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Background 

Bacteria can be infected by bacterial viruses (bacteriophages, or phages). By nature, they are very 
specific such that an individual phage may only infect and subsequently kill a specific bacterial 
strain within a species. This high degree of specificity allows phages to be used against targeted 
microorganisms in a mixed population such as the ruminant gut without perturbing the microbial 
ecosystem. Bacteriophages are common natural members of the gastrointestinal microbial 
ecosystem of food animals, including ruminants (Adams et al., 1966; Klieve and Bauchop, 1988).  
 
Virulent bacteriophages attach to specific receptors on the surface of bacteria, inject their DNA, 
then express genes that “hijack” a bacterium; directing a transition from host to phage 
metabolism that leads to the synthesis of new phage DNA and new phage particles, ending with 
programmed cell lysis and the release of dozens or hundreds of new phage particles. This 
exponential increase in the number of phages continues if the targeted bacteria are present, thus 
allowing phages to persist in the gut rather than simply degrade over time as do antibiotics. 
Because phages are “infectious” agents, they can be passed between hosts, colonizing other 
animals and infecting the target bacteria in this new host; however, phages they are also self-
limiting, if the target bacterium (prey) is removed from the environment, then the phage population, 
like any predator, will diminish. Ever since their discovery in 1917 they have been applied in both 
human and animal therapy in many parts of the world (most notably in Eastern Europe and the old 
Soviet Union), often as a direct replacement for antibiotics.  
 
Phage have been used successfully in several in vivo research studies examining their efficacy on 
diseases that impact production efficiency or health in swine, sheep and poultry (Huff et al., 2002; 
Smith and Huggins, 1983, 1982). However, only recently have phages been suggested as a 
means to control E. coli O157:H7 in food animals (Kudva et al., 1999). 
 
In preliminary studies by our research group, several naturally occurring bacteriophage active 
against E. coli O157:H7 were isolated from sheep around the U.S. When sheep were transported 
from open rangeland, 46% of them were found to naturally harbor E. coli O157:H7-killing 
bacteriophages (Callaway et al., 2003).  Therapeutic trials using a cocktail of bacteriophage 
inoculated into sheep artificially infected with E. coli O157:H7 reduced concentrations of E. coli 
O157:H7 throughout the gastrointestinal tract; while these differences were not statistically 
significant, they were encouraging as a “proof- of–concept” for the use of bacteriophage to control 
foodborne pathogens in the ruminant gastrointestinal tract (Callaway et al., 2003). The 
effectiveness of phage treatment under “real world” conditions has been variable in the literature, 
therefore more basic and applied work needs to be completed before bacteriophage can be 
considered a viable method to control foodborne pathogenic bacteria in cattle. 
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The objectives of this study were to isolate and characterize several E. coli O157:H7 infecting 
bacteriophage from feedlot manure and test their efficacy as a pre-harvest intervention strategy to 
reduce E. coli O157:H7 in ruminants. 
 
Methodology 

Facility and pens: 
The study was conducted at the U.S. Meat Animal Research Center (USMARC) feedlot. A set of 16 
pens were designed for the examination of the effects of shade and surface type (soil vs. pond ash) 
on the performance of individual group-penned finishing cattle. Eight of the 16 pens (24’ × 68’) 
provide cattle access to shade with a shade structure covering half of the pen (24’ × 34’), while the 
remaining eight pens (24’ × 68’) have no access to shade. Eight of the 16 pens (four shaded and 
four non-shaded) are surfaced with soil and the remaining eight are surfaced with pond ash. 
Individual feeding behavior is recorded by a feed bunk monitoring system which utilizes electronic 
identification tags that are inserted into the right ear of each animal. Pens were stocked at a rate 
of eight head per pen, for a total of 128 animals. Animals were screened for E. coli O157:H7 and 
Salmonella spp. on hides and in feces the week before initiating the experiment. Animals were 
assigned to pens based upon breed (hide color), weight, and pathogen status. 
 
