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A B S T R A C T

The opportunistic human pathogen Pseudomonas aeruginosa (Pa) causes several infections acquired in a
healthcare setting. During initial stages of infection, Pa produces redox-active phenazine metabolites, including
pyocyanin (PYO), 5-methylphenazine-1-carboxylic acid (5-MCA), and 1-hydroxyphenazine (OHPHZ), which
have toxic effects on surrounding host cells and/or other microbes. Rapid and sensitive detection of these me-
tabolites provides important evidence about the onset of Pa infections. Herein, we investigate differences in Pa
phenazine production and dynamics in polymicrobial communities. Specifically, Pa was co-cultured with two
pathogens of clinical relevance, Staphylococcus aureus (Sa) and Escherichia coli (Ec), which typically populate
infection sites with Pa. Phenazine production rates and biosynthesis dynamics were electrochemically monitored
during a 48-h period using recently developed transparent carbon ultramicroelectrode arrays (T-CUAs).
Moreover, the effect on phenazine production rates and dynamics was explored in two growth media, lysogeny
broth (LB) and tryptic soy broth (TSB). The concentrations of PYO and highly reactive 5-MCA were determined
in different polymicrobial culture samples in both media. The results demonstrate that other bacterial pathogens
noticeably influence Pa phenazine production and dynamics. In particular, Sa caused a decrease in phenazine
production in TSB. However, the presence of Ec in polymicrobial samples drastically inhibited phenazine pro-
duction rates in both LB and TSB. Conclusively, the media type significantly influences phenazine product
distribution, especially in polymicrobial co-cultures, signifying the need for analytical standardization of si-
mulation media in the study of polymicrobial communities.

1. Introduction

The development of severe microbial infections remains a challenge
(Boucher et al., 2009; Klevens et al., 2007) in healthcare facilities as
immune-compromised hosts are exposed to communities of pathogenic
bacteria (Bassler and Losick, 2006; Henke and Bassler, 2004; Stevens
et al., 2012). Prompt detection, identification and real-time monitoring
of early stages of infectious diseases, such as pneumonia, invasive
wounds, and bloodstream infections (Bowler et al., 2001; Magill et al.,
2014), are essential in disease prevention and determining effective
treatment strategies. Typically, these hospital-contracted infections are
populated by multiple microbial species, including Pseudomonas aeru-
ginosa (Pa), Staphylococcus aureus (Sa), Escherichia coli (Ec), Enterococcus
faecalis, and Staphylococcus epidermidis (Bertesteanu et al., 2014;
Giacometti et al., 2000). Current hospital diagnosis methods involve
use of cell-culturing platforms, which classify specimens based on
growth patterns observed in different media with selective growth

components and/or antibiotics. These approaches, however, often re-
quire several days before pathogen identity is known, resulting in an
increased antibiotic resistance as patients undergo treatments with
broad-spectrum antibiotics (Llor and Bjerrum, 2014). As an alternative
to the standard techniques, various electrochemical sensor platforms
have been developed, which offer rapid identification, direct detection,
and quantification of pathogenic signaling metabolites and byproducts.

In previous studies, our group has reported an inexpensive, facile
and adaptable electrochemical platform using transparent carbon ul-
tramicroelectrode arrays (T-CUAs) (Duay et al., 2015, 2014). These
sensors provide advantages in contrast to other electrochemical sensing
devices, including amplified current responses, fast response times,
large linear dynamic ranges (LDRs), high signal-to-noise (S/N) ratios
and lower limits of detection (LODs) (Duay et al., 2015, 2014; Elliott
et al., 2017a, 2017b; Simoska et al., 2019). As their electroactive ma-
terial is comparable to glassy carbon, T-CUAs are inert, highly con-
ductive and extremely biocompatible. This electroanalytical platform
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has been used to rapidly detect the common opportunistic human pa-
thogen Pa (Elliott et al., 2017b; Simoska et al., 2019). Similar to other
pathogens, Pa readily establishes infections in hosts with compromised
immune systems and in those suffering from conditions, such as chronic
wounds, lung infections, and severe burns (Fetzer et al., 1967; Fick,
1989; Ringen and Drake, 1952; Walker, 2004). Using electrochemical
sensors, Pa can be easily detected via the production of redox-active
pyocyanin (PYO) (Alatraktchi et al., 2016a, 2016b; Elliott et al., 2017b;
Jayaseelan et al., 2013; Simoska et al., 2019; Webster et al., 2014),
which is a bacterial warfare toxin secreted as a secondary metabolite
(Jayaseelan et al., 2013). Because it is produced uniquely by Pa during
early infection stages (Mavrodi et al., 2010), PYO is considered a useful
electroactive biomarker indicative of infections caused by this pathogen
(Dietrich et al., 2006).

Although a significant amount of research has focused on devel-
oping electrochemical platforms for the detection of PYO (Alatraktchi
et al., 2016a, 2016b; 2018; Elliott et al., 2017b; Sharp et al., 2010;
Webster and Goluch, 2012), this is only the end product of Pa phena-
zine biosynthetic pathway (Mavrodi et al., 2010, 2006; L. S. Pierson and
E. A. Pierson, 2010). PYO is synthesized through a cascade of complex
metabolic reactions involving various genes. In addition to PYO, Pa
produces several phenazine derivatives in this biosynthetic route, in-
cluding a side product, 1-hydroxyphenazine (OHPHZ), and a short-
lived, reactive precursor, 5-methylphenazine-1-carboxylic acid (5-
MCA) (Mavrodi et al., 2006). Phenazines are small, redox-active, ni-
trogen-containing heterocyclic molecules, which engage in reduction
and oxidation processes in the presence of molecular oxygen. Thus, they
play key roles in altering metabolism, modify immune responses and
damage host tissue (Glasser et al., 2014; Hendiani et al., 2019; Mavrodi
et al., 2006; L. S. Pierson and E. A. Pierson, 2010). Additionally, a re-
cent study reported that phenazines interact with antibiotics, thus in-
fluencing treatment of Pa infections (Schiessl et al., 2019). Detection
and examination of their relative quantities produced during various
growth stages could provide a better understanding of phenazine
functions in Pa virulence mechanisms.

