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ABSTRACT

Community-acquiredlostridium difficile infections have recently been increasing in
incidence and severity. Several studies have so@tdifficile spores from livestock and
retail meats, suggesting that food may play airoteansmission. No research has been
done, however, on what food conditions might alfowthe survival and/or growth of the
bacterium. We therefore modelled the minimum tho&shforC. difficile growth under low
pH, water activity (@), and temperature. We also sampled retail grousaksn cheese, and
milk for the presence d. difficile spores and subtyped food isolates for comparistn w
clinical strains. We found tha&. difficile growth could be prevented by refrigeration
temperaturesC. difficile spores were also detected for the first time inada in ground
lamb, ground turkey, ground chicken, cheese ankl. mile majority of these food isolates
were genetically similar to epidemic strain NAPB0Q3uggesting that food may not be a

direct vector forC. difficile transmission, but could still be clinically relexa
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CHAPTER 1: INTRODUCTION TO CLOSTRIDIUM DIFFICILE AND

ITS ASSOCIATED DISEASE

1.1 BACKGROUND AND PHYSICAL CHARACTERISTICS OF C. DIFFICILE

C. difficile was first isolated in 1935 from the stool of hkglheonates by Hall and
O'Toole (47). They originally named the bacteBacillus difficilis, to reflect the difficulty
in their isolation and culture. The isolated baeterere extremely pathogenic to hamsters
and rabbits (47). Due in part to high asymptomediciage ofC. difficile in human neonates
(78), it was only in 1978, over 40 years latert tbadifficile was found to cause human
disease in the form of antibiotic-associated pseetobranous colitis [PMC] (15, 78J.
difficile is now known to cause mild to severe enteric tid@s, is highly associated with
antibiotic treatment and is the leading cause gphal-acquired infectious diarrhea (95).

C.difficile is a Gram-positive rod-shaped bacterium. Vegetatells are slightly
larger than most bacteria, measuring 0.5 pon2vide by 3 to 1um long (50). Colonies are
typically round, flat, off-white and have a “grougthss” appearance (31). Due to the
production of various volatile metabolic produc@sdifficile has a horse manure-like odour
(85). The bacteria are strict anaerobes, and faath subterminal spores that can persist in a
wide range of aerobic environments (47, 104).

Sporulation is induced by unfavourable environmecaditions, such as nutrient
limitation. This process renders the cells metaladliy dormant (144). The thickened cell
wall of spores offers resistance to dessicatiogh loir low temperatures, acidity and common
disinfectants. Thus, contaminating spores arecdilifito inactivate on environmental

surfaces (49).



1.2C. DIFFICILE INFECTION
1.2.1 Acquisition

The high resistance &. difficile spores to harsh environments allows ubiquitous
dissemination that contributes to pathogenic exyg§&L04). There are four broad categories
listed as sources of acquiring. difficile infection (CDI): environment-to-person, person-to-
person, animal-to-person and consumption (107¢ctefd individuals may transfer the
bacteria to animals, other people or the environrttegnugh faecal shedding. There has been
one report of probable inter-species transmissid®ld from a patient to a hospital
visitation dog (80), but zoonotic transmission hasbeen conclusively examined. While no
cases of CDI transmission through food productsareently documented, several studies
reportC. difficile in raw and ready-to-eat foods, shedding lighttos possibility (100, 101,
125, 141, 160, 161).

C. difficile enters the digestive system through a common wafuteecal particle
ingestion. Because vegetative cell survival istieaiby the aerobic atmosphere and acidic
conditions of the stomach, highly resist@ndifficile spores are most implicated in causing
disease (38). Bile salts promote spore germinatatimn the large intestine (144). For
colonization, the resulting vegetative bacteria hpenetrate the intestinal mucous layer and
adhere to colonic epithelial cells. The bactenaltexins, toxin A and toxin B, can then act
on host cells to cause symptomatic disease (1®49nization byC. difficile is opportunistic
and most commonly occurs after disruption of themad colonic microflora, primarily from
the host’s use of broad-spectrum antibiotics. Aatibs particularly associated with CDI
include cephalosporins, clindamycin, ampicillin aardoxicillin (63). Other risk factors for

infection include old age (>65 years), chronic coloidity, admission to a hospital or



nursing home, long hospital stays, and prior chéewaipy (19, 108). Use of gastric-acid
suppressants may also play a role by increasingabgic pH (64).

There has been increased awarenes<thdfficile can also be acquired outside of
health care settings. Both health care associ&t@d pnd community-acquired [CA-] CDI
have been increasing in incidence and severity thepast decade (37).

1.2.2 Infection and diagnosis

CDI is the leading cause of health care-associitednea (11). It was reported to be
the second leading cause of acute gastroentaagmased in Austrian general practices,
second only to norovirus (56). Inflammation of ttedon (colitis), with or without
pseudomembranes, can also occur. Pseudomembraoiitigs characterized by the
formation of yellow pseudomembranous plagues orctten, was the first disease attributed
to C. difficile (15, 78). Fulminant colitis, the most severe famihCDI, can progress to a
toxic megacolon or colon perforation, both of whatle life-threatening (32).

Clinical diagnosis of CDI has relied on detectihgdifficile toxins in the stool of
patients with unexplained diarrhea. Initial scregnof these samples may involve an enzyme
immunoassay test to detect toxin A and/or toxifPBsitive samples may then be further
tested using a cell culture cytotoxicity assayjgemric culture, and/or polymerase chain
reaction [PCR] assay for toxin genes (31).

1.2.3 Incidence

The incidence of CDI has reportedly been increaanogind the world. From 1997
levels in Canada, the overall incidence of CDI éased 4-fold following a 2003 outbreak
that began in Quebec (88). Quebec hospitals dtngitime recorded the CDI rate rising
from 5.8 to 20.7 cases per 1000 discharges(3%ustria, an almost 3-fold increase was

observed from 2003 to 2007 (57), and a 4-fold iaseewas reported in Singapore from 2001
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to 2006 (86). Approximately 500,000 CDI cases weported in US hospitals and nursing
homes in 2009 (110), almost twice the estimatedbairfrom 2003 (164). CDI is estimated
to cost the US health care system as much as ##02 Iper year (109)C. difficile carriage
in neonates up to one year is high, Gutlifficile infection in infants is disproportionately
rare (94). This may be because infants have fegstimal cell receptors for the bacterial
exotoxins (68). It is proposed that the eventutl@dshment of healthy gut flora displaces
the originalC. difficile prior to the development of these recept@difficile was found to
be asymptomatically carried in only 2 to 3% of gopulation over 1-year of age (16).
1.2.4 Treatment

Metronidazole and/or vancomycin are the currenbartics of choice to treat CDI.
These antibiotics must be used judiciously, howeteeprevent further development of
antibiotic-resistant strains (168). The novel tagise of one strain, NAP1/027, to
fluoroquinolones was partially implicated in whyshnow epidemic strain, has caused
world-wide outbreaks. Following colonization, ithslieved that two thirds of patients
become asymptomatic carriers (122). Furthermoreo ip35% of patients develop at least
one recurrent episode of CDI, even years aftefitsteoccurrence (9). Research continues on
the purported efficacy of microbiological therapyrestore the normal microflora of patients
with frequently recurring disease. Studies on fageasplantation (45, 127, 167) and

colonization with non-toxigeni€. difficile strains are currently underway (98, 135).

1.3 VIRULENCE OF C. DIFFICILE
1.3.1 Large clostridial toxins
C. difficile secretes two large clostridial toxins, enterotoXi(l cdA, 308kDa) and

cytotoxin B (TcdB, 270kDa). The toxins are closedyated, with 74% homologous amino
4



acid sequences (120). Following attachment, botimscact on enteric cells by transferring a
glucose moiety onto GTPases of the Rho family #8natnecessary for actin polymerization.
Glycosylation renders the GTPases inactive, thtstayically disrupting all actin-dependent
processes. Loss of actin polymerization resultsyinskeletal morphology changes, the
opening of tight junctions between enterocytes,gased fluid secretion and activation of
host inflammatory responses, all of which comprasithe integrity of the intestinal barrier
(136). Researchers have revealed that either @diifixins A or B alone can induce the
primary symptoms of CDiln vivo. Because similar symptomatic disease t8strains has
been described fromB" variants, toxin B may have the highest impact iomlence (90).
In contrast, another study using a gene knockaieay found that an’/8" strain was
virulentinvitro and in ann vivo hamster model, suggesting that the presencehardixin
is sufficient forC. difficile to be cytotoxic and pathogenic (74). No clinigdéctions have
been reported from a naturally-occurringBAstrain, however, this may be due to routine
diagnostic procedures not always testing for t@xi(iT4). Non-toxigenic strains have been
non-pathogenic in animal models (70, 74).
1.3.2 Pathogenicity locus

The large clostridial toxins are housed within pla¢hogenicity locus (PaLoc) Gt
difficile. Also located within the PaLoc are the genes fmd, the negative regulator of
toxins A and B production, TcdR, the positive tosagulator, and TcdE, a protein involved
in membrane disruption (130). There are commonesgepivariations atdC among strains
which have been used to help differentiate strafiasticular deletions itcdC are known to
cause severely truncated TcdC proteins, leadimfistegulated over- or under-production of

toxin A and toxin B (24).



1.3.3 Binary toxin

Located outside of the PaLoc, some strains alse hat/3 kb chromosomal locus
containing the genesitA andcdtB which encode for binary toxin, also known@difficile
transferase [CDT] (111, 145). This toxin was fekaracterized in 1988 (115) and is
composed of enzymatic CDTa and cell-binding CDRbvitro, binary toxin is cytotoxic to
eukaroyotic cells by acting as an actin-specificFAbfbosyltransferase, however, its role is
still not well understoodh vivo. It may work in concert with toxin A and toxin B t
contribute to disease (145). CDT may also indueddhmation of microtubule protrusions
which would improve the bacteria’s potential fotexrc cell adhesion. It was thought that
the severity of CDI was more associated with tles@nce of toxins A and B than with the
presence of binary toxin CDT (96). However, a Dameport comparing the outcomes of
patients with CDI recently found that the risk obntality was 60% higher in those infected
with an AB*Cdt" strain than an B*Cdt type, irrespective of age, gender and geographic

region (8).

1.4 HYPERVIRULENT C. DIFFICILE AND COMMUNITY-ACQUIRED C.
DIFFICILE INFECTION
1.4.1 Epidemic outbreak from strain NAP1/027

A factor contributing to the increase in severitglancidence of CDI seems to be the
emergence of a hypervirulent strain which iSACDT". This strain is designated as type B
by restriction endonuclease assay, North Americdsopype 1 [NAP1] by pulsed-field gel
electrophoresis [PFGE], 027 by ribotyping, andoifltoxinotyping. It is commonly referred
to as BI/NAP1/027 or NAP1/027. This strain wastfelaracterized in 1984, however prior

to 2000, it was attributed to less than 1% of Cé&deas (93). From 2008-2009, surveillance of
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CDI in Ontario, Canada found 20% of hospital cagé#uted to NAP1/027. The emergence
of NAP1/027 has now been associated with outbraaksss North America and Europe (14,
70, 158).

The first recognition of a severe CDI epidemic ineQec, Canada, occurred in 2003.
Province-wide outbreaks occurred from 2002-2005 idssulted in a 4.5-fold increase in the
incidence of CDI as compared to 1991 and a neafdjbincrease in mortality (117, 118). A
large percentage of outbreak cases from 2001-2@08 vaused by NAP1/027 (88), some of
which were shown to have a new resistance to flyrmlones (117). In addition, a
truncation mutation incdC was thought to impair the negative regulation afritcA and B
production. An examination of one Quebec epidesodate found the strain produced 16x
more toxin A and 23x more toxin B than control stsg(158). There are conflicting reports
on whether NAP1/027 produces more toxin than athains (99, 158). However, there is
agreement that it has increased sporulation agtiwitich could promote its infectivity (3,
99).

1.4.2 Community-acquiredC. difficile infection

For some time, the high incidence@fdifficile infection developed in hospitals
overshadowed the fact that some cases of CDI waraaguired in a health care setting.
Since hospitals and long-term care facilities aesely populated with patients on
antibiotics with classic risk factors for CDI, tmeidence of health care-associated CDI
[HA-CDI] is understandably higher than in the commiy (37). However, an
epidemiological study of CDI cases in a single liaspver one decade interestingly
revealed significant changes in the diversity ddéative strains (20). If the hospital
environment was the primary reservoir, one wouldeek a low diversity of strains. As this

was not the case, the diverse strains were prestorielimported by patients and visitors
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from the community (20, 131). Originally, strain®gucing binary toxin were thought to be
particularly associated with CA-CDI, however thastbeen debated with the changing
incidence of CDI (13, 151).

Unfortunately, studies have not always used theesdefinition for community-
acquired CDI. The European Centre for Disease Rt@reand Control, along with the US
Centres for Disease Control and Protection [CD@yeghnow arbitrarily defined CA-CDI to
be an onset of symptoms in the community or wid8rh of admission to a health care
facility, with the stipulation that the patient wast discharged from a health care facility
within the previous 3 months (75). Following thegadelines, the reported incidence and
severity of CA-CDI increased in some developed toes (40, 61). It is estimated that CA-
CDI accounts for approximately 20% of the CDI patigein North America (77, 91).

1.4.3 Ribotype 078 and community-acquired. difficile infection

CA-CDI has been associated with NAP1/027 along aitother AB*CDT" strain
which, since 2003, has been increasingly foundfecthumans (133). By PFGE, ribotyping
and toxinotyping, respectively, this strain hasrbdesignated NAP7 or 8/078/toxinotype V,
subsequently referred to as 078. A nonsense matatithe 185 position ittdC (C184T)
(101) causes this strain to produce a truncatedtivegregulator like NAP1/027. The
truncation is thought to allow greaiervitro toxin A and B production, but less so than that
produced by NAP1/027 (30, 61). This difference rhalp to explain why CDI from 078 has
been associated with less severe disease than R2P(0).

Strikingly, while 078 is not as commonly linkeddatbreaks as NAP1/027, 078 has
been more frequently isolated from North Americases of CA-CDI with an
uncharacteristic demographic of younger, previousiglthy patients (40, 61). In Ireland,

33% of CA-CDI cases are attributed to this straihile it only accounts for 13.7% of HA-
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CDI (28). In the USA (87) and the Netherlands (408 is thehird most isolated strain
from CA-CDI patients.

The incidence of disease from strain 078 in Camacteased from 0.5% to 1.6%
during the years 2004 to 2008 (102). A Europe-vsigieveillance study found an increase
from 3% to 8% between 2005 and 2008. In the Nethed from 2005 to 2007, one study
found that the incidence of disease from NAP1/0@arelased from 27% to 1% while that
from strain 078 rose from 3% to 13% (40). In adehtithis latter 2007 study reported that

infection by strain 078 had increased in morbiditg mortality (40).

1.5C. DIFFICILE IN ANIMALS
1.5.1 Prevalence

The epidemiology of CDI in animals is still uncleaowever,C. difficileis
pathogenic to many species and has been partigudgodrted in young livestock (69).
Spores shed from domestic and exotic animals meg tkee potential to cause zoonotic
transmission to humans (57, 131, 142).

Young swine and, more recently, calves are constier be important hosts of the
bacteria. In swine, as high as 96% of neonataktsdll - 7 days old) have been reported to
be affected by. difficile induced enteritis (140). As in humans, the prewedeof
colonization seems to decrease with age, e.g.stualy found a farm with a 50% prevalence
in suckling pigs, 8.4% in weaned pigs and only 3i8%rower-finisher pigs (106¥.
difficile has also been implicated in causing enteritisalaes. One report from 2008 found a
25.3% prevalence in diarrheic cows (48), highentharevious finding of 7.6% in 2006

(126). In both studies, some samples from non-kacrcows were positive for the bacteria



and, surprisingly, toxins, indicating that carriagfea toxin producingC. difficile type is not
necessarily sufficient for pathogenesis.