Sample collection: 
Prior to entry of the cattle, surface material/manure samples from the surfaces of each pen were 
collected and analyzed to determine the prior presence of the target pathogens, as described 
below. Cattle were weighed, condition scored (including hide cleanliness), and temperament 
scored on days 0, 28, 56, and 84 of the experiment. On these same days, fecal, hide, and manure 
samples were collected as follows: 
 

• Rectal feces grab samples were collected from each animal. 
• Hide samples were collected from each animal using sterile, moistened Speci-  
       Sponges. 
• Separate ca. 500 g samples of feedlot surface material were collected from four 

different areas of each pen. 
 

Sample processing and analyses: 
 
Both the presence and levels of E. coli O157:H7 and Salmonella spp. were determined in 
rectal feces (10 g) and hide samples (1000 cm2 area) from all animals at each sampling 
time. 
 
In addition, the levels of generic E. coli in rectal feces samples was determined. Both the 
presence and levels of E. coli O157:H7, Salmonella spp., and generic E. coli were determined 
in feedlot surface material samples collected from the pen floors (10 g). 
 
E. coli O157:H7 analyses. The presence of E. coli O157:H7 was determined using 
enrichment conditions developed at USMARC (Barkocy-Gallagher et al. 2002, 2005), 
immunomagnetic separation (IMS), and plating onto CHROMagar O157 containing 5 mg/L 
novobiocin and 1 mg/L tellurite (ntCHROMagar O157) and sorbitol MacConkey agar 
containing 0.05 mg/L cefixime and 2.5 mg/L potassium tellurite. Levels of E. coli O157:H7 
were determined by spiral-plating onto ntCHROMagar O157 (Brichta-Harhay et al., 
accepted). 
 
Salmonella spp. analyses. The presence of Salmonella spp. was determined using 
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enrichment and isolation procedures developed previously (Barkocy-Gallagher et al., 2002). 
Levels of Salmonella spp. were determined by spiral-plating onto XLD agar containing 4.6 
ml/L tergitol, 15 mg/L novobiocin, and 5 mg/L cefsulodin (XLDtnc; Brichta-Harhay et al., 
accepted). 
 
Generic E. coli and coliforms analyses. Levels of generic E. coli and coliforms were 
determined by serial dilution and spiral-plating onto CHROMagar ECC. 
 
Isolate confirmation and PFGE analysis. Identities of suspect isolates were confirmed using 
standard biochemical, serological, and PCR procedures. Up to three isolates per positive 
sample were subjected to PFGE analysis. 

 

Pathogen and fecal bacteria persistence in feedlot surface material from pond ash vs. soil pen 
surfaces: 
On days 0, 28, and 56, following the removal of the 10 g samples for initial analyses, feedlot 
surface material (FSM) samples from each pen were pooled and mixed, to give one FSM pool for 
each pen for each sampling day. The FSM pools were placed in plastic pans, loosely covered, and 
incubated at room temperature (18-22°C) for four weeks. In order to determine the persistence 
of the target pathogens and fecal bacteria in the FSM, 10 g samples were collected at 0, 1, 2, 3, 
and 4 weeks for determination of presence and levels of E. coli O157, Salmonella spp., and 
generic E. coli as described above. At the same intervals, samples were collected from each pool 
for determination of pH, moisture/dry matter content, and organic matter content. In addition to 
determining pathogen and fecal bacteria persistence in manure pools as described, we examined 
the persistence of these bacteria in the FSM on the pens following removal of the cattle from the 
pens. Separate ca. 500 g samples of feedlot surface material were collected from four different 
areas of each pen at 0, 1, 2, 3, 4, and 6 weeks for analyses as described above for FSM pools.  
 
