms and
at slaughter, and the risk of carcass and meat contamination (Goal 2)

* Investigation of genetic relationships between C. difficile isolates from humans, animals,
carcasses and meats (Goal 3)

*  Assessing the risk of ingestion of C. difficile spores in ready-to-eat meals (Goal 4)

*  Assessing the environmental contamination of C. difficile in a healthcare setting (Goal 5)

* Understanding the dissemination of C. difficile in a closed population (nursing home
residents) and the changes in the gut microbiota in presence of C. difficile colonisation or/and
diarrhoea (Goal 6)

»  Assessing the C. difficile circulation in two different European healthcare settings (Goal 7)

Goal 1: Horses as an example of C. difficile presence in companion animals

Currently, C. difficile is considered one of the most important causes of diarrhea and enterocolitis in
horses and foals (Arroyo et al., 2006; Weese et al., 2006; Uzal et al., 2012), but these animals can also
carry the bacterium without showing signs of disease (Diab et al., 2013). As the major risk factors for
the development of CDI in horses are antimicrobial treatment and hospitalisation, two preliminary

surveys were conducted at an equine medical teaching clinic.

204



Discussion

C. difficile prevalence in hospitalised horses and main PCR-ribotypes

The prevalence of C. difficile observed in hospitalised horses ranged between 3.7% and 13.7%.
Although these prevalences are both comparable with those reported in other studies (Baverud et al.
2003; Medina-Torres et al., 2011), the discrepancy observed between the two studies performed could
be explained by the fact that in the latter, animals were sampled at the time of admission but not
tracked during their hospitalisation as in the first study (prevalence 13.7%). In addition, both studies
differed by their sample size and their study period. A clear seasonality of CDI in humans was
observed, with a high number of affected patients in winter months (January-March) and spring, and
lower frequencies in summer and autumn (Reil et al., 2012; Furuya-Kanamori et al., 2015b). In retail
meats, Rodriguez-Palacios et al., (2009) also reported a highest prevalence of C. difficile in winter
(January and February). Regarding our two studies, more isolates were obtained in winter than during
the remaining months. However, the small number of positive animals made it impossible to conduct
an epidemiological analysis. In the future, it will be interesting to conduct a surveillance programme
for at least one year to completely assess the carriage of C. difficile and the epidemiology of CDI in

horses, and to determine if there is a consistent seasonal variation.

Regarding the different PCR-ribotypes identified, the only one detected in both studies was PCR-
ribotype 014. Since 2011, this PCR-ribotype become the most frequent one in hospitalised human
patients (range from 12.1% in 2011 to 8.8% in 2013) (Taori ef al., 2014; Neely and Lambert, 2015). In
addition, other PCR-ribotypes found in horses (notably PCR-ribotype UCL16L, UCL5a and UCL23f)
were also among the most frequently identified PCR-ribotypes in patients in Belgium between 2011
and 2013, with a percentage of 3.3-2.2%, 0.87-2.5% and 2.0-2.3% respectively (Van Broeck et al.,
2015). These results suggest the possibility, albeit not proven, of zoonotic transmission through direct
contact or close proximity with infected horses (Thean et al, 2011), as previously hypothesised for
piglets (Squire and Riley, 2013). Close contact of horses with infected humans could also turn into a
source of infection for animals. Therefore, it is also possible that some strains of C. difficile moved
from humans to animals in the last decade. This anthroponotic transmission has not been previously
described in horses but, in healthy dogs visiting hospitalised patients, high rates of C. difficile carriage
were detected, suggesting that infected humans or their contaminated environment can be a source of
the bacterium for assistance dogs (Lefebvre et al., 2009). To solve this question and to understand the
dissemination of C. difficile, further studies conducted in closely related populations of humans and

horses, as horse stud farms, are needed.
C. difficile disease in horses

Two horses positive for C. difficile presented clinical signs of diarrhoea. Therefore, it seems that in
most of the cases C. difficile colonisation in these animals does not cause disease. Similarly, any

association between antibiotic usage and C. difficile colonisation or diarrhea in horses is less
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documented than in humans. In one experimental study, it was demonstrated that erythromycin can
induce sever colitis associated with the proliferation of C. difficile in mature horses (Baverud, 2002).
Regarding the clinical presentation of CDI in horses, acute and watery diarrhoea, anorexia and severe
dehydration are the most common clinical sings. Hyperemic mucous membranes, pyrexia, tachycardia,
tachypnea, tympanitic abdominal distension and mild to moderate or to severe colic are often
associated with diarrhoea (Zhang et al., 2014). Respiratory disorder, lung abscess, leucopenia,
mucosal necrosis in the caecum and colon were also reported in thoroughbred racehorses with
postoperative CDI (Niwa et al., 2013). Several hypothesis have been formulated to understand the
etiopathogenesis of C. difficile bacteremia, including direct transfer of polymicrobial gut flora to the
bloodstream through a site of injury in the intestinal mucosa or translocation of bacteria from the
intestine (after disruption of the normal intestinal mucosal barrier) to the lymph nodes, peritoneum,
and blood (Kazanji et al., 2015). An animal model of acute and chronic C. difficile illness reported that
C. difficile toxins rather than bacteria are responsible for the systemic complications of C. difficile

disease (Steele et al., 2010).
C. difficile and diarrhoea in horses: gut microbiota characterisation by metagenetics

The gastrointestinal ecosystem is a fundamental component of health and gut bacterial populations
play a critical role in the resistance to infection by pathogenic organisms like C. difficile (Theriot and
Young, 2014). Equine gut microbiota is poorly characterised, as are interspecies interactions and their
contribution to animal health (Dougal et al., 2013). In this study, high-throughput 16S rDNA amplicon
sequencing analysis was used to provide further information on the nature of bacterial communities
present in horses developing diarrhea, through comparison with faeces from horses without diarrhea.
As reported in a previous study (Daly ef al., 2001), a great part of the sequences found (60%) were not
identical (more than 1% mismatch) to sequence entries present in SILVA database (v1.15). In
addition, even among the sequences identical to known entries, the species name was seldom
taxonomically defined. These findings show the complexity of horses' gut microbiota, the lack of
knowledge and the need for further research on fundamental microbiology either at taxonomic as well
as at the functional level. A remarkable finding is the presence of Akkermansia in 90% of horses
studied. This bacterium is an appealing candidate to become a human probiotic, on the grounds of
established mechanisms of preventive treatment of obesity and diabetes (Shin et al., 2014). Regarding
the other microbiota's communities, a recent study described an increasing diversity in the bacterial
composition towards the distal gut in horses, in comparison with the gastric environment (Costa et al.,
2015). In the present study, the composition of the faecal microbiota of all horses (with and without
diarrhea) was dominated by the four same phyla (Firmicutes, Bacteroidetes, Verrucomicrobia and
Bacteria_unclassified). However, differences were observed in their cumulative mean relative
abundance. The predominance of Firmicutes in horse faecal samples found in this study is in
agreement with previous reports (Dougal et al., 2013; Costa ef al., 2015). The second most prevalent
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phylum found was Bacteroidetes, which is consistent with some studies (Costa et al., 2012; Dougal et
al., 2013) but in disagreement with three recent studies that found Verrucomicrobia as the second
most abundant phylum (Shepherd et al., 2012; Steelman ef al., 2012; Costa et al., 2015). In this study
Verrucomicrobia was the third most predominant phylum. The reasons for the discrepancy observed
between studies are unclear. Costa et al., (2015) suggested that these differences are explained by the
use of different methods, as each study used different regions of the 16S rRNA gene and different
sequencing platforms, but they can also be due to differences in animal diet or age. Unfortunately, the
study has failed to answer whether any alterations of the gut microbiota composition can favour C.
difficile colonisation, because of the lack of clinical manifestations of CDI during the study period. In
addition, the limited size of the analysed cohort reduces the strength and the scope of the results
obtained. Large cohort studies using multi-omic analysis to improve the knowledge on diarrhea impact

and other gastrointestinal disorders on horse microbiota must be secured.

