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Abstract

The objectives of this study were to characterize the phenotype and genotype of 36 non-O157 Shiga toxin—
producing Escherichia coli (STEC) strains isolated from humans, ovines, or bovines, including the top 6 (026,
045, 0103, O111, O121, and O145) and three other serogroups implicated in serious illness (091, O113, and
0128). Biofilms were formed by all strains with intermediate to strong biofilm producers (n =24) more common
at 22°C than at 37°C (p<0.001) and 48 and 72h (p<0.001) than 24 h of incubation time. Biofilm-forming
potential differed by serogroup and origin with O113 and human strains exhibiting the highest potential
(p<0.001). Biofilm-associated genes, csgA/csgD/crl/fimH (100%), flu (94%), rpoS (92%), ehaA* (89%), and
cah (72%), were most prevalent, while mlrA (22%) and ehaAP (14%) were least prevalent, although there was
no clear compliment of genes associated with strains exhibiting the greatest biofilm-forming capacity. Among
12 virulence genes screened, iha and ehxA were present in 92% of the strains. The occurrence of stx; in the top
6 serogroups (8/12, 67%) did not differ (p=0.8) from other serogroups (17/24, 71%), but stx, was less likely
(confidence interval [CI]=0.14-1.12; p=0.04) to be in the former (9/24, 38%) than the latter (9/12, 75%).
Excluding serogroups, O91 and O121, at least one strain per serogroup was resistant to between three and six
antimicrobials. Streptomycin (31%), sulfisoxazole (31%), and tetracycline (25%) resistance was most common
and was 35-50% less likely (p <0.05) in human than animal strains. All non-O157 STEC strains were able to
form biofilms on an abiotic surface, with some exhibiting resistance to multiple antimicrobials. Potential as a
reservoir of antimicrobial resistance genes may be another hazard of biofilms in food-processing plants. As a
result, future strategies to control these pathogens may include measures to prevent biofilms.

Introduction Robbins et al., 2014) or vegetable products contaminated

with bovine feces (Hussein and Bollinger, 2005; Smith et al.,

S HIGA TOXIN-PRODUCING EScHERICHIA coLI (STEC) are
important foodborne pathogens worldwide (Etcheverria
and Padola, 2013). E. coli O157:H7 is the predominant se-
rotype associated with outbreaks of STEC infections, but a
growing number of non-O157 serotypes have also been
linked to human illness (Luna-Gierke et al., 2014; Smith
etal., 2014). Severity of illnesses caused by non-O157 STEC
may equal or even exceed that associated with STEC
0157:H7 (Johnson et al., 2006; Hermos et al., 2011).
Non-0O157 STEC outbreaks are typically associated with
contaminated foods of bovine origin (Mathusa et al., 2010;

2014). Specifically, six serogroups, 026, 045, 0103, O111,
0121, and O145 (top 6), were responsible for ~70% of non-
0157 infection from 1983 to 2002 in the United States
(Brooks et al., 2005) and were declared as adulterants in raw
beef products in the United States (USDA, 2012). Although
other non-O157 serogroups such as 091, O113, and O128 are
less likely to be associated with outbreaks, they can cause
severe illness (Johnson et al., 2006; Bettelheim, 2007). The
production of Shiga toxins (Stx) (Paton and Paton, 1998) and
possession of mobile genetic elements (MGEs) (Tatsuno
et al., 2001; Imamovic et al., 2010; Etcheverria and Padola,
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2013) are the main virulence features of STEC-associated
pathogenesis. Moreover, genetic diversity in STEC virulence
varies among strains (Anjum et al., 2014; Tseng et al., 2014)
and geographical locations (Mellor et al., 2013).

STEC may form biofilms on food or food contact surfaces
(Silagyi et al., 2009; Dourou et al., 2011; Wang et al., 2012).
Decontaminating food-processing equipment of biofilms is
particularly difficult as biofilms frequently slough off, re-
leasing cells into food products (Vogeleer et al., 2014).
Biofilms can also form on food equipment surfaces, reduc-
ing the effectiveness of disinfectants (Vogeleer et al., 2014).
Most STEC biofilms studies have focused on O157:H7
(Dourou et al., 2011; Uhlich et al., 2013; Wang et al., 2014)
and few report biofilm formation by non-O157 STEC strains
(Chen et al., 2013; Uhlich et al., 2014).

Differing evolutionarily from O157, non-O157 STEC are
heterogeneous and information on their virulence, fitness,
and stress responses is limited (Wang et al., 2013). This lack
of knowledge and strain heterogeneity increase complexity of
developing strategies to reduce food and water contamination
with these pathogens. Therefore, the aim of this study was to
investigate molecular and phenotypic features of non-O157
STEC strains from nine major serogroups isolated from Ca-
nada. Strains were characterized for the presence of biofilm-
forming- and virulence-associated genes, biofilm-forming
ability, and antimicrobial resistance (AMR) profiles.

Materials and Methods
Bacterial strains and growth conditions

All strains used (Table 1 and Supplementary Table S1;
Supplementary Data are available online at www.liebertpub.
com/fpd) were of human (n=22), bovine (n=12), or ovine
origin (n=2) and were obtained from the Public Health
Agency of Canada (Guelph, ON). Four strains were evaluated
of each top 6 non-O157 STEC serogroup (026, 045, 0103,
O111, O121, and O145) and three other non-O157 STEC
serogroups implicated in serious illness (091, O113, and
0128). All strains were streaked onto tryptic soy agar and
incubated at 37°C for 18 h. An isolated colony was then in-
oculated into 10 mL of tryptic soy broth and incubated at
37°C overnight.

Biofilm formation assay

Biofilm formation was assessed in 96-well polystyrene
microplates (Nunc, Edmonton, AB) using a modification of
Uhlich et al. (2013). Briefly, LB broth with no salt (LB-NS)
only (negative control, 200 uL.) or LB-NS diluted overnight
culture of each strain (200 uL) was dispensed into four rep-
licate wells of a microplate. The plates were incubated at
22°C or 37°C for 24, 48, or 72 h. Following incubation, su-
pernatants were removed and wells were washed thrice.
Remaining attached bacteria were fixed with 250 uL. of ab-
solute methanol (Sigma-Aldrich, Okaville, ON) per well for
15 min. Plates with biofilms were then emptied, air-dried, and
stained with 1% (w/v) crystal violet (Sigma-Aldrich) solution
for 15 min, followed by three water washes and air-drying.
The dye bound to the biofilm was then dissolved with 33%
glacial acetic acid (200 puL; Sigma-Aldrich) per well and
ODs90nm Values were measured.
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Based on the ODsg¢,,, produced by biofilms, strains were
classified as no biofilm, weak, intermediate, or strong biofilm
producers, as previously described (Stepanovic et al., 2000).
Briefly, cutoff optical density value (ODc) of 0.071 was three
standard deviations above mean OD of negative controls.
Strains were classified as OD < ODc, no biofilm producer;
ODc < OD £2 x ODc, weak biofilm producers; 2 x ODc < OD
<4 x ODc, intermediate biofilm producers; and 4 X ODc <
OD, strong biofilm producers.

