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ABSTRACT

Pseudomonas aeruginosa is an important, thriving member of microbial communities of microbial bioelectrochemical sys-
tems (BES) through the production of versatile phenazine redox mediators. Pure culture experiments with a model strain
revealed synergistic interactions of P. aeruginosa with fermenting microorganisms whereby the synergism was mediated
through the shared fermentation product 2,3-butanediol. Our work here shows that the behavior and efficiency of P.
aeruginosa in mediated current production is strongly dependent on the strain of P. aeruginosa. We compared levels of
phenazine production by the previously investigated model strain P. aeruginosa PA14, the alternative model strain P.
aeruginosa PAO1, and the BES isolate Pseudomonas sp. strain KRP1 with glucose and the fermentation products 2,3-butane-
diol and ethanol as carbon substrates. We found significant differences in substrate-dependent phenazine production and
resulting anodic current generation for the three strains, with the BES isolate KRP1 being overall the best current producer
and showing the highest electrochemical activity with glucose as a substrate (19 �A cm�2 with �150 �g ml�1 phenazine
carboxylic acid as a redox mediator). Surprisingly, P. aeruginosa PAO1 showed very low phenazine production and electro-
chemical activity under all tested conditions.

IMPORTANCE

Microbial fuel cells and other microbial bioelectrochemical systems hold great promise for environmental technologies
such as wastewater treatment and bioremediation. While there is much emphasis on the development of materials and de-
vices to realize such systems, the investigation and a deeper understanding of the underlying microbiology and ecology are
lagging behind. Physiological investigations focus on microorganisms exhibiting direct electron transfer in pure culture
systems. Meanwhile, mediated electron transfer with natural redox compounds produced by, for example, Pseudomonas
aeruginosa might enable an entire microbial community to access a solid electrode as an alternative electron acceptor. To
better understand the ecological relationships between mediator producers and mediator utilizers, we here present a com-
parison of the phenazine-dependent electroactivities of three Pseudomonas strains. This work forms the foundation for
more complex coculture investigations of mediated electron transfer in microbial fuel cells.

Bioelectrochemical systems (BES), including their most impor-
tant variant, the microbial fuel cell (MFC), are rapidly devel-

oping and promising technologies for renewable energy produc-
tion and wastewater treatment, among other applications (1, 2).
The MFC technology aims at generating electrical current through
extracellular transfer of electrons, which microorganisms liberate
from organic substrates. Microorganisms oxidize organic com-
pounds, and the electrons from the intracellular electron trans-
port chains are transferred to an external electron acceptor (i.e., an
anode poised at a suitable potential) (3). One of the challenges
facing MFC performance is the efficiency of microbial electron
transfer to an anode. The most commonly described transfer
mechanisms are direct electron transfer via direct cell contact or
protein nanowires and mediated electron transfer via secondary
or primary metabolites (4–9). Attempts to improve the biological
efficiency of MFCs have therefore focused on understanding and
improving these mechanisms.

In mediated electron transfer, microorganisms utilize endoge-
nous or exogenous soluble redox mediators that enable transmis-
sion of electrons to an external electron acceptor. In bacteria,
endogenous secondary metabolites used as mediators include
riboflavins in Shewanella (6), phenazines in Pseudomonas (10),
and quinones in Lactococcus (11). These molecules undergo re-
versible oxidation and reduction and hence can be used repeat-

edly as electron shuttles (4). Also, the addition of natural or
synthetic redox compounds to enhance electron transfer in
BES has demonstrated some potential (12), and very recent
work shows that the heterologous expression of natural redox
mediators can enable nonelectroactive bacteria for electrode
interactions (13).

Phenazines play several important roles in the physiology of
Pseudomonas aeruginosa: virulence generation (14), signaling
(15), iron acquisition (16), and shuttling of electrons (17, 18).
Phenazines are synthesized from chorismic acid (19, 20) via the
intermediate phenazine-1-carboxylic acid (PCA), which is further
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converted into pyocyanin (PYO), 1-hydroxyphenazine (1-HP),
and phenazine-carboxyamide (PCN) (21). Since the different
phenazines have different redox properties and reactivities with
oxygen, they may play different roles in a P. aeruginosa biofilm,
and subsequently gradients of their production exist across the
biofilm structures (22).

In mixed microbial communities and biofilms, the redox me-
diators might be shared among different species and could be
responsible for the syntrophic links between different species (17).
Naturally, microbial communities build consortia that are char-
acterized by intricate interactions, which often lead to a better
utilization of resources (23, 24). Some of these interactions are
synergistic, involving native redox mediator and non-redox me-
diator producers (25). Studies have shown that Pseudomonas
aeruginosa produces phenazines that can be utilized by members
of other species to transfer electrons to an external electron accep-
tor (10, 18). The involvement of phenazines in synergistic and
syntrophic interactions among bacteria is also well documented in
natural communities, where, for instance, P. aeruginosa was found
to coexist and interact with Enterobacter aerogenes in marine sed-
iments through the transfer of PYO and other metabolites (26).

