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ABSTRACT

attle can be naturally colonized with enterohemorragic E. coli (EHEC; also known as
cShiga toxin-producing E. coli, STEC) in their gastrointestinal tract. In order to further

curtail human illness and ensure a safe and wholesome food supply, research into pre-
harvest E. coli O157:H7 and non-O157:H7 EHEC reduction controls and interventions has
grown in recent years. This review addresses the controls and interventions that have been
proposed or implemented to reduce EHEC in cattle. The interventions are divided into 3 broad
categories: 1) management practices and transport, 2) cattle water and feed management, and
3) live animal treatments. Pre-harvest strategies do not eliminate the need for good sanitation
procedures in the processing plant or during food preparation. Live-animal interventions to
reduce pathogens must be installed in a multiple-hurdle approach that complements in-plant
interventions, so reduction in pathogen entry to the food supply can be maximized. Recently,
an increase in the research focused on developing new interventions (e.g., vaccination, DFM,
chlorate, phages) and on understanding what effect diet and the microbial population has on
EHEC populations in the gut of cattle has been observed. This research has resulted in several
novel interventions and potential dietary additions or changes that can reduce EHEC in cattle,
including those in, or very near to entering, the marketplace.
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EXECUTIVE SUMMARY

Cattle can be naturally colonized with enterohemorrhagic
E. coli (EHEC; such as E. coli O157:H7) in their
gastrointestinal tract. This bacteria can cause serious
illness and sometimes death in humans who become
infected via food, water, or direct animal contact. To
reduce potential human illness and ensure a safe and
wholesome food supply, pre-harvest E. coli O157:H7 and
non-0157:H7 EHEC control and intervention development
has occurred rapidly in recent years. The proposed

live cattle pathogen-reduction intervention or control
strategies can be divided into three broad categories: 1)
management practices and transport, 2) cattle water and
feed management, and 3) live animal treatments.

Management Practices and Transportation
Good management of cattle is critical for efficient

animal production, but to date, no typical “management”
procedures have been shown to affect colonization or

E. coli O157:H7 shedding. E. coli O157:H7 can survive
for lengthy periods in manure, soil, and other organic
materials. Overall, cleaning bedding or pens will not
eliminate E. coli O157:H7 from any farm or feedlot
environment, but it may slow spread within a group of
cattle. Biosecurity efforts are probably minimal in their
direct impact on food safety on the farm, simply reducing
ways for pathogens to move between “clean” groups of
cattle. Reduced animal density can reduce contamination.
Since cattle can be exposed during transport and in holding
facilities prior to processing, cleaning of trailers and
facilities can help reduce the spread of EHEC.

Cattle Water and Feed Management

Water troughs can contain E. coli O157:H7 for long

periods of time, and therefore, can facilitate pathogen
transmission. Chlorination and cleaning of troughs can
reduce EHEC populations and transmission, but limitations
to its effectiveness have been seen. Fasting can increase the
shedding of E. coli O157:H7, as can certain feeds, such as
barley and distiller’s grains, or some other form of grain.
Steam flaking of grain produces higher E. coli O157:H7
populations than does dry rolled grain. Forage-fed cattle

generally contain lower E. coli O157:H7 populations, but
this is not a complete cure. A sudden shift in diet from
grain to hay generally causes a decrease in E. coli O157:H7,
but the role of the forage quality and type on reduction is
currently unkown. Direct-fed microbials, organic acids,
seaweed products, and citrus pulp and peels also hold
promise as dietary additions to reduce E. coli O157:H7 in
cattle. These products are currently in the market, but have
not been examined in large-scale trials to determine their
effectiveness.

Live Animal Treatments

Bacterial viruses (bacteriophage) can be used to
specifically target £. coli O157:H7 in cattle. Phages have
been approved and marketed for use as a hide spray

to reduce the entry of E. coli O157:H7 on the hides of
cattle entering the food chain. Hide washes have been
implemented in many processing plants using organic
acids or ozonated water to reduce E. coli O157:H7 on the
hides of cattle entering the processing facility. Vaccines
also have been developed using several avenues of attack
to reduce E. coli O157:H7 in cattle. Currently, vaccines
have had variable results depending on the number of
vaccinations required to elicit fullest immunity. Sodium
chlorate selectively targets bacteria equipped with the
enzyme nitrate reductase, which includes E. coli O157:H7.
This bacterial enzyme converts chlorate to a form which
kills the bacteria, but does not affect other bacteria; this
treatment has shown promise in reducing E. coli O157:H7
in cattle.

Overall, these pre-harvest strategies do not eliminate the
need for good sanitation and procedures in the processing
plant and during food preparation. Instead, these live-
animal interventions to reduce pathogens must be
installed in a multiple-hurdle approach that complements
in-plant interventions, so the reduction in pathogen

entry to the food supply can be maximized. Pre-harvest
E. coli O157:H7 research has resulted in several novel
interventions and potential dietary additions or changes
that can reduce EHEC in cattle, and many of them are in,
or very near to entering, the marketplace.
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INTRODUCTION

Cattle can be naturally colonized with enterohemorragic E.
coli (EHEC; also known as Shiga toxin-producing E. coli,
STEC) in their gastrointestinal tract (/60). The most well
known of these human pathogens is E. coli O157:H7 which
has as a natural reservoir in ruminant animals such as
cattle. EHEC-caused illnesses cost the American economy
more than $1 billion each year in direct and indirect costs (251).

The relatively recent (1982) emergence of E. coli O157:H7
makes it seem like this organism is a new arrival in the
food chain; however, data indicate this organism is far
more ancient (177, 239, 299). Ecological theory suggests
the best fitted organism for a particular environment

will survive in that environment best (93). Because E.

coli O157:H7 apparently evolved along with its host, it is
uniquely fitted to survive in the gastrointestinal tract of
cattle. This organism produces a potent cytotoxin that does
not seriously impact its preferred host (cattle) because they
lack toxin receptors (228), but this same toxin can cause
serious illness in humans colonized by E. coli O157:H7
(215). Unfortunately, this means the natural commensal-
type relationship between EHEC (including O157 and
non-0157) and cattle ensures this organism can be passed
on to meat products. Transmission most frequently occurs
during summer months, and is linked to the well-known
summer increase in the prevalence of E. coli O157:H7 in
cattle (104, 210, 297), not consumer cooking habits or an
increase in consumption. (301).

Since the emergence of EHEC, the beef industry has spent
more than $2 billion dollars to combat EHEC in processing
plants (161). Although in-plant strategies have significantly
reduced populations of EHEC (and other foodborne
pathogens), these processing interventions have not been
perfect (15, 30). As a result, more than 175,000 human
foodborne cases of EHEC occur each year in the United
States (248).

In order to further curtail human illness and ensure a safe
and wholesome food supply, research into pre-harvest E.
coli O157:H7 and non-O157:H7 EHEC reduction controls
and interventions has grown in recent years (39, 185,

219, 246). The logic behind reducing EHEC in live cattle
is simple: 1) will reduce the burden on the plants thus
rendering the in-plant interventions more effective; 2) will
reduce horizontal EHEC spread from infected animals
(especially in “super-shedders™) in transport and lairage;
3) will reduce the EHEC burden in the environment and
wastewater streams; and 4) will reduce the risk to those
(often city dwellers) in direct contact with animals via
petting zoos and open farms.

This review addresses controls and interventions that have
been proposed or implemented to reduce EHEC in cattle.
The interventions are divided into 3 broad categories: 1)
management practices and transport, 2) cattle water and
feed management, and 3) live animal treatments.

MANAGEMENT PRACTICES AND
TRANSPORTATION

Good management of cattle is critical for efficient animal
production, but to date, typical “management” procedures
have not been shown to affect colonization or shedding of
E. coli O157:H7 or an EHEC. On the contrary, the use of
squeeze chutes to process cattle has been shown to increase
the odds of hide contamination with E. coli 0157 (192).
Good management practices are critical to ensuring animal
health and welfare. Some practices may even reduce
horizontal transmission of EHEC within a herd of cattle
(113), despite the lack of evidence regarding impact on food
safety(185).

Pens and Bedding

E. coli O157:H7 can live for a long period of time in
manure, soil, and other organic materials (155, 195,

302) and can be transmitted successively through their
environment (255, 256). Cattle, especially dairy cows,

are bedded on materials largely chosen for animal health
and welfare reasons. Unfortunately, bedding material can
harbor the bacteria responsible for mastitis, as well as
foodborne pathogenic bacteria that can be spread among
cattle (94, 218, 237, 298). Research has shown urine fosters
the growth of E. coli O157:H7 on bedding, most likely by
providing substrate for growth (94). Modeling research has
shown the death rate of E. coli O157:H7 is increased (292)
when bedding cleaning frequency is increased. Research
has also shown sand bedding compared to saw dust
reduced the transmission of E. coli O157:H7 among dairy
cows, resulting in lower populations of E. coli O157:H7
(184). It is suspected the difference was due to desiccation
or the reduced nutrient availability in sand.

For many years it was assumed that feedlot surfaces were
simply uncomposted manure-like, but recent molecular
studies have indicated the bacterial communities of

feedlot surfaces are complex, yet utterly distinct from

fecal bacterial populations (99). This suggests the factors
favoring survival in the gastrointestinal tract (anaerobic,
warm, dark) do not favor survival on the feedlot surface
(aerobic, cooler, sunlit). Surfaces such as pond ash do not
impact survival of E. coli 0157 (38); however, studies and
anecdotal evidence indicate a greater number of cattle shed
E. coli O157:H7 when housed in muddy pen conditions
than cattle from normal pen conditions. Thus, the condition

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 3



of the pen floor may influence the prevalence of cattle
shedding the organism (259). These results indicate that wet
pens often allow E. coli O157:H7 to survive longer periods
than do dry conditions (36, 259). Overall, bedding or pen
cleaning will not eliminate E. coli O157:H7 from any farm
or feedlot environment, but it may slow spread within a
herd or between penmates.

Biosecurity

Farm biosecurity is critical for animal health and welfare,
especially in regard to animal diseases, but, to date little
impact has been demonstrated on foodborne pathogenic
bacteria such as E. coli O157:H7. Research has shown other
animal species, rodents, insects and birds can carry EHEC
at least transiently (47, 124, 236, 298). Mixing sheep and
cattle has shown to increase the risk of cattle shedding
EHEC (265), and a positive correlation between cattle and
sheep density was found, at least in the UK (275). Other
diverse factors such as the presence of dogs, pigs, or

wild geese on the farm have been linked to an increased
risk of E. coli O157:H7 shedding (131, 276). However, to
date, practical biosecurity procedures that address EHEC
transmission on farms or feedlots have not been fully devised.

Ruminant animals other than cattle carry E. coli O157:H7
(124, 145, 247), including sheep and deer that often share
the same pasture, feed bunks and water supplies (47).
Researchers have found flies and other insects on farms
can carry EHEC from one location to another (2, 134, 164,
277). Furthermore, wild migratory birds such as starlings
(294, 298), cowbirds and egrets (Callaway, unpublished
data) can carry EHEC (or other foodborne pathogens)
between pens, and even between farms long distances
apart. Although probably minimal in their direct impact on
food safety on a farm, insects and birds represent vectors
for pathogens to move between “clean” groups of cattle

or farms.

Housing

Many farms are closed to entry by animals from other
farms to prevent transmission of animal disease. Closed
herds prevent the spread of E. coli O157:H7 (and other
pathogens) from one farm to another (7/3). However some
studies indicate a closed farm does not impact E. coli
O157:H7 incidence (80). The results of this study suggest
E. coli O157:H7 should be considered common to groups
of feedlot cattle housed together in pens (259). Therefore,
keeping groups together throughout their time on a farm
or feedlot, without introducing new members to groups,
appears to reduce horizontal transmission among animals.

A further benefit of grouping cattle involves the use of age
as a segregating factor. Young cattle (especially heifers)

shed more E. coli O157:H7 than do older cattle (80, &7,
259). While it is not possible to segregate calves from cows,
a potential benefit to keeping same-age groups of calves
together as they are transported and enter backgrounding
or feedlot operations has shown to prevent horizontal
transmission between groups. Off-site rearing of dairy
heifers may be an important solution to reducing foodborne
pathogens, as has been shown in regard to Salmonella
(138), and the risk of transmission back to the farm by
heifers returning from an off-site facility was found to be
low (102).

Animal density may also play a role in the horizontal
spread of E. coli O157:H7 and other foodborne pathogens
(290). Densely packed animals have a greater chance of
contamination with fecal spread. However, increased
animal density reduces the physical footprint and may
allow for easier waste handling. Higher animal density can
be linked to an increased risk of carriage of some EHEC,
including O157:H7 (122, 290). European studies show an
association between human EHEC illnesses and animal
density (126, 137), though Canadian researchers found

a variable impact (224). Further studies found increased
stocking density increased shedding of EHEC, independent
of group size (265, 274).

The issue of “super-shedders” complicates research into
effects of animal density and pathogen shedding (20, 77,
180, 267). If super-shedders exist long term, rather than
simply being a transient phase of infection, then interactive
effects of animal density and pathogen density exist in the
animal that must be accounted for (7193, 194). The role of
super-shedding animals (even if a transient phenomenon)
cannot be discounted in the contamination of hides during
transport and lairage, especially in dense conditions (79, 20).

Transportation and Lairage

Handling and transport to processing plants, feedlots

or other farms causes stress (see below) and may

spread E. coli O157:H7 due to physical contact or fecal
contamination, and trailers used may spread pathogens
among lots or loads of cattle (192). Studies indicate
transport did not affect EHEC populations in cattle;
however, in these studies, E. coli O157:H7 populations
were initially very low (29, 200, 233, 253). On the contrary,
other studies found transport caused an increase in fecal
shedding of E. coli O157:H7 (23). Researchers found

cattle transported more than 100 miles had a doubled risk
of having positive hides at slaughter compared to cattle
shipped a short distance. The question of time in close-
confinement versus being in transit was not examined (96).
In another study, longer transport times were correlated
with increased levels of fecal shedding of E. coli O157:H7
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(23). A more recent study demonstrated a combination

of transport and lairage did not lead to an increase in the
number or prevalence of E. coli O157:H7 from cattle (114).
The presence of a high-shedding animal in a trailer has
shown to increase the odds of other animals within the load
being hide-positive for E. coli O157:H7 (19, 20, 120).

Cattle trailers can be important vectors of E. coli O157:H7
to uninfected cattle and are frequently positive for E. coli
O157:H7 when sampled (29, 88, 233). The incidence of

E. coli O157:H7 in transport trailers increases the risk of
transmission to farms and feedlots through the cattle on
these trailers (88). However, to date, the washing of trailers
has only been shown to be effective against Salmonella
contamination in swine (229), yet it is an intuitive solution
to prevent some degree of cross-contamination of cattle
during a stressful period.

Lairage and holding facilities are further locations that can
impact the prevalence and concentration of E. coli O157:H7
on hides of cattle, which is an important route of entry to
the food supply (15). Studies show the transfer of E. coli
O157:H7 to hides in lairage at processing plants accounted
for more of the hide and carcass contamination than did the
population of cattle leaving the feedlot (16). Furthermore,
the presence of super-shedding cattle in these pens can
increase the cross-transmission of £. coli O157:H7 among
animals from different farms or feedlots (19, 77). The

exact role of lairage and transport in the spread of E. coli
0157:H7 (and other pathogens) among cattle is unclear, and
is likely dependent on time and animal density and may be
affected by stress.

Stress

While humans understand stress intuitively, the discussion
of “stress” in animals is fraught with anthropomorphism
and complexity. Long-term stress may depress immune
function in cattle (75, 165, 244), making them more
susceptible to colonization, but short-term effects of stress
from weaning, handling or transport on immune status are
unknown. To date, the effect of stress on colonization or
shedding of E. coli O157:H7 is unclear.

Weaning is stressful to calves and has been shown to
increase colonization with EHEC (139) and E. coli O157:H7
(79). In other studies, however, researchers demonstrated
weaning does not affect the likelihood of shedding (276).
Interestingly, calving was seen to reduce the possibility

of E. coli O157:H7 shedding (276). Other stresses such as
movement have been identified as playing a role in E. coli
0157:H7 shedding in Scottish cattle (79), but has not been
shown to impact shedding in U.S. cattle systems.

When calves were pre-conditioned to transport stress, they
were less susceptible to infection from the environment
than were calves not pre-conditioned to this stressor (23).
Cattle with excitable temperaments were less likely to

shed E. coli O157:H7 than were “calm” cattle (57, 253). In
pigs, it was found the social stress/excitement of mixing
penmates increased fecal shedding of Salmonella (73), but
this has not yet been shown in cattle. This however, implies
a potential role of social stress in cattle during lairage.

Heat stress (and methods to combat it) can have effects on
animal health and productivity (52), as well as shedding of
E. coli O157:H7 and Salmonella (73). Water sprinkling to
alleviate heat stress in cattle increased measures of animal
well-being and decreased E. coli O157:H7 populations on
the hides of cattle, but did not affect fecal populations. In
another study with dairy cattle, researchers found heat
stress had no impact on EHEC shedding, but Salmonella
shedding was increased (1/0). Futher research found heat
stress did not impact E. coli O157:H7 shedding in cattle (51).

CATTLE WATER AND FEED
MANAGEMENT

Diet and water supplies can be used to reduce horizontal
transmission of EHEC among animals on the same farm
or in the same feedlot pen. The underlying biology behind
this effect remains unclear, but it has been suggested

the reduction could be due to increased fecal pH or
intermediate end products of the yeast fermentation (e.g.,
vitamins, organic acids, L-lactic acid). However, these
suggestions remain hypotheses (297). While the magnitude
of dietary effects is relatively small, it underlines the point
that dietary composition can potentially significantly
impact E. coli O157:H7 populations in the gut of cattle.

Drinking Water Treatments

Cattle water troughs can harbor E. coli O157:H7 for long
periods of time (134, 181, 182, 206, 298), and as many as
25% of water samples on cattle farms have been shown

to contain E. coli O157:H7 (245). These results suggest
common-use troughs can be vectors for horizontal
transmission of E. coli O157:H7 within a group of animals.
Organic material in water troughs tends to harbor and
protect the EHEC, and modeling research has shown an
increase in water trough cleaning frequency would increase
the death rate of £. coli O157:H7 (292). Chlorination of
water supplies is used to reduce bacterial populations in
municipal water supplies and can also be used in cattle
water troughs to reduce E. coli O157:H7 populations.
However, sunlight and organic material in the water
reduces the effectiveness of chlorination over time, as seen
in real world chlorination studies with cattle water troughs
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(183). Electrolyzed oxidizing (EO) water has been shown
to reduce EHEC populations as high as 104 CFU/ml (271)
and can be used as an in-plant hide cleaning strategy (43).
Adding treatments such as cinnamaldehyde and sodium
caprylate to water supplies has proven to reduce EHEC
populations, but the effects on palatability are not currently
known (5, 78).

