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The prevalence of Escherichia coli 0157 associated with feedlot cattle in Saskatchewan was determined in a
10-month longitudinal study (3 feedlots) and a point prevalence study (20 feedlots). The prevalence of E. coli
0157 at the three different sites in the horizontal study varied from 2.5 to 45%. The point prevalence of E. coli
0157 among Saskatchewan cattle from 20 different feedlots ranged from 0% to a high of 57%. A statistically
significant (P = 0.003) positive correlation was determined to exist between the density of cattle and the E. coli
0157 prevalence rate. A significant correlation (P = 0.006) was also found between the E. coli O157 percent
prevalence and the number of cattle housed/capacity ratio. All 194 E. coli O157 isolates obtained were highly
virulent, and random amplified polymorphic DNA PCR analysis revealed that the isolates grouped into 39
different E. coli 0157 subtypes, most of which were indigenous to specific feedlots. Two of the most predominant
subtypes were detected in 11 different feedlots and formed distinct clusters in two geographic regions in the
province. Antimicrobial susceptibility testing of the E. coli 0157 isolates revealed that 10 were multidrug
resistant and that 73 and 5 were resistant to sulfisoxazole and tetracycline, respectively.

In 1982, two outbreaks of bloody diarrhea in Oregon and
Michigan (41) and another in Ottawa (47) led to the recogni-
tion of a new pathogenic Escherichia coli serotype, E. coli
O157:H7. Since its discovery as an etiologic agent of hemor-
rhagic colitis in 1982, the clinical importance of E. coli
O157:H7 has escalated rapidly. In little more than a decade,
recognition of E. coli O157:H7 underwent a major transforma-
tion, from that of a newly described agent of diarrheal disease
(1982) to that of the leading bacterial cause of bloody diarrhea
in the United States in 1992 (18).

The pathogenicity of E. coli O157:H7 is associated with a
powerful combination of different virulence factors. Several
inducible mechanisms of acid resistance (24, 25) potentially
contribute to the low infectious dose of this organism (1 to 100
CFU) (16, 36) and to its survival in the harsh environment of
the stomach. In addition, E. coli O157:H7 efficiently adheres to
intestinal epithelial cells, causing attaching and effacing lesions
(46). The host cells undergo dramatic changes, losing microvilli
on the cell surface, followed by the tight attachment of cells to
the epithelial surface and deformation of the cell cytoskeletal
structure, resulting in the formation of pedestals (30). A cluster
of genes involved in the generation of attaching and effacing
lesions are chromosomally carried on a “pathogenicity island”
named the locus of enterocyte effacement (29). This pathoge-
nicity island also carries the eae gene, which is responsible for
the generation of an outer membrane protein called intimin
that is necessary for attachment to enterocytes. Undoubtedly,
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the most potent virulence feature of E. coli O157:H7 is the
ability to produce Shiga toxins (Stx1 and/or Stx2 and variants),
a family of unique, heterodimeric protein toxins (33) that cause
a wide spectrum of clinical symptoms, including hemorrhagic
colitis (bloody diarrhea) and life-threatening complications
such as hemolytic-uremic syndrome and thrombotic thrombo-
cytopenic purpura (37, 48).

Ruminants, especially cattle, have been implicated as the
primary reservoir of E. coli O157:H7 isolates that infect hu-
mans. The fecal excretion of these organisms by cattle appears
to be seasonal, with excretion rates highest in spring and late
summer (17, 45). Human infection with E. coli O157:H7 has
been associated with various transmission routes, including
direct exposure to infected animals (40), person-to-person pas-
sage (4), and, most commonly, consumption of contaminated
foods and waters (5, 10, 21). From an epidemiological point of
view, it is interesting that Shiga toxin-producing Escherichia
coli (STEC) infections in humans seem to be different world-
wide. Escherichia coli O157:H7 is the predominant serotype of
STEC in the United States, Canada, the United Kingdom, and
Japan, but in continental Europe, Australia, and Latin Amer-
ica, non-O157:H7 serotypes are much more common than E.
coli O157:H7 (20). The incidence of E. coli O157:H7 disease
has risen in Canada. According to the Public Health Agency of
Canada (2005), the majority (95%) of pathogenic E. coli iso-
lates from human cases are serovar O157.

As a consequence of the fast growth of the cattle industry in
western Canada, the health risk from E. coli O157:H7 has
increased, especially among residents of rural communities.
There is virtually no information on the occurrence of E. coli
0157 in Saskatchewan cattle herds and its presence in adjacent
environments. This study was conducted to determine the fre-
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quency of occurrence of E. coli O157 in Saskatchewan cattle
and environmental samples (pristine soil, soil treated with
cattle manure, and water from dugouts) by a combination of
longitudinal (time course) and point prevalence (multiple
feedlots analyzed at approximately the same time) studies
over a 2-year period. This study also sought to characterize
the E. coli O157 isolates obtained in terms of their virulence
profiles, antibiotic susceptibilities, cytotoxicity potentials,
and random amplified polymorphic DNA (RAPD) genomic
profiles. RAPD DNA banding patterns, in conjunction with
virulence and antibiotic resistance patterns, may assist in the
epidemiologic tracing of E. coli O157 isolates of medical
concern.

