Received: 16 March 2019 | Revised: 19 June 2019

Accepted: 7 July 2019

DOI: 10.1111/zph.12637

ORIGINAL ARTICLE

WILEY

Clostridioides difficile on Ohio swine farms (2015): A comparison
of swine and human environments and assessment of on-farm

risk factors

Rory A. O'Shaughnessy® | Gregory G. Habing? | Wondwossen A. Gebreyes'*® |

Andrew S. Bowman! | J. Scott Weese?

1Department of Veterinary Preventive

Medicine, The Ohio State University College
of Veterinary Medicine, Columbus, OH, USA

2Ontario Veterinary College, Department of
Pathobiology, University of Guelph, Guelph,
ON, Canada

3Global One Health initiative, The Ohio
State University, Columbus, OH, USA

Correspondence

Jason Stull, Department of Veterinary
Preventive Medicine, The Ohio State
University College of Veterinary Medicine,
1920 Coffey Road, Columbus, OH 43210,
USA.

Email: stull.82@osu.edu

Funding information

Funding provided by The Ohio State
University Public Health Preparedness for
Infectious Disease Program

| Joyce Rousseau® | Jason W. Stull*

Abstract

Swine are known reservoirs for Clostridioides difficile, formerly known as Clostridium
difficile, and transmission from swine to human farm workers is strongly suggested by
previous studies. This cross-sectional study evaluated the potential role of farm envi-
ronmental surfaces, including those in worker breakrooms and swine housing areas,
in the possible transmission of C. difficile from swine to farm workers. Environmental
surfaces and piglet faeces at 13 Ohio swine farms were sampled in 2015. Typical
culturing techniques were performed to isolate C. difficile from samples, and ampli-
fication of toxin genes (tcdA, tcdB and cdtB) and PCR-ribotyping were used to ge-
netically characterize recovered isolates. In addition, sequencing of toxin regulatory
gene, tcdC, was done to identify the length of identified deletions in some isolates.
A survey collected farm-level management risk factor information. Clostridioides dif-
ficile was recovered from all farms, with 42% (188/445) of samples testing positive for
C. difficile. Samples collected from all on-farm locations recovered C. difficile, includ-
ing farrowing rooms (60%, 107/178), breakrooms (50%, 69/138) and nursery rooms
(9%, 12/129). Three ribotypes recovered from both swine and human environments
(078, 412 and 005) have been previously implicated in human disease. Samples taken
from farrowing rooms and breakrooms were found to have greater odds of C. dif-
ficile recovery than those taken from nursery rooms (OR = 40.5, OR = 35.6, p < .001
respectively). Farms that weaned >23,500 pigs per year had lower odds of C. difficile
recovery as compared to farms that weaned fewer pigs (OR = 0.4, p =.01) and weekly
or more frequent cleaning of breakroom counters was associated with higher odds
of C. difficile recovery (OR = 11.7, p < .001). This study provides important insights
into the presence and characterization of C. difficile found in human environments on
swine farms and highlights how these areas may be involved in transmission of C. dif-

ficile to swine farm workers and throughout the facility.
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1 | INTRODUCTION

Clostridioides difficile is one of the most well-known human health-
care-associated infections (HAIs) in the United States, with an es-
timated 430,000 cases of C. difficile infection (CDI) in 2011 (Lessa
et al,, 2015). In recent decades, CDI cases without healthcare
exposures, termed community-associated CDI (CA-CDI), have be-
come increasingly common (McDonald et al., 2007). Due to this
shift in the epidemiology of the disease, investigation into the
sources of C. difficile in the community, as well as risk factors for
CA-CDI, have become important areas of research. Animals are
a possible source of C. difficile in the community, and swine are
one of the species most frequently associated with carriage of the
bacterium (Janezic et al., 2014) Swine, particularly neonatal pig-
lets, can exhibit diarrheal signs or carry the bacteria subclinically.
Prior studies estimate C. difficile carriage in healthy piglets less
than 2 weeks old to range from 68% to 94%, and significantly de-
crease to 0%-8% in slaughter-age pigs (Arruda, 2014; Schneeberg
et al., 2013).

The potential for zoonotic transmission of C. difficile from swine
to humans, especially humans that have close contact with swine
or their environment, has been documented by several studies
(Keessen, Harmanus, Dohmen, Kuijper, & Lipman, 2013; Knetsch
et al., 2014, 2017). For instance one study recovered C. difficile
from 21% (18/70) of faecal samples from swine farm workers who
had daily to weekly contact with swine, with the human and swine
isolates determined to be genetically related, and identified the
frequency of swine contact to have a positive association with C. dif-
ficile carriage (Keessen et al., 2013).

Despite the high frequency of C. difficile colonization in swine and
potential for zoonotic transmission from swine, to-date there has been
limited research on likely mechanisms for transmission from swine to
swine farm workers, such as C. difficile environmental surface con-
tamination on farms. One study documented the increase in C. diffi-
cile contamination of swine farrowing pens after the introduction of
newborn piglets, highlighting the role of piglet faecal shedding in the
contamination of the surrounding environment (Hopman et al., 2011).

Unlike other non-spore-forming pathogens found on farms,
C. difficile spores are extremely resistant to the non-sporicidal dis-
infectants commonly used in swine farm settings, enabling spores
to survive on hard surfaces for up to 5 months (Fekety et al., 1981).
Many farms have within-facility worker breakrooms where high-risk
hand-to-mouth activities occur (e.g., eating), personal protective
equipment is often not worn and farm biosecurity protocols may
be inadequate to limit the contamination of these dedicated human
areas by environmental pathogens originating from other areas in
the facility. Given the likely high environmental presence of C. dif-
ficile in swine-contact areas (i.e. housing, corridors) on farms, the
ability of C. difficile to persist in the environment for extended peri-
ods, and the close proximity of worker breakrooms to swine-contact
areas, the possible contamination of breakroom surfaces may intro-
duce numerous opportunities for transmission of C. difficile to swine
farm workers.

Impacts

e This study characterizes C. difficile on a sample of Ohio
swine farms, comparing isolates recovered from young
swine housing areas and on-farm worker breakrooms by
PCR-ribotype and toxin profile (tcdA, tcdB, cdtB, tcdC)

e Highlights the widespread presence of C. difficile on
common surfaces in swine farm breakrooms, an area on
farms which may pose a threat to farm worker health
and in which there has been limited prior research

e |dentifies farm characteristics associated with the re-
covery of C. difficile, which may serve as avenues for
future studies that aim to improve farm biosecurity and
reduce on-farm transmission of pathogens

The objectives of this study were to compare the recovery of
C. difficile and distribution of PCR-ribotypes in the swine and human
environments from a sample of Ohio swine farms, and to identify
factors associated with the recovery of C. difficile on farms, with the
goals of characterizing the presence of C. difficile in an area on the
swine farm that has not been highly studied but could present an

unforeseen risk to farm worker health.