Fasting

Cattle can be fasted up to 48 h before and during their
transport to slaughter, which can affect the prevalence

of E. coli O157:H7. Ruminal and intestinal volatile fatty
acid (VFA) concentrations limit the proliferation of E. coli
due to the toxicity of the VFA to the bacteria (140a, 242,
303). This led to the use of organic acids/VFA as a method
to alter the ruminal fermentation and reduce pathogen
populations in the gut (217, 227, 287). However, fasting
causes levels of VFA to decline rapidly (135).

Fasting increased E. coli, Enterobacter and total

anaerobic bacterial populations throughout the intestinal
tract of cattle (55, 130), and increased Salmonella and

E. coli populations in the rumen (53, 129). Research

has demonstrated fasting can cause “apparent E. coli
(O157:H7)- negative animals to become positive” (172).
Fasting made calves more susceptible to colonization when
inoculated with E. coli O157:H7 (86). Cattle fasted for 48

h prior to slaughter contained significantly larger E. coli
populations throughout the gut than cattle fed forage (130).
In contrast, the fasting period had no effect on E. coli
0157:H7 shedding (135). In general, studies examining the
intestinal environment have repeatedly indicated low pH
and high concentrations of short-chain VFA result in lower
EHEC populations (22, 27, 81, 257). Thus, most research
supports the concept that fasting increases shedding or
population size, or can make cattle more susceptible

to colonization due to decreased short-chain VFA and
increased pH in the gastrointestinal tract. Because feed
withdrawal and/or starvation results in decreased VFA
concentrations in the gut, it has been suggested that this
shift plays a role in the effects of transport and/or lairage on
the shedding of EHEC.

Feed Types

The first dietary practice to significantly increase the risk
of EHEC shedding among heifers was feeding corn silage
(139). In adult cows, the inclusion of animal by-products in
the diet (currently discontinued) was also shown to increase
EHEC shedding (139). Other studies linked feeding whole
cottonseed with reduced E. coli O157 shedding (128, 133).
Fecal samples from cattle fed a controlled diet of dry-rolled
corn, high-moisture corn and wet corn gluten feed did not
contain different populations of generic E. coli, or extreme
acid-resistant E. coli (254). However, feces from cattle

free-fed wet corn gluten contained significantly higher
concentrations of extreme acid-resistant E. coli (resistant
to an acid shock simulating passage through the human
stomach) than did feces of cattle free-fed dry-rolled or high
moisture corn (254).

Barley is often fed to cattle and is ruminally fermented
more rapidly than corn by the commensal microbial
population. More starch is fermented in the lower gut
of corn-fed cattle than in barley-fed cattle, resulting in
barley-fed cattle having higher fecal pH and lower VFA
concentrations compared with corn-fed animals (26,

34, 54). Feeding Barley has been linked (albeit at a low
correlation) to increased E. coli O157:H7 shedding (92),
and, in experimental infection studies, barley feeding
was again associated with increased shedding of E.

coli O157:H7 by feedlot cattle (54). Survival of E. coli
O157:H7 in manure from corn- and barley-fed cattle is
approximately equal; therefore, survival in the feces is
not the reason for increased prevalence of E. coli O157:H7 in
barley-fed cattle (27).

Distiller’s Grains

The industrial fermentation of corn to produce ethanol
has increased more than 4-fold between 2001 and 2007,
and ethanol use doubled by 2010 (238). Thus, an economic
incentive to increase the utilization of distiller’s grains
(DG) by-product feeds in the cattle industry has increased
dramatically in recent years, especially given the role of
DG as a cost-effective feed supplement for finishing and
lactating cattle (115). The inclusion of DG into cattle rations
is an effective replacement for common feedstuffs and
has demonstrated an increased daily gain in beef cattle

(3) and milk yield and feed efficiency in dairy cows (170),
potentially by altering the microbial ecosystem of the
rumen (65).

Unfortunately, research suggests a potential association
between feeding dry distiller’s grains with solubles
(DDGS) and an increased prevalence and fecal shedding of
E. coli O157:H7 in cattle (150, 151, 304). Distiller’s grains
were shown to increase the shedding of E. coli O157:H7 in
cow-calf operations in Scotland (276). Other research found
feeding a related product (brewer’s grain) to cattle was

also associated with increased E. coli O157 shedding, and
increased the odds of shedding by more than 6-fold (95).
Individual animal prevalence of feedlot cattle shedding E.
coli 0157 on d 122 (but not d 136) was higher in cattle fed
25% wet distiller’s grain (WDG) compared to control diets
lacking WDG (151), but pen-level shedding was unaffected
by WDG feeding.

Pen-floor fecal-sample prevalence of E. coli O157 was

significantly higher across a 12-week finishing period in
cattle fed 25% dry distiller’s grain (DDG) and either 15%
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or 5% corn silage compared with cattle fed 0% DDG and
15% corn silage (150). However, follow-up studies found
no differences in E. coli O157:H7 fecal shedding in cattle
fed DG (109, 149), with no indication of why a difference in
results was observed. In a further study, utilizing both dry
and wet distiller’s grains, researchers found higher levels
(40% of the ration) of DG inclusion did increase fecal E.
coli O157:H7 shedding (153). When cattle were fed 40%
WDG, higher populations of E. coli O157:H7, higher pH
values and lower concentrations of L-lactate were observed
(297). Interestingly, researchers found the numbers of E.
coli O157:H7 were greater in fecal in vitro incubations
containing corn DG than wheat DG (304).

Grain Form

Research has shown the form of corn included in cattle
rations can impact E. coli O157:H7. In feedlot cattle,
steam-flaked grains increased E. coli O157 shedding in
the feces compared to diets composed of dry-rolled grains
(118). This difference is theorized to be because dry rolling
allowes the passage of more starch to the hindgut where it
becomes fermented to produce VFA, thereby killing E. coli
O157 (118). This theory is supported by the fact that post-
ruminal starch infusion numerically increased generic E.
coli populations in the lower gut (288).

Forage Feeding

Escherichia coli thrives in the lower gut of animals fed
forage diets (146, 147, 154). When comparing grain-fed

to forage-fed cattle, more E. coli (including O157:H7) are
present in the feces of cattle fed grain diets. The effects of
high-grain or high-forage diets on the duration of shedding
or fecal E. coli O157:H7 populations in experimentally
inoculated calves have been examined. In these studies,
calves that consistently shed the highest concentrations of
E. coli O157:H7 were fed a high-concentrate (grain) diet
(282). However, ruminal fluid collected from steers fed a
high-forage diet allowed E. coli O157:H7 to proliferate to
higher populations in vitro than did ruminal fluid from
high-grain-fed steers (282), possibly due to differences in
VFA concentrations between the ruminal fluids.

Other research found feeding forage actually increased the
shedding of E. coli O157:H7 in cattle (285). When cattle
were fed forage, E. coli O157:H7 was shed for 60 days
compared to 16 days, for cattle on a grain-based diet (285).
Studies examining the effects of forage on survival of E.
coli O157:H7 in manure found low-quality forages caused
a faster rate of death of E. coli O157 populations (123)
indicating a possible role of forage chemical or secondary
plant components (such as tannins, see page 8) in fecal
shedding (7199). Other studies found feeding forage-rich
secondary compounds, such as sainfoin, might be a method
to manipulate fecal populations of E. coli O157:H7 to a

limited extent (33).

Although E. coli O157:H7 populations are generally lower
in cattle fed forage diets, it must be emphasized that EHEC
are still isolated from cattle solely fed forage, so forage
feeding is not a magic bullet (747, 281). Many outlets have
claimed grass-fed cattle contain fewer pathogens than do
cattle fed grain; however, this has not been demonstrated
scientifically. Researchers have found no difference in
food safety parameters of beef from grass-fed cattle versus
grain-fed cattle (308). Furthermore, research into organic
versus conventional rearing systems have demonstrated
no difference in the incidence of E. coli O157:H7 shedding
(152, 234).

Dietary Shifts

A sudden shift from grain to hay appears to cause a
severe, widespread disruption in the gut microbial

flora population. Thus, the effects of rapid dietary

shifts on the microbial population in regards to E. coli
0157:H7 populations have been examined. Early studies
investigating (generic) £. coli and dietary effects indicated
a sudden decrease in hay intake by cattle increased fecal E.
coli populations (53). Other studies using experimentally
infected sheep found a sudden switch from an alfalfa pellet
diet or a corn/alfalfa ration to a poor-quality forage diet
increased E. coli O157:H7 shedding (172, 173).

Cattle fed feedlot-type rations contained (generic) E. coli
populations that were 1000-fold higher than cattle fed a
100% good-quality hay diet (95). When abruptly switched
from a 90% grain-finishing ration to a 100% hay diet, fecal
E. coli populations declined 1000-fold within 5 days (96).
However, important to note in this study; E. coli O157:H7
was not detected. Based on these results, the authors
suggested feedlot cattle could be switched from high-
grain diets to hay for 5 days prior to slaughter to reduce

E. coli contamination entering the abattoir (98). Research
indicates a brief (5 d) period of hay feeding does not impact
carcass characteristics; however, if the hay feeding takes
place during the final portion of the finishing period, it
causes lower dry matter intake (DMI) and loss of 2.2 1b/
head/d (269). Although not as large a reduction as reported
by Diez-Gonzalez et al (1998), feeding hay significantly
reduced total coliform counts and (generic) E. coli counts
(269), without a significant impact on carcass weight,
dressing percentage, carcass grade, or quality parameters.
Cattle fed hay for a 48 h period immediately prior to
transport to slaughter did not lose more weight during
transport than fasted or pasture-fed animals (730).

A group of cattle identified to naturally carry an E. coli
O157:H7 infection was divided into two groups, one fed
grain and the other abruptly switched to hay. Fifty-two
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percent of the grain-fed controls remained E. coli O157:H7
positive, but only 18% of the hay-fed cattle continued to
shed E. coli O157:H7. This switch resulted in a body weight
(BW) decrease of 1.25 1b/hd/d compared to the controls
(163). Other research found cattle fed a high-concentrate
diet then switched to a hay diet containing 50/50% corn
silage/alfalfa had lower E. coli counts (0.3 logl0) after 4
days (158). Cattle fed an 80% barley ration, fasted for 48

h and then subsequently switched to 100% alfalfa silage,
did not exhibit any change in E. coli O157:H7 shedding
(55). When these same animals again fasted for 48 h and
then re-fed alfalfa silage, the prevalence of E. coli O157:H7
shedding increased significantly (55). Experimentally
infected cattle fed hay shed E. coli O157:H7 significantly
longer than grain-fed cattle (42 d vs. 4 d), however, the

E. coli O157:H7 populations shed were similar between
diets (142). Cattle abruptly switched from a finishing diet
containing wet corn-gluten feed to alfalfa hay for 5 d,

had an increased colonic pH and an approximate 10-fold
decrease in total E. coli populations (254).

Conversely, when cattle were switched from a forage-type
diet to a high grain-finishing ration, fecal and ruminal
generic E. coli concentrations increased (37). In another
study, slightly outside of the “normal” dietary switch
structure, cattle switched from pasture to hay 48 h prior
to slaughter had significantly reduced E. coli populations
throughout the gut (7130). Gregory et al., found feeding
hay increased intestinal Enterococci populations capable
of inhibiting E. coli populations similar to a competitive
exclusion (CE) culture. However, in this New Zealand-
based study, the effects of high-grain versus forage diets
were not examined (730). Based on the data, the authors
concluded, “the most effective way of manipulating
gastrointestinal counts of E. coli was to feed hay” (130).

Collectively, these results emphasize dietary manipulations
such as shifting cattle from a high-grain to forage ration
prior to harvest could be a powerful method to reduce E.
coli/EHEC populations in cattle. However, the mechanism
remains unknown, and the effect is inconsistent. It appears
a factor contributing to inconsistency involves forage
quality and type, but this remains a hypothesis. The
presence of end products of fermentation (e.g., VFA) as
well as some secondary compounds in forages, may play

a role in pathogen populations and prevalence. While a
dietary switch to forage in feedlots is not advocated due

to feasibility, weight loss and other logistical issues, other
high fiber feedstuffs (e.g., soy hulls, cottonseed meal)

or feedstuffs rich in phenolics or essential oils (see next
section), may be a more feasible alternative strategy to

decrease E. coli O157:H7 populations.

Tannins, Phenolics, and Essential Oils

Plants contain phenolic compounds, such as lignin and
tannins, that may affect the microbial ecosystem of the
gastrointestinal tract through antimicrobial action (33,

85, 143, 149, 221). Tannins have been demonstrated to
significantly inhibit the growth of E. coli O157:H7 in vitro
and generic E. coli populations in cattle (33, 89, 199, 295).
Other researchers found phenolic acids that comprise lignin
also demonstrate antimicrobial activity against E. coli
O157:H7 in fecal slurries. Highly lignified forages show a
reduced period of E. coli O157:H7 shedding compared with
cattle fed only corn silage (296).

Essential oils are most often associated with aromatic plant
compounds used as spices or extracts (28). Many essential
oils exhibit antimicrobial acitivity (100, 116, 167, 222,

232, 284), often through the action of dissolving bacterial
membranes (97, 284). As a result, many plant products have
been used for centuries for the preservation and extension
of the shelf life of foods (9). Essential oils have been
proposed as potential modifiers of ruminal fermentation
(31, 32, 39, 221) and to reduce E. coli O157:H7 in the live
animal (37, 149).

Seaweed (Tasco)

Brown seaweed (Tasco-14) is a feed additive included

in cattle diets to improve carcass quality characteristics
and shelf life, increase antioxidants and improve ruminal
fermentation efficiency (8, 46, 187). In vitro studies have
indicated Tasco-14 can reduce populations of E. coli and
Salmonella (Callaway, unpublished data). More recent
results link this anti-pathogen activity to the presence of
phlorotannins in brown seaweed (295). The phlorotannin
anti- E£. coli activity is greater than found in other studies
with terrestrial tannin sources (7199, 295). Studies in vivo
found Tasco-14 feeding reduces fecal and hide prevalence
of E. coli 0157 in cattle (45). Although Tasco-14 is
currently available in the market place and can be included
in cattle rations, the extent of anti-pathogen activity in vivo
is still not clear; therefore the cost of inclusion must be
weighed carefully by the producer.

Citrus Products

For many years, orange peel and citrus pulp have been
included in dairy and beef cattle rations because they
have excellent nutritional characteristics for cattle and are
low-cost (14). Citrus fruits contain a variety of compounds,
including essential oils and phytophenols that exhibit
antimicrobial activity against foodborne pathogens (125,
201, 209, 291). Research demonstrates the addition of >
1% orange peel and pulp to rations reduced populations of
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E. coli O157:H7 and Salmonella Typhimurium in mixed
ruminal fluid fermentations in the laboratory (64, 209).
Further studies show feeding orange peel and pulp reduces
intestinal populations of diarrheagenic E. coli in weaned
swine (82). In ruminants, feeding orange peel and citrus
pellets (a 50/50 mixture) at levels up to 10% DM, reduced
artificially inoculated populations of E. coli O157:H7 and
Salmonella Typhimurium in sheep (62, 63). To date, orange
peel feeding has not been examined in large-scale feeding
studies, but it retains promise as a potential strategy to
reduce the burden of pathogens on the farm, thus reducing
environmental contamination and re-infection.

Organic Acids

Organic acids are used in animal nutrition to modify

the ruminal fermentation by providing some members

of the microbial ecosystem a competitive advantage and
inhibiting other species (191, 212, 225). Some organic

acids (such as lactate, acetate, propionate, malate) have
been shown to have antimicrobial activity against E.

coli O157:H7 (136, 243, 289, 303). These acids have been
used on hide and carcass washes to reduce pathogen
populations, but only recently has the use of organic acids
to reduce pathogens in live animals received interest

(71, 211). Preliminary results show some success in
inhibiting pathogens in the lower intestinal tract of animals
(unpublished data); however, further research is needed to
identify the appropriate organic acid and concentration, and
the correct intestinal location to release the organic acid, to
reduce populations of E. coli O157:H7 in cattle.

Ractopamine

B-agonists, such as ractopamine, are used in cattle to
improve animal performance and carcass leanness. In vitro,
ractopamine had no effect on growth parameters of E. coli
O157:H7 (106); but when used in sheep, the fecal shedding
and cecal populations of E. coli O157:H7 were increased
(106). When feedlot cattle were fed ractopamine, the
number of cattle shedding E. coli O157:H7 decreased (105).
In a follow-up study, B-agonist (ractopamine and zilpaterol)
treatment had an insignificant effect on fecal shedding of
E. coli O157:H7 in cattle (108). Taken as a whole, these
results indicate the effects of B-agonist feeding are minimal
or non-existent on E. coli O157.

lonophores

Ionophores, such as monensin and lasalocid, are
antimicrobial compounds included in most feedlot and
dairy rations to inhibit gram-positive bacteria, thereby
improving feed:gain ratios and production efficiency (70).
Because these feed additives affect the gram-positive
portion of the microbial population, possibly giving gram-

negative bacteria (such as E. coli) a competitive advantage,
research has been conducted to identify their role in the
spread of E. coli O157:H7 in cattle. E. coli O157:H7 has a
true gram-negative membrane physiology; thus, ionophores
did not affect the growth of this pathogen in vitro when
added at concentrations up to 3-fold higher than those
normally found in the rumen (24, 285).

Early studies demonstrated a marginal increase of EHEC
shedding by heifers fed ionophores (739), but other

studies found no effect (92). Further, a short-term, 12-day
study examining the effect of ionophoric feed additives
(monensin, lasalocid, laidlomycin and bambermycin)

on E. coli O157:H7 in experimentally inoculated lambs
demonstrated no effect in vitro (107) on fecal shedding or
intestinal populations (703). In an in vivo study, cattle fed
a forage ration including monensin shed E. coli O157:H7
for a shorter period of time than forage-fed cattle not
supplemented with monensin, but monensin had no effect
on shedding when cattle were fed a corn-based ration
(285). In an in vitro study, monensin and the co-approved
antibiotic tylosin (tylan) treatment reduced E. coli O157:H7
populations up to 2 logl0 CFU/ml in ruminal fermentations
from cows fed forage, but this did not extend to E. coli
O157:H7 populations in ruminal fluid from cows fed corn
(196). Researchers later found the inclusion of monensin
and tylosin in a barley (grain)-based diet did not alter fecal
shedding of experimentally-inoculated E. coli O157:H7
(196). These results suggest a potential interaction between
diet and ionophore inclusion may have an effect on E. coli
O157:H7 populations.