While poultry have not exhibited disease symptaariayge survey from Europe
found 62.3% avial. difficile carriers. Colonization was also age dependent, eviner rate
decreased with increasing age (169). Few studies b@en done in less-developed
countries, but an assessment of Zimbabwean bichiekens found that 26% of faecal
samples were positive f@. difficile. The ages of the chickens were not reported in tha
study (138).

It is important to note that there is a large w@@in sampling methods between
these studies, making the comparisoRadiifficile prevalence difficult. Occasionally, only
symptomatic animals were chosen for faecal tes@igce asymptomatic carriage is
possible, the prevalence of the bacteria in animsdlkely underreported. In healthy
Austrian livestock, the prevalence @fdifficile was 3.3% in pigs, 4.5% in cows, and 5% in
broiler chickens (ages not reported) (58).

1.5.2 Hypervirulent strains

Among the studies that have examined strain comhti@sabetween animals and
humans, indistinguishable hypervirulent strainsehbgen found among bovine, porcine,
poultry, and human samples (Table 1). The priméigtypes currently found in pigs and
cows are 078, one of the hypervirulent clinicahsts, and 017 (68, 132). A North American
wide study found an 83% and 94% prevalence of 8f8gs and cattle, respectively. In
contrast, canine, equine, and human strains froallsngeographic regions were highly
diverse (68). Isolates from European poultry hdge ahowed a high diversity of ribotypes.

Most strains were B*CDT and none were toxinotype V, the type correspondiitiy 078
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(169). The relatively high prevalence of 078 ingand cattle may be because bovine and
swine are more susceptible to colonization by shiagin (68).

Finding indistinguishable strains in animals andhhas in multiple countries around the
world may be due to direct and/or indirect transiois between humans and animals, or a
common environmental source (61). It is concertivag the hypervirulent strain 078 is
simultaneously increasing in clinical incidence asterinary prevalence (133). Comparison
of 078 from pigs and humans by microarray-basedpewative phylogenomic analysis
suggested that this strain may have emerged iresprior to occurring in humans (139).
Determining the likelihood that the presenceéotlifficile in animals may lead to disease in
humans, still requires further investigation, imtthg the prevalence and strain similarity of
C. difficile between species. The particularly high prevalericg difficile in food animals

also prompts the investigation of food as a trassimn vector.

1.6C. DIFFICILE IN FOODS
1.6.1 North American meat products

The first report oLC. difficile in a food product was somewhat overlooked asesm it
of interest. The study identified multip@ostridium spp., including one strain &t difficile
in blown-packs of retail meat (27). Several yeatsr, a turkey-based dog food product was
also found to contai@. difficile spores (162). It was a Canadian group in 200fitlsa
isolatedC. difficile from food destined for human consumption (125)s Btudy sparked the
current world-wide investigation of food as a res@rand possible transmission vector for
C. difficile.

The Canadian study found a 20% prevalencg. d@iifficile in ground beef and veal

from Ontario over a 10-month period (125). A sulbsadg American study found a high
11



Table 1. Overall prevalence and ribotypes@fdifficile isolated from food animals and
meats.
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% of hypervirulent isolates

Origin Country Prevalence 07€ 027
(Reference) (%)
Canada (126) 15 26 12
Calves USA (48) 25 94 0
Slovenia (112) 1.8 0 0
Cows Austria (57) 4.5 0 0
Canada (159) 95 94 0
Piglets USA (166) 79 NT® NT
USA (68) NA 83 0
Slovenia (112) 52 0 0
Pigs Austria (57) 3.3 50 (TT V) 0
Slovenia (169) 62.2 0 0
Poultry Austria (57) 5 0 0
Zimbabwe (138) 29 NT NT
Canada (125) 20.8 0 17 (NAP1-r¥
Canada (123) 6.7 86 7.1
Beef Canada (161) 12 100 (078/027) 100 (078/027)
USA (141) 42.4 NT NT
Sweden (1) 2.4 NT -
Austria (66) 0 -
Canada (161) 12 71 7.1
Canada (101) 1.8 0 43
p USA (141) 41.3 100 (078/027) 100 (078/027)
ork
Sweden (1) 0 - -
Austria (Beef & pork 3 NT NT
mix) (66)
Canada (160) 12.8 100 0
Chicken meat Netherlands (22) 2.7 0 0
Sweden (1) 0 - -
Turkey meat USA (141) 44.4 100 0
Lamb meat Netherlands (22) 6.3 0 0
Sweden (Sheep) (1) 0 - -
Veal Canada (125) 14.3 0 100 (NAP1)
Canada (123) 4.6 0 66 (NAP1-r)
@ Ribotype.

P NT: Not typed.

¢ TTV: Toxinotype V, corresponding toxinotype of 027
YNAP1-r: PFGE profile similar to North American Poiigpe 1 (NAP1).

€100 (078/027): 100% of isolates were 078 or 027.

"NAP1: North American Pulsotype 1, correspondingERype of 027.
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(42%) prevalence dt. difficile in various raw and prepared meat products fror ipeek
and turkey over a period of 3 months (141). A neygtematic, follow-up Canadian study
was expanded to several provinces (Ontario, Quéksskatchewan). Aiming to provide a
more representative prevalence repo€adifficile in Canada, the authors found a 6.7% and
4.6% prevalence in ground beef and veal choppeotively (123). In the first examination
of Canadian chicken, 12.8% of whole piece sampla®viound to be positive (160). Of
note, even if the overall prevalence was relatively, a high proportion of isolates from all
of these reports were associated with hypervirudénatins, the majority being similar to or
indistinguishable from 078 and others to NAP1/Ga7contrast to the reported diversity of
C. difficile in poultry from Europe, all of the isolates frorar@adian chicken meat were
found to be 078 (160), however no other studieshafken meat have been published.
1.6.2 European meat products

The prevalence dE. difficile in meat from Europe appears to be lower than irtiNo
America. In the Netherlands, there was a 1.6% (B/pfevalence o€. difficile from various
meat samples where only chicken and lamb were conéded (22). Only two beef samples
of 82 Swedish meat products (2.4%) were found taganC. difficile (1). A similar 3%
prevalence was found in Austrian beef and pork,(&Bhough no positives had been found
in an earlier Austrian report on meat (52) difficile was not found in various meat products
from Switzerland (52).

The reported prevalence of hypervirulent strainsifthe North American and
European studies are summarized in Table 1.
1.6.3 Other food products

There have been a few studies examir@ndifficile in foods other than retail meats.

There was a 2.3% prevalence reported in vegetétolesSouth Wales, England (134) and
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7.5% in ready-to-eat salads from Scotland (10)oAvenience sampling of retail root
vegetables in Guelph, ON resulted in finding a 4fm%valence (100). All of these isolates
from vegetables were found to be toxigenic. Thett&toresearchers ribotyped their three
isolates and found two to be ribotype 017 and d@{e(Q0). In the Canadian study of
vegetables, three out of the five positives samplere contaminated with 078 strains. It was
noted that four of the positives were imported frGhina, but the origin of contamination
could have been from either the source or distingutountry (100). Contamination of
vegetables may be from soil and water, both of twhiave been found to harbour spores
(134).

1.6.4 Implications

The prevalence df. difficile reported from various food types and countries is
highly variable. This variation may be due in gartlifferences in geographical distribution,
but is likely also influenced by the use of difiereampling and detection methods. A true
comparison of the prevalence@fdifficile in foods can only be done by standardizing these
protocols. It remains clear, however, tkadifficile spores can be present in foods. Spores
deposited in meats could come from an animal saissee or faecal contamination during
slaughter. Meat contact with the environment anftYod handlers can also introduce spore
contamination during food processing (107).

The World Health Organization defines a foodbolimess to be a diseasastally
either infectious or toxic in nature, caused by agents that enter the body through ingestion of
food” (165). With this definition, it is difficult to dtermine whether a case of CDI may be
foodborne, because there currently are no epidegicd! guidelines to establish if a patient
has acquired. difficile from food. With most foodborne ilinesses, thera iglatively short

period from which a contaminated food is ingestedhen symptoms occur. With
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difficile on the other hand, the bacteria may not causeshsentil the opportunity for
colonization arises at a later date. This symptantationization may also only occur in
predisposed populations, a group that is curramdtywell defined for CA-CDI patients.
Furthermore, it is possible that an individual nragest and be colonized with difficile
asymptomatically, then subsequently pass the badteanother individual resulting in
symptomatic disease (159). Thus, it will be diffido epidemiologically link food to CDI,
but continued testing fdC. difficile may clarify the role of food as a reservoir.
1.6.5 Risk of foodborne transmission

While the dose response Gr difficile in humans has not been established,
intuitively, foods with low bacterial burdens shdude less of a risk than those with higher
levels (159). The. difficile spore load in food has been enumerated in onlyemart on
ground meats (161). The latter authors found tledtreamples had a low level of
contamination. However, the distribution of spomesy be non-homogenous, as a few of
their samples had detectable spores only when wiiagt culture rather than enrichment.
These samples were found to contain 20 spore$@1.( The environmental conditions
under whichC. difficile might grow in foods has not been tested, howd{/éne bacteria are
able to multiply in a food, even a low initial spdevel could result in colonization (159). To
assess wheth&. difficile has the potential to be a foodborne pathoger;dhditions that
could support or limitC. difficile growth should be examined, along with an exanomeaobif

its prevalence in foods.
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1.7 OBJECTIVES AND HYPOTHESES
The objectives of this study are:

1) To assess the growth potentiak®fdifficile under the conditions representative of a
typical food environment by determining its threlslsdfor growth in terms of
minimum pH, water activity (g and temperature; and

2) To examine regional retail food products for thesence o€C. difficile spores; and

3) To assess the clinical relevance of strains isdlatem foods by using strain typing

assays to compaf@ difficile strains isolated from food, humans and animals.

The hypotheses of this study are:
1) C. difficileis able to grow under the suboptimal pll, @d temperature sometimes
encountered in a food environment.
2) C. difficile spores are present in raw ground meats and céizglses.
3) Strains isolated from foods are indistinguishabberf those infecting humans and

animals, suggesting that these foods can act astanofC. difficile transmission.
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CHAPTER 2: DETERMINATION OF C.DIFFICILE GROWTH

THRESHOLDS

2.1 INTRODUCTION
2.1.1 Hurdle technology

The food industry is challenged to ensure the miciogical safety of foods while
maintaining products that are desirable to consyrattes and nutritional needs (83). The
main avenue to meeting these goals is the userdfentechnology, which is a deliberate
combination of preservative factors for safe foedign (82). There are over 60 potential
hurdles described in foods today, the most impoxéwhich include temperature, acidity
(pH), and water activity (g (81). Both high and low temperatures are usequégent
microbial growth, while a high pH has a more maagjgffect on growth than low pH (72).
Ay is the moisture content of a food that is avaddbl the metabolic processes of
microorganisms. Decreasing thgwalue from 1.000, corresponding to pure wateniced
the potential for microbial growth (82). Using hlasl the initial population of food-spoilage
or pathogenic microorganisms present in a food lshaat increase, and could decrease
during storage in harsh environments (81).
2.1.2 Mechanism of function

While responding to the hurdles of a food environtmé is thought that
microorganisms attempt to use every possible repaghanism to re-establish homeostasis
(72). Different hurdles may have different targaish as the cell membrane, DNA, enzymes
and metabolic processes (81). One theory for hawlési limit bacterial growth is that

excessive energy demands lead to metabolic exbausb that the cells have no more
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energy to survive (81). For example, maintaininggitlogical pH in an acidic environment
has been shown to cause metabolic exhaustion, §etaateria must actively pump protons
from the cytoplasm to maintain homeostasis (72).

Hurdles may also affect key molecules, such ashodéitaenzymes. These enzymes
are only active within certain ranges of tempemtamd are limited by the environmentgl a
which is dependent on the compatibility of humettutes. Beyond these tolerable
extremities, biological pathways that support gtoedn be predictably inhibited (72, 81).

Another target of hurdles is the bacterial stresponse. Response to the harsh
environment can actually induce more bacteriaktasce or even virulence, so it is
important to realize that the improper use of hesdhay promote bacterial pathogenesis
(81). The bacterial synthesis of stress respondecmes, however, also contributes to
metabolic exhaustion (81). Therefore, exposingds@cto different hurdles simultaneously,
can prevent or slow their growth, and/or potentiahuse complete inactivation (81).
2.1.3 Combination of hurdles

The intensity of a hurdle determines whether it gl beneficial or detrimental to a
food product. Cooling foods to inappropriately lbemperatures might introduce ‘chilling
injury’; a large addition of salt to lowe, @ not nutritionally desirable; and increasing the
acidity of foods can make it unpalatable (83). iealarly today, hurdle technology must
adapt to meet the increasing demands for nutrifiphaalthier foods that are minimally
processed or that contain less fat and/or salt 3&ermining the thresholds for bacterial
growth under hurdles is therefore important in otdeformulate ingredients that will still
result in safe foods. Since the hurdles can adiifferent processes to offset homeostasis, it

is believed that the effect of combining hurdleshanterial growth can be not only additive,
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but also synergistic (81). Therefore, a combinatibmild hurdles is generally used to make
foods that are organoleptically and nutritionaltgeptable, as well as safe.
2.1.4 Growth / no growth examination

As environmental conditions reach the extreme $irfor bacterial growth, bacteria
behave more variably (128). The probability of lesietl growth at these limiting conditions
can be examined using replicate experiments. Pyialaia can be collected in a binary form:
growth [1] and no growth [0] (128). These growtho/growth [G/NG] studies are useful to
observe the possible synergism between multipldlésito best predict what food
preservatives can be combined for optimal foodtgafed stability. G/NG boundaries have
been determined for several foodborne pathogeihsdimg Escherichia coli (116),Listeria
monocytogenes (157) andStaphylococcus aureus (155). These studies have been able to
define the G/NG interface very closely. The typgadwth limit for g, is across 0.01 - 0.03
units, while for pH it is across 0.1 - 0.2 pH ur(®3). G/NG models have shown that the
minimal conditions for growth are not necessanilyitive. Instead of the highest bacterial
tolerance of low @ being at the bacteria’s optimal growth temperathreoli is able to
grow at the lowest,avalue of 0.948 between 25°C and 30°C, but onlyrdtma0.951 at its
optimal growth temperature of 37°C (97).

The growth limits of othe€lostridium spp. implicated in human pathogenesis and
food-spoilage have also been examined (23, 56lydimgC. botulinum (42), C. butyricum
(5) andC. perfringens (65). The reported growth thresholds for thesedsactand other
common foodborne bacteria are listed in Table 2.

A model of the growth / no growth interface wastfidescribed by Ratkowsky and
Ross in 1994 (119). The model variables affectirgwh rate (such as temperature, pH and

ay) are incorporated into an equation to equal “lgg)t, a mathematical abbreviation for
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Table 2. Examples of growth limiting conditions reported émmmon foodborne or food
spoilage bacteria.
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Individual Growth Limiting Condition Reference

Pathogen pH & T (°C)
C. botulinum (proteolytic) 4.6 0.94 10-12 (89)
C. botulinum (nonproteolytic) 5.0 0.97 3.0 (89)
C. butyricum 4.1 0.95 10 (5)
C. perfringens 5.0 0.95 15 (67)
Bacillus cereus 5.0 0.93 4.0 (43)
Escherichia coli 4.6 0.95 2.5 (2, 62)
Listeria monocytogenes 4.8 0.95 1 (33, 62)
Staphylococcus aureus 4.0 0.86 7.0 (62)
Salmonella spp. 4.5 0.92 6.5 (2, 62)
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logit (p) = In [p/1-p)], wherep is the probability of growth occurring. To formetkdata set,
when growth is observed under a set combinatiaghefariablesp is assigned a value of
‘1’. When growth is not observeg,is assigned a value of ‘0’. The experimental dataen
fit to the equation by using software such as Stia#l Analysis Software [SAS] (SAS
Institute Inc., Cary, NC, USA). Using this softwaceefficients to the equation are estimated
with standard logistic regression procedures. Aftexr model is determined, the interface of
growth and no growth is predicted by setting 0.5, where there is a 50% chance that the
organism will grow (119).

