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Citrobacter rodentium is a natural mouse pathogen related to enteropathogenic and enterohemorrhagic
Escherichia coli. We have previously utilized bioluminescence imaging (BLI) to determine the in vivo coloni-
zation dynamics of C. rodentium. However, due to the oxygen requirement of the bioluminescence system and
the colonic localization of C. rodentium, in vivo localization studies were performed using harvested organs.
Here, we report the detection of bioluminescent C. rodentium and commensal E. coli during colonization of the
gastrointestinal tract in intact living animals. Bioluminescence was dependent on intact blood circulation,
suggesting that the colonic environment is not anaerobic but nanaerobic. In addition, BLI revealed that C.
rodentium colonizes the rectum, a site previously unreported for this pathogen.

Citrobacter rodentium belongs to a family of extracellular
enteric pathogens that includes the clinically significant entero-
hemorrhagic Escherichia coli (EHEC) and enteropathogenic
E. coli (EPEC) (10). EPEC is a frequent cause of infantile
diarrhea in the developing world, while EHEC causes a wide
spectrum of illnesses ranging from mild diarrhea to hemor-
rhagic colitis and hemolytic uremic syndrome. EPEC and
EHEC use attaching and effacing (A/E) lesion formation (11),
characterized by effacement of the brush border microvilli and
intimate bacterial attachment to the apical enterocyte plasma
membrane, as an essential step in the colonization and infec-
tion of the gastrointestinal mucosa. The capacity to form A/E
lesions is encoded mainly on a pathogenicity island termed the
locus of enterocyte effacement (LEE), which encodes several
transcriptional regulators, the structural components of a type
III secretion system (T3SS), the outer membrane adhesin in-
timin, chaperones, translocators, and effectors proteins (re-
viewed in reference 8).

EHEC and EPEC are poorly pathogenic in mice. In contrast,
C. rodentium is a natural mouse pathogen, related to E. coli, which
colonizes the colonic mucosa via A/E lesion formation (reviewed
in reference 14). C. rodentium harbors the LEE pathogenicity
island, hence providing an in vivo model that permits the robust
investigation of pathogen-host interactions under physiological
conditions typical of the intestinal environment, with the ability to
manipulate both the pathogen and the host. The model has
yielded significant novel phenotypes for LEE-encoded proteins
not revealed using in vitro infection models and for type III
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effectors that are encoded on loci different from the LEE (7).
In particular, we recently showed that the T3SS effector pro-
tein Map is implicated in bacterium-induced diarrhea (17).

Molecular imaging is a rapidly emerging biomedical field
which allows the visual representation, characterization, and
quantification of biological processes within intact organisms
(16). Bioluminescence imaging (BLI) is based on the detection
of visible light produced by luciferase-catalyzed reactions
which require energy (in the form of FMNH, and ATP), oxy-
gen, and a specific substrate (13) and so allow the detection of
only live, metabolically active cells. Because luciferases are
oxygenases, it has been suggested that the requirement for
oxygen may limit the use of BLI in anaerobic environments,
such as the lumen of the gut (4). Indeed, bacterial cells ex-
pressing luciferase were found to be nonluminescent in the gut
until exposed to oxygen (3).