Antibiotics

The use of antibiotics to specifically control E. coli
O157:H7 shedding in cattle is controversial. To date, little
research has been conducted in this area. Neomycin,

an antibiotic approved for use in cattle to treat enteric
infections, has been shown to reduce E. coli O157:H7
populations in the gut (772, 230) and on the hides of
cattle (230). Other researchers found the feeding of
chlortetracycline and tylosin decreased fecal shedding
in swine artificially infected with E. coli O157:H7, while
bacitracin did not impact E. coli O157:H7 populations
(84). 1t is hypothesized the generalized disruption of

the microbial ecosystem caused by antibiotic treatment
indirectly affects E. coli O157:H7 populations; thus the
use of some antibiotics may provide E. coli O157:H7 a
competitive advantage in the ruminant gastrointestinal
tract. The use of antibiotics to reduce E. coli O157:H7 in
cattle has not been recommended because of concerns
relating to the development of antimicrobial resistance.
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Probiotics: dietary approaches harnessing

microbial ecology

Recently the use of probiotics (e.g., the utilization of live
or dead cultures of microorganisms to alter the microbial
population of the gut) has received increased interest as

a method to reduce foodborne pathogenic bacteria in
cattle. Traditionally, probiotics have been used in cattle to
enhance production efficiency of meat and milk (72, 127,
283, 306). However, recent years have seen an increase

in the use of these probiotic types: direct-fed microbials
(DFM), competitive-exclusion cultures (CE), and prebiotics
to reduce E. coli O157:H7 populations in cattle.

In general, it appears probiotic products alter the microbial
ecology of the gastrointestinal tract through a variety

of mechanisms. As the DFM/CE bacteria attach to the
surface of the intestinal epithelium, this physical binding
can prevent opportunistic pathogens from attaching to

the intestinal wall (83, 168). Volatile fatty acids produced
by microbial fermentation can be toxic to some bacterial
species (303). Other bacterial products (such as ethanol,
traditional antibiotics, or colicins/bacteriocins [described
below]) are produced by some intestinal bacteria to
eliminate competition within the same environmental niche
(148). Collectively, these modes of action demonstrate

the complexities involved with interrupting the cycle

of transmission and colonization of E. coli O157:H7 in
cattle and emphasize a multiple-hurdle approach using
complementary interventions has the greatest chance of
improving food safety at the live animal level.

Direct-Fed Microbials

These products are widely fed to beef and dairy cattle

and are typically composed of yeast, fungal or bacterial
cultures or end-products of fermentation, and the cultures
may be live or dead. The DFM is fed to animals daily

to improve the ruminal fermentation and production
efficiency (190). Increasingly, companies claim they are
beneficial by reducing E. coli O157:H7 shedding in cattle.
Researchers compared several commercially available
growth-enhancement probiotics and yeast products and
found feeding probiotics provided no effect in regards to
pathogen levels in cattle (7/62). When a probiotic culture
comprised of Streptococcus bovis and Lactobacillus
gallinarum from the rumen of cattle was given to
experimentally infected calves, a reduction of E. coli 0157
shedding was observed, and this decrease was attributed to
an increase in VFA concentration in the gut (2/6). Probiotic
products have been developed specifically to reduce E. coli
O157:H7 shedding in cattle. In sheep, a probiotic containing
S. faecium or a mixture of S. faecium, L acidophilus, L.
casei, L fermentum and L. plantarum significantly reduced
fecal shedding of E. coli O157:H7; yet, a monoculture of

Lactobacillus acidophilus was found to be ineffective
(186). A DFM comprised of Bacillus subtilis did not affect
fecal prevalence or concentration of E. coli O157:H7 or
have an impact on average daily gain in feedlot cattle (78).
Studies also indicate cultures of Lactobacillus acidilacti
and Pediococus can directly inhibit E. coli O157:H7, likely
through the production of organic acids and low pH (240).

Other research shows, when fed to feedlot cattle, a DFM
L. acidophilus culture derived directly from the rumen

of cattle, reduced E. coli O157:H7 shedding by more

than 50% (48-50). In an independent evaluation, this

DFM reduced fecal shedding of E. coli O157:H7 in cattle
from 46% to 13% (230). In a further refinement of this
DFM, the L. acidophilus cultures were combined with
Propionibacterium freudenreichii (a propionate-producing
commensal intestinal bacteria) and the prevalence of E.
coli O157:H7 in the feces was reduced from approximately
27% to 16% and reduced the prevalence on hides from 14%
to 4% (111, 307). Further work with this DFM has again
shown a reduction of E. coli O157:H7 and Salmonella in
feces and on hides (270).

Bovamine, a Lactobacillus-based DFM is currently being
marketed and widely used in the cattle industry because it
has been reported to improve growth efficiency of cattle, at
least in a feedlot ration. A single DFM that can effectively
reduce E. coli O157:H7 populations in cattle and improve
production efficiency in all production systems is unlikely.
Therefore, alternative DFM cultures selected specifically
for each production segment or situation, need to be
developed so food safety improvement can occur while
economically balancing the cost of its inclusion in cattle
rations, thus “paying for” the enhancement of food safety.

Competitive Exclusion (CE)

Competitive exclusion is another probiotic approach used
to eliminate E. coli O157:H7 (as well as Salmonella) from
cattle gastrointestinal tracts (48-50, 310). Competitive
exclusion, as a technology, involves the addition of,

a (non-pathogenic) bacterial culture (of one or more
species) to the intestinal tract to reduce colonization or
decrease populations of pathogenic bacteria (127, 214). An
established gastrointestinal microbial population makes an
animal more resistant to transient opportunistic infections
(127). The species best adapted to occupy a particular niche
within the intestinal tract will succeed, while pathogenic
bacteria are generally viewed as opportunists.

A CE culture should be derived from the animal of interest,
thus CE cultures attempt to take advantage of co-evolution
of host and microorganism. Depending on the stage of
production of the animal (i.e., maturity of the gut), the goal
of CE can be the exclusion of pathogens from the naive
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gut of a neonatal animal, or the displacement of an already
established pathogenic bacterial population (2/4). For
example, many researchers have isolated commensal (non-
pathogenic) E. coli strains that show tendencies to reduce
E. coli O157:H7 populations, at least in vitro (119, 235,
309). Researchers used a defined population of multiple
commensal E. coli strains and found this generic E. coli
CE culture could displace an established E. coli O157:H7
population from calves (309). In a follow up study, calves
colonized with the E. coli CE product shed less E. coli
O111:NM and O26:H111 (both EHEC strains isolated from
cattle, but the CE product did not reduce E. coli O157:H7
(310).

Colicins and Colicin-producing E. coli:

Colicins are antimicrobial proteins produced by certain

E. coli strains that kill or inhibit the growth of other E.
coli strains (171, 176, 258), including E. coli O157:H7 (159,
207, 249). The concept of using colicins as an intervention
strategy to kill foodborne pathogens is not new (207), but
until recently has been limited by cost to use as treatment
on finished meat products (7, 188, 223) or vegetables
(208). Recently, the costs of production and purification of
colicins was lowered by recombination protein expression
work (266). Due to increased availability of colicins,
studies in a mouse model have found E. coli O157:H7 can
be prevented from colonization (778). Recently, specific
studies have examined the use of specific colicins against
E. coli O157:H7 in vitro in gastrointestinal simulations (74)
and against other E. coli in vivo (90).

In spite of the seemingly simple addition of a protein
(colicin) to animal diets to control E. coli O157:H7, studies
have indicated the sensitivity of E. coli O157:H7 strains

to any single colicin can be highly variable (205, 207,

249). Some E. coli O157:H7 strains are colicinogenic and
produce specific concomitant immunity proteins (205);
therefore, these strains of E. coli O157:H7 can be resistant
to certain added colicins or even a broad category of
colicins (4). Thus, if colicins are to be used as a pre-harvest
intervention strategy, simultaneous administration of
several categories of colicins must occur. Furthermore, if
colicins are to be a viable anti-E. coli O157:H7 intervention
strategy, the proteins must be protected from gastric

and intestinal degradation. Researchers have proposed a
specific form of DFM/CE, the feeding of colicin-producing
E. coli in cattle rations (249, 250, 309), as a way of getting
colicins into the lower gut of cattle. These strains have
been shown to colonize the lower gut of cattle but reduction
in concentration of £. coli O157 was approximately 2 logl0
CFU/g, not a complete elimination (208).

Due to the complex nature of a ruminant animal
gastrointestinal tract, and the long (12-18 month) life

span of cattle going into a feedlot, CE use in cattle as a
“one shot” approach may not completely eliminate E. coli
0157:H7 and other EHEC shedding throughout the lifetime
of the animal. So, individual CE for various phases of
production cycles or changes (e.g., entry to the feedlot) may
need to be developed, or a CE culture established early may
be best supplemented by DFM and/or prebiotic feeding
(synbiotics, described below).

Prebiotics

Organic compounds unavailable to, or indigestible by the
host animal, but digestible by a specific segment of the
microbial population are generally classified as “prebiotics”
(252, 293). For example, fructo-oligosaccharides are
sugars not degraded by intestinal enzymes that can pass
down to the cecum and colon to become “colonic food”
for the host bacterial population and provide nutrients to
the intestinal mucosa (141, 300). Some prebiotics provide
a competitive advantage to specific members of the
native microflora (e.g., Bifidobacteria, Butyrivibrio) by
helping exclude pathogenic bacteria from the intestine via
direct competition for nutrients or binding sites through
the production of “blocking factors”, or antimicrobial
compounds in a fashion similar to that of CE (371).
Coupling the use of CE and prebiotics is known as
“synbiotics”, and could yield a synergistic effect in the
reduction of foodborne pathogenic bacterial populations
in food animals prior to slaughter (40). To date, prebiotics
have not been widely implemented in cattle due to their
expense, and the ability of ruminal microorganisms to
degrade a wide variety of typical prebiotic substrates.
However as costs change, their inclusion as part of a
synbiotic directed anti-pathogen strategy may become feasible.

OTHER LIVE ANIMAL TREATMENTS

In spite of dietary and probiotic treatments, other potential
pathogen-reduction strategies have been developed for use
in the live animal. Many of these treatments utilize the host
animal, natural members of the microbial ecosystem, or an
aspect of pathogen physiology to inhibit pathogen survival.

Bacteriophages:

All bacteria can be infected by bacteriophages (bacterial
viruses) that naturally occur in the environment (775,
179), including the intestinal tract of cattle (69). Phages
can have very narrow target spectrums, and may only be
active against a single bacterial species, or even strain
because they target specific receptors on the surface of
the bacterium (779). This specificity should allow phages
to be used as an anti-pathogen treatment, a kind of “smart
bomb” targeting the species we wish to eliminate, without
perturbing the overall microbial ecosystem (157). Phages
“hijack” a targeted bacterium’s biosynthetic machinery to
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produce daughter phages; when intracellular nutrients are
depleted, the host bacterium bursts, releasing phages to
repeat the process in a fashion similar to a chain reaction.
An exponential increase in the number of phages continues
as long as target bacteria are present, allowing phages to
persist in the environment rather than simply degrade over
time as a chemical treatment. However, phage populations
are self-limiting; if the targeted bacteria are removed

from the environment, then phage populations diminish.
One potential drawback to the use of phages is the rapid
development of bacterial resistance to a single phage, thus
much of the effort has been focused on the development of
multi-phage cocktails (278).

Phages have been examined for use in two different
methods to reduce E. coli O157:H7, within the gut of
cattle before slaughter and as a hide or environmental
decontaminant. Commercial phage-based anti-£. coli
O157:H7 focused on the use of lytic phages in hide wash
and surface cleansing products; FSIS has issued a letter of
no objection to this use of phages. Phage products for use
as a hide spray have been released into the marketplace
(Omnilytics and Elanco, Finalyse). Company-based
research indicates a significant reduction in positive trim
samples from cattle sprayed with this product. Processors
are finding appropriate critical control points to include
phage sprays on carcasses prior to de-hiding and in relation
to other hide spray intervention steps to reduce E. coli
O157:H7 on the hides of cattle as they enter the food chain.

Phages have been used successfully in several in vivo
research studies examining the effect of phages on diseases
that impact animal production efficiency or health (144,
262-264). Bacteriophage treatment reduced enterotoxigenic
E. coli (ETEC)-induced diarrhea and splenic ETEC
colonization in calves (263, 264). Bacteriophages have
been used to control foodborne pathogenic bacteria,
especially O157:H7 in cattle gastrointestinal tracts (21,

25, 68, 174, 213, 241). Several different phages have been
isolated from feedlot cattle (69, 220) and other sources
(197) and have been used to reduce E. coli O157:H7 strains
in artificially infected animals as proofs of concept (2/,

68). Naturally phage-infected ruminants have been shown
to be more resistant to E. coli O157:H7 colonization (231).
Commercialization studies for these on-farm products

has had mixed results (268), but studies focusing on the
development of appropriate, effective multi-phage cocktails
are currently underway (Stanford and McAllister, personal
communication).

No matter how phages are used, they must be carefully
selected based on: 1) action against multiple E. coli
0157:H7 strains as well as other non-O157 EHEC strains,

2) ability of members of a cocktail to utilize different
receptors to minimize resistance development, and 3)
being strictly lytic (i.e., does not transfer genetic material)
because phage-mediated transfer is the mechanism by
which EHEC originally acquired their Shiga toxin genes
(44, 177).

Vaccination

The immune system of animals is a very potent, anti-
pathogen mechanism against bacteria pathogenic to

the animal. Therefore, if the power of cattle’s immune
systems can be applied to address foodborne pathogenic
bacterial populations, foodborne illness could be reduced.
Immunization has worked effectively against pathogenic
bacteria, including E. coli strains that cause edema disease
in pigs and Salmonella in poultry (132, 156). Unfortunately,
because EHEC/STEC do not cause disease in cattle, the
immunostimulation provided by these foodborne pathogens
is not as potent, because it appears natural exposure to

E. coli O157:H7 does not confer protection to the host
(132). Thus, vaccine production has specifically targeted
aspects of the physiology of E. coli O157:H7. Vaccination is
widely accepted in the cattle industry, thus it is reasonable
to predict that producers will implement this pathogen
reduction technique if the vaccine is economically feasible
and can be incorporated into existing production systems.

Siderophore Receptor and Porin (SRP)

Protein Vaccines

Siderophores are proteins excreted by bacteria in an effort
to obtain iron from its environment, and E. coli O157:H7
secretes siderophores in the intestinal tract of cattle.

The SRP vaccine targets this protein and disrupts iron
transport into the bacterium, resulting in cell death. The
EpitopixTM SRP vaccine has been conditionally approved
for use in cattle in the United States and is undergoing
additional safety and efficacy tests. Preliminary research
results are promising when the vaccine is utilized in a
three-dose treatment regimen (280). Other researchers
found that vaccination with the SRP vaccine reduced fecal
concentrations of £. coli O157:H7 in cattle by 98%, but the
vaccine did not affect cattle performance (279). Vaccination
of cattle with SRP in another study reduced the prevalence
of E. coli O157:H7 by nearly 50% (121). Recent unpublished
research results have shown a two-dose treatment is not

as effective, and vaccination of dams and calves can have
variable results on the shedding of E. coli O157:H7 at the
time of harvest.

Bacterial Extract Vaccines

A vaccine produced from E. coli O157:H7 extracts (type

III secreted proteins) has been produced as EconicheTM.
This vaccine has been licensed in Canada and is pending
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a conditional license in the United States. Preliminary
experimental results indicated this vaccine reduced E.

coli O157:H7 shedding in feedlot cattle from 23% to less
than 9% (203, 226, 286). In an evaluation study, it was
demonstrated that vaccination reduced fecal shedding

from 46% to 14% (230). Recent studies have shown an
experimental three-dose regimen reduced E. coli O157:H7
shedding by 65%, but a two-dose system was less effective
(204). However, in a follow-up study, a two-dose regimen
was shown to reduce rectal colonization by E. coli O157:H7
in feedlot cattle (261). The benefits of vaccinating cattle to
reduce the number of hides positive for E. coli O157:H7 can
be lost if treated cattle comingle with non-vaccinated cattle
during transport (260).

While the Econiche vaccine pioneered the use of
bacterial extracts, other extract-type vaccines against
multiple E. coli O157:H7 proteins (e.g., intimin and tir)
have been produced which reduce fecal shedding in
experimental infection models (798). Further multiple
protein vaccines have been developed that reduce fecal
shedding of E. coli O157:H7 within a sheep model (305).
Other researchers have begun using bacterial ghosts (e.g.,
cellular membranes) to reduce E. coli O157:H7 populations
in mice (57); as well as using an attenuated Salmonella
strain that expresses E. coli O157:H7 intimin proteins

to induce immune responses in cattle (166). Others have
devised chimeric multi-protein (eae, tir, intimin) vaccines
(7) that can be produced in plants, potentially providing
an edible vaccine (6) that can be included in cattle rations,
an alternative to being injected, thus lowering expense to
producers by reducing stressful handling procedures.

Cattle Hide Washing

Currently, cattle hides are typically washed to remove
visible contamination. Hide washes can contain
antimicrobial compounds (e.g., organic acids [described
above], sodium hydroxide, trisodium phosphate [TSP],
cetylpyridinium chloride [CPC] or electrolyzed or ozonated
water), which serve to reduce some of the bacterial
contamination (including foodborne pathogens) entering
the processing plant on the hide (17, 47-43). The most
common hide/carcass rinse additives are organic acids such
as lactic or acetic acid (35, /189). Hide washes significantly
reduce the load of E. coli O157:H7 entering the plant on the
hide, which has been linked to final carcass contamination
levels (15, 19), thus improving food safety. However, they
do not reduce the prevalence of E. coli O157:H7 entering
the plant within the animal.

Sodium Chlorate
Addition of chlorate to E. coli cultures kills bacteria. E.
coli can respire under anaerobic conditions by reducing

nitrate to nitrite via the dissimilatory nitrate reductase
enzyme (273). The intracellular bacterial enzyme nitrate
reductase does not differentiate between nitrate and

its analog, chlorate, which is reduced to chlorite in the
cytoplasm; chlorite accumulation kills bacteria (272).
Chlorate treatment in vitro quickly reduced populations
of E. coli O157:H7 and Salmonella (9). The addition

of chlorate to animal rations reduced experimentally
inoculated E. coli O157:H7 populations in swine and sheep
intestinal tracts (12, 101) as well as Salmonella in intestinal
contents (56). Other studies indicated soluble chlorate
administered via drinking water significantly reduced E.
coli O157:H7 in ruminal, cecal and fecal populations both
in cattle and sheep (11, 61, 67). Hide contamination with
E. coli O157:H7 plays a significant role in carcass/product
contamination (18-20), and chlorate treatment reduces
both fecal and hide populations of E. coli (13). In vitro

and in vivo results indicated chlorate treatment does not
adversely affect the ruminal or cecal/colonic fermentation
(10). Additional studies demonstrate chlorate alters neither
the antibiotic resistance nor toxin production by E. coli
O157:H7 (58, 60). The lethal dose (LD50) of sodium
chlorate is from 1.2 to 4 g/kg BW; by way of comparison,
the LD50 of sodium chloride is approximately 3 g/’kg BW
(117). Therefore, it does not appear chlorate poses a severe
risk for use in animals due to inherent toxicity.

