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Bioluminescence imaging (BLI) is emerging as a powerful tool for real-time monitoring of infections in
living animals. However, since 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. Strains of
Escherichia coli harboring the genes for either the bacterial luciferase from Photorhabdus luminescens or
the PpyRE-TS and PpyGR-TS firefly luciferase mutants of Photinus pyralis (red and green thermostable P.
pyralis luciferase mutants, respectively) have been engineered and used to monitor intestinal colonization
in the streptomycin-treated mouse model. There was excellent correlation between the bioluminescence
signal measured in the feces (R2 � 0.98) or transcutaneously in the abdominal region of whole animals
(R2 � 0.99) and the CFU counts in the feces of bacteria harboring the luxABCDE operon. Stability in vivo
of the bioluminescence signal was achieved by constructing plasmid pAT881(pGB2�PamiluxABCDE),
which allowed long-term monitoring of intestinal colonization without the need for antibiotic selection for
plasmid maintenance. Levels of intestinal colonization by various strains of E. coli could be compared
directly by simple recording of the bioluminescence signal in living animals. The difference in spectra of
light emission of the PpyRE-TS and PpyGR-TS firefly luciferase mutants and dual bioluminescence
detection allowed direct in vitro and in vivo quantification of two bacterial populations by measurement
of red and green emitted signals and thus monitoring of the two populations simultaneously. This system
offers a simple and direct method to study in vitro and in vivo competition between mutants and the
parental strain. BLI is a useful tool to study intestinal colonization.

Among the wide variety of bacteria that colonize the gastro-
intestinal tracts of mammals, Escherichia coli is the most abun-
dant facultative anaerobe of the human intestinal microflora.
Aside from being part of the normal flora, E. coli is also a
versatile organism capable of causing a variety of intestinal and
extraintestinal diseases (18). The mechanisms that allow com-
mensal E. coli to colonize the intestine and survive successfully
in this niche remain poorly characterized. Conventional mice
display natural resistance to colonization by commensal E. coli,
but oral administration of streptomycin, which alters the intes-
tinal microflora, allows colonization of the mouse large intes-
tine by this species (25). The streptomycin-treated mouse
model has been used extensively to study the factors of gram-
negative bacteria implicated in the intestinal colonization pro-
cess. However, this model is limited to the viable plate counts
of bacteria in the feces and misses some critical information,
such as the kinetics of colonization, the fate of the bacterial
cells across the digestive tract, and the site of colonization. A
better understanding of colonization would be facilitated by
direct in vivo follow-up of this process.

Bioluminescence imaging (BLI) technology is emerging as a
powerful tool for the study of a wide range of biological pro-

cesses in live animals, including real-time monitoring of infec-
tions (16). Bioluminescence systems emit visible light due to
the luciferase-mediated oxidation of a luciferin substrate. A
variety of luciferin-luciferase systems with different peak emis-
sions have been identified in nature from numerous species
(14). The luciferase of the soil bacterium Photorhabdus lumi-
nescens has been expressed successfully in gram-negative and
gram-positive bacteria. This system emits blue-green light, with
an emission maximum of approximately 490 nm, and does not
require the addition of an exogenous substrate since the lucif-
erase operon contains the genes required for synthesis of the
substrate. Therefore, this luciferase has been used extensively
to monitor bacterial infections in the living mouse. One of the
first investigations with Salmonella enterica serovar Typhi-
murium transformed with the lux operon of P. luminescens
evaluated the tissue distribution and the virulence of various S.
Typhimurium strains (9). Subsequent modification of the lux
operon led to the generation of highly bioluminescent Staph-
ylococcus aureus and allowed the monitoring of infections due
to this species in living mice (11). The modified lux operon was
engineered into a lux-kan transposon cassette for chromosomal
integration in gram-positive bacteria, such as S. aureus, Strep-
tococcus pneumoniae, group A Streptococcus, and Listeria
monocytogenes (16). Replication of L. monocytogenes in the
lumen of the gall bladder was demonstrated for the first time
by BLI (13).

Bioluminescent E. coli was used in the neutropenic mouse
thigh model of infection to evaluate the in vivo activity of
antimicrobial agents (29). Bioluminescence was as indicative of
therapeutic efficacy as CFU counts but, in addition, allowed
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real-time monitoring of the infection and of treatment efficacy
in the same animal; however, only short-term monitoring (12
h) could be performed.

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. After
oral administration of bioluminescent Salmonella to suscepti-
ble mice, the bioluminescent signal recorded in the abdominal
region was greatly enhanced after air exposure (9). It was
therefore assumed that direct bioluminescence imaging of in-
testine-colonizing microorganisms would not be optimal unless
oxygen was provided exogenously or as the result of the close
interaction between cells and the bacteria (9). However, the
bacterial luciferase was used to trace in real time the coloni-
zation dynamics by Citrobacter rodentium of the gastrointesti-
nal tracts of living animals, demonstrating that the gut repre-
sents a semianaerobic environment that allows the study of
bacterial colonization by BLI (33).

