
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2006, p. 4136–4142 Vol. 72, No. 6
0099-2240/06/$08.00�0 doi:10.1128/AEM.02600-05
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Biotic and Abiotic Factors Influencing In Vitro Growth of
Escherichia coli O157:H7 in Ruminant

Digestive Contents
Frédérique Chaucheyras-Durand,1,2* Jordan Madic,1,2 Florent Doudin,1,2 and Christine Martin2

Lallemand SA, 19 rue des Briquetiers, BP 59, 31702 Blagnac Cedex,1 and INRA Clermont-Ferrand-Theix,
Unité de Microbiologie, 63122 St.-Genès-Champanelle,2 France

Received 4 November 2005/Accepted 26 March 2006

The gastrointestinal tract (GIT) of ruminants is the main reservoir of enterohemorrhagic Escherichia coli,
which is responsible for food-borne infections in humans that can lead to severe kidney disease. Character-
ization of biotic and abiotic factors that influence the carriage of these pathogens by the ruminant would help
in the development of ecological strategies to reduce their survival in the GIT and to decrease the risk of
contamination of animal products. We found that growth of E. coli O157:H7 in rumen fluid was inhibited by
the autochthonous microflora. Growth was also reduced when rumen fluid came from sheep fed a mixed diet
composed of 50% wheat and 50% hay, as opposed to a 100% hay diet. In fecal suspensions, E. coli O157:H7
growth was not suppressed by the autochthonous flora. However, a probiotic strain of Lactobacillus acidophilus
inhibited E. coli O157:H7 growth in fecal suspensions. The inhibitory effect was dose dependent. These lactic
acid bacteria could be a relevant tool for controlling O157:H7 development in the terminal part of the ruminant
GIT, which has been shown to be the main site of colonization by these pathogenic bacteria.

Enterohemorrhagic Escherichia coli (EHEC) is a food-borne
pathogen that causes human diseases ranging from uncompli-
cated diarrhea to hemorrhagic colitis and life-threatening com-
plications, such as the hemolytic-uremic syndrome. Cattle and
other ruminants appear to be the main reservoir of EHEC
strains. Human contamination occurs mainly through con-
sumption of undercooked ground beef, water, or dairy prod-
ucts contaminated by bovine feces (2). It is clear that on-farm
strategies that decrease the carriage of EHEC strains by rumi-
nants would help to reduce the risk of food-borne disease in
humans (51).

Experimental infections of ruminants have shown that the
shedding of EHEC O157:H7 is a relatively transient event,
with a mean duration of 14 days to 1 month (3, 7, 22, 46).
Dietary factors can influence the resistance of cattle to tran-
sient E. coli O157:H7 colonization. However, studies investi-
gating the effect of diet on the fecal shedding of E. coli
O157:H7 are in some conflict due to considerable individual
variability (see reference 9 for a review). In some studies, it
appeared that hay-fed sheep or cattle shed E. coli O157:H7
longer than grain-fed animals (25, 33, 54). However, high-fiber
diets have been reported to clear E. coli O157:H7 completely
from the gastrointestinal tract (GIT), in contrast to low-fiber
diets (32). Studies that have investigated the digestive location
of EHEC in ruminants are also controversial. However, most
studies have identified the lower GIT as the site of E. coli
O157:H7 persistence and proliferation (34, 54). In experimen-
tally inoculated calves, as well as in naturally infected animals,
recent reports describe E. coli O157:H7 colonization at the
terminal rectum in an area rich in lymphoid follicles (37, 38).

In vitro studies have shown that E. coli O157:H7 grows
poorly in rumen fluid collected from recently fed cattle (within
4 h) and supplemented with glucose and Trypticase. In con-
trast, in rumen fluid collected 24 or 48 h after feeding and
supplemented in the same way, growth of E. coli O157:H7 is
rapid (43). However, only trace amounts of hexoses are actu-
ally available for E. coli in the rumen fluid (28). Therefore,
these conditions were not representative of in vivo conditions.
Boukhors et al. have shown in a more physiological model that
E. coli O157:H7 persists in undiluted and unsupplemented
rumen fluid under anaerobiosis up to 24 h without loss of
viability but also without detectable growth (4). Growth of
EHEC in fecal media and the influence of the ruminal and
fecal autochthonous microflora on EHEC survival have never
been investigated.

