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Summary

 

Citrobacter rodentium

 

 belongs to a family of human
and animal enteric pathogens that includes the clini-
cally significant enterohaemorrhagic 

 

Escherichia coli

 

(EHEC) and enteropathogenic 

 

E. coli

 

 (EPEC). These
pathogens exploit attaching and effacing (A/E)
lesions to colonize the host gastrointestinal tract.
However, both EHEC and EPEC are poorly pathogenic
in mice. In contrast, 

 

C. rodentium

 

, which is genetically
highly related to 

 

E. coli

 

, relies on A/E lesion formation
as an essential step in both colonization and infection
of the murine mucosa, providing an excellent 

 

in vivo

 

model. In this study we have used bioluminescence
imaging (BLI) to investigate the organ specificity and
dynamics of colonization of mice by LB-grown and
mouse-passaged 

 

C. rodentium in situ

 

 and in real time.
We have demonstrated the appearance of a ‘hyperin-
fectious’ state after passage of 

 

C. rodentium

 

 through
the murine gastrointestinal tract. The ‘hyperinfec-
tious’ state was found to dramatically reduce the dose
required to infect secondary individuals, and also
influenced the tissue distribution of colonizing
bacteria, removing the requirement for primary colo-
nization of the caecal patch. In addition, the ‘hyperin-
fectious’ phenotype was found to be transient with
one overnight passage in rich medium sufficient to
return 

 

C. rodentium

 

 to ‘culture’ infectivity.

Introduction

 

Enterohaemorrhagic 

 

Escherichia coli

 

 (EHEC), entero-
pathogenic 

 

E. coli

 

 (EPEC) (Nataro and Kaper, 1998) and

 

Citrobacter rodentium

 

 (Luperchio 

 

et al

 

., 2000) are highly
adapted enteropathogens that successfully colonize their
host’s gastrointestinal tract via the formation of attaching

and effacing (A/E) lesions (reviewed in Frankel 

 

et al

 

.,
1998). EPEC is a frequent cause of infantile diarrhoea in
the developing world (Chen and Frankel, 2005) while
EHEC causes a wide spectrum of illnesses ranging from
mild diarrhoea to severe diseases, such as haemorrhagic
colitis and haemolytic uraemic syndrome (Thorpe, 2004).
The A/E lesion is characterized by the localized destruc-
tion (effacement) of intestinal epithelial microvilli, an inti-
mate attachment between the bacterium and the host cell
apical membrane and the formation of pedestal-like struc-
tures (Knutton 

 

et al

 

., 1987), containing high concentra-
tions of F-actin (Knutton 

 

et al

 

., 1989) and intermediate
filaments (Batchelor 

 

et al

 

., 2004) directly beneath sites of
bacterial attachment.

EHEC and EPEC are human pathogens and as such
they are poorly pathogenic in other animal species. Cur-
rently, there is no reliable small animal model that allows

 

in vivo

 

 study of EHEC or EPEC. In contrast, 

 

C. rodentium

 

is a natural, non-motile, non-invasive, pathogen which
causes transmissible colonic hyperplasia in mice (mea-
sured by increased colonic thickness and tissue weight)
(Luperchio and Schauer, 2001) and relies on A/E lesion
formation as an essential step in both colonization and
infection of the mucosa (Schauer and Falkow, 1993;
Luperchio and Schauer, 2001). 

 

C. rodentium

 

 is genetically
highly related to 

 

E. coli

 

 (Luperchio 

 

et al

 

., 2000), providing
an excellent 

 

in vivo

 

 model that permits the robust investi-
gation of pathogen–host interactions under typical physi-
ological conditions of the intestinal environment, with the
ability to manipulate both the pathogen (Deng 

 

et al

 

., 2004)
and the host (Simmons 

 

et al

 

., 2002).
Formation of A/E lesions is dependent on a type III

secretion system (TTSS) apparatus (reviewed in Frankel

 

et al

 

., 1998), responsible for translocation of bacterial
effector proteins into eukaryotic cells where they subvert
host cell signalling (reviewed in Garmendia 

 

et al

 

., 2005).
The TTSS apparatus is encoded on a pathogenicity island
(PAI) termed the locus of enterocyte effacement (LEE)
(McDaniel 

 

et al

 

., 1995), present in EPEC (Elliott 

 

et al

 

.,
1998), EHEC (Perna 

 

et al

 

., 1998) and 

 

C. rodentium

 

 (Deng

 

et al

 

., 2001). The LEE encodes three transcriptional reg-
ulators (reviewed in Kaper 

 

et al

 

., 2004), the outer mem-
brane adhesin intimin (reviewed in Frankel 

 

et al.