Stress observations and risk factor analyses: 
Feedlot heifers of four breeds (hide colors: red, black, tan, and white) were selected on the basis 
of weight and assigned to pens on the basis of hide color and weight. On each of days 0, 28, 56, 
and 84, animals were weighed, condition scored, and temperament scored. On a set schedule as 
described by Brown-Brandl et al. (2005), two independent observers took measurements of 
respiration rate and panting score twice daily (0800 and 1500) during at least twelve 5-day 
periods throughout the study. At these same times, standing or lying behavior was also recorded, 
and surface temperatures of the soil and pond ash surfaces were recorded. Hide cleanliness was 
evaluated and scored for each animal weekly. Feeding behavior was monitored continuously and 
animal performance and gain was calculated. Carcass quality data on individual animals was 
collected at slaughter. This information was used to determine if cattle stress level, stress risk 
factors (previous health, fatness level, hide color, or temperament), or interactions of these factors 
affect either the prevalence or the levels of E. coli O157:H7 or Salmonella spp. shed in feces. 
 
Findings 

Specific Hypothesis 1: Bacteriophage specific to E. coli O157:H 7 are widespread in cattle in 
production situations. 
Pathogenic bacteria were found in all four feedlots in this study; Salmonella spp., E. coli O157 and 
Listeria spp. were isolated from 3, 4, and 2 feedlots, respectively (Table 1). The most 
common pathogen isolated in this study was E. coli O157 which was isolated from 11.7% of 
fecal samples, with a range from 5% to 20% of individual fecal samples testing positive for E. 
coli O157. Salmonella spp. and Listeria spp. were isolated from less than 4% of all fecal 
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samples, but the individual lot fecal incidence ranged from 0 to 6.7% and 0 to 10% respectively. 
There was relatively little co-shedding of pathogens, with only 2 individual fecal samples testing 
positive for more than a single pathogen (Listeria innocua and E. coli O157; data not shown). At 
least one of the pathogenic bacterial species were isolated from 17.5% of the individual fecal 
samples in this study. Bacteriophage that were active against E. coli strains (coliphage) were 
isolated from 15% of the individual fecal samples, and the incidence of coliphage in individual fecal 
samples ranged from 11.7% to 23.3% in each of the feedlots (Table 1). Isolation of E. coli O157 
and coliphage from the same sample was rather rare as well, with only 2.08% of all fecal samples 
testing positive for both E. coli O157 and coliphage. 
 
When pathogens were viewed on a per pen basis, pathogens appeared to be widespread throughout 
the feedlots (Table 2). The percentage of pens in each feedlot that were positive for Salmonella 
spp. varied from 0 to 40% with a mean of 22.5%, pens positive for E. coli O157 ranged from 20 to 
80% with a mean of 47.5% positive, and Listeria spp. was found in from 0 to 50% of the pens in 
each lot (Table 2). One of the three bacterial pathogens was isolated from 67.5% of all pens in this 
study. However, in spite of the widespread nature of the pathogens, different species were rarely 
isolated from within the same pen (6 out of 40 pens sampled; data not shown). Coliphage were 
isolated from 55% of all pens, and the incidence of positive pens within each feedlot ranged from 
40 to 70%. Isolation of E. coli O157 and coliphage within the same pen was rare, with only 10% of 
all pens simultaneously testing positive for both (Table 2). Surprisingly, there was no 
epidemiological correlation between E. coli O157 incidence in pens and the incidence of O157:H7 
coliphage in the present study. 
 
Salmonella serotypes and Listeria species isolated during this study are shown in Table 
3. Two Salmonella serotypes were isolated from two different feedlots (Orion var. 15-, 34+ 
[formerly Thomasville], and Cerro. Listeria innocua was isolated from 2 feedlots as well, but 
L. welshimeri/innocua was isolated from only a single feedlot. 

All of the coliphage isolated were lytic against at least one of the E. coli O157:H7 strains tested 
(Table 4). Many of the coliphage were also lytic against the non-pathogenic E. coli strains (B, K12, 
F18, and K88). Several Salmonella serotypes were lysed by the phages as well, but none of the 
phage isolates lysed any of the Enterococci species. 
 
These results indicate that pathogens are found widely in feedlot cattle, at least on a pen basis; but 
so are phage that kill E. coli O157:H7. This data should allow regulatory agencies to view phage as 
an intervention strategy with a less stringent eye. 
 

