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The ability of Escherichia coli to survive stress during growth in different environments is, in large part,
dependent on rpoS and the genes that comprise the rpoS regulon. E. coli BJ4 and an isogenic BJ4 rpoS mutant
were used to examine the influence of the rpoS gene on E. coli colonization of the streptomycin-treated mouse
large intestine. Colonization experiments in which the wild-type E. coli BJ4 and its rpoS mutant were fed
individually as well as simultaneously to mice suggested that E. coli BJ4 does not face prolonged periods of
nutrient starvation in the mouse large intestine and that the rpoS regulon is not expressed during long-term
colonization after adaptation of the bacteria to the gut environment.

It has recently been shown that leuX, which encodes
tRNAS™" (specific for the codon UUG) and which is a major
tRNA at low growth rates but a minor tRNA at rapid growth
rates (4), is not required for short-term growth in the strepto-
mycin-treated mouse large intestine. However, lewX is required
for long-term Escherichia coli intestinal colonization, i.e., for
persistence in high numbers in the intestine for at least 2 weeks
(28) and for survival of E. coli in stationary phase when it is
grown in mouse intestinal mucus in vitro (4). These results
suggested that the state of E. coli during long-term coloniza-
tion of the mouse large intestine is akin to that found under
conditions of slow growth and stationary phase in vitro. How-
ever, it has also been recently shown, using in situ hybridization
with TRNA probes, that E. coli grows rapidly in mouse large
intestine mucus in vivo, with doubling times ranging from 30 to
80 min for individual cells (33). Since E. coli colonizes the
mouse intestine by growing in intestinal mucus (42), these
results argue that the state of E. coli in the mouse large intes-
tine during long-term colonization is similar to that found
during the exponential phase in a rapidly growing culture.
Collectively, these results suggest that long-term E. coli colo-
nization of the mouse large intestine requires rapid growth but
also requires that the bacterial cells express some genes that
are normally associated with slow growth rates and stationary
phase.

The rpoS gene is essential for the expression of a variety of
stationary-phase-induced genes as well as for the expression of
stationary-phase-specific stress resistance phenotypes, such as
increased resistance to high temperature, high concentrations
of H,0,, and high osmotic challenge (12, 13). This gene has
been known as nur, katF, appR, csi-2, and abrD, a result of
independent studies of different phenotypes. The oS se-
quence exhibits extensive homology to rpoD, which encodes
c’°, the sigma subunit of RNA polymerase in E. coli (10). The
rpoS gene encodes the sigma factor o®. ¢® is a protein of 41.5
kDa that controls a regulon of at least 30 genes which are
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expressed during starvation and at the transition into station-
ary phase (20, 24).

rpoS mutants survive poorly, compared with the wild type,
under carbon and nitrogen starvation (21, 25). Furthermore,
rpoS mutants fail to develop starvation-mediated cross protec-
tion to osmotic, oxidative, and heat stresses (21). Stationary-
phase-induced morphological changes in E. coli are dependent
on rpoS, and rpoS mutant cells appear slightly elongated and
remain rod shaped in stationary phase (16).

It has been suggested that E. coli in the intestine is fre-
quently exposed to low, growth-limiting concentrations of nu-
trients (29, 44). In fact, it has recently been shown that E. coli
utilizes gluconate as a carbon source for growth in the mouse
large intestine (39) and that gluconate is present in mouse
large intestine mucus at a concentration of only about 140
pg/ml (30). Since growth in the presence of limiting nutrients
in the intestine might require expression of the rpoS regulon,
the aim of the present investigation was to examine whether
rpoS is essential for E. coli to colonize the mouse large intes-
tine. The investigation was performed with an E. coli wild-type
strain and an isogenic rpoS mutant. The streptomycin-treated
mouse model was chosen because this model can be used to
simulate competitive interactions between E. coli strains and
gram-positive obligate anaerobes in the natural environment
of the intestine (15). Our data suggest that 7poS does not play
a role in E. coli long-term colonization of the mouse large
intestine, and thus that E. coli is not exposed to prolonged
periods of starvation or other stress influences during growth
in the intestine.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli BJ4, a streptomycin-resistant (Str") rat
isolate, has been previously described in detail (15). Throughout this study, a
rifampin-resistant (Rif") isolate of E. coli BJ4 Str" has been used. E. coli BJ4 Str"
Rif" was made Rif* by P1 transduction from strain TC2 (kindly provided by Tove
Atlung, Roskilde University Centre, Roskilde, Denmark). The rifampin-resistant
isolate was found to be identical to its parent with respect to 35 biochemical
reactions, ribotype, serotype, and ability to colonize the mouse gut. Strain
MC4100 rpoS::Tnl10 (16) was used for creating an E. coli BJ4 rpoS mutant by
bacteriophage P1 transduction. E. coli BJ4 rpoS is resistant to both streptomycin
and tetracycline. Bacteriophage P1v was used to ensure that the transductants
were not lysogenized. Plasmid pRH320 (pBR322 harboring the wild-type rpoS
gene) was kindly provided by R. Arronis (17). Bacteria were always grown in the
presence of relevant antibiotics on either LB-agar plates or minimal medium
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(ABT supplemented with 0.2% glucose [3]) containing the relevant antibiotics,
i.e., 10 pg of tetracycline hydrochloride (Tet) per ml, 50 pg of rifampin (Rif) per
ml, 50 pg of ampicillin (Amp) per ml, and 100 pg of streptomycin sulfate (Str)
per ml. All antibiotics were bought from Sigma.

