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Abstract
Physiology of Pseudomonas aeruginosa Phenazine Production and Transport
Hassan Sakhtah
Many bacteria secrete secondary metabolites, whose production is decoupled from
active growth in laboratory cultures. Historically, the advantages of secondary metabolite
production have mostly been explored in the context of cellular interactions, such as antibiotic
effects on competing organisms, damage caused to host tissues during infection, or cell densitydependent signaling. However, recent studies in the opportunistic pathogen Pseudomonas
aeruginosa have brought into focus the physiological effects of secondary metabolites on their
producer and their implications for multicellular behavior. P. aeruginosa produces antibiotics
called phenazines, which can act as mediators to transfer reducing power to an extracellular
oxidant and thereby support bacterial survival when oxygen is not accessible. In the crowded
environments of biofilms, communities of bacteria surrounded by self-made matrices, this
property of phenazines could support energy generation for cells in anoxic subzones.
As biofilm formation is a hallmark of P. aeruginosa colonization at various infection sites
within the body, I was motivated to investigate the regulation of phenazine production at the
level of synthesis and transport, the distribution of phenazines in P. aeruginosa biofilms, and the
effects of individual phenazines on P. aeruginosa gene expression and colony biofilm
morphogenesis. As part of this work, a novel electrochemical device was developed that
enables direct detection of phenazines released from intact colony biofilms. Application of this
device and other electrochemical techniques enabled detection of the reactive phenazine
intermediate 5-Me-PCA, which was found to be the primary phenazine affecting P. aeruginosa
colony morphogenesis. The production of this phenazine was found to be sufficient for
activation of the redox-active transcription factor SoxR and full induction of the RND efflux pump
MexGHI-OpmD. Finally, results described in this thesis show that 5-Me-PCA is transported by
MexGHI-OpmD, constituting a unique demonstration of the self-protective role of an efflux pump

in a gram-negative antibiotic-producing bacterium. These findings raise broad questions about
the effects of individual phenazines on biofilm cell physiology and have implications for the
contributions of individual phenazines to virulence and survival during infection. The technology
developed also has potential applications in novel diagnostic and therapeutic approaches.
Chapters 1-3 introduce and highlight advances made in understanding secondary
metabolite production, with a focus on P. aeruginosa. Chapter 1 provides an introduction to
antibiotic production, the concept of self-resistance and other physiological effects of antibiotics
in their producers, and infections caused by P. aeruginosa. Chapter 2 reviews recent studies
that have brought into focus the physiological effects of secondary metabolites on their
producers and their implications for multicellular behavior. Chapter 3 provides an overview of
our current understanding of the regulation of phenazine production in pseudomonads and other
bacterial species. Chapter 4 describes the development of an integrated circuit-based platform
for detection of redox-active metabolites released from multicellular samples, and demonstrates
its application to mapping phenazines released from P. aeruginosa biofilms. The study
described in Chapter 5 investigates the role of the P. aeruginosa SoxR regulon, which is
induced by phenazines, in phenazine transport and shows that the understudied reactive
phenazine 5-methylphenazine-1-carboxylic acid (5-Me-PCA) is transported by the RND efflux
pump MexGHI-OpmD and is required for wild-type biofilm formation. Chapter 6 describes the
development of an assay for 5-Me-PCA production and studies exploring the role of the
regulator PsrA in controlling phenazine biosynthesis. Chapter 7 provides an overview of the
findings and open questions to be explored in future research. The P. aeruginosa genome
contains two nearly identical operons that encode biosynthetic enzymes for the production of
phenazine-1-carboxylic acid, the precursor to all of the other phenazines. The study described
in Appendix A characterizes the respective contributions of these operons to phenazine
production in shaken liquid cultures and biofilms. Appendix B presents evidence that electron
acceptor availability influences, and is influenced by, the morphogenesis of P. aeruginosa

colony biofilms. Finally, Appendix C describes a screen for commercially available compounds
that inhibit production of the phenazine pyocyanin by P. aeruginosa. Together, these findings
reveal the unique physiological roles of specific phenazine-related genetic loci and regulatory
proteins and of 5-Me-PCA, a phenazine that was previously overlooked due to the technical
challenges associated with its detection. They have also uncovered novel aspects of phenazine
production in both shaken liquid cultures and biofilms relevant for the development of
therapeutics.
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Chapter 1
Introduction
1.1 Motivation
1.1.1

The rise of antibiotic resistant bacteria
For the last ~70 years, antibiotics have been used to treat patients suffering from

bacterial infections. Since reports in the late 19th century and early 20th century first
described the ability of microorganisms to release compounds that kill competing
bacteria, these drugs, together with vaccines, have become our primary defenses in
reducing illness and death from infectious disease. Unfortunately, widespread and
prolonged use of these drugs has caused bacteria to adapt to them, making the drugs
less effective. The rate of discovery of new classes of antibiotics has declined
dramatically since the burst in antibiotic discovery occurred during the first half of the
20th century. As a result, physicians are having to rely on an increasingly limited number
of antibiotics for treating infections (Fig. 1.1). Each year in the United States, at least 2
million people become infected with antibiotic resistant bacteria, and approximately
23,000 people die as a direct result of these infections. Routine surgeries promise to
become riskier due to a lack of available drugs to prevent or treat infections caused by
bacteria resistant to conventional antibiotics (Fig. 1.2). After several decades spent
focusing on combinatorial chemistry and genomics as approaches to developing new
drugs, researchers are now moving away from modifying existing drugs and instead
revisiting the classical approach towards antibiotic discovery by looking back to
microorganisms. New variants of known antibiotics have been found by screening
microbial strains, by varying growth conditions or by modifying the antibiotic biosynthetic
pathway. Recently, a novel method for the in situ cultivation of soil bacteria enabled the
identification of teixobactin, the first member of a new class of antibiotics (Ling et al.
2015)
1

Figure 1.1 Between 1962 and 2000, not a single new class of nonspecific, potent
antimicrobial compounds was identified. From (Fischbach and Walsh 2009).

Figure 1.2 Number of projected infections if antibiotic treatments become 30% less
effective. From Center for Disease Dynamics, Economics, and Policy, 2015

2

Recent studies are beginning to explore how these compounds may promote the
survival of the producing organism in other ways. Antibiotics have been implicated in
biofilm development, cell differentiation, and signaling (Fig. 1.3). Antibiotics produced by
soil bacteria have also been found to promote the availability of iron and carbon in the
plant rhizosphere. How is antibiotic production regulated so that producing organisms
can benefit from their physiological effects? How is self-resistance mediated? I have
applied these questions to the production of phenazine antibiotics by the opportunistic
pathogen Pseudomonas aeruginosa PA14. Studies examining the physiological roles
and regulation of antibiotic production in this important model organism have the
potential to reveal fundamental aspects of its pathogenicity and mechanisms of
resistance to endogenous and exogenous antibiotics.

3

Figure 1.3 Functions for antibiotics in producing organisms. The microscope image
shows bacterial cells that live on the root surface or inside the root tissue, visualized with
green fluorescent protein. From (Raaijmakers and Mazzola 2012).
1.1.2 Secondary metabolites can have important physiological effects in their
producers
Bacterial secondary metabolites, such as antibiotics, are typically produced after
the period of maximum growth in batch cultures and are therefore nonessential for
robust growth under traditional laboratory conditions (Madigan et al. 2000; Vining 1990).
This trait has often led to the assumption that they do not significantly affect primary
metabolism or producing cell physiology. The functions of these compounds were long
understood solely in the context of their effects on other organisms, such as the killing of
other bacteria by antibiotics (Firn and Jones 2003), or the damage to host tissue caused
by virulence factors (Clatworthy et al. 2007). However, a minority of early studies
explored the potential of secondary metabolites to play important roles in producing
organisms (Friedheim 1931; Barron and Hoffman 1930), and recently, the recognition
that well-mixed liquid batch cultures do not reflect common growth conditions found
outside the laboratory has lead to the identification of novel roles for secondary
metabolites that benefit their producers. Such roles include regulation of gene
expression to modulate bacterial multicellular behavior (Dietrich et al. 2006; Dietrich et
al. 2008), balancing of the intracellular redox state when preferred electron acceptors
are not available (Price-Whelan et al. 2007; Dietrich et al. 2013), and the support of iron
acquisition through novel mechanisms (Wang et al. 2011). In the diverse ways that
bacteria impact human health and industry, secondary metabolite synthesis is relevant
not just for its effects on other organisms or hosts, but also for its potential to have direct
and beneficial effects on producing cell physiology.
The pseudomonad phenazines are now arguably the best-known example of
secondary metabolites with physiological effects relevant for producer survival and
4

fitness. Phenazines have long been classified as antibiotics and virulence factors due to
their toxicity in other microbes and host tissues, which arises from intracellular redox
cycling (O'Malley et al. 2003; Lau et al. 2004). However, in producing organisms
resistant to their toxicity, phenazines can also be reduced inside the cell and act as
mediators to transfer electrons to external oxidants at a distance (Wang et al. 2010;
Dietrich et al. 2013; Price-Whelan et al. 2007). As electron acceptors for pseudomonad
metabolism, phenazines can balance the intracellular redox state and support survival.
Phenazine-dependent reductive dissolution of iron can also facilitate its acquisition from
insoluble sources (Wang et al. 2011). Phenazine production has been shown to
contribute to the competence of agriculturally important pseudomonads (i.e., so-called
biocontrol strains) in crop plant rhizospheres (Mazzola et al. 1992) and to the virulence
of the opportunistic pathogen Pseudomonas aeruginosa (Rahme et al. 1995). It is
thought that the physiological effects of phenazines in both their producers and
competing or host organisms combine to promote survival and persistence in these
contexts. However, questions remain regarding the means by which phenazine
producers control these effects, e.g. by regulating synthesis and transport, as well as
their relevance to growth in biofilms, bacterial assemblages constituting the more
common form of growth outside the laboratory.
1.1.3 Biofilm physiology and the challenge of in situ characterization
Bacteria growing in natural, industrial, and clinical settings often form biofilms,
densely packed communities held together by a secreted matrix (Costerton et al. 1995).
Cells in biofilms are exposed to unique conditions: oxygen and other substrates are
distributed unevenly due to the effects of consumption and diffusion (Xu et al. 1998).
Biofilm cells are therefore physiologically distinct from those grown in well-mixed liquid
cultures, which makes it difficult to apply mechanistic knowledge acquired from
planktonic-culture studies to the design of approaches to thwart or encourage biofilm
5

formation in areas of human engineering and health. Moreover, the dynamics of biofilm
chemical ecology have been difficult to characterize due to the challenge of direct, nondisruptive detection of molecules in these multicellular samples.
Biofilm conditions have been shown to activate signaling cascades controlling
secondary

metabolite

production,

and

secondary

metabolites

affect

producing

community behavior, in many bacterial species. In several models of pseudomonad
biofilm formation, phenazines affect different stages of this process (Pierson et al. 1994;
Pierson and Pierson 2010; Ramos et al. 2010). Due to their high redox activity and
dramatic effects on biofilm development, phenazines are ideal target molecules for the
design and application of an electrochemical in situ detection method. This novel
imaging approach could ultimately be expanded to the detection of redox-active
metabolites released by diverse specimens.
1.1.4 Secondary metabolite resistance in producing organisms: the primary
ecological roles of efflux pumps
Concurrent with the recognition that secondary metabolites can affect
metabolism, resource acquisition, and/or multicellular behavior in their producers arose a
new appreciation for the effects of these compounds on gene expression in both
producing and non-producing organisms (Goh et al. 2002). Also in this context,
phenazines served as a fascinating case study for the physiology of secondary
metabolite production and exposure. In P. aeruginosa, the phenazine pyocyanin has
been shown to activate the transcription factor SoxR and regulate a small regulon
consisting of three target loci including the efflux pump-encoding operon mexGHI-opmD
(Dietrich et al. 2006). This result was intriguing at first because it highlighted differences
between SoxR in P. aeruginosa and the paradigm of the SoxRS response in Escherichia
coli, originally understood as a superoxide-activated regulatory cascade controlling ~100
loci (Pomposiello et al. 2001). Further investigations lead to a revised version of this
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model in which SoxR functions primarily as a detector of redox-active antibiotics to
control targets involved in their detoxification and efflux (Gu and Imlay 2011).
This model makes good theoretical sense as the P. aeruginosa SoxR regulons
and targets of the E. coli SoxRS response, as well as SoxR regulons identified
bioinformatically in diverse bacteria, contain efflux pumps that could be involved in
antibiotic export. As many bacteria are known to produce small molecule secondary
metabolites, SoxR-dependent regulation of these transporters could constitute a
widespread mechanism of self-protection. Initial studies characterizing the role of
MexGHI-OpmD suggested that it contributes to biofilm development but did not provide
compelling evidence for a role for this pump in pyocyanin efflux, suggesting that other P.
aeruginosa phenazines may be important for regulation of gene expression and that the
SoxR regulon may support their shuttling in and out of the cell (Dietrich et al. 2008).
Additional studies are warranted to address this knowledge gap, as identification of the
phenazines relevant for biofilm development and SoxR-dependent gene expression is
critical to understanding P. aeruginosa multicellular behavior and capacity for
extracellular electron shuttling. Furthermore, such work may provide insight into the
ecological roles of specific efflux pumps, which have infamously eluded researchers.
1.2 Background
1.2.1 P. aeruginosa phenazine synthesis and chemistry
Phenazines are heterocyclic compounds naturally produced and substituted at
specific points around their rings by different organisms. Phenazines produced by P.
aeruginosa are shown in Table 1.1 and are all derivatives of the common precursor
phenazine-1-carboxylic acid (PCA). The enzymes required for PCA synthesis are
encoded by the two nearly identical operons phz1 and phz2 (Mavrodi et al. 2001). phz1
is flanked by phzM and phzS, encoding the enzymes for conversion of PCA to 5methylphenazine-1-carboxylic

acid

(5-Me-PCA)
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and

5-Me-PCA

to

pyocyanin,

respectively (Parsons et al. 2007). phzH, which encodes an enzyme for conversion of
PCA to PCN, is distally located (Mavrodi et al. 2001). Whether enzymes are involved in
the conversion of 5-Me-PCA to aeruginosins A and B is not known (Hansford et al.
1972).
R1
N
N+

R4

R2

R3

R1

R2

R3

R4

No
1

Name
Phenazine-1-carboxylic acid (PCA)

2
3

Phenazine-1-carboxamide (PCN)
5-Methylphenazine-1-carboxylic acid (5-Me-PCA)

COOH

CH3

4

Pyocyanin (PYO)

OH

CH3

5

Aeruginosin A

COOH

CH3

NH2

6

Aeruginosin B

COOH

CH3

NH2

COOH
CONH2

SO3

Table 1.1 Chemical structures of phenazines produced by P. aeruginosa PA14.
The addition of different functional groups to the core phenazine heterocycle
gives rise to a full spectrum of colors, and also determines individual phenazine redox
potential and solubility (Price-Whelan et al. 2006). The redox activity of phenazines plays
a central role in their physiological functions. Phenazines can accept electrons from
intracellular reductants and donate electrons to environmental oxidants, which allows
them to affect primary metabolic processes as they are shuttled into and out of cells.
Phenazines modulate the intracellular redox state, as indicated by measurements of
NADH and NAD+ from extracts of phenazine-producing and non-producing strains
(Price-Whelan et al. 2007). Due to their facile redox cycling, phenazines have the
potential to act as electron acceptors and shuttles in situations where an oxidant is
available at a distance from the cell. Examples of this include anaerobic cultures
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containing insoluble iron or a poised-potential electrode (Wang et al. 2010; Wang et al.
2011; Hernandez et al. 2004). For this reason they could be beneficial to cells at depth in
biofilms, where oxygen is limiting due to consumption by cells near the periphery.
1.2.2 Intercellular signaling in P. aeruginosa
Detailed studies have revealed a complex signaling network controlling the
expression of most P. aeruginosa virulence-associated genes, including those encoding
enzymes of the phenazine biosynthetic pathway (Deziel et al. 2004). This network
includes the quorum sensing (QS) regulons that are induced by the intercellular signals
N-(3-oxododecanoylhomoserine

lactone

(3-oxo-C12-HSL),

N-butanoylhomoserine

lactone (C4-HSL), 2-heptyl-3-hydroxy-4-quinolone (the Pseudomonas quinolone signal
or PQS), and compounds related to these (Fig. 1.4). In each corresponding QS system,
transcription factors are activated by intercellular signals and modulate the expression
levels of hundreds of genes, including those required for their own synthesis (thereby
supporting autoinduction) and the functioning of other QS systems. Though many
different environmental cues, transcriptional regulators, post-transcriptional mechanisms
of regulation, and QS-related mechanisms have been shown to influence phenazine
production, they have not been characterized at the molecular level and the means
whereby their control is mediated are not precisely known. An exception to this is binding
to a site in the phz1 and phzM promoters by LasR and RhlR, which are activated by 3oxo-C12-HSL and C4-HSL, respectively (Wurtzel et al. 2012).
Subsequent to reports that each of the three established QS systems are
required for pyocyanin production, it was demonstrated that pyocyanin itself affects the
expression of a discrete regulon of ~40 genes (Dietrich et al. 2006). Genes for
phenazine biosynthesis are not among these, and therefore pyocyanin production is not
subject to positive feedback regulation as observed for the other aforementioned
intercellular signals. However, it accumulates extracellularly in a cell density dependent
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fashion, and also has the capacity to affect expression in non-producing cells. It is
therefore considered a terminal signal in the P. aeruginosa QS network (Fig. 1.4).
exponential phase

early stationary phase

late exponential phase

PCN

3-oxo-C12-HSL

C4-HSL

PQS
PYO

5-Me-PCA
PCA

LasI

LasR

RhlI

upregulation ofof
upregulation

RhlR
MvfR

phzA-G (phenazines)
hcnABC (hydr. cyanide)
chiC (chitinase)
lecA,B (lectin)

PqsA-G

upregulation of
mexGHI-opmD (efflux)
PA2274 (monooxygenase)

?

PqsH

Figure 1.4 Model of the P. aeruginosa QS signaling network. The autoinducers LasI and
RhlI produce 3-oxo-dodecanoyl (3-oxo-C12-HSL) and N-oxo-butanoyl (C4-HSL)
homoserine lactones respectively during early exponential phase, which bind to and
activate the transcriptional regulators LasR and RhlR. Pseudomonas quinolone signal
(PQS) induces phenazine production. The pyocyanin (PYO) stimulon includes genes
implicated in phenazine efflux and turnover. Adapted from (Dietrich et al. 2006).
1.2.3 Biofilm-based infections and clinical relevance
Cells in organized multicellular aggregates known as biofilms exhibit traits that
differ markedly from cells growing in planktonic cultures, including up to 1000 fold
increased resistance to antibiotics (Donlan and Costerton 2002). This physiological
adaptation

makes

biofilm-based

infections

difficult

to

eradicate;

therefore

an

understanding of the signaling events that control biofilm development and structure
integrity would have significant clinical relevance. P. aeruginosa causes pneumonia and
infections in urinary tracts and burn wounds. This bacterium is also the primary cause of
morbidity and mortality in patients suffering from cystic fibrosis (CF), the most common
genetic disease among Caucasians. The thick mucus that accumulates in the CF lung
provides a nutrient-rich environment for biofilm formation. A number of secreted factors
may contribute to the specific propensity of P. aeruginosa to colonize CF patients,
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including

adhesins,

exotoxins,

phospholypases,

siderophores,

proteases,

and

phenazines.
The high cell density of biofilms has been shown to induce QS-dependent
signaling. Relationships between QS and biofilm development have been examined in
diverse contexts and conditions that support multicellularity, ranging from flow-cell
systems, in which biofilms grow attached to glass slides under a constant flow of
medium, to the lungs of patients with CF (Chambers et al. 2005). Davies et al.
inextricably linked QS to P. aeruginosa biofilm development when they found that a
mutation in the global regulator LasI results in undifferentiated, flat flow-cell biofilms
compared to the “mushroom” structures formed by wild type-biofilms (Davies et al.
1998). However, the LasI/R and RhlI/R systems globally regulate hundreds of genes in
P. aeruginosa (Hentzer et al. 2003), thus pleiotropic effects frustrated future genetic
investigations into the role of these QS systems in modulating biofilm development .
Phenazines are produced during infection and have been found to specifically
contribute to virulence. In a Caenorhabditis elegans infection model, phenazines
contribute to killing (Cezairliyan et al. 2013). In addition, pyocyanin and PCA were
detected in sputum isolated from CF patients and quantified by HPLC. PCA and
pyocyanin production negatively correlated with lung function and bacterial community
complexity (Hunter et al. 2012).
1.2.4 Phenazines and colony morphogenesis.
The links between phenazines and biofilm physiology are most dramatically
demonstrated using a colony morphology assay. This method involves spotting 10 µL
cell suspensions onto an agar plate and incubating the colony for several days.
Phenazine-producing colonies are smooth after two days of growth, while ∆phz mutants
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are highly wrinkled and cover a larger area (Fig. 1.5) (Dietrich et al. 2008; Dietrich et al.
2013).

Figure 1.5 Phenazines affect morphogenesis of P. aeruginosa PA14 colony biolfims.
Phenazine producing strain: BigBlue; phenazine-null strain: ∆phz. Colony biofilms are
imaged after 3 days of development on 1% tryptone, 1% agar medium containing 40
µg/mL Congo red and 20 µg/mL Coomassie blue. Scale bar, 1 cm.
Different phenazines vary in their ability to restore the smooth, constrained
phenotype to ∆phz colonies; exogenous addition of PCA to agar used to grow ∆phz
colonies prevents surface spreading and wrinkle formation in a concentration dependent
manner. Exogenous pyocyanin also prevents surface spreading and colony wrinkling,
but not to the same extent as PCA (Ramos et al. 2010). These results suggest that both
the nature of the phenazine, as well as the total amounts of phenazine present, are
important parameters that control morphogenesis in developing colonies.
1.3 References
Barron ES, Hoffman LA (1930) The Catalytic Effect of Dyes on the Oxygen Consumption
of Living Cells. The Journal of general physiology 13 (4):483-494
Cezairliyan B, Vinayavekhin N, Grenfell-Lee D, Yuen GJ, Saghatelian A, Ausubel FM
(2013) Identification of Pseudomonas aeruginosa phenazines that kill
Caenorhabditis elegans. PLoS pathogens 9 (1):e1003101.
doi:10.1371/journal.ppat.1003101
Chambers CE, Visser MB, Schwab U, Sokol PA (2005) Identification of Nacylhomoserine lactones in mucopurulent respiratory secretions from cystic
fibrosis patients. FEMS microbiology letters 244 (2):297-304.
doi:10.1016/j.femsle.2005.01.055
Clatworthy AE, Pierson E, Hung DT (2007) Targeting virulence: a new paradigm for
antimicrobial therapy. Nature chemical biology 3 (9):541-548.
doi:10.1038/nchembio.2007.24
12

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM (1995)
Microbial biofilms. Annual review of microbiology 49:711-745.
doi:10.1146/annurev.mi.49.100195.003431
Davies DG, Parsek MR, Pearson JP, Iglewski BH, Costerton JW, Greenberg EP (1998)
The involvement of cell-to-cell signals in the development of a bacterial biofilm.
Science 280 (5361):295-298
Deziel E, Lepine F, Milot S, He J, Mindrinos MN, Tompkins RG, Rahme LG (2004)
Analysis of Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines (HAQs)
reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-cell communication.
Proceedings of the National Academy of Sciences of the United States of
America 101 (5):1339-1344. doi:10.1073/pnas.0307694100
Dietrich LE, Okegbe C, Price-Whelan A, Sakhtah H, Hunter RC, Newman DK (2013)
Bacterial community morphogenesis is intimately linked to the intracellular redox
state. Journal of bacteriology 195 (7):1371-1380. doi:10.1128/JB.02273-12
Dietrich LE, Price-Whelan A, Petersen A, Whiteley M, Newman DK (2006) The
phenazine pyocyanin is a terminal signalling factor in the quorum sensing
network of Pseudomonas aeruginosa. Molecular microbiology 61 (5):1308-1321.
doi:10.1111/j.1365-2958.2006.05306.x
Dietrich LE, Teal TK, Price-Whelan A, Newman DK (2008) Redox-active antibiotics
control gene expression and community behavior in divergent bacteria. Science
321 (5893):1203-1206. doi:10.1126/science.1160619
Donlan RM, Costerton JW (2002) Biofilms: survival mechanisms of clinically relevant
microorganisms. Clinical microbiology reviews 15 (2):167-193
Firn RD, Jones CG (2003) Natural products--a simple model to explain chemical
diversity. Natural product reports 20 (4):382-391
Fischbach MA, Walsh CT (2009) Antibiotics for emerging pathogens. Science 325
(5944):1089-1093. doi:10.1126/science.1176667
Friedheim EA (1931) Pyocyanine, an Accessory Respiratory Enzyme. Journal of
Experimental Medicine 54 (2):207-221
Goh EB, Yim G, Tsui W, McClure J, Surette MG, Davies J (2002) Transcriptional
modulation of bacterial gene expression by subinhibitory concentrations of
antibiotics. Proceedings of the National Academy of Sciences of the United
States of America 99 (26):17025-17030. doi:10.1073/pnas.252607699
252607699 [pii]
Gu M, Imlay JA (2011) The SoxRS response of Escherichia coli is directly activated by
redox-cycling drugs rather than by superoxide. Molecular microbiology 79
(5):1136-1150. doi:10.1111/j.1365-2958.2010.07520.x
Hansford GS, Holliman FG, Herbert RB (1972) Pigments of Pseudomonas species. IV.
In vitro and in vivo conversion of 5-methylphenazinium-1-carboxylate into
aeruginosin A. Journal of the Chemical Society Perkin transactions 1 1:103-105
Hentzer M, Wu H, Andersen JB, Riedel K, Rasmussen TB, Bagge N, Kumar N,
Schembri MA, Song Z, Kristoffersen P, Manefield M, Costerton JW, Molin S,
Eberl L, Steinberg P, Kjelleberg S, Hoiby N, Givskov M (2003) Attenuation of
Pseudomonas aeruginosa virulence by quorum sensing inhibitors. The EMBO
journal 22 (15):3803-3815. doi:10.1093/emboj/cdg366
Hernandez ME, Kappler A, Newman DK (2004) Phenazines and other redox-active
antibiotics promote microbial mineral reduction. Applied and environmental
microbiology 70 (2):921-928
Hunter RC, Klepac-Ceraj V, Lorenzi MM, Grotzinger H, Martin TR, Newman DK (2012)
Phenazine content in the cystic fibrosis respiratory tract negatively correlates with

13

lung function and microbial complexity. American journal of respiratory cell and
molecular biology 47 (6):738-745. doi:10.1165/rcmb.2012-0088OC
Lau GW, Hassett DJ, Ran H, Kong F (2004) The role of pyocyanin in Pseudomonas
aeruginosa infection. Trends in Molecular Medicine 10 (12):599-606.
doi:10.1016/j.molmed.2004.10.002
Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, Mueller A,
Schaberle TF, Hughes DE, Epstein S, Jones M, Lazarides L, Steadman VA,
Cohen DR, Felix CR, Fetterman KA, Millett WP, Nitti AG, Zullo AM, Chen C,
Lewis K (2015) A new antibiotic kills pathogens without detectable resistance.
Nature 517 (7535):455-459. doi:10.1038/nature14098
Madigan MT, Martinko JM, Parker J (2000) Brock biology of microorganisms. 9th edn.
Prentice Hall, Upper Saddle River, NJ
Mavrodi DV, Bonsall RF, Delaney SM, Soule MJ, Phillips G, Thomashow LS (2001)
Functional analysis of genes for biosynthesis of pyocyanin and phenazine-1carboxamide from Pseudomonas aeruginosa PAO1. Journal of bacteriology 183
(21):6454-6465. doi:10.1128/JB.183.21.6454-6465.2001
Mazzola M, Cook RJ, Thomashow LS, Weller DM, Pierson LS, 3rd (1992) Contribution
of phenazine antibiotic biosynthesis to the ecological competence of fluorescent
pseudomonads in soil habitats. Applied and environmental microbiology 58
(8):2616-2624
O'Malley YQ, Reszka KJ, Rasmussen GT, Abdalla MY, Denning GM, Britigan BE (2003)
The Pseudomonas secretory product pyocyanin inhibits catalase activity in
human lung epithelial cells. American journal of physiology Lung cellular and
molecular physiology 285 (5):L1077-1086. doi:10.1152/ajplung.00198.2003
Parsons JF, Greenhagen BT, Shi K, Calabrese K, Robinson H, Ladner JE (2007)
Structural and functional analysis of the pyocyanin biosynthetic protein PhzM
from Pseudomonas aeruginosa. Biochemistry 46 (7):1821-1828.
doi:10.1021/bi6024403
Pierson LS, 3rd, Keppenne VD, Wood DW (1994) Phenazine antibiotic biosynthesis in
Pseudomonas aureofaciens 30-84 is regulated by PhzR in response to cell
density. Journal of bacteriology 176 (13):3966-3974
Pierson LS, 3rd, Pierson EA (2010) Metabolism and function of phenazines in bacteria:
impacts on the behavior of bacteria in the environment and biotechnological
processes. Appl Microbiol Biotechnol 86 (6):1659-1670. doi:10.1007/s00253-0102509-3
Pomposiello PJ, Bennik MH, Demple B (2001) Genome-wide transcriptional profiling of
the Escherichia coli responses to superoxide stress and sodium salicylate.
Journal of bacteriology 183 (13):3890-3902. doi:10.1128/JB.183.13.38903902.2001
Price-Whelan A, Dietrich LE, Newman DK (2006) Rethinking 'secondary' metabolism:
physiological roles for phenazine antibiotics. Nature chemical biology 2 (2):71-78.
doi:10.1038/nchembio764
Price-Whelan A, Dietrich LE, Newman DK (2007) Pyocyanin alters redox homeostasis
and carbon flux through central metabolic pathways in Pseudomonas aeruginosa
PA14. Journal of bacteriology 189 (17):6372-6381. doi:JB.00505-07 [pii]
10.1128/JB.00505-07
Raaijmakers JM, Mazzola M (2012) Diversity and natural functions of antibiotics
produced by beneficial and plant pathogenic bacteria. Annual review of
phytopathology 50:403-424. doi:10.1146/annurev-phyto-081211-172908

14

Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, Ausubel FM (1995)
Common virulence factors for bacterial pathogenicity in plants and animals.
Science 268 (5219):1899-1902
Ramos I, Dietrich LE, Price-Whelan A, Newman DK (2010) Phenazines affect biofilm
formation by Pseudomonas aeruginosa in similar ways at various scales. Res
Microbiol 161 (3):187-191. doi:10.1016/j.resmic.2010.01.003
Vining LC (1990) Functions of secondary metabolites. Annual review of microbiology
44:395-427. doi:10.1146/annurev.mi.44.100190.002143
Wang Y, Kern SE, Newman DK (2010) Endogenous phenazine antibiotics promote
anaerobic survival of Pseudomonas aeruginosa via extracellular electron
transfer. Journal of bacteriology 192 (1):365-369. doi:10.1128/JB.01188-09
Wang Y, Wilks JC, Danhorn T, Ramos I, Croal L, Newman DK (2011) Phenazine-1carboxylic acid promotes bacterial biofilm development via ferrous iron
acquisition. Journal of bacteriology. doi:JB.00396-11 [pii]
10.1128/JB.00396-11
Wurtzel O, Yoder-Himes DR, Han K, Dandekar AA, Edelheit S, Greenberg EP, Sorek R,
Lory S (2012) The Single-Nucleotide Resolution Transcriptome of Pseudomonas
aeruginosa Grown in Body Temperature. PLoS pathogens 8 (9):e1002945.
doi:10.1371/journal.ppat.1002945
Xu KD, Stewart PS, Xia F, Huang CT, McFeters GA (1998) Spatial physiological
heterogeneity in Pseudomonas aeruginosa biofilm is determined by oxygen
availability. Applied and environmental microbiology 64 (10):4035-4039

15

Chapter 2
Preface
This chapter is adapted from:
Okegbe C*, Sakhtah H*, Sekedat M*, Price-Whelan A, Dietrich LEP (2012)
Redox Eustress: Roles for Redox-Active Metabolites in Bacterial Signaling and
Behavior. Antioxidants & Redox Signaling, 16(7):658-67
* contributed equally
This chapter highlights how secondary metabolites can have beneficial roles for
producing organisms, including multicellular community development. I wrote the first
draft of the introduction and sections concerning redox-active phenazine secondary
metabolites. Because redox-active metabolites are frequently discussed as stressors to
cellular metabolism, I sought to highlight how the term “stress” came to carry a negative
connotation in scientific literature, positing that not all biological stress is detrimental.
Instead, we propose that biological effectors should be characterized in a conditiondependent manner. These effectors can have both positive (eustress) and negative
(distress) functions, depending on how they affect survival.
C. Okegbe wrote the sections on sensing and responding to redox stress. M.
Sekedat wrote the sections highlighting the diversity of redox-active compounds
produced by different organisms, and how some of these compounds came to be known
as antibiotics. A. Price-Whelan and L.E.P. Dietrich edited the chapter and wrote the final
version.
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Redox Eustress: Roles for Redox-Active Metabolites in Bacterial Signaling and
Behavior
2.1 Abstract
Plant biologists and microbiologists have long discussed and debated the
physiological roles of so-called “redox-active metabolites.” These are natural products
with unusually high redox activity that are not directly required for active growth.
Generally, the biological roles of these compounds have been ascribed to interspecies
competition and virulence, and they have been considered important sources of distress.
In this chapter, we discuss two examples of redox-active metabolites: nitric oxide and
phenazines. Both are known for their toxic effects in some organisms and conditions but
have recently been shown to provide benefits for some organisms under other
conditions. Biologists are identifying new roles for redox-active metabolites that are not
directly related to their toxicity. These roles prompt us to suggest a dismissal of the
paradigm that all biological stress is negative (i.e., distress). A more accurate view of
redox couples requires characterization of their specific biological effects in a conditiondependent manner. The responses to these compounds can be termed “distress” or
“eustress,” depending on whether they inhibit survival, provide protection from a
compound that would otherwise inhibit survival, or promote survival.
2.2 Introduction
Redox chemistry is a fundamental feature of every known metabolism that
supports life. Strong reductants and oxidants are thought to have enabled the origin of
life and the evolution of complex life forms, respectively (Fig 2.1). While the energy
provided by redox chemistry is required for life, unchecked redox activity is a common
source of intracellular damage, and organisms possess well-studied mechanisms that
allow them to avoid or combat potentially destructive redox processes. However,
biologists are uncovering cases in which organisms utilize unusually redox-active
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compounds for functions that are not directly part of metabolism during active growth.
They are finding that compounds often viewed as toxins due to their high level of redox
activity in some cells play roles in communication and/or survival in others, and that their
effects may vary qualitatively as a function of concentration. These findings emphasize
the context- and organism-dependent effects of compounds that participate in redox
chemistry in vivo. In this chapter, we will discuss sensing mechanisms that allow
bacteria to respond to the redox states of specific molecules with redox potentials that
span a broad range (Fig. 2.1). We will also provide examples of compounds historically
known solely for their toxic effects that have recently been shown to play neutral or
beneficial roles in survival and community behavior.

Figure 2.1 Redox chemistry is essential for life, but threatening for life in some
contexts. Selected redox couples with major roles in biological chemistry are shown
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organized according to their redox potentials E’0 at pH 7 (28,33,42). Major events and
responses associated with these couples are listed in the figure or described in the main
text. FeOOH, ferric hydroxide; PCA, phenazine-1-carboxylic acid.
Traditionally, certain redox-active compounds have been characterized as
“stressors” because they stimulate protective responses, without which organisms of
interest would not be able to survive in the molecule’s presence. The term “stressor”
originated with the work of Hans Selye, a physiologist who, in the 1930s devised the
concept of the “stress response” while examining recovery from harsh treatments in rats
(Selye 1936). This work established a paradigm increasingly applied by biologists
describing responses to environmental stimuli. Although Selye recognized that the
response to a stressor can be positive (“eustress”) or negative (“distress”), this dual
nature of stress is often overlooked (Selye 1976). The word “stress” typically has a
negative connotation, and agents that induce pathology in a particular biological context
are often treated categorically as negative stressors. However, mechanisms that have
evolved to respond to these signals do not always bear the hallmarks of distress. In
these cases, the organism is not negatively affected by exposure to the stressor.
Stress has been defined as a “threat to homeostasis” (Munck et al. 1984).
Originally applied in the context of animal physiology and psychology, this definition can
also describe responses to stimuli in bacteria. Figure 2.2 depicts an abstract
representation of this concept. An organism maintaining homeostasis, with respect to
parameters such as metabolic flux and internal pH, is depicted as a ball sitting on a
plateau. When the organism is exposed to a stressor that cases distress, it can no
longer maintain a functional physiological state, and this represented as the ball rolling
down the slope. However, when the organism is exposed to a stressor that causes
eustress, it enters a qualitatively different physiological state, but still maintains
homeostasis. This is represented as a different area atop the same hill.
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Figure 2.2 The influence of stressors on physiology. The normal functional state of a
biological system can be likened to a ball on a plateau. Endogenous and exogenous
stressors can push the ball to the edge of the precipice, but robust biological systems
actively maintain the functional state. This sometimes requires the organism to transition
to a new, qualitatively different functional state, as can occur when the stressor is a
source of eustress.
This chapter contains examples of specific sensing mechanisms and stimuli
involved in eustress affecting bacterial survival and development. These examples
concern molecules that are typically referred to as “redox-active metabolites.” This is a
misleading term because most compounds produced during metabolism are technically
“redox-active” in the sense that they readily undergo enzyme-mediated redox
transformations within the cell, but the majority of these are unlikely to cause stress.
Despite this, biologists use this term for compounds that are unusually reactive and
therefore more likely to irreversibly inactivate enzymes or generate additional reactive
species. Some of these molecules are also so called “redox-cycling compounds”
because they enter the cell in a relatively harmless state, but are readily reduced by
endogenous enzymes and catalyze downstream reactions producing highly reactive
toxic species (Fig. 2.3 A, B). These downstream reactions are oxidizing and regenerate
the original compound, which can continuously cycle between reductant and oxidant. We
will adhere to convention and refer to unusually redox-active metabolites as simply
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redox-active or redox-cycling compounds because their high level of redox activity is
what distinguishes them from the myriad redox couples present within the cell. However,
although these terms carry negative connotations, our use of them does not imply that
these compounds are universal sources of distress. In specific contexts, their effects on
bacterial physiology are neutral or beneficial. They can transition the organism to a
physiological state that is different from the default but still conducive to survival (Fig.
2.2).

Figure 2.3 Phenazines are redox cycling compounds that activate SoxR. (A,B) The
distinction between “redox-active” and “redox-cycling” metabolites. The term “redoxactive metabolite” typically refers to compounds that do not participate constructively in
primary metabolism during growth. These compounds react with metabolites, nucleic
acids, proteins, and/or lipids without the aid of enzymes. The term “redox-cycling
metabolite” is used to describe compounds that enter the cell in an oxidized state,
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participate in enzyme-mediated redox transformations to become reduced, then react
with other substrates without the aid of enzymes. (C) The transcription factor SoxR is a
homodimer that binds upstream of its target gene. In its reduced form, it prevents
transcription. In P. aeruginosa, SoxR is thought to react directly with pyocyanin, such
that the iron-sulfur cluster becomes oxidized, inducing a conformational change that
activates transcription.
2.3 How do cells sense and respond to redox stress?
Redox sensors orchestrate responses to redox-active metabolites and allow for
their utilization. Metabolism and redox chemistry are tightly linked as anabolic and
catabolic processes involve reductive and oxidative reactions, respectively (Foyer and
Allen 2003). However, the cellular redox balance is constantly threatened by changes in
the availability of electron donors and acceptors and exposure to highly redox-active
metabolites. It is monitored by a variety of sensors; some of these directly sense
stressors, while others sense their effects on the cell. These take advantage of the redox
properties of cofactors such as iron-sulfur clusters, flavins, and hemes (Table 2.1). Most
of these sensors are coupled to outputs that ultimately affect transcription.
Table 2.1 Examples of Redox-Sensing Proteins Organized According to their Redoxactive Cofactor and Stimulus
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Redox sensors have been best studied as mechanisms for protecting from
distress, but recently, some have been implicated in coordinating neutral or positive
responses to redox-active metabolites. These alternate responses occur because
different functions for identical redox-sensing systems have evolved to meet the needs
of specific organisms. Thus, two homologous redox-sensing systems that detect the
same redox signal are linked with different outputs with opposing functions, such as
coping mechanisms for distress (also known as “stress responses”) in one organism
versus developmental signaling in the other. Two examples that illustrate this concept
are (i) the nitric oxide (NO) sensor NsrR in Escherichia coli and Neisseria meningitidis
and (ii) SoxR, a sensor for redox-cycling compounds in E. coli and Pseudomonas
aeruginosa. Both NsrR and SoxR are transcriptional regulators that sense redox-active
signals through iron-sulfur clusters (Greenberg et al. 1990; Tucker et al. 2008).
2.3.1 NsrR: stress response to NO vs. utilization of NO in primary metabolism
In E. coli, NsrR induces approximately 20 genes that mediate a response to NO
toxicity including hmp, nrfA, and ytfE. Hmp converts NO to nitrate in the presence of
oxygen (Kim et al. 1999), NrfA converts nitrite to ammonium through an NO intermediate
(Tucker et al. 2010), and YtfE is involved in repairing iron-sulfur clusters that have been
damaged by NO (Justino et al. 2007). In this scenario, the regulon encodes mechanisms
that enable the bacterium to cope with exposure to the redox-active compound,
suggesting that NO causes distress in E. coli. A fully functional stress response ensures
that redox homeostasis is maintained.
In a contrasting scenario, N. meningitidis NsrR regulates a smaller gene set
(Heurlier et al. 2008), including aniA and norB. AniA reduces nitrite to NO, which is
further reduced by NorB to nitrous oxide. This was originally interpreted as a way for the
bacterium to clear NO released from macrophages during infection (Stevanin et al.
2005). However, these reactions can also enable the maintenance of redox homeostasis
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by allowing N. meningitidis to utilize NO as an electron acceptor. This function may
support survival in the oxygen-deprived environments that occur during infections, due to
accumulation of mucus in the nasal cavity and throat (Tucker et al. 2010).
2.3.2 SoxR: a sensor of exogenous and endogenous redox-cycling compounds
SoxR is a well-established stress response regulator in E. coli that senses redoxcycling xenobiotics such as methyl viologen, phenazine methosulfate, and 4nitroquinoline (Dietrich et al. 2006a; Dietrich et al. 2008; Foyer and Allen 2003; Hendriks
et al. 2000). In E. coli, SoxR activates expression of the transcription factor SoxS, which
in turn regulates the expression of >100 genes (Pomposiello et al. 2001). The products
of this regulon include transporters of redox-cycling agents and enzymes that detoxify
the products of redox-cycling, including reactive oxygen species. Induction of the SoxRS
regulon therefore represents a coping mechanism that protects from the toxicity of
redox-cycling agents.
In nonenteric bacteria such as P. aeruginosa, the mechanism of sensing redoxcycling compounds is similar to that of E. coli SoxR, but the response is different. P.
aeruginosa SoxR can be activated by endogenously produced compounds called
phenazines (Dietrich et al. 2006a) in addition to synthetic compounds that have been
shown to activate E. coli SoxR, such as methyl viologen (Figs. 2.3A and 2.4). However,
unlike the E. coli SoxRS system, P. aeruginosa SoxR induces transcription of a small
regulon, encoding a resistance-nodulation-cell division efflux pump, a major facilitator
superfamily transporter, and a monooxygenase (Dietrich et al. 2006a). Monooxygenases
add hydroxyl groups to organic small molecules, a modification that can facilitate the
transport of these molecules across the cell membrane and/or promote their
degradation. We have hypothesized that the transporters are needed for the proper
shuttling of phenazines (Dietrich et al. 2008). Similar observations have been made in
Streptomyces coelicolor, which produces a redox-active polyketide called actinorhodin.
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Recent studies suggest that this compound and/or its biosynthetic precursors active S.
coelicolor SoxR (Dela Cruz et al. 2010; Dietrich et al. 2008; Shin et al. 2011). Similar to
the case for P. aeruginosa, its regulon consists of a small set of genes, encoding an
ABC transporter, a monooxygenase, and three redox enzymes.

