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INTRODUCTION  

Clostridium difficile was first described as part of the 
normal microbiota in stool samples from healthy infants 
in 1935 (59) and is still detected in significant numbers 
of healthy asymptomatic infants (143). Later it was 
identified as a pathogen associated with pseudo-
membranous colitis and occasionally with wound and 
lung infections (12;96;153). Now it has become the most 
common cause of diarrhea in hospitals and long-term 
care facilities, causing billions of dollars in excess costs 
(43). C. difficile contributes to the death of an estimated 
14,000 people annually in the U.S., and over 90% of the 
fatalities are >65 years of age (105). The elderly and 
those being treated with antibiotics to control other 
infections are most susceptible to C. difficile. Broad-
spectrum antibiotics destroy much of the normal 
intestinal microbiota, allowing some resistant bacteria 
(such as C. difficile) that are normally not very 
competitive in this environment to thrive. 

Although most cases of C. difficile infection (CDI) 
occur in patients in healthcare facilities, there has been a 
recent increase in community-acquired infections. C. 
difficile spores have been detected in meat, seafood, and 
some vegetables, indicating a potential for foodborne 
transmission. C. botulinum and C. perfringens have been 
food safety concerns for decades because they produce 
potent toxins and their spores survive desiccation, many 
thermal treatments, and other preservation methods. 
Other clostridial species are known spoilage organisms. 
As yet, there has been no definitive proof that humans 
acquire C. difficile from contaminated food. However, 
because C. difficile is present in livestock and its spores 
survive ordinary cooking temperatures and some food 
processing conditions, foodborne transmission should be 
considered a possibility. This white paper will provide an 
overview of the association between C. difficile and 
human disease and summarize currently available 
information from the scientific literature and government 
reports on the presence of C. difficile in foods and in 
food-producing and companion animals. Epidemiology 
and characteristics of toxigenic strains associated with 
community- and hospital-associated outbreaks will be 
described. 

CLOSTRIDIUM DIFFICILE —  
BIOLOGY AND PATHOGENESIS 

Biology 

As with other clostridia, C. difficile is a Gram-positive, 
spore-forming, obligate anaerobe. It grows more slowly 
than other clostridia and this makes it more difficult to 
isolate because it is often overgrown by other bacteria in 
mixed cultures. Sequencing of the genome of a virulent 
epidemic strain revealed that C. difficile shares only 

about 15% of its coding sequences with C. botulinum 
and C. tetani. About 11% of its genome consists of 
mobile genetic elements, some of which contain 
antibiotic-resistance genes. These mobile elements 
include transposons and prophages that can be passed 
horizontally from one C. difficile cell to another and have 
likely played an important role in the rapid evolution of 
C. difficile in the past decade. Some prophages are 
induced during infection and can be isolated as free viral 
particles from fecal samples (108).  

C. difficile has numerous adaptations allowing it to 
grow and survive in the mammalian intestine, including 
the ability to tolerate bile acids and to degrade 
ethanolamine, an important compound providing carbon 
and nitrogen for growth. C. difficile can synthesize      
and tolerate high levels of a bacteriostatic compound,     
p-cresol (which contributes to the smell of horse 
manure). This compound may enhance its competitive-
ness against other intestinal microbes (27). A dog has 
been trained to detect the odor of C. difficile and can 
identify patients with CDI (21). 

Virulence 

C. difficile produces two major toxins, TcdA and TcdB, 
that affect normal physiological reactions in target 
intestinal cells, resulting in colitis and C. difficile-
associated diarrhea (CDAD) (177). These toxins are 
related to other large clostridial toxins that are produced 
by C. novyi and C. sordelii. The toxins inactivate small 
GTPase enzymes in cells and are synthesized primarily 
during late log and early stationary phases of growth. 
Some data demonstrate that TcdA levels correlate well 
with disease symptoms, and antibodies against TcdA 
protect against disease. The role of TcdB has not been as 
well delineated. Another toxin, CDT, which is a binary 
toxin, is produced by some C. difficile strains, but its role 
in pathogenesis is not well understood. In one study 
involving 265 patients, those infected with strains 
producing the binary toxin had a higher case–fatality rate 
than those infected with strains not producing this toxin 
(7). Further details on the actions of these toxins were 
discussed in reviews (144;177). 

A hypervirulent, epidemic strain of C. difficile 
emerged in the early 2000s in North America, causing 
severe illness with high fatality rates. It belongs to PCR 
ribotype 027, North American pulsotype 1 (NAP1), and 
is of toxinotype III. This strain is resistant to fluoro-
quinolines, produces the binary toxin, has an 18 bp 
deletion in the toxin regulator gene (tcdC), and produces 
higher levels of toxins and spores than other strains 
(46;104;118;187). The tcdC gene is thought to be a 
negative regulator of toxin production although evidence 
indicates that the regulatory system is complex, 
involving several factors (29). 
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By 2005, this strain had spread to Europe, also 
causing large, severe outbreaks of CDI (31). Several 
large, multi-hospital outbreaks occurred in the U.S. (81) 
and Europe (2;19). Then, in 2012, there were reports of 
027 isolates from Latin America (67;129). Ribotype 027 
continues to evolve, with some new strains displaying 
novel characteristics (171). 

Genome analyses of 151 strains of BI/NAP1/027 
isolated primarily from hospital patients (1994–2010) 
have revealed the evolution of two distinct lineages of 
the hypervirulent epidemic strain. One lineage apparently 
originated in northeastern U.S., with the earliest isolate 
detected in Pittsburgh in 2001; the other also originated 
in North America (Canada or the U.S.) and was first 
associated with an outbreak in Montreal in 2003. The 
two consistent genetic differences between these 
epidemic strains and related non-epidemic precursor 027 
strains were the acquisition of a mutation encoding 
fluoroquinoline resistance and of a transposon (mobile 
genetic element) containing genes for DNA-binding 
protein(s), regulators of RNA synthesis, and a transport 
system. These changes apparently improved the fitness 
of these strains, allowing them to spread rapidly 
throughout North America and to Europe and Australia 
(64). 

Another hypervirulent strain, 078, was described in 
2008 in Europe as the cause of severe infections. This 
strain has similar virulence characteristics to the 027 
strain but its deletion in the toxin regulator gene is larger. 
Strain 078 appears to cause more community-associated 
cases of CDI and affects a younger population than 027. 
This strain is similar to some C. difficile isolates from 
swine (55). Strain 078 has also spread internationally. 

Several other hypervirulent C. difficile isolates with 
increased sporulation and toxin production have been 
described (109). DNA markers for C. difficile strains 
associated with severe disease were identified after a 
comparative genome analysis of 14 isolates (48). 

Antibiotic resistance 

Early clinical studies of C. difficile in the 1970s indicated 
these bacteria were resistant to some antibiotics, most 
notably clindamycin. Later, cephalosporin use became a 
prominent risk factor for CDI, and more recently, 
important C. difficile strains have exhibited resistance to 
fluoroquinolines (11). Examination of the genomes of 
many C. difficile isolates has demonstrated the presence 
of a wide range of mobile elements encoding resistance 
to many antibiotics, including erythromycin, chloram-
phenicol, tetracycline, and aminoglycosides. Fluoro-
quinolines were one of the most commonly prescribed 
classes of antibiotics in the late 1990s in North America 
and this apparently exerted the selective pressure for the 
evolution of the virulent 027 ribotype strains in hospital 
settings (64). 

Many strains have acquired multiple transposons 
encoding resistance to different antibiotics and are now 
classified as multi-resistant strains. Examination of 316 
C. difficile isolates from North America indicated that 
41.5% were resistant to clindamycin, 38% to moxiflox-
acin, and 7.9% to rifampin. Resistance to all three anti-
biotics was present in 27.5% of ribotype 027 isolates but 
was rare in other ribotypes (163). Among 316 C. difficile 
isolates from European patients, 48% were resistant to at 
least 1 of 8 antibiotics tested and 55% of the resistant 
strains were multi-resistant, tolerating 3 or more anti-
biotics. Mechanisms of resistance were described and the 
evolution of new resistance patterns was discussed (158). 

Infections and carriage in humans  

Incidence of asymptomatic carriage of C. difficile in the 
healthy, general population has been estimated at 3%. 
However, some populations have a higher rate of 
carriage. A survey of 100 residents of a home for the 
elderly (median age 83) found that 10% were asympto-
matic carriers of C. difficile (145). A survey of 1,234 
Japanese adults with no history of antibiotic use during 
the previous 4 weeks found that 7.6% were asympto-
matic carriers of C. difficile (83). After treatment and 
resolution of symptoms, many CDI cases continue to 
shed C. difficile spores for as long as 4 weeks (151). 
These spores are very resistant to sanitizers and 
environmental stresses, and asymptomatic carriers may 
be sources of hospital- and community-acquired 
infections. 

Early outbreaks of C. difficile-associated diarrhea 
(CDAD) or C. difficile infection (CDI) occurred in 
hospitals, and epidemiological studies implicated the 
long-term use of antibiotics in the development of this 
disease. C. difficile is now the most common cause of 
diarrhea in hospitals and long-term care facilities, par-
ticularly afflicting those being treated with antibiotics, 
such as cephalosporins and fluoroquinolines, to control 
other infections. Antibiotic treatment can destroy much 
of the normal intestinal flora, allowing some resistant 
bacteria that are normally not very competitive (such as 
some strains of C. difficile) to thrive. Data from a 2010 
survey of 89 German hospitals revealed that the inci-
dence of nosocomial C. difficile infection was twice that 
of nosocomial MRSA infection (113). 

Recurrent CDI occurs frequently, generally affecting 
more than a third of primary cases. An examination of 
the strains involved in the recurrent infections of 82 
persons found that in 51 people, CDI symptoms 
occurring after an apparent cure were caused by the same 
C. difficile strain, indicating a relapse. In the other 
patients, a different C. difficile strain was detected, 
indicating that a new infection occurred. Infection with 
027 was a significant risk for relapse (102). Several 
papers from a 2012 symposium discussed different 
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aspects of the problem of recurrent C. difficile infections 
(47). 

In the past 8 years, there has also been an increasing 
number of cases of C. difficile infection occurring 
outside of hospitals, among younger, healthy persons 
with no recent history of antibiotic use (50;144). 

Disease and carriage in animals  

C. difficile infects animals as well as humans, and 
differences and similarities in these infections were 
recently reviewed (85). Predominant ribotypes of 
C. difficile vary with animal species and geographic loca-
tion, but there is an overlap between animal and human 
strains (77;85). C. difficile causes diarrhea in piglets 
(85;154) and horses (15;165). Some isolates from 
diarrheal pigs and calves are indistinguishable from an 
important human pathogenic strain, ribotype 078 
(41;55;183). Dogs and cats with diarrhea may also 
harbor C. difficile (32;89). Epidemiology, treatment, and 
control of enteropathogenic bacteria in dogs and cats 
were recently reviewed (101). An outbreak of enteritis 
caused by C. difficile caused the death of two Asian 
elephants in a zoo in Denmark. It was suggested that the 
feeding of large quantities of broccoli in the days just 
prior to illness caused an overgrowth of toxigenic C. 
difficile because broccoli can inhibit the growth of some 
intestinal microbiota (20). 

Both companion animals and livestock can be 
asymptomatic carriers of C. difficile. See Table 1 for 
information on surveys of animals that reported the 
presence of C. difficile. In 84 Canadian households with 
healthy dogs and/or cats, C. difficile was detected in 10% 
of the dogs and 21% of cats (179). Animals at shelters 
also harbor C. difficile, with 5.5% of dogs and 3.7% of 
cats at 10 shelters testing positive (148). This bacterium 
has been isolated from healthy horses, and a year-long 
study of 25 healthy adult horses revealed that C. difficile 
was shed transiently (150). Data indicate that C. difficile 
is not usually transmitted directly from animal to animal 
or vertically from mother to offspring (69;136). 

Younger foals are more often carriers of C. difficile 
than older foals and adult horses (15). In fact, surveys of 
healthy farm animals generally show that younger 
animals, including piglets (116;160;183), hens (185), 
and calves (34), are more frequently carriers of C. 
difficile than older animals. Newborn piglets delivered 
by caesarian section test negative for C. difficile but 
within 48 hours all 71 piglets delivered normally and 
monitored at a Dutch farm became positive for C. 
difficile. C difficile was present on teats of sows, in the 
air, and on other environmental samples (69). C. difficile 
carriage generally declines with age, as illustrated by a 
longitudinal study in piglets in Ontario, which found       
a prevalence of 74% at 2 days of age, 56% on day 7, 

40% on day 30, 23% on day 44, and 3.7% on day 62 
(183). 