Factors essential for colonization are best studied in cocolo-
nization experiments (7, 17). There are several luciferases with
distinct emission spectra (34) that could be used in competition
experiments to trace simultaneously two bacterial populations
in the same living animal. However, in order not to impose
additional and different metabolic burdens on the bacteria
under study, the exogenous luciferases ideally have to be sim-
ilar to allow comparison between strains. The thermostable
luciferase variants PpyRE-TS and PpyGR-TS, derived from
wild-type luciferase from the North American firefly Photinus
pyralis, emit red (612 nm) and green (552 nm) light, respec-
tively, at 37°C and are encoded by single genes of 1,650 bp,
differing by only 9 bp (4). Bioluminescence color is determined
by the Ser284Thr (PpyRE-TS) and Val241Ile, Gly246Ala, and
Phe250Ser (PpyGR-TS) amino acid changes (5, 34). By use of
optical filters, the emission spectra are readily distinguishable
(4, 5). Five additional mutations provide enhanced thermosta-

bility at 37°C (4), improving the compatibility of the enzymes
with bacterial culture conditions and BLI in animal models.

While the luciferase mutants and all firefly luciferases use as
substrates firefly luciferin and ATP to produce light, in vivo
imaging is commonly performed with endogenous ATP and
requires only exogenous administration of the luciferase sub-
strate.

The aim of this study was to develop a dynamic mouse model
using in vivo bioluminescence imaging systems to monitor bac-
terial colonization in situ and in real time in whole living
animals. Various strains of E. coli harboring the genes for the
bacterial luciferase from P. luminescens or the firefly luciferase
mutants (PpyRE-TS and PpyGR-TS) from P. pyralis have been
engineered and used to follow bacterial intestinal colonization
in mice. BLI was found to be well adapted to compare the
intestine-colonizing capacities of various E. coli strains and to
monitor cocolonization in vivo by use of dual bioluminescence
emission.

MATERIALS AND METHODS

Bacterial strains and plasmids. The properties of the strains and plasmids
used are listed in Table 1. Spontaneous streptomycin-resistant mutants of human
commensal E. coli K-12 MG1655 (24) (MG1655-Strr), diarrhea-associated en-
teroaggregative E. coli (EAEC) 55989 producing aggregative adhesion fimbriae
type III (2) (55989-Strr), and E. coli BM2711, a RecA1 derivative of strain
MM294 (12) (BM2711-Strr), were used. The strains were made bioluminescent
by transformation with DNA of plasmids carrying the luxABCDE operon encoding
the Photorhabdus luminescens bacterial luciferase or the lucG or lucR gene coding
for the Photinus pyralis firefly luciferase green or red mutant, respectively (4).

The luxABCDE operon was carried by three vectors. Plasmid pSB2025 (27)
carries the operon cloned into the superlinker plasmid pSL1190 (Amersham
Pharmacia Biotech, Uppsala, Sweden). Plasmid pAL2 is a derivative of shut-
tle vector pVA838, in which the luxABCDE operon from pSB2025 has been
cloned under the control of the Pami constitutive promoter of the Streptococ-
cus pneumoniae aminopterin resistance operon (1). In the third construct, the
luxABCDE operon fused to the Pami promoter was cloned in plasmid pGB2
(8) in three steps. First, the luxABCD BamHI fragment was cloned in the
vector digested with the same enzyme, leading to pGB2�luxABCD. The

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant property(ies)a Reference or source

E. coli strains
MG1655-Strr Spontaneous Strr mutant of MG1655 (CGSC 7740); F� �� ilvG rfb-50 rph-1, Strr 24
55989 Enteroaggregative strain producing AAF-IIIb 2
55989-Strr Spontaneous Strr mutant of 55989 22
BM2711 thi-1 endA1 hdR17(rK

� mK
�) glnV44 recA1 �(lac)X74 12

BM2711-Strr Spontaneous Strr mutant of BM2711 This work

Plasmids
pSB2025 Superlinker plasmid pSL1190�luxABCDE, Apr 27
pAL2 pVA838�PamiluxABCDE, p15A and pVA749 ori, Emr 1
pGB2 pSC101 derivative, Spr Smr 8
pAT881 pGB2�PamiluxABCDE This work
pGEX-6P-2�lucR Source of lucR (Ser284Thr) 4
pGEX-6P-2�lucG Source of lucG (Val241Ile, Gly246Ala, Phe250Ser) 4
pAT113 pACYC184 derivative, Mob�, attTn1545, Emr Kmr 32
pAT882 pAT113�PtetlucR This work
pAT883 pAT113�PtetlucG This work
pTVC-erm pACYC184 derivative, Mob�, ori pAM�1, Emr Kmr P. Trieu-Cuot, unpublished
pAT884 pTVC�PtetlucR This work
pAT885 pTVC�PtetlucG This work

a Ap, ampicillin; Em, erythromycin; Km, kanamycin; Sm, streptomycin (plasmid); Sp, spectinomycin; Str, streptomycin (chromosomal).
b AAF-III, aggregative adhesion fimbriae type III.
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XbaI-PstI fragment of pGB2�luxABCD containing the 3� portion of luxD was
then replaced by the XbaI-PstI fragment from pAL2 containing the 3� portion
of luxDE, generating pGB2�luxABCDE. Finally, an EcoRI fragment contain-
ing the Pami promoter from pAL2 was created by hybridization of two com-
plementary primers and cloned in pGB2�luxABCDE digested with EcoRI to
generate pAT881(pGB2�PamiluxABCDE).

