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Chapter 1: Thesis introduction

 Iron is an essential metallonutrient required for nearly all life forms, yet is 

limiting in almost every environment (1), especially in the context of human infection 

(2). This is in part due to this element being sequestered from microbial pathogens by 

host proteins (3, 4). Like other metal ions such as zinc and copper, the dual capacity of 

iron to play both structural and functional roles contributes to its essentiality (5). 

Structural roles of metal ions include coordination to proteins as cofactors to perform 

specific biological functions, such as in iron-sulfur clusters or zinc finger proteins. Metal 

ions can also play functional roles. For example, transition metals such as iron have 

multiple oxidation states allowing for redox activity that can aid in biochemical reactions 

of enzymes. The bioavailability of Fe(II) and Fe(III) oxidation states is dependent on the 

environment, specifically the availability of oxygen (1), and may change over the course 

of human infection. Overall, the limited availability of iron in a host environment, and the 

sequestration of this metallonutrient by host proteins such as transferrin and lactoferrin, 

are critical barriers to survival for infecting microbial species.

 Microorganisms rarely exist alone in nature or during infection, particularly in the 

CF lung environment. However, most of the published work in the field of iron 

homeostasis is from studies performed with pure cultures. Recent work demonstrates that 

growth in polymicrobial environments is distinct from growth in pure cultures (6-10), 

requiring us to reassess our understanding of iron homeostasis in more complex 

environments. Thus, the novelty of the work in this thesis combines these two major 

ideas; 1) the necessity of iron and iron homeostasis during infection and 2) the 
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polymicrobial nature of CF lung infection. Furthermore, this work shows for the first 

time that iron has an impact on polymicrobial interactions and may be a driving factor in 

the outcome of CF infections.

 The research described in this thesis focuses on the impact of iron on interactions 

of Pseudomonas aeruginosa and Staphylococcus aureus – two prevalent pathogens in the 

CF lung:

 Chapters 2-3 are invited reviews that highlight the importance of considering iron 

and polymicrobial environments in the CF infection model. Chapter 2 summarizes the 

essentiality of iron for P. aeruginosa and other Pseudomonads for growth in the 

environment and in the host. Chapter 3 provides an overview of interactions between P. 

aeruginosa and S. aureus and the implications of these behaviors for human disease. 

 Chapters 4-6 are published, first-author papers that have been generated during 

my dissertation studies. Chapter 4 shows the characterization of several longitudinal CF 

isolates and how the iron regulatory pathways of these isolates adapted to the CF lung 

environment over time. Chapter 5 introduces alkyl-quinolones, which are produced by P. 

aeruginosa, and demonstrates that iron-regulated production of these metabolites may 

play a role in polymicrobial interactions with S. aureus. Chapter 6 further demonstrates 

the role of iron in P. aeruginosa-S. aureus interactions and elucidates the individual roles 

of specific alkyl-quinolone species on this interaction. 

 Chapter 7 describes my preliminary work exploring metabolite exchange between 

P. aeruginosa and S. aureus, which results in increased AQ production by P. aeruginosa. 
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These studies are currently being pursued by other members of the Oglesby-Sherrouse 

and Kane laboratories.

 Chapter 8 highlights the overall conclusions of this work and discusses future 

directions of the project. 

 The appendix describes observations made during my dissertation studies. 

Appendix 1 discusses some of my unpublished characterization of longitudinal CF 

isolates of P. aeruginosa that could shed light on the adaptation of P. aeruginosa to the 

CF lung.
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Chapter 2: Spoils of war: iron at the crux of clinical and ecological fitness of 

Pseudomonas aeruginosa1  

Introduction

Nosocomial infections constitute a significant financial burden in healthcare costs, 

in large part due to their recalcitrance to antimicrobial therapies (11-13). These infections 

are initiated when opportunistic pathogens – either commensal or environmental 

microbes – gain access to normally sterile tissue by trauma, extended antimicrobial 

treatment, or compromised immune status. Pathogens originating in the environment are 

particularly adept at using ecologically-significant survival strategies to resist 

antimicrobial therapies and cause human disease. One of the most prominent of these is 

the Gram-negative bacterium Pseudomonas aeruginosa. The members of the 

Pseudomonadaceae family are ubiquitous environmental microbes, many of which have 

long been appreciated for their potential application to bioremediation (14, 15). Owing in 

part to this diversity of environmental lifestyles and niches, P. aeruginosa is also a 

formidable opportunistic pathogen that is capable of causing both acute and chronic 

infections at virtually any body site (16-19). While many survival strategies are shared 

amongst the Pseudomonads, P. aeruginosa possesses several unique traits that likely 

contribute to its prominence in the clinical setting.

One of the best characterized examples of a P. aeruginosa trait important for both 

environmental and host survival is iron acquisition. The fluorescent pyoverdine 
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siderophore is by far the best studied iron acquisition system used by the Pseudomonads 

and is significant for both environmental survival and pathogenesis (20). However, recent 

work suggests P. aeruginosa’s heme and ferrous (FeII) iron uptake systems are more 

beneficial in certain types of chronic infections (21-24). Moreover, P. aeruginosa 

employs distinct strategies to compete for iron with other microbial species, some of 

which are unique to this pathogen and contribute to the severity of polymicrobial 

infections (7, 8). This minireview aims to provide an overview of the iron acquisition 

systems used by P. aeruginosa, the role of these systems in environmental survival and 

competition with other microbes, and how each of these strategies is thought to support 

infection of the human host.

Pseudomonas iron acquisition strategies

Due to its abundance and ability to participate in redox chemistry, iron is an 

essential metallonutrient for nearly all organisms. In aerobic environments where many 

bacteria live, iron exists in its insoluble ferric form (FeIII), limiting its bioavailability. 

