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Individuals with cystic fibrosis (CF) are commonly colonized with Pseudomonas aeruginosa. The chronic
infections caused by P. aeruginosa are punctuated by acute exacerbations of the lung disease, which lead to
significant morbidity and mortality. As regulators of virulence determinants, P. aeruginosa quorum-sensing
systems may be active in the chronic lung infections associated with CF. We have examined the levels of
autoinducer molecules and transcript accumulation from the bacterial populations found in the lungs of
patients with CF. We detected biologically active levels of N-(3-oxododecanoyl)-L-homoserine (3-oxo-C12-HSL)
and N-butyryl-L-homoserine lactone (C4-HSL) in sputum from CF patients. Interestingly, it appears that
C4-HSL is less frequently detected than 3-oxo-C12-HSL in the lungs of patients with CF. We also examined the
transcription of the autoinducer synthase gene lasI and showed that it is frequently expressed in the lungs of
patients with CF. We observed a significant correlation between the expression of lasI and four target genes of
the Las quorum-sensing system. Taken together, our results indicate that quorum-sensing systems are active
and may control virulence factor expression in the lungs of patients with CF.

Quorum-sensing signaling systems allow bacteria to regulate
gene expression in a population-dependent manner. Quorum-
sensing regulatory mechanisms are widespread; they have been
described in numerous gram-positive (18) as well as gram-
negative (9, 42) bacteria. In acyl-homoserine lactone-based
systems, growing bacteria produce small signaling molecules
(autoinducers) that accumulate in the surrounding environ-
ment. At a specific cell density, the concentration of autoin-
ducer becomes sufficient to interact with the autoinducer-de-
pendent transcriptional activator protein and alter gene
expression.

In Pseudomonas aeruginosa, quorum-sensing systems have
been extensively studied. Two acyl-homoserine lactone-based
systems, the las (10) and rhl (25) systems, have been described.
These operate in a hierarchical fashion along with a recently
described quinolone signaling system (33) to regulate as much
as 4% of the genome (45). LasI and RhlI synthesize the auto-
inducers N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-
C12-HSL) (29) and N-butyryl-L-homoserine lactone (C4-HSL)
(30), respectively. LasR and RhlR bind DNA to modify tran-
scription of target genes only after a threshold level of their
respective autoinducers is reached.

Quorum-sensing systems are believed to be central to the
pathogenesis of P. aeruginosa (reviewed by Rumbaugh et al.
[34]). One such infection in which quorum sensing may play an
important role is the P. aeruginosa lung infections associated
with cystic fibrosis (CF). These infections may be the perfect

environment for the expression of the quorum-sensing systems,
as the lungs are a spatially limited environment and P. aerugi-
nosa can grow to high densities (107 to 108/ml) (40) in sputum.
These conditions should be sufficient to induce expression of P.
aeruginosa quorum-sensing-regulated genes within the CF lung
(41).

Several lines of experimental evidence implicate quorum-
sensing systems as important in the pathogenesis of this infec-
tion. First, the lasRI 3-oxo-C12-HSL-regulated genes lasB and
lasA are transcribed (39, 40, 41) and translated (13, 15, 16, 20)
in the lungs of CF patients. Additionally, lasR transcripts were
detected in sputum samples, and their accumulation correlated
to those of lasA, lasB, and toxA transcripts (41). This suggests
a functional link between these genes. Geisenberger et al. (11)
also demonstrated that N-acyl-homoserine lactones are pro-
duced by CF isolates. It was subsequently demonstrated, in a
chronic mouse infection model, that N-acyl-homoserine lac-
tones could be produced in the mouse lung (47) and that
mutations in the lasI and rhlI quorum-sensing systems resulted
in milder lung infections (46).

Recently, Singh et al. (37) took a novel approach to address
the question of quorum-sensing signals being produced by P.
aeruginosa in CF. They developed an in situ assay in which a
radioactive precursor is added to sputum and incubated. This
allows the bacteria to synthesize newly labeled acyl-homo-
serine lactones, demonstrating that bacteria in sputum can
produce autoinducers. They went on to show that bacteria in
sputum could produce quorum-sensing signals in ratios indic-
ative of the biofilm mode of growth (37).

A critical question that remains is whether or not autoin-
ducers are produced in the lungs of patients with CF. In this
study, our objective was to determine if autoinducers, pro-
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duced in vivo, could be directly detected in sputum from pa-
tients with CF. We also wanted to determine if lasI transcripts
are produced in the lungs of patients with CF and to see if their
expression correlates with quorum-sensing target genes.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All Escherichia coli and Pseudomonas
strains were routinely grown at 37°C in PTSB (26) or Luria-Bertani (LB) broth
supplemented with tetracycline (100 �g/ml) and carbenicillin (400 �g/ml) when
appropriate. All liquid cultures were shaken at 270 rpm. P. aeruginosa CF isolates
were identified to species level by the Microbiology Laboratory at the Foothills
Hospital in Calgary. Of the 36 isolates used in the autoinducer screens, 6 were
stable mucoid strains and the remainder were either spontaneous nonmucoid
revertants or nonmucoid isolates.