Goal 2: Understanding C. difficile dissemination in food animals and risk of food contamination

One major concern of the last decade was the possibility of human exposure to C. difficile spores via
the contact with colonised food animals or the ingestion of contaminated meat or meat products from

such animals.
Shedding of C. difficile in farms

This study found that at farms, apparently healthy piglets and calves harboured C. difficile with a
prevalence of 78.3% and 22.2% respectively. Most of the isolates were toxigenic and identified as
PCR-ribotypes 078, 002 and 015. These findings are comparable to the reported prevalence in the
literature (Alvarez-Perez et al., 2009; Costa ef al., 2011). In piglets, the presence of C. difficile toxins
in the colon has been associated with profuse diarrhoea, colitis and systematic sepsis (Yaeger et al.,
2007). In calves, the bacterium and its toxins have also been associated with diarrhoea, although the
reported prevalence of CDI is lower than in piglets. Why some colonised piglets and calves with
toxigenic strains of C. difficile do not develop any signs of disease remains unclear. In humans, both
toxigenic and non-toxigenic C. difficile strains are common in infants during the first two years of life,
but in most of the cases this colonisation seems to be transient and rarely associated with CDI (Bolton
et al., 1984). Potential explanations, although not proven, are the absence of toxin receptors, poorly
developed cellular signalling pathways in the immature gut mucosa, or the presence of protective
factors in the gut (Jangi and Lamont, 2010; Adlerberth et al., 2014). By analogy, the reason that some
toxin-positive piglets and calves remain uninfected may be related with humoral immunity. Colostrum
intake and colostrum antibody concentration could be crucial in the development (or not) of the
disease (Squire and Riley, 2013). Regarding hyperimmune bovine colostrum, it has been shown to be

effective for the treatment of CDI in human patients (Steele et al., 2013) and in piglets (Sponseller et
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al., 2015). Therefore, a natural protective effect of this first milk in calves is plausible (Rodriguez-
Palacios et al., 2007). On the other hand, non-toxigenic strains of C. difficile and parental and mucosal
immunization with toxoids have been suggested as prophylaxis and/or therapy for C. difficile disease
in piglets. In these cases, protection against CDI is apparently associated with high serum
concentration of toxin-neutralizing antibodies (Songer et al., 2000). Bacteriophage and phage-like
particles have great potential therapy for CDI. No C. difficile phage receptors have been identified to
date, but the S-layer and cell wall polysaccharides are likely candidates (Kirk et al., 2016). In humans,
at an early stage of life, the presence of C. difficile has been associated with some bacterial species in
the gut microbiota (Ruminococcus gnavus and Klebsiella pneumoniae) while lactobacilli and
Bifidobacterium longum has been associated with non-colonised infants (Naaber et al., 1997;
Rousseau et al., 2011; Naaber et al., 2004). Studies of the gut microbiota in colonised, infected and
non-colonised piglets and calves have not been previously conducted. However, it is probably that the
presence of some bacterial communities has a crucial role against CDI. This hypothesis merits further

investigations with the aid of up-to-date microbiota exploration strategies.
Prevalence of C. difficile in pigs and cattle at harvest

The carriage of C. difficile has been shown to decrease with the age. We reported a prevalence of 0%-
1% in pigs and 6.6%-9.9% in cattle just prior slaughter (6 months and older). While the reason for this
age affect is still unknown, a probable explanation is that the bacterium is better able to colonise and
proliferate in the intestinal tract of younger animals, where the gut microbiota is less developed or less
stable (Rodriguez-Palacios et al., 2006). To verify this effect, it could be possible to perform faecal
transplantation with immature microbiota in adult cattle, for example, and to study the susceptibility to
CDI. Some studies have also described how diet appears to modulate the presence and growth of C.
difficile in the gut of humans and animals (Rodriguez-Palacios, 2011; Lizuka et al., 2004; Moore et
al., 2015; Hamper et al., 2016). A further hypothesis could be that environmental changes affect
susceptibility to C. difficile colonisation. On the other hand, faecal samples were collected directly
from the colon, in the viscera processing area. A recent study describing the dynamics of C. difficile in
the murine gastrointestinal tract showed that spore germination occurs in the small intestine, while
vegetative C. difficile establishment occurred in the distal gastrointestinal tract. In contrast, disease
was only localized in the large intestine (Koenigsknecht er al., 2015). A further study in horses
investigated the presence of C. difficile in different intestinal compartments of healthy adult horses.
The study showed a good correlation between rectal samples and intestinal compartments. In addition,
right dorsal colon and small colon yielded the highest number of isolates (Schoster et al., 2012).
Although it will be interesting to investigate the presence of C. difficile in different intestinal samples
of food animals (duodenum, jejunum, ileum, caecum, colon and rectum samples), available data
suggest that colon samples are representative for the presence of C. difficile in the intestinal tract, but

probably not representative for a specific strain.
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As previously reported, it is still uncertain if the presence of C. difficile in faecal samples resulted
from short-term successful bacterial colonisation and proliferation or from intestinal passage of
ingested dormant spores originating from feed or environmental sources (Rodriguez-Palacios, 2011).
In humans, it has been proposed that asymptomatic C. difficile colonisation has a protective effect
against disease progression through an immune-mediated response. Asymptomatic human patients
colonised with C. difficile have shown highest IgG levels than diarrheic patients. Furthermore, many
children and adults have IgG and IgA antibodies to C. difficile toxins, even when they tested negative
for the bacterium (Furuya-Kanamori et al., 2015a). This argument might be applied to livestock
animals as the stimulation of antibodies during early stages of life may result in a protection against
CDI in adulthood and explains the absence of clinical signs in all of the positive pigs and cattle

detected in our studies.

Some PCR-ribotypes associated with CDI in humans (014, 078, 023, 002 and 020) were detected in
pig and cattle samples. PCR-ribotype 078 has been described as predominant in swine populations and
cattle (Rodriguez-Palacios, 2011). It has been hypothesised that C. difficile PCR-ribotype 078 is a
strain coming from animals that have expanded in livestock and then to humans (from the community

to the hospitals) (Dahms et al., 2014).
Carcass contamination at slaughter line

The presence of toxigenic C. difficile strains in intestinal contents of pigs and cattle at slaughter
indicated that there was a risk of carcass and meat contamination at slaughterhouse. In this study, C.
difficile was detected on 7% of pig and 7.9% of cattle carcasses. Three different PCR-ribotypes were
isolated from pork carcass samples (014, 081 and UCL36) while beef carcass samples were
contaminated with a wide variety of PCR-ribotypes, including 023 and 015 among others.
Surprisingly, none of the carcass isolates was identified as PCR-ribotype 078. This high prevalence of
C. difficile found in pig carcasses suggests that cross contamination during processing might occur.
Furthermore, the PCR-ribotypes found in the intestinal contents were not identical to those isolated
from carcasses of the same animal, corroborating that there is environmental contamination at
slaughter or, indicating that more than one PCR-ribotype is present in the intestinal contents of
animals. However, all intestinal samples were cultured twice (after 3 enrichment days and after 30
enrichment days) and, in most of the cases, the same PCR-ribotypes were obtained, making the second
scenario less likely. It is obvious that carcass contamination is associated with the prevalence and load
of faecal shedding by live animals at the time of harvest (Rodriguez-Palacios, 2011). As it was
reported an enhanced shedding in younger animals, the age at slaughter can also play a critical role in
carcass contamination. In this context, a recent study conducted in Australia showed a C. difficile
prevalence of 60% in feces and 25.3% on carcasses of neonatal calves (Knight et al., 2016), which is

much higher than that obtained in this study or in other reports in the literature, may due to this age
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effect. Microbiological sampling of carcasses by excision or swabbing has been evaluated in a
previous study. Authors found that swabs were more suitable than excision for use in carcass
sampling. However, for the recovery of some bacteria, the person who collected the samples also had
a significant effect on the results obtained (Martinez et al., 2010). There are no studies to compare
different sampling methods for C. difficile detection on carcasses. A previous study detected toxin
genes of C. difficile in one carcass swab by multiple real-time PCR only, but viable cultures were not
recovered (Houser et al., 2012). Therefore, different sampling techniques for detection of C. difficile
contamination in carcasses should be evaluated. On the other hand, several studies have addressed the
importance of good slaughter hygiene. Furthermore, in the USA, some slaughterhouses have
conducted decontamination interventions along the slaughter line. A recent Norwegian study did not
find a clear correlation between hide dirtiness in cattle and carcass contamination for Escherichia coli,
Enterobacteriaceae and total aerobic bacteria. However, the authors stated that these results are valid
when carcasses from dirty animals are handily carefully during slaughter and dressing (Hauge et al.,
2015). The extent of such an association for C. difficile remains unknown. An additional study
reported that biofilm formation in the surfaces of the slaughterhouse could facilitate the attachment of

C. difficile spores, and therefore be a source of contamination (Esfandiari et al., 2014).
Detection of contaminated meats in retail markets

The evidence that carcass contamination occurs inside the slaughterhouse reinforces the hypothesis
about a potential risk of foodborne infections linked to the ingestion of foods contaminated with C.
difficile spores. Raw ground beef and pork were found to be contaminated with C. difficile with a
frequency ranging from 2.3% to 4.7% respectively, and the main PCR-ribotypes identified were 078
and 014 in both types of samples. The reason for the presence of these two PCR-ribotypes in most of
the samples is not clear, considering the great variety of strains found in intestinal contents and
carcasses. One possible explanation is the differences in the sporulation frequencies and susceptibility
to external agents among the different PCR-ribotypes. However, there is little data in the literature to
support this hypothesis. A previous study showed that C. difficile strains isolated from calves at later
points of production (identified as PCR-ribotypes 078 and 126) presented higher early sporulation
efficiencies in vitro than other strains isolated at the beginning of production, suggesting their
persistence in the environment or in the host (Zidaric et al., 2012). A further study assessing the
sporulation and susceptibility of three PCR-ribotypes (027, 012 and 017) to four classes of
disinfectants reported that PCR-ribotype 017 showed the highest sporulation frequency under the test
conditions (Dawson et al, 2011). This feature may contribute to the survival of only some PCR-
ribotypes until the end of the meat supply chain (distribution in retail markets). Another hypothesis to
explain why most of the PCR-ribotypes found in meats were identified as 014 and 078 is that animals
are not the sole origin of C. difficile meat contamination. In 2014, year in which the study in meat was
conducted, the most frequently isolated PCR-ribotypes in Belgian hospitals were PCR-ribotypes 014,
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020, 078 and 002 (sorted by % of identified strains) (Neely et al., 2015). Recent data suggest that
PCR-ribotypes found in hospitals are circulating in the community and they are introduced in
healthcare settings by incoming patients (Rodriguez-Palacios et al., 2013). Therefore, the source may

involve contamination during processing or in retail markets.