SinceC. difficile has been found in food, determining whether fomdrenments
allow its growth will be useful in risk assessmafthile it is suggested that foods have a low
burden of spores (161), if a food supports badtgr@awth, the bacterial burden could
increase prior to consumption, likely increasing tihhance of colonization and subsequent
infection (159). This chapter describes the figsttematic examination of the individual and
combined effects of,a pH and temperature hurdles on the growth of \a&getC. difficile.
Assessing the environmental threshold€odiifficile growth can help define the clinical
implications of findingC. difficile in food products, and help determine the intensity
environmental hurdles needed to minimize or intobit growth.

In this chapter, we measured the growth of diffef@rdifficile strains to examine the
growth limiting hurdles, @ pH, and temperature, both individually and in éamation. To
maintain the consistency of other factors possitflyencing growth, in this preliminary

study, we measured growth in laboratory media réten complex foods.
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2.2 METHODS
2.2.1 Bacterial strains and growth conditions

The characteristics, origin and source of bactsti@ins used in these experiments
are described in Table 3.

TheC. difficile media used for optimal growth was described in20@9 Current
Protocols in Microbiology (143). Culture broth cated of 3.7% (wt/vol) brain heart
infusion [BHI] (Becton, Dickinson, and Company, 8 MD) with 0.5% (wt/vol) yeast
extract (Becton, Dickinson, and Company) and 0.84v0l) cysteine HCI (Sigma-Aldrich,
St. Louis, MO) [BHIS]. The pH of the BHIS broth wa and its water activity [ value
was 0.996. BHIS agar plates were used for colomti®n and contained 5.2% BHI agatrr,
0.5% (wt/vol) yeast extract, 0.1% (wt/vol) cysteiaad 0.1% (wt/vol) sodium taurocholate
(Sigma-Aldrich) [BHIS+T]. All cultures were inocukd into pre-reduced BHIS broth and
incubated in an atmosphere of 5% H0% CQ, and 85% M or in 3.5-liter anaerobe jars
(Oxoid, Ottawa, ON) containing AnaeroGen packsatonosphere production (Oxoid).
Cultures were routinely grown at 35°C.

The thresholds of. difficile growth were measured in media with a range of pH, a
and temperatures. The pH of BHIS broth was adjustdidial pH values ranging from 4.5 to
7.0 in 0.5 £ 0.2 increments using HCI and NaOH. &hef BHIS broth was adjusted with
NaCl. When individually assessing the minimugfer C. difficile growth, BHIS broth was
adjusted to @values of 0.973, 0.969, 0.966, 0.965, and 0.964e M\multiple suboptimal
conditions were combined, BHIS broth was adjustefihial g, values ranging from 0.994 to
0.967 + 0.01. The threshold temperatures were sesdd®/ incubating the cultures in

separate incubators at 4°C, 10°C, 15°C, 25°C, &t 8°C. The combined conditions
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Table 3. Strains ofC. difficile used in this study.
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Strain Tg);gﬁgm tcdC Aa Toxinotype Pulsotype Ribotype Origin Location ?gfgﬁfé
630 AB'Cdt  Nodeletion 0 NE 012 Human Zurich, ATCC®
Switzerland
ATCC 9689  AB'Cdf  Nodeletion 0 NC NC Human Bg&"er' CO atce®
b it Portland,
BI-7 A'B'Cdtt 18 NT NT 027 Human or Usa  NRC
11ACD0028  AB'Cdf 39 v NAP7 078 Human Montreal, ) e
QC, Canada
GrLa091222  AB'CdtB" 39 NT NAP7 078/12¢ & oundlamb  OUaWa ON - e iy
related Canada
GrCh1007 398 /BCdtB  Nogene NT NC 067 Ground chicken ggﬁ;"j‘é ON' This study
11ACD0001  AB'Cdf  Nodeletion NT NT NT Human Montreal, e
QC, Canada
11ACD0075  AB'Cdf 18 I NAP1 027 Human Montreal, ¢
QC, Canada

& Base pair deletions in thedC gene amplicon. See Section 4.1.5.

® NC: Not characterized
°S. Logan, National Research Council, Ottawa, OMada.
4NT: Not tested
® M. Mulvey, National Microbiology Laboratory, Winmég, MB, Canada.

26



tested are listed in Table 4. All media were fiseerilized (0.2am, Millipore, Billerica
MA).
2.2.2 Individual suboptimal conditions

C. difficile strains 630 and ATCC 9689 were used to assesdlgtbresholds at
individually varied suboptimal conditions of pH,, @nd temperature. A single colony from
each strain was picked from 2 day old BHIS+T plabes were streaked from frozen stock.
The colonies were each subcultured into 5 mL of BHihd incubated anaerobically
overnight at 35°C.

Seven tubes containing 10 mL of media with 0.5 piil imcrements from 4.5to 7.0
or g, values of 0.973, 0.969, 0.966, 0.965, and 0.964 \wepared. Media destined for low
temperature incubation was maintained at room teapes and then transferred to their
respective incubators after inoculation. Tubes vieoeulated in triplicate with ~f0cfu /

mL of overnight cultures and incubated anaerobjcil35°C. The remaining un-inoculated
tube was used as a reference blank for that condifihe optical density (600 nm; @9 of
the cultures were measured daily using a Model diD[nsity Meter (Fisher Scientific,
Ottawa, ON) for the first 20 days, then every 3dayer a 60-day period. An Q§3 over

0.2, indicating early log phase, was recorded aws/r (1, 3).

2.2.3 Combined suboptimal conditions

To assess growth thresholds with combined hurdlesoculum cocktail was
prepared from the 630 and ATCC 9689 strains. Tiaenst were subcultured from the frozen
stock as above. Following individual overnight lbraulture, 5QuL of each culture was

transferred to 25 mL of BHIS broth and grown ana@&ally overnight at 35°C.
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Table 4. The combined levels of pHyaand temperature used to examine the growth of

difficile.
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pH values A, values Temperature (°C)

4.5 0.994; 0.989 15
0.994; 0.989; 0.984, 0.979 25
0.994; 0.989; 0.984, 0.979 35

5.0 0.994; 0.989; 0.984; 0.979; 0.975 15

0.994; 0.989; 0.984; 0.979; 0.975, 0.971, 0.967 25
0.994; 0.989; 0.984; 0.979; 0.975, 0.971, 0.967 35

5.5 0.994; 0.989; 0.984; 0.979; 0.975 15
0.994; 0.989; 0.984; 0.979; 0.975 25
0.994; 0.989; 0.984; 0.979; 0.975, 0.971, 0.967 35

6.0 0.994; 0.989; 0.984; 0.979; 0.975 15

0.994; 0.989; 0.984; 0.979; 0.975, 0.971, 0.967 25
0.994; 0.989; 0.984; 0.979; 0.975, 0.971, 0.967 35

6.5 0.994; 0.989; 0.984; 0.979; 0.975 15
0.994; 0.989; 0.984; 0.979; 0.975 25
0.994; 0.989; 0.984; 0.979; 0.975; 0.971, 0.967 35

7.0 0.994; 0.989; 0.984; 0.979; 0.975 15
0.994; 0.989; 0.984; 0.979; 0.975 25

0.994; 0.989; 0.984; 0.979; 0.975; 0.971, 0.967 35
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Sterile, round-bottom 96-well plates (BD Biosciesicelississauga, ON) were filled
with 200uL of medium per well with 30 wells per conditiongfle 4). An additional 2 wells
for each condition were filled and left without awdum as negative controls. The outermost
wells of the plates were filled with the non-incatdd controls or distilled and deionized
H,0 [dd HO] to prevent evaporation. Anaerobically, the inG@rwells were inoculated with
10 uL (~10* cfu / well) of the inoculum cocktail. The 96-welates were sealed with sterile,
transparent, air-tight, adhesive plate seals (EScé@ntific, Victorville, CA). The 96-well
plates were incubated anaerobically at 15°, 258¢€ 3&8°C according to the combinations
shown in Table 4. In a small number of conditiangdia in a well evaporated over the
period of incubation, slightly reducing the numbéreplicates. Growth was measured after
one day and then weekly for 8 weeks using a 96ale reader (Tecan, Durham, NC).
Sealed plates were removed from the anaerobic atmos for OD readings, but returned
within 30 min. Prior to the O, reading, the 96-well plates were shaken thorougily
inversion to resuspend any pellet and remove caadiem build-up on the plate seal. If an
individual well had an OB > 0.2, then bacterial growth was assumed to ocatitimes,
bacterial growth resulted in a cell aggregate toald not be resuspended to give a
consistent Oky reading. In this case, visualization of a dendeaggregate was recorded as
a grown well.

2.2.4 Model development

Growth interfaces were predicted using a linearstagregression model fit to the
observed G/NG data. A cut off pointjf 0.5, where is the probability of growth, was
used as the classification criterion that growtbusced. When 15 wells or more out of the 30

replicates demonstrated bacterial growth, it wast@dl as growth and coded as “1”. When 1
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to 14 wells showed bacterial growth, it was plotsdransitional growth. When no replicate
wells demonstrated bacterial growth, it was plotiedho growth and coded as “0”.

The observed data was fit to a second-order lilogastic regression equation, as
developed by Valero et al. (155). The left-hane s&ekrm, logt (p), is a mathematical
abbreviation equal to Ip( (1 - p)), where p is the probability of growth. This mbde
described as follows:

logit(p) =ap +ay* T+ax*pH +az* byt ayu* T*pH +as*T * by+as* pH * by

+ar* T+ ag* pH*+ ag* by Equation 1
whereag - ag are the coefficients to be estimatéds temperature angl, is equal to
JaA—4).

This model was fit to the experimental data uS#g 9.2 (SAS Institute Inc.) using
the LOGISTIC procedure and the stepwise selectatioin to select the most significant
term of the equation. From the model, predictedabdities atp = 0.5 and 0.9 were
calculated while maintaining temperature, pH @ralues constant. These were then plotted
in contour graphs.

2.2.5 Evaluation of model performance

Derived from SAS outputs, goodness-of-fit statsand four predictive performance
indexes were used to evaluate the estimation afimkeown coefficients in the lotgp)
model.

The (Hosmer-Lemeshow) statistic was determineddaate how adequately the
model fit the data. A small value or a high cormasjingp-value would indicate that the

model fits the data well (46, 54). Pearson redglu@re also calculated to provide
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information about the model’s lack of fit. This eqin, as follows, measures the difference

between observed and predicted events in ternfeaiumber of observations:

o = T — (n; * p;)
l \/ni*pi*(l_pi)

wherer; is the number of times growth occurred atitheondition,n; is the number of
replicates tested, ammlis the estimated probability of growth.

Predictive performance indices determine the agee¢ / disagreement between
observed and predicted values. These measuree#iticluded the percent concordant /
discordant / tied and c, the concordance indexeegt predictive power occurs if the
concordance rate is 100%, discordance and tieds@8%, and if c = 1 (46, 54).

2.2.6 Combined suboptimal conditions with differentstrains

C. difficile strains BI-7, 11ACDO0075, GrLa0912 22, and GrCh1898, were grown
from frozen stock on BHIS+T agar for 2 days. A $ngplony from each strain was
subcultured into tubes containing 5 mL of BHIS hrahd incubated overnight anaerobically
at 35°C. The OEyoof each culture was adjusted to 1.80 - 1.90. Altot 50uL of each
culture was then inoculated separately into 10 mBHIS broth and incubated again
overnight.

In total, 10 replicates per condition were assegsgdtrain (Table 4). As previously,
10 uL (~10* cfu / ml) of the overnight cultures were inocuthteto the 96-well plates.
Separate 96-well plates were used for each sffam96-well plates were incubated under

anaerobic conditions. Growth was recorded as afsme Section 2.2.3).
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2.3 RESULTS
2.3.1 Growth under a single hurdle

Two toxinotype O clinical strains, ATCC 9689 a@ddifficile 630 were separately
grown in media with an individual hurdle. The grovabservations and time to detection are
indicated in Table 5. Under the experimental caods, the two strains exhibited growth and
no growth at the same environmental thresholdsabdifferent rates. At otherwise optimal
conditions, ATCC 9689 and 630 grew within 60 day8HIS broth with anavalue of
0.969, a pH of 5.0, or a temperature of 15°C. Meigtrain demonstrated growth at or below
an g, value of 0.966, pH of 4.5, or temperature of 18®%@ing the observation period.

At an g, value of 0.969, it took 16 days for ATCC 9689 uhibit growth, 10 days
longer than it took for strain 630. On the othemdhastrain 630 took a little longer time to
grow at a low pH value (5.5), reaching the thregh@Dso 0f 0.2 in 9 h, one hour longer
than ATCC strain 9689. At 15°C, strain 630 exhithiggowth in 21 days, while strain 9689
took 16 days. The Oy values of the cultures over time at different waigivities, pH

values or temperatures, are shown in Figures at-appendix A.

2.3.2 Predictive modelling of growth / no growth uder multiple hurdles

A cocktail of the two toxinotype 0 strains exandn@eviously (ATCC 9689 ang.
difficile 630) were incubated in BHIS broth with a combioatof pH, & and temperature
hurdles. G/NG observations were recorded as befwdehe data was fitted to a polynomial
logistic regression model.

The coefficients of the model were derived from ¢énéire observed dataset using the
outputs of SAS model fitting. This model showed tihe quadratic terms in Equation 1

(Section 2.2.4) of temperatur&) andby (b.?), as well as the interaction terms of fi#*
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Table 5. Time to detection for growth @. difficile strains under a single hurdle
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Days to detection

Hurdle® (ODgoc > 0.2)
C. difficile strain
Water activity 9689 630
0.973 4 4
0.969 16 6
0.966 NG® NG
0.965 NG NG
0.964 NG NG
pH
6.5 0.33 0.33
6.0 0.33 0.33
5.5 0.33 0.375
5.0 1 1
4.5 NG NG
4.0 NG NG
Temperature (°C)
35 0.33 0.33
25 1 1
15 16 21
10 NG NG
4 NG NG

#Except for the specified hurdle, the media had,aof#®.996, pH 7.0, and was stored at a
temperature of 35°C.
® No growth (NG) occurred within 60 days.
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were not significant> 0.05). Thus, these were excluded from the equalibe other
coefficients with their standard errors gnglalues are shown in Table 6.

Through SAS, goodness-of-fit statistics and preebgpberformance indexes were
calculated to quantify how well the predicted mafitedith the observed data. These values
(described in 2.2.5) are shown in Table 7. phalue corresponding to the Homers-
Lemershow statistic was reasonably high (0.841)e Fearson residuals of 93 out of the 99
(94%) conditions were between -1 and 1. Consideghegiumber of observations, this
indicated small differences between the observéa alad predicted probabilities of the
model. The predictive power indices thus indicategh correspondence between the
observed and predicted values. In total, 91% ofiite was modelled correctly.

