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ABSTRACT
GENETIC STRUCTURE OF CLOSTRIDIUM DIFFICILE RECOVERED FROM
ENVIRONMENTAL OR CLINICAL SOURCES AND GROWTH POTENTIAL IN
FOODS

Sundes Alammi

Advisors:

University of Guelph, 2017

Marc Habash, Keith Warriner

Clostridium difficile ribotype 078 is the predominant ribotype recovered from animals and
the environment, while 027 is recovered from hospital patients. The aims of this study were to i)
determine the genetic relatedness among a population of C. difficile isolates (n=200) from humans,
healthy animals, and the environment in Southern Ontario; ii) compare the effects of growth media,
temperature, salt concentration, pH, and germinants on the growth, spore germination, and
sporulation of the dominant ribotypes identified from Southern Ontario samples; and iii) determine
the effect of probiotic bacteria, Lactobacillus helveticus R0052 and Pediococcus acidilactici
R1001, on growth of C. difficile ribotypes 078 and 027. The dominant known ribotypes isolated
from the Southern Ontario samples were 078 (79%) followed by 027 (3.5%). Pulsed field gel
electrophoresis showed that some ribotype 078 isolates from animal and environmental sources
were the same genotype as isolates from patients with C. difficile infections. Growth of ribotype
078 and 027 isolates was inhibited at 4 °C, below pH 6 and above pH 8 and by 8% KCl. Isolates
of both ribotypes grew well on meat juice medium (MJM) and fish juice medium (FJM). Both
ribotypes grew significantly better in MJM compared with brain heart infusion broth at 37 °C. Of
v

importance, several agents including MJM and FJM enhanced spore germination of ribotype 078
and 027 isolates without addition of bile salt and both ribotypes could germinate in food related
environments. MJM was a highly effective germinant for ribotype 078, but failed to stimulate
germination of 027 isolates. The growth of C. difficile ribotype 078 and 027 isolates was inhibited
by Lactobacillus helveticus R0052 and Pediococcus acidilactici R1001 in co-culture and by cellfree culture supernatants; importantly the inhibition was not attributed solely to acidity and appears
to be due to factors secreted by the probiotics. Overall, the data presented several novel aspects of
C. difficile ribotypes 078 and 027 including genetic relationships among isolates, interactions with
factors relevant to food and to probiotic bacteria. Further for ribotype 078, the data suggest that
animals, and by extension meats, could be sources of human community-acquired C. difficile
infection.
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Chapter 1. Literature Review
1.1. Microbiology of Clostridium difficile
1.1.1 Taxonomy and general characteristics
The name Clostridium is derived from the Greek word “kloster” which means “spindle”
and was assigned because of the shape of the organism; the term “difficile” is derived from the
Latin and reflects the difficulty in growing the organism in the laboratory (Hall and O’Toole, 1935;
Bartlett et al., 1978). C. difficile causes a spectrum of diseases that vary from mild diarrhea to
severe pseudomembranous

colitis, which may lead to death (Schoster et al., 2013).

Pseudomembranous colitis was described by Finney as early as 1893 as a complication of intestinal
surgery for an obstructive peptic ulcer (Finney, 1983). However, the main causative organism was
not discovered until 1935 when it was isolated from the stool of healthy infants by Hall and
O’Toole, who called the organism Bacillus difficile. Later, the toxigenic potential of Bacillus
difficile was verified through toxin studies in guinea pigs (Snyder, 1937). In the 1970’s this species
was transferred to the genus Clostridium on the basis that it was an anaerobic opportunistic, sporeforming bacillus which is found in the intestine of humans, animals, soil and water (Heinlen and
Ballard, 2010; Bartlett, 1994; Hall and O’Toole, 1935). Recently, reclassification of C. difﬁcile
was proposed based on phylogenetic analysis, phenotypic, and chemotaxonomic to Clostridioides
difﬁcile. Although reclassification of C. difﬁcile is doubtful, it does underline the distinct
differences of this bacterial species compared to other clostridia (Lawson et al., 2016).
In some respects, C. difficile resembles C. perfringens in terms of its primary habitat being
the gastrointestinal tract, its association with meat and diarrhea being the major symptom of
infection (Yutin and Galperin, 2013). C. difficile are large, long, flagellated, endospore-forming
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Gram-positive rods with a bulge at one end, usually motile in broth cultures, and measuring about
0.5-1.9 x 3.0-16.9 µm. Some C. difficile strains can form chains aligned end-to-end, consisting of
two to six cells (Lawson et al., 2016; Bartlett and Gerding, 2008). On blood agar, the bacterial
colonies are circular, low convex, and grayish, with a glossy surface, and have an odour similar to
that of horse manure (Bartlett and Gerding, 2008; McDonald et al., 2005; Brazier and Borielo,
2000). C. difficile vegetative cells can survive up to one day on an inanimate surface, while their
spores can survive for several years even when exposed to oxygen (Ahmad et al., 1993). The
genome of C. difficile is about 4,207, 674 bp in length, contains 3,776 putative protein-coding
sequences (CDSs), and has a low guanine and cytosine (G + C) content of 29.06% (Lawson et al.,
2016; Microbial Database, 2002; Gottschalk, 1981). A feature of C. difficile is the large genome
size with a high proportion of mobile elements that contribute to its genetic plasticity (Knight et
al., 2015). Phenotypically this supports rapid diversification and adaptability to different
environments, including its host range (Knight et al., 2015). Genetically, C. difficile is comprised
of many strains divided between 6 phylogenetic clades (Knight et al., 2015). There have been
various DNA typing techniques applied to differentiate C. difficile with ribotyping emerging as
the most widely applied (Knight et al., 2015). From a clinical point of view, there are 116 ribotypes
and the most significant strains are from Clade 2 and Clade 5 that contain ribotype 027 and 078
respectively (Knight et al., 2015), however, the high rate of evolution within C. difficile has given
rise to genetic lineages from ribotypes 027 and 078. With hundreds of C. difficile strains, it is not
unexpected to find that virulence and other phenotypic characteristics vary significantly within the
same ribotype (Knight et al., 2015). For example, some ribotypes have evolved from hypervirulent
C. difficile 027 lineages, such as ribotype 176. Ribotype 176 has a very similar banding pattern to
ribotype 027 and differs by just a single band (Rupink et al., 2016; Krutova et al., 2014; Valiente
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et al., 2012). Furthermore, some ribotypes have evolved from hypervirulent C. difficile 078. An
example is ribotype 033 which lacks the tcdB and tcdB encoding genes (Knight et al., 2015). The
evolution of some ribotypes could be due to missing or non-functional virulence genes, whilst
others have alternative virulence factors (Knight et al., 2015; Krutova et al., 2014; Badger et al.,
2012). Although whole genome sequencing is clarifying the phylogenetic relationships among C.
difficile strains, much of the literature has focused on ribotypes 027 and 078 due to their clinical
significance.
With regards to C. difficile strains isolated from the environment (water and soil),
toxigenic strains of C. difficile are commonly found in river sediments due to constant input of
effluent from wastewater treatment plants and the persistence of endospores (Zidaric et al., 2010;
Al Saif and Brazier, 1996). C. difficile ribotype 078 was recovered from 14/27 (51.8%) water
samples collected from sewage treatment and municipal supply intake pipes and effluent, which
suggests that C. difficile spores can survive drinking water treatments (Bazaid, 2013). The presence
of C. difficile in soil has been restricted to high-risk sites where manure has been applied directly
or indirectly to land (Simango and Mwakurudza, 2008; Båverud et al., 2003). Moreover, C. difﬁcile
spores were found in samples taken from environmental surfaces at marketplaces for broiler
chickens sold in an urban area in Zimbabwe (Simango and Mwakurudza, 2008). C. difficile was
isolated from 29% of 100 chicken faecal samples which were collected from different places in
the markets (cages, floors, tables, contact surfaces, windowsills, floor drains) and from 22% of
100 soil samples which were collected from the areas around the market places (Simango and
Mwakurudza, 2008). Furthermore, the percentage of toxigenic C. difficile isolates was 89.7% from
chickens and 95.5% from soil.
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1.1.2 Culture and identification
C. difficile can be isolated and cultured from the stools of 1–3% of healthy adults and from
80% of healthy newborns and infants (Bartlett, 2002; Viscidi et al., 1981). Cultivation and isolation
of C. difficile strains are notoriously difficult due to the special requirements for growth and their
extreme sensitivity to oxygen in the environment because it cannot grow in the presence of oxygen
(Bliss et al., 1997). The growth requirements for C. difficile are different from those of other spore
forming bacteria such as Bacillus spp. and other Clostridium spp. (Bliss et al., 1997; Karasawa et
al., 1995). Several essential amino acids such as cysteine, isoleucine, leucine, proline, tryptophan
and valine are necessary for the growth of C. difficile. Some rich media such as blood agar and
brain heart infusion (BHI) agar, as well as several other media including C. difficile agar base
supplemented with moxalactam and norfloxacin, taurocholate-cefoxitin-cycloserine-fructose agar
(TCCFA), have been used for selective and differential culture and isolation of C. difficile (Bliss
et al., 1997; Karasawa et al., 1995; Haslam et al., 1986). There is a paucity of literature regarding
the effect of various parameters such as temperature, pH, and salt concentration on the growth,
germination and sporulation of C. difficile, but the optimum growth temperature has been shown
to be the same as human body temperature (37 °C) (Edwards et al., 2013).
An anaerobic chamber is usually used to culture and manipulate C. difficile, since it is highly
susceptible to oxygen at even low levels. Use of anaerobic chambers in the cultivation of C. difficle
has increased the rate of isolation and diagnosis, and allowed for performance of several molecular
techniques (Killcore et al., 1973; Drasar, 1967). C. difficile exists as a metabolically active
vegetative cell or as a metabolically inactive endospore. The formation of spores and their ability
to persist in the environment are important factors that help in the transmission of C. difficile
between people and its survival in soil and aquatic environments. The optimum temperature for
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spore formation for C. difficile ranges between 30 °C and 37 °C (Heinlen and Ballard, 2010).
Endospores are highly resistant to heat, disinfection, UV light, antibiotics, and harsh chemicals.
Furthermore, C. difficile spores can remain in the gastrointestinal tract and potentially play a role
in the recurrence of disease after antibiotic treatment has eradicated C. difficile vegetative cells
(Heinlen and Ballard, 2010). The conditions required to prevent the growth of C. difficile are
poorly characterized. This may be a result of a lack of information about growth parameters such
as the maximum and minimum temperature and pH that allow growth, germination, and
sporulation of C. difficile from in vitro studies that may allow some extrapolation to the in vivo
environment (Rainey et al., 2009).
Both spore and vegetative forms of C. difficile can disperse and survive in a variety of
locations such as dust, skin, soil, fomites (e.g. clothes, tools), and environmental surfaces. The
vegetative form can survive for several hours whereas the spore form can survive in a dormant
state outside the anaerobic environment of the gut for years (DePestel and Aronoff, 2014;
Hookman and Barkin, 2009; Rupink et al., 2009). C. difﬁcile spores have been isolated from meat,
vegetables and shellﬁsh; the gastrointestinal tracts of humans and animals; and carcasses of meat
animals (Lund and Peck, 2015; Rodriguez-Palacios et al., 2013; Hoover and Rodriguez-Palacios,
2013; Rupnik and Songer, 2010; Weese et al., 2010). Spores produced by C. difficile are essential
for disease transmission; however, to cause infection C. difficile spores must germinate and
actively grow in the gut to produce toxins. C. difficile spores contain proteins in their outer surface
which play a major role in their attachment to surfaces, including gut epithelial cells, human hands,
bed linen and stainless steel. These surface proteins lead to strong attachment that promotes
bacterial transmission, but the basis of this strong attachment is unknown (Kuehne et al., 2010;
Lyras et al., 2009; Setlow, 2007). Most studies on the process of spore germination have been
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conducted with Bacillus spp. and Clostridium perfringens; germination appears to vary greatly
depending on the bacterial strain and the methodology (Higgins and Dworkin, 2012; Burns and
Minton, 2011). Spore germination can be initiated by different types of germinants, such as Lalanine, D-glucose, inosine and a mixture of L-asparagine, D-glucose, D-fructose and K+ ions
(AFGK), enzymes, dipicolinic acid, and hydrostatic pressure (Setlow, 2003; Moir et al., 2002;
Paidhungat and Setlow, 2000; Clements and Moir, 1998). Many receptors found in the inner
membrane of C. difficile spores can detect the germinants, leading to the release of monovalent
cations such as H+, Na+ and K+, divalent cations such as Ca2+, Mg+2 and Mn+2, and dipicolinic acid
(DPA) (Setlow, 2003). Previous studies have shown that K+ salts such as KI, KBr and KCl enhance
the germination of spores of C. perfringens (Paredes-Sabja et al., 2008a) and Bacillus megaterium
(Setlow, 2013; Christie and Lowe, 2007; Setlow, 2003; Rode and Foster, 1962). A study by
Paredes-Sabja et al. (2008a) showed that salts such as sodium phosphate and KCl can enhance the
germination of C. difficile spores. This group of researchers showed that C. difficile spores
germinated in a mixture of asparagine and KCl as was found with spores of C. perfringens
(Paredes-Sabja et al., 2008b). However, they showed that spore germination was primarily due to
KCl and that asparagine was ineffective when used alone. Jump et al. (2007) suggested that
ingested spores survived stomach acidity and could germinate in any part of the intestinal tract due
to the pH (~6.0) of the early duodenum, presence of bile salts in the small intestine, and a high
level of K+ in the colon. The concentration of K+ ions in the human intestinal tract ranges between
approximately 10 mM in the ileum to 75 mM in the colon (Paredes-Sabja et al., 2008b; Hurley and
Nguyen, 2002). This suggests either that most C. difficile spores germinate primarily in the large
intestine due to the high concentration of K+, or the spores begin to germinate in the small intestine
and continue their outgrowth and toxin production in the large intestine (Paredes-Sabja et al.,
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2008a). This is consistent with the observation that symptoms and lesions of CDI are associated
with the large intestine and only rarely the small intestine (Johnson et al., 2003; Hurley and
Nguyen, 2002;). It is known that C. difficile endospores can thrive in the environment without
oxygen and form dormant spores until conditions adequate for germination occur (Sorg and
Sonenshein, 2010). Spore germination is triggered by different germinants such as ions, amino
acids, sugars, nucleotides, and surfactants (Sorg and Sonenshein, 2010). C. difficile germination
receptors that sense environmental cues have not been identified (Sebaihia et al., 2006; Setlow,
2003).
Bile salts such as taurocholate have been described as a germinant agent for spores of Bacillus
and Clostridium species such as C. perfringens and C. difficile (Bhattacharjee et al., 2016; Yasugi
et al., 2016; Sorg and Sonenshein, 2008). Taurocholate is present in the gut environment and likely
plays an important role in conversion of dormant C. difficile spores to vegetative cells within the
gastrointestinal tract (Allegretti et al., 2016). Favorable nutrient conditions also have been
proposed to enable the germination process to occur (Brooks et al., 1991). The transition process
involves a growth phase during which the cell is remodeled, metabolic processes are reestablished, and vegetative growth is continued (Liu et al., 2014; Paredes-Sabja et al., 2014;
Paredes-Sabja et al., 2011; Setlow, 2003). During the transition stage, the cell is susceptible to
environmental conditions such as nutrient conditions and stress factors (Bartlett, 1979; Moir,
2006).
1.2 Epidemiology of C. difficile infections
1.2.1 Hospital-acquired and community-acquired C. difficile infections
There are two types of C. difficile infection (CDI): hospital-acquired (HA) infection and
community-acquired (CA) infection. If the initial symptoms of infection occurred more than 48 h
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after admission or less than 4 weeks after discharge from hospital, the CDI is defined as HA
(DePestel and Aronoff, 2014; Khanna et al., 2012a; Kim et al., 2011a; Cohen et al., 2010). The
infection is considered community-acquired (CA), if the initial symptoms of infection occurred
within 48 h of admission to a hospital, in the community, more than 12 weeks after the last discharge
from a hospital, or if the patients have not been administered antibiotics (Cohen et al., 2010). The
incidence of CDI was constant until the late 1990s, but has increased dramatically in both HA-CDI
and CA-CDI since the early 2000s and has been more noticeable in the elderly (Allegretti et al.,
2016; Khanna et al., 2012a; Clabots et al., 1992). There are few published studies regarding the
epidemiology of CDI and most of the epidemiologic data are based on hospital reports and
administrative data such as the US Nationwide Inpatient Sample data and the national mortality
data. In Canada, surveillance data have shown a 4-fold increase in CDI incidence between 1991
and 2003, while in the US increases of 5.3-fold to 19.3-fold were observed between 1991 and 2005
(Lessa et al., 2015; Khanna et al., 2012a; Zilberberg et al., 2008; Ricciardi et al., 2007; McDonald
et al., 2006). In Canada, the number of episodes of CDI in 2012 was estimated to be 37,900, of
which 10,900 were episodes of recurrence (Levy et al., 2015). The total cost of these Canadian
infections was estimated to be $281 million (Levy et al., 2015). In Ontario, a recent study by Nanwa
et al. (2016) determined that the mean annual incidence of CDI from 2003 to 2010 was 27.9 per
100,000 population. Additionally, in a population of over 28,000 hospitalized patients, the mean 3year-cost per patient was $37,171 for elective admissions and $29,944 for non-elective admissions.
With a population of 13.6 million, Ontario is therefore spending a substantial amount of money on
hospital-associated CDI. In a study in rural Ontario, the rate of CDI infection was 24.3 per 100,000
population and 47.1% of the cases were diagnosed in outpatients (Babey et al., 2015), indicating
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that the incidence in rural areas is similar to that in urban areas and that there are substantial numbers
of non-hospital associated cases.
The incidence of CDI in Ontario has increased from 2009 to 2014 (Furuya-Kanamori et al.,
2015). During this time, there were 36,158 CDI cases (an average of 6,026 cases per year) and
1,870 laboratory-confirmed outbreaks- associated cases in Ontario; 52% of these cases were
associated with acute teaching and large community hospitals (Furuya-Kanamori et al., 2015;
Public Health Ontario, 2015; Owens et al., 2008; Muto et al., 2005). The majority (76%) of patients
were 65 years and older and the mortality rate was approximately 24% (441/1,870). The most
important risk factors for CDI in Ontario were antibiotic use (82%; 1,102/1,337), using antacid
medication or proton pump inhibitors (37%; 494/1,337), and immune-compromised status (26%;
352/1,337) (Larcombe et al., 2016; Dial, 2009). However, due to the persistence of C. difficile in
the environment and the complicated interactions among bacterial virulence, gastrointestinal
microflora and host susceptibility factors, multiple approaches are required for minimizing
exposure to C. difficile and reducing CDI in Ontario (Furuya-Kanamori et al., 2015; Public Health
Ontario, 2015; Owens et al., 2008).

1.2.1.1. Hospital-acquired C. difficile infection

C. difficile is responsible for a large proportion of hospital-acquired diarrhea and is the primary
cause of nosocomial gastrointestinal infections in North America and Europe (Bauer et al., 2011;
Heinlen and Ballard, 2010). Signs and symptoms associated with HA-CDI range from diarrhea
and abdominal cramps to severe gut inflammation that might lead to death. HA-CDI is caused by
toxins released by C. difficile that cause damage to the epithelial cells of the gastrointestinal tract
that, in turn, cause mild to severe diarrhea (Gupta and Khanna, 2014). The bacterium is transmitted
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by direct contact with spores in contaminated environments in health care facilities or person-toperson through the fecal-oral route (Gupta and Khanna, 2014). In addition to environmental
factors, insufficient immune response, alteration of gut microflora, and oral antimicrobials are
patient-related risk factors that also influence HA-CDI (Levin et al. 2013; Miller et al., 2010;
Mulvey et al., 2010). Disease and transmission of infection involve the C. difficile spores, which
are resistant to many antimicrobial agents used to treat other infections and to disinfectants. In
addition to environmental factors, other risk factors associated with HA-CDI include hospitalized
patients (50% of hospital acquired patients are asymptomatic carriers) (McComas, 2011), exposure
to C. difficile through contaminated hands and environment, clinical risk factors (such as an elderly
population or leukocytosis), insufficient immune response, and alteration of gut microflora due to
antibiotic treatments (Levin et al., 2013; Miller et al., 2010; Mulvey et al., 2010).
Since 2000, the hyper-virulent strain ribotype 027 which is linked to HA-CDI, and characterized
as the North American pulsed–field Type 1 (NAP1), 1/toxinotype III C. difficile has emerged as
the major causative agent for severe HA-CDI and outbreaks with high morbidity and mortality in
North America and Europe (Dubberke et al., 2014; López-Ureña et al., 2014; Dubberke et al.,
2012; Cohen, 2009; Hookman and Barkin, 2009; O'Connor et al., 2009; Åkerlund et al., 2008;
Redelings et al., 2007; Ricciardi et al., 2007; Rupnik, 2006; Loo et al., 2005; Pépin et al., 2005;
Warny et al., 2005; Fawley and Wilcox, 2001). The term North American Pulsotype, abbreviated
as NAP, is used in North America to designate pulsotypes corresponding to epidemic isolates with
a type number (Janezic and Rupnik, 2010).
Ribotype 027 is characterized as producing exceptionally large amounts of toxins, being
resistant to antibiotics such as fluoroquinolones, having high sporulation capacity, being highly
transmissible, and causing high mortality in patients more than 60 years old. These hyper10

producing toxinogenic strains produce binary toxin and large quantities of toxins A and B. The
deletion of the tcdC encoding gene, a negative regulator for the production of toxins A and B,
results in the loss of function of this negative regulator providing an explanation for the increased
production of toxins in this ribotype (Dubberke et al., 2014; Cohen 2009; Hookman and Barkin,
2009; O'Connor et al., 2009; Åkerlund et al., 2008; Redelings et al., 2007; Ricciardi et al., 2007;
Rupnik, 2006; Warny et al., 2005; Fawley and Wilcox, 2001).
Ribotype 027 can produce up to 23-fold more toxin B and 10-fold more toxin A compared to
non-epidemic strains, causing more severe disease symptoms (Kansau et al., 2016; Curry et al.,
2007; MacCannell et al., 2006; Warny et al., 2005; Spigaglia and Mastrantonio, 2002). People
infected with this ribotype develop severe CDI and are twice as likely to die compared to people
with CDI caused by non-027 ribotypes, such as ribotype 019, 001, and 016 (Miller et al., 2010).
C. difficile ribotype 027 is distributed worldwide and has been reported in North America,
Australia, Europe, and Asia. Several studies in Canada, US, and Europe have reported that the
incidence of HA-CDI has increased by 2 to 4 times during the last decade, especially in those
patients who are elderly, have prolonged hospital stay, and have underlying medical conditions
(U.S. Department of Health and Human Services, 2013). The incidence of HA-CDI is well
documented due to the closed environment and availability of computerized diagnostic data
(Kuijper et al., 2007). For example, in Canada, there was a 4-fold increase in incidence of CDI in
the province of Quebec between 1998 and 2004, with a mortality rate of 6.9% (U.S. Department
of Health and Human Services, 2013; Gilca et al., 2012; Pépin et al., 2004). In 2011, a mean
incidence of 4.1 per 10,000 patient days was reported in a study in Europe (Barbut et al., 2011).
Typing techniques, such as multilocus sequence typing (MLST) and ribotyping, and
epidemiologic studies have shown that the main route of transmission of ribotype 027 is from
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symptomatic patients to those in close proximity. This finding was used to promote increased
hygiene standards and other initiatives in hospitals to minimize such horizontal transfer (Eyre et
al., 2013; Killgore et al., 2008; Kuijper et al., 2007). The severity, as well as recurrence, of C.
difficile infections are increasing globally and many studies in the 1980s reported increases in the
rate of C. difficile, with the rate in hospitalized adults ranging between 20% and 40% compared
with the rate in healthy adults of between 1% and 3% (Heslop et al., 2013; Johal et al., 2004).
The hypervirulent ribotype 027 was thought to emerge under a background of heavy
fluoroquinolone use that imposed selective pressure on the bacterium that has led to an increase in
antibiotic resistance and virulence. According to the Canadian Antimicrobial Resistance
Surveillance System, 22,032 HA-CDI cases were reported between 2007 and 2013. In 2013, there
was a reduction to 3.99 cases per 1,000 patients admitted to the hospital compared to the rate of
4.61 reported in 2007. This improvement may have been due to the use of a new antimicrobial,
fidaxomicin, which is generally effective against C. difficile (Mullane et al., 2014).

1.2.1.2 Community-acquired C. difficile infection

Previously CA-CDI was underdiagnosed because of the lack of awareness of this infectio n
outside of hospitals and health care facilities. Those patients who are suffering from CDI without
having had prolonged administration of antibiotics or without having had contact with a health
care facility for more than 3 months are considered to have CA-CDI (Freeman et al. 2010). CACDI is more widespread in younger people with a median age of 52, in contrast with HA-CDI,
which occurs predominantly in elderly patients (Kuntz et al., 2011). The frequency of CA-CDI is
not well known given that the condition results in fewer fatalities than HA-CDI. Consequently,
most cases go unreported and there is thought to be a high degree of asymptomatic carriage (Kelly
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and Mont, 2008; Kuijper et al., 2007). The most probable community sources of infection are soil,
meats, water, vegetables, and pets (Rupnik et al., 2009). Foodborne acquisition of C. difficile can
occur for both hospital and community acquired infection as foods can become contaminated at
any point in the chain up to the point of consumption. However, foodborne transmission has not
been demonstrated (Martin et al., 2016; Kim et al., 2011a).
It has been estimated that CA-CDI accounts for 25% to 65 % of C. difficile infections
recorded in hospitalized patients in Canada and 20% to 32% in the USA (Lessa, 2013; Clements
et al., 2010; Owens, 2007; Surowiec et al., 2006). Community acquired CDI is mainly caused by
ribotype 078/toxinotype V/NAP 7 or NAP 8, which, like ribotype 027, exhibits hyper-toxin
production (Toxin A, Toxin B, and CDT) and enhanced sporulation. In more severe cases of CDI
a combination of ribotypes 027 and 078 are commonly encountered (Evans and Safdar, 2015;
Goorhuis et al., 2008a,b).
1.3 Risk factors for CDI (HA and CA)
The risk factors associated with HA-CDI include exposure to the pathogen, advanced age,
ingestion of administered antibiotics, use of anti-acid proton pump inhibitors (PPI), compromised
immune system, serious underlying illness, and gastrointestinal surgery (Hookman et al., 2009;
Al-Tureihi et al., 2005; Freeman and Wilcox, 1999; Gerding et al., 1995). In 1998, a Swedish
population analysis showed that the rate of C. difficile infection was 10 times higher in people
more than 65 years old compared to people younger than 20 years of age (Karlström et al., 1998).
In some instances, the mortality rate was significantly higher in the elderly or populations with
weakened immune systems (30%), compared to people who are healthy young individuals (6%)
(Kelly and Mont, 2008; Kuijper et al., 2007). Proton pump inhibitors could reduce the acidity
which alter the microflora due to changes in the types of nutrients that reaches the lower
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gastrointestinal tract and reduce the immune system thereby increasing susceptibility to CDI
(Clooney et al., 2016; Larcombe et al., 2016). C. difficile is resistant to most antibiotics including
clindamycin and fluoroquinolones (e.g., moxifloxacin and ciprofloxacin) and this seems to be a
major risk factor for persistence of CDI in hospitals and clinical centers (Keessen et al., 2013;
Bartlet and Gerding, 2008).
The current understanding is that under normal conditions the gastrointestinal microflora acts
as a biological buffer to prevent the germination and proliferation of C. difficile (Forestier et al.,
2001). However, when the gastrointestinal tract microbiota is disrupted through administration of
antibiotics to treat a primary infection, C. difficile can proliferate and produce toxins (Forestier et
al., 2001). The risk factors related to CA-CDI are different than those for HA-CDI patients and the
exact risk factors for the emergence of CA-CDI are still unclear (Dumyati et al., 2012).
Specifically, it is known that CA-CDI occurs in young persons without contact with hospital
environments or a recent history of antibiotic use, but frequently in individuals using proton pump
inhibitors (Freeman et al., 2010; McDonald, 2005;).
1.4 C. difficile typing
Ribotyping and toxinotyping of C. difficile isolates are important for epidemiological
purposes (Rupink and Janezic, 2016; Rodriguez et al., 2007). Previously, the typing methods for
C. difficile were dependent on the specific features of the microorganism, including pyrolysis
mass spectrometry for chemical analysis, analysis of cell surface components, C. difficile tissue
culture cytotoxicity assay, stool culture tests and bacteriophage sensitivity testing (Poutanen and
Simor, 2004; Rupnik et al., 2001). Since the 1980s the typing technology has changed from
phenotype-based methods mentioned above to genotype-based methods such as restriction
endonuclease analysis (REA), pulsed-ﬁeld gel electrophoresis (PFGE), multi-locus sequence
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typing (MLST), repetitive-element PCR typing, PCR toxinotyping, PCR ribotyping, and multilocus variable-number tandem-repeat analysis (MLVA) (Huber et al., 2013; Fawley et al., 2008;
Rodriguez et al., 2007; Collier et al., 1996). The PCR toxinotyping technique is increasingly being
used to identify and detect tcdA and/or tcdB genes in C. difficile isolates or fecal samples. Isolates
with undetermined toxinotype are initially compared to a nonvariant reference strain, termed toxin
type 0. Currently, C. difficile is distributed into 34 toxinotypes designated with roman numerals
(I to XXXIV) (Rupnik and Janezic, 2016; Khanna et al., 2012b; Bidet et al., 1999). In PCR
ribotyping the primers target the intergenic spacer region between the 16S and 23S rRNA genes
(Huber et al., 2013; Bidet et al., 1999). The PCR products are subjected to agarose gel
electrophoresis to evaluate the DNA banding pattern which ranges from 500 to 1100 base pairs
depending on the primer used (Bidet et al., 2000; Cartwright et al., 1995). To determine the
identity of these unique banding patterns they are compared with other isolates and reference
strains. PCR ribotyping is performed because of low cost, its simplicity, and high throughput
despite being less discriminating than PFGE (Klaassen et al., 2002). The molecular fingerprints
for C. difficile based on PCR-based methods are more difficult to interpret than those of PFGE.
Furthermore, PFGE is based on the digestion of the entire chromosomal DNA with a restriction
endonuclease to produce high molecular weight fragments which are separated by gel
electrophoresis. PFGE has a high discriminatory power for comparison of pulsotypes and
excellent reproducibility (Janezic et al., 2011; Janezic and Rupnik, 2010; Spigaglia et al., 2001;
Bidet et al., 2000). As such, PFGE is the gold standard method for bacterial typing because of its
ability to discriminate among epidemiologically unrelated strains. It has proved to be
discriminatory and reproducible for typing C. difficile (Gal et al., 2005; Hunter 1990).
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1.5 Pathogenicity
CDI develops when the patient ingests the spores of a toxinogenic strain of C. difficile, which
was transmitted by direct contact with an infected person or by indirect contact with contaminated
water, food, or soil. The spores can survive the stomach transit, germinate in the colon, and persist
in patients for long periods (Roberts et al., 2008). C. difficle does not cause infection in healthy
people with an intact gut flora and a highly functional immune system. However, when the gut
microbiota is disrupted, the spores of C. difficile can germinate to form vegetative bacteria that
produce toxins (Poutanen and Simor, 2004). PCR ribotypes 027 and 078 are considered
hypervirulent: both result in similarly severe infection, have enhanced sporulation, and are hyperproducers of three types of toxin: Toxin A (TcdA; 270 kDa) and Toxin B (TcdB; 308 kDa) whose
genes are located in the PaLoc, and binary toxin CDT (consisting of CdtA (~53 kDa) and CdtB
(98.8 kDa)) whose genes are chromosomally located in CdtLoc region (6.2 kb) that is outside the
PaLoc (Evans and Safdar, 2015; Goorhuis et al., 2008a, 2008b). These C. difficile strains also
produce other important virulence factors such as fibronectin binding protein (FbpA), fimbriae, Slayer proteins, and cysteine protease (Kuehne et al., 2010).
Based on its ability to produce one or more of three recognized toxins, C. difficile can be
divided into toxigenic and non-toxigenic groups. The non-toxigenic strains lack a functional
pathogenicity locus (PaLoc), which is a block of chromosomal DNA that includes genes for toxin
production and regulation (Cohen et al., 2010). The toxigenic strains of C. difficile mainly produce
two glucosyltransferases toxins: toxin A (enterotoxin) and toxin B (cytotoxin) which are encoded
by the tcdA and tcdB genes within a 19.6 kb PaLoc (Bakker et al., 2012). The PaLoc contains three
accessory genes, tcdR, tcdE, and tcdC, which encode proteins that regulate production and
secretion of toxins A and B (Bakker et al., 2012; Bacci et al., 2011). The PaLoc also contains the
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genes tcdR, tcdE, and tcdC (Bakker et al., 2012; Bacci et al., 2011; Monot et al., 2011; Curry et
al., 2007). tcdR is a positive regulator of toxin expression (Mani and Dupuy, 2001), tcdE encodes
a protein with structural and functional features like those of bacteriophage holin proteins and may
therefore be involved in toxin secretion (Tan et al., 2001), and tcdC is a negative regulator of toxin
expression (Carter et al., 2012; Matamouros et al., 2007). C. difficile produces a third toxin called
binary toxin or CDT; which is an ADP-ribosyltransferase that consists of two subunits, CDTa
which has an enzymatic component, and CDTb, which has the binding component (Kuehne et al.,
2010; Voth and Daniel, 2005). Collectively these three toxins are considered the major virulence
factors of C. difficile (Kuehne et al., 2010; Voth and Daniel, 2005).
The PaLoc of PCR ribotype 027 has two characteristics that explain the hyper virulence of
this ribotype. First, the 027- tcdB-receptor binding domain, which is genetically different from that
of other strains, confers broader cell tropism and more rapid cell entry (Dingle et al., 2011; Lanis
et al., 2010; Stabler et al., 2008). Second, tcdC, the negative regulator gene, contains a single
nucleotide deletion causing a frameshift that truncates the protein, thereby helping to remove the
log phase suppression of toxin production (Curry et al., 2007; McDonald et al., 2005; Warny et
al., 2005; Spigaglia and Mastrantonio, 2002). Most C. difficile strains express low concentrations
of toxins during exponential growth, with toxin production beginning after achieving stationary
phase. In contrast, ribotype 027 strains can express high concentrations of toxins A and B during
early log phase growth, which is thought to account for the hypervirulence of these strains and the
higher mortality associated with 027 outbreaks (MacCannell et al., 2006; Hundsberger et al.,
1997). Ribotype 078 strains also encode a truncated putative negative regulator, due to a single
nucleotide deletion that creates a stop codon (Curry et al., 2007; Warny et al., 2005). The
distribution and types of these PaLoc mutations that cause potential hypervirulence, in the C.
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difficile population structure have not been examined in large-scale studies (Lanis et al., 2010;
Stabler et al., 2008; Curry et al., 2007; Stabler et al., 2006; McDonald et al., 2005; Warny et al.,
2005; Spigaglia and Mastrantonio 2002).
Highly virulent strains of C. difficile express type A, type B, and binary toxins, with the binary
toxin enhancing the effects of toxins A and B which cause inflammation of the colonic mucosal
membrane (Goncalves et al., 2004). Both toxins A and B disrupt the actin cytoskeleton of the gut
epithelial cells by glycosylation of proteins from the Ras subfamilies, which leads to inactivation
of GTPase and modification of the shape of the cells, fluid accumulation, diarrhea, and tissue
necrosis (Bacci et al., 2011). Toxin B is considered to play a less important role than toxin A,
which is thought to cause greater damage to gastrointestinal tissue. Toxin B is assumed to play a
role only after tissue damage has occurred due to toxin A (Borriello, 2003; Poxton et al., 2001;
Borriello, 1998; Bongaerts and Lyerly, 1994). The binary toxin is theorized to be the main cause
of the increased virulence of many C. difficile ribotypes such as 027 and 078 (Bacci et al., 2011;
Goorhuis et al., 2008a, 2008b). Binary toxin is an iota–like toxin which has components A and B,
encoded by genes cdtA and cdtB, located on the chromosome outside the PaLoc (Bacci et al., 2011;
Deniz et al., 2011). A feature of hyper-virulent C. difficile is the deregulation of toxin production
allowing elevated toxin production to occur during all stages of C. difficile growth through a
deletion in the tcdD gene that encodes for a special sigma factor, that restricts toxin production to
stationary phase (Mani and Dupuy, 2001). Many studies have shown that CDT, acting as a ribosyltransferase, also disrupts and disorganizes the structure of the actin cytoskeleton and leads to
severe pseudomembranous colitis. Studies have shown that binary toxin also can increase adhesion
of C. difficile by stimulating the formation of microtubule-based protrusions on epithelial cells
(Bakker et al., 2012; Bacci et al., 2011; Schwan et al., 2009; Just et al., 1995).
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1.6 C. difficile in food animals and food
Although C. difficile is widespread in animals, the environment and certain foods, it is not
known whether this microorganism is transmitted to humans from these sources. In hospital
outbreaks of CDI, C. difficile is spread from infected patients to various surfaces (bed rail, bedside
table, telephone, and hands of healthcare workers) and from these surfaces to other patients
(Rodriguez et al., 2016; Guerrero et al., 2012 Hensgens et al., 2012). It therefore seems likely that
outside the hospital humans could become infected from animal and environmental sources. Over
recent decades, many studies have reported the recovery of various C. difficile ribotypes including
027 and 078 from seafood, raw meat, food animals, vegetables, ready-to-eat foods and meat
products, suggesting that this organism is a potential foodborne zoonotic pathogen (Martin et al.,
2016; Rahimi et al., 2014; Kalchayanand et al., 2013; De Boer et al., 2011; Metcalf et al., 2010b;
Otten et al., 2010; Indra et al., 2009; Hammitt et al., 2008; Pirs et al., 2008; Simango and
Mwakurudza, 2008).
Increasing recognition of CA-CDI, detection of C. difficile in food animals and food, and
similarities between C. difficile strains isolated from animals, food and humans all suggest a
potential for CDI to be foodborne. However, more investigations are required to demonstrate that
CDI is a foodborne disease (Martin et al., 2016; Gould and Limbago, 2010; Rupink and Songer,
2010). Such investigations can include more laboratory-based studies to evaluate C. difficile
physiology; for example, there remain large knowledge gaps with respect to growth parameters of
C. difficile, especially in foods.
1.7 C. difficile in the environment
The persistence of C. difficile in environments such as water and soil might come from the
spores that are passed in the feces of animals, suggesting another potential source of exposure
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(Higazi et al., 2011; Simango, 2006). One study in the UK reported that C. difficile isolates were
found in water samples from rivers, lakes, sea, and soil (Simango, 2006). The rate of isolation of
C. difficile isolates in water was about 36%, while in soil it was about 21.4%; 90% of water isolates
produced toxin A, while only 40.9% of the soil isolates produced toxin A (Simango, 2006). It has
been suggested that water plays a role in the dissemination of C. difficile in the environment (Al
Saif and Brazier, 1996). This was further supported by a study in Slovenia that reported an
incidence rate of 68% for C. difficile in river water samples of which 18% could be cross-matched
to those isolated from clinical cases (Zidaric et al., 2010). In the UK, the prevalence rates for C.
difficile were 87.5% (14/16 samples) for river water, 46.75% (7/15 samples) for sea water, and
46.7% (7/15 samples) for lake water ( Al Saif and Brazier, 1996). In Zimbabwe, screening of 234
samples of household-stored water and well water showed that 6% tested positive for C. difficile,
of which 14.3% were toxigenic (Simango, 2006).
Many studies have investigated the occurrence of C. difficile spores in soil. Studies conducted
between 2007 and 2009 in Zanesville, Ohio, showed the presence of C. difficile spores in 246 soil
samples collected from two play grounds of four schools and two public parks (Higazi et al., 2011).
The study showed that 16 samples were positive for C. difficile, and 30% of the isolates produced
toxins A and B (Higazi et al., 2011). Studies to determine the incidence of C. difficile on farms
have been restricted to high-risk areas where manure had been applied directly or indirectly to
land. For example, 14 isolates were recovered from 132 soil samples (11% prevalence) within a
horse stud farm compared to 1% where only mature horses were kept (Båverud et al., 2003). This
difference was related to the presence of young foals on the stud farm, as young foals are known
to excrete C. difficile with high frequency. C. difficile was recovered from 22% of soil samples
taken from farmer’s markets in Zimbabwe (Simango and Mwakurudza, 2008). Båverud et al.
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(2003) reported 4% positive for C. difficile in soil samples from rural areas, public parks,
playgrounds, gardens and cultivated fields in Sweden. C. difficile was also isolated from 21%
(22/104) of the suburban soil samples from public parks, gardens, playgrounds and fields of South
Wales (Al Saif and Brazier, 1996). The isolation of C. difficile toxigenic strains from environments
such as soil and water suggests that the natural environment could be a possible source of C.
difficile.
1.8 Application of Probiotics against C. difficile
Antibiotics are currently used to treat CDI, but recent studies have shown that probiotics
might be an alternative treatment that may help to prevent development and recurrence of C.
difficile antibiotic-associated diarrhea (Yun et al., 2014; Rohde et al., 2009; Tung et al., 2009; Starr
and Impallomeni, 1997). Probiotics could play an important role inhibitingthe ability of a pathogen
to invade and/or colonize the gastrointestinal tract by restoring and maintaining healthy gut
microbiota (Hood et al., 2014; Hickson, 2011). There is significant interest in the anti-pathogenic
effect of probiotics against C. difficile and their beneficial effect via restoration of intestinal
homeostasis involving the use of single microorganisms or mixtures of different species of
probiotics (Boonma et al., 2014; Chapman et al., 2012; Balcázar et al., 2006).
1.8.1 Characteristics of probiotics
In 2002 probiotics were officially defined by the Food and Agriculture Organization of the
United Nations-World Health Organization (FAO-WHO) as “Living microorganisms which upon
ingestion in certain numbers exert health benefits beyond inherent general nutrition” (FAO,
2002). Probiotics are viable, nonpathogenic microorganisms, which may be either bacteria or
yeast. Lactic acid bacteria (LAB) belong to the Lactobacteriaceae family and are among the most
important group of organisms that are used as probiotics. LAB represent a diverse group of
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microorganisms that are genetically heterogeneous including: Lactobacillus, Leuconostoc,
Pediococcus, Lactococcus, Streptococcus, Carnobacterium, Enterococcus, Oenococcus,
Tetragenococcus, Vagococcus, and Weisella (Olejnik et al., 2005). Additionally, Bifidobacterium,
other bacterial genera as well as the yeast Saccharomyces boulardi may also be considered
probiotics (Billoo et al., 2006). LAB may possess therapeutic properties such as antimicrobial
activity, anticarcinogenic activity, and anti-obesity activity (Rohde et al., 2009). They share certain
physiological and metabolic characteristics: Gram-positive, long or short rods, or cocci, generally
non-spore forming, low GC content, anaerobic or aerotolerant, dependent on carbohydrates for
their energy, and ferment glucose to lactic acid, CO2, and ethanol Krishnakumar, 2001). In
addition, probiotics should be non-pathogenic and resistant to the stressful conditions of the
gastrointestinal tract (GIT) including the presence of bile salts, gastric acids and enzymes in the
mouth (Krishnakumar, 2001; Chou and Weimer, 1999). They should have desired organoleptic
properties, biological efficiency such as adhesion to intestinal epithelial cells, anti-pathogenic
activity, ability to colonize the GIT, and potential to stimulate the immune system (Krishnakumar,
2001). Despite sharing general physiological and metabolic characteristics, the various groups of
microorganisms comprising probiotics, when interacting with a human host, can elicit different
physiological outcomes such as host-cell signaling and regulation pathways with respect to their
interactions within the human gut (Krishnakumar, 2001). Although many characteristics and a list
of health benefits have been described for probiotics, further scientific studies are needed to
support the incorporation of probiotics in nutrition for health benefits and for the prevention and
treatment of certain diseases.
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1.8.2 The effects of probiotics on enteric pathogens
LABs are among the most important groups of microorganisms in the human intestinal
tract, are safe for use and consumption and their common features include acid and bile resistance
(Lee et al., 2013). This group of bacteria is used to produce cheese, yogurt, sour cream, sausage,
sauerkraut, and other fermented foods (Nordqvist et al., 2004). The antimicrobial activity of
probiotics is through production of organic acids as fermentation metabolites (lactate, acetate,
formate), and other metabolic products such as bacteriocins, peptides, alcohols and hydrogen
peroxide (Magnusson, 2003; Gummalla and Broadbent, 2001). The acid metabolites play a
significant role in the inhibition of pathogenic bacteria; for example, lactic acid reduces the pH of
the environment to as low as 4.5, which is antagonistic to other microorganisms such as E. coli,
various Salmonella spp., and Vibrio and Yersinia spp. (Fijan, 2016; Gomez et al., 2010; Parvez et
al., 2006; Aroutcheva et al., 2001). In addition, there are many compounds secreted by
Lactobacillus strains that are suggested to be inhibitory to other bacteria, including bacteriocin,
diacetyl and hydrogen peroxide (Fayol-Messaoudi et al., 2007; Makras et al., 2006; CoconnierPolter et al., 2005; Fayol-Messaoudi et al., 2005). For example, the compounds such as
bacteriocins and diacetyl play a role in blocking the swimming motility of pathogens, preventing
their movement in the intestinal tract and adhesion to the intestinal epithelial cells (Jones et al.,
2013; Fayol-Messaoudi et al., 2007; van Asten et al., 2004; Jones et al., 1992 McCormick et al.,
1988). Moreover, probiotics can enhance the host immune system, suppress inflammation,
competitively exclude pathogens, synthesize vitamins (vitamins of group B and vitamin K), and
metabolize bile acids (Collado et al., 2005; Aroutcheva et al., 2001). Most studies have focused on
the effect of pathogenic agents on the gastrointestinal microbiota (Hickson M., 2011; Gomez et
al., 2010; Forestier, 2001). The antimicrobial activity of probiotics against pathogenic
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microorganisms, their health benefits, and the continuing spread of antibiotic resistance to
pathogens in human and animals have led researchers to intensify their evaluation of probiotics as
an alternative treatment for pathogenic microbes (Gomez et al., 2010). The studies described in
this thesis focus on two commercial probiotic organisms, L. helveticus and P. acidilactici, which
will be evaluated against C. difficile ribotypes 078 and 027.
1.8.3 L. helveticus