 

, 2001),
the main structural components of the bacterial TTSS,
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chaperone, translocator, and effector proteins and
polypeptides of currently unknown function (Elliott 

 

et al

 

.,
1998). Intimate bacterial–eukaryotic cell interaction is
mediated by binding of intimin (Jerse 

 

et al

 

., 1990) to Tir
(Kenny 

 

et al

 

., 1997), a receptor for intimin, which is trans-
located to the plasma membrane of the host cell by the
LEE-encoded TTSS (Frankel 

 

et al

 

., 1998).
In many experimental animal models relatively high lev-

els of viable laboratory cultured microorganisms have to
be included in the challenge inoculum in order to establish
reproducible infections. In contrast, epidemiological evi-
dence sometimes indicates that animals can be infected
naturally with a significantly lower infectious dose (Gray

 

et al

 

., 1996; Besser 

 

et al

 

., 2001; Cornick and Helgerson,
2004). Furthermore, natural infections may establish a
disease through a pattern of infection distinct from that
observed in experimentally infected animals (Linton 

 

et al

 

.,
1985; Dekker 

 

et al

 

., 1995; Gray 

 

et al

 

., 1996; Yoshimatsu

 

et al

 

., 2000; Besser 

 

et al

 

., 2001; Proux 

 

et al

 

., 2001; Shere

 

et al

 

., 2002).
Bioluminescent reporters offer a method of labelling

microorganisms that is innocuous and allows the sensitive
detection of only living cells. Previously, we have used
Bioluminescence Imaging (BLI) to visualize luminescent

 

C. rodentium

 

 during infection of the mouse intestinal
mucosa 

 

in situ

 

 and in real time (Wiles 

 

et al

 

., 2004). We
demonstrated that a few hours after oral inoculation 

 

C.
rodentium

 

 becomes established within the caecum, spe-
cifically within the specialized patch of lymphoid tissue
known as the caecal patch, with detectable colonization
of the colon occurring by day 8 post infection. In this study
we have studied the natural transmission of 

 

C. rodentium

 

from infected to naive animals. Furthermore, we have
used BLI to investigate the organ specificity and dynamics
of colonization of mice by Luria–Bertani (LB)-grown and
host-passaged 

 

C. rodentium

 

.

 

Results

 

Natural transmission of

 

 C. rodentium

In order to assess the natural transmission of 

 

C. roden-
tium

 

 within a community of mice, seed animals were inoc-
ulated by oral gavage with the bioluminescent 

 

C.
rodentium

 

 derivative ICC180. Before co-mingling with
contact animals, seed mice remained in isolation for 72 h
post gavage. This was to ensure that the bacteria present
in the faeces of seed animals would be the bacterial
population shed after colonization and adaptation to the
murine gastrointestinal tract and not the remnants of the
gavage bolus. The results are presented in Fig. 1 and
indicate that only one seed animal is required to infect all
contact animals within a cage. In addition, infection via the
natural transmission route is rapid: within 48 h of the seed
mouse being introduced to the cage 6/10 mice had begun
to shed 

 

C. rodentium

 

 ICC180 and by day 4 of co-mingling
all contacts had become colonized (Fig. 1A). Shedding of

 

C. rodentium

 

 ICC180 in the faeces of mice infected via
the natural transmission route peaks more rapidly than in
mice infected by oral gavage (Fig. 1C), although there are
similar levels of colonization within the organs by day 10
post infection (Fig. 1B). The increased rapidity with which
bacterial numbers being shed within the faeces peaks
also corresponds with significant differences (

 

P

 

 

 

=

 

 0.004)

 

Fig. 1.

