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Acylated homoserine lactones (AHLs) are chemical signals that mediate population density-dependent
(quorum-sensing) gene expression in numerous gram-negative bacteria. In this study, gram-negative bacilli
isolated from catheters were screened for AHL production by a cross-feeding assay utilizing an AHL-responsive
Agrobacterium tumefaciens reporter strain. Positive reactions were obtained from 14 isolates of Pseudomonas
aeruginosa; negative or weakly positive reactions were recorded for isolates of five other species. P. aeruginosa
biofilms were then produced on catheters in a physical model of the bladder. Sections of colonized all-silicone
catheters gave positive reactions for the quorum-sensing signal molecules as did sections that had been cleaned
of biofilm and autoclaved. Control sections of unused catheters were negative in the tests. Sections from four
of nine catheters that had been freshly removed from patients gave positive reactions for AHLs. Cleaned
autoclaved sections of three of these catheters also gave strongly positive reactions for AHLs. These results
demonstrate that AHLs are produced by biofilms as they develop on the catheters both in vitro in the model
and in vivo in the patient’s bladder. They represent the first demonstration of AHL production by biofilms in
a clinical setting.

In the many patients undergoing long-term indwelling blad-
der catheterization, infection of the urinary tract is inevitable
(13). While the catheter remains in place, these infections are
difficult to eliminate by antibiotic therapy (1) and it is common
practice not to intervene with therapeutic agents unless clinical
symptoms suggest that the bloodstream or the kidneys have
become infected (22). In patients on permanent catheteriza-
tion, the catheters are generally changed at 8- to 12-week
intervals, so infected urine can be flowing through a catheter
for periods of up to 3 months. Under these circumstances,
substantial bacterial biofilms form on the lumenal surfaces of
the catheter and can even completely block the flow of urine
from the bladder (9, 15, 17, 19).

The phenotypes of cells in established biofilms are pro-
foundly different from those of cells growing in a planktonic
mode (2). The increased resistance of bacteria in biofilms to
antibacterial agents, for example, contributes to the difficulties
of eliminating these infections from the catheterized urinary
tract by both systemic antibiotics and antiseptic bladder instil-
lations (1, 9, 20).

Acylated homoserine lactones (AHLs) are membrane-per-
meant signal molecules that accumulate in bacterial cultures as
a function of cell density. At a threshold population density,
described as a bacterial quorum, the accumulated AHLs inter-
act with cellular receptors that control the expression of a set
of specific target genes. Expression of these target genes is
therefore controlled in response to local cell density (7, 18).
The high density of bacteria within biofilms has led to specu-
lation that quorum-sensing genes and AHLs may play impor-
tant roles in the development of the biofilm-specific physiology
(12). Evidence in support of this hypothesis was recently pro-

vided by a study of a Pseudomonas aeruginosa mutant unable to
make quorum-sensing signals (3). This strain produced thin
atypical biofilms which unlike those formed by the wild type
did not differentiate into characteristic microcolonies sepa-
rated by water channels and were sensitive to the biocide
sodium dodecyl sulfate. A study of natural biofilms growing on
submerged stones taken from the San Marcos river in Texas
provided the first evidence that AHLs are produced in biofilms
(14). Proof of AHL production by biofilms in a clinical setting,
however, has heretofore been lacking. The objective of this
study was to determine whether bacterial biofilms on urethral
catheters produce AHLs.

MATERIALS AND METHODS

Strains and growth conditions. Agrobacterium tumefaciens A136 (Ti2)(pCF218)
(pCF372) (6) was used as an indicator strain for the detection of AHLs. The
genetic element pCF218 codes for the TraR protein, an AHL-responsive tran-
scription factor that recognizes N-3-(oxooctanoyl)-L-homoserine lactone as well
as a wide range of related AHLs. A TraR-regulated traI-lacZ reporter is carried
on pCF372. A. tumefaciens KYC6 (traM::Tn5-gusA harboring pCF218) was used
as an endogenous AHL overproducer (8). The cultures were stored suspended in
a mixture of LB broth (Difco Laboratories, Detroit, Mich.) and glycerol and
frozen at 270°C. Prior to use, frozen cultures were removed from storage and
incubated on LB agar (Difco) (strain KYC6) or LB agar supplemented with
spectinomycin and tetracycline (strain A136) (6). All cultures were incubated at
30°C.

