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The role of Pseudomonas aeruginosa quorum-sensing systems in the lung infections associated with cystic
fibrosis (CF) has not been examined. The purpose of this study was to determine if genes regulated by the
LasR-LasI quorum-sensing system were coordinately regulated by the P. aeruginosa populations during the
lung infections associated with CF. We also wanted to ascertain if there was a relationship between the
expression of lasR, a transcriptional regulator, and some P. aeruginosa virulence factors during these infections.
We extracted RNAs from the bacterial populations of 131 sputa taken from 23 CF patients. These RNAs were
blotted and hybridized with probes to P. aeruginosa lasA, lasB, and toxA. The hybridization signals from each
probe were ranked, and the rankings were analyzed by a Spearman rank correlation to determine if there was
an association between the population transcript accumulations for the three genes. The correlations between
the transcript accumulation patterns of pairs of the genes suggested that lasA, lasB, and toxA might be
coordinately regulated during CF lung infections. To determine if this coordinate regulation might be due to
regulation by LasR, we probed RNAs, extracted from 84 sputa, with the lasR, lasA, lasB, toxA, and algD probes.
Statistical analysis indicated that lasR transcript accumulation correlated to lasA, lasB, toxA, and algD
transcript accumulations. These results indicated that lasR may at least partially regulate or be coordinately
regulated with lasA, lasB, toxA, and algD during the lung infections associated with CF. These results also
suggested that the LasR-LasI quorum-sensing system may control the expression of at least some virulence
factors in the lungs of patients with CF.

A number of Pseudomonas aeruginosa virulence factors are
regulated by two quorum-sensing systems (13, 29, 30, 33–36,
49). One of these sensing systems, the LasR-LasI system, con-
trols the expression of lasA, lasB, apr, and toxA (14, 33, 48).
The other system, RhlR-RhlI, controls lasB, lasA, rhlAB, rpoS,
and potentially other genes (3, 22, 23, 29, 30). These two
systems also interact to control the overall regulation of both
systems and their target genes (36). The process of autoinduc-
tion in P. aeruginosa and the other bacterial systems that dis-
play this type of regulation was reviewed by Fuqua et al. (12).
Their model suggests that when the bacterial density is low, the
concentration of autoinducer is also low. As the bacterial num-
bers increase and if the bacteria are in a closed environment,
the concentration of autoinducer will rise. At a critical level
(the Kd for receptor binding) the autoinducer will bind the
transcriptional activator and trigger the expression of a num-
ber of genes (12). In the case of the LasR-LasI system, LasR
and autoinducer (PAI-1) increase the production of the auto-
inducer synthase (lasI product) and expression of the autoin-
ducer (33, 42). Thus, once the critical concentration of auto-
inducer is reached, the level of induction remains high until the
system is shut off in some manner.

A number of quorum-sensing regulatory systems are in-
volved in or are speculated to be involved in interactions be-
tween bacteria and eucaryotic host organisms (12). Bacteria
with quorum-sensing systems that may undergo pathogenic

interactions with eucaryotic hosts are P. aeruginosa (13, 14, 33,
34), Erwinia spp. (1, 2, 4, 5, 20, 25, 37), and Agrobacterium
tumefaciens (11, 18, 51). Bacteria with symbiotic relationships
with eucaryotic hosts include Vibrio fischeri and Rhizobium
leguminosarum (6–8, 16, 41). Potentially, the common environ-
mental feature of these interactions is a space barrier that
limits the growth of the bacteria and blocks diffusion of the
autoinducer molecules.

The role of the P. aeruginosa quorum-sensing systems in
infectious processes has not been extensively studied. One
study revealed that a lasR mutant, PAOR1 (13), is significantly
less virulent in a neonatal mouse model of infection (47). The
regulatory role of the autoinducer was not specifically exam-
ined in this research, and the authors speculated that the lasR
mutant was deficient in virulence because of a decrease in
neuraminidase expression (47). To date no studies have been
done to determine if P. aeruginosa quorum-sensing systems are
active in human infections. The purpose of our research was
to determine if the P. aeruginosa quorum-sensing systems are
functional in the chronic lung infections associated with cystic
fibrosis (CF).

