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The distribution of Escherichia coli O157 in bovine feces was examined by testing multiple samples from fecal
pats and determining the density of E. coli O157 in immunomagnetic separation (IMS)-positive fecal samples.
The density of E. coli 0157 in bovine feces was highly variable, differing by as much as 76,800 CFU g~ " between
samples from the same fecal pat. The density in most positive samples was <100 CFU g™, the limit of reliable
detection by IMS. Testing only one 1-g sample of feces per pat with IMS may result in a sensitivity of detection
as low as 20 to 50%. It is therefore probable that most surveys have greatly underestimated the prevalence of
E. coli 0157 shedding in cattle and the proportion of farms with shedding cattle. The sensitivity of the detection
of E. coli O157 in bovine feces can be as much as doubled by testing two 1-g samples per pat rather than one

1-g sample.

Shiga-toxigenic Escherichia coli O157 is a major public
health concern. It is associated with human illnesses ranging
from uncomplicated watery diarrhea to hemorrhagic colitis
and hemolytic-uremic syndrome, which may result in death
(22,24, 31). Cattle are an important source of E. coli 0157 (15,
25, 39), and many surveys around the world have been con-
ducted to estimate the prevalence of E. coli O157 shedding by
cattle (20).

Much research has gone into improving the sensitivity of
laboratory methods for the detection of E. coli O157 and the
introduction of immunomagnetic separation (IMS) and selec-
tive isolation media has greatly improved the sensitivity of E.
coli 0157 isolation from bovine feces (4, 5, 35). In contrast, the
distribution of E. coli O157 in bovine feces and its impact on
the accuracy of prevalence estimates reported in bovine fecal
E. coli O157 shedding surveys has largely been ignored. A
variety of sampling techniques have been used to collect bovine
feces in surveys, including rectal swabs (11, 19), rectal grab
samples (15, 39), and grab or swab samples from fecal pats (10,
12). In 27 surveys we reviewed, only one sample was taken
from each animal or fecal pat. In 9 of these surveys, a swab
from each animal or fecal pat was tested (1, 2, 10-12, 19, 29, 30,
38); in 7 surveys, 1 g of feces from each animal or pat was
tested (8, 16, 25, 26, 28, 32, 36); in 10 surveys, =10 g of feces
from each animal or pat was tested (3, 7, 9, 13-15, 18, 23, 34,
39). In the remaining survey, the amount of feces tested was
not reported (17). The analysis of results in these 27 studies
implicitly assumed homogenous distribution of E. coli in the
fecal samples tested.

This study investigated the distribution of E. coli O157 in
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bovine feces and assessed its impact on the sensitivity of shed-
ding survey results.

MATERIALS AND METHODS

Sampling. Fecal samples were drawn from two separate studies. In both
studies, convenience samples of fecal pats were taken, with pats being sampled
without replacement. In the first study, multiple 10- to 25-g samples were taken
from fecal pats in three separate pens of cattle housed on straw bedding. On 23
October 2001, three samples were taken from each of 58 pats in a pen of 34
yearlings on farm 1 (group A); on 5 November 2001, five samples were taken
from each of 29 pats in a pen of 24 cows and calves also on farm 1 (group B); and
on 7, 15, and 21 September 2002, 10 samples were taken from each of 59 pats in
a pen of 27 finishing animals on farm 2 (group C). In the second study, a
cross-sectional survey of Scottish cattle farms to determine the prevalence of E.
coli 0157 shedding in store and finishing cattle, single 10- to 25-g samples from
each of 4,662 fresh fecal pats were submitted from 172 farms sampled in the
period from 7 May 2002 to 14 January 2003, inclusive. In both studies, samples
were collected from fresh, undisturbed fecal pats by project veterinary staff.
Samples were taken either from the surface and subsurface of the pat or from
deep within the pat following removal of the top few millimeters of the pat
surface. When multiple samples were taken from the same pat, they were all
taken from different locations of the pat. Each sample was collected into a sterile
30-ml polystyrene universal container by using a sterile plastic spatula (Bibby
Sterilin, Stone, Staffs, United Kingdom). The source animal for each pat was
either unknown or not recorded.

