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ABSTRACT Salmonella enterica and Escherichia
coli are bacteria of concern to veterinary public
health and poultry health. Our research aimed to
determine the factors associated with S. enterica
and E. coli in commercial broiler chicken barns
during the rest period between flocks to identify the
best methods of sanitation for bacterial load
reduction. This involved collecting samples from
September 2015 to July 2016 from the floors of
36 barns before sanitation (baseline) and at 2 time
intervals after sanitation, followed by microbiolog-
ical and molecular analysis. A priori variables of
interest included sanitation procedure (dry clean-
ing, wet cleaning, disinfection), sampling point
(baseline, 2 d after sanitation, 6 d after sanitation),
and flooring type (concrete, wood). The odds of
detecting S. enterica were higher on wooden floors
that were wet-cleaned than on concrete floors that
were dry-cleaned, lower in the winter and spring
than in the fall, and lower when samples were
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collected 2 d and 6 d after sanitation than at
baseline. For E. coli, the concentration was higher
on wooden floors than on concrete floors and in the
summer than in the fall, and it was lower in post-
sanitation samples from disinfected barns than in
presanitation samples from dry-cleaned barns and
in the winter than in the fall. Among E. coli iso-
lates, factors associated with the presence of
qacED1, a gene associated with resistance to qua-
ternary ammonium compounds, included sanitation
procedure, flooring type, cycle length, and the
number of times per yr the barn is disinfected. Our
findings highlight the importance of cleaning after
litter removal, although the sanitation procedure
chosen might differ depending on which pathogen is
present and causing disease issues; dry cleaning
appears to be preferable for S. enterica control,
especially in barns with wooden floors, whereas
disinfection appears to be preferable for E. coli
reduction.
Key words: Salmonella enterica, Escherich
ia coli, sanitation, broiler chicken, Ontario
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INTRODUCTION

Escherichia coli and Salmonella enterica are pathogens
of concern to poultry and public health. Avian pathogenic
E. coli is the cause of colibacillosis in chickens and has a
major impact on the poultry industry worldwide (Ron,
2006; Stacy et al., 2014). The feces of healthy chickens
are a possible reservoir for Avian pathogenic E. coli
strains (Ewers et al., 2009; Kemmett et al., 2013). In
humans, nontyphoidal S. enterica are a leading cause of
foodborne gastrointestinal illnesses worldwide (Marcus,
2008; Chen et al., 2013). In poultry, infection with S.
enterica can cause decreased production and mortality,
resulting in economic losses to the producer (Park et al.,
2011). S. enterica are found in a wide range of animal res-
ervoirs, with broiler chicken flocks being a main reservoir
and a common source of transmission to humans (Velge
et al., 2005; Foley et al., 2008; Tabo et al., 2013). S. enter-
ica contamination in broiler flocks has been attributed to
farm structure and management, inadequate hygiene
(Nayak et al., 2003; Liljebjelke et al., 2005; Gast, 2007),
and contamination in the previous flock (Rose et al.,
1999, 2003; Nayak et al., 2003; Cardinale et al., 2004;
Liljebjelke et al., 2005; Gast, 2007; Volkova et al., 2010).
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S. enterica are often difficult to control because of the
fact that they can remain viable in the poultry environ-
ment for extended periods of time (Williams and Benson,
1978; Davies and Wray, 1996; Chen et al., 2013;
Rajagopal and Mini, 2013) and the multiple potential
contamination sources (Voss-Rech et al., 2015).
Currently, the measures used to control S. enterica
vary depending on the country. Although cleaning and
disinfection has been shown to significantly reduce S.
enterica contamination in broiler houses (Garber et al.,
2003), the efficacy is often variable.

TheChickenFarmersofCanada’sOn-FarmFoodSafety
Assurance Program (Safe, Safer, Safest) dictates that
chicken producers must remove all litter and dry-clean
the barn after shipping each flock; furthermore, wet clean-
ing and disinfection must be conducted at least once per
yr (Chicken Farmers of Canada, 2018). Common classes
of disinfectants used in the commercial chicken industry
include peroxides, phenolics, quaternary ammonium com-
pounds (QACs), and aldehydes (Van Immerseel et al.,
2009). Disinfectants applied at the optimal concentration
have a lethal effect on the target bacteria, and the develop-
mentof resistantmutants isunlikely (Karatzas etal., 2007).
Common reasons for sublethal concentrations reaching
target sites on bacteria include the presence of organicmat-
ter, incorrect application of the disinfectant (McLaren
et al., 2011), water hardness, the presence of biofilm, and
low temperatures (Taylor and Holah, 1996; Gradel et al.,
2004; Lapidot et al., 2006). Sublethal concentrations create
a selection pressure that, over time, drives the bacteria to
acquire resistance genes or adapt in some way to the disin-
fectant agents (Hegstad et al., 2010). The frequent use and
misuse of QACs for disinfecting barns has led to the emer-
gence of resistant pathogenic and nonpathogenic bacteria
(Langsrud et al., 2003; Tabata et al., 2003; Buffet-
Bataillon et al., 2012). Genes associated with resistance to
QACs, including qacED1and sugE(p), havebeen identified
in E. coli isolates (Zou et al., 2014) as well as other gram-
negative organisms (Ploy et al., 1998; K€ucken et al., 2000;
Li et al., 2010).

To date, there have been no studies conducted in Can-
ada, and very few worldwide, to determine the effect of
sanitation on the presence of S. enterica and E. coli in
commercial broiler barns. Thus, the objectives of this
study were to 1) determine how S. enterica and E. coli
are affected by the current barn cleaning and disinfection
procedures recommended to broiler producers by the
poultry industry in Ontario, with a special focus on sanita-
tion procedures, rest period, and flooring type, and 2)
identify factors associated with the presence of the QAC
resistance genes qacED1 and sugE(p) in E. coli isolates.
MATERIALS AND METHODS

Barn Recruitment and Sanitation
Procedures

The study was originally designed as a field experi-
ment, in which sections of the floors of 2-story commer-
cial broiler chicken barns (with concrete flooring on the
lower level and wooden flooring on the upper level)
were to be subjected to 3 different sanitation procedures
(described in the following part of the article). Under
this design, 30 barns were required based on a confidence
of 90%, power of 80%, 2 to 1 ratio (cleaning vs. no clean-
ing), and proportion of samples in the noncleaned and
cleaned sections with E. coli concentrations �6 log of
60 and 15%, respectively. However, it was necessary to
change the design to a cohort study with presanitation
and postsanitation visits (described in the following
part of the article) to accommodate the producers’ clean-
ing procedures and schedules. With the existing budget,
we were able to increase the number of barns to 36, tar-
geting equal numbers in each sanitation group. Because
of low enrollment of 2-story barns, barns with any num-
ber of stories were made eligible to participate. For logis-
tical reasons, only barns in southern Ontario were
considered for inclusion in the study. The number of
barns enrolled per farm premise was limited to 1,
although if a producer had more than 1 premise,
1 barn from each premise was eligible for enrollment.
Producers were recruited by field representatives of

the Chicken Farmers of Ontario (provincial chicken mar-
keting board) during farm visits for unrelated purposes,
by research teammembers at producer meetings, by feed
representatives, and by word-of-mouth by participating
producers.
Upon recruitment, basic information was collected:

barn dimensions, address, flock shipment date, and the
sanitation procedure the producer planned to complete.
At this time, a baseline sampling date was arranged or a
subsequent contact date was set up. The study was con-
ducted over an 11-mo period from September 2015 to
July 2016.
The producer was asked to clean all stories of the barn

using their normal protocol, and then the barn was cate-
gorized into 1 of 3 sanitation groups: dry cleaning only
(hereafter referred to as dry cleaning); dry cleaning fol-
lowed by wet cleaning (hereafter referred to as wet clean-
ing); or dry cleaning followed by wet cleaning followed
by disinfection (hereafter referred to as disinfection).
In Canada, regardless of the sanitation procedure used,
the litter is removed from the barn after each flock before
sanitation. Dry cleaning normally involves blowing the
dust from the ceiling, walls, floor, and fans of the barn
with a backpack blower after litter removal, with or
without sweeping the floor afterwards.Wet cleaning nor-
mally involves power washing the barn with pressurized
water (usually with a detergent) after the dry cleaning
step. Disinfection normally involves spraying, foaming,
or fogging the barn with a disinfectant after the wet
cleaning step. If the sanitation procedure performed by
the producer did not include all the normal steps (e.g.,
if the wet cleaning step was skipped before disinfection),
the barn was categorized based on the final step of the
sanitation procedure, as the final step would be expected
to have the greatest impact on pathogen load. This also
eliminated the need to create additional categories of
unique sanitation procedures comprised of very few
barns.
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Questionnaire

