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Abstract: Despite the effectiveness of thermal inactivation processes, Escherichia coli biofilms continue
to be a persistent source of contamination in food processing environments. E. coli strains possessing
the locus of heat resistance are a novel food safety threat and raises the question of whether these
strains can also form biofilms. The objectives of this study were to determine biofilm formation in heat
resistant E. coli isolates from clinical and environmental origins using an in-house, two-component
apparatus and to characterize biofilm formation-associated genes in the isolates using whole genome
sequencing. Optimal conditions for biofilm formation in each of the heat resistant isolates were
determined by manipulating inoculum size, nutrient concentration, and temperature conditions.
Biofilm formation in the heat resistant isolates was detected at temperatures of 24 ◦C and 37 ◦C but
not at 4 ◦C. Furthermore, biofilm formation was observed in all environmental isolates but only
one clinical isolate despite shared profiles in biofilm formation-associated genes encoded by the
isolates from both sources. The circulation of heat resistant E. coli isolates with multi-stress tolerance
capabilities in environments related to food processing signify that such strains may be a serious
food safety and public health risk.
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1. Introduction

Escherichia coli is ubiquitous as normal flora in humans and animals [1]. However, acqui-
sition of virulence factors allows some E. coli strains to become pathogenic and consequen-
tially, become etiological agents for a multitude of human infections. Of the pathogenic
E. coli, pathotypes can be classified into two categories, intestinal and extraintestinal,
based on virulence factors the strains possess and their corresponding clinical presenta-
tions in humans [2]. Intestinal E. coli pathotypes include enteroaggregative E. coli (EAEC),
enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli
(EIEC), enterohemorrhagic E. coli (EHEC), and diffuse-adhering E. coli (DAEC) that typi-
cally present as diarrheal disease in human infection. Urinary tract infections, meningitis,
and sepsis are commonly attributed to infection by extraintestinal E. coli pathotypes in-
cluding uropathogenic E. coli (UPEC), neonatal meningitis-associated E. coli (NMEC),
and sepsis-associated E. coli (SEPEC), respectively.

Biofilms are microbial aggregates living as a community through secretion of an
extracellular polymeric matrix composed of exopolysaccharides, proteins, and DNA [3].
Such communities can persist on abiotic and biotic surfaces for extended periods of time
due to their high resistance to disinfectants and antimicrobials. E. coli biofilms are respon-
sible for a plethora of nosocomial, device-related infections and are a persistent source
of contamination in the environment [4,5]. The ability of E. coli biofilms to withstand
harsh conditions is achieved by quorum sensing, the chemical signalling pathway in
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which bacterial cells communicate with each other through secretion of autoinducer sub-
stances to mediate biofilm formation and maturation, and secretion of virulence factors [3].
EAEC and UPEC pathotypes have been thoroughly investigated for their biofilm forming
potential [6]; however, research in biofilm formation in other pathotypes, including EHEC
requires further investigation. EHEC is a zoonotic agent of foodborne illness and cattle can
serve as a natural reservoir for the pathotype [7]. Routes of EHEC transmission include
consumption of contaminated food or water, direct contact with animals, and person-to-
person spread [8]. In conditions of poor sanitation in food processing, EHEC biofilms on
equipment and surfaces can be a source of persistent contamination on carcasses and food
products [9]. Processing plants routinely incorporate high temperature disinfectant solu-
tions of 50 ◦C into their sanitation procedures to remove visible grime and also eliminate
bacterial biofilms [10,11]. However, the circulation of EHEC strains possessing the locus of
heat resistance (LHR), which confers exceptional thermotolerance to temperatures of 60 ◦C
and above [12], may be problematic in food processing environments. Biofilm formation in
both EHEC and heat resistant E. coli strains has not been well explored, but the presence of
the organism may serve as a substantial threat to food safety [8,13]. Reports of heat resistant,
clinical isolates have shown resistance to heat and osmotic stress at temperatures of 60 ◦C
and 71 ◦C [14,15]. These temperatures are comparable to those used in the food processing
industry’s heat inactivation procedures and reflective of temperatures recommended for
safe consumer cooking.

The objectives of this study were to comparatively detect biofilm formation in clinical
and environmental E. coli isolates possessing the locus of heat resistance using an in-house,
two-component apparatus and characterize their genetic profiles in respect to biofilm
formation-associated genes.

2. Materials and Methods
2.1. Bacterial Isolates and Growth Conditions

Heat resistant E. coli isolates included originated from both clinical and environmental
sources; three clinical isolates previously identified as 111, 128, and 8354 were from human
cases of acute gastroenteritis submitted to Alberta Precision Laboratories—Provincial Lab-
oratory for Public Health (ProvLab) [15]. Environmental isolate AW1.7 originated from
a local cattle slaughter plant [16] and isolates 53 and 63 were obtained from a municipal
wastewater treatment plant [17]. The six heat-resistant isolates were of unknown patho-
types. All of these isolates were recovered from frozen skim milk stocks and streaked onto
sheep blood agar plates (BAP) (Dalynn Biologicals, Calgary, AB, Canada) and incubated
for 24 h at 37 ◦C for use in subsequent experiments.

2.2. Detection of Biofilm Formation by Crystal Violet Staining

Biofilm formation for the six heat-resistant E. coli isolates was detected using an in-house,
two-component apparatus (Figure 1A). A single colony from each BAP culture was inoculated
into 10 mL of Luria Bertani (LB) broth (Becton Dickinson, Mississauga, ON, Canada) followed
by incubation at 37 ◦C for 24 h with agitation. Stationary phase cultures of the isolates were
adjusted to an optical density (OD) at 600 nm of 0.5 (Microscan Turbidity Meter, Siemens,
Oakville, ON, Canada) with phosphate buffered saline (pH 7.0) from which 1 mL aliquots
were washed by centrifugation at 20,000× g for 2 min and re-suspended with 1 mL of
saline. For each isolate that biofilm formation was to be determined, the wells of a 96 well
flat bottom clear polystyrene microplate (Corning; Millipore Sigma, Milwaukee, WI, USA)
were filled with 140 µL of LB broth in triplicate. To these wells, 10 µL of the aliquots
of bacterial cells were added; 10 µL of saline was added to 140 µL of LB broth to serve
as a blank. Sterile sticks (Puritan 6” wooden applicator stick; Puritan Medical Products,
Guilford, ME, USA) were taped onto the longitudinal sides of the microplate to ensure that
the pegs of the 96 well PCR plate (MicroAmp; Thermo Fisher Scientific, Waltham, MA, USA)
that was laid on top of the microplate would not come in direct contact with it. The pegs of
the PCR plate were submerged into the wells of the flat bottom microplate inoculated with
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bacterial culture or saline and the top and bottom components of the apparatus were sealed
together with additional tape. The apparatus was stored in an air-tight plastic container
lined with damp paper towels to prevent evaporation over a 24 h incubation period at 4 ◦C.
Unlike conventional biofilm assays that typically assess static biofilm formation from the
wells of the flat bottom microplate, biofilms formed by motile bacterial cells were detected
from the pegs of the PCR plate. Following incubation, the PCR plate was disassembled from
the apparatus and washed in 200 mL of Milli-Q water for 30 s with light agitation by hand
(4x). The washed PCR plate was then turned with the pegs facing upwards to remove excess
Milli-Q water and dried for 10 min. To a 96 well round bottom clear polystyrene microplate
(Corning; Millipore Sigma), 200 µL of crystal violet (Millipore Sigma) diluted to 1% with
Milli-Q water was added to each well corresponding with the wells of the flat bottom
microplate. The PCR plate was laid on top of the round bottom microplate so that the
pegs were submerged in the crystal violet solution for 30 min at 24 ◦C. Following staining,
the PCR plate was again washed in 200 mL of Milli-Q water with light agitation for 30 s (4x)
and dried for 10 min (Figure 1B). Lastly, a second round bottom microplate was prepared
with 150 µL of 95% ethanol per well for de-staining of the pegs. The PCR plate was
immersed in the round bottom microplate for 30 min at 4 ◦C during which any crystal
violet adhering to the pegs dissolved into the ethanol. Absorbance of crystal violet was
measured at 595 nm using a SpectraMax 190 Microplate Reader (Molecular Devices LLC,
San Jose, CA, USA) and SoftMax Pro software. Screening for biofilm formation in LB broth
was repeated for all isolates at incubation temperatures of 24 ◦C and 37 ◦C.
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Figure 1. Two-component apparatus for detecting biofilm formation (A). The pegs of the PCR plate are submerged into
wells of the flat bottom microplate containing bacterial cells. The PCR plate rests on top of 2 sterile sticks to prevent the
pegs from direct contact with the bottom of the microplate. Biofilms form on the pegs that are subsequently stained with 1%
crystal violet (B).