In an effort to develop methods of reducing or eliminating
the carriage of E. coli O157:H7 in cattle on farms, probiotic
yeast and bacteria have been evaluated for the capacity to
reduce EHEC growth in vitro or EHEC shedding in cattle.
Saccharomyces cerevisiae subsp. boulardii eradicated E. coli
O157:H7 in clarified rumen fluid but did not show any inhib-
itory effect in continuous cultures containing the ruminal au-
tochthonous flora (1). Some strains of Lactobacillus spp. have
shown bactericidal activity against E. coli O157:H7 grown in
complex medium, probably related to lactic acid production
and a pH-reducing effect (40). More recently, Brashears et al.
reported the isolation from cattle feces of lactic acid bacteria
that significantly reduced E. coli O157 counts in sterilized and
diluted rumen fluid (6). Several studies have shown that ad-
ministration of probiotic bacteria as direct-fed microbials de-
creases fecal shedding of E. coli O157:H7 by ruminants (9, 52).
In experimentally infected calves, administration of Streptococ-
cus bovis and Lactobacillus gallinarum induced an increase in
volatile fatty acids (VFAs) that correlated with a quick de-
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crease in E. coli O157:H7 fecal shedding (41). In naturally
infected finishing cattle, L. acidophilus and Propionibacterium
freudenreichii decreased E. coli O157:H7 fecal shedding and
contamination on hides without a detrimental effect on per-
formance (5, 15, 57). In lambs experimentally infected with E.
coli O157:H7, a mixture of L. acidophilus, Streptococcus fae-
cium, Lactobacillus casei, Lactobacillus fermentum, and Lacto-
bacillus plantarum significantly decreased the shedding of the
pathogen and improved the average daily weight gain and
gain-to-feed ratio (36). Taken together, studies addressing the
use of probiotics as feed supplement indicate that direct feed-
ing of microbials may be an efficient preharvest intervention
strategy for reducing E. coli O157:H7 carriage in ruminants
and consequently the risk of food-borne diseases in humans.

In this study, we used undiluted rumen fluid without supple-
mentation with purified sugars to investigate the influence of
diet and of the autochthonous microflora on the growth of E.
coli O157:H7 in in vitro cultures mimicking in vivo conditions.
We showed that anaerobiosis, a diet rich in grain, and the
autochthonous microflora in rumen fluid exerted a strong in-
hibitory effect on E. coli O157:H7 growth. In contrast, E. coli
O157:H7 growth was not restricted in fecal suspensions con-
taining the autochthonous microflora. However, L. acidophilus
BT-1386, a probiotic strain, was shown to be a potent inhibitor
of E. coli O157:H7 growth in these fecal suspensions.

MATERIALS AND METHODS

Origin and preparation of digestive samples. Two rumen-fistulated sheep
were used for collection of ruminal and fecal samples. They were first fed with
permanent grassland hay (H diet) for 4 weeks; then, after a transition period of
1 week, they received a mixed diet containing hay (50% on a dry-matter basis)
and ground wheat (50%) for 2 weeks (HW diet). The diet (1 to 1.1 kg [dry
matter]) was distributed twice a day.

Rumen samples were collected from the midventral sac before the morning
feeding with both H and HW diets (three different samples were obtained per
diet); with the HW diet, additional samples (n � 3) were collected 3 h after
feeding. These samples were processed either under strictly anaerobic conditions
or without any particular attention paid regarding anaerobiosis. To maintain
anaerobiosis, rumen digesta were collected in O2-free, CO2-saturated sterile
flasks. Traces of O2 had previously been removed from the CO2 used in all
procedures by passage over hot copper filings in a furnace, as described by
Hungate (27). Samples were immediately brought to the laboratory, where they
were strained through four layers of cheesecloth and pooled in equal proportions
(final volume, 300 ml) in sterile flasks under a 100% CO2 atmosphere. Half of the
samples were centrifuged (twice for 20 min, 15,000 � g) in order to remove the
autochthonous microflora (without flora [WOF]), whereas the other half still
contained the flora (with flora [WF]). The efficacy of the centrifugation step was
checked by inoculating an aliquot of the clarified sample obtained after centrif-
ugation into a complex agar medium (35) classically used for enumeration of
total anaerobic bacteria. The “aerobic” rumen samples were processed following
the same filtration-centrifugation steps, except that no precaution was taken
regarding anaerobiosis.

