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A study of Escherichia coli O157:H7 transmission and shedding was conducted with bull calves housed in
individual pens within a confined environment. For comparative purposes, the numbers and duration of E. coli
O157:H7 shedding in naturally infected calves were monitored after a single purchased calf (calf 156) tested
positive prior to inoculation. During the next 8 days, the calves in adjacent pens and a pen directly across a
walkway from calf 156 began to shed this serotype O157:H7 strain. Five of the eight calves in this room shed
this O157:H7 strain at some time during the following 8 weeks. The numbers of E. coli O157:H7 isolates shed
in these calves varied from 60 to 105 CFU/g of feces, and the duration of shedding ranged from 17 to >31 days.
The genomic DNAs from isolates recovered from these calves were indistinguishable when compared by using
XbaI digestion and pulsed-field gel electrophoresis. Inoculation of calves with 1 liter of water containing ca. 103

to 104 CFU of E. coli O157:H7/ml resulted in shedding in 10 of 12 calves (trial 1, 4 of 4 calves; trial 2, 6 of 8
calves). The inoculated calves shed the inoculation strain (FRIK 1275) as early as 24 h after administration.
The duration of shedding varied from 18 to >43 days at levels from 102 to 106 CFU/g of feces. The numbers
of doses necessary to initiate shedding varied among calves, and two calves in trial 2 never shed FRIK 1275
after four doses (ca. 106 CFU per dose). Results from this study confirm previous reports of animal-to-animal
and waterborne dissemination of E. coli O157:H7 and highlight the need for an effective water treatment to
reduce the spread of this pathogen in cattle.

Escherichia coli O157:H7 is a human pathogen that can
cause hemorrhagic colitis and in some cases hemolytic uremic
syndrome (20). Although a variety of foods have been linked
with outbreaks involving E. coli O157:H7 (2, 8, 33, 39), ground
beef is the most frequently implicated vehicle in foodborne
outbreaks (19, 20, 33). Epidemiological data indicate that water-
borne and person-to-person transfer are also important modes
of transmission (33). The association of E. coli O157:H7 with
cattle and bovine products has focused research on slaughter
practices and decontamination of carcasses in order to circum-
vent this zoonosis (1, 6, 7, 27).

Cattle production practices have been evaluated for an as-
sociation with the presence of E. coli O157:H7 in cattle in
order to identify possible intervention points that may decrease
its prevalence in cattle (14, 17, 21, 38, 45). The age of cattle (12,
17), diet (5, 11, 13, 24, 30, 31), grouping of pre- and post-
weaned calves (15, 17, 30, 31, 38), and contaminated animal
drinking water (15, 31, 38) have been identified as contributing
factors to cattle shedding serotype O157:H7 strains. In addi-
tion to these risk factors, several animal vectors other than
cattle have been identified and include birds, deer, flies, hu-
mans, and raccoons (19, 31, 37, 38, 41). It is unknown if the
elimination of these animal vectors or the application of hus-
bandry practices to circumvent the previously identified risk
factors will significantly reduce the number of cattle shedding
this human pathogen.

Most inoculation studies of cattle with E. coli O157:H7 have
used high numbers (i.e., 1010 CFU) of the organism to dose
calves (4, 11, 12, 22, 34) in order to assess pathogenicity and
duration of shedding. Although these initial studies have pro-
vided valuable information regarding the distribution and
shedding of the organism, this inoculum level is not represen-
tative of the numbers of E. coli O157:H7 isolates present in
environmental samples. In bovine feces, the numbers of E. coli
O157:H7 organisms range from 2.0 � 102 to 8.7 � 104 CFU/g
(3, 38). Therefore, it is not surprising that shedding in cattle is
sporadic and transient (11, 12, 35, 38). Other possible expla-
nations for sporadic, low-level shedding of E. coli O157:H7 in
cattle include intermittent environmental exposure to the or-
ganism and the persistence of an undetectable number of cells
in the digestive tract or associated location that periodically
replicate to a detectable level.

This study was undertaken to investigate water as a potential
vehicle of E. coli O157:H7 transmission in cattle in a controlled
environment where exposure to nonbovine animals and some
environmental sources is eliminated. Cattle were dosed with
water containing 103 to 104 CFU of E. coli O157:H7 per ml,
and the numbers shed and the duration of shedding were
monitored. During necropsy, sections from throughout the in-
testinal tract were collected and analyzed for the pathogen to
determine if there was localization.