Polymerase chain reaction assay

All strains were screened by polymerase chain reaction
(PCR) for the presence of major genes associated with bio-
film formation and virulence (Tables 1 and 2). Bacterial DNA
was isolated from 18-h cultures using the NucleoSpin® Tis-
sue Kit (Macherey-Nagel, Bethlehem, PA). All PCR assays
excepting bacteriophage insertions in mirA were conducted
individually wusing HotStar Plus MasterMix (Qiagen,
Mississauga, ON) and 0.2 uM of each primer at annealing
temperatures as indicated (Supplementary Table S2). The
bacteriophage insertions in mlrA (yehV) were investigated
using multiplex PCR and primers (Supplementary Table S2)
complementary to regions flanking bacteriophage insertion
site in mlrA (primers A and B) and to ends of predominant
bacteriophage occupying mlirA insertion site (primers E and
F) (Shaikh and Tarr, 2003). Multiplex PCR assays used
QuantiFast Multiplex Master Mix (Qiagen) and 0.5 uM of
each primer at annealing temperature of 57°C. Each PCR
contained positive and negative controls. Samples were then
electrophoresed on 2% agarose gels (w/v) stained with ethi-
dium bromide and visualized with a UV transilluminator
(Alpha Innotech, San Leandro, CA).

Antimicrobial resistance

AMR was determined against 12 antimicrobials using
the disc diffusion method (CLSI, 2014). Antimicrobial discs
(BD, Mississauga, ON) were used: ampicillin (AMP; 10 ug),
amoxicillin—clavulanate (AMC; 20/10 pg), ceftazidime (CAZ;
30 ug), tetracycline (TET; 30 ug), kanamycin (KAN; 30 ug),
nalidixic acid (NAL; 30 ug), streptomycin (STR; 10 pug),
chloramphenicol (CHL; 30 pg), neomycin (NEO; 30 ug),
enrofloxacin (ENR; 5 pg), trimethoprim—sulfamethoxazole
(TMS; 1.25/23.75 pg), and sulfisoxazole (SUL; 250 ug). In-
oculum of each strain was streaked on Mueller—Hinton agar
(Dalynn Biologicals, Calgary, AB), and the appropriate drug-
impregnated discs were placed on the agar surface. Plates
were inverted and incubated (37°C, 18 h), and zones of in-
hibition measured.

Statistical analysis

Results from biofilm formation were compiled from
two independent experiments. No biofilm and weak biofilm
formation were scored as negative (designated as low
biofilm-forming potential) and intermediate or strong biofilm
formation (designated as high biofilm-forming potential) was
scored as positive. Influence of origin (animal vs. human),
serogroups, incubation temperature, and time on biofilm-
forming potential was analyzed using GLIMMIX with
random measures. Odds ratios were calculated for the
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TABLE 1. PRESENCE OR ABSENCE OF GENES ASSOCIATED WITH BIOFILM FORMATION
IN NON-STEC O157 THAT DIFFER IN BIOFILM-FORMING ABILITY

Presence of biofilm-forming-associated genes

Biofilm-  csgA/ Prophage
Reference forming  csgD/ mrlA

Strains ID Serotype  Origin® ability® crl/fimH  rpoS flu cah  chaA* ehaA’ insertion®
EC19930517 R1 026:H11 B + + + + + + — Intact
EC19960464 R2 026:H11 B + + + + + + — Intact
EC19970119 R3 026:H11 H +++ + + + + + —  Intact
EC19990859 R4 026:H11 H + + + + + + — Intact
EC19940040 R5 0O45:H2 B +++ + + + + + — Intact
EC19970074 R6 045:H2 H ++ + + + + + —  Intact
EC19970086 R7 045:H2 H ++ + + + - + — Intact
EC19970358 RS 045:H2 H ++ + + + + + — Intact
EC19970327 R9 0103:H2 B +++ + + + + + — Intact
EC19970345 R10 0103:H2 H A+ + + + + + — Intact
EC20010670 R11 0103:H2 B + + + + + + — Intact
EC20020219 R12 0103:H2 H A+ + + + + + —  Intact
EC19930467 R13 O111:H8 B ++ + + + + + Intact
EC20000612 R14 O111:H8 B ++ + + + + + — Intact
EC20000927 R15 O111:NM H + + + + + + —  Variant-L
EC20030053 R16 O111:NM B ++ + + + + + — Intact
EC19960807 R17 O121:H19 H +++ + + + + + + Intact
EC19990161 R18 O121:H19 H +++ + + + — — + Intact
EC20020234 R19 O121:H19 H +++ + + + + + + Intact
EC20040083 R20 O121:H19 B + + + + — + + Intact
EC19970355 R21 0145:NM H + + + — + + — Intact
EC19990166 R22 0145:H25 H +++ + + + + + — Intact
EC19990324 R23 0145:NM H + + + + + + — Intact
EC20020231 R24 0145:NM H + + + + + + Variant-L
EC19950329 R25 091:NM O + + + + — + —  Variant-R
EC19950340 R26 091:NM O ++ + + + — + —  Variant-R
EC20010076 R27 091:H21 H +++ + + + — + —  Intact
EC20020030 R28 091:H21 B ++ + + — — + —  Variant-R
EC19960371 R29 O113:H4 B +++ + — + + — —  Variant-R
EC19960434 R30 O113:H4 B +++ + — + + — —  Variant-R
EC19970352 R31 0O113:H21 H +++ + + + + + —  Variant-R
EC20020170 R32 O113:H21 H +++ + + + — + — Intact
EC19960949 R33 0128:NM H A+ + + + — + —  Intact
EC19990162 R34 0128:H2 H ++ + + + — + + Intact
EC20000914 R35 0128:H10 H + + - + + — — Intact
EC20100049 R36 0O128:NM H + + + + + + — Intact
Total No. of 36 36 (100) 33 (92) 34 (94) 26 (72) 32 (89) 5 (14) 8 (22)

Strains (%)

*Non-0157 STEC strains isolated from a bovine (B) and human (H).
"Biofilm-forming ability was scored based on biofilm formation under optimal experimental conditions: +, weak; ++, intermediate; +++,

strong.

“Intact indicates detection of amplicon A/B only; Variant-L indicates detection of amplicons A/B and A/E; Variant-R indicates detection

of amplicons A/B and B/F.
STEC, Shiga toxin—producing Escherichia coli.

percentage of high biofilm-forming potential with cohorts
of animal origin, serogroup 026, at 37°C and 24 h showing
a low percentage of high biofilm-forming ability as refer-
ent. Within each serogroup, ODsgg,, values were trans-
formed and then analyzed using MIXED and least-squares
differentiated means (p<0.05). Correlations between
biofilm-forming potential and biofilm-forming genes
and between serogroup or origin and virulence-associated
genes were assessed using tetrachoric correlation and
Cochran—Mantel-Haenszel statistics of FREQ. All analy-
ses were conducted with SAS (version 9.3; SAS Institute,
Cary, NC).

