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In microbiology, gene disruption and subsequent experiments often center on phenotypic changes caused by one class of specialized
metabolites (quorum sensors, virulence factors, or natural products), disregarding global downstream metabolic effects. With the re-
cent development of mass spectrometry-based methods and technologies for microbial metabolomics investigations, it is now possible
to visualize global production of diverse classes of microbial specialized metabolites simultaneously. Using imaging mass spectrometry
(IMS) applied to the analysis of microbiology experiments, we can observe the effects of mutations, knockouts, insertions, and comple-
mentation on the interactive metabolome. In this study, a combination of IMS and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was used to visualize the impact on specialized metabolite production of a transposon insertion into a Pseudomonas
aeruginosa phenazine biosynthetic gene, phzF2. The disruption of phenazine biosynthesis led to broad changes in specialized
metabolite production, including loss of pyoverdine production. This shift in specialized metabolite production significantly
alters the metabolic outcome of an interaction with Aspergillus fumigatus by influencing triacetylfusarinine production.

In patients with cystic fibrosis (CF), mutations within the CF
transmembrane conductance regulator (CFTR) lead to de-
creased mucociliary clearance and accumulation of thick and
sticky bronchial mucus, providing a nutrient-rich environment
for opportunistic pathogens to flourish (1, 2). These chronic bio-
film-based infections lead to respiratory failure, the need for lung
transplantation, or untimely death. When describing chronic mi-
crobial infections in CF, discussion usually revolves around a sin-
gle microorganism and its interaction with the immune system.
However, the human respiratory tract contains a dynamic micro-
bial community, with a decline in lung function of CF patients
correlating to a decrease in microbial diversity (3, 4). While mod-
ern sequencing techniques allow us to peer into the complexity of
these microbial communities, little is known about how these mi-
crobes interact and compete on a molecular level.

Two opportunistic pathogens affecting CF patients are the
Gram-negative bacterium Pseudomonas aeruginosa and the fila-
mentous fungus Aspergillus fumigatus. In a recent clinical retro-
spective, coinfection with P. aeruginosa and A. fumigatus corre-
lated with a significant decrease in lung function relative to that
seen with diagnosis of P. aeruginosa or A. fumigatus infection
alone (5). Concurrent detection of P. aeruginosa and A. fumigatus,
using both traditional culturing techniques and modern sequenc-
ing methods, indicates that these two organisms may interact
within the CF lung (3, 5-7). One way these organisms interact is
through the production and secretion of small-molecule effectors
called specialized metabolites, including quorum sensors, viru-
lence factors, and natural products (previously referred to as sec-
ondary metabolites) (8, 9). In vitro studies show that metabolites
secreted by P. aeruginosa inhibit A. fumigatus filamentation and
biofilm formation (10). In 2012, we detailed the metabolic inter-
action between these two microbes, with an emphasis on the A.
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fumigatus Af293-mediated biotransformation of the phenazine
class of specialized metabolites produced by P. aeruginosa PA14
(11). The phenazines have a number of roles in both intra- and
interspecies interactions, including antibacterial and antifungal
activities, electron shuttling through their redox capabilities, gen-
eration of reactive oxidative species, and cell signaling (12, 13).
Due to the myriad of roles for the phenazine molecular family, we
hypothesized that hampering the biosynthetic capacity of P.
aeruginosa to produce the phenazines would alter the exchange of
specialized metabolites between it and A. fumigatus.

P. aeruginosa utilizes two biosynthetic gene clusters (phzl and
phz2; 98% identity) to produce five characterized phenazines:
1-hydroxyphenazine (1-HP), pyocyanin (PYO), phenazine-1-
carboxylic acid (PCA), phenazine-1-carboxamide (PCN), and
5-methyl phenazine-1-carboxylicacid (5-MPCA) (14). Phenazine
biosynthesis begins with the shikimate pathway and diverges into
dedicated phenazine biosynthesis through the enzymatic activity
of PhzF (Fig. 1). PhzF is proposed to catalyze the isomerization of
trans-2,3-dihydro-3-hydroxyanthranilic acid (DHHA) to 6-
amino-5-oxocyclohex-2-ene-1-carboxylic acid (15, 16). Subse-
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FIG 1 (A) The phenazine molecular family is biosynthesized over two core
gene clusters, phzl and phz2 (black; phzA1-G1 and phzA2-G2) and three ac-
cessory genes (green; phzS, phzM, and phzH). The phz2 cluster also contains a
regulator gscR (blue). PA1906 (purple) is not involved in phenazine biosyn-
thesis. The phz2 gene cluster is hypothesized to be responsible for total phen-
azine biosynthesis in colony biofilms. phzF2 (red) is the position of transposon
insertion used for these studies. (B) Proposed biosynthetic schematic of the
phenazines by P. aeruginosa. PhzF is proposed to catalyze the isomerization of
DHHA (red). This step is the first dedicated step in phenazine production and
is disrupted by the transposon insertion. E4P, erythrose-4-phosphate; PEP,
phosphoenolpyruvate.

quent dimerization by PhzA/B and poorly defined oxidation lead
to the production of PCA (17). Additional reduction, methyl-
ation, and amidation result in the formation of 1-HP, PYO, PCN,
and 5-MPCA (14). Recent results suggest that although both phz1
and phz2 phenazine biosynthetic cassettes are capable of produc-
ing PCA, the phz2 cluster is sufficient for phenazine production in
colony biofilms (18, 19).

Herein, we describe the utility of agar-based microbial matrix-
assisted laser desorption ionization (MALDI) imaging mass spec-
trometry (IMS) to investigate the role of the phzF2 gene in the
metabolic discussion between P. aeruginosa PAO1 and A. fumiga-
tus Af293 in a side-by-side interaction. In this study, we utilized a
transposon insertion mutant of the phzF2 gene to highlight the
chemotypic differences between the phzF2 mutant and wild-type
PAOL despite their similar phenotypic interactions with Af293.
Using a combination of qualitative (IMS) and semiquantitative
(liquid chromatography-tandem mass spectrometry [LC-MS/
MS]) mass spectrometry-based analyses, we confirmed the role of
the phz2 gene cluster in phenazine production of colony biofilms,
showing that disruption of homeostatic phenazine production re-
sults in drastic changes in the production of other molecular fam-
ilies by P. aeruginosa and leads to altered production of A. fumiga-
tus siderophore virulence factors which can be modulated by the
addition of single phenazines. Taken together, these results show
how modern mass spectrometry techniques can be used with tra-
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ditional molecular biology to provide new insights into global
specialized metabolite production, extending our knowledge of
the complicated network of P. aeruginosa effector molecules and
their roles in both intra- and interspecies interactions.