In a recent study, we have demonstrated use of T-CUAs for the real-
time monitoring of phenazine production and metabolism dynamics
from Pa cell cultures in simulated growth media (Simoska et al., 2019).
Our previous work increased knowledge about phenazine biosynthesis
in Pa monocultures, yet a follow-on study is necessary to understand
the impact of polymicrobial cultures on phenazine production and
dynamics, in particular when Pa is cultured alongside other bacterial
pathogens in the same growth environments. Microorganisms seldom
live in isolation as in almost all environments, multiple bacterial species
inhabit diverse microbial communities in which interactions between
species shape biological activities of cellular populations (Atkinson and
Williams, 2009; J.-H. Lee and J. Lee, 2010; Mirani et al., 2018; O'Brien
and Fothergill, 2017). During polymicrobial infections, cellular com-
munication within complex cellular communities can alter virulence
and/or host responses (Bertesteanu et al., 2014; Korgaonkar et al.,
2013; J.-H. Lee and J. Lee, 2010). As a prominent pathogen in poly-
microbial infections, Pa often displays either synergistic or adversarial
relationships with other bacteria, thus increasing disease severity
(Bergeron et al., 2017). Therefore, Pa phenazine production and bio-
synthesis dynamics in polymicrobial environments need to be ex-
amined, as they represent a clinically relevant problem. Although var-
ious fluorescence microscopy-based methods have been employed
(Connell et al., 2013; Korgaonkar et al., 2013; Sullivan et al., 2011),
additional analytical tools are necessary to quantitatively study the
dynamic microbe-microbe interactions, in real time (Bergeron et al.,
2017; Goluch, 2017; D.-H. Lee et al., 2013).

Herein, we demonstrate use of T-CUAs for the quantitative, real-
time electrochemical monitoring of the impact of polymicrobial com-
munities on Pa phenazine production where Pa is co-cultured with
other clinical pathogens, Sa and Ec, in two different growth media that
are predominately used for such bacterial-based cell culture studies.

Our results, during 48 h bacterial growth, show distinct differences in
amounts of phenazine products and intermediates secreted by Pa in
mono- and polymicrobial communities. Specifically, when Pa was co-
cultured with Ec, the concentrations of cellular PYO were significantly
reduced compared to amounts produced in monoculture samples, in
both media. Yet when Pa was cultured alongside Sa, PYO concentra-
tions were lower in only one media. These results show that the
amounts of phenazine derivatives produced during growth depend on
both various environmental factors in the media and presence of other
microbes. These electrochemical results were confirmed by desorption
electrospray ionization mass spectrometry (DESI-MS) imaging studies
to determine differences in relative abundances of key growth media
components and nutrients, and to identify other cellular metabolites
produced in polymicrobial cultures.

2. Experimental methods

All procedural information is given in the supplementary informa-
tion (SI).

3. Results and discussion

3.1. Pa phenazine biosynthetic pathway in polymicrobial environments

During stationary phase, Pa strains actively produce phenazines,
including phenazine-1-carboxylic acid (PCA), OHPHZ, 5-MCA, and PYO
(Mavrodi et al., 2001), which are biomolecules with key functions in
microbial virulence (Bosire and Rosenbaum, 2017; Diederich et al.,
2017). Due to their small sizes and minor structural variations (Sullivan
et al., 2011), these highly diffusible species are extremely challenging
to study and identify as they undergo redox changes (Dietrich et al.,
2006). The influence of polymicrobial communities on Pa phenazine
production remains unclear (Mavrodi et al., 2001), thus research ad-
dressing distinct quantities and ratios of phenazine products and in-
termediates is necessary to understand interactions of Pa with other co-
infecting species (here, Sa and Ec) (L. S. Pierson and E. A. Pierson,
2010). Phenazines are derived from shikimic acid pathways, where
PYO production begins with the conversion of chorismic acid to PCA.
Enzyme PhzM then converts PCA is converted to highly reactive 5-
MCA. In the final step, monooxygenase PhzS converts 5-MCA to PYO
(Parsons et al., 2007).