The lung infections associated with CF should provide the
perfect environment for control by a quorum-sensing system.
The infections are localized to the airways of the lungs and so
are spatially limited. The bacteria grow to a high density in the
lungs (concentrations of 107 to 108 bacteria/ml in sputa are
common) (43, 46), and the bacteria seem to grow in micro-
colonies or biofilms. These densities of bacteria should pro-
duce concentrations of autoinducer that would trigger the ex-
pression of the target genes. Furthermore, three genes that are
regulated by the LasR–LasI–PAI-1 regulatory system, lasA,
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toxA, and lasB (13, 14, 33), are transcribed (38, 45, 46) and
expressed (15, 17, 19, 21, 28) in the lungs of patients with CF.
Thus, two questions arose which we wanted to address in this
study. First, is there a correlation between the expressions of
lasB, lasA, and toxA in the lungs of patients with CF? Second,
is there a correlation between the transcriptions of lasR and
the various virulence factors in the P. aeruginosa lung infec-
tions associated with CF?

In the present study we found a statistically significant cor-
relation between the expressions of lasB, lasA, and toxA in the
lungs of patients with CF. This correlation suggested that these
three genes might be at least partially coordinately regulated in
these lung infections. We also found a correlation between
lasR transcript accumulation and lasA, lasB, and toxA tran-
script accumulations. Interestingly, there is also a statistically
significant correlation between lasR and algD transcript accu-
mulations. These results suggested that lasR may at least par-
tially regulate or be coordinately regulated with lasA, lasB,
toxA, and perhaps algD.

MATERIALS AND METHODS

Patient population. Two overlapping groups of patients were used in this
study. The first group was identical to the patients selected for a previous study
described by Storey et al. (45). This was a group of 23 patients with CF. Of these
patients, 13 were female and 10 were male. The median age for these patients
was 15.5 years at the beginning of the study. A subset of 16 patients was also used
in the analysis for this study. These patients were all from the Alberta Children’s
Hospital Cystic Fibrosis Clinic. Of these patients, seven were female and nine
were male. The age range of the patients at the beginning of the study was 10 to
19 years, with a median age of 13 years. All patients and their guardians gave
their voluntary consent to participate in this study. The study design was given
ethical review and approval by the Conjoint Research Ethics Board at the
University of Calgary. Selection of the patients was carried out to ensure that
equal numbers of patients would have mild, moderate, or severe pulmonary
disease. Patients with a forced expiratory volume in 1 s (FEV1) of ,40% of
predicted values were considered to be in the severe category of disease. A
patient FEV1 in the range of .40% but ,70% of predicted values was consid-
ered to be in the moderate range of pulmonary disease. The mild category of
disease severity consisted of those patients with an FEV1 of .70% of predicted
values.

Sputum collection and storage and extraction of total RNA. At each clinic visit
sputum was collected from each patient in the study. The samples were diluted
with Sputalysin (Calbiochem-Behring, Horescht)-H2O and divided into two
parts. One part was frozen at 270°C for later extraction of the total RNA. The
second part was used to determine the number and types of bacteria present in
the sputum. Extraction of total RNA from the sputa, slot blots of the RNA,
hybridization, autoradiography, and measurement of the sample intensity were
all performed as previously described (46).

DNA probes. A 550-bp PstI fragment from pMJG1.7 was used to hybridize to
lasR-specific mRNAs. Plasmid pMJG1.7 was a generous gift from B. H. Iglewski
(13). The probes used for lasA, lasB, toxA, and algD mRNAs have been described
previously (45).

Growth conditions and extraction of control RNA. Control RNAs (algD, lasA,
lasB, lasR, and toxA) were included on each blot to normalize the results from
different blots and hybridizations. Preparation of the control RNAs for algD,
lasA, lasB, and toxA has been previously described (45). Control RNA for lasR
was extracted from P. aeruginosa PAO1 grown in peptone Trypticase soy broth
(32) to an optical density at 540 nm of 4.0. RNA was extracted from 2 3 108 cells,
as previously described (9, 10).

