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Abstract: Pseudomonas aeruginosa is one of the most prominent opportunistic bacteria in airways
of cystic fibrosis patients and in immunocompromised patients. These bacteria share the same
polymicrobial niche with other microbes, such as the opportunistic fungus Aspergillus fumigatus.
Their inter-kingdom interactions and diverse exchange of secreted metabolites are responsible
for how they both fare in competition for ecological niches. The outcomes of their contests likely
determine persistent damage and degeneration of lung function. With a myriad of virulence factors
and metabolites of promising antifungal activity, P. aeruginosa products or their derivatives may
prove useful in prophylaxis and therapy against A. fumigatus. Quorum sensing underlies the primary
virulence strategy of P. aeruginosa, which serves as cell–cell communication and ultimately leads to
the production of multiple virulence factors. Understanding the quorum-sensing-related pathogenic
mechanisms of P. aeruginosa is a first step for understanding intermicrobial competition. In this review,
we provide a basic overview of some of the central virulence factors of P. aeruginosa that are regulated
by quorum-sensing response pathways and briefly discuss the hitherto known antifungal properties
of these virulence factors. This review also addresses the role of the bacterial secretion machinery
regarding virulence factor secretion and maintenance of cell–cell communication.

Keywords: Pseudomonas aeruginosa; Aspergillus fumigatus; Pseudomonas–Aspergillus interactions; cystic
fibrosis; quorum sensing; virulence factors; quinolones; siderophores; phenazines; secretion system

1. Introduction

Intermicrobial competition between Pseudomonas aeruginosa and Aspergillus fumigatus,
two ubiquitous microbes, occurs in environmental niches, such as soil and water. Researchers
are most interested in how their interactions in the human biosphere may affect the propensity for
disease, particularly in the immunocompromised host and in persons with cystic fibrosis [1–4]. In both
the latter settings, both microbes, separately, or sometimes together, are responsible for considerable
morbidity and mortality. For these reasons, researchers have for decades been studying interactions
between these two microbes [5–26]. Interesting discoveries about their interactions have been made in
recent years, by many laboratories. It is our expectation that in the future more mycologists will be
attracted to these studies. We hope that this summary is a helpful introduction for mycologists who
may be less familiar with the capabilities of P. aeruginosa that may affect intermicrobial competition
and may pursue unraveling the mysteries and complexities of this inter-kingdom interaction. We can
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only summarize some of this knowledge here and cannot cover all the points (which we, and even
some Pseudomonas researchers, are still learning) of P. aeruginosa physiology, genetics, and virulence
that would be relevant to the Pseudomonas side of the equation.

2. Why Pseudomonas aeruginosa?

P. aeruginosa is one of the most prominent opportunistic bacteria found in the airways of persons
with cystic fibrosis and in neutropenic patients [1]. It is a ubiquitous bacterium, commonly present
in the environment, especially in soil and water, but also frequently present in burn wounds and
surgical wounds [27–29]. These motile, rod-shaped, Gram-negative bacteria are also known to be
associated with acute and chronic stages of lung disorders. It is widely recognized that this organism
is responsible for the inflammatory exacerbation, progressive lung damage, and high morbidity and
mortality rates seen in cystic fibrosis patients [30–33]. In those microenvironments, there is a constant
battle for nutrients between P. aeruginosa and A. fumigatus, and the result of this competition ultimately
determines inter-pathogen or host–pathogen relationships [34–37]. Depending on the host environment
and nutrient availability, P. aeruginosa secretes several virulence factors, such as acyl-homoserine
lactones, alkyl quinolones, rhamnolipids, phenazines, siderophores, which interact and interfere with
the behavior of other microbes, including A. fumigatus [8,9,12,38–44], and facilitate survival of the
bacteria. Some of these molecules, such as quorum-sensing factors, are used by P. aeruginosa for its
cell-to-cell communication to facilitate survival strategies that benefit a group as a whole. It is also
established that P. aeruginosa commonly undergoes a transition in cystic fibrosis patients, to a mucoid
variant from a non-mucoid phenotype [1,45,46]. Transition into the mucoid variant is believed to be
part of the remarkable survival strategies of P. aeruginosa, which helps the bacteria to adapt within the
host during the chronic stages of infection. Non-mucoid to mucoid transition also facilitates biofilm
formation, which adds to the repertoire of bacterial antifungal resistance, resistance to host immunity,
and persistence of infection [46,47]. The highly infectious and virulent characteristics of P. aeruginosa
are attributed to its strikingly large genome (~6.3 million base pairs) and a distinctly large proportion
of regulatory genes [48]. With this effort to unravel different virulence strategies of P. aeruginosa, in this
review we are aiming to provide a basic overview of key virulence factors of P. aeruginosa that are
regulated by quorum-sensing response pathways and briefly discuss the hitherto known antifungal
properties of these virulence factors.

3. Quorum Sensing and P. aeruginosa

One of the prominent features of P. aeruginosa is the extent of its “quorum-sensing” machinery,
which enables the bacteria to readily form multicellular communities based on cell proximity,
cell population density, and the extracellular environment [49–51]. Quorum sensing is a type of
cell signaling mechanism that regulates bacterial gene expression and also initiates the production of
multiple virulence factors [51]. Thus, quorum sensing benefits the bacterial population by imparting
them with characteristics for survival.

The important quorum-sensing signal molecules in P. aeruginosa are acyl-homoserine lactones
(AHLs) and alkyl quinolones (AQs). AHLs primarily include 3-oxo-C12-HSL and C4-HSL (Figure 1)
and AQs include 2-heptyl-3-hydroxy-4-quinolone, otherwise known as Pseudomonas quinolone signal
(PQS), its precursor 2-heptyl-4-quinolone (HHQ), and 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO)
(Figure 1) [52–56].
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Figure 1. Structures of some common quorum signaling molecules of Pseudomonas aeruginosa. 
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In P. aeruginosa, virulence characteristics and biofilm formation are controlled by the 
simultaneous interaction between three different quorum-sensing systems. The LasI and RhlI 
synthase catalyzes the production of the AHLs signals. AHLs act as auto-inducers that regulate the 
activity of the two transcriptional regulators, LasR and RhlR. 3-oxo-C12-HSL, a product of LasI, acts 
as a cognate ligand activating LasR, which then directs the transcription of several target genes, 
including rhlR, whose product synthesizes a second quorum-sensing signal, C4-HSL [41,49,53,57–
59]. In turn, C4-HSL induces the transcriptional regulator RhlR, which activates the transcription of a 
different subset of target genes. Both LasR and RhlR contrastingly regulate the expression of the 
proteins PqsA, PqsB, PqsC, PqsD, PqsE, PqsH, and the transcriptional regulator PqsR (also known as 
MvfR, for multiple virulence factor regulator), which then leads to the production of the AQs, 
including HHQ and PQS [53,57–59]. The latter two AQs act as the cognate ligands inducing the 
activity of PqsR [60]. Thus, conventionally, interaction between the Las and Rhl systems is 
considered to form a hierarchical cascade, where the Las system is the starting point of the whole 
quorum-sensing circuitry [53,57,59,61]. The RhlR + C4-HSL targets include several genes directing 
the production of metabolites acting as virulence determinants, such as the phzA1B1C1D1E1F1G1 
and phzA2B2C2D2E2F2G2 operons, phzS, phzM, phzH genes (all coding for a range of phenazines 
including pyocyanin), the rhlAB operon and rhlC gene (rhamnolipids), the hcnABC operon 
(hydrogen cyanide), lecA, and lecB (two lectins), and chiC (chitinase) [38,59,62–65]. Since LasR 
activates the Rhl system, it could be expected that disruption of lasR would prevent the expression of 
both LasR and RhlR-regulated target genes. However, it was found that MvfR and RhlR-regulated 
functions are still produced in lasR mutants under certain conditions [66–68]. For instance, HHQ and 
pyocyanin are overproduced by lasR mutants in the late stationary phase [53,68]. This observation 
paved the way for the hypothesis that quorum sensing in P. aeruginosa may not always be 
hierarchical and that the three quorum-sensing systems may be activated independently [68,69]. 
Indeed, Dekimpe and Déziel found that activation of the RhlI system is only delayed but not blocked 
in a lasR mutant, thus allowing the expression of multiple virulence factors during the late stationary 
phase [69]. These authors also reported that, in this situation, RhlR may overcome the absence of the 
Las system by activating LasR-controlled functions, including the production of 3-oxo-C12-HSL and 
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4. Interplay between Different Quorum Signaling Molecules and the Role of LasI/RhlI Systems
in the Quorum-Sensing Circuitry

In P. aeruginosa, virulence characteristics and biofilm formation are controlled by the simultaneous
interaction between three different quorum-sensing systems. The LasI and RhlI synthase catalyzes
the production of the AHLs signals. AHLs act as auto-inducers that regulate the activity of the
two transcriptional regulators, LasR and RhlR. 3-oxo-C12-HSL, a product of LasI, acts as a cognate
ligand activating LasR, which then directs the transcription of several target genes, including rhlR,
whose product synthesizes a second quorum-sensing signal, C4-HSL [41,49,53,57–59]. In turn, C4-HSL
induces the transcriptional regulator RhlR, which activates the transcription of a different subset of
target genes. Both LasR and RhlR contrastingly regulate the expression of the proteins PqsA, PqsB,
PqsC, PqsD, PqsE, PqsH, and the transcriptional regulator PqsR (also known as MvfR, for multiple
virulence factor regulator), which then leads to the production of the AQs, including HHQ and
PQS [53,57–59]. The latter two AQs act as the cognate ligands inducing the activity of PqsR [60]. Thus,
conventionally, interaction between the Las and Rhl systems is considered to form a hierarchical
cascade, where the Las system is the starting point of the whole quorum-sensing circuitry [53,57,59,61].
The RhlR + C4-HSL targets include several genes directing the production of metabolites acting as
virulence determinants, such as the phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 operons, phzS,
phzM, phzH genes (all coding for a range of phenazines including pyocyanin), the rhlAB operon and
rhlC gene (rhamnolipids), the hcnABC operon (hydrogen cyanide), lecA, and lecB (two lectins), and chiC
(chitinase) [38,59,62–65]. Since LasR activates the Rhl system, it could be expected that disruption of lasR
would prevent the expression of both LasR and RhlR-regulated target genes. However, it was found that
MvfR and RhlR-regulated functions are still produced in lasR mutants under certain conditions [66–68].
For instance, HHQ and pyocyanin are overproduced by lasR mutants in the late stationary phase [53,68].
This observation paved the way for the hypothesis that quorum sensing in P. aeruginosa may not always
be hierarchical and that the three quorum-sensing systems may be activated independently [68,69].
Indeed, Dekimpe and Déziel found that activation of the RhlI system is only delayed but not blocked
in a lasR mutant, thus allowing the expression of multiple virulence factors during the late stationary
phase [69]. These authors also reported that, in this situation, RhlR may overcome the absence of
the Las system by activating LasR-controlled functions, including the production of 3-oxo-C12-HSL
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and PQS [69]. Thus, P. aeruginosa can bypass the unavailability of one of its primary quorum-sensing
systems by initiating a far more complex pathway of quorum-sensing regulation. Accordingly,
several LasR-defective strains retaining functional RhlR systems have been reported among CF
isolates [70]. A study by Lee et al. reported the identification of a fourth quorum-sensing signal molecule
IQS (2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde), which was named for its role in integrating
quorum-sensing network and stress response in P. aeruginosa [71]. The authors reported that IQS
synthesis is tightly regulated by las under phosphate-replete conditions (phosphate-replete Pseudomonas
medium P) but is also activated by phosphate limitation [71]. However, a recent commentary has
addressed the fact that the structure of IQS is identical to that of aeruginaldehyde [72], which could be
either a by-product of the siderophore pyochelin synthesis pathway [73] or a pyochelin metabolite [74].
The author also reported that there is controversy regarding its biosynthesis from ambABCDE genes,
a conclusion that had been reported previously [72].