2.3. Determination of Optimal Biofilm Formation Conditions

After initial screening for biofilm formation in LB broth, experimentation to determine
the optimal conditions such as inoculum size, nutrient concentration, and temperature
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conditions for biofilms were performed for each isolate using the two-component apparatus.
Modifications for this experimental procedure required serial dilutions of un-inoculated,
sterilized LB broth with Milli-Q water to obtain concentrations from 100% to 10% in
decreasing intervals of 10%. After adjustment to an OD of 0.5 at 600 nm with phosphate
buffered saline (pH 7.0), stationary phase cultures were again washed by centrifugation and
then serially diluted with saline to obtain cell concentrations ranging from 8 log CFU/mL
to 1 CFU/mL over 5 dilutions. The flat bottom microplate was subsequently inoculated
with 140 µL of LB broth dilutions and 10 µL of inoculum dilutions of cells according
to a plate map; lastly a PCR plate was overlaid on top of the microplate as described
above. Incubation conditions, staining and de-staining procedures, and measurement of
absorbance were performed as previously described.

2.4. Genomic DNA Isolation, Whole Genome Sequencing, and Analysis for Biofilm-Associated
Genes

Genomic DNA of heat resistant E. coli isolates was extracted from overnight cul-
tures grown on BAP using the MagaZorb DNA mini-prep kit (Promega Corporation,
Madison, WI, USA). The Qubit 4 Fluorometer (Invitrogen, Burlington, ON, Canada) was
used to determine the quality and quantity of DNA. Sequencing libraries were prepared
using the Nextera XT kit (Illumina Inc., San Diego, CA, USA). Whole genome sequenc-
ing was performed using the Illumina MiSeq platform (Illumina Inc.) according to the
manufacturer’s instructions. MiSeq sequencing runs were performed with paired-end
250-nucleotide reads. Trimmomatic Version 0.38 [18] was used to trim the low-quality reads
of each genome with the following parameters: SLIDINGWINDOW = 4:15, LEADING = 3,
TRAILING = 3 MINLEN = 36. De novo assembly was performed using SPAdes Version
3.9.1 [19] with ‘–careful’ and ‘-k 21,33,55,77’ options. All genomic sequences of the 6 isolates
were deposited to the NCBI genome database under BioProject PRJNA694975. Presence or
absence of biofilm formation-associated genes (Table 1) in each of the isolates was identified
using the NCBI BLAST server.

Table 1. Biofilm formation-associated genes.

Gene Gene ID Description References

csgB 947391 Minor curlin subunit [18]

csgA 949055 Major curlin subunit [19]

csgC 945623 Inhibitor of CsgA amyloid formation [20]

csgD 949119

DNA-binding transcriptional dual
regulator of genes involved in curli

assembly, transport, and
structure components

[19,21]

csgE 945711
Specificity factor in the CsgG mediated
outer membrane translocation of the

curli subunits
[22]

csgF 945622 Acts in conjunction with CsgB to initiate
curli subunit polymerisation [22]

csgG 945619
Forms the secretion channel for curli
subunits, providing stability to CsgA

and CsgB during assembly
[19]

hha 945098 Represses the transcription of
fimbrial genes [23]

bcsA 948053 Catalytic subunit of cellulose synthase [24]

bcsB 948045 Cellulose synthase periplasmic subunit [24]
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Table 1. Cont.

Gene Gene ID Description References

pgaC 945606

Poly-N-acetyl-D-glucosamine (PGA)
synthase subunit mediating

translocation and/or docking of PGA to
the cell surface

[25]

papC 7152342
Export and assembly of pili subunits

across the outer membrane needed for
formation of P fimbriae

[26]

agn43 946540 Autoaggregation factor promoting
adhesion [27,28]

fimA 948838 Major subunit of type 1 fimbriae [29]

fimB 948832 Recombinase regulating type 1 fimbriae
production [30]

fimE 948836 Recombinase regulating type 1 fimbriae
production [30]

mrkA 8569608 Major subunit of plasmid encoded type
3 fimbriae [31,32]

mrkB 8569607
Type 3 fimbriae chaperone involved in

assembly and anchorage of fimbrial
filaments

[32,33]

mrkC 8569606
Type 3 fimbriae usher involved in

assembly and anchorage of fimbrial
filaments

[32,33]

mrkD 8569605 Adhesin subunit of type 3 fimbriae [31,32]

mrkF 8569604 Stabilizes intact type 3 fimbriae [31,32]

2.5. Motility Status

Presence or absence of fliC (gene ID: 949101) as a genetic marker for motility was
determined for all isolates using the NCBI BLAST server against their respective genomes.
Phenotypic expression for flagellin was confirmed for all isolates with two motility tests:
triphenyltetrazolium chloride (TTC) medium (Dalynn Biologicals, Calgary, AB, Canada)
and sulfide, indole, motility (SIM) medium (Dalynn Biologicals). Isolated colonies from
overnight cultures were inoculated from the BAP into the motility test media by stabbing
the center to a depth of approximately 1.5 inches. The test media were incubated overnight
at 37 ◦C. Extension from the stab line for growth as visualized by turbidity or cloudiness,
and diffusion of formazan in the case of TTC medium were considered positive indicators
for motility. E. coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 were used as a
positive and negative control, respectively.