A common prevalence of P. aeruginosa and E. aerogenes has
also been found in a mixed microbial community of an MFC
treating synthetic wastewater (27). Here, further investigations
have provided the first insight into these interactions, which were
especially pronounced under oxygen-limited conditions. Redox
mediators from P. aeruginosa were shown to mediate extracellular
electron transfer in a synergistic interaction with E. aerogenes. The
Enterobacter fermentation product 2,3-butanediol (2,3-BD) was
shown to enhance and influence the spectrum of phenazine pro-
duction from P. aeruginosa. E. aerogenes, in turn, used the
phenazines to “respire” with the electrode, resulting in increased
current and biomass production. There are a number of reports
confirming the possible effect of certain carbon substrates in
changing and enhancing the production of phenazines by P.
aeruginosa (28–31). 2,3-BD was found to enhance not only phen-
azine production but also other virulence factors of P. aeruginosa
(32). Another recent study has shown that ethanol produced by
Candida albicans can enhance the production of phenazines by P.
aeruginosa in polymicrobial interactions (33). These interactions
represent social networks that have evolved between members
occupying certain ecological niches.

Understanding this web of interactions and gaining a deeper
understanding of the physiology of mediator production and us-
age will help us design mixed microbial cultures that effectively
self-mediate electroactivity. We also need to know whether and
how the interspecies interactions, redox mediator production,
and responses to metabolites are dependent on the strain of P.
aeruginosa. Strains PA14 and PAO1 have been extensively used
in many physiological studies. Genetically, strains PA14 and
PAO1 are appreciably different, and they often show discern-
ible physiological differences. PA14 has a slightly larger ge-
nome than PAO1 (�6.54 and 6.26 MB, respectively), which
contains several pathogenicity islands that are not present in
PAO1 (34, 35). The first pure culture evaluations of P. aerugi-
nosa in BES have been performed with strain PA14 (9, 27, 32);
however, this strain differs from the ones evolved in MFC mi-
crobial communities and might show different physiological
and ecological behaviors.

To elucidate the spectrum of mediator-based bioelectrochemi-

cal activity of P. aeruginosa, we here investigated the production of
phenazines and the related current generation by three P. aerugi-
nosa strains provided with different ecologically relevant carbon
substrates. We examined the well-described strains PA14 and
PAO1 and compared them to Pseudomonas sp. strain KRP1,
which was previously isolated from a mixed microbial community
of an MFC and showed 95% identity with P. aeruginosa in a 16S
rRNA gene analysis (25). This evaluation forms an important
foundation for future, more complex coculture investigations of
mediated electron transfer in microbial fuel cells.

MATERIALS AND METHODS
P. aeruginosa strains and culture conditions. Strains PA14 (DSMZ
19882) and PAO1 (DSMZ 19880) were obtained from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ). Pseudomonas sp.
KRP1 was isolated from an MFC setup at the Laboratory of Microbial
Ecology and Technology (LabMET), Ghent University (deposited into the
Belgian Coordinated Collections of Microorganisms [BCCM] as strain
number LMG 23160), and was kindly provided for this study (25). Pre-
cultures were grown overnight in Luria broth medium at 37°C and then
washed in 0.9% NaCl solution before BES inoculation. For BES experi-
ments, strains were cultured in AB medium, containing (per liter) 2.0 g
(NH4)2SO4, 6.0 g Na2HPO4, 3.0 g KH2PO4, 3.0 g NaCl, 0.011 g Na2SO4,
0.2 g MgCl2, 0.010 g CaCl2, and 0.5 mg FeCl3 · 7 H2O (36). The medium
was supplemented with 30 to 35 mM single or cofeed carbon and energy
source (see below). The electrochemical reactors were inoculated to a
starting optical density at 600 nm (OD600) of 0.05. The temperature was
maintained at 37°C.

Molecular procedures. The phenazine-null mutant of PA14 (PA14
�phz), in which the genes phzA1 to -G1, phzS, phzM, and phzA2 to -G2
were deleted, was generated via a knockout protocol published by Marti-
nez-Garcia and de Lorenzo (37). Primers used to generate homologous
regions for the knockout crossover events and to analyze the success of the
knockouts are described in Table S1 in the supplemental material. All
sequence information for the genetic comparison of strains PA14 and
PAO1 was obtained from the well maintained Pseudomonas Genome Da-
tabase at www.pseudomonas.com. The genome sequence of the BES iso-
late KRP1 is not yet published. To compare the phz gene regions of KRP1
to those of PA14 and PAO1, primers (see Table S1 in the supplemental
material) for the most external genes of the phz coding area were designed
from the PA14 genome sequence and used to amplify the entire KRP1 phz
coding area. The amplicons were sequenced by GATC, Germany. Se-
quence comparison for all strains was performed in Clone Manager (Sci-
entific & Educational Software, USA).

BES setup and electrochemical procedures. The bioelectrochemical
cell was a single-chamber 500-ml glass reactor with a water jacket for
temperature control (see Fig. 6b). One side port with a rubber septum was
used for inoculation and sampling. Top ports were used for further instal-
lations. Microaerobic conditions were achieved through two 2-�m vent
filters that allowed circulation of the room atmosphere through the reac-
tor airspace. Oxygen-limited conditions were necessary to generate an
environmental stimulus for phenazine production (27) and other viru-
lence factors (38) but at the same time to maintain oxygen availability for
the production of PYO (21).