Genes lucR and lucG for the red (PpyRE-TS) and green (PpyGR-TS)
thermostable P. pyralis luciferase mutants (4) were cloned under the control
of the strong Ptet promoter (21) in pCR-blunt (Invitrogen, Cergy-Pontoise,
France). The PtetlucR and PtetlucG inserts were excised with PstI and BamHI
and ligated to pAT113 (32) digested similarly, resulting in pAT882
(pAT113�PtetlucR) and pAT883(pAT113�PtetlucG), respectively. Plasmid
pAT113 is an integrative vector in gram-positive bacteria and a replica-
tive vector in gram-negative bacteria. To obtain plasmids pAT884(pTVC�PtetlucG)
and pAT885(pTVC�PtetlucR), PtetlucG and PtetlucR were, respectively, excised
from pAT883(pAT113�PtetlucG) and pAT882(pAT113�PtetlucR) by digestion
with PstI and BamHI and ligated to the pTVC-erm shuttle vector digested
similarly. Plasmid DNA isolation, digestion with restriction endonucleases, am-
plification by PCR with Pfu DNA polymerase (Stratagene, La Jolla, CA), ligation
with T4 DNA ligase (New England Biolabs, Beverly, MA), nucleotide sequenc-
ing, and transformation of E. coli were performed by standard methods (30).
Strains were grown at 37°C in Luria-Bertani (LB) broth (Difco Laboratories,
Detroit, MI) containing streptomycin (100 �g/ml) and erythromycin (150 �g/ml),
kanamycin (50 �g/ml), spectinomycin (50 �g/ml), or ampicillin (100 �g/ml).

In vitro plasmid stability. Stability of the various bioluminescent plasmids in
E. coli was assessed by transferring cultures (1,000-fold diluted) to fresh LB broth
every 24 h over 7 days. At every transfer, cells were plated on nonselective
medium and the proportion of bioluminescent bacteria was determined by rep-
lica plating on the appropriate antibiotic followed by screening for biolumines-
cent colonies. When necessary, one ml of D-luciferin substrate (Caliper) at 150
�g/ml in phosphate-buffered saline (PBS) was added directly to the colonies just
before bioluminescence measurement.

Mouse colonization. Experiments were carried out with the streptomycin-
treated mouse model that has been used extensively to study colonization of the
large intestine by E. coli (25). Briefly, four 6-week-old BALB/c female mice
(Janvier, Le Genest-Saint-Isle, France) were given drinking water containing 5
g/liter of streptomycin sulfate for 24 h and then starved for food overnight.
Bioluminescent E. coli was grown in LB medium at 37°C with shaking to the
exponential phase, washed twice, and resuspended at 108 CFU per ml in PBS.
A portion (100 �l) of the bacterial suspension mixed with 100 �l of 20%
sucrose plus 6% NaHCO3 was administered orogastrically with feeding nee-
dles, and food and streptomycin-water were returned to the mice. Fresh fecal
samples collected at 24 h, 48 h, and 72 h and on every other day thereafter for
14 days were weighed, homogenized in PBS (0.1 g/ml), diluted, and plated on
LB agar containing streptomycin and erythromycin, kanamycin, or spectino-
mycin to select, respectively, E. coli MG1655-Strr, 55989-Strr, or BM2711-
Strr harboring bioluminescent plasmids pAL2(pVA838�PamiluxABCDE),
pAT882(pAT113�PtetlucR), or pAT881(pGB2�PamiluxABCDE). At 72 h
postfeeding, some mice colonized by E. coli MG1655-Strr/pAT881
(pGB2�PamiluxABCDE) were sacrificed and the small and large intestines
(cecum plus colon) were removed. The bioluminescence signal was monitored
for intact or longitudinally opened organs. The small intestine and the large
intestine were then homogenized mechanically in 3 ml and 5 ml of sterile
PBS, respectively, and the number of viable bacteria per organ homogenate
was determined by plating onto LB agar containing the appropriate antibi-
otics. The care and the use of experimental animals complied with local
animal welfare laws and guidelines.

Bioluminescence quantification. Bioluminescence imaging was performed us-
ing an IVIS 100 imaging system (100 series; Caliper Corp., Alameda, CA), which
consists of a cooled charge-coupled-device camera mounted on a light-tight
specimen chamber (dark box), a camera controller, a cryogenic refrigeration
unit, and a Windows computer system. The bioluminescence of the bacterial
luciferase was measured without filter (open). To separate spectral emissions of
the green light- and red light-emitting firefly luciferase mutants, the imaging
system was equipped with 2 band-pass filters that are 20 nm wide, with central
wavelengths of 540 nm and 620 nm (4, 5).