Measurements of bacterial growth in minimal medium. The growth rates of
pure cultures under conditions of balanced growth were measured by monitoring
the optical density at 450 nm (OD,s).

Qualitative catalase activity. Catalase activity was determined by adding one
drop of hydrogen peroxide (30%) to bacterial colonies on an agar plate. The
catalase activity was evaluated visually by the formation of bubbles.

Carbon starvation. Wild-type E. coli BJ4 Str™ Rif", E. coli BJ4 rpoS Str* Tet",
and E. coli BJ4 rpoS(pRH320) Str* Tet” Amp* were grown under conditions of
balanced growth in minimal medium containing glucose to an OD,s, of 0.5. Each
culture was centrifuged for 5 min at 3,000 rpm, and each pellet was resuspended
in a flask containing warm minimal medium without glucose. Cultures were
incubated at 37°C and aerated in a rotary shaking water bath (160 rpm). At
various times, samples were taken from each culture. Samples were diluted and
plated on LB agar plates containing streptomycin sulfate (100 pg/ml) and ri-
fampin (50 pg/ml), on LB agar plates containing streptomycin sulfate (100
pg/ml) and tetracycline hydrochloride (10 pg/ml), and on LB agar plates con-
taining streptomycin sulfate (100 pg/ml) and ampicillin (100 pg/ml) to determine
viable counts for E. coli BJ4 Str* Rif", E. coli BJ4 rpoS Str* Tet", and E. coli BJ4
rpoS(pRH320) Str" Tet” Amp', respectively. Plates were incubated at 37°C for 18
to 24 h before the colonies were counted.

Competitive growth and survival of E. coli BJ4, E. coli BJ4 rpoS, and E. coli
BJ4 rpoS(pRH320) in minimal medium. A flask containing warmed minimal
medium was inoculated with about 10> CFU each of overnight cultures of E. coli
BJ4 Str" Rif" and E. coli BJ4 rpoS Str" Tet" per ml. The culture was incubated at
37°C, and at various times over a period of 20 days, samples were diluted and
plated on LB agar plates containing streptomycin sulfate (100 pg/ml) and ri-
fampin (50 wg/ml) and on LB agar plates containing streptomycin sulfate (100
pg/ml) and tetracycline hydrochloride (10 wg/ml). A second flask containing
warmed minimal medium was inoculated with about 10> CFU each of overnight
cultures of E. coli BJ4 Str* Rif" and E. coli BJ4 rpoS(pRH320) Str" Tet" Amp* per
ml. The cultures were incubated at 37°C, and at various times over a period of 20
days, samples were diluted and plated on LB agar plates containing streptomycin
sulfate (100 wg/ml) and rifampin (50 pg/ml) and on LB agar plates containing
streptomycin sulfate (100 pwg/ml) and ampicillin (100 pg/ml). Plates were incu-
bated at 37°C for 18 to 24 h before the colonies were counted.

Heat challenge. E. coli BJ4 Str" Rif", E. coli BJ4 rpoS Str" Tet", and E. coli BJ4
rpoS(pRH320) Str" Tet” Amp* cultures grown overnight at 37°C were diluted into
warmed minimal medium (57°C) without glucose to a concentration of approx-
imately 10* cells per ml and incubated in a waterbath at 57°C. Samples from each
culture were taken after 0, 2, 4, 8, 12, 18, and 30 min and plated on LB-agar
plates containing streptomycin sulfate (100 pg/ml). Plates were incubated at 37°C
for 18 to 24 h before the colonies were counted.