MATERIALS AND METHODS

Bacterial strain and inoculum. E. coli O157:H7 strain Food Research Insti-
tute-Kaspar culture collection number 1275 (FRIK 1275) was the predominant
strain recovered from a positive cattle herd in a previous study (38). The strain
was stored at �70°C following growth in nutrient broth (Difco Laboratories,
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Detroit, Mich.) at 37°C with shaking (150 rpm) and the addition of sterile
glycerol (10% final concentration). The inoculum containing FRIK 1275 was
prepared with stationary-phase cells (18-h culture) grown in Trypticase soy broth
(Difco). The cells were pelleted by centrifugation (8,000 � g, 20 min), resus-
pended in sterile tap water, and used to inoculate animal drinking water at a final
concentration of 103 to 104 CFU/ml. The final concentration of FRIK 1275 in
animal drinking water was determined by diluting water samples in 0.1% pep-
tone, plating on Trypticase soy agar plates, incubating the plates at 37°C for 24 h,
and enumerating the colonies.

Cattle maintenance and inoculation. Calves were purchased from local farm-
ers and obtained from the University Agricultural Research Station farms. Fol-
lowing transportation to the Livestock Laboratory at the University of Wiscon-
sin—Madison, calves were dosed with BoviShield (Pfizer Animal Health, Exton,
Pa.), Micotil 300 (Elanco Animal Health, Indianapolis, Ind.), and/or Nuflor
(Schering-Plough Animal Health, Kenilworth, N.J.) as needed. Inoculation of
the calves did not occur for 24 days following the last injection to allow for
clearance of the antibiotic.

Weaned bull calves (79 to 168 kg in weight) were housed in individual pens
within an indoor, climate-controlled containment facility (65°F, 50% relative
humidity). The pens had grated floors to minimize manure accumulation and
facilitate cleaning. The metal bars separating pens allowed for some contact
between calves in adjacent pens. The pens and central walkway were cleaned
daily, and feed and water were provided outside the pens with access through
headgates in order to minimize fecal contamination and direct human-calf con-
tact. Access to the rooms was restricted to animal caretakers and investigators.
Calves were fed an alfalfa-grain blend that consisted of whole corn (30%), whole
oats (15%), oat groats (15%), whole roasted soybean (14%), alfalfa meal pellets
(7%), liquid molasses (4%), calcium carbonate (1%), Bovatec premix (0.7%;
Hoffman-LaRoche, Inc., Nutley, N.J.), salt and trace minerals (0.3%), and vita-
mins A and D (0.2%). Water containers were rinsed daily to remove residual
feed and filled with fresh tap water. Water was provided ad libitum except during
the 12 h preceding inoculation.

The study was conducted in two rooms containing eight pens per room (two
rows of four pens). In trial 1, the study of naturally infected calves was conducted
in one room while inoculated and control calves were in the second room (one
row of four were inoculated and the second row of four were control calves). The
eight inoculated calves were housed in one room and the three control calves
were held in the second room in trial 2.

Prior to inoculation, fecal samples were collected from calves and tested for E.
coli O157:H7 to ensure that calves were not shedding the organism prior to
inoculation. After overnight withdrawal of water, calves were provided 1 liter of
water in a separate container from that used for the drinking water, with
O157:H7 strain FRIK 1275 at a final concentration of 103 to 104 CFU/ml. In trial
1, four calves were provided this inoculum on three consecutive days, whereas
the eight calves in trial 2 were provided a single dose or multiple doses, depend-
ing on whether they began to shed FRIK 1275 after inoculation. To allow for
fecal-test results to be completed, doses in trial 2 were administered at 1-week
intervals. Calves were given a maximum of four doses. In both trials, uninocu-
lated calves were monitored for E. coli O157:H7 shedding as a control.

Sample collection and postmortem examination. Fecal samples (ca. 30 to 50 g)
were obtained by digital rectal retrieval and placed in a sterile receptacle. Feed
and water samples were collected in sterile containers (Whirlpack bags or spec-
imen cups). Samples were transported to the lab and tested within 2 h of
collection. Calves were euthanatized at the end of the study with sodium pen-
tobarbital, and the intestinal tract was removed. Segments of the intestinal tract
were observed for signs of pathology, and sections (20 to 50 g) from the rumen
(three samples), reticulum, omasum, abomasum, duodenum, jejunum, ileum,
cranial colon, cecum, and caudal colon were removed and tested for the presence
of E. coli O157:H7.

Blood was collected weekly by venous puncture of the tail vein. The serum was
collected by using a Corvac serum separator tube (Sherwood Medical Company,
St. Louis, Mo.), and the red blood cells were removed by centrifugation at 4,000
� g for 15 min. The serum was decanted and stored at �20°C until tested. The
titers of sera from individual calves were determined for immunoglobulin G
(IgG) specific for lipopolysaccharide from strain FRIK 1275 by using an indirect
enzyme-linked immunosorbent assay (29).

