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Pseudomonas aeruginosa, Staphylococcus aureus, and Burkholderia cepacia are notorious pathogens known for their
ability to form resilient biofilms, particularly within the lung environment of cystic fibrosis (CF) patients. The
heightened concentration of NaCl, prevalent in the airway liquid of CF patients’ lungs, has been identified as a
factor that promotes the growth of osmotolerant bacteria like S. aureus and dampens host antibacterial defenses,
thereby fostering favorable conditions for infections.

In this study, we aimed to investigate how increased NaCl concentrations impact the development of multi-
species biofilms in vitro, using both laboratory strains and clinical isolates of P. aeruginosa, S. aureus, and B.
cepacia co-cultures. Employing a low-nutrient culture medium that fosters biofilm growth of the selected species,
we quantified biofilm formation through a combination of adherent CFU counts, qPCR analysis, and confocal
microscopy observations.

Our findings reaffirmed the challenges faced by S. aureus in establishing growth within 1:1 mixed biofilms
with P. aeruginosa when cultivated in a minimal medium. Intriguingly, at an elevated NaCl concentration of 145
mM, a symbiotic relationship emerged between S. aureus and P. aeruginosa, enabling their co-existence. Notably,
this hyperosmotic environment also exerted an influence on the interplay of these two bacteria with B. cepacia.
We demonstrated that elevated NaCl concentrations play a pivotal role in orchestrating the distribution of these
three species within the biofilm matrix.

Furthermore, our study unveiled the beneficial impact of NaCl on the biofilm growth of clinically relevant
mucoid P. aeruginosa strains, as well as two strains of methicillin-sensitive and methicillin-resistant S. aureus. This
underscores the crucial role of the microenvironment during the colonization and infection processes. The results
suggest that hyperosmotic conditions could hold the key to unlocking a deeper understanding of the genesis and
behavior of CF multi-species biofilms.

1. Introduction bacterial colonization and triggers tissue inflammation [5]. In younger
patients, lung infections primarily involve bacteria like Staphylococcus

Cystic fibrosis is the most common inherited genetic disease in aureus or Haemophilus influenzae. However, as the disease advances,

Caucasian populations, and it is characterised by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene [1]. The
dysfunction of CFTR protein leads to reduced chloride, bicarbonate, and
water secretion from epithelial cells into the airway surface liquid (ASL)
[2-4]. Subsequent water retention within the epithelium becomes
accountable for the buildup of desiccated and thickened mucus within
the airways. This, in turn, disrupts the process of mucociliary clearance
[1,5]. Impaired mucus clearance in individuals with CF promotes

there’s an increasing prevalence of infections caused by opportunistic
Gram-negative pathogens, such as Pseudomonas aeruginosa, Burkholderia
cepacia, or Stenotrophomonas maltophilia [6]. Among lung pathogens,
S. aureus and P. aeruginosa stand out as the most prevalent, often found
co-existing in CF patients. Unfortunately, these co-isolations are asso-
ciated with worse outcomes compared to infections involving
P. aeruginosa alone [7-10]. To date, the relationship between
P. aeruginosa and S. aureus and the findings that came out from related
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studies remain controversial, as reviewed recently by Bow Yue Yung et
al. [11].

Alongside P. aeruginosa and S. aureus, bacteria belonging to the
B. cepacia complex are commonly detected in sputum analyses.
Although it is responsible for only 5% of the total CF infections,
B. cepacia is often associated with a fatal prognosis [12]. What adds to
the concern is the observation that these pathogens have been
co-isolated in a substantial proportion of cases, raising questions about
potential interactions and their combined impact on health outcomes of
CF patients [13,14].

P. aeruginosa, S. aureus, and B. cepacia exhibit a common proficiency
in colonizing and thriving within the respiratory tract through the for-
mation of biofilms [15-17]. Within this distinct lifestyle, bacteria
organize into communities that frequently exhibit resistance to immune
reactions and antibiotics. This resistance is achieved through a combi-
nation of inherent, acquired, and biofilm-related mechanisms, rendering
them multi- and pan-resistant.

Over the past decade, numerous biofilm models have emerged to
delve into the intricacies of the mechanisms underlying biofilm forma-
tion [18], the evaluation of antibiotics susceptibility [19-21], or in the
search of anti-biofilm agents with novel mechanisms for the treatment of
CF [22-24]. However, most of the studies were based on single-species
in vitro models, most often P. aeruginosa biofilms. Given that the bacteria
accountable for infections in CF patients have been observed to flourish
as multi-species biofilms, the translation of anti-biofilm strategies from
laboratory models to clinical settings could pose substantial challenges
[25]. Consequently, recent reviews have underscored the significance of
accounting for mixed biofilms, particularly when assessing antimicro-
bial susceptibility [25-27].

Beyond the influence of the microbiome, environmental factors have
demonstrated their paramount significance in bacterial colonization
within CF patients. For example, a connection has been established
between the gradual lung colonization by P. aeruginosa and the wors-
ening of the infection, alongside an elevation in chloride concentration
within the airway surface liquid [3,28]. At the same time, S. aureus
osmotolerance is well documented and high NaCl levels are known to
stimulate the formation of S. aureus biofilms [29,30]. Furthermore, so-
dium chloride (NaCl) is thought to wield a significant impact on CF, as
evidenced by the correlation between elevated NaCl concentrations
found in the airway surface liquid (ASL) and the unfavorable progres-
sion of the infection [31]. Hence, comprehending the behavior and
tolerance of pathogens in response to elevated NaCl levels becomes
paramount for uncovering novel anti-biofilm strategies in CF. Despite
the introduction of various synthetic CF media (SCFM) aimed at
mimicking natural CF sputum composition, this particular parameter
remains relatively underexplored [32-35]. Here we focused on assessing
the effect of high NaCl concentrations on the growth of multi-species
biofilms, considering both reference strains and clinical isolates of
P. aeruginosa, S. aureus, and B. cepacia.

Drawing from prior research, biofilms were cultivated within a
minimal culture medium, specifically a low-nutrient broth. Following
the recommendation of Bow Yue Yung et al. [11], this approach aimed to
replicate the naturally nutrient-restricted growth environment, pro-
moting the prevalence of biofilm populations over planktonic bacteria
[36,371.

2. Results
2.1. Study of PA-SA two-species biofilms

In this study, PA-SA biofilms were cultivated within the low-nutrient
GBB medium. After 48 h, quantification of colony-forming units (CFUs)
revealed that the population of adhered PA cells remained consistent
(~7 Log CFU/mL) whether cultivated in mono- or dual-species setups at
a 1:1 PA/SA ratio (Supplementary Figure 2 and Fig. 1A, respectively).
Conversely, a noteworthy reduction of 3.7 Log CFUs in SA was observed
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at the 48-h mark between mono- and dual-species biofilms (Supple-
mentary Figure 1 and Fig. 1A, respectively), resulting in a calculated
competitive index (CI) of 0.42. This CI was derived by dividing the SA/
PA output ratio by the input inoculum ratio. A CI greater than 1 signifies
a higher abundance of SA in the dual-species biofilm [38]. Hence, in
order to sustain the adherent SA population within the dual-species
biofilm, various SA inoculum ratios were examined (Fig. 1B). Micro-
plates containing GBB medium were subjected to an initial inoculation
with a 102 CFU/mL suspension of PA. Meanwhile, SA suspensions were
introduced at varying concentrations, ranging from 10? CFU/mL to
5.10* CFU/mL (equivalent to 10 to 5.10% CFU per well). Subsequent to
24 and 48 h of incubation, the adhered cell counts were enumerated.

Initial observations revealed that SA exhibited the capacity to sustain
substantial levels of adherent cells after 24 h of co-incubation with PA,
ranging from 5.6 to 6.2 Log CFU/ml. However, a notable decline was
evident after 48 h, particularly noticeable at low SA inoculum levels,
particularly with a 1:10 ratio (CI = 0.24). Interestingly, even at a 48-h
mark, the population of viable SA adherent cells managed to remain
robust, registering up to 6 Log CFU/mL (CI = 0.17), particularly when
co-cultivated in a 1:500 PA/SA ratio (Fig. 1B).

To delve deeper into the behaviors of each population within the
dual-species environment, and to draw comparisons with their respec-
tive single-species counterparts, we employed confocal microscopy to
examine PA/SA 1:500 biofilms (Fig. 2A and B). Employing live/dead
staining using Syto9 (green) and propidium iodide (PI, red), we
observed a predominance of live cells, accompanied by a limited number
of deceased cells. With the utilization of Syto9/hexidium iodide (HI)
Gram staining, we discovered a fairly balanced distribution of bacteria,
with Gram-negative (54.0% of fluorescence) and Gram-positive (46.0%)
organisms encompassing the entire biofilm (Fig. 2B and Table S1).

2.2. The influence of osmotolerance in SA and PA on the formation of
dual-species biofilms

Given the significance of ion balance in CF lung infections, our
subsequent focus was on examining how elevated NaCl concentrations
impact biofilm establishment and the behavior of the respective pop-
ulations. Our initial inquiry delved into the characteristics of both single
and dual-species biofilms involving PA and SA. For mixed biofilms, we
employed a simultaneous 1:500 co-culture inoculation (at t0). The se-
lection of the three NaCl concentrations aimed to closely approximate
those recorded in CF sputum samples [33]. The GBB medium supple-
mented with NaCl exhibited a pH ranging from 6.9 to 7.1, which is in
close proximity to that of other synthetic media [20,33,39] (Table 1).
The adhered population was evaluated by CFU counting and by qPCR
quantification (Fig. 3). Statistical analysis was performed between each
sample and the control (*), and between CFU and genomic units (GU)
data (°).

- One-species biofilms:

Quantifying CFUs in PA biofilms revealed a notable rise in the
adherent population when exposed to 290 mM NaCl (+1.1 Log CFU/mL)
in contrast to the control in GBB medium (Fig. 3A). This outcome was
validated through qPCR quantification, yet the heightened levels of
quantified biomass implied the presence of non-cultivable or deceased
cells, as substantiated by confocal observations (PI staining, Fig. 2A).
Regarding SA biofilms, the population of adherent cells exhibited a
considerable increase at 72.5 mM NaCl (7.16 + 0.48 Log CFU/mL) in
contrast to the control (6.52 + 0.22 Log CFU/mL), and this level
remained consistent at both 145 and 290 mM (Fig. 3B). Contrasting the
outcomes from the two quantification techniques did not unveil any
notable impact of NaCl on cell viability, a finding that was corroborated
by confocal microscopy (Fig. 2C).

- Dual-species biofilms cultivation:
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Fig. 1. Growth as two-species biofilms of PA and SA after 24 h and 48 h, in the GBB medium. Two-species biofilms where inoculated A) with a 1:1 bacterial ratio at
10 CFU/well; B) with different SA inoculum concentrations, varying from 10% CFU/well to 5.10° CFU/well (mean + standard deviation; n = 2*3). *p < 0.05.