Because of the dramatic impact chlorate has on foodborne
pathogenic bacterial populations, it was suggested chlorate
could be supplemented in the last feeding before cattle are
shipped to the slaughterhouse. The use of chlorate to reduce
foodborne pathogenic bacteria in food animals is presently
under review by the U. S. Food and Drug Administration,
but has not been approved at this time.

WHAT ARE POTENTIAL UNINTENDED
CONSEQUENCES?

Before we attempt to completely eliminate EHEC from
the live animal, we must consider the law of unintended
consequences, and its impact on food safety (66). The
poultry industry was hampered in the early part of the
20th century by fowl typhoid/cholera which impacted
productivity and efficiency of production. This disease was
caused by Salmonella Gallinarum and Pollorum, which

do not cause illness in humans, only in poultry (76). A
concerted effort was made to rid the national poultry flock
of these bacterial diseases, and this effort successfully
eliminated these diseases which were highly adapted to
live only in their host (poultry). However, by removing

a member of the microbial ecosystem from the intestinal
meta-population, a niche in the ecosystem was opened
(169). This niche was occupied by another Salmonella that
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was not host-adapted and was transmitted from rodents

to poultry, Salmonella Enteritidis (169). This foodborne
pathogen has become widespread in national poultry flocks
and represents one of the most common serotypes isolated
from human salmonellosis cases (76, 248). Therefore, in

all our efforts to eliminate EHEC from animals prior to
slaughter, we must be aware that some other bacteria will

fill the vacancy in the ecosystem.

CONCLUSION

Pre-harvest interventions to reduce E. coli O157:H7 and
other EHEC in cattle hold potential to reduce foodborne
pathogen dissemination on farms, in the environment, and
entering the food chain. However, the development of these
pre-harvest strategies does not eliminate the need for good
sanitation and procedures in the processing plant and food
preparation environment. Instead, live-animal interventions
to reduce pathogens must be installed in a multiple-hurdle
approach that complements in-plant interventions, so
reduction in pathogen entry to the food supply can be
maximized. Recent years have seen an increase in research
into developing new interventions (e.g., vaccination, DFM,
chlorate, phages) and into understanding what effect diet
and the microbial population has on EHEC populations in
the gut of cattle. This research has resulted in several novel
interventions and potential dietary additions or changes
that can reduce EHEC in cattle, including those already in,
or very near to entering, the marketplace.

References
1. Abercrombie, J. G., M. J. B. Paynter, and S. S. Hayasaka. 2006. Ability of colicin V to
control Escherichia coli 0157:H7 in ground beef. J. Food Safe. 26:103-114.

2.Ahmad, A., T. G. Nagaraja, and L. Zurek. 2007. Transmission of Escherichia coli
0157:H7 to cattle by house flies. Prev. Vet. Med. 80:74-81.

3. Al-Suwaiegh, S., K. C. Fanning, R. J. Grant, C. T. Milton, and T. J. Klopfenstein. 2002.
Utilization of distillers grains from the fermentation of sorghum or corn in diets for finishing
beef and lactating dairy cattle. J. Anim Sci. 80:1105-1111.

4. Alonso, G., G. Vilchez, and R. L. Vidal. 2000. How bacteria protect themselves against
channel-forming colicins. Inter. Microbiol. 3:81-88.

5. Amalaradjou, M. A. R., T. Annamalai, P. Marek, P. Rezamand, D. Schreiber, T. Hoagland,
and K. Venkitanarayanan. 2006. Inactivation of Escherichia coli 0157:H7 in cattle drinking
water by sodium caprylate. J. Food Prot. 69:2248-2252.

6. Amani, J., S. L. Mousavi, S. Rafati, and A. H. Salmanian. 2011. Inmunogenicity of a
plant-derived edible chimeric EspA, Intimin and Tir of Escherichia coli 0157:H7 in mice.
Plant Sci. In press.

7. Amani, J., A. H. Salmanian, S. Rafati, and S. L. Mousavi. 2010. Inmunogenic properties
of chimeric protein from espA, eae and tir genes of Escherichia coli 0157:H7. Vaccine.
28:6923-6929.

8. Anderson, M. J., J. R. Blanton Jr, J. Gleghorn, S. W. Kim, and J. W. Johnson. 2006.
Ascophyllum nodosum supplementation strategies that improve overall carcass merit of
implanted english crossbred cattle. Asian-Austral. J. Anim. Sci. 19:1514-1518.

9. Anderson, R. C., S. A. Buckley, L. F. Kubena, L. H. Stanker, R. B. Harvey, and D. J.
Nisbet. 2000. Bactericidal effect of sodium chlorate on Escherichia coli 0157:H7 and
Salmonella typhimurium DT104 in rumen contents in vitro. J. Food Prot. 63:1038-1042.

10. Anderson, R. C., S. A. Buckley, L. H. Stanker, L. F. Kubena, R. B. Harvey, and D. J.
Nisbet. 2000. Effect of sodium chlorate on Escherichia coli concentration in the bovine gut.
Microb. Ecol. Health Dis. 12:109.

11. Anderson, R. C., T. R. Callaway, T. J. Anderson, L. F. Kubena, N. K. Keith, and D. J.
Nisbet. 2002. Bactericidal effect of sodium chlorate on Escherichia coli concentrations in
bovine ruminal and fecal contents in vivo. Microb. Ecol. Health Dis. 14:24-29.

12. Anderson, R. C., T. R. Callaway, S. A. Buckley, T. J. Anderson, K. J. Genovese, C.

L. Sheffield, and D. J. Nisbet. 2001. Effect of oral sodium chlorate administration on
Escherichia coli O157:H7 in the gut of experimentally infected pigs. Int. J. Food Microbiol.
71:125-130.

13. Anderson, R. C., M. A. Carr, R. K. Miller, D. A. King, G. E. Carstens, K. J. Genovese,
T. R. Callaway, T. S. Edrington, Y. S. Jung, J. L. McReynolds, M. E. Hume, R. C. Beier, R.
O. Elder, and D. J. Nisbet. 2005. Effects of experimental chlorate preparations as feed and
water supplements on Escherichia coli colonization and contamination of beef cattle and
carcasses. Food Microbiol. 22:439-447.

14. Arthington, J. D., W. E. Kunkle, and A. M. Martin. 2002. Citrus pulp for cattle. p. 317-
328. In G. Rogers, and M. Poore (ed.), The Veterinary Clinics of North America - Food
Animal Practice W. B. Saunders Company, Philadelphia, PA.

15. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, M. N. Guerini, N. Kalchayanand,
S. D. Shackelford, T. L. Wheeler, and M. Koohmaraie. 2007. Transportation and lairage
environment effects on prevalence, numbers, and diversity of Escherichia coli 0157:H7 on
hides and carcasses of beef cattle at processing. J. Food Prot. 70:280-286.

16. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, N. Kalchayanand, D. A. King, S.
D. Shackelford, T. L. Wheeler, and M. Koohmaraie. 2008. Source tracking of Escherichia
coli 0157:H7 and Salmonella contamination in the lairage environment at commercial
U.S. beef processing plants and identification of an effective intervention. J. Food Prot.
71:1752-1760.

17. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, N. Kalchayanand, S. D. Shackel-
ford, T. L. Wheeler, and M. Koohmaraie. 2007. Effects of a minimal hide wash cabinet on
the levels and prevalence of Escherichia coli 0157:H7 and Salmonella on the hides of beef
cattle at slaughter. J. Food Prot. 70:1076-1079.

18. Arthur, T. M., J. M. Bosilevac, N. Kalchayanand, J. E. Wells, S. D. Shackelford, T. L.
Wheeler, and M. Koohmaraieie. 2010. Evaluation of a direct-fed microbial product effect
on the prevalence and load of Escherichia coli 0157:H7 in feedlot cattle. J. Food Prot.
73:366-371.

19. Arthur, T. M., D. M. Brichta-Harhay, J. M. Bosilevac, N. Kalchayanand, S. D. Shack-
elford, T. L. Wheeler, and M. Koohmaraie. 2010. Super shedding of Escherichia coli
0157:H7 by cattle and the impact on beef carcass contamination. Meat Sci. 86:32-37.

20. Arthur, T. M., J. E. Keen, J. M. Bosilevac, D. M. Brichta-Harhay, N. Kalchayanand, S.
D. Shackelford, T. L. Wheeler, X. Nou, and M. Koohmaraie. 2009. Longitudinal study of

Escherichia coli 0157:H7 in a beef cattle feedlot and role of high-level shedders in hide

contamination. Appl. Environ. Microbiol. 75:6515-6523.

21.Bach, S. J., R. P. Johnson, K. Stanford, and T. A. McAllister. 2009. Bacteriophages
reduce Escherichia coli 0157:H7 levels in experimentally inoculated sheep. Can. J. Anim.
Sci. 89:285-293.

22.Bach, S. J., T. A. McAllister, J. Baah, L. J. Yanke, D. M. Veira, V. P. J. Gannon, and R.
A. Holley. 2002. Persistence of Escherichia coli 0157:H7 in barley silage: Effect of a bacte-
rial inoculant. J. Appl. Microbiol. 93:288-294.

14 WHITE PAPER

PRE-HARVEST CONTROL OF E. COLI 0157:H7



23.Bach, S. J., T. A. McAllister, G. J. Mears, and K. S. Schwartzkopf-Genswein. 2004.
Long-haul transport and lack of preconditioning increases fecal shedding of Escherichia
coli and Escherichia coli 0157:H7 by calves. J. Food Prot. 67:672-678.

24.Bach, S. J., T. A. McAllister, D. M. Veira, V. P. J. Gannon, and R. A. Holley. 2002. Effect
of monensin on survival and growth of Escherichia coli 0157:H7 in vitro. Can. Vet. J.
43:718-719.

25. Bach, S. J., T. A. McAllister, D. M. Veira, V. P. J. Gannon, and R. A. Holley. 2003.
Effect of bacteriophage DC22 on Escherichia coli 0157:H7 in an artificial rumen system
(RUSITEC) and inoculated sheep. Anim. Res. 52:89-101.

26. Bach, S. J., L. J. Selinger, K. Stanford, and T. McAllister. 2005. Effect of supplementing
corn- or barley-based feedlot diets with canola oil on faecal shedding of Escherichia coli
0157:H7 by steers. J. Appl. Microbiol. 98:464-475.

27.Bach, S. J., K. Stanford, and T. A. McAllister. 2005. Survival of Escherichia coli
0157:H7 in feces from comn- and barley-fed steers. FEMS Microbiol. Lett. 252:25-33.

28. Barbosa, L. N., V. L. M. Rall, A. A. H. Fernandes, P. I. Ushimaru, I. Da Silva Probst, and
A. Fernandes Jr. 2009. Essential oils against foodborne pathogens and spoilage bacteria
in minced meat. Foodborne Path. Dis. 6:725-728.

29. Barham, A. R., B. L. Barham, C. E. Clound, A. F. Hays, A. K. Johnson, D. M. Allen, J. R.
Blanton, and M. F. Miller. 2002. Effect of shipping stress in beef cattle on prevalence levels
of Escherichia coli 0157 and Salmonella spp. from the feedyard to the packing plant. J.
Food Prot. 65:280-283.

30. Barkocy-Gallagher, G. A., T. M. Arthur, M. Rivera-Betancourt, X. Nou, S. D. Shack-
elford, T. L. Wheeler, and M. Koohmaraie. 2003. Seasonal prevalence of shiga toxin-
producing Escherichia coli, including 0157:H7 and non-0157 serotypes, and Salmonella in
commercial beef processing plants. J. Food Prot. 66:1978-1986.

31. Benchaar, C., S. Calsamiglia, A. V. Chaves, G. R. Fraser, D. Colombatto, T. A. McAl-
lister, and K. A. Beauchemin. 2008. A review of plant-derived essential oils in ruminant
nutrition and production. Anim. Feed Sci. Technol. 145:209-228.

32. Benchaar, C., A. V. Chaves, G. R. Fraser, Y. Wang, K. A. Beauchemin, and T. A.
McAllister. 2007. Effects of essential oils and their components on in vitro rumen microbial
fermentation. Can. J. Anim. Sci. 87:413-419.

33. Berard, N. C., R. A. Holley, T. A. McAllister, K. H. Ominski, K. M. Wittenberg, K. S.
Bouchard, J. J. Bouchard, and D. O. Krause. 2009. Potential to reduce Escherichia coli
shedding in cattle feces by using sainfoin (Onobrychis viciifolia) forage, tested in vitro and
in vivo. Appl. Environ. Microbiol. 75:1074-1079.

34. Berg, J. L., T. A. McAllister, S. J. Bach, R. P. Stillborn, D. D. Hancock, and J. T.
LeJeune. 2004. Escherichia coli 0157:H7 excretion by commerical feedlot cattle fed either
barley- or corn-based finishing diets. J. Food Prot. 67:666-671.

35. Berry, E. D., and C. N. Cutter. 2000. Effects of Acid Adaptation of Escherichia coli
0157:H7 on Efficacy of Acetic Acid Spray Washes To Decontaminate Beef Carcass Tissue.
Appl. Environ. Microbiol. 66:1493-1498.

36. Berry, E. D., and D. N. Miller. 2005. Cattle feedlot soil moisture and manure content: II.
Impact on Escherichia coli 0157. J. Environ. Qual. 34:656-663.

37. Berry, E. D., J. E. Wells, S. L. Archibeque, C. L. Ferrell, H. C. Freetly, and D. N. Miller.
2006. Influence of genotype and diet on steer performance, manure odor, and carriage of
pathogenic and other fecal bacteria. 2. Pathogenic and other fecal bacteria. J. Anim. Sci.
84:2523-2532.

38. Berry, E. D., J. E. Wells, T. M. Arthur, B. L. Woodbury, J. A. Nienaber, T. M.
Brown-Brandl, and R. A. Eigenberg. 2010. Soil versus pond ash surfacing of feedlot
pens:Occurrence of Escherichia coli 0157: H7 in cattle and persistence in manure. Journal
of Food Protection. 73:1269-1277.

39. Boadi, D., C. Benchaar, J. Chiquette, and D. MassA®. 2004. Mitigation strategies to
reduce enteric methane emissions from dairy cows: Update review. Can. J. Anim. Sci.
84:319-335.

40. Bomba, A., R. Nemcova, D. Mudronova, and P. Guba. 2002. The possibilities of poten-
tiating the efficacy of probiotics. Trends Food Sci. Technol. 13:121-126.

41. Bosilevac, J. M., T. M. Arthur, T. L. Wheeler, S. D. Shackelford, M. Rossman, J. O. Rea-
gan, and M. Koohmaraie. 2004. Prevalence of Escherichia coli 0157 and levels of aerobic
bacteria and enterobacteriaceae are reduced when hides are washed and treated with
cetylpyridinium chloride at a commercial beef processing plant. J. Food Prot. 67:646-650.

42. Bosilevac, J. M., X. Nou, M. S. Osborn, D. M. Allen, and M. Koohmaraie. 2005.
Development and evaluation of an on-line hide decontamination procedure for use in a
commercial beef processing plant. J. Food Prot. 68:265-272.

43. Bosilevac, J. M., S. D. Shackelford, D. M. Brichta, and M. Koohmaraie. 2005. Efficacy
of ozonated and electrolyzed oxidative waters to decontaminate hides of cattle before
slaughter. J. Food Prot. 68:1393-1398.

44. Brabban, A. D., E. Hite, and T. R. Callaway. 2005. Evolution of foodborne pathogens
via temperate bacteriophage-mediated gene transfer. Foodborne Path. Dis. 2:287-303.

45. Braden, K. W, J. R. Blanton Jr, V. G. Allen, K. R. Pond, and M. F. Miller. 2004. Asco-
phyllum nodosum supplementation: A preharvest intervention for reducing Escherichia coli
0157:H7 and Salmonella spp. in feedlot steers. J. Food Prot. 67:1824-1828.

46. Braden, K. W., J. R. Blanton Jr, J. L. Montgomery, E. Van Santen, V. G. Allen, and M. F.
Miller. 2007. Tasco supplementation: Effects on carcass characteristics, sensory attributes,
and retail display shelf-life. J. Anim. Sci. 85:754-768.

47. Branham, L. A., M. A. Carr, C. B. Scott, and T. R. Callaway. 2005. E. coli 0157 and
Salmonella spp. in white-tailed deer and livestock. Curr. Iss. Intest. Microbiol. 6:25-29.

48. Brashears, M. M., and M. L. Galyean. Date, 2002, Testing of probiotic bacteria for the
elimination of Escherichia coli 0157:H7 in cattle. Available at: http:/www.amif.org/PRProbi-
otics042302.htm. Accessed Access Date: 24 April 2007, 2002.

49. Brashears, M. M., M. L. Galyean, G. H. Loneragan, J. E. Mann, and K. Killinger-Mann.
2003. Prevalence of Escherichia coli 0157:H7 and performance by beef feedlot cattle
given Lactobacillus direct-fed microbials. J. Food Prot. 66:748-754.

50. Brashears, M. M., D. Jaroni, and J. Trimble. 2003. Isolation, selection, and character-
ization of lactic acid bacteria for a competitive exclusion product to reduce shedding of
Escherichia coli 0157:H7 in cattle. J. Food Prot. 66:355-363.

51. Brown-Brandl, T. M., E. D. Berry, J. E. Wells, T. M. Arthur, and J. A. Nienaber. 2009.
Impacts of individual animal response to heat and handling stresses on Escherichia coli
and E. coli O157:H7 fecal shedding by feedlot cattle. Foodborne Path. Dis. 6:855-864.

52. Brown-Brandl, T. M., J. A. Nienaber, R. A. Eigenberg, G. L. Hahn, and H. Freetly. 2003.
Thermoregulatory responses of feeder cattle. J. Therm. Biol. 28:149-157.

53. Brownlie, L. E., and F. H. Grau. 1967. Effect of food intake on growth and survival of
Salmonellas and Escherichia coli in the bovine rumen. J. Gen. Microbiol. 46:125-134.

