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PQS Produced by the Pseudomonas aeruginosa Stress
Response Repels Swarms Away from Bacteriophage and
Antibiotics

Jean-Louis Bru,a Brandon Rawson,b* Calvin Trinh,c Katrine Whiteson,a Nina Molin Høyland-Kroghsbo,d Albert Siryaporna,b

aDepartment of Molecular Biology & Biochemistry, University of California, Irvine, California, USA
bDepartment of Physics & Astronomy, University of California, Irvine, California, USA
cSchool of Biological Sciences, University of California, Irvine, California, USA
dDepartment of Veterinary and Animal Sciences, University of Copenhagen, Frederiksberg, Denmark

ABSTRACT We investigate the effect of bacteriophage infection and antibiotic
treatment on the coordination of swarming, a collective form of flagellum- and
pilus-mediated motility in bacteria. We show that phage infection of the opportunis-
tic bacterial pathogen Pseudomonas aeruginosa abolishes swarming motility in the
infected subpopulation and induces the release of the Pseudomonas quinolone sig-
naling molecule PQS, which repulses uninfected subpopulations from approaching
the infected area. These mechanisms have the overall effect of limiting the infection
to a subpopulation, which promotes the survival of the overall population. Antibiotic
treatment of P. aeruginosa elicits the same response, abolishing swarming motility
and repulsing approaching swarms away from the antibiotic-treated area through
a PQS-dependent mechanism. Swarms are entirely repelled from the zone of
antibiotic-treated P. aeruginosa, consistent with a form of antibiotic evasion, and are
not repelled by antibiotics alone. PQS has multiple functions, including serving as a
quorum-sensing molecule, activating an oxidative stress response, and regulating
the release of virulence and host-modifying factors. We show that PQS serves addi-
tionally as a stress warning signal that causes the greater population to physically
avoid cell stress. The stress response at the collective level observed here in P.
aeruginosa is consistent with a mechanism that promotes the survival of bacterial
populations.

IMPORTANCE We uncover a phage- and antibiotic-induced stress response in the
clinically important opportunistic pathogen Pseudomonas aeruginosa. Phage-infected
P. aeruginosa subpopulations are isolated from uninfected subpopulations by the
production of a stress-induced signal. Activation of the stress response by antibiotics
causes P. aeruginosa to physically be repelled from the area containing antibiotics al-
together, consistent with a mechanism of antibiotic evasion. The stress response ob-
served here could increase P. aeruginosa resilience against antibiotic treatment and
phage therapy in health care settings, as well as provide a simple evolutionary strat-
egy to avoid areas containing stress.

KEYWORDS antibiotics, bacteriophage, quorum sensing, stress response, swarming

Stress responses enable individual bacteria to adapt to environmental stresses such
as low pH, low ion concentrations, and low nutrient availability (1–4). At the

population level, stress responses also promote survival of the group. Bacteria use
cell-to-cell signaling, known as quorum sensing (QS), to activate phage defense mech-
anisms at high cell density when phage could otherwise rapidly spread throughout the
bacterial population (5–8). In addition, the emergence of phenotypic heterogeneity in
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bacterial populations gives rise to persister and antibiotic-tolerant cells that are tran-
siently resistant to antibiotics (9–11). In natural and host environments, bacterial
populations are spatially heterogeneous, giving rise to multiple subpopulations of the
same species (12, 13). Coordinated spatial stress responses between subpopulations
could facilitate the survival of the species.

Swarming is a collective form of bacterial motility driven by flagella and pili that
promotes antibiotic resistance and pathogenesis in humans and animals (14–19).
High-cell-density bacterial populations swarm on semisolid surfaces, which have phys-
ical characteristics similar to those of mucous layers surrounding epithelial membranes
(20, 21). In particular, semisolid agar media and mucus are both non-Newtonian fluids
that share overlapping ranges of viscosities (22–24).

P. aeruginosa is an opportunistic bacterial pathogen that swarms and is responsible
for a range of illnesses, including lung infection in cystic fibrosis patients, hospital-
acquired infections, sepsis, and disease in immunocompromised patients (25). Strains of
P. aeruginosa have been identified that are resistant to all classes of antibiotics, making
the development of new therapeutics an important priority (26). The spatial organiza-
tion and dynamics of P. aeruginosa swarms are controlled by the secretion of rham-
nolipids and 3-(3-hydroxyalkanoyloxy) alkanoic acid (HAAs) (Fig. 1A, left, and Fig. 1Bi),
which modulate the repulsion and attraction between different swarming subpopula-
tions (27, 28). Whether and how these signals are coordinated in response to stress are
unknown. In particular, threats to the collective in the form of phage and antibiotics
could have a significant impact on P. aeruginosa group behaviors.

P. aeruginosa regulates expression of virulence genes and group behaviors through
a hierarchical QS network (29). The Pseudomonas quinolone signal 2-heptyl-3-hydroxy-
4-quinolone (PQS) is a molecule secreted by P. aeruginosa that has diverse roles,
including mediating cell-to-cell signaling through QS, regulating virulence factor ex-
pression, iron acquisition, inducing both oxidative stress and an antioxidative response,
and modulating host immune responses (30, 31). PQS is found in the lungs of cystic
fibrosis patients, indicating the important role of this molecule in long-term persistence
of P. aeruginosa infection (32). The synthesis of PQS is regulated by an intricate network
of QS regulators, including the LasI/R, RhlI/R, and IQS QS systems (33, 34) (Fig. 1A, right),
and is additionally enhanced in response to nutrient starvation, antibiotics, and phage
infection (33, 35–37). PQS is synthesized from anthranilate by enzymes encoded by the
pqsABCD operon and pqsH (38–41). The multifunctional role of the molecule in signal-
ing and stress responses suggests that it coordinates diverse functions in a collective.

RESULTS
Phage-infected P. aeruginosa colonies repel uninfected P. aeruginosa swarms.

We characterized the effect of virulent phage infection on P. aeruginosa UCBPP-PA14
swarms using the phage DMS3vir, which is an engineered lytic form of the DMS3 phage
that was isolated previously from clinical human samples (42). Stationary-phase P.
aeruginosa cultures were mixed with phage, spotted on semisolid agar swarming
plates, and cultured for 16 to 18 h at 37°C. Phage were prepared by diluting the stock
lysate 1:100 to establish a concentration of phage (1012 PFU/ml) that did not cause the
complete lysis of the P. aeruginosa population.

Whereas the uninfected wild-type strain swarms (Fig. 1Bi), phage infection inhibited
swarming motility (Fig. 1Bii; see also Movie S1 in the supplemental material) compa-
rable to that of the swarming-defective ΔrhlAB strain (Fig. 1Biii). The ΔrhlAB strain does
not produce rhamnolipids and HAAs, which are required for swarming (Fig. 1A). The
swarming defect due to phage infection is consistent with a previous report in which
DMS3 lysogenization of P. aeruginosa inhibited swarming motility through a mecha-
nism dependent on the CRISPR-Cas (clustered regularly interspaced short palindromic
repeat [CRISPR]–CRISPR-associated) adaptive immune defense (43).

We investigated the ability of the phage infection to spread to neighboring swarms
by spotting both uninfected and infected P. aeruginosa colonies on the same plate (Fig.
1C and Movie S1) or in six-way swarming assays in which uninfected P. aeruginosa was
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spotted at the center of the swarming plate and P. aeruginosa was spotted at satellite
positions surrounding the center (Fig. 1D and Movie S2). Uninfected P. aeruginosa
spotted at the satellite positions exhibited swarming motility and repulsed the tendrils
of the center swarm (Fig. 1Ci and Di and Movie S2), which is consistent with the ability
of HAAs to repel swarms (44). In contrast, phage-infected satellite colonies were
inhibited for swarming motility and repulsed uninfected swarms from the vicinity of the
infection (Fig. 1Cii and Dii). The inhibition of swarming motility in phage-infected
wild-type cells was comparable to that in a ΔrhlAB strain, which is defective in swarming
motility due to the lack of HAA and rhamnolipid production (Fig. 1Biii). As expected, the

FIG 1 Infection of P. aeruginosa by bacteriophage inhibits motility and induces repulsion of healthy
swarms. (A) Schematic depicting the release of rhamnolipids (RLs) and HAAs (arrows) during swarming
(left) and the regulation of rhamnolipids, HAAs, HHQ, and PQS by stress and QS (right). (B to D) Swarm
agar assays after 16 to 18 h of growth at 37°C. Wild-type (WT) P. aeruginosa strain PA14 without phage
(i) or with phage (ii) or the ΔrhlAB strain without phage (iii) was spotted at the center (B), on the right
(C), or at concentric satellite positions surrounding the center (D). Wild-type P. aeruginosa without phage
is spotted on the left in panel C and at the center in panel D. Graphics below the images indicate the
initial spot positions and corresponding cultures. Petri dishes are 9 cm in diameter.
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uninfected ΔrhlAB strain did not repulse swarms from the center (Fig. 1Ciii and Diii),
consistent with the requirement of HAAs to repel swarms (44).

The ability of phage-infected wild-type cells to repulse center swarms appeared to
require active infection, as phage lysate alone did not induce repulsion of the unin-
fected swarms (Fig. S1A). Either the factors required for repulsion were not present in
the phage lysate or the concentration of these factors was insufficient to trigger
repulsion. Together, these results suggest that phage-infected cells are deficient in
swarming, which would serve to constrain the phage infection locally.

P. aeruginosa organisms that survive phage infection are heterogeneous in
response to subsequent infection. To determine whether the swarm deficiency and
repulsion phenotypes were inherited in descendants of phage-infected P. aeruginosa,
individual colonies were isolated from phage-infected satellite colonies and tested for
the ability to be reinfected using the cross-streaking method, in which cells are streaked
past a line of phage. The ability of bacteria to grow beyond the phage line indicates
that the strains are not susceptible to phage killing. We observed that two out of the
four colonies that were isolated from the phage-infected satellite colonies were not
susceptible to phage killing (Fig. 2A). Phage-resistant strains that were remixed with
phage were not inhibited for swarming motility (Fig. 2B), suggesting that these isolates
are spontaneous surface mutants and/or have acquired CRISPR-Cas-dependent adap-
tive immunity against the phage. In contrast, reinfection of phage-sensitive strains
inhibited motility and caused repulsion of the uninfected swarm (Fig. 2C), which was
phenotypically identical to the P. aeruginosa organisms that were initially infected (Fig.
1Cii and Dii). These results indicate that the dual phenotype of swarming inhibition and

FIG 2 Phage resistance, inhibition of motility, and repulsion in isolates that survive phage treatment. (A)
Cross-streak assay in which phage (dashed line) is applied along a line on the dish and phage-infected
isolates (PI) of P. aeruginosa from satellite colonies are streaked from left to right across the phage line.
Growth beyond the phage line is observed in PI-A and PI-B, indicating resistance to phage, whereas no
growth is observed in PI-C and PI-D, indicating sensitivity. (B and C) PI-B (B) or PI-D (C) on swarm agar
petri dishes in the absence or presence of phage at the satellite positions. Uninfected wild-type P.
aeruginosa is spotted at the center. Inhibition of motility and repulsion are observed in PI-D, which is
phage sensitive, in the presence of phage.
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repulsion of uninfected swarms requires an active infection by phage. We expected the
majority of P. aeruginosa organisms that survive phage infection would be phage
resistant. However, only half of the surviving P. aeruginosa isolates were phage resistant
(Fig. 2A). This observation suggests that a transient phage defense mechanism is
associated with the swarming deficiency and repulsion phenotypes.

Phage-infected colonies repel uninfected swarms independently of rhamno-
lipids and HAAs. Rhamnolipids and HAAs modulate the repulsion and attraction
between swarming tendrils and are required for swarming motility (27, 28). The
secretion of rhamnolipids and HAAs by P. aeruginosa into the vicinity of phage-infected
cells was the most likely explanation for the observed repulsion (Fig. 1Cii and Dii).
Indeed, purified rhamnolipid fractions spotted at the satellite positions induced repul-
sion of approaching swarms at intermediate concentrations (Fig. 3A). However, higher
concentrations of rhamnolipid fractions attracted the swarms (Fig. 3A and Movie S3A),
demonstrating that the effects of attraction and repulsion by rhamnolipids are con-

FIG 3 Role of rhamnolipids, PQS, and HHQ in mediating the repulsion response to phage infection. (A) Swarming
assay in which water and increasing concentrations (millimolar) of rhamnolipids are spotted at the satellite
positions. (B) Spotting of the ΔrhlAB strain at the satellite positions without phage (left) or with phage (right). (C)
Fold change in relative mRNA transcript levels of pqsA, pqsB, pqsH, rhlA, and rhlB, normalized by 5S expression, in
phage-infected wild-type P. aeruginosa at the satellite positions and compared to levels for uninfected cells at the
center of the swarm dish, determined through qRT-PCR. (D and E) Swarming assays, and quantification thereof, in
which dimethyl sulfoxide and increasing concentrations (millimolar) of PQS and HHQ are spotted at the satellite
positions. (F) Spotting of the ΔrhlAB ΔpqsA strain at the satellite positions without (left) or with (right) phage. (G)
Quantification of the repulsion radii at the satellite positions for different strain backgrounds and with or without
phage. The repulsion induced by spotting 1 mM PQS is included as a reference. White dots indicate the centers of
positions where rhamnolipids, PQS, or HHQ was spotted. Bars in panel C are the averages from at least 2
independent experiments (n � 2). Bars in panel E for PQS and HHQ are the averages from 2 or 4 satellite colonies
(n � 2 or 4), respectively, and bars in panel G are the averages for at least 6 satellite colonies (n � 6). Error bars
indicate standard deviations. Uninfected wild-type P. aeruginosa is spotted at the center of all assays. The repulsion
radius quantification is described in Materials and Methods.
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centration dependent. To test the hypothesis that phage infection causes repulsion
through the production of rhamnolipids and HAAs by P. aeruginosa, ΔrhlAB mutant
cells, which are defective in the production of rhamnolipids and HAAs (44), were
spotted at the satellite positions. Swarming motility was inhibited in the ΔrhlAB satellite
colonies, consistent with the requirement for the production of rhamnolipids and HAAs
for swarming motility (27). Importantly, uninfected center swarm tendrils that ap-
proached the uninfected ΔrhlAB satellite colonies were not repulsed (Fig. 1Ciii and Diii,
3B and G, and S1B and Movie S4A), consistent with the role of HAAs as a repellant (44).
However, phage-infected ΔrhlAB satellite colonies repelled the uninfected center
swarm tendrils (Fig. 3B and G and Movie S4B), indicating that the production of
rhamnolipids and HAAs was not responsible for the phage-induced repulsion.

Importantly, these results indicate that the repulsion mechanism observed during
phage infection (Fig. 1Cii and Dii) is distinct from the repulsion by uninfected wild-type
cells (Fig. 1Ci and Di), the latter of which relies on the production of HAAs. Furthermore,
the phage infection of strains defective in the QS master regulator LasR, the QS
regulator RhlR, the combination of both, or the CRISPR-Cas system caused repulsion of
the center swarm (Fig. S1C to F). These results suggest that phage infection induces the
secretion of a molecule that repulses approaching uninfected swarms using a pathway
that is activated independently of the master regulators of QS and CRISPR-Cas.

Phage infection activates PQS quorum-sensing signaling. A recent preprint
suggested that genes required for production of the QS molecule (PQS) are upregu-
lated in response to phage infection (37). We verified that the expression of genes
responsible for the production of PQS, pqsA and pqsB (38–40), was significantly in-
creased in phage-infected satellite colonies compared to that of the uninfected center
swarm (P � 0.05) (Fig. 3C), suggesting that PQS is involved in the repulsion mechanism.
The relative transcript levels of the rhamnolipid production genes rhlA and rhlB were
slightly decreased in phage-infected cells, but the decrease was not statistically signif-
icant (P � 0.1).

We investigated whether PQS alone induces repulsion of swarms. Indeed, spotting
increasing concentrations of PQS over the same range of rhamnolipids at the satellite
positions produced a monotonic increase in repulsion radius (Fig. 3D and E and Movie
S3B). Spotting of 2-heptyl-4-quinolone (HHQ), the precursor molecule to PQS, at the
satellite positions caused swarm repulsion to a lesser extent (Fig. 3D and E and Movie
S3C), indicating that PQS has greater repelling capacity than HHQ.

Given the ability of PQS to repulse the center swarm tendrils, we hypothesized that
PQS is responsible for the repulsion observed during phage infection. Deletion of the
pqsA gene, which encodes the synthase that produces the early precursor to PQS,
abolished swarming of uninfected satellite colonies (Fig. S2A). The lack of swarming is
consistent with the requirement of PQS production for swarming (45, 46). The ΔpqsA
strain retained the capacity to repel the wild-type center swarm (Fig. 3G and Fig. S2A),
which may be attributed to the production of rhamnolipids and HAAs in this strain.
Infection of the ΔpqsA strain decreased the repulsion of the wild-type center swarm
(Fig. 3G and Fig. S2A), which suggests that phage infection decreases the production
of non-PQS repulsion molecules. The repulsion of the wild-type center swarm was
significantly decreased in the phage-infected ΔrhlAB ΔpqsA strain (Fig. 3F and G and
Movie S4D) which does not produce rhamnolipids, HAAs, or PQS (40). We observed that
the center swarm collided with 60% of the phage-infected ΔrhlAB ΔpqsA satellite
colonies, which induced a change in the optical properties of the newly infected tendril
population, consistent with phage-mediated lysis (Fig. 3F and Movie S4D). The minimal
repulsion by the infected ΔrhlAB ΔpqsA strain may be due to the infection of the
approaching swarm by phage that diffuse out of the satellite colonies, which triggers
repulsion itself, or due to unidentified secreted factors.

PQS is produced during stationary-phase growth (47). However, the repulsion
effects observed here are not due to PQS in the inoculum, as the sterile-filtered
supernatant from the ΔrhlAB inoculum did not cause repulsion of the wild-type center
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swarm (Fig. S2B). Furthermore, the effect is not due to PQS contained within cells in the
inoculum, as the sonication and subsequent sterile filtration of the ΔrhlAB inoculum did
not cause repulsion (Fig. S2B). Together, these results suggest that phage infection
upregulates PQS production, which is largely responsible for the repulsion of unin-
fected swarms.

Antibiotic-stressed colonies repulse swarms. PQS promotes the survival of the
fittest cells within well-mixed P. aeruginosa populations by sensitizing cells to oxidative
stress and other stresses (31). We reasoned that the PQS-mediated repulsion of healthy
swarms promotes the survival of the bacterial population by directing the spatial
organization of the population. The application of cell stress through other means,
including treatment by antibiotics, may also direct the spatial organization of the
population to promote overall survival. To test this hypothesis, wild-type P. aeruginosa
was mixed with gentamicin, which inhibits growth through stalling ribosomal tRNA
translocation (48, 49), and immediately spotted at satellite positions. Minimal growth of
P. aeruginosa was observed at the satellite positions (Fig. 4A), indicating that the
effective concentration of gentamicin was below the MIC due to the diffusion of the
antibiotic through the agar. The slow growth of antibiotic-treated P. aeruginosa (Fig. 4A
and Movie S5A) was phenotypically comparable to that due to phage infection
(Fig. 1Dii and Movie S2B). Notably, gentamicin treatment inhibited swarming motility at
the satellite positions and caused repulsion of untreated center swarm tendrils (Fig. 4A
and B and Movie S5A) comparable to that observed in phage-infected P. aeruginosa.
The swarm repulsion was not due to the presence of gentamicin alone, as untreated
swarms passed through the P. aeruginosa-free gentamicin spots (Fig. 4A and B).
Gentamicin-induced swarm repulsion was observed in the ΔrhlAB strain but was
significantly reduced in the ΔpqsA strain and was not observed in the ΔrhlAB ΔpqsA
strain (Fig. 4A and B and Movie S5B and C). The repulsion effect was abolished in the
strain deleted for pqsH, which encodes the synthase that converts HHQ into PQS, and
in the ΔrhlAB ΔpqsH strain (Fig. S3C and D), suggesting that PQS is the dominant

FIG 4 Antibiotics inhibit motility and induce the repulsion response. (A) Swarming assays in which satellite positions are spotted with
0.5 mg/ml gentamicin (Gent) and wild-type, ΔrhlAB, ΔpqsA, and ΔrhlAB ΔpqsA strains of P. aeruginosa. The dashed lines indicate the
boundaries of the initial spots. (B) Repulsion radii of wild-type and mutant P. aeruginosa strains that were spotted with 0.5 mg/ml
gentamicin (Gent), 40 mg/ml fosfomycin (Fos), or 25 mg/ml kanamycin (Kan). (C and D) Swarming assay (C) and corresponding
repulsion radii (D) in which the initial culture of the ΔrhlAB strain was spotted with fosfomycin (concentrations in mg/ml). White dots
indicate the centers of positions where antibiotics, cells, or the combination of antibiotics and cells was spotted. Bars in panels B and
D indicate averages from at least 6 or 2 independent experiments (n � 6 or 2), respectively. Error bars indicate standard deviations.
The swarming assays for the kanamycin and fosfomycin treatments depicted in panel B are shown in Fig. S3A and B in the
supplemental material. Overnight cultures were mixed with antibiotics to the indicated concentrations, and 6-�l aliquots of the
mixtures were spotted at satellite positions on antibiotic-free swarming media.
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molecule responsible for inducing repulsion. Together, these data demonstrate the
requirement of PQS production for antibiotic-induced repulsion.

The inhibition of motility and induction of repulsion were similarly observed
through treatment of P. aeruginosa at satellite positions using the antibiotics kanamycin
(Fig. 4B and Fig. S3A), which inhibits tRNA translocation similarly to gentamicin (48, 49),
and fosfomycin (Fig. 4B to D and Fig. S3B), which inhibits the synthesis of the cell wall
component peptidoglycan (50). In particular, the repulsion radius at satellite positions
clearly increased with increasing concentrations of antibiotics (Fig. 4C and D and Fig.
S3E and F). We note that repulsion is triggered sharply by a small change in fosfomycin
concentration between 25 and 30 mg/ml and is concomitant with the inhibition of
growth of the satellite colonies. In contrast, continuously increasing repulsion is ob-
served using synthetic PQS (Fig. 3D and E). These results suggest that the activation of
PQS in response to antibiotic stress is switch-like rather than graded.

The effects of other antibiotics, including carbenicillin, cefsulodin, ciprofloxacin, and
tetracycline, were assessed on repulsing center swarms. However, the presence of these
antibiotics alone (without P. aeruginosa) inhibited the motility of center swarms at
lower concentrations than required to inhibit growth of the satellite colonies (Fig. S4C).
Thus, we were unable to assess whether these antibiotics could cause P. aeruginosa to
repel swarms.

Antibiotic stress increases PQS signaling. Phage infection increased the relative
abundance of PQS synthesis transcripts (Fig. 3C). We reasoned that antibiotic-induced
cell stress may promote a similar effect. Indeed, the treatment of wild-type P. aerugi-
nosa with gentamicin at the satellite positions significantly enhanced transcript levels
of PQS synthesis genes (over 100-fold for pqsA) (Fig. 5A). These results support the
model that antibiotic stress increases PQS synthesis and inhibits swarming motility.
Furthermore, the long-range diffusion of PQS was confirmed by performing mass
spectrometry analysis of agar extracts in the zone of repulsion outside of the antibiotic-
treated P. aeruginosa satellite colony. PQS was detected in the agar surrounding the
gentamicin-treated or fosfomycin-treated ΔrhlAB strain but not in that of the treated
ΔrhlAB ΔpqsA strain (Fig. 5B and Fig. S5A). Together, these results indicate that the
induction of stress through inhibition of tRNA translocation or cell wall synthesis
inhibits swarming motility and induces the long-range dispersion of PQS, which
repulses swarms from entering the area containing the stress-inducing agent.

Virulent P. aeruginosa strains repulse healthy swarms. The importance of PQS in
host pathogenesis (30–32) suggests a role for the stress response observed here during
human infection. We investigated the potential role of the PQS-mediated repulsion
response in the Liverpool epidemic strain LESB58, which is a hypervirulent isolate of P.
aeruginosa (51). The strain was spotted without antibiotics or phage at the satellite
positions, while wild-type PA14 was spotted in the center. LESB58 grew slowly, did not
swarm, repulsed PA14 swarms (Fig. 5C), and produced elevated levels of PQS in the
surrounding agar (Fig. S5B). Thus, the hypervirulent LESB58 strain exhibited a pheno-
type that is consistent with a constitutively active cell stress response, even though no
external stress was present. In addition, the repulsion response was characterized in the
mucoid P. aeruginosa cystic fibrosis isolate P2m (52) and in the strain MPAO1 (53).
Center swarm tendrils contacted untreated satellite colonies but were repulsed by
antibiotic-treated colonies (Fig. 5C and Fig. S4A and B). Together, these data indicate
that the stress response is present in clinical isolates and suggest a role for the stress
response in pathogenesis and treatment tolerance.

DISCUSSION

Stress responses enable bacteria to respond appropriately to stimuli that threaten
their survival. We demonstrate that the detection of stress by a P. aeruginosa subpop-
ulation induces the production of PQS, which repulses approaching swarms far beyond
the area containing the stress and thereby serves as a long-range signal (Fig. 6). This
long-range stress response complements the short-range kin lysis stress system previ-
ously reported in P. aeruginosa (54). PQS activates heightened stress responses in P.
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aeruginosa, including the formation of outer membrane vesicles, which interfere with
cytokine production and deliver toxins to target host cells (55–57). Through activation
of the PqsR receptor, PQS also induces pqsE expression, which synthesizes a QS
molecule that activates RhlR and is thereby responsible for regulation of key virulence
factors that kill plants and animals, including hydrogen cyanide and elastase (41, 58,
59). Our data suggest that PQS functions additionally as a coordinator of spatial
organization during swarming. Importantly, this work shows that PQS repulses healthy
populations from the area containing stress. Given the ability of a stress response to
impact swarming, which is a collective behavior, we refer to this response as the
collective stress response.

The collective stress response is activated by diverse types of stress and may provide
the overall population with protection from the stress. In the context of bacteriophage
infection, the stress response physically quarantines the infected population by repel-
ling healthy (uninfected) swarms. This response may serve as a warning system to direct

FIG 5 Antibiotics induce production of PQS, which is detected outside the area containing cells. (A) Fold
change in mRNA transcripts, as determined by qRT-PCR, of gentamicin-treated wild-type P. aeruginosa on
swarming dishes compared to that of untreated cells at the center of the swarming dish. (B) Liquid
chromatography-mass spectrometry of 10 �M PQS and agar extracts of the zone of repulsion surround-
ing ΔrhlAB and ΔrhlAB ΔpqsA strains of P. aeruginosa that were treated with 0.5 mg/ml gentamicin. The
area containing cells is excluded. AU, arbitrary units. (C) Swarming assay in which the untreated
hypervirulent P. aeruginosa strain LESB58, the mucoid P. aeruginosa cystic fibrosis isolate P2m treated
with 25 mg/ml of kanamycin, or MPAO1 treated with 0.5 mg/ml of gentamicin was spotted at the satellite
positions. Bars in panel A indicate averages from at least 2 independent experiments. Error bars indicate
standard deviations. Overnight cultures were mixed with antibiotics to the indicated concentrations, and
6-�l aliquots of the mixtures were spotted on antibiotic-free swarming media.
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the healthy population to stay clear of the zone of danger. The overall effect is that the
healthy P. aeruginosa population is protected from infection by the phage-infected
population. Thus, the repulsion of uninfected P. aeruginosa swarms by the infected
subpopulation reduces the potential spread of the infection to other parts of the
population. In the ΔrhlAB ΔpqsA strain, which is defective in the repulsion response,
uninfected wild-type swarms approached and contacted infected populations, which
enabled the infection to spread to the healthy population (Fig. 3F).

In natural environments, the stress response could mitigate the spread of phage
infection throughout a population and thereby serve as a bacterial defense mechanism
against phage to complement other defenses, including the CRISPR-Cas system (60). In
particular, membrane vesicles function as phage decoys, and their production is
upregulated in response to PQS in P. aeruginosa (56, 57, 61). Thus, the production of
PQS and membrane vesicles in response to phage infection could function as a
mechanism to increase transient immunity to phage. We note that bacteria that survive
phage infection are typically resistant to further infection. However, only half of the
surviving phage-infected P. aeruginosa organisms were resistant (Fig. 2), which sug-
gests that P. aeruginosa employs a protection mechanism that enables survival against
phage infection without acquiring heritable phage resistance. This mechanism is
consistent with the upregulation of membrane vesicle production by PQS in response
to phage infection.

The collective stress response to antibiotics induces P. aeruginosa populations to
secrete PQS into the surrounding environment. Healthy swarms are repulsed from the
area of antibiotic-treated cells altogether, directing the swarming tendril toward areas
free of antibiotics. In natural environments, this could promote the evasion of P.
aeruginosa from competing microbes that produce antibiotics, enabling the greater
population to avoid a close encounter with the microbe. In the context of antibiotic use
to treat human disease, the collective stress response could have a role in lowering the
efficacy of antibiotic treatment by guiding the bacterium away from areas of high local
concentrations of antibiotics. Together, our results show that the collective stress
response repels P. aeruginosa populations from environments containing phage or
antibiotics, which promotes the survival of the overall population.

The ability of rhamnolipids/HAAs and PQS to repulse swarms raises the question of
why PQS is produced under stressful conditions. It is possible that PQS is produced as
an alternative repulsive molecule because rhamnolipids/HAAs cannot be produced by
stressed cells or because rhamnolipids/HAAs do not guarantee repulsion, as high
concentrations of rhamnolipids attract swarms (Fig. 3A). Alternatively, the production of
PQS provides additional functions that could benefit P. aeruginosa, including signaling
other P. aeruginosa organisms in the vicinity of the presence of stress, the production
of an oxidative environment (31) that could protect against invasion by other microbes,
and the production of membrane vesicles, which could kill invading host cells and serve
as phage decoys (56, 62).

Future work will address the mechanisms by which antibiotics and phage infection

FIG 6 Schematic of the collective stress response. Antibiotics and bacteriophage inhibit swarming
motility and induce the production and release of PQS. The release of PQS repels swarms such that
untreated bacteria do not approach the infected/treated area. The stress response potentially reduces
the spread of phage and the exposure of P. aeruginosa to antibiotics.
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activate the production of PQS and the impacts of the stress signal on other P.
aeruginosa organisms, microbes, and host cells in the vicinity. Our results suggest that
the regulation of PQS in response to stress is not achieved through the canonical
quorum-sensing regulators LasR and RhlR. In addition, stress-mediated PQS production
of outer membrane vesicles could have a significant role in bacterium-host interactions
and impact the severity of bacterial infections.

MATERIALS AND METHODS
Growth conditions. Strains were streaked from frozen stocks, which were maintained at – 80°C, onto

LB broth, Miller (Becton, Dickinson, Franklin Lakes, NJ)-supplemented petri dishes containing 1.5 to 2%
Bacto agar (Becton, Dickinson) and grown at 37°C overnight. Single colonies were inoculated into
sterilized LB medium and grown to saturation for 16 to 18 h in a shaker at 225 rpm or in a roller drum.
For strain construction and plasmid maintenance, gentamicin and carbenicillin were used at 30 �g/ml
and 200 �g/ml, respectively. DMS3vir lysate was prepared using standard phage preparation procedures
(63) using the ΔCRISPR Δcas strain as a host. Phage were diluted into LB to a concentration of 1012

PFU/ml and stored at 4°C. All strains and plasmids used in this study are described in Table S1 in the
supplemental material. All P. aeruginosa PA14 strains used in this study were derived from PA14
UCBPP-PA14, obtained from the O’Toole laboratory.

Strain construction. A markerless strain of PA14 that constitutively expresses mCherry was con-
structed by flipping out the aacC1 gene, which is responsible for gentamicin resistance, by transforming
AFS27E with pFLP2, yielding AFS27E.1.

The ΔrhlAB strain was constructed through lambda red recombineering using the procedure de-
scribed previously (64). All primers used for strain construction are given in Table S2. The upstream
region of rhlA (rhlA=) and the downstream region of rhlB (=rhlB) were amplified using the primer pairs
rhlA-lred-u1/rhlA-lred-l1 and rhlB-lred-u3/rhlB-lred-l3, respectively. The region containing FRT-aacC1-FRT
was amplified from pAS03 using the primers rhlA-lred-u2 and rhlB-lred-l2. The rhlA’, FRT-aacC1-FRT, and
‘rhlB products were combined through isothermal assembly, amplified using rhlA-lred-u1 and rhlB-lred-
l3, transformed into PA14/pUCP18-RedS, selected for gentamicin resistance, and cured of pUCP18-RedS
by growing on sucrose, resulting in a PA14 ΔrhlAB::aacC1 strain. The resulting strain was transformed
with pFLP2 to flip out the gentamicin resistance, yielding BR04.1.

The ΔpqsA strain was constructed by amplifying the upstream region of pqsA (pqsA=) by using the
primers pqsA-lred-u1 and pqsA-lred-l1. The downstream region of pqsA (=pqsA) was amplified using the
primers pqsA-lred-u3 and pqsA-lred-l3. The region containing FRT-aacC1-FRT was amplified from pAS03
using the primers pqsA-lred-u2 and pqsA-lred-l2. The pqsA=, FRT-aacC1-FRT, and =pqsA products were
combined through isothermal assembly, amplified using pqsA-lred-u1 and pqsA-lred-l3, transformed into
AFS27E.1/pUCP18-RedS, selected for gentamicin resistance, and cured of pUCP18-RedS by growing on
sucrose, resulting in an AFS27E.1 ΔpqsA::aacC1 strain. The resulting strain was transformed with pFLP2
to flip out the gentamicin resistance, yielding AFS79.1. The ΔrhlAB ΔpqsA strain was constructed by
transforming the pqsA=-FRT-aacC1-FRT-=pqsA product used in the construction of AFS79.1 into BR04.1/
pUCP18-RedS, selecting for gentamicin resistance, and curing of pUCP18-RedS by growing on sucrose,
yielding AFS82.1.

The pqsH strain was constructed by amplifying the pqsH::Mar2xT7 allele from the P. aeruginosa
ordered transposon library (65) using the primers pqsH-u1 and pqsH-l1, transforming the product into
AFS27E.1/pUCP18-RedS, selecting for gentamicin resistance, and curing of pUCP18-RedS by growing on
sucrose, yielding AFS77. The ΔrhlAB ΔpqsH strain was constructed by transforming the product into
BR04.1/pUCP18-RedS, selecting for gentamicin resistance, and curing of pUCP18-RedS by growing on
sucrose, yielding BR07.

Cross-streak assay. A straight line of phage was introduced into LB petri dishes containing 1.5%
agar by pressing on the agar with a sterilized straight edge and pipetting 25 �l of 1012 PFU/ml DMS3vir
phage lysate down the line. Plates were dried until the line was no longer visibly wet. Single colonies
were streaked across the plate perpendicular to the line of phage. Plates were incubated overnight at
37°C.

Swarming assay. Swarming petri dishes (100 mm by 15 mm) contained 20 ml of M8 minimum
medium supplemented with 1 mM MgSO4, 0.2% glucose, 0.5% Casamino Acids (Becton, Dickinson), and
0.5% agar (66). Petri dishes were dried in a single stack for 1 h on the bench and for an additional 30 to
60 min at room temperature with the petri dish lids off in a laminar flow hood at 300 cubic ft/min with
approximately 40 to 50% ambient humidity. P. aeruginosa was cultured overnight (16 to 18 h) from single
colonies to saturation in LB in a roller drum or shaker at 225 rpm at 37°C. Five microliters of culture was
spotted in the center or at 6 equidistant satellite positions on a 5.8-cm-radius concentric circle around
the center of the dish. Plates were incubated overnight at 37°C in a humidified chamber with a modified
petri dish lid on an Epson photo scanner (Epson, Long Beach, CA). Images were acquired at 30-min
intervals for 16 to 18 h and processed using ImageJ (NIH, Bethesda, MD).

For phage infection assays, 1 �l of 1012 PFU/ml of DMS3vir was mixed with 5 �l of overnight P.
aeruginosa culture, and 6 �l of the resulting mixture was spotted at satellite positions. For the phage-only
experiment, 1 �l containing 1012 PFU/ml was mixed with 5 �l water and spotted. For antibiotic
treatments, overnight culture or water was mixed with antibiotics to final concentrations of 500 �g/ml
of gentamicin (Sigma-Aldrich, St. Louis, MO), 25 mg/ml of kanamycin (Sigma-Aldrich), 40 mg/ml of
fosfomycin (Tokyo Chemical Industry, Portland, OR), 0.05 mg/ml to 10 mg/ml of carbenicillin (Teknova,
Hollister, CA), cefsulodin (Research Product International, Mount Prospect, IL), ciprofloxacin (Fisher
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Scientific, Hampton, NH), or tetracycline (Sigma-Aldrich), and 6 �l of the resulting mixture was spotted
at satellite positions. For compound repulsion/attraction assays, 6 �l of rhamnolipids (R90-1G; AGAE
Technologies, Corvallis, OR), PQS (94398-10MG; Sigma-Aldrich), or HHQ (SML0747-10MG; Sigma-Aldrich)
was spotted at the satellite positions. For sonicated culture assays, strains were cultured overnight for 16
to 18 h to saturation and sonicated at 75% power using 15-s on/5-s off intervals for 1 min using a Sonic
Dismembrator 500 sonicator (Fisher Scientific) and centrifuged at 21,000 � g for 5 min. The supernatant
was filtered using a 0.2-�m filter and then filtered additionally using a 0.02-�m filter. Six microliters of
the supernatant was spotted at satellite positions. For filtered culture assays, the sonication step was
skipped.

Measurement of repulsion radius. The radius of repulsion by each satellite colony was determined
by identifying the concentric circle centered at the middle of the petri dish that passed through the
center of the satellite colony (see Fig. S5C in the supplemental material). The distance from the center
of each satellite colony to the two nearest swarming tendrils along a line tangent to the concentric circle
was measured and averaged (Fig. S5C). If the tendril visibly contacted the initial zone of inoculation,
which was determined by the first time-lapse image, or the distance between the center of the satellite
colony to a tendril was less than or equal to the average radius of an initial spot (determined to be
1.99 mm with a standard deviation of 0.05 mm measured from 72 satellite colonies), the radius of
repulsion was set to 0. Repulsion radii were averaged over at least six satellite colonies.

qRT-PCR. P. aeruginosa cells were harvested from the center of the swarming petri dish or from
satellite colonies after 18 to 20 h at 37°C. The agar was cut, placed in a separate petri dish, and washed
with water. Cells were bound to a 0.22-�m filter membrane and resuspended in total lysis solution
(10 mM Tris-HCl, 1 mM EDTA, 0.5 mg/ml lysozyme, 1% SDS, pH 8.0). RNA was harvested using hot phenol
extraction as performed previously (67) and digested with DNase (Life Technologies, Carlsbad, CA). cDNA
was synthesized using a reverse transcriptase kit (Applied Biosystems, Foster City, CA) and quantified
using SsoAdvanced Universal SYBR green (Bio-Rad, Hercules, CA) on a CFX96 Touch real-time PCR
detection system (Bio-Rad) quantitative PCR machine. All primers used for quantitative PCR are given in
Table S2. The transcript abundance for each sample was normalized by 5S rRNA abundance, which was
determined using the 5S_qPCR primer (8). The fold change in transcript abundance due to phage or
antibiotic treatment was computed by dividing the average of the normalized transcript abundances in
the satellite colonies by that of cells from the center swarm and using the resulting value (n) as the
exponent in 2�n.

Mass spectrometry. Agar was harvested from the zone of repulsion at satellite positions (outside the
cell growth region) from swarming plates after 20 h of incubation at 37°C. Samples were prepared by
excising the agar using the wide end of a 1-ml pipet tip (diameter, 7.5 mm), placing the agar in a
microcentrifuge tube, adding ethyl acetate, vortexing for 30 s, and incubating for 10 min. The top layer
was transferred and dried for 10 min in a speed vacuum at 50°C, resuspended in acetonitrile, and
analyzed using an Acquity UPLC, Acquity QDa single-quadrupole detector (Waters, Milford, MA) with
acetonitrile and 0.1% formic acid as column solvents. The peak at 1 to 2 s was used for analysis. For the
LESB58 strain, supernatant from an overnight culture in LB was pelleted and extracted using ethyl
acetate. Ten micromolars PQS in acetonitrile was used as a reference.

Statistical tests. Bars indicate the means, and error bars indicate the standard deviations unless
otherwise noted. The statistical significance of a change between two data sets was determined using
two-tailed heteroscedastic Student’s t test comparisons. Changes were deemed significant if the prob-
ability of the null hypothesis that two data sets originated from the same distribution was less than 0.05.

SUPPLEMENTAL MATERIAL
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