Biosynthesis of the primary AQ PQS starts with the conversion of anthranilate (which originates
via two anthranilate synthases, PhnAB and TrpEG) into HHQ (Figure 2). This conversion is mediated
by the enzymes encoded within the five gene operon pqsABCDE. HHQ is finally converted into PQS by
the PqsH monooxygenase (Figure 2). HHQ and PQS are autoinducers of MvfR, which when bound to
a ligand, is activated and induces the transcription of pqsABCDE and phnAB operons, thus increasing
the levels of PQS (Figure 2) [50,57,75–78]. MvfR cannot by itself regulate the targets. The regulator
of phz, hcn, chiC, lecA, and others is PqsE, which acts in concert with RhlR [79]. This AQ-mediated
quorum sensing is controlled by LasR and RhlR, where LasR positively regulates the transcription of
pqsR, pqsABCDE, and pqsH whereas RhlR negatively regulates pqsR [75]. Déziel et al. reported that
the regulator MvfR (PqsR) plays a central role in the entire AQ-dependent quorum-sensing cascade
of P. aeruginosa [67]. In short, MvfR controls the expression of phnAB that catalyzes the synthesis of
anthranilic acid or anthranilate. It also controls the transcription of pqsA-E genes, which are primarily
responsible for the synthesis of AQ HHQ, the precursor of PQS [67].

J. Fungi 2020, 6, x FOR PEER REVIEW 4 of 23 

 

PQS [69]. Thus, P. aeruginosa can bypass the unavailability of one of its primary quorum-sensing 
systems by initiating a far more complex pathway of quorum-sensing regulation. Accordingly, 
several LasR-defective strains retaining functional RhlR systems have been reported among CF 
isolates [70]. A study by Lee et al. reported the identification of a fourth quorum-sensing signal 
molecule IQS (2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde), which was named for its role in 
integrating quorum-sensing network and stress response in P. aeruginosa [71]. The authors reported 
that IQS synthesis is tightly regulated by las under phosphate-replete conditions (phosphate-replete 
Pseudomonas medium P) but is also activated by phosphate limitation [71]. However, a recent 
commentary has addressed the fact that the structure of IQS is identical to that of aeruginaldehyde 
[72], which could be either a by-product of the siderophore pyochelin synthesis pathway [73] or a 
pyochelin metabolite [74]. The author also reported that there is controversy regarding its 
biosynthesis from ambABCDE genes, a conclusion that had been reported previously [72]. 

Biosynthesis of the primary AQ PQS starts with the conversion of anthranilate (which 
originates via two anthranilate synthases, PhnAB and TrpEG) into HHQ (Figure 2). This conversion 
is mediated by the enzymes encoded within the five gene operon pqsABCDE. HHQ is finally 
converted into PQS by the PqsH monooxygenase (Figure 2). HHQ and PQS are autoinducers of 
MvfR, which when bound to a ligand, is activated and induces the transcription of pqsABCDE and 
phnAB operons, thus increasing the levels of PQS (Figure 2) [50,57,75–78]. MvfR cannot by itself 
regulate the targets. The regulator of phz, hcn, chiC, lecA, and others is PqsE, which acts in concert 
with RhlR [79]. This AQ-mediated quorum sensing is controlled by LasR and RhlR, where LasR 
positively regulates the transcription of pqsR, pqsABCDE, and pqsH whereas RhlR negatively 
regulates pqsR [75]. Déziel et al. reported that the regulator MvfR (PqsR) plays a central role in the 
entire AQ-dependent quorum-sensing cascade of P. aeruginosa [67]. In short, MvfR controls the 
expression of phnAB that catalyzes the synthesis of anthranilic acid or anthranilate. It also controls 
the transcription of pqsA-E genes, which are primarily responsible for the synthesis of AQ HHQ, the 
precursor of PQS [67]. 

 
Figure 2. AQ-dependent quorum-sensing pathway in P. aeruginosa—transformation of HHQ to PQS. 
Action of the PqsABCD proteins result in HHQ, which is converted to PQS by PqsH. Autoinduction 
occurs when either HHQ or PQS binds to PqsR and amplifies the expression of the pqsABCDE 
operon. PqsE is a putative metallohydrolase of unsettled enzymatic function targeting multiple 
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Figure 2. AQ-dependent quorum-sensing pathway in P. aeruginosa—transformation of HHQ to PQS. Action
of the PqsABCD proteins result in HHQ, which is converted to PQS by PqsH. Autoinduction occurs when
either HHQ or PQS binds to PqsR and amplifies the expression of the pqsABCDE operon. PqsE is a putative
metallohydrolase of unsettled enzymatic function targeting multiple downstream genes; its target appears
to be the function of RhlR. Later studies have revealed the role of PqsE in HHQ biosynthesis. PqsE acts
as thioesterase, hydrolyzing the biosynthetic intermediate 2-aminobenzoylacetyl-coenzyme A to form
2-aminobenzoylacetate, the precursor of HHQ [80]. PQS has additional functionalities as a potent iron
chelator, which induces expression of the P. aeruginosa siderophores (pyoverdine and pyochelin). Filled arrows
represent positive regulation, whereas blunted lines represent negative regulation [75]. AQ—alkyl quinolone,
HHQ—2-heptyl-4-quinolone, PQS—Pseudomonas quinolone signal. Figure reproduced from Ilangovan et al.,
2013 [75].
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5. Involvement of Quorum-Sensing Molecules in P. aeruginosa Virulence and Antifungal Activity

Products of P. aeruginosa quorum-sensing mutants (PA14∆lasR-rhlR- and PA14∆rhlR) were found
to have fewer inhibitory effects on A. fumigatus biofilms compared to those of their wild-type
strain [23]. This loss of antifungal activity in quorum-sensing mutants was attributed to a lack of
pyoverdine production [23]. It is established that AHLs serve as important virulence factors inducing
inflammation and acting as signaling molecules, promoting intra- and interspecies communication
in P. aeruginosa [69,81,82]. AHLs are also reported to possess antifungal activity. The inhibitory
effects of AHLs on A. fumigatus growth have been studied [8]. Using P. aeruginosa quorum-sensing
mutants (PAO1∆lasI and PAO1∆lasR), it had been suggested that 3-oxo-C12-HSLs may inhibit biofilm
formation in A. fumigatus. AQs, especially PQS, are widely studied for their role in P. aeruginosa
virulence. One previous study reported that PQS and its precursor HHQ both possess the ability
to alter A. fumigatus biofilm biomass and hyphal structures [17]. In this study, the authors prepared
different derivatives of the quinolone framework and documented significant changes in the ability
of these molecules to inhibit fungal biofilm formation, thus demonstrating the importance of the
anthranilate ring in antibiofilm activity [17]. PQS upregulates an array of downstream virulence
genes, including the redox-active phenazines, which have been studied extensively for their inhibitory
effects against A. fumigatus growth [9]. Since P. aeruginosa and A. fumigatus co-exist in the same clinical
and environmental niches, these interactions and molecular cross-talks are likely important for their
inter-kingdom relationship. Studies have also identified the role of PQS in iron chelation [83,84].
PQS has a high affinity for ferric iron (Fe3+) and by binding to iron it reduces the availability of
free iron in the environment. The addition of exogenous PQS induces the upregulation of genes
responsible for siderophore (pyoverdine, pyochelin) production (Figure 2) [83,85–87]; these efficiently
scavenge accessible iron under iron-deficient conditions. PQS may function as an iron trap and storage
molecule in cell membranes, and it could transport iron to the bacterial cells [84]. However, Diggle et al.
reported that the explanation of siderophore gene regulation is likely insufficient [85]. Rampioni et al.
suggested that the expression of siderophore genes in P. aeruginosa is also regulated by PqsE, which
further suggests that iron trapping by PQS does not solely control the siderophore production by
P. aeruginosa [88]. Interestingly, a recent study by our group has revealed that PQS may play a dual role
in response to environmental iron; under high-iron conditions PQS may interact with A. fumigatus
siderophores and provide essential iron to the fungus, whereas, under low-iron conditions PQS is toxic
to the fungus [26]. This study also reported that PQS induced A. fumigatus conidiation in a high-iron
environment where PQS + iron caused higher fungal conidiation than the iron alone. Conversely,
PQS inhibited A. fumigatus via chelation under low-iron conditions. Thus, this study illustrated a
complex and bi-directional nature of the interplay between these two microbes [26].

6. Siderophores in P. aeruginosa and Their Anti-Aspergillus Effects

In order to sequester and utilize extracellular iron, P. aeruginosa secretes siderophores, which are
low-molecular-weight iron-chelating agents, highly efficient in binding available iron (essential for
bacterial growth) [89]. These siderophore–iron complexes are recognized by the bacteria, which then
internalize the iron [89]. It has been established that these siderophores are generally microbe specific.
Pseudomonas siderophores block iron utilization by the fungus and Aspergillus siderophores block iron
utilization by the bacteria [25]. In mammalian hosts, iron is tightly bound to iron-chelator proteins
such as hemoglobin, transferrin, lactoferrin, and ferritin. During infection, the host immune system
sequesters iron (by employing the aforementioned iron chelators) to limit free iron, thus inhibiting
microbial growth and further preventing bacterial infection. Bacteria, by employing siderophores,
scavenge iron and counter this iron-limitation approach of the host. P. aeruginosa produces two
siderophores, pyoverdine and pyochelin, that are important in both biofilm formation and bacterial
virulence [34,42].