Presence of C. difficile in animals used for food is 
one indication of the potential for transfer of this patho-
gen to meat during slaughter and processing of animals. 
Some recent studies report the presence of this bacterium 
in 3–5% of feedlot cattle in Canada (33), 6.6% of 
ruminants (cattle and goats) on 30 Swiss farms (142), 
8.6% of Dutch pigs at slaughter (86), 4.9% of turkeys in 
Italy (146), 2.3% of broiler chickens in Texas (61), and 
in white-tail deer raised on 36.7% of farms tested in Ohio 
(51). C. difficile has also been detected in fecal samples 
from sheep in the Netherlands (89). (See Table 1 for 
more survey results.)  

Prevalence of C. difficile in livestock may be 
affected by conditions at different farms. However, 
several farm-specific factors (conventional vs. organic, 
more or fewer than 1,000 pigs, finisher farm vs. farrow-
to-finish, presence or absence of other livestock) did not 
appear to significantly affect prevalence (86). Although 
one study reported that piglets on an antibiotic-free farm 
had a lower prevalence of C. difficile than those on a 
conventional farm, antibiotic-resistant bacteria were 
present in animals on both types of farms (160). 

EPIDEMIOLOGY OF C. DIFFICILE 

Incidence of infection worldwide 

More than 250,000 hospitalizations each year in the U.S. 
are estimated to be associated with C. difficile infection, 
and the economic burden of this illness is close to or may 
even exceed $1 billion annually (43;106). A high 
incidence of CDI in hospitals significantly increases 
costs due to longer hospitalization, rehospitalization, 
more laboratory tests, and more medications. In 
uncomplicated cases, this may entail an extra $5,000 per 
patient. But for special populations, for example patients 
being treated in intensive care units for other illnesses, 
the increased cost may be as much as $90,000 in 2008 
dollars (53). The economic burden of CDI is not limited 
to hospitals. Kaiser Permanente Colorado and NorthWest 
tracked CDI cases for 3 years and reported that more 
than half were identified in outpatients, with resulting 
costs to clinics and to patients who must stay home from 
work (93). 

During the past 15 years the incidence of CDI 
in acute care hospitals in the U.S. has increased from     
30–40/100,000 to >84/100,000. Data reported by CDC 
indicate that mortality from CDI has increased steadily 
from 793 deaths in 1999 to 7,476 deaths in 2008, 
dropping slightly to 7,284 in 2010. Approximately 91% 
of these deaths occurred in people aged 65 and older 
(115). The increasing severity of illness correlates with 
the emergence of hypervirulent strains (ribotype 
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027/NAP1/toxinotype III and ribotype 078 toxinotype V) 
detected first in the U.S. and Canada in the early 2000s 
(87;114), then in Europe in 2005, and in Asia, Central 
America, and Australia in 2008–2010 (31). 

Similar recent increases in CDI have also been 
reported in Canada and Europe. Estimated burden of CDI 
in Europe is about 5 episodes per 10,000 days of hospital 
stay. However, this disease is believed to be significantly 
underreported because clinicians often fail to order tests 
for C. difficile in cases of unexplained diarrhea or else 
laboratories may use diagnostic tests with low 
sensitivity. Some CDI cases are missed because 
symptoms develop after the patient has been discharged 
from the hospital. Estimates for annual costs for 
managing CDI in Europe are about €3,000 million (24). 

CDI has become a problem in hospitals and 
communities in other countries, and issues related to CDI 
in Latin America (10) and in Asia (46) were recently 
reviewed. 

Hypervirulent strains produce many more spores and 
higher levels of toxins than less virulent strains. 
Infectious dose of C. difficile required to cause illness 
depends on the virulence characteristics of a strain and 
the susceptibility of the host. There are no data for 
humans on infectious dose but an experiment with mice 
demonstrated that exposure to <7 spores/cm2 of cage 
space for 1 hour followed by a dose of clindamycin was 
sufficient to reproducibly cause illness in healthy 
animals. While it is not certain how this relates to human 
infections, it indicates that the infectious dose may be 
quite low, particularly in those being treated with 
antibiotics (97). 

Healthcare-associated (HA) vs. community-
associated (CA) infections 

Traditionally, CDI has been associated with patients who 
were given broad-spectrum antibiotics in hospitals. 
However, during the past 10–15 years, the epidemiology 
of C. difficile has been changing as the frequency and 
severity of CDI in humans has increased. Recent reviews 
discuss the possible roles of the emergence of hyper-
virulent strains, ageing populations, effects of newer 
antibiotics, and increased exposure to this pathogen 
outside of healthcare facilities (42;50).  

Recent trends in the epidemiology of CDI are 
reminiscent of changes observed in the epidemiology of 
MRSA (methicillin-resistant Staphylococcus aureus) 
infections. Originally, both pathogens primarily affected 
patients in hospitals and other healthcare facilities, 
causing more severe illness in the elderly, the 
immunocompromised, and those with other significant 
health problems. Prior treatment with antibiotics was 
often identified as a risk factor. In recent years, both 
pathogens have been causing increasing numbers of 
cases outside of hospitals, among younger, healthy 

persons with no recent history of antibiotic use. The 
epidemiology and transmission of these community-
acquired infections are not well understood. Although 
usage of antibiotics and gastric acid suppressants appears 
to be related to community-associated CDI (CA-CDI), 
27% of CA-CDI cases in one U.S. study did not receive 
antibiotics during the 6 months prior to illness and 17% 
did not have any risk factors usually associated with CDI 
(92). 

Increases in CA-CDI have occurred in the U.S. as 
well as in Europe. Reports from CDC in 2005 first 
described severe infections in 4 states in persons con-
sidered at low risk for infection (30). Surveillance in 
Connecticut in 2006 found that about 25% of CDI cases 
had no established risk factors (130). Records on CDI 
cases occurring during about 15 years in Olmstead Co., 
Minnesota were examined to detect differences between 
CA and HA cases. Incidence of both types of cases 
increased significantly during this time. CA-CDI cases 
accounted for about 41% of the total and were younger, 
more likely to be female, and had less severe infections 
and fewer comorbid conditions (88). 

Recent data from the UK indicate that CDI rates 
overall have decreased since about 2006–2007, but the 
proportion of cases acquired in the community has 
increased (78). An intensive 3-month study in the 
Netherlands in 2007–2008 of community-onset CDI 
found that 26% of patients had not been using antibiotics 
during 6 months previous to infection nor had they been 
admitted to a healthcare institution within the previous 
year. Thirteen different PCR ribotypes were detected, 
and some of them had never been detected in hospital 
outbreaks (14). 

Community-associated infections are defined as 
those occurring in patients without hospitalization in the 
past 3 months and diagnosed in an outpatient clinic or 
diagnosed within 48 hours of admission to the hospital. 
If symptoms develop after 48 hours, then the infection 
was probably acquired in the hospital. Some apparent 
CA cases at first appear not to have traditional risk 
factors for infection but on further investigation may 
have been taking antibiotics or have had close contact 
with a hospitalized patient. However, for others there are 
no recognized sources of infection or obvious risk 
factors. Although C. difficile is present in many wild and 
domestic animals, in water and soil samples, and in some 
foods there is as yet no direct evidence for the 
transmission of this pathogen from the environment, 
foods, or animals to humans (66). More rigorous 
identification of C. difficile strains from different sources 
is needed to determine whether humans acquire 
infections from food or other animals. A recent analysis 
of isolates from community-associated infections found 
that they were not related to isolates from food and food 
animals (103). 
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Predisposing (risk) factors for infection 

It has long been recognized that increased age and the 
use of certain antibiotics are risk factors for CDI. 
Although nearly all antibiotics have been associated with 
onset of CDI, exposure to clindamycin, cephalosporins, 
and fluoroquinolines occurs more frequently prior to 
onset of symptoms. These broad-spectrum antibiotics 
alter the normal composition of the intestinal microbiota 
while certain C. difficile strains are unaffected by them. 
For example, the prominent North American epidemic 
strain, BI/NAP1, is highly resistant to fluoroquinolines 
and clindamycin (123). A meta-analysis of 5 studies 
comparing infection with BI/NAP1/027 to infection with 
other C. difficile ribotypes found that age >65 years and 
prior use of fluoroquinolines were associated with a 
greater risk for infection with this ribotype (172). 

Antibiotics increase susceptibility to CDI not only 
when they are being consumed but also for an extended 
period afterwards. A multi-center case–control study in 
the Netherlands found that patients were at a 7- to 10-
fold increased risk of CDI for a month after cessation of 
antibiotic therapy (65). Experimental studies in mice 
revealed that a single dose of clindamycin severely 
reduced the diversity of intestinal microbiota for at least 
28 days, allowing the expansion of some microbial 
species that were previously minor constituents of the 
microbiota. Inoculation of clindamycin-treated mice with 
C. difficile rapidly provoked diarrhea and colitis, and 
mice remained more susceptible to CDI for at least        
10 days after administration of the drug (25). Antibiotics 
caused changes in the relative numbers of different 
microbes in the intestine and the number of different 
genera of bacteria, thereby reducing diversity of the 
intestinal microbiota. Fecal Bifidobacterium spp. 
numbers were greatly reduced, particularly by antibiotics 
that inhibit nucleic acid synthesis (ciprofloxacin, 
trimethoprim, moxifloxacin) (79;119). Similar effects on 
intestinal microbiota likely occur in humans treated with 
antibiotics and may explain the extended period of 
susceptibility to and alterations in the composition of the 
intestinal microbiota associated with CDI (100;131). 

Age-standardized incidence rates of CDI in a 
population in Iceland were ≤25/100,000 for those less 
than 60 years of age, but incidence increased dramati-
cally for those aged 60–79 (128/100,000) and those older 
than 79 years (319/100,000) (173). However, not all 
older people and those taking long courses of antibiotics 
develop CDI, and with the advent of some new, more 
virulent strains of C. difficile there has been an increase 
in the rate of CDI in younger people traditionally thought 
to be at low risk. Recent studies suggest that other 
medications and life style factors may also play a role in 
susceptibility to CDI. 

Use of acid suppressant medications, either alone or 
in combination with antibiotics, has been proposed as a 
risk factor that may explain some community- and 

hospital-associated cases of CDI (57). C. difficile spores 
can survive normal gastric conditions but vegetative cells 
are killed by acid. However, vegetative cells can tolerate 
conditions in the stomach if pH >5 (80). A systematic 
review of 27 studies found that proton pump inhibitors 
(PPIs) increased gastric pH and increased risk for 
infections with Salmonella, Campylobacter, and C. 
difficile (16). A meta-analysis of 23 studies involving 
nearly 300,000 patients concluded that there was 
sufficient evidence that PPI intake increased incidence of 
CDI. Overall the increased risk was 1.69; for the 17 
cohort studies, risk was 2.31 while for the 6 case–control 
studies, risk was 1.48 (76). Another meta-analysis of 39 
studies involving 313,000 patients found an increased 
risk of 1.74 associated with use of PPIs and concluded 
that there was a probable association between PPIs and 
development of CDI (94). There was some variability 
among the various studies included in these analyses 
with regard to the control of other factors that might be 
associated with CDI, and this could affect the signifi-
cance of the results. 

Data on 16,781 older U.S. individuals (age >50 
years) indicated a correlation between smoking and CDI. 
While the overall incidence of CDI in this group was 
220.6/100,000 person-years, incidence rates for current 
smokers and never-smokers were 281.6 and 189/100,000 
person-years, respectively. Several hypotheses were 
suggested to explain this effect of smoking. C. difficile 
may be present in cigarettes; previous studies have 
documented the presence of Clostridium spp. in a high 
percentage of cigarettes, but whether C. difficile is a 
frequent contaminant is unknown. Smokers may contract 
more infections and therefore use more antibiotics. Or 
the gut microbiota of smokers may be different from that 
of non-smokers and more readily permit growth of 
C. difficile (141). 

Potential routes of infection 

Epidemiology and transmission of C. difficile, particu-
larly for community-acquired infections, are not com-
pletely understood. C. difficile is transmitted basically    
by the fecal–oral route but numerous exposure scenarios 
are possible (121). High concentrations of spores (104 to 
107 spores/g) are present in feces of people and animals 
with active CDI. Prior to treatment about 90% of 
samples from the skin of hospitalized patients with CDI 
and of environmental samples in their rooms tested 
positive for C. difficile. Treatment caused resolution of 
diarrhea in an average of 4.2 days. Yet some patients and 
their environments still contained spores 6 weeks after 
treatment (151). 

Person to person contact 
C. difficile is commonly present on the skin of patients 
with CDI, with highest counts generally present on the 
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abdomen and lowest counts on the chest. Spores were 
readily transferred to moist gloved hands touching the 
skin of patients. It is believed that the hands of healthcare 
workers are an important means of transporting 
nosocomial pathogens throughout hospitals and other 
health facilities (56). However, a study of the trans-
mission of C. difficile in hospital wards at a large U.S. 
hospital indicated that transmission from patients with 
CDI was not sufficient to sustain transmission to other 
residents of the ward. Rather, admission of new 
colonized patients was an important factor in sustaining 
transmission (95). 