Fecal samples were obtained manually from the rectum of the animals fed the
H diet at 5 to 6 h after the morning feeding. Ten to 12 grams of fresh feces per
animal was collected and immediately suspended in a 0.9% NaCl sterile solution
(saline) in order to obtain a final concentration of 0.1 g · ml�1. This fecal
suspension was homogenized for 5 min with a Polytron (PT 2000; Kinematica
GmbH, Switzerland) at maximum speed to ensure appropriate, even mixing of
bacteria throughout each sample. Half of these samples were then centrifuged in
screw-cap tubes (twice for 20 min, 15,000 � g) to remove the fecal flora (WOF),
whereas the remaining portion was not centrifuged and still contained the flora
(WF). Validation of the centrifugation step was done as described above for
rumen contents. Half of the samples were processed by the same procedure as
for the rumen samples to maintain strictly anaerobic conditions: the fecal ma-
terial was collected in vials previously filled with CO2, the saline solution was
prepared in order to maintain a low redox potential (the solution was boiled for

15 min, cooled under a 100% CO2 atmosphere for 20 min, and then autoclaved
at 120°C for 20 min), and centrifugation was done in screw-cap tubes filled
with CO2.

Bacterial strain characteristics. The E. coli O157:H7 strain Sakaı̈, lacking the
stx1 and stx2 genes, was kindly provided by Sasakawa (Department of Bacteriol-
ogy, University of Tokyo, Tokyo, Japan). A spontaneous nalidixic acid-resistant
derivative (Nalr) of this strain was isolated on Luria-Bertani (LB) agar plates
containing 40 �g · ml�1 of nalidixic acid and was used throughout this study. L.
acidophilus BT-1386 was provided by Lallemand Animal Nutrition (Milwaukee,
Wis.). This strain is marketed as Micro-Cell LA (LA), which contains no less
than 1 � 1010 CFU g�1 of L. acidophilus BT-1386.

In vitro incubations. An E. coli O157:H7 (Sakaı̈ �stx1 stx2 Nalr) overnight
aerobic culture in LB broth was diluted around 1,000-fold with O2-free, CO2-
saturated sterile saline solution in the “anaerobic” digestive samples, and with
sterile saline solution in the “aerobic” digestive samples, to reach approximately
5 � 105 CFU ml�1. Incubations were performed in triplicate in 5 ml of digestive
contents for 24 h at 39°C, with gentle shaking, in screw-cap tubes fitted with butyl
rubber stoppers (Bellco Glass, Vineland, N.J.). In order to simulate feed intake,
25 mg of ground feed (H or HW) was added to tubes containing ruminal samples,
as previously described (16, 30). Cellulolytic bacteria were enumerated in rumi-
nal samples before and after incubation to determine whether strictly anaerobic
conditions had been respected during the experimental procedure. They were
enumerated in the liquid medium of Halliwell and Bryant (20), in which filter
paper cellulose was the energy source. After 2 weeks of incubation at 39°C, most
probable numbers of cellulolytic bacteria were determined with McGrady tables
(10). O157:H7 counts were enumerated following serial dilutions and plating on
LB agar plates supplemented with nalidixic acid (40 �g · ml�1) before and after
24 h of incubation.

When needed, L. acidophilus BT-1386 was added to fecal suspensions to
achieve different concentrations, which were first calculated from the concentra-
tion that was guaranteed in the commercial product. The true concentration of
LA added to each fecal sample was checked by colony counting on lactobacillus
enumeration medium from DeMan-Rogosa-Sharpe (MRS) (reference no.
69964; Fluka). In addition, lactic acid bacteria (LAB) were enumerated in fecal
samples (WOF and WF) in which LA had been inoculated, or not, after 24 h of
incubation at 39°C by direct counting on MRS agar plates.

pH measurement and analyses of simple sugars and fermentation products.
The pH of ruminal and fecal samples was recorded before and after 24 h of
incubation. Acetate and D,L-lactate concentrations in ruminal and fecal samples,
respectively, were determined by enzymatic methods (R-Biopharm, France).
Hexose and pentose concentrations were determined in ruminal samples by the
method of Dishe (13).