A basic questionnaire, administered through a face-to-
face interview with the producer, was used to gather
data about the sanitation procedure. It included ques-
tions related to who performed the procedure (producer,
employee, company); the areas cleaned (ceiling, walls,
floor, feed lines and feed pans, water lines); products
used and concentration (when applicable); method of
application (backpack blower, sweep, or other for dry
cleaning; spray or foam for wet cleaning; spray, foam,
or fog for disinfection); relative water temperature
(cold vs. warm or hot); use of a pressure washer (when
applicable); and time (in h) between each major step
in the procedure. Other questions included whether
anyone entered the barn after the sanitation procedure
had been completed and historical cleaning and disinfec-
tion (sanitation procedure used after the previous flock,
number of times the barn is wet-cleaned per yr, number
of times the barn is disinfected per yr). If a producer was
unsure of the answer, the research team attempted to
obtain the information in another way (e.g., reading
the label on the disinfectant container and recording
the active ingredient(s) listed). The flock and barn char-
acteristics previously provided by the producer during
barn enrollment, such as the cycle length (8, 9, 10, 12
wk), number of stories (1, 2, 3), and flooring type of
each level (concrete, wood), were verified at the first
visit.

Sample Collection

Samples were collected at 3 different time points
(hereafter referred to as sampling point): 1) baseline,
which was after litter removal and before any cleaning
had taken place; 2) 2 d after the final step of the sanita-
tion procedure had taken place; and 3) 6 d after the final
step of the sanitation procedure had taken place
(Figure 1). It should be noted that the elapsed time be-
tween the baseline and the 2-day and 6-day sampling
Figure 1. Timeline of major steps in the cleaning and sampling pro-
cess in a study that investigated factors associated with the presence
of S. enterica and the concentration of E. coli in samples collected
from the floor(s) of commercial broiler chicken barns in Ontario during
the rest period. DRY: Dry cleaning (dry cleaning only);WET: wet clean-
ing (dry cleaning followed by wet cleaning); DIS: disinfection (dry clean-
ing followed by wet cleaning followed by disinfection). 0d: baseline
sampling; 2 d: sampling 2 d after the final step of the sanitation proced-
ure; 6d: sampling 6 d after the final step of the sanitation procedure.
points differed between sanitation procedures, as a full
disinfection takes longer than a dry or wet clean.

Before visiting the barn, and using the barn dimen-
sions provided by the producer, each floor was divided
into 4 equal sections. Within each section, a 1-m2 sam-
pling area was generated based on a random width and
length provided by Microsoft Office Excel 2007 (Micro-
soft Corporation, Redmond, WA). This made a total
of 4 randomly selected 1-m2 sampling areas per floor,
which allowed us to account for the variability and
complexity of pathogens under field conditions. For
multistory barns, each floor had 4 different sampling
areas to reduce any potential bias of the spots chosen.
Upon the first visit to the barn, after donning personal
protective equipment (disposable boots, coveralls, and
caps), the sampling areas were identified using a 2300
Laser Distance Measuring device (Johnson Level &
Tool Mfg. Co., Inc., Mequon, WI). The sampling areas
were marked with Fluorescent Red Orange Marking
Spray Paint (Rust-Oleum Professional, Concord, ON,
Canada) using a 1-m-long piece of metal, which was
cleaned with Lysol wipes (Reckitt Benckiser Inc., Parsip-
pany, NJ) immediately after exiting the barn.

Each 1-m2 sampling area was swabbed using a
Hydrated-Sponge with 10-mL Dey-Engley Neutralizing
Buffer (3M, St. Paul, MN), which had been transported
to the barn in a cooler with an ice pack and had been
given a unique code, representing the barn number, sam-
pling point (baseline, 2 d, 6 d), and the sampling area
number within the barn. These sponges came with indi-
vidual, prepackaged gloves, which were used, then
disposed of, after swabbing each area. Each sampling
area was visually divided into 2 halves: 1 half was
swabbed with 1 side of the sponge, and the other half
was swabbed with the other side of the sponge. The
swabbing was performed in a right to left direction,
starting in the upper right hand corner. Once collected,
the sponges were put back into the individual bags
they came in, put into the cooler, and transported to
the Animal Health Laboratory at the University of
Guelph.

At the 2-day and 6-day postsanitation visits, the orig-
inal sampling areas were used as a guide as to where to
sample next. We did not use the same area because the
prior sampling would have removed some of the bacteria
from the floor; instead, we marked new 1-m2 areas, each
time, adjacent to the original.
Laboratory Analysis

At the Animal Health Laboratory, the swabs were
aseptically transferred to a filter stomacher bag, and
buffered peptone water (BPW) was added to a 1 in 10
dilution. Each bag was then massaged by hand and seri-
ally diluted to a dilution of 1024; the stomacher bag is
considered the 1021 dilution, so we further diluted
1022 to 1024 with 9-mL PBS tubes. To determine the
presence or absence of S. enterica, the BPW bags were
incubated in an O2 atmosphere at 35�C for 18 to 24 h.
Incubated BPW was then used to inoculate Brilliant
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Green Sulfa (BGS) agar and xylose lysine tergitol
(XLT4) agar. The BGS and XLT4 agars were incubated
at 35�C for 24 and 48 h. From the incubated BPW,
0.1 mL was transferred to a 10-mL Rappaport-
Vassiliadis (RV) broth tube, and 1 mL was transferred
to a 9-mL tube of Hajna Tetrathionate (HTT) broth.
The RV and HTT broths were incubated at 42�C for
18 to 24 h. After incubation, the RV and HTT broths
were plated on BGS and XLT4 agar, and the plates
were incubated at 35�C for 24 and 48 h. All BGS and
XLT4 plates were examined at 24 and 48 h of incubation
for Salmonella-suspicious growth. All suspect colonies
were identified by matrix-assisted laser desorption/ioni-
zation time-of-flight mass spectrometry. Serotyping and
phagetyping was performed in the OIE Reference Centre
for Salmonellosis, National Microbiology Laboratory at
Guelph, Public Health Agency of Canada.

To obtain the E. coli concentration, 1 mL from each of
the PBS serial dilution tubes was transferred to each of
4 E. coli Compact Dry count plates (Alere ULC,
Ottawa, ON, Canada). The plates were incubated in
an O2 atmosphere at 35�C for 24 h. After incubation,
blue colonies only were enumerated using a Qu�ebec col-
ony counter (Reichert, Inc., Depew, NY).