54. Buchko, S. J., R. A. Holley, W. O. Olson, V. P. J. Gannon, and D. M. Veira. 2000. The
effect of different grain diets on fecal shedding of Escherichia coli 0157:H7 by steers. J.
Food Prot. 63:1467-1474.

55. Buchko, S. J., R. A. Holley, W. O. Olson, V. P. J. Gannon, and D. M. Veira. 2000. The
effect of fasting and diet on fecal shedding of Escherichia coli 0157:H7 by cattle. Can. J.
Anim. Sci. 80:741-744.

56. Byrd, J. A., R. C. Anderson, T. R. Callaway, R. W. Moore, K. D. Knape, L. F. Kubena, R.
L. Ziprin, and D. J. Nisbet. 2003. Effect of experimental chlorate product administration in
the drinking water on Salmonella Typhimurium contamination of broilers. Poultry Science.
82:1403-1406.

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 15



57. Cai, K., X. Gao, T. Li, X. Hou, Q. Wang, H. Liu, L. Xiao, W. Tu, Y. Liu, J. Shi, and H.
Wang. 2010. Intragastric immunization of mice with enterohemorrhagic Escherichia coli
0157:H7 bacterial ghosts reduces mortality and shedding and induces a Th2-type domi-
nated mixed immune response. Can. J. Microbiol. 56:389-398.

58. Callaway, T. R., R. C. Anderson, T. S. Edrington, K. M. Bischoff, K. J. Genovese, T.
L. Poole, J. A. Byrd, R. B. Harvey, and D. J. Nisbet. 2004. Effects of sodium chlorate on
antibiotic resistance in Escherichia coli 0157:H7. Foodborne Path. Dis. 1:59-63.

59. Callaway, T. R., R. C. Anderson, T. S. Edrington, K. J. Genovese, R. B. Harvey, T. L.
Poole, and D. J. Nisbet. 2004. Recent pre-harvest supplementation strategies to reduce
carriage and shedding of zoonotic enteric bacterial pathogens in food animals. Anim.
Health Res. Rev. 5:35-47.

60. Callaway, T. R., R. C. Anderson, T. S. Edrington, Y. S. Jung, K. M. Bischoff, K. J.
Genovese, T. L. Poole, R. B. Harvey, J. A. Byrd, and D. J. Nisbet. 2004. Effects of sodium
chlorate on toxin production by Escherichia coli 0157:H7. Curr. Iss. Intest. Microbiol.
5:19-22.

61. Callaway, T. R., R. C. Anderson, K. J. Genovese, T. L. Poole, T. J. Anderson, J. A. Byrd,
L. F. Kubena, and D. J. Nisbet. 2002. Sodium chlorate supplementation reduces E. coli
0157:H7 populations in cattle. J. Anim. Sci. 80:1683-1689.

62. Callaway, T. R., J. A. Carroll, J. D. Arthington, T. S. Edrington, R. C. Anderson, M. L.
Rossman, M. A. Carr, K. J. Genovese, S. C. Ricke, P. Crandall, and D. J. Nisbet. 2011.
Orange peel pellets can reduce Escherichia coli 0157:H7 populations in ruminants. J.
Food Prot. In Press.

63. Callaway, T. R., J. A. Carroll, J. D. Arthington, T. S. Edrington, R. C. Anderson, M. L.
Rossman, M. A. Carr, K. J. Genovese, S. C. Ricke, P. Crandall, and D. J. Nisbet. 2011.

Orange peel pellets can reduce Salmonella populations in ruminants. Foodborne Path. Dis.

8:In Press.

64. Callaway, T. R., J. A. Carroll, J. D. Arthington, C. Pratt, T. S. Edrington, R. C. Anderson,
M. L. Galyean, S. C. Ricke, P. Crandall, and D. J. Nisbet. 2008. Citrus products decrease
growth of E. coli 0157:H7 and Salmonella typhimurium in pure culture and in fermentation
with mixed ruminal microorganisms in vitro. Foodborne Path. Dis. 5:621-627.

65. Callaway, T. R., S. E. Dowd, T. S. Edrington, R. C. Anderson, N. Krueger, N. Bauer,
P. J. Kononoff, and D. J. Nisbet. 2011. Evaluation of the bacterial diversity in the rumen
and feces of cattle fed diets containing levels of dried distiller’s grains plus solubles using
bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP). J. Anim. Sci. In Press.

66. Callaway, T. R., T. S. Edrington, R. C. Anderson, J. A. Byrd, and D. J. Nisbet. 2007.
Gastrointestinal microbial ecology and the safety of our food supply as related to Salmo-
nella. J. Anim. Sci. 86:167-172.

67. Callaway, T. R., T. S. Edrington, R. C. Anderson, K. J. Genovese, T. L. Poole, R. O.
Elder, J. A. Byrd, K. M. Bischoff, and D. J. Nisbet. 2003. Escherichia coli 0157:H7 popula-
tions in sheep can be reduced by chlorate supplementation. J. Food Prot. 66:194-199.

68. Callaway, T. R., T. S. Edrington, A. D. Brabban, R. C. Anderson, M. L. Rossman, M. J.

Engler, M. A. Carr, K. J. Genovese, J. E. Keen, M. L. Looper, E. M. Kutter, and D. J. Nisbet.

2008. Bacteriophage isolated from feedlot cattle can reduce Escherichia coli 0157:H7
populations in ruminant gastrointestinal tracts. Foodborne Path. Dis. 5:183-192.

69. Callaway, T. R., T. S. Edrington, A. D. Brabban, J. E. Keen, R. C. Anderson, M. L.
Rossman, M. J. Engler, K. J. Genovese, B. L. Gwartney, J. O. Reagan, T. L. Poole, R. B.
Harvey, E. M. Kutter, and D. J. Nisbet. 2006. Fecal prevalence of Escherichia coli 0157,
Salmonella, Listeria, and bacteriophage infecting E. coli 0157:H7 in feedlot cattle in the
southern plains region of the United States. Foodborne Path. Dis. 3:234-244.

70. Callaway, T. R., T. S. Edrington, J. L. Rychlik, K. J. Genovese, T. L. Poole, Y. S. Jung,
K. M. Bischoff, R. C. Anderson, and D. J. Nisbet. 2003. lonophores: Their use as ruminant
growth promotants and impact on food safety. Curr. Iss. Intest. Microbiol. 4:43-51.

71. Callaway, T. R., E. Grilli, and A. Piva. 2010. Aviplus® treatment reduces E. coli and
Salmonella populations in pure and mixed ruminal culture fermentations. . J. Anim. Sci. 88,
Suppl 2:475.

72. Callaway, T. R., and S. A. Martin. 2006. Use of fungi and organic acids in production
animal diets. p. 25-33. In, Feedstuffs Direct-fed Microbial, Enzyme and Forage Additive
Compendium, 8th Ed. Miller Publishing, Inc., Minnetonka, MN.

73. Callaway, T. R., J. L. Morrow, T. S. Edrington, K. J. Genovese, S. Dowd, J. Carroll, J.
W. Dailey, R. B. Harvey, T. L. Poole, R. C. Anderson, and D. J. Nisbet. 2006. Social stress
increases fecal shedding of Salmonella Typhimurium by early weaned piglets. Curr. Iss.
Intest. Microbiol. 7:65-72.

74. Callaway, T. R., C. H. Stahl, T. S. Edrington, K. J. Genovese, L. M. Lincoln, R. C.
Anderson, S. M. Lonergan, T. L. Poole, R. B. Harvey, and D. J. Nisbet. 2004. Colicin con-
centrations inhibit growth of Escherichia coli 0157:H7 in vitro. J. Food Prot. 67:2603-2607.

75. Carroll, J. A., and N. E. Forsberg. 2007. Influence of Stress and Nutrition on Cattle
Immunity. p. 105-149. In K.C. Olson, and L.C. Hollis (ed.), Veterinary Clinics of North
America: Food Animal Practice Elsevier Saunders, Amsterdam, The Netherlands.

76. CDC. Date, 2006, Salmonella Annual Summary, 2005. Available at: www.cdc.gov/
ncidod/dbmd/phlisdata/salmtab/2005/SalmonellaTable1_2005.pdf Accessed 18 June 2007.

77. Cemicchiaro, N., D. L. Pearl, S. A. McEwen, H. N. Zerby, F. L. Fluharty, S. C. Loerch,
M. D. Kauffman, J. L. Bard, and J. T. Lejeune. 2010. A randomized controlled trial to assess
the impact of dietary energy sources, feed supplements, and the presence of super-
shedders on the detection of Escherichia coli 0157:H7 in feedlot cattle using different
diagnostic procedures. Foodborne Path. Dis. 7:1071-1081.

78. Charles, A. S., S. A. Baskaran, C. Murcott, D. Schreiber, T. Hoagland, and K. Ven-
kitanarayanan. 2008. Reduction of Escherichia coli O157:H7 in cattle drinking-water by
trans-cinnamaldehyde. Foodborne Path. Dis. 5:763-771.

79. Chase-Topping, M. E., I. J. McKendrick, M. C. Pearce, P. MacDonald, L. Matthews, J.
Halliday, L. Allison, D. Fenlon, J. C. Low, G. Gunn, and M. E. J. Woolhouse. 2007. Risk
factors for the presence of high-level shedders of Escherichia coli 0157 on Scottish farms.
J. Clin. Microbiol. 45:1594-1603.

80. Cobbaut, K., D. Berkvens, K. Houf, R. De Deken, and L. De Zutter. 2009. Escherichia
coli 0157 prevalence in different cattle farm types and identification of potential risk fac-
tors. J. Food Prot. 72:1848-1853.

81. Cobbold, R. N., and P. M. Desmarchelier. 2004. In vitro studies on the colonization
of bovine colonic mucosa by Shiga-toxigenic Escherichia coli (STEC). Epidemiol. Infect.
132:87-94.

82. Collier, C. T., J. A. Carroll, T. R. Callaway, and J. D. Arthington. 2010. Oral administra-
tion of citrus pulp reduces gastrointestinal recovery of orally dosed Escherichia coli F18 in
weaned pigs. J. Anim. Vet. Adv. 9:2140-2045.

83. Collins, D. M., and G. R. Gibson. 1999. Probiotics, prebiotics, and synbiotics: ap-
proaches for modulating the microbial ecology of the gut. Amer. J. Clin. Nutr. 69:1052S-
10578S.

84. Cornick, N. A. 2010. Tylosin and chlorotetracycline decrease the duration of fecal shed-
ding of E. coli 0157:H7 by swine. Vet. Microbiol. 143:417-419.

85. Cowan, M. M. 1999. Plant products as antimicrobial agents. Clin. Microbiol. Rev. .
12:564-582.

86. Cray, W. C., T. A. Casey, B. T. Bosworth, and M. A. Rasmussen. 1998. Effect of dietary
stress on fecal shedding of Escherichia coli 0157:H7 in calves. Appl. Environ. Microbiol.
64:1975-1979.

87. Cray, W. C., and H. W. Moon. 1995. Experimental infection of calves and adult cattle
with Escherichia coli 0157:H7. Appl. Environ. Microbiol. 61:1586-1590.

16 WHITE PAPER

PRE-HARVEST CONTROL OF E. COLI 0157:H7



88. Cuesta Alonso, E. P,, S. E. Gilliland, and C. R. Krehbiel. 2007. Incidence and toxin
production ability of Escherichia coli 0157:H7 isolated from cattle trucks. J. Food Prot.
70:2383-2385.

89. Cueva, C., M. V. Moreno-Arribas, P. J. Martin-Alvarez, G. Bills, M. F. Vicente, A. Basilio,
C. L. Rivas, T. Requena, J. M. Rodriguez, and B. Bartolomé. 2010. Antimicrobial activity

of phenolic acids against commensal, probiotic and pathogenic bacteria. Res. Microbiol.
161:372-382.

90. Cutler, S. A., S. M. Lonergan, N. Comnick, A. K. Johnson, and C. H. Stahl. 2007. Dietary
inclusion of colicin E1 is effective in preventing postweaning diarrhea caused by F18-
positive Escherichia coli in pigs. Antimicrob. Ag. Chemother. 51:3830-3835.

91. Dabbah, R., V. M. Edwards, and W. A. Moats. 1970. Antimicrobial action of some citrus
fruit oils on selected food-borne bacteria. Appl. Microbiol. 19:27-31.

92. Dargatz, D. A, S. J. Wells, L. A. Thomas, D. D. Hancock, and L. P. Garber. 1997.
Factors associated with the presence of Escherichia coli 0157 in feces of feedlot cattle. J.
Food Prot. 60:466-470.

93. Darwin, C. 1859. The origin of species by means of natural selection, or, The preserva-
tion of favored races in the struggle for life. Hurst, New York, NY.

94. Davis, M. A,, K. A. Cloud-Hansen, J. Carpenter, and C. J. Hovde. 2005. Escherichia
coli 0157:H7 in environments of culture-positive cattle. Appl. Environ. Microbiol. 71:6816-
6822.

95. Dewell, G. A., J. R. Ransom, R. D. Dewell, K. McCurdy, I. A. Gardner, A. E. Hill, J. N.
Sofos, K. E. Belk, G. C. Smith, and M. D. Salman. 2005. Prevalence of and risk factors for
Escherichia coli 0157 in market-ready beef cattle from 12 U.S. feedlots. Foodborne Path.
Dis. 2:70-76.

96. Dewell, G. A., C. A. Simpson, R. D. Dewell, D. R. Hyatt, K. E. Belk, J. A. Scanga, P.
S. Morley, T. Grandin, G. C. Smith, D. A. Dargatz, B. A. Wagner, and M. D. Salman. 2008.
Impact of transportation and lairage on hide contamination with Escherichia coli 0157 in
finished beef cattle. J. Food Prot. 71:1114-1118.

97. Di Pasqua, R., G. Betts, N. Hoskins, M. Edwards, D. Ercolini, and G. Mauriello. 2007.
Membrane toxicity of antimicrobial compounds from essential oils. J. Agric. Food Chem.
55:4863-4870.

98. Diez-Gonzalez, F,, T. R. Callaway, M. G. Kizoulis, and J. B. Russell. 1998. Grain
feeding and the dissemination of acid-resistant Escherichia coli from cattle. Science.
281:1666-1668.

99. Durso, L. M., G. P. Harhay, T. P. L. Smith, J. L. Bono, T. Z. DeSantis, and M. L.
Clawson. 2011. Bacterial community analysis of beef cattle feedlots reveals pen surface is
distinct from feces. Foodborne Path. Dis. 8:In Press.

100. Dusan, F.,, S. Marian, D. Katarina, and B. Dobroslava. 2006. Essential oils-their
antimicrobial activity against Escherichia coli and effect on intestinal cell viability. Toxicol. in
Vitro. 20:1435-1445.

101. Edrington, T. S., T. R. Callaway, R. C. Anderson, K. J. Genovese, Y. S. Jung, R. O.
Elder, K. M. Bischoff, and D. J. Nisbet. 2003. Reduction of E. coli O157:H7 populations in
sheep by supplementation of an experimental sodium chlorate product. Small Ruminant
Res. 49:173-181.

102. Edrington, T. S., T. R. Callaway, R. C. Anderson, and D. J. Nisbet. 2008. Prevalence
of multidrug-resistant Salmonella on commercial dairies utilizing a single heifer raising
facility. J. Food Prot. 71:27-34.

103. Edrington, T. S., T. R. Callaway, K. M. Bischoff, K. J. Genovese, R. O. Elder, R. C. An-
derson, and D. J. Nisbet. 2003. Effect of feeding the ionophores monensin and laidlomycin
propionate and the antimicrobial bambermycin to sheep experimentally infected with E. coli
0157:H7 and Salmonella Typhimurium. J. Anim. Sci. 81:553-560.

104. Edrington, T. S., T. R. Callaway, S. E. Ives, M. J. Engler, M. L. Looper, R. C. Anderson,
and D. J. Nisbet. 2006. Seasonal shedding of Escherichia coli 0157:H7 in ruminants: a
new hypothesis. Foodborne Path. Dis. 3:413-421.

105. Edrington, T. S., T. R. Callaway, S. E. Ives, M. J. Engler, T. H. Welsh, D. M. Hallford,
K. J. Genovese, R. C. Anderson, and D. J. Nisbet. 2006. Effect of ractopamine HCI supple-
mentation on fecal shedding of Escherichia coli 0157:H7 and Salmonella in feedlot cattle.
Curr. Microbiol. 53:340-345.

106. Edrington, T. S., T. R. Callaway, D. J. Smith, K. J. Genovese, R. C. Anderson, and D.
J. Nisbet. 2006. Effects of ractopamine HCI on Escherichia coli 0157:H7 and Salmonella in
vitro and on intestinal populations and fecal shedding in experimentally infected sheep and
pigs. Curr. Microbiol. 53:82-88.

107. Edrington, T. S., T. R. Callaway, P. D. Varey, Y. S. Jung, K. M. Bischoff, R. O. Elder,
R. C. Anderson, E. Kutter, A. D. Brabban, and D. J. Nisbet. 2003. Effects of the antibiotic
ionophores monensin, lasalocid, laidlomycin propionate and bambermycin on Salmonella
and E. coli 0157:H7 in vitro. J. Appl. Microbiol. 94:207-213.

108. Edrington, T. S., R. L. Farrow, G. H. Loneragan, S. E. Ives, M. J. Engler, J. J. Wagner,
M. J. Corbin, W. J. Platter, D. Yates, J. P. Hutcheson, R. A. Zinn, T. R. Callaway, R. C.
Anderson, and D. J. Nisbet. 2009. Influence of -agonists (ractopamine HCI and zilpaterol
HCI) on fecal shedding of Escherichia coli 0157:H7 in feedlot cattle. J. Food Prot.
72:2587-2591.

109. Edrington, T. S., J. C. MacDonald, R. L. Farrow, T. R. Callaway, R. C. Anderson,
and D. J. Nisbet. 2010. Influence of wet distiller’s grains on prevalence of Escherichia
coli 0157:H7 and Salmonella in feedlot cattle and antimicrobial susceptibility of generic
Escherichia coli isolates. Foodborne Path. Dis. 7:605-608.

110. Edrington, T. S., C. L. Schultz, K. J. Genovese, T. R. Callaway, M. L. Looper, K. M.
Bischoff, J. L. McReynolds, R. C. Anderson, and D. J. Nisbet. 2004. Examination of heat
stress and stage of lactation (early versus late) on fecal shedding of E. coli 0157:H7 and
Salmonella in dairy cattle. Foodborne Path. Dis. 1:114-119.