The major siderophore produced in P. aeruginosa is pyoverdine, which is essential for establishing
infection in the cystic fibrosis lung [34]. One previous study identified that P. aeruginosa inhibited



J. Fungi 2020, 6, 81 6 of 22

A. fumigatus growth through iron starvation, which was thought to be mediated by metabolites from the
bacterium that modulated the siderophore production in the fungus [90]. Our recent study showed that
P. aeruginosa pyoverdine can suppress A. fumigatus growth and biofilm formation via the chelation of
iron, reducing its availability to the fungus, in a low-iron environment [23]. Using several P. aeruginosa
deletion mutant strains, defective in the expression of important virulence factors, this study evaluated
the antifungal activity of the mutants (and their extracellular products) against A. fumigatus. It was
found that siderophore pyoverdine mutant (PA14∆pvdD-pchE and PA14∆pvdD) supernatants showed
less inhibition of A. fumigatus growth and biofilm formation, compared to wild-type P. aeruginosa
strain supernatants [23]. Moreover, the inhibitory effect of pyoverdine-deletion mutants was restored
by pure pyoverdine. Clinical P. aeruginosa isolates derived from the lungs of cystic fibrosis patients
revealed a correlation between the amount of pyoverdine produced and the antifungal activity of
clinical isolates [23]. The results suggest the siderophore pyoverdine is a crucial factor in P. aeruginosa
antifungal activity under low-iron conditions [23]. Even under hypoxic conditions, pyoverdine was
identified as the principal mediator of antifungal activity on both forming and preformed fungal
biofilms [23]. This study also demonstrated that pyoverdine leads to iron starvation and results in an
increase of siderophore secretion by A. fumigatus. Concomitantly, an A. fumigatus siderophore mutant
was found to be hyper-susceptible to P. aeruginosa pyoverdine [23]. Another related study further sheds
light on the pyoverdine-mediated antifungal activity of P. aeruginosa [25]. This study reported that
P. aeruginosa supernatants produced in the presence of wild-type A. fumigatus planktonic supernatants
showed reduced activity against A. fumigatus biofilms despite higher production of pyoverdine by
P. aeruginosa [25]. We proposed that A. fumigatus siderophores can defend the fungus against antifungal
P. aeruginosa effects by scavenging iron, thus, supporting the fungus and resulting in denial of iron to
the bacteria [25]. Thus, key aspects of the competition between P. aeruginosa and A. fumigatus were
found to be the relative amounts of siderophores produced, the relative affinity for Fe [23], and likely
the timing of the siderophore production.

Pyochelin, the second siderophore of P. aeruginosa, is structurally different from pyoverdine. It has
a lower molecular mass than any other bacterial or fungal siderophores [36]. Unlike pyoverdine, it does
not contain catecholate or hydroxamate groups [91], and it is likely a redox-active compound, being
able to impart oxidative stress to human immune cells and bacteria [92,93]. Our laboratory has recently
indicated pyochelin activity against another eukaryote, Trypanosoma cruzi [94]. Interestingly, pyochelin
has also been reported to possess a high affinity for zinc [95]. Briard et al. demonstrated two antifungal
effects of pyochelin on A. fumigatus cells, with inhibition resulting from iron and zinc deprivation from
the medium, as well as induction of oxidative stress, mediated by reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [93]. The authors also identified the possible role of pyochelin as an
external iron chelator for fungal cells, thus stimulating fungal growth and promoting survival when
iron access is limited [93].

Competition by A. fumigatus for iron via A. fumigatus siderophores is likely not the only weapon
available to A. fumigatus in its battles with P. aeruginosa. Moreover, A. fumigatus can also influence
P. aeruginosa in ways that are favorable for P. aeruginosa [96]. We have cited how each of the pathogens
can make modifications in the chemical products of the other, in such a way that the behavior of one or
both of them can be affected [9]. Details about the influences of A. fumigatus on P. aeruginosa are outside
the scope of the present review, but this is an important topic that demands further research and a
review of the evidence.

Moreover, most of the research to date on the P. aeruginosa–A. fumigatus interaction has focused
on molecules that can diffuse in a liquid environment. However, both P. aeruginosa [97–105] and
A. fumigatus [106–108] are known to produce volatiles, usually small lipophilic organic molecules,
and these represent other potential weapons, which might be particularly important in the lung
environment. Studies have indicated some P. aeruginosa molecules have the potential to inadvertently
benefit the economy of their rival [109]. In our studies (unpublished), we find P. aeruginosa volatiles
inhibitory to A. fumigatus, and have identified some candidate molecules to explain this.
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7. Elastase in P. aeruginosa and Antifungal Effects

P. aeruginosa can produce different enzymes and toxins as extracellular virulence factors,
which include proteases, lipase, exotoxin A, etc. [110,111]. All of these factors increase the pathogenicity
and survival rates of the bacteria in the environments where they must compete [41,43,44]. Among the
different proteases secreted by P. aeruginosa, the most well-studied and well-characterized protease is
the elastase (LasB), which catabolizes the substrate elastin [112,113]. LasB is secreted by non-mucoid
P. aeruginosa variants, and its secretion is reported to be reduced in mucoid variants isolated in the
chronic stages of cystic fibrosis disease progression [114]. LasB hydrolyzes proteins of the extracellular
matrix and degrades cells of the host immune response, thus exerting tissue-damaging activity during
the infection [13,110,112]. The biosynthesis of LasB is regulated by the quorum-sensing regulators LasR
and RhlR [62]. LasB has been studied for its role in promoting microbial infection in cystic fibrosis.
Smith and colleagues have reported that, in the presence of the fungus A. fumigatus, the production
of LasB was increased [13]. In this co-culture experiment, 60% of P. aeruginosa isolates produced
significantly higher amounts of LasB in the presence of the fungus than in its absence, and the
expression of the elastase-producing gene lasB was also increased [13]. This study identifies elastase
as a potentially important contributor to co-colonization with these two microbes (P. aeruginosa and
A. fumigatus) in cystic fibrosis lung infection.

8. Rhamnolipids in P. aeruginosa and Their Antifungal Effects

Rhamnolipids are a class of secondary metabolites secreted by P. aeruginosa that are also known to
possess virulence properties. Rhamnolipid biosynthesis pathways are regulated by quorum sensing.
Products of rhlAB operon and rhlC gene catalyze the three final steps of the rhamnolipid biosynthesis
pathway (Figure 3) [12,115]. P. aeruginosa can produce both mono- and di-rhamnolipids. These glycosidic
exoproducts are reported to be overproduced during stress conditions [12]. Such conditions may apply
to concurrently occupied microbial niches.
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Figure 3. Rhamnolipid pathway in P. aeruginosa and its regulation by Rhl system. RhlR (green
diamonds) binds with C4-HSL (magenta circles) produced by RhlI to form a RhlR–C4-HSL complex.
RhlR–C4-HSL complex interacts with the rhlA promoter to initiate transcription of the rhlAB genes to
produce rhamnolipids. HAA is 3-(hydroxyalkanoyloxy) alkanoic acid, which is converted into mono,
and later di-rhamnolipids. Other studies have indicated LasR, and not RhlR, activate rhlI transcription;
and that sometimes the precursor of RhlA is not 3-hydroxy-acyl-ACP (may be activated in CoA).
Figure reproduced from Wood TL et al., 2018 [115].
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Rhamnolipids are surface-activated molecules involved in the promotion of bacterial swarming
motility [116,117] facilitating the detachment of cells from P. aeruginosa biofilms, especially from
the center of microcolonies [118–120]. Rhamnolipids have antimicrobial properties against diverse
Gram-positive and Gram-negative bacteria [121]. Rhamnolipids intercalate into the plasma membranes
of other bacteria and induce disorganization of the plasma membrane [122]. Previous studies have also
reported antifungal properties of P. aeruginosa rhamnolipids on a range of fungal species including
Candida albicans, Fusarium oxysporum, and A. fumigatus [19,56,123–125]. The most prominent effect of
di-rhamnolipids on A. fumigatus is believed to be hyphal wall thickening and altered development
of the fungal hyphae with short ramifications at the tip [19,93]. It is also reported that the mode of
action of di-rhamnolipids is not fungicidal but fungistatic [19]. Briard et al. described that P. aeruginosa
di-rhamnolipids strongly bind to the fungal hyphae with the help of extracellular matrix (ECM)
polysaccharide galactosaminogalactan (GAG) and induce the production of GAG and melanin in
the ECM [19]. Simultaneously, di-rhamnolipids inhibit β-1,3-glucan synthase at the hyphal tip,
which promotes formation of new apices, containing active β-1,3-glucan synthase [19,93]. This new
β-1,3-glucan synthase is further inhibited by the rhamnolipids, thus inducing the multibranched
hyphal phenotype (with short apical cells) in the fungus [19,93]. Di-rhamnolipids also increase chitin
synthesis in A. fumigatus, which serves as a compensation for β-1,3-glucan synthase inhibition. Thus,
rhamnolipids modify the hyphal phenotype and nature of the ECM surrounding the hyphae [19].

9. Phenazines and Their Antifungal Role in P. aeruginosa

Phenazines are a group of nitrogen-containing heterocyclic compounds produced as secondary
metabolites by a diverse range of bacteria, including P. aeruginosa. Phenazines possess distinct
physicochemical properties, including bright pigmentation, redox properties, and the ability to change
color with pH and redox state [126]. In P. aeruginosa, phenazine production is triggered by a cascade
of the quorum-sensing response, affected by high cell density, environmental signals, and intracellular
physiology of the bacteria. Phenazines play multiple roles in contributing to the behavior, growth, survival,
and ecological fitness of the producing bacterium [41,127]. Depending on the environmental signals,
phenazines alter intracellular electron flow patterns and balance the redox state within the bacteria [12].
They also serve important roles in bacterial biofilm formation and modify cellular architecture [127,128].
In contrast, in non-producers (competing microbes or the human host), phenazines exert numerous
effects, including morphological changes, reactive oxygen species (ROS) and reactive nitrogen species
(RNS)-mediated inflammation and cell damage, and inhibition of significant genes, thus modifying host
cellular responses [127,128].