A three-electrode setup was used with a comb-like solid carbon elec-
trode (Novotec) (surface area, 153 cm2) as the working electrode (anode),
a carbon block (49 cm2) as counterelectrode (cathode), and a saturated
silver/silver chloride electrode as a reference electrode (RE) (all potentials
are reported versus this reference). Electrochemical tests were performed
with the Ivium-n-stat potentiostat (Ivium Technologies, Eindhoven, The
Netherlands). Electric current generation was measured chronoampero-
metrically at a set potential of 0.2 V. To determine the coulombic effi-
ciency (CE), the collected charge was related to the charge fed with each
substrate, i.e., glucose, 24 e� per molecule; 2,3-BD, 22 e� per molecule;
and ethanol, 12 e� per molecule.

P. aeruginosa Strain Variability of Current Production
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Cyclic voltammetry (CV) measurements were used to assess the elec-
trochemical activity of the cultures every 23 h in a potential range of �0.5
to 0.5 V at a scan rate of 2 mV s�1. As a reference, standards of all four
phenazines produced by P. aeruginosa were measured under similar aer-
ation conditions in the same medium used for all experiments. 1-HP and
PCN were not detected in the chromatographic analysis of the culture
media; hence, only the CV data for the standards of PCA and PYO at a 2:1
concentration ratio (since PCA always was determined at higher concen-
trations than PYO) are shown (see Fig. S1 in the supplemental material).
The midpeak potentials (E1/2) of PCA and PYO individually were �0.23 V
and �0.18 V, respectively. When the two compounds were mixed, the
derived E1/2 were �0.26 V and �0.18 V for PCA and PYO, respectively
(see Fig. S1 in the supplemental material).

For the phenazine utilization assay, a slightly simpler BES setup was
used. AB medium with or without glucose was used to fill a 100-ml stan-
dard laboratory bottle (Schott, Germany) with a septum screw cap
through which two graphite rods (5-mm diameter, 5.5-cm submerged
length; Novotec) and a reference electrode were installed. Each bottle was
stirred at 100 rpm with a magnetic stir bar. Precultured and three-times-
washed cells of different P. aeruginosa strains were added at equal cell
density (OD600 � 1) to duplicate bottles, one supplied with 30 mM glu-
cose and one not. The background current at an applied potential of 0.2 V
was recorded for each culture for 45 min before the addition of PCA (100
�g ml�1 or 20 �g ml�1) or PYO (20 �g ml�1).

Analytical procedures. For phenazine quantification, samples of cul-
ture supernatants were separated in a reverse-phase column (C18 Nucleo-
dur ec column; 250-mm length, 4-mm diameter, 5-�m particle size; Ma-
cherey & Nagel, Düren, Germany) mounted on a Shimadzu Prominence
ultrafast liquid chromatograph and detected using a photodiode array
detector (Shimadzu SPD-M20A). The procedure for sample analysis was
as described before (19), with slight modifications. Briefly, 25 mM am-
monium acetate (Fluka) as solvent A and acetonitrile (Sigma-Aldrich) as
solvent B were used as eluents at a flow rate of 0.35 ml min�1 and a
temperature of 20°C. A linear gradient was run for 27 min as follows: 5
min at 20% acetonitrile, 10-min linear gradient ramp to 80% acetonitrile,
5 min at 80% acetonitrile, 2-min linear gradient to 20% acetonitrile, and
finally 5 min at 20% acetonitrile. Phenazines were separated and detected
at their characteristic wavelengths: PYO, 319 nm; PCA, 366 nm; 1-HP, 247
nm; and PCN, 247 nm. Stock solutions of phenazine standards PCA and
PCN (obtained from Princeton Biomolecular) and 1-HP (obtained from
TCA Europe) were made by dissolving 1,000 �g ml�1 of each phenazine
in dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Stock solutions of PYO
(Cayman Chemical) standards were made by dissolving 2,500 �g ml�1 in
100% ethanol.

For analysis of carbon source consumption and secreted metabolites,
sample supernatants were separated on an organic acid resin column (300
by 8 mm; polystyrol-divinylbenzol copolymer [PS-DVB]; CS-Chroma-
tography) mounted on a Dionex (Sunnyvale, CA, USA) Ultimate 3000
high-pressure liquid chromatograph (HPLC). Sulfuric acid (5 mM) was
used to elute the samples at a flow rate of 0.8 ml min�1 and at 60°C. A
refractive index detector (RI-101; Shodex) and UV detector (Ultimate
3000 UV/visible detector; Dionex) at 210 nm were used to detect and
quantify the different compounds, depending on their properties.

Biomass as cell dry weight was quantified by harvesting the entire
planktonic and biofilm populations at the end of each experiment. Total
samples were centrifuged, and the cell pellet was dried at 120°C for 24 h.

RESULTS
Single-substrate metabolism. The substrates glucose, 2,3-BD,
and ethanol were supplied at initial concentrations of 30 to 35
mM; by the end of the experiment, all substrate was consumed
(Fig. 1). Often an initially high substrate consumption rate was
observed up to day 4 or 5. The uptake rate strongly decreased for
the later times of the experiment (to only 25 to 50% of initial rate)
(Table 1).