2.3.3 Observed and predicted effects of combiningundles

The growth effect of combinations of temperatui¢, and @ onC. difficile were
assessed by experimental data and contour plobe gfredicted model shown in Figure 1 -
3. The contour lines depict fixed probabilitiegoof 0.5 and 0.9 according to the logistic
regression model. Observed data is indicated bpdings plotted. The proximity of the
contour lines to the observed data depicts thetmgiegression model's appropriate
goodness-of-fit. The effects of each environmefatetior are described below.

Temperature effect

C. difficile growth/no growth as a function of pH angdat the fixed temperatures of
15°C, 25°C and 35°C are shown in Figure la-c. Bwlpredicted and observed results are
shown. The model predicted no growth at low tentpeea(< 15°C) when the pH is low (pH
< 5.0), regardless of thg,avhich fit well with our observed data. The prottigbof growth
increased at 15°C when a highgraad a pH between 5.0 and 7.0 was used. The harshes

suboptimal condition in which growth was observedwred at 15°C with an,avalue of
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Table 6. Estimated coefficients of the logistic regresdionC. difficile growth in BHIS
broth.
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SE

Coefficient® Estimate df° p-value

Intercept () -178.4 38.6308 1 <.0001
Temperature (@ 1.1997 0.4165 1 0.0040
pH (&) 52.6272 11.3481 1 <.0001
by (as) 185.5 54.9569 1 0.0007
Temperature * pH @ 0.2042 0.0638 1 0.0014
Temperature * | (a) -16.1538 3.5613 1 <.0001
pH2 (a) -4.6084 0.9535 1 <.0001

& Coefficients of Eq. 1 (Section 2.2.4)

b SE: Standard error
¢ df: Degrees of freedom
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Table 7. Performance statistics for the polynomial logiséigression model @3. difficile
growth. Statistics were based on the model destiblyehe coefficients in Table 6 for
Equation 1 (Section 2.2.4).
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Statistic’ Value

Homer-Lemershow (p) 0.8409
c 0.98

% concordant 98

% discordant 1.9
% tied 0

" The meanings of statistical terms and their varesdescribed in Section 2.2.5.
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0.984 and pH value of 5.5.

The model predicted that tolerance to loywas dependent on temperature, and best
at mildly acidic to neutral pH. The probability gfowth was greatest at low pH ang a
levels when the temperature was high (T = 35°Q) example, growth was predicted in 90%
of cases at 15°C when the pH was 6.0 andas 0.992, while this occurred at the lowgr a
of 0.981 at 35°C (Figure 1a and 1c). As well, gitoatt an acidic pH value (4.5) was
observed, but only at the higher temperatures @mMb35°C. According to the model, at
25°C, growth was predicted in 50% of cases at pHvhen the avalue was 0.993. At 35°C,
growth was predicted in 50% of cases at a loweradue of 0.989 (Figure 1b-c).
pH effect

There was no growth at pH 5.0 and 35°C at,avedue < 0.975. At this same pH and
25°C, no growth was observed at grvalue of 0.984 (Figure 1b-c).

The observed and predicted result€odlifficile growth/no growth as a function of
temperature and,at fixed pH levels of 5.0, 6.0 and 7.0 are showRigure 2a-c.

According to the model, the pH at whi€hdifficile has the greatest resistance to low
temperatures occurs between 5.5 and 6.5. Figush@bs that growth at pH 6.0 was
observed and predicted to occur in at least 50&agdés over a wide range of temperatures
and low g values. The probability of growth at low @as best at moderate to high
temperatures (T = 25 and 35°C) and similar at epkk6.0 or 7.0 (Figure 2b-c).

Water activity effect

Figure la-c shows that a small decrease from lir08Pwould have the largest

effect on growth when the pH was low. At nearly tnelpH, the probability of growth was

less affected by the,a
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Figure 1. Growth / no growth interfaces f@. difficile as a function of pH and,at fixed
temperatures of a) 15 °C, b) 25 °C and c) 35°Cetiqted by the logistic regression model
with fixed probabilities of 0.5 (grey curve) an®{green curve). Data points reflect
observed growthp > 0.5; transition zone: 0 g< 0.5; and no growtip = 0.
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Figure 2. Growth / no growth interfaces f@. difficile as a function of temperature angaa
fixed pH levels of a) 5.0, b) 6.0 and ¢) 7.0 agdmted by the logistic regression model with
fixed probabilities of 0.5 (grey curve) and 0.9¢gn curve). Data points reflect observed
growth:p > 0.5; transition zone: 0 g< 0.5; and no growttp = 0.
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The observed and predicted result€odlifficile growth/no growth as a function of
temperature and pH at fixed galues of 0.984, 0.989 and 0.994 are shown inrEiga-c.

The model showed that growth was restricted bydgwparticularly when the pH was
outside of a pH between 5.5 and 6.5. For exangpleigh g (0.994) and temperature
(35°C), growth ofC. difficile was predicted in 50% of cases at pH < 5.0 (Fi@ale When
the g value was 0.984, however, no growth was prediatgagH < 5.0, regardless of
temperature (Figure 3a).

In Figure 3a-c, the distance between the contoaeslof the predicted model widened
as the @ decreased. Therefore, around the growth threshi@dgperature changes were
predicted to have a smaller effect on the proligtoli growth at low @ than when the,a
was high.

2.3.4 Comparison of growth tolerances between stias

The environmental tolerance for the growth of mikerseC. difficile strains was assessed.
Over 5 weeks, the growth limiting conditions foufanonocultures of strains isolated from
food and humans were examined as above. The twarisolates (BI-7 and 11ACDO0075)
wereC. difficile 027 strains isolated from different individualslageographic locations. One
food isolate was a 078/126-like strain isolatedrfrground lamb. The other strain
(GrCh1007398) was ribotype 067, a non-toxigeniaistisolated from ground chicken.

There were only marginal differences observed énethvironmental tolerances of the
different strains, and no clear trends of one s%aiigh tolerance or intolerance to hurdles
were noticed. These results are depicted in Figued further described below.

All of the strains, except 11ACDO0075, grew at pH,4ut only with a temperature of

35°C. The minimumavalue for the growth of all of the strains was® &t 35°C and this
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Figure 3. Growth / no growth interfaces f@. difficile as a function of temperature and pH
at fixed g, values of a) 0.984, b) 0.989 and c) 0.994 as gtedliby the logistic regression
model with fixed probabilities of 0.5 (grey cunem)d 0.9 (green curve). Data points reflect
observed growthp > 0.5; transition zone: 0 g< 0.5; and no growtip = 0.
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only occurred at a nearly neutral pH of 6.5 or Tle harshest condition where growth was
observed for all strains was at 15°C, pH 5.5 and,aralue of 0.989.

GrLa0912 22, a 078/126-like toxigenic isolate frimad, was the only strain able to
grow at pH 4.5 at 25°CC. difficile strain BI-7 had a slightly higher tolerance at@% low
ay; while the other three strains could grow dowaarna, value of 0.979 at pH 6.5 and 7.0,
this human isolate (BI-7) grew at ap\alue of 0.975. The other ribotype 027 strain,
11ACDO0075, had slightly less ability to grow undeboptimal conditions, particularly at a
pH of 5.0 as compared to the other strains. Howetel5°C, it was equally as tolerant as the

avirulent food isolate, GrCh1007 398.

2.4 DISCUSSION
2.4.1 Genetically similar strains demonstrated sinfar environmental tolerance

The growth thresholds @. difficile have never been assessed in a systematic
fashion. WhileC. difficile spores are most often implicated in causing CbBit@minating
spores may be able to germinate in food and, esudty increase the bacterial load and risk
for C. difficile colonization following ingestion. Known germinamtsC. difficile spores that
are found in the gut include cholate, glycine aibel teerivatives such as taurocholate (144).
Lysozyme with thioglycollate are also germinantedis vitro (104). However, germination
can also occur spontaneously. Thus, we assessddicns that potential vegetative cells in
food could grow under, first by individually vargrhree frequently encountered food
hurdles, i.e., & pH and temperature. The growth-limiting condisomere found to be the
same between the two genetically similar strainS.diifficile, however, the time to
detection varied slightly at conditions less faahle to growth. Some variability in

environmental tolerance was expected between stdaia to genetic variation (157). In a
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Figure 4. Combined growth limiting conditions of,apH, and temperature for differe@t
difficile strain monocultures. Cultures were grown in mitatgs with up to 10 replicates per
condition. Growth was assessed over five weeksvambured by Ofo. If more than 50%

of the replicates reached an §§> 0.2, this was recorded as growth (solid colodnmnadre
than O but less than 50% of the replicates reatifisdhreshold, it was recorded as
transitional growth (faded colour).
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later experiment of this study, we assessed thwthrof more genetically distant strain
types.

It had been previously found in our lab tkatifficile growth was inhibited in media
with an g value between 0.973 - 0.960 (unpublished data)s;Tie tested for growth in
media within this range to more closely determimelimit. The pH values tested ranged
from neutral (7.0) to acidic (4.0). The temperasusissessed represented those for optimal
growth (35°C), room temperature (25°C), mild andierate temperature abuse (10 and 15°C
respectively), as well as refrigeration tempera y#8C).

Turbidimetric analysis has been used frequentlydsting growth / no growth
boundaries, due to its ability to assess a widetaof conditions efficiently (42, 155, 157,
163). With this type of study, since the resultétada is binary, growth [1] or no growth [0],
recording OD without its relation to cell counttignsidered acceptable (36). As the first
study to systematically examine the growth thred$ofC. difficile, we decided to use this
method to obtain the best approximation of the dr@adtgrowth limits. We acknowledge,
however, that measuring growth by optical denstsestricted because of the detection limit
of approximately 10cfu / mL (21). Thus, at harsher conditions thanttitesholds we
observed, the bacteria may have grown to a lowesityethan we could detect with our cell
density meter. As the human dose responsg diffficile is not known, we cannot comment
on the clinical risk of this possible low densitiybacteria. Using OD measurements also
does not differentiate live from dead cells. Howretie initial inoculum used (£0 10° cfu /
mL) was below the limit of detection of the plaeader (data not shown), therefore by
reaching a considerably higher OD than the limiiefection, 0.2 (21), growth was

confirmed irrespective of the survival rate.
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Bacterial growth under an individual hurdle waseased in triplicate and it was
found that as the media reached the limiting ttoksfor bacterial growth, there was greater
variation in the OD values observed between ref@gal hese results were supported by a
previous study witlClostridium botulinum, where growth was found to be less reproducible
under growth limiting conditions (42).

2.4.2 Production and analysis of the logistic regssion model for growth / no growth

For the assessment of growth under 99 differer¢m@tl growth conditions, we
inoculated the bacteria into 96-well microplateghsat the growth could be assessed
efficiently with an automated plate reader. To &imthe anaerobic environment needed
for C. difficile growth, the microplates were inoculated anaerdligjceovered with air-tight
plate seals and then incubated anaerobically. Tdte peals also limited media evaporation
and allowed us to vigorously shake the plates poiaeading, in an attempt to resuspend the
bacteria to get the most accurate OD readings.

To model a growth / no growth interface, we comditiee two strains that had been
first assessed individually. As described by Verlmeet al. (157), it was expected that the
hardiest strain would determine the growth bouredaiVe used 30 replicates of each
condition, so that we could observe conditions imclv growth was not 100% probable.
These conditions marked a transition zone and Hdlpéetter model a threshold interface.
Particularly with decreasing temperature, the itemmszone became more abrupt or non-
existent. This observation has also been notetlidies using a large number of replicates
for the growth assessment®faureus (155) and.. monocytogenes (39).

Because we followed a protocol similar to the G/&tGdy ofS. aureus by Valero et
al. (155), we also modelled the data similarly. i&into their report, we found the term§

bw? and pHh,, of Equation 1 to be non-significant. The perforeestatistics we obtained
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were also similar, suggesting an appropriate gossinéfit. We also defined a cut-off point
of p = 0.5 to determine growth or no growth. Notablyg tolynomial logistic regression
model would change with a different assumed prdibaievel. The thresholds determined
by a lower fixed probability may be desired if omeuld want to set a stricter limit fe.
difficile growth in foods.
2.4.3 Assessment of growth under a combination otidles

We observed considerable additive or synergisteces of combining hurdles on the
growth ofC. difficile. The bacteria could grow down to analue of 0.969 in the optimal
media at pH 7.0 and 35°C (Table 5). It was predijdtewever, that growth would be
inhibited by an @ value < 0.985 when combined with a pH < 5.0 aC3%thd any @at 15°C
and pH < 5.0 (Figure 1a-c).

Remarkably, with a combination of hurdles, we obsdrthat the growth dZ.
difficile was most resistant to low temperature gnd/laen in media between pH 5.5 and
6.5 (Figure 3a-c), considerably lower than the pH.2 £ 0.2 used for making the optimal
media (143). This experimental environmental toleeais in accordance with the
environmental niche d. difficile. The bacteria colonize the human colon which has a
slightly acidic to neutral pH of 5.6 to 7.3 (29)ike E. coli, it seems that. difficile is most
resistant to environmental conditions in suboptimatia (97). This finding should be taken
into consideration when further assessing the drgatential ofC. difficile in foods.

Because the growth boundaries®ifficile have not been previously studied, the
intervals of pH, @ and temperature that we tested were arbitrarg. tbuime and materials,
we were constrained to measuring growth at onlgghemperatures to maintain an
anaerobic environment f@. difficile. Since our model showed good fit to the obsenadd,d

we would like to do future work with more condit®ohosen in a systematic fashion. After
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obtaining predicted growth thresholds, we can faousbtaining more data where key
changes in the growth @. difficile occur. Examining smaller increments of the hurdles
close to the conditions we found to be growth-lingf may produce a better model of the
growth interface for use in microbial risk assessisie
2.4.4 Little difference in tolerance for the growthof diverseC. difficile strains

We also tested four diverse straingoflifficile to examine if there were strain- or
origin-specific tolerances to the hurdles. We dud fimd considerable differences or trends
in environmental tolerance among the differentiss;abetween the monocultures and the
strain cocktail, nor for the different origins gbiation. Two of the isolates were 027/NAP1
from humans and the other two were genotypicalkglated food isolates. These results
suggest that the thresholds of growth@uifficile may not be significantly affected by their
environmental origin. This has been noted previpusth L. monocytogenes (157). Thus,
adjusting the hurdles in food beyond our obserteesholds may prevent the growth of a
wide variety ofC. difficile strains, including the most prevalent hypervirtileathogens.
Promisingly, as well, compared to other foodborathpgens, the limiting conditions
affecting growth are not very harsh, particulady water activity. We observed that an a
value of 0.971 prevented growth ©f difficile at any temperature or pH. This corresponds to
a 5% salt concentration (92) and is similar togh&lerance of nonproteolyti€. botulinum
(Table 2). As shown in Table 2, other common foadb@athogens have a considerably
higher tolerance, being able to grow down to gnaue of 0.950 or lower.
2.4.5 Assessment of growth thresholds consideringk in foods

It should be noted that the lowest pH value weetkstas 4.5 and the lowest
temperature was 15°C. We observed transitional tratvsome of the,a pH or temperature

hurdle combinations at either of these levels. &foee, the actual limiting pH and
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temperature fo€. difficile growth may be even lower. The thresholds we repaate likely
dependent on other environmental factors as wéichwe maintained constant by using
laboratory media. Within a complex food environmehére may be other growth inhibiting
or promoting factors which could alter our expentad growth boundaries. Further
examination of the limiting factors f@. difficile growth will require validation of the model
in food. In addition, the growth thresholds mawefpe under the use of different products to
adjust the hurdledVe used NaCl to adjust,ahowever, other humectants such as glycerol,
sucrose, and fructose could also be used. Thesdavwaydifferent effects on the growth
supporting potential of media due to their distipleysical properties as solutes. For
example, it has been found that using alternateelstamts decreased microbial growth
tolerance, but was dependent on the pH level (X@&)anic acids have also been found to be
more effective acidulants than HCI in inhibitingetrowth ofL. monocytogenes (34).

