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ABSTRACT Microbes in biofilms face the challenge of substrate limitation. In
particular, oxygen often becomes limited for cells in Pseudomonas aeruginosa
biofilms growing in the laboratory or during host colonization. Previously we
found that phenazines, antibiotics produced by P. aeruginosa, balance the intra-
cellular redox state of cells in biofilms. Here, we show that genes involved in
denitrification are induced in phenazine-null (Δphz) mutant biofilms grown under
an aerobic atmosphere, even in the absence of nitrate. This finding suggests that
resident cells employ a bet-hedging strategy to anticipate the potential availabil-
ity of nitrate and counterbalance their highly reduced redox state. Consistent
with our previous characterization of aerobically grown colonies supplemented
with nitrate, we found that the pathway that is induced in Δphz mutant colonies
combines the nitrate reductase activity of the periplasmic enzyme Nap with the
downstream reduction of nitrite to nitrogen gas catalyzed by the enzymes Nir,
Nor, and Nos. This regulatory relationship differs from the denitrification pathway
that functions under anaerobic growth, with nitrate as the terminal electron ac-
ceptor, which depends on the membrane-associated nitrate reductase Nar. We
identified the sequences in the promoter regions of the nap and nir operons
that are required for the effects of phenazines on expression. We also show that
specific phenazines have differential effects on nap gene expression. Finally, we
provide evidence that individual steps of the denitrification pathway are cata-
lyzed at different depths within aerobically grown biofilms, suggesting metabolic
cross-feeding between community subpopulations.

IMPORTANCE An understanding of the unique physiology of cells in biofilms is criti-
cal to our ability to treat fungal and bacterial infections. Colony biofilms of the op-
portunistic pathogen Pseudomonas aeruginosa grown under an aerobic atmosphere
but without nitrate express a denitrification pathway that differs from that used for
anaerobic growth. We report that the components of this pathway are induced by
electron acceptor limitation and that they are differentially expressed over the bio-
film depth. These observations suggest that (i) P. aeruginosa exhibits “bet hedging,”
in that it expends energy and resources to prepare for nitrate availability when
other electron acceptors are absent, and (ii) cells in distinct biofilm microniches may
be able to exchange substrates to catalyze full denitrification.

KEYWORDS nitrate reductase, nitrite reductase, Nap, Nir, RpoS, Anr, denitrification,
biofilm physiology

The opportunistic pathogen Pseudomonas aeruginosa readily forms biofilms, com-
munities of cells encased in self-produced matrices (1). These crowded environ-

ments are characterized by the formation of chemical gradients and microniches that
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uniquely affect cellular physiology. We have used a colony morphology assay to study
the pathways of metabolic electron flow in biofilms of P. aeruginosa PA14. In this
system, oxygen becomes limited for cells at depth in the biofilm due to its consumption
by those closer to the periphery. Oxidant limitation promotes colony wrinkling, which
increases the access to oxygen in the atmosphere for resident cells (2). The production
of phenazines, endogenous antibiotics that can shuttle electrons to other oxidants,
balances the intracellular redox state and inhibits colony wrinkling. Amendment of the
growth substrate with nitrate, which is an alternate electron acceptor for P. aeruginosa
metabolism, also induces both of these effects (3, 4).

Pseudomonad nitrate metabolism has been studied extensively using well-mixed
liquid cultures. These bacteria have three nitrate reductases: Nas, which enables
Pseudomonas spp. to use nitrate as a nitrogen source (5); Nap, a periplasmic enzyme
that is expressed during the stationary phase of growth in aerobic cultures (6–9); and
Nar, a membrane-associated enzyme that is expressed during anaerobic growth with
nitrate as the sole electron acceptor (8–10). During anaerobic growth by nitrate
respiration, Nar works with the enzymes Nir, Nor, and Nos to catalyze denitrification, the
full reduction of nitrate to nitrogen gas. The activities of transcription factors regulating
the expression of these enzymes are controlled so that the pathways function under
anoxic conditions and in the presence of nitrogenous oxides. These regulators include
Anr, which is thought to respond to the shift from oxic to anoxic conditions (11–13),
Dnr, which responds to nitric oxide (12, 14), and the two-component system NarXL,
which responds to nitrate (15) (see Fig. 2A).

In our prior studies of nitrate utilization by colony biofilms of strain PA14, we found
that Nap, Nir, and Nor, but not Nar, were required for nitrate-dependent repression of
colony wrinkling under aerobic conditions (4). This result suggested that the unique
conditions of biofilms induced a Nap-dependent denitrification pathway. While such a
pathway had been shown to support anaerobic growth in P. aeruginosa suppressor
mutants (6, 16), we were intrigued by the possibility that it could operate naturally in
wild-type biofilms. In the present study, we conducted a proteomic analysis comparing
wild-type and phenazine-null mutant colony biofilm samples. Though these colonies
were grown aerobically and in the absence of nitrate, we observed that Nir and Nos
were among the proteins showing the greatest increases in abundance in the
phenazine-null mutant relative to that in phenazine producers. Here, we describe our
characterization of redox-driven regulation of strain PA14 loci involved in denitrifica-
tion. As P. aeruginosa biofilms formed during chronic pulmonary colonization often
have access to nitrate (17), these results can inform models for the utilization of redox
metabolisms in this environment.