All samples were transported from the sampling location to the laboratory at
ambient temperature, refrigerated at 5°C within 2 h of collection, and always
tested within 48 h of collection. Samples from farm 1 were tested by IMS only.
Samples from farm 2 and farms participating in the cross-sectional survey were
also tested by IMS, and the density of E. coli O157 in IMS-positive samples was
determined.

Duplicate testing of samples. As part of a quality control exercise for this
study, and other studies not reported in this paper which required IMS testing of
fresh bovine fecal samples for E. coli O157, one in every 20 fecal samples
submitted was tested by IMS in duplicate. Where duplicate testing was required,
two 1-g aliquots were drawn from each fecal sample and tested independently for
the presence of E. coli O157.

IMS. Preenrichment in buffered peptone water, IMS procedures, and plating
onto sorbitol MacConkey agar supplemented with cefixime (2.5 mg 17') and
potassium tellurite (0.05 mg 17') (CT-SMAC) were conducted as described
previously (27). Fecal samples were not homogenized prior to testing, and the 1-g
aliquots of feces used to inoculate buffered peptone water were always obtained
from the surface of the original 10- to 25-g fecal samples submitted to the
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laboratory. From CT-SMAC plates, not more than 10 non-sorbitol-fermenting
colonies with morphologies typical of E. coli O157 were plated onto Chromocult
coliform agar (Merck, Poole, Dorset, United Kingdom) and incubated overnight
at 37°C. Distinctive red-pink colonies were tested by using anti-E. coli 0157
antibody-coated latex reagent (Oxoid, Basingstoke, Hants, United Kingdom). No
further confirmatory tests were conducted on E. coli 0157 isolates from the first
study, which examined multiple samples from fecal pats, or on E. coli 0157
identified during duplicate testing of fecal samples. However, all E. coli O157
isolates recovered by IMS in the cross-sectional study were referred to the
Scottish E. coli O157 Reference Laboratory for species and serogroup confir-
mation.

Estimation of E. coli 0157 density. The density of E. coli O157 was only
estimated for samples that returned a positive IMS result. One gram of feces
from each IMS-positive sample was suspended in 9 ml of maximum-recovery
diluent (MRD) (Oxoid Ltd.), and 0.1 ml of suspension was spread onto each of
two 9-cm-diameter CT-SMAC plates. Plates were incubated at 42°C for 24 h.
Non-sorbitol-fermenting colonies with morphologies typical of E. coli O157 were
counted manually, and a maximum of 10 such colonies were tested with anti-E.
coli O157-coated latex reagent (Oxoid Ltd.). No further confirmatory tests were
conducted on E. coli O157 isolates. If the number of colonies on each of the two
plates was too large to count accurately, i.e., greater than around 100 colonies, a
further 1 g of feces from the original sample was suspended in 9 ml of MRD and
serially diluted up to six times by sequentially adding 1 ml of suspension to a
further 9 ml of MRD. The series of suspensions were then plated, incubated, and
counted in the same way as the original 1:9 suspension. The number of serial
dilutions required for accurate counting of colonies was determined by growth on
plates on which the original 1:9 suspension was spread. The density of E. coli
0157 in the fecal sample was estimated by averaging the E. coli O157 colony
count of the two plates and correcting for fecal dilution. If E. coli O157 could not
be detected by this method but IMS testing of the same sample yielded a positive
result, the density of E. coli O157 in the sample was deemed to be <100 CFU
g h

Statistical analysis and Monte Carlo simulation. Statistical analysis and
Monte Carlo simulation were performed by using SAS, version 8.2 (SAS Institute
Inc, Cary, N.C.). Associations between duplicate test results on fecal samples
were assessed by using the exact test for paired data and the « statistic (33). The
values Py, and Py, (6) were calculated manually from the results of duplicate
testing of fecal samples.

Using the results from groups A, B, and C, a simulation trial was conducted to
determine the likelihood of taking at least one positive sample from a positive
pat if only one or two samples per pat had been taken. For each group, 10,000
sampling iterations were conducted. During each iteration, one result from each
fecal pat known to be positive for E. coli O157 was selected at random and the
proportion of pats correctly determined to be positive, i.e., sensitivity, was cal-
culated.

