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Co-infections by Staphylococcus aureus and Pseudomonas aeruginosa are frequent in the airways of patients with
cystic fibrosis. These co-infections show higher antibiotic tolerance in vitro compared to mono-infections. In vitro
models have been developed to study the interspecies interactions between P. aeruginosa and S. aureus. However,
these model systems fail to incorporate clinical isolates with diverse phenotypes, do not reflect the nutritional
environment of the CF airway mucus, and/or do not model the biofilm mode of growth observed in the CF
airways. Here, we established a dual-species biofilm model grown in artificial sputum medium, where S. aureus
was inoculated before P. aeruginosa to facilitate the maintenance of both species over time. It was successfully
applied to ten pairs of clinical isolates exhibiting different phenotypes. Co-isolates from individual patients led to
robust, stable co-cultures, supporting the theory of cross-adaptation in vivo. Investigation into the cross-
adaptation of the VBB496 co-isolate pair revealed that both the P. aeruginosa and S. aureus isolates had
reduced antagonism, in part due to reduced production of P. aeruginosa secondary metabolites as well as higher
tolerance to those metabolites by S. aureus. Together, these results indicate that the two-species biofilm model
system provides a useful tool for exploring interspecies interactions of P. aeruginosa and S. aureus in the context of
CF airway infections.

1. Introduction

Cystic Fibrosis (CF) is an autosomal genetic disease caused by mu-
tations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene encoding the epithelial ion channel that normally trans-
ports chloride and bicarbonate [1]. Mutations in CFTR lead to the
accumulation of thick mucus in airways of patients with CF [2], which is
a beneficial niche for colonization by multiple bacteria. Among them,
Staphylococcus aureus and Pseudomonas aeruginosa are the most preva-
lent [3].

S. aureus is predominant in children and adolescents (present in 80 %
of patients) while P. aeruginosa is more prevalent in adults (present in 70
% of patients) [3]. Due to the shift in microbial abundance from
S. aureus-dominant to P. aeruginosa-dominant through adolescence into
adulthood, it was hypothesized that a succession event occurs whereby
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P. aeruginosa displaces S. aureus within the CF airway over time [4-10].
Yet, both species are isolated concomitantly from the sputum of 20-30 %
of the patients with CF [3] and were stably recovered from sputum
cultures over the span of 10 years [11]. Co-infection of the CF airways
with P. aeruginosa and S. aureus has been correlated in some studies with
worsened clinical outcomes. Although a causality relationship has not
been established, the studies suggest that co-infections are more virulent
[12], associated with higher rates of morbidity and mortality [13,14],
and complicate antibiotic treatment compared to mono-infection [15].

Despite co-existing in the CF airway, antagonism between
P. aeruginosa and S. aureus is often observed in vitro, with P. aeruginosa
readily outcompeting S. aureus [6,16,17]. These observations are due, in
part, to model systems that fail to reflect the in vivo environment. Most
co-culture studies of these two pathogens use reference strains [16,18,
19], despite experimental evidence indicating that P. aeruginosa clinical
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isolates are less antagonistic to S. aureus. Additionally, studies are often
performed in standard laboratory media [16,20,21] rather than physi-
ologically relevant nutrient conditions reflective of the CF airways
[22-24]. Moreover, many studies are performed using planktonic cul-
tures. However, in the CF airways, both S. aureus and P. aeruginosa grow
as biofilms, defined as microbial aggregates encased by a self-produced
extracellular matrix. In vitro, this matrix is mainly composed of proteins,
exopolysaccharides (EPS), and environmental DNA [25], but has not
been characterized in vivo. In addition to reducing the penetrance of
antimicrobials and ability of the immune system to clear the infection,
the biofilm mode of growth is characterized by heterogeneous meta-
bolism [26,27].

The aim of this study was to develop and implement an S. aureus and
P. aeruginosa dual-species biofilm model grown in an artificial sputum
medium previously shown to mimic the viscoelastic properties of the
mucus of patients with CF [28]. In the CF airway, P. aeruginosa and
S. aureus likely occupy the same niche [29,30], but may form spatially
segregated biofilms analogous to those observed in wounds [31]. In this
model system, we compared the growth, biofilm formation, aggregation,
and chemical interactions of reference strains with clinical isolates
collected in pairs from patients with CF. In brief, we show that
co-cultures of co-isolated P. aeruginosa and S. aureus were more stable
compared to reference strains and we identify several factors that
contribute to cross adaptation of S. aureus and P. aeruginosa.

2. Materials and methods
2.1. Laboratory strains and clinical isolates

Laboratory strains P. aeruginosa PAO1 and S. aureus ATCC25923
were selected as reference strains. Ten pairs of S. aureus and P. aeruginosa

were collected as routine samples and isolated concomitantly from
bronchopulmonary sputum of seven CF patients (Table 1).

2.2. Artificial sputum medium

Artificial sputum medium (ASM+) was prepared as reported by Diaz
Iglesias et al. [28,32], with the following modifications: agar was

Table 1
Identification of clinical isolates and phenotype of P. aeruginosa.

Isolate Date of Specific isolates” Name of the

D isolation corresponding pair

857JBJ 08.04.2021 Sa 857JBJ 857JBJ
Pa 857JBJ (pigmented
non-mucoid)

UEQ307 25.03.2021 Sa UEQ307 UEQ307-3
Pa UEQ307-3 (pigmented
non-mucoid)
Pa UEQ307-4 (pigmented UEQ307-4
non-mucoid)
Pa UEQ307-5 (pigmented ~ UEQ307-5
non-mucoid)

UEQ310 29.03.2021 Sa UEQ310 UEQ310
Pa UEQ310 (pigmented
mucoid)

VBB496 12.04.2021 Sa VBB496 VBB496
Pa VBB496 (non-
pigmented mucoid)

492IVJ 29.03.2021 Sa 492IVJ 4921VJ
Pa 4921VJ (non-
pigmented mucoid)

UEQ301 15.03.2021 Sa UEQ301 UEQ301
Pa UEQ301 (non-
pigmented mucoid)

UEQ306 25.03.2021 Sa UEQ306 UEQ306-2
Pa UEQ306-2 (SCV)
Pa UEQ306-3 (SCV) UEQ306-3

 Sa: S. aureus; Pa : P. aeruginosa.
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purchased from Sigma-Aldrich (St Louis, MO) and pH was adjusted to a
range of 7.1-7.4 with 0.2 N of NaOH. The prepared ASM+ was stored at
4 °C for a fortnight and thoroughly homogenized by agitation before use.
It was used within 2 months.

2.3. Development of dual-species biofilms

S. aureus or P. aeruginosa were suspended in cation-adjusted Mueller
Hinton Broth (MHB-Ca; Sigma-Aldrich) from overnight cultures on
Trypticase soy agar (TSA; VWR) and adjusted to an optical density (OD)
at 620 nm of 0.5 (or 2.6 McFarland units). Subsequently, S. aureus was
diluted 10-fold in MHB-Ca (final inoculum: 2.1 x 107 CFU/mL), and
P. aeruginosa, 20- (1.35 x 107 CFU/mL), 200- (1.35 x 10° CFU/mL), or
1000-fold (2.7 x 10° CFU/mL) in MHB-Ca.

