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The respiratory tract of cystic fibrosis (CF) patients harbor persistent microbial communities
(CF airway microbiome) with Pseudomonas aeruginosa emerging as a dominant pathogen. Within
a polymicrobial infection, interactions between co-habitant microbes can be important for
pathogenesis, but even when considered, these interactions are not well understood. Here, we
show with in vitro experiments that, compared with glucose, common fermentation products from
co-habitant bacteria significantly increase virulence factor production, antimicrobial activity and
biofilm formation of P. aeruginosa. The maximum stimulating effect was produced with the
fermentation product 2,3-butanediol, which is a substrate for P. aeruginosa, resulting in a metabolic
relationship between fermenters and this pathogen. The global transcription regulator Lasl LasR,
which controls quorum sensing, was upregulated threefold with 2,3-butanediol, resulting in higher
phenazine and exotoxin concentrations and improved biofilm formation. This indicates that the
success of P. aeruginosa in CF airway microbiomes could be governed by the location within the
food web with fermenting bacteria. Our findings suggest that interbacterial metabolite transfer in
polymicrobial infections stimulates virulence of P. aeruginosa and could have a considerable impact
on disease progression.
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Introduction

Cystic fibrosis (CF) in Caucasians is caused by
inherited mutations in the CF transmembrane
conductance regulator, which leads to abnormal
transport of ions across membranes, resulting in
excessive water adsorption and viscous secretions
from epithelial surfaces and ultimately to a thicker
mucus layer. This secretion is one of the causes for a
chronic polymicrobial infection of the CF airway
that, in turn, triggers an immunological response of
the host to cause irreversible damage and eventually
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pulmonary failure (Boucher, 2002; Lyczak et al.,
2002; Ratjen and Doéring, 2003). Throughout the
disease progression in conjunction with antibiotic
treatments, CF airway microbiomes become less
rich in community members and a dominant
Pseudomonas aeruginosa population emerges
(Hunter et al., 2012). P. aeruginosa plays a central
role in CF through many different and complex
interactions with the host and the co-habitant
microbes in the CF airway microbiome (Sibley
et al., 2008a; Hunter et al., 2012).

Some of these interactions occur due to the
important functions of redox-active small molecules
— phenazines — that are produced by P. aeruginosa
within the CF airway microbiome (Wilson et al.,
1988). These phenazines consist of four different
chemical species with phenazine-1-carboxylic acid
(PCA; a precursor for pyocyanin) and pyocyanin
(PYO) as important forms with different redox
potentials, resulting in different redox-active func-
tions. In general, phenazines have been observed to
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increase virulence by: (1) distressing airway epithe-
lial cell function via oxidative stress (Wilson et al.,
1988; Denning et al., 1998), (2) inhibiting growth of
other microbes via oxidative stress (Hassett et al.,
1992) and (3) playing physiologically important
roles for P. aeruginosa itself (Hunter et al., 2012).
For the latter, research has shown specifically for
pure cultures of P. aeruginosa that: (i) PCA increases
iron availability by reducing Fe(IIl) to Fe(Il) even
when bound to human-produced proteins (Wang
et al., 2011), (ii) PCA reduces swarming motility and
PYO increases biofilm thickness (Ramos et al.,
2010), resulting in changes in biofilm formation,
(iii) PYO regulates the intracellular redox state
under anaerobic conditions by extracellular electron
transfer, promoting survival through redox home-
ostasis and thicker biofilms (Dietrich et al., 2013)
and (iv) PYO enables extracellular DNA binding to
the surface of the cell to change aggregation
characteristics, and thus biofilm formation (Das
et al., 2013). Research had already indicated that
reduced PCA and PYO were considerably more
reactive with Fe(Ill) and O,, respectively, than vice
versa (Wang and Newman, 2008). Importantly, the
quorum-sensing cascade regulates phenazine pro-
duction by P. aeruginosa (Whiteley et al., 1999), and
thus has an effect on the redox activity of the
produced phenazines (Venkataraman et al., 2010).
However, much less is known about how phena-
zines from P. aeruginosa affect microbe-host and
microbe—microbe interactions within the CF airway
microbiome. Hunter et al. (2012) have observed an
inverse correlation between phenazine concentra-
tions in sputum of CF patients and lung function
during disease progression with similar maximum
concentrations for PCA and PYO between 75-100 pm
at the highest stage of disease severity. In addition,
these authors also observed a strong inverse correla-
tion between phenazine concentration in sputum
and microbiome richness. Finally, they found an
important paradoxical relationship because the
P aeruginosa isolates (in laboratory cultures) from
the patient group with the most severe stage
produced lower rates of PYO compared with the
healthy group (Hunter et al., 2012). Could this
paradoxical relationship be due to a change in the
behavior of P. aeruginosa when grown in a pure
culture vs in a mixed culture? It is already known
that avirulent sputum isolates from CF patients
when co-grown with P. aeruginosa enhanced the
severity of lung damage compared with pure
cultures of P. aeruginosa in rats and Drosophila
(Duan et al., 2003; Sibley et al., 2008a). Sibley et al.
(2008a) observed with a Drosophila model and
a chronic P. aeruginosa infection that co-grown
avirulent microbial genera such as Staphylococcus
and Streptococcus can: (1) reduce fly survival and
(2) upregulate several genes that encode virulence
for P. aeruginosa, including quorum sensing, and
thus phenazine production. However, a mechanistic
understanding was absent. We found in a bioreactor
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study with a co-culture of Enterobacter aerogenes
and P. aeruginosa that phenazine production was
greatly enhanced compared with a pure culture of
P. aeruginosa with selective production toward PYO
rather than the other phenazines (Venkataraman
et al., 2011). Our study also showed a positive
microbe—microbe interaction through phenazines,
which had not been studied in detail before.
We observed a beneficial physiological role for
the co-habitant bacterium when grown with
P. aeruginosa, resulting in some extracellular respi-
ration instead of exclusive fermentation.