MATERIALS AND METHODS

Longitudinal prevalence study. A longitudinal study was designed to examine
the prevalence of E. coli 0157 over a 10-month period at two feedlots (randomly
given the identifiers L and V) and a cow-calf operation (WB). At each sampling
time, 20 cattle fecal samples were randomly collected from the pen floor from
each facility (for a total of 400 fecal samples). An additional 15 environmental
samples, consisting of soil samples from fields treated with manure as well as
water from dugouts and natural runoff, were collected per sampling period (for
a total of 165 environmental samples).

Point prevalence study. The point prevalence study targeted a number of
feedlots, ranging in size from 80 to 5,800 head of cattle. Twenty Saskatchewan
feedlots were sampled once during the summer of 2004 (from late June 2004 to
the end of September 2004). Forty fecal samples were collected from each
feedlot. The percent prevalence of E. coli O157 in the point and longitudinal
(described above) studies was calculated as follows: % prevalence = (number
of samples positive for E. coli O157/total number of samples tested in a
feedlot) X 100.

Collection of samples. Over a 2-year period, 1,200 bovine fecal and 165
environmental samples were collected from 23 different cattle facilities as part of
both the longitudinal and point prevalence studies. All bovine fecal samples were
obtained from freshly defecated feces. Approximately 40 g of feces was asepti-
cally collected per sample by using a sterile tongue depressor (Baxter Diagnostics
Inc.) and was transferred to a sterile 80-ml plastic container (Starplex, Canada).
Typically, two to six randomly chosen samples were obtained per pen so that each
pen in multipen feedlots was screened for E. coli O157. Samples from lagoons,
dugouts, and soil were sampled directly, using sterile 80-ml plastic containers. All
samples were stored in a cooler with frozen cold packs, transported to the
laboratory, and tested within 2 to 6 h of collection. All environmental and bovine
fecal samples were processed in parallel by cultural methods, with and without
immunomagnetic separation (IMS).

IMS. Samples (1 g or 1 ml) were aseptically added to 10 ml of buffered
peptone water (Becton Dickinson) supplemented with cefixime (0.5 mg liter™*;
Rhone-Poulenc Rorer, Canada), vancomycin (8 mg liter~'; Sigma-Aldrich Che-
mie, Germany), and cefsuludin (10 mg liter~'; Sigma-Aldrich Chemie) (7). After
homogenization of samples, the suspensions were incubated at 37°C for 6 to 8 h
without agitation. IMS was performed according to the manufacturer’s instruc-
tions, using a BeadRetriever (Dynal Biotech ASA, Oslo, Norway). One hundred
microliters of the concentrated bead-bacterium complex was plated onto sorbitol-
MacConkey (Becton Dickinson) agar plates supplemented with cefixime (0.5 mg
liter™!) and potassium tellurite (2.5 mg liter~!; Oxoid Ltd., Hampshire, United
Kingdom). After 24 h of incubation at 37°C, discrete, gray, non-sorbitol-ferment-
ing colonies were selected and tested by seroagglutination using O157 latex
reagent (Oxoid Ltd.). All seropositive isolates were saved in 10% glycerol at
—70°C for further analysis.

Cultural technique. Samples (1 g or 1 ml) were aseptically added to 10 ml of
modified EC broth (Becton Dickinson) containing novobiocin (20 mg liter™;
Sigma Chemical Co.), vortexed, and then incubated at 37°C for 18 to 24 h. After
incubation, a 1-ml aliquot of each enrichment culture was serially diluted to 10~>
in sterile 0.85% saline to facilitate the recovery of isolates. One-hundred-micro-
liter aliquots of the 1073, 10~*, and 10~ dilutions were spread plated in dupli-
cate onto sorbitol-MacConkey agar and incubated at 37°C overnight. Each non-
sorbitol-fermenting colony with the characteristic morphology of E. coli 0157
was serologically tested for the somatic O157 antigen, and seropositive isolates
were saved as described above.
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Multiplex PCR. All presumptive E. coli O157-positive isolates were tested for
the presence of four virulence determinants, including stx,, stx,, eaeA, and hiyA.
Template DNAs for multiplex PCR and RAPD fingerprinting were prepared
from isolates that were grown at 37°C for 24 h in lauryl tryptose broth (Becton
Dickinson), with agitation. After incubation, the optical density at 600 nm of
each culture was standardized by dilution with broth. Aliquots (400 pl) of
stationary-phase cultures with an optical density value of 0.6 were centrifuged,
and total DNAs were extracted according to the manufacturer’s instructions,
using a DNeasy tissue kit (QIAGEN Inc., Mississauga, Canada). For the longi-
tudinal study, multiplex PCR was performed as described by Fagan et al. (12).
Escherichia coli O157:H7 ATCC 43894 (which possesses the above virulence
determinants) and Pseudomonas fluorescens strain cc848406E were used as pos-
itive and negative controls, respectively. In a recent study (11), it was shown that
the Fagan PCR assay was unreliable for the detection of stx,4-positive STEC
strains. Thus, a multiplex PCR protocol by Paton and Paton (35) which can
identify all known subtypes of Shiga toxins was used during the analysis of
isolates obtained from the point prevalence study.