MATERIALS AND METHODS

General. Aspergillus fumigatus Af293 was a gift from the J. Craig Venter
Institute (Nierman lab, Rockville, MD). Pseudomonas aeruginosa PAO1
and the phzF2 mutant (PW4336; genotype, PA1904-G08:ISlacZ/hah)
were acquired from the University of Washington’s Seattle P. aeruginosa
PAOI transposon mutant library (20). All chemicals used for preparation
of ISP2 media were purchased from Sigma-Aldrich. Organic solvents for
extraction and LC-MS/MS were purchased from J. T. Baker. Universal
MALDI matrix was purchased from Sigma-Aldrich. 1-Hydroxyphenazine
(1I-HP) (=95% by gas chromatography [GC]) was purchased from TCI.
Pyocyanin (PYO) (=98% by high-performance liquid chromatography
[HPLC]), 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) (=96% by
HPLC), and 3-oxo-C,,-homoserine lactone (C,,-HSL) were purchased
from Sigma-Aldrich. Phenazine-1-carboxamide (PCN) (95% by nuclear
magnetic resonance [NMR]) and phenazine-1-carboxylic acid (PCA)
(95% by NMR) were purchased from Princeton Biomolecular Research,
Inc. 1-HP, PCN, and PCA were purified by HPLC as previously described,
as they contained multiple phenazines (11). 'H NMR multiplicities are
abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quartet; b, broad;
and a, apparent; combinations thereof are indicated.

Confirmation of transposition insertion location. Since the two
phenazine biosynthetic gene clusters in P. aeruginosa are 98% identical,
the position of the transposon insertion in the phzF2 gene was confirmed
by PCR. PAOI was streaked onto Luria broth (LB) agar from glycerol
stock. As the transposon insertion carries a tetracycline resistance cassette,
the phzF2 mutant was streaked onto LB agar containing 60 pg/ml of
tetracycline from glycerol stock. After 24 h of incubation at 30°C, single
colonies of PAO1 were subcultured into 2 ml ofliquid LB media and single
colonies of the phzF2 mutant were subcultured into 2 ml of liquid LB
media containing 60 pg/ml of tetracycline. Genomic DNA was isolated
using the Promega Wizard genomic DNA purification kit. Considering
the high sequence identity between the phzl and phz2 biosynthetic clus-
ters and the location of the phzF1 and phzF2 genes within the biosynthetic
clusters, a common forward primer complementing phzEl and phzE2
(5'-CGGTCCCTACCTCAAGAAGA-3") and divergent reverse primers
were used. For the phzlI cluster, a reverse primer complementing the se-
quence of phzS was designed (5'-CGGTCTACCATCGGGTACTG-3").
The gene phzS immediately follows the phzG1 gene and does not have a
homolog in the phz2 cluster. For the phz2 cluster, a reverse primer com-
plementing the sequence of PA1906 was designed (5'-GTCCAACCCCG
AACATCGTC-3"). PA1906 is a protein of unknown function, and the
PA1906 gene immediately follows the phzG2 gene and does not have a
homolog in the phzI cluster. Agarose gel electrophoresis of PCR products
confirmed the transposon location in the phzF2 gene (see Fig. S1 in the
supplemental material).

Synthesis of 5-methyl phenazine-1-carboxylic acid (5-MPCA). (i)
Benzyl 1-phenazinecarboxylate. Phenazine 1-carboxylic acid (45.0 mg,
201 pmol, 1.00 eq) and K,COj; (55.5 mg, 402 pmol, 2.00 eq) were com-
bined in a 4-ml glass vial containing a stir bar. This was sealed with a
septum screw cap and evacuated using high vacuum (<1 torr) by piercing
the septum with a needle connected to the vacuum source. The vessel was
then refilled with argon, and anhydrous dimethylformamide (DMF) was
added via syringe (2.00 ml, furnishing a 0.1 M solution neglecting the
volume of reactants and reagents). This furnished a thick suspension.
Benzyl chloride (BnCl; 35.0 pl, 302 pmol, 1.50 eq) was added using a
microliter syringe. The reaction vessel was then immersed in an oil bath
preheated to 80°C and maintained there with magnetic stirring for ap-
proximately 12 h. After this time, the reaction vessel was removed from
the heating bath and allowed to cool to ambient temperature. A fine,
colorless solid was observed at the bottom of the reaction mixture (likely
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KCl); otherwise a golden yellow-brown solution was obtained. This mix-
ture was transferred to a separatory funnel, rinsing the reaction vessel with
copious amounts of diethyl ether (20 to 25 ml). The organic portion was
washed five times successively with approximately 2 ml of H,O. Then the
organic portion was washed with saturated aqueous NaCl (5 ml) and
subsequently dried over anhydrous Na,SO,, filtered, and concentrated by
rotary evaporation. The material was deemed sufficiently pure to be car-
ried forward without further purification (see characterization data and
spectra). A total of 63.0 mg (>99%) of crude material was isolated as a
golden yellow oil of =95% purity. '"H NMR (500 MHz, CDCl,) § 8.39 (dd,
J=8.39,1.70 Hz, 1 H), 8.34 t0 8.29 (m, 1 H), 8.27 (dd, ] = 6.85, 1.15 Hz,
1 H), 8.26 t0 8.22 (m, 1 H), 7.89 (at, ] = 3.45 Hz, 1 H), 7.87 (at, ] = 3.40
Hz,1H),7.85(dd,J = 8.60,6.90 Hz, 1 H), 7.62 (d, ] = 6.85Hz,2 H), 7.43
(at, ] = 6.90 Hz, 2 H), 7.37 (at, ] = 7.45 Hz, 1 H), 5.59 (s, 2 H). >*C NMR
(125 MHz, CDCl;) 8 165.44, 142.63, 142.11, 141.52, 139.98, 134.79,
132.31, 131.12, 130.27, 130.17, 129.91, 129.20, 128.32, 128.03, 127.48,
127.18 (2 C), 66.27. High-resolution mass spectrometry (HRMS) ob-
served, 315.1133; calculated, 315.1128; error, 1.6 ppm.