To utilize the power of BLI in studying the pathogenesis of
C. rodentium, we previously developed a bioluminescent C.
rodentium derivative (strain ICC180) which harbors an unpro-
moted luxCDABE operon from the nematode symbiont Pho-
torhabdus luminescens and a kanamycin resistance cassette,
inserted within a homologue of the xy/E gene (18), shown to be
involved in xylose transport in E. coli K-12 (6). Disruption of
this gene in C. rodentium ICC180 was found to have no effect
on growth in vitro or colonization dynamics in vivo (18). Be-
cause of the requirement for oxygen and the gastrointestinal
localization of C. rodentium, we have previously used BLI to
visualize C. rodentium 1CC180 during infection of the mouse
intestinal mucosa using harvested organs (18) and have dem-
onstrated that a few hours after oral inoculation, C. rodentium
becomes established within the specialized patch of lymphoid
tissue known as the cecal patch, with detectable colonization of
the colon occurring subsequently.
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FIG. 1. BLI in the gastrointestinal tract requires a functional blood supply. Mice were orally gavaged with 10° bacteria, and in vivo bacterial
localization was determined by BLI in live animals (A, D, and G), immediately after cervical dislocation (B, E, and H), and on harvested colons
and cecums (C, F, and I). Mice were imaged at 5 h postgavage with C. rodentium ICC180 (A to C), at 5 h postgavage with E. coli ICC214 (D to
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Bioluminescence imaging of bacteria within the gastrointes-
tinal tract requires a living host. The aim of this study was to
determine whether BLI could be used to monitor bacterial
loads within the gastrointestinal (GI) environment of living
mice. In order to test this, C. rodentium 1ICC180 was grown
overnight at 37°C in LB broth with kanamycin (100 pg ml™")
and orally gavaged into female 6- to 8-week-old C57Bl/6J mice
(=5 X 10° CFU per mouse). Prior to BLI, each animal’s
abdominal region was depilated to minimize any potential sig-
nal impedance by melanin within pigmented fur. Assessment
of bioluminescence (photons s~* cm ™2 sr™!) from living ani-
mals was measured after gaseous anesthesia with isoflurane by
using the IVIS50 system (Xenogen Corporation, Alameda,
CA). A photograph (reference image) was taken under low
illumination prior to quantification of photons emitted from C.
rodentium ICC180 at a binning of 4 over 1 to 10 min using the
software program Living Image (Xenogen) as an overlay on
Igor (Wavemetrics, Seattle, WA). For anatomical localization,
a pseudocolor image representing light intensity (blue, least
intense, to red, most intense) was generated using Living Im-
age software and superimposed over the grayscale reference
image. Where the bioluminescence from specific tissues was
required, mice were killed by cervical dislocation and organs
washed with sterile phosphate-buffered saline using a needle
and syringe.

We examined the bioluminescent signal emitted by C. ro-
dentium ICC180 from as early as 5 h postgavage to determine
the location of the infection bolus. Interestingly, inoculation by
oral gavage often resulted in a small amount of bacteria en-
tering the lungs (Fig. 1A). However, no signal was ever de-
tected from the lungs after day 1 postinfection (p.i.) (Fig. 2B
and G), suggesting that the bacteria were efficiently cleared
from this site. In addition to the lungs, bioluminescence was
also found to be localized within the abdominal region at this
early time point (Fig. 1B), and after the removal of tissue, the
signal was seen to be localized to the cecum and colon (Fig.
1C). After cervical dislocation of the animal, the signal ema-
nating from the colon and cecum was extinguished within mere
minutes (Fig. 1B and H). This is in contrast to the biolumines-
cent signal detected in the lungs, which remained just as bright
after the animal had been killed (Fig. 1B). Cervical dislocation
of mice during peak C. rodentium infection (8 days p.i.) also
resulted in complete loss of the bioluminescent signal (Fig.
1H); however, when the organs were punctured, light emission
was restored (data not shown).

We were interested in determining whether the ability of C.
rodentium to form an intimate attachment with the epithelial
cell was required for the detection of bioluminescence in vivo.
To do this, we isolated a commensal E. coli strain from a
C57Bl/6J mouse by plating cecal contents and stool onto Mac-
Conkey agar. Isolated bacteria were then identified using the
API20E strip system (bioMérieux UK Ltd., Basingstoke,
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United Kingdom), and an E. coli strain was selected for further
study. This strain was used to generate a spontaneous nalidixic
acid-resistant mutant, which was then rendered bioluminescent
as previously described (18) to generate strain ICC214. As with
C. rodentium ICC180, we also detected a signal from the cecum
5 h after oral gavage of mice with 10° CFU of E. coli ICC214,
which is unable to form A/E lesions (Fig. 1D and F), suggesting
that intimate bacterium-cell attachment is not required for the
detection of bioluminescence within the GI tract.

Determination of the colonization dynamics of C. rodentium
in the GI tract of living mice. As we were able to detect
bacteria within the GI tract of living animals, we were inter-
ested in following the colonization dynamics of C. rodentium
from oral gavage to clearance in vivo. Our results demonstrate
that bioluminescence can be detected from within anesthetized
mice at 3 days postgavage (Fig. 2B), requiring a 1 to 10-min
exposure time to detect signals of 10° photons s~ cm™2 s,
Within the majority of animals, this signal was localized to a
single focus within the abdominal region which we have pre-
viously identified to be the cecum and cecal patch (18). In
addition, a number of animals exhibited a signal from the
region of the rectum, a localization previously unreported for
C. rodentium colonization.