Determination of lasR mRNA half-life. The half-life of lasR mRNA was de-
termined by using a culture of P. aeruginosa PAO1 grown in peptone Trypticase
soy broth (32) to an optical density at 540 nm of 4.0. Rifampin was added to the
culture at a concentration of 200 mg/ml, and an aliquot of the culture was
removed. RNA was extracted from the aliquot as previously described (9).
Additional aliquots were removed from the culture at 2.5-min intervals. As each
aliquot was removed, the RNA was immediately extracted. The RNA from each
time point was then electrophoresed on a glyoxal gel, blotted onto Nytran
(Schleicher and Schuell), probed, autoradiographed, and scanned for signal
intensity (46).

Statistical analysis. Correlations between the groups of hybridizations were
analyzed by using the Spearman rank correlation (50). For comparison, the
results from each sample were ranked on the level of hybridization with each
probe. The subprogram Rank from Minitab was used to generate these ranks
(40). To generate a Spearman rank correlation, the ranks from two probes were
subtracted from each other and the difference was squared. The squares were
then summed and used to calculate a Spearman rank correlation coefficient (rs)

(50). As in the study described by Storey et al. (45), we initially analyzed 151
sputa that contained RNA based on a measurement of optical density at 260 nm.
In 20 of these samples we were unable to detect any hybridization with our
probes. Thus, we excluded these 20 samples from the analysis presented in this
paper.

RESULTS

Correlation between toxA, lasB, and lasA transcript accumu-
lations. Recently our laboratory has shown correlations be-
tween the population transcript accumulation for algD and that
for either lasA or lasB. In the present study we wanted to
address the possibility of an association between lasA, lasB,
and toxA transcript accumulations. To determine if there were
correlations between the transcript accumulations for the three
virulence determinants, we probed 131 RNA samples ex-
tracted directly from the sputa of 23 patients. Table 1 shows
the Spearman rank correlation coefficients for these compari-
sons, and Fig. 1 shows the direct comparisons. Interestingly,
there were statistically significant correlations between lasA
and lasB, lasB and toxA, and lasA and toxA. The highest cor-
relation was between lasA and lasB (Table 1; Fig. 1A), followed
closely by the correlation between lasB and toxA (Table 1; Fig.
1B). The lowest correlation was between lasA and toxA (Table
1; Fig. 1C). These results suggested that during the lung infec-
tions associated with CF, P. aeruginosa populations coordi-
nated the regulation of these three virulence factors. The two
most likely explanations for these correlations are that the
genes are responding to a common environmental cue or to a
common regulatory protein. In a clonal situation all three
genes have been shown to be regulated by LasR (14, 48). Thus,
a common regulatory gene that might coordinately regulate
these three genes in the lungs of CF patients is lasR. It there-
fore was of interest to determine if lasR population transcript
accumulation corresponded to the population transcript accu-
mulations for lasA, lasB, and toxA.

Determination of the half-life of lasR mRNA. To determine
if we could compare the transcript accumulations for the genes
of interest, we determined the half-life of lasR. For P. aerugi-
nosa PAO1 we found that the half-life of lasR mRNA was 2
min (44a). Thus, it appears that lasR mRNA has a considerably
shorter half-life than toxA (10 min [24]), lasA (8.5 min [45]),
and lasB (11 min [46]) mRNAs. The difference in mRNA
half-lives between the transcripts suggested that we might have
difficulty detecting a loose association between the genes be-
cause of the rapid degradation of the transcripts.

Comparison of transcript accumulations in an individual
patient with CF. To determine if there was a correlation be-

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

algD during the chronic lung infections associated with CF

Comparison
n 5 131 n 5 84 n 5 35a

rs
b P rs P rs P

lasA-lasB 0.595 ,0.001 0.560 ,0.001
lasB-toxA 0.570 ,0.001 0.557 ,0.001
lasA-toxA 0.423 ,0.001 0.455 ,0.001

lasR-lasA 0.759 ,0.001 0.731 ,0.001
lasR-lasB 0.680 ,0.001 0.708 ,0.001
lasR-toxA 0.569 ,0.001 0.626 ,0.001
lasR-algD 0.309 ,0.01 0.350 ,0.05

a Thirty-five samples which contain P. aeruginosa and no other pathogenic
strains.

b rs, Spearman rank correlation coefficient.
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tween the various virulence factors and lasR transcript accu-
mulation, we monitored a number of patients over a 3- to
5-year period. We have also included in our study the algD
probe, because transcript accumulation for this gene has re-
cently been shown to correlate with lasA and lasB transcript
accumulations in the lung infections associated with CF (45).