(ii) Benzyl 5-methylphenazinium-1-carboxylate. To a solution of
benzyl 1-phenazinecarboxylate (63.0 mg, 200 wmol, 1.00 eq) in anhy-
drous CH,Cl, (2.00 ml) under argon was added methyl trifluorometh-
anesulfonate (see below; freshly prepared, 68.0 pl, 601 pmol, 3.00 eq) via
microliter syringe. The reaction mixture was stirred magnetically at
ambient temperature and was a solution at the start of the reaction, but
after approximately 12 h, it had become an avocado green suspension.
After this time interval, the reaction mixture was merely evaporated to
dryness on a rotary evaporator (gradually achieving a maximum vacuum
of ~10 torr) followed by high vacuum (<1 torr). The residue was used
without further purification for ester hydrolysis. HRMS observed,
329.1294; calculated, 329.1285; error, 2.7 ppm. (Methyl trifluorometh-
anesulfonate was freshly prepared as previously described by injecting
dimethyl sulfate [2.00 ml] into trifluoromethanesulfonic acid [1.45 ml] in
a flask under argon that had previously been flame dried and equipped
with a stir bar [21]. The mixture was stirred magnetically for 1 h at ambi-
ent temperature, after which the plastic cap used to seal the reaction was
removed and replaced with a short-path distillation head. A distillation
was conducted at ambient pressure, with methyl trifluoromethanesulfon-
ate distilling at approximately 100°C. It should be noted that methyl trif-
luoromethanesulfonate is a strong alkylating agent and should be gener-
ated and handled only by a trained chemist.)

(iii)5-MPCA. Benzyl 5-methylphenazinium-1-carboxylate (1.0 mg, 3
pmol) in acetonitrile (100 wl) and Pseudomonas fluorescens esterase (1.0
mg; Sigma-Alrich) in Tris buffer (pH 7.5, 500 wl) were combined in a
1.5-ml Eppendorf tube. The reaction mixture was incubated for 3 h at
room temperature. 5-Methyl phenazine-1-carboxylic acid (5-MPCA) was
purified from the crude mixture using an Agilent Technologies 1260
HPLC with a diode array detector. Samples were introduced manually
using a 300- ! injection volume on to a Phenomenex Luna 4-pm Synergi
Polar-RP column (10.0 mm by 250 mm). The crude mixture was fraction-
ated (35 fractions, 5 ml each) using a linear water-acetonitrile gradient
(from 95:5 to 5:95 water/acetonitrile) containing 0.1% formic acid with a
flow rate of 5 ml/min. A 1-pl volume of each fraction was mixed 1:1 with
a saturated solution of universal MALDI matrix in 78% acetonitrile con-
taining 0.1% formic acid and spotted onto a Bruker MSP 96 anchor plate.
The sample was dried and subjected to matrix-assisted laser desorption
ionization—time of flight mass (MALDI-TOF) analysis by either a Bruker
Daltonics Autoflex Speed or Microflex. Mass spectra were obtained as a
single spot acquisition of 100 shots. MALDI-TOF MS data were analyzed
by FlexAnalysis 3.0 software. Fractions with an m/z corresponding to
5-MPCA were combined and lyophilized. 5-MPCA was isolated as a yel-
low powder (400 g, 58% yield). HRMS observed, 239.0816; calculated,
239.0815; error, 0.4 ppm.

Genetic complementation of the phzF2 mutant. Plasmid pJA09
(pP,,.phzF2) was constructed from PCR amplification of phzF2 from
genomic DNA of P. aeruginosa PAO1 using oligonucleotides 5'-TAAAA
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CGACGGCCAGTGCCAAGCTTTCACAGGTAGGCGCGGCCTTCGG
CG-3"and 5'-TACCCATGGGATCTGATAAGAATTCAAGGAGGATTT
TAGAATGCACAGATATGTCGTGATAG-3" with a ribosome binding
site (AAGGAGGA) 7 bp upstream of the start site of phzF2; PCR ampli-
fication of pHERD30T (22) using oligonucleotides 5'-GAATTCTTATCA
GATCCCAT-3" and 5'-AAGCTTGGCACTGGCCGTCG-3" and Gib-
son Assembly (New England BioLabs) was used to join phzF2 and
pHERD30T. The constructed plasmid was transformed into chemically
competent Escherichia coli strain TOPO10 and selected on gentamicin
plates. Construction was confirmed by sequencing performed by
Genewiz. Plasmid pJA09 was then introduced into electrocompetent
PAO1 phzF2 mutant cells by electroporation with Gene Pulser Xcell (Bio-
Rad) using P. aeruginosa settings and selected on LB agar plates containing
25 pg/ml of gentamicin.

Culture of colony biofilms and interactions. PAOI, the phzF2 mu-
tant, and the complemented PhzF2 pJA09-bearing strain were grown
from a single colony in LB media overnight to stationary phase (optical
density [OD] = 1.2), diluted to a 1.6 X 108-CFU/ml, 20% glycerol stock,
and stored at —80°C in 50-pl aliquots. Af293 spore stock was prepared as
previously described (7.2 X 10°-CFU/ml, 20% glycerol stock) and stored
at —80°Cin 50-pl aliquots (11). These frozen stocks were used directly for
inoculations.