Agrobacterium tumefaciens A136(pCF218)(pCF372) was grown in AT medium
(44) with tetracycline (4.5 �g/ml) and spectinomycin (50 �g/ml) at 30°C. A.
tumefaciens strain A136 has no Ti plasmid (no autoinducer synthase) and con-
tains pCF218 (traR expression) and pCF372 (traI-lacZ), allowing the sensitive
detection of all acyl-homoserine lactone autoinducers except those with C4-
substituted acyl side chains (48).

Plasmids were transformed into P. aeruginosa by electroporation (38). The
reporter strains used in this study have been described elsewhere (8, 29, 31). P.
aeruginosa strain PAO-JP2 is a lasI rhlI double mutant, which produces no
acyl-homoserine lactone autoinducers. Plasmid pKDT17 contains a copy of lasR
under the tac promoter, as well as the lasB promoter fused to lacZ, thereby
enabling the detection of 3-oxo-C12-HSL. Plasmid pECP61.5 contains rhlR un-
der the tac promoter, as well as an rhlA�-lacZ fusion, enabling the detection of
C4-HSL.

Patient population. Initially the same group of 23 patients as previously de-
scribed (39, 40, 41) was used in this study. This group was composed of 13
females and 10 males whose median age at the start of the study was 15.5 years.
Of these 23 patients a subset of 16 patients were selected for additional study.
This subset consisted of seven females and nine males whose age varied from 10
to 19 years. The median age at the beginning of the study for this group was 13
years. For both groups, patients were selected so that there would be an equal
representation of mild, moderate, and severe pulmonary disease.

Patients defined as suffering from mild pulmonary disease had a forced expi-
ratory volume in 1 s (FEV1) of �70% of expected values. Those patients
classified as having moderate pulmonary disease had an FEV1 which fell in the
range between �40% and �70% of predicted values. Severe cases of pulmonary
disease consisted of patients whose FEV1 was �40% of expected values. All of
the patients selected were receiving treatment at the Alberta Children’s Hospital
Cystic Fibrosis Clinic. CF isolates were obtained from patients attending either
the University of Calgary Medical Clinic or the Adult Cystic Fibrosis Clinic at the
Foothills Hospital. Voluntary consent was given by all patients and/or their
guardians for participation in these studies. Approval of the design and purpose
of this study was granted by the Conjoint Research Ethics Board of the Univer-
sity of Calgary.

Sputum collection and storage. Sputum samples were obtained during each
clinic visit of patients involved in the study. These samples were treated with an
equal volume of Sputalysin (Calbiochem-Behring, Horescht) and divided into
two portions. The first of the two portions was used for extraction of total RNA
and autoinducers. The other portion was used to identify and quantify the
bacteria present in the samples.

Extraction of autoinducers from sputum samples and bacterial culture su-
pernatants. Autoinducers were extracted from sputum samples with 1:2 (vol/vol)
dichloromethane/volume of sputum sample. Samples were extracted three times
for 1 h at 4°C. The organic phase was collected via centrifugation (500 � g, 1 min,
4°C), and the three extracts were combined. Aqueous residue was removed after
freezing the samples for 1 h at �20°C. The solvent was removed via rotary
evaporation, and the residue was resuspended in 200 �l of ethyl acetate. The
extracts were stored at �20°C. To judge the efficiency of our extractions, we
added synthetic C4- or 3-oxo-C12-HSL to separate samples that contained no
detectable autoinducers and extracted them as above. For thin-layer chromato-
graphic analysis, sputum samples from a single patient were combined so that the
volume (after Sputalysin treatment) was 30 ml, and this volume was extracted
with dichloromethane and resuspended in 20 �l of ethyl acetate. Cell-free bac-
terial supernatants (20 ml) from early-stationary-phase cultures (10 h) were
extracted in the same manner and resuspended in 200 �l of ethyl acetate.

Autoinducer bioassays. E. coli strain MG4(pKDT17) or P. aeruginosa strain
PAO-JP2(pECP61.5) was used in liquid assays to measure the autoinducer levels

in sputum extracts and culture supernatants as described previously (29, 31). The
pKDT17 reporter plasmid in E. coli is reasonably specific for 3-oxo-C12-HSL. It
contains a copy of the lasR gene as well as a lasB-lacZ fusion, so that exogenous
autoinducer results in induction of �-galactosidase. pECP61.5 was used in P.
aeruginosa PAO-JP2 because it resulted in greater sensitivity while remaining
relatively specific for C4-HSL. pECP61.5 contains a copy of rhlR and an rhlA-
lacZ fusion. �-Galactosidase activity was calculated as described by Miller (23).
Individual sputum extracts were divided into two 100-�l aliquots, dried under
cold air, and assayed for 3-oxo-C12-HSL or C4-HSL. A P. aeruginosa strain
PAO1 culture supernatant (50 �l of a consistent sample) was included in each
separate assay in order to standardize the results. A subset of samples were
analyzed quantitatively by including synthetic standard curves for 3-oxo-C12-
HSL or C4-HSL (Aurora Biosciences) and calculating the concentrations in
sputum using the nanomoles of acyl-homoserine lactones detected and correct-
ing for the original volume of the sputum sample.