Biofilms in GBB (control)

A) Syto9/PI

P. aeruginosa (PA) PA-SA biofilm

Biofilms in GBB + 290 mM NacCl

C) Syto9/PI

P. aeruginosa (PA) PA-SA biofilm

B) Syto9/HI

S. aureus (SA) PA-SA biofilm

D) Syto9/HI

S. aureus (SA) PA-SA biofilm

Fig. 2. Confocal Laser Scanning Microscopy (CLSM) images of PA, SA and PA/SA two-species biofilms, (inoculation ratio 1:500, 48 h) in GBB and GBB supplemented
with 290 mM NaCl A) and C) Syto9/PI staining (Live/Dead), B) and D) Syto9/HI staining (Gram - (green)/Gram + (red)) of PA/SA biofilms. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

The cultivation of dual-species biofilms was carried out under the
previously defined conditions, as mentioned above. This involved uti-
lizing a PA:SA inoculum ratio of 1:500 at the outset (t0), while also
varying NaCl concentrations. The outcomes for PA quantification (CFU
counts) closely mirrored those observed in the context of one-species
biofilms. This reaffirmed the dose-dependent influence of NaCl on the
formation of PA biofilms (Fig. 3C).

In terms of SA, the control results corroborated the adverse impact of
PA on the adhered SA population (as evidenced by CFU counts), mani-
festing as a ~2.1 Log reduction after 48 h of incubation. This reduction

in the SA population was similarly detected through qPCR quantifica-
tion, albeit to a lesser degree (~1.1 Log reduction).

Remarkably, the presence of 72.5 mM NaCl fostered the maintenance
of the SA population. Notably, this led to a significant 3.27 Log CFU/mL
increase in the SA population compared to the control. This positive
effect of NaCl on SA persistence persisted at 145 and 290 mM NacCl
concentrations. Analyzing dual-species biofilms through confocal mi-
croscopy (Syto9/HI staining) revealed a marked augmentation in the SA
population when exposed to 290 mM NaCl. This increase was indicated
by the elevation in HI fluorescence, shifting from 46.0% for the control
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Table 1
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Comparison of composition in ions, sugars, total free amino acids, and pH of CF sputa, two synthetic media from literature (SCFM2 and ASM), and the NaCl-

supplemented GBB used in the present study.

[C] (mM) CF sputum SCFM2" ASM*® GBB GBB + 72.5 mM NaCl GBB + 145 mM NaCl GBB + 290 mM NaCl
samples” (0.425% w/v) (0.85% w/v) (1.70% w/v)
Na* 37.0-100.6 66.6 85.5 17.6 90.1 162.6 307.6
K* 9.5-18.5 15.8 29.5 3.7 3.7 3.7 3.7
(¢l 16.4-158.9 79.1 114.5 0.004 725 145.0 290.0
Glucose 1.3-4.5 3.2 1% 2.2
Other sugars and Lactate 3.6-15.0  Lactate Egg yolk emulsion Lactose 0.073
carbon sources 9.0
Total free amino acids 100.8 mM 18.48 5 g/L (Becton, 0.47 mM
mM Dickinson)
Mucin 5¢g/L 10 g/L
DNA 4g/L
pH 6.0-6.9 6.8 7.0 7.2 7.1 7.0 6.9
2 [33].
b [35].
¢ [20].
A) PA biofilms B) SA biofilms
9 oo ik 9
*k
8 00 I & ** b 8 *
. * [ *
7 7 . 1 I I .
6 6 :
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C 4 Q 4
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0 0
Control NaCl 72,5 mM NaCl 145 mM NaCl 290 mM Control NaCl 72,5 mM NaCl 145 mM NacCl 290 mM

C) PA and SA in PA-SA 2-species biofilms

Log (CFU/mL)

GBB (control) GBB + NaCl 72,5 mM

mPA-CFU
PA - gPCR
SA - CFU
SA - qPCR

GBB + NaCl 145 mM GBB + NaCl 290 mM

Fig. 3. Biofilm quantification by CFU and qPCR after 48 h of (A) PA and (B) SA in one-species biofilms and (C) in two-species biofilms in GBB (control) and NaCl-
enriched GBB medium. Inoculum ratio 1:500) (mean+standard deviation; one-species: n = 2*2; two-species: n = 3*3). Statistical analysis was performed by
comparing the results for each NaCl concentration with their respective controls, *p < 0.05; **p < 0.01; ***p < 0.001. Further statistical analysis comparing GU data
and Log (CFU/mL) data from the same growth conditions are represented as follows: °p < 0.05; °°p < 0.01; °°°p < 0.001.

to 56.1% (Fig. 2D and Table S1).

2.3. NaCl restores SA population in a 1:1 PA/SA biofilm

Given the positive impact of NaCl on the adherent SA population
within the 1:500 dual-species biofilms, we extended our investigation to
assess the effect of 145 mM NaCl in a 1:1 PA/SA co-culture. Under these
conditions, the adhered SA population exhibited a notable increase
(+2.83 Log CFU/ml) compared to the control in GBB (Fig. 4). This

increase was paralleled by an elevation in the competitive index (CI)
from 0.41 to 0.77. These findings underscore that NaCl plays a role in
empowering SA to outcompete PA, thereby enabling the maintenance of
a viable adherent population over time.

For a more comprehensive understanding of SA’s settlement within
biofilms, we undertook a sequential bacterial inoculation strategy
involving PA on SA biofilms. This assay aimed to mimic in vivo scenarios
by introducing PA (at a concentration of 10> CFU/mL at t0) onto a pre-
established SA biofilm (initial inoculation at 5.10* CFU/mL) that had
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Fig. 4. Quantification of two-species PA-SA biofilms after 48 h growth in GBB
or GBB supplemented with 145 mM NaCl. (Inoculation ratio PA/SA 1:1) (mean
+ standard deviation, n = 2*2). ***p < 0.001.

been allowed to develop over 48 h. The objective was to ascertain
whether PA would eventually outcompete SA over time. At the
conclusion of the experiment (48 h after PA inoculation onto the pre-
established SA biofilm), the adherent cells (CFU) of both PA and SA
were quantified (Fig. 5).

The results unveiled that PA sustained growth patterns similar to
those observed in one-species biofilms. However, the number of SA
adherent cells experienced a notable decline after 48 h (—3.2 Log CFU/
mL). This observation affirmed that PA progressively exerts an adverse
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influence on the adherent SA population during biofilm growth.

In the presence of 145 mM NaCl, the quantified population of
adhered SA cells remained stable after 48 h. Importantly, this population
showed no significant difference when compared to the SA one-species
control (Fig. 5C), thereby confirming that NaCl fosters the growth of SA.

Collectively, these outcomes collectively indicate that an elevated
NaCl concentration contributes to enhanced SA settlement and suste-
nance within mixed communities alongside PA. This is true whether the
inoculation of the two species occurs simultaneously or sequentially.

2.4. Two-species biofilms of PA and SA clinical strains

To validate the potential influence of NaCl in the colonization of CF
patients’ lungs by strains of clinical relevance, we examined three iso-
lates obtained from CF patients (Table 2. These isolates comprised a
mucoid P. aeruginosa (mPA), a methicillin-sensitive S. aureus (MSSA),
and a methicillin-resistant S. aureus (MRSA). Notably, the mucoid
P. aeruginosa and the MSSA strains were both sourced from the same
patient.

- One-species biofilms (Fig. 6A):

The quantification of adhered mPA cells after 48 h in the GBB me-
dium yielded a lower count of cultivable cells (5.46 + 0.77 Log CFU/ml)
compared to the PA laboratory strain (6.71 + 0.19 Log CFU/ml).
Interestingly, in contrast, a notable increase in biofilm biomass was
evident in the presence of 145 mM NaCl (~+1.4 Log CFU/ml), in

A) Sequential inoculation of PA on SA biofilm -
S
c © © c © §
s 2 2 S g g
- [] [) = [0
© [ = © c =]
s 9 o E o &
8 € £ 8 = P
c 3 3 £ 3 £
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nw = = o = o
Ll | ] ] [
[ 1 1 1 g
t0 4h 24h 48h 72h 96h
Assay ]
PA control I
SA control 48h
SA control 96h
B) GBB medium C) GBB medium with NaCl 145 mM
8 8
7 , , 7 ’ 1
6 6
- dekk —
g! ] g!
23 83
-l -l
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Fig. 5. Inoculation of 48 h-old SA biofilm by PA in GBB medium A) Experimental diagram of sequential SA and PA inoculation (PA/SA 1:500), and CFU results B) in
GBB medium and C) in GBB medium with 145 mM NaCl (mean + standard deviation; n = 2*3). Statistical analysis was performed between mixed biofilm data and

the corresponding control at 48 h, ***p < 0.001.
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Table 2
Strain abbreviations used in this study.

Strain name Abbreviation Patient’s characteristics

P. aeruginosa PAO1 (CIP PA
104116)

MR S. aureus (ATCC ® SA
33591™)

B. cepacia (ATCC® BC
25416™)

mucoid P. aeruginosa, mPA patient n° 1, age 27
clinical strain (Toulouse colonization by SA and PA for more
Hospital) than a year

MSSA, clinical strain MSSA 3 strains detected: 1 MSSA; 2 PA
(Toulouse Hospital) (one mucoid, one non-mucoid); no

BC detected
MRSA, clinical strain MRSA patient n° 2, age 23

(Toulouse Hospital) colonization for more than a year by
SA; only
2 strains detected: 1 MRSA; 1 MSSA

no BC and no PA detected

comparison to the PA laboratory strain (Fig. 3A and Fig. 6A).

Regarding the MSSA and MRSA strains, their growth was quite
comparable (6.20 + 0.33 and 7.03 £ 0.11 Log CFU/mL, respectively) to
that of the SA laboratory strain (6.52 + 0.22 Log CFU/mL). Similar to
what was observed for the SA reference strain, a concentration of 145
mM NacCl did not produce a significant effect on the MSSA and MRSA
monospecies biofilms.

- Dual-Species mPA/MSSA and mPA/MRSA Biofilm Formation:
Dual-species biofilms of mPA/MSSA and mPA/MRSA were estab-

lished through co-inoculation (1:1) in the GBB medium, with or without
the addition of 145 mM NaCl (Fig. 6B-C).

Biofilm 6 (2023) 100153

In the absence of NaCl, the presence of mPA did not appear to impact
the growth of the two clinical SA strains. The adhered cell levels
remained similar to those observed in one-species biofilms, suggesting
that the tested clinical mPA strain did not outcompete either of the SA
strains. After 48 h of co-incubation, the competitive index (CI) for the
mPA/MSSA and mPA/MRSA biofilms were 1.04 and 1.23, respectively.
This indicates a slight dominance of the MRSA strain over the mPA strain
in the GBB medium.