Figure 2 shows the results from one such patient (patient 15)
over a period of about 1 year. In all but one sample the
concentration of P. aeruginosa was $108 bacteria/ml of spu-
tum. The one exception was the sample taken at the beginning
of the study, on 28 October (5 3 106 bacteria/ml of sputum).
These concentrations should be high enough to trigger the
quorum-sensing regulation in P. aeruginosa. Figure 2 shows
that lasR transcript accumulation seems to correspond to the
transcript accumulations for all four other genes. In particular,
in the last eight samples lasR transcript accumulation corre-
sponded fairly tightly to toxA, lasB, lasA, and algD population

transcript accumulations, whereas the first three samples
showed less correlation between lasR population transcript
accumulation and those for four other genes (Fig. 2). Overall,
the results from this patient suggested that a correlation might
exist between lasR and some of virulence factors produced by
P. aeruginosa in the lungs of patients with CF. Thus, we wanted
to analyze a larger number of samples from a number of CF
patients at various stages of their disease.

Comparison of P. aeruginosa lasR population transcript ac-
cumulation to lasA, lasB, toxA, and algD population transcript
accumulations. To take a systematic approach to the question
of whether lasR transcript accumulation correlates to those for
lasA, lasB, toxA, and algD, we probed 84 RNA samples ex-
tracted from the sputa from 16 pediatric CF patients. Table 1
shows the Spearman rank correlation coefficients for these
comparisons. The highest correlation was between lasR and
lasA (Table 1; Fig. 3A), followed by lasR and lasB (Table 1; Fig.

FIG. 1. Scatter plots for the population transcript accumulations for lasA, lasB, and toxA. In these plots the results for 131 sputum samples are presented. For each
sample, 10 mg of the total RNA extracted from the pelleted bacterial population was blotted onto a Nytran membrane (Schleicher and Schuell) and hybridized with
the toxA probe. The blots were then washed to remove the probe, and the membrane was rehybridized with the lasB probe. The process was repeated with the lasA
probe. The relative intensity for the sample was measured from the autoradiograph with a soft laser scanning densitometer. The results represent 10 mg of RNA from
equivalent numbers of cells. (A and B) Comparison of lasB population transcript accumulation to lasA (A) and toxA (B) population transcript accumulations. The
results were sorted to generate a linear plot for the lasB hybridizations. The solid lines represent the sorted results. The dashed lines represent the trend line for lasA
or toxA. (C) Comparison of lasA population transcript accumulation to toxA population transcript accumulation. The results were sorted to generate a linear plot for
the lasA. The solid line represents the sorted results. The dashed line represents the trend line for toxA.
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3B). The third best correlation was between lasR and toxA
(Table 1; Fig. 3C). The weakest correlation was between lasR
and algD (Table 1; Fig. 3). These results suggested that lasR
might regulate or be coordinately regulated with lasA, lasB,
and toxA. Furthermore, the relationship between lasR tran-
script accumulation and algD transcript accumulation might
indicate a partial regulation of algD by lasR or a common
environmental cue triggering the two genes.

Potential cross-reaction between lasR and lasR-like genes
from other organisms in the sputa. Quorum-sensing mecha-
nisms are found in numerous microorganisms. In particular,
gram-negative bacteria utilize these systems to control numer-
ous processes (12). In our study, 58% of the sputa collected
contained at least one other pathogenic organism (Table 2).
However, Table 2 also shows that in the majority of samples
with other pathogenic organisms, P. aeruginosa was the pre-
dominant organism. Overall, in 75% of all the sputa analyzed,

P. aeruginosa was the predominant organism by at least 100-
fold. Nonetheless, a possible interfering factor in our analysis
might be cross-reactivity of our probes with the mRNAs from
other organisms. This was particularly a problem with lasR,
because lasR or luxR homologs have been found in numerous
organisms (12). To specifically address this problem, we seg-
regated the 35 sputum samples that contained P. aeruginosa
and no other pathogenic organisms and reanalyzed the results.
Table 1 shows that for lasR-lasA, lasR-lasB, and lasR-toxA
comparisons we still achieved strong, statistically significant
correlations between the transcript accumulation patterns of
these genes with the 35 sputum samples. For the comparison of
lasR to algD, we also achieved a statistically significant corre-
lation between the transcript accumulations for these genes,
but the correlation was not as strong. Thus, in our analysis it
did not seem to matter whether we used the total number of
samples with P. aeruginosa as the predominant organism or

