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ABSTRACT Extracellular electron transfer (EET), the reduction of compounds that
shuttle electrons to distal oxidants, can support bacterial survival when preferred ox-
idants are not directly accessible. EET has been shown to contribute to virulence in
some pathogenic organisms and is required for current generation in mediator-
based fuel cells. In several species, components of the electron transport chain (ETC)
have been implicated in electron shuttle reduction, raising the question of how
shuttling-based metabolism is integrated with primary routes of metabolic electron
flow. The clinically relevant bacterium Pseudomonas aeruginosa can utilize carbon
sources (i.e., electron donors) covering a broad range of reducing potentials and
possesses a branched ETC that can be modulated to optimize respiratory efficiency.
It also produces electron shuttles called phenazines that facilitate intracellular redox
balancing, increasing the complexity of its metabolic potential. In this study, we
investigated the reciprocal influence of respiratory metabolism and phenazine-
associated physiology in P. aeruginosa PA14. We found that phenazine production
affects respiratory activity and terminal oxidase gene expression and that carbon
source identity influences the mechanisms enabling phenazine reduction. Further-
more, we found that growth in biofilms, a condition for which phenazine metabo-
lism is critical to normal development and redox balancing, affects the composition
of the P. aeruginosa phenazine pool. Together, these findings can aid interpretation
of P. aeruginosa behavior during host infection and provide inroads to understand-
ing the cross talk between primary metabolism and shuttling-based physiology in
the diverse bacteria that carry out EET.

IMPORTANCE The clinically relevant pathogen Pseudomonas aeruginosa uses diverse
organic compounds as electron donors and possesses multiple enzymes that transfer
electrons from central metabolism to O2. These pathways support a balanced intra-
cellular redox state and produce cellular energy. P. aeruginosa also reduces second-
ary metabolites called phenazines to promote redox homeostasis and virulence. In
this study, we examined the reciprocal relationship between these primary and sec-
ondary routes of electron flow. We found that phenazines affect respiratory function
and that the complement of phenazines produced is strongly affected by growth in
assemblages called biofilms. These results provide a more nuanced understanding of
P. aeruginosa redox metabolism and may inform strategies for treating persistent in-
fections caused by this bacterium.

KEYWORDS Pseudomonas aeruginosa, biofilms, electron transport chain, extracellular
electron transfer, phenazines

Members of the domain Bacteria exhibit a vast variety of pathways and substrates
that can be used to generate energy (1). This metabolic diversity allows bacteria

to persist in conditions that do not support eukaryotes, which typically produce energy
by redox transformations of oxygen (O2) and water (2). An additional advantage for
many bacterial species is metabolic versatility, the ability to use multiple substrates

Citation Jo J, Price-Whelan A, Cornell WC,
Dietrich LEP. 2020. Interdependency of
respiratory metabolism and phenazine-
associated physiology in Pseudomonas
aeruginosa PA14. J Bacteriol 202:e00700-19.
https://doi.org/10.1128/JB.00700-19.

Editor Conrad W. Mullineaux, Queen Mary
University of London

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Lars E. P. Dietrich,
LDietrich@columbia.edu.

Received 12 November 2019
Accepted 19 November 2019

Accepted manuscript posted online 25
November 2019
Published

RESEARCH ARTICLE

crossm

February 2020 Volume 202 Issue 4 e00700-19 jb.asm.org 1Journal of Bacteriology

29 January 2020

https://orcid.org/0000-0003-2049-1137
https://doi.org/10.1128/JB.00700-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:LDietrich@columbia.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JB.00700-19&domain=pdf&date_stamp=2019-11-25
https://jb.asm.org


and/or pathways for energy generation. Metabolic versatility provides resilience in
heterogeneous or changing conditions and is an important feature of bacteria that
form multicellular assemblages called biofilms.

Biofilms are clusters of microbes that adhere to each other by producing complex,
polysaccharide-based matrices. In these structures, the combined effects of diffusion
and metabolism generate resource gradients and unique conditions that differ from
those found in historically popular, well-mixed liquid cultures. Importantly, biofilm-
specific conditions can induce distinct physiologies that contribute to stress and
antibiotic resistance, which in turn have important implications for virulence (3, 4). We
seek to understand how redox metabolisms are integrated to support multicellular
growth in the bacterium Pseudomonas aeruginosa, a common cause of chronic, biofilm-
based infections.

P. aeruginosa uses organic compounds as carbon and energy sources. It can gen-
erate ATP by fermenting these compounds or by coupling their oxidation to generation
of a proton motive force that powers ATP synthase (i.e., respiration). Results from our
work, using a colony morphology model to study P. aeruginosa biofilm metabolism and
development, support the model that electron flow to two major oxidants supports
energy generation and redox homeostasis in biofilms: (i) O2 and (ii) phenazines,
redox-active metabolites that can mediate extracellular electron transfer (EET) to
oxidants available outside the cell and at a distance (Fig. 1A) (5, 6). Genetic analyses and
microelectrode profiling studies indicate that P. aeruginosa’s ability to reduce O2 and
phenazines depends on the composition of its electron transport (i.e., respiratory) chain
(ETC) (7).

In contrast to the mitochondrial ETC, which has one route for electrons to be
delivered to O2, bacterial respiratory chains often have multiple routes (8). Electrons fed
into P. aeruginosa’s ETC are ultimately transferred to one of five canonical terminal
oxidases, the enzymes that catalyze the final electron transfer step to reduce O2 to
water (9, 10). Each of these terminal oxidases possesses unique characteristics, includ-
ing different expression patterns and affinities for O2 (11–14). Four terminal oxidases,
Cox, Cyo, Cco1, and Cco2 (or, alternatively, aa3, bo3, cbb3-1, and cbb3-2, respectively) are
members of the heme-copper oxidase superfamily; Cio is the only copperless terminal
oxidase, rendering it resistant to cyanide, which is endogenously produced by P.
aeruginosa at high cell densities (15, 16). Cox, Cco1, and Cco2 are cytochrome c
oxidases, while Cyo and Cio are quinol oxidases. The Ccos have high affinities for O2 and
have been shown to be the main terminal oxidases contributing to P. aeruginosa
growth under laboratory conditions (14). They are sufficient for wild-type (WT) colony
biofilm morphogenesis and phenazine reduction in biofilms grown on a complex
medium (7). Furthermore, the Ccos, together with Cio, support microaerobic growth of
this bacterium (10, 12). The loci encoding Cox and Cyo, on the other hand, are
upregulated under conditions of nutrient starvation (13). The stationary-phase sigma
factor RpoS induces expression of cox, while the transcription factor Anr, which
regulates gene expression during the transition from aerobic to anaerobic growth (17),
induces cco2 expression (11, 13). The two-component response regulator RoxSR also
modulates the expression of all five P. aeruginosa terminal oxidases, although the exact
mechanisms through which this system regulates their expression remain largely
unelucidated (13, 18).

