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Forming biofilms may be a survival strategy of Shiga toxin-producing Escherichia coli to enable it to persist in the environment
and the food industry. Here, we evaluate and characterize the biofilm-forming ability of 39 isolates of Shiga toxin-producing
Escherichia coli isolates recovered from human infection and belonging to seropathotypes A, B, or C. The presence and/or pro-
duction of biofilm factors such as curli, cellulose, autotransporter, and fimbriae were investigated. The polymeric matrix of these
biofilms was analyzed by confocal microscopy and by enzymatic digestion. Cell viability and matrix integrity were examined
after sanitizer treatments. Isolates of the seropathotype A (0157:H7 and O157:NM), which have the highest relative incidence of
human infection, had a greater ability to form biofilms than isolates of seropathotype B or C. Seropathotype A isolates were
unique in their ability to produce cellulose and poly-N-acetylglucosamine. The integrity of the biofilms was dependent on pro-
teins. Two autotransporter genes, ehaB and espP, and two fimbrial genes, z1538 and Ipf2, were identified as potential genetic de-
terminants for biofilm formation. Interestingly, the ability of several isolates from seropathotype A to form biofilms was associ-
ated with their ability to agglutinate yeast in a mannose-independent manner. We consider this an unidentified biofilm-
associated factor produced by those isolates. Treatment with sanitizers reduced the viability of Shiga toxin-producing
Escherichia coli but did not completely remove the biofilm matrix. Overall, our data indicate that biofilm formation could con-
tribute to the persistence of Shiga toxin-producing Escherichia coli and specifically seropathotype A isolates in the environment.

higa toxin-producing Escherichia coli (STEC) strains, includ-

ing enterohemorrhagic E. coli (EHEC), are food-borne and
waterborne human enteric pathogens responsible for infections.
They are associated with important public health concerns in de-
veloped countries. Symptoms associated with STEC infections
range from abdominal cramps and bloody diarrhea to postinfec-
tious complications, such as hemolytic-uremic syndrome (HUS).
HUS, alife-threatening complication of STEC infections, is a con-
sequence of Shiga toxin production. According to the Public
Health Agency of Canada (PHAC), more than 30,000 cases of
STEC infections occur each year in Canada (1). Environmentally,
the main reservoir for STEC is cattle. Transmission of STEC to
humans typically is associated with the consumption of contami-
nated food such as undercooked beef, fresh produce, unpasteur-
ized milk, or contaminated drinking water (2), but these patho-
gens also can be transmitted from person to person or via direct
contact with animals or their feces.

The 2003 Karmali seropathotype model classifies STEC into
seropathotypes based on their reported incidence in human dis-
ease, outbreaks, and/or association with the development of se-
vere symptoms in humans (3). Serotypes frequently responsible
for hemorrhagic colitis (HC) and HUS, O157:H7 and O157:NM,
are assigned to seropathotype A. Seropathotype B strains are as-
sociated with outbreaks and HUS, but less commonly than those
of seropathotype A, and they include serotypes O26:H11, O103:
H2, O111:NM, O121:H19, 0O45:H2, and O145:NM. These sero-
types belong to six serogroups (026, 045,0103, 0111, 0121, and
0145) that have been described by the CDC as the cause of most
non-O157 STEC infections and are known as the big 6 (4). Sero-
pathotype C serotypes are associated with sporadic HUS cases but
no epidemics. The serotypes in group C are O91:H21, O104:H21,
0113:H21, O5:NM, O121:NM, and O165:H25. Seropathotype D
serotypes are associated with diarrhea but not with outbreaks or

1448 aem.asm.org

Applied and Environmental Microbiology

HUS cases. Seropathotype E serotypes include STEC serotypes
with no reported implication in human infection (3).

Biofilms are multicellular communities of bacteria that attach
to abiotic or biotic surfaces and produce an extracellular poly-
meric matrix (5). The biofilm-forming ability of STEC has been
investigated under different conditions, using different STEC iso-
lates representing different serotypes and origins (6-8). Biofilm
formation by STEC may be regarded as a survival strategy for this
bacterium (9-12). Indeed, bacteria within a biofilm are protected
against several stresses, such as a nutrient-limited environment
and sanitizers (13). This biofilm-mediated protection against
sanitizers impedes contamination control, especially in food-pro-
cessing plants (7). This allows biofilms to increase their survival
and persistence in hostile environments such as water, a nutrient-
limited environment, and food-processing plants, an environ-
ment where sanitizers are applied (11, 13, 14). In general, studies
concerning STEC biofilms highlighted that their formation is het-
erogeneous and mostly dependent on the strains and the condi-
tions used (7). However, there is limited information about the
composition of the STEC biofilm matrix. Moreover, non-O157
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isolates continue to gain importance as pathogens of concern (15).
Their biofilm-forming abilities were shown to be different from
those of 0157 isolates (8). This gives importance to characterizing
STEC biofilms and to understanding how these bacteria travel
through the food supply chain from preharvest to consumer
goods. The production of many adhesins has been associated with
biofilm formation. Fimbriae such as type 1 fimbriae, curli, long
polar fimbriae, and F9 fimbriae have been hypothesized to be re-
quired largely during the attachment step (16). The maturation
step of STEC biofilm is thought to involve mostly autotransport-
ers such as EhaA, EhaB, Agn43, Cah, and EspP (8, 17-20) and
exopolysaccharides such as poly-N-acetylglucosamine (PGA),
cellulose, and colanic acid (21). We hypothesize that its ability to
form biofilms contributes to STEC persistence and that this con-
sequently could influence their incidence. Therefore, the aim of
this study was to evaluate and characterize the biofilm-forming
ability of STEC isolates recovered from human infection that rep-
resent the most important seropathotypes. Furthermore, we in-
vestigated the putative link between adhesins or surface mole-
cules/structures and biofilm formation.