The clinical strains of P. aeruginosa, Providencia stuartii, Proteus mirabilis,
Morganella morganii, Escherichia coli, and Klebsiella pneumoniae were all isolated
from catheters taken from patients undergoing long-term indwelling catheter-
ization. The strains were not categorized on the basis of virulence but were
representative of those found in natural catheter biofilms. For experimental
purposes, cells were freshly subcultured onto CLED agar (Oxoid Ltd., Basing-
stoke, United Kingdom) from stock suspensions in 5.0% (vol/vol) glycerol in
distilled water stored at 270°C.

Cross-feeding assay for AHL detection. LB agar covered with 40 ml of X-Gal
(5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (20-mg/ml stock solution in
dimethyl formamide) was used for the cross-feeding assays. These assays con-
sisted of streaking the AHL reporter strain, A. tumefaciens A136(pCF218)
(pCF372), on the plate and then placing the culture, catheter section, or biofilm
extract to be tested approximately 1 cm distant (see Fig. 1). If AHLs are pro-
duced or contained within the source material, they will diffuse through the agar
and result in activation of the traI-lacZ fusion in the reporter strain (6). Positive
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and negative controls consisted of culturing the reporter strain with A. tumefa-
ciens KYC6 (AHL overproducer) and with itself.

Production of catheter biofilms. The bacterial biofilms were produced in a
simple physical model of the catheterized bladder (21). In essence, this model
consists of a glass fermentation flask maintained at 37°C by a water jacket. After
sterilization of the model by autoclaving (121°C for 15 min), a size 14 all-silicone
catheter (Bard) was inserted into the flask through a section of silicone tubing (a
“urethra”) attached to a glass outlet at the base of the flask. The catheter balloon
was then inflated in the usual way, which secured the catheter in position and
sealed the outlet from the “bladder.” Sterile artificial urine was then supplied to
the bladder at 0.5 ml min21. In this way, a residual volume of 30 ml collects in
the bladder below the level of the catheter eyelet and then flows through the
catheter and drainage tube to a collecting bag. The artificial urine was based on
that devised by Griffith et al. (11) and has been described previously (21).

Models were assembled, and the bladders were primed with artificial urine.
The bladders were inoculated with 10 ml of a 4-h urine culture of the test strains.
After 1 h to allow the organisms to establish themselves in the model, the supply
of urine was switched on. The models were run for 48 h before the urine supply
was switched off. The catheters were then removed from the models, and sections
1 cm in length were cut from regions just below the eyeholes. These sections were
then cut in half longitudinally and tested in the cross-feeding assay by standing
them upright on the agar 1 cm from the A. tumefaciens reporter strain. Similar
sections were placed in sterile deionized water (1 ml), sonicated for 5 min at 33
kHz (Transsonic water bath; Camlab, Cambridge, United Kingdom) to remove
the biofilm, and autoclaved at 121°C for 15 min. The cleaned autoclaved catheter
sections and the autoclaved biofilm extracts (0.2 ml) were then placed on the
cross-feeding assay plates, as were samples (0.2 ml) of the uninoculated urine.

Viable cell counts on the catheter biofilms. Sections (1 cm) from just below the
eyeholes of the catheters that had been incubated in the models for 48 h were
suspended in 10 ml of nutrient broth (Oxoid). The biofilm bacteria on these
sections were then dispersed in the broth by sonication for 5 min and mixing for

2 min on a Rota mixer (Fisher Scientific Ltd., Loughborough, United Kingdom).
The viable cells in the resulting cell suspension were then enumerated by plating
onto CLED agar (Oxoid).

Electron microscopy. Visual confirmation of the presence of biofilms on the
catheters was obtained by scanning electron microscopy. Sections of catheters (1
cm in length), taken from the region just below the retention balloon, were
plunged into liquid nitrogen-cooled propane and then transferred to liquid
nitrogen. Cross sections were produced by freeze-fracturing and freeze-dried for
24 h at 280°C. These samples were then mounted on aluminum stubs, sputtered
with gold, and examined in a JEOL LSM5200 scanning electron microscope. To
observe the nature of the biofilm surfaces, sections (approximately 1 cm long)
from the region just below the retention balloon were cut longitudinally into
halves. They were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
for 1 h and then washed overnight in the phosphate buffer before being postfixed
in Millonig’s phosphate-buffered osmium tetroxide (1.0%) for 1 h. The samples
were dehydrated in a graded series of aqueous ethanol solutions (30 to 100%)
and then critical point dried by using liquid carbon dioxide. Finally, the samples
were mounted on aluminum stubs sputtered with gold and examined in the
scanning electron microscope.