For dual-species biofilm protocol #1 [33], S. aureus at 2.1 x 107
CFU/mL and P. aeruginosa at each dilution were mixed at equivalent
volume. Subsequently, 200 pL of the mixed S. aureus - P. aeruginosa
suspensions (1:0.64; 1:0.064; and 1:0.013 final Sa:Pa ratios) were
inoculated in the wells of 96-well polystyrene plates (VWR) and incu-
bated for 2 h to favor attachment, after which MHB-Ca was replaced by
ASM+, and cultures were incubated for 24, 48, or 72 h, with daily
refreshment of the medium.

In dual-species biofilm protocol #2 [16], 200 pL of S. aureus (approx.
2.1 x 107 CFU/mL) was inoculated in the wells of 96-well polystyrene
plates and incubated for 2 h to allow attachment. MHB-Ca was then
replaced with ASM+, and the S. aureus was further incubated for 24 h.
Afterward, the ASM+ was removed, and 20 pL of P. aeruginosa at 1.35 x
107 or 2.7 x 10° CFU/mL were added to the pre-established S. aureus
biofilm. An additional 180 pL of ASM+ was then added to each well,
bringing a final volume to 200 pL. These ratios represent 1:0.064 and
1:0.013 Sa:Pa CFU/mL. ASM+ was renewed every 24 h up to 120 h (5
days). Medium removal was performed using a multi-channel pipette.
To ensure minimal disturbance to surface-attached bacteria, the pipette
tips were positioned at a 45° angle near the bottom of each well. Com-
plete removal of the spent medium was achieved through gentle,
sequential aspiration of small volumes (typically 50-100 pL per cycle).
This general protocol was also applied to co-cultures of clinical isolates
of cross cultures, using the 1:0.064 Sa:Pa CFU/mL ratio and applied for
subsequent experiments.

2.4. Quantification of viability

Viability was quantified by cell counting (CFU/mL). Surface attached
cells were washed once with sterile phosphate buffer saline (PBS) and
mechanically disrupted using the tip of a disposable bacterial inocula-
tion loop followed by resuspension in 200 pL PBS and sonication for 30 s
at 60 % amplitude using a Q700 sonicator (QSonica). Resuspended
bacteria were diluted 10 to 10° times in PBS, and 50 pL were plated on
Mannitol Salt Agar (MSA) for S. aureus or Pseudomonas Isolation Agar
(PIA) for P. aeruginosa. CFU were counted after the minimum amount of
time required for sufficient growth and accurate counting of S. aureus
and P. aeruginosa.

2.5. Quantification of biofilm biomass

For estimation of the total biomass, the washed biofilms were dried
at 60 °C for at least 24 h, and 0.5 % (v/v) crystal violet (100 %, Sigma-
Aldrich) in water was added to 96-well plates (200 pL/well) [34]. The
plates were incubated for 10 min at room temperature, non-bound
crystal violet was discarded by inversion of plates and the stained bio-
film was rinsed with running water, after which bound crystal violet was
re-solubilized in 200 pL of 66 % (v/v) acetic acid and incubated 1 h in
the dark. Biofilm biomass was quantified by measuring crystal violet
absorbance at 570 nm in a SpectraMax M3 plate reader (Molecular
Devices LLC). Wells containing only ASM were used as blanks, and the
absorbance measured in these wells removed from all values.
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2.6. Confocal laser scanning microscopy of S. aureus and P. aeruginosa
co-cultures

Dual-species biofilms were grown for 72 h according to protocol #2
on 12 mm coverslips placed in 24-well polystyrene plates (equivalent
volume scaling). In brief, 1000 pL of S. aureus (approx. 2.1 x 10”7 CFU/
mL) was inoculated on coverslips placed in 24-well plates and incubated
for 2 h in MHB-Ca to allow attachment, then the MHB-Ca was removed,
and the coverslip was incubated for an additional 24 h in ASM+. After
incubation, the medium was removed, and 100 pL of P. aeruginosa
(approx. 1.35 x 107 CFU/mL) was added to the pre-established S. aureus
biofilm, and 900 pL of ASM+ was replenished to reach a volume of 1000
pL. After 72 h, biofilms were washed once in PBS and fixed with 4 %
formaldehyde in PBS for 1 h at room temperature. The fixed biofilms
were incubated in pre-heated permeabilization reagent (1000 pL per
well) (Tris-HCl 20 mM, EDTA 5 mM, lysozyme 1 mg/mL (Sigma-
Aldrich), lysostaphin 0.1 mg/mL (Sigma-Aldrich), pH 7.7) for 10 min at
37 °C, after which hybridization buffer (Tris-HCl 20 mM, NaCl 900 mM,
SDS 0.1 mg/L, formamide 20 % (v/v), pH 7.7) without DNA-probe was
added and incubated for 15 min at 46 °C [35]. Then, the biofilm was
hybridized with S. aureus-specific (5-Cy5-TCC TCC ATA TCT CTG
CGC-3’ [36]) and P. aeruginosa-specific (5-Atto 488-GGT AAC CGT CCC
CCT TGC-3’ [37]) DNA-FISH probes for 3 h at 47 °C in darkness.
Non-bound probes were removed by incubation in washing buffer
(Tris-HCI 20 mM, EDTA 5 mM, SDS 0.1 mg/L, NaCl 450 mM, pH 7.7) for
15 min at 46 °C. The coverslips were mounted by inversion on a 100 mm
glass microscope slide with DAKA mounting oil. The stained
dual-species biofilms were observed in an inverted cell observation
spinning disk microscope (Carl Zeiss) with an oil immersion 40 x
objective. P. aeruginosa targeted by PA-Atto 488 was detected in the
green channel (excitation/emission, 488/533 nm), and S. aureus tar-
geted by Sa-cy5, in the red channel (excitation/emission, 633/678 nm),
and biofilms were analyzed using Z-stacks scanning model. 3D-images of
biofilms were obtained using the ZEN 2.6 (blue edition) software.

2.7. Quantitative reverse transcription PCR analysis

The relative gene expression of sigB, icaA, clfA, and spa of S. aureus
VBB496 and lasl, pvdS, pgsL, acoR, and PA4148 of P. aeruginosa VBB496
was analyzed in biofilms comprised of VBB496 co-isolates or cross-
culture with the reference strains (see primers in Table S1). Dual-
species biofilms were incubated in 96-well polystyrene plates using
Protocol #2 with an inoculum ratio of 1 Sa to 0.064 Pa. After 72 h of
incubation, surface-attached biofilms were washed once in PBS and
recovered by vigorous pipetting. Samples were pooled (2 mL) in tubes
and centrifuged at 10,000 g for 15 min at 4 °C, after which the pellet was
suspended in an appropriate volume of PBS, then transferred to a new
tube and centrifuged at 10,000 g for 10 min. The pellet was treated with
300 pL of 3 mg/mL lysozyme in TE buffer (Tris-HCl 10 mM, EDTA 1 mM
(ThermoFisher Scientific) at pH 8.0) for 30 min at room temperature.
When S. aureus was present in the sample, a final concentration of 100
pg/mL lysostaphin (Sigma Aldrich) was added. Total RNA was extracted
from dual-species biofilms using the Invitrap Spin Cell RNA mini kit
(Invitek Molecular) according to the manufacturer’s instructions, fol-
lowed by DNase (TURBO DNA-free kit, Thermofisher Scientific) treat-
ment 30 min cDNA synthesis was performed using the First Strand cDNA
Synthesis kit (Roche, Basel, Switzerland) following the manufacturer’s
instructions. The relative quantification of cDNA was performed by real-
time PCR with detection by SYBR Green Supermix (Bio-Rad). Data were
expressed as the relative fold change in gene expression of the co-isolate
VBB496 pair to the appropriate cross-strain pair determined via 2742€T
method [38] using gmk and 16s-RNA as housekeeping genes for S. aureus
and P. aeruginosa, respectively.
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2.8. Metabolomics analysis of P. aeruginosa exoproducts