To rapidly screen P. aeruginosa CF isolates for autoinducer production, a plate
assay was used in which CF isolates and E. coli strain MG4 containing either
pKDT17 or pECP61.5 were streaked 1.0 cm apart on MacConkey agar plates,
and induced �-galactosidase activity in the reporter strain was scored visually
(purple color on MacConkey agar).

Thin-layer chromatography. Reverse-phase thin-layer chromatography as de-
scribed by Shaw et al. (36) was used to examine the individual acyl-homoserine
lactones present in our samples. Sputum sample extracts (20 �l) along with a
series of culture supernatants (10 �l) and synthetic standards (Fluka; 3 nmol
each) were spotted onto a C18 reverse-phase thin-layer chromatography plate (20
cm by 20 cm; Whatman) and developed with 60:40 (vol/vol) methanol-water.
Then 30 ml of an A. tumefaciens strain A136(pCF218)(pCF372) late-exponential-
phase culture was added to 150 ml of AT agar (0.7%) with 5-chloro-4-bromo-
3-indolyl-�-D-galactopyranoside (X-Gal) at 60 �g/ml and poured over the plate,
which was then incubated at 30°C for 24 h.

Isolation and quantification of total RNA from sputum samples. Extraction,
slot blotting of total RNA, hybridization of [32P]dCTP-labeled DNA probes,
autoradiography, and subsequent quantitation of signal intensity were performed
as previously described (40). The probes used to detect transcript accumulation
of algD, lasA, lasB, lasR, and toxA have been described previously (39). For lasI,
a 700-bp internal SalI fragment from plasmid pJMC31 (28) was used. This
fragment does not contain any of the rsaL gene (2). Probes were labeled with
[32P]dCTP using an oligolabeling kit (Pharmacia) in accordance with the man-
ufacturer’s specifications.

Positive control RNA was incorporated into each blot of CF sputum samples.
For positive control for the lasI transcript, P. aeruginosa strain PAO1 was grown
in PTSB and samples were extracted at an optical density at 540 nm of 1.0, 2.5,
and 3.0. Negative control mRNA was extracted from P. aeruginosa strain PAO-
JP2 at the same optical density. In each case RNA was extracted from 2 � 108

cells as previously described (6, 7).
The half-life of the lasI transcript was determined by growing P. aeruginosa

strain PAO1 in PTSB to an optical density (540 nm) of 2.5. Rifampin was then
added to the culture to a final concentration of 200 �g/ml. An aliquot of cells was
removed for subsequent RNA extraction (time zero). Additional samples of the
culture were removed at 10-min intervals. The final sample was removed 40 min
after the addition of rifampin. RNA from each sample was immediately extracted
upon its removal from the parent culture, as outlined previously (6). The RNA
collected from these extractions was then electrophoresed on a glyoxal gel,
blotted onto a Nytran membrane (Schleicher and Schuell), probed with the
[32P]dCTP-labeled lasI probe, autoradiographed, and scanned for signal intensity
using a scanning laser densitometer (Biomed Instruments) (39, 40, 41). The
relationships between expression of lasI and the other transcripts in the study
were analyzed using Spearman rank correlations as described previously (41).

RESULTS

P. aeruginosa lasI transcript can be detected in sputum from
CF patients and its accumulation correlates with toxA, lasB,
lasA, and lasR transcript accumulation. In order to assess lasI
transcription in relation to transcription of other genes, differ-
ences in the half-lives of the mRNAs must be taken into ac-
count. Using RNA extracted from P. aeruginosa strain PAO1
at 10-min intervals after the addition of rifampin, the half-life
of lasI was determined to be 18 min (data not shown). Half-
lives for toxA (10 min), algD (19 min), lasB (11 min), lasA (8.5
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min), and lasR (2 min) have been determined previously (39,
40, 41). A relatively long half-life of 18 min for lasI suggested
that obtaining valid relationships for these genes would be
possible. Thus, we wanted to determine whether the lasI gene
is coordinately expressed with the other quorum-sensing genes
in CF lung infections.

We examined transcript accumulation in samples that con-
tained 	108 bacteria/ml, taken from a single patient (patient
15) over a 4-month period (Fig. 1). Although we saw wide
differences in the levels of transcript accumulation, it appeared
that lasI transcript accumulation correlated with the transcript
accumulation of lasR and lasB. Thus, further analysis on sam-
ples from additional patients would prove useful.