Owing to the oxygen-limited conditions within
the thick biofilms in CF airways (Hoffman et al.,
2010; Guss et al., 2011), fermentation products,
which are either from bacterial metabolism or host-
generated via neutrophil metabolism, are found in
the sputum of CF patients (Palmer et al., 2007;
Bensel et al., 2010). Many bacteria in the CF airway

microbiome, such as E. aerogenes, Klebsiella
pneumoniae, Staphylococcus aureus, Serratia
marcescens, Streptococcus sp. and Rothia sp.

(Burns et al., 1998; Guss et al., 2011; Hunter et al.,
2012; Twomey et al., 2012; Zhao et al., 2012), are
either obligate or facultative fermenters. On the
other hand, P. aeruginosa has three high-affinity
terminal oxidases and has a preference to respire
with oxygen and nitrate rather than to ferment
(Madigan et al., 2002; Alvarez-Ortega and Harwood,
2007), albeit it can ferment with arginine (Vander
Wauven et al., 1984). Even when oxygen is not
present in the deeper layers of the biofilm and
respiration becomes unlikely, P. aeruginosa may be
able to survive by producing reduced PYO that
eventually can react extracellularly with oxygen at
the boundaries of the biofilm (Dietrich et al., 2013).
Regardless, bacterial fermenters have a much higher
substrate turnover rate than respirers because of
inefficient carbon usage, allowing fermenters to
predominate when fermentable substrates (includ-
ing the blood sugar glucose or extracellular poly-
saccharides) are present (Madigan et al., 2002).
Therefore, in the lungs of CF patients, a metabolic
relationship may exist in which P. aeruginosa uses
the fermentation products from fermenters as its
energy and carbon source. Palmer et al. (2007),
indeed, found that P. aeruginosa preferentially
used lactate compared with glucose in a synthetic
CF medium (Palmer et al., 2007).

Microbiomes represent the summation of multiple
niches for which a niche is defined as the space
occupied by one organism type through adaptation
to the environmental conditions and other biological
variables such as position in the food chain
(Hutchinson, 1957). Microbe—microbe interactions
are one of the major factors dictating the success of
an organism in establishing and colonizing a niche.
Recent culture-independent surveys of the CF
airway microbiome have hinted at the role of
community dynamics in disease progression
(LiPuma, 2010; Hunter et al., 2012; VanDevanter
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and LiPuma, 2012; Zhao et al., 2012). An almost
universally observed pattern is the reduction in
bacterial richness, potentially driven by antibiotic
therapy, and concomitant increase in the relative
abundance of P. aeruginosa throughout the disease
progression (Stressmann et al., 2012). Prior to the
availability of potent antibiotic therapy, few CF
patients survived to adulthood (VanDevanter and
LiPuma, 2012). A large fraction of lung damage for
CF patients is thought to occur during periods of
pulmonary exacerbation, where acute infection and
inflammation lead to short periods of dramatic
respiratory symptoms that can often be treated
effectively with antibiotic therapy. Diagnosis of
exacerbations is conducted entirely through obser-
vation of worsening clinical symptoms, and treat-
ment is not specifically tailored to the CF airway
microbiome. Therefore, insight into microbe—microbe
and microbe—host interactions promote the relative
success of P. aeruginosa (that is, affect its niche) can
lead to treatment strategies (Sibley et al., 2008a).