Mono- and dual-species cultures were grown using the procedures
outlined in Protocol #2, with a ratio of 1 Sa to 0.064 Pa for the dual-
species culture. At 48, 72, and 96 h, ASM+ was removed, then
surface-attached biofilms were mechanically disrupted and homoge-
nized by pipetting up and down. The resulting suspensions were trans-
ferred into 96-well polypropylene plates (100 pL per well),
supplemented with 10 pM nalidixic acid as an internal standard, and
chemically disrupted using an equal volume of 1:1 ethyl acetate (EtOAc,
VWR HiperSolv Chromanorm) and methanol (MeOH, Fisher Scientific
Optima-grade), followed by 10 min of sonication in a water bath soni-
cator. All samples were dried overnight in a chemical hood and stored at
—20 °C until use. Samples were resuspended in 100 % MeOH containing
1 pM glycocholic acid (Calbiochem; 100.1 % pure). Mass spectrometry
data acquisition was performed using a Bruker Daltonics Maxis II HD
quadrupole time of flight (QTOF) mass spectrometer equipped with a
standard electrospray ionization (ESI) source as previously described
[39]. Briefly, the mass spectrometer was tuned by infusion of tuning mix
ESI-TOF (Agilent Technologies) at a 3-ml/min flow rate. For accurate
mass measurements, a wick saturated with hexakis (1H,1H,2H-difluor-
oethoxy) phosphazene ions (Apollo Scientific, m/z 622.1978) located
within the source was used as a lock mass internal calibrant. Samples
were introduced by an Agilent 1290 ultraperformance liquid chroma-
tography (UPLC) system. Optima-grade (Fisher Scientific) acetonitrile
(ACN), formic acid (FA), and water were used for UPLC separation.
Extracts were separated using a Phenomenex Kinetex 2.6-mm C18 col-
umn (2.1 mm by 50 mm) using a 9 min, linear water-ACN gradient (from
98:2 to 2:98 % water/ACN) containing 0.1 % FA at a flow rate of 0.5
ml/min. The mass spectrometer was operated in data-dependent posi-
tive ion mode, automatically switching between full-scan MS and
MS/MS acquisitions. Full-scan MS spectra (m/z 50 to 1500) were ac-
quired in the TOF-MS, and the top five most intense ions in a particular
scan were fragmented via collision-induced dissociation (CID) using the
stepping function in the collision cell. Data for PA mix, a set of
P. aeruginosa secondary metabolite external standards, were acquired
under identical conditions. Bruker Daltonics CompassXport was used to
apply lock mass calibration and convert the data from proprietary to
open-source format. MZmine (version 2.53) [40] was used to perform
feature finding. Identification of features in the molecular network as
metabolites [41] was accomplished by comparing the experimental data
(exact mass, MS/MS fragmentation, and retention time) to (i) the data
acquired for the PA Mix standards (level 1 annotation) or (ii) reported
structural data [42,43] for features with MS/MS spectral matches to the
GNPS libraries [44] (level 2 annotation) using GNPS Dashboard [45].
Principal components analysis was performed using MetaboAnalyst 5.0
[46]. Comparison of relative abundance of select P. aeruginosa second-
ary metabolites between samples was performed using GraphPad Prism
(version 9.3.1).

2.9. Effect of P. aeruginosa cell-free supernatant on S. aureus

Mono- (PAO1) or dual-species (PAO1 + S. aureus ATCC25923) cul-
tures were grown following the conditions described in Protocol #2,
with a ratio of 1 Sa to 0.064 Pa for the dual-species culture. After 72 h
incubation, supernatants were collected, mixed by vigorous pipetting,
and centrifuged at 12,000 g for 20 min at 4 °C. The collected superna-
tants were then filtered (0.22 pm-pore-size filter (Merck Millipore)) and
stored at —20 °C until use. A disk diffusion assay against S. aureus was
performed. Briefly, paper disks were impregnated with supernatant and
allowed to dry. The disks were placed on trypticase soy agar covered in a
lawn of S. aureus. Plates were incubated for 24 h at 37 °C and inhibition
was assessed visually.
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2.10. Determination of the MIC for P. aeruginosa secondary metabolites
against S. aureus

Minimum Inhibitory Concentrations (MIC) were determined in
MHB-Ca using the microdilution method according to guidelines
established by the Institute for Clinical and Laboratory Standards. The
initial MIC, determined based on 2-fold successive dilutions, was used as
a baseline and subsequent dilutions were made at 8 pg/mL intervals.
100 pL of secondary metabolites solutions diluted in MHB-Ca were
sequentially added to 100 pL of S. aureus (~10° CFU/mL) in a concen-
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2.12. Statistical analyses

GraphPad Prism® version 10.2.1 (GraphPad Software, Inc., San
Diego, CA) was used. In most cases, multiple comparisons were per-
formed using one-way or two-ways ANOVA with Tukey post-hoc tests
after checking for normality of the data distribution; values that are
significantly different (p < 0.05) were marked by stars (one-way
ANOVA) or different letters (2-way ANOVA). Statistical tests, including
number of replicates, of individual experiments are summarized in
figure legends.

tration gradient to obtain a more accurate MIC.
3. Results
2.11. Effect of P. aeruginosa secondary metabolites on S. aureus biofilms
3.1. Development of a dual-species co-culture model in ASM+ with
S. aureus at a concentration of approximately 107 CFU/mL was reference strains
incubated for 2 h in MHB-Ca. Following incubation, the medium was
removed and replaced with fresh ASM + containing 50 pg/mL of pyo-
cyanin or rhamnolipids (Sigma-Aldrich). Plates were incubated for 24 h,
after which CFU and biomass were quantified.