Within a human host, iron is further sequestered from pathogenic bacteria by the action of 

iron-binding host proteins such as transferrin and lactoferrin (25, 26). Bacteria have 

therefore evolved a variety of strategies to mediate high affinity iron uptake, and these 

systems are essential for survival in the environment, as well as during infection of plant 

and animal hosts (27). Amongst these strategies is the synthesis and secretion of small 

iron-chelating molecules, termed siderophores, which scavenge and deliver ferric iron to 

highly specific, cell surface-exposed transporters (28). Alternatively, in hypoxic 
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conditions, such as those present in biofilm communities, bacteria can acquire reduced 

and soluble ferrous iron (FeII) through cytoplasmic membrane permeases (29). 

Moreover, several pathogenic microbes acquire iron via acquisition and degradation of 

heme molecules from host proteins (30). P. aeruginosa has evolved systems that mediate 

acquisition of iron via each of these strategies, which are described below.

Siderophore-mediated iron uptake 

Siderophores are high affinity iron chelators that scavenge Fe(III) from the 

environment and deliver this nutrient into the bacterial cell (28, 31, 32). Uptake of iron-

siderophore complexes by Gram-negative bacteria has been discussed at length in several 

recent reviews (33-36). Here we provide a streamlined overview of ferric-siderophore 

uptake by Gram-negative bacteria, highlighting various mechanisms by which 

siderophores may contribute to competition with other microorganisms. 

Ferric siderophores are bound at the cell surface by specific outer membrane 

transporters, which use energy transduced from the inner membrane via the TonB-ExbBD 

complex to mediate transport of the ferrisiderophore (Figure 2.1) (37, 38). Following 

import into the periplasm, most ferric-siderophore complexes are transported into the 

cytosol via inner membrane permeases, energized either by ATP (ABC-transporters) or 

proton motive force (39). One notable exception to this paradigm is pyoverdine, for 

which dissociation with iron occurs in the periplasm (40). Oftentimes, bacteria express 

additional transporters for xenosiderophores produced by other microbes in their habitat. 

The advantage of this strategy is two fold: 1) conserving energy required for synthesis of 
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siderophores and 2) decreasing the availability of an important metallonutrient for 

competing microbes.

Pyoverdines are the best studied siderophores produced by Pseudomonads, in part 

due to ease of their detection by fluorescence (20). Pyoverdines are complex molecules 

composed of a dihydroxyquinolone chromophore, acyl group, and peptide chain (41). 

The variable peptide chains of the pyoverdines have been used to “siderotype” 

Pseudomonas strains and therefore provided a way to distinguish Pseudomonads from 

one other (41). Collectively, there are more than 110 different biotypes of pyoverdines 

produced by the Pseudomonads, and P. aeruginosa strains alone are capable of producing 

three distinct biotypes (42, 43). Long-standing work in P. aeruginosa has established the 
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Figure 2.1. Iron uptake systems of P. aeruginosa. Ferric-siderophores (SID) and heme are 
recognized at the surface by specific outer membrane transporters (OMT), then bound by a 
periplasmic binding protein (PBP), and finally transported into the cytosol by inner membrane 
permeases (IMP).Once in the cytosol, heme is bound to PhuS and delivered to the iron-regulated 
HemO heme oxygenase, which degrades heme to biliverdin β or δ, releasing ferrous iron. A 
second, non-iron-regulated heme oxygenase, BphO, is largely responsible for turning over 
endogenously synthesized heme. Ferrous iron is transported into the cell by an inner membrane 
G protein-coupled permease FeoB.



importance of pyoverdine siderophores for pathogenesis (44-46). However, the ability of 

numerous Pseudomonas species not associated with human disease to produce these 

fluorescent compounds demonstrates a crucial role for pyoverdines in environmental 

niches as well. For example, P. syringae, a plant pathogen that causes disease in a wide 

range of crops (47), requires pyoverdine for plant infection (48, 49). Iron acquisition via 

pyoverdines has also been implicated for fitness in the rhizosphere of P. fluorescens (50, 

51), a soil microbe of significance for its bio-control and bioremediation properties (52). 

Thus, it is clear that P. aeruginosa evolved this virulence trait by environmental selection 

rather than co-evolution with the human host.

In addition to pyoverdines, many Pseudomonads produce secondary siderophores, 

most of which chelate iron to a lower affinity than pyoverdine (53). The secondary 

siderophores of Pseudomonads are not species specific, nor do they correlate with any 

specific environmental niche (54). No definitive conclusions can therefore be drawn 

regarding the evolutionary forces driving production of these siderophores, yet it is clear 

that they play a significant role in the overall fitness of Pseudomonads. For example, the 

pyochelin siderophore produced by P. aeruginosa is required for mammalian infection 

(45), yet it is not clear if iron assimilation is the sole function of this molecule. Pyochelin 

has a relatively low affinity for iron and binds to both zinc and copper with much higher 

affinities (55-58). While these findings might have suggested a role for pyochelin in 

overall metal homeostasis of P. aeruginosa, transport studies indicate that pyochelin-

mediated uptake of other metals is not as efficient as iron (53). As such, the biological 

impact of copper and zinc chelation by pyochelin remains unknown. In contrast to 
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pyochelin, pyoverdine demonstrates a much higher affinity for iron than other metals, 

indicating that its primary role is ferric iron scavenging (59-61).

Highlighting the potential for pyochelin to serve roles apart iron acquisition, 

antimicrobial activity has also been ascribed to pyochelin (62). Notably, the authors of 

this study demonstrated that the antimicrobial activity of pyochelin was not due to iron 

chelation. Rather, antimicrobial activity was dependent upon reactive oxygen species 

generated by the presence of pyochelin. Functions distinct from iron assimilation have 

similarly been shown for the secondary siderophores of other Pseudomonads (54). 

Combined, these results indicate that the role of these metabolites in survival, both in the 

environment and within the host, may not be restricted to iron scavenging.