We hypothesized that co-habitant fermenters in
the CF airway microbiome contribute to the success
of P aeruginosa through their fermentation pro-
ducts, including 2,3-butanediol, and thereby influ-
ence the role this microbe plays in causing lung
damage in CF patients. We tested with in vitro
experiments whether different fermentation pro-
ducts from possible co-habitant bacteria would
stimulate P. aeruginosa to exhibit higher virulence
and antimicrobial activity compared with glucose.
Our experimental results with bioreactors agree with
our hypothesis and again establish the relevance
of including ecological considerations in clinical
treatment of polymicrobial infections.

Material and methods

Strains and growth conditions

We used P aeruginosa PA14 (PA14 transposon
insertion mutant library (Liberati et al., 2006)),
E. aerogenes strain NRRL B-115, K. pneumoniae
ATCC 9590 (Dr Martin Wiedmann, Cornell Univer-
sity, NY, USA), S. aureus Newman (Dr Eric Skaar,
Vanderbilt University, Nashville, TN, USA) and
S. marcescens NRRL B-23389. Biofilm and virulence
factor quantification was performed in minimal AB
medium (Clark and Maalge, 1967) supplemented
with the appropriate carbon source (30 mm each) for
each experiment. AB medium includes phosphate
buffer (21mm Na,HPO, and 11mm KH,PO,).
Because of this buffer capacity the starting pH with
different carbon substrates was similar, resulting in
a pH of 7.0 for glucose and 6.9 for 2,3-butanediol.
In an experiment with P. aeruginosa PA 14 with
30mm glucose in AB medium and under micro-
aerobic conditions, we observed that the buffer
capacity had to be lowered considerably (<50%
from the standard) to decrease the pH to <6.6
(Supplementary Figure S1). This indicates that the
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pH remained close to the starting pH of 6.9 even
after several days of growth with pure cultures of
P. aeruginosa PA14 in AB medium with a standard
buffer capacity, which was used in the rest of the
study. We purchased 2,3-butanediol and other
chemicals from Sigma-Aldrich (St Louis, MO,
USA). Motility experiments were performed in NB
medium as previously described (Rashid and
Kornberg, 2000) with varying agar concentrations
and 30 mm carbon source at aerobic conditions. Dry
cell weights were determined by weighing the cell
pellet after overnight drying at 105 °C. ODg, was
measured with a 96-well plate reader (BioTek,
Winooski, VT, USA). Statistical tests were performed
using SYSTAT 12 (Systat, Chicago, IL, USA).

Bioreactor operation and biofilm experiments

For all microaerobic experiments that included:
(i) the comparison between five substrates (Figures
1a and b), (ii) biofilm measurements (Figures 1a and c),
(iii) antimicrobial activity and quorum sensing
experiments (Figures 1e—g), (iv) supernatant produc-
tion for antimicrobial screening (Figure 2a) and
(v) co-culture experiments with S. marcescens
(Figures 2b and c), P. aeruginosa was grown in bio-
reactors consisting of glass vessels (liquid volume of
400ml) with magnetic stir-bar mixing. These bio-
reactors were batch fed. The headspace of the vessel
was connected to the laboratory atmosphere with
two 0.22 pm gas filters to allow passive diffusion of
oxygen. The temperature was maintained using a
jacket with 35°C water circulation. A suspended
glass cover slip was utilized as the solid substratum
for biofilm development experiments. For all aero-
bic experiments (Figures 1e—g) and the proteomic
experiments (Figure 3), P. aeruginosa was grown in
500-ml conical flasks (liquid volume of 100 ml) with
vigorous shaking in an incubator maintained at
35 °C. In both microaerobic and aerobic conditions,
oxygen was the terminal electron acceptor. Gram
staining was performed with a gram staining kit
(Difco, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). Biofilm protein was extracted from
the cover slip in 0.1IN NaOH at 96 °C for 40min
(Marsili et al., 2008). Protein quantification was
performed using the BCA assay (Thermo Scientific,
Waltham, MA, USA).

