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This study investigated the effect of bacteriophages (phages) e11/2 and e4/1c against Escherichia coli O157:H7
in an ex vivo rumen model and in cattle in vivo. In the ex vivo rumen model, samples were inoculated with either
103 or 106 CFU/ml inoculum of E. coli O157:H7 and challenged separately with each bacteriophage. In the
presence of phage e11/2, the numbers of E. coli O157:H7 bacteria were significantly (P < 0.05) reduced to below
the limit of detection within 1 h. Phage e4/1c significantly (P < 0.05) reduced E. coli O157:H7 numbers within
2 h of incubation, but the number of surviving E. coli O157:H7 bacteria then remained unchanged over a
further 22-h incubation period. The ability of a phage cocktail of e11/2 and e4/1c to reduce the fecal shedding
of E. coli O157:H7 in experimentally inoculated cattle was then investigated in two cattle trials. Cattle
(yearlings, n � 20 for trial one; adult fistulated cattle, n � 2 for trial two) were orally inoculated with 1010 CFU
of E. coli O157:H7. Animals (n � 10 for trial one; n � 1 for trial two) were dosed daily with a bacteriophage
cocktail of 1011 PFU for 3 days postinoculation. E. coli O157:H7 and phage numbers in fecal and/or rumen
samples were determined over 7 days postinoculation. E. coli O157:H7 numbers rapidly declined in all animals
within 24 to 48 h; however, there was no significant difference (P > 0.05) between the numbers of E. coli
O157:H7 bacteria shed by the phage-treated or control animals. Phages were recovered from the rumen but not
from the feces of the adult fistulated animal in trial two but were recovered from the feces of the yearling
animals in trial one. While the results from the rumen model suggest that phages are effective in the rumen,
further research is required to improve the antimicrobial effectiveness of phages for the elimination of E. coli
O157:H7 in vivo.

Escherichia coli O157:H7 has become a worldwide public
health concern since it was first identified as a human pathogen
in 1982 (31). This pathogen has a very low infectious dose
(approximately 10 cells) in humans, and symptoms of infection
range from watery diarrhea to hemorrhagic colitis and hemo-
lytic uremic syndrome, and in some cases, death (22, 39).
Ruminants are recognized as reservoirs for this pathogen and
are the most common sources for food-borne outbreaks (8, 13,
25). It has been reported that the occurrence of E. coli
O157:H7 in the feces and, in particular, the hide of cattle is a
significant source of the pathogen on the carcass and in de-
rived meat products (11, 12, 25). The control of this patho-
gen within the animal is difficult, because carriage in rumi-
nants is asymptomatic and shedding can be intermittent and
seasonal (12, 19).

Research has highlighted the necessity for preharvest inter-
vention strategies to control or reduce E. coli O157:H7 in the
food chain (17, 18). Successful strategies to reduce the carriage
of E. coli O157:H7 in ruminant animals could potentially re-
duce the risk of human exposure to this pathogen. There are
currently no effective and reliable commercially available in-

tervention strategies to control the carriage of E. coli O157:H7
in ruminants. However, research in this area is increasing, and
numerous agents, such as vaccines, probiotics, and bacterio-
phages (phages), are being evaluated (15, 17, 18). The use of
phages for the control of food-borne pathogens in the food
chain is desirable, as they are natural, nontoxic viruses that
target only specific bacteria (2) and are already being used in
human and veterinary medicine, particularly prior to antibiot-
ics (6, 14, 15, 30, 37). Many studies have investigated the use of
different phages for the control of E. coli O157:H7 in various
animals, including mice, calves, and sheep (4, 5, 35, 37, 41).
Although the results between studies vary, some have reported
the successful reduction of E. coli O157:H7 levels in animals
(4), and one study has resulted in a U.S. patent (41). There are
very few commercially available phage products to date, but
research indicates promising outcomes for the use of phages
for the control of E. coli O157:H7 within the food chain.

The E. coli O157:H7-specific phages e11/2 and e4/1c were
isolated from bovine slurry in a previous study (26) and have
the potential to be used as biocontrol agents for E. coli O157:
H7. Both phages have been found to be active against E. coli
O157:H7 in a number of relevant test conditions involving
different pHs, water activity, and temperatures (B. Coffey, L.
Rivas, G. Duffy, A. Coffey, R. P. Ross, and O. McAuliffe,
unpublished data). In addition, whole-genome sequencing re-
vealed that neither phage encodes undesirable properties, such
as virulence factors, that would hinder its use as a biocontrol
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agent for E. coli O157:H7 (B. Coffey, G. O’Flynn, A. Coffey, O.
O’Sullivan, O. McAuliffe, and R. P. Ross, unpublished data).
The objective of the present study was, first, to evaluate the
effect of phages e4/1c and e11/2 against inoculated E. coli
O157:H7 in an ex vivo model rumen system, and second, to
assess the ability of a phage cocktail (e11/2 and e4/1c) to
reduce the shedding of E. coli O157:H7 in experimentally
inoculated cattle. Findings from ex vivo studies determined our
phages to be effective against E. coli O157:H7 in a model
rumen system; however, complete eradication of E. coli
O157:H7 from cattle was not achieved.