25

Figure 2.4 Examples of inorganic and organic redox-active metabolites.
The sensors NsrR and SoxR are two examples of transcription factors that
respond to redox-active metabolites in a context-specific fashion. In E. coli, they provide
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effective means to ward off or recover from redox toxicity and allow bacteria to cope with
exposure to these compounds. While these mechanisms merely facilitate tolerance to
these compounds, there are also cases where sensors allow the bacteria to exploit the
same compounds as signals or metabolic substrates. Examples of these physiological
functions are detailed in the following section.
2.4 Beneficial Roles of Redox-Active Metabolites
2.4.1 The diversity of redox-active metabolites and their effects on gene
expression
Many organisms produce both inorganic and organic redox-active metabolites
(Fig. 2.3B). Intermediates in the full reduction of molecular oxygen and nitrate can be
produced both as side products of essential metabolic reactions and by activities of
organic redox-cycling compounds. Despite their high reactivity and potential to damage
protein cofactors, DNA, and cellular lipids (Imlay 2002), some of these compounds have
been shown to serve signaling functions in a diversity of organisms.
Production of inorganic redox-active metabolites is more likely to occur during
active growth. Biosynthesis of redox-active organic compounds, however, is often
dependent on the growth phase and conditions, occurring in the stationary phase of the
growth curve of a batch culture and during limitation for specific nutrients. In fact, this is
one of the properties that have led to their categorization as “secondary metabolites.”
Secondary metabolism is not directly required for the growth of microbes in laboratory
batch cultures. Historically, the major functions ascribed to secondary metabolites have
been related to their antibiotic activity and competition between divergent microbes in
the soil.
Selman Waksman initiated the use of the term “antibiotic” as a noun in the early
1940s when his team isolated streptomycin from the soil actinomycete Streptomyces
griseus and found it effective against tuberculosis (Schatz et al. 2005). Since then, over
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a dozen classes of antibiotics have been identified. These compounds are categorized
according to their various primary targets within cells, such as DNA gyrase, the subunits
of the ribosome, and the cell wall biosynthetic pathway. Interestingly, recent work
suggests that despite the diversity in their specific drug target interactions, they share a
similar mechanism of killing in that they all alter metabolism such that lethal levels of
reactive oxygen species are generated (Hassett et al. 1992).
When Waksman introduced the term antibiotic, it was meant to describe any
substance produced by a microbe that is antagonistic to microbial growth (Waksman
1947), but it has evolved to include all compounds that prevent the growth of microbes.
In recent years, levels of canonical antibiotics in soil have been reported that are
insufficient for biocidal activity, suggesting that sublethal effects of antibiotics are
environmentally relevant. Indeed, many “antibiotics” have been shown to affect gene
expression at subinhibitory concentrations (Davies et al. 2006). It must therefore be
considered that the primary roles for these stressors in bacteria are related to the
survival of the producing organism rather than the killing of competing organisms.
2.4.2 NO as a signaling molecule in bacteria
NO is a membrane-diffusible free radical gas that can covalently modify thiols
and transition metal centers of proteins. When intracellular NO concentrations reach
pathological levels, the resulting damage to biological molecules is referred to as
nitrosative stress – distinct from oxidative stress. Bacteria and certain fungi reduce NO
to N2O in order to prevent toxicity and maintain homeostasis (Hendriks et al. 2000;
Shoun et al. 1992). NO-dependent intra- and intercellular signaling (Stamler et al. 2001)
has been demonstrated in many types of animal and plant cells (Wendehenne et al.
2001). Until recently, research on the effects of NO in bacteria has focused on cultures
growing planktonically, in which NO is toxic, and the potential for NO to act as a bacterial
signaling molecule has been overlooked.
28

In 2003, Webb and colleagues (Webb et al. 2003) uncovered new roles for
reactive oxygen and nitrogen species in cell lysis and cell dispersal from microcolony
biofilms of P. aeruginosa. Soon after, the specific role of NO in biofilm development and
dispersal was investigated. This work revealed that nontoxic levels of NO indicate to
cells in a biofilm that environmental conditions are favorable for planktonic growth, and
trigger strategic dispersal (Barraud et al. 2009a). NO acts via a signaling pathway to
upregulate phosphodiesterase activity, leading to decreased intracellular levels of cyclic
di-GMP (Barraud et al. 2009a), an intracellular signal that directs the switch from sessile
to motile states. As the physiological effects of inorganic redox-active metabolites are
investigated in divergent bacteria and under new conditions, additional examples in
which compounds act as signals are expected to emerge.
2.4.3 Phenazines perform a variety of physiological functions
Phenazines comprise a class of colorful, heterocyclic, redox-cycling compounds.
They have long been categorized as antibiotics that generate reactive oxygen species
(Jacob et al. 2011), leading to cell death in some organisms. Phenazines are produced
by several genera of prokaryotes (Abken et al. 1998; Mavrodi et al. 2010), including
Pseudomonas, Burkholderia, Streptomyces, and Methanosarcina. The bacteria that
produce and release high levels of phenazines posses multiple mechanisms that likely
contribute to tolerance, including degradation and transport of the compound and
increase superoxide dismutase activity (Hassett et al. 1992). Highly diverse naturally
occurring phenazine derivatives have been identified, and although most are
biosynthetically derived from the yellow compound phenazine-1-carboxylic acid, they
display a broad range of chemical structures, physical properties, and biological
activities. The best-studied phenazine biosynthetic pathways are those found in
pseudomonad species (Fig. 2.5A).
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Figure 2.5 P. aeruginosa phenazine production and physiological roles. (A) The P.
aeruginosa phenazine biosynthetic pathway. PCA, phenazine-1-carboxylic acid. 5-MCA,
5-methylphenazine-1-carboxylic acid. (B) The physiological roles of phenazines in iron
acquisition, redox balancing, and signaling may contribute to the drastic morphological
switch observed in phenazine-producing versus phenazine-null colony biofilms in P.
aeruginosa.
The toxic effects of bacterial phenazines in non-producing organisms are thought
to facilitate competition for resources in the soil in cases of environmental isolates, and
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contribute to the pathogenicity of producers like P. aeruginosa. Beyond this, these
compounds also cause eustress in their producers. P. aeruginosa is more resistant to
ecological levels of phenazines than E. coli (Fig. 2.6, top). Furthermore, such
concentrations of phenazines actually fulfill primary physiological roles in P. aeruginosa.
As discussed above, E. coli phenazine sensitivity activates the large SoxRS regulon,
including genes to minimize the damaging effects of phenazines (Fig 2.6, bottom). At the
same concentrations, phenazines activate P. aeruginosa SoxR, inducing a small number
of genes not involved in protection from superoxide. Phenazines can increase the
bioavailability of iron (Wang et al. 2011), facilitate maintenance of intracellular redox
homeostasis (Price-Whelan et al. 2007a), and transmit intercellular signals to coordinate
gene expression across cell populations (Dietrich et al. 2006a) (Fig 2.5B). Beneficial
roles for phenazines have been extensively studied in P. aeruginosa. In this section, we
will detail the evidence that phenazines play primary roles in biological function, and
discuss our ongoing research concerning the significance of these roles in the context of
biofilm development in strain PA14, a clinical P. aeruginosa isolate.
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Figure 2.6 The transcription factor SoxR is activated by redox-cycling compounds
in E. coli and P. aeruginosa. E. coli does not constitutively produce enzymes that
provide protection from the toxic effects of these compounds; this protective response is
induced by SoxR and its and its target, SoxS. P. aeruginosa is constitutively resistant to
higher levels of redox-cycling compounds. In this organism, SoxR induces the
expression of genes for which the products may facilitate beneficial phenazine redoxcycling (for iron acquisition or intracellular redox balancing) and signaling. In the lower
portion of the figure, the gray boxes represent the intracellular space.
2.4.4 Phenazines and iron acquisition
While the facile redox-cycling of phenazines can promote damage inside some
cells, where these compounds can produce reactive oxygen species and thiyl radicals
(Jacob et al. 2011), the redox-cycling of phenazines outside the cell can be beneficial to
the producer and other organisms in the vicinity. This activity can reduce ferric iron to
soluble and biologically accessible ferrous iron (Wang et al. 2011), and could be
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important in diverse contexts. Phenazines and their producers are frequently found in
the multispecies communities of the rhizosphere, where it is thought that plants and
other organisms benefit from their iron-reducing activity (Mazzola et al. 1992).
Phenazine-mediated iron acquisition may also play a role in pathogenicity. P. aeruginosa
is infamous for infecting the lungs of cystic fibrosis patients, and phenazine-producing
strains are frequently isolated from their sputum. Phenazine-producing strains may be
more virulent than non-producers, in part due to their ability to use phenazines to reduce
and release iron that is bound to the human protein transferrin (Cox 1986). It has also
been reported that phenazine-1-carboxylic acid promotes the formation of P. aeruginosa
biofilms in flow cells by facilitating iron acquisition (Wang et al. 2011). These activities of
phenazines may contribute to survival of P. aeruginosa in the host lung.
2.4.5 Phenazines in respiration and redox balancing
Phenazine-producing bacteria catalyze the reduction of phenazines in addition to
their biosynthesis. The most striking evidence of bacterial phenazine reduction can be
observed in a standing P. aeruginosa PA14 culture, which gradually turns from bright
blue to bright yellow upon removal from a shaking incubator. This process occurs
because the major phenazines produced by P. aeruginosa change color depending on
their redox state. In the 1930s, Ernst Friedheim demonstrated that pyocyanin production
promotes oxygen consumption in P. aeruginosa cell suspensions and suggested that
phenazines could act as electron carriers in respiratory or redox-balancing reactions
(Friedheim 1931). He would have been excited to learn that methanophenazine,
produced by Methanosarcina mazei Gö1, provides unequivocal proof of his hypothesis.
This phenazine is not released from the cell but rather resides attached to the cell
membrane where it is required for the electron transport that ultimately powers ATP
synthesis (Abken et al. 1998).
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Methanophenazine is the only small organic pigment for which a direct role in
respiration has been characterized. However, decades after Friedheim proposed that P.
aeruginosa phenazines could react with ‘‘labile hydrogen’’ inside the bacterium, new
studies have shown that these phenazines facilitate intracellular redox balancing and
survival. Planktonic cultures of phenazine-deficient P. aeruginosa mutants exhibit a
higher NADH/NAD+ ratio in stationary phase, suggesting that an inability to produce
phenazines results in a reduced intracellular environment (Price-Whelan et al. 2007a).
The NADH reoxidation coupled (directly or indirectly) to phenazine reduction may allow
primary anabolic reactions to proceed under conditions in which other terminal electron
acceptors are unavailable, as is the case in dense, oxygen-limited stationary phase
cultures. Intriguingly, in anaerobic reactors containing electrodes poised at phenazinereducing potentials, phenazines promote P. aeruginosa survival (Wang et al. 2010b).
The bacteria catalyze phenazine-mediated extracellular electron shuttling, using the
electrodes as the terminal oxidant. While the specific reactions that support bacterial
survival in this case remain to be identified, it appears that phenazine secondary
metabolites can play primary metabolic roles under some conditions.
2.4.6 Phenazines are signaling molecules
Gene expression in populations of bacterial cells can be coordinated via secretion of
specific molecules. In quorum sensing (QS), a mechanism of intercellular signaling
common to many divergent bacterial species, these molecules tend to be structurally
complex regulators of a discrete set of genetic loci that are not directly involved in
primary metabolism during exponential growth. Several types of small molecules have
been identified that participate in QS in gram negative bacteria, including the Nacylhomoserine lactone and 2-alkyl-4-quinolone signals produced by P. aeruginosa.
Recent work has shown that phenazines also coordinate gene expression in populations
of P. aeruginosa, and mutational analysis has demonstrated that pyocyanin is a terminal
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intercellular signal in the QS cascade (Dietrich et al. 2006a). Pyocyanin up-regulates a
discrete set of genes, including those induced by SoxR activation (Fig 2.3). Similarly, the
redox-active pigment actinorhodin induces expression of SoxR-dependent genes in S.
coelicolor. Strong evidence suggests that the redox-active pigments themselves, rather
than the reactive species generated during their redox cycling, directly activate SoxR by
oxidizing its iron–sulfur cluster (Dietrich et al. 2006a; Gu and Imlay 2011). In both P.
aeruginosa and E. coli, endogenous and exogenous redox-cycling compounds can
activate SoxR under anaerobic conditions. These findings implicate redox-active
metabolites in the regulation of gene expression in oxygen-limited bacterial communities.
2.4.7. Phenazines modulate community development
Many bacteria frequently exist in nature not as unicellular organisms but within
complex cellular communities known as biofilms. We have hypothesized that phenazines
contribute to biofilm development (i) by acting as intercellular signals and (ii) by
balancing the intracellular redox state. Indeed, the effects of phenazine production or
exposure on colony biofilm development produce dramatic macroscopic effects: wildtype
P. aeruginosa PA14 colonies are smooth and smaller than those of the phenazine-null
mutant, which are highly wrinkled and spread over a larger surface area of the agar plate
(Fig 2.5). Although it has been established that bacterial cells in cultures and flow-cell
biofilms can coordinate their gene expression, the ability for 10 billion bacterial cells to
organize into a structure like the phenazine-null colony suggests that the mechanisms by
which they do so are far more complex than previously appreciated, and probably
involve both cell– cell communication and redox balancing.
Cells in biofilms often respond to environmental changes together to ensure the
survival of the community rather than individual cells. This concerted approach requires
sophisticated signaling pathways that transmit information from the environment to
discrete subpopulations of the cell community. Phenazine-dependent signaling pathways
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have the potential to fulfill this type of role. Biofilm communities are heterogeneous due
to the uneven distribution of oxygen (Xu et al. 1998) and other substrates. Oxygen is
required for the biosynthesis of the phenazine pyocyanin (Fig. 2.5) and affects its redox
state; therefore, this heterogeneity could lead to localized control of gene expression.
We have also hypothesized that phenazines play an important role in balancing the
redox state of cells within anoxic zones (Price-Whelan et al. 2006a). Our laboratory
endeavors to delineate these mechanisms. We are defining the availability of oxygen
and other substrates provided in growth media and measuring the redox state of cells
collected from biofilms. Furthermore, we are learning how signals are transduced from
the environment to a developing P. aeruginosa PA14 colony via phenazines and fully
characterizing the genes involved in the developmental program of a PA14 colony.
These approaches will converge to provide a full picture of the eustress that gives rise to
the morphology of wild-type (phenazine-producing) P. aeruginosa biofilms.
Although Hans Selye distinguished between positive and negative responses to
stressors in his original conception of the term “stress response,” for microbial
physiologists the term “stress” harbors a universally negative connotation. We propose a
modification of the current paradigm and have adapted Selye’s original concept of
eustress so that it can be applied to bacterial communication and behavior. While
production or exposure to stressors such as redox-active metabolites may cause
negative stress, i.e., distress, under some conditions, examples are emerging in which
these compounds promote survival, and the response is more accurately described as
positive stress, or eustress. Microbiologists now appreciate that the nutrient-limited,
densely populated condition akin to the stationary phase of a laboratory culture is often a
closer representation of the conditions experienced by bacterial populations in the
environment. As we continue to probe the mechanisms promoting survival under these
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conditions, we will no doubt uncover addition examples in which redox-active
metabolites are the causes of eustress.
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Chapter 3
Preface
This chapter is adapted from
Sakhtah, H., Price-Whelan, A., and Dietrich, L.E.P. (2014) Regulation of phenazine
biosynthesis. In Microbial Phenazines: Biosynthesis, Agriculture and Health (Springer).
This chapter discusses regulatory pathways involved in phenazine production
common to different phenazine producing bacteria. I outlined the major players involved
in different pathways, and wrote the first draft of the chapter. A. Price-Whelan and L.E.P.
Dietrich edited the chapter.
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Regulation of Phenazine Biosynthesis
3.1 Abstract
The beautiful pigmentation of phenazine producing cultures, as well as the high
variability in phenazine production between isolates, conditions, and even repeat
experiments, has historically struck microbiologists. Compelled by an interest in
manipulating phenazine biosynthesis where it is beneficial or detrimental to humans,
they have identified many of the factors that affect the regulation of this process. The
variability of phenazine production can be explained in part by the condition-dependence
of the complex regulatory network controlling it and strain-dependent differences in this
network. In this chapter, we describe the components of a common regulatory cascade
that is represented in many phenazine-producing pseudomonads. Membrane sensor
proteins and two component sensors control the activity of downstream regulators such
as quorum sensing networks and RNA-binding proteins and small RNAs; these
cytoplasmic regulators then control the production of phenazine biosynthetic proteins.
We highlight examples from specific strains and cases where the mechanistic links may
vary between them. We also discuss environmental parameters that have been shown
to affect phenazine biosynthesis and compare their effects between isolates. Future
studies will further elaborate the details of the environmental sensing and regulatory
responses that control production of these dramatically colored compounds. New
findings have the potential to support enhanced application of phenazine producing
strains in agriculture, where they promote crop health, and the treatment of infections in
which

phenazines

contribute

to

bacterial

pathogenicity.

3.2 Introduction
For over a century, the dramatic coloration of phenazine-producing bacterial
cultures has attracted researchers in many discipline (Fordos 1859; Gessard 1984). It
may have contributed to the early recognition and classification of Pseudomonas
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chlororaphis (Guignard and Sauvageau, 1894), P. aeruginosa, and other bacteria whose
species epithets derive from their pigmentation (Schroeter 1872). Furthermore, it has
inspired researchers to ask many different types of questions about the biological
relevance of phenazines, and a variety of physiological effects have been demonstrated
for these compounds in both producing and non-producing organisms.
It is apparent that phenazine biosynthesis can vary unpredictably between
cultures, suggesting that it is sensitive to subtle environmental variations (Fig. 3.1).
Under many conditions, the precise molecular cues that interact with regulatory proteins
and control phenazine biosynthetic gene expression are not known. However,
downstream mechanisms controlling this expression have been identified in several
species, and themes of phenazine regulation have emerged, including control by two
component systems, quorum sensing (QS) and small noncoding RNAs (sRNAs) (Fig.
3.2). In this chapter we will summarize the phylogenetic distribution of phenazine
biosynthetic cultures are cite examples from phenazine-producing pseudomonad that
illustrate specific regulatory mechanisms. In addition, we will discuss some of the
environmental signals that control phenazine production in various isolates. We will
focus on the regulation of phenazine biosynthesis in members of the genus
Pseudomonas, where the bulk of studies on this topic have been conducted.

0%

5% Tryptone

Figure 3.1 P. aeruginosa PA14 grown on an agar plate containing a gradient of tryptone.
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Figure 3.2 Conceptual hierarchy of the phenazine regulation network.
3.3 Phylogenetic distribution and mechanisms of phenazine biosynthesis
Phenazine-producing organisms have been identified that belong to the bacterial
phyla Actinobacteria and Proteobacterial and the archaeal phylum Euryarcheota
(Mavrodi et al. 2010). The gene cluster encoding biosynthetic enzymes for the archaeal
electron carrier methanophenazine, produced by Methanosarcina mazei, and the
conditions controlling its biosynthesis are unknown. In bacterial species where
phenazine production has been observed, variation exists at the isolate level, such that
some strains within a species produce phenazines while others lack the biosynthetic
genes. Bacterial phenazine biosynthetic pathways identified up to this point proceed via
chorismate to the formation of the core phenazine structure and ultimately, to production
of the common phenazine precursor pheazine-1-carboxylic acid (PCA) (Mentel et al.
2009; Seeger et al. 2011) Whether and how PCA is modified to produce other
phenazines varies between organisms and conditions. Various functional groups can be
added to the core structure to produce phenazines in a range of colors with diverse
chemical properties (Turner and Messenger 1986; Laursen and Nielsen 2004; Mavrodi
et al. 2006; Pierson and Pierson 2010) (Table 3.1) Many of the decorating enzymes
responsible for PCA transformation have been identified and characterized, and
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regulation of their activities determines the complement of phenazines produced by a
given strain under specific conditions.
The core phenazine operon is found in pseudomonads such as P. chlororaphis,
P. aeruginosa, Pseudomonas sp. CMR12a, and P. fluorescens 2-79 and contains seven
genes; the operon structure varies more in other Proteobacteria and in Actinobacteria
(Mavrodi et al. 2010). Phenazine biosynthesis and its regulation have been studied most
extensively in the pseudomonads. Within this group, P. aeruginosa strains are unique in
that their genomes contain two phenazine biosynthetic operons, which we will refer to as
phz1 and phz2 and which are nearly identical at the DNA sequence level. Although the
contributions of the core phz operon products to phenazine biosynthesis are generally
known, some details of the process remain unknown, and this is an area of active
research (Mavrodi et al. 2012). Genes for decorating enzymes can lie adjacent to the
core operon or elsewhere in the genome. In some cases, the products of adjacent genes
play roles in regulation of the core operon or phenazine transport.
3.4 Controlling phenazine biosynthesis in pseudomonads
Research in different subdisciplines of microbiology have long been interested in
elucidating mechanisms that control phenazine biosynthesis. Phenazine production is
critical

for

the

biocontrol

properties

of

agriculturally

important

root-colonizing

pseudomonads, which protect food crops from attack by pathogenic fungi (Weller et al.
2002; Mavrodi et al. 2012) In the clinical setting, phenazine production contributes to
virulence during acute and chronic P. aeruginosa infections (Lau et al. 2004b; Caldwell
et al. 2009; Hunter et al. 2012). Regulation of phenazine biosynthesis has therefore
been studied in diverse pseudomonad isolates. Although the precise linkages between
regulatory mechanisms may vary between species and even strains, general
mechanisms and their overall hierarchy are often shared. We will highlight these
commonalities and focus on specific systems that exemplify general principles. Fig. 3.3
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summarizes the main regulatory systems and molecules that ultimately control
phenazine production: two component systems, QS, sRNAs, and environmental cues.
These mechanisms and cues can act indirectly by influencing activities far upstream of
phenazine biosynthetic gene expression or RNA translation, or they can directly control
these processes Additional details regarding the complex relationships between and
within these regulatory systems can be found in recent reviews that summarize the
literature (Mavrodi et al. 2006; Williams and Camara 2009; Pierson and Pierson 2010;
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Figure 3.3 Proteins and sRNAs that control phenazine production. The direct targets of
each regulatory element is described. “X” indicates which fluorescent pseudomonad
contains a particular element or an environmental effect on phenazine production has
been observed. * Only found in P. aeruginosa.
3.4.1 Two component systems
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In both biocontrol and pathogenic pseudomonads, two component systems were
among the first regulatory mechanisms identified that play critical roles in phenazine
regulation (Reimmann et al. 1997; Chancey et al. 1999; van den Broek et al. 2003; De
Maeyer et al. 2011). They lie conceptually at the top of signaling hierarchies because
they have the potential to directly sense environmental cues and then modulate the
activities of downstream regulatory mechanisms or directly control gene expression (Fig.
3.4). Such systems typically consist of a membrane-bound sensor protein and a
cytoplasmic regulatory protein. The phosphorylation status of the sensor protein is
altered through binding of a small molecule or other environmental cues that trigger
conformational changes and affect activity. The phosphate group is then transferred to
and activates the response regulator protein (Bourret and Silversmith 2010)
P. chlororaphis
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RetS
GacS/A
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Two-component system

LadS

GacS/A
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Figure 3.4 Summary of two component, quorum sensing, and sRNA systems that
control phenazine production in P. aeruginosa and P. chlororaphis. The P. fluorescens
regulatory system is likely similar to that of P. chlororaphis.
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GacS/GacA, which is required for wild-type phenazine production in many
isolates, is the best characterized two component system controlling this process (Heeb
and Haas 2001; Haas and Defago 2005). In phenazine-producing species, it occupies a
position between environmental cues and downstream, intracellular regulatory
mechanisms such as those dependent on sRNAs. In describing this system and others
below, we will include references for the regulatory cascade in P. fluorescens strains that
do not produce phenazines in cases where it is possible that the same cascade operates
and affects phz gene expression in P. fluorescens 2-79.
The cue that activates GacS remains unidentified, but additional membrane
proteins that control Gac activity in some isolates are known. These include RetS and
LadS, hybrid sensor kinases that contain the unusual arrangement of periplasmic sensor
domains linked to cytoplasmic histidine kinase and response regulator receiver domains
(Goodman et al. 2004; Ventre et al. 2006). In strains of P. fluorescens and P.
aeruginosa, RetS interacts with GacS and inhibits the phosphorelay (Goodman et al.
2009; Workentine et al. 2009; Vincent et al. 2010). A physical interaction between LadS
and GacS is also predicted, however this hybrid sensor potentiates phosphotransfer
from GacS to GacA (Workentine et al. 2009). Although the GacS/GacA system does not
directly control expression of phz genes, it does modulate the activities of sRNA- and
QS-dependent regulatory mechanisms, which can then directly interact with phz gene
promoters or transcripts. These systems are discussed in further detail below.
The two component system CzcS/CzcR was recently implicated in regulation of
phz gene expression in P. aeruginosa PAO1 (Dieppois et al. 2012). CzcS/CzcR is
activated by zinc, cadmium, and cobalt and induces expression of an efflux pump that
confers resistance to these metals. Dieppois et al. observed that mutants lacking
functional

CzcS/CzcR

overproduce

the

phenazine

pyocyanin

(5-N-methyl-1-

hydroxyphenazine, PYO), despite the fact that this two component system positively
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regulates QS. Chromatin immunoprecipitation assays suggest that CzcR binds to the
phz1 promoter when the system is activated by zinc. In this way, CzcR could inhibit phz1
expression directly, negating the positive control of this operon by QS. This mechanism
would constitute an unusual example of a direct link between a two component system
and transcriptional control of phz genes.
Several other two component systems have been shown to affect phenazine
production in various isolates, and evidence reported thus far indicates that this
regulation is mediated via additional proteins and mechanisms. The RpeB/RpeA system
positively regulates phenazine production in P. chlororaphis 30-84, and homologues to
this system are present in other biocontrol strains but not in P. aeruginosa (Wang et al.
2012a). Proteins identified that positively regulate, or would be expected to regulate,
phenazine production or phz genes in P. aeruginosa include the sensor/regulator pair
BfiS/BfiR (acting via an indirect effect on levels of the sRNA RsmZ) (Petrova and Sauer
2010); the sensor/regulator pair CbrA/CbrB, which induces the expression of the sRNA
CrcZ in response to nonpreferred carbon sources (Sonnleitner et al. 2009); the sensor
PA2573, which affects PYO production through an unknown regulator (McLaughlin et al.
2012); and the individual sensors PA1611, PA1976, and PA2824, which can all control
the activation state of the response regulator HptB (Hsu et al. 2008). HptB would be
expected to affect phenazine production indirectly through a complex regulatory cascade
that ultimately controls expression of the sRNA RsmY. The positions of RsmZ and RsmY
in the regulatory network controlling phenazine production are discussed further below.
3.4.2 Quorum sensing
Phenazine production in liquid batch cultures typically occurs after the period of
most rapid growth, and phenazines accumulate in the culture in stationary phase. This is
in part due to the regulation of phz gene expression by QS. In QS, bacteria excrete small
molecule or peptide signals into the environment which can then affect gene expression
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in the producer. Their regulatory effects become apparent after they have reached a
minimum concentration, often after a decrease in culture growth rate. Molecules with
diverse structures have been implicated in this behavior, but acyl homoserine lactones
(AHLs) and quinolone derivatives in particular are most relevant for phz gene
expression.
Systems that support AHL-dependent QS control of phz gene expression contain
homologues of LuxR, a DNA-binding sensory protein whose activity in controlled by
AHL, and, typically, homologies of LuxI, an AHL synthase. These proteins were first
identified in the luminescent bacterium Allivibrio fischeri (Meighen 1991) and their
homologues have since been characterized in a broad diversity of species. LuxR
homologues vary in their specificity for AHL derivatives, with some proteins requiring a
single signal for activation, and others responding to several variations on a core
structure. In P. chlororaphis strains 30-84 and PCL1391, P. fluorescens 2-79, and
Pseudomonas sp. VCMR12a, the LuxR/I homologues PhzR and PhzI are encoded by
ORFs that lie adjacent to the phenazine biosynthetic genes but are each individually
transcribed (Pierson et al. 1994; Wood and Pierson 1996; Chin et al. 2001; Khan et al.
2005; De Maeyer et al. 2011). The PhzR/I systems in these strains produce and are
controlled by N-(3-hydroxy-hexanoyl)-HSL (3-OH-C6-HSL). Although additional LuxR/I
type systems in some of these strains produce and respond to other AHLs, 3-OH-C6HSL is the main such signal relevant for phz gene regulation (Khan et al. 2007). The
promoter regions of the phz operons in the root-colonizing strains that have phzR and
phzI contain canonical binding sites for LuxR-type regulators; these are near-perfect
inverted repeats that can be referred to as lux, las/rhl, or phz boxes (Egland and
Greenberg 1999; Chin et al. 2001; Khan et al. 2005).
The P. aeruginosa genome encodes at least three LuxR homologues, termed
LasR, RhlR, and QscR. The cognate AHL synthases for LasR and RhlR produce N-(349

oxododecanoyl) homoserine lactone

(3-O-C12-HSL) and N-butanoyl-L-homoserine

lactone (C4-HSL), respectively (Pearson et al. 1994; Pearson et al. 1995). Interestingly,
the cognate AHL synthase for QscR has not been identified, but it responds most
efficiently to 3-O-C12-HSL (Lee et al. 2006). Whether these LuxR homologues activate or
repress gene expression depends on the location of the binding site relative to the
transcription start site of the target gene. In contrast to the QS circuits in root-colonizing
pseudomonads that control phenazine production, which are not known to regulate loci
other than the phz operons, the AHL-controlled regulatory networks in P. aeruginosa
affect expression of countless targets (Whiteley et al. 1999; Wagner et al. 2003).
Although their genomes are highly similar at the sequence level, the P.
aeruginosa strains PAO1, PA14, and M18 exhibit strain-dependent differences with
respect to QS-dependent regulation of phz gene expression, and in many cases the
mechanisms underlying these activities have not been thoroughly characterized. Often,
the PCA derivative PYO is used as an indicator molecule in studies evaluating
phenazine production because it is easier to detect than the other P. aeruginosa
phenazines. In PAO1 and PA14, Las- and RHL-defective mutants lose the ability to
produce PYO, while in M18, the Las and Rhl systems are apparently negative regulators
of phenazine production. Wurtzel et al. used gel mobility shift assays to confirm the
presence of a LasR/RhlR binding site in the promoter region of phz1 in PA14 (Wurtzel et
al. 2012b). This binding site also influences expression of phzM, which encodes an
enzyme that catalyzes the first step in the transformation of PCA to PYO, and is
divergently transcribed from the phz1 operon. No las/rhlR box has been identified in the
promoter region of phz2, although interestingly, the gene encoding QscR lies adjacent to
this operon. QscR is a negative regulator of phz1 and phz2 expression and appears to
act through repression of lasI (Chugani et al. 2001; Ledgham et al. 2003)
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Many additional regulators have been identified that affect QS, thereby altering
phenazine production; in some cases they may affect phenazine production both
indirectly through QS and through direct regulation of phz gene expression (Beatson et
al. 2002; Juhas et al. 2004; Xu et al. 2005; Liang et al. 2009; Rampioni et al. 2009;
Siehnel et al. 2010). Sigma factors are an important class of regulators that can
influence transcription; they associate with RNA polymerase and control preferences for
specific promoters. The sigma factors σS (RpoS) and σ54 (RpoN) both affect QSdependent regulation. In P. aeruginosa, σS participates in mutual regulation with AHLdependent QS, in which σS stimulates a moderate induction of lasR and rhlR, and these
QS systems subtly induce rpoS (Schuster et al. 2004a). Despite this, P. aeruginosa
PAO1 rpoS mutants overproduce PYO, suggesting that σS also acts independently of
AHL to modulate phenazine biosynthesis (Suh et al. 1999). In P. chlororaphis 30-84, σS
is positively regulated by the GacS/GacA two component system and activates Pip
(phenazine inducing protein). Pip positively regulates the phzI/R QS system, which
ultimately upregulates the P. chlororaphis phenazine operon, making σS a positive
regulator of phenazine production in this strain (Girard et al. 2006a). Although the
downstream effects of σS on phenazine production differ in P. aeruginosa and P.
chlororaphis, the regulator PsrA positively controls σS activity in both strains (Kojic and
Venturi 2001; Girard et al. 2006b). Conflicting results have been reported regarding the
effects of σ54 on the rhl QS system in P. aeruginosa (Heurlier et al. 2003; Thompson et
al. 2003). PA14 mutants lacking functional σ54 produce less PYO (Hendrickson et al.
2001); this may be because the expression of the CrcZ sRNA (discussed below) is σ54dependent (Abdou et al. 2011).
One important target of the AHL-controlled regulatory network in P. aeruginosa is
the operon pqsABCDE. This locus is required for the production of another class of
chemical signaling molecules called quinolones, and together, the AHL and quinolone
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signaling pathways form the core of the P. aeruginosa QS signaling cascade (Pesci et
al. 1999). pqsA-D encode biosynthetic enzymes that produce 2-heptyl-4-quinolone
(HHQ). PqsH, encoded elsewhere in the genome, is a monooxygenase that converts
HHQ to Pseudomonas Quinolone Signal (PQS) (Deziel et al. 2004). Both HHQ and PQS
activate the transcriptional regulator PqsR (also known as MvfR), but PQS does so with
greater efficiency (Xiao et al. 2006; Diggle et al. 2007). PqsR itself activates expression
of pqsABCDE; therefore, HHQ/PQS are PqsR participate in an autoregulatory positive
feedback loop in which quinolones potentiate their own production (Fig. 3.5).
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Figure 3.5 Quinolone-mediated expression of the pqs operon and its influence on
transcription of the two phz operons in the presence and absence of oxygen.
pqsE encodes a putative metallo-β-hydrolase of unknown function (Yu, Jensen et
al. 2009) that appears to be “caught” in the positive feedback loop controlling HHQ
production: it is induced as a result of this mechanism but is not required for HHQ
synthesis. Nevertheless, PqsE is required for phenazine production in P. aeruginosa
PAO1 and PA14 (Gallagher et al. 2002; Recinos et al. 2012a). Constitutive expression of
PqsE in a pqsA mutant background is sufficient for phenazine production (Farrow et al.
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2008), suggesting that, in the context of phz operon expression, the positive feedback
loop that promotes HHQ production serves the sole purpose of tangentially upregulating
pqsE (Williams and Camara 2009). The mechanism whereby PqsE promotes phz
operon expression remains completely undefined, as PqsE itself does not contain a DNA
binding domain. PqsE may be involved in the transformation of an unknown signal (Yu et
al. 2009). We hypothesize that this signal controls the activity of an unidentified regulator
of phz gene expression.
3.4.3 Post-transcriptional regulation
Several regulatory mechanisms have been identified that control, or would be
expected to control, pseudomonad phenazine production post-transcriptionally (Fig. 3.6).
These mechanisms are diverse and include mRNA binding by proteins and mRNA basepairing with 5’-leader RNA sequences, both of which can affect translation (Sonnleitner
and Haas 2011). Additional sRNAs can further modulate the binding of such proteins
and cis-acting regulatory RNAs to mRNA. Expression of these protein and RNA
regulators is often controlled by two component systems or QS. They can indirectly
control phz gene expression by modulating earlier steps in the regulatory cascade, or
directly control translation of phz mRNAs. Extensive characterization of posttranscriptional regulators has been conducted in P. aeruginosa phenazine-producing
strains, but also in P. fluorescens strains that do not contain phz operons. This
discussion includes references to these P. fluorescens strains as their posttranscriptional regulatory mechanisms may be relevant for the regulation of phenazine
production in P. fluorescens 2-79.
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Figure 3.6 sRNAs and proteins that regulate phenazine production post-transcriptionally
in P. aeruginosa. Some sRNAs regulate target genes by base pairing with target
mRNAs, others sequester proteins that interact with mRNAs. Known environmental cues
that regulate these elements are described.
The proteins RsmA and RsmE modulate secondary metabolism, QS-dependent
activities and phenazine production in diverse pseudomonads. Both proteins are found
in P. fluorescens and P. chlororaphis, while only RsmA is found in P. aeruginosa
(Blumer et al. 1999; Reimmann et al. 2005). In P. fluorescens, RsmA and RsmE have
been shown to interact with and inhibit the translation of target mRNAs that contain
unpaired ANGGA motifs near the ribosomal binding site; by stabilizing a step loop that
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contains the ANGGA motif, RsmA/E prevents the ribosome from binding (Lapouge et al.
2007). In P. aeruginosa strains, RsmA expression increases with cell density and
regulates the LasR and LasI QS circuits in the post-transcriptional manner (Pessi et al.
2001). It is thought that RsmA binds to lasR and rhlR mRNAs, inhibiting their translation.
Though RsmA and RsmE have not been studied in the phenazine-producer P.
fluorescens 2-79 (containing the LuxI/R homologues PhzI/R), they may have a similar
effect on QS in this strain.
As RsmA is a negative regulator of lasR and rhlR mRNAs, one would predict that
mutations in rsmA would lead to phenazine overproduction (Reimmann et al. 2005).
Burrowes et al. (2006) found, however, that the phenotype of an rsmA mutant was
condition-dependent: the mutant showed decreased PYO production in LB but increased
PYO production in a defined medium containing glycerol and alanine (Burrowes et al.
2006). Furthermore, differing phenazine production phenotypes in rsmA mutants in
strains PAO1 and M18 may indicate that temperature is an additional environmental
parameter that affects this regulatory cascade. In M18, which is typically grown at 28˚C,
RsmA is a positive regulator of phenazine production (Zhang et al. 2010). Interestingly,
RsmA consensus sequences are present near the ribosomal binding sites of the phzA1
and phzA2 promoters, raising the possibility of direct control of the phenazine
biosynthetic operons by RsmA. Preliminary evidence suggests that RsmA and RsmE
also regulate expression of the phz operon in P. chlororaphis, although whether this
occurs via direct interaction with phz operon mRNA, through regulation of the phzI/R QS
system, or both, has not been reported (Wang et al. 2012a).
sRNAs containing the ANGGA motif can compete with target mRNAs for binding
sites on RsmA and RsmE, thereby controlling the extent to which these proteins repress
their targets. In P. aeruginosa, two of these sRNAs, called RsmY (sometimes referred to
as RsmB) and RsmZ, have been identified (Heurlier et al. 2004; Burrowes et al. 2005).
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P. fluorescens strains produce homologues of these plus an additional sRNA called
RsmX (Heeb et al. 2002; Valverde et al. 2003; Kay et al. 2005). There is evidence that
suggests that the genes encoding these sRNAs are directly regulated by GacA. When
phosphorylated GacA activates transcription of rsmX, rsmY, and rsmZ, the sRNA
products bind to and sequester the translational repressors RsmA and RsmE, allowing
expression of RsmA/E target genes (Heurlier et al. 2004; Kay et al. 2006). In P.
aeruginosa, additional regulators have been reported to control expression of the RsmY
and RsmZ sRNAs. HptB indirectly represses RsmY expression through a complex
regulatory cascade (Hsu et al. 2008; Bordi et al. 2010). Furthermore, the BfiS/BfiR two
component system induces expression RNaseG, which specifically degrades RsmZ
(Petrova and Sauer 2010). Levels of RsmA and RsmE are also regulated by complicated
networks involving two component sensors, sRNAs, and QS systems. These
mechanisms further contribute to the complex regulation of phz gene expression, but
their ultimate effects on phenazine production have not been measured.
The two component system CbrA/CbrB controls expression of phzM via a
mechanism similar to the network linking GacS/GacA to phz operon expression. When
CbrB is activated, it induces expression of CrcZ, an sRNA that binds to and sequesters
the translational repressor Crc. CrcZ and phzM transcript both contain an A-rich motif
that is recognized by Crc. CrcZ therefore limits the ability of Crc to inhibit phzM
translation, and a crc mutant overproduces PYO due to increased PhzM levels (Huang
et al. 2012).
In contrast to RsmX/Y/Z and CrcZ, which are controlled at the transcriptional
level by two component systems, the sRNAs Lrs1 and Lrs2 are regulated by QS
(Wurtzel et al. 2012b). Using P. aeruginosa PA14 as their model strain, Wurtzel et al.
identified las boxes in the promoter regions of the lrs1 and lrs2 genes and confirmed
their regulation by LasR. In addition, they generated an lrs1 deletion mutant and found
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that it was defective in PYO production. RNA-seq analysis revealed two major
differences in transcript levels between this mutant and the wild type parent: increase
abundance of transcript from the antABC operon, and increased abundance of the PrrF1
and PrrF2 sRNAs (discussed further below). The authors hypothesized that the PYO
production defect in the lrs1 mutant arose from increased flux through an anthranilatecatechol conversion pathway (mediated by the products of the antABC operon).
Anthranilate and phenazines are produced by pathways that branch from chorismate as
a common precursor (Mentel et al. 2009). Notably, increased conversion of anthranilate
to catechol also diverts it away from the quinolone biosynthetic pathway. Given that
quinolones regulate phz operon expression, indirect Lrs1-dependent downregulation of
anthranilate degradation may be important for wild type levels of quinolone, and
therefore, phenazine production.
The sRNAs PrrF1 and PrrF2 have been characterized in further detail in P.
aeruginosa PAO1. PrrF1 and PrrF2 are encoded by adjacent loci and repressed by the
iron-dependent regulator Fur when iron is abundant (Wilderman et al. 2004; Oglesby et
al. 2008). They are expressed during iron limitation and base-pair with target mRNAs,
preventing their translation. One such target is the transcript of sodB, which encodes
superoxide dismutase and is, for unknown reasons, required for PYO production in P.
aeruginosa PAO1 (Hassett et al. 1995). Also in this strain, a prrF1/prrF2 mutant shows
increased expression of the antABC operon, an effect that seems to contradict the
simultaneous upregulation of antABC and prrF1/prrF2 transcripts in the lrs1 mutant of
strain PA14 (Wurtzel et al. 2012b). This may represent a strain-dependent difference in
this branch of the P. aeruginosa sRNA-dependent regulatory network.
Expression of the sRNA PhrS, an sRNA that positively regulates translation of
pqsR mRNA, is also controlled by a regulator that responds to an environmental cue: the
oxygen-sensitive transcription factor ANR. In the absence of PhrS, pqsR mRNA adopts
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an intramolecular secondary structure in which an upstream open reading frame basepairs with the pqsR transcript and inhibits translation. Under oxygen-limiting conditions,
ANR is activated and induces expression of PhrS. PhrS competes with the pqsR
transcript for binding of its 5’ untranslated region, and via this anti-antisense mechanism,
exposes the pqsR mRNA to allow for ribosome binding and translation. This regulatory
cascade was determined in P. aeruginosa PAO1, where a PhrS-overexpressing strain
shows increased PYO production due to elevated PqsR levels and quinolone production
(Sonnleitner et al. 2011).
Hfq, an abundant mRNA-binding protein found in diverse bacteria, also affects
phenazine production through post-transcriptional mechanisms. In P. aeruginosa M18,
Hfq binds qscR and phzM mRNA transcripts via AU-rich sequences present in their 5’
leader sequences and inhibits their translation (Wang et al. 2012b). As qscR is a
negative regulator of phz operons, and phzM is required for the conversion of PCA to
PYO, Hfq could be expected to enhance phenazine production overall but limit PYO
production. In mutants lacking functional Hfq, Wang et al. observed increased PYO
production and decreased PCA production, consistent with decreased production of the
PhzA-G biosynthetic enzymes, but increased translation of phzM. Formation of the
active, hexameric form of Hfq is promoted by the RelA enzyme, a critical regulator of the
stringent response to amino acid starvation (Argaman et al. 2012). P. aeruginosa PAO1
relA mutants also overproduce PYO, suggesting that Hfq may regulate translation of the
phzM transcript in this strain according to a mechanism similar to the one described for
M18 (Erickson et al. 2004).
3.5 Environmental signals and conditions affecting phz gene expression
Many studies characterizing the condition dependence of phenazine production
have revealed environmental cues that affect the regulation of this process, and in some
cases, mechanisms linking the condition to the response. These studies have evaluated
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the effects of environmental parameters such as temperature, pH, salinity, and oxygen
availability. They have also examined how phenazine production is influenced by the
availability of carbon and nitrogen sources, phosphate, sulfate, iron, and magnesium.
These environmental variables can affect phenazine production indirectly or directly
altering expression of Phz proteins (for example, through their effects on the production
of signals upstream in the regulatory cascade (van Rij et al. 2004; Farrow and Pesci
2007), or they can alter the availability of substrates and thus, flux through the relevant
metabolic pathways that support phenazine biosynthesis.
The effect of temperature on phenazine production has been investigated in P.
chlororaphis PCL1391, P. fluorescens 2-79, and multiple strains of P. aeruginosa. P.
chlororaphis PCL1391 produces the PCA derivative phenaizne-1-carboxamide (PCN) at
comparable levels when grown at temperatures ranging from 21 to 31 ˚C, but production
is almost undetectable when it is grown at 16˚C (van Rij et al. 2004). In P. fluorescens 279, PCA production was found to inversely correlate with temperature in a survey of
temperatures ranging from 25 to 37 ˚C (Slininger and Shea-Wilbur 1995). In P.
aeruginosa M18, transcription of phz1 and phz2 is elevated at 28 ˚C compared to 37 ˚C,
and this correlates with a large increase in PCA production (Huang et al. 2009). In P.
aeruginosa PA14, PYO production increases modestly when this strain is grown at 37 ˚C
compares to 28 ˚C. Using RNA-seq, Wurtzel et al. found that the transcript abundances
of both phz1 and phz2 are elevated at the higher temperature, with a larger effect on
phz1 than phz2 (Wurtzel et al. 2012b). These results also indicated the presence of a
temperature-dependent transcriptional start site upstream of phzB1. The differential
regulation of phzA1 and phzB1 is interesting because these two genes encode highly
similar proteins that form heterodimers required for in vivo formation of the phenazine
core. Temperature-dependent differences in expression may be of consequence for
PhzA/B dimerization (Ahuja et al. 2008).
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Ambient oxygen levels also influence the production of different phenazine
derivatives. In P. aeruginosa, PCA can be biosynthesized anaerobically (Dietrich et al.
2006a; Mentel et al. 2009; Recinos et al. 2012a). However, oxygen is required for the
conversion of 5-methylphenazine-1-carboxylic acid (the product of PhzM, 5-Me-PCA) to
PYO by the PhzS monooxygenase. Therefore, PYO production is inhibited in the
absence of oxygen. Interestingly, Holliman reported increased production of the red
phenazines aeruginosin A and B in low oxygen conditions; inefficient conversion of 5Me-PCA to PYO may shunt the biosynthetic pathway toward the production of these
alternative phenazine products when oxygen is limited (Holliman 1969). An effect of
oxygen limitation of phenazine biosynthesis has also been observed in P. chlororaphis
PCL1391, where growth in low oxygen conditions leads to PCN overproduction (van Rij
et al. 2004).
The effects of pH and salinity on phenazine production have been tested in
biocontrol strains, where optimization of soil conditions could facilitate the application of
such strains for crop growth promotion. P. chlororaphis PCL 1391 produces PCN when
grown at pH 7 or pH 8, but not at pH 6 (van Rij et al. 2004). For P. fluorescens 2-79,
however, PCA production was maximized at pH 7, partially decreased but still
substantial at pH 6, and abolished at pH 8 (Slininger and Shea-Wilbur 1995). Increasing
concentrations of salts decreased PCN production in P. chlororaphis PCL1391, but this
effect was specific to ionic solutes as xylose did not affect PCN production when
introduced at isosmotic levels, and osmoprotectants were not able to restore PCN
production in a high-salt medium.
Variations in the availability of minerals and the compounds that provide the
major elements for biomass can have dramatic effects of phenazine biosynthesis. In a
survey of carbon sources for growth of P. chlororaphis PCL1391, van Rij et al. found that
glucose, glycerol, and L-pyroglutamic acid gave rise to the highest levels of PCN
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production. The amount of PCN produced did not correlate with growth rate, and the
most stimulatory carbon sources were not the most abundant organic compounds in the
rhizosphere, where the organism is commonly found. Glucose and glycerol have also
been found to stimulate PCA production in P. fluorescens 2-79. That glucose and
glycerol promote the highest levels of phenazine production is surprising because they
are not preferred carbon sources for pseudomonads; unlike E. coli, Pseudomonas
species typically utilize organic acids such as succinate before utilizing sugars
(Behrends et al. 2009; Rojo 2010; Valentini and Lapouge 2012)
Given that phenazine structures, and particularly that of PCN, contain multiple
nitrogen atoms, one would predict that the type of nitrogen source provided would affect
phenazine production. Generally, supplementation with amino acids stimulates
phenazine production, but the effects of individual amino aids and inorganic nitrogen
sources on phenazine production vary widely between species and conditions.
Increasing levels of nitrogen provided as ammonium sulfate stimulated PCN production
in P. chlororaphis PCL1391, but did not stimulate PCA production in P. fluorescens.
Although glutamate is used to form the carboxamide functional group in PCN, the
addition of this amino acid to the medium did not stimulate PCN production any more
than other individual amino acids such as leucine. All aromatic amino acids stimulate
PCN production in P. chlororaphis PCL1391, whereas the effects of phenylalanine,
tryptophan, and tyrosine on PYO production in P. aeruginosa appear to be strain- and
condition- dependent (Burton et al. 1947; Palmer et al. 2007). The effect of tryptophan in
particular is at least partially related to its ability to serve as a precursor for quinolone
biosynthesis (Farrow and Pesci 2007).
In both P. aeruginosa and P. chlororaphis PCL1391, PYO and PCN production
respectively are maximized when the medium contains and intermediate level of
phosphate; this is apparently not an artifact of effects on growth (Burton et al. 1947; van
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Rij et al. 2004). Iron and magnesium supplementation at micromolar levels is required
and optimal for growth and phenazine production by P. aeruginosa and P. chlororaphis
PCL1391. Because iron and magnesium are often provided as sulfate salts, it can be
difficult to decouple their effects from that of varying the sulfur source. The importance of
sulfate has been thoroughly evaluated in P. chlororaphis PCL1391, however, where
millimolar concentrations were required for maximum production of PCN (van Rij et al.
2004).
3.6 Regulation of phenazine biosynthesis in non-pseudomonad bacteria
In addition to the Pseudomonas species discussed, many diverse species of
non-pseudomonad bacteria also produce phenazines, with highly varied and derivatized
chemical structures (Table 3.1). Relatively little is known about the regulation of
phenazine biosynthesis in these species, but recent studies have identified regulators
that affect the process in strains of Burkholderia and Streptomyces (Ramos et al. 2010a;
Saleh et al. 2012). In Burkholderia cenocepacia K56-2, wild type phenazine production
requires a regulator called Pbr (phenazine biosynthesis regulator), which is encoded by
a gene that lies near phzF and phzD homologues on the chromosome (Ramos et al.
2010a). Pbr binds to the promoter region of the phzF-phzD operon and is require for wild
type expression. In Streptomyces annulatus 9663, regulators of phz gene expression
have been identified through characterization of a large gene cluster that includes all of
the genes required for PCA biosynthesis and genes required for transformation of PCA
to the prenylated phenazines endophenazines A and E (Saleh et al. 2012). One of these
regulators, encoded by the gene ppzV, is similar to a putative TetR-family regulator
called EpzV found in S. cinnamonensis, another phenazine producer. Inactivating the
ppzV gene in a strain expressing the large phenazine biosynthetic cluster lead to loss of
the ability to produce prenylated phenazines but an increase in the amount of
unprenylated