Hydrogen peroxide challenge. Hydrogen peroxide was added to E. coli BJ4 Str*
Rif", E. coli BJ4 rpoS Str* Tet', and E. coli BJ4 rpoS(pRH320) Str* Tet" Amp®
cultures grown overnight (37°C) to a final concentration of 15 mM. The cultures
were then incubated with shaking (160 rpm) at 37°C. Samples were taken at 0, 2,
5, 10, 18, 30, and 60 min and plated on LB-agar plates containing streptomycin
sulfate (100 pg/ml). Plates were incubated at 37°C for 18 to 24 h before the
colonies were counted.

Colonization experiments. Six- to 8-week-old, outbred albino female mice
(Ssc:CF1; Statens Serum Institut, Copenhagen, Denmark) were used for colo-
nization experiments. The colonization experiments were performed as de-
scribed previously (26). Briefly, sets of 3 mice were given sterile water containing
5 g of streptomycin sulfate per liter and fed continuously. After 24 h, 100 pl of
20% sucrose, containing either 10%, 10°, or 10* CFU of E. coli strains, was given
to the mice orally by pipette. The strains were given either separately, for testing
individual colonization abilities, or together in pairs, for determining competitive
colonizing abilities. The mice were continuously given sterile water containing
streptomycin during the experiment. At the indicated times, 0.5 g of feces no
older than 24 h was collected, homogenized, diluted, and plated on LB-agar
plates containing streptomycin sulfate (100 pg/ml) and rifampin (50 pg/ml), on
LB-agar plates containing streptomycin sulfate (100 wg/ml) and tetracycline
hydrochloride (10 pwg/ml), and on LB-agar plates containing streptomycin sulfate
(100 pg/ml) and ampicillin (100 pg/ml) to determine viable counts of E. coli BJ4
Str Rif", E. coli BJ4 rpoS Str* Tet", and E. coli BJ4 rpoS(pRH320) Str* Tet" Amp',
respectively. Plates were incubated at 37°C for 18 to 24 h before the colonies
were counted. During the colonization experiments, the mice were individually
caged. A colonization experiment typically lasted 3 weeks, and the mice were
transferred to fresh, sterile cages daily. All experiments were repeated at least
twice.

RESULTS

Growth rates in minimal medium. When cultures of E. coli
BJ4 Str', BJ4 Str" Rif", BJ4 rpoS Str" Tet', and BJ4 rmpoS
(pRH320) Str* Tet" Amp* were grown in minimal medium
containing glucose as the carbon source, no differences in dou-
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FIG. 1. Competitive growth and survival in minimal medium. E. coli BJ4 (A)
and E. coli BJ4 rpoS (m) were inoculated into minimal medium (0.2% glucose)
and incubated with shaking (160 rpm) at 37°C for 20 days. Viable counts (CFU
per milliliter) were determined at different time points by plating on selective
medium.

bling times were discernible, i.e., in each case a doubling time
of about 50 min was observed (data not shown).

Effect of rpoS mutation on in vitro carbon starvation sur-
vival. To determine the ability of individual strains to survive
during carbon starvation, the wild-type BJ4, the BJ4 rpoS mu-
tant, and the rpoS mutant complemented with pRH320, which
contains the wild-type rpoS gene, were incubated in minimal
medium without glucose, and their individual abilities to sur-
vive were determined (see Materials and Methods). The BJ4
rpoS mutant had a reduced ability to survive carbon starvation
relative to the wild-type BJ4 and the complemented BJ4 rpoS
mutant. For example, after 5 days of carbon starvation, only
about 11% of the original BJ4 rpoS mutant inoculum remained
viable, whereas about 36% of the BJ4 wild-type inoculum and
of the BJ4 rpoS(pRH320) inoculum survived (data not shown).