We also characterized the composition of matrix and tolerance
to sanitizers of the strongest biofilm formers.

MATERIALS AND METHODS

STEC isolates, storage, and culture conditions. The collection of 39
STEC isolates associated with human infections that represent 14 different
serotypes used in this study are described in Table 1 (3, 22-25). French
isolates were provided by Christine Martin (INRA Clermont-Ferrand
Theix), and North American isolates were provided by Mohamed Karmali
from the Laboratory for Food-Borne Zoonoses of the Public Health
Agency of Canada. Isolates were stored at —80°C in lysogeny broth (LB)
containing 15% (vol/vol) glycerol. Each test was performed in triplicate
and in three separate experiments. For each experiment, STEC isolates
first were streaked onto LB agar and incubated overnight at 37°C.

Static biofilm formation assay. The biofilm formation assay was per-
formed as previously described (26). Briefly, overnight cultures at 37°C in
LB media were diluted (1:100) in 5 ml of M9 medium with glucose (0.4%,
wt/vol) and minerals (1.16 mM MgSO,, 2 uM FeCls, 8 uM CaCl,, and 16
M MnCl,) and incubated for 24 h at 37°C. These cultures were diluted
(1:100) in M9 medium supplemented with glucose and minerals and were
inoculated in triplicates into the microtiter plates (Costar 3370; Corning,
NY). For all biofilm assays, the biofilm-positive STEC strain EDL 933 (26)
and the biofilm-negative STEC isolate BJH-21 were used as positive and
negative biofilm controls, respectively. Moreover, wells filled with sterile
media were used as the blank value. After a 24-h incubation at 30°C,
unattached cells were removed by washing three times with phosphate-
buffered saline (PBS; 1.76 mM KH,PO,, 10 mM Na,HPO,, 137 mM
NaCl, 2.7 mM KCl, pH 7.4). Plates were dried at 37°C for 15 min, and
biofilms were stained with crystal violet (0.1% [wt/vol]) for 2 min. The
crystal violet solution was removed, and the biofilms were washed three
times with PBS and then dried at 37°C for 15 min. The stain was released
with 150 pl of 80% (vol/vol) ethanol and 20% (vol/vol) acetone. Biofilms
were quantified by measuring the absorbance at 595 nm with a microplate
reader (Powerwave; BioTek Instruments, Winooski, VT). According to
their absorbance, isolates were categorized as strong (Asqs > 0.6), me-
dium (0.6 > A.y5 > 0.3), and weak (0.3 > A5,5 > 0.1) biofilm formers or
as non-biofilm formers (A5y5 < 0.1).

Biofilms in the BioFlux flowthrough device. Growth of biofilms in
the BioFlux 200 device (Fluxion Biosciences, South San Francisco, CA)
was performed as described before (26). Briefly, E. coli cultures were pre-
pared as described above, and 1 ml from the 24-h culture was pelleted and
resuspended in fresh prewarmed (30°C) M9 medium with glucose (0.4%,
wt/vol) to an optical density at 600 nm (ODy,) of ~1. The microfluidic
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TABLE 1 List of STEC isolates used in this study and biofilm formation
under static and dynamic conditions

Biofilm quantification®
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Serotypeand ~ Reference or
name source? Seropathotype  Static” Dynamic”
O157:H7
EDL933 22 A 0.86 (0.29) 12 (20.6)
Sakai 23 A 1.81 (+0.48) 35(*2)
86-24 24 A 0.63 (%0.06) 88 (*+2)
AJH-4 3 A 0.25 (+0.11) 90 (=1)
AJH-5 3 A 0.65 (+0.19) 76 (+12)
AJH-6 3 A 0.38 (0.06) 67 (=6)
AJH-7 3 A 0.44 (*0.11) 78(%2)
AJH-8 3 A 0.50 (*+0.31) 82 (*2)
AJH-9 3 A 0.31 (0.06) 97 (%2)
AJH-10 3 A 0.65 (*0.18) 76 (+3)
AJH-11 25 A 1.21 (%£0.39) 28 (+4)
AJH-12 25 A 0.61 (0.06) 80 (=9)
AJH-13 25 A 0.37 (%0.02) 24 (+5)
AJH-14 25 A 0.70 (+0.15) 97 (1)
0157:NM
AJH-15 3 A 1.00 (£0.17) 23 (£5)
0157:H26
CJH-1 25 C 0.34 (+0.16) 99 (*+0.3)
026:H11
BJH-1 3 B 0.18 (*0.06) 86 (*+4)
BJH-2 3 B 0.35 (+0.07) 65 (=33)
BJH-3 3 B 0.38 (£0.13) 9(*2)
BJH-4 PHAC B 0.21 (£0.067) 44 (£3)
045:H2
BJH-5 PHAC B 0.22 (£0.04) 44 (=3)
BJH-6 PHAC B 0.13 (£0.05) 27 (£3)
BJH-7 PHAC B 0.13 (+0.03) 31(=1)
BJH-8 PHAC B 0.16 (£0.04) 43 (=1)
0103:H2
BJH-9 25 B 0.30 (£0.13) 37 (*£5)
O111:H8
BJH-10 PHAC B 0.61 (*£0.3) 67 (+6)
BJH-11 PHAC B 0.25 (=0.1) 53 (=6)
O111:NM
BJH-12 3 B 0.43 (+0.25) 11 (1)
BJH-13 3 B 0.41 (*£0.11) 61 (*+2)
BJH-14 3 B 0.28 (0.09) 19 (1)
O121:H19
BJH-15 PHAC B 0.68 (+0.31) 93 (£3)
BJH-16 PHAC B 0.65 (*0.30) 92 (*10)
BJH-17 PHAC B 0.65 (+0.19) 75 (=4)
BJH-18 3 B 0.80 (%0.30) 87 (*+4)
0145:H25
CJH-2 PHAC C 0.37 (*£0.12) 82 (*2)
0145:NM
BJH-19 PHAC B 0.15 (+0.12) 99 (=1)
BJH-20 PHAC B 0.51 (*0.30) 96 (+1)
BJH-21 PHAC B 0.08 (%0.09) 82 (*+4)
O113:H21
CJH-3 3 C 1.57 (£0.32) 84 (=4)