Heme acquisition 

Heme, an iron-containing molecule found in hemoglobin, cytochromes, and other 

host proteins, constitutes a significant proportion of iron in the mammalian host. As such, 

many bacterial pathogens possess heme uptake systems that are required for infection 

(63-65). P. aeruginosa can acquire heme via two distinct TonB-dependent outer 

membrane transporters, HasR and PhuR (Figure 2.1), and an inner membrane ABC-

transporter (66). Once internalized, heme is bound by PhuS and delivered to the HemO 

heme oxygenase, which degrades heme to Fe(II) and biliverdin (Figure 2.1) (67). Small 

molecule inhibitors of HemO were previously shown to cure P. aeruginosa in a 

Caenorhabditis elegans infection model (68, 69). Moreover, several recent studies 

indicate that heme acquisition becomes increasingly important in chronic cystic fibrosis 
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(CF) lung infections (21, 22, 24). Thus, heme acquisition is likely an important iron 

acquisition system for P. aeruginosa during infection.

Unlike most bacterial pathogens that acquire heme as an iron source, P. 

aeruginosa encodes a second, non-iron regulated heme oxygenase, BphO (70). BphO 

does not function in acquiring extracellular heme as an iron source, but rather in turnover 

of intracellularly-synthesized heme (71). Biliverdin release from BphO occurs in the 

presence of BphP, a bacteriophytochrome that is conserved in many environmental, non-

photosynthetic bacterial species (70). The “division of heme degradation labors” in P. 

aeruginosa is mediated by PhuS, as deletion of phuS results in degradation of heme by 

both the HemO and BphO heme oxygenases (71). Curiously, degradation of heme by the 

HemO and BphO heme oxygenases produces distinct isoforms of biliverdin (BVIX), 

which are excreted into the media. BphO degrades heme to BVIX-α, while HemO 

degrades heme to either BVIX-β or BVIX-δ (70, 72). The BVIX-β or BVIX-δ isomers 

are not produced by any other known heme oxygenases encoded by either bacteria or 

higher organisms, and these distinct isomers are not recognized by the mammalian 

biliverdin reductases (Angela Wilks, personal communication). Thus, the BVIX-β or 

BVIX-δ isomers are recalcitrant to degradation by potential host organisms, suggesting 

the HemO proteins of Pseudomonads serve a unique role in heme metabolism, perhaps by 

functioning as signaling molecules. 

Homologous heme uptake systems are encoded by numerous environmental 

Pseudomonads, suggesting a role for heme acquisition beyond infection of mammalian 

hosts (54). Furthermore, at least two environmental Pseudomonads, P. syringae and P. 
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putida, encode both the BphO and HemO heme oxygenases that produce distinct 

biliverdin isomer patterns (73). Thus, there is likely an environmentally significant role 

for the dual heme oxygenase systems of these Pseudomonads. Similar to mammalian 

hosts, plants and cyanobacteria produce a biliverdin reductase, which mediates 

conversion of BVIX-α to the chromophore phytochromobilin (74, 75). Accordingly, 

interactions with photosynthetic organisms in the environment may have provided the 

selective pressure for the alternate BVIX isomers produced by HemO. In contrast, the 

PhuS protein that delivers transported heme to HemO in P. aeruginosa is not encoded by 

other Pseudomonads, indicating that regulation of heme metabolism by PhuS provides an 

advantage to P. aeruginosa in the human host. Studies addressing the impact of the 

distinct BVIX isomers in the rhizosphere, as well as during plant and animal infections, 

should provide intriguing insights into physiological role of the PhuS and HemO 

proteins.

Ferrous iron uptake 

In contrast to Fe(III), which forms insoluble hydroxides, Fe(II) is soluble and 

thought to freely transit the outer membrane of Gram-negative bacteria through porins. 

Periplasmic Fe(II) is subsequently transported into the cytosol via an inner membrane G-

protein coupled permease, FeoB (Figure 2.1), which is encoded by all Pseudomonads 

(29, 76, 77). Recent studies have demonstrated that the Feo system is more critical than 

siderophore-mediated iron uptake systems in hypoxic environments, such as those within 
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biofilms (23, 76). Thus, Feo is expected to play a significant role in certain types of 

chronic infections mediated by P. aeruginosa biofilm formation. 

An intriguing aspect of Pseudomonas Fe(II) uptake is the recent finding that 

phenazines, secondary metabolites that mediate redox cycling, reduce Fe(III) to Fe(II) 

(76, 78). This activity further promotes biofilm formation by allowing Fe(II) uptake 

through FeoB (76). The redox activity of phenazines is further postulated to be a 

biocontrol mechanism that protects plants from other microbes (52, 79). By this same 

mechanism, phenazines likely contribute to the ability of Pseudomonads to compete for 

limiting nutrients, including iron, in the rhizosphere. Phenazines also contribute to 

pathogenesis during mammalian infection by P. aeruginosa, potentially by lysing host 

cells thus releasing iron and other critical nutrients (80). Thus, phenazines appear to serve 

diverse and critical roles in Pseudomonas iron acquisition in both clinical and 

environmental settings.

Competition for iron with other microbes

Whether in the environment or a host, microbes often exist in polymicrobial 

communities, the composition of which is determined by who can best compete for 

nutrients. The complex nature of these communities has historically resulted in most 

microbial research being performed with pure cultures. However, recent advances have 

made it possible to overcome these complexities, revealing several clinically-relevant 

interactions (81-84). Some of the competitive strategies employed by P. aeruginosa have 

recently been shown to exacerbate infection (8, 85-87), leading to intensified research 
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into polymicrobial interactions. Two recognized competitive strategies of P. aeruginosa, 

each of which involve iron assimilation strategies, are described below.

Contribution of quinolones to iron homeostasis 

Staphylococcus aureus is a Gram-positive bacterium that often co-infects patients 

also colonized by P. aeruginosa. Co-infection by these pathogens results in worsened 

prognosis as compared to mono-infection by each pathogen (8, 88). P. aeruginosa has 

long been known to suppress growth of S. aureus, and several mechanisms appear to 

mediate this activity (89). The pqsA gene, encoding the enzyme responsible for initiating 

biosynthesis of several small quinolones, was previously shown to be required for 

suppression of S. aureus growth (7). Strikingly, pqsA-mediated growth suppression of S. 

aureus was accompanied by decreased expression of iron uptake genes by P. aeruginosa 

(7). Thus, it appears that co-culture with S. aureus provides an iron source to P. 

aeruginosa in a pqsA-dependent manner, yet the precise mechanism by which pqsA 

contributes to iron acquisition in co-culture is not clear. 