Statistical analysis. Student’s t test was used to assess significant differences in
E. coli O157:H7 growth in fecal suspension with or without autochthonous flora
and with or without L. acidophilus. One-way analysis of variance (SAS, version 8)
was used to assess the effect of diet on E. coli O157:H7 growth in rumen contents.
A linear model (GLM; SAS, version 8) was used to test the effects of diet,
autochthonous flora, and oxygen and the interactions between them on E. coli
O157:H7 growth.

RESULTS

In vitro growth of E. coli O157:H7 in rumen contents. To
ensure that the centrifugation steps efficiently removed the
autochthonous flora from the WOF samples, total levels of
anaerobic bacteria were investigated at the beginning of incu-
bation and found to be undetectable, whereas in WF samples
they reached an average of 6 � 109 cells · ml�1. To ensure that
anaerobiosis was maintained during handling and preparation
of the samples, the cellulolytic bacterial community, which
includes some of the most oxygen-sensitive organisms in the
rumen (17), was enumerated just before incubation. The pop-
ulation levels ranged between 8.9 � 106 and 2.8 � 107 cells ·
ml�1 and were found to be close to those generally recovered
from fresh rumen contents (17).

Significant growth of E. coli O157:H7 occurred after 24 h of
anaerobic incubation in rumen fluid obtained from sheep fed
the H diet and in rumen fluid obtained before feeding from
sheep fed the HW diet (HW0) in WOF samples (Fig. 1).
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Before incubation, the mean pH of these samples was above
6.7 and acetate concentrations were rather low (below 44 mM);
after incubation for 24 h, acetate concentrations were not
modified (Table 1). When E. coli O157:H7 was inoculated into
rumen contents obtained 3 h after HW feeding (HW3), high
bacterial mortality was observed (Fig. 1). At the beginning of
the incubation period, the mean pH of HW3 rumen fluid was
lower and the acetate concentration was higher than the re-
spective values obtained from H or HW0 ruminal samples
(Table 1). After 24 h of incubation, the acetate concentration
remained comparable to that measured at the beginning of the
incubation period. The decline in E. coli O157:H7 counts was
progressive and was greatest at the end of the HW feeding
period (Fig. 1).

Boukhors et al. (4) did not observe any growth of E. coli
O157:H7 in a rumen fluid with characteristics close to those
of HW0, without supplementation with ground feed. There-
fore, to determine whether ground feed could be used for
growth by E. coli O157:H7 in the absence of the autochtho-
nous flora, sugar concentrations were measured. Hexose
plus pentose concentration in rumen samples taken from
sheep fed hay was 0.150 � 0.016 mg · ml�1. After addition
of 25 mg of ground hay and incubation for 24 h at 39°C, this
concentration rose to 0.426 � 0.027 mg · ml�1, due to the
release of sugars from the feed. E. coli O157:H7 apparently
utilized these soluble sugars released from ground hay, as
there was a dramatic decrease in the hexose-plus-pentose
concentration, to 0.030 � 0.033 mg · ml�1, after 24 h of E.
coli O157:H7 growth.

In H and HW0 samples (WOF), in which E. coli O157:H7
growth was observed under anaerobiosis, growth was signifi-
cantly higher in the presence of oxygen than under strict anaero-
biosis (Table 2). In HW3 samples, in which E. coli O157:H7
mortality was observed under anaerobiosis, the presence of

oxygen did not restore growth but the bacteria did survive
without mortality (data not shown).

E. coli O157:H7 counts were higher in the absence (WOF)
than in the presence (WF) of the ruminal flora, showing a
strong inhibitory effect of the autochthonous microflora on E.
coli O157:H7 (Table 2). It is noteworthy that the acetate con-
centration increased during incubation in the presence of the
microflora due to its fermentative activity (Table 1). To deter-
mine whether other factors besides the increase in VFA con-
centration and decrease in pH value could account for the
inhibitory effect of the flora, the same experiment was repeated
without the addition of substrate to the HW0 incubation. Un-
der these conditions, no microflora-mediated fermentation
occurred and the pH value and acetate concentration re-
mained quite constant during the incubation. However, in
this experiment in which the microflora was maintained, we
observed a mortality rate similar to that observed in H
samples containing substrate (Table 2), indicating that the
microflora induced E. coli O157:H7 mortality by a pH- and
VFA-independent mechanism. In agreement with this con-
clusion, a previous study from our laboratory showed that E.
coli O157:H7 persisted for up to 24 h in rumen fluids with
similar pH values and acetate concentrations, but without
the microflora, without any loss of viability (4). It is note-
worthy than in the absence of substrate, the mortality rate