Though metabolism is often conceptualized as a modular process in which the
oxidation of individual carbon sources can be paired with the respiration of electron
acceptors via common, central pathways, this is an oversimplification. Different carbon
sources (i) offer various degrees of reducing power, (ii) are routed through specific
pathways that will differ in their yields of direct electron donors to the ETC, and (iii) can
directly or indirectly act as regulatory cues affecting the expression or activity of ETC
components (19, 20). Furthermore, changes in electron flow through the ETC can affect
the expression of terminal oxidase genes (21). Here, we examined the physiological
impacts of phenazine production and ETC composition by surveying their relevance for
respiratory activity during the use of diverse carbon sources in P. aeruginosa. We tested
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FIG 1 Phenazines influence tetrazolium dye reduction. (A) Simplified representation of major redox pathways operating in P. aeruginosa.
ED, Entner-Doudoroff; TCA, tricarboxylic acid; ETC, electron transport chain; �-KG, �-ketoglutarate. Electron transfer through the ETC can
be coupled to the generation of a proton motive force that powers the ATP synthase. ATP is also generated by the ED pathway. Electrons
can originate from diverse carbon sources that can enter the ED pathway or TCA cycle. Phenazine-mediated extracellular electron transfer
(EET) is depicted as phenazines receiving electrons from the ETC and transferring them to an extracellular electron acceptor such as
oxygen (O2) (phzred and phzox denote reduced and oxidized phenazines, respectively). Carbon sources identified in panel B are in bold.
(B) Dye reduction (top) and growth (bottom) of WT PA14 and the phenazine-null mutant (Δphz) on succinate, D,L-malate, acetate, and
�-KG. Curves show data from one replicate, which is representative of data from three biological replicates; see Fig. S3 in the supplemental
material for the full data set.
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whether carbon source identity affects the ability to grow with specific respiratory chain
components and the ability to produce and reduce specific phenazines during P.
aeruginosa biofilm growth. Our results indicate that the identity of the provided carbon
source has profound effects on PA14 growth and the mechanisms enabling phenazine
production and utilization. Furthermore, our data suggest that phenazines themselves
can influence the expression of terminal oxidases within a biofilm.

RESULTS AND DISCUSSION
Phenazine production and ETC composition influence tetrazolium dye reduc-

tion in P. aeruginosa. To assess how phenazine production affects P. aeruginosa PA14
respiration, we measured respiratory activity using commercially available “phenotype
microarray” plates, which contain a different carbon source in each well. The manufacturer-
provided growth medium for these plates contains a tetrazolium dye that is reduced by the
electron transport chain (ETC) and thereby undergoes an irreversible color change (22, 23).
First, we used phenotype microarray plates to compare tetrazolium dye reduction
by wild-type (i.e., phenazine-producing) PA14 (WT) and the phenazine-null Δphz
mutant. We found that on four carbon sources (succinate, D,L-malate, acetate, and
�-ketoglutarate [�-KG]), phenazine production inhibited tetrazolium dye reduction (Fig.
1B). On all other carbon sources, respiratory activity was similar between the WT and
Δphz strains (Fig. 2B). During incubation in defined, morpholinepropanesulfonic acid
(MOPS)-buffered media containing each of the 95 “phenotype microarray” carbon
sources, 32 supported growth (see File S1 in the supplemental material), and the WT
and Δphz strains grew similarly on all of these carbon sources (see Fig. S1 in the
supplemental material). These results suggest that during growth on succinate, D,L-
malate, acetate, and �-KG, electrons that would have been transferred to tetrazolium
dye are instead transferred to phenazines. (Although some synthetic phenazines can
act as mediators to tetrazolium dyes in vitro [24], we did not observe phenazine-
enhanced dye reduction in this experiment.) All four of the carbon sources that gave
rise to phenazine-dependent inhibition of dye reduction are intermediates in or
branchpoints of the tricarboxylic acid (TCA) cycle (Fig. 1A), a major source of reducing
power for respiration. �-KG in particular is notable for its role as a precursor for
glutamine and phenazine syntheses (25, 26).

In a previous study, we found that electron transfer to phenazines depended on the
composition of the ETC during growth in biofilms (7). We therefore suspected that the
effects of phenazines on respiratory activity would also depend on the composition of
the ETC. We generated strains that contained only the two Ccos (“PaCco,” Δcox Δcyo
Δcio) or Cio (“PaCio,” Δcox Δcyo Δcco1 cco2) (Fig. 2A), because prior work has suggested
that these terminal oxidases make the greatest contributions to aerobic and microaero-
bic growth in P. aeruginosa under laboratory conditions (10, 12). We then measured the
respiratory activity and growth of these strains on each of the “phenotype microarray”
carbon sources. While strains with all terminal oxidases (WT and Δphz) and those with
just the Ccos (PaCco and PaCco Δphz) exhibited similar growth kinetics, the growth of
PaCio strains was generally abrogated (File S1; representative growth curves are shown
in Fig. S2 in the supplemental material), in line with previous findings that mutants
lacking functional Cco terminal oxidases have growth defects (12, 14).

To test whether ETC composition influences the effects of phenazines on respiratory
activity, we conducted phenotype microarray experiments for the PaCco and PaCio
strains in phenazine-producing and phenazine-null backgrounds. We compared each
phenazine-null mutant to its parent strain and categorized each carbon source de-
pending on whether it enhanced tetrazolium dye reduction, inhibited dye reduction, or
had no effect (Fig. 2B; see File S2 in the supplemental material for raw data). During
growth on most carbon sources, phenazine production did not affect respiratory
activity, regardless of ETC composition (Fig. 2B). However, we were intrigued to find
that the phenazine-dependent inhibition of dye reduction, seen during growth on
�-KG, D,L-malate, succinate, and acetate (Fig. 1B), was not observed in PaCco and PaCio,
indicating that the full complement of terminal oxidases is required for this effect.
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Interestingly, deletion of all non-Cco terminal oxidases revealed just one condition,
growth on L-glutamine, in which phenazine production enhanced dye reduction.
Characterization of the PaCco and PaCio strains also revealed several new carbon
sources for which phenazines inhibited dye reduction. Together, these results suggest
that phenazine production differentially affects tetrazolium dye reduction and, by
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extension, electron flow through the ETC, depending on which terminal oxidases are
present.

