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Pseudomonas aeruginosa is a ubiquitous environmental bacterium and an important human pathogen. The
production of several virulence factors by P. aeruginosa is controlled through two quorum-sensing systems, las
and rhl. We have obtained evidence that both the las and rhl quorum-sensing systems are also required for type
4 pilus-dependent twitching motility and infection by the pilus-specific phage D3112cts. Mutants which lack the
ability to synthesize PAI-1, PAI-2, or both autoinducers were significantly or greatly impaired in twitching
motility and in susceptibility to D3112cts. Twitching motility and phage susceptibility in the autoinducer-
deficient mutants were partially restored by exposure to exogenous PAI-1 and PAI-2. Both twitching motility
and infection by pilus-specific phage are believed to be dependent on the extension and retraction of polar type
4 pili. Western blot analysis of whole-cell lysates and enzyme-linked immunosorbent assays of intact cells were
used to measure the amounts of pilin on the cell surfaces of las and rhl mutants relative to that of the wild type.
It appears that PAI-2 plays a crucial role in twitching motility and phage infection by affecting the export and
assembly of surface type 4 pili. The ability of P. aeruginosa cells to adhere to human bronchial epithelial cells
was also found to be dependent on the rkl quorum-sensing system. Microscopic analysis of twitching motility
indicated that mutants which were unable to synthesize PAI-1 were defective in the maintenance of cellular
monolayers and migrating packs of cells. Thus, PAI-1 appears to have an essential role in maintaining cell-cell

spacing and associations required for effective twitching motility.

Pseudomonas aeruginosa is ubiquitous and highly successful
in a diversity of environments, including soil, rhizosphere,
freshwater, and marine environments. It is an opportunistic
pathogen of humans, causing infections in immunocompro-
mised patients such as those with cancer or AIDS, as well as
those suffering from cystic fibrosis and burns (16, 36, 42). In
addition, P. aeruginosa has also been shown to infect plants and
insects (21, 37). The success of P. aeruginosa in these diverse
environments is attributed to its impressive arsenal of virulence
factors, which include multiple cell-associated factors such as
alginate, pili, and lipopolysaccharide (12, 21) and secreted vir-
ulence factors, including toxins (exotoxin A and exoenzyme S),
proteases (elastase, LasA protease, and alkaline protease), and
hemolysins (phospholipase and rhamnolipid) (16, 36).

In recent years, P. aeruginosa has become a model for study-
ing quorum-sensing control of virulence factors. P. aeruginosa
has two complete, semiindependent, quorum-sensing systems,
designated las and rhl. Each quorum-sensing system consists of
a transcriptional activator, LasR or RhIR, and an autoinducer
synthase, Lasl or Rhll. LasI directs the synthesis of the auto-
inducer PAI-1, N-(3-oxododecanoyl)-L-homoserine lactone,
while RhII directs the synthesis of the autoinducer PAI-2,
N-butyryl-L-homoserine lactone (35). The las system has been
shown to regulate several virulence factors, including the LasA
and LasB proteases, alkaline protease, exotoxin A, and RhIR,
as well as the protein secretory genes xcpP and xcpR (11, 19, 44,
46). To date, the rhl quorum-sensing system has been shown to
control the expression of the genes coding for LasB protease,
alkaline protease, pyocyanin, and rhamnolipid, as well as crit-
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ical genes such as rpoS and the xcpP and xcpR genes (3, 4, 20,
30, 32, 32a).

Over the past few years, P. aeruginosa has also become the
preferred model system for studies of type 4 pili and twitching
motility (1, 5, 6). The polar, type 4 pili of P. aeruginosa are
considered virulence factors and are multifunctional structures
which play a role in (i) adherence to, and colonization of,
mucosal surfaces (9, 12, 47), (ii) the initial stages of infection
by bacteriophages such as the transposable Mu-like phages
D3112 and B3 (7, 38, 39) and the temperate transducing phage
F116 (25, 33), and (iii) twitching motility (2, 6).