FIG. 2. Population transcript accumulations for P. aeruginosa lasR, lasA, lasB, toxA, and algD in sputum from a pediatric CF patient (patient 15). For each sample,
10 mg of the total RNA extracted from the pelleted bacterial population was blotted onto a Nytran membrane (Schleicher and Schuell) and hybridized with the toxA
probe. The blots were then washed to remove the probe, and the membrane was rehybridized with the lasB probe. The process was repeated with the lasA, algD, and
lasR probes. The relative intensity for the sample was measured from the autoradiograph with a soft laser scanning densitometer. The results represent 10 mg of RNA
from equivalent numbers of cells. lasR population transcript accumulation was compared to lasA population transcript accumulation (A), lasB population transcript
accumulation (B), toxA population transcript accumulation (C), and algD population transcript accumulation (D). Patient 15 is a male pediatric patient with severe lung
disease. Patient 15 was receiving ciprofloxacin and tobramycin on 12/10, ceftazidime on 1/14, ciprofloxacin and tobramycin on 1/24 and 4/8, and ceftazidime again on
4/13 and 4/21.
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samples with P. aeruginosa as the only pathogenic organism.
Overall, this comparison suggested that cross-reactivity with
our probes and the mRNAs from other microbes was not a
significant factor in our analysis.

DISCUSSION

Traditionally, analysis of coordinate regulation involves the
deletion of the regulatory gene and an analysis of the mutant
bacterium growing under laboratory conditions. Commonly, a
single environmental cue is used to trigger the coordinate
expression (26, 27). To establish the role of coordinate regu-
lation in the pathogenicity of an organism, a regulatory mutant
is usually tested in comparison to a wild-type strain in an
inbred animal model. The situation with the chronic P. aerugi-
nosa lung infections in CF patients is more complex. CF affects
a wide range of individuals with different genetic backgrounds,
who present with different clinical manifestations of their dis-
ease (52). The infections tend to involve numerous strains of P.
aeruginosa with potentially different phenotypes (31, 39, 44).
Finally, over time the patients have exacerbations of their

respiratory symptoms. Our approach to the analysis of regula-
tion in the lung infections associated with CF has been to look
for correlations between the transcript accumulations for var-
ious genes in the bacterial populations found in the sputum
taken directly from the patient. Thus, we are examining the
organisms actually causing the infection rather than a single
isolate introduced into an animal model. One difficulty with
our approach is that different populations of bacteria in the
sputum may be expressing different sets of genes at the same
time. This may bias the results, because independently ex-
pressed genes may appear to correlate with each other or genes
which are coordinately regulated may not appear to correlate.
To partially minimize this problem, we have taken a large
number of samples from a diverse set of patients over a fairly
lengthy period of time. This ensured that we were sampling a
diverse set of organisms exposed to a variety of environmental
cues. Once the transcript accumulation has been measured for
each sample, we then rank the results for each probe. The
rankings are then compared for two probes with the Spearman
rank correlation (50). For a statistically significant correlation
to result, there has to be close association of the rankings

FIG. 3. Scatter plots for the population transcript accumulations for lasR, lasA, lasB, toxA, and algD. In these plots the results for 84 sputum samples are presented.
The samples were prepared as described in the legend for Fig. 2. For all four panels the results were sorted to generate a linear plot for the lasR hybridizations. The
solid lines represent the sorted results. The dashed lines represent the trend line for lasA, lasB, toxA, or algD. lasR population transcript accumulation was compared
to lasA population transcript accumulation (A), lasB population transcript accumulation (B), toxA population transcript accumulation (C), and algD population
transcript accumulation (D).
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across all the samples. For this approach to result in a false
correlation, various subpopulations of bacteria would have to
be expressing different genes at various levels across a wide
range of patients and environmental conditions. A more likely
scenario is that of a false null correlation in which the various
subpopulations confuse the results by expressing different
genes at different times. Thus, one might expect that we would
have difficulties finding correlations between expression of
genes even if they were regulated by the same transcriptional
activator. However, in the current study and in past studies (38,
45) we have found statistically significant correlations between
the transcript accumulations for various genes. These correla-
tions occurred even with large sample sizes from a diverse set
of patients (Table 1) (45). While these correlations do not
exclude the possibility that subpopulations of bacteria may be
expressing different genes, they do suggest that some process is
coordinating the expression across the bacterial populations
found in sputum.