Asymptomatic carriers may be an important source 
of C. difficile in the community and in long-term care 
facilities. More than half of 68 asymptomatic residents at 
one facility were found to be carriers, and C. difficile was 
present on their skin and in their environment. Spores on 
the skin were easily transferred to the hands of others, 
suggesting that personnel attending these residents can 
spread C. difficile to other residents and areas of the 
facility (132). 

Persons working in environments where they are 
routinely exposed to C. difficile, such as nurses, day-care 
workers, some farm workers, and some persons working 
in veterinary clinics, may transport spores on their 
clothing from the workplace into their homes and the 
community (121). Infants at day nurseries are often 
colonized with C. difficile and sometimes secrete spores 
for several months (143). However, some data from 
Canada indicated that direct transmission of C. difficile 
from CDI cases to family members was not very 
common (126). 

Animal to person contact 
Healthy animals of several species carry and inter-
mittently shed C. difficile, suggesting the possibility that 
humans may be infected by direct contact with 
companion animals or livestock in occupational settings 
or at fairs and petting zoos. A Canadian survey detected 
C. difficile in 10% of dogs. However, ribotype analysis 
of canine and home environmental strains indicated that 
dogs were not a significant source of household 
contamination. In fact some dogs may acquire C. difficile 
from humans, as living with an immunocompromised 
individual was associated with colonization in dogs (179). 
Therapy dogs that visit human healthcare facilities may 
acquire C. difficile from contact with patients or 
contaminated floors (98). If this is a frequent occurrence, 
then these dogs may be a mechanism for transporting 
C. difficile within these facilities and possibly exposing 
other patients/residents to this pathogen.  

An examination of fecal samples from goats, sheep, 
calves, pigs, ponies, a rabbit, and a donkey at 4 Dutch 
petting zoos revealed the presence of C. difficile in only 
one pig. This suggests that there is not a great risk of 
infection to visitors at the zoos although C. difficile 

spores could contaminate and remain in these 
environments for months (71). Another study of 158 4-H 
members and 203 of their animals found C. difficile in      
13 people but not in any of their animals. C. difficile was 
isolated from 2 horses and 1 pig but not from their 
human caretakers. This is further evidence that fair 
visitors are not at increased risk for acquisition of 
C. difficile (107). 

A study at a closed swine operating system in Texas 
investigated C. difficile isolates from pigs, from workers 
who had direct contact with pigs, and from workers who 
were not directly exposed to pigs. No difference in 
prevalence of C. difficile carriage was observed in the 
two groups of workers, suggesting that direct exposure to 
pigs was not an important route of transmission. 
However, C. difficile isolates from pigs and workers 
were very similar, indicating that there may have been 
airborne transmission of spores leading to general 
environmental contamination in the facility. If spores 
were not transmitted from one species to another, then 
both species may have been exposed to some other 
common source of C. difficile (117). 

Animals may be vectors for transporting C. difficile 
around farms. House mice, house sparrows, and some 
insects (drain flies, lesser house flies, and mealworms) 
on a pig farm in the Netherlands tested positive for 
C. difficile as did some samples of bird droppings. 
Piglets acquire C. difficile infections from the environ-
ment, and these pest animals may increase the range of 
environmental sources for infection (26). 

Airborne transmission 
In spite of intensive cleaning and sanitation efforts, many 
surfaces in healthcare facilities test positive for C. 
difficile. A short pilot study examining the possible role 
of aerial transmission of this bacterium detected 
C. difficile spores at concentrations of 53–426 cfu/m3 air 
during 2 days of sampling. No spores were detected 
during another 2 days, indicating that aerial transmission 
may be sporadic (133). 

Air sampling (for 1 hour) near 50 patients with CDI 
revealed the presence of C. difficile around 6 patients. 
However, when sampling time was extended to 10 hours 
over 2 days, air around 7 of 10 patients tested positive. 
Contamination was more frequently detected during 
times of increased activity, for example during the busy 
lunch hour. Molecular characterization of isolates 
confirmed a link between airborne dispersal and 
environmental contamination (17). 

When a fecal suspension containing 107 spores/ml 
was flushed in lidless toilets of the type often used in 
healthcare facilities, C. difficile spores were detected in 
air samples up to 25 cm above the toilet seat. Further, a 
range of 15–47 droplets were emitted during flushing. 
These airborne droplets and spores could settle and 
remain on surfaces in the surrounding area (18). 
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Spores are also present in the air around farrowing 
pens at farms with animals carrying C. difficile. Peak 
spore counts were detected around the time that farm 
workers were active in the area. Airborne spore dispersal 
was detected as far as 20 m from the farm (84). 

Contact with contaminated equipment and surfaces 
Infected patients discharge large numbers of C. difficile 
spores and vegetative cells during diarrheal episodes, and 
these spores and cells may be deposited on numerous 
surfaces in the environment. Vegetative cells can survive 
up to 6 hours on moist surfaces whereas spores are very 
resistant to environmental stresses and to some classes of 
sanitizers and may therefore persist for extended periods 
(up to several months) in the environment (39;80). 

Spores of toxigenic C. difficile have been detected 
on surfaces in patients’ rooms, portable pieces of equip-
ment, and doctors’ and nurses’ work areas (44;90;122). 
Stethoscopes can pick up C. difficile from the skin and 
transfer the spores to another surface (170). Hospital 
curtains can also be contaminated with pathogens; hand 
imprint cultures demonstrated that they could readily 
transfer to hands touching the curtains (168). 

Consumption of contaminated food or water 
Because C. difficile is spread by the fecal–oral route and 
has been isolated from livestock and poultry, there is a 
potential for foodborne transmission as a route for 
human infection. Meat could be contaminated during 
slaughter of animals carrying C. difficile and could also 
be contaminated by food handlers who are carriers and 
do not practice good personal hygiene. Surveys in North 
America and Europe have found low levels of C. difficile 
in a small percentage of retail meat, including beef, veal, 
chicken, turkey, pork, lamb, and some sausage. 
Generally, the reported prevalence of C. difficile is 
higher in meat from North America than in meat from 
Europe. C. difficile was also detected in dog food con-
taining raw turkey (181). Some salad vegetables, root 
vegetables, and seafood were also found to be contami-
nated. One report from 1988 indicated that spores of 
C. difficile and other clostridia were present in honey 
(128). Table 2 summarizes results from published 
studies that detected C. difficile in human foods. 
Although only low levels of spores were detected, some 
strains of C. difficile in foods are toxigenic and are 
similar to strains isolated from cases of human illness. 
Other published research reported the absence of 
C. difficile in meats (23;40;68;75;82;99;175), seafood 
(110), and raw milk (82). 

Significance of the presence of C. difficile spores in 
food is unclear at present. There are no data on infectious 
dose, and it is likely that this depends on the health of 
individuals and whether they have recently been exposed 
to broad-spectrum antibiotics. Although early descrip-
tions of C. difficile indicated that it did not produce 

lipases and could not digest meat and milk, recent pre-
liminary data described growth on media containing 
meat or fish juice and on ground beef. The authors did 
not report whether toxins were produced during growth 
(159). An in vitro study indicated that the structures of 
toxins A and B are partially unfolded at 40–45°C 
although they tended to be more stable at higher pH 
values (147). This suggests that the activity of toxins (if 
they were present in foods) would be destroyed by 
cooking. However, the stability of the toxins in the 
presence of various food constituents has not been deter-
mined. If spores are present in meat or other foods, they 
would not be destroyed by ordinary cooking to recom-
mended temperatures (138). 

CONTROL AND PREVENTION OF CDI 

Hospital and healthcare programs 

Following some severe outbreaks of CDI in healthcare 
facilities, comprehensive control programs have been 
instituted at some hospitals to reduce the spread of C. 
difficile among vulnerable patients. According to data 
collected by CDC during 2010, 52% of 42,157 CDI cases 
treated at hospitals had symptoms at admission. Patients 
with diarrhea may excrete over a million spores per gram 
of feces and these may contaminate the environment and 
infect other patients. Therefore, early and reliable 
detection of CDI and isolation of symptomatic patients 
are important steps in limiting the spread of infection. 
Attention to handwashing, the use of gloves, and the 
proper cleaning and sanitation of rooms, instruments, and 
frequently contacted surfaces can eliminate or reduce the 
potential for transmission of C. difficile. Hospitals in 
three states that aggressively implemented these 
programs saw their CDI rates decline by at least 20% 
(105).  

A multipronged infection control program at a 
Canadian hospital that included monitoring and reducing 
the use of broad-spectrum antibiotics where possible and 
the hiring of infection control practitioners along with 
increased cleaning and housekeeping and the rapid 
identification and isolation of CDI cases achieved a 61% 
reduction in CDI cases (184). A significant decrease in 
CDI was observed in another hospital after implementa-
tion of a program that reduced use of broad spectrum 
antibiotics in favor of “low risk” antibiotics (161). Other 
recent reviews discussed important aspects of anti-
microbial stewardship and hospital infection-control 
programs (74;123;176). Cost effectiveness of screening 
and isolation programs were estimated in a simulation 
model (13). 

Identification of patients with diarrhea caused by 
C. difficile rather than by some other pathogen can be 
time consuming because of slow growth on culture 
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plates. Some researchers in the Netherlands trained a dog 
to detect the odor of C. difficile; the dog was able to 
correctly identify 25 of 30 patients with CDI and 265 of 
270 control patients without CDI by walking past their 
hospital beds (21). 

Although public reporting of the quality of care in 
hospitals is controversial, a study in Canada found that 
mandatory public reporting of hospital-acquired infection 
rates was associated with a 26.7% decrease in CDI. The 
direct actions within the hospital that effected this 
change were not described but there was apparently an 
incentive to improve infection control practices (37). 
Improved education for housekeeping staff and 
monitoring the effectiveness of cleaning and disinfection 
practices to provide feedback to frontline staff has been 
found to result in significantly fewer isolates of C. 
difficile from surfaces in healthcare facilities (45). 

Sanitizers and surface treatments 

Bacterial spores, including those of C. difficile, can 
survive on dry, inanimate environmental surfaces for at 
least 5 months (90), but vegetative C. difficile cells die 
quickly on dry surfaces. However, cells may remain 
viable for up to 6 hours on moist surfaces in rooms such 
as bathrooms and kitchens (80). Prior to treatment for 
CDI, patients excrete 10 times as many vegetative cells 
as spores, but once antibiotic treatment starts spores are 
the primary form detected. Numerous surface cleaning 
and sanitation methods have been devised to kill 
infectious C. difficile on surfaces (36;49). 

Bleach solutions are recommended as effective 
sanitizers rather than alcohol wipes or quaternary 
ammonium compounds because spores are inactivated 
more readily by chlorine. Some recent studies provided 
evidence for the efficacy of bleach in reducing CDI. 
Following establishment of a new program for thorough 
cleaning (using dilute bleach) of all surfaces in hospital 
rooms occupied by CDI patients after the patients were 
discharged, there was a 48% reduction in the average 
number of CDI patients per 1,000 patient-days in the 
hospital as compared to the preintervention rates of 
illness (58). Germicidal bleach wipes used for daily 
cleaning on wards with a high rate of hospital-acquired 
CDI reduced CDI incidence in the hospital by 85% 
(120). However, a chlorine dioxide based cleaning 
system was not effective in reducing contamination of 
surfaces or CDI rates in a hospital trial (54). 

Despite its effectiveness, bleach can be irritating and 
unpleasant to use and corrosive on some surfaces and 
equipment. One alternative, peracetic acid sporicidal 
wipes, did remove significant numbers of C. difficile 
spores from surfaces and reduced spore counts on hands 
of healthcare workers and rates of CDI (28;91). A series 
of 32 disinfectants tested against C. difficile spores 
varied in their effectiveness, with some requiring an hour 

of contact time before significant reductions were 
observed. Generally, compounds containing chlorine 
performed the best. The presence of other organic matter 
(dirt) also affected the efficacy of the disinfectants (157). 

Other proposed disinfectants are gaseous com-
pounds, including steam, hydrogen peroxide, chlorine 
dioxide, and ozone (38). Use of a portable saturated 
steam vapor disinfection system reduced counts of C. 
difficile spores dried on a surface to undetectable levels 
in 5 seconds. However, low concentrations of spores 
were used, so this system requires further testing (162). 
An accelerated hydrogen peroxide cleaner killed spores 
in and on toilets used by CDI patients, reducing levels to 
28% of untreated toilets (3). Hydrogen peroxide vapor 
has also been used to clean hospital rooms, achieving a 
6-log reduction in 2–3 hours (52;63). Another room 
disinfection system utilizing 80 ppm ozone and 1% 
hydrogen peroxide achieved 6-log reductions in spores in 
a shorter time of 60–90 minutes (186). 