Following adaptation within the cecum, both biolumines-
cence data and viable counts demonstrate that the challenge
bacterial population increases in number, reaching a plateau of
between 10° and 10° CFU g~ stool by day 8 p.i. (Fig. 2). At
this time, the bioluminescent signal was localized throughout
the abdominal region, corresponding to colonization of the
cecum and colon, requiring a 1-min exposure time to detect
signals of 10° photons s~ ! cm ™2 sr™ . In this model, mice begin
to clear the infection from day 10 p.i. and this corresponded
with a decrease in detectable bioluminescence until day 15 p.i.,
when a low signal was detectable in only one animal and
required a 10-min exposure to be visualized (Fig. 2B).

In addition to information regarding localization, it is also
possible to quantify the bioluminescence signal using Living
Image software. Interestingly, despite the presence of both
intimately attached C. rodentium strains and those being shed
from the cecum and colon, the bioluminescent signal detected
in vivo was found to be slightly less than that for the harvested
organs containing only attached bacteria (2.20 X 10® compared
to 2.75 X 10® photons s~ ') (Fig. 1D and F). Indeed, the
sensitivity of BLI is dependent on several factors, including the
availability of cofactors, the distance the photons must travel
through tissue, and potential signal impedance (such as ab-
sorption of light by oxyhemoglobin and deoxyhemoglobin, or
by melanin within pigmented skin and fur). Clearly, some or all
of these factors will be responsible for this difference in sensi-
tivity in vivo compared with ex vivo.

Colonization of the rectum by C. rodentium. Using BLI, we
observed a number of infected animals exhibiting a biolumi-

F), or at the peak of C. rodentium 1CC180 infection (day 8 postgavage) (G to I) with an integration time of 1 min (except panels marked with
%, which required a 10-min integration). Images were acquired using an IVIS50 system and are displayed as pseudocolor images of peak
bioluminescence, with variations in color representing light intensity at a given location. Red represents the most intense light emission, while blue

corresponds to the weakest signal. The color bar indicates relative signal intensity (as photons s~

animals were analyzed and a representative animal is shown.
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FIG. 3. Colonization of the rectum by C. rodentium. Frozen sec-
tions of rectum harvested from uninfected mice and mice at 6 days
post-C. rodentium infection were cut and stained for immunohisto-
chemistry with a rabbit antibacterial antibody as described previously
(9). A section showing representative rectal tissue from an uninfected
mouse is given in the top panel, while that from a C. rodentium-
infected animal is given in the bottom panel. Bacteria are clearly
evident, adhering to the surface epithelium and crypts of the rectum
with resulting hyperplasia (bottom panel). Magnification, X84.

nescent signal from the region of the rectum, a localization
previously unreported for C. rodentium colonization. Analysis
of tissue sections by immunohistochemistry demonstrated ob-
vious and heavy colonization of the rectum by C. rodentium
(Fig. 3) until about 1 mm from the anal margin. Furthermore,
hyperplasia of the rectal crypts was clearly observed.

In this paper, we have reported, for the first time, the use
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of BLI in following the infection dynamics of C. rodentium in
the GI tract of live animals. We have shown that, as we
reported using harvested organs from orally challenged mice
(18), at early time points, C. rodentium colonizes the cecal
patch. However, the current study shows that C. rodentium
also targets the rectum. Involvement of the rectum in C.
rodentium infection has not been reported before; signifi-
cantly, it was recently shown that EHEC O157:H7 targets
the distal bovine rectum (15).

The GI tract is the largest and most complex environment
in the mammalian host, covering several diverse macroenvi-
ronments, including the stomach, the small intestine, and the
colon. Within these macroenvironments are several microen-
vironments in which bacteria can live, including the lumen, the
mucus layer overlying the epithelium, mucus within intestinal
crypts, and the surface of the mucosal epithelial cells.

A recent report described the analysis of >5,000 16S rRNA
gene sequences isolated from the murine cecum (12). Re-
searchers found that 64% of the sequences could not be as-
signed to known genera, and only 7% represented previously
cultured species. The two most abundant bacterial divisions
were the Firmicutes and the Bacteroidetes (12). The presence of
strict anaerobes residing within the GI tract has lead to the
long-held belief that this environment is anaerobic and, as
such, unsuitable for the use of BLI. However, we have clearly
demonstrated that there is sufficient oxygen present within the
murine colon and cecum to allow the generation of detectable
light by C. rodentium ICC180 and commensal E. coli (ICC214).
Furthermore, light production was seen only in live animals,
suggesting the requirement for a circulating blood supply to
the colon and cecum to provide sufficient oxygen.