MATERIALS AND METHODS

Bacterial cultures. A toxigenic E. coli O157:H7 isolate (J21) was used in the
model rumen system, and three nontoxigenic but eae- and hylA-positive E. coli
O157:H7 strains (NCTC 12900, DAF454, and 13C1T3) were used in the animal
trials. Nontoxigenic strains of E. coli O157:H7 were used in the animal trials as
a safety precaution for staff exposed to these animals. To aid detection, the
strains were made resistant to streptomycin sulfate (1,000 �g/ml) and nalidixic
acid (50 �g/ml) (-nas) as described by Park (28). For phage propagation and
enumeration of phages in all assays, the nontoxigenic host strain E. coli O157:H7
P1432 was used. Cultures for the experiments were prepared from Protect beads
(Technical Service Consultants, Lancashire, United Kingdom) stored at �20°C
in 10 ml of brain heart infusion (BHI) broth (Oxoid, Basingstoke, United King-
dom) and incubated overnight at 37°C without shaking.

Phage propagation. Phages e11/2 and e4/1c were propagated separately using
the host strain E. coli O157:H7 P1432. In brief, an overnight culture of E. coli
O157:H7 P1432 was inoculated into 1 liter of Luria-Bertani (LB; Merck KGaA,
Darmstadt, Germany) broth containing 10 mM CaCl2. Following incubation at
37°C for 2 h with shaking, the 1-liter E. coli O157:H7 culture was divided into two
aliquots. Phage was added to one of the E. coli O157:H7 culture aliquots at a
multiplicity of infection (MOI; defined as the ratio of phages to target host
bacteria) of 100, together with 200 ml of fresh LB broth. All samples were
incubated at 37°C with shaking for a further 2 h. Subsequently, phage-containing
and non-phage-containing samples were pooled and were reincubated for a final
2 h to increase the phage titer. A final concentration of 1 M NaCl was added, and
the sample was stirred at 4°C for 1 h. The sample was then centrifuged at 6,000 �
g for 2 h at 4°C, and the supernatant (lysate containing the phage) was filtered
through a 0.45-�m sterile filter (Sarstedt, Nümbrecht, Germany). Polyethylene
glycol 8000 (PEG 8000; Sigma-Aldrich, St. Louis, MO) was added to a make a
final concentration of 15% (wt/vol), and the mixture was stirred at 4°C. Highly
concentrated phage preparations were obtained by the CsCl density gradient
ultracentrifugation method as previously described by Sambrook and Russell
(33). The phage titer was calculated as PFU per ml by plaque assay as described
previously (27).

Ex vivo model rumen assay with E. coli O157:H7 and bacteriophages. Ruminal
fluid was obtained from three fistulated steers fed a grass silage and concentrate
(60:40) diet. The rumen fluid was collected prior to morning feeding and strained
through four layers of cheesecloth before use. The assays were carried as de-
scribed by Tilley and Terry (40) with modifications. Large glass test tubes (100
ml) sealed with rubber stoppers fitted with a one-way gas release valve were used
for the assay. The assay system consisted of 10 ml of rumen fluid and 40 ml of
rumen buffer (26 mM Na2HPO4 � 12H2O, 117 mM NaHCO3, 8 mM NaCl, 7.65
mM KCl, 0.63 mM MgCl2 � 6H2O, 0.54 mM CaCl2 � 6H2O). Each test tube
contained 0.5 g of feed substrate composed of a concentrate-grass silage mixture
at 1:4. The percentage of dry matter of the substrate was 90.4%. An overnight
culture of E. coli O157:H7 (J21-nas) was prepared as described above, serially
diluted in 9-ml volumes of maximum recovery diluent (MRD; Merck), and
inoculated into the rumen assay at either 103 or 106 CFU/ml. The two phages
were tested separately in each assay; the MOI values chosen were based on
previous experiments that showed this level of phage to be effective at reducing
E. coli O157:H7 levels in the presence of an artificial cocktail of microorganisms
at 39°C (data not shown). Phage e11/2 was added at MOIs of 100 and 1, while the
e4/1c phage was added at MOIs of 10 and 1,000. CaCl2 (10 mM) was also added
to each test tube prior to the flushing of each tube with CO2 for approximately
2 min. Tubes were then incubated at 39°C without agitation.

