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Eradication of Staphylococcus aureus biofilms after rifampin treatment was tested in a mouse model of
device-related infection by using biophotonic imaging. Following treatment, the bioluminescent signals de-
creased to undetectable levels, irrespective of the age of the biofilm. After the final treatment, the signals
rebounded in a time-dependent manner and reached those for the untreated mice. Readministration of
rifampin was unsuccessful in eradicating reestablished infections, with the rifampin MICs for such bacteria
being increased and with the bacteria having point mutations in the rpoB gene.

Many antibiotics are unable to completely eradicate biofilm
infections, and cessation of treatment often results in the re-
establishment of the biofilm. To better understand and control
biofilms on indwelling medical devices, new approaches to
drug efficacy screening in vivo are essential. The development
of novel strategies, especially in vivo, have been severely im-
peded by the absence of longitudinal monitoring systems which
are quantitative and which can be used in real time, permitting
the assessment of antibiotic activity in the same animal. Re-
cently, we demonstrated such a continuous method for real-
time monitoring of biofilms using bioluminescent bacteria
grown on Teflon catheters to investigate the interaction of
biofilm bacteria with antibiotics during a chronic infection in a
mouse model (12). In the present study, we investigated the
effectiveness of rifampin against biofilms at different stages
during growth and further tested the efficacy of this antibiotic
against biofilms that reestablished following the termination of
treatment.

Staphylococcus aureus ATCC 12600 was engineered for bi-
oluminescence by inserting a modified complete /ux operon, as
described previously (11), and was designated S. aureus Xen
29. The experimental infection in a murine model was estab-
lished with precolonized catheter carrying 10* CFU of S. au-
reus Xen 29 as described previously (11, 12). At various times
after implantation of the catheters, groups of mice (n = 47)
were treated with rifampin by administering 30 mg/kg of body
weight intraperitoneally in 0.1 ml of saline. This dose of ri-
fampin was previously shown to produce the maximum bacte-
ricidal effect against Xen 29 in the mouse model of biofilm
infection (12). Antibiotic was given to mice twice daily for a
total of 4, 5, or 6 days, starting on either day 7 or day 23 after
catheter implantation. A second group of animals (n = 15)
served as an untreated infection control group by being im-
planted with infected catheters but being treated with saline.
Yet a third group of animals (n = 4) served as a negative
control group, being implanted with sterile catheters. Total
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photon emissions from defined regions of interest within the
images of each mouse were quantified by using Living Image
software (Xenogen Corp., Alameda, Calif.), as described pre-
viously (12). The bacteria recovered from catheters were
screened for resistance to rifampin that developed during ther-
apy by plating the sonicated fluid onto Mueller-Hinton agar
containing rifampin at various concentrations, as described
previously (12). Bacteria that showed increased resistance to
rifampin were further tested by the broth dilution method to
determine the MIC (12). Two isolates, recovered from cathe-
ters with 23-day-old established biofilms and subsequently
treated for 4 days with rifampin, were further characterized.
One of these isolates (mutant I) was recovered 35 days postim-
plantation (i.e., 8 days after rifampin treatment), and the other
(mutant IT) was recovered 49 days postimplantation (i.e., 22
days after rifampin treatment). Rifampin resistance in S. au-
reus has previously been reported to be due to mutations in the
rpoB gene (22), which encodes the B subunit of RNA polymer-
ase. Thus, PCR was used to amplify the rifampin resistance-
determining (Rif) regions of the rpoB gene directly from bac-
terial cells of rifampin-resistant strains (22). The rpoB gene
fragment was amplified with the oligonucleotide primers SArpoF
(5'-GAG TTG TAC GTG AAA GAA TG-3') and SArpoR
(5'-CAT GTG TAT CTA AAT CAA C-3'). Mutations confer-
ring rifampin resistance were determined by DNA sequencing
of the PCR fragment with primer SArpoF (Sequetech, Moun-
tain View, Calif.).