From the provided substrates, strains PA14 and KRP1 pro-
duced low levels of 2-ketogluconate (as a direct oxidation product
from glucose only), acetate, and acetoin as primary products,
which were subsequently reconsumed (Fig. 1d, e, and f). Produc-
tion of acetoin from glucose may be a carbon storage strategy as
well as aimed at preventing the pH effects of possible acidic prod-
ucts (39, 40). The direct interconversion of 2,3-BD to acetoin
likely caused the increased production of acetoin during growth
with 2,3-BD as the carbon source (41). Strain KRP1 also produced
succinate during growth with glucose as carbon source, which was
also later consumed (Fig. 1). Succinate is one product of the py-
ruvate fermentation pathway, which was shown to be activated for
anaerobic survival of P. aeruginosa (42), especially in the presence
of phenazines to discharge surplus reducing equivalents (43). This
indicates that the cells were oxygen limited due to high metabolic
activity (e.g., biomass production) during days 6 to 8. In contrast
to the case for PA14 and KRP1, hardly any substrate degradation
products or intermediates were found for strain PAO1.

Single-substrate phenazine and current generation. Electric
current generation by the three strains was recorded chronoam-
perometrically at a provided anode potential of 0.2 V versus the
RE (Fig. 2). In parallel, we quantified phenazine production dur-
ing the experiments to correlate the mediators to the electrochem-
ical activity.

For strain PA14, we observed a switch to production of PYO
(22 �g ml�1 versus hardly any) and a 7-fold-increased production
of PCA (60 �g ml�1 versus 8.5 �g ml�1) when provided with
2,3-BD compared to glucose and, consequently, a 3-fold-higher
current density (17 and 5 �A cm�2 for 2,3-BD and glucose, re-
spectively). This is comparable to an earlier report of increased
maximum current density with 2,3-BD compared to glucose as a
substrate (5.2 and 3.3 �A cm�2, respectively) (27).

Compared to this, KRP1 produced its highest current with
glucose as a carbon source (maximum current density [jmax] � 19
�A cm�2) at very large amounts of PCA in the culture (up to 150
�g ml�1), while PYO (up to 17 �g ml�1) was produced only very
late in the experiment when the current levels had already de-
creased (�day 11). With 2,3-BD, three-times-smaller amounts of
PCA were produced, but instead considerable amounts of PYO
(20 �g ml�1) were produced at the beginning of the experiment.
Under this condition, a current density of 14 �A cm�2 was ob-
served for strain KRP1. In comparison to glucose and 2,3-BD,
both PA14 and KRP1 showed much lower electroactivity during
growth with ethanol as the carbon source, and this is in line with
the small amounts of phenazines produced (Fig. 2).

In contrast, PAO1 was barely electroactive with all substrates;
the highest current was recorded with 2,3-BD (jmax � 4 �A cm�2).
The low electroactivity of PAO1 concurred with low or undetect-
able levels of phenazines in our experiments.

The substrate-based energy yield was derived as coulombic ef-
ficiency (CE) from the integral of the individual current curves
over time (Table 2). In comparison, strains PA14 and PAO1
showed low efficiency with glucose (1.8% and 0.2%, respectively),
which increased during growth with 2,3-BD (4.5% and 1.5%, re-
spectively). In contrast, KRP1 showed higher efficiency with glu-
cose (8.9%), which decreased during growth with 2,3-BD (6.5%).
With ethanol, the coulombic efficiencies were generally much
lower than those with 2,3-BD.

Cosubstrate consumption and bioelectrochemical utiliza-
tion. To test the functional relationship of the presence of differ-
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ent carbon sources, equimolar glucose and 2,3-BD substrate were
cofed to the three strains (at 15 mM each). PA14 showed a typical
diauxic growth pattern where glucose was first consumed and
depleted before 2,3-BD was taken up (Fig. 3a). The measured cur-
rent profile (Fig. 3d) also reflects the two activity phases: the glu-

cose-based current enters a stable plateau of �3.25 �A cm�2

around day 4.5, and the current starts to rise again to a maximum
�4.7 �A cm�2 after day 7, when 2,3-BD is consumed as a sub-
strate. The current increase with transition to 2,3-BD coincides
with a strong increase of PCA from 0.5 �g ml�1 to 2.5 �g ml�1.

FIG 1 Carbon substrate consumption (a, b, and c) and metabolite formation time profiles (d, e, and f) for three P. aeruginosa strains in oxygen-limited
bioelectrochemical experiments. All data are means and standard deviations for three biological replicates, except those for KRP1 with 2,3-BD, which include
only duplicates. The lower reported concentrations of ethanol for PAO1 (the initial concentration was also 30 mM) are due to strong evaporation during
sampling and HPLC analysis.
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Similar to the case for PA14, HPLC analysis of carbon source
consumption by KRP1 depicted a diauxic growth pattern, which
was, however, not easily distinguishable in the current generation
(Fig. 3b and e). Electric current increased rapidly during the initial
glucose growth phase (up to �3.5 �A cm�2). During 2,3-BD con-
sumption, the current further increased to over 10 �A cm�2.
Thereby, strain KRP1 produced very high concentrations of PCA
mainly during glucose consumption (22 �g ml�1 by day 2, which
was over 80% of the total PCA production in the experiment).
However, the highest metabolic activity of electron discharge to
the anode took place only after glucose was consumed.

Unlike PA14 and KRP1, PAO1 consumed both the carbon
sources concomitantly while producing the smallest amounts of

metabolic side products (�1 mM) (Fig. 3c) and very low current
densities (Fig. 3f).

The CE for the cofeed experiments was similarly low as with the
single-substrate experiments.