Virulence factor, autoinducer measurement, and
proteomics

PYO was quantified via a LC/MS protocol adapted
from the study by Dekimpe and Deziel (2009).
Elastase measurement was performed via elastin
congo red hydrolysis activity (Suh et al., 1999) with
elastase from porcine pancreas (Sigma-Aldrich) as a
reference. Pyoverdine was measured fluorometri-
cally by excitation at 400 nm and emission at 460 nm
(Suh et al., 1999). 30-C12-HSL was measured with
Escherichia coli indicator strain MG4 with plasmid
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Figure 1 Biofilm formation, virulence, motility, antimicrobial activity and quorum sensing for P. aeruginosa PA14 with fermentation
products and glucose: (a) biofilm protein density (as mass per unit area); (b) elastase concentrations (as milliunits per ml normalized for
dry cell weight; including LasA and LasB activities); (c) biofilm images on glass cover slips (view is 20 mm x 20 mm); (d) motilities for
culture plates; (e) PYO concentration (as micrograms per milliliter normalized for dry cell weight); (f) pyoverdine fluorescence
normalized for dry cell weight; and (g) concentration of 30-C12-HSL (expressed as B-galactosidase activity of E. coli indicator strain in
Miller units normalized for dry cell weight) in supernatant. Experiments for panels a and b were performed with four fermentation
products and glucose, while experiments for panels ¢—g were performed with only 2,3-butanediol as the fermentation product and
glucose as the control. Microaerobic conditions for all panels were juxtaposed with aerobic conditions for only panels e-g. Error bars
indicate standard deviation among triplicates. A two-way ANOVA was performed (*P-value <0.05; **P-value <0.01).

b 1.2e+10 [l Lactate
— Acetate
£  1.0e+10 — Ethanol
S 60 = 2,3-butanediol
> 8.0e+9 s — Glucose
£ £
EE 6o0ero S 40
8 c
o
>
€ 4.0e+9 o
2 20
o 2.0e+9
0.0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (d) Time (d)

Figure 2 Antimicrobial activity of P. aeruginosa grown with 2,3-butanediol and glucose: (a) maximum optical density at 600 nm
attained by each microorganism in unsupplemented AB medium (black), in AB medium supplemented with cell-free supernatant of
P. aeruginosa grown with 2,3-butanediol (red) and in AB medium supplemented with cell-free supernatant of P. aeruginosa grown with
glucose (green), the initial glucose concentration for all three media conditions was adjusted to 30 mwm; (b) tracking the populations of
S. marcescens (purple) and P. aeruginosa (green) in a co-culture of a batch-fed bioreactor over the operating period (glucose was added
each day), and the population of a pure culture of S. marcescens (blue) for similar operating conditions; and (c) metabolite profile with
glucose as a substrate for the same co-culture experiment with S. marcescens and P. aeruginosa in b. For b and c: the result of one trial is
shown; the biological duplicate is shown in Supplementary Figure S2. Error bars in a indicate standard deviation among triplicates.
A two-way ANOVA was performed (*P-value <0.05; **P-value <0.01).

pkdT17 (kindly provided by Dr Peter E. Greenberg, by high-pH RP HPLC) were analyzed using a LTQ
University of Washington, Seattle, WA, USA)  Orbitrap Velos nLC-MS/MS.

according to Pearson et al. (1994). For comparative

shotgun proteomics, samples were prepared and

processed as previously described (Werner et al.,  Antimicrobial activity, co-culture experiments and
2009); tryptic peptides were labeled with isobaric = metabolite analyses

tags (Thermo TMT, Thermo Scientific) for relative  To quantify the antimicrobial activity (Figure 2a), we
quantification, and ten peptide fractions (separated  grew P. aeruginosa in microaerobic bioreactors with
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Figure 3 Shift in proteome with 2,3-butanediol (three biological replicates) compared with glucose (three biological replicates):
(a) protein abundance ratios between 2,3-butanediol and glucose for selected proteins with statistically significant differences (P <0.05)
(ratios for all proteins are shown in Supplementary Table S2); and (b) simplified cellular network linking quorum sensing and virulence
factors for P. aeruginosa PA14. The orange rectangle denotes the cell wall. Upregulated virulence factors (determined experimentally and
marked with *) and protein expression (detected through proteomics; [B/G] >2) are shown in red. Downregulated protein expression
(detected through proteomics; [B/G] <0.5) is shown in green. Unchanged protein expression (detected through proteomics; 0.5 <[B/G] <2)
is shown in blue. Undetected proteins are framed in purple. The numbers below the proteins are the average log ratio of the protein
abundances (2,3-butanediol:glucose [B/G]).
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2,3-butanediol or glucose for 48 h. Next, we obtained
cell-free supernatant by centrifuging at 10000g
for 10 min. Glucose concentrations were measured
using HPLC, and appropriate volumes of sterile
stock glucose solutions were added to the super-
natants such that the final concentration was 30 mm
for all supernatants. On a 96-well plate, these
supernatants were inoculated with the appropriate
organism (E. aerogenes/K. pneumoniae/S. aureus/
S. marcescens) (200 ul final volume), covered with a
sterile film to prevent dehydration after which the
ODgoo was monitored at 35 °C every 60min for 16 h
in a plate reader (BioTek) with constant shaking.
Controls (Fresh AB medium with glucose) were also
included for each fermenter. To monitor co-culturing
of S. marcescens and P. aeruginosa (Figures 2b and c),
we operated bioreactors at microaerobic conditions.
To prevent substrate depletion and pH-based inhibi-
tion of S. marcescens, we added glucose and
adjusted the pH daily. Serial dilutions of daily
bioreactor samples with the co-culture were plated
on LB agar plates using an autoplater (Autoplate
4000, Spiral Biotech, Advanced Instruments,
Norwood, MA, USA) and incubated for 18 h at 32°C
at aerobic conditions. We quantified the colonies of
S. marcescens, which turned pink (prodigiosin
production), and of P. aeruginosa, which turned
green (PYO (blue) production with some PCA
(vellow)). Metabolites were detected and quantified
with a HPLC (Waters, Milford, MA, USA;
Venkataraman et al., 2011).