We monitored transcript accumulation of lasR, lasI, toxA,
lasB, lasA, and algD in a number of patients over a 3- to 5-year
period. We detected lasI transcripts in 101 of 135 samples. The
levels of lasI transcript accumulation varied from background
to levels above the maximal level of expression of lasI in strain
PAO1 grown under optimal conditions for expression of lasI.
Spearman rank correlations were performed between accumu-
lations of lasI and the aforementioned genes using a number of
RNA samples extracted from the sputum of 16 different pa-
tients (Table 1). Table 1 shows a subset of our data where P.
aeruginosa is the predominant pathogen or where P. aeruginosa
is the sole pathogen in the sample. We found statistically sig-
nificant correlations between lasI and lasR, lasA, lasB, and toxA
transcript accumulation. A weak relationship occurred be-
tween lasI and algD. However, the level of significance was
below our cutoff for these studies.

The strong correlations that exist between transcript accu-
mulation of lasI and toxA, lasB, lasA, and lasR suggest that lasI
may be involved in the regulation of or be coordinately regu-
lated with the expression of the aforementioned genes in the
CF lung. Detection of lasI transcripts and correlation of those
transcripts with target genes regulated by the LasI-LasR quo-
rum-sensing system suggested the possibility that autoinducers
were being produced during the lung infections associated with
CF.

Autoinducers are present in CF patient sputum. In order to
assess the quorum-sensing activity of P. aeruginosa in CF lung
infections, we extracted autoinducers from patient sputum
samples and assayed these extracts for the ability to induce
�-galactosidase activity in the reporter plasmids pKDT17 (de-
tects 3-oxo-C12-HSL) and pECP61.5 (detects C4-HSL). The
volume of sputum in our samples was variable. Therefore, we
were careful to first calculate our results on the basis of 1 ml of
the original sputum sample. pKDT17 induction (3-oxo-C12-
HSL) occurred more often (78%) than did pECP61.5 induc-
tion (C4-HSL) (26%) in assays of these patient samples. Table
2 displays the results from a large number of samples that
contained mixed bacterial populations. Clearly, biologically ac-
tive autoinducers can be found in the majority of these sam-
ples. Curiously, in some samples we did not detect C4-HSL and
found only background levels of 3-oxo-C12-HSL.

A subset of our sputum samples contained only P. aeruginosa
and no other pathogenic species. Of these samples, 5392, 8762,
11947, 8523, and 5195 all contained 108 cells/ml. Sample 15765
contained 106 cells/ml. The samples with 108 bacteria/ml dis-
played highly variable levels of autoinducer, and the sample
with 106/ml contained higher levels than some of the samples
with 108/ml. This shows that autoinducer levels in our samples
are not merely a function of the number of bacteria. These
results also demonstrate that P. aeruginosa must be responsible
for the biologically active autoinducers detected in these sam-
ples.

We measured the levels of 3-oxo-C12-HSL and C4-HSL in a
subset of samples using a comparison to synthetic standards
and correcting for the original sputum sample volume (Table
3). These patient samples also showed variability in the ob-
served autoinducer concentrations. Generally, 3-oxo-C12-HSL
levels were higher (less than 1 to 22 nM) than C4-HSL (less
than 1 to approximately 5 nM) (Table 3). These results also
support the hypothesis that biologically active autoinducers

FIG. 1. Transcript accumulation of lasB, lasR, and lasI in a male
pediatric CF patient with severe lung disease (patient 15). The figure
displays the relationships between transcript accumulation of lasB,
lasR, and lasI. Total RNA was obtained from equivalent numbers of
bacteria in the sputum samples, and 10 �g was hybridized with the lasB
probe. The lasB probe was then stripped from the membrane, and the
procedure was repeated for the lasR and lasI probes. Intensities of the
hybridized probes on the autoradiographs were measured using a soft
laser scanning densitometer.

TABLE 1. Statistical analysis of associations between the
population transcript accumulations for lasA, lasB, lasR, toxA, algD,

and lasI during the chronic lung infections associated with CFa

Comparison

P. aeruginosa and other
species (n 
 46)

P. aeruginosa onlya

(n 
 18)

rs
b P rs P

lasR-lasI 0.763 �0.001 0.739 �0.001
lasB-lasI 0.696 �0.001 0.893 �0.001
lasA-lasI 0.661 �0.001 0.774 �0.001
toxA-lasI 0.674 �0.001 0.795 �0.001
algD-lasI 0.368 �0.02 0.313 �0.25

a Samples contained equivalent numbers (108 bacteria/ml) of P. aeruginosa and
no other pathogenic strains.

b rs, Spearman rank correlation coefficient.
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can be produced in the lungs of patients with P. aeruginosa
infections but that the overall concentrations in these sputum
samples were low.

The low levels of autoinducers detected in the sputum sam-
ples from CF patients were surprising, given the correlation
between lasI and lasR transcript accumulation and that of the
genes, such as lasB, that are regulated by the quorum-sensing
system. To determine if we were losing autoinducers during
our extraction process, control experiments were performed in
which we added synthetic autoinducer to sputum samples that
contained no autoinducer. After extraction, we recovered 80%
of the 3-oxo-C12-HSL and 60 to 65% of the C4-HSL added to
these samples (data not shown). This experiment suggested
that we were losing some autoinducers in the extraction pro-
cess but that we should still be able to detect the majority of the
autoinducer in the sample.