L. helveticus is a commercially available probiotic, which has been designated by the
European Food Safety Authority (EFSA) as “Qualified Presumption of Safety” (QPS) (2007). L.
helveticus has a long history of safe use in the food chain, is sensitive to antibiotics and lacks
acquired antibiotic resistance (Guglielmetti et al., 2010; Hagen et al., 2010; Rossetti et al., 2009).
L. helveticus is a specialized dairy culture, possessing many common features of probiotics,
including the abilities to survive gastrointestinal transit, to adhere to gastrointestinal epithelial
cells, and to antagonize pathogens (Guglielmetti et al., 2010b; Hagen et al., 2010).

L. helveticus has been shown to act with other probiotic strains synergistically or
antagonistically against microbial gastrointestinal pathogens and to promote an efficient host
defense system. For example, L. helveticus R0052 is widely used in combination with L.
rhamnosus to treat infections caused by bacteria such as Helicobacter pylori, Citrobacter
rodentium and enterohemorrhagic E. coli (EHEC) by prevent their adhesion to intestinal epitheilial
cells (Gareau et al., 2010; Guglielmetti et al., 2010b; Rossetti et al., 2009). Furthermore, L.
helveticus R0052 can adhere strongly to human intestinal epithelial cells and block the adhesion,
invasion and translocation of E. coli O157:H7 and other bacteria such as Streptoccocus spp.,
Salmonella typhimurium, Gardnerella vaginalis and Campylobacter jejuni to human cells because
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of its unique surface layer protein (Slps) (Johnson-Henry et al., 2007; Atassi et al., 2006). L.
helveticus R0052 can control mesophilic and thermophilic spore forming bacteria, fish-borne
spoilage (proteolytic and lipolytic) bacteria, and Staphylococcus aureus (Taverniti and
Guglielmetti, 2012; Greer and Dilts, 1995). It also has genes encoding three mucus-binding protein
precursors, which are thought to play an important role in adhesion to the intestinal mucus layer.
The ability of L. helveticus R0052 to adhere to intestinal epithelial cells plays an important role in
reducing the adhesion of E. coli O157:H7 to intestinal epitheilial cells (Sherman et al., 2005).
Other benefits of L. helveticus R0052 adhesion to host intestinal epithelial cells include facilitated
exchange of mediators between L. helveticus R0052 and the host immune system (Sherman et al.,
2005; Servin, 2004; Reid et al., 2003). L. helveticus R0052 surface layer protein SlpA plays an
important role in regulating the pro-inflammatory cytokines and interleukins, in enhancing
antibody production, and competitive exclusion of pathogens (Johnson-Henry et al., 2007; Servin,
2004; Reid et al., 2003; Easo et al., 2002). Furthermore, strain R0052 may be able to inhibit the
growth of or kill some pathogens in co-culture (Atassi et al., 2006). The mechanism of action of
R0052 has not been determined. A study by Sadowska et al. (2010) suggested that R0052 produces
a bacteriocin-like substance, which has antimicrobial properties against pathogens such as
Staphylococcus aureus. The bacteriocin-like substance is suggested to be a helveticin-like protein;
genes for a novel helveticin-like protein and confirmation by reverse-transcriptase PCR that L.
helveticus R0052 could express these genes have been described (Sadowska et al., 2010).
1.8.4 P. acidilactici.
P. acidilactici is a Gram-positive lactic acid-producing bacterium that was isolated from a
natural pasture Gramineae in France in 1991 and deposited at the Institute Pasteur Collection
Nationale de Cultures de Microorganisms (Barreau et al., 2012). There is growing interest in using
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P. acidilactici for restoration of the normal gut microbiota and prevention of infectious disease in
humans and animals (Ferguson et al., 2010). Many studies on the physiological and biochemi cal
activities of Pediococcus spp. have shown that these microorganisms mainly play a role in
carbohydrate metabolism, proteolytic and lipolytic activities, and diacetyl production from pyruvate
and serine (Bhowmik and Marth, 1990; Tzanetakis and Litopoulou-Tzanetaki, 1989). P. acidilactici
R1001 is a commercial strain which has been used widely in several commercial products such as
animal and human dietary supplements (Castex et al, 2010; Di Giancamillo et al., 2010).
P. acidilactici is important economically in the food industry because it is required for the
fermentation of vegetables and dairy products, the manufacturing of meat products, and to prevent
the growth of fish-borne bacteria in mackerel fish chunks (Sudalayandi, 2011; Kannappan and Manja,
2004; Gardner et al., 2001; Caldwell et al., 1999). Sudalayandi (2011) showed the effect of seven
different strains of lactic acid bacteria, which included P. acidilactici and L. helveticus, on controlling
spoilage bacteria in fresh Indian mackerel fish chunks by measuring different quality indices. Such
quality indices used to determine the activity and indication of spoilage bacteria in the flesh of the
fish included trimethylamine nitrogen (TMA-N), total volatile basic nitrogen (TVB-N), peroxide
value (PV) and free fatty acids (FFA) (Dalgaard et al., 2006). Sudalayandi (2011) showed that P.
acidilactici and L. helveticus were two of the most effective LAB that caused highest reductions in
PV, FFA, TVB-N and TMA-N. The author suggested fish meat quality could be improve by using
LAB such as P. acidilactici and L. helveticus that produce a wide range of inhibitory compounds
(organic acids, hydrogen peroxide, diacetyl and bacteriocins).
P. acidilactici R1001 can act as an antagonist against enteric pathogens. Grimoud et al.,
(2010) screened several probiotic microorganisms for their ability to inhibit the growth of selected
human pathogens E. coli, Salmonella enterica serotype Typhimurium, C. jejuni, L. monocytogenes,
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Candida albicans and C. difficile strain CIP 104282. P. acidilactici R1001 and L. helveticus R0052
displayed marked inhibition against C. jejuni, and C. difficile, intermediate inhibitory effects against
L. monocytogenes, E. coli, and Salmonella Typhimurium, and no inhibition against Candida albicans.
The study by Grimoud et al., (2010) suggested that the main mechanisms involved in probiotic
antibacterial activities were acidic conditions, oxidative stress or bacteriocins but this area needs more
investigation.
1.8.5 Interactions between probiotics and C. difficile
Probiotics have gained increasing recognition for their potential in human and veterinary
medicine and in food safety to prevent and control pathogens. However, there is limited scientific
data that compares the antimicrobial activity of different commercial probiotic strains against C.
difficile (Schoster et al., 2013; Culligan et al., 2009). For example, it has been reported that
administration of Saccharomyces boulardii reduces the occurrence of CDI when administered in
combination with antibiotics (McFarland, 2010). A primary challenge is that antagonist probiotic
effects are reported to be strain-specific, thus effectiveness of a probiotic strain cannot be
extrapolated to other probiotic strains (Schoster et al., 2013; Culligan et al., 2009).
Some studies have shown effectiveness of probiotics against intestinal infections.
Selected proven probiotics such as some yeasts, Lactobacillus, and Bifidobactrium along with
rehydration therapy, have been recommended for treatment of children with acute gastroenteritis
(McFarland, 2016; To and Napolitano, 2014; Johnston et al., 2012; Hickson, 2011; Thomas and
Greer, 2010; Sanders, 2003). The use of probiotics to control CDI by restoring the normal
microbiota has started to gain acceptance (Arena et al., 2017; Lau and Chamberlain, 2016; Wong
et al., 2014; Goldenberg et al., 2013; Phillips et al., 2006; Vinderola et al., 2000). For example, the
British Nutrition Foundation states that, “There is good evidence that probiotics are effective in
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preventing antibiotic associated diarrhea and, although only few studies have been carried out so
far, probiotic microorganisms also seem to have the potential to prevent the potentially fatal C.
difficile-associated diarrhea” (Weichselbaum, 2010).
Several clinical studies have investigated the therapeutic effect and benefits of probiotics
on CDI in humans (Dobson et al., 2011; Hickson, 2011; Desrochers et al., 2005; Weese et al.,
2003; Båverud, 2002). Interest in probiotic therapy has increased in veterinary medicine, especially
in horses and pigs, and there have been many trials to evaluate probiotics such as Lactobacillus,
Bifidobacterium, and enterococci as therapeutics in gastrointestinal disease such as acute colitis,
equine grass sickness, and laminitis (Dobson et al., 2011; Desrochers et al., 2005; Weese et al.,
2003; Båverud, 2002). Many studies have shown inhibitory effects of Lactobacillus spp. (L.
plantarum, L. rhamnosus, L. casei, L. fermentum, L. helveticus, L. brevis, L. salivarius, and L.
sakei) in vivo for treatment of gastrointestinal disease in pigs, horses, and other animals. However,
these studies did not evaluate the inhibitory effect of probiotics against C. difficile ribotype 078
(McFarland, 2016; Goldenberg et al., 2013; Dobson et al., 2011; Collado et al., 2007; McFarland,
2006; Weese et al., 2003). In addition, there is a lack of scientific data comparing the activity of
various probiotic strains as anti-clostridial products (Giles-Gómez et al., 2016; Schoster et al.,
2013). For instance, the main concern that has been raised in the use of probiotics in clinical trials
is the probiotic strain specificity. Thus, the large number of probiotics and their combinations that
could be evaluated would require many clinical studies; this constitutes a challenge in finding
probiotics that are most effective in the prevention of CDI (Evans and Johnson, 2015; Pillai and
Nelson, 2008).
There have been several randomized clinical trials that evaluated probiotic lactic acid
bacteria against C. difficile infection (Evans and Johnson, 2015; McFarland, 2010; Pillai and
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Nelson, 2008). These trials have the advantage of testing in the most clinically relevant setting but
often involve too few patients, in part due to the high cost in conducting this type of evaluation.
The results from these studies have been mixed; some have shown an effect of various lactic acid
probiotic bacteria; others have failed to show an effect (Evans and Johnson, 2015). However, there
are only a few well-conducted clinical trials that clearly demonstrate the treatment benefits of
probiotics in humans against CDI (Arena et al., 2017; McFarland, 2016; Wong et al., 2014;
McFarland, 2006). Additional high-quality clinical trials are still needed to make specific
recommendations.
In vitro studies prior to clinical trials could help to identify specific probiotic species,
strains, and metabolic products which have antimicrobial activity against C. difficile and to
understand the mechanisms of action of the probiotics before use in clinical studies. There are few
in vitro studies examining the ability of probiotics to inhibit the growth of C. difficile. One
example is a study by Schoster et al., (2013) which assessed the inhibitory effect of 17 probiotic
strains against C. difficile and C. perfringens by using an agar well diffusion assay and a broth
culture inhibition assay. The probiotic strains consisted of Lactobacillus (two each of L.
plantarum, L. rhamnosus, L. casei, L. fermentum, L. helveticus, L. brevis, L. salivarius, and L.
sakei). Bifidobacterium had significant inhibitory effects against C. difficile and the mechanism of
action was dependent on lowering the pH and producing antimicrobial agents (unknown antibiotics
or bacteriocins). The authors recommended clinical trials in animals to further evaluate their use
as an alternative therapy against C. difficile diseases (Schoster et al., 2013). Thus, there is merit in
testing lactic acid probiotic bacteria in vitro against C. difficile to determine their potential
effectiveness in vivo and to assess possible mechanisms by which they may inhibit the growth of
C. difficile.
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1.8.6 Interaction of probiotics with bile salts
Bile salts are critical to the colonization of the colon by C. difficile. Probiotics that can
affect the transformation of bile acids may suppress this pathogen (Britton and Young, 2012). The
primary bile substances are synthesized in the liver, stored in the gall bladder and then secreted
into the duodenum to help in the digestion of fats. The liver produces two types of bile acids from
cholesterol, cholate and chenodeoxycholate (CDCA) that are conjugated with either glycine or
taurine. Conjugation increases the solubility of the hydrophobic steroid nucleus of the bile acids,
thereby preventing their absorption from the small intestine and allowing them to achieve high
concentration. At high concentrations, bile salts form micelles that can solubilize fats (Ridlon et
al., 2006). Cholate can stimulate germination of C. difficile spores, while CDCA has a potent
inhibitory effect on spore germination and growth of C. difficile (Ridlon et al., 2010; Sorg and
Sonenshein, 2009; Sorg and Sonenshein, 2008; Mallonee and Hylemon, 1996; Bateup et al., 1995;
Grill et al., 1995; Wilson, 1983). Prolonged antibiotic treatment has a strong reducing effect on
the normal microbiota, which alters the ratio between cholate and CDCA. Many studies on
antibiotic-treated humans and animals have shown that they have higher levels of cholate versus
CDCA, which would favor C. difficile spore germination (Britton and Young, 2012; Giel et al.,
2010; Ridlon et al., 2006). As a result, C. difficile spores can germinate and prepare for the
outgrowth of a vegetative cycle that can result in disease. Probiotics, such as Lactobacillus spp.
and Bifidobacterium spp., play an important role in the transformation of bile acid by hydrolase
enzymes found on their cell surfaces. These probiotics use these hydrolase enzymes to deconjugate
the primary bile acids from their amino acid in the intestine and then transform the primary bile
acids (cholate and CDCA) to secondary bile acids via 7-dehydroxylase enzyme by removal of the
7-carbon hydroxyl group of the cholic acid (Chen et al., 2013; Ridlon et al., 2010; Mallonee and
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Hylemon, 1996; Bateup et al., 1995; Grill et al., 1995). This transformation leads to conversion of
cholate and CDCA into deoxycholate and lithocholate, respectively (Chen et al., 2013; Ridlon et
al., 2010; Sorg and Sonenshein, 2009; Sorg and Sonenshein, 2008; Mallonee and Hylemon, 1996).
Deoxycholate has been shown to promote C. difficile spore germination, but is toxic for vegetative
cells, whereas lithocholate inhibits germination (Ridlon et al., 2010; Sorg and Sonenshein, 2009;
Sorg and Sonenshein, 2008). Probiotics may play an important role in suppressing the invasion of
C. difficile in the intestinal tract through the transformation of bile acids that have profound effects
on C. difficile spore germination and vegetative growth in vitro (Britton and Young, 2012).
1.9 Conclusion
C. difficile is a spore forming pathogen that causes infections that range from mild diarrhea
to pseudomembranous colitis and death. There has been a dramatic increase in the incidence,
recurrence, and mortality rate of CDI worldwide, and as a result C. difficile infections are now a
serious concern for hospitals and health care facilities (To and Napolitano, 2014; Louie et al.,
2013). Recurrence of CDI is a major challenge because it is difficult to treat because isolates are
antibiotic resistant, spores cannot be eliminated by traditional therapy, and the intestinal
microbiota is severely disrupted (Hood et al., 2014). Yet, there are significant gaps in knowledge
with respect to the role of the environment as a source of C. difficile that cause CDI, the growth of
C. difficile in foods, and the interaction of this pathogen with probiotic bacteria.
Although there have been numerous cases of CA CDI in Southern Ontario, little is known
about the types of C. difficile in animals and the environment and their significance as potential
sources of CA CDI. Consequently, one of the goals of this study was to examine the genetic
diversity among C. difficile isolates from animals, the environment, and patients in Southern
Ontario.
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C. difficile has been recovered from meat and sea food products, suggesting that C. difficile
could be a foodborne pathogen, similar to other foodborne clostridial pathogens such as C.
perfringens and C. botulinum (Lund and Peck 2015). However, there have been no reported cases
or outbreaks in humans related to foods contaminated with C. difficile, which is the most important
evidence against classification of C. difficile as a foodborne pathogen (Søes et al., 2014). There is
little information in the literature on the growth, germination and sporulation of C. difficile
ribotypes 078 and 027 in food related environments. Identifying differences between C. difficile
ribotypes and related microorganisms such as C. perfringens, especially in growth, germination
and sporulation, may aid in understanding the potential for C. difficile to be a foodborne pathogen.
There is interest in alternative therapies rather than traditional antibiotics for treatment and
prevention of CDI. Probiotics may prove to be a satisfactory alternative therapy but there is little
information on this subject. C. difficile ribotypes 078 and 027 are particularly important targets
because of their frequent involvement in severe CDI. Further investigation into the interaction
between probiotics and C. difficile is necessary to identify probiotics that can inhibit and control
C. difficile growth and identify the basis for their anti-C. difficile attributes.
1.10 Hypothesis
1. C. difficile ribotype 078 will be the dominant ribotype isolated from diverse environmental
samples, including water, sediment, soil, and porcine, bovine and equine fecal matter, in
Southern Ontario. These environmental ribotype 078 isolates will overlap genetically with
human C. difficile isolates implicated in community acquired infection.

C. difficile

ribotype 027 isolates linked to hospital acquired infection collected from Southern Ontario
will differ genetically from the environmental isolates.
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2. The commercial probiotic lactic acid bacteria (L. helveticus R0052 and P. acidilactici
R1001) will broadly inhibit the in vitro growth of diverse C. difficile strains from ribotypes
078 and 027 through a combination of acid production and extracellular metabolic
products.
1.11 Objectives
The objectives of the research were to:
1. Isolate and determine the ribotypes, toxinotypes, and pulse field gel electrophoresis
profiles among C. difficile isolates recovered from clinical, environmental and animal
sources in Southern Ontario;
2. Assess the parameters and factors that influence C. difficile ribotypes 027 and 078
growth, germination and sporulation, including pH, temperature, and various germinant
agents related to food environments;
3.

Assess the effects of probiotic bacteria L. helveticus R0052 and P. acidilactici R1001
on the growth of C. difficile ribotypes 027 and 078 by using a co-culture protocol;

4.

Assess the impact of L. helveticus R0052 and P. acidilactici R1001 cell free culture
supernatants on the growth of C. difficile ribotypes 027 and 078.
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Chapter 2. Materials and Methods
2.1 C. difficile isolates from animal, human, and environmental sources in Southern Ontario.
2.1.1 Sample collection and isolation of bacterial strains
This study evaluated the potential presence of C. difficile in animal, soil, and water samples
collected within an approximately 35 km radius from Guelph in Southern Ontario. The samples
from pigs were collected from manure from eight pig farms and from one pig slaughterhouse. The
samples were taken from farrowing and nursery barns and each farm housed 400 to 600 pigs and
there was no routine use of antibiotics during the production stage. Fecal swabs (n=30) were
collected from individual pigs by using cotton tipped swabs inserted into the rectum. In addition,
50 ml liquid manure samples (n=15) were collected from pits inside the barns and another group of
50 ml samples (n= 7) from the manure storage lagoons outside the barn. The sampling was
performed during three visits between October 2009 to March 2010. Samples from carcasses and
the slaughterhouse were collected during two visits to the facility in March and April 2010. At the
pig slaughterhouse (a high capacity facility that processed 6000 to 6500 pigs per day), surface swab
samples (n=6) were taken from randomly chosen locations covering approximately 200 cm2 areas
of the floors and walls of the holding area. These areas were swabbed using sterile sponges re hydrated with 25 ml of sterile 0.85% NaCl and 2% cysteine. Carcass samples (n=24) were randomly
chosen and swabbed using a rehydrated single sponge for the left side of each carcass at different
point in the slaughter processing line (post- stick, post- scalding, pre- evisceration, and postevisceration). The swabbed areas were taken from approximately 100 cm2 of the neck, brisket and
round; one sponge was used for each carcass. In addition, three fecal samples were taken from cows
and three from horses from the large animal clinic at the Ontario Veterinary College, University of
Guelph by using cotton tipped swabs inserted into the rectum.
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Water samples (approximately 200 ml) were taken from rivers and streams sites upstream
(n=6) and downstream (n=6) of the pig farms. Samples (n=15) were also taken from a public beach
located at a recreational reservoir lake approximately 4 km downstream of the farm location, a river
(approximately 1 km from the beach) in Waterloo, Ontario. Ten (10) water samples were taken
from the beach at Shade’s Mills Conservation Area and Elora Conservative Area Beach in southern
Ontario during 4 sampling events between June and September 2011. The soil sampling procedure
was performed from field soil (n=28); 50 g samples were taken in October 2009 from fields directly
behind the barns at each of the six pig farms and other 50 g soil samples (n=9) were collected from
the soil adjacent to the lake and river near six of the pig farms between March and August of 2010.
The fecal and environmental samples (n=162) described above were processed
immediately or stored at 4 oC for ≤1 day prior to being processed. Processing consisted of anaerobic
culture and isolation of C. difficile, as described below in section 2.1.2.
C. difficile clinical isolates (n=38) were obtained from 18 hospital clinical laboratories from
Windsor to Ottawa, a distance of 805 km. Two isolates were provided by Medical Diagnostic
Services (MDS) laboratories; however, the originating city of those isolates is not known. The
human clinical isolates were derived from the feces of symptomatic hospital patients with
confirmed CDI (Table 2.1). The fecal samples of patients were screened by enzyme immunoassay
(EIA) for the glutamate dehydrogenase antigen of C. difficile (Barbut et al., 2011; Cohen et al.,
2010). Positive samples were cultured to identify toxin-producing C. difficile isolates.
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Table 2. 1 Sources of 38 clinical isolates of C. difficile from patients in18 hospitals in Southern
Ontario
Isolates ID

City or Region

Patient Age in

number

Patient Status

Years and Gender

105

Ottawa

53 F

In Patient

107

Owen Sound

71 F

In Patient

46

Guelph

65 M

In Patient

649

Toronto

63 M

In Patient

673

Kitchener

64 M

Out Patient

CD3

Toronto

71 M

In Patient

644

Toronto,

78 F

In Patient

744

Toronto

63 M

In Patient

767

Toronto

25 F

Out Patient

839

Medical Diagnostic

83 M

In Patient

Laboratory Services
845

Toronto

55 F

In Patient

846

Stratford

78 F

In Patient

855

Owen Sound

82 M

Out patient

869

Owen Sound

68 M

In Patient

36

902

Toronto

72 F

In Patient

887

Windsor

91 M

In Patient

5A

Sunnybrook

67 F

In Patient

247

Toronto

87 M

Out Patient

352

Toronto

68 M

In Patient

901

Burlington

58 M

In Patient

971

Brantford

65 F

In Patient

973

Brantford

74 M

In Patient

975

Brantford

27 F

Out patient

988

Brantford

77 F

In Patient

33

Toronto

90 M

In Patient

29

Ottawa

78 F

In Patient

89

Windsor

68 M

In Patient

964

Toronto

56 F

Out patient

646

Toronto

55 M

In Patient

739

Guelph

62 M

In Patient

978

Central West Ontario

76 F

Out Patient

37

O16

Central East Ontario

76 F

No information

1049

Medical Diagnostic

76 F

In Patient

Laboratory Services
873

Grand river

99 F

Out patient

CD2

Kitchener

57 M

In Patient

735

Toronto

66 M

In Patient

741

Toronto

53 F

In Patient

F = Female, M = Male

2.1.2 Cultivation of C. difficile isolates by enrichment and selective culturing

C. difficile is a strict anaerobic bacterium which is very sensitive to even low concentrations
of oxygen; culturing was therefore done in an anaerobic chamber with an atmosphere containing
a gas mixture of 10% CO2, 10% H2, and 80% N2 (Socransky et al., 1959). All samples were initially
cultured in an enrichment broth [C. difficile moxalactam norfloxacin (CDMN) broth (protease
peptone 40.0 g, disodium hydrogen phosphate 5.0 g, potassium dihydrogen phosphate 1.0 g,
magnesium sulphate 1.0 g, sodium chloride 2.0 g, fructose 6.9 g, and 1% Na taurocholate 1 g per
liter)]. Each fecal sample collected via swabbing was inoculated in 9 ml of CDMN broth. For the
manure and lagoon samples, 10 g (wet weight) of sample was suspended in 90 ml of CDMN broth.
Sponges from carcasses, walls, and floors were suspended in 30 ml of CDMN broth for each
sponge. Water samples (100 ml) were filtered through a 0.45 µm pore diameter microporous
polyether sulfone filter. The filter was subsequently placed in 9 ml of CDMN broth. Soil samples
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(50 g) were suspended in 90 ml of CDMN broth. All enrichment samples in CDMN broth were
incubated for 5-7 days anaerobically at 37 °C.
2.1.3