The firefly luciferase mutants require the exogenous addition of D-luciferin
substrate to produce light. D-Luciferin (chromaGlo reagent; Promega, Madison,
WI) was used for in vitro experiments and D-luciferin potassium salt (Caliper) for
in vivo experiments in which optimal signals were obtained 3 h after intragastric
inoculation with feeding needles of 200 �l/mouse of D-luciferin at 15 mg/ml.

For feces analysis, 30 �l of the fecal samples homogenized in PBS (0.1 g/ml)
was added to a 96-well black microplate. For living-animal imaging, mice were

anesthetized in an oxygen-rich induction chamber with 2% isoflurane gas and
anesthesia was maintained during imaging by using a nose cone isoflurane-
oxygen delivery device in the specimen chamber.

The microplates or the mice in ventral position were placed in the warmed
specimen chamber (37°C), and photon emission was measured, with exposure
times ranging from 30 s to 1 min depending on the bioluminescence intensity
signal.

For quantification of red and green bioluminescent signals in mixed cultures of
red and green bioluminescent E. coli in the feces or in whole animals inoculated
with various proportions of the two bioluminescent strains, images were acquired
using the 540-nm filter to record the signal emitted by the bacterial population
containing the green firefly luciferase mutant and the 620-nm filter for those
producing the red firefly luciferase mutant. To determine the spectral overlaps of
the luciferase mutants, the green and the red signals were also measured sepa-
rately in similar mixtures of cells containing only one bioluminescent strain. The
green overlap corresponds to the red emission measured with the green filter
(540 nm) and the red overlap to the green emission measured with the red filter
(620 nm). These independent measurements allowed subtraction of the red- and
green-emission spectrum overlaps with the 620-nm and 540-nm filters, respec-
tively, leading to individual quantification of the red and green emissions when
they were in mixtures.

The data are presented as pseudocolor images indicating light intensity (red
being the most intense and blue the least intense), which are superimposed over
the grayscale reference photographs. The region of interest was selected manu-
ally and the signal expressed as the total number of photons emitted per second
(photons/s) by using the IgorPro image analysis package.

RESULTS AND DISCUSSION

In vitro stability of the bioluminescent plasmids. Biolumi-
nescence imaging has been used previously to follow in vivo
infectious processes or to measure drug efficacy, but mostly in
short-term studies (less than 48 h). For long-term studies,
stable maintenance of a bioluminescence plasmid usually re-
quires concomitant antibiotic selection, which can interfere
with the infectious process under study, particularly in the case
of bacterial intestinal colonization. An alternative is to inte-
grate the lux operon in the bacterial chromosome, but this
requires engineering of every strain used.

Stable bacterial maintenance of plasmids bearing the lucif-
erase system in the absence of a selective agent is a prerequi-
site. The stability of three bioluminescent plasmids in three E.
coli strains, MG1655-Strr, 55989-Strr, and BM2711-Strr (Table
1), was thus tested in vitro by subculture in LB broth over 7
days with replica plating every 24 h of an aliquot on medium
containing the appropriate antibiotic; the bioluminescent sig-
nal of the colonies on the selective plates was also monitored
in parallel (Fig. 1).

In E. coli MG1655-Strr, pSB2025 appeared stable during the
first 2 days of culture, but thereafter rapid plasmid loss was
observed (Fig. 1A). There was even more rapid loss of the
bioluminescence signal, with only 24% bioluminescent colo-
nies among the ampicillin-resistant colonies, after two trans-
fers (Fig. 1B, left). Plasmid pAL2, which has been reported to
be stable in vitro in S. pneumoniae (1), was also gradually lost
from MG1655-Strr without additional loss of the luxABCDE
operon; 100% of the erythromycin-resistant cells remained
bioluminescent (Fig. 1B). The levels of stability of both plas-
mids were similar in E. coli 55989-Strr (Fig. 1A), and a loss of
the bioluminescence signal was also observed for the plasmid
pSB2025 during the successive transfers (data not shown). Sur-
prisingly, in E. coli BM2711-Strr both pSB2025 and pAL2 were
remarkably stable, with 100% and 77% of bioluminescent col-
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onies after 7 days of subculture, respectively (Fig. 1A and B,
right).

Low-copy-number plasmid pAT881(pGB2�PamiluxABCDE)
was remarkably stable in E. coli MG1655-Strr, 55989-Strr, and
BM2711-Strr, with, respectively, 98%, 94%, and 100% of biolu-
minescent and spectinomycin-resistant colonies after growth for 7
days (Fig. 1A).

For the firefly luciferase system, plasmid pAT884
(pTVC�PtetlucR) was very unstable in E. coli 55989-Strr, with
almost a 50% loss after overnight culture (Fig. 1A), and was
not used. After 3 days of growth, 63% and 73% of the bacteria
still harbored plasmids pAT882 and pAT883, respectively, and
100% of the kanamycin-resistant cells remained biolumines-
cent, indicating no luciferase gene loss by the plasmid (data not
shown).