phenazines,

suggesting

that
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the

ppzV

product

regulates

PCA

derivatization. The second regulator, encoded by ppzY, is similar to transcriptional
regulators of the LysR family. Inactivation of ppzY lead to a nearly complete defect in all
phenazine production, suggesting that the ppzY product is required for expression of
PCA biosynthetic genes in S. annulatus 9663.
Table 3.1. Phenazine derivatives produced by Pseudomonas spp. and other bacteria.
Phenazine production is not limited to pseudomonads; these bacteria are equipped with
machinery that allows for the addition of a wide variety of functional groups at different
positions of the tricycle. Phenazines can be modified by simple functional groups as well
as more complex substitutions. New phenazine producing species continue to be
isolated from a variety of niches. These phenazines could potentially serve interesting
physiological functions to meet needs of diverse bacteria adapted for different growth
environments. For more comprehensive collections of identified phenazines, see Turner
1986, Mavrodi et al. 2006, and Laursen and Nielsen 2004.

Phenazine derivative
1-phenazine-carboxamide

References
Lasseur 1911; Birkofer 1947

5-methyl-phenazine-1-carboxylic
Byng, Eustice et al. 1979
acid
Holliman 1969
aeruginosin A
Herbert and Holliman 1969
aeruginosin B
4,9-dihydroxyphenazine-1,6Ballard, Palleroni et al. 1970
dicarboxylic acid dimethyl ester

functional
group 1

functional
group 4

CH3

COOH
COOH

CH3
CH3

NH2
NH2

SO3

OH

O

COOCH3

COOCH3

COOH

C4O2NH9

Giddens, Feng et al. 2002

OCH3

1-hydroxyphenazine

Gerber 1967; Schoental 1941
Fordos 1859; Von Saltza,
Last et al. 1969
Turner and Messenger 1986;
Laursen and Nielsen 2004;
Mentel, Ahuja et al. 2009

OH

1-phenazine-carboxylic acid

functional
group 3

COOH

D-alanylgriseoluteic acid
Pyocyanin

functional
group 2

functional
group 5

actinobacteria

CONH2

CH3

betagammaproteobacteria proteobacteria
P. aeruginosa
P. chlororaphis
P. aeruginosa
P. aeruginosa
P. aeruginosa
Burkholderia
cepacia

Streptomyces thioluteus
O

Streptomyces cyanoflavus

Brevibacterium iodinum
Micrococcus paraffinolyticus
Actinomadura dassonvillei
Amycolata hydrocarbonoxydans
Microbispora spp.
Corynebacterium stationis
Corynebacterium
hydrocarboclastum
Arthrobacter paraffineus
Nocodaria hydrocarbonoxydans
Streptomyces thioluteus

COOH

Erwinia herbicola
Vibrio spp.
P. aeruginosa
P. aeruginosa

All phenazine producing ba
acteria

iodinin

Clemo and Daglish 1948;
Gerber and Lechevalier
1964; Gerber and
Lechevalier 1965;
Lechevalier and Lechevalier
1965;
Tanabe and Obayashi 1971;
Gerber 1967

OH

O

O

OH

lomofungin

Johnson and Dietz 1969;
Tipton et al. 1970

OH

COOCH3

O

CO

solphenazine A

Rusman, Eppegard et al.
2013

endophenazine A

Gebhardt et al. 2002;
Haagen, Gluck et al. 2006

COOH

diphenazithionin

Hosoya, Adachi et al. 1996

COOCH3

OH

Streptomyces griseus

1,6-phenazinedimethanol

Choi, Kwon et al. 2009

CH3OH

CH3OH

Brevibacterium sp.

OH

Streptomyces lomodensis

Streptomyces sp.

Streptomyces anulatus
Streptomyces cinammonensis

3.7 Conclusion
Characterization of the regulation of phenazine biosynthesis in diverse
pseudomonad isolates has revealed common mechanisms and hierarchies. As more of
the mechanisms regulating phenazine biosynthesis in non-pseudomonads are
uncovered, it will be interesting to compare them to the pseudomonad paradigm and
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evaluate their physiological relevance in these new contexts. The intricacy of the
networks controlling pseudomonad phenazine production is becoming clear at a time
when phenazines themselves are gaining recognition for their roles in bacterial
physiology, which include intercellular signaling and redox balancing. The multilayered
cascades that modulate phenazine biosynthesis are consistent with their new status as
primary players in cellular metabolism and communication. Indications that not just the
core genes for PCA synthesis, but also the genes for PCA modification, are regulated at
multiple levels may suggest that different phenazines perform different physiological
roles, consistent with their unique chemistries.
Although our understanding of the complicated networks controlling phenazine
production is still developing, a hint at this complexity has long been evident in the
variability of phenazine production that is apparent between species, isolates, and even
repeat cultivations of the same strain. Differences in phenazine production between
strains of the same species likely arise in part from subtle discrepancies in regulatory
networks and sensing mechanisms. On the other hand, differences between repeat
experiments imply that, although many of the conditions and regulators that affect
phenazine production have been identified, unrecognized variables can still alter
phenazine production in unpredictable ways. Elucidating the parameters and
mechanisms that affect his process has the potential to facilitate the use of beneficial
phenazine-producing pseudomonads in agriculture, support the development of
therapeutics for patients suffering from P. aeruginosa and other phenazine-producing
infections, and allow us to learn new techniques for controlling antibiotic production in
diverse species.
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Chapter 4
This chapter is adapted from
Bellin, D.L., Sakhtah, H., Zhang, Y., Dietrich, L.E.P, Shepard, K.L. (in review).
Electrochemical Camera Chip for Simultaneous Imaging of Multiple Metabolites in
Biofilms.
This chapter describes the results of a project carried out in collaboration with
Daniel Bellin (graduate student in Kenneth Shepard’s laboratory, Electrical Engineering).
This study builds on our initial development of an electrochemical sensing platform
capable of directly detecting phenazines released from developing P. aeruginosa
colonies in a spatiotemporal manner (Bellin, D.L., Sakhtah, H., Rosenstein, J.K., Levine,
P.M., Dietrich, L.E.P., Shepard, K.L. (2014). Integrated circuit-based electrochemical
sensor for spatially resolved detection of redox-active metabolites in biofilms. Nature
Communications. 5:3256). A larger, more sensitive sensing platform was developed that
supports imaging of entire colonies. This work has been ongoing since I first began my
PhD studies. I established a method to grow biofilms on track-etched membranes that
allowed for their transfer to the electrochemical sensing platform. I also worked out
media conditions that enabled detection and quantification of the reactive phenazine
derivative 5-Me-PCA (abbreviated as 5-MCA in this chapter). I conducted experiments to
test hypotheses that drove the study, and contributed to data analysis and writing for this
and the preceding paper.
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Electrochemical Camera Chip for Simultaneous Imaging of Multiple
Metabolites in Biofilms
4.1 Abstract
Monitoring spatial distribution of metabolites in multicellular structures can
enhance understanding of the biochemical processes and regulation involved in cellular
community development. Here we report on an electrochemical camera chip capable of
simultaneous spatial imaging of multiple redox-active phenazine metabolites produced
by Pseudomonas aeruginosa PA14 colony biofilms. The chip features an 8 mm × 8 mm
array of 1824 electrodes multiplexed to 38 parallel output channels. Using this chip, we
demonstrate potential-sweep-based electrochemical imaging of whole biofilms at
measurement rates in excess of 0.2 seconds/electrode. Analysis of mutants with various
capacities for phenazine production revealed distribution of phenazine-1-carboxylic acid
(PCA) throughout the colony, with 5-methylphenazine-1-carboxylic acid (5-MCA) and
pyocyanin (PYO) localized to the colony edge. Anaerobic growth on nitrate confirmed
the O2-dependence of PYO production and indicates an effect of O2-availability on 5MCA synthesis. These integrated-circuit-based techniques promise wide applicability in
detecting redox-active species from diverse biological samples.
4.2 Introduction
Redox transformations of metabolites are fundamental to life and can act as
signatures for distinct physiological processes and organisms. The functions of discrete
multicellular structures are tied to metabolic processes that control their formation
(Simon and Keith 2008a; Kempes et al. 2014). The ability to monitor the spatiotemporal
distribution of metabolites as they are produced by cellular communities during
development can not only reveal the biochemical processes involved but also provide
clues as to the mechanisms by which cells regulate these processes. Unfortunately,
efficient methodologies for metabolite sensing, particularly using non-invasive methods,
are severely lacking.
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We investigate a platform to image phenazines, a class of redox-active
metabolites produced by the gram-negative opportunistic pathogen Pseudomonas
aeruginosa PA14. Phenazines, which strongly affect development of P. aeruginosa
PA14 biofilms (Dietrich et al. 2008; Ramos et al. 2010b; Dietrich et al. 2013), have a
core heterocyclic structure that is modified with different functional groups, giving rise to
a diversity of phenazine variants with different chemical properties, including redox
potential (Price-Whelan et al. 2006b; Wang and Newman 2008). These compounds
are produced when cells are present at high density (Price-Whelan et al. 2006b) and can
act as intercellular signals (Dietrich et al. 2006b) and as alternate electron acceptors to
balance the intracellular redox state (Price-Whelan et al. 2007b; Wang et al. 2010a).
Wild-type P. aeruginosa colony biofilms produce at least four phenazines, including
phenazine-1-carboxylic acid (PCA), 5-methylphenazine-1-carboxylic acid (5-MCA),
pyocyanin (PYO) and phenazine-1-carboxamide (PCN) (Mavrodi et al. 2001a; Recinos
et al. 2012b; Bellin et al. 2014b; Bellin et al. 2014a) (Fig. 4.1), which engage in twoelectron redox reactions. The complement, redox states, and distribution of phenazines
in a P. aeruginosa colony is likely affected by many factors, including the expression of
biosynthetic enzymes, the availability of substrates for biosynthesis, and the
environmental reduction potential.
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Figure 4.1 P. aeruginosa phenazines investigated in this study. Phenazine
biosynthesis, limited to the pathway producing PCA, PCN, 5-MCA, and PYO. Arrows are
labeled with the phenazine biosynthetic enzymes. PCN is shown in gray as all strains
used in this study were ∆phzH mutants.
Available techniques for directly imaging phenazines as a representative family
of metabolites include two-photon excitation microscopy (TPEM), imaging mass
spectrometry (IMS), and scanning electrochemical microscopy (SECM). TPEM has the
advantage of noninvasiveness and the potential for large-area, high-frame rate optical
imaging but suffers from very poor sensitivity and specificity of detection (Sullivan et al.
2011b), which has prevented imaging of biofilms in practice. Phenazines have been
detected in biofilms using imaging mass spectrometry (IMS) (Moree et al. 2012; Phelan
et al. 2014; Phelan et al. 2015). A drawback of IMS in these studies is the extensive
sample treatment required. Though recent advances in IMS may alleviate sample
pretreatment requirements (Hsu et al. 2013), mass spectrometry approaches still
necessitate bulky and expensive instrumentation, and quantifying the chemical species
sensed is currently not possible with most IMS techniques (Watrous and Dorrestein
2011).
Electrochemical techniques are an attractive choice for detecting phenazines due
to their strong redox activity. This electrochemical activity applies to many metabolites in
addition to phenazines. Electrochemical detection of phenazines has been demonstrated
in liquid cultures of P. aeruginosa (Vukomanovic et al. 1996; Bukelman et al. 2009; Kim
et al. 2013b; Sharp et al. 2010; Webster and Goluch 2012; Sismaet et al. 2014) and in
biofilms (Webster et al. 2015), though the latter study did not attempt detection with
spatial resolution. SECM has been used for spatially-resolved detection of phenazines
in P. aeruginosa biofilms (Koley et al. 2011) and aggregates (Connell et al. 2014). SECM
employs a scanning working electrode to measure electrochemical currents as a
function of position and has an advantage over other methods in that it enables three-
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dimensional profiling of individual species. However, due to the constant potential at the
working electrode, SECM is not able to simultaneously detect species with different
redox potentials in practice, in contrast to potential sweep methods. SECM cannot be
effectively combined with potential sweep methods because the length of a single
potential sweep experiment (on the order of seconds) and the presence of only one
measurement probe would require prohibitively long analysis times for imaging
applications.
We have previously reported on an integrated circuit capable of spatiallyresolved electrochemical detection of multiple phenazines from P. aeruginosa colony
biofilms (Bellin, et al. 2014). Array size for this design was only 60 electrodes within a
3.25 mm x 0.9 mm area, preventing formation of full two-dimensional images of entire
colonies. Imaging of colonies was done on an agar layer, horizontal diffusion through
which significantly impacted spatial resolution. Furthermore, frame rates were only 8
seconds/electrode. Here we present a new integrated circuit with a dramatically larger
working electrode array and larger number of parallel output channels, enabling whole
colony biofilms to be electrochemically imaged for the first time. We use this
electrochemical camera chip combined with square wave voltammetry (SWV), a
potential sweep method, to simultaneously image multiple phenazines in P. aeruginosa
PA14 colony biofilms and investigate the effects of O2 availability on phenazine
production, distribution, and chemistry. Here, colonies are supported by agar-soaked
membranes less than 15 µm thick placed directly on top of the chip. The reduced
distance between the colonies and the electrodes ensures that phenazines do not
significantly diffuse laterally prior to detection at the electrodes, thus achieving a spatial
resolution of 225 µM, limited only by electrode pitch (Fig. 4.2). Frame rates in excess of
0.2 seconds/electrode are supported, more than adequate for the temporal dynamics
studied.
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Figure 4.2 Diffusion profile for PYO from two semi-spherical sources of radius 1
µm spaced 225 µm apart and located 15 µm above, assuming a diffusion
coefficient of 0.5 x 10-9 m2 s-1.
We have carefully assessed the effect of diffusion on achievable spatial resolutions.
Biofilms are grown on track-etched membranes to facilitate movement of biofilms from
thick agar plates onto the chip. Prior to placement on the chip, the bottom of the
membrane is wet with liquid agar. Based on optical profilometry measurements, we
estimate the agar to be, at most, 15 µm thick.
In general, analysis of the effects of diffusion on the performance of the imager follows
from the solution of the three-dimensional diffusion equation for the concentration
C(x,y,z,t): 𝜕𝐶 𝜕𝑡 = 𝐷∇! t in a rectangular agar slab with the top surface defined by z=0
and the bottom surface by z=W, where D is the diffusion coefficient. An initial condition
(t=0) with C=0 everywhere is assumed. Zero-flux boundary conditions are assumed at
the top and bottom.
For t>0, if the concentration in a semi-sphere surface of radius a centered at x=xo, y=yo,
z=0 is assumed to have a fixed concentration of Cs, the concentration at the bottom of
!
the slab due to the action of this source at time t is given by 𝑃 𝑥, 𝑦, 𝑡 = 2 ∙ 𝐶! ∙ ∙
𝑒𝑓𝑟𝑐

!!!
! !"

!

where 𝑟 =

𝑥 − 𝑥!

!

+ 𝑦 − 𝑦!

!

+ 𝑊 ! . The method of images is used to

model the zero-flux boundary conditions for the finite-thickness agar slab into which the
molecules spread.
We have previously reported a diffusion coefficient of 0.5 x 10-9 m2 s-1 for PYO. For an
approximate experiment time of 6.5 min and an agar thickness of 15 µm, the diffusion
profile from two semi-spherical sources 225 µm apart (the pitch of the on-chip
electrodes) is shown here. As is evident, because the agar thickness is considerably
thinner than the diffusion length, each source is well-resolved, indicating that electrode
geometry, and not diffusion, limits resolution in this measurement platform.
4.3 Methods
4.3.1 Integrated circuit design
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The chip is a 1 cm x 1 cm custom integrated circuit implemented using a
commercial Taiwan Semiconductor Manufacturing Company (TSMC) 0.25 µm CMOS
process. The chip was designed and simulated using the Cadence Virtuoso software
package.
4.3.2 Electrode modifications
The working electrodes were initially implemented in aluminium, the top metal
layer of the CMOS process. These electrodes were converted to gold using the following
process. Photoresist (AZ Electronic Materials, AZ4620) was spun onto the chip using a
two-step program of 300 r.p.m. for 3 s and 4,500 r.p.m. for 45 s, followed by a soft bake
at 110 °C for 2 min. The chip was exposed at 12 mW cm−2 for 40 s in a mask aligner
(SUSS MA6) using a chrome-on-glass mask that defines openings above the working
electrodes. For development, the chip was immersed in a 1:3 mixture of developer (AZ
Electronic Materials, AZ400K) and water for approximately 120 s. The exposed
aluminium was etched in heated aluminium etchant (Transene Aluminum Etchant Type
A) for 5 min. Titanium/gold of 4 nm/100 nm thickness was evaporated onto the chip in an
electron beam evaporator (Angstrom EvoVac), followed by lift-off in acetone.
Reference electrodes were silver electroplated by immersing electrodes in silver
cyanide and applying a sufficient potential between reference electrode sites and a
platinum counter electrode to drive 13 mA cm-2 through the circuit for 30 min. Following
electroplating, silver was converted to silver chloride by immersing the electrodes in
bleach diluted 1:10 for 1 min.
4.3.3 Packaging and supporting electronics
The die was wire bonded to a 272-pin ball-grid-array package. Dam-and-fill
doughnut epoxy encapsulation covered the exposed gold wire bonds, leaving the die
surface exposed. The chip was then mounted on a circuit board containing power supply
circuitry, a

digital-to-analog

converter for inputting
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the

voltage

signal during

measurements, anti-aliasing, multichannel analog-to-digital converters to convert TIA
outputs, and a field-programmable gate array module (Opal Kelly XEM6010) with a
Universal Serial Bus interface for the transfer of digital signals to and from the chip and
printed circuit board.
4.3.4 CMOS chip electrochemical measurements
On-chip electrochemical cells consisted of on-chip gold working electrodes, an
integrated gold counter electrode and an integrated silver/silver chloride electrode
serving as a QRE in a three-electrode potentiostat configuration. The feedback loop
established the excitation voltage signal on the reference electrode. The working
electrodes were maintained at a constant potential and were connected to TIA’s to read
the output current. The SWV excitation signal consisted of a staircase ramp with 60 mV
forward steps and 50 mV reverse steps at 33 Hz frequency. The voltage range of the
input signal was 0.1 to -0.7 V. The TIA was set to a gain of 10 MΩ.
For each colony measurement, a piece of track-etched membrane (Whatman
110606, pore size=0.2 µm) with a biofilm growing on top was placed on the chip
following wetting of the membrane bottom with liquid agar. After 1.5 min, square wave
voltammograms were measured at all 1824 electrodes, with each of the 48 columns of
electrodes connected to the 38 output channels one after another. Total measurement
time for all 1824 electrodes was 5.2 min. The output current signal from a SWV
experiment consisted of the response to a series of forward and reverse voltage steps.
To create the square wave voltammogram, the ten current samples at the end of each
reverse voltage step were averaged and subtracted from the ten averaged current
samples at the end of each forward voltage step. The resulting signal was plotted as a
function of the forward applied potentiostat voltage. For quantification of peak heights,
the peak current was measured from a fitted baseline. Current values are converted to
concentration values using the calibration experiments in Figures 4.3-5. The following
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procedure was used to compute maximum error due to electrode variability. In
calibration experiments, electrodes in the array were exposed to known concentrations
of phenazines and the current at each electrode was measured. The measured currents
were averaged and plotted versus concentration to produce calibration curves. The
standard deviation from the mean of current was also calculated for each concentration
value. The maximum standard deviation among all the standard deviations was chosen
to and converted to concentration using the calibration curve to produce the maximum
error due to electrode variability value. In electrochemical images, values at
malfunctioning electrodes (i.e., electrodes lacking a reasonable electrochemical output
signal, average 5%) were interpolated from surrounding electrode values. Averaged
cross-sections were computed in ImageJ using the Plot Profile feature and a line width
of 10.

Figure 4.3 Calibration curves for synthetic PCA on (a) reductive and (b) oxidative
SWV. Current measurements are calibrated to concentration values using linear fitting to
results from dilution series of synthetic PCA. Current measurements were averaged over
120 electrodes in the chip array.
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Figure 4.4 Calibration curves for purified 5-MCA on (a) reductive and (b) oxidative
SWV. Current measurements are calibrated to concentration values using linear fitting to
results from dilution series of purified 5-MCA. Current measurements were averaged
over 120 electrodes in the chip array.
To obtain purified 5-MCA, ∆phzHS strain is inoculated from a streaked plate in 5 mL 50
mM MOPS medium containing 20 mM glucose and 20% LB. The culture is grown at 37
˚C shaking at 250 r.p.m. for 17 hours. The culture is centrifuged and the supernatant
passed through a 0.2 µm filter. 50 microlitres of supernatant is loaded onto a Waters
Symmetry C-18 reverse phase column (Waters; 5 µm particle size, 4.6 x 150 mm2). The
phenazines are separated using a gradient of water-0.01% TFA (solvent A) to
acetonitrile-0.01% TFA (solvent B) at a flow rate of 0.4 ml min-1 using the following
protocol: linear gradient from 0 to 15% solvent B for 2 min, linear gradient to 83% solvent
B for 20 min, linear gradient from 83 to 100% solvent B for 10 min and finally, a linear
gradient to 0% solvent B for 5 min. The total method time is 38 min. The retention time
for 5-MCA is 6.2 min. The detection wavelength is 366 nm. The concentration of 5-MCA
is determined by taking the area under the peak at the 6.2 min elution time using System
Gold 32 Karat Software (Beckman Coulter) and a conversion factor for PYO (8 x 10-6 µM
AU-1).
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Figure 4.5 Calibration curve for synthetic PYO on reductive SWV.
Current measurements are calibrated to concentration values using linear fitting to
results from dilution series of synthetic PYO. Current measurements were averaged over
120 electrodes in the chip array.
4.3.5 Preparation of colonies
Liquid cultures were grown in lysogeny broth (LB) (Bertani 2004a) at 37 °C with
shaking at 250 r.p.m. overnight. The overnight cultures were diluted 1:50 in LB and
grown to exponential-early stationary phase. Colonies used for on-chip electrochemical
measurements were prepared by spotting 5 µl of exponential-early stationary phase
culture onto a track-etched membrane (Whatman 110606, pore size is 0.2 µm) placed
upon a 1% agar, 1% tryptone plate containing 40 µg gl−1 Congo red and 20 µg ml−1
Coomassie blue. The colonies were grown at 25 °C, >95% humidity in an incubator
(Percival) for the desired time. Colonies grown anaerobically were spotted on tracketched membranes placed upon 1% agar, 1% tryptone plates containing Congo red,
Coomassie blue, and 40 mM potassium nitrate. The colonies were grown at room
temperature in a vinyl anaerobic chamber with an atmosphere of 80%/15%/5%
N2/CO2/H2 (Coy).
4.3.6 Preparation of colony thin sections for fluorescence microscopy
Plates for colony growth were prepared by pouring 1% tryptone, 1% agar
containing 20 µg/mL Coomassie blue and 40 µg/mL Congo red to a depth of 4 mm and
allowing media to solidify. Cultures were inoculated into 2mL lysogeny broth (LB) and
shaken overnight at 250rpm and 37°C in the dark. Overnight cultures were diluted 1:50
in fresh LB and sub-cultured for ~160 min before adjusting to an OD (500nm) of 0.5-0.8.
Immediately prior to spotting, 25-mm polycarbonate membrane filters (Whatman, VWR)
were laid across the plates with the matte sides facing up. Relevant strains were then
spotted onto the center of the filters in 5µL inoculants and cultured in a humidified
chamber at 25°C. One colony was spotted per filter. After growth, filters were lifted from
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the media and excess filter was trimmed from around the colonies. Filters were then laid
across a 1.5-mm layer of polymerized 1% agar in a petri dish. An additional 1.5-mm
layer of agar was poured over the colonies and allowed to polymerize, laminating the
colonies and the filter between two layers of agar. These were cut and lifted from the
plate, placed into histosettes (Fisher Scientific) and fixed for 24 hours in a mixture of 2%
paraformaldehyde and 2.5% glutaraldehyde containing 0.15% L-lysine and 0.1% DMSO
(pH 7.4). Fixed colonies were then subjected to two 90-minute washes in phosphate
buffered saline (PBS) before dehydration through a series of ethanol washes [25%,
50%, 70%, 95%, and 100% (three times per concentration)]. Colonies were then cleared
via three 90-minute incubations in Histoclear-II (National Diagnostics, Fisher Scientific).
Cleared colonies were infiltrated via two 3-hour incubations in 100% paraffin wax
(Paraplast Xtra, Fisher Scientific) at 55°C. All dehydration, clearing, and infiltration steps
were carried out using a STP120 Tissue Processor (Thermo Fisher Scientific). Infiltrated
colonies were then cast into polystyrene molds and allowed to polymerize overnight at
4°C. Samples were removed from the molds and paraffin blocks were trimmed using a
razor blade. Trimmed blocks were sectioned (10 µm-thick sections perpendicular to the
plane of the biofilm) on a Thermo Microm355S rotary microtome using low-profile blades
(Sturkey, Fisher Scientific). Sections were floated onto a water bath at 48°C and
collected on frosted slides (Fisher Scientific). Slides were air-dried overnight, heat-fixed
on a hotplate for 1 hour, and rehydrated in the reverse order of processing described
above, to PBS. Rehydrated colonies were immediately mounted in a 1:10
DAPI:Fluorogel solution (Electron Microscopy Sciences, Fisher Scientific), cover-slipped,
and sealed using clear nail polish.
Fluorescence detection of 4',6-diamidino-2-phenylindole (DAPI) was performed
using an AxioZoomV.16 macroscope (Zeiss, Germany) under the following filter
configurations: excitation = 365 BP/ 50nm, emission = 445 BP/ 50nm. Digital images
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were captured with an AxioCam MRm camera attached to the AxioZoomV.16 using the
Zen Blue Software (Zeiss).
4.4 Results
4.4.1 Electrochemical imager chip
Key to this work is the development of an electrochemical camera chip, a
custom-designed integrated circuit (IC) fabricated in a 0.25-µm complementary metaloxide-semiconductor (CMOS) process (Figs. 4.6 a-b). As such, this work demonstrates
the unique capabilities that CMOS technology provides in allowing for dense arrays of
electrodes for electrochemical analysis of biological systems in which close proximity
can be achieved between the biological specimen and the IC. The 1-cm-by-1-cm chip
features an 8-mm-by-8-mm array of 1824 gold integrated electrodes, each 100 µm × 100
µm, in a 48 × 38 grid. Working electrodes are multiplexed to 38 parallel output channels
each featuring a programmable transimpedance amplifier (Figs. 4.7-9 provide further
circuit design details). The chip also features an integrated control amplifier driving a
potentiostat circuit, consisting of the working electrode array, an integrated gold counter
electrode, and an integrated silver/silver-chloride quasireference electrode (QRE). Here,
P. aeruginosa PA14 colonies are grown on thick agar plates, with an interposing tracketched membrane allowing the colony to be transferred directly onto the chip (Fig. 4.6 c).
Growth on this membrane does not significantly affect colony morphology.
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Figure 4.6 Electrochemical camera imaging platform. (a) Block diagram of the
electrochemical camera chip. Chip is 1 cm x 1 cm. (b) Optical micrograph of the
electrochemical camera chip, with integrated electrodes and amplifiers highlighted. (c)
Diagram of the imaging platform, with the electrochemical camera chip, working
electrodes, biofilm, and membrane highlighted.
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Transistor
M0 / M1
M2
M3 / M4
M5 / M6
M7 / M8
M9 / M10

Width / Length (µm)
1200 / 0.9
300 / 0.6
210 / 0.7
85 / 1.0
140 / 0.6
280 / 0.6

Figure 4.7
Circuit diagram of the OTA
The integrated circuit (IC) consists of the following components: a working electrode
array, a control amplifier establishing a three-electrode potentiostat configuration, a
reference electrode, a counter electrode, and parallel output channels of
transimpedance amplifiers (TIA's).
The IC features a 48 x 38 array of 1824 working electrodes, each 100 x 100 µm2 in size,
originally implemented as aluminum in the top metal layer of the semiconductor process.
The aluminum electrodes are later replaced with gold as described in the methods. A
column decoder takes a 6-bit input address word and selects one of the 48 columns of
electrodes, connecting each of the 38 electrodes in that column to an individual TIA. All
other electrodes not selected by the decoder are connected to external bias pins on the
circuit board.
The IC features 38 parallel TIA’s outputting data from the chip. The input to each TIA is
one working electrode from the working electrode array, and the transimpedance
amplifier converts the current flowing through the working electrode to a voltage for
output from the chip. Each transimpedance amplifier is implemented as a foldedcascode operational transconductance amplifier (OTA) and feedback impedance. The
OTA has a simulated gain of 73 dB around a 1.65-V bias point. The transconductance
amplifier circuit of this circuit is shown above with transistor sizes shown in the inset
table.
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Figure 4.8 Transimpedance amplifier feedback impedance circuit. The
programmable feedback impedance of the transimpedance amplifier contains selectable
resistors in parallel with capacitors. The available resistances, equivalent to the available
current-to-voltage gains, are 10 kΩ, 100 kΩ, 1 MΩ, or 10 MΩ. To select the 1 MΩ
resistance, switches close to place two 500 kΩ resistors in series. To select the 10 MΩ
resistance, switches close to implement a T-network of two 500-kΩ resistors in series,
between which is a 27.7-kΩ resistor terminating to ground. The available capacitors in
the feedback impedance are 5 pF, 1 pF, 500 fF, or 250 fF.
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Transistor
M0 / M2
M1 / M3
M4
M5
M6 / M7
M8 / M9
M10 / M11
M12 / M13
M14
M15

Width / Length (µm)
280 / 0.7
500 / 0.6
1140 / 0.7
210 / 0.7
780 / 0.6
260 / 0.6
60 / 0.7
170 / 0.7
1450 / 0.6
300 / 0.7

Figure 4.9 Control amplifier circuit.
The IC features a control amplifier to establish a three-electrode potentiostat
configuration. The control amplifier takes an input voltage signal at its positive terminal,
a reference electrode at its negative terminal, and a counter electrode at its output
terminal. The control amplifier is implemented as a two-stage operational amplifier
consisting of a dual-input, folded-cascode first stage and a common-source second
stage. The control amplifier has a gain of approximately 103 dB and a second-stage bias
current of 3 mA. The control amplifier circuit is shown in the figure with the transistor
sizes given in the inset table.
There is a programmable RC-compensation network between the two stages of the
control amplifier. The compensation network contains selectable 100-Ω, 1-kΩ, or and 10kΩ resistors in series with a 24-pF capacitor.
The reference and counter electrodes can be chosen to be on-chip electrodes or
external electrodes connected to pins on the circuit board. The on-chip reference
electrode is 0.08 mm2 in area and the on-chip counter electrode is 5 mm2 in area, both
implemented as aluminum in the top metal layer of the semiconductor process. As
discussed in methods, both on-chip electrodes are replaced with gold, and the reference
electrode is further converted to a silver/silver-chloride quasireference electrode.
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4.4.2 Detection of phenazines
We have previously shown that with SWV, it is possible to distinguish PCA, PYO,
and 5-MCA upon secretion by a P. aeruginosa PA14 colony into agar and detect their
distribution over a cross-section of the colony base. Colony growth is initiated by
pipetting a 5-µL droplet of a cell suspension onto a membrane placed on agar-solidified
medium. After approximately 2 days of growth, the membrane and colony are
transferred to the electrochemical camera chip for analysis. We previously found that in
wild-type biofilms, PYO levels peaks at a location near the edge of the colony.
Additionally, in a phenazine-overproducing mutant, we found spatial modulation in the
proportions of two phenazines produced by the colony.
Utilizing the electrochemical camera chip, we are able to simultaneously image
for the first time the spatial distribution of three different phenazines in whole colonies in
situ. Using both reductive and oxidative SWV (where “reductive” and “oxidative” refer to
the direction of the applied voltage signal) enables us to ascertain the phenazine redox
state, a major advantage of the IC-based platform over other imaging modalities such as
IMS. We find that peak current values on square-wave voltammograms are linearly
related to concentration and can be calibrated, allowing images to be presented in terms
of phenazine concentration. We, furthermore, show that the baseline square-wave
voltammogram from the Δphz mutant shows no peaks or other features (Fig. 4.10).
Calibration curves (Figs. 4..3-5) are determined by averaging across 120 electrodes.
Variances across electrodes generally increase with increasing concentration.
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Figure 4.10 Square wave voltammograms for electrodes across a Δphz colony
after two days of growth: (a) reductive and (b) oxidative. This measurement
establishes a “baseline” for biofilms producing no phenazines.
To demonstrate the whole-colony imaging capabilities of our integrated circuitbased imager, we first analyze a series of biofilms formed by P. aeruginosa PA14
mutants producing different combinations of phenazines. We focus on the production
and distribution of 5-MCA and PYO, two phenazines that are uniquely produced by the
pathogen P. aeruginosa among the dozens of known phenazine-producing bacterial
species (Mavrodi et al. 2006). Characterization of P. aeruginosa 5-MCA production by
conventional methods has been historically difficult due to its reactivity, while PYO is
considered the phenazine of highest pathological significance due to its production
during P. aeruginosa host colonization. For simplicity, all strains used in this study were
generated in the ∆phzH background and lack the ability to produce PCN. (Production of
PCN does not significantly affect the 5-MCA and PYO production patterns discussed in
the remainder of this study (Fig. 4.11-12).) We start with ∆phzHM, for which PCA is the
only expected phenazine product (Mavrodi et al. 2001a). Fig. 4.13a shows reductive
SWV-based images of a ΔphzHM biofilm grown for two days. Reductive SWV revealed
two compounds, one with a peak current at -500 mV, which corresponds to that
observed for pure PCA in solution (Fig. 4.14) and one with a peak current at
approximately -300 mV (Fig. 4.13b-c). The latter peak is absent from reductive SVW
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traces generated for the ∆phz biofilm (Fig. 4.10). SWV of pure phenazine-1,6dicarboxylic acid (PDC), an alternate product of the PCA-generating enzyme PhzG,
confirmed that the -300-mV peak in the ∆phzHM-colony SWV traces cannot be attributed
to this compound (Fig 4.15). We therefore, believe that it represents another product of
the PhzA-G-dependent portion of the phenazine biosynthetic pathway. In the ∆phzHM
biofilm, PCA is visible between the edge and the center (Fig. 4.13a). A darker zone,
indicating lower concentrations of PCA, is visible between the edge and the center (Fig.
4.13a). The zone of lower PCA concentrations seems to overlap with a zone of higher
concentrations of the unidentified compound, suggesting an inverse relationship in
production of the two. The peak generated by unidentified compound overlaps with the
PCA peak in oxidative SWV traces at -300 mV (Fig. 4.16), making it indistinguishable
there. Fig. 4.13a demonstrates some asymmetry in the distribution of phenazines that
localize to the colony periphery that is characteristic in many of the images. We suspect
that this arises from unevenness in the agar that distributes cells unevenly in the 5-µL
cell suspension droplet used as inoculum.
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Figure 4.11 Electrochemical imaging of a wild-type biofilm. The above (a) images
and (b) cross-section were measured for a 30-hour old wild-type colony under the same
conditions used to measure the ∆phzH colony shown in Fig. 4.21. The distribution of
PYO and 5-MCA show similar peaking at the colony edges. PCA is not detected in
significant amounts, due to its overlap with the broad PCN peak and/or increased flux to
downstream phenazine derivatives relative to the ∆phzH mutant.
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Figure 4.12 On-chip square wave voltammogram from wild-type (WT) and ∆phzH
biofilms, and an image of SWV current due to PCN in a WT colony. The above
figure demonstrates the ability of the chip to detect PCN, which is produced by P.
aeruginosa WT but not by ∆phzH. (a) PCN produces a peak in positive-to-negative SWV
at approximately -600 mV vs. QRE. (b) An image of PCN peak SWV current in a 30-hour
old WT colony. Maximum peak current in this image is 8 nA. PCN appears to be
produced uniformly through the colony.
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Figure 4.13 | Electrochemical imaging of a ΔphzHM biofilm. (a) Electrochemical
imaging, based on reductive square wave voltammetry (SWV), of a ΔphzHM biofilm after
two days of development. Pixel intensity is proportional to PCA concentration. We
preliminarily identify PDC as providing the reductive peak at -300 mV. Because PDC
cannot be calibrated to concentration values, it is scaled relative to PCA based on SWV
peak current. PCA is shown in green and PDC in blue. Standard error in calibration is 28
µM for PCA. Images are 8 mm x 8 mm. (b) Locations of example square wave
voltammogram and cross-section in (c) and (d), respectively. (c) Example square wave
voltammogram from a single electrode. (d) Example averaged cross-section from the
electrochemical image in (a). Because the unidentified redox-active species cannot be
calibrated to concentration values, it is scaled relative to PCA based on SWV peak
current.
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Figure 4.14 Square wave voltammograms from the ΔphzHM colony of Figure 4.13
and from synthetic PCA. An overlay of reductive SWV traces indicates that the peak at
-500 mV, rather than the peak at 300 mV, is due to PCA. The latter peak is absent from
reductive SVW traces generated for the ∆phz biofilm (Fig. 4.10) and may represent
another product of the PhzA-G-dependent portion of the phenazine biosynthetic
pathway.