Ethanol shock

Following incubation for 5-7 days, spores were obtained from the culture of each sample
by ethanol shock as described by Arroyo et al. (2005). Each broth culture was centrifuged at 4000
× g for 15 min, the supernatant was discarded and the pellet was re-suspended in 10 ml PBS.
Aliquots (2 ml) of the cell suspension were mixed with an equal amount of anhydrous ethanol
(100%) to inactivate the vegetative cells. Each sample was vortexed briefly and incubated at room
temperature (23 °C) for 1 to 2 h with occasional vortexing. The samples were centrifuged at 4000
× g for 15 min at 4 °C. The supernatants were discarded and the cell pellets were re-suspended in 2
ml ice cold water and centrifuged again for 15 min at 4000 × g and the supernatants were discarded.
This step was repeated a total of 3 times. The final pellets were re-suspended in ice cold water (2
ml) and stored at 4 ºC. The same procedure was done for C. perfringens. Then, the spore
suspensions of each C. difficile culture and C. perfringens culture were streaked onto Columbia
blood agar with 5% sheep blood (Oxoid, Nepean, ON) and incubated anaerobically at 37 °C for 2448 h (George et al., 1979). Presumptive C. difficile colonies were sub-cultured directly on CDMN
agar and incubated at 37 °C for 24 to 48 h under anaerobic conditions. After incubation, the plates
were checked for C. difficile colonies, which have a raised, , flat, irregular shape, are grey white in
colour with a ground-glass appearance and a distinctive horse manure odour.
Colonies exhibiting the phenotypic characteristics of C. difficile were further confirmed by
assaying for L-proline amino peptidase production via an L-proline -naphthylamide disk assay
(Pro Disc; KEY Scientific Products Inc, Stamford, Texas). Briefly, a loopful of ~50 l of
presumptive C. difficile culture was added to 1 drop of PEP reagent (containing para-dimethyl
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amino-cinnamaldehyde in a weak hydrochloric acid solution) and held at room temperature for 25 min. Enzymatic hydrolysis of L-proline -naphthylamide releases free naphthylamine which is
detected as a change in colony colour after the addition of the PEP reagent. Identification of C.
difficile was further confirmed by Gram-staining; the colonies appeared as purple rods with some
cells having terminal endospores. For long-term storage, all C. difficile confirmed strains were
maintained at -80 °C in 15% (w/w) glycerol Cryobank cryogenic beads. Prior to their use, the
frozen cultures were streaked on 5% blood agar and incubated for 48 h at 37 °C then sub-cultured
on CDMN agar and incubated anaerobically at 37 °C for 24-48 h.
2.2 DNA extraction and molecular typing
C. difficile isolates were typed using PCR ribotyping (Bidet et al.,1999), toxin typing
(Spigaglia and Mastrantonio, 2002; Lemee et al., 2004), fatty acid profiling (Miller, 1982); and
CCSMM Standardized Protocol for Molecular Subtyping of C. difficile.
2.2.1 DNA extraction

DNA extractions of all C. difficile isolates collected for this study (n=200) were performed
using the InstaGene extraction kit in accordance with the manufacturer’s instructions (Bio-Rad,
Richmond, CA). The vegetative cells were used for DNA extraction. Briefly, each C. difﬁcile
isolate was initially cultured from frozen stocks on blood agar for 24 to 48 h at 37 °C under
anaerobic conditions. For each C. difficile isolate, one colony was suspended in 1 ml of distilled
water. Then, the cells were washed once by centrifugation (2 min at 12,000 × g) and the pellet was
re-suspended in 200 µl of Insta-Gene matrix. The mixture was incubated at 56 °C for 30 min,
vortexed, and heated in a boiling water bath (100 °C) for 8 min. The debris was removed by
centrifugation (2 min at 12,000 × g) and the DNA-containing supernatant was decanted into a fresh
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micro centrifuge tube that was then stored at -20 °C until required. The DNA extracts for the
isolates were utilized for ribotyping and toxin typing assays.
2.2.2 PCR ribotyping

The methods described by Bidet et al. (1999) were used for PCR ribotyping for all C.
difficile isolates. The 16S and 23S primers were used for PCR ribotyping (see Table 2.2 for primer
sequences). A total reaction volume of 25 µl was used and included: 12.5 µl 2G KAPA Fast Taq
(KAPA DNTPs, KAPA2G Fast DNA polymerase and 1.5 mM MgCl 2) (Kapa Biosystems, Boston,
MA), 1.25 µl of 16S primer, 1.25 µl of 23S primer, (final concentration of both primers, 10
pmol/µl), 5 µl dH2O and 5 µl of DNA extract. Ampliﬁcation was performed using a thermocycler
with the following protocol: 1 cycle of 6 min at 94 °C, followed by 35 cycles (1 min at 94 °C, 1
min at 56 °C, and 1 min at 72 °C) and a ﬁnal extension of 7 min at 72 °C. PCR ampliﬁcation
products were separated by electrophoresis through 1.5% Ultra-Pure agarose 1000 gel for 2 h at
150 V, then stained for 30 min with ethidium bromide (1 μg/ ml) in a non-transparent staining box.
The gel was washed in dH2O for approximately 30 mins before being imaged on a UV
transilluminator. Gel images were analyzed using Gene Snap Software (Synoptics, MD, USA).
All the results were interpreted based on visual identiﬁcation of the banding patterns, which were
compared to those of a set of internationally recognized types of C. difficile reference isolates from
the Cardiff/ECDC Collection (Martin et al., 2008), as well as an internal laboratory collection of
C. difficile strains from humans and animals (Pathobiology Department; University of Guelph).
2.2.3 Detection of binary toxin genes
Binary toxin (CDT) genes were detected by PCR directed at the cdtB (binding component)
gene as described by Spigaglia and Mastrantonio (2002). A total reaction volume of 25 µl was
used and included 12.5 µl Kapa 2G Fast Taq (KAPA2G Fast DNA polymerase (Kapa Biosystems,
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Boston, MA), 0.2 mM each dNTP, and 1.5 mM MgCl2), 2.3 µl primer tcdC C1, and 2.1 µl primer
tcdC C2 (final concentrations of 5 pmol/µl for each primer, see Table 2.2 for primer sequences),
6.1 µl dH2O, and 2 µl of DNA extract. The amplification was performed with the following
protocol: 1 cycle for 5 min at 94 °C, followed by 30 cycles (45 s at 94 °C, 1 min at 52°C and 1
min at 72 °C) and a ﬁnal extension for 10 min at 72 °C. The PCR products were separated by gel
electrophoresis using a 1.5% agarose gel for 1 h at 100 V. The gel was then stained for 30 min
with ethidium bromide (1 μg/ ml) in a non-transparent staining box. The gel was washed in dH2O
for approximately 30 mins before being imaged on a UV transilluminator. Gene Snap Software
(Synoptics, MD) was used for analyzing the gel images and the results were interpreted by visual
identiﬁcation. The banding patterns of the study isolates were compared to those of a set of
internationally recognized C. difficile reference isolates from the Cardiff/ECDC Collection
(Martin et al., 2008), as well as an internal laboratory collection of C. difficile strains from humans
and animals (Pathobiology Department; University of Guelph).
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Table 2. 2 Primers used for PCR amplifications

Gene assay

Genes

Sequences of primers

Product

References

(pb)
PCR ribotyping

Toxinotyping (CDT)

Toxinotyping (A and B)

tcdB gene speciﬁc

tcdA gene specific

16S

(5’- CTGGGGTGAAGTCGTAACAAGG - 3’)

1482-1501

23S

(5’- GGTACCTTAGATGTTTCAGTTC-3’)

1-24

tcdC C1

(5’ - TTA ATT AAT TTT CTC TAC AGC TAT CC 3’)

tcdC C2

(5’-TCT AAT AAA AGG GAG ATT GTA TTA TG 3-’) 718

718

tpi-F

(5’-AAA GAA GCT ACTAAG GGT ACA AA-3’)

230

tpi-R

(5’-CAT AAT ATT GGG TCT ATT CCTAC-3’)

230

tcdB-F

(5’-GGA AAA GAG AAT GGT TTTATT AA-3’)

160

tcdB-R

(5’-ATC TTT AGT TAT AAC TTT GAC ATC TTT-3’)

160

tcdA-F

(5’-AGA TTC CTA TAT TTA CATGAC AAT AT-3’)

369

tcdA-R

(5’-GTA TCA GGC ATA AAG TAA TAT ACTTT-3’)

369
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Bidet, 1999.

Spigaglia and
Mastrantonio, 2002.

Lemee et al., 2004.

Lemee et al., 2004

Lemee et al.,2004.

2.2.4 Screening for toxins A and B

The screening of the 200 C. difficile isolates for toxins A and B was performed by the
method described by Lemee et al. (2004). Three pairs of primers were used for PCR targeting of
toxin A and B genes: tcdB speciﬁc primers tcdB-F and tcdB-R, and tcdA speciﬁc primers tcdA-F
and tcdA-R. Tpi (triose phosphate isomerase); a house keeping gene was also targeted with speciﬁc
primers tpi-F and tpi-R, that generate a 230-bp fragment (Table 2.2). A 25 μl reaction volume was
used and included 12.5 μl of Fast Taq (KAPA2G Fast DNA polymerase, 0.2 mM each dNTP, and
1.5 mM MgCl2), 1.0 μM of each primer (except for Tpi primers; 0.5 μM each) and 2 μl of DNA
extract, and 8.5 μl of H2O. Ampliﬁcation was performed in a thermocycler with the following
protocol: 3 min at 95 °C for DNA denaturation, followed by a touchdown PCR procedure consisting
of 30 s at 95 °C, annealing for 30 s at temperatures decreasing from 65 to 55 °C at 1 ° increments
per cycle during the ﬁrst 11 cycles, and a ﬁnal extension step at 72 °C for 30 s. Forty (40) cycles in
total were used in this PCR assay. The PCR ampliﬁcation products were separated by gel
electrophoresis in a 1.5% agarose gel, and stained with ethidium bromide for 30 min in a covered
container. The gel was washed in ddH2O for 30 min to 1 h. The gel was visualized under UV
illumination and the images were captured and analyzed with GeneSnap acquisition software
(Synoptics, MD) to evaluate the bands in the images.
2.2.5 PFGE (Pulsed Field Gel Electrophoresis) for C. difficile
2.2.5.1 PFGE (CCSMM Standardized Protocol for Molecular Subtyping of C. difficile)

The type strain for C. difficile PCR ribotype 078 (CD 744) was used as the reference control
strain and molecular marker for each PFGE run. The procedure was performed as described by
CCSMM Standardized Protocol for Molecular Subtyping of C. difficile. Briefly, the plugs for PFGE
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analysis of the isolates were prepared from frozen stocks, which were sub-cultured on blood agar
overnight. Colonies from the overnight culture were transferred by cotton swab to 2 ml of TE buffer
(10 mM Tris-HCl, pH 8.0; 1 mM EDTA). The cell suspension was centrifuged at 14,000 × g for 1
min, the supernatant removed and the pellet re-suspended in 2 ml TE buffer. The cell concentration,
as measured by spectrophotometer, was adjusted to OD600 value of 1.0 or greater. A 400 µl aliquot
of the cell suspension was transferred to a labeled 1.5 ml microfuge tube to which 25 µl of lysozyme
was added (final concentration 2 mg/ml), and the mixture was incubated in a 55-60 °C shaker water
bath for 30 min. 1% SeaKem Gold PFGE agarose (Cambrex, New Jersey, USA) containing 1%
(w/v) SDS was prepared and kept at 55 °C. A 400 µl volume of melted 1% SeaKem Gold agarose
was added to the 400 µl cell suspension to prepare the plugs (three plugs for each sample). The
plugs were allowed to solidify at room temperature for 10-15 min. The 3 plugs were placed in a
labeled test tube containing 500 µl of Gram Positive Lysis Buffer (6 mM Tris-HCl, pH 8.0; 100
mM EDTA, pH 9.0; 1 M NaCl, 0.2% (w/v) deoxycholate; 0.5% (w/v) sarkosyl; 0.5% (w/v) Brij
58). The lysis buffer was then aspirated off and 500 µl PK buffer (500 mM EDTA, pH 9.0; 1%
(w/v) sarkosyl) and 25 µl proteinase K (at a final concentration of 50 µg/ml) were added to the
plugs and incubated at 54 °C in a shaker water bath overnight. The plugs were washed once with
1.5 ml of room temperature 1x TE buffer and then washed three times with TE buffer on a shaker
for 10 min each wash. One-third of the plug was sectioned and placed in a 1.5 ml microfuge tube.
150 µl 1X Buffer A (50 mM Potassium acetate, 20 mM Tris-acetate, 10 mM Magnesium acetate,
100 μg/ml BSA, pH 7.9 was prepared and stored at 25 °C) was added to the plug and incubated at
room temperature for 10 min. A 20 µl volume of restriction enzyme SmaI (40 U) and 150 µl of 1X
Buffer A were added to the plugs and they were incubated at 25 °C for 2 h. 1% agarose gel (BioRad
PFG grade, USA) in 0.5 x TBE buffer was prepared. The DNA plug was inserted into a well of the
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PFGE gel in a gel electrophoresis apparatus containing 2L of TBE buffer. The gel was run for 22 h
with a switch time of 1 to 40 s and a voltage setting of 6V/cm. The gel was stained with ethidium
bromide staining solution (0.5 mg/ml) for 1 h in a covered container. The gel was destained in
approximately 500 ml of ddH2O (18MΏ ddH2O) for 30 min. The gel was visualized and imaged
under UV illumination, captured by the Gene Doc system (GeneSnap) and analyzed by the
computer program GeneSnap (SynGene acquisition software, version 6.08.04 (Synoptics, MD).

2.2.5.2 Modified PFGE method

C. difficile isolates were streaked from stocks kept frozen at -80 °C and incubated
anaerobically on blood agar for 24-48 h at 37 °C. A colony from the blood agar plate was transferred
to 9 ml of brain heart infusion (BHI) broth and incubated for 6 h at 37 °C to produce actively
growing cells for PFGE analysis. The cell concentration was measured by spectrophotometer and
adjusted to an OD600 value of 0.3 to 0.6. The cell suspension was centrifuged at 14,000 × g for 1
min, the supernatant removed and the pellet re-suspended in 150 µl of Gram Positive Lysis Buffer
(6 mM Tris-HCl, pH 8.0; 100 mM EDTA, pH 9.0; 1 M NaCl, 0.2% (w/v) deoxycholate; 0.5% (w/v)
sarkosyl; 0.5% (w/v) Brij 58, ddH2O) for 30 min at 55-60 °C. The agarose plugs were prepared as
described previously (in section 2.2.5.1). The plugs were transferred to a mixture containing 50 µl
of lysozyme (final concentration 2 mg/ml), 50 µl of mutanolysin (final concentration 12.5 U/ml),
and 150 µl Lysis Buffer and were incubated overnight at 37 °C. The plugs were then removed and
incubated with 50 µl of 20 mg/ml Proteinase K (final concentration 50 µg/ml) and 500 µl of PK
Buffer for 2 h at 55 °C in a water bath. The plugs were washed three times with 1.5 ml of room
temperature 1 x TE buffer and then washed three times on a shaker with 5 min intervals, then four
times with TE buffer on a shaker for 10, 15, 20, 25 min respectively). One-third of the plug was
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sectioned and placed in a 1.5 ml microfuge tube with 200 µl of 1X Buffer A and incubated at room
temperature for 10 min. A 200 µl volume of 1X Buffer A and 50 µl of restriction enzyme SmaI
were added to the plugs and they were incubated overnight at 25 °C. One-third of the DNA plug
was cut and inserted into a well of pulsed-field agarose gel (1.30 mg of 1% agarose gel (BioRad
PFG grade, US) in 130 ml of 0.5 TBE buffer). The gel was placed in a CHEF-DR II PFGE gel
electrophoresis chamber (BioRad, CA, USA) with 2.2 L 0.5 TBE buffer with 500 μl of 200 mM
stock thiourea (50 µM final concentration). The gel was run for 22 h with 1-s of initial switch time
to 40 s of final switch time and 6V/cm of voltage. The gel was stained with EtBr staining solution
(0.5 mg/ml) for 1 to 2 h. The gel was destained in ddH2O for 1 to 2 h. Gel images were visualized
under UV illumination, captured by the Gene Doc system (GeneSnap) and analyzed by the
computer program GeneSnap (SynGene acquisition software, version 6.08.04 (Synoptics, MD).
The PFGE and patterns of all isolates were compared by visual inspection according to the literature
(Franzot et al. 1997; Barchiesi et al. 1995,). PFGE bands were compared to those of the C. difficile
reference 078 strain (CD 744). New types were assigned depending on single band differences;
isolates with exactly matched band patterns were considered identical. The dendrogram of
phylogeny was created with Dendro UPGMA software v.1.4.0 which used the unweighted pair
group method with arithmetic mean (UPGMA) algorithm and applied the Jaccard/Tanimoto
similarity coefficient which is one of the metrics used to compare the similarity and diversity of
samples with default settings and 100 bootstrap replicates (Garcia et al. 2009).
2.3 Fatty Acid Methyl Ester profile
2.3.1. Fatty acid analysis

Ten C. difficile isolates from different sources in this study were sub-cultured on blood
agar from frozen stock and sent to Laboratory Services Division, University of Guelph, for fatty
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acid analysis. The extraction and derivatization method was performed as described by Miller
(1982). Briefly, this method requires light scraping of 40 mg (wet weight) of C. difficile colonies
from the surface of the agar, which were then transferred to a tube with a Teflon-lined screw cap.
The cells were saponified with 1 mL 15% NaOH in 50% aqueous methanol and incubated in a
boiling water bath (100 °C) for 30 min to remove the fatty acids. The hydrolysate was cooled to
ambient temperature (~ 25 °C), 2 ml methanolic HCl was added to the hydrolysate mixture and
the mixture was heated for 10 min at 80 °C. The methylated fatty acids were extracted once they
had cooled to ambient temperature by adding 1.25 ml hexane-methyl-tert-butyl ether (1:1; v/v)
with end-over-end mixing. The lower aqueous layer was carefully removed once separation
occurred and 3 ml dilute NaOH was added to the remaining organic layer. This was then mixed,
and saturated NaCl solution was added to samples requiring further clarification of the phase
interface. Two-thirds of the organic layer containing the fatty acid methyl esters (FAMEs) was
transferred to a septum-capped sample vial and then analyzed. Stenotrophomonas maltophilia was
used as a control to monitor fatty acid extraction procedure.
2.3.2 Cellular fatty acid chromatography
The Sherlock™ Microbial Identification System (MIS) version 4.5, a Hewlett-Packard
5890A gas chromatograph (Avondale, PA) supplied with a flame ionization detector, automatic
sampler, integrator, and computer, were used to analyze FAMEs. A fused-silica capillary column
(25 m x 0.2 m) with a cross-linked 5% phenyl methyl silicon was used to achieve FAMEs
separation. The injector temperature was set to 250 °C, the detector temperature was set to 300 °C
and oven (column) temperature was programmed from 170 to 300 °C at a rate of 5 °C/min; it was
kept at 300 °C for 5 min before recycling was performed. The chromatograms indicated the peak
retention times. Areas related to chromatogram peaks were produced on the recording integrator
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and electronically transferred to the computer for analysis, storage, and report generation. Peak
naming and column performance were achieved using calibration samples (Microbial ID)
containing straight-chain saturated and hydroxy fatty acids. Prior to analysis of clinical samples, a
fresh calibration was performed daily; moreover, it was automatically returned and evaluated every
10th sample. Stenotrophomonas maltophilia was used as a control to monitor the fatty acid
extraction procedure.

2.3.3 Fatty acid methyl esters profiling computer analysis
Computer analysis (The Sherlock™ Microbial Identification System (MIS) version 4.5)
generated FAME identification data for each sample. In addition to sample identification data, the
peak analyses included retention time, area, area/height ratio, equivalent chain length, peak name
(specific fatty acid), and percentage of total fatty acids present, as well as calibration data. The
computer analysis expressed the correlation between each unknown bacterial profile with library
data as a similarity index (SI) on a numeric scale ranging from 0 to 1.0, with a similarity of 1.0
indicating 100% similarity (i.e., identical) (Sherlock version 4.5). SI values of 0.6 were considered
excellent matches.
2.4 The effects of selected extrinsic and intrinsic selected factors on growth, germination, and
sporulation of C. difficile of ribotypes 078 and 027
2.4.1 C. difficile isolates
Two C. difficile ribotypes were investigated in this study: ribotype 027 which was represented by
five isolates from clinical cases previously diagnosed with CDI and ribotype 078 which was
represented by 12 isolates from various sources (eight isolates were from humans with CDI, two
from water, one from soil, and one from a pig). All isolates were from Southern Ontario, Canada,
and isolate characterization had been performed previously (see section 2.1.3). C. perfringens Type
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A was used as a positive control because it is a well-studied clostridial foodborne pathogen (Lund
and Peck, 2015). Uninoculated solid medium or BHI broth was used as a negative control. C.
difficile and C. perfringens isolates were initially streaked from frozen stocks onto Columbia Blood
Agar with 5 % sheep blood (Oxoid, Nepean, Canada) and incubated at 37 °C anaerobically (10%
CO2, 10% H2, 85% N2) for 24-48 h. In addition to colony appearance, C. difficile and C. perfringens
colonies were further identified using Gram staining and an L-proline b-naphthylamide disk (Pro
Disc; KEY Scientific Products Inc, Stamford, Texas) to screen for L-proline amino peptidase
activity.
2.4.2 Preparation of media and germinant agents
2.4.2.1. Preparation of Meat Juice Medium and Fish Juice Medium (FJM)
Meat Juice Medium (MJM) and Fish Juice Medium (FJM) were prepared as follows:
Fresh boneless lean beef (100 g) was obtained from the Department of Animal and Poultry Science,
University of Guelph, and boneless salmon fillet was purchased from a local grocery store
(Guelph, Ontario). The beef extract was prepared by pummeling 100 g of beef with 100 ml of
sterile distilled water for 2.5 min in a stomacher bag fitted with a filter, then running the stomacher
at high speed for 5 min. The homogenate was transferred to a 500 ml flask and heated at 78 °C for
3 min. The homogenate was cooled in an ice bath for 10 min then filtered through a cheese cloth
pad to remove large particles. The pH of the preparation was measured (Fisher Scientific™
accumet™ XL200 pH/Conductivity Benchtop Meter) and shown to be 5.8. Then the fluid was
filter-sterilized by passage through a 0.22 μm pore diameter cellulose acetate membrane filter. The
fresh MJM was distributed into Hungate tubes (7 ml) and 0.1 ml of the MJM was spread on blood
agar and incubated for 24 h at 37 °C to verify sterility of the medium. The sterile MJM was stored
at 4 °C until required. The same procedure as described above was applied to the fish fillet to
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prepare FJM with a final pH of 5.5.
2.4.3 Measuring the growth of C. difficile ribotypes 078 and 027 incubated at different
temperatures
The seventeen C. difficile ribotype 078 and 027 isolates were prepared as follows: Each C.
difficile isolate was sub-cultured on CDMN agar (Oxoid, Nepean, ON) and C. perfringens was
sub-cultured on blood agar and used as a positive control. All cultures were incubated
anaerobically at 37 °C for 24-48 h. One colony from each C. difficile isolate and C. perfringens
were sub-cultured in CDMN and BHI broths (25 ml), respectively and incubated at 24 °C
anaerobically for 24 h. A 0.1 ml volume of each overnight culture was inoculated into 25 ml of
brain heart infusion (BHI, pH 8) and 25 ml of MJM broth; negative controls consisted of
uninoculated BHI and MJM. All samples were incubated under anaerobic conditions for 24 h.
Three sets of broth cultures were prepared. One set of isolates was incubated at 37 °C, another at
25 °C (typical room temperature), and a third at 4 °C (refrigeration temperature). The OD600 was
measured at different time points (0, 2, 4, 6, 8, 10, and 24 h).
2.4.4 Gradient plate method to study the combined effects of pH and salt on the growth of C.
difficile of ribotypes 078 and 027
All 17 C. difficile isolates were inoculated on CDMN agar for 24-48 h at 37 °C. One colony
was transferred to 20 ml of BHI that was incubated anaerobically at 37 °C for 24 h. An aliquot (2
ml) of the culture was transferred to 20 ml of BHI broth and incubated for 6 h at 37 °C. Two
dimensional gradient plates were prepared by using square Petri dishes (10  10 cm) to determine
the combined effects of pH and one dimensional gradient plates were used to combine the effects
of salt on the growth of C. difficile ribotypes 078 and 027. One set of gradient plates consisted of
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three 15 ml layers of BHI: 0.3 ml of 1M H2SO4 was added to layer one, 0.6 ml of 1M NaOH to
layer two and BHI melted agar with no additional supplement was added to layer three (Dursun et
al., 2002; Boddy et al., 1989). Another set of gradient plates consisting of two 15 ml layers of BHI:
3.6 g KCl (24%) was added to the first layer, and BHI melted agar with no additional supplement
was added to the second layer (Dursun et al., 2002; Boddy et al., 1989). One edge of the plates was
raised laid on 3 mm thickness glass, and the first layer (acid) was added and allowed to solidify at
room temperature. Once the first layer solidified, the plates was set flat and the second layer (alkali)
was poured. When the pH gradient was set and the two layers solidified, the plates were rotated
through 90° and raised at one end by 3 mm to add layer three which was BHI melted agar without
any additional supplement. The same procedure was done for the prepration of one dimentional
gradient plates to measure the effect of salt. All Petri dishes were placed at room temperature for
24 h of equilibration of the layers prior to gradient measurement and inoculation. The pH and KCl
gradients were determined after equilibration at 2-cm intervals across the plates by removing 2-mm
core samples of the medium and melting them in 2 ml of deionized water. The pH or conductivity
was measured by using a pH/conductivity benchtop meter (Fisher Scientific™ accumet™ XL200
pH/Conductivity Benchtop Meter). The pH gradient varied from 4 to 9, and the KCl gradient varied
from 3 to 9% (wt/vol). Prior to experimentation, one uninoculated plate was incubated at 37 °C for
24-48 h to check the stability of gradients. A 1 ml volume of C. difficile broth culture was shaken
gently, poured and spread over the entire surface of each plate. The plates were left for 15 min until
the surface was dry. Positive and negative controls were included, with the positive control
inoculated with C. perfringens and the negative control was uninoculated. All plates were incubated
for 24-48 h at 37 °C under anaerobic conditions. The resulting plates were interpreted based on
visual identification of the growth limits on each individual plate.
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2.4.5 The effect of various germinant agents on C. difficile spore germination and sporulation

2.4.5.1 Preparation of AFGK (L- asparagine, D-fructose, D-glucose, KCl), AAFGK (Lasparagine, L-alanine, D-fructose, D-glucose, KCl) and 1% bile salt solutions

Each of these solutions was prepared in 500 ml dH2O. The AFGK (L-asparagine, Dfructose, D-glucose, and KCl) and AAFGK (L- asparagine, L-alanine, D-fructose, D-glucose, KCl)
were prepared as 20 mM solutions. A 1% w/v bile salt (taurocholate) was prepared by dissolving 5
g of bile salt (Oxoid, Canada) in 500 ml of dH2O and mixing gently to avoid foaming. The solutions
above were filter sterilized and kept at 4 °C until used.

2.4.5.2 The effects of germinant agents on the spore germination of C. difficile isolates

C. difficile ribotype 078 and 027 isolates (n=17) were selected for these studies. As
described previously, each isolate was sub-cultured on CDMN and blood agar and incubated at 37
°C under anaerobic conditions for 48 h. The positive control was C. perfringens which was subcultured on blood agar and incubated anaerobically at 37 °C for 24 h. The negative control was a
purified spore suspension in distilled water.
The C. difficile isolates were inoculated into 150 ml CDMN broth and incubated at 37 °C
for 7 days to prepare them for ethanol shock for spore purification, as described by Arroyo et al.
(2005), see section 2.1.3. The germinant agents that were tested were MJM, 1% bile salt
(taurocholate), AAFGK, AFGK, and FJM. For each test, 105 spores were centrifuged and washed
once with ice water. The spores were centrifuged, the supernatant discared and the pellet resuspended in PBS. The spore suspensions were divided into two sets, one set heat shocked for 30
min at 65 °C to inactivate any germinated spores and vegetative bacterial cells, the other sets were
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not heated (Paredes-Sabja et al., 2008a). After heating, the spore solution was cooled to room
temperature. All samples (heated or not) were then incubated at 40 °C for 10 min before the addition
of the germinant agents. A 0.9 ml volume of purified spore in PBS suspension was combined with
0.1 ml of one of the following: 1% bile salts (taurocholate), MJM, FJM, 20 mM AFGK, and 20 mM
AAFGK (Paredes-Sabja et al., 2009). Upon adding the germinant agents, the OD600 of the spore
suspensions were immediately measured (0 h) and at 2 min intervals up to 12 min at room
temperature to assess spore germination. The measurement of the optical density at 0 h to the optical
densities at the different time points were plotted against time.

2.4.5.3 Effect of MJM and FJM on C. difficile sporulation

C. difficile ribotype 078 and 027 isolates (n=17) were sub-cultured on CDMN and blood
agar at 37 °C under anaerobic conditions for 48 h, as previously described. Colonies were then
inoculated into 150 ml each of MJM, FJM and BHI and incubated anaerobically for 24 h. The
overnight broth cultures were diluted to an OD600 of 0.01 in fresh broth of each medium, incubated
anaerobically until they reached an OD600 of 0.6, then diluted again to an OD600 of 0.01 before
growth overnight to stationary phase. This step assisted in growth synchronization and minimized
the transfer of spores from the initial cultures. The relative proportions of vegetative cells and spores
were then monitored at 48 h. The broths were divided into two sets, one of which was not heated
and the other heated at 65 °C for 30 min to eliminate the vegetative cells. Serial 10-fold dilutions
of the broth cultures were made using phosphate buffered saline (PBS) and 0.1 ml aliquots of diluted
broth culture were plated on CDMN agar in 10 cm petri dishes and cultured anaerobically for 48 h.
The number of colony-forming units (CFU)/ml was determined based on the number of colonies in
the diluted broth. The spore yield was calculated based on comparison of the yield from heated and

54

unheated samples. The results for MJM and FJM were compared with those for BHI broth
inoculated with 078 or 027 isolates, which acted as positive controls and with uninoculated BHI
that was the negative control.
2.5 Interactions between two probiotic lactic acid bacteria (L. helveticus R0052 and P.
acidilactici R1001) and C. difficile isolates from different sources
2.5.1 C. difficile isolates selected for this study and culture conditions
The C. difficile isolates selected for this study have their relevant characteristics presented
in Table 2.4. Five C. difficile ribotype 078 isolates [CD 744 (human), CD 634 (porcine), CD729
(bovine), CD874 (equine), and CD963 (environmental effluent)] which are all NAP7, toxinotype
V, tcdA+, tcdB+, and cdt+ from Southern Ontario were used. Two human C. difficile clinical
isolates belonging to ribotype 027 (CD16 and CD 978) were also selected for these probiotic
interaction studies. They are NAP 1, toxinotype III, tcdA+, tcdB+, and cdt+. These isolates were
selected based on their different PFGE patterns, isolation from different sources (human, animals,
environment) and from both ribotypes 078 and 027 (Table 2. 3).
All C. difficile isolates were initially cultured from frozen stocks on Columbia Blood agar
with 5% sheep blood (Oxoid, Nepean, Ontario). The plates were incubated anaerobically at 37 °C
for 48 h. Presumptive positive colonies were sub-cultured directly on Columbia blood agar with
5% sheep blood and on CDMN agar (C. difficile agar base supplemented with moxalactam and
norfloxacin, Oxoid, Nepean, Ontario) and incubated anaerobically for 48 h at 37 °C (George et al.,
1979). CDMN was used as a selective medium for the cultivation of C. difficile. To further confirm
the isolates were C. difficile, colonies with the expected appearance of C. difficile colonies were
transferred to an L-proline b-naphthylamide disk (Pro Disc; KEY Scientific Products Inc.,
Stamford, Texas) to screen for L-proline amino peptidase activity. After confirming the culture was
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C. difficile, one colony was taken from CDMN agar and inoculated in Reinforced Clostridial (RC)
broth (15 ml) and incubated anaerobically for up to 24 h at 37 °C.
2.5.2 Probiotic strains selected for this study and culture conditions
Two commercial probiotic strains obtained from Lallemand Inc., Montreal, Canada (L.
helveticus R0052 and P. acidilactici R1001) were used for this study. Both of these strains have
had their genome sequenced (Tompkins et al., 2012; Barreau et al., 2012), and have shown
antagonism against pathogens such as H. pylori, Citrobacter rodentium and E. coli (EHEC)
(Tejero et al., 2013; Gareau et al., 2010; Guglielmetti et al., 2010; Lebeer et al., 2010; Daeschel
and Klaenhaemmer, 1985).
Table 2. 3 C. difficile isolates used in the inhibition by Lactic acid bacteria study
Isolates

Toxinotype

Ribotype

Source

CD 978

III

NAP1/027

Human/
Pathobiology/
OVC

CD16

III

NAP1/027

Human

CD 729

V

NAP7/078

Bovine

CD 634

V

NAP7/078

Porcine

CD 744

V

NAP7/078

Human

CD 963

V

NAP7/078

Water

CD 874

V

NAP7/078

Equine
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L. helveticus R0052 and P. acidilactici R1001were sub-cultured in de Man, Rogosa and
Sharpe (MRS) broth (Oxoid, Canada) and incubated anaerobically for 24 h at 37 °C. Then, 0.1 ml
of the broth culture was spread on MRS agar medium, and used as a selective medium (Mirzaei,
2012). Single colonies were picked from the MRS agar medium and inoculated in 15 ml of MRS
and Reinforced Clostridial (RC) broths and incubated anaerobically for 24 h at 37 °C. Long-term
storage of all strains was at -80 °C in 15% (v/v) glycerol Cryobank cryogenic beads.
2.5.3. Initial tests to evaluate the growth of L. helveticus and P. acidilactici in RC broth
The aim of these tests was to establish the use of a single microbiological medium for the
co-culture experiments for both the C. difficile isolates and the probiotic strains. CDMN and MRS
were as selective media for enumerating C. difficile and the probiotics, respectively, during these
tests. Our preliminary study investigated the use of Reinforced Clostridial (RC) medium (broth and
agar) to grow the probiotic strains, since the C. difficile isolates were culturable in this medium. L.
helveticus R0052 and P. acidilactici R1001 frozen stocks were initially sub-cultured in 25 ml MRS
broth and incubated at 37 oC anaerobically for 24-48 h. Then they were sub-cultured on MRS agar
and incubated at 37 °C for 24 h. Next, single colonies of each probiotic strain were inoculated into
25 ml RC broth. Single colonies of each probiotic were also inoculated into 25 ml MRS broth to
compare the growth. C. difficile was used as a positive control for the RC broth. All cultures were
incubated at 37 ºC anaerobically for 24 h. Growth was determined by measuring the OD at 600 nm
(Ultrospec 3100 pro spectrophotometer, Amersham Biosciences).
These initial cultures were used for the co-culture and cell-free supernatant assays. The
cultures prepared in RC broth (Oxoid) were sub-cultured in 25 ml of RC broth and incubated for
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12 h anaerobically at 37 °C. For monocultures, C. difficile and probiotic strains were each grown in
RC broth to exponential phase for 12 h (OD600, 1.2–1.6) and utilized for the co-culture assays.
2.6 Evaluating the effects of L. helveticus R0052 and P. acidilactici R1001 on the growth of C.
difficile
2.6.1 Co-culture protocol
This method describes the in vitro co-culture assay used to evaluate L. helveticus R0052
and P. acidilactici R1001 cultivated with 7 different C. difficile isolates (CD 634, CD 16, CD 978,
CD 744, CD 729, CD 874, CD 963). Based on preliminary testing, RC broth was utilized for the
co-culture tests since all microorganisms were capable of growth in this medium. For the selective
cultivation of the probiotic bacteria and C. difficile isolates MRS and CDMN agars, respectively,
were utilized.
For the monoculture tests, C. difficile, L. helveticus R0052 and P. acidilactici R1001 were
each grown in 25 ml RC broth to exponential phase for 12 h (OD600, 1.2–1.6). After which, 0.1 ml
of the broth culture was added to 25 ml of RC broth, giving an initial cell density of approximately
106 CFU/ml for each mono-culture. The co-culture experiments were performed in a similar manner
to the monoculture experiments, with the addition of 0.1 mL of a C. difficile isolate and 0.1 mL of
a probiotic strain into 25 ml of RC broth, giving an initial cell density of approximately 106 CFU/ml
for probiotic and the C. difficile isolate. All assay were incubated anaerobically at 37 °C for 48 h
and samples were removed at 0, 6, 12, 24, and 48 h following inoculation. At each sampling time,
1 ml of culture was removed for serial dilution and plating for enumeration and 2 ml of culture were
removed to measure the OD600 and pH. Samples for enumeration were 10-fold serially diluted in
sterile PBS, plated on CDMN agar (for selective growth of C. difficile) and MRS (for selective
growth of the probiotic strains) using the drop count method (3 x 10 µL drops per dilution) and
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incubated anaerobically for 24 h at 37 °C. CFUs were calculated and plotted against time. At the
end of each experiment, C. difficile colonies were transferred to an L-proline b-naphthylamide disk
(Pro Disc; KEY Scientific Products Inc, Stamford, Texas) to screen for L-proline amino peptidase
activity.
2.6.2 Evaluating the antimicrobial effects of cell-free culture supernatants of L. helveticus
R0052 and P. acidilactici R1001 on the growth of C. difficile
The aim of this set of experiments was to extend the co-culture experiments and to evaluate
the interaction of excreted products by L. helveticus R0052 and P. acidilactici R1001 with the C.
difficile (n=7) isolates, without the physical presence of the probiotic cells. The method was used
according to Kondepudi et al., 2012, with some modification.