@ Absorbance read at 595 nm after crystal violet staining.

b Percentage of area covered by the biofilm or cells determined by Image] analysis.
¢ Values are averages (* standard errors) from at least three independent biological
replicates.

4 PHAC, Public Health Agency of Canada.
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channels then were inoculated and the plate was incubated for 2 h at 30°C
to allow bacteria to bind to the surface. Fresh M9 medium with glucose
(0.4%, wt/vol) was added to the input reservoir, and the flow of fresh
medium then was initiated at 1.0 dyne/cm? for 5 h, followed by a decrease
of the flow to 0.5 dyne/cm? for an additional 17 h. Once the incubation
was completed, biofilms were washed by injecting PBS, stained by inject-
ing crystal violet, and washed by injecting PBS from the input reservoir for
20 min at 0.5 dyne/cm?. Images of BioFlux biofilms were obtained using
an inverted fluorescence microscope (Olympus CKX41; Markham, ON,
Canada), a digital camera (Retiga EX; Q Imaging Surrey, BC, Canada),
and the software provided with the BioFlux 200 device. Images of biofilms
and cell attachment obtained from three independent replicates were an-
alyzed using ImageJ (National Institutes of Health, Bethesda, MD). The
thresholds of the 16-bit greyscale images were adjusted to fit the bacterial
clusters, and these modified images were analyzed using the “Analyze
Particles” function. The percentage of area covered represents the surface
of the picture covered by the biofilms or the adhered cells.

CR and calcofluor phenotype assays. Congo red (CR) or calcofluor
white (CF) assays were performed as described previously (27). Briefly, 2
wl of an overnight LB culture grown at 37°C was spotted onto M9 agar
supplemented with 0.4% glucose and minerals containing 0.004% (vol/
vol) CR and 0.002% (vol/vol) brilliant blue or containing 0.02% (vol/vol)
CF (F-3543; Sigma) and 1 mM HEPES. Once the drops were dry, the
plates were incubated for 24 h or 48 h at 30°C or 37°C. The binding of CR
was evaluated based on the color of the colony (red or pink colonies were
considered positive and white colonies were considered negative), and
binding of CF was evaluated by the emission of fluorescence by colonies
exposed to a UVA light (400 to 315 nm). Statistical analysis was performed
by using a Mann-Whitney test.

PCR detection of autotransporter and fimbria-encoding genes. The
presence of autotransporter and fimbria-encoding genes was detected by
PCR on bacterial lysates using primers described in the supplemental
material (see Table S1). The primers were designed on conserved regions
of genes based on alignment analysis of homologous genes. Two sets of
primers were used to detect autotransporter-encoding genes ehaA, ehaB,
ehaC, ehaD, and ehaG. The first set of primers amplified the passenger-
encoding domain sequence (named eha®) where nucleotide divergences
have been described. The other set of primers amplified the translocation-
encoding domain sequence (named eha®), which is highly conserved (8,
18, 28).

Detection of type 1 fimbriae. The capacity of bacterial isolates to ex-
press a b-mannose-binding phenotype was measured by the ability to
agglutinate Saccharomyces cerevisiae cells as described previously (29).
Briefly, the 24-h M9 cultures prepared as described above were diluted
(1:100) in 20 ml M9-0.4% glucose and incubated at 30°C without agita-
tion for 24 h. An initial suspension of approximately 2 X 10'' CFU/ml in
PBS was diluted by 2-fold serial dilution in a microtiter plate (Corning
Costar no. 2797), and an equal volume of a commercial yeast suspension
in PBS (final concentration, 1.5% [wt/vol]) was added to each well. After
30 min of incubation at 4°C, yeast agglutination was monitored visually by
agglutination and precipitation of cells. The agglutination titer was estab-
lished as the lowest bacterial dilution at which agglutination was observed.
If a-D-mannopyranose (5% [wt/vol]) (Sigma) inhibited agglutination,
yeast agglutination was considered to be due to type 1 fimbriae.

CLSM. Biofilms were prepared as described above, and after 24 h of
incubation at 30°C, biofilms were washed and stained with FilmTracer
FM1-43 Green biofilm cell stain (Molecular Probes, Eugene, OR) accord-
ing to the manufacturer’s instructions as described previously (30). To
determine the composition of the biofilm matrix, biofilms were stained
with wheat germ agglutinin (WGA; Oregon Green 488; binds to N-acetyl-
D-glucosamine and N-acetylneuraminic acid residues; Molecular Probes),
FilmTracer SYPRO Ruby biofilm matrix stain (labels most classes of pro-
teins; Molecular Probes), calcofluor white [binds to (1-3)-B- and (1-4)-
B-p-glucopyranoside; Sigma], or BOBO-3 iodide (stains extracellular
DNA; Molecular Probes) according to the manufacturer’s instructions.
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After a 30-min incubation at room temperature protected from light, the
fluorescent marker solution was removed, biofilms were washed with wa-
ter, and the wells were filled with 100 I of water or PBS for WGA-stained
biofilms. Stained biofilms were visualized by confocal laser scanning mi-
croscopy (CLSM; FV1000 IX81; Olympus, Markham, ON, Canada), and
images were acquired using FluoView software (Olympus).