Figure 4.15 Square wave voltammogram of phenazine-1,6-dicarboxylic acid (PDC).
The above on-chip square wave voltammogram was measured for phenazine-1,6dicarboxylic acid (PDC) (Tractus Chemical, 85% purity) dissolved in 1% tryptone to a
final concentration of 3 mM. The peak due to PDC is at -200 mV vs. QRE, which is
different from the -300 mV vs. QRE peak due to the unidentified phenazine in Fig. 4.13.
This indicates that the unidentified phenazine is not PDC.
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Figure 4.16 Oxidative square wave voltammogram from the ΔphzHM colony of
Figure 4.13. The peak generated by what we preliminarily identify as PDC, seen at -300
mV on reductive SWV, overlaps with the PCA peak in oxidative SWV traces at -300 mV.
Next, we “add” another phenazine to the studies by imaging a biofilm formed by
the ΔphzHS strain (Figs. 4.17 a and e) and, thereby, investigate the spatial distribution of
PCA conversion to 5-MCA (Fig. 4.1). We note that 5-MCA is known to be highly reactive
(Hansford et al. 1972a) and, therefore, we cannot exclude that a 5-MCA derivative is
present (Abu et al. 2013a). PCA is present at low concentrations throughout the center
of the colony and at slightly higher concentrations at the edge of this area. 5-MCA is
detected, with current peaks at -200 mV (reductive SWV) and -150 mV (oxidative SWV)
(Fig. 4.17b-c), at maximum concentration in a ring outside of the PCA-containing area
(Figs. 4.17 a and e). This suggests localized activity of PhzM, the methylase responsible
for conversion of PCA to 5-MCA. Previous findings suggest that phzM expression is celldensity dependent (Wurtzel et al. 2012a), but analysis of DAPI-stained colony thin
sections do not reveal significant variations in cell density relevant for the 5-MCA
distribution pattern observed by electrochemical imaging (Figure 4.18). Given the strict
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O2-dependence of the hydroxylation that converts 5-MCA to PYO, one might expect that
O2 is also required for PCA methylation and generation of 5-MCA, and that this could
explain the localization of 5-MCA to the relatively well-oxygenated region of the colony
closer to the edge. However, PCA-addition experiments show that anaerobic cell
suspensions catalyze 5-MCA production in a PhzM-dependent manner (Figure 4.19).
We conclude that an alternative unknown parameter affects the conversion of PCA to 5MCA in the colony center and gives rise to the ring-shaped distribution of 5-MCA.
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Figure 4.17 | Electrochemical imaging of a ΔphzHS biofilm. (a) Electrochemical
imaging, based on reductive square wave voltammetry (SWV), of a ΔphzHS biofilm after
2 days of development. Pixel intensity is proportional to phenazine concentration. PCA =
green, 5-MCA = red. Standard error in calibration is 14 µM for PCA and 15 µM for 5MCA. Images are 8 mm x 8 mm. (b) Locations of example square wave voltammogram
and cross-section in (c) and (d), respectively. (c) Example square wave voltammogram
from a single electrode. (d) Example averaged cross-section from the electrochemical
image in (a). (e) Electrochemical imaging, based on oxidative SWV, of the same
ΔphzHS biofilm shown in (a). Pixel intensity is proportional to phenazine concentration.
PCA is shown in green and 5-MCA in red. Standard error in calibration is 74 µM for PCA
and 12 µM for 5-MCA. Images are 8 mm x 8 mm. (f) Locations of example square wave
voltammogram and cross-section in (g) and (h), respectively. (g) Example square wave
voltammogram from a single electrode. (h) Example averaged cross-section from the
electrochemical image in (e).
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Figure 4.18 Colony thin sections of (a) wild-type and (b) the ∆phzH mutant strain.
Sections were stained with DAPI and imaged using Zeiss AxioZoomV.16 macroscope
(excitation = 365BP / 50 nm, emission = 445BP / 50 nm). Image depicts one representative
of three different sections ranging from colony center to edge. DAPI fluorescence and
height measurements were plotted. Scale bars are 500 µm
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Figure 4.19 Anaerobic cell suspensions catalyze 5-MCA production in a PhzMdependent manner. Overnight cultures of ∆phz∆phzS and ∆phzM PA14 were diluted
inside an anaerobic chamber into stoppered and crimped Balch tubes containing 5 mL
MOPS-LB medium (50 mM MOPS 20 mM glucose 20% LB 1mM MgSO4 7H2O 1 µg/mL
FeSO4 7H2O) supplemented with 100 µM PCA. The cultures were grown for 16 hours
at 37 ˚C shaking at 250 rpm in the dark. The supernatant was collected from 1mL of the
culture by centrifuging at 16873 x g for 2 minutes. Phenazines in the supernatant were
analyzed using a commercial potentiostat (CH instruments CHI760D) with an
electrochemical cell consisting of a 1.6 mm-diameter gold working electrode, a platinum
counter electrode, and a Ag/AgCl reference electrode (BASI). The SWV input signal
consisted of a staircase ramp from -0.8 to 0.2 V, with 10 mV increments, 50 mV stair
amplitude and 10 Hz frequency.
While the general spatial patterns of oxidized (Figs. 4.17 a and d) and reduced
(Figs. 4.17 e and h) PCA and 5-MCA are the same, reduced PCA is present at
approximately 4.5 times the concentration of oxidized PCA, while oxidized and reduced
5-MCA are present at nearly identical concentrations. (Fig. 4.20 provides an alternative
presentation of the data.) The higher ratio of reduced to oxidized PCA at the edge is
suggestive of PCA cellular reduction activity. The different oxidation states of the PCA
and 5-MCA pools may arise from differences in reactivity with oxygen or rates of cellcatalyzed reduction and await further investigation. Finally, we note that the unidentified
phenazine detected in the ∆phzHM biofilm (Fig. 4.13) is no longer detected here. As this
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phenazine may be an alternate product of PhzA-G activity, we hypothesize that the
relative amounts of this compound and PCA are affected by downstream consumption of
PCA by PhzM. With 5-MCA synthesis acting as a “PCA sink”, core phenazine
biosynthesis may be shifted from the “PDC” toward PCA.

Figure 4.20 Cross-sections for the ΔphzHS colony of Fig. 4.17, with the reductive
and oxidative results for (a) PCA and (b) 5-MCA overlaid. While the general spatial
patterns of oxidized and reduced PCA and 5-MCA are the same, reduced PCA is
present at approximately 3.5 times the concentration of oxidized PCA, while oxidized
and reduced 5-MCA are present at nearly identical concentrations.
Finally, we image a ∆phzH biofilm that produces three phenazines, PCA, 5-MCA,
and PYO (Fig. 4.21a). PYO is detected with current peaks at -370 mV (reductive SWV)
and -300 mV (oxidative SWV). The overlap of these PCA and PYO peaks means that
oxidative SWV can only be used for identification of PCA when PYO is absent. After two
days of biofilm growth, we find PCA at low levels throughout the center of the biofilm,
while 5-MCA is present at the edge in a ring surrounding the area of PCA production, as
is seen in the ∆phzHS mutant (Fig. 4.17). In a similar distribution, PYO accumulates at
low levels throughout the center but is present in higher concentrations at the colony
edge, located even outside the ring of high 5-MCA levels. This is consistent with the fact
that the conversion of 5-MCA to PYO, catalyzed by the monooxygenase PhzS, is an O2dependent reaction (Greenhagen et al. 2008a), as the outermost edge of the colony is
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more O2-replete than areas within the colony that are further away from the edge
(Madsen et al. 2015).

Figure 4.21 Electrochemical imaging of a ΔphzH biofilm. (a) Electrochemical
imaging, based on reductive square wave voltammetry (SWV), of a ΔphzH biofilm after 2
days of development. Pixel intensity is proportional to phenazine concentration. PCA is
shown in green, 5-MCA in red, and PYO in blue. Standard error in calibration is 18 µM
for PCA, 8 µM for 5-MCA, and 14 µM for PYO. Images are 8 mm x 8 mm. (b) Locations
of example square wave voltammogram and cross-section in (c) and (d), respectively.
(c) Example square wave voltammogram from a single electrode. (d) Example averaged
cross-section from the electrochemical image in (a).
While Figs. 4.13, 17, and 21 demonstrate the utility of the electrochemical
camera chip to image spatial distribution of redox-active compounds, we seek to
investigate next its ability to study effects of environmental perturbations on these
distributions temporally. In addition to the conversion of 5-MCA to PYO, biochemical
studies have indicated that the phenazine biosynthetic pathway may contain additional
O2-requiring steps in the production of PCA (Xu et al. 2013b). We, therefore, examine
the effects of anaerobic growth and subsequent transfer to an aerobic atmosphere on
phenazine production and distribution in P. aeruginosa colony biofilms. Fig. 4.22 shows
SWV-based imaging of a ΔphzH biofilm grown anaerobically for two days on medium
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containing nitrate, a respiratory substrate for P. aeruginosa, and subsequently exposed
to O2 for one hour before imaging. PCA, but neither 5-MCA nor PYO, is detected. As
seen in the aerobically grown ΔphzHM, ΔphzHS, and ΔphzH biofilms, PCA is
concentrated at the center of the biofilm, but the ring of higher concentration, visible in
the aerobically grown ∆phzHM colony, is not apparent. The unidentified compound
present in the ∆phzHM colony analysis is not detected here, suggesting altered flux
toward PCA during growth on nitrate. We speculate that the lack of a higherconcentration PCA ring and the lack of the unidentified compound may both be
attributed to the different distribution of electron acceptor in this colony compared to an
aerobically grown one. As the electron acceptor for an aerobically grown colony (O2) is
provided in the atmosphere, it becomes limited at the base and particularly in the colony
center, while nitrate is provided in the growth substrate and is, therefore, available in
excess across the entire base of the colony. We note that oxidized PCA is present in
higher concentrations than in the aerobically grown ∆phzHM colony (Fig. 4.13). This
could be due to non-specific, enzyme-mediated oxidation of PCA by nitrate (PriceWhelan 2009). (Fig. 4.23 provides an alternative presentation of the data.)
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Figure 4.22 | Electrochemical imaging of an anaerobically grown ΔphzH biofilm
following 1 hour of oxygenation. (a) Electrochemical imaging, based on reductive
square wave voltammetry (SWV), of a ΔphzH biofilm, after 2 days of anaerobic
development and after 1 hour of subsequent exposure to O2. Pixel intensity is
proportional to phenazine concentration. PCA is shown in green. Standard error in
calibration is 28 µM for PCA. Images are 8 mm x 8 mm. (b) Locations of example square
wave voltammogram and cross-section in (c) and (d), respectively. (c) Example square
wave voltammogram from a single electrode. (d) Example averaged cross-section from
the electrochemical image in (a). (e) Electrochemical imaging, based on oxidative
square wave voltammetry, of the same ΔphzH biofilm shown in (a). Pixel intensity is
proportional to phenazine concentration. PCA is shown in green. Standard error in
calibration is 74 µM for PCA. Images are 8 mm x 8 mm. (f) Locations of example square
wave voltammogram and cross-section in (g) and (h), respectively. (g) Example square
wave voltammogram from a single electrode. (h) Example averaged cross-section from
the electrochemical image in (e).
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Figure 4.23 Cross-sections for the anaerobically-grown ΔphzH colony after 1 hour
of oxygenation of Fig. 4.17, with the reductive and oxidative results for PCA
overlaid. While the general spatial pattern of oxidized and reduced PCA is the same,
reduced PCA is present at approximately two times the concentration of oxidized PCA.
It is somewhat surprising that 5-MCA and PYO are not yet detected at the 1-hour
timepoint. After exposing the anaerobically grown ΔphzH biofilm to O2 for 4.25 hours, 5MCA and PYO are detected at the edge of the colony, with PYO occupying the
outermost edge and 5-MCA in a ring located just inside the PYO ring (Figs. 4.24 a-d).
The longer aerobic incubation time required for production of these phenazines could be
due to slow penetration of oxygen into the colon or a need to activate expression of
PhzM and PhzS. At the 4.25-hour timepoint, PCA is still present throughout the center of
the biofilm, but at a lower concentration than after one hour of aerobic incubation (Fig.
4.22). After 23 hours of O2 exposure of an anaerobically grown ΔphzH biofilm, PCA
levels drop below the detection limit, while PYO levels remain comparable to the 4.25hour timepoint and 5-MCA is decreased. This suggests a reduced production of total
phenazines at the later timepoint. These results demonstrate the ability of
electrochemical imaging to reveal the response of phenazine biosynthetic activity in a
colony to changes in the chemical environment.
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Figure 4.24 | Electrochemical imaging of anaerobically grown ΔphzH biofilms
following 4.25 and 23 hours of oxygenation. (a) Electrochemical imaging, based on
reductive square wave voltammetry (SWV), of a ΔphzH biofilm after 2 days of anaerobic
growth and after 4.25 hours of subsequent exposure to O2. Pixel intensity is proportional
to phenazine concentration. PCA is shown in green, 5-MCA in red, and PYO in blue.
Standard error in calibration is 18 µM for PCA, 4 µM for 5-MCA, and 4 µM for PYO.
Images are 8 mm x 8 mm. (b) Locations of example square wave voltammogram and
cross-section in (c) and (d), respectively. (c) Example square wave voltammogram from
a single electrode. (d) Example averaged cross-section from the electrochemical image
in (a). (e) Electrochemical imaging, based on reductive SWV, of a ΔphzH biofilm after 2
days of growth and after 23 hours of subsequent exposure to O2. Pixel intensity is
proportional to phenazine concentration. 5-MCA is shown in red, and PYO in blue.
Standard error in calibration is 4 µM for 5-MCA, and 4 µM for PYO. Images are 8 mm x 8
mm. (f) Locations of example square wave voltammogram and cross-section in (g) and
(h), respectively. (g) Example square wave voltammogram from a single electrode. (h)
Example averaged cross-section from the electrochemical image in (e).
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4.5 Discussion
Multicellularity has evolved in every kingdom of life, and the benefits of
multicellularity, such as resistance of biofilms to antimicrobial agents, are well-known
(Grosberg and Strathmann 2007b). Less well understood are the mechanisms whereby
individual cells in a multicellular entity can act together as a community - for example,
how a P. aeruginosa biofilm coordinates structure formation. This study takes a novel
approach towards studying the chemical basis for community behavior. For any in vivo
method designed to directly detect metabolites involved in community behavior, the
spatial heterogeneity of physiological conditions within multicellular systems (Stewart
and Franklin 2008b) necessitates a method capable of spatially-resolved detection of
molecules of interest with high resolution within the intact sample.
While a few integrated circuit-based electrochemical arrays have been reported
in the literature (Inoue et al. 2012; Sen et al. 2013; Kim et al. 2013a; Rothe et al. 2014),
to our knowledge, this is the largest electrochemical array with integrated counter and
reference electrodes employed in a microbiology context. All of the other arrays employ
constant-potential amperometry for any “full-frame” measurements. The use of a
potential sweep method for full frame measurements, as applied here, enables
simultaneous detection of multiple redox-active species and differentiation between
distinct redox states of the same compound, as demonstrated here. The high resolution
afforded by this improved device and technique allows the user to detect features in the
metabolite concentration profiles to a resolution better than 250 µm.
When used to image P. aeruginosa PA14 colony biofilms with various capacities
for phenazine production and grown under changing conditions, this newly developed
electrochemical camera chip provides a view of metabolite distribution that was not
previously attainable. These results hint at surprising aspects of phenazine production
and metabolism. First, they show that 5-MCA production does not directly correlate with
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PCA availability (Fig. 4.17), suggesting that environmental parameters differential
regulate synthesis of these two phenazines. Although we have observed that a “coffee
ring effect” (Deegan et al. 2000) can lead to specific feature formation in PA14 colonies
under some conditions, the conditions used to prepare colonies for this study do not lead
to obvious differences in cell distribution. This suggests that other environmental
parameters affect the conversion of PCA to 5-MCA. Second, although 5-MCA synthesis,
which is required for wild-type colony biofilm morphology, is not strictly O2-dependent
(Fig. 4.19), our analyses raise the possibility that 5-MCA production, is nonetheless
affected by O2 availability as 5-MCA is not detected in anaerobically grown colonies until
4.25 hours after they have been exposed to O2 (Fig. 4.24). Furthermore, a greater
proportion of the PCA pool is oxidized in the anaerobically grown colony after one hour
of aerobic incubation than in the aerobically grown ∆phzHS colony (Figs. 4.20 and 23),
suggesting that PCA oxidation can be coupled to nitrate reduction under physiological
conditions. These findings await further biochemical verification but have implications for
our understanding of the roles of phenazine chemistry in biofilm redox homeostasis,
morphogenesis, and pathogenicity.
As applied here, electrochemical imaging indicates the presence of a phenazine
derivative or metabolite that was not detected by other techniques. In its use of SWV,
electrochemical imaging is a more “open-ended” approach than those that detect current
output at set potential and, therefore, one that may reveal unexpected chemical species
in samples. Direct electrochemical probing can be applied for diagnosing and even
disrupting biofilm-based infections, as cells assume a biofilm-specific physiological state
that contributes to antibiotic resistance. In addition to this potential application in clinical
settings, the camera chip developed here could prove useful in characterization of
metabolite distribution in naturally formed microbial communities, such as the mats
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formed by mixed populations of microbes in marshes, as well as disruption of biofilms
responsible for decreased efficiency in industrial settings.
The electrochemical imaging approach is also directly applicable to similar
studies on eukaryotic systems both in vivo and in vitro. Studies in eukaryotes have
provided countless examples in which compounds (often called morphogens) control the
patterning of multicellular structures. More recent work in bacteria has shown that many
of the small molecule signals with critical roles in eukaryotic organisms also have
regulatory effects in bacterial communities. Nitric oxide (NO), for example, is a potent
vasodilator (Ignarro et al. 1987) that has been implicated in dispersal events of biofilms
(Barraud et al. 2009b). In addition to distinguishing between metabolites based on their
redox potentials, we demonstrate that this method detects different redox states of the
same metabolite and can be used to map changes in metabolite distribution after
environmental perturbations. Biofilms, such as those found in water distribution systems
and the chronic pulmonary infections that occur in patients with cystic fibrosis, persist in
industrial and clinical settings with dynamic chemistries. A better understanding of the in
situ metabolic response to such changes may support future efforts to control their
effects. Furthermore, the possibility of locally manipulating biofilms by actively oxidizing
or reducing metabolites through the action of specific working electrodes also exists and
will be pursued in future work.
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The RND efflux pump MexGHI-OpmD supports release of an endogenous
phenazine from Pseudomonas aeruginosa
5.1 Abstract
Many efflux pumps have been analyzed for their ability to transport drugs, but
comparatively little is known about their natural substrates and the ecological inducers of
pump expression. The pump MexGHI-OpmD has been implicated in transport of
phenazines--antibiotics

and

signals

produced

by

the

opportunistic

pathogen

Pseudomonas aeruginosa. Previous studies of P. aeruginosa virulence and physiology
have primarily focused on the bright blue phenazine pyocyanin, which is not a substrate
of MexGHI-OpmD though it induces expression of this transporter. Here, we
demonstrate that P. aeruginosa release of the reactive 5-methylphenazine-1-carboxylate
(5-Me-PCA) is mediated by MexGHI-OpmD, and that 5-Me-PCA is sufficient to fully
induce MexGHI-OpmD expression. Furthermore, we show that 5-Me-PCA, but not
pyocyanin, is required for normal colony morphogenesis in P. aeruginosa. These results
highlight the physiological significance of 5-Me-PCA and support a unique model in
which an endogenous antibiotic directly controls expression of its transporter via a
simple circuit.
5.2 Introduction
Though efflux pumps are notorious for transporting clinically relevant antibiotics,
there is great interest in identifying the natural substrates and inducers of these systems
(Martin et al. 2005; Martinez et al. 2009). In the gram-positive Streptomyces species,
known for their production of complex small-molecule antibiotics and pigments, genes
for antibiotic biosynthetic enzymes are typically found in large clusters, which also often
contain genes encoding efflux pumps and regulatory proteins that control expression of
adjacent loci. Efflux pumps have been implicated in the transport of, and resistance to,
antibiotics such as actinorhodin, daunorubicin, and oxytetracycline in their streptomycete

115

producers (Xu et al. 2012; Guilfoile and Hutchinson 1991; Li et al. 2014; Ohnuki et al.
1985). In several cases, intermediates in antibiotic synthesis, compounds with structural
similarities to the antibiotic, or the antibiotic itself are demonstrated or inferred inducers
of pump expression (Tahlan et al. 2007; Guilfoile and Hutchinson 1991; Cundliffe and
Demain 2010; Mak et al. 2014).
For most well-studied efflux pumps from gram-negative bacteria, on the other
hand, the hypothesized natural or ecologically relevant substrates remain mysterious.
Recent evidence suggests that Pseudomonas aeruginosa MexAB-OprM and MexEFOprN transport intercellular signals and/or intermediates formed during their synthesis
(Minagawa et al. 2012; Lamarche and Deziel 2011). Two systems in enteric bacteria—
the VexAB pump of Vibrio cholerae and the Acr(Z)AB-TolC pump of Escherichia coli—
have been linked to protection from accumulated metabolic intermediates and fatty acids
and bile salts found in the gut (Taylor et al. 2015; Ruiz and Levy 2014; Zgurskaya and
Nikaido 1999; Hobbs et al. 2012). In the enteric systems, regulators have been identified
that mediate induction of these pumps in response to their substrates (Taylor et al. 2015;
Rosenberg et al. 2003). However, discrete mechanistic connections between activators,
regulators, and efflux pumps have not been clarified in most cases, especially for
endogenously produced substrates.
P. aeruginosa is an opportunistic pathogen that causes biofilm-based infections
with devastating effects (Moet et al. 2007; Driscoll et al. 2007; Razvi et al. 2009; TolkerNielsen 2014)). This gram-negative bacterium synthesizes phenazines, redox-cycling
antibiotics that affect redox homeostasis and gene expression in both the producer and
hosts (Price-Whelan et al. 2007a; Wang and Newman 2008; Wang et al. 2011;
Recinos et al. 2012a; Dietrich et al. 2013; Glasser et al. 2014; Lau et al. 2004b; Caldwell
et al. 2009; Rada and Leto 2013). Several years ago, our group showed that pyocyanin
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(5-N-methyl-1-hydroxyphenazine), the most well-known P. aeruginosa phenazine
(Villavicencio 1998) activates the redox-active transcription factor SoxR and thereby
induces expression of a small regulon that includes the RND efflux pump-encoding
operon mexGHI-opmD (hereafter referred to as “mex”) (Palma et al. 2005; Dietrich et al.
2006a). As this was the first demonstration of SoxR homolog activation by an
endogenous metabolite, it led to a re-evaluation of the physiological activators of SoxR
in E. coli, where previous studies had led to a long-standing model of SoxR activation by
superoxide (typically generated by xenobiotics) (Greenberg et al. 1990; Tsaneva and
Weiss 1990; Gu and Imlay 2011; Gaudu and Weiss 1996). Though still under discussion
in the community (Liochev and Fridovich 2011; Imlay and Gu 2011; Shin et al. 2011;
Sheplock et al. 2013; Singh et al. 2013), the current prevailing view is that endogenously
produced or exogenously added redox-cycling compounds activate SoxR by direct
oxidation of its iron-sulfur cluster, and that the SoxR targets, or targets of transcription
factors controlled by SoxR, function to protect cells from at least some of these inducing
compounds (Dietrich and Kiley 2011; Gu and Imlay 2011).
We recognized the potential of the P. aeruginosa phenazine/SoxR/MexGHIOpmD system as a model for regulation of endogenous natural product transport and
self-protection in a gram-negative producer of antibiotics. Initial characterizations have
implicated MexGHI-OpmD in the export of several types of compounds: xenobiotics
(Sekiya et al. 2003), a precursor or derivative of the Pseudomonas quinolone signal
(PQS) (Aendekerk et al. 2005), and uncharacterized red pigments thought to be derived
from 5-methylphenazine-1-carboxylic acid (5-Me-PCA) (Dietrich et al. 2008). 5-Me-PCA,
a reactive compound, has not been fully purified from wild-type P. aeruginosa cultures
though various observations indicate that it is the intermediate between phenazine-1carboxylate (PCA) and pyocyanin in the phenazine biosynthetic pathway(Flood et al.
1972; Hansford et al. 1972b; Zheng et al. 2015). Among these are the fact that the red
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phenazine

aeruginosin

A

(5-methyl-7-amino-1-carboxyphenazinium

betaine)

is

overproduced by P. aeruginosa phzS mutants (Abu et al. 2013b; Mavrodi et al. 2001b)
which lack the hydroxylase required to convert 5-Me-PCA to pyocyanin (Parsons et al.
2007; Greenhagen et al. 2008b). Interestingly, the gene required for production of 5-MePCA from PCA, phzM, is located next to the mex operon on the P. aeruginosa
chromosome, prompting the hypothesis that 5-Me-PCA is the natural substrate of
MexGHI-OpmD.
In this study, we evaluated the significance of the P. aeruginosa PA14 SoxR
target genes individually in the context of phenazine exposure and investigated the role
of MexGHI-OpmD in 5-Me-PCA release. Effects of the synthetic phenazine PMS, a
canonical SoxR activator that is structurally similar to 5-Me-PCA, on colony morphology
and mutant fitness combined with phenotypes of mutants representing steps in
phenazine biosynthesis furthered the notion that 5-Me-PCA is the primary physiological
substrate of MexGHI-OpmD. We present the results of genetic and chemical analyses
that support this hypothesis, including specific detection of naturally produced 5-Me-PCA
from P. aeruginosa PA14. Finally, we demonstrate that 5-Me-PCA, and not the wellstudied phenazine pyocyanin, is necessary for full activation of mex expression in PA14
liquid cultures and biofilms.
5.3 Methods
5.3.1 Strains and culture conditions
Strains used in this study are listed in Table 5.1. For preculturing and genetic
manipulation, bacteria were routinely grown at 37°C in Lysogeny Broth (LB) or on LB
solidified with 1.5% agar (Bertani 2004b). MOPS-LB (50 mM MOPS buffer, 43 mM NaCl,
93 mM NH4Cl, 2.2 mM KH2PO4, 1 mM MgSO4•7H2O, 3.6 µM FeSO4•7H2O, 20 mM
glucose, 20% LB) was used for experiments requiring a semi-defined medium. Basal
“colony morphology assay medium,” used for phenazine sensitivity and colony
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development studies, contains 1% tryptone, 1% agar, 40 µg/mL Congo red, and 20
µg/mL Coomassie blue. For selection during genetic manipulation, gentamicin was
added to the medium at 15 µg/mL for E. coli or 100 µg/mL for P. aeruginosa.
Table 5.1 Bacterial and fungal strains used in this study.
Strain

Relevant characteristics

Source

Pseudomonas aeruginosa
UCBPP-PA14

Clinical isolate UCBPP-PA14

(Rahme et
al. 1995)

PA14 ∆phz

PA14 with deletions in phzA1-G1 and phzA2G2 operons

(Dietrich et
al. 2006a)

PA14 ∆soxR

PA14 with deletion in soxR

(Dietrich et
al. 2006a)

PA14 ∆mex

PA14 with deletion in mexGHI-opmD operon

(Dietrich et
al. 2008)

PA14 ∆PA2274

PA14 with deletion in PA14_35160

(Dietrich et
al. 2008)

PA14 ∆PA3718

PA14 with deletion in PA14_16310

(Dietrich et
al. 2008)

PA14 ∆mex∆PA2274

PA14 with deletions in mexGHI-opmD operon
and PA14_35160

This study

PA14
∆mex∆PA2274∆PA3718

PA14 with deletions in mexGHI-opmD operon,
PA14_35160, and PA14_16310

This study

PA14 ∆phz∆soxR

PA14 with deletions in phzA1-G1 operon,
phzA2-G2 operon, and soxR

This study

PA14 ∆phz∆mex

PA14 with deletions in phzA1-G1, phzA2-G2,
and mexGHI-opmD operons

(Dietrich et
al. 2008)

PA14 ∆phz∆PA2274

PA14 with deletion in in phzA1-G1 operon,
phzA2-G2 operon, and PA14_35160

This study

PA14 ∆phz∆mex∆PA2274

PA14 with deletions in phzA1-G1 operon,
phzA2-G2 operon, PA14_35160, and mexGHIopmD operon

This study
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PA14 ∆phzM

PA14 with deletion in phzM

This study

PA14 ∆phzS

PA14 with deletion in phzS

This study

PA14 ∆phzHM

PA14 deletions in phzH and phzM

(Bellin et al.
2014a)

PA14 ∆phzHS

PA14 with deletions in phzH and phzS

(Bellin et al.
2014a)

PA14 ∆phzH

PA14 with deletion in phzH

(Bellin et al.
2014a)

PA14 ∆mex∆phzHM

PA14 with deletion in mexGHI-opmD operon,
phzH, and phzM

This study

PA14 ∆mex∆phzM

PA14 with deletions in mexGHI-opmD operon,
and phzM

This study

PA14 ∆mex∆phzHS

PA14 with deletion in mexGHI-opmD operon,
phzH, and phzS

This study

PA14 ∆mex∆phzH

A14 with deletion in mexGHI-opmD operon
and phzH

This study

PA14 ∆opmD

PA14 with deletion in opmD

This study

PA14 ∆mexG

PA14 with deletion in mexG

This study

PA14 mexH::tn

PA14 with MAR2xT7 transposon insertion in
mexH

(Liberati et
al. 2006)

PA14 mexI::tn

PA14 with MAR2xT7 transposon insertion in
mexI

(Liberati et
al. 2006)

PA14 ∆phzH-yfp

mini-Tn7(Gm)PA1/04/03-eyfp genomically
integrated by Tn7 in PA14 ∆phzH

This study

PA14 ∆mex∆phzH-yfp

mini-Tn7(Gm)PA1/04/03-eyfp genomically
integrated by Tn7 in PA14 ∆mex∆phzH

This study

PA14 ∆phzHM-yfp

mini-Tn7(Gm) PA1/04/03-eyfp genomically
integrated by Tn7 in PA14 ∆phzHM

This study
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PA14 ∆mex∆phzHM-yfp

mini-Tn7(Gm) PA1/04/03-eyfp genomically
integrated by Tn7 in PA14 ∆mex∆phzHM

This study

PA14 ∆pqsA-C

PA14 with deletion in pqsA-C

(Recinos et
al. 2012a)

PA14 ∆phz∆phzS

PA14 with deletions in phzA1-G1 operon,
phzA2-G2 operon, and phzS

This study

PA14 ∆phz PmexG-GFP

PA14 ∆phz with mexG promoter driving GFP
expression

This study

PA14 ∆phzHM PmexG-GFP

PA14 ∆phzHM with mexG promoter driving
GFP expression

This study

PA14 ∆phzHS PmexG-GFP

PA14 ∆phzHS with mexG promoter driving
GFP expression

This study

PA14 ∆phzH PmexG-GFP

PA14 ∆phzH with mexG promoter driving GFP
expression

This study

UQ950

E. coli DH5 ⋋pir strain for cloning. F-∆(argFlac)169φ80 dlacZ58(∆M15) glnV44(AS) rfbD1
gyrA96(NaIR) recA1 endA1 spoT thi-1 hsdR17
deoR ⋋pir+

D. Lies,
Caltech

BW29427

Donor strain for conjugation. thrB1004 pro thi
rpsL hsdS lacZ ∆M15RP4-1360 ∆(araBAD)567
∆dapA1314::[erm pir(wt)]

W. Metcalf,
University of
Illinois

Candida albicans

(Gillum et
al. 1984)

S. cerevisiae MATa/MATalpha leu2/leu2 trp1289/trp1-289 ura3-52/ura3-52 his3-∆1/his3-∆1

Invitrogen

Escherichia coli

Candida albicans
SC5314

Saccharomyces cerevisiae
InvSc1

5.3.2 Strain construction
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Plasmids and primers used in this study are listed in Tables 5.2 and 5.3.
Table 5.2 Plasmids used in this study.
Plasmids

Description

Source

pSMV10

9.1 kb mobilizable suicide vector; oriR6k,
mobRP4, sacB, KmR GmR

D. Lies,
Caltech

pMQ30

7.5 kb mobilizable vector oriT, sacB, GmR

(Shanks et
al. 2006)

pMQ37

pMQ30 containing attB flanking regions and
gfp

This study

pLD76

PCR fragment containing ∆soxR introduced
into pSMV10 by ligation

(Dietrich et
al. 2006a)

pLD59

PCR fragment containing ∆PA3718
introduced into pSMV10 by ligation

(Dietrich et
al. 2008)

pLD117

PCR fragment containing ∆mexG introduced
into pMQ30 by gap repair cloning in InvSc1

This study

pLD47

PCR fragment containing ∆mexG-I and
∆opmD introduced into pSMV10 by ligation

(Dietrich et
al. 2008)

pLD38

PCR fragment containing ∆PA2274
introduced into pSMV10 by ligation

(Dietrich et
al. 2008)

pLD294

PCR fragment containing ∆phzS introduced
into pMQ30 by gap repair cloning in InvSc1

(Recinos et
al. 2012a)

pLD296

PCR fragment containing ∆phzM introduced
into pMQ30 by gap repair cloning in InvSc1

(Recinos et
al. 2012a)

pLD294

PCR fragment containing ∆phzS introduced
into pMQ30 by gap repair cloning in InvSc1

(Recinos et
al. 2012a)

pLD1235

PCR fragment containing ∆opmD introduced
into pMQ30 by gap repair cloning in InvSc1

This study

pLD1157

PCR fragment containing ∆phzM, ∆mexG-I,
and ∆opmD introduced into pMQ30 by gap
repair cloning in InvSc1

This study

pAKN69

Contains mini-Tn7(Gm)PA1/04/03::eyfp fusion

(Lambertsen
et al. 2004)

β2155

thrB1004 pro thi strA hsdsS lacZD M15
(F`lacZD M15 lacIq traD36 proA+ proB+) D
dapA::erm (Ermr) pir::RP4 [::kan (Kmr) from

(Dehio and
Meyer 1997)
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SM10]

pLD2333

PCR fragments containing attB site, mexG
promoter, and gfp introduced into pMQ30 by
gap repair cloning in InvSc1.

