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This study investigated the shedding of Escherichia coli O26, O103, O111, O145, and O157 in a cohort of beef
calves from birth over a 5-month period and assessed the relationship between shedding in calves and shedding
in their dams, the relationship between shedding and scouring in calves, and the effect of housing on shedding
in calves. Fecal samples were tested by immunomagnetic separation and by PCR and DNA hybridization assays. E.
coli O26 was shed by 94% of calves. Over 90% of E. coli O26 isolates carried the vtx1, eae, and ehl genes, 6.5% carried
vtx1 and vtx2, and one isolate carried vtx2 only. Serogroup O26 isolates comprised seven pulsed-field gel electro-
phoresis (PFGE) patterns but were dominated by one pattern which represented 85.7% of isolates. E. coli O103
was shed by 51% of calves. Forty-eight percent of E. coli O103 isolates carried eae and ehl, 2% carried vtx2, and none
carried vtx1. Serogroup O103 isolates comprised 10 PFGE patterns and were dominated by two patterns represent-
ing 62.5% of isolates. Shedding of E. coli O145 and O157 was rare. All serogroup O145 isolates carried eae, but
none carried vtx1 or vtx2. All but one serogroup O157 isolate carried vtx2, eae, and ehl. E. coli O111 was not detected.
In most calves, the temporal pattern of E. coli O26 and O103 shedding was random. E. coli O26 was detected in three
times as many samples as E. coli O103, and the rate at which calves began shedding E. coli O26 for the first
time was five times greater than that for E. coli O103. For E. coli O26, O103, and O157, there was no association
between shedding by calves and shedding by dams within 1 week of birth. For E. coli O26 and O103, there was no
association between shedding and scouring, and there was no significant change in shedding following housing.

Verocytotoxigenic Escherichia coli (VTEC) isolates are im-
portant animal and human pathogens (18, 20, 31, 40, 49).
VTEC O26 and O111 are putative causes of diarrhea in calves,
and in pigs VTEC causes edema disease (6, 18, 26, 40, 41). In
humans, VTEC is associated with illnesses ranging from un-
complicated watery diarrhea to hemorrhagic colitis (HC) and
hemolytic-uremic syndrome (HUS), which may result in death
(49). VTEC O26, O103, O111, O145, and O157 are all highly
associated with HC and HUS (4, 21, 23, 36, 46).

VTEC infection may result from the ingestion of contami-
nated food or water or may be associated with animal contact.
Reduction of food, water, and environmental contamination
by VTEC is an important part of infection control in animals
and humans and requires an understanding of the natural his-
tory of these organisms. VTEC shedding is common in healthy
cattle, and numerous surveys have indicated that cattle are an
important source of VTEC O157 (24, 35, 53). VTEC O26, O103,
O111, and O145 have also been found in cattle feces (45), but the
importance of cattle as a source of these organisms is not known.

The advent of serogroup-specific immunomagnetic separa-
tion (IMS) beads and a suitable selective indicator medium

greatly improved the detection of E. coli O157 (10, 50). IMS
beads specific for E. coli O26, O103, O111, and O145 recently
became available and were used in this study in addition to PCR
and DNA hybridization assays for VTEC. We decided to use the
two methods to maximize the detection of each serogroup and
to allow us to detect non-VTEC O26, O103, O111, and O145.

The principal objective of this longitudinal study was to
investigate the onset and subsequent pattern of shedding of
E. coli O26, O103, O111, O145, and O157 in a cohort of Scot-
tish beef calves over a 5-month period. For each of the five sero-
groups, the study also aimed to assess the relationship between
shedding in calves and shedding in their dams, the relationship
between shedding and scouring in calves, and the effect of
housing on shedding in calves. All strains of E. coli isolated in
this study were screened for genes encoding enterohemolysin
(ehl) and the known virulence factors verocytotoxin 1 (vtx1),
verocytotoxin 2 (vtx2), and intimin (eae) (12, 20, 25). This study
was conducted under and in compliance with U.K. Govern-
ment Home Office license PPL 60/2615 issued under the An-
imals (Scientific Procedures) Act of 1986.

MATERIALS AND METHODS

Study group and sampling. Rectal fecal samples were taken from 49 calves
born in the months of August to November 2001 and their 45 dams on a mixed
beef and sheep farm in northern Scotland. The farm was selected because it was
managed by a compliant owner, supportive of the study. It was not randomly
selected. The calves were sampled at birth and then weekly until the end of the

* Corresponding author. Mailing address: Epidemiology Unit, Scot-
tish Agricultural College, Drummondhill, Stratherrick Rd., Inverness
IV2 4JZ, United Kingdom. Phone: 44 (01463) 243 030. Fax: 44 (01463)
711 103. E-mail: m.pearce@ed.sac.ac.uk.