Samples were taken from each tube over a 24-h incubation period. For spread
plating, 1-ml aliquots taken from each tube were serially diluted in 9 ml MRD,
and 0.1-ml aliquots of each dilution were spread onto tryptone soy agar (TSA)
plates, which were first incubated at 37°C for 2 h. Sorbitol MacConkey agar

(Oxoid) containing nalidixic acid at 50 �g/ml and streptomycin sulfate at 1,000
�g/ml (SMAC-nas) was then poured over the plates, which were reincubated for
a further 48 h to recover injured cells. Another 1-ml aliquot from each sample
tube was taken at each time point and added to a 9-ml modified tryptone soy
broth (Oxoid) containing nalidixic acid at 50 �g/ml and streptomycin sulfate at
1,000 �g/ml (mTSB-nas) and incubated at 37°C for 24 h. If no E. coli O157:H7
colonies were recovered from either medium, then the enriched broth samples
were processed by immunoseparation (IMS) using anti-E. coli O157 beads
(Dynal, Oslo, Norway) and a BeadRetriever (Dynal) according to the manufac-
turers’ instructions. Collected beads were plated onto SMAC-nas, and the plates
were incubated at 37°C for 24 to 48 h. Suspected E. coli O157:H7-positive
colonies were confirmed by latex agglutination (Oxoid). Samples with zero E. coli
O157:H7 counts on plating media were assigned the arbitrary value of 1.00 log10

CFU/ml, while positive IMS samples, which indicated the presence of E. coli
O157:H7 following enrichment, were assigned an arbitrary value of 1.00 CFU/g
or CFU/ml (0 log10 CFU/g or CFU/ml), respectively. These values are the levels
of detection of direct plating and IMS for this assay. After sampling at each time
point, all tubes were flushed with CO2 for approximately 1 min before reincu-
bation at 39°C. Sampling at each time point took approximately 3 min, and the
final pH of each tube after 24 h of incubation was determined using a pH meter
(Orion 260A pH meter). The assay was performed in triplicate using fresh rumen
fluid for each assay. The assay was also repeated using the cocktail of nontoxi-
genic E. coli O157:H7 strains (NCTC 12900-nas, DAF454-nas, and 13C1T3-nas)
used in the animal trials outlined below.

Animals and housing facilities used for the animal trials. A license for the
animal trials was obtained under the Cruelty to Animals Act 1876, as amended
by the European Communities (Amendment of Cruelty to Animals Act 1876),
regulations 2002 and 2005. For trial one, 20 animals, aged approximately 16
months, were selected by weight and randomly assigned to one of two (phage or
control) groups. All animals were adapted to a grass silage-concentrate diet for
3 weeks. The experiment was performed indoors in a large shed containing 60
pens (the approximate size of each pen was 10 m2). The shed was divided into
two halves, whereby one half of the shed contained the phage-treated animals
and the other half contained the control animals. Each animal was placed in an
individual pen with no animals in adjacent pens, to avoid cross contamination. A
row of pens and plywood was also used to divide the two treatment groups. None
of the animals had contact with any other animal during the trial. The pens had
concrete slatted flooring, and feed was offered on the concrete solid passage in
front of each pen every day.

For trial two, two ruminally fistulated animals, aged 8 and 9 years, were
selected. These animals were housed in a metabolism housing unit in separate
pens. Pens were divided by steel gates to avoid the occurrence of cross contam-
ination. Pens had concrete flooring and separate steel feeding boxes which were
cleaned out each day.

In both trials, each pen had a separate automatic water supply. A plastic tag on
the right ear individually identified all animals. One week before the start of the
trials, feces and/or rumen fluid from each animal was screened to ensure that the
animals were not shedding enteric bacteria that possess the same antibiotic
resistance profile as the marked E. coli O157:H7 strains and for other naturally
occurring phages that could potentially lyse the marked E. coli O157:H7 strains.
Both trials were performed once.

Preparation of the E. coli O157:H7 inoculum and phage doses used in the
animal trials. Overnight cultures of the three nontoxigenic E. coli O157:H7
strains (NCTC 12900-nas, DAF454-nas, and 13C1T3-nas) were prepared as
outlined above. One ml of each culture was aseptically transferred to 100 ml BHI
broth and incubated at 37°C for 18 h to achieve a stationary-phase culture. The
cultures were centrifuged at 3,000 � g for 10 min, and pellets from the three
strains were pooled into 50-ml sterile distilled water to achieve an inoculum of
1010 CFU of E. coli O157:H7 per animal.