Microbiological testing. The presence of E. coli O157:H7 in 10-g samples of
feces and feed and 100 ml of water was determined as previously described (38).
Samples were enriched in modified EC broth (Difco) supplemented with novo-
biocin (20 �g/ml; Sigma) for 18 to 24 h at 37°C with shaking (100 rpm). Following
enrichment, samples were serially diluted in 0.1% peptone (Difco) and plated at
final dilutions of 10�3, 10�4, and 10�5 per ml. The dilutions were plated in
duplicate on MacConkey sorbitol agar (Difco) supplemented with cefixime (50

�g/liter; Lederle Labs, Pearl River, N.Y.) and potassium tellurite (2.5 mg/liter;
Sigma) (42). The plates were incubated at 42°C and examined for the presence
of sorbitol-negative (i.e., white) colonies. Sorbitol-negative colonies (maximum
of 10) were tested for the O157 antigen by latex agglutination (liquid suspension;
Oxoid, Basingstoke, England). Additionally, isolates were confirmed biochemi-
cally to be E. coli by using an API 20E biochemical strip (bioMerieux Vitek, Inc.,
Hazelwood, Mo.). In trial 1, a maximum of five confirmed colonies were retained
from each positive sample and stored in nutrient broth (Difco) supplemented
with glycerol (10%) at �70°C until subtyping was conducted.

Enumeration of E. coli O157:H7 isolates. Feces from inoculated and naturally
infected calves were serially diluted in 0.1% peptone and spread plated on
duplicate plates of MacConkey sorbitol agar plates supplemented with cefixime
and potassium tellurite to determine the number of E. coli O157:H7 isolates shed
per gram. Plates were incubated at 42°C for 18 to 24 h and examined for the
presence of sorbitol-negative colonies, which were tested for the presence of the
O157 antigen as described above. Sorbitol-negative colonies that were also O157
agglutination positive were enumerated. The ranges of CFU per gram reported
were determined from 28 fecal samples collected from five naturally infected
calves and 10 fecal samples from four inoculated calves. The minimum detection
limit of this procedure was approximately 100 CFU/g.

Genomic subtyping. The pulsed-field gel electrophoresis (PFGE) technique of
contour-clamped homogeneous electric fields (CHEF) and XbaI were used for
genomic typing of isolates. A maximum of five isolates from each positive sample
from trial 1 were analyzed. XbaI (Promega Corp., Madison, Wis.) was used for
digestion of genomic DNA as described previously (23, 32). Following digestion,
the genomic DNA fragments were resolved by CHEF-PFGE using a CHEF-
DRII apparatus (Bio-Rad Laboratories, Richmond, Calif.) at 200 V for 21 h at
14°C, and switch times ramped from 1 to 60 s. MidRange II PFG markers (New
England Biolabs, Inc., Beverly, Mass.) were used as DNA size standards.

Statistical analysis. Numbers of E. coli O157:H7 CFU per gram of feces were
converted to log10 for analysis. The numbers of CFU shed as well as the duration
of shedding in inoculated and naturally infected calves were analyzed using the
Student t test (43). The length of shedding was the number of days from the first
E. coli O157:H7-positive fecal sample to the last positive fecal or postmortem
sample.

RESULTS

Transmission in naturally infected calves. Preinoculation
fecal testing of calves found that one calf (calf 156) was shed-
ding E. coli O157:H7. Eight calves were housed in this room
with pens in two rows of four and a central walkway between
the rows. Although the calves were in individual pens, contact
was possible between calves in adjacent pens. During the next
8 days, the calves in adjacent pens (calves 157 and 4704) and a
pen across the walkway (calf 167) from calf 156 began to shed
E. coli O157:H7 (Table 1). Calf 160 began to shed this organ-
ism 4 days after its water container and contents were ex-
changed with those of calf 157 (17 January 1998), which was
shedding E. coli O157:H7. Transmission occurred even though
a 100-ml water sample from the water container of calf 157
tested negative for the organism. Criteria used to determine
which water containers were switched included the shedding
status of the donor and recipient calves as well as the pen
location of the recipient calf. When the water container and its
contents from calf 160 were exchanged with those of calf 158
(29 January 1998), transmission of E. coli O157:H7 did not
occur. Water samples (100 ml) from the containers of calves
158 and 160 contained E. coli O157:H7 1 and 2 days before the
containers were switched, respectively. Regardless, calf 158
remained negative throughout the study even though its water
tested positive (28 January 1998) and calf 157 in an adjacent
pen was shedding E. coli O157:H7. During the 8-week study,
five of the eight calves in room 1 shed E. coli O157:H7. These
five calves shed E. coli O157:H7 for 17 to �31 days. In three
of the calves (calves 167, 156, and 4704), the organism was
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cleared from the intestinal tract as evidenced by negative fecal
and/or necropsy samples.