2.6. Statistical Analysis

The means of at least three independent experiments were determined to optimize the
experimental procedure of the two-component apparatus for each isolate at all incubation
temperatures. Biofilm formation between environmental and clinical isolates at each
incubation temperature without modifications to inoculum size and nutrient concentration
was compared using a Two-Sample t-Test with OriginPro 2016 (OriginLab, Northampton,
MA, USA). A 95% significance (p = 0.05) was used. The means of at least 3 independent
experiments were determined for all serial dilutions of inoculum and LB broth for each
isolate when determining optimal biofilm formation conditions and the data was analyzed
by linear regression with R 4.0.3 [34].
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3. Results
3.1. Virulence Characteristics and Motility of E. coli Isolates

Characterization of the clinical isolates for key virulence factors of the EHEC pathotype in-
cluding stx1, stx2, and eae, was previously determined by Chui et al. [35]. Isolate 111 (serotype
ONT:H25) was positive for stx1 and eae and negative for stx2, isolate 128 (serotype O11:H25)
was positive for stx1 and negative for stx2 and eae, and isolate 8354 (serotype O157:H7) was
negative for stx1, stx2, and eae. Despite clinical isolate 8354 lacking the genetic predictors
of EHEC, it was the sole etiologic agent identified from a case of acute gastroenteritis.
Expectedly, environmental isolates AW1.7 (serotype O128:H12), 53 (serotype O11:H25),
and 63 (serotype O11:H25) were negative for EHEC virulence factors including stx1, stx2,
and eae. All six heat resistant isolates possessed the fliC gene encoding for flagellin and
were positive for phenotypic motility as confirmed by TTC and SIM media. Interestingly,
motility was not the same for all isolates when observed by TTC medium (Figure 2).
Isolates AW1.7, 53, 63, and 111 showed less diffusion of formazan compared to isolates 128
and 8354 as observed by the spread of pigment from the stab line. All isolates showed a
diffuse zone of growth from the stab line in SIM medium.
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Figure 2. Triphenyltetrazolium Chloride (TTC) motility test media of (A) positive control Escherichia
coli ATCC 25922 (left) and negative control Klebsiella pneumoniae ATCC 700603 (right) and (B) heat
resistant isolates AW1.7 (left) and 128 (right). Results from TTC media of isolates 53, 63, and 111 were
identical to isolate AW1.7 and isolate 8354 was identical to isolate 128.

3.2. Optimization of the Two-Component Apparatus for E. coli

Initial screening and optimization of the two-component apparatus using bacterial
cultures standardized to 8 log CFU/mL revealed biofilm formation in all environmental
isolates and clinical isolate 111 at temperatures of 24 ◦C and 37 ◦C but not at 4 ◦C (Figure 3).
No biofilm formation was detected from clinical isolates 128 and 8354 at all incubation
temperatures. At an incubation temperature of 37 ◦C, environmental isolates showed in-
creased biofilm formation compared to clinical isolates whereas at 24 ◦C, biofilm formation
in both groups were similar. No statistical differences in biofilm formation were observed
between environmental and clinical isolates at all incubation temperatures.
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Figure 3. Biofilm formation of environmental and clinical Escherichia coli isolates in 100% LB broth
and 8 log CFU/mL inoculum size incubated at temperatures of 37 ◦C, 24 ◦C, and 4 ◦C for opti-
mization of the two-component apparatus. Data presented as means ± standard deviations of
triplicate experiments.

3.3. Determination of Optimal Biofilm Formation Conditions

To determine the optimal biofilm formation conditions for each isolate, manipulation
of inoculum size and nutrient concentration was incorporated through serial dilutions of
each variable. Again, similar observations of no biofilm formation were obtained at 4 ◦C
for all isolates regardless of inoculum size and nutrient concentration. For the 4 isolates
that were capable of forming biofilms at 24 ◦C and 37 ◦C, conditions yielding maximum
biofilm formation were not identical within isolates at different incubation temperatures or
between isolates at the same temperatures (Figure 4). Among the isolates, environmental
isolate AW1.7 formed the most biofilm at 24 ◦C and 37 ◦C temperatures as measured by
absorbance of crystal violet at 595 nm. In addition, biofilm formation of AW1.7 was evi-
dently different between the two temperatures, with maximum formation in 40% LB broth
and 6 log CFU/mL inoculum, and 100% LB broth and 8 log CFU/mL inoculum at 24 ◦C
and 37 ◦C, respectively. Environmental isolate 53 was capable of forming biofilms at 24 ◦C
in concentrations of 30% to 90% LB broth at all cell concentrations with the exception of
8 log CFU/mL and maximum formation was observed at 60% LB broth and 4 log CFU/mL.
Biofilm formation in isolate 53 was interestingly quite different at 37 ◦C, with maximum
formation at 50% LB broth for most cell concentrations. Furthermore, biofilm formation at
this temperature was undetectable or weak until a nutrient concentration of 40% LB broth
was reached. Isolate 63, also of environmental origin, was capable of forming biofilms
at both 24 ◦C and 37 ◦C. At 24 ◦C, biofilm formation was linear, with maximum forma-
tion observed at 90% and 100% LB broth at all cell concentrations. Similar to isolate 53,
at 37 ◦C, isolate 63 was capable of forming biofilms only in specific conditions; LB broth
concentrations of 0% to 20% did not support biofilm formation at any inoculum sizes.
Optimal conditions for maximum biofilm formation in isolate 63 at 37 ◦C were observed at
40% LB broth and 1 log CFU/mL, and 50% LB broth and 8 log CFU/mL. Of the 3 clinical,
heat resistant isolates, only isolate 111 was a biofilm former. Isolate 111 formed biofilms
at all inoculum sizes at 24 ◦C incubation but maximum formation was observed only up
to 80% LB broth. In addition, biofilm formation was substantially lower at an inoculum
size of 8 log CFU/mL regardless of LB broth concentration compared to the other dilutions.
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Interestingly, at 37 ◦C, only an inoculum of 8 log CFU/mL of isolate 111 had biofilm
formation. All other cell dilutions of isolate 111 were unable to form any biofilm across
all LB broth concentrations. Upon regression analysis, statistically significant interac-
tions between temperature and nutrient concentration were observed for isolates AW1.7,
53, and 63; no interaction was detected for clinical isolate 111 (Table 2). In isolate 63, increas-
ing the bacterial inoculum was not significantly associated with absorbance of crystal violet
(p = 0.791, 95% CI: (−0.006, 0.007)). However, in isolates AW1.7 and 111, an increasing
bacterial inoculum was associated with an increase in mean absorbance whereas in isolate
53, a decrease in mean absorbance was detected.
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size and nutrient concentration manipulation. Data presented as means ± standard deviations of triplicate experiments.

Table 2. Multivariate linear regression analysis of factors associated with biofilm formation in Escherichia coli isolates.