With the introduction of 145 mM NaCl, a noteworthy rise in the mPA
cell population was observed in both mixed biofilms, reaffirming the
positive influence of NaCl on the formation of PA biofilms. Importantly,
the mucoid phenotype of mPA remained intact in the presence of NaCl,
both in single and dual-species biofilms. Additionally, a significant in-
crease in the MSSA adhered population (~0.6 Log CFU/mL) was noted
(Fig. 6B), indicating a favorable impact of NaCl on both populations
originating from the same patient. In contrast, NaCl did not significantly
affect the growth of the MRSA strain (Fig. 6C).

Remarkably, in these conditions, the populations were well-balanced
within both biofilms. The calculated CIs were 0.97 and 0.94 for the
mPA/MSSA and mPA/MRSA biofilms, respectively, highlighting the
absence of a competitive advantage for either species.

2.5. Multi-species experiments and B. Cepacia inclusion

Incorporating B. cepacia into the experiments added another
dimension to our study, considering it is often identified in CF-
associated lung infections [86,87]. To begin, we examined 1:1
co-cultures in GBB, investigating interactions between BC and PA and
SA, respectively (Supplementary Fig. 4). In the case of PA/BC biofilms,
both PA and BC adhered populations remained stable at 7.19 4+ 0.05 and
7.57 £ 0.15 Log CFU/mL, respectively. This finding underscores that
these two Gram-negative species thrive together within biofilms (Sup-
plementary Fig. 4B). In the SA/BC 48-h biofilms, the quantification of

A) mPA, MSSA, and MRSA biofilms

8

7 z

o

Log (CFU/mL)

GBB (control)

B) mPA-MSSA biofilms
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GBB (control) GBB + NaCl 145 mM

amPA
MSSA
MRSA

GBB + NaCl 145 mM

C) mPA-MRSA biofilms
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Fig. 6. Quantification of clinical strains biofilms after 48 h in GBB and GBB supplemented with 145 mM NaCl A) mPA, MSSA and MRSA one-species biofilms, B)
mPA-MSSA biofilms (inoculum ration 1:1), and C) mPA-MRSA biofilms (inoculum ration 1:1) (mean + standard deviation; n = 2*3). **p < 0.01; ***p < 0.001.
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adhered cells exhibited a significant reduction in SA cells (a 2.2 Log
reduction), while the BC population remained unchanged (Supplemen-
tary Fig. 4C). Interestingly, this behavior mirrored what was observed in
PA/SA biofilms in GBB.

Advancing our exploration, we ventured into three-species biofilms
encompassing PA, SA, and BC in GBB medium for 48 h, using a PA/SA/
BC 1:500:1 inoculation ratio (Fig. 7). The outcomes revealed that SA was
the least abundant species, registering 3.32 + 0.90 Log CFU/mL, while
the other two species exceeded 6 Log CFU/mL after 48 h.

In the presence of 145 mM NaCl, a substantial shift in species dis-
tribution was noted. While the PA population remained steady, the
adhered SA population surged by 4.05 Log and took on a dominant role.
Conversely, BC emerged as the least abundant species, experiencing a
decline of 0.75 Log in adhered cells. Furthermore, observations through
confocal microscopy demonstrated an increase in Syto9 fluorescence
from 64.5% to 74.0%, indicating a growth of the Gram-positive cell
population in the presence of 290 mM NaCl (Fig. 8D and Table S1) when
compared to the control (Fig. 8B and Table S1). These findings solidify
that NaCl exerts a positive effect on the capacity of SA to thrive within
mixed biofilms.

Since NaCl had no significant impact on one-species BC biofilms
(Supplementary Fig. 4A), these results suggest that the decrease in the
BC sessile population in the presence of NaCl primarily arises from shifts
in species interactions within the biofilm, rather than a direct inhibitory
effect of NaCl on BC growth.

3. Discussion

Cystic fibrosis-related infections predominantly stem from the colo-
nization of the lungs by various biofilm-producing pathogens, notably
Pseudomonas aeruginosa (PA), Staphylococcus aureus (SA), and Bur-
kholderia cepacia (BC). As patients age and the disease advances, there’s
a gradual transition from SA to PA, although SA’s presence is not
entirely supplanted and often persists alongside PA in around 65% of
cases [9]. Simultaneously, cystic fibrosis-associated infections involving
B. cepacia are frequently linked to a grave prognosis [40,41]. What adds
to the concern is the observation that these pathogens have been
co-isolated in several patients. By examining the sputum of 21 cystic
fibrosis patients, [13] found that in 5 of these cases, they were able to
co-isolate P. aeruginosa, S. aureus, and members of the B. cepacia com-
plex. This discovery underscores the potential for concurrent infection
by all three species [13]. In a more extensive study conducted by
Granchelli et al. (2018), involving 28,042 CF patients, these three spe-
cies were found to be co-isolated in a substantial proportion of cases
[14].

The cystic fibrosis (CF) environment plays a central role in the
development of infectious biofilms, and tailored culture media have
been formulated to mimic the chemical makeup of CF sputum. These
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Fig. 7. CFU quantification after 48h of PA/SA/BC three-species biofilms.
Inoculum ratio PA/SA/BC 1:500:1 in GBB or GBB supplemented with 145
mM NacCl (mean + standard deviation; n = 2*3). ***p < 0.001.
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media include essential components like amino acids, DNA, and mucin
[32-35]. Among the chemical alterations observed in the airway surface
liquid (ASL) of CF patients, the elevation of NaCl levels has emerged as a
pivotal factor driving the development of biofilms within the ASL [2,
42]. Building upon this insight, the current study seeks to explore the
impact of NaCl on the growth of biofilms formed by PA, SA, and BC, both
individually and in combination.

Building on prior research, we devised culture conditions to facilitate
the concurrent growth of biofilms involving the three bacteria under
scrutiny. These conditions were predicated on a restrained inoculum,
utilizing a minimally composed medium enriched with glucose (GBB).
The selection of glucose was predicated on its capacity to induce the
upregulation of the pslA gene, a pivotal factor in PA biofilm formation
[43]. Our approach involved intentionally minimizing or eliminating
planktonic growth through strategies such as implementing new
nutrient inputs, removing planktonic cells through medium renewal at
4-h and 24-h intervals. This strategic design aimed to foster biofilm
development over the proliferation of planktonic populations [36,37].
Through these efforts, we achieved biofilms comprising adhered pop-
ulations exceeding 6 Log (CFU/mL) for each bacterium, encompassing
both reference strains and CF clinical isolates. These outcomes were
realized after 48 h of incubation in GBB (Supplementary Fig. 2).

Our initial focus centered on PA/SA communities, driven by SA’s
capability to flourish in highly concentrated NaCl media [29]; [44].
Additionally, the widespread presence of PA further underscored the
relevance of investigating this pair [45,46].

In a recent comprehensive review exploring the intricate dynamics
between PA and SA, and delving into a thorough examination of in vitro
co-culture experiments involving these two species, the authors
emphasized the necessity of accounting for the impact of the microen-
vironment and strains with distinct genetic backgrounds. This emphasis
on considering such factors becomes pivotal in the study of interactions
between PA and SA [11].

Initial findings from the dual-species PA/SA (1:1) co-culture in GBB
unmistakably demonstrated a competitive interaction between the two
reference strains. It also underscored the challenge faced by SA in sus-
taining its presence within mixed biofilms. In contrast, the PA popula-
tion exhibited stability akin to that seen in one-species biofilms. These
observations align with prior research that has consistently indicated the
tendency for PA to outcompete SA under simultaneous and equivalent
ratio inoculations [47,48]. In pursuit of a well-balanced mixed biofilm,
it was imperative to maintain a PA-SA ratio of at least 1:500, in line with
findings from a preceding investigation [49].

Considering the classical sequence of lung infection in the CF context
[31,50], we devised an experiment wherein 48-h-old SA biofilms were
inoculated with a PA suspension. The outcomes of introducing PA onto
pre-existing SA biofilms distinctly highlighted the antagonist nature of
PA, leading to a notable reduction of 3 logs in the adherent SA popu-
lation (Fig. 5). This pattern reveals that SA initially establishes growth
within the biofilm but is subsequently outcompeted by PA. This phe-
nomenon aligns with observations made by Woods et al., who similarly
noted a 2-log reduction in viable SA cells 24 h after introducing PA onto
5-day-old SA biofilms [51]. The findings from our gPCR analysis
strongly imply that the SA population comprises cells that are either
non-viable or non-culturable. Consequently, we corroborated that PA
has the capacity to supplant a well-established SA biofilm (as indicated
by CFU counts), even when the initial ratio favors SA.

As observed in prior in vitro and in vivo investigations, this behavior
can be attributed to metabolic adaptations in both SA and PA, stemming
from the competition for nutrients [48,52,53], but also of cooperation
between the two species [85]. Recent studies also reported that tran-
scriptomic modifications occur and affect the motility and virulence of
PA [49] as well as SA amino acid and carbohydrate metabolisms, cell
division [49], and Quorum Sensing (QS) systems [54,55]. Quorum
Sensing, in particular, is widely acknowledged to exert a significant role
in the interactions between PA and SA. Notably, PA is recognized for
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Fig. 8. CLSM images of PA/SA/BC three-species biofilms after 48h in GBB or GBB supplemented with 290 mM NaCl (Inoculum ratio 1:500:1). Cells were
stained with A) and C) Syto9/PI for Live/Dead differentiation, and B) and D) Syto9/HI for Gram-/Gram-+.

producing various compounds that impact Staphylococcus species.
Among these, several molecules associated with the pgs QS system are
noteworthy, including siderophores for competing in iron uptake, such
as pyocyanin, which can inhibit SA’s oxidative respiration. Additionally,
there are proteases like LasA, capable of lysing SA, along with elastase
and rhamnolipids, inducing biofilm dispersal, and 2-n-heptyl-4
hydroxyquinoline N-oxide (HQNO) [51,56,571].

When PA and SA grow together, several PA QS genes (las], lasR, rhll,
rhiR and pgsH) are upregulated while some SA QS genes (sarA, sigB) are
downregulated, with the exception of agrB, which probably explains
why SA is not completely killed [51]. In SA, the agr system controls SA

attachment and biofilm development. It is also involved in virulence
factors expression and in the ability of SA to disperse from other com-
munities by stimulating the dispersal factors such as proteases and
phenol-soluble modulins (PSMs) [58,59].

Grandjean Lapierre et al. (2017) conducted a study that shed light on
the significance of airway salt concentrations among the multiple po-
tential factors influencing bacterial colonization and subsequent in-
fections in individuals with cystic fibrosis (CF), and propose the
integration of salt concentration measurements into the standard
assessment of CF respiratory tract samples. Although the precise sodium
chloride (NaCl) concentration levels may differ during infections, their
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research underscores the pivotal role of salt concentrations in shaping
bacterial dynamics within the pulmonary environment [60].