Genomic subtyping of the O157:H7 isolates recovered from
the naturally infected calves using XbaI digestion and pulsed-
field gel electrophoresis generated indistinguishable profiles
(data not shown). Additionally, the profile of the O157:H7
isolates recovered from these naturally infected calves was
distinct from that of the inoculation strain (Fig. 1). Addition-
ally, these findings support the conclusion of transmission of a
common strain rather than calves carrying an O157:H7 strain
which is shed at detectable numbers after the start of the study.
Because the calves originated from different herds, it is likely
that multiple O157:H7 profiles would have been detected from
calves because different herds usually have different O157:H7
subtypes (2, 32, 38).

Waterborne inoculation. In trial 1, control calves were
housed in the same room as the inoculated calves, but in a
separate row of pens where contact with the inoculated calves
was not possible. Ten fecal samples from each calf tested
negative for E. coli O157:H7 prior to inoculation. The four
calves in trial 1 inoculated with 1 liter of water (from a con-
tainer separate from that of drinking water) with strain FRIK
1275 at 103 to 104 CFU/ml began to shed the organism 24 h
after administration (Table 2). In trial 1, three doses were ad-
ministered on consecutive days because test results from sam-
ples collected 24 h after inoculation were not completed. The

FIG. 1. XbaI restriction endonuclease digestion profile of genomic
DNA from E. coli O157:H7 isolates from naturally infected (isolate
FRIK 1892) and inoculated (FRIK 1275) calves. � concatemers were
used as size standards.

T
A

B
L

E
1.

T
ransm

ission
and

shedding
of

E
.coliO

157:H
7

in
naturally

infected
dairy

calves

C
alf

no. b

R
esult(s)

of
fecaland

w
ater

sam
ple

testing
for

E
.coliO

157:H
7

on
specific

dates
(m

o/day/yr) a

1/6/98
1/8/98

1/12/98
1/14/98

1/15/98
1/16/98

1/17/98
1/18/98

1/19/98
1/20/98

1/21/98
1/22/98

1/23/98
1/26/98

1/27/98
1/28/98

1/29/98
1/30/98

2/2/98
2/3/98

2/4/98
2/6/98

2/9/98
2/11/98

2/13/98

167
�

�
�

c
�

w
d�

�
,w

�
w

�
�

w
�

�
w

�
�

�
w

�
�

,w
�

�
�

�
�

P
e�

166
�

�
�

�
w

�
�

�
w

�
�

w
�

�
�

w
�

�
,w

�
�

w
�

�
�

�
P

�
160

�
�

�
�

w
�

�
w

f
�

w
�

�
w

�
�

�
w

�
�

,w
�

w
f

�
,w

�
w

�
�

P
�

g

159
�

�
�

�
w

�
�

�
w

�
�

w
�

�
�

w
�

�
,w

�
�

�
w

�
�

P
�

158
�

�
�

�
w

�
�

�
w

�
�

w
�

�
�

w
�

�
,w

�
w

f
�

,w
�

�
,w

�
w

�
�

�
�

P
�

157
�

�
�

�
w

�
�

w
f

w
�

�
w

�
�

w
�

�
�

w
�

�
,w

�
�

�
w

�
�

�
�

P
�

h

156
�

�
�

�
w

�
w

�
�

�
�

,w
�

�
w

�
�

,w
�

�
�

w
�

�
P

�
4704

�
�

�
�

w
�

�
,w

�
w

�
�

w
�

�
w

�
�

�
w

�
�

,w
�

�
�

w
�

�
P

�

a
F

ecalsam
ples

collected
on

11
D

ecem
ber

1997
and

18
D

ecem
ber

1997
tested

negative
for

E
.coliO

157:H
7;

�
,positive;

�
,negative.

b
C

alves
are

listed
in

order
of

pen
placem

ent
w

ith
calf

167
located

in
the

first
pen

im
m

ediately
to

the
right

of
the

entrance
and

proceeding
to

the
back

of
the

room
.C

alf
158

w
as

in
the

back
of

the
second

row
of

four
pens

on
the

left
side

of
the

room
and

calf
4704

w
as

in
the

first
pen

to
the

left
of

the
entrance.

cT
he

pen
holding

calf
167

w
as

across
a

w
alkw

ay
from

that
of

calf
156.