Genotyping of E. coli 0157 isolates. In preliminary experiments, the following
four decamer primers were tested against a panel of 15 different E. coli 0157
isolates for the random amplification of polymorphic DNA: GEN 15001 (5'-G
TGCAATGAG-3') (39), 1283 (5'-GCGATCCCCA-3") (15), 1290 (5'-GTGGA
TGCGA-3") (34), and 1254 (5'-CCGCAGCCAA-3") (1, 2, 27). Primer 1283
provided the greatest discriminatory ability among the E. coli 0157 test isolates
and was therefore used in this study. To further validate the reproducibility of
this primer and procedure, three colonies of the same E. coli O157 isolate were
amplified by primer 1283 in three independent PCRs. The band patterns of the
three colonies were consistent both among the colonies and within the triplicate
PCRs. The preparation of DNA templates for RADP PCR was described above.
PCRs were carried out in 50-pl reaction volumes containing 5 wl of DNA
template, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 3 mM MgCl,, a 250 pM
concentration of each deoxynucleoside triphosphate, 0.8 wM of primer, and 2
units of Taq polymerase. PCR amplification was performed in a Techne TC-412
thermal cycler under the following conditions: 45 cycles of 94°C for 1 min, 36°C
for 1 min, and 72°C for 2 min, followed by an elongation step of 72°C for 5 min.
Amplified products were then electrophoresed at 90 V for 2 h in 1.5% (wt/vol)
agarose gels containing 0.125 pg ml~! ethidium bromide. The 1 Kb Plus DNA
ladder was used as a molecular weight marker.

Vero cell cytotoxicity assay. The cytotoxicities of the E. coli O157 isolates were
determined by the method previously described by Roberts et al. (42). Cyto-
pathic effects of the E. coli O157 isolates were examined using a Zeiss inverted
microscope (X200).

Antibiotic susceptibility testing. Escherichia coli O157 isolates obtained from
the point prevalence study (n = 131) were examined for antibiotic resistance by
using Sensititre CMV1AGNF plates (TREK Diagnostic Systems, Cleveland,
OH) containing 17 antimicrobial agents dosed in 96 wells at appropriate dilu-
tions, as specified by the National Antimicrobial Resistance Monitoring System
of the CDC. Each well of the Sensititre microtiter plate was inoculated according
to the instructions of the manufacturer, followed by incubation at 37°C for 24 h.
The MIC was manually determined for each isolate as the lowest concentration
of each antibiotic that inhibited visible growth. The MIC breakpoints were
determined according to the CLSI (formerly NCCLS) M100 (31) and M31 (32)
standards.

Statistical analysis. Data were analyzed with SAS (SAS Institute Inc., Cary,
NC) by using multiple regression to determine the dependence of the prevalence
of E. coli 0157 on the size of feedlots, density of cattle in pens, and ratio between
the number of housed cattle and the feedlot capacity. Each predictor (size of
feedlots, density of cattle in pens, and ratio between housed cattle and feedlot
capacity) was also evaluated using stepwise regression. The analysis of DNA
patterns obtained by RAPD PCR was performed by using the Numerical Taxo-
nomy and Multivariate Analysis system (Exeter Software, Setauket, N.Y.). Sim-
ilarities between RAPD patterns were determined based on the Dice similarity
coefficient. The resulting similarities in the matrix were further processed by
employing the unweighted-pair group method using average linkages to create a
dendrogram that graphed the genetic relatedness between E. coli O157 isolates.

RESULTS

Prevalence of E. coli O157. (i) Longitudinal study. A total of
565 fecal bovine and environmental samples were collected
over a 10-month period. Of 400 fecal samples, E. coli O157 was
found in 57 samples (14.2%). At feedlots L and V, E. coli 0157
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TABLE 1. Characteristics of feedlots examined and prevalence (%) of E. coli O157 detected at each facility

a . . No. of Ratio of no. of housed Cattle densit; Prevalence
Feedlot Diet Capacity cattle cattle to lot capacity” (no./100 mz)Z (%)
Z Concentrate 2,000 1,000 0.50 4.9 22.5
T Concentrate 6,000 5,000 0.83 4.8 10
P Concentrate 3,500 1,600 0.45 6.5 42.5
B Concentrate 8,000 3,000 0.37 6.7 30
G Concentrate 3,000 200 0.06 3.6 0
S Concentrate 3,500 3,500 1 7.4 57.5
M Concentrate 4,000 4,000 1 5.8 55
\%% Concentrate 3,500 1,500 0.42 4.3 5
HM Concentrate 7,500 5,800 0.77 5.4 40
PP Pasture 1,600 80 ND ND 0
MT Concentrate 4,000 2,500 0.62 5.9 325
MO Pasture 800 70 ND ND 0
K Concentrate 3,400 1,300 0.38 5 15
ML Pasture 1,000 120 ND ND 0
SC Concentrate 2,500 420 0.16 4.7 0
H Concentrate 700 100 0.14 3 0
WE Concentrate 3,600 1,300 0.36 6.5 17.5
TK Concentrate 2,200 1,000 0.45 4.3 0
SB Pasture 3,000 80 ND ND 0
1 Pasture 1,500 500 ND ND 2.5
L* Concentrate 28,000 15,000 0.53 5.6 22.5
V* Concentrate 17,000 12,000 0.70 5.8 45
WB Pasture 1,200 300 ND ND 1.4