RESULTS AND DISCUSSION
Enzymes involved in denitrification are induced in phenazine-null biofilms.

Several years ago, we discovered that phenazine production profoundly affects the
morphogenesis of PA14 colony biofilms (18, 19) and oxidizes the cellular redox state for
oxygen-limited cells (3, 4). Early in colony biofilm development, a defect in phenazine
production leads to a more reduced cellular redox state, which is followed by an
induction of biofilm matrix production and colony wrinkling (20). Colony wrinkling
increases the colony surface area and access to oxygen for the cells within (2),
ultimately leading to a more oxidized (i.e., wild-type-like) cellular redox state at later
stages of development (4). Colony wrinkling and phenazine-mediated electron shut-
tling are alternate strategies that can serve to balance the intracellular redox state for
oxidant-limited cells in colonies.

We sought to investigate the physiological changes associated with phenazine
production during biofilm development and analyzed the proteomes of colonies
formed by the wild type, the Δphz mutant, which is unable to produce any phenazines,
and a mutant called “BigBlue,” which overproduces 5-methylphenazine-1-carboxylate
(5-Me-PCA) and pyocyanin (Fig. 1A) (18). These methylated phenazines strongly impact
cellular redox state, because they have higher oxidizing potentials than other P.
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FIG 1 Inverse correlation between the production of phenazines and denitrification enzymes in strain PA14 colonies. (A) The
phenazine biosynthetic pathway. PCA, phenazine-1-carboxylic acid; 5-Me-PCA, 5-methyl-PCA; PCN, phenazine-1-carboxamide;
PYO, pyocyanin. Redox potentials, E1/2 at pH 7 (mV/NHE), of the phenazines are in parentheses (21, 22). (B) Left: representative
images of BigBlue, WT, and Δphz strains grown for 3 days in the colony morphology assay (medium: 1% tryptone, 1% agar
containing the dyes Congo red and Coomassie blue). Center: heat map generated from proteomic data obtained for BigBlue,
WT, and Δphz mutant colonies. Rows and columns represent independent samples (3 biological replicates for each strain) and
proteins, respectively. Red indicates higher protein abundance, while blue indicates lower protein abundance. The dendro-
gram represents results from hierarchical clustering and depicts similarities (Pearson correlation) between protein levels under
the tested conditions. Cluster 1 contains 209 proteins that were upregulated with increasing production of methylated
phenazines, while cluster 2 contains 284 proteins that were downregulated with increasing production of methylated
phenazines (see Table S1 in the supplemental material). Right: percentages of proteins in cluster 1 and cluster 2 that perform
functions falling into the listed categories. (C) Average changes in protein levels for each of the indicated complexes when WT
and Δphz colony samples are compared to those collected for BigBlue. Error bars represent standard deviations from biological
replicates. (D) Top left: NADH/NAD� over time for colony biofilms harvested at the indicated time points. Error bars represent
the standard deviations from biological triplicates. Bottom left: representative images of colonies grown in parallel with those
subjected to NADH/NAD� measurement and harvested for the proteomics analysis time course. Right: mass spectrometry
signal intensities for NirS and NosZ detected in WT and Δphz mutant samples taken over the course of colony development.
(E) Graphical representation of chromosomal loci encoding each of the complexes involved in denitrification.
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aeruginosa phenazines that have been characterized (Fig. 1A; see also Fig. S1 in the
supplemental material) (21–23). We harvested three colonies of each strain after 36 h
of growth, which typically marks the onset of wrinkling by the phenazine-null mutant
(4). High-resolution mass spectrometry detected an average of 2,465 (standard devia-
tion [SD], 96) individual proteins for each sample, representing �41% of the P.
aeruginosa proteome. We used hierarchical clustering to group the proteins according
to their abundance differences between strains and identified two clusters in which
protein abundance was either correlated (“cluster 1”) or anticorrelated (“cluster 2”) with
the production of methylated phenazines (Fig. 1B; see also Table S1). We were partic-
ularly intrigued to find an inverse correlation between methylated phenazine produc-
tion and the abundance of denitrification enzymes, even though the growth medium
for our colony biofilm samples did not contain nitrate and colonies were grown under
an oxic atmosphere (Fig. 1C and E).