P. aeruginosa (1.6 X 10° CFU; PAO1 or the phzF2 mutant) was inoc-
ulated at a 5-mm distance from an inoculant of Af293 (7.2 X 10* CFU) on
10 ml of ISP2 agar (1% malt extract, 0.4% yeast extract, 0.4% glucose, and
2% agar) in 100- (outside diameter) by 25-mm petri dishes (Fisherbrand).
The cultures were incubated for 48 h at 30°C. For chemical complemen-
tation, corresponding compounds were spotted directly onto the growth
medium at a final amount of 40 nmol. The organic solution was allowed to
dry, and the P. aeruginosa strains were inoculated directly on top of the
chemical complement, with Af293 inoculated 5 mm away. P. aeruginosa
(PAOL1, the phzF2 mutant, or the complemented PhzF2 pJA09-bearing
strain) and Af293 controls were inoculated similarly, including those for
chemical complementation. For genetic complementation, the PhzF2
pJA09-bearing strain was induced on ISP2 agar containing 0.2% L-arabi-
nose.

MALDI-IMS. For IMS experiments, a region of agar including the
colony biofilm or interaction was excised and laid upon a Bruker Dalton-
ics MALDI MSP 96 anchor target plate. A photograph was taken of the
MALDI target holding the agar samples. Af293 aerial hyphae were re-
moved from the surface of the colony using a cotton swab dampened with
acetonitrile. Universal MALDI matrix (Sigma-Aldrich) was applied using
a 53-pm sieve, and samples were dried at 37°C for a minimum of 6 h. All
colonies were subjected to MALDI-TOF MS in positive reflectron mode
using a 400- to 600-wm spatial resolution in XY by either a Bruker Dal-
tonics Autoflex Speed or Microflex. The data from both instruments were
analyzed using FlexImaging 3.0. Detailed parameters for microbial IMS
have been published elsewhere (11, 23-26). For high-resolution MALDI
IMS, a duplicate 48-h culture was subjected to IMS on a 9.4T solariX
Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer
equipped with a dual electrospray ionization (ESI)/MALDI ion source
and Smartbeam II laser set to minimum focus. The m/z range acquired
was 175 to 375, with a transient length of 700 ms for a broadband resolving
power of approximately 150,000. Single-point calibration was used utiliz-
ing the dihydroxybenzoic acid (DHB) cluster ion at #1/z 273.03936 as lock
mass. Data were acquired with a 200-pm spatial resolution.

Extraction procedure. For general chemical extraction, the agar of
entire single plates including the colony biofilms was sliced into small
pieces and extracted with 10 ml of ethyl acetate followed by 10 ml of
methanol. The solvent was separated from agar pieces by filtration and
concentrated in vacuo. Combined ethyl acetate-methanol extracts were
resuspended in 1 ml of methanol and centrifuged prior to analysis.

LC-MS/MS analysis. For LC-MS/MS analysis, samples were diluted
10-fold. Mass spectrometry was performed by using a Bruker Daltonics
Maxis qTOF mass spectrometer equipped with a standard electrospray
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ionization source. The mass spectrometer was tuned by infusion of Tun-
ing Mix ES-TOF (Agilent Technologies) at a 3-pl/min flow rate. For ac-
curate mass measurements, lock mass internal calibration used a wick
saturated with hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazene ions
(Synquest Laboratories; 11/2922.0098) located within the source. Samples
were introduced by a Thermo Scientific UltraMate 3000 Dionex ultra-
performance liquid chromatograph (UPLC) using a 20-pl injection vol-
ume. Ethyl acetate-methanol extracts were separated using a Phenomenex
Luna 5-pm C,4(2) column (2.0 mm by 250 mm). A linear water-acetoni-
trile gradient (from 98:2 to 2:98 water/acetonitrile) containing 0.1% for-
mic acid was utilized. The flow rate was 0.2 ml/min. The mass spectrom-
eter was operated in data-dependent positive-ion mode, automatically
switching between full-scan MS and MS/MS acquisitions. Full-scan MS
spectra (m/z 50 to 2,000) were acquired in the TOF, and the top 10 most
intense ions in a particular scan were fragmented using collision-induced
dissociation at 35 eV for +1 ions and 25 eV for +2 ions in the collision
cell. Structural verification of ions identified by full-scan MS in IMS was
performed manually by comparing the exact mass for the full scan and the
MS/MS spectra with previously reported structural characterization (11).

Data analysis. IMS data analysis was performed using Bruker Dal-
tronics FlexImaging v3.0. Visualization of ion intensity was optimized to
highlight differences between samples being compared. Tons identified by
full-scan MS in low-resolution IMS were structurally verified by matching
the distribution and nominal mass to the exact mass measured by high-
resolution (HR) IMS. These metabolites were further characterized by
LC-MS/MS. LC-MS/MS data analysis was performed using Bruker Dal-
tronics DataAnalysis v4.1 (Build 362.7). Lock mass internal calibration
using hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazene ions (Syn-
quest Laboratories; m1/z 922.0098) was applied. Extracted ion chromato-
grams (EICs) using the exact mass of a metabolite of interest were created.
The MS/MS spectra from these EICs were manually compared with pre-
viously reported data (11). To calculate fold changes, the areas of EICs
were calculated for three independent cultures, averaged, and compared
between cultures of interest.

RESULTS AND DISCUSSION

Interaction of P. aeruginosa phzF2 mutant and A. fumigatus.
Transposon mutants have been an invaluable tool for connecting
genotypes to phenotypes. They have been used to identify key
genes in P. aeruginosa signaling pathways. Considering that the
phenazine molecular family produced by P. aeruginosa has been
identified as key participants in both intra- and interspecies inter-
actions, we hypothesized that disrupting phenazine biosynthesis
would result in an altered metabolic response by A. fumigatus
Af293. While the P. aeruginosa genome contains two biosynthetic
gene clusters for phenazine biosynthesis, phzI and phz2, the phz2
gene cluster has been shown to be sufficient for wild-type phena-
zine production in P. aeruginosa PA14 colony biofilms (7, 14, 19).
To test whether this observation held true for PAO1, we chose to
use a publicly available transposon insertion mutant of the phzF2
gene in the phz2 gene cluster. PhzF is the first dedicated step in
phenazine biosynthesis, and disruption of the phzF2 gene should
be sufficient to prevent phenazine biosynthesis in colony biofilms
(15-17).