Variable
Effect Size (95% CI) Stratified by Isolate

AW1.7 53 63 111

Bacterial inoculum 0.021 † (0.007, 0.035) −0.011 * (−0.020, −0.003) 0.001 (−0.006, 0.007) 0.008 * (0.001, 0.015)
Temperature (37 ◦C) −0.053 (−0.201, 0.096) −0.050 (−0.144, 0.045) 0.040 (−0.028, 0.108) −0.194 ‡ (−0.232, −0.157)

LB broth concentration −0.006 ‡ (−0.007, −0.004) 0.002 ‡ (0.001, 0.004) 0.005 ‡ (0.004, 0.005) 0.002 ‡ (0.001, 0.002)
Temperature:LB broth

concentration 0.016 ‡ (0.013, 0.018) 0.002 * (0.000, 0.004) −0.002 ‡ (−0.003, −0.001) -

Reference temperature of 24 ◦C. * Significant at p < 0.05, † significant at p < 0.01, ‡ significant at p < 0.001; dash, not applicable.

3.4. Genetic Analysis of Biofilm Formation-Associated Genes

Genome sequence data was used to determine the presence or absence of known
biofilm formation-associated genes for the six heat-resistant isolates (Table 3). All iso-
lates possessed the csgBAC and csgDEFG operons but lacked the mrkABCDF operon,
which encodes for curli and type 3 fimbriae, respectively. Genetic profiles for biofilm
formation-associated genes in environmental isolates 53 and 63, both of which originated
from wastewater, and clinical isolate 111 were identical. However, optimal conditions
for biofilm formation in all 3 of these isolates were noticeably different from each other.
Despite isolates AW1.7 and 8354 both possessing the same genetic profile for biofilm
formation-associated genes, only the former was capable of forming biofilm.
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Table 3. Genetic determination of biofilm formation-associated genes in heat resistant Escherichia coli.

Isolate
Gene *

hha bcsA bcsB pgaC papC Agn43 fimA fimB fimE

AW1.7 + + + + - - - - -
53 + + + + - - + + +
63 + + + + - - + + +

111 + + + + - - + + +
128 + - - + - - + + +
8354 + + + + - - - - -

* All genes comprising the csgBAC and csgDEFG operons were present in the isolates. All genes comprising the
mrkABCDF operon were absent in the isolates.

4. Discussion

Biofilm formation using the in-house, two-component apparatus was investigated in
six heat-resistant E. coli isolates. Heat resistant E. coli isolates AW1.7, 53, and 63 obtained
from the environment served as a comparison of a different isolation source from the three
clinical isolates. Furthermore, wastewater isolates 53 and 63 were previously determined
to be biofilm formers in tryptic soy broth at 35 ◦C [17,36]. All 3 environmental isolates
were capable of forming biofilms whereas biofilm formation was detected only in clinical
isolate 111. Furthermore, isolate AW1.7 was most proficient at biofilm formation at 37 ◦C
compared to isolates 53 and 63. This difference may be attributed to their respective sources
of isolation. External stressors significantly influence an organism’s potential for biofilm
formation [37,38]. Isolate AW1.7 originated from a local cattle slaughter plant and may be
highly adapted to temperatures of 37 ◦C and above that reflect the gastrointestinal tract of
ruminants [39] and thermal inactivation processes used in beef processing. On the other
hand, isolates 53 and 63 were obtained from municipal wastewater, which ranges in temper-
atures between 4 ◦C and 20 ◦C [17]. Although these isolates were unable to form biofilms
at 4 ◦C, biofilm formation was still detected 24 ◦C and 37 ◦C. Furthermore, it has been doc-
umented that isolates 53 and 63 possess high levels of resistance to chlorine and peroxide
in addition to heat resistance [17,36], adaptations reflective of their environmental origin.

Conventional biofilm procedures measure total static biofilm production on the bot-
tom of a microplate well following incubation by staining with crystal violet and measuring
the absorbance. However, a disadvantage to this method is that matrix components and
dead cells might settle at the bottom of the well and uptake the stain, which may lead
to a potential over-estimation of biofilm formation [40]. The in-house, two-component
apparatus detects biofilm formation on the underside of the PCR plate from motile cells,
eliminating any over-estimation as a result of inadequate washing of the microplate wells
in the conventional method. Various factors such as inoculum size and concentration of
nutrient media can be manipulated and added to the same microplate for evaluation of
their effect on biofilm formation. Furthermore, the two-component apparatus utilizes PCR
plates made of polypropylene but the material of the pegs on which the biofilms form
can easily be substituted or coated with an array of different materials or substances to
facilitate biofilm formation in fastidious organisms or to assess susceptibility to antimicro-
bials and disinfectants. Resemblances are shared between the two-component apparatus
discussed in this study and the commercially available MBEC Assay (Innovotech Inc.,
Edmonton, AB, Canada), formerly the Calgary Biofilm Device [41]. With limited research
funding available, the in-house, two-component apparatus can be used as a substitute to
test for biofilm formation in a variety of bacteria.

Current pathogen intervention steps for cattle carcasses in food processing plants
include hot water, steam pasteurization, and antimicrobial solutions applied at high tem-
peratures ranging from 60 ◦C to 95 ◦C [10,11]. Sanitation of knives and blades during
slaughter also regularly occur at 82 ◦C [42]. During such processes, buildup of mud and
feces from contaminated hides on processing equipment may occur. Poor plant sanitation
can allow for biofilm formation on these surfaces and become a source of contamination [9].
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Many processing plants incorporate high temperatures into their cleaning procedures but
limited research has been conducted thus far on whether heat resistance contributes to
increased survival of E. coli in biofilms [43]. Furthermore, previous studies on the effect of
environmental stressors on EHEC found it unlikely that strains could possess virulence
genes for human infection and phenotypes for evading pathogen intervention measures in
the food processing industry [44]. However, clinical isolate 111 that possesses Shiga toxin,
the locus of enterocyte effacement (LEE), the LHR, and the biofilm forming phenotype
was characterized in this study, indicating that pathogenic E. coli strains with height-
ened survival traits are in circulation and may represent a significant food safety threat.
Future studies on assessing the survival of biofilms formed by heat resistant E. coli after
exposure to high temperatures reflective of those used in food processing may provide
additional insight on its persistence in food processing plants.

The genes involved in biofilm formation and those related to quorum sensing belong
to a highly complex field of study that is ever expanding. This study presents genetic
analysis of genes associated with biofilm formation in E. coli, particularly Shiga toxin-
producing E. coli (STEC), which has been poorly investigated thus far. Active motility
through flagellin has previously been described as a requirement for biofilm formation
in E. coli [45,46] in order to overcome the repulsive electrostatic and hydrodynamic forces
in a liquid environment [47]. However, non-motile E. coli K-12 and EAEC strains have
been reported to form biofilms by overexpression of surface adhesins to compensate for
the lack of force-generating movements provided by flagellin [48,49]. All heat resistant
isolates were motile, fulfilling the first prerequisite for biofilm formation. The LEE is
a pathogenicity island that defines the EHEC pathotype and plays a vital role in the
development of attaching and effacing lesions, and adherence to intestinal epithelial
cells during pathogenesis [50]. Despite the fact the three clinical, heat-resistant isolates
originated from cases of acute gastroenteritis that would likely be indicative of EHEC
infection, only isolate 111 was positive for the LEE, as determined by detection of the eae
gene. The adhesin intimin is encoded by the eae gene, one of 41 open reading frames in
the LEE [51]. Regulation of the LEE is mediated by quorum sensing, specifically by the
luxR homolog sdiA [3,9], and the SdiA protein has been proposed to be involved in biofilm
formation in E. coli. It is speculated that regulation of the LEE through SdiA may also be
reflective of the isolate’s ability to form biofilms and is supported by the findings in this
study. Isolate 111 was the only clinical isolate that formed biofilms and also possessed
the LEE.