2.6.2.1 Preparation of cell-free culture supernatants from L. helveticus R0052 and P.
acidilactici R1001 cultures

L. helveticus R0052 and P. acidilactici R1001 were sub-cultured from frozen stocks onto
MRS plates. One colony from each plate was sub-cultured in 25 ml RC broth and incubated at 37
o

C anaerobically for 24 h. Then, 0.1 ml of each broth culture was sub-cultured in 25 ml RC broth,

incubated anaerobically at 37 °C for 12 h, when they were in exponential phase (OD600, 1.2–1.6).
At that time, the cell-free supernatant (CFS) was collected by centrifuging the broth cultures at
6000  g for 15 min, followed by filter-sterilizing through a 0.2 m pore diameter membrane filter
(Fisher Scientific, Ottawa, Canada). The pH of each cell-free supernatant was quantified to be 4.5
for L. helveticus and 4.35 for P. acidilactici cell free supernatants. The filter-sterilized CFS from
each probiotic strain was checked for sterility by plating one loopful (~10 µl) of CFS on MRS
plates (Oxoid) and incubating anaerobically at 37 °C for 24 h. The cell-free supernatants were
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stored at -20 °C until used.

2.6.2.2 Preparation of C. difficile growth culture for the interactions with the cell-free culture
supernatants from L. helveticus R0052 and P. acidilactici R1001

For each C. difficile isolate, an initial culture was prepared from frozen stock on blood agar
and incubated anaerobically at 37 °C for 24 h. One colony from blood agar was streaked onto a
CDMN plate to permit the selective and differential growth of C. difficile (Aspinall and
Hutchinson, 1992) and was incubated anaerobically at 37 °C for 24 h. Then, one colony from the
CDMN plate was transferred into 25 ml RC broth and incubated at 37 °C anaerobically for 24 h.
A 1 ml volume of the C. difficile broth culture was sub-cultured into 25 ml RC broth and incubated
anaerobically at 37 °C for 12 h to reach exponential phase (OD600, 1.2–1.6). The C. difficile cells
were collected after incubation by centrifuging the culture at 4000  g at 4 °C for 15 min. The
supernatant was discarded and the pellet resuspended in PBS, then centrifuged again. The
supernatant was discarded and the C. difficile cells were resuspended in 25 ml of RC broth to
achieve a cell concentration of about 10 6 CFU/ml. 1 ml of the C. difficile cell suspension was used
in the cell-free supernatants assays.
2.6.2.3 Interactions of the cell-free culture supernatants from L. helveticus R0052
and P. acidilactici R1001 with C. difficile
To evaluate the antimicrobial activity of L. helveticus R0052 and P. acidilactici R1001
cell-free culture supernatants on the growth of several C. difficile isolates, the following reaction
mixtures were prepared: 1) 1 ml of C. difficile cell suspension in 11.5 ml of RC broth + 12.5 ml
of RC broth (positive growth control); 2) 1 ml of C. difficile cell suspension in 11.5 ml of RC
broth + 12.5 ml of L. helveticus R0052 or P. acidilactici R1001 cell-free culture supernatant; 3)
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12.5 ml of L. helveticus R0052 or P. acidilactici R1001 cell-free culture supernatant + 12.5 ml of
RC broth (no growth control for the cell-free supernatants). Reaction mixtures were incubated under
anaerobic conditions for 48 h at 37 °C. For all assays, samples were removed at 0, 6, 12, 24, and 48
h following inoculation. At each sampling time, 1 ml of culture was removed for serial dilution and
plating for enumeration and 2 ml of culture were removed to measure the OD 600 and pH. Samples
for enumeration were 10-fold serially diluted in sterile PBS, plated on RC agar by using the drop
count method (3 x 10 µL drops per dilution) and incubated anaerobically for 24 h at 37 °C. CFUs
were calculated and plotted against time. At the end of each experiment, C. difficile colonies were
transferred to an L-proline b-naphthylamide disk (Pro Disc; KEY Scientific Products Inc, Stamford,
Texas) to screen for L-proline amino peptidase activity.
2.7 The effect of diluted L. helveticus cell-free culture supernatant on the growth of C. difficile
strain CD 634

Based on the co-culture and CFS assays, L. helveticus had the greatest negative impact on
the growth of the C. difficile isolates. Thus, the following experiment was done to investigate the
relative concentration of inhibitory factors in L. helveticus CFS. This was conducted by diluting
the L. helveticus CFS and evaluating the effect on the growth of C. difficile CD 634 ribotype 078.
We selected C. difficile CD 634 because its growth was shown to be reduced to the greatest extent
compared with the other C. difficile isolates exposed to L. helveticus R0052 in co-culture or CFS.
Two-fold serial dilutions of the L. helveticus CFS were prepared in RC broth, ranging from 1:2 to
1:512, each in a total volume of 25 mL. C. difficile CD 634 was prepared as described for the CFS
assays (see section 2.6.2.2) resulting in a cell suspension in RC broth with about 10 6 CFU/ml. One
ml of the CD 634 cell suspension was used to inoculate the various 2-fold dilutions (1:2, 1:4, 1:8,
1:16, 1:32, and 1:512) of L. helveticus R0052 CFS in RC broth (total assay volume was 25 ml).
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Samples were removed at 0 and 48 h timepoints. At each time point 1 ml of culture was removed
for serial dilution and plating to enumerate the CFU/ml, and 2 ml of each culture were r emoved
for pH measurement. Samples were 10-fold serially diluted in sterile PBS, plated on RC plates,
using the drop count method (3 x 10 µL drops per dilution) and incubated anaerobically at 37 °C
for 24 h.

2.8 Evaluating C. difficile growth at various pH values in Reinforced Clostridal (RC) and
Brain Heart Infusion (BHI) broths
This experiment was conducted to evaluate the ability of C. difficile to grow at low pH. This
was done to determine whether the inhibitory effect from the probiotic CFS occurred in whole or
in part due to low pH. We selected C. difficile CD 634, the strain whose growth had been reduced
the greatest extent when exposed to L. helveticus R0052 in co-culture or CFS. For these assays,
RC broth was prepared at the following pH values: 4.5, 5, 5.5, and 6.8. BHI was prepared with
the following pH values: 4.5, 5.0, 6.3, 7.5. Initial preparation for the CD634 culture was as
described in section 2.6.1. The final sub-culture was grown in RC broth for 12 h (OD600, 1.2–1.6)
to reach exponential phase. 0.1 ml of this broth culture was inoculated in each of the different RC
and BHI broths, and incubated at 37 °C for 48 h. Samples were removed at 0, 24, and 48 h time
points. At each sampling time, 1 ml of culture was removed for serial dilution and plating for
enumeration on CDMN agar and 2 ml of culture were removed to measure the OD 600 and pH.
Samples for enumeration were 10-fold serially diluted in sterile PBS, plated on CDMN agar by
using the drop count method (3 x 10 µL drops per dilution) and incubated anaerobically for 24 h
at 37 °C. CFUs were calculated and plotted against time.
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2.9 Data analysis for the effects of selected extrinsic and intrinsic factors on growth,
germination, and sporulation of C. difficile of ribotypes 078 and 027 and for the
interaction studies between C. difficile and probiotics
Measurements of CFU/ml, pH, and OD values were reported as means and standard errors
and/or upper and lower 95% confidence coefficients from three independent experiments. The data
were analyzed by using the general linear mixed model (GLMM), which is more complicated than
standard ANOVA because we have repeated measurements. GLMM is an extension to
the generalized linear model (GLM) used for the analysis of grouped data which contain random
effects in addition to the usual fixed effects, since the differences between groups can be modelled
as a random effect (Stroup, 2012; Jiang, 2007; Breslow, and Clayton, 1993;). SAS PROC MIXED
command, Ver. 9.3 (SAS Institute, Cary, NC) was used to perform the statistical analyses of
CFU/ml, pH, and OD variances in growth, germination, and sporulation of C. difficile ribotypes
078 and 027 and of the interaction between C. difficile and the probiotic strains. The variance in
these sets of experiments was partitioned into random and fixed effects. For growth, germination
and sporulation experiments, the ribotype, germinant agents, strain, and heat, were considered as
fixed effects in the analysis, and the significance of all two-, three- and four-way interactions on
CFU/ml and OD were tested. For the C. difficile-probiotic interaction experiments, probiotic strains,
C. difficile, and elapsed time were considered as fixed effects and the significance of all two- and
three-way interactions on CFU/ml, pH and OD were tested. The random effect in the growth,
germination and sporulation experiments was strain nested within ribotype. In the C. difficileprobiotic interaction experiments, number of tube sample nested within probiotic and strain of C.
difficile were random effects. To evaluate the validity of the assumptions of the statistical model
for each experiment, residual analyses were conducted. This included formally testing the residuals
for normality using the four tests offered by SAS (Shapiro-Wilk, Kolmogorov-Smirnov, Cramér63

von Mises, and Anderson-Darling). Additionally, the residuals were plotted against the predicted
values and the explanatory variable used in the statistical model. Such examinations can reveal the
need for data transformation, unequal variances, outliers, or other issues that need addressing. As a
result, the cell count numbers were converted into logarithms to meet the model assumption. pH
and OD did not require any transformation to meet the model assumptions. Moreover, both
experiments had sequential measurements of OD, CFU and pH at different time points. Therefore,
the study involved repeated measures over time and several error structures in SAS were tested and
Akaike's Information Criterion (AIC) fit statistic value (type 1 error of 0.05) was used to select the
best covariance structure. A significance of p<0.05 was used for all statistical te

64

Chapter 3 Results
3.1 Determination of the genetic diversity of C. difficile isolates from animal, human, and
environmental sources in Southern Ontario
3.1.1 DNA typing
The initial hypotheses addressed in this research were: 1) C. difficile ribotype 078 will be
the dominant ribotype isolated from diverse environmental samples in Southern Ontario; 2) the
environmental ribotype 078 isolates will overlap genetically with human C. difficile isolates
implicated in community acquired infection; and 3) C. difficile ribotype 027 isolates linked to
hospital acquired infection collected from Southern Ontario will differ genetically from the
environmental isolates. To address these hypotheses, C. difficile isolates were cultured from
samples collected from clinical, animal, and environmental sources in Southern Ontario following
enrichment and selective cultivation methods. In total, 200 isolates were cultivated and further
analyzed to determine toxinotypes, ribotypes, and genetic diversity by using PFGE. Among these
isolates, 176 tested positive for toxins A, B, and CDT. Ten of the 200 isolates were negative for
toxin A, 3 were negative for toxin B, and 13 were negative for toxin CDT (Table 3.1). Ribotyping
of the 200 isolates indicated that 078 was the predominant ribotype, comprising 79% of all isolates
(158/200). The distributions of 078 isolates from various sources were: 31 of the 38 (81.5 %) from
clinical patients, 70 of the 82 (85.4 %) from animals, 25 of the 37 (67.5%) from water, and 32 of
the 43 (74.4 %) from soil (Table 3.2). Ribotype 027 isolates (7) were only isolated from the clinical
samples, while none were isolated from animal or other environmental sources. Other ribotypes
that were identified were AL (animal), AL (water), S3 (soil), AD (water), and 30 ribotypes could
not be matched with the available databases from the Cardiff/ECDC Collection (Martin et al.,
2008), as well as an internal laboratory collection of C. difficile strains from humans and animals
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(Pathobiology Department; University of Guelph). There were 11 isolates with CDT positive, two
of them were ribotype AL (animal), one of them was ribotype AL (water) and eight C. difficile
isolates with unknown ribotypes. Of the 13 isolates that lacked binary toxin (CDT), one of them
was ribotype S3 (soil), another was ribotype AD (water) and 11 with unknown ribotype(s). Any
isolate in this study that lacked binary toxin (CDT) was considered as having lower virulence
(Awad et al., 2014; Bacci et al., 2011; Jhung et al., 2008). Furthermore, all the isolates that lacked
binary toxins isolates belonged to ribotypes other than 078 or 027, which were the focus of this
study, and as a result they were not examined further.
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Table 3. 1 Distribution of ribotypes and toxin genes among 200 C. difficile isolates from clinical,
animal, and environment sources in Southern Ontario
Ribotype

Source of isolate

Presence of toxin
genes

Number of isolates
(percentage)

078

Clinical, animals,
water, soil, floors,
and walls

A+, B+, CDT+

158 (79%)

027

Clinical

A+, B+, CDT+

7 (3.5%)

S3

Soil

A+, B+, CDT-

1 (0.5%)

AL

Animals

A+, B+, CDT+

2 (1.5%)

AD

Water

A-, B+, CDT-

1 (0.5%)

AL

Water

A+, B+, CDT+

1 (0.5%)

A+, B+, CDT-

10 (5%)

A+, B+, CDT+

8 (4%)

A-, B+, CDT+

8 (4%)

A+, B-, CDT+

3 (1.5%)

A-, B+, CDT-

1 (0.5%)

Unknown

Soil, water, animals
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Table 3. 2 Distribution of C. difficile 078 among 158 isolates from different sources in Southern
Ontario
Source

Total number of C. difficile
isolates typed

Number (%) of ribotype 078
isolates

Clinical

38

31 (81.5)

Animal

82

70 (85.4)

Water

37

25 (67.5)

Soil, floors, and walls

43

32 (74.4)

3.1.2 Genotyping of C. difficile isolates of ribotypes 078 and 027 by PFGE

The 165 C. difficile isolates consisting of 158 ribotype 078 from human, animal, and
environmental sources and seven ribotype 027 from humans in Southern Ontario were subjected
to pulsed-field gel electrophoresis (PFGE) to examine their genetic relatedness. All isolates were
initially subjected to a PFGE method as described in section 2.2.5.1 (CCSMM Standardized
methods for Molecular Subtyping of C. difficile). However, the procedure failed to produce
discernable bands for any of the C. difficile isolates (Appendix 1.1). Following several
methodological modifications, as described in section 2.2.5.2. this novel, modified PFGE method
resulted in band patterns that allowed discrimination among the 078 and 027 C. difficile isolates.
Figure 3.1 shows the clearly discernable PFGE profiles using the modified PFGE method for the
same isolates as in Appendix 1.1, which used the original methodology that produced no bands.
PFGE profiles for all 078 and 027 ribotype isolates, 165 in total, were produced using the modified
PFGE method. These profiles were digitized and analyzed to examine the genetic relatedness
among the isolates. The dendrogram of PFGE patterns (Figure 3.2), was created as described in
the materials and methods chapter (see section 2.2.5.2), shows the data for 165 C. difficile isolates.
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The 165 isolates shown in the dendrogram (Figure 3.2) were resolved into 24 major clusters
and most clusters were divided into sub-clusters. The genetic similarities among the isolates ranged
from 73% to 100% (Figure 3.2). Isolates were all identified as being related to other isolates in the
collection except for two that are outliers, isolate CD3 which is ribotype 027 from a human and
CD152 which is ribotype 078 from soil. Except for CD3, the genetic relatedness between the 027
ribotype isolates and the 078 ribotype isolates was approximately 80%.
Clustering was examined based on source and location of the isolates. It is noteworthy that
isolates with identical PFGE profiles were found in various locations and sources within Southern
Ontario. Comparison of the PFGE profiles (Figure 3.2) shows that, among the isolates collected
from pigs, 8 had identical profiles to isolates from humans and 3 had identical profiles to isolates
from the environment (Figure 3.2). The results also show that ribotype 027/NAP1, the most
prevalent ribotype in clinical CDI, had a different PFGE pattern from that of PCR ribotype
078/NAP7 from human, animal and environmental sources (Figure 3.2). The dendrogram also
shows that there were clusters of isolates that contain ribotype 078 strains from different sources
and which shared a range of similarities between 73% to 100%. The clusters for the study isolates
display a lack of host specificity for 078 isolates, as isolates with identical PFGE profiles were
isolated from different host species.
There were 11 groups of C. difficile isolates (shown in blue rectangles, labelled from 1 to
11) on Figure 3.2 and Table 3.3, each containing two to five isolates with identical (100%) PFGE
patterns. In four of these groupings isolates from human and animal sources were identical: Cluster
1; Cluster 2; Cluster,6; and Cluster 10. For example, in Cluster 1, three isolates were collected
from a pig farm in Guelph (CDs 121, 122 and 126), one pig isolate was from Kitchener (CD 112)
and one human isolate was from Ottawa (CD 104). In Cluster 10 there were two human isolates,
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one from Toronto (CD 644) and one from Kitchener (CD 673), and one cattle isolate from Guelph
(CD 1128). There were also examples of isolates from the environment (water) that were identical
with human isolates from different locations, indicating potential pathways of transmission. For
example, in Cluster 7 there were two identical isolates, one of which was isolated from river water
in Guelph (CD 963) and the other from a person in Brantford (CD 247).

Figure 3.1 Pulsed-field gel electrophoresis (PFGE) profiles for several C. difficile 078 isolates
from humans and pigs after modification of the CCSMM PFGE methodology. The PFGE patterns
were obtained with SmaI-digested DNA from the C. difﬁcile isolates. The red boxes indicate C.
difficile isolates from human and animals with identical profiles, and the blue boxes indicate
identical profiles from two different C. difficile clinical isolates.
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Similarity

PFGE
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Ribotyping

Toxin Profile

Origin

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Equine

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Equine

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

1

2

72

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Cattle

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

3

4

73

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Equine

NAP7 078

A+B+CDT+

Soil1

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

5

6

7

74

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Bovine

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Soil

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Cattle

NAP7 078

A+B+CDT+

Human

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP1 027

A+B+CDT+

Human

8

9

10

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Human

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Cattle

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Pig

NAP7 078

A+B+CDT+

Water

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Water

NAP1 027

A+B+CDT+

Human

NAP7 078

A+B+CDT+

Soil

NAP7 078

A+B+CDT+

Pig

11

Figure 3.2 Dendrogram of pulsed-field gel electrophoresis (PFGE) patterns for C. difficile (n=165) ribotypes 078 and 027
from human, animal, and environmental sources in Southern Ontario. Eleven distinct clusters (marked with blue rectangles
labelled from 1 to 11) each contain between 2 to 5 C. difficile isolates with identical (100%) PFGE profiles. At least one
of the isolates within their respective clusters was collected from different locations. The dendrogram was created with
Dendro UPGMA software
(v.1.4.0), which used
the unweighted pair group method with arithmetic mean (UPGMA)
Similarity
PFGE
algorithm and applying Jaccard / Tanimoto similarity coefficient with default settings and 100 bootstraps.

75

Table 3. 3 Sources and geographical locations of clustered C. difficile ribotype 078 isolates with
identical PFGE profiles
Cluster
Number

Isolate ID
Number

Source of
Isolate

Ribotype

PFGE
Pulsotype

Geographical
Location

1

CD 121

Pig

078

NAP7

Guelph

CD 122

Pig

078

NAP7

Guelph

CD 126

Pig

078

NAP7

Guelph

CD 112

Pig

078

NAP7

Kitchener

CD 104

Human

078

NAP7

Ottawa

CD 69

Pig

078

NAP7

Guelph

CD 65

Pig

078

NAP7

Guelph

CD 973

Human

078

NAP7

Brantford

CD 26

Water

078

NAP7

Cambridge

CD 16

Water

078

NAP7

Waterloo

CD 27

Water

078

NAP7

Kitchener

CD 28

Water

078

NAP7

Guelph

CD 30

Water

078

NAP7

Waterloo

CD 19

Water

078

NAP7

Elora

CD 975

Human

078

NAP7

Brantford

CD 839

Human

078

NAP7

MDS /
unknown

CD 72

Pig

078

NAP7

Guelph

CD 94

Pig

078

NAP7

Guelph

CD 649

Human

078

NAP7

Toronto

CD 744

Human

078

NAP7

Toronto

CD 887

Human

078

NAP7

Windsor

CD 963

Water

078

NAP7

Guelph

CD 247

Human

078

NAP7

Brantford

2

3

4

5

6

7

76

8

9

10

11

CD 70

Pig

078

NAP7

Kitchener

CD 82

pig

078

NAP7

Guelph

CD 158

Soil

078

NAP7

Waterloo

CD 6

Soil

078

NAP7

Waterloo

CD 163

Soil

078

NAP7

Guelph

CD 644,

Human

078

NAP7

Toronto

CD 673

Human

078

NAP7

Kitchener

CD 1128

Cattle

078

NAP7

Guelph

CD 7

Soil

078

NAP7

Cambridge

CD 17

Pig

078

NAP7

Arkell

*MDS= Medical Diagnostic Laboratory Services – Origin of C. difficile isolate unknown
3.1.3 Fatty acid methyl ester profiling
Among the goals of this study was to determine if cellular fatty acid methyl ester (FAME)
profiling could be used to distinguish among C. difficile ribotypes 078 and 027 from different
sources (human and animal). FAME is a common methodology used to differentiate bacterial
species by bacterial fatty acid profiling (Miller, 1982; Moss et al., 1982). This method has been
used effectively to discriminate between E. coli isolates from human and animal sources (Seurinck
et al., 2006; Duran et al., 2006). There are no reports describing the use of FAME profiles to
distinguish among C. difficile isolates. Therefore, we initially examined ten C. difficile isolates
collected in this study, which were selected based on different ribotypes 078 and 027 from human
and animal sources.
The FAME profiles for 10 C. difficile isolates were initially compared with a known
reference library of bacteria (Laboratory Services Division, University of Guelph). Following
FAME profiling, a similarity index (SI) was determined for each isolate. The index is calculated

77

by comparing the profile of the unknown organism with library data and is expressed on a numeric
scale of 0 to 1.0, with a similarity of 1.0 being a 100% match (Sherlock version 4.5.). Since C.
difficile was not part of the reference library of bacteria, comparisons had to be made with the mos t
closely related organisms in the database of the Laboratory Service Division, University of Guelph,
which was Streptococcus spp. The SI values for the 10 C. difficile isolates were lower than 0.3 and
ranged from 0.115 to 0.290 (Appendix 2), indicating no matches. Thus, as expected no matches
(low SI values) to the reference microorganisms (Streptococcus spp) were found.
The FAME profiles were also used to examine the relatedness among the C. difficile
isolates (Figure 3.3). The dendrogram of the fatty acid profiles for C. difficile isolates were
analyzed with Sherlock Microbial Identification System by measuring the Euclidian distance.
Based on this measure the C. difficile isolates, which have low relatedness to Streptococcus spp.,
were identical to one another. The dendrogram shows the ten C. difficile ribotypes 078 and 027
isolates, 8 of which were ribotype 078 from different human sources and different locations, one
of which was ribotype 078 from cattle and one of which was ribotype 027 from a human patient.
The dendrogram shows that human origin ribotype 078 strains 767 (isolate 1) and 887 (isolate 2)
were identical and closely related to human origin ribotype 078 strain 846 (Figure 3.3, isolate 3)
which was identical to bovine origin ribotype strain 1128 (isolate 4). However, these data do not
correspond to the PFGE data presented in Figure 3.2, for example, strains 767 and 887 were not
identical with their PFGE pattern and this was the same for strains 846 and 1128. As such, we did
not proceed with additional FAME testing of other isolates beyond the initial ten, due to the
inconsistencies between FAME and PFGE and because there was no known C. difficile reference
at that time.
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Ribotyping

Toxinotyping

Source

No.

NAP 7 078

A+B+CDT+

Human

1

NAP7 078

A+B+CDT+

Human

2

NAP7 078

A+B+CDT+

Human

3

NAP7 078

A+B+CDT+

Cattle

4

NAP7 078

A+B+CDT+

Human

5

NAP7 078

A+B+CDT+

Human

6

NAP1 027

A+B+CDT+

Human

7

NAP7 078

A+B+CDT+

Human

8

NAP7 078

A+B+CDT+

Human

9

NAP7 078

A+B+CDT+

Human

10

Figure 3.3 Dendrogram of Fatty Acid Methyl Esters (FAME) profiles for ten C. difficile isolates from clinical cases and
cattle showing relatedness among the isolates. The fatty acid profiles for C. difficile isolates were analyzed with Sherlock
Microbial Identification System version 4.5. The positive control was Streptococcus spp. and Stenotrophomonas
maltophilia was used as a control to monitor fatty acid extraction procedure. Corresponding FAME sample number to
C. difficile isolate ID number: 1 = CD 767, 2 = CD 887, 3 = CD 846, 4 = CD 1128, 5 = CD 901, 6 = CD 247, 7 = CD
978, 8 = CD 869, 9 = CD 855, 10 = CD 975.

3.2 The effects of selected extrinsic and intrinsic factors on the growth, germination, and
sporulation of C. difficile
3.2.1 Growth of C. difficile ribotypes 078 and 027 in meat and fish juice media and brain
heart infusion (BHI) broth at selected temperatures
The growth of C. difficile in relation to food is not well characterized. For these
experiments, we evaluated the growth of seventeen isolates from our Southern Ontario C. difficile
survey (Table 3. 4) at three relevant growth temperatures (37, 25, and 4 oC) and in two food-related
environments. Media representing meat (meat juice media, MJM) was prepared as part of this
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study and was compared to standard microbiological media (BHI) for the growth of C. difficile.
Seventeen C. difficile isolates collected from different sources and locations were evaluated in
these tests; 12 were ribotype 078 and 5 were ribotype 027. All isolates grew in MJM and BHI at
37 °C and 25 °C (Figures 3.4 and 3.5). The growth rate after 10 h (Table 3.5) for ribotype 078 in
both MJM and BHI at 37 oC was significantly higher (1.4-fold) than at 25 °C (p<0.0001) and
growth at 25 °C was significantly higher in both MJM (1.8-fold) and BHI (2.2- fold) than at 4 °C
(p<0.0001) (Figures 3.4, 3.5; Table 3.5). For ribotype 027, growth in both MJM and BHI at 37 °C
was significantly higher (1.5-fold and 1.4-fold) than at 25 °C (p<0.0001) and growth at 25 °C was
significantly higher in both MJM (1.3-fold) and BHI (1.3- fold) than at 4 °C (p<0.0001) (Figures
3.4, 3.5; Table 3.5). There was no significant growth in either medium at 4 °C. The growth rates
of both 078 and 027 ribotypes in MJM were significantly higher than in BHI (p<0.0001) (Figures
3.4, 3.5; Table 3.5). C. difficile ribotype 078 reached a higher final optical density after 10 h in
BHI (OD 0.95, 0.42; p<0.0001), and in MJM (OD 1.25, 0.41; p<0.0001) at 37 °C and 25 °C
respectively compared with ribotype 027 in BHI (OD 0.55, 0.19; p<0.0001), and in MJM (OD
0.42, 0.17; p<0.0001) at 37 °C and 25 °C respectively (Figures 3.4, 3.5). C. perfringens had a
higher OD600 when it was grown in MJM (1.42) at 37 °C (p<0.0001) and (1.16) at 25 °C
(p<0.0001) compared with C. difficile ribotypes 078 and 027 (Figure 3.4).
Growth of ribotype 078 and 027 isolates at 24 h is shown in Figure 3.6. There was
significantly better growth for both ribotypes 078 and 027 in MJM (OD 2.1, 0.82 respectively)
compared with BHI (OD 1.3, 0.61 respectively) at 37 °C (p<0.0001). There was significantly
better growth (p<0.0001) of ribotype 078 compared with ribotype 027 in both BHI and MJM. The
C. difficile isolates did not grow as well as C. perfringens. C. difficile ribotypes 078 and 027 could
grow at 25 °C after 24 h in both MJM and BHI (Figure 3.6), but growth was significantly lower
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(p<0.0001) than for C. perfringens. Growth of both ribotypes at 25 °C was significantly higher
(p<0.0001) in both MJM and BHI than at 4 °C (p<0.0001) (Figures 3.6) There was no significant
growth for both ribotypes in either medium at 4 °C (refrigeration temperature). The ability of C.
difficile ribotypes 078 and 027 to grow at 37 oC (normal human body temperature) and 25 °C
(typical ambient temperature) in food-related environments suggest that this bacterium has the
potential to be a food-borne bacterium, however, refrigeration temperatures (4 oC) can restrict their
growth.
Table 3. 4 Characteristics of C. difficile ribotype 078 and 027 isolates used in the growth,
germination and sporulation studies

Isolate ID
number

Source

Ribotype

Toxinotype

North American
Pulse types PFGE

CD 2

Clinical

027

A+B+CDT+

NAP 1

CD 3

Clinical

027

A+B+CDT+

NAP 1

CD 5A

Clinical

027

A+B+CDT+

NAP 1

CD 46

Clinical

027

A+B+CDT+

NAP 1

CD 902

Clinical

027

A+B+CDT+

NAP 1

CD 247

Clinical

078

A+B+CDT+

NAP 7

CD 649

Clinical

078

A+B+CDT+

NAP 7

CD 673

Clinical

078

A+B+CDT+

NAP 7

CD 887

Clinical

078

A+B+CDT+

NAP 7

81

*

CD 964

Clinical

078

A+B+CDT+

NAP 7

CD 971

Clinical

078

A+B+CDT+

NAP 7

CD 973

Clinical

078

A+B+CDT+

NAP 7

CD 975

Clinical

078

A+B+CDT+

NAP 7

CD PH4

Water

078

A+B+CDT+

NAP 7

CD PH5

Water

078

A+B+CDT+

NAP 7

CD PH3

Soil

078

A+B+CDT+

NAP 7

CD 38

Pig

078

A+B+CDT+

NAP 7

All isolates had genes for toxins A, B, and CDT
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Figure 3.4 The effects of temperature on the growth of C. difficile ribotypes 078 and 027 in Meat
Juice Medium (MJM). The symbols represent the means of triplicate experiments for the 12
ribotype 078 isolates and five ribotype 027 isolates with the error bars representing the 95%
confidence intervals. C. perfringens (CP) was used as a positive control. All isolates attained
significantly greater OD600 values at 37 °C (p<0.0001) than at 25 °C (p<0.0001). For all isolates,
there was no significant growth at 4 °C. At 37 °C and 25 °C, the ribotype 078 isolates significantly
more rapidly than did the ribotype 027 isolates. The data were analyzed by using the general linear
mixed model by using SAS PROC MIXED command, Ver. 9.3 (SAS Institute, Cary, NC).
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Figure 3.5 The effects of temperature on the growth of C. difficile of ribotypes 078 and 027 in
Brain Heart Infusion (BHI) medium. The symbols represent the means of triplicate experiments
for each of the 12 ribotype 078 isolates and five ribotype 027 isolates with the error bars
representing the 95% confidence intervals. C. perfringens (CP) was used as a positive control. All
isolates attained significantly greater OD600 values in BHI at 37 °C (p<0.0001) than at 25 °C
(p<0.0001). For all isolates, there was no significant growth at 4 °C. At 37 °C and 25 °C the
ribotype 078 isolates grew significantly more rapidly than did the ribotype 027 isolates. The data
were analyzed by using the general linear mixed model by using SAS PROC MIXED command,
Ver. 9.3 (SAS Institute, Cary, NC).
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Table 3.5 Comparison of the mean growth rates (OD/h) of C. difficile ribotypes 078 (CD 078),
027 (CD 027) and C. perfringens (CP) in BHI and MJM
CD 078

CD 027

CP

(37 °C)

(37 °C)

(37 °C)

BHI

0.27±0.13

0.19±0.1

0.29±0.09

MJM

0.30±0.2

0.19±0.1

0.31±0.02

CD 078

CD 027

CP

(25 °C)

(25 °C)

(25 °C)

BHI

0.20±0.06

0.14±0.02

0.30±0.15

MJM

0.22±0.1

0.13±0.02

0.32±0.12

CD 078

CD 027

CP

(4 °C)

(4 °C)

(4 °C)

BHI

0.09±0.01

0.11±0.01

0.13±0.02

MJM

0.12±0.1

0.10±0.01

0.14±0.02

Medium

Medium

Medium

*

Mean of three experiments ± standard error for 12 isolates of ribotype 078 and 5 isolates of
ribotype 027, growth rate was based on the first 10 h.
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M JM

BHI
4

4

CD 078

O D 600 nm - 24 h

3
O D 600 nm - 24 h

CD 078
3

CD 027
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2

CD 027
CP

2

1

1

0

0
37

25

37

4

25

4

Tem p

Tem p

Figure 3.6 Optical density (OD600) measurement for C. difficile ribotypes 078 and 027 in Brain Heart Infusion (BHI) broth and Meat
Juice Medium (MJM) following incubation at 37 °C (normal human body temperature), 25 °C (typical ambient temperature), and 4 °C
(refrigeration temperature) for 24 h and compared with C. perfringens as a positive control. The data are shown as means and 95%
confidence intervals for 12 ribotype 078 isolates and five ribotype 027 isolates. The data were analyzed by using the general linear
mixed model by using SAS PROC MIXED command, Ver. 9.3 (SAS Institute, Cary, NC).
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3.2.2 The effects of salt concentration and pH on the growth of C. difficile
The effect of salt concentration and pH on the growth of C. difficile, to our knowledge, is
not well characterized. In this study, a gradient plate method was used to determine the effect of
different pH values and salt concentration on the growth of C. difficile. Seventeen isolates from
our Southern Ontario C. difficile survey, as described in the previous section (Table 3.4), were
evaluated. The pH range for the gradient plates was from 4.0 to 9.0. The pH range for growth of
C. difficile ribotypes 078 and 027 isolates ranged between 5.6 and 9.0 (Table 3.6). Growth of a
representative C. difficile isolate on the gradient plate is presented in Figure 3.7. Growth on the
gradient plates was examined visually and the 078 and 027 ribotypes had reduced number and size
of colonies at the pH extremes (5.6 and 9.0) on the plate (Figure 3.7; Table 3.6). Thirteen of the
C. difficile isolates grew at a lower pH threshold of about 6.2. There was a slight difference in the
ability of C. difficile ribotypes 078 and 027 to grow at different pH values: for the 078 ribotype
the range was 5.6 to 8.5 and for ribotype 027 the range was 6.0 to at least 9.0 (Table 3.6). The C.
perfringens strain grew between pH 5.5 and 7.5 (Table 3.6). The range of KCl concentrations
tested in the gradient plates was 3 to 9% (Table 3.6). The growth of all C. difficile isolates was
inhibited at 8% w/v KCl, while C. perfringens was inhibited at 6 % w/v KCl. In summary, the 078
and 027 C. difficile isolates were capable of growth over a wide range of pH values (about 5.6 –
9.0) and high KCl concentration, compared to C. perfringens, this suggests that it may be difficult
to use pH and/or KCl as control methods for growth of C. difficile in foods and the environment.
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Table 3.6 The effects of pH and KCl concentration on the growth of C. difficile 027 and 078
ribotypes isolated from Southern Ontario
Isolates

Ribotype

Source

pH range

Growth inhibition
in KCl (w/v)

CD 649

078

Clinical

6.2–8.5

8%

CD 973

078

Clinical

6.2–8.0

8%

CD PH3

078

Soil

6.5–8.0

8%

CD 247

078

Clinical

6.3–8.5

8%

CD PH5

078

Water

6.0–8.5

8%

CD 673

078

Clinical

6.2–8.5

8%

CD 38

078

Pig

6.4-7.3

8%

CD 971

078

Clinical

6.5–8.5

8%

CD 887

078

Clinical

6.7–8.0

8%

CD PH 4

078

Water

6.5–8.0

8%

CD 975

078

Clinical

5.6–8.5

8%

CD 964

078

Clinical

6.6–8.5

8%

CD 46

027

Clinical

6.5–9.0*

8%

CD 901

027

Clinical

6.0–9.0*

8%

CD 2

027

Clinical

6.0–8.5

8%
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CD 3

027

Clinical

6.5–8.5

8%

CD 5A

027

Clinical

6.4–9.0*

8%

CP type A

C. perfringens

Pathobiology/
OVC/ Guelph

5.5–7.5

6%

*This was the maximum value that was tested.