d
w

,w
ater

sam
ple

(100
m

l)
test

result.
eP,postm

ortem
exam

ination
ofintestinaltract.Sam

ples
w

ere
collected

from
the

abom
asum

,cecum
,cranialcolon,caudalcolon,duodenum

,ileum
,jejunum

,om
asum

,reticulum
,and

rum
en

and
tested

for
the

presence
of

E
.coliO

157:H
7.

f
T

he
w

ater
container

and
contents

from
calf

157
w

ere
exchanged

w
ith

those
of

calf
160

(17
January

1998)
and

those
of

calf
160

w
ere

exchanged
w

ith
those

of
calf

158
(20

January
2000).

gA
bom

asum
tested

positive.
h

R
eticulum

,cranialcolon,and
caudalcolon

tested
positive.

VOL. 68, 2002 TRANSMISSION AND SHEDDING OF E. COLI O157:H7 1949



drinking water from the pens of three of the four inoculated
calves tested positive during the 3-day inoculation period.

The duration of shedding of E. coli O157:H7 in the inocu-
lated calves ranged from 23 to �29 days. Calf 161 cleared E.
coli O157:H7 in 23 days, as the last fecal sample (22 February
1998) and postmortem intestinal samples tested negative. The
other three calves (calves 171, 163, and 162) were still shedding
E. coli O157:H7 when postmortem samples were collected. For
calf 171, all intestinal tract samples tested positive for E. coli
O157:H7. In contrast, the reticulum and rumen as well as their
contents tested positive for calf 163 and only the reticulum and
its contents tested positive for calf 162. The reticulum was the
only segment of the intestinal tract that was positive for all
three calves. There were no signs of pathology in the intestinal
tracts of calves even when E. coli O157:H7 was present.

Two control calves (calves 170 and 165) began shedding
E. coli O157:H7 after calf 171 got loose from its pen (29 Jan-
uary 1998) and defecated in the water and feed containers of
the control animals. These calves shed E. coli O157:H7 for only
5 to 7 days, and postmortem intestinal tract samples tested
negative. All samples collected from control calves 168 and 169
tested negative.

Genomic subtyping of the O157:H7 isolates recovered from
the inoculated calves in trial 1 yielded profiles indistinguishable
from that of the inoculation strain FRIK 1275 but different
from the strain recovered from the naturally infected calves
(Fig. 1). The genomic profiles of the isolates from the two
control calves were indistinguishable from FRIK 1275, indicat-
ing transmission from the inoculated calves, likely calf 171.
Two isolates from calf 161 had profiles that differed from
FRIK 1275 by one band (data not shown). These isolates are
likely a derivative of the inoculation strain since sequential
isolates from cattle and humans with slightly different genomic
profiles (1- or 2-band difference) have been reported (18, 28).

In trial 2 (Table 3), the inoculated calves were housed in a
room separate from that of the control calves. Six of the eight
calves inoculated with water containing O157:H7 strain FRIK
1275 at 103 CFU/ml began to shed the organism. Calves 2980
and 2660 were administered four 1-liter doses of E. coli

O157:H7 but never shed detectable levels of the organism in
feces. Likewise, the number of doses necessary to initiate
shedding in the calves varied from 1 to 4. Shedding of E. coli
O157:H7 ranged from 18 to �43 days. Three calves (calves
2979, 2973, and 2705) cleared E. coli O157:H7 after 18 to 36
days as demonstrated by negative fecal and/or postmortem
intestinal samples. For calves 2705 and 2973, the last three
fecal samples collected (19 through 24 March 1999) and post-
mortem samples (25 March 1999) all tested negative for the
organism. The last three fecal samples from calf 2961 also
tested negative, but the duodenum sample tested positive. The
opposite occurred with calf 2979, in which E. coli O157:H7 was
shed for 36 days and whose feces tested positive (9 April 1999)
3 days prior to collection of postmortem samples; yet the latter
samples all tested negative. Postmortem intestinal tract sam-
ples tested positive for three calves. For calf 2957, all 10 intes-
tinal tract samples tested positive for E. coli O157:H7, while
the rumen and duodenum were the only samples that tested
positive for calves 2686 and 2961. Postmortem analysis of the
intestinal tract found no signs of pathology, with one excep-
tion: calf 2957 exhibited epithelial hyperemia and tissue fri-
ability. No additional testing was conducted to determine the
cause of this pathology. The three control calves tested nega-
tive for E. coli O157:H7 throughout the study.