In order to determine the presence of the 2 genes that
are associated with resistance to QACs, qacED1 and
sugE(p), a subset of E. coli isolates were subjected to
PCR. This involved preparing a mastermix that con-
tained 875 mL of water, 100 mL of 10! buffer, 20 mL of
deoxyribonucleotide triphosphates with a final concen-
tration of 200 mmol, and 2.5 mL of each primer with a
final concentration of 250 nmol each (50-AATC-
CATCCCTGTCGGTGTT-30 and 50-CGCAGC-
GACTTCCACGATGGGGAT-30 for qacED1 and 50-
GTCTTACGCCAAGCATTATCACTA-30 and 50-
CAAGGCTCAGCAAACGTGC-30 for sugE(p)), for a
total volume of 1,000 mL. Then, 1.25 U of Taq polymer-
ase was added to 25 mL of mastermix, and 24 mL of the
mixture was transferred into a clean PCR tube where
1 mL of template solution was added. Template solution
was prepared by boiling 1 loopful of E. coli in 500 mL of
sterile water for 15 min; the boiled lysate was centrifuged
for 3 min, and only the supernatant was used. The PCR
conditions used were denaturation, 35 cycles at 95�C for
30 s; annealing, qacED1 at 56�C for 25 s and sugE(p) at
57�C for 25 s; and extension, 68�C for 1 min, with the
final extension step at 68�C for 5 min. Products were
analyzed by electrophoresis on 2.0% agarose gels.
Statistical Analysis: Multilevel Logistic
Regression Models

Laboratory and questionnaire data were entered
manually into Microsoft Office Excel 2007 (Microsoft
Corporation), where they were visually inspected for er-
rors and coded if necessary. Once coded, the data were
imported into STATA IC 13 (StataCorp, College Sta-
tion, TX) for statistical analyses. The hierarchical struc-
ture of our models included samples within floors within
visits within barn. There were 4 samples collected for
microbiological analysis per floor, as many as 3 floors
sampled per visit (depending on the number of stories),
and 3 visits per barn. Sampling point was a fixed effect
in the models indicating when the sample was collected
relative to sanitation. However, the random effect for
visit captured the weather or any factors present in the
barn on the day of sampling.
Using data from all 3 sanitation groups, univariable

logistic regression models, with random effects for
barn, visit, and floor, were created to screen independent
variables; it should be noted that explanatory variables
specific to only wet cleaning and disinfection (e.g., rela-
tive water temperature, product used) were not used
for this analysis because not all barns were wet-cleaned
or disinfected, and therefore did not have observations.
Variables that had a P value � 0.20 on univariable anal-
ysis were considered for inclusion in a multivariable
model. Sanitation procedure, sampling point, and
flooring type were considered for further analysis regard-
less of significance on univariable screening, as they were
a priori variables of interest. Collinearity between inde-
pendent variables that met the screening criterion was
assessed using Spearman’s rank correlation coefficient.
When 2 variables were deemed to be highly collinear
(r � j0.8j), the variable with the lowest Akaike informa-
tion criterion value was considered for further analysis.
Lowess curves were used to assess linearity between
the log odds of the outcome (presence/absence of S.
enterica) and continuous variables that met the
screening criterion. If the linearity assumption was not
met, and a quadratic term was not appropriate to model,
the variable was categorized using cut points observed
on the lowess curve.
All significant variables from the univariable analysis,

as well as the a priori variables of interest, were offered to
a multivariable logistic regression model with random ef-
fects for barn, visit, and floor. A manual backwards elim-
ination method was used to build the model, with a P
value � 0.05 (Wald’s test for dichotomous and contin-
uous variables, likelihood ratio test for categorical vari-
ables) indicating significance. If, upon removal, a
variable changed the coefficient of any significant vari-
able by � j20%j, it was considered to be a confounding
variable and retained in the model regardless of statisti-
cal significance. All biologically plausible 2-way interac-
tions with our a priori variables were generated and
assessed using the likelihood ratio test. Using the lincom
command in STATA, contrasts were built between
interacting variables that included any of our a priori
variables.
Sample-level Pearson residuals that were � j3.0j SDs

were considered to be outliers, and the raw data were
inspected for possible errors, corrected accordingly, and
the model refit. If there were no errors in the raw data,
the outliers were kept in the model. To assess the fit of
the model, the best linear unbiased predictors (BLUPS)
for the barn-level residuals were plotted to assess
normality and homoscedasticity. Finally, intraclass cor-
relation coefficients (ICC) were estimated using the



Table 1. Descriptive characteristics of categorical variables in a study that investigated factors
associated with the presence of S. enterica and the concentration of E. coli in samples collected from
the floor(s) of commercial broiler chicken barns in Ontario during the rest period.

Variable Category No. of observations

Sanitation procedure (n 5 696)1 Dry cleaning 312
Wet cleaning 48
Disinfection 336

Sampling point (n 5 696) Baseline 232
2 d after sanitation 232
6 d after sanitation 232

Flooring type (n 5 696) Concrete 432
Wood 264

Season (n 5 696)2 Fall 216
Winter 276
Spring 48
Summer 156

Floor number within barn (n 5 696)3 Bottom 432
Middle 240
Top 24

Total number of stories (n 5 696) One 192
Two 432
Three 72

Personnel entered barn after sanitation
was completed (n 5 696)

No 96
Yes 600

Method of dry cleaning (n 5 696) Blower only 420
Blow and sweep 240
Did not dry-clean 36

Who completed dry cleaning (n 5 696) Producer 492
Farm employee 168
Did not dry-clean 36

Product used for wet cleaning (n 5 384) Water 216
Biosolve Plus4 12
Basic H5 24
Did not wet-clean before disinfection 132

Method of wet cleaning (n 5 384) Spray 216
Not specified 36
Did not wet-clean before disinfection 132

Temperature of water for wet cleaning
(n 5 384)

Cold 36
Warm or hot 216
Did not wet-clean before disinfection 132

Pressure washer used for wet cleaning
(n 5 384)

No 12
Yes 240
Did not wet-clean before disinfection 132

Who completed the wet cleaning (n5 384) Producer 156
Farm employee 48
Contracted company 48
Did not wet-clean before disinfection 132

Product used for disinfection (n 5 336) QAC 24
Aldehyde 48
Phenol 12
Chlorine 48
Peroxygen 120
QAC/Aldehyde 84

Method of disinfection (n 5 336) Spray 180
Foam 60
Fog 96

Temperature of disinfection (n 5 336) Cold 132
Warm or hot 108
Not relevant to method 96

Pressure washer used for disinfection
(n 5 336)

No 48
Yes 192
Not relevant to method 96

Who completed disinfection (n 5 336) Producer 180
Farm employee 72
Contracted company 84

Was the wet cleaning and disinfection done
back-to-back (i.e., without allowing
time for the surfaces to dry before
applying the disinfectant) (n 5 336)

No 84
Yes 144
Did not wet-clean before disinfection 108

Sanitation procedure used with previous
flock (n 5 696)

Dry clean only 240
Wet clean 96
Disinfection 360

(continued on next page)
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Table 1. (continued )

Variable Category No. of observations

No. of times per yr the barn is wet-cleaned
(n 5 696)

0 240
1 324
2 60
3 24
4 0
5 24
6 24

No. of times per yr the barn is disinfected
(n 5 696)

0 120
1 120
2 108
3 48
4 12
5 48
6 240

Cycle length (n 5 696) 8 wk 228
9 wk 300
10 wk 168

QAC, quaternary ammonium compound.
1Dry cleaning: dry cleaning only; wet cleaning: dry cleaning followed by wet cleaning; disinfection: dry cleaning

followed by wet cleaning followed by disinfection.
2Fall: September 21st to December 20th; winter: December 21st toMarch 20th; spring:March 21st to June 20th;

summer: June 21st to September 20th.
3Variable created to determine if the location of the floor within the barn had a significant impact.
4Biosolve Plus is an alkaline cleaner and degreaser sold by V�etoquinol.
5Basic H is an organic cleaner sold by Shaklee.
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latent variable technique; this was done for each level of
clustering.

Two additional multilevel, logistic regression models
were built in a similar manner: 1) a S. enterica disinfec-
tion model that only included data from barns that had
been disinfected (to identify additional factors for S.
enterica specific to the disinfection step) and 2) a
qacED1 model that included a subset of E. coli samples
(to identify factors associated with the presence of the
qacED1 gene). For the qacED1 model, samples that
were culture-negative for E. coli, E. coli-positive samples
that were not tested for the qacED1 gene, and samples
from barns that had been wet-cleaned (due to low
numbers in this group) were excluded from the analysis.
Statistical Analysis: Multilevel Linear
Regression Models

Owing to a large number of zeros and the lack of
normality in our data, a value of 2.5 was added to each
raw E. coli concentration (cfu/g), and then the data
were natural log transformed. The value of 2.5 came
from taking one-quarter of the lowest nonzero value
(William Sears, Statistical Consultant, Department of
Population Medicine, University of Guelph, Guelph,
ON, Canada, personal communication). Using data
from all 3 sanitation groups, univariable linear regression
models, with random effects for barn, visit, and floor,
were created to screen independent variables in a
manner similar to that described for the S. enterica
data. Lowess curves were used to assess the linearity be-
tween the outcome (natural log transformed E. coli con-
centration) and continuous variables that met the
screening criterion.