Phenazine production affects terminal oxidase gene expression. Previous stud-
ies have shown that phenazines oxidize the cellular redox state (5, 27) and that this
property affects the activities of regulators that control terminal oxidase expression (11,
13, 18, 28, 29). To further characterize the effects of phenazines on the ETC, we created
reporter strains corresponding to each of the loci encoding the five major P. aeruginosa
terminal oxidases. We measured relative expression levels in liquid cultures and bio-
films grown on the carbon sources succinate, �-KG, glucose, and tryptone. Succinate
and �-KG constitute two of the four carbon sources that showed phenazine-dependent
inhibition of tetrazolium dye reduction in the presence of all terminal oxidases (Fig. 1B).
Glucose and succinate are popular carbon sources for laboratory media and represent
P. aeruginosa’s two main pathways for carbon source oxidation, the Entner-Doudoroff
pathway and the TCA cycle, respectively (Fig. 1A). Tryptone, an undefined protein
digest, is also a standard carbon source used to grow P. aeruginosa in the laboratory
and is of interest because it represents a complex condition that may be relevant for P.
aeruginosa growth in natural settings (30). We found that the WT and Δphz strains
showed similar growth kinetics and yields on all of these carbon sources (see Fig. S4 in
the supplemental material). We observed a longer lag phase on glucose than on
tryptone, succinate, and �-KG, reflecting P. aeruginosa’s preference for TCA cycle
intermediates over sugars (31).

Expression of the P. aeruginosa terminal oxidases Cox, Cio, Cco1, and Cco2 during
growth in liquid cultures and biofilms is shown in Fig. 3 and 4, respectively. (We
detected expression of P. aeruginosa’s fifth major terminal oxidase, Cyo, only in late
stationary phase during planktonic growth on tryptone and at low or negligible levels
under all other conditions examined.) For reporter strains grown in liquid cultures, we
identified four combinations of reporters and conditions that showed higher expression
in late stationary phase in the Δphz mutant than in the phenazine-producing back-
ground: the Cio and Cco1 reporter strains grown on tryptone and the Cox and Cio
reporter strains grown on �-KG. We have previously reported that respiratory chain
components involved in nitrate respiration are induced by defects in phenazine pro-
duction (32), and our observation that the Cox, Cio, and Cco1 terminal oxidases are
induced in the Δphz background under some conditions is consistent with this theme.
Enhancement of terminal oxidase expression by phenazine deficiency is supported by
the notion that terminal oxidases are regulated in response to cellular redox conditions
and that phenazines constitute an alternate method of redox balancing when aerobic
respiratory activity is limited (5, 33, 34). The two-component response regulator RoxSR,
which is believed to sense the redox state of the cell by detecting electron flow through
the ETC, induces expression of all terminal oxidase gene clusters except that of cox,
which it represses (13, 18, 28). The observation that cox-gfp was the only reporter for
which higher expression was seen in the phenazine-producing background during
growth in tryptone may be a consequence of its unique regulation by RoxSR and the
stationary-phase sigma factor RpoS (13, 28).

Biofilm growth promotes the formation of resource gradients, which in turn leads to
a spatial heterogeneity that is not observed in liquid culture. To elucidate how this
gradient-induced heterogeneity might influence electron flow toward a particular
respiratory branch and/or terminal oxidase, we quantified spatially resolved gene
expression patterns of terminal oxidases in biofilms grown on tryptone, glucose,
succinate, and �-KG (Fig. 4). Vertical sectioning of biofilms enabled visualization of
changes in gene expression across depth. We identified several loci and conditions for
which expression was generally enhanced in the absence of phenazines (Fig. 4), again
consistent with complementary roles of the terminal oxidases and phenazines in redox
balancing. However, this effect was limited to biofilms grown on defined media
containing distinct carbon sources. For example, cio-gfp was more expressed in the
phenazine-null mutant when biofilms were grown on �-KG (Fig. 4). This is similar to
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what we observed for this reporter during the stationary phase of planktonic growth
(Fig. 3), a growth phase that shares some characteristics, such as high cell density and
nutrient limitation, with the biofilm mode of growth. In contrast, biofilms grown on
tryptone consistently showed higher levels of terminal oxidase gene expression in the
phenazine-producing background than in the phenazine-null background. This may be
because of enhanced matrix production in tryptone-grown Δphz biofilms that leads to
the formation of thinner biofilms with vertical structures, called “wrinkles,” which
increase the overall surface area and therefore cellular access to O2 (5, 35, 36). We
previously attributed the thickness of WT biofilms to the physiological benefit of
phenazine production (5, 7). Interestingly, in this study we found that WT biofilms
grown on a defined medium containing glucose, succinate, or �-KG were thinner than
Δphz biofilms and that biofilm thickness showed overall variation between conditions
(see Fig. S5 in the supplemental material). Furthermore, only growth on tryptone led to
the formation of significant wrinkles in the Δphz mutant by day three of biofilm
development, and Δphz biofilms grown on glucose, succinate, or �-KG remained
relatively featureless. The metabolic pathways that function during growth on distinct
carbon sources may differentially affect redox homeostasis and the response to O2
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limitation. Glucose, for example, can be oxidized through respiration but can also be
fermented to lactate, whereas succinate and �-KG are not fermentable carbon sources.
Finally, we note that the phenazine pyocyanin has been shown to have both beneficial
and toxic effects that can influence biofilm development in a condition-dependent
manner (37).

Phenazine derivatization is highly dependent on carbon source identity. The
data presented thus far suggest that PA14’s branched ETC is modulated in response to
electron donor identity and the production of phenazines. PA14 makes at least four
phenazines (Fig. 5A), each having a unique redox potential (38, 39). We therefore next
asked if the composition of the phenazine pool changes depending on the carbon
source. We grew PA14 in liquid cultures and as biofilms on tryptone, glucose, succinate,
and �-KG and quantified phenazine production using high-performance liquid chro-
matography (HPLC).