To reveal the outcome of altered phenazine production, the
phzF2 mutant and Af293 were inoculated side by side. Concur-
rently, a wild-type PAO1-Af923 interaction was prepared simi-
larly in separate culture. The colony biofilms of PAO1 and the
phzF2 mutant were phenotypically similar and showed compara-
ble degrees of inhibition of Af293. Both samples were subjected to
microbial IMS. It is important to note that in order to compare
relative signal intensity between two samples, the microbial IMS
data must be acquired from a single MALDI plate in a single ex-
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FIG 2 Microbial IMS images of selected metabolites produced by P. aerugi-
nosa (left microbial colony) and A. fumigatus (right microbial colony) grown
on ISP2 media for 48 h. Optical images are displayed in the top row. Both P.
aeruginosa PAO1 and the phzF2 mutant are capable of inhibiting A. fumigatus
Af293. All other images are overlays of falsely colored m/z distributions over
optical images. The interaction of PAO1 and Af293 yielded metabolite pro-
duction similar to that previously reported, including localization of 1-HP
under the Af293 colony (11). The phzF2 mutant interaction with Af293 re-
sulted in strikingly different metabolite production. Phenazine production
was reduced, with the exception of PCN, which was produced in larger
amounts. Both quinolone and pyoverdine production were also reduced.
Rhamnolipid and pyochelin production was increased. In response, TAFC
production by Af293 was increased. An asterisk denotes sodium salt.

periment. While the molecular distributions visualized in IMS can
be compared between experiments, the intensity of those molec-
ular features cannot.

Strikingly, the phzF2 mutant interaction with Af293 had stark
differences in specialized metabolite production compared to the
PAO1-Af293 wild-type interaction (Fig. 2; see also Fig. S2 and
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Table S1 in the supplemental material). As expected, changes in
phenazine production were observed. However, unlike in previ-
ous reports indicating that the phz2 gene cluster was responsible
for total phenazine biosynthesis in PA14 colony biofilms, the
transposon insertion in the phzF2 gene of PAOI resulted in de-
creased production of 1-HP, PYO, PCA, and 5-MPCA but in in-
creased production of PCN (19). Surprisingly, production of
other P. aeruginosa molecular families was also affected, including
downregulation of the quinolones and upregulation of the rham-
nolipids. The most marked change in specialized metabolite pro-
duction for both P. aeruginosa and A. fumigatus was the difference
in siderophore production between the PAO1 and phzF2 mutant
interactions. In aerobic environments, iron exists as ferric (Fe*™)
oxides and is not bioavailable, while in human hosts, iron is bound
to transport and storage proteins. In order to acquire iron from
the environment, microbes produce small molecules with high
iron affinity called siderophores (27). For many pathogens, in-
cluding P. aeruginosa and A. fumigatus, siderophores have been
shown to be important for virulence and capable of sequestering
iron from host proteins (28-30). P. aeruginosa and A. fumigatus
each have the biosynthetic capacity to produce two extracellular
siderophores (29, 31, 32). P. aeruginosa produces pyochelin and
pyoverdine, while A. fumigatus produces fusarinine C and tri-
acetylfusarinine C (TAFC). In the phzF2 mutant interaction with
Af293, we observed reduced pyoverdine production and increased
pyochelin production by the phzF2 mutant and increased TAFC
production by Af293 compared to the wild-type interaction.

Effect of disrupting phzF2 on P. aeruginosa specialized me-
tabolite production. Due to the clear differences in P. aeruginosa
specialized metabolite production between the PAO1 and phzF2
mutant interactions with Af293, we hypothesized that the changes
were foremost due to the disruption of phenazine biosynthesis.
Previously, PYO had been termed a terminal signaling factor in
the P. aeruginosa PA14 signaling cascade and implicated in the
downregulation of iron acquisition genes (33). However, no pub-
lished data have indicated that the phenazines play a role in main-
taining the homeostatic production of the specialized metabo-
lome of P. aeruginosa. In the single-species colony biofilms of
PAOI1 and the phzF2 mutant, we observed the same changes in P.
aeruginosa specialized metabolite production as in the interac-
tions (Fig. 3). In order to quantify these changes, the entire agar
plate containing a single colony biofilm was chemically extracted
and subjected to liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). Fold changes were calculated using peak area of
extracted ion chromatograms (EICs) for m/z values correspond-
ing to the metabolites of interest. MS/MS data from the peak in the
EICs used for these calculations agree with previously published
reports (11).

In regard to phenazine production, our data correspond well
to previously published reports of phenazine production in
knockout strains of the phz2 gene cluster (19). Although it has
been reported that a deletion of the phz2 gene cluster resulted in
complete absence of phenazine production by PA14 colony bio-
films as detected by UV absorbance, we observed a 2-fold-in-
creased production of PCN by the phzF2 mutant compared to the
PAO1 wild type. The production of PCN by the phzF2 mutant was
verified by correlating the exact mass, MS/MS fragmentation, and
retention time with a commercial standard (see Fig. S3 in the
supplemental material). In the phzF2 mutant, total phenazine
production was reduced to 6% compared to that by wild-type
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FIG 3 Microbial IMS images for selected metabolites of P. aeruginosa grown
on ISP2. The top row displays optical images. The other images are falsely
colored m/z distributions overlaying optical images. Fold changes were calcu-
lated based upon LC-MS/MS data. (Left) The disruption of phenazine biosyn-
thesis in the phzF2 transposon mutant causes production changes of special-
ized metabolite families. This includes decreases in phenazine (except for
PCN), quinolone, and pyoverdine production. Production of the rhamnolip-
ids and pyochelin was increased. Unknown metabolites, m/z 275 and 277, were
produced only by the phzF2 mutant. (Right) PCN was added to cultures of
PAOI since it was the only phenazine produced at larger amounts by the phzF2
mutant. This led to increased production of the phenazines 1-HP, PYO, and
5-MPCA and decreased production of PCA. Both pyochelin and pyoverdine
production were decreased. Neither quinolone nor rhamnolipid production
was significantly affected, indicating that the change in siderophore produc-
tion was independent of rhl and AQ signaling pathways. *ND, not detected in
the extraction and subsequent LC-MS/MS analysis. An asterisk denotes so-
dium salt.