111. Elam, N. A,, J. F. Gleghorn, J. D. Rivera, M. L. Galyean, P. J. Defoor, M. M. Brashears,
and S. M. Younts-Dahl. 2003. Effects of live cultures of Lactobacillus acidophilus (strains
NP45 and NP51) and Propionibacterium freudenreichii on performance, carcass, and in-
testinal characteristics, and Escherichia coli strain 0157 shedding of finishing beef steers.
J. Anim. Sci. 81:2686-2698.

112. Elder, R. O., J. E. Keen, T. E. Wittum, T. R. Callaway, T. S. Edrington, R. C. Anderson,
and D. J. Nisbet. 2002. Intervention to reduce fecal shedding of enterohemorrhagic
Escherichia coli 0157:H7 in naturally infected cattle using neomycin sulfate. J. Anim. Sci.
80 (Suppl. 1):15 (Abstr.).

113. Ellis-Iversen, J., and E. Watson. 2008. A 7-point plan for control of VTEC 0157, Cam-
pylobacter jejuni/coli and Salmonella serovars in young cattle. Cattle Pract. 16:103-106.

114. Fegan, N., G. Higgs, L. L. Duffy, and R. S. Barlow. 2009. The effects of transport and
lairage on counts of Escherichia coli 0157 in the feces and on the hides of individual cattle.
Foodborne Path. Dis. 6:1113-1120.

115. Firkins, J. L., L. L. Berger, and G. C. Fahey, Jr. 1985. Evaluation of Wet and Dry Dis-
tillers Grains and Wet and Dry Corn Gluten Feeds for Ruminants. J. Anim Sci. 60:847-860.

116. Fisher, K., and C. A. Phillips. 2006. The effect of lemon, orange and bergamot es-
sential oils and their components on the survival of Campylobacter jejuni, Escherichia coli
0157, Listeria monocytogenes, Bacillus cereus and Staphylococcus aureus in vitro and in
food systems. J. Appl. Microbiol. 101:1232-1240.

117. Fiume, M. Z. 1995. Final report on the safety assessment of potassium chlorate. J.
Amer. Coll. Toxicol. 14:221-230.

118. Fox, J. T., B. E. Depenbusch, J. S. Drouillard, and T. G. Nagaraja. 2007. Dry-rolled
or steam-flaked grain-based diets and fecal shedding of Escherichia coli 0157 in feedlot
cattle. J. Anim. Sci. 85:1207-1212.

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 17



119. Fox, J. T., J. S. Drouillard, and T. G. Nagaraja. 2009. Competitive exclusion Esch-
erichia coli cultures on E. coli 0157 growth in batch culture ruminal or fecal microbial
fermentation. Foodborne Path. Dis. 6:193-199.

120. Fox, J. T., D. G. Renter, M. W. Sanderson, A. L. Nutsch, X. Shi, and T. G. Nagaraja.
2008. Associations between the presence and magnitude of Escherichia coli 0157 in feces
at harvest and contamination of preintervention beef carcasses. J. Food Prot. 71:1761-
1767.

121. Fox, J. T., D. U. Thomson, J. S. Drouillard, A. B. Thornton, D. T. Burkhardt, D. A. Em-
ery, and T. G. Nagaraja. 2009. Efficacy of Escherichia coli 0157:H7 siderophore receptor/
porin proteins-based vaccine in feedlot cattle naturally shedding E. coli 0157. Foodborne
Path. Dis. 6:893-899.

122. Frank, C., S. Kapthammer, D. Werber, K. Stark, and L. Held. 2008. Cattle density and
shiga toxin-producing Escherichia coli infection in Germany: Increased risk for most but not
all serogroups. Vector-Borne Zoo. Dis. 8:635-643.

128. Franz, E., A. D. van Diepeningen, O. J. de Vos, and A. H. C. van Bruggen. 2005.
Effects of cattle feeding regimen and soil management type on the fate of Escherichia coli
0157:H7 and Salmonella enterica serovar Typhimurium in manure, manure-amended soil,
and lettuce. Appl. Environ. Microbiol. 71:6165-6174.

124. French, E., A. Rodriguez-Palacios, and J. T. Lejeune. 2010. Enteric bacterial
pathogens with zoonotic potential isolated from farm-raised deer. Foodborne Path. Dis.
7:1031-1037.

125. Friedly, E. C., P. G. Crandall, S. C. Ricke, M. Roman, C. A. O'Bryan, and V. I.
Chalova. 2009. In vitro anti-listerial effects of citrus oil fractions in combination with organic
acids. J. Food Sci. 74:M67-M72.

126. Friesema, |. H. M., J. Van De Kassteele, C. M. De Jager, A. E. Heuvelink, and W. Van
Pelt. 2011. Geographical association between livestock density and human Shiga toxin-
producing Escherichia coli 0157 infections. Epidemiol. Infect. IN Press:1-7.

127. Fuller, R. 1989. Probiotics in man and animals. J. Appl. Bacteriol. 66:365-378.

128. Garber, L. P, S. J. Wells, D. D. Hancock, M. P. Doyle, J. Tuttle, J. A. Shere, and T.
Zhao. 1995. Risk factors for fecal shedding of Escherichia coli 0157:H7 in dairy calves. J.
Amer. Vet. Med. Assoc. 207:46-49.

129. Grau, F. H., L. E. Brownlie, and M. G. Smith. 1969. Effects of food intake on numbers
of Salmonellae and Escherichia coli in rumen and faeces of sheep. J. Appl. Bact. 32:112-
117.

130. Gregory, N. G., L. H. Jacobson, T. A. Nagle, R. W. Muirhead, and G. J. Leroux. 2000.
Effect of preslaughter feeding system on weight loss, gut bacteria, and the physico-chemi-
cal properties of digesta in cattle. New Zealand J. Agric. Res. 43:351-361.

131. Gunn, G. J., |. J. McKendrick, H. E. Ternent, F. Thomson-Carter, G. Foster, and B. A.
Synge. 2007. An investigation of factors associated with the prevalence of verocytotoxin
producing Escherichia coli 0157 shedding in Scottish beef cattle. Vet. J. 174:554-564.

132. Gyles, C. L. 1998. Vaccines and shiga toxin-producing Escherichia coli in animals. p.
434-444. In J.B. Kaper, and A.D. O'Brien (ed.), Escherichia coli O157:H7 and other shiga
toxin-producing E. coli strains Amer. Soc. Microbiol. Press, Washington, DC.

133. Hancock, D. D., T. E. Besser, M. L. Kinsel, P. I. Tarr, D. H. Rice, and M. G. Paros.
1994. The prevalence of Escherichia coli 0157:H7 in dairy and beef cattle in Washington
state. Epidemiol. Infect. 113:199-207.

134. Hancock, D. D., T. E. Besser, D. H. Rice, E. D. Ebel, D. E. Herriott, and L. V. Car-
penter. 1998. Multiple sources of Escherichia coli 0157 in feedlots and dairy farms in the
Northwestern USA. Prev. Vet. Med. 35:11-19.

135. Harmon, B. G., C. A. Brown, S. Tkalcic, P. O. E. Mueller, A. Parks, A. V. Jain, T. Zhao,
and M. P. Doyle. 1999. Fecal shedding and rumen growth of Escherichia coli 0157:H7 in
fasted calves. J. Food Prot. 62:574-579.

136. Harris, K., M. F. Miller, G. H. Loneragan, and M. M. Brashears. 2006. Validation of
the use of organic acids and acidified sodium chlorite to reduce Escherichia coli 0157 and
Salmonella Typhimurium in beef trim and ground beef in a simulated processing environ-
ment. J. Food Prot. 69:1802-1807.

137. Haus-Cheymol, R., E. Espie, D. Che, V. Vaillant, H. de Valk, and J. C. Desenclos.
2006. Association between indicators of cattle density and incidence of paediatric haemo-
lytic - Uraemic syndrome (HUS) in children under 15 years of age in France between 1996
and 2001: An ecological study. Epidemiol. Infect. 134:712-718.

138. Hegde, N. V., M. L. Cook, D. R. Wolfgang, B. C. Love, C. C. Maddox, and B. M.
Jayarao. 2005. Dissemination of Salmonella enterica subsp. enterica serovar Typhimurium
var. Copenhagen clonal types through a contract heifer-raising operation. Journal of Clini-
cal Microbiology. 43:4208-4211.

139. Herriott, D. E., D. D. Hancock, E. D. Ebel, L. V. Carpenter, D. H. Rice, and T. E.
Besser. 1998. Association of herd management factors with colonization of dairy cattle by
shiga toxin-positive Escherichia coli 0157. J. Food Prot. 61:802-807.

140. Hollowell, C. A., and M. J. Wolin. 1965. Basis for the exclusion of Escherichia coli
from the rumen ecosystem. Appl. Microbiol. 13:918-924.

141. Houdijk, J. G. M., M. W. Bosch, M. W. A. Verstegen, and H. J. Berenpas. 1998. Ef-
fects of dietary oligosaccharides on the growth and faecal characteristics of young growing
pigs. Anim. Feed Sci. Technol. 71:35-48.

142. Hovde, C. J., P. R. Austin, K. A. Cloud, C. J. Williams, and C. W. Hunt. 1999. Effect of
cattle diet on Escherichia coli 0157:H7 acid resistance. Appl. Environ. Microbiol. 65:3233-
3235.

143. Hristov, A. N., M. Ivan, and T. A. McAllister. 2001. In vitro effects of feed oils,
ionophores, tannic acid, saponin-containing plant extracts and other bioactive agents on
ruminal fermentation and protozoal activity. J. Dairy Sci. 84(Suppl. 1):360.

144. Huff, W. E., G. R. Huff, N. C. Rath, J. M. Balog, H. Xie, P. A. Moore, and A. M. Dono-
ghue. 2002. Prevention of Escherichia coli respiratory infection in broiler chickens with
bacteriophage (SPR02). J. Poult. Sci. 81:437-441.

145. Hussein, H. S., S. L. Lake, and H. A. Glimp. 2000. Sheep as a reservoir for shiga-like
toxin producing Escherichia coli including O157:H7 (a review). Sheep Goat Res. 16:94-
101.

146. Hussein, H. S., B. H. Thran, and H. A. Glimp. 2003. Verotoxin-producing Escherichia
coli in sheep grazing an irrigated pasture or arid rangeland forages. Exp. Biol. Med.
228:358-364.

147. Hussein, H. S., B. H. Thran, M. R. Hall, W. G. Kvasnicka, and R. C. Torell. 2003.
Verotoxin-producing Escherichia coli in culled beef cows grazing rangeland forages. Exp.
Biol. Med. 228:352-357.

148. Jack, R. W., J. R. Tagg, and B. Ray. 1995. Bacteriocins of gram-positive bacteria.
Microbiol. Rev. 59:171-200.

149. Jacob, M. E., T. R. Callaway, and T. G. Nagaraja. 2009. Dietary interactions and in-
terventions affecting Escherichia coli 0157 colonization and shedding in cattle. Foodborne
Path. Dis. 6:785-792.

150. Jacob, M. E., J. T. Fox, J. S. Drouillard, D. G. Renter, and T. G. Nagaraja. 2008.
Effects of dried distillers’ grain on fecal prevalence and growth of Escherichia coli 0157 in
batch culture fermentations from cattle. Appl. Environ. Microbiol. 74:38-43.

151. Jacob, M. E., J. T. Fox, S. K. Narayanan, J. S. Drouillard, D. G. Renter, and T. G.
Nagaraja. 2008. Effects of feeding wet corn distiller’s grains with solubles with or without
monensin and tylosin on the prevalence and antimicrobial susceptibilities of fecal food-
borne pathogenic and commensal bacteria in feedlot cattle. J. Anim Sci. 86:1182-1190.

18 WHITE PAPER

PRE-HARVEST CONTROL OF E. COLI 0157:H7



152. Jacob, M. E., J. T. Fox, S. L. Reinstein, and T. G. Nagaraja. 2008. Antimicrobial sus-
ceptibility of foodborne pathogens in organic or natural production systems: An overview.
Foodborne Path. Dis. 5:721-730.

153. Jacob, M. E., Z. D. Paddock, D. G. Renter, K. F. Lechtenberg, and T. G. Nagaraja.
2010. Inclusion of dried or wet distillers’ grains at different levels in diets of feedlot cattle
affects fecal shedding of Escherichia coli 0157:H7. Appl. Environ. Microbiol. 76:7238-7242.

154. Jacobson, L. H., T. A. Nagle, N. G. Gregory, R. G. Bell, G. Le Roux, and J. M. Haines.
2002. Effect of feeding pasture-finished cattle different conserved forages on Escherichia
coli in the rumen and faeces. Meat Sci. 62:93-106.

155. Jiang, X., J. B. Morgan, and M. P. Doyle. 2002. Fate of Escherichia coli 0157:H7 in
manure-amended soil. Appl. and Environ. Microbiol. 68:2605-2609.

156. Johansen, M., L. O. Andresen, L. K. Thomsen, M. E. Busch, H. Wachmann, S. E.
Jorsal, and C. L. Gyles. 2000. Prevention of edema disease in pigs by passive immuniza-
tion. Can. J. Vet. Res. 64:9-14.

157. Johnson, R. P,, C. L. Gyles, W. E. Huff, S. Ojha, G. R. Huff, N. C. Rath, and A. M.
Donoghue. 2008. Bacteriophages for prophylaxis and therapy in cattle, poultry and pigs.
Anim. Health Res. Rev. 9:201-215.

158. Jordan, D., and S. A. McEwen. 1998. Effect of duration of fasting and a short-term
high-roughage ration on the concentration of Escherichia coli biotype 1 in cattle feces. J.
Food Prot. 61:531-534.

159. Jordi, B. J. A. M., K. Boutaga, C. M. E. Van Heeswijk, F. Van Knapen, and L. J. A. Lip-
man. 2001. Sensitivity of shiga toxin-producing Escherichia coli (STEC) strains for colicins
under different experimental conditions. FEMS Microbiol. Lett. 204:329-344.

160. Karmali, M. A., V. Gannon, and J. M. Sargeant. 2010. Verocytotoxin-producing Esch-
erichia coli (VTEC). Vet. Microbiol. 140:360-370.

161. Kay, S. 2003. E. coli 0157:H7: The costs during the past 10 years. p. 26-34. In, Meat
and Poultry News, vol. 3.

162. Keen, J., and R. Elder. 2000. Commercial probiotics are not effective for short-term
control of enterohemorrhagic Escherichia coli 0157 infection in beef cattle. p. 92 (Abstr.).
In, 4th Intl. Symp. Works. Shiga Toxin (Verocytotoxin)-producing Escherichia coli Infect.,
Kyoto, Japan.

163. Keen, J. E., G. A. Uhlich, and R. O. Elder. 1999. Effects of hay- and grain-based diets
on fecal shedding in naturally-acquired enterohemorrhagic E. coli (EHEC) 0157 in beef
feedlot cattle. In, 80th Conf. Research Workers in Animal Diseases, Chicago, IL. (Abstr.).

164. Keen, J. E., T. E. Wittum, J. R. Dunn, J. L. Bono, and L. M. Durso. 2006. Shiga-
toxigenic Escherichia coli 0157 in agricultural fair livestock, United States. Emerg. Infect.
Dis. 12:780-786.

165. Kelley, K. W. 1980. Stress and immune function: A bibliographic review. Ann. Rech.
Vet. 11:445-461.

166. Khare, S., W. Alali, S. Zhang, D. Hunter, R. Pugh, F. C. Fang, S. J. Libby, and L. G.
Adams. 2010. Vaccination with attenuated Salmonella enterica Dublin expressing E. coli
0157:H7 outer membrane protein Intimin induces transient reduction of fecal shedding of
E. coli O157:H7 in cattle. BMC Vet. Res. 6.

167. Kim, J., M. R. Marshall, and C. |. Wei. 1995. Antibacterial activity of some essential oil
components against five foodborne pathogens. J. Agric. Food Chem. 43:2839-2845.

168. Kim, Y., S. H. Kim, K. Y. Whang, Y. J. Kim, and S. Oh. 2008. Inhibition of Escherichia
coli 0157:H7 attachment by interactions between lactic acid bacteria and intestinal epithe-
lial cells. J. Microbiol. Biotechnol. 18:1278-1285.

169. Kingsley, R. A., and A. J. Baumler. 2000. Host adaptation and the emergence of infec-
tious disease: The Salmonella paradigm. Molec. Microbiol. 36:1006-1014.

170. Kleinschmit, D. H., D. J. Schingoethe, K. F. Kalscheur, and A. R. Hippen. 2006. Evalu-
ation of various sources of corn dried distillers grains plus solubles for lactating dairy cattle.
J. Dairy Sci. 89:4784-4794.

171. Konisky, J. 1982. Colicins and other bacteriocins with established modes of action.
Ann. Rev. Microbiol. 36:125-144.

172. Kudva, |. T., P. G. Hatfield, and C. J. Hovde. 1995. Effect of diet on the shedding of
Escherichia coli 0157:H7 in a sheep model. Appl. Environ. Microbiol. 61:1363-1370.

173. Kudva, I. T, P. G. Hatfield, and C. J. Hovde. 1997. Characterization of Escherichia coli
0157:H7 and other shiga toxin-producing E. coli serotypes isolated from sheep. J. Clin.
Microbiol. 35:892-899.

174. Kudva, I. T, S. Jelacic, P. I. Tarr, P. Youderian, and C. J. Hovde. 1999. Biocontrol
of Escherichia coli 0157 with 0157-specific bacteriophages. Appl. Environ. Microbiol.
65:3767-3773.

175. Kutter, E., and A. Sulakvelidze. 2005. Bacteriophages: Biology and Applications. CRC
Press, New York.

176. Lakey, J. H., and S. L. Slatin. 2001. Pore-forming colicins and their relatives. p. 131-
161. In F.G. Van Der Goot (ed.), Pore-forming toxins, vol. 257. Springer-Verlag GmbH &
Co. KG, Berlin.

177. Law, D. 2000. The history and evolution of Escherichia coli 0157 and other shiga
toxin-producing E. coli. World J. Microbiol. Biotechnol. 16:701-709.

178. Leatham, M. P, S. Banerjee, S. M. Autieri, R. Mercado-Lubo, T. Conway, and P. S.
Cohen. 2009. Precolonized human commensal Escherichia coli strains serve as a barrier
to E. coli 0157:H7 growth in the streptomycin-treated mouse intestine. Infect. Immun.
77:2876-2886.

179. Lederberg, J. 1996. Smaller Fleas...ad infinitum: Therapeutic bacteriophage redux.
Proc. Natl. Acad. Sci. USA. 93.

180. LeJeune, J., and M. Kauffman. 2006. Bovine E. coli 0157 supershedders: mathemati-
cal myth or meaningful monsters? p. 26. In, Proceedings of the 2006 VTEC Conference,
Melbourne, Austalia.