The precursor phenazine, phenazine-1-carboxylic acid (PCA), can be derivatized to
phenazine-1-carboxamide (PCN), 5-methyl-PCA (5-Me-PCA), or pyocyanin (PYO)
(Fig. 5A). Production and derivatization of phenazines are known to be regulated by
quorum sensing and fine-tuned by diverse environmental factors (40), but the precise
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mechanisms of regulation remain to be elucidated. We focused our analysis on the
production of PCA, PCN, and PYO because 5-Me-PCA is highly reactive and unstable
(41) and therefore difficult to detect by HPLC. Notably, while we found that the biofilm
growth conditions favored the production of PCN, this phenazine was not detectable
in samples from liquid cultures (Fig. 5B, bottom panel versus top panel; see Fig. S6 in
the supplemental material). In contrast, while PYO generally contributed the most to
the phenazine complement in liquid culture, it was the least-produced phenazine in
biofilms. The extent of PCA derivatization, primarily to PYO (liquid culture) or PCN
(biofilm), was dependent on the type of carbon source (Fig. 5B). These dynamics in
phenazine production indicate that the carbon source influences the kinds and amount
of phenazines produced by PA14 and highlight the plasticity of phenazine derivatiza-
tion in response to environmental conditions.
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by PhzH to produce phenazine-1-carboxamide (PCN) and/or by PhzM to produce 5-methyl-PCA (5-Me-PCA). 5-Me-PCA can be further
modified by PhzS to yield pyocyanin (PYO). The redox potential of each phenazine is indicated (E1/2 versus a normal hydrogen electrode
at pH 7) (39, 44). (B) Phenazines produced by WT PA14 in liquid cultures (top) and biofilms (bottom) grown on the indicated carbon
sources. The area of each pie represents the combined concentration of all measured phenazines, and each “slice” represents the mean
concentration in micromolar (listed for each phenazine produced alongside the respective “slice”) of PCA, PCN, or PYO. Mean values are
representative of data from at least six biological replicates. For numerical data, including error and total n, see Fig. S6 in the supplemental
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Mechanisms of phenazine reduction in biofilms differ depending on carbon
source. Our observations regarding the condition-dependent effects of phenazines on
respiratory activity and terminal oxidase gene expression (Fig. 1B to 4) and the high
condition dependence of phenazine derivatization (Fig. 5) raise the question of how
carbon source identity influences phenazine utilization. We have previously shown that
phenazine reduction in tryptone-grown biofilms is detectable as a gradient of an
increasingly reduced extracellular redox state approaching the biofilm base and that it
requires a Cco terminal oxidase (7). For this study, we used redox microelectrodes to
measure phenazine reduction in biofilms grown on defined media containing our
carbon sources of interest (Fig. 6). We note that the redox profiles do not indicate
where the microelectrode transitions from the biofilm to the underlying growth
medium. We therefore measured biofilm thicknesses based on the thin sections
presented in Fig. 4 (Fig. S5) and focused our analysis on the part of the redox profiles
that correspond to the biofilms rather than the growth media. Phenazine reduction was
detectable during growth on glucose (Fig. 6B) and �-KG (Fig. 6D) but with reduction
profiles different from those observed on tryptone (Fig. 6A): on glucose, phenazines
were reduced in the topmost, aerobic zone of the biofilm, while on �-KG, reduction was
gradual across biofilm depth. Therefore, carbon source identity also affects where and
to what degree a particular phenazine complement is utilized within WT biofilms (Fig.
6, green traces).

In contrast to those grown on tryptone, glucose, or �-KG, we did not detect any
phenazine reduction in biofilms grown on succinate (Fig. 6C), which may be attributed
to potential phenazine toxicity on this carbon source. Biofilms grown on succinate are
noticeably thin, and we have previously correlated this phenotype with decreased
fitness in biofilms (7). This phenotype is rescued upon deletion of phenazines (Fig. 4),
indicating that phenazines may have adverse effects on biofilms grown on succinate.
Thus, we were surprised to find that WT biofilms grown on succinate produced
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FIG 6 Carbon source alters reduction of endogenously produced phenazines. Changes in redox potential across depth for WT, Δphz, and
terminal oxidase mutant colony biofilms grown for 3 days on tryptone (A), glucose (B), succinate (C), and �-KG (D) are shown. The top
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appreciable amounts of all three detectable phenazines (Fig. 5B) but that none of these
seemed to be reduced. This suggests that in succinate-grown biofilms, phenazines take
on functions outside redox balancing (38). The carbon-nitrogen (C/N) ratio is an
important intracellular cue for metabolism, with nitrogen limitation leading to blockage
of glucose uptake (42). Low glutamine levels indicate nitrogen limitation, which man-
ifests as a buildup of �-KG, the precursor for glutamine synthesis (Fig. 1A). Because the
syntheses of PCA and PCN require an investment of two and three glutamine mole-
cules, respectively, it is possible that these phenazines serve as nitrogen sinks, func-
tioning to balance the intracellular C/N ratio during limited access to nitrogen and
thereby to foster metabolic activity.

To test the contributions of specific terminal oxidases to phenazine utilization on
different carbon sources, we next measured redox profiles for strains that can express
only Ccos (PaCco) or Cio (PaCio) and strains with deletions of the respective genes, i.e.,
Δcco and Δcio strains. Because redox measurements taken at different times can exhibit
some variation due to fluctuations in the ambient environment, on each graph we have
shown WT and Δphz controls that were measured at the same time as the presented
terminal oxidase mutant strains. On tryptone, Cco terminal oxidases are both sufficient
(Fig. 6A, top panel) and necessary (Fig. 6A, bottom panel) for phenazine reduction,
which is consistent with our observation that Cio is neither sufficient nor necessary for
phenazine reduction on tryptone (Fig. 6A). While we cannot directly equate expression
with activity, we note that the expression patterns of the Cco terminal oxidases on
tryptone (Fig. 4) coincide with the portion of the biofilm with the most phenazine
reduction (Fig. 6A).

Phenazine reduction on glucose was comparable in PaCco and WT biofilms (Fig. 6B,
top panel). However, unlike in biofilms grown on tryptone, Ccos were not necessary for
phenazine reduction on glucose, a result confirmed by WT-like phenazine reduction in
PaCio (Fig. 6B, top panel) as well as in the Δcco strain (Fig. 6B, bottom panel). Because
of the interconnectivity and built-in redundancy of the P. aeruginosa ETC, we cannot
rule out the possibility that deletion of specific terminal oxidases alters expression
patterns of respiratory chain components. However, these redox profiles are consistent
with our finding that cco1-gfp and cco2-gfp expression levels were lower in WT biofilms
grown on glucose than in those grown on tryptone (Fig. 4). Similarly, Cio was sufficient
(Fig. 6B, top panel) but not necessary (Fig. 6B, bottom panel) for phenazine reduction
on glucose. Because electron flow to the quinol and cytochrome c oxidases branches
off at the quinone pool, these results suggest that phenazine reduction occurs at or
upstream of the quinone pool on glucose.

On �-KG, we also observed that the Ccos were sufficient, but not necessary, for
phenazine reduction (Fig. 6D). In contrast to the case with glucose, however, PaCio
exhibited a phenazine reduction defect relative to the WT and PaCco (Fig. 6D, top
panel). This defect cannot be fully attributed to the lack of Ccos, as the Δcco strain
shows WT-like phenazine reduction on this carbon source (Fig. 6D, bottom panel). It is
therefore possible that in biofilms grown on �-KG, phenazine reduction relies upon
electron flow through the bc1 complex, which is dependent upon the presence of a
cytochrome c oxidase or upon an ETC-independent mechanism(s) (34).

Because PA14 synthesizes multiple phenazines that have distinct chemical proper-
ties (e.g., redox potentials) and may be reduced by distinct mechanisms, we created a
“clean” strain background that would allow us to measure the reduction profiles of each
phenazine in isolation for a more in-depth characterization of phenazine utilization. To
this end, we generated a mutant, referred to as “ΔHMS Δphz,” that is unable to produce
or modify any of PA14’s known phenazines. We grew this strain on agar plates each
containing one pure phenazine compound and measured its reduction (see Fig. S7 in
the supplemental material). Due to the aforementioned instability of 5-Me-PCA, we
used its synthetic analog phenazine methosulfate (PMS) as a proxy to study 5-Me-PCA
reduction (43). Like 5-Me-PCA, PMS is hydrophilic and has a significantly higher redox
potential than PCA, PCN, and PYO (Fig. 5A) (39, 44). Previous work has shown that
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5-Me-PCA is required for WT colony biofilm morphogenesis (43) and that the addition
of PMS restores the Δphz redox profile to that of the WT on tryptone (7).