 

Dynamics of natural transmission of 

 

C. rodentium

 

 ICC180. Colonization is indicated by viable bacterial counts from faecal samples (A) 
taken at different time points post infection and from organ homogenates at day 10 (B). Closed symbols are seed mouse while open symbols 
are contact mice. Error bars are standard deviations and are smaller than symbols. To allow comparison of the dynamics of colonization of seed 
and contact mice faecal counts are also given rescaled so that the first day an individual animal became culture positive for ICC180 becomes 
day 1 post infection (C).
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between the induced levels of colonic hyperplasia, as
indicated by increased colon weight (Fig. 2), between
seed and contact mice at day 3 and day 6 post infection.
At these early time points, seed mice have similar colon
weights to uninfected mice (

 

c

 

. 2 g) whereas the weights
of the colons of mice infected by natural transmission are
higher (means of 2.67 g at day 3 increasing to 3.34 g by
day 6) (Fig. 2). However, at day 8 post infection and
beyond colonic hyperplasia is induced in mice infected by
oral gavage and there is no longer a difference between
the two groups (data not shown).

 

Passage though the host transiently primes 

 

C. rodentium

 

 
ICC180 for infection

C. rodentium

 

-infected mice were found to produce more
than 100 faecal pellets each in a 24 h period. With an
average dry weight of 0.009 (

 

±

 

 0.0045) g per faecal pellet,
this equates to 

 

>

 

1 g of faeces produced every 24 h. This
suggests that with one seed mouse present within a cage,
shedding 10

 

7

 

-

 

10

 

8

 

 colony-forming units (cfu) per gram of
faeces, 

 

c

 

. 10

 

8

 

 cfu of 

 

C. rodentium

 

 are shed within the cage
in the first 48 h of co-mingling and this dose is sufficient
to transmit 

 

C. rodentium

 

 to the majority of the contact
animals. Indeed, bioluminescent bacteria can be seen to
be present within the cage environment by bioluminescent
imaging (Fig. 3). Bacteria can also isolated by swabbing
the paws and mouths of infected mice (results not shown).

Infection of C57Bl/6J mice by oral gavage with LB broth-
grown bacteria requires an inoculum of 

 

c

 

. 5 

 

¥

 

 10

 

9

 

 cfu and
even at this dose not every mouse will become infected
(data not shown). Furthermore, there is no difference in
colonization dynamics if the cultures of 

 

C. rodentium

 

 used
to initiate infection are harvested in mid-exponential phase
or stationary phase of growth in LB broth (data not
shown). The minimum infectious dose of host-passaged

 

C. rodentium

 

 ICC180 was found to be 

 

c

 

. 2 

 

¥

 

 10

 

6

 

 cfu, 1000-

fold lower than that of LB broth-passaged bacteria.
Shedding of 

 

C. rodentium

 

 ICC180 in the faeces of mice
infected with host-passaged bacteria follows the classic
shedding curve, peaking at similar levels to that of LB
broth-passaged bacteria (Fig. 4). However, at day 6 post
infection there were significantly higher levels of colonic
hyperplasia (as indicated by increased colon weight)
induced in mice orally gavaged with host-passaged
ICC180 compared with LB broth-grown bacteria (mean of
3.71 g compared with 

 

c

 

. 2 g respectively) (Fig. 2). How-
ever, at day 8 post infection and beyond colonic hyperpla-
sia is induced in mice infected by oral gavage with LB
broth-grown bacteria and there is no longer a difference
between the two groups (data not shown). Interestingly,
the hyperinfective state was found to be transient with one
overnight passage in LB broth sufficient to remove the
ability of 

 

C. rodentium

 

 ICC180 to infect mice at low doses
(Fig. 4).

 

Passage through the host transiently alters the tissue 
distribution of 

 

C. rodentium

 

 in infected mice

 

In order to determine the tissue distribution of 

 

C. roden-
tium

 

, mice were killed by cervical dislocation at various
time points and the 

 

in vivo

 

 location of luminescent 

 

C.
rodentium

 

 ICC180 investigated by CCD imaging and via-
ble counts recovered from the gastrointestinal organs. At
each time point at least three mice were imaged and a
representative mouse is shown. The results are presented
in Figs 5–7 and indicate a difference in the tissue distri-
bution of 

 

C. rodentium

 

 ICC180 acquired through the dif-
ferent infection routes. Where location is given by
bioluminescence imaging, pseudocolour scales are cali-
brated to represent the peak bioluminescent values within
each panel.