Competitive growth and survival of E. coli BJ4, E. coli BJ4
rpoS, and E. coli BJ4 rpoS(pRH320) in minimal medium. An
experiment was performed to examine the ability of wild-type
E. coli BJ4 and E. coli BJ4 rpoS to grow and survive in minimal
medium (0.2% glucose) in direct competition after each strain
was inoculated into the same culture at an initial concentration
of 10> CFU/ml. The experiment was carried out for 20 days.
The growth rates of the wild-type BJ4 and the BJ4 rpoS mutant
were very similar during the exponential growth phase (Fig. 1).
At the time of transition into stationary phase, both strains had
grown to a level of approximately 5 X 10% cells/ml (Fig. 1).
During extended carbon starvation, wild-type BJ4 showed a
greater vitality than its 7poS mutant, such that by day 20, the
wild-type BJ4 strain was present in numbers 100-fold higher
than the BJ4 rpoS strain (Fig. 1). Essentially identical results
were observed when E. coli BJ4 rpoS(pRH320) competed
against E. coli BJ4 rpoS, i.e. by day 20 the BJ4 rpoS(pRH320)
strain was present in numbers 100-fold higher than the BJ4
rpoS strain (not shown).

Sensitivity of E. coli BJ4 strains to heat and oxidative stress.
The E. coli BJ4 wild-type strain and its rpoS mutant were tested
for their abilities to resist heat and oxidative stress. The BJ4
rpoS mutant exhibited a greater sensitivity than the wild type to
heat challenge. After 18 min at 57°C, only 7.5% of the BJ4 rpoS
mutant cells remained viable, whereas 47% of the wild-type
BJ4 cells survived (Fig. 2A). Furthermore, the BJ4 rpoS mutant
exhibited a greater sensitivity than the wild type to H,O, stress.
For example, after 60 min of exposure to H,O,, only 0.7% of
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FIG. 2. Sensitivity to stress challenges. E. coli BJ4 (A) and E. coli BJ4 rpoS
(m) were tested for their ability to resist (A) heat (57°C) and (B) oxidative stress
in the presence of 15 mM H,0,.

the BJ4 rpoS mutant cells remained viable, whereas 23% of the
wild-type BJ4 cells survived (Fig. 2B). The response of E. coli
BJ4 rpoS(pRH320) was essentially identical to that of wild-type
BJ4 (not shown).

Individual mouse large intestine colonizing abilities. The
experiments to this point made it clear that the E. coli BJ4 rpoS
mutant carried a mutation in the rpoS gene, confirmed by its
response to carbon starvation, heat stress, and oxidative stress.
Furthermore, the wild-type responses to carbon starvation,
heat stress, and oxidative stress were reestablished in the BJ4
rpoS mutant by complementation with the wild-type rpoS gene
carried on pRH230.

To examine the ability of the individual strains to colonize
the mouse large intestine, E. coli BJ4 and E. coli BJ4 rpoS were
fed separately to streptomycin-treated mice (10° CFU per
mouse). Both E. coli BJ4 and its rpoS mutant colonized the
large intestines of the streptomycin-treated mice at levels of
about 3 X 10® CFU/g of feces (Fig. 3). One colony isolated
from the day 20 postfeeding feces sample of each mouse fed
wild-type BJ4 and one colony isolated from the day 20 post-
feeding feces sample of each mouse fed the BJ4 rpoS mutant
were tested for catalase production and for sensitivity to heat
and oxidative stress. The colonies isolated from the mice fed
the BJ4 rpoS mutant had a catalase-negative phenotype and
retained greater sensitivity than the wild type to heat challenge
and oxidative stress in vitro (not shown). The colonies isolated
from the mice fed wild-type BJ4 retained the wild-type catalase
activity and the wild-type sensitivities to heat and oxidative
stress (not shown). Therefore, the 7poS gene is not required for
long-term colonization of the streptomycin-treated mouse
large intestine by E. coli BJ4.

INFECT. IMMUN.

Competitive mouse large intestine colonizing abilities of E.
coli BJ4 and E. coli BJ4 rpoS. The ability of the E. coli BJ4 rpoS
mutant to colonize the mouse intestine in competition with
wild-type BJ4 was examined. Surprisingly, when each strain
was fed to the same mice at 10° CFU per mouse, the wild-type
BJ4 strain was initially rapidly eliminated from the intestine
(Fig. 4A). Several days later, wild-type BJ4 stabilized at a level
of about 10* CFU/g of feces, i.e., it was not completely elimi-
nated (Fig. 4A). In contrast, the BJ4 rpoS mutant colonized at
a level of about 10* CFU/g of feces (Fig. 4A). One colony of
the wild-type BJ4 and one colony of the BJ4 rpoS mutant
isolated from the feces of each mouse on the last day of the
experiment were tested for catalase and heat and oxidative
stress. The wild-type BJ4 colonies acted like wild-type BJ4 and
the BJ4 rpoS mutant colonies acted like 7poS mutants.