We observed that on tryptone, only the methylated phenazines PMS and PYO were
reduced within the biofilm (Fig. S7A). Although on tryptone, biofilms predominantly
produced PCN (Fig. 5B), we did not detect significant PCN reduction when it was added
exogenously to tryptone-grown ΔHMS Δphz biofilms (Fig. S7A). In contrast, on glucose,
PCA and PCN showed the most substantial redox profiles (Fig. S7B), which was
consistent with them being the prevalent phenazines made under those conditions
(Fig. 5B). These findings support the notion that a phenazine like PCN may contribute
differently to biofilm physiology, depending on growth conditions: on glucose, PCN
may mediate extracellular electron shuttling (EET), while on tryptone, it may take on a
different function.

Although we did not observe phenazine reduction in biofilms grown on succinate
(Fig. 6C), we detected reduction of exogenously provided PCN and PYO on this carbon
source (Fig. S7C). This discrepancy could be attributed to an effect of phenazine
biosynthesis itself on preferred pathways of carbon source utilization and/or cellular
redox state and to the fact that PA14 responds differently to phenazines provided
exogenously, which come without the “cost” of production. Alternatively, different
mechanisms of phenazine reduction may operate more readily when phenazines are
produced in the cytoplasm.

Together, the results of this study show the adaptability and interdependence of
electron transfer schemes that can operate in P. aeruginosa. Our surveys of respiratory
activity, phenazine production, and phenazine reduction under distinct conditions of
electron donor (carbon source) and electron acceptor availability reveal unexpected
influences of these parameters on the details of electron flow. While we focused our
analysis on the reciprocal relationships between carbon source identity and utilization
of phenazines or specific terminal oxidases, the data produced by this study enable
other comparisons of fundamental physiological features of P. aeruginosa grown under
distinct conditions. We therefore hope that the observations presented here will prove
informative for the interpretation of P. aeruginosa behavior in diverse contexts.

Concluding remarks. The opportunistic pathogen P. aeruginosa is prevalent in
health care settings, immunocompromised individuals, and people with the inherited
disease cystic fibrosis (CF). P. aeruginosa is the leading cause of chronic pulmonary
infections and morbidity and mortality in patients with CF (3, 45). It exhibits metabolic
versatility in its use of diverse carbon sources (i.e., electron donors), its branched
aerobic respiratory chain, its capacity for nitrate respiration, and its ability to ferment
arginine and pyruvate (9). Studies examining P. aeruginosa evolution during CF lung
infection have identified mutations associated with changes in nutrient uptake and
metabolism (46, 47). Furthermore, ETC genes, including those encoding dehydroge-
nases and the Cco terminal oxidases, are upregulated under conditions that mimic
those found in the CF lung (48). Though P. aeruginosa’s metabolic capacities are
thought to contribute to its success as a pathogen, an understanding of the condition
dependence and integration of its primary redox pathways is key to interpreting its
behavior in hosts.

Beyond its canonical metabolic pathways, a further distinctive feature of P. aerugi-
nosa is its production of phenazines, small molecules that can carry out EET. This
property further enhances P. aeruginosa’s metabolic versatility because it provides a
means to balance the intracellular redox state and generate some ATP when resources
such as O2 and nitrate are not accessible (34). P. aeruginosa in O2-limited environments,
such as hypoxic biofilm subzones, can reduce phenazines that then diffuse and transfer
electrons to O2 or other oxidants available at a distance. Mechanisms supporting EET
have been described for diverse bacterial species, including Shewanella oneidensis,
Listeria monocytogenes, and Enterococcus faecalis, and it has been suggested that many
more organisms have the potential to carry out this type of metabolism (49–52). EET
therefore constitutes a mechanism whereby excreted metabolites can “fine-tune”
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primary pathways of electron flow and energy generation and thereby promote
survival.

Several of our previous studies have highlighted the interdependence of primary
metabolism and phenazine-associated physiology (5, 7, 32, 53). In this work, we
assessed the effects of phenazine production on respiratory activity and terminal
oxidase expression, the effect of growth conditions on phenazine production, and the
roles of the Cco terminal oxidases in endogenous and exogenous phenazine utilization.
We found that the “realms” of P. aeruginosa physiology concerning O2 and phenazine
metabolism strongly influence each other and that these effects can differ dramatically
depending on carbon source (i.e., electron donor) identity. These findings underscore
the considerable effect of the electron donor(s) on downstream redox balancing
mechanisms of P. aeruginosa. This work adds to our growing understanding of the
different mechanisms that govern P. aeruginosa metabolism, which can be modulated
precisely to allow for maximal growth and survival under a variety of conditions,
including those found within a host.

MATERIALS AND METHODS
Strains and growth conditions. Pseudomonas aeruginosa strain UCBPP-PA14 (54, 55) precultures

were routinely grown for 12 to 16 h in 2 ml of lysogeny broth (LB) (56) in 13- by 100-mm borosilicate glass
tubes at 37°C with shaking at 250 rpm. Precultures serving as biological replicates were inoculated from
separate clonal source colonies grown on streaked LB–1.5% agar plates. Liquid subcultures were made
from diluting precultures 1:100 (1:50 for PaCio, PaCio Δphz, Δcco, and ΔHMS Δphz Δcco) in 5 ml of LB and
growing in 18- by 150-mm borosilicate glass tubes at 37°C with shaking at 250 rpm until mid-exponential
phase (optical density [OD] at 500 nm of �0.5). Liquid subcultures were used for experiments unless
otherwise noted. The strains used in this study are listed in Table 1.

The growth media used in this study were 1% tryptone and MOPS minimal medium (50 mM
4-morpholinepropanesulfonic acid [pH 7.2], 43 mM NaCl, 93 mM NH4Cl, 2.2 mM KH2PO4, 1 mM
MgSO4·7H2O, 1 �g/ml FeSO4·7H2O, and 20 mM carbon source [D-glucose, sodium succinate hexahydrate,
or �-ketoglutaric acid sodium salt]). Stock solutions of MgSO4, FeSO4, and carbon sources were filter
sterilized. Agar-containing versions of all growth media contained 1% agar (Teknova A7777).

Construction of P. aeruginosa deletion mutant strains. Markerless deletions mutants were created
by amplifying �1 kb of flanking DNA sequence from each side of the gene(s) to be deleted using the
primers listed in Table 2. These flanking sequences were inserted into pMQ30 via gap repair cloning in
Saccharomyces cerevisiae strain InvSc1 (57). The resulting plasmids, listed in Table 3, were then trans-
formed into Escherichia coli strain UQ950, verified by restriction digests and/or sequencing, and moved
into PA14 using biparental conjugation using E. coli strain BW29427. Single recombinants in PA14 were
selected using LB agar plates containing 100 �g/ml gentamicin. Markerless deletions (double recombi-
nants) were selected on LB without NaCl containing 10% sucrose and confirmed by PCR. Combinatorial
mutants were constructed by using single mutants as hosts for biparental conjugation as described in
Table 1.