PqsA “activates” anthranilate by addition of coenzyme A (CoA), allowing for 

subsequent reaction with malonyl-CoA to produce several distinct 2-alkyl-4(1H)-

quinolones (AQs) that are secreted by P. aeruginosa (Figure 2.2A) (90, 91). One of these 

AQs is 4-hydroxy-2-heptylquinoline N-oxide (HQNO) (Figure 2.2A) (90), which is 

bacteriostatic to Gram-positive bacteria due to its activity as a cytochrome inhibitor (92, 

93). Another AQ is the Pseudomonas quinolone signal (PQS), which functions as a 

quorum sensing molecule and stimulates the production of redox active phenazines, 
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which, as noted above, may contribute to iron acquisition by multiple strategies (76, 80). 

PQS possesses a 3’ hydroxyl group on the quinolone moiety (Figure 2.2A), which was 

previously shown to allow Fe(III) chelation, albeit with significantly lower affinity than 

14

Figure 2.2. Proposed model for PQS-mediated iron homeostasis in polymicrobial 
environments. A. Biosynthesis of PQS is initiated when PqsA converts anthranilate to 
anthraniloyl-CoA, which can then function as a precursor for several alkylquinolones – HQNO: 
4-hydroxy-2-heptylquinoline N-oxide; HHQ: 2-heptyl-4-quinolone; PQS: 2-heptyl-3-
hydroxyl-4-quinolone. The boxed area shows the 3’ hydroxyl of PQS that allows for iron 
chelation and redox cycling with pyocyanin. B. The Fur-regulated PrrF sRNAs are expressed in 
iron-depleted environments and promote the production of PQS. In turn, PQS functions to 
suppress growth of S. aureus, which has previously been shown to provide an iron source to P. 
aeruginosa (247). The mechanism of S. aureus growth suppression by PQS is not well 
understood, but may occur by sequestration of ferric iron, which can then be effectively 
scavenged by the pyoverdine siderophore and delivered to the cytosol of P. aeruginosa. 
Alternatively, PQS may contribute to iron reduction by phenazines.



pyoverdines (94, 95). Regardless of its low affinity for iron, PQS restricts growth of a 

pyoverdine biosynthesis mutant, but not wild type P. aeruginosa, suggesting a role for 

this metabolite in iron homeostasis (94). These data have led to the hypothesis that PQS 

entraps iron at the cell surface, which can then be delivered to the cytosol by the 

pyoverdine siderophore (Figure 2.2B). The precursor to PQS is a 2-heptyl-4-quinolone 

(HHQ), which shares many of the same signaling activities as PQS, including the 

induction of phenazine production (92, 94). However, HHQ does not possess the 3-

hydroxyl group of PQS and is therefore incapable of chelating ferric iron. Thus, pqsA 

may promote iron homeostasis of P. aeruginosa by a variety of mechanisms.

Due to its modest affinity for iron, it is perplexing to consider how PQS might 

play a significant role in iron chelation when produced in the presence of pyoverdine. 

PQS is produced in iron-replete environments, raising the possibility that this quinolone 

could function either in extracellular iron storage, or in sequestration of this nutrient from 

other microbes. Perhaps, like pyochelin, PQS is capable of sequestering a variety of metal 

ions in the presence of other microbes. Alternatively, the 3’ hydroxyl group of PQS may 

confer other activities, distinct from chelation, that promote iron homeostasis. A recently 

published report demonstrates the ability of PQS to function as a redox partner with 

pyocyanin (96). Combined with previous studies showing that phenazines promote iron 

uptake by reducing insoluble Fe(III) to soluble Fe(II) (76, 78), these data highlight a 

possible indirect role for PQS in iron acquisition (Figure 2.2B). Like the iron chelating 

activity mentioned above, redox cycling between these two metabolites is dependent 

upon the 3’ hydroxyl group, and is therefore restricted to PQS. Quinolones are produced 
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by several microbes (89), yet the PQS molecule is unique to P. aeruginosa (97). Thus, 

PQS may provide an additional competitive advantage to P. aeruginosa as an 

opportunistic pathogen, particularly in polymicrobial infections.

In light of its apparent role in competition with other microbes for iron, recent 

work into the regulation of PQS production is particularly intriguing. The iron-repressed 

PrrF sRNAs were previously shown to be required for optimal PQS production (98) 

(Figure 2.2B). This effect is achieved through negative regulation of mRNAs coding for 

enzymes that metabolize anthranilate, the precursor for PQS. More recently, our lab 

showed that PrrF regulation of anthranilate metabolism allowed for maximal production 

of PQS in iron-depleted environments, when iron assimilation strategies are most critical 

(22). Production of PQS is also induced by the presence of peptidoglycan shed from S. 

aureus (8), further supporting the idea that PQS provides a competitive advantage in 

polymicrobial environments. PQS is detected in the sputum of CF patients, a complex 

polymicrobial environment inhabited by P. aeruginosa, suggesting this molecule plays a 

significant role during CF lung infection (99). More work is clearly needed to understand 

the molecular mechanism by which PQS promotes iron homeostasis of P. aeruginosa in 

this and other types of polymicrobial infections.

Metabolic cheats in iron acquisition 

Acquisition of iron is an essential aspect of survival and growth for many 

organisms. Thus, it is curious that microorganisms that do not produce any siderophores 

are capable of surviving in such competitive environments. For example, the non-
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fluorescent Pseudomonad P. stutzeri, which is most closely related to P. aeruginosa, does 

not encode for any siderophore biosynthetic genes (100). However, P. stutzeri encodes 

outer membrane transporters for siderophores produced by other Pseudomonads, 

suggesting this organism is a metabolic “cheat” that benefits from siderophore mediated 

iron uptake while not expending any of its own energy for siderophore biosynthesis. 