Biofilm dispersion assay. Enzymatic dispersion of established bio-
films was performed as described previously (31, 32). Briefly, biofilms
were grown as described above, and after 24 h of incubation, 37.5 pl of
solution containing DNase I (100 pwg/ml in 150 mM NaCl, 1 mM CaCl,),
dispersin B (20 pg/mlin PBS; Kane Biotech Inc., Winnipeg, MB, Canada),
cellulase (100 wg/ml in 50 mM sodium citrate, pH 5.0), or proteinase K
(100 pg/mlin 50 mM Tris-HCI, pH 7.5, 1 mM CaCl,) was added directly
to the biofilms. Control wells were treated with 37.5 pl of the buffer
without enzymes. Wells were treated for 1 h at 37°C, and biofilms were
washed, stained, and quantified as described above.

Sanitizer treatments. Five sanitizers commonly used on the farm and
in food-processing industries were used to test the ability of STEC biofilm
cells and matrix to survive sanitizer treatments. The sanitizers were
Virkon, a peroxide compound; Aseptol 2000, a quaternary ammonium
chloride-based sanitizer; bleach, a chlorine compound; and hydrogen
peroxide (H,O,; Sigma) and ethanol. Sanitizers were diluted with sterile
distilled water to concentrations that did not require rinsing after their use
as indicated by the manufacturer. Biofilms were formed as described
above, and after 24 h of incubation at 30°C, media were removed and wells
were filled with 200 pl of PBS (nontreated control) or sanitizers. Five
different sanitizers were used and prepared as follows. A bleach solution
containing 200 ppm of sodium hypochlorite; a 1% (vol/vol) Aseptol 2000
solution (Laboratoire Meriel, Pleumeleuc, France) containing 0.127%
glutaraldehyde and quaternary ammonium compounds, including
0.014% (vol/vol) dodecyl dimethyl ammonium chloride, 0.06% (vol/vol)
benzalkonium chloride, and 0.007% (vol/vol) alkyl dimethyl ethyl benzyl
ammonium chloride; a 1% (wt/vol) Virkon solution (Vetoquinol, Laval-
trie, QC, Canada) containing 0.214% (wt/wt) potassium monopersulfate;
a 5% (vol/vol) H,O, solution (Sigma); or a 70% (vol/vol) ethanol solu-
tion. After 10 min of incubation at 25°C, wells were washed three times
with 200 pl of neutralizing broth (Difco Laboratories). To evaluate the
viability of STEC cells after the sanitation treatments, cells were harvested
by scraping the surface with sterile pipette tips and rinsing the well with
200 pl of PBS. Bacterial cells were pooled from four replicate wells that
received the same sanitization treatment. The volume of PBS was adjusted
to 1 ml, vigorously vortexed, serially diluted in fresh PBS, and plated onto
LB agar. The plates were incubated overnight at 37°C, and colonies on the
plates then were counted to determine the number of STEC cells present.
In addition to CFU, the metabolic activity of the treated biofilms also was
evaluated using the CellTiter-Blue reagent (Promega Corporation) as de-
scribed previously (33). CellTiter-Blue reagent is a resazurin solution that
is reduced by viable cells into resorufin, which emits fluorescence. Briefly,
treated biofilms were incubated at 37°C in LB containing 40 pl of Cell-
Titer-Blue reagent. After 3 h of incubation, the level of fluorescence (ex-
citation wavelength [A_.], 570 nm; emission wavelength, [A.,,], 600 nm)
was measured using a microplate reader. The percentage of remaining
metabolic activity allowed us to evaluate the number of surviving bacteria.
Percent resazurin reduction was calculated using the following formula:
(experimental well absorbance — negative-control absorbance)/positive-
control absorbance X 100. To evaluate if the biofilm matrix was removed,
crystal violet was added to sanitizer-treated biofilms as described for the
biofilm formation assay.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism, version 4.02 (GraphPad Software, San Diego, CA). The results
for static biofilms at the serogroup level and the results for enzymatic
digestion were analyzed using a nonparametric one-way analysis of vari-
ance (ANOVA) with Dunn’s multiple-comparison posttest. A Mann-
Whitney test with two-tailed distribution was performed to compare bio-
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film formation and seropathotype, the ability to bind CR and CF, or the
presence of autotransporter and fimbria-encoding genes.