P. aeruginosa produces multiple phenazine derivatives during growth and in response to
environmental factors. Four important phenazines produced by P. aeruginosa are phenazine-1-carboxylic
acid (PCA), pyocyanin, 1-hydroxy phenazine (1-HP), phenazine-1-carboxamide or PCN, each of
which has distinct chemical properties (Figure 4) [41,129,130]. Genes encoding the enzymes of the
phenazine biosynthesis pathway are found in two redundant seven-gene operons. These operons,
phzA1B1C1D1E1F1G1 (phz1) and phzA2B2C2D2E2F2G2 (phz2) encode two sets of proteins that catalyze
the synthesis of PCA, the precursor for all other phenazine derivatives (Figure 4) [130]. Conversion of
PCA to PCN is mediated by the enzyme PhzH and conversion of PCA to pyocyanin is mediated by
the enzymes PhzM and PhzS. Both conversions are influenced by the surrounding environment. It is
reported that, in planktonic cultures, the majority of PCA modification leads to the production of
pyocyanin. In contrast, in biofilms, a substantial amount is converted to PCN [130]. Although the phz1
and phz2 operons have significant similarity (~98% similarity), they are differentially regulated; phz1 is
regulated by the quorum-sensing response, whereas the factors controlling phz2 expression have not
yet been identified [129–132].
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Pyocyanin, one of the P. aeruginosa phenazines, has been identified in cystic fibrosis patient sputum
at concentrations up to 135 µM [133]. High pyocyanin concentrations are believed to be responsible for
the persistent lung damage observed in those patients [134]. P. aeruginosa phenazines are reported to
exert fungicidal effects on A. fumigatus. Phenazines can diffuse across the cell membranes and act as
reducing agents, causing uncoupling of oxidative phosphorylation and generating toxic intracellular
ROS that are harmful to the fungus [135,136]. A remarkable study by Moree and colleagues used a
mass-spectrometry-based metabolomics approach to provide insight into the interspecies interaction
between P. aeruginosa and A. fumigatus at the molecular level [9]. They demonstrated that bacterial
phenazine metabolites were altered by fungal molecules to support the fungus in the polymicrobial
communities. Interestingly, this study identified that the primary phenazine metabolite secreted by
P. aeruginosa, PCA, was converted into 1-HP, which was further transformed into phenazine-1-sulphate
(PS) and 1-methoxyphenazine (1MP) [9]. These phenazine metabolites were reported to have diverse
effects on the fungus: whereas 1-HP and 1MP showed inhibitory effects on fungal growth compared to
PCA, 1-HP also enhanced the fungal siderophore production and PS showed no antifungal activity [9].
The exact roles of these intermediate metabolites on the fungus are yet to be determined. A. fumigatus
also mediated the conversion of PCA into pyocyanin and promoted the production of mixed phenazine
dimers [9]. The exact cause for the facilitation of phenazine dimer production is still not known but
it could be a defense mechanism for the fungus. This bioconversion may lower the concentration
of pyocyanin, thus possibly affecting the quorum-sensing pathway and subsequent virulence factor
production by P. aeruginosa [9]. Briard et al. identified inhibitory effects of P. aeruginosa phenazines
(pyocyanin, PCA, PCN, and 1-HP) on A. fumigatus mitochondrial architecture and hyphal growth
where the primary mode of inhibition was ROS–RNS-mediated oxidative stress [12]. This study showed
that at high phenazine concentrations, phenazines, specially pyocyanin and PCA, can penetrate fungal
cells (conidia and hyphae) and affect production of mitochondrial superoxide dismutase. A lack of this
enzyme leads to increase in ROS–RNS production in the mitochondria and subsequent ROS release in
the cytoplasm that ultimately leads to fungal death. The authors also reported that 1-HP acts as an iron
chelator that represses fungal growth in low-iron environments [12]. Interestingly, some studies also
reported a possible dual signaling role of phenazine-derived metabolites on fungal biofilm formation
and fungal development [136,137]. Zheng et al. reported that bacterial phenazine production can
differentially modulate biofilm formation by A. fumigatus; whereas low-to-moderate levels of ROS can
act as a sporulation signal in fungal development, higher levels of ROS can act as a toxic substance [137].
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Thus, A. fumigatus development switches from vegetative growth to conidiation in response to the
phenazine gradient in the co-culture medium, correlating with levels of phenazine radicals produced in
the phenazine-mediated redox cycles [137,138]. Our recent study, presented at AAAM9 (9th Advances
Against Aspergillosis and Mucormycosis), identified mechanisms of P. aeruginosa that enables the
bacteria to switch from iron-denial-based (pyoverdine-based) to toxin-based (pyocyanin-based)
antifungal activity in response to environmental iron concentrations [139]. We found that under
high-iron conditions P. aeruginosa exerted phenazine pyocyanin-based antifungal mechanisms to
compete with A. fumigatus [139]. In this study, we demonstrated that the addition of iron (in the
form of either FeCl3 or blood) led to the reduction of pyoverdine content while increasing the
phenazine content in bacterial supernatants. Subsequent experiments revealed strong antifungal
activity of these supernatants against A. fumigatus biofilms. Similarly, P. aeruginosa supernatants not
containing pyocyanin were significantly less antifungal toward A. fumigatus biofilms under high-iron
conditions. We also found that pure pyocyanin at concentrations over 125 µM interfered with fungal
metabolism [139]. Therefore, under high-iron conditions, pyocyanin appears to replace the antifungal
activity of pyoverdine, observed under low-iron conditions.

10. Role of Secretion Systems in P. aeruginosa Virulence and Quorum-Sensing Response

Like other Gram-negative bacteria, P. aeruginosa possesses an array of secretion systems (Types I–VI),
which are distinguished by the characteristics of components forming the secretion machinery [140].
These secretory machineries are utilized in an orchestrated way to deliver virulence factors either to the
extracellular environment or directly into other cells. These secretion systems are just beginning
to be explored with respect to bacterial–fungal interactions. The heme-binding protein HasAp
from P. aeruginosa, important for iron acquisition, is an example of a protein secreted through
the Type I Secretion System (T1SS) [141,142]. Secretory enzymes and toxins with remarkable virulence
properties, such as elastase (LasB), lipase (LipA), alkaline phosphatase (PhoA), phospholipase C (PlcH),
and exotoxin A (ExoA) are secreted through the Type II Secretion System (T2SS) [140]. The Type III
secretion system (T3SS) is already established as a major virulence factor in P. aeruginosa that contributes
to cytotoxicity and acute infections [140,143,144], and this cytotoxicity is considered to be associated
with the activity of effector proteins that are secreted in a T3SS-dependent manner. The already known
effectors in P. aeruginosa identified with T3SS are ExoS, ExoT, ExoU, and ExoY [140]. Among these
effectors, ExoU is reported to be the most potent cytotoxin, with phospholipase activity, contributing
to lung tissue damage in cystic fibrosis patients [145]. P. aeruginosa contains one or more genomic
island-associated Type IV secretion systems (T4SS) that play a crucial role in horizontal gene transfer
of integrative and conjugative elements [146], and the proteins secreted through the T4SS are reported
to be associated with antibiotic resistance to the bacteria [142]. Type V secretion system (T5SS) secretes
virulence factors and mediates cell-to-cell adhesion and biofilm formation [142]. A substrate example
for the T5SS in P. aeruginosa is EstA protein, which has esterase activity and is involved in the production
of rhamnolipids, cell motility, and biofilm formation [142,147]. The Type VI Secretion System (T6SS) is
described as the most important secretion system in maintaining bacterial cell–cell communication
and is also implicated in bacterial virulence. P. aeruginosa harbors three Type VI secretion (T6S) loci,
hemolysin co-regulated protein secretion island-I, II, and III (HSI-I, HSI-II, and HSI-III). Two major
known substrates of T6SS in P. aeruginosa are hemolysin-co-regulated protein (Hcp) and valine–glycine
repeat protein G (VgrGs) [142]. Quorum sensing differentially regulates the expression of genes at all
three loci [148]. While quorum-sensing regulators, LasR and MvfR, negatively regulate HSI-I-associated
genes, they positively regulate both HSI-II and HSI-III associated genes [148]. Another quorum-sensing
enzyme, PqsE, is also reported to be required for the expression of part of HSI-III but not HSI-II,
and inhibitors of the alkyl quinolone biosynthesis pathway are shown to downregulate HSI-II and
-III gene expression [148]. It is reported that cell-cell communication and environmental signals
play crucial roles in activating T6SS [149,150]. Gallique et al. described interesting modes of T6SS
behavior, i.e., defensive and offensive modes [150]. They demonstrated that P. aeruginosa can perceive
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T6SS-mediated aggression of neighboring cells [150,151] and recognize T6SS attacks coming from other
microbial communities [152]. The recognition and response in T6SS are mediated by the GacS–GacA
signaling cascade, which is dependent on the balance between the hybrid sensor kinases RetS and
LadS [150]. T6SSs in P. aeruginosa were originally identified in the PAO1 strain and later studied in
the reference strain PA14 [153]. Studies have identified differences between these strains at the HSI-II
and HSI-III loci, which further indicates the possible difference in virulence mechanisms in these two
strains [148]. The HSI-I and HSI-II loci have been implicated in P. aeruginosa-mediated pathogenesis
in progressive lung diseases [153]; HSI-III has also been identified as an essential component for
bacterial virulence [148]. Recent studies have identified fungal-specific T6SS effector proteins (Tfe1
and Tfe2) in another Gram-negative opportunistic bacteria Serratia marcescens [154,155]. These effector
proteins contributed to T6SS-mediated inhibition of fungal growth in the fungal species Candida albicans,
Candida glabrata, and Saccharomyces cerevisiae [154,155]. Effector-based antifungal activity was also
reported for P. aeruginosa T6SS protein Tse2, which showed toxic effects and inhibition of growth
in the yeast Saccharomyces cerevisiae [156]. To evaluate the importance of T6SS, another recent study
has followed a proteomic-based approach to study the abundance of the key T6SS components in
P. aeruginosa [157]. These studies further implicate the Pseudomonas T6SS as a potential antifungal
secretion machinery and a target for future therapeutic studies. Secretory systems of P. aeruginosa
could also be a target of therapeutic approaches to bacterial control [158]. The bacterial pathogen is
destructive to human tissues when it can penetrate the epithelial barrier.

Numerous research approaches are being pursued to develop P. aeruginosa anti-infectives that
can inhibit the growth and/or reduce the virulence of the pathogen [159]. The strategies primarily
involve development of novel compounds that impede P. aeruginosa biofilms to restore susceptibility
toward antibiotics [159]. Targeting the quorum-sensing system with drugs is a novel approach to
reducing Pseudomonas pathogenicity and thus infection [160,161]. As classic strategies to combat
Pseudomonas infections have not been very successful, owing to such factors as development of
resistance to antimicrobials, adverse drug effects on the host, or undesirable drug–drug interactions,
combination therapy (including antibiotics and antivirulence drugs) and alternative approaches have
been proposed [159,162]. These strategies targeted T3SS predominantly [163] and T2SS secondarily.
Strategies to block T3SS utilized mainly small molecules as the pathogen is quickly internalized by
the host cells under permissive conditions [164]. The approaches targeted function of the secreted
proteins [165,166], assembly of the system [167], protein transport [168–170], and the bacterial ATPase
PscN [171]. Blockage was also tried using a random screen of compounds [172] or through the rational
design of dual-action small molecules [171] targeting the T3SS PscN ATPase (in silico) and the secretion
of the T2SS effectors (experimental). These strategies, aimed at inhibiting P. aeruginosa pathogenesis in
the mammalian host, should be explored to examine effects on P. aeruginosa intermicrobial interactions,
in order to evaluate the roles of these secretions systems as the as yet unquantified components of
P. aeruginosa antifungal weaponry.