Nonthermal atmospheric gas discharge plasmas can 
sterilize surfaces without leaving a chemical residue 
behind. In tests with spores of several Clostridium and 
Bacillus species, the plasma inactivated C. difficile 
spores, with a D value of 2.8 min. Other clostridia were 
more resistant to the plasma (169). 

Prevention of animal disease 

C. difficile infection can be a significant problem in 
neonatal swine. Following some encouraging results in 
laboratory animals, an attempt was made to protect 
piglets from CDI by administering a nontoxigenic strain 
of C. difficile to them either by direct inoculation of each 
piglet or by spraying the perineum and teats of dams 
with spores of this strain. More piglets were weaned 
from treated litters, and their average weaning weight 
was higher than that of piglets from untreated litters. 
Analyses of fecal samples from piglets 5 days after birth 
showed the presence of C. difficile toxins in 58.3% of 
control litters, 44.8% of sprayed litters, and 13.8% of 
litters in which piglets received a direct dose of non-
toxigenic C. difficile. Further research may determine 
whether this is a practical strategy for protecting piglets 
(155). 

Prevention of foodborne intoxication or 
infection 

Although some preliminary data indicate that C. difficile 
can grow on media containing meat or fish juice and on 
ground beef (159), this bacterium, like other clostridia, is 
an anaerobe and does not grow in the presence of 
oxygen. It is not clear whether there are foods that will 
support growth and toxin production by C. difficile or 
whether the critical issue is simply the number of spores 
deposited on foods at the point of contamination. It 
appears that the structures of toxins A and B are partially 
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unfolded at 40–45°C (although they tended to be more 
stable at higher pH values) (147). This suggests that the 
activity of toxins (if they were present in foods) would 
be destroyed by cooking. However, the stability of the 
toxins in the presence of various food constituents has 
not been determined. If spores are present in meat or 
other foods, they would not be destroyed by ordinary 
cooking to recommended temperatures (138). 

Particularly for foods to be served to vulnerable 
populations in hospitals, nursing homes, and elsewhere, 
efforts should be made to prevent contamination 
throughout the food production, processing, and 
preparation chain. Procedures used to reduce con-
tamination with other intestinal pathogens, for example 
E. coli and Salmonella, during slaughter and processing 
of livestock will aid in diminishing C. difficile on 
carcasses and pieces of meat, although spores will 
survive heat and some cleaning/disinfection steps that 
would inactivate vegetative pathogens. Workers in food 
processing and preparation have been implicated in 
outbreaks of foodborne disease. They may shed bacteria 
and viruses, even when asymptomatic and several weeks 
after they have recovered from an illness. Improved 
hygiene precautions consistently practiced by persons in 
food preparation and processing would significantly 
improve safety of foods (167). 

DATA GAPS AND RESEARCH NEEDED  
Further information and research is needed to determine 
whether C. difficile in food presents a significant threat 
to human health. 

 The few studies that have reported concentrations 
of spores in foods indicate that contamination 
levels are very low. More data are needed on 
spore levels in different foods. 

 There are not yet any good data on the possible 
growth and toxin production of C. difficile in 
different foods. Although the presence of 
C. difficile in many foods may not be a risk       
for illness, there may be certain foods that are 
more commonly or heavily contaminated with 
C. difficile or environmental conditions that sup-
port growth of C. difficile and toxin production,    
as there are for C. botulinum and C. perfringens. 

 C. difficile spores are known to survive ordinary 
cooking temperatures but further information is 
needed on the ability of these spores to survive 
other processing conditions and antimicrobials 
that may be added to foods. 

 Nor is there enough information on the stability of 
toxins A and B at different temperatures or pH 
values in foods. 

 More rigorous genotyping methods are needed to 
determine whether C. difficile strains present in 
animals, food, or environmental samples are the 
same as those isolated from human CDI cases. 

 The infectious dose of C. difficile in healthy 
persons or in those whose normal microbiota has 
been depleted by antimicrobial use or those with 
other comorbid conditions is unknown. 

 
Although we know that chlorine-based disinfectants 

can kill C. difficile spores, hospitals and other healthcare 
facilities continue to experience problems with CDI. 
More research may be needed on other effective 
disinfectants. Hospitals and other institutions with 
continuing contamination problems may need to devise 
better organized systems for cleaning and disinfection. 
This may involve more rapid identification of contami-
nated areas, prevention of contamination of instruments, 
minimizing production of aerosols containing C. difficile 
spores, and educating and encouraging personnel to 
adhere to strict infection control procedures. These 
strategies will also be important for food processors if 
C. difficile is determined to be a foodborne pathogen. 

SUMMARY AND PERSPECTIVE  
During the past 10–15 years, the frequency and severity 
of CDI in humans has increased. While it is still true that 
the majority of infections occur in hospitals and other 
healthcare facilities, in people over 65 years old, in those 
taking certain antibiotics such as fluoroquinolines, and in 
persons with other serious health issues, an increasing 
number of younger, healthy, and non-hospitalized 
persons have recently developed CDI. The emergence      
of hypervirulent strains, ageing populations, newer      
wide-spectrum antibiotics, and increased exposure to 
C. difficile outside of healthcare facilities may all have 
played a role in this changing epidemiology.  

The normal habitat of C. difficile is the gastro-
intestinal tract of humans and other animals (including 
livestock and companion animals). As such, large 
numbers of spores are present in feces of infected people 
and animals as well as of asymptomatic carriers. 
Therefore, infection of new hosts occurs by some version 
of the fecal–oral route. Although C. difficile has been 
detected in many domestic animals, in water and soil 
samples, and in some foods, there is as yet no direct 
evidence for the transmission of this pathogen from the 
environment, foods, or animals to humans.  

There are many unanswered questions about the 
epidemiology of this pathogen, and it would be wise to 
monitor ongoing research on this organism to determine 
whether it poses a risk as a foodborne pathogen. 
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Table 1. Surveys reporting C. difficile in animals (unless indicated, animals were healthy) 

Animal 
Number 

tested 
% 

positive 
Cd strains Location 

Year 
reported 

Reference 

Calves 18 22.2 078 Belgium 2012 (134) 
Calves 47 12.7 003, 033, 066 Switzerland 2012 (142) 
Calves, veal 100 6 012, 033 Netherlands 2012 (89) 
Calves, veal 200 28  Pennsylvania 2012 (73) 
Calves, veal 200 61 078, 11 others Canada 2011 (34) 
Calves, veal 71 33.8  Pennsylvania 2010 (72) 
Calves, veal 204 0.49 078 Switzerland 2010 (68) 
Calves, veal 42 9.5 033 Slovenia 2009 (6) 
Calves, veal 56 1.8 066 Slovenia 2008 (127) 
Calves, veal, diarrheic 
Calves, veal, healthy 

253 
53 

25.3 
12.7 

078, 017, 027, 5 others Southwestern U.S. 2008 (60) 

Calves, veal, diarrheic 
Calves, veal, healthy 

144 
134 

7.6 
14.9 

017, 027, 5 others Canada 2006 (140) 

Cattle 874 4.1 078 Canada 2012 (33) 
Cattle, at harvest 202 6.9 078 Belgium 2012 (134) 
Cattle, dairy 63 1.5 137 Switzerland 2012 (142) 
Cattle, dairy 100 1 012 Netherlands 2012 (89) 
Cattle, at harvest 944 1.8 078, 3 others U.S. 2011 (135) 
Cattle, arrival at feedlot 
Cattle, at harvest 

186 
186 

12.9  
 1.2  

078, 1 other Canada 2011 (136) 

Cattle, beef 
Cattle, dairy 

2965 
1325 

6.3 
2.4 

 
U.S. 2011 (166) 

Cattle, at harvest 67 4.5  Austria 2009 (75) 
Deer 30 36.7 078 Ohio 2010 (51) 
Goats 40 7.5 001, 066 Switzerland 2012 (142) 
Sheep, diarrheic 11 18.2 015, 097 Netherlands 2012 (89) 
Sheep 100 1  U.K. 1996 (1) 

Cats 135 3.7 010, 014/020, 039, 045, SLO 066 Germany 2012 (148) 
Cats, diarrheic 115 15.7 014 Netherlands 2012 (89) 
Cats 14 21 001 Canada 2010 (179) 
Cats, hospitalized 42 7.1 11 ribotypes Canada 2008 (32) 
Cats 100 2  U.K. 1996 (1) 
Cats 20 30   1983 (22) 
Dogs 165 5.5 010, 014/020, 039, 045, SLO 066 Germany 2012 (148) 
Dogs, diarrheic 116 25 014, 012, 021, 107 Netherlands 2012 (89) 
Dogs 139 10 001 Canada 2010 (179) 
Dogs, hospitalized 360 19 11 ribotypes Canada 2008 (32) 
Dogs 100 10  U.K. 1996 (1) 
Dogs 52 21  U.K. 1983 (22) 

Horses 15 53.3  Canada 2012 (149) 
Horses, diarrheic 135 17.8 014, 012, 005, 078, 5 others Netherlands 2012 (89) 
Horses, diarrheic 62 23 012 Australia 2011 (165) 
Horses 20 5 033 Slovenia 2009 (6) 
Horses 38 44 12 PCR ribotypes Canada 2007 (5) 
Horses, mature, healthy 
Horses, mature, enteric disorder 
Horses, foals, <14 days 
Horses, foals, >14 days 

320 
180 

56 
170 

0.3 
12.2 
29 

1.76 

 Sweden 2003 (15) 

Horses 100 1  U.K. 1996 (1) 

Piglets 23 78.3 078 Belgium 2012 (134) 
Piglets, conventional 
Piglets, antimicrobial-free 

350 
244 

34 
23 

Toxinotype V North Carolina 2012 (160) 

Piglets, scouring: 
 Large, integrated system 
 Smaller regional farms 

 
333 
180 

 
57.7 
27.2 

 
 
U.S. Midwest 

 
2010 

 
(8) 

Piglets, healthy 
Piglets, diarrheic 

287 
254 

28.6 
22.8 

 Spain 2009 (4) 

Piglets 122 50  Texas 2009 (116) 
Piglets 485 50.9 066, 029, SI 011, SI 010 Slovenia 2009 (6) 
Piglets 257 51.8  Slovenia 2008 (127) 
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Animal 
Number 

tested 
% 

positive 
Cd strains Location 

Year 
reported 

Reference 

Pigs, healthy 
Pigs, diarrheic 

100 
36 

0 
25 

078, 023, 005 Netherlands 2012 (89) 

Pigs, adult 345 15.9  U.S. 2011 (166) 
Pigs, at harvest 436 6.9 078 Canada 2011 (182) 
Pigs, at harvest 677 8.6 078, 15 others Netherlands 2011 (86) 
Pigs, at harvest 50 28 015, 6 others Netherlands 2011 (70) 
Pigs, feral 161 4.4  U.S. 2011 (164) 
Pigs, at harvest 61 3.4  Austria 2009 (75) 
Pigs, lactating sows 143 23.8  Texas 2009 (116) 

Poultry, healthy 
Poultry, diarrheic 

100 
21 

5.0 
9.5 

014, 002, 045 Netherlands 2012 (89) 

Poultry, mixed 120 1.2  U.K. 1996 (1) 
Chickens 300 2.3 NAP7 Texas 2011 (61) 
Chickens, at harvest 59 5  Austria 2009 (75) 
Chickens 61 62.3 12 PCR ribotypes Slovenia 2008 (185) 
Chickens 100 29  Zimbabwe 2008 (152) 
Ducks 2 50  U.K. 1983 (22) 
Geese 2 50  U.K. 1983 (22) 
Turkeys 82 4.9  Italy 2009 (146) 

 