All significant variables from the univariable analysis,
as well as our a priori variables of interest, were offered
to a multivariable linear regression model with random
effects for barn, visit, and floor. A manual backward
elimination method was used to build the model, with
a P-value � 0.05 (t test for dichotomous and continuous
variables, partial F-test for categorical variables) indi-
cating significance. Confounding and interactions were
assessed as described previously.
Sample-level standardized residuals that were � j3.0j

SDs were considered to be outliers, and the raw data
were inspected for possible errors. To assess the fit of
the model, the barn-level BLUPS were plotted to assess
normality and homoscedasticity. Finally, ICC were esti-
mated for each level of clustering.
An additional multilevel, linear regression model was

built in a similar manner: an E. coli disinfection model
that only included data from barns that had been disin-
fected (to identify additional factors for E. coli concen-
tration specific to the disinfection step).
RESULTS

A total of 696 samples were collected from the 36 com-
mercial broiler chicken barns included in this study. Of
the 36 barns, 16 (44.4%) were 1 story, 18 (50.0%) were
2 stories, and 2 (5.6%) were 3 stories. Sixteen (44.4%)
of the barns were dry-cleaned only, 3 (8.3%) were wet-
cleaned, and 17 (47.2%) were disinfected. A total of
312 samples were from barns that had been dry-
cleaned only, 48 were from barns that used wet cleaning
for their final sanitation procedure, and 336 were from
barns that used disinfection as their final sanitation
procedure.
There were 432 samples from concrete floors and 264

from wooden floors. All 36 barns had 1 concrete floor;
thus, 16 concrete floors were dry-cleaned, 3 were wet-
cleaned, and 17 were disinfected. All the 2-story and 3-



Table 2. Descriptive characteristics of continuous variables in a study that investigated factors
associated with the presence of S. enterica and the concentration of E. coli in samples collected from
the floor(s) of commercial broiler chicken barns in Ontario during the rest period.

Variable Mean (d) Median (d) Range (d)

Time between end of shipping and end of litter removal
(n 5 696)

2.1 1.1 0.1 - 9.6

Time between end of shipping and end of baseline sampling
(n 5 696)

3.3 2.9 0.2 - 11.3

Time between end of shipping and dry cleaning1 (n 5 660) 5.3 4.3 0.5 - 14.4
Time between end of shipping and wet cleaning1 (n 5 252) 8.5 7.0 5.3 - 25.2
Time between end of shipping and disinfection1 (n 5 336) 7.9 7.0 2.5 - 25.3
Time between end of shipping and end of sanitation procedure
(n 5 696)

7.2 6.5 1.5 - 25.3

Time between end of shipping and end of 2-day postsanitation
sampling (n 5 696)

9.0 8.0 2.2 - 26.4

Time between end of shipping and end of 6-day postsanitation
sampling (n 5 696)

12.7 12.1 6.6 - 29.4

Time between end of litter removal and end of baseline sampling
(n 5 696)

1.3 0.8 -0.2 - 5.8

Time between end of litter removal and end of dry cleaning
(n 5 660)

3.1 2.0 0.1 - 9.8

Time between end of litter removal and end of wet cleaning
(n 5 252)

6.7 5.7 2.3 - 22.8

Time between end of litter removal and end of disinfection
(n 5 336)

6.0 4.1 1.0 - 22.8

Time between end of litter removal and end of sanitation
procedure (n 5 696)

4.8 4.3 0.2 - 22.8

Time between end of litter removal and end of 2-day
postsanitation sampling (n 5 696)

7.3 6.6 3.0 - 24.0

Time between end of litter removal and end of 6-day
postsanitation sampling (n 5 696)

10.7 9.7 5.2 - 27.0

Time between end of baseline sampling and end of dry cleaning
(n 5 660)

2.2 1.6 -1.8 - 12.4

Time between end of baseline sampling and end of wet cleaning
(n 5 252)

5.0 4.0 2.2 - 17.0

Time between end of baseline sampling and end of disinfection
(n 5 336)

4.6 3.0 1.1 - 17.1

Time between end of baseline sampling and end of sanitation
procedure (n 5 696)

4.0 2.9 0.1 - 17.1

Time between end of baseline sampling and end of 2-day
postsanitation sampling (n 5 696)

6.0 5.1 3.0 - 18.2

Time between end of baseline sampling and end of 6-day
postsanitation sampling (n 5 696)

9.4 8.0 5.2 - 21.7

Time between end of dry cleaning and end of wet cleaning
(n 5 228)

3.8 3.8 0.2 - 15.5

Time between end of dry cleaning and end of disinfection
(n 5 288)

3.0 2.5 0.2 - 15.5

Time between end of dry cleaning and end of 2-day
postsanitation sampling (n 5 660)

4.0 3.1 1.3 - 17.1

Time between end of dry cleaning and end of 6-day
postsanitation sampling (n 5 660)

7.4 6.9 4.3 - 20.1

Time between end of wet cleaning and end disinfection (n5 204) 0.3 0.2 0.01 - 0.8
Time between end of wet cleaning and end of 2-day
postsanitation sampling (n 5 252)

2.4 2.1 1.2 - 3.9

Time between end of wet cleaning and end of 6-day
postsanitation sampling (n 5 252)

6.0 6.1 4.2 - 7.7

Time between end of disinfection and end of 2-day
postsanitation sampling (n 5 336)

2.2 2.0 1.0 - 3.1

Time between end of disinfection and end of 6-day
postsanitation sampling (n 5 336)

5.8 5.9 4.1 - 7.0

Time between end of sanitation procedure and end of 2-day
postsanitation sampling (n 5 696)

2.4 2.1 1.0 - 4.8

Time between end of sanitation procedure and end of 6-day
postsanitation sampling (n 5 696)

5.8 5.9 4.1 - 8.1

Time between and end of 2-day postsanitation sampling and end
of 6-day postsanitation sampling (n 5 696)

3.4 3.0 1.9 - 5.9

1Dry cleaning: dry cleaning only; wet cleaning: dry cleaning followed by wet cleaning; disinfection: dry cleaning
followed by wet cleaning followed by disinfection.
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story barns (20 barns in total) had upper wooden floors;
thus, 10 wooden floors were dry-cleaned, 1 was wet-
cleaned, and 11 were disinfected. Summary statistics of
the categorical and continuous variables investigated
are presented in Tables 1 and 2, respectively.
S. enterica: All Sanitation ProceduresModel

At each sampling point, 232 samples were collected;
thus, a total of 696 samples were tested for the presence
of S. enterica. A total of 132 (19.0%) samples tested
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positive over the course of the study. Fifty-six of 232
(24.1%) baseline samples, 40 (17.2%) 2-day postsanita-
tion samples, and 36 (15.5%) 6-day postsanitation
samples tested positive. Forty-seven of 312 (15.1%)
samples from dry-cleaned barns, 13 of 48 (27.1%) sam-
ples from wet-cleaned barns, and 72 of 336 (21.4%)
samples from disinfected barns tested positive.
Furthermore, 72 of 432 (16.7%) samples from concrete
floors and 60 of 264 (22.7%) samples from wooden
floors tested positive.

The final multivariable model included sanitation pro-
cedure, sampling point, flooring type, season, and an
interaction between sanitation procedure and flooring
type (Table 3). The odds of detecting S. enterica were
lower if the sample was collected 2 d after sanitation
(odds ratio [OR] 5 0.36, P 5 0.032) or 6 d after sanita-
tion (OR 5 0.28, P 5 0.008) than at baseline and if the
sample was collected during the winter/spring
(OR 5 0.02, P 5 0.008) than at fall. The effect of
flooring type on the presence of S. enterica depended
on sanitation procedure: Wooden floors that had been
wet-cleaned had 53 times higher odds (P 5 0.001) of
testing positive than concrete floors that had been dry-
cleaned. Statistically significant (P � 0.05) contrasts
for the interaction between sanitation procedure and
flooring type are presented in Supplementary File 1.