3.2. Phenazines and interferents in polymicrobial cultures

A general concern with the use of electrode-based sensors for bio-
logical applications is the device selectivity, particularly the ability of
the working electrode to distinguish phenazine targets from potential
interferents. As they grow in distinct multi-species environments, pa-
thogens produce a variety of redox-active, small molecules as secondary
metabolites (Zheng et al., 2015). In this specific application, species
secreted by other bacteria could potentially interfere with T-CUA re-
sponses in the potential window where redox peaks of Pa phenazines
are observed. To test potential interferences, the two bacterial patho-
gens used in this study, Sa and Ec, were electrochemically examined
after 24 h of cell growth in lysogeny broth (LB) and tryptic soy broth
(TSB). The square wave voltammograms (SWVs) in Fig. 1 demonstrate
that the distinguishable electroactive peaks are due to Pa phenazine
species only. Specifically, redox-active metabolites, PYO, 5-MCA, and
OHPHZ are produced by Pa in LB and TSB media at 24 h. The identities
of these metabolites were confirmed using mass spectrometry methods
in our previous study (Simoska et al., 2019). The SWVs for Sa and Ec
display nearly identical current responses compared to background
currents (LB or TSB). These results confirm that Sa and Ec do not pro-
duce electrochemically active species in the potential window (−0.7 to
0.0 V vs SCE) used. Furthermore, current responses for Sa and Ec co-
cultures in TSB and LB were also recorded at 24 h growth, which
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demonstrate that the interaction between Sa and Ec does not produce
redox-active metabolites in the potential window used here. In addition
to the presence of other pathogens, several growth media components
(e.g., glucose, gluconic acid, uric acid, ascorbic acid, NADH, NADPH,
NAD, NADP, H2O2) could have interference effects, impacting electrode
responses. Previous research has shown that biologically relevant con-
centration of these common biological interferents have redox sig-
natures at more positive potentials, which are outside of the potential
widow in this study (Alatraktchi et al., 2016b; Simoska et al., 2019).
Among phenazine metabolites, Pa secretes various other biological
metabolites, including non-electrochemically active N-Acyl homoserine
lactones, as well as electrochemically active species such as pyoverdine,
2-heptyl-3-hydroxy-4-quinolone (PQS) and its immediate precursor, 2-
heptyl-4-hydroxyquinoline (HHQ). Previous research has shown that
pyoverdine, PQS and HHQ have electrochemical signatures at more
positive potentials, which fall outside of the potential window used
herein (Buzid et al., 2016; Gandouzi et al., 2019). Therefore, the redox
peaks observed in Fig. 1 are due to Pa phenazine metabolites, which
were identified with mass spectrometry methods in our recent study
(Simoska et al., 2019). Thus, using an electrochemical potential
window specific to Pa phenazines, their production rates in poly-
microbial samples were monitored on T-CUAs, in real time.

3.3. Real-time electrochemical detection and quantification of Pa
phenazines in polymicrobial cultures

Real-time, continual electrochemical monitoring, over 48 h, was
performed to study the effect of polymicrobial communities’ dynamics
on phenazine production in two different media. Combinations of Pa
co-cultured together with (1) Sa, (2) Ec or (3) both Sa and Ec, were
prepared in either LB or TSB media to examine how other bacteria
impact phenazine biosynthesis production in polymicrobial cultures. To
start cell growth, individually grown liquid-batch cultures of Pa, Sa and
Ec were diluted into fresh media to achieve identical initial optical
densities. Polymicrobial samples were incubated at 37 °C and shaken at
150 rpm for a 48-h period, during which optical density (absorbance at
600 nm) measurements were performed to monitor growth stages in LB
and TSB. Fig. 2 shows fairly sigmoidal growth curves for mono- and
poly-microbial samples in LB and TSB. The initial 4 h (0–3 h) represent
the exponential phase, after which bacteria enter the stationary stage,
as indicated by the resulting plateau in the growth curves. During the
stationary phase, population size remains the same since the rate of cell
growth equals the rate of cell death. When grown individually, Pa cells
initially show higher optical densities in LB media than TSB, however,
after 12 h, optical measurements are higher in TSB relative to LB. When

Pa was co-cultured with Sa in LB, the time-dependent optical densities
are marginally higher compared to Pa monoculture sample (Fig. 2a),
indicating the presence of another bacterial species. Similarly, the
polymicrobial combination samples with Ec in LB show optical densities
higher than those for Pa only and Sa sample. These higher doubling
rates in combination samples containing Ec are likely a result of Ec
growing faster than Sa and Pa (D.-H. Lee et al., 2013). On the other
hand, all three polymicrobial combinations in TSB display higher op-
tical densities than the control Pa monoculture at nearly all time points.
These results suggest that media also has an effect on bacterial growth
rates as some bacteria might outgrow others in competing for resources
and nutrients (Rohmer et al., 2011). Although these optical density
measurements show differences between mono- and poly-microbial
samples in two media, this method provides no information about
quantities of phenazine metabolites produced during different growth
stages.

Therefore, in tandem with optical density, electrochemical mea-
surements, using SWV, were performed in a time-based fashion to si-
multaneously detect various phenazines, including PYO, 5-MCA,
OHPHZ, and an unknown derivative, in polymicrobial environments
(Fig. 3). Specifically, phenazine production was monitored directly
from different polymicrobial samples every hour during the initial 12 h,
followed by every 3 h until 24 h, then every 6 h till 48 h. To quantify
concentrations of cellular metabolites in polymicrobial samples in LB
and TSB, the data were analyzed using background current subtraction
and previously constructed calibration curves (Simoska et al., 2019). In
this study, real-time electrochemical measurements of cellular PYO and
5-MCA in polymicrobial cell cultures were performed six times in each
media to validate high reproducibility. Thus, error bars (Fig. 4) re-
present the standard deviation between the six replicates. Fig. 3 shows
the resulting SWVs for different cell combination samples in LB and
TSB, where the current-potential responses are plotted as a function of
time. In previous research, mass spectrometry methods, including DESI-
MS and nano-electrospray ionization (nano-ESI), were used to confirm
the identities of phenazine metabolites observed in our electrochemical
data (Simoska et al., 2019). Specifically, cellular PYO has a redox-active
peak at −0.256 V vs SCE while highly reactive 5-MCA shows its elec-
trochemical fingerprint at −0.115 V vs SCE (Fig. 3). Additionally, the
shoulder peak observed at a more negative potential (−0.512 V vs SCE)
after 21 h, is corroborated by OHPHZ, a degradation, side product of
PYO (Simoska et al., 2019; Sismaet et al., 2017). Finally, in certain
samples, an unknown species is detected at a more positive potential of
−0.0112 V vs SCE at later stages of growth. Unfortunately, the identity
of this species remains elusive, but it is suspected to be a highly un-
stable 5-MCA derivative or a degradation species. Presently, this