2 | MATERIALS AND METHODS

2.1 | Study design and farm recruitment

A convenience sample of swine farms located in Ohio that raised
pigs from farrowing with an expected litter on their farm in the com-
ing 5 months were approached and invited to participate. A cross-
sectional study was conducted, and research personnel collected
environmental samples from human and swine environments on
farms and faecal samples from pigs housed in nursery and farrowing
rooms on farms from May through August 2015.

2.2 | Sample collection

Between 10 and 15 samples were collected from each of three farm
environments (i.e. farrowing, nursery, breakroom) on each farm.
Samples were collected from surfaces in swine environments (i.e.
farrowing, nursery) with direct swine contact, including pen gates
(n = 5) and pen floors (n = 5), and fresh piglet faeces collected from
pen floors (n = 5). Between 9 and 13 samples were collected from
the human environment (i.e. breakroom) on each farm. Most farms
had designated worker breakrooms, but for those that did not, the
breakroom was identified as the place on-site where most employ-
ees most frequently ate lunch. Due to differences in breakrooms,
objects/areas sampled in the human environments were not always
the same between farms. However, common surfaces, like counters,
refrigerators and doorknobs, were sampled in different breakrooms

when possible.
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All sampling materials were pre-packaged into sterile Whirl-Paks®
(Nasco) using clean gloves in alaboratory biosafety cabinet prior to each
farm visit and returned to the same packaging after collection. Two
members from the research team conducted all sampling. Depending
on the surface, either gauze cloths or electrostatic pads (Swiffer®:
Proctor & Gamble Company) were used for sample collection, as
in similar studies (Faires, Pearl, Berke, Reid-Smith, & Weese, 2013;
Hopman et al., 2011). Due to difficulties with electrostatic pads falling
apart when sampling rough surfaces, such as swine-area gates and pen
floors, gauze was used to sample these areas, whereas electrostatic
pads were used to sample smoother surfaces in worker breakrooms.
One team member rubbed a gauze cloth, moistened with ~5 ml of ster-
ile skim milk, over pre-determined areas in the swine environments.
Piglet faecal samples were collected from the floors of pens using the
same method. Electrostatic pads were rubbed over identified areas/
objects in the human environment. One control sample was collected
in the human environment on each farm by removing an electrostatic
pad in the breakroom and immediately returning it to its Whirl-Pak®.

2.3 | Culturing techniques

All samples were immediately refrigerated upon arrival at The Ohio
State University after each farm visit and processed within 24 hr
of collection. The sample cloth/pads were enriched in C. difficile
moxalactam norfloxacin (CDMN) selective enrichment broth with
0.1% sodium taurocholate, as previously described (Weese, Avery,
Rousseau, & Reid-Smith, 2009). Gauze and electrostatic pad samples
were fully saturated with 9 and 12 ml of CDMN broth, respectively,
and incubated in their collection Whirl-Paks® at 37°C for 7 days.
Following enrichment, 2 ml of the sample underwent an alcohol
shock, was centrifuged for 10 min at 3,800 g, and the resulting pellet
was transferred onto CDMN agar with 7% horse blood. These plates
were incubated anaerobically at 37°C for 48-72 hr. A single colony
with typical morphology was subcultured onto Columbia blood agar
(CBA) with 5% horse blood and incubated anaerobically at 37°C for
48 hr. Resulting colonies were evaluated by gram stain, colony mor-
phology, characteristic odour and L-proline aminopeptidase activity

as previously described (Knight, Squire, & Riley, 2014; Weese et al.,

TABLE 1 List of PCR primers used in
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2009); colonies that were suspected to be C. difficile underwent con-

firmatory testing.

2.4 | Molecular confirmation and characterization

DNA was extracted from fresh colonies grown on blood agar plates,
using a Qiagen DNeasy Blood & Tissue Kit (Qiagen). Isolates were con-
firmed as C. difficile through PCR amplification of the triose phosphate
isomerase (tpi) gene (Table 1), as previously described (Fry, Thakur,
Abley, & Gebreyes, 2012; Lemee et al., 2004). Isolates confirmed as
C. difficile were tested for the presence of tcdA, tcdB, cdtB and tcdC
to characterize toxigenic potential. TcdA- and tcdB-specific primers
(Table 1) were used in a multiplex PCR, as described previously (Lemee
et al., 2004). CdtB-specific primers (Table 1) were used to identify the
presence of the binary toxin gene according to a previously described
protocol (Stubbs et al., 2000). Samples that were negative for the
toxins or had a toxin profile inconsistent with the identified ribotype
were rechecked using the multiplex method by Persson, Torpdahl, and
Olsen (2008). All reactions and agarose gels were run alongside a re-
action with DNA from strain ATCC 9689 as a positive control, and a
reaction without DNA as a negative control. All isolates underwent
capillary electrophoresis PCR-ribotyping as previously described
(Fawley et al., 2015). International designations (i.e. ribotype 078)
were used for strains where reference strains were available; other-
wise new ribotype designation numbers were assigned.

Isolates were screened for the presence of the tcdC toxin neg-
ative regulator gene and a previously identified 39-bp deletion in
the gene (Fry et al., 2012). PCR was performed using tcdC-specific
primers (Table 1) that produced an amplicon < 364-bp if the regula-
tor sequence contained a deletion, following a previously described
protocol, with a modified annealing temperature of 53°C (Fry et al.,
2012). The PCR product was run on a 1.5% agarose gel for 2 hr to
differentiate products with a deletion from the fully intact 364-bp
product of the control. A subset of the isolates identified as contain-
ing a tcdC deletion (n = 33) were Sanger sequenced (GENEWIZ LLC)
to determine the size of the deletion.