CV analysis of redox activity. Cyclic voltammetry (CV) mea-
surements provide characteristic redox peak systems of different
redox-active compounds, from which specific midpeak potentials
(E1/2) and information on the reversibility of the redox reaction
can be derived.

In microbial experiments, the complex cyclic voltamograms
differed from those for the phenazine standards (see Fig. S1 in
the supplemental material) depending on the strain, carbon
source, time point of the experiment, and culture pH (Fig. 4).

TABLE 1 Consumption rates for the three carbon substrates

Strain

Substrate consumption rate (mM day�1)a

Glucose 2,3-BD Ethanol

PA14 3.8 (days 0–5), 1.4 (days 5–11) 5.6 (days 0–4), 1.7 (days 4–12) 2.2 (days 0–9)
KRP1 4.1 (days 0–4), 2.0 (days 4–10) 6.6 (days 0–4), 2.3 (days 4–8) 5.8 (days 1–5), 1.3 (days 5–9)
PAO1 3.1 (days 0–10) 3.9 (days 1–5), 1.3 (days 5–14) 3.6 (days 0–3)
a Calculated from the means of the substrate concentrations over time (Fig. 1).

FIG 2 Current generation and phenazine production by P. aeruginosa PA14, KRP1, and PAO1 grown with the substrates glucose, 2,3-BD, and ethanol. Data are
from three biological replicates, except those for KRP1 with 2,3-BD, which are in duplicates. Note the different current density axis scaling for PA14 with 2,3-BD,
KRP1 with glucose, and KRP1 with 2,3-BD.
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Here, the mixed potentials can be evaluated only in combina-
tion with a chemical analysis (via HPLC) of the medium at the
respective time points (Table 3). From the daily scans, we show
representative CV and HPLC data for the early phase of in-
creasing bioelectrochemical activity and during maximum de-
tected current production.

A fairly broad redox peak system was found for strain PA14
supplied with glucose, which shifted the E1/2 from �0.31 to �0.20

TABLE 2 Coulombic efficiencies of the conversion of different
substrates to electric current

P. aeruginosa
strain

Coulombic efficiency (%, mean 	 SD) with:

Glucose 2,3-BD Ethanol
Glucose and
2,3-BD (1:1)

PA14 1.8 	 0.3 4.5 	 0.3 1.1 	 0.0 2.3 	 0.4
KRP1 8.9 	 0.6 6.5 	 0.3 3.4 	 0.7 2.6 	 0.4
PAO1 0.2 	 0.1 1.5 	 0.3 1.1 	 0.1 0.1 	 0.0

FIG 3 Carbon substrate uptake by cultures supplied with equimolar glucose and 2,3-BD (a, b, and c) and related electric current generation and phenazine
concentrations (d, e, and f) for strains PA14, KRP1, and PAO1. The vertical dashed lines in panels a, b, d, and e represent the time of substrate switch from glucose
to 2,3-BD. All data are means and standard deviation for three biological replicates.
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from day 3 to day 12 (Fig. 4). The HPLC analysis indicated only
the presence of PCA at these time points (Table 3). In compari-
son, PA14 supplied with 2,3-BD as the carbon source showed
more defined redox peak systems at day 9 (E1/2 � �0.30,
�0.19, and �0.09 V), during which PYO and PCA were present
in the culture (20 and 51 �g ml�1, respectively). During growth
with ethanol as the carbon source, a redox peak system at � E1/2 �
�0.18 V was identified at days 3 and 8, corresponding to PYO as
the dominating phenazine in this culture (with 4 times more PYO
than PCA at both time points).

Unlike for PA14, easily distinguishable redox peaks were
observed for KRP1 supplied with glucose. Notably, at day 10
KRP1 produced very large amounts of PCA (106 �g ml�1),
which correlated with a prominent corresponding peak system
(E1/2 � �0.21 V) (Fig. 4). Similarly defined peak systems were
observed during growth with 2,3-BD, where roughly equal
amounts of PYO and PCA were present in the culture on day 3
(16 versus 20 �g ml�1 for PYO and PCA, respectively). During
maximum activity (day 12), PCA clearly dominated the cul-
ture, and a mixed CV with a strong peak separation was mea-

sured. Small amounts of PCA were produced by KRP1 supplied
with ethanol, resulting in the observed redox peak system at
E1/2 � �0.28V (Fig. 4; Table 3). Strain PAO1 produced very
small amounts of phenazines, and redox peak systems for strain
PAO1 were not clearly defined.

Evaluating differences in usage and production of phenazines.
To evaluate whether the strains differ more in electrochemical
behavior because of a difference in electrochemical utilization of
the phenazines or because of a difference in phenazine produc-
tion, we performed two additional analyses. In the first, we
washed all strains thoroughly to remove endogenously pro-
duced phenazines from the cells, added them to medium with
glucose (to generate metabolic activity) or without glucose
(resting cells), and added defined concentrations of PCA or
PYO similar to the ones found in the experiments. Figure 5
shows the relative increase in current production for different
time points after the addition of the phenazines to the respec-
tive strain (current production before addition corresponds to
100%). A significant and sustained current increase was ob-
served almost exclusively for metabolically active cells (with

