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Abstract

Infection with E. coli O157:H7 is the most com-
mon cause of human hemorrhagic colitis in North
America. Cattle are a reservoir for this human patho-
gen and individual animals are sporadically and tran-
siently colonized. We hypothesize that pre-harvest di-
etary management may reduce the risk of E. coli 0157-
positive animals entering our food chain. The effect of
dietary energy, fiber, and digesta passage rates on the
duration and concentration of fecal E. coli 0157 was
determined. Sixteen healthy Charlais x Hereford or
Holstein heifers were acclimated to one of four diets: a
finishing diet (high in energy and low in fiber), a grow-
ing diet (low in energy and high in fiber), chopped al-
falfa (small particle size), or long alfalfa (large particle
size). Asingle oral dose of 1010 colony forming-units of
E. coli 0157 was administered to each animal and fecal
samples were cultured for the bacteria by selective-en-
richment twice a week for the duration of the study. No
significant difference in the shedding of 0157 by ani-
mals on the finishing or growing diet was observed.
However, withholding feed of either type, for 24 hours,
did increase the concentration of the bacteria in the fe-
cal material of about half of the animals. A significant
correlation (p value=0.008) was observed between
digesta passage rate and the duration of fecal E. coli
0157. Animals with slower passage rates of 2 to 3 %
per hour cleared E. coli O157 from their intestinal tract
in 10 days or less compared to animals with digesta
passage rates of 4 to 5 % per hour who shed the bacteria
for more than 69 days. These results show that cattle
diet influences the duration and concentration of fecal
E. coli O157:HT.

Introduction

Escherichia colt O157:H7, a member of the
enterohemorrhagic E. coli (EHEC), has been implicated
as the most common causative agent of hemorrhagic
colitis (HC) in the United States, since 1982.152134:36 Ap-
proximately 2-15% of HC cases progress to serious non-
intestinal sequelae as the hemolytic uremic syndrome
(HUS) or thrombotic thrombocytopenic purpura
(TTP).+%40 HUS, characterized by thrombocytopenia
and microangiopathic anemia, is the most common cause
of acute renal failure in children, and has a mortality
rate of 5-10%.415163¢ TTP shares many clinical manifes-
tations with HUS but primarily affects the elderly and
has a mortality rate near 50%.*36:4°

E. coli O157:H7 infections occur worldwide. A re-
cent outbreak in Japan, caused by contaminated radish
sprouts, affected more than 10,000 school children and
resulted in 13 deaths.?'*"% An outbreak in Scotland,
linked to contaminated beef and gravy, affected more
than 400 individuals and resulted in 16 deaths.*® Most
human EHEC infection results from the ingestion of
contaminated bovine food products such as undercooked
ground beef or unpasteurized dairy products.*!%*? In
addition, contaminated water, fresh vegetables, and
unpasteurized apple juice have also been implicated as
sources of infection and in some of these cases the source
of contamination is known to be bovine feces.62336:38
Economic impact of contaminated bovine products has
been enormous and includes product recalls and caused
the closure of one processing plant.’

Ruminants are reservoirs for E. coli 0157:H7. We
and others have suggested that preharvest management
of ruminants may decrease the number of E. coli
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0157:H7-positive animals that enter processing plants
and thereby minimize the contaminated products that
enter the food chain.'82633 This paper describes the re-
sults of experiments to analyze the roles of dietary en-
ergy, fiber, and digesta passage rate in the shedding of
Escherichia coli O157:H7 by experimentally inoculated
cattle.

Materials and Methods

Experimental animals

Eight healthy 8-month old Charolais x Hereford
heifers and eight healthy 6-month old Holstein steers
were identified by ear tags and housed without contact
between animals in concrete stalls on wood-chip bed-
ding. The animals were fed once per day and had water
ad libitum, unless noted otherwise.