It is possible that the measured concentrations were skewed
by the presence of other acyl-homoserine lactones. The re-
porter plasmids pKDT17 and pECP61.5 are relatively specific
for 3-oxo-C12-HSL and C4-HSL, respectively, but will also
respond to high levels of some noncognate autoinducers (31).

We used thin-layer chromatography and an Agrobacterium re-
porter strain to address this question. If large amounts of
acyl-homoserine lactones other than 3-oxo-C12-HSL or C4-
HSL were present in these samples, then we could detect them
via this method. We extracted larger volumes (15 ml) of spu-
tum pooled from individual patients. The result from one such
sample is shown in Fig. 2, along with culture supernatant ex-
tracts from P. aeruginosa strain PAO1 and P. aeruginosa CF
isolates 4384, 6106, and 14655.

Three different structures were visible in the sputum sample.
These were tentatively identified as 3-oxo-C12-HSL, 3-oxo-
C10-HSL, and 3-oxo-C8-HSL based on their Rf values and
their teardrop shape, characteristic of 3-oxo derivatives of acyl-
homoserine lactones. We repeated these experiments on other
sputum samples and generated similar patterns using thin-
layer chromatography. Since high levels of other acyl-homo-
serine lactones were not present in any of our extracts, we are
confident that the activity we detected from the pKDT17 and
pECP61.5 reporters was due to the presence of 3-oxo-C12 and
C4-HSL. The possibility still exists that different acyl-homo-
serine lactone autoinducers are produced by P. aeruginosa in
the CF lung environment, and we are currently examining
extracts from multiple patient samples via high-pressure liquid
chromatography and mass spectroscopy to address this issue.

Production of autoinducers by P. aeruginosa CF isolates. An
explanation for the low levels of 3-oxo-C12-HSL and C4-HSL
produced in the lungs could be variation in the levels of auto-
inducers produced by CF isolates. Therefore, autoinducer pro-
duction by CF isolates was scored visually by induction of
�-galactosidase in E. coli MG4 carrying the reporter plasmid
pKDT17 (responds best to 3-oxo-C12-HSL) or pECP61.5 (re-
sponds best to C4-HSL) when plated together on MacConkey
agar. Of the 36 isolates tested, 27 were positive for the induc-
tion of pKDT17, 25 for pECP61.5, and 22 for both. Five of the
36 isolates did not induce either. Autoinducer production by a
portion of these isolates was also measured after growth in
liquid medium. pKDT17 and pECP61.5 induction varied con-
siderably among the strains tested, ranging from undetectable
to nearly twice the activity induced by the P. aeruginosa labo-
ratory strain PAO1. These results suggested that the majority

TABLE 2. 3-Oxo-C12 and C4-HSL detectable in
CF sputum samplesa

Sample no.
�-Galactosidase (Miller units)

3-Oxo-C12-HSL C4-HSL

8745 2,208 744
12622 3,645 ND
38052 5,253 ND
15727 1,761 ND
15085 5,793 462
46356 1,626 196
44520 237 ND
7135 43 ND
11732 40 92
8524 32 2
8712 30 152
41860 31 86
41511 36 ND
38028 638 0
42872 763 0
49819 2,033 0
53656 230 1,500
59934 951 0
41845 328 0
44293 635 0
49818 381 86
40584 171 ND

5392b 3,361 618
8762b 4,493 379
11947b 1,596 0
8523b 555 0
5195b 315 45

15765c 2,401 0

PAO1d 1,076 411

a �-Galactosidase values were obtained by using the reporter plasmid pKDT17
(lasB-lacZ) to detect 3-oxo-C12-HSL and pECP61.5 (rhlA-lacZ) to detect C4-
HSL. ND, value not determined due to insufficient sample volume.

b Samples contained P. aeruginosa (108 CFU/ml) and no other pathogenic
species.

c Sample contained P. aeruginosa (106 CFU/ml) and no other pathogenic
species.

d Activity in 50 �l of a spent culture supernatant grown to an OD540 of 2.0.

TABLE 3. C4-HSL and 3-oxo-C12-HSL in sputum samplesa

Sample no.
Concn (nM)

C4-HSL 3-Oxo-C12-HSL

330 0.00 1.86
342 0.00 1.39
351 5.00 14.40
360 1.13 1.64
361 2.61 2.15
362 0.84 21.20
363 0.00 1.06
364 1.84 0.00
365 1.00 0.00
366 0.00 14.70
11938 0.00 1.13
13165 0.00 0.92

a Concentrations were determined by comparing �-galactosidase levels ob-
tained from known amounts of synthetic 3-oxo-C12-HSL or C4-HSL using re-
porter plasmids pKDT17 and pECP61.5.
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of CF isolates have the capacity to produce autoinducers but
that some do not produce any autoinducer.