1708



sampling period in January 2002. One calf died shortly after birth and was
sampled once; a second calf died 4 weeks after birth and was sampled three
times. Dams were sampled at the time of calving and at the end of the sampling
period, with the exception of one dam which was sampled at calving only, one
dam which was sampled at the end of the sampling period only, and a third dam
which was sampled neither at calving nor at the end of the sampling period. In
addition, as part of a separate study, rectal fecal samples were taken from dams
on 3 September and 10 December and screened for the presence of E. coli O157
only. Animals were not sampled for 2 weeks (weeks 18 and 19) during the
Christmas and New Year season. The presence or absence of scouring was noted
in calves at the time of sampling. A calf with liquid feces was classified as
scouring, but it was not graded and, to the best of our knowledge, none of the
scouring calves received treatment. From the beginning of the study until they
were housed (week 11), the study animals were allowed to run together in the
same field on pasture. On 9 November 2002, the group was housed on straw
bedding. While housed, the group remained together, although recently calved
cows and their offspring were sometimes kept apart from the main group on
straw bedding in nursery pens, typically for 1 to 2 weeks. Samples were refrig-
erated within 2 h of sampling and kept at 5°C.

IMS. Within 48 h of sampling, 1 g of feces from each sample was suspended
in 20 ml of buffered peptone water (BPW) and incubated at 37°C for 6 h.
Following incubation, 1 ml of BPW broth was added to 20 �l of serogroup-
specific IMS beads (serogroups O26, O103, O111, and O145 [LAB M, Bury,
Lancashire, United Kingdom]; serogroup O157 [Dynal Biotech Ltd., Brombor-
ough, Wirral, United Kingdom]) in a screw-cap microcentrifuge tube for each of
serogroups O26, O103, O111, O145, and O157. The tube contents were mixed on
a blood tube rotator for 30 min, and then the tubes were placed in IMS magnet
racks for 5 min. The beads then were washed three times as follows. From each
tube, the supernatant was removed and the beads were resuspended in 1 ml of
0.01 M phosphate-buffered saline (PBS) with 0.05% (wt/vol) Tween; each tube
was inverted gently four or five times and then placed in a magnet rack for 3 min.
Following the final wash, the supernatant was removed and the beads were re-
suspended in 50 �l of PBS–0.05% Tween. To ensure that the beads were thor-
oughly suspended, the tubes were held upright and flicked gently several times.

Fifty-microliter suspensions of serogroup O157 beads were plated on sorbitol-
MacConkey agar supplemented with cefixime (2.5 mg liter�1) and potassium
tellurite (0.05 mg liter�1). Non-sorbitol-fermenting colonies were picked, plated
on Chromocult coliform agar (Merck, Poole, Dorset, United Kingdom), and
incubated overnight at 37°C; distinctive hazy red-pink colonies were tested with
anti-E. coli O157-coated latex reagent (Oxoid, Basingstoke, United Kingdom).
Fifty-microliter suspensions of serogroup O26, O103, O111, and O145 beads
were plated on Chromocult TBX plates (Merck) and incubated at 37°C over-
night. From each Chromocult TBX plate, all morphologically different colonies
were tested against serogroup-specific antisera (Statens Serum Institut, Copen-
hagen, Denmark) by a slide agglutination test. In rare cases, when there were 11
or more morphologically different colonies, the number of colonies tested by
slide agglutination was restricted to 10. All strains isolated by IMS were tested
for the presence of vtx1, vtx2, eae, and ehl by using the methods described below.