To obtain sufficient volumes of phages for dosing, each phage was propagated
as described above with slight modifications. Ten milliliters of an overnight
culture of E. coli O157:H7 (P1432) was added to 500 ml LB broth containing 10
mM CaCl2 in a 1-liter Schott bottle and incubated for 1 h at 37°C with shaking.
The relevant phage was added at an MOI of 100 and incubated at 37°C with
shaking until clearing was observed. The sample was then centrifuged at 6,000 �
g for 90 min, and the supernatant was filter sterilized using 0.45-�m Stericup
filters (Millipore, Billerica, MA). Phage lysates of e11/2 and e4/1c were combined
to make a phage cocktail comprising approximately 1011 PFU per dose. The use
of a phage cocktail of the two phages as well as the amounts of E. coli O157:H7
and phage used per dose were based on results obtained from other studies (9,
30, 32).

Inoculation and sampling procedures used for the animal trials. For trial one,
on day 0, all 20 animals were inoculated orally by syringe (Plastitek, 60 ml;
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Becton Dickinson, Oxford, United Kingdom) with 50-ml sterile distilled water
that contained approximately 1010 CFU of E. coli O157:H7. Immediately after
inoculation, each animal was dosed with 100 ml of sterile distilled water to wash
down the culture. On days 1, 2, and 3, 10 animals on one side of the shed were
inoculated orally by syringe with 100 ml of bacteriophage cocktail containing
approximately 1011 PFU phages, followed immediately by a dose of 100 ml of
sterile distilled water with 10 mM CaCl2 to wash down the phages. The same
inoculation procedure was performed for trial two, but only one animal was used
for each treatment.

For trial one, fecal samples were taken via rectal palpation prior to all dosing
on days 0, 1, 2, 3, 4, and 7. For trial two, rumen fluid was taken via the fistulation,
and fecal samples were taken via rectal palpation prior to all dosing; samples
were taken twice per day (morning and afternoon) for 7 days. All fecal and
rumen samples were placed into sterile jars (Medfor Products Ltd., Hampshire,
United Kingdom) and transported to the laboratory within 1 h.

To avoid cross-contamination among pens during sampling, the researchers
wore separate disposable laboratory coats while in each pen. Latex gloves were
worn and changed following collection of each sample. Boots were disinfected
after exiting each pen by using a boot dip consisting of a large (50-liter) container
with water and detergent (Osmodex detergent; Osmonds Broomhill, Ireland).
Sampling of all the control animals was performed before that of the phage-
treated animals each day to avoid cross contamination of phage to the control
animals. None of the protective equipment or boot dip used during sampling was
tested for E. coli O157:H7 or phage.

Processing of fecal and rumen samples during the animal trials. For the
enumeration of E. coli O157:H7, 1 g of feces or 1 ml of rumen fluid was placed
into 9 ml of mTSB-nas and vortexed for 1 min. The samples were prepared in
duplicate; one set of broth samples was used for direct counts, while the other set
was enriched overnight at 37°C. On days 1 and 2, serial dilutions in 9 ml MRD
were performed before direct plating. For all sample days, a volume of 1 ml of
the sample was spread in duplicate onto plates of TSA and allowed to dry in a
laminar hood before incubation at 37°C for 2 h, and SMAC-nas was poured over
the plate before reincubation for a further 48 h to recover injured cells. If neither
of the spread-plated media resulted in the recovery of E. coli O157:H7 colonies,
then the enriched broth samples were processed by IMS as outlined above. For
the animal trials, fecal (trials 1 and 2) and rumen samples with zero E. coli
O157:H7 counts were assigned the arbitrary value of 0.7 log10 CFU/g (feces) or
CFU/ml (rumen fluid). Samples positive for IMS, which indicated the presence
of E. coli O157:H7 following enrichment, were assigned an arbitrary value of 1.00
CFU/g or CFU/ml (0 log10 CFU/g or CFU/ml), respectively. These values are the
levels of detection of direct plating and IMS for this assay.

For phage enumeration, 1 g of feces was placed in 9 ml of MRD and vortexed
for 1 min. Samples were then centrifuged at 7,000 � g for 10 min, and approx-
imately 4 to 5 ml of the supernatant was transferred into 1.5-ml sterile Eppendorf
tubes before centrifugation at 10,000 � g for 10 min. The supernatant was then
filtered using a 0.45-�m filter (Sartorius AG, Göttingen, Germany), and a plaque
assay was performed. The plaque assay involved adding 1 ml of filtrate to 5 ml of
BHI soft-top agar (0.7% [wt/wt]) containing 100 �l of overnight-grown E. coli
O157:H7 (P1432) and 10 mM CaCl2. The soft-top agar was then mixed by
vortexing and poured over a BHI agar plate. All plates were incubated at 37°C
for 24 h, and plaques were enumerated. If no plaques were found following
incubation, a pre-enrichment step was performed. Basically, 450 �l of filtrate was
enriched with 50 �l of E. coli O157:H7 (P1432) at 37°C for 2 h, 100 �l of the
enriched filtrate was included in the plaque assay, and plaques were observed
following incubation of plates at 37°C for 24 h. The limit for detection for phage
enumeration was 1.00 log10 PFU/ml.