Figure 3.7 A representative pH gradient plate (pH 4.0 to 9.0) prepared with BHI agar showing the
growth of C. difficile ribotype 027 (CD 901, source: human clinical isolate). Growth occurred over
the range of pH 6.0 to 9.0, with the red line indicating the acidic pH threshold at which growth
was inhibited for this isolate.
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3.2.3 The effects of germinant agents on spore germination of C. difficile ribotypes 078 and
027.
Germination of C. difficile spores is essential for the spread of the microbe in animals, the
environment, foods, and the intestine of humans. Understanding which germinant agents enhance
germination may lead to new methods to either prevent spore germination to inhibit the production
of infective vegetative cells or promote germination to facilitate killing of the less resistant
vegetative cells. As such, the effects of several food-related substances such as MJM and FJM on
the germination of C. difficile spores of ribotypes 078 and 027 (Table 3.4) were evaluated. These
were compared to other standard germinating agents such as AFGK, AAFGK, and bile salt.
Germination was measured spectrophotometrically by following the decrease in absorbance at 600
nm. Seventeen C. difficile isolates (12 isolates of ribotype 078 and 5 isolates of ribotype 027) and
one C. perfringens isolate were used to monitor the germination of spores exposed to various
germinating agents (Table 3.7). All the germinants used in this study showed the ability to induce
germination in the 12 isolates of ribotype 078 (Figures 3.8 to 3.12; Table 3.7). All the germinants
except MJM induced germination in the 5 isolates of ribotype 027. C. difficile isolates of both
ribotypes germinated in the absence of bile salts with and without heat activation. For ribotype
078, MJM gave the most rapid germination and highest rate of germination both with and without
heat activation, compared to the other germinants tested and to ribotype 027 and C. perfringens
(Table 3.7). Heat activation at 65 °C for 30 min increased the rate of spore germination of 078
when incubated with AFGK, AAFGK, MJM, and BS (Figures 3.8, 3.9, 3.10, 3.12; Table 3.7).
Germination of ribotype 078 spores incubated with MJM started after 2 min and the OD continued
to decrease until the end of the test (12 min) (Figure 3.10). Ribotype 027 spores could germinate
in AFGK, AAFGK, FJM, and BS (Figures 3.8, 3.9, 3.11 and 3.12). The germination rate was
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significantly lower (p<0.001) for ribotype 027 isolates compared with ribotype 078 isolates in all
agents except FJM with heating, in which it was higher than 078 (Table 3.7). Heat activation of
ribotype 027 isolates enhanced germination with AFGK, AAFGK, FJM and BS germinants but
not with MJM, in which germination did not occur (Figures 3.8 to 3.12; Table 3.7). BS enhanced
spore germination for all bacteria with and without heat activation, but the germination rate was
higher with heat (Figure 3.12). BS induced spore germination after 2 min of incubation and the
OD continued to decrease until the end of the incubation (12 min) (Figure 3.12). An important
finding in this study are: the first one was the identification of several agents (AFGK, AAFGK,
MJM, and FJM) that enhanced spore germination of 078 and 027 ribotypes of C. difficile without
addition of bile salt. A second important finding is that C. difficile ribotypes 078 and 027 could
germinate in food related environments. Athird finding that 027 and 078 were affected
differentially in meat and fish based extracts where 027 was not able to germinate by meat extracts.
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Table 3.7 Spore germination rates of C. difficile ribotypes 078 and 027 and C. perfringens in
response to five germinant agents
Isolate
Mean (±SEM) germination rate (OD units/min)

AAFGK

CD 078

CD 027

CP

AFGK

MJM

FJM

BS

+ Heat

-Heat

+ Heat

- Heat

+ Heat

- Heat

+Heat - Heat

+ Heat - Heat

0.73

0.71

0.69

0.42

0.86

0.77

0.50

0.53

0.64

0.52

±0.02

±0.03

±0.01

±0.02

±0.01

±0.01

±0.01

±0.01

±0.03

±0.02

0.71

0.52

0.27

0.19

0.55

0.49

0.57

0.49

±0.01

±0.01

±0.01

±0.02

No
No
loss in loss in
OD
OD

±0.02

±0.02

±0.07

±0.08

0.77

0.59

0.67

0.76

0.20

0.18

0.45

0.55

0.56

0.53

±0.02

±0.02

±0.02

±0.01

±0.01

±0.01

±0.03

±0.01

±0.02

±0.01

SEM= Standard error of the mean (3 replicates), + Heat indicates the spore suspension was heated
at 65 °C for 30 min. CD 078 (n=12), CD 027 (n=5), CP (C. perfringens), AAFGK (L- asparagine,
L-alanine, D-fructose, D-glucose, KCl), AFGK (L-asparagine, D-fructose, D-glucose, and KCl),
MJM (Meat Juice Medium), FJM (Fish Juice Medium), BS (bile salt) in phosphate buffer saline.
The corresponding negative controls (spores suspended in water) for each spore type showed no
change in OD600.
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Figure 3.8 Germination of C. difficile spore suspensions incubated with AFGK (L-asparagine, Dfructose, D-glucose, and KCl) was monitored spectrophotometrically at 600 nm by measuring the
fall in optical density at different time points (0, 2, 4, 6, 8, 10, and 12 min) and plotted against
time. Twelve ribotype 078 isolates (green symbols) and five ribotype 027 isolates (red symbols)
were evaluated, the symbols and error bars represent the means and standard errors of the means
of three independent replicates. C. perfringens was used as a positive control (blue symbols).
Purified spore suspensions of C. difficile and C. perfringens were either unheated (- H) or heated
(+ H) at 65 °C for 30 min and then incubated with the germinant agent. Symbols are as follows:
(●) Heated C. difﬁcile ribotype 078 spores, (■) unheated C. difficile ribotype 078 spores, (□) heated
C. difficile ribotype 027 spores, (∆) unheated C. difficile ribotype 027 spores, (◊) heated C.
perfringens spores, (○) unheated C. perfringens spores.
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Figure 3.9 Germination of C. difficile spore suspensions incubated with AAFGK (L-asparagine,
D-fructose, D-glucose, and KCl) was monitored spectrophotometrically at 600 nm by measuring
the fall in optical density at different time points (0, 2, 4, 6, 8, 10, and 12 min) and plotted against
time. Twelve ribotype 078 isolates (green symbols) and five ribotype 027 isolates (red symbols)
were evaluated, the symbols and error bars represent the means and standard errors of the means
of three independent replicates. C. perfringens was used as a positive control (blue symbols).
Purified spore suspensions of C. difficile and C. perfringens were either unheated (- H) or heated
(+ H) at 65 °C for 30 min and then incubated with the germinant agent. Symbols are as follows:
(●) Heated C. difﬁcile ribotype 078 spores, (■) unheated C. difficile ribotype 078 spores, (□) heated
C. difficile ribotype 027 spores, (∆) unheated C. difficile ribotype 027 spores, (◊) heated C.
perfringens spores, (○) unheated C. perfringens spores.
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Figure 3. 10 Germination of C. difficile spore suspensions incubated with MJM was monitored
spectrophotometrically at 600 nm by measuring the fall in optical density at different time points
(0, 2, 4, 6, 8, 10, and 12 min) and plotted against time. Twelve ribotype 078 isolates (green
symbols) and five ribotype 027 isolates (red symbols) were evaluated, the symbols and error bars
represent the means and standard errors of the means of three independent replicates. C.
perfringens was used as a positive control (blue symbols). Purified spore suspensions of C. difficile
and C. perfringens were either unheated (- H) or heated (+ H) at 65 °C for 30 min and then
incubated with the germinant agent. Symbols are as follows: (●) Heated C. difﬁcile ribotype 078
spores, (■) unheated C. difficile ribotype 078 spores, (□) heated C. difficile ribotype 027 spores,
(∆) unheated C. difficile ribotype 027 spores, (◊) heated C. perfringens spores, (○) unheated C.
perfringens spores.
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Figure 3.11 Germination of C. difficile spore suspensions incubated with FJM was monitored
spectrophotometrically at 600 nm by measuring the fall in optical density at different time points
(0, 2, 4, 6, 8, 10, and 12 min) and plotted against time. Twelve ribotype 078 isolates (green
symbols) and five ribotype 027 isolates (red symbols) were evaluated, the symbols and error bars
represent the means and standard errors of the means of three independent replicates. C.
perfringens was used as a positive control (blue symbols). Purified spore suspensions of C. difficile
and C. perfringens were either unheated (- H) or heated (+ H) at 65 °C for 30 min and then
incubated with the germinant agent. Symbols are as follows: (●) Heated C. difﬁcile ribotype 078
spores, (■) unheated C. difficile ribotype 078 spores, (□) heated C. difficile ribotype 027 spores,
(∆) unheated C. difficile ribotype 027 spores, (◊) heated C. perfringens spores, (○) unheated C.
perfringens spores.
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Figure 3.12 Germination of C. difficile spore suspensions incubated with bile salt % (BS) was
monitored spectrophotometrically at 600 nm by measuring the fall in optical density at different
time points (0, 2, 4, 6, 8, 10, and 12 min) and plotted against time. Twelve ribotype 078 isolates
(green symbols) and five ribotype 027 isolates (red symbols) were evaluated, the symbols and
error bars represent the means and standard errors of the means of three independent replicates. C.
perfringens was used as a positive control (blue symbols). Purified spore suspensions of C. difficile
and C. perfringens were either unheated (- H) or heated (+ H) at 65 °C for 30 min and then
incubated with the germinant agent. Symbols are as follows: (●) Heated C. difﬁcile ribotype 078
spores, (■) unheated C. difficile ribotype 078 spores, (□) heated C. difficile ribotype 027 spores,
(∆) unheated C. difficile ribotype 027 spores, (◊) heated C. perfringens spores, (○) unheated C.
perfringens spores.
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3.2.4 Effect of MJM and FJM on C. difficile sporulation
This study compared the sporulation rates of ribotypes 078 and 027 in BHI, a commonly
used medium, to the rates in MJM and FJM, to examine the ability of C. difficile to sporulate in
food related environments such as meat and fish. The isolates of both ribotypes were the same as
those used in the previous studies examining growth, pH, salt and germination (Table 3.4).
C. difficile ribotype 078 had a high sporulation yield in both FJM (90%) and MJM (80%),
but the yield in FJM was significantly higher than in MJM (Table 3.8). The pattern for C. difficile
ribotype 027 was different. The yield of spores was high in MJM (91%) and significantly lower in
FJM (67%). C. difficile ribotype 027 also sporulated well in BHI (80%). C. perfringens had high
sporulation yields in both MJM (87%) and FJM (91%) and significantly lower yields in BHI
(58%).
The results of this study show that toxigenic C. difficile ribotypes 078 and 027 had high
sporulation rates in food products, such as meat and fish, indicating that these organisms may
survive for long times in contaminated meat and fish. Sporulation in FJM was less effective with
ribotype 027 compared with ribotype 078 isolates (Table 3.8). The ability of C. difficile to sporulate
in meat and fish media is an additional property that would serve the organism well as a foodborne
pathogen.
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Table 3.8 Sporulation yield for C. difficile ribotypes 078 and 027 in BHI, MJM and FJM
Medium

Ribotype

Total CFU/ml

Spore
CFU/ml

Sporulation Yield
(%) ± standard errors

BHI

CD 078
TNTC
TNTC
ND
CD 027
2.5*108
2*108
80±0.02
8
8
CP
1.9*10
1.11*10
58±0.04
MJM
CD 078
5.75*107
4.6*107
80±0.05
6
6
CD 027
4.8*10
4.4*10
91±0.05
CP
10.6*107
9.3*107
87±0.3
7
7
FJM
078
4.2*10
3.8*10
90±0.04
027
5.5*107
3.7*107
67±0.06
7
7
CP
9.5*10
8.7*10
91±0.03
TNTC - Too numerous to count, Total - cells + spores, Spores - without vegetative cells. ND –
Not determined. Data represent means of triplicate experiments. The maximum number of
detectable CFU/ml in this study was 2.5*108 CFU/ml and the value of sporulation yield for C.
difficile ribotypes 078 in BHI could not be determined as the values for total and spore CFU/ml
were > than 2.5*108 CFU/ml.
3.3 Interactions between L. helveticus R0052 (LH) and P. acidilactici R1001 (PA) and C.
difficile isolates
3.3.1 Selection of C. difficile isolates for use in probiotic interaction studies
This study examined the in vitro inhibitory activity of probiotic strains L. helveticus
R0052 and P. acidilactici R1001 against C. difficile ribotypes 027 and 078 isolates from
different sources in Southern Ontario. Figure 3.13 shows PFGE profiles of the seven C.
difficile isolates selected for the probiotic interaction studies, indicating they are all
genetically different representing ribotypes 027 and 078. The two ribotype 027 isolates
(CD978 and 16) were from human patients in different Southern Ontario hospitals. The
other five were ribotype 078 isolates from human (CD744), bovine (CD729), porcine
(CD634), equine (CD874), and soil (CD963) sources in Southern Ontario.
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Figure 3.13 PFGE patterns and toxinotypes for the five ribotype 078 and two ribotype 027
isolates selected for the interaction studies with probiotic microorganisms.
3.3.2 Co-culture experiments
Initial tests compared the growth of each of the various C. difficile isolates in coculture with each probiotic strain to evaluate any direct impacts these microorganisms may have
on one another. To differentiate the growth characteristics of the bacteria in the co-culture tests,
CDMN and MRS plates were utilized to selectively enumerate the C. difficile isolates and probiotic
strains, respectively. In addition, the pH of the cultures was monitored, as probiotics are known to
excrete organic acids that acidify their environment. The data from the co-culture experiments are
presented in figures 3.14 - 3.17 which show the means and standard errors of the log CFU/ml and
pH of the broth cultures for each of the C. difficile isolates alone and in co-culture with L. heveticus
R0052 or P. acidilactici R1001.
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3.3.2.1 Effects of probiotic strains on C. difficile isolates
Overall, LH and PA inhibited the growth of six of the seven C. difficile isolates during coculture compared to culturing the C. difficile isolates alone, further LH reduced the C. difficile cell
densities to a greater extent than PA (Figures 3.14 - 3.17). PA and LH failed to inhibit the growth
of a common C. difficile isolate, CD 16 (Figure 3.16 A, B), one of two 027 ribotypes tested. Table
3.9 summarizes the changes in cell density of the seven C. difficile isolates co-cultured with the
probiotic strains. All statistical analyses which showed a significant difference were at p<0.001.
C. difficile isolates CD 634, CD 744, CD 729, CD 874, CD 963, and CD 978, were observed
to increase in cell densities by about 1-log to 2-log from 0 to 6 h when co-cultured with one or
both probiotic strains. This was similar to the increase in cell density observed for the C. difficile
isolates grown without the probiotics, this indicates that the initial growth was not impacted in
most cases with co-culturing. Then, at 12 h, 24, and 48 h time points the isolates CD 634, CD 744,
CD 729, and CD 978 were observed to have significant decreases in their cell densities when cocultured with one or both probiotic strains, compared to their growth in the absence of the probiotic
strains (Figures 3.14 to 3.17). In contrast, the cell densities of CD 874 with LH (Figure 3.14 C)
and CD 963 with PA (Figure 3.15 B) both started to decrease earlier at 6 h into the co-culture with
probiotics. There was an increase of about 2-log from 0h to 6h, following that the decrease was
observed. There was an increase of about 2-log from 0h to 6h, following that the decrease was
observed The decrease started during the exponential phase at 6–12 h, and continued during the
stationary phase at 24 h and the decline phase at 48 h. compared to the monoculture of C. difficile.
The CFU/ml of C. difficile ribotype 078 strain CD 634, isolated from a pig, was the most
inhibited when co-cultured with LH (Figure 3.15 C) relative to the 6 other C. difficile isolates. The
CFU/ml were significantly lower at 12 h, 24 h and 48 h compared to the monoculture. Following
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an initial 2-log increase at 6h, after which there was a 2-log reduction in cell concentration after
12 h and 2-log after 24 h of incubation with LH, and there was 1-log reduction in cell concentration
between 24 and 48 h (Figure 3.15 C). There was a 2-log reduction in the growth of CD 634 after
48 h co-culture with PA compared to the mono-culture of CD 634 (Figure 3.15 D).
The number of CFU/ml of C. difficile ribotype 078 strain CD 744 isolated from human
(Figure 3.14 A) was significantly reduced in co-culture with LH by 2-log in the exponential phase
(12 h), 2-log at stationary phase (24 h), and 1-log at the decline phase (48 h) compared to the
monoculture of strain CD 744. In contrast, the number of CFUs of strain CD744 was significantly
greater in co-culture with PA (Figure 3.14 B) by the beginning of the exponential phase (6-24 h)
compared with the co-culture of strain CD744 with LH. This suggests that LH affected CD 744
more than PA.
The CFU/ml of C. difficile ribotype 078 strain CD 874 isolated from a horse was
significantly lower with LH at all timepoints compared with CD 874 in the absence of LH (Figure
3.14 C). There were reductions in cell density of 2-log at 6 h, 2-log at 12 h, 3-log at 24 h, and 1log at 48 h of incubation with LH. For strain CD 874 co-cultured with PA (Figure 3.14 D), the
number of CFU/ml was significantly reduced, by 2-log at 12 h, 1-log at 24 h, and 1-log at 48 h
compared to the mono-culture of strain CD 874.
The CFU/ml of ribotype 078 strain CD 963 isolated from an environment source (water)
(Figure 3.15 A) was significantly lower in co-culture with LH by 1-log at the end of the exponential
phase (12 h), 2-log at the stationary phase (24 h) and 2-log at the decline phase 48 h) compared to
the monoculture of strain CD 963. There was a 1-log reduction in the growth of CD 963 at 6 h, 2log at 12 h, and 1-log at 24 h of co-culture with PA compared to the mono- culture of CD (Figure
3.15 B).
102

The CFU/ml of C. difficile ribotype 078 strain CD 729 isolated from cattle was reduced
by 1-log when co-cultured with LH compared to the monoculture of strain CD729 (Figure 3.17
A). The CFU/ml was significantly lower by 1-log at 12 h, 24 h, and 48 h when co-cultured with
PA compared to the monoculture of strain CD 729 (Figure 3.17 B). For the two 027 ribotype
strains, one strain (CD 16) was not affected by co-culture with either of the two probiotic strains
(LH and PA) (Figure 3.16 A, B). For the other 027 ribotype strain (CD 978), the CFU/ml was
significantly lower by 2-log at 12 h and 24 h and by 1-log at 48 h when co-cultured with LH
compared to monoculture of strain CD 978 (Figure 3.16 C). There was a 2-log reduction at 24 h
and 1-log reduction at 48 h in the CFU/ml of strain CD 978 when co-cultured with PA compared
to the monoculture of CD 978 (Figure 3.16 D).
To confirm the C. difficile cultures remained as vegetative cells to the end of the co-culture
tests, spore tests for two isolates, CD 744 and CD 634, were conducted at the end of the co-culture
tests. CD 634 was chosen because its growth was most severely affected by LH, but not affected
by PA (Figure 3.15 D); CD 744 was chosen because there was no reduction in its growth when it
was co-cultured with PA (Figure 3.14 B). The lack of reduction of these C. difficile isolates in coculture may have resulted from a high rate of spore formation. Following the 48h incubation of
the co-cultures, samples for both isolates were taken and heat shocked (65 oC for 30 min), serially
diluted then cultured on CDMN plates. The spore tests detected no spores, suggesting the lack of
reduction in growth of CD634 or CD 744 cultured with PA was due to the physiology of the
vegetative C. difficile cells rather than the protective effect of their spores.
3.3.2.2 Effects of C. difficile isolates on probiotic strains
Three isolates of C. difficile ribotypes 078 (CD 874, CD 963, CD729) and one isolate of
027 (CD 978) had the highest negative impact on the growth of both probiotic strains in the co103

culture studies (Figure 3.14 to 3.17; Table 3.9). CD 744 appeared to negatively impact the growth
of PA probiotic strain (Figure 3.14 B; Table 3.9) when these microorganisms were co-cultured,
while CD 634 (Figure 3.15 C, D) and CD16 (Figure 3.16 A, B) did not impact the growth of the
probiotic strains when these microorganisms were co-cultured (Table 3.9).
The cell concentrations of PA and LH (Figure 3.14 C, D) were lower when they were cocultured with CD 874 at 12 h (2-log), 24 h (2-log), and 48 h (2-log) compared with their cell
densities in the absence of CD 874. The CFU/ml of PA and LH (Figure 3.15 A, B) were
significantly lower when they were co-cultured with CD 963 at 12 h (2-log), 24 h (2-log), and 48
h (2-log), compared with when they were cultured in the absence of CD 963. The CFU/ml of PA
and LH were significantly lower when they were co-cultured with CD 978, for LH at 6 h (2-log),
12 h (1-log), 24 h (1-log), and 48 h (2-log), and for PA at 6 h (2-log), 12 h (2-log), 24 h (1-log),
and 48 h (1-log) compared with their growth in the absence of CD 978 (Figure 3.16 C, D). The
CFU/ml of PA and LH were significantly lower when they were co-cultured with CD 729 at 12 h
(2-log), 24 h (1-log), and 48 h (2-log) and for PA 12 h (1-log), 24 h (1-log), and 48 h (0.5-log),
compared with culture in the absence of CD 729 (Figure 3.17 A, B).
3.3.2.3 Change in pH during C. difficile co-culture with the probiotic strains.
One of the aims of this study was to monitor the change in pH during C. difficile co-culture
with the probiotic strains to determine whether reduction in the growth of C. difficile was correlated
with reduction in pH of the culture. This was important to assess in these studies since acidity has
been shown to impact the growth of C. difficile (Scaria et al., 2015). The pH decreased significantly
(p<0.0001) for all the isolates in this study at 6, 12, 24, and 48 h in monoculture and co-culture.
For all the tests the pH was approximately 6.5 at 0 h and following incubation for 48 h, the pH of
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the co-culture samples was approximately 4.7 and for the C. difficile monocultures the pH was 5.6
(Figures 3.14 to 3.17). Our results showed that C. difficile isolates could grow in wide range of pH
6.5 to 4.7 for mono and co-culture with probiotic organisms.
Table 3.9 Summary of changes in cell density of C. difficile, L. helveticus R5002, P.
acidolactici R1001 in co-culture and the reduction in log cfu/ml after 24 h.
CD
Growth of CD coStrain cultured with LH

Growth of CD cocultured with PA

Growth of LH
Growth of PA coco-cultured with cultured with CD
CD

744

Reduced (1-log)

Unchanged

Unchanged

874

Reduced) 1-log)

Reduced (1-log)

Reduced (2-log) Reduced (2-log)

963

Reduced (2-log)

Reduced (1-log)

Reduced (2-log) Reduced (2-log)

978

Reduced (4-log)

Reduced (1-log)

Reduced (2-log) Reduced(1-log)

634

Reduced (1-log)

Reduced (1-log)

Unchanged

Unchanged

16

Unchanged

Unchanged

Unchanged

Unchanged

729

Reduced

Reduced (1-log)

Reduced (1-log) Reduced (1-log)

Unchanged

CD = C. difficile, LH = L. helveticus, PA = P. acidolactici, 24 h (Initial stationary phase of
bacterial
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Figure 3.14 Interaction studies of C. difficile 744 and 874 with L. heveticus R0052 (LH) or P. acidilactici R1001 (PA). The data are the
means and standard errors of the log CFU/ml and pH of three replicate experiments. Solid lines represent monoculture assays for C.
difficile and the two probiotics, while the dotted lines represent the co-culture assays. The red symbols represent the CFU/ml data, as
follows: ■ CD cultured alone, ♦ LH cultured alone, ▾ PA cultured alone, ▲ CD co-cultured with a probiotic, ● LH or PA co- cultured
withCD. The blue symbols represent the pH data, as follows: ■ CD alone, ♦ LH alone, ⌂ co-culture of CD and LH, ▾ PA alone, ⊗ coculture of CD and PA.
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Figure 3.15 Interaction studies of C. difficile 963 and 634 with L. heveticus R0052 (LH) or P. acidilactici R1001 (PA). The data are
the means and standard errors of the log CFU/ml and pH of three replicate experiments. Solid lines represent monoculture assays for C.
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Figure 3.16 Interaction studies of C. difficile 16 and 978 with L. heveticus R0052 (LH) or P. acidilactici R1001 (PA). The data are the
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Figure 3.17 Interaction studies of C. difficile 729 with L. heveticus R0052 (LH) or P. acidilactici R1001 (PA). The data are the means
and standard errors of the log CFU/ml and pH of three replicate experiments. Solid lines represent monoculture assays for C. difficile
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of CD and PA.
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3.3.3 Evaluating the effect of cell-free culture supernatants of L. helveticus R0052 and P.
acidilactici R1001 on the growth of 027 and 078 C. difficile isolates
In the previous experiments the probiotic cultures were shown to inhibit the growth of
several C. difficile strains in co-culture. Experiments were therefore conducted to determine
whether the inhibitory activity could be detected in the culture supernatant of the probiotic strains.
Cell-free culture supernatants (CFSs) from L. helveticus R0052 (LH) and P. acidilactici R1001
(PA) were prepared based upon preliminary experiments that showed a reduction in the cell
densities of C. difficile isolates co-cultured anaerobically with probiotic bacteria. The reduction in
cell densities for most of C. difficile isolates started at the 12 h time point; for strains CD 874 with
LH (Figures 3.14, C) and CD 963 with PA (Figures 3.15 B), the decrease began within 6 h of coculturing with probiotics.
The seven C. difficile isolates, when cultivated with L. heveticus R0052 (LH) or P.
acidilactici R1001 (PA) cell-free culture supernatants (CFSs) showed variable impacts on the
growth of the C. difficile isolates (Figures 3.18, 3.19). Isolates CD 634, CD 963, CD 978, and CD
874 had their growth most negatively affected due to the probiotic CFS, while there was little
effect on CD 744. There was no impact of the CFSs on the growth of C. difficile CD 16 (Figure
3.18 C) and CD 729 (Figure 3.19 C). All significant differences were significant at p<0.001 unless
otherwise indicated. Table 3.10 summarizes the changes in cell density of C. difficile isolates when
cultivated with the probiotic CFSs. LH reduced the cell density of five isolates of C. difficile (CD
634, CD 874, CD 963, CD 978, and CD 744) and PA reduced the cell density of four isolates (CD
874, CD 963, CD 978, and CD 744) of C. difficile (Figures 3.18 and 3.19).
The cell concentration of C. difficile ribotype 078 isolate CD 634 (isolated from pig, Figure
3.18 A) was most affected in the co-culture studies and it was also most affected with respect to
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the effects of probiotic CFSs. When grown in LH CFS there was a 4-log reduction in cell
concentration during the period 12 to 24 h of incubation, and a further reduction of 1-log between
24 and 48 h, similar to the reductions in cell density observed when CD 634 was co-cultured with
LH. There was no effect on the growth of CD 634 when cultivated with the PA CFS (Figure 3.18
A).
For isolate CD 963 (Figure 3.18 B), the cell density was significantly lower at 24 h and 48
h in the presence of CFS from either LH or PA. This was observed as a 1-log reduction between
12 h and 24 h of incubation, after which the cell concentration stabilized between 24 to 48 h. There
was no effect on the CFU/ml of the CFS of CD 16 during co-cultivation with LH and PA (Figure
3.18 C). For isolate CD 744 (Figure 3.18 D) there was a lower CFU/ml at 48 h (1-log) of cultivation
with the CFS of LH or PA.
The cell densities of isolates CD 978 (Figure 3.19 A) and CD 874 (Figure 3.19 B) were
significantly lower in the presence of the CFSs of LH and PA after different time points of
cultivation, 6 h, 12 h, 24 h, and 48 h. For isolates CD 978 and CD 874 there was a 2-log reduction
in cell concentration between 12 and 24 h of incubation. There was no effect of the LH or PA CFS
on the growth of CD 729 (Figure 3.19 C). Because a failure of the CFS to inhibit C. difficile growth
could have been due to spore formation by these isolates, one of the resistant isolates (CD 729)
was selected for further investigation (Figure 3.19 C). Samples of the 48 h broth cultures of CD
729 with LH or PA CFS were heat shocked (65 oC for 30 min), then dilutions were cultured on
CDMN plates. The spore tests detected no spores, suggesting the lack of reduction in growth of
CD 729 cultured with either PA or LH CFS was due to the physiology of the vegetative C. difficile
cells rather than the protective effect of their spores.
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3.3.3.1 Changes in pH during C. difficile cultivation with the CFSs of probiotic strains.
One of the aims of this study was to monitor the pH of the broth culture of C. difficile
cultivated with the CFSs of probiotics to determine whether reduction in the growth of C. difficile
was correlated with reduction in pH of the culture. A reduction in pH was observed in the coculture experiments, with the largest reduction in pH observed at the 12 h time point. That was
one reason for examining the pH of CFSs of probiotics at different time points (0, 6, 12, 24, 48 h)
to determine whether reduction in the growth of C. difficile was correlated with reduction in pH of
the culture. The pH decreased significantly for all C. difficile isolates with and without CFS at the
various time points.
The measurement of pH was important to assess the effect of acidity on inhibition of the
growth of C. difficile when cultivated with CFSs of the probiotic bacteria. For all the tests the pH
was approximately 6.2 to 6.8 at 0 h. The pH started to decrease after 6 h (pH of 5.2) of cultivation,
and reached the lowest levels after 48 h (4.5). Following 48 h of incubation the pH for the C.
difficile positive samples was approximately 5.3 and C. difficile isolates in mono and cultivation
could grow in low pH (Figures 3.18, 3.19). The pH was significantly (p<0.0001) reduced for all
the isolates in this study at 6, 12, 24, and 48 when cultivated with probiotic CFSs.
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Figure 3.18 Changes in the log CFU/ml and culture media pH for C. difficile 078 isolates CD 634 (A), CD 963 (B), CD 744 (D) and
027 isolate CD 16 (C) cultured in cell-free culture supernatants (CFS) of L. helveticus R0052 (LH) or P. acidilactici R1001 over 48 h.
The data are presented as means of three replicate experiments and the error bars are standard errors of the mean. Solid lines represent
assays conducted in RC broth (in the absence of the probiotic CFS), while the dotted lines represent assays conducted in L. helveticus
R0052 (LH) or P. acidilactici R1001 (PA) CFS. The red symbols represent the CFU/ml data, as follows: ■ CD cultured in RC broth, ♦
CD cultured with PA-CFS, ▾ CD cultured with LH-CFS. The blue symbols represent pH data, as follows: ■ CD cultured in RC broth,
♦ CD cultured with PA-CFS, ▾ CD cultured with LH-CFS.
113

B

A

C D 874

C D 978
10

10

6

4

4

pH
6

0

6

12

18

24

30

36

42

48

54

8

8

6

6

4

4
0

60

6

12

18

24

30

36

42

48

54

L o g c fu /m l

8

L o g c fu /m l

8

10

pH

10

60

T im e (h )

T im e (h )

C

C D 729

10

10

6

6

4

4

pH

8

0

6

12

18

24

30

36

42

48

54

L o g c fu /m l

8

60

T im e (h )

Figure 3.19 Changes in the log CFU/ml and culture media pH for C. difficile 027 isolate CD 978, 078 isolate CD 874 and 078 isolate
CD 729 cultured in cell-free culture supernatants (CFS) of L. helveticus R0052 (LH) or P. acidilactici R1001 (PA) over 48 h. The data
are presented as means of triplicate experiments and the error bars are standard errors of the mean. Solid lines represent assays conducted
in RC broth (in the absence of the probiotic CFS), while the dotted lines represent assays conducted in L. helveticus R0052 (LH) or P.
acidilactici R1001 (PA) CFS. The red symbols represent the CFU/ml data, as follows: ■ CD cultured in RC broth, ♦ CD cultured with
PA-CFS, ▾ CD cultured with LH-CFS. The blue symbols represent pH data, as follows: ■ CD cultured in RC broth, ♦ CD cultured with
PA-CFS, ▾ CD cultured with LH-CFS.
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Table 3.10 Summary of changes in growth of C. difficile in the presence of cell-free culture
supernatant of L. helveticus R5002 and P. acidolactici R1001 and the reduction in log cfu/ml
after 24 h.
CD strains

Growth of CD in the
presence of PA CFS

Growth of CD in the
presence of LH CFS

744

Reduced (1-log)

Reduced (1-log)

874

Reduced (2-log)

Reduced (2-log)

963

Reduced (1-log)

Reduced (1-log)

978

Reduced (2-log)

Reduced 2-log)

634

Unchanged

Reduced (4-log)