This study

Table 5.3 Primers used in this study.
∆mex∆phzM deletion strains
∆mex∆phzM
yeast-1

ccaggcaaattctgttttatcagaccgcttctgcgttctgatCACTCGACCCAGAAGTGGTT

∆mex∆phzM
yeast-2

aactcgctcgaaagcaactgTATCAAATTACGCGCAGCAG

∆mex∆phzM
yeast-3

ctgctgcgcgtaatttgataCAGTTGCTTTCGAGCGAGTT

∆mex∆phzM
yeast-4

ggaattgtgagcggataacaatttcacacaggaaacagctGGCTTCCAGGGCAAAGTC

∆mexG deletion strain
∆mexG yeast 1

ggaattgtgagcggataacaatttcacacaggaaacagctCCAACCAGAATAGCGACCAG

∆mexG yeast-2

ctcaggccttctggtaggtgCAGTTGCTTTCGAGCGAGTT

∆mexG yeast-3

aactcgctcgaaagcaactgCACCTACCAGAAGGCCTGAG

∆mexG yeast-4

ccaggcaaattctgttttatcagaccgcttctgcgttctgatGGTGTAGGTGACTGCGGTTT

∆opmD deletion strain
∆opmD yeast-1

ccaggcaaattctgttttatcagaccgcttctgcgttctgatGAACTACGTCAACCGCTTCG

∆opmD yeast-2

cctgaaccggaactctcaacGACTGCGGACGCTGGTAGTC

∆opmD yeast-3

gactaccagcgtccgcagtcGTTGAGAGTTCCGGTTCAGG

∆opmD yeast-4

ggaattgtgagcggataacaatttcacacaggaaacagctCTGCTGCGCGTAATTTGATA
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Markerless

deletions

in

specific

loci

were

generated

by

homologous

recombination as described previously (Recinos et al. 2012a). Deletion plasmids were
generated using the yeast gap repair method as described previously (Recinos et al.
2012a; Shanks et al. 2006).
Strains constitutively expressing eyfp from the PA1/04/03 promoter, for use in
competition experiments, were generated using the pAKN69-eYFP plasmid (Lambertsen
et al. 2004), which was mobilized into PA14 via triparental conjugation. Stationary phase
cultures of the donor (BW29427 containing pAKN69-eYFP), recipient, and helper
(β2155) strains were mixed in equal ratios, spotted on LB agar containing
diaminopimelic acid (DAP), and incubated at room temperature overnight. The cells
were scraped off the agar using a pipette tip, washed with LB, and plated on selective
medium. Resistant transconjugants were screened by PCR for insertion of the reporter
construct at the neutral attTn7 site on the PA14 chromosome and expression of the
reporter was verified by fluorescence scanning (Typhoon FLA7000, GE Healthcare).
Strains expressing GFP under the control of Pmex were generated by homologous
recombination. First, we created a plasmid for homologous recombination into the
neutral attB site on the PA14 chromosome. Regions ~1 kb in size on either side of this
locus were amplified using PA14 genomic DNA as a template, while gfp was amplified
from pYL122 (Lequette and Greenberg 2005). The fragments were cloned into pMQ30
using homologous recombination in S. cerevisiae InvSc1, creating pMQ37. Next, a
region approximately 500 bp upstream of the mexG start site was amplified and cloned
into pMQ37 using SpeI and XhoI, giving pLD2333. This plasmid was moved into various
strain backgrounds using the BW29427 donor strain (see Table S1). Stationary phase
cultures of the donor and recipient strains were mixed in 4:1 ratios, spotted on LB agar
containing DAP, and incubated at room temperature overnight. The cells were scraped
from the agar using a pipette tip, washed with LB, and plated on selective medium.
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Single recombinants (containing the genomically inserted pLD2333) were grown in LB to
exponential phase and then plated on LB agar containing no NaCl and 10% sucrose.
Double recombinants (that resolved the plasmid but retained Pmex-GFP) were verified by
PCR and fluorescence scanning.
5.3.3 Sensitivity to different phenazines and paraquat
Liquid precultures of each strain to be tested were grown for ~16 hours overnight
in LB medium. Phenazines were added to the colony morphology assay medium from
stock solutions after autoclaving. Stock solutions of PCA (Apexmol Technology) and
pyocyanin (Cayman Chemical) were dissolved in DMSO, while PMS (MP Biomedicals)
and paraquat (Acros Organics) were dissolved in water. The stocks were diluted so that
equal volumes of water or DMSO were added to the medium. Two microliters of
overnight cultures were spotted on agar-solidified media containing the indicated
concentrations of phenazines and incubated at 25°C, 100% humidity in the dark. After
two days of growth, colonies were imaged using a Keyence VHX-1000 digital
microscope.
5.3.4 PMS sensitivity
Liquid precultures of each strain to be tested were grown overnight in LB
medium. Ten microliters of these precultures were spotted on agar-solidified medium
containing 600 µM PMS and incubated at 25°C in the dark. Colonies were imaged at
indicated time points using a Canon CanoScan 5600F scanner. For quantification of
colony forming units (CFUs) in colonies, 10 µL of overnight LB precultures were spotted
on colony morphology assay medium containing different concentrations of PMS. After
two days of growth, each colony was scraped from the agar using a razor blade and
added to a 1.5 mL screw cap tube containing 1 mL LB and 0.5 g 1.4-mm acid-washed
zirconium beads (OPS Diagnostics, LLC). The colonies were homogenized at the
highest setting using a Mini Beadbeater (Biospec Products) for 3 minutes and diluted in
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LB. Ninety-microliter aliquots of 10-4, 10-6, and 10-7 dilutions were spotted on 1% tryptone
1% agar plates and incubated overnight at 37°C before colony enumeration.
5.3.5 Colony morphology assay
Ten microliters of overnight precultures were spotted on colony morphology
assay medium (described above; 60 mL in a 9-cm square plate) and incubated at 25°C,
100% humidity. The colonies were imaged daily using a Keyence VHX-1000 digital
microscope. Time lapse movies of colony development were taken using an iPod
running Lapse It software. Images of colonies growing in a humidified chamber in the
dark were taken every 15 minutes. An LED light that was programmed to turn on every
15 minutes using LabVIEW software was used to illuminate the colonies for
photographing.
5.3.6 Growth curves
Overnight precultures were diluted 1:100 in fresh LB and grown to exponential
phase. The exponential phase cultures were diluted to an optical density (OD) at 500 nm
of 0.05 in LB medium and grown for 24 hours. The cultures were then diluted 1:200 in 1
mL LB. Two hundred µLs of the diluted cultures were transferred to a sterile 96 well plate
(Greiner Bio-One, 655001), and incubated at 37°C with continuous shaking on the “fast”
setting in a BioTek Synergy 4 plate reader.
5.3.7 Competition experiments
Overnight precultures were diluted 1:100 in LB and grown to exponential phase.
The exponential phase cultures were centrifuged at 2152 rcf for 2 minutes, washed,
resuspended in 1% tryptone, and mixed in 50:50 ratios. At indicated time points, cultures
were diluted to 10-7-10-4 and spread on 1% tryptone 1% agar plates.
5.3.8 Extraction and detection of PQS produced by colonies
Ten microliters of stationary phase LB cultures were spotted on polycarbonate
membrane filters (Whatman 110606, pore size = 0.2 µm) on colony morphology assay
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medium and incubated at 25 ˚C, 100% humidity. After 4 days of growth, the filter paper
and attached colony were removed from the agar plate with forceps, and placed inside a
20 mL scintillation vial containing 1 mL 0.015% acetic acid/ethyl acetate. The PQS was
extracted into the ethyl acetate overnight in the dark at room temperature. The extract
was dried using a vacuum centrifuge for 20 minutes at 60˚C. The dried extract was
resuspended in 200 µL MOPS buffer (pH = 7.3) and analyzed using a BioTek Synergy 4
plate reader. The solution was excited at 340 nm and the emitted fluorescence was
measured from 340-800 nm in steps of 10 nm.
5.3.9 Extraction and detection of red phenazines produced by colonies
Ten microliters of overnight LB precultures were spotted on solidified medium
containing 1% tryptone, 1% agar and incubated at 25 ˚C, 100% humidity. After 2 days of
growth, the colonies were scraped from the agar using a metal spatula and the agar was
placed in a 15 mL falcon tube and chopped. Red phenazines were extracted into 2 mL of
water in the dark at room temperature. Five hundred microliters of extract was removed
and centrifuged at 16873 x g for 2 minutes. The supernatant was filtered through a
cellulose acetate membrane (Corning Life Sciences Plastic 8161, pore size = 0.22 µm)
and a 200-µL aliquot was analyzed using a BioTek Synergy 4 plate reader. The solution
was excited at 510 nm and the emitted fluorescence was measured from 540-800 nm in
steps of 10 nm.
5.3.10 Candida albicans bioassay
Candida albicans was grown in yeast extract peptone dextrose medium (YPD)
overnight at 30˚C (Ausubel 1994 Current protocols in molecular biology). Seven hundred
microliters of the culture were spread onto YPD 1.5% agar plates and incubated at 30˚C
for 48 hours. Five microliters of LB-grown cultures of P. aeruginosa PA14 WT, ∆phz,
∆phzM, and ∆mex were spotted onto C. albicans lawns and incubated 24 h at 30oC
(Gibson et al. 2009). The co-cultures were imaged with a Canon CanoScan 5600F
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scanner. The intracellular fluorescence of C. albicans cultured with or without P.
aeruginosa was analyzed as previously described with few modifications (Morales et al.
2010). Briefly, fungal cells were sampled and suspended into sterile saline solution (final
volume 1 ml) and fixed with 2% paraformaldehyde for 15 min on ice. Cell solutions were
washed twice with 1 ml PBS and scanned by flow cytometry in a BD Canto instrument
using the R-phycoerythrin (PE-A) channel (excitation, 488 nm). Approximately 105 cells
were evaluated for fluorescence. Analyses were performed for two independent coculture assays.
5.3.11 Phenazine detection by square wave voltammetry
Overnight P. aeruginosa precultures were diluted 1:50 in LB and grown to
exponential phase. The cells were centrifuged at 2152 rcf for 2 minutes, resuspended in
MOPS-LB, and diluted to OD500 = 0.05 in 50 mL MOPS-LB. Stationary phase cells were
centrifuged at maximum speed and the supernatant was collected. The SWV signal
consisted of the response to a series of forward and reverse voltage steps. The current
value at the end of each voltage step was sampled, and the current sample after a
forward voltage step was subtracted from the current sample after a reverse voltage
step. The resulting signal was plotted as a function of applied potentiostat voltage.
5.3.12 Phenazine detection by HPLC
P. aeruginosa precultures were grown overnight, diluted 1:50 in liquid LB, and
grown to exponential phase. The cells were centrifuged at 2152 rcf for 2 minutes,
resuspended in MOPS-LB, and diluted to OD (500 nm) = 0.05 in 50 mL MOPS-LB. Cells
were centrifuged at maximum speed and supernatant was filtered through a cellulose
acetate membrane (pore size = 0.22 µm). A 50-µL sample was loaded on an analytical
Waters Symmetry C-18 reverse phase column (5µm particle size, 4.6 x 150 mm2).
HPLC-based separation was carried out using a gradient of water-0.01% TFA (pH 3.01;
solvent A) to acetonitrile-0.01% TFA (solvent B) at a flow rate of 0.4 mL min-1 using the
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following protocol: linear gradient from 0 to 15% solvent B for 2 min, linear gradient to
83% solvent B for 20 minutes, linear gradient from 83 to 100 % solvent B for 10 min and
finally, a linear gradient to 0% solvent B for 5 min. The total method time was 38 min.
The retention times for 5-Me-PCA, pyocyanin, and PCA were 6 min, 13 min, and 25 min
respectively.
5.3.13 Cell lysis for quantification of intracellular phenazines
Each PA14 culture was grown in 500 mL of MOPS-LB medium to an OD (500
nm) of 3.1

and centrifuged at 6000 rcf for 10 minutes. Supernatant was removed

and the pellet was resuspended in 20 mL MOPS-LB medium. Cells were lysed by 2
rounds of processing in a Sim-Aminico (Spectronic Instruments) French press at 1250
lbs/in2.
5.3.14 Quantification of GFP fluorescence in Pmex reporter experiments
For quantification of mex expression in liquid cultures, MOPS-LB overnight
precultures were diluted to an OD (500 nm) of 0.01 in MOPS-LB medium in 96-well
plates. Plates were incubated at 37°C with continuous shaking on the “fast” setting in a
BioTek Synergy 4 plate reader. GFP fluorescence was detected by excitation at 480 nm
and measurement of emission at 510 nm.
For quantification of mex expression in colony biofilms, LB overnight precultures
were used as inocula for biofilms grown on 1% tryptone, 1% agar. Colonies were
scanned using a Typhoon FLA7000 model scanner (GE Healthcare). GFP fluorescence
was detected by excitation at 473 nm and measurement of emission at 520 nm.
Fluorescence data were processed using ImageJ.
5.4 Results
5.4.1 Select PA14 SoxR regulon mutants show sensitivity to the synthetic
phenazine PMS
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In a recent study examining the physiology of the SoxR-mediated response in P.
aeruginosa, the phenazines pyocyanin, PCA, and PMS were found to activate SoxRdependent gene expression (Sheplock et al. 2013). However, a P. aeruginosa ∆soxR
mutant did not show increased sensitivity to pyocyanin when compared to the wild type
in a toxicity assay. Here, we further characterized the SoxR-mediated response to
individual phenazines by first growing the P. aeruginosa PA14 wild type and a ∆soxR
mutant on media containing various concentrations of pyocyanin, PCA, and PMS. We
also tested sensitivity to paraquat, historically recognized as a SoxR inducer in E. coli
(Greenberg et al. 1990; Tsaneva and Weiss 1990). While pyocyanin and PCA are
produced by PA14, PMS is a synthetic phenazine that is considered a structural analog
of 5-Me-PCA, the presumed biosynthetic intermediate between PCA and pyocyanin
(Greenhagen et al. 2008b). Paraquat is a broadly toxic, synthetic redox-cycling
compound that generates intracellular reactive oxygen species. We found that the
∆soxR mutant showed little or no sensitivity to PCA, pyocyanin and paraquat, but a
strong sensitivity to PMS (Fig. 5.1a; Fig. 5.2a).
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Figure 5.1 Sensitivity of PA14 SoxR-regulon and ∆phz mutants to phenazines. (a)
Growth of WT and ∆soxR mutant on media containing various concentrations of
phenazine methosulfate (PMS), pyocyanin (PYO), or phenazine-1-carboxylic acid (PCA).
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Scale bar = 5 mm. (b) Growth of SoxR-regulon mutants on medium containing 600 µM
PMS. Scale bar = 1 cm. Images are representative of 3 independent experiments.
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Figure 5.2 Sensitivity of SoxR regulon mutants to paraquat and PMS. (a) PA14 WT
and ∆soxR after 1 day of growth in colony morphology assay medium containing the
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PMS were added on top of seeded lawns containing each mutant. Error bars represent
standard deviation of the mean for 3 replicates.
Next, we tested which SoxR target loci contribute to PMS resistance by growing
various mutants on agar containing this phenazine (Fig. 5.1b). P. aeruginosa SoxR
regulates three targets, to which we will refer using their PAO1 ORF numbers: the
mexGHI-opmD

operon

(PA4205-PA4208)
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(“mex”);

PA2274,

which

encodes

a

monooxygenase; and PA3718, which encodes an MFS transporter (Palma et al. 2005).
The individual ∆mex and ∆PA2274 mutants showed growth defects, but these were less
severe than that of ∆soxR. Growth of the ∆PA3718 mutant was identical to that of the
wild type. The defect of the ∆mex∆PA2274 double mutant was more severe than that of
the individual ∆mex and ∆PA2274 mutants. Growth phenotypes of the ∆mex∆PA2274
double mutant and the triple mutant lacking all SoxR targets were identical to each other
and to the growth phenotype of the ∆soxR mutant, demonstrating that the combination of
mex and PA2274 is sufficient for wild-type PMS resistance. Finally, ∆phz, a mutant
unable to produce PCA and therefore all PA14 phenazines, showed a growth delay
comparable to that of the ∆soxR mutant (Fig. 5.1b). This suggests that SoxR is induced
by endogenous phenazines in liquid cultures, which confers protection when these
cultures are spotted on a PMS-containing medium. The sensitivities of SoxR target
mutants were also demonstrated by a filter disk assay for PMS-dependent growth
inhibition (Fig. 5.2b). Notably, growth in the presence of PMS revealed novel phenotypes
for ∆PA2274 (Fig. 5.1b and Fig. 2b), which is not distinguishable from the wild type when
grown on PMS-free medium (Fig. 5.3) (Dietrich et al. 2008).
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Figure 5.3 Colony morphology assay of SoxR-regulon mutants. Scale bar = 1 cm.
5.4.2 PMS modulates PA14 colony development at sub-inhibitory concentrations
We have used a colony morphology assay to show that endogenous phenazines
affect the development of PA14 colonies: while ∆phz forms relatively thin colony biofilms
and, on day 2 of incubation, begins to form wrinkle structures in a dramatic spoke
pattern, wild-type (phenazine-producing) PA14 forms colonies that are initially smooth
and form concentric ridges on day 3 of incubation (Fig. 5.3) (Dietrich et al. 2008; Dietrich
et al. 2013). We wondered whether, at sub-inhibitory concentrations, PMS would have a
similar effect in this assay. We grew wild-type and ∆phz biofilms on media containing a
range of concentrations of PMS, then resuspended the biofilms and plated for colonyforming units (CFUs). PMS at 100-200 µm, a range comparable to concentrations
observed for natural phenazines (Recinos et al. 2012a), did not adversely affect the
viability of cells in ∆phz colonies (Fig. 5.4a). At 200 µM, PMS promoted smooth colony
formation in the ∆phz mutant. However, at higher PMS concentrations we observed an
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effect on biofilm coloration (less Congo red binding), and a drop in CFUs that was more
pronounced in ∆phz.
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Figure 5.4 Synthetic and endogenous phenazines modulate PA14 colony
morphology. (a) PMS modulates PA14 colony morphology at sub-inhibitory
concentrations. Top, quantification of cells (by colony-forming units) present in PA14
biofilms grown on media containing various concentrations of PMS. Error bars represent
standard deviation of the mean for 3 replicates. Bottom, images of colonies grown for 2
days on media containing PMS as indicated, representative of 3 independent
experiments. Scale bar = 1 cm. (b) Structures of PMS and 5-Me-PCA. (c) 5-Me-PCA, but
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5.4.3 5-Me-PCA, but not pyocyanin, production is required for PA14 wild-type
colony morphology
As PMS is structurally similar to 5-Me-PCA (Fig. 5.4b), we next tested whether
this intermediate or other PA14 phenazines make differential contributions to biofilm
morphogenesis. The combinations of phenazines produced by different mutants can be
discerned from the phenazine biosynthetic pathway depicted in Figure 5.4c. (Additional
derivatives that may be produced as side products of this pathway, such as phenazine1,6-dicarboxylic acid and 1-hydroxyphenazine (Xu et al. 2013a; Mavrodi et al. 2001b)
are not shown.) The ∆phzM biofilm exhibited similar wrinkling but less spreading when
compared to the ∆phz biofilm, suggesting that PCA and/or PCN inhibit spreading but that
they are not sufficient for wild-type colony development (Fig. 5.4c). Surprisingly, the
∆phzS colony biofilm, which produced 5-Me-PCA in addition to PCA and PCN, showed a
wild-type morphology. This result was unexpected because the product of PhzS,
pyocyanin, is the best-studied P. aeruginosa phenazine and supports survival in liquidculture models under oxygen-limited conditions considered relevant for biofilms (PriceWhelan et al. 2007a; Wang et al. 2010b). The ∆phzS colony morphology phenotype
observed

here

reveals

the

importance

of

5-Me-PCA

production

in

biofilm

morphogenesis.
5.4.4 MexGHI-OpmD supports the effects of 5-Me-PCA on colony development
We have previously reported that the initiation of wrinkling is delayed in ∆mex
mutant colonies relative to those of the wild type (Fig. 5.3, Fig. 5.5b) and interpret this as
a phenazine-toxicity effect, as this mutant also shows an extended lag phase in liquid
culture specifically when phenazines are produced (Dietrich et al. 2008). Interestingly,
the mex operon is adjacent to the phzM gene in the P. aeruginosa genome (Fig. 5.5a),
an arrangement that is common for genes encoding (i) efflux pumps and (ii) biosynthetic
135

enzymes that generate their substrates (Mak et al. 2014). This suggests that 5-Me-PCA
is a substrate of MexGHI-OpmD. To test this, we created combinatorial mutants lacking
the mex operon and genes involved in phenazine biosynthesis and examined their
development in the colony morphology assay (Fig. 5.5c). We found that the deletion of
mex leads to delayed wrinkling solely in strains capable of producing 5-Me-PCA.
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Figure 5.5 MexGHI-OpmD supports the effects of PA14 phenazines on colony
development. (a) Illustrations depicting the genomic organization of the mex operon
and predicted subunit arrangement of the encoded efflux pump. (b) PA14 WT and ∆mex
mutant colonies grown for 65 hours. Scale bar = 1 cm. (c) Onset of wrinkling in colonies
of phenazine biosynthesis mutants (closed circles) and their ∆mex counterparts (open
circles). Colony images are representative of 3 independent experiments. (d) Mex
component mutant colonies grown for 65 hours. Scale bar = 1 cm.
MexI, MexH, and OpmD are inner membrane, periplasmic, and outer membrane
proteins, respectively, that bear homology to their respective counterparts in other RND-
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family efflux pumps. MexG is an anomalous cytoplasmic membrane component with
unknown function. We tested mutants with disruptions in each gene of the mex operon
and found that MexH and MexI were required for wild-type colony morphology, while
OpmD and MexG were not (Fig. 5.5d). The dispensability of OpmD is consistent with
prior observations that outer membrane components of RND efflux pumps are
interchangeable; given that the P. aeruginosa genome encodes several of these,
heterologous complementation by other porins is likely (Li et al. 2000).
5.4.5 MexGHI-OpmD contributes to fitness when N-methylated phenazines are
produced
To further verify the role of MexGHI-OpmD in protection from phenazine toxicity,
we grew combinatorial mutants affected in phenazine biosynthesis and MexGHI-OpmD
activity in liquid cultures, individually and in competition. All mutants examined in these
assays were derived from the ∆phzH parent strain, which is incapable of producing PCN
and therefore shunts more PCA toward PhzM-catalyzed N-methylation. In pure cultures,
we found that the ∆mex∆phzH mutant exhibited an extended lag phase relative to the
∆phzH mutant, while the ∆mex∆phzHM mutant exhibited growth identical to that of
∆phzHM (Fig. 5.6a). In competition assays, the ∆mex∆phzH mutant showed a fitness
disadvantage when competed against ∆phzH, while the ∆mex∆phzHM mutant showed
no disadvantage when competed against ∆phzHM. A time course of CFU counts
confirmed that the benefit of MexGHI-OpmD arises specifically in late stationary phase in
strains with an intact phzM gene (Fig. 5.6b). Control experiments competing each strain
against itself and reversing the strain tagging (using the YFP label on the opposite
strain) further supported this conclusion (Fig. 5.7). These results strongly suggest that 5Me-PCA and/or its derivative is a substrate of MexGHI-OpmD, and that the accumulation
of this compound is toxic to PA14.
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phenazines are produced. (a) Growth of PA14 mutant cultures in liquid LB medium. (b)
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5.4.6 MexGHI-OpmD supports release of red 5-Me-PCA derivatives
In an earlier study, Aendekerk et al. (Aendekerk et al. 2005) characterized mexI
and opmD transposon insertion mutants generated in P. aeruginosa PAO1. These
mutants showed extended lag phases in liquid culture when compared to the wild type,
consistent with our previously published (Dietrich et al. 2008) and present work, and
were

defective

in

the

production

of

2-heptyl-3-hydroxy-4-quinolone

(i.e.,

the

Pseudomonas quinolone signal or PQS). The growth phenotypes of combinatorial PAO1

139

mexI mutants with defects in PQS biosynthesis led Aendekerk et al. to implicate
MexGHI-OpmD in the export of the PQS precursor anthranilate or a toxic derivative
thereof (Aendekerk et al. 2005). However, we measured the levels of PQS in P.
aeruginosa PA14 wild type and ∆mex mutant whole colonies and found that PQS
production in our system was unaffected by deletion of mexGHI-opmD (Fig. 5.8a).
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Figure 5.8 Effect of mex deletion on PA14 colony metabolite secretion. (a)
Quantification of PQS from colonies grown for 4 days on colony morphology assay
medium. Error bars represent standard deviation of the mean for 3 replicates. Excitation
wavelength = 340 nm. (b) Representative absorbance spectrum of aqueous extract from
a PA14 wild-type colony grown for 2 days on 1% tryptone, 1% agar medium. (c)
Fluorescence spectrum of the extract analyzed in (b). Excitation wavelength = 510 nm.
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Wild-type PA14 colonies grown on 1% tryptone, 1% agar medium release an
uncharacterized combination of red compounds that likely includes the phenazines
aeruginosin A and aeruginosin B (5-methyl-7-amino-1-carboxy-3-sulfophenazinium
betaine) (Herbert and Holliman 1969; Hansford et al. 1972b; Mavrodi et al. 2001b; Abu
et al. 2013b). Red phenazine production requires PhzM and increases when PhzS is not
functional, suggesting that these compounds are produced from 5-Me-PCA (Mavrodi et
al. 2001b). We prepared aqueous extracts from the agar underlying ∆phzH and ∆phzHM
colonies and determined the emission maximum of PhzM-dependent red phenazines to
be 620 nm (when excited at 510 nm) (Fig. 5.8b,c). We then used this method to quantify
relative levels of red phenazine produced by these mutants and the ∆phzH∆mex mutant.
Consistent with our previously reported results (Dietrich et al. 2008), disrupting mex led
to a marked decrease in the amount of red phenazine released from colonies (Fig. 5.8d).
These results implicate mex in the transport of 5-Me-PCA and/or red phenazines.
5.4.7 MexGHI-OpmD supports release of 5-Me-PCA
To determine whether 5-Me-PCA specifically is a substrate of MexGHI-OpmD,
we first employed a 5-Me-PCA bioassay in which P. aeruginosa biofilms are grown on
top of Candida albicans lawns. Under this condition, C. albicans takes up 5-Me-PCA and
exhibits red pigmentation and fluorescence, thought to arise from covalent linkage of 5Me-PCA to amino acids and soluble proteins (Fig. 5.9a) (Gibson et al. 2009; Morales et
al. 2010). While wild-type PA14 stimulated the formation of red pigments in C. albicans,
∆mex did not, and mutants representing individual MexGHI-OpmD subunits produced
results that correlated with their colony morphotypes (Fig. 5.10a and Supplementary Fig.
5.9b). We grew PA14 and various mutants in this assay, collected cells from a defined
region of the C. albicans lawn, and used flow cytometry to count cells exhibiting
increased fluorescence. The mean fluorescence intensity of C. albicans cells co-cultured
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with ∆mex was 75% lower than that of C. albicans cells co-cultured with the wild type
(Fig. 5.10a).
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Figure 5.9 C. albicans takes up 5-Me-PCA and converts it into red
methylphenanazinium derivatives. (a) PhzM-dependent red phenazine formation is
visible when PA14 colonies are grown on tpp of C. albicans lawns. (b) Red phenazine
formation in C. albicans cocultures with mutants lacking specific components of the
MexGHI-OpmD pump. Scale bar = 1 cm.
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We next endeavored to directly measure 5-Me-PCA release from various strains.
Due to its instability and polarity, detection of this compound in bacterial supernatants
has been technically challenging (Hansford et al. 1972b; Zheng et al. 2015). We
developed an HPLC-based method for 5-Me-PCA detection and compared liquid culture
supernatants from the ∆phzH mutant (expected to produce 5-Me-PCA at levels higher
than the wild type), to those obtained from the ∆phzHM mutant (which cannot produce 5Me-PCA). 5-Me-PCA was identified as a unique peak found specifically in the ∆phzH
mutant, eluting at 6 minutes (Fig. 5.11 a,b). Applying our HPLC assay to quantification of
phenazines released by the ∆phzH and ∆mex∆phzH mutants, we detected a decrease in
5-Me-PCA release in the absence of Mex (Fig. 5.10b). We attempted detection of 5-MePCA release from colonies by conducting HPLC analysis of extracts from the underlying
agar-solidified growth medium. However, we were unable to detect 5-Me-PCA using this
method (Fig. 5.11c), possibly due to degradation during the prolonged agar extraction
protocol.
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Figure 5.11 Chromatograms obtained via HPLC analysis of PA14 liquid culture
supernatants and colony morphology assay agar extract. (a,b) ∆phzH and ∆phzHM
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As 5-Me-PCA is considered a reactive intermediate of phenazine biosynthesis
(Greenhagen et al. 2008b) we conducted a growth experiment to examine changes in
the chemistry of 5-Me-PCA over time. The ∆phzHS mutant exhibits a lime-green color,
suggesting that this is the color of 5-Me-PCA, for several hours during stationary phase
before turning dark red (Fig. 5.12c). We performed chloroform extractions on culture
supernatants taken over the course of ∆phzHS growth and used HPLC to follow the
distribution of phenazines in the aqueous and organic phases. The concentration of 5Me-PCA in aqueous extracts peaked at the 9-hour time point and decreased over the
rest of the experiment. In samples taken after 8 hours, we also observed a compound in
the organic phase that eluted at the same time as 5-Me-PCA, with an absorbance
spectrum that differed slightly from that of 5-Me-PCA (Fig. 5.12a,b,d). The presence of
MOPS in our medium held the pH at 7, indicating that the appearance of the compound
in the organic phase could not be attributed to pH-dependent effects on 5-Me-PCA
similar to those described previously(Zheng et al. 2015). The appearance of the
hydrophobic phenazine derivative may be influenced by other aspects of the chemistry
of the culture medium (i.e., oxygen availability) or regulation of uncharacterized
phenazine transformations.
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Figure 5.12 HPLC analysis of phenazine production in ∆phzHS. (a) Absorbance
spectrum corresponding to the peak eluting at 6 minutes in our standard HPLC method
run with aqueous extract obtained from ∆phzHS supernatant sampled at 9 hours. (b)
Absorbance spectrum corresponding to the peak eluting at 6 minutes in our standard
HPLC method run with organic extract obtained from the same sample shown in (a). (c)
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The defect in 5-Me-PCA release displayed by ∆mex indicates that deleting mex
either (i) disrupts transport of 5-Me-PCA by MexGHI-OpmD or (ii) indirectly affects total
5-Me-PCA synthesis, leading to decreased extracellular levels. To distinguish between
these possibilities, we sought to measure intracellular phenazine concentrations. Due to
the chemical complexity of cell lysates, we could not use HPLC to detect phenazines in
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these samples and instead used square wave voltammetry (SWV), which measures the
current output of a sample over a range of potentials. First, we verified that this
electrochemical technique could detect differences in 5-Me-PCA release between the
∆phzH and ∆mex∆phzH mutants using SWV applied to culture supernatants (Fig. 5.10c).
Next, we used SWV to measure phenazines in lysates and found that intracellular 5-MePCA levels in ∆mex∆phzH were comparable to or slightly higher than those in ∆phzH
(Fig. 5.10d), even though extracellular 5-Me-PCA levels are lower in ∆mex∆phzH
relative to ∆phzH. This strongly supports a model in which mex deletion does not affect
5-Me-PCA synthesis but rather its transport out of the cell.
Finally, we sought to demonstrate a role for MexGHI-OpmD in 5-Me-PCA release
from colonies by employing an integrated circuit (IC) chip, an electrochemical metabolite
sensing platform recently developed by our group (Bellin 2014). This technique enables
direct detection of phenazines as they are released from the biofilm, eliminating the need
for agar processing and extraction steps that may allow conversion of 5-Me-PCA to
other derviatives before HPLC analysis (Fig. 5.13 a,b). In a significant advantage over
other methods, it also provides information about the spatial distribution of metabolites
released from intact multicellular samples. Electrochemical imaging showed that 5-MePCA was localized to a ring near the edges of both the ∆phzH and ∆mex∆phzH biofilms,
with less total 5-Me-PCA detected in ∆mex∆phzH (Fig. 5.10e). The specific localization
of 5-Me-PCA, in comparison to the more even distribution of pyocyanin, suggests that
this patterning is relevant for the unique effect of 5-Me-PCA on colony morphology (Fig.
5.4c). Furthermore, the dependence of colony biofilm 5-Me-PCA release on MexGHIOpmD activity is consistent with the delayed-wrinkling phenotypes exhibited by ∆mex
mutants that produce 5-Me-PCA (Fig. 5.5c).
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and colony morphology assay agar extract. (a) Square-wave voltammagram of
supernatants from cultures grown for the experiment depicted in Fig 5.13 (b) Squarewave voltammagram of colony morphology assay agar extracted prepared from medium
that supported the growth of a ∆phzH biofilm for 2 days.
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5.4.8 PhzM, but not PhzS, is necessary and sufficient for full induction of mexGHIopmD
The role of MexGHI-OpmD in 5-Me-PCA release raises the question of whether
5-Me-PCA specifically activates SoxR and thereby stimulates mex expression. To test
this, we moved a reporter construct that expresses GFP under the control of the mex
promoter into strains with deletions in various phenazine biosynthetic loci. Analysis of
GFP expression during growth in liquid cultures (Fig. 5.14) and colony biofilms (Fig.
5.15) showed increased levels specifically in strains with intact phzM genes, indicating
that phzM is necessary and sufficient for full induction of mex induction. These results
support a simple, elegant model in which 5-Me-PCA activates the regulator that directly
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Figure 5.14 5-Me-PCA and aeruginosins maximally induce mex. Strains containing
deletions in phenazine biosynthetic genes and the Pmex-GFP reporter construct were
grown in MOPS-LB. Relative amounts of each phenazine produced are indicated in the
legend.
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Figure 5.15 Phenazine-dependent mex expression in colony biofilms. Top: mex
expression, indicated by GFP fluorescence intensity in cross sections from colonies
formed by mutants unable to catalyze various steps in phenazine biosynthesis. Bottom:
Corresponding colony images. Colonies were grown on 1% tryptone, 1% agar medium
for 2 days. Scale bar = 1 cm.
5.5 Discussion
The opportunistic pathogen P. aeruginosa produces phenazines, antibiotics that
contribute to virulence not only by directly damaging host tissues but also by enhancing
pseudomonad fitness during host colonization (Rada and Leto 2013; Look et al. 2005;
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Lau et al. 2004b; Hunter et al. 2012; Wang et al. 2010b; Recinos et al. 2012a). In
particular, P. aeruginosa is well known for the production of the bright blue phenazine
pyocyanin, which contributes to the coloration of sputum and pus associated with
infections. Pyocyanin is one of several redox-active compounds that have been shown
to activate the redox-sensing transcription factor SoxR (Dietrich et al. 2006a; Sheplock
et al. 2013); in P. aeruginosa, this leads to the induction of a small regulon that includes
the mexGHI-opmD (mex) operon (Palma et al. 2005; Dietrich et al. 2006a). We
examined the physiological role of MexGHI-OpmD, the RND efflux pump encoded by
mex. We found that deletion of mex had little to no effect on the sensitivity of P.
aeruginosa PA14 to pyocyanin and the precursor phenazine PCA but rather that it
rendered PA14 sensitive to the synthetic phenazine PMS (Fig. 5.1).
PMS is structurally similar to 5-Me-PCA, an elusive, implied intermediate in the
pyocyanin biosynthetic pathway (Greenhagen et al. 2008b). Zheng et al. recently
detected 5-Me-PCA in pure P. aeruginosa cultures for the first time using a mutant that
overproduces PhzM and reported a redox potential for 5-Me-PCA of +129 mV (vs. NHE
at pH 7.0) (Zheng et al. 2015). Prior to the Zheng et al. study, the highest redox potential
measured for a pseudomonad phenazine had been that of pyocyanin, which is -40 mV
(vs. NHE at pH 7.0). The remarkably high redox potential of 5-Me-PCA has implications
for our interpretations of its physiological effects. On one hand, this property could make
its intracellular accumulation, as would be predicted in ∆mex, a harmful condition that
leads to oxidation of intracellular metabolites and redox-sensitive proteins. This effect
may be responsible for the altered colony development (i.e., persistent smoothness or
wrinkling delayed beyond the timing observed for the wild type) and liquid-culture growth
and competition defects observed in ∆mex strains (Fig. 5.3, Fig. 5.5c, Fig. 5.6b). On the
other hand, the redox potential of 5-Me-PCA would make it a favorable mediator for
extracellular electron shuttling by cells in electron acceptor-limited biofilm
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microenvironments. Our previous work suggests that this property of endogenous P.
aeruginosa phenazines has a beneficial effect in that it promotes the relatively smooth
morphotype of the wild type (Dietrich et al. 2013). Indeed, we report here that 5-Me-PCA
is the primary phenazine responsible for wild-type PA14 colony morphogenesis (Fig.
5.4c), consistent with previous chemical complementation results in which PCA more
effectively inhibited wrinkling and spreading of ∆phz colonies than pyocyanin (Ramos et
al. 2010b) (phzM is intact in the ∆phz mutant, allowing for conversion of added PCA to 5Me-PCA). This suggests that 5-Me-PCA supports redox balancing for cells in anoxic
biofilm subzones and may contribute to survival in the host.
The N-methylation reaction catalyzed by PhzM is unique to P. aeruginosa among
the phenazine-producing pseudomonad species studied to date (Mavrodi et al. 2006)
and has important consequences for phenazine chemistry. In P. aeruginosa phenazine
biosynthesis, it converts the negatively charged PCA into the zwitterionic 5-Me-PCA.
Further conversion to pyocyanin allows for tautomerization to the uncharged form, which
increases hydrophobicity and the potential of the compound to cross lipid membranes.
As a charged compound, PCA might be expected to require a transporter for efficient
release from the cytoplasm; however, in simple chloroform extractions PCA shows
greater partitioning into the organic phase than 5-Me-PCA (Fig. 16). As 5-Me-PCA is
zwitterionic and reactive under physiological conditions, it constitutes a likely substrate of
transmembrane efflux pumps, and we have demonstrated that MexGHI-OpmD is a 5Me-PCA transporter with a protective function in its producer (Figs. 3c, 4, and 5).
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Figure 5.16 pH dependence of PCA and 5-Me-PCA partitioning into organic and
aqueous phases. ∆phzHS cultures were grown for 8 hours in MOPS-LB medium. After
8 hours, the pH of the culture was adjusted with hydrochloric acid or sodium hydroxide.
The cultures were centrifuged at 16873 rcf for 2 minutes and then filtered (pore size =
0.22 µm). The filtrate was extracted with an equal volume of chloroform. The organic
layer was dried at 60 ˚C and resuspended in MOPS-LB medium. The aqueous and
organic layers were analyzed by HPLC. Error bars represent the standard deviation of 3
replicates.
In many antibiotic-producing organisms, resistance mechanisms include
derivatization of the antibiotic (Cundliffe and Demain 2010); by analogy, conversion of 5Me-PCA to the more lipid-soluble pyocyanin could constitute a means of protection
rather than a targeted effort to produce this most notorious phenazine. Our systematic
analyses of the effects of various phenazine biosynthetic defects revealed an interesting
relationship between phenazine chemistry and mex physiology. Delayed colony
wrinkling resulting from the mex deletion and strong induction of mex expression are two
phenotypes that were both observed specifically in strains with an intact PhzM gene (i.e.,
strains that produce 5-Me-PCA such as ∆phzH and ∆phzHS) (Figs. 3c and 6). We have
also observed that deleting mex increases expression of the Pmex reporter even further
(i.e., increases activation of SoxR) in both the ∆phzH and ∆phzHS backgrounds (Fig
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5.17). These results imply that delayed colony wrinkling and SoxR induction result from
common intracellular effects and highlight the unique physiology of N-methylated

GFP fluorescence (RFU/1000)

phenazine production.

50
40
∆phzH
∆mex∆phzH

30

∆phzHS
∆mex∆phzHS

20
10
0
-1.0

-0.5

0.0

0.5

1.0

distance from colony center (cm)
Figure 5.17 mex disruption enhances expression from Pmex. Colonies of the
indicated mutants, engineered to express GFP under the control of the mexGHI-opmD
promoter, were grown on 1% tryptone, 1% agar for 2 days before fluorescence
scanning.
In this study, we identified 5-Me-PCA as a natural substrate of the RND efflux
transporter MexGHI-OpmD. Of the several RND pumps encoded by the P. aeruginosa
genome, MexGHI-OpmD is distinguished by the organization of its encoding locus. The
mexAB-oprM, mexEF-oprN, and mexXY operons all encode corresponding pumps, each
composed of one cytoplasmic component, one periplasmic component, and an optional
outer membrane component that play canonical roles in the functions of RND efflux
pumps (Alvarez-Ortega et al. 2013). The mexGHI-opmD operon, however, encodes an
additional membrane-associated component (MexG) with unknown functionality. Though
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we found that MexG was not required for normal export of 5-Me-PCA, we speculate that
this protein may act to modulate the specificity of MexHI in a manner similar to that of
the AcrZ accessory protein (Hobbs et al. 2012). In experiments examining the resistance
of E. coli MG1655 ∆acrB and ∆acrZ mutants to antibiotics commonly used in human
medicine, Hobbs et al. showed that AcrZ is required for full resistance to a relatively
hydrophilic subset of the antibiotics that are transported by AcrB. It would be interesting
to test whether AcrZ is involved in resistance to the fatty acids and bile salts among the
suggested ecological substrates of AcrB, particularly considering the Rob-dependence
of its expression (Hobbs et al. 2012; Rosenberg et al. 2003). Studies elucidating the
ecologically relevant or endogenous inducers and substrates of efflux pumps will
ultimately help us to better understand their evolution, maintenance in diverse genomes,
and critical roles in the physiology of pathogens and malignant host cells (Gupta 2014,
(Alnaseri et al. 2015; Fletcher et al. 2010).
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Chapter 6
Regulation of phenazine biosynthesis and derivatization
6.1 Abstract
The production of secondary metabolites by different bacteria is remarkably
sensitive to growth conditions, suggesting strong regulatory influences for environmental
cues. The opportunistic pathogen Pseudomonas aeruginosa produces redox-active
pigments called phenazines. We used transposon insertion mutant screens and
bioinformatics to identify factors involved in phenazine production. Specifically, we
focused on production of the phenazines aeruginosin A and B, which have no known
dedicated biosynthetic enzymes; and expression of the phzA2-G2 (phz2) operon, for
which regulators have not yet been identified. We screened the P. aeruginosa PA14
transposon insertion mutant library for aeruginosin-deficient strains and identified the
poorly characterized enzyme PA1896, as well as the adenylyl sulfate kinase protein
CysN. By bioinformatic analysis we identified the fatty acid-sensing transcription factor
PsrA as a putative regulator of phz2, which we confirmed by mutant analysis.
6.2 Introduction
The opportunistic pathogen and popular model organism Pseudomonas
aeruginosa is known for a blue-green pigmentation associated with media from spent
cultures or secretions from sites of infection. The coloration is primarily attributed to the
production of a bright blue antibiotic called pyocyanin, which belongs to a class of
heterocyclic natural products known as phenazines (Price-Whelan et al. 2006a). Many
factors affecting and supporting the synthesis of pyocyanin have been identified
(Chapter 3), and its toxicity for other organisms and its physiological effects on P.
aeruginosa itself have also been characterized and implicated in virulence. However, P.
aeruginosa produces several other phenazines with the potential to contribute to fitness
and pathogenicity. Researchers and clinicians have long been aware of the tendency of
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P. aeruginosa strains to produce intensely colored red pigments under some conditions,
but only preliminary efforts have been made to understand their biosynthesis and the
regulation thereof. Additionally, though many of the environmental cues and intercellular
signaling pathways that affect P. aeruginosa phenazine production have been identified,
the molecular mechanisms that mediate changes in expression of biosynthetic proteins
have not been defined. This chapter describes an unbiased approach to the
identification of genes involved in red phenazine production and the synthesis of the
common phenazine precursor phenazine-1-carboxylic acid (PCA). It also describes a
targeted approach to identification of regulatory proteins controlling expression of
phenazine biosynthetic proteins.
PCA is produced from chorismate through a multistep pathway catalyzed by the
enzymes PhzA-G (Mavrodi et al. 2001b). These proteins are expressed from either of
two seven-gene operons (phzA1-G1, termed phz1, and phzA2-G2, termed phz2). As
described in Appendix A, two molecules belonging to the alkyl quinolone class of
quorum sensing signals differentially regulate the two phz operons. phz1 operon
expression is highly dependent upon Pseudomonas quinolone signal (PQS), while the
major signal that controls phz2 is 4-hydroxy-2-heptylquinoline (HHQ). HHQ can be
converted to PQS in an oxygen-dependent reaction catalyzed by the PqsH
monooxygenase, making phz operon expression sensitive to oxygen availability. Indeed,
the phz2 operon contributes entirely to phenazine production in the oxygen-limited
colony biofilms formed by P. aeruginosa. Transcription factors regulating phz2 have not
yet been identified.
PCA can be derivatized either into 5-methyl-phenazine-1-carboxylic acid (5-MePCA) by the product of the phzM gene (which lies adjacent to the phz1 operon), or into
phenazine-1-carboxamide by PhzH, which is encoded by a locus found elsewhere in the
genome (Mavrodi et al. 2001b). 5-Me-PCA is a notoriously reactive phenazine
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derivative, and is the precursor to pyocyanin. However, under certain conditions, 5-MePCA can be converted to the red phenazines aeruginosin A and B. The enzymes
involved in aeruginosin production remain unknown, although previous studies have
suggested that they are extracellular (Hansford et al. 1972b).
In this study, a screen was conducted using the P. aeruginosa PA14 transposon
insertion mutants for genes involved in phenazine biosynthesis and secretion. Two
enzymes – PA1896 and the CysN adenylyl sulfate kinase protein were found to
contribute to the production of the poorly characterized phenazine aeruginosin A. A
bioinformatic study of the phz2 promoter was also carried out. The psrA gene, which is
not represented in the transposon library, was identified as a putative regulator of phz2.
We characterized the role of the transcription factor PsrA in the regulation of phz2.
6.3 Methods
Table 6.1 Strains, plasmids, and primers used in this study.
A Strains and plasmids
Strain or plasmid
Genotype and/or description

Source

P. aeruginosa
PA14

Wild type

PA14 ∆phzS

∆phzS

PA14 ∆phzM

∆phzM

PA14 PA1896::Tn

Transposon insertion in PA1896

PA14 PA1897::Tn

Transposon insertion in PA1897

PA14 ∆phzS cysN::Tn
PA14 ∆phzHMS∆phz1

∆phzS with transposon insertion in cysN
∆phzH ∆phzM ∆phzS ∆phzA1-G1

PA14 ∆phzHMS∆phz2

∆phzH ∆phzM ∆phzS ∆phzA2-G2

PA14
∆phzHMS∆phz1∆psrA
PA14
∆phzHMS∆phz2∆psrA
E. coli
UQ950
BW29427

∆phzH ∆phzM ∆phzS ∆phzA1-G1 ∆psrA

(Rahme et
al. 1995)
(Sakhtah,
et al. 2015)
(Sakhtah,
et al. 2015)
(Liberati, et
al. 2006)
(Liberati, et
al. 2006)
This study
(Recinos et
al. 2012a)
(Recinos et
al. 2012a)
This study