Numbers of E. coli O157:H7 isolates shed in naturally in-
fected and inoculated calves. The numbers of E. coli O157:H7
organisms shed in naturally infected and inoculated calves
were not statistically different. The naturally infected calves
shed the organism at concentrations ranging from 6.0 � 101 to
6.8 � 105 CFU/g, while numbers in inoculated calves ranged
from 4.3 � 102 to 1.2 � 106 CFU/g (Table 4).

Length of shedding in naturally infected and inoculated
calves. For comparative purposes, the length of shedding in
naturally infected and inoculated calves was monitored by us-
ing data from animals with a defined start and end of shedding.
Thus, the time (days) between the first positive fecal sample
and the last E. coli O157:H7-positive fecal sample and/or neg-
ative gastrointestinal tract samples was used to define the
length of shedding. There was no statistical difference in the

TABLE 2. Shedding of E. coli O157:H7 (FRIK 1275) in dairy calves following waterborne inoculation on three consecutive days

Calf
no.b

Result(s) of fecal and water sample testing for E. coli O157:H7 on specific dates (mo/day/yr)a

1/26/98 1/27/98 1/28/98 1/29/98 1/30/98 2/2/98 2/3/98 2/4/98 2/9/98 2/11/98 2/16/98 2/18/98 2/19/98 2/22/98 2/24/98

170 � �, wc� � �, w� � � w� � � �d � Pe�
169 � �, w� � �, w� � � w� � � � � P�
168 � �, w� � � � � w� � � � � � � P�
165 � �, w� � �, w�d � � w� � �d � � � � P�
171 �, I f �, w�, I �d, w�, I �, w� � � w� � � � � P�g

163 �, I f �, w�, I �, w�, I �, w� � � w� � � � � P�h

162 �, I f �, w�, I �, w�, I �, w� � � w� � � � � � � P�i

161 �, I f �, w�, I �, w�, I �, w� � � w� � � � � � � P�

a Ten fecal samples collected from 11 December 1997 through 23 January 1998 from all calves tested negative for E. coli O157:H7; �, positive; �, negative.
b Calves 170, 169, 168, and 165 were located in the four pens on the left side of the room, while calves 171, 163, 162, and 161 were in the four pens on the right side

of the room.
c w, water sample (100 ml) test result.
d Steer (171) contamination (29 January 1998) of feed and water containers of control animals.
e P, postmortem examination of intestinal tract. Samples were collected from the abomasum, cecum, cranial colon, caudal colon, duodenum, ileum, jejunum, omasum,

reticulum, and rumen and tested for the presence of E. coli O157:H7.
f I, inoculation with 1 liter of water containing 104 CFU (26 January 1997) and 103 CFU FRIK 1275/ml (27 and 28 January 1998).
g All intestinal tract samples tested positive.
h Reticulum and rumen and their contents tested positive.
i Reticulum and contents tested positive.
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lengths of shedding in naturally infected (17 to 30 days; n � 3)
and inoculated (18 to 36 days; n � 4) animals.

DISCUSSION

Results from previous field studies (15, 21, 38) have sug-
gested that contaminated water contributes to the dissemina-
tion of E. coli O157:H7 in cattle. The link between contami-
nated water and shedding in cattle is supported by PFGE-
CHEF typing of genomic DNA from O157:H7 isolates from
both sources (38). Herds tend to harbor a dominant and per-
sistent O157:H7 strain (i.e., PFGE-CHEF profile) that sug-
gests a common source. The most probable origin of E. coli
O157:H7 in water troughs is cattle that contaminate the water
either by feces or regurgitation. However, it is possible that
there is an alternative common source of this organism and the
presence of E. coli O157:H7 in water is circumstantial. This
study confirmed that water containing 103 CFU of E. coli
O157:H7/ml was sufficient to transmit this organism and estab-
lish shedding in bull calves.

Before studies began, feces from calves were tested to de-
termine if they were shedding E. coli O157:H7. A single calf
(calf 156) was shedding the organism, which was likely ob-
tained from an unknown source prior to transport to the con-
tainment facility. Calf 156 had some direct contact with the
calves in adjacent pens, and these calves (calves 4704 and 157)
began shedding this strain of E. coli 2 and 8 days after calf 156
tested positive, respectively. Animal-to-animal transmission of
E. coli O157:H7 has been demonstrated with sheep (30) and is
the most probable mode of passage to calves 4704 and 157
since each had separate water and feed containers. Calf 167,
located in a pen across the walkway from calf 156, began to
shed E. coli O157:H7 6 days after calf 156 tested positive. Calf
156 frequently dumped the water from its container, which
drained into the pen of calf 167. Calf 167 was observed licking
this water from the floor of its pen; this is the likely route of
exposure of this calf to E. coli O157:H7. The habit of calf 156
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TABLE 4. Numbers of E. coli O157:H7 isolates shed in naturally
infected and inoculated dairy calves housed in