PAOL. PCN accounted for approximately 35% of total phenazine
production in the phzF2 mutant, compared to 1% in wild-type
PAOI (see Table S2 in the supplemental material). Reduced levels
of 1-HP, PYO, and PCA were produced by the phzF2 mutant (see
Table S2 and Fig. S4 in the supplemental material). Most notably,
PCA levels decreased 26-fold in the phzF2 mutant versus the wild
type, while 1-HP and PYO decreased 3.7- and 5.8-fold, respec-
tively. The discrepancy between these results and previously pub-
lished data could be due to a number of factors, including the use
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FIG 4 P. aeruginosa uses hierarchical signaling pathways to control specialized metabolite production. Gene regulators are represented by blue boxes, biosyn-
thetic pathways are represented by green boxes, and structures of key metabolites are shown. The hierarchical signaling pathways of P. aeruginosa begin with two
HSL-dependent regulatory pathways, las and rhl, linked to the AQ system. LasI produces 3-oxo-C,,-HSL, and RhlI produces C,-HSL. These HSLs interact with
the transcriptional regulators LasR and RhIR, respectively, to activate target promoters. The rhl signaling pathway directly regulates rhamnolipid biosynthesis.
Both las and rhl signaling have been implicated in regulating AQ biosynthesis through the PgsR (MvfR) regulator. Of the AQ metabolites produced, only
HHQ, PQS, and HQNO have defined biological activities. HHQ and PQS have been implicated in the regulation of production of the phenazine molecular
family. The two best-studied phenazines are PCA and PYO. PYO has been shown to induce SoxR signaling. The link between siderophore biosynthesis and the
signaling pathways remains unknown. However, PQS has been described as activating pyoverdine and pyochelin biosynthesis in a non-signaling-dependent

manner.

of different strains and mutants, growth media, extraction proce-
dures, and detection methods. These results suggest that under
our growth conditions, PCN is produced by the phzI gene cluster
(with the accessory protein PhzH), while 1-HP, PYO, PCA, and
5-MPCA are produced primarily by the phz2 gene cluster. Inter-
estingly, both gene clusters are known to produce PCA in PAOL.
However, in this instance, the PCA produced by the phzl gene
cluster is largely converted into PCN. From a biosynthetic stand-
point, the role of the phz2 gene cluster as the chief producer of the
phenazines 1-HP, PYO, and 5-MPCA is particularly intriguing
because the accessory genes required for their production (phzS
and phzM) are directly upstream and downstream of the phzl
gene cluster, respectively (14).

While changes in phenazine production of mutants within
the phenazine biosynthetic pathways have been well docu-
mented, differences in production of other molecular families
have never been measured directly. In P. aeruginosa, the most
thoroughly investigated set of specialized metabolites are the
homoserine lactones involved in its complex signaling network
(Fig. 4). The currently proposed hierarchical signaling pathway is
dependent upon two N-acylhomoserine lactone (HSL) regulatory
circuits, las and rhl, linked to a 2-alkyl-4-quinolone (AQ) system
(34). In las-dependent signaling, Lasl produces 3-oxo-dode-
canoyl-L-HSL (3-oxo-C,,-HSL), which interacts with the LasR
transcriptional regulator, resulting in activation of target promot-
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ers (35). In addition to its signaling capabilities, 3-oxo-C,,-HSL
has been shown to be partially responsible for inhibition of Can-
dida albicans growth (36). In the rhl pathway, Rhll synthesizes
N-butanoyl-L-HSL (C,-HSL), which interacts with the RhIR tran-
scriptional regulator, leading to the activation of target promoters
(37). Both the las- and rhl-dependent signaling pathways have
been implicated in the regulation of the AQ biosynthetic pathway
through PqsR (also referred to as MvfR) (38). The non-HSL sig-
naling metabolites resulting from activation of the AQ pathway
are 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas quinolone
signal [PQS]) and 2-heptyl-4-quinolone (HHQ) (39-43). PQS
has been shown to potentiate las- and rhl-dependent signaling,
biofilm formation, and siderophore production (41). PQS and
HHQ have also both been linked to the regulation of phenazine
production (39).

While commercial 3-oxo0-C,,-HSL spotted onto agar was de-
tected using microbial IMS, endogenous HSLs were not detected
under our growth conditions (see Fig. S4 in the supplemental
material). Rhamnolipid production (as exemplified by Rha-Rha-
C,0-Cyo [m/z 673]) was increased 1.8-fold in the phzF2 mutant
compared to PAO1 as determined by LC-MS/MS analysis (Fig. 3;
see also Table S2 and Fig. S5 in the supplemental material). The
increased rhamnolipid production indicates that RhIR/RhII-
based signaling is also affected by phenazine production, since
rhamnolipid biosynthesis is under the direct control of this two-
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component system (44). Rhamnolipids function as biosurfactants
and antifungals and are responsible for the swarming motility of P.
aeruginosa (45). The moderate increase of rhamnolipid produc-
tion in the phzF2 mutant offers a likely explanation for the in-
crease in colony size previously observed with phenazine knock-
out strains and continued inhibition of Af293 in the interaction
(see Fig. S6 in the supplemental material) (46, 47).

Although P. aeruginosa produces a total of approximately 50
quinolones, only two signaling metabolites (HHQ and PQS) and
the antibiotic 4-hydroxy-2-heptylquinoline-N-oxide (HQNO)
have been correlated to biological activities (42, 43). Approxi-
mately 12 quinolones were detected by microbial IMS, including
HHQ (m/z 244) and PQS/HQNO (m/z 260) (see Fig. S7 in the
supplemental material). PQS and HQNO are structural isomers
differing in the position of a hydroxyl group. Therefore,
LC-MS/MS was used to differentiate between these two quino-
lones by their fragmentation patterns and retention times. Com-
paring fragmentation data to previous reported values, it was de-
termined that the vast majority of m/z 260 corresponds to HQNO,
not PQS (see Fig. S8 in the supplemental material) (11). The pro-
duction of higher levels of HHQ than of PQS in wild-type PAO1
supports the recent hypothesis that HHQ plays a larger role in
maintaining colony biofilms than PQS (19). In the phzF2 mutant,
quinolone production was reduced, with both HHQ and HQNO
being produced at levels approximately 5-fold and 3.5-fold less
than in PAOI, respectively (see Fig. S9 and Table S2 in the supple-
mental material). These results indicate that the phenazine molec-
ular family influences the AQ signaling pathway as well.