We wanted to determine if acyl-homoserine lactones other
than 3-oxo-C12-HSL and C4-HSL were produced in vitro by P.
aeruginosa CF isolates. We assayed our samples via thin-layer
chromatography in conjunction with an A. tumefaciens reporter
strain. CF isolate 4384 has been shown to produce large
amounts of 3-oxo-C12-HSL and C4-HSL, while strain 14655
produced little or none. As shown in Fig. 2, the autoinducers
that could be detected from these strains varied in intensity
and in pattern. Strain 4384 had an autoinducer profile similar
to that of strain PAO1, as did the majority of isolates we tested
(data not shown). However, strain 14655 produced predom-
inantly C8-HSL. Interestingly, another CF pathogen, Burk-
holderia cepacia strain K56-2, also produces C8-HSL (22).
Supernatants from strain 14655 were not able to induce �-ga-
lactosidase in pKDT17 or pECP61.5. Taken together, these
results suggest that P. aeruginosa CF isolates have the ability to
produce autoinducers but that differences exist between strains
as to the types and amounts of autoinducers produced.

DISCUSSION

Quorum-sensing systems are believed to be involved in the
interactions between many pathogenic bacteria and their hosts.
Consequently, numerous approaches have been explored aim-
ing to interfere with these signaling processes, including auto-
inducer-degrading enzymes (4), inhibition of the autoinducer
biosynthetic pathway (14), and use of autoinducer structural
analogs (19, 48). Few studies have examined directly whether
quorum-sensing systems are active in human infections. This
prompted us to examine the role of P. aeruginosa quorum-
sensing systems in the chronic lung infections associated with
CF. Our working hypothesis is that the quorum-sensing sys-
tems are active in the lungs of patients with CF and control the
expression of important virulence factors. Previously we have
shown that lasR is transcribed and coordinately regulated with

several virulence genes in the sputum of infected patients (41).
In the present study, we focused specifically on the coordinate
regulation of the autoinducer synthase gene lasI with lasR,
toxA, lasA, and lasB and the production of autoinducers in the
lungs of patients with CF.

In this study we have made several important observations.
First, lasI (the gene encoding the 3-oxo-C12-HSL synthase) is
transcribed by P. aeruginosa in the lungs of patients with CF.
Second, transcript accumulation of lasI correlates with tran-
scription of several genes regulated by the quorum-sensing
system. This correlation is apparent in the samples from a
single patient as well as from a group of patients over a period
of years. Table 1 shows that these correlations are statistically
significant in samples where P. aeruginosa is either the pre-
dominant organism or the sole pathogen. Third, we were able
to detect biologically active 3-oxo-C12 HSL and C4-HSL in
sputum samples. These autoinducers were produced during
the lung infections rather than in situ. We also detected two
additional molecules in sputum samples from CF patients,
these being 3-oxo-C10 and 3-oxo-C8-HSL. Fourth, we were
able to measure the concentrations of 3-oxo-C12-HSL and
C4-HSL in sputum samples and found them to be lower than
the concentration produced by strain PAO1 growing under
conditions optimal for the production of autoinducers. Finally,
we found that the majority of CF isolates produced both au-
toinducers. Interestingly, not all isolates produced both, and
some produced neither C4- nor 3-oxo-C12-HSL.

Several considerations complicate studying the role of reg-
ulatory mechanisms such as quorum sensing in the virulence of
P. aeruginosa in chronic CF lung infections. For instance, CF
affects a wide range of individuals who differ in their genetic
background and who also differ in the clinical presentation of
their disease (49). Numerous strains of P. aeruginosa with po-
tentially different phenotypes can be involved in infection, a
situation made even more complex by a high frequency of
hypermutable strains (27). Additionally, the bacteria may mod-
ify their activity in response to the CF lung environment (5).

FIG. 2. Thin-layer chromatography of spent culture supernatant and patient sputum extracts. Samples were applied to a reverse-phase C18 plate
and developed as outlined, and autoinducers were detected by overlaying with a suspension of A. tumefaciens A136(pCF218)(pCF372). Samples
in lanes 1 to 10 are C6-HSL (3 nmol), C8-HSL (3 nmol), P. aeruginosa PAO1 supernatant, P. aeruginosa CF isolate 4384 supernatant, P. aeruginosa
CF isolate 14655 supernatant, patient 3 sputum extract, B. cepacia K56-2 supernatant, P. aeruginosa CF isolate 4384 supernatant, P. aeruginosa CF
isolate 6106 supernatant, and P. aeruginosa CF isolate 14655 supernatant, respectively. Putative identification of spots in samples (from bottom to
top): for PAO1 and 4384, 3-oxo-C12-HSL, 3-oxo-C10-HSL, 3-oxo-C8-HSL, and 3-oxo-C6-HSL; for 14655, C8-HSL and 3-oxo-C8-HSL; for sputum
samples, 3-oxo-C12-HSL, 3-oxo-C10-HSL, and 3-oxo-C8-HSL; for B. cepacia, K56-2, C8-HSL and C6-HSL.
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Traditionally, analysis of regulatory mechanisms in pathogenic
bacteria involves deletion of the regulatory gene followed by
examination of the mutant bacterium’s activity during growth
in the laboratory or in infection models. Our approach was to
examine autoinducer production and to look for correlations
between the accumulations of transcripts of various genes in
the bacterial populations from sputum taken directly from
infected patients. Thus, we are avoiding some of the disadvan-
tages of studying a single isolate introduced into an animal
model by looking at the activity of the organisms that actually
cause the infection.

