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Abstract

An experimental infection with Salmonella enterica subsp. enterica
serovar Typhimurium was evaluated in gnotobiotic mice previ-
ously exposed to a plasmid-free non-pathogenic Escherichia coli
(EMO strain). Mice were exposed to EMO (experimental) or not
(control) 10 days before challenge with Salmonella Typhimurium
(102 colony forming units (CFU)/mouse). Survival after challenge
was higher (P < 0.05) in the experimental group (16%) than in the
control animals (0%). Histopathological examination of the colon
and ileum mucosa of the experimental group showed less extensive
lesions such as edema, cell inflammatory infiltration and hyper-
emia. The epithelial cells of the mucosal surface and the production
of the mucous layer were also better preserved in the experimental
group. The population levels of Salmonella Typhimurium in the
feces were initially 10-fold lower (P < 0.05) in the experimental
groups. However, 3 days after challenge both experimental and
control groups showed similar population levels ranging from 108

to 109 CFU/g of feces. The intestinal contents of total and anti-
Salmonella Typhimurium sIgA were higher in the experimental
groups 10 days after inoculation of E. coli EMO strain. Transloca-
tion of Salmonella Typhimurium to the spleen was 10-fold lower (P
< 0.05) in the experimental group only on day 3 after infection. This
was not related to an increase in the bacterial blood clearance of
the animals, as shown by experimental venous challenge with E.
coli B41. In conclusion, treatment of mice with E. coli EMO strain
promoted a relative protection against experimental infection with
Salmonella Typhimurium. This protection was not due to the
reduction of the population of pathogens in the intestine but was
probably related to stimulation of the immune response.
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Introduction

Control and treatment of infectious dis-
eases frequently are challenged by the develop-
ment of antibiotic resistance, increased fre-
quency of opportunistic infections in immuno-
compromised patients, and the emergence of
new types of pathogens. These factors, as well
as inappropriate therapy, result in an increased
exposure of the population to antibiotics, which,
in turn, select resistant pathogenic strains. The
World Health Organization (WHO) held a con-
ference (1) to discuss this increase in antibiotic
resistance, which today is “a major public
health problem in both developed and develop-
ing countries throughout the world”. With this
in mind, the WHO recommends global pro-
grams to reduce the use of antibiotics and
increased efforts to prevent disease through
the development of newer, more effective and
safer therapies.

Microorganisms that have been used to
achieve this goal have been called probiotics.
Several species of lactic acid-producing bacte-
ria (Lactobacillus, Bifidobacterium, Strepto-
coccus) and yeast (Saccharomyces) constitute
a significant proportion of the biotherapeutic
agents studied in the world (2). Probiotics are
microorganisms mainly isolated from the in-
testines of healthy humans which are thought
to protect the host against infections by at least
four mechanisms: a) antagonism against path-
ogenic microorganisms through the produc-
tion of inhibitory compounds (3); b) competi-
tion with the pathogen for adhesion sites or
nutritional sources (4); c) inhibition of the
production or action of bacterial toxins (5,6),
and d) immunomodulation (7). The likely con-
tribution of each of these mechanisms is diffi-
cult to determine in the presence of a broad and
complex gastrointestinal ecosystem. The use
of a gnotobiotic animal model with a simplified
intestinal microbial status allows the in vivo
observation of interrelationships between mi-
croorganisms such as a probiotic and a path-
ogenic bacterium as well as between these
microorganisms and the host.