On day 3 post oral gavage with LB broth-grown ICC180,
detectable bioluminescence originates exclusively from
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Fig. 2.

 

Levels of colonic hyperplasia in mice 
infected with 

 

C. rodentium

 

 ICC180. Induced 
colonic hyperplasia is given by increased colon 
weight (grams). Groups that are significantly 
different (

 

P

 

 

 

<

 

 0.01) from uninfected mice and 
mice infected by oral gavage with LB broth-
grown bacteria are indicated with asterisks (). 
Error bars are standard deviations.

 

a

 

Mice infected by oral gavage with 

 

c

 

. 10

 

9

 

 LB 
broth-grown bacteria. 

 

b

 

Mice infected with 

 

c

 

. 10

 

6

 

 
faecal-derived bacteria by oral gavage.
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the caecal patch with no detectable signal from the colon,
as previously described (Wiles 

 

et al

 

., 2004) (Fig. 5A). Fur-
thermore, there is no difference in tissue distribution if the
cultures of 

 

C. rodentium used to initiate infection are har-
vested in mid-exponential phase or stationary phase of
growth in LB broth (data not shown). Viable counts taken
from tissue samples on day 3 indicate that C. rodentium
ICC180 is present within the colon (c. 106 cfu per gram of
organ homogenate) (Fig. 6A), suggesting that at this time
microcolonies consisting of at least 103 bacteria, the limits
of detection by the CCD camera, were not yet formed. By
day 8 post gavage, bacteria are readily detected in the
colon (c. 108 cfu per gram of organ homogenate) (Figs 5C
and 6A). In contrast, in mice infected with C. rodentium
ICC180 through natural transmission from infected seed
mice, the initial requirement for colonization of the caecal
patch is bypassed with contact mice having high levels

(c. 108 cfu per gram of organ homogenate) of C. roden-
tium ICC180 within the colon at day 3 (Figs 5B and 6A)
although bacteria are also present within the caecal patch
(Fig. 6A). By day 8 post gavage, bacteria are detectable
in the colon and caecum (Figs 5D and 6A).

Investigating the tissue distribution of C. rodentium
ICC180 at early time points, in mice infected with either
host-passaged or LB broth-passaged bacteria, indicates
that the transient nature of the hyperinfectious phenotype
also relates to tissue tropism (Figs 6B and 7). As
described above, mice infected with ICC180 by natural
transmission have high levels of bacteria within the colonic
mucosa (c. 5 ¥ 108 cfu per gram of organ homogenate)
(Figs 6B and 7A). Correspondingly, in mice infected by
oral gavage with the minimum dose of host-passaged
bacteria, bacteria are also first detected within the colon
although at much lower levels (c. 7 ¥ 107 cfu per gram of

Fig. 3. Environmental contamination by C. rodentium ICC180. Images were acquired with the IVIS50 system with an integration time of 1 min 
and are displayed as pseudocolour images of peak bioluminescence, with variations in colour representing light intensity at a given location. Red 
represents the most intense light emission, while blue corresponds to the weakest signal. The colour bar indicates relative signal intensity (as 
photons s-1 cm-2 sr-1). Shown are a snapshot of the cage environment with bacterial-contaminated faeces (top) and microcolonies of bacteria 
within a faecal smear (bottom).
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organ homogenate) (Figs 6B and 7B). However, if bacte-
ria are isolated from faecal samples and given just one
overnight passage in LB broth they lose the ability to
colonize the colon without prior colonization of the caecal
patch when given to mice at high doses (c. 109 cfu)
(Figs 6B and 7C) and are completely unable to colonize
mice when given at low doses (c. 106 cfu) (Figs 6B and
7D).

Discussion

Although an understanding of the factors that enhance the
transmission of pathogens in populations is critical for the
prevention and control of infectious diseases, these fac-
tors are ill defined. We have addressed this issue by
studying the natural transmission of a bioluminescent
derivative of C. rodentium (ICC180) from infected to naive
mice. We have demonstrated that only one infected ani-
mal is required to rapidly transmit C. rodentium ICC180 to
all contact animals within a cage. Some animals became
colonized faster than others and this may reflect differ-
ences in inoculating doses, perhaps through differing
grooming habits or levels of copraphagia, or the individu-
als’ susceptibility to infection.