RESULTS

Multiple fecal pat samples. The results of IMS testing of
multiple 1-g fecal samples from pats collected on farms 1 and
2, shown in Fig. 1, demonstrate that results can be highly
variable within pats. In group A, E. coli O157 was detected in
57 of 58 (98.3%) fecal pats. For 1 of 58 (1.7%) pats, only one
sample in three was positive; for 11 of 58 (19.0%) pats, two
samples in three were positive; and for 45 of 58 (77.6%) pats,
all three samples were positive. In group B, E. coli O157 was
detected in only 5 of 29 (17.2%) pats; in each positive pat, E.
coli 0157 was detected in only one sample in five. In group C,
E. coli O157 was detected in 44 of 59 (74.6%) pats. For 14 of
59 (23.7%) pats, only 1 sample in 10 was positive compared
with 11 of 59 (18.6%) pats for which all 10 samples were
positive. In 19 of 59 (32.2%) pats, 2 to 9 of the 10 samples from
each pat were positive.

The densities of E. coli O157 in samples from the 44 pats
with one or more IMS-positive samples originating from group
C were generally low (Fig. 2). In 34 of 44 (77.3%) pats, the
densities of E. coli 0157 were <100 CFU g~ ' in all IMS-
positive samples; in a further 8 of 44 (18.2%) pats, the lowest
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densities of E. coli O157 among IMS-positive samples from
each pat were <100 CFU g ' while the highest densities
among IMS-positive samples from each pat ranged from 150 to
7,300 CFU g~ ". In the remaining 2 of 44 (4.6%) pats with one
or more IMS-positive samples, the densities of E. coli O157 in
IMS-positive samples ranged from 800 to 77,600 CFU g~ " for
one pat and 9,200 to 26,200 CFU g~ for the other pat.

Scottish cattle farm cross-sectional survey. E. coli O157 was
detected by IMS in one or more fecal samples from each of 37
of 172 (21.5%) farms screened in the cross-sectional farm
survey. Of the farms with detectable E. coli O157, 13 of 37
(35.1%) yielded only one IMS-positive fecal pat and 5 of 37
(13.5%) yielded only two IMS-positive fecal pats. The densities
of E. coli O157 in samples from all pats collected on the 37
farms with IMS-detectable E. coli O157 are shown in Table 1.
For 26 of 37 (70.3%) farms with IMS-detectable E. coli 0157,
the density of E. coli O157 was <100 CFU g~ ! in all IMS-
positive samples; on a further 5 (13.5%) farms with IMS-
detectable E. coli 0157, >65% of IMS-positive samples had an
E. coli 0157 density of <100 CFU g~ .

Duplicate testing of samples. Five hundred forty-two sam-
ples were tested twice for E. coli O157 by the IMS procedure.
The results of duplicate IMS testing are shown in Table 2.
Twenty-seven samples gave a positive result on the first test, 23
gave a positive result on the second test, and 19 samples were
positive on both tests. There was no statistically significant
difference between the proportion of samples testing positive
in the primary and secondary tests (P = 0.39, exact test for
paired data). The level of agreement between tests on each
sample was good, but the results were not always consistent
(v = 0.75; 95% confidence interval, 0.61 to 0.89).

Monte Carlo simulation. For groups A, B, and C, the results
from Monte Carlo simulation predicted a higher sensitivity of
E. coli O157 detection when separately testing 1 g of feces from
each of two samples taken from different locations in a pat
compared with testing 1 g of feces from only one sample per
pat. The lower the sensitivity estimated by testing one sample
per pat was, the higher the absolute and relative improvement
in sensitivity predicted by testing two samples per pat was (Fig.
3). Group A had the highest predicted sensitivity, 93.0%
(range, 80.7 to 100%), when only one sample was tested. When
two samples were tested, the predicted sensitivity rose to 100%
(range, 98.2 to 100%), representing an absolute increase in
sensitivity of 7.0% and a relative increase of 7.5%. Group C
had a predicted sensitivity of 50.0% (range, 34.1 to 70.5%)
when only one sample was tested, midway between groups A
and B. When two samples were tested, the predicted sensitivity
rose to 63.6% (range, 45.5 to 84.1%), representing an absolute
increase in sensitivity of 13.6% and a relative increase of
27.2%. Group B had the lowest predicted sensitivity, 20.0%
(range, 0.0 to 100%), when only one sample was tested. When
two samples were tested, the predicted sensitivity rose to 40%
(range, 0.0 to 100%), an absolute increase in sensitivity of
20.0% and a relative increase of 100%.