Goal 3: Genetic relationships between C. difficile isolates from humans, animals and meats

In order to investigate genetic relationships between C. difficile isolates from humans, animals and
foods, MLVA and MLST analysis were performed. The sampling areas for each type of sample are
indicated in Figure 1. A first study compared meat and humans isolates by MLST and it was shown
that they cluster in the same lineage. Unfortunately, meat isolates were not compared by MLST with

animal isolates obtained at slaughter or in farms.

When it was compared C. difficile isolates from animals with those isolated from hospitalised patients
by MLST, high correlation between isolates with the same PCR-ribotype was revealed, regardless
their origin (carcass, intestinal contents or human faeces). However, after a second characterisation of
all strains by MLVA, it was shown that MLST has less discriminatory power (Marsh et al., 2010).
MLVA clearly distinguishes between human and animal isolates and therefore interspecies

transmission could not be demonstrated.

In relation to antimicrobial sensitivities, results show similar susceptibilities for the majority of
antibiotics tested for isolates from human and animal or meat sources. In addition, no association
could be established between antimicrobial resistance and toxigenic strains. However, the number of
isolates tested was small and does not allow to argument further conclusions. The C. difficile genome
contains approximately 11% of mobile genetic elements, many of them involved in antibiotic
resistance. Both genetic elements and mutations in the molecular targets of antibiotics can be
mantained and may persist in absence of antibiotic selective pressure, as described for
fluoroquinolones resistance. A rapid identification of new phenotypic and genotypic traits is needed to

prevent the spread of C. difficile antibiotic resistant strains (Mullany ef al., 2015; Spigaglia, 2016)

To elucidate the potential of C. difficile zoonotic transmission, the next step will be the study of very
closely related populations (for example farmers and their animals or pets and their owners). However,
considering that the prevalence of C. difficile in domestic and adult food animals is below 10%
(Rodriguez-Palacios et al., 2013) and that intestinal C. difficile colonisation rates of human healthy
adults are estimated between 2.4% and 13% (Perras et al., 2011), the sample size required (samples
from humans and their animals) makes it difficult to perform such studies. In addition, MLV A typing
method has shown some limitations with some loci that seem to be unstable and are absent in some

isolates. Recent studies showed that whole genome sequencing provides a greater discriminatory
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power in elucidating dissimilarity between C. difficile strains, with an affordable cost (Dominguez et

al., 2015; Gerding, 2016).
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Goal 4: Risk of ingestion of C. difficile with meals in a community at risk (elderly)

Even with the evidence that C. difficile is present in meats, to date there are no conclusive data
supporting the development of CDI due to the consumption of contaminated foods. A recent study
reporting the thermal resistance of C. difficile spores to minimum recommended cooking temperatures
(70°C-75°C) gives more strength to the hypothesis of foodborne C. difficile infections (Rodriguez-
Palacios and Lejeune, 2011). In this context, subjects over 65 years are more prone to suffer CDI. As
defined by Chen et al. (2014), frailty is a genetic syndrome characterised by age-associated declines in
physiologic reserve and function across multiorgan systems, leading to increased vulnerability for
adverse outcome. In addition, old people are more commonly hospitalised and under antibiotic
treatment, and they suffer changes in the gut microbiota, which make this population less resistant to
C. difficile colonisation and infection (Shin et al, 2016). Possible foodborne transmission was
reported in 1982 in a case of pseudomembranous colitis due to C. difficile in a 78-year-old woman
without a previous history of antibiotic therapy. The woman had consumed canned salmon before the
onset of disease. However, the salmon was not cultured to demonstrate the presence of C. difficile
spores (Gurian et al., 1982). A recent study described a marked thermal inhibitory effect at 96°C of C.
difficile spores (reduction of 6Log;, within 1 to 2 min) (Rodriguez-Palacios and Lejeune, 2011). The
same study reported that thermal treatment at 85°C inhibited cell division but not C. difficile
germination and that this inhibitory effect can be reversed during incubation in broth. Therefore,
canned salmon could be the source of CDI if the heat treatment was insufficient or if the
contamination occurred once the canned salmon was opened. A further study identified the
susceptibility of C. difficile to food preservatives sodium nitrate, sodium nitrite and sodium
metabisulphite (Lim et al., 2016). The results demonstrated that C. difficile can survive in the presence
of these food preservatives at concentrations higher that the current maximum permitted levels
allowed in ready to eat meat. Therefore, there is a potential for foodborne transmission on C. difficile

through commercially produced ready-to-eat meals such as cured, fermented or smoked meats.

After the investigation of C. difficile in freshly prepared food in the kitchen area of a nursing home,
only one strain (PCR-ribotype 078) was isolated from a pork sausage served with salad. It is
interesting to note that none of the circulating clinical C. difficile isolates among the nursing home
residents were identified as PCR-ribotype 078. Therefore, even if it is not clear what was the source of
contamination of the positive meal (contamination of meat at slaughterhouse, contamination during
processing or contamination by the food handlers) it can be suggested that foods can be a vector of C.
difficile strains circulating in the community to be introduced to nursing homes and other healthcare

settings, although the frequency and likelihood of this phenomenon is low.
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Goal 5: Environmental contamination of C. difficile in a healthcare setting

The increasing number of CDI cases in hospitalised patients has lead to suspect that environmental
contamination is the main cause of contamination inside healthcare settings. However, in our study
nursing home environment was not detected as a source of contamination, as none of the surfaces
tested positive for the bacterium. It is likely that the implemented cleaning program to control the
spread of spores in this healthcare setting is effective. But it is also important to note that culture
methodology for environmental samples might be suboptimal at the time, since other similar studies in
hospital environment yielded no C. difficile spores or a minor contamination (Rodriguez-Palacios et
al., 2013; Sjorberg et al., 2014). In this context, more frequent sampling of different healthcare
settings using different swabbing methods could provide more information about the best sampling
method, but also about the environmental contamination in these close communities and its

implication in the propagation of the infection.

Goal 6: C. difficile in elderly: presence and gut microbiota interactions

Results of our studies suggested that food or environments are not the main sources of contamination
in the nursing home investigated. Therefore, the next concern was to evaluate and follow the presence
of C. difficile among the elderly residents and to characterise the isolates in order to demonstrate if the
positive status was due to the same strains (person-to-person transmission). Furthermore, barcoded
pyrosequencing was used to characterize the faecal microbiota of the elderly residents, to evaluate the
global evolution of the total microbiota, and to identify possible relations between certain bacterial

populations and C. difficile colonization.
C. difficile dispersion among nursing home residents

Nursing home residents commonly have risk factors for CDI, including hospitalisation, an age over 65
years and antibiotic exposure. C. difficile was isolated from 7/23 (30.4%) nursing home residents. In
other countries, the prevalence of C. difficile colonisation varied from 0.8% to 54.8% between nursing
homes (Rodriguez et al., 2014). In this study no association between probiotic administration or
antibiotic therapy and C. difficile colonisation could be established. The application of probiotics to
CDI prevention and treatment is controversial (Allen et al., 2013; Ehrhardt et al., 2016). Current
treatment guidelines for CDI express that there is insufficient evidence to conclusively recommended
probiotics as preventive treatment. Studies have demonstrated the importance of bile acid metabolism
by gut microbiota in providing moderate C. difficile colonisation resistance (Koenigsknecht et al.,
2015). Specific strains with defined beneficial properties are being targeted including Lactobacillus
plantarum and Sccharomyces boulardii (Spinler et al., 2016) Further efforts in determining specific
probiotic formulations and doses are needed to solidify clear recommendations for probiotic

applications. On the other hand, PCR-ribotype 027 was the most prevalent type. Interestingly, this
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PCR-ribotype was among the five more commonly identified in Belgian hospitals in the past years.
However, since 2011 a decline in its prevalence has been described (Cairns ef al,, 2012; Neely and
Lambert, 2015). Results suggest that residents of nursing homes are at high risk of colonisation by
hypervirulent strains. MLVA revealed that there was a clonal dissemination of the strains within the
nursing home residents, probably due to person-to person transmission. As previously cited, nursing
home environment samples tested negative for the bacterium. Therefore, the isolation of elderly in
nursing homes has an important impact on the epidemiology of C. difficile infection. Furthermore, this
state of closure makes nursing home residents a valuable population to conduct further studies in the
dynamics of the infection, in the spread of different C. difficile strains and also to investigate changes

in the gut microbiota when there is a bacterial colonisation and/or infection.
Gut microbiota changes in elderly C. difficile colonised subjects