Processing of hide, pen, and feed samples during the animal trials. For trial
one, swabs of hides (approximately 900 cm2 of the rump area on one side of the
animal) and pen barriers (unlimited areas) were taken using a sterile cellulose
sponge (Sydney Heath and Son, Ltd., Staffordshire, United Kingdom) moistened
with 10 ml of MRD and placed into sterile stomacher bags (Seward Laboratory,
London, United Kingdom). Hide swabs were taken on days 2, 4, and 7, and pen
barrier samples were taken on days 4 and 7. Upon return to the laboratory,
sponges were placed in 90 ml of mTSB-nas and stomached in a Colworth
stomacher (model BA 6024; A. J. Steward and Co., Ltd, London, United King-
dom) for 1 min and enriched overnight at 37°C prior to undergoing IMS as
outlined above.

For feed samples, approximately 25 g of feed was collected from each pen
(feed remaining from the previous day) on day 4 and placed into sterile stom-
acher bags. In addition, fresh silage and concentration samples were tested prior
to the feeding of the animals. Samples were added to 100-ml volumes of mTSB-
nas, stomached for 1 min, and enriched and then underwent IMS detection of E.

coli O157 as outlined above. The presence or absence of phage on the hide or in
environmental or feed samples was not determined.

Statistical analysis. All counts were log10 transformed, and one-way analysis
of means and comparison of means (Tukey’s method) was performed for all ex
vivo model rumen data sets (SAS Institute, Inc., Cary, NC). For the animal trials,
analysis of variance was performed using the SAS mixed-model procedure using
the spatial model for the covariance structure. The experimental unit was the
individual animal in each pen. The least significant difference (LSD) test was
used to determine the differences among means, where significance was deter-
mined at a P value of �0.05. Time/treatment interactions were discounted due to
the natural reduction of inoculated E. coli O157:H7 populations in the animals;
therefore, only pointwise comparisons were performed.

RESULTS

Ex vivo model rumen system. Figure 1 shows the mean
number of surviving E. coli O157:H7 bacteria (A, starting in-
oculum, 103 CFU/ml; B, starting inoculum, 106 CFU/ml) fol-
lowing exposure to either e11/2 or e4/1c in the model rumen
assay. The numbers of E. coli O157:H7 bacteria surviving ex-
posure to either phage, e11/2 or e4/1c, were found to be sig-
nificantly (P � 0.05) lower than the numbers recovered from
the controls (no phage) after 24 h of incubation (Fig. 1A and
B). Although the same E. coli O157:H7 inoculum levels were
used for the e4/1c and e11/2 assays, e11/2 was found to signif-
icantly (P � 0.05) reduce E. coli O157:H7 levels within minutes
of addition of the phage (time zero; sampling time was approx-

FIG. 1. E. coli O157:H7 (J21-nas) numbers following exposure to
bacteriophages e4/1c and e11/2 in a model rumen system. The assay
used E. coli O157:H7 inocula of 103 (A) and 106 (B) CFU/ml. Phages
e11/2 and e4/1c were added at MOIs of 100 and 1,000, respectively (A),
and at MOIs of 1 and 100, respectively (B). A control underwent the
same assay with the E. coli O157:H7 inoculum but without the addition
of phage (f). E. coli O157:H7 counts obtained following exposure to
e4/1c (�) and e11/2 (�) over 24 h at 39°C were determined. All assays
were replicated at least three times. The dotted line represents the
limit of detection for direct plating.
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imately 3 min), and after 1 h of incubation, the E. coli O157:H7
counts were significantly (P � 0.05) reduced to below the level
of detection for direct plating and remained undetected with
direct plating after 24 h of incubation. However, E. coli
O157:H7 was found to be present following enrichment and
IMS. In the presence of e4/1c, E. coli O157:H7 levels were
significantly (P � 0.05) reduced within 2 h, and counts did not
significantly change throughout the remaining incubation pe-
riod. In all control samples (no phage), the numbers of E. coli
O157:H7 inoculated did not significantly (P � 0.05) change
throughout the incubation period. The presence of neither
phage nor E. coli O157:H7 strains significantly (P � 0.05)
altered the final pH (�6.8) of the assay in comparison to that
of the controls. Both phages were also found to significantly
(P � 0.05) reduce a cocktail of nontoxigenic E. coli O157:H7
strains that were subsequently used in the animal trials within
1 h, and E. coli O157:H7 counts remained significantly (P �
0.05) lower than in the controls after 24 h (data not shown).