¢ Asterisks indicate feedlots examined during the longitudinal study. WB refers to a cattle research station examined during the longitudinal study. All remaining

letter designations refer to different feedlots examined during the point study.
» ND, not determined.

isolates were detected during every visit, and the frequencies of
detection fluctuated from 10 to 40% and 30 to 65%, respec-
tively. The overall prevalence rates of E. coli O157 for feedlots
L and V over the 10-month period were 22.5 and 45%, respec-
tively. Escherichia coli O157 was found at the cow-calf opera-
tion WB only in August, resulting in an overall prevalence of
1.4%. The occurrences of E. coli O157 at all three cattle facil-
ities over the 10 collection periods are summarized in Table 1.
Of 165 environmental samples, none were found to be positive
for E. coli O157.

(ii) Point study. The prevalence rates of E. coli O157 in
feedlots located throughout Saskatchewan are summarized in
Table 1 and Fig. 1. A total of 800 samples were collected from
20 feedlots during this study. Of 20 feedlots, 12 were found to
be positive for E. coli O157, and the prevalence rates of E. coli
0157 ranged from 2.5 to 57.5%. A significant positive corre-
lation (P = 0.003) was observed between the prevalence rate of
E. coli O157 and the density of cattle in pens (Fig. 2, con-
structed using data obtained from both point prevalence and
longitudinal studies). There was another statistically significant
correlation (P = 0.006) found between the prevalence rate and
the number of pens occupied by cattle within a feedlot (ex-
pressed as the ratio between the number of housed cattle and
the feedlot capacity) (Table 1).

Virulence profile of E. coli 0157 isolates. Multiplex PCR
confirmed that all 194 serologically positive isolates (from both
longitudinal and point studies) were indeed E. coli O157.
These 194 E. coli 0157 isolates exhibited five different viru-
lence profiles. The majority of the isolates (161, or 82.9%)
possessed all four virulence-associated genes (stx,, stx,, eaeA,
and hlyA). The second most predominant virulence profile was
a combination of the stx,, eaeA, and hlyA genes, with 22, or

11.4%, of the isolates having these genes. Six isolates (3.1%)
possessed the stx,, eaeA, and hlyA genes, and four isolates
(2.1%) were determined to have the stx; and hlyA virulence
markers. A single isolate (0.5%) had a unique virulence profile,
with only the Aly4 gene being present. Of the 194 E. coli O157
isolates obtained from across Saskatchewan over the 2-year
study, 193 (99.4%) possessed at least one Shiga toxin gene and
187 (96.4%) had a combination of eaeA and stx; and/or stx,,
indicating a very high virulence potential of these isolates for
humans.

Cytotoxicity. The cytotoxicity effects of all 194 E. coli O157
isolates on Vero cells were observed, scaled from a value of 0
(no effect) to 10 (greatest effect), and compared to the refer-
ence strain E. coli 0157 ATCC 43894, known to possess all
four virulence determinants. All isolates from this study ex-
pressed cytotoxicities that ranged from 5.1 to 10. The majority
of isolates (n = 107 [55%]) expressed very high toxicity values
of 9.1 to 10; two other groups (n = 39 [20%] and n = 36 [19%])
had slightly lower cytotoxicities, ranging from 8.1 to 9.0 and 7.1
to 8.0, respectively. Interestingly, the lowest toxicities (5.1 to
6.0) were observed for isolate L-9 (longitudinal study), an
isolate that possessed both Shiga toxins (data not shown). In
contrast, isolate L-12, which possessed only the 4lyA4 gene, had
a somewhat greater toxic effect (7.1 to 8.0) (data not shown).

RAPD-PCR. The panel of E. coli O157 isolates from the
longitudinal and point studies was genetically characterized
using the RAPD-PCR technique. All isolates were grouped
into three major clusters that encompassed 39 different sub-
types or RAPD-PCR patterns. Amplification reactions using
primer 1283 produced a set of 18 DNA fragments ranging from
450 to 4,000 bp. Generally, all isolates displayed a basic total
DNA banding pattern, with two doublets, migrating at 520
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FIG. 1. Map of Saskatchewan showing the prevalence rates of E. coli 0157 detected (see color-coded legend) at feedlots/farms examined over
a 2-year period. Triangles correspond to feedlots/farms examined during the longitudinal study, whereas circles represent feedlots examined during
the point prevalence study. Note also the colored shaded regions showing the geographic locations of feedlots where E. coli 0157 RAPD subtypes

5 and 19 were detected.

to 560 bp and 650 to 700 bp, one triplet at 1,400, 1,500, and
1,600 bp, and a final band at 2,900 bp. Genetic similarity
between the E. coli O157 isolates ranged from 0.76 to 1.00.
Fourteen isolates from nine feedlots (B, HM, M, P, MT,
WE, K, V, and L) exhibited 14 distinct genetic patterns,
whereas 11 other subtypes (3, 10, 12, 14, 18, 25, 29, 32, 33,
34, and 35) consisted of groups of isolates that were endemic
to their feedlots. The two most predominant subtypes, 5 and
19, were detected at 6 feedlots each (12 total), among which
11 feedlots formed four distinct geographic clusters (each of
<50 km in diameter) in central and north central Saskatch-
ewan (Fig. 1).