We previously reported that the cellular redox potential in Δphz mutant colonies
becomes more reducing (i.e., they have a higher NADH/NAD� ratio) after 2 days of
growth compared to that of wild-type colonies. This condition leads to an increased
production of extracellular matrix, which in turn causes the characteristic hyperwrin-
kling phenotype (4). Given these dynamics, we hypothesized that the induction of
denitrification enzymes in the Δphz mutant would follow the increase in NADH/NAD�,
and we compared the proteomes of wild-type and Δphz strains over the course of
colony development. We grew three colonies of each strain in parallel and harvested
them at 36-, 39-, 42-, and 54-h time points. Each colony sample was split so that the
NADH/NAD� ratio could be assessed for the same colonies that would be subjected to
proteomic analysis. As described previously, we found that NADH/NAD� for cells in
wild-type colonies remained fairly constant over time (4). However, for Δphz mutant
colonies, NADH/NAD� showed an increase between 36 and 39 h that coincided with
the onset of colony wrinkling and gradually decreased to a wild-type level as colony
wrinkling continued over the next day (Fig. 1D). In the proteome analysis, the
membrane-associated nitrate reductase Nar, the periplasmic nitrate reductase Nap, and
the nitric oxide reductase Nor were below the detection limit or detected only at low
levels in our samples. However, subunits of the Nir and Nos complexes showed higher
levels or increasing levels over time in the Δphz mutant, while remaining relatively
constant in the wild type (Fig. 1D; see also Table S2), suggesting a regulatory link to the
redox state dynamics in the Δphz mutant. As the expression of the nir and nos operons
is known to be regulated by Anr and Dnr (9) (Fig. 2A), previous studies have focused on
their induction in response to shifts from oxic to anoxic conditions and in response to
nitrogenous oxides (15, 17, 24). Our results suggest that an altered phenazine avail-
ability can also affect the expression of these enzymes.

We chose to follow up on our proteomics results by analyzing the effects of
phenazines on the expression of denitrification genes at the transcriptional level. To
design strains that report denitrification gene expression, we first carried out transcrip-
tome sequencing (RNA-seq) to identify the transcriptional start sites (TSSs) upstream of
the nap, nir, and nar loci. The schematics of these promoter regions are shown in Fig.
2B. RNA-seq was conducted on biofilm samples grown in the absence of nitrate. The
RNA-seq results showed that the nap and nir operons have defined TSSs at bp �15 and
�80, respectively, relative to their start codons. In contrast, the nar operon did not
show a defined TSS, likely due to the absence of nitrate, which is required for the
induction of nar expression by the transcription factor NarXL (15) (Fig. 2C). We note that
a previous study (16) reported a TSS for the nap operon in anaerobically grown P.
aeruginosa PAO1 at bp �118 relative to the start codon. The difference between our
TSS analysis and that by Van Alst et al. (16) may indicate alternative TSSs that operate
under growth- or strain-specific conditions. Taking this information regarding the nap
and nir TSSs into account, we engineered strains that express green fluorescent protein
(GFP) under the control of the promoter sequences for each of these loci. For the
corresponding reporter strain for the nar locus, we used a conservative 800-bp region
upstream of the TSS.
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When we grew the GFP reporter strains in aerobic, shaken liquid cultures, we
observed a strong induction of nap in stationary phase, with greater expression in the
Δphz mutant than in the wild type. Under this condition, we saw little or no expression
of nar, nir, nor, and nos (Fig. 3A). To examine the effect of oxygen limitation on
expression, we repeated this experiment with cultures that were covered with mineral
oil. Under these microaerobic conditions (Fig. 3B), we once again observed stationary-
phase expression of nap, which was further enhanced in the absence of phenazines,
and little or no expression of nar. However, we also observed an induction of nir, nor,
and nos in stationary phase. Both nir and nos showed further increases in expression in
the Δphz background; the expression levels of nor were too low to determine whether
phenazine deficiency had a significant effect at the transcriptional level (Fig. 3B). The
profiles provided by our transcriptional reporters show that nap expression is influ-
enced by phenazines or the cellular redox state and confirm that this dependence is
also the case for the nir and nos operons. It has been reported that the expression of
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the periplasmic nitrate reductase Nap is controlled by the sigma factor RpoS (25) (Fig.
2B). Interestingly, both the Nap and Nir/Nos portions of the denitrification pathway are
similarly influenced by phenazines, as they are known to be controlled by different
regulators (i.e., RpoS versus Anr/Dnr) (Fig. 2A) and show different expression dynamics
over time in liquid culture (i.e., a relatively gradual versus a relatively abrupt induction)
(Fig. 3).

As nitrate has been shown to induce the expression of genes involved in denitrifi-
cation (15, 26), we next tested whether it affected expression in the context of
phenazine deficiency. We did not observe effects on nap expression when nitrate was
added to oxygen-limited liquid cultures (Fig. 4A). However, we found that nitrate
induced nar expression in both the wild-type and Δphz backgrounds and revealed a
phenazine-dependent enhancement of nar expression under this condition (Fig. 4B).
We also found that nitrate strongly induced nir expression, though this effect was
specific to the Δphz background (Fig. 4C).

Specific phenazine deficiencies induce Nap expression. In a previous study, we
observed that specific phenazines differentially affect colony morphology and the
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expression of the mexGHI-opmD operon (“mex”), the latter of which is regulated by the
redox-sensing transcription factor SoxR and encodes a phenazine transporter (23) (Fig.
5A and B). We had evaluated this using mutants with disruptions in the phenazine
biosynthetic pathway and found that the production of phenazine-1-carboxylate (PCA),
a phenazine with a relatively low redox potential, moderately induces mex, while the
production of 5-Me-PCA, which has a much higher redox potential, yields a strong
induction of mex. To test whether the effect on nap expression was specific to
individual phenazines, we examined reporter fluorescence in these mutants. We found
that the ability to produce PCA leads to a moderate decrease in nap expression relative
to that in the Δphz mutant, but that the production of 5-Me-PCA is required for the
repression of nap to the expression level seen in the wild type (Fig. 5C). This pattern of
nap operon repression in response to specific phenazine deficiencies is the inverse of
the pattern of mex induction in the same strains. This result suggests that a regulator
acts either to enhance nap expression in response to a reduced cellular redox state or
to repress nap expression in response to phenazines or an oxidized cellular redox state.