a
®Sa+ Pa

Several protocols for the establishment of S. aureus - P. aeruginosa
dual-species biofilms have been developed [16,33,47-49]. However,
these protocols were created using traditional laboratory media.
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Fig. 1. Dual species P. aeruginosa and S. aureus co-culture method development. (a) Inoculation protocol schematic for dual species co-cultures in ASM+. For
protocol #1, S. aureus ATCC25923 (Sa) and P. aeruginosa PAO1 (Pa) were inoculated simultaneously into ASM+ from ODgz20nm 0.5 at three dilution ratios (Sa:Pa): 1/
10:1/20, 1/10:1/200, or 1/10:1/1000 in 96 wells plates and incubated together for a duration of 72 h. Biofilm biomass and viable cell counts (CFU/mL) were
measured at 24, 48, and 72 h post-inoculation. For protocol #2, inoculation of Sa and Pa was staggered. A 1/10 dilution of ODg20nm 0.5 Sa was inoculated into ASM+
and allowed to incubate. At 24 h, a 1/200 or 1/1000 dilution of ODg20nm 0.5 Pa was inoculated into the wells. The co-culture was incubated together for 96 h (120 h
post Sa inoculation). Biofilm biomass and viable cell counts (CFU/mL) were measured at 48 h, 72 h, 96 h, and 120 h post Sa inoculation. Created using BioRender. (b)
Biofilm biomass of Pa-Sa co-cultures grown according to protocol #1 labeled with mean. (c—e) CFU/mL of Pa (open squares) and Sa (filled triangles) from (c) Sa; /10:
Paj /20, (d) Saj 10:Pai 200; and (e) Saj i:Paj 1000 co-cultures grown according to protocol #1. Values are means + SEM from 3 or 4 independent experiments
performed in triplicate. Statistical significance (p < 0.05) of CFU/mL of each species over time (two-way ANOVA with Tukey’s multiple comparisons test) is indicated
by letters. (f) Biofilm biomass of Pa-Sa co-cultures grown according to protocol #2 labeled with mean. (g-h) CFU/mL of Pa (open squares) and Sa (filled triangles)
from (g) Saj,10:Paj 200; and (h) Sa; /10:Pa; /1000 cO-cultures grown according to protocol #2. Values are means + SEM from 3 or 4 independent experiments performed
in triplicate. Statistical significance (p < 0.05) of CFU/mL of each species over time (two-way ANOVA with Tukey’s multiple comparisons test) is indicated by
different letters.
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Therefore, we tested the ability of the reference strains P. aeruginosa
PAO1 and S. aureus ATCC25923 to establish dual-species biofilms in
ASM + [28,32] using two distinct methods. In protocol #1 (Fig. 1a),
S. aureus ATCC25923 and P. aeruginosa PAO1 were co-inoculated in
96-well plates for 72 h, with SaATCC25923 inoculum maintained at
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~2.1 x 107 CFU/mL (1:10 dilution of ODg20 nm = 0.5) and PAO1 inoc-
ulum varying between 20-, 200-, and 1000-fold dilutions of ODg20 nm =
0.5 (representing 1.35 x 107, 1.35 x 10° and 2.7 x 10° CFU/mL,
respectively). Biofilm biomass and viable cell counts of PAO1 and
SaATCC25923 were measured every 24 h (Fig. 1). In co-cultures
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Fig. 2. Viable cell counts (CFU/mL) and biofilm biomass of P. aeruginosa (Pa) and S. aureus (Sa) co-isolate co-culture grown in ASM + using protocol #2.
(a-k) CFU/mL of Pa (open squares) and Sa (filled triangles) recovered temporally from ASM + cultures: (a) Reference strains Pa PAO1 and SaATCC25923 (blue); (b)
Pa857JBJ (pigmented non-mucoid) and Sa857JBJ (olive green); (c) PaUEQ307-3 (pigmented non-mucoid) and SaUEQ307 (robin’s egg blue); (d) PaUEQ307-4
(pigmented non-mucoid) and SaUEQ307 (citrus green); (e) PaUEQ307-5 (pigmented non-mucoid) and SaUEQ307 (green); (f) PaUEQ310 (pigmented mucoid)
and SaUEQ310 (lime); (g) PaVBB496 (non-pigmented mucoid) and SaVBB496 (coral red); (h) Pa492IVJ (non-pigmented mucoid) and Sa492IVJ (light slate blue);
PaUEQ301 (non-pigmented mucoid) and SaUEQ301 (pink); PaUEQ306-2 (SCV) and SaUEQ306 (gold); (k) PAUEQ306-3 (SCV) and SaUEQ306 (orange). Values are
means + SEM from 3 or 4 independent experiments performed in triplicate. Statistical significance (p < 0.05) of CFU/mL of each species over time (two-way ANOVA

with Tukey’s multiple comparisons test) is indicated by different letters. (1) Biofilm biomass from co-isolate pairs from (a—k) labeled with mean. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inoculated with 20-fold (Fig. 1c) and 200-fold (Fig. 1d) dilutions of
PAO1, P. aeruginosa CFU/mL remained stable over time (8.4-8.8 logio
CFU/mL) after an initial 1-2 log;( increase at 24 h from initial inoculum
levels. Co-cultures inoculated with 1000-fold dilutions (Fig. 1e) of PAO1
reached 9.2 log;o CFU/mL at 72 h. In all co-cultures, S. aureus counts
were 1-1.5 log;o lower within 24h of inoculation and decreased over
time; this effect was more rapid when PAO1 inoculum was higher.
Despite lower biofilm biomass measured from co-cultures containing the
200-fold dilution of PAO1 at 24 h, it reached similar levels at 48 and 72 h
in all conditions (Fig. 1b).

As protocol #1 did not support co-existence of SaAATCC25923 with
PAO1, protocol #2 was tested. In protocol #2 (Fig. 1a), SaATCC25923
was inoculated at ~2.1 x 107 CFU/mL (1:10 dilution of ODgyo = 0.5)
and incubated for 24 h prior to addition of 1.35 x 105, and 2.7 x 10°
CFU/mL PAO1 (200- and 1000-fold dilutions of ODg29 nm = 0.5,
respectively). Under these conditions, pre-inoculation with S. aureus
enabled its stable co-existence with both the 200-fold (Fig. 1g) and
1000-fold (Fig. 1h) dilutions of PAO1 at 72 h. After an initial 1.5-2 logy¢
decrease in CFU/mL, S. aureus recovery was maintained at ~5.0 x 10°
CFU/mL regardless of PAO1 inoculum. In both conditions, PAO1 gained
3-3.5log1o CFU/mL after inoculation, reaching stability at 72 h (Fig. 1g
and h). No remarkable differences in biofilm biomass were measured
between the different PAO1 inoculum concentrations or overtime
(Fig. 1f). Based on these results, all further studies were performed
following protocol #2 with S. aureus inoculated at a 1:10 dilution and
P. aeruginosa inoculated at a 1:200 dilution of cultures normalized to an
OD620 of 0.5.

3.2. Interrogation of dual-species clinical co-isolate co-existence in ASM+

As staggered inoculation of the reference strains in ASM + led to
stable co-existence in vitro, we examined the ability of ten pairs of
clinical S. aureus and P. aeruginosa co-isolates from the airways of people
with CF (Table 1) to form stable co-culture over time (Fig. 2). The
P. aeruginosa isolates were categorized into four groups based upon
phenotype: pigmented non-mucoid (857JBJ, UEQ307-3, UEQ307-4, and
UEQ307-5), pigmented mucoid (UEQ310), non-pigmented mucoid
(VBB496, 492IVJ, and UEQ301), and small colony variant (SCV;
UEQ306-2 and UEQ306-3). Regardless of phenotype, all P. aeruginosa
isolates were viable in co-culture (Fig. 2b-k), with stable recovery over
time (8.5-9 log10 CFU/mL), except for the mucoid non-pigmented iso-
lates PaVBB496 (Fig. 2g) and Pa492IVJ (Fig. 2h), which gained ~2 and
3.51log19 CFU/mL over time, respectively. Similarly, all S. aureus isolates
were viable in co-culture (Fig. 2b-k), with stable recovery over time
(8-8.5 log1o CFU/mL), with exception of Sa857JBJ (Fig. 2b) that had
steadily decreasing recovery of viable cells over time, resulting in a 2.5
log;o reduction by 120 h. Although all co-cultures containing pigmented
non-mucoid (Fig. 2b-e) and mucoid (Fig. 2f) P. aeruginosa isolates
maintained a higher proportion of P. aeruginosa compared to S. aureus,
co-cultures derived from the non-pigmented mucoid isolates PaVBB496
(Fig. 2g) and Pa492IVJ (Fig. 2h) and both SCV isolates (Fig. 2j-k)
reached equivalent proportions of the two species by 72 or 96 h
respectively.