Table 2. Reports of C. difficile detected in foods 

Food 
Samples 

tested 
% 

positive Spore concentration Cd strains Location 
Year 

sampled Reference 
Beef, ground 115 12 ≤10 – 240 spores/g 027, 078 Canada 2008 (178) 
Beef, ground 105 1.9 >2 CFU/5 g 012 France 2008 (23) 
Beef, ground 32 6.25   Sweden 2008 (175) 
Beef, ground, retail 24 8.3  0088, 0348 Manitoba 2007 (174) 
Beef, ground 26 50  027, 078 Arizona 2007 (156) 
Beef, ground 149 6.7  027, 077, 014 Canada 2006 (137) 
Beef, ground 53 20.8  M31, 077, 014, M26 Canada 2005 (139) 
Pork and beef, ground 70 4.3  AI-57, 053 Austria 2007–08 (82) 
Pork, ground  34 38 <0.18 – 0.45 spores/g 078 Pennsylvania 2011 (35) 
Pork 243 9.5  078 Texas 2008–09 (62) 
Pork, ground 115 12 ≤10 – 60 spores/g 027, 078 Canada 2008 (178) 
Pork, ground, retail 24 4.2  0139 Manitoba 2007 (174) 
Pork, chops and ground 393 1.8  027 Canada 2007–08 (111) 
Pork, ground 7 42.9  027, 078 Arizona 2007 (156) 
Pork, sausage 13 23.1  027, 078 Arizona 2007 (156) 
Veal, ground 50 8 Toxin detected  Pennsylvania ? (73) 
Veal, chops 65 4.6  027 Canada 2006 (137) 
Veal, ground 7 14.3  M31, 077, 014, M26 Canada 2005 (139) 
Lamb 16 6.3  045 Netherlands 2008–09 (40) 
Poultry 32 12.5  078 Texas 2010 (62) 
Chicken 203 12.8 10 – 99 spores/g 078 Canada 2008–09 (180) 
Chicken 257 2.7  001, 003, 087, 071 Netherlands 2008–09 (40) 
Turkey, ground 9 44.4  078 Arizona 2007 (156) 
Sausage, Summer  7 14.3  027 Arizona 2007 (156) 
Sausage: Braunschweiger 16 62.5  027, 078 Arizona 2007 (156) 
Sausage: Chorizo 10 30  027, 078 Arizona 2007 (156) 
Fish: Perch 2 50  078 Canada 2010 (110) 
Fish: Salmon 20 5  078 Canada 2010 (110) 
Shellfish: Clams and Mussels 52 49  Multiple types, not 

078 or 027 
Italy 2010–11 (124) 

Shellfish: Clams and Mussels 6 67  005, 010, 066 Italy 2009 (125) 
Shellfish: Scallops 3 33  078 Canada 2010 (110) 
Shrimp 3 33  078 Canada 2010 (110) 
Salads, packaged 40 7.5 <3.0 CFU/g 017, 001 Scotland 2008 (9) 
Vegetables 111 5  078 Canada 2009 (112) 
Vegetables 300 2.3   Wales, UK 1995 (1) 



FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources 13 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

References 
 1.  Al Saif N and Brazier JS. 1996. The distribution of Clos-

tridium difficile in the environment of South Wales. J Med 
Microbiol 45:133–137. 

 2.  Aldeyab MA, Devine MJ, Flanagan P, Mannion M, Craig A, 
Scott MG, Harbarth S, Vernaz N, Davies E, Brazier JONS, 
Smyth B, McElnay JC, Gilmore BF, Conlon G, Magee FA, 
Elhajji FWD, Small S, Edwards C, Funston C, and Kearney 
MP. 2011. Multihospital outbreak of Clostridium difficile 
ribotype 027 infection: epidemiology and analysis of control 
measures. Infect Control Hosp Epidemiol 32:210–219. 

 3.  Alfa MJ, Lo E, Wald A, Dueck C, DeGagne P, and Harding 
GKM. 2010. Improved eradication of Clostridium difficile 
spores from toilets of hospitalized patients using an accelerated 
hydrogen peroxide as the cleaning agent. BMC Infect Dis 
10:268. 

 4.  Alvarez-Perez S, Blanco JL, Bouza E, Alba P, Gibert X, 
Maldonado J, and Garcia ME. 2009. Prevalence of Clostridium 
difficile in diarrhoeic and non-diarrhoeic piglets. Vet Microbiol 
137:302–305. 

 5.  Arroyo LG, Staempfli H, and Weese JS. 2007. Molecular 
analysis of Clostridium difficile isolates recovered from horses 
with diarrhea. Vet Microbiol 120:179–183. 

 6.  Avbersek J, Janezic S, Pate M, Rupnik M, Zidaric V, Logar K, 
Vengust M, Zemljic M, Pirs T, and Ocepek M. 2009. Diversity 
of Clostridium difficile in pigs and other animals in Slovenia. 
Anaerobe 15:252–255. 

 7.  Bacci S, Mølbak K, Kjeldsen MK, and Olsen KEP. 2011. 
Binary toxin and death after Clostridium difficile infection. 
Emerg Infect Dis 17:976–982. 

 8.  Baker AA, Davis E, Rehberger T, and Rosener D. 2010. Preva-
lence and diversity of toxigenic Clostridium perfringens and 
Clostridium difficile among swine herds in the midwest. Appl 
Environ Microbiol 76:2961–2967. 

 9.  Bakri MM, Brown DJ, Butcher JP, and Sutherland AD. 2009. 
Clostridium difficile in ready-to-eat salads, Scotland. Emerg 
Infect Dis 15:817–818. 

 10.  Balassiano IT, Yates EA, Domingues RMCP, and Ferreira EO. 
2012. Clostridium difficile: a problem of concern in developed 
countries and still a mystery in Latin America. J Med 
Microbiol 61:169–179. 

 11.  Bartlett JG. 2006. Narrative review: the new epidemic of 
Clostridium difficile-associated enteric disease. Ann Intern 
Med 145:758–764. 

 12.  Bartlett JG. 2009. Clostridium difficile infection: historic 
review. Anaerobe 15:227–229. 

 13.  Bartsch SM, Curry SR, Harrison LH, and Lee BY. 2012. The 
potential economic value of screening hospital admissions for 
Clostridium difficile. Eur J Clin Microbiol Infect Dis 31:3163–
3171. 

 14.  Bauer MP, Veenendaal D, Verhoef L, Bloembergen P, van 
Dissel JT, and Kuijper EJ. 2009. Clinical and microbiological 
characteristics of community-onset Clostridium difficile infec-
tion in the Netherlands. Clin Microbiol Infect 15:1087–1092. 

 15.  Båverud V, Gustafsson A, Franklin A, Aspán A, and 
Gunnarsson A. 2003. Clostridium difficile: prevalence in 
horses and environment, and antimicrobial susceptibility. 
Equine Vet J 35:465–471. 

 16.  Bavishi C and Dupont HL. 2011. Systematic review: the use of 
proton pump inhibitors and increased susceptibility to enteric 
infection. Aliment Pharmacol Therapeut 34:1269–1281. 

 17.  Best EL, Fawley WN, Parnell P, and Wilcox MH. 2010. The 
potential for airborne dispersal of Clostridium difficile from 
symptomatic patients. Clin Infect Dis 50:1450–1457. 

 18.  Best EL, Sandoe JAT, and Wilcox MH. 2012. Potential for 
aerosolization of Clostridium difficile after flushing toilets: the 
role of toilet lids in reducing environmental contamination risk. 
J Hosp Infect 80:1–5. 

 19.  Birgand G, Blanckaert K, Carbonne A, Coignard B, Barbut F, 
Eckert C, Grandbastien B, Kadi Z, and Astagneau P. 2010. 
Investigation of a large outbreak of Clostridium difficile PCR-
ribotype 027 infections in northern France, 2006–2007 and 
associated clusters in 2008–2009. Euro Surveill 15:pii=19597. 

 20.  Bojesen AM, Olsen KEP, and Bertelsen MF. 2006. Fatal 
enterocolitis in Asian elephants (Elephas maximus) caused by 
Clostridium difficile. Vet Microbiol 116:329–335. 

 21.  Bomers MK, van Agtmael MA, Luik H, van Veen MC, 
Vandenbroucke-Grauls CMJE, and Smulders YM. 2012. Using 
a dog’s superior olfactory sensitivity to identify Clostridium 
difficile in stools and patients: proof of principle study. Brit 
Med J 345:e7396. 

 22.  Borriello SP, Honour P, Turner T, and Barclay F. 1983. House-
hold pets as a potential reservoir for Clostridium difficile infec-
tion. J Clin Pathol 36:84–87. 

 23.  Bouttier S, Barc MC, Felix B, Lambert S, Collignon A, and 
Barbut F. 2010. Clostridium difficile in ground meat, France. 
Emerg Infect Dis 16:733–735. 

 24.  Bouza E. 2012. Consequences of Clostridium difficile infec-
tion: understanding the healthcare burden. Clin Microbiol 
Infect 18:5–12. 

 25.  Buffie CG, Jarchum I, Equinda M, Lipuma L, Gobourne A, 
Viale A, Ubeda C, Xavier J, and Pamer EG. 2012. Profound 
alterations of intestinal microbiota following a single dose of 
clindamycin results in sustained susceptibility to Clostridium 
difficile-induced colitis. Infect Immun 80:62–73. 

 26.  Burt SA, Siemeling L, Kuijper EJ, and Lipman LJA. 2012. 
Vermin on pig farms are vectors for Clostridium difficile PCR 
ribotypes 078 and 045. Vet Microbiol 160:256–258. 

 27.  Carroll KC and Bartlett JG. 2011. Biology of Clostridium 
difficile: implications for epidemiology and diagnosis. Ann 
Rev Microbiol 65:501–521. 

 28.  Carter Y and Barry D. 2011. Tackling C. difficile with environ-
mental cleaning. Nursing Times 107:22–25. 

 29.  Cartman ST, Kelly ML, Heeg D, Heap JT, and Minton NP. 
2012. Precise manipulation of the Clostridium difficile 
chromosome reveals a lack of association between the tcdC 
genotype and toxin production. Appl Environ Microbiol 
78:4683–4690. 

 30.  Centers for Disease Control and Prevention. 2005. Severe 
Clostridium difficile-associated disease in populations previ-
ously at low risk—four states, 2005. Morbid Mortal Weekly 
Rep 54:1201–1205. 

 31.  Clements ACA, Magalhăes RJS, Tatem AJ, Paterson DL, and 
Riley TV. 2010. Clostridium difficile PCR ribotype 027: 
assessing the risks of further worldwide spread. Lancet Infect 
Dis 10:395–404. 

 32.  Clooten J, Kruth S, Arroyo L, and Weese JS. 2008. Prevalence 
and risk factors for Clostridium difficile colonization in dogs 
and cats hospitalized in an intensive care unit. Vet Microbiol 
129:209–214. 

 33.  Costa MC, Reid-Smith R, Gow S, Hannon SJ, Booker C, 
Rousseau J, Benedict KM, Morley PS, and Weese JS. 2012. 
Prevalence and molecular characterization of Clostridium 
difficile isolated from feedlot beef cattle upon arrival and mid-
feeding period. BMC Vet Res 8:38. 

 34.  Costa MC, Stämpfli HR, Arroyo LG, Pearl DL, and Weese JS. 
2011. Epidemiology of Clostridium difficile on a veal farm: 
prevalence, molecular characterization and tetracycline resis-
tance. Vet Microbiol 152:379–384. 

 35.  Curry SR, Marsh JW, Schlackman JL, and Harrison LH. 2012. 
Prevalence of Clostridium difficile in uncooked ground meat 
products from Pittsburgh, Pennsylvania. Appl Environ 
Microbiol 78:4183–4186. 

 36.  Dancer SJ. 2011. Hospital cleaning in the 21st century. Eur J 
Clin Microbiol Infect Dis 30:1473–1481. 

 37.  Daneman N, Stukel TA, Ma X, Vermeulen M, and Guttmann 
A. 2012. Reduction in Clostridium difficile infection rates after 



14 FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources  
 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

mandatory hospital public reporting: Findings from a 
longitudinal cohort study in Canada. PLoS Med 9(7): 
e1001268. doi:10.1371/journal.pmed.1001268 

 38.  Davies A, Pottage T, Bennett A, and Walker J. 2011. Gaseous 
and air decontamination technologies for Clostridium difficile 
in the healthcare environment. J Hosp Infect 77:199–203. 

 39.  Dawson LF, Valiente E, Donahue EH, Birchenough G, and 
Wren BW. 2011. Hypervirulent Clostridium difficile PCR-
ribotypes exhibit resistance to widely used disinfectants. PLoS 
ONE 6(10): e25754. doi:10.1371/journal.pone.0025754 

 40.  De Boer E, Zwartkruis-Nahuis ANS, Heuvelink AE, Harmanus 
C, and Kuijper EDJ. 2011. Prevalence of Clostridium difficile 
in retailed meat in the Netherlands. Int J Food Microbiol 
144:561–564. 

 41.  Debast SB, van Leengoed LAMG, Goorhuis A, Harmanus C, 
Kuijper EJ, and Bergwerff AA. 2009. Clostridium difficile 
PCR ribotype 078 toxinotype V found in diarrhoeal pigs 
identical to isolates from affected humans. Environ Microbiol 
11:505–511. 

 42.  Dubberke ER, Haslam DB, Lanzas C, Bobo LD, Burnham 
CAD, Gröhn YT, and Tarr PI. 2011. The ecology and patho-
biology of Clostridium difficile infections: an interdisciplinary 
challenge. Zoonoses Public Health 58:4–20. 

 43.  Dubberke ER and Olsen MA. 2012. Burden of Clostridium 
difficile on the healthcare system. Clin Infect Dis 55:S88–S92. 