Native sequence between the �10 and �35 promoter sites, but not the up- or
downstream sequence, is required for the phenazine-dependent effects on nap
expression. We hypothesized that the sequences upstream of the transcription start
sites in the nap and nir promoter regions contain regulatory regions that confer
sensitivity to phenazines or the cellular redox state. To identify these regions, we began
by creating reporter strains containing portions of the nap promoter fused to GFP and
compared the fluorescence in the wild-type and Δphz backgrounds. None of the
regions tested showed an effect on the phenazine-dependent difference in induction
(Fig. 6A and B).

Next, we generated constructs in which the sequence between the RNA polymerase
binding sites at bp �35 and �10 upstream of the transcriptional start site was shuffled
and fused to gfp (Fig. 6A). We found that, though these constructs still showed
stationary-phase induction of nap, the phenazine-specific effect on expression was
abolished (Fig. 6C). This suggests that the region between the RNA polymerase binding
sites confers sensitivity to phenazines and/or the cellular redox state, perhaps via the
activity of a redox-sensing transcription factor. Though some transcription factors, such
as SoxR (27), are known to act by binding between the �35 and �10 sites of target
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promoters, we were not able to identify any known transcription factor consensus
sequences or palindromic motifs in the corresponding region for the nap promoter.

The Anr/Dnr site is sufficient for phenazine-dependent effects on Nir expres-
sion. To identify the portion of the nir promoter region required for phenazine
sensitivity, we created two constructs (Fig. 7A). In “shuffle-A,” a portion of the predicted
Anr/Dnr binding site (12) (�137 to �131 of the start codon, i.e., the sequence that did
not overlap the predicted �35 site) was shuffled. In “shuffle-B,” three portions of the
sequence were shuffled: an 86-bp region upstream of the Anr/Dnr site, the sequence
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between the �35 and �10 sites, and a 93-bp region between the �10 site and the
ribosome-binding site. We found that expression from the nir promoter was abolished
when the shuffle-A construct was used, demonstrating that the Anr/Dnr site is abso-
lutely required for this. However, we were surprised to find that the shuffle-B construct
showed expression levels that were comparable to those observed for the intact
sequence both in the presence and absence of nitrate (Fig. 4C and 7A), indicating that
the Anr/Dnr site alone is sufficient for normal nir expression. This suggests that Anr
and/or Dnr mediates the phenazine dependence of nir operon expression.

Both Anr and Dnr are required for full expression of the nir operon. To examine
Anr- and Dnr-dependent expression in the context of phenazine deficiency, we moved
a nir reporter construct into mutants with combinatorial anr, dnr, and phz deletions (Fig.
7B). We found that the anr deletion abolished nir expression, consistent with Anr’s
status as a master regulator of denitrification. In the Δdnr mutant, nir expression levels
were decreased by �90% compared to levels observed in the wild-type background.
Interestingly, however, a phenazine-dependent effect on expression was still visible
(Fig. 7B, right panels), suggesting that this effect may be mediated by Anr. Overall,
these results confirm the previous findings that both Anr and Dnr are required for the
full expression of the nir operon (9). They also show that Anr-dependent activation of
denitrification genes can be modulated by phenazines. This effect is more pronounced
under microaerobic conditions and suggests that not only oxygen but also the cellular
redox state may regulate Anr activity.

Differential expression of Nap and Nir throughout biofilm depth suggests
cross-feeding between subpopulations. The results of our colony proteome and
reporter expression analyses suggest that growth in biofilms, particularly in the absence
of phenazines, promotes the synthesis of a Nap-dependent denitrification pathway.
However, loci involved in this pathway are regulated by different cues and thus may be
differentially affected by the variations in conditions that develop throughout the
biofilm depth. To examine this, we grew colony biofilms of our reporter strains,
prepared thin sections of biofilm samples, and imaged them by fluorescence micros-
copy. We also performed microsensor measurements throughout the depth of colony
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biofilms to evaluate whether the presence of nitrate affects oxygen levels. Consistent
with our liquid culture expression profiling, we found that the nap and nir loci were
induced in the Δphz biofilms relative to the wild-type biofilms and that provision of
nitrate in the medium induced nir expression in both wild-type and Δphz biofilms (Fig.
8A). Intriguingly, however, we found that nap and nir are maximally expressed at
different depths: nap expression is more pronounced in the upper, more oxygenated
portion of the biofilm, while nir expression is higher in the lower, microoxic/anoxic
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portion (Fig. 8A and B). The high nap expression at the top of the biofilm is consistent
with previous reports of high rpoS expression in this region (28, 29), while high nir
expression in the lower portion is consistent with regulation by Anr under microoxic/
anoxic conditions. The sharp transition of nir expression at a depth of 40 to 50 �m (Fig.
8A), corresponding to 80 to 100 �mol/liter oxygen (Fig. 8B), highlights the tight
regulation of the Anr regulon under microoxic conditions. However, as oxygen levels
were not significantly different in wild-type and Δphz mutant colonies (Fig. 8B), the
difference in nap and nir expression between these strains cannot be attributed to
oxygen-dependent effects. Thus, these results further suggest that different redox-
related cues control the expression of the denitrification machinery. In the case of nap,
the fact that nitrate does not influence expression in liquid cultures (Fig. 4A) or biofilms
suggests that the effects on expression that we have observed in the Δphz mutant
compared to that in the wild type are oxidant specific. Finally, given that Nap and Nir
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are functionally linked in denitrification, it is noteworthy that their maximal expression
is spatially segregated throughout the colony depth. This finding indicates that sub-
strate cross-feeding occurs between subpopulations present in the upper and lower
portions of the biofilm (Fig. 8C).