In the final model, there were 8 samples that were
considered to be outliers. The removal of all these at
once resulted in the main effect for flooring type
becoming significant, and the interaction between disin-
fection and wooden floors becoming significant; however,
there was no valid reason to remove any of these outliers
from the model. The barn-level BLUPS were determined
to be homoscedastic and fairly normally distributed. The
ICC for barn-level, visit-level, and floor-level were 0.76,
0.79, and 0.79, respectively.
S. enterica: Disinfection Model

A total of 336 samples were collected from barns that
had been disinfected. Of these, 72 (21.4%) samples
tested positive for S. enterica. Thirty-five of 112
(31.3%) baseline samples, 20 (17.9%) 2-day postsanita-
tion samples, and 17 (15.2%) 6-day postsanitation sam-
ples tested positive. Furthermore, 41 of 204 (20.1%)
samples from concrete floors and 31 of 132 (23.5%) sam-
ples from wooden floors tested positive.

The final multivariable model included sampling
point, flooring type (although not statistically signifi-
cant), and season (Table 4). The odds of detecting S.
enterica were lower if the sample was collected 2 d after
sanitation (OR5 0.17, P5 0.007) or 6 d after sanitation
(OR 5 0.09, P 5 0.002) than at baseline and if the sam-
ple was collected during the winter/spring (OR5 0.005,
P 5 0.005) than during summer/fall.

In the final model, there were 3 samples that were
considered to be outliers. The removal of all these at
once or individually did not result in any major changes
to any of the variables. The barn-level BLUPS were
determined to be homoscedastic and fairly normally
distributed. The ICC for barn-level, visit-level, and
floor-level were 0.73, 0.76, and 0.76, respectively.
S. enterica: Serovars and Phagetypes

A total of 16 serovars were identified (Table 5); the 2
most common serovars—S. Kentucky and S. Heidel-
berg—were found in approximately equal proportions
in dry-cleaned and disinfected barns. Phagetypes (PT)
included S. Enteritidis PT 8 (n 5 1); S. Heidelberg PT
5 (n 5 12), 19 (n 5 11), 41 (n 5 1), and 47 (n 5 6);
and S. Typhimurium PT 193 (n 5 1).
E. coli: All Sanitation Procedures Model

Raw E. coli values ranged from 0 to 700,000 cfu/g,
with 109 of 696 (15.7%) samples having zero counts.
Of the samples with a zero count, none were collected
at baseline, 49 (45.0%) were collected 2 d after sanita-
tion, and 60 (55.0%) were collected 6 d after sanitation.
The mean concentration was 8,575.1, and the 25th, 50th,
and 75th percentiles were 55, 735, and 4,250,
respectively.
The final multivariable model included sanitation

procedure, sampling point, flooring type, season, and
an interaction between sanitation procedure and sam-
pling point (Table 6). The effect of sampling point on
the E. coli concentration depended on the sanitation
procedure used: Compared with samples collected at
baseline from barns that had been dry-cleaned, the
concentration was lower in samples collected 2 d after
sanitation (b 5 22.49, P , 0.001) or 6 d after sanita-
tion (b 5 23.20, P , 0.001) from barns that had
been disinfected (Table 6). Statistically significant
(P� 0.05) contrasts for the interaction between sanita-
tion procedure and sampling point are presented in
Supplementary File 2. The E. coli concentration was
higher on wooden floors (b 5 0.53, P 5 0.008) than
on concrete floors and in summer (b 5 1.31,
P 5 0.023) than in fall (Table 6). The E. coli concen-
tration was lower in winter (b 5 21.06, P 5 0.022)
than in fall.
In the final model, there were 3 samples that were

considered to be outliers. The removal of these collec-
tively or individually resulted in no major changes to
the model. The barn-level BLUPS were determined to
be homoscedastic and normally distributed. The ICC
for barn-level, visit-level, and floor-level were 0.19,
0.31, and 0.47, respectively.
E. coli: Disinfection Model

Raw E. coli values for disinfected barns ranged from
0 to 202,000 cfu/g, with 99 of 336 (29.5%) samples hav-
ing zero counts. The mean concentration was 7,082.3,
and the 25th, 50th, and 75th percentiles were 0, 200,
and 2,950, respectively.
The final multivariable model included sampling point

and flooring type (Table 7). In disinfected barns, the E.
coli concentration was lower if the sample was collected



Table 3. Logistic regression model of variables associated with the
presence of S. enterica in samples collected from the floor(s) of
commercial broiler chicken barns in Ontario during the rest period
(n 5 696 samples from 36 b; random effects for barn, visit, and
floor; a 5 0.05).

Variable OR 95% CI P value

Sanitation procedure1,2

Dry cleaning
(n 5 312)

Referent

Wet cleaning (n 5 48) 0.33 0.002–59.53 0.674
Disinfection (n5 336) 5.67 0.35– 91.46 0.221

Sampling point1

Baseline (n 5 232) Referent
2 d After sanitation

(n 5 232)
0.36 0.14– 0.92 0.032

6 d After sanitation
(n 5 232)

0.28 0.11– 0.72 0.008

Flooring type1

Concrete (n 5 432) Referent
Wood (n 5 264) 0.41 0.15– 1.11 0.078

Sanitation procedure *
Floor type
Dry * Concrete

(n 5 192)
Referent

Wet * Wood (n 5 12) 53.00 4.96–566.75 0.001
Disinfection * Wood

(n 5 132)
3.76 0.95– 14.87 0.059

Season3

Fall (n 5 216) Referent
Winter/Spring

(n 5 324)
0.02 0.001– 0.35 0.008

Summer (n 5 156) 0.30 0.009– 9.36 0.489

Variance components Variance SE ICC4

Barn 12.10 6.17 0.76
Visit 0.54 0.54 0.79
Floor 3.61 ! 10234 2.38 ! 10217 0.79

Overall P value for the model: 0.0022.
Abbreviations: CI, confidence interval; OR, odds ratio; SE, significance

of error.
1Included regardless of significance because it was an a priori variable of

interest.
2Dry cleaning: dry cleaning only; wet cleaning: dry cleaning followed by

wet cleaning; disinfection: dry cleaning followed by wet cleaning followed
by disinfection.

3Fall: September 21st to December 20th; winter: December 21st to
March 20th; spring: March 21st to June 20th; summer: June 21st to
September 20th.

4ICC: intraclass correlation coefficient calculated using the latent var-
iable technique (variance at sample-level 5 p2/3 5 3.29).

Table 4. Logistic regression model of variables associated with the
presence of S. enterica in samples collected from the floor(s) of
commercial broiler chicken barns in Ontario that were disinfected
during the rest period (n5 336 samples from 17 b; random effects
for barn, visit, and floor; a 5 0.05).

Variable OR 95% CI P value

Sampling point1

Baseline (n 5 112) Referent
2 d After sanitation

(n 5 112)
0.17 0.04–0.61 0.007

6 d After sanitation
(n 5 112)

0.09 0.02–0.40 0.002

Flooring type1

Concrete (n 5 204) Referent
Wood (n 5 132) 1.58 0.60–4.17 0.356

Season2

Summer/Fall
(n 5 144)

Referent

Winter/Spring
(n 5 192)

0.005 0.0001–0.20 0.005

Variance components Variance SE ICC3

Barn 10.16 7.14 0.73
Visit 0.42 0.90 0.76
Floor 3.57 ! 10233 9.45 ! 10217 0.76
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2 d after sanitation (b 5 24.74, P , 0.001) or 6 d after
sanitation (b 5 25.30, P , 0.001) than at baseline and
higher on wooden floors (b 5 0.69, P 5 0.043) than on
concrete floors.
In the final model, there was 1 sample that was consid-

ered to be an outlier. The removal of this observation
resulted in no major changes to the model. The barn-
level BLUPS were determined to be homoscedastic and
normally distributed. The ICC for barn-level, visit-level,
and floor-level were 0.27, 0.35, and 0.55, respectively.
Overall P value for the model: 0.0021.
Abbreviations: CI, confidence interval; OR, odds ratio; SE, significance

of error.
1Included regardless of significance because it was an a priori variable of

interest.
2Fall: September 21st to December 20th; winter: December 21st to

March 20th; spring: March 21st to June 20th; summer: June 21st to
September 20th.