Results and discussion

We evaluated virulence of P. aeruginosa cultures
that were fed with the fermentation products lactate,
acetate, ethanol and 2,3-butanediol, which are
produced by common fermenters (Figure 1) (Burns
etal., 1998; Ji et al., 2011). We quantified: (i) biofilm
formation and (ii) elastase activity, which in
P aeruginosa includes the protease LasA and
elastase LasB activities. Biofilm formation by
P. aeruginosa is relevant to CF patient treatment
because of the increased persistence and antibiotic
resistance of the microbe in this state (Singh et al.,
2002), while elastase causes pulmonary hemorrh-
ages and inhibition of immune defense mechanisms
(Kuang et al., 2011). We maintained microaerobic
conditions by passive O, diffusion into bioreactors
(dissolved oxygen <9pum), mimicking the oxygen-
limited state of the lung biofilm of CF patients that is
observed for the CF airway through the presence of:
(1) both strict aerobic and strict anaerobic bacteria
(Sibley et al.,, 2011) and (2) both PCA and PYO
(Hunter et al., 2012), because oxygen is required to
convert the precursor PCA into PYO (Parsons et al.,
2007). We found that both biofilm protein density
and elastase concentrations were considerably
higher with fermentation products compared with
glucose (Figures 1a and b). For both biofilm
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formation and elastase production, 2,3-butanediol
had the maximum stimulating effect. Specifically,
P aeruginosa biofilm protein density was 7.4-fold
higher with 2,3-butanediol-grown cells than with
glucose-grown cells (Figure 1a; 188.69 £ 10.35 uygcm >
vs 25.57+£8.92pgcm 2.

Next, in batch-fed bioreactors, we tested the anti-
microbial activity of P. aeruginosa cultures grown
with 2,3-butanediol or glucose toward possible
co-habitant fermenters. Antimicrobial activity is
important because it may result in the dominance
of P. aeruginosa in a microbial community (Hunter
et al., 2012), and consequently accentuates the
virulence of this microbe. First, we obtained growth
curves with four fermenters that are capable of 2,
3-butanediol production — E. aerogenes, K. pneumo-
niae, S. aureus and S. marcescens in: (i) unsupple-
mented AB medium, (ii) AB medium supplemented
with the cell-free supernatant of P. aeruginosa grown
with 2,3-butanediol and (iii) AB medium supple-
mented with the cell-free supernatant of P. aerugi-
nosa grown with glucose. Microaerobic, pure
culture studies of S. aureus and S. marcescens
showed that cell-free supernatant from a P. aerugi-
nosa PA14 culture grown with 2,3-butanediol was
considerably more inhibitory to these fermenters
than supernatant from P aeruginosa grown on
glucose (Figure 2a). However, there was no signifi-
cant inhibition of E. aerogenes and K. pneumoniae
and it is known that, for example, E. aerogenes can
co-exist with P. aeruginosa (Venkataraman et al.,
2011), whereas S. aureus showed growth retardation
(Pal’chykovs’ka et al., 2008).

Because 2,3-butanediol had the most pronounced
effect on the virulence of P. aeruginosa (Figures 1a
and b) and because 2,3-butanedione, which is a
volatile precursor of 2,3-butanediol, has specifically
been detected in airways of CF patients (Whiteson
et al., 2014), we studied the interaction of this
fermentation product with P. aeruginosa in more
detail. Finally, 2,3-butanediol is pH neutral, which is
advantageous for microbiota, because it prevents
lethal acidification unlike other fermentation pro-
ducts such as acetic acid and lactic acid. Biofilm
density increased after growth with 2,3-butanediol
compared with glucose (Figure 1c). Since decreased
motility positively affects biofilm formation by
encouraging cell clustering and aggregation in P.
aeruginosa (Singh et al., 2002; Ramos et al., 2010), we
tested swimming motility (bacterial locomotion in
liquids), swarming motility (biosurfactant induced
locomotion), and twitching motility (surface locomo-
tion by type IV pili). We observed a notable reduction
in swimming and swarming motility with 2,
3-butanediol compared with glucose (Figure 1d),
which is likely involved in the increased biofilm
formation with 2,3-butanediol. However, we did not
detect a difference in twitching motility (Figure 1d).