Concluding remarks. P. aeruginosa cells in communities can employ several differ-
ent mechanisms, including the reduction of endogenous antibiotics (phenazines) and
denitrification using exogenously available nitrate (4, 30), to balance the intracellular
redox state when electron donors and nutrients are available in excess. We have
uncovered unexpected regulatory links between these metabolic strategies. While
previous studies showed that denitrification genes can be induced in stationary phase
and by an oxic-to-anoxic shift (8, 9), our results show that they can also be induced by
phenazine deficiency. In the context of our earlier observations that phenazines and
nitrate reduction both oxidize the cellular redox state and inhibit colony wrinkling in P.
aeruginosa (4), we interpret the induction of denitrification genes in the Δphz back-
ground as a bet-hedging strategy, in which phenazine-deficient cells expend energy to
produce the denitrification machinery in case the substrate becomes available. While
the induction of the biofilm matrix and colony wrinkling in response to oxygen, nitrate,
and/or phenazine limitation has been well known (19, 20), the induction of denitrifi-
cation genes in the phenazine-null background represents an entirely new component
to the integrated network of redox-balancing mechanisms in P. aeruginosa communi-
ties.

How do phenazines affect the expression of the nap and nir loci? The sensitivity of
these operons to phenazine production adds a layer of complexity to their conditional
responses. Studies in Escherichia coli, Paracoccus pantotrophus, and purple phototrophs
have shown that nap expression can be controlled by diverse environmental cues,
including oxygen, nitrate, molybdenum, iron, carbon source, and cellular redox poten-
tial (31–38). Considerable variability exists in the regulation of nap operons in different
organisms, and detailed mechanisms are not conserved. In P. aeruginosa, nap is
traditionally recognized as an RpoS target and therefore a stationary phase-specific
gene (25), though experiments conducted in microaerobic cultures have suggested
that electron acceptor limitation can promote its induction during active growth (24).
The enhanced expression of nap observed in this study could be effected via the same
mechanism if it operates specifically in response to reduced cellular redox states arising
from oxygen and/or phenazine limitation.

The nir operon is regulated by Anr and Dnr (9). According to current models, Anr
induces the expression of Dnr in response to oxygen limitation, and Dnr induces nir
expression in response to nitric oxide (Fig. 2A). Our observations suggest that Anr is less
active in the presence of phenazines or an oxidized cellular redox state (Fig. 8A) and
expand our model for the specific cues determining the activities of this regulator. Anr
is a homologue of E. coli Fnr, a well-characterized Fe-S-cluster protein. Fnr can be
present in three states depending on the oxidation state of the Fe-S cluster: reduced
([4Fe-4S]2�) clusters support the assembly of an active DNA-binding dimer; oxidation
of the clusters to the [2Fe-2S]2� form leads to the separation of the subunits to form
inactive independent monomers; and further oxidation promotes cluster disassembly
and renders monomeric Fnr an apoprotein (39, 40) (Fig. 9A). Our results indicate that
phenazines can affect the balance between active and inactive Anr by oxidizing the
Fe-S cluster directly or indirectly. This proposed redox modulation of Anr is in line with
studies demonstrating the reversibility of Fnr activity in vivo and in vitro (39–41), as well
as with the fact that redox-cycling compounds, such as phenazines, can activate the
redox-active transcription factor SoxR (42–45) by oxidizing its Fe-S cluster.