Specific Hypothesis 2: Bacteriophage specific to E. coli O157:H 7 can be used to reduce E. coli O157:H 7 
populations in vitro. 
Results from the in vitro batch culture studies were mixed and somewhat disappointing. E. coli 
O157:H7 populations were reduced approximately 1 log10 in these incubations. However, because 
the in vitro system does not allow for the reproduction of the E. coli O157:H7 that is seen in vivo, this 
was not seen as limiting the potential of this project. The in vivo studies were performed utilizing a 
cocktail of all 36 anti- E. coli O157:H7 phage.  
 
Members of the phage cocktail are currently being physiologically and genetically characterized by 
our collaborators at The Evergreen State College. 
 
Specific Hypothesis 3: Bacteriophage specific to E. coli O157:H 7 can be used to reduce E. coli 
O157:H 7 populations in vivo 
Study 1: Effectiveness in vivo. Fecal populations in sheep were determined prior to initiation 
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of phage treatment (Figure 1). Fecal shedding in both controls and phage treated sheep declined 
during the phage treatment period; however, the fecal (shedding) populations of E. coli O157:H7 
were different between the two groups after 24 and 48 h of phage treatment. 
 
Populations of E. coli O157:H7 were determined in the rumen, cecum and rectum of both groups of 
sheep (Figure 2). Phage treatment reduced E. coli O157:H7 in all chambers of the gastrointestinal 
tract examined. However, the effect was statistically significant (P = 0.0488) only in the cecum, 
but there was trend (P = 0.1145) for reduction in the rectum as well (Figure 2). 
 
This result indicates that phage could be an effective pre-harvest intervention strategy to reduce 
food-borne pathogens in live animals. However, it did not eliminate the pathogen from the animal 
completely. 
 
Study 2: In vivo effects of levels of phage addition. Again, fecal populations declined in all groups. 
However, the fecal E. coli O157:H7 populations declined more rapidly in phage treated groups than 
in controls (Figure 3). Interestingly, the treatments that were most effective in reducing E. coli 
O157:H7 populations were the lower phage doses (104 and 105 PFU/ml, respectively. 
 
Populations of E. coli O157:H7 were reduced by phage treatment in all 3 compartments of the gut 
(P < 0.05). Phage treatment with 104 PFU/ml (shown in Figure 4 as “Phage level 1”) reduced E. 
coli O157:H7 populations significantly in the rumen, cecum and rectum (Figure 4 a, b, and c). This 
lowest dose of phage was the most effective in vivo of the levels tested. 
 
This result came as a bit of a counterintuitive surprise to us, because the general tendency is to 
assume that “if a little bit is good, then more is better”. However, with phage, there is a critical 
ratio, known as Multiplicity of Infection (MOI) that is simply a ratio of phage to targeted bacteria. 
The MOI must be high enough to ensure that the targets are infected, but too great of an MOI can 
result in more than one phage invading a particular bacterium simultaneously, resulting in 
interference and incomplete replication of daughter phage. In this case, we hypothesize that the 
MOI of 104 PFU/ml was the closest to the optimal ratio of the levels examined. Therefore, we 
utilized this dose in the follow-up study. 
 
Study 3: In  vivo  effectiveness  of  phage  over time. Phage addition again reduced phage populations 
in the gastrointestinal tract of sheep (Figures 5 a and b). Because the populations of E. coli O157:H7 
declined over time in the sheep due to the use of artificially inoculated model, we paired control 
animals directly with treated animals to ensure that changes were accounted for by appropriate 
controls. 
 
In this study, phage reduced E. coli O157:H7 populations in sheep gastrointestinal tracts were only 
reduced at 24 h following the cessation of phage treatment. This reduction was greatest in the 
cecum and rectum (Figure 5 a). By 48 h after the end of phage treatment E. coli O157:H7 
populations had returned to nearly control levels (Figure 5a). The 72 and 96 h E. coli O157:H7 
populations after phage treatment cessation were not different from controls in any compartment of 
the GI tract (Figure 5 b). 
 