DISCUSSION

Our results show clearly that E. coli O157 is not evenly
distributed in bovine feces and that the density of these bac-
teria can vary substantially between different sites in a fecal

1sanb Agq GT0Z ‘g Areniga- uo /B0 wse war//:dny wol) papeojumod


http://aem.asm.org/

VoL. 70, 2004

DISTRIBUTION OF E. COLI O157 IN BOVINE FECES

5739

1 2 3

Number of IMS-Positive Sampies Per Pat

2 3 4 5

Number of IMS-Positive Samples Per Pat

100 ¢
B0 e
3 4
< BB0 -
o @
< 8 40
O $
L.
20, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0
0
100 -
S
m 2
2 Q
O ©
S O
O} 8
w
0 1
100
= 80, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Q)
O % 60‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,
2 &
o 3
O 8
L

0 1 2 3

FIG. 1. Proportion of samples per fecal pat in which E. coli O157 was d
taken per pat; group C, 10 samples taken per pat.

pat. Recent work demonstrating the principal location of E.
coli O157 in the bovine gut (21) provides a likely explanation
for these findings. With E. coli O157 located on the mucosal
surface of the terminal rectum, there is limited opportunity for
the organisms to mix homogenously through the feces. We are
not aware of any studies on fecal dynamics, but we believe that

4 5 6 7 8 9 10
Number of IMS-Positive Samples Per Pat

etected by IMS. Group A, 3 samples taken per pat; group B, 5 samples

as a fecal bolus is voided from an infected animal, the surface
would be coated in mucus containing E. coli O157 and partial
mixing would occur as the bolus deforms at the time of impact
with the ground or some other surface. We do not know the
extent to which motile strains migrate from pockets of con-
taminated mucus subsequent to fecal voiding.
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FIG. 2. E. coli O157 density in samples taken from IMS-positive fecal pats in group C. Each column shows results for 10 samples taken from

a single fecal pat.

Duplicate IMS testing of samples showed that negative IMS
results are highly repeatable, presumably because when a neg-
ative result is returned, E. coli O157 is either absent or gener-
ally well below detectable levels. In contrast, positive IMS
results are less repeatable. One possible explanation for the
lower repeatability of positive IMS results is that the density of
E. coli O157 can vary from a level undetectable by IMS to a
level detectable by IMS even between two aliquots of feces
taken from the same sample. A second possible explanation
follows from E. coli O157 densities found in fecal samples from
group C and the cross-sectional study. In samples from these
studies in which E. coli O157 was present, the density was
typically <100 CFU g~'. The manufacturer’s documentation
for Dynal IMS beads and work by Omisakin et al. (23) indicate
that 100 CFU g ' is the limit of reliable detection by IMS. It
is possible, therefore, that lower repeatability of positive IMS
results arises because the densities of E. coli O157 in IMS-
positive samples are lower than 100 CFU g~!, the limit of
reliable detection. Unfortunately, it is not possible to test this
second possibility by using direct plating techniques, as the
limit of enumeration with this method is 100 CFU g~ ' feces
(39). Dilution of feces with MRD at a ratio lower than 1:9
would hinder even dispersion of bacteria in the suspension.
Plating a volume of suspension of >0.1 ml would leave agar
plates too wet and risk smudging of colonies and overgrowth
with organisms other than E. coli O157. A most-probable num-
ber technique could be used, but these techniques are very
labor intensive.