 44.  Dumford DM, Nerandzic MM, Eckstein BC, and Donskey CJ. 
2009. What is on that keyboard? Detecting hidden 
environmental reservoirs of Clostridium difficile during an 
outbreak associated with North American pulsed-field gel 
electrophoresis type I strains. Am J Infect Control 37:15–19. 

 45.  Eckstein BC, Adams DA, Eckstein EC, Rao A, Sethi AK, 
Yadavalli GK, and Donskey CJ. 2007. Reduction of Clos-
tridium difficile and vancomycin-resistant Enterococcus 
contamination of environmental surfaces after an intervention 
to improve cleaning methods. BMC Infect Dis 7:61. 

 46.  Ekma N, Yee LY, and Aziz RA. 2012. Prevalence of Clos-
tridium difficile infection in Asian countries. Rev Med 
Microbiol 23:1–4. 

 47.  Fitzpatrick F and Barbut F. 2012. Breaking the cycle of 
recurrent Clostridium difficile infections. Clin Microbiol Infect 
18:2–4. 

 48.  Forgetta V, Oughton MT, Marquis P, Brukner I, Blanchette R, 
Haub K, Magrini V, Mardis ER, Gerding DN, Loo VG, Miller 
MA, Mulvey MR, Rupnik M, Dascal A, and Dewar K. 2011. 
Fourteen-genome comparison identifies DNA markers for 
severe-disease-associated strains of Clostridium difficile. J Clin 
Microbiol 49:2230–2238. 

 49.  Fraise A. 2011. Currently available sporicides for use in 
healthcare, and their limitations. J Hosp Infect 77:210–212. 

 50.  Freeman J, Bauer MP, Baines SD, Corver J, Fawley WN, 
Goorhuis B, Kuijper EJ, and Wilcox MH. 2010. The changing 
epidemiology of Clostridium difficile infections. Clin 
Microbiol Rev 23:529–549. 

 51.  French E, Rodriguez-Palacios A, and LeJeune JT. 2010. 
Enteric bacterial pathogens with zoonotic potential isolated 
from farm-raised deer. Foodborne Pathog Dis 7:1031–1037. 

 52.  Fu TY, Gent P, and Kumar V. 2012. Efficacy, efficiency and 
safety aspects of hydrogen peroxide vapour and aerosolized 
hydrogen peroxide room disinfection systems. J Hosp Infect 
80:199–205. 

 53.  Ghantoji SS, Sail K, Lairson DR, DuPont HL, and Garey KW. 
2010. Economic healthcare costs of Clostridium difficile 
infection: a systematic review. J Hosp Infect 74:309–318. 

 54.  Goldenberg SD, Patel A, Tucker D, and French GL. 2012. 
Lack of enhanced effect of a chlorine dioxide-based cleaning 
regimen on environmental contamination with Clostridium 
difficile spores. J Hosp Infect 82:64–67. 

 55.  Goorhuis A, Bakker D, Corver J, Debast SB, Harmanus C, 
Notermans DW, Bergwerff AA, Dekker FW, and Kuijper EJ. 
2008. Emergence of Clostridium difficile infection due to a 

new hypervirulent strain, polymerase chain reaction ribotype 
078. Clin Infect Dis 47:1162–1170. 

 56.  Guerrero DM, Nerandzic MM, Jury LA, Jinno S, Chang S, and 
Donskey CJ. 2012. Acquisition of spores on gloved hands after 
contact with the skin of patients with Clostridium difficile 
infection and with environmental surfaces in their rooms. Am J 
Infect Control 40:556–558. 

 57.  Gurian L, Ward TT, and Katon RM. 1982. Possible foodborne 
transmission in a case of pseudo-membranous colitis due to 
Clostridium difficile—influence of gastrointestinal secretions 
on Clostridium difficile infection. Gastroenterology 83:465–
469. 

 58.  Hacek DM, Ogle AM, Fisher A, Robicsek A, and Peterson LR. 
2010. Significant impact of terminal room cleaning with 
bleach on reducing nosocomial Clostridium difficile. Am J 
Infect Control 38:350–353. 

 59.  Hall IC and O’Toole E. 1935. Intestinal flora in new-born 
infants with a description of a new pathogenic anaerobe, 
Bacillus difficilis. Am J Dis Children 49:390–402. 

 60.  Hammitt MC, Bueschel DA, Kee AK, Glock RD, Cuneo P, 
DeYoung DW, Reggiardo C, Trinh HT, and Songer JG. 2008. 
A possible role for Clostridium difficile in the etiology of calf 
enteritis. Vet Microbiol 127:343–352. 

 61.  Harvey RB, Norman KN, Andrews K, Hume ME, Scanlan CM, 
Callaway TR, Anderson RC, and Nisbet DJ. 2011. Clostridium 
difficile in poultry and poultry meat. Foodborne Pathog Dis 
8:1321–1323. 

 62.  Harvey RB, Norman KN, Andrews K, Norby B, Hume ME, 
Scanlan CM, Hardin MD, and Scott HM. 2011. Clostridium 
difficile in retail meat and processing plants in Texas. J Vet 
Diagn Invest 23:807–811. 

 63.  Havill NL, Moore BA, and Boyce JM. 2012. Comparison of 
the microbiological efficacy of hydrogen peroxide vapor and 
ultraviolet light processes for room decontamination. Infect 
Control Hosp Epidemiol 33:507–512. 

 64.  He M, Miyajima F, Roberts P, Ellison L, Pickard DJ, Martin 
MJ, Connor TR, Harris SR, Fairley D, Bamford KB, D’Arc S, 
Brazier J, Brown D, Coia JE, Douce G, Gerding D, Kim HJ, 
Koh TH, Kato H, Senoh M, Louie T, Michell S, Butt E, 
Peacock SJ, Brown NM, Riley T, Songer G, Wilcox M, 
Pirmohamed M, Kuijper ED, Hawkey P, Wren BW, Dougan G, 
Parkhill J, and Lawley TD. 2012. Emergence and global 
spread of epidemic healthcare-associated Clostridium difficile. 
Nature Genetics 45:109–113. 

 65.  Hensgens MPM, Goorhuis A, Dekkers OM, and Kuijper EDJ. 
2012. Time interval of increased risk for Clostridium difficile 
infection after exposure to antibiotics. J Antimicrob 
Chemother 67:742–748. 

 66.  Hensgens MPM, Keessen EC, Squire MM, Riley TV, Koene 
MGJ, de Boer E, Lipman LJA, and Kuijper EJ. 2012. 
Clostridium difficile infection in the community: a zoonotic 
disease? Clin Microbiol Infect 18:635–645. 

 67.  Hernández-Rocha C, Barra-Carrasco J, Pizarro-Guajardo M, 
Ibáñez P, Bueno SM, Sarker MR, Guzman AM, Álvarez-
Lobos M, and Paredes-Sabja D. 2012. Epidemic Clostridium 
difficile ribotype 027 in Chile. Emerg Infect Dis 18:1370–1372. 

 68.  Hofer E, Haechler H, Frei R, and Stephan R. 2010. Low 
occurrence of Clostridium difficile in fecal samples of healthy 
calves and pigs at slaughter and in minced meat in Switzerland. 
J Food Prot 73:973–975. 

 69.  Hopman NEM, Keessen EC, Harmanus C, Sanders IMJG, van 
Leengoed LAMG, Kuijper EJ, and Lipman LJA. 2011. 
Acquisition of Clostridium difficile by piglets. Vet Microbiol 
149:186–192. 

 70.  Hopman NEM, Oorburg D, Sanders I, Kuijper EJ, and Lipman 
LJA. 2011. High occurrence of various Clostridium difficile 
PCR ribotypes in pigs arriving at the slaughterhouse. Vet 
Quarter 31:179–181. 



FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources 15 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

 71.  Hopman NEM, Sanders IMJG, and Lipman LJA. 2011. Low 
risk of transmission of Clostridium difficile to humans at 
petting farms. Vet Microbiol 150:416–417. 

 72.  Houser BA, Hattel AL, and Jayarao BM. 2010. Real-time 
multiplex polymerase chain reaction assay for rapid detection 
of Clostridium difficile toxin-encoding strains. Foodborne 
Pathog Dis 7:719–726. 

 73.  Houser BA, Soehnlen MK, Wolfgang DR, Lysczek HR, Burns 
CM, and Jayarao BM. 2012. Prevalence of Clostridium 
difficile toxin genes in the feces of veal calves and incidence of 
ground veal contamination. Foodborne Pathog Dis 9:32–36. 

 74.  Hsu J, Abad C, Dinh M, and Safdar N. 2010. Prevention of 
endemic healthcare-associated Clostridium difficile infection: 
reviewing the evidence. Am J Gastroenterol 105:2327–2339. 

 75.  Indra A, Lassnig H, Baliko N, Much P, Fiedler A, Huhulescu S, 
and Allerberger F. 2009. Clostridium difficile: a new zoonotic 
agent? Wiener Klinische Wochenschrift 121:91–95. 

 76.  Janarthanan S, Ditah IVO, Adler DG, and Ehrinpreis MN. 
2012. Clostridium difficile-associated diarrhea and proton 
pump inhibitor therapy: a meta-analysis. Am J Gastroenterol 
107:1001–1010. 

 77.  Janezic S, Ocepek M, Zidaric V, and Rupnik M. 2012. 
Clostridium difficile genotypes other than ribotype 078 that are 
prevalent among human, animal and environmental isolates. 
BMC Microbiol 12:48. 

 78.  Jen MH, Holmes AH, Bottle A, and Aylin P. 2008. Descriptive 
study of selected healthcare-associated infections using 
National Hospital Episode Statistics Data 1996–2006 and 
comparison with mandatory reporting systems. J Hosp Infect 
70:321–327. 

 79.  Jernberg C, Lofmark S, Edlund C, and Jansson JK. 2010. 
Long-term impacts of antibiotic exposure on the human intes-
tinal microbiota. Microbiology-Sgm 156:3216–3223. 

 80.  Jump RLP, Pultz MJ, and Donskey CJ. 2007. Vegetative 
Clostridium difficile survives in room air on moist surfaces and 
in gastric contents with reduced acidity: a potential mechanism 
to explain the association between proton pump inhibitors and 
C. difficile-associated diarrhea? Antimicrob Agents Chemother 
51:2883–2887. 

 81.  Jump RLP, Riggs MM, Sethi AK, Pultz MJ, Ellis-Reid T, 
Riebel W, Gerding DN, Salata RA, and Donskey CJ. 2010. 
Multihospital outbreak of Clostridium difficile infection, 
Cleveland, Ohio, USA. Emerg Infect Dis 16:827–829. 

 82.  Jöbstl M, Heuberger S, Indra A, Nepf R, Köfer J, and Wagner 
M. 2010. Clostridium difficile in raw products of animal origin. 
Int J Food Microbiol 138:172–175. 

 83.  Kato H, Kita H, Karasawa T, Maegawa T, Koino Y, Takakuwa 
H, Saikai T, Kobayashi K, Yamagishi T, and Nakamura S. 
2001. Colonisation and transmission of Clostridium difficile in 
healthy individuals examined by PCR ribotyping and pulsed-
field gel electrophoresis. J Med Microbiol 50:720–727. 

 84.  Keessen EC, Donswijk CJ, Hol SP, Hermanus C, Kuijper EJ, 
and Lipman LJA. 2011. Aerial dissemination of Clostridium 
difficile on a pig farm and its environment. Environ Res 
111:1027–1032. 

 85.  Keessen EC, Gaastra W, and Lipman LJA. 2011. Clostridium 
difficile infection in humans and animals, differences and 
similarities. Vet Microbiol 153:205–217. 

 86.  Keessen EC, van den Berkt AJ, Haasjes NH, Hermanus C, 
Kuijper EJ, and Lipman LJA. 2011. The relation between farm 
specific factors and prevalence of Clostridium difficile in 
slaughter pigs. Vet Microbiol 154:130–134. 

 87.  Kelly CP and LaMont JT. 2008. Clostridium difficile—more 
difficult than ever. N Engl J Med 359:1932–1940. 

 88.  Khanna S, Pardi DS, Aronson SL, Kammer PP, Orenstein R, St. 
Sauver JL, Harmsen WS, and Zinsmeister AR. 2012. The 
epidemiology of community-acquired Clostridium difficile 
infection: a population-based study. Am J Gastroenterol 
107:89–95. 

 89.  Koene MGJ, Mevius D, Wagenaar JA, Harmanus C, Hensgens 
MPM, Meetsma AM, Putirulan FF, van Bergen MAP, and 
Kuijper EJ. 2012. Clostridium difficile in Dutch animals: their 
presence, characteristics and similarities with human isolates. 
Clin Microbiol Infect 18:778–784. 

 90.  Kramer A, Schwebke I, and Kampf G. 2006. How long do 
nosocomial pathogens persist on inanimate surfaces? A 
systematic review. BMC Infect Dis 6:130. 