11. In Vivo Interactions between P. aeruginosa and A. fumigatus

The effect of the Pseudomonas–Aspergillus interactions we have detailed must be translated into the
in vivo effects. As our review here focuses on the in vitro and molecular mechanisms of Pseudomonas
pathogenicity, a more extensive review of the in vivo effects is required and awaited. Animal models
would suggest co-infection in the lungs with P. aeruginosa and A. fumigatus in leukopenic mice is a deadly
combination [173]. The interaction between P. aeruginosa and A. fumigatus has received scant attention
in animal models that mimic cystic fibrosis, where the effects of P. aeruginosa infection alone have
received much attention [174–191]. In patients, this has been mostly studied in cystic fibrosis. In most
cystic fibrosis studies [192–194], with exceptions [195], P. aeruginosa infection has preceded A. fumigatus
infection, or A. fumigatus is commonly seen with P. aeruginosa, which might suggest that P. aeruginosa
predisposes to A. fumigatus establishing itself as an infection, or that the pathologic processes in cystic
fibrosis, having advanced as a result of repeated insults, provides a welcome milieu for A. fumigatus
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infection. Studies have indicated eradicating P. aeruginosa from cystic fibrosis lungs is associated with
increased risk of acquiring A. fumigatus [196,197], although others have suggested the opposite [198].
We have indicated the A. fumigatus isolates in cystic fibrosis do not differ in their susceptibility to
P. aeruginosa inhibitory factors compared to other isolates. [21]. However, despite P. aeruginosa more
commonly preceding A. fumigatus, studies have shown that once A. fumigatus infection has become
established, more episodes of P. aeruginosa infection will follow than would otherwise be the case [195].
Again, whether this predisposition is cause or effect is not clear. There is also good evidence that the
co-infection accelerates cystic fibrosis lung disease progression [31].

12. Conclusions

P. aeruginosa and A. fumigatus interactions play a crucial role in the pathology of cystic fibrosis and
less defined roles in immunocompromised patients. Such interactions alter the shared environmental
niche and can be beneficial or inhibitory for both the species and can result in undesired effects on
the mammalian host. Intermicrobial competitions and metabolite exchange between P. aeruginosa and
A. fumigatus have long been studied. Stronger emphasis has been placed on co-culture experiments
of Pseudomonas and Aspergillus species, which resulted in discoveries with potential therapeutic
significance. It is our belief that Pseudomonas–Aspergillus interaction continues to be a promising field for
mycology research and that more mycologists will be eventually attracted to these studies. This review
revisits the quorum-sensing-regulated virulence factors of P. aeruginosa and describes how these factors
affect and interact with the opportunistic fungi A. fumigatus. We hope that this review will be helpful
to re-emphasize the complex and sophisticated nature of the Pseudomonas–Aspergillus interaction and
indicate new avenues for future mycology studies. Better understanding of this interaction could
suggest avenues for therapeutic intervention, for the benefit of the host.

Funding: W.S. was funded by his grant from the National Science Center of Poland, grant number
2016/21/B/NZ6/02028.

Acknowledgments: We thank Eric Déziel, INRS-Armand-Frappier Santé Biotechnologie, Laval, Québec, Canada for
helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study or in the writing of the manuscript.

References

1. Williams, H.D.; Davies, J.C. Basic science for the chest physician: Pseudomonas aeruginosa and the cystic
fibrosis airway. Thorax 2012, 67, 465–467. [CrossRef]

2. Lipuma, J.J. The changing microbial epidemiology in cystic fibrosis. Clin. Microbiol. Rev. 2010, 23, 299–323.
[CrossRef] [PubMed]

3. Nagano, Y.; Millar, B.C.; Johnson, E.; Goldsmith, C.E.; Elborn, J.S.; Rendall, J.; Moore, J.E. Fungal infections in
patients with cystic fibrosis. Rev. Med. Microbiol. 2007, 18, 11–16. [CrossRef]

4. Sabino, R.; Ferreira, J.A.; Moss, R.B.; Valente, J.; Veríssimo, C.; Carolino, E.; Clemons, K.V.; Everson, C.;
Banaei, N.; Penner, J.; et al. Molecular epidemiology of Aspergillus collected from cystic fibrosis patients.
J. Cyst. Fibros. 2015, 14, 474–481. [CrossRef] [PubMed]

5. Mangan, A. Interactions between some aural Aspergillus species and bacteria. J. Gen. Microbiol. 1969, 58,
261–266. [CrossRef] [PubMed]

6. Blyth, W.; Forey, A. The influence of respiratory bacteria and their biochemical fractions on
Aspergillus fumigatus. Sabouraudia 1971, 9, 273–282. [CrossRef] [PubMed]

7. Kerr, J.R.; Taylor, G.W.; Rutman, A.; Høiby, N.; Cole, P.J.; Wilson, R. Pseudomonas aeruginosa pyocyanin and
1-hydroxyphenazine inhibit fungal growth. J. Clin. Pathol. 1999, 52, 385–387. [CrossRef] [PubMed]

8. Mowat, E.; Rajendran, R.; Williams, C.; McCulloch, E.; Jones, B.; Lang, S.; Ramage, G. Pseudomonas aeruginosa
and their small diffusible extracellular molecules inhibit Aspergillus fumigatus biofilm formation.
FEMS Microbiol. Lett. 2010, 313, 96–102. [CrossRef] [PubMed]

http://dx.doi.org/10.1136/thoraxjnl-2011-201498
http://dx.doi.org/10.1128/CMR.00068-09
http://www.ncbi.nlm.nih.gov/pubmed/20375354
http://dx.doi.org/10.1097/MRM.0b013e3282e1c70a
http://dx.doi.org/10.1016/j.jcf.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25459562
http://dx.doi.org/10.1099/00221287-58-2-261
http://www.ncbi.nlm.nih.gov/pubmed/4982824
http://dx.doi.org/10.1080/00362177185190531
http://www.ncbi.nlm.nih.gov/pubmed/5002653
http://dx.doi.org/10.1136/jcp.52.5.385
http://www.ncbi.nlm.nih.gov/pubmed/10560362
http://dx.doi.org/10.1111/j.1574-6968.2010.02130.x
http://www.ncbi.nlm.nih.gov/pubmed/20964704


J. Fungi 2020, 6, 81 13 of 22

9. Moree, W.J.; Phelan, V.V.; Wu, C.H.; Bandeira, N.; Cornett, D.S.; Duggan, B.M.; Dorrestein, P.C.
Interkingdom metabolic transformations captured by microbial imaging mass spectrometry. Proc. Natl. Acad.
Sci. USA 2012, 109, 13811–13816. [CrossRef]

10. Illakkiam, D.; Ponraj, P.; Shankar, M.; Muthusubramanian, S.; Rajendhran, J.; Gunasekaran, P.
Identification and structure elucidation of a novel antifungal compound produced by Pseudomonas aeruginosa
PGPR2 against Macrophomina phaseolina. Appl. Biochem. Biotechnol. 2013, 171, 2176–2185. [CrossRef]

11. Manavathu, E.K.; Vager, D.L.; Vazquez, J.A. Development and antimicrobial susceptibility studies of in vitro
monomicrobial and polymicrobial biofilm models with Aspergillus fumigatus and Pseudomonas aeruginosa.
BMC Microbiol. 2014, 14, 53. [CrossRef] [PubMed]

12. Briard, B.; Bomme, P.; Lechner, B.E.; Mislin, G.L.; Lair, V.; Prévost, M.C.; Latgé, J.P.; Haas, H.; Beauvais, A.
Pseudomonas aeruginosa manipulates redox and iron homeostasis of its microbiota partner Aspergillus fumigatus
via phenazines. Sci. Rep. 2015, 5, 8220. [CrossRef] [PubMed]

13. Smith, K.; Rajendran, R.; Kerr, S.; Lappin, D.F.; Mackay, W.G.; Williams, C.; Ramage, G. Aspergillus fumigatus
enhances elastase production in Pseudomonas aeruginosa co-cultures. Med. Mycol. 2015, 53, 645–655. [CrossRef]
[PubMed]

14. Ferreira, J.A.; Penner, J.C.; Moss, R.B.; Haagensen, J.A.; Clemons, K.V.; Spormann, A.M.; Nazik, H.; Cohen, K.;
Banaei, N.; Carolino, E.; et al. Inhibition of Aspergillus fumigatus and its biofilm by Pseudomonas aeruginosa is
dependent on the source, phenotype and growth conditions of the bacterium. PLoS ONE 2015, 10, e0134692.
[CrossRef]

15. Shirazi, F.; Ferreira, J.A.; Stevens, D.A.; Clemons, K.V.; Kontoyiannis, D.P. Biofilm filtrates of
Pseudomonas aeruginosa strains isolated from cystic fibrosis patients inhibit preformed Aspergillus fumigatus
biofilms via apoptosis. PLoS ONE 2016, 11, e0150155. [CrossRef]

16. Penner, J.C.; Ferreira, J.A.G.; Secor, P.R.; Sweere, J.M.; Birukova, M.K.; Joubert, L.M.; Haagensen, J.;
Garcia, O.; Malkovskiy, A.V.; Kaber, G.; et al. Pf4 bacteriophage produced by Pseudomonas aeruginosa inhibits
Aspergillus fumigatus metabolism via iron sequestration. Microbiology 2016, 162, 1583–1594. [CrossRef]

17. Reen, F.J.; Phelan, J.P.; Woods, D.F.; Shanahan, R.; Cano, R.; Clarke, S.; McGlacken, G.P.; O’Gara, F.
Harnessing bacterial signals for suppression of biofilm formation in the nosocomial fungal pathogen
Aspergillus fumigatus. Front. Microbiol. 2016, 7, 2074. [CrossRef]

18. Anand, R.; Clemons, K.V.; Stevens, D.A. Effect of anaerobiasis or hypoxia on Pseudomonas aeruginosa inhibition
of Aspergillus fumigatus biofilm. Arch. Microbiol. 2017, 199, 881–890. [CrossRef]

19. Briard, B.; Rasoldier, V.; Bomme, P.; ElAouad, N.; Guerreiro, C.; Chassagne, P.; Muszkieta, L.; Latgé, J.P.;
Mulard, L.; Beauvais, A. Dirhamnolipids secreted from Pseudomonas aeruginosa modify antifungal
susceptibility of Aspergillus fumigatus by inhibiting β1,3 glucan synthase activity. ISME J. 2017, 11, 1578–1591.
[CrossRef]

20. Sass, G.; Stevens, D.A. Aspergillus fumigatus (Af) hydroxamate siderophores protect formation of Af biofilms
from the Pseudomonas aeruginosa (Pa) product pyoverdine. Open Forum Infect Dis. 2017, 4, S114. [CrossRef]