In biofilm thin sections, we observed an increased expression of the nap and nir
operons in the Δphz strain compared to that in the wild type. The expression of nir was
further enhanced by growth on nitrate. We also found that the zones of maximum nap
and nir expression were spatially segregated, occurring at different depths (Fig. 8A).
This pattern of strain- and condition-dependent differences results from a combination
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of effects, including an apparent phenazine-dependent inactivation of Anr. These
results raise the intriguing possibility that Anr is controlled by redox cues other than
oxygen, such as phenazines or the intracellular redox state (Fig. 9). Because Anr
oxidation, either through direct interaction or indirect oxidation of the cellular poten-
tial, would require oxidized phenazines, our results also provide evidence that
phenazines are redox cycled in colony biofilms, an activity that we have inferred from
many independent observations but that has been challenging to demonstrate exper-
imentally (30). In this context, we also note that the addition of nitrate to stationary-
phase aerobically grown Δphz liquid cultures has the effect of oxidizing the cellular
redox state (3). We would therefore expect the cells in Δphz mutant colonies grown on
nitrate to be relatively oxidized, and their high expression of nir suggests that an
oxidized cellular redox state is not sufficient to deactivate Anr.

Because Nap and Nir catalyze two sequential steps in denitrification, our results
suggest that there is cross-feeding of nitrite—the product of Nap and the substrate for
Nir— between cells in adjacent microenvironments. The segregation of metabolic
activities and substrate cross-feeding have been identified in many multispecies com-
munities (46, 47). Indeed, cross-feeding of nitrite has been shown to reduce interen-
zyme competition and accelerate nitrite consumption in Pseudomonas stutzeri in
planktonic cultures (48). From an evolutionary perspective, substrate cross-feeding
maximizes energy generation, which provides a selective advantage (49–51). Our
studies indicate that substrate cross-feeding could take place in a single-species
biofilm, presumably to maximize metabolic efficiency and survival on a community
level.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Unless otherwise indicated, P. aeruginosa strain UCBPP-

PA14 (52) was routinely grown in lysogeny broth ([LB] 1% tryptone, 1% NaCl, 0.5% yeast extract) (53) at
37°C with shaking at 250 rpm. Overnight cultures were grown for 16 � 1 h. For genetic manipulation,
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the strains were typically grown on LB solidified with 1.5% agar. The strains used in this study are listed
in Table S3 in the supplemental material. In general, liquid precultures served as the inocula for
experiments. The overnight precultures for biological replicates were started from separate clonal source
colonies on streaked agar plates.

Proteomic analysis. Each colony was scraped from the agar-solidified growth medium with a sterile
razor blade, transferred to a microcentrifuge tube, washed with 1 ml of phosphate-buffered saline (PBS),
and resuspended in 500 �l of ice-cold lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, and 0.3% SDS
supplemented with cOmplete Mini protease inhibitor cocktail [Roche]). Homogenized colonies were
sonicated for 120 s (4 � 30 s) on ice with the microtip of a Branson Sonifier 250 (50% duty cycle, 50%
output). To extract protein from each sonicated sample, 650 �l of methanol and 187.5 �l of chloroform
were added to the sample, which was then vigorously vortexed for �1 min. After centrifuging at
16,873 � g for 5 min for phase separation, a white disc of protein formed at the interface and the top
methanol layer of each sample was carefully removed. Then, 562.5 �l of methanol was added and gently
mixed to precipitate the protein, which was pelleted at 16,873 � g for 5 min. The protein pellets were
stored at �80°C. Prior to mass spectrometry analysis, each sample was solubilized with 0.1% RapiGest at
95°C for 5 min, digested with trypsin (1:50 [wt/wt]) at 37°C for 4 h, and lyophilized with 2% formic acid.
The peptides were separated by using a reverse-phase nanoflow high-performance liquid chromatog-
raphy (LC) system (Eksigent NanoLC 2DPlus) with a 15-cm Agilent ZORBAX 300 StableBond C18 reverse-
phase column (5065-9911; 150-mm length, 75-�m inner diameter, 3.5-�m particle, 300-Å pore size) with
the gradient of 2 to 90% acetonitrile and 0.1% formic acid over 240 min. LC-eluted peptides were injected
in-line into an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) for tandem mass spectrometry
analysis. Data-dependent analysis was performed in the Fourier transform (FT) mass analyzer at a
resolution of 60,000 in profile mode, and automatic gain control was set to 1E6. Dynamic exclusion was
set to 90 s if the mass to charge ratio (m/z) acquisition was repeated within a 45-s interval. MS2 data were
collected in the ion trap (IT) mass analyzer in centroid mode, and the automatic gain control was set to
3E4. The injection time was 100 ms, the isolation window was 2 m/z, and the normalized collision energy
was at 35 V. In each scan cycle, the top 20 precursor ions (MS) were subjected to fragmentation (MS/MS)
via collision-induced dissociation. Each sample was injected two to four times to obtain technical
replicates.