16

Unchanged

Unchanged

729

Unchanged

Unchanged

*CD = C. difficile, LH = L. helveticus, PA = P. acidolactici, CFS = cell-free culture supernatant,
24 h (Initial stationary phase of bacterial growth).
3.3.4 Growth of C. difficile in Reinforced Clostridial medium and Brain Heart Infusion
broth in acidic conditions.
This experiment was conducted to determine whether the inhibitory effect on C. difficile
growth observed in co-culture with CFSs could have been due in whole or in part to the acidic pH
in RC medium or to other metabolic factors. C. difficile spores are known to be resistant to gastric
acids as they pass through the stomach to the intestine, where they are able to start a vegetative
life cycle (Scaria et al., 2015; Villarreal et al., 2013). In the present study, we showed that the
vegetative cells of C. difficile are also resistant to acid when they were grown in RC broth (see
115

sections 3.3.2 and 3.3.3), although they were acid susceptible in BHI agar on gradient plates (see
section 3.2.2). C. difficile strain CD 634 was chosen for this study because it was the strain
inhibited to the greatest extent (a 4log reduction) in the co-culture and CFS experiments described
previously. BHI was used as another medium for comparative purposes as it was used in the
gradient plate assays (see section 3.2. 2) and the results showed that C. difficile isolates were not
able to grow below pH 6 on BHI agar. As well, CD 634 was not one of the group of isolates
initially evaluated by gradient plate assay.
CD 634 cell concentration increased significantly (p<0.0001) in RC broth at pH 6.3 ± 0.2
(the standard pH for this medium) from about 10 6 CFU/ml to 108 CFU/ml after 24 h. In RC broth,
there was approximately equal growth for CD 634 across all tested pH values (initial pH values
ranging from 6.3 to 4.5) (Figure 3.20 A). In BHI broth (the standard pH for this medium is 7.4 ±
0.2), there were significant differences in cell growth at different initial pH values; at pH 7.5 the
bacterial concentration increased 2-log after 24 h, which was significantly greater (p<0.0001) than
at pH 6.3 (no increase in growth). Further, as the initial pH was adjusted to more acidic values (5.0
and 4.5), the cell concentration decreased to approximately 10 1 CFU/ml after 24 h, indicating no
growth occurred at these pH values (Figure 3.20 B). The results of these studies indicate that C.
difficile CD 634 could grow well at acidic pH as low as 4.5 in RC medium (Figure 3.20 A) although
it failed to grow at pH 6.3 and more acidic pHs in B
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Figure 3.20 The effect of initial pH on the growth of C. difficile 078 isolate CD 634 in Reinforced Clostridial (RC) (panel A) and Brain
Heart Infusion (BHI) broths (panel B). The results are shown as means and standard errors for the CFU/ml on CDMN agar and pH from
three independent replicated experiments. The pattern of growth in RC (panel A) was the same for all pH values and the extent of growth
decreased 0.5log only for cultures initiated at pH 4.5. The pattern of growth in BHI is different (panel B), the CFU/ml of C. difficile CD
634 was significantly higher at pH 7.5 than at lower pH (6.3, 5, and 4.5) at 24 and 48 h.
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3.4.5 The effect of dilutions of cell free supernatants (CFSs) on the growth of CD 634.
The co-culture experiments, supported by the CFS experiments, suggest that the probiotic
strains are producing some extracellular compound or compounds that negatively impact the
growth of some of the C. difficile isolates. To examine this aspect, we conducted a preliminary
experiment in which the CFS was diluted to assess the concentration of the factor(s) in the CFS as
well as the effect of reducing the acidity of the CFS. To investigate this effect different dilutions
of L. helveticus R0052 CFS were tested with C. difficile CD 634 ribotype 078. C. difficile CD 634
was selected for this study because the cell density of this strain was reduced 4log when co-cultured
with LH and when cultivated with the LH CFS.
The effects of 2-fold dilutions of LH CFS on the growth of C. difficile strain 634 following
48 h incubation are shown in Figure 3.21 A. The initial concentration of CD 634 was 10 5 CFU/ml
for all the dilutions. In RC broth alone, as a positive control, there was a 2-log increase in cell
concentration after 48 h. For the 2-fold diluted CFS, which was the most concentrated dilution, the
results showed a 2-log reduction in CD 634 cell concentration after 48 h incubation. This equates
to a total change of 4log (p<0.0001) in CD 634 growth between the positive control (RC broth)
and the most concentrated LH CFS solution tested. The decrease in CD 634 cell concentration
progressively lessened as the CFS was diluted further, at 32-fold diluted the CFS no long caused
a decrease in CD 634 cell concentation. At a CFS dilution of 512-fold there was a 1-log increase
in CD 634 cell concentration after 48 h incubation, which still represented a 1-log decrease in cell
concentration compared to the RC broth positive growth control. This demonstrates that even when
greatly diluted, factors were present in sufficient concentration toanegatively effect the growth of
CD 634 (Figure 3.21 A). This suggests the antimicrobial factor(s) in the LH CFS are present in
high concentration.
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At time 0, the pH values of the cultures with diluted CFS (2, 4, 8, 16. 32, and 512) were
(6.02, 5.9, 6.03, 6.03, 6.3, and 6.47) respectively, which were slightly less than that of the RC broth
culture with no CFS (pH 6.6) (Figure 3.21 B). It is noteworthy that the mean pH values for the 2fold to 32-fold dilutions of CSF ranged from 6.02 to 6.3 and were not significantly different from
one another. After 48 h incubation, the mean pH values of the cultures with diluted CFS ranged
from 4.9 to 5.3, while the mean pH for the RC broth culture was 5.5. The mean pH values for the
2-fold, 4-fold, 8-fold and 32-fold dilutions of CFS were 5.0, 4.9, 5.0 and 5.1 respectively,
suggesting that there was no correlation between the final pH and the extent of inhibition of growth
(Figure 3.21 A, B).
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Figure 3.21 (A) The means and standard errors for the CFU/ml after 48 h culture of C. difficile
isolate 634 in RC broth in the presence of 2-fold dilutions of cell-free culture supernatant (CFS)
of LH. (B) The pH of the C. difficile 078 isolate CD 634 cultures in RC broth and in 2-fold dilutions
of the LH CFS were measured at 0 and 48 hours. The results are the means of three independent
replicates.
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Chapter 4. Discussion

There were three major aims of this study. One of these was to determine the genetic
diversity among a population of 200 C. difficile isolates recovered from human patients, healthy
animals, and different environments in Southern Ontario. The main methods used to evaluate
genetic diversity were ribotyping, detection of toxin genes by PCR, and genotyping by pulsedfield gel electrophoresis (PFGE); the focus was on ribotypes 078 and 027 which are major
ribotypes involved in disease in humans. The second aim was to compare the effects of selected
factors on growth, spore germination, and sporulation of C. difficile of ribotype 078, the dominant
ribotype identified from the Southern Ontario samples, with ribotype 027. The factors that were
examined were growth media, temperature, salt concentration, pH, and germinants including bile
salts, which may impact C. difficile as an environmental microorganism and food-borne agent. The
third aim of these studies was to determine the effect of commercially available probiotic bacteria
L. helveticus R0052 and P. acidilactici R1001 on the growth of C. difficile isolates of ribotypes
078 and 027.
C. difficile ribotypes 078 and 027 were recovered from different hospitals, farms, water and
soil from different cities in Southern Ontario. Ribotype 078, the predominant strain found in the
population (n=200) of our study, accounted for 158 (79%) isolates from clinical, animals, and
environment. The predominance of ribotype 078 in animals may have been expected because this
ribotype is considered endemic in animals such as pigs (Weese et al., 2010; Debast et al., 2009). It
may be important to repeat the general sampling plan in future studies by increasing the sample
population on a much larger scale from different areas in Canada to determine the incidence of C.
difficile and to compare the incidence with other studies.
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The annual incidence of C. difficile infection (CDI) was low until the late 1990s, after which
there have been significant increases in HA-CDI, primarily caused by ribotype 027, with an
estimated 300,000 cases in North America reported each year (Allegretti et al., 2016; Khanna et al.,
2012a; Goorhuis et al., 2008a; Ricciardi et al., 2007; McDonald et al., 2006; Musher et al., 2005).
The incidence of CA-CDI, primarily caused by ribotype 078 has also increased in recent years and
it has been estimated to account for over 25% to 65% of C. difficile infections recorded in
hospitalized patients in Canada and 20% to 32% in the USA (Lessa, 2013; Hensgens et al., 2012;
Kutty et al., 2010; Mulvey et al., 2010;). In this study, there were 165 isolates of ribotypes 078 and
027 from the total number 200 isolates recovered from human, animal, and environmental sources
and seven ribotype 027 from humans in Southern Ontario. Among these isolates, the communi tyacquired ribotype 078 was the predominant ribotype (79%) of all isolates (158/200). Ribotype 078
which accounted for 81.5 % (31/38) from clinical patients, 85.4 % (70/82) from animals, 67.5%
(25/37) from water, and 74.4 % (32/43) from soil (Table 3.2). The hospital acquired ribotype 027
was isolated from clinical cases (3.5%) of all isolates (7/200).
4.1 Molecular typing of C. difficile isolates
4.1.1

PCR ribotyping and determination of toxin profile

The first hypothesis that addressed in these studies was that C. difficile ribotype 078 will be
the dominant ribotype isolated from diverse environmental samples, including water, sediment, soil,
and porcine, bovine and equine fecal matter, in Southern Ontario. These environmental ribotype 078
isolates will overlap genetically with human C. difficile isolates implicated in community acquired
infection. C. difficile ribotype 027 isolates linked to hospital acquired infection collected from
Southern Ontario will differ genetically from the environmental isolates. The results of this study
support these hypotheses.
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Agarose gel-based PCR ribotyping has been used extensively for typing C. difficile since 1994
(Kristjansson et al., 1994) because it is affordable and easy to use, but it has limitations assoc iated
with variations in protocol among laboratories (Martinson et al., 2015). Since the Anaerobe Reference
Unit in Cardiff, United Kingdom was established as a global reference library, it has helped to enhance
the usefulness of PCR ribotyping (Xiao et al., 2012; Janezic et al., 2011; Indraet al., 2008; Spigaglia
et al., 2001; Bidet et al., 1999). New methods of ribotyping are being explored, involving the use of
new primers and sequencer-based capillary gel electrophoresis (Xiao et al., 2012). These methods
have the potential to increase the discriminatory power of PFGE but are not presently in use. For global
epidemiology, there remains a need for standardization of ribotype nomenclature (Martinson et al.,
2015).
For the majority of isolates in our studies the standardization of nomenclature was not an issue
because typeable strains were readily assigned to a recognized type by comparing them to a set of
reference isolates from the Cardiff/ECDC Collection, as well as an internal library of strains from
humans and animals (Pathobiology Department; University of Guelph). Fifteen percent of the isolates
from animals, water, and soil did not match any recognized ribotypes from the Cardiff/ECDC
Collection or the internal University of Guelph library of strains from humans and animals.
Consequently, these isolates were termed toxigenic strains of unknown ribotype which need further
studies especially the eight isolates which they were positive to the three toxin types (toxin A, B and
CDT) (Table 3.1) by studying if they have any deletions in their toxin genes, their PFGE profile,
germination and sporulation to determine if they were evolved from ribotypes 078 or 027. Our
ribotyping method as described by Bidet et al. (1999) was an easy and affordable method and it has
high discriminatory power to validate it as an important typing tool for C. difficile compared with
different ribotyping methods such as the ribotyping methods that used by and Gurtler, 1993 and
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Kostman et al., 1992 which exhibited high molecular masses and were not able to discriminate by
agrose gel electrophoresis (Bidet et al., 1999; Guërtler, 1993; Kostman et al., 1992). Ribotype 078 was
the dominant ribotype among the C. difficile isolates (Table 3.2) from humans, animals and the
environment in Southern Ontario. This ribotype has been commonly associated with pigs (Knetsch et
al., 2014; Schneeberg et al., 2013; Koene et al., 2012; Keel et al., 2007) and has been implicated in
community-acquired infections (Knetsch et al., 2014; Hopman et al., 2011; Debast et al., 2009). None
of the isolates from animals or the environment belonged to ribotype 027, a ribotype associated with
nosocomial infections in humans globally (Jassem et al., 2016; McFarland, 2016; Plaza-Garrido, 2016;
Steglich et al., 2015; Archbald-Pannone, 2014). Ribotype 027 spore were isolated and reported from
retail beef and pork (Weese et al., 2009), however, the authors suggested the bacteria in these cases
could have come from human cross-contamination (Gould and Brandi, 2010; Metcalf et al., 2010,
Weese et al., 2009). To date there appear to be no studies that have documented human contamination
of meats; at least one study has provided strong evidence that contamination occurred before or at the
processing facility (Curry et al., 2012). Ribotype S3 which lacked binary toxin was isolated from
Southern Ontario soil in our study; this ribotype constituted 4.4% of 227 isolates in a Swedish hospital
(Svenungsson, et al., 2003). The Swedish isolates produced toxin B but were not tested for other
toxins. Ribotype AL has previously been isolated from pigs (Jhung et al., 2008) and clinical cases in
Ontario (Martin et al., 2008). Neither of these ribotypes is currently associated with significant
infection in North America.
For C. difficile toxin gene identification, we used a multiplex PCR assay as described by Lemee
et al. (2004) and a PCR assay directed at cdtB, as described by Spigaglia and Mastrantonio (2002).
These assays provided information to determine the toxin profiles of all the strains in the collection to
characterize potential toxin production. Since toxin production by C. difficile is central to its virulence
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(Voth and Ballard, 2005), toxin profiling is valuable in identifying non-toxinogenic isolates and
isolates with the potential for high virulence. We observed that all 158 ribotype 078 isolates, regardless
of source, had all three toxin genes (tcdA, tcdB, cdtB). This is usually the case for ribotype 078 isolates
(Evans and Safdar 2015; Rahimi et al., 2014; Debast et al., 2009). The seven ribotype 027 isolates
were all from clinical cases and all were found to possess the three toxin genes (Table 3.1); similar
results for this ribotype have been reported by several researchers (Van Beurden et al., 2016; Huber et
al., 2013; Martin et al., 2008). This toxin profile (positive for all three toxins) was detected in a lower
proportion (11 of 38) of the isolates that belonged to ribotypes other than 078 and 027. Presence of
the binary toxin (CDT) has been associated with virulence. Bacci et al. (2011) showed that the casefatality ratio was higher in CDI patients with binary toxin in their stool compared with patients without
binary toxin. They concluded that binary toxin either contributed directly to virulence or was a marker
for more virulent C. difficile strains. It should be noted that detection of the genes by PCR does not
mean that the strains are highly virulent as PCR gives no indication whether the genes are functional
nor how they are regulated. For example, a 39-base-pair in-frame deletion in the regulatory gene tcdC
is associated with hypervirulent 078 isolates (Goorhuis et al., 2008b) but was not investigated in this
study. Also, in a recent study, Lyon et al. (2016) showed that regulation of the toxin genes was strain
dependent. However, absence of the genes as indicated by PCR is useful in identifying low virulence
organisms. The tests reflect the fact that most isolates in our collection are potentially hypervirulent,
regardless of source. The presence of C. difficile with genes of toxins A, B and CDT in food should
be considered as a risk for transmission of CDI to humans, even though the role of C. difficile as a
zoonotic agent or as a food-borne pathogen is not fully understood (Porsbo and Agerso, 2016; Rahimi
et al., 2014; Eyre et al., 2013; Kim et al., 2011b).
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4.1.2

The genetic diversity of C. difficile isolates from animal, human, and
environmental sources in Southern Ontario by using PFGE.

Initial PFGE attempts in this study utilized the CCSMM Standardized Protocol for
Molecular Subtyping of C. difficile (Department of Pathobiology, University of Guelph). We
performed PFGE with the 165 C. difﬁcile isolates (ribotypes 078 and 027) examined in this study
using the CCSMM Standardized Protocol for Molecular Subtyping of C. difficile, however, our data
indicated it was not suitable likely due to degradation of DNA. Several factors have been proposed
to explain the lack of typeability of C. difficile by the CSSMM PFGE method, such as endonucleases
and DNA degradation (Goering, 2010; Hyett et al., 1997). The problem of degradation of DNA has
been reported for PFGE analysis of C. difficile by several researchers (Goering, 2010; Hyett et al.,
1997; Kato et al., 1996). Genomic DNA degradation may occur in some bacterial strains or isolates,
which produce high levels of nucleases (Corkill et al., 2000; Evans et al., 1994). C. difficile strains
have potent endonucleases that may play a role in the DNA degradation inside the agarose plug during
the process of plug preparation as mentioned by Spigaglia et al., (2001). Additionally, the
modification of the protocol enabled characterization of all our C. difficile isolates by PFGE (Figure
3.2). We utilized plugs containing actively growing C. difficile cultures; it is extremely important to
use actively growing cells to avoid spore formation. Sporulated cultures are expected to show poorer
lysis and less DNA production (Alonso et al., 2005). Other methodological modifications included:
1) increasing the volume of lysozyme to facilitate spore lysis because the C. difficile ribotypes 078
and 027 in our studies could be more likely to produce spores, which could explain both the difficulty
in their typing by PFGE 2) the addition of mutanolysin to improve cell lysis, 3) changing incubation
and washing times in order to avoid or reduce degradation of the DNA, 4) using high concentrations
of proteinase K with the aim to enhance the digestion of nucleases more efficiently, and 5) the
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addition of thiourea to the running buffer to help inhibit the chemical nucleolysis produced by peracid
derivatives of Tris that may form at the anode during electrophoresis (Ray et al., 1995).

Several other authors have reported the same phenomenon with PFGE and used it as an
appropriate method for subtyping C. difficile at different frequencies (Gal et al., 2005; Kato et al.,
1996’ O’Neill et al., 1993). PFGE has considered to be discriminatory and reproducible method for
typing C. difficile; however, there are some C. difficile strains are non-typable by PFGE such as
ribotype 001 due to DNA degradation which produces uninterpretable gel smears (Bidet et al.,
2000; Kato et al., 1996). There have been proposed different modifications of PFGE procedure,
which led to variable results with only partial development (Alonso et al., 2005; Faw; Klaassen et
al., 2002; Kato et al., 2001; Spigaglia et al., 2001; Bidet et al., 2000; Corkill et al., 2000). C. difficile
ribotypes 078 and 027 readily form spores, which could explain the difficulty in PFGE typing (Kato
et al., 2001; Samore et al., 1997). In conclusion, modification of the CCSMM PFGE method
described in this study resulted in effective typing of all 165 ribotypes 078 and 027 isolates that
were examined maintaining both a high degree of discrimination and the reproducibility of the
technique.
PFGE allowed us to further differentiate among the 027 and 078 ribotype isolates, with the
emphasis on the 078 organisms which had been isolated from human, animal, and environmental
sources. Whereas ribotype 027 isolates had high host specificity, with all isolates belonging to one
host species (human), the ribotype 078 isolates had low host specificity, with isolates belonging to
several host species (pig, cattle, horse, humans). In general, ribotype 078 isolates have been
recovered from a wide range of animals including cattle and horses, pigs, pets, shellfish and wild
animals ( Peláez et al., 2013; Rodriguez et al., 2015;; Silva et al., 2015; Koene et al., 2012;
Rodriguez et al., 2012; Hopman et al., 2011; Weese et al., 2011; Bakker et al., 2010; Keessen et al.,
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2010; Weese et al., 2010; Debast et al., 2009; Jhung et al., 2008; Keel et al., 2007). Additionally,
this study showed there were 11 groups of 078 isolates in which identical PFGE patterns were found
among isolates derived from humans and pigs, from humans and cattle, and from humans alone
(Table 3.3). These finding are consistent with those of a previous study in the Netherlands in which
whole genome sequencing was used to show that 078 ribotype isolates from farmers and pigs were
identical (Knetsch et al., 2014). Other reports have shown that there are other C. difficile ribotypes,
such as 014, 020, 002, 029, for which isolates derived from human and animal sources (pigs, calves,
horses, dogs and cats) have identical PFGE profiles (Janezic et al., 2012; Koene et al., 2012). Our
data and the results of the previous studies all suggest a zoonotic potential for C. difficile. Many
animals such as pigs, cattle, and poultry are potential links for transmission of CDI to humans,
however, transmission has not been demonstrated (Janezic et al., 2016; Porsbo and Agersø., 2016;
Janezic et al., 2012; Koene et al., 2012).
The PFGE data showed that there was low diversity in the population of 078 ribotype
isolates as the large majority of the isolates from human, animal and environmental sources were
either identical or had a high degree of similarity (greater than 75%). The results of relatedness in
our study indicate there is a wide distribution of highly related genotypes of ribotype 078 isolates
in Southern Ontario. Bakker, (2010) used multi-locus variable-number tandem-repeat analysis
(MLVA) to examine relatedness of 102 human origin and 56 porcine origin C. difficile ribotype
078 isolates from four European countries and showed that, independent of human or porcine
origin, 85% of the isolates were related genetically and the relatedness was independent of the
country of origin. The authors concluded that there was a common source or there is lack of
diversity. A lack of diversity seems more likely, as it seems unlikely that there would be a common
source among the isolates from four European countries (Elliott et al., 2014). We conclude that the
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large majority of C. difficile strains from human, animal and environmental sources were
genetically related, irrespective of the city of origin and this may reflect a lack of diversity or
common source. However, the geographical locations of some identical isolates were very distinct
and could not logically be explained by direct transmission link which suggest another source of
transmission such as meat products.
The population of 078 ribotype isolates in our study showed low geographic structure. The
clinical isolates of C. difficile in our study were collected from hospitals from Windsor to Ottawa,
805 km, representative of several areas of southern Ontario. The animal and environmental C.
difficile isolates were taken from a smaller area within a radius of 35 km from Guelph (Table 3.3).
Our results showed that toxigenic C. difficile isolates of ribotype 078 and 027 were found in various
locations and there were 11 groups that had identical isolates from different locations (Table 3.3).
These results indicate that there is low geographic specificity for these isolates. The predominant
ribotype among animal, environmental and human environmental isolates was 078. These findings
are consistent with reports from several other countries in which ribotype 078 C. difficile is a
dominant ribotype from human and non-human sources and is widely distributed both within
countries and between countries (Koene et al., 2012; Keessen et al., 2011; Knetsch et al., 2011;
Rodriguez-Palacios et al., 2007). The presence of C. difficile ribotype 078 in a wide range of places
is especially clear among isolates from pigs, which have been sampled extensively in the USA,
Europe, and Asia (Andrés-Lasheras et al., 2017; Usui et al., 2017; Wu et al., 2016, Usui et al., 2014;
Schneeberg et al., 2013).
4.2 The effects of selected extrinsic and intrinsic factors on the growth,
germination, and sporulation of C. difficile ribotypes 078 and 027.
In testing the first hypothesis, we also compared isolates of C. difficile ribotypes 078
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and 027 with respect to important physiological characteristics including growth, germination and
sporulation. Understanding the differences between C. difficile ribotypes 078 and 027, especially
in growth, germination and sporulation, may aid in better understanding C. difficile survival and
persistence. Furthermore, this can inform development of new approaches to reduce the risk of
transmission of C. difficile through the environment and cooked foods.
4.2.1 Growth of C. difficile ribotypes 078 and 027 in cooked meat media at selected
temperatures.
C. difficile ribotypes 078 and 027 both grew well at 37 ○C and to a lesser extent at 25 ○C,
and had no significant growth at 4 ○C in both MJM and BHI. The ability of C. difficile to grow at
37 ○C was expected because it is a human pathogen and is carried in the intestine of humans and
other mammals. The lack of growth at refrigeration temperature indicates that keeping food cold
will help to control the growth of this organism. There have been many studies on the temperatures
that affect the growth and germination of C. perfringens, enabling specification of the temperature
that prevents the growth of this bacterium during cooling of cooked foods (Rainey et al., 2009;
Heredia et al, 1991). However, the conditions that inhibit, prevent or promote the growth of C.
difficile during cooling or storage of cooked meat products and other foods have not been
determined (Knetsch et al., 2012). Regarding the growth medium, the growth of ribotype 078 and
027 isolates in MJM was compared with growth in BHI, which is commonly used as a rich nonselective medium for many microorganisms including C. difficile (Sorg and Dineen, 2009; Smith
et al., 1981). The ability of C. difficile to grow rapidly and to a high final concentration in MJM at
37 ○C and 25 ○C suggests that C. difficile can grow in meat, as is the case for foodborne clostridial
pathogens such as C. perfringens and C. botulinum (Lund and Peck, 2015). This suggests that C.
difficile has the capacity to be a foodborne pathogen, though one that can be controlled by
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temperature.
4.2.2 The effects of salt concentration and pH on the growth of C. difficile
There is a paucity of literature regarding the effect of various parameters such as pH and
salt concentration on the growth of C. difficile ribotypes 078 and 027. In the present study, we used
two-dimensional gradient plates to determine the effects of pH and KCl concentrations on the
growth of C. difficile ribotypes 078 and 027. This study showed that the mean minimum pH at
which C. difficile could grow in BHI was about 6.3 for both ribotypes and that the mean maximum
pH was about 7.9 for ribotype 078 and 8.0 for ribotype 027 (Table 3.6). The range of pH values at
which growth occurred for isolates of both ribotypes was 6.3 to 9.0. There was no significant
difference in the pH at which growth inhibition occurred for the two ribotypes on solid agar cultures.
It has been reported that the highest fecal pH in CDI patients from whom C. difficile was cultured
was 8.7 (Shilling, 2013). This indicates that C. difficile could survive in a highly alkaline fecal
environment. There are few studies on the growth of C. difficile at different pH values but these
studies show that the organism is resistant to acidic environments (Scaria et al., 2015; Jump et al.,
2007). In one study that used a phenotype microarray, C. difficile was reported to grow optimally
at pH 6.0 and growth also occurred at pH 4, but was only 25% relative to growth at pH 6.0 (Scaria
et al., 2015). In another study by Jump et al., (2007) which concluded that vegetative cells survived
in gastric contents when the pH was at 5 and above.
There was a difference in the growth of C. difficile isolate 634 in RC broth compared with
BHI at various pHs, suggesting that RC broth contains ingredients which protect C. difficile from
damage at low pH (Aspinall and Hutchinson, 1992; Fukushima et al., 2002). RC broth was designed
specifically to support the growth of clostridia (Hirsch and Grinstead, 1954), whereas BHI was
designed to be a general-purpose rich medium to support the growth of fastidious bacteria. One of
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the components of RC broth is the amino acid cysteine (0.05%) which is a powerful reducing agent
which speeds the growth rate of C. difficile and has low toxicity which greatly improved the
isolation of the anaerobic bacteria and might have helped the bacteria to tolerate low pH (Poelaer t
et al., 2012; Sorg and Dineen, 2009; Shanson and Singh, 1981). It might be interesting to add
cysteine to BHI to determine whether this improves its ability to sustain C. difficile at lower pH
values.
All the C. difficile isolates were inhibited by 8% KCl. These findings are similar to those
reported for C. perfringens (Johnson, 1990; Strong et al., 1970). KCl has been reported to be more
effective than NaCl to inhibit the growth of C. perfringens in foods (Park et al., 2014; Mead et al.,
1999; Johnson, 1990; Gibson and Roberts, 1986; Roberts and Derrick, 1978; Strong et al., 1970).
Increasingly, KCl is being used in many food products as a replacement for NaCl because it is safe,
has a good ability to convey the saltiness of NaCl in food products, and has antimicrobial activity
equivalent to that of NaCl (van Buren et al., 2016; Binia et al., 2015; Aburto et al., 2013; Zarei et
al., 2012; World Health Organization, 2012; Bidlas and Lambert, 2008; Van DerKlaauw and Smith,
1995; Murphy et al., 1981). It was reported previously by Bartsch and Walker (1982) that growth
of C. perfringens did not occur when KC1 was used as the solute compared to NaCl, which was
less inhibiting than KCl. Moreover, KCl at 11% increased the lag phase of Listeria monocytogenes
and showed an antimicrobial effect on the growth of this pathogen (Boziaris et al., 2007; Bidlas and
Lambert, 2008). The salt plays an important role in increasing the lag phase of L. monocytogenesas
the concentration of the salts increased (Zarei et al., 2012). Potassium chloride has been accepted
for use in food products in the United States and European countries based on recommendations of
the Agriculture department and the Health and Human Services in the US, and the EFSA Panel on
Dietetic Products Nutrition and Allergies (McGuire, 2011).
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4.2.3 The Effects of Germinant Agents on C. difficile Ribotype 078 and 027 Spore
Germination
C. difficile endospore production and spore germination are considered important aspects
of the pathogenesis of CDI (Paredes-Sabja et al., 2008). The chemical signals that play a role in
stimulation of spore germination of C. difficile are known, but the mechanisms of the interaction of
the stimulatory compounds with the spore remain unknown (Francis et al., 2013). There are specific
germinant receptors in the spore inner membrane of C. difficile endospores, which bind speciesspecific small molecules called germinants (Francis and Sorg, 2016; Paredes-Sabja et al., 2008).
Most spore forming bacteria, such as C. perfringens and Bacillus spp., have the receptors on the
inner spore membrane. It was assumed that C. difficile would have similar receptors and follow the
same spore germination mechanisms as other spore forming bacteria, but many studies have shown
that C. difficile does not encode the same type of germinant receptors found in other spore-forming
bacteria (Francis and Sorg, 2016; Paredes-Sabja et al., 2008; Sebaihia et al., 2006).
Germination by C. difficile spores seems to occur differently than for other spore-forming
bacteria such as Bacillus subtilis and C. perfringens. This conclusion is based on sequencing and
analysis of the C. difficile genome and examination of products of cortex hydrolysis (Francis and
Sorg, 2016). In B. subtilis, spores can germinate in response to nutrients through the participation
of four important germination regulator proteins (GR) namely GerA, GerB, GerK and GerD
(Francis and Sorg, 2016; Higgins and Dworkin, 2012). This is in addition to a sporulation operon
or master transcriptional regulator (SpoVA) which controls six polytopic integral transmembrane
proteins (SpoVA A-F), and two redundant cortex hydrolases (SleB and CwlJ) (Francis and Sorg,
2016; Higgins and Dworkin, 2012). Moroever, there are several kinases which can act as a
phosphorelay leading to phosphorylation of Spo0A and Spo0B in B. subtilis (Stephenson and Hoch,
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2002). The phosphorylation of the response regulator Spo0A in B. subtilis is regulated by several
unidentified sporulation-specific kinases and to date only one of these kinases has been identified
(Underwood et al., 2009). The SpoVA proteins may play a role in the release of dipicolinic acid
(DPA)and cations from the core, and hydrolysis of the spore peptidoglycan (PG) cortex during
spore germination, however, the mechanism of DPA release is unclear (Francis and Sorg, 2016;
Vepachedu and Setlow, 2004; Setlow, 2003). C. difficile does not encode Ger-type germinant
receptors and spoVAF, but it does encode spoVAE and spoVAD homologues which may directly
activate Spo0A, although their role in germination of C. difficile spores is unknown (Francis and
Sorg, 2016; Al-Hinai et al., 2015; Paredes-Sabja et al., 2008; Sebaihia et al., 2006). Moreover, C.
difficile has a single cortex hydrolase (SleC) similar to C. perfringens which is regulated in both
organisms by proteolysis with subtilisin-like serine proteases (Csp) (Gil et al., 2017; Adams et al.,
2013; Burns et al., 2011; Burns et al., 2010; Miyata et al., 1995; Paredes-Sabja et al., 2009;
Shimamoto et al., 2001). However, the functions of these regulators differ between the two
clostridial organisms as C. perfringens strains have the ability to use three subtilisin-like serine
proteases (Csps, CspA, CspB, and CspC) to proteolytically activate the SleC to hydrolyze the
cortex, while C. difficile uses just CspB and CspA (Gil et al., 2017; Higgins and Dworkin, 2012;
Paredes-Sabja, 2012; Burns et al., 2010; Paredes-Sabja et al., 2009). These studies suggest that C.
difficile spores may use novel mechanisms to enhance and initiate spore germination or may have
the ability to germinate in response to unique germinant agents or both (Francis and Sorg, 2016;
Paredes-Sabja et al., 2008; Sebaihia et al., 2006).
Germination of spores is necessary for the proliferation of C. difficile in animals, the
environment, foods, and the intestine of humans. The mechanism of spore germination involves
activation to induce a cascade of degradation reactions leading to eventual outgrowth. The
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germinant receptors respond mostly to amino acids such as L-alanine which could initiate spore
germination (Bhattacharjee et al., 2016). Previous studies have shown that bile salts such as
taurocholate, enhance spore germination of C. difficile recovered from environmental surfaces and
stool (Sorg and Sonenshein, 2008; Bliss et al., 1997; Weese et al., 2000). Thus, within the context
of food and the environment, it was important to examine the germination of C. difficile of both
078 and 027 ribotypes in the absence of bile salt. Meat and fish are foods that may be contaminated
with C. difficile (Warriner et al., 2016; Lund and Peck, 2015; Doyle, 2013; Rupnik and Songer,
2010; Weese et al., 2009) and to understand factors that may affect the initial stages of spore
germination we investigated C. difficile 078 (n= 12 isolates) and 027 (n=5 isolates) with five
germinants, of which two were related to food systems, meat juice medium (MJM) and fish juice
medium (FJM). We compared the findings for C. difficile to data for C. perfringens, a common
clostridial foodborne pathogen. There was significant variation in both the rate and extent of
germination among the C. difficile isolates in their response to the five germinant agents (MJM,
FJM, AFGK, AAFGK, and bile salt). An important finding in this study was the identification of
four preparations that induced spore germination of C. difficile ribotypes 078 and 027 isolates
without addition of bile salt.
Several studies have examined the role of bile salts in germination in C. difficile
(Bhattacharjee et al., 2016; Barra-Carrasco and Paredes-Sabja, 2014; Paredes-Sabja1 et al., 2014)
but none of these investigated food related environments such as meat or fish. In this study, C.
difficile ribotypes 078 and 027 spores were found to germinate with alternative germinant agents in
the absence of bile saltNo previous studies have shown induction of germination of C. difficile
spores in the absence of bile salts, which is considered a major germinant in many studies (Allegretti
et al., 2016; Bhattacharjee et al., 2016; Warriner et al., 2016; Carlson et al., 2015; Heeg et al., 2012;
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Sorg and Sonenshein, 2010; Sorg and Sonenshein, 2008; Wilson, 1983). Spores of all isolates tested
in this study germinated in 1% bile salt (taurocholate) with some variation in their response.
Interestingly, the mean germination rate with 1% bile salt was lower than the mean germination
rate in MJM and AAFGK in the absence of bile salt. Many in vitro studies have reported that bile
salts (taurocholate, deoxycholate, glycocholate, cholate), and L-glycine with bile salts are highly
effective compounds for inducing C. difficile spore germination (Carlson et al., 2015; Francis et al.,
2013; Sorg and Sonenshein, 2010; Sorg and Sonenshein, 2008). Several previous studies reported
that taurocholate induced the germination of C. difficile ribotypes 078 and 027 recovered from
environmental and stool samples (Bhattacharjee et al., 2016; Barra-Carrasco and Paredes-Sabja,
2014; Paredes-Sabja et al., 2014; Howerton et al., 2011; Wheeldon et al., 2011; Sorg and
Sonenshein, 2008). One percent taurocholate enabled germination of about 30 % of C. difficile
spores of ribotype 027 and 078 (Bhattacharjee et al., 2016; Miezeiewski et al, 2015; Barra-Carrasco
and Paredes-Sabja, 2014; Paredes-Sabja et al., 2014; Sorg and Sonenshein, 2008). Cholate is
another bile salt which stimulates spore germination whereas chenodeoxycholate inhibits spore
germination in C. difﬁcile ribotypes 078 and 027 (Bhattacharjee et al., 2016; Paredes-Sabja1 et al.,
2014; Sorg and Sonenshein, 2010, 2009, 2008). Francis et al. (2013) suggested that C. difficile
likely recognizes germinants through unique mechanisms and showed that bile salt-mediated
germination was important for establishing disease by C. difficile in a hamster model of infection.
The germination C. difficile spores, like most bacterial spores, is enhanced by exposure to
initial heat shock applied for a short period at temperatures ranging between 60 to 100 °C (ParedesSabja et al., 2014; Ghosh et al., 2009; Paredes-Sabja et al., 2008; Sorg and Sonenshein, 2008). In
both MJM and FJM, C. difficile ribotype 078 and C. perfringens germinated with and without heat
activation at 65 oC for 30 min to enhance spore germination, suggesting the ability of C. difficile
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spores to survive cooking of meat, fish and other foods. The mechanism of initiation of C. difficile
spore germination by MJM and FJM is not known. Many studies have reported the occurrence of
C. difficile ribotype 078 in fecal samples from diverse food animals (pigs, cattle, poultry), horses,
pets, wild animals and even shellfish (Pelaez et al., 2013; Koene et al., 2012; Rodriguez et al., 2012;
Hopman et al., 2011; Weese et al., 2011; Keessen et al., 2010; Jhung et al., 2008). These findings
are consistent with the likelihood that ribotype 078, but not ribotype 027, organisms are foodborne.
It is clear C. difficile spores can survive cooking of meat and other foods at a core temperature of
65 oC for 30 min, similar to the spores of enterotoxigenic C. perfringens. Therefore, C. difficile
spores may germinate like C. perfringens and grow to vegetative phase when a permissive
temperature is maintained for cooked food, or they may just remain as resistant spores. However,
the spores may be activated when they are exposed to heat during thermal processing, which may
injure them, in which case spore germination will only happen if the spore damage is repaired. A
nutrient-rich medium, such as meat, is required for repair (Doyle, 2002; Labbe and Chang, 1995;
Barach et al., 1975). We are not aware of any cases of food-associated CDI in humans, but studies
have reported that consumption of beef is a risk factor for CDI in the community (Martin et al.,
2016; Lund and Peck, 2015; Søes et al., 2014).
AFGK was tested because it has been shown to induce germination in C. perfringens
(Setlow, 2003; Moir et al., 2002; Clements and Moir, 1998). This agent induced germination at a
high rate in ribotype 078 C. difficile and in C. perfringens and to a lesser extent in ribotype 027 C.
difficile (Table 3.7). Spore formers such as Bacillus species require nutrient germinants to initiate
germination; examples are L-alanine, inosine and a mixture of L-asparagine, D-fructose, D-glucose,
and K+ ions (AFGK) (Setlow, 2003; Moir et al., 2002; Clements and Moir, 1998). The effect of
AFGK may be partially due to K+ ions which are essential for initiation of germination of B. subtilis,
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although the mechanism for promotion of germination by K+ ions alone is still unknown (Setlow,
2003). Many studies on the spores of Bacillius megaterium suggested that the mechanism of action
of K+ is likely to be through the activation of one or more of the spore nutrient germinant receptors
(Christie and Lowe, 2007; Cortezzo et al., 2004; Rode and Foster, 1962). A similar mechanism may
also exist for C. perfringens spore germination, but it does not appear to be the same for C. difficile
spores (Paredes-Sabja et al., 2008). Sequencing and analysis of the C. difficile genome showed that
genes for certain nutrient germinant receptors which are found in B. subtilis and C. perfringens are
missing, and thus K+ ions may enhance the germination of C. difficile spores by either activating a
cortex-lytic enzyme or triggering directly the release of Ca–dipicolinic acid (Paredes-Sabja et al.,
2008; Sebaihia et al., 2006). The K+ ion concentration found in the gastrointestinal tract of humans
is approximately 75 mM in the colon and around 10 mM in the ileum, thus the higher concentration
of K+ ions in the colon may play a role inducing germination in C. difficile spores in this part of the
large intestine or the spores may have started to germinate in the small intestine and continued their
outgrowth and toxin production in the large intestine (Johnson, 2009; Paredes-Sabja et al., 2008;
Johnson et al., 2003). If K+ is important for germination, then it may play a role in spore germination
in foods that have a high concentration of K+, such as meat and fish (USDA;
http://www.nal.usda.gov/fnic/foodcomp/search/) (Francis et al., 2013). The concentration of K+ in
our studies was 20 mM which is higher than the concentration of K + in the ileum and is certainly
high enough to induce germination of C. difficile spores.
AAFGK was developed serendipitously. It proved to be a better germination medium than
AFGK, especially for ribotype 027 C. difficile which tended to germinate poorly in other media
(Table 3.7). The germination rates significantly varied between ribotype 078 and 027 in both
AAFGK and AFGK. For ribotype 078, the germination rate in OD units per min was 0.73 in
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AAFGK and 0.69 OD in AFGK (Table 3.7). For ribotype 027 the germination rate with AAFGK
was 0.71 OD units per min while in AFGK it was 0.27 OD units per min, showing that the spore of
ribotype 027 germinated at a higher rate in the presence of AAFGK than it did in the presence of
AFGK. Moreover, AAFGK enhanced the spore germination of ribotype 027 more than with
ribotype 078 (Table 3.7). Since the only difference between AAFGK and AFGK is the presence Lalanine, this suggests that L-alanine may play an important role in the induction of C. difficile spore
germination, particularly for ribotype 027. L-alanine can induce spore germination in B. subtilis,
because it interacts with the germinant receptor located within the B. subtilis inner spore membrane
(Setlow, 2014). The interaction between L- alanine and the inner receptors induces the release of
Ca+ dipicolinic acid, resulting in spore core hydration (Bhattacharjee et al., 2016; Setlow, 2014).
However, C. difﬁcile spore germination is not triggered by one amino acid alone but in response to
the combination of specific amino acids, bile or bile breakdown products and L-glycine acting as a
co-germinant which suggest that C. difficile may have the ability to germinate in response to unique
germinant agents or both (Allegretti et al. 2016; Bhattacharjee et al. 2016; Francis and Sorg, 2016;
Sorg and Sonenshein, 2008). Moreover, the genomes of all sequenced C. difficile strains have lack
homologues of the germinant receptors which suggest that C. difficile has a different or novel
mechanism (s) to initiates spore germination (Francis and Sorg, 2016; Paredes-Sabja et al., 2008;
Sebaihia et al., 2006).
4.2.4 Effect of MJM and FJM on C. difficile sporulation
In the current study, both MJM and FJM were highly effective in inducing sporulation of C.
difficile, but FJM was less effective with ribotype 027 compared with ribotype 078 isolates (Table
3.8). It is interesting that these media could serve as stimulators of both germination and sporulation
of 078 isolates. MJM and FJM are complex media and intense effort will be needed to identify the
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components which interact with C. difficile to induce germination and/or sporulation. The
mechanisms and cellular and environmental factors that trigger and regulate the sporulation of C.
difficile are poorly understood (Edwards and McBride, 2014). Some studies have suggested that
nutrient limitation is a trigger for the initiation of C. difficile sporulation or it may be control by
LexA, a repressor of the SOS response genes that also regulate DNA damage, toxin A production,
motility, biofilm production, toxin A production and metronidazole resistance (Nawrocki et al.,
2016; Walter et al., 2015; Burns and Minton, 2011; Heap et al., 2007; Underwood et al., 2009).
The fact that sporulation occurs in the absence of nutrient limitation is consistent with our lack of
understanding of the processes that are involved. BHI supplemented with bile salts and yeast extract
is perhaps the most commonly used medium for inducing sporulation of C. difficile (Bhattacharjee
et al., 2016; Burns et al., 2010a, 2010b; Merrigan et al., 2010; Sorg and Sonenshein, 2008). Some
studies even used BHI without supplementation to measure C. difficile sporulation and for
preparing