 91.  Kundrapu S, Sunkesula V, Jury LA, Sitzlar BM, and Donskey 
CJ. 2012. Daily disinfection of high-touch surfaces in isolation 
rooms to reduce contamination of healthcare workers’ hands. 
Infect Control Hosp Epidemiol 33:1039–1042. 

 92.  Kuntz JL, Chrischilles EA, Pendergast JF, Herwaldt LA, and 
Polgreen PM. 2011. Incidence of and risk factors for commu-
nity-associated Clostridium difficile infection: a nested case-
control study. BMC Infect Dis 11:194. 

 93.  Kuntz JL, Johnson ES, Raebel MA, Petrik AF, Yang X, Thorp 
ML, Spindel SJ, Neil N, and Smith DH. 2012. Epidemiology 
and healthcare costs of incident Clostridium difficile infections 
identified in the outpatient healthcare setting. Infect Control 
Hosp Epidemiol 33:1031–1038. 

 94.  Kwok CS, Arthur AK, Anibueze CI, Singh S, Cavallazzi R, 
and Loke YK. 2012. Risk of Clostridium difficile infection 
with acid suppressing drugs and antibiotics: meta-analysis. Am 
J Gastroenterol 107:1011–1019. 

 95.  Lanzas C, Dubberke ER, Lu Z, Reske KA, and Groehn YT. 
2011. Epidemiological model for Clostridium difficile trans-
mission in healthcare settings. Infect Control Hosp Epidemiol 
32:553–561. 

 96.  Larson HE, Price AB, Honour P, and Borriello SP. 1978. 
Clostridium difficile and etiology of pseudomembranous colitis. 
Lancet 1:1063–1066. 

 97.  Lawley TD, Croucher NJ, Yu LU, Clare S, Sebaihia M, 
Goulding D, Pickard DJ, Parkhill J, Choudhary J, and Dougan 
G. 2009. Proteomic and genomic characterization of highly 
infectious Clostridium difficile 630 spores. J Bacteriol 
191:5377–5386. 

 98.  Lefebvre SL and Weese JS. 2009. Contamination of pet 
therapy dogs with MRSA and Clostridium difficile. J Hosp 
Infect 72:268–269. 

 99.  Limbago B, Thompson AD, Greene SA, MacCannell D, 
MacGowan CE, Jolbitado B, Hardin HD, Estes SR, Weese JS, 
Songer JG, and Gould LH. 2012. Development of a consensus 
method for culture of Clostridium difficile from meat and its 
use in a survey of U.S. retail meats. Food Microbiol 32:448–
451. 

 100.  Manges AR, Labbe A, Loo VG, Atherton JK, Behr MA, 
Masson L, Tellis PA, and Brousseau R. 2010. Comparative 
metagenomic study of alterations to the intestinal microbiota 
and risk of nosocomial Clostridum difficile-associated disease. 
J Infect Dis 202:1877–1884. 

 101.  Marks SL, Rankin SC, Byrne BA, and Weese JS. 2011. 
Enteropathogenic bacteria in dogs and cats: diagnosis, 
epidemiology, treatment, and control. J Vet Intern Med 
25:1195–1208. 

 102.  Marsh JW, Arora R, Schlackman JL, Shutt KA, Curry SR, and 
Harrison LH. 2012. Association of relapse of Clostridium 
difficile disease with BI/Nap1/027. J Clin Microbiol 50:4078–
4082. 

 103.  Marsh JW, Tulenko MM, Shutt KA, Thompson AD, Weese JS, 
Songer JG, Limbago BM, and Harrison LH. 2011. Multi-locus 
variable number tandem repeat analysis for investigation of the 
genetic association of Clostridium difficile isolates from food, 
food animals and humans. Anaerobe 17:156–160. 

 104.  McDonald LC, Killgore GE, Thompson A, Owens RC, 
Kazakova SV, Sambol SP, Johnson S, and Gerding DN. 2005. 
An epidemic, toxin gene-variant strain of Clostridium difficile. 
N Engl J Med 353:2433–2441. 

 105.  McDonald LC, Lessa F, Sievert D, Wise M, Herrera R, Gould 
C, Malpiedi P, Dudeck M, Srinivasan A, Fridkin S, and Cardo 



16 FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources  
 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

D. 2012. Vital signs: Preventing Clostridium difficile infec-
tions. Morbid Mortal Weekly Rep 61:157–162. 

 106.  McGlone SM, Bailey RR, Zimmer SM, Popovich MJ, Tian Y, 
Ufberg P, Muder RR, and Lee BY. 2012. The economic bur-
den of Clostridium difficile. Clin Microbiol Infect 18:282–289. 

 107.  McNamara SE, Abdujamilova N, Somsel P, Gordoncillo MJ, 
Dedecker JM, and Bartlett PC. 2011. Carriage of Clostridium 
difficile and other enteric pathogens among a 4-H avocational 
cohort. Zoonoses Public Health 58:192–199. 

 108.  Meessen-Pinard M, Sekulovic O, and Fortier LC. 2012. Evi-
dence of in vivo prophage induction during Clostridium diffi-
cile infection. Appl Environ Microbiol 78:7662–7670. 

 109.  Merrigan M, Venugopal A, Mallozzi M, Roxas B, 
Viswanathan VK, Johnson S, Gerding DN, and Vedantam G. 
2010. Human hypervirulent Clostridium difficile strains exhibit 
increased sporulation as well as robust toxin production. J 
Bacteriol 192:4904–4911. 

 110.  Metcalf D, Avery BP, Janecko N, Matic N, Reid-Smith R, and 
Weese JS. 2011. Clostridium difficile in seafood and fish. 
Anaerobe 17:85–86. 

 111.  Metcalf D, Reid-Smith RJ, Avery BP, and Weese JS. 2010. 
Prevalence of Clostridium difficile in retail pork. Can Vet J 
51:873–876. 

 112.  Metcalf DS, Costa MC, Dew WMV, and Weese JS. 2010. 
Clostridium difficile in vegetables, Canada. Lett Appl 
Microbiol 51:600–602. 

 113.  Meyer E, Gastmeier P, Weizel-Kage D, and Schwab F. 2012. 
Associations between nosocomial meticillin-resistant 
Staphylococcus aureus and nosocomial Clostridium difficile-
associated diarrhoea in 89 German hospitals. J Hosp Infect 
82:181–186. 

 114.  Miller M, Gravel D, Mulvey M, Taylor G, Boyd D, Simor A, 
Gardam M, McGeer A, Hutchinson J, Moore D, Kelly S, and 
Canadian Nosocomial Infection. 2010. Health care-associated 
Clostridium difficile infection in Canada: patient age and 
infecting strain type are highly predictive of severe outcome 
and mortality. Clin Infect Dis 50:194–201. 

 115.  Murphy SL, Xu J, and Kochanek KD. 2012. Deaths: pre-
liminary data for 2010. Nat Vital Stat Report 60:8. 

 116.  Norman KN, Harvey RB, Scott HM, Hume ME, Andrews K, 
and Brawley AD. 2009. Varied prevalence of Clostridium 
difficile in an integrated swine operation. Anaerobe 15:256–
260. 

 117.  Norman KN, Scott HM, Harvey RB, Norby BO, Hume ME, 
and Andrews K. 2011. Prevalence and genotypic characteris-
tics of Clostridium difficile in a closed and integrated human 
and swine population. Appl Environ Microbiol 77:5755–5760. 

 118.  O’Connor JR, Johnson S, and Gerding DN. 2009. Clostridium 
difficile infection caused by the epidemic BI/NAP1/027 strain. 
Gastroenterology 136:1913–1924. 

 119.  O’Sullivan O, Coakley M, Lakshminarayanan B, Conde S, 
Claesson MJ, Cusack S, Fitzgerald AP, O’Toole PW, Stanton 
C, and Ross RP. 2013. Alterations in intestinal microbiota of 
elderly Irish subjects post-antibiotic therapy. J Antimicrob 
Chemother 68:214–221. 

 120.  Orenstein R, Aronhalt KC, McManus JE, and Fedraw LA. 
2011. A targeted strategy to wipe out Clostridium difficile. 
Infect Control Hosp Epidemiol 32:1137–1139. 

 121.  Otten AM, Reid-Smith RJ, Fazil A, and Weese JS. 2010. 
Disease transmission model for community-associated Clos-
tridium difficile infection. Epidemiol Infect 138:907–914. 

 122.  Otter JA, Yezli S, and French GL. 2011. The role played by 
contaminated surfaces in the transmission of nosocomial 
pathogens. Infect Control Hosp Epidemiol 32:687–699. 

 123.  Owens RC, Donskey CJ, Gaynes RP, Loo VG, and Muto CA. 
2008. Antimicrobial-associated risk factors for Clostridium 
difficile infection. Clin Infect Dis 46:S19–S31. 

 124.  Pasquale V, Romano V, Rupnik M, Capuano F, Bove D, 
Aliberti F, Krovacek K, and Dumontet S. 2012. Occurrence of 

toxigenic Clostridium difficile in edible bivalve molluscs. Food 
Microbiol 31:309–312. 

 125.  Pasquale V, Romano VJ, Rupnik M, Dumontet S, Čižnár I, 
Aliberti F, Mauri F, Saggiomo V, and Krovacek K. 2011. 
Isolation and characterization of Clostridium difficile from 
shellfish and marine environments. Folia Microbiol 56:431–
437. 

 126.  Pepin J, Gonzales M, and Valiquette L. 2012. Risk of 
secondary cases of Clostridium difficile infection among 
household contacts of index cases. J Infect 64:387–390. 

 127.  Pirs T, Ocepek M, and Rupnik M. 2008. Isolation of Clos-
tridium difficile from food animals in Slovenia. J Med 
Microbiol 57:790–792. 

 128.  Quaglio P, Messi P, and Fabio A. 1988. Bacterial isolates of 
the genus Clostridium in honey samples. Igiene Moderna 
90:486–496. 

 129.  Quesada-Gómez C, Vargas P, López-Ureña D, Gamboa-
Coronado M, and Rodríguez-Cavallini E. 2012. Community-
acquired Clostridium difficile NAP1/027-associated diarrhea in 
an eighteen month old child. Anaerobe 18:581–583. 

 130.  Rabatsky-Ehr T, Purviance K, Mlynarski D, Mshar P, Hadler J, 
and Sosa L. 2008. Surveillance for community-associated 
Clostridium difficile—Connecticut, 2006. Morbid Mortal 
Weekly Rep 57:340–343. 

 131.  Rea MC, O’Sullivan O, Shanahan F, O’Toole PW, Stanton C, 
Ross RP, and Hill C. 2012. Clostridium difficile carriage in 
elderly subjects and associated changes in the intestinal micro-
biota. J Clin Microbiol 50:867–875. 

 132.  Riggs MM, Sethi AK, Zabarsky TF, Eckstein EC, Jump RLP, 
and Donskey CJ. 2007. Asymptomatic carriers are a potential 
source for transmission of epidemic and nonepidemic Clos-
tridium difficile strains among long-term care facility residents. 
Clin Infect Dis 45:992–998. 

 133.  Roberts K, Smith CF, Snelling AM, Kerr KG, Banfield KR, 
Sleigh PA, and Beggs CB. 2008. Aerial dissemination of 
Clostridium difficile spores. BMC Infect Dis 8:7. 

 134.  Rodriguez C, Taminiau B, Van Broeck J, Avesani V, Delmeé 
M, and Daube G. 2012. Clostridium difficile in young farm 
animals and slaughter animals in Belgium. Anaerobe 18:621–
625. 

 135.  Rodriguez-Palacios A, Koohmaraie M, and Lejeune JT. 2011. 
Prevalence, enumeration, and antimicrobial agent resistance of 
Clostridium difficile in cattle at harvest in the United States. J 
Food Prot 74:1618–1624. 

 136.  Rodriguez-Palacios A, Pickworth C, Loerch S, and Lejeune JT. 
2011. Transient fecal shedding and limited animal-to-animal 
transmission of Clostridium difficile by naturally infected 
finishing feedlot cattle. Appl Environ Microbiol 77:3391–3397. 

 137.  Rodriguez-Palacios A, Reid-Smith RJ, Staempfli HR, 
Daignault D, Janecko N, Avery BP, Martin H, Thomspon AD, 
McDonald LC, Limbago B, and Weese JS. 2009. Possible 
seasonality of Clostridium difficile in retail meat, Canada. 
Emerg Infect Dis 15:802–805. 

 138.  Rodriguez-Palacios A, Reid-Smith RJ, Staempfli HR, and 
Weese JS. 2010. Clostridium difficile survives minimal 
temperature recommended for cooking ground meats. 
Anaerobe 16:540–542. 