Construction of reporter strains. Reporter constructs for P. aeruginosa’s terminal oxidases (Cox, Cio,
Cco1, and Cco2) were constructed using the primers listed in Table 2 to amplify the respective promoter
regions (500 bp upstream of the respective terminal oxidase operon), adding an SpeI and an XhoI digest
site to the 5= and 3= ends of the promoter, respectively. Purified PCR products were digested and ligated
into the pLD2722 vector at the multiple-cloning site (MCS), upstream of the green fluorescent protein
(GFP) gene sequence. The resulting plasmids (listed in Table 3) were transformed into E. coli strain UQ950,
verified by sequencing, and moved into WT PA14 or the Δphz mutant using biparental conjugation with
E. coli strain S17-1. Recombinants were selected for as described previously (7).

Growth assays and determination of carbon sources that support PA14 growth. One milliliter of
liquid subculture was washed two times in phosphate-buffered saline (PBS) (Cold Spring Harbor
Laboratories), resuspended in 1 ml MOPS minimal medium without a carbon source, and diluted 1:100
in MOPS minimal medium without a carbon source. One hundred microliters of this cell suspension were
dispensed into each well of a PM1 phenotype microarray carbon microplate (Biolog 12111) and
incubated at 37°C with continuous shaking on the medium setting in a Synergy 4 plate reader (BioTek).
Growth was measured by taking OD readings at 500 nm every 30 min for 20 to 24 h. Each strain was
assayed in biological triplicate.

Carbon sources that support growth of PA14 were determined by monitoring growth of the WT over
22.5 h for each biological replicate. After subtracting the cell density (OD at 500 nm) values for the
negative control (well A1 on Biolog plate PM1, in which there is no carbon source added), a cutoff of 0.15
was applied to the other 95 cell density values; anything falling below this cutoff was designated
background. In the rare instances where there was a discrepancy between the biological replicates, the
growth curve of each replicate was manually inspected to determine whether there was growth or not.
We found that 32 of 95 carbon sources in Biolog plate PM1 allowed for growth of WT PA14 (see File S1
in the supplemental material). We ensured that only those carbon sources that support growth of WT
also allow the terminal oxidase and/or phenazine mutants to grow by visually inspecting their growth.
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Determination of carbon sources that support reduction of tetrazolium violet. For dye reduction
assays, PA14 cells were prepared and assayed according to the manufacturer’s instructions. Briefly,
PBS-washed cells were resuspended in 1� IF-0 (IF-0a GN/GP Base Inoculating Fluid; Biolog 72268) to a
percent transmittance of 42. The 42% transmittance cell suspension was diluted 1:5 in 1� IF-0 plus 1�
Redox Dye A (tetrazolium violet; Biolog 74221). One hundred microliters of this cell-dye suspension was
dispensed into each well of a PM1 microplate and incubated at 37°C with continuous shaking on the
medium setting in a Synergy 4 plate reader (BioTek). Dye reduction was measured by taking absorbance
readings at 590 nm, in accordance with the manufacturer’s instructions, every 30 min for 20 to 24 h.
Absorbance values for a well containing no carbon source (A1) were subtracted from each data point.
Tetrazolium dye reduction was determined only for carbon sources that supported PA14 growth (see File
S1 and Fig. S1 in the supplemental material). Because we encountered variability in dye reduction
between runs, we performed each experiment in biological triplicate and assigned a carbon source to a
particular category if dye reduction trends were reproducible in at least two out of the three replicates
(see File S2 in the supplemental material). The dye reduction patterns of WT, PaCco, and PaCio were
compared to those of their respective phenazine-null counterparts, and the effect of phenazines on dye
reduction in each carbon source was determined (Fig. 2B).

TABLE 1 Strains used in this study

Species and strain
Strain
no. Description

Reference or
source

Pseudomonas aeruginosa
UCBPP-PA14 Clinical isolate 54
PA14 Δphz LD24 PA14 with deletions in phzA1-G1 and phzA2-G2 operons 60
PA14 Δcco1 cco2 (Δcco) LD1933 PA14 with both cco operons cco1 (cbb3-1) and cco2 (cbb3-2) (PA14_44340-PA14_44400)

deleted simultaneously
7

PA14 Δcio LD2076 PA14 with the cioAB (PA14_13030-PA14_13040) operon deleted This study
PA14 PaCco LD2587 PA14 with deletions in PA14_01290-01320 (cox/aa3 operon), PA14_47150-47210 (cyo/

bo3 operon), and PA14_13030-13040 (cio operon)
7

PA14 PaCco Δphz LD2588 PA14 with only the Cco terminal oxidases remaining in the phenazine-null
background; deletions in the phzA1-G1, phzA2-G2, cox/aa3, cyo/bo3, and cio operons

This study

PA14 PaCio LD1989 PA14 with only the Cio terminal oxidase remaining; deletions in the cox/aa3, cyo/bo3,
cco1, and cco2 operons

This study

PA14 PaCio Δphz LD1990 PA14 with only the Cio terminal oxidase remaining in the phenazine-null background;
deletions in the phzA1-G1, phzA2-G2, cox/aa3, cyo/bo3, cco1, and cco2 operons

This study

PA14 ΔphzH ΔphzM ΔphzS LD3122 PA14 with deletions in the phenazine biosynthetic genes phzH (PA14_00640), phzM
(PA14_09490), phzS (PA14_09400), phzA1-G1, and phzA2-G2; also referred to as ΔHMS
Δphz

This study
ΔphzA1-G1
ΔphzA2-G2

PA14 ΔphzH ΔphzM ΔphzS LD3140 PA14 with deletions in the phenazine biosynthetic genes phzH, phzM, phzS, phzA1-G1,
and phzA2-G2 and the terminal oxidase operons of cco1 and cco2; made by mating
LD1933 to LD3122; also referred to as ΔHMS Δphz Δcco

This study
ΔphzA1-G1
ΔphzA2-G2 �cco

PA14 attB::MCS-gfp LD2820 PA14 with MCS-gfp inserted at the attB site using pLD2722 29
PA14 Δphz attB::MCS-gfp LD2821 PA14 Δphz with MCS-gfp inserted at the attB site using pLD2722 29
PA14 attB::Pcox-gfp LD2962 PA14 with promoter of the cox/aa3 operon driving gfp expression inserted at the attB

site using pLD2958
This study

PA14 attB::Pcio-gfp LD2969 PA14 with promoter of the cio operon driving gfp expression inserted at the attB site
using pLD2960

This study

PA14 attB::Pcco-1-gfp LD2784 PA14 with promoter of the cco1 operon driving gfp expression inserted at the attB
site using pLD2777

7

PA14 attB::Pcco-2-gfp LD2786 PA14 with promoter of the cco2 operon driving gfp expression inserted at the attB
site using pLD2778