181. LeJeune, J. T., T. E. Besser, and D. D. Hancock. 2001. Cattle water troughs as reser-
voirs of Escherichia coli 0157. Appl. Environ. Microbiol. 67:3053-3057.

182. LeJeune, J. T, T. E. Besser, N. L. Merrill, D. H. Rice, and D. D. Hancock. 2001. Live-
stock drinking water microbiology and the factors influencing the quality of drinking water
offered to cattle. J. Dairy Sci. 84:1856-1862.

183. LeJeune, J. T, T. E. Besser, D. H. Rice, J. L. Berg, R. P. Stillborn, and D. D. Hancock.
2004. Longitudinal study of fecal shedding of Escherichia coli 0157:H7 in feedlot cattle:
Predominance and persistence of specific clonal types despite massive cattle population
turnover. Appl. Environ. Microbiol. 70:377-385.

184. LeJeune, J. T., and M. D. Kauffman. 2005. Effect of sand and sawdust bedding
materials on the fecal prevalence of Escherichia coli 0157:H7 in dairy cows. Appl. Environ.
Microbiol. 71:326-330.

185. LeJeune, J. T, and A. N. Wetzel. 2007. Preharvest control of Escherichia coli 0157 in
cattle. J. Anim. Sci. 85-97.

186. Lema, M., L. Williams, and D. R. Rao. 2001. Reduction of fecal shedding of enterohe-
morrhagic Escherichia coli 0157:H7 in lambs by feeding microbial feed supplement. Small
Rum. Res. 39:31-39.

187. Leupp, J. L., J. S. Caton, S. A. Soto-Navarro, and G. P. Lardy. 2005. Effects of cooked
molasses blocks and fermentation extract or brown seaweed meal inclusion on intake,
digestion, and microbial efficiency in steers fed low-quality hay. J. Anim. Sci. 83:2938-2945.

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 19



188. Liu, S. M., D. M. Miller, and R. F. Roberts. 2011. Cloning of genes encoding colicin E2
in Lactococcus lactis subspecies lactis and evaluation of the colicin-producing transfor-
mants as inhibitors of Escherichia coli 0157:H7 during milk fermentation. J. Dairy Sci.
94:1146-1154.

189. Loretz, M., R. Stephan, and C. Zweifel. 2011. Antibacterial activity of decontamination
treatments for cattle hides and beef carcasses. Food Control. 22:347-359.

190. Martin, S. A., and D. J. Nisbet. 1992. Effect of direct-fed microbials on rumen micro-
bial fermentation. J. Dairy Sci. 75:1736-1744.

191. Martin, S. A., and M. N. Streeter. 1995. Effect of malate on in vitro mixed ruminal
microorganism fermentation. J. Anim. Sci. 73:2141-2145.

192. Mather, A. E., G. T. Innocent, S. A. McEwen, W. J. Reilly, D. J. Taylor, W. B. Steele,
G. J. Gunn, H. E. Ternent, S. W. J. Reid, and D. J. Mellor. 2007. Risk factors for hide
contamination of Scottish cattle at slaughter with Escherichia coli 0157. Prev. Vet. Med.
80:257-270.

193. Matthews, L., J. C. Low, D. L. Gally, M. C. Pearce, D. J. Mellor, J. A. P. Heesterbeek,
M. Chase-Topping, S. W. Naylor, D. J. Shaw, S. W. J. Reid, G. J. Gunn, and M. E. J.
Woolhouse. 2006. Heterogeneous shedding of Escherichia coli 0157 in cattle and its
implications for control. Proc. Nat. Acad. Sci. (USA). 103:547-552.

194. Matthews, L., R. Reeve, M. E. J. Woolhouse, M. Chase-Topping, D. J. Mellor, M. C.

Pearce, L. J. Allison, G. J. Gunn, J. C. Low, and S. W. J. Reid. 2009. Exploiting strain diver-

sity to expose transmission heterogeneities and predict the impact of targeting supershed-
ding. Epidem. 1:221-229.

195. Maule, A. 2000. Survival of vero-cytotoxigenic Escherichia coli 0157:H7 in soil, water
and on surfaces. J. Appl. Microbiol. 88:71S-78S.

196. McAllister, T. A., S. J. Bach, K. Stanford, and T. R. Callaway. 2006. Shedding of
Escherichia coli 0157:H7 by cattle fed diets containing monensin or tylosin. J. Food Prot.
69:2075-2083.

197. McLaughlin, M. R., M. F. Balaa, J. Sims, and R. King. 2006. Isolation of Salmonella
bacteriophages from swine effluent lagoons. J. Environ. Qual. 35:522-528.

198. McNeilly, T. N., M. C. Mitchell, T. Rosser, S. McAteer, J. C. Low, D. G. E. Smith, J.
F. Huntley, A. Mahajan, and D. L. Gally. 2010. Immunization of cattle with a combination
of purified intimin-531, EspA and Tir significantly reduces shedding of Escherichia coli
0157:H7 following oral challenge. Vaccine. 28:1422-1428.

199. Min, B. R., W. E. Pinchak, R. C. Anderson, and T. R. Callaway. 2007. Effect of tannins
on the in vitro growth of Escherichia coli 0157:H7 and in vivo growth of generic Esch-
erichia coli excreted from steers. J. Food Prot. 70:543-550.

200. Minihan, D., M. O'Mahony, P. Whyte, and J. D. Collins. 2003. An investigation on the
effect of transport and lairage on the faecal shedding prevalence of Escherichia coli 0157
in cattle. J. Vet. Med. 50:378-382.

201. Mkaddem, M., J. Bouajila, M. Ennajar, A. Lebrihi, F. Mathieu, and M. Romdhane.

2009. Chemical composition and antimicrobial and antioxidant activities of mentha (longifo-

lia L. and viridis) essential oils. J. Food Sci. 74:358-363.

202. Morrow-Tesch, J. L. 2001. Evaluating management practices for their impact on
welfare. J. Am. Vet. Med. Assoc. 219:1374-1376.

203. Moxley, R. A., D. Smith, T. J. Klopfenstein, G. Erickson, J. Folmer, C. Macken, S.
Hinkley, A. Potter, and B. Finlay. 2003. Vaccination and feeding a competitive exclusion
product as intervention strategies to reduce the prevalence of Escherichia coli 0157:H7 in
feedlot cattle. p. 23 (Abstr.). In, Proc. 5th Int. Symp. on Shiga Toxin-Producing Escherichia
coli Infections, Edinburgh, UK.

204. Moxley, R. A., D. R. Smith, M. Luebbe, G. E. Erickson, T. J. Klopfenstein, and D.
Rogan. 2009. Escherichia coli 0157:H7 vaccine dose-effect in feedlot cattle. Foodborne
Pathog Dis. . 6:879-884.

205. Murinda, S. E., S. M. Liu, R. F. Roberts, and R. A. Wilson. 1998. Colicinogeny among
Escherichia coli serotypes, including 0157:H7, representing four closely related diarrhea-
genic clones. J. Food Prot. 61:1431-1438.

206. Murinda, S. E., L. T. Nguyen, H. M. Nam, R. A. Aimeida, S. J. Headrick, and S. P.
Oliver. 2004. Detection of sorbitol-negative and sorbitol-positive Shiga toxin-producing
Escherichia coli, Listeria monocytogenes, Campylobacter jejuni, and Salmonella spp. in
dairy farm environmental samples. Foodborne Path. Dis. 1:97-104.

207. Murinda, S. E., R. F. Roberts, and R. A. Wilson. 1996. Evaluation of colicins for inhibi-
tory activity against diarrheagenic Escherichia coli strains, including serotype O157:H7.
Appl. Environ. Microbiol. 62:3192-3202.

208. Nandiwada, L. S., G. P. Schamberger, H. W. Schafer, and F. Diez-Gonzalez. 2004.
Characterization of an E2-type colicin and its application to treat alfalfa seeds to reduce
Escherichia coli O157:H7. Int. J. Food Microbiol. 93:267-279.

209. Nannapaneni, R., A. Muthaiyan, P. G. Crandall, M. G. Johnson, C. A. O'Bryan, V. I.
Chalova, T. R. Callaway, J. A. Carroll, J. D. Arthington, D. J. Nisbet, and S. C. Ricke. 2008.
Antimicrobial activity of commercial citrus-based natural extracts against Escherichia coli
0157:H7 isolates and mutant strains. Foodborne Path. Dis. 5:695-699.

210. Naumova, E. N., J. S. Jagai, B. Matyas, A. DeMaria Jr, I. B. MacNeill, and J. K.
Griffiths. 2007. Seasonality in six enterically transmitted diseases and ambient tempera-
ture. Epidemiol. infect. 135:281-292.

211. Nisbet, D. J., T. R. Callaway, T. S. Edrington, R. C. Anderson, and N. Krueger. 2009.
Effects of the dicarboxylic acids malate and fumarate on E. coli 0157:H7 and Salmonella
Typhimurium populations in pure culture and in mixed ruminal microorganism fermenta-
tions. Curr. Microbiol. 58:488-492.

212. Nisbet, D. J., and S. A. Matrin. 1993. Effects of fumarate, L-malate, and an Aspergillus
oryzae fermentation extract on D-lactate utilization by the ruminal bacterium Selenomonas
ruminantium. Curr. Microbiol. 26:136-136.

213. Niy, Y. D., Y. Xu, T. A. McAllister, E. A. Rozema, T. P. Stephens, S. J. Bach, R. P.
Johnson, and K. Stanford. 2008. Comparison of fecal versus rectoanal mucosal swab
sampling for detecting Escherichia coli 0157:H7 in experimentally inoculated cattle used in
assessing bacteriophage as a mitigation strategy. J. Food Prot. 71:691-8.

214. Nurmi, E., L. Nuotio, and C. Schncitz. 1992. The competitive exclusion concept:
development and future. Int. J. Food Microbiol. 15:237-240.

215. O'Brien, A, D., V. L. Tesh, A. Donohue-Rolfe, M. P. Jackson, S. Olsnes, K. Sandvig,
A.A. Linberg, and G. T. Keusch. 1992. Shiga toxin: biochemistry, genetics, mode of action,
and role in pathogenesis. Curr. Top. Microbiol. Immunol. 180:65-94.

216. Ohya, T., M. Akiba, and H. Ito. 2001. Use of a trial probiotic product in calves experi-
mentally infected with Escherichia coli O157. Japan Agric. Res. Quart. 35:189-194.

217. Ohya, T, T. Marubashi, and H. Ito. 2000. Significance of fecal volatile fatty acids in
shedding of Escherichia coli 0157 from calves: experimental infection and preliminary use
of a probiotic product. J. Vet. Med. Sci. 62:1151-1155.

218. Oliver, S. P, B. M. Jayarao, and R. A. Aimeida. 2005. Foodborne pathogens in milk
and the dairy farm environment: Food safety and public health implications. Foodborne
Path. Dis. 2:115-129.

219. Oliver, S. P, D. A. Patel, T. R. Callaway, and M. E. Torrence. 2008. ASAS Centennial
Paper: Developments and future outlook for preharvest food safety. J. Anim. Sci. 87:419-
437.

220. Oot, R. A, R. R. Raya, T. R. Callaway, T. S. Edrington, E. M. Kutter, and A. D. Brab-
ban. 2007. Prevalence of Escherichia coli 0157 and O157:H7-infecting bacteriophages in
feedlot cattle feces. Lett. Appl. Microbiol. 45:445-453.

221. Patra, A. K., and J. Saxena. 2009. Dietary phytochemicals as rumen modifiers: a
review of the effects on microbial populations. Antonie van Leeuwenhoek. 39:1-13.

20 WHITE PAPER

PRE-HARVEST CONTROL OF E. COLI 0157:H7



222. Pattnaik, S., V. R. Subramanyam, and C. Kole. 1996. Antibacterial and antifungal
activity of ten essential oils in vitro. Microbios. 86:237-246.

223. Patton, B. S., S. M. Lonergan, S. A. Cutler, C. H. Stahl, and J. S. Dickson. 2008. Ap-
plication of colicin E1 as a prefabrication intervention strategy. J. Food Prot. 71:2519-2522.

224, Pearl, D. L., M. Louie, L. Chui, K. Doré, K. M. Grimsrud, S. W. Martin, P. Michel, L. W.
Svenson, and S. A. McEwen. 2009. A multi-level approach for investigating socio-economic
and agricultural risk factors associated with rates of reported cases of Escherichia coli
0157 in humans in Alberta, Canada. Zoono. Pub. Health. 56:455-464.

225. Piva, A, E. Giilli, L. Fabbri, V. Pizzamiglio, and |. Campani. 2007. Free versus
microencapsulated organic acids in medicated or not medicated diet for piglets. Livestock
Sci. 108:214-217.

226. Potter, A. A., S. Klashinsky, Y.Li, E. Frey, H. Townsend, D. Rogan, G. Erickson, S.
Hinkley, T. Klopfenstein, R. A. Moxley, D. R. Smith, and B. B. Finlay. 2004. Decreased
shedding of Escherichia coli 0157:H7 by cattle following vaccination with type Il secreted
proteins. Vaccine. 22.

227. Prohaszka, L., and F. Baron. 1983. Antibacterial effect of volatile fatty acids on Entero-
bacteriae in the large intestine. Acta. Vet. Hung. 30:9-16.

228. Pruimboom-Brees, I. M., T. W. Morgan, M. R. Ackermann, E. D. Nystrom, J. E. Samu-
el, N. A. Cornick, and H. W. Moon. 2000. Cattle lack vascular receptors for Escherichia coli
0157:H7 shiga toxins. Proc. Nat. Acad. Sci. (USA). 97:10325-10329.

229. Rajkowski, K. T., S. Eblen, and C. Laubauch. 1998. Efficacy of washing and sanitizing
trailers used for swine transport in reduction of Salmonella and Escherichia coli. J. Food
Prot. 61:31-35.

230. Ransom, J. R., K. E. Belk, J. N. Sofos, J. A. Scanga, M. L. Rossman, G. C. Smith,
and J. D. Tatum. 2003. Investigation of on-farm management practices as pre-harvest beef
microbiological interventions. In National Cattlemen’s Beef Association Research Fact
Sheet, Centennial, CO

231. Raya, R. R., P. Varey, R. A. Oot, M. R. Dyen, T. R. Callaway, T. S. Edrington, E. M.
Kutter, and A. D. Brabban. 2006. Isolation and characterization of a new T-even bacterio-
phage, CEV1, and determination of its potential to reduce Escherichia coli 0157:H7 levels
in sheep. Appl. Environ. Microbiol. 72:6405-6410.

232. Reichling, J., P. Schnitzler, U. Suschke, and R. Saller. 2009. Essential oils of aromatic
plants with antibacterial, antifungal, antiviral, and cytotoxic properties - An overview.
Forsch. Komplement. 16:79-90.

233. Reicks, A. L., M. M. Brashears, K. D. Adams, J. C. Brooks, J. R. Blanton, and M.

F. Miller. 2007. Impact of Transportation of Feedlot Cattle to the Harvest Facility on the
Prevalence of Escherichia coli 0157:H7, Salmonella, and Total Aerobic Microorganisms on
Hides. J. Food Prot. 70:17-21.

234. Reinstein, S., J. T. Fox, X. Shi, M. J. Alam, D. G. Renter, and T. G. Nagaraja. 2009.
Prevalence of Escherichia coli 0157:H7 in organically and naturally raised beef cattle.
Appl. Environ. Microbiol. 75:5421-5423.

235. Reissbrodt, R., W. P. Hammes, F. Dal Bello, R. Prager, A. Fruth, K. Hantke, A. Rakin,
M. Starcic-Erjavec, and P. H. Williams. 2009. Inhibition of growth of Shiga toxin-producing
Escherichia coli by nonpathogenic Escherichia coli. FEMS Microbiol. Lett. 290:62-69.

236. Rice, D. H., D. D. Hancock, and T. E. Besser. 2003. Faecal culture of wild animals for
Escherichia coli O157:H7. Vet. Rec. 152:82-83.

237. Richards, H. A., D. Perez-Conesa, C. A. Doane, B. E. Gillespie, J. R. Mount, S.

P. Oliver, P. Pangloli, and F. A. Draughon. 2006. Genetic characterization of a diverse
Escherichia coli 0157:H7 population from a variety of farm environments. Foodborne Path.
Dis. 3:259-265.

238. Richman, S. 2007. Ethanol and distillers grains:Situation and outlook p. 25-39. In,
2007 International Distillers Grains Conference, vol. 2008. International Distillers Grains
Conference, Schaumburg, IL.

239. Riley, L. W., R. S. Remis, S. D. Helgerson, H. B. McGee, J. G. Wells, B. R. Davis, R.
J. Hebert, E. S. Olcott, L. M. Johnson, N. T. Hargrett, P. A. Blake, and M. L. Cohen. 1983.
Hemorrhagic colitis associated with a rare Escherichia coli serotype. N. Engl. J. Med.
308:681-685.

240. Rodriguez-Palacios, A., H. R. Staempfli, T. Duffield, and J. S. Weese. 2009. Isolation
of bovine intestinal Lactobacillus plantarum and Pediococcus acidilactici with inhibitory
activity against Escherichia coli 0157 and F5. J. Appl. Microbiol. 106:393-401.

241. Rozema, E. A, T. P. Stephens, S. J. Bach, E. K. Okine, R. P. Johnson, K. I. M. Stan-
ford, and T. A. McAllister. 2009. Oral and rectal administration of bacteriophages for control
of Escherichia coli 0157.-H7 in feedlot cattle. J. Food Prot. 72:241-250.

242. Russell, J. B., and F. Diez-Gonzalez. 1998. The effects of fermentation acids on
bacterial growth. Adv. Microb. Physiol. 39:205-234.

243. Sagong, H. G., S. Y. Lee, P. S. Chang, S. Heu, S. Ryu, Y. J. Choi, and D. H. Kang.
2011. Combined effect of ultrasound and organic acids to reduce Escherichia coli
0157:H7, Salmonella Typhimurium, and Listeria monocytogenes on organic fresh lettuce.
Int. J. Food Microbiol. 145:287-292.

244, Salak-Johnson, J. L., and J. J. McGlone. 2007. Making sense of apparently conflicting
data: stress and immunity in swine and cattle. J. Anim. Sci. 85:E81-88.

245. Sanderson, M. W., J. M. Sargeant, X. Shi, T. G. Nagaraja, L. Zurek, and M. J. Alam.
2006. Longitudinal emergence and distribution of Eschenchia coli 0157 genotypes in a
beef feedlot. Appl. Environ. Microbiol. 72:7614-7619.

246. Sargeant, J. M., M. R. Amezcua, A. Rajic, and L. Waddell. 2007. Pre-harvest
interventions to reduce the shedding of E. coli 0157 in the faeces of weaned domestic
ruminants: a systematic review. Zoonos. Pub. Health. 54:260-277.