Bacteria

E. coli O157:H7 strain ATCC 43894 (American
Type and Culture, Rockville, MD), which produces Shiga
toxin type 1 and type 2, was the inoculum. The bacteria
were grown in Luria-Bertani (LB) broth at 37°C with
aeration, to a cell density of 10° CFU/ml. The number
of viable bacteria was confirmed by spread plate tech-
nique. Each animal received 10 CFU of E. coli O157:H7
via a gastric tube placed directly into the rumen.

Diets

The animals were divided into four groups each
on a different dietary regime. Two of the four diets com-
pared a high-energy/low fiber finishing diet (F) with a
low-energy/high fiber growing diet (G). The other two
diets were selected to influence digesta passage rate
while providing identical nutritional quality. For this
purpose, the two diets differed only in physical form and
were composed of alfalfa hay in long form (L) or alfalfa
hay that was finely chopped (C) to a size that passed
through a 0.8 cm pore screen.  Animals were accli-
mated to a diet for a minimum of 3 weeks before inocu-
lation. The animals receiving the F or G diet had feed
and water withheld for 24 hours on day 17 post-inocu-
lation. Digesta passage rates were determined for ani-
mals fed the L or C diet (see below: Determination of
digesta passage rates).

Chemical analyses of feed

Samples of F or G feeds were dried at 60°C, ground
and passed through a 1-mm screen. The samples were
analyzed, using standard techniques for dry matter
(DM),! crude protein (CP),! neutral detergent fiber
(NDF),?41 and acid detergent fiber (ADF).?> The samples
were also incubated in vitro as described by Terry et al.
39 to determine dry matter degradability (IVDMD). Core
samples of 10 bales of alfalfa hay were obtained and

composited using a 46-cm long probe with a 2-cm inside
diameter. The alfalfa was analyzed for DM, CP, ADF,
and NDF as described above.

Determination of digesta passage rates

Prior to inoculation, digesta passage rates of ani-
mals fed L or C were determined using ytterbium (Yb)
in the form of Yb(NO,)*5H,0, using a previously de-
scribed technique.!? Briefly, 1.5 g of Yb was dissolved in
100 ml distilled water and the solution was sprayed on
to 100 g of L or C, dried under ambient conditions, and
was fed to animals on the respective diets. Fecal samples
were collected from each animal at 8, 16, 24, 32, 40, 48,
60, 72, 84, and 96 hours, following dosage with Yb. Fe-
cal samples were dried at 55°C for 96 hours, ground,
and passed through a 1-mm screen. Yb was extracted
from each sample as described by Williams et al.** and
analyzed by plasma emission spectroscopy. Fecal-Yb
concentrations were transformed to natural logarithm
values and digesta passage rates were calculated as the
declining slopes of these values against time, post-Yb
dose, and expressed as a percentage digesta passage per
hour.

Fecal culture

Fecal samples were cultured every 3-4 days to
monitor shedding of E. coli O157:H7 except for experi-
ments involving withholding of feed and water when
fecal samples were cultured every day for 72 hours post-
feed withholding. Fecal samples were obtained by asep-
tic rectal palpation and cultured for E. coli O157:H7 as
previously described.® Briefly, fecal samples were trans-
ported to the laboratory in sterile 50-ml conical tubes
(VWR Scientific, San Francisco, California). Ten grams
of feces were transferred into 50 ml Trypticase soy broth
(BBL/Becton-Dickinson) supplemented with cefixime
(50 pg/liter; Lederle Laboratories, Pearl River, NY), po-
tassium tellurite (2.5 mg/liter; Sigma Chemical Com-
pany, St. Louis, MO), and vancomycin (40 mg/liter;
Sigma ) (TSB-CTV). Serial dilutions of each sample
were prepared in sterile saline, both before and after
18-hour aerated incubation of the cultures at 37°C.
Dilutions made prior to incubation, the non-enrichment
cultures (NE), were spread plated on sorbitol
MacConkey medium (SMAC) (Difco) containing 100 pug/
ml 4-methylumbelliferyl-B-D-glucuronide (SMAC-
MUG) (Biosynth Ag Biochemica and Synthetica;
Skokie, IL). Dilutions made after incubation, the se-
lective-enrichment cultures (E), were spread plated on
SMAC-MUG supplemented with cefixime (50(ug/liter)
and potassium tellurite (2.5 mg/liter) (SMAC-CTM).
Colonies that did not utilize MUG or ferment sorbitol
were confirmed as E. coli O157:H7 serologically, using
a latex agglutination test (ProLab Diagnostics;
Roundrock, TX).
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Statistical analyses