The average environmental conditions of refrigetatav ground meat are normally a
temperature of 2 to 8°C, a pH > 5.5 apdralue of 0.999 (59). At otherwise optimal
conditions, we did not observe any growtrCoflifficile below 15°C (Table 5).
Psychrotrophic bacteria are able to grow under B%as reported by one group that one
isolate ofC. difficile could grow weakly at -1.5°C. This was determingabserving an
increase of 0.5 units of OD in peptone yeast ekggluwose broth and/or colony growth on
Columbia blood agar after one week (27). Our regiidt not agree with those findings that
C. difficile may be psychrotrophic. The discrepancy may retleetuse of different media,
the incubation time and/or the definition of “grdwvtused in our study. Our results suggest
that at refrigeration temperatures, the recommestiadge conditions for many foods,

C. difficile will likely not grow. It is known, however, thatinperature abuse occurs

frequently prior to consumption, which could spilit some foods at risk. We did observe
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growth ofC. difficile at 15°C within the typical pH ang, aonditions of ground meat.
Furthermore, cheeses like Brie and Camembert peeed at 10-15°C and often left at room
temperature prior to consumption (35). Brie and €aimert cheese have a pH value > 5 and
an g, value of 0.980 and 0.982, respectively (35). Adaag to our results, these cheeses
could permit the growth dE. difficile at ambient temperature. At 15°C and otherwise
optimal conditions, it took at least 16 days fotedéable growth of th€. difficile strain

cocktail to occur (Table 5). Raw ground meats hagbort shelf life of a few days, whereas
that of cheese, smoked fish and vacuum-packed cueadls can be considerably longer.
Further studies in this field should also take‘thme to detection” into account to assess the

potential forC. difficile outgrowth in foods.
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CHAPTER 3: ISOLATION OF C.DIFFICILE FROM RETAIL FOODS

3.1 INTRODUCTION
3.1.1 Contamination of meats

To-date, zoonotic or foodborne transmissioCofiifficile has not been established
epidemiologically. However, the discovery@fdifficile strains in livestock and food that
are indistinguishable from pathogenic human isslategygests that interspecies transmission
may occur through a food vector. A recent studyabthatC. difficile spores can survive
the minimal recommended temperature for cookingiggomeats (71°C) for at least 2 h
(124). This demonstrates that it is likely that @omers are being exposed to viable toxigenic
and even hyperviruler@. difficile such as 078, a strain that has been frequentbtésbfrom
food animals and products (Table 1). Increasedange in food production and preparation
may therefore be required to limit the dissemimatéC. difficile and its associated disease.

In this study, ground meat products from Ottawandcia, were tested for the first
time. Previous studies from other regions have éxadnground beef, pork, and veal, as well
as whole pieces of chicken, for the presencg. iifficile (Table 1). Our study is the first in
Canada to examine the prevalenc€odifficile in retail ground lamb, ground chicken and
ground turkey. It has been reported that the igoladf C. difficile in Canadian ground meats
was highest in the winter months of January andul (123). Our report also examines
any trends in seasonality.

Similarly to other prevalence studies, enrichmerituce was used to detect the

bacteria. The one study that enumeraedifficile spores in ground beef and pork found
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low numbers of spores present in uneven distribufl®1). In order to be able to compare
results, we used similar protocols to other redearcfor spore isolation and detection.
3.1.2Clostridium spp. in cheese / milk

SeveralClostridium spp., includingC. tyrobutyricum, C. beijerinckii, C. butyricum
andC. sporogenes, are considered as spoilage organisms for ch@8s&(Q). Clostridial
spores, due to their high resistance to heat,@rmactivated by pasteurization, which
involves a 15 second incubation at 72°C (35). Usdéable conditions, contaminating
spores then may germinate to form vegetative tediisferment lactic acid, producing carbon
dioxide, hydrogen, butyric acid and acetic acid8)1%he over-production of these by-
products can cause late-blowing of the cheese gaskand loss of product (148).

C. botulinum has also caused morbidity and mortality from thlestimption of contaminated
cheese (6, 153).
3.1.3 Sources of spore contamination in cheese

The teats of cows who eat low microbiological giyadilage may become
contaminated with clostridial spores (148). Spa@feS. tyrobutyricium have been found in
raw milk and likely come from cow teats during maé&llection (148). The frequency of
finding C. difficile spores in bovine faecal matter (Table 1) might alomote this method
of dissemination into raw milk as well. Spores raaylitionally contaminate dairy products
at any point during processing, as was found Batillus cereus (149).

During processing, milk undergoes a specializedritegation step called
bactofugation to lower spore contamination. Aftactofugation at approximately 9000 x g,
the resulting sludge pellet can be removed andtheated at 135°C for 3 - 4 seconds to
inactivate spores. The pellet may then be re-atlileleese milk to prevent yield loss (79).

The size of the spores affects the effectiveneslsi®tentrifugation step. Larger spores such
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asC. butyricum are more effectively removed than smaller one8)&#hd thus, a low
number of spores may still be present followingtbamation. These contaminanting spores
may persist in cheese for years. It was foundttf@humber o€. botulinum spores
artificially spiked into cheese decreased, remaetpehl or even increased over a 6-year
incubation at 2 or 4°C (44). Furthermore, comméchaese brine is often reused several
times, producing a nutrient-rich environment thatld harbour spores and serve as another
source of contamination. It was found that spoféS. dyrobutyricum andC. sporogenes
could survive in 2% whey containing a 23% NacCl braver 9 weeks at 15°C, 8°C or 4 °C.
However,C. butyricum andC. beijerinckii could not survive these conditions (148). Specific
concentrations of salt in brine and/or ripening penatures are used to prevent germination
and growth of spores that cause late blowing. Withlese precautions, even 5 to 10 spores
of C. tyrobutyricum per litre could cause product loss (148).

There have been few studiesfdifficile contaminating dairy products. The two
studies available to date on cow’s milk did nodf difficile within bactofugate or retail
samples (55, 66. difficile has also not been reported in cheese before. fohereve

examined semi-soft cheese fordifficile contamination along with raw ground meats.

3.2 METHODS
3.2.1 Samples

All food samples were collected from four retaitlets in Ottawa, Ontario. A total of
725 samples of ground beef, chicken, lamb, porkeyand veal were collected between
July 2009 and January 2011. Each month, 22 to 4tRgges were obtained. Prior to
processing, samples were either refrigerated atat°@p to 7 days or frozen at -20°C. In all,

146 cheese packages (Brie, Camembert, goat or’'shaélp cheese, surface-ripened, blue-
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veined) were collected between March 2010 and &epe2010. One-hundred cartons of
retail dairy milk (Skim, 1%, 2%, and 3.25% milk ;fahocolate, strawberry, and vanilla
flavoured; 5%, 10% and 35% cream) were similarliaoted between August 2010 and
October 2010. Cheese and milk samples were stod#Caup to 7 days after collection.
3.2.2 Ground meat sampling and enrichment culture

Enrichment broth cultures were used to detect thsgmce oC€. difficile. Duplicate
25 g samples of ground meat were removed withrdesgeoop and added to sterile culture
containersC. difficile broth (125) which was used for culture enrichmeattainedC.
difficile agar base (CM0601, Oxoid), 0.1% (wt/vol) sodiunréaholate, and 5.5%.
difficile moxalactam norfloxacin [CDMN] selective supplem@bkoid). The samples were
placed into 250 mL of. difficile broth. The meat was mixed by hand with the enrgm
broth. Positive controls, which were run with eaeh of enrichment cultures, consisted of an
additional 25 g of one of the ground meats spikét 10 spores of. difficile strain
11ACDO0Q75 (Table 3) in duplicate. Cultures wereaulated anaerobically at 35°C for 72 h.
3.2.3 Cheese sampling and enrichment culture

Duplicate 25 g of cheese samples from each padlegugpeoximately 100 g) were
added to 100 mL o€. difficile broth and 0.2% (wt/vol) of sodium citrate. One iiddal
25 g sample was spiked with 10 spores as a posiimgol with each set of enrichment
cultures. Cheese mixtures were homogenized bynaastioer for 45 s in Stomacher™ bags
(Seward, Worthing, West Sussex). The 100 mL mixduvere transferred into sterile culture
tubes from the Stomacher™ bags using three 50 nsesiof the bags wilB. difficile broth
containing 0.2% (wt/vol) sodium citrate. This madttal culture volume of approximately

250 mL. Cultures were incubated anaerobically 8&C36r 72 h.
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3.2.4 Milk sampling and enrichment culture

Duplicate 25 mL milk samples were taken from eaattan and added to 225 mL of
C. difficile broth with 0.2% (wt/vol) sodium citrate. One ddthal 25 mL sample from a
milk carton was spiked with 10 spores as a postoarol with each set of enrichment
cultures. Cultures were incubated at 35°C for ##eeobically.
3.2.5 Detection and isolation o€. difficile

After enrichment, the cultures were mixed and tw®rL aliquots were removed.
These aliquots were mixed 1:1 with 100% ethanollfbrat room temperature. Ethanol-
shocked cultures were centrifuged at 1500 x g (@ege 5424, Eppendorf, Mississauga,
ON) for 10 min. Supernatants were discarded andtgaelere resuspended in sterile water
for plating ontoC. difficile blood agar. The blood agar consistecodlifficile agar base
(Oxoid), 7% (vol/vol) laked horse blood (Oxoid),da5.5% (wt/vol) CDMN supplement
(Oxoid). These plates were incubated anaerobiealB6°C for 72 h. Suspect colonie<bf
difficile (flat, irregular, non-haemolytic and pale-whitdazoes) were subcultured on
BHIS+T agar for 48 h and confirmed by characterietiour, the activity of L-proline
aminopeptidase (PRO-Disk, Remel, Lenexa, KansakP&R amplification of the triose
phosphate isomerasgi gene fragment. For storage, a single colony fagpositive isolate
was subcultured overnight in 5 mL of BHIS brott8&2C anaerobically. A 1 mL aliquot of
the culture was mixed 2:1 with 50% glycerol andatioat -80°C.
3.2.6 Analysis of factors associated with the presee ofC. difficile in foods.

The prevalence d. difficile in foods was compared by type of food, season or
month in SAS, using the complete data sets frons&mepling of ground meats and cheese.
The presence (positive outcome) and absence (megattcome) o€. difficile in a food

sample were coded as “1” and “0” respectively. $seas the seasonality@fdifficile in
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ground meat, variables for season and month weigresl based on the month of the expiry
date stated on the sample package. Seasons wex@ asdwinter” (December, January,
February), “Spring” (March, April, May), “SummerJ@ne, July, August), or “Fall”
(September, October, November).

Descriptive analysis examined the consistench@fibservations, as well as unlikely
or missing values. Bivariate association betweerntype of meat, season and month to a
positive outcome was analyzed usjfidchi-square) analysis and evaluated for signifiean
atp < 0.05. The bivariate association between the leve¢sach variable to the outcome was
then evaluated using a simple logistic regressialyais. A significant association was
determined a& = 0.05. Significant variables by bivariate anadysere then considered in
the multivariate logistic regression analysis. Tw&s done using an unweighted forward
stepwise selection in PROC LOGISTIC with SAS toleate an interaction between the
main significant variables. The fit of the final del was assessed with the Homer and
Lemershow goodness-of-fit statistic.

Fisher’s exact test was used to determine thecasgm between the type of cheese
and the presence @ difficile, since a low number of positive outcomes preclutieduse

of a likelihood ratioy’test.

3.3 RESULTS
3.3.1C. difficileisolation from ground meats
C. difficile was isolated from 93 (12.8%) of the 725 groundtrsaaples tested. All

of the different meat types spiked prior to enrigiminculture as positive controls resulted in
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detectableC. difficile growth. Thus using enrichment culture, the devecthreshold was 10
spores per 25 g of meat.

Clostridium difficile positive samples were found in 25/116 lamb (21,6P%)114
veal (14.9%), 18/147 (12.2%) chicken, 18/152 (11.8%&ef, 10/101 (9.9%) pork and 5/95
(5.3%) turkey samples. The highest proportion cdino®ntaminated witl. difficile was
lamb (21.6%). Bivariate logistic regression anayshowed that the prevalence in lamb was
significantly higher p < 0.05) than all of the other meats except foil yea 0.195). The
14.9% prevalence @. difficile in veal was the second highest among the meaishwilas
significantly different from that in turkey(= 0.03), the least commonly contaminated meat.
These results are summarized in Figure 5.

Meat samples were collected for over one yeardesastrends i@. difficile
seasonality. Likelihood ratig’ derived fromy?analysis showed that associating the type of
meat p = 0.0141), seasomp & 0.001), and montip(< 0.001) to the presence ©fdifficile
was valid. The monthly prevalence@fdifficile ranged from 7.3% to 40.9%. February,
January and December months had the first (40.986pnd (22.9) and third (19.8) highest
prevalence rates compared to the other monthsofdhlr. The prevalence in February was
significantly higher than all of the other montbgcept for January(= 0.10). The
prevalence o€. difficile in meat in January was significantly higher thaat found in the
summer months (June, July, August), as well as Mand October. In December, the
prevalence o€. difficile in meats was only significantly higher than theyadence found in
the summer months. A summary of these resultshanersin Table 8.

A multivariable logistic regression model was usedetermine any statistical

significance between the prevalenceCotlifficile by season. The model revealed a
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Figure 5. The percentages of retail ground meat samplesdat type that were positive for
C. difficile. All positive samples of meat were confirmed puosiafter the isolation of.
difficile from enrichment broth culture. Numbers abovelt#ues indicate the sample size.
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Table 8. The monthly incidence . difficile in meat samples obtained from Ottawa,
Ontario retail stores.

67



95% Confidence Limit

Month Sample Positive Incidence (%) Lower Upper
Size Samples

Feb 22 9 40.9 18.6 63.2
Jan 70 16 22.9 12.8 32.9
Dec 81 16 19.8 10.9 28.6
Nov 71 12 16.9 8.0 25.8
April 40 5 12.5 1.8 23.2

Sept 46 4 8.7 2.3 17.2
Oct 58 5 8.6 11.8 16.1
March 58 5 8.6 1.2 16.1
July 84 7 8.3 2.3 14.4
May 38 3 7.9 0.01 16.9
June 110 8 7.3 2.3 12.2
August 47 3 6.4 0.001 13.6
Total 725 93 12.8 10.4 15.3
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significantly higher proportion o. difficile in meats obtained in the winter than the other
three seasong & 0.005).

No significant difference existed between the plewee rates in the spring, summer
or fall (Figure 6).
3.3.2C. difficileisolation from cheese and milk

C. difficile was isolated for the first time from various sesoft cheeses, with a total
of 14/146 samples (9.6%) being found positive. tR@essamples were found in 3/19 (15.8%)
Camembert, 3/31 (9.7%) blue cheeses, 3/34 (8.8%)aBid 5/50 (10%) other semi-soft
cheesesC. difficile was not isolated from 12 goat milk cheese sam@lgs$:isher’s exact
test, no significant association was found betwbertype of cheese and the presendg. of
difficile (Figure 7).

The cheeses tested were produced in 6 countrigglnp&anada, Denmark, France,
Germany, Italy and the USA. The highest proportbpositives (2/8; 25%) was from Italy.
However, due to the small overall number of posiBamples, the different proportionsf
difficile in cheese by country of origin, was not significadut of the 75 Canadian cheeses
tested, only cheeses produced in the province eb@uwere positive faC. difficile. This
difference in prevalence, however, was also ndisstally significant (Appendix B, Figure
b1).