A 5-min self-administered survey for farm managers was devel-

oped by the research team to obtain information about individual

this study Primer Amplicon

Gene Name Sequence (5'-3') (bp) References

tpi tpi-F AAAGAAGCTACTAAGGGTACAAA 230 Lemee et al.
tpi-R CATAATATTGGGTCTATTCCTAC (2004)

tcdA  tcdA-F  AGATTCCTATATTTACATGACAATAT 369 Lemee et al.
tcdA-R  GTATCAGGCATAAAGTAATATACTTT (2004)

tcdB  tcdB-F  GGAAAAGAGAATGGTTTTATTAA 160 Lemee et al.
tcdB-R  ATCTTTAGTTATAACTTTGACATCTTT (2004)

cdtB  cdtBpos CTTAATGCAAGTAAATACTGAG 510 Stubbs et al.
cdtBrev  AACGGATCTCTTGCTTCAGTC (2000)

tcdC  tcdC-F  TGAGGAGGTCATTTCTAACCA <364 O’Shaughnessy

tcdC-R

TCCAGACACAGCTAATCTTATTTGC
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farm characteristics and biosecurity practices, focusing on poten-
tial mechanisms and risk factors for C. difficile transmission (survey
available from the corresponding author). Surveys were provided to
farm managers, one per farm, in both English and Spanish, along with
a letter outlining the objectives of the study, and returned to the
research team by mail. All materials and protocols were approved
under the University Institutional Review Board (#2015H0027).

2.5 | Statistical analysis

Survey responses were uploaded into Stata 14.2 (StataCorp) and
coded in a binary fashion. For open-ended questions, the responses
were converted into binary variables. Questions regarding fre-
quency of cleaning practices were dichotomized (“weekly or more
frequent” or “less than weekly”), based on distribution of the data.
A binary variable for herd size was created based on the median re-
ported herd size of enrolled farms, referred to hereafter as small-
herd (<23,500 pigs weaned per year) and large-herd farms (223,500
pigs weaned per year). Farm-level survey variables were merged
with C. difficile isolation data.

Descriptive statistics were calculated for each variable. Mixed
effects logistic regression modelling with random intercept was per-
formed in Stata (xtmelogit) to determine associations between reported
farm characteristics and biosecurity protocols and the isolation of

C. difficile from environmental and faecal samples, while accounting for

No. samples
On-farm location Sample source collected
Overall® 445
Farrowing AllP 178
Floor 62
Gate 61
Piglet Faeces 55
Nursery All¢ 129
Floor 43
Gate 46
Piglet Faeces 40
Breakroom Alld 138
Floor 13
Counter/Table 18
Refrigerator 29
Door/Knob 22
Sink 22
Cabinet 13
Microwave 13
Other® 8

2Overall recovery ranged from 4%-68% (median: 48%) among farms.

clustering of samples at the farm level. To ensure adequate variability
in responses, variables were ineligible for analysis if the discordance in
responses was < 15%, meaning that the binary response frequency for a
variable had to be at least 1:5. A total of 21 variables were evaluated, in-
cluding on-farm sample location (i.e. farrowing, nursery or breakroom).

Univariable analyses with C. difficile recovery as the dependent
variable and variables from the survey as independent predictors,
were completed. Predictors with p < .20 in the univariable models
were eligible for inclusion in a multivariable model. Using a back-
wards selection process, all predictors that met the significance
criterion were evaluated, and variables were removed until all re-
maining predictors were significant (p < .05). After significant main
effects were determined, biologically plausible confounders were
re-introduced, and retained in the final model if there was a change

>20% of any model coefficient.

3 | RESULTS

From 13 Ohio swine farms, 445 total samples were collected from
farrowing rooms (n = 178), nursery rooms (n = 129) and worker break-
rooms (n = 138). Eight farms had both a nursery and farrowing room,
one farm only a nursery room and four farms only farrowing rooms.
All farms had a location that served as a worker breakroom. Twelve
of the 13 farms (92%) submitted a completed survey. Clostridioides

TABLE 2 Distribution of C. difficile
recovery across on-farm locations and
sample sources on Ohio swine farms
(N=13)

No. C. difficile iso-
lates recovered (%)

188 (42)
107 (60)
36 (58)
34 (56)
37 (67)
12 (9)
2(5)
3(7)
7 (18)
69 (50)
9 (69)
8 (44)
18 (62)
10 (46)
12 (55)
8(62)
4(31)
0(0)

PRecovery in farrowing room ranged from 23% to 100% (median: 53%) among farms.

‘Recovery in nursery rooms ranged from 0%-27% (median: 0%) among farms.
dRecovery in breakrooms ranged from 10%-90% (median: 59%) among farms.
€Other surfaces included toilets (n = 5), a phone, a toaster and a water cooler.
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difficile was recovered from all farms (n = 13), with an overall recov-
ery of 42% (188/445) from all samples (Table 2). At the farm-level, re-
covery ranged from 4%-68% (median 48%). Clostridioides difficile was
isolated from samples collected from all on-farm locations, includ-
ing farrowing rooms (60%, 107/178), breakrooms (50%, 69/138) and
nursery rooms (9%, 12/129) (Table 2). Within swine housing areas,
C. difficile was frequently recovered from piglet faecal samples and
environmental surfaces [farrowing: faecal (37/55; 67%), environmen-
tal (70/123; 57%); nursery: faecal (7/40; 18%), environmental (5/89;
7%); Table 2]. Across all worker breakrooms, C. difficile was cultured
in the greatest proportion from breakroom floors (9/13, 69%), refrig-
erators (18/29, 62%), cabinets (8/13, 61%) and sinks (12/22, 54%)
(Table 2).

Four of 20 survey variables were eligible for the multivariable

n o«

model (“farm type”, “unusual pig diarrhoea observed in the past two
weeks”, “weekly or more frequent cleaning of breakroom count-
ers” and “weekly or more frequent cleaning of human bathrooms”);
Table 3. Notably, “sample source” (i.e. environment, piglet faeces)
was not found to be a significant predictor of C. difficile recovery. In
the multivariable model, “farm type” was not significant. From the
final multivariable model, the odds of C. difficile recovery were sig-
nificantly greater for samples collected from farrowing rooms and
breakrooms than those collected from nursery rooms (OR = 40.5,
OR = 35.6 respectively; p < .001) (Table 4). Samples from farms that
reported weekly or more frequent cleaning of breakroom counters
and recent unusual pig diarrhoea had greater odds of recovering
C. difficile than those that did not report these practices and findings
(OR=11.7,p <.001; OR = 3.0, p = .003 respectively; Table 4). In con-
trast, large-herd farms had a significantly lower odds of C. difficile
recovery than small-herd farms (OR = 0.4, p = .01; Table 4).