Fig. 1. Square wave voltammograms of bacterial cultures at 24 h of growth in (a) LB and (b) TSB. The redox peaks around −0.256 V vs. SCE result from PYO present
in Pa liquid-batch cultures. No interfering redox active peaks are observed from Sa and Ec cultures in the working potential window.
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metabolite can only be detected using our electrochemical T-CUA
platform, however, MS methods need optimization to enable its iden-
tification. The marginal shifts in PYO redox peaks in SWVs (Fig. 3) are
due to increasing pH values in liquid-batch cultures in the two media
(Shah et al., 2013; Simoska et al., 2019).

The SWV responses in Fig. 3 show the temporal changes in phena-
zine dynamics in the different microbial samples in LB and TSB. When
Pa is individually cultured, concentrations of cellular PYO do not
change significantly in both broths during the exponential growth
phase (0–3 h). Initially, PYO concentrations in LB are approximately
two times higher compared to those in TSB for Pa cultures. In the sta-
tionary phase, Pa cells produce increasing amounts of PYO until 21 h,
after which PYO concentrations decrease and plateau in LB and TSB as
observed in the resulting current responses. While PYO levels do not
significantly differ between LB and TSB during 4–12 h, PYO amounts in
TSB are 1.3 times higher than in LB broth after 15 h (Fig. 3a and b,
Tables S1–S2). During 21 h growth, increasing PYO production rates
correlate to increased intercellular communication (Schiessl et al.,
2019; Simoska et al., 2019). Extended growth in the stationary stage
results in a decrease in production of virulence factors. The time-de-
pendent SWVs show different current responses when additional pa-
thogens are cultured with Pa in LB and TSB. When co-cultured with Sa
in LB, Pa produces PYO amounts that are twice lower than those in Pa
sample during 0–12 h. After 15 h, levels of cellular PYO in Pa and Sa
combination sample in LB are similar to those in Pa alone (Fig. 3b). On
the other hand, when grown with Ec, Pa produces PYO concentrations
that are two times lower compared to Pa only, at all time points of
growth (Fig. 3c). For samples comprised of all three microorganisms in
LB, PYO concentrations are approximately five-fold lower, on average,
relative to individual Pa culture (Fig. 3d). These results, summarized in
Fig. 4a, show the determined PYO concentrations as a function of
growth time in polymicrobial samples in LB. Similarly to LB, the pre-
sence of Sa and Ec changes phenazine production rates in TSB. PYO
concentrations decrease nearly four times when Pa is co-cultured with
Sa in TBS (Fig. 3f). The presence of Ec in TBS significantly reduces
phenazine production (Fig. 3g and h) resulting in notably smaller
quantities of PYO. These quantitative results, summarized in Fig. 4b,
illustrate PYO concentrations at different time points of growth for
polymicrobial combinations in TSB. The concentrations of PYO pro-
duced by Pa in polymicrobial samples in LB and TSB are outlined in
Tables S1–S2 in the supplementary information. For individual Pa
cultures, the maximum PYO concentrations were determined to be
150 ± 1 μM and 190 ± 5 μM in LB and TSB, respectively, at 21 h. For
polymicrobial samples in LB, Pa produces maximum PYO

concentrations of 150 ± 1 μM in Pa and Sa, 72 ± 1 μM in Pa and Ec,
and 28 ± 1 μM in Pa, Sa and Ec sample at 21 h growth. When cultured
together with Sa in TSB, Pa produces 78 ± 2 μM as the highest PYO
concentration (at 21 h). The maximum concentration of PYO for Pa and
Ec sample in TSB was 9.3 ± 0.2 μMat 21 h. At 48 h, Pa produced a
maximum PYO concentration of 8.2 ± 0.5 μM in the polymicrobial
combination comprising all three pathogens in TSB.

These results demonstrate that in addition to other bacterial pa-
thogens, the media composition largely impacts phenazine production
rates. Briefly, the presence of Sa does not have a large effect on Pa
phenazine production in LB (Fig. 4a). The ability of PYO to inhibit Sa
growth has been reported (Noto et al., 2017), which might result in
preferential growth of Pa. A previous study has shown that Sa promotes
growth and increased aggregation of Pa, thus suggesting that these two
pathogens can co-exist and interact in a beneficial manner (Alves et al.,
2018). Additionally, research has demonstrated Pa to be the dominant
growing species when co-cultured with Sa (Mirani et al., 2018). These
reports on microbial interactions potentially explain why PYO con-
centrations are marginally higher when Pa is grown with Sa in LB.
However, this is not observed for Pa and Sa sample in TSB, suggesting
the phenazine production rates greatly depend on media composition.
When Pa is co-cultured together with Sa in TSB, a decrease in PYO
concentrations of approximately 60% is observed (Fig. 4b). Unlike in
LB, Pa and Sa likely engage in competitive behaviors for various nu-
trients in TSB. The presence of Ec influences phenazine production in
both media. Specifically, PYO amounts are approximately 50% lower in
Pa and Ec sample compared to Pa sample in LB (Fig. 4a). Furthermore,
Ec considerably slows down phenazine production in TSB, as noted by
approximately 95% lower PYO concentrations compared to amounts
produced in Pa monocultures (Fig. 4b). A previous study has shown Ec
to not only dominate co-cultures but also hinder Pa growth in both
nutrient-limited and enriched conditions (Culotti and Packman, 2014),
resulting in smaller amounts of Pa cells compared to monocultures.
Additionally, research has shown Ec to dominate multi-species en-
vironments, in particular, when co-cultured with either Pa or Sa (Mirani
et al., 2018), suggesting that Ec consumes nutrients at a fast pace. In
addition, Ec might produce unique cellular signaling molecules that can
directly impact Pa phenazine production, which is discussed in sub-
sequent discussion sections.