The minimum infectious dose of host-passaged C.
rodentium ICC180 was found to be 1000-fold lower than
that of LB broth-passaged bacteria. Other researchers
have found a lowering of the infectious dose in natural
infection models compared with experimental inoculation
(Gray et al., 1996; Cornick and Helgerson, 2004). It has

previously been hypothesized that this may result from
factors involved in natural transmission not being repro-
duced in experimental infection, for example, increased
virulence after passage through the host (emergence of
a ‘hyperinfectious’ state) or the unknown effect of multiple
inoculations with smaller doses. Our data support the
‘hyperinfectious’ phenotype model as only a single dose
of 1000-fold less organisms was required to initiate infec-
tion if C. rodentium ICC180 has been passaged through
the murine gastrointestinal tract. The concept of a ‘hyper-
infectious’ phenotype has been suggested by Merrell et al.
(2002) who demonstrated that Vibrio cholerae O1 Inaba
El Tor isolated from human faecal samples out-competed
an in vitro grown strain by as much as 700-fold in murine
infection studies. Furthermore, this competitive advantage
was lost when V. cholerae O1 Inaba El Tor was cultured
in vitro.

One of the most striking findings of this study is that
host-passaged C. rodentium ICC180 rapidly colonize the
colon, without the apparent need for an intermediate
stage within the caecal patch characteristic of mice inoc-
ulated with bacteria grown overnight in LB (Wiles et al.,
2004). In addition, this altered tissue distribution is a tran-
sient feature of the ‘hyperinfectious’ phenotype. We have
previously hypothesized that the caecal patch may be the
site where C. rodentium adapts to the intestinal environ-
ment, possibly by inducing transcriptomic and proteomic
changes. Our results suggest that LB broth-grown bacte-
ria have a transcriptome in which the genes required for
colonization of the colon are not expressed. We hypothe-
size that once attached to the caecal patch, C. rodentium
senses the change in environment (factors which may
include temperature, nutrient availability and the presence
of host stress hormones; Sperandio et al., 2003) and
adjusts its transcriptome/proteome accordingly. Infectious
bacteria then replicate, are shed from the caecum and
colonize the colonic mucosa as they pass down the
lumen. In contrast, bacteria transmitted directly from ani-
mal to animal are fully virulent having already adapted to
the host gastrointestinal environment, and hence bypass
the requirement for acclimatization in the ceacum and are
able to immediately colonize the colon.

This work highlights an important drawback in the tra-
ditional design of in vivo models of infection. It can be
argued that what has been termed ‘hyperinfectivity’ after
host-passage may be more akin to the natural phenotype
of the pathogen. If anything, the inoculating bacteria we
use in laboratory models of infections, which having been
passaged in rich media will be physiologically unlike the
pathogen encountered by a potential new host, could be
termed ‘hypoinfectious’. The transcriptomes of host-pas-
saged organisms have been recently reported for two
human pathogens, V. cholerae from human stools (Merrell
et al., 2002; Bina et al., 2003) and uropathogenic E. coli

Fig. 4. The transient nature of the ‘hyperinfectious’ state of C. roden-
tium ICC180. Colonization is indicated by viable bacterial counts from 
faecal samples taken at different time points post infection. Mice 
infected by oral gavage with c. 106 faecal-derived bacteria (open 
circles), c. 106 faecal-derived bacteria given one passage overnight 
in LB broth (closed circles), c. 109 LB-grown bacteria (open squares) 
and c. 109 faecal-derived bacteria given one passage overnight in LB 
broth (closed squares). Error bars are standard deviations.
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(UPEC) from the urine of infected mice (Snyder et al.,
2004). Both pathogens showed an increased expression
of a variety of genes required for biosynthesis of amino
acids, iron uptake systems and ribosomal proteins, as well
as genes involved in adherence. The upregulation of
genes required for nutrient acquisition suggests that shed
organisms have the capability for rapid growth once in a
new host. It would be interesting to investigate how long
this capability lasts once the pathogen has disseminated
in the environment.