3ICC: intraclass correlation coefficient calculated using the latent var-
iable technique (variance at sample-level 5 p2/3 5 3.29).
E. coli: qacED1 Model

A total of 342 E. coli isolates were tested for the pres-
ence of qacED1, of which 69 (20.2%) tested positive.
Twenty-five of 135 (18.5%) baseline isolates, 21 of 99
(21.2%) 2-day postsanitation isolates, and 23 of 108
(21.3%) 6-day postsanitation isolates tested positive.
Forty-two of 214 (19.6%) isolates from dry-cleaned
barns, 2 of 4 (50.0%) isolates from wet-cleaned barns,
and 25 of 124 (20.2%) isolates from disinfected barns
tested positive. Furthermore, 33 of 202 (16.3%) isolates
from concrete floors and 36 of 140 (25.7%) isolates
from wooden floors tested positive.

The final multivariable model included sanitation pro-
cedure (dry-cleaned and disinfected barns only), sampling
point (although not statistically significant), flooring
type, cycle length, the number of times per yr the barn
is disinfected, and an interaction between flooring type
and the number of times per yr the barn is disinfected
(Table 8). The odds of having a qacED1-positive isolate,
among the tested E. coli, were lower if the barn was dis-
infected (OR 5 0.40, P 5 0.044) than when dry-cleaned
and higher if the cycle length was 8 wk (OR 5 6.03,
P 5 0.001) than if 10 wk. The effect of flooring type on
the presence of qacED1 depended on the number of times
per yr the barn was disinfected: Wooden floors in barns
that are disinfected after every flock had lower odds of
having a qacED1-positive isolate among the tested E.
coli (OR5 0.22, P5 0.047) than concrete floors in barns
that are disinfected 1 or fewer times per yr.

In the final model, there were 9 samples that were
considered to be outliers. The removal of all these at
once resulted in sanitation procedure becoming nonsig-
nificant, and the interaction between wooden floor and
disinfecting the barn 2 to 4 times per yr becoming signif-
icant. However, there was no valid reason to remove any



Table 5.Descriptive summary of S. enterica serovars isolated from samples collected from the
floor(s) of commercial broiler chicken barns in Ontario during the rest period, stratified by
barn sanitation procedure (n 5 139 isolates from 132 samples).

Serovar Total no. of isolates Dry cleaning1 Wet cleaning1 Disinfection1

Braenderup 9 0 0 9
Enteritidis 1 0 0 1
Heidelberg 30 17 0 13
I:4,12:r:- 1 0 0 1
I:6,7,14:k:- 1 0 0 1
I:8,20:-:- 1 1 0 0
I:ROUGH-O:i:z6 1 0 0 1
I:Rough-O:z10:e,n,z15 1 0 0 1
Infantis 3 3 0 0
Kentucky 56 31 0 25
Liverpool 5 0 0 5
Livingstone 3 0 0 3
Mbandaka 13 1 0 12
Schwarzengrund 11 0 11 0
Thompson Var. 141 1 0 0 1
Typhimurium 1 0 1 0
No growth 1 0 1 0

7 samples were positive for 2 serovars; S. Kentucky and S. Heidelberg (n 5 6), S. Kentucky and
I:ROUGH-O:i:z6 (n 5 1).

1Dry cleaning: dry cleaning only; wet cleaning: dry cleaning followed by wet cleaning; disinfection: dry
cleaning followed by wet cleaning followed by disinfection.

Table 6. Linear regression model of variables associated with the concentration of E.
coli (natural log cfu/g) in samples collected from the floor(s) of commercial broiler
chicken barns in Ontario during the rest period (n 5 696 samples from 36 b; random
effects for barn, visit, and floor; a 5 0.05).

Variable Coefficient 95% CI P value

Sanitation procedure1,2

Dry cleaning (n 5 312) Referent
Wet cleaning (n 5 48) 20.86 22.78– 1.05 0.375
Disinfection (n 5 336) 0.54 20.53– 1.61 0.325

Sampling point1

Baseline (n 5 232) Referent
2 d After sanitation (n 5 232) 22.26 23.07–21.45 ,0.001
6 d After sanitation (n 5 232) 22.10 22.91–21.29 ,0.001

Flooring type1

Concrete (n 5 432) Referent
Wood (n 5 264) 0.53 0.14– 0.91 0.008

Sanitation procedure * Sampling point
Dry * baseline (n 5 104) Referent
Wet * 2 d after sanitation (n 5 16) 0.49 21.65– 2.63 0.656
Wet * 6 d after sanitation (n 5 16) 20.23 22.37– 1.91 0.832
Disinfection * 2 d after sanitation

(n 5 112)
22.49 23.62– -1.37 ,0.001

Disinfection * 6 d after sanitation
(n 5 112)

23.20 24.33–22.08 ,0.001

Season3

Fall (n 5 216) Referent
Winter (n 5 276) 21.06 21.97–20.15 0.022
Spring (n 5 48) 20.07 21.47– 1.33 0.923
Summer (n 5 156) 1.31 0.18– 2.44 0.023

Variance components Variance SE ICC

Barn 0.84 0.32 0.19
Visit 0.53 0.24 0.31
Floor 0.69 0.21 0.47
Sample 2.35 0.15

Overall P value for the model: , 0.0001.
Abbreviations: CI, confidence interval; ICC, intraclass correlation coefficient; SE, significance

of error.
1Included regardless of significance because it was an a priori variable of interest.
2Dry cleaning: dry cleaning only; wet cleaning: dry cleaning followed by wet cleaning; disin-

fection: dry cleaning followed by wet cleaning followed by disinfection.
3Fall: September 21st to December 20th; winter: December 21st to March 20th; spring: March

21st to June 20th; summer: June 21st to September 20th.
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Table 7. Linear regression model of variables associated with the concentra-
tion of E. coli (natural log cfu/g) in samples collected from the floor(s) of
commercial broiler chicken barns in Ontario that were disinfected during the
rest period (n 5 336 samples from 17 b; random effects for barn, visit, and
floor; a 5 0.05).

Variable Coefficient 95% CI P value

Sampling point1

Baseline (n 5 112) Referent
2 d After sanitation (n 5 112) -4.74 25.62–23.86 ,0.001
6 d After sanitation (n 5 112) -5.29 26.17–24.41 ,0.001

Flooring type1

Concrete (n 5 204) Referent
Wood (n 5 132) 0.69 0.02–1.36 0.043

Variance components Variance SE ICC

Barn 1.65 0.78 0.27
Visit 0.51 0.42 0.35
Floor 1.21 0.43 0.55
Sample 2.78 0.25

Overall P value for the model: , 0.0001.
Abbreviations: CI, confidence interval; ICC, intraclass correlation coefficient; SE,

significance of error.
1Included regardless of significance because it was an a priori variable of interest.
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of these outliers from the model. The barn-level BLUPS
were determined to be homoscedastic and normally
distributed. The ICC for barn-level, visit-level, and
floor-level were 7.09 ! 10235, 4.42 ! 10234, and 0.03,
respectively.
E. coli: sugE(p)

A total of 342 E. coli isolates were tested for the pres-
ence of sugE(p), of which 17 (5.0%) tested positive.
Three of 135 (2.2%) baseline isolates, 8 of 99 (8.1%) 2-
day postsanitation isolates, and 6 of 108 (5.6%) 6-day
postsanitation isolates tested positive. Seventeen of 214
(7.9%) isolates from dry-cleaned barns, 0 of 4 isolates
from wet-cleaned barns, and 0 of 124 isolates from disin-
fected barns tested positive. Of 17 positive isolates, 11
(64.7%) were from concrete floors, 13 (76.5%) were
from 2-story barns, 11 (64.7%) were from barns on an
8-week cycle, and 11 (64.7%) were from barns that
were disinfected after the flock prior to our study flock.
Winter had the highest number of positive isolates
(11), whereas fall had the lowest (0). Most positive iso-
lates (11) were from barns that are wet-cleaned more
than 2 times per yr, whereas no positive isolates were
from barns that are never wet-cleaned. Barns that are
disinfected after every crop also yielded the highest num-
ber of positive isolates (10), whereas barns that are dis-
infected 0 or 1 time per yr had the lowest number of
positive isolates (3).
Of the 342 isolates that were tested for both resistance

genes, 58 (17.0%) were positive for qacED1 only, 6
(1.8%) were positive for sugE(p) only, and 11 (3.2%)
were positive for both resistance genes.
DISCUSSION

