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association between fecal shedding of E. coli O157:H7 among
cattle drinking from E. coli O157-contaminated water supplies
has been described (14, 38). Furthermore, experimental studies have demonstrated the potential role of waterborne transmission of E. coli O157:H7 to cattle (28, 39). Thus, it was of
interest to determine if improved livestock drinking water
quality through chlorination would influence fecal prevalence
of this organism among feedlot cattle. Pulsed-field gel electrophoresis (PFGE) was used to determine the dynamics of E. coli
O157:H7 strains present in pens of cattle drinking chlorinated
or unchlorinated water.

Escherichia coli O157:H7 is an important human pathogen
worldwide (17, 36). The primary route of human infection is
via foods of bovine origin and water contaminated with bovine
fecal material (3). Not surprisingly, the prevalence of E. coli
O157:H7 contamination on bovine carcass surfaces at slaughter is correlated with the fecal prevalence in the live cattle
before slaughter (13). The peak incidence of human disease
associated with this pathogen occurs during the summer
months, the same season that the prevalence of bovine fecal
carriage of this organism is also at its highest (6, 20, 45). It has
been proposed that reducing both the magnitude of fecal excretion and the fecal prevalence of this organism in cattle
immediately prior to slaughter could significantly reduce the
incidence of human disease associated with this pathogen (24,
31). Unfortunately, methods to reduce the fecal prevalence of
E. coli O157:H7 in cattle are not currently available. Given the
typically transient fecal shedding of E. coli O157:H7 by cattle,
a better understanding of the epidemiology and ecology of E.
coli O157, particularly the source of exposure of cattle, may
provide valuable information that could be used in the design
of preharvest control measures for E. coli O157:H7.
The purpose of this study was to determine the pattern of
fecal carriage of E. coli O157:H7 in cattle fattened under
modern intensive feedlot management conditions. A temporal

MATERIALS AND METHODS
Feedlot description. Cattle on a commercial beef feedlot were studied
throughout the entire feeding period. Twenty lots of animals were enrolled in the
study between April and May 2000. Cattle were maintained in pens of approximately 500 animals each. The total cattle population of the feedlot was approximately 75,000 animals throughout the study. Incoming animals in each lot were
obtained from multiple sources. Incoming lots of animals (shipment of animals
from a common source arriving at the same time) were alternately assigned to
pens that were supplied with either chlorinated drinking water or unchlorinated
drinking water. Chlorine was added to the water supply to achieve 1 ppm residual
free chlorine in the chlorinated section of the feedlot. The remaining pens
received water from the same surface reservoir source, without chlorination.
Water access was ad libitum from single float-regulated 450-liter water troughs
(model 90 Super; Headstrom, Woodbine, Iowa) centrally located in each pen.
Upon arrival animals were fed a 20% grain-based diet that was gradually increased to 92 to 94% grain on a dry matter basis by 15 days on feed and
maintained at that level throughout the finishing feeding period.
Fecal E. coli O157:H7 detection. Within 1 week of filling each pen and at
14-day intervals thereafter and the week of shipment to slaughter (up to eight
additional sampling dates), 10-g samples of feces were collected from 30 fresh
fecal pats in each pen. Samples were immediately shipped overnight on ice to the
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Identification of the sources and methods of transmission of Escherichia coli O157:H7 in feedlot cattle may
facilitate the development of on-farm control measures for this important food-borne pathogen. The prevalence
of E. coli O157:H7 in fecal samples of commercial feedlot cattle in 20 feedlot pens between April and September
2000 was determined throughout the finishing feeding period prior to slaughter. Using immunomagnetic
separation, E. coli O157:H7 was isolated from 636 of 4,790 (13%) fecal samples in this study, with highest
prevalence earliest in the feeding period. No differences were observed in the fecal or water trough sediment
prevalence values of E. coli O157:H7 in 10 pens supplied with chlorinated drinking water supplies compared
with nonchlorinated water pens. Pulsed-field gel electrophoresis of XbaI-digested bacterial DNA of the 230
isolates obtained from eight of the pens revealed 56 unique restriction endonuclease digestion patterns
(REDPs), although nearly 60% of the isolates belonged to a group of four closely related genetic subtypes that
were present in each of the pens and throughout the sampling period. The other REDPs were typically
transiently detected, often in single pens and on single sample dates, and in many cases were also closely
related to the four predominant REDPs. The persistence and predominance of a few REDPs observed over the
entire feeding period on this livestock operation highlight the importance of the farm environment, and not
necessarily the incoming cattle, as a potential source or reservoir of E. coli O157:H7 on farms.
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FIG. 1. Overall prevalence of E. coli O157:H7 in feedlot cattle consuming chlorinated or unchlorinated drinking water.