Results
Biofilm formation

Generally, biofilm-forming potential differed by serogroup
and depended on incubation temperature and time (p<
0.001) with human strains nearly twice as likely (p <0.001)
to form strong biofilms than animal strains (Table 3). Among
serogroups, O113 exhibited the overall highest biofilm-
forming potential (p<0.001), followed by 091 (p<0.01),
0103 and O121 (p<0.05), and O45 and O128 (p<0.05),
respectively. Strains of O111, 0145, and 026 formed the
least biofilms. Across all serogroups, intermediate to strong
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TABLE 2. PREVALENCE OF VIRULENCE GENES IN NON-O157 STEC STRAINS

% Strains positive by PCR assay

No. of
Serogroup strains stx; stx, eae iha ehxA saa toxB adfO sodCF tccp ureA efal-5" efal-75
Top 6 026 4 100 0 100 100 100 0 75 100 0 0 75 100 100
045 4 100 0 100 100 75 0 75 100 100 0 100 100 100
0103 4 100 25 100 100 100 0 50 100 100 0 100 100 75
Ol111 4 100 0 100 100 100 0 50 100 100 0 100 100 100
0121 4 0 100 100 75 100 0 100 100 100 75 100 100 100
0145 4 25 100 100 75 100 0 100 100 100 0 100 100 75
Others 091 4 75 100 0 100 50 50 0 0 0 0 25 0 25
0113 4 50 100 0 100 100 50 0 50 0 0 75 25 0
0128 4 75 25 25 75 100 25 0 50 25 0 50 25 25
% Gene All strains 36 70 50 70 92 92 14 50 78 58 8 81 72 67
presence Top 6 24 71 38 100 92 96 0 75 100 83 13 96 100 92
Others 12 67 75 8 92 83 42 0 33 8 0 50 17 17

PCR, polymerase chain reaction; STEC, Shiga toxin—producing E. coli.

biofilms were more likely at 22°C than 37°C (p <0.001) and
with 48 and 72h (p<0.001) than 24-h incubation times.
Bofilms developed at 37°C, but became less established with
longer incubation times in some 045, 091, O113, and 0128
strains.

Although the ability to form biofilms varied among strains
within serogroup (p<0.001; Fig. 1), all strains produced
biofilms under some conditions with 24/36 strains showing
intermediate or strong biofilm (Table 1).

TABLE 3. OpDS RATIOS REPRESENTING THE LIKELIHOOD
OF BIOFILM-FORMING POTENTIAL OF DIFFERENT
SEROGROUPS (N=4) AND ORIGIN WITH DIFFERENT
INCUBATION TEMPERATURES AND TIME

% of high
biofilm-forming Odds

Factors potential ratio® 95% CI p
Serogroups

026 8

045 26 395 2.15-7.28 <0.001

0103 37 6.99 3.85-12.66 <0.001

o111 15 1.91 0.99-3.67 0.05

0121 32 546 3.00-9.95 <0.001

0145 9 1.14 0.56-2.31 0.7

091 52 13.5 7.47-24.39 <0.001

0113 83 65.44 34.34-124.69 <0.001

0128 18 243 1.29-4.58 0.006
Temperature (°C)

37

22 36 1.86 1.46-2.37 <0.001
Time (h)

24 22

48 32 1.92 1.41-2.60 <0.001

72 39 3.00 2.21-4.07 <0.001
Origin

Animal 28

Human 32 1.94 1.45-2.59 <0.001

%0dds ratio for serogroups, temperature, time, and origin were
generated, respectively, with cohorts of serogroup 026, at 37°C, 24 h,
and animal origin as the referent.

CI, confidence interval.

Detection of biofilm-associated genes

Biofilm-associated genes, csgA/csgD/crl/fimH (100%), flu
(94%), rpoS (92%), ehaA” (89%), and cah (72%), were most
prevalent, while mirA (22%) and ehaAP (14%) were least
prevalent (Table 1), although no correlation (p>0.1) was
found between biofilm-forming ability and the presence of
these genes. Most strains (33/36, 92%) carried the rpoS gene,
but this gene was lacking in R29, R30, and R35. Of 36 strains,
mlirA-intact (amplicon A/B only) was detected in 28 (78%),
indicating that these strains did not carry the prophage stx; in
mlirA.

Detection of virulence-associated genes

Prevalence of virulence genes in the non-O157 STEC
strains ranked as iha/ehxA (92%), ureA (81%), adfO (78%),
efal-5" (712%), stxleae (10%), efal-3’ (67%), sodCF (58%),
stxo/toxB (50%), saa (14%), and tccP (8%:; Table 2). Of the
strains, 18 contained only stx;, 11 were only positive for stx;,
and 7 carried both szx genes. Prevalence of stx; from the top 6
serogroups (8/12, 67%) did not differ (p=0.8) from that of
other serogroups (17/24, 71%), but detection of stx, was 40%
less likely (confidence interval [CI]=0.14-1.12; p=0.04) in
the top 6 (9/24, 38%) than in the latter (9/12, 75%).

Other genes associated with virulence, including eae,
adfo, efal-5', efal-3’, toxB, ureA, and sodCF, were more
(p<0.05) common in top 6 strains than other serogroups. All
strains from the top 6 were positive for eae, adfO, and efal-5’,
whereas these genes were only present in 8-33% of the 12
strains from 091, O113, and O128. In contrast to the top 6
strains, 091, O113, and O128 were negative for both toxB
and fccP. Additionally, most 091, O112, and O128 strains
lacked an intact efal gene, even though four strains possessed
either efal-5" or efal-3’. A lower prevalence of ureA (50%)
was also observed in 091, O113, and O128 serogroups than
in the top 6 serogroups (96%). No correlation (p>0.1) was
found between any virulence genes and strain origin.

Antimicrobial susceptibility

Excluding serogroups, O91 and O121, 12 strains from
other serogroups were resistant to three to six antimicrobials
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FIG. 1. Biofilm formation of non-O157 STEC on polystyrene surface at 37°C (A) and 22°C (B). The vertical axis
represents the median OD of at least eight replicates of each strain, determined at 590 nm. Horizontal lines represent the
cutoff values between weak, intermediate, and strong biofilm producers. The ODc is defined as three standard deviations
above the mean OD of the negative control. Strains were classified as follows: OD < ODc, no biofilm producer; ODc < OD
<2 X ODc, weak biofilm producer; 2 x ODc < OD <4 x ODc, intermediate biofilm producer; and 4 X ODc < OD, strong
biofilm producer. OD, optical density; ODc, cutoff OD value; STEC, Shiga toxin—producing E. coli.
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TABLE 4. CHARACTERIZATION OF MULTIPLE DRUG-RESISTANT NON-O157 STEC STRAINS

Resistance pattern No. of  Reference Biofilm-forming  Shiga toxin
(No. of antimicrobials) strains ID Serotype Origin® ability genes
AMP-STR-SUL (3) 1 R31 0O128:H10 H + Stx;
AMP-STR-TET (3) 1 R2 026:H11 B + stx;
STR-SUL-TET (3) 3 R5 045:H2 B +++ Stx;

R13 O111:H8 B ++ stx;

R16 O111:NM B ++ Stx;
AMP-STR-SUL-TET (4) 2 R29 O113:H4 B +++ Stx j+stx,

R30 O113:H4 B +++ SIX j+Stx5
STR-SUL-TET-TMS (4) 1 R11 0103:H2 B + stx;
AMP-KAN-NEO-SUL (4) 1 R21 0145:NM H + Stxp
AMP-KAN-NEO-SUL-STR (5) 1 R7 045:H2 H ++ Stx;
AMP-KAN-NEO-SUL-STR-TET (6) 2 R3 026:H11 H +++ stx;

R14 O111:H8 B ++ Stx;

#Non-O157 STEC strains isolated from a bovine (B) and human (H).
Biofilm-forming ability was scored based on biofilm formation under optimal experimental condition: +, weak; ++, intermediate; +++,

strong.