These data confirm that plasmid stability depends on the
plasmid, the genetic background of the host (15), and the
presence of another plasmid in the strain (e.g., in 55989-Strr)
(2). The new plasmid pAT881(pGB2�PamiluxABCDE) dis-
played good in vitro stability in the three E. coli strains studied

and appears to be a good candidate for long-term in vivo
studies.

Bioluminescence monitoring of mouse intestinal coloniza-
tion. Oral streptomycin treatment, which selectively removes
facultative anaerobes of the intestinal tract while leaving the
anaerobic microflora essentially intact, allows mouse intestinal
colonization by E. coli K-12 (25). In this model, colonization
ability is assessed by monitoring daily the number of CFU per
gram of feces after intragastric inoculation. However, fecal
counts are tedious and imply, in case of cocolonization, that
strains have to be tagged with different selection markers.
Moreover, this approach does not provide any direct indication
about the anatomical localization of the colonization.

The very good correlation between the CFU counts and the
bioluminescent signal in photons/s (R2 	 0.98 versus R2 	 0.99
for bioluminescent bacteria directly diluted in culture medium)
(Fig. 2C) obtained with serial dilutions of feces from mice fed
with E. coli MG1655-Strr/pAL2 indicated that photon emission
levels accurately reflect bacterial numbers in the feces. The
bioluminescence system allowed the detection of bacterial

FIG. 1. In vitro stability of bioluminescent plasmids. (A) The stability of the plasmids in E. coli MG1655-Strr, 55989-Strr, and BM2711-Strr was
assessed by subculturing each strain in LB broth over 7 days and by replica plating on the appropriate antibiotic. The stability of a plasmid is
expressed as the percentage of colonies on the selective plate relative to that on the nonselective plate. (B) The bioluminescent signal of every
ampicillin- or erythromycin-resistant colony of E. coli MG1655-Strr/pSB2025 (left) and E. coli MG1655-Strr/pAL2 (right) after 2 days of culture
was determined.
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quantities as low as 103 CFU/ml in broth medium and ca. 105

CFU/g of feces in feces samples.
E. coli MG1655-Strr/pAL2(pVA838�PamiluxABCDE) was

used to monitor intestinal colonization of streptomycin-treated
mice by bioluminescence. Sets of four mice were intragastri-
cally inoculated with 107 CFU in 200 �l PBS with 10% sucrose
plus 3% NaHCO3, and the bioluminescent signal was moni-
tored, both transcutaneously on whole animals and in the feces
(Fig. 2). As early as 24 h postfeeding, a strong bioluminescent
signal was observed transcutaneously in the abdominal region
(Fig. 2A) and in the feces (Fig. 3A). Counts on streptomycin-
containing plates, which represent all E. coli CFU, showed that
MG1655-Strr/pAL2 had the classical colonization profile of E.
coli K-12, with an initiation stage (0 to 3 days postfeeding)
followed by a maintenance stage (3 days postfeeding and be-
yond), at 109 CFU/g of feces (7), indicating that the presence

of pAL2 in the strain did not interfere with the colonization
ability. The signal in the feces remained at a plateau of 1010

photons/s/g of feces until day 3 and then slowly decreased to
107 photons/s/g of feces at day 9 (Fig. 3A); the similar decrease,
from 109 to 106 CFU/g of feces, of colonies on erythromycin-
supplemented plates indicated a loss of plasmid pAL2 by the
host. Similarly, the signal measured in whole animals de-
creased slowly, from 108 photons/s at day 3 postinoculation to
105 photons/s at day 9 of colonization (Fig. 3E). There was very
good correlation (R2 	 0.98) between the bioluminescent sig-
nal in the abdominal region measured transcutaneously in
whole animals and the CFU counts of bioluminescent bacteria
in the feces (Fig. 2C). These results indicated that intestinal
colonization can be detected directly by simple recording of
the bioluminescent signal in living animals. However, because
of its instability in E. coli MG1655-Strr, the bioluminescent

FIG. 2. Monitoring of intestinal colonization by bioluminescence imaging in whole animals. (A) E. coli MG1655-Strr/pAL2
(pVA838�PamiluxABCDE) (107 CFU) was inoculated intragastrically into four streptomycin-treated mice, and the bioluminescent signal was
measured transcutaneously in whole animals 24 h postfeeding. The intensity of the transcutaneous photon emission is represented as a pseudocolor
image. (B) The small (top) and large (bottom) intestines were dissected at 72 h, and the photon/s per organ was quantified on intact (left) or
longitudinally opened (right) organs. (C) Linear correlation between the bacterial counts and the bioluminescent signal, determined by serial
dilutions of bioluminescent bacteria in culture medium or in feces (left). Correlation between the transcutaneous photon emission measured in
the whole animals and the number of bioluminescent bacteria in the feces during colonization (right).
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reporter plasmid pAL2 allowed real-time monitoring only dur-
ing the initial steps of intestinal colonization.