Antibiotic susceptibility. The antibiotic resistance patterns
of the 131 isolates from the point prevalence study are shown
in Table 2. Most of the 85 isolates (65%) were resistant to at
least one antibiotic, whereas 46 isolates (35%) were sensitive
to all 17 antibiotics tested. No resistance was observed for
amikacin, ampicillin, amoxicillin-clavulanic acid, ceftriaxone,
ciprofloxacin, cefoxitin, gentamicin, kanamycin, nalidixic acid,
trimethoprim-sulfamethoxazole, and ceftiofur. The antibiotic
for which resistance was most frequently observed was sulfisox-
azole (61%), followed by tetracycline (12%). The prevalence
rate of resistance to chloramphenicol and streptomycin among
the E. coli O157 isolates was 2.3%. Two patterns of multidrug
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FIG. 2. Relationship between the prevalence of E. coli O157 and
the density of cattle (number of cattle/100 m?) housed at various
feedlots (statistically significant [P = 0.003]).

resistance, involving (i) chloramphenicol, sulfisoxazole, strep-
tomycin, and tetracycline and (ii) sulfisoxazole and tetracy-
cline, were observed in three (2.3%) and eight (6%) isolates,
respectively (Table 2).

DISCUSSION

The combined prevalence rate of E. coli 0157 (15.6%) for
the longitudinal and point prevalence studies was slightly
higher than that in a recent study conducted in Canada (23).
However, it is generally difficult, and sometimes impossible, to
extrapolate results obtained from different studies due to the
large variety of screening procedures for E. coli O157 surveys.
As reported by Sanderson et al. (43), using large-volume (10-g)
fecal samples increased the detection sensitivity by 5.4% over
that for cotton-tipped swabbing of fecal samples. To increase
the survey sensitivity, we tested two small fecal samples per
sampling unit in parallel by using two different enrichment
steps, with and without IMS. Our combined approach (which
involved using both culture and culture-IMS methods) in-
creased the sensitivities of E. coli 0157 detection in the lon-
gitudinal and point studies by 19.3% and 25.2%, respectively,
over the use of culture-IMS alone. The results from this study
confirmed the recent findings of Pearce et al. (38), who noted
a marked improvement in the sensitivity of detection via test-
ing multiple small fecal samples per fecal sampling unit.

The frequencies of occurrence of E. coli O157 among sur-
veyed feedlots showed a high degree of variation, ranging from
0 to 57.5%, without any geographic distribution pattern (Fig.
1). Two determinants were found to have an important impact
on the prevalence of E. coli O157 in Saskatchewan feedlots.
Statistically, the most significant correlation (P = 0.003) was
observed between the density of cattle in pens (Fig. 2) and the
prevalence rate of E. coli O157. The second statistically signif-
icant correlation (P = 0.006) was found between the ratio of
housed cattle to feedlot capacity and the prevalence of the
pathogen (Table 1). The effects of these two densities on the
prevalence of E. coli O157 among feedlot cattle may be illus-
trated by an example. Feedlots S and M, which operated at full
capacity, with 13.6 and 17.3 m*head, respectively, resulted in
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the highest prevalence rates (57.5 and 55%, respectively). In
contrast, feedlots H and G, which operated at 14 and 6% of
capacity (33.2 and 27.8 m*/head), respectively, resulted in no
detectable E. coli O157 samples. Performing stepwise regres-
sion statistical analysis, we found that the percentage of vari-
ance (R?) in the prevalence explained by the effect of cattle
density in pens alone was 62.6%, whereas the percentage of
variance in the prevalence explained by both densities was
78.7%. These results suggest that both densities have an addi-
tive effect on pathogen spread among feedlot cattle. High pen
densities increase contact between infected and noninfected
animals as well as pose a stressful condition for cattle, resulting
in a higher shedding rate of the pathogen. Increases in the
other density-related factor (the ratio of number of housed
cattle to feedlot capacity) most likely accelerate the dissemi-
nation of E. coli O157 between pens via some other mechanism
(air dust, runoff, etc.). To avoid a diet effect on the analyses of
the prevalence distribution rates, all results obtained from pas-
ture-fed cattle were not statistically processed.

Results from multiplex PCR analyses indicated that the ma-
jority of E. coli O157 isolates obtained from this study likely
represent a significant public health risk. Several authors have
previously pointed out that enterohemorrhagic E. coli (EHEC)
isolates able to produce functional stx,-encoded toxin and in-
timin are strongly associated with human morbidity (6, 14, 36).
Of 194 E. coli O157 isolates recovered from Saskatchewan
cattle, 94% (n = 183) harbored both the eae4 and stx, genes,
two of the most potent EHEC virulence determinants. Two
recent studies carried out in Australia (13) and at three large
Midwestern beef processing plants in the United States (3)
reported prevalence rates of 56% and 64%, respectively, for E.
coli O157 isolates with both stx; and stx,, whereas in the
present study, 83% of the isolates carried the same combina-
tion of toxins. These results suggest that the virulence potential
of isolates from Saskatchewan cattle herds is relatively high.