The most prominent change between the phzF2 mutant and
PAO1 was the production of the two siderophores, pyochelin and
pyoverdine (Fig. 3). PAO1 predominantly produced the sidero-
phore pyoverdine. This is consistent with the current paradigm of
iron acquisition by P. aeruginosa (31). Pyoverdine has higher
binding affinity for iron than pyochelin, allowing it to preferen-
tially bind iron and leading to autoinduction of the pyoverdine
biosynthetic pathway. Conversely, in the phzF2 mutant, pyochelin
was the predominant siderophore produced. Quite unexpectedly,
the phzF2 mutant did not produce detectable amounts of pyover-
dine, the primary siderophore of P. aeruginosa. One intriguing
explanation for the loss of pyoverdine production is that the
phenazines play a role in the reductive mechanism thought to be
required for pyoverdine-dependent iron acquisition (29, 48). One
of the defining characteristics of the phenazine molecular family is
its redox capabilities, including the ability to reduce environmen-
tal ferric iron to ferrous (Fe*") iron (12, 49-52).

Chemical complementation of PAO1 and the phzF2 mutant.
To test whether a specific phenazine was responsible for the
observed changes in siderophore production, growing cultures
were directly supplemented with the phenazines 1-HP, PYO,
PCA, PCN, and 5-MPCA (see Scheme SI in the supplemental
material) and subjected to IMS. Cultures of PAO1 were sup-
plemented with PCN. PCN was the only phenazine produced at
higher levels by the phzF2 mutant. We hypothesized that PCN
may play a role in siderophore production of PAO1 similar to
that shown for PYO in P. aeruginosa PA14 exponential-phase
cultures, in which exogenous PYO downregulates a contingent of
iron acquisition genes, including those for pyoverdine production
(33). Both siderophores pyoverdine and pyochelin were produced
at decreased levels in the PCN-supplemented PAO1 cultures,
again linking phenazine and siderophore production (Fig. 3; see
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also Table S2 in the supplemental material). It is possible that the
added PCN led to reduction of Fe’™ to Fe*", increasing bioavail-
able iron and resulting in a reduced need for siderophore produc-
tion. Additionally, this complementation led to increased produc-
tion of the phenazines 1-HP, PYO, and 5-MPCA and reduced
production of PCA (Fig. 3). Neither rhamnolipid nor quinolone
production was significantly affected by the addition of PCN, in-
dicating that the observed changes in siderophore production are
independent of the rhl and AQ signaling pathways. Despite minor
effects on total phenazine production, the addition of 1-HP, PCA,
PYO, and 5-MPCA did not recover pyoverdine production of the
phzF2 mutant, although addition of PYO led to an additional 2.4-
fold decrease in pyochelin production versus that of the phzF2
mutant alone (see Fig. S10 and Table S4 in the supplemental ma-
terial).

Since exogenous phenazines could not recover pyoverdine
production in the phzF2 mutant, we hypothesized that another
metabolite or protein effector regulated by the signaling cascade of
P. aeruginosa may be responsible for controlling pyoverdine pro-
duction. The increased production of the rhamnolipids by the
phzF2 mutant indicated that the rhl signaling pathway was up-
regulated, making it unlikely that this signaling pathway would
recover pyoverdine production. To test whether autoinducers
from the las and AQ signaling pathways could induce pyoverdine
production, cultures of the phzF2 mutant were supplemented
with 3-oxo-C,,-HSL to induce the las pathway and with PQS to
induce the AQ pathway. Neither PQS nor 3-0x0-C,,-HSL had an
effect on pyoverdine production. This indicates that other effector
molecules regulated by the las and AQ pathways are not involved
in the observed differences of siderophore production between
wild-type PAO1 and the phzF2 mutant (see Fig. S10 in the supple-
mental material). The inability to chemically complement the
phzF2 mutant with exogenous metabolites could be due to several
possibilities. One of these possibilities is the production of an un-
characterized phenazine. Although P. aeruginosa is one of the
most studied and characterized microbial pathogens, many of the
metabolites produced remain structurally uncharacterized. An-
other possibility is that metabolites added exogenously are not
able to correct the change in redox potential of the phzF2 mutant.
It is thought that the phenazines exist in their oxidized state in the
external environment and their reduced state within the cell, cre-
ating a natural redox gradient (53). Since these experiments were
carried out aerobically, the exogenous phenazines were added in
their oxidized state. Although reduction of phenazines has been
observed in standing cultures, it has not been empirically deter-
mined if extracellular oxidized phenazines can be transported
across the cell membrane and reduced intracellularly by P. aerugi-
nosa (12).

Genetic complementation of the phzF2 mutant. Since py-
overdine production by the phzF2 mutant could not be recovered
with exogenous metabolites, we hypothesized that genetic com-
plementation may be able to restore wild-type specialized metab-
olite production. To investigate this, the phzF2 mutant was com-
plemented in trans with a phzF-containing L-arabinose-inducible
plasmid (pJA09). Only partial complementation was achieved
with pJAO9 (see Fig. S11 and S12 and Table $4 in the supplemental
material). The pJA09 construct, without induction and therefore
low levels of PhzF2, led to increased production of PYO, PCN, and
the rhamnolipids, a marked decrease of pyochelin, and a moderate
decrease in quinolone production compared to those of the phzF2
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FIG 5 IMS images of the triacetylfusarinines of A. fumigatus Af293. The top
row displays optical images. The other images are falsely colored m/z distribu-
tions overlaying optical images. (Left) The interaction of Af293 with the phzF2
mutant leads to increase production of TAFC by Af293. Unbound, A", and
low levels of Fe*>* forms of TAFC are detected at the interaction site. (Middle)
Complementation of PAO1 with PCN results in higher production of TAFC by
Af293. Only the unbound and Fe’" forms of TAFC are detected throughout
the fungal colony. (Right) Complementation of the phzF2 mutant with PCA
leads to decreased production of TAFC.

mutant control. Induction of the PhzF2 pJA09-bearing strain with
L-arabinose led to greater production of PCA, PCN, PYO, and the
rhamnolipids and larger reduction of pyochelin production, again
highlighting the link between phenazine and siderophore produc-
tion. Pyoverdine production was not detected in any of the sam-
ples. Although the IMS image shows increased production by the
induced PhzF2 pJA09-bearing strain of m/z 239, corresponding to
5-MPCA, analysis of the mass spectrum reveals that this is due to
the isotopic pattern of m/z 238, an unidentified molecule (see Fig.
S13 in the supplemental material). Among the possible explana-
tions for the partial complementation are overproduction of PhzF
and polar effects of the transposon insertion in the phzF2 gene on
the downstream phzG2.