FIG. 1. Effect of the nature of the diet on growth of E. coli
O157:H7 in rumen fluid depleted of autochthonous microflora, under
strictly anaerobic conditions. The y axis shows the difference between
counts of the EHEC strain after 24 h of incubation (t24) in rumen fluid
samples and counts of this strain at the beginning of incubation (t0).
Growth is considered to occur if the difference is positive, and mor-
tality is observed if the difference is negative. During the HW diet
period, rumen fluid samples were obtained at 2 days (D�2), 9 days
(D�9), and 11 days (D�11) after the diet shift. Means and standard
deviations of triplicate values are shown; means with different super-
scripts are significantly different (P � 0.0001).

TABLE 1. pH and acetate concentration in rumen samples before
and after incubation with E. coli O157:H7

Dieta

Mean acetate concn � SDb (mM) and pH from indicated sample

WOF WF

Before
incubation

After a 24-h
incubation

Before
incubation

After a 24-h
incubation

Acetate pH Acetate pH Acetate pH Acetate pH

H 38.1 � 2 7.1 40.3 � 1.1 6.8 38.1 � 2 7.1 55.3 � 0.4 6.5
HW0 43.3 � 7 6.9 45.7 � 7.8 5.6 43.3 � 7 6.9 81.4 � 6.1 5.7
HW3 65.7 � 0.9 5.9 66.0 � 1.4 5.1 65.7 � 0.9 5.9 103.0 � 0.5 4.8

a Rumen samples were obtained from sheep fed hay or from sheep fed hay
plus wheat before the morning feeding or 3 h after the morning feeding.

b From three independent cultures.

TABLE 2. Effects of the presence of the autochthonous microflora
and of oxygen on E. coli O157:H7 growth in rumen fluid

obtained from sheep fed hay or hay plus wheat

Dieta

No. of EHEC cells (log10 · ml�1) at 24 h of incubation � no.
of EHEC cells at 0 h of incubation for indicated sampleb

Anaerobiosis Aerobiosis

WOF WF WOF WF

H 1.74 � 0.41 �(0.40 � 0.43) 3.65 � 0.16 3.01 � 0.02
HW0 2.16 � 0.11 �(1.50 � 0.56) 4.00 � 0.10 1.21 � 0.29
HW0 without

substrate
ND �(0.30 � 0.1) ND ND

a Rumen samples were obtained from sheep fed hay or from sheep fed hay
plus wheat before the morning feeding. For each diet, the effect of the presence
of oxygen was significant (P � 0.0001), the effect of the presence of autochtho-
nous flora was significant (P � 0.0001), and the effect of the interaction between
oxygen and the flora was significant (P � 0.01).

b Values are means � standard deviations from three independent cultures.
Growth is considered to have occurred if the difference is positive, and mortality
was observed if the difference is negative. ND, not done.
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was lower than in substrate-containing HW0 (Table 2), sug-
gesting that acidic conditions due to the fermentative activ-
ities of the microflora accounted in large part for the mor-
tality rate observed in the presence of substrate.

Statistical analyses showed an interaction between the pres-
ence of the microflora and the presence of oxygen, indicating
that the inhibition of E. coli O157:H7 growth by the rumen
microflora increased under anaerobiosis.

Growth of E. coli O157:H7 in fecal contents. Although we
used diluted feces to prepare fecal suspensions for bacterial
cultures, total bacterial counts in the suspensions increased
from 6.3 � 107 cells · ml�1 at the beginning of the incubation
to 1.4 � 108 cells · ml�1 after 7 h and finally to 1 � 109 cells ·
ml�1 after 24 h. In WOF samples, no bacterial cells were
recovered by culture methods at the beginning of the incuba-
tion periods. When the E. coli O157:H7 strain was incubated in
fecal suspensions obtained from sheep fed the H diet, signifi-
cant growth was observed within 24 h. Growth was slightly but
not significantly favored in the presence of oxygen (data not
shown). The fecal flora did not show any inhibitory effect on E.
coli O157:H7 growth (Fig. 2).