A great deal of the elegance of the idea of using phage to control foodborne pathogens in live 
animals has centered around phage being a transmissible, and replicatable biological control 
system. Proponents of phage therapy have touted the transmissibility of phage between 
animals, and the ability of phage to colonize an environment for long periods of time. 
However, our results disagree with this assessment. It appears that the phage addition did 
not colonize the gastrointestinal tract to an extent great enough to prevent E. coli O157:H7 
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populations from returning to “normal” levels. This was a disappointing result given this was one of 
the primary attractions of this intervention strategy. 
 
Phage treatment is effective against E. coli O157:H7, but is not a magic bullet. It appears that 
phage could be a useful tool to reduce E. coli O157:H7 in cattle, but only as part of a larger E. coli 
O157:H7 reduction scheme. The multiple-hurdle approach using complimentary, non-antibiotic 
schemes, appears to be the most effective solution that we have in our arsenal. 
 
Implications 
 
We used these phage to reduce E. coli O157:H7 populations in sheep. We reduced 
E. coli O157:H7 populations approximately 100-fold in the gastrointestinal tract. We also found 
that adding more phage is not necessarily better, a lower dose of phage was more effective in 
killing E. coli O157:H7 than a 100-fold higher dose. We found that phage treatment was most 
effective against E. coli O157:H7 in the 24 hours immediately following treatment. These results 
indicate that phage could be used as a method to reduce E. coli O157:H7 in cattle before slaughter, 
but unfortunately, phage treatment is not the “ultimate” solution that we in the beef industry have 
sought. However, utilization of phage as one treatment in a multiple intervention or hurdle scheme 
could be effective; especially given the prevailing trend to reducing the use of antibiotics in cattle. 
 
Table 1.  Pathogen and phage incidence (% of total fecal samples) in feedlots (n = 60 samples from 10 
pens in each feedlot). 

Feedlot Salmonella E. coli 
O157:H7 

Listeria Total 
pathogens 

Phage Phage and E. 
coli O157:H7 

A 0 10 10 16.7 13.33 3.33 
B 5 20 0 25 11.67 1.67 
C 6.67 5 0 11.67 23.33 1.67 
D 3.33 11.67 1.67 16.67 11.67 1.67 
Total 3.75 11.67 2.92 17.5 15 2.08 

 
 
Table 2. Pathogen and phage incidence (% of pens positive) in feedlots (n = 60 samples from 10 pens 
in each feedlot). 

Feedlot Salmonella E. coli 
O157:H7 

Listeria Total 
pathogens 

Phage Phage and E. 
coli O157:H7 

A 0 40 50 70 50 10 
B 30 80 0 80 60 10 
C 40 20 0 50 70 10 
D 20 50 10 70 40 10 
Total 22.5 47.5 15 67.5 55 10 
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Table 3.  Salmonella serotype and Listeria species isolated from individual feedlots. 
Feedlot Salmonella serotype (number of isolates) Listeria species (number of isolates) 

A  L. innocua (4) 
A  L. welshimeri/innocua (2) 
B Orion var. 15-, 34+ (formerly Thomasville)  
B Give  
B Kentucky  
C Cerro  
C Anatum (2)  
C Oranienburg  
D Orion var. 15-, 34+ (formerly Thomasville) L. innocua 
D Cerro  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.  Spectrum of activity of phage against bacterial strains 
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Feedlot 