RESULTS
Production of AHLs by catheter isolates. A collection of

isolates of gram-negative bacilli from patient catheters were
screened for AHL production in the cross-feeding test. Strong
positive reactions were recorded for all 14 isolates of P. aeru-
ginosa tested. Negative or weakly positive reactions were
recorded for isolates of M. morganii, Providencia stuartii, K.
pneumoniae, Proteus mirabilis, and E. coli. Examples of cross-

FIG. 1. Results of cross-feeding tests. Evidence for the production of AHLs is indicated by the expression of b-galactosidase activity (blue coloration) in the reporter
strain, A. tumefaciens A136, which in each test is streaked across the top half of the plate. Production of AHLs by P. aeruginosa NSM35 (D) and A. tumefaciens KYC6
(positive control) (A) is visible. There is no evidence of AHL production by Providencia stuartii NSM71 (C) or by A. tumefaciens A136 when it was incubated with itself
(negative control) (B). A weakly positive response can be seen with M. morganii NSM67 (E).
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feeding tests with P. aeruginosa, M. morganii, and Providencia
stuartii are shown in Fig. 1. It can be seen that the incubation
of P. aeruginosa in the presence of the reporter strain, A. tu-
mefaciens A136, produced a blue coloration in the bioassay
medium due to the expression of the lacZ reporter gene. A
similar reaction was observed when the AHL-producing strain
A. tumefaciens KYC6 was cultivated with A. tumefaciens A136
(positive control). No evidence of AHL activity was observed
when A136 was incubated with itself (negative control) or with
an isolate of Providencia stuartii. The weak reaction observed
with M. morganii after 48 h in the cross-feeding test (Fig. 1) was
reproducible and became stronger on continued incubation
but did not reach the intensity of the reaction produced by
P. aeruginosa.

Production of AHLs by biofilms formed on catheters in the
bladder model. Biofilms were developed over 48 h in bladder
models infected with a test strain of P. aeruginosa on all-
silicone, silicone-coated latex, and hydrogel-coated latex cath-
eters. The results of the cross-feeding experiments on all-sili-
cone catheters are illustrated in Fig. 2. It can be seen that
sections of all-silicone catheters colonized by P. aeruginosa
biofilms gave a positive test for the quorum sensor as did
sections of P. aeruginosa-colonized all-silicone catheters that
had been cleaned of biofilm by sonication and then autoclaved.
In contrast, autoclaved biofilm extracts, sections of unused
catheter, catheter sections that had been exposed to urine and

then sonicated and autoclaved, and samples of the urine me-
dium used to grow the biofilms all produced negative results.

Colonized silicone-coated and hydrogel-coated latex cathe-
ters both gave positive reactions for the production of AHLs.
The cleaned autoclaved sections, however, gave either weakly
positive (silicone-coated catheters) or negative (hydrogel-coat-
ed catheters) responses in the assay.

The electron micrographs (Fig. 3) show the formation of
biofilm on all-silicone and hydrogel-coated latex catheters. The
numbers of P. aeruginosa cells colonizing each catheter type
are presented in Table 1.

FIG. 2. Production of AHLs by biofilms of P. aeruginosa NSM35 growing on all-silicone catheters. Positive reactions for AHLs are visible in colonized catheter
sections (A) and in sections that had been cleaned of biofilm by sonication and then autoclaved (C). No evidence of AHL activity is visible in sections of fresh unused
catheters (B), catheter sections that had been exposed to urine and then sonicated and autoclaved (E), autoclaved biofilm extracts (D), or samples of urine (F).

TABLE 1. Population densities of P. aeruginosa in catheter biofilms

Catheter type
No. of viable cells in 48-h

biofilms (CFU/cm of
catheter [mean 6 SD])a

All silicone ................................................................ (1.8 6 0.2) 3 109

Silicone-coated latex ................................................ (2.5 6 0.2) 3 108

Hydrogel-coated latex.............................................. (2.0 6 0.9) 3 108

a Calculated from three separate experiments. Analysis of variance on log-
transformed data showed significant differences (P . 0.001) between the densi-
ties of cells in the biofilms on the all-silicone catheters and those on the coated
latex catheters.
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Production of AHLs by biofilms on catheters removed from
patients. Nine catheters that had been freshly removed from
patients were also tested in the cross-feeding assay. All of these
catheters were colonized by biofilm. In four cases, the colo-
nized sections gave positive reactions for AHLs. One of these
was a silicone-coated latex catheter, and after cleaning and
autoclaving, it gave no response in the cross-feeding assay. The
other three were all-silicone catheters, and cleaned autoclaved
sections gave clear positive reactions for AHLs.