21. Nazik, H.; Moss, R.B.; Karna, V.; Clemons, K.V.; Banaei, N.; Cohen, K.; Choudhary, V.; Stevens, D.A. Are cystic
fibrosis Aspergillus fumigatus isolates different? Intermicrobial interactions with Pseudomonas. Mycopathol.
2017, 182, 315–318. [CrossRef] [PubMed]

22. Reece, E.; Segurado, R.; Jackson, A.; McClean, S.; Renwick, J.; Greally, P. Co-colonisation with
Aspergillus fumigatus and Pseudomonas aeruginosa is associated with poorer health in cystic fibrosis patients:
An Irish registry analysis. BMC Pulm. Med. 2017, 17, 70. [CrossRef] [PubMed]

23. Sass, G.; Nazik, H.; Penner, J.; Shah, H.; Ansari, S.R.; Clemons, K.V.; Groleau, M.C.; Dietl, A.M.; Visca, P.;
Haas, H.; et al. Studies of Pseudomonas aeruginosa mutants indicate pyoverdine as the central factor in
inhibition of Aspergillus fumigatus biofilm. J. Bacteriol. 2017, 200, e00345-17. [CrossRef] [PubMed]

24. Anand, R.; Moss, R.B.; Sass, G.; Banaei, N.; Clemons, K.V.; Martinez, M.; Stevens, D.A. Small colony variants
of Pseudomonas aeruginosa display heterogeneity in inhibiting Aspergillus fumigatus biofilm. Mycopathol. 2018,
183, 263–272. [CrossRef] [PubMed]

25. Sass, G.; Ansari, S.R.; Dietl, A.M.; Déziel, E.; Haas, H.; Stevens, D.A. Intermicrobial interaction:
Aspergillus fumigatus siderophores protect against competition by Pseudomonas aeruginosa. PLoS ONE
2019, 14, e0216085. [CrossRef]

http://dx.doi.org/10.1073/pnas.1206855109
http://dx.doi.org/10.1007/s12010-013-0469-7
http://dx.doi.org/10.1186/1471-2180-14-53
http://www.ncbi.nlm.nih.gov/pubmed/24588809
http://dx.doi.org/10.1038/srep08220
http://www.ncbi.nlm.nih.gov/pubmed/25665925
http://dx.doi.org/10.1093/mmy/myv048
http://www.ncbi.nlm.nih.gov/pubmed/26162475
http://dx.doi.org/10.1371/journal.pone.0134692
http://dx.doi.org/10.1371/journal.pone.0150155
http://dx.doi.org/10.1099/mic.0.000344
http://dx.doi.org/10.3389/fmicb.2016.02074
http://dx.doi.org/10.1007/s00203-017-1362-5
http://dx.doi.org/10.1038/ismej.2017.32
http://dx.doi.org/10.1093/ofid/ofx163.128
http://dx.doi.org/10.1007/s11046-016-0087-3
http://www.ncbi.nlm.nih.gov/pubmed/27822731
http://dx.doi.org/10.1186/s12890-017-0416-4
http://www.ncbi.nlm.nih.gov/pubmed/28431569
http://dx.doi.org/10.1128/JB.00345-17
http://www.ncbi.nlm.nih.gov/pubmed/29038255
http://dx.doi.org/10.1007/s11046-017-0186-9
http://www.ncbi.nlm.nih.gov/pubmed/28785939
http://dx.doi.org/10.1371/journal.pone.0216085


J. Fungi 2020, 6, 81 14 of 22

26. Nazik, H.; Sass, G.; Ansari, S.R.; Ertekin, R.; Haas, H.; Déziel, E.; Stevens, D.A. Novel intermicrobial molecular
interaction: Pseudomonas aeruginosa Quinolone Signal (PQS) modulates Aspergillus fumigatus response to iron.
Microbiology 2020, 166, 44–55. [CrossRef]

27. Branski, L.K.; Al-Mousawi, A.; Rivero, H.; Jeschke, M.G.; Sanford, A.P.; Herndon, D.N. Emerging infections
in burns. Surg. Infect. (Larchmt) 2009, 10, 389–397. [CrossRef]

28. De Bentzmann, S.; Plésiat, P. The Pseudomonas aeruginosa opportunistic pathogen and human infections.
Environ. Microbiol. 2011, 13, 1655–1665. [CrossRef]

29. Tielen, P.; Narten, M.; Rosin, N.; Biegler, I.; Haddad, I.; Hogardt, M.; Neubauer, R.; Schobert, M.; Wiehlmann, L.;
Jahn, D. Genotypic and phenotypic characterization of Pseudomonas aeruginosa isolates from urinary tract
infections. Int. J. Med. Microbiol. 2011, 301, 282–292. [CrossRef]

30. Shoseyov, D.; Brownlee, K.G.; Conway, S.P.; Kerem, E. Aspergillus bronchitis in cystic fibrosis. Chest 2006, 130,
222–226. [CrossRef]

31. Amin, R.; Dupuis, A.; Aaron, S.D.; Ratjen, F. The effect of chronic infection with Aspergillus fumigatus on lung
function and hospitalization in patients with cystic fibrosis. Chest 2010, 137, 171–176. [CrossRef] [PubMed]

32. de Boer, K.; Vandemheen, K.L.; Tullis, E.; Doucette, S.; Fergusson, D.; Freitag, A.; Paterson, N.; Jackson, M.;
Lougheed, M.D.; Kumar, V.; et al. Exacerbation frequency and clinical outcomes in adult patients with cystic
fibrosis. Thorax 2011, 66, 680–685. [CrossRef] [PubMed]

33. Ramsey, K.A.; Ranganathan, S.; Park, J.; Skoric, B.; Adams, A.M.; Simpson, S.J.; Robins-Browne, R.M.;
Franklin, P.J.; de Klerk, N.H.; Sly, P.D.; et al. Early respiratory infection is associated with reduced spirometry
in children with cystic fibrosis. Am. J. Respir. Crit. Care Med. 2014, 190, 1111–1116. [CrossRef] [PubMed]

34. Lamont, I.L.; Konings, A.F.; Reid, D.W. Iron acquisition by Pseudomonas aeruginosa in the lungs of patients
with cystic fibrosis. BioMetals 2009, 22, 53–60. [CrossRef] [PubMed]

35. Haas, H. Iron—A Key Nexus in the Virulence of Aspergillus fumigatus. Front. Microbiol. 2012, 3, 28. [CrossRef]
36. Cornelis, P.; Dingemans, J. Pseudomonas aeruginosa adapts its iron uptake strategies in function of the type of

infections. Front. Cell Infect Microbiol. 2013, 3, 75. [CrossRef]
37. Matthaiou, E.I.; Sass, G.; Stevens, D.A.; Hsu, J.L. Iron: An essential nutrient for Aspergillus fumigatus and a

fulcrum for pathogenesis. Curr. Opin. Infect Dis. 2018, 31, 506–511. [CrossRef]
38. Latifi, A.; Winson, M.K.; Foglino, M.; Bycroft, B.W.; Stewart, G.S.; Lazdunski, A.; Williams, P.

Multiple homologues of LuxR and LuxI control expression of virulence determinants and secondary
metabolites through quorum sensing in Pseudomonas aeruginosa PAO1. Mol. Microbiol. 1995, 17, 333–343.
[CrossRef]

39. Lee, D.G.; Urbach, J.M.; Wu, G.; Liberati, N.T.; Feinbaum, R.L.; Miyata, S.; Diggins, L.T.; He, J.; Saucier, M.;
Déziel, E.; et al. Genomic analysis reveals that Pseudomonas aeruginosa virulence is combinatorial. Genome Biol.
2006, 7, R90. [CrossRef]

40. Hauser, A.R. Pseudomonas aeruginosa: So many virulence factors, so little time. Crit. Care. Med. 2011, 39,
2193–2194. [CrossRef]

41. Jimenez, P.N.; Koch, G.; Thompson, J.A.; Xavier, K.B.; Cool, R.H.; Quax, W.J. The Multiple Signaling Systems
Regulating Virulence in Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 2012, 76, 46–65. [CrossRef]
[PubMed]

42. Peek, M.E.; Bhatnagar, A.; McCarty, N.A.; Zughaier, S.M. Pyoverdine, the Major Siderophore in
Pseudomonas aeruginosa, Evades NGAL Recognition. Interdiscip Perspect Infect Dis. 2012, 2012, 843509.
[CrossRef] [PubMed]

43. Coggan, K.A.; Wolfgang, M.C. Global regulatory pathways and cross-talk control Pseudomonas aeruginosa
environmental lifestyle and virulence phenotype. Curr. Issues Mol. Biol. 2012, 14, 47–70. [PubMed]

44. Balasubramanian, D.; Schneper, L.; Kumari, H.; Mathee, K. A dynamic and intricate regulatory network
determines Pseudomonas aeruginosa virulence. Nucleic Acids Res. 2013, 41, 1–20. [CrossRef]

45. Davies, J.C.; Bilton, D. Bugs, biofilms, and resistance in cystic fibrosis. Respir. Care 2009, 54, 628–640.
[CrossRef]

46. Folkesson, A.; Jelsbak, L.; Yang, L.; Johansen, H.K.; Ciofu, O.; Høiby, N.; Molin, S. Adaptation of
Pseudomonas aeruginosa to the cystic fibrosis airway: An evolutionary perspective. Nat. Rev. Microbiol. 2012,
10, 841–851. [CrossRef]

http://dx.doi.org/10.1099/mic.0.000858
http://dx.doi.org/10.1089/sur.2009.024
http://dx.doi.org/10.1111/j.1462-2920.2011.02469.x
http://dx.doi.org/10.1016/j.ijmm.2010.10.005
http://dx.doi.org/10.1378/chest.130.1.222
http://dx.doi.org/10.1378/chest.09-1103
http://www.ncbi.nlm.nih.gov/pubmed/19567494
http://dx.doi.org/10.1136/thx.2011.161117
http://www.ncbi.nlm.nih.gov/pubmed/21680566
http://dx.doi.org/10.1164/rccm.201407-1277OC
http://www.ncbi.nlm.nih.gov/pubmed/25321321
http://dx.doi.org/10.1007/s10534-008-9197-9
http://www.ncbi.nlm.nih.gov/pubmed/19130260
http://dx.doi.org/10.3389/fmicb.2012.00028
http://dx.doi.org/10.3389/fcimb.2013.00075
http://dx.doi.org/10.1097/QCO.0000000000000487
http://dx.doi.org/10.1111/j.1365-2958.1995.mmi_17020333.x
http://dx.doi.org/10.1186/gb-2006-7-10-r90
http://dx.doi.org/10.1097/CCM.0b013e318221742d
http://dx.doi.org/10.1128/MMBR.05007-11
http://www.ncbi.nlm.nih.gov/pubmed/22390972
http://dx.doi.org/10.1155/2012/843509
http://www.ncbi.nlm.nih.gov/pubmed/22973307
http://www.ncbi.nlm.nih.gov/pubmed/22354680
http://dx.doi.org/10.1093/nar/gks1039
http://dx.doi.org/10.4187/aarc0492
http://dx.doi.org/10.1038/nrmicro2907