Fecal results for animal trial one. In both animal trials, all
animals remained healthy for the duration of the experiment.
Preinoculation fecal samples taken from all animals were neg-
ative for E. coli O157:H7 or other bacteria with antibiotic
resistance profiles similar to those of the marked E. coli O157
strains. Figure 2 shows the mean numbers of E. coli O157:H7
bacteria recovered in the feces of animals with and without
phage treatment and the mean numbers of phages recovered
from the feces of phage-treated animals in trial one. The num-
bers of E. coli O157:H7 bacteria recovered in the feces of
phage-treated animals were not statistically (P � 0.05) differ-
ent from those of the untreated control group. The numbers of
E. coli O157:H7 shed in the feces in animals in both the control
and phage-treated groups rapidly decreased within 48 h of
inoculation, with mean E. coli O157:H7 counts of 3.14 and 2.90
log10 CFU/g of feces, respectively. Following 48 h, the majority
of fecal samples from both groups required enrichment for E.
coli O157:H7; however, 5 out of 10 control animals and all
phage-treated animals were enrichment positive after 7 days
postinoculation. The numbers of phages shed in the feces did
not significantly differ (P � 0.05) for days 2, 3, 4, and 7. Phage

plaques in the feces of some of the control animals were spo-
radically observed following enrichment. These plaques were
similar to plaques produced by phages e11/2 and/or e4/1c used
in the trial; however, further analysis, such as enzyme restric-
tion of the phage DNA, is required for confirmation.

Hide, pen, and feed sample results for animal trial one.
Between 8 to 10 out of 10 animal hides in each group were E.
coli O157:H7 positive on days 2 and 4. However, on day 7, hide
samples for the control animals were all negative, while 8 out
of 10 hide samples from the phage treatment group were
positive. All pen barriers (10 of 10) for the phage-treated
group and 9 out of 10 pens for the control group were positive
for E. coli O157:H7 on day 2; however, on day 7, only 1 and 3
out of 10 pens each were E. coli O157:H7 positive for the
control and phage-treated groups, respectively. On day 4, feed
collected from the front of each pen (feed remaining from the
previous day) was collected. Four out of 10 feed samples from
the control group and 2 out of 10 feed samples from the phage
treatment group were positive for E. coli O157:H7. Fresh si-
lage and concentrate samples were negative for E. coli
O157:H7 prior to distribution to the pens and feeding.

Fecal and rumen results for animal trial two. Figure 3 shows
the numbers of E. coli O157:H7 and phages recovered in the
rumen (A) and fecal (B) samples for trial two. E. coli O157:H7
was recovered from the rumen 5 h postinoculation in both the
phage-treated and untreated control animals (Fig. 3A). How-
ever, E. coli O157:H7 numbers significantly (P � 0.05) de-
creased over time and were not recovered by enrichment after
92 h. The numbers of E. coli O157:H7 bacteria recovered from
the feces were significantly (P � 0.05) lower than those from
the rumen samples (Fig. 3B). E. coli O157:H7 counts, partic-
ularly in the control animal, were unstable over the first 120 h
of the experiment but were then recovered only by enrichment
of the feces after 120 h. Phage was also recovered from the
rumen 5 h after dosing. The numbers of phages in the rumen
were found to gradually decrease following dosing, but num-
bers would again peak after subsequent dosing and then de-
cline rapidly after the completion of all doses. Bacteriophage
was not recovered from the feces of the animals during trial
two and therefore could not be enumerated.

DISCUSSION

This study successfully demonstrated that bacteriophages
e11/2 and e4/1c at MOI values of 1 to 1,000 PFU/CFU reduced
inoculated E. coli O157:H7 levels in an ex vivo model rumen
system within 1 to 4 h. One of the few published studies that
have used an ex vivo rumen system to evaluate the activity of
phage against E. coli O157:H7 is a study by Bach et al. (5). This
study reported that phage D22 required MOI values of 1,000 to
10,000 PFU/CFU to significantly reduce levels of inoculated E.
coli O157:H7 in an ex vivo Rusitec system. Variations in MOI
values between the studies may be attributed to the different
phages evaluated as well as the different ex vivo systems used.
Other studies using ex vivo broth techniques have also sug-
gested that aeration, high MOIs, and the use of phage cocktails
are critical for rapid cell lysis and complete elimination of the
pathogen (16). While low MOI values of each individual phage
in the present study were successful in rapidly reducing E. coli
O157:H7 levels in the ex vivo rumen system, mixing during the