With the exception of isolates from the cross-sectional sur-
vey, confirmation of the identity of E. coli O157 isolates in this
study was limited to slide agglutination tests with anti-E. coli
0157 antibody-coated latex reagent. During the course of our
studies on E. coli O157 over the past 4.5 years, our laboratory
staff have used this test on slightly over 1,900 putative E. coli
0157 colonies, of which 1,012 tested positive. Colonies yielding
a positive reaction were subcultured, and isolates were referred
to the Scottish E. coli O157 Reference Laboratory for confir-

mation of species and serogroup. Only 7 submissions proved
not to be E. coli O157. The specificity of this test in the hands
of our laboratory staff therefore appears to be very high.

Storage and transport of samples are important issues in
almost all field prevalence surveys of bovine fecal E. coli 0157
shedding. Evidence from studies on the persistence of E. coli
0157 in bovine fecal samples show that at 4 to 5°C, populations
of E. coli 0157 in bovine feces decline only slightly over 7 days
(37). Our samples were rapidly refrigerated and processed
within 48 h of collection.

The distribution of E. coli O157 in fecal samples is of prac-
tical significance. When we tested multiple samples from fecal
pats, E. coli O157 was usually detectable in only a fraction of
samples from positive pats. This indicates that some parts of
positive pats contained either no E. coli O157 or undetectable
numbers. Monte Carlo simulation showed that testing only a
single 1-g sample of feces by IMS can result in a sensitivity of
detection of as low as 20%. This low level of sensitivity was
related to samples from cattle in group B, which comprised
cows and young calves, the age group of cattle in which the
prevalence of E. coli O157 is usually lowest (14, 26, 39). In fecal
samples from group C and the cross-sectional study, we found
that when E. coli O157 was present, the density was typically
<100 CFU g~ . Because of the uneven distribution and typi-
cally low density of E. coli O157 in fecal pats and the conse-
quent likelihood of some fecal samples with E. coli 0157 yield-
ing negative results, if a single 1-g sample is analyzed per fecal
pat, bovine shedding of E. coli O157 is less likely to be detected
on farms with few shedding cattle than on farms with many
shedding cattle. For the 37 farms in our cross-sectional survey
found to have pats containing E. coli O157, it was usual for less
than 20% of pats to be positive and half of the farms were
declared positive based on one or two positive pats only. A
corollary of these findings is that most surveys to date are likely
to have greatly underestimated the prevalence of E. coli 0157
shedding in cattle and the proportion of farms with shedding
cattle.
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TABLE 1. E. coli 0157 density in fecal samples from cross-sectional survey farms with one or more IMS-positive fecal pats”

% of samples:

Sampling No. of
Farm date Location” . 0- 0 IMS IMS positive with E. coli O157 count (CFU g~ feces) of:
(day.mo.yr) samples >
negative n <10 10?2 = n < 10° 10° = n < 10¢ n = 10*