J. Fungi 2020, 6, 81 15 of 22

47. Smyth, A.R.; Hurley, M.N. Targeting the Pseudomonas aeruginosa biofilm to combat infections in patients with
cystic fibrosis. Drugs Future 2010, 35, 1007–1014. [CrossRef]

48. Stover, C.K.; Pham, X.Q.; Erwin, A.L.; Mizoguchi, S.D.; Warrener, P.; Hickey, M.J.; Brinkman, F.S.;
Hufnagle, W.O.; Kowalik, D.J.; Lagrou, M.; et al. Complete genome sequence of Pseudomonas aeruginosa
PAO1, an opportunistic pathogen. Nature 2000, 406, 959–964. [CrossRef]

49. Pesci, E.C.; Milbank, J.B.; Pearson, J.P.; McKnight, S.; Kende, A.S.; Greenberg, E.P.; Iglewski, B.H.
Quinolone signaling in the cell-to-cell communication system of Pseudomonas aeruginosa. Proc. Natl. Acad.
Sci. USA 1999, 96, 11229–11234. [CrossRef]

50. Wade, D.S.; Calfee, M.W.; Rocha, E.R.; Ling, E.A.; Engstrom, E.; Coleman, J.P.; Pesci, E.C. Regulation of
Pseudomonas quinolone signal synthesis in Pseudomonas aeruginosa. J. Bacteriol. 2005, 187, 4372–4380.
[CrossRef]

51. Williams, P.; Cámara, M. Quorum sensing and environmental adaptation in Pseudomonas aeruginosa: A tale
of regulatory networks and multifunctional signal molecules. Curr. Opin. Microbiol. 2009, 12, 182–191.
[CrossRef] [PubMed]

52. Fuqua, W.C.; Winans, S.C.; Greenberg, E.P. Quorum sensing in bacteria: The LuxR-LuxI family of cell
density-responsive transcriptional regulators. J. Bacteriol. 1994, 176, 269–275. [CrossRef] [PubMed]

53. Déziel, E.; Lépine, F.; Milot, S.; He, J.; Mindrinos, M.N.; Tompkins, R.G.; Rahme, L.G. Analysis of Pseudomonas
aeruginosa 4-hydroxy-2-alkylquinolines (HAQs) reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-cell
communication. Proc. Natl. Acad. Sci. USA 2004, 101, 1339–1344. [CrossRef] [PubMed]

54. Wilder, C.N.; Diggle, S.P.; Schuster, M. Cooperation and cheating in Pseudomonas aeruginosa: The roles of the
las, rhl and pqs quorum-sensing systems. ISME J. 2011, 5, 1332–1343. [CrossRef] [PubMed]

55. Pustelny, C.; Albers, A.; Büldt-Karentzopoulos, K.; Parschat, K.; Chhabra, S.R.; Cámara, M.;
Williams, P.; Fetzner, S. Dioxygenase-mediated quenching of quinolone-dependent quorum sensing in
Pseudomonas aeruginosa. Chem. Biol. 2009, 16, 1259–1267. [CrossRef]

56. Tashiro, Y.; Yawata, Y.; Toyofuku, M.; Uchiyama, H.; Nomura, N. Interspecies interaction between
Pseudomonas aeruginosa and other microorganisms. Microbes. Environ. 2013, 28, 13–24. [CrossRef] [PubMed]

57. Nouwens, A.S.; Beatson, S.A.; Whitchurch, C.B.; Walsh, B.J.; Schweizer, H.P.; Mattick, J.S.; Cordwell, S.J.
Proteome analysis of extracellular proteins regulated by the las and rhl quorum sensing systems in
Pseudomonas aeruginosa PAO1. Microbiology 2003, 149, 1311–1322. [CrossRef]

58. Whiteley, M.; Greenberg, E.P. Promoter specificity elements in Pseudomonas aeruginosa quorum-sensing-controlled
genes. J. Bacteriol. 2001, 183, 5529–5534. [CrossRef]

59. Price-Whelan, A.; Dietrich, L.E.; Newman, D.K. Rethinking ‘secondary’ metabolism: Physiological roles for
phenazine antibiotics [published correction appears in Nat. Chem. Biol. 2006, 2, 221]. Nat. Chem. Biol. 2006,
2, 71–78. [CrossRef]

60. Xiao, G.; Déziel, E.; He, J.; Lépine, F.; Lesic, B.; Castonguay, M.H.; Milot, S.; Tampakaki, A.P.; Stachel, S.E.;
Rahme, L.G. MvfR, a key Pseudomonas aeruginosa pathogenicity LTTR-class regulatory protein, has dual
ligands. Mol. Microbiol. 2006, 62, 1689–1699. [CrossRef]

61. Latifi, A.; Foglino, M.; Tanaka, K.; Williams, P.; Lazdunski, A. A hierarchical quorum-sensing cascade in
Pseudomonas aeruginosa links the transcriptional activators LasR and RhIR (VsmR) to expression of the
stationary-phase sigma factor RpoS. Mol. Microbiol. 1996, 21, 1137–1146. [CrossRef] [PubMed]

62. Schuster, M.; Urbanowski, M.L.; Greenberg, E.P. Promoter specificity in Pseudomonas aeruginosa quorum
sensing revealed by DNA binding of purified LasR. Proc. Natl. Acad. Sci. USA 2004, 101, 15833–15839.
[CrossRef] [PubMed]

63. Schuster, M.; Greenberg, E.P. Early activation of quorum sensing in Pseudomonas aeruginosa reveals the
architecture of a complex regulon. BMC Genomics 2007, 8, 287. [CrossRef] [PubMed]

64. Whiteley, M.; Lee, K.M.; Greenberg, E.P. Identification of genes controlled by quorum sensing in
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 1999, 96, 13904–13909. [CrossRef] [PubMed]

65. Winzer, K.; Falconer, C.; Garber, N.C.; Diggle, S.P.; Camara, M.; Williams, P. The Pseudomonas aeruginosa
lectins PA-IL and PA-IIL are controlled by quorum sensing and by RpoS. J. Bacteriol. 2000, 182, 6401–6411.
[CrossRef]

66. Heurlier, K.; Dénervaud, V.; Haenni, M.; Guy, L.; Krishnapillai, V.; Haas, D. Quorum-sensing-negative (lasR)
mutants of Pseudomonas aeruginosa avoid cell lysis and death. J. Bacteriol. 2005, 187, 4875–4883. [CrossRef]

http://dx.doi.org/10.1358/dof.2010.035.012.1537937
http://dx.doi.org/10.1038/35023079
http://dx.doi.org/10.1073/pnas.96.20.11229
http://dx.doi.org/10.1128/JB.187.13.4372-4380.2005
http://dx.doi.org/10.1016/j.mib.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19249239
http://dx.doi.org/10.1128/JB.176.2.269-275.1994
http://www.ncbi.nlm.nih.gov/pubmed/8288518
http://dx.doi.org/10.1073/pnas.0307694100
http://www.ncbi.nlm.nih.gov/pubmed/14739337
http://dx.doi.org/10.1038/ismej.2011.13
http://www.ncbi.nlm.nih.gov/pubmed/21368905
http://dx.doi.org/10.1016/j.chembiol.2009.11.013
http://dx.doi.org/10.1264/jsme2.ME12167
http://www.ncbi.nlm.nih.gov/pubmed/23363620
http://dx.doi.org/10.1099/mic.0.25967-0
http://dx.doi.org/10.1128/JB.183.19.5529-5534.2001
http://dx.doi.org/10.1038/nchembio764
http://dx.doi.org/10.1111/j.1365-2958.2006.05462.x
http://dx.doi.org/10.1046/j.1365-2958.1996.00063.x
http://www.ncbi.nlm.nih.gov/pubmed/8898383
http://dx.doi.org/10.1073/pnas.0407229101
http://www.ncbi.nlm.nih.gov/pubmed/15505212
http://dx.doi.org/10.1186/1471-2164-8-287
http://www.ncbi.nlm.nih.gov/pubmed/17714587
http://dx.doi.org/10.1073/pnas.96.24.13904
http://www.ncbi.nlm.nih.gov/pubmed/10570171
http://dx.doi.org/10.1128/JB.182.22.6401-6411.2000
http://dx.doi.org/10.1128/JB.187.14.4875-4883.2005


J. Fungi 2020, 6, 81 16 of 22

67. Déziel, E.; Gopalan, S.; Tampakaki, A.P.; Lépine, F.; Padfield, K.E.; Saucier, M.; Xiao, G.; Rahme, L.G.
The contribution of MvfR to Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry regulation:
Multiple quorum sensing-regulated genes are modulated without affecting lasRI, rhlRI or the production of
N-acyl-l-homoserine lactones. Mol. Microbiol. 2005, 55, 998–1014. [CrossRef]

68. Diggle, S.P.; Winzer, K.; Chhabra, S.R.; Worrall, K.E.; Cámara, M.; Williams, P. The Pseudomonas aeruginosa
quinolone signal molecule overcomes the cell density-dependency of the quorum sensing hierarchy, regulates
rhl-dependent genes at the onset of stationary phase and can be produced in the absence of LasR. Mol. Microbiol.
2003, 50, 29–43. [CrossRef]

69. Dekimpe, V.; Déziel, E. Revisiting the quorum-sensing hierarchy in Pseudomonas aeruginosa: The transcriptional
regulator RhlR regulates LasR-specific factors. Microbiology 2009, 155, 712–723. [CrossRef]

70. Feltner, J.B.; Wolter, D.J.; Pope, C.E.; Groleau, M.C.; Smalley, N.E.; Greenberg, E.P.; Mayer-Hamblett, N.;
Burns, J.; Déziel, E.; Hoffman, L.R.; et al. LasR Variant Cystic Fibrosis Isolates Reveal an Adaptable
Quorum-Sensing Hierarchy in Pseudomonas aeruginosa. mBio 2016, 7, e01513–e01516. [CrossRef]

71. Lee, J.; Wu, J.; Deng, Y.; Wang, J.; Wang, C.; Wang, J.; Chang, C.; Dong, Y.; Williams, P.; Zhang, L.H. A cell-cell
communication signal integrates quorum sensing and stress response [published correction appears in Nat.
Chem. Biol. 2013, 9, 406]. Nat. Chem. Biol. 2013, 9, 339–343. [CrossRef] [PubMed]

72. Cornelis, P. Putting an end to the Pseudomonas aeruginosa IQS controversy. Microbiologyopen. 2020, 9, e962.
[CrossRef] [PubMed]

73. Ye, L.; Cornelis, P.; Guillemyn, K.; Ballet, S.; Christophersen, C.; Hammerich, O.
Structure revision of N-mercapto-4-formyl-carbostyril produced by Pseudomonas fluorescens G308 to
2-(2-hydroxyphenyl)thiazole-4-carbaldehyde [aeruginaldehyde]. Nat. Prod. Commun. 2014, 9, 789–794.