A pathogen will encounter many different environments

throughout its infectious cycle: multiplication within a host,
dissemination from the host to the environment and trans-
mission to a new host. Arguably all factors are of impor-
tance yet in the current experimental climate each aspect
of the infectious cycle is studied in near isolation, provid-
ing snapshots of the events occurring in a particular niche
in a given pathogens infectious cycle. Of the most highly
expressed genes in the transcriptomes of host-passaged
V. cholerae and UPEC, >30% were in hypothetical, con-
served hypothetical and unknown proteins (Merrell et al.,
2002; Bina et al., 2003; Snyder et al., 2004). What role

Fig. 5. The tissue distribution of C. rodentium ICC180 in mice infected by oral gavage or natural transmission monitored by bioluminescence 
imaging. Images were acquired with the IVIS50 system and are displayed as pseudocolour images of peak bioluminescence, with variations in 
colour representing light intensity at a given location. Red represents the most intense light emission, while blue corresponds to the weakest 
signal. The colour bar indicates relative signal intensity (as photons s-1 cm-2 sr-1). Three mice were imaged per group and the open colon and 
caecum of one representative mouse is shown. Images were taken with an integration time of either 1 min (A) or 5 min (B–D). Mice were infected 
by oral gavage with c. 109 LB broth-grown bacteria and organs harvested at day 3 (A) and day 8 (C) post infection, or by natural transmission 
(hence with unknown inoculum) and organs harvested at day 3 (B) and day 8 (D) post co-mingling with infected seed mouse.
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might they play and in which niche? Such questions high-
light the need for more complete and realistic models of
transmission and infection dynamics in order to properly
examine whether mutations can have different conse-
quences in the different environmental niches encoun-
tered by such pathogens. It is therefore imperative to
establish experimental systems with the capacity to probe
the entire infectious cycle and, with the ability to manipu-
late both the pathogen and the host, C. rodentium pro-
vides an ideal model.

Enteric bacteria have a conserved core genomic struc-
ture, common to both commensal and pathogenic strains,
that provides microorganisms with mechanisms required
for survival in the competitive gut, as well as the ability to
transmit between hosts and survive in the environment
(Dougan et al., 2001). In pathogenic bacteria the core
genome framework is further decorated with novel genetic
islands often associated with enhanced virulence (Wain
et al., 2001). The ‘hyperinfectious’ state is likely to be
shared among host-passaged pathogens. Unravelling the
molecular basis of this phenotype, by comparing the tran-
scriptomes or proteomes of host-passaged bacteria to
laboratory-grown bacteria, would highlight targets that
could be used to develop new strategies for controlling
the transmission of pathogens between hosts and the
environment.

Experimental procedures

Bacterial strains, plasmids and growth conditions

The bacterial strain used in this study is C. rodentium ICC180
(Wiles et al., 2004). Bacteria were grown in LB medium at 37∞C,
with additional antibiotics where appropriate at the following con-
centrations: naladixic acid (nal), 50 mg ml-1; kanamycin (km),
100 mg ml-1.

Mice

Female 6- to 8-week-old C57Bl/6J mice were purchased from

Harlan Olac (Bichester, UK) and came from specific pathogen-
free stocks. During the course of these studies sentinel animals
were screened for common murine pathogens every 2 months.
All animals were housed in individually HEPA-filtered cages with
sterile bedding and free access to sterilized food and water. All
animal experiments were performed in accordance with the Ani-
mals Scientific Procedures (Act 1986) and were approved by the
local Ethical Review Committee.

Oral infection of mice

Bacterial inocula were prepared by culturing bacteria to mid-
exponential phase or stationary phase at 37∞C in LB broth con-
taining the appropriate antibiotics. Cultures were harvested by
centrifugation and resuspended to the appropriate concentration
in phosphate-buffered saline (PBS). Mice were orally inoculated
using a gavage needle with 200 ml of bacterial suspension
(~5 ¥ 109 cfu). To determine the infectious dose of host-passaged
ICC180, faeces were asceptically collected from infected mice
and homogenized in PBS and serial dilutions used to orally
gavage uninfected mice. In addition faecal homogenates were
given one overnight passage in LB broth containing the appro-
priate antibiotics before repeating oral infections. The number of
viable bacteria used as inoculum in each experiment was deter-
mined by retrospective plating onto LB agar containing the appro-
priate antibiotics. Independent experiments were performed at
least twice using at least four mice per group. Faecal samples
were recovered aseptically at various time points after inoculation
and the number of viable bacteria per gram of faeces was
determined by plating onto LB agar containing the appropriate
antibiotics.