PCR and DNA hybridization assays. Following the removal of 1 g of feces
from samples for IMS testing, fecal samples were forwarded in cool boxes with
ice bricks to the Laboratory of Enteric Pathogens, Central Public Health Labo-
ratory, Colindale, United Kingdom, for PCR and DNA hybridization testing.
Samples were stored at 5°C upon arrival and tested within 48 h of receipt. From
each sample, 1 g of feces was suspended in 4 ml of PBS; 200 �l of the suspension
was added to 10 ml of BPW and incubated overnight at 37°C. From each culture,
10 �l of the suspension was plated on MacConkey agar and incubated overnight
at 37°C. Nutrient broths were inoculated with a sweep of mixed colonies from the
MacConkey agar plates, incubated on an orbital shaker at 37°C for 2 to 4 h, and
then tested for the presence of vtx1 and vtx2 by PCR by the method described by
Willshaw et al. (46). From MacConkey agar plates with PCR-positive colonies,
colonies were transferred by replica plating to nylon membranes placed on
nutrient agar plates and incubated at 37°C for 4 to 6 h. These membranes were
prepared for hybridization by the method described by Maniatis et al. (27).
Individual VTEC colonies were identified by DNA hybridization with a mixture
of vtx1 and vtx2 polynucleotide probes (43, 47). vtx probe-positive colonies on the
master plate were subcultured on MacConkey agar. All subcultures were
checked by PCR as described above to confirm that a verocytotoxin-producing
strain had been isolated. eae and ehl were detected by PCR by the methods
described by Oswald et al. (34) and Schmidt et al. (38).

PFGE. Pulsed-field gel electrophoresis (PFGE) analysis was based on previ-
ously described techniques (2, 14). A single colony of each strain was incubated
overnight in 5 ml of Luria-Bertani broth (Gibco BRL, Life Technologies, Paisley,
United Kingdom) at 37°C. Cells suspended in broth cultures were pelleted by

centrifugation, washed twice in SE buffer (75 mM NaCl, 25 mM EDTA [pH
8.0]), and resuspended in 2.5 ml of SE buffer. Chromosome-grade agarose
(Bio-Rad Laboratories, Hemel Hempstead, United Kingdom) was prepared in
10 mM Tris–0.1 mM EDTA to a final concentration of 1.2%. Plugs were formed
by mixing 0.5 ml of cell suspension with 0.5 ml of agarose preparation and
pipetting the mixture into plug molds (Bio-Rad). After solidification, the plugs
were transferred to lysis buffer (50 mM Tris, 50 mM EDTA [pH 8.0], 1%
N-laurylsarcosine, 0.1% [wt/vol] proteinase K). The tubes were incubated over-
night at 55°C. After lysis, the lysis buffer was removed and the plugs were washed
twice for 15 min each time in TE (10 mM Tris, 1 mM EDTA [pH 8.0]) containing
1.5 mM phenylmethylsulfonyl fluoride and then four times for 15 min each time
in TE without phenylmethylsulfonyl fluoride. The plugs were stored at 4°C in TE.

Before restriction, the plugs were preincubated in 0.2 ml of 1� buffer D
(Promega, Southampton, United Kingdom). The buffer then was removed and
replaced with a fresh mixture containing 50 U of XbaI restriction enzyme (Pro-
mega), and the mixture was incubated overnight at 37°C. The plugs were washed
briefly in 0.5� Tris-borate-EDTA (TBE) buffer prior to electrophoresis.

PFGE was performed by use of a contour-clamped homogeneous electric field
DRII apparatus (Bio-Rad) with pulsed-field-certified agarose (Bio-Rad) in 0.5�
TBE buffer. The electrophoresis conditions for XbaI were a switching time
linearly ramped from 2.1 to 55 s for 22 h at 14°C and 6.0 V/cm (200 V). After
PFGE, gels were stained with ethidium bromide, and gel images were recorded
by using a Bio-Rad diversity database software image-capturing system. To
normalize bands from one gel to another, a mid-range-molecular-weight lambda
marker (New England Biolabs) was included in three lanes of each gel.

Serotyping. Each isolate analyzed by IMS and by PCR and DNA hybridization
assays was biochemically confirmed as E. coli and serotyped by the Laboratory of
Enteric Pathogens by the scheme of Kauffmann (22), which depends on the
identification of heat-stable lipopolysaccharide somatic (O) antigens (1, 22).

Statistical analysis. Statistical analysis was performed by using SAS, version
8.2 (SAS Institute Inc., Cary, N.C.). Associations between shedding in dams and
shedding in calves, between shedding and scouring in calves, and between hous-
ing and shedding were tested by using a two-tailed Fisher exact test (51). Shed-
ding patterns in calves were tested for randomness, clustering, and uniformity by
using the runs test (51). The relationship between birth order and time to onset
of shedding was tested by using the runs above and below the median test (51).
Survival curves for time to onset of first shedding of E. coli O26 and O103 were
compared by using the log-rank and Wilcoxon tests. PFGE gels were analyzed by
using BioNumerics, version 3.0 (Applied Maths, Ghent, Belgium). Fragments
smaller than 48.5 kb in length were not used in the analysis. Dice similarities were
subjected to cluster analysis as unweighted matched pair groups.