a confined environment

Calf no. No. of samplesa Range of CFU/g

Naturally infectedb

167 6 4.2 � 103–6.8 � 105

160 2 7.8 � 103–2.2 � 104

157 8 1.2 � 102–8.5 � 104

156 5 6.0 � 101–9.0 � 103

4704 7 1.7 � 102–2.2 � 105

Overall range 60–6.8 � 105

Inoculatedc

171 2 4.3 � 102–2.1 � 105

165 2 5.9 � 104–1.2 � 106

163 3 4.7 � 102–1.6 � 103

161 3 1.5 � 103–3.5 � 104

Overall range 4.3 � 102–1.2 � 106

a Numbers of fecal samples plated to determine the number of E. coli
O157:H7 CFU/g.

b Calves that shed E. coli O157:H7 but were not inoculated.
c Calves that shed E. coli O157:H7 after receiving three 1-liter doses contain-

ing 103 to 104 FRIK 1275 CFU/ml of water.
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to dump its water container is the reason that water test results
for this calf were not obtained until 4 days after calf 167 began
shedding. When the water was tested, E. coli O157:H7 was
isolated. Another calf (calf 160) began to shed E. coli O157:H7
after its water container and contents were exchanged with the
container from a calf (calf 157) that was shedding the organ-
ism. A 100-ml water sample from the container of calf 157
tested negative; nonetheless, calf 160 began to shed E. coli
O157:H7 4 days later. The calves in both pens on each side of
calf 160 tested negative for the organism. In another case in
which the water containers were switched between a calf shed-
ding E. coli O157:H7 and a negative calf, transmission did not
occur. These results indicate that a low level of this organism
in water may be sufficient to initiate shedding in some calves.
The shedding of E. coli O157:H7 organisms in these naturally
infected calves occurred for 17 to �31 days, and the number of
organisms shed ranged from 60 to 105 CFU/g of feces, which is
comparable to previous findings (3, 35, 38). Three calves tested
negative throughout the 8-week study, even though at least one
calf in an adjacent pen was shedding the organism.

Waterborne inoculation of E. coli O157:H7 was demon-
strated for 10 of 12 calves (trial 1, 4 of 4 calves; trial 2, 6 of 8
calves) administered 1 liter of water containing ca. 103 to 104

CFU of strain FRIK 1275/ml. FRIK 1275 was present in the
feces of calves as early as 1 day after oral inoculation, which is
in agreement with previous studies (4, 12, 25, 34) that reported
shedding 1 to 2 days after inoculation with E. coli O157:H7 at
ca. 1010 CFU. Shedding of FRIK 1275 in the inoculated calves
occurred for 18 to �43 days and is similar to the length of
shedding observed for the naturally infected calves (ranging
from 17 to �31 days) housed under the same conditions. Ad-
ditionally, the length of shedding in these calves in a confined
environment is similar to that of cattle on dairy farms (3, 35,
38). The variation in the pattern and duration of shedding
observed is consistent with the findings of Cray and Moon (12)
and others, who found that shedding of E. coli O157:H7 varied
among animals of the same age. They observed shedding for
over 20 weeks in two calves and 27 weeks in one calf originally
inoculated with 1010 CFU.

Results from necropsy samples were in agreement with the
preceding fecal sample in 19 of the 24 calves (including inoc-
ulated, naturally infected, and control calves). In three calves,
the preceding fecal sample tested positive and all of the intes-
tinal tract samples tested negative, and the opposite occurred
in two calves where the prior fecal sample(s) tested negative
and at least one of the intestinal tract samples was positive.
The changes in the E. coli O157:H7 status of these calves over
a 2-day period can be explained by the presence of FRIK 1275
at numbers below the detection limit of the enrichment meth-
od employed (ca. 100 CFU), reintroduction of the organism
from the environment, or clearance of the organism from re-
spective calves.

In trial 1, control calves were housed in the same room as
the inoculated calves, but in a separate row of pens where
contact with the inoculated calves was not possible. Calves 170
and 165 (control calves) shed FRIK 1275 for 5 and 7 days,
respectively. Shedding occurred approximately 2 weeks (12 to
14 days) after calf 171 contaminated the feed and water con-
tainers of several control calves with feces while out of its pen.
The shorter duration of shedding in these calves may be due to

the low-level exposure; however, the naturally infected calves
were likely exposed to similar levels of E. coli O157:H7 but
shed the organism for a minimum of 17 days. The O157:H7
isolates from the control calves had a genomic profile indistin-
guishable from that of FRIK 1275, demonstrating that it was
transmission from the inoculated calves rather than introduc-
tion of another strain that had occurred. These results further
establish the environment as an important source of E. coli
O157:H7.