images of gels were clustered into restriction endonuclease digestion patterns
(REDPs), using Dice similarity coefficients calculated with the unweighted pair
group methods arithmetic average algorithm, employing bands between 50 and
600 kb, 0.7% optimization, and 1.25% tolerance (BioNumerics 2.0; Applied
Maths, Kortrijk, Belgium), similar to that done by Davis et al. (11).
Statistical analyses. Differences in the fecal prevalence in cattle drinking
chlorinated water and those drinking unchlorinated water were determined by a
repeated-measures analysis of variance using the SAS PROC MIXED function
(Statistical Analysis Systems, Cary, N.C.). Significance of differences in prevalence among sample dates was assessed using the Wilcoxon sum rank test (␣ ⫽
0.05). Significance of differences in the frequency of E. coli O157:H7 recovery
from chlorinated and unchlorinated water troughs was assessed using Fisher’s
exact test (␣ ⫽ 0.05).

RESULTS
Some pens were shipped sooner than others and therefore
could not be sampled nine times each. A total of 4,800 samples
were collected, but 10 samples were damaged in transport and
could not be analyzed. E. coli O157:H7 was isolated from 636
of 4,790 (13.3%) fecal samples tested. All pens had one or
more positive samples. The prevalence of E. coli O157-positive
fecal samples at the first sampling, obtained within 7 days of
arrival at the feedlot, was 15%. Significant (P ⬍ 0.001) differences among prevalence rates on different sample dates were
identified. The overall prevalence of E. coli O157-positive fecal
samples peaked 2 weeks after entry to the feedlot and then
declined below entry-level prevalence by 42 days on feed. The
prevalence remained relatively stable at approximately half the
entry prevalence for the remaining 70 days of the feeding
period prior to slaughter. The pen-wise fecal E. coli O157:H7
prevalence values detected in pens supplied with chlorinated
and unchlorinated water did not differ significantly: 342 of
2,483 (13.8%) versus 294 of 2,307 (12.7%) samples, respectively (Fig. 1).
E. coli O157:H7 was isolated from 37 of 172 (21.5%) water
trough specimens during the study. E. coli O157:H7 was isolated somewhat more frequently from troughs supplied with
unchlorinated water than from those supplied with chlorinated
water (22 of 86 [26%] versus 15 of 86 [17%]); however, this
difference was not statistically significant. One of 37 water and
sediment samples collected from three water reservoirs within
8 km of the feedlot tested positive for E. coli O157; however,
the reservoir from which the isolate was obtained was downstream of the reservoir from which the feedlot water supply
was obtained, and no isolates of E. coli O157:H7 were obtained
from the source reservoir or from the reservoir upstream from
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laboratory for analysis. Due to laboratory capacity, half of the samples from each
pen were cultured immediately upon arrival at the laboratory as described below.
The remaining samples were refrigerated for 1 day before culturing for E. coli
O157:H7 in the same manner. Half of one shipment of samples (collected on 24
July) was extensively delayed in transit, and therefore the culture results from
this sample date were not included in the analysis. Instead, these same pens of
animals were resampled the following week (1 August), and the biweekly sampling scheduled resumed from that date.
For detection of E. coli O157, each sample was enriched overnight at 37°C in
90 ml of Trypticase soy broth (Difco Laboratories, Detroit, Mich.) containing
cefixime (50 ng/ml; Wyeth-Ayerst Laboratories, Pearl River, N.Y.) and vancomycin (40 g/ml; Sigma Chemical Company, St. Louis, Mo.). E. coli O157:H7
was concentrated from enriched cultures using immunomagnetic separation as
per the manufacturer’s (Dynal, Oslo, Norway) recommendations. Immunomagnetic separation beads were plated on sorbitol MacConkey agar plates (Difco
Laboratories) containing cefixime (50 ng/ml) and potassium tellurite (2.5 g/ml;
Sigma Chemical Company) (SMACCT). Up to 10 sorbitol-negative (white) colonies were picked from each plate. Suspect colonies picked from the SMACCT
plates were further identified as E. coli O157:H7 based upon lactose fermentation and the inability to cleave 4-methylumbeliferyl-beta-D-glucuronide to a
fluorescent product (2, 44). The presence of the O157:H7 antigen was determined using a particle agglutination test (Oxoid, Basingstoke, Hampshire,
United Kingdom).
E. coli O157:H7 detection in water. Commencing at the first fecal sampling