 139.  Rodriguez-Palacios A, Staempfli HR, Duffield T, and Weese 
JS. 2007. Clostridium difficile in retail ground meat, Canada. 
Emerg Infect Dis 13:485–487. 

 140.  Rodriguez-Palacios A, Stämpfli HR, Duffield T, Peregrine AS, 
Trotz-Williams LA, Arroyo LG, Brazier JS, and Weese JS. 
2006. Clostridium difficile PCR ribotypes in calves, Canada. 
Emerg Infect Dis 12:1730–1736. 

 141.  Rogers MAM, Greene MT, Saint S, Chenoweth CE, Malani 
PN, Trivedi I, and Aronoff DM. 2012. Higher rates of Clos-
tridium difficile infection among smokers. PLoS ONE 7(7): 
e42091. doi:10.1371/journal.pone.0042091 

 142.  Romano V, Albanese F, Dumontet S, Krovacek K, Petrini O, 
and Pasquale V. 2012. Prevalence and genotypic characteriza-



FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources 17 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

tion of Clostridium difficile from ruminants in Switzerland. 
Zoonoses Public Health 59:545–548. 

 143.  Rousseau C, Poilane I, De Pontual L, Maherault AC, Le 
Monnier A, and Collignon A. 2012. Clostridium difficile 
carriage in healthy infants in the community: a potential 
reservoir for pathogenic strains. Clin Infect Dis 55:1209–1215. 

 144.  Rupnik M, Wilcox MH, and Gerding DN. 2009. Clostridium 
difficile infection: new developments in epidemiology and 
pathogenesis. Nature Rev Microbiol 7:526–536. 

 145.  Ryan J, Murphy C, Twomey C, Ross RP, Rea MC, MacSharry 
J, Sheil B, and Shanahan F. 2010. Asymptomatic carriage of 
Clostridium difficile in an Irish continuing care institution for 
the elderly: prevalence and characteristics. Irish J Med Sci 
179:245–250. 

 146.  Saita M, Bano L, and Gallazzi DD. 2009. Pathogenicity 
markers of Clostridium spp. in commercial turkeys. Ital J 
Anim Sci 8:781–784. 

 147.  Salnikova MS, Joshi SB, Rytting JH, Warny M, and Middaugh 
CR. 2008. Physical characterization of Clostridium difficile 
toxins and toxoids: effect of the formaldehyde crosslinking on 
thermal stability. J Pharmaceut Sci 97:3735–3752. 

 148.  Schneeberg A, Rupnik M, Neubauer H, and Seyboldt C. 2012. 
Prevalence and distribution of Clostridium difficile PCR ribo-
types in cats and dogs from animal shelters in Thuringia, 
Germany. Anaerobe 18:484–488. 

 149.  Schoster A, Arroyo LG, Staempfli HR, Shewen PE, and Weese 
JS. 2012. Presence and molecular characterization of Clos-
tridium difficile and Clostridium perfringens in intestinal 
compartments of healthy horses. BMC Vet Res 8:94. 

 150.  Schoster A, Staempfli HR, Arroyo LG, Reid-Smith RJ, 
Janecko N, Shewen PE, and Weese JS. 2012. Longitudinal 
study of Clostridium difficile and antimicrobial susceptibility 
of Escherichia coli in healthy horses in a community setting. 
Vet Microbiol 159:364–370. 

 151.  Sethi AK, Al-Nassir WN, Nerandzic MM, Bobulsky GS, and 
Donskey CJ. 2010. Persistence of skin contamination and 
environmental shedding of Clostridium difficile during and 
after treatment of C. difficile infection. Infect Control Hosp 
Epidemiol 31:21–27. 

 152.  Simango C and Mwakurudza S. 2008. Clostridium difficile in 
broiler chickens sold at market places in Zimbabwe and their 
antimicrobial susceptibility. Int J Food Microbiol 124:268–270. 

 153.  Smith LD and King EO. 1962. Occurrence of Clostridium 
difficile in infections of man. J Bacteriol 84:65–67. 

 154.  Songer JG and Anderson MA. 2006. Clostridium difficile: an 
important pathogen of food animals. Anaerobe 12:1–4. 

 155.  Songer JG, Jones R, Anderson MA, Barbara AJ, Post KW, and 
Trinh HT. 2007. Prevention of porcine Clostridium difficile-
associated disease by competitive exclusion with nontoxigenic 
organisms. Vet Microbiol 124:358–361. 

 156.  Songer JG, Trinh HT, Killgore GE, Thompson AD, McDonald 
LC, and Limbago BM. 2009. Clostridium difficile in retail 
meat products, USA, 2007. Emerg Infect Dis 15:819–821. 

 157.  Speight S, Moy A, Macken S, Chitnis R, Hoffman PN, Davies 
A, Bennett A, and Walker JT. 2011. Evaluation of the spori-
cidal activity of different chemical disinfectants used in hospi-
tals against Clostridium difficile. J Hosp Infect 79:18–22. 

 158.  Spigaglia P, Barbanti F, and Mastrantonio P. 2011. Multidrug 
resistance in European Clostridium difficile clinical isolates. J 
Antimicrob Chemother 66:2227–2234. 

 159.  Sultan S, Warriner K, and Wesse S. 2012. The foodborne link 
for community-acquired Clostridium difficile infections. Int J 
Infect Dis 16:E245. 

 160.  Susick EK, Putnam M, Bermudez DM, and Thakur S. 2012. 
Longitudinal study comparing the dynamics of Clostridium 
difficile in conventional and antimicrobial free pigs at farm and 
slaughter. Vet Microbiol 157:172–178. 

 161.  Talpaert MJ, Rao GG, Cooper BS, and Wade P. 2011. Impact 
of guidelines and enhanced antibiotic stewardship on reducing 
broad-spectrum antibiotic usage and its effect on incidence of 

Clostridium difficile infection. J Antimicrob Chemother 
66:2168–2174. 

 162.  Tanner BD. 2009. Reduction in infection risk through treat-
ment of microbially contaminated surfaces with a novel, 
portable, saturated steam vapor disinfection system. Am J 
Infect Control 37:20–27. 

 163.  Tenover FC, Tickler IA, and Persing DH. 2012. Antimicrobial-
resistant strains of Clostridium difficile from North America. 
Antimicrob Agents Chemother 56:2929–2932. 

 164.  Thakur S, Sandfoss M, Kennedy-Stoskopf S, and Deperno CS. 
2011. Detection of Clostridium difficile and Salmonella in feral 
swine population in North Carolina. J Wildlife Dis 47:774–776. 

 165.  Thean S, Elliott B, and Riley TV. 2011. Clostridium difficile in 
horses in Australia—a preliminary study. J Med Microbiol 
60:1188–1192. 

 166.  Thitaram SN, Frank JF, Lyon SA, Siragusa GR, Bailey JS, 
Lombard JE, Haley CA, Wagner BA, Dargatz DA, and 
Fedorka-Cray PJ. 2011. Clostridium difficile from healthy food 
animals: optimized isolation and prevalence. J Food Prot 
74:130–133. 

 167.  Todd ECD, Greig JD, Bartleson CA, and Michaels BS. 2008. 
Outbreaks where food workers have been implicated in the 
spread of foodborne disease. Part 5. Sources of contamination 
and pathogen excretion from infected persons. J Food Prot 
71:2582–2595. 

 168.  Trillis F, Eckstein EC, Budavich R, Pultz MJ, and Donskey CJ. 
2008. Contamination of hospital curtains with healthcare-
associated pathogens. Infect Control Hosp Epidemiol 29:1074–
1076. 

 169.  Tseng S, Abramzon N, Jackson JO, and Lin WJ. 2012. Gas 
discharge plasmas are effective in inactivating Bacillus and 
Clostridium spores. Appl Microbiol Biotechnol 93:2563–2570. 

 170.  Vajravelu RK, Guerrero DM, Jury LA, and Donskey CJ. 2012. 
Evaluation of stethoscopes as vectors of Clostridium difficile 
and methicillin-resistant Staphylococcus aureus. Infect Control 
Hosp Epidemiol 33:96–98. 

 171.  Valiente E, Dawson LF, Cairns MD, Stabler RA, and Wren 
BW. 2012. Emergence of new PCR ribotypes from the hyper-
virulent Clostridium difficile 027 lineage. J Med Microbiol 
61:49–56. 

 172.  Vardakas KZ, Konstantelias AA, Loizidis G, Rafailidis PI, and 
Falagas ME. 2012. Risk factors for development of Clos-
tridium difficile infection due to BI/Nap1/027 strain: a meta-
analysis. Int J Infect Dis 16:E768–E773. 

 173.  Vesteinsdottir I, Gudlaugsdottir S, Einarsdottir R, Kalaitzakis 
E, Sigurdardottir O, and Bjornsson ES. 2012. Risk factors for 
Clostridium difficile toxin-positive diarrhea: a population-
based prospective case–control study. Eur J Clin Microbiol 
Infect Dis 31:2601–2610. 

 174.  Visser M, Sepehrim S, Olson N, Du T, Mulvey MR, and Alfa 
MJ. 2012. Detection of Clostridium difficile in retail ground 
meat products in Manitoba. Can J Infect Dis Med Microbiol 
23:28–30. 

 175.  Von Abercron SMM, Karlsson F, Wigh GT, Wierup M, and 
Krovacek K. 2009. Low occurrence of Clostridium difficile in 
retail ground meat in Sweden. J Food Prot 72:1732–1734. 

 176.  Vonberg RP, Kuijper EJ, Wilcox MH, Barbut F, Tull P, 
Gastmeier P, van den Broek PJ, Colville A, Coignard B, Daha 
T, Debast S, Duerden BI, van den Hof S, van der Kooi T, 
Maarleveld HJH, Nagy E, Notermans DW, O’Driscoll J, Patel 
B, Stone S, Wiuff C, and European C. difficile-Infection 
Control Group. 2008. Infection control measures to limit the 
spread of Clostridium difficile. Clin Microbiol Infect 14 (Suppl. 
5):2–20 

 177.  Voth DE and Ballard JD. 2005. Clostridium difficile toxins: 
mechanism of action and role in disease. Clin Microbiol Rev 
18:247–263. 

 178.  Weese JS, Avery BP, Rousseau J, and Reid-Smith RJ. 2009. 
Detection and enumeration of Clostridium difficile spores in 
retail beef and pork. Appl Environ Microbiol 75:5009–5011. 



18 FRI FOOD SAFETY REVIEW: Clostridium difficile as a Risk Associated with Animal Sources  
 
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, January 2013 
http://fri.wisc.edu/docs/pdf/FRI_Brief_Cdifficile_Jan2013.pdf Funded in part by the American Meat Institute Foundation 

 

 179.  Weese JS, Finley R, Reid-Smith RR, Janecko N, and Rousseau 
J. 2010. Evaluation of Clostridium difficile in dogs and the 
household environment. Epidemiol Infect 138:1100–1104. 

 180.  Weese JS, Reid-Smith RJ, Avery BP, and Rousseau J. 2010. 
Detection and characterization of Clostridium difficile in retail 
chicken. Lett Appl Microbiol 50:362–365. 

 181.  Weese JS, Rousseau J, and Arroyo L. 2005. Bacteriological 
evaluation of commercial canine and feline raw diets. Can Vet 
J 46:513–516. 

 182.  Weese JS, Rousseau J, Deckert A, Gow S, and Reid-Smith RJ. 
2011. Clostridium difficile and methicillin-resistant Staphylo-
coccus aureus shedding by slaughter-age pigs. BMC Vet Res 
7:41. 

 183.  Weese JS, Wakeford T, Reid-Smith R, Rousseau J, and 
Friendship R. 2010. Longitudinal investigation of Clostridium 
difficile shedding in piglets. Anaerobe 16:501–504. 

 184.  Weiss K, Boisvert A, Chagnon M, Duchesne C, Habash S, 
Lepage Y, Letourneau J, Raty J, and Savoie M. 2009. Multi-

pronged intervention strategy to control an outbreak of Clos-
tridium difficile infection (CDI) and its impact on the rates of 
CDI from 2002 to 2007. Infect Control Hosp Epidemiol 
30:156–162. 

 185.  Zidaric V, Zemljic M, Janezic S, Kocuvan A, and Rupnik M. 
2008. High diversity of Clostridium difficile genotypes isolated 
from a single poultry farm producing replacement laying hens. 
Anaerobe 14:325–327. 

 186. Zoutman D, Shannon M, and Mandel A. 2011. Effectiveness of 
a novel ozone-based system for the rapid high-level disinfec-
tion of health care spaces and surfaces. Am J Infect Control 
39:873–879. 

 187. Åkerlund T, Persson I, Unemo M, Norén T, Svenungsson B, 
Wullt M, and Burman LG. 2008. Increased sporulation rate of 
epidemic Clostridium difficile type 027/NAP1. J Clin 
Microbiol 46:1530–1533.

 