Some experimental studies and/or clinical
trials have been performed to confirm the
efficacy of probiotics. Rodrigues et al. (8) and
Silva et al. (9) have demonstrated protection
against a challenge with Salmonella enterica
subsp. enterica serovar Typhimurium when
conventional and gnotobiotic mice were re-
spectively inoculated with Saccharomyces
boulardii or Bifidobacterium lactis. Similarly,
the prophylactic treatment of gnotobiotic and
conventional mice with the probiotics Lacto-
bacillus delbrueckii H2B20 or S. boulardii,
respectively, protects the animals against chal-
lenge with the same pathogen by immune
mechanisms (10,11). Likewise, several non-
pathogenic Escherichia coli strains have also
been used as probiotics. Duval-Iflah et al. (12)
have achieved some success in reducing the
number of antibiotic-resistant E. coli in infant
feces by inoculating children just after birth
with a plasmid-free human E. coli (EMO
strain), which suppresses the multiplication of
plasmid-bearing strains in the intestinal tract.
Moreover, a commercial consortium of E. coli
is believed to result in beneficial effects for
premature infants (13). Other E. coli prepara-
tions, administered orally, have been used in
adults as an option for maintenance therapy of
ulcerative colitis (14) or immunomodulation
(13,15).

In the present study, we investigated the
probiotic properties of the non-pathogenic,
plasmid-free E. coli (EMO strain). This strain
has been reported to increase the weight gain
of piglets and decrease the frequency of diar-
rhea in newborn babies (16,17). Thus, the aim
of the present study was to assess whether E.
coli EMO strain, alone, is capable of protecting
gnotobiotic mice against an oral challenge with
Salmonella Typhimurium by possible antago-
nistic and/or immune mechanisms.

Material and Methods

Mice

Adult germ-free 21-day-old Swiss/NIH
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mice (Taconic, Germantown, NY, USA) of
both sexes were used in this study. The
animals were housed in flexible plastic isola-
tors (Standard Safety Company, Pallatine,
IL, USA) and handled according to estab-
lished procedures (18). Water and commer-
cial autoclavable diet (Nuvital, Curitiba, PR,
Brazil) were sterilized with steam and admin-
istered ad libitum. Experiments with gnoto-
biotic mice were carried out in microisolators
(UNO Roestvaststaal, B.V., Zevenar, The
Netherlands). The mice were maintained in
an animal house with controlled lighting (12-
h light-dark cycles). All experimental proce-
dures were carried out according to the
standards set forth in the “Guide for the Care
and Use of Laboratory Animals” of the Na-
tional Research Council (19).

Microorganisms

The E. coli EMO strain was isolated from
the intestines of a healthy human subject and
identified at the Laboratoire d’Ecologie
Microbienne (Dr. Y. Duval-Iflah, INRA,
Jouy-en-Josas, France). Salmonella enterica
subsp. enterica serovar Typhimurium was
isolated from a human clinical case at Fundação
Ezequiel Dias (FUNED, Belo Horizonte, MG,
Brazil). E. coli B41 (0101:K99:F41) was a
kind gift from Dr. H.W. Moon (National
Association of Dental Laboratories, Ames,
IA, USA). The bacteria were maintained at
-70ºC in medium containing 20% glycerol.
The identity of the bacteria was regularly
confirmed by Gram staining and using the
API 20E identification kit (BioMérieux,
Marcy-L’Étoile, France).

Treatments

A single dose of E. coli EMO strain with
approximately 108 colony forming units
(CFU) in 0.1 ml PBS was inoculated
intragastrically into germ-free mice (experi-
mental groups) 10 days before challenge
with Salmonella Typhimurium. The control

groups were inoculated with 0.1 ml PBS, pH
7.3, according to the same schedule as the
experimental group. Various experimental
and control groups (5 to 10 mice per group
according to the experiments) were used
separately for determinations of survival,
fecal population levels, intestinal sIgA levels,
translocation, and blood clearance.

Experimental infections

Salmonella Typhimurium was grown in
brain heart infusion (Difco) medium at 37°C.
After 10 days of monoassociation with E.
coli EMO strain, each mouse was challenged
orally with 0.1 ml of the bacterial suspension
containing 102 CFU pathogenic bacteria.
Control groups were given the oral challenge
with Salmonella Typhimurium at the same
time as the experimental group. For the
determination of survival, gnotobiotic mice
were monitored until the 15th day after
challenge with Salmonella Typhimurium.
For the other determinations (fecal popula-
tion levels, intestinal IgA levels and translo-
cation), experiments were carried out until
the 6th day of infection.