Moreover, some strains of P. putida and P. fluorecens express transporters for 

heterologous pyoverdines, while the pyoverdines produced by these specific strains 

cannot be used by other Pseudomonads (101). Thus, interspecies competition for iron 

amongst environmental Pseudomonads is mediated in part through variations in 

pyoverdine biotypes. It is possible that cheats for other metabolites, such as PQS or 

phenazines, similarly promote competition for iron in certain environments. Moreover, 

metabolic cheats are increasingly appreciated as contributing to within-host evolution of 

P. aeruginosa strains during chronic infections of the CF lung (102).

Short sighted evolution of iron acquisition strategies

The term “short-sighted” evolution has been used to describe how many 

opportunistic pathogens adapt to the rapidly changing host environment during a single 

infection (103). This type of evolution is distinct from that of “true” pathogens, for which 

adaptive mutations are driven over a long period of time by multiple interactions with a 

particular host, resulting in finely tuned virulence traits that often dictate host tropism. In 

contrast, the virulence traits of environmentally-derived opportunistic pathogens, such as 

P. aeruginosa, evolved in environments absent from a human host. These traits can then 
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be refined by short-sighted evolution during chronic infections, such as in the CF lung. 

This evolution has been shown to allow P. aeruginosa to adapt its iron acquisition 

strategies dependent upon the type of infection (104). Among the most notable of these 

adaptations are reductions in pyoverdine production during CF lung infections (22, 43). 

Short-sighted evolution also drives positive changes in heme acquisition by P. aeruginosa  

(24, 105). Thus, while pyoverdines are clearly required for acute infections of 

mammalian hosts (44, 45, 106), heme and ferrous iron uptake systems predominate in 

chronic infections (21-24) (Figure 2.3). 

One important implication of short-sighted evolution is that after a strain has 

adapted to a particular human host, the strain may likely become ill-equipped for life in 
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Figure 2.3. Changes in iron uptake systems during CF lung infection. As CF disease 
progresses, the lung becomes increasingly hypoxic, resulting in decreased Fe(III)/Fe(II) ratios. 
Pyoverdine biosynthesis is therefore decreased to conserve energy, while the heme and ferrous 
iron uptake systems become more dominant.



its native environment (103). For example, mutations in pyoverdine biosynthesis genes 

that occur in the CF lung likely occur by siderophore cheats growing in the presence of 

pyoverdine-producing strains (107). The loss of pyoverdine production is beneficial in 

this scenario, and may become permanent as the CF lung becomes increasingly hypoxic 

and the ratio of FeIII/FeII is reduced (23). Even during an individual infection, however, 

it is possible for pyoverdine-producing lineages to re-emerge as iron sources and resident 

microbiota shift with the changing physiology of the CF lung. Understanding short-

sighted evolution of P. aeruginosa’s iron acquisition strategies is therefore critical for 

elucidating the progression of chronic infections. 

Concluding Remarks

P. aeruginosa’s diverse assortment of iron assimilation strategies have clearly 

made this organism a premier opportunistic pathogen. Most notable is the versatility of 

this pathogen, allowing it to rapidly adapt to changing environments and compete with 

both microbial and higher organisms. Future research into how P. aeruginosa competes 

with other microbes for iron, as well as how these systems mediate homeostasis of other 

metal ions, should yield intriguing insights into the physiology of this significant human 

pathogen.
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Chapter 3: Interactions between Pseudomonas aeruginosa and Staphylococcus 

aureus during co-cultivations and polymicrobial infections2

Introduction

 Polymicrobial communities are prevalent in many infectious disease states, 

including surgical and diabetic foot wounds, otitis media, oral infections, and cystic 

fibrosis (CF) lung disease (6). While the importance of these communities in infectious 

disease has long been understood, the advent of cutting-edge technologies is yielding new 

insights into the complexities and impacts of multi-species infections on human health 

(18, 108-114). Despite these advances, the impact of polymicrobial interactions on 

infectious disease remains difficult to dissect in a laboratory environment. Contributing to 

the complexity of these studies is a dearth of appropriate models that accurately reflect 

the host environment. In particular, models for studying polymicrobial interactions must 

take into account the availability of required nutrients, impacts of host immunity factors, 

and changes in host physiology that occur as a result of infection and/or the underlying 

disease state. 

 Biological interactions in polymicrobial communities are most commonly defined 

based on the outcome of the interaction on each of the two participating species: 

parasitism refers to a relationship in which one organism benefits at the cost of the other, 

commensalism indicates that one organism benefits from the relationship with no effect 

on the other, and mutualism is defined as a relationship where both organisms benefit. 
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Regardless of their outcome on the individual species, each of these interactions has the 

potential to accelerate disease progression when it occurs at the site of an infection. In 

these cases, the term “synergism” has been applied to denote cooperativity – i.e. 

enhanced virulence capacity during co-infection as compared to that of either microbe 

alone (83). In contrast, antagonism occurs when the presence of two or more species 

protects the host from disease that occurs when only one species is present. As will be 

discussed in this review, defining specific interactions as mutualistic or antagonistic can 

be subjective, as negative effects on growth rates of one species may promote survival of 

that species in specific host environments. 

 In this mini-review, we will provide an overview of interactions that have been 

described between Staphylococcus aureus and Pseudomonas aeruginosa, two versatile 

bacterial pathogens that commonly inhabit the CF lung and chronic wound infections (6, 

115, 116). Synergism between S. aureus and P. aeruginosa has been observed in multiple 

models of infection, including wounds and chronic lung infection (8, 86-88, 117). 

Numerous studies have revealed both mutualistic and parasitic interactions that drive the 

synergistic impact of these two pathogens on infectious disease progression. We will 

specifically discuss the molecular mechanisms guiding these interactions, as well as their 

implications for the progression and outcome of polymicrobial infections. 