247. Sargeant, J. M., D. J. Hafer, J. R. Gillespie, R. D. Oberst, and S. J. A. Flood. 1999.
Prevalence of Escherichia coli 0157:H7 in white-tailed deer sharing rangeland with cattle.
J. Amer. Vet. Med. Assoc. 215:792-794.

248. Scallan, E., R. M. Hoekstra, F. J. Angulo, R. V. Tauxe, M.-A. Widdowson, S. L. Roy, J.
L. Jones, and P. L. Griffin. 2011. Foodborne illness acquired in the United States—major
pathogens. Emerg. Infect. Dis. 17:7-15.

249. Schamberger, G. P., and F. Diez-Gonzalez. 2002. Selection of recently isolated
colicinogenic Escherichia coli strains inhibitory to Escherichia coli 0157:H7. J. Food Prot.
65:1381-1387.

250. Schamberger, G. P., R. L. Phillips, J. L. Jacobs, and F. Diez-Gonzalez. 2004. Reduc-
tion of Escherichia coli 0157:H7 populations in cattle by addition of colicin E7-producing E.
coli to feed. Appl. Environ. Microbiol. 70:6053-6060.

251. Scharff, R. L. Date, 2010, Health-related costs from foodborne iliness in the United
States. Available at: http://www.producesafetyproject.org/admin/assets/files/Health-Relat-
ed-Foodborne-lliness-Costs-Report.pdf-1.pdf. Accessed 3 May, 2010.

252. Schrezenmeir, J., and M. De Vrese. 2001. Probiotics, prebiotics, and synbiotics-
approaching a definition. Am. J. Clin. Nutr. 73(Suppl.):354s-361s.

253. Schuehle Pfeiffer, C. E., D. A. King, L. M. Lucia, E. Cabrera-Diaz, G. R. Acuff, R.
D. Randel, T. H. Welsh Jr, R. A. Oliphint, K. O. Curley Jr, R. C. Vann, and J. W. Savell.
2009. Influence of transportation stress and animal temperament on fecal shedding of
Escherichia coli 0157:H7 in feedlot cattle. Meat Sci. 81:300-306.

254. Scott, T., C. Wilson, D. Bailey, T. Klopfenstein, T. Milton, R. Moxley, D. Smith, J. Gray,
and L. Hungerford. 2000. Influence of diet on total and acid resistant E. coli and colonic
pH. Nebraska Beef Rep.:39-41.

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 21



255. Semenov, A. M., A. A. Kuprianov, and A. H. C. van Bruggen. 2010. Transfer of enteric
pathogens to successive habitats as part of microbial cycles. Microb. Ecol. 60:239-249.

256. Semenov, A. V., L. Van Overbeek, and A. H. C. Van Bruggen. 2009. Percolation and
survival of Escherichia coli 0157:H7 and Salmonella enterica serovar typhimurium in soil
amended with contaminated dairy manure or slurry. Appl. Environ. Microbiol. 75:3206-
3215.

257. Shin, R., M. Suzuki, and Y. Morishita. 2002. Influence of intestinal anaerobes and
organic acids on the growth of enterohaemorrhagic Escherichia coli 0157:H7. J. Med.
Microbiol. 51:201-206.

258. Smarda, J., and D. Smajs. 1998. Colicins- Exocellular lethal proteins of Escherichia
coli. Folia Microbiol. 43:563-582.

259. Smith, D., M. Blackford, S. Younts, R. Moxley, J. Gray, L. Hungerford, T. Milton, and
T. Klopfenstein. 2001. Ecological relationships between the prevalence of cattle shedding
Escherichia coli 0157:H7 and characteristics of the cattle or conditions of the feedlot pen.
J. Food Prot. 64:1899-1903.

260. Smith, D. R., R. A. Moxley, T. J. Klopfenstein, and G. E. Erickson. 2009. A random-
ized longitudinal trial to test the effect of regional vaccination within a cattle feedyard on
Escherichia coli O157:H7 rectal colonization, fecal shedding, and hide contamination.
Foodborne Path. Dis. 6:885-892.

261. Smith, D. R., R. A. Moxley, R. E. Peterson, T. J. Klopfenstein, G. E. Erickson, G.

Bretschneider, E. M. Berberov, and S. Clowser. 2009. A two-dose regimen of a vaccine
against type Il secreted proteins reduced Escherichia coli 0157:H7 colonization of the
terminal rectum in beef cattle in commercial feedlots. Foodborne Path. Dis. 6:155-161.

262. Smith, H. W., and R. B. Huggins. 1982. Successful treatment of experimental E. coli
infections in mice using phage: its general superiority over antibiotics. J. Gen. Microbiol.
128:307-318.

263. Smith, H. W., and R. B. Huggins. 1983. Effectiveness of phages in treating
experimental Escherichia coli diarrhoea in calves, piglets and lambs. J. Gen. Microbiol.
129:2659-2675.

264. Smith, H. W., and R. B. Huggins. 1987. The control of experimental E. coli diarrhea in
calves by means of bacteriophage. J. Gen. Microbiol. 133:1111-1126.

265. Stacey, K. F., D. J. Parsons, K. H. Christiansen, and C. H. Burton. 2007. Assessing
the effect of interventions on the risk of cattle and sheep carrying Escherichia coli 0157:H7
to the abattoir using a stochastic model. Prev. Vet. Med. 79:32-45.

266. Stahl, C. H., T. R. Callaway, L. M. Lincoln, S. M. Lonergan, and K. J. Genovese. 2004.
Inhibitory activities of colicins against Escherichia coli strains responsible for postweaning
diarrhea and edema disease in swine. Antimicrob. Ag. Chemother. 48:3119-3121.

267. Stanford, K., S. J. Bach, T. H. Marx, S. Jones, J. R. Hansen, G. L. Wallins, H. Zahirod-

dini, and T. A. McAllister. 2005. Monitoring Escherichia coli 0157:H7 in inoculated and
naturally colonized feedlot cattle and their environment. J. Food Prot. 68:26-33.

268. Stanford, K., T. A. McAllister, Y. D. Niu, T. P. Stephens, A. Mazzocco, T. E. Wad-
dell, and R. P. Johnson. 2010. Oral Delivery Systems for Encapsulated Bacteriophages
Targeted Escherichia coli O157: H7 in Feedlot Cattle. J. Food Prot. 73:1304-1312.

269. Stanton, T. L., and D. Schutz. 2000. Effect of switching from high grain to hay five
days prior to slaughter on finishing cattle performance. In, Colorado State University An-
nual Report, Ft. Collins, CO.

270. Stephens, T. P., G. H. Loneragan, E. Karunasena, and M. M. Brashears. 2007.
Reduction of Escherichia coli 0157 and Salmonella in feces and on hides of feedlot cattle
using various doses of a direct-fed microbial. J. Food Prot. 70:2386-2391.

271. Stevenson, S. M., S. R. Cook, S. J. Bach, and T. A. McAllister. 2004. Effects of water
source, dilution, storage, and bacterial and fecal loads on the efficacy of electrolyzed
oxidizing water for the control of Escherichia coli 0157:H7. J. Food Prot. 67:1377-83.

272. Stewart, V. J. 1988. Nitrate respiration in relation to facultative metabolism in entero-
bacteria. Microbiol. Rev. 52:190-232.

273. Stouthamer, A. H. 1969. A genetical and biochemical study of chlorate-resistant
mutants of Salmonella typhimurium. Antoine van Leeuwenhoek. 35:505-521.

274. Strachan, N. J. C., G. M. Dunn, M. E. Locking, T. M. S. Reid, and |. D. Ogden. 2006.
Escherichia coli 0157: Burger bug or environmental pathogen? Int. J. Food Microbiol.
112:129-137.

275. Strachan, N. J. C., D. R. Fenlon, and I. D. Ogden. 2001. Modelling the vector pathway
and infection of humans in an environmental outbreak of Escherichia coli 0157:H7. FEMS
Microbiol. Lett. 203:69-73.

276. Synge, B. A., M. E. Chase-Topping, G. F. Hopkins, I. J. McKendrick, F. Thomson-
Carter, D. Gray, S. M. Rusbridge, F. I. Munro, G. Foster, and G. J. Gunn. 2003. Factors
influencing the shedding of verocytotoxin-producing Escherichia coli 0157 by beef suckler
cows. Epidemiol. Infect. 130:301-312.

277. Talley, J. L., A. C. Wayadande, L. P. Wasala, A. C. Gerry, J. Fletcher, U. DeSilva, and
S. E. Gilliland. 2009. Association of Escherichia coli 0157:H7 with filth flies (Muscidae

and Calliphoridae) captured in leafy greens fields and experimental transmission of E. coli
0157:H7 to spinach leaves by house flies (diptera: Muscidae). J. Food Prot. 72:1547-1552.

278. Tanji, Y., T. Shimada, H. Fukudomi, K. Miyanaga, Y. Nakai, and H. Unno. 2005. Thera-
peutic use of phage cocktail for controlling Escherichia coli 0157:H7 in gastrointestinal
tract of mice. J. Biosci. Bioeng. 100:280-287.

279. Thomson, D. U., G. H. Loneragan, A. B. Thornton, K. F. Lechtenberg, D. A. Emery,
D. T. Burkhardt, and T. G. Nagaraja. 2009. Use of a siderophore receptor and porin
proteins-based vaccine to control the burden of Escherichia coli 0157:H7 in feedlot cattle.
Foodborne Path. Dis. 6:871-877.

280. Thornton, A. B., D. U. Thomson, G. H. Loneragan, J. T. Fox, D. T. Burkhardt, D. A.
Emery, and T. G. Nagaraja. 2009. Effects of a siderophore receptor and porin proteins-
based vaccination on fecal shedding of Escherichia coli 0157:H7 in experimentally
inoculated cattle. J. Food Prot. . 72:866-869.

281. Thran, B. H., H. S. Hussein, M. R. Hall, and S. F. Khaiboullina. 2001. Shiga toxin-
producing Escherichia coli in beef heifers grazing an irrigated pasture. J. Food Prot.
64:1613-1616.

282. Tkalcic, S., C. A. Brown, B. G. Harmon, A. V. Jain, E. P. O. Mueler, A. Parks, K. L. Ja-
cobsen, S. A. Martin, T. Zhao, and M. P. Doyle. 2000. Effects of diet on rumen proliferation
and fecal shedding of Escherichia coli 0157:H7 in calves. J. Food Prot. 63:1630-1636.

283. Tournut, J. 1989. Applications of probiotics to animal husbandry. Rev. Sci. Tech. Off.
Int. Epiz. 8:551-566.

284. Turgis, M., J. Han, S. Caillet, and M. Lacroix. 2009. Antimicrobial activity of mustard
essential oil against Escherichia coli 0157:H7 and Salmonella typhi. Food Cont. 20:1073-
1079.

285. Van Baale, M. J., J. M. Sargeant, D. P. Gnad, B. M. DeBey, K. F. Lechtenberg, and

T. G. Nagaraja. 2004. Effect of forage or grain diets with or without monensin on ruminal
persistence and fecal Escherichia coli O157:H7 in cattle. Appl. Environ. Microbiol. 70:5336-
5342.

286. Van Donkersgoed, J., D. Hancock, D. Rogan, and A. A. Potter. 2005. Escherichia
coli 0157:H7 vaccine field trial in 9 feedlots in Alberta and Saskatchewan. Can. Vet. J.
46:724-728.

287. Van Immerseel, F, J. B. Russell, M. D. Flythe, I. Gantois, L. Timbermont, F. Pasmans,
F. Haesebrouck, and R. Ducatelle. 2006. The use of organic acids to combat Salmonella in
poultry: A mechanistic explanation of the efficacy. Avian Pathol. 35:182-188.

22 WHITE PAPER

PRE-HARVEST CONTROL OF E. COLI 0157:H7



288. Van Kessel, J. S., P. C. Nedoluha, A. Williams-Campbell, R. L. Baldwin, and K.

R. McLeod. 2002. Effects of ruminal and postruminal infusion of starch hydrolysate or
glucose on the microbial ecology of the gastrointestinal tract in growing steers. J. Anim Sci.
80:3027-3034.

289. Vandeplas, S., R. Dubois Dauphin, Y. Beckers, P. Thonart, and A. Thewis. 2010.
Salmonella in chicken: Current and developing strategies to reduce contamination at farm
level. J. Food Prot. 73:774-785.

290. Vidovic, S., and D. R. Korber. 2006. Prevalence of Escherichia coli 0157 in Sas-
katchewan cattle: Characterization of isolates by using random amplified polymorphic
DNA PCR, antibiotic resistance profiles, and pathogenicity determinants. Appl. Environ.
Microbiol. 72:4347-4355.

291. Viuda-Martos, M., Y. Ruiz-Navajas, J. FemAjndez-Lapez, and J. Perez-Alvarez. 2008.
Antibacterial activity of lemon (Citrus lemon L.), mandarin (Citrus reticulata L.), grapefruit
(Citrus paradisi L.) and orange (Citrus sinensis L.) essential oils. J. Food Safety. 28:567-
576.

292. Vosough Ahmadi, B., K. Frankena, J. Turner, A. G. J. Velthuis, H. Hogeveen, and R.
B. M. Huirne. 2007. Effectiveness of simulated interventions in reducing the estimated
prevalence of E. coli 0157:H7 in lactating cows in dairy herds. Vet. Res. 38:755-771.

293. Walker, W. A., and L. C. Duffy. 1998. Diet and bacterial colonization: Role of probiotics
and prebiotics. J. Nutr. Biochem. 9:668-675.

294. Wallace, J. S., T. Cheasty, and K. Jones. 1997. Isolation of vero cytotoxin-producing
Escherichia coli 0157 from wild birds. J. Appl. Microbiol. 82:399-404.

295. Wang, Y., Z. Xu, S. J. Bach, and T. A. McAllister. 2009. Sensitivity of Escherichia coli
to seaweed (Ascophyllum nodosum) phlorotannins and terrestrial tannins. Asian-Austral. J.
Anim. Sci. 22:238-245.

296. Wells, J. E., E. D. Berry, and V. H. Varel. 2005. Effects of common forage phenolic
acids on Escherichia coli 0157:H7 viability in bovine feces. Appl. Environ. Microbiol.
71:7974-7979.

297. Wells, J. E., S. D. Shackelford, E. D. Berry, N. Kalchayanand, M. N. Guerini, V.

H. Varel, T. M. Arthur, J. M. Bosilevac, H. C. Freetly, T. L. Wheeler, C. L. Ferrell, and M.
Koohmaraie. 2009. Prevalence and level of Escherichia coli 0157:H7 in feces and on
hides of feed lot steers fed diets with or without wet distillers grains with solubles. J. Food
Prot. 72:1624-1633.

298. Wetzel, A. N., and J. T. LeJeune. 2006. Clonal dissemination of Escherichia coli
0157:H7 subtypes among dairy farms in Northeast Ohio. Appl. Environ. Microbiol.
72:2621-2626.

299. Wick, L. M., W. Qi, D. W. Lacher, and T. S. Whittam. 2005. Evolution of genomic con-
tent in the stepwise emergence of Escherichia coli 0157:H7. J. Bacteriol. 187:1783-1791.

300. Willard, M. D., R. B. Simpson, N. D. Cohen, and J. S. Clancy. 2000. Effects of dietary
fructooligosaccharide on selected bacterial populations in feces of dogs. Amer. J. Vet. Res.
61:820-825.

301. Williams, M. S., J. L. Withee, E. D. Ebel, N. E. Bauer, W. D. Schlosser, W. T. Disney,
D. R. Smith, and R. A. Moxley. 2010. Determining relationships between the seasonal oc-
currence of Escherichia coli 0157:H7 in live cattle, ground beef, and humans. Foodborne
Path. Dis. 7:1247-1254.

302. Winfield, M. D., and E. A. Groisman. 2003. Role of nonhost environments in the
lifestyles of Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69:3687-3694.

303. Wolin, M. J. 1969. Volatile fatty acids and the inhibition of Escherichia coli growth by
rumen fluid. Appl. Microbiol. 17:83-87.

304. Yang, H. E., W. Z. Yang, J. J. McKinnon, T. W. Alexander, Y. L. Li, and T. A. McAllister.
2010. Survival of Escherichia coli 0157:H7 in ruminal or fecal contents incubated with corn
or wheat dried distillers’ grains with solubles. Can. J. Microbiol. 56:890-895.

305. Yekta, M. A., B. M. Goddeeris, D. Vanrompay, and E. Cox. 2011. Immunization of
sheep with a combination of intimin , EspA and EspB decreases Escherichia coli 0157:H7
shedding. Vet. Immunol. Immunopathol.

306. Yoon, I. K., and M. D. Stern. 1996. Effects of Saccharomyces cerevisiae and Aspergil-
lus oryzae cultures on ruminal fermentation in dairy cows. J. Dairy Sci. 79:411-417.

307. Younts-Dahl, S. M., M. L. Galyean, G. H. Loneragan, N. A. Elam, and M. M.
Brashears. 2004. Dietary supplementation with Lactobacillus- and Propionibacterium-
based direct-fed microbials and prevalence of Escherichia coli 0157 in beef feedlot cattle
and on hides at harvest. J. Food Prot. 67:889-893.

308. Zhang, J., S. K. Wall, L. Xu, and P. D. Ebner. 2010. Contamination rates and antimi-
crobial resistance in bacteria isolated from “grass-fed” labeled beef products. Foodborne
Path. Dis. 7:1331-1336.

309. Zhao, T., M. P. Doyle, B. G. Harmon, C. A. Brown, P. O. E. Mueller, and A. H. Parks.
1998. Reduction of carriage of enterohemorrhagic Escherichia coli 0157:H7 in cattle by
inoculation with probiotic bacteria. J. Clin. Microbiol. 36:641-647.

310. Zhao, T., S. Tkalcic, M. P. Doyle, B. G. Harmon, C. A. Brown, and P. Zhao. 2003.
Pathogenicity of enterohemorrhagic Escherichia coli in neonatal calves and evaluation of
fecal shedding by treatment with probiotic Escherichia coli. J. Food Prot. 66:924-930.

311. Zopf, D., and S. Roth. 1996. Oligosaccharide anti-infective agents. The Lancet (North
America). 347:1017-1021.

PRE-HARVEST CONTROL OF E. COLI 0157:H7

WHITE PAPER 23



For more information contact:

National Cattlemen’s
Beef Association

9110 E. Nichols Ave., Ste. 300
Centennial, CO 80112
303.694.0305 — 303.850.3348

Copyright © 2010, Cattlemen’s Beef Board and National Cattlemen’s Beef Association. All rights reserved.