AMP, ampicillin; KAN, kanamycin; NEO, neomycin; STEC, Shiga toxin—producing E. coli; STR, streptomycin; SUL, sulfisoxazole;

TET, tetracycline; TMS, trimethoprim—sulfamethoxazole.

and concurrent STR-SUL-TET resistance was most common
(8/12, 67%; Table 4). Moreover, STR (31%), SUL (31%),
and TET (25%) resistance was 35-50% less likely (p <0.05)
to be detected from strains with human origin than those from
bovine origin. Of the 12 multidrug-resistant (MDR) strains, 8
possessed an intermediate or strong ability to form a biofilm,
and all strains but one (R21, O145:NM) possessed stx; or
both stx genes (Table 4). In addition, all strains tested were
susceptible to AMC, CAZ, CHL, ENR, and NAL.

Discussion

This study was the first to evaluate potential molecular and
biological hazards of STEC strains representing nine im-
portant non-O157 serogroups from Canada.

Biofilm formation and its associated genes

All non-O157 STEC strains were able to form biofilms
with the majority showing high biofilm-forming potential,
although there was variation in biofilm formation among
serogroups. This variation may be attributed to the relatively
limited number of strains studied, but biofilm formation of
STEC 0157, 026, 091, 0103, O111, and O113 on polysty-
rene surfaces has been recognized to be strain dependent
(Biscolaeral., 2011; Wang et al., 2012). In the present study,
all strains of serogroup O113 readily formed biofilms. Across
all serogroups and times, biofilm formation on polystyrene
surfaces occurred most readily at room temperature. This
agrees with the observation that 19 non-O157 STEC strains
from 026, 045, 0103, 0111, 0113, 0121, and O145 formed
more extensive biofilms at 25°C than at 37°C (Uhlich et al.,
2014). Similar results were also obtained by Nesse et al.
(2014) as strains of O103:H2 produced less biofilm at 37°C
than at 20°C. Additionally, biofilm mass was generally in-
creased with exposure time, confirming the results of Fou-
ladkhah et al. (2013) where biofilm formation was more
extensive after 7 days compared with on day 0 at 15°C and
25°C. No reports, to our knowledge, have compared the
biofilm-forming ability between human and animal strains of
STEC, but Vijay et al. (2015) found that human isolates of

Enteroaggregative E. coli produce comparatively more bio-
film than did animal isolates.

To identify biofilm-associated genes, a panel of adhesin
genes and autotransporter protein-associated genes was
screened by PCR. For STEC, biofilm formation in most
strains depended on the expression of curli fimbriae (Biscola
et al., 2011; Wang et al., 2012). In the present study, type 1
fimbriae-encoding gene fimH, curli gene csgA, and crl, as
well as central biofilm-regulating gene csgD, were present in
all strains examined. However, biofilm formation potential of
these strains was highly variable, likely reflecting divergence
in the expression of these genes.

Previous studies have shown that variations in rpoS and
prophage insertions in mlrA limited CsgD-dependent biofilm
formation in O157:H7 and non-O157 strains (Chen et al.,
2013; Uhlich et al., 2013). Even though mutations of the rpos
were not assessed in the present study, two of three non-O157
strains lacked the rpoS, but surprisingly, still exhibited high
biofilm-forming capacity. To date, frequency of RpoS in
STEC strains is unknown, but Franz et al. (2015) reported
that two strains from O128:H2 and O107:H2 were rpoS
negative. Presumably, another sigma factor gene may play an
rpoS-like role in regulating the transcription of csgD in re-
sponse to environmental stress. In addition, fewer non-O157
strains studied harbored prophage stx1 in mlrA, consistent
with the previous findings that mlrA prophage insertions in
strains of non-O157 serogroups are not as common as in
0157:H7 strains (Shaikh and Tarr, 2003; Chen et al., 2013).
Interestingly, stx; was detected in 25 strains, suggesting that
stx;-encoding phages may have a different chromosomal
insertion site in some non-O157 STEC strains (Shaikh and
Tarr, 2003; Kondo et al., 2010).

Autotransporters are other important factors for biofilm
formation of non-O157 STEC (Jaglic et al., 2014). In the
present study, autotransporter protein-associated genes, cah
and flu, were detected in most non-O157 STEC strains. It is
interesting that among the strains lacking cah in the present
study, 60% exhibited reduced biofilm formation with in-
creasing incubation time at 37°C. As the presence of none of
the genes was statistically related to biofilm formation,
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further investigation of expression of these genes is required
to determine their relative importance in biofilm formation.

Correlation among virulence determinants
and non-O157 STEC strains

Karmali et al. (2003) proposed grouping STEC strains into
five seropathotypes (SPTs), from A through E, according to
their reported frequencies in outbreaks, human illness, and
the presence of MGEs such as locus of enterocyte effacement
(LEE) and OI-122. In our study, all top 6 strains were clas-
sified as SPT-B (associated with outbreaks and Hemolytic
uremic syndrom (HUS), but less commonly than serotype
0157:H7) with strains from 091, O113, and O128 classified
as SPT-C (associated with sporadic HUS, but not typically
with outbreaks). Previous studies demonstrated a relationship
between the presence of stx, and the severity of human dis-
ease, including the development of HUS and bloody diarrhea
with 026, 0103, O111, and O145 (Boerlin et al., 1999;
Friedrich er al., 2002). However, in the present study, we
found that stx, genes were more prevalent in the SPT-C. A
low prevalence of stx, in top 6 strains in the present study
aligned with previous findings where a higher percentage of
stx; than stx, was observed in strains from serogroups, 026,
0103, and O111 (Tayzar et al., 2013; Anjum et al., 2014).

The eae in the LEE is also thought to be a significant
determinant of STEC virulence (Etcheverria and Padola,
2013). In this study, eae was detected in all strains from top 6
serogroups and in only one O128:NM strain, an observation
that agrees with previous reports (Girardeau et al., 2005;
Kobayashi et al., 2013).