According to the current model of quorum sensing in P.
aerguinosa, autoinducers produced by bacteria accumulate as
the cell density grows. At a threshold concentration, autoin-
ducer binding to the transcriptional activator triggers tran-
scription of target genes. Therefore, functional quorum sens-
ing requires transcription of the autoinducer synthase (lasI)
and response regulator (lasR) and production of autoinducer.
Previous research has suggested that CF isolates have the
ability to produce autoinducers both in the laboratory and in
situ in sputum (11, 37). Furthermore, the correlation of lasR
transcript accumulation to two target genes (lasA and lasB) of
the quorum-sensing system suggests that quorum sensing may
be functional in the lungs of patients with CF (41). The detec-
tion of lasI transcripts in the bacterial populations taken di-
rectly from sputum and the correlation of lasI transcript accu-
mulation to those of lasR, lasA, and lasB (Table 1) add further
support to the concept that the P. aeruginosa quorum-sensing
system is operational and is coordinating gene expression in
the lungs of patients with CF.

We needed to determine whether autoinducers were pro-
duced in the lungs of patients with CF. We detected functional
C4- and C12-HSL directly from patient samples, providing
further evidence that the quorum-sensing systems are regulat-
ing virulence in these infections (Tables 2 and 3). However, we
had some unexpected findings in these studies. Many of the
patient samples assessed for autoinducers had previously been
or were concurrently analyzed for lasR, lasI, lasA, and lasB
transcript accumulation. We expected to observe a correlation
of these transcript levels with autoinducer in sputum samples.
No such correlation could be observed (data not shown). This
may be due to differences in the persistence of autoinducer and
bacterial mRNA in patient samples. Variability is likely, given
the chronic nature of these infections in a highly selective
environment. Changes in the LasR sequence could result in
different affinities for 3-oxo-C12-HSL, and consequently the
same autoinducer levels may influence transcription in differ-
ent ways. In addition, the concentrations of autoinducer that
we measured in our samples are an average for the entire
sample and certainly do not reflect the amounts that individual
cells might be exposed to, especially within a microcolony or
biofilm environment.

The low concentrations of 3-oxo-C12 and C4-HSL that we
observed in patient samples were also surprising. However, a
number of factors could account for the low levels of autoin-
ducers. First, we may be underestimating the autoinducer con-
centration in our samples because our efficiency of extraction is
less than 100% (80% for 3-oxo-C12HSL and 60% for C4-HSL)
and because the acyl-HSLs may be unstable in this environ-
ment. Another factor could be that bacteria in the lung likely

exist in microcolonies or biofilms and are not growing homo-
geneously throughout the lung. Furthermore, the bacteria are
most likely growing in stationary phase in a somewhat hostile
environment. In contrast, most studies on quorum sensing have
been done on rapidly growing cells in nutrient-rich culture
media. Bacteria in well-aerated planktonic cultures are be-
lieved to be more or less uniform in their gene expression and
production of autoinducers, and therefore high levels of auto-
inducer accumulate at high cell density. However, considerable
heterogeneity exists within biofilm communities. Pockets of
high autoinducer levels may exist but would not be detected
using our methods, as they would be diluted out in sputum
samples. This is supported by the findings of Charlton et al. (1),
who showed that autoinducers accumulate at very high levels in
biofilms but that the effluent has low levels of autoinducers.

Another explanation for the low level of autoinducers in
sputum could be differential expression of genes when P.
aeruginosa is growing as a biofilm in the lungs of patients with
CF. De Kievit et al. (3) recently examined expression of lasI
and rhlI in P. aeruginosa biofilms using unstable green fluores-
cent protein fusions. They showed differential expression of
these genes, especially lasI, where cells closest to the substra-
tum exhibit the highest activity. Additionally, expression of lasI
is initially high but decreases over 8 days of biofilm develop-
ment, whereas rhlI expression occurs in a lower percentage of
cells and is more stable. Our data indicate higher levels of C12-
than C4-HSL in sputum, in agreement with these results. As
well, fluctuations in lasI expression during biofilm development
match the high variability in lasI and C12-HSL levels from
sample to sample that we observed in sputum.