When mice were fed 10* CFU each of wild-type BJ4 and the
BJ4 rpoS mutant, both strains grew rapidly to about 10°* CFU/g
of feces (Fig. 4B). Thereafter, however, the wild-type BJ4
strain was eliminated rapidly and colonized at a level of only
10* CFU/g of feces, whereas the 7poS mutant remained at a
level of about 10* CFU/g of feces for the duration of the
experiment (Fig. 4B). One colony of the wild-type BJ4 and one
colony of the BJ4 rpoS mutant isolated from the feces of each
mouse on the last day of the experiment were tested for cata-
lase and heat and oxidative stress. The wild-type BJ4 colonies
acted like the wild type and the BJ4 rpoS mutant colonies acted
like 7poS mutants.

When mice were fed 10° CFU of E. coli BJ4 rpoS and 10°
CFU of wild-type BJ4, the BJ4 rpoS mutant colonized at high
levels, i.e., 10° CFU/g of feces, whereas the wild-type BJ4
colonized the mouse large intestine at levels of only 10° to 10°
CFU/g of feces (Fig. 4C). However, when mice were fed 10°
CFU of wild-type BJ4 and 10* CFU of the BJ4 rpoS mutant,
the BJ4 rpoS mutant grew to the level of the wild-type BJ4
within a few days and then both strains cocolonized the large
intestine at levels of about 10* CFU/g of feces for the duration
of the experiment (Fig. 4D). One colony of the wild-type BJ4
and one colony of the BJ4 rpoS mutant isolated from the feces
of each mouse on the last day of the experiment were tested for
catalase and heat and oxidative stress. The wild-type BJ4 col-
onies acted like the wild type and the BJ4 rpoS mutant colonies
acted like rpoS mutants. It therefore appears that if given
enough time to adapt to the intestine in the absence of high
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FIG. 3. Individual mouse large intestine colonizing abilities. One set of three
mice was fed 10'° CFU of the E. coli BJ4 wild-type strain (A), and another set
of three mice was fed 10'° CFU of E. coli BJ4 rpoS (m). At the indicated times,
fecal samples were plated on selective medium.
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FIG. 4. Competitive mouse large intestine colonizing abilities. E. coli BJ4 (A) and E. coli BJ4 rpoS (m) were fed simultaneously to four sets of three mice as follows:
(A) both at 10° CFU; (B) both at 10* CFU; (C) BJ4 at 10° CFU and BJ4 rpoS at 10° CFU; (D) BJ4 at 10° CFU and BJ4 rpoS at 10° CFU. Error bars represent the

standard errors of the geometric means.

levels of the BJ4 rpoS mutant, wild-type BJ4 can subsequently
compete well in the presence of high levels of the BJ4 rpoS
mutant.

Competitive mouse large intestine colonizing abilities of
E. coli BJ4 and E. coli BJ4 rpoS (pRH320). To this point, the
colonization experiments suggested that the BJ4 rpoS mutant is
initially a better colonizer of the mouse large intestine than the
wild-type BJ4. Therefore, experiments were performed to de-
termine whether complementing the BJ4 rpoS mutant with the
wild-type rpoS gene in pRH320 would eliminate its advantage.

10"~ g

10 F e

10% v i
1074 L

10° $.
10 A
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10’ T T 1
A o] 10 20 30
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CFU/g feces

FIG. 5. Colonizing abilities of the complemented mutant BJ4 rpoS(pRH320). (A) Mice were fed 10° CFU of E. coli BJ4 rpoS(pRH320). Symbols: @, E. coli BJ4
rpoS(pRH320); m, E. coli BJ4 rpoS segregants, i.e., without the plasmid. (B) Mice were fed simultaneously with E. coli BJ4 (A) at 10° CFU and E. coli BJ4 rpoS
(pPRH320) at 10° CFU (®). m, E. coli BJ4 rpoS segregants, i.e., without the plasmid. Fecal samples were plated on selective medium on the indicated days. Error bars

represent the standard errors of the geometric means.