7

PA14 Δphz attB::Pcox-gfp LD2963 PA14 Δphz with promoter of the cox/aa3 operon driving gfp expression inserted at
the attB site using pLD2958

This study

PA14 Δphz attB::Pcio-gfp LD3317 PA14 Δphz with promoter of the cio operon driving gfp expression inserted at the
attB site using pLD2960

This study

PA14 Δphz attB::Pcco-1-gfp LD2785 PA14 Δphz with promoter of the cco1 operon driving gfp expression inserted at the
attB site using pLD2777

This study

PA14 Δphz attB::Pcco-2-gfp LD2787 PA14 Δphz with promoter of the cco2 operon driving gfp expression inserted at the
attB site using pLD2778

This study

E. coli
UQ950 LD44 DH5 �pir strain for cloning; F� Δ(argF-lac)169 �80 dlacZ58(ΔM15) glnV44(AS) rfbD1

gyrA96(NaIr) recA1 endA1 spoT thi-1 hsdR17 deoR �pir�

D. Lies

BW29427 LD661 Donor strain for conjugation; thrB1004 pro thi rpsL hsdS lacZΔM15RP4-1360
Δ(araBAD)567ΔdapA1314::[erm pir(wt)]

B. Wanner

S17-1 LD2901 Strr Tpr; F� RP4-2-Tc::Mu aphA::Tn7 recA �pir lysogen 61

S. cerevisiae InvSc1 LD676 MATa/MAT� leu2/leu2 trp1-289/trp1-289 ura3-52/ura3-52 his3-Δ1/his3-Δ1 Invitrogen
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Liquid culture growth and terminal oxidase reporter expression assays. One milliliter of liquid
subcultures was washed two times in PBS and resuspended in 1 ml PBS. These cells were then diluted
1:100 in the respective growth medium in a clear, flat-bottom polystyrene black 96-well plate (VWR
82050-756) and incubated at 37°C with continuous shaking on the medium setting in a Synergy 4 plate
reader (BioTek). Growth was monitored by taking OD readings at 500 nm and gfp expression was
assessed by taking fluorescence readings at excitation and emission wavelengths of 480 nm and 510 nm,
respectively, every 30 min for 20 to 24 h. Fluorescence and absorbance readings were taken simultane-
ously. For growth curves (see Fig. S4 in the supplemental material), values of OD at 500 nm of a growth
medium blank were subtracted from the growth values of each strain. For the expression data shown in
Fig. 3, relative fluorescence unit (RFU) values for each reporter were adjusted for cell density by dividing
the fluorescence value at each time point by the corresponding cell density value. RFU values, also
corrected for cell density, for a strain lacking a promoter upstream of the gfp (MCS-gfp) were subtracted
from the fluorescence values for each reporter.

Thin-sectioning assays. Thin-sectioning assays were performed as described previously (58). Briefly,
5 �l of subcultures was spotted onto 1% agar plates containing two-layer growth medium (1% tryptone,
MOPS-glucose, MOPS-succinate, or MOPS–�-KG) and grown in the dark at 25°C with � 90% humidity
(Percival CU-22L). After 3 days, colonies were covered with an agar layer and sandwiched colonies were
lifted from the bottom layer, washed for 10 min in PBS (pH 7.4) at room temperature in the dark, and
fixed in 4% paraformaldehyde in PBS overnight at room temperature in the dark. Fixed colonies were
washed twice in PBS and dehydrated through a series of ethanol washes. Colonies were cleared via three
60-min incubations in Histoclear-II (National Diagnostics HS-202) and infiltrated with wax via two
separate washes with 100% Paraplast Xtra paraffin wax (Thermo Fisher Scientific 50-276-89) for 2 h each
at 55°C, and then colonies were allowed to polymerize overnight at 4°C. Tissue processing was performed
using an STP120 tissue processor (Thermo Fisher Scientific 813150). Trimmed blocks were sectioned in

TABLE 2 Primers used in this study

Primer Sequencea Plasmid made

LD725 ccaggcaaattctgttttatcagaccgcttctgcgttctgatCCCCTCAGAGAAGTCAGTCG pLD1929 (Δcco1 cco2 in pMQ30)
LD1063 gttgcccaggtgttcctgtGGCGGACCACCTTGTAGTTA
LD949 ggaattgtgagcggataacaatttcacacaggaaacagctTGTAGTCGAGGGACTTCTTGC
LD1064 taactacaaggtggtccgccACAGGAACACCTGGGCAAC
LD1118 ccaggcaaattctgttttatcagaccgcttctgcgttctgatTCTTCAGGTTCTCGCGGTAG pLD1966 (Δcox in pMQ30)
LD1119 aagtgccagtaccaactggcGCAGATCCAGAAGATGGTCA
LD1120 tgaccatcttctggatctgcGCCAGTTGGTACTGGCACTT
LD1121 ggaattgtgagcggataacaatttcacacaggaaacagctATCGCGAGACTCATGGTTTT
LD1134 ccaggcaaattctgttttatcagaccgcttctgcgttctgatCGCTGCTTGTCGATCTGTT pLD1967 (Δcyo [bo3] in pMQ30)
LD1135 gcgacatgaccctgttcaacCTGACCGGCTACTGGACC
LD1136 ggtccagtagccggtcagGTTGAACAGGGTCATGTCGC
LD1137 ggaattgtgagcggataacaatttcacacaggaaacagctCCTCGGCGACCATGAATAC
LD1126 ccaggcaaattctgttttatcagaccgcttctgcgttctgatTTCAGGTTCTTCGGGTTCTC pLD2044 (Δcio in pMQ30)
LD1187 aacagcgcgccgaccagcatCTCTTCGTTCGTTTTCAGCC
LD1188 ggctgaaaacgaacgaagagATGCTGGTCGGCGCGCTGTT
LD1189 ggaattgtgagcggataacaatttcacacaggaaacagctGCGTTGATGAAGCGGATAAC
LD2247 gattcgactgcactagtCTCGCCTTGCGGCTGGATGG pLD2958
LD2248 gattcgactgcctcgagTCGGGTTCCCCTTATCGTTG
LD2251 gattcgactgcactagtCGCGGCGCTGGCGGAAACG pLD2960
LD2252 gattcgactgcctcgaGGCAACTCCTCTTCAGGTTC
LD2120 gattcgacatcactagtACGCCCAGCTCCAACAAA pLD2777
LD2121 gattcgatgccctcgaGCTAGGGGTTCCACGGTTAAT
LD2122 gattcgactgcactagtCATCGACTTGCCGCCCAG pLD2778
LD2123 gattcgatgccctcgaGCTATGGGCTTCCATCCAC
aUnderlining indicates introduction of a restriction digest site used for cloning; lowercase letters indicate homologous sequences used for recombination.