A long-term study of intestinal colonization was per-
formed with E. coli MG1655-Strr harboring pAT881
(pGB2�PamiluxABCDE), which was remarkably stable in
vitro (Fig. 1A). The level of colonization by this strain was

similar to that obtained with MG1655-Strr (Fig. 3B), and the
bioluminescent signals obtained in the feces (Fig. 3B) and
transcutaneously (Fig. 3E) remained stable until at least day
13 (data not shown). Long-term colonization can thus reli-
ably be assessed by bioluminescence monitoring of
MG1655-Strr/pAT881.

FIG. 3. Comparison of the colonizing abilities of various E. coli strains by bioluminescence. Sets of four mice were fed with 107 CFU of MG1655-
Strr/pAL2(pVA838�PamiluxABCDE) (A), MG1655-Strr/pAT881(pGB2�PamiluxABCDE) (B), 55989-Strr/pAL2(pVA838�PamiluxABCDE) (C), or
BM2711-Strr/pAL2(pVA838�PamiluxABCDE) (D). At the indicated times, colonization was monitored by enumeration of bacteria in the feces plated
on streptomycin (100 �g/ml), erythromycin (Em) (150 �g/ml), or spectinomycin (Sp) (50 �g/ml) and by measuring the bioluminescent signal in feces or
(E) transcutaneously in whole animals. At every time point, log10 means of the CFU per gram of feces, photons/s per gram of feces, and photons/s in
whole animals for each set of four mice in a given experiment are plotted, with standard errors shown.
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Since bioluminescence emission is optimal in an aerobic
environment (14), the signal recorded transcutaneously may
underestimate the actual colonization due to the limitation in
oxygen availability in the intestinal cavity. The small and large
intestines (cecum and colon) of mice colonized with E. coli
MG1655-Strr/pAL2 were dissected at 72 h, and the biolumi-
nescent signal was recorded on intact or longitudinally opened
organs (Fig. 2B). A ca. 10-fold-higher bioluminescent signal
was observed for the cecum and large intestine when these
organs were opened. No significant bioluminescent signal was
recorded from the intact small intestine, but a slight signal was
detected, albeit inconsistently, in the distal part of the small
intestine when it was longitudinally opened (Fig. 2B). The
CFU counts confirmed that the large intestine was the major
site of E. coli colonization (109 CFU per organ), whereas only
ca. 106 CFU were grown from the small intestine. These results
are consistent with previous investigations that identified the
mucus overlying the epithelial cells of the large intestine as the
principal site of colonization by various E. coli strains, such as
MG1655 (25, 26). Taken together, these data indicate that
transcutaneous BLI therefore appears to be a good indicator
of intestinal colonization. These observations support the re-
cently established notion that aerobic respiration, required for
optimal colonization by commensal and pathogenic E. coli, can
take place in the intestine in mice (17).

Comparison of intestinal colonization by various E. coli
strains by bioluminescence. Strain 55989-Strr is a diarrhea-
associated enteroaggregative E. coli strain with particular ad-
hesion properties (fimbriae type III) and constitutes an emerg-
ing pathotype responsible for enteric illness (2). The
biochemical characteristics and virulence factors implicated in
host infectivity and in intestinal colonization ability of this
pathogenic strain have recently been studied (3, 22). The levels
of colonization by 55989-Strr/pAL2, between 108 and 109

CFU/g of feces, and bioluminescence, from 109 to 1010 pho-
tons/s/g of feces, were similar to those obtained with MG1655-
Strr/pAL2 (Fig. 3C). E. coli BM2711-Strr is a RecA1 derivative
of K-12 MM294 (Table 1). The level of intestinal colonization
by E. coli BM2711-Strr/pAL2, from 107 to 108 CFU/g of feces
and 109 photons/s/g of feces (Fig. 3D), was lower than those of
55989-Strr/pAL2 and MG1655-Strr/pAL2. This difference is
within the range observed when strains with colonizing defects,
related for example to differences in sugar consumption, are
studied (10). The difference in colonization ability among
MG1655-Strr, 55989-Strr, and BM2711-Strr was easily detected
by bioluminescence measure of whole animals; the transcuta-
neous photon emission of MG1655-Strr/pAL2 and 55989-Strr/
pAL2 was ca. 108 photons/s, whereas BM2711-Strr/pAL2 col-
onization resulted in a signal of only ca. 106 photons/s (Fig.
3E). Transcutaneous BLI can therefore be used for rapid
screening of the colonizing ability of mutant strains or of en-
teropathogenic E. coli.

Streptomycin treatment regimen for intestinal colonization.
The standard protocol for intestinal colonization of mice has
remained as originally described in 1982 by Myhal et al. (25),
with mice fed orally with 5 g/liter of streptomycin in the drink-
ing water. To determine the minimal dose of streptomycin
required to eliminate the resident facultative anaerobic micro-
flora to allow colonization by E. coli, mice were given, prior to
colonization, water containing various concentrations of strep-

tomycin (20 mg/liter, 0.5 g/liter, 1 g/liter, 2.5 g/liter, and 5
g/liter). Colonization by MG1655-Strr/pAL2 was monitored by
feces counts (Fig. 4A) and bioluminescence (Fig. 4B). There
was no colonization in the absence or in the presence of 20
mg/liter of streptomycin. However, at a streptomycin concen-
tration as low as 1 g/liter, colonization reached levels similar to
those obtained with the standard concentration of 5 g/liter.
When mice were treated with 0.5 g/liter, colonization reached
the same high level but decreased slowly from 10 to 8 log10

CFU/g of feces and from 8.5 to 5.5 log10 photons/s/g of feces
between days 1 and 3, suggesting that this concentration was
too low to maintain colonization in the digestive tracts of mice.
Bioluminescence is therefore a useful tool to directly assess the
host parameters involved in intestinal colonization, such as the
role of the innate immune system.