Effect of L. acidophilus BT-1386 (LA) on growth of E. coli
O157:H7 in fecal suspensions. When LA was added to the
fecal suspensions containing the autochthonous flora, a dose-
dependent effect on E. coli O157:H7 was observed. Whereas
no effect was observed with the lowest concentration of LA, E.
coli O157:H7 numbers decreased as the concentration of LA
increased (Fig. 3); this was particularly marked with the highest
concentration of LA (8.5 � 107 CFU ml�1). At the same time,
we observed a decrease in pH of the fecal suspensions and an
increase in D,L-lactate concentration and in total LAB counts
as the concentration of LA increased (Table 3). In the WOF
samples, which were supplemented only with 8.5 � 107 CFU
ml�1 of LA, a similar decrease in E. coli O157:H7 levels was
observed (data not shown) and the pH of the fecal suspensions
after incubation was also very low (3.84). Nevertheless, the
D,L-lactate concentration was significantly lower (40.33 � 7.06
mM) than in the WF samples (P � 0.001).

DISCUSSION

Although much research has been devoted to highlighting
the role of the ruminant digestive tract as a reservoir of EHEC

(21) and the impact of the nature of the diet on shedding of
naturally occurring or experimentally inoculated O157:H7
strains by cattle (11, 25, 32, 33), very few reports have really
focused on the physiology of these bacteria in ruminant diges-
tive tract contents. Yet it is important to understand better
how gut environmental conditions are likely to influence
growth or survival of these potentially pathogenic bacteria.
Most previous studies were done in sterile laboratory media or
in diluted sterile rumen fluid supplemented with purified sug-
ars or Trypticase (12, 43, 47, 56). In this report, we describe
original in vitro models for growth of EHEC strains in diges-
tive contents directly harvested from ruminants. The rumen
fluid is used undiluted and unsupplemented with sugars, and
our culture conditions at 39°C under anaerobiosis allow growth
of the autochthonous flora. Although fecal samples must be
diluted to obtain liquid media relevant for bacterial growth, the
autochthonous flora reach physiological levels within 24 h. One
limitation of such models is the absence of the cell wall, which
could provide adhesion sites for O157:H7 (especially in the
colon) and which produces oxygen, which could favor O157:H7
growth, or other, unidentified host factors having potential

FIG. 2. Growth of E. coli O157:H7 in fecal suspensions in the
absence or presence of autochthonous flora, under strictly anaerobic
conditions. The y axis shows the difference between counts of the
EHEC strain after 24 h of incubation (t24) and counts of this strain at
the beginning of incubation (t0). Means and standard deviations of
counts from triplicate incubations are shown.

FIG. 3. Effects of different concentrations of L. acidophilus BT-
1386 (LA) counts on growth of the EHEC strain in fecal suspensions
(WF), under strictly anaerobic conditions. The y axis shows the differ-
ence between counts of the EHEC strain after 24 h of incubation (t24)
and counts of this strain at the beginning of incubation (t0). Means and
standard deviations of counts from triplicate incubations are shown.
(A) White bar, EHEC alone; black bar, EHEC plus 3.4 � 105 CFU
ml�1 of LA. (B) White bar, EHEC alone; black bar, EHEC plus 3.2 �
106 CFU ml�1 of LA; ��, effect of LA is significant (P � 0.001).
(C) White bar, EHEC alone; black bar, EHEC plus 8.5 � 107 CFU
ml�1 of LA; ���, effect of LA is significant (P � 0.0001).

