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Pseudomonas aeruginosa is one of the major causative agents of mortality and morbidity in hospitalized
patients due to a multiplicity of virulence factors associated with both chronic and acute infections. Acute P.
aeruginosa infection is primarily mediated by planktonic bacteria expressing the type III secretion system
(TTSS), a surface-attached needle-like complex that injects cytotoxins directly into eukaryotic cells, causing
cellular damage. Lipopolysaccharide (LPS) is the principal surface-associated virulence factor of P. aeruginosa.
This molecule is known to undergo structural modification (primarily alterations in the A- and B-band O
antigen) in response to changes in the mode of life (e.g., from biofilm to planktonic). Given that LPS exhibits
structural plasticity, we hypothesized that the presence of LPS lacking O antigen would facilitate eukaryotic
intoxication and that a correlation between the LPS O-antigen serotype and TTSS-mediated cytotoxicity would
exist. Therefore, strain PAO1 (A� B� O-antigen serotype) and isogenic mutants with specific O-antigen defects
(A� B�, A� B�, and A� B�) were examined for TTSS expression and cytotoxicity. A strong association existed
in vitro between the absence of the large, structured B-band O antigen and increased cytotoxicity of these
strains. In vivo, all three LPS mutant strains demonstrated significantly increased lung injury compared to
PAO1. Clinical strains lacking the B-band O antigen also demonstrated increased TTSS secretion. These
results suggest the existence of a cooperative association between LPS O-antigen structure and the TTSS in
both laboratory and clinical isolates of P. aeruginosa.

Pseudomonas aeruginosa is one of the major causative agents
of nosocomial illness and can elicit both chronic and acute
infections in burn, immunocompromised, and cystic fibrosis
(CF) patients (14, 15). The basis for this versatility stems from
the bacterium’s expression of a multitude of virulence factors,
many of which are controlled by membrane-bound two-com-
ponent response regulators (10, 27, 30). These regulators fa-
cilitate rapid responses to environmental conditions, including
coordinated expression of specific virulence systems. Several of
these regulators have been shown to be responsible for the
reciprocal regulation of virulence genes specific to chronic
(biofilm-associated) or acute (planktonic-mode-associated) in-
fection by P. aeruginosa (10, 27, 29, 30). This suggests that
embarking on either of these modes of infectivity represents a
specific lifestyle choice for the species. For example, biofilm
formation involves the generation of structured bacterial com-
munities encased in a protective exopolysaccharide matrix. Co-
operative gene regulation that enhances biofilm formation,
e.g., increased exopolysaccharide production and reduced bac-
terial motility, has been shown to occur in chronic infections in
the lungs of CF patients (26). Acute infection, on the other
hand, usually involves motile bacteria and host cell contact so
that cytotoxins may be injected through the needle-like type III
secretion apparatus directly into host epithelial cells (22).
These observations suggest that distinct cell surface physiolo-

gies exist for these two modes of infection and that changes in
the surface-attached molecular composition may be required
to facilitate each mode of pathogenicity.

The major P. aeruginosa surface-associated virulence factor,
lipopolysaccharide (LPS), plays an important immunogenic
and structural role, as well as mediating the interaction be-
tween the bacterial-cell surface and the external environment
(21). Structurally, P. aeruginosa LPS is composed of a hydro-
phobic lipid A region, a central core oligosaccharide, and a
variable-length repeating polysaccharide portion referred to as
the O antigen (21). Lipid A modifications (e.g., addition of
2-hydroxylaurate, deacetylation of fatty acid, and addition of
palmitate) are associated with an altered host-pathogen Toll-
like receptor 4 signaling immune inflammatory response (6, 7,
11). Such modifications appear to be associated with chronic
infection, since they are commonly observed in CF patients
with long-term P. aeruginosa infections and have not been
detected in cases of acute infection (5).

The O antigen represents another structurally plastic moiety
of P. aeruginosa LPS. This molecule may comprise an A and/or
B band composed of repeating sugar units and represents the
main source of LPS structural and serotypic variation among
isolates of P. aeruginosa. The LPS O-antigen composition is
known to rapidly change when P. aeruginosa cells, initially
grown as biofilms, are transferred into conditions that promote
planktonic or free-swimming culture (2). It is widely believed
that these rapid surface-associated changes have broad impli-
cations for pathogenesis, but to date, no detailed studies in-
vestigating the effect of the surface-attached LPS O-antigen
composition on infection ability have been carried out.
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Since cell-cell contact is key to effective type III secretion
and acute infection, we hypothesized that structural changes in
the LPS of P. aeruginosa would affect the ability of P. aerugi-
nosa to efficiently secrete cytotoxins, affecting its capacity to
elicit an acute infection. Specifically, we hypothesized that the
presence or absence of P. aeruginosa LPS A-band or B-band O
antigen would affect the expression of components of the type
III secretion system (TTSS) and that a less structured LPS
phenotype (lacking both O-antigen moieties) would promote
cytotoxin production and secretion by the bacterium. Here, we
report a strong association between the LPS O-antigen struc-
tural composition and TTSS expression in vitro and in vivo
using isogenic wild-type (PAO1) and LPS mutant strains, as
well as clinical isolates. These findings suggest that coregula-
tion between these two disparate virulence systems exists and
that loss of the O antigen, particularly the highly structured B
band, facilitates type III cytotoxin secretion by P. aeruginosa.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study and their previously published O-antigen characteristics are listed in Table
1. P. aeruginosa strains were routinely grown in Luria-Bertani (LB) broth (Sigma-
Aldrich, St. Louis, MO) with shaking at 250 rpm at 37°C for 18 h. For quanti-
tative PCR (Q-PCR) experiments, laboratory strains were cultured overnight in
inducing medium (16), and the cultures were diluted (optical density at 600 nm
[OD600] � 0.1) in fresh inducing medium and reincubated to mid-exponential
phase (OD600 � 0.7). As a control, strains were also cultured under noninducing
conditions (inducing medium lacking EGTA). For analysis of TTSS protein
production and secretion by P. aeruginosa laboratory strains, cultures were grown
overnight in inducing medium (19), diluted to an OD600 of 0.1, and reincubated
for a further 24 h in the same medium. For comparative assessment of gene
expression and protein production by both planktonic and biofilm cultures of the
same strains, each strain was cultured in 5 ml of TTSS-inducing MINS medium
(19) overnight and diluted to an OD600 of 0.1 in the same medium. Half a
milliliter of this diluted inoculum was plated on MINS agar plates and incubated
statically at 37°C for 24 h (biofilm culture). The remaining 4.5 ml was incubated
at 37°C for 24 h with vigorous shaking (planktonic culture).

RNA isolation and quantitative PCR. Total RNA was isolated from bacterial
strains grown under the various conditions described above using Trizol (Invitro-
gen, California) according to the manufacturer’s instructions. Specific primer sets
for target genes (Table 2) were generated using Beacon Designer v.3.0 (Premier
Biosoft International, California). Total RNA was checked for integrity and
absence of DNA by PCR prior to cDNA synthesis using 1 �g of total RNA and
the GeneAmp RNA PCR Kit (Applied Biosystems, California) according to the
manufacturer’s instructions. mRNA transcript concentrations were measured
using SYBR Green PCR Master Mix (Applied Biosystems, California) according
to the manufacturer’s instructions. Reactions were carried out using the
Mx3000P Real-Time PCR System (Stratagene, California) as follows: 95°C for 10
min, followed by 40 cycles of 95°C for 30 s, 58°C for 1 min, and 72°C for 30 s. The
data acquisition step was set at 58°C with a final melting-curve analysis to ensure
amplification of a single product. The transcript levels of each gene were nor-

malized to that of the internal control, rpoD (23), and expression was calculated
using the 2���CT method (13).

Analysis of type III effector protein production and secretion. P. aeruginosa
laboratory and clinical strains were cultured as described above for biofilm and
planktonic cultures. Biofilms were scraped from agar plates into microcentrifuge
tubes and centrifuged to form a cell pellet. Planktonic cultures were harvested by
centrifugation, and the supernatants were carefully removed and concentrated
using Amicon Ultra centricon tubes (molecular weight cutoff, 10,000; Millipore,
Massachusetts). The planktonic and biofilm cell pellets were resuspended in lysis
buffer (1% sodium dodecyl sulfate and 50 mM Tris-HCl, pH 8.0) and boiled for
3 min. The protein concentrations of all samples were determined using the DC
protein assay kit (Bio-Rad, California). Equal concentrations (10 �g) of each
sample were separated on a sodium dodecyl sulfate (12.5% Tris-HCl)-polyac-
rylamide gel (Bio-Rad, California). The gels were transferred onto a polyvinyli-
dene difluoride membrane (Bio-Rad, California) using a semidry electrotransfer
unit (Bio-Rad, California). Immunoblotting was carried out using antibodies
against ExoU, ExoS, and PcrV as previously described (22).

Cytotoxicity assay using human BEAS-2B lung epithelia. A human bronchio-
lar epithelial cell line (BEAS-2B; ATCC CRL9609) was cultured in Dulbecco’s
modified Eagle medium with low glucose (DMEM H-16; Invitrogen, California)
supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Cali-
fornia). The cells were seeded into 96-well flat-bottom tissue culture plates at a
density of 2.5 � 105 cells per well and incubated to confluence in a 5% CO2

chamber at 37°C for 18 h. The wells were rinsed twice with sterile phosphate-
buffered saline (PBS), followed by the addition of 180 �l of RPMI 1640 con-
taining L-glutamine (without phenol red, supplemented with 10% fetal bovine
serum) to each well. Overnight P. aeruginosa 5-ml LB cultures were centrifuged,
and the pellets were rinsed twice with Lactated Ringers (Baxter Healthcare
Corporation, Illinois) to ensure the removal of exoproducts. The pellets were
resuspended in sterile Lactated Ringers-saline (1:1) solution. Twenty microliters
of Lactated Ringers-saline solution containing a standardized concentration of
each P. aeruginosa strain (107 CFU ml�1) was added to triplicate wells. Negative
controls received 20 �l of cell-free Lactated Ringers-saline solution. At various
time intervals, 100 �l of supernatant from triplicate wells was removed, placed in
a sterile 96-well flat-bottom tissue culture plate, and centrifuged at low speed
(3,000 rpm). Lactate dehydrogenase activity assays were carried out on 50 �l of
cell-free supernatant using the CytoTox96 Non-Radioactive Cytotoxicity Assay
Kit (Promega, California) according to the manufacturer’s instructions.

In vivo murine virulence. Pathogen-free male BALB/c mice (12 weeks old)
were obtained (Charles River Laboratories, Massachusetts). After inhaling an-
esthesia with sevoflurane, each mouse received an airspace instillate containing
2% bovine serum albumin, 2 mg of Evans blue dye, 0.12 �Ci of 131I-labeled
albumin, and P. aeruginosa (PAO1 or LPS mutants; 5 � 107 CFU ml�1; four
mice per strain) in sterile PBS. A sample of the instillate was saved for radio-
activity measurement (counts/min/g) using a �-ray counter (Packard, Illinois) and
quantitative bacterial culture on LB agar plates to confirm the inoculation CFU.
The mice were returned to their cages and allowed access to food and water.
Four hours after bacterial instillation, the mice were euthanized and exsangui-
nated. Lung injury was quantified by radioactivity counts (epithelial permeabil-
ity) and lung weight (lung edema) as previously described (7, 24).

LPS B-band O-antigen serotyping. All laboratory and clinical strains used in
this study were grown as both biofilm and planktonic cultures as described above,
and their B-band O-antigen serotypes were characterized in each mode of
growth using a P. aeruginosa Serotyping Kit (ERFA Biotech, Canada) according
to the manufacturer’s instructions. Since the serotypes of PAO1 and isogenic
mutants are known, these strains served as controls to ensure the accuracy of the
kit. Three or four loopfuls of biofilm biomass per strain was resuspended in 100

TABLE 1. Bacterial strains used in this study

Strain O antigena Source Reference

PAO1 A� B� Laboratory strain 12
PA103 A� B� Laboratory strain 9
gmd mutant A� B� PAO1 isogenic mutant 20
wbpM mutant A� B� PAO1 isogenic mutant 21
rmlC mutant A� B� PAO1 isogenic mutant 3
CIb 1 Unknown Wound This study
CI 2 Unknown Sputum This study
CI 3 Unknown Wound This study

a A, A-band O-antigen phenotype; B, B-band O-antigen phenotype; �,
present; �, absent.

b CI, clinical isolate.

TABLE 2. Q-PCR primers used in this study

Gene Function Sequence (5� to 3�)a

exsA TTSS positive regulator F, AGTTGCTGATGCTCTTCG
R, GCGAAACCCCATAGACAC

exoS TTSS cytotoxin F, TCAATCGCTTCAGCAGAG
R, CGCTTGAACACGACGG

exoT TTSS cytotoxin F, TGTTCGCCGAGGTACTGCTC
R, AATCGCCGTCCAACTGCATGC

pcrV TTSS secreted protein F, GACAAGGTCAACGACAAG
R, TGACAATGTCGCGCAGGA

rpoD Housekeeping gene F, GGGCGAAGAAGAAATGGTC
R, CAGGTGGCGTAGGTGGAGAA

a F, forward; R, reverse.
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�l PBS. Planktonic cultures were harvested by centrifugation and resuspended in
1 ml of PBS. Ten microliters of each cell suspension per strain was then mixed
with 10 �l of each antibody solution (1� concentration) prior to being vortexed
and incubated at room temperature for 20 to 30 min. Serotype-positive strains
exhibited aggregation and settling to the bottom of the tube. Negative controls
remained uniformly suspended in solution.

RESULTS

Quantitative PCR of exsA, exoS, exoT, and pcrV. To deter-
mine whether the LPS structure affected TTSS gene expres-
sion, quantitative-PCR (Q-PCR) analysis was carried out on
PAO1 and isogenic mutants (containing specific O-antigen
mutations) (Table 1) to measure mRNA expression levels for
genes involved in the TTSS (Table 2) under inducing and
noninducing conditions. Figure 1A to D illustrates the relative
expression levels observed for four key genes of the TTSS of
PAO1; the positive regulator (exsA), two genes encoding se-
creted proteins (exoS and exoT) (cytotoxins), and pcrV (which
facilitates cytotoxin injection). Under noninducing conditions,
gene expression levels were identical for all four strains (data
not shown). However, under TTSS-inducing conditions, wbpM
(A� B�) and rmlC (A� B�) mutant strains lacking the highly
structured B-band O antigen consistently exhibited signifi-
cantly increased (P � 0 for all for genes examined) TTSS gene
expression relative to PAO1 (Fig. 1A to D). In addition, the
two strains also demonstrated increased expression compared
to wbpM, which exhibited TTSS gene expression levels similar
to those of PAO1.

Analysis of TTSS cytotoxin production and secretion. Since
measurement of mRNA expression may not directly correlate
with concentrations of secreted effector proteins and therefore
cytotoxicity, Western immunoblotting analysis was performed
on PAO1 and isogenic LPS mutants to determine the produc-
tion (intracellular) and secretion (extracellular fraction) of
ExoS (the most potent of the cytotoxins of PAO1) and PcrV
(crucial for effective cytotoxin secretion [17]). While all strains
produced and secreted the ExoS cytotoxin, the three LPS mu-
tant strains produced and secreted two- to fourfold more than
the wild type (Fig. 2A). Wild-type PAO1 produced barely
detectable concentrations of PcrV intracellularly and secreted
only a low concentration of the protein. The LPS mutant
strains, however, both produced and secreted approximately
twofold more PcrV than PAO1 (Fig. 2B), suggesting that these
strains would exhibit increased cytotoxicity compared to the
wild type.

Cytotoxicity of PA01 and LPS mutants toward BEAS-2B
epithelial cells. Delivery of effector proteins into target cells
via the TTSS is central to acute infection by P. aeruginosa. To
determine if observed differences in TTSS mRNA expression
and protein production and secretion between PAO1 and iso-
genic mutants correlated with an increase in mammalian-cell
death, cytotoxicity was determined as described in Materials
and Methods. Increased cell death (compared to PAO1) was
observed when the mutant strains were incubated with lung
epithelial cells for 6 h. Consistent with Q-PCR and immuno-

FIG. 1. Relative expression levels of exsA (A), exoS (B), exoT (C), and pcrV (D). The results are representative of three independent
experiments carried out in triplicate. The error bars indicate standard deviations.
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blot analyses, the mutant wbpM and rmlC strains, which both
lack the B-band O antigen, produced the greatest increases in
cytotoxicity in vitro. Exposure of the BEAS-2B cell line to the
gmd, wbpM, or rmlC mutant strain increased cytotoxicity by 8,
14, and 46%, respectively, compared to the wild-type PAO1
(Fig. 3).

In vivo murine study. To assess if this dramatic difference in
cytotoxicity between the strains was maintained in vivo, a mu-
rine study using BALB/c mice was carried out to evaluate lung
injury. Two indicators of lung injury were measured, lung
edema and epithelium permeability, as well as low body tem-
perature (an indicator of bacteremia). Figure 4A demonstrates
that the mice infected with LPS mutant strains demonstrated
increased lung weight compared to those instilled with PAO1,
suggesting that the mutant strains induced greater lung injury
than the wild type. Consistent with these observations, mea-
surement of epithelial permeability also demonstrated that the
LPS mutants caused significantly more lung epithelial perme-
ability than was elicited by PAO1 (Fig. 4B). All LPS mutant
strains exhibited an approximately twofold increase in both
lung edema and epithelial damage, suggesting that the alter-
ation in the LPS O antigen resulted in increased bacterially
induced lung injury. Mice instilled with the mutant strains also
demonstrated considerably lower body temperatures than
those infected with the wild-type strain, suggesting that these
mice were also severely bacteremic (Fig. 4C).

LPS characterization of P. aeruginosa clinical isolates. From
our initial studies, the B-band O antigen appeared to be a
critical determinant affecting type III gene expression and pro-
tein secretion. To determine if loss of this O antigen also

FIG. 2. Analysis of ExoS (A) and PcrV (B) production (white bars) and secretion (black bars) from PAO1 and isogenic LPS mutant strains.
The results are representative of three independent experiments. The error bars indicate standard deviations.

FIG. 3. Cytotoxicity assay using BEAS-2B lung epithelial cells and
standardized inocula of PAO1 and isogenic LPS O-antigen mutant
strains. Black bars, 4 h postinfection; white bars, 6 h postinfection. The
results are representative of at least two independent experiments
carried out in triplicate. The error bars indicate standard deviations.
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affected cytotoxin secretion by clinical isolates, three strains
encoding the potent type III cytotoxin ExoU were isolated
from patient respiratory samples and examined, in addition to
the virulent laboratory strain PA103. As a control, the original
laboratory strains used in this study were also analyzed. When
the strains were cultured as biofilms and analyzed in a blind
test, PAO1 and its iosogenic gmd mutant strain agglutinated
with anti-O5 monoclonal antibody, while the other two LPS

mutant strains lacking the B-band O antigen exhibited non-
typeable phenotypes, confirming the ability of the test to dif-
ferentiate between serotypes. The clinical isolates CI1 to -3,
cultured as biofilms, each agglutinated with anti-O11 mono-
clonal antibody, similar to the virulent laboratory strain PA103
(Table 3). When each of these clinical isolates was cultured
planktonically, it exhibited a nontypeable B-band serotype.

Analysis of TTSS cytotoxin expression, production, and se-
cretion by P. aeruginosa clinical isolates. Since Western immu-
noblotting analysis had previously provided an excellent indi-
cation of cytotoxic potential, this approach was used to
examine type III secretion by biofilm and planktonic cultures
of each of the clinical strains. For planktonic cultures, intra-
cellular and secreted fractions were separated, and analysis of
the separated fractions was then performed. Planktonic strains
(containing no B-band O antigen) produced (data not shown)
and secreted (Fig. 5) both ExoU and PcrV proteins. Using
samples normalized for total protein, immunoblot analysis was
also performed on the clinical isolates cultured as biofilms
(containing the 011 B-band O antigen). Under these condi-
tions, all strains exhibited barely detectable or undetectable
ExoU and PcrV proteins (Fig. 5).

DISCUSSION

This investigation provided evidence to show a correlation
between the absence of A-band and B-band O antigen in LPS
and the production and secretion of TTSS cytotoxins in P.
aeruginosa. This relationship was documented for both labora-
tory strains and clinical isolates of the species. We specifically
hypothesized that loss of O antigen (particularly the highly
structured B band) would facilitate secretion of the TTSS
and increase acute infectivity. Our results both in vitro and
in vivo support this hypothesis and document an association
between the LPS O-antigen structural composition and type
III cytotoxin secretion and acute lung injury in this species.

Analysis of PAO1 (A� B�) and isogenic mutants phenotyp-
ically deficient in specific O antigens (gmd [A� B�], wbpM [A�

B�], and rmlC [A� B�]) was carried out to support our
hypothesis. Q-PCR analysis revealed that the mutant strains
lacking B-band O antigen had significantly increased expres-
sion levels for all four type III secretion system genes examined
(exoS, exoT, exsA, and pcrV) compared to the wild-type PAO1.
Indeed, as the structural complexity of the O-antigen moiety of

FIG. 4. In vivo evaluation of lung injury in BALB/c mice infected
with PAO1 and an isogenic LPS mutant. (A) Measure of lung edema.
(B) Epithelial permeability measurement. (C) Body temperature. The
results represent the average measurement for four mice in each
group. The error bars indicate standard deviations.

TABLE 3. LPS B-band O-antigen serotypes of clinical isolates
cultured under planktonic or biofilm conditions

Strain
LPS O serotype

Planktonic Biofilm

PAO1 NT O5
gmd mutant NT O5
wbpM mutant NT NTb

rmlCI mutant NT NT
PA103 NT O11
CIa 1 NT O11
CI 2 NT O11
CI 3 NT O11

a CI, clinical isolate.
b NT, nontypeable.
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LPS decreased, expression of all four TTSS genes examined
increased. This suggests that the LPS structural composition
may act as a signal to control TTSS gene expression. Immu-
noblot analysis also supported this hypothesis; the concentra-
tion of ExoS and PcrV proteins produced intracellularly par-
alleled mRNA expression levels. Strains lacking the B-band O
antigen produced and secreted considerably more ExoS and
PcrV than the wild-type strain, suggesting that these strains are
more cytotoxic than the wild type. Indeed, cytotoxicity assays
using BEAS-2B lung epithelial cells confirmed this observa-
tion; all three LPS mutants exhibited increased cytotoxicity
compared to PAO1 in the order PAO1 	 gmd 	 wpmC 	
rmlC (O-antigen phenotypes, A� B� 	 A� B� 	 A� B� 	
A� B�). These results suggest that the loss of the LPS O-
antigen structure may provide an intracellular signal to upregu-
late TTSS expression in P. aeruginosa. This effect appears to be

dependent on the complexity of the O antigen, since cytotox-
icity progressively increased as the lipid A portion putatively
became more exposed to the external environment.

In vivo studies supported the in vitro results; the three iso-
genic mutant strains were associated with significantly in-
creased lung injury compared to instillation of the wild-type
PAO1. Interestingly, the distinction between specific O-anti-
gen mutant strains, apparent in the in vitro tests, was not
observed in vivo. This may be due the less sensitive nature of
the measurements of lung injury compared to the in vitro
measurements of cell cytotoxicity. Further, in vivo measure-
ments, by necessity, reflect both the bacterially induced lung
injury and the host response, which can also induce lung injury,
masking the specific effect of the secreted cytotoxins. Never-
theless, all three isogenic mutant strains were associated with
an approximately twofold increase in lung injury compared to
the injury produced by the wild-type bacteria.

To determine whether the LPS compositions of P. aerugi-
nosa clinical isolates also affected type III secretion, three
strains that encoded the potent ExoU cytotoxin were exam-
ined. Immunoblot analysis of the type III components (ExoU
and PcrV) was carried out on planktonic and biofilm cultures
of the same strain. Planktonic cultures lacking the B-band O
antigen secreted large quantities of both the potent cytotoxins
ExoU and PcrV, while the same strains cultured as biofilms
(containing B band O11) produced small or undetectable
quantities of these proteins. These results suggest that for both
the laboratory and clinical strains of P. aeruginosa, the mode of
life (e.g., biofilm versus planktonic) affects the LPS O-antigen
serotype and that the specific O-antigen composition affects
the expression of the type III secretion system of P. aeruginosa.
More structurally complex LPS (e.g., A� B�) appears to re-
duce type III expression, while less complex LPS (e.g., A� B�)
appears to promote the expression of this virulence system.

These data suggest that the switch from chronic to acute
infectivity by P. aeruginosa (e.g., when cells detach from a
biofilm) involves phenotypic remodeling of the LPS O antigen
(e.g., loss of the B band) to facilitate free-swimming acutely
infectious cells. The presence of particular O antigens on the
surface of P. aeruginosa is known to affect the overall charge
and physicochemistry of the bacterial cell; strains lacking the
B-band O antigen have demonstrated greater ability to adhere
to abiotic hydrophobic surfaces (2). It is also known that other
bacterial species exhibiting a hydrophobic surface demonstrate
enhanced adhesion to epithelial cells (4, 28). Therefore, it is
likely that the loss of the B-band O antigen could facilitate
acute infection via a number of cooperative mechanisms, in-
cluding increased TTSS expression and increased host cell
adherence. In addition, the sheer molecular bulk of the B-band
O antigen (2) would likely hinder contact between the needle
complex and the host cell membrane, reducing the efficiency of
cytotoxin secretion. Thus, its loss could reduce steric hindrance
and improve contact between the secretion apparatus and the
host cell, improving acute infectivity.

It has recently been reported that the presence or absence of
the Yersinia enterocolitica O:8 O antigen also affects virulence
expression in this species (1). Together with the observations
presented here, these data suggest that LPS plays a direct or
indirect role in virulence gene expression in a number of
pathogenic species. Future dissection of the regulatory cir-

FIG. 5. Immunoblot analysis of ExoU (A) and PcrV (B) produc-
tion and secretion by clinical isolates cultured as either planktonic or
biofilm cultures. The results are representative of at least three inde-
pendent experiments. The error bars indicate standard deviations.
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cuitry underlying the cross talk that permits cooperation be-
tween these two disparate virulence systems could lead to an
understanding of the environmental signals that cause this
transition from chronic to acute infection by P. aeruginosa.
Manipulation of these signals could then provide a means to
convert antimicrobial-resistant chronic infections to suscepti-
ble planktonic cells. Such a strategy, coupled with immuno-
therapy (e.g., anti-PcrV immunoglobulin G [8, 18, 25]) to pro-
tect the host against the effects of type III secretion by this
species, would be of immense utility in patient populations
chronically infected with P. aeruginosa (e.g., CF patients).
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