spores

for

subsequent

analyses

of

spore

germination

(Burns

et

al.,

2010a, 2010b; Merrigan et al., 2010; Sorg and Sonenshein, 2008, 2009, 2010; Underwood et al.,
2009). A peptone-yeast medium with added cysteine was used in one study (Åkerlund et al., 2006).
Our comparison between two food-related media (MJM and FJM) on the sporulation of toxigenic
C. difficile ribotypes 078 and 027 clearly indicates that the sporulation rate was high in food
products, such as meat and fish. Our data suggest that the tested 027 strains may form spores at a
slower rate than the tested 078 in FJM (Table 3.8). The present results indicate that the spores of
both ribotypes may survive for long times in contaminated meat and fish and this could be
considered as an additional property that would serve the organism well as a foodborne pathogen.
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4.3 Interactions between probiotic lactic acid bacteria and C. difficile isolates
The second hypotheses in our study was that strains of commercial probiotic lactic acid
bacteria (L. helveticus R0052 and P. acidilactici R1001) can inhibit in vitro growth of C. difficile
isolates that can cause community-acquired and hospital-acquired infections through lowering pH
and producing inhibitory metabolic products. The data support the hypothesis that the probiotic
lactic acid bacteria can inhibit growth of C. difficile by producing inhibitory metabolic products,
while the role of pH is dependent upon the environment.
4.3.1 The effect of co-culture and cell-free culture supernatants (CFS) of probiotic
bacteria on the growth of ribotype 027 and 078 C. difficile isolates
The third goal of this research was to determine whether two commercial LABs ( L.
helveticus R0052 and P. acidilactici R1001) could inhibit the growth of C. difficile ribotypes 078
and 027 in co-culture. An important finding was that the two commercial probiotic strains exerted
significant inhibition of the growth of some C. difficile strains when they were co-cultured
anaerobically. This led to further studies to determine whether this inhibitory effect was attributable
to secreted metabolic products from the probiotic bacteria or due to acidification of the media. We
showed that L. helveticus R0052 and P. acidilactici R1001 both possess anti-C. difficile activity,
but L. helveticus R0052 appeared to have stronger activity against C. difficile ribotypes 078 and
027 and to be active against more isolates. The probiotic strains were effective against C. difficile
isolates from diverse sources with distinct PFGE profiles including human (ribotypes 078 and 027),
animal (pig, cattle, and horse), and water. This suggests the inhibitory activity of these probiotics
may impact a range of C. difficile strains. The data from this study indicate that the two probiotic
bacteria inhibited both C. difficile ribotypes, but there were strain differences in susceptibility. The
basis for these differences is not known. We chose the exponential phase for the interaction between
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the probiotic bacteria and C. difficile because it has growth rate increases at a consistent rate in this
phase (Maier et al., 2009). Moreover, C. difficile in the exponential phase of growth produces more
toxins (Curry et al., 2007). The most pronounced inhibitory effect occurred with isolate CD 634,
an 078 ribotype isolated from pig, when it was co-cultured with LH. Growth of ribotype 027 isolate
CD16 was not affected by co-culture with either of the two probiotic bacteria. Further studies to
seek to identify the basis for the resistance of this strain are warranted. Overall, the number of C.
difficile isolates examined is too low to draw broad conclusions about source of the isolates and
susceptibility to the two probiotic organisms and testing of additional isolates is needed.
Probiotics have been considered as alternative therapy in the prevention of CDI and its
complications (Goldenberg et al., 2013). Many clinical studies have evaluated the benefits of
probiotics as alternative treatment for CDI in humans, their trials were against different ribotypes
of C. difficile such as against C. difficile ribotypes 078, 027, and 001 (Dobson et al., 2011; Hickson,
2011; Desrochers et al., 2005; Weese et al., 2003; Båverud, 2002).
Several studies have shown that the use of Lactobacillus, Saccharomyces, and Bifidobacterium
and a mixture of various probiotics all significantly reduce the risk of CDI (Arena et al., 2017; Lau
and Chamberlain, 2016; McFarland, 2016; To and Napolitano, 2014; Goldenberg et al., 2013;
Schoster et al., 2013; Johnston et al., 2012; Hickson, 2011; Thomas and Greer, 2010; Culligan et
al., 2009; Sanders, 2003). For example, the administration of Saccharomyces boulardii in
combination with antibiotics reduced the occurrence of CDI (McFarland, 2010). However, there is
limited scientific data that compares the antimicrobial activity of commercial probiotic strains
against diverse C. difficile strains (Schoster et al., 2013; Culligan et al., 2009). A challenge is that
effects from probiotic bacteria are reported to be strain-specific, thus the effectiveness of a probiotic
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against a pathogen cannot be extrapolated to other probiotic strains (Schoster et al., 2013; Culligan
et al., 2009).
Many studies have shown inhibitory effects of Lactobacillus spp. (L. plantarum, L.
rhamnosus, L. casei, L. fermentum, L. helveticus, L. brevis, L. salivarius, and L. sakei) in vivo for
treatment of gastrointestinal disease in pigs, horses, and other animals. However, these studies did
not evaluate the inhibitory effect of probiotics against C. difficile ribotype 078, but evaluated the
inhibitory effect of probiotics on other ribotypes such as 001, 027, and 106 (McFarland, 2016;
Dobson et al., 2011; Collado et al., 2007; McFarland, 2006).
Probiotics are proposed to use several mechanisms of action to impact the development of
enteric infections (Jones and Versalovic, 2009; Rohde et al., 2009). Probiotics may inhibit the
growth and suppress the invasion of enteric pathogenic bacteria by strengthening the intestinal
barrier function (Rohde et al., 2009). Probiotics also could regulate immune responses by
modulating proinflammatory cytokines (Jones and Versalovic, 2009; Rode et al., 2009; JohnsonHenry et al., 2004). Also, probiotics play an important role in supplementation of the
gastrointestinal tract with normal commensal bacterial flora and modulating the inflammatory
balance (Jones and Versalovic, 2009; Rohde et al., 2009). Since our studies were conducted in vitro,
we evaluated extrinsic factors produced by the probiotic bacteria that affected the growth of C.
difficile and one such factor was pH. Probiotic lactic acid bacteria are known to produce organic
acids, such as lactic and acetic acids which lower intestinal pH and thereby inhibit the growth of
pathogens (Laroia and Martin, 1990). However, our studies indicated that the inhibitory effect could
not be attributed solely to the acidity produced by the probiotic organisms since growth inhibition
occurred when diluted cell-free culture supernatants were tested at near neutral pH (about pH 6).
Furthermore, similar decreases in pH of the growth medium occurred for C. difficile isolates that
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were not inhibited as for isolates that were inhibited (e.g., Figures 3.16, 3.17). Also, the co-culture
and CFS studies were done in RC broth, in which C. difficile 634 could grow well at a pH as low
as 4.5, indicating the acid-tolerance of the isolate in this medium.
The mechanism of action of LH against CD 634 appears to rely on the production of
antimicrobial agents other than acidity. There is a paucity of knowledge in this area as there is a
limited number of in vitro studies that focus on the inhibitory effect of probiotics against C. difficile
isolates of ribotypes 078 and 027 (Goldenberg et al., 2013; Dobson et al., 2011; Collado et al., 2007;
Weese et al., 2003). A study by Schoster et al. (2013) investigated the in vitro inhibitory effect of
five strains of probiotic Lactobacillus and Bifidobacterium bacteria against C. difficile ribotype 027.
Their results showed that the probiotic organisms had a significant inhibitory effect against C.
difficile ribotype 027 and the authors suggested that the mechanism of action was independent of
lowering pH, and depended on production of other antimicrobial agents. These findings are similar
to those in the present study.
The current in vitro study revealed that L. helveticus R0052 (LH) and P. acidilactici R1001
(PA) had an inhibitory effect on the growth of some C. difficile isolates that was detectable in about
12 h after incubation anaerobically at 37 °C in both co-culture and CFS methods. We also
demonstrated that L. helveticus R0052 had the highest inhibitory effect on the growth of C. difficile
isolate 634 after 12 h of co-culture or by cultivation with CFS, and LH was not inhibited by the
presence of CD 634 in co-culture. These data indicate that interactions occurred between the two
species of bacteria, in vitro, and this interaction was detrimental to C. difficile under these
conditions. Physical interaction between the two probiotic and C. difficile strain is not necessary
for the inhibitory activity because a similar reduction occurred when C. difficile isolates were
cultivated with CFSs. The mechanism of action of probiotics is poorly understood (Valdés-Varela
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et al., 2016; Rehman et al., 2012) but the fact that activity has been identified in cell-free culture
supernatant could lead to identification of specific probiotic bacterial products such as the
bacteriocin-like substance helveticin-like protein (Sadowska et al., 2010) that may play a role in
inhibition of the growth of C. difficile in foods and in the gastrointestinal tract.
These studies indicate that other antimicrobial metabolites in the culture supernatant are
likely responsible for the growth inhibition. Studies involving fractionation of the culture
supernatant may be valuable in isolating one or more compounds that are responsible. Probiotic
bacteria produce a wide range of antimicrobial substances including hydrogen peroxide,
bacteriocins such as helveticin, and organic acids, which could inhibit the growth of pathogenic
microorganisms (Lau and Chamberlain, 2016; Mellefont et al., 2008; Dethlefsen et al., 2006; FayolMessaoudi et al., 2005; Holzapfel et al., 1995). It may be valuable to consider some of these
products as potential agents of the inhibitory activity detected in the present study. The ability of L.
helveticus R0052 to express genes that encode helveticin has been confirmed by reversetranscriptase PCR (Foster et al., 2011; Sadowska et al., 2010). The bacteriocin helveticin, which
has pH-independent, protease-sensitive antimicrobial activity against some Gram-positive
pathogens such as Staphylococcus aureus is a potential factor in the inhibition of C. difficile by LH.
Many bacteriocins are pathogen-specific in their activity and this could explain why some C.
difficile strains were susceptible and others were unaffected. Alternatively, some strains which
appeared resistant may be susceptible to higher concentrations of the probiotic bacteria. Further
studies to examine the effects of helveticin against C. difficile isolates are warranted.
L. helveticus R0052 also can produce a unique surface layer protein (SlpA), which is
responsible for the adherent property of the bacterium (Johnson-Henry et al., 2007). This protein
plays an important role in the regulation of the pro-inflammatory cytokines and interleukins,
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enhanced antibody production, and competitive exclusion of pathogens (Servin, 2004; Reid et al.,
2003; Easo et al., 2002). This protein may contribute to anti-pathogen activity in vivo but it is
unknown whether it has a role in in vitro activity.
Variations in the antimicrobial activity of probiotics against pathogens is well studied
(Schoster et al., 2013; Culligan et al., 2009; Mattila-Sandholm et al., 2002). Probiotic bacteria may
have antimicrobial activity against one or many pathogenic bacteria (Giles-Gómez et al., 2016; Bian
et al., 2015; Tejero-Sarinena et al., 2012; Gomez et al., 2010; Magnusson, 2003; Gummalla and
Broadbent, 2001; Martha et al., 2001). Combining more than one probiotic bacterium, especially
among the Lactobacillus strains, is one way of achieving a wider spectrum of antimicrobial activity
against pathogenic strains (Collado et al., 2008; Dunne at el., 2001). Lactobacillus spp. and
Pediococcus spp. are considered among the most resistant to elimination from the gastrointestinal
tract and have been shown to possess inhibitory activity against gastrointestinal pathogens such as
C. difficile (Lau and Chamberlain, 2016; Peng, 2014; Gareau et al., 2010). Thus, future studies
combining L. helveticus and P. acidilactici against C. difficile could enhance their activity against
a broader range of C. difficile strains.
4.4 Conclusions
These studies identified several novel aspects of C. difficile ribotypes 078 and 027,
relationships among isolates from different sources in Southern Ontario, and on interactions of these
organisms with factors relevant to food and intestinal environments and to probiotic bacteria. The
data support previous information suggesting that animals, and by extension meats, could be
sources of human community-acquired infection with C. difficile ribotype 078 and provide new
information showing that two probiotic bacteria inhibited the growth of C. difficile of ribotypes 078
and 027.
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The majority of C. difficile isolates were ribotype 078 and were considered potentially
hypervirulent due to the presence of all three toxin genes. Modification of a standard PFGE protocol
allowed us to obtain clear banding patterns and show genetic relatedness among ribotype 078
isolates of C. difficile from humans, animals, and the environment. Some 078 C. difficile isolates
from humans had identical PFGE patterns with isolates from pigs, and others had patterns identical
with those of isolates from the environment. The data may be interpreted to mean that animals and
the environment are reservoirs of ribotype 078 C. difficile that cause community–acquired
infections. C. difficile ribotypes 078 and 027 grew at different pH values, were inhibited by KCl,
and grew and germinated in food products such as meat juice medium (MJM) and fish juice medium
(FJM). Additionally, MJM and FJM variably affected germination and sporulation of C. difficile
related to ribotype. MJM was a highly effective germinant for ribotype 078 C. difficile, but failed
to stimulate germination of 027 ribotype organisms.
The data suggest that there are differences in the factors that promote or inhibit germination
in these two ribotypes of C. difficile. There have been no studies published on germination of spores
of C. difficile ribotypes 078 and 027 in foods. In our studies, high rates of germination were
observed without addition of bile salts in FJM for both ribotypes and in MJM for ribotype 078. The
finding that spores of C. difficile germinate in the absence of bile salts may be valuable for more in
vitro studies to better understand the germination triggers in this pathogen. The sporulation yields
for both ribotypes 078 and 027 C. difficile were high in both food products, suggesting that C.
difficile spores may form in food, allowing survival in some heat-treated foods.
Two commercial probiotics, L. helveticus R0052 and P. acidilactici R1001, were used for
the first time to study their effect against seven selected isolates of C. difficile ribotypes 078 and
027. A very important discovery was that one or both of these commercial probiotic bacteria
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inhibited the growth of all five ribotype 078 and one of two ribotype 027 C. difficile isolates that
were investigated during co-culture experiments. The seven selected C. difficile isolates were
genetically diverse. Our data suggest that these probiotic bacteria could play a role in the treatment
of both CA-CDI and HA-CDI. The inhibitory activity discovered in co-culture was present in cellfree culture supernatants of the two probiotic bacteria, could not be attributed solely to acidity, and
appears to be due to metabolic factors produced by the probiotics.
4.5 Further studies
The data set derived from the various C. difficile studies presented in this thesis have provided
novel results that advance the field of this important human pathogen. This information also
suggests several areas for future research, but only three will be briefly outlined below. These will
encompass further studies in epidemiology, C. difficile germination, and probiotics-C. difficile
interactions.
4.5.1

Further studies in epidemiology of C. difficile

The results obtained from the present studies demonstrated that toxigenic C. difficile
ribotype 078 was highly prevalent in Southern Ontario. The frequent isolation of C. difficile
ribotype 078 from animal, human, water, and soil raises concerns about the risk of contamination
of food and water courses by C. difficile. Further studies are needed to focus on the epidemiology
by intensive follow-up of cases of CA-CDI to seek definitive evidence to confirm whether this
organism is zoonotic and/or foodborne. These studies should be based on “trace back” from CA
CDI cases involving 078 ribotype C. difficile. For logistic reasons, they should be done in a specific
region of one province, such as Southern Ontario. As soon as a case of 078 CDI is identified, there
should be extensive questioning of the individual to identify potential food or environmental
sources. Sampling of these sources should be done to isolate C. difficile and ribotype it to determine
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if it is 078. Food or environmental ribotype 078 isolates that are obtained should be compared by
progressively using toxinotyping, PFGE, and whole genome sequencing to determine if the isolates
are identical to the isolate from the patient. These studies will be challenging but should be able to
determine whether the organism is zoonotic and/or foodborne. A definite determination of the
zoonotic status of ribotype 078 C. difficile would be a considerable advance and would permit steps
to be taken to reduce the risk of transmission of the organisms from animal and environmental
sources to humans. Such steps could reduce the prevalence of CA-CDI.
4.5.2

Further studies in C. difficile germination

The ability of C. difficile spores to germinate in several media in the absence of bile salts is
worth further investigation because most of the previous studies used bile salt to enhance growth
and germination of C. difficile isolates. Specifically, it may be valuable to identify the components
of meat and fish that assist spores of 078 C. difficile to germinate and multiply in them and the
factors that prevent spores of 027 C. difficile from germinating in MJM. Meat could be fractionated
and analyzed by using HPLC or HPLC MS-MS to identify components which help in the survival
of spores of 078 ribotype C. difficile and help them to germinate to form vegetative bacteria that
would multiply in cooked meat. Such studies may lead to identification of new germinant receptors
in C. difficile and a better understanding of the spore germination process in this organism. The
knowledge gained would contribute to the field of bacterial spore germination and could lead to
methods of modifying food environments in order to inhibit germination by C. difficile. In addition,
further studies should be conducted on the proteomics and/or transcriptomics (set of all RNA
molecules) of ribotype 078 and 027 to examine the differences in protein and gene expression
between these ribotypes to better understand the mechanisms of germination in food products (meat
and fish).
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4.5.3

Further studies in probiotic-C. difficile interactions

Further studies should be conducted on the anti-C. difficile effects exerted by L. helveticus
R0052 and P. acidilactici R1001. These investigations should include:
1. Identification of the factor(s) in cell-free culture supernatants responsible for the anti-C.
difficile effect. One approach might involve fractionation of the culture supernatant,
followed by detection of fractions with activity, analysis of these fractions, and
purification of the active compound(s). A specific test could be done on helveticin to
determine whether it has a similar profile of activity as the culture supernatant of L.
helveticus R0052. Furthermore, the genes for production of helveticin could be inactivated
by mutation or deletion to see the effects in the absence of production of helveticin.
Moreover, we should determine whether purified helveticin is active against C. difficile in
meats. The goal is to apply these purified compounds to food products. The in vitro
conditions for production of the inhibitor(s) will be optimized with the goal of using these
inhibitors in vivo in patients with CDI and in food safety systems. Moreover, we could test
for the presence of anti-C. difficile activity in other strains of L. helveticus and P.
acidilactici as well as other species of Lactobacillus and Pediococcus. The goal is to apply
these purified compounds to food products. Such studies may identify strains of probiotic
bacteria with even greater levels of inhibitory activity than those found with the present
strains. test multi-species probiotic formulations that are specific to diverse ribotypes and
strains of C. difficle (rather than testing one by one). It will also be important to test the
two probiotic strains against a wide range of C difficile isolates to determine their range
of activity.
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2. Determining whether probiotic bacteria selected for their effectiveness in vitro are effective
in a hamster model of infection with C. difficile. C. difficile infection in hamster shares
some of the recognized pathophysiological features of C. difficile infection in humans
(Fekety et al., 1979) and is the best animal model available for simulation of CDI in
humans. It has been used for studies such as the effects of C. difficile on the immune system,
testing of new potential antimicrobials, prophylactic treatments and population dynamics
(Sambol et al., 2002; Alcantara et al., 2001; Chang et al., 1978). The probiotics could also
be tested in pigs in which a natural disease occurs from infection with C. difficile (Arruda
et al., 2016).
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Liu, R., Suárez, J. M., Weisblum, B., Gellman, S. H., & McBride, S. M. (2014). Synthetic polymers
active against Clostridium difficile vegetative cell growth and spore outgrowth. Journal of
the American Chemical Society, 136 (41), 14498-14504.
Loo, V. G., Poirier, L., Miller, M. A., Oughton, M., Libman, M. D., Michaud, S., ... & Vibien, A.
(2005). A predominantly clonal multi-institutional outbreak of Clostridium difficile–
associated diarrhea with high morbidity and mortality. New England Journal of
Medicine, 353 (23), 2442-2449.
López-Ureña, D., Quesada-Gómez, C., Miranda, E., Fonseca, M., & Rodríguez-Cavallini, E.
(2014). Spread of epidemic Clostridium difficile NAP1/027 in Latin America: case reports
in Panama. Journal of Medical Microbiology, 63 (2), 322-324.
Louie, T. J., Miller, M. A., Crook, D. W., Lentnek, A., Bernard, L., High, K. P., . . . Gorbach, S.
L. (2013). Effect of age on treatment outcomes in Clostridium difficile infection. Journal
of the American Geriatrics Society, 61 (2), 222-230.
Lund, B. M., & Peck, M. W. (2015). A possible route for foodborne transmission of Clostridium
difficile? Foodborne Pathogens and Disease, 12 (3), 177-182.
Lyon, S. A., Hutton, M. L., Rood, J. I., Cheung, J. K., & Lyras, D. (2016). CdtR Regulates TcdA
and TcdB Production in Clostridium difficile. PLoS Pathology, 12 (7), 1-19.
Lyras, D., O’Connor, J. R., Howarth, P. M., Sambol, S. P., Carter, G. P., Phumoonna, T., ... &
Gerding, D. N. (2009). Toxin B is essential for virulence of Clostridium
difficile. Nature, 458 (7242), 1176-1179.

170

MacCannell, D. R., Louie, T. J., Gregson, D. B., Laverdiere, M., Labbe, A. C., Laing, F., &
Henwick, S. (2006). Molecular analysis of Clostridium difficile PCR ribotype 027 isolates
from Eastern and Western Canada. Journal of Clinical Microbiology, 44 (6), 2147-2152.
Magnusson, J. (2003). Antifungal
https://pub.epsilon.slu.se/247/

activity of lactic acid bacteria. Retrieved from

Makras, L., Triantafyllou, V., Fayol-Messaoudi, D., Adriany, T., Zoumpopoulou, G., Tsakalidou,
E., ... & De Vuyst, L. (2006). Kinetic analysis of the antibacterial activity of probiotic
lactobacilli towards Salmonella enterica serovar Typhimurium reveals a role for lactic acid
and other inhibitory compounds. Research in Microbiology, 157 (3), 241-247.
Mallonee, D. H., & Hylemon, P. B. (1996). Sequencing and expression of a gene encoding a bile
acid transporter from Eubacterium sp. strain VPI 12708. Journal of Bacteriology, 178 (24),
7053-7058.
Mani, N., & Dupuy, B. (2001). Regulation of toxin synthesis in Clostridium difficile by an
alternative RNA polymerase sigma factor. Proceedings of The National Academy of
Sciences, 98 (10), 5844-5849.
Martin, H., Willey, B., Low, D. E., Staempfli, H. R., McGeer, A., Boerlin, P., ... & Weese, J. S.
(2008). Characterization of Clostridium difficile strains isolated from patients in Ontario,
Canada, from 2004 to 2006. Journal of Clinical Microbiology, 46 (9), 2999-3004.
Martin, J. S., Monaghan, T. M., & Wilcox, M. H. (2016). Clostridium difficile infection:
epidemiology, diagnosis and understanding
transmission.
Nature reviews
Gastroenterology & Hepatology, 13 (4), 206-216.
Martha I. Alvarez-Olmos and Richard A. Oberhelman. Probiotic agents and infectious diseases: A
modern perspective ontraditionaltherapy. Clinical Infectious Diseases 2001; 32:1567–
1643.
Matamouros, S., England, P., & Dupuy, B. (2007). Clostridium difficile toxin expression is
inhibited by the novel regulator TcdC. Molecular Microbiology, 64 (5), 1274-1288.
Mattila-Sandholm, T., Myllärinen, P., Crittenden, R., Mogensen, G., Fondén, R., & Saarela, M.
(2002). Technological challenges for future probiotic foods. International Dairy Journal,
12 (2), 173-182.
McComas, P. (2011). Clostridium Difficile Infection: What Nurses Need to Know.
McCormick, B. A., Stocker, B. A., Laux, D. C., & Cohen, P. S. (1988). Roles of motility,
chemotaxis, and penetration through and growth in intestinal mucus in the ability of an
avirulent strain of Salmonella typhimurium to colonize the large intestine of streptomycintreated mice. Infection and Immunity, 56 (9), 2209-2217.
McDonald, L. C., Owings, M., & Jernigan, D. B. (2006). Clostridium difficile infection in patients
discharged from US short-stay hospitals, 1996–2003. Emerging Infectious Diseases, 12
(3), 1-7.

171

McDonald, L. C., Killgore, G. E., Thompson, A., Owens, R. C., Jr., Kazakova, S. V., Sambol, S.
P., . . . Gerding, D. N. (2005). An epidemic, toxin gene-variant strain of Clostridium
difficile. Natural England Journal of Medicine, 353 (23), 2433-2441.
McFarland, L. V. (2006). Meta-analysis of probiotics for the prevention of antibiotic associated
diarrhea and the treatment of Clostridium difficile disease. The American Journal of
Gastroenterology, 101(4), 812-822.
McFarland, L. V. (2010). Systematic review and meta-analysis of Saccharomyces boulardii in
adult patients. World Journal of Gastroenterology, 16 (18), 2202-2222.
McFarland, L. V. (2016). Therapies on the horizon for Clostridium difficile infections. Expert
Opinion on Investigational Drugs, 25 (5), 541-555.
McGuire, S. (2011). US Department of Agriculture and US Department of Health and Human
Services, Dietary Guidelines for Americans, 2010. Washington, DC: US Government
Printing Office, January 2011. Advances in Nutrition: An International Review Journal, 2
(3), 293-294.
Mead, P. S., Slutsker, L., Dietz, V., McCaig, L. F., Bresee, J. S., Shapiro, C., ... & Tauxe, R. V.
(1999). Food-related illness and death in the United States. Emerging Infectious Diseases,
5 (5), 1-19.
Mellefont, L. A., McMeekin, T. A., & Ross, T. (2008). Effect of relative inoculum concentration
on Listeria monocytogenes growth in co-culture. International Journal of Food
Microbiology, 121(2), 157-168.
Merrigan, M., Venugopal, A., Mallozzi, M., Roxas, B., Viswanathan, V. K., Johnson, S., ... &
Vedantam, G. (2010). Human hypervirulent Clostridium difficile strains exhibit increased
as well as robust toxin production. Journal of Bacteriology, 192 (19), 4904-4911.
Metcalf, D., Reid-Smith, R. J., Avery, B. P., & Weese, J. S. (2010). Prevalence of Clostridium
difficile in retail pork. Canadian Veteranary Journal, 51 (8), 873-876.
Miezeiewski, M., Schnaufer, T., Muravsky, M., Wang, S., Caro-Aguilar, I., Secore, S., ... &
Kuczynski, J. (2015). An in vitro culture model to study the dynamics of colonic microbiota
Syrian golden hamsters and their susceptibility to infection with Clostridium difficile. The
International Society of Microbial Ecology Journal, 9 (2), 321-332.
Miller, L. T. (1982). Single derivatization method for routine analysis of bacterial whole-cell fatty
acid methyl esters, including hydroxy acids. Journal of Clinical Microbiology, 16 (3), 584586.
Miller, M., Gravel, D., Mulvey, M., Taylor, G., Boyd, D., Simor, A., . . . Moore, D. (2010). Health
care-associated Clostridium difficile infection in Canada: patient age and infecting strain
type are highly predictive of severe outcome and mortality. Clinical Infectious Diseases,
50 (2), 194-201.
Mirzaei, H., and A. Barzgari. (2012). Isolation and molecular study of potentially probiotic
lactobacilli in traditional white cheese of Tabriz in Iranian Annals of Biology Research, 3
(5):2213-2216.
172

Miyata, S., Moriyama, R., Miyahara, N., & Makino, S. (1995). A gene (sleC) encoding a sporecortex-lytic enzyme from Clostridium perfringens S40 spores; cloning, sequence analysis
and molecular characterization. Microbiology, 141(10), 2643-2650.
Moir, A. (2006). How do spores germinate? Journal of Applied Microbiology, 101(3), 526-530.
Moir, A., Corfe, B., & Behravan, J. (2002). Spore germination. Cellular and Molecular Life
Sciences, 59 (3), 403-409.
Monot, M., Boursaux-Eude, C., Thibonnier, M., Vallenet, D., Moszer, I., Medigue, C., ... &
Dupuy, B. (2011). Reannotation of the genome sequence of Clostridium difficile strain
630. Journal of Medical Microbiology, 60 (8), 1193-1199.
Moss, C. W., Shinoda, T., & Samuels, J. W. (1982). Determination of cellular fatty acid
compositions of various yeasts by gas-liquid chromatography. Journal of Clinical
Microbiology, 16(6), 1073-1079.
Mullane, K. (2014). Fidaxomicin in Clostridium difficile infection: latest evidence and clinical
guidance. Therapeutic Advances in Chronic Disease, 5 (2), 69-84.
Mulvey, M. R., Boyd, D. A., Gravel, D., Hutchinson, J., Kelly, S., McGeer, A., ... & Weese, J. S.
(2010). Hypervirulent Clostridium difficile strains in hospitalized patients, Canada.
Emerging Infectious Diseases, 16 (4), 1-4.
Murphy, C., Cardello, A. V., & Brand, J. G. (1981). Tastes of fifteen halide salts following water
and NaCl: anion and cation effects. Physiology and Behavior, 26 (6), 1083-1095.
Musher, D. M., Aslam, S., Logan, N., Nallacheru, S., Bhaila, I., Borchert, F., & Hamill, R. J.
(2005). Relatively poor outcome after treatment of Clostridium difficile colitis with
metronidazole. Clinical Infectious Diseases, 40 (11), 1586-1590.
Muto, C. A., Pokrywka, M., Shutt, K., Mendelsohn, A. B., Nouri, K., Posey, K., . . . Patel-Brown,
S. (2005). A large outbreak of Clostridium difficile–associated disease with an unexpected
proportion of deaths and colectomies at a teaching hospital following increased
fluoroquinolone use. Infection Control and Hospital Epidemiology, 26 (03), 273-280.
Nanwa, N., Kwong, J. C., Krahn, M., Daneman, N., Lu, H., Austin, P. C., ... & Sander, B. (2016).
The Economic Burden of Hospital-Acquired Clostridium difficile Infection: A PopulationBased Matched Cohort Study. Infection Control and Hospital Epidemiology, 37 (09),
1068-1078.
Natural Medicines Comprehensive Database. Lactobacillus monograph.2009
www.naturaldatabase.com.
Nawrocki, K. L., Edwards, A. N., Daou, N., Bouillaut, L., & McBride, S. M. (2016). CodYdependent regulation of sporulation in Clostridium difficile. Journal of Bacteriology, 198
(15), 2113-2130.
Nordqvist, C. Lactic acid bacteria - their uses in food. Medical News Today. (2004), Retrieved
from http:// www.medicalnewstoday.com/releases/14023.php.