Natural transmission of C. rodentium

Mice were infected by oral gavage (challenged animals desig-
nated seeds) and housed with uninfected animals (designated
contacts) after 3 days in isolation with one seed animal added to
a cage of 10 contacts. The tail of each mouse was marked
allowing infection dynamics to be followed in individual animals.
Natural transmission of C. rodentium ICC180 was followed by
aseptic recovery of faecal samples from each animal at various
time points after introduction of seeder animals and the number
of viable bacteria per gram of faeces was determined by plating
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Fig. 6. The tissue distribution of C. rodentium 
ICC180 in infected mice. Colonization is indi-
cated by viable bacterial counts from organ 
homogenates taken at different time points post 
infection.
A. Organ counts from mice infected by natural 
transmission (open symbols) and by oral gav-
age with c. 109 LB-grown bacteria (closed sym-
bols) at day 3 (triangles) and day 8 (diamonds).
B. All organs taken at day 3. Mice infected by 
natural transmission (open squares) or by oral 
gavage with c. 106 faecal-derived bacteria 
(open circles), c. 106 faecal-derived bacteria 
given one passage overnight in LB broth 
(closed circles), c. 109 faecal-derived bacteria 
given one passage overnight in LB broth 
(closed squares).
Error bars are standard deviations.
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onto LB agar containing the appropriate antibiotics. Independent
experiments were performed at least twice.

In vivo measurement of light and pathogen burden

At selected time points post infection, mice were killed by cervical
dislocation. The colon and caecum were removed to a sterile
Petri dish. The colon was opened longitudinally so that the lumen
was showing and faecal pellets were removed. The caecum was

also cut longitudinally and opened flat, and the contents were
washed out with 5 ml of sterile PBS using a needle and syringe.
The caecal contents were retained for bacterial enumeration.
Tissues were placed into the light-tight chamber of the CCD
camera system (IVIS50, Xenogen). A digital photograph (refer-
ence image) was taken under low illumination. After switching off
the light source, photons emitted from lux-expressing bacteria on
the tissue were quantified over a defined period of time ranging
from 1 to 5 min using the software program LIVING IMAGE (Xeno-
gen) as an overlay on Igor (Wavemetrics, Seattle, WA). For the

Fig. 7. The transient nature of the tissue tropism of ‘hyperinfectious’ C. rodentium ICC180 monitored by bioluminescence imaging. Images were 
acquired with the IVIS50 system and are displayed as pseudocolour images of peak bioluminescence, with variations in colour representing light 
intensity at a given location. Red represents the most intense light emission, while blue corresponds to the weakest signal. The colour bar indicates 
relative signal intensity (as photons s-1 cm-2 sr -1). All organs were harvested at day 3 post infection. Three mice were imaged per group and the 
open colon and caecum of one representative mouse is shown. Images were taken with an integration time of either 1 min (A and B) or 5 min 
(C and D). Mice were infected by natural transmission (A), by oral gavage with c. 106 cfu faecal-derived bacteria (B), by oral gavage with c. 109 
(C) or 106 (D) cfu faecal-derived bacteria subjected to one overnight passage in LB broth.
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anatomical localization, a pseudocolour image representing light
intensity (blue, least intense to red, most intense) was generated
using the LIVING IMAGE software and superimposed over the grey
scale reference image. At each time point at least three mice per
group were imaged and a representative mouse was illustrated.
Following imaging, the organs were then homogenized mechan-
ically in 5 ml of sterile PBS using a Seward 80 stomacher
(Seward, London, UK) and the number of viable bacteria per
gram of organ homogenate was determined by plating onto LB
agar containing the appropriate antibiotics.

Statistics

The unpaired Student’s t-test was used to compare normally
distributed values from groups of mice. The non-parametric
Mann–Whitney test was used to compare non-normally distrib-
uted values.
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