Other virulence genes, including foxB, adfO, sodCF, ureA,
and efal, were primarily associated with top 6 strains. Anjum
etal. (2014) showed that the top 6 STEC were likely to harbor
adfO, sodCF, ureA, and efal. All of these virulence-
associated genes are located on MGEs in STEC, including
OI-57 (adfO) (Imamovic et al., 2010), lambdoid prophage
(sodCF) (D’Orazio et al., 2008), OI-43 or OI-48 (urea) (Yin
et al., 2009), and OI-122 (efal) (Karmali et al., 2003).
Overall, these data suggest that the MGEs substantially
contribute to the virulence of STEC strains.

MDR of non-O157 STEC

AMR among foodborne bacteria has been rising since the
early 1990s (Walsh and Fanning, 2008). One-third of non-
0157 STEC strains evaluated were MDR, with the highest
resistance rates observed for STR, SUL, and TET. Other
studies from United States (Ju et al., 2012), Spain (Cabal
et al., 2013), Belgium (Buvens et al., 2010), and India
(Rajkhowa and Sarma, 2014) have made similar observa-
tions. Interestingly, STR-SUL-TET resistance was more
likely to be detected from animal than human strains. The
high frequency of STR-SUL-TET resistance reported among
non-O157 strains may, in part, reflect the common use of
these antibiotics for growth promotion and disease preven-
tion in food animals (McEwen and Fedorka-Cray, 2002;
USDA, 2009)

In the present study, MDR was found in 12 non-O157
strains with 67% possessing a strong or intermediate ability to
form biofilms. Previously, Ito et al. (2009) indicated that
generic E. coli in mature biofilms were highly resistant to
antimicrobial agents, an outcome that could complicate the
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disinfection of food contact surfaces (Giaouris et al., 2014).
STEC strains forming biofilms with resistance to antimicro-
bials highlight current challenges of antimicrobial-based
sanitation measures for biofilm removal. This is especially
true as strains exhibiting AMR often exhibit cross-resistance
to many common disinfectants (Ryu et al., 2004; Fouladkhah
et al., 2013).

Conclusions

All non-O157 STEC strains evaluated were able to form
biofilms, with the majority exhibiting high biofilm-forming
potential. Biofilm formation varied with serogroup and origin
was generally enhanced at room temperature with prolonged
incubation times. Of the genes screened for biofilm forma-
tion, no specific combination appeared to be associated with
enhanced biofilm formation. In addition, eae, foxB, adfO,
s0dCF, ureA, and efal were the dominant virulence profile in
top 6 strains. However, a high percentage of strains from
serogroups, 091, O113, and 0128, carried stx,, highlighting
that serogroups other than top 6 can carry genes with impli-
cations for human health. Furthermore, MDR was found in
non-0157 STEC strains and most displayed intermediate or
strong ability to produce biofilms. Consequently, future
strategies to control non-O157 STEC may include measures
that effectively control biofilms.

Acknowledgments

Financial support was provided by the Alberta Livestock
and Meat Agency, Agriculture and Agri-Food Canada,
and China Scholarship Council. The authors gratefully ac-
knowledge R. Barbieri, S. Cook, and R. Zaheer from AAFC
and T. Rueter, J. Peters, S. Trapp, Y. Graham, and C. Conrad
from AF for technical assistance and support.

Disclosure Statement

No competing financial interests exist.

References

Anjum MF, Jones E, Morrison V, Tozzoli R, Morabito S, Toth
I, Nagy B, Smith G, Aspan A, Nielsen EM, Fach P, Herrera-
Leon S, Woodward MJ, LA Ragione RM. Use of virulence
determinants and seropathotypes to distinguish high- and
low-risk Escherichia coli O157 and non-O157 isolates from
Europe. Epidemiol Infect 2014;142:1019-1028.

Bettelheim KA. The non-O157 Shiga-toxigenic (verocytoto-
xigenic) Escherichia coli; under-rated pathogens. Crit Rev
Microbiol 2007;33:67-87.

Biscola FT, Abe CM, Guth BE. Determination of adhesin gene
sequences in, and biofilm formation by, O157 and non-O157
Shiga toxin—producing Escherichia coli strains isolated from
different sources. ARplhanian Mictahigl 2011;77:2201—
2208.

Boerlin P, McEwen SA, Boerlin-Petzold F, Wilson JB, Johnson
RP, Gyles CL. Associations between virulence factors of
Shiga toxin—producing Escherichia coli and disease in hu-
mans. LClin Microbiol 1999;37:497-503.

Brooks JT, Sowers EG, Wells JG, Greene KD, Griffin PM,
Hoekstra RM, Strockbine NA. Non-O157 Shiga toxin—
producing Escherichia coli infections in the United States,
1983-2002. J Infect Dis 2005;192:1422-1429.


http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=16170761&crossref=10.1086%2F466536&citationId=p_146
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=17453930&crossref=10.1080%2F10408410601172172&citationId=p_143
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=17453930&crossref=10.1080%2F10408410601172172&citationId=p_143
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=21317257&crossref=10.1128%2FAEM.01920-10&citationId=p_144
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=9986802&citationId=p_145
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23866811&crossref=10.1017%2FS0950268813001635&citationId=p_142

CHARACTERISTICS OF NON-O157 STEC

Buvens G, Bogaerts P, Glupczynski Y, Lauwers S, Pierard D.
Antimicrobial resistance testing of verocytotoxin-producing
Escherichia coli and first description of TEM-52 extended-
spectrum beta-lactamase in serogroup 026. Antimicrob
Agents Chemother 2010;54:4907-4909.

Cabal A, Gomez-Barrero S, Porrero C, Barcena C, Lopez G,
Canton R, Gortazar C, Dominguez L, Alvarez J. Assessment
of virulence factors characteristic of human Escherichia coli
pathotypes and antimicrobial resistance in O157:H7 and non-
O157:H7 isolates from livestock in Spain. Appl Environ
Microbiol 2013;79:4170-4172.

Chen CY, Hofmann CS, Cottrell BJ, Strobaugh TP Jr., Paoli
GC, Nguyen LH, Yan X, Uhlich GA. Phenotypic and geno-
typic characterization of biofilm forming capabilities in non-
0157 Shiga toxin—producing Escherichia coli strains. PLoS
One 2013;8:¢84863.

Clinical and Laboratory Standards Institute. Performance stan-
dards for antimicrobial susceptibility testing; 24th informa-
tional supplement. CLSI M100-S24. 2014; Clinical and
Laboratory Standards Institute, Wayne, PA.

D’Orazio M, Scotti R, Nicolini L, Cervoni L, Rotilio G, Bat-
tistoni A, Gabbianelli R. Regulatory and structural properties
differentiating the chromosomal and the bacteriophage-
associated Escherichia coli O157:H7 Cu, Zn superoxide
dismutases. BMC Microbjol 2008;8:166.

Dourou D, Beauchamp CS, Yoon Y, Geornaras I, Belk KE,
Smith GC, Nychas GJ, Sofos JN. Attachment and biofilm
formation by Escherichia coli O157:H7 at different temper-
atures, on various food-contact surfaces encountered in beef
processing. lntl Eogd Microbigl 2011;149:262-268.

Etcheverria Al, Padola NL. Shiga toxin—producing Escherichia
coli: Factors involved in virulence and cattle colonization.
Virulence 2013;4:366-372.