Plasmid pRH320 consists of the rpoS gene in pBR322. It has
been shown that pBR322 as such has no effect on the coloni-
zation ability of E. coli (2) and that some plasmids are known
to segregate from E. coli in the mouse intestine (2). The degree
to which pRH320 segregates in the mouse intestine was deter-
mined by feeding streptomycin-treated mice 10° CFU of E. coli
BJ4 rpoS(pRH320) (Fig. SA). For 7 days postfeeding, the
counts of viable bacteria in feces samples cultivated on plates
containing streptomycin and tetracycline (10° BJ4 rpoS) were
essentially identical to the counts on plates containing ampi-
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cillin [5 X 10® BJ4 rpoS(pRH320)]. Thereafter, pRH320 seg-
regated from BJ4 rpoS(pRH320) in the intestine so that by day
15 postfeeding, only 5 in 10* fecal CFU retained the plasmid
(Fig. 5A). However, since pRH320 was stable in BJ4 rpoS§ in
the mouse intestine for at least 1 week, we were able to deter-
mine the relative colonizing abilities of wild-type BJ4 and BJ4
rpoS(pRH320).

Streptomycin-treated mice were simultaneously fed 10°
CFU of the wild-type BJ4 and 10° CFU of rpoS(pRH320).
Wild-type BJ4 and BJ4 rpoS(pRH320) cocolonized at levels
ranging between 10® and 10° CFU/g of feces for 7 days, i.e.,
wild-type BJ4 was not eliminated (not shown). Thereafter,
pRH320 rapidly segregated from BJ4 rpoS(pRH320) (data not
shown). Therefore, complementing BJ4 rpoS with the wild-
type rpoS gene prevented the initial elimination of the wild-
type BJ4. In a second experiment, streptomycin-treated mice
were simultaneously fed 10° CFU of BJ4 and 10° CFU of BJ4
rpoS(pRH320) (Fig. 5B). For the duration of the experiment,
wild-type BJ4 colonized at a level of between 10® and 10° CFU/
g of feces. The complemented mutant BJ4 rpoS(pRH320) col-
onized at a level of between 10° and 10° CFU/g of feces for 13
days, i.e., complementing BJ4 rpoS with the wild-type rpoS
gene prevented it from growing in the intestine in the presence
of high numbers of the wild-type BJ4 strain. However, begin-
ning at about 6 days postfeeding, BJ4 rpoS cells free of
pRH320 appeared, and these cells grew rapidly to the level of
BJ4 over the next 4 days and cocolonized at the level of BJ4
(about 10® CFU/g of feces) thereafter. By day 15 postfeeding,
BJ4 rpoS(pRH320) was undetectable, presumably due to seg-
regation of the plasmid (Fig. 5B).

DISCUSSION

The large intestine of the mouse consists of the cecum and
the colon, both of which contain the mucosa and the luminal
contents. Two components of the mucosa are the layer of epi-
thelial cells on the intestinal wall and the mucus layer covering
the epithelial cells. The relatively thick (up to 400 wm) mucus
layer consists of mucin, a 2-MDa gel-forming glycoprotein, and
a large number of smaller glycoproteins, proteins, glycolipids,
and lipids (1, 7, 14, 31, 34, 37, 41). Presumably, shed epithelial
cells are a source of many of the smaller mucus components
(31, 34). The mucus layer itself is in a dynamic state, constantly
being synthesized and secreted by specialized goblet cells and,
to a large extent, degraded by the indigenous intestinal mi-
crobes (11, 27). Degraded mucus components are shed into the
intestinal lumen, forming a part of the luminal contents, and
are excreted in feces (11).

The prevalent theory as to how bacteria colonize the mam-
malian gut is that all species can coexist as long as each mem-
ber of the flora is able to utilize one or a few limited nutrients
better than all the others and that its growth rate during the
colonization process is at least equal to the washout rate from
the intestine (9). The growth rate of a particular bacterium in
the intestine is determined by the nature of the limited nutrient
that it utilizes, and the density to which it grows is determined
by the available concentration of that nutrient. It is also pos-
sible for a species that does not compete well for limited
nutrients to avoid washout and colonize if it is able to adhere
to the intestinal wall (8).