Commensal and Mutualistic Interactions

 Both S. aureus and P. aeruginosa exhibit intrinsic and acquired antibiotic 

resistance (118-121), making infections by these pathogens increasingly difficult to treat. 
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Adding to the complexity of managing these infections is the newly acknowledged 

phenomenon that co-cultivation of these species enhances survival in the presence of 

antimicrobials. Synergistic effects of co-culture are observed when assessing tolerance of 

S. aureus to both gentamicin and tetracycline when grown either in planktonic culture or 

in an in vitro wound model (117). Hoffman, et al, further demonstrated that increased 

tolerance of S. aureus to tobramycin during co-culture occurs through the secretion of P. 

aeruginosa exoproducts called alkyl-quinolones (AQs) (122), secondary metabolites that 

mediate interactions of this pathogen with several other microbial species (7, 9, 87, 89, 

123) (Table 3.1). 

 One specific AQ, 4-hydroxy-2-heptylquinoline-N-oxide (HQNO), acts as a 

quinone analog, binding to and inhibiting activity of cytochrome b in Gram-positive 

bacteria such as S. aureus (93, 124) (Figure 3.1). Inhibition of cytochrome b results in 
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Nomenclature Functions Structure

PQS

2- heptyl-3-
hydroxy-4(1H)-

quinolone 
(Pseudomonas 

quinolone signal)

• quorum sensing - virulence gene 
expression

• iron chelation
• vesicle formation

HHQ 2-heptyl-4-
hydroxyquinoline

• quorum sensing - virulence gene 
expression

• signaling - phenazine production

HQNO
2-heptyl-4-

hydroxyquinoline 
N-oxide 

• cytochrome bc1 complex 
inhibitor

Table 3.1. Structure and functions of key alkyl-quinolones.



decreased electron transport and thus energy production (124, 125). This reduction in 

ATP production shifts S. aureus metabolism from aerobic respiration to anaerobic or 

fermentative respiration (9, 122, 126). By inhibiting respiration, long term exposure to 
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Figure 3.1. HQNO inhibits cytochrome b and increases tolerance to antimicrobials. Figure 
showing cytoplasmic membrane (CM) of S. aureus. HQNO is a menaquinone analog that 
inhibits electron transport through cytochrome b. This results in decreased ATP generation and a 
shift to fermentative metabolism. Reduction of ATP in the cell decreases active transport which 
is required for uptake of aminoglycoside (AG) antibiotics.



HQNO selects for S. aureus small colony variants (SCVs), producing a similar outcome 

as either mutations in the terminal oxidases QoxABCD and CydAB (127) or exposure to 

secondary metabolites such as pyocyanin (126, 128). SCV formation in S. aureus also 

increases tolerance to aminoglycoside antibiotics, which require an active electron 

transport chain to enter the cell (129) (Figure 3.1). Therefore, SCVs have been shown to 

display increased tolerance to multiple antimicrobials (130-134).

 Co-culture with S. aureus similarly promotes selection of P. aeruginosa SCVs, 

resulting in increased survival and antimicrobial tolerance of P. aeruginosa isolates in the 

CF lung (135). This interaction is dependent upon the Agr quorum sensing system, which 

regulates the expression of multiple virulence factors in S. aureus (136). The precise 

mechanism by which S. aureus quorum sensing affects P. aeruginosa antimicrobial 

tolerance however remains unclear.

 Another major contributor to antibiotic tolerance and virulence during  

polymicrobial infections is biofilm formation. Mixed microbial biofilms are especially 

relevant in the context of CF due to the altered physiology of the lung (137, 138). Thick, 

dehydrated mucus and hypoxia in the CF lung provide prime conditions for biofilm 

formation by both S. aureus and P. aeruginosa (137). A recent report by Fugere et al., 

showed that production of HQNO and the pseudomonas quinolone signal (PQS), another 

AQ produced by P. aeruginosa, enhances biofilm formation by S. aureus (139). The 

promotion of mixed biofilms by these species results in decreased susceptibility to 

multiple classes of antibiotics, complicating eradication of co-colonizing 

microorganisms.  
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Parasitic Interactions

 In 1949, Jacques Monod proposed that limited availability of required nutrients 

shapes the populations of competing microbes (140). Such a change in population 

dynamics is often observed during chronic CF lung infections. The microbial makeup of 

the lungs is highly diverse and dynamic in young CF patients, yet this environment 

becomes dominated by P. aeruginosa as disease progresses (116) (Figure 3.2). Many 

factors impact the makeup of the bacterial population that inhabit this environment, 

including changes in nutrient availability and the host immune system (141). The studies 

highlighted below outline how specific host factors drive microbial interactions during 

polymicrobial infections. 
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Figure 3.2. P. aeruginosa displaces S. aureus in the CF lung. P. aeruginosa and multi-drug 
resistant P. aeruginosa (MDR-PA) outcompete S. aureus and methicillin-resistant S. aureus 
(MRSA) over the course of CF lung infection. As CF lung disease progresses, oxygen levels 
decrease coinciding with the use of heme and ferrous iron as predominant sources of iron. 



Iron availability 

 Iron is an essential nutrient for most microbial pathogens and is increasingly 

appreciated as a critical mediator of CF lung disease (2, 10, 142). Iron is limiting during 

infections due to sequestration by host proteins such as lactoferrin, transferrin, and 

hemoglobin (25, 26). Microbial pathogens have therefore evolved several means of 

acquiring this nutrient from the host. P. aeruginosa and S. aureus obtain iron through the 

secretion of siderophores (143-145), heme transport and degradation (66, 146), and 

ferrous iron uptake systems (76, 147). While siderophore-mediated iron uptake is clearly 

important for acute P. aeruginosa infections (41, 42, 45), several recent reports 

demonstrate a decreased reliance on siderophores and an increased utilization of heme 

and ferrous as an iron source by P. aeruginosa during CF infection (21-23, 148)  (Figure 

3.2). Skaar et al. further showed that S. aureus preferentially imports heme over 

siderophore-mediated scavenging of iron from transferrin (149). Thus, P. aeruginosa and 

S. aureus likely compete for limiting and overlapping sources of iron during 

polymicrobial infections. 