Previously, Santiveri and co-workers studied PYO production in
various polymicrobial cultures in different media using another elec-
trochemical approach (Santiveri et al., 2018). Their reported results
showed that the presence of additional pathogens in growth media did
not affect the relative rates of PYO produced by Pa (Santiveri et al.,

Fig. 2. Optical density measurements at 600 nm (OD600) of polymicrobial co-cultures determined at various time points of growth in (a) LB and (b) TSB broth. Error
bars represent the standard deviation between six samples.
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Fig. 3. Time-dependent square wave voltammograms recorded for 0–48 h for (a) Pa, (b) Pa and Sa, (c) Pa and Ec, and (d) Pa, Sa and Ec in LB media, and (e) Pa, (f) Pa
and Sa, (g) Pa and Ec, and (h) Pa, Sa and Ec in TSB media. The redox peak at −0.256 V vs. SCE corresponds to PYO, while the emerging peak at a more positive
potential (−0.115 V vs. SCE) is due to 5-MCA. The identity of electroactive peaks at a more positive potential than 5-MCA observed in some bacterial cultures
remains elusive, however, it might be a reactive derivative species of 5-MCA. Shoulder peak observed at −0.5 V vs. SCE are related to PYO side product, 1-
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2018), which contradicts our evidence. In their study, to detect and
quantify PYO concentrations, researchers used a carbon, macro-size
working electrode (3mm diameter), which might not have the sensi-
tivity, large linear dynamic ranges, and rapid response times necessary
to appropriately distinguish differences in production rates not only for
PYO, but also for intermediate species in polymicrobial environments.
In contrast to their electrochemical platform, requiring the use of a
fresh electrode for each new time-based measurement, we have shown
that T-CUAs are continually used for measurements for the entire
duration of 48-h experiments (Simoska et al., 2019).

3.4. Dynamics of phenazine production in polymicrobial environments

Along with electrochemical quantification of PYO concentrations in
polymicrobial co-cultures, dynamics of the phenazine biosynthetic
pathway was monitored. The current-potential responses in Fig. 3 dis-
play remarkable distinctions in production rates of 5-MCA in poly-
microbial samples in LB and TSB. These data demonstrate dissim-
ilarities in dynamics of phenazine biosynthesis processes, suggesting a
dependence on environmental factors, including other pathogens and
media type, which have to date not been observed nor reported in a
quantitative manner.

In LB, highly reactive 5-MCA cannot be detected during the ex-
ponential phase in any of the cell cultures (Fig. 3a–d). During inter-
mediate growth stages, 5-MCA production increases corroborated by
increasing current responses. The time points where 5-MCA is no longer
detected differ between mono- and poly-microbial combination samples
in LB. At later stages of growth, Pa no longer produces 5-MCA, likely
due to a process leading to fast diminishment (e.g., reaction with

oxygen). While there is an initial buildup of 5-MCA, current responses
for this intermediate later decrease, which might be associated with
factors in growth environments. Comparing polymicrobial samples in
LB, the lowest 5-MCA current responses are observed in Pa and Ec
sample (Fig. 3c). Similar to these results in LB, 5-MCA does not display
redox peaks during the first 4 h of growth in TSB (Fig. 3e–h). Yet, once
bacteria enter stationary growth phase, 5-MCA production rates in-
crease in some cell cultures. In TSB-grown samples containing Ec, 5-
MCA current responses are extremely small, particularly in the com-
binatorial sample containing all three pathogens (Fig. 3h). Further-
more, the SWV responses for 5-MCA differ based on media type, where
in some cases 5-MCA amounts are higher in TSB compared to LB. Ad-
ditionally, OHPHZ responses are significantly higher in various poly-
microbial samples, specifically those with Ec, suggesting increased rates
of PYO decomposition in these environmental conditions. Thus, these
data illustrate that both the dynamics of polymicrobial co-cultures and
media composition influence the rates of phenazine production.

To illustrate the dynamics of phenazine production between poly-
microbial samples in two media, the ratios of peak currents of 5-MCA to
PYO were plotted as a function of time (Fig. 5). Theoretically, assuming
both metabolites have equal diffusion coefficients, the peak current
ratio should be in proportion to the concentration ratio of 5-MCA to
PYO. The 5-MCA/PYO current ratio is a significant parameter that re-
flects the standard rate constant of heterogeneous electron transfer
(Dauphin-Ducharme et al., 2017; Mirceski et al., 2013). For Pa samples,
5-MCA to PYO peak current ratio is higher in TSB relative to LB, in-
dicating that media components impact phenazine biosynthesis. Com-
paring co-culture samples in LB, 5-MCA to PYO current ratio is ap-
proximately two and one half times lower when Pa is co-cultured with

Fig. 4. PYO concentrations determined from Pa in different microbial co-cultures in (a) LB and (b) TSB growth media, as a function of time. 5-MCA concentrations
secreted from Pa in (c) LB and (d) TSB media, were determined from 5-MCA/PYO current peak ratios, relating to phenazine kinetics. Error bars show the standard
deviation between six samples. PYO and 5-MCA concentrations are outlined in Tables S1–S4.
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Ec (Fig. 5a). On the other hand, polymicrobial samples in TSB display 5-
MCA/PYO peak current ratios that are nearly three times lower in
polymicrobial samples with Ec (Fig. 5b). Thus, variations in phenazine
dynamics between polymicrobial samples in LB and TSB are observed,
which contribute to different production rates (Fig. 4).