A number of the quorum-sensing systems regulate genes
involved with interactions between bacterial populations and
their eucaryotic hosts (12). However, it has not been estab-
lished that the quorum-sensing systems of P. aeruginosa are
important in interactions with eucaryotic hosts. In particular, it
has not been established that either of the quorum-sensing
systems (LasR-LasI or RhlR-RhlI) regulates virulence factors
during human infections. As a first step in determining the
importance of the P. aeruginosa LasR-LasI quorum-sensing
system in the lung infections associated with CF, we wanted to
determine if there was a coordinated expression of some of the
virulence factors that might be controlled by the LasR-LasI
regulatory system. Additionally, we wanted to determine if
there was a correlation of those virulence factors with lasR
expression.

We speculated that the quorum-sensing systems of P. aerugi-
nosa may play a role in the chronic lung infections associated
with CF for a number of reasons. In these infections P. aerugi-
nosa grows to a high bacterial density (43, 46) and is spatially
limited by the lung environment. Both of these factors are
critical to the triggering of quorum sensing in many diverse
systems (12). Another reason we suspect that quorum sensing
might play a role in these infections is the detection of lasA,
lasB, and toxA transcript accumulation in the bacterial popu-
lations found in CF sputa (45). When P. aeruginosa is grown in

the laboratory, it appears that lasA and lasB are tightly regu-
lated by the LasR-LasI quorum-sensing system (14, 33) and
that toxA transcription is modulated by the system (48). There-
fore, if toxA, lasB, and lasA are coordinately regulated in the
lung infections associated with CF, then a correlation might
exist for the transcript accumulation patterns of these three
genes. Indeed, Table 1 and Fig. 1 revealed a correlation of the
transcript accumulations for the three genes during the chronic
lung infections associated with CF. The strongest correlation
was between lasA and lasB (Spearman rank correlation, n 5
131, rs 5 0.595, P , 0.001), followed by lasB and toxA (n 5 131,
rs 5 0.570, P , 0.001) and lasA and toxA (n 5 131, rs 5 0.423,
P , 0.001) (Table 1). The most likely explanations for these
correlations are that in the lungs of CF patients, these genes
might be coordinately regulated or might be responding to a
common environmental cue.

In light of previous work showing that in a clonal situation
lasA, lasB, and to some extent toxA were controlled by a com-
mon regulatory element, lasR (14, 33, 48), we decided to probe
our RNA samples with a lasR-specific probe. The results from
an individual patient (Fig. 2), as well as the results from nu-
merous patients (Table 1; Fig. 3), revealed that lasR transcript
accumulation correlated with lasA, lasB, and toxA transcript
accumulations. A potential problem with our probes could be
cross-reactivity with the mRNAs from other organisms found
in the sputum. This is particularly a problem with the lasR
probe, as lasR and luxR homologs have been found in a num-
ber of pathogenic organisms (12). To alleviate this problem, we
segregated 35 of our sputum samples that contained only P.
aeruginosa and no other pathogenic organism and reevaluated
our data. Table 1 shows that the same correlations existed for
the 35 samples with only P. aeruginosa as the pathogenic or-
ganism as for the sputa containing P. aeruginosa and at least
one other pathogen. These results suggested that our probes
were specific for the targeted genes.

Our results are the first to implicate LasR as a transcrip-
tional activator in a human infection and to suggest that it
might control multiple virulence factors in these infections.
Furthermore, since lasR must be activated by PAI in order to
transcribe lasA and lasB (14, 33), our results suggested that the
LasR–LasI–PAI-1 autoinduction system was active in the lung
infections associated with CF.