Firefly luciferase can be used to trace intestinal colonization
by E. coli. The 6-kb lux operon from P. luminescens encodes
both the luciferase and the luciferin substrate required for the
bioluminescence reaction (23). Mutants PpyRE-TS and
PpyGR-TS, derived from wild-type firefly luciferase, are en-
coded by single genes of 1,650 bp that are 99.4% identical (4).
Bacteria expressing the firefly luciferases do not produce firefly
luciferin, and the substrates, identical for the two variants, have
to be added exogenously whereas the ATP is available endo-
genously. D-Luciferin is usually injected via the intraperitoneal
route and distributes rapidly throughout the mice (31). After
intraperitoneal injection of 200 �l/mouse of the substrate at 15
mg/ml in PBS to mice colonized by E. coli 55989-Strr/
pAT882(pAT113�PtetlucR) or E. coli 55989-Strr/pAT882
(pAT113�PtetlucG), the bioluminescent signal peaked 15 to 20
min postinoculation (6.6 log10 photons/s) and decreased rap-
idly (data not shown). However, after administration of the
same amount of substrate via the intragastric route, the trans-
cutaneous red and green bioluminescent signals increased reg-
ularly during the first 2 h (approximately 2 log10), reaching a
plateau that lasted at least 4 h (7.9 log10 photons/s for
PpyGR-TS and 9.2 log10 photons/s for PpyRE-TS), and then
started to decrease slowly 6 h postinoculation (Fig. 5). The
transcutaneous signals obtained with PpyRE-TS and the bac-
terial luciferase were comparable (10 log10 photons/s). In all
subsequent experiments, the bioluminescent signal was there-
fore measured at an early stage of the plateau, i.e., 3 h after
intragastric inoculation of the substrate. Of note, the red signal
was always approximately 1 log10 higher than the green one
(Fig. 5), consistent with the notion that blue and green emis-
sion spectra are more absorbed by tissue hemoglobin than the
red emission spectrum (35).

Intestinal colonization by E. coli 55989-Strr was moni-
tored with the firefly PpyRE-TS luciferase reporter gene
using plasmid pAT882(pAT113�PtetlucR) (Table 1). In two
independent experiments, E. coli 55989-Strr/pAT882 gave
colonization levels similar to those of E. coli 55989-Strr/
pAL2(pVA838�PamiluxABCDE) by CFU counts and biolu-
minescence detection (7.0 
 0.3 and 6.9 
 0.4 log10 CFU/g
of feces plated on medium containing erythromycin and
8.6 
 0.2 and 8.3 
 0.4 log10 photons/s/g of feces, respec-
tively), suggesting that plasmid pAT882 did not interfere
with the colonization capacity of the host strain and that the
two luciferases have similar levels of luminescence emission
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in vivo in the microaerobic environment of the mouse in-
testine.

One potential way to improve luc gene efficiency is to opti-
mize codon usage for bacteria and even more so to the specific
host strain. We recently found that human codon optimization
of a related red light-emitting luciferase led to a 10-fold im-
provement in luciferase detectability in the HEK293 cell line
(6). The stability of the bioluminescence signal could be im-
proved by insertion of the luciferase reporter gene in the chro-
mosome (20). Preliminary colonization studies have been
undertaken with bioluminescent engineered strains of Entero-

coccus faecalis that contain the red firefly luciferase gene mu-
tant stably inserted in the chromosome at a single copy. Lu-
minescent bacteria could easily be detected transcutaneously
and in the feces of gnotobiotic mice during long-term coloni-
zation without signal loss (unpublished data). Thus, biolumi-
nescence technology can be applied to other intestine coloniz-
ers, such as Enterococcus, for which specific factors implicated
in the colonization process are being characterized (28).

Quantification in vitro and in vivo of two simultaneous
bioluminescent signals. Cocolonization by two strains is fre-
quently performed to study growth rates or nutrient require-
ments during intestinal colonization or to compare com-
mensal or pathogenic E. coli strains (10). Bioluminescence
could be used to distinguish the strains without the need for
introducing distinct selectable markers that could alter the
fitness of the host. The green and red luciferase mutants
have emission spectra at 546 and 610 nm at 25°C, respec-
tively, which can be separated by narrow band-pass filters to
minimize spectral overlap (Fig. 6). The green overlap with
the red filter (620 nm) is more important than the negligible
red overlap with the green filter (540 nm). To determine the
consequences of spectral overlap on the ability to measure
accurately the individual red and green bioluminescence
emissions, the signals of E. coli 55989-Strr suspensions com-
posed of various proportions of bacteria harboring
pAT882(pAT113�PtetlucR) or pAT883(pAT113�PtetlucG)
were measured in vitro (Fig. 6). The results were then com-
pared with the bioluminescent signals obtained from green
light- or red light-emitting bacteria mixed in the same pro-

FIG. 4. Intestinal colonization by E. coli MG1655-Strr/pAL2 of mice treated with various concentrations of streptomycin. The log10 means of
CFU/g of feces (A) and photons/s in whole animal (B) for each set of two mice are presented for every time point, with bars indicating standard
errors.