Proteomics data analysis. Raw data were processed using the MaxQuant software (1.3.0.5) (54),
combining technical replicates and searching against the P. aeruginosa PA14 sequence database and a
list of commonly observed contaminants supplied by MaxQuant. Protein identification was performed
using 20 ppm tolerance at the MS level (FT mass analyzer) and 0.5 Da at the MS/MS level (ion trap
analyzer). Up to two missed trypsin cleavages were allowed, and the oxidation of methionine and
N-terminal acetylation were searched as variable posttranslational modifications, with cysteine carbam-
idomethylation as a fixed modification. The minimal required peptide length was seven amino acids. The
false discovery rate was set to 0.25 at the peptide level and 0.1 at the protein level. We used label-free
quantification (LFQ) intensities obtained from the proteingroups.txt output file for quantitation of the
proteins. Protein identifications and quantitative information are provided in Data Set S1, showing the
MaxQuant output files for the two proteomics experiments. After filtering contaminants and reversed
sequences, we quantified a total of 2,772 and 2,089 proteins across the mutant and time series
experiments, respectively. Protein abundances were normalized so that the total LFQ intensity within
each sample and set to 1,000,000. The protein heat map in Fig. 1B was generated by first filtering the
normalized data to require at least six valid values for each protein and log-transforming and row-median
centering the data, followed by hierarchical clustering with complete linkage, using the Pearson
correlation as a similarity measure. The resulting tree was split into 20 clusters. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (55) partner
repository with the data set identifier PXD008924.

NAD(H) extraction. The extraction and quantification of NADH and NAD� were carried out accord-
ing to the methods described by San et al. (56) and Bernofsky and Swan (57). For cultures grown in LB,
two 1-ml samples of culture were placed in two separate microcentrifuge tubes and centrifuged at
16,000 � g for 1 min. Colonies grown on agar-solidified growth medium (1% tryptone and 1% agar plates
amended with 40 �g/ml Congo red and 20 �g/ml Coomassie blue) were scraped off the agar at the
indicated time points using sterile razor blades and each resuspended in 1 ml of 1% tryptone. The
colonies were disrupted using a pellet disrupter. For each resuspended colony, two 450-�l samples were
placed into two separate microcentrifuge tubes. NADH and NAD� were then extracted from the liquid
culture or colony-derived samples, and relative or absolute quantification was carried out using an
enzyme-cycling assay, as described by Price-Whelan et al. (3).

Construction of mutant P. aeruginosa strains. For making markerless deletion mutants in P.
aeruginosa PA14 (Table S3), �1-kb flanking sequences from each side of the target gene were amplified
using the primers listed in Table S4 and inserted into pMQ30 through gap repair cloning in Saccharo-
myces cerevisiae InvSc1 (58). Each plasmid listed in Table S3 was transformed into Escherichia coli strain
UQ950, verified by sequencing, and moved into strain PA14 using biparental conjugation. PA14 single
recombinants were selected on LB agar plates containing 100 �g/ml gentamicin. Double recombinants
(markerless deletions) were selected on sucrose plates (1% tryptone, 0.5% yeast extract, 10% sucrose, and
1.5% agar). The genotypes of deletion mutants were verified by PCR. Combinatorial mutants were
constructed by using single mutants as parent strains.

Construction of GFP reporter strains. Transcriptional reporter constructs for the operons napEFDABC,
narK1K2GHJI, nirSMCFLGHJEN, norCBD, and nosRZDFYL were made by fusing the upstream promoter
sequences with gfp using the primers listed in Table S4. The respective primers were used to amplify
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promoter regions (as indicated in Table S4) and to add SpeI digest sites to the 5= ends of the promoters
and XhoI digest sites to the 3= ends of the promoters. Purified PCR products were digested and ligated
into the multiple cloning site of the allelic replacement vector pLD2477 (pMQ30 derivative) (58) or
pLD2722 (pYL122 derivative) (59), upstream of the gfp sequence. Both pLD2477 and pLD2722 contain
identical ribosome-binding sites between the multiple-cloning sites MCS and gfp sequences. The
plasmids were transformed into E. coli strain UQ950, verified by sequencing, and moved into PA14 using
biparental conjugation. The conjugative transfer of pLD2477 or pLD2722 was conducted with E. coli
strain BW29427 or S17-1, respectively. PA14 single recombinants of pLD2477 were selected on LB agar
plates containing 100 �g/ml gentamicin. PA14 single recombinants of pLD2722 were selected on M9
minimal medium agar plates (47.8 mM Na2HPO4·7H2O, 22 mM KH2PO4, 8.6 mM NaCl, 18.6 mM NH4Cl, 1
mM MgSO4, 0.1 mM CaCl2, 20 mM sodium citrate dihydrate, 1.5% agar) containing 100 �g/ml gentamicin.
pLD2477 double recombinants with GFP reporter insertions were selected on sucrose plates (1%
tryptone, 0.5% yeast extract, 10% sucrose, 1.5% agar). The genotypes of gfp insertion mutants were
confirmed by PCR. For pLD2722, the plasmid backbone was resolved from that of PA14 using Flp-FRT
recombination by the introduction of the pFLP2 plasmid (60) and selected on M9 minimal medium agar
plates containing 300 �g/ml carbenicillin and further on sucrose plates. The presence of gfp in the final
clones was confirmed by PCR.

Shuffled promoter sequences. The shuffled nirS and napE promoter sequences were designed
using “Sequence Manipulation Suite (SMS): Shuffle DNA” (61) (Table S5). Promoter-shuffle sequences
were amplified from strain PA14 genomic DNA by PCR using primers that contained the shuffle
sequences (Table S4). These PCR fragments of napEp were joined and integrated into pLD2477 by gap
repair cloning in S. cerevisiae InvSc1 (58). Shuffled promoters for nirS were synthesized by GenScript and
subcloned into pLD2929 by replacing the native nirS promoter.