Twitching motility is a flagellum-independent mode of sur-
face translocation which requires functional type 4 pili (2, 5, 6,
14). Flagellum-dependent motility and chemotaxis in P. aerugi-
nosa is reasonably well understood and the subject of recent
research (18, 24). In contrast, the cellular and molecular bases
of twitching motility are presently unknown but are thought to
involve extension and retraction of the type 4 pili, the same
mechanism that has been proposed for infection by pilus-spe-
cific bacteriophages (25). The biogenesis and function of type
4 pili are quite complex. Presently, over 30 genes, comprising
15 loci in three separate regions of the chromosome, appear to
be involved in the biosynthesis, regulation of expression, and
function of type 4 pili in P. aeruginosa (1, 15). In addition, an
unlinked set of pil genes, pil GHIJKL chpAB, that are required
for normal pilus production or twitching motility but whose
exact roles remain unclear was recently discovered (5, 6, 26).
Interestingly, each of these pil and chp genes has significant
regions of homology to one of the che genes required for
flagellar chemotaxis in enteric bacteria (6, 13) and to frz genes
of Myxococcus xanthus (27).

The role of autoinducer-mediated signaling, or quorum
sensing, in the control and expression of twitching motility has
not been previously explored. We were intrigued by the pos-
sibility of a connection between quorum sensing and twitching
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TABLE 1. Bacterial strains used

P. aeruginosa strain Relevant characteristic Source
PAOL1 Wild-type prototroph B. Iglewski
PDO100 Arhil::Tn501-2 derivative of PAO1 ~ D. Ohman
PAO-JP1 AlasI::Tet derivative of PAO1 B. Iglewski
PAO-JP2 Alasl Arhll::Tn501 B. Iglewski

motility because twitching motility is so clearly associated with
high cell densities and cell-cell communication, which are the
hallmarks of quorum-sensing systems in bacteria. Recently,
quorum sensing has been shown to be involved in initiating and
controlling swarming motility and the multicellular behavior of
Serratia liquifaciens (10). We have been examining the roles
that the las and i/ quorum-sensing systems play in the pro-
duction of functional type 4 pili and the regulation of twitching
motility in P. aeruginosa PAO1. In this report, we present
evidence that both quorum-sensing systems of P. aeruginosa,
las and rhl, are required for normal twitching motility and that
the rhl system, but not the las system, is required for infection
by pilus-specific phages and adherence to human bronchial
epithelial cells.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains used in this study
are listed in Table 1. Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast
extract, 0.5% NaCl) was routinely used to propagate P. aeruginosa strains. Broth
was solidified with agar at the appropriate concentrations for the individual
assays described below. Wild-type and mutant strains of P. aeruginosa were
maintained as glycerol stocks and stored at —70°C. Freshly isolated colonies on
LB agar plates were used for each experiment. Medium was supplemented with
tetracycline at 50 pwg/ml and mercuric chloride at 15 wg/ml, when needed.

Twitching-motility assays. Twitching motility was assayed by two methods.
Plates with LB agar (1%) poured to an average depth of 3 mm were prepared
and dried briefly, and the strains to be tested were stab inoculated with a needle
to the bottom of the petri dish. Plates were incubated at 37°C for 48 h, except
where noted otherwise below. After the incubation period, the zone between the
agar and the bottom of the petri dish, the twitch zone, was measured (5). A slide
culture assay was used to assess twitching motility at the microscopic level (5).
Strains were point inoculated onto the surface of a slab of LB agar (1%) placed
on a microscope slide. The inoculated LB agar was covered with a coverslip, and
the slide cultures were incubated for 3 to 5 h at 37°C in a humid petri dish.
Twitching motility was visualized under an Olympus BH/2 microscope by using
Nomarski optics and a 60X lens objective. The wild-type strain of PAO1 was
included as a positive control (twt™) in both assays.

Phage sensitivity and adsorption assays. Phage sensitivity was assayed by the
plaque assay. Ten-microliter aliquots of diluted D3112cts phage lysates (10° to
10° PFU/ml) were spotted onto LB top agar (0.3%) seeded with 0.1 ml of a
stationary-phase culture of the strain being tested (39).

Western blot analysis. A polyclonal antibody prepared against the type 4 pili
of P. aeruginosa, kindly provided by Randall Irvin (University of Alberta, Ed-
monton, Alberta, Canada) was used to determine the relative amounts of pilin
protein produced by wild-type and mutant cells. Bacterial strains were grown
from frozen stocks on LB agar (2%) plates for 7 to 8 h at 37°C, resuspended in
double-distilled water, and adjusted to equivalent protein concentrations. Cells
were solubilized by the addition of Laemmli sample buffer and boiled for 10 min
(Bio-Rad, Cambridge, Mass.). Whole-cell lysates were separated by sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (12% [wt/vol] acryl-
amide). Prestained molecular weight standards (Bio-Rad) were used to assess
efficiency of protein transfer to nitrocellulose membranes. Western immunoblot-
ting was performed with polyclonal PAO1 anti-pilin antibodies, and detection
was accomplished with the ProtoBlot IT AP system (Bio-Rad).

Enzyme-linked immunosorbent assays (ELISAs). Cultures were grown as de-
scribed above for Western blot analysis. Growth was resuspended to an A, of
approximately 1.0 in LB medium. Cell suspensions were adjusted to contain the
same number of cells as determined by direct microscopic counts. Aliquots of the
cell suspensions were transferred to microtiter plate wells (Corning flat bottom,
tissue culture treated), and incubated (16 h) at 4°C. All washes and antibody
incubations of the microtiter plate wells were carried out following the attach-
ment of cells. The wells were washed three times with phosphate-buffered saline
(PBS) containing 0.05% Tween 20. Blocking was accomplished with 1% bovine
serum albumin in PBS for 1 h at 37°C. The wells were washed three times with
PBS. A 1/100 dilution of the primary anti-pilin antibody in 0.5% bovine serum
albumin was added to the wells, and the plates were incubated for 1 h at 37°C.
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The developing antibody, an alkaline phosphatase conjugate (Bio-Rad), and the
detection substrate (Sigma Fast p-Nitrophenyl Phosphate Tablet Sets) were used
according to the manufacturer’s directions. Absorbance was measured with a
Dynatech MR500 plate reader. Multiple trials of five replicates of each strain
were tested, and mean values were calculated.

Cell adherence assays. Bacterial strains were grown from frozen stocks on LB
plates supplemented with an appropriate antibiotic(s). Bacteria were swabbed
from the surfaces of the plates and suspended in LB medium, with or without a
10 M concentration of one or 10 wM concentrations of both autoinducers, and
grown at 37°C to an A4 of approximately 1.0. A 100-pl volume of cell suspen-
sion was plated onto LB plates, with or without autoinducers, and incubated
overnight at 37°C. Bacteria were resuspended in 1 ml of LB medium to an 444
of approximately 0.4. Bacteria were labeled with [**S]methionine for 10 min,
washed four times with Hanks balanced salt solution, and resuspended in a 1-ml
volume. The concentration of bacterial cells was determined by plate counts.
Human bronchial epithelial (16HBE) cells were grown to confluency in collagen-
coated 24-well plates with minimum essential medium plus 10% fetal calf serum.
35S-labeled bacterial cells were added to the wells containing the 16HBE cells
and incubated at 37°C for 1 h with slow rocking. Following this incubation period,
the wells were washed four times with Hanks balanced salt solution to remove
nonadherent bacterial cells. Cells and adherent bacteria were lysed with 2% SDS
and counted in a scintillation counter. Each strain was tested in quadruplicate in
three separate trials and standardized to 5 X 10® CFU of added bacterial cells.

RESULTS

Twitching motility of las and rkl quorum-sensing mutants.
Macroscopic twitching-motility assays revealed that pilus-me-
diated motility was aberrant in all the mutant strains (Fig. 1A).
However, flagellar motility was found to be unchanged (data
not shown). The wild-type strain, PAOI1, formed a twitch zone
between the agar and the bottom of the petri dish and a normal
surface colony (Fig. 1A and Table 2) as previously reported
(5). In contrast, PDO100 (rAlI) was capable of producing only
highly irregular twitch zones after extended periods and PAO-
JP2 (lasl rhil) was unable to form detectable twitch zones in
this assay. PAO-JP1 (lasl) was found to produce a reduced
twitch zone; however, the surface colony exhibited enhanced
spreading. Growth rates of the individual mutant strains were
not substantially different from that of the wild type.

Twitching motility was partially restored in the mutant strain
PAO-JP2 (lasI rhil) by the addition of 10 wM concentrations
(each) of PAI-1 and PAI-2 to twitch agar plates (Fig. 1B). The
addition of neither PAI-1 nor PAI-2 alone was sufficient to
restore twitching motility in PAOJP2. However, the addition of
pure PAI-2 to twitch plates inoculated with PDO100 (rhll)
resulted in a partial restoration of twitching motility, but the
concentration required varied from trial to trial (data not
shown). In all instances, exogenous additions of autoinducers
to the twitching-motility assay plates resulted in irregular and
atypical twitch zones.

Microscopic analysis of twitching motility by a slide culture
assay was used to examine twitching motility defects at the
cellular level. As shown in Fig. 2A, the wild-type (PAO1) slide
culture revealed the presence of a monolayer of motile “rafts”
of cells at the leading edge of the colony periphery, which are
characteristic of twitching motility in this bacterium (5). PAO-
JP1 (lasI) cells were motile and formed rafts; however, the rafts
contained dramatically larger numbers of cells and were often
multilayered (Fig. 2B). In contrast, the edges of the microcolo-
nies formed by the strains PDO100 (rhll) and PAO-JP2 (lasl
rhil) were similar and characterized by multiple layers of cells
and very few rafts (Fig. 2C to D). While PAO-JP2 was non-
motile in this assay, PDO100 (rA/I) was observed to be capable
of movement, albeit at severely reduced rates and frequencies.
In contrast, in the plate assay (Table 2) PDO100 was nonmo-
tile after 24 h incubation.

Piliation of las and rhl quorum-sensing mutants. Western
blot analysis and ELISAs were used to determine levels of pilin
protein produced by the las and rhl quorum-sensing mutants
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FIG. 1. Macroscopic stab assay for twitching motility. LB agar (1%) plates
were stab inoculated with a needle to the bottom of the plate and incubated for
24 h at 37°C. The diffuse zone, the twitch zone, between the agar and the petri
dish is a measure of twitching motility. The smaller, denser zone represents
surface colony growth. (A) PAO1 wild type and “I” mutants. Colony 1, PAO1;
colony 2, PAO-JP1 (AlasI); colony 3, PDO100 (Arhil); colony 4, PAO-JP2 (Alasl
rhil). PAO-JP2 (Alasl rhil), with PAI-1 and PAI-2 added to the agar at 10 M
each (B) and without PAI-1 and PAI-2 (C) was incubated for 48 h at 37°C.

and levels of surface piliation, respectively. Western blot anal-
ysis of whole-cell lysates showed that the total levels of pilin
were approximately equivalent for wild-type and mutant
strains (Fig. 3A). However, ELISAs of whole cells revealed
distinct differences in the levels of pili on the surfaces of wild-
type and mutant cells (Fig. 3B). Cells of PAO-JP1 (lasI) had
levels of surface pili equivalent to that of wild-type cells. In
contrast, the levels of pili detected on the surfaces of cells of
the mutant strains PDO100 (r4/I) and PAO-JP2 (lasl rhil) were
significantly reduced (Fig. 3B).

Phage sensitivity and adsorption. Sensitivity to infection by
the pilus-specific phage D3112cts was measured by titration.
Aliquots (10 wl) of various dilutions of a phage stock were
spotted onto agar overlays containing the wild-type strain or
mutant strains. Wild-type PAO1 and the mutant PAO-JP1
(lasI) were both sensitive to the lowest titer (10> PFU/ml) of
phage tested, resulting in total clearing in the area of the
applied phage (Table 2). In contrast, PDO100 (rAll) and PAO-
JP2 (lasI rhil) were highly resistant, forming only turbid
plaques at the highest titers tested (107 and 10° PFU/ml).
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TABLE 2. Phage sensitivity, twitching-motility phenotype, and
piliation of wild-type and mutant strains

P. aeruginosa strain Sensitivity to  Area of twitching Surface

’ phage D3112¢ motility? piliation®
PAO1 10° 20 0.407 £ 0.110
PDO100 (rhll) 107 0¢ 0.028 £ 0.009
PAO-JP1 (lasl) 10° 12 0.351 £ 0.033
PAO-JP2 (lasl rhil) 107 0 0.045 £ 0.014

“ Lowest titer of phage stock (dilutions of 10° to 10° PFU/ml were tested)
resulting in plaque formation when 10 pl was spotted onto agar overlays con-
taining the strain tested.

® Diameters (in millimeters) of twitch zones in macroscopic twitch stab assay
plates as shown in Fig. 1.

¢ Mean A4, values * standard deviations from ELISAs with PAO1 anti-pilin
antibodies against whole cells and alkaline phosphatase-conjugated goat anti-
rabbit developing antibodies.

4 Turbid plaques were observed.

¢ Very small twitch zones were observed after extended incubation periods
(>72 h) in some trials.

Adherence to human bronchial epithelial cells. Wild-type
PAO1 and PAO-JP1 (las) cells bound to human bronchial
epithelial (16HBE) cells equally well (Fig. 4). Interestingly, the
PDO100 (7All) and PAO-JP2 (lasl rhil) strains exhibited a two-
to fivefold decrease in the level of adherence to 16HBE cells
compared to that of wild-type bacteria. When a 10 uM con-
centration of either PAI-1 or PAI-2 was added back to PAO-
JP2 cells, the level of binding was restored to that of wild-type
bacteria (Fig. 4). Interestingly, the addition of both PAI-1 and
PAI-2 at 10 pM each resulted in a significant reduction in
binding ability.

DISCUSSION

P. aeruginosa has two quorum-sensing systems, las and rhl,
each of which has been shown to activate numerous genes in a
hierarchial manner (20, 41). Some genes (e.g., lasB) can be
activated by either system (20, 41). In addition, the las system
regulates the rhl system in several ways. First, LasR-PAI-1
activates transcription of r4IR (20, 34). Second, in the absence
of PAI-2, PAI-1 can activate the RhIR protein, albeit not as
well as the RhIR cognate autoinducer PAI-2 (32). Third, PAI-1
very efficiently competes with PAI-2 for binding to RhIR and
results in the inhibition of PAI-2 activation of RhIR when both
autoinducers are present (32, 34). These complex interrela-
tionships between the las and rhl systems are exemplified by
the findings of the present study.

The results described above show that both autoinducer
compounds, PAI-1 and PAI-2, play important roles in main-
taining the normal twitching motility and pilus function of P.
aeruginosa. Our results indicate that the A/ quorum-sensing
system, but not the /as system, affects the export and/or assem-
bly of pilin into functional pili on the cell surface as shown by
ELISAs with anti-pilin antibodies against intact cells. It has
been previously shown that pilin mRNA levels in the lasl and
rhll mutants are equivalent to those of the wild-type strain
(32), and our Western blot analysis likewise indicated that pilin
synthesis is unaffected by mutations in autoinducer synthases.
Thus, it seems clear that PAI-2 synthesis somehow affects the
formation of functional pili on the cell surface at the level of
pilin export and/or assembly, not at the level of pilin synthesis.
Such export and assembly of pilin is a crucial aspect of twitch-
ing motility since previous studies (1, 2) suggest that twitching
motility operates by the repeated extension and retraction of
polar type 4 pili, possibly involving assembly and disassembly.
The rhll mutant strain used in this study has been shown to
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FIG. 2. Slide culture assay for twitching motility. The P. aeruginosa PAO1 wild type and las and rhl quorum-sensing mutants were inoculated onto slide cultures and
incubated for 3 to 5 h at 37°C. The areas in the photomicrographs represent the edges of cell growth (magnification, ca. X570). (A) PAO1 (wild type); (B) PAO-JP1

(AlasI); (C) PDO100 (Arhll); (D) PAO-JP2 (Alas rhil).

have a partial deletion in the pheC gene immediately down-
stream of rhll (3). However, the addition of phenylalanine had
no effect on the restoration of twitching motility. Additionally,
we have found that the lasR rhIR double mutant, which con-
tains a normal pheC gene, is also deficient in twitching motility
(data not shown).

Our results indicate that the las quorum-sensing system is
also required for normal twitching motility. The lasI mutant
was not deficient in surface pili and was therefore expected to

retain wild-type twitching motility and susceptibility to infec-
tion by D3112cts. The lasI mutant was indeed found to retain
wild-type susceptibility to phage D3112; thus, the pili of this
mutant are at least partially functional. However, the lasI mu-
tant was significantly altered in twitching motility, as shown in
both macroscopic and microscopic assays. These differences in
cell-cell associations suggest that the role(s) of PAI-1 may be
to keep the cells at a certain cell density, promote optimal
cell-cell associations, and direct cellular movement.
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FIG. 3. Western blot analysis and ELISA of pilin. (A) Western blot analysis
of pilin in whole-cell lysates. Whole-cell lysates were adjusted to contain equal
amounts of protein, solubilized by boiling in SDS-polyacrylamide gel electro-
phoresis sample buffer, and separated by electrophoresis on an SDS-12% poly-
acrylamide gel by using a standard Tris-glycine buffer system. Western blots were
developed with PAO1 anti-pilin polyclonal antiserum and an alkaline phos-
phatase-conjugated antibody as the developing antibody (Promega). (B) ELISA
against whole cells. Bacterial cells were bound overnight to microtiter plate wells,
followed by incubation with the PAO1 anti-pilin polyclonal antiserum. The
developing antibody was an alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin. The A4,,, was read with a Dynetech MR500 plate reader.
Values are the means of results from three trials of five replicates each.

A role for the las system in maintaining normal twitching
motility is further supported by the requirement of both PAI-1
and PAI-2 for restoration of twitching motility in PAO-JP2
(lasI rhil). Alternatively, this may simply reflect the fact that
LasR-PAI-1 is required for normal expression of the rilR
gene. Pesci et al. (34) showed that PAI-2 alone has no effect on
the autoinduction of a rhlR'-lacZ fusion in PAO-JP2. Thus,
PAI-1 is required to activate the rhl system.

Recently, it was reported that both the las and Al quorum-
sensing systems regulate the xcpP and xcpR genes, which are
components of the type II or general secretory pathway (GSP)
of P. aeruginosa (4, 45). The GSP is responsible for the secre-
tion of P. aeruginosa exoenzymes such as elastase, exotoxin A,
phospholipase C, lipase, and alkaline phosphatase (30, 32, 40,
45). The assembly of type 4 pili is the function of a second
branch of the GSP, termed the pilus biogenesis pathway (22).
There are two sets of genes specifying the Xcp system and the
pilus biogenesis pathway, and although the two branches op-
erate independently, there is significant overlap as both appear
to require the products of the pilD (xcpA) and pilA genes (17,
22,23, 43, 45). It is not surprising, therefore, that assembly of
pili is regulated by the quorum-sensing systems as well. Pres-
ently, the target of the ri/ quorum-sensing system that controls
twitching motility is unknown, but the genes involved in the
pilus biogenesis pathway are likely candidates and are pres-
ently being studied in our laboratory.

The observation that the PDO100 (#4/) and PAO-JP2 (lasl
rhil) mutants, which do not produce significant pili on their cell
surfaces, have reduced levels of binding to human bronchial
epithelial cell surfaces was not surprising. Reports have indi-
cated that the type 4 pilus of P. aeruginosa accounts for ap-
proximately 90% of its adherence capability to a variety of cell
types, with the pilin subunit itself carrying the adherence func-
tion (12, 47). Additionally, O'Toole and Kolter (31) have re-
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FIG. 4. Epithelial cell binding assay. P. aeruginosa strains labeled with
[3°S]methionine were incubated with confluent monolayers of 16HBE cells.
After 1 h cells were washed to remove nonadherent bacteria. Cells were lysed,
and numbers of CFU of bacteria were determined. Data was standardized to 5 X
108 bacteria added and was done with quadruplicate 16HBE cultures. PAO1
(wild type), PAO-JP2 (AlasI rhil), PDO100 (Arhll), and PAO-JP1 (AlasI) were
used + indicates the addition of the appropriate autoinducer (10 uM PAI-1 or
PAI-2) to PAO-JP2. Values are representative of results of three separate ex-
periments and are expressed as percentages of the wild-type response.

cently shown that the type 4 pili of P. aeruginosa are also
necessary for attachment to surfaces in biofilm formation. On
the surface, our results showing that the addition of PAI-1 or
PAI-2 alone restores cell binding to wild-type levels but that
the addition of both autoinducers results in a reduction of cell
binding appear confusing. However, it has been shown that
PAI-1 can partially activate RhIR, albeit much less effectively
than PAI-2 (32). Furthermore, PAI-1 very effectively inhibits
binding of PAI-2 to RhIR (34). Therefore, in the presence of
both PAI-1 and PAI-2 there may be competition, which may
lead to a reduction in the activity of RhIR.

The absolute levels, or dose, of autoinducers has been found
to be critical to the expression levels and functions of quorum-
sensing-regulated genes in P. aeruginosa (32). Recently, Nassar
et al. (29) have shown that, depending on the concentration of
the cognate autoinducer N-(3-oxohexanoyl)-homoserine lac-
tone (OHHL), the transcriptional activator ExpR binds to
DNA in different ways. Clarification of this finding awaits pu-
rification of the LasR and RhIR proteins. Twitching motility,
adherence to cells and surfaces, and phage infection are likely
to require or represent different levels of pilus functionality.
Normal twitching motility certainly requires fully functional
pili, while adherence and infection by phage may have different
requirements.

The finding that pilus assembly and twitching motility is
controlled by quorum sensing in P. aeruginosa has not been
reported previously. Until now the focus has been on quorum-
sensing control of virulence factors that are exoenzymes; how-
ever, pili are also considered an important virulence factor.
The coordinated timing of the expression of multiple virulence
factors at high cell densities is likely to confer a significant
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advantage to a pathogen in allowing it to overcome host de-
fenses. Indeed, gliding motility of the opportunistic pathogen
S. liquifaciens has been shown to be controlled by a quorum-
sensing system (10). Additionally, autoinducers have recently
been shown to play a role in the development of both naturally
occurring and laboratory-created biofilms with P. aeruginosa
(8, 28). These studies provide evidence that autoinducers and
quorum-sensing systems may, in fact, be important in natural
environments and complex microbial communities. Determi-
nation of exactly how the rAl and las quorum-sensing systems
control twitching motility and cell-cell communication on cell
surfaces awaits further study.
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