In recent studies, the location of E. coli BJ4 in the strepto-
mycin-treated mouse large intestine has been examined using
in situ hybridization with species-specific TRNA probes (32).
E. coli BJ4 was found dispersed in the intestinal mucus and the
luminal contents but was not found associated with epithelial
cells (15, 32). Moreover, we have shown that oral streptomycin
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treatment does not affect the essentially constant growth rate
of E. coli in the large intestine of germ-free, conventional, and
streptomycin-treated mice (36). Finally, a large body of exper-
imental evidence strongly suggests that E. coli grows rapidly in
intestinal mucus both in vitro and in vivo but does not grow or
grows poorly in luminal contents (19, 33, 42). It is therefore
very likely that the ability of an E. coli strain to continuously
grow rapidly in intestinal mucus (because of mucus turnover)
using nutrients that are present there plays a critical role in its
ability to colonize the intestine. One other facet in the ability
of enteric bacteria to colonize deserves mention. It has been
shown that the ability of E. coli and Salmonella typhimurium to
colonize the streptomycin-treated mouse large intestine is de-
pendent on their ability to rapidly penetrate deeply into the
mucus layer (18, 22, 23).

In the present investigation, we examined the influence of
the rpoS gene on the ability of E. coli BJ4 to grow in and
colonize the streptomycin-treated mouse large intestine. Both
the wild-type BJ4 strain and BJ4 rpoS colonized equally well at
levels of about 10® CFU/g of feces when fed individually to
mice (Fig. 3). Since the BJ4 rpoS mutant was significantly more
sensitive to carbon starvation in vitro than both wild-type BJ4
and the BJ4 rpoS mutant complemented with the wild-type
rpoS gene, the colonization experiments suggest that E. coli
BJ4 is not starved for carbon for prolonged periods in the
streptomycin-treated mouse large intestine, despite the pres-
ence of an essentially normal gram-positive anaerobic popula-
tion consisting of a myriad of species, each competing for
limited nutrients (8).

Surprisingly, in two different types of colonization experi-
ments involving competition between the strains, the BJ4 rpoS
mutant was found to be the better colonizer. In the first in-
stance, mice were fed 10° CFU of overnight cultures of the
wild-type BJ4 and the BJ4 rpoS mutant. For the first several
days, the rpoS mutant outcompeted the wild-type BJ4 strain
(Fig. 4A). Thereafter, each strain remained at a relatively
stable level, i.e., the wild-type BJ4 strain stabilized at a level
4 orders of magnitude lower than the BJ4 rpoS mutant (Fig.
4A). The data therefore suggest that in the initial stages of
the colonization process, the ability to express the genes of the
rpoS regulon is a disadvantage. In support of this view, the
advantage of the BJ4 rpoS mutant was eliminated when it was
complemented with the wild-type rpoS gene.

In the second instance, mice were fed 10* CFU each of the
wild-type BJ4 and the BJ4 rpoS mutant. Neither strain had an
advantage during an initial stage of extremely rapid growth,
i.e., under conditions in which genes of the rpoS regulon are
minimally expressed (16). However, thereafter the BJ4 rpoS
mutant eliminated wild-type BJ4 until both strains once again
reached relatively stable population levels, the wild-type BJ4
again stabilizing at a level about 4 orders of magnitude lower
than the rpoS mutant (Fig. 4B). These data suggest that after
the initial rapid rate of growth in mucus, wild-type BJ4 entered
stationary phase, maximally expressed the genes of the rpoS
regulon (16), and reduced its rate of growth relative to the rpoS
mutant. This scenario explains why the BJ4 rpoS mutant elim-
inated wild-type BJ4 (Fig. 4B). Alternatively, it is possible that
the BJ4 rpoS mutant was better able to penetrate the mucus
layer than its parent and thereby eliminated its parent from the
intestine.

As stated above, the prevailing evidence suggests that E. coli
grows both continuously and rapidly (30 to 80 min for individ-
ual cells [33]) as it colonizes the intestine to avoid washout as
mucus is sloughed. Remaining in stationary phase at a slow
growth rate as described above would prove disastrous for E.
coli BJ4 in the intestine. It would appear more reasonable that
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for long-term colonization, BJ4 maintains a rapid growth rate,
a condition in which the 7poS regulon is minimally expressed
(16). In support of this view, when the wild-type BJ4 was fed to
mice in high numbers (10° CFU per mouse) and the BJ4 rpoS
mutant was fed in low numbers (10* CFU per mouse), after the
BJ4 rpoS mutant grew to the level of the wild-type BJ4, both
strains colonized at about 108 CFU/g of feces (Fig. 4D). In
other words, it is possible that after a few days in the intestine,
the wild-type BJ4 resumed a higher rate of growth, reduced its
expression of genes of the rpoS regulon, and was therefore able
to cocolonize with the BJ4 rpoS mutant.