Regarding gut microbiota modifications with C. difficile colonisation, the preliminary metagenomic
analysis revealed that microbial evenness is slightly but significantly higher in C. difficile positive
residents. In contrast, bacterial diversity and richness are not significantly higher in C. difficile positive
residents after statistical Bonferroni correction (McDonald, 2014). Richness is defined as the estimated
number of bacterial species in the biotope. Evenness refers to how close in numbers each species is in
the biotope. Diversity encompass both richness and evenness, and it is a measure of species
biodiversity taking into account the number of species as well as their relative abundance (Beals ef al.,
2000). The findings of this study are may be due to the fact that the survey was conducted in elderly
people in a closed environment for long-term stay, but its repeatability in other populations must be
investigated. In addition, results obtained suggest that the gut microbiota structure is associated with
diarrheic episodes instead of C. difficile positive status, as previously hypothesised (Antharam et al.,
2013). A further study also reported a little difference regarding the microbiota composition of C.
difficile colonised subjects suffering CDI and asymptomatic carriers (Rea et al., 2012). A decrease of
Verrucomicrobiaceae (genus Akkermansia) in subjects positive for the bacterium has found. The
genus Akkermansia is linked to gut health and its abundance seems to be reduced when there is gut
inflammation (Derrien et al., 2016). The association between Akkermansia and C. difficile colonisation

is a novel important finding that merits further investigation.
Goal 7: Epidemiology of C. difficile in two different European healthcare settings

It has been shown that the nursing home studied is a closed community with clonal dissemination of a
single or few strains, and it does not reflect the transmission current in the community. However, in
hospitals the situation is not the same. Recent studies refuted the theory of person-to person
transmission in hospitals and suggested that C. difficile strains appear to be introduced in hospital by
incoming patients or even by visitation animals or foods (Rodriguez-Palacios et al., 2013). Therefore,

hospitals are a better scenario than nursing homes to study what are the main strains circulating in the
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community. The collaboration with the National Reference Centre for C. difficile in humans has
allowed us to know the prevalence and the main PCR-ribotypes implicated in CDI in Belgium and to
compare them with animal and food isolates. The next concern was to determine if the situation in
Belgium regarding CDI was similar in other countries. Therefore, a final study was conducted in a
hospital located in Spain, in order to survey the C. difficile circulation and to compare the ribotype
distribution with those observed in a second hospital located in Belgium during the same study period.
As previous reported in an European C. difficile infection hospital-based survey, the incidence of CDI
and the distribution of causative PCR-ribotypes differed greatly between hospitals (Bauer ez al., 2011).
The prevalence of positive cases reported in Spain and Belgium was 12.3% and 9.3% respectively.
However, during the same study period the total number of samples analysed in Belgium was triple
the number of samples analysed in the Spanish hospital. According to another study (Alcala et al.,
2015), it seems that CDI in Spain may be misdiagnosis or undiagnosed due to the lack of clinical
suspicion and requests. A great variety of PCR-ribotypes were detected in both hospitals, including
PCR-ribotypes 078, 014 and 020. In previous surveys in Belgium and Spain PCR-ribotypes 078 and
014 remained the most prevalent since 2014 (Alcala ef al., 2015; Neely and Lambert, 2015). PCR-
ribotype 027 was not detected either in Spain or Belgium during the present study period. These
findings corroborate our previous hypothesis that changes in the prevalence of PCR-ribotypes in
nursing homes come later than in hospitals or in the community. A high number of positive patients
were referred from paediatric and oncology units, which indicated, as previously suggested (Collins
and Riley, 2015), that the presence of C. difficile in these two medical services is a new important

finding that requires further surveillance and investigation.
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C. difficile is a worldwide public health concern. The bacterium is considered the leading cause of
antibiotic associated disease, responsible for mild-to-severe diarrhea and colitis in healthcare settings,
but the infection is also increasingly expanding in the community. In the last decade, the emerging of a
new hypervirulent strain, PCR-ribotype 027, and the high number of severe CDI cases with fatal
outcome caused a general alarm, which led to reinforce the infection control measures and the creation
of new surveillance initiatives in hospitals, in order to reduce the incidence of the infection. Under this
situation, during 2000s, research was focused on transmission, rapid diagnostic and treatment of CDI
in hospitals, but little was reported on other possible sources of exposure. Indeed, at that time, the
increasing number of infections inside healthcare settings maintained the attention (almost
exclusively) on human close-contact transmission, but several cases began to appear also in the
community, in populations previously considered a low risk, such as healthy children and peripartum
women, patients without an antibiotic treatment or without a history of hospital exposure. The sources
of CDI and risk factors in the community are not well understood, which makes difficult the control of
transmission. Only with the identification of these potential vectors it would be possible the

development of new strategies to prevent contamination.

The main hypothesis of this study was that food animals could act as vectors of toxigenic C. difficile
strains and therefore contribute to expand the infection in the community. In Belgium, there were no
data about the intestinal carriage of C. difficile, the risk for carcass contamination at slaughter or the
contamination of foods with its spores. To address these important gaps of knowledge, this study
investigated the circulation of C. difficile in humans, animals and foods, in order to have a global
vision of the situation and to better understand the potential of the bacterium as a zoonotic or

foodborne infectious agent.

Results obtained revealed that animals are carriers of C. difficile in farms and at slaughter, and carcass
contamination occurs inside the slaughterhouse. Spores of C. difficile were also detected in retail

meats, indicating a potential risk of human foodborne transmission.
Why is the presence of C. difficile in animals and food relevant to human CDI?

Regarding the results obtained, it can be deduced that the most important role of animals and foods in
human CDI is not their potential to produce disease but their contribution to the changing
epidemiology of the infection. The decrease of PCR-ribotype 027 in hospitals has lead to the increase
in the numbers of other PCR-ribotypes causing CDI, like PCR-ribotypes 014, 020 and 078. As
observed in our studies, these strains are now commonly found in both animals and foods. While
zoonotic infection has been not demonstrated, we can say that animals contributed to the spread of
these emerging PCR-ribotypes in the community, either by food contamination as previously

described, or by direct or indirect contact with humans and their environments. In this context, in the
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future it will be very interesting to study close related human and animal populations (farmers in close

contact with their animals or pets of human patients with community-acquired CDI).

This dissertation has also shown that virulent strains of C. difficile are present in meats, either by a
contamination from the intestinal contents of carrier animals at slaughter or by contamination from the
environment and/or from colonised food handlers during processing. But even if spores are present,
their prevalence in meats is not very high and much less important in prepared meals, maybe due to
the low thermal resistance of these spores compared with the spores of other clostridial species. In this
context, in the future it will probably be more interesting to study the presence of C. difficile in raw
foods consumed directly (as raw meats or fish consumed without thermal treatment), in bio products
(as fruits or vegetables, normally grown with the help of organic fertilizers), or in traditional food
products of developing countries (where the hygienic procedures are not always the best). Maybe in
these cases the prevalence and the counts of spores are sufficiently important to present a potential risk

of foodborne infection attributed to these products.

On the other hand, in our studies, the bacterium was detected after an enrichment step, which indicates
that the initial spore load is small. Therefore, even if at present the human infectious dose for C.
difficile is not known, it can be supposed that in the food products studied, spores ingested by healthy
people with normal intestinal microbiota do not cause greater impact. C. difficile foodborne infection
would result from a very unlikely scenario in Belgium, which will be the repeated consumption of
contaminated foods with virulent strains by vulnerable subjects with gastrointestinal perturbations. We
cannot rule out this possibility, but this situation does not seem to be as common today. We think that
to determine a foodborne transmission of C. difficile, the only feasible way would be the study of
clinical CDI community cases at hospitals. Only with a good anamnesis of the patient linked with the
analysis of suspected ingested foods (if it is the case) it will be possible to trace the origin of the
contamination (the food product as hypothesised here). This survey will be possible with a close
collaboration between laboratories, clinicians, and patients. The apparition of several problems must
be taken into account: the patients can not remember or don’t associate what they have eaten with the
infection, the foods that they have consumed are not longer available for analysis, or there is no
clinical suspicion of foods as sources of CDI. Therefore the study period and the number of cases

studied should be considered to overcome these problems.

After analysis of all the data obtained, what type of measures could be established to prevent this

contamination from farm-to-table?

Our findings evidenced that animals are able to shed spores of toxigenic C. difficile without showing
any signs of disease. Therefore, it is very difficult to predict or notice which animals are carriers of the
bacterium. A rapid screening test before slaughter is neither optimal nor affordable. The use of good

hygiene practices through the slaughter operations to produce visibly clean carcasses will be the most
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reasonable measure to reduce the contamination, as indicated for other foodborne pathogens.
Regarding meats, in our study C. difficile was found in samples with good organoleptic quality, which
makes impossible to notice the presence of the bacterium by visual examination. As C. difficile spores
cannot survive to high temperature, a good thermal treatment (85°C during 10 min; based on the
literature data) is the best strategy to reduce the risk of foodborne transmission. Furthermore, it is an
easy household practice that must be emphasized, as it is also useful to eliminate other pathogens

present in foods.
Have the current typing methods sufficient discriminatory power to compare the strains?