A Vero cell assay confirmed this assumption, as all E. coli
0157 isolates expressed a strong cytopathic effect against Vero
cells. We further observed high cytotoxicities, ranging from 7.1
to 8.0, for one stx,/stx,-negative isolate (data not shown). This
paradoxical situation has been observed elsewhere (19, 28) and
suggests that the pathogenic mechanisms of E. coli O157 are
not completely understood.

Based on the genetic diversity that arose from the E. coli
0157 isolates, we classified Saskatchewan’s feedlots into three
categories. The first category represented feedlots having an
indigenous population of E. coli O157, where no genetically
divergent isolates were observed to be present. The RAPD-
PCR patterns of E. coli O157 isolates recovered from the K
feedlot displayed only two unique genetic subtypes (subtypes
28 and 29) (Table 2), indicating their endemic character. The
majority of feedlots (Z, HM, P, S, L, and V) were classified into
a second category, where genetically more or less unrelated
isolates were introduced and combined with a group of en-
demic isolates. It is possible that genetically more related iso-
lates evolved from an existing endemic population. The third
observed category of feedlots included those with large num-
bers of genetically unrelated E. coli O157 subtypes, implying
that genetically diverse isolates originated from different an-
cestors (22) and were introduced into the feedlot, most prob-
ably by incoming cattle. Feedlot M, which included nine dif-
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TABLE 2. Characteristics of E. coli 0157 isolates obtained from the point prevalence study

Isolation method Virulence profile

Feedlot Isolate (presence of gene) RAPD Antibiotic resistance Cytotoxicity value
pattern (range)
IMS Culture Sty Sty hiyA eaeA
Z Z-6 + + + + + 1 Sulfisoxazole 9.1-10
Z-8 + + + + + 3 Sulfisoxazole 8.1-9.0
Z-11 + + + + + + 1 Sulfisoxazole 9.1-10
Z-14 + + + + + 1 Sulfisoxazole 8.1-9.0
Z-19 + + + + + 3 Sulfisoxazole 8.1-9.0
Z-27 + + + + + + 5 Sulfisoxazole 9.1-10
Z-30 + + + + + + 3 Sulfisoxazole 7.1-8.0
Z-37 + + + + + 3 Sulfisoxazole 7.1-8.0
Z-38 + + + + + 5 Sulfisoxazole 8.1-9.0
T T-16 + + + + 1 Susceptible 9.1-10
T-20¢ +
T-22 + + + + + 1 Tetracycline 8.1-9.0
T-33 + + + + + 5 Sulfisoxazole 8.1-9.0
T-36 + + + + + + 5 Sulfisoxazole 9.1-10
B B-1 + + + + + 5 Susceptible 7.1-8.0
B-3 + + + + + + 5 Tetracycline 8.1-9.0
B-4 + + + + + 5 Tetracycline 9.1-10
B-16 + + + + + 4 Tetracycline 9.1-10
B-19 + + + + + + 2 Tetracycline 9.1-10
B-22 + + + + + 6 Susceptible 8.1-9.0
B-23 + + + + + 6 Susceptible 7.1-8.0
B-27 + + + + + 6 Susceptible 9.1-10
B-30 + + + + 6 Sulfisoxazole 9.1-10
B-33 + + + + + + 6 Sulfisoxazole 9.1-10
B-36 + + + + + + 6 Sulfisoxazole, tetracycline 9.1-10
B-38 + + + + + 6 Sulfisoxazole, tetracycline 7.1-8.0
P P2 + + + + 6 Susceptible 7.1-8.0
P-3 + + + + + 6 Sulfisoxazole 9.1-10
P-4 + + + + + 16 Susceptible 9.1-10
P-5 + + + + + 38 Sulfisoxazole 9.1-10
P-7 + + + + + 6 Sulfisoxazole 9.1-10
P-9 + + + + + 18 Sulfisoxazole 8.1-9.0
P-11 + + + + + 17 Sulfisoxazole 9.1-10
P-13 + + + + + 18 Sulfisoxazole 9.1-10
P-16 + + + + 17 Susceptible 6.1-7.0
P-21 + + + + + + 18 Sulfisoxazole 8.1-9.0
P-26 + + + + 17 Susceptible 9.1-10
P-27 + + + + 17 Sulfisoxazole 9.1-10
P-28 + + + + + 17 Sulfisoxazole 9.1-10
P-29 + + + + + 18 Sulfisoxazole 9.1-10
P-36 + + + + + 18 Sulfisoxazole 9.1-10
P-37 + + + + + 18 Sulfisoxazole 9.1-10
P-40 + + + + 17 Sulfisoxazole 9.1-10
S S-1¢ + +
S-4 + + + + 5 Susceptible 9.1-10
S-5 + + + + + + 5 Susceptible 9.1-10
S-6 + + 13 Chloramphenicol, tetracycline, 7.1-8.0
streptomycin, sulfisoxazole
S-7 + + + + 5 Susceptible 7.1-8.0
S-8 + + + + + + 5 Susceptible 6.1-7.0
S-10 + + + + + + 5 Susceptible 6.1-7.0
S-11 + + + + + 5 Susceptible 7.1-8.0
S-14 + + + + + + 5 Susceptible 6.1-7.0
S-16 + + + + + + 5 Susceptible 6.1-7.0
S-17 + + + + + + 5 Susceptible 8.1-9.0
S-19 + + + + + 5 Susceptible 7.1-8.0
S-26 + + + + + + 7 Susceptible 8.1-9.0
S-27 + + + + + 5 Susceptible 9.1-10
S-28 + + + + 5 Susceptible 7.1-8.0
S-30 + + + + + 5 Sulfisoxazole 7.1-8.0
S-32 + + + + + + 5 Sulfisoxazole 8.1-9.0
S-33 + + + + + + 5 Susceptible 7.1-8.0
S-34 + + + + + 5 Susceptible 9.1-10
S-37 + + + + + + 7 Susceptible 8.1-9.0
S-38 + + + + 13 Chloramphenicol, tetracycline, 8.1-9.0
streptomycin, sulfisoxazole
S-39 + + + + 5 Sulfisoxazole 8.1-9.0
S-40 + + + + + 5 Sulfisoxazole 7.1-8.0
M M-2 + + + + + 7 Susceptible 9.1-10
M-4 + + + + + 14 Susceptible 9.1-10
M-5 + + + + 14 Susceptible 8.1-9.0
M-6 + + + + + 5 Sulfisoxazole 9.1-10
M-8 + + + 5 Chloramphenicol, tetracycline, 9.1-10
streptomycin, sulfisoxazole
M-9 + + + + 5 Susceptible 9.1-10
M-13 + + + + 7 Susceptible 9.1-10
M-14 + + + + 5 Sulfisoxazole 7.1-8.0
M-15 + + + + 10 Susceptible 9.1-10