Ninety percent (169/188) of all isolates were classified as toxi-
genic, and many isolates (142/188, 76%) contained all three toxin
genes (Table 5). A total of 181 C. difficile isolates were ribotyped and
six different ribotypes identified (078, 596, 412, 005, PR22379 and
PR22380). Seven isolates were unable to be ribotyped because they
were unable to be cultured from preserved specimens. Ribotype 078
was recovered from both the human and a swine environment on
>75% of farms (Table 5). This ribotype was recovered from all C. diffi-
cile-positive surface types sampled in breakrooms. Three other ribo-
types identified (412, 596 and 005) were recovered from a swine area
and the associated breakroom on at least one farm, each (Table 5).
Refrigerators, cabinets and sinks carried the greatest number of ri-
botypes among all surface types sampled in breakrooms (Table 5). A
truncation in tedC was detected in 74% (139/188) of all isolates recov-
ered, and all isolates in the subset sequenced (n = 33) were confirmed

to have a 39-bp deletion and identified as ribotype 078.

4 | DISCUSSION

We noted that breakrooms, where workers likely have high-risk
oral transmission behaviours (e.g., food and drink consumption),
were highly contaminated with toxigenic C. difficile, with recovered

WILEY--%

isolates similar to those recovered from areas that house pre-
weaned swine. Studies have suggested swine workers to be at in-
creased risk for C. difficile colonization, but limited studies to-date
have explored the possible sources of C. difficile acquisition within
the farm environment (Keessen et al., 2013). This study provides
an evaluation of the widespread presence of C. difficile in the
human environment on swine farms, suggesting potential trans-
mission from adjacent, and highly contaminated, swine-populated
rooms. Research on the contamination of worker breakrooms with
C. difficile on farms is an area that may have important findings for
public health and swine and worker safety, and in which there is
very limited prior research.

In this study, C. difficile was recovered from all farms (n = 13),
with an overall high recovery (42.3%). Although C. difficile in the
breakroom may originate from sources other than swine on the farm,
including food items, human faeces, water and soil, the proportion of
C. difficile-positive samples was higher than expected, and ribotypes
different than what would be expected if these non-swine sources
were solely responsible for the observed contamination. Previous
studies that also sampled with electrostatic pads recovered C. dif-
ficile from a drastically lower proportion of household (5.3%) and
hospital (6.4%) surfaces (Faires et al., 2013; Weese, Finley, Reid-
Smith, Janecko, & Rousseau, 2010). The previous study that used
identical methods to assess C. difficile recovery from surfaces in
84 households with pets (i.e. dogs, cats), recovered C. difficile from
a very low number of household surfaces (5%, 44/836), including
floors, kitchen sinks, kitchen countertops, refrigerators and toilets
(Weese et al.,2010). The greater proportion of C. difficile isolation
in this study suggests that the presence of swine, and neonates es-
pecially, in the farm setting is likely the cause of the increased con-
tamination of surfaces with C. difficile in farm breakrooms, although
cleaning practices and other differences cannot be discounted. The
contamination of the on-farm human environment reported in this
study highlights an area of the farm where workers are exposed to
C. difficile, but where they may not practice the same biosecurity
measures as when they are working in swine areas where C. difficile
contamination is expected.

Asreportedin other studies, we noted a large difference between
the recovery of C. difficile in farrowing (60%) and nursey rooms (9%)
(Fry et al., 2012; Keessen, Donswijk, et al., 2011; Keessen, Gaastra,
& Lipman, 2011). These data strongly support swine as the source of
C. difficile contamination in the swine areas, as has been suggested
by previous literature (Hopman et al., 2011). In both swine rooms,
C. difficile was recovered most often from piglet faeces, with gates
and floors of pens exhibiting a notably lower presence than faecal
samples. Workers and surfaces or objects (e.g. worker boots) that
have direct or indirect contact with swine faeces may easily become
mechanical vehicles for transmission of C. difficile between locations
on the swine farm, including between swine housing areas and the
breakroom.

In a similar proportion to farrowing rooms, C. difficile was fre-
quently isolated from breakroom surfaces (50%), and both farrowing
rooms and breakrooms had significantly greater odds of C. difficile
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TABLE 3 Univariable analysis of predictors of C. difficile recovery on 12 Ohio swine farms using a mixed effects logistic regression model

Odds ratio
No. samples No. samples (95% confidence
Predictors Response No. farms C. difficile+ (%) C. difficile- (%) interval) p-Value
Operation style Single site 3 161 (61) 0 (59) Referent .87
Multiple sites 9 101 (39) 8 (41) 0.9 (0.3,2.6)
Farm type® Farrow towean 5 121 (65) 6 (51) Referent 12
Farrow to finish 6 65 (35) (49) 0.6(0.3,1.1)
AIAO production method used in farrowing  No 2 181 (59) 6 (52) Referent .58
room” Yes 9 124 (41) 4(48) 0.8(0.3,2.0)
Recent unusual pig diarrhoea observed No 9 57 (48) 174 (67) Referent .09
(within past 2 weeks)” Yes 3 62 (52) 7(33) 2.2(0.9,5.4)
Animal on farm previously diagnosed with No 9 8 (48) 193 (64) Referent 2
C. difficile by veterinarian® Yes 2 41(52) 108 (36) 2.1(0.7,6.5)
Shower before entering/exiting barn No 4 155 (66) 8 (55) Referent 24
(5150)° Yes 7 0(34) 8 (45) 0.6(0.2, 1.4)
Virkon used to clean farrowingh No 6 6 (57) 111 (59) Referent .87
Yes 5 72(43) 76 (41) 1.1(0.5,2.2)
Bleach used to clean farrowingb No 7 68 (52) 139 (62) Referent 31
Yes 4 62 (48) 6(38) 1.4(0.7,2.9)
Tek-Trol® used to clean farrowingb No 6 70 (59) 137 (58) Referent 91
Yes 5 48 (41) 100 (42) 1.0(0.5,2.1)
Synergize® used to clean farrowing® No 6 88 (60) 119 (5 ) Referent .87
Yes 5 59 (40) 9 (43) 0.9 (0.5, 1.9)
Virkon® used to clean nursery® No 7 51 (65) 135 (64) Referent .87
Yes 2 (35) 7 (36) 0.9 (0.2, 3.6)
Bleach used to clean nurseryb No 7 47 (72) 139 (62) Referent 21
Yes 2 18 (28) 6(38) 0.4(0.1,1.7)
Tektrol used to clean nursery® No 6 4 (65) 142 (64) Referent .58
Yes 3 24 (35) 0 (36) 1.4(0.4,4.8)
Synergize used to clean nursery® No 4 112 (65) 74 (63) Referent 46
Yes 5 60 (35) (3 ) 0.7 (0.2, 2.0)
Swine area counters cleaned weekly or No 4 78 (60) 2 (68) Referent .66
more frequently® Yes 4 52 (40) 4(32) 1.2(0.5,3.0)
Swine corridors cleaned weekly or more No 8 72 (56) 159 (63) Referent 47
frequently Yes 4 56 (44) 3(37) 1.4(0.6, 3.6)
Breakroom counters cleaned weekly or No 3 168 (58) 45 (85) Referent 17
more frequently® Yes 8 120 (42) 8 (15) 2.1(0.7,6.2)
Bathroom cleaned weekly or more No 4 1 (54) 8 (66) Referent 12
frequently® Yes 5 7 (46) 45 (34) 2.1(0.8,5.1)
Sample source Environment - 144 (77) 206 (80) Referent 41
Faeces - 4 (23) 51 (20) 1.2 (0.8, 2.0)
Sampled from farrowing room?® No - 71 (40) 186 (70) Referent <.001
Yes - 107 (60) 81 (30) 3.5(2.3,5.3)
Sampled from breakroom? No - 69 (50) 188 (61) Referent .01
Yes - 69 (50) 119 (39) 1.8(1.1,2.7)
Herd size® <23,500 pigs 5 141 (60) 0(62) Referent .87
weaned per
year
223,500 pigs 5 94 (40) 55 (38) 1.1(0.4,1.9)