RESULTS

Seropathotype A isolates (0157:H7) have greater capacity to
form biofilms. STEC biofilm production was characterized using
the previously determined static and dynamic conditions (26).
STEC organisms were grown in M9 supplemented with 0.4% glu-
cose media in polystyrene microplates incubated at 30°C for 24 h,
and biofilms were evaluated by crystal violet staining. Biofilm for-
mation was tested after 24 h, 48 h, and 72 h of incubation. The
24-h time point was selected because the OD values of crystal
violet staining were the highest at this time and had decreased after
48 h (data not shown). The capacity of isolates to form biofilms
under static conditions was highly variable (OD of 0.08 for the
lowest, OD of 1.8 for the highest). Depending on their capacity,
isolates were classified as strong (Asgs > 0.6), medium (0.6 > A5y >
0.3), or weak (0.3 > A595 > 0.1) biofilm formers or as non-biofilm
formers (Asos < 0.1). Of the 39 isolates, 14 (35.9%) formed a
strong biofilm, 13 (33.3%) formed a medium biofilm, 11 (28.2%)
formed a weak biofilm, and 1 isolate of serotype O145:NM (2.5%)
was not able to form biofilm (Fig. 1A). Interestingly, we noticed
that under static conditions, the majority of seropathotype A iso-
lates formed significantly stronger biofilms (P < 0.01) than iso-
lates of other seropathotypes (Fig. 1B). At the serogroup level,
isolates of serogroups O157 and O121 were strong biofilm form-
ers, while 045 and 026 isolates were weak biofilm formers (Fig.
1A). When biofilms were grown under dynamic conditions, the
capacity for STEC isolates to form biofilms was characterized by
the coverage area. Under these conditions, 64.1% of STEC isolates
were able to cover more than 50% of the area (Table 1). Under
dynamic conditions, the majority (66.7%) of seropathotype A iso-
lates formed strong biofilm covering more than 65% of the area.
In addition, most isolates from serogroups O157 and O121 that
formed strong biofilms under static conditions also were able to
cover 69% and 89% of the area, respectively, under dynamic con-
ditions. Similar observations were made for isolates from sero-
group 045 that formed weak biofilms under static conditions and
cover only 36% of the area in microfluidics. However, biofilms
formed by O145:NM isolates were able to cover 92% of the area
under dynamic conditions, whereas their biofilms were weak or
absent when grown statically (Fig. 1A).
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Production of curli and cellulose among STEC isolates is het-
erogeneous. The occurrence of curli and cellulose or cellulose-like
extracellular material production was analyzed. We grew STEC
isolates at 30°C and 37°C for 24 h and 48 h on minimal agar plates
containing Congo red dye (CR), indicative of curli and cellulose
production, as well as on plates containing calcofluor white (CF),
a fluorochrome that binds to polysaccharides with $-1,3 and
-1,4 linkages, such as cellulose, chitin, and succinoglycans (27).
CR binding was a common characteristic in STEC isolates, since
37/39 (94.8%) of the tested isolates turned red on CR agar plates
under at least one of the tested conditions (minimal medium;
30°C or 37°C; 24 h or 48 h) (see Table S2 in the supplemental
material). The ability to bind CF was less frequent than that of CR
(15/39; 38.5%), but the number of CF-positive isolates was more
significant at 30°C (12/39; 30.7%) than at 37°C (9/39; 23.1%) (see
Table S2). However, these CR and CF phenotypes do not strictly
correlate with the capacity to form a biofilm under our experi-
mental conditions (see Fig. S1).

Seropathotype A isolates (0157:H7) aggregate to yeast in a
mannose-independent manner. Among STEC isolates, 17 non-
0157 isolates produced type 1 fimbriae as they were able to agglu-
tinate yeast in a mannose-dependent manner (Fig. 2A); no corre-
lation between biofilm formation and production of type 1
fimbriae was observed (Fig. 2B). Interestingly, 7 seropathotype A
(0157) isolates were able to agglutinate yeast in a mannose-inde-
pendent manner (Fig. 2A), and this agglutination phenotype cor-
related with biofilm formation (+* = 0.7) (Fig. 2B).

Association between the presence of fimbrial and autotrans-
porter genes and biofilm formation. The presence of genes cod-
ing for factors that are putatively involved in STEC biofilm forma-
tion (8, 18, 34-36) was examined by PCR using primers designed
in conserved regions based on sequence alignment (see Table S1in
the supplemental material). We observed an association between
the presence of fimbrial genes z1538 and Ipf2 and autotransporter
gene ehaBP® or espP and biofilm formation (Fig. 3). As revealed by
crystal violet staining, z1538-positive isolates and Ipf2-positive
isolates formed significantly (P < 0.01 and P < 0.001, respec-
tively) more biofilms than z1538-negative or Ipf2-negative isolates
(Fig. 3A and B). For genes ehaA, ehaB, ehaC, ehaD, and ehaG, we
used primers designed to amplify the variable passenger-encoding
domain, named «, and the more conserved translocating-encod-
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ing domain, named (. Interestingly, the 3 domain sequence,
ehaBP, was detected in most isolates (38/39), while the a passenger
domain sequence, ehaB*, was detected only in O157:H7, O157:
NM, and O121:H19 isolates (see Table S3). Furthermore, ehaB*-
positive isolates formed significantly more (P < 0.001) biofilms
than ehaB*-negative ones (Fig. 3C). This suggests that the passen-
ger-encoding domain of the gene for EhaB in STEC plays a role in
biofilm formation. Moreover, espP-positive isolates formed sig-
nificantly (P < 0.05) more biofilms than espP-negative isolates
(Fig. 3D). These data indicate that isolates with genes z1538, Ipf2,
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ehaB®, and/or espP were able to form significantly more biofilms
than isolates without those genes.

STEC biofilm characterization. Confocal laser scanning mi-
croscopy (CLSM) using different fluorescent probes was per-
formed with 15 high-biofilm-producing isolates (9 seropathotype
A [0157], 5 seropathotype B, and 1 seropathotype C). The four
isolates shown in Fig. 4 were selected to represent results obtained
for the other 11 isolates. The data obtained with FM1-43, a mem-
brane stain, highlighted the morphological heterogeneity of STEC
biofilms (Fig. 4). In general, protein and DNA, stained with
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seropathotype A isolates, and solid dots represent seropathotype B and C isolates. The longer horizontal bars represent the means, and the shorter error bars
represent the standard errors of the means. Statistical analysis was performed by using a Mann-Whitney test with two-tailed distribution. ¥, P < 0.05; **, P < 0.01;
P < 0.001.
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FIG 4 Images of 4 STEC biofilms obtained by CLSM. Biofilms were formed under static conditions in wells of microtiter plates and stained with FilmTracer
FM1-43, SYPRO Ruby, BOBO-3, wheat-germ agglutinin (WGA)-Oregon green 488, and calcofluor. The four isolates shown were selected to represent results
obtained for the other 11 isolates. A field-of-view representative of 3 biological replicates is shown for each isolate.