Continued on following page
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TABLE 2—Continued
Isolation method Virulence profile s
Feedlot Isolate (presence of gene) RAPD Antibiotic resistance Cytotoxicity value
pattern (range)
IMS Culture Sty Sty hiyA eaeA

M-16 + + + + 7 Susceptible 6.1-7.0

M-17 + + + + + 10 Sulfisoxazole 9.1-10

M-19 + + + + + 11 Sulfisoxazole 9.1-10

M-21 + + + + + 9 Sulfisoxazole 9.1-10

M-22 + + + + + + 19 Susceptible 9.1-10

M-23 + + + + + 39 Susceptible 8.1-9.0

M-26 + + + + + 19 Sulfisoxazole 7.1-8.0

M-27 + + + + + 14 Sulfisoxazole 8.1-9.0

M-29 + + + + 19 Sulfisoxazole 8.1-9.0

M-31 + + + + + 10 Sulfisoxazole 9.1-10

M-33 + + + + 11 Susceptible 9.1-10

M-34 + + + + + 15 Susceptible 9.1-10

M-40 + + + + + 11 Sulfisoxazole 7.1-8.0

w W-12 + + + + + + 19 Sulfisoxazole 7.1-8.0
W-37 + + + + + + 19 Sulfisoxazole 9.1-10

HM HM-3 + + + + + + 12 Sulfisoxazole 7.1-8.0
HM-6 + + + + + 11 Susceptible 6.1-7.0

HM-8 + + + + + 11 Susceptible 8.1-9.0

HM-11 + + + + + 11 Sulfisoxazole 8.1-9.0

HM-13 + + + + + 11 Sulfisoxazole 9.1-10

HM-14 + + + + + + 11 Sulfisoxazole 8.1-9.0

HM-19 + + + + + + 11 Sulfisoxazole 9.1-10

HM-20 + + + + + + 11 Sulfisoxazole 7.1-8.0

HM-22 + + + + + + 11 Sulfisoxazole 8.1-9.0

HM-23 + + + + + 11 Sulfisoxazole 9.1-10

HM-25 + + + + + + 5 Sulfisoxazole 9.1-10

HM-26 + + + + + 12 Sulfisoxazole 9.1-10

HM-27 + + + + + + 8 Sulfisoxazole 8.1-9.0

HM-28 + + + + + 12 Sulfisoxazole 8.1-9.0

HM-34 + + + + + 12 Sulfisoxazole 7.1-8.0

HM-35 + + + + + + 12 Sulfisoxazole 9.1-10

MT MT-2 + + + + + + 23 Sulfisoxazole 9.1-10
MT-3 + + + + + + 25 Sulfisoxazole 9.1-10