We further quantified changes in antimicrobial
activity of P. aeruginosa grown with 2,3-butanediol
by assaying the concentrations of PYO to ascertain
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oxidative stress to microbes (Hassett et al., 1992),
and pyoverdine, which is a siderophore essential for
P, aeruginosa in iron-limiting situations, to ascertain
iron sequestration from other bacteria (Kim et al.,
2005). Oxygen concentrations influence the produc-
tion of these antimicrobials by P. aeruginosa through
quorum sensing (Schuster and Greenberg, 2008),
and therefore we maintained two oxygen tensions:
(i) microaerobic by passive oxygen diffusion and
(ii) aerobic by vigorously shaken cultures. Similar to
our earlier observation (Venkataraman et al., 2011),
the PYO concentrations in P. aeruginosa cultures
were considerably higher with 2,3-butanediol com-
pared with glucose for both microaerobic and
aerobic conditions (Figure 1e). The outcome was
more nuanced for pyoverdine, which had lower
concentrations with 2,3-butanediol for microaerobic
conditions, but higher concentrations for aerobic
conditions compared with glucose (Figure 1f).
This is likely because iron was only limiting to
the aerobically grown cells, which had a much
higher dry cell weight than the microaerobic cells
(Supplementary Table S1). Thus, the fermentation
product 2,3-butanediol may increase the antimicro-
bials PYO and pyoverdine for conditions in which
P. aeruginosa could have a competitive advantage.
In addition to being an antimicrobial, PYO is also
utilized by P. aeruginosa as an electron mediator
(that is, a temporary electron acceptor or electron
shuttle) for extracellular electron transfer with
oxygen as the terminal electron acceptor at the
periphery of the biofilm (Wang and Newman, 2008).
The advantage for P. aeruginosa is to maintain redox
homeostasis, and thus to survive, under anaerobic
conditions within the deeper layers of the biofilm
when PYO is present (Dietrich et al., 2013). This
extracellular electron transfer with oxygen over a
distance can be measured quantitatively and in real
time by electric current production through the
oxidation of reduced PYO at an electrode as the
solid-state electron acceptor in a bioelectrochemical
system (Rabaey et al., 2005; Venkataraman et al.,
2011). In our earlier work with bioelectrochemical
systems under microaerobic conditions (Venkataraman
et al.,, 2011), we observed that the electric current
doubled for P. aeruginosa with 2,3-butanediol vs
glucose due to an increase in total phenazine
concentration and a shift to its production of mainly
PYO. In addition, in the presence of oxidized PYO,
E. aerogenes (the producer of 2,3-butanediol with
glucose as a substrate) respired at least partially
with the electrode, resulting in enhancement of
its growth. When growing a binary culture of
E. aerogenes and P. aeruginosa in a bioelectro-
chemical system after glucose addition as the only
substrate, we observed a 14-fold increase in electric
current production compared with the individual
strains under similar conditions (Venkataraman
et al., 2011). We found that glucose was quickly
converted to 2,3-butanediol by E. aerogenes’
fermentation, and that it became the substrate for
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P. aeruginosa, resulting in a high concentration of
reduced PYO that was subsequently converted into
oxidized PYO by the electrode. This resulted in the
ability for E. aerogenes to become a respirer with
oxidized PYO even though oxygen supply was
limited (Venkataraman et al., 2011).

Here, we did not utilize an electrode in our
bioreactors and of course no electrode is present
in vivo. Regardless, in the lungs of CF patients both
P. aeruginosa and fermenters, such as E. aerogenes,
could have a fitness benefit via PYO trough extra-
cellular electron transfer with oxygen. Other bac-
teria within the human host have already shown a
beneficial interaction with electron mediators under
anaerobic conditions. For example, Faecalibacter-
Ium prausnitzii interacted with another electron
mediator — riboflavin — in an experiment that
mimicked the human gut environment (Khan
et al., 2012) and Salmonella typhimurium has been
shown to outcompete other microbes because of its
ability to use ethanolamine as a reduced substrate
for respiration with tetrathionate as the electron
mediator (Thiennimitr et al., 2011). Considering this
advantage, it is not surprising that we observed
considerably higher PYO production for micro-
aerobic vs aerobic conditions with P. aeruginosa
because with high oxygen concentrations no media-
tors are needed for survival (Figure 1e). Thus, both
the antimicrobial and electron mediator effects of this
compound may improve the fitness of P. aeruginosa
in the microbial communities of CF patients.