SYPRO Ruby and BOBO-3, respectively, were weakly detected.
Polysaccharides were observed only in biofilms produced by sero-
pathotype A (O157:H7/0O157:NM) isolates. Among the 9 sero-
pathotype A (O157:H7/0157:NM) isolates, 7 were stained with
WGA, suggesting the presence of PGA or at least the presence of
N-acetyl-D-glucosamine and N-acetylneuraminic acid residues in
the biofilm matrix. Finally, cellulose was detected in the biofilm
matrix of 2 isolates of seropathotype A (Fig. 4). The biofilms also
were digested with enzymes to further characterize the composi-
tion of the matrix. Among the 15 selected isolates, 11 isolates were
significantly sensitive to the proteinase K treatment (Fig. 5A). Two
0O121:H19 isolates were sensitive to cellulase treatment (Fig. 5C).
Isolates were not affected by DNase I (Fig. 5B). Although PGA was
observed in some isolates by CLSM, no isolates were affected by
dispersin B treatments (Fig. 5D). This suggested that proteins and,
in some isolates, cellulose play a larger role than extracellular DNA
or PGA in STEC biofilm integrity.

Efficacy of sanitizers on STEC biofilms. To determine the in-
fluence of biofilms on STEC sensitivity toward sanitizers com-
monly used to decontaminate farm or food production surfaces,
four types of disinfectant, chlorine (200 ppm bleach), quaternary
ammonium compound (1% [vol/vol] Aseptol 2000), alcohol
(70% [vol/vol] ethanol), and peroxide compounds (1% [vol/vol]
Virkon and 5% [vol/vol] H,O,) were applied on 10 STEC isolates
selected based on their capacity to form strong biofilms (5 sero-
pathotype A, 4 seropathotype B, and 1 seropathotype C). The
impact of sanitizers on STEC biofilm was determined by enumer-
ating viable cells and, with the resazurin-based CellTiter-Blue so-
lution, was used to measure the metabolic activity of cells remain-
ing after the treatment. After a 10-min exposure, the five sanitizers
decreased the number of viable cells by 99.2 to 99.7% and the
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metabolic activity was reduced by 97.9 to 98.9%. There was no
significant difference between seropathotypes or isolates (Table
2). Moreover, a protective effect of biofilm was observed, since
planktonic cells were more sensitive than biofilm cells to sanitizer
treatments (data not shown). None of the sanitizers were able to
totally remove STEC biofilm matrix, as evaluated by crystal violet
(Table 2). Bleach (43% or 22% of remaining matrix) was the most
effective sanitizer, followed by H,0, (76% of remaining matrix)
and ethanol (91% or 85% of remaining matrix). Aseptol 2000 was
not able to remove the matrix of any seropathotype biofilms,
and Virkon only affects seropathotype B biofilm matrix. In
brief, sanitizers effectively reduce the viability of STEC cells
within biofilms but are not able to completely remove the bio-
film matrix (Table 2).

DISCUSSION

Biofilm-forming abilities of STEC isolates recovered from hu-
man. STEC, an important food-borne and waterborne pathogen,
and STEC isolates of different origins (cattle, water, food, and
human) have been shown to be able to form biofilms (6-8). Bio-
films are thought to increase STEC survival and persistence in
hostile environments such as water- or food-processing plants
(37). Therefore, we hypothesized that biofilms could be involved
in the transmission of STEC from the environment to humans.
Consequently, for this study, we selected STEC isolates associated
with human infections. Biofilm formation of 39 STEC isolates
belonging to seropathotypes A, B, and C was investigated. As
shown in other studies, biofilm formation on polystyrene surfaces
appeared to be a strain-dependent phenomenon (7, 8, 38, 39). An
association between STEC serotypes and biofilm-forming abilities
was suggested (40); however, in other studies this was not ob-
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FIG 5 Effect of enzymatic treatments on STEC biofilms. Dispersion of STEC biofilms formed under static conditions in microtiter plates by proteinase K (A),
DNase I (B), cellulose (C), and dispersin B (D) is shown. Results are averages from at least 3 biological replicates. The horizontal bars represent the means, and
the shorter error bars represent the standard errors of the means. Statistical analysis was performed by using a nonparametric one-way ANOVA with a Dunn’s

multiple-comparison posttest. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

served (7, 8). In our study, because of the low number of isolates
per serotype, this association could not be determined.