weaned per year

ap < .20, tested in the multivariable model.
One or more farm responses missing.



O’SHAUGHNESSY ET AL.

WILEY——

TABLE 4 Multivariable analysis of predictors of C. difficile recovery on 12 Ohio swine farms using a mixed effects logistic regression

model (n = 380 samples)

Adjusted odds ratio
Predictor Response (95% confidence interval)? p-Value®
Sample location Nursery Referent
Breakroom 35.6(11.2,113.1) <.001
Farrowing 40.5(13.1, 125.5) <.001
Breakroom counters cleaned weekly or more No Referent <.001
{ECIE Yes 117 (3.4, 39.6)
Recent unusual pig diarrhoea observed (within past No Referent .003
2 weeks) Yes 3.0(1.4,6.3)
Herd size <23,500 pigs weaned per Referent .01
year
>23,500 pigs weaned per 0.4 (0.2,0.8)
year

2Controlling for “bathroom cleaned weekly or more frequently”.

TABLE 5 Source and molecular characterization of C. difficile isolates (n = 188) recovered from the farm environmental and piglet faecal

samples on 13 Ohio swine farms

Ribotype No. Farm ID On-farm location
078 141 1,3,5,6,7,8,9,11,12,13 Farrowing
5,10,12,13 Nursery

1,2,3,4,5,6,7,8,9,11,12,13 Breakroom

412 21 4 Farrowing
4,5 Breakroom
596 11 2,5 Farrowing
2 Breakroom
005 6 10 Farrowing
13 Nursery
10 Breakroom
PR22379 1 8 Breakroom
PR22380 1 12 Farrowing
NRT? 7 5 Nursery
3,5 Breakroom

2Not PCR-ribotyped; unable to be cultured from preserved specimens.

recovery as compared to nursery rooms. Breakroom cleaning prac-
tices may have contributed to the high C. difficile contamination of
the breakrooms if sporicidal disinfectants were used improperly or

not at all. Unexpectedly, the self-reported more frequent cleaning

Sample source tcdA tcdB cdtB tcdC
Piglet faeces, floor, Pos. Pos. Pos. Intact (3)
gate Truncation (138)

Piglet faeces, floor,
gate

Floor, counter/
table, refrigera-
tor, door/knobs,
sink, cabinet,
microwave

Piglet faeces, floor, Pos. Pos. Neg. Intact
gate

Counter/table,
refrigerator, door/
knobs, cabinet,
sink, microwave

Piglet faeces, floor, Neg. Neg. Neg Neg.
gate

Floor, refrigerator

Piglet faeces, floor Pos. Pos. Neg. Intact (6)
Piglet faeces
Cabinet
Sink Pos. Pos. Pos. Truncation
Gate Neg. Neg. Neg. Neg.
Piglet faeces, gate Neg. Neg. Neg. Neg.
Door/knobs,

cabinet

of breakroom counters was significantly associated with a higher
odds of overall C. difficile recovery than less frequent cleaning. This
association may have been driven by farms with higher C. difficile

recovery cleaning their breakrooms more often in response to prior
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or current issues with infectious diseases (including C. difficile) or dis-
infecting breakroom surfaces using products or methods ineffective
in the killing or removal of spores.

A comparison of the ribotypes recovered in this study further
suggest the important role swine housing environments may play
in the C. difficile contamination of adjacent worker breakrooms. The
same C. difficile ribotypes recovered from most farm breakrooms
were also recovered from at least one swine environment on those
same farms. This finding was perhaps unsurprising, as there was
minimal physical separation between these areas (e.g., breakrooms
were often only separated from the swine environment by a door or
less), heavily relying on procedural separation and related practices
(e.g., use of personal protective equipment, hand hygiene) to reduce
the movement of pathogens from one area to the other.

Three ribotypes identified in the swine and breakroom envi-
ronments, 078, 005 and 412, have been previously associated with
human CDI (Cheng et al., 2016; Fawley et al., 2016). In this study,
ribotype 078 accounted for the majority of isolates recovered.
Ribotype 078 is highly associated with CA-CDI human infections in
the United States, Taiwan, the Netherlands and Canada (CDC, 2013;
Goorhuis et al., 2008; Hung et al., 2016; Mulvey et al., 2010; Rupnik,
2010; Solomon et al., 2013). Furthermore, specifically C. difficile ri-
botype 078 with a 39-bp deletion in tcdC, cultured from swine faeces
in previous literature as well as in this study, has also been previously
implicated in human CDI (Fry et al., 2012; Hung et al., 2016). A 39-bp
deletion in tcdC has been used as a “surrogate marker” to identify a
hypervirulent strain of C. difficile ribotype 027 (i.e. BI/NAP1/027),
which is likely caused by a single-nucleotide mutation at position
117 in the gene, resulting in a premature stop codon and a trun-
cated gene product (Curry et al., 2007; Sloan, Duresko, Gustafson,
& Rosenblatt, 2008). It is possible that this deletion may mark a
similar potential for hypervirulence among isolates of ribotype 078,
although the relevance of the deletion in this ribotype is still being
explored (Persson et al., 2008). Ribotype 005 has also been impli-
cated in human infections, identified through national surveillance
systems in many countries, including Germany, the United Kingdom
and Australia, and ribotype 412 has been cultured from patients with
CDl in Italy (Cheng et al., 2016; Fawley et al., 2016; Reil et al., 2011;
Sisto et al., 2014). As such, identifying ribotypes 078, 005 and 412 in
breakrooms in this study is a potential public health concern.