Fouladkhah A, Geornaras I, Sofos JN. Biofilm formation of
0157 and non-O157 Shiga toxin—producing Escherichia coli
and multidrug-resistant and susceptible Salmonella typhi-
murium and newport and their inactivation by sanitizers. J
Food Sci 2013;78:M880-M886.

Franz E, van Hoek AH, Wuite M, van der Wal FJ, de Boer AG,
Bouw EI, Aarts HJ. Molecular hazard identification of non-
0157 Shiga toxin—producing Escherichia coli (STEC). PLoS
One 2015;10:e0120353.

Friedrich AW, Bielaszewska M, Zhang WL, Pulz M, Kuczius T,
Ammon A, Karch H. Escherichia coli harboring Shiga toxin 2
gene variants: Frequency and association with clinical
symptoms. J Infect Dis 2002;185:74-84.

Gannon VP, D’Souza S, Graham T, King RK, Rahn K, Read S.
Use of the flagellar H7 gene as a target in multiplex PCR
assays and improved specificity in identification of entero-
hemorrhagic Escherichia coli strains. LClin Microbiol 1997;
35:656-662.

Giaouris E, Heir E, Hebraud M, Chorianopoulos N, Langsrud S,
Moretro T, Habimana O, Desvaux M, Renier S, Nychas GJ.
Attachment and biofilm formation by foodborne bacteria in
meat processing environments: Causes, implications, role of
bacterial interactions and control by alternative novel meth-
ods. Meat Sci 2014;97:298-309.

Girardeau JP, Dalmasso A, Bertin Y, Ducrot C, Bord S, Livrelli
V, Vernozy-Rozand C, Martin C. Association of virulence
genotype with phylogenetic background in comparison to
different seropathotypes of Shiga toxin—producing Escher-
ichia coli isolates. LClin Microbjol 2005;43:6098-6107.

Hermos CR, Janineh M, Han LL, McAdam AlJ. Shiga toxin—
producing Escherichia coli in children: Diagnosis and clini-

323

cal manifestations of O157:H7 and non-O157:H7 infection. J
Clin Microbiol 2011;49:955-959.

Herold S, Paton JC, Paton AW. Sab, a novel autotransporter of
locus of enterocyte effacement-negative Shiga-toxigenic Es-
cherichia coli O113:H21, contributes to adherence and bio-
film formation. [nfect Immun 2009;77:3234-3243.

Hussein HS, Bollinger LM. Prevalence of Shiga toxin—
producing Escherichia coli in beef cattle. ] Food Prot 2005;
68:2224-2241.

Imamovic L, Tozzoli R, Michelacci V, Minelli F, Marziano
ML, Caprioli A, Morabito S. OI-57, a genomic island of
Escherichia coli O157, is present in other seropathotypes of
Shiga toxin—producing E. coli associated with severe human
disease. Jnfect Immun 2010;78:4697-4704.

Ito A, Taniuchi A, May T, Kawata K, Okabe S. Increased an-
tibiotic resistance of Escherichia coli in mature biofilms.
AnplEnvican Micrahigl 2009;75:4093-4100.

Jaglic Z, Desvaux M, Weiss A, Nesse LL, Meyer RL, Dem-
nerova K, Schmidt H, Giaouris E, Sipailiene A, Teixeira P,
Kacaniova M, Riedel CU, Kngchel S. Surface adhesins and
exopolymers of selected foodborne pathogens. Microbiology
2014;160:2561-2582.

Johnson JR, Stell AL. Extended virulence genotypes of Es-
cherichia coli strains from patients with urosepsis in relation
to phylogeny and host compromise. ] Infect Dis 2000;181:
261-272.

Johnson KE, Thorpe CM, Sears CL. The emerging clinical
importance of non-O157 Shiga toxin—producing Escherichia
coli. Clin Infect Dis 2006;43:1587-1595.

Ju W, Shen J, Li Y, Toro MA, Zhao S, Ayers S, Najjar MB,
Meng J. Non-O157 Shiga toxin—producing Escherichia coli
in retail ground beef and pork in the Washington D.C. area.
Eood Microbiol 2012;32:371-377.

Karmali MA, Mascarenhas M, Shen S, Ziebell K, Johnson S,
Reid-Smith R, Isaac-Renton J, Clark C, Rahn K, Kaper JB.
Association of genomic O island 122 of Escherichia coli
EDL 933 with verocytotoxin-producing Escherichia coli
seropathotypes that are linked to epidemic and/or serious
disease. LClin Microbiol 2003;41:4930-4940.

Knobl T, Moreno AM, Paixao R, Gomes TA, Vieira MA, da
Silva Leite D, Blanco JE, Ferreira AJ. Prevalence of avian
pathogenic Escherichia coli (APEC) clone harboring sfa gene
in Brazil. Sgientific\Waorldlaural 2012;2012:437342.

Kobayashi N, Lee K, Yamazaki A, Saito S, Furukawa I,
Kono T, Maeda E, Isobe J, Sugita-Konishi Y, Hara-Kudo Y.
Virulence gene profiles and population genetic analysis for
exploration of pathogenic serogroups of Shiga toxin—
producing Escherichia coli. LClin Microbiol 2013;51:4022—
4028.

Kondo S, Hoar BR, Villanueva V, Mandrell RE, Atwill ER.
Longitudinal prevalence and molecular typing of Escherichia
coli O157:H7 by use of multiple-locus variable-number
tandem-repeat analysis and pulsed-field gel electrophoresis in
fecal samples collected from a range-based herd of beef cattle
in California. AmJ Vet Res 2010;71:1339-1347.

Luna-Gierke RE, Griffin PM, Gould LH, Herman K, Bopp CA,
Strockbine N, Mody RK. Outbreaks of non-O157 Shiga
toxin—producing Escherichia coli infection: USA. Epidemiol
Infect 2014;142:2270-2280.

Mathusa EC, Chen Y, Enache E, Hontz L. Non-O157 Shiga
toxin—producing Escherichia coli in foods. ] Food Prot 2010;
73:1721-1736.