RESULTS

The first calf was born on 28 August, and the 49th calf was
born on 29 November. In all, 664 samples from calves and 86
samples from their dams were tested for E. coli O26, O103,
O111, O145, and O157; a further 84 samples from the dams

TABLE 1. Numbers of fecal samples from calves and dams with
E. coli O26, O103, O111, O145, and O157 by carriage of genes

encoding verocytotoxin, intimin, and enterohemolysin

Study group
(no. of samples)

Sero-
group

No. of fecal samples positive for
the following gene(s):

Total vtx1 vtx2
vtx1 and

vtx2
eae ehl

Calves (664) O26 115 101 1 8 114 105
O103 34 0 4 0 22 22
O111 0 0 0 0 0 0
O145 4 0 0 0 4 4
O157 4 0 3 0 4 4

Dams (86) O26 8 5 0 0 8 5
O103 13 0 0 0 0 0
O111 0 0 0 0 0 0
O145 0 0 0 0 0 0
O157a 11 0 11 0 11 11

a Includes additional samples taken from dams on 3 September 2001 and 10
December 2001 (n � 172).
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were tested for E. coli O157 only. Table 1 shows the number of
fecal samples in which E. coli O26, O103, O111, O145, and
O157 isolates were detected by either IMS or PCR and DNA
hybridization assays and, for each serogroup, the number of
samples with isolates carrying vtx1, vtx2, eae, and ehl. Table 2
shows a breakdown of E. coli O26, O103, O111, O145, and
O157 isolates by isolation procedure and the carriage of vtx1,
vtx2, eae, and ehl. The rates at which calves began shedding
E. coli O26 and O103 for the first time are shown in Fig. 1 and
differed significantly between the two serogroups (log-rank
test: �2 � 66.53, P � 0.0001) (Wilcoxon test: �2 � 53.04, P �
0.0001). The rate at which calves began shedding E. coli O26
for the first time was five times faster than that for E. coli O103.
Scouring was diagnosed in 12 calves, 2 of which had scouring
on two separate occasions.

Serogroup O26. E. coli O26 was found in 115 (17.3%) of 664
calf samples and 8 (9.1%) of 88 samples from dams. Shedding
was detected in 46 (93.9%) of 49 calves and 7 (15.6%) of 45
dams. The temporal patterns of E. coli O26 shedding in calves
and their dams are shown in Fig. 2. With the exception of two
calves that died soon after birth, all calves but one shed E. coli
O26 at some point during the study. Twenty-five percent of
calves began shedding within 1 week of birth, and 50% did so
within 2 weeks of birth; the mean age at which shedding was
first detected was 16.5 days (standard deviation, 12.8 days).
Age at the onset of the first shedding episode was not related
to birth order within the cohort (n1 � 23, n2 � 23, u � 25
[where n1 is the number of calves that began shedding before
the median age of onset of shedding among all calves, n2 is the
number of calves that began shedding after the median age of
onset of shedding among all calves, and u is the number of runs
in the sequence of calves, ranked by date of birth]; P � 0.5).
Ninety-one percent of shedding episodes lasted 1 to 2 weeks,
and the longest lasted 5 weeks; of the 47 calves that lived
longer than 3 weeks, 25 (53%) had multiple episodes of shed-
ding. The patterns of E. coli O26 shedding in calves were
generally random but clustered in calves 674 (n1 � 15, n2 � 3,
u � 3 [where n1 is the number of sampling events in which E.
coli O26 was not defected, n2 is the number of sampling events
in which E. coli O26 was detected, and u is the number of runs
in the sequence of sampling events]; 0.01 � P � 0.025), 677 (n1

� 14, n2 � 3, u � 3; 0.01 � P � 0.025), 683 (n1 � 13, n2 � 4,

u � 4; 0.05 � P � 0.025), 688 (n1 � 13, n2 � 3, u � 3; 0.05 �
P � 0.025), and 702 (n1 � 9, n2 � 5, u � 3; 0.005 � P � 0.01).