Despite similar recovery of CFU/mL across all clinical co-isolate
pairs, biofilm biomass varied (Fig. 21). At 48 h, biofilm formation by
most clinical isolate pairs was quantified at or below the levels produced
by the PAO1-SaATCC25923 reference co-culture. Apart from co-isolate
pairs 857JBJ, UEQ307-3, 492IVJ, UEQ306-2, and UEQ306-3, biofilm
formation of the co-cultures increased over time. Co-isolate 857JBJ co-
cultures produced consistently higher levels of biofilm compared to the
reference co-cultures, despite decreased recovery of S. aureus. Although
several mucoid P. aeruginosa isolates were included in this study, only
co-cultures containing pigmented mucoid isolate PaUEQ310 produced
markedly higher quantities of biofilm compared to the reference co-
cultures containing non-mucoid PAO1.

Of note also, we observed that non-mucoid P. aeruginosa or
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pigmented-mucoid P. aeruginosa co-cultured with S. aureus formed ag-
gregates in the medium as well as biofilms attached to the plastic sur-
faces. However, non-pigmented mucoid P. aeruginosa or small colony
variants of P. aeruginosa predominantly form biofilms adhering on the
plastic surface in co-culture with S. aureus.

3.3. S. aureus and P. aeruginosa biogeography in dual-species biofilm

To determine whether spatial organization contributed to the two
predominant co-culture growth phenotypes displayed by the co-isolates,
fluorescence confocal microscopy was applied to surface-attached bio-
films formed by the representative UEQ307-3 and VBB496 co-isolate
pairs on a submerged coverslip after 72 h (Fig. 3). The UEQ307-3 co-
isolate pair represented the collection of isolate pairs wherein
P. aeruginosa recovery was slightly higher than S. aureus and the VBB496
co-isolate pair represented those in which both species were equally
represented at 120 h. The reference strain pair comprised of S. aureus
ATCC25923 and PAO1 was used as control.

The three-dimensional organization of all three pairs was visually
distinct. In the biofilm formed by the reference strains (Fig. 3a), PAO1
formed a lawn-like phenotype with microaggregate punctate locally
distinct from the SaATCC25923 mushroom-like aggregate in the center
of the coverslip. The biofilm formed by the UEQ307-3 co-isolate pair was
comprised of two discrete layers (Fig. 3b), with PAUEQ307-3 forming a
lawn-like phenotype distinct from the SaUEQ307-3 lawn. In contrast to
the biofilms formed by the reference strains and the UEQ307-3 co-
isolate pair, PaVBB496 and SaVBB496 formed co-localized aggregates
throughout the biofilm (Fig. 3c). This spatial data revealed that the
VBB496 co-isolate pair has reduced antagonism that enabled co-
aggregation in vitro and may reflect cross-adaptation.

3.4. Interrogation of dual-species co-existence in ASM + cross-cultures

To investigate the cross-adaptation of the VBB496 co-isolate pair, we
compared the recovery of PaVBB496 and SaVBB496 viable cell counts in
monoculture, co-isolate co-culture, and cross-strain co-culture. For
cross-strain co-culture, each species of the VBB496 co-isolate pair were
cultured with either the appropriate reference strain (PAO1l or
SaATCC25923) or the companion strain from the UEQ310 co-isolate
pair. The UEQ310 co-isolate pair was chosen for this analysis because
PaUEQ310 is a pigmented mucoid strain. As alginate has been shown to
promote co-existence of S. aureus with P. aeruginosa [50], inclusion of
PaUEQ310 in this experiment reduces the likelihood that the mucoid
phenotype of PaVBB496 alone could explain cross-adaptation of the
VBB496 co-isolate pair. Since PAUEQ310 is pigmented, but PaVBB496 is
not, differences in cross-strain co-existence may provide insight into
whether P. aeruginosa small molecule virulence factors toxic to S. aureus
are mediating the interactions [21,51].

Recovery of SaVBB496 was similar from both mono- and co-cultures
over time (Fig. 4a), except at 72 h, where cross-cultures of SaVBB496
with PAO1 and PaUEQ310 resulted in a 1 log;o decrease in S. aureus
recovery compared to monoculture and co-isolate co-culture with
PaVBB496. However, co-culture with its co-isolate PaVBB496 enabled
maintenance of SaVBB496 at ~3 x 107 CFU/mL through 120 h. Unlike
SaVBB496, PaVBB496 recovery varied between cultures (Fig. 4b). The
viability of PaVBB496 was reduced in both mono- and co-culture with
SaATCC25923 to below the limit of quantitation by 72 h, while co-
culture with its co-isolate SaVBB496 and, to a lesser extent cross-
culture with isolate SAaUEQ310, enhanced or maintained PaVBB496
growth. Of co-cultures containing PaVBB496, biofilm biomass was most
abundant in the VBB496 co-isolate pair and generally reflected the
viability of PaVBB496 in the presence of different S. aureus partners
(Fig. 4c). Conversely, all co-cultures containing SaVBB496 formed bio-
films, with the most abundant biofilm biomass measured from the cross-
culture pair of PaUEQ310-SaVBB496, likely due to the ability of
PaUEQ310 to produce robust biofilms (Fig. 11).
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Fig. 3. Fluorescence in situ hybridization (FISH) images of P. aeruginosa (Pa) and S. aureus (Sa) dual-species biofilms. (a) Image of reference strains Pa PAO1
(green) and SaATCC25923 (red) co-culture. (b) Image of co-isolates pigmented non-mucoid PaUEQ307-3 (green) and SaUEQ307 (red). (c¢) Image of co-isolates non-
pigmented mucoid PaVBB496 (green) and SaVBB496 (red) (named VBB on the figure). Top: Pa; middle: Sa, bottom: overlay. Bar, 30 pm. Note: z-stack constructed
with the surface of the biofilm at the bottom of the image (slide) and the base of the biofilm at the top of the image (coverslip). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Viable cell counts (CFU/mL) and biofilm biomass of cross-cultures of P. aeruginosa (Pa) and S. aureus (Sa) grown in ASM + using protocol #2. (a)
CFU/mL of SaVBB496 recovered from monocultures (filled coral red triangles), co-culture with PAO1 (open blue triangles), co-culture with PaVBB496 (open coral
red triangles), and co-culture with PAaUEQ310 (open lime triangles) over time. (b) CFU/mL of PaVBB496 recovered from monocultures (filled coral red squares), co-
culture with SaATCC25923 (open blue squares), co-culture with SaVBB496 (open coral red squares), and SaUEQ310 (open lime squares). Statistical analysis: Data
with different letters are significantly different from each other (p < 0.05) when comparing 2 different biofilms at the same time point (Two-way ANOVA followed by
Tukey’s multiple comparisons test) (¢) Biofilm biomass from PaVBB496 and SaVBB496 co-isolate pair culture and cross-culture with reference and SaUEQ310 strains
labeled with mean. The co-culture of the reference strains PAO1 and SaATCC25923 was used as positive control. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