Thus, based on the salt composition of CF sputa previously reported
[33,60], we investigated three NaCl concentrations in supplementation
of the GBB minimal medium (72.5 mM, 145 mM, and 290 mM). The 145
mM median concentration corresponds to the NaCl volume transport
through the epithelial layer [39].

SA osmotolerance, with respect to high NaCl concentrations, has
been widely investigated on both planktonic and biofilm populations,
and attributed to the transcriptional sigma factor, oB, and the rbf and
icaA genes, widely conserved among staphylococci [30,44,61]. In this
study, we demonstrated the osmotolerance of SA, manifesting as a
consistently stable adhered biomass up to 1.7% NaCl (w/v) equivalent to
290 mM. Likewise, we observed a noteworthy beneficial impact of 1.7%
NaCl (w/v) on the adherent PA population. This concurs with existing
research highlighting PA’s halotolerance, which extends up to 5% (w/v)
NaCl, both in isolation and when co-cultured with SA [45,46,62].
Remarkably, interventions employing elevated hypertonic saline con-
ditions (ranging from 5.85% to 7.0% w/v) exhibited a positive impact on
lung function and the frequency of pulmonary exacerbations [63-66].

We also extended our investigation to include CF clinical isolates,
aiming to explore how elevated NaCl levels might influence their ca-
pacity to develop biofilms. Specifically, we focused on a mucoid strain of
P. aeruginosa (mPA), known for its overproduction of alginate, a trait
believed to facilitate biofilm formation [67,68]. The biofilm formed by
mPA exhibited a lower count of adherent cells compared to the PAO1
reference strain. It’s important to note that the utilization of a minimal
medium and operating under pseudo-static conditions does not
encourage the development of a PA biofilm at the air-liquid interface, as
is commonly observed [69].

Concerning the biofilm-forming capability of SA clinical strains, the
adherent population of MRSA surpassed that of both MSSA and the SA
methicillin-resistant laboratory strain. This finding reaffirms the influ-
ence of genetic background on the propensity to develop biofilms [70,
71]. Regarding two-species biofilms, initial findings indicated that both
MRSA and MSSA could coexist and thrive alongside the mucoid PA. This
observation aligns with prior research that highlighted how the mucoid
phenotype of PA promotes its coexistence with SA [68,72]. As noted by
O’Brien and Fothergill, the transition to mucoidy is frequently linked to
reduced virulence of PA, both in vitro and in vivo [57].

In the presence of 145 mM NaCl, a notable rise in mPA populations
was evident within the two mixed biofilms. However, an increase in the
SA population was specifically observed for the MSSA strain, which was
isolated from the same patient. Notably, across the evaluated range of
NaCl concentrations, we did not observe any antibacterial activity or
adverse effects on biofilm formation. This was further confirmed by the
absence of a substantial increase in damaged or dead cells, as indicated
by PI staining, even at higher NaCl concentrations. Therefore, the
pivotal outcome from the PA/SA biofilm investigation is the substantial
enhancement of SA’s colonization within mixed communities under
high NaCl levels, bolstering its resilience against PA’s antagonistic
behavior. Concurrently, PA adherent populations also demonstrated
gradual increments.

Subsequently, we proceeded to assess the capacity of B. cepacia to
grow independently and as part of two-species biofilms alongside PA
and SA. As far as our knowledge extends, the impact of NaCl on Bur-
kholderia has only been documented for B. cenocepacia and
B. pseudomallei. It’s worth noting that, in those instances, no discernible
alteration in growth rate was observed up to a NaCl concentration of
2.6% (w/v) [73], an increase in expression of several virulence factors
under NaCl stress has been reported [73-75]. In our experiments, we
found that NaCl had no discernible impact on pure BC biofilms.

When cultured alongside SA in GBB, BC demonstrates dominance,
yet does not entirely eliminate SA, aligning with findings from prior
investigations [76,77]. The decline in the adherent SA population in the
presence of BC could potentially be attributed to membrane damage
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resulting from enzymatic peptidoglycan lysis executed by BC [78].
Conversely, BC and PA exhibit a tangible ability to coexist and thrive in
tandem, a phenomenon potentially elucidated by BC’s competence to
utilize and react to PA’s Quorum Sensing signals [79,80].

Lastly, we also scrutinized the influence of 145 mM NaCl on a pol-
ymicrobial consortium comprising PA/SA/BC, comparing it with their
respective monospecies counterparts. Remarkably, we noted an
augmentation in total biomass in comparison to the three-species bio-
film devoid of NaCl, even though the composition of the biofilm was
substantially altered in terms of species distribution. At elevated NaCl
concentrations, SA emerges as the predominant species, affirming the
beneficial impact of NaCl on SA within mixed biofilms, while the PA
population remains constant. Simultaneously, a notable reduction of
1.86 Log was observed for the BC adherent population. These outcomes
unequivocally underscore that the solitary NaCl parameter holds the
capacity to modulate species distribution in static polymicrobial
biofilms.

In summary, this study sheds light on the intricate interplay between
microenvironments and polymicrobial communities comprising three
species that are often (co)-isolated in the context of CF infections. To the
best of our knowledge, it marks the inaugural attempt to delve into the
influence of NaCl concentration on the establishment of mono-to three-
species biofilms encompassing P. aeruginosa, S. aureus, and B. cepacia.
While acknowledging that these conditions may not perfectly replicate
the complexity of the CF environment, the significant role of heightened
NacCl concentrations in fostering and reshaping multi-species biofilms in
vitro strongly implies its pivotal involvement in lung colonization within
CF patients, as well as infection outcomes. A promising avenue of future
exploration will revolve around probing the adaptive responses of pol-
ymicrobial biofilms within these distinctive conditions.

4. Methods
4.1. Bacterial strains

Pseudomonas aeruginosa PAO1 wild type was obtained from the
Institute Pasteur Collection (CIP 104116, Paris, France). Methicillin-
resistant Staphylococcus aureus (MRSA, ATCC® 33591™) and Bur-
kholderia cepacia (ATCC® 25416™) were both obtained from the
ATCC® (Manassas, USA). Clinical strains: one mucoid P. aeruginosa and
two S. aureus strains: one methicillin-sensitive (MSSA) and one
methicillin-resistant (MRSA), were from the Collection of Purpan hos-
pital (Toulouse, France), isolated from CF patients on cetrimide and
mannitol salt agar, respectively (Table 2). Identification was performed
regarding macroscopic and microscopic characteristics and biochemical
properties (oxidase, catalase). Finally, strains were identified at the
species level by MALDI-TOF MS (Maldi Biotyper Microflex®, Bruker
Daltonics, Bremen, Germany; IVD 7712) (score >2.2). In the present
study, the bacterial strains will be referred to as follows:

Strains were frozen and kept at —80 °C in a 20% (v/v) glycerol stock
solution. Before each experiment, two successive subcultures were
prepared on trypticase soy agar (TSA, Biomérieux, Craponne, France)
and incubated for 24 h under aerobic conditions at 37 °C. Before each
experiment, 10® CFU/mL bacterial suspension was prepared by adjust-
ing OD at 640 nm to 0.150.

4.2. Media

The minimal culture medium used for the evaluation of multi-species
biofilm formation was selected regarding the composition of media
previously defined for PA and SA monospecies biofilms, respectively
MBB and BB [36,37] (Supplementary data). A first step studied the
biofilm formation of each species alone (PA, SA and BC, respectively) in
MBB and BB media. The new minimal medium, named
Glucose-supplemented Biofilm Broth (GBB, 1X), was used. GBB has the
same composition as BB, with supplementation with p-glucose (0.05
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g/L). The pH of the GBB medium was 7.26 + 0.03.
4.3. Biofilm formation

One-species biofilms were grown in 24-well microtiter plates for 48
h. The culture medium was composed of 900 pL of GBByx and 1.0 mL
distilled sterile water. The plate was inoculated with 100 pL of a 102
CFU/mL (10 CFU/well) bacterial suspension of P. aeruginosa, S. aureus or
B. cepacia, derived from a 10® CFU/mL suspension in the corresponding
2X medium through serial dilutions. For all experiments, CFUs numer-
ation was controlled on the prepared suspension. Then, the microtiter
plate was incubated at 37 °C, under aerobic conditions. During incu-
bation, each well was emptied and rinsed twice with distilled sterile
water, and the culture medium was renewed after 4 h and 24 h of cul-
ture. The enumeration of adhered bacteria was carried out as previously
described [81]. In brief, at 4 h, 24 h, and 48 h of culture, the medium was
aspirated, and each well was rinsed twice using 2.0 mL of sterile distilled
water. Subsequently, 1.0 mL of sterile distilled water was introduced to
the microtiter plate, and the bottom of each well was gently scraped
with a sterile spatula. The content of each well was collected, and serial
dilutions were prepared. Next, 100 pL from each dilution was spread
onto TSA plates, which were then incubated at 37 °C for 24 h. Following
incubation, the Colony Forming Units (CFUs) were enumerated, and the
concentration was calculated in terms of Log (CFU/mL).

For two- and three-species biofilm formation, the volume of GBBox
medium was adapted, depending on the volume of bacterial suspension.
For two-species biofilms, 800 uL GBByx were added to 100 pL of each
suspension and, for three-species biofilms, 700 pL GBB,x was added to
100 pL of each of the three suspensions. Thus, since suspensions were
prepared in culture medium, the final volume of GBByx was constant
(1.0 mL), and 1.0 mL of sterile distilled water was added to it. PA and BC
were always inoculated with a 10? CFU/mL suspension, while various
inoculum concentrations of SA, from 10?> CFU/mL to 5.10* CFU/mL,
were assayed (10 to 5.10° CFU/well). After inoculation, the microtiter
plate was incubated at 37 °C for 48 h. The culture medium was also
renewed at 4 h and 24 h of incubation and biofilm sampling was per-
formed in the same way as for one-species biofilm formation. In order to
quantify each population individually, SA CFU were counted on
Mannitol Salt Agar medium, and PA and BC CFU numeration was carried
out on TSA, based on their different morphology. The utilization of the
crystal violet (CV) staining assay was deemed unsuitable due to its non-
specific characteristics, which prevent the differentiation of species
within polymicrobial communities [82].

In the case of PA/SA two-species biofilms, the competitive index (CI)
was computed using the following formula, where "Log" represents the
Log (CFU/ml):

_ Log SAfina / Log PAgina
" Log SAniia/Log PAiniial

4.4. Exploration of NaCl concentration effect on adhered populations

Three distinct NaCl concentrations were assessed: 72.5 mM, 145
mM, and 290 mM. To create solutions with double concentration (2X),
sterile distilled water was utilized. In each well, except for the control,
1.0 ml of the NaCl solution (2X) was introduced. Alternatively, in the
control well, 1.0 ml of sterile distilled water was added. The NaCl used
was procured from Sigma-Aldrich (Saint-Quentin Fallavier, France).