 
Phage 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
7 

 
8 

E. coli O157:H7 
9 10 11 

 
12 

 
13 

 
14 

 
15 

 
16 

 
17 

 
18 

 
19 

E. coli 
20 21 

 
22 

 
23 

 
24 

Salmonella 
25 26 27 

 
28 

 
29 

Enterococcus 
30 31 

E. coli 
O157:H7 

   activity 
A 1  + +     + +        +  + + +           5 
A 2               +  +  + +            2 
A 3  + +  +   + + + +    +  +  + + +   +  +      9 
A 4  + +  + +  +        +   + +            6 
A 5 + + +   +  +       +    + + + +   +       6 
A 6  + +     +    +   +  +  + + +           6 
A 7 +  +  +     +     + + +  + +            7 
A 8 +  +     + +      + + + + + + + + +     +    8 
B 9   +              +  + +  +          2 
B 10  + + + + + + +       + + + + + + + + +    +     11 
B 11  +  + + + + +    +  + + + + + + + + +  +   +  +   12 
B 12        + +       + +  + +   +     +    4 
B 13 + + +  +   + + +   + + + + + + + +   + + +       13 
B 14 +  +    + +       +  + + + + + + + +    +    7 
B 15   +     +      + + + +  + + + + +  +       6 
C 16    +    + + +     + + + + + + + +          8 
C 17 +        +     + + + +  + + + + +   +  +    6 
C 18 + +           + + + + +   +   +         7 
C 19          +    + +   + + +   + +    +    4 
C 20        + +    + + + + + + + + + + + + + +  + +   8 
C 21  +  +     + +   + + + + + + + + + + +     +    10 
C 22    +      +   +  +   + + + + + +   +  + +   5 
C 23             +    +  + + + + + +    +    2 
C 24 +  +  +        +  +  +  + +   +         6 
C 25                 +  + +            1 
C 26  +            + + + + + + + + + +     +    6 
C 27 + + +     + + + +  +  + + + + + + +  +    + +    12 
C 28 +  +      + +    + +  +  + + +  +  +   +    7 
C 29   +  +  + + +   + + + +    + + +  +         9 
D 30 + + + +    + +    + +   +  + + +           9 
D 31 +  +       + +   + +  + + + +   +   +      8 
D 32   +     +  +    + +     + + + +         5 
D 33 + + +   + + +  +   + + + + +  + + + + +     +    12 
D 34 + + + +    + +   + + + + + +  + + + + + +    +    12 
D 35  +  + +  + + + +   + + +  + + + + +  +    +     12 
D 36 +  +  +  + + + + + + + + + + + + + +   +         15 
Phages 
activ 

 

e 15 16 22 8 10 5 7 22 16 14 4 5 14 18 29 18 30 15 34 36 24 17 24 8 5 5 4 14 3 0 0  
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Lane   Bacterial Strain 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 E. coli O157:H7 933 
2 E. coli O157:H7 6058 
3 E. coli O157:H7 86-24 
4 E. coli O157:H7 2257 
5 E. coli O157:H7 2031 
6 E. coli O157:H7 2029 
7 E. coli O157:H7 2030 
8 E. coli O157:H7 2079 
9 E. coli O157:H7 2027 
10 E. coli O157:H7 2255 
11 E. coli O157:H7 2266 
12 E. coli O157:H7 2321 
13 E. coli O157:H7 2026 
14 E. coli O157:H7 2317 
15 E. coli O157:H7 2324 
16 E. coli O157:H7 2028 
17 E. coli O157:H7 2309 
18 E. coli O157:H7 2336 
19 E. coli K12 
20 E. coli B 
21 E. coli F18 
22 E. coli K88 
23 S. Typhimurium 
24 S. Dublin 
25 S. Derby 
26 S. Enteriditis 
27 S. Cholerasuis 
28 S. Montevideo 
29 S. Mbandanka 
30 E. Faecium 
31 E. Faecalis 
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Figure 1:  Fecal shedding of E. coli O157:H7 in sheep. Open symbols represent control sheep, filled 
symbols represent sheep treated with 107 PFU phage. 
 

 

Figure 2:  Intestinal populations of E. coli O157:H7 in sheep.  Light grey bars represent control sheep, dark 
bars represent sheep treated with 107 PFU phage 
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Figure 3:  Fecal shedding of E. coli O157:H7 in sheep treated with 4 levels of phage (0 104, 105, and 106 

PFU/sheep) 

 

 

 

Figure 4:  Intestinal populations of E. coli O157:H7 in sheep treated with 4 levels of phage (0, 104, 
105, and 106 PFU/sheep). Ruminal (a), cecal (b) and rectal (c) E. coli O157:H7 populations are 
displayed. 
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Figure 5:  Intestinal populations of E. coli O157:H7 in sheep treated with phage (0 or 104 PFU/sheep).  Sheep 
were sampled at various times following the cessation of phage treatment.  Sheep were euthanized at 24, 48, 
72 or 96 h after phage treatment ended. 
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