Of the 115 calf fecal samples in which E. coli O26 was
detected, 101 (87.8%) harbored E. coli O26 isolates with vtx1,
1 (0.9%) had an isolate with vtx2, and 8 (7.0%) had isolates
with both vtx1 and vtx2; 114 samples (99.1%) had isolates with
eae; and 105 samples (91.3%) had isolates with ehl. Of the 8
dam fecal samples with E. coli O26, 5 (62.5%) had E. coli O26
isolates with vtx1, but none had isolates with vtx2; all 8 samples
had isolates with eae; and 5 samples (62.5%) had isolates with
ehl. Serogroup O26 isolates comprised seven PFGE patterns,
designated A to G (Fig. 3). The dominant pattern, D, repre-
sented 132 (85.7%) of 154 isolates, and of these, 129 were vtx1

positive, vtx2 negative, and eae positive. The next most common
pattern, F, represented 11 isolates (7.1%), followed by pattern
C, representing 7 isolates (4.5%). Seven of the 11 pattern F
isolates possessed vtx1 and vtx2, and all 11 pattern F isolates
possessed eae. All pattern C stains were vtx1 and vtx2 negative
and eae positive. Six dams shed E. coli O26 at the time of
calving: one shed E. coli O26 with PFGE pattern F, two shed
pattern C isolates, and three shed pattern D isolates. The
calves of all six dams shed E. coli O26, and the first PFGE

FIG. 1. Time from birth to onset of first shedding of E. coli O26
and E. coli O103 in calves.

TABLE 2. Numbers of E. coli O26, O103, O111, O145, and O157 isolates from calves and dams by isolation procedure
and genes encoding verocytotoxin, intimin, and enterohemolysin

Serogroup Test
No. of isolates carrying the following gene(s):

Total vtx1 vtx2 vtx1 and vtx2 eae ehl

O26 IMS 114 97 1 6 113 105
PCR-DNA hybridization 40 36 0 4 40 37

O103 IMS 45 0 1 0 22 21
PCR-DNA hybridization 3 0 3 0 1 2

O145 IMS 4 0 0 0 4 4
PCR-DNA hybridization 0 0 0 0 0 0

O157 IMSa 10 (15) 0 (0) 9 (14) 0 (0) 10 (15) 10 (14)
PCR-DNA hybridization 0 0 0 0 0 0

a Values in parentheses include additional samples taken from dams on 3 September 2001 and 10 December 2001 (n � 172).
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pattern shed by all of them was pattern D. The calves of the
dams shedding E. coli O26 with PFGE pattern C never shed
pattern C. The calf of the dam shedding E. coli O26 with PFGE
pattern F shed pattern F once, 4 weeks after birth.

There was no significant association between shedding of
E. coli O26 by dams and shedding by calves either within 1 week
of birth (P � 1.00) or at the end of the study (P � 1.00), and
there was no significant association between shedding of E. coli
O26 and scouring in calves (P � 0.48). No significant change
was detected in the rate of shedding 1 week after housing (P �
1.00) or 2 weeks after housing (P � 1.00) compared with the
results seen the week before housing.

Serogroup O103. E. coli O103 was found in 34 (5.1%) of 664
calf samples and 13 (14.8%) of 88 samples from dams. The
patterns of E. coli O103 shedding in calves and their dams are
shown in Fig. 4. Twenty-five calves (51%) shed serogroup
O103 at some point during the study. Twenty-five percent of
calves began shedding E. coli O103 within 50 days of birth, and
50% did so within 103 days of birth. Ninety-three percent of
shedding episodes lasted 1 to 2 weeks, and the longest lasted 4
weeks. Of the 47 calves that lived longer than 3 weeks, only 2
(4%) had multiple episodes of shedding. Shedding of E. coli
O103 was random in all calves except for calf 683, in which
shedding was clustered (n1 � 13, n2 � 4, u � 2; P � 0.001).
Only one dam was shedding E. coli O103 at calving, but 12
(27.9%) of 43 were shedding on the last day of the study.

Of the 34 calf fecal samples in which E. coli O103 was
detected, only 4 (11.8%) harbored VTEC O103 isolates, all
with vtx2 only; 22 samples (64.7%) had isolates with eae, and
the same proportion had isolates with ehl. None of the E. coli
O103 isolates from dams possessed vtx1, vtx2, eae, or ehl. Se-
rogroup O103 isolates comprised 10 unrelated PFGE patterns,
designated A to J (Fig. 5). There were two dominant patterns:
B, representing 17 (35.4%) of 48 isolates, and D, representing
13 (27.1%) of 48 isolates. Fifteen of the 17 pattern B isolates
were vtx1 and vtx2 negative, while 2 isolates possessed vtx2 only.
All pattern B isolates were eae positive. All pattern D isolates
were vtx1, vtx2, and eae negative. All but one of the pattern B
isolates were isolated during study weeks 12 to 17 and repre-
sented 16 (80.0%) of the 20 isolates obtained during that
period; the remaining pattern B isolate was obtained during
the final week of the study. All pattern D isolates were ob-
tained during the last week of the study and represented 13
(86.7%) of the 15 isolates obtained during that week.