Several analyses were performed to assess the sta-
tistical significance of the duration and concentration
of E. colt O157:H7 shed by cattle while fed one of the
diets in this study. The first method used standard
survival time analyses with the outcome of either time
to first culture-negative status (by enrichment culture)
or time until the second consecutive culture-negative
status (by enrichment culture). A second set of analy-
ses was conducted on two variables: the proportion of
time a given animal was culture-positive, and the mean
value (by non-enrichment culture) of the concentration
of E. coli O157:HT7 in the feces at the time the animal
was culture-positive (by enrichment culture). These two
variables attempt to measure the amount of time an
animal was culture-positive, and the concentration of
bacteria shed (CFU/g). Analyses of variance was con-
ducted on these two additional variables to test for diet
differences. The third set of analyses examined digesta
passage rate data and the number of days each animal
was culture-positive, as measured by last day culture-
positive. Graphs were examined, and correlation coef-
ficients were computed to assess the relationship be-
tween digesta passage rate and number of days culture-
positive, the day of first negative culture status and the
first day at which an animal was culture-negative at
two consecutive samplings. All analyses were conducted
with the SAS (statistical analysis software) package.

Results

All animals remained healthy for the duration of
the experiment. The animals, regardless of their diet,
shed E. coli O157:H7 24 hours after inoculation. The
concentration of E. coli O157:H7 shed by each animal
gradually decreased with time, until they became cul-
ture-negative for the bacteria. Most of the animals eat-
ing F or G had stopped shedding the organism 33 days
post-inoculation; most animals eating L or C had stopped
shedding the organism 59 days post-inoculation.

Diet composition

The L and C diets were composed of alfalfa hay
and differed only in their physical form. The ingredi-
ents of the F and G diets were typical of cattle growing
and cattle finishing rations and are listed in Table 1.
The chemical analysis of each diet are shown in Table
2. As expected, the F diet was higher in protein and
digestible energy, and lower in fiber than the G diet.
ADF and NDF values are negative indicators of digest-
ible energy, and both values were lower for the F diet
than for the G diet. In addition, high fiber values are
associated with lower IVDMD values and were lower
for the G than the F diets, respectively. The L diet and
C diets were identical in chemical composition and were
typical for alfalfa hay (Table 2).

Table 1. Components of the finishing and growing

diets.
Finishing (High Energy) Growing (Low Energy)
Ingredient Ration-DMB (%)* Ration-DMB (%)
Grass Hay 5.00 19.90
Alfalfa-Grass Silage 7.29 48.60
Barley 62.13 12.00
Corn 19.33 12.00
Limestone 0.71 0.80
Dical 0.29 0.40
Tm Salt® 0.50 0.50
SBM*® 4.75 5.80

* Dry matter basis
® Trace mineralized salt
¢ Soybean meal

Table 2. Clinical analyses of feeds.

Alfalfa Hay Finishing Growing
Dry Matter 89.8 74.1 36.5
IVDMD* ND® 83.1 62.7
Neutral Detergent Fiber 41.1 25.1 418
Acid Detergent Fiber 27.0 9.6 264
Crude Protein 15.1 15.2 142

“In vitro dry matter disappearance
"Not done

All values in the table are a percentage.