FIG 4 Cyclic voltamograms for the three P. aeruginosa strains grown with the three carbon sources. Plots show a representative blank scan (immediately after
inoculation), one scan during increasing electrochemical activity, and one scan during maximum electrochemical activity for one representative biological
replicate for each condition.
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glucose). For all three strains, PA14, KRP1, and PAO1, the
addition of 20 �g ml�1 PCA or PYO resulted in a similar cur-
rent between 200 and 300% of that with the nonphenazine
background. The addition of the observed elevated concentra-
tion of PCA (here 100 �g ml�1) resulted in an increase in
current production capability only for strains PA14 and KRP1,
while PAO1 was unresponsive to the increased levels of PCA.
For this phenazine utilization assay, we also included a phena-
zine-null mutant of PA14. We expected this strain to behave
similarly to the washed PA14 culture. However, while this was
true for the addition of PCA at both tested concentrations, the
addition of PYO yielded a 35-times-higher current increase
with PA14 �phz compared to the PA14 wild type.

In the second analysis, we performed a direct genome sequence
comparison between the coding and regulatory regions for phen-
azine synthesis of the three strains. Table S2 in the supplemental
material summarizes the sequence similarity for all phenazine
synthesis genes, and although there is a very high sequence
identity level (mostly �98%), it is clear that all genes also con-
tain nucleotide mismatches, which could potentially result in
different enzyme activities during phenazine synthesis. We also
evaluated all major transcription regulatory elements for all
strains and gene clusters with a focus on the upstream areas of
phzA1 and phzA2 and found no considerable difference (see
Fig. S2 in the supplemental material). Therefore, differences in
regulation are most likely driven by a different modulation of
the overlaying quorum-sensing regulatory network and not by
any remarkable genetic differences between the strains’ phen-
azine gene clusters.

DISCUSSION
Substrate preference of P. aeruginosa strains. The carbon source
preference of P. aeruginosa and the control of their utilization in
nature have been extensively explored (44, 45). Here, P. aerugi-
nosa strains PA14 and PAO1 and Pseudomonas sp. isolate KRP1
were grown in passively aerated one-chamber BES setups (Fig. 6)
supplied with either glucose or the fermentation product 2,3-BD or
ethanol. Our results suggest an enhanced uptake of the fermentation
product 2,3-BD compared to glucose, with an �50% higher con-
sumption rate for 2,3-BD with PA14 and KRP1 and an �25% higher
consumption rate with PAO1 (Table 1). This might be linked to the
dynamics of their transport rather than to carbon source prevalence.
Cofeed experiments (Fig. 2), which showed a diauxic growth pattern
(except for PAO1) when both glucose and 2,3-BD are present as sub-
strates, indicated that glucose is preferred over 2,3-BD. In a cofeed
experiment, it is generally expected that the catabolite repression sys-
tem will favor the uptake of the preferred substrate. It is widely ac-
cepted that P. aeruginosa prefers organic acids and amino acids to
glucose in a sequential hierarchy (45, 46). Thereby, the catabolism of
glucose, via the Entner-Doudoroff pathway, is under the control of
the catabolite repression system (44, 47). Our cofeed experiments
suggest that glucose is a preferred substrate over 2,3-BD for P. aerugi-
nosa. Indeed, the repression of transcription of the genes respon-
sible for 2,3-BD catabolism by glucose has been experimentally
confirmed in Bacillus subtilis (the model organism for the study of
2,3-BD and acetoin catabolism) (39).

Strains dictate redox mediator and electric current produc-
tion. Increased current generation has been reported before for

TABLE 3 Comparison of electrochemical and chromatographic phenazine analyses

Strain Carbon source Day pH Eox (V)a Ered (V)a E1/2 (V)

Phenazinesb (�g/ml)

PYO PCA

PA14 Glucose 3 6.8 �0.20 �0.43 �0.31 —c 5.8
12 6.2 �0.14 �0.26 �0.20 — 15.9

2,3-BD 2 6.7 �0.17 �0.21 �0.19 2.6 2.6
9 6.7 �0.19 �0.42 �0.30 20.0 51.0

�0.10 �0.28 �0.19
�0.01 �0.17 �0.09

Ethanol 3 7.3 �0.19 �0.22 �0.20 3.9 1.0
8 6.7 �0.13 �0.21 �0.17 10.5 2.7

KRP1 Glucose 2 6.7 �0.18 �0.28 �0.23 3.6 29.0
10 6.2 �0.14 �0.28 �0.21 — 106.3

2,3-BD 3 6.7 �0.30 �0.39 �0.34 16.1 19.8
�0.22 �0.27 �0.25

12 6.7 �0.12 �0.37 �0.25 3.2 51.2
Ethanol 2 6.7 �0.22 �0.40 �0.31 6.1 8.1

6 6.7 �0.19 �0.38 �0.28 — 6.4

PAO1 Glucose 2 6.7 �0.266 �0.385 �0.325 — —
7 6.7 �0.22 �0.36 �0.29 — —

2,3-BD 3 7.1 �0.19 �0.41 �0.30 — 0.4
12 6.7 �0.15 �0.40 �0.27 4.5

0.00 �0.26 �0.13
Ethanol 3 6.7 —c — — — 0.8

8 6.7 �0.21 �0.27 �0.24 — 3.8
a Eox and Ered, oxidation and reduction peak potentials, respectively, derived from the representative CVs in Fig. 4.
b Corresponding phenazine concentration related to the representative CV in Fig. 4, not to the averaged phenazine concentrations from Fig. 3.
c —, no phenazines were detected or a redox peak was not distinguishable.
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PA14 in microbial cocultures containing 2,3-BD-producing mi-
croorganisms and in monocultures supplied with 2,3-BD as a car-
bon source (27). Thereby, 2,3-BD was thought to interact with the
quorum-sensing regulatory system, leading to increased produc-
tion of phenazines, including a switch in the phenazine spectrum
toward PYO. Our experiments confirmed this behavior for strain