Surprisingly, large-herd farms had significantly lower odds of
C. difficile recovery as compared to farms with fewer swine. This
association is contradictory to associations commonly found be-
tween farm herd-size and the prevalence of other highly studied
enteric pathogens (e.g., Salmonella, Campylobacter, Escherichia coli
0157:H7) (Adesiyun et al., 2014; Guerin et al., 2007; Worley et
al., 2017). It may be that the swine farms in this study with larger
herds had more stringent hygiene and biosecurity protocols in
place or greater worker adherence to such protocols than those
with smaller herds. In this study, antibiotic use on farms, biose-
curity practices, including shower-in-shower-out (SISO) protocols
and all-in-all-out (AIAO) production methods in both farrowing
and nursery rooms, were not found to be significantly associated

with the recovery of C. difficile due to the small number of enrolled
farms and subsequent low variability in these self-reported fac-
tors between farms. Although the relationships between specific
personal worker hygiene practices and C. difficile recovery were
not addressed by this research, the transmission of pathogens
from the pre-weaned swine to the human environment may be
disrupted through more consistent use of PPE and handwashing
by workers.

A limitation of this study is the utilization of a convenience
sample of swine farms, thus the results of this study may not be
generalizable to farms outside the study group. Additionally, se-
lection bias may have influenced our results if farms that were
less-impacted by C. difficile were more willing to participate in this
study. The recovery of C. difficile in swine areas may be underesti-
mated, as electrostatic pads are the preferred and likely more sen-
sitive method for sampling surfaces for pathogens as compared to
moistened gauze cloths (Faires et al., 2012; Ruple-Czerniak, Bolte,
Burgess, & Morley, 2014). Despite this limitation, the pattern and
frequency with which C. difficile was found in swine areas, sam-
pled with moistened gauze, was comparable to the findings of pre-
vious studies (e.g. proportion of C. difficile recovered from faeces
of swine of similar ages; Arruda, 2014; Schneeberg et al., 2013).
Although, the modelling of C. difficile recovery was performed at
the sample level, allowing for a large sample size (n = 445), the
hierarchical nature of the data with such a low number of enrolled
farms and low variability in farm-level variables likely limited the
study power. Furthermore, although the survey response was high
(92.3%, 12/13), high non-response to individual questions lead to
the omission of variables when modelling predictors of C. difficile
recovery.

Despite these limitations, this study serves as an important
step to guide future investigation into swine and farm worker risk
for C. difficile colonization or CDI, as it identified likely import-
ant factors associated with C. difficile presence on farms that may
serve as reasonable targets for future interventions. This study
demonstrated C. difficile to be highly prevalent in swine farm
breakrooms and identified C. difficile ribotypes present in both
swine and the human environment on farms that are implicated in
human CDI. Finally, this study provides a basis on which to further
clarify the potential (and associated routes) for zoonotic transmis-
sion of C. difficile on swine farms.

ACKNOWLEDGEMENTS

The authors thank Yiannis Sotiropolous, Lohendy Munoz-Vargas and
Janet Munyalo for their work in sample collection and processing,
as well as the Ohio farm managers and workers that participated in
this study.

CONFLICTS OF INTEREST

No conflicts of interest exist.



O’SHAUGHNESSY ET AL.

ORCID

J. Scott Weese https://orcid.org/0000-0003-1896-1937

Jason W. Stull https://orcid.org/0000-0002-9028-8153

REFERENCES

Adesiyun, A., Webb, L., Musai, L., Louison, B., Joseph, G., Stewart-
Johnson, A, ... Rodrigo, S. (2014). Survey of Salmonella contamina-
tion in chicken layer farms in three Caribbean countries. Journal of
Food Protection, 77(9), 1471-1480. https://doi.org/10.4315/0362-
028X.JFP-14-021

Arruda, P. H. E. (2014). Clostridium difficile infection in neonatal piglets:
Pathogenesis, risk factors, and prevention. lowa State University.
Graduate Theses and Dissertations Digital Repository.

Cheng, A. C., Collins, D. A., Elliott, B., Ferguson, J. K., Paterson, D. L.,
Thean, S., & Riley, T. V. (2016). Laboratory-based surveillance of
Clostridium difficile circulating in Australia, September - November
2010. Pathology, 48(3), 257-260. https://doi.org/10.1016/j.
pathol.2016.02.005

Curry, S. R., Marsh, J. W., Muto, C. A, O’Leary, M. M., Pasculle, A. W., &
Harrison, L. H. (2007). tcdC genotypes associated with severe TcdC
truncation in an epidemic clone and other strains of Clostridium
difficile. Journal of Clinical Microbiology, 45(1), 215-221. https://doi.
org/10.1128/JCM.01599-06

Faires, M. C., Pearl, D. L., Berke, O., Reid-Smith, R. J., & Weese, J. S.
(2013). The identification and epidemiology of meticillin-resistant
Staphylococcus aureus and Clostridium difficile in patient rooms and
the ward environment. BMC Infectious Diseases, 13(1), https://doi.
org/10.1186/1471-2334-13-342

Faires, M. C., Pearl, D. L., Ciccotelli, W. A,, Straus, K., Zinken, G., Berke, O.,
... Weese, J. S. (2012). A prospective study to examine the epidemi-
ology of methicillin-resistant Staphylococcus aureus and Clostridium
difficile contamination in the general environment of three commu-
nity hospitals in southern Ontario. Canada. BMC Infectious Diseases,
12, https://doi.org/10.1186/1471-2334-12-290

Fawley, W. N., Davies, K. A., Morris, T., Parnell, P., Howe, R., &
Wilcox, M. H. (2016). Enhanced surveillance of Clostridium diffi-
cile infection occurring outside hospital, England, 2011 to 2013.
Eurosurveillance, 21(29), 1-10. https://doi.org/10.2807/1560-7917.
ES.2016.21.29.30295

Fawley, W. N., Knetsch, C. W., MacCannell, D. R., Harmanus, C., Du,
T., Mulvey, M. R, ... Wilcox, M. H. (2015). Development and vali-
dation of an internationally-standardized, high-resolution capillary
gel-based electrophoresis PCR-ribotyping protocol for Clostridium
difficile. PLoS ONE, 10(2), e0118150. https://doi.org/10.1371/journ
al.pone.0118150