We have evidenced that the most commonly used typing techniques (PCR-ribotyping, MLST and
MLVA) are not discriminating enough to determine the clonality of strains. Therefore it is necessary
to change the use of these methods when we compare C. difficile strains from different origins. Next
generation typing techniques, notably whole genome sequencing analysis has been shown to provide
the best resolution to study DNA variations such as single nucleotide variations, copy number
variations, insertions, deletions, inversions or translocations. This powerful and promising tool must
be applied in the future to study the relatedness of strains, in order to finally demonstrate the zoonotic

or anthroponotic transmission of C. difficile.
Link between the epidemiology of C. difficile in humans and animals

The presence of a great variety of PCR-ribotypes in CDI human cases without an apparent hospital
ward contamination confirms that community plays an essential role in the epidemiology of CDI. It
may be interesting to conduct further studies in healthy subjects (children and adults) to know what
strains are circulating in the community, the prevalence of C. difficile colonisation in asymptomatic
subjects and the relatedness of these human strains with animal strains. This information would help to
better understand the transmission of C. difficile, the reservoir of the bacterium, as well as anticipate
potential emerging strains that can cause serious outbreaks in hospitals. On the other hand, we have
observed that changes in the prevalent PCR-ribotypes in closed nursing home populations come later
than in hospitals. Our studies concluded that this population is more static because strains high
prevalent in hospitals five years ago are now the more prevalent in these healthcare settings.
Therefore, nursing home residents could be a perfect controlled population to study changes in the
faecal microbiota, changes in the CDI epidemiology and to study the different factors promoting

colonisation and infection.
Population dynamics and C. difficile colonisation: further perspectives

The last important concern of this dissertation was to apply the new "omic" techniques, in our case
metagenetics, to determine changes in gut microbiota composition with CDI or colonisation.

Unfortunately, in both humans and animals, the study did not provide conclusive results because the
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number of colonised or infected subjects was very low. But two observations of these studies must be
considered to conduct further investigations. The first one is the presence of Akkermansia in all horses
and humans studied and its decrease in C. difficile positive humans in relation with no colonised
residents. The genus Akkermansia has been linked to gut health and its abundance seems to be reduced
when there is gut inflammation. The association between Akkermansia and C. difficile colonisation
and its presence in the gut microbiota of horses is a novel important finding that merits further
investigations. The second important observation is that positive C. difficile status was not associated
with microbiota richness or biodiversity reduction in our study. These findings should not be
dismissed as they provide a first insight about the impact of C. difficile colonisation in the gut

microbiota.

On the other hand several animal models, including mice, rats, rabbits, hares, guinea pigs, prairie dogs
and quails, have been used to explain the mechanism whereby C. difficile colonises the intestinal tracts
of humans in both with and without diarrhea. However, results vary substantially with the choice of
model and in most of the cases they are not comparable or reproducible. Now, the in vitro models
offer the advantages of greater control and number of replicates, easier manipulations, data
comparison and the respect of life and animal welfare. We are convinced that the metagenomic
approach coupled with animal and in vitro models will be key to the future management of the disease,
not only for the treatment of infection (as faecal transplantation), but also to understand the factors that
help or hinder the colonisation of C. difficile in the gut microbiota and the development of the
infection. Furthermore, it will be possible to elucidate the factors contributing to the asymptomatic

status in animals and human neonates or adults.
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SUMMARY

Clostridium difficile is a spore-forming anaerobic bacterium recognised as a major human pathogen
responsible for pseudomembranous colitis and nosocomial-antibiotic associated diarrhea.
Traditionally, hospitals were considered the main reservoirs for infection. However, in the last years
the incidence, deaths, complications and costs of C. difficile infection (CDI) have been rising, not only
in healthcare facilities, but also within the community. In the community, it has been detected in a
growing number of CDI cases in previously healthy individuals without antimicrobial exposure,
hospital stay or any other classical risk factors. Furthermore, the disease has been repeatedly described
in younger patients, including children. Some hypotheses have been proposed to explain this peak of
community cases, the most obvious being that nowadays more attention is given to CDI surveillance.
In the last years, diarrhea due to C. difficile disease might have gone undiagnosed, and in many cases

went unreported, particularly in the community.

Since 2004, severe outbreaks of CDI have been documented increasingly in the United States, Canada
and in Europe. These outbreaks have been associated with the emergence of a novel strain, known as
PCR-ribotype 027, characterised by higher than usual levels of toxins A and B production, and the
presence of a third toxin named CDT or binary toxin. This strain type is also characterised by its
resistance to both erythromycin and fluoroquinolones (i.e. moxifloxacin, gatifloxacin and
levofloxacin). However, according to the latest hospital surveillance studies in Europe, since 2010
there is a decrease in the incidence rates of PCR-ribotype 027 while other PCR-ribotypes, including
PCR-ribotypes 014, 020, 001, 002, 078 and 015 are increasing.

Person to person contact is one source proposed for the spread in the community, occurring after
visiting hospitalised patients or residents in long-term care facilities. Employees of these health-care
settings can also carry spores and contaminate their entourage. The second hypothesis is
contamination from the environment, following visits to a potentially contaminated place, such as
hospitals or nursing homes. The two most important potential sources of CDI in the community, which

have been demonstrated by investigations in the last decade are animals and foods.

While C. difficile is also known as enteric pathogen in some food producing and companion animal
species, there are several reports describing the presence of the bacterium in the intestinal contents of
apparently healthy animals. Moreover, data published recently suggests animals as an important
source of human CDI, which can spread disease through environmental contamination, direct or
indirect contact, or food contamination, including carcass and meat contamination at slaughter or in

the case of crops, through the use of organic animal manure. By definition, zoonoses are infectious
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diseases that can be transmitted directly or indirectly between animals and humans, through direct
contact or close proximity with infected animals, or through the environment. Foodborne zoonotic
pathogens are transmitted via the consumption of contaminated food or drink water. The first
description of C. difficile in domestic animals and their environments dates from 1974 and possible
foodborne transmission was reported for the first time in 1982. However, nowadays the importance of

C. difficile as zoonotic disease remains largely unknown.

The "One Health" concept is a worldwide strategy, which recognises that the health of humans and
animals is connected and also depends on the environment. The present dissertation is a 5 year
national study that has investigated the presence of C. difficile in animals and food, from “farm-to-
table”. The study was also extended to humans resident in a nursing home and in two hospitals in
Belgium and in Spain. The characterisation of the isolates obtained has ultimately allowed comparison
of the PCR-ribotype distribution in the different European hospitals, as well as with the PCR-ribotype
distribution found in animals and foods. This work explores how C. difficile spreads among human
patients, animals, foods and the environment to better understand the potential of the bacterium as a

zoonotic or foodborne infectious agent.

To start the survey, C. difficile was first investigated in hospitalized horses at an equine medical
teaching clinic. In both foals and horses, the bacterium has been identified as an important agent of
diarrhea and enterocolitis. As in the case of human infections, hospitalization, antibiotic therapy or
changes in diet have been described to contribute to the development of CDI. In a preliminary study,
the objective was to assess the carriage of C. difficile in hospitalised horses and the possible influence
of some risk factors in colonization. Ten out of a total of 73 horses (13.7%) tested positive for C.
difficile but only two presented clinical signs of diarrhea associated with CDI. Seven different PCR-
ribotypes were identified (014, UC16L, UCL16a, UCL228, UCL9 UCL261, UCL5a), and 5 of them
were toxigenic. Multi-locus sequencing typing (MLST) analysis revealed a clear concordance between
some PCR-ribotypes and the sequence types attributed. Nonetheless, no relationships could be
established between the acquisition of C. difficile in the hospital and a particular circulating strain, or
between the presence of diarrhea and one particular type. This study showed that horses were
frequently colonized by C. difficile regardless of the reason for hospitalization, however the
development of diarrhea was more unusual. Therefore, an appropriate infection prevention strategy,
for example to avoid gut microbiota disruptions may be able to reduce the incidence of the associated

disease.