Using 5-MCA to PYO peak current ratios, the concentrations of 5-
MCA were determined for mono- and poly-microbial samples in LB and
TSB, which are summarized in Tables S3–S4 in the supplementary in-
formation. When grown individually, Pa produces a maximum 5-MCA
concentration of 78 ± 5 μM and 220 ± 2 μM in LB and TSB (at 9 h),
respectively. For polymicrobial combinations in LB, Pa produces the
greatest 5-MCA concentration of 56 ± 3 μM in Pa and Sa (at 12 h),
9.9 ± 0.4 μM in Pa and Ec (at 11 h), and 12 ± 2 μM in Pa, Sa and Ec
sample (at 11 h). When cultured with Sa in TSB, Pa produces
38 ± 2 μM as the highest 5-MCA concentration, at 21 h. For Pa co-
cultured with Ec in TSB, the highest amount of 5-MCA was
2.8 ± 0.5 μMat 21 h. Pa produces 3.3 ± 0.9 μM as the maximum
concentration of 5-MCA when all three pathogens were co-cultured
together in TSB. The quantified 5-MCA concentrations were plotted as a
function of growth time for two media (Fig. 4c and d). The maximum 5-
MCA concentration in TSB is higher by a factor of 3 compared to LB for
Pa samples. Yet, when cultured with Sa, Pa produces slightly higher
amounts of 5-MCA in LB compared to TSB. The amounts of 5-MCA in Pa
and Sa sample are marginally lower than in Pa culture, in LB. In con-
trast, 5-MCA concentrations in Pa and Sa co-culture are lower by a
factor of 6 relative to the Pa monoculture in TSB. In both media, the
presence of Ec results in more significant differences with notably small
concentrations of 5-MCA produced.

We note that as a highly reactive intermediate (Bellin et al., 2014,
2016; Reyes et al., 1981; Simoska et al., 2019). 5-MCA might serve as a
signaling molecule in redox balancing. The conversion of PCA to 5-
MCA, and to PYO, involves additional functional groups derived from S-
adenosylmethionine and molecular oxygen, respectively. The methy-
lase PhzM is responsible for the conversion of PCA to 5-MCA. However,
there is an unknown parameter that affects 5-MCA production, which
needs to be examined in a future study. While 5-MCA production acts as
a sink for PCA, a research study has shown that additional steps, re-
quiring molecular oxygen, might have a significant influence on 5-MCA
production (Xu et al., 2013). As a result, 5-MCA production might not
directly correlate with available PCA. This observation further suggests
that environmental factors may differentially regulate synthesis of this
intermediate. Our distinct results in LB and TSB further illustrate the
effect of environmental factors on 5-MCA concentrations produced in
polymicrobial cultures. A recent study has shown that PYO production
is activated only in the presence of NADH in addition to a required

interaction between PhzM and PhzS enzymes (Parsons et al., 2007). Pa
phenazine production is growth phase dependent as metabolites are
produced in the stationary phase. During this stage, oxygen is limiting,
resulting in NADH accumulation and an increased intercellular NADH/
NAD+ ratio (Price-Whelan et al., 2007), which is relieved by PYO redox
balancing. Additionally, the growth conditions, such as nutrients,
carbon and nitrogen sources, have significant effects on PYO production
rates (Jayaseelan et al., 2014; Li et al., 2018; Simoska et al., 2019).

Fig. 4 shows distinct phenazine concentrations of PYO and 5-MCA in
polymicrobial communities in each media. The presence of Sa in LB
does not largely impact phenazine production, however, the con-
centrations of PYO and 5-MCA are lower by a factor of 2.5 and 4, re-
spectively, in TSB. These results suggest that Sa and Pa compete for
nutrients in TSB media, leaving far fewer nutrients available for Pa,
which consequently decreases phenazine production. The presence of
Ec in polymicrobial samples in each media significantly diminishes the
rates of phenazine production. In particular, large differences are ob-
served in polymicrobial co-cultures in TSB, where extremely small
amounts of both PYO and 5-MCA are produced. A previous biological
study has shown initial evidence of the ability of indole produced by Ec
to quench PYO production and facilitate growth of Ec in mixed cultures
(Chu et al., 2011). Produced as a signal molecule from the amino acid
tryptophan by tryptophanase during stationary phase (J.-H. Lee and J.
Lee, 2010; Pandey et al., 2019), indole inhibits cell division, thus al-
lowing Ec to thrive over other bacteria in multispecies communities.
Other research has suggested that indole has the capability to decrease
virulence induced production in Pa by altering gene expression and
interfering with quorum sensing mechanisms (J.-H. Lee and J. Lee,
2010). To test for indole presence in polymicrobial samples with Ec,
Kovac's test was performed. This qualitative procedure, which de-
termines bacteria's ability to produce indole by deamination of tryp-
tophan, yielded a red-violet-pink top layer in cell cultures with Ec in
each media at various growth times (6, 18, and 24 h), confirming the
presence of indole in the polymicrobial combinations.