Fekety, R., Kim, K. H., Brown, D., Batts, D. H., Cudmore, M., & Silva,
J. (1981). Epidemiology of antibiotic-associated colitis; iso-
lation of Clostridium difficile from the hospital environment.
The American Journal of Medicine, 70(4), 906-908. https://doi.
org/10.1016/0002-9343(81)90553-2

Fry, P. R., Thakur, S., Abley, M., & Gebreyes, W. A. (2012). Antimicrobial
resistance, toxinotype, and genotypic profiling of Clostridium dif-
ficile isolates of swine origin. Journal of Clinical Microbiology, 50(7),
2366-2372. https://doi.org/10.1128/JCM.06581-11

Goorhuis, A., Debast, S. B., van Leengoed, L. A. M. G., Harmanus,
C., Notermans, D. W., Bergwerff, A. A., ... Songer, J. G. (2008).
Clostridium difficile PCR ribotype 078: An emerging strain in humans
and in pigs? Journal of Clinical Microbiology, https://doi.org/10.1128/
JCM.01536-07

Guerin, M. T., Martin, W.,, Reiersen, J., Berke, O., McEwen, S. A., Bisaillon,
J.-R., & Lowman, R. (2007). A farm-level study of risk factors

WILEY--%

associated with the colonization of broiler flocks with Campylobacter
spp. in Iceland, 2001-2004. Acta Veterinaria Scandinavica, 49(1), 18.
https://doi.org/10.1186/1751-0147-49-18

Hopman, N. E. M., Keessen, E. C., Harmanus, C., Sanders, I. M. J. G,
van Leengoed, L. A. M. G,, Kuijper, E. J., & Lipman, L. J. A. (2011).
Acquisition of Clostridium difficile by piglets. Veterinary Microbiology,
149(1-2), 186-192. https://doi.org/10.1016/j.vetmic.2010.10.013

Hung, Y.-P., Huang, I.-H., Lin, H.-J.,, Tsai, B.-Y., Liu, H.-C., Liu, H.-C,, ...
Ko, W.-C. (2016). Predominance of Clostridium difficile Ribotypes
017 and 078 among Toxigenic Clinical Isolates in Southern Taiwan.
PLoS ONE, 11(11), e0166159. https://doi.org/10.1371/journ
al.pone.0166159

Janezic, S., Zidaric, V., Pardon, B., Indra, A., Kokotovic, B., Blanco, J., ...
Rupnik, M. (2014). International Clostridium difficile animal strain
collection and large diversity of animal associated strains. BMC
Microbiology, 14(1), https://doi.org/10.1186/1471-2180-14-173

Keessen, E. C., Donswijk, C. J., Hol, S. P., Hermanus, C., Kuijper, E. J., &
Lipman, L. J. A. (2011). Aerial dissemination of Clostridium difficile
on a pig farm and its environment. Environmental Research, 111(8),
1027-1032. https://doi.org/10.1016/j.envres.2011.09.014

Keessen, E. C., Gaastra, W., & Lipman, L. J. A. (2011). Clostridium
difficile infection in humans and animals, differences and sim-
ilarities. Veterinary ~ Microbiology, https://doi.org/10.1016/j.
vetmic.2011.03.020

Keessen, E. C., Harmanus, C., Dohmen, W.,, Kuijper, E. J., & Lipman, L. J.
A. (2013). Clostridium difficile infection associated with pig farms.
Emerging Infectious Diseases, 19(6), 1032. https://doi.org/10.3201/
€id1906.121645

Knetsch, C., Connor, T., Mutreja, A., van Dorp, S., Sanders, |., Browne,
H., ... Lawley, T. (2014). Whole genome sequencing reveals potential
spread of Clostridium difficile between humans and farm animals in
the Netherlands, 2002 to 2011. Eurosurveillance, 19(45), 1-12. https
://doi.org/10.2807/1560-7917.ES2014.19.45.20954

Knetsch, C. W., Kumar, N., Forster, S. C., Connor, T. R., Browne, H. P,,
Harmanus, C.,... Lawley, T. D. (2017). Zoonotic transfer of Clostridium
difficile harboring antimicrobial resistance between farm animals and
humans. Journal of Clinical Microbiology, December, JCM.01384-17.
https://doi.org/10.1128/JCM.01384-17

Knight, D. R., Squire, M. M., & Riley, T. V. (2014). Laboratory de-
tection of Clostridium difficile in piglets in Australia. Journal of
Clinical Microbiology, 52(11), 3856-3862. https://doi.org/10.1128/
JCM.01225-14

Lemee, L., Dhalluin, A., Testelin, S., Mattrat, M. A, Maillard, K., Lemeland,
J. F., & Pons, J. L. (2004). Multiplex PCR targeting TPI (triose phos-
phate isomerase), tcdA (toxin A), and tcdB (toxin B) genes for toxigenic
culture of Clostridium difficile. Journal of Clinical Microbiology, 42(12),
5710-5714. https://doi.org/10.1128/JCM.42.12.5710-5714.2004

Lessa, F.C.,Mu, Y., Bamberg, W. M., Beldavs, Z. G., Dumyati, G. K., Dunn,
J.R., ... McDonald, L. C. (2015). Burden of Clostridium difficile infec-
tion in the United States. New England Journal of Medicine, 372(9),
825-834. https://doi.org/10.1056/NEJM0a1408913

McDonald, L. C., Coignard, B., Dubberke, E., Song, X., Horan, T., & Kutty,
P. K. (2007). Recommendations for surveillance of clostridium dif-
ficile-associated disease. Infection Control & Hospital Epidemiology,
28(02), 140-145. https://doi.org/10.1086/511798

Persson, S., Torpdahl, M., & Olsen, K. E. P. (2008). New multiplex PCR
method for the detection of Clostridium difficile toxin A (tcdA) and
toxin B (tcdB) and the binary toxin (cdtA/cdtB) genes applied to a
Danish strain collection. Clinical Microbiology and Infection, 14(11),
1057-1064. https://doi.org/10.1111/j.1469-0691.2008.02092.x