 While the majority of microbial iron uptake studies have been performed with 

pure cultures, recent studies are yielding new insights into how co-culture impacts iron 

homeostasis. P. aeruginosa was previously shown to lyse S. aureus, thus liberating iron 

from this competing microbial species during co-culture (7). This activity requires the P. 

aeruginosa pqsA gene, encoding the first enzyme in AQ biosynthesis, demonstrating a 

role for AQs in this parasitic interaction. More recently, our lab showed that iron 

deprivation enhances the production of certain AQs, correlating with increased 
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antagonism of S. aureus growth in low iron environments (123). Filkins et al., also 

showed that HQNO produced by P. aeruginosa drives S. aureus towards fermentative 

metabolism when the two species are grown in mixed biofilms, resulting in eventual 

reduced viability of S. aureus (9). The authors additionally showed that this parasitic 

behavior requires siderophore-mediated iron uptake by P. aeruginosa, again 

demonstrating a role for iron in this parasitic relationship. Release of peptidoglycan upon 

S. aureus lysis during co-culture further enhances AQ production by P. aeruginosa (87), 

presumably allowing for a positive feedback of each of these parasitic behaviors. These 

studies collectively demonstrate the potential for nutrient availability, as well as microbe-

microbe sensing, to enhance parasitic behaviors during polymicrobial infections.

Host immunity

 In order to survive during polymicrobial infections, competing microbes must 

also be able to circumvent the host immune system. Recent studies suggest modulation of 

the immune system by co-infecting pathogens affects the make-up of polymicrobial 

infections. While the above studies show that changes in nutrient availability, particularly 

iron, likely contribute to this shift, modulation of host immunity likely also plays a role. 

In line with this idea, P. aeruginosa induces the production of type-IIA-secreted PLA2 

(sPLA2-IIA), a potent bactericidal enzyme, by CF lung cells (150). Notably, the levels 

detected in CF sputum are potent enough to kill S. aureus but have minimal effects on P. 

aeruginosa viability (150). Thus, P. aeruginosa appears to induce host bacteriostatic 

factors to levels that specifically inhibit the growth of competing microbes.
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 P. aeruginosa is also capable of degrading host immune factors, including those 

involved in the sequestration of iron. Lactoferrin binds to the oxidized, insoluble form of 

ferric iron (Fe3+) at mucosal surfaces, sequestering this nutrient from infecting microbes 

(26). The high affinity of secreted siderophores for Fe3+ allows this nutrient to be 

scavenged by microbial pathogens, overcoming this barrier to infection (25). Lactoferrin 

is degraded in CF lungs colonized by P. aeruginosa, which promotes biofilm formation 

by this pathogen (151). Biofilm formation in turn contributes to increased local hypoxia 

of the CF lung, correlating with increased dependency on systems that mediate the uptake 

of reduced, ferrous iron (Fe2+) by P. aeruginosa (23). The impact of decreased lactoferrin 

on the survival of other microbial species in the CF lung has not yet been investigated. 

However, one potential hypothesis is that degradation of lactoferrin combined with 

increased hypoxia of the CF lung confer a specific advantage to P. aeruginosa over CF 

pathogens that are not as adept at ferrous iron uptake.

 Chronic polymicrobial infections involving P. aeruginosa and S. aureus are often 

the result of a dysfunctional or depressed immune system, and the long-term nature of 

these infections further alters host physiology and immunity (6). Analysis of the DK-2 

lineage of P. aeruginosa, isolated from multiple CF patients between 1973 and 2008 

(152), showed that this strain’s ability to inhibit S. aureus growth was reduced as it 

adapted to the CF lung environment (135). A separate analysis of 24 P. aeruginosa 

isolates from 8 distinct CF patients at multiple stages of chronic lung infection showed a 

similar reduction in the ability of P. aeruginosa to inhibit S. aureus growth (153). Thus, 
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adaptation to the host environment during chronic CF lung infections shifts the 

relationship between these two species from parasitic to commensal.

Outcomes of S. aureus-P. aeruginosa interactions

 The above highlighted microbial interactions clearly have the potential to exert 

synergistic impacts on the progression of polymicrobial infections. The most obvious of 

these is how increased antimicrobial tolerance during co-cultivation can complicate 

therapeutic management of co-infections. Enhanced virulence also occurs through the 

increased production of AQ metabolites that mediate both parasitic and mutualistic 

interactions. PQS functions as a quorum sensing molecule to activate the production of 

lytic enzymes that promote tissue invasion and redox-active phenazines that exhibit 

toxicity against eukaryotic cells (97, 154) (Table 3.1). The precursor to PQS, HHQ, also 

induces the expression of lytic enzymes and phenazines (92, 94) (Table 3.1). As such, 

enhanced synthesis and secretion of AQs in response to other microbial pathogens 

promotes increased production of virulence factors by P. aeruginosa (8). 

 Several infection models have been developed to investigate the impact of co-

infections of P. aeruginosa and S. aureus, including the impact of AQs on virulence. A 

Drosophila model was used to screen 40 oropharngeal isolates, including some 

Staphylococcal species, for virulence in the presence and absence of P. aeruginosa, 

resulting in the identification of three distinct infection classes (86). Class 3 represented 

isolates that were avirulent in mono-culture, but when co-cultured with P. aeruginosa 

became pathogenic. This model system was also used to show that P. aeruginosa 
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increased AQ and virulence factor production in the presence of peptidoglycan released 

from S. aureus, resulting in increased mortality of the fly (8, 87). A mammalian 

polymicrobial infection model, in which mixed in vitro biofilms are transplanted into the 

wounds of mice, has also been used to study co-infections of S. aureus and P. aeruginosa 

(88). The authors of this study found that wound closure was delayed, and antimicrobial 

therapy was less effective, in S. aureus-P. aeruginosa co-infections as compared to mono-

infection with P. aeruginosa. Combined, these studies highlight the potential for 

increased virulence due to co-infections.