McEwen SA, Fedorka-Cray PJ. Antimicrobial use and resis-
tance in animals. Clin Infect Dis 2002;34(Suppl 3):S93-S106.


http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=21034325&crossref=10.2460%2Fajvr.71.11.1339&citationId=p_172
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=9041407&citationId=p_157
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=19487483&crossref=10.1128%2FIAI.00031-09&citationId=p_161
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25217529&crossref=10.1099%2Fmic.0.075887-0&citationId=p_165
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23601046&crossref=10.1111%2F1750-3841.12123&citationId=p_154
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23601046&crossref=10.1111%2F1750-3841.12123&citationId=p_154
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=14605120&crossref=10.1128%2FJCM.41.11.4930-4940.2003&citationId=p_169
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24398154&crossref=10.1017%2FS0950268813003233&citationId=p_173
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24398154&crossref=10.1017%2FS0950268813003233&citationId=p_173
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23747091&crossref=10.1016%2Fj.meatsci.2013.05.023&citationId=p_158
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=16245735&citationId=p_162
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=20733038&crossref=10.1128%2FAAC.00551-10&citationId=p_147
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=20733038&crossref=10.1128%2FAAC.00551-10&citationId=p_147
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=18828904&crossref=10.1186%2F1471-2180-8-166&citationId=p_151
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=10608775&crossref=10.1086%2F315217&citationId=p_166
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=22666122&crossref=10.1100%2F2012%2F437342&citationId=p_170
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&crossref=10.1371%2Fjournal.pone.0120353&citationId=p_155
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&crossref=10.1371%2Fjournal.pone.0120353&citationId=p_155
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=20828483&citationId=p_174
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=16333104&crossref=10.1128%2FJCM.43.12.6098-6107.2005&citationId=p_159
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=20823207&crossref=10.1128%2FIAI.00512-10&citationId=p_163
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23603685&crossref=10.1128%2FAEM.00537-13&citationId=p_148
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23603685&crossref=10.1128%2FAEM.00537-13&citationId=p_148
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=21802758&crossref=10.1016%2Fj.ijfoodmicro.2011.07.004&citationId=p_152
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=17109294&crossref=10.1086%2F509573&citationId=p_167
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24068018&crossref=10.1128%2FJCM.01598-13&citationId=p_171
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=11756984&crossref=10.1086%2F338115&citationId=p_156
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=21177902&crossref=10.1128%2FJCM.02119-10&citationId=p_160
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=21177902&crossref=10.1128%2FJCM.02119-10&citationId=p_160
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=11988879&crossref=10.1086%2F340246&citationId=p_175
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=19376922&crossref=10.1128%2FAEM.02949-08&citationId=p_164
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24386426&crossref=10.1371%2Fjournal.pone.0084863&citationId=p_149
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24386426&crossref=10.1371%2Fjournal.pone.0084863&citationId=p_149
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23624795&crossref=10.4161%2Fviru.24642&citationId=p_153
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=22986203&crossref=10.1016%2Fj.fm.2012.07.017&citationId=p_168

324

Mellor GE, Besser TE, Davis MA, Beavis B, Jung W, Smith
HV, Jennison AV, Doyle CJ, Chandry PS, Gobius KS, Fegan
N. Multilocus genotype analysis of Escherichia coli 0157
isolates from Australia and the United States provides evi-
dence of geographic divergence. ARplaaviionNicohigl
2013;79:5050-5058.

Nesse LL, Sekse C, Berg K, Johannesen KC, Solheim H,
Vestby LK, Urdahl AM. Potentially pathogenic Escherichia
coli can form a biofilm under conditions relevant to the food
production chain. Appl-Eosirgn NMictobigl 72014;80:2042—
2049.

Ogasawara H, Yamada K, Kori A, Yamamoto K, Ishihama A.
Regulation of the Escherichia coli csgD promoter: Interplay
between five transcription factors. Microbiology 2010;156:
2470-2483.

Olsen A, Arnqvist A, Hammar M, Sukupolvi S, Normark S. The
RpoS sigma factor relieves H-NS-mediated transcriptional
repression of csgA, the subunit gene of fibronectin-binding
curli in Escherichia coli. Mol Microbiol 1993;7:523-536.

Paton JC, Paton AW. Pathogenesis and diagnosis of Shiga
toxin—producing Escherichia coli infections. Clin Microbiol
Rev 1998;11:450-479.

Rajkhowa S, Sarma DK. Prevalence and antimicrobial resis-
tance of porcine O157 and non-O157 Shiga toxin—producing
Escherichia coli from India. Jzgp.Apim Health Prad 7014;46:
931-937.

Restieri C, Garriss G, Locas MC, Dozois CM. Autotransporter-
encoding sequences are phylogenetically distributed among
Escherichia coli clinical isolates and reference strains. Appl
Environ Microbigl 2007;73:1553-1562.

Robbins A, Anand M, Nicholas DC, Egan JS, Musser KA,
Giguere S, Prince H, Beaufait HE, Sears SD, Borda J, Dietz
D, Collaro T, Evans P, Seys SA, Kissler BW. Ground beef
recall associated with non-O157 Shiga toxin—producing
Escherichia coli, iikatestiittiititelitaatis 2014;20:
165-167.

Ryu JH, Kim H, Beuchat LR. Attachment and biofilm formation
by Escherichia coli O157:H7 on stainless steel as influenced
by exopolysaccharide production, nutrient availability, and
temperature. J Food Prot 2004;67:2123-2131.

Shaikh N, Tarr PI. Escherichia coli O157:H7 Shiga toxin-
encoding bacteriophages: Integrations, excisions, truncations,
and evolutionary implications. J Bacteriol 2003;185:3596-3605.

Silagyi K, Kim SH, Lo YM, Wei CI. Production of biofilm and
quorum sensing by Escherichia coli O157:H7 and its transfer
from contact surfaces to meat, poultry, ready-to-eat deli, and

produce products. Food Microbio] 2009;26:514-519.
Smith JL, Fratamico PM, Gunther NW 4th. Shiga toxin—

producing Escherichia coli. AdyAnnlMicrohigl 2014;86:
145-197.

Stepanovic S, Vukovic D, Dakic I, Savic B, Svabic-Vlahovic
M. A modified microtiter-plate test for quantification of
staphylococcal biofilm formation. LMicrobigl Methads 2000;
40:175-179.

Tarr CL, Large TM, Moeller CL, Lacher DW, Tarr PI, Acheson
DW, Whittam TS. Molecular characterization of a serotype
O121:H19 clone, a distinct Shiga toxin—producing clone of
pathogenic Escherichia coli. Infect Immun 2002;70:6853—
6859.

Tatsuno I, Horie M, Abe H, Miki T, Makino K, Shinagawa H,
Taguchi H, Kamiya S, Hayashi T, Sasakawa C. toxB gene on
pO157 of enterohemorrhagic Escherichia coli O157:H7 is
required for full epithelial cell adherence phenotype. Infect
Immun 2001;69:6660-6669.

WANG ET AL.

Tayzar AC, Saleha AA, Rahim AM, Murugaiyah M, Shah AH.
Occurrence of non-O157 Shiga toxin—producing Escherichia
coli in healthy cattle and goats and distribution of virulence
genes among isolates. Afr J Microbiol Res 2013;7:1703—
1707.

Tseng M, Fratamico PM, Bagi L, Delannoy S, Fach P, Manning
SD, Funk JA. Diverse virulence gene content of Shiga toxin—
producing Escherichia coli from finishing swine. Appl En-
Yiron Microbiol 2014;80:6395-6402.

Uhlich GA, Chen CY, Cottrell BJ, Hofmann CS, Dudley EG,
Strobaugh TP Jr., Nguyen LH. Phage insertion in mlrA and
variations in rpoS limit curli expression and biofilm forma-
tion in Escherichia coli serotype O157:H7. Microbiology
2013;159:1586-1596.

Uhlich GA, Chen CY, Cottrell BJ, Nguyen LH. Growth media
and temperature effects on biofilm formation by serotype
0157:H7 and non-O157 Shiga toxin—producing Escherichia
coli. EEMS Micrabigl lott 2014;354:133-141.