Two pasteurized milk samples out of 100 (2.0%) amatdC. difficile. This was the first
report ofC. difficile spores being present in pasteurized milk. Nortbeflavoured milk
products or cream varieties were positive@odifficile. The milk was produced in Canada,
but the regional origin was not indicated by thenafacturers.

All of the positive control spiked cultures of daproducts resulted in detectakile
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Figure 6. Seasonality assessment®fdifficile in ground meats. All positive samples were
categorized by season according to month of the s@maple expiry date. Seasons were
divided as follows: Spring (March, April, May), Samer (June, July, August), Fall
(September, October, November) and Winter (Decendaguary, February). Numbers
above the bars indicate the sample size.
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Figure 7. Percentage of retail cheese samples that weragveofsir C. difficile by cheese

type. Samples of cheese were enriched in seleCtiddficile broth for 72 h. Aliquots of
enrichment cultures were plated o&odifficile agar for 72 h to observe colony growth. The
cheese was recorded as being positive after coatiomofC. difficile isolation from the
enrichment culture. Numbers above the bars inditetesample size.
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difficile growth. Similarly to meats, the detection thredheés 10 spores per 25 g of cheese

or 25 ml of milk/cream.

3.4 DISCUSSION
3.4.1C. difficile was found in various raw ground meats

To isolateC. difficile from meats and attain the most comparable reswudtdpllowed
a protocol that was developed by Rodriguez-Palagti@s (125) and adapted in several other
related reports (1, 10, 22, 101, 123, 160, 161fevAmodifications were made from the
original methods to try to obtain a higher detetgensitivity. Instead of rinsing the food
sample in buffer and then culturing the rinsateglonchment (123, 125, 160, 161), the
whole food sample was mixed with enrichment brotbrievent the loss of spores that might
be strongly associated with or even within theugssof meat (156, 161). In addition, we
tested 25 g portions of the meat package in dugli@larger sample size than in most of the
previous studies (52, 66, 125, 141). This was dorabtain a higher probability of detecting
spores, since they may be non-homogenously distiib{161).

Various retail ground meats from Ottawa, Canadaveaamined for spores of
C. difficile. This was the first Canadian study to determirepitesence d. difficilein
ground chicken, ground lamb, and ground turkeywa#l, number wise, it was also the
largest sampling of ground meats @rdifficile contamination to-date. Overall, we found a
12.8% prevalence @. difficile in ground meats. The isolation Gf difficile in meats was
expected, as several ground meats had previoustytiested in Canada (Table 1).
Moreover, our prevalence rate was consistent wighripus Canadian findings (125, 160,

161).
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The first Canadian study dn difficile in ground meats found an overall prevalence
of 20% (125). While our overall prevalence@fdifficile in beef was lower, their sampling
of ground veal revealed a 14.3% prevalence, whyches with our findings of 14.9%. Our
findings were very similar to a later report frolhnetsame group that examined a wider range
of Canadian ground beef and pork in 2009 (123)ni&at type, the latter researchers found a
12% prevalence df. difficile in both beef and pork, as compared to our findfgkl.8%
and 9.9%, respectively. In the one Canadian ingatin that examined whole pieces of
chicken meat, a 12.8% prevalence was found, wkieeiy similar to our finding of a 12.2%
prevalence in ground chicken (160). True compasdmiween these studies cannot be done
because of our modified isolation techniques ar@hbse we did not conduct random
sampling. However, our study’s agreement with gresiresults, suggests that ground meats
are regularly contaminated wi@ difficile spores.

Ground turkey had been tested in two reports fioendSA (55, 141). Only in the
study by Songer (141), wé&s difficile detected. These authors found a much higher
prevalenceX 42%) ofC. difficile in each of the meats they tested than all othelies to
date, including ours. Our results suggest Galifficile is least likely to be recovered from
turkey (5.3%) than the other retail ground meagtetk Thus, our reported prevalenc€of
difficile in turkey meat warrants further examination anchggarison to future studies.

Ground meat from sheep and poultry had been exanpireviously in Sweden and
the Netherlands (1, 22). Like other North Ameristundies, our report found a higher
prevalence oC€. difficile in meat than had been reported in these and EBtlmexpean studies
(Table 1). The variability in the prevalence of taamination between regions could be due to
regional differences in niches of the bacteria. Tibe of different sample sizes may also

have affected the different prevalences observied.study from Sweden only analyzed 7
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packages of lamb and 2 packages of poultry anaalidind anyC. difficile spores (1). The
study from the Netherlands tested only 16 packafismb and found one positive (6.3%)
(22). On the other hand, these authors sampledya trumber (257) of chickens, and still
found a low (2.7%) prevalence. The use of diffesmpling methods and culture
conditions can also affect the limit of bacteriatettion and thus, the resulting prevalence. It
has been noted previously that three differentucealtechniques of the same ground meat
samples resulted in significant variation in dategpositive cultures (123). Future
experiments should be done to validate and starmmapdotocols for selection, culturing and
detectingC. difficile spores in ground meats and other foods.
3.4.2 Young animal meats had a higher prevalence obntamination

Interestingly, we found that the highest prevalenic€. difficile by meat type were
in the young food animals, lamb (21.6%) and vedl94%). Although we collected our
samples from stores in a narrow geographic regi@ase results are consistent with the
findings thatC. difficile shedding is inversely proportional to the agehefaffected animals
(106, 169). Thus, the age of the livestock may bigaificant factor in the risk of meat
contamination. Furthermore, this shedding hypothiesids credence to the view that the
spores contaminating meat originate from an angoatce. Our study was the first to test
retail lamb in Canada and our results suggestttisathe ground meat that is most likely to
be contaminated witG. difficile. All of the lamb samples we examined originatexdfiNew
Zealand livestock. Therefore, the country of origiay have also contributed to the higher
prevalence. Further research should be conductéamihn veal and other meat products

from young livestock and different regions for carpon.
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3.4.3C. difficile contamination of foods was more common in the wiet
Our results also corroborate the trend, noted yrigoez-Palacios (123), that there
was a higher prevalence Gf difficile contaminating ground meats in the winter as cosagbar
to the other three seasons (123). The authorsnatsal thaC. difficile was isolated
primarily in January and February over a 7-monthoggke Although we did observe a higher
prevalence oC€. difficile spores in January and February, we did not olté#iircient
positive outcomes by month to definitively findigrsficant trend re the prevalence of
C. difficile. It is known that contamination of cheese withtyrobutyricum spores is much
higher in the winter. This has been attributech®adnimals being fed in the crowded indoors
in the cold winter months, rather than being oaizgrg (35). Increased. difficile
contamination may also occur in this manner. Intamd there is less soil turn-over during
the winter, and this may promote dispersioiCodlifficile on the surface of the ground so
that the organism is more likely to come into cohtaith and colonize the animals (134).
Epidemiologically, a clinical study from Wales nota higher incidence of CDI
during January and February of 2010 (105). In QoeBanada, analysis of HA-CDI during
both epidemic and non-epidemic years demonstratedrked seasonality, with the highest
incidence in the winter. The authors attributed tbithe increase of respiratory infections
that occur in the winter time leading to increaaatibiotic use during this season (39). There
has also been an associatiorCoflifficile infection with seasonal influenza due to antilgioti
use following influenza activity. This report framespitals in the USA found that CDI
increased by 23% during the winter months as coegptr summer levels. The authors
cautioned, however, that the perceived high inadanay also be due to extravigilance for
enteric infections like rotavirus that also peakha winter, as well as hospital overcrowding,

creating a higher environmental risk for contragtih difficile (114). Our results suggest
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that an increase @. difficile in foods during the winter could also contributettis
heightened disease incidence.
3.4.4C. difficile was a contaminant of cheese

This study confirmed the presencefdifficile spores in semi-soft cheeses for the
first time. Cheese was chosen as a potential regsdor C. difficile because dairy products
are pasteurized, but this method is ineffectivesfoore inactivation. Furthermore, several
Clostridium spp. can be found in cheese and have been ingdicafoodborne illness or
food spoilage.

C. difficile has not been previously detected in dairy producttudy by Bourhis et
al. (23) used PCR amplification for detectiorGbbstridium spp., includingC. difficile in
cheese. However, the limit of detection of theitimel (100 cfu / g) was much higher than
ours of 10 spores / 25 g. Houser et al. (55) didind C. difficile spores in pellets of
pasteurized milk using a PCR method which was §ipdor C. difficile. A third report by
Jobstl et al. (66) analyzed bactofugate by culgutive concentrated spore solution collected
from raw milk. The authors reported that the solittontained approximately 200 spores of
various bacterial species within the sample voluntes, they noted the possibility that
difficile spores could have been present, but at a levielvidmbelow their method
sensitivity. All of these papers demonstrate thsttaadardized method should be used to
further investigate the presencefdifficile spores in dairy products. Our results
demonstrate the need for future examination of e ér comparative analysis.

It is interesting that our prevalence@fdifficile in cheese of 9.6% was near the
overall prevalence that we found in ground mea2s8%). Several of these food items were
purchased from the same stores and may reflecaicométion from the retail source. In

order to assess the likelihood of a common contatiein source, sub-typing of the isolates
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was done. This was conducted and discussed imlibe/ing chapter of this report. It is
possible that the similar prevalence®fdifficile contamination in these diverse foods
reflects the organism’s ubiquitous disseminatiotha farm environment.

It was interesting that out of our samples, nonthefCanadian cheeses were
contaminated, except for those produced in Quelsere were 7 of 62 (11.2%) cheeses
from Quebec that were contaminated watrdifficile spores and 0 out of 16 from other
Canadian provinces (Appendix B, Figure bl). In ohthe studies by Rodriguez-Palacios
(123), after sampling retail meat from three proems the leading source of contaminated
meat samples was also from Quebec. Both this stndyurs, however, did not have a
significantly different prevalence @. difficile in foods by region. Further investigation with
a larger sample size and more varied samplingbeilheeded to further examine the
relationship between the geographical prevalendg difficile in cheese and the high
clinical incidence of CDI in Quebec.
3.4.5C. difficilein retail milk

To examine if the source of cheese contaminatiospedentially through milk, we
also tested various retail pasteurized milk andrreamples for the presenceXflifficile
spores. Interestingly, there was a very low prevadeof milk contamination, i.e., 2.0%. This
could indicate that the source of cheese contammatas not from the milk, but may have
occurred during the various stages of cheese ptioduar processing. For example, to
prevent a 3% loss in yield, the bactofugate pélteh raw milk can be re-added to the
cheese milk after heat-treatment. This treatmestean reported to reduce the butyric acid-
forming spore prevalence by 98% (79). Thus someespdikeC. difficile, a non-producer of

butyric-acid, may be re-added to cheese.
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CHAPTER 4: STRAIN CHARACTERIZATION OF C.DIFFICILE

ISOLATES

4.1 INTRODUCTION
4.1.1 Typing methods

The varied nomenclature f@. difficile strain types reflects the diversity of typing
assays that are employed globally. Complicatingemiological investigation, research and
hospital laboratories use different typing techesjdepending on the sensitivity and rapidity
required (71). Even among research laboratoriestarmardized typing system or
nomenclature currently exists. One reason forightbat certain typing methods are not
comparable between labs without reference isotatassign standardized types. This is the
case for restriction endonuclease analysis [REA]|RGR-ribotyping. More comparable
typing methods include PFGE and toxinotyping, hosvethey do not have sufficient
discriminatory power to be used alone. Variousrigpnethods have generally shown good
agreement, but this does not necessarily infetticlrstrains (41). Therefore, several
techniques are now used in tandem. These will berdied below.
4.1.2 Serotyping

Serotyping is no longer commonly used as a typaehique, but it was the first
method used to cluster different straingotlifficile. It did so according to bacterial
antigenic properties that were differentiated usingagglutination reaction with rabbit serum
(152). Its discriminatory power was found to bengigantly lower than genotypic typing

methods, such as random amplified polymorphic DRAPD] and PCR-ribotyping (29).
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4.1.3 Random amplified polymorphic DNA [RAPD]

RAPD is an appealing PCR fingerprinting method beeahe target genome
sequence does not need to be known prior to acgtidin. For PCR, two short (e.g., 10 bp)
primers with arbitrary sequences are bound to nanflagments. Amplification only occurs
if the two primers bind in the correct directiorigse enough together. Polymorphisms in the
genome lead to the appearance or non-appearabemas$ between different strains. RAPD
is still used due to its cost effectiveness an@ edsise, however, compared to PFGE, band
analysis is more difficult and its reproducibilis/lower (29).

4.1.4 Restriction endonuclease analysis [REA]

REA involves the analysis of whole cell DNA withre@striction endonuclease such as
Hindlll. It has high discriminatory power, howevénge use of a restriction enzyme on the
whole genome generates hundreds of fragmentsTBése complicated fingerprints make
analysis and interlaboratory comparisons diffictith. simplify gel analysis, restriction
fragment length polymorphism [RFLP] was added ®REA process after gel
electrophoresis and Southern blotting. This allowedbands to be probed for specific
differences in restriction sites. NotwithstandiREA and RFLP techniques alone or
combined are laborious, so PCR amplification teginas are currently preferred (26).

4.1.5. Toxinotyping

Toxinotyping classifies strains by variations withihe PalLoc (pathogenicity locus)
(129). Six regions within the PaLoc (A1-A3 and B3)Bire PCR amplified and then cut
with restriction enzymes to see characteristic R&zOe restriction patterns are compared
to theC. difficile reference strain VPI 10463, and strains with ig@hffingerprints are

designated toxinotype 0. Toxinotypes correlate wét PCR-ribotypes and REA (76). This

81



method is highly reproducible, however, not asrdisinatory as PCR-ribotyping or PFGE
(76).
4.1.6 Toxigenic type characterization

Toxigenic type characterization using multiplex P@&s developed in order to have
a more rapid and reliable method of characterisonates from stool samples. Multiplex
PCR amplification of particular gene fragments\atiol a one-step method to positively
identify the presence @. difficile and characterize its toxigenic type (84). The gene
examined are species-specific housekeeping ggnend fragments of the toxin genes,
tcdA, tcdB andcdtB, andtcdC, to identify characteristic deletions that cowddd to a
truncated negative regulator protein.

The hypervirulenC. difficile strains have characteristic deletionscoiC. Using the
primers developed by Lemée et al. (84), there i$8&hp deletion in theedC gene for
NAP1/027 and a 39-bp deletion for 078.

4.1.7 PCR-ribotyping

PCR-ribotyping has been used both in research lamdad laboratories. As a rapid
and highly discriminatory technique, it is consegthe gold standard typing method in the
UK (147). The method involves the PCR amplificatafnntergenic regions bordering the
16S-23S genes which have highly variable lengtB}. Ribotypes are named by a three digit
number which is chronological to the ribotype’sadigery. Characterization of ribotypes
requires the comparison of profiles to a largeistdatabase so interlaboratory analysis is
difficult, i.e., effective ribotyping can only beode by labs equipped with a large ribotype

database.
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4.1.8 Pulsed-field gel electrophoresis [PFGE]

PFGE is considered the gold standard typing mettioohany foodborne pathogens
and is the standard typing method @difficile in North America. Inter-laboratory
comparisons have been made possible with the ustamdardized protocols and computer
software for banding pattern analysis and clustef@®). Classically, patterns with greater
than 80% similarity have been clustered into thmespulsotype (150). The standard North
American pulsotype designation is a number preceégetl AP”. This nomenclature has
been appropriate in a clinical setting where tlageea relatively small number of relevant
pathogenic strains. In light of there being seveuditypes within these clusters and many
genetically un-related strains that are less dihyaelevant, reference laboratories with
much larger strain collections are also using uaigiphanumeric nomenclature for further
classification. Standardization of subtyping nonature between reference databases has
not been completed.