MT-4 + + + + + 25 Sulfisoxazole 9.1-10

MT-6 + + + + + 25 Sulfisoxazole 9.1-10

MT-7 + + + + + 25 Susceptible 9.1-10

MT-9 + + + + + 26 Susceptible 9.1-10

MT-17 + + + + + + 26 Susceptible 9.1-10

MT-18 + + + + + + 25 Sulfisoxazole 9.1-10

MT-21 + + + + + + 17 Susceptible 9.1-10

MT-25 + + + + + 2 Susceptible 9.1-10

MT-30 + + + + + + 25 Susceptible 9.1-10

MT-34 + + + + + 25 Sulfisoxazole 9.1-10

MT-38 + + + + + + 25 Susceptible 9.1-10

K K-4 + + + + + 28 Tetracycline, sulfisoxazole 9.1-10
K-5 + + + + + 29 Tetracycline, sulfisoxazole 9.1-10

K-7 + + + + + 29 Tetracycline, sulfisoxazole 9.1-10

K-11 + + + + + + 29 Tetracycline, sulfisoxazole 9.1-10

K-12 + + + + + 29 Tetracycline, sulfisoxazole 9.1-10

K-28 + + + + + 29 Tetracycline, sulfisoxazole 8.1-9.0

WE WE-4 + + + + + 26 Sulfisoxazole 8.1-9.0
WE-14 + + + + + + 26 Sulfisoxazole 9.1-10

WE-18 + + + + + 26 Sulfisoxazole 9.1-10

WE-23 + + + + + + 19 Sulfisoxazole 9.1-10

WE-27 + + + + + 26 Sulfisoxazole 9.1-10

WE-28 + + + + + 26 Sulfisoxazole 9.1-10

WE-29 + + + + + 24 Sulfisoxazole 9.1-10

1 1-31 + + + + + + 17 Susceptible 9.1-10

“ Could not be subcultured after initial recovery.

ferent genetic subtypes (5, 7, 9, 10, 11, 14, 15, 19, and 39) that
were found in all three clusters, provides an example of this.

The use of antibiotics in food-producing animals for growth
promotion, chemotherapy, and prophylaxis is linked to the
emergence and dissemination of antibiotic resistance genes
(49). Although Shiga toxin-producing E. coli infections do not
involve the use of antimicrobial therapy (8, 50), E. coli O157
may easily acquire drug resistance genes in its natural habitat
and transfer them to other organisms of clinical relevance. In
this study, we provide insight into the antibiotic profiles of E.
coli O157 isolates collected over a considerable geographic
area that comprised a cattle population originating from across

Canada and the United States. The most prevalent antibiotic
determinant was sulfisoxazole resistance. Our RAPD-PCR re-
sults suggested that resistance to this drug is widely distributed
among 22 different subtypes of E. coli O157 found in all three
genetic clusters. The ubiquitous dissemination of sulfisoxazole
resistance among genetically diverse E. coli O157 isolates
clearly suggests the convergent acquisition of drug resistance
genes by these different isolates rather than the clonal spread
of a sulfisoxazole-resistant isolate across this geographic re-
gion. The high rate of resistance to sulfisoxazole may be at-
tributed to the long history of sulfa drug use (since the mid-
1930s) in the treatment of infectious diseases. Furthermore,
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the sul gene that encodes dihydropteroate (sulfonamide inhib-
itor) has been found within the conserved segments of several
types of integrons (9, 26), implying the effective flux of su/ in
the microbial population. The prevalence rate of tetracycline
resistance (12%) in E. coli O157 isolates from this study was
similar to the findings of another study carried out in the
United States (44). Based on an examination of 361 E. coli
0157 isolates recovered from humans, cattle, swine, and food,
Schroeder et al. (44) observed 9% resistance to tetracycline in
STEC 0157 organisms. Three isolates obtained during this
study (S-6, S-38, and M-8) from two separate feedlots were
found to have multiantibiotic resistance to chloramphenicol,
tetracycline, streptomycin, and sulfisoxazole. The same viru-
lence profiles and multidrug resistance traits of these organ-
isms could indicate epidemic spread of a multidrug-resistant
organism through herds in this region. Based on genetic typing,
isolates S-6 and S-38 comprised a distinct genetic subtype (sub-
type 13), confirming the above-mentioned indication. In con-
trast, isolate M-8 was genetically different from isolates S-6 and
S-38. Interestingly, isolate M-8 had the same RAPD-PCR pat-
tern (subtype 5) as most isolates from feedlot S, indicating a
possible ancestral source of multidrug resistance determinants
for all three isolates. Most of the surveyed feedlots used the
ionophore antibiotic monensin (Rumensin) (personal commu-
nication). Monensin inhibits gram-positive microfloras that
tend to proliferate under concentrated (high starch) diets, and
because of its general mode of action (at the level of the cell
membrane), acquired mechanisms of resistance are doubtful.
The use of monensin is not likely to have contributed to any of
the antibiotic resistance profiles observed in this study.

In conclusion, this study clearly demonstrates a high impact
of cattle density and the ratio between the number of housed
cattle and feedlot capacity on the prevalence rate of E. coli
0157 and thus may serve as a baseline for risk assessment
modeling and reducing the prevalence rate of E. coli O157
among cattle in feedlots. Furthermore, in addition to providing
current insight into the antibiotic susceptibilities of E. coli
0157 isolates originating from across Canada and the United
States, this work also illustrates how combining antibiotic re-
sistance and genetic profiles provides a more comprehensive
basis for comparing the relatedness and dissemination of
pathogenic (resistant) E. coli strains.
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