Thin-sectioning analyses. To produce bilayer plates, a bottom layer of medium (1% agar,1%
tryptone) was poured to a depth of 4.5 mm and allowed to solidify before pouring a 1.5-mm layer on top.
Precultures were incubated overnight, diluted 1:100 in LB, and cultured until early-mid-exponential
phase (optical density at 500 nm [OD500] of �0.5). Subcultures were spotted onto the top layer of
agar-solidified medium in 5-�l aliquots and incubated in the dark at 25°C with �90% humidity (Percival
CU-22L) for up to 3 days. Colonies were sacrificed for thin sectioning at specified time points by first
covering them with a 1.5-mm-thick layer of 1% agar, which sandwiches each colony between two
1.5-mm layers of solidified agar. Colonies were lifted from the bottom layer of agar and soaked in 50 mM
L-lysine in PBS (pH 7.4) at 4°C for 4 h, fixed in 4% paraformaldehyde, 50 mM L-lysine, PBS (pH 7.4) at 4°C
for 4 h, and then incubated overnight at 37°C. The fixed colonies were washed twice in PBS and
dehydrated through a series of ethanol washes (25%, 50%, 70%, 95% ethanol in PBS, 3 times in 100%
ethanol) for 60 min each and then cleared via three 60-min washes in Histo-Clear II (HS-202; National
Diagnostics). The cleared colonies were infiltrated with paraffin wax (50-276-89, Electron Microscopy
Sciences; Fisher Scientific) at 55°C twice for 2 h each. The infiltrated colonies were solidified by an
overnight incubation at 4°C. Sections were cut perpendicularly to the base of the colony in 10-�m slices
using an automatic microtome (905200ER; Thermo Fisher Scientific), floated over a water bath at 45°C,
collected onto slides, and air dried overnight. The dried slides were heat fixed on a hotplate at 45°C for
1 h, and then rehydrated in PBS by reversing the dehydration steps listed above. The sections were then
immediately mounted beneath a coverslip in Tris-buffered Fluoro-Gel with DAPI 4=,6-diamidino-2-
phenylindole (50-246-93 Electron Microscopy Sciences; Fisher Scientific). Differential interference con-
trast (DIC) and fluorescent confocal images were captured from at least three biological replicates of each
strain using an LSM700 confocal microscope (Zeiss).

Liquid culture growth assays. Overnight (16 h) precultures were diluted 1:100 in a clear-bottom,
polystyrene, black 96-well plate (82050-756; VWR), with each well containing 200 �l of medium. Cultures
were then incubated at 37°C with continuous shaking at medium speed in a Biotek Synergy 4 plate
reader. The media used for reporter strains made with pLD2477 (pMQ37) and pLD2722 (pSEK103) vectors
were MOPS (morpholinepropanesulfonic acid) plus 20 mM glucose plus 20% LB or 1% tryptone,
respectively. When specified, 50 �l of light mineral oil (470301-505; VWR) was added to each well of the
96-well plate to prevent evaporation and to create microaerobic conditions. The expression of GFP was
assessed by taking fluorescence readings at excitation and emission wavelengths of 480 nm and 510 nm,
respectively, every 30 min for up to 24 h. Growth was assessed by taking OD readings at 500 nm
simultaneously with the fluorescence readings.

RNA-seq analysis. Δphz mutant colonies were grown on filter membranes (0.2-�m pore size, 25-mm
diameter; Whatman) placed on 1% tryptone and 1.5% agar at 25°C for 76 h. Colony samples were
harvested by microscopic laser dissection, and total RNA was extracted using the RNeasy Plant Minikit
(Qiagen). RNA samples were sent to Genewiz for further processing, including rRNA depletion and dUTP
incorporation for strand-specific sequencing, and sequenced with an Illumina HiSeq 2500 platform.
Sixteen fastq files were mapped to the reference PA14 genome using Bowtie2 (62) with an �97% success
rate to generate SAM (sequence alignment map) files. SAM files containing �2 � 108 reads in total were
merged, sorted, and indexed with SAMtools (63). Read coverage was visualized (Fig. 2C) with Integrative
Genomics Viewer (IGV) software (64).

Oxygen profiling of biofilms. A 25-�m-tip oxygen microsensor (Unisense OX-25) was used to
measure oxygen concentrations in day 3 and day 2 colony biofilms for wild-type (WT) and Δphz strains,
respectively, grown as described above. The microsensor was subjected to a two-point calibration using
a Unisense calibration chamber (CAL300). The first calibration was to atmospheric oxygen as water in the
chamber was continuously bubbled with air. For the second calibration, the “zero” point was set using
water that had been bubbled with N2 for 30 min. Oxygen measurements were then taken throughout
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the depth of the biofilm using a measurement time of 3 s and a wait time between measurements of 5 s,
with a step size of 5 �m. A micromanipulator (Unisense MM33) was used to move the microsensor within
the biofilm, and profiles were recorded using a multimeter (Unisense) and the SensorTrace Profiling
software (Unisense).
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