As previously observed, static or dynamic conditions used to
form biofilms can influence the biofilm-forming capacity of iso-
lates (26). This is especially observed for 0145 isolates that formed
stronger biofilms under dynamic conditions than under static
conditions. Under static conditions, metabolic waste and dispers-
ing signals can accumulate, and this may negatively affect the bio-
film-forming ability. Moreover, biofilm architecture can dramat-
ically change when biofilms are grown under dynamic conditions
(41, 42) and could explain the difference in the biofilm-forming

abilities of some STEC isolates (Table 1). Nevertheless, this differ-
ence was not observed for all STEC isolates, which indicates that
the mechanism behind STEC biofilm formation is heterogeneous.
Using the seropathotype classification, we found that under static
conditions, seropathotype A isolates formed significantly stronger
biofilms than those of seropathotypes B and C (Fig. 1B), and that
under dynamic conditions the majority of seropathotype A iso-
lates were able to form strong biofilms. This biofilm-forming ca-
pacity of seropathotype A isolates could contribute to their persis-
tence in the environment and influence their high relative
incidence and their frequent involvement in outbreaks (3). It is

TABLE 2 Bacterial viability, metabolic activity, and remaining biofilm matrix of seropathotype A or seropathotypes B and C microtiter biofilms

after sanitizer treatments

Value for seropathotype(s)*:

A(n=>5) B-C(n=5)

Biofilm characterization after treatment Viability” Metabolic activity* Biofilm matrix? Viability Metabolic activity Biofilm matrix
Chlorine (bleach; 200 ppm) 0.6 (+£0.2) 0.8 (+£0.7) 53 (*£14) 0.8 (+0.4) 1.7 (+0.6) 22 (£8)
QAC? (Aseptol 2000; 1%) 0.3 (*0.2) 1.2 (+0.7) 100 (*0) 0.4 (£0.3) 2.1(*1.1) 100 (£3)
Peroxide compounds

Virkon (1%) 0.3 (£0.1) 0.4 (£0.1) 100 (%£2) 0.6 (£0.3) 1.9 (£1.1) 65 (*£9)

H,0, (5%) 0.3 (*0.1) 0.7 (+0.4) 72 (*£16) 0.7 (£0.3) 1.7 (£0.8) 56 (£16)
Alcohol (ethanol; 70%) 0.3(£0.1)  2.4(%+0.9) 92 (+10) 0.4(+02)  2.8(*0.9) 71 (*£17)

“ Biofilms were formed under static conditions and were treated with sanitizers for 10 min. The impact of treatments was compared to that of control PBS treatment. Results are
expressed in percentages. The data represent the means from three independent biological replicates.

b Viable cells were determined by bacterial cell enumeration (CFU).
¢ The metabolic activity was determined by fluorescence of CellTiter-Blue solution (A

ex>

570 nm; A,

600 nm).

em>

@ The remaining biofilm matrix was evaluated by absorbance (595 nm) of crystal violet staining.

¢ QAC, quaternary ammonium chloride.
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reasonable to assume that an STEC strain coexists with several
other STEC isolates as well as with other bacterial species (43-47).
Therefore, mixed STEC biofilms should be investigated in future
work.

Factors potentially involved in STEC biofilm formation. Bio-
film formation has been shown to be mediated by bacterial surface
structures that are regulated by environmental conditions. Here,
we show that the production of curli as measured with Congo red
binding was dependent on the isolates and growth conditions de-
spite all STEC strains carrying the curli gene csgA (7). CF results
indicative of curli and/or cellulose production also were variable
and are similar to those of other studies (7, 8, 48). While curli or
cellulose production in some STEC isolates was shown to be asso-
ciated with biofilm formation (6, 8, 34, 49-51), these were shown
to be nonessential for biofilm formation (7). In our study, no
correlation was found between Congo red or calcofluor-positive
isolates and biofilm formation or seropathotype (see Fig. S1 in
supplemental material). This highlights a high variability in the
mechanisms regulating the production of factors associated with
biofilm formation and suggests that STEC strains adapt differently
to various environments.

Although all isolates were PCR positive for type 1 fimbriae (see
Table S3 in supplemental material), only seropathotype B and C
isolates produced type 1 fimbriae. It has been shown that strains of
seropathotype A isolates are unable to express type 1 fimbriae due
to a 16-bp deletion in the regulatory switch region of fimA (52—
54). Interestingly, 7 seropathotype A isolates were able to aggluti-
nate yeast in a mannose-independent manner and were able to
autoagglutinate (Fig. 2A and data not shown). This phenotype
correlated with biofilm formation (> = 0.70) for those 7 isolates,
suggesting that the production of this unidentified factor could
contribute to biofilm formation (Fig. 2B).

Fimbriae and autotransporters are adhesion factors associated
with biofilm formation in STEC (55). Fimbria-encoding genes
z1538 and Ipf2, the passenger domain of the autotransporter gene
ehaB, and the autotransporter gene espP are present in isolates
producing significantly more biofilms (Fig. 3). As previously ob-
served, all seropathotype A isolates were positive for z1538, a gene
present in the seropathotype A-specific genomic O island 47 (56)
while absent from other isolates. Given that seropathotype A iso-
lates (21538 positive) formed significantly more biofilm than se-
ropathotype B and Cisolates (z1538-negative isolates) (Fig. 3A), it
is possible that fimbrial adhesin encoded by O island 47 play a role
in biofilm formation. To support this, Low et al. observed that
z1538 fimbrial gene cluster expression was increased under con-
ditions similar to those used for biofilm formation (35). In addi-
tion, isolates positive for Ipf2 formed significantly more biofilm
than Ipf2-negative isolates (Fig. 3B). This suggests a biofilm for-
mation role for the long polar fimbria of Lpf2. Expression of Ipf2 in
E. coli O157:H7 has been shown to be increased under conditions
similar to those used for biofilm formation (57) and when grown
at 28°C rather than at 37°C (35). Lpf2 has been suggested to con-
tribute to STEC adhesion (58). The precise role of both the z1538
gene cluster and Ipf2 during biofilm formation needs to be con-
firmed. The a passenger domain of ehaB was detected in isolates
that formed strong biofilms at significant levels, such as those
belonging to O157:H7, O157:NM, and O121:H19 serotypes (Fig.
3C). ehaB of reference strain EDL 933 (O157:H7) was shown to be
involved in biofilm formation when overexpressed in E. coli K-12
(17). Therefore, it is possible that these EhaB variants found in
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0157:H7 and O121:H19 contribute to the establishment of bio-
film. The plasmid-encoding gene espP was detected in most STEC
isolates (Fig. 3D). Using an espP mutant, this gene already was
shown to be associated with biofilm formation in O157:H7 (19).
Seropathotype A isolates are equipped with fimbrial and auto-
transporter genes that could contribute to their biofilm capacity
and their adaptation to different environments. Moreover, Ipf2,
ehaB, and espP also were found in the genome of environmental
STEC strains, suggesting that those genes contribute to the STEC
environmental lifestyle (59).