Effect of dietary protein, fiber, and digestible en-
ergy on E. coli O157:H7 shedding. The results of fecal
cultures from each animal fed the G or F diet are shown
in Figure 1. Animals on either diet shed E. colt O157
similarly, for an average of about 5 days, at concentra-
tions that could be detected without selective-enrich-
ment culture. When selective-enrichment culture was
used to detect the bacteria in fecal samples, animals fed
the F diet were culture-positive slightly longer, for an
average near 23 days, when compared with animals fed
the G diet, that were culture-positive for an average near
17 days. In addition, the animal that shed the bacteria
for the full duration of the study (46 days) was fed the F
diet. However, the trend suggesting that the F diet pro-
longed shedding of E. coli O157:H7 was not statistically
significant. The Wilcoxon test for censored data gave P
values 0f 0.21 and 0.78, for the survival analyses on time
to first culture-negative and second consecutive culture-
negative, respectively. This test failed to find a differ-
ence in the pattern of E. coli O157:H7 shed by animals
eating F or G. The analyses of variance on the propor-
tion of time culture-positive and the mean CFU/g value
while culture-positive, gave P values of 0.40 and 0.77,
respectively. Taken in concert, these tests, although they
have low power due to the small sample size, suggest
that the G or F diets did not differentially affect the
shedding of E. coli O157:H7, by experimentally inocu-
lated cattle.

Effect of withholding food and water
Food and water were withheld for 24 hours from
animals eating F or G and animals were monitored for
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Figure 1. The effect of dietary protein and fiber on the shedding of E. coli O157:H7. Graphs show the concentra-
tion of fecal E. coli O157:H7 from each animal versus time post-inoculation. Top row graphs represent animals fed
a finishing diet; bottom graphs represent animals fed a growing diet. Numbers at the top of each graph indicate
animal ear tag designation. NE+, non-enrichment culture positive; E+, selective-enrichment culture positive; C-,
culture negative. Data within boxes indicate cultures positive only by selective-enrichment culture.

E. coli O157:H7 (Table 3). This abrupt dietary distur-
bance was imposed at a time when most of the cattle
had very recently become culture-negative for the bac-
teria. At the time feed and water were withheld, 2 of 8
animals remained culture-positive for the bacteria and
after withholding feed and water, 5 of 8 animals were
culture-positive. Three animals were culture-positive
after the dietary disturbance that had been culture-nega-
tive previous to the treatment.

Effect of passage rate on E. coli 0157:H7 shedding

The E. coli O157:H7 culture status of each animal
during the experiment is shown graphically in Figure
2. Although the L and C diets were chosen to affect
different digesta passage rates, we did not observe this
correlation. For example, the slowest rate (2.76%/hr)
and one of the fastest rates, (4.84 %/hr), were both ani-
mals fed L (Table 4). Despite our inability to affect par-
ticular digesta movement based on the particle size of a
diet, we did see a range of significantly different digesta
passage rates among the eight steers. There was a
strong correlation between digesta passage rate and the
duration animals were culture-positive for E. coli

Table 3. Effect of withholding feed and water on the
shedding of E. coli O157:H7.

Animal # Last Day Before After
Culture +* Withholding Withholding
Feed® Feed"

Finishing

1 47 + +

2 18 - +

6 19 - i

8 8 - -
Growing

3 29 - +

4 8 - -

5 29 * +

7 8 - -

* E. coli O157:H7 culture statistics determined by selective enrichment culture.
® Culture statuses before withholding feed and water for 24 hours.
¢ Culture statuses after withholding feed and water for 24 hours.