PA14 for the substrates glucose and 2,3-BD. In the cofeed experi-
ments with these substrates, the observed current for PA14 resembles
more the current profile of glucose; the high-performance current of
PA14 with 2,3-BD was not established after the transition. The pro-
duced phenazine (especially PCA) levels were much lower in this
cofeed experiment than with the pure substrates. The regulatory dif-

FIG 5 Phenazine utilization assay with defined phenazine concentrations. The bar graphs show the relative increase in current generation (at 0.2 V) with the
addition of defined concentrations of phenazines to a resuspension of washed cells of strains PA14 (a), PA14 �phz (b), KRP1 (c), and PAO1 (d). The dashed
horizontal line at 100% highlights the activity of the cells before phenazine addition. Solid bars represent cultures with 30 mM glucose, and crosshatched bars
represent cultures without glucose addition. Values at 1 min, 30 min, and 60 min after phenazine addition are reported.

FIG 6 (a) Observed maximum current densities for P. aeruginosa strains PA14, KRP1, and PAO1 grown in the presence of glucose, 2,3-BD, ethanol, or equimolar
glucose and 2,3-BD. Values are averages from three independent biological replicates, except those for KRP1 with 2,3-BD, which are in duplicates. (b)
Photograph of the bioelectrochemical setup used.

Bosire et al.

5034 aem.asm.org August 2016 Volume 82 Number 16Applied and Environmental Microbiology

http://aem.asm.org


ferences in a 7-day-old culture at transition to 2,3-BD consumption
might have prevented the elevated production of both PYO and PCA
as observed with 2,3-BD as single substrate.

It is intriguing that the influence of this fermentation product
seems to be strain dependent. Unlike PA14, KRP1 produced its
highest current with glucose as a carbon source, which correlated
with very large amounts of PCA and hardly any PYO. In the glu-
cose/2,3-BD cofeed experiment, KRP1 also produced high levels
of PCA, with over 80% of it in the initial consumption phase.
However, the highest metabolic activity of electron discharge to
the anode took place only after glucose was consumed, hinting
that indeed the large amounts of PCA in this strain are responsible
for enhanced current generation. During the cofeed experiments,
KRP1 produced the highest current density among the three
strains. This also corresponds to the high maximum concentra-
tion of PCA in the culture of KRP1 compared to PA14 and PAO1
(26.4 versus 2.6 and 2.7 �g ml�1, respectively) (Fig. 3d, e, and f).
While our data confirm the switch to more PYO production with
2,3-BD in both PA14 and KRP1, the increased current production
in KRP1 seems to be mediated mainly by PCA.

Thus, the influence of especially glucose on the phenazine
spectrum appears to be different among the strains. As noted be-
fore, large amounts of succinate (�6 mM) were produced during
growth of KRP1 on glucose, and the reconsumption of this inter-
mediate correlates in time with the highest observed electrochem-
ical activity in the glucose experiments. For P. aeruginosa (strain
PAO1), it was shown before that the highly preferred carbon sub-
strate succinate suppresses PYO synthesis (and to a lesser extent
also PCA synthesis) through catabolite repression via the Crc pro-
tein (48). It should be investigated whether a change in this regu-
latory path is responsible for the strong production of PCA and
electric current in strain KRP1.

However, we cannot linearly correlate the concentration of
phenazines to the amplitude of current generation. Addition of
defined phenazine concentrations to washed cells (Fig. 5) indi-
cated a similar capacity to utilize the phenazines for PA14 and
KRP1, but more investigations into the roles of the different
phenazines in redox cycling are required. It should also be noted
that the ratio of PCA to PYO is oxygen dependent because of an
oxygen-dependent monooxygenase (PhzM), which converts PCA
to PYO. Thus, the instantaneous oxygen availability in our oxy-
gen-limited experiments influenced the production of PCA versus
PYO for the evaluated substrates. It is likely that the amplitude of
current generation is a multivariate problem, influenced by
phenazines, oxygen availability, metabolic and physiological pref-
erences, and complex regulatory networks.

In contrast, strain PAO1 barely showed any phenazine produc-
tion and electroactivity in our study. The phenazine addition ex-
periment also indicates a lower capacity to utilize PCA as redox
shuttle. These findings have important implications for the study
of electrochemical activity of P. aeruginosa. In many laboratories,
PAO1 is the model strain for P. aeruginosa investigations. How-
ever, our results indicate that this strain might not be the best
choice for P. aeruginosa electroactivity or BES microbial ecology
research.