Fecal bacterial counts

Feces from gnotobiotic mice were col-
lected 1, 3 and 6 days after challenge with an
anal stimulus and homogenized in PBS (1:100,
w/v). Serial decimal dilutions were prepared
and 0.1-ml aliquots were plated onto Mac-
Conkey agar (Difco). The Petri dishes were
cultured at 37°C and colonies were counted
after 24 h.

Translocation of Salmonella Typhimurium

To measure translocation of Salmonella,
gnotobiotic mice were sacrificed by ether
inhalation 3 and 6 days after challenge. Then,
mesenteric lymph nodes, liver and spleen
were dissected, weighed and macerated in
PBS (1:10 or 1:100, w/v). Serial decimal
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dilutions were prepared and 0.1-ml aliquots
were plated onto MacConkey agar (Difco).
Counts were determined after incubation at
37°C for 24 h.

Histopathology

Tissue samples from intestines and liver
were fixed in 10% formaldehyde in PBS and
processed for paraffin embedding. The his-
topathological sections (5 µm) were stained
with hematoxylin-eosin. The slides were
coded and examined by a single pathologist,
who was unaware of the experimental con-
ditions of each group.

sIgA determination in small bowel contents

Total and anti-Salmonella Typhimurium
sIgA in the small intestine of gnotobiotic
mice was determined by ELISA 10 days after
inoculation with E. coli EMO strain and 3 and
6 days after challenge with Salmonella Ty-
phimurium. Mice were sacrificed by ether
inhalation, the small intestine was removed,
and the contents were withdrawn, weighed
and suspended in PBS at 500 mg of intestinal
contents per 2.0 ml PBS. After centrifuga-

tion at 2000 g for 30 min, the supernatant
fluid was collected and kept frozen at -70ºC
until use. The intestinal fluid samples were
diluted 1:10 in PBS and serial dilutions were
added in triplicate to the wells. Total sIgA in
intestinal fluid was determined using goat
anti-mouse IgA (M-8769, Sigma) and horse-
radish peroxidase-conjugated goat anti-mouse
IgA (A-4789, Sigma). Color was developed
with o-phenylenediamine (1,2-benzenedi-
amine; Sigma) and absorbance at 492 nm
was determined with an ELISA plate reader
(ELISA READER 2550, Bio-Rad Laborato-
ries). Anti-Salmonella Typhimurium sIgA
was determined as described above except
for the coating step. Briefly, the 96-well
ELISA plates were coated with 0.1 ml of a
suspension containing 108 heat-killed Salmo-
nella Typhimurium/ml coating buffer (0.01
M carbonate/bicarbonate, pH 9.6).

Evaluation of bacterial blood clearance

Bacterial blood clearance was tested as
the capacity to clear a Gram-negative bacte-
rium injected systemically in mice previously
associated or not with E. coli EMO strain for
10 days. An 18-h culture of E. coli B41 was
centrifuged at 2000 g and resuspended in
sterile saline at 108 CFU/ml. This number of
bacteria was estimated by turbidity (λ = 550
nm) and absorbance was adjusted to 0.3 of
optical density. Mice were injected with 0.2
ml of the suspension into the tail vein after
ether anesthesia. Blood samples were col-
lected from the retro-orbital plexus of anes-
thetized animals immediately after injection
(time 0) and at 30, 60 and 90 min after
injection. After the last blood collection, mice
were sacrificed. Ten-fold serial dilutions of
blood samples were plated and cultured onto
Petri dishes containing MacConkey agar
(Difco). Dishes were incubated for 24 h at
37°C and colonies counted. Results are re-
ported as percent CFU of the counts obtained
at the initial time (time zero). Alternatively, E.
coli B41 was pre-opsonized with serum
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Figure 1. Survival of Escherichia
coli EMO strain in infected gno-
tobiotic mice orally challenged
with Salmonella Typhimurium.
Germ-free mice received PBS
orally (control, open circles) or
E. coli EMO strain (experimen-
tal, filled circles) 10 days before
challenge. The figure  illustrates
one representative experiment
of two, with similar results, us-
ing 6 mice per group and per
experiment. *P < 0.05 com-
pared to control (Student t-test).
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from germ-free or E. coli EMO-monoasso-
ciated mice (1:10/1 h) before intravenous
challenge.