O157:HT7 (Table 4). The relationship between digesta
passage rate and the last day an animal was positive-
culture indicated a positive linear trend by both the
Pearson (P = 0.03) and Spearman (P = 0.008) correla-
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Figure 2. The effect of feed particle size on the shedding of E. coli O157:H7. Graphs show the concentration of fecal
E. coli O157:H7 from each animal versus time post-inoculation. Top row graphs represent animals fed long hay;
bottom graphs represent animals fed chopped hay. Numbers at the top of each graph indicate animal ear tag
designation. NE+, non-enrichment culture positive; E+, selective-enrichment culture positive; C-, culture negative.
Data within boxes indicate cultures positive only by selective-enrichment culture.

Table 4. Duration of E. coli O157:H7 shedding and
digesta passage rates.

Digesta E. coli 0157:H7 Culture Status (Days Post-Inoculation)
Dict Amimal #  Passage Rate
{%/hour) 37 10 14 17 20 24 28 31 35 38 42 45 49 52 56 59 62 65 69
(7 276 T RSO T
L 1 297 ++ 4+ + + t+ o F e oo - o
¢ 3 109 T e o
C 5 4.63 + o+ 4+ + + o or + o+ o+ -
C 3 471 + -+ + o+ &
L 7 473 + o+ o+ o+ + 4+ o+ + o+ o+ o+ o+ P4+
L 8 484 + + - o+ o+ + o+ + o+ b - + + 3 %
C 6 525 + 4+ + + 4+ .+ o+ + -+ o+ + v +
* Lang alfalfa by
¥ Chopped alfaifa huy

tion coefficients. Animals with the fastest digesta pas-
sage rates (approximately 5%/hour), shed the bacteria
for the longest duration and were culture-positive 69
days post-inoculation. The animal with the slowest
digesta passage rate (2.8%/hour) shed the bacteria for
the shortest time (about one week) and was consistently
culture-negative from day 10-post inoculation.

Discussion

The most significant finding of this study was that
cattle digesta passage rate correlated with the duration

animals were culture-positive for E. coli O157:H7 . Ani-
mals with the fastest digesta passage rates shed the
organism for the longest time. In addition, a dietary
interruption, in the form of withholding feed and water
for 24 hours, tended to increase the duration and con-
centration of fecal E. coli O157:H7. Finally, our results
suggested that a high energy/low fiber finishing-type
diet did not affect the duration or concentration of E.
coli O157:H7 in the feces of cattle, when compared with
a lower energy/high fiber growing-type diet.

It is well established that healthy, asymptomatic,
dairy and beef cattle and sheep are reservoirs for E. coli
0157:H7 and other EHEC (13,15,27,28). E. coli O157:H7
occurs with a prevalence in cattle of 0.15 t010.0 % and a
herd prevalence of 8.3 to 100%.511:17:19.30:46 The organism
transiently colonizes cattle and the duration that indi-
vidual animals shed E. coli O157:H7 is brief, averaging
near 30 days and ranging from 8 to 46 days.***** Simi-
lar E. coli 0157:H7 colonization kinetics have been dem-
onstrated in naturally infected and experimentally in-
oculated sheep.?”?® The incidence of E. coli O157:H7
culture-positive cattle and sheep increase in the warmer
months.!™1%28 Studies by Hancock et al and Chapman et
al, show the highest prevalence of E. coli 0157:H7 in
cattle occurs between May and October, with a signifi-

SEPTEMBER, 1998

255

“uonNgLISIP $$999. Uddo (SIQUONNIRIJ QUIAOY JO UONRIN0SSY UedLdwy WSLAdo) ©



cant peak in prevalence between April and July .17:19:30
This seasonal incidence parallels the seasonal incidence
of human infections.?243