The PFGE protocol includes cutting the entire b@atehromosome with rare-
cutting restriction enzymes like Smal, so that @1darge fragments of DNA are produced.
Electrophoresis with alternating directions of emtrallows the resolution of these 10-700
kb fragments, resulting in clear fingerprints the¢ highly reproducible (73%. difficile
contains highly active endonucleases that promdt& Begradation, so some strains were
originally untypeable by PFGE. Recent modificatiofshe protocol have helped to resolve
this problem (4). The discriminatory power of PF{SEimilar to REA (73) and PFGE
profiles are easier to analyze than those from RARL). Furthermore, there is good
correspondence between strains typed by PFGE aRdrBGtyping (71). However, PFGE is

a more laborious technique that requires spedifiggenent (29, 71).
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The aim of this chapter was to use genomic typieghods to profile th€. difficile
food isolates described in Chapter 3 and to comipea to known isolates to assess their

clinical relevance. Strains were characterizedomjgenic type, ribotyping and PFGE.

4.2 METHODS
4.2.1 Multiplex PCR

Multiplex colony PCR amplification was used for iganic typing.C. difficile toxin
encoding genetedA, tcdB, the binding domain of CDT binary toxicgtB, toxin regulator,
tcdC, and aC. difficile housekeeping gene, triose-phosphate isometgi3ewere amplified
from a single colony template resuspended inl50f Tris-Borate EDTA [TBE] buffer
(Sigma-Aldrich, Inc., Oakville, ON). Two PCR mastrixes were made using a Qiagen
Long Range PCR kit (Qiagen, Mississauga, ON) amdeprsets. The forward and reverse
primers sequences (Sigma-Genosys, Sigma-GenogysaSildrich, Inc.) are shown in
Table 9.

The 50uL PCR reactions containedud of colony template, ddyD up to 50uL, 1X
Long Range PCR Master Mix (Qiagen), and the forveard reverse primer sets for
particular gene fragments depending on the mixtMiester Mix 1 contained the forward and
reverse primers facdA, tcdB, andcdtB. Master Mix 2 contained those wHC andtpi. A
total of 100 nM of the forward and reverse primeese used per isolate, except fcdC, for
which 200 nM was used. PCR products were amplifiethermocycler (Eppendorf ) under
the following conditions for both multiplex mastarxes: 15 min at 93°C followed by 30

cycles of 93°C for 30 s, 57°C for 1 min 30 s, a8®#lXBfor 1 min. Following the 30 cycles

was a 7 min extension at 68°C. Samples were heléCabefore gel electrophoresis analysis.

The gene amplicons were separated by Qiaxcel aapdle! electrophoresis (Qiagen), or 2%
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Table 9.Forward and reverse primers fOrdifficile multiplex PCR.
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Primer

Set Sequence (5’-3’) P_roduct ;I'm Gene Description
size(bp) (C)

Name
cdtB-F1 F*: TGGACAGGAAGAATAATTCCTTC 580 68.2 cdiB binary toxin
cdtB-R1 R*: TGCAACTAACGGATCTCTTGC 68.9 subunit B
tcdA-F  F: AGATTCCTATATTTACATGACAATAT 65.0 .

A3B  R: ACCATCAATCTCGAAAAGTCCAC 4201150 79 tcdA toxin A
tcdB-3 F: AATGCATTTTTGATAAACACATTG 329 63.6 tcdB toxin B
tcdB-4 R: AAGTTTCTAACATCATTTCCAC 63.9

tpi-F F: AAAGAAGCTACTAAGGGTACAAA 230 66.4 toi triose phosphat
tpi-R  R: CATAATATTGGGTCTATTCCTAC 66.4 b isomerasae
Pallt F: TCTCTACAGCTATCCCTGGT 637-676 68.2 tcdC negative regulatc
Pallée R: AAAAATGAGGGTAACGAATTT 61.1 of PaLoc

* F= forward primer; R= reverse primer
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agarose (Roche, Indianapolis, IN) gel electrophsr&¥ith Qiaxcel capillary gel
electrophoresis, amplicons were detected by a phdtglier and visualized by
BioCalculator software (Qiagen). Agarose gel elgaiioresis was run in 1X TBE buffer at
50V for 90 min to separate bands of the Master MBIXCR products and

for 180 min to separate bands of Master Mix 2 P@Ripcts. Deletions in thiedC amplicon
were detected by agarose gel electrophoresis attentjgee controls strains with a 0 bp
deletion (11ACDO0001), 39 bp deletion (11ACD0028)18 bp deletion (11ACDO0075)
(Table 3).

4.2.2 Pulsed-Field Gel Electrophoresis

For PFGE typing, isolates were grown from frozercktovernight on BHIS agar. A
pure colony was picked and inoculated into 5 mBBfS broth and incubated anaerobically
overnight at 35°C. A total of 1 mL of this cultusas subcultured into 8 mL of BHIS broth
and incubated for 6-8 h at 35°C. Cells were cadiédty centrifugation at 29 000 x g (SA 600
rotor, Sorvall, Newport Pagnell, Buckinghamshim@) % min and the supernatant discarded.
The cell pellet was resuspended in p0of cell lysis buffer without enzymes, consistiofy
1.0 M NaCl, 100 mM EDTA, 0.5% (wt/vol) Sarkosyl206 (wt/vol) deoxycholate, 0.5%
(wt/vol) Brij 58, and 6 mM Tris-HCI.

PFGE plugs were made from melting 1% (wt/vol) S®algold agarose (Mandel
Scientific, Guelph, ON) in 10 mM Tris-HCI, 1 mM EBTand 1% (w/v) sodium dodecyl
sulfate. The mixture was cooled to 55°C, mixedgunag volumes with the cell suspension,
and then left at room temperature to solidify ingpolds (Bio-Rad, Hercules, CA). Plugs
were transferred into microfuge tubes and coverigld IvmL of cell lysis buffer plus the
following enzymes: 2@ig/mL RNAse (Roche), 2.0 mg/mL lysozyme (Roche) &b

U/mL mutanoylsin (Roche). These plugs were incubate37°C overnight.
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The lysis buffer was replaced with 1 mL of prosasa K solution containing 0.5 M
EDTA, 1% (w/v) Sarkosyl, and 50g/mL of proteinase K (Boehringer Ingelheim,
Burlington, ON). Following a 2-3 h incubation at°g5 the proteinase K solution was
removed by aspiration and replaced with 1.4 mL askwbuffer rinse consisting of 10 mM
Tris-HCl and 0.1 mM EDTA. Plugs were gently agitht®y hand. Three additional washes
with 1.4 mL wash buffer for 20 min each were cortgdieat room temperature.

A fragment was cut from each plug and transfemsala new microfuge tube. The
fragment was equilibrated for 10 min in 150 of 1X NEBuffer 4 (New England Biolabs,
Inc., Pickering, ON). Following equilibration, theffer was replaced with 150 of Smal
restriction enzyme solution (New England Biolalms;.) containing 40 U per plug. As a
molecular weight standard, similarly prepared plofya Salmonella Branderup control strain
were placed irXhol enzyme solutionSmal andXxhol digests were allowed to incubate at
25°C and 37°C, respectively, for 3 h to overnight.

For electrophoresis, 1% SeaKem® gold agarose wesdnn 0.5X TBE, melted, and
cooled to 55°C. The gel solidified in a gel fornd&@mal digested plugs were added to the
gel wells along with th&lmonella Branderup marker. The wells were topped off with
melted 1% Seakem gold agarose in 0.5 X TBE. PFG&amaducted in a CHEF Mapper™
system (Bio-Rad) containing 2.2 L of cooled (140G X TBE with 50 mM thiourea. The
PFGE was run according to the following run cowcdhsi: 1.0 s initial time, 40.0 s final time,
200V, 6 V/cm, 120° included angle, for 22 h.

Following the run, the gel bands were visualizedJhylight after a 30 min stain
with EtBr and 30 min destain with distillec@.

Dendrograms were prepared using BioNumerics soéwearsion 5.10 (Applied

Maths, Austin, TX) by the Unweighted Pair Group kted with Arithmetic mean [UPGMA]
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clustering method using the similarity measurenaédat Dice coefficient with position
tolerance and optimization of 1.50%. PFGE cluste¥se compared to the Canadian
Nosocomial Infections Surveillance Program [CNISRfabase.
4.2.3 Ribotyping

Ribotyping ofC. difficile isolates was conducted at the NML as describdddna et

al. (58).

4.3 RESULTS
4.3.1 Isolates from ground meats

The results obtained by typing ground meat isolaje®xigenic type
characterization, ribotype and PFGE are depictddgare 8. Representative PFGE profiles
are shown in Figure 9. Nearly all (85/93; 91.4%)hef ground meat isolates were toxigenic
for both large clostridial toxins by multiplex-PGR*B"). All but three of these isolates
contained the gene encoding for binary toxdiB (A"B*CdtB"). The three AB*CdtB
strains had no deletion indC and were found in lamb, chicken and turkey. Gé th
A'B’CdtB' strains, only one, originating from a beef sampégl no deletion itcdC. The
81 other AB*CdtB' isolates had A39 bp intcdC and were found amongst each ground
meat type.

Isolates from eight of the 93 positive samples¥8.6vere non-toxigenic, lacking the
three genes encoding for toxins as well as thetiegtxin regulatoricdC. All of the
toxigenic type characteristics from the ground nisalates are summarized in Table 10.
There were 78 (83.9%) isolates belonging to theesabotype, which was related to
ribotype 078/126. (Ribotypes 078 and 126 couldusotlistinguished using the current

CNISP database.) This most commonly isolated, ygm{i.e., 078/126-like), differed from
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Figure 8. Typing ofC. difficile isolated from ground meats. Results of ribotyplEGE,

and toxigenic type characterization are indicatethe dark rectangles. Percentages shown
are the proportions of positive isolates by mepetyPie slices are proportional to the total
number of positive samples. Numbers within thestiees represent the number of isolates
per strain type and each slice is coloured by titaarss tcdC gene characteristics (bp
deletion) by PCR. The 078/126-like ribotype lackleel 494 bp amplicon of 078/126. The
002-like and 020-like ribotypes both lacked two #iogns from the characterized 002 and
020 profiles. Ribotyping and PFGE profiles were paned to the CNISP database supplied
by the National Microbiology Laboratory, Winnipe@anada.
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# of Isolates (%)

Toxigenic Non-toxigenic
Ground meat # of Positives / A'B*CdtB” A'B*CdtB" A'BCdtB"
Total samples (%)
A*39bp  AObp AO bp No tcdC
Lamb 25/116 (21.6) 23(92.0) 1(4.0 1(4.0) 0
Veal 17 /114 (14.9) 17 (100) 0 0 0
Chicken 18 /147 (12.2) 11 (61.1) 1 (5.6) 1 (5.6) (23.8)
Beef 18 /152 (11.8) 17 (100) 1 (5.6) 0 0
Pork 10/101 (9.9) 10 (100) 0 0 0
Turkey 5/95 (5.3) 1 (20) 0 1 (20) 3 (60)
* A: deletion intcdC.
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Figure 9. Genetic relatedness, PFGE profiles, type charnaatern and origin o€C. difficile
isolates from foods. Scale bar indicates genelitadness. PFGE profiles are described by
NAP and CNISP designations provided by the NML. ifjeric type is described by the
symbols + and —, which refer to the presence asdrate of toxin genes by multiplex-PCR.
The origin of the isolate is depicted in variousocws, i.e., blue (cheese), red (ground meat)
and green (milk).
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EmNoA New ribotype 078/126-like
G New ribotype
@ No tedC New PFGE profile
A*B*CdtB-
Lamb
21.6%
Ribotype 067
Not clustered in NAP
Ribotype 067
New ribotype Not clustered in NAP
New PFGE profile
ABCdtB-
Turkcey Chicken
5.3% 11/ 120%

New ribotype 002-like
NAP6
A*B*CdtB-

New ribotype 020-like
New PFGE profile
A*B*CdtB-

2 new ribotypes
Not clustered in NAP
Both A-B-CdtB-

New ribotype

Ribotype 067
NAP4 tvp

Not clustered in NAP
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Table 10.Toxigenic type characterization Gf difficile isolates by ground meat type.
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PFGE-Smal

50
80

70
80

g0
100

|
[ 1] |

& New: PFGE or ribotype profile was not previoustsdribed in the CNISP database.

PNN: PFGE profile did not cluster into a NAP.

R

IR
T

NAP CNISP Ribotype Toxigenic AtcdC Origin # of
Profile Type (bp) samples
tcdA tcdB cdiB
7 0536 033 + 39 Semi-soft 1
Blue 1
7 0080 078/126-ike + + 39 Lamb 23
Veal 17
Beef 16
Chicken 11
Pork 10
Turkey 1
Semi-soft 4
Brie 2
Blue 1
Camembert 1
Milk 2
078/126 + o+ 39 Blue 1
New® New New + o+ 0 Lamb 1
NN 0054  020-like + o+ 0 Chicken 1
New New New - 0 Chicken 1
4 0131 New + 0 Beef 1
New New New - - 0 Chicken 4
New New New + o+ 39 Camembert 1
NN° 0427 001 + + 0 Camembert 1
NN 0106 067 + o+ 39 Beef 1
Lamb 1
- None Chicken 1
New New New - - None Turkey 3
6 0339 002-like +  F 0 Turkey 1
Brie 1

95



ribotype 078/126 by only one amplicon at 494 bpe PRGE profile of the 078/126-like
isolates clustered in NAP7, the pulsotype to wi@icB belongs. By meat type, the veal and
pork isolates were all indistinguishable from timsst prevalent strain. Only two lamb and
two beef isolates were not this common strain. @fitbe unique lamb isolates, had no
deletion intcdC and corresponded to a new ribotype with a new PpfeEle. One of the
unique beef isolates also had no deletiotzal and was a new ribotype that best clustered
with NAP4. The other lamb and beef isolates hads#ime toxigenic characteristics as the
most commonly isolated strain {B"CdtB"); but they were ribotype 067 with a PFGE
profile that has not been clustered into a NAP.

There was even more variety©fdifficile isolates from poultry (Table 10, Figure 8).
Among the chicken isolates, 11 out of 18 were ifiedtas the common 078/126-like/NAP7
strain. There was one other toxigenic isolate fahicken that was /B CdtB, with no
deletion intcdC. This strain was designated as a new ribotypewhat020-like, lacking two
amplicons of ribotype 020. Its PFGE profile did oshtster with a known NAP. The
remaining five isolates were non-toxigenic strahmest spanned three different ribotypes that
were each novel in ribotype and PFGE profile. @ftilirkey isolates, only one was 078/126-
like/NAP7 and three were a non-toxigenic straim oiovel ribotype and PFGE profile. The
one remaining isolate had no deletionadC and was designated as a new ribotype similar
to 002, but missing two amplicons. By PFGE analysiselonged to the NAPG6 cluster.
4.3.2 Isolates from cheese and milk

All of the 14C. difficile isolates from cheese were positive by PCR foeastlone
toxin-producing gene. Only two of these isolatekdal the binary toxin genegitB. By
ribotyping, one of the B*CdtB isolates was 002-like, lacking two amplicons 02 0By

PFGE analysis, it belonged to the NAP6 clusters Tdolate was recovered from Brie and
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was indistinguishable from a turkey isolate alsonf in this study. The other isolate was
indistinguishable from ribotype 001. Its PFGE peoflid not cluster into a NAP.