TABLE 3. Lactate concentration, pH, and total LAB concentration
after 24 h of incubation in WF fecal suspensions inoculated with

E. coli O157:H7 and supplemented or not with
L. acidophilus BT-1386 (LA)

Parameter

Mean � SDa

Without
LA

With LA at indicated concn (CFU · ml�1)

3.4 � 105 3.2 � 106 8.5 � 107

Lactate concn (mM) 2.08 � 0.79 3.36 � 1.86 7.02 � 0.85 53.01 � 4.29
pH 6.3 6.2 5.7 3.9
Total LAB concn

(log10 CFU · ml�1)
5.43 � 0.15 6.16 � 0.16 6.20 � 0.35 7.39 � 0.09

a The effects of three different concentrations of LA were compared, and
measurements were performed three times.
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positive or negative effects on O157:H7 growth or survival.
Also, it is not possible to supplement the rumen fluid with an
amount of substrate reflecting the actual ratio of feed to total
ruminal contents. In vivo, VFAs produced by bacterial fermen-
tation of feed are rapidly absorbed through the rumen wall and
do not accumulate, avoiding a dramatic decrease in pH, dele-
terious for animal health. In batch systems, removal of VFAs is
not possible; thus, the amount of feed added to the ruminal
fluid must be limited to avoid a too-high VFA concentration
and low pH values. Nonetheless, these straightforward models
are currently the most suitable and convenient in vitro models,
and they best mimic the physiological conditions encountered
by EHEC in the liquid phase of the rumen or in the fecal
content. Using these models, we show for the first time that the
ruminal microflora, but not the fecal flora, exerts a barrier
effect on E. coli O157:H7. Furthermore, we demonstrate an
inhibitory effect of an L. acidophilus strain in fecal cultures.
This finding leads the way to potential on-farm intervention
strategies.

Our results show that the composition of the ruminant diet
influences E. coli O157:H7 growth in the rumen. Boukhors et
al. provided evidence that O157:H7 strains were able to survive
but not to multiply under anaerobiosis in sterilized rumen fluid
harvested from sheep fed hay or hay plus corn, but the medium
was not supplemented with any carbon source (4). In our study,
we added finely ground feed, which released soluble sugars
into the incubation medium to better reproduce the conditions
EHEC would encounter in vivo. Under these conditions, E.
coli O157:H7 growth and sugar consumption were observed
when the rumen fluid came from sheep fed hay. However,
bacterial mortality occurred in rumen samples harvested from
sheep 3 h after being fed a mixed diet composed of hay and
cereals. Mortality was likely due to the high VFA concentra-
tion in conjunction with mildly acidic pH in these samples.
Other authors have also pointed out that diets rich in rapidly
fermentable carbohydrates are less favorable to E. coli
O157:H7 growth than are forage-based diets (25, 33, 54),
mostly because the high fermentative activity of the microbial
ecosystem in the presence of readily fermentable carbohy-
drates generates high concentrations of VFAs combined with a
low pH (42). High organic acid concentrations, at low pH,
greatly inhibit E. coli strains in vitro (43, 56); these acids are
mainly undissociated under acidic conditions, and only this
form is able to penetrate the bacterial cell (29, 41). A concern
with acidogenic diets could be the induction of acid resistance
mechanisms in EHEC, which could facilitate the transmission
of these strains to humans. However, in vivo studies with ex-
perimentally infected cattle showed that E. coli O157:H7 from
hay-fed or grain-fed animals is similarly acid resistant in all
GIT locations (19).

In ruminal samples harvested before feeding from sheep fed
the same hay-plus-cereal diet, pH values were higher than in
the samples harvested 3 h after feeding, and E. coli O157:H7
growth, rather than mortality, was observed. These data indi-
cate that low pH and a high VFA concentration, whose pro-
duction depends on the dynamics of fermentation in the ru-
men, are only transitory and that the inhibitory effect of such a
diet is not permanent.

An important question to be investigated is whether the
autochthonous microflora is a key factor influencing E. coli