4.5. Sequential inoculation of S. aureus and P. aeruginosa

SA biofilms were cultivated in a 24-well microtiter plate using the
GBB medium for a duration of 48 h. The microplates were arranged
following the single-species biofilm procedure, incorporating medium
renewals at 4 h and 24 h into the incubation, as previously outlined.
Once the 48-h period was reached, the microplate wells underwent two
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rinses with sterile distilled water, after which the culture medium was
refreshed. Wells designated for two-species biofilms were subsequently
subjected to inoculation with 100 pL of a suspension containing 102
CFU/mL of PA. Following PA inoculation (t = 72 h), the medium was
renewed after an additional 24 h. At the culmination of 48 h post-PA
inoculation, the process of biofilm sampling and quantification was
conducted in line with the protocol delineated for the two-species bio-
film. Control wells encompassing SA were utilized to assess the SA
population prior to PA introduction (designated as control t0), while
another control was maintained throughout the entire duration of the
experiment (designated as control 48 h). Additionally, a separate control
experiment, lasting 48 h and involving PA alone, was also executed.

4.6. Confocal Laser Scanning Microscopy (CLSM)

CLSM acquisitions were performed for qualitative purposes
regarding the ratio of viable/damaged cells (Syto9/IP) and the distri-
bution of SA within the biofilm (Syto9/HI).

Biofilms were grown in a 6-well plate, by adjusting the 24-well assay
proportions. Observations were made at the Fédération de la Recherche
Agrobiosciences Interactions et Biodiversité (FRAIB) with a Perkin
Elmer Ultraview spinning disk microscope equipped with a x60 im-
mersion objective (Nikon) and an EM_CCD camera (Hamamatsu). Bio-
films were stained with fluorescent labelling Syto9 and propidium
iodide (PI) to distinguish live/dead bacteria (0.5 pL was necessary for
each marker). For Gram-positive/Gram-negative differentiation, Syto9
and hexidium iodide (HI) stains were used. Signals were recorded in the
green channel (excitation 488 nm, emission 500-540 nm) for Syto9 and
in the red channel (excitation 561 nm, emission 553-623 nm) for both PI
and HI. The staining products were purchased from ThermoFisher Sci-
entific (Illkirch, France). Furthermore, for each sample observed using
CLSM (1 well of 6-well microplate), at least 3 acquisitions were made to
obtain a more accurate representation of the whole biofilm. The re-
ported images were the most representative of the well. Images were
acquired using the Volocity software and processed with ImageJ
(1.53a). The relative quantification of the fluorescence from Syto9/PI
and Syto9/HI stains was calculated for the red and green fluorescence,
respectively and reported in Table S1.

4.7. qPCR analysis

Bacterial lysis and DNA extraction were performed for Gram-
negative and Gram-positive bacteria on 200 pL or 1.0 mL samples,
respectively, obtained after microplate scraping. This step was carried
out using the QIAamp DNA Mini Kit protocol (Qiagen, France).

The primer sequences are listed in Supplementary Table 1. Two
different primers were used for these experiments: primers of the
P. aeruginosa rhlR gene and a primer of the S. aureus femA gene. The
design of P. aeruginosa PAO1 rhIR primers was previously performed by
Ref. [83] using the Primer Express software [v.3.0] [83].

S. aureus quantification was performed using the primers employed
by Francois et al. [84]. They designed primers for the femA gene, coding
for aminoacyltransferase FemA and partly responsible for the
methicillin-resistant phenotype of Staphylococcus. To ensure the spec-
ificity of the primers, their sequences were first subjected to a BLAST
analysis on the genome of the bacteria carrying the gene from which
primers were designed. A similar analysis was carried out on the genome
of the other bacteria studied (PA, SA and BC). Further analysis con-
cerning guanine and cytosine contents, melting temperature, and homo-
and heterodimer formation were carried out using the online software
OligoAnalyzer [© 2019 Integrated DNA Technologies, Inc.].

DNA quantification used 12.5 pL of the QSYBR green supermix (Bio-
Rad, France) complemented with 0.5 pL of forward primer (10 pM), 0.5
uL of reverse primer (10 pM) and 6.5 pL of elution buffer. Finally, 5.0 uL
of DNA sample from both the microplate and the calibration range ex-
periments (know bacterial concentrations from 102 to 108 CFU/mL
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prepared from subcultures on TSA and suspended in PBS), were added.
For all qPCR experiments, three technical replicates and three inde-
pendent assays were performed (n = 3x3). The minimal R2 obtained was
0.99 for both evaluated species. Each analysed sample was quantified at
least in triplicate. QPCR was then performed in an IQ5 thermocycler
(Bio-Rad, France). The Gram-negative quantification program was set as
follows: initial denaturation: 3 min, 95 °C; 50 runs to visualise fluores-
cence and threshold values well; CT: denaturation: 10 s, 95 °C; hybrid-
isation: 30 s, 60 °C and elongation, 30 s, 72 °C. Melting curves were also
analysed: 1 min, 95 °C + 1 min, 55 °C. Then a rise in temperature from
55 °C to 95 °C allowed the temperature characteristic of the amplifica-
tion to be identified and, thus, the specific binding of the primers to be
verified [83]. The Gram-positive quantification was performed using the
following cycling parameters: 2 min at 50 °C followed by 10 min at
95 °C; denaturation: 15 s, 95 °C (50); hybridisation: 1 min at 60 °C (50)
and elongation: 30 s, 72 °C (50) [84]. Melting curves were also drawn as
previously detailed. Results were expressed as Genomic Units (GU).

4.8. Statistical analysis

For each experiment with CFU counts, two technical replicates were
performed on two distinct wells. Independent assays were performed at
least three times for all experiments (n = 2x3 or n = 2x4) except for
assays on referenced strains for the selection of a Minimal Medium and
for assay on two-species biofilms with NaCl using the same inoculum
(1:1) (two independent assays; n = 2x2) (Supplementary data). For
qPCR analysis, 3 technical replicates were performed in three indepen-
dent assays (n = 3x3). All statistical analyses were performed using R-
studio interface [v1.2.5001]. In order to evaluate the difference between
two samples, a Student-t-test was used, after verification of data
normality via a Shapiro-Wilk test. Whenever normality was not
demonstrated, a Wilcoxon-Mann-Whitney test was carried out. Statisti-
cally significant values were defined as p-values of 0.05 (*), 0.01 (**), or
0.001 (***). Specific statistical analysis comparing Log (CFU/mL) and
GU data (Fig. 3) were also represented as follows: p < 0.05 (°); p < 0.01
(°°); p < 0.001 (°°°).

Credit author statement

F.E.G: conceived and supervised the study. C.R: conceived the study.
J.T: carried-out the experiments, statistical analysis, and redaction of the
first draft of the manuscript. J.T: carried out the microscopy analyses. M.
R: carried out the microscopy analyses. J.T: contributed to conception
and planning the experiments, to results interpretation, as well as
redaction and revisions of the manuscript. C.R: contributed to concep-
tion and planning the experiments, to results interpretation, as well as
redaction and revisions of the manuscript. F.E.G: contributed to
conception and planning the experiments, to results interpretation, as
well as redaction and revisions of the manuscript. M.R: participated to
discussion and results interpretation. B.L: participated to discussion and
results interpretation. All authors contributed to manuscript revision,
read, and approved the submitted version.

Declaration of interests

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Fatima El Garah reports financial support was provided by Regional
Council of Occitanie.

Data availability

Data will be made available on request.

11

Biofilm 6 (2023) 100153

Acknowledgements

This research work was funded by the “Ministére Frangais de 1'En-
seignement Supérieur et de la Recherche” (PhD fellowship for J.T.), the
Regional Council of Occitanie and Toulouse Tech Transfer for valori-
zation and transfer (Funding number: ESR_ PREMAT-00325, PI: F. El
Garah).

Authors thank Pr. Eric Oswald and Dr. Hélene Guet-Revillet from the
Toulouse Purpan Hospital for providing the clinical strains. Authors also
thank Dr. Ludovic Pilloux for discussion.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioflm.2023.100153.

References
[1] Elborn JS. Cystic fibrosis. Lancet 2016;388(10059):2519-31. https://doi.org/
10.1016/50140-6736(16)00576-6.
Zabner J, Smith JJ, Karp PH, Widdicombe JH, Welsh MJ. Loss of CFTR chloride
channels alters salt absorption by cystic fibrosis airway epithelia in vitro. Mol Cell
1998;2(3):397-403. https://doi.org/10.1016/51097-2765(00)80284-1.
Widdicombe J. Altered NaCl concentration of airway surface liquid in cystic
fibrosis. Pfliigers Archiv 2001;443(1):S8-10. https://doi.org/10.1007/
s004240100636.
Hanssens LS, Duchateau J, Casimir GJ. CFTR protein: not just a chloride channel?
Cells 2021;10(11). https://doi.org/10.3390/cells10112844.
Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Hgiby N, Molin S.
Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an
evolutionary perspective. Nat Rev Microbiol 2012;10(12):841-51. https://doi.org/
10.1038/nrmicro2907.
LiPuma J. The changing microbial epidemiology in cystic fibrosis. Clin Microbiol
Rev 2010;23(2):299-323. https://doi.org/10.1128/CMR.00068-09.
Hubert D, Réglier-Poupet H, Sermet-Gaudelus I, Ferroni A, Le Bourgeois M,
Burgel P-R, Serreau R, Dusser D, Poyart C, Coste J. Association between
Staphylococcus aureus alone or combined with Pseudomonas aeruginosa and the
clinical condition of patients with cystic fibrosis. J Cyst Fibros 2013;12(5):
497-503. https://doi.org/10.1016/j.jcf.2012.12.003.
Pallett R, Leslie LJ, Lambert PA, Milic I, Devitt A, Marshall LJ. Anaerobiosis
influences virulence properties of Pseudomonas aeruginosa cystic fibrosis isolates
and the interaction with Staphylococcus aureus. Sci Rep 2019;9(1):6748. https://
doi.org/10.1038/541598-019-42952-x.
Briaud P, Bastien S, Camus L, Boyadjian M, Reix P, Mainguy C, Vandenesch F,
Doléans-Jordheim A, Moreau K. Impact of coexistence phenotype between
Staphylococcus aureus and Pseudomonas aeruginosa isolates on clinical outcomes
among cystic fibrosis patients. Front Cell Infect Microbiol 2020;10. https://doi.
org/10.3389/fcimb.2020.00266.
Fischer AJ, Singh SB, LaMarche MM, Maakestad LJ, Kienenberger ZE, Pena TA,
Stoltz DA, Limoli DH. Sustained coinfections with Staphylococcus aureus and
Pseudomonas aeruginosa in cystic fibrosis. Am J Respir Crit Care Med 2021;203
(3):328-38. https://doi.org/10.1164/rccm.202004-13220C.
Yung DBY, Sircombe KJ, Pletzer D. Friends or enemies? The complicated
relationship between Pseudomonas aeruginosa and Staphylococcus aureus. Mol
Microbiol 2021;116(1):1-15. https://doi.org/10.1111/mmi.14699.
Sfeir MM. Burkholderia cepacia complex infections: more complex than the
bacterium name suggest. J Infect 2018;77(3):166-70. https://doi.org/10.1016/j.
jinf.2018.07.006.
Schwab U, Abdullah Lubna H, Perlmutt Olivia S, Albert D, Davis CW, Arnold
Roland R, Yankaskas James R, Gilligan P, Neubauer H, Randell Scott H, Boucher
Richard C. Localization of Burkholderia cepacia complex bacteria in cystic fibrosis
lungs and interactions with Pseudomonas aeruginosa in hypoxic mucus. Infect
Immun 2014;82(11):4729-45. https://doi.org/10.1128/1ai.01876-14.
Granchelli Ann M, Adler Frederick R, Keogh Ruth H, Kartsonaki C, Cox David R,
Liou Theodore G. Microbial interactions in the cystic fibrosis airway. 10.1128/
jem.00354-00318 J Clin Microbiol 2018;56(8). https://doi.org/10.1128/
jem.00354-18.
Otto M. Staphylococcal infections: mechanisms of biofilm maturation and
detachment as critical determinants of pathogenicity. Annu Rev Med 2013;64(1):
175-88. https://doi.org/10.1146/annurev-med-042711-140023.
Van Acker H, Sass A, Bazzini S, De Roy K, Udine C, Messiaen T, Riccardi G, Boon N,
Nelis HJ, Mahenthiralingam E, Coenye T. Biofilm-grown Burkholderia cepacia
complex cells survive antibiotic treatment by avoiding production of reactive
oxygen species. PLoS One 2013;8(3):e58943. https://doi.org/10.1371/journal.
pone.0058943.
Ciofu O, Tolker-Nielsen T. Tolerance and resistance of Pseudomonas aeruginosa
biofilms to antimicrobial agents—how P. aeruginosa can escape antibiotics. Front
Microbiol 2019;10(913). https://doi.org/10.3389/fmicb.2019.00913.
Komor U, Bielecki P, Loessner H, Rohde M, Wolf K, Westphal K, Weiss S,
Haussler S. Biofilm formation by Pseudomonas aeruginosa in solid murine tumors —