Regarding these data obtained, the next main question was about the relationships between C. difficile
and the rest of the intestinal flora of horses, which had experienced an episode of diarrhea. To address
this concern, a second study was performed in the same equine clinic to attempt to determine whether

the presence of diarrhea and/or the isolation of C. difficile were related to changes in the composition
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of the faecal microbiota. High-throughput sequencing analysis revealed that bacterial diversity of the
gut microbiota in diarrhoeic horses was lower than in non-diarrhoeic horses in terms of species
richness and in population evenness. Some taxa like Fusobacteria, Actinobacillus and Porphyromonas
were detected more abundantly in horses with diarrhea, while Akkermansia was found in all of the
horses studied. For a great variety of bacterial species the currently available systems were not able to
confidently assign taxonomy, which showed how complex and still unknown the equine microbiome
is. The overall prevalence found for C. difficile colonization was lower than in the previous study
(3.7%). However, animals were only sampled at the time of admission but not tracked during their
hospitalisation as in the previous study. Five different PCR-ribotypes were identified: 014, UCL237,
UCL49, UCL23f and UCL36 (the only non-toxigenic PCR-ribotype). None of these positive animals
suffered an episode of diarrhea, which suggests that C. difficile infection was transient in horses
studied without overgrowth to trigger infection. Therefore, no association between CDI in horses and a

specific modification of the microbiota could be demonstrated.

The second objective was to study the carriage of the bacterium in food-producing animals in farms
and at slaughter, and to determine if carcasses were contaminated at the slaughter line. In our study, C.
difficile was found more prevalent in piglets (78.3%) and calves (22.2%) on farms than in adult
animals (pigs 0%-1%; cattle 6.6%-9.9%) just prior slaughter. Carcasses of pigs and cattle were shown
to be contaminated with a prevalence of 7% and 7.9% respectively. However, characterisation of the
isolates showed a variety of C. difficile PCR-ribotypes on carcasses that were not found in the
intestinal samples from the same animals, suggesting environmental contamination at slaughter.
Among the PCR-ribotypes isolated from intestinal contents and carcasses, the greatest variety of PCR-
ribotypes was found in slaughter cattle, possibly explained by the fact that in cattle there was larger
herd diversity than in pigs. This study further documented that animals were carriers of C. difficile at
slaughter, and that carcass contamination occurred inside the slaughterhouse. Moreover, the most
common PCR-ribotypes involved in human CDI in Belgium were identified in animals and their

carcasses (including the PCR-ribotypes 014, 078, 023, 081, UCL16L, UCL16U, UCL11 et UCL5a).

In order to investigate genetic relationships between C. difficile isolates from human hospitalized
patients, pig and cattle intestinal and carcasses samples in the same geographic region and during the
same time period, MLST and multilocus variable-number tandem-repeat analysis (MLVA) were
performed. The study revealed that C. difficile strains PCR-ribotype 078, 014, 081, UCL16U, UCL11
and UCL5a circulate among the same animal species and among human patients. MLST showed that
animal and human strains clustered in the same lineage. MLV A, more discriminating, revealed close
relationships between isolates from different animal species (pig and cattle), but less genetic similarity
among human and animal isolates. These data suggest a wide dissemination of clones at hospitals,

breeding-farms and at the slaughterhouse.
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To clarify the concern about foodborne transmission through consumption of contaminated animal
products, a further study was conducted to evaluate the presence of C. difficile in retail meat sold in
market places in Belgium. C. difficile was isolated from 2.3% retail beef samples and 4.7% retail pork
samples. However, the contamination of meats may involve faecal or environmental contamination of
carcasses at slaughterhouse but also during human processing post-slaughter. A total of 4 different
PCR-ribotypes were identified with a large percentage of types 078 and 014. Furthermore, by MLST,
PCR-ribotype, toxin activity, toxin genes and antimicrobial resistance strains isolated were

indistinguishable from the human strains isolated during the same period in Belgian hospitals.

Knowing that this bacterium is present in foods, what are the risks for the consumers? Spores of C.
difficile are heat resistant and can survive gentle cooking of foods (70-75 °C). Even if the spore
numbers in foods are usually low, a small dose ingested with an altered gut microbiota may be able to
trigger infection, and patients over 65 years can therefore be particularly susceptible to outbreaks. The
following study aimed to assess the presence of C. difficile on freshly prepared food in the kitchen area
of a nursing home and also to examine the presence of spores in the environment of this retirement
home. C. difficile was isolated from only one meal sample composed of pork sausage, mustard sauce
and salad, suggesting that the contamination in prepared meals is lower than in raw foods.
Nevertheless, the isolate was identified as PCR-ribotype 078, which has also been considered as an
emergent hypervirulent strain in human beings. Regarding the environment, none of the surfaces
sampled were positive for C. difficile, but it is probable that results vary significantly between
retirement and healthcare establishments according to the implemented cleaning program to control
the spread of the bacterium. At the time of the study on food and surface samples, the prevalence of C.
difficile among the residents of the same nursing home was evaluated. Twenty-three residents were
monitored weekly during 7 different weeks. Prevalence of C. difficile was 30.4%, with 7 residents
positive for C. difficile at least once. The bacterium was detected in 43.3% episodes of diarrhea, but
there was only one patient diagnosed with CDI during the study period. Four different PCR-ribotypes
were identified but the most common type isolated was the hypervirulent ribotype 027. MLVA
showed clonal relatedness of the C. difficile isolates and cross-infection between patients. Barcoded
pyrosequencing was used to characterize the faecal microbiota of the elderly residents, to evaluate the
global evolutions of the total microbiota and to identify possible relationships between some bacterial
populations and C. difficile colonization, diarrhea and antibiotic treatment. The study of the microbial
phylotype composition of the samples showed that almost of the samples were clustered in a sub-tree
corresponding to a single resident, which means that each resident studied had their own bacterial
imprint and that it was stable during the entire study. Furthermore, residents positive for C. difficile by
classical microbiology showed by metagenetic analysis an important proportion of C. difficile
sequences, which shows a good correlation between C. difficile detection by classical microbiology

and barcoded pyrosequencing analysis. However, it does not seem that carriage and shedding of C.
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difficile was associated with a specific microbiota. The study further evidences the importance of high-
throughput amplicon sequencing analysis to investigate the intestinal microbiota interactions in

patients suffering CDI.

Once the presence and characterisation of C. difficile circulating strains was examined in companion
and food animals, carcasses, foods and humans in Belgium, a final study was conducted in a hospital
located in Spain. The aim of this study was to survey the C. difficile circulation and to compare the
ribotype distribution with those observed in a second hospital located in Belgium, during the same
study period. Data obtained shows that even if the total number of samples analysed per month in the
Belgian hospital was triple the number of samples analysed in the Spanish hospital, the prevalence was
lower in the Belgian hospital (9.3% versus 12.3%). These results may reflect the efforts of the Belgian
hospital to improve the management of CDI, and a probably misdiagnosis of CDI in Spain due to the
lack of clinical suspicion and request. The most common PCR-ribotypes reported in Europe were
found in the two hospitals, including 078, 014, 020, 012 and 002. The great variety of PCR-ribotypes
detected did not suggest regional spread or hospital ward contamination by a particular strain.
However, the same PCR-ribotypes detected in animals and foods were isolated from human

hospitalised patients, including PCR-ribotypes 014 and 078.

In conclusion, this dissertation documented that companion and food animals harbour toxigenic C.
difficile, but the development of diarrhea is more rarely reported than in the case of humans. Food
animals are carriers of C. difficile at harvest and carcass contamination occurs at the slaughter line. C.
difficile spores are also present in pork and beef retail meat. A massive use of antibiotics, like
fluoroquinolones or cephalosporins in animal production could be responsible for an expansion of the
bacterium with an increased presence of its spores at farms, and in consequence at slaughterhouses and
food processing plants. Prepared meals and nursing home environment have not been identified as a
potential source of contamination. However, the isolate obtained from prepared meals was identified
as one hypervirulent type. This dissertation also documented the prevalence and the ribotype
distribution in healthcare settings in two European countries, Belgium and Spain. The main PCR-
ribotypes found in humans were also isolated from animals and foods. While genomic techniques used
in this work did not always reveal clonality in the isolates found in humans and animals, they are
closely related. The analysis of C. difficile strains isolated from different sources by whole genome

sequencing analysis will definitively confirm the absence of host tropism of certain strains.

These findings documented the actual zoonotic and foodborne transmission risk of CDI and the
relevance to develop further strategies to reduce the dissemination of the bacterium at farms and to

reduce the risk of food contamination.

Finally, the investigation of the gut's microbial communities by metagenetic analysis in C. difficile

infected humans and animals made it possible to discern whether any alteration of the gut microbiota
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composition could favour C. difficile colonisation, as well as if there were some microorganisms able
to reduce susceptibility to the infection. Unfortunately, the present project has failed to answer this
question because of the lack of clinical manifestations of CDI in humans and horses during the study
period. This new approach will be critical in the future for further understanding the pathogenesis of
C. difficile disease and to develop new successful prevention measures to reduce the presence and the

number of CDI in both humans and animals.
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RESUME

Clostridium difficile est une bactérie anaérobie sporulée reconnue comme un agent pathogeéne humain
majeur, responsable de colites pseudomembraneuses et diarrhées nosocomiales associées a la prise
d’antibiotiques. Traditionnellement, les hdpitaux étaient considérés comme les principaux réservoirs
de l'infection. Toutefois, ce schéma a évolué a la fin du siécle dernier avec une hausse de 1'incidence,
des déces, des complications et des colits des infections a C. difficile (ICD), ainsi que l'apparition
d'infections communautaires. Ces derniéres ont pour particularités I’absence d'exposition précédente a
des antimicrobiens, a un séjour a I'hopital ou a d'autres facteurs de risque classiques. En outre,
l'infection a été décrite a plusieurs reprises chez des jeunes patients, y compris des enfants. Certaines
hypothéses ont été proposées pour expliquer cette augmentation de cas communautaires. Il faut
cependant mettre cette augmentation en perspective avec une conscientisation plus importante a cette

problématique et donc un nombre de dépistage plus €levé.