Nine of the toxigeni€. difficile isolates (64.3%) were the same strain as the one
most commonly identified in meats in our study,, i&B*CdtB" with a 39-bp deletion in
tcdC, NAP7 by PFGE and 078/126-like, missing an ampliab494 bp. The remaining
isolate found in blue cheese was indistinguish&bl@ ribotype 078/126. Our typing results
of the cheese isolates are depicted in Figure dGammarized in Table 11.

Both of the milk isolates were also the commonBnidfied 078/126-like/NAP7
strain.

The PFGE profiles of all of our isolates from grduneats, cheeses, and milk were
analyzed using Bionumerics (Applied Maths, AusliX) to observe their genetic
relatedness (Figure 9). We found that the straiokitied from dairy (blue, green) and ground
meats (red) were distributed throughout the dendirmgthus no association between the
genetic relatedness and food origin was observiedeCGelatedness by PFGE also did not

correspond to a particular toxigenic type.

4.4 DISCUSSION
4.4. 1 A hypervirulent-related type was commonly islated from ground meat

Interestingly, the majority of th€. difficile ground meat isolates contained the genes
for all three toxins. This strongly suggests tlat $trains o€. difficile found in food may be
able to cause disease in humans. One strain wagseemmonly isolated and represented
83.9% of all the ground meat isolates. With onlg aliffering amplicon in its ribotype, a

corresponding 39-bp deletionticdC and the same PFGE profile, this strain was highly
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Figure 10. Typing ofC. difficile isolated from cheeses. Results of ribotyping, PF&H
toxigenic type characterization are indicated mdlark rectangles. Percentages shown are
the proportions of positive isolates by cheese.tife slices are proportional to the total
number of positive samples. Numbers within thestiees represent the number of isolates
per strain type and each slice is coloured by titarss tcdC gene characteristics (bp
deletion) by PCR. The 078/126-like ribotype laclkedl94 bp amplicon of 078/126. The 002-
like ribotype lacked two amplicons from the chaegizied 002 profile. Ribotyping and PFGE
profiles were compared to the CNISP database sgpi the National Microbiology
Laboratory, Winnipeg, Canada.
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O A39bp —

ENoA New ribotype 078/126-like
NAP7

@ No tedC

Semi-Soft
10%

Ribotype 001

Not clustered in NAP

Camembert
16%
Ribotype 033

NAP7

New ribotype 002-like
New PFGE profile

Ribotype 078/126
NAP7 NAP7

Ribotype 033
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Table 11.Characterization of. difficile isolates from cheese by toxigenic type, ribotype
and PFGE.
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Cheese Type # Samples Total # Toxigenic typé AtcdC, Ribotype® PFGE profile® # (%)
tested (%) bp" of
positive isolates
19 3 (15.8) A'B*CdtB 39 078/126-liké NAP7 2 (10.5)
Camembert .
A'B'CdtB No A 001 Not clustered 1(5.3)
_ 50 5 (10.0) A'B*CdtB 078/126-like NAP7 4 (80.0)
Semi-soft . . 39
A'B'CdtB 033 NAP7 1(2.0)
31 3(9.7) - 078/126-like NAP7 1(3.2)
A'B"CdtB
Blue 39 078/126 NAP7 1(3.2)
A'B CdtB’ 033 NAP7 1(3.2)
34 3 (8.8) A'B*CdtB 39 078/126-like NAP7 2 (5.9)
Brie New ribotype
A'B'CdtB No A Ne 1(2.9
002-like W (2:9)
Goat/Sheep’s 12 0 - - - - -
milk

@ Toxigenic type was based on multiplex-PCR as dssdiby Lemée et al (84).
P Deletion in the toxin negative regulator geteelC.

¢ PFGE profiles were compared to the CNISP datapasaded by the National Microbiology Lab, Winnigeganada.

Ribotyping was performed and analyzed at the satme s

“Ribotype lacks the 494 bp amplicon of 078/126. (678 126 were indistinguishable with the CNISP biasa.)

° Did not cluster into a North American PulsotypeA@.

"Ribotype lacks two amplicons of 002.
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characteristic of 078, the hypervirulent straintjgatarly attributed to infecting livestock
and causing CA-CDI (28, 40, 133).

The missing ribotype amplicon, however, made tti&irs type distinguishable
from 078. This does not agree with the findingpavious studies that had found
primarily indistinguishable ribotype 078/NAP 7 osBains from retail foods (Table 1).
Our similar strain suggests that it could have b#nved from a human or animal strain
of 078. Our results suggest that there may be sswther than ground meat responsible
for the transmission of CA-CDI.

4.4.2 Strain diversity in relation to meat type

In contrast to some earlier Canadian studies, @edal recover any 027/NAP1
strains from our retail meat samples (101, 123, 12%). We found a greater diversity of
C. difficile strains in poultry meat (chicken and turkey) thmbeef, veal or pork. This
agrees with the finding that as compared to boeingwine, poultry are colonized by
more strain types . difficile. This finding of correspondin@. difficile strain diversity
between the meat and source animal supports tienrtbat theC. difficile we isolated
was shed from the animals. If the contaminationd@alirred in a common food
processing area at the retailer, this common somotad likely introduce the same
strains as found in other meats prepared in the @&mironment. Only one report from
France has examinéil difficile colonization in sheep. The authors found the bacte
the ruminants of newborn lambs, but did not exartieestrain types that colonized the
animals (121). Because only one of our 25 poslawab samples was not the most
commonly isolated 078/126-like strain, it is possithat ovineC. difficile isolates would

also exhibit the same low strain diversity foundovine and swine.
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4.4.3 Relevance of food isolates to characterizelinecal and veterinary strains

From our ground meat samples, only one isolateydon chicken, was
indistinguishable from a previously characterizédtype (067). Interestingly, this
ribotype had been reported once in a case of comyroinset CDI (CO-CDI) from the
Netherlands. CO-CDI cases may include those of ©A-@hereby the disease onset
occurs in the community or within 48 h of admissiora health care facility, with the
proviso that the patient has not been discharged & health care facility within the
previous 3 months. For CO-CDI however, the pateehtspitalization history is not
taken into account, so cases may also include timdss to acquisition within health
care facilities. (17). The remainder of t@edifficile isolates from our study were novel,
though some were closely related to previously attarized strains. An isolate similar to
ribotype 002 was found in turkey; ribotype 002 e @f the five most isolated clinical
types in the Netherlands and was also reportedve baused a case of CO-CDI in that
country (12, 17, 51). Furthermore, it was previgusblated from a calf fecal sample (7).
This ribotype has not been reported in poultry befalthough data o@. difficile
prevalence and type in poultry is very limited (1280, 169). Another novel strain was
found in a chicken sample which was similar to tyipe 020, a ribotype commonly
isolated from patients with CDI in Europe (12, 28) that has also been isolated from
equine and canine animals (68). One beef isokdeamovel ribotype, but its PFGE
profile belonged to the NAP4 cluster. The NAP4 tusncludes ribotype 014, that has
been previously isolated from animals and humahsi%3, 123, 125).

The presence of at least one toxin gene in ahe€. difficile isolates from

cheese, was indicative of the toxigenic types thay be pathogenic to humans. Among
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the binary toxin negative isolates, ribotype 00& sommon clinical strain that has been
primarily associated with HA-CDI (17, 68, 103, 14R)botype 002 has also been found
to affect humans (28, 51). Ribotypes 001 and 0@Zath among the five most isolated
ribotypes from CDI patients in the Netherlands (Ripotype 033 was also found to be
positive for the toxin A gene. Previous reportsénakiown that the ribotype 033 PalLoc
has only a remnant portion of tteelA gene and thus is unable to produce toxin A (7).
This strain has been previously isolated from feseamhples of a calf and a horse, as well
as from humans (7, 68, 113).

The majority ofC. difficile isolates found in cheese, as well as the only two
isolates from milk, were indistinguishable from tit@otype 078/126-like strain that we
most commonly isolated from meat. It is possibkg this major molecular type is a
common contaminant on the farm or in the food pr&g@n environment. Since
C. difficile had never been isolated from cheese before, weedém check if there was
any possibility that lab contamination had occurrhong theC. difficile strains we
isolated from food, three cheese samples contaitnadchs (033 and 001) that had never
before been cultured or isolated in our lab. Thenefwe believe that the positive
samples from cheese do not reflect contaminatiomgisample preparation in the lab.

Finding several previously uncharacterized stréms foods in this study may
be a reflection of the small population of foodlages previously described in the CNISP
database that we used for referencing strainsfadighowever, that these strains had
almost identical ribotype patterns to previouslgrmetterized clinical and veterinary

strains, suggests a high genetic-relatedness betivese food isolates and clinical types.
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All together, the molecular types Gf difficile that we found in various foods suggest

that they are likely capable of causing diseadaimans.
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CHAPTER 5: OVERALL CONCLUSIONS AND FUTURE

DIRECTIONS

There were three major objectives of this resedfrhtly, we wanted to
determine the minimum thresholds for growtlCoflifficile to examine if contaminated
foods could support outgrowth of the bacteria dng tpose a risk for bacterial
colonization upon ingestion. Since bacterial spaeespersist in foods despite hurdle
technology, we also wanted to examine the prevalef€. difficile spores in foods.
Finally, to examine the likelihood of food beingector for CDI transmission, we
characterized the food isolates and compared thamknown clinical and veterinary
strains. While epidemiological studies will ultine$jt be required to establish if there is a
link between contaminated food and community aegu@ases of CDI, this research and
future studies are needed to better understangatestial role, if any, of contaminated
foods in CA-CDI.

We report for the first time the growth thresholdsvegetativeC. difficile under
suboptimal @, pH, and temperature. For the two toxinotype Qissrassessed, in
otherwise optimal media, the individual growth-limg conditions of both strains were
an g, value of 0.966, a pH of 4.5, or a temperature(8C1 Modelling the G/NG of.
difficile under a combination of hurdles showed that furiimegstigation ofC. difficile
growth, particularly near the thresholds would @nanted in order to obtain a more
reliable fit. According to our model and observeda] we found that the growth Gf

difficile was largely dependent on the intensity of the lesrend could be prevented at
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15°C by a combination of low pH ang @alues. In the event of temperature abuse,
however, some food environments, however, coulge®. difficile growth.

Several genetic types 6f difficile, including the hypervirulent ribotype 027,
seemed to have similar growth tolerance. The ondithe strain also did not seem to
have a large effect. It would be interesting arewvant to continue this work to analyze
more strains with diverse genetic backgrounds aigins.

Overall, the @ and temperature tolerated fOr difficile growth was relatively
narrow compared to other known foodborne pathogBEmis. suggests that proper storage
conditions and a mild combination of hurdles copridventC. difficile outgrowth. This
data could be helpful for efficiently developingptbprocessing standards to prohiit
difficile growth in foods. For food microbial risk assesstageih will also be important to
validate our results with food matrices and take atcount the time to growth. Other
hurdles should be assessed as well, including ugimgy humectants and acidulents that
may be more effective in inhibiting the growth@fdifficile.

Despite a combination of hurdles inhibiting vegemgrowth,C. difficile spores
may still persist in contaminated foods and pokeadth risk. This study was the first and
largest in Canada to test ground chicken, turkeg,lamb forC. difficile. Although we
tested retail samples from a small region of Otta@anada, our prevalence of positive
ground meat samples was comparable to those obtairgher Canadian studies. In
agreement with these reports as well, our prevaleras higher than that found in studies
on meats from Europe. Standardized isolation abelctien protocols will be required to

enable better comparisons between reports of theafance oC. difficile in foods.
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This was the second report of seasonality anabfdts difficile in foods.

Agreeing with the other Canadian report (123), auenfl a significantly higher rate of
contamination in the winter than the other seasbhsre may be an association between
this increased prevalence ©fdifficile in foods in the winter, and cases of CDI. Little
has been done so far to examine the dynamics o€ORA-Further investigation will be
required in order to link the disease and foodkatepidemiologically.

We also report, for the first time, the isolation® difficile from cheese and
milk. We found a total of 14 out of 146 (9.6%) pagks of semi-soft cheeses to be
contaminated witl€. difficile. This was a similar prevalence to what we founcheat,
which may reflect widespread disseminatiorCotlifficile spores in the farm
environment. If this is the case, it is possiblat tive regularly ingest spores@©fdifficile
from foods. Continued food surveillance, as welstsdardization of isolation and
detection methods will be needed to examine thssipdity. Analysis of stools from
healthy human populations could also help in tbgard. Interestingly, in examination of
a limited number of samples, we found a low (2%vptence o€. difficile in milk. We
speculate that contamination of milk may be frodifferent source than that from
cheese, or may reflect different sterilization angbrocessing procedures.

The majority ofC. difficile strains isolated from raw ground meats and sefhi-so
cheeses in our study were toxigenic. Furthermbeentost commonly isolated type,
which was found in both food types as well as tamgles of milk, was highly related to
the hypervirulent ribotype 078. Contrary to prewdindings however, this 078/126-
like/NAP7 strain was distinguishable from the hypedent clinical and veterinary type,

078/NAP7, by one ribotype amplicon. While this femstrain may still be of concern to
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human health, its genetic differences suggestttieasamples we tested may not be direct
vectors ofC. difficile between humans and animals. Notably, the stragrsity of

isolates suggests that t@edifficile isolates found in the meats we sampled originated
from their respective animal hosts. Only four njes from five food samples were
isolated that were indistinguishable from previgugiaracterized clinical human/animal
types, namely, ribotypes 001, 033, 067, and orlaetsof indistinguishable 078/126.
Four of these contaminated samples were semi-gBe#ises, while the other was ground
chicken. This could possibly implicate cheese a®ee likely vector for clinically
relevantC. difficile and warrants further study. Seven of the othertyjtes isolated were
novel, one of which clustered with NAP4, a pulsetypeviously associated with causing
CDI in humans.

It would be important in the future to do molecuigsing on a wider variety of
food and water isolates and compare them with liheal isolates in Canada. In
addition, because of the high proportion of 078/iR& isolates we obtained in foods, we
would be particularly interested in investigatitgvirulence and pathogenicity to
examine its possible clinical significance in comgan to the hypervirulent strain 078.
From this study, we conclude tHatdifficile would likely be able to grow in some foods
when stored above refrigeration temperatures. Hewekis could be prevented with
various combinations of pH ang aurdles. While our isolates from ground meatseshe
and milk may have the ability to cause diseasaiimdns and/or animals, the fact that
they were distinguishable from clinical and vetarinstrains suggests that these
contaminated foods may not act as a vector forgpecie<C. difficile transmission.

However, the epidemiology behind the cases of CA-GB3till unknown. Our report

109



provides the first real insight into what fooddanada may be most at risk for
containing the bacteria so that further researchbeadone on any role that food may
play in transmittingC. difficile infections to humans, either in hospitals or i th

community.
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APPENDIX A

Figure al. Optical density of ATCC strain 9689 or 630 culsimer time under
suboptimal water activity. Detection was recorddevthe Olgyo was greater than 0.2.
Measurements are an average of three replicat@sd&td error is shown.
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Figure a2. Optical density of ATCC strain 9689 or 630 culsimer time under
suboptimal pH. Detection was recorded when theJ/®as greater than 0.2.
Measurements are an average of three replicat@sd&td error is shown.
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Figure a3. Optical density of ATCC strain 9689 or 630 culsimer time under
suboptimal temperature. Detection was recorded we®© Qoo was greater than 0.2.
Measurements are an average of three replicat@sd&td error is shown.
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APPENDIX B

Figure bl. Proportion of positives cheese samples by couritpyaduction. Samples of
cheese were enriched in selectelifficile broth for 72 h. Aliquots of enrichment
cultures were plated on @. difficile agar for 24 — 72 h to observe colony growth. The
cheese was designated positive after confirmatidd difficile isolation from the
enrichment culture. Standard error bars are shblmbers above the error bars indicate

the sample size.
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