[2]

[3]

[4]

[5

=

[6]

71

[8

[}

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]


https://doi.org/10.1016/j.bioflm.2023.100153
https://doi.org/10.1016/j.bioflm.2023.100153
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1016/S1097-2765(00)80284-1
https://doi.org/10.1007/s004240100636
https://doi.org/10.1007/s004240100636
https://doi.org/10.3390/cells10112844
https://doi.org/10.1038/nrmicro2907
https://doi.org/10.1038/nrmicro2907
https://doi.org/10.1128/CMR.00068-09
https://doi.org/10.1016/j.jcf.2012.12.003
https://doi.org/10.1038/s41598-019-42952-x
https://doi.org/10.1038/s41598-019-42952-x
https://doi.org/10.3389/fcimb.2020.00266
https://doi.org/10.3389/fcimb.2020.00266
https://doi.org/10.1164/rccm.202004-1322OC
https://doi.org/10.1111/mmi.14699
https://doi.org/10.1016/j.jinf.2018.07.006
https://doi.org/10.1016/j.jinf.2018.07.006
https://doi.org/10.1128/iai.01876-14
https://doi.org/10.1128/jcm.00354-18
https://doi.org/10.1128/jcm.00354-18
https://doi.org/10.1146/annurev-med-042711-140023
https://doi.org/10.1371/journal.pone.0058943
https://doi.org/10.1371/journal.pone.0058943
https://doi.org/10.3389/fmicb.2019.00913

J. Trognon et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

a novel model system. Microb Infect 2012;14(11):951-8. https://doi.org/10.1016/
j-micinf.2012.04.002.

Kirchner S, Fothergill JL, Wright EA, James CE, Mowat E, Winstanley C. Use of
artificial sputum medium to test antibiotic efficacy against Pseudomonas
aeruginosa in conditions more relevant to the cystic fibrosis lung. J Vis Exp 2012;
(64):e3857. https://doi.org/10.3791/3857.

Diaz Iglesias Y, Wilms T, Vanbever R, Van Bambeke F. Activity of antibiotics
against Staphylococcus aureus in an in vitro model of biofilms in the context of
cystic fibrosis: influence of the culture medium. Antimicrob Agents Chemother
2019;63(7):e00602-00619. https://doi.org/10.1128/AAC.00602-19.

Diaz Iglesias Y, Van Bambeke F. Activity of antibiotics against Pseudomonas
aeruginosa in an in vitro model of biofilms in the context of cystic fibrosis:
influence of the culture medium. Antimicrob Agents Chemother 2020;64(4):
€02204-02219. https://doi.org/10.1128/AAC.02204-19.

Maura D, Rahme LG. Pharmacological inhibition of the Pseudomonas aeruginosa
MvfR quorum-sensing system interferes with Biofilm Formation and potentiates
antibiotic-mediated biofilm disruption. Antimicrob Agents Chemother 2017;61
(12):e01362-01317. https://doi.org/10.1128/aac.01362-17.

Qvortrup K, Hultqvist LD, Nilsson M, Jakobsen TH, Jansen CU, Uhd J, Andersen JB,
Nielsen TE, Givskov M, Tolker-Nielsen T. Small molecule anti-biofilm agents
developed on the basis of mechanistic understanding of Biofilm Formation. Front
Chem 2019;7(742). https://doi.org/10.3389/fchem.2019.00742.

Trognon J, Vera G, Rima M, Stigliani J-L, Amielet L, El Hage S, Lajoie B, Roques C,
El Garah F. Investigation of direct and retro chromone-2-carboxamides based
analogs of Pseudomonas aeruginosa quorum sensing signal as new anti-biofilm
agents. Pharmaceuticals 2022;15(4). https://doi.org/10.3390/ph15040417.

Vyas HKN, Xia B, Mai-Prochnow A. Clinically relevant in vitro biofilm models: a
need to mimic and recapitulate the host environment. Biofilm 2022;4:100069.
https://doi.org/10.1016/j.bioflm.2022.100069.

O’Toole GA, Crabbé A, Kiimmerli R, LiPuma JJ, Bomberger JM, Davies JC,
Limoli D, Phelan VV, Bliska JB, DePas WH, Dietrich LE, Hampton TH, Hunter R,
Khursigara CM, Price-Whelan A, Ashare A, Cramer RA, Goldberg JB, Harrison F,
Hogan DA, Henson MA, Madden DR, Mayers JR, Nadell C, Newman D, Prince A,
Rivett DW, Schwartzman JD, Schultz D, Sheppard DC, Smyth AR, Spero MA,
Stanton BA, Turner PE, van der Gast C, Whelan FJ, Whitaker R, Whiteson K,
Parsek MR. Model systems to study the chronic, polymicrobial infections in cystic
fibrosis: current approaches and exploring future directions. mBio 2021;12(5):
e01763-01721. https://doi.org/10.1128/mBio.01763-21.

Van den Bossche S, De Broe E, Coenye T, Van Braeckel E, Crabbé A. The cystic
fibrosis lung microenvironment alters antibiotic activity: causes and effects. Eur
Respir Rev 2021;30(161):210055. https://doi.org/10.1183/16000617.0055-2021.
Smith JJ, Travis SM, Greenberg EP, Welsh MJ. Cystic fibrosis airway epithelia fail
to kill bacteria because of abnormal airway surface fluid. Cell 1996;85(2):229-36.
https://doi.org/10.1016/50092-8674(00)81099-5.

Lim Y, Jana M, Luong Thanh T, Lee Chia Y. Control of glucose- and NaCl-induced
Biofilm Formation by rbf in Staphylococcus aureus. J Bacteriol 2004;186(3):722-9.
https://doi.org/10.1128/JB.186.3.722-729.2004.

Lee S, Choi KH, Yoon Y. Effect of NaCl on Biofilm Formation of the isolate from
Staphylococcus aureus outbreak linked to ham. Korean J food Sci Animal Resour
2014;34(2):257-61. https://doi.org/10.5851/kosfa.2014.34.2.257.

Elborn JS, Bell SC, Madge SL, Burgel P-R, Castellani C, Conway S, De Rijcke K,
Dembski B, Drevinek P, Heijerman HGM, Innes JA, Lindblad A, Marshall B,
Olesen HV, Reimann AL, Solé A, Viviani L, Wagner TOF, Welte T, Blasi F. Report of
the European Respiratory Society/European Cystic Fibrosis Society task force on
the care of adults with cystic fibrosis. Eur Respir J 2016;47(2):420. https://doi.
org/10.1183/13993003.00592-2015.

Ghani M, Soothill JS. Ceftazidime, gentamicin, and rifampicin, in combination, kill
biofilms of mucoid Pseudomonas aeruginosa. Can. J Microbiol 1997;43(11):
999-1004. https://doi.org/10.1139/m97-144.

Palmer KL, Aye LM, Whiteley M. Nutritional cues control Pseudomonas aeruginosa
multicellular behavior in cystic fibrosis sputum. J Bacteriol 2007;189(22):
8079-87. https://doi.org/10.1128/JB.01138-07.

Fung C, Naughton S, Turnbull L, Tingpej P, Rose B, Arthur J, Hu H, Harmer C,
Harbour C, Hassett DJ, Whitchurch CB, Manos J. Gene expression of Pseudomonas
aeruginosa in a mucin-containing synthetic growth medium mimicking cystic
fibrosis lung sputum. J Med Microbiol 2010;59:1089-100. https://doi.org/
10.1099/jmm.0.019984-0.

Turner KH, Wessel AK, Palmer GC, Murray JL, Whiteley M. Essential genome of
Pseudomonas aeruginosa in cystic fibrosis sputum. Proc. Nat. Ac. Sci. USA 2015;
112(13):4110-5. https://doi.org/10.1073/pnas.1419677112.

Samrakandi MM, Roques C, Michel G. Influence of trophic conditions on
exopolysaccharide production: bacterial biofilm susceptibility to chlorine and
monochloramine. Can J Microbiol 1997;43(8):751-8. https://doi.org/10.1139/
m97-108.

Khalilzadeh P, Lajoie B, El Hage S, Furiga A, Baziard G, Berge M, Roques C. Growth
inhibition of adherent Pseudomonas aeruginosa by an N-butanoyl-l-homoserine
lactone analog. Can J Microbiol 2010;56(4):317-25.

Miller CL, Van Laar TA, Chen T, Karna SLR, Chen P, You T, Leung KP. Global
transcriptome responses including small RNAs during mixed-species interactions
with methicillin-resistant Staphylococcus aureus and Pseudomonas aeruginosa.
MicrobiologyOpen 2017;6(3):e00427. https://doi.org/10.1002/mbo3.427.