Characterization of the two rifampin-resistant isolates, mu-
tants I and II, revealed that both have a single base pair
change, although at different positions, in the Rif region of the
rpoB gene. Mutant I had a TCT to CCT codon change that
resulted in an amino acid change of serine to proline at posi-
tion 464, while mutant II had a AGC to AAC codon change
that resulted in an amino acid change of aspartic acid to as-
paragine at position 471 (the substituted bases are underlined).
Although the presence of other mutations in nonsequenced
regions of the rpoB gene—or, indeed, other genes—cannot be
excluded, it is likely that these mutations are at least partially
accountable for the rifampin resistance. S. aureus isolates from
the untreated group of mice showed no differences in suscep-
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FIG. 1. In vivo bioluminescence monitoring of S. aureus Xen 29 in the mouse model of biofilm infection during treatment with rifampin.
(A) Effects of 4 days of rifampin treatment of a 7-day-old biofilm or 5 days of rifampin treatment of a reestablished biofilm; (B) effects of 4 days
of rifampin treatment of a 23-day-old biofilm; (C) effects of 5 days of rifampin treatment of a 23-day-old biofilm. The total number of photons
detected over the infected catheter per second was determined with an IVIS camera and plotted with respect to time. Each mouse was implanted
with two catheters, and each datum point is the mean * standard deviation for four to six catheters. Arrows indicate the days of antibiotic
administration. Data are the averages of the results from three to four separate experiments.

tibilities to rifampin or mutations in the rpoB gene throughout
the 50-day study period.

The effectiveness of rifampin administration to mice im-
planted with precolonized catheters under a variety of different

conditions is shown in Fig. 1A to C. Following implantation,
the bioluminescence signals increased exponentially over 24 h,
as shown in previous studies (11, 12), reaching approximately
10° photons/s/catheter and remaining at this level until the
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termination of the study, thus allowing the efficacy of antibiotic
treatment to be effectively monitored. The kinetics of the ri-
fampin-induced reduction in bioluminescence on a 23-day-old
biofilm was similar to that seen on a 7-day-old biofilm (Fig. 1A
and B), indicating that the age of a biofilm does not affect its
sensitivity to rifampin. Once the signal was reduced, it re-
mained undetectable for the next 7 to 8 days in groups of
animals treated for 5 days but gradually increased and reached
the levels for the untreated animals by 18 days after the final
treatment (Fig. 1C). In contrast, bacterial regrowth began ap-
proximately 5 days after the final treatment in groups to which
rifampin treatment was given only for four consecutive days
(Fig. 1A and B). The bioluminescent signal intensity seen from
a 23-day-old biofilm after four consecutive days of rifampin
treatment increased beyond that seen for the untreated control
group after 36 days and reached 10° photons/s/catheter (Fig.
1B).

To determine whether bioluminescence imaging can be used
to monitor the efficacy of rifampin therapy on recovering bio-
film infections (in real time), the antibiotic was readministered
for five consecutive days to a group of animals (n = 16) after
16 days following cessation of the initial therapy (Fig. 1A).
Notably, retreatment of the animals with reestablished biofilm
infections had no effect on bioluminescence, indicating the
presence of a rifampin-resistant population. Indeed, as dis-
cussed above, staphylococci recovered from the catheters in
animals with recurring infections following rifampin treat-
ments were confirmed to be resistant to rifampin by MIC (5 to
10 pg/ml) and genetic analyses. Our results are consistent with
those of previous studies reporting the rapid emergence of
rifampin-resistant staphylococci when rifampin is used as

monotherapy for the treatment of device-related infections (1,
15).