Reil, M., Erhard, M., Kuijper, E. J., Kist, M., Zaiss, H., Witte, W.,, ...
Borgmann, S. (2011). Recognition of Clostridium difficile PCR-ribo-
types 001, 027 and 126/078 using an extended MALDI-TOF MS
system. European Journal of Clinical Microbiology & Infectious Diseases,
30(11), 1431. https://doi.org/10.1007/s10096-011-1238-6


https://orcid.org/0000-0003-1896-1937
https://orcid.org/0000-0003-1896-1937
https://orcid.org/0000-0002-9028-8153
https://orcid.org/0000-0002-9028-8153
https://doi.org/10.4315/0362-028X.JFP-14-021
https://doi.org/10.4315/0362-028X.JFP-14-021
https://doi.org/10.1016/j.pathol.2016.02.005
https://doi.org/10.1016/j.pathol.2016.02.005
https://doi.org/10.1128/JCM.01599-06
https://doi.org/10.1128/JCM.01599-06
https://doi.org/10.1186/1471-2334-13-342
https://doi.org/10.1186/1471-2334-13-342
https://doi.org/10.1186/1471-2334-12-290
https://doi.org/10.2807/1560-7917.ES.2016.21.29.30295
https://doi.org/10.2807/1560-7917.ES.2016.21.29.30295
https://doi.org/10.1371/journal.pone.0118150
https://doi.org/10.1371/journal.pone.0118150
https://doi.org/10.1016/0002-9343(81)90553-2
https://doi.org/10.1016/0002-9343(81)90553-2
https://doi.org/10.1128/JCM.06581-11
https://doi.org/10.1128/JCM.01536-07
https://doi.org/10.1128/JCM.01536-07
https://doi.org/10.1186/1751-0147-49-18
https://doi.org/10.1016/j.vetmic.2010.10.013
https://doi.org/10.1371/journal.pone.0166159
https://doi.org/10.1371/journal.pone.0166159
https://doi.org/10.1186/1471-2180-14-173
https://doi.org/10.1016/j.envres.2011.09.014
https://doi.org/10.1016/j.vetmic.2011.03.020
https://doi.org/10.1016/j.vetmic.2011.03.020
https://doi.org/10.3201/eid1906.121645
https://doi.org/10.3201/eid1906.121645
https://doi.org/10.2807/1560-7917.ES2014.19.45.20954
https://doi.org/10.2807/1560-7917.ES2014.19.45.20954
https://doi.org/10.1128/JCM.01384-17
https://doi.org/10.1128/JCM.01225-14
https://doi.org/10.1128/JCM.01225-14
https://doi.org/10.1128/JCM.42.12.5710-5714.2004
https://doi.org/10.1056/NEJMoa1408913
https://doi.org/10.1086/511798
https://doi.org/10.1111/j.1469-0691.2008.02092.x
https://doi.org/10.1007/s10096-011-1238-6

O'SHAUGHNESSY ET AL.

7 | wiLEy

Ruple-Czerniak, A., Bolte, D. S., Burgess, B. A., & Morley, P. S. (2014).
Comparison of two sampling and culture systems for detection of
Salmonella enterica in the environment of a large animal hospital.
Equine Veterinary Journal, https://doi.org/10.1111/evj.12193

Rupnik, M. (2010). Clostridium difficile: (Re)emergence of zoonotic
potential. Clinical Infectious Diseases, 51, 583-584. https://doi.
org/10.1086/655693

Schneeberg, A., Neubauer, H., Schmoock, G., Baier, S., Harlizius, J.,
Nienhoff, H., ... Seyboldt, C. (2013). Clostridium difficile genotypes in
piglet populations in Germany. Journal of Clinical Microbiology, 51(11),
3796-3803. https://doi.org/10.1128/JCM.01440-13

Sisto, F., Maraschini, A., Fabio, G., Serafino, S., Zago, M., Maddalena
Scaltrito, M., & Castaldi, S. (2014). Isolation and Characterization of
a new clostridium difficile ribotype during a prospective study in a
hospital in Italy. Current Microbiology, 70, 151-153.

Sloan, L. M., Duresko, B. J., Gustafson, D. R., & Rosenblatt, J. E. (2008).
Comparison of real-time PCR for detection of the tcdC gene with
four toxin immunoassays and culture in diagnosis of Clostridium
difficile infection. Journal of Clinical Microbiology, 46(6), 1996-2001.
https://doi.org/10.1128/JCM.00032-08

Stubbs, S., Rupnik, M., Gibert, M., Brazier, J., Duerden, B., & Popoff,
M. (2000). Production of actin-specific ADP-ribosyltrans-
ferase (binary toxin) by strains of Clostridium difficile. FEMS
Microbiology Letters, 186(2), 307-312. https://doi.org/10.1016/
50378-1097(00)00162-2

Weese, J. S., Avery, B. P, Rousseau, J., & Reid-Smith, R. J. (2009).
Detection and enumeration of Clostridium difficile spores in retail
beef and pork. Applied and Environmental Microbiology, 75(15), 5009~
5011. https://doi.org/10.1128/AEM.00480-09

Weese, J. S., Finley, R., Reid-Smith, R. R., Janecko, N., & Rousseau, J.
(2010). Evaluation of Clostridium difficile in dogs and the household
environment. Epidemiology and Infection, 138(8), 1100-1104. https://
doi.org/10.1017/50950268809991312

Worley, J. N., Flores, K. A., Yang, X., Chase, J. A, Cao, G, Tang, S., ...
Atwill, E. R. (2017). Prevalence and genomic characterization of
Escherichia coli O157:H7 in Cow- Calf Herds throughout California.
Applied and Environmental Microbiology, 83(16), 1-15. https://doi.
org/10.1128/AEM.00734-17

How to cite this article: O’'Shaughnessy RA, Habing GG,
Gebreyes WA, et al. Clostridioides difficile on Ohio swine farms
(2015): A comparison of swine and human environments and
assessment of on-farm risk factors. Zoonoses Public Health.
2019;66:861-870. https://doi.org/10.1111/zph.12637



https://doi.org/10.1111/evj.12193
https://doi.org/10.1086/655693
https://doi.org/10.1086/655693
https://doi.org/10.1128/JCM.01440-13
https://doi.org/10.1128/JCM.00032-08
https://doi.org/10.1016/S0378-1097(00)00162-2
https://doi.org/10.1016/S0378-1097(00)00162-2
https://doi.org/10.1128/AEM.00480-09
https://doi.org/10.1017/S0950268809991312
https://doi.org/10.1017/S0950268809991312
https://doi.org/10.1128/AEM.00734-17
https://doi.org/10.1128/AEM.00734-17
https://doi.org/10.1111/zph.12637

Copyright of Zoonoses & Public Health is the property of Wiley-Blackwell and its content
may not be copied or emailed to multiple sites or posted to alistserv without the copyright
holder's express written permission. However, users may print, download, or email articles for
individual use.