Next, we tested whether quorum sensing, which
controls virulence, antimicrobial activity, and bio-
film formation for P. aeruginosa (Whiteley et al.,
1999; Wagner et al., 2003), was upregulated with
2,3-butanediol compared with glucose. Quorum
sensing in P. aeruginosa is mediated by diffusible
acylhomoserine lactones that are produced by Lasl,
which synthesizes 3-oxo-dodecadonyl homoserine
lactone (30-C12-HSL), and RhllI, which synthesizes
n-butyryl homoserine lactone (C4-HSL). We quanti-
fied 30-C12-HSL via a bioassay (Pearson et al., 1994)
and observed that with 2,3-butanediol, P. aeruginosa
produced nearly threefold higher concentrations
for both microaerobic and aerobic conditions
(Figure 1g). Quorum sensing is an integral part of
P. aeruginosa physiology in CF patients (Singh et al.,
2000) and our findings show that 2,3-butanediol
affects quorum sensing signaling, thereby contribut-
ing to the success of P. aeruginosa in polymicrobial
infections. We realize that for all these results on the
effect of 2,3-butanediol on biofilm formation, host
virulence, antimicrobial activity and quorum sen-
sing (Figures 1a—c and e—g), further verification with
in vivo experiments will be pertinent.

We conducted a comparative proteome analy-
sis with aerobic, planktonic pure cultures of
P. aeruginosa grown with 2,3-butanediol or glucose
(each had three biological replicates). Cells were
harvested for protein extraction in the late log phase.
We did not perform a biofilm experiment and/or



used microaerobic conditions to prevent stratifica-
tion of cells, and therefore to ensure that all bacterial
cells were universally grown under similar condi-
tions. We used aerobic conditions since we had
observed that microaerobic and aerobic conditions
resulted in similar functions that were important for
this study (Figures 1e and g). We detected 268
significant protein abundance differences (out of a
total of 509 detected proteins, two-way ANOVA,
n=3, P-value <0.05) of which 109 were upregulated
with 2,3-butanediol (average protein abundance
ratio, 2,3-butanediol [B]:glucose [G]; [B/G] >2 (or
>10%% for the logarithmic scale in Figure 3)) and
102 were downregulated ([B/G] <0.5). We classified
these detected proteins into functional categories
(Figure 3a; Supplementary Table S2).

We found that most of the quantified proteins for
quorum sensing, biofilm formation and virulence
factors (that is, both host virulence and antimicro-
bial activity) were upregulated for 2,3-butanediol
compared with glucose (10 out of 12 in Figure 3a).
In accordance with our quorum sensing bioassay
(Figure 1g), we observed PhnB at nearly 2.2-fold
greater abundance (Figures 3a and b). PhnB is
involved in the production of Pseudomonas quino-
lone signal, which is a part of the quorum sensing
cascade (McKnight et al., 2000). Two additional
quorum-sensing regulatory proteins were not sig-
nificantly different (RpoS and PqsB; Figure 3b), but
as regulatory proteins their lack of induction may
not be surprising. Expression for MvaT was higher
with 2,3-butanediol (Figures 3a and b), and this
protein regulates Lasl LasR and Rhll RhIR during
stationary growth phase (Diggle et al., 2002). It also
influences Exotoxin A (Figure 3b); two exotoxin-
related proteins were upregulated with 2,3-
butanediol (Figure 3a). Our comparative proteome
analysis verified and expanded on the link between
quorum sensing and 2,3-butanediol metabolism
for P. aeruginosa (2,3-butanediol dehydrogenase
was upregulated; Figure 3a). It remains unclear,
however, how this metabolic activity specifically
connects to the quorum sensing signaling cascade.

In regards to biofilm formation, PilE and an
alginate regulatory protein AlgP — alginate over-
production is characteristic of P. aeruginosa in CF
(Nivens et al., 2001) — were upregulated 2.0 and 3.1-
fold with 2,3-butanediol, respectively (Figure 3a).
For the virulence factors, the higher measured PYO
concentration with 2,3-butanediol (Figure 1e) corre-
sponded with higher ratios of PhzB and PhzF
(Figures 3a and b), which are two proteins in the
phenazine synthesis pathway with PYO as one of
the final possible products (Figure 3b). The outcome
was more nuanced for iron acquisition with upre-
gulated PvdO (Figure 3a), verifying the measured
higher pyoverdine concentrations for aerobic condi-
tions (Figure 1f), but with lower PchB abundance
(Figures 3a and b). We also found a significant
increase in ABC transporter proteins with 2,3-
butanediol (12 out of 14 proteins in Figure 3a).