3.5. Relative expression of virulence associated genes co-cultures to the monoculture.
The transcription of lasl, pvdS, and pgsL was downregulated —1.9 to
The antagonistic interaction between P. aeruginosa and S. aureus is -4-fold in PaVBB496 when co-cultured with its co-isolate SaVBB496
well characterized, with quorum sensing (QS) regulated secreted factors compared to SaATCC25923. LaslI is an acyl homo serine lactone (AHL)
produced by P. aeruginosa playing an important role in mediating synthase that produces the QS metabolite N-(3-oxododecanoyl) homo-
S. aureus inhibition [7,21,51-53]. As the co-isolate VBB496 pair suc- serine lactone (3-0xo0-C12-HSL) [54]. The AHL 3-ox0-C12-HSL binds to
cessfully co-existed in ASM+, we hypothesized that PaVBB496 demon- LasR, which induces dimerization and activates transcription of hun-
strated reduced production of QS regulated virulence factors. To test this dreds of genes. Historically, LasI/R has been considered the apex of the
hypothesis, qRT-PCR was used to measure the relative gene expression P. aeruginosa QS system [55] and is required for production of the

of lasl, pvdS, and pgsL in the 72 h biofilms formed by PaVBB496 in anti-staphylococcal small molecule inhibitors pyocyanin (PYO), rham-
co-culture with SaVBB496 or SaATCC29523 (Fig. 5a). The 72-h time nolipids (RLs), and alkyl quinolone 2-heptyl-4-hydroxyquinoline
point was chosen for this analysis to capture the differential growth N-oxide (HQNO) in P. aeruginosa model strains [54]. The alkyl quino-

between PaVBB496-SaVBB496 and PaVBB496-SaATCC25923 co-- lone (AQ) HQNO is a potent inhibitor of the S. aureus electron transport
cultures (Fig. 4b). Due to the lack of viability of PaVBB496 in mono- chain, and its production is dependent on the function of the
culture, it was not possible to compare gene expression between the FAD-dependent monooxygenase PqsL [6,42]. The iron-starvation sigma
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Fig. 5. Relative expression of genes involved in the interaction between P. aeruginosa (Pa) and S. aureus (Sa) at 72h co-incubation. (a) Relative expression
of Pa genes lasl, pgsL, pvdS, acoR, and PA4148 from PaVBB496 co-culture with its co-isolate SaVBB496 to PaVBB496 co-culture with the reference strain
SaATCC25923. (b) Relative expression of Sa genes spa, icaA, clfA, and sarA from SaVBB496 co-culture with its co-isolate PaVBB496 to SaVBB496 co-culture with the
reference strain PAO1. Data are mean + SEM of 2-3 experiments in three replicates. A relative change of more than twofold in the expression level (limit highlighted

by the dotted line) was considered significant.

factor PvdS regulates the transcription of genes involved in the
biosynthesis of the siderophore pyoverdine (PVD) [56], known to
contribute to inhibition of S. aureus in low-iron environments [6], as
well as the proteinaceous virulence factors endoprotease (PrpL), alka-
line protease (AprA) proteases, and exotoxin A [57]. Down-regulation of
these three genes in PaVBB496 in co-culture with SaVBB496, but not
SaATCC29523 suggested that presence of its co-isolate reduced the
production of anti-staphylococcal virulence factors.

We also examined whether transcription of the acetoin catabolism
operon (aco) was upregulated in PaVBB496 in co-culture with
SaVBB496 compared to SaATCC25923 [58] (Fig. 5a). Acetoin,
3-hydroxybutanone, is produced by S. aureus CF clinical isolates and was
detected from CF sputa [59,60]. Although accumulation of acetoin is
toxic to S. aureus, it is catabolized by P. aeruginosa as a carbon source,
likely contributing to the survival of both species in the CF airway [60].
The aco system is comprised of a transcriptional regulator AcoR
(PA4147) and the operon PA4148-PA4153 [61]. Transcription of acoR
and PA4148 was slightly elevated in the PaVBB496-SaVBB496 co-cul-
ture, with a 1.3- and 1.75-fold increase, respectively, compared to
PaVBB496-SaATCC29523. Our data tends to support previous findings
that the aco system is more efficient with co-isolates [60].

As fluorescence confocal microscopy of the VBB496 co-isolate pair
showed that they formed interspersed aggregates, we examined the
transcription of S. aureus genes that mediate its own and P. aeruginosa
biofilm formation, including sarA, icaA, clfA, and spa (Fig. 5b). Staph-
ylococcal accessory regulator (SarA) is a global regulator of S. aureus
virulence, including transcription of the ica operon and biofilm forma-
tion [62]. The icaADBC operon is essential in S. aureus biofilm formation
by regulating the production of the exopolysaccharide
poly-N-acetylglucosamine (PNAG; PIA) [63,64]. Adhesion proteins,
including clumping factor A (CflA) and Staphylococcal protein A (SpA),
play an important role in S. aureus biofilm formation, particularly for
strains that are unable to produce PNAG [64]. SpA has also been shown
to inhibit biofilm formation, alter aggregate formation, and reduce
sensitivity of some P. aeruginosa isolates to tobramycin through binding
of the exopolysaccharide Psl or type IV pili [65,66]. In the co-isolate
pair, SaVBB496 had 3.3-fold reduced transcription of spa compared to
co-incubation with the reference strain PAO1. However, the expression
of the other S. aureus genes was not significantly different in SaVBB496
co-culture with PaVBB496 or PAO1l. Downregulation of spa by
SaVBB496 in co-culture with PaVBB496 suggests S. aureus has decreased

its metabolic processes unfavorable to its co-isolate.

3.6. Secondary metabolite profiling of PAO1 and PaVBB496 mono- and
mixed species co-cultures

The relative gene expression data of select genes from the VBB496
co-isolate pair and cross-culture with the respective reference strains
suggested that both PaVBB496 and SaVBB496 reduce antagonism with
each other, supporting the observation of mutual adaptation in the CF
airway. To measure whether there was a temporal response in
P. aeruginosa small molecule virulence factor production between the
VBB496 co-isolates and cross-pairs with the reference strains, secondary
metabolite profiling [67,68] was applied to samples collected at the 48,
72, and 96 h (Fig. 6).

PAO1 secondary metabolites were detected at all three time points,
with highest abundance measured from the 48 h samples (Fig. 6a). The
levels of the redox active phenazines PYO and phenazine-1-carboxylic
acid (PCA) measured from PAO1 monocultures decreased steadily
over time, while the levels of alkyl quinolones 2-heptyl-4-quinolone
(HHQ) and HQNO were highest in the 72 h samples (Fig. 6b). RL
levels in these samples were maintained through the first two time-
points, with a marked lower level measured at 96 h (Fig. 6¢). The
siderophore PCH was not detected from the PAO1 monocultures likely
due to the high level of iron in ASM + [39]. In PAO1-SaATCC25923
co-cultures, the levels of secondary metabolites were generally lower
compared to PAO1 monocultures, with a shift towards reduced metab-
olite production over time (Fig. 6). Conversely, co-culturing PAO1 with
SaVBB496 led to markedly higher levels of phenazines (PYO and PCA),
alkyl quinolones (HHQ and HQNO), and PCH from the 48 h samples
compared to both PAO1 monocultures and PAO1-SaATCC25923 co--
cultures (Fig. 6a). Like the other conditions, PAO1 secondary metabolite
levels from the PAO1-SaVBB496 co-cultures were lower in the 96 h
samples compared to earlier timepoints (Fig. 6¢), indicating temporal
modulation. Notably, although PAO1 recovery from the 72 h co-cultures
samples were ~2-logy( higher than from monocultures, the production
of secondary metabolites was lower in co-culture than monocultures,
confirming an adaptation of metabolic activity in the presence of
S. aureus [48].