One of our 3 main variables of interest was the sanita-
tion procedure performed by the producer. Our findings
indicate that for S. enterica, the effect of the sanitation
procedure depended on the flooring type, in that the
risk of S. enterica contamination was higher on wet-
cleaned wooden floors than on dry-cleaned concrete
floors. For E. coli, the effect of the sanitation procedure
depended on the sampling point, in that compared with
presanitation samples collected from dry-cleaned barns,
the E. coli concentration was lower in postsanitation
samples collected from disinfected barns. Davies and
Wray (1995) showed that S. enterica and coliform pop-
ulations increase during the pressure washing process
often used before disinfection, whereas others have
shown that using a high-pressure rinse before disinfec-
tion was more effective against E. coli (Berrang and
Northcutt, 2005) and S. enterica (Hinojosa et al.,
2018) than a low-pressure rinse. Gibson et al. (1999)
showed that high-pressure water sprayers increase the
number of tiny aerosol droplets in the air for a longer
duration than low-pressure sprayers, potentially
spreading organisms throughout the barn rather than
washing them away. It has been suggested that water
use be limited for controlling S. enterica because of the
possibility of reactivating dormant organisms that
have been left behind (Rose et al., 2000). Of note, of
the 17 disinfected barns in our study, 2 (11.8%) were
not dry-cleaned and 4 (23.5%) were not wet-cleaned
before disinfection. This highlights the reality of how
broiler barns are cleaned within the framework of the
On-Farm Food Safety Assurance Program (Chicken
Farmers of Canada, 2018), and although the proportion
of producers varying from expected practices was rela-
tively low in our study, the effect of omitting 1 or both
of these steps on pathogen prevalence and concentration
on different flooring types warrants further research.
Among the E. coli isolates, the risk of carrying qacED1
was lower in isolates from disinfected barns than in those
from dry-cleaned barns. The protective effect of disinfec-
tion on the presence of this gene is an interesting finding,



Table 8. Logistic regression model of variables associated with the presence of
qacED1 in E. coli isolates from samples collected from the floor(s) of com-
mercial broiler chicken barns in Ontario during the rest period (n 5 338 iso-
lates from 24 b; random effects for barn, visit, and floor; a 5 0.05).

Variable OR 95% CI P value

Sanitation procedure1,2

Dry cleaning
(n 5 214)

Referent

Disinfection (n5 124) 0.40 0.16– 0.98 0.044
Sampling point1

Baseline (n 5 133) Referent
2 d After sanitation

(n 5 98)
0.94 0.43– 2.01 0.864

6 d After sanitation
(n 5 107)

0.91 0.43– 1.94 0.815

Flooring type1

Concrete (n 5 198) Referent
Wood (n 5 140) 7.23 2.13–24.47 0.001

No. of times per yr the
barn is disinfected
0 or 1 (n 5 116) Referent
2 to 4 (n 5 84) 1.67 0.44– 6.42 0.452
Every (n 5 138) 6.57 1.94–22.23 0.002

No. of times per yr the
barn is disinfected *
Flooring type
0 or 1 * Concrete

(n 5 78)
Referent

2 to 4 *Wood (n5 42) 0.20 0.03– 1.34 0.098
Every * Wood

(n 5 60)
0.22 0.05– 0.98 0.047

Cycle length
10 wk (n 5 104) Referent
8 wk (n 5 98) 6.03 2.14–17.00 0.001
9 wk (n 5 136) 1.59 0.53– 4.79 0.408

Variance components Variance SE ICC3

Barn 2.41 ! 10234 5.20 ! 10218 7.09 ! 10235

Visit 1.26 ! 10233 1.57 ! 10217 4.42 ! 10234

Floor 0.12 0.47 0.03

Overall P value for the model: ,0.0001.
Abbreviations: CI, confidence interval; ICC, intraclass correlation coefficient; OR,

odds ratio; SE, significance of error.
1Included regardless of significance because it was an a priori variable of interest.
2Dry cleaning: dry cleaning only; disinfection: dry cleaning followed by wet cleaning

followed by disinfection.
3ICC: intraclass correlations calculated using the latent variable technique (variance

at sample level 5 p2/3 5 3.29).

COURSE ET AL.12
given that qacED1 is associated with QAC resistance
(Zou et al., 2014). Possible explanations include removal
of organic material before disinfection (Payne et al.,
2005; Ward et al., 2006), application of the disinfectant
according to the manufacturer’s instructions, and use of
non-QAC disinfectants. The use of quaternary ammo-
nium alone was relatively uncommon among the pro-
ducers who disinfected their barn, although the use of
a quaternary ammonium-aldehyde combination was
somewhat common. However, we were unable to investi-
gate disinfectants further through modeling because of a
large variety of products with relatively low numbers of
observations per disinfectant type. Additional research
on the effects of short- and long-term use of QACs for
barn disinfection on qacED1 in E. coli isolates would
help to support or refute our finding.

Although we did not have a detailed variable that rep-
resented the whole time between flock shipment and
placement of the subsequent flock, we did assess multiple
time points within the rest period: after litter removal
and before cleaning began (baseline); 2 d after the sani-
tation procedure was completed; and 6 d after the sani-
tation procedure was completed. The time of sample
collection was significantly associated with the presence
of S. enterica and the quantity of E. coli on barn floors
during the rest period, yet not with the presence of
qacED1 in E. coli isolates. For S. enterica, the risk was
lower if the sample was collected after sanitation than
before sanitation (i.e., baseline), and this effect was
consistent for both S. enterica models. For E. coli,
when data from all 3 sanitation groups were considered,
the effect of the sampling point depended on the sanita-
tion procedure used (as described previously). However,
when the analysis was limited to barns that had been dis-
infected, a direct effect was identified, in that the E. coli
concentration was lower if the sample was collected after
sanitation than before sanitation. These findings suggest
that, independent of the method of sanitation carried
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out by the producer, both S. enterica and E. coli are less
likely to be present in the barn after sanitation than
before sanitation, which highlights the importance of
cleaning after litter removal. Research on the impact of
downtime between flocks suggests that shorter down-
times increase the occurrence of pathogens in broiler
flocks (Berndtson et al., 1996; Hald et al., 2000;
Wedderkopp et al., 2000) and that 2 wk of clean down-
time is ideal (Nespeca et al., 1997), although Voss-
Rech et al. (2019) found that the length of downtime be-
tween flocks did not influence the prevalence of S. enter-
ica. From our qacED1 model, we found that the risk of
carrying qacED1, among E. coli isolates tested, was
higher in isolates from barns on an 8-wk cycle than in
those on a 10-week cycle. Although the reason for this
finding is unknown, we initially considered that shorter
cycles might have shorter downtimes, which could affect
the thoroughness of cleaning or prevent the barn from
drying completely, thereby trapping moisture under
the fresh bedding placed for the next flock. When strat-
ified by cycle length, the maximum time between the end
of shipping and the end of the 6-day postsanitation sam-
pling for barns on an 8-week, 9-week, and 10-week cycle
was 18.2, 29.4, and 17.4 d, respectively. However, as
these represent our sample collection methodology
rather than the full rest period, this premise is not test-
able using the data from this study.
The flooring material was associated with both the