date and at 2-week intervals thereafter, water from the bottom of each trough
was collected in 100-ml polystyrene vials containing 15 to 30 mg of sodium
thiosulfate. A 30-ml aliquot of water from each trough was mixed with 30 ml of
double-strength Trypticase soy broth and incubated overnight at 44.5°C. Onemilliliter aliquots of enriched broth were concentrated using immunomagnetic
beads specific for the O157:H7 antigen following the manufacturer’s (Dynal)
recommendations and plated on SMACCT as described above. After overnight
incubation at 37.0°C, E. coli O157:H7 was identified on the SMACCT plates using
the biochemical and immunological tests described in the previous section. In a
similar fashion, E. coli O157:H7 was cultured from drainage areas of several
continuous-flow water troughs and from the source water reservoir approximately 1 km away from the feedlot.
Characterization of E. coli O157:H7 isolates. One E. coli O157:H7 colony
obtained from each positive sample was further characterized using a multiplex
PCR with primers specific for the fliCh7, eaeA, and stx2 and stx1 genes (16, 46).
Briefly, isolated colonies were boiled in 200 l of sterile deionized distilled water
for 20 min. Two microliters of this solution was used as a template for amplification in a 50-l PCR-buffered (Gibco-BRL) reaction volume containing primers (0.02-nmol/l solutions; 0.8 l of fliCh7, 1.0 l of stx1, 1.2 l of stx2, and 1.6
l of eaeA) and 0.02 mM deoxynucleoside triphosphates, 2 mM MgCl2, and 2.5
U of Taq polymerase (Gibco-BRL). Following denaturation for 3 min at 94°C,
DNA was amplified using 35 cycles of denaturation, annealing, and elongation at
94, 58, and 72°C for 1, 1.5, and 2.5 min, respectively (Perkin-Elmer 9600). A final
elongation step was included at the end of the cycle (72°C for 10 min). PCR
products were separated by electrophoresis in 1% agarose gel and visualized with
UV illumination following staining with ethidium bromide. Only isolates that
encoded fliCh7 and eaeA were considered E. coli O157:H7.
E. coli O157:H7 isolates obtained from cattle and water troughs in eight pens
(a subset comprised of four adjacent pens each in chlorinated and unchlorinated
drinking water sections of the study) were analyzed by PFGE using XbaI restriction and the Pulse-Net separation protocol (7, 42). Banding patterns in digital
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DISCUSSION
This study demonstrates the temporal and spatial dissemination, predominance, and persistence of four E. coli O157:H7
genetic subtypes among cattle on an individual feedlot over a
period of 4 months. Furthermore, the similar REDPs of these
dominant subtypes suggest that they may be clonally related.
Although a diverse population of different E. coli O157:H7
REDPs was identified from study isolates, most were only
detected on a few occasions.
The E. coli O157:H7 prevalence in this feedlot was within
the range of previously reported prevalence values among
feedlot animals (18, 41). Without standardized detection methods, it is impossible to determine whether prevalence differences between studies reflect the effects of different culture
and sampling methods or actual differences in E. coli O157:H7
prevalence.
The observed higher prevalence of bovine fecal E. coli
O157:H7 early in the feeding period was consistent with previous reports for both E. coli O157:H7 specifically and other
Shiga toxin-producing E. coli (10, 18, 33). The reported E. coli
O157:H7 prevalence of beef calves at the time of weaning is
7.4% ⫾ 6.2% (mean ⫾ standard deviation) (27), comparable
to the prevalence observed during the first sampling period in
this study. Two major differences between these cattle and the
calves sampled by Laegreid et al. are that some (5 to 10%) of
the animals in our study had passed through sales barns and
had recently been transported to or from locations where the
cattle may have acquired E. coli O157:H7 (27, 40). Furthermore cattle in this study were all yearlings, not calves.
The cause of the higher prevalence early in the feeding
period is unknown. Dietary manipulation has been shown to
alter the population of gastrointestinal microorganisms (12,
22). The percentage of grain in the ration provided to these
cattle was incrementally increased during the first month on
feed. It is possible that changes in the ration (not necessarily
the ration per se) may contribute to an increased susceptibility
of animals to infection or may increase the magnitude of fecal
E. coli O157:H7 excretion during the first 4 weeks of feeding.