STEC biofilm matrix composition. Biofilm matrix composi-
tions of E. coli isolates were shown to be highly heterogeneous (20,
60, 61). The use of CLSM and fluorescent probes showed the pres-
ence of PGA and cellulose in the biofilm of seropathotype A iso-
lates that are strong biofilm producers (Fig. 4). These were shown
to be important in the development and architecture of biofilms in
E. coli (20). To our knowledge, this is the first description of the
matrix composition of STEC biofilms. Furthermore, a previous
study showed that O157:H7 mutants lacking genes encoding PGA
or cellulose synthesis were unable to adhere to alfalfa sprouts (21).
Therefore, it is possible that our biofilm conditions stimulated the
production of cellulose and PGA in seropathotype A isolates but
not in seropathotype B and C isolates. Genome sequence database
and PCR results indicate that O26:H11, 0103:H2, O111:NM,
O111H:8, O121:H19, and O157:H26 isolates are negative for
pgaA, coding for PGA export from the periplasm, while it is pres-
ent in seropathotype A isolates (data not shown) (62). This could
explain why seropathotype A isolates have a greater potential to
form biofilm than others. Alternatively, some other polysaccha-
ride structure could be produced in seropathotype B and C iso-
lates (63, 64). Nevertheless, biofilms were resistant to dispersin B
treatment that targets PGA, but they were sensitive to a proteinase
K treatment (Fig. 5). These findings suggest that proteins play an
important role in biofilm integrity, while PGA seems to be less
necessary for biofilm integrity. Previous studies suggested that in
E. coli, proteins such as adhesins (fimbriae and curli) and auto-
transporters participate in the structure of the biofilm by estab-
lishing cell-surface, cell-cell, and cell-matrix interactions (18, 34,
50, 65), while polysaccharides may have a protective role (66).

Sanitizer treatments. Food-processing and farm environ-
ments provide a variety of conditions which might favor the for-
mation of biofilm (67). Standard cleaning and sanitizing practices
are used to reduce sources of microbial contamination on their
products. As previously described, strong attachment of biofilms
on surfaces may affect the efficiency of sanitizers and protect bac-
teria against sanitation protocols that are used to reduce contam-
ination (7, 68, 69). In the present study, we examined if sanitizers
commonly used in good sanitation practices were effective at both
reducing STEC viability in biofilms and eliminating the biofilm
matrix. Although sanitizer treatments were effective at reducing
significantly the viability and the metabolism of STEC in biofilms,
the biofilm matrix either remained or was partly removed depend-
ing on the sanitizer (Table 2). These results agree with previous
reports (6, 7, 68, 69). Moreover, no significant differences in via-
bility or metabolic activity were seen between seropathotypes or
isolates (7). Additionally, matrix composition, such as the pres-
ence of cellulose or PGA, had no protective effect on the cells.
Sanitizers cannot completely remove biofilm matrix on food-pro-
cessing surfaces left after a sanitation protocol, which could lead to
a faster recolonization of the surface (70). Interestingly, some
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sanitizers, such as bleach or H,0,, were more effective at remov-
ing the biofilm matrix of STEC. Our biofilm study is restricted to
specific conditions and represents to some degree biofilm forma-
tion on food-processing equipment design and surface materials;
nevertheless, our results are indicative of biofilm characteristics of
STEC that caused human infections. Thus, STEC biofilm forma-
tion is a potential hazard in food hygiene and may become a
source of cross-contamination in farm and food-processing envi-
ronments. Because detached biofilms may serve as a continuous
contamination source, prevention, removal, and inactivation of
STEC biofilms are critical for improving hygiene and contamina-
tion control and enhancing food safety.

Conclusions. We show that STEC isolates recovered from hu-
man infections formed biofilms in a seropathotype-dependent
manner. Specifically, seropathotype A isolates clustering as sero-
types O157:H7 and O157:NM, with the highest relative incidence
and frequently involved in outbreaks, had a greater ability to form
biofilms than seropathotype B or C isolates. Seropathotype A iso-
lates were the only ones able to produce cellulose and PGA. Addi-
tionally, biofilm integrity was dependent on proteins, but they
were not overly abundant in the biofilm matrix. Furthermore, two
autotransporters, EhaB and EspP, and two fimbriae, one encoded
by genes found on genomic O island 47 and Lpf2, were identified
as potential genetic determinants for biofilm formation. Interest-
ingly, some seropathotype A isolates were able to agglutinate yeast
in a mannose-independent manner. This phenotype correlated
with biofilm formation, suggesting that an unidentified biofilm-
associated factor is produced by seropathotype A isolates. Treat-
ment with sanitizers reduced STEC viability but did not com-
pletely remove the biofilm matrix. Overall, our data indicate that
biofilm formation could contribute to the persistence of sero-
pathotype A isolates in the environment and to the transmission
and, consequently, the high incidence of serotype O157:H7 and
0157:NM infections.
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