Zajac M, Lewenstam A, Stobiecka M, Dotowy K. New ISE-based apparatus for Na*,
K*, CI™, pH and transepithelial potential difference real-time simultaneous
measurements of ion transport across epithelial cells monolayer-advantages and
pitfalls. Sensors 2019;19(8). https://doi.org/10.3390/s19081881.

12

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Biofilm 6 (2023) 100153

Major TA, Panmanee W, Mortensen JE, Gray LD, Hoglen N, Hassett DJ. Sodium
nitrite-mediated killing of the major cystic fibrosis pathogens Pseudomonas
aeruginosa, Staphylococcus aureus, and Burkholderia cepacia under anaerobic
planktonic and biofilm conditions. Antimicrob Agents Chemother 2010;54(11):
4671-7. https://doi.org/10.1128/AAC.00379-10.

Ganesh PS, Vishnupriya S, Vadivelu J, Mariappan V, Vellasamy KM, Shankar EM.
Intracellular survival and innate immune evasion of Burkholderia cepacia:
improved understanding of quorum sensing-controlled virulence factors, biofilm,
and inhibitors. Microbiol Immunol 2020;64(2):87-98. https://doi.org/10.1111/
1348-0421.12762.

Ballok AE, O’Toole GA. Pouring salt on a wound: Pseudomonas aeruginosa
virulence factors alter Na™ and Cl~ flux in the lung. J Bacteriol 2013;195(18):
4013-9. https://doi.org/10.1128/JB.00339-13.

She P, Wang Y, Liu Y, Tan F, Chen L, Luo Z, Wu Y. Effects of exogenous glucose on
Pseudomonas aeruginosa biofilm formation and antibiotic resistance.
MicrobiologyOpen 2019;8(12):€933. https://doi.org/10.1002/mbo3.933.

Casey D, Sleator RD. A genomic analysis of osmotolerance in Staphylococcus
aureus. Gene 2021;767:145268. https://doi.org/10.1016/j.gene.2020.145268.
Sivaprakasam S, Mahadevan S, Sekar S, Rajakumar S. Biological treatment of
tannery wastewater by using salt-tolerant bacterial strains. Microb Cell Factories
2008;7(1):15. https://doi.org/10.1186/1475-2859-7-15.

Khan NH, Ahsan M, Taylor WD, Kogure K. Culturability and survival of marine,
freshwater and clinical Pseudomonas aeruginosa. advpub Microbes Environ 2009.
https://doi.org/10.1264/jsme2.ME09178. 1008090221-1008090221.

Yang L, Liu Y, Markussen T, Hgiby N, Tolker-Nielsen T, Molin S. Pattern
differentiation in co-culture biofilms formed by Staphylococcus aureus and.
Pseudomonas aeruginosa. FEMS Immunol Med Microbiol 2011;62(3):339-47.
https://doi.org/10.1111/j.1574-695X.2011.00820.x.

Filkins LM, Graber JA, Olson DG, Dolben EL, Lynd LR, Bhuju S, O’Toole GA,
DiRita VJ. Coculture of Staphylococcus aureus with Pseudomonas aeruginosa
drives S. aureus towards fermentative metabolism and reduced viability in a cystic
fibrosis model. J Bacteriol 2015;197(14):2252-64. https://doi.org/10.1128/
JB.00059-15.

Reigada I, San-Martin-Galindo P, Gilbert-Girard S, Chiaro J, Cerullo V, Savijoki K,
Nyman TA, Fallarero A, Miettinen I. Surfaceome and exoproteome dynamics in
dual-species Pseudomonas aeruginosa and Staphylococcus aureus biofilms. Front
Microbiol 2021;12. https://doi.org/10.3389/fmicb.2021.672975.

Coutinho HDM, Falcao-Silva VS, Gongalves FG. Pulmonary bacterial pathogens in
cystic fibrosis patients and antibiotic therapy: a tool for the health workers. Int
Arch Med 2008;1(1):24. https://doi.org/10.1186/1755-7682-1-24.

Woods PW, Haynes ZM, Mina EG, Marques CNH. Maintenance of S. aureus in Co-
culture with P. aeruginosa while growing as biofilms. Front Microbiol 2019;9.
https://doi.org/10.3389/fmicb.2018.03291.

Ibberson CB, Stacy A, Fleming D, Dees JL, Rumbaugh K, Gilmore MS, Whiteley M.
Co-infecting microorganisms dramatically alter pathogen gene essentiality during
polymicrobial infection. Nat Microbiol 2017;2(8):17079. https://doi.org/10.1038/
nmicrobiol.2017.79.

Tognon M, Kohler T, Luscher A, van Delden C. Transcriptional profiling of
Pseudomonas aeruginosa and Staphylococcus aureus during in vitro co-culture.
BMC Genom 2019;20(1):30. https://doi.org/10.1186/512864-018-5398-y.

Fugere A, Lalonde Séguin D, Mitchell G, Déziel E, Dekimpe V, Cantin AM, Frost E,
Malouin F. Interspecific small molecule interactions between clinical isolates of
Pseudomonas aeruginosa and Staphylococcus aureus from adult cystic fibrosis
patients. PLoS One 2014;9(1):e86705. https://doi.org/10.1371/journal.
pone.0086705.

Trizna EY, Yarullina MN, Baidamshina DR, Mironova AV, Akhatova FS,

Rozhina EV, Fakhrullin RF, Khabibrakhmanova AM, Kurbangalieva AR,
Bogachev MI, Kayumov AR. Bidirectional alterations in antibiotics susceptibility in
Staphylococcus aureus-Pseudomonas aeruginosa dual-species biofilm. Sci Rep
2020;10(1):14849. https://doi.org/10.1038/541598-020-71834-w.

Hotterbeekx A, Kumar-Singh S, Goossens H, Malhotra-Kumar S. In vivo and in vitro
Interactions between Pseudomonas aeruginosa and Staphylococcus spp. Front Cell
Infect Microbiol 2017;7. https://doi.org/10.3389/fcimb.2017.00106.

O’Brien S, Fothergill JL. The role of multispecies social interactions in shaping
Pseudomonas aeruginosa pathogenicity in the cystic fibrosis lung. FEMS Microbiol
Lett 2017;364(15). https://doi.org/10.1093/femsle/fnx128.

Boles BR, Horswill AR. Agr-mediated dispersal of Staphylococcus aureus biofilms.
PLoS Pathog 2008;4(4):e1000052. https://doi.org/10.1371/journal.
ppat.1000052.

Jenul C, Horswill AR, Fischetti VA, Novick RP, Ferretti JJ, Portnoy DA,
Braunstein M, Rood JI. Regulation of Staphylococcus aureus virulence. 7.2.29
Microbiol Spectr 2019;7(2). https://doi.org/10.1128/microbiolspec. GPP3-0031-
2018.

Grandjean Lapierre S, Phelippeau M, Hakimi C, Didier Q, Reynaud-Gaubert M,
Dubus JC, Drancourt M. Cystic fibrosis respiratory tract salt concentration: an
Exploratory Cohort Study. Medicine 2017;96(47):e8423. https://doi.org/10.1097/
md.0000000000008423.

Parfentjev IA, Catelli AR. Tolerance of Staphylococcus aureus to sodium chloride.
J Bacteriol 1964;88(1):1-3. https://doi.org/10.1128/jb.88.1.1-3.1964.

Gounani Z, Sen Karaman D, Venu AP, Cheng F, Rosenholm JM. Coculture of P.
aeruginosa and S. aureus on cell derived matrix - an in vitro model of biofilms in
infected wounds. J Microbiol Methods 2020;175:105994. https://doi.org/
10.1016/j.mimet.2020.105994.

Bazire A, Diab F, Jebbar M, Haras D. Influence of high salinity on biofilm formation
and benzoate assimilation by Pseudomonas aeruginosa. J Ind Microbiol Biotechnol
2007;34(1):5-8. https://doi.org/10.1007/510295-006-0087-2.


https://doi.org/10.1016/j.micinf.2012.04.002
https://doi.org/10.1016/j.micinf.2012.04.002
https://doi.org/10.3791/3857
https://doi.org/10.1128/AAC.00602-19
https://doi.org/10.1128/AAC.02204-19
https://doi.org/10.1128/aac.01362-17
https://doi.org/10.3389/fchem.2019.00742
https://doi.org/10.3390/ph15040417
https://doi.org/10.1016/j.bioflm.2022.100069
https://doi.org/10.1128/mBio.01763-21
https://doi.org/10.1183/16000617.0055-2021
https://doi.org/10.1016/S0092-8674(00)81099-5
https://doi.org/10.1128/JB.186.3.722-729.2004
https://doi.org/10.5851/kosfa.2014.34.2.257
https://doi.org/10.1183/13993003.00592-2015
https://doi.org/10.1183/13993003.00592-2015
https://doi.org/10.1139/m97-144
https://doi.org/10.1128/JB.01138-07
https://doi.org/10.1099/jmm.0.019984-0
https://doi.org/10.1099/jmm.0.019984-0
https://doi.org/10.1073/pnas.1419677112
https://doi.org/10.1139/m97-108
https://doi.org/10.1139/m97-108
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref37
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref37
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref37
https://doi.org/10.1002/mbo3.427
https://doi.org/10.3390/s19081881
https://doi.org/10.1128/AAC.00379-10
https://doi.org/10.1111/1348-0421.12762
https://doi.org/10.1111/1348-0421.12762
https://doi.org/10.1128/JB.00339-13
https://doi.org/10.1002/mbo3.933
https://doi.org/10.1016/j.gene.2020.145268
https://doi.org/10.1186/1475-2859-7-15
https://doi.org/10.1264/jsme2.ME09178
https://doi.org/10.1111/j.1574-695X.2011.00820.x
https://doi.org/10.1128/JB.00059-15
https://doi.org/10.1128/JB.00059-15
https://doi.org/10.3389/fmicb.2021.672975
https://doi.org/10.1186/1755-7682-1-24
https://doi.org/10.3389/fmicb.2018.03291
https://doi.org/10.1038/nmicrobiol.2017.79
https://doi.org/10.1038/nmicrobiol.2017.79
https://doi.org/10.1186/s12864-018-5398-y
https://doi.org/10.1371/journal.pone.0086705
https://doi.org/10.1371/journal.pone.0086705
https://doi.org/10.1038/s41598-020-71834-w
https://doi.org/10.3389/fcimb.2017.00106
https://doi.org/10.1093/femsle/fnx128
https://doi.org/10.1371/journal.ppat.1000052
https://doi.org/10.1371/journal.ppat.1000052
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018
https://doi.org/10.1097/md.0000000000008423
https://doi.org/10.1097/md.0000000000008423
https://doi.org/10.1128/jb.88.1.1-3.1964
https://doi.org/10.1016/j.mimet.2020.105994
https://doi.org/10.1016/j.mimet.2020.105994
https://doi.org/10.1007/s10295-006-0087-2

J. Trognon et al.

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Michon A-L, Jumas-Bilak E, Chiron R, Lamy B, Marchandin H. Advances toward
the elucidation of hypertonic saline effects on Pseudomonas aeruginosa from cystic
fibrosis patients. PLoS One 2014;9(2):e90164. https://doi.org/10.1371/journal.
pone.0090164.