PCA is mainly responsible for reversible redox cycling. CV
measurements together with chemical analysis can be instrumen-
tal in making inferences about the redox activity and the redox
species present in a BES setup. The voltamograms observed for
cultures with higher concentrations of PYO (or a higher PYO/

PCA ratio) depict irreversible or weakly reversible redox peaks
(e.g., with strain PA14). Instead, in experiments with KRP1 where
large amounts or only PCA were detected, CVs with clearly de-
fined oxidation and reduction peaks were observed (Fig. 4; Table
3). This could suggest that PYO was limited in redox cycling under
the conditions of our BES. It has been postulated that, depending
on the reactivity of the phenazines, PCA might be located deep in
the biofilm, where it is involved in iron acquisition, whereas PYO
occurs on the surface, where it reacts with oxygen to produce
reactive oxygen species as an antibiotic against competitors (22).
Further, the reversible intracellular reduction of PYO might not
be efficient: an earlier report demonstrated the possibility that P.
aeruginosa lacks an NADPH:PYO oxidoreductase, resulting in a
limitation in redox cycling (49). Another recent report has shown
that PYO can be irreversibly oxidized by the pseudomonas quin-
olone signal (PQS), a quorum-sensing molecule, making it un-
available for redox cycling (50). Thus, our results reflected in the
light of these earlier reports support the hypothesis that PCA
rather than PYO is more directly involved in redox cycling under
oxygen-limited conditions. However, in our phenazine addition
test, a similar relative current increase was observed for the three
strains with the addition of 20 �g/ml PCA or PYO, indicating a
comparable capacity of the strains to utilize fresh PCA and PYO.
Effects of phenazine aging and degradation are currently under
investigation. In the comparison of the PA14 �phz mutant, which
is not able to synthesize phenazines, to washed cells of strain PA14,
a surprising 35-fold increase in current was observed with the
addition of 20 �g/ml PYO (Fig. 5b). Currently, we are not able to
explain this observation, but it points toward a suppressed PYO
utilization in the strain that was already primed for phenazine
production and usage. Thus, besides the high complexity of the
phenazine regulation through quorum-sensing cascades on the
production side, the overall utilization of available phenazines
also might be strongly regulated within the cell.

Anodic electron discharge is a metabolic side reaction under
oxygen limitation. To estimate the amount of energy recovered as
charge from the substrates provided, the coulombic efficiency was
calculated. In general, CE was low for all strains, showing that
current production is likely a metabolic side reaction for all three
strains. The main contributor to this low proportion of anodic
electron discharge likely was oxygen. Under our oxygen-limited
conditions, the three strains showed different levels of efficiency of
substrate conversion to side products (i.e., metabolic products
and electric current) and biomass formation. Growth or biomass
quantification during the experiments was not trivial, since vary-
ing levels of biofilm formation prevented reliable measurements
of optical density or cell counts. Therefore, biomass was assessed
only as total cell dry weight (planktonic plus biofilm biomass) at
the end of each experiment (Table 4). Table 4 also indicates the
observed tendency to form a strong biofilm on the air-liquid in-
terface. No direct correlation between the final biomass, substrate
utilization, and metabolic side products could be derived. How-
ever, it is likely that a strong biofilm formation on the surface of
the reactor liquid will cause many cells to be in close proximity to
the headspace oxygen to discharge electrons (e.g., with PA14
grown on glucose). Similarly, a low biofilm formation tendency in
combination with a low general biomass formation might allow
oxygen to be available for electron discharge throughout the reac-
tor liquid (e.g., all strains with ethanol). However, besides this,
fundamental strain differences might also largely influence CE; for
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example, PAO1 generally grows well under our oxygen-limited
conditions without the discharge of metabolic products or elec-
trons.

Overall, the observed current is a function of a wide array of
factors that influence the amount of electrons and their effi-
ciency of transmission to the electrode. If we consider a similar
oxygen availability, the most important contributor for effi-
cient cell-to-electrode electron transfer is the phenazine con-
centration. High currents correlate with high phenazine con-
centrations, while PAO1 produces hardly any phenazines and
consequently no anodic current. The main driver for a high
concentration of phenazines therefore was the identity of the
Pseudomonas strain, which determined the dominating phena-
zine species and the influence or lack of influence of the carbon
source on phenazine production. Both parameters might pro-
vide an ecological advantage in certain environments, also be-
cause the different phenazines might have different capacities
for reversible redox cycling. In comparison to the influence of
the strain identity and oxygen as a direct competitor for elec-
trons, the amount of biomass seems to play a smaller role in
influencing the phenazine-based anodic current in our exper-
iments.

Conclusions. One approach to enhance electron transfer ef-
ficiency in MFCs is to coculture microorganisms that can syn-
ergistically mediate current production by employing soluble
redox mediators. Gaining more insight into the interactions
that shape these electroactive communities will enable the def-
inition of cocultures that can effectively self-mediate current
generation. We here compared the electroactivities of three
strains of the mediator producer P. aeruginosa to deepen our
understanding of this important member of such communi-
ties. Overall, our data indicate differences in the electroactivi-
ties of the three strains which, most likely, mirror their adapt-
abilities to different environments. Comparing all strains and
carbon sources, we conclude that the BES isolate KRP1 is the
most electroactive when supplied with the three carbon sources
considered (Fig. 6). Ongoing investigations of KRP1 in an eco-
logical, i.e., coculture, context and a comparative transcrip-
tome analysis with PA14 will shed further light into this natu-
rally increased capability of electron discharge to an
extracellular electron acceptor. Building on this work, more
complex coculture investigations of mediated electron transfer
in microbial fuel cells will become possible.
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