2,3-butanediol and virulence factor production
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In summary, our comparative proteome analysis
validates the link between 2,3-butanediol metabolism
and biofilm formation/virulence factors through
quorum sensing regulation.

Finally, we verified that fermenters would first
convert glucose into fermentation products, such as
2,3-butanediol, which P. aeruginosa then uses as
its substrate. S. marcescens (unlike E. aerogenes,
K. pneumoniae and S. aureus) produces all four
fermentation products — lactate, acetate, ethanol and
2,3-butanediol — from glucose, and was inhibited
by the antimicrobial activity of P aeruginosa
(Figure 2a). Therefore, we tracked the population
of S. marcescens in co-culture with P. aeruginosa
over the operating period (Figure 2b and
Supplementary Figure S1A). We found that during
days 1-6 of the bioreactor operation, S. marcescens
dominated the co-culture, and glucose was fermen-
ted to lactate, acetate, ethanol and 2,3-butanediol
(Figures 2b and ¢ and Supplementary Figure S1A
and B). Subsequently, P. aeruginosa consumed these
fermentation products, and became the dominant
organism in the bioreactor during days 8-14 of the
experiment. After day 8, S. marcescens was inhib-
ited (the colony-forming units of S. marcescens
decreased by 40.6%) by the antimicrobial activity of
P aeruginosa despite the presence of sufficient
concentrations of glucose (at least 30 mm). A control
experiment with a pure culture of S. marcescens
indicated inhibition in the co-culture from the
start of the operating period (Figure 2b and
Supplementary Figure S1A). Even though inhibition
occurred in a microaerobic co-culture with
P. aeruginosa PA14, S. marcescens initially domi-
nated by fermenting glucose to products that
subsequently became substrates for P. aeruginosa.
Regardless, P. aeruginosa displayed antimicrobial
activity and emerged as the final dominant species
(Figure 2b; Supplementary Figure S1A).

Culture-independent techniques have recently
correlated a decrease in bacterial diversity with the
relative abundance of P. aeruginosa, duration of
antibiotic therapy, and disease severity in CF
patients (Stressmann et al., 2012). One question
that has been raised is whether increasing the
microbial diversity would ‘remediate’ CF microbiota
(VanDevanter and LiPuma, 2012). But this in turn
raises more questions, including which bacterial
species should increase the diversity to specifically
challenge P. aeruginosa? In addition, measures of
taxonomic diversity do not specifically account for
the encoded functions and metabolic potential of a
microbial community. Therefore, a link between
diversity loss and pulmonary exacerbation may not
be meaningful for disease progression. Our finding
that interbacterial interactions help P. aeruginosa to
create and occupy a dominant niche in the CF
habitat by stimulating virulence and antimicrobial
activity can guide efforts for strategic management of
the lung microbiota in CF patients. In fact, efforts
to prevent P. aeruginosa virulence by targeting
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other members of the CF polymicrobial community,
specifically members of the Streptococcus milleri
group, have been successful (Sibley et al., 2008b).
The authors of the study did not understand,
however, by which mechanisms Streptococcus
spp. triggered the virulence of P. aeruginosa.

Our results indicate that solving pulmonary
exacerbation by enhancing fermenters to increase
the diversity of the microbial community would, in
fact, contribute to the virulence of P aeruginosa,
causing damage to both the human host and co-
habitant microbes, rather than relieving this. On the
other hand, blocking access to fermentation products
could be a viable strategy for altering the niche in
which P. aeruginosa now succeeds in the lung of CF
patients. Elucidation of chemical signaling between
microbes that trigger pulmonary exacerbations may
enable early diagnosis before severe inflammatory
damage occurs. Subsequent blocking of these signals
could reduce virulence of P aeruginosa, avoiding
pulmonary exacerbations and possibly slowing dis-
ease progression. In summary, our results point
toward indirectly targeting the niche of P. aeruginosa
by reducing access to virulence-provoking fermenta-
tions products. However, further studies are now
necessary to verify this with model systems.

Interbacterial metabolite transfer fueling patho-
genesis of polymicrobial infections is an important
clinical consideration. Our data suggest that for
infections involving cohabitation of fermenters and
P aeruginosa, fermenters alter P. aeruginosa phy-
siology by producing compounds that enhance its
virulence. Therefore, the presence of fermentation
products, such as 2,3-butanediol or 2,3-butanedione
in a polymicrobial infection can be a warning sign
for virulence of P. aeruginosa (Whiteson et al., 2014).
Finally, our work suggests that P. aeruginosa can
utilize fermentation products as a substrate, leading
to increased expression of virulence factors. Further
insight into the mechanism of this food-web inter-
action may lead to more sophisticated diagnosis and
treatment for patients with CF and other polymicro-
bial infections involving P. aeruginosa.
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