FIG. 5. Transcutaneous bioluminescence kinetic profile after intra-
gastric administration of D-luciferin. D-Luciferin was administered in-
tragastrically 24 h after bacterial inoculation of mice colonized with E.
coli 55989-Strr harboring pAT882(pAT113�PtetlucR) or pAT883
(pAT113�PtetlucG), and the red (�) or green (f) bioluminescent
signal was monitored for 22 h.
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portion with nonbioluminescent 55989-Strr. The green and
red signals of the bacterial mixtures measured simulta-
neously were, after correction for overlap, proportional to
the corresponding bacterial numbers in the suspension
(R2 	 0.98 for both the red and the green signal) (Fig. 6).
These results indicate that the dual bioluminescence detec-
tion system allows direct in vitro quantification of two bac-
terial populations by simultaneous measurement of red and
green emitted signals, thus avoiding bacterial enumeration.

Various proportions (20:80, 50:50, 80:20, and 100:0) of red
light- and green light-emitting E. coli 55989-Strr were inocu-

lated orogastrically into streptomycin-treated mice, and the
bioluminescent signal was measured transcutaneously and in
the feces 3 h after inoculation of the substrate (Fig. 7). The
mice were assigned to three groups: the G group was inocu-
lated with various proportions of E. coli 55989-Strr with or
without pAT883(pAT113�PtetlucG), the R group was inocu-
lated with mixtures of E. coli 55989-Strr with or without
pAT882(pAT113�PtetlucR), and the M group was inoculated
with various mixtures of E. coli 55989-Strr containing pAT882
or pAT883. The groups inoculated with bacteria emitting a
single bioluminescent signal allowed determination of the

FIG. 6. In vitro simultaneous bioluminescence monitoring of various bacterial mixtures of green light- and red light-emitting E. coli 55989-Strr.
(A) Spectral emissions of the green light-emitting (Val241Ile/Gly246Ala/Phe250Ser) and red light-emitting (Ser284Thr) luciferase mutants. (B) Suspensions
of ca. 108 CFU/ml of mixed green light- and red light-emitting bacteria at ratios of 0:100, 20:80, 40:60, 60:40, 80:20, and 100:0 were analyzed. Similar ratios
of green light- or red light-emitting bacteria with nonbioluminescent E. coli 55989-Strr were analyzed. The enzymatic reaction was initiated by adding
chromaGlo reagent just before imaging. Mean values are plotted for each dilution, and standard errors are indicated by the bars.
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spectral overlaps of the 540- and 620-nm filters. Since the red
light- and green light-emitting bacteria in a mouse were indis-
tinguishable on the basis of antibiotic resistance, the CFU
counts of the two types of bacteria in the mixture were deduced
from the counts of the bioluminescent bacteria in the R and G
groups. Twenty-four hours postinoculation, there was very
good correlation between the bioluminescent red and green
signals and the red light- and green light-emitting CFU counts
in the feces (Fig. 7B).

Similar results were observed when the bioluminescent sig-
nals were measured transcutaneously in whole animals, but, as
already mentioned, the red signal was stronger due to greater
green absorption by animal tissues (Fig. 7A). However, the
transcutaneous signal was more variable than that in the feces
(data not shown).

These results indicate that monitoring of two bacterial pop-
ulations in the gut of a single animal can be achieved by
quantification of bioluminescence signals, either in the feces or
transcutaneously in whole animals. This system, which allows
direct monitoring of two bacterial populations simultaneously,
offers a simple and direct method to study in vitro and in vivo
competition between mutants and the parental strain.

In conclusion, we have demonstrated that intestinal coloni-
zation can be monitored in whole living animals with geneti-

cally engineered E. coli strains that produce either the bacterial
luciferase from P. luminescens or the firefly luciferase mutants
PpyRE-TS and PpyGR-TS from P. pyralis and that two biolu-
minescent signals can simultaneously be monitored and quan-
tified in the same living mouse. BLI is therefore a very useful
tool to compare the relative colonization efficiencies of com-
mensal and pathogenic E. coli strains and further elucidate the
mechanism of colonization resistance (19). The stability of the
bioluminescence signal in vivo has been improved by construct-
ing plasmid pAT881(pGB2�PamiluxABCDE), which allows
long-term monitoring of intestinal colonization without the
need for antibiotic selection for plasmid maintenance. This
reporter system has numerous potential applications for mon-
itoring the evolution of infectious diseases in animal models in
the absence of antibiotic selective pressure and without killing
the animals.
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