E037 07.05.2002 H 52 98.1 1.9 0.0 0.0 0.0
E018 12.06.2002 P 48 97.9 2.1 0.0 0.0 0.0
E036 07.05.2002 P 80 97.5 2.5 0.0 0.0 0.0
E345 17.09.2002 P 36 97.2 2.8 0.0 0.0 0.0
E074 19.08.2002 P 27 96.3 3.7 0.0 0.0 0.0
E303 27.05.2002 P 54 96.3 3.7 0.0 0.0 0.0
E335 19.08.2002 P 48 95.8 0.0 42 0.0 0.0
E053 25.06.2002 P 46 95.7 4.3 0.0 0.0 0.0
E064 09.07.2002 P 23 95.7 43 0.0 0.0 0.0
E061 03.07.2002 P 23 95.7 0.0 0.0 0.0 4.3
E314 12.06.2002 H 20 95.0 5.0 0.0 0.0 0.0
E373 06.01.2003 P 19 94.7 0.0 0.0 53 0.0
E351 14.10.2002 H 15 93.3 6.7 0.0 0.0 0.0
E090 01.10.2002 P 13 92.3 7.7 0.0 0.0 0.0
E306 05.06.2002 H+P 37 91.9 5.4 2.7 0.0 0.0
E341 09.09.2002 H 32 90.6 9.4 0.0 0.0 0.0
E075 19.08.2002 P 27 88.9 11.1 0.0 0.0 0.0
E097 08.10.2002 H 27 88.9 11.1 0.0 0.0 0.0
E349 23.09.2002 P 9 88.9 11.1 0.0 0.0 0.0
E091 01.10.2002 P 35 88.6 11.4 0.0 0.0 0.0
E105 04.11.2002 H 33 87.9 12.1 0.0 0.0 0.0
E081 09.09.2002 H 8 87.5 125 0.0 0.0 0.0
E340 09.09.2002 P 31 87.1 12.9 0.0 0.0 0.0
E059 03.07.2002 P 14 85.7 14.3 0.0 0.0 0.0
E360 11.11.2002 H 7 85.7 0.0 0.0 14.3 0.0
E060 03.07.2002 H 47 80.9 19.1 0.0 0.0 0.0
E327 15.07.2002 H 15 80.0 20.0 0.0 0.0 0.0
E355 21.10.2002 H 18 71.8 222 0.0 0.0 0.0
E078 26.08.2002 P 64 71.9 26.6 1.6 0.0 0.0
E006 10.06.2002 H+P 46 71.7 28.3 0.0 0.0 0.0
E017 20.05.2002 P 54 68.5 31.5 0.0 0.0 0.0
E365 18.11.2002 H 79 63.3 30.4 3.8 2.5 0.0
E077 26.08.2002 P 24 62.5 42 16.7 42 125
E361 11.11.2002 H 6 50.0 16.7 16.7 16.7 0.0
E304 27.05.2002 P 19 42.1 57.9 0.0 0.0 0.0
E353 14.10.2002 P 27 40.7 51.9 7.4 0.0 0.0
E366 25.11.2002 H 32 40.6 43.8 9.4 0.0 6.3

“ One sample was taken per fecal pat.
b H, cattle housed; P, cattle at pasture.

In six of the 27 E. coli O157 prevalence surveys we reviewed,
samples were taken from fecal pats (8, 11, 12, 18, 28, 32). We
assessed these studies to see whether we could apply our re-
sults to adjust estimates of prevalence. Regrettably, the ex-
traordinary variety in the type and size of samples taken and
the differences in test procedures would have made retrospec-
tive adjustment of survey results by using our findings inappro-
priate. Standardization of sampling and test procedures for E.

TABLE 2. Results of duplicate testing of fecal samples from cross-
sectional farm survey for cattle shedding E. coli O157¢

No. of samples with
test 2 result of:

Test 1 result Total
+ _

+ 19 8 27

- 4 511 515

Total 23 519 542

“ Paired exact test, P = 0.39; kappa statistic, 0.75; Pycq, 0.99; Py, 0.76.

coli O157 surveys is therefore highly desirable to permit com-
parison of results and to allow the application of correction
factors.

Our results show that substantial improvement to the detec-
tion of E. coli O157 in bovine fecal pats can be achieved by
increasing the number of samples tested per pat. Increasingly,
surveys are testing single fecal samples containing more than
1 g of feces; 10 of the recent surveys we reviewed tested single
10- to 25-g fecal samples rather than swabs or single 1-g sam-
ples (3, 7,9, 13-15, 18, 23, 34, 39). Overall, this probably does
increase the survey sensitivity, but paradoxically, it may also
reduce the chance of detection in fecal samples if the addi-
tional feces is free of E. coli O157 and merely dilutes a previ-
ously detectable density of E. coli O157 to an undetectable
density. Research is required to determine what effect testing
larger single samples has on the sensitivity of detection. An
alternative is to test multiple small fecal samples, since we have
shown that testing more than one sample can lead to a marked
improvement in the sensitivity of detection. We recommend
that, within practicable limits, surveys of E. coli O157 preva-
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FIG. 3. Predicted sensitivity of detection of E. coli O157 in bovine fecal pats from groups A, B, and C when taking one or two samples per

pat.

lence in cattle should maximize the number of samples tested
per fecal sampling unit to increase the accuracy of prevalence
estimates, but we recognize the not inconsiderable penalty in
laboratory time and increased consumable costs incurred by
doing so.
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