Although a previous study has shown the Ec can secrete indole
concentrations up to 600 μM (J.-H. Lee and J. Lee, 2010), indole pro-
duction might be critically affected by several environmental factors,
such as cell population, carbon sources, pH, and temperature. There-
fore, indole amounts produced likely diverge in different environmental
conditions thus impacting phenazine production dynamics in various
ways. These results highlight the importance of identifying environ-
mental parameters that influence metabolism dynamics in diverse mi-
crobial communities, particularly in the context of polymicrobial in-
fections. Phenazine production rates are likely regulated on multiple
environmental levels, which have to be standardized with regard to

Fig. 5. Phenazine metabolites kinetics. 5-MCA/PYO peak currents ratios determined from Pa in different co-cultures in (a) LB and (b) TSB, shown as a function of
time. Error bars plotted denote standard deviation between six samples.
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growth media to understand phenazine production dynamics.

3.5. Influence of growth media on phenazine production in polymicrobial
environments

The quantitative results, shown in previous sections of this study,
address how the relative phenazines production (Fig. 4) and ratio to
other intermediates (Fig. 5) change during growth in response to var-
ious environmental factors. Most importantly changes in the dynamics
are observed in the presence of other microbes, pH, and media com-
position. In this study, both LB and TSB liquid broths were used, which
are rich with nutrients essential in supporting the growth of various
microorganisms. Although there are many options when choosing
growth media (e.g., phosphate buffered saline, buffered year extract
broth, Mueller-Hinton broth, nutrient broth) (Li et al., 2018), these two
complex media are the most predominant in studies with Pa reported in
the literature (Table S5). In particular, LB and TSB contain different
casein peptones, peptides, minerals, several vitamins and trace ele-
ments (e.g., S, Mg, N). Given their complexity and richness in nutrients,
TSB and LB are reasonable choices of growth media herein. In prior
research (Simoska et al., 2019), DESI-MS methods were employed to
analyze differences in the composition of these media. Briefly, these
results showed noteworthy distinctions between LB and TSB: (1) the
relative abundance of choline (a water-soluble vitamin consumed by
cells for production of toxins) at m/z 104.107 in the positive ion mode,
and (2) the relative abundance of protonated and chlorinated hexose
species (six-carbon sugars) at m/z 179.056 and m/z 215.032, respec-
tively. Higher relative abundances for both choline and hexose species
were detected in TSB relative to LB, which resulted in higher amounts
of PYO produced in TSB for Pa monoculture (Simoska et al., 2019).

To better understand how components of each media might be
contributing to observed variations in phenazine production, qualita-
tive DESI-MS analyses were performed to compare relative abundances
of choline and hexose species in polymicrobial combinations at 5 h
growth. In the positive ion mode, the relative abundances of choline at
m/z 104.107 for three different polymicrobial cultures in LB did not
notably differ between samples (Fig. S1b), with the lowest abundance
observed for the Pa and Ec sample (Figs. S1a and S2). Similarly, the
relative abundances of this species were comparable between the three
combination samples in TSB (Figs. S1a, S1c, S3). Higher relative
abundances for choline were detected in samples in TSB compared to
LB as depicted in the ion images in Fig. S1a. When Pa was cultured
separately in LB or TSB, significantly lower abundances of choline were
detected (Figs. S2b and S3b) in comparison to polymicrobial samples,
suggesting high consumption of choline by individually grown Pa. Yet
this is not observed in the polymicrobial samples, indicating that the
presence of other pathogens changes choline consumption rates. In the
negative ion mode, the relative abundances of hexose species did not
considerably vary between three different polymicrobial combinations
in LB and TSB (Figs. S4–S5). For Pa monocultures in TSB and LB, the
hexose relative abundances are qualitatively higher compared to
polymicrobial samples (Figs. S6–S7). Variation in the abundance of
deprotonated and chlorinated hexose species are observed, likely due to
possible changes occurring dependent on adduct type. These data
suggest that pathogenic bacteria in these environments might compete
for hexose and most likely numerous other nutrients in growth media.
Consequently, growth media composition highly impacts phenazine
production and dynamics in several ways as observed in our electro-
chemical results.

In addition to qualitatively comparing relative abundances of cho-
line and hexose, DESI-MS analysis was performed to detect PYO and
other cellular metabolites in polymicrobial samples in both growth
media. Fig. 6 provides representative mass spectra and ion images (in
the positive ion mode) for cellular PYO detected at m/z 211.086 in
polymicrobial environments in LB and TSB. Higher relative abundances
of PYO were observed in polymicrobial samples in LB than in TSB

(Fig. 6a). A small decrease in PYO abundance was observed when all
three pathogens were cultured together in LB (Fig. 6b). For poly-
microbial combination tests in TSB, the highest PYO abundance was
detected in Pa and Sa sample while the lowest PYO abundance was
found in the sample containing all three bacterial types (Fig. 6c). Yet
PYO was not detectable (S/N < 3) in the mass spectra for Pa and Ec co-
culture in TSB. These qualitative mass spectrometry results are in
agreement with PYO trends in quantitative electrochemical data. In
addition to PYO, other metabolites and enzymatic products from dif-
ferent polymicrobial cultures in each media were detected using DESI-
MS (Figs. S4–S6). Multiple changes in metabolites abundances were
observed: (1) succinate at m/z 117.019 was less abundant in Pa and Sa
samples in LB and TSB, (2) disaccharide at m/z 377.085 was detected in
lower abundances in polymicrobial samples with Sa present, and (3)
abundances of citrate at m/z 191.019 and gluconate at m/z 195.051
were lower in samples containing Ec. As summarized in Fig. S6, me-
tabolite distribution differs between growth media. While DESI-MS
results provide useful information about media composition and addi-
tional cellular species produced in polymicrobial co-cultures, these re-
sults are only qualitative. Unlike our electrochemical method providing
means for in situ quantitative analysis, DESI-MS measurements are as-
sociated with biases present in sampling times and sample drying ef-
fects, causing exposure to oxygen and cell death prior to analysis.
Moreover, enhanced matrix and susceptibility to ion suppression asso-
ciated with ambient ionization mass spectrometry methods lead to
additional limitations for quantitative analysis of metabolites.