Statistical analysis

Data were analyzed statistically by the
Fisher exact test and by the two-tailed Stu-
dent t-test. The Epistat computer program
(T.L. Gustafson, Round Rock, TX, USA)
was used to carry out the tests and the level
of significance was set at P < 0.05. All
experiments were performed at least twice.

Results

Figure 1 shows that survival time after
challenge with Salmonella Typhimurium was
longer in gnotobiotic mice associated with E.
coli EMO strain compared to control (P <
0.05). Moreover, histopathological examina-
tion confirmed the survival data since the
mucosa of the colon of experimental animals
showed less intense lesions such as edema,
inflammatory cell infiltrate and hyperemia
(Figure 2A,B). The epithelial cells of the
mucosal surface and the mucous production
were also better preserved in the experimen-
tal group. Besides, in livers of experimental
animals, inflammatory foci were present only
in some areas while the phenomenon was
generalized in control mice (Figure 2C,D).

Figure 3 shows that the number of Sal-
monella Typhimurium in feces of experi-
mental mice was decreased by about 10-fold
one day after challenge (P < 0.05). However,
no difference between experimental and con-
trol groups was observed 3 and 6 days after
challenge. E. coli EMO strain reached and
maintained high stable numbers in feces of
gnotobiotic mice before and after challenge
(about 109 CFU/g of feces).

Figure 4 shows that the contents of sIgA
in the intestines of gnotobiotic mice 10 days
after inoculation with E. coli EMO strain
were higher compared to the germ-free group
(P < 0.05). The intestinal contents of anti-

Figure 2. Histopathological aspects of the intestinal mucosa (A and B) and liver (C and D)
of gnotobiotic mice challenged with Salmonella Typhimurium. Germ-free mice received
PBS orally (B and D) or Escherichia coli EMO strain (A and C) 10 days before challenge.
Arrows indicate inflammatory foci. Hematoxylin-eosin. Original magnification, 64X. Bar =
90.17 µm.

Salmonella sIgA were also higher in the E.
coli-monoassociated group before challenge
with Salmonella Typhimurium (P < 0.05).
On the other hand, sIgA (total and anti-
Salmonella) were similar in both groups
after challenge (Figure 4).

Figure 5 shows that translocation of Sal-
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of gnotobiotic mice was similar in both
experimental and control groups. Likewise,
no difference in clearance was observed
after pre-opsonization of E. coli B41 (data
not shown).

Discussion

Evaluation of the mortality of gnotobiotic
mice previously associated with E. coli EMO
strain and challenged with Salmonella Ty-
phimurium showed that E. coli was unable,
by itself, to confer complete protection against
the pathogen (Figure 1). However, in two of
three experiments performed, a longer sur-
vival time and a higher survival frequency
were observed for the experimental mice
when compared to control animals. Additi-
onally, the histopathological examination
showed less intensive lesions in the intestines
and liver of gnotobiotic mice associated with
E. coli EMO strain after the pathogenic
challenge (Figure 2).