No secondary metabolites were detected from PaVBB496 mono-
cultures (Fig. 6), likely due to lack of viability of PaVBB496 in ASM+
(Fig. 4b). Although PaVBB496 grew robustly in co-culture with
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Fig. 6. P. aeruginosa PAO1 and PaVBB496 secondary metabolite profiles in mono- and co-culture. Heat map representation of normalized Z-scores of mean
metabolite peak area of P. aeruginosa secondary metabolites known to mediate the interaction between P. aeruginosa and S. aureus across sample groups from (a) 48 h,
(b) 72 h, and (c) 96 h samples. Data are labeled with the mean peak area of each metabolite n = 9-12 biological replicates. PYO, pyocyanin; PCA, phenazine-1-
carboxamide; HHQ, 2-heptyl-4-quinolone; HQNO, 2-heptyl-4-hydroxyquinoline N-oxide; RC10C10, mono-rhamnolipid; RRC10C10, di-rhamnolipid; PCH, pyochelin.

SaVBB496 (Fig. 4b), secondary metabolites were not detected from
these samples either (Fig. 6). However, co-culture of PaVBB496 with
SaATCC25923 induced production of all secondary metabolites by
PaVBB496 at 24 h (Fig. 6), with loss of metabolite detection over time
corresponding to reduced viability of PaVBB496 with SaATCC25923
(Fig. 4b).

3.7. SaVBB496 is less susceptible to P. aeruginosa secondary metabolites

Cross-culture of SaVBB496 with PAO1 indicated that despite expo-
sure to higher levels of P. aeruginosa secondary metabolites, the viability
of this S. aureus strain was generally unaffected. A common explanation
for the eradication of S. aureus by P. aeruginosa in in vitro systems is the
lethality of the secondary metabolites PYO, PVD, RLs, and HQNO [7,21,
51-53]. To determine whether SaVBB496 was better adapted to
P. aeruginosa exoproducts than SaATCC25923, paper disks impregnated
with PAO1 monoculture supernatant were tested for anti-staphylococcal
activity using the disk diffusion assay (Fig. 7a). Although SaATCC25923
was inhibited by the PAO1 supernatant, SaVBB496 was not. Co-culture
supernatant of PAO1 with SaATCC25923 yielded similar results, indi-
cating that SaVBB496 is indeed less susceptible to P. aeruginosa secreted
factors and co-culture did not alter the level of P. aeruginosa
anti-staphylococcal activity. Evaluation of the antimicrobial activity of
PYO, HQNO, RLs, and PVD against SaATCC25923 and SaVBB496
revealed that only PYO inhibited S. aureus growth, with SaVBB496
demonstrating a higher tolerance compared to SaATCC25923
(Fig. 7b-c).

4. Discussion

To study the clinically important co-existence of the opportunistic
pathogens P. aeruginosa and S. aureus, many in vitro systems have been
established. Although these two pathogens are often co-isolated from
the airways of people with CF, their interactions in vitro are most often
antagonistic, particularly when following the common practice of co-
inoculating the two species at the same time [6,69-72]. This antago-
nism has been attributed to a myriad of factors, including inhibition of
S. aureus by toxic metabolites produced by P. aeruginosa [7,16,21,
51-53] and gradient concentrations of critical nutrients, such as oxygen
and glucose, within co-cultured biofilms [72]. However, the antagonism
of S. aureus and P. aeruginosa can be overcome by staggering the inoc-
ulation of the co-cultures and inoculating S. aureus first [16,73,74]. This
approach more closely replicates the characteristics of in vivo
co-infection of the CF airway, whereby S. aureus colonization precedes
acquisition of P. aeruginosa [3] and may contribute to P. aeruginosa
attachment [33]. Therefore, our goal was to implement the staggered
inoculation method to investigate the cross-adaptation of P. aeruginosa
and S. aureus CF airway isolates in ASM + [28,32], a medium that

mimics the nutrient composition and viscoelastic properties of CF
airway mucus.

The staggered cultivation strategy enabled successful co-existence of
the laboratory reference strains PAO1 and SaATCC25923 in ASM+.
Under our experimental conditions, PAO1 outcompeted SaATCC25923
in simultaneously inoculated mixed cultures regardless of the PAO1
starting inoculum, although lower concentrations of PAO1 led to
delayed S. aureus killing. Using the staggered inoculation approach, the
co-culture reached equilibrium within 24 h post-inoculation of PAO1
(72 h time point) with similar ratios of PAO1 and SaATCC25923
recovered through 120 h regardless of the PAO1 starting inoculum.

Remarkably, this staggered inoculation model system in ASM +
proved applicable to a swath of CF airway P. aeruginosa and S. aureus co-
isolate pairs, irrespective of a diverse set of P. aeruginosa phenotypes
including mucoid, pigmented, and small colony variants. Measurement
of microbial viability revealed that clinical co-isolates of S. aureus and
P. aeruginosa mature into co-existence over time as three different
growth phenotypes: constant P. aeruginosa recovery with decreasing
S. aureus levels (857JBJ), stable co-culture with a higher proportion of
P. aeruginosa (UEQ307-3, UEQ307-4, UEQ307-5, UEQ310, and
UEQ301), and constant S. aureus recovery with increasing P. aeruginosa
levels reaching equivalent CFU/mL by 96 h (VBB496, 4921VJ, UEQ306-
2, and UEQ306-3). Notably, the recovery of S. aureus from the co-isolate
pairs was higher than SaATCC25923 recovery from the reference pair
co-culture, supporting the notion that P. aeruginosa and S. aureus cross-
adapt in vivo resulting in reduced antagonism [22]. These results align
well with existing literature demonstrating co-adaptation to the CF
airway by P. aeruginosa and S. aureus co-isolates [14,50,60,69].

Overproduction of the exopolysaccharide alginate is typically asso-
ciated with biofilm formation by P. aeruginosa [75]. However, biofilm
biomass of the co-cultures was not associated with P. aeruginosa mucoid
phenotype. The highest biofilm biomass was measured from the
UEQ310 co-isolate pair, which includes a pigmented, mucoid
P. aeruginosa strain. However, the co-isolate pairs comprised of
non-pigmented mucoid P. aeruginosa strains (e.g., VBB496, 492IVJ, and
UEQ301) did not produce more biofilm biomass than the pigmented
non-mucoid strains. As recovery of P. aeruginosa and S. aureus was
generally equivalent across all co-isolate cultures, bacterial viability was
also not associated with biofilm biomass. The lack of coherence of our
data to expected results may be due to differential alginate expression by
the mucoid isolates, unexpected reversion to non-mucoid under our
culture conditions, or lack of adherence of the cultures to the well plate.