USDA. Shiga toxin—producing Escherichia coli in certain raw
beef products. Fed Regist 2012;77:31975-31981.

USDA. 2009 Summary Report on Antimicrobials Sold or Dis-
tributed for Use in Food-Producing Animals. Rockville, MD.
2009. Available at: www.fda.gov/Animal Veterinary/NewsEvents/
CVMUpdates/ucm236143.htm, accessed December 9, 2010.

Vijay D, Dhaka P, Vergis J, Negi M, Mohan V, Kumar M,
Doijad S, Poharkar K, Kumar A, Malik SS, Barbuddhe SB,
Rawool DB. Characterization and biofilm forming ability of
diarrhoeagenic Enteroaggregative Escherichia coli isolates
recovered from human infants and young animals. Comp
kel hdiciobiabdilectallis 2015;38:21-31.

Vogeleer P, Tremblay YD, Mafu AA, Jacques M, Harel J. Life
on the outside: Role of biofilms in environmental persistence
of Shiga toxin—producing Escherichia coli. Eront Microbiol
2014;5:317.

Walsh C, Fanning S. Antimicrobial resistance in foodborne
pathogens—A cause for concern? Curr Do Targets 2008;9:
808-815.

Wang F, Yang Q, Kase JA, Meng J, Clotilde LM, Lin A, Ge B.
Current trends in detecting non-O157 Shiga toxin—producing
Escherichia coli in food. Egodbome Bathge Dis 2013;10:
665-677.

Wang R, Bono JL, Kalchayanand N, Shackelford S, Harhay
DM. Biofilm formation by Shiga toxin—producing Escher-
ichia coli O157:H7 and Non-O157 strains and their tolerance
to sanitizers commonly used in the food processing envi-
ronment. J Food Prot 2012;75:1418-1428.

Wang R, Kalchayanand N, King DA, Luedtke BE, Bosilevac
JM, Arthur TM. 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.

Yin X, Wheatcroft R, Chambers JR, Liu B, Zhu J, Gyles CL.
Contributions of O island 48 to adherence of enterohemor-
rhagic Escherichia coli O157:H7 to epithelial cells in vitro

and in ligated pig ileal loops. ApnlEayiran Microhigl 2009;
75:5779-5786.

Address correspondence to:

Yan D. Niu, PhD

Alberta Agriculture and Forestry
#100-5401-1st Avenue South
Lethbridge, AB T1J 4V6

Canada

E-mail: dongyan.niu@gov.ab.ca


http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25071733&crossref=10.3389%2Ffmicb.2014.00317&citationId=p_198
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24377855&crossref=10.1016%2FB978-0-12-800262-9.00003-2&citationId=p_187
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23770913&crossref=10.1128%2FAEM.01525-13&citationId=p_176
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=19633120&crossref=10.1128%2FAEM.00507-09&citationId=p_203
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=9665978&citationId=p_180
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=9665978&citationId=p_180
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=15508620&citationId=p_184
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&system=10.1089%2Ffpd.2012.1448&citationId=p_200
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=18781926&crossref=10.2174%2F138945008785747761&citationId=p_199
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=10699673&crossref=10.1016%2FS0167-7012%2800%2900122-6&citationId=p_188
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25107960&crossref=10.1128%2FAEM.01761-14&citationId=p_192
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25107960&crossref=10.1128%2FAEM.01761-14&citationId=p_192
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24362422&crossref=10.1128%2FAEM.03331-13&citationId=p_177
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24743858&crossref=10.1007%2Fs11250-014-0587-4&citationId=p_181
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=12775697&crossref=10.1128%2FJB.185.12.3596-3605.2003&citationId=p_185
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=22856565&crossref=10.4315%2F0362-028X.JFP-11-427&citationId=p_201
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=12438362&crossref=10.1128%2FIAI.70.12.6853-6859.2002&citationId=p_189
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=23744902&crossref=10.1099%2Fmic.0.066118-0&citationId=p_193
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=20466769&crossref=10.1099%2Fmic.0.039131-0&citationId=p_178
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=17220264&crossref=10.1128%2FAEM.01542-06&citationId=p_182
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=17220264&crossref=10.1128%2FAEM.01542-06&citationId=p_182
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25529123&crossref=10.1016%2Fj.cimid.2014.11.004&citationId=p_197
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25529123&crossref=10.1016%2Fj.cimid.2014.11.004&citationId=p_197
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=19465248&crossref=10.1016%2Fj.fm.2009.03.004&citationId=p_186
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=11598035&crossref=10.1128%2FIAI.69.11.6660-6669.2001&citationId=p_190
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=11598035&crossref=10.1128%2FIAI.69.11.6660-6669.2001&citationId=p_190
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=25364934&crossref=10.4315%2F0362-028X.JFP-14-253&citationId=p_202
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24702283&crossref=10.1111%2F1574-6968.12439&citationId=p_194
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=8459772&crossref=10.1111%2Fj.1365-2958.1993.tb01143.x&citationId=p_179
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Ffpd.2015.2099&pmid=24377832&crossref=10.3201%2Feid2001.130915&citationId=p_183

This article has been cited by:

1. Reza Ranjbar, Mojtaba Masoudimanesh, Farhad Safarpoor Dehkordi, Nematollah Jonaidi-Jafari, Ebrahim Rahimi. 2017. Shiga
(Vero)-toxin producing Escherichia coli isolated from the hospital foods; virulence factors, o-serogroups and antimicrobial
resistance properties. Antimicrobial Resistance & Infection Control 6:1. . [CrossRef]

2. Nasser Abdulatif Al-Shabib, Fohad Mabood Husain, Igbal Ahmad, Mohd Shahnawaz Khan, Rais Ahmad Khan, Javed Masood
Khan. 2017. Rutin inhibits mono and multi-species biofilm formation by foodborne drug resistant Escherichia coli and
Staphylococcus aureus. Food Control 79, 325-332. [CrossRef]

3.Hong-Man Hou, Yao-Lei Zhu, Jia-Ying Wang, Feng Jiang, Wen-Yan Qu, Gong-Liang Zhang, Hong-Shun Hao. 2017.
Characteristics of N-Acylhomoserine Lactones Produced by Hafnia alvei H4 Isolated from Spoiled Instant Sea Cucumber. Sensors
17:4, 772. [CrossRef]

4. Martin Day, Michel Doumith, Claire Jenkins, Timothy J. Dallman, Katie L. Hopkins, Richard Elson, Gauri Godbole, Neil
Woodford. 2017. Antimicrobial resistance in Shiga toxin-producing Escherichia coli serogroups 0157 and 026 isolated from
human cases of diarrhoeal disease in England, 2015. Journal of Antimicrobial Chemotherapy 72:1, 145-152. [CrossRef]


http://dx.doi.org/10.1186/s13756-016-0163-y
http://dx.doi.org/10.1016/j.foodcont.2017.03.004
http://dx.doi.org/10.3390/s17040772
http://dx.doi.org/10.1093/jac/dkw371