TABLE 3 Plasmids used in this study

Plasmid Description Reference or source

pMQ30 7.5-kb mobilizable vector; oriT sacB Gmr 57
pLD2722 Gmr Tetr; flanked by Flp recombinase target (FRT) sites to resolve out resistance cassettes 7
pFLP2 Flp recombinase-producing plasmid 62
pLD1929 Δcco1 cco2 PCR fragment introduced into pMQ30 by gap repair cloning in yeast strain InvSc1 7
pLD1966 Δcox (aa3) PCR fragment introduced into pMQ30 by gap repair cloning in yeast strain InvSc1 This study
pLD1967 Δcyo (bo3) PCR fragment introduced into pMQ30 by gap repair cloning in yeast strain InvSc1 This study
pLD2044 Δcio PCR fragment introduced into pMQ30 by gap repair cloning in yeast strain InvSc1 This study
pLD2958 PCR-amplified cox (aa3) promoter ligated into pLD2722 using SpeI and XhoI This study
pLD2960 PCR-amplified cio promoter ligated into pLD2722 using SpeI and XhoI This study
pLD2777 PCR-amplified cco1 promoter ligated into pLD2722 using SpeI and XhoI 7
pLD2778 PCR-amplified cco2 promoter ligated into pLD2722 using SpeI and XhoI 7
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10-�m-thick sections perpendicular to the plane of the colony using an automatic microtome (Thermo
Fisher Scientific 905200ER) and collected onto slides. Slides were air dried overnight, heat fixed on a hot
plate for 1 h at 45°C, and rehydrated. Rehydrated colonies were immediately mounted in Tris-buffered
4=,6=-diamidino-2-phenylindole (DAPI)-Fluorogel (Thermo Fisher Scientific 50-246-93) and overlaid with a
coverslip. Differential interference contrast (DIC) and fluorescent confocal images were captured from
using an LSM800 confocal microscope (Zeiss, Germany). Images were taken from the center of the biofilm
and, where applicable, in a region devoid of wrinkles (n � 6 for each strain on each carbon source).

Thin-sectioning data analysis. Fluorescence intensities of terminal-oxidase GFP reporters expressed
in biofilm thin sections were determined using Fiji image processing software (59) and plotted after
subtracting values for the respective strains containing a promoterless GFP reporter. Cropped versions
of the analyzed images are shown. Background fluorescence was removed by aligning images for
terminal-oxidase GFP reporters with those for the promoterless GFP reporter and subtracting their
fluorescence values using Adobe Photoshop CC.

Measurement of biofilm thickness. Images taken for thin-sectioning data analyses were measured
to quantify thicknesses of WT and Δphz colony biofilms grown on tryptone, glucose, succinate, and �-KG.
The data plotted represent mean values from six biological replicates; three technical measurements
from the center of one biofilm were averaged to yield each biological replicate.

Phenazine detection and quantification. (i) For phenazine extraction from liquid cultures, 1 ml of
liquid subcultures was washed three times in 1� PBS and resuspended in 1 ml 1� PBS. Washed cells were
diluted 1:100 in 200 �l of the respective growth medium in a clear, flat-bottom polystyrene 96-well plate (VWR
82050-716) and incubated at 37°C with continuous shaking on the medium setting in a Synergy 4 plate reader
(BioTek). Growth was measured by taking OD readings at 500 nm every 30 min, and cultures were monitored
to determine onset of stationary phase. Five hours after each culture reached stationary phase, samples were
collected into a microcentrifuge tube and centrifuged for 2 min at 16,873 relative centrifugal force (rcf) to
pellet cells. The supernatant of each sample was applied to a 0.22-�m Spin-X column (VWR 29442-754) and
centrifuged for 2 min at 16,873 rcf, and 200 �l of the resulting cell-free flowthrough was loaded into an HPLC
vial for analysis. For each growth condition, n � 10.

(ii) For phenazine extraction from biofilms, 1 ml of liquid subcultures was washed twice in 1� PBS
and resuspended in 1 ml of 1� PBS. A 25-mm filter disk with a pore size of 0.2 �m (GE Healthcare 110606)
was placed into the center of one 35- by 10-mm round petri dish (VWR 25373-041) filled with 4 ml of 1%
tryptone agar, MOPS-glucose agar, MOPS-succinate agar, or MOPS–�-KG agar, and 10 �l of the washed
cells was spotted onto the filter disk. Colony biofilms were grown for 3 days in the dark at 25°C
with � 90% humidity, after which point each colony and filter were lifted off their plate. The agar upon
which the biofilm had developed was placed into a 5-ml aliquot of 100% methanol in a polypropylene
conical tube, and phenazines were extracted from the agar overnight at room temperature in the dark.
Three hundred microliters of the phenazine extraction was filtered through a 0.22-�m Spin-X column as
described above, and 200 �l of the cell-free flowthrough were loaded into an HPLC vial for analysis. For
each growth condition, n � 6.

(iii) Phenazines were identified using high-performance liquid chromatography (Agilent 1100 HPLC
system) as described previously (43, 60) and by comparing sample peaks to peaks of pure phenazine
standards run as controls. The height of each peak (arbitrary units [AU]) was used to determine the
concentration of each phenazine. For phenazine quantification from biofilms, the calculated phenazine
concentration was multiplied by 1.25 to account for dilution during the phenazine extraction step. Dilution
standards of purified PYO, PCA, and PCN were prepared at known concentrations, and extinc-
tion coefficients (�) were generated for each: �PYO � 1.34 �M/AU, �PCA � 7.686 �M/AU, and �PCN �
7.518 �M/AU.

Redox microprofiling. (i) Extracellular redox states of day three (�72-h) phenazine-producing
colony biofilms were measured using a 25-�m-tip redox microelectrode and external reference (Unisense
RD25 and REF-RM). Biofilms were grown by spotting 10 �l of liquid subcultures onto 60 ml of growth
medium (1% tryptone, MOPS-glucose, MOPS-succinate, or MOPS–�-KG agar) in a 10- by 10- by 1.5-cm
square petri dish (LDP D210-16). Calibration and redox measurements were performed using the
SensorTrace Profiling software (Unisense) as described previously (7).

(ii) For measuring extracellular redox states of biofilms grown on exogenously added phenazines,
purified phenazine compounds were added to the respective growth media (described above) to final
concentrations of 200 �M after cooling to �55°C in a water bath. The phenazines tested were PCA
(Apexmol), PCN (Apexmol), PMS (Thermo Fisher Scientific AC130160010), and PYO (Cayman Chemicals).
PCA and PCN stock solutions were 25 mM in dimethyl sulfoxide (DMSO), while PYO was 200 mM in
DMSO. The PMS stock solution was 200 mM in water. Extracellular redox states of biofilms were measured
on DMSO-only plates to ensure that the solvent did not alter the extracellular redox state. Extracellular
redox states of day three (�72-h) biofilms grown on exogenously added phenazines were measured as
described above. Redox potential values at the surface of the biofilm (0 �m) were set to 0 mV, and the
remaining values for each plot were adjusted accordingly to facilitate comparisons of phenazine
reduction patterns between conditions.
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