In these complex polymicrobial environments, bacteria might be
feeding and competing for nutrients, and/or producing additional cel-
lular metabolites dependent on the media type. Our results clearly
demonstrate that in polymicrobial communities, the onset of infection
changes drastically with respect to phenazine production rates. The
presence of other bacteria significantly influences phenazine produc-
tion in different ways, which is also heavily dependent on growth
media. Our results call for the standardization for cell culture experi-
ments, largely with respect to growth media components and quan-
tities, as it is necessary to appropriately study the onset of poly-
microbial infections. As summarized in Table S5, there are countless
possibilities of growth media for culturing Pa, including nonstandard
methods, such as synthetic cystic fibrosis sputum (Darch et al., 2018)
and wound-like media (DeLeon et al., 2014). Yet, with standard growth
media, such as LB and TSB, the real analytical concentrations of com-
ponents likely vary between batches. Future research needs to focus on
optimization, standardization, and certification of growth environment
standards mainly because quantitative analytical chemistry is missing
from standardization of assays. Specifically, it is necessary to under-
stand particular media components and quantities to adequately assess
which contribute to differences in phenazine dynamics. To understand
how complex media influences development of infections, design of
certified media standards that simulate environments for cystic fibrosis,
biofilms and/or wound infections is essential, which is beyond the
scope of this study. Therefore, the state of polymicrobial infections
needs to be reexamined for biodiagnosis of Pa phenazine dynamics.

Our results, showing distinct dynamics of phenazine production
with regard to growth in multispecies samples, point to the need for
standard methods of growth media, which have great implications to-
wards understanding the onset of bacterial infections, antibiotic re-
sistance, and treatments. More extensive environmental factors need to
be examined, however, our electrochemical approach provides the basis
set as to the relative differences in phenazine production rates that can
be quantified with high sensitivity. In follow-up work, the influence of
additional factors (oxygen availability, host genetics, and antibiotics)
on redox phenazine production will be monitored using T-CUAs.

4. Conclusions

In summary, this study shows quantitative electrochemical
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monitoring of the impact of polymicrobial communities on production
rates of Pa phenazine metabolites in different growth media. Using T-
CUAs as electrochemical sensors, the dynamics of phenazine bio-
synthesis were continually observed via detection of redox-active me-
tabolites PYO, 5-MCA, OHPHZ, and an unknown species. These quan-
titative results demonstrate distinct electrochemical current responses
for phenazines produced between Pa grown: (1) individually, and (2) in
polymicrobial samples. In LB, the maximum concentrations of PYO
were 150 ± 1 μM for Pa, 150 ± 1 μM for Pa and Sa, 72 ± 1 μM for Pa
and Ec, and 28 ± 1 μM in Pa, Sa and Ec sample (at 21 h). In TSB, the
highest PYO concentrations were 190 ± 5 μM for Pa (at 21 h),
78 ± 2 μM for Pa and Sa (at 21 h), 9.3 ± 0.2 μM for Pa and Ec (at
21 h), and 8.2 ± 0.5 μM in Pa, Sa and Ec sample (at 48 h).
Additionally, the concentrations of highly reactive 5-MCA were de-
termined. The presence of Sa caused a notable decrease in phenazine
concentrations only in TSB while the presence of Ec in polymicrobial
samples drastically quenched phenazine production rates in both
media. These disparities likely correlate to (1) differences in nutrient
consumption, and (2) other cellular metabolites produced, in poly-
microbial environments. These results clearly demonstrate that pre-
sence of other bacteria dramatically impacts phenazine production
rates, which also directly depends on the media type. The media type
strongly influences phenazine product distribution, especially in poly-
microbial co-cultures. Therefore, these data imply the need for analy-
tical standardization of simulation media, which represent key

attributes of in vivo environments (e.g., wounds, cystic fibrosis lungs).
Our T-CUAs electroanalytical method has the sensitivity to distinguish
differences based on correlative measurements in media not only on
phenazine production but also on intermediates produced in poly-
microbial samples. Thus, these data support use of T-CUAs in bio-
diagnosis and monitoring of Pa infections colonized by multiple bac-
teria.

Future work will focus on electrochemical monitoring of Pa phe-
nazine production in the presence of other relevant pathogens, such as
Enterococcus faecalis and Staphylococcus epidermidis, as well as in the
presence of eukaryotic, host cells (e.g., macrophages). Moreover, stu-
dies need to be performed with additional, increased co-cultures com-
prising of more than three pathogens. Additionally, phenazine pro-
duction and dynamics need to be examined on T-CUAs with clinically
relevant Pa strains isolated from patients, as clinical strains grow at
different rates dependent on environmental conditions and composition
(Wu et al., 2019). Finally, the state of infection in these polymicrobial
populations needs to be reexamined for diagnosis, specifically with
respect to standardization of simulated growth media.
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