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Most infections result from colonization bymore than onemicrobe.
Within such polymicrobial infections, microbes often display syn-
ergistic interactions that result in increased disease severity. Although
many clinical studies have documented the occurrence of synergy
in polymicrobial infections, little is known about the underlying
molecular mechanisms. A prominent pathogen in many polymicro-
bial infections is Pseudomonas aeruginosa, a Gram-negative bacte-
rium that displays enhanced virulence during coculture with Gram-
positive bacteria. In this studywediscovered that during coinfection,
P. aeruginosa uses peptidoglycan shed by Gram-positive bacteria
as a cue to stimulate production of multiple extracellular factors
that possess lytic activity against prokaryotic and eukaryotic cells.
Consequently, P. aeruginosa displays enhanced virulence in a Dro-
sophila model of infection when cocultured with Gram-positive
bacteria. Inactivation of a gene (PA0601) required for peptidogly-
can sensing mitigated this phenotype. Using Drosophila and mu-
rine models of infection, we also show that peptidoglycan sensing
results in P. aeruginosa-mediated reduction in the Gram-positive
flora in the infection site. Our data suggest that P. aeruginosa has
evolved a mechanism to survey the microbial community and re-
spond toGram-positive produced peptidoglycan through production
of antimicrobials and toxins that not only modify the composition of
the community but also enhance host killing. Additionally, our
results suggest that therapeutic strategies targeting Gram-positive
bacteria might be a viable approach for reducing the severity of
P. aeruginosa polymicrobial infections.
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Microbes seldom exist in isolation. Instead, they inhabit com-
plex polymicrobial communities where interactions between

individuals shape the composition and biological activities of the
population. Although this fact has been appreciated since the time
of Pasteur (1), most laboratory studies have focused on a single
bacterial species grown in isolation. Such studies are particularly
prominent in the field of bacterial pathogenesis, where molecular
and biochemical studies have enhanced our knowledge of mono-
culture infections both in vitro and in vivo. However, it is clear that
the presence of other bacteria within polymicrobial infections, in-
cluding commensal bacteria, can impact virulence of extracellular
pathogens (2–7). Indeed, microbes within polymicrobial infec-
tions often display synergy, defined as the cooperative interaction
of two or more microbes to produce a result not achieved by the
individual bacterium acting alone (8). Synergistic interactions can
result in enhanced pathogen persistence in the infection site, in-
creased disease severity, and increased antimicrobial resistance
(2, 6, 7, 9–14).
Owing in large part to these synergistic interactions, poly-

microbial infections are a significant and growing health concern
both in the United States and throughout the world. Some of the
most common polymicrobial infections occurring in the United
States are those affecting chronic wounds. Each year between 5
and 7 million Americans are treated for chronic wounds at an
estimated annual cost of 10–20 billion dollars (15). It is expected
that these costs will grow over the next 50 y as the population ages

and the prevalence of risk factors such as obesity and diabetes
increases. Although the importance of polymicrobial infections
in clinical settings is clear, the molecular details controlling syn-
ergy have generally not been elucidated. Thus, detailed mecha-
nistic studies elucidating polymicrobial interactions necessary for
enhanced persistence in vivo are a critical step toward under-
standing synergy and a necessary first step toward developing
therapeutics to treat multispecies infections.
The Gram-negative opportunistic pathogen Pseudomonas aeru-

ginosa is a common member of polymicrobial infections, including
chronic wounds. Studies of P. aeruginosa prevalence indicate that
this bacterium is present in 15–80% of chronic wounds (16–19),
depending on the type of chronic wound, sampling technique, and
the methodology used for bacterial identification. Recent evidence
suggests that the prevalence may be higher because P. aeruginosa
occupies deeper sites within the wound, hampering identification
via some conventional sampling techniques (20). In addition,
chronic wounds containing P. aeruginosa are more severe and
heal at a slower rate (10, 18, 21), which is hypothesized to be me-
diated in part by synergistic interactions with Gram-positive
bacteria, including Staphylococcus aureus. Indeed, in a murine
chronic wound model, P. aeruginosa–S. aureus coinfections were
shown to be more severe and recalcitrant to antimicrobial treat-
ment than P. aeruginosa monoculture infections (10). Synergistic
interactions were also observed in a rat lung infection model and
aDrosophila infection model where S. aureus was shown to enhance
P. aeruginosa virulence (22, 23).
The goal of this study was to elucidate the mechanism of syn-

ergy during P. aeruginosa coinfection with Gram-positive bacteria.
This work expands on an observation from our laboratory that
P. aeruginosa enhances production of the virulence factor pyo-
cyanin upon exposure to cell wall fragments from Gram-positive
bacteria. Further work revealed that the N-acetylglucosamine
(GlcNAc) portion of the cell wall polymer peptidoglycan is nec-
essary and sufficient to enhance pyocyanin production (24). De-
spite the fact that GlcNAc induced pyocyanin production, it was
unclear whether P. aeruginosa GlcNAc sensing impacted disease
severity during polymicrobial infection. Additionally, the genetic
determinants of GlcNAc sensing remained unresolved. Here we
report that P. aeruginosa enhances production of multiple viru-
lence factors during coculture with Gram-positive bacteria, and
the ability to sense and respond to exogenous peptidoglycan is
essential for this response. Through the isolation of a P. aeruginosa
mutant that cannot respond to exogenous peptidoglycan, we
also show that peptidoglycan sensing is essential for enhanced
P. aeruginosa virulence during coculture with Gram-positive
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commensal bacteria in a Drosophila model of infection. Finally, we
show that peptidoglycan sensing is important for P. aeruginosa
fitness in a murine chronic wound model. On the basis of these
data we propose a model in which during coinfection, P. aeruginosa
senses peptidoglycan shed by Gram-positive bacteria and responds
to this cue through enhanced production of virulence factors.

Results
Screen for GlcNAc-Unresponsive Mutants. We previously reported
that P. aeruginosa responds to GlcNAc and the GlcNAc-contain-
ing polymer peptidoglycan through enhanced production of the
extracellular toxin pyocyanin (24). Because GlcNAc is a compo-
nent of all peptidoglycan, peptidoglycan from multiple bacterial
species including S. aureus induced pyocyanin production (24).
This response was specific to GlcNAc: the presence of other N-
acetylated sugars, including the peptidoglycan component N-acetyl
muramic acid, did not induce pyocyanin (Fig. S1). The goal of this
study was to first identify genes required for GlcNAc sensing and
subsequently examine the importance of this pathway for P. aer-
uginosa virulence during coinfection with Gram-positive bacteria.
To accomplish this goal, a genetic screen was performed to identify
P. aeruginosa mutants unable to respond to GlcNAc and pepti-
doglycan. This screen took advantage of the characteristic blue-
green color of pyocyanin to identify strains that produced normal
levels of pyocyanin in the absence of GlcNAc but did not enhance
pyocyanin production in the presence of GlcNAc. The 5,760
mutants included in the P. aeruginosa PA14 nonredundant trans-
poson mutant library (25) were screened visually in a 96-well plate
format using a defined medium in the presence and absence of
GlcNAc. Fifty-nine potential GlcNAc-sensing mutants were iden-
tified in this primary screen. Rescreening these isolates using a
quantitative pyocyanin spectrophotometric assay (26) resulted in
14 bona fide P. aeruginosa mutants that did not enhance pyo-
cyanin in the presence of GlcNAc (Table S1).
To prioritize these mutants for study, two additional criteria

were used: a reduced ability to lyse Gram-positive bacteria in vitro
and the ability to use GlcNAc as the sole source of energy (Table
S1). The first criterion was used because peptidoglycan enhances
P. aeruginosa lysis of Gram-positive bacteria (24), thus we rea-
soned a peptidoglycan-sensing mutant should show reduced lytic
ability in vitro. The second criterion was used because our goal was
to test the role of GlcNAc sensing, not GlcNAc catabolism. After
these secondary screens only one mutant, containing a transposon
insertion in the gene PA0601 (designated as PA14_07840 on the
PA14 genome), satisfied all criteria (Table S1). PA0601 encodes a
putative two-component response regulator with sequence ho-
mology to the LuxR family of transcriptional regulators [66%
similarity to VsrD (27) from Burkholderia solanacearum]. Impor-
tantly, expression of PA0601 in trans restored pyocyanin produc-
tion of the PA0601 mutant toWT levels in the presence of GlcNAc
and peptidoglycan (Fig. 1A), indicating that the phenotype is due to
inactivation of PA0601 and not polar effects on neighboring genes.

PA0601 Is Required for Enhanced Quorum Signal Production in the
Presence of Peptidoglycan. Pyocyanin production is often coregulated
with several other virulence factors in P. aeruginosa, including the
extracellular protease elastase (28, 29); thus it was not surprising
that addition of GlcNAc and peptidoglycan also enhanced elastase
production by WT P. aeruginosa (Fig. 1B). Similar to pyocyanin,
the PA0601 mutant did not display increased elastase production in
the presence of GlcNAc or peptidoglycan and this phenotype was
restored by expression of PA0601 in trans.
Both pyocyanin and elastase are regulated by quorum sensing

(28, 29), a regulatory scheme involving the production and sensing
of extracellular signaling molecules. Although P. aeruginosa uses
multiple small molecule signals to regulate gene expression via
quorum sensing, the signal 2-heptyl-3-hydroxy-4-quinolone (re-
ferred to as the Pseudomonas quinolone signal or PQS) controls

expression of both elastase and pyocyanin (28–30). This leads to
the hypothesis that P. aeruginosa enhances production of PQS in
the presence of GlcNAc and peptidoglycan, resulting in increased
levels of pyocyanin and elastase. In support of this hypothesis,
P. aeruginosa produced approximately threefold higher levels of
PQS during growth with GlcNAc and peptidoglycan, and this re-
sponse was not observed in the PA0601 mutant (Fig. 1C). On the
basis of these data, we conclude that GlcNAc and peptidoglycan
stimulate P. aeruginosa quorum sensing, resulting in elevated levels
of PQS-controlled toxins. Because PA0601 is required for this
response, the PA0601 mutant provided a peptidoglycan-unre-
sponsive strain that can be used to elucidate the importance of this
response in vivo.

PA0601 Mutant Is Impaired for Virulence in a Drosophila Infection
Model. PQS-controlled factors, including elastase and pyocyanin,
exert killing activity on prokaryotic and eukaryotic cells (24, 31–
38), and the ability to respond to peptidoglycan during coculture
growth enhances P. aeruginosa killing of Gram-positive bacteria

Fig. 1. PA0601 is required for GlcNAc and peptidoglycan sensing in
P. aeruginosa. (A) Pyocyanin, (B) elastase, and (C) PQS levels produced by WT
P. aeruginosa (PA14), the P. aeruginosa PA0601 transposon mutant (PA0601−),
and the genetically complemented PA0601 mutant (PA0601− complement)
in the presence of no inducer (succinate), GlcNAc, or peptidoglycan. PA14
and PA0601− contain the empty complementation plasmid pEX1.8, whereas
the PA0601− complement contains pAK601 (pEX1.8 expressing PA0601). *P <
0.05 by Student t test compared with the no-inducer (succinate) control.
Error bars represent SD, n = 3.
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in vitro (Fig. S2 and Table S1). On the basis of these data, we
hypothesized that peptidoglycan sensing would also enhance P.
aeruginosa pathogenesis during coinfection with Gram-positive
bacteria. To test this hypothesis, a Drosophila model of infection
was used. This is a versatile infection model previously used to
study P. aeruginosa polymicrobial infections (23). In this model,
flies are allowed to orally ingest P. aeruginosa, which colonizes the
fly crop and ultimately causes death (23, 39). Importantly, factors
such as pyocyanin and elastase required for pathogenesis in
vertebrate models are also critical for killing Drosophila (40–42),
thus this model is suitable for studying P. aeruginosa pathogenesis.
When administered with WT P. aeruginosa, 50% of the flies were
dead at 2 d (Fig. 2A); however, flies infected with the PA0601
mutant showed a significant delay in fly killing (50% dead at 4 d),
and killing was restored to WT levels by expression of PA0601 in

trans (Fig. 2A). To determine whether the difference in virulence
was due to the reduced ability of the PA0601 mutant to colonize
and persist in the fly, crops were removed and P. aeruginosa
numbers measured at 2 d after infection. Despite the fact that
significant killing was observed at this time point by WT P. aeru-
ginosa but not PA0601 mutant infected flies (Fig. 2A), no differ-
ence in P. aeruginosa cell numbers was observed (Fig. S3A). These
data indicate that the reduced virulence of the PA0601 mutant was
not due to the inability to colonize and persist in the host.

Peptidoglycan Enhances P. aeruginosa Virulence During Coculture
with Gram-Positive Bacteria. The Drosophila crop is naturally col-
onized with large numbers of Gram-positive bacteria (43), and the
flies used in these experiments contained ∼6 × 104 Gram-positive
bacteria in their crops (Fig. S3B), representing more than 60% of
the total culturable bacteria. Because we were not cocolonizing
the flies with Gram-positive bacteria during infection with P. aeru-
ginosa, we hypothesized that the source of GlcNAc in these infec-
tions was peptidoglycan shed by native Gram-positive flora. To test
this hypothesis, flies were fed a mixture of antibiotics designed to
eliminate the native Gram-positive but not Gram-negative flora
in the crop. After antibiotic treatment, no Gram-positive bac-
teria were detected in the Drosophila crop using conventional
culturing techniques (Fig. S3B); however a considerable number
of Gram-negative bacteria remained (∼3 × 103 cfu per fly).
Antibiotic-treated flies showed a significant delay in killing when
colonized with WT P. aeruginosa, displaying 50% killing at 4 d
after infection (Fig. 2B) in comparison with 2 d after infection in
antibiotic-untreated flies (Fig. 2A). No difference in killing was
observed between WT P. aeruginosa and the PA0601 mutant in
antibiotic-treated flies, suggesting that the native Gram-positive
flora enhances pathogenesis ofWT P. aeruginosa (Fig. 2B). Again,
the delay in killing observed for WT P. aeruginosa in antibiotic-
treated flies was not due to reduced colonization and persistence
because the number of P. aeruginosa in the crop was similar in
antibiotic-treated and untreated flies (Fig. S3A).
On the basis of these data, we hypothesized that delayed killing

of antibiotic-treated flies by WT P. aeruginosa was due to lack of
peptidoglycan in the fly crop. To test this hypothesis, antibiotic-
treated flies were fed peptidoglycan along with P. aeruginosa.
Peptidoglycan feeding abolished the delay in killing by WT P. aer-
uginosa but had no effect on killing by the P. aeruginosa PA0601
mutant (Fig. 2C). The increase in fly killing upon peptidoglycan
addition was not due to increases in P. aeruginosa numbers in the
fly (Fig. S3A), indicating that peptidoglycan enhances virulence
factor production, not growth or persistence in vivo.

Peptidoglycan Increases pqsA Expression in Vivo. Because peptido-
glycan specifically enhances production of PQS and PQS-con-
trolled virulence factors in vitro (Fig. 1), we hypothesized that the
increased virulence observed upon peptidoglycan addition was
due to enhanced expression of the PQS biosynthetic genes in
vivo. To test this hypothesis RNA was extracted from P. aerugi-
nosa colonized crops, and expression of pqsA, which encodes the
first gene in the PQS biosynthetic operon, was examined using
reverse transcriptase PCR. Levels of the pqsA transcript were re-
duced approximately threefold in antibiotic-treated flies compared
with untreated flies, and addition of peptidoglycan to antibiotic-
treated flies restored pqsA transcript levels to those observed in
antibiotic-untreated flies (Fig. 3A). It should be noted that al-
though these results strongly implicate PQS induction as the
mechanism of enhanced fly killing, they do not rule out a more
general role of GlcNAc in stimulating P. aeruginosa virulence.

Peptidoglycan-Sensing Enhances Killing of Commensal Gram-Positive
Bacteria in Vivo. PQS controls an array of antimicrobials, including
pyocyanin and elastase, as well as the antimicrobial quinolone 4-
hydroxy-2-heptylquinolineN-oxide (33). Thus, our data suggest that

Fig. 2. GlcNAc/peptidoglycan sensing enhances P. aeruginosa virulence in
polymicrobial infections. Kaplan-Meier survival curves of (A) antibiotic-un-
treated Drosophila after infection with WT P. aeruginosa (PA14), the PA0601
mutant (PA0601−), and the genetically complemented PA0601 mutant
(PA0601− complement); (B) antibiotic-treated flies infected with P. aerugi-
nosaWT or the PA0601 mutant; and (C) antibiotic-treated flies infected with
WT P. aeruginosa or the PA0601 mutant in the presence and absence of
peptidoglycan. Curves are representative of a minimum of two biological
replicates, n = 60 for each replicate. *P < 0.0001 by the log–rank test for
comparison of percentage survival after infection with PA14 compared with
infection with PA0601−.
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in addition to virulence, the ability of P. aeruginosa to sense and
respond to peptidoglycan will also impact the microbial flora
within an infection site. Specifically, we hypothesize that because
of enhanced production of Gram-positive antimicrobial factors
during coculture (Fig. 1 A and B), the number of Gram-positive
bacteria will decrease in an infection site upon introduction of
P. aeruginosa. In support of this hypothesis, the number of Gram-
positive bacteria within the Drosophila crop decreased ∼1,000-fold
when infected with WT P. aeruginosa, whereas colonization with
the PA0601 mutant decreased Gram-positive bacteria significantly
less (Fig. 3B). These data support a model in which during coin-
fection with Gram-positive commensal flora, P. aeruginosa senses
peptidoglycan and responds through enhanced production of PQS-
controlled factors that not only reduce commensal Gram-positive
flora but also increase animal mortality. Importantly, GlcNAc trans-
port was required for these phenotypes (Fig. S4), indicating that
GlcNAc is the component of peptidoglycan sensed by P. aerugi-
nosa in vivo.

Peptidoglycan-Sensing Is Important for P. aeruginosa Competitiveness
in a Murine Chronic Wound Model. The Drosophila model provides
a powerful system for probing the role of bacterial interactions in
vivo, in regards to both host killing and composition of the mi-
crobial community. However, we sought to examine these inter-
actions in a more relevant vertebrate model of polymicrobial
infection. A murine chronic wound infection model was recently
described that allows examination of P. aeruginosa–S. aureus inter-
actions in vivo (44). Although this model does not provide a robust
assay for virulence because it is a nonlethal model, it does allow
for examination of the changes in composition of an infecting mi-
crobial community over several days. This model involves creation

of a 1.5 cm × 1.5 cm surgical wound on the back of a Swiss Webster
mouse that is subsequently colonized with bacteria and covered
with transparent, semipermeable polyurethane dressing to pro-
tect the wound from contaminating bacteria. After 4 d, wound
tissue is harvested and bacterial numbers are assessed by con-
ventional culture techniques. Infection of the wound with mon-
ocultures of WT P. aeruginosa, the PA0601 mutant, and S. aureus
showed comparable final growth yields, indicating that these strains
colonized and persisted in the wounds at similar levels in isolation
(Fig. S5). Coinfections of WT P. aeruginosa with S. aureus resulted
in bacterial populations that were highly enriched for P. aeruginosa
(Fig. 4; median 110:1 P. aeruginosa:S. aureus), despite the fact that
these infections were initiated with an ∼1:1 ratio of P. aeruginosa:
S. aureus. However, coculture infections of the P. aeruginosa
PA0601 mutant with S. aureus were enriched for S. aureus (Fig. 4;
median 0.9:1 P. aeruginosa:S. aureus). As observed in the Dro-
sophila infections, the numbers of P. aeruginosa in WT and the
PA0601 mutant cocultures did not change significantly (Fig. 4
legend), suggesting that the effect on S. aureus numbers is not
due to increased persistence of WT P. aeruginosa but the ability
to sense peptidoglycan and increase production of antimicrobials
during coculture in vivo.

Discussion
Infections containing more than one microbe are the norm rather
than the exception. The clinical significance of these infections is
profound because they are often more severe and recalcitrant to
therapeutic intervention than monoculture infections (2, 6, 7, 9–
14). One of the most prevalent opportunistic pathogens found in
polymicrobial infections is P. aeruginosa, and there is evidence
that P. aeruginosa enhances virulence during coinfection with
Gram-positive bacteria (10, 22, 23). Although the implications of
coculture on P. aeruginosa pathogenesis are clear, mechanistic
insights into this phenomenon are lacking. The goal of this man-
uscript was to elucidate the mechanism of enhanced P. aeruginosa
virulence during coculture with Gram-positive bacteria. Our data
reveal that peptidoglycan originating from commensal Gram-
positive bacteria serves as a cue that enhances P. aeruginosa vir-
ulence in a Drosophila model of infection. The source of peptido-
glycan in these experiments was the native Gram-positive flora in
the Drosophila crop, indicating that commensal bacteria can po-
tentiate virulence of an opportunistic pathogen (Fig. 2). Our data
also show that P. aeruginosa peptidoglycan sensing impacts the
composition of the microbial community, reducing the numbers

Fig. 3. (A) Decreased levels of the pqsA transcript in antibiotic-treated
Drosophila. Reverse transcriptase PCR was used to examine pqsA transcript
levels during Drosophila infection under three conditions: (i) no antibiotic
treatment of flies and no peptidoglycan added; (ii) antibiotic-treated flies
with no peptidoglycan added; (iii) antibiotic-treated flies with peptidoglycan
added. gDNA is the genomic DNA positive control, and −RT is the negative
control using RNA as the PCR template. The constitutively expressed clpX
gene was used as a control. A representative ethidium bromide stained aga-
rose gel is shown. (B) P. aeruginosa colonization reduces the native Gram-
positive flora of Drosophila. Gram-positive bacteria were enumerated by
viable counts on phenylethyl alcohol agar. Shown are cfu per fly from un-
infected flies (control), and flies infected with either WT P. aeruginosa
(PA14) or the PA0601 mutant (PA0601−). *P < 0.01 by Student t test com-
pared with PA14-infected flies. Error bars represent SD, n = 3.

Fig. 4. Competitive indices (CI) of WT P. aeruginosa (PA14) and the PA0601
mutant (PA0601−) in a murine wound infection model during coculture with
S. aureus. Competitive index is defined as the output ratio of P. aeruginosa:
S. aureus after 4 d within the chronic wound divided by the input ratio of
P. aeruginosa:S. aureus used to initiate the infection at day 1. Each symbol
(● or ■) represents values obtained from infection of an individual mouse.
P < 0.01 by Mann-Whitney U test for PA14 CI compared with PA0601− CI, n =
12. The number of cfu/g of wound tissue for WT P. aeruginosa (average 5 ×
108, SD 3 × 108) and the PA0601 mutant (average 2 × 108, SD 0.8 × 108) in
coculture infections after 4 d were not significantly different, P = 0.125 via
Mann-Whitney U test n = 12.
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of Gram-positive bacteria at the infection site in both the Dro-
sophilamodel and a murine chronic wound model (Figs. 3 and 4).
Although previous work clearly shows that the GlcNAc com-

ponent of peptidoglycan is necessary and sufficient for enhanced
P. aeruginosa toxin production (24), there are of course other
sources of GlcNAc in the animal hosts used in this study. For
example, GlcNAc is a common component of chitin and mucin-
like proteins in Drosophila (45–47) as well as mucin, hyaluronic
acid, and serum in mammals (48–51). Indeed, chitin and mucin
both stimulate pyocyanin production in P. aeruginosa (Fig. S1).
However, the fact that P. aeruginosa displays reduced killing
of antibiotic-treated flies (Fig. 2B) suggests that host-derived
GlcNAc is not sufficient to enhance virulence in the Drosophila
model. We favor peptidoglycan as the source of GlcNAc for two
additional reasons: more than 25% of the cell wall is shed by Gram-
positive bacteria during growth, indicating that large amounts of
this polymer are shed naturally (52); and P. aeruginosa is highly
lytic for Gram-positive bacteria (24, 33, 36), a process that would
further release peptidoglycan fragments into the local environ-
ment. Of course other bacterial-produced GlcNAc polymers could
potentially serve as sources of GlcNAc, including poly-GlcNAc
exopolysaccharide capsules produced by staphylococci and strep-
tococci (53–55).
This is not the first instance in which peptidoglycan acts as a

cue to elicit specific cellular responses. For example, peptidogly-
can serves as a signal for spore germination in Bacillus subtilis (56),
as a signal to promote hyphal growth in Candida albicans (57),
and as a ligand for nucleotide-binding oligomerization domain-
containing protein 2 (NOD2), a protein receptor that plays a key
role in innate immunity in many eukaryotes, including humans
(58). It is likely that P. aeruginosa did not evolve the response to
peptidoglycan in the context of human infection, but more likely
as a means of prokaryotic surveillance (similar to NOD2 in
eukaryotes) in the natural environment. The benefit of this be-
havior may be to eliminate competitors or provide additional
nutrients for growth. This latter proposal is supported by the fact
that P. aeruginosa uses lysed Gram-positive bacteria as a source
of iron during coculture growth in vivo (36).
A key aspect of this work was the identification of PA0601,

encoding a putative two-component response regulator critical
for sensing and/or responding to GlcNAc and peptidoglycan.
Importantly, inactivation of this gene did not affect production of
PQS-controlled virulence factors during monoculture growth but
eliminated enhanced production of these factors in the presence
of GlcNAc or peptidoglycan (Fig. 1). Thus, this strain provided
a means of demonstrating the critical role of GlcNAc/peptido-
glycan sensing in P. aeruginosa virulence exclusively during coin-
fection with Gram-positive bacteria. Although this work did not
elucidate the mechanism of P. aeruginosa GlcNAc sensing, it is
clear that PA0601 functions upstream of PQS signaling because
the PA0601 mutant did not enhance PQS production in the
presence of GlcNAc (Fig. 1C). Determining whether PA0601 is
a direct regulator of PQS signaling and whether this putative
regulatory protein responds directly to GlcNAc is a current area
of interest.
The finding that P. aeruginosa uses peptidoglycan as a cue to

enhance virulence provides new insights into pathogenesis of
P. aeruginosa in polymicrobial infections. These data also suggest
that therapeutic strategies targeting Gram-positive bacteria may
be a viable approach for treating P. aeruginosa-dominated poly-
microbial infections, including chronic wounds. Finally our data
also suggest that opportunistic pathogens such as P. aeruginosa

have evolved strategies to respond to microbes in their natural
environment, and these responses may potentiate the course of
the infection in the presence of commensal bacteria.

Materials and Methods
Bacterial Strains and Media. Bacterial strains and plasmids are listed in Table
S2, and growth conditions are described in SI Materials and Methods.

DNA Manipulations. DNA manipulations were performed using standard
procedures (59). DNA sequencing was performed at the UT-Austin Institute
for Cell and Molecular Biology DNA Core Facility.

Screen for GlcNAc-Unresponsive Mutants. The 5760 transposon mutants from
the PA14 nonredundant mutant library (25) were screened for their ability to
respond to GlcNAc via increased pyocyanin production. Details are in SI
Materials and Methods.

Gram-Positive Lysis Assays. See SI Materials and Methods.

Quantification of Pyocyanin, PQS, and Elastase Activity. See SI Materials
and Methods.

Complementation of the PA0601 Mutant. See SI Materials and Methods. PCR
primer sequences are listed in Table S3.

P. aeruginosa–S. aureus Cocultures. P. aeruginosa strains and S. aureus Mu50
were grown as monocultures or in coculture in a chemically defined medium
(4) with glucose as a carbon source. The cfu/mL were determined by dif-
ferential isolation of P. aeruginosa and S. aureus on Pseudomonas isolation
agar and Baird Parker agar (Remel), respectively.

P. aeruginosa Oral Infection of Drosophila. Drosophila melanogaster infections
were performed as previously described (39, 41). Details are in SI Materials
and Methods. To generate Drosophila lacking native Gram-positive flora,
adult male flies were grown on yeast extract cornmeal media containing
ampicillin, vancomycin, and erythromycin (each at 50 μg/mL) for 3 d, fol-
lowed by growth on antibiotic-free media for 1 d. Total culturable bacteria
were enumerated using viable counts on Brain Heart Infusion Agar, and Gram-
positive bacteria were enumerated using phenylethyl alcohol agar (Remel).
Viable counts were performed from crops excised from five flies crushed in
sterile PBS.

Reverse Transcriptase PCR. See SI Materials and Methods. PCR primer se-
quences are listed in Table S3.

Chronically Wounded Mouse Model. Mice were treated humanely and in ac-
cordance with protocol #07044 approved by the Animal Care and Use
Committee at Texas Tech University Health Sciences Center (Lubbock, TX).
Female, Swiss Webster mice (Charles River Laboratories) weighing 20 g were
administered chronic wounds as previously described (44). Briefly mice were
anesthetized, shaved, and administered a dorsal, full-thickness, 1.5 × 1.5 cm
surgical excision wound. The wounds were covered with a transparent,
semipermeable polyurethane dressing (OPSITE; Smith & Nephew), which
allowed for daily inspection of the wound, topical application of bacteria
onto the wound, and protection from other contaminating bacteria. In
addition, the OPSITE dressing is a mechanical barrier towound contraction,
physically holding the wound open, consequently resulting in a slow-healing
wound. Formonoculture infections, 103–104 CFU of P. aeruginosa or S. aureus
were injected under the dressing, on top of the wound. Coculture infections
administered equivalent numbers (103–104 CFU) of P. aeruginosa and S. au-
reus. Mice were killed at 4 d after infection and wound tissue harvested,
weighed, and homogenized in sterile PBS. Bacteria were enumerated on P.
aeruginosa and S. aureus selective agar to determine the cfu/g tissue.
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