O157:H7 growth. We show that in raw rumen fluid, growth of
E. coli O157:H7 is limited or even suppressed due to the
presence of the resident microflora, which exerts a strong bar-
rier effect. These data agree with previous observations made
with continuous cultures in 50% diluted rumen fluid (12).
Taken together, our results indicate that this barrier effect is
due mostly to the observed increase in acetate concentration
(acetate represents 65 to 75% of the total VFA mixture) and
decrease in pH, resulting from the fermentative activity of the
microflora during incubation, but also to other direct or indi-
rect effects not yet identified. We also observed that strictly
anaerobic conditions limited E. coli O157:H7 growth, the in-
troduction of oxygen enabling the bacteria to proliferate again.
Oxygen enters the rumen during feed and water intake (39).
Rumination and saliva production might therefore be favor-
able to the emergence of O157:H7 strains in the rumen. In situ
measurements showed that a low concentration of O2 (3 �M)
is present in the liquid phase for at least 18 h during the day in
animals fed twice daily (23). The levels are higher in the head-
space gases (48). Epithelial cells of the rumen wall could also
provide oxygen. Strictly aerobic Pseudomonas aeruginosa
strains attach to rumen epithelial cells in vitro, and it has been
hypothesized that bacterial association with the rumen wall
could provide a means for obtaining oxygen in vivo (14). Lo-
calization of commensal E. coli strains in the rumen has not
been investigated in detail, but the presence of adherent en-
terobacteria on the rumen wall has been documented (45).
Aerobic environments thus exist in the rumen and may be the
ecological niches where O157:H7 strains proliferate. However,
the inhibitory effect of the autochthonous microflora on E. coli
O157:H7 growth, even in aerobiosis and under favorable acidic
conditions, suggests that the ruminal compartment is probably
neither the main reservoir of O157:H7 strains nor the source of
fecal shedding of the organism. This finding is in agreement
with in vivo studies in which O157:H7 was detected at necropsy
in the most distal regions of the GIT of most experimentally
infected cattle but was not consistently cultured from rumen
contents (19, 38, 54).

Fecal suspensions constituted a more favorable medium
than rumen fluid for growth of E. coli O157:H7. This is prob-
ably due in part to the limited fermentative activity of the fecal
microflora, resulting in neutral pH and a low VFA concentra-
tion, but also to the poor barrier effect of this microflora
against E. coli O157:H7, as demonstrated here. Although di-
luted feces were used to prepare fecal suspensions suitable for
bacterial cultures, total bacterial counts were representative of
the bacterial concentration in the distal colon and in the rec-
tum of sheep, which has been found to be 2 � 109 cells · ml�1

(53). The total bacterial count is lower in the large intestine
than in the rumen fluid (24), in which the bacterial population
is considered to range between 1010 and 1011 cells · ml�1 (17).
However, differences in composition of the respective bacterial
communities might also be of importance in explaining the
differences in levels of E. coli O157:H7 growth. According to
these results, a number of reports suggest that the hindgut, and
particularly the lower GIT, may be the site of E. coli O157:H7
persistence (8, 18, 19, 34, 54). In addition, recent findings of
Naylor et al. (38) and Low et al. (37) provide evidence that the
mucosal epithelium in the bovine terminal rectum is the pri-
mary site of E. coli O157:H7 colonization.
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Considering that this terminal part of the gut rather than the
rumen is the main site of O157:H7 persistence in ruminants,
in-farm management designed to decrease fecal shedding of
the pathogen should limit colonization at this site. We show
that L. acidophilus BT-1386, which has been shown to enhance
performance in feedlot cattle probably through its effect on the
microbial balance in the gut (26, 55), inhibits growth of E. coli
O157:H7 in fecal suspensions, likely through lactic acid pro-
duction. Interestingly, the concentration of lactic acid was
lower in WOF samples than in WF samples, suggesting a
possible interaction between L. acidophilus BT-1386 and the
autochthonous lactic acid-producing microflora, leading to an
overall increase in lactic acid production in the fecal suspen-
sion. The addition to the diet of such a strain of L. acidophilus,
able to produce high amounts of lactic acid in the digestive
environment, would therefore be of great interest in limiting
fecal shedding of E. coli O157:H7. Other modes of action of
this L. acidophilus strain could also be involved in vivo: nu-
merous reports provide evidence that some LAB are able to
outcompete pathogenic strains for adhesion sites on the epi-
thelium digestive tract (31, 44, 49, 50). However, the pH values
achieved in in vitro incubations were quite low, especially with
the highest dose of probiotics. Such values achieved in vivo
could compromise the use of L. acidophilus as an effective
prophylactic agent. Nonetheless, in contrast to in vitro batch
systems, fermentation acids are efficiently removed in vivo by
intestinal absorption. In vivo trials are required to determine
the impact of L. acidophilus on colonic pH values and its
effectiveness on O157:H7 shedding and, given the dose-depen-
dent effect observed in vitro, to determine the exact L. aci-
dophilus concentration required in the diet to achieve an effi-
cient probiotic colonic concentration.
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