Once the ration composition was stabilized at a high grain
concentration, the prevalence stabilized at a lower level than in
the early feeding period. Other factors may have also contributed to the observed higher prevalence of E. coli O157:H7
early during the feeding period. For example, it is possible that
an age effect was present. It is recognized that the diversity of
O-serotypes among E. coli strains in younger calves is higher
and less stable than that in adult animals (21). Likewise, the
prevalence of E. coli O157:H7 in calves is also typically higher
than the prevalence in adult cattle (46). Feedlot animals under
317 kg are more likely to test positive for E. coli O157:H7 than
cattle of greater weights (10). Finally, higher fecal prevalence
of E. coli O157:H7 has been observed during summer months,
and it is possible that at least some of the apparent temporal
variation in fecal prevalence in this study represented seasonal
variation (8, 9, 19, 35). Consistent with this latter possibility,
additional cattle fecal samples were obtained in November
following the conclusion of this study. In these additional samples, pens at 2 weeks on feed (the time point where the study
pens had the highest fecal prevalence) had a similarly low
prevalence as pens after ⬎80 days on feed (data not shown).
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the source reservoir. Three of 10 samples collected from drain
areas for collection of the overflow of continuous-flow water
troughs (located in pens not included in this study) tested
positive for E. coli O157.
E. coli O157:H7 isolates from a subset of eight pens were
examined by molecular methods. Isolates from four linearly
arranged groups of pens, one group of four pens supplied with
chlorinated and the other group of pens supplied with unchlorinated water, were evaluated in this manner. Thus, pens with
and without shared fence lines were included in each group.
Among the 230 isolates obtained from water and fecal samples
in the pens selected for molecular analysis with PFGE, 56
unique XbaI REDPs were identified (Fig. 2).
An average of 2.5 REDPs per pen per sample date were
identified, with an average of 11.4 different REDPs per pen
over the entire feeding period. REDPs were neither equally
represented nor evenly distributed spatially or temporally (Fig.
3). Four very closely related REDPs (REDPs 1 to 4; Fig. 4)
accounted for 57% of the total bovine isolates obtained from
cattle during the study. One of the four predominant REDPs
was identified in every pen on at least one sample date and at
least one pen on each sample date.
The remaining fifty bovine REDPs were identified far less
frequently. No other single subtype accounted for more than
3% of the total. Minority REDPs were usually limited to one
or two pens and were only transiently detected in either the
cattle or the water. Sixty percent of the subtypes (31 of 50)
were identified on only a single sampling date and identified in
only a single pen. Most of these REDPs were closely related
(i.e., one to three band differences) to one of the predominant
four REDPs.
Nine different REDPs were isolated from water troughs. All
water trough isolates but two (REDPs 38 and 50) matched
REDPs of bovine fecal isolates collected on or around the
same sample date; these two exceptions were identified in
separate water troughs on different sampling dates and
matched no fecal isolates by REDP. E. coli O157:H7 was
isolated from surface water collecting water trough overflows
on three occasions, 26 June, 10 July, and 8 August. REDPs of
isolates obtained on these dates were 5, 1, and 1, respectively.
The single water reservoir isolate (REDP 55) isolated on 12
June 2000 was unique and did not match any other REDP
identified in this study.
A limited number of isolates were obtained from the study
feedlot in the course of prior and subsequent studies: E. coli
O157:H7 with REDP pattern 1, 2, 4, or 5 was identified among
livestock drinking water and feedstuff isolates obtained in
1999, and REDP 1 was identified among bovine fecal isolates
obtained in 2001. Interestingly, REDP 1 was also identified
among isolates obtained in 1998 and 1999 from another feedlot
approximately 300 km distant.
Most isolates (216 of 230) harbored both the stx1 and stx2
genes. A single bovine isolate had only stx1. Thirteen bovine
isolates had only stx2. Most isolates within REDPs shared identical Shiga toxin gene profiles; however, 11 isolates within
REDPs 1, 2, 3, 5, 9, 13, 14, and 19 had Shiga toxin profiles
different from one or more other isolates within the same
REDP.