It is of great interest that in the large intestine, small num-
bers of the BJ4 rpoS mutant grew in the presence of large
numbers of the wild-type BJ4 strain (Fig. 4D and 5B), which
was not true of small numbers of wild-type BJ4 in the presence
of large numbers of the BJ4 rpoS mutant (Fig. 4C). A recent
report demonstrated that when small numbers of a nalidixic
acid-resistant E. coli strain were fed to streptomycin-treated
mice simultaneously with large numbers of its isogenic nalidixic
acid-sensitive parent, the resistant strain did not grow in the
intestine relative to its parent, but the colonization ratio of the
two strains was the same as the input ratio, i.e., the amounts of
each fed to the mice (39). In contrast, small numbers of an E.
coli strain better able to transport gluconate than its otherwise
isogenic parental strain were able to grow in the intestine in the
presence of large numbers of its parent (39). In the present
context, it may be that the BJ4 rpoS mutant can utilize a
limiting nutrient in the intestine better than the wild-type BJ4
strain and therefore can grow in the presence of high numbers
of the wild type. It is known that RpoS can negatively regulate
the expression of some genes (6), and it may be that the small
amount of RpoS that is present in exponentially growing cells
(17) reduces the ability of the wild-type BJ4 to utilize a specific
limiting nutrient relative to the BJ4 rpoS mutant. Furthermore,
the reduction in expression of the 7poS regulon in vivo might be
necessary in order to accommodate a chemostat-like type of
growth in which mucus is constantly being synthesized and
sloughed into feces. Experiments designed to test this hypoth-
esis are in progress.

If the inability to express the rpoS regulon allows small
numbers of BJ4 rpoS to grow in the presence of large numbers
of BJ4 in the intestine, it would be expected that complement-
ing the BJ4 rpoS mutant with the wild-type rpoS gene would
eliminate its growth advantage. This is indeed what happened,
i.e., when small numbers of BJ4 rpoS(pRH320) were fed to
mice along with high numbers of the wild-type BJ4, the mutant
initially remained at a constant low level in the intestine rela-
tive to the wild-type BJ4 strain (Fig. 5B). However, when BJ4
rpoS(pRH320) began to segregate the plasmid in the intestine,
the BJ4 rpoS segregants grew rapidly to the level of the wild-
type BJ4, and thereafter both strains cocolonized at that level
(Fig. 5B), as expected if loss of the wild-type rpoS gene allowed
it to grow more rapidly than the wild-type BJ4 strain.

A major problem encountered in studying colonization of
the mammalian intestine is what is commonly referred to as
colonization resistance, in which all intestinal niches are occu-
pied in a balanced ecosystem and most ingested microorgan-
isms fail to colonize due to lack of an available niche (40).
Colonization resistance is, in fact, the reason why we use strep-
tomycin, i.e., to clear the mouse intestine of facultative micro-
organisms and create an available niche for E. coli strains.
Streptomycin treatment selectively reduces the facultative mi-
croflora, but the anaerobic population in the large intestine
remains largely intact, and large numbers of different species
coexist (36).

The present results suggest that the rpoS gene may be in-
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volved in colonization resistance. That is, if, during long-term
colonization, E. coli cells express genes of the rpoS regulon
minimally, then when small numbers of an invading strain
enter the large intestine expressing the rpoS regulon maxi-
mally, either because they were exposed to conditions of poor
nutrient availability in their natural environment or because of
the acid environment of the stomach (38), the invading strain
may not be able to compete with the colonizing strain and, if
so, will be eliminated from the intestine.

It should be emphasized that we do not intend to imply that
the mpoS gene is dispensable in animals. In fact, it has been
shown that an S. yphimurium rpoS mutant is attenuated for
virulence in mice (5, 38). However, it is possible that the 7poS
gene is not required for S. typhimurium survival in the intestine
but is critical for its survival intracellularly in the stressful
environments of extraintestinal cells (e.g., M cells, macro-
phages, etc.).

The results presented here are in agreement with those in
which low but equal numbers of a wild-type Vibrio cholerae
strain and its isogenic 7poS mutant were administered by ga-
vage into the intestines of infant mice (43). At the end of 20 h,
the mice were sacrificed and equal numbers of both strains
survived (43), showing that the defect in rpoS was not disad-
vantageous.

In summary, the data presented here are consistent with the
hypothesis that E. coli BJ4 expresses the rpoS regulon during
the initial stages of growth in the mucus layer as it enters
stationary phase, but within a few days thereafter expression of
the 7poS regulon is reduced.
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