74. Trottmann, F.; Franke, J.; Ishida, K.; García-Altares, M.; Hertweck, C. A pair of bacterial siderophores releases
and traps an inter-cellular signal molecule: An unusual case of natural nitrone bioconjugation. Angew. Chem.
Int. Ed. 2019, 58, 200–204. [CrossRef] [PubMed]

75. Ilangovan, A.; Fletcher, M.; Rampioni, G.; Pustelny, C.; Rumbaugh, K.; Heeb, S.; Cámara, M.; Truman, A.;
Chhabra, S.R.; Emsley, J.; et al. Structural basis for native agonist and synthetic inhibitor recognition by the
Pseudomonas aeruginosa quorum sensing regulator PqsR (MvfR). PLoS Pathog. 2013, 9, e1003508. [CrossRef]

76. Gallagher, L.A.; McKnight, S.L.; Kuznetsova, M.S.; Pesci, E.C.; Manoil, C. Functions required for extracellular
quinolone signaling by Pseudomonas aeruginosa. J. Bacteriol. 2002, 184, 6472–6480. [CrossRef]

77. Choi, Y.; Park, H.Y.; Park, S.J.; Park, S.J.; Kim, S.K.; Ha, C.; Im, S.J.; Lee, J.H. Growth phase-differential
quorum sensing regulation of anthranilate metabolism in Pseudomonas aeruginosa. [Published correction
appears in Mol Cells. 2011, 32, 597]. Mol. Cells. 2011, 32, 57–65. [CrossRef]

78. Coleman, J.P.; Hudson, L.L.; McKnight, S.L.; Farrow, J.M., 3rd; Calfee, M.W.; Lindsey, C.A.; Pesci, E.C.
Pseudomonas aeruginosa PqsA is an anthranilate-coenzyme A ligase. J. Bacteriol. 2008, 190, 1247–1255.
[CrossRef]

79. Mukherjee, S.; Moustafa, D.A.; Stergioula, V.; Smith, C.D.; Goldberg, J.B.; Bassler, B.L. The PqsE and RhlR
proteins are an autoinducer synthase-receptor pair that control virulence and biofilm development in
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2018, 115, E9411–E9418. [CrossRef]

80. Drees, S.L.; Fetzner, S. PqsE of Pseudomonas aeruginosa Acts as Pathway-Specific Thioesterase in the
Biosynthesis of Alkylquinolone Signaling Molecules. Chem. Biol. 2015, 22, 611–618. [CrossRef]

81. Qazi, S.; Middleton, B.; Muharram, S.H.; Cockayne, A.; Hill, P.; O’Shea, P.; Chhabra, S.R.; Cámara, M.;
Williams, P. N-acylhomoserine lactones antagonize virulence gene expression and quorum sensing in
Staphylococcus aureus. Infect Immun. 2006, 74, 910–919. [CrossRef] [PubMed]

82. Shiner, E.K.; Terentyev, D.; Bryan, A.; Sennoune, S.; Martinez-Zaguilan, R.; Li, G.; Gyorke, S.; Williams, S.C.;
Rumbaugh, K.P. Pseudomonas aeruginosa autoinducer modulates host cell responses through calcium signalling.
Cell Microbiol. 2006, 8, 1601–1610. [CrossRef] [PubMed]

83. Bredenbruch, F.; Geffers, R.; Nimtz, M.; Buer, J.; Häussler, S. The Pseudomonas aeruginosa quinolone signal
(PQS) has an iron-chelating activity. Environ. Microbiol. 2006, 8, 1318–1329. [CrossRef] [PubMed]

84. Lin, J.; Cheng, J.; Wang, Y.; Shen, X. The Pseudomonas Quinolone Signal (PQS): Not Just for Quorum Sensing
Anymore. Front. Cell Infect Microbiol. 2018, 8, 230. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2958.2004.04448.x
http://dx.doi.org/10.1046/j.1365-2958.2003.03672.x
http://dx.doi.org/10.1099/mic.0.022764-0
http://dx.doi.org/10.1128/mBio.01513-16
http://dx.doi.org/10.1038/nchembio.1225
http://www.ncbi.nlm.nih.gov/pubmed/23542643
http://dx.doi.org/10.1002/mbo3.962
http://www.ncbi.nlm.nih.gov/pubmed/31667921
http://dx.doi.org/10.1002/anie.201811131
http://www.ncbi.nlm.nih.gov/pubmed/30375753
http://dx.doi.org/10.1371/journal.ppat.1003508
http://dx.doi.org/10.1128/JB.184.23.6472-6480.2002
http://dx.doi.org/10.1007/s10059-011-2322-6
http://dx.doi.org/10.1128/JB.01140-07
http://dx.doi.org/10.1073/pnas.1814023115
http://dx.doi.org/10.1016/j.chembiol.2015.04.012
http://dx.doi.org/10.1128/IAI.74.2.910-919.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428734
http://dx.doi.org/10.1111/j.1462-5822.2006.00734.x
http://www.ncbi.nlm.nih.gov/pubmed/16984415
http://dx.doi.org/10.1111/j.1462-2920.2006.01025.x
http://www.ncbi.nlm.nih.gov/pubmed/16872396
http://dx.doi.org/10.3389/fcimb.2018.00230


J. Fungi 2020, 6, 81 17 of 22

85. Diggle, S.P.; Matthijs, S.; Wright, V.J.; Fletcher, M.P.; Chhabra, S.R.; Lamont, I.L.; Kong, X.; Hider, R.C.;
Cornelis, P.; Cámara, M.; et al. The Pseudomonas aeruginosa 4-quinolone signal molecules HHQ and PQS play
multifunctional roles in quorum sensing and iron entrapment. Chem. Biol. 2007, 14, 87–96. [CrossRef]

86. Bala, A.; Kumar, L.; Chhibber, S.; Harjai, K. Augmentation of virulence related traits of pqs mutants by
Pseudomonas quinolone signal through membrane vesicles. J. Basic Microbiol. 2015, 55, 566–578. [CrossRef]

87. Popat, R.; Harrison, F.; da Silva, A.C.; Easton, S.A.; McNally, L.; Williams, P.; Diggle, S.P.
Environmental modification via a quorum sensing molecule influences the social landscape of siderophore
production. Proc. Biol. Sci. 2017, 284, 20170200. [CrossRef]

88. Rampioni, G.; Pustelny, C.; Fletcher, M.P.; Wright, V.J.; Bruce, M.; Rumbaugh, K.P.; Heeb, S.; Cámara, M.;
Williams, P. Transcriptomic analysis reveals a global alkyl-quinolone-independent regulatory role for
PqsE in facilitating the environmental adaptation of Pseudomonas aeruginosa to plant and animal hosts.
Environ. Microbiol. 2010, 12, 1659–1673. [CrossRef]

89. Britigan, B.E.; Rasmussen, G.T.; Olakanmi, O.; Cox, C.D. Iron acquisition from Pseudomonas aeruginosa
siderophores by human phagocytes: An additional mechanism of host defense through iron sequestration?
Infect Immun. 2000, 68, 1271–1275. [CrossRef]

90. Phelan, V.V.; Moree, W.J.; Aguilar, J.; Cornett, D.S.; Koumoutsi, A.; Noble, S.M.; Pogliano, K.; Guerrero, C.A.;
Dorrestein, P.C. Impact of a Transposon Insertion in phzF2 on the Specialized Metabolite Production and
Interkingdom Interactions of Pseudomonas aeruginosa. J. Bacteriol. 2014, 196, 1683–1693. [CrossRef]

91. Cox, C.D.; Graham, R. Isolation of an iron-binding compound from Pseudomonas aeruginosa. J. Bacteriol. 1979,
137, 357–364. [CrossRef] [PubMed]

92. Adler, C.; Corbalán, N.S.; Seyedsayamdost, M.R.; Pomares, M.F.; de Cristóbal, R.E.; Clardy, J.; Kolter, R.;
Vincent, P.A. Catecholate siderophores protect bacteria from pyochelin toxicity. PLoS ONE 2012, 7, e46754.
[CrossRef] [PubMed]

93. Briard, B.; Mislin, G.L.A.; Latgé, J.P.; Beauvais, A. Interactions between Aspergillus fumigatus and Pulmonary
Bacteria: Current State of the Field, New Data, and Future Perspective. J. Fungi (Basel). 2019, 5, 48. [CrossRef]
[PubMed]

94. Sass, G.; Miller Conrad, L.C.; Nguyen, T.; Stevens, D.A. The Pseudomonas aeruginosa product pyochelin
interferes with Trypanosoma cruzi infection and multiplication in vitro. Trans. R. Soc. Trop. Med. Hyg. 2020, in
press. [CrossRef]

95. Brandel, J.; Humbert, N.; Elhabiri, M.; Schalk, I.J.; Mislin, G.L.A.; Albrecht-Gary, A.M. Pyochelin, a siderophore
of Pseudomonas aeruginosa: Physicochemical characterization of the iron(III), copper(II) and zinc(II) complexes.
Dalton. Trans. 2012, 41, 2820–2834. [CrossRef]

96. Margalit, A.; Carolan, J.C.; Shehan, D.; Kavanagh, K. The Aspergillus fumigatus secretome alters the proteome
of Pseudomonas aeruginosa to stimulate bacterial growth: Implications for co-infection [published online
ahead of print, 2020 May 23]. Mol. Cell Proteom. 2020, mcp.RA120.002059. [CrossRef]

97. Labows, J.N.; McGinley, K.J.; Webster, G.F.; Leyden, J.J. Headspace analysis of volatile metabolites of
Pseudomonas aeruginosa and related species by gas chromatography-mass spectrometry. J. Clin. Microbiol.
1980, 12, 521–526. [CrossRef]

98. Zechman, J.M.; Labows, J.N., Jr. Volatiles of Pseudomonas aeruginosa and related species by automated
headspace concentration–gas chromatography. Can. J. Microbiol. 1985, 31, 232–237. [CrossRef]

99. Goeminne, P.C.; Vandendriessche, T.; Van Eldere, J.; Nicolai, B.M.; Hertog, M.L.; Dupont, L.J. Detection of
Pseudomonas aeruginosa in sputum headspace through volatile organic compound analysis. Respir. Res.
2012, 13, 87. [CrossRef]
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