173

O'Connor, J. R., Johnson, S., & Gerding, D. N. (2009). Clostridium difficile infection caused by
the epidemic BI/NAP1/027 strain. Gastroenterology, 136 (6), 1913-1924.
Olejnik, A., Lewandowska, M., Obarska, M., & Grajek, W. (2005). Tolerance of Lactobacillus
and Bifidobacterium strains to low pH, bile salts and digestive enzymes. Electronic Journal
of Polish Agricultural Universities, Food Science and Technology, 8 (1), 05.
O'Neill, G., Adams, J. E., Bowman, R. A., & Riley, T. V. (1993). A molecular characterization of
Clostridium difficile isolates from humans, animals and their environments. Epidemiology
and Infection, 111 (2), 257-264.
Otten, A., Reid-Smith, R., Fazil, A., & Weese, J. (2010). Disease transmission model for
community-associated Clostridium difficile infection. Epidemiology and Infection, 138
(06), 907-914.
Owens, R. C. (2007). Clostridium difficile-associated disease: changing epidemiology and
implications for management. Drugs, 67 (4), 487-502.
Owens, R. C., Donskey, C. J., Gaynes, R. P., Loo, V. G., & Muto, C. A. (2008). Antimicrobialassociated risk factors for Clostridium difficile infection. Clinical Infectious Diseases, 46
(1), S19-S31.
Paidhungat, M., & Setlow, P. (2000). Role of Ger proteins in nutrient and nonnutrient triggering
of spore germination in Bacillus subtilis. Journal of Bacteriology, 182 (9), 2513-2519.
Paredes-Sabja, D., & Sarker, M. R. (2012). Adherence of Clostridium difficile spores to Caco-2
cells in culture. Journal of Medical Microbiology, 61 (9), 1208-1218.
Paredes-Sabja, D., Shen, A., & Sorg, J. A. (2014). Clostridium difficile spore biology: sporulation,
germination, and spore structural proteins. Trends in Microbiology, 22 (7),
406416.
Paredes-Sabja, D., Bond, C., Carman, R. J., Setlow, P., & Sarker, M. R. (2008a). Germination of
spores of Clostridium difficile strains, including isolates from a hospital outbreak of
Clostridium difficile-associated disease (CDAD). Microbiology, 154 (8), 2241-2250.
Paredes-Sabja, D., Torres, J. A., Setlow, P., & Sarker, M. R. (2008b). Clostridium perfringens
spore germination: characterization of germinants and their receptors. Journal of
Bacteriology, 190 (4), 1190-1201.
Paredes-Sabja, D., Setlow, P., & Sarker, M. R. (2009). SleC is essential for cortex peptidoglycan
hydrolysis during germination of spores of the pathogenic bacterium Clostridium
perfringens. Journal of Bacteriology, 191 (8), 2711-2720.
Paredes-Sabja, D., Setlow, P., & Sarker, M. R. (2011). Germination of spores of Bacillales and
Clostridiales species: mechanisms and proteins involved. Trends in Microbiology, 19 (2),
85-94.
Park, H. J., Na, Y. J., Cho, J. I., Lee, S. H., & Yoon, K. S. (2014). Effects of Temperature and
Packaging on the Growth Kinetics of Clostridium perfringens in Ready-to-eat Jokbal (Pig's
Trotters). Korean Journal for Food Science of Animal Resources, 34 (1), 80-87.

174

Parvez, S., Malik, K. A., Ah Kang, S., & Kim, H. Y. (2006). Probiotics and their fermented food
products are beneficial for health. Journal of Applied Microbiology, 100 (6), 1171-1185.
Peláez, T., Alcalá, L., Blanco, J. L., Álvarez-Pérez, S., Marín, M., Martín-López, A., ... & Bouza,
E. (2013). Characterization of swine isolates of Clostridium difficile in Spain: a potential
source of epidemic multidrug resistant strains? Anaerobe, 22, 45-49.
Peng, J. (2014). Bioactive Components from Lactobacillus acidophilus and Lactobacillus
helveticus Fermented Milk Enhance Epithelial Membrane Integrity against Salmonella
enterica serovars Typhimurium Infection. Retreived from
http://atrium.lib.uoguelph.ca:8080/xmlui/bitstream/handle/10214/8120/Peng_Jingya_201
405_MSc.pdf? sequence=3&isAllowed=y
Pépin, J., Valiquette, L., & Cossette, B. (2005). Mortality attributable to nosocomial Clostridium
difficile–associated disease during an epidemic caused by a hypervirulent strain
in. Canadian Medical Association Journal, 173 (9), 1037-1042.
Pépin, J., Valiquette, L., Alary, M. E., Villemure, P., Pelletier, A., Forget, K., ... & Chouinard, D.
(2004). Clostridium difficile-associated diarrhea in a region of Quebec from 1991 to 2003:
a changing pattern of disease severity. Canadian Medical Association Journal, 171 (5),
466-472.
Phillips, M., Kailasapathy, K., & Tran, L. (2006). Viability of commercial probiotic cultures (L.
acidophilus, Bifidobacterium sp., L. casei, L. paracasei and L. rhamnosus) in cheddar
cheese. International Journal of Food Microbiology, 108 (2), 276-280.
Pillai, A., & Nelson, R. L. (2008). Probiotics for treatment of Clostridium difficile‐associated
colitis in adults. Cochrane Database of Systematic Reviews, (1), 1-14.
Pirs, T., Ocepek, M., & Rupnik, M. (2008). Isolation of Clostridium difficile from food animals
in Slovenia. Journal of Medical Microbiology, 57 (6), 790-792.
Plaza-Garrido, Á., Barra-Carrasco, J., Macias, J. H., Carman, R., Fawley, W. N., Wilcox, M. H.,
... & Paredes-Sabja, D. (2016). Predominance of Clostridium difficile ribotypes 012, 027
and 046 in a university hospital in Chile, 2012. Epidemiology and Infection, 144 (05), 976979.
Poelaert, C., Boudry, C., Portetelle, D., Thewis, A., & Bindelle, J. (2012). Use of medium without
reducing agent for in vitro fermentation studies by bacteria isolated from pig intestine.
Journal of Animal Science, 90 (4), 387-389.
Porsbo, L. J., & Agersø, Y. (2016). Clostridium difficile–A possible zoonotic link, 68 (1) 45
Poutanen, S. M., & Simor, A. E. (2004). Clostridium difficile-associated diarrhea in adults.
Canadian Medical Association Journal, 171 (1), 51-58.
Poxton, I., McCoubrey, J., & Blair, G. (2001). The pathogenicity of Clostridium difficile. Clinical
Microbiology and Infection, 7 (8), 421-427.
Public Health Ontario. (2015) Clostridium Difficile Infection (CDI). Monthly Infectious Diseases
Surveillance Report. 4 (8), 1-6.

175

Rahimi, E., Jalali, M., & Weese, J. S. (2014). Prevalence of Clostridium difficile in raw beef, cow,
sheep, goat, camel and buffalo meat in Iranian BioMed Central Journal of Public Health,
14 (1), 119-119.
Ray, T., Mills, A., & Dyson, P. (1995). Tris‐dependent oxidative DNA strand scission during
electrophoresis. Electrophoresis, 16 (1), 888-894.
Rainey FA, Hollen BJ, Small A. Clostridium difficile. In: The Firmicutes. Bergey’s Manual of
Systematic Bacteriology, 2nd ed., vol. 3. De Vos P, Garrity GM, Jones D, Kreig NR,
Ludwig W, Rainey FA, Schleifer K-H, Whitman WB (eds.). Dordrecht: Springer, 2009,
pp. 771–772.
Redelings, M. D., Sorvillo, F., & Mascola, L. (2007). Increase in Clostridium difficile–related
mortality rates, United States, 1999–2004. Emerging Infectious Diseases, 13 (9), 14171419.
Rehman, A., Heinsen, F. A., Koenen, M. E., Venema, K., Knecht, H., Hellmig, S., ... & Ott, S. J.
(2012). Effects of probiotics and antibiotics on the intestinal homeostasis in a computer
controlled model of the large intestine. BioMed Central Journal of Microbiology, 12 (1),
12-47.
Reid, G., Charbonneau, D., Erb, J., Kochanowski, B., Beuerman, D., Poehner, R., & Bruce, A. W.
(2003). Oral use of Lactobacillus rhamnosus GR-1 and L. fermentum RC-14 significantly
alters vaginal flora: randomized, placebo-controlled trial in 64 healthy women. FEMS
Immunology and Medical Microbiology, 35 (2), 131-134.
Ricciardi, R., Rothenberger, D. A., Madoff, R. D., & Baxter, N. N. (2007). Increasing prevalence
and severity of Clostridium difficile colitis in hospitalized patients in the United States.
Archives of Surgery, 142 (7), 624-631.
Ridlon, J. M., Kang, D.-J., & Hylemon, P. B. (2006). Bile salt biotransformations by human
intestinal bacteria. Journal of Lipid Research, 47 (2), 241-259.
Ridlon, J. M., Kang, D.-J., & Hylemon, P. B. (2010). Isolation and characterization of a bile acid
inducible 7α-dehydroxylating operon in Clostridium hylemonae TN271. Anaerobe, 16 (2),
137-146.
Roberts, K., Smith, C. F., Snelling, A. M., Kerr, K. G., Banfield, K. R., Sleigh, P. A., & Beggs, C.
B. (2008). Aerial dissemination of Clostridium difficile spores. Journal of Bio-Medical
(BMC) Infectious Diseases, 8 (7), 1-6.
Roberts, T. A., & Derrick, C. M. (1978). The effect of curing salts on the growth of Clostridium
perfringens (welchii) in a laboratory medium. International Journal of Food Science &
Technology, 13(4), 349-353.
Rode, L. J., & Foster, J. W. (1962). Ionic germination of spores of Bacillus megaterium QM
B1551. Archives of Microbiology, 43 (2), 183-200.
Rodriguez, C., Avesani, V., Taminiau, B., Van Broeck, J., Brévers, B., Delmée, M., & Daube, G.
(2015). Investigation of Clostridium difficile interspecies relatedness using multilocus
sequence typing, multilocus variable-number tandem-repeat analysis and antimicrobial
susceptibility testing. The Veterinary Journal, 206 (3), 349-355.
176

Rodriguez, C., Taminiau, B., Van Broeck, J., Avesani, V., Delmée, M., & Daube, G. (2012).
Clostridium difficile in young farm animals and slaughter animals in Belgium. Anaerobe,
18 (6), 621-625.
Rodriguez, C., Taminiau, B., Van Broeck, J., Delmée, M., & Daube, G. (2016). Clostridium
difficile in food and animals: A comprehensive Review, 932:65-92
Rodriguez-Palacios, A. (2007). Clostridium difficile in Retail Ground Meat, Canada. 13 (3),
Emerging Infectious Disease Journal-CDC, 13 (3), 485-487.
Rohde, C. L., Bartolini, V., & Jones, N. (2009). The use of probiotics in the prevention and
treatment of antibiotic-associated diarrhea with special interest in Clostridium difficile–
associated diarrhea. Nutrition in Clinical Practice, 24 (1), 33-40.
Rossetti, L., Carminati, D., Zago, M., & Giraffa, G. (2009). A qualified presumption of safety
approach for the safety assessment of Grana Padano whey starters. International Journal of
Food Microbiology, 130 (1), 70-73.
Rupnik, M. (2010). Clostridium difficile toxinotyping. Clostridium difficile: Methods and
Protocols, 646, 67-76.
Rupnik, M., Wilcox, M. H., & Gerding, D. N. (2009). Clostridium difficile infection: new
developments in epidemiology and pathogenesis. Nature reviews. Microbiology, 7 (7),
526.
Rupnik, M., & Janezic, S. (2016). An update on Clostridium difficile toxinotyping. Journal of
Clinical Microbiology, 54 (1), 13-18.
Rupnik, M., Andrasevic, A. T., Dokic, E. T., Matas, I., Jovanovic, M., Pasic, S., ... & Janezic, S.
(2016). Distribution of Clostridium difficile PCR ribotypes and high proportion of 027 and
176 in some hospitals in four South Eastern European countries. Anaerobe, 42, 142-144.
Rupnik, M., Brazier, J. S., Duerden, B. I., Grabnar, M., & Stubbs, S. L. (2001). Comparison of
toxinotyping and PCR ribotyping of Clostridium difficile strains and description of novel
toxinotypes. Microbiology, 147 (2), 439-447.
Rupnik, M., Wilcox, M. H., & Gerding, D. N. (2009). Clostridium difficile infection: new
developments in epidemiology and pathogenesis. Nature Reviews Microbiology, 7 (7),
526-536.
Rupnik, Maja, and J. Glenn Songer. "Clostridium difficile: its potential as a source of foodborne
disease." Advances in Food and Nutrition Research 60 (2010): 53-66.
Sadowska, B., Walencka, E., Wieckowska-Szakiel, M., & Różalska, B. (2010). Bacteria
competing with the adhesion and biofilm formation by Staphylococcus aureus. Folia
Microbiologica, 55 (5), 497-501.
Sambol, S. P., Merrigan, M. M., Tang, J. K., Johnson, S., & Gerding, D. N. (2002). Colonization
for the prevention of Clostridium difficile disease in hamsters. Journal of Infectious
Diseases, 186 (12), 1781-1789.

177

Samore, M., Killgore, G., Johnson, S., Goodman, R., Shim, J., Venkataraman, L., ... & Gerding,
D. (1997). Multicenter typing comparison of sporadic and outbreak Clostridium difficile
isolates from geographically diverse hospitals. Journal of Infectious Diseases, 176 (5),
1233-1238.
Sanders, M. E. (2003). Probiotics: considerations for human health. Nutrition Reviews, 61 (3), 9199.
Scaria, J., Suzuki, H., Ptak, C. P., Chen, J. W., Zhu, Y., Guo, X. K., & Chang, Y. F. (2015).
Comparative genomic and phenomic analysis of Clostridium difficile and Clostridium
sordellii, two related pathogens with differing host tissue preference. Journal of BioMedical Centre (BMC) Genomics, 16 (448), 1-16.
Schneeberg, A., Neubauer, H., Schmoock, G., Baier, S., Harlizius, J., Nienhoff, H., ... & Seyboldt,
C. (2013). Clostridium difficile genotypes in piglet populations in Germany. Journal of
Clinical Microbiology, 51 (11), 3796-3803.
Schoster, A., Kokotovic, B., Permin, A., Pedersen, P. D., Dal Bello, F., & Guardabassi, L. (2013).
In vitro inhibition of Clostridium difficile and Clostridium perfringens by commercial
probiotic strains. Anaerobe, 20 (6), 36-41.
Schwan, C., Stecher, B., Tzivelekidis, T., van Ham, M., Rohde, M., Hardt, W.-D., . . . Aktories,
K. (2009). Clostridium difficile toxin CDT induces formation of microtubule-based
protrusions and increases adherence of bacteria. PLoS Pathogology, 5 (10), 1-14.
Sebaihia, M., Wren, B. W., Mullany, P., Fairweather, N. F., Minton, N., Stabler, R., ... & Holden,
M. T. (2006). The multidrug-resistant human pathogen Clostridium difficile has a highly
mobile, mosaic genome. Nature Genetics, 38 (7), 779-786.
Sebaihia, M., Wren, B. W., Mullany, P., Fairweather, N. F., Minton, N., Stabler, R., ... & Holden,
M. T. (2006). The multidrug-resistant human pathogen Clostridium difficile has a highly
mobile, mosaic genome. Nature Genetics, 38 (7), 779-786.
Servin, A. L. (2004). Antagonistic activities of lactobacilli and bifidobacteria against microbial
pathogens. FEMS Microbiology Reviews, 28 (4), 405-440.
Setlow, B., Cowan, A. E., & Setlow, P. (2003). Germination of spores of Bacillus subtilis with
dodecylamine. Journal of Applied Microbiology, 95 (3), 637-648.
Setlow, P. (2003) Spore germination. Current Opinion Microbiol 6, 550–556.
Setlow, P. (2007). I will survive: DNA protection in bacterial spores. Trends in Microbiology, 15
(4), 172-180.
Setlow, P. (2013). Summer meeting 2013–when the sleepers wake: the germination of spores of
Bacillus species. Journal of Applied Microbiology, 115 (6), 1251-1268.
Setlow, P. (2014). Germination of spores of Bacillus species: what we know and do not know.
Journal of Bacteriology, 196 (7), 1297-1305.
Seurinck, S., Deschepper, E., Deboch, B., Verstraete, W., & Siciliano, S. (2006). Characterization
of Escherichia coli isolates from different fecal sources by means of classification tree
178

analysis of fatty acid methyl ester (FAME) profiles. Environmental Monitoring and
Assessment, 114 (1), 433-445.
Shahriar M, Haque R, Kabir S, et al. Effect of Proteinase-K on Genomic DNA Extraction from
Gram-positive Strains. Journal of Pharmacology Science, 2011, 4 (1): 53-57.
Shanson, D. C., & Singh, J. (1981). Effect of adding cysteine to brain-heart infusion broth on the
isolation of Bacteroides fragilis from experimental blood cultures. Journal of Clinical
Pathology, 34 (2), 221-223.
Sherman, P. M., Johnson-Henry, K. C., Yeung, H. P., Ngo, P. S., Goulet, J., & Tompkins, T. A.
(2005). Probiotics reduce enterohemorrhagic Escherichia coli O157: H7-and
enteropathogenic E coli O127: H6-induced changes in polarized T84 epithelial cell
monolayers by reducing bacterial adhesion and cytoskeletal rearrangements. Infection and
Immunity, 73 (8), 5183-5188.
Shilling, M. (2013). Optimizing detection and control of Clostridium difficile and its toxins
Doctoral dissertation, Kent State University).
https://search.proquest.com/openview/b8662bf361ae716c464a28371891607e/1?pqorigsite=gscholar&cbl=18750&diss=y
Shimamoto, S., Moriyama, R., Sugimoto, K., Miyata, S., & Makino, S. (2001). Partial
characterization of an enzyme fraction with protease activity which converts the spore
peptidoglycan hydrolase (SleC) precursor to an active enzyme during germination of
Clostridium perfringens S40 spores and analysis of a gene cluster involved in the
activity. Journal of Bacteriology, 183 (12), 3742-3751.
Silva, R. O. S., Rupnik, M., Diniz, A. N., Vilela, E. G., & Lobato, F. C. F. (2015). Clostridium
difficile ribotypes in humans and animals in Brazil. Memórias do Instituto Oswaldo Cruz,
110 (8), 1062-1065.
Simango, C. (2006). Prevalence of Clostridium difficile in the environment in a rural community
in Zimbabwe. Transactions of the Royal Society of Tropical Medicine and Hygiene, 100
(12), 1146-1150.
Simango, C., & Mwakurudza, S. (2008). Clostridium difficile in broiler chickens sold at market
places in Zimbabwe and their antimicrobial susceptibility. International Journal of Food
Microbiology, 124 (3), 268-270.
Smith, S. V., Kimmerer, W. J., Laws, E. A., Brock, R. E., & Walsh, T. W. (1981). Kaneohe Bay
sewage diversion experiment: perspectives on ecosystem responses to nutritional
perturbation. Pacific Science, 35 (4), 279-395.
Snyder, M. L. (1937). Further studies on Bacillus difficilis (Hall and O'Toole). The Journal of
Infectious Diseases, 60, (2), 223-231.
Socransky, S., Macdonald, J. B., & Sawyer, S. (1959). The cultivation of Treponema
microdentium as surface colonies. Archives of Oral Biology, 1(2), 171-172.
Søes, L. M., Holt, H. M., Böttiger, B., Nielsen, H. V., Andreasen, V., Kemp, M., ... & Mølbak, K.
(2014). Risk factors for Clostridium difficile infection in the community: a case-control
179

study in patients in general practice, Denmark, 2009–2011. Epidemiology and Infection,
142 (07), 1437-1448.
Solomon, K., Murray, S., Scott, L., McDermott, S., Drudy, D., Martin, A., ... & Fitzpatrick, F.
(2011). An investigation of the subtype diversity of clinical isolates of Irish Clostridium
difficile ribotypes 027 and 078 by repetitive-extragenic palindromic PCR. Journal of
Medical Microbiology, 60 (8), 1080-1087.
Sorg, J. A., & Dineen, S. S. (2009). Laboratory maintenance of Clostridium difficile. Current
protocols in Microbiology, 9A-1.
Sorg, J. A., & Sonenshein, A. L. (2008). Bile salts and glycine as cogerminants for Clostridium
difficile spores. Journal of Bacteriology, 190 (7), 2505-2512.
Sorg, J. A., & Sonenshein, A. L. (2009). Chenodeoxycholate is an inhibitor of Clostridium difficile
spore germination. Journal of Bacteriology, 191 (3), 1115-1117.
Sorg, J. A., & Sonenshein, A. L. (2010). Inhibiting the initiation of Clostridium difficile spore
germination using analogs of chenodeoxycholic acid, a bile acid. Journal of Bacteriology,
192 (19), 4983-4990.
Spigaglia, P., & Mastrantonio, P. (2002). Molecular analysis of the pathogenicity locus and
polymorphism in the putative negative regulator of toxin production (TcdC) among
Clostridium difficile clinical isolates. Journal of Clinical Microbiology, 40 (9), 3470-3475.
Spigaglia, P., Cardines, R., Rossi, S., Menozzi, M. G., & Mastrantonio, P. (2001). Molecular
typing and long-term comparison of Clostridium difficile strains by pulsed-field gel
electrophoresis and PCR-ribotyping. Journal of Medical Microbiology, 50 (5), 407-414.
Stabler, R. A., Dawson, L. F., Phua, L. T., & Wren, B. W. (2008). Comparative analysis of
BI/NAP1/027 hypervirulent strains reveals novel toxin B-encoding gene (tcdB) sequences.
Journal of Medical Microbiology, 57 (6), 771-775.
Stabler, R., Gerding, D., Songer, J., Drudy, D., Brazier, J., Trinh, H., Wren, B. (2006).
Comparative phylogenomics of Clostridium difficile reveals clade specificity and
microevolution of hypervirulent strains. Journal of Bacteriology, 188 (20), 7297-7305.
Starr, J. M., Rogers, T. R., & Impallomeni, M. (1997). Hospital-acquired Clostridium difficile
diarrhoea and herd immunity. The Lancet, 349 (9049), 426-428.
Stephenson, K., & Hoch, J. A. (2002). Evolution of signalling in the sporulation
phosphorelay. Molecular Microbiology, 46 (2), 297-304.
Steglich, M., Nitsche, A., von Müller, L., Herrmann, M., Kohl, T. A., Niemann, S., & Nübel, U.
(2015). Tracing the spread of Clostridium difficile ribotype 027 in Germany based on
bacterial genome sequences. PLoS one, 10 (10), 1-11.
Strong, D. H., Foster, E. F., and Duncan, C. L. (1970). Influence of water activity on the growth
of Clostridium perfringens. Applied microbiology, 19 (6), 980-987.
Stroup, W. W. (2012). Generalized linear mixed models: modern concepts, methods and
applications, Chemical Rubber Company (CRC press), 55 (2), 197-198.
180

Sudalayandi, K. (2011). Efficacy of lactic acid bacteria in the reduction of trimethylami nenitrogen and related spoilage derivatives of fresh Indian mackerel fish chunks. African
Journal of Biotechnology, 10 (1), 42-47.
Surowiec, D., Kuyumjian, A. G., Wynd, M. A., & Cicogna, C. E. (2006). Past, present, and future
therapies for Clostridium difficile—associated disease. Annals of Pharmacotherapy, 40
(12), 2155-2163.
Svenungsson, B., Burman, L. G., Jalakas-Pörnull, K., Lagergren, Å., Struwe, J., & Åkerlund, T.
(2003). Epidemiology and molecular characterization of Clostridium difficile strains from
patients with diarrhea: low disease incidence and evidence of limited cross-infection in a
Swedish teaching hospital. Journal of Clinical Microbiology, 41 (9), 4031-4037.
Tan, K. S., Wee, B. Y., & Song, K. P. (2001). Evidence for holin function of tcdE gene in the
pathogenicity of Clostridium difficile. Journal of Medical Microbiology, 50 (7), 613-619
Taverniti, V., & Guglielmetti, S. (2012). Health-promoting properties of Lactobacillus helveticus.
Frontiers in Microbiology, 3 (392), 1-13.
Tejero-Sariñena, S., Barlow, J., Costabile, A., Gibson, G. R., & Rowland, I. (2013).
Antipathogenic activity of probiotics against Salmonella Typhimurium and Clostridium
difficile in anaerobic batch culture systems: is it due to synergies in probiotic mixtures or
the specificity of single strains? Anaerobe, 24, 60-65.
Thomas, D. W., & Greer, F. R. (2010). Probiotics and prebiotics in pediatrics. Pediatrics, 126 (6),
1217-1231.
Tompkins, T. A., Barreau, G., & Broadbent, J. R. (2012). Complete genome sequence of
Lactobacillus helveticus R0052, a commercial probiotic strain. Journal of
Bacteriology, 194 (22), 6349-6349
TIGR Microbial Database. (2002). TIGR, the Instiute for Genomic Research. Rockvile, MD, USA.
(Htp:/www.tigr.org/tdb/mbd/mdbinprogres.html).
To, K. B., & Napolitano, L. M. (2014). Clostridium difficile infection: update on diagnosis,
epidemiology, and treatment strategies. Surgical Infections, 15 (5), 490-502.
Tung, J. M., Dolovich, L. R., & Lee, C. H. (2009). Prevention of Clostridium difficile infection
with Saccharomyces boulardii: a systematic review. Canadian Journal of Gastroenterology,
23 (12), 817-821.
Tzanetakis, N., & Litopoulou-Tzanetaki, E. (1989). Biochemical activities of Pediococcus
pentosaceus isolates of dairy origin. Journal of Dairy Science, 72 (4), 859-863.
U.S. Department of Health and Human Services. (2015). Antibiotic Resistance Threats in the
United States, 2013. Centers for Disease Control and Prevention, 31(1), p12.
Underwood, S., Guan, S., Vijayasubhash, V., Baines, S. D., Graham, L., Lewis, R. J., ... &
Stephenson, K. (2009). Characterization of the sporulation initiation pathway of
Clostridium difficile and its role in toxin production. Journal of Bacteriology, 191 (23),
7296-7305.

181

Usui, M., Kawakura, M., Yoshizawa, N., San, L. L., Nakajima, C., Suzuki, Y., & Tamura, Y.
2017). Survival and prevalence of Clostridium difficile in manure compost derived from
pigs. Anaerobe, 43, 15-20.
Usui, M., Nanbu, Y., Oka, K., Takahashi, M., Inamatsu, T., Asai, T., ... & Tamura, Y. (2014).
Genetic relatedness between Japanese and European isolates of Clostridium difficile
originating from piglets and their risk associated with human health. Frontiers in
Microbiology, 5 (513), 1-8.
Valdés-Varela, L., Hernández-Barranco, A. M., Ruas-Madiedo, P., & Gueimonde, M. (2016).
Effect of Bifidobacterium upon Clostridium difficile growth and toxicity when co-cultured
in different prebiotic substrates. Frontiers in Microbiology, 7 (738),1-9.
Valiente, E., Dawson, L. F., Cairns, M. D., Stabler, R. A., & Wren, B. W. (2012). Emergence of
new PCR ribotypes from the hypervirulent Clostridium difficile 027 lineages. Journal of
Medical Microbiology, 61(1), 49-56.
van Asten, F. J., Hendriks, H. G., Koninkx, J. F., & van Dijk, J. E. (2004). Flagella-mediated
bacterial motility accelerates but is not required for Salmonella serotype Enteritidis
invasion of differentiated Caco-2 cells. International Journal of Medical Microbiology, 294
(6), 395-399.
van Beurden, Y. H., Dekkers, O. M., Bomers, M. K., Kaiser, A. M., van Houdt, R., Knetsch, C.
., ... & Vandenbroucke-Grauls, C. M. (2016). An Outbreak of Clostridium difficile
Ribotype 027 Associated with Length of Stay in the Intensive Care Unit and Use of
Selective Decontamination of the Digestive Tract: A Case Control Study. PLoS one, 11(8),
1-13.
van Buren, L., Dötsch-Klerk, M., Seewi, G., & Newson, R. S. (2016). Dietary impact of adding
potassium chloride to foods as a sodium reduction technique. Nutrients, 8 (4), 235.
Van Der Klaauw, N. J., & Smith, D. V. (1995). Taste quality profiles for fifteen organics and
inorganic salts. Physiology and Behavior, 58 (2), 295-306.
Vepachedu, V. R., & Setlow, P. (2004). Analysis of the germination of spores of Bacillus subtilis
with temperature sensitive spo mutations in the spoVA operon. FEMS Microbiology
Letters, 239 (1), 71-77.
Villarreal, M. L. M., Padilha, M., Vieira, A. D. S., de Melo, Vis, E. (2014). Investigating probiotic
biofilms: probing the link between biofilm formation and antimicrobial production.
Retrieved from http://hdl.handle.net/10214/8083.
Vinderola, C. G., Prosello, W., Ghiberto, D., & Reinheimer, J. A. (2000). Viability of probiotic
(Bifidobacterium, Lactobacillus acidophilus and Lactobacillus casei) and nonprobiotic
microflora in Argentinian Fresco cheese. Journal of Dairy Science, 83 (9), 1905-1911.
Viscidi, R., Willey, S., & Bartlett, J. G. (1981). Isolation rates and toxigenic potential of
Clostridium difficile isolates from various patient populations. Gastroenterology, 81(1), 59.
Voth, D. E., & Ballard, J. D. (2005). Clostridium difficile toxins: mechanism of action and role in
disease. Clinical Microbiology Reviews, 18 (2), 247-263.
182

Walter, B. M., Cartman, S. T., Minton, N. P., Butala, M., & Rupnik, M. (2015). The SOS response
master regulator LexA is associated with sporulation, motility and biofilm formation in
Clostridium difficile. PLoS one, 10 (12), 1-17.
Warny, M., Pepin, J., Fang, A., Killgore, G., Thompson, A., Brazier, J., . . . McDonald, L. C.
(2005). Toxin production by an emerging strain of Clostridium difficile associated with
outbreaks of severe disease in North America and Europe. The Lancet, 366 (9491), 10791084.
Warriner, K., Xu, C., Habash, M., Sultan, S., & Weese, S. J. (2016). Dissemination of Clostridium
difficile in food and the environment: Significant sources of C. difficile community
acquired Infection? Journal of Applied Microbiology, 122, 542-553.
Weese, J. S., Anderson, M. E., Lowe, A., & Monteith, G. J. (2003). Preliminary investigation of
the probiotic potential of Lactobacillus rhamnosus strain GG in horses: fecal recovery
following oral administration and safety. The Canadian Veterinary Journal, 44 (4), 299302.
Weese, J. S., Avery, B. P., Rousseau, J., & Reid-Smith, R. J. (2009). Detection and enumeration
of Clostridium difficile spores in retail beef and pork. Applied and environmental
microbiology, 75(15), 5009-5011.
Weese, J. S., Finley, R., Reid-Smith, R. R., Janecko, N., & Rousseau, J. (2010). Evaluation of
Clostridium difficile in dogs and the household environment. Epidemiology and Infection,
138 (08), 1100-1104.
Weese, J. S., Rousseau, J., Deckert, A., Gow, S., & Reid-Smith, R. J. (2011). Clostridium difficile
and methicillin-resistant Staphylococcus aureus shedding by slaughter-age pigs. BioMed
Central Journal of Veterinary Research, 7 (1), 41-41.
Weichselbaum, E. (2010). Potential benefits of probiotics–main findings of an in-depth review.
British Journal of Community Nursing, 15 (3), 110-112.
Wheeldon, L. J., Worthington, T., & Lambert, P. A. (2011). Histidine acts as a co‐germinant with
glycine and taurocholate for Clostridium difficile spores. Journal of Applied Microbiology,
110 (4), 987-994.
Wilson, K. H. (1983). Efficiency of various bile salt preparations for stimulation of Clostridium
difficile spore germination. Journal of Clinical Microbiology, 18 (4), 1017-1019.
Wong, S., Jamous, A., O'Driscoll, J., Sekhar, R., Weldon, M., Yau, C. Y., ... & Forbes, A. (2014).
A Lactobacillus casei Shirota probiotic drink reduces antibiotic-associated diarrhoea in
patients with spinal cord injuries: a randomised controlled trial. British Journal of
Nutrition, 111(4), 672-678.
World Health Organization. (2012). Guideline: potassium intake for adults and children. World
Health Organization, pp 1-46.
Wu, Y. C., Lee, J. J., Tsai, B. Y., Liu, Y. F., Chen, C. M., Tien, N., ... & Chen, T. H. (2016).
Potentially hypervirulent Clostridium difficile PCR ribotype 078 lineage isolates in pigs
and possible implications for humans in Taiwan. International Journal of Medical
Microbiology, 306 (2), 115-122.
183

Xiao, M., Kong, F., Jin, P., Wang, Q., Xiao, K., Jeoffreys, N., ... & Gilbert, G. L. (2012).
Comparison of two capillary gel electrophoresis systems for Clostridium difficile
ribotyping, using a panel of ribotype 027 isolates and whole-genome sequences as a
reference standard. Journal of Clinical Microbiology, 50 (8), 2755-2760.
Yasugi, M., Okuzaki, D., Kuwana, R., Takamatsu, H., Fujita, M., Sarker, M. R., & Miyake, M.
(2016). Transcriptional Profile during Deoxycholate-Induced Sporulation in a Clostridium
Perfringens Isolate Causing Foodborne Illness. Applied and Environmental Microbiology,
82 (10), 2929-2942.
Yun, B., Oh, S., & Griffiths, M. W. (2014). Lactobacillus acidophilus modulates the virulence of
Clostridium difficile. Journal of Dairy Science, 97 (8), 4745-4758.
Yutin, N., & Galperin, M. Y. (2013). A genomic update on clostridial phylogeny: Gram‐negative
spore formers and other misplaced clostridia. Environmental Microbiology, 15 (10), 26312641.
Zarei, M., Pourmahdi Borujeni, M., & Khezrzadeh, M. (2012). Comparing the effect of NaCl and
KCl on the growth of Listeria monocytogenes with a view to NaCl replacement. Iranian
Journal of Veterinary Research, 13 (2), 147-151.
Zidaric, V., Beigot, S., Lapajne, S., & Rupnik, M. (2010). The occurrence and high diversity of
Clostridium difficile genotypes in rivers. Anaerobe, 16 (4), 371-375.
Zilberberg, M. D., Shorr, A. F., & Kollef, M. H. (2008). Increase in Clostridium difficile-related
hospitalizations among infants in the United States, 2000–2005. The Pediatric Infectious
Disease Journal, 27 (12), 1111-1113.

184

Appendix
Appendix 1. Pulsed Field Gel Electrophoresis (PFGE) of C. difficile isolates performed as
described by CCSMM Standardized Methods for Molecular Subtyping of C. difficile.

Appendix 1.1 No bands were detected of C. difficile isolates by PFGE performed as described by
CCSMM Standardized Methods for Molecular Subtyping of C. difficile. Isolates are identified by
origin: H (human), W (water), A (animal), and S (soil
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Appendix 2. Computer printout (MIDI Sherlock System 4.5) on fatty acid profiles for 10 C.
difficile isolates.

Appendix 2.1 Sample Chromatographic Run and Composition Report representative of fatty acids
from C. difficile strain liberated by acid hydrolysis followed by acid–catalyzed (trans)
esterification. The comparisons had to be made with the most closely related organisms in the
database of the Laboratory Service Division - University of Guelph, which was Streptococcus spp.
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Appendix 2.2 Gas chromatogram of a standard bacterial fatty acid methyl ester mix separated on
a new SE-54 fused silica capillary column (25 m by 0.2 mm) by using Sherlock Microbial
Identification System version 4.5. All the peaks have the chemical name of fatty acid, retention
time (RT) is represented by the x-axis with the response effect, and arrows indicate hydroxy acid
FAME peaks. All the peaks are matched against a database and if the similarity is 1.00 being
100%. The similarity for all of C. difficile isolates was low compared with the existing database.
Stenotrophomonas maltophilia was used as a control to monitor fatty acid.
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