 While these studies demonstrate that co-infection often results in enhanced 

virulence, variations in host age, overall health status, and other microbial inhabitants 

complicate the ability to predict the outcomes of polymicrobial infections. This is 

particularly true in the case of CF lung infections, in which both synergistic and 

antagonistic outcomes of co-infection have been noted. According to a predictive model 

by Liou et al., the presence of S. aureus increases survivorship of patients co-infected 

with P. aeruginosa, suggesting interactions between these two pathogens have beneficial 

consequences for the infected host (155). However, other reports show that the presence 

of methicillin resistant S. aureus (MRSA) with P. aeruginosa correlates with increased 

morbidity and mortality for co-infected CF patients due to increased antibiotic resistance 

and rate of lung function decline (156). A recent study examined S. aureus as a marker 

for CF lung disease in adult patients. In children with CF disease, the presence of S. 

aureus correlated with increased inflammation and decreased lung function (157). In 

contrast, S. aureus in adults could be a marker for milder disease, particularly if it 
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coincides with reduced colonization by P. aeruginosa. Thus, host-specific factors play a 

critical role in the manifestation of polymicrobial infections involving S. aureus and P. 

aeruginosa. 

 Even when analyzing co-cultures in vitro, defining whether specific interactions 

between S. aureus and P. aeruginosa are parasitic or mutualistic is not as simple or clear 

as it may first appear. As discussed earlier in this review, P. aeruginosa produces and 

secretes a secondary metabolite, HQNO, that suppresses S. aureus growth by inhibiting 

respiration. While this behavior is seemingly parasitic, as growth suppression would 

allow P. aeruginosa to outcompete S. aureus for essential nutrients, it also selects for 

small colony variants of S. aureus, increasing the potential for this competing microbe to 

persist during infection (122). Studies cited above from Michelsen, et al., further show 

that the reduced ability of P. aeruginosa CF isolates to inhibit S. aureus growth correlates 

with the selection of P. aeruginosa isolates with increased antibiotic tolerance during co-

culture (135). More studies into the long-term outcomes of chronic polymicrobial 

infections, relying on appropriate in vitro and in vivo models, are clearly needed to 

improve our understanding of how these interactions contribute to infectious disease. 

Summary

 Regardless of how interactions between S. aureus and P. aeruginosa are 

characterized, the presence of these pathogens together clearly results in distinct disease 

manifestations and warrants careful consideration for successful management of 

polymicrobial infections. As highlighted in this review, co-culture of S. aureus with P. 
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aeruginosa affects the virulence capacity and vulnerability to antimicrobial therapy of 

both pathogens, exerting both synergistic and antagonistic effects on disease progression. 

Future studies defining the impacts of interspecies interactions, as well as the host factors 

that modulate these interactions, are critical for understanding the pathogenesis of 

polymicrobial infections. 
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Chapter 4: Adaptation of iron homeostasis pathways by a Pseudomonas aeruginosa 

pyoverdine mutant in the cystic fibrosis lung3

Introduction

 Cystic fibrosis (CF) is a heritable disease characterized by the accumulation of 

thick, dehydrated mucus in the lungs, making patients prone to infections by numerous 

bacteria (116, 158). Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, 

infects approximately 80% of adult CF patients by early adulthood (18, 116), with initial 

colonization occurring in the presence of a diverse CF lung microbiome (158). P. 

aeruginosa eventually becomes the predominant resident of the CF lung, where it persists 

for decades as a chronic infection (116). During this period, the physiology of the CF 

lung changes dramatically due to chronic infection and inflammation, resulting in 

considerable evolution of infecting P. aeruginosa strains. Most notable is the eventual 

conversion of most CF isolates of P. aeruginosa to a mucoid phenotype, characterized by 

increased polysaccharide production (159, 160) and antibiotic resistance (161-164), and 

decreased production of factors required for acute infections (165-171). 

 Iron is required for P. aeruginosa virulence (44-46, 106, 172, 173), but is 

sequestered from microbial pathogens in the human host (25, 26). P. aeruginosa 

overcomes iron limitation during infection through a variety of mechanisms, including 

the synthesis and secretion of two siderophores, pyoverdine (174) and pyochelin (175). 

These molecules scavenge ferric iron from host proteins during infection and are thus 
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required for pathogenesis in a number of virulence models (44, 45, 172, 173). Upon 

binding to the FpvA outer membrane receptor, pyoverdine additionally activates gene 

expression via the PvdS sigma factor, inducing production of an iron-regulated protease, 

exotoxin A, and pyoverdine biosynthesis proteins (176-178). As such, the requirement of 

pyoverdine in acute infections is due to both high-affinity iron acquisition and regulation 

of virulence gene expression. Pyoverdine-mediated uptake of ferric iron may not be as 

important during chronic CF lung infections, however, due to the finding that disease 

progression is associated with decreased oxygen levels (179). In line with this hypothesis, 

pyoverdine is present in the sputum of some but not all CF patients (144), and in one 

study a third of P. aeruginosa strains isolated from CF patients had lost the ability to 

produce pyoverdine (43). Additionally, expression of the genes for pyoverdine 

biosynthesis genes by P. aeruginosa growing in the CF lung is variable (21). Moreover, 

recent genome sequencing analysis of numerous CF isolates demonstrated the highest 

level of genetic diversity among infecting P. aeruginosa strains to be localized to the 

pyoverdine synthesis and uptake genes (180). 

 Based on the above cited studies, it is hypothesized that P. aeruginosa adapts to 

use ferrous iron and heme uptake systems in place of siderophores during CF lung 

infection. In support of this idea, genes encoding the ferrous iron and heme uptake 

systems are consistently expressed by P. aeruginosa growing in the CF lung (21, 23). P. 

aeruginosa acquires ferrous iron via the Feo system, a G-protein-like transporter of 

ferrous iron (29, 76, 77, 181), and mediates heme acquisition via at least two systems: 

Phu (Pseudomonas heme uptake) and Has (heme assimilation system) (66). Once 
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internalized, heme is bound by the cytoplasmic heme chaperone PhuS and delivered to an 

iron-regulated heme oxygenase (hemO), