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cells. We took advantage of the latter conclusion in many of the
subsequent experiments presented below.

Coculture with P. aeruginosa upregulates S. aureus fermen-
tation pathway gene expression. To better understand the mo-
lecular nature of P. aeruginosa-S. aureus interactions, an unbiased
approach to examine changes in gene expression was employed.
RNA-seq analysis was performed on single samples of 6-h biofilms
from the plastic coculture assay, as follows: (i) P. aeruginosa PA14
monoculture, (ii) S. aureus 8325-4 monoculture, and (iii) P.
aeruginosa PA14 plus S. aureus 8325-4 coculture. P. aeruginosa
PA14 and S. aureus 8325-4 gene read assignments for monocul-
tures and cocultures are provided in Tables S3 and S4 in the sup-
plemental material, respectively. We utilized the RNA-seq results
as a hypothesis-generating approach; therefore, a conservative
cutoff of 10-fold change or greater was used to identify differen-
tially expressed genes of potential interest for further investiga-
tion.

P. aeruginosa PA14 gene expression was minimally impacted
by the presence of S. aureus 8325-4 compared to growth of P.
aeruginosa PA14 alone (see Fig. S5 in the supplemental material).
Only one gene, PA_10470, displayed a greater-than-10-fold
change in coculture compared to monoculture. PA_10470, which
encodes a major facilitator superfamily (MFS) transporter, was
downregulated 15-fold in the presence of S. aureus 8325-4.

In contrast, coculture of P. aeruginosa PA14 with S. aureus
8325-4 greatly impacted S. aureus 8325-4 gene expression com-
pared to an S. aureus monoculture (Fig. 2A). A summary of genes
with >10-fold change in expression (increased or decreased) in
the presence of P. aeruginosa PA14 compared to S. aureus 8325-4
alone is provided in Table S5 in the supplemental material. The four
most differentially upregulated S. aureus 8325-4 genes in coculture
with P. aeruginosa PA14 compared to S. aureus 8325-4 monocul-
ture were pyruvate formate-lyase l-activating enzyme (pfIA,
SAOUHSC_00188), formate acetyltransferase (pfilB, SAOUHSC_
00187), L-lactate dehydrogenase (Idh, SAOUHSC_00206), and al-
cohol dehydrogenase (adh, SAOUHSC_00113), all of which are
associated with fermentation pathways in S. aureus (Fig. 2A).

Upregulation of S. aureus 8325-4 fermentation pathway gene
expression in coculture with P. aeruginosa PA14 on plastic was
confirmed by qRT-PCR. Representative genes for formate (pfiB,
SAOUHSC_00187), lactate (Idh, SAOUHSC_00206), and ethanol
(adh, SAOUHSC_00113) fermentation pathways were selected
based on the RNA-seq results and quantified relative to the ex-
pression of a reference gene, rpoB (SAOUHSC_00524). S. aureus
expression of pfIB and Idh was upregulated >1,000-fold, and adh
was upregulated >200-fold in coculture with P. aeruginosa PA14
compared to S. aureus 8325-4 monoculture in biofilm samples
(Fig. 2B).

S. aureus shifts from aerobic respiration to lactic acid fer-
mentation in the presence of P. aeruginosa secreted products.
The RNA-seq and qRT-PCR analyses strongly indicated that S.
aureus upregulates fermentation pathways in the presence of P.
aeruginosa. However, expression data alone do not definitively
confirm a metabolic transition away from aerobic respiration.
HPLC was performed to quantify the accumulation of metabolic
products in culture supernatants and, thus, identify changes in S.
aureus 8325-4 metabolism. Due to the complexity of the coculture
system, simply analyzing monoculture versus coculture superna-
tants does not distinguish production and/or consumption of
metabolic products by the two separate species. Therefore, a series
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FIG 2 S. aureus fermentation pathway gene expression is upregulated in the
presence of P. aeruginosa. S. aureus 8325-4 gene expression was compared in
coculture with P. aeruginosa PA14 versus S. aureus monoculture. Total RNA
was isolated from 6-h biofilm fractions on plastic. (A) Filtered RNA-seq reads
corresponding to all expressed genes by S. aureus in coculture and monocul-
ture. Highly differentially expressed genes in coculture with P. aeruginosa com-
pared to S. aureus monoculture are indicated (light gray, >10-fold-increased
expression in coculture; dark gray, >10-fold-decreased expression in cocul-
ture). Key fermentation pathway genes are indicated. (B) Relative expres-
sion of marker genes from formate (pfIB, SAOUHSC_00187), lactate (ldh,
SAOUHSC_00206), and ethanol (adh, SAOUHSC_00113) fermentation path-
ways. S. aureus gene expression in coculture with P. aeruginosa is compared
with that in S. aureus monoculture. Statistical significance was determined for
9 replicate samples using multiple Student ¢ tests and the Holm-Siddk method
for correcting for multiple comparisons (*, P < 0.05). Sa, S. aureus; Pa, P.
aeruginosa.

of monoculture assays were performed using culture supernatants
of P. aeruginosa PA14 or S. aureus 8325-4 in the mixing experi-
ments outlined in Fig. 3A. By separating the two organisms and
sequentially analyzing culture supernatants, we were able to iden-
tify production, accumulation, and consumption of metabolites
by the individual bacterial species.

When S. aureus 8325-4 was grown as a monoculture without
the addition of P. aeruginosa PA14 supernatant over 16 h, S. aureus
8325-4 produced over 6 mM acetate, indicative of aerobic respi-
ration (59, 60) (Fig. 3B). However, S. aureus 8325-4 treated with P.
aeruginosa PA14 culture supernatants showed greatly reduced
production of acetate, accumulating to only 1.5 mM rather than 6
mM over 16 h. Instead, S. aureus 8325-4 cultures treated with P.
aeruginosa PA14 supernatants accumulated lactate in a linear
fashion over the 16-h culture (to about 7 mM), whereas S. aureus
8325-4 cultures not treated with P. aeruginosa PA14 supernatants
accumulated less than 1 mM lactate over 16 h (Fig. 3C). Accumu-
lation of lactate in the S. aureus 8325-4 culture treated with P.
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FIG 3 P. aeruginosa exoproducts induce lactate production by S. aureus, which is subsequently consumed by P. aeruginosa. (A) Schematic of the sequential P.
aeruginosa PA14 and S. aureus 8325-4 monoculture and spent supernatant treatment protocol used to analyze metabolite accumulation and utilization.
Metabolites were quantified by HPLC from clarified supernatants collected throughout the assay at the indicated time points (B to E). The key above panel B
applies to the graphs in panels B to E. (B and C) Accumulation of acetate (B) or lactate (C) by S. aureus monoculture in the presence (white triangles) or absence
(white squares) of P. aeruginosa culture supernatants. (D and E) Accumulation/utilization of lactate (D) or acetate (E) by P. aeruginosa monocultures in the
absence of S. aureus culture supernatants (circles), the presence of S. aureus supernatants when S. aureus was grown in fresh MEM (black squares), or the presence
of S. aureus supernatants when S. aureus was grown in MEM plus spent P. aeruginosa supernatants (black triangles). Sa, S. aureus; Pa, P. aeruginosa.

aeruginosa PA14 supernatants demonstrates a metabolic transi-
tion to fermentation in the presence of P. aeruginosa PA14 exo-
products.

Surprisingly, although formate and alcohol fermentation gene
expression pathways were highly upregulated, formate and etha-
nol did notaccumulate in S. aureus 8325-4 cultures treated with P.
aeruginosa PA14 supernatants. After 16 h, formate and ethanol
concentrations were detected at 0.5 mM and 0.6 mM, respectively
(near the limit of detection for our instrument). These results are
consistent with those seen in the S. aureus Col hemB mutant, pre-
viously reported by Kohler et al. (61).

In a coculture system, metabolites produced by one organism
can serve as signals or nutrients for the other organism. Therefore,
we were interested in whether P. aeruginosa utilizes the fermenta-
tion products secreted by S. aureus. When P. aeruginosa PA14 was
grown in medium containing the supernatants from S. aureus
8325-4 cocultured with P. aeruginosa supernatants, the S. aureus-
produced lactate was consumed by P. aeruginosa to below detect-
able levels (Fig. 3D). In fact, P. aeruginosa PA14 consumed the S.
aureus 8325-4-produced lactate preferentially over the glucose in
the medium (see Fig. S6 in the supplemental material), which was
consistent with previous reports (62). P. aeruginosa can also con-
sume acetate (63); however, it was not the preferred carbon source
under the culture conditions used here; rather, additional acetate
accumulated over time (Fig. 3E). The additional accumulation of
acetate by P. aeruginosa monocultures was unexpected, given the
lack of pyruvate in MEM. However, as shown previously, P.
aeruginosa can produce pyruvic acid as an organic acid by-product
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when grown in glucose-based minimal medium, in the absence of
pyruvate (64). Perhaps, this glucose-derived pyruvate serves as the
substrate for acetate production by P. aeruginosa.

Together, these results suggest interesting metabolic dynamics
wherein as a monoculture, S. aureus primarily respires aerobically
and produces acetate; however, in the presence of P. aeruginosa
exoproducts, S. aureus is shifted to a fermentative metabolism and
primarily produces lactate, which P. aeruginosa then preferentially
consumes.

HQNO and P. aeruginosa siderophores are required for S.
aureus killing by P. aeruginosa. While RNA expression and
HPLC analyses yielded great insight into the S. aureus response to
the presence of P. aeruginosa under the conditions of our cocul-
ture model, it did not inform the mechanism(s) by which P.
aeruginosa causes altered viability of S. aureus. To investigate the
mechanism behind P. aeruginosa-mediated killing of S. aureus in
this coculture assay, a targeted candidate gene approach was used.
Previously, P. aeruginosa-produced HQNO was reported to in-
hibit normal growth of S. aureus (44, 48, 51). Additionally, cocul-
ture of P. aeruginosa with S. aureus shifts the gene expression of P.
aeruginosa toward that of a less iron-starved profile in a rat peri-
toneal coculture model (43). Therefore, we targeted the Pseu-
domonas quinolone signal (PQS) (Fig. 4A) pathway and Pseu-
domonas iron acquisition via siderophore production in our
initial experiments.

P. aeruginosa PA14 strains with deletions in PQS pathway
genes and/or genes required for siderophore biosynthesis were
used in the airway epithelial cell and biofilm coculture assay. Sim-
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FIG 4 HQNO and siderophores produced by P. aeruginosa are required for
late-stage killing of S. aureus in vitro. (A) Depiction of the PQS pathway in P.
aeruginosa focusing on the genes/gene products analyzed in the coculture as-
says. (B) Coculture assays on a monolayer of epithelial cells were performed
with S. aureus 8325-4 and P. aeruginosa PA14 WT or specified deletion mutant.
S. aureus biofilm viability was measured at 16 h. Averages and errors (standard
errors of the means) from three separate experiments, each run in triplicate,
are shown. Differential survival of S. aureus in each coculture was compared to
S. aureus monoculture using ANOVA and Dunnett’s multiple-comparison
posttest (a, P < 0.05). Differential survival of S. aureus monoculture or S.
aureus in coculture with a P. aeruginosa mutant is compared to S. aureus
coculture with WT P. aeruginosa also using ANOVA and Dunnett’s multiple-
comparison posttest (b, P < 0.05). Sa, S. aureus; Pa, P. aeruginosa.

ilarly to wild-type (WT) P. aeruginosa PA14, survival and growth
of mutant strains of P. aeruginosa PA14 with the targeted deletions
were not altered by the presence of S. aureus 8325-4 (see Fig. S7 in
the supplemental material). In contrast, S. aureus 8325-4 survival
was differentially impacted by coculture with various mutant
strains of P. aeruginosa PA14 (Fig. 4B). As seen previously, after 16
h in the CFBE coculture biofilm, WT P. aeruginosa PA14 kills S.
aureus 8325-4, resulting in about a 10,000-fold reduction in S.
aureus 8325-4 CFU/well compared to S. aureus 8325-4 monocul-
ture (Fig. 4B). Coculture with single mutants incapable of synthe-
sizing pyoverdine (ApvdA) or pyochelin (ApchE), the two major
siderophores produced by P. aeruginosa PA14, trends toward de-
creased killing of S. aureus 8325-4 compared to coculture with WT
P. aeruginosa PA14. However, coculture with a mutant P. aerugi-
nosa strain that lacks synthesis of both siderophores, the ApvdA
ApchE strain, markedly reduced P. aeruginosa-mediated killing of
S. aureus 8325-4, allowing survival and growth of S. aureus to
levels similar to those when this organism was grown in a mon-
oculture. Interestingly, in a plastic-grown coculture biofilm, both
siderophores are required for efficient P. aeruginosa-mediated
killing of S. aureus 8325-4, as coculture with either single mutant,
the ApvdA or ApchE strain, or the double mutant, the ApvdA
ApchE strain, results in greatly reduced killing of S. aureus com-
pared to WT P. aeruginosa PA14 coculture (see Fig. S8 in the
supplemental material). Thus, to kill S. aureus 8325-4 most effi-
ciently in both the CFBE- and plastic-grown coculture models, P.
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aeruginosa PA14 requires both major siderophores, pyoverdine
and pyochelin.

Coculture on CFBE monolayers with the P. aeruginosa PA14
ApgsA mutant, which reduces all downstream products of the
PQS biosynthetic pathway, similarly results in reduced S. aureus-
killing (Fig. 4). Consistent with other previously reported cocul-
ture models of P. aeruginosa and S. aureus (51), HQNO plays an
important role in S. aureuskilling in our CFBE-coculture model; a
P. aeruginosa PA14 ApgsL mutant, which does not produce
HQNO (Fig. 4A), does not efficiently kill S. aureus 8325-4 (Fig.
4B). While S. aureus killing is significantly reduced in coculture
with P. aeruginosa PA14 ApgsA or ApgsL mutants compared to
WT P. aeruginosa PA14, S. aureus 8325-4 survival is not recovered
to monoculture levels. Further, coculture with P. aeruginosa PA14
ApgsA ApgsL does not further reduce killing compared to either
the P. aeruginosa PA14 ApgsA or the P. aeruginosa PA14 ApgsL
single mutant. Similarly to the pattern observed in coculture with
the siderophore mutants, the requirements for P. aeruginosa-me-
diated killing of S. aureus on plastic are more stringent than in the
CFBE coculture model; that is, coculture with P. aeruginosa PA14
ApgsA, ApgsL, or ApgsA ApgsL mutants supports survival of S.
aureus 8325-4, comparable to that of S. aureus 8325-4 monocul-
ture (see Fig. S8 in the supplemental material). Interestingly, PQS
plays a variable role in S. aureus 8325-4 killing in these coculture
models. The P. aeruginosa PA14 ApgsH mutant, which does not
produce PQS but instead accumulates its precursor 2-heptyl-4-
quinolone (HHQ), trends toward a reduced ability to kill S. aureus
8325-4 in the CFBE coculture model, indicating a possible mod-
erate impact of PQS or downstream signals in S. aureus killing
(Fig. 4B). However, in our plastic-grown coculture model P.
aeruginosa PA14 ApqgsH trends toward more effective killing of S.
aureus 8325-4 than that by WT P. aeruginosa PA14 (see Fig. S8 in
the supplemental material). Together, our data are consistent with
the model that it is the accumulation of HQNO that is primarily
responsible for the role of the PQS pathway in P. aeruginosa-me-
diated killing of S. aureus.

Some redox-active phenazines produced by P. aeruginosa, like
pyocyanin, inhibit respiration and have been reported to be anti-
staphylococcal (47, 65). In both our CFBE- and plastic-grown
coculture models, P. aeruginosa PA14 AphzA-G1/2,a mutant lack-
ing both phenazine biosynthetic clusters and thus unable to pro-
duce phenazines, including pyocyanin, still killed S. aureus 8325-4
to levels similar to that observed for the WT P. aeruginosa PA14
(Fig. 4B; see also Fig. S8 in the supplemental material). This result
further indicates that HQNO is the primary effector in the PQS
pathway required for S. aureus 8325-4-killing by P. aeruginosa
PA14 in this coculture model. Finally, consistent with the require-
ment for both siderophores and HQNO for P. aeruginosa-medi-
ated killing of S. aureus, a triple mutant of P. aeruginosa PA14, the
ApgsA ApvdA ApchE or ApgsL ApvdA ApchE strain, results in
comparable survival of S. aureus 8325-4 in coculture and mon-
oculture on CFBE monolayers and plastic (Fig. 4; see also Fig. S8 in
the supplemental material).

The concentration of iron in the MEM (0.055 wM) is similar to
that detected in bronchoalveolar lavage fluid from healthy pa-
tients (<0.1 wM) (66). Patients with CF have increased iron con-
centrations in the lower respiratory tract. The concentration of
lower airway total iron varies between patients but has been de-
tected around 8 M on average (67). Although total iron can be
easily measured, the concentration of iron readily available for
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FIG 5 P. aeruginosa-produced HQNO and siderophores are required to induce S. aureus fermentation gene expression. S. aureus 8325-4 biofilms were grown
on CFBE monolayers. After 6 h, expression of marker genes from lactate (Idh) (A), formate (pfIB) (B), and ethanol (adh) (C) fermentation pathways in S. aureus
was measured using qRT-PCR and was normalized to the expression of an S. aureus control gene (rpoB). Relative fermentation gene expression in S. aureus was
compared between S. aureus monoculture and coculture with WT or specified deletion mutants of P. aeruginosa PA14. Gene expression levels from 7 replicate
experiments were compared using the Friedman rank test and Dunn’s multiple-comparison posttest. Differential S. aureus gene expression when in coculture
with P. aeruginosa was compared to that in S. aureus monoculture (a, P < 0.05). Differential S. aureus gene expression from S. aureus monoculture or S. aureus
in coculture with a P. aeruginosa mutant was compared to that in S. aureus coculture with WT P. aeruginosa (b, P < 0.05). Error bars represent standard errors

of the means. Sa, S. aureus; Pa, P. aeruginosa.

microbial use is less clear. Under coculture conditions supple-
mented with 8 uM ferric chloride (FeCl;), WT P. aeruginosa PA14
killed S. aureus 8325-4 more efficiently than in low-iron medium
(see Fig. S9 in the supplemental material). Additionally, when
supplemented with iron, P. aeruginosa PA14 ApvdA or ApchE sin-
gle mutant strains did not experience a defect in S. aureus 8325-4
killing. P. aeruginosa PA14 did still require siderophores and
HQNO for efficient killing of S. aureus 8325-4 under 8 uM iron
conditions; however, loss of these components (as displayed
through coculture with the ApvdA ApchE, ApgsL, or ApgsL ApvdA
ApchE mutant of P. aeruginosa PA14) did not yield restoration of
growth/survival of S. aureus 8325-4 to levels equivalent to those of
monoculture. In the presence of additional iron, P. aeruginosa
siderophores, in particular, played a reduced role in P. aeruginosa-
mediated S. aureus killing compared to that under low-iron (un-
supplemented) conditions. Further, the lack of complete recovery
of S. aureus growth/survival in coculture with P. aeruginosa PA14
ApgsL ApvdA ApchE in 8 uM iron medium indicates a role for
additional Pseudomonas aeruginosa factors or nutrient competi-
tion in mediating P. aeruginosa-S. aureus interbacterial interac-
tions. Taken together, the production of HQNO and both sidero-
phores is required for efficient killing of S. aureus by P. aeruginosa.

HQNO and P. aeruginosa siderophores induce mixed acid
fermentation gene expression in S. aureus. Based on the RNA
expression results, HPLC metabolite quantification, and mutant
P. aeruginosa coculture analyses, we hypothesized that molecules
produced by P. aeruginosa lead to induction of fermentation path-
way expression in S. aureus. To test this hypothesis, RNA expres-
sion of fermentation pathways was compared by qRT-PCR in S.
aureus 8325-4 monoculture with that in S. aureus 8325-4-P.
aeruginosa PA14 coculture biofilms on CFBE monolayers using
key mutants identified from the late-stage killing phenotype (Fig.
5). Markers of gene expression of the three main fermentation
pathways are the same as with those investigated in the plastic-
grown coculture biofilms in Fig. 2: lactate fermentation (Idh,
SAOUHSC_00206), formate fermentation (pfIB, SAOUHSC_
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00187), and alcohol fermentation (adh, SAOUHSC_00113). Sim-
ilarly to plastic-grown cocultures, S. aureus 8325-4 Idh expression
was strongly induced when in coculture with WT P. aeruginosa
PA14 on CFBE cells with >120-fold-increased expression com-
pared to S. aureus 8325-4 monoculture (Fig. 5A). Interestingly,
coculture with either the P. aeruginosa PA14 ApgsL strain, which
does not produce HQNO, or the P. aeruginosa PA14 ApvdA ApchE
double mutant, lacking two major siderophores, resulted in a
trend toward decreased induction of Idh, compared to the cocul-
ture with WT P. aeruginosa PA14 (about 20-fold- and 30-fold-
increased expression, respectively, compared to S. aureus 8325-4
monoculture). Coculture with the triple mutant P. aeruginosa
PA14 ApgsL ApvdA ApchE, lacking HQNO and siderophore pro-
duction, greatly decreased the induction of S. aureus 8325-4 Idh
expression in coculture to a nonsignificant increase of about
3-fold compared to S. aureus 8325-4 monoculture. Thus, both
HQNO and P. aeruginosa siderophores appear to contribute to the
induction of the lactate fermentation pathway expression when S.
aureus 8325-4 is in coculture with P. aeruginosa PA14 and do so in
an additive manner. Similarly, induction of pfIB and adh in S.
aureus 8325-4 was dependent on the production of both HQNO
and P. aeruginosa siderophores (Fig. 5B and C). This additive im-
pact of P. aeruginosa-produced HQNO and siderophores on S.
aureus fermentation gene induction in CFBE-grown coculture
biofilms was also consistent in a second tested strain, S. aureus
USA300 (see Fig. S10A to C in the supplemental material). Finally,
similar to what was observed in CFBE-grown coculture biofilms,
an additive role of HQNO and P. aeruginosa siderophores in the
induction of S. aureus 8325-4 Idh, pfIB, and adh expression was
detected in coculture biofilms grown on plastic (see Fig. S10D to F
in the supplemental material).

While HQNO and P. aeruginosa siderophores significantly
contribute to the induction of fermentation gene expression, over
replicate experiments, coculture of S. aureus 8325-4 with P.
aeruginosa PA14 ApgsL ApvdA ApchE displayed a nonsignificant
trend toward elevated expression of Idh, pfIB, and adh compared
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FIG 6 S. aureus SCV strains have increased resistance to killing by P. aerugi-
nosa. Plastic-grown biofilm coculture assays were performed with P. aerugi-
nosa PA14 and S. aureus USA300 and Col parent strains or genetic mutants
with stable SCV phenotypes. S. aureus viability was measured at 16 h. Differ-
ential survival rates of S. aureus SCV strains were compared in coculture with
P. aeruginosa versus monoculture and compared to parent S. aureus strain
coculture viability using ANOVA and the Sidék multiple-comparison test for
six replicate samples (¥, P < 0.05; ns, not significant). Error bars represent
standard errors of the means. Sa, S. aureus; Pa, P. aeruginosa.

to S. aureus 8325-4 monoculture. Thus, it is likely that other fac-
tors associated with coculture of S. aureus and P. aeruginosa con-
tribute to S. aureus 8325-4 fermentation pathway induction.
Namely, competition for oxygen likely makes the coculture envi-
ronment less oxic as indicated by a >10-fold reduction in catalase
expression by S. aureus 8325-4 when in coculture with P. aerugi-
nosa PA14 and a >10-fold increase in expression of nrdG, a class
III ribonucleotide reductase upregulated under anaerobic condi-
tions (68) (see Table S5 in the supplemental material). Overall, P.
aeruginosa production of HQNO and siderophores results in in-
duction of lactate, formate, and alcohol fermentation pathway
expression in S. aureus.

S. aureus small-colony variants are partially protected from
P. aeruginosa killing. Respiratory inhibitors like HQNO and
pyocyanin were previously reported to select for S. aureus SCVs
(50, 51). SCVs characteristically have a deficient electron trans-
port chain and provide a survival mechanism that may help S.
aureus persist in the presence of P. aeruginosa (50). We introduced
S. aureus SCV strains with stable mutations in the electron trans-
port chain into the coculture assay mixture on plastic to assess
SCV susceptibility to P. aeruginosa-mediated killing of S. aureus in
our biofilm model. Survival rates of S. aureus USA300 hemB and
menD transposon mutants and an S. aureus Col hemB mutant,
which generate SCVs, were compared to those of their respective
WT parent strains in the presence of P. aeruginosa PA14 or in
monoculture (Fig. 6). S. aureus USA300 hemB::Tn and menD::Tn
mutants survived significantly better than WT S. aureus USA300
in the presence of P. aeruginosa PA14. However, protection from
killing was partial as survival in coculture was 10- to 150-fold
reduced compared to S. aureus monoculture. Interestingly, the S.
aureus Col hemB mutant was completely protected from killing by
P. aeruginosa PA14. Thus, growth as an SCV appears to provide a
mechanism for S. aureus persistence in coculture; however, there
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is heterogeneity in the degree of protection from P. aeruginosa
PA14 between S. aureus strains.

DISCUSSION

Itis well known in reports of the respiratory microbiota of patients
with CF that Pseudomonas is a low-abundance, sometimes tran-
sient, organism during childhood. In pediatric patients, S. aureus
is the primary pathogen, and it is not until late adolescence and
adulthood that P. aeruginosa becomes a prevalent pathogen (20).
Two main interaction phenotypes seen in these CF patients, the
period of coexistence early in life and later-stage displacement of
Staphylococcus by Pseudomonas, appear to be broadly modeled in
our simplified, in vitro CFBE- and plastic-grown cocultures.
While these in vitro coculture models clearly have limitations, they
can be easily modified to address important questions pertaining
to CF microbial interactions. Here, we showed the ability to study
differential interactions as they occur over time in a single assay,
including host cell colonization, biofilm formation, biofilm dis-
persion, and planktonic interactions. While not addressed here,
we have also employed this coculture model to investigate the
impacts of antibiotics and nutrient availability on interbacterial
interactions, as well as the differential impact of multiple versus
single bacterial species on host epithelial cell cytokine response
(L. M. Filkins and G. A. O’Toole, unpublished data). Further, this
simple model sets the foundation for building more complex in
vitro polymicrobial communities with multiple bacterial species
and additional host factors.

Using our CFBE-grown and plastic-grown coculture systems,
we were able to further elucidate the multifactorial mechanism of
S. aureus killing by P. aeruginosa, which we propose by the model
presented in Fig. 7. We propose that P. aeruginosa secretes exo-
products, including siderophores and HQNO, and competes for
oxygen, all of which negatively impact S. aureus growth and sur-
vival. Specifically, production of these exoproducts and oxygen
utilization by P. aeruginosa inhibit the electron transport chain of
S. aureus by sequestering iron that is a necessary heme cofactor of
cytochromes, by inhibiting the oxidation of cytochrome b and
reduction of cytochrome aa; (65, 69), and by competing for the
terminal electron acceptor. S. aureus responds to inhibition of the
electron transport chain by increasing gene expression of fermen-
tation pathways (formate, lactate, and ethanol). As a result, S.
aureus metabolism is shifted away from acetate production and
toward lactate fermentation. P. aeruginosa can preferentially con-
sume S. aureus-produced lactate. We propose that over time the
combination of a poisoned electron transport chain, and thus
markedly slower growth (70, 71), competition for micronutrients,
and additional antimicrobial products produced by P. aeruginosa
leads to S. aureus cell death. As previously reported, P. aeruginosa-
induced S. aureus cell lysis causes the release of iron, which can be
further utilized by P. aeruginosa (43) and thus provide an addi-
tional competitive advantage to P. aeruginosa over S. aureus. The
accompanying paper by Nguyen et al. (72) further explores the
role of iron in the transition from S. aureus to P. aeruginosa pre-
dominance.

The RNA expression analyses performed here strongly indicate
a shift toward fermentative metabolism for S. aureus in the pres-
ence of P. aeruginosa. This observation was further confirmed by
the accumulation of lactate and decrease in acetate accumulation
in S. aureus culture supernatants in the presence of P. aeruginosa
exoproducts. Although S. aureus was previously demonstrated to
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FIG 7 P. aeruginosa-S. aureus interaction model. P. aeruginosa produces HQNO and siderophores and competes for oxygen which directly or indirectly inhibits
the electron transport chain (ETC) of S. aureus. Inhibition of the electron transport chain induces fermentation gene expression in S. aureus and increases
production of lactate. S. aureus-produced lactate is preferentially consumed by P. aeruginosa over medium-provided glucose. We propose that, over time,
inhibition of the electron transport chain leads to decreased energy production in S. aureus, which in combination with competition for micronutrients and
additional antimicrobial factors produced by P. aeruginosaleads to S. aureus killing. S. aureus lysis further benefits P. aeruginosa by providing an additional iron
source (43). Selection of S. aureus SCVs in the presence of P. aeruginosa allows a subset of S. aureus cells to persist in the hostile coculture environment. NADH
DH, NADH dehydrogenase; MQ, menaquinone; Cyt aa;, cytochrome aas; Cyt b, cytochrome b.

also produce ethanol and formate under anaerobic conditions
(73), these additional metabolites were produced only to levels
near the limit of detection under the culture conditions here, de-
spite strong upregulation of genes from their respective fermen-
tation pathway genes (adh and pfIB). The gene expression and
metabolite profile that we observed here when S. aureus was
grown with P. aeruginosa are similar to those of an S. aureus Col
hemB mutant, previously reported by Kohler et al. (61). In the Col
hemB mutant, lactate was the primary fermentation metabolite
detected, while no detectable formate accumulated and very low
levels of ethanol were produced. Kohler et al. further determined
that, although formate pyruvate lyase is expressed and translated
at very high levels, the protein is inactive in the hernB mutant,
explaining the lack of formate production. In our in vitro S. au-
reus-P. aeruginosa coculture model and sequential supernatant-
treated monocultures, S. aureus metabolism mimics that seen in a
stable, genetic mutant of the electron transport chain.