∆phzH ∆phzM ∆phzS ∆phzA2-G2 ∆psrA

This study

DH5α
∆dapA1341::[erm pir(wt)]; donor strain for

D. Lies
William
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conjugation

Metcalf

Plasmid
pMQ30

7.5 kb mobilizable vector oriT, sacB, GmR

pMAR2XT7

Plasmid for transposon mutagenesis

(Shanks et
al. 2006)
(Liberati, et
al. 2006)

B Primers used for generating the psrA deletion mutant
Primers
PsrA yeast1
PsrA yeast2
PsrA yeast3
PsrA yeast4

Sequence
ggaattgtgagcggataacaatttcacacaggaaacagctCTAAAGGCAGCGGGTTCC
gtctgcgatcaggccttgGATCAGACGCAACGAGGTTT
aaacctcgttgcgtctgatcCAAGGCCTGATCGCAGAC
aggcaaattctgttttatcagaccgcttctgcgttctgatGACAGGTCGTCGCTGAAGAT

6.3.1 Primary screen
Strains from the Pseudomonas aeruginosa PA14 transposon-insertion mutant
library were grown overnight in 400 microlitres of Luria Broth (LB) (Bertani 2004b) in 96
deep well plates (Axygen) at 37 ˚C with shaking at 250 r.p.m. These pre-cultures were
photographed to record pigmentation. Four hundred microlitres of 5% tryptone was
added to 100 microlitres of the overnight LB cultures in 96 deep well plates, and cultures
were grown for 2 days. Cultures were photographed to record pigmentation before
centrifugation. Phenazine levels in supernatant were quantified as described below.
A separate screen was conducted using mutants generated by introducing
pMAR2xT7 from E. coli BW29427 into P. aeruginosa PA14 using conjugal mating
(Liberati et al. 2006). Transposon insertion mutants were selected on LB agar plates
containing 100 µg/mL gentamicin. The generated transposon insertion mutants were
grown in 96 deep well plates (Axygen) containing 400 µL 50 mM MOPS with 20 mM
glucose for 2 days at 37 ˚C with shaking at 250 r.p.m. Mutants that exhibited altered
pigmentation were identified by arbitrary nested PCR.
6.3.2 Phenazine quantification
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Phenazines were quantified spectrophotometrically using absorbance and
fluorescence. Aeruginosins were measured by exciting cultures at 510 nm and
measuring relative fluorescence units emitted at 620 nm. The fluorescence was
normalized to baseline RFUs at 520 nm or 740 nm. Pyocyanin levels were determined
by measuring the absorbance at 690 nm.
6.3.3 Agarose gel separation of phenazine derivatives
Seventy microlitres of supernatant from overnight cultures was loaded into gels
containing 3% agarose/TAE and run at 125 V for 20 minutes in TAE buffer. The
phenazines were visualized using UV light.
6.3.4 Colony morphology assay
Ten microlitres of stationary phase cultures were spotted on 1% tryptone and 1%
agar plates containing 20 µg/mL Coomassie blue and 40 µg/mL Congo red. Colonies
were photographed once a day for 6 days, and classified according to one of four
phenotypes: Wild type, smooth, phenazine mutant-like, and weird.
6.4 Results
6.4.1 Identification of P. aeruginosa mutants defective in phenazine production
We screened the entire P. aeruginosa PA14 transposon mutant library (5,459
mutants) (Liberati et al. 2006) using fluorescence spectroscopy (Fig 6.1), and 864
generated transposon insertion mutants, for defects in phenazine production. We
expected to identify loci that encode (1) phenazine biosynthetic proteins (2) proteins
required for phenazine transport across the cell membrane (3) proteins involved in the
transcriptional and post-transcriptional regulation of phenazine biosynthesis. We also
expected to hit metabolic enzymes, as general growth defects limit phenazine

166

production. We identified 174 mutants with defects in phenazine production. These
mutants are listed according to functional category in Table 6.1.
The hits included the following genes, listed according to their section
classification in Table 6.1: (i) 55 genes encoding metabolic enzymes, (ii) 33 genes
putatively involved in the regulation of phenazine biosynthesis and (iii) 7 loci involved in
the regulation of phenazine biosynthesis (i.e., quorum sensing-related genes) and
phenazine biosynthesis. These hits validated our method. We also identified: (iv) 7
mutants with disruptions in genes that play roles in cell division, DNA maintenance, RNA
turnover, or protein turnover, processes that may lead to growth defects, (v) 12 mutants
involved in sensing of the environment and/or phenazines, (vi) 8 genes involved in
respiration and redox homeostasis, (vii) 3 genes involved in pilus or flagellum
biosynthesis or chemotaxis, (viii) 1 hit in a locus related to iron acquisition, (ix) 23
mutants with transposon insertions disrupting genes putatively involved in transport,
which may be directly involved in phenazine transport, or in the maintenance of a
transmembrane gradient that favors phenazine transport and (x) 25 genes encoding
hypothetical protein products.
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Figure 6.1 A, Extraction of phenazines from medium that supported growth of a wildtype colony. Aeruginosins are hydrophilic and partition into the aqueous (top) layer while
Pyocyanin is hydrophobic and partitions in the organic (bottom) layer. Absorbance
spectra of aeruginosins and pyocyanin are also provided. B. Red phenazine
fluorescence of 5% tryptone liquid cultures.
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6.4.2 Secondary screen of mutants representing candidate genes involved in
phenazine production.
Most hits from the primary screen were subjected to a secondary screen in which
they were tested for (1) altered biofilm development, using the colony morphology assay
and (2) altered phenazine production, using chloroform extraction of liquid culture
supernatants. A subset of the mutants were screened for phenazine production using
agarose gel electrophoresis. This method involves loading culture supernatant into a
high percentage (3%) agarose gel and separating the phenazines and other metabolites
by gel electrophoresis. This method allows detection of very polar molecules, which may
not be resolvable via other separation methods such as high pressure liquid
chromatography.
Two mutants of particular interest will be highlighted here and in the Discussion
(section 6.5). The first contained a transposon insertion in PA1896, which is part of an
operon that lies adjacent to the gene for qscR. The phz2 operon lies on the other side of
qscR. The mutant exhibited a ∆phz-like colony morphology, and spectrophotometric
analysis indicated that it produced pyocyanin but did not produce aeruginosins (Fig. 6.2).
We attribute the ∆phz like colony morphology to the inability of this mutant to produce
aeruginosin. The second mutant contained a mutation in the cysN gene, encoding an
adenylyl sulfate kinase protein, and piqued our interest in the context of the sulfurcontaining functional group of aeruginosin B. This strain exhibited a ∆phzM-like colony
morphology and produced red phenazine derivatives at low levels as determined by
agarose gel electrophoresis (Fig. 6.2). We attribute the ∆phzM-like colony morphology to
this mutant’s defect in aeruginosin B production.

Table 6.1. Loci hit in a P. aeruginosa PA14 transposon-based screen for altered
phenazine production. Abbreviations: NR, not red; VR, very red.
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Section 1: Genes whose products are involved in metabolism
PA14 ORF

gene
name

annotation

Pigmentation

PA14_19100

PAO1
homologue
PA3479

rhlA

PA14_13260

PA3915

moaB1

PA14_25600
PA14_37650
PA14_42870
PA14_13090

PA2973
PA2077
PA1672
PA3925

PA14_39660

PA1921

PA14_72020

PA5456

PA14_58530

PA4510

PA14_13340

PA3909

rhamnosyltransferase
chain A
Molybdopterin
biosynthesis enzyme
putative peptidase
Oleate 10S-lipoxygenase
putative enzyme
probable 3-ketoacyl-CoA
thiolase
Trans-aconitate
methyltransferase
Putative
glycosyltransferase
putative allophanate
hydrolase subunit 1
predicted extracellular
nuclease

PA14_40010

PA1896

PA14_08560

PA0668

PA14_44280

PA1563

PA14_61040
PA14_65820

PA4613
PA4979

katB

PA14_39010

PA1973

pqqF

PA14_02590

PA0212

mdcE

PA14_43550
PA14_21990

PA1621
PA3247

PA14_31370

PA2564

PA14_58180

PA4483

gatA

PA14_34360

PA2342

mtlD

PA14_10260

PA4150

PA14_26460

PA2909

tyrZ

cobK

Parent
Strain

NR

Colony
morphology
WT

NR

WT

WT

NR
VR
NR
NR

weird
WT
WT

WT
WT
WT
WT

NR

WT

WT

NR

WT

WT

NR

∆phz

WT

VR

WT

WT

NR

∆phz

WT

tyrosyl-tRNA synthetase
2
putative SAM-dependent
methyltransferase
catalase
putative acyl-CoA
dehydrogenase
pyrroloquinoline quinone
biosynthesis protein F
malonate decarboxylase
gamma subunit
putative hydrolase
putative aspartyl
aminopeptidase
putative trans-aconitate
methyltransferase
Glu-tRNA(Gln)
amidotransferase subunit
A
mannitol dehydrogenase

NR

WT

WT

NR

WT

WT

NR
NR

WT
WT

WT
WT

NR

WT

WT

NR

WT

WT

NR
NR

WT
WT

WT
WT

NR

WT

WT

NR

WT

WT

NR

WT

WT

putative acetoin
dehydrogenase E1
component
ppfam02571, CbiJ,
Precorrin-6x reductase

NR
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NR

WT

WT
weird

WT

PA14_57780

PA4448

hisD

histidinol dehydrogenase

NR

WT

WT

PA14_44740
PA14_34190

PA1523
PA2356

xdhB
msuD

NR
NR

WT
WT

WT
WT

PA14_71890

PA5445

PA14_69990

PA5302

PA14_29000
PA14_16070

PA2719
PA3736

hom

PA14_43280

PA1642

selD

xanthine dehydrogenase
FMNH2-dependent
methanesulfonate
sulfonatase
putative coenzyme A
transferase
catabolic alanine
racemase
putative protease
homoserine
dehydrogenase
selenophosphate
synthetase

PA14_52630

PA0901

aruE

PA14_52190

PA0933

ygcA

PA14_02930
PA14_33500

PA0237
PA2413

pvdH

PA14_06000

PA0459

PA14_48520

PA1222

PA14_51110

PA1021

PA14_42130

PA1733

PA14_57650
PA14_63110

PA4438
PA4773

PA14_26350

PA2915

PA14_29770
PA14_70040

PA2653
PA5304

dadA

PA14_23460

PA3154

wbpL

PA14_71240

PA5396

dadX

NR

WT

NR

WT

WT

NR
NR

WT
WT

WT
WT

NR

WT

WT

succinylglutamate
desuccinylase
probable RNA
methyltransferase
putative oxidoreductase
2-ketoglutarate 4aminotransferase
putative ClpA/B protease
ATP binding subunit

NR

∆phz

WT

VR

WT

WT

VR
VR

WT
smooth

WT
WT

VR

WT

WT

putative membranebound lytic murein
transglycolase A
probable enoyl-CoA
hydratase/isomerase
putative proteasome-type
protease
putative ATPase
putative Sadenosylmethionine
decarboxylase
proenzyme
putative metallo-betalactamase family protein
putative permease
D-amino acid
dehydrogenase, small
subunit

VR

WT

WT

VR

smooth

WT

VR

WT

WT

VR
VR

∆phz
WT

WT
WT

NR
NR

weird

WT
WT

putative
glycosyltransferase L
putative dipeptidase

VR

smooth

WT

VR

WT

WT
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NR

WT

PA14_46450

PA1376

aceK

PA14_34200

PA2355

PA14_06190

PA0473

PA14_67920

PA5142

hisH

PA14_62910

PA4756

carB

VR

WT

WT

putative FMNH2dependent
monooxygenase
putative glutathione Stransferase

VR

WT

WT

VR

WT

WT

Imidazole glycerol
phosphate synthase
subunit HisH

NR

∆phzS

NR

∆phzS

NR

∆phzS

NR

∆phzS

NR

∆phzS

Carbamoyl phosphate
synthase large subunit
Putative secreted acid
phosphatase

PA14_28250
PA14_57710

isocitrate dehydrogenase
kinase/phosphatase

PA4442

PA14_40770

cysN

cysI

ATP sulfurylase GTPbinding subunit/APS
kinase
Sulfite reductase

Section 2: Genes encoding transcriptional regulators
PA14 ORF

gene
name

PA14_13060

PAO1
homologue
PA3927

PA14_23060

PA3184

hexR

PA14_45630
PA14_50220

PA1455
PA1097

fliA
fleQ

PA14_52980

PA0873

phhR

PA14_15650
PA14_39770

PA1915

PA14_26760

PA2885

PA14_47910

PA1261

PA14_69630

PA5274

rnk

annotation

Pigmentation

probable AraC-type
transcriptional regulator
putative transcriptional
regulator, RpiR family
Sigma factor FliA
transcriptional regulator
FleQ

NR
NR

∆phzS
WT

transcriptional regulator
PhhR
putative regulatory
protein
putative regulatory
protein
putative transcriptional
regulator
putative transcriptional
regulator
nucleoside diphosphate

NR

WT

NR

WT
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Parent
strain

NR

Colony
morphology
WT

VR

WT

WT

WT

NR

WT

WT

VR

∆phz

WT

NR

WT

WT

NR

smooth

WT

PA14_09790

PA4182

PA14_58110

PA4478

PA14_64190
PA14_46850

PA4853
PA1347

PA14_70290

PA5324

PA14_69190

PA5239

PA14_15290

PA3771

PA14_27440

PA2834

PA14_09790

PA4182

PA14_09910

PA4174

PA14_34150

PA2359

PA14_52570

PA0905

PA14_63880

PA4831

PA14_49790

PA1128

PA14_44180

PA1570

PA14_50220

PA1097

PA14_41810

PA1759

PA14_39770

PA1915

PA14_38300

PA2028

PA14_40550

PA1853

PA14_51990

PA0949

PA14_38500

PA2010

PA14_57940

PA4462

kinase regulator
putative transcriptional
regulator
putative Maf-like protein
fis

rho

rsmA

fleQ

wrbA

rpoN

DNA-binding protein Fis
putative transcriptional
regulator
putative transcriptional
regulator
transcription termination
factor Rho
putative regulatory
protein
putative transcriptional
regulator
putative transcriptional
regulator
putative transcriptional
regulator
putative sigma54dependent transcriptional
regulator
RsmA, regulator of
secondary metabolites
putative transcriptional
regulator
probable transcriptional
regulator
putative transcriptional
regulator, lysR family
transcriptional regulator
FleQ
putative transcriptional
regulator
putative regulatory
protein
putative glutamate
uptake regulatory protein
putative transcriptional
regulator, LysR family
Trp repressor binding
protein WrbA
putative transcriptional
regulator, IclR family
RNA polymerase factor
Sigma 54

NR

WT

WT

NR

∆phz

WT

NR
NR

smooth
weird

WT
WT

NR

WT

WT

NR

smooth

WT

NR

∆phz

WT

NR

WT

NR

WT

WT

VR

WT

WT

NR

WT

WT

NR

∆phz

WT

VR

WT

WT

VR

∆phz

WT

NR

WT

WT

NR

∆phz

WT

VR

WT

WT

NR

WT

WT

NR

WT

WT

NR

WT

VR

WT

WT

NR

WT

WT

NR

Section 3: Genes involved in quorum sensing and phenazine biosynthesis
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∆phzS

PA14 ORF

gene
name

annotation

Pigmentation

PA14_51430

PAO1
homologue
PA0996

pqsA

NR

PA14_51430

PA0996

pqsA

PA14_19120

PA3477

rhlR

PA14_45940

PA1432

lasI

PA14_09400

PA4217

phzS

PA14_51380

PA1000

pqsE

PA14_51340

PA1003

mvfR

PA14_19130

PA3476

rhlI

probable coenzyme A
ligase
probable coenzyme A
ligase
acylhomoserine lactone
dependent transcriptional
regulator
autoinducer synthesis
protein LasI
flavin-containing
monooxygenase
Quinolone signal
response protein
Transcriptional regulator
MvfR
autoinducer synthesis
protein RhlI

Colony
morphology
∆phz

NR

PA0720

PA14_43850
PA14_46270

PA1596
PA1405

htpG

helix destabilizing protein
of bacteriophage Pf1
heat shock protein HtpG
putative helicase

NR

∆phz

WT

NR

weird

WT

VR

WT

WT

NR

∆phz

WT

VR

smooth

WT

VR

smooth

WT

Parent
Strain
WT
WT
WT
WT

NR

WT

WT

NR
NR

WT

WT
WT

Section 5 Genes encoding two component sensors or otherwise involved in
sensing
PA14 ORF
PAO1
gene
annotation
Pigment- Colony
homoname
ation
morphlogue
ology
PA14_67680 PA5125 ntrC
two-component response VR
WT
regulator NtrC
PA14_30650 PA2586 gacA
response regulator GacA NR
smooth
PA14_63150 PA4776 pmrA
two-component response NR
regulator
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WT
∆phzS

Section 4: Genes involved in cell division, DNA maintenance, and RNA or protein
turnover.
PA14 ORF
PAO1
gene
annotation
Pigment- Colony
homoname
ation
morphlogue
ology
PA14_48970 PA0720
helix destabilizing protein NR
WT
of bacteriophage Pf1
PA14_62490 PA4723 dksA
suppressor protein DksA VR
smooth
PA14_13410 PA3903
peptide chain release
NR
∆phz
factor 3
PA14_69190 PA5239 rho
transcription termination
NR
∆phz
factor Rho
PA14_48970

Parent
Strain

Parent
strain
WT
WT
WT

PA14_16470

PA3704

PA14_23130

PA3177

PA14_02410

PA0192

PA14_10700

PA4117

PA14_64060

PA4844

PA14_29360

PA2687

pfeS

PA14_63150

PA4776

pmrA

PA14_52260

PA0928

PA14_64230

PA4856

retS

putative chemotaxis
sensor/effector fusion
protein
putative sensory
box/GGDEF domain
protein
putative TonB-dependent
receptor
putative
bacteriophytochrome
putative chemotaxis
transducer
two-component sensor
PfeS
two-component response
regulator
sensor/response
regulator hybrid

NR

RetS (regulator of
exopolysaccharide and
type III secretion)

NR

NR

WT

WT

VR

weird

WT

VR

WT

WT

VR

WT

WT

NR

WT

WT

NR
VR

Section 6 Genes involved in redox homeostasis and respiration
PA14 ORF
PAO1
gene
annotation
Pigmenthomoname
ation
logue
PA14_13810 PA3873 narJ
respiratory nitrate
NR
reductase delta chain
PA14_06830 PA0524 norB
nitric-oxide reductase
VR
subunit B
PA14_60490 PA4571
putative cytochrome c
NR
precursor
PA14_57540 PA4429
putative cytochrome c1
NR
precursor
PA14_29970 PA2641 nuoF
NADH dehydrogenase I
NR
chain F
PA14_62110 PA4692
putative oxidase
NR
PA14_13040 PA3929 cioB
CioB, cyanide insensitive NR
terminal oxidase
PA14_60490 PA4571
putative cytochrome c
NR
precursor
Section 7: Genes involved in motility:
PA14 ORF
PAO1
gene
annotation
homoname
logue
PA14_45810 PA1442 fliL
putative flagellar protein
FliL
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WT

Pigmentation
NR

WT
weird

WT
∆phzS

Colony
morphology
WT

Parent
Strain

WT

WT

WT

WT
WT
∆phz

WT

WT
∆phz

WT
WT
WT

Colony
morpho
logy
∆phz

Parent
Strain
WT

PA14_14850

PA3805

pilF

PA14_50480

PA1077

flgB

type 4 fimbrial biogenesis NR
protein PilF
Flagellar basal body rod
NR
protein FlgB

Section 8: Genes implicated in iron acquisition
PA14 ORF
PAO1
gene
annotation
homoname
logue
PA14_18670 PA3531 bfrB
bacterioferritin

WT
∆phzS

Colony
morpho
logy
WT

Parent
Strain

Section 9: Genes with potential roles in phenazine transport
PA14 ORF
PAO1
gene
annotation
Pigmenthomoname
ation
logue
PA14_30600 PA2589
putative permease
NR
PA14_64590 PA4887
putative MFS transporter NR

Colony
morphology
WT
smooth

Parent
Strain

PA14_49610

PA1144

PA14_29520

PA2674

PA14_66380

PA5021

PA14_55220

PA0703

PA14_07360

PA0566

PA14_24100

PA3095

PA14_22320

PA3237

PA14_42470

PA1706

pcrV

PA14_25270

PA3000

aroP1

PA14_64590

PA4887

PA14_49610

PA1144

PA14_62040
PA14_37260

PA2113

PA14_46010

PA1425

PA14_45100

PA1494

xcpZ

Pigmentation

∆phz

NR

WT

WT
WT

probable MFS
transporter
type II secretion system
protein
putative
sodium/hydrogen
antiporter
probable MFS
transporter
5 predicted
transmembrane helices
general secretion
pathway protein M
putative membrane
protein
type III secretion protein
PcrV
aromatic amino acid
transport protein AroP1
putative MFS transporter

NR

WT

WT

VR

∆phz

WT

VR

∆phz

WT

VR

∆phz

WT

probable MFS
transporter
putative paraquatinducible protein A
putative outer membrane
porin
putative ATP-binding
component of ABC
transporter
putative mucoidy inhibitor
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NR

WT

NR

∆phz

WT

NR

∆phz

WT

NR

WT

WT

NR

WT

WT

NR

WT

WT

NR

WT

WT

NR

WT

WT

VR

∆phz

WT

VR

WT

WT

VR

WT

WT

PA14_22650

PA3214

PA14_40250

PA1875

PA14_01800

PA0146

PA14_72340

PA5479

PA14_55220

PA0703

PA14_22660

PA3213

gltP

A
putative ABC-type
uncharacterized
transport system
putative outer membrane
protein precursor
putative basic membrane
protein (bmp)
proton-glutamate
symporter
probable MFS
transporter
ABC-type transporter,
periplasmic component

Section 10: Genes encoding hypothetical protein
PA14 ORF
PAO1
gene
annotation
homoname
logue
PA14_20840 PA3342
conserved hypothetical
protein
PA14_72350 PA5480
hypothetical protein
PA14_46340 PA1398
hypothetical protein
PA14_55110 PA0713
hypothetical protein
PA14_40080 PA1889
hypothetical protein
PA14_44650 PA1530
hypothetical protein
PA14_28000 PA2793
hypothetical protein
PA14_20840 PA3342
conserved hypothetical
protein
PA14_72350 PA5480
hypothetical protein
PA14_69770 PA5285
conserved hypothetical
protein
PA14_49930 PA1116
conserved hypothetical
protein
PA14_01140 PA0093
conserved hypothetical
protein
PA14_04520 PA0345
conserved hypothetical
protein
PA14_21590 PA3282
conserved hypothetical
protein
PA14_73050 PA5539
conserved hypothetical
protein
PA14_59850
Conserved hypothetical
protein
PA14_51590
hypothetical protein
PA14_05060 PA0388
conserved hypothetical
protein
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NR

smooth

WT

NR

∆phz

WT

NR

WT

NR

WT

WT

VR

WT

WT

VR

WT

WT

Pigmentation

Colony
morphology
WT

Parent
Strain

NR
NR
VR
VR
NR
VR
NR

WT
WT
WT
WT
WT
WT

WT
WT
WT
WT
WT
WT
WT

NR
NR

∆phz
smooth

WT
WT

NR

weird

WT

NR

WT

WT

NR

WT

WT

VR

WT

WT

VR

WT

WT

VR

WT

WT

VR
NR

WT

WT
WT

NR

WT

PA14_41690

PA1768

PA14_66800

PA5055

PA14_62660

PA4736

PA14_07360
PA14_44650
PA14_71340
PA14_28000

PA0566
PA1530
PA5404
PA2793

conserved hypothetical
protein
conserved hypothetical
protein
conserved hypothetical
protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
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NR

WT

NR

WT

NR
NR
NR
VR
VR

smooth

WT

WT
WT

WT
WT
WT
WT

Figure 6.2 Colony morphology and phenazine production phenotypes of mutants of
interest. A). Colony morphology after three days of growth Scale bar = 1 cm B). Relative
pyocyanin absorbance of liquid culture supernatant. Error bars represent the standard
deviation of the mean from three biological replicates. C) Relative red phenazine
fluorescence of culture supernatant. Error bars represent the standard deviation of the
mean from three biological replicates. (D) Colony morphology of ∆phzM, ∆phzS
cysN::Tn mutant and ∆phzS strains after 2 and 3 days of growth. Scale bar = 1 cm.
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Figure 6.3 Detection of PhzM-dependent metabolites by agarose gel electrophoresis.
(A). Time course of metabolite production throughout liquid culture growth. A slower
migrating compound appears first (arrow, 5h), and disappears. A second, faster
migrating compound then appears (arrow, 7h). (B) The ∆phzS cysN::Tn mutant
produced less of both compounds than the ∆phzS parent strain.
6.4.3 Regulation of phz2 operon expression by the transcription factor PsrA
In addition to the unbiased screen approaches described above, a targeted
analysis of the promoter regions of the phz operons was conducted using position
weight matrix scan. A PsrA consensus sequence was identified in the phz2 promoter. To
investigate the potential role of PsrA in regulating phenazine biosynthesis in planktonic
cultures, we deleted psrA in mutants lacking either the phz1 or phz2 operon and the
phzH, phzM, and phzS genes. These strains produce only PCA. We quantified
phenazines in culture supernatants from the ∆phz1∆phzHMS, the ∆phz2∆phzHMS
strain, and their ∆psrA counterparts (Fig 6.4A). In liquid culture, ∆phz1∆phzHMS∆psrA
produced PCA at levels similar to the ∆phz1∆phzHMS parent strain. However, the
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∆phz2∆phzHMS∆psrA mutant produced significantly less PCA than the ∆phz2∆phzHMS
parent strain. This result indicates that in liquid cultures, PsrA does not contribute to
regulation of phz2, but does positively regulate phz1. This result was surprising, since no
PsrA consensus sequence was identified in the promoter of phz1. It is possible that
PsrA’s effect on σS activity affects induction of lasR and rhlR, two positive regulators of
phenazine production that regulate phz1.
Previous studies have demonstrated that the phz2 operon is critical for
phenazine production during colony biofilm development (Appendix A). To investigate
whether PsrA contributes to regulation of phz2, we quantified phenazines from
∆phz1∆phzHMS, ∆phz2∆phzHMS, and their ∆psrA counterparts during colony biofilm
development. ∆phz1∆phzHMS∆psrA colonies produced 50% less PCA than the
∆phz1∆phzHMS parent strain, while there was no significant difference in the PCA
produced by ∆phz2∆phzHMS∆psrA and ∆phz2∆phzHMS colonies. Taken together with
the results from Fig. 6.4A, these results suggest that PsrA specifically regulates phz2
during biofilm development.
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Figure 6.4 PsrA regulates phenazine production. (a) Growth of ∆phz1∆phzHMS,
∆phz1∆phzHMS∆psrA, ∆phz2∆phzHMS, and ∆phz2∆phzHMS∆psrA with PCA
quantification. (b)
Quantification of PCA produced by ∆phz1∆phzHMS,
∆phz1∆phzHMS∆psrA, ∆phz2∆phzHMS, and ∆phz2∆phzHMS∆psrA colonies grown on
agar plates for two days. Error bars indicate standard deviation of three replicates.
6.5 Discussion
We set out to elucidate mechanisms supporting P. aeruginosa phenazine
production. In screening a library of mutants for decreased pigmentation, we uncovered
a previously unrecognized role for the protein PA1896 in the production of the red
phenazine aeruginosin A. PA1896, like other phenazine biosynthetic enzymes, is
controlled by the LasI/R branch of the P. aeruginosa quorum sensing signaling cascade
(Schuster and Greenberg 2006). The orphan quorum sensing regulator gene qscR is
located upstream of the operon containing PA1896. Aeruginosin A biosynthesis is
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thought to occur via an enzymatic reaction (Hansford et al. 1972b). It is possible that
PA1896 is the enzyme that catalyzes the synthesis of aeruginosin A from 5-Me-PCA.

A
phz2

PCA

B
PCA

PhzM

PA
18
96

PsrA

aeruginosin A

CysN

aeruginosin B

5-Me-PCA

zS
Ph

PYO

Figure 6.5 Model of phenazine regulation. (A) PsrA positively regulates the phz2
operon, leading to the production of PCA. (B) The PhzM methylase converts PCA to 5methyl-phenazine-1-carboxylic acid (5-Me-PCA), which can either be derivatized to
pyocyanin (PYO) by PhzS or aeruginosin A by PA1896. CysN is likely involved in a step
in the sulfate transfer to aeruginosin A to give aeruginosin B.
We also identified a role for the adenylyl sulfate kinase protein CysN in
aeruginosin biosynthesis. CysN is part of the P. aeruginosa sulfate assimilation pathway
and a bacterial G protein that functions through a mechanism that differs from the those
typically observed for these types of proteins. CysN forms a complex with the ATP
sulfurylase enzyme (ATPS) and is required for its function: production of adenosine 5’phosphosulfate (APS) and pyrophosphate from ATP and sulfate. APS can be
phosphorylated by APS kinase to produce 3’-phosphoadenosine 5’-phosphosulfate
(PAPS). PAPS serves as the universal sulfuryl group donor for sulfotransferases, which
are responsible for generating sulfated metabolites (Mougous et al. 2006). We therefore
hypothesize that the contribution of CysN to red phenazine production arises from its
role in the sulfur assimilation pathway and the generation of PAPS as a substrate for
aeruginosin B synthesis.
Before this study, the transcriptional regulator of the phz2 operon was unknown.
We used two approaches, (i) an unbiased screen to search for mutants defective in
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phenazine production and (ii) a targeted bioinformatic analysis of the phz2 promoter.
Because a psrA mutant is not represented in our transposon library, we identified the
fatty acid-sensing transcription factor PsrA as a putative regulator of phz2 using
bioinformatics analysis.
PsrA regulates PCA biosynthesis from both the phz1 and phz2 operons (Fig.
6.4A). PsrA is known to have other targets besides phz2, specifically in the P.
aeruginosa QS signaling cascade, which is known to affect the expression of both phz
operons. The sigma factor σS (RpoS) affects QS-dependent phenazine regulation. In P.
aeruginosa, σS works with AHL-dependent QS, whereby σS stimulates a slight induction
of lasR and rhlR, and these systems modestly induce rpoS (Schuster et al. 2004a). P.
aeruginosa PAO1 rpoS mutants overproduce pyocyanin, suggesting that σS also acts
independently of AHL to modulate phenazine biosynthesis (Suh et al. 1999). In P.
chlororaphis 30-84, σS is positively regulated by the GacS/GacA two component system
and activates Pip (phenazine inducing protein). Pip positively regulates the phzI/R QS
system, which ultimately upregulates the P. chlororaphis phenazine operon, making σS a
positive regulator of phenazine production in this strain (Girard et al. 2006a). Although
the downstream effects of σS differ in P. aeruginosa and P. chlororaphis, the regulator
PsrA positively controls σS activity in both strains (Kojic and Venturi 2001; Girard et al.
2006b). PsrA has been shown to respond to long chain fatty acids to regulate its
transcriptional targets (Kang et al. 2008).
Many bacteria produce secondary metabolites in response to various growth
conditions. The phenazine pigments produced by the opportunistic pathogen
Pseudomonas aeruginosa are probably the best studied secondary metabolites, yet the
mechanisms regulating the biosynthesis of different phenazine derivatives have been
poorly understood. This study has identified some of the factors involved in phenazine
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biosynthesis, which will help shed light on the cues that regulate this process and the
functions of different phenazine derivatives.
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Chapter 7
Conclusions
7.1 Summary and implications
Bacteria produce a near-infinite assortment of small molecules that have long
been referred to as secondary metabolites because they are not made during active
growth in nutrient-replete and homogenous laboratory cultures. However, the more
recent recognition that bacteria outside the laboratory grow predominantly in multicellular
groups (biofilms) and under resource limitation has changed the way we interpret the
physiological relevance of secondary metabolites. Some of these molecules have now
been shown to affect producer physiology and behavior under conditions more like those
found in natural, industrial, or clinical settings. Phenazines, colorful antibiotics released
by the gram-negative bacterium Pseudomonas aeruginosa, constitute a class of
secondary metabolites that directly affect producer physiology in ways that support
survival and fitness under resource-limited and crowded conditions. Such beneficial
roles may contribute to the virulence of this opportunistic pathogen during host
colonization and infection.
That phenazine production occurs specifically in stationary phase is obvious,
because dense cultures turn blue due to release of the notorious phenazine pyocyanin.
However,
7.1.1 5-Me-PCA chemistry and implications for physiological effects and virulence
P. aeruginosa cultures, and the secretions associated with P. aeruginosa
infections, are known for their production of the bright blue phenazine pyocyanin.
Pyocyanin has been the focus of efforts to understand the roles of phenazines in
virulence because it can be readily extracted and quantified and because it lies at the
terminus of the phenazine biosynthetic pathway as it is currently understood. However,
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the results in this thesis demonstrate that rather the precursor to pyocyanin, the poorly
characterized phenazine 5-Me-PCA, is sufficient for effects previously attributed to
pyocyanin: determination of P. aeruginosa PA14 colony biofilm morphology, and full
activation of the SoxR regulon. As 5-Me-PCA is more hydrophilic than pyocyanin, this
suggests that, by analogy to resistance mechanisms found in other antibiotic producers,
the production of pyocyanin is merely a protective mechanism that converts 5-Me-PCA
into a less reactive product that can cross the cell membrane more readily. On the other
hand, consistent with its effects on biofilm development, the high redox potential of 5Me-PCA relative to all other pseudomonad phenazines characterized to date makes it an
ideal electron acceptor for intracellular redox balancing in anoxic biofilm subzones.
5-Me-PCA is a reactive compound that is converted into a variety of other
phenazines, typically red in color, in a condition-dependent manner. Where these
phenazines have been characterized, they have been found to contain an amine group
covalently linked to carbon 7 (as in aeruginosins A and B) and can be formed through
reactions with ammonia, amino acids, or proteins (Morales et al. 2010). Due to their low
hydrophobicity and the fact that they are often formed as complex mixtures, these
compounds are difficult to quantify and their physiological effects remain poorly defined.
However, the intense red coloration formed by P. aeruginosa cultures under some
conditions and reported in specific cases of secretions from P. aeruginosa infections
suggests that these compounds are produced in copious amounts and may have
consequences for both producing- and host-cell physiologies (Ogunnariwo and
Hamilton-Miller 1975; Rajyaguru et al. 2014). Conversion of 5-Me-PCA to red derivatives
outside the bacterial cell may dampen the utility of these compounds as electron
shuttles, but could bolster their contribution to virulence if the reaction occurs within host
cells.
7.1.2 Phenazine production and distribution in biofilms
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Phenazine production varies greatly between different growth conditions/ modes
and even between replicates grown under nominally identical conditions, underscoring
the sensitivity of this process to environmental parameters. A consequence of this is that
the diverse microenvironments that form within biofilms would be expected to lead to
variability in phenazine production. One might also predict in-biofilm chemical gradients
to elicit phenazine production patterns that colocalize with structural features of the
biofilm. Application of the electrochemical imaging platform described in this thesis
revealed that oxygen is a key parameter determining phenazine distribution and redox
state within biofilms.
Electrochemical imaging showed that the oxygen-dependence of pyocyanin
production affects its distribution in the biofilm such that it is concentrated in a ring
toward the edge of the biofilm base. It also revealed an unexpected effect of oxygen
limitation on 5-Me-PCA production, as 5-Me-PCA was detected in a ring just inside the
pyocyanin ring and was not detected in colonies grown under strict anaerobiosis. Unlike
the conversion of 5-Me-PCA to pyocyanin, which requires molecular oxygen as a
substrate for the hydroxylation reaction, conversion of PCA to 5-Me-PCA would not be
expected to require molecular oxygen from a strictly biochemical perspective. The
effects of oxygen on 5-Me-PCA production may arise from effects on upstream reactions
in the phenazine biosynthetic pathway or through influences on gene or protein
expression.
In addition to revealing variations in the cocktail of phenazines present at
different points in the biofilm, electrochemical imaging revealed variation in phenazine
redox state. The fact that a greater proportion of PCA was oxidized when biofilms were
grown anaerobically on nitrate (provided in the medium) rather than under an aerobic
atmosphere indicated that nitrate can serve as an oxidant for phenazines and
demonstrated that the location of the electron acceptor source affects the distribution of
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oxidized phenazine. Preliminary work indicates that nitrate-dependent oxidation of
phenazines is enzyme mediated, but the role of this reaction in anaerobic biofilms
remains to be tested.
7.1.3 Phenazine sensing and efflux
To date, studies of SoxR activation by endogenous phenazines have focused on
oxidation by pyocyanin and PCA. A major finding of the work described in this thesis is
that 5-Me-PCA can activate SoxR independent of pyocyanin. As expression of the 5-MePCA transporter MexGHI-OpmD is induced by SoxR, 5-Me-PCA/SoxR/MexGHI-OpmD
thus constitute a simple circuit allowing for self-protection and extracellular electron
shuttling. Similar circuits may be operating in the diverse antibiotic-producing bacteria
that contain SoxR homologs predicted to activate expression of drug transporters.
7.2 Future directions
7.2.1 The physiological role of PA2274 (PA14_35160)
This thesis has focused on the physiological functions of 5-Me-PCA and its
dedicated transporter MexGHI-OpmD. However, these studies also revealed a potential
role for the SoxR target PA2274 (PA14_35160) in 5-Me-PCA metabolism. This gene,
encoding a monooxygenase, is required for normal growth of P. aeruginosa PA14 on the
5-Me-PCA analog phenazine methosulfate (PMS). A double mutant lacking both
MexGHI-OpmD and PA2274 has a more severe growth defect on PMS than either of the
individual mutants, indicating that these factors contribute differentially to protection from
phenazine toxicity. Future studies could investigate the ways in which PA2274 and
MexGHI-OpmD cooperate to protect the cell against 5-Me-PCA and evaluate their
potential as drug targets.
7.2.2 Roles for electrochemistry in biofilm analysis, diagnostic techniques, and
therapeutics

190

The novel electrochemical camera chip developed in this thesis provided a
method for spatiotemporal detection of phenazines produced by P. aeruginosa colony
biofilms, including the reactive derivative 5-Me-PCA. Our finding that phenazine
production is differentially regulated within regions of the developing colony that vary
with respect to matrix composition, cell density, and oxygen availability is not surprising
given the condition-dependence of phenazine production. To examine this further,
studies that ectopically induce production of the enzymes required for PCA biosynthesis
in different regions of the biofilm combined with simultaneous electrochemical detection
would reveal kinetics and conditions of phenazine transformation. As PCA is
transformed into other phenazines, it would lead to production of different combinations
of phenazines depending on where expression was induced. The effects of differential
phenazine production on colony architecture would reveal novel aspects of multicellular
community behavior
The technology employed by the electrochemical imager could also be applied to
the detection of phenazines from clinical isolates, potentially with the ability to identify
particularly pathogenic strains. Phenazines have been implicated in pathogenicity in
diverse infection models (Recinos, et al. 2012, Lau et al. 2004, Rahme, et al. 1995)
when pyocyanin and PCA were quantified in sputum expectorated from CF patients
using HPLC, they were found to negatively correlate with lung function and bacterial
community complexity. Given the reactive nature of some phenazines and the sensitivity
of phenazine redox state to environmental conditions, electrochemical imaging of intact
clinical samples to identify correlations between phenazine content and severity of
infection could guide efforts to inhibit phenazine activity as a therapeutic approach.
Electrochemical methods could even be used to disrupt the signaling and redoxbalancing activities of phenazines in cases of P. aeruginosa colonization of medical
devices. Such devices could be engineered to contain integrated circuits and electrodes
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could be poised at phenazine reducing potentials, thereby disrupting phenazine redox
cycling and inhibiting biofilm formation.
7.2.3 Regulation of phenazine production, transport, and localization.
Phenazine biosynthesis is known to be affected by quorum sensing (QS) such
that production does not occur until the stationary phase of growth in a liquid batch
culture. Expression analyses suggest that both LasR and RhlR regulate the expression
of phz1, but an exact mechanism whereby QS regulates expression of phz2 has not
been defined. In this context, one significant outstanding question concerns role of pqsE
in phenazine production. pqsE is the last gene in the pqs operon. The first 5 genes of
this operon, pqsA-D, are required for quinolone synthesis, and the operon is induced by
quinolones in a positive feedback loop. However, PqsE alone is sufficient to stimulate
phenazine production even in the absence of quinolones (i.e., when it is expressed
constitutively). PqsE is a putative metallo-β-hydrolase that does not contain a DNA
binding domain, but it may be involved in the transformation of an unknown signal that
controls the activity of an unidentified regulator of phz1 or phz2 gene expression.
Identification of the factors involved in this signaling pathway remains an active area of
investigation.
Questions regarding mechanisms of phenazine transport also remain open. 5Me-PCA is still detectable in ∆mex supernatants, suggesting that other efflux pumps
may contribute to the extracellular release of this phenazine. Deletion of all known RND
efflux pumps in P. aeruginosa may lead to the identification of these redundant
transporters. Furthermore, detailed genetic and biochemical analysis of MexG may
reveal a role for this enigmatic component of the 5-Me-PCA transporter in facilitating
efflux of specific substrates.
7.3 References

192

Lau GW, Ran H, Kong F, Hassett DJ, Mavrodi D (2004) Pseudomonas aeruginosa
pyocyanin is critical for lung infection in mice. Infection and immunity 72 (7):42754278. doi:10.1128/IAI.72.7.4275-4278.2004
Morales DK, Jacobs NJ, Rajamani S, Krishnamurthy M, Cubillos-Ruiz JR, Hogan DA
(2010) Antifungal mechanisms by which a novel Pseudomonas aeruginosa
phenazine toxin kills Candida albicans in biofilms. Molecular microbiology 78
(6):1379-1392. doi:10.1111/j.1365-2958.2010.07414.x
Ogunnariwo J, Hamilton-Miller JM (1975) Brown- and red-pigmented Pseudomonas
aeruginosa: differentiation between melanin and pyorubrin. Journal of medical
microbiology 8 (1):199-203. doi:10.1099/00222615-8-1-199
Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, Ausubel FM (1995)
Common virulence factors for bacterial pathogenicity in plants and animals.
Science 268 (5219):1899-1902
Rajyaguru N, Velez A, Sandin RL, Yacoub AT, Greene JN (2014) Pyorubin Producing
Pseudomonas Scalp Infection. Infectious Diseases in Clinical Practice 22
(4):e91-e92. doi:10.1097/ipc.0000000000000151
Recinos DA, Sekedat MD, Hernandez A, Cohen TS, Sakhtah H, Prince AS, PriceWhelan A, Dietrich LE (2012a) Redundant phenazine operons in Pseudomonas
aeruginosa exhibit environment-dependent expression and differential roles in
pathogenicity. Proceedings of the National Academy of Sciences of the United
States of America 109 (47):19420-19425. doi:10.1073/pnas.1213901109