DISCUSSION

The reporter strain used in the cross-feeding assay has the
ability to detect N-3-(oxooctanoyl)-L-homoserine lactone and a
range of its analogues (6). Previous studies have shown that
P. aeruginosa produces N-3-(oxododecanoyl)-L-homoserine
lactone and N-(butyryl)-L-homoserine lactone and that these
quorum sensors are required for the expression of the viru-
lence factors toxin A and elastase (16). It is not surprising
therefore that all 14 isolates of P. aeruginosa from urethral
catheters were strongly positive in the cross-feeding assay. It
should be emphasized that a negative response in this assay
does not mean that the test strain failed to make quorum-
sensing signals; it merely shows an inability to make AHLs that

are recognizable to A. tumefaciens or that the levels of the
AHLs are very low. Thus, organisms such as M. morganii and
Providencia stuartii which gave weak or negative responses
could well be producing quorum-sensing signals perceptible to
themselves and other species that inhabit catheter biofilms.

The strongly positive reaction produced by the P. aeruginosa
biofilms that had been generated on catheters in the bladder
model (Fig. 2) could be due, in part, to AHL production by the
bacteria growing on the agar during the testing procedure. It is
significant, however, that sections of the all-silicone catheters
from which biofilm had been removed by sonication and au-
toclaving also gave strongly positive responses in the assay.
This result together with negative reactions observed with un-
used catheters, and with unused catheters that had been ex-
posed to urine and then sonicated and autoclaved, demon-
strates unequivocally that the quorum-sensing signal molecules
must have been produced by the biofilm during its develop-
ment on the catheter. It is also clear that AHLs produced
during the development of the biofilm adsorb to the silicone
catheter surface. The observation that the autoclaved biofilm
extract gave a negative response was surprising in view of the
previous positive results with autoclaved biofilm extracts from
pebbles taken from a river (14). While the AHLs are clearly
not destroyed by autoclaving, it could be that resuspension of

FIG. 3. Scanning electron micrographs of P. aeruginosa NSM35 growing on catheters. Freeze-dried, freeze-fractured cross sections of colonized all-silicone (A) and
hydrogel-coated latex (B) catheters are shown. The arrows indicate the bacterial biofilms colonizing the lumenal surfaces of the catheters. Critical-point-dried
preparations showing the surfaces of these biofilms on all-silicone (C) and hydrogel-coated (D) catheters are also shown.
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the biofilm in sterile deionized water diluted the AHL beyond
the detection limit of the assay. It is also possible that the
binding of AHLs to the catheter reduces their concentration in
the biofilm.

There are several possible explanations of the observation
that while biofilm-colonized coated latex catheters produced
positive reactions in the cross-feeding tests, the cleaned auto-
claved catheters gave weak (silicone-coated latex) or negative
(hydrogel-coated latex) responses. It might simply be that the
numbers of cells in the biofilms formed on these catheters over
the 48-h incubation period in the model did not generate
enough AHL to register in the assay. Indeed, it was the case
that significantly fewer (P . 0.001) cells colonized the latex
catheters (Table 1). Electron microscopy also revealed that the
biofilms formed on all-silicone catheters were more substantial
than those on hydrogel-coated catheters (Fig. 3). Alternatively,
the amounts of AHL adsorbing to the coated latex surfaces
during biofilm growth and eluting from the cleaned catheters
during the cross-feeding tests may have been insufficient to
register positive responses.

The results obtained from the catheters removed from pa-
tients show that AHLs are produced by the biofilms while the
catheter is in situ in the bladder. These results also confirm
that the quorum sensors produced in vivo adsorb to the all-
silicone catheters.

Studies with scanning confocal laser microscopy have shown
that biofilms are organized communities of cells that have a com-
plex architecture and physiology (2). The precise role of AHLs
in biofilms remains to be established. Evidence is emerging (3),
however, that as molecules mediating cell-to-cell communica-
tion, they have important functions in coordinating the activity
of cells in biofilms and ensuring that a social order in these com-
munities is established and maintained. It is possible, there-
fore, that scrambling the bacterial communication systems by,
for example, coating catheters with analogues of AHLs capable
of interfering with signalling could have practical applications
in preventing the formation and development of biofilms on
catheters and many other implanted medical devices. Fura-
none derivatives produced by the seaweed Delisea pulchra are
thought to interfere with AHL-mediated quorum sensing by
mimicking AHLs and blocking transcriptional activation of
target genes (4, 10). Such inhibition has been directly demon-
strated in the AHL-regulated swarming of Serratia liquefaciens
(5, 10) and may provide avenues for controlling biofilm forma-
tion and dissolution in situ.
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