Although P. aeruginosa displaces S. aureus as the predominant
organism and pathogen during adulthood, S. aureus remains a
minor community member in some patients. Additionally, the
prevalence of S. aureus SCVs correlates with worse disease state
and increases with age (21, 74). The in vitro coculture interactions
reported previously (50) and described here indicate that muta-
tions in the electron transport chain (characteristic of S. aureus
SCVs) partially protect S. aureus from P. aeruginosa killing (Fig.
7). Similarly, S. aureus SCVs may be selected for in respiratory
communities where P. aeruginosa is abundant, contributing to
their persistence in a hostile environment.

The precise mechanism of S. aureus cell death remains an open
question. Based on the work here, it is evident that S. aureus cell
death in this coculture model involves a shift to fermentation;
however, S. aureus is equipped to grow under anaerobic condi-
tions; thus, it is unlikely that the shift to lactate metabolism is the
direct cause of death. Further, while P. aeruginosa exoproducts
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were sufficient to induce the shiftin S. aureus metabolism, treating
S. aureus monocultures with P. aeruginosa culture supernatants
did not efficiently kill S. aureus and S. aureus actively metabolizes
in the presence of P. aeruginosa supernatants (Fig. 3B and C). One
possible indication from the requirement of viable P. aeruginosa
for efficient killing of S. aureus is the role of oxygen consumption
and competition in S. aureuskilling. Some aerotolerant anaerobes
can grow in oxic environments if cocultured with rapidly respiring
aerobic organisms (75), such as P. aeruginosa. It is hypothesized
that P. aeruginosa consumption of oxygen is rapid enough to
maintain sufficiently low levels for the growth of such anaerobes.
Thus, while competition for oxygen is evidently not sufficient to
decrease S. aureus viability alone, in combination with HQNO
and Pseudomonas aeruginosa siderophores, reduced oxygen avail-
ability may put S. aureus at a significant coculture disadvantage.
In addition to the proposed role of oxygen competition, there
are several possible mechanisms by which the shift to lactate fer-
mentation promotes S. aureus cell death in the presence of P.
aeruginosa cells. One model is that reduced energy production by
fermentation, compared to respiration, puts S. aureus at a com-
petitive growth disadvantage in coculture. Alternatively, the
switch of S. aureus to a fermentative lifestyle might increase S.
aureus susceptibility to other antimicrobial factors produced by P.
aeruginosa; however, the increased persistence of S. aureus SCVs,
which also rely on fermentation for their primary energy genera-
tion, in coculture with P. aeruginosa argues against this simple
model. Thus, the SCV phenotype may indicate a key role for S.
aureus being properly adapted to a fermentative lifestyle before
encountering P. aeruginosa in coculture in order for S. aureus to
persist. Another possible model is that P. aeruginosa competes
for/depletes a micronutrient required by S. aureus specifically un-
der conditions of fermentative growth. Finally, S. aureus cell death
may be impacted by pH balance, likely perturbed by increased
lactate accumulation and accumulation of reactive oxygen spe-
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cies. At this time, it is not possible to distinguish among these (or
alternative) models for P. aeruginosa-mediated killing of S. aureus.
The difficulty of determining a precise mechanism of killing is not
an unprecedented challenge. Analogous to our question of P.
aeruginosa-mediated killing, the mechanism of antibiotic-medi-
ated killing has been poorly understood for years and was recently
brought back into focus for continued debate (76-79).

The respiratory microbial communities of CF patients are
complex and dynamic throughout childhood and adolescence.
Despite a strong focus on P. aeruginosa and S. aureus in CF lung
infections, the driving factors that result in P. aeruginosa predom-
inance during adulthood are not well understood. Here, we deter-
mined several possible mechanisms by which P. aeruginosa may
displace S. aureus in respiratory communities. However, the im-
mune response, host factors, and the other microbial community
members undeniably also impact the transition from S. aureus to
P. aeruginosa being the predominant pathogen in CF and the as-
sociated impact on patient outcome.
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