Although plate-based assays provide an estimate of biofilm biomass,
they do not capture the geographic distribution of the co-existing spe-
cies. In vivo, it is thought that despite recovery from the same lobe of CF
lungs, P. aeruginosa and S. aureus form discrete biofilm microcolonies
that may reflect the presumed physical or chemical competition be-
tween the two species [29,30]. Here we observed that, depending on the
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Fig. 7. Effect of P. aeruginosa exoproducts on S. aureus. (a) Disk diffusion assay of PAO1 and PAO1-SaATCC25923 supernatants against SaAATCC25923 and
SaVBB496. (b) Minimum inhibitor concentrations (MICs) of P. aeruginosa secondary metabolites known to inhibit S. aureus, including pyocyanin (PYO), pyoverdine
(PVD), rhamnolipids (RL), and 2-heptyl-4-hydroxyquinoline N-oxide (HQNO). (c) Effect of 50 pg/mL pyocyanin (PYO) and rhamnolipids (RLs) on SaATCC25923 and
SaVBB496 biofilm biomass and viable cell counts (CFU/mL) after 24 h of exposure. Data are mean + SEM of two independent experiments with at least 3 replicates
for biomass, and the mean + SD one experiment in two replicates for CFU. Statistical analysis: ns, not significant; **, p < 0.01, using one-way ANOVA followed by

Tukey’s multiple comparisons test.

phenotype of P. aeruginosa, biofilms were mainly found as aggregates in
the ASM + medium or adhering to the surface. In vivo studies suggest a
localization essentially in the mucus of patients [76], but systematic
observations with diverse phenotypes of P. aeruginosa are lacking in
human samples. In vitro studies report for example that small-colony
variants of P. aeruginosa are highly adherent on pneumocytes and sug-
gest that this step may initiate colonization [77].

It is also unclear whether cross-adapted clinical isolates with inter-
dependence for growth would have the same distribution. We were
curious whether the VBB496 co-isolate pair, wherein PaVBB496 was
dependent on the presence of SaVBB496 for survival in ASM+, would
form distinct species-specific microcolonies. Unlike the reference strain
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pair as well as a pair of clinical co-isolates representing a more
competitive pair (UEQ307-3), interspersion of the VBB496 co-isolates
was clearly observed using fluorescence microscopy, further support-
ing cross-adaptation and cooperation.

For further insight into the co-adaptation of the VBB496 co-isolate
pair, the isolates were subjected to cross-culture with reference strains
or the UEQ310 co-isolates. Under these culture conditions, SaVBB496
was recovered from all cultures, with PAO1 and PaUEQ310 limiting and
PaVBB496 enhancing its viability over time compared to monoculture.
Conversely, PaVBB496 could only survive and proliferate when co-
cultured with CF airway isolates and highest recovery was from co-
culture with its co-isolate S. aureus. Reflective of the demonstrated
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enhancement of P. aeruginosa viability in paired co-culture, the VBB496
co-isolate pair also formed higher biofilm biomass compared to the
PaVBB496 cross-cultures with SaATCC25923 and SaUEQ310. Notably,
the highest biofilm biomass was formed by cross-culture of SaVBB496
with PaUEQ310, but this observation likely reflects the ability of
PaUEQ310 to form high levels of biofilm regardless of its S. aureus
partner as evidenced by robust biofilm formation with its co-isolate
SaUEQ310.

Co-inoculation of PaVBB496 with SaVBB496 enabled PaVBB496 to
expand despite diminished viability in monoculture, suggesting that
SaVBB496 provides a metabolic advantage. The lack of production of
small molecule virulence factors by PaVBB496 evidenced by its non-
pigmented appearance, lower expression of QS associated genes, and
lack of secondary metabolites detected from the VBB496 co-isolate pair
suggests that PaVBB496 may have disrupted las-dependent QS
signaling. In model P. aeruginosa strains, LasI produces 3-oxo-C12-HSL,
which binds to LasR and activate the transcription of virulence-
associated genes, including most of the biosynthetic pathways of its
secondary metabolites [78]. Mutations in lasR are common in
P. aeruginosa CF airway isolates [79-81]. These lasR mutants over-
produce nitric oxide, a compound highly toxic to P. aeruginosa leading to
autolysis [82]. S. aureus has been shown to increase the growth of CF
airway P. aeruginosa lasR mutants by detoxifying nitric oxide [82], likely
as a part of its own adaptation to nitrosative stress from phagocytes [83].
This detoxification mechanism provides an explanation for why
PaVBB496 is not viable in monoculture but formed stable co-cultures
with CF isolates SaVBB496 and SaUEQ310 to varying degrees.

Intriguingly, despite lack of secondary metabolite production with
SaVBB496, PaVBB496 secondary metabolites were detected from cross-
culture with SaATCC25923. This result suggests that SaATCC25923 may
produce a metabolite that is capable of inducing QS in PaVBB496.
Recently, metabolic cross-feeding of citrate from S. aureus was shown to
cause a lasR deletion mutant in the P. aeruginosa PA14 background to
produce pyocyanin, likely through activation of RhlR-driven signaling
[84]. The alteration in QS signaling due to carbon source availability
was posited to increase lasR mutant fitness. However, the inability of
SaATCC25923 to support PaVBB496 viability overtime suggests that the
impetus for P. aeruginosa secondary metabolite production was not
sufficient to overcome autolysis or inhibition by S. aureus under these
conditions.

The ability of SaVBB496 to form stable cross-cultures is due, in part,
to its reduced sensitivity to P. aeruginosa anti-staphylococcal secondary
metabolites and down regulation of its expression of SpA, an inhibitor of
P. aeruginosa biofilm formation and motility [65]. Notably, the metab-
olomics data also revealed a time-dependent component, with decreased
levels P. aeruginosa secondary metabolites measured at later time points
regardless of the presence of S. aureus. This result suggests that as
P. aeruginosa acclimates to its environment, it may become less antag-
onistic to co-occurring S. aureus.

This work showcases the feasibility of cultivating P. aeruginosa and
S. aureus under physiologically relevant conditions to understand their
molecular interactions within the airways of people with CF. Although
we focused on elucidating the interactions of a single co-isolate pair, this
work illustrates the dynamic and multi-factorial interactions that dictate
co-existence or antagonism between these two species. We anticipate
that in-depth investigation of the interactions governing co-existence
between the other co-isolate pairs in our study will reveal alternative
mechanisms not captured in the VBB496 co-cultures. We also
acknowledge some limitations of our model, including the fact we did
not specifically examine the impact of pH or oxygen on biofilm forma-
tion or stability, that the observation we made are linked to the specific
ratio between species we used to allow optimal growth, and that bio-
films were grown in 96-well plates, which may have influenced their
capacity to adhere to the surface.

In spite of the limitations inherent to any in vitro model, the system
we implemented is highly adaptable to exploring some of the effects of
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CF airway environmental conditions, including nutrient availability and
community composition, on the viability, biofilm formation, and
metabolism of P. aeruginosa and S. aureus co-isolates. Further work
integrating phenotypes, molecular profiles, and transcriptional analysis
is required to clarify the diverse mechanisms that enable evolution of
P. aeruginosa and S. aureus from competition to coexistence over chro-
nicity of infection in the CF airway [85].
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