193

Appendix A
Redundant Phenazine Operons in Pseudomonas aeruginosa Exhibit EnvironmentDependent Expression and Differential Roles in Pathogenicity
This appendix is adapted from
Recinos DA, Sekedat MD, Hernandez A, Cohen TS, Sakhtah H, Prince AS, PriceWhelan A, Dietrich LE (2012) Redundant phenazine operons in Pseudomonas
aeruginosa exhibit environment-dependent expression and differential roles in
pathogenicity. Proceedings of the National Academy of Sciences of the United
States of America 109(47):19420-5
A.1 Abstract
Evolutionary biologists have postulated that several fitness advantages may be
conferred by the maintenance of duplicate genes, including environmental adaptation
resulting from differential regulation. We examined the expression and physiological
contributions of two redundant operons in the adaptable bacterium Pseudomonas
aeruginosa PA14. These operons, phzA1-G1 (phz1) and phzA2-G2 (phz2) encode
nearly identical sets of proteins that catalyze the synthesis of phenazine-1-carboxylic
acid, the precursor for several phenazine derivatives. Phenazines perform diverse roles
in P. aeruginosa physiology and act as virulence factors during opportunistic infections
of plant and animal hosts. Although reports have indicated that phz1 is regulated by the
Pseudomonas quinolone signal, factors controlling phz2 expression have not been
identified, and the relative contributions of these redundant operons to phenazine
biosynthesis have not been evaluated. We found that in liquid cultures, phz1 was
expressed at higher levels than phz2, although phz2 showed a greater contribution to
phenazine production. In colony biofilms, phz2 was expressed at high levels, whereas
phz1 expression was not detectable, and phz2 was responsible for virtually all
phenazine production. Analysis of mutants defective in quinolone signal synthesis
revealed a critical role for 4-hydroxy-2-heptylquinoline in phz2 induction. Finally, deletion
of phz2 but not of phz1 decreased lung colonization in a murine model of infection.
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These results suggest that differential regulation of the redundant phz operons allows P.
aeruginosa to adapt to diverse environments.
A.2 Introduction
Gene duplications give rise to genetic redundancy, an unstable condition that
would not be expected to persist over time (Ohno 1970). This property is exhibited by
diverse genomes (Thomas 1993; Gevers et al. 2004; Tirosh and Barkai 2007), however,
and evolutionary theorists have proposed several mechanisms whereby duplicate genes
might provide selective advantages (Zuckerkandl 2001); for example, redundancy may
be favored when spatial or temporal differences in gene expression enable tissuespecific variation or survival under varying environmental conditions (Riehle et al. 2001;
Martinez-Nunez et al. 2010). Products of duplicated genes are involved in crucial cellular
processes, including signal transduction, development, and metabolism (Kafri et al.
2006).
The genome of the bacterium Pseudomonas aeruginosa, an opportunistic
pathogen that thrives in both soil and host environments, contains two redundant seven
gene operons termed phzA1-G1 (phz1) and phzA2-G2 (phz2). These operons are nearly
identical (~98% similarity at the DNA level), and each encodes the biosynthetic enzymes
for phenazine-1-carboxylic acid (PCA) (Mavrodi et al. 2001b). Downstream modifications
derivatize this precursor, generating other phenazines (Fig A.1). Pseudomonad
phenazines are toxic to many other organisms and cell types due to their inherent redox
activity (Caldwell et al. 2009; Ran et al. 2003). Studies conducted in various plant and
animal models of infection have implicated phenazines in colonization and pathogenicity
(Rahme et al. 1995; Starkey and Rahme 2009). In addition, recent studies have
elucidated beneficial roles for phenazines in the physiology of P. aeruginosa, which is
not negatively affected by the redox toxicity of phenazines (Hassett et al. 1992). These
roles are thought to contribute to the dramatic effects of phenazines on biofilm
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development, where their production induces a switch between wrinkled (rugose) and
smooth morphotypes (Dietrich et al. 2008).
Advantages conferred by phenazines may support conservation of the phz
operon in the more than 57 currently identified phenazine-producing species (Mavrodi et
al. 2010). However, although phz operons display a broad phylogenetic distribution,
genomes containing more than one phz operon are rare; of the bacterial genomes
sequenced to date, only those belonging to P. aeruginosa and Streptomyces
cinnamonensis contain a second, redundant phz operon (Mavrodi et al. 2010). In P.
aeruginosa, the regions surrounding phz1 and phz2 are highly divergent. phz1 is flanked
by phzM and phzS, which encode enzymes that convert PCA to pyocyanin (PYO) (Fig.
A.1). phz2 lies ~2.6 MB away from phz1 and is not flanked by phenazine-modifying
enzymes. A third phenazine modifying enzyme, PhzH, is encoded at a distinct site and
converts PCA to phenazine-1-carboxamide. Additional phenazines that have been
detected in P. aeruginosa cultures are intermediates and by-products arising from PhzM
and PhzS activity or are produced by enzymes with unknown coding genes (Byng et al.
1979; Hansford et al. 1972b).
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Figure A.1 (A) Phenazine biosynthetic pathway. PCN, phenazine-1-carboxamide; 5MCA, 5-methyl PCA; 1-OH-PHZ, 1-hydroxyphenazine. (B) Genomic arrangement of the
phzA1-G1 (phz1) and phzA2-G2 (phz2) operons and their surrounding regions. phz1 is
flanked by phzM and phzS, which encode the enzymes that convert PCA to pyocyanin
(PYO). The arrow indicates the location of the las box upstream of phz1. phz2 is flanked
by qscR, which encodes a transcription factor that senses acyl-homoserine lactones,
and PA14_39870, which encodes a protein of unknown function that contains a HIT
domain, characteristic of a superfamily of hydrolases and transferases.
The duplicate P. aeruginosa phz operons are preceded by distinct promoter
regions (Mavrodi et al. 2001b). The phz1 promoter contains a las box 390 bp upstream
of the phzA1 translational start site (Whiteley and Greenberg 2001). Located upstream
of many genes regulated by quorum sensing, las box motifs recruit the transcriptional
regulators LasR and/or RhlR (Whiteley et al. 1999; Schuster et al. 2004b). The las box,
LasR, and RhlR are required for complete induction of phzA1 (Whiteley et al. 1999). The
phz1 operon has been shown to be regulated by P. aeruginosa quinolones, and binding
of the Pseudomonas quinolone signal (PQS) to the transcriptional regulator PqsR (also
known as MvfR) is required for WT PYO production (Deziel et al. 2005; Xiao et al. 2006).
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Furthermore, the PQS dependence of phz gene expression has been reported in several
RNA studies and is often attributed to the quinolone signal control of phz1; however, it is
unlikely that microarray probes can distinguish between highly similar phz1 and phz2.
Thus, the quinolone dependence of phz2 expression has remained an open question.
Finally, the GacA-dependent orphan repressor QscR, encoded upstream of phz2, has a
negative effect on the expression of both phz operons through an unknown mechanism
(Lequette et al. 2006; Chugani et al. 2001).
In this study, we generated mutants lacking genes involved in phenazine and
quinolone biosynthesis and evaluated phenazine production, colony morphogenesis,
and pathogenicity. We used promoter-GFP fusions to examine the relative expression
levels of phz1 and phz2 during growth in liquid batch cultures and colony development.
We tested the contributions of phz1 and phz2 to P. aeruginosa pathogenicity using a
murine model of lung infection. Our results demonstrate a major role for phz2 in P.
aeruginosa phenazine production during biofilm development and host infection.
A.3 Methods
A.3.1 Bacterial strains and growth conditions
For cloning and strain construction, bacterial cultures were routinely grown at 37
˚C in LB broth. For all planktonic phenazine production and gene expression
experiments, strains (listed in Table A.1) were grown in 1% tryptone at 37 ˚C. Colony
biofilms were grown on 1% tryptone/1% agar plates at room temperature (22-25˚C) and
>95% humidity. Coomassie blue (20 µg/mL) and Congo red (40 µg/mL) were added to
the plates used for morphology assays (60 mL medium; 10-cm square plates). Biofilm
phenazine quantification assays were performed with 40 mL of 1% tryptone 1% agar
medium without dye in 10-cm round Petri dishes. The primers used in this study are
listed in Table (A.2), and protocols for the generation of mutants and fluorescent reporter
constructs are described in the next section.
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A.3.2 Construction of mutants
We generated unmarked deletions of the phenazine modifying genes phzH,
phzM, phzS, the two redundant phenazine biosynthetic operons phzA1-G1 (phz1) and
phzA2-G2 (phz2), and the quinolone biosynthetic genes pqsABC, pqsH, and pqsL in
various combinations in a panel of P. aeruginosa PA14 strain backgrounds. (Table A.1)
The deletion plasmids for phzA1-G1 and phzA2-G2 have been described previously
(Dietrich et al. 2006a). All other deletion plasmids were generated using the yeast gap
repair method (Shanks et al. 2006). Here we describe the protocol for generating the
unmarked deletion of phzA2-G2. All other deletion strains were generated according to a
similar protocol. ~1 kb of the sequences flanking the gene(s) to be deleted were
amplified using the primer pairs US-1 and US-2 (for the 5’ flanking region) and DS-1 and
DS-2 (3’ flanking region) (Table A.2). These flanking DNA fragments were joined and
integrated into the linearized plasmid pMQ30 by gap repair cloning using the yeast strain
InvSc1 (Shanks et al. 2006). The resulting deletion plasmid was transformed into E. coli
BW29427 and mobilized into PA14 using biparental conjugation. PA14 single
recombinants (merodiploid containing the intact allele(s) and the null/deleted allele(s))
were selected on LB agar containing 100 µg/ml gentamicin. Potential deletion mutants
were generated by selecting for loss of the plasmid (formation of the double
recombinant) by identifying strains that grew in the presence of 10% sucrose (these
strains lost the sacB-containing plasmid because sacB is toxic in the presence of
sucrose). Strains with properties of a double recombination were verified by PCR.
A.3.3 Construction of the GFP-reporter plasmids
Primers for the construction of these plasmids are listed in Table A.2A. A SpeI
site was engineered into the miniTn7(Gm)PA1/04/03 eyfp-a plasmid in between the KpnI
and SphI sites upstream of the yfp gene. Next, the multiple cloning site from pUC18-mini
Tn7T-Gm-lacZ (Choi and Schweizer 2006) was amplified with primers 1 and 2. The PCR
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product was digested with SpeI and SphI and ligated with SpeI/SphI-digested
miniTn7(Gm)PA1/04/03 eyfp-a to give pAKN69-MCS. The multiple cloning site from
pAKN69-MCS was then amplified with primers 3 and 4. The PCR product was digested
with SalI and MfeI and ligated with XhoI and EcoRI digested pYL122 (Lequette and
Greenberg 2005). This step replaces the rhlA promoter in pYL122 with a multiple cloning
site to give pSEK-GFP. The phzA1 promoter was amplified from P. aeruginosa PA14
genomic DNA by PCR with primers 5 and 6. The phzA2 promoter was amplified from P.
aeruginosa PA14 genomic DNA by PCR with primers 7 and 8. These PCR products
were digested with SpeI and XhoI and ligated with SpeI and XhoI digested pSEK-GFP to
give pSEK-PphzA1GFP and pSEK-PphzA2GFP.
A.3.4 Genomic integration of the reporter fusions into P. aeruginosa PA14
PphzA1-GFP and PphzA2-GFP fusions were inserted as single-copies into the
chromosomal attB site in the P. aeruginosa PA14 using a modified version of a
previously described protocol (Lequette and Greenberg 2005). Briefly, pSEKPphzA1GFP and pSEK-PphzA2GFP were transformed into chemically competent E. coli
BW29427 cells for conjugation with P. aeruginosa. Merodiploids were selected with 200
µg/mL tetracycline, and Flp-catalyzed excision of the integrase and TetR cassette was
carried out as previously described (Handfield et al. 1998; Hoang et al. 2000).

Table A.1 Strains and plasmids used in this work
Strain
Comments / Genotype

Source or
Reference

Pseudomonas aeruginosa
PA14

Clinical Isolate, UCBPP-14

∆phz

PA14 with deletions in the phzA1-G1
and the phzA2-G2 operons
PA14 with deletion of the phzA1-G1
operon

∆phz1

200

(Rahme et al.
1995)
this study
this study

∆phz2

∆pqsR

PA14 with deletions of the phzA2-G2
operon
PA14 with deletions of the phzM, phzH
and phzS genes
PA14 with deletions of phzM, phzH
,phzS genes and phzA1-G1 operon
PA14 with deletions of phzM, phzH
,phzS genes and phzA2-G2 operon
PA14 with deletions of the pqsA-C
genes
PA14 with deletion of the pqsR gene

∆pqsH

PA14 with deletion of the pqsH gene

∆pqsE
∆pqsL
∆pqsHL

PA14 with deletion of the pqsE gene
PA14 with deletion of the pqsL gene
PA14 with deletions of the pqsH and
pqsL genes
PA14 with deletions of the pqsA-C
genes in the ΔHMS1 background
PA14 with deletions of the pqsA-C
genes in the ΔHMS2 background
PA14 with deletion of the pqsH gene
in the ΔHMS1 background
PA14 with deletion of the pqsL gene in
the ΔHMS1 background
PA14 with deletions of the pqsH and
pqsL genes in the ΔHMS1 background
PA14 with GFP insert with no
promoter in the multiple cloning site
PA14 with PphzA1GFP insert
PA14 with PphzA2GFP insert
ΔpqsAC with PphzA2GFP insert
ΔpqsR with PphzA2GFP insert
ΔpqsHL with PphzA2GFP insert
Δphz2 with pUCP18 plasmid inserted
Δphz2 with pUCP18 plasmid with phz2
insert

∆phzHMS
∆phzHMS∆phz1
∆phzHMS∆phz2
∆pqsAC

ΔpqsACΔphzHMS∆phz1
ΔpqsACΔphzHMS∆phz2
ΔpqsHΔphzHMS∆phz1
ΔpqsLΔphzHMS∆phz1
ΔpqsHLΔphzHMS∆phz1
WT PmcsGFP
WT PphzA1GFP
WT PphzA2GFP
ΔpqsAC PphzA2GFP
ΔpqsR PphzA2GFP
ΔpqsHL PphzA2GFP
Δphz2 pUCP18
Δphz2 pUCP18-phz2
Escherichia coli
UQ950

BW29427

E. coli DH5α λ(pir) host for cloning; FΔ(argF-lac)169 Φ80 dlacZ58(ΔM15)
glnV44(AS) rfbD1 gyrA96(NalR) recA1
endA1 spoT1 thi-1 hsdR17 deoR λpir+
Donor strain for conjugation: thrB1004
pro thi rpsL hsdS lacZ ΔM15RP4–
1360 Δ(araBAD)567 ΔdapA1341::[erm
pir(wt)]

Saccharomyces cerevisiae
InvSc1
Used for yeast gap repair cloning
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this study
this study
this study
this study
this study
Deborah Hogan,
Hanover, NH
Deborah Hogan,
Hanover, NH
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
D. Lies, Caltech

W. Metcalf,
University of
Illinois

(Shanks et al.
2006)

Plasmids
pUCP18
pUCP18-phz2
pUC18-mini Tn7T-Gm-lacZ

Description
Multi-copy plasmid with ColEI ORI; AmpR;
lacZ α gene
pUCP18 plasmid with phz2 operon inserted
Broad host plasmid with mini Tn7T-GmRlacZ

miniTn7(Gm)PA1/04/03 eyfp-a

ntegration vector containing eyfp, GmR

pAKN69-MCS

Integration vector containing multiple
cloning site (MCS)
rhlAB::gfp transcriptional reporter on miniCTX, TetR

pYL122

pSEK-GFP
pSEK-PphzA1GFP
pSEK-PphzA2GFP
pMQ30
pLD338
pLD294
pLD741
pLD11
pLD18
pLD710
pLD1140
pLD706

GFP reporter plasmid containing MCS
GFP reporter plasmid with phzA1 inserted
GFP reporter plasmid with phzA2 inserted
Yeast-based allelic exchange vector, sacB,a
CEN/ARSH, URA3+, GentR
phzM deletion fragments cloned into
pMQ30
phzS deletion fragments cloned into pMQ30
phzH deletion fragments cloned into
pMQ30
phz1 deletion fragments cloned into
pSMV10
phz2 deletion fragments cloned into
pSMV10
pqsABC deletion fragments cloned into
pMQ30
pqsH deletion fragments cloned into
pMQ30
pqsL deletion fragments cloned into pMQ30

Source
(Schweizer
1991)
this study
(Choi and
Schweizer
2006)
(Lambertsen
et al. 2004)
this study
(Lequette
and
Greenberg
2005)
this study
this study
this study
this study
this study
this study
this study
(Dietrich et
al. 2006a)
(Dietrich et
al. 2006a)
this study
this study
this study

Table A.2
A. Primers for fluorescent reporter constructs
Construction of pAKN69-MCS
1. speI-MCS-FOR
TGCCCGAGGCATAGACTGTA
2. sphI-MCS-REV
ggatggcatgcCTGTTTCCTGTGTGATAAAGAAAG
Construction of pSEK-GFP
3. salI-MCS-FOR
tgaggtcgacTACCGCCACCTAACAATTCG
4. mfeI-MCS-REV
tcgacaattgTACCGGGCCCAAGCTTCT
Construction of pSEK-PphzA1GFP
5. speI-PphzA1-FOR
cgccactagtTTCCTGCGTACCGAAAGAAT
6. xhoI-PphzA1-REV
cgagctcgagCGAGAGGGCTCTCCAGGTAT
Construction of pSEK-PphzA2GFP
7. speI-PphzA2-FOR
cgccactagtGCCTGCTCAACTGAATCGAC
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8. xhoI-PphzA2-REV

cgagctcgagAGTTCGAATCGACTGGCATC

B. Primers for deletion strains
pqsABC deletion strains
pqsABCggaattgtgagcggataacaatttcacacaggaaacagctAGAGGCTCCGATCACCCTA
US-1
T
pqsABCctcagcacaccagcacctcGTCTGGCCCCGATAGTGATA
US-2
pqsABCtatcactatcggggccagacGAGGTGCTGGTGTGCTGAG
DS-3
pqsABCcaggcaaattctgttttatcagaccgcttctgcgttCTGAACCGTAGGTCAGGACCAG
DS-4
pqsL deletion strains
pqsL-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctCGCCTGTTCCTCAAGTACG
pqsL-US-2 gctgataggaacgctcgcCCTGCTCCACTACCACCAC
pqsL-DS-3 gtggtggtagtggagcaggGCGAGCGTTCCTATCAGC
pqsL-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttCTCGAACAGGTGTTCCTCAATC
pqsH deletion strains
pqsH-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctGATATCCACATCCACGGTG
TC
pqsH-US-2 tattcctcagccagacgctcGATGCCTGCCTTGGTGAAT
pqsH-DS-3 attcaccaaggcaggcatcCTGAGGAATACCCTCGTTCG
pqsH-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttctgatGGAGATGCTCTGCACCTTGT
pqsE deletion strains
pqsE-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctGCAATCATGACCTGGTAGG
G
pqsE-US-2 atgctccccaggtgcagtCCAACAGGCACAGGTCATC
pqsE-DS-3 gatgacctgtgcctgttggACTGCACCTGGGGAGCAT
pqsE-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttCTGACAGGCACAACTGGCGATAG
phzH deletion strains
phzH-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctGTTTCGACCAAGGAGGTCA
G
phzH-US-2 gctcacctgggtgttgaagtGTATCGGTCATGGCGAAGAT
phzH-DS-3 atcttcgccatgaccgatacACTTCAACACCCAGGTGAGC
phzH-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttCTGATCGCTTCCTCGACTCCAT
phzM deletion strains
phzM-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctCACTCGACCCAGAAGTGGT
T
phzM-US-2 gttgagagttccggttcaggTATCAAATTACGCGCAGCAG
phzM-DS-3 ctgctgcgcgtaatttgataCCTGAACCGGAACTCTCAAC
phzM-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttctgatGCTGGTACGCCTGAGCAT
phzS deletion strains
phzS-US-1 ggaattgtgagcggataacaatttcacacaggaaacagctAAGGTCAACGCGGTACAG
AT
phzS-US-2 ccatcgatatcctcattgccGCGACCGAAGACTGAGAAGA
phzS-DS-3 tcttctcagtcttcggtcgcGGCAATGAGGATATCGATGG
phzS-DS-4 ccaggcaaattctgttttatcagaccgcttctgcgttctgatACGCGAACATTTCCGAGTC
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A.3.5 Quantification of phenazines from biofilms and liquid cultures
For biofilm phenazine quantification, precultures were grown overnight in LB.
Then 10 µL from these stationary-phase cultures was spotted on 1% tryptone/1% agar
plates (described above) in technical replicates (10 per preculture). On day 3 or 6, five of
these colonies were scraped from the plate, and half of the solid growth substrate was
transferred to a 50-mL conical tube with 3 mL of water and nutated overnight to extract
phenazines. Filtered extract was then loaded directly onto a Waters Symmetry C18
reverse-phase column (4.6 x 250 mm; 5 mm particle size) in a Beckman SystemGold
high-performance liquid chromatograph with a photodiode array detector. Phenazines
were separated following a protocol and under conditions described previously (Dietrich
et al. 2006a). Standards at known concentrations were used to calculate conversion
factors for PYO and PCA (8 x 10-6 mM/AU and 9.5 x 10-6 mM/AU, respectively).
For liquid cultures grown in 1% tryptone, 200-µL samples were taken after ~16 h
of growth. These were then filtered and analyzed by HPLC as described above.
A.3.6 GFP fluorescence quantification.
For planktonic cultures, strains were grown in LB overnight then diluted in 1%
tryptone to an OD500 of 0.05 into 96 well plates (Costar; Corning). The plates were
incubated at 37 ˚C with continuous shaking at the “low” speed in a BioTek Synergy 4
plate reader equipped with Gen5 data analysis software. The excitation wavelength was
480 nm, and emission was measured at 510 nm. For biofilms, strains were grown on 90
mL of solid media (1% tryptone, 1% agar in 10-cm square plates). Images were acquired
using a Typhoon Trio variable mode scanner (GE Healthcare) after 3 d of growth. The
excitation wavelength was 488 nm, and emission was measured at 520 nm.
Fluorescence data were processed by surface plot analysis in ImageJ.
A.3.7 In vivo infection model
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P. aeruginosa strains were grown in LB liquid precultures at 37 ˚C. Lung
infections of P. aeruginosa were performed using 8-wk-old C57BL/6J mice. Mice were
anaesthetized with 100 mg/kg of ketamine and 5 mg/kg of xylazine and then inoculated
with 0.3-1 x 105 CFU of organism before being euthanized at 18 h after infection.
Bacterial CFU were assayed by homogenizing the whole lung and plating dilutions of the
resuspended tissue on LB agar. All mouse infections were performed in accordance with
the guidelines of Columbia University’s Institutional Animal Care and Use Committee.
A.4 Results
A.4.1 Both phz1 and phz2 contribute to phenazine production during planktonic
growth
P. aeruginosa liquid batch cultures begin to produce phenazines in early
stationary phase. To investigate the relative contributions of the two phz operons to
phenazine production in planktonic cultures, we deleted each individual operon in P.
aeruginosa PA14. We quantified phenazines in culture supernatants from the phz1
deletion mutant (∆phz1), the phz2 deletion mutant (∆phz2), and a mutant in which both
phenazine operons had been deleted (∆phz). Both ∆phz1 and ∆phz2 produced
significantly less PCA compared with WT (Fig A.2A, Left). ∆phz1 produced more PCA
than ∆phz2, but the combined total PCA produced by the two mutants did not reach the
WT level. ∆phz1 produced slightly less PYO than WT, whereas ∆phz2 produced
approximately one-third of WT (Fig A.2A, Right). The levels of other phenazines were
below the detection limit of this study.
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Figure A.2 P. aeruginosa phz1 and phz2 contribute to phenazine production in
planktonic culture. (A) Growth of WT, ∆phz, ∆phz1, and ∆phz2 with PCA (Left) and PYO
(Right) quantification. (B) PCA in ∆phzHMS, ∆phzHMS∆phz1, and ∆phzHMS∆phz2
culture supernatants measured after 16 h of growth. (C) Expression levels of GFP
reporter constructs for phz1 and phz2 operons in WT (Left) and ∆phz (Right)
backgrounds. Error bars indicate SD of biological triplicates.
PCA modification might have prevented us from accurately quantifying the total
PCA produced by each operon. Thus, we created a triple-deletion mutant (∆phzHMS)
that lacks phzH, phzM, and phzS and in this background deleted each phz operon.
∆phzHMS produced more PCA than WT (Fig A.2B); this represents the total PCA
production from both operons. This amount was higher than the combined total PCA
produced by ∆phz1 and ∆phz2, confirming that the conversion of PCA to other
phenazines prevented accurate quantification of total PCA. Deleting phz1 in this
background decreased PCA production slightly, whereas deleted phz2 drastically
reduced PCA production, indicating that phz2 is responsible for the majority of the PCA
produced by planktonic cultures.
To address the possibility that the phz operons are expressed at different levels,
we created fluorescent reporter constructs containing the 500-bp promoter regions
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upstream of each operon fused to gfp. These reporters, PphzA1GFP and PphzA2GFP,
were integrated into the chromosome at a neutral site in WT and ∆phz. We found higher
expression of PphzA1GFP than of PphzA2GFP in the WT and ∆phz backgrounds (Fig
A.2C).
A.4.2 phz2 is sufficient for WT phenazine production in colony biofilms
Phenazine production has been best characterized using planktonic cultures, but
phenazines also have been shown to affect the morphology of different types of biofilms
(Dietrich et al. 2013; Ramos et al. 2010b). We compared the development of ∆phz,
∆phz1, and ∆phz2 with that of WT in a colony morphology assay. The ∆phz mutant
exhibited a wrinkled morphology, as described previously (Dietrich et al. 2008).
Strikingly, the presence of phz2 alone was sufficient for maintenance of the WT
phenotype, whereas deletion of phz2 led to a hyper wrinkled morphology much like that
of ∆phz (Fig. A.3A). Biofilms formed by ∆phz and ∆phz2 exhibited an almost twofold
increase in agar surface coverage compared with those form by the WT (Fig A.3B),
whereas loss of phz1 had no effect on colony surface coverage. These results suggest
that phz2, but not phz1, is important for phenazine production in biofilms.
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Figure A.3 phz2 is sufficient for maintaining WT colony morphology. Colony
development (A) and surface area quantification (B) over the coure of 6 d. (Scale bar: 1
cm.) Error bars indicate SD of three independent experiments
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To confirm that the mutant biofilm phenotypes were consistent with their
phenazine production profiles, we extracted and quantified phenazines from the agar on
which the biofilms were grown. ∆phz1 produced ~60% of the PCA produced by WT, but
generated ~60% more PYO (Fig A.4A). The combined total of PYO and PCA produced
by the ∆phz1 was comparable to that produced by the WT biofilm (Fig A.5). HPLC
analysis detected no PCA or PYO for ∆phz2 (Fig. A.6). Deletion of phzH, phzM, and
phzS in the ∆phz1 and ∆phz2 backgrounds confirmed that all of the detectable
phenazines produced by the WT colony could be produced by phz2 alone (Fig A.4B)
Complementation with phz2 restored phenazine production and the WT phenotype (Fig
A.7).
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Figure A.4 The total PCA pool in biofilms is produced by phz2. (A) Quantification of
PYO (Upper) and PCA (Lower) produced by WT, ∆phz, ∆phz1, and ∆phz2 colonies
grown on agar plates. (B) Quantification of PCA produced by ∆phzHMS,
∆phzHMS∆phz1, and ∆phzHMS∆phz2 strains grown on agar plates. Error bars indicate
SD of three independent experiments.
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Figure A.5 HPLC quantification of PYO and PCA from colonies grown on 1%
tryptone/1% agar plates. Quantification of phenazines extracted from the agar on which
biofilms were grown for three or six days. The PYO+PCA (combined concentration of
PCA and PYO) from wild type are similar to that of the ∆phz1 strain, indicating that the
phz2 operon is sufficient for production of wild-type levels of these phenazines. Error
bars indicate standard deviation of three independent experiments.

Figure A.6 HPLC traces of phenazines extracted from colony biofilms after six days.
Phenazines were extracted from agar and submitted to HPLC analysis for separation
and quantification at a wavelength of 366 nm. Wild type produced the phenazines PYO,
PCN, and PCA. The ∆phz and ∆phz2 strains did not produce detectable levels of any
phenazines (arrow indicates where PCA peak would be expected in ∆phz2 strain). This
suggests that phz2 is necessary for phenazine production in biofilms. HPLC conditions
and protocol were adapted from (1). Observed retention times for PYO and PCA agree
with their results (~10 min and ~20 min respectively)
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Figure A.7 Complementation with phz2 restores PCA production and restores wild type
colony morphology. The phz2 complementation strain was made by inserting a multicopy plasmid containing the entire phz2 operon into the ∆phz2 mutant. (A) Colony
morphology assay for wild type, ∆phz, control strain containing empty vector (∆phz2pUCP18), and complemented ∆phz2. Colonies were grown for three days. Scale bar is 1
cm. (B) Quantification of PCA production from deletion and complemented strains shows
that complementation with phz2 restores PCA production. Error bars indicate standard
deviation of three independent experiments.
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Recently, Huang et al. (Huang et al. 2009) reported temperature-dependent
regulation of phenazine production in P. aeruginosa M18 and PAO1. We grew P.
aeruginosa PA14 colonies at 25 ˚C and 37 ˚C to test whether phenazine production
would be affected by temperature. Similar to what Huang et al. described for liquid
cultures, we found increased PYO production at 37 ˚C for PA14 WT and ∆phz1 colonies.
The higher growth temperature did not significantly alter the phenazine production
phenotypes that we observed, however; at both 25 ˚C and 37 ˚C, ∆phz2 colonies
produced no detectable amounts of phenazines (Fig. A.8).
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Figure A.8 Effect of temperature on phenazine production. WT ∆phz, ∆phz1, and ∆phz2
colonies were grown for 3 days on 1% tryptone, 1% agar at 25 ˚C and 37 ˚C.
Phenazines were extracted from the agar into water and analyzed by HPLC. Phenazines
could not be detected (n.d.) for ∆phz and ∆phz2 colonies. Error bars indicate standard
deviation of biological triplicates.
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We next evaluated phz operon expression in biofilms. We quantified
fluorescence across the midsection of colonies grown from strains containing
PphzA1GFP and PphzA2GFP. Fluorescence levels for PphzA2GFP were significantly
higher than the background in a colony containing the GFP cloned without a promoter
(PmcsGFP) (Fig A.9). Fluorescence for the PphzA1GFP colony was indistinguishable
from background. Quantification of colony midsection fluorescence gave rise to a
“Batman”-shaped plot, likely related to an increased cell concentration at the colony
perimeter resulting from the “coffee ring” effect (Deegan et al. 2000) when a cell
suspension is first spotted onto an agar surface.

Figure A.9 phz2 is expressed at higher levels than phz1 in colony biofilms. A 3D surface
fluorescence intensity plot (A) and quantification of fluorescence (B) of GFP reporter
constructs for phz1 and phz2 operons. Fluorescence quantification was performed using
the surface plot analysis across the middle of the colony with ImageJ. Shading indicates
the SD of biological triplicates.
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A.4.3 Quinolone-dependent regulation of the phz2 operon.
Although signaling mechanisms controlling the expression of phz1 have been
identified (Deziel et al. 2004), little is known about the regulation of phz2. We sought to
test whether quinolones are required for phz2 induction in biofilms. P. aeruginosa
produced three major types of alkyl quinolones: PQS, 4-hydroxy-2-heptylquinoline
(HHQ), and 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) (Lepine et al. 2004; Gallagher
et al. 2002). We generated a mutant lacking the genes pqsABC (∆pqsAC), which is
unable to produce quinolones (Coleman et al. 2008). We also created individual
deletions of the genes encoding PqsL and PqsH, which catalyze the formation of HQNO
and PQS, respectively (Gallagher et al. 2002; D'Argenio et al. 2002). ∆pqsAC showed
the most significant defect in PCA production, whereas ∆pqsL was unaffected (Fig
A.10A). ∆pqsHL had PCA production similar to that of ∆pqsH, suggesting that HHQ, not
HQNO, is responsible for the majority of PCA production. Of note, mutants lacking PqsR
(MvfR) or the PQS response protein PqsE did not produce PCA, consistent with
previous work indicating that these proteins are required for phenazine synthesis
(Farrow et al. 2008).
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Figure A.10 Quinolones regulate the phz2 operon in biofilms. (A-C) Quantification of
PCA from strains containing deletions in various biosynthetic genes involved in H-alkylquinolone (HAQ) and phenazine production. (D and E) Expression levels of the phz2
operon in strains containing deletions in HAQ and phenazine biosynthetic genes in
representative experiments. Error bars in A-C and shading in D and E indicate SD of
biological triplicates.
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To investigate whether quinolones affect PCA production by modulating phz2
expression, we deleted the pqsABC genes in the ∆phzHMS∆phz1 and ∆phzHMS∆phz2
backgrounds and assayed for phenazine production in biofilms. ∆pqsAC∆phzHMS∆phz1
showed a 90% reduction in PCA compared with ∆phzHMS∆phz1 (Fig A.10B),
demonstrating the quinolone-dependent regulation of phz2. Removing quinolones also
abolished PCA from phz1 (i.e. the ∆pqsAC∆phzHMS∆phz2 mutant). Finally, to evaluate
which quinolones are responsible for phz2 induction, we generated the mutants
∆pqsH∆phzHMS∆phz1 and ∆pqsH∆pqsL∆phzHMS∆phz1. PCA production in these
mutants was half that in the ∆phzHMS∆phz1 mutant, suggesting that both PQS and its
precursor HHQ positively regulate phenazine production from phz2 (Fig A.10C).
To further verify that quinolones affect phz2 expression, we introduced
PphzA2GFP into the ∆pqsAC, ∆pqsR, and ∆pqsHL mutants and compared fluorescence
among the strains. phz2 expression was significantly reduced in the ∆pqsACPphzA2GFP and ∆pqsR-PphzA2GFP strains in biofilms (Fig A.10D), demonstrating that
PqsR-mediated quinolone signaling regulated phz2 expression; however, phz2
expression in ∆pqsHL-PphzA2GFP was similar tot hat in WT (Fig. A.10E). These results
were recapitulated in planktonic cultures (Fig. A11). These results indicate that
quinolones can positively regulate transcription of phz2, and that HHQ in particular plays
a more significant role in induction of phz2 than in induction of phz1.
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Figure A.11 HHQ positively regulates the expression of phz2 in planktonic cultures. We
assayed for expression of the phz2 operon using a GFP reporter fusion containing the
500 bp region upstream of phz2. We integrated this reporter into the wild type, ∆pqsAC
(no quinolones) and ∆pqsHL (HHQ only) strains and monitored growth and GFP
expression in planktonic cultures for 20 hours. (A) Quinolone signaling is necessary for
wild-type expression of phz2 as ∆pqsAC-PphzA2GFP and ∆pqsR-PphzA2GFP exhibited
a severe reduction in phz2 expression. (B) Quinolone-dependent expression of phz2 is
achieved specifically through HHQ. The ∆pqsHL-PphzA2GFP strain produced HHQ (but
no PQS or HQNO) and is able to induce expression of phz2 although not to wild type
levels. Error bars represent the standard deviation of one experiment performed in
biological triplicates. Experiment was repeated three additional times with similar results.
PQS production required molecular oxygen as a substrate for the
monooxygenase PqsH, suggesting that expression of phz1, but not of phz2, is oxygendependent. We tested this by growing WT, ∆phz, ∆phz1, and ∆phz2 colonies in an
anaerobic chamber on a medium containing 40 mM nitrate (an alternate electron
acceptor for P. aeruginosa respiration). Indeed, extracts from agar on which WT or
∆phz1 colonies were grown contained comparable amounts of PCA, whereas extracts
from media supporting ∆phz or ∆phz2 colonies contained no phenazines (Fig. A.12).

219

Figure A.12 phz2 is expressed under anaerobic conditions. WT, ∆phz, ∆phz1, and
∆phz2 colonies were grown on 1% tryptone, 1% agar supplemented with 40 mM
potassium nitrate in an anaerobic glove box filled with 80% N2, 15% CO2, and 5% H2
(Coy) for five days. Phenazines were extracted from the agar into water and analyzed by
HPLC. Error bars indicate standard deviation of biological triplicates.
A.4.4 phz2 operon is required for lung colonization in a murine model of infection
Phenazine production contributes to virulence in diverse infection models
(Starkey and Rahme 2009; Apidianakis and Rahme 2009; Lau et al. 2004b).
Characterizations of the bacterial populations associated with infections have suggested
that P. aeruginosa assumes a biofilm-like lifestyle during host colonization (Worlitzsch et
al. 2002). Based on our observation that the phz2 operon is required for phenazine
production in biofilms, we tested whether phz2 is required for respiratory infection in a
murine model (Lau et al. 2004b). Clearance of ∆phz2 and ∆phz bacteria was significantly
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greater than that of WT bacteria (Fig A.13). Clearance was similar for ∆phz1 and WT.
These results suggest that the phz2 operon is required for P. aeruginosa virulence.

Figure A.13 The phz2 operon is necessary for full virulence in a murine lung infection
model. CFU counts of WT, ∆phz, and ∆phz2 strains from mouse lungs. Mice were
inoculated with 0.3-1 x 105 CFU of P. aeruginosa WT, ∆phz1, or ∆phz2 and euthanized
18 h after infection. CFU counts were performed by dilution and plating of whole lung
homogenates. Straight lines within the data points indicate average CFU/mL. P values
between data are shown.
A.5 Discussion
Differential expression of highly similar genes may confer selective advantages
and increase complexity (Zuckerkandl 2001). We evaluated the expression and
physiological roles of two nearly identical operons, phz1 and phz2, encoded by the P.
aeruginosa genome. We hypothesized that the nonhomologous promoter regions of
these redundant operons allow for condition-dependent regulation of PCA biosynthesis
in diverse environments. To test this, we generated mutants with deletions in each of
these operons and created fluorescent reporters for monitoring operon expression. We
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also deleted genes for downstream conversion of PCA to PYO and phenazine-1carboxamide, enabling accurate assessment of PCA production from each operon.
We found that when P. aeruginosa was grown in liquid cultures, phz1 was
expressed at higher levels than phz2 (Fig A.2C, Left). However, both operons
contributed significantly to PCA production, with phz2 making a greater contribution (Fig.
A.2B), suggesting that factors other than transcriptional regulation control the amount of
PCA produced planktonically. In contrast, phz2 was the sole operon expressed and
responsible for all of the phenazine production in colonies (Figs. A.4 and A.9). phz2 was
also required for WT colony morphogenesis.
We then evaluated the quinolone dependence of phz operon expression and
phenazine production, and found that a mutation that abolished all quinolone production
led to a much greater reduction in PCA compared with a mutation that abolished PQS
alone. Previous studies have demonstrated that phz1 induction is highly dependent on
PQS (Deziel et al. 2005; Xiao et al. 2006). Our observations indicate that quinolonedependent regulation of phz2 differs from that of phz1, in that HHQ is the major signal
controlling phz2 expression. However, like phz1 induction, phz2 induction is PqsR- and
PqsE-dependent. (Fig A.10). Intriguingly, neither phz operon promoter contains an
identifiable PqsR-binding motif, and additional regulators may be required for their
induction (Li et al. 2011). We also detected some quinolone-independent expression of
phz2, given that removing quinolone biosynthesis did not abolish PCA production
completely (Fig. A.10B).
The differences in phz1 and phz2 expression with respect to quinolone
dependence and growth mode (i.e. planktonic vs. biofilm) are consistent with a role for
oxygen as a major environmental cue for P. aeruginosa lifestyle transitions. P.
aeruginosa produces HHQ, but not PQS, under anaerobic conditions (Schertzer et al.
2010). Cells in the crowded interior of biofilms and aggregates formed during infection
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experience anoxia. These findings that HHQ is more important for phz2 expression, and
that phz2 expression is the source of PCA in biofilms, suggest that phz2 is regulated in
response to oxygen indirectly via inhibition of PqsH. Accordingly, the dependence of
phz1 expression on PQS is consistent with the higher expression levels in aerobically
grown liquid batch cultures. Another monooxygenase gene, phzS, is located adjacent to
phz1 in the genome, and both loci may be controlled by the same promoter; thus oxygen
availability may signal transitions between planktonic and biofilm lifestyles, allowing P.
aeruginosa to fine-tune phenazine production in response (Fig A.14). Additional studies
are required to examine the microscale distribution of oxygen and its correlation with phz
operon expression in biofilms.

Figure A.14 Model for environment-dependent expression of phz1 and phz2. (Left) In
shaken planktonic cultures, the presence of oxygen leads to the production of PQS.
PQS positively regulates the expression of phz1 and phz2. (Right) In biofilms, oxygendependent production of PQS is decreased owning to the presence of micro aerobic and
anaerobic environments. HHQ positively regulates the expression of phz2 (as also
suggested by (Ha et al. 2011)), and phz2 is expressed at higher levels than phz1.
We also observed that phz2 is important for host colonization in a murine model
of infection (Fig A.13) Although the contributions of phenazines to P. aeruginosa
pathogenicity are well recognized (Lau et al. 2005; Rada et al. 2008), we and others
have recently reported beneficial roles for phenazines in P. aeruingosa physiology,
including intercellular signaling, redox balancing, and enhanced iron acquisition (Dietrich
et al. 2006a; Price-Whelan et al. 2007a; Wang et al. 2011). These diverse effects likely
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act together to support host colonization and infection. Furthermore, phenazines have
dramatic effects on the morphological development of P. aeruginosa colonies. Whether
biofilms form in our particular infection model is not known, but airway obstruction by
bacterial aggregates has been reported in a similar model (Lau et al. 2004b). The fact
that phz2 is the relevant operon for pathogenicity in an acute infection model suggests
that P. aeruginosa experiences oxygen limitation and initiates aggregate/biofilm
formation even in a short time period.
The maintenance of redundant genes is paradoxical, because the presence of a
duplicate gene relaxes selection pressure, allowing rapid divergence (Ohno 1970).
Redundant genes can persist when the retain overlapping activities, yet diverge
sufficiently to give rise to individualized functions (Thomas 1993). Alternatively, changes
in the regulation of duplicated genes, in the absence of major changes at the coding
sequence level, also can give rise to unique “functions,” in that the localization or timing
of their expression can alter their physiological roles or ultimate effects (Zuckerkandl
2001; Kafri et al. 2006; Lynch and Force 2000; Kafri et al. 2009). Surveys examining
genetic redundancy in yeast and bacterial genomes have identified duplicate genes that
exhibit such subfunctionalization (Gevers et al. 2004; Gu and Huang 2002; Gu et al.
2005), but most of these gene pairs show relatively low sequence similarity, and their
functional redundancy is usually inferred. The P. aeruginosa phz1 and phz2 operons are
exceptional in their high degree of sequence similarity and redundancy. Here we have
presented evidence that their specialization derives from their differential expression.
Complementary regulation of the two phz operons appears to confer an advantage over
regulation of a single operon, such that these nearly identical gene clusters are
maintained (Fig A.14).
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Appendix B
Bacterial Community Morphogenesis is Intimately Linked to the Intracellular
Redox State
This chapter is adapted from
Dietrich LEP, Okegbe C*, Price-Whelan A*, Sakhtah H*, Hunter RC, Newman DK
(2013) Bacterial community morphogenesis is intimately linked to the intracellular redox
state Journal of Bacteriology 195(7):1371-80
*contributed equally
B.1 Abstract
Many microbial species form multicellular structures comprising elaborate
wrinkles and concentric rings, yet the rules governing their architecture are poorly
understood.