Depuis 2004, des épidémies d'ICD sévéres ont été rapportées aux Etats-Unis, au Canada et en Europe.
Toutes ces épidémies ont été liées a I'émergence d'une nouvelle souche PCR-ribotype 027, avec une
grande virulence due a I'hyperproduction de toxines A et B, et a la production d'une troisi¢me toxine
connue comme CDT ou toxine binaire. En outre, ce type de souche est caractérisé par sa résistance a
I'"érythromycine et aux fluoroquinolones (p.ex. moxifloxacine, gatifloxacine and Iévofloxacine).
Cependant, selon les derniéres études de surveillance des hopitaux en Europe, depuis 2010, il y a une
diminution dans l'incidence du PCR-ribotype 027 alors que d'autres PCR-ribotypes, notamment les

PCR-ribotypes 014, 020, 001, 002, 078 et 015 sont en augmentation.

Le contact personne a personne est une des sources proposées pour la propagation dans la
communauté, survenant apres la visite a des patients hospitalisés ou résidents dans des établissements
de soins de longue durée. Les employés de ces établissements peuvent également transporter des
spores et contaminer leur entourage. La seconde hypothése est la contamination par l'environnement,
suite a la visite des lieux potentiellement contaminés comme les hopitaux ou les maisons de repos.
Mais les deux sources potentielles d’ICD communautaires les plus étudiées durant la derniére

décennie sont les animaux et les aliments.

C. difficile est également connu comme un agent pathogeéne entérique chez certains animaux de ferme
et de compagnie. Mais de nombreuses publications décrivent la présence de cette bactérie dans le
microbiote intestinal des animaux apparemment sains. En outre, les études publiées récemment
suggerent les animaux comme une source importante d’ICD humaines, pouvant propager la maladie
par la contamination de l'environnement, directe ou indirecte, ou par la contamination des aliments,
que ce soit via la contamination de la carcasse et de la viande lors de l'abattage, jusqu’a la

contamination de cultures via l'utilisation d'engrais organiques d'origine animale. Par définition, les
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zoonoses sont des pathologies infecticuses pouvant étre transmises directement ou indirectement entre
les animaux et les humains, par contact direct ou proximité avec des animaux infectés, ou via
I'environnement. Les agents pathogénes zoonotiques d'origine alimentaire se transmettent par la
consommation d'aliments ou d'eau contaminés. La premiére description de C. difficile chez les
animaux domestiques et de leurs environnements date de 1974 et la possible transmission d'origine
alimentaire a été signalée pour la premicre fois en 1982. Pourtant aujourd'hui encore, I'importance de

C. difficile en tant qu’agent zoonotique reste largement inconnue.

Le concept "One Health" est une nouvelle stratégie mondiale, qui reconnait que la santé des humains
et celle des animaux sont intimement liées et avec celle de I'environnement. La présente thése est une
é¢tude nationale de 5 ans portant sur la présence de C. difficile chez les animaux et dans les aliments,
"de la ferme a la table". L'étude a été étendue également aux humains confinés dans une maison de
repos belge et dans deux hdpitaux en Belgique et en Espagne. La caractérisation des isolats obtenus a
permis in fine de comparer la distribution des PCR-ribotypes des souches issues des deux hdpitaux
européens, ainsi qu'avec des PCR-ribotypes retrouvés chez les animaux et dans les aliments. Ce travail
explore la circulation de C. difficile chez les humains, les animaux, les aliments et I'environnement
afin de mieux comprendre le potentiel de transmission de cette bactérie en tant qu'agent infectieux

zoonotique ou d'origine alimentaire.

En premier lieu, C. difficile a été recherché chez des chevaux hospitalisés dans une clinique vétérinaire
universitaire. Chez les poulains et les chevaux, la bactérie a été identifiée comme un agent important
de diarrhée et entérocolite. Comme dans le cas d'infections humaines, I'hospitalisation,
I’antibiothérapie ou les changements de régime alimentaire sont des facteurs favorisant le
développement des ICD. Dans une étude préliminaire, l'objectif était d'évaluer la présence de
C. difficile chez les chevaux hospitalisés et la possible influence de certains facteurs de risque dans la
colonisation. Sur un total de 73 chevaux, 10 animaux (13,7%) ont été testés positifs pour C. difficile
mais seulement 2 de ces animaux présentaient des signes cliniques de diarrhée compatibles avec une
ICD. Sept PCR-ribotypes différents ont été identifiés (014, UCL16L, UCL16a, UCL228, UCL9,
UCL261, UCL5a), et 5 d'entre eux étaient toxigénes. Le typage par MLST (multi-locus sequence
typing) a révélé une concordance claire entre certains PCR-ribotypes et des clones retrouvés identifiés
par MLST. Néanmoins, aucune relation n'a pu étre établie, démontrant I'acquisition de C. difficile a
I'hopital, 1’association avec la présence de la diarrhée ou la présence d’une souche circulante
particuliére. Cette étude a montré que les chevaux sont fréquemment colonisés par C. difficile, quelle
que soit la raison de l'hospitalisation, mais que le développement de la diarrhée était rare. Par
conséquent, une stratégie appropriée de prévention de l'infection, en particulier en évitant les
perturbations du microbiote intestinal, peut étre en mesure de réduire I’incidence de la maladie

associée.
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Sur base de ces données, la question suivante a porté sur les relations entre C. difficile et le reste de la
flore intestinale des chevaux ayant développé un épisode de diarrhée. Pour répondre a cette question,
une seconde étude a été réalisée dans la méme clinique équine afin de tenter de déterminer si la
présence de la diarrhée et/ou ’isolement de C. difficile pouvaient étre associés a des changements dans
la composition du microbiote fécal. L'analyse par séquencage a haut débit a révélé que la diversité
bactérienne du microbiote intestinal chez les chevaux diarrhéiques était plus faible que chez les
chevaux non-diarrhéiques en termes de richesse des espéces présentes et de distribution des différentes
populations. Alors que le genre Akkermansia a été trouvé étonnamment en forte proportion chez tous
les chevaux étudiés, certains taxons comme les Fusobacteria, les Actinobacillus et les Porphyromonas
ont été détectés en abondance surtout chez les chevaux souffrant de diarrhée. Une forte proportion des
populations bactériennes observées n'a pu étre identifiée a I'espéce, ce qui souligne la méconnaissance
actuelle du microbiote équin. La prévalence de C. difficile était plus faible que dans 1'étude précédente
(3,7%). Toutefois, les animaux ont été¢ échantillonnés seulement au moment de l'admission et non
suivis au cours de leur hospitalisation comme précédemment. Cinq PCR-ribotypes différents ont été
identifiés: 014, UCL237, UCL49, UCL23f et UCL36 (le seul PCR-ribotype non-toxigéne). Aucun des
animaux positifs n'avait subi un épisode de diarrhée. L'hypothése serait que la présence de C. difficile
¢était transitoire chez les chevaux étudiés, sans surcroissance aboutissant a une infection. De ce fait,
aucune association entre I’ICD chez le cheval et une modification spécifique du microbiote n’a pu étre

mise en évidence.

Dans un second temps, le portage de C. difficile chez les animaux de rente a été étudié dans des
exploitations agricoles et a I'abattoir. Dans notre étude, C. difficile a été le plus fréquemment isolé
chez les porcelets (78,3%) et ensuite chez les veaux (22,2%) par rapport aux animaux en age
d'abattage (porcs 0%-1%; bovins 6,6%-9,9%). Les carcasses de porcs et de bovins ont montré une
prévalence de contamination de 7% et 7,9% respectivement. Cependant, la caractérisation des isolats a
montré qu’il n'y avait pas de relation entre les PCR-ribotypes identifiés en surface des carcasses et
dans le contenu intestinal de l'animal d'origine, ce qui suggeére une contamination de la carcasse via
I'environnement de ’abattoir. Quant aux PCR-ribotypes isolés de contenus intestinaux et de carcasses,
la plus grande diversité a été retrouvée chez les bovins. Cette étude a documenté que les animaux
¢taient souvent porteurs de C. difficile a l'abattoir, et qu'il y a une contamination fréquente de la
carcasse sur la ligne d'abattage. Enfin, les PCR-ribotypes les plus communs impliqués dans les
infections par C. difficile chez les humains en Belgique ont été identifiés chez les animaux et sur leurs

carcasses (y compris les PCR-ribotypes 014, 078, 023, 081, UCL16L, UCL16U, UCL11 et UCL5a).