presence of S. enterica and the quantity of E. coli on
barn floors, as well as the presence of qacED1 in E. coli
isolates. For S. enterica, when data from all 3 sanitation
groups were considered, the effect of the flooring type
depended on the sanitation procedure used, with wet-
cleaned wooden floors having the highest risk of S. enter-
ica (as described previously). However, when the anal-
ysis was limited to barns that had been disinfected,
wooden floors did not carry a significantly higher risk
of S. enterica than concrete floors. For E. coli, the con-
centration was higher on wooden floors than on concrete
floors, and this effect was consistent for both E. coli
models. Our findings are consistent with previous
research, which has shown that rough surfaces tend to
be more contaminated than smooth ones (Madec et al.,
1999) and older wooden structures that have organic
material ingrained in them are more difficult to clean
(Berchieri and Barrow, 1996). Volkova et al. (2011)
showed that using wood to cover the foundation or the
base of the walls in a barn increased the probability of
detecting S. enterica in the litter. Similar to S. enterica
and E. coli, the risk of qacED1 was higher in E. coli iso-
lates from wooden floors than in those from concrete
floors, although the effect depended on the number of
times per yr the barn was disinfected; the risk was
reduced if the wooden floors were disinfected frequently
(i.e., after every flock). The latter finding was unex-
pected, given the known link between qacED1 and resis-
tance to QACs (Zou et al., 2014), and could be related to
the use of non-QAC products for disinfection. However,
it could also indicate that repeated disinfection has
merit, as Singer et al. (2000) showed that repeated
cleaning and disinfection is needed to diminish or elimi-
nate specific cellulitis-associated E. coli. Research inves-
tigating the long-term effect of disinfection (e.g., over a
1- to 2-yr period), including the disinfectants used and
the disinfection process itself, would be beneficial to un-
derstand this finding.

We deemed it was important to include season in the
model-building process to account for the cyclical fluctu-
ation in weather patterns in southern Ontario that could
affect pathogen presence or concentration. Although
there were 48 to 276 samples collected per season, each
season was repeated only once because of the relatively
short study period (11 mo); thus, our ability to interpret
the effect of season is limited. Notwithstanding, we
found that the season of grow-out was significantly asso-
ciated with the presence of S. enterica and the quantity
of E. coli, yet not with the presence of qacED1. For S.
enterica, the risk was lower during the winter or spring
than during the fall in both of our models. Prior research
has indicated that summer/fall has the highest preva-
lence of S. enterica (Angen et al., 1996; van der Fels-
Klerx et al., 2008; Valcheva et al., 2011; Zdragas et al.,
2012), although some research has shown that there is
no seasonal effect (Meldrum et al., 2004; Jordan et al.,
2006; van de Giessen et al., 2006). For E. coli, the con-
centration was lower during the winter and higher in
the summer than in the fall; however, when the analysis
was limited to barns that had been disinfected, season
was no longer a significant explanatory variable. There
is limited research on the seasonality of E. coli preva-
lence or concentration in poultry barns; however, it has
been stated that both biotic (competition) and abiotic
(pH, temperature) factors likely impact the ability of
E. coli to survive in its secondary environment (i.e.,
outside the intestinal tract of the animal) (Franz et al.,
2014). Research into Campylobacter, another gram-
negative bacterium, has consistently shown that intesti-
nal colonization of broiler chickens peaks in the summer;
this finding has been attributed to the humidity and
higher temperatures and to increased rodent and insect
activity (Hald et al., 2004, 2007; Nichols, 2005;
Meerburg et al., 2006; Guerin et al., 2008; Zweifel
et al., 2008).

Similar to qacED1, sugE(p) also coexists with other
resistance genes and is associated with resistance to
QACs (Zou et al., 2014). There were too few sugE(p)-
positive isolates to build a regression model; therefore,
we could not explore potential explanatory variables
for the presence of this resistance gene. All the
sugE(p)-positive isolates were from barns that conduct-
ed a dry cleaning. However, approximately two-third of
the positive isolates were from dry-cleaned barns that
had been disinfected, with an unknown product, before
the study. Previous research has shown that QAC resis-
tance genes that are on mobile genetic elements,
including sugE(p), were relatively low in frequency in
E. coli isolates from retail meat (Zou et al., 2014). Future
research would benefit from investigating a larger num-
ber of isolates from barns that were disinfected to in-
crease the likelihood of detecting the gene, as well as
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looking into possible reasons why the gene might be iso-
lated from barns that had conducted a disinfection for
the flock prior and not for the flock being sampled.

Several of the time intervals investigated were signifi-
cant on univariable analysis, yet could not be trans-
formed in a meaningful way to become linear with the
outcome, or were highly collinear with each other and
were therefore excluded from the multivariable models.
This suggests that the time between each step in the
sanitation process might be important with respect to
pathogen prevalence or concentration and should there-
fore be a focus of future research. The impact of wet
cleaning on S. enterica and E. coli in poultry barns
should also be a focus of future research, as there were
only a small number of barns enrolled in our study in
which wet cleaning was conducted. Such studies should
include a comparison of barns that are wet-cleaned
with detergent to those that are cleaned solely with wa-
ter, as we noted that some producers did not use a deter-
gent for washing.

For the S. enterica models, the majority of the varia-
tion was at the barn level, suggesting that barn-level in-
terventions could have the most impact at reducing the
prevalence of S. enterica under commercial conditions.
Our findings are in line with a Danish study on risk fac-
tors for S. enterica serovar 4, 12:b:- in broiler chickens, in
which random effects at the house and/or farm level
were statistically significant (Chadfield et al., 2001).
One such barn-level factor could be bedding type, as
there is some evidence to suggest that S. enterica is
detected frequently in wood shavings (V€olkel et al.,
2011; Volkova et al., 2011). In Ontario, approximately
70% of broiler farms use chopped straw as bedding,
with the remainder using pine shavings (w20%) or
peat moss (w10%). However, as our research focused
on factors during the rest period between flocks rather
than during the grow-out period, the composition of
the litter was not included in the questionnaire; thus,
we do not know whether it was the same in all barns.
For the E. coli models, the relatively high correlation
(0.47–0.55) between samples from the same floor likely
reflects the highly dynamic state of the intestinal flora
of growing birds (Pleydell et al., 2007) and reinforces
the need for repeated samples when investigating E.
coli in poultry barns. There was also moderate correla-
tion (0.31–0.35) between samples from different floors
during the same visit, indicating that the inclusion of
sampling point in the E. coli models did not account
for all the visit-to-visit variations in concentration.
This finding is consistent with a study that investigated
antimicrobial-resistant E. coli on dairy farms in Ohio, in
which there was a relatively high correlation among fecal
samples with resistant E. coli at the time of a visit
(Medhanie et al., 2016). The researchers suggested
that this could be indicative of farm management or
environmental factors that vary by visit or season
(Medhanie et al., 2016), although these could be hard
to identify.

Although our study was conducted under commercial
conditions in Ontario, there were limitations. First,
involvement was entirely voluntary; therefore, it is
possible that producers who use stricter cleaning proto-
cols or were sure of their cleaning procedures, as outlined
in the On-Farm Food Safety Assurance Program
(Chicken Farmers of Canada, 2018), agreed to partici-
pate, leading to selection bias. Second, interviews were
conducted at least 2 d after the sanitation procedure
was completed; this was a potential cause of recall
bias, as some of the producers could not recall specific de-
tails of the procedures or products or the specific times at
which they finished each step of the sanitation
procedure.
In summary, this study has shown that risk factors for

S. enterica and E. coli differ; disinfection appears to be
more favorable for the reduction of both E. coli and
the presence of the qacED1 gene found in E. coli isolates,
whereas dry cleaning appears to be more favorable for
the reduction of S. enterica. Our study has also shown
that both S. enterica and E. coli are less likely to be pre-
sent in the barn after sanitation than before sanitation,
which highlights the importance of cleaning after litter
removal, although no sanitation procedure will remove
all these bacteria from the broiler chicken environment.
Other factors that were found to impact both S. enterica
and E. coli were flooring type and season; for new barns,
concrete floors, rather than wooden floors, are recom-
mended. It was also found that the majority of the var-
iations in S. enterica presence and E. coli
concentration could be explained by differences between
barns and between samples, respectively. A surprising
finding was that none of the explanatory variables
related to the wet cleaning and disinfection procedures
were significant in any of the final models. Thus, future
research should consider strategies to address the consid-
erable variability in cleaning methods to investigate spe-
cific aspects of barn sanitation. Future research should
include other economically important bacteria and vi-
ruses to guide the development of comprehensive clean-
ing and disinfection standards to control the wide array
of pathogens that infect poultry.
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