Effect of individual phenazines on TAFC production in P.
aeruginosa-A. fumigatus coculture. One effect of the alteration
in specialized metabolite production between the phzF2 mutant
and PAO1 was a differential response by Af293. Specifically, Af293
increased TAFC production in response to the phzF2 mutant
compared to wild-type PAO1 (Fig. 5). This was surprising, as
phenazine biosynthesis is severely hindered in the phzF2 mutant
and we had previously shown that the phenazine 1-HP was able to
stimulate TAFC production by A. fumigatus (11) In this experi-
ment, as well as in our previous study, TAFC was detected primar-
ily as the AI’*-bound form at the interface of the interaction be-
tween P. aeruginosa and A. fumigatus (11) This highlights the
dynamic nature of microbial interactions and that 1-HP is not the
sole inducer of TAFC production.

PCN was the only phenazine produced at higher levels in the
phzF2 interaction than in the PAO1 interaction. While PCN can-
not solely stimulate TAFC production, we hypothesized that sup-
plementing PAO1 with PCN could influence the competition for
iron between PAO1 and Af293 (11). To selectively complement
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PAOI, PCN was spotted onto the agar and allowed to dry. PAO1
was inoculated directly on top of the PCN and Af293 was inocu-
lated adjacent to PAOI1. Indeed, Af293 produced increased
amounts of TAFC in response to PCN complemented with PAO1
(Fig. 5). Strikingly, in the interaction between Af293 and PAO1
complemented with PCN, the TAFC was predominantly detected
in its unbound and Fe’*-bound forms throughout the fungal col-
ony (Fig. 5).

Since TAFC production could be induced by supplementing
the PAO1 interaction with PCN, we postulated that another phen-
azine would be capable of turning off TAFC production in the
phzF2 mutant interaction. Therefore, the phzF2 mutant was sup-
plemented with 1-HP, PYO, PCA, and 5-MPCA and cocultured
with Af293 (see Fig. S12 in the supplemental material). Supple-
mentation of the phzF2 mutant interaction with PCA led to a
marked decrease in TAFC production by Af293 (Fig. 5). However,
neither PYO nor 5-MPCA had any discernible effect on TAFC
production, while 1-HP induced slightly higher TAFC produc-
tion.

While the change in TAFC production could be attributed to
the redox ability of PCA and PCN, it is unclear why these two
phenazines elicit this drastic change in TAFC production while the
other phenazines tested do not. 1-HP, PCA, and PCN have similar
reaction rates for the reduction of ferric iron. PYO has a much
lower reaction rate, providing a plausible explanation for why
supplementing the phzF2 mutant interaction with PYO had no
effect on TAFC production (12, 49, 51). However, supplementa-
tion of the phzF2 mutant interaction with 1-HP and PCA had
markedly different effects on TAFC production by Af293, even
though they have similar reduction potentials. This is especially
surprising since Af293 can biotransform PCA to 1-HP (11). Inter-
estingly, PCA and PCN have the opposite effect on TAFC produc-
tion. PCA or PCN alone cannot induce Af293 TAFC production,
highlighting a differential response between two structurally re-
lated phenazines in interkingdom interactions. Neither phenazine
had any discernible effect on rhamnolipid or quinolone produc-
tion by P. aeruginosa, indicating that the differential effect on
TAFC production is not due to effector molecules controlled by
the rhl and AQ signaling pathways of P. aeruginosa. These results
provide the groundwork for further study of the role of phenazines in
iron acquisition in interkingdom interactions.

The complexity of the microbial community within lungs of
CF patients is just beginning to be appreciated. While the mem-
bers of these communities are being defined by culture-indepen-
dent methods, how they interact with each other is poorly under-
stood, particularly on a molecular level (3, 54). This study used
microbial IMS and LC-MS/MS in the model interaction between
P. aeruginosa and A. fumigatus, two recognized pathogens of CF
patients. The use of a publicly available transposon mutant early
in the phenazine biosynthetic pathway revealed a link between
phenazine production and iron acquisition by both P. aeruginosa
and A. fumigatus (Fig. 6). While transposon mutants are tradition-
ally used in phenotypic assays, notably, the chemotypic changes
observed in both mono- and coculture occurred without affecting
the visible phenotype. Considering that PCA is the most abundant
phenazine produced by P. aeruginosa using our culture methods,
readily diffuses through agar cultures, and has been detected in
sputum samples, one can hypothesize that chemical through-
space interactions can occur between P. aeruginosa and A. fumiga-
tus (55). Specifically, in response to certain phenazines and their
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FIG 6 (A) Pseudomonas aeruginosa produces a number of different molecular families to interact with its environment, including neighboring microorganisms.
In the interaction between P. aeruginosa and A. fumigatus, P. aeruginosa induces low-level production of the TAFC family. When the phenazine PCN is added to
the interaction, the production levels of TAFC increase substantially. (B) A transposon insertion into a gene early in the biosynthesis of the phenazine molecular
family, phzF2, leads to marked changes in overall specialized metabolite production. In the interaction between the phzF2 mutant and A. fumigatus, TAFC
production is increased. However, the addition of the phenazine PCA to the interaction is sufficient to turn off TAFC production by A. fumigatus. Green,

increased production; red, decreased production.

inherent redox capabilities or potential roles in cell signaling, A.
fumigatus may be able to modulate its own iron acquisition genes,
including those of TAFC. It will be interesting to see how future
investigations unravel the role of the phenazine class of specialized
metabolites in intra- and interspecies signaling and iron acquisi-
tion.
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