Little is known about the factors that cause cattle
or sheep to become colonized with EHEC or the factors
that affect clearance of the organism from the ruminant
gastrointestinal tract (GIT). Pre-harvest control of diet
may reduce the risk of E. coli O157:H7-positive animals
entering the food chain. The link between digesta pas-
sage rate, diet, and duration and concentration of E.
coli O157:H7 shed by ruminants is not understood. We
were unable to predict digesta passage rates, in this
study, based on diet alone. The parameters that likely
influence the rate of digesta flow include diet, water
intake, the GIT microbiotia, and the genetic background
of the animal. It was clear, however, that animals with
fast digesta passage rates shed E. coli O157:H7 signifi-
cantly longer than animals with slower digesta passage
rates. Animals with digesta passage rates near 5%/hr
shed the bacteria for more than three months compared
to animals with digesta passage rates of 2 to 3 %/hr that
shed the bacteria for one to four weeks. The rate of
digesta movement through the GIT may influence the
biochemistry and/or the complex rumen microbiotia and
affect the ability of E. coli O157:H7 to compete in this
environment.

Rassmussen et al, and others, speculates that GIT
volatile fatty acids (VFA) concentrations and pH, influ-
enced by dietary conditions, control E. coli O157:H7-
colonization of ruminants.?**2 [In vitro studies dem-
onstrate that, E. colt O157:H7 survives better in rumen
fluid collected from fasted animals, due to its low vola-
tile fatty acids (VFA) concentrations and high pH. These
finding support our observation that withholding feed
tended to increase GIT E. coli O157:H7. In addition,
feed withdrawal during transit, has been associated with
the presence of E. coli O157:H7-positive animals at
slaughter. Bulaga et al, identified E. coli O157:H7-posi-
tive sheep only in a group that traveled the longest to a
livestock market.? Likewise, the prevalence of E. coli
0157:H7 culture-positive lambs to be the highest among
animals that had traveled (without feed or water) for>18
hrs to a slaughterhouse.*® Hancock et al found a higher
E. coli O157:H7 prevalence among feedlot cattle that
had been recently shipped, when compared to cattle that
had been in the feedlot for many months.?° Also, calves
fasted for 48 hrs prior to E. coli O157:H7 inoculation
shed the bacteria longer than non-fasted calves.!

The diet of cattle influences rumen VFA concen-
tration. Recently, Zitnan et al demonstrated that the
total rumen VFA concentration decreases during the
transition from winter-feeding to pasture grazing (47).
This decline persists for 4 weeks before rumen adapta-
tion occurs and the VFAs return to their original con-
centration. During the period when lower VFA concen-
trations are observed in the rumen, a decrease in the

anaerobic microflora and an increase in the microaero-
philic microflora occur. In vivo studies, with sheep and
cattle, indicate that diets of increased fiber content and/
or withholding feed, which reduce total GIT VFA con-
centration, induce the proliferation of non-pathogenic
E. coli and Salmonella®'* We demonstrated previously
that experimentally inoculated sheep fed a low energy/
high fiber grass-hay diet shed E. coli O157:H7 about
twice as long as sheep fed a high energy/low fiber diet of
corn and alfalfa pellets.?® The observations that the F
and G diets did not influence the culture status of cattle
do not support these earlier findings and the trend, seen
in this study, that the high quality finishing diet pro-
vided the most favorable conditions for proliferation and
persistence of GIT E. coli O157:H7 sharply contrast with
our previous work. These differences may be because
the F and G diets did not adequately mimic the dietary
conditions tested in sheep or influenced other unknown
physiological factors. Also, we did not measure rumen
VFA concentrations, or digesta passage rates among
cattle fed the F or G diets and do not know if these pa-
rameters influenced the results. It is likely that we did
not find statistically significant differences between the
F and G fed animals because of the small number of
animals in the study and the trend that we observed
may be misleading.

The mechanism by which digesta flow influences
E. colit O157:H7 survival in the ruminant GIT will be
the subject of future investigations. It may be that rapid
digesta movement lowers the VFA concentration and
provides a more hospitable environment for this hu-
man pathogen. An important issue to be addressed is
whether culture-positive animals with rapid digesta
passage rates can be cleared of their infection by phar-
macological manipulations that slow digesta flow. In-
vestigations in this area are ongoing in our laboratory.
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