In order to better understand the mechan-
isms involved in the observed protective
effect, we first determined if the E. coli EMO
strain antagonized Salmonella Typhimurium
in vivo. The high counts of Salmonella
Typhimurium in the feces of both groups
showed that E. coli EMO strain did not
inhibit the installation and growth of the
pathogen in the intestines of gnotobiotic
mice. However, a smaller number of Salmo-
nella Typhimurium CFU were found in the
experimental groups three days after infec-
tion, which may indicate that the E. coli
EMO strain delayed the colonization of the
digestive tract by Salmonella Typhimurium.
Antagonism against a bacterial strain can
vary independently of the sensitivity of the
target strain. Hudault et al. (20) have shown
that some strains of Clostridium perfringens
can be inhibited by a combination of bacterial
strains whereas others cannot. In a previous
study, we have demonstrated the reduction
of colonization of the intestines by a strepto-
mycin-resistant strain of Shigella flexneri to
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nella Typhimurium sIgA in the
intestines of control and experi-
mental gnotobiotic mice. Germ-
free mice received PBS (control)
orally or Escherichia coli EMO
strain (experimental) 10 days
before challenge. Results were
compared by the Student t-test.
*P < 0.05 compared to control.

Figure 3. Numbers of Salmo-
nella Typhimurium in feces of
control (open circles) and ex-
perimental (filled circles) gnoto-
biotic mice. Germ-free mice re-
ceived PBS orally (control - 6
mice) or Escherichia coli EMO
strain (experimental - 6 mice)
10 days before challenge. The
figure represents one of two
similar results. CFU = colony
forming units. Means were
compared by the Student t-test.
*P < 0.05 compared to control.
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monella Typhimurium to the spleen was
decreased 10-fold in experimental mice when
compared with the germ-free group 3 days
after challenge. However, this difference in
translocation to the spleen was not observed
after 6 days (Figure 5). No difference in
translocation to the mesenteric lymph nodes
or to livers was found at 3 and 6 days after
challenge.

Clearance of E. coli B41 from the blood

*

*
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undetectable numbers, as a result of mono-
association with E. coli EMO strain (21).
However, the same kind of antagonism was
not observed when mice were tri-associated
with EMO and two other microorganisms
and subsequently challenged with Salmo-
nella Typhimurium (21). Moreover, we have
found in ex vivo experiments that a small
inhibition zone around the feces of E. coli-
monoassociated mice is formed against Sal-
monella flexneri, but not against Salmonella
Typhimurium (data not shown). In fact,
Hudault et al. (22) have recently reinforced
our findings that the E. coli EMO strain does
not produce microcins against Salmonella
Typhimurium. Moreover, they have shown
that E. coli EMO strain does not compete
with Salmonella Typhimurium for adhesion
sites in an enterocyte cell culture.

To assess if a humoral immune response
could be related to the protective effect
observed in the early phase of infection with
Salmonella Typhimurium in gnotobiotic
mice, we determined IgA concentrations in
the intestinal contents. E. coli EMO strain
enhanced the local production of sIgA in the
intestines of monoassociated mice. This en-
hancement was partly due to the production
of sIgA specific for the EMO strain of E. coli
(data not shown). We also observed higher
amounts of sIgA that bound to Salmonella
Typhimurium in the intestinal contents from
monoassociated mice. These immunoglobu-
lins could be induced by E. coli EMO strain
and may be cross-reactive with cells of
Salmonella Typhimurium (Figure 4). Per-
haps the presence of Salmonella Typhimu-
rium-binding sIgA could explain the decreased
numbers of Salmonella Typhimurium cells
found in feces from experimental animals
soon after the challenge. The main role of
sIgA during gut infections is to mediate the
neutralization of bacterial invasiveness and
toxins, thus preventing translocation to inter-
nal organs. An increased production of IgA
has been particularly demonstrated after as-
sociation of mice with selected lactic acid