FIG. 2. Mean log10 counts of E. coli O157:H7 shed in the feces of
cattle with (�) and without (f) bacteriophage treatment and the mean
plaque counts of bacteriophages (�) shed in the feces of animals
dosed with bacteriophages. Twenty animals were dosed with 1010 CFU
of E. coli O157:H7 cocktail (NCTC 12900-nas, DAF454-nas, and
13C1T3-nas) on day 0. Ten animals were dosed with a 1011 PFU
cocktail of e11/2 and e4/1c phages on days 1, 2, and 3 (indicated by the
arrows).
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flushing of tubes with CO2 may have increased the opportunity
for phage-bacterium interaction (16). A cocktail of the two
phages was used in the in vivo animal trials to prevent the
emergence of phage-resistant cells, as noted by other studies
(38). Previous work with e11/2 and e4/1c found an emergence
of bacteriophage-insensitive mutants following challenge, but
their formation was at a low level, and the mutants commonly
reverted to a bacteriophage-sensitive form (26).

In vivo application of the phages to cattle artificially inocu-
lated with E. coli O157:H7 showed no effect on the fecal
shedding of E. coli O157:H7. Studies showing successful appli-
cation of bacteriophages to decrease E. coli O157:H7 shedding
in animals have been published (4, 35, 41). Differences be-
tween studies may explain why the bacteriophages in the
present study did not reduce E. coli O157:H7 carriage in cattle.
The most likely explanation could be the lack of exposure of
the phages to the inoculated E. coli O157:H7, whereby the
concentration of the phages did not reach a sufficient concen-
tration in close proximity to the E. coli O157:H7 population
colonizing the animal (32). E. coli O157:H7 and phage num-
bers were also found to be significantly lower in the feces than
in the rumen samples at similar time points, indicating that E.
coli O157:H7 and the phages may have been inactivated by
various physiological conditions or experienced nonspecific
binding within the gastrointestinal tract (GIT) of the animal
(1, 5).

In the present study, E. coli O157:H7 was found to indepen-
dently survive the ex vivo model rumen system for over 24 h,

whereas Bach et al. (5) reported a natural decline of E. coli
O157:H7 in a continuous Rusitec fermentation system over a
longer incubation time (192 h). Indeed, E. coli O157:H7 and
the bacteriophages in the present study were also found to be
recovered in vivo in the rumen but were found to decline over
time (�92 h). Shedding of E. coli O157:H7 also appeared to
vary between animals in the trials, but the numbers of E. coli
O157:H7 shed usually decreased over time, and most animals
remained E. coli O157:H7 enrichment positive through to the
end time of the trials. Other researchers have reported a het-
erogeneity of E. coli O157:H7 carriage and excretion rates
between animals and studies (10). The factors that contribute
to the persistence of E. coli O157:H7 in ruminants are unclear,
but it has been suggested that the rumen may be a transient site
for E. coli O157:H7 and that the microorganism primarily
colonizes at the recto-anal junction (RAJ) of the animal (23,
42). It was previously reported that the application of phage
directly to the RAJ, as well as the addition of the phage to the
drinking water, significantly reduced E. coli O157:H7 popula-
tions but did not eliminate the organism in cattle (35). It was
encouraging to find that the phages in the present study were
recoverable from the feces of the yearling animals, as it dem-
onstrated that the phages can survive transit through the GITs
of these animals. It may be possible in the future to incorporate
the phages into protective delivery systems, such as microen-
capsulation, which could aid in increasing the protection of the
phages from inhibition and successfully transferring higher

FIG. 3. Mean number of E. coli O157:H7 bacteria in the rumen (A) and feces (B) of cattle inoculated with (�) and without (f) phage
treatment and mean plaque counts of bacteriophages (�) recovered in the rumens of animals dosed with bacteriophages. Two fistulated animals
were dosed with 1010 CFU of E. coli O157:H7 cocktail (NCTC 12900-nas, DAF454-nas, and 13C1T3-nas) on day 0. One animal was dosed with
a 1011 PFU cocktail of e11/2 and e4/1c phages on days 1, 2, and 3 (indicated by the arrows). Plaques were not found in fecal samples (B) directly
or following enrichment and are not shown in the figure. This experiment was performed once with two animals.
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numbers of phages to target areas within the GIT, such as the
RAJ (4).