It was recently reported that the common GI inhabitant
Bacteroides fragilis, previously believed to be a strict anaerobe,
can grow in nanomolar concentrations of O, (300 nM) (1). B.
fragilis was found to encode a cytochrome bd oxidase (CydA)
essential for O, consumption. Indeed, many species of Bacte-
roides have now been shown to grow in nanomolar concentra-
tions of O,, and homologues of cyd4 have been identified in
the genomes of many prokaryotes classified as strict anaerobes.
The authors suggested a new term, nanaerobes, for such or-
ganisms which can benefit from, yet do not require, O, for
growth. Furthermore, it has been reported that luminescence
can be detected from marine bioluminescent bacteria under O,
concentrations as low as 10 nM (2). These finding suggest that
regions of the murine GI tract should be referred to as nan-
aerobic.

Previously, bioluminescent Salmonella enterica serovar Ty-
phimurium was found to be luminescent in the cecum but
nonluminescent in the small intestine until exposed to oxygen
(3). The researchers suggested that the presence of a signal
from within the cecum was due to an intimate coupling of

FIG. 2. In vivo growth dynamics of luminescent C. rodentium ICC180. Mice were orally gavaged with 10° bacteria, and in vivo growth dynamics
were determined by viable counts (given as CFU per gram of stool) (A) and BLI (B). Images were acquired using an IVIS50 system and are
displayed as pseudocolor images of peak bioluminescence, with variations in color representing light intensity at a given location. Red represents
the most intense light emission, while blue corresponds to the weakest signal. The color bar indicates relative signal intensity (as photons s~ ' cm 2
st~ ). Mice were imaged at various time points postgavage with an integration time of 1 min. If no luminescence was detected at 1 min, then a

10-min exposure was used (indicated by *).
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bacteria and epithelial cells, thus allowing the bacteria access
to oxygen. However, we detected a signal from the cecum at a
time when an intimate coupling is unlikely to have occurred for
C. rodentium 1CC180. Indeed, our data suggest that after oral
gavage of mice with 10° CFU ICC180, the majority of bacteria
do not colonize the animals but instead pass straight through
the gastrointestinal tract. While a signal is detectable from
within animals at 5 h postgavage, by 24 h postgavage, no de-
tectable signal remains (data not shown), suggesting that fewer
than 10 CFU in a spot (the detection limits of the machine for
ICC180) (18) have attached to the cecal patch. It is not until 3
days postgavage that sufficient C. rodentium strains are present
for a signal to be detectable from within the cecum. Our con-
clusions are supported by the fact that a signal can be recorded
from the cecum following oral inoculation with a biolumines-
cent commensal E. coli strain (ICC214) which is unable to form
such an intimate attachment. Instead, we suggest that sufficient
levels of oxygen are present within the lumen of some regions
of the gastrointestinal tract. Indeed, cervical dislocation re-
sulted in loss of bioluminescence, suggesting that the nanaero-
bic environment in the GI tract is maintained by diffusion of O,
from blood vessels into the lumen.

The C. rodentium model permits robust investigation of
pathogen-host interactions under physiological conditions typ-
ical of the intestinal environment, with the ability to manipu-
late both the pathogen and the host. Indeed, defined mutants
can easily be made in C. rodentium ICC180 by using the
lambda red one-step method (5), and we are currently inves-
tigating the roles of a number of T3SS effectors in colonization
using BLI. The finding that BLI technology can be utilized for
studying events occurring in the GI tract of living animals is
important, as it has the potential to have a significant impact
on the reduction of the numbers of animals required for such
experiments. In our previous studies, the requirement to image
organs ex vivo resulted in the use of at least three mice per
time point. However, using BLI on live animals, this number
can be drastically reduced as group sizes of five to six animals
are sufficient to follow the colonization dynamics for an entire
experiment. In addition, better-quality data are obtained by
following the same animals throughout the course of an exper-
iment.

In conclusion, we have shown that (i) the colonic environ-
ment is nanaerobic, (ii) it is possible to determine the coloni-
zation dynamics of C. rodentium infection in the GI tract of live
animals using BLI, (iii) detection of bioluminescent C. roden-
tium in vivo is dependent on a functioning blood supply, and
(iv) C. rodentium targets both the cecum and the distal rectum
at early time points postchallenge from which the bacteria
spread to colonize the colon. The mechanism by which A/E
pathogens colonize the rectum is not known, but C. rodentium
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provides a practical infection model to investigate this phe-
nomenon experimentally.
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