There was no significant association between shedding of
E. coli O103 by dams and shedding by calves within 1 week of
birth (P � 1.00) or at the end of the study (P � 0.22). There
was no significant association between shedding of E. coli O103
and scouring in calves (P � 0.16). There was no change in the
rate of shedding 1 week after housing (P � 1.00) compared
with the results seen the week before housing. Shedding of E.
coli O103 was not detected in the second week after housing.

Serogroups O111 and O145. Serogroup O111 was not de-
tected in feces from any of the cows or calves sampled. E. coli

FIG. 2. Pattern of E. coli O26 shedding in calves, including number
of calves shedding, number of calves sampled, and proportion of sam-
pled calves shedding, by week of study. Dams and calves were housed

at week 11. Calves shedding, calves not shedding, dams shedding, and
dams not shedding are indicated by black squares, gray squares, up-
percase “X,” and uppercase “O,” respectively.
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O145 was detected in 4 (0.6%) of 664 samples. Calf 684 was
shedding at 5 and 14 days after birth, and calves 690 and 679
were shedding at 9 and 31 days after birth, respectively. E. coli
O145 was not found in any fecal samples from dams. All E. coli
O145 isolates were vtx negative but eae and ehl positive. The
PFGE patterns of all serogroup O145 isolates obtained during
the study were indistinguishable.

Serogroup O157. E. coli O157 was detected in 4 (0.6%) of
664 calf samples and 11 (6.4%) of 172 samples from dams. Calf
683 was shedding E. coli O157 on the day after birth, and calves
658, 659, and 697 were shedding at 6 days, 8 weeks, and 15
weeks after birth, respectively. No E. coli O157 was detected in
feces from the dams of these four calves during the study. Five
dams were shedding on 3 September. The other six dams were
shedding at the time of calving. E. coli O157 shedding was not
detected in any cattle on the farm from 1 October until the end
of the study. All but one E. coli O157 isolate carried vtx2, but
none carried vtx1; all isolates carried eae; and all but one isolate
carried ehl. The PFGE patterns of all serogroup O157 isolates
obtained during the study were identical.

Shedding of multiple serogroups. Two or more of the target
E. coli serogroups were detected in 10 (1.3%) of 756 samples.
There was a significant association between shedding of E. coli
O26 and shedding of E. coli O145 in calves (P � 0.018), but
there was no association for shedding of any other pair of
serogroups. Only in calf 683 were more than two serogroups
found in the same sample: in week 3 of the study, this calf was
shedding E. coli O26, O103, and O157.

DISCUSSION

E. coli O26 was the most commonly shed serogroup of those
tested in calves and the second most commonly detected se-
rogroup in dams. Shedding of E. coli O26 by calves began
within a few weeks of birth and persisted in the cohort through-
out the study. There was a marked pulse of shedding among
calves during weeks 3 to 7, when the prevalence of shedding
was above 30% and peaked at 60%. After this time, the prev-
alence of shedding dropped abruptly and remained much low-
er. This fourfold decrease in prevalence resulted from a de-
crease in the number of calves shedding rather than an increase
in the population of calves in the cohort. Shedding was gener-
ally random and unrelated to age, although shedding on con-
secutive weeks was common and clustering of shedding did
occur in five calves.

Over 90% of E. coli O26 isolates from calves and dams
carried vtx1, eae, and ehl, and vtx1 was carried 13 times more
commonly than vtx2. These results agree with the findings of

several other studies which found that bovine E. coli O26
strains typically carry vtx1 and eae but not vtx2 (5, 7, 33, 37).
However, high rates of carriage of vtx2 among E. coli O26
isolates from cattle have been reported (15). It is notable that
among serogroup O26 strains isolated during this study, the
carriage of vtx2 was almost invariably associated with the car-
riage of vtx1. In strains of E. coli O26 associated with diarrhea
and HUS in humans, it is common to find vtx1, eae, and ehl (39,
52). Some strains carrying vtx2 have also been associated with
diarrhea and HUS (29). The patterns of virulence factors car-
ried by the majority of bovine strains in this study are therefore
consistent with those of strains pathogenic for humans.