To assess the correlation between bioluminescence and the
traditional colony-counting method, the mice were first imaged
to determine the total photon counts emitted from implanted
catheters, followed by extraction of the bacteria from the cath-
eters for CFU determinations. We previously established that
the numbers of CFU extracted from catheters correspond to
the light signal, and other investigators (4, 6-9, 11-13, 16, 17)
have also shown that a strong correlation exists between the
numbers of viable cells from tissue homogenates and biolumi-
nescence. Similarly, in the present study, a strong correlation
(R* = 0. 98) between the mean bioluminescence and the num-
ber of CFU was found for 23-day-old biofilms treated with
rifampin for 4 days and untreated biofilms (Fig. 1B and 2).
Similar results were obtained with the other treated groups,
except in the study in which rifampin treatment of a 23-day-old
biofilm was initiated for 5 days (Fig. 1C), in which the corre-
lation coefficient between the numbers of CFU and the light
signal appeared to be moderately low (R? = 0.67) on day 50
(probably due to a sampling error). With the exception of the
data for this time point, the data indicated that measurement
of a change in photon flux from bioluminescence imaging is a
convenient method for the monitoring of treatment of biofilm
infections in living mice and quantification of the relative dif-
ferences in therapeutic efficacy.

To determine the activity of the antibiotic on the biofilm
infections, conventional methods would typically require that
infected animals be killed at each sampling point and that the
foreign body be removed to estimate the pathogen burden,
determined by measurement of the number of CFU recovered
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FIG. 2. Correlation between bioluminescence and traditional CFU determination methods (CFU) after 4 days of rifampin treatment of a
23-day-old biofilm. Viable counts are reported as the numbers of CFU per catheter, and bioluminescence is represented as the numbers of photons
per second per catheter, obtained with an IVIS camera. Each datum point is the mean * standard deviation for three to four catheters. Mice were
first imaged for bioluminescence, followed by removal and extraction of the bacteria from the catheters for CFU determinations.

from the biofilm. This method can have the problem of anti-
biotic carryover and other artifacts due to handling, and these
problems positively bias the data for the groups treated with
antibiotics (5, 14). Additionally, efficient and real-time estima-
tion of pharmacodynamic parameters, such as postantibiotic
effect and delayed regrowth, factors that are critical in drug
discovery programs, is not possible in a living animal by present
methodologies based on determination of CFU counts. The
main advantage of the present method was the in situ detection
of staphylococci without destruction of the biofilm structure by
detachment procedures. The detachment may result in the
conversion of the organisms from sessile to planktonic forms,
with possible phenotypic changes (2). Therefore, biolumines-
cence-based monitoring of biofilm bacteria provides additional
information about the microbial physiological state, indepen-
dently of the culturability of these bacteria. In addition, the
experiment can be performed in the presence of the animal’s
host defense mechanisms.

The excellent bactericidal activity of rifampin against young
or mature biofilms is probably due to its activity against bac-
teria at all phases of growth, including actively growing, semi-
dormant, nongrowing, and intracellular bacteria (3, 18, 21).
Because of its potency, rifampin appears to be effective against
biofilm-embedded organisms that are recognized to be heter-
ogeneous in the physiological or metabolic state (10, 19, 20).

Before we applied biophotonic imaging to the measurement
of biofilms, no convenient method that allows noninvasive,
real-time monitoring of the efficacies of therapeutic agents and
the relapse of infection in a living animal following the termi-
nation of treatment regimens was available. Using a recombi-
nant bioluminescent S. aureus strain and a low-light imaging

system, were we able not only to visualize the entire course of
infection but also to determine the precise effects of different
antibiotic treatment regimens and subsequent unique patterns
of disease relapse, all using a minimal number of animals. We
also demonstrated the therapeutic failure of the antibiotic in
eradicating reestablished biofilms on the implanted device in
vivo. In this respect, our model mimics the clinical picture, in
which relapse and the recalcitrant nature of the infection to
treatment are commonly seen, phenomena that probably con-
tribute significantly to the frequent failure of antibiotic therapy
for biofilm infections in humans. We believe that our approach
is ideally suited for evaluation of the in vivo efficacies of anti-
microbial compounds at an early stage in antibiofilm drug
discovery.

We thank E. Reynolds and C. Dalesio (Graphics and Communica-
tions, Xenogen Corporation) for assistance with drawings.
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