Les techniques MLST et MLVA (multilocus variable-number tandem-repeat analysis) ont ensuite été
utilisées afin d'étudier les relations génétiques entre les isolats de C. difficile circulant chez des patients
humains hospitalisés en Belgique et ceux isolés chez les porcins, bovins et sur les carcasses dans la

méme région géographique, au cours de la méme période. L'étude a révélé que des souches de
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C. difficile PCR-ribotype 078, 014, 081, UCL16U, UCL11 et UCLS5a circulent a la fois chez les
animaux et chez les patients humains. L'analyse MLST a montré que les souches d'origine animale et
humaine appartenaient au méme groupe. L'analyse MLVA, plus discriminante, a révélé des liens
étroits entre les isolats d'espéces animales différentes (de porcs et de bovins), mais une plus grande
dissimilarité génétique entre les isolats humains et ceux issus des animaux. Ces données suggerent une

large diffusion de clones dans les hopitaux, les fermes et les abattoirs.

Afin de déterminer le potentiel de transmission de C. difficile via la consommation de produits
d'origine animale contaminés, une autre étude a été menée pour évaluer la présence de C. difficile dans
la viande vendue au détail sur le marché belge. C. difficile a été isolé dans 2,3% des échantillons de
viande de bovin et dans 4,7% des échantillons de viande de porc analysés. Cependant, la
contamination des viandes peut avoir pour origine, soit la contamination fécale des carcasses ou de
I'environnement a I'abattoir, soit la contamination par la manipulation humaine post-abattoir. Un total
de 4 PCR-ribotypes différents a été¢ identifié avec une majorité des types 078 et 014. En outre, a la fois
par MLST, PCR-ribotypage et détection de toxines, de génes de toxines et de résistance aux
antibiotiques, les souches isolées de la viande étaient indiscernables des souches humaines isolées

pendant la méme période dans les hopitaux belges.

Sachant que cette bactérie est bien présente dans les denrées alimentaires, quels sont les risques
encourus par les consommateurs ? Les spores de C. difficile sont résistantes a la chaleur et peuvent
survivre a une cuisson douce (70-75°C). Méme si le nombre de spores dans les aliments est
généralement faible, une petite dose ingérée peut étre en mesure de déclencher l'infection chez les
sujets dont le microbiote intestinal est altéré. Il est bien connu que les personnes de plus de 65 ans sont
particuliérement sensibles a 1'lCD. L'étude suivante visait donc a évaluer la présence de C. difficile
dans les plats fraichement préparés dans la cuisine d'une maison de repos et a examiner également la
présence de spores dans l'environnement de cet établissement. C. difficile a été€ isolé a partir d'un seul
échantillon d'un repas composé de saucisse de porc, de moutarde et de salade, ce qui suggére que la
contamination dans les plats cuisinés est plus faible que dans les viandes fraiches. Néanmoins, 1'isolat
identifié appartenait au PCR-ribotype 078, considéré comme rassemblant des souches hypervirulentes
en émergence chez ’homme. En ce qui concerne I'environnement, aucune des surfaces échantillonnées
ne s’est révélée positive pour C. difficile, mais il est probable que les résultats varient
considérablement entre les différentes maisons de repos en fonction des systémes de nettoyage et de
désinfection utilisés pour controler la propagation de la bactérie. Lors d’une étude menée en paralléle,
la prévalence de C. difficile a été évaluée parmi les résidents de la méme maison de repos. Vingt-trois
volontaires ont été contr6lés chaque semaine pendant 7 semaines. Le taux de contamination par
C. difficile sur la période a été de 30.4%, avec 7 résidents positifs au moins une fois. La bactérie a été
détectée dans 43,3% des épisodes de diarrhée mais il n'y a eu qu'un patient avec un d’épisode d’ICD

pendant la période de 1’étude. Quatre PCR-ribotypes différents ont ét¢ identifiés, le type le plus
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fréquent était le ribotype hypervirulent 027. L'analyse MLV A a montré¢ la parenté clonale des isolats et
la probable infection croisée entre résidents. Une analyse par pyroséquencage a été réalisée pour
caractériser la flore fécale des personnes agées étudiées, afin d'évaluer les évolutions de I’écosystéme
bactérien et d'identifier les relations possibles entre certaines populations de bactéries et la
colonisation par C. difficile, ou la présence de diarrhée. L'étude de la distribution des phylotypes dans
les échantillons a montré que les microbiotes se regroupaient en sous-ensembles propres a chaque
résident. Cela signifie que chaque résident avait sa propre empreinte bactérienne et qu'elle a ét¢ stable
au cours de toute la période de 1'étude. En outre, il y a une bonne corrélation entre la détection de
C. difficile par la microbiologie classique et par 'analyse métagénétique. Par contre, il ne semble pas
que le portage et I’excrétion de C. difficile soient associés a un microbiote spécifique différent des
résidents non porteurs. Ces résultats montrent l'importance que prendra a 1’avenir I'analyse
métagénétique pour étudier et mieux comprendre les interactions dans le microbiote intestinal chez les

patients souffrant d'une ICD.

Cette investigation autour de la présence de C. difficile chez les animaux, sur leurs carcasses, dans les
aliments et chez les humains en Belgique a été complétée par une étude dans un hépital en Espagne.
Le but de cette étude était d'étudier la circulation de C. difficile entre les patients et de comparer la
distribution des PCR-ribotypes avec celle observée dans un deuxiéme hopital situé en Belgique, au
cours de la méme période. Les données recueillies ont montré que, méme si le nombre total
d'échantillons analysés par mois a I'hopital belge est le triple du nombre d'échantillons analysés a
I'hopital espagnol, la prévalence était plus faible en Belgique (9,3% contre 12,3%). Ces résultats
reflétent les efforts de 1'hopital belge pour améliorer la gestion des ICD, et une probable sous-
estimation des diagnostics d’ICD en Espagne, en raison de l'absence de suspicion clinique et de
demande d'analyses. Les PCR-ribotypes les plus fréquemment rapportés en Europe ont été retrouvés
dans les deux hopitaux, y compris les types 078, 014, 020, 012 et 002. La grande variété de ribotypes
détectés suggére qu'il n'y a pas de propagation régionale ou une contamination de l'environnement
dans les hopitaux étudiés par une souche particuliére. Il est intéressant de noter que les mémes PCR-
ribotypes détectées chez les animaux et les aliments ont été isolés a partir des patients humains

hospitalisés, notamment les PCR-ribotypes 014 et 078.

En conclusion, cette thése révéle que les animaux de compagnie et de production hébergent des C.
difficile toxigeénes et non-toxigeénes, mais le développement de la pathologie est plus rare que chez
I’homme. Les animaux de production sont porteurs de souches toxigénes a I'abattage et une
contamination de leurs carcasses a ¢t¢ démontrée. Des spores de C. difficile sont également présentes
dans la viande de porc et de beeuf vendue au détail. Une utilisation massive d'antibiotiques, comme les
fluoroquinolones ou les céphalosporines dans la production animale pourrait étre responsable d'une
expansion de la bactérie avec une présence accrue de ses spores dans les fermes, et par conséquent les

abattoirs et les usines de transformation alimentaire. Les plats préparés et l'environnement d'une

233



Résumé

maison repos n'ont pas été identifiés comme une source importante de contamination. Cependant,
l'isolat obtenu a partir de plats préparés était hypervirulent. Cette thése a également documenté la
prévalence et la distribution des PCR-ribotypes dans deux hopitaux de deux pays européens, la
Belgique et 1'Espagne. Les principaux PCR-ribotypes retrouvés chez les patients hospitalisés ont
¢galement été isolés a partir d'animaux et d'aliments. Bien que les techniques de typage moléculaire
utilisées dans ce travail n'aient pas toujours révélé de clonalité des isolats trouvés chez les humains et
les animaux, ils sont étroitement liés. Le séquencage et 1’analyse du génome complet de souches
isolées des différentes sources permettra probablement de confirmer définitivement I’absence de

tropisme particulier de certaines souches pour certains hotes.

Les résultats obtenus indiquent que C. difficile est probablement transmis des animaux aux humains
provoquant des infections communautaires. Il est donc pertinent d'élaborer des stratégies visant a
réduire la diffusion de la bactérie dans les exploitations animales afin de réduire le risque de

contamination des aliments et le risque d'une transmission zoonotique.

Enfin, I'é¢tude des communautés microbiennes de l'intestin par I'analyse métagénétique chez les
animaux et les hommes infectés par C. difficile permet de discerner si une modification de la
composition du microbiote intestinal peut favoriser la colonisation par la bactérie ou, a I’inverse, si
certains micro-organismes peuvent rendre les sujets moins sensibles a l'infection. Malheureusement,
les présentes études n’ont pas permis de répondre a cette question du fait de 1’absence de
manifestations cliniques caractéristiques des ICD dans les populations humaines et équines étudiées.
Cette nouvelle approche sera certainement critique dans l'avenir pour comprendre davantage la
pathogenése des infections a C. difficile et pour développer de nouvelles mesures de prévention

efficaces pour réduire la présence et le nombre d'ICD chez les humains et les animaux.
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