Trimble AT, Whitney Brown A, Laube BL, Lechtzin N, Zeman KL, Wu J, Ceppe A,
Waltz D, Bennett WD, Donaldson SH. Hypertonic saline has a prolonged effect on
mucociliary clearance in adults with cystic fibrosis. J Cyst Fibros 2018;17(5):
650-6. https://doi.org/10.1016/j.jcf.2018.01.001.

Wark P, McDonald VM. Nebulised hypertonic saline for cystic fibrosis. Cochrane
Database Syst Rev 2018;9. https://doi.org/10.1002/14651858.CD001506.pub4.
Hazan R, Que Yok A, Maura D, Strobel B, Majcherczyk Paul A, Hopper Laura R,
Wilbur David J, Hreha Teri N, Barquera B, Rahme Laurence G. Auto poisoning of
the respiratory chain by a quorum-sensing-regulated molecule favors Biofilm
Formation and antibiotic tolerance. Curr Biol 2016;26(2):195-206. https://doi.
org/10.1016/j.cub.2015.11.056.

Limoli DH, Whitfield GB, Kitao T, Ivey ML, Davis MR, Grahl N, Hogan DA,
Rahme LG, Howell PL, O’Toole GA, Goldberg JB, Harwood CS, Skarr E,

Whiteley M. Pseudomonas aeruginosa alginate overproduction promotes
coexistence with Staphylococcus aureus in a model of cystic fibrosis respiratory
infection. mBio 2017;8(2):e00186-00117. https://doi.org/10.1128/mBio.00186-
17.

Cendra MdM, Blanco-Cabra N, Pedraz L, Torrents E. Optimal environmental and
culture conditions allow the in vitro coexistence of Pseudomonas aeruginosa and
Staphylococcus aureus in stable biofilms. Sci Rep 2019;9(1):16284. https://doi.
org/10.1038/541598-019-52726-0.

Armbruster CR, Wolter DJ, Mishra M, Hayden HS, Radey MC, Merrihew G,
MacCoss MJ, Burns J, Wozniak DJ, Parsek MR, Hoffman LR. Staphylococcus aureus
protein A mediates interspecies interactions at the cell surface of Pseudomonas
aeruginosa. mBio 2016;7(3):e00538-00516. https://doi.org/10.1128/
mBio.00538-16.

Niggli S, Kiimmerli R, Schaffner Donald W. Strain background, species frequency,
and environmental conditions are important in determining Pseudomonas
aeruginosa and Staphylococcus aureus population dynamics and species
coexistence. Appl Environ Microbiol 2020;86(18):e00962-00920. https://doi.org/
10.1128/AEM.00962-20.

Price CE, Brown DG, Limoli DH, Phelan VV, O’Toole GA, Mullineaux CW.
Exogenous alginate protects Staphylococcus aureus from killing by Pseudomonas
aeruginosa. J Bacteriol 2020;202(8):e00559-00519. https://doi.org/10.1128/
JB.00559-19.

Bhatt S, Weingart CL. Identification of sodium chloride-regulated genes in.
Burkholderia cenocepacia Curr Microbiol 2008;56(5):418-22. https://doi.org/
10.1007/500284-008-9114-z.

Tomich M, Mohr CD. Transcriptional and posttranscriptional control of cable pilus
gene expression in Burkholderia cenocepacia. J Bacteriol 2004;186(4):1009-20.
https://doi.org/10.1128/JB.186.4.1009-1020.2004.

13

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Biofilm 6 (2023) 100153

Duangurai T, Indrawattana N, Pumirat P. Burkholderia pseudomallei adaptation
for survival in stressful conditions. BioMed Res Int 2018;2018:3039106. https://
doi.org/10.1155/2018/3039106.

Thompson R. Burkholderia cenocepacia J2315-mediated destruction of
Staphylococcus aureus NRS77 biofilms. 2017. https://doi.org/10.18297 /honors/
138.

Szamosvari D, Prothiwa M, Dieterich CL, Bottcher T. Profiling structural diversity
and activity of 2-alkyl-4(1H)-quinolone N-oxides of Pseudomonas and
Burkholderia. Chem Commun 2020;56(47):6328-31. https://doi.org/10.1039/
DOCCO02498H.

Riiger M, Bensch G, Tiingler R, Reichl U. A flow cytometric method for viability
assessment of Staphylococcus aureus and Burkholderia cepacia in mixed culture.
Cytometry 2012;81A(12):1055-66. https://doi.org/10.1002/cyto.a.22219.
Aguilar C, Bertani I, Venturi V. Quorum-sensing system and stationary-phase sigma
factor (rpoS) of the onion pathogen Burkholderia cepacia genomovar I type strain,
ATCC 25416. Appl Environ Microbiol 2003;69(3):1739-47. https://doi.org/
10.1128/AEM.69.3.1739-1747.2003.

Coulon PML, Groleau M-C, Déziel E. Potential of the Burkholderia cepacia complex
to produce 4-hydroxy-3-methyl-2-alkyquinolines. Front Cell Infect Microbiol 2019;
9. https://doi.org/10.3389/fcimb.2019.00033.

Campanac C, Pineau L, Payard A, Baziard-Mouysset G, Roques C. Interactions
between biocide cationic agents and bacterial biofilms. Antimicrob Agents
Chemother 2002;46(5):1469-74.

Azeredo J, Azevedo NF, Briandet R, Cerca N, Coenye T, Costa AR, Desvaux M, Di
Bonaventura G, Hébraud M, Jaglic Z, Kacaniova M, Kngchel S, Lourenco A,
Mergulhao F, Meyer RL, Nychas G, Simoes M, Tresse O, Sternberg C. Critical
review on biofilm methods. Crit Rev Microbiol 2017;43(3):313-51. https://doi.
org/10.1080/1040841X.2016.1208146.

Furiga A, Lajoie B, El Hage S, Baziard G, Roques C. Impairment of Pseudomonas
aeruginosa biofilm resistance to antibiotics by combining the drugs with a new
quorum-sensing inhibitor. Antimicrob Agents Chemother 2016;60(3):1676-86.
https://doi.org/10.1128/AAC.02533-15.

Francois P, Pittet D, Bento M, Pepey B, Vaudaux P, Lew D, Schrenzel J. Rapid
detection of methicillin-resistant Staphylococcus aureus directly from sterile or
nonsterile clinical samples by a new molecular assay. J Clin Microbiol 2003;41(1):
254-60. https://doi.org/10.1128/JCM.41.1.254-260.2003.

Camus L, Briaud P, Bastien S, Elsen S, Doléans-Jordheim A, Vandenesch F, et al.
Trophic cooperation promotes bacterial survival of Staphylococcus aureus and
Pseudomonas aeruginosa. ISME J 2020;14(12):3093-105. https://doi.org/10.1038/
541396-020-00741-9.

Riedel K, Hentzer M, Geisenberger O, Huber B, Steidle A, Wu H, et al. N-
acylhomoserine-lactone-mediated communication between Pseudomonas
aeruginosa and Burkholderia cepacia in mixed biofilms. Microbiology 2001;147(Pt
12):3249-62. https://doi.org/10.1099/00221287-147-12-3249.

Jones AM, Webb AK. Recent advances in cross-infection in cystic fibrosis:
Burkholderia cepacia complex, Pseudomonas aeruginosa, MRSA and Pandoraea spp.
J R Soc Med 2003;96(Suppl 43):66-72.


https://doi.org/10.1371/journal.pone.0090164
https://doi.org/10.1371/journal.pone.0090164
https://doi.org/10.1016/j.jcf.2018.01.001
https://doi.org/10.1002/14651858.CD001506.pub4
https://doi.org/10.1016/j.cub.2015.11.056
https://doi.org/10.1016/j.cub.2015.11.056
https://doi.org/10.1128/mBio.00186-17
https://doi.org/10.1128/mBio.00186-17
https://doi.org/10.1038/s41598-019-52726-0
https://doi.org/10.1038/s41598-019-52726-0
https://doi.org/10.1128/mBio.00538-16
https://doi.org/10.1128/mBio.00538-16
https://doi.org/10.1128/AEM.00962-20
https://doi.org/10.1128/AEM.00962-20
https://doi.org/10.1128/JB.00559-19
https://doi.org/10.1128/JB.00559-19
https://doi.org/10.1007/s00284-008-9114-z
https://doi.org/10.1007/s00284-008-9114-z
https://doi.org/10.1128/JB.186.4.1009-1020.2004
https://doi.org/10.1155/2018/3039106
https://doi.org/10.1155/2018/3039106
https://doi.org/10.18297/honors/138
https://doi.org/10.18297/honors/138
https://doi.org/10.1039/D0CC02498H
https://doi.org/10.1039/D0CC02498H
https://doi.org/10.1002/cyto.a.22219
https://doi.org/10.1128/AEM.69.3.1739-1747.2003
https://doi.org/10.1128/AEM.69.3.1739-1747.2003
https://doi.org/10.3389/fcimb.2019.00033
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref81
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref81
http://refhub.elsevier.com/S2590-2075(23)00050-3/sref81
https://doi.org/10.1080/1040841X.2016.1208146
https://doi.org/10.1080/1040841X.2016.1208146
https://doi.org/10.1128/AAC.02533-15
https://doi.org/10.1128/JCM.41.1.254-260.2003
https://doi.org/10.1038/s41396-020-00741-9
https://doi.org/10.1038/s41396-020-00741-9
https://doi.org/10.1099/00221287-147-12-3249
http://refhub.elsevier.com/S2590-2075(23)00050-3/optv12FWP16TB
http://refhub.elsevier.com/S2590-2075(23)00050-3/optv12FWP16TB
http://refhub.elsevier.com/S2590-2075(23)00050-3/optv12FWP16TB

	NaCl-induced modulation of species distribution in a mixed P. aeruginosa / S. aureus /B. cepacia biofilm
	1 Introduction
	2 Results
	2.1 Study of PA-SA two-species biofilms
	2.2 The influence of osmotolerance in SA and PA on the formation of dual-species biofilms
	2.3 NaCl restores SA population in a 1:1 PA/SA biofilm
	2.4 Two-species biofilms of PA and SA clinical strains
	2.5 Multi-species experiments and B. Cepacia inclusion

	3 Discussion
	4 Methods
	4.1 Bacterial strains
	4.2 Media
	4.3 Biofilm formation
	4.4 Exploration of NaCl concentration effect on adhered populations
	4.5 Sequential inoculation of S. aureus and P. aeruginosa
	4.6 Confocal Laser Scanning Microscopy (CLSM)
	4.7 qPCR analysis
	4.8 Statistical analysis

	Credit author statement
	Declaration of interests
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