379

380

LEJEUNE ET AL.

APPL. ENVIRON. MICROBIOL.

Downloaded from http://aem.asm.org/ on April 23, 2019 by guest

FIG. 2. Schematic of all 56 different REDPs isolated from eight pens of feedlot cattle over a 4-month period.

However, it was not possible to demonstrate any correlation
between the fecal prevalence identified in this study and
weather data for the weeks preceding each sampling date (data
not shown).
As in other studies, periods of highest fecal E. coli O157:H7

prevalence appeared as sporadic events in individual pens (19,
32, 33). The cause of the temporal clusters in prevalence is not
known. Since all study pens were located on the same feedlot
(within a few 100 m of one another), it is unlikely that climatic
changes had a significant impact on the prevalence on a pen-
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FIG. 3. Prevalence and REDPs of E. coli O157:H7 isolated from eight pens of feedlot animals. 2300 series, unchlorinated drinking water; 2500
series, chlorinated drinking water. Circles represent water trough cultures positive for E. coli O157. Numbers represent REDP patterns. Shaded
areas represent predominant REDPs.

by-pen basis. Furthermore, there was no noted tendency for
adjacent pens of cattle to experience simultaneous prevalence
peaks, suggesting that cattle-to-cattle transmission across pen
fences was not the key factor. Cattle in all pens were managed
similarly but, given the number of animal fed in each pen, it is
probable that animals in different pens received the same feed
components acquired from different loads of feed. Most cattle
feeds are contaminated with generic E. coli even before they