The dose administered in this study (ca. 106 CFU), although
lower than those found in a majority of inoculation studies, is
still high when considering the numbers of this organism found
in environmental samples but is comparable to those found in
feces (3, 38, 45). Nonetheless, this dose enabled us to deter-
mine that FRIK 1275 replicated in the bovine intestinal tract
with numbers reaching a maximum of ca. 1.2 � 106 CFU/g.
Moreover, the numbers of E. coli O157:H7 in naturally in-
fected calves reached ca. 6.8 � 105 CFU/g, and in these calves,
the organism was likely transmitted at lower numbers. Previous
studies have found that E. coli O157:H7 replicates in the ru-
men fluid from fasted cattle (36) and withholding feed from
calves increased their susceptibility to colonization by this or-
ganism (11). As reported in other studies (11, 12), the numbers
of E. coli O157:H7 fluctuated in and among calves, with occa-
sional spikes that resulted in numbers increasing from 6.0 �
102 to 2.0 � 105 CFU/g over 2 days. For calves that cleared E.
coli O157:H7, there was a trend towards lower numbers over
time, while more-constant numbers were found for calves in
which the organism persisted. It is possible that the same
bovine factor(s) that influence the number of E. coli O157:H7
organisms shed also affect the calf’s susceptibility to coloniza-
tion.

Two calves (calves 2960 and 2980) in trial 2 were inoculated
four times but never shed detectable levels of FRIK 1275.
Similar observations have been made in farm studies where
some calves or cattle did not shed E. coli O157:H7 despite the
presence and shedding of this organism in cohorts within the
same pen (38). Shedding and persistence of E. coli O157:H7 is
likely influenced by the O157:H7 strains and the microbial
flora (44), age (12), immune status, genetic or anatomical dif-
ferences, or other unidentified factors of the bovine host. The
absence or diminished function of these host factors may con-
tribute to shedding in calves 2961 and 2705 following a single
1-liter dose. Additionally, both host and O157:H7 strain factors
are probably involved in the pervasive colonization noted for
calves 171 and 2957, which resulted in all 12 gastrointestinal
tract samples testing positive for E. coli O157:H7. These find-
ings differ from those of other inoculation studies (4, 10, 12, 22,
40) where E. coli O157:H7 was primarily found in the rumen,
reticulum, abomasum, and colon. It is not known where or if
E. coli O157:H7 colonizes the alimentary tract of cattle or
whether reintroduction from environmental sources accounts
for its distribution and presence in the intestinal tract. Identi-
fication of the bovine factor(s) that influence shedding and
colonization will undoubtedly contribute to the development
of an intervention practice(s) to clear or reduce the length of
shedding of E. coli O157:H7.

To evaluate one host factor, serum IgG levels for O157
lipopolysaccharide were monitored by enzyme-linked immu-
nosorbent assay (29) to determine if there was a relationship

1952 SHERE ET AL. APPL. ENVIRON. MICROBIOL.



with the duration of shedding in calves following inoculation
(data now shown). Starting titers of anti-O157 IgG varied
among animals and did not influence the number of doses
necessary to initiate shedding or the duration of shedding.
Additionally, there was not a consistent increase in the titers of
antibody following inoculation at a dose of ca. 106 CFU or with
shedding in naturally infected calves. Johnson et al. (26) also
found little change in O157 antibody titers in calves adminis-
tered 107 CFU, while at a dose of 1010 CFU there was an
increase but the antibodies did not influence the reinfection of
the animal with the same strain. Similarly, a horse serum al-
bumin-O157 antigen conjugate elicits a specific systemic anti-
body response in BALB/c mice but does not impact intestinal
colonization following oral inoculation with the pathogen (9).
The isolation of E. coli including serotype O157:H7 from mes-
enteric lymph nodes and tonsils (12, 16) is consistent with a
systemic immune response and increases in serum antibodies.
However, the inability of anti-O157 IgG to prevent coloniza-
tion or reinfection in cattle supports the development of an
alternative approach for vaccines perhaps aimed at stimulating
levels of secretory IgA.

A primary finding from this study is that contaminated water
can serve as a vehicle of E. coli O157:H7 transmission in cattle,
although there was variation among animals in the doses nec-
essary to initiate shedding. The fact that two calves had a
persistent and pervasive colonization by the inoculation strain
suggests that a host factor(s) is involved in E. coli O157:H7
colonization or shedding in cattle.
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