Another aspect of differential expression could occur at the
cellular level, since P. aeruginosa CF isolates can vary in their
phenotypes, and the CF lung environment can select for traits
different from the those of the common laboratory strains. We
have shown that, under laboratory conditions, 75% of CF iso-
lates tested produce autoinducers that activate the reporter
plasmid pKDT17 (most sensitive to 3-oxo-C12-HSL), 69%
produce autoinducers that activate pECP61.5 (C4-HSL), and
61% produced both. Thus, not all strains produce both 3-oxo-
C12-HSL and C4-HSL, and some strains produce neither.
Geisenberger et al. (11) have also observed that P. aeruginosa
isolates from chronic lung infections associated with CF also
produce acyl-homoserine lactones. Thus, in the lungs of pa-
tients with CF, not all the strains may be producing the auto-
inducers, but the vast majority may be able to respond to them.

The low levels of C4-HSL detected were also unexpected,
especially since Singh et al. (37) had demonstrated higher
levels of C4-HSL than 3-oxo-C12-HSL in a biofilm and in an in
situ sputum assay. The significance of reduced C4-HSL accu-
mulation in sputum is not clear at this time, but it may suggest
that particularly tight regulatory control over genes activated
by RhlR is necessary in the CF lung environment. Alterna-
tively, C4-HSL levels may be lower due to differences in how
the signals are cleared from the lung. If 3-oxo-C12-HSL but
not C4-HSL requires active efflux out of the bacteria (32), then
it also may be true that C4-HSL diffuses into lung tissue more
readily than 3-oxo-C12-HSL. This might result in higher accu-
mulation of 3-oxo-C12-HSL in sputum.

Finally, antibiotic treatment and expression of efflux pumps
may affect the ratio of C12- to C4-HSL in sputum. Kohler et al.
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recently observed that overexpression of MexEF-OprN results
in decreased rhlI and C4-HSL levels but not C12-HSL levels
(21). Alterations in two efflux systems, MexCD-OprJ and
MexEF-OprN, may be the predominant mechanism of fluoro-
quinolone resistance in P. aeruginosa strains from the lungs of
CF patients. A high percentage of CF strains have mutations
that result in high expression of these pumps (17). Thus, in the
lung, low levels of C4-HSL might be due to high expression of
efflux pumps, especially the MexEF-OprN pump.

Another factor that might explain the low concentrations of
autoinducers in sputum is that higher autoinducer levels may
result in deleterious consequences to the host. This effect could
be due to increased transcription of virulence genes and con-
sequent tissue damage resulting from their action, or could be
the result of host response to these products. In addition to
their role in activating expression of quorum-sensing-con-
trolled genes, autoinducers have also been shown to have di-
rect effects on human cells (35, 43). Therefore, the autoinducer
molecule in and of itself may have direct effects on patient
status. It is possible that the severity of a patient’s lung disease
might correlate with lasR/lasI transcription and autoinducer
levels.

The observation that some CF isolates may produce struc-
turally different autoinducers than those produced by strain P.
aeruginosa PAO1 (Fig. 2) suggests sequence variation in their
luxI homologues. Another CF-associated pathogen, B. cepacia,
has recently been shown to exhibit quorum-sensing activity and
produces predominantly N-octanoyl-L-homoserine lactone
(22). Cocolonization with B. cepacia and P. aeruginosa fre-
quently worsens the prognosis for the patient (12). It is possi-
ble that the production and use of autoinducers similar to
those in B. cepacia by such strains as P. aeruginosa CF isolate
14655 may result in cross-species communication.

The low level of autoinducers in most samples, the lack of
correlation of autoinducers with cell density, and the lack of
correlation between the autoinducers and transcript accumu-
lation seem at odds with our significant correlations between
lasI, lasR, and the target genes of this quorum-sensing system.
Recently, Nilsson et al. (24) developed a model for the kinetics
of an acyl-homoserine lactone regulatory system in a biofilm.
In this model, they speculate that even at low external concen-
trations of autoinducers, it may still be possible to get expres-
sion of acyl-homoserine lactone-regulated genes (24). Their
idea is that in biofilms, slow growth rates coupled with the
extracellular matrix that may be slowing or restricting diffusion
of the autoinducers results in fast autoinduction. What we may
be seeing in the lungs of patients with CF is slow-growing
microcolonies or biofilms producing low external concentra-
tions of autoinducers but intracellular concentrations of auto-
inducers that are high enough to cause induction of the quo-
rum-sensing target genes.

In summary, we have shown that P. aeruginosa isolates from
CF patients produce autoinducers when cultured under labo-
ratory conditions and therefore have the potential to regulate
gene expression via quorum-sensing mechanisms. As well, we
have demonstrated that in human infections, functional auto-
inducers are produced and therefore could activate the tran-
scription of quorum-sensing-controlled genes. Furthermore,
the detection in sputum of biologically active autoinducers
coupled with high levels of lasI and lasR transcript accumula-

tion suggest induction of the LasR-LasI quorum-sensing sys-
tem in the chronic lung infections associated with CF. Finally,
the detection of statistically significant relationships between
transcript accumulation levels of lasI, lasR, and the target
genes in the bacterial population of sputum suggests that this
quorum-sensing system may be regulating virulence factor ex-
pression.
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