arrive on the farm, and a small percentage of these feeds are
contaminated with E. coli O157:H7 specifically (30). Minority
subtypes of E. coli O157:H7 may have been introduced into
individual pens via this route. Wildlife, the pen floor, and the
initial incoming animals may have also been sources of E. coli
O157:H7.
Remarkably, over half (57%) of all bovine isolates analyzed
by PFGE shared one of four predominant REDPs. The pur-
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pose of the PFGE analysis was to determine if indistinguishable strains of E. coli O157:H7 persisted within individual pens
and to determine whether single REDPs appeared in different
pens. Indistinguishable REDPs would be expected to occur if
the infections were acquired from a common source, if there
were sustained transmission of E. coli O157:H7 among animals
within a pen, or if there were dissemination of strains from one
pen to another. Although four REDP were widespread in the
feedlot, there was no apparent temporal or spatial clustering of
these subtypes among neighboring pens.
Interpretation of PFGE patterns remains somewhat arbitrary and subjective. Degrees of genetic relatedness have been
ascribed to E. coli O157:H7 isolates based upon arbitrary numbers of band differences and by using statistical analyses (23,
29, 38, 43). However, genetically different (based on phage
typing and PCR analysis for specific genes) and epidemiologically unrelated isolates may have indistinguishable REDPs,
and isolates that are known recent progeny from a single common precursor (i.e., closely related genetically) may have sig-

nificantly different REDPs (1, 5, 26). Thus, although it is most
likely that the epidemiologically related isolates obtained in
this study that either matched in all bands or that differed by
only one or a few bands may be closely genetically related, this
conclusion may not be true in all cases. Despite its shortcomings, PFGE has nonetheless proven to be a valuable tool in
discriminating among E. coli O157:H7 isolates (4, 26, 42).
The stringent definition of a distinct REDP used in this
analysis resulted in the classification of isolates into a large
number of different REDPs. The use of stringent classification
criteria is recommended in population-based studies of E. coli
O157:H7 (4, 26). Nevertheless, the majority of isolates collected from different pens clustered together, even using these
very stringent definitions of genetic subtype. The observed
pattern of E. coli O157:H7 REDP distribution is most consistent with the presence of one or two distinct clonal types being
endemic at the feedlot and either (i) sporadic introduction and
transient carriage by cattle of newly introduced genetic subtypes into the population or (ii) spontaneous mutations in
these subtypes to form new genetic subtypes. If one assumes
that isolates that share similar (but not identical) REDPs are
clonally related, it is possible to attribute some of the observed
diversity to clonal turnover (1, 25). On the other hand, it is also
possible that some of the isolates with indistinguishable
REDPs recovered from different pens on separate sample
dates may represent spurious (genetically different) band
matches, introduction of the organism from a common source,
or a low level of dissemination of particular strains among
pens.
Even with the availability of sophisticated gel analysis software, the comparison of banding patterns from isolates run on
different gels proved to be challenging. Essentially, it is difficult, if not impossible, to determine if an increase in ethidium
bromide staining at a particular distance on a gel represents a
single large band or two individual bands with very similar
migration patterns. Failure to identify these differing banding
patterns, or falsely assigning differing REDPs to isolates actually having the same REDP, could have a significant impact on
calculated similarity indices and cluster analyses. To minimize
the impact of mislabeling, we standardized the band marking
procedure by assigning only one band to areas of ethidium
bromide staining, regardless of the width of the band, unless
the stain was completely separated by an unstained region on
the gel or showed multiple peaks on the densitometric scale. It
is probable that many of the denser, thick bands observed on
the gels actually represented two comigrating DNA fragments.
Picking isolates from different clusters identified on different
gels and rerunning them on the same gel resulted in similar
clustering patterns (data not shown).
It is interesting that isolates exhibiting indistinguishable
REDPs were isolated over several years in the study feedlot
and continue to be isolated from this and another feedlot in
the geographic area. This is particularly surprising, given the
several complete population turnovers per year that occur in
these typically managed feedlots. If incoming cattle were the
major source of E. coli O157:H7 in the feedlot, one might have
expected much more diversity among the E. coli O157:H7
isolates over this time period. It is possible that certain E. coli
O157:H7 strain types are better adapted either to survival and
persistence in the feedlot environment or to colonization of the
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FIG. 4. PFGE gel of the four most common REDPs identified
among eight pens of feedlot cattle over a 4-month period (representative of 60% of all isolates tested). , concatemers of lambda cI857
Sam7 (Bio-Rad).
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various sources of exposure of cattle to this important foodborne pathogen.
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