bacteria. Enhancement of the amount of
IgA-producing plasma cells by Lactobacil-
lus casei or L. acidophilus has been reported
(23). In addition, Tejada-Simon et al. (24)
showed increased IgA production in re-
sponse to cholera toxin in mice treated with
a yogurt containing a mixture of L. acidophi-
lus and Bifidobacterium spp. On the other
hand, studies associating the administration
of non-pathogenic E. coli with the induction
of antibody responses are rare and the results
sometimes controversial. Lodinová-Zádni-
ková et al. (13) and Jansen et al. (15) have
shown that two commercial associations of
E. coli, Mutaflor and Symbioflor, respec-
tively, cause an increase in titers of specific
anti-E. coli immunoglobulins. Therefore, the
former authors argue that cross-reactive
interactions can be triggered by the adminis-
tration of the consortium producing some
protection against enteropathogens. In fact,
our results showed that IgA cross-reacting
against a non-related species can be induced.
However, after challenge with Salmonella
Typhimurium, sIgA was present in the intes-
tinal contents at similar levels in both exper-
imental and control groups.

To investigate if the monoassociation of
gnotobiotic mice with the E. coli EMO strain
could trigger a systemic response, thus pro-
moting killing of Salmonella Typhimurium,
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Figure 5. Translocation of Sal-
monella Typhimurium to the
spleens of control (open col-
umns) and experimental (filled
columns) gnotobiotic mice.
Germ-free mice received PBS
(control) orally or Escherichia coli
EMO strain (experimental) 10
days before challenge. The fig-
ure represents one of two simi-
lar results. Three mice were
used per group on each day.
CFU = colony forming units.
Mean population numbers of
Salmonella Typhimurium were
compared by the Student t-test.
*P < 0.05 compared to control.
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the translocation of the pathogen to the
mesenteric lymph nodes, liver and spleen
was determined. The translocation of Sal-
monella Typhimurium was only decreased
in the spleen of E. coli EMO-monoassoci-
ated mice 3 days after the challenge, suggest-
ing that E. coli could enhance the activity of
macrophages only in the early phase of
infection (Figure 5). The spleen contains
large numbers of macrophages, dendritic
cells and B and T lymphocytes, and works as
a filter for microorganisms and antigens
circulating in the blood. The macrophages
from the red pulp are responsible for phago-
cytosis, especially of antibody-coated mi-
crobes (opsonized). In previous studies
(10,25), stimulation of the phagocytic ca-
pacity of the host macrophages was obtained
using treatments with different Lactobacil-
lus strains. To determine if the clearance
capacity of monoassociated mice was al-
tered, a pathogenic strain of E. coli B41 was
injected intravenously and the number of
bacteria in the bloodstream was determined
at several times. Since phagocytoses by
macrophages and dendritic cells are theoreti-
cally increased by opsonization of bacteria in
the blood we also pre-opsonized the patho-
genic strain of E. coli B41 with serum from
germ-free or E. coli-monoassociated mice
before the intravenous challenge. Monoas-
sociation with the E. coli EMO strain did not
increase the clearance capacity of mice.

During the course of the present study,
we became aware of the report by Hudault et
al. (22) which showed a high protection of
animals previously treated with the EMO

strain against Salmonella Typhimurium strain
C5. Here, we report that E. coli EMO strain
promoted only a limited protection in gnoto-
biotic mice challenged with the pathogen, as
shown by the mortality rates and by histo-
pathological examination. The protection
observed here was not related to the reduc-
tion of the pathogenic populations in the
intestines. The discrepancy between the two
reports could be explained by differences in
the animal model and the strain of Salmonella
typhimurium used in the studies. In addition,
we found that E. coli EMO strain enhances
a local humoral immune response in the
intestines of gnotobiotic mice, represented
by sIgA production that can potentially influ-
ence the course of the pathogenesis caused
by oral challenge with Salmonella Typhimu-
rium or other Gram-negative pathogens in
the murine model. There was no evidence of
the involvement of the endothelial reticulum
system in the protective effect observed.
However, the involvement of NK or CTL
cells cannot be ruled out.

We conclude that association with E. coli
EMO strain conferred partial protection
against Salmonella Typhimurium and that
this partial protection may be mediated by
induction of sIgA production in the gut.
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