E. coli O103 was the second most commonly shed serogroup
of those tested in calves but the most commonly detected sero-
group in dams. The pattern of shedding in calves was sporadic
and random; clustering of shedding was apparent in only one
calf. It is remarkable that all but one of the E. coli O103
isolates from dams were detected at the end of the study. Half
of the E. coli O103 isolates from calves carried eae and ehl, but
these genes were absent in isolates from dams. PFGE results
showed that only a single strain was being shed by dams at the
end of the study. This strain, of PFGE pattern D, was detected
only during the last week of the study, suggesting that it was a
newly introduced strain. The carriage of eae and ehl may confer
a selective advantage for the colonization of the calf gut. Car-
riage of verocytotoxin-encoding genes by E. coli O103 was rare
and occurred only in strains from calves. In this study, the only
verocytotoxin-encoding gene detected in E. coli O103 strains
was vtx2. This novel result contrasts with the findings of a
number of other studies in which VTEC O103 possessed vtx1

only (5, 19, 32, 45, 48).
The patterns of shedding of E. coli O26 and O103 in calves

were very different. E. coli O26 was shed much more com-
monly and earlier in life than E. coli O103. Unlike serogroup
O103, serogroup O26 was shed by a higher proportion of dams
at calving than at the end of the study; this result suggests
higher E. coli O26 activity at calving—and a greater force of
infection for calves than at the end of the study. In addition,
the vtx1, eae, and ehl genes were much more common in E. coli
O26 than in E. coli O103 and may play an important role in
facilitating colonization and persistence in the calf gut.

The absence of E. coli O111 shedding was striking, since this
serogroup has been found frequently in cattle (32, 37, 45).
However, the low prevalence of E. coli O145 shedding is con-
sistent with the findings of other studies (30, 37, 45). Despite
shedding of E. coli O157 by six dams at calving and five dams
during quarterly sampling in September, shedding in calves

FIG. 3. PFGE patterns (A to G) of E. coli O26 isolates following XbaI digestion.
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was sporadic and infrequent. Other studies have also found the
prevalence of shedding of E. coli O157 by young calves to be
low (13, 16, 17). All but one isolate of E. coli O157 from calves
and dams in this study carried vtx2, eae, and ehl. This finding is
significant, since vtx2 and eae are regarded as important viru-
lence factors found in E. coli O157 strains associated with HC
and HUS in humans (3, 25, 46).

Concurrent shedding of more than one serogroup was un-
common and, with the exception of E. coli O26 and O145, we
found no tendency for two serogroups to be shed simulta-
neously more than could be expected by chance. Although
E. coli O145 was detected in only four samples, in three of
these it occurred simultaneously with E. coli O26. In one calf
sample, serogroups O26, O103, and O157 were all detected,
demonstrating that simultaneous shedding of more than two
serogroups may occur.

A study of Australian dairy herds reported that calves are
more than twice as likely to shed VTEC when born to a dam
shedding VTEC (11). The majority of E. coli O26 and O157
strains isolated in this study were verocytotoxigenic. However,
we found no association between shedding of E. coli O26 or
O157 by dams and shedding by calves in the first week of life
or at the end of the study. Similarly, we found no association
between shedding of E. coli O103 by dams and shedding by
calves in the first week of life or at the end of the study, but
most E. coli O103 isolates were not verocytotoxigenic. These
findings suggest that for E. coli O26, O103, and O157, hori-
zontal transmission from the environment or cattle other than
the dam was a more important route of infection for calves
than vertical transmission from the dam.

Housing of cattle results in a number of major environmen-
tal changes. In addition, housing is usually associated with
changes in diet. In this study, the diet of dams changed from
unsupplemented grass to a mixture of silage, barley, and min-
erals at the time of housing, and calves were given access to
concentrates and commercially prepared calf rations. Changes
in diet have been shown to affect the patterns of shedding of
E. coli O157 (8), and it has been proposed that stress related to
crowding and competition and increased mutual licking and
sucking among cattle associated with housing encourage the
shedding of E. coli O157 (13). However, our results indicated
that housing had no detectable effect on shedding of E. coli
O26 and O103 among calves in the short term. There were
insufficient data to assess the impact of housing on shedding of
E. coli O145 and O157.