The significant but not perfect correlation between lasR,
lasA, and lasB population transcript accumulations suggested
that other regulatory systems might also be active in the lung
environment. One possibility is the RhlR–RhlI–PAI-2 system,
which has also been shown to influence the regulation of all
three of these genes (3, 36, 49) and to interact with the LasR–
LasI–PAI-1 system. Thus, one might speculate that a combi-
nation of control by the RhlR-RhlI and the LasR-LasI systems
could account for our results. We are currently studying the
role that the RhlR-RhlI system has in the regulation of P.
aeruginosa virulence factors in the chronic lung infections as-
sociated with CF.

A curious finding of this study is the statistically significant
correlation (n 5 84, rs 5 0.309, P , 0.01; n 5 35, rs 5 0.350,
P , 0.05) of lasR population transcript accumulation to algD
population transcript accumulation. While this association may
not be particularly strong, it fits with a previous finding that in
the lung infections associated with CF, algD population tran-
script accumulation correlates with lasA and lasB transcript
accumulations (45). The correlation between lasR and algD
could be explained in a number of ways. First, lasR may directly
modulate expression of algD. Notably, there is a putative lasR
box upstream of the algD promoter that matches the lasR box
upstream of lasB at 9 of 20 nucleotides, which could possibly

TABLE 2. Sputum samples containing pathogenic organisms in
addition to P. aeruginosaa

Organism isolated from sputa
No. of sputa

containing the
microorganism

No. of sputa in which
P. aeruginosa was the

predominant
pathogen

Candida albicans 20 18
Staphylococcus aureus 13 11
Streptococcus group A 8 4
Burkholderia cepacia 8 2
Stenotrophomonas maltophilia 7 4
Aspergillus sp. 5 5
Haemophilus influenzae 2 0
Serratia marcescens 2 1
Klebsiella oxytoca 1 1
Streptococcus group G 1 1
Citrobacter freundii 1 0
Enterobacter cloacae 1 0
Escherichia coli 1 0

a Samples were from the 84 sputum samples that were probed with the lasR
probe.
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serve as a binding site. Second, one of the regulators of algD
could be regulated by lasR, thus accounting for the partial
correlation between lasR and algD. A third possibility is that a
common environmental cue may control both systems and that
this accounts for the correlation of population transcript accu-
mulation between the two genes. A final explanation is that
algD mRNA has the longest half-life of the transcripts and so
by its longevity (45) and circumstances correlates to lasR tran-
script accumulation. This last explanation is not likely the case,
because one would then expect to see a low level of correlation
between algD and all the other transcripts which have longer
half-lives than lasR. However, we previously reported that
there was not a statistically significant association between
algD and toxA (45). Thus, it is not likely that the correlation
between lasR and algD population transcript accumulations
occurs by chance.

The correlation of lasR population transcript accumulation
to toxA transcript accumulation (Table 1) is also curious in
light of the previous finding that there is a strong association
between expression of the regAB operon and toxA in the lungs
of patients with CF (38). In P. aeruginosa PAO1, LasR has
been shown to enhance toxA transcription (48). However, this
evidently does not occur by enhancement of regA transcription
(48). At least some isolates from CF patients appear to regu-
late toxA in a manner different from that of strain PAO1 and
similar to that of strain PA103 (38). Strain PA103 has a gene,
regB, that appears to enhance activity from the P1 promoter of
the regAB operon. Strain PAO1 lacks regB; thus, it is possible
that LasR and RegB interact to promote expression of the P1
promoter and cause a high level of expression of toxA in strains
from CF patients. Another possibility is that in isolates from
CF patients, LasR may control toxA regulation by interacting
with the regAB operon. A third possibility is that LasR may
only partially regulate toxA expression and that regA is needed
for full control of toxA expression. Further work will be needed
to test these possibilities.

In summary, we revealed a correlation between lasA, lasB,
and toxA population transcript accumulations that might sug-
gest a coordinated regulation of these genes during the chronic
lung infections associated with CF. We also detected lasR
population transcript accumulation in the bacterial popula-
tions found in sputa. Furthermore, we found a correlation
between lasR population transcript accumulation and those for
four P. aeruginosa virulence genes. Thus, in the chronic lung
infections associated with CF, lasR may at least partially reg-
ulate the virulence genes lasA, lasB, and toxA. This finding may
indicate that the LasR-LasI quorum-sensing system may be
active in these infections. Our results also suggested that lasR
may either partially regulate algD or respond to the same
environmental cues as algD.
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