The

opportunistic

pathogen

Pseudomonas

aeruginosa

produces

phenazines, small molecules that act as alternate electron acceptors to oxygen and
nitrate to oxidize the intracellular redox state and that influence biofilm morphogenesis.
Here, we show that the depth occupied by cells within colony biofilms correlates well
with electron acceptor availability. Perturbations in the environmental provision,
endogenous production, and utilization of electron acceptors affect colony development
in a manner consistent with redox control. Intracellular NADH levels peak before the
induction of colony wrinkling. These results suggest that redox imbalance is a major
factor driving the morphogenesis of P. aeruginosa biofilms and that wrinkling itself is an
adaptation that maximizes oxygen accessibility and thereby supports metabolic
homeostasis. This type of redox-driven morphological change is reminiscent of
developmental processes that occur in metazoans.
B.2 Introduction
The ubiquity of multicellularity – a property observed in all three domains of life –
underscores the advantages conferred on organisms that assume this lifestyle
(Grosberg and Strathmann 2007a; Orphan et al. 2002). Multicellularity allows division of
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labor, as well as protection from environmental insults, but also presents a significant
challenge by exacerbating limitations for growth substrates. Eukaryotic macroorganisms
alleviate this problem through (i) internal circulation that allows delivery of substrates to
specific locations and (ii) metabolic differentiation. Although the significance of the
multicellular lifestyle for metabolism and pathogenicity of microorganisms is well
recognized (Lopez et al. 2010; Stewart and Franklin 2008a; Booth et al. 2011), the
mechanisms enabling microbial communities to cope with substrate limitation are poorly
defined.
Pseudomonas aeruginosa is a leading causative agent of nosocomial infections
that forms biofilms (i.e., surface-attached communities) on indwelling medical devices or
tissues within the host. It is also the primary cause of morbidity and mortality among
people with cystic fibrosis, in whom it aggregates within accumulated mucus, causing
chronic lung infections (Hoiby et al. 2005). The fact that P. aeruginosa forms biofilms in a
variety of model laboratory systems has allowed researches to identify mechanisms
important for biofilm and aggregate formation. Our research has focused on the intricate
structures formed by communities of P. aeruginosa as they grow on the surfaces of rich
media solidified with agar (“colony biofilms”). Colony morphogenesis is highly dependent
on the presence of endogenously produced redox-active small molecules called
phenazines; colonies that produce phenazines are relatively smooth as they develop,
while mutants that are unable to produce phenazines are more rugose and start
wrinkling earlier in the incubation period (Dietrich et al. 2008) (Fig B.1). Similar results
have been obtained for flow cell biofilms (Ramos et al. 2010b). The phenazines
produced by P. aeruginosa vary in structure and chemical properties (Price-Whelan et
al. 2006a; Mavrodi et al. 2010), but their redox potentials are such that they all can be
reduced by the bacterial cell and react extracellularly with higher-potential oxidants, such
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as ferric iron and oxygen, acting as electron shuttles between the bacterium and an
external substrate (Wang and Newman 2008).
In the early 20th century, E.S. Guzman Barron, Ernst Friedheim, and others
postulated that redox-cycling compounds such as phenazines are “accessory respiratory
pigments” that can sustain bacterial “respiration” based on their ability to stimulate
oxygen consumption in suspensions of many different types of cells (Friedheim 1931;
Harrop and Barron 1928; Barron and Hoffman 1930). They speculated that these
compounds can extend the depth of respiration for cells deprived of oxygen, such as
those found in normal tissues and tumors (Friedheim 1934; Barron 1930). This work was
carried out before respiratory pathways were fully understood and well before the
importance of microbial biofilms in nature and disease was widely recognized. In this
regard, Barron, Friedheim, and their colleagues were both ahead of their time and
handicapped by a lack of information. In the interval between these pioneering studies
and the present work, attention shifted to exploring the roles of phenazines as virulence
factors (Kerr 2000). Over a decade ago, we revived the “respiratory pigment” hypothesis
in a biofilm context, speculating that the capacity for extracellular electron transfer might
provide a physiological benefit for oxidant-limited cells (Price-Whelan et al. 2006a;
Hernandez and Newman 2001). While it has long been appreciated that biofilms are
metabolically heterogeneous and that oxygen availability defines different metabolic
zones (Peters et al. 1987; Xu et al. 1998), to the best of our knowledge, no study has yet
demonstrated that endogenous electron shuttles such as phenazines increase the
habitability zone for biofilm cells. Evidence in support of this hypothesis, until now, has
been indirect (Wang et al. 2010b). Here, we test the hypothesis directly and go beyond it
to demonstrate that the intracellular redox state, not phenazines per se, correlates with
colony morphological development.
B.3 Materials and methods
231

B.3.1 Strains and growth conditions.
The strains used in this study are listed in Table B.1. For routine liquid cultures,
P. aeruginosa PA14 was grown in 3 ml lysogeny broth (LB) (Bertani 2004b) in 12- by
100-mm tubes at 37 ˚C with shaking at 250 rpm. Growth conditions for colonies are
described below.
Table B.1 Strains and plasmids used in this study
Strains / plasmids
P. aeruginosa
PA14
PA14 ∆phz
PA14 YFP
PA14 ∆phz YFP
BigBlue
∆pel
∆phz ∆pel
Denitrification
PA14 ∆napA
PA14 ∆napA ∆phz
PA14 ∆narG
PA14 ∆narG ∆phz
PA14 nirS::Tn
PA14 norB::Tn
PA14 nosF::Tn
E. coli
UQ950

Characteristics
Clinical isolate UCBPPPA14
PA14 with deletions of
operons phzA1-G1 and
phzA2-G2
PA14 with chromosomally
integrated constitutive
eYFP
PA14 ∆phz with
chromosomally integrated
constitutive eYFP
DNK370; PA14 containing
two copies of phzM
PA14 with a deletion of
pelB-pelG
PA14 ∆phz with a deletion
of pelB-pelG
PA14 with a deletion of
napA
PA14 with deletions of
napA, phzA1-G1, and
phzA2-G2
PA14 with a deletion of
narG
PA14 with deletions of
narG, phzA1-G1, and
phzA2-G2
nirS::MAR2XT7; Genr
norB::MAR2XT7; Genr
nosF::MAR2XT7; Genr
E. coli DH5α λ(pir) host for
cloning; F-Δ(argF-lac)169
Φ80 dlacZ58(ΔM15)
glnV44(AS) rfbD1
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Source or reference
(Rahme et al. 1995)
(Dietrich et al. 2006a)
(Ramos et al. 2010b)
(Ramos et al. 2010b)
(Price-Whelan et al. 2007a)
G. Squyres
G. Squyres
This sudy
This study
This study
This study
(Liberati et al. 2006)
(Liberati et al. 2006)
(Liberati et al. 2006)
D. Lies

BW29427

gyrA96(NalR) recA1 endA1
spoT1 thi-1 hsdR17 deoR
λpir+
Donor strain for
conjugation: thrB1004 pro
thi rpsL hsdS lacZ
ΔM15RP4–1360
Δ(araBAD)567
ΔdapA1341::[erm pir(wt)]

Saccharomyces cerevisiae
InvSc1
Used for yeast gap repair
cloning
Plasmids
pMQ30
Yeast-based allelicexchange vector; sacBa
CEN/ARSH URA3+ Genr
pMQ72
Yeast-based expression
vector 2µm; URA3+ Genr
pLD314
napA deletion fragments
cloned into pMQ30
pLD263
narG deletion fragments
cloned into pMQ30
pAPW1
pMQ72 with napEFDABC
operon inserr

B. Wanner

(Shanks et al. 2006);
Invitrogen
(Shanks et al. 2006)
(Shanks et al. 2006)
This study
This study
This study

Table B.2 Primers used in this study
Primer
Sequence (5’ to 3’)
Transposon check
nirS-1
ATTTGGCAAGCCACTGGT
nirS-2
GTCGTGCTGGGTGTTGTAGA
norB-1
AATGGCTCCCTGAAATTCG
norB-2
GGAAGCTCAGCAGGTAGGC
nosF-1
CCATGAGCCTGGTCGAGAT
nosF-2
ATGTGGTGGCGATAGAGGTC
Deletion plasmids
pLD314
∆napA 5’ flank-1 GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTAAGC
CAGGCTCTTCCTGTTC
∆napA 5’ flank-2 CAGTCAGCAGAGGTTTCATGGATTCACGACGGGTGAGGTT
∆napA 3’ flank-1 ACCTCACCCGTCGTGAATCCATGAAACCTCTGCTGACTG
∆napA 3’ flank-2 CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATAC
TCGAAGTTGTGGCAGTTG
pLD263
∆narG 5’ flank-1
GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGATC
TGGGTGCCGTTCATC
∆narG 5’ flank-2
TCCAGTTCAGGGTGATCTCCGGCTCTCGTTGCTGGTCTC
∆narG 3’ flank-1
GAGACCAGCAACGAGAGCCGGAGATCACCCTGAACTGGA
∆narG 3’ flank-2
CCAGGCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATGG
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ACCTGGTCGAAGTTCTTG
Complementation plasmid
pAPW1
napA-1
GAATTCTCCAAGCGCTTCAC
napA-2
CAGCACGTCGTAGAGGGTCT
B.3.2 Construction of deletion and complementation plasmids.
Unmarked deletions were generated for the genes napA and narG in PA14 wildtype and ∆phz backgrounds. Deletion plasmids were generated using yeast gap repair
cloning. Flanking regions (~1 kb in length) for napA and narG were generated using
primers listed in Table B.2. The flanking regions and the linearized allelic-replacement
vector pMQ30 were assembled by gap repair cloning using the yeast strain InvSc1
(Shanks et al. 2006). The resulting deletion plasmid was transformed into Escherichia
coli BW29427 and mobilized into PA14 using biparental conjugation. PA14 single
recombinants were selected on LB agar containing 100 µg/ml gentamicin. Potential
napA or narG deletion mutants were generated by selecting for double recombinants by
identifying strains that grew in the presence of 10% sucrose. Strains with properties of
double recombination were further analyzed by PCR for the desired deletion.
For construction of the nap operon complementation plasmid pAPW1, primers
were designed using the P. aeruginosa PA14 genome sequence to anneal 490 bp
upstream of napE and to the last 19 bases of napC, yielding a PCR product including the
napEFDABC operon and a putative promoter region. The amplified DNA was digested
using restriction sites (HindIII and NheI) engineered within the primers. It was then
ligated into plasmid pMQ72 digested with the same restriction enzymes and treated with
calf intestinal phosphatase (Sigma). The resulting plasmid, pAPW1, contains the
napEFDABC operon under the control of its native promoter.
B.3.3 Colony morphology assay
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Agar plates for colony morphology experiments were prepared as follows. A
mixture of 1% agar (Teknova) and 1% tryptone (Teknova) was autoclaved and cooled to
60 ˚C before 20 µg/ml Coomassie blue (EMD) and 40 µg/ml Congo red (EMD) were
added. Sixty milliliters of medium was poured per 10-cm-square plate (SImport; D21016) and allowed to dry with closed lids at room temperature for 24 h.
For colony spotting and developmental studies, precultures were inoculates from
single streak plate colonies and grown in LB medium for 12 h. Ten microliters of the
preculture was spotted on plates and incubated for up to 6 days at 23 to 25 ˚C. Colony
images were taken daily with a digital microscope (Keyence; VHX-1000).
For colony development at different oxygen concentrations (15%, 21%, and
40%), we incubated plates in C-Chambers (BioSpherix; C274). Oxygen concentrations
were regulated by mixing pure nitrogen and oxygen (TechAir) using the gas controller
ProOx P110 (BioSpherix). Each chamber contained an open 10-cm round plate filled
with 25 ml of water to keep the chambers humid. Humidity was monitored using an
iButton Humidity Data Sensor (Maxim) and maintained at >90%. For colony growth
under anoxic conditions, plates were stored in an anaerobic glove box filled with 80% N2,
15% CO2, and 5% H2.
B.3.4 Preparation and imaging of colony thin sections
Colonies were covered with 4% paraformaldehyde and allowed to fix for 10 min.
The colonies were then lifted from the agar by gently shaking the plate and allowed to fix
for an additional 10 min. Following this, the colonies were transferred into a wash
basket, and the fixative was removed by washing the colonies three times in phosphatebuffered saline (PBS). Excess PBS was removed by washing in 25%, 50%, and 75%
Tissue-Tek OCT (Sakura; no.4583) in PBS before the colonies were transferred to
disposable embedding molds (Electron Microscopy Sciences; no. 70182) and overlaid
with Tissue-Tek OCT. After flash freezing in a dry-ice-ethanol slurry, the samples were
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stored at -80 ˚C. The frozen samples were cut into 10-µm-thick sections using a Leica
CM1850 microtome at -16 ˚C. The sections were collected on Thermo Superfrost Plus
slides (no. 6776214) and stored at -80 ˚C until imaging.
Thin sections were photographed using a Zeiss Axio Imager 2. All images were
obtained at X 10 magnification using a Zeiss EC-Plan Neofluar objective with differential
interference contrast (DIC) and fluorescence optics. The images were taken at an
exposure time of 328 ms, false colored, and processed in Photoshop CS4 (Adobe).
B.3.5 Oxygen measurements
Oxygen profiles were taken using a miniaturized Clark-type oxygen sensor
(Unisense; 10-µm tip diameter). The electrode was connected to a picoampere amplifier
multimeter (Unisense) and polarized with -0.8 V. The sensor was calibrated using a twopoint calibration system. The atmospheric oxygen reading was obtained by placing the
electrode in a calibration chamber (Unisense) that contained well-aerated deionized
water. Complete aeration was achieved by constantly bubbling the water with air. The
zero reading was obtained by bubbling water in the calibration chamber with ultra-highpurity nitrogen gas (TechAir). All calibration readings and profile measurements were
obtained using SensorTrace pro 2.0 software (Unisense).
B.3.6 NADH/NAD+ assay
Extraction and quantification of NADH and NAD+ were carried out according to
the methods described by San et al. (San et al. 2002) and Bernofsky and Swan
(Bernofsky and Swan 1973). For cultures grown in LB, two 1-ml samples of culture were
placed in two separate microcentrifuge tubes and centrifuged at 16,000 x g for 1 min.
Colonies grown on 1% tryptone and 1% agar plates amended with 40 µg/ml Congo red
and 20 µg/ml Coomassie blue dyes were scraped off the agar plate at the indicated time
points using sterile razor blades and resuspended in 1mL of 1% tryptone. The colonies
were disrupted using a pellet disrupter. For each resuspended colony, two 450-µl
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samples were placed into two separate microcentrifuge tubes. NADH and NAD+ were
then extracted from the liquid culture- or colony-derived samples, and their relative or
absolute quantification was carried out using an enzyme-cycling assay, as described by
Price-Whelan et al. (Price-Whelan et al. 2007a).
B.4. Results and discussion
In this study, we set out to characterize the relationship between redox
metabolism/electron acceptor availability and P. aeruginosa biofilm development. This
work supports the hypothesis that phenazine production and colony rugosity are
adaptations that facilitate survival by mitigating electron acceptor limitation. In
homogenous liquid cultures of P. aeruginosa, phenazines affect gene expression and
oxidize the intracellular redox state (Price-Whelan et al. 2007a; Dietrich et al. 2006a;
Sullivan et al. 2011a). Under conditions were no other oxidant is available, phenazine
dependent electron transfer between cells and an oxidizing electrode supports survival
(Wang et al. 2010b). Given that cells in biofilms experience steep gradients in oxygen
availability, leading to hypoxia or anoxia at a distance from the surface (Peters et al.
1987; Xu et al. 1998), we reasoned that the morphological switch observed in
phenazine-deficient colonies is related to their limited ability to access oxidants.
To test this hypothesis, we first characterized the depth of oxygen penetration
within our colony biofilm system. P. aeruginosa phenazine-null (∆phz) biofilms
characteristically increase their surface area relative to wild-type communities. ∆phz
colonies also produce more exopolysaccharides than wild-type colonies (Dietrich et al.
2008). We therefore asked whether dissolved oxygen concentrations differed in the wildtype and ∆phz biofilms when they were grown under atmospheric (21%) oxygen on a
nutrient-rich complex medium (1% tryptone, 1% agar containing 20 µg/ml Coomassie
blue and 40 µg/ml Congo red). Measurements taken with a Clark oxygen electrode (10µm tip) revealed steep gradients, with oxygen becoming undetectable 60 µm into the
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colony when the base area was profiled (Fig B.1B). Qualitatively, this is consistent with
oxygen microelectrode measurements of P. aeruginosa biofilms grown in flow cells
showing oxygen depletion at depth due to the combined effects of consumption and
diffusion limitation (Xu et al. 1998). The extent of oxygen depletion in the base remained
constant over 4 days (Fig B.1C) When we measured oxygen depletion in emerging
wrinkles, its slope was lower and decreased over time compared to the base. We found
that wrinkle thickness correlated with oxygen abundance: thinner wrinkles were less
oxygen depleted than thicker wrinkles (Fig B.1D).
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Figure B.1 P. aeruginosa colony morphotypes and oxygen profiles (A) Graphical
representation of terms used to describe features within P. aeruginosa colonies. WT,
wild type; ∆phz, phenazine-null mutant. The scale bar represents 1 cm, and the images
were taken after 3 days of colony development. (B) Oxygen profiles in colony biofilms.
Oxygen concentrations were measured in P. aeruginosa colonies on day 3 as a function
of microelectrode depth in the colony. (C) Oxygen depletion (calculated as the initial
slope, typically between 0- and 20-µm depth, of oxygen profiles over depth in the colony,
as depicted in panel B0 for the base and wrinkle (spoke) during colony development.
Wrinkles appear in ∆phz colonies 1 day earlier than in WT colonies. The error bars
represent the standard deviations of this measurement in the bases or wrinkled of 5
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independent colonies.(D) Oxygen depletion slopes from ∆phz colonies (representing
data plotted in panel C) shown as a function of wrinkle thickness.
While respiratory versatility is a hallmark of some bacterial species, P.
aeruginosa is relatively limited in this regard. It can grow by aerobic respiration and
denitrification and poorly by arginine fermentation (Vander Wauven et al. 1984);
therefore, the major energy-generating metabolism contributing to growth of colonies on
1% tryptone is aerobic respiration. Moreover, it is generally believed that in the organicrich environment of infections - such as the mucus that collects on the lungs of
individuals with cystic fibrosis - growth and survival of Pseudomonas is not carbonelectron limited by constrained by oxygen availability (Worlitzsch et al. 2002).
Microelectrode measurements showed oxygen depletion for both wild-type and ∆phz
colonies 60 µm from the surface (Fig B.1B), although wild-type colonies were 100 µm
tall. We asked if cell distributions in the colonies were comparable, expecting the cells to
be confined to the region within 60 µm from the colony surface, where oxygen was
available. For these experiments, we generated versions of the wild type and the ∆phz
mutant that constitutively expressed a stable yellow fluorescent protein (YFP). Colonies
were fixed under oxic conditions with paraformaldehyde and embedded in Tissue-Tek
OCT, frozen, and sectioned at a thickness of 10 µm (Fig. B.2A to F). Because YFP can
fully mature and fluoresce posttranslationally in the presence of oxygen (Heim et al.
1994; Zhang et al. 2005), our thin-section preparation method ensured that YFP could
be seen even in regions of the sections that were previously anoxic.

240

Figure B.2 Oxygen and phenazine availability modulates colony morphology. (A to F)
Oxygen and phenazines affect cell layer thickness in P. aeruginosa colonies. Colonies
expressing constitutive (PA1/04/03-driven (Lambertsen et al. 2004) YFP were grown at 15%
(hypoxic), 21% (atmospheric), and 40% (hyperoxic) oxygen for 3 days and then
embedded in Tissue-Tek OCT. The images were taken using fluorescence (YFP) and
DIC microscopy. The scale bar represents 200 µm. (G) Depth at which the YFP signal
was detected in the sample. The error bars represent standard deviations for the means
of measurements for 15 bases or wrinkles from 3 colonies. P values were calculated
using the one-tailed heteroscedastic Student’s t test comparing YFP signal depth in WT
or ∆phz colonies at different oxygen concentrations. The least significant differences are
shown. (H) Colony morphology. Representative images of ∆phz colonies grown at
various atmospheric oxygen concentrations over 3 days. The scale bar represents 1 cm.
(I) Colony wrinkle width (top) and surface coverage (bottom) for ∆phz colonies grown at
various oxygen concentrations, with nitrogen comprising the atmospheric balance. The
error bars represent the standard deviations of widths for 15 wrinkles from 3 colonies
(top) or of measurements taken from 5 colonies (bottom).
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In sections taken from ∆phz colonies, cells were found within 60 µm from the
surface, in the oxic zone (Fig. B.2G). In sections taken from wild-type colonies, however,
cells were found up to 100 µm from the surface (Fig. B.2G). Some of the cells, therefore,
inhabited the 40-µm-thick anoxic zone. Reasoning that phenazines enable this survival
by acting as alternate electron acceptors in the absence of oxygen, we altered the
ambient oxygen concentration and predicted that the extent of the oxic zone within ∆phz
colonies would determine the cell colonization depth (i.e., wider zones of habitation
would correspond to higher atmospheric oxygen levels). We grew colonies under
hyperoxic and hypoxic conditions (40% and 50% oxygen, respectively) and observed
that the depth at which cells could be detected in both wild-type and ∆phz colonies
correlated with the concentration of oxygen provided (Fig. B.2A to F). Quantification of
the cell layer thickness showed that under all conditions the ∆phz mutant was
significantly thinner the wild type, confirming that the presence of phenazines increases
the habitable zone (Fig B.2G). We further probed this correlation using a mutant that
overproduces the phenazine pyocyanin and found that the habitable zone increased
beyond that of the wild type (Fig. B.3).
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Figure B.3 The pyocyanin-overproducer BigBlue forms a thicker cell layer in colony
biofilms than wild type. BigBlue, wild type, and ∆phz colonies were grown for 3 days on
1% agar and 1% tryptone (supplemented with 40 µg/ml Congo Red and 20 µg/ml
Coomassie Blue), then fixed and sectioned. Cells were visualized by DAPI staining (A).
Scale bar is 200 µm. Six sections from 3 different colonies each were measured (B).
Error bars represent the standard deviation.
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We next evaluated whether oxygen accessibility affects other aspects of colony
morphology by quantifying the surface coverage and wrinkle thickness of colonies grown
with various concentrations of oxygen. As oxygen concentrations increased, the colonies
spread less and formed fewer wrinkles. In addition, wrinkle thickness increased with
increasing oxygen concentration (Fig B.2H and I). To further probe the link between
oxidant availability and colony structure, we took advantage of P. aeruginosa’s ability to
use nitrate instead of oxygen for respiration and redox homeostasis. Two P. aeruginosa
nitrate reductase complexes, Nar and Nap, might be expected to affect the intracellular
redox state under hypoxic conditions. While Nar is a cytoplasmic, membrane associated
complex that contributes to the production of a proton motive force and ATP generation,
the Nap complex is periplasmic and is thought to balance the intracellular redox state
without directly contributing to the generation of a transmembrane electrochemical
gradient (Williams et al. 2007; Richardson et al. 2001). Both Nap and Nar catalyze the
reduction of nitrate to nitrite. Three additional enzyme complexes, known as Nir (nitrate
reductase), Nor (nitric oxide reductase), and Nos (nitrous oxide reductase), allow P.
aeruginosa to perform denitrification, the full reduction of nitrate to nitrogen gas (N2).
We grew a ∆phz colony under atmospheric oxygen on medium amended with 40
mM potassium nitrate and found that these conditions rendered the colony smooth (Fig
B.4A). To determine whether this was due to nitrate reduction, we generated mutants
lacking the nitrate reductase subunits NarG and NapA. The ∆narG mutant formed a
smooth colony when grown on nitrate, suggesting that nitrate respiration is not required
for the nitrate-dependent smooth-colony phenotype. Strikingly, the ∆napA mutant
wrinkled when grown on medium amended with nitrate (Fig. B.4A) but reverted to
smooth when complemented by the nap operon on a plasmid (Fig. B.5). We then tested
whether the downstream enzymes in the denitrification pathway were required for Napmediated colony smoothness. Mutants deficient in Nir and Nor also formed wrinkled
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colonies on 40 mM nitrate, while the mutant lacking functional Nos remained smooth,
suggesting that reduction to nitrous oxide is required for NapA-dependent nitrate
reduction (Fig B.4B). Furthermore, these results suggest that P. aeruginosa community
structure is determined, at least in part, by the intracellular redox state.

Figure B.4 Nap-mediated nitrate reduction supports redox homeostasis for cells in
colonies (A) Nap-mediated nitrate reduction prevents colony wrinkling. Shown is the
effect of medium amended with 40 mM potassium nitrate on colony morphology. The
images are representative of 3 independent experiments. The scale bar represents 1
cm. (B) Colony morphology of denitrification mutants. Specific steps in the canonical
denitification pathway catalyzed by Nap, Nir, and Nor contribute to the nitrate-induced
smoothness observed for wild-type colonies. The images shown are representative of 3
independent experiments. The scale bar represents 1 cm. (C) PCA rescues the ∆napA
phenotype on nitrate; addition of exogenous PCA promotes smoothness in a ∆napA∆phz
mutant. The images are representative of 3 independent experiments. The scale bar
represents 1 cm.
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Figure B.5 Complementation of ∆napA. Colonies were grown for 3 days on 1% agar,
1% tryptone and 40 mM potassium nitrate (supplemented with 40 µg/ml Congo Red and
20 µg/ml Coomassie Blue). In contrast to the wrinkled colony phenotype of ∆napA, cells
complemented with the nap operon (pAPW1) exhibited a smooth colony morphotype.
Scale bar is 1 cm.
If both phenazine reduction and nitrate reduction contribute to oxidizing the
intracellular redox state, one would predict that these two activities could complement
each other to promote colony smoothness. Nitrate addition to a ∆phz mutant decreased
wrinkling (Fig B.4A), and phenazine-1-carboxylic acid (PCA) addition to a ∆napA∆phz
mutant (grown in the presence of nitrate) also had this effect (Fig. B.4C).
To further test the hypothesis that community structure and the intracellular redox
state are linked, we set out to measure and manipulate the NADH-to-NAD+ ratio in
colony biofilms under different growth conditions. Building on previous results showing
that phenazines and nitrate decreased NADH/NAD+ ratios in liquid cultures (Price-
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Whelan et al. 2007a), we first asked whether nitrate-dependent redox balancing required
napA. We extracted NADH and NAD+ from planktonically grown cells and measured their
levels using an enzyme-based cycling assay (San et al. 2002; Bernofsky and Swan
1973). We found that the ∆napA mutant showed a partial but significant defect in nitratedependent oxidation of the intracellular redox state relative to ∆phz and wild-type P.
aeruginosa (Fig B.6A). We next adapted the NADH/NAD+ extraction and quantification
protocol for use with colony samples. This method revealed that the NADH/NAD+ ratio of
phenazine-null colonies reached a maximum that coincided with the induction of
wrinkling, while the NADH/NAD+ ratio of wild-type colonies remained relatively consistent
throughout the time course (Fig B.5B). Absolute quantitation of the NADH/NAD+ levels
(Fig B.7) confirmed that the total NAD(H) pools of the cells in wild-type and ∆phz
colonies approximately equivalent.
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Figure B.6 (A) NADH/NAD+ ratios for liquid cultures grown for 16 h. For 40 mM KNO3
cultures, potassium nitrate was added to the medium at the same time that blue
pigmentation (pyocyanin production) was apparent in the wild-type cultures. The error
bars represent the standard deviations of triplicate cultures. (B) (Top) NADH/NAD+ for
wild-type and ∆phz colonies. The error bars represent the standard deviations of
measurements from triplicate colonies. (Bottom) Representative images of ∆phz and
wild-type colonies at the time points for collection. The scale bar represents 0.5 cm. The
images are representative of 3 independent experiments.
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Figure B.7 Total NAD(H) is comparable between wt and ∆phz colonies. Colonies were
harvested at indicated times and then resuspended in 1 ml of 1% tryptone buffer before
extraction. Concentrations refer to the resuspension volume. These measurements
accompany data presented in figure B.6.
Rugosity appears to be induced when the cytoplasmic reducing potential reaches
a threshold value, indicating that increased colony surface area is an adaptive response
to oxidant limitation that promotes rebalancing of the intracellular redox state. To test this
idea, we used a mutant defective in wrinkle formation. Previously, we observed a
correlation between wrinkle formation and colony staining with Congo red, suggesting
that production of the PEL polysaccharide is critical for rugose morphology (Dietrich et
al. 2008). We therefore obtained ∆pel mutants lacking genes required for PEL
biosynthesis to test in our colony biofilm assay (Friedman and Kolter 2004). As
expected, colony wrinkle formation was abolished when this mutation was made in both
wild-type and ∆phz backgrounds (Fig. B.8A). We then measured NADH/NAD+ ratios
during colony maturation and found that the transient increased ratio that coincided with
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the onset of wrinkling in the ∆phz mutant persisted in the ∆phz∆pel mutant (Fig B.8B). In
contrast, the pel deletions had no effect on the NADH/NAD+ ratios of planktonically
grown cells (Fig B.8B). This supports the hypothesis that wrinkling is a strategy for
balancing the intracellular redox state of cells within a community. These results suggest
that colony morphological development is an active process in which a critical redox
state is sensed, leading to a biological response. We are in the process of identifying the
circuitry responsible for this phenomenon and the extent to which wrinkling is an
emergent property. We note that the specific time when the NADH/NAD+ ratio peaks can
vary from experiment to experiment as a function of slight differences in plate thickness,
density of the initial inoculum, etc. However, occurrence of the peak just prior to colony
wrinkling is highly reproducible.
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Figure B.8 (A) PEL production is required for wrinkle formation. pelB-pelG were deleted
in the wild-type and ∆phz backgrounds. Colonies were grown for 5 days on 1% tryptone,
1% agar supplemented with 40 µg/ml Congo red and 20 µg/ml Coomassie blue. (B)
NADH/NAD+ ratios in colony biofilms for ∆phz and ∆phz∆pel mutants. The error bars
represent the standard deviations of measurements from triplicate colonies. P values
were determined using the one-tailed heteroscedastic Student’s t test comparing ∆phz
and ∆phz∆pel colonies at 42 and 48 h. (C) NADH/NAD+ ratios in liquid culture (early
stationary phase) for wild-type, ∆phz, ∆pel, and ∆phz∆pel colonies grown in 1% tryptone
to early stationary phase. The error bars represent the standard deviations of
measurements from biological triplicates.
All cells catalyze a repertoire of catabolic and anabolic reactions that must be
balanced so that the cytoplasm remains a hospitable environment for protein function. In
bacterial physiology, there has traditionally been a focus on the individual cell level, and
redox reactions have been identified that appear to serve the sole purpose of modulating
the intracellular redox state, i.e., they do not contribute directly to energy generation or
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the production of biomass. We have shown that P. aeruginosa can use endogenous
phenazine and/or exogenous nitrate to balance the intracellular redox state when
oxygen is limiting. This observation that mutants unable to produce phenazines form
structurally more complex communities with increased surface area led us to propose
that this morphogenic switch is a response to a reduced cytoplasm. Similarly, we have
observed that electron acceptor limitation elicits a community-wide response that
maximizes oxygen accessibility – and thereby redox balance – the bacterial system (Fig
B.8). Furthermore, inhibiting this response disrupts redox balancing (Fig B.7B). Whether
rugosity has a similar effect in other microbial species remains to be investigated. It
would not be surprising if bacteria with different metabolic properties (e.g., with or
without the ability to produce electron shuttles) have different mechanisms for growing
and surviving in multicellular communities. Intriguingly, a recent study of patterning in
Bacillus subtilis biofilms (Asally et al. 2012) suggested that localized cell death promotes
wrinkle formation. Redox homeostasis may also play a role in this system, but to our
knowledge, experiments have not yet been performed that enable a direct comparison.
Understanding how active processes and passive physical effects interweave to achieve
multicellular patterning in Pseudomonas is our long-term goal; it will be interesting to
learn whether the mechanisms that underpin these patterns are generalizable. As has
been well articulated by others (Klapper and Dockery 2010), the complex interplay
between physical, chemical, and biological processes in microbial communities provides
a rich subject for future research.
In conclusion, as Friedheim recognized nearly a century ago (Friedheim 1934),
cellular aggregation leads to gradient formation due to limited diffusion and consumption
of substrates by individual cells within a community. Whether they subsist in bacterial
colonies or eukaryotic tissues, cells in multicellular communities likely employ different
strategies to ensure substrate acquisition and survival, depending on the specific
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microenvironment they inhabit. This concept is well recognized in the biofilm field, and
numerous reports have discussed the fact that oxygen defines metabolic zones in
biofilms (Peters et al. 1987; Xu et al. 1998; Xavier and Foster 2007). Here, for the first
time, we have demonstrated that it is not oxygen per se but rather changes in the
intracellular redox state that correlate with biofilm morphological development.
Mechanisms that aid in redox homeostasis at the cellular level have been characterized
in diverse organisms. In metazoans, redox-balancing mechanisms that function at the
multicellular level are also well known; for example the development of the vascular
system prevents oxygen starvation of the growing embryo (Simon and Keith 2008b). In
multicellular aerobes, cells must cope with limited oxygen availability that leads to the
formation of aerobic, microaerobic, and anaerobic zones. During processes such as
tumor angiogenesis, relative oxygen concentrations act as cues that determine adaptive
morphological features, facilitating oxygen delivery to cells within the macroscopic
structure (Giaccia et al. 2004). Our findings suggest that, like metazoans, bacteria can
also respond to electron acceptor limitation and balance intracellular redox levels
through morphological changes at the community level. Morphological adaptation to
redox imbalance thus appears to be a conserved biological strategy.
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Appendix C
Identification of inhibitors of phenazine biosynthesis
C.1 Introduction
Pseudomonas aeruginosa infections are the leading cause of morbidity and
mortality in patens suffering from the genetic disease cystic fibrosis (CF). During cystic
fibrosis, the impaired function of an ion channel present in epithelial cell membranes
leads to the accumulation of mucus in the lung cavity. This nutrient-rich environment
favors the growth and survival of colonizing P. aeruginosa strains, and 70 to 80 percent
of cystic fibrosis patients are chronically infected by the time they are teenagers (Lyczak
et al. 2002).
Biofilm formation and phenazine production are crucial to the pathogencity of P.
aeruginosa. During CF and other infections, P. aeruginosa has historically been
identifiable through its production of pigments called phenazines, including the bright
blue pyocyanin (PYO) and the pale yellow phenazine-1-carboxylic acid (PCA) (Mavrodi
et al. 2001b). Blue coloration has been observed in the sputum from CF patients, and
the P. aeruginosa species epithet is derived from “aerugo,” a latin term which refers to
the blue-green color of copper rust (Villavicencio 1998).
We have previously shown that biofilm-specific production of phenazines is
required for virulence in a murine model of pulmonary infection. The biosynthesis of
phenazines is well-established and P. aeruginosa is known to make at least four
derivatives. Phenazines act as electron acceptors and support P. aeruginosa redox
homeostasis as indicated by more balanced NADH/NAD+ ratios in cells from both liquid
cultures and biofilms (Price-Whelan et al. 2007a; Dietrich et al. 2013). Phenazines are
also signaling molecules that activate the transcription factor SoxR through a redoxswitch mechanism. Evidence suggests that one of the induced loci encodes a phenazine
transporter (Chapter 5). Phenazines promote the formation of smooth (as opposed to
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wrinkled) colony biofilms. In the absence of phenazines, biofilms lack electron acceptors
and respond by increasing their surface-to-volume ratio (i.e., wrinkling) to increase
oxygen uptake. Specific amounts and ratios of phenazine derivatives are produced
during growth in biofilms that differ from those produced in liquid cultures (Appendix A,
Chapter 4).
These observations suggest several potential targets for therapies, including the
phenazine biosynthetic pathway, the putative phenazine transporter(s), putative
enzymes involved in phenazine reduction, and SoxR and other phenazine sensors.
Biosynthesis of PYO, the best studied P. aeruginosa phenazine, proceeds via the highly
reactive intermediate 5-methylphenazine-1-carboxylic acid (5-Me-PCA). We have
demonstrated that phenazine methosulfate, a chemical analog of 5-Me-PCA, inhibits
PYO biosynthesis. In a mutant lacking the putative transporter MexGHI-OpmD, 5-MePCA release is reduced by 85% compared to the wild type.
We searched a set of online databases and selected a set of commercially
available phenazine analogs based on their potential to inhibit the PhzS monooxygenase
as determined by in silico screening. We then screened these compounds for their ability
to inhibit P. aeruginosa PYO production. These results have clinical significance in that
compounds identified here may prevent phenazine-dependent virulence of P.
aeruginosa.
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Figure C.1 (A) Structure of phenazine methosulfate (PMS). (B) PYO production by P.
aeruginosa PA14 in the presence of PMS. PMS prevents PYO production.

C.2 Materials and methods
C.2.1 P. aeruginosa cultures
P. aeruginosa PA14 Big Blue strain was grown in 50 mM MOPS 20 mM glucose
containing 20% LB to exponential phase. Drugs were dissolved in DMSO and added to
the exponential phase cultures. Equivalent amounts of DMSO were added to control
cultures. The cultures with drugs added were grown overnight at 37 ˚C shaking at 250
r.p.m.
C.2.2 PYO spectrophotometry
The cell density of the overnight cultures was documented by obtaining the
optical density at 500 nm. The cultures were then centrifuged to pellet cells. The
supernatant was analyzed by spectrophotometry. The absorbance was determined from
300-800 nm in steps of 10 nm.
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C.2.3 High pressure liquid chromatography of cultures with hits.
Compounds that were observed to inhibit PYO production by spectrophotometry
were added to cultures as described previously. The OD500 of the cultures was
determined. The cultures were centrifuged and the supernatant passed through a 0.2 µm
filter. Fifty microlitres of the filtered supernatant was loaded onto a Sunfire C18 reverse
phase column (Waters, column dimensions: 4.6 x 150 mm, particle size 5 µm). The
compounds were separated using high pressure liquid chromatography (HPLC). The
solvents used were water containing 0.01% trifluoroacetic acid (solvent A) and
acetonitrile containing 0.01% trifluoroacetic acid (solvent B). The protocol used was as
follows: linear gradient from 0-83% solvent B for 10 minutes, linear gradient from 83100% solvent B for 5 minutes, hold at 100% solvent B for 5 minutes.

Table C.1 Structures of phenazine analogs screened for inhibition of PYO production.
“Score” refers to glide score, a predictor of a compound’s likelihood of being active
(potential for docking in PhzS active site). “SS” refers to substructure and similarity
compounds, which were commercially available compounds similar to phenazines but
not scored for likelihood of activity.
Structure
Compound Name
Score
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5-acetyl-2,4-dimethyl-N-[2(1H-pyrazol-1-yl)benzyl]1H-pyrrole-3-carboxamide
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N

6-benzyl-2,5dimethylpyrazolo[1,5a]pyrimidin-7(4H)-one
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6-[3-(2-fluorophenyl)-1methyl-1H-pyrazol-4-yl]3,5-dihydroimidazo[4,5f]benzimidazol-2(1H)-one
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2-(2-hydroxyethyl)-6-(6phenylpyridazin-3-yl)1,2,4,5,6,7-hexahydro-3Hpyrazolo[3,4-c]pyridin-3one

443

N-[(3,5-dimethyl-1-propyl1H-pyrazol-4-yl)methyl]-2oxo-1,2-dihydro-4quinolinecarboxamide
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C.3 Results
We screened our compound library for inhibitors of PYO production. Of the 55
compounds tested, two inhibited PYO production: phenazine 5,10-dioxide and 5ethylphenazin-5-ium ethyl sulfate (Fig C.2). Both compounds were identified by
substructure and similarity searches.
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Figure C.2. (A) Structure of 5-ethylphenazin-5-ium ethyl sulfate. (B) Absorbance spectra
from supernatants for cultures grown with decreasing amounts of 5-ethylphenazin-5-ium
ethyl sulfate. The broad peak at 690 nm is indicative of PYO production.
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Figure C.3 (A) Structure of phenazine 5,10-dioxide. (B) Absorbance spectra from
supernatants for cultures grown with decreasing amounts of phenazine 5,10-dioxide.
The broad peak at 690 nm is indicative of PYO production.
We also measured phenazine production using HPLC to determine how the
compounds affected phenazine production (Fig. C.4). Both compounds blocked PYO
production. The PCA concentration in cultures incubated with 5-ethylphenazin-5-ium
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ethyl sulfate increased. This suggests that this compound interferes with the ability for
PhzS to catalyze PYO production from 5-MPCA, resulting in an increased production of
PCA due to metabolic flux. Conversely, the PCA concentration in cultures incubated with
phenazine 5,10-dioxide did not increase, suggesting that this compound interferes with
phenazine production at a step upstream of the final PCA-forming reaction.
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Figure C.4 HPLC quantification of phenazine production in cultures incubated
with phenazine ethosulfate or phenazine 5,10 dioxide.
C.4 Discussion:
CF is a common genetic disorder in the Caucasian population. Patients are
susceptible to lung infections, with P. aeruginosa being the primary causative agent.
Bacteria residing in the lungs of patients with CF form densely packed aggregates and
assume a biofilm-like physiological state associated with increased resistance to
antibiotics.
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Pharmaceutical companies are currently investigating gene therapy approaches
for curing cystic fibrosis, however the treatments announced thus far have had very
limited effects on disease progression. Drugs targeting lung-colonizing bacteria are
eagerly awaited, could be used concurrently with gene therapies, and could be used in
other instances of P. aeruginosa infections (e.g. hospital-acquired pneumonia and burn
wound infections, urinary tract infections). Considering the importance of phenazines in
P. aeruginosa biofilm formation and virulence, interference with their biosynthesis or
mode of action is a promising strategy for treatment. Drugs emerging from this research
could also be used to attenuate biofilm formation, making P. aeruginosa susceptible to
antibiotics.
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