Several groups have reported the presence of VTEC in feces
from scouring calves (11, 18, 31, 33, 41). One report claimed a
significant association between the presence of VTEC and
scouring (31), but another found no such association (11).
E. coli O26, in particular, has been associated with diarrhea in
calves (18, 33, 41). E. coli O26 was commonly found in calf
fecal samples in this study, and most isolates carried genes

FIG. 4. Pattern of E. coli O103 shedding in calves, including num-
ber of calves shedding, number of calves sampled, and proportion of
sampled calves shedding, by week of study. Dams and calves were
housed at week 11. Calves shedding, calves not shedding, dams shed-
ding, and dams not shedding are indicated by black squares, gray
squares, uppercase “X,” and uppercase “O,” respectively.
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encoding verocytotoxins. However, we did not find any link
between shedding of E. coli O26 generally or VTEC O26 more
specifically and scouring in calves. Given the level of E. coli
O26 shedding activity, we wonder whether dams were trans-
ferring protective antibodies in colostrum to their calves,
thereby preventing VTEC-related scouring in calves. On re-
flection, it is regrettable that we did not test colostrum for
antibodies against lipopolysaccharide antigens and verocyto-
toxins. In E. coli O103 isolates, the carriage of genes encoding
verocytotoxins was rare. As with E. coli O26, there was no
apparent association between shedding of E. coli O103 gener-
ally or VTEC O103 more specifically and scouring in calves.
We examined calves weekly and may have missed scouring
episodes lasting less than 7 days. In human VTEC infections,
clearance of VTEC may be rapid following the onset of clinical
signs (21, 28, 44). If the clearance of VTEC was rapid following
the onset of clinical signs in calf infections, we may have failed
to detect VTEC when we diagnosed scouring. More frequent
sampling might have strengthened the statistical power of our
study of the association between shedding and scouring in
calves. The small numbers of E. coli O145 and O157 strains
isolated in this study did not permit any meaningful assessment
of the association between scouring and shedding of these
serogroups in calves.

We know from our study and others (32, 33, 37) that calves
may shed VTEC O26, O103, O145, and O157 isolates, which
are associated with disease in calves and humans. The concen-
tration of E. coli in calf feces is considerably higher than that
in adult cattle feces. In calves that are 1 to 2 weeks old, the
density of E. coli in feces is 108 to 109 CFU per g, and at 10 to
20 weeks, it is 106 to 107 CFU per g; in adult cattle, it is merely
104 CFU per g (42). We do not know whether the population
of VTEC varies proportionately with the overall E. coli popu-
lation in cattle feces. We did not obtain counts for E. coli O26,
O103, O111, and O145 isolates in fecal samples because, un-
like the situation for serogroup O157, no suitable indicator me-
dia exist and no practicable method exists for counting isolates
of these serogroups in large numbers of samples. If the popu-
lation of VTEC does vary proportionately with the overall
E. coli population in cattle feces, calves would represent an
important source of VTEC, capable of shedding greater total
numbers of VTEC per head than more mature cattle—and this
situation could greatly affect the dynamics of infection within a
herd. This notion is pertinent because of the potential for

human VTEC infection at petting zoos and open farms (9), the
risk of veal carcass contamination at slaughter, and the possi-
bililty of calves acting as a VTEC reservoir, with horizontal
transmission to other farm livestock. The management of
calves would require extra care to minimize these risks.

We believe that this is the first reported epidemiological
study to use IMS for the detection of selected E. coli sero-
groups other than O157 in cattle. Surveys using PCR and DNA
hybridization assays to detect VTEC shedding in cattle provide
no information on shedding of non-VTEC O26, O103, O111,
and O145. This study demonstrated that IMS enabled detec-
tion of nonverocytotoxigenic E. coli O26, O103, O145, and
O157 in cattle feces and permitted estimation of the propor-
tion of each serogroup that was verocytotoxigenic. The use of
IMS increased the detection of VTEC O26 and O157 substan-
tially. Our results suggest that IMS yielded better recovery of
VTEC O26 and O157 than PCR and DNA hybridization as-
says, but the outperformance by IMS may have arisen because
the amount of feces tested in the IMS protocol was larger than
that tested in the PCR-DNA hybridization protocol.

Rectal sampling requires animals to be moved and held in
restraining facilities. It was not practicable to do this more than
once per week on our study farm, although more frequent
sampling of study cattle may have increased the sensitivity of
detection for our target serogroups. Moving animals for sam-
pling may have altered the transmission of the E. coli sero-
groups under study and the dynamics of infection, especially
since other cattle in the herd were present in the same facilities
during the course of the study. The impact of sampling strat-
egies on the results of VTEC surveys has received scant atten-
tion, and critical evaluation is urgently required. Finally, our
study investigated the epidemiology of shedding in a cohort of
autumn-born calves only, and we recommend further research
to determine whether our findings can be generalized to calves
born in different seasons and under different management
practices.
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