For practical reasons, the bacteriophages in the present
study were applied as a therapeutic method (phages adminis-
tered 24 h after inoculation with E. coli O157:H7) to represent
a method that could be used preslaughter on infected animals.
A greater reduction in numbers of E. coli O157:H7 has been
achieved through the administration of bacteriophages prior to
or together with the target bacteria as a preventative applica-
tion (35, 36, 41). A study by Waddell et al. (41) reported the
successful reduction of E. coli O157:H7 fecal shedding in
calves by using a mixture of E. coli O157-specific phages as a
preventative treatment (administered before E. coli O157:H7
inoculation) as well as after inoculation of E. coli O157:H7
(days 0 and 1). It has been suggested that bacterial reductions
are achieved through the use of large or repeated doses of
bacteriophages associated with no actual replication of bacte-
riophages in the host (passive therapy), although sometimes
active phage replication (active therapy) has been seen in vivo
(29). Self-replication would make bacteriophage therapy a far
more viable option for the control of E. coli O157:H7 within a
livestock production environment. In contrast, high phage lev-
els have been found to be detrimental to efficacy (9), whereby
adding too much phage interferes with subsequent phage pen-
etration to bacteria, such as by effecting lysis from without
(which is a phage-mediated bacterial killing without corre-
sponding phage release) (1).

In general, greater success has been achieved when experi-
mental trials are carried out with smaller animals such as mice,
sheep, and calves (4, 9, 30, 35, 37, 41). In the present study,
yearling cattle (240 kg, average weight) were used in one trial,
while adult (fistulated) cattle (750 kg, average weight) were
used in another trial. Both E. coli O157:H7 and phage were
recovered from the feces of yearling cattle, but phage was not
recovered from the feces of the adult fistulated cattle. The
adult animals were much larger than the yearling cattle, which
could indicate a difference in phage and E. coli O157:H7 ratios
present in the GITs of these animals, as well as the influence of
other factors, such as the ability of the phage and/or E. coli
O157:H7 to survive and attach to the RAJ or differences be-
tween the GIT environments of these animals. Also, the age-
related difference in development of the GITs and the immune
systems may explain the difference in efficacy in calves and
older animals (15, 35).

In addition, studies that have reported a reduction in E. coli
O157:H7 numbers usually find that the organism is never elim-
inated (35). Ideally, the reduction of the pathogen load in the
animals would potentially reduce food-borne illness risk with-
out a reduction in prevalence of the organism (7). E. coli
O157:H7 is easily transferred between animals and their sur-
rounding environments (21, 34). Sources such as water, soil,
and manure can be long-term reservoirs for E. coli O157:H7,
and reinfection can occur. In the present study, the hides and
pens of many animals (trial one) were positive for E. coli
O157:H7 within 2 days after E. coli O157:H7 inoculation. Con-
tamination of the hide can also contribute to the contamina-
tion of the carcass during preslaughter and is one factor in-
creasing risk of infection (20). Feed was also often found to
become contaminated by the animals following feeding and
could possibly contribute to reinfection of the animal.

Bacteriophage plaques were also found in the feces (follow-
ing enrichment) of some of the animals in the control group.
The plaques produced by these phages were similar to those
produced by e11/2 and e4/1c; however, further analysis, such as
enzyme digestion of the phage DNA, is required for confirma-
tion. Every effort was made to avoid cross-contamination be-
tween the two treatment groups; however, it is possible that the
phages used in the study could have become airborne and
contaminated the control animals. Alternatively, these plaques
may also represent other naturally occurring phages that were
not detected in our initial screening procedures or lysogenic
phages propagated from the host. This is not unusual, as
phages have been found to be ubiquitous within feedlots and
have been commonly isolated from animal feces and slurry (24,
26). Although these plaques were so few and sporadic, it is
unknown whether their numbers could have influenced the E.
coli O157:H7 numbers shed by the control animals.

Conclusions. This study shows that bacteriophages e11/2
and e4/1c were able to reduce E. coli O157:H7 CFU inoculated
in an ex vivo model rumen system but in the cattle trials showed
no effect on the fecal shedding of E. coli O157:H7. There is a
considerable potential for development and inclusion of phage
therapies in preharvest intervention strategies. However, fur-
ther research is required to improve the activities and/or sur-
vival of the phages in vivo as well as to optimize delivery
systems and route and timing of phage administration. The
dose and route of administration of the phages to animals in
particular are very important factors to consider, as it must be
economical and practical for agricultural use. Although the
effectiveness of other preharvest interventions (for example,
vaccination and probiotic feeds) varies, no intervention is com-
pletely effective in reducing the fecal prevalence of E. coli
O157:H7. It would be beneficial to incorporate phage applica-
tion into a number of strategies to successfully reduce the
prevalence of E. coli O157:H7 throughout the beef chain (3).
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