Curli and cellulose are two commonly studied markers of biofilm formation as they
are major components of the biofilm matrix [22,24]. Of the heat resistant E. coli isolates
sequenced, the csgBAC and csgDEFG operons that encode for curli were present and with
the exception of clinical isolate 128; the bcsA and bcsB genes, which encode for cellulose,
were identified in all remaining isolates. However, biofilm formation was only detected in
isolates AW1.7, 53, 63, and 111, indicating that genetic and/or phenotypic characterization
of curli and cellulose does not correspond with biofilm forming potential and should
not be used as the sole methods to investigate biofilm formation. All biofilm forming
isolates possess the pgaC gene but lack the papC and Agn43 genes. pgaC encodes for the
synthesis of PGA polymer, which plays a role in biofilm adhesion [25]. However, PGA is
not the only adhesion factor in biofilm formation as LPS, curli, fimbriae, and pili are also
involved in this process. Understandably, all clinical isolates were negative for the papC and
Agn43 genes that encode for adhesion factors P pili and autoaggregation factor antigen 43,
respectively. P pili are commonly found in UPEC strains as they are critical adhesion factors
for the pathogenesis of ascending urinary tract infections [52]. Autoaggregation factor
antigen 43 has been reported in high prevalence in UPEC, SEPEC, and EAEC pathotypes
but not in EHEC [6,53]. Thus, it is not surprising that the clinical isolates of diarrheal
origins would not possess these two genes. Isolates AW1.7, 53, and 63 lacking the papC
and Agn43 genes may be attributed to the vastly different ecological niches that they
circulate in compared to UPEC, SEPEC, and EAEC strains. Biofilm forming UPEC and
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SEPEC strains are commonly found in catheters and other medical devices [54,55] whereas
EAEC strains have been identified in contaminated food and drinking water [56] but
not in slaughterhouses and wastewater [57]. Interestingly, members of the fim operon,
fimA, fimB, and fimE were detected in isolates 53, 63, 111, and 128 but not in AW1.7 or 8354.
Type 1 fimbriae are proteinaceous filamentous adhesins that are important for attachment
to abiotic surfaces [58]. Its prevalence has been reported to be high in UPEC, EPEC,
and SEPEC pathotypes but similarly has not been investigated thoroughly in EHEC [6].
It is possible that type 1 fimbriae may not play a significant role in biofilm formation
in EHEC pathotypes, as reflected in the data presented in this study. The last biofilm
formation-associated genes of interest were those comprising the mrk operon. Encoding for
type 3 fimbriae, the operon was identified as an additional member in the LHR in a
heat resistant E. coli strain isolated from Swiss raw milk cheese [43]. The mrk operon is
commonly present in Klebsiella pneumoniae but rarely reported in E. coli. The lack of the mrk
operon suggests that the LHR present in the heat resistant isolates likely originates from a
different source than the one identified by Marti et al. [43,59]. A limitation of this study is
the genetic determination of biofilm formation-associated genes without corresponding
expression detection; future research on characterizing expression of these genes will allow
us to gain a deeper insight into biofilm formation in E. coli pathotypes that have yet to be
extensively studied.

5. Conclusions

In this study, we were able to confirm biofilm formation in heat resistant E. coli isolates
from environmental and clinical sources in Alberta using the two-component apparatus
and demonstrate that the LHR likely does not contribute to increased biofilm forming
potential. The findings obtained in this study provide further evidence that biofilms are
not regarded as an essential virulence factor for EHEC survival and pathogenesis [60].
Weaker biofilm forming potential of clinical E. coli strains compared to environmental E. coli
strains is likely due to higher adaptation to various stress conditions the latter encounter
in their ecological niches. The identification of pathogenic E. coli that possess the LHR
and tolerance to multiple environmental stressors illustrates the threat they pose on food
safety at various points in the farm-to-fork continuum. Further study on the contribution
of heat resistant E. coli in human foodborne infection may potentially identify new sources
of contamination and shortcomings in current pathogen inactivation methods used in the
food processing industry.

Author Contributions: Conceptualization, A.M. and L.C.; methodology, A.M.; formal analysis, A.M.;
investigation, A.M.; resources, N.N. and L.C.; writing—original draft preparation, A.M.; writing—review
and editing, A.M., N.N., and L.C.; supervision, L.C.; funding acquisition, L.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Alberta Innovates Bio Solutions, grant number AI-BIO
FSC-12-015 and Alberta Livestock and Meat Agency, grant number 2013R048R.

Acknowledgments: The authors would like to thank Lynn McMullen and Michael Gänzle for supply-
ing environmental isolate E. coli AW1.7 and Alberta Precision Laboratories—Provincial Laboratory
for Public Health Bacterial Typing Unit for technical assistance with whole genome sequencing.
Curtis Mabilagan and Alexa Thompson are acknowledged for statistical analysis assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123–140. [CrossRef] [PubMed]
2. Mainil, J. Escherichia coli virulence factors. Vet. Immunol. Immunopathol. 2013, 152, 2–12. [CrossRef]
3. Sharma, G.; Sharma, S.; Sharma, P.; Chandola, D.; Dang, S.; Gupta, S.; Gabrani, R. Escherichia coli biofilm: Development and

therapeutic strategies. J. Appl. Microbiol. 2016, 121, 309–319. [CrossRef] [PubMed]
4. Reisner, A.; Maierl, M.; Jörger, M.; Krause, R.; Berger, D.; Haid, A.; Tesic, D.; Zechner, E.L. Type 1 Fimbriae Contribute to

Catheter-Associated Urinary Tract Infections Caused by Escherichia coli. J. Bacteriol. 2014, 196, 931–939. [CrossRef]

http://doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
http://doi.org/10.1016/j.vetimm.2012.09.032
http://doi.org/10.1111/jam.13078
http://www.ncbi.nlm.nih.gov/pubmed/26811181
http://doi.org/10.1128/JB.00985-13


Microorganisms 2021, 9, 403 12 of 13

5. Gomes, L.C.; Silva, L.N.; Simões, M.; Melo, L.F.; Mergulhão, F.J. Escherichia coli adhesion, biofilm development and antibiotic
susceptibility on biomedical materials. J. Biomed. Mater. Res. Part A 2015, 103, 1414–1423. [CrossRef]

6. Schiebel, J.; Böhm, A.; Nitschke, J.; Burdukiewicz, M.; Weinreich, J.; Ali, A.; Roggenbuck, D.; Rödiger, S.; Schierack, P. Genotypic and
Phenotypic Characteristics Associated with Biofilm Formation by Human Clinical Escherichia coli Isolates of Different Pathotypes.
Appl. Environ. Microbiol. 2017, 83, 3670–3680. [CrossRef]

7. Caprioli, A.; Scavia, G.; Morabito, S. Public Health Microbiology of Shiga Toxin-Producing Escherichia coli. Microbiol. Spectr.
2013, 1–12. [CrossRef]

8. Chekabab, S.M.; Paquin-Veillette, J.; Dozois, C.M.; Harel, J. The ecological habitat and transmission of Escherichia coli O157:H7.
FEMS Microbiol. Lett. 2013, 341, 1–12. [CrossRef]

9. Oloketuyi, S.F.; Khan, F. Strategies for Biofilm Inhibition and Virulence Attenuation of Foodborne Pathogen-Escherichia coli
O157:H7. Curr. Microbiol. 2017, 74, 1477–1489. [CrossRef] [PubMed]

10. Minihan, D.; Whyte, P.; O’Mahony, M.; Collins, J.D. The effect of commercial steam pasteurization on the levels of Enterobac-
teriaceae and Escherichia coli on naturally contaminated beef carcasses. J. Vet. Med. Ser. B Infect. Dis. Vet. Public Health 2003,
50, 352–356. [CrossRef] [PubMed]

11. Yang, X.; Badoni, M.; Tran, F.; Gill, C.O. Microbiological Effects of a Routine Treatment for Decontaminating Hide-On Carcasses
at a Large Beef Packing Plant. J. Food Prot. 2015, 78, 256–263. [CrossRef]

12. Mercer, R.G.; Zheng, J.; Garcia-Hernandez, R.; Ruan, L.; Gänzle, M.G.; McMullen, L.M. Genetic determinants of heat resistance in
Escherichia coli. Front. Microbiol. 2015, 6, 1–13. [CrossRef] [PubMed]

13. Wang, R.; Kalchayanand, N.; King, D.A.; Luedtke, B.E.; Bosilevac, J.M.; Arthur, T.M. Biofilm Formation and Sanitizer Resistance
of Escherichia coli O157:H7 Strains Isolated from “High Event Period” Meat Contamination. J. Food Prot. 2014, 77, 1982–1987.
[CrossRef] [PubMed]

14. Ma, A.; Chui, L. Identification of heat resistant Escherichia coli by qPCR for the locus of heat resistance. J. Microbiol. Methods 2016,
133, 87–89. [CrossRef] [PubMed]

15. Ma, A.; Glassman, H.; Chui, L. Characterization of Escherichia coli possessing the locus of heat resistance isolated from human
cases of acute gastroenteritis. Food Microbiol. 2020, 88, 103400. [CrossRef]

16. Aslam, M.; Greer, G.G.; Nattress, F.M.; Gill, C.O.; McMullen, L.M. Genotypic analysis of Escherichia coli recovered from product
and equipment at a beef-packing plant. J. Appl. Microbiol. 2004, 97, 78–86. [CrossRef]

17. Zhi, S.; Banting, G.; Li, Q.; Edge, T.A.; Topp, E.; Sokurenko, M.; Scott, C.; Braithwaite, S.; Ruecker, N.J.; Yasui, Y.; et al. Evidence of
Naturalized Stress-Tolerant Strains of Escherichia coli in Municipal Wastewater Treatment Plants. Appl. Environ. Microbiol. 2016,
82, 5505–5518. [CrossRef]

18. Hammar, M.; Bian, Z.; Normark, S. Nucleator-dependent intercellular assembly of adhesive curli organelles in Escherichia coli.
Proc. Natl. Acad. Sci. USA 1996, 93, 6562–6566. [CrossRef]

19. Loferer, H.; Hammar, M.; Normark, S. Availability of the fibre subunit CsgA and the nucleator protein CsgB during assembly of fibronectin-
binding curli is limited by the intracellular concentration of the novel lipoprotein CsgG. Mol. Microbiol. 1997, 26, 11–23. [CrossRef]

20. Evans, M.L.; Chorell, E.; Taylor, J.D.; Åden, J.; Götheson, A.; Li, F.; Koch, M.; Sefer, L.; Matthews, S.J.; Wittung-Stafshede, P.; et al. The
Bacterial Curli System Possesses a Potent and Selective Inhibitor of Amyloid Formation. Mol. Cell 2015, 57, 445–455. [CrossRef]

21. Hammar, M.; Arnqvist, A.; Bian, Z.; Olsén, A.; Normark, S. Expression of two csg operons is required for production of fibronectin-
and Congo red-binding curli polymers in Escherichia coli K-12. Mol. Microbiol. 1995, 18, 661–670. [CrossRef] [PubMed]

22. Barnhart, M.M.; Chapman, M.R. Curli biogenesis and function. Annu. Rev. Microbiol. 2006, 60, 131–147. [CrossRef] [PubMed]
23. García-Contreras, R.; Zhang, X.-S.; Kim, Y.; Wood, T.K. Protein Translation and Cell Death: The Role of Rare tRNAs in Biofilm

Formation and in Activating Dormant Phage Killer Genes. PLoS ONE 2008, 3, e2394. [CrossRef]
24. Zogaj, X.; Nimtz, M.; Rohde, M.; Bokranz, W.; Römling, U. The multicellular morphotypes of Salmonella typhimurium and

Escherichia coli produce cellulose as the second component of the extracellular matrix. Mol. Microbiol. 2001, 39, 1452–1463. [CrossRef]
25. Wang, X.; Preston, J.F.; Romeo, T. The pgaABCD Locus of Escherichia coli Promotes the Synthesis of a Polysaccharide Adhesin

Required for Biofilm Formation. J. Bacteriol. 2004, 186, 2724–2734. [CrossRef]
26. Fattahi, S.; Kafil, H.S.; Nahai, M.R.; Asgharzadeh, M.; Nori, R.; Aghazadeh, M. Relationship of biofilm formation and different

virulence genes in uropathogenic Escherichia coli isolates from Northwest Iran. GMS Hyg. Infect. Control 2015, 10, 11. [CrossRef]
27. Wallecha, A.; Oreh, H.; van der Woude, M.W.; DeHaseth, P.L. Control of Gene Expression at a Bacterial Leader RNA, the agn43

Gene Encoding Outer Membrane Protein Ag43 of Escherichia coli. J. Bacteriol. 2014, 196, 2728–2735. [CrossRef] [PubMed]
28. Chauhan, A.; Sakamoto, C.; Ghigo, J.-M.; Beloin, C. Did I Pick the Right Colony? Pitfalls in the Study of Regulation of the Phase

Variable Antigen 43 Adhesin. PLoS ONE 2013, 8, e73568. [CrossRef]
29. Rodrigues, D.F.; Elimelech, M. Role of type 1 fimbriae and mannose in the development of Escherichia coli K12 biofilm:

From initial cell adhesion to biofilm formation. Biofouling 2009, 25, 401–411. [CrossRef]
30. Gally, D.L.; Leathart, J.; Blomfield, I.C. Interaction of FimB and FimE with the fim switch that controls the phase variation of type

1 fimbriae in Escherichia coli K-12. Mol. Microbiol. 1996, 21, 725–738. [CrossRef]
31. Burmølle, M.; Bahl, M.I.; Jensen, L.B.; Sørensen, S.J.; Hansen, L.H. Type 3 fimbriae, encoded by the conjugative plasmid pOLA52,

enhance biofilm formation and transfer frequencies in Enterobacteriaceae strains. Microbiology 2008, 154, 187–195. [CrossRef]
32. Allen, B.L.; Gerlach, G.F.; Clegg, S. Nucleotide sequence and functions of mrk determinants necessary for expression of type 3

fimbriae in Klebsiella pneumoniae. J. Bacteriol. 1991, 173, 916–920. [CrossRef]

http://doi.org/10.1002/jbm.a.35277
http://doi.org/10.1128/AEM.01660-17
http://doi.org/10.1128/microbiolspec.EHEC-0014-2013
http://doi.org/10.1111/1574-6968.12078
http://doi.org/10.1007/s00284-017-1314-y
http://www.ncbi.nlm.nih.gov/pubmed/28744570
http://doi.org/10.1046/j.1439-0450.2003.00675.x
http://www.ncbi.nlm.nih.gov/pubmed/14535935
http://doi.org/10.4315/0362-028X.JFP-14-226
http://doi.org/10.3389/fmicb.2015.00932
http://www.ncbi.nlm.nih.gov/pubmed/26441869
http://doi.org/10.4315/0362-028X.JFP-14-253
http://www.ncbi.nlm.nih.gov/pubmed/25364934
http://doi.org/10.1016/j.mimet.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28012922
http://doi.org/10.1016/j.fm.2019.103400
http://doi.org/10.1111/j.1365-2672.2004.02277.x
http://doi.org/10.1128/AEM.00143-16
http://doi.org/10.1073/pnas.93.13.6562
http://doi.org/10.1046/j.1365-2958.1997.5231883.x
http://doi.org/10.1016/j.molcel.2014.12.025
http://doi.org/10.1111/j.1365-2958.1995.mmi_18040661.x
http://www.ncbi.nlm.nih.gov/pubmed/8817489
http://doi.org/10.1146/annurev.micro.60.080805.142106
http://www.ncbi.nlm.nih.gov/pubmed/16704339
http://doi.org/10.1371/journal.pone.0002394
http://doi.org/10.1046/j.1365-2958.2001.02337.x
http://doi.org/10.1128/JB.186.9.2724-2734.2004
http://doi.org/10.3205/dgkh000254
http://doi.org/10.1128/JB.01680-14
http://www.ncbi.nlm.nih.gov/pubmed/24837285
http://doi.org/10.1371/journal.pone.0073568
http://doi.org/10.1080/08927010902833443
http://doi.org/10.1046/j.1365-2958.1996.311388.x
http://doi.org/10.1099/mic.0.2007/010454-0
http://doi.org/10.1128/JB.173.2.916-920.1991


Microorganisms 2021, 9, 403 13 of 13

33. Sauer, F.G.; Barnhart, M.; Choudhury, D.; Knight, S.D.; Waksman, G.; Hultgren, S.J. Chaperone-assisted pilus assembly and
bacterial attachment. Curr. Opin. Struct. Biol. 2000, 10, 548–556. [CrossRef]

34. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021; Available online: https://www.R-project.org/ (accessed on 8 February 2021).

35. Chui, L.; Li, V.; Fach, P.; Delannoy, S.; Malejczyk, K.; Patterson-Fortin, L.; Poon, A.; King, R.; Simmonds, K.; Scott, A.N.; et al.
Molecular profiling of Escherichia coli O157:H7 and non-O157 strains isolated from humans and cattle in Alberta, Canada.
J. Clin. Microbiol. 2015, 53, 986–990. [CrossRef] [PubMed]

36. Zhi, S.; Banting, G.S.; Ruecker, N.J.; Neumann, N.F. Stress resistance in naturalised waste water E. coli strains. J. Environ. Eng. Sci.
2017, 12, 42–50. [CrossRef]

37. Ryu, J.-H.; Beuchat, L.R. Biofilm Formation by Escherichia coli O157:H7 on Stainless Steel: Effect of Exopolysaccharide and Curli
Production on Its Resistance to Chlorine. Appl. Environ. Microbiol. 2005, 71, 247–254. [CrossRef]

38. Uhlich, G.A.; Cooke, P.H.; Solomon, E.B. Analyses of the Red-Dry-Rough Phenotype of an Escherichia coli O157:H7 Strain and Its
Role in Biofilm Formation and Resistance to Antibacterial Agents. Appl. Environ. Microbiol. 2006, 72, 2564–2572. [CrossRef] [PubMed]

39. Rounds, W.; Herd, D. The Cow’s Digestive System; Texas Agricultural Extension Service: College Station, TX, USA, 1987.
40. Merritt, J.H.; Kadouri, D.E.; O’Toole, G.A. Growing and analyzing static biofilms. In Current Protocols in Microbiology; John

Wiley & Sons, Inc.: Hoboken, NJ, USA, 2005; pp. 1–29. ISBN 9780471729259.
41. Ceri, H.; Olson, M.E.; Stremick, C.; Read, R.R.; Morck, D.; Buret, A. The Calgary Biofilm Device: New technology for rapid

determination of antibiotic susceptibilities of bacterial biofilms. J. Clin. Microbiol. 1999, 37, 1771–1776. [CrossRef]
42. Leps, J.; Einschütz, K.; Langkabel, N.; Fries, R. Efficacy of knife disinfection techniques in meat processing. Meat Sci. 2013,

95, 185–189. [CrossRef] [PubMed]
43. Marti, R.; Schmid, M.; Kulli, S.; Schneeberger, K.; Naskova, J.; Knøchel, S.; Ahrens, C.H.; Hummerjohann, J. Biofilm Formation

Potential of Heat-Resistant Escherichia coli Dairy Isolates and the Complete Genome of Multidrug-Resistant, Heat-Resistant
Strain FAM21845. Appl. Environ. Microbiol. 2017, 83, e00628-17. [CrossRef] [PubMed]

44. Stanford, K.; Reuter, T.; Bach, S.J.; Chui, L.; Ma, A.; Conrad, C.C.; Tostes, R.; McAllister, T.A. Effect of severe weather events on the
shedding of Shigatoxigenic Escherichia coli in slaughter cattle and phenotype of serogroup O157 isolates. FEMS Microbiol. Ecol.
2017, 1–12. [CrossRef]

45. Pratt, L.A.; Kolter, R. Genetic analysis of Escherichia coli biofilm formation: Roles of flagella, motility, chemotaxis and type I pili.
Mol. Microbiol. 1998, 30, 285–293. [CrossRef]

46. Beloin, C.; Roux, A.; Ghigo, J.M. Escherichia coli biofilms. Curr. Top. Microbiol. Immunol. 2008, 322, 249–289. [CrossRef]
47. Donlan, R.M. Biofilms: Microbial life on surfaces. Emerg. Infect. Dis. 2002, 8, 881–890. [CrossRef]
48. Pratt, L.A.; Kolter, R. Genetic analyses of bacterial biofilm formation. Curr. Opin. Microbiol. 1999, 2, 598–603. [CrossRef]
49. Sheikh, J.; Hicks, S.; Dall’Agnol, M.; Phillips, A.D.; Nataro, J.P. Roles for Fis and YafK in biofilm formation by enteroaggregative

Escherichia coli. Mol. Microbiol. 2001, 41, 983–997. [CrossRef] [PubMed]
50. Elliott, S.J.; Sperandio, V.; Giron, J.A.; Shin, S.; Mellies, J.L.; Wainwright, L.; Hutcheson, S.W.; McDaniel, T.K.; Kaper, J.B. The locus

of enterocyte effacement (LEE)-encoded regulator controls expression of both LEE- and non-LEE-encoded virulence factors in
enteropathogenic and enterohemorrhagic Escherichia coli. Infect. Immun. 2000, 68, 6115–6126. [CrossRef]

51. Madic, J.; Peytavin De Garam, C.; Vingadassalon, N.; Oswald, E.; Fach, P.; Jamet, E.; Auvray, F. Simplex and multiplex real-time PCR
assays for the detection of flagellar (H-antigen) fliC alleles and intimin (eae) variants associated with enterohaemorrhagic Escherichia
coli (EHEC) serotypes O26:H11, O103:H2, O111:H8, O145:H28 and O157:H7. J. Appl. Microbiol. 2010, 109, 1696–1705. [CrossRef]

52. Källenius, G.; Svenson, S.B.; Hultberg, H.; Möllby, R.; Helin, I.; Cedergren, B.; Winberg, J. Occurrence of P-Fimbriated Escherichia
Coli in Urinary Tract Infections. Lancet 1981, 318, 1369–1372. [CrossRef]

53. Lüthje, P.; Brauner, A. Ag43 promotes persistence of uropathogenic Escherichia coli isolates in the urinary tract. J. Clin. Microbiol.
2010, 48, 2316–2317. [CrossRef] [PubMed]

54. Eberly, A.R.; Floyd, K.A.; Beebout, C.J.; Colling, S.J.; Fitzgerald, M.J.; Stratton, C.W.; Schmitz, J.E.; Hadjifrangiskou, M. Biofilm for-
mation by uropathogenic escherichia coli is favored under oxygen conditions that mimic the bladder environment. Int. J. Mol. Sci.
2017, 18, 2077. [CrossRef] [PubMed]

55. Kostakioti, M.; Hadjifrangiskou, M.; Hultgren, S.J. Bacterial biofilms: Development, dispersal, and therapeutic strategies in the
dawn of the postantibiotic era. Cold Spring Harb. Perspect. Med. 2013, 3. [CrossRef]

56. Jensen, B.H.; Olsen, K.E.P.; Struve, C.; Krogfelt, K.A.; Petersen, A.M. Epidemiology and clinical manifestations of enteroaggrega-
tive escherichia coli. Clin. Microbiol. Rev. 2014, 27, 614–630. [CrossRef]

57. Bibbal, D.; Kérourédan, M.; Loukiadis, E.; Scheutz, F.; Oswald, E.; Brugère, H. Slaughterhouse effluent discharges into rivers not
responsible for environmental occurrence of enteroaggregative escherichia coli. Vet. Microbiol. 2014, 168, 451–454. [CrossRef]

58. Sauer, F.G.; Mulvey, M.A.; Schilling, J.D.; Martinez, J.J.; Hultgren, S.J. Bacterial pili: Molecular mechanisms of pathogenesis.
Curr. Opin. Microbiol. 2000, 3, 65–72. [CrossRef]

59. Marti, R.; Muniesa, M.; Schmid, M.; Ahrens, C.H.; Naskova, J.; Hummerjohann, J. Short communication: Heat-resistant
Escherichia coli as potential persistent reservoir of extended-spectrum β-lactamases and Shiga toxin-encoding phages in dairy.
J. Dairy Sci. 2016, 99, 8622–8632. [CrossRef] [PubMed]

60. Croxen, M.A.; Law, R.J.; Scholz, R.; Keeney, K.M.; Wlodarska, M.; Finlay, B.B. Recent advances in understanding enteric pathogenic
Escherichia coli. Clin. Microbiol. Rev. 2013, 26, 822–880. [CrossRef] [PubMed]

http://doi.org/10.1016/S0959-440X(00)00129-9
https://www.R-project.org/
http://doi.org/10.1128/JCM.03321-14
http://www.ncbi.nlm.nih.gov/pubmed/25540392
http://doi.org/10.1680/jenes.16.00021
http://doi.org/10.1128/AEM.71.1.247-254.2005
http://doi.org/10.1128/AEM.72.4.2564-2572.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597958
http://doi.org/10.1128/JCM.37.6.1771-1776.1999
http://doi.org/10.1016/j.meatsci.2013.04.035
http://www.ncbi.nlm.nih.gov/pubmed/23743027
http://doi.org/10.1128/AEM.00628-17
http://www.ncbi.nlm.nih.gov/pubmed/28550056
http://doi.org/10.1093/femsec/fix098
http://doi.org/10.1046/j.1365-2958.1998.01061.x
http://doi.org/10.1007/978-3-540-75418-3_12
http://doi.org/10.3201/eid0809.020063
http://doi.org/10.1016/S1369-5274(99)00028-4
http://doi.org/10.1046/j.1365-2958.2001.02512.x
http://www.ncbi.nlm.nih.gov/pubmed/11555281
http://doi.org/10.1128/IAI.68.11.6115-6126.2000
http://doi.org/10.1111/j.1365-2672.2010.04798.x
http://doi.org/10.1016/S0140-6736(81)92797-5
http://doi.org/10.1128/JCM.00611-10
http://www.ncbi.nlm.nih.gov/pubmed/20357219
http://doi.org/10.3390/ijms18102077
http://www.ncbi.nlm.nih.gov/pubmed/28973965
http://doi.org/10.1101/cshperspect.a010306
http://doi.org/10.1128/CMR.00112-13
http://doi.org/10.1016/j.vetmic.2013.11.042
http://doi.org/10.1016/S1369-5274(99)00053-3
http://doi.org/10.3168/jds.2016-11076
http://www.ncbi.nlm.nih.gov/pubmed/27568050
http://doi.org/10.1128/CMR.00022-13
http://www.ncbi.nlm.nih.gov/pubmed/24092857

	Introduction 
	Materials and Methods 
	Bacterial Isolates and Growth Conditions 
	Detection of Biofilm Formation by Crystal Violet Staining 
	Determination of Optimal Biofilm Formation Conditions 
	Genomic DNA Isolation, Whole Genome Sequencing, and Analysis for Biofilm-Associated Genes 
	Motility Status 
	Statistical Analysis 

	Results 
	Virulence Characteristics and Motility of E. coli Isolates 
	Optimization of the Two-Component Apparatus for E. coli 
	Determination of Optimal Biofilm Formation Conditions 
	Genetic Analysis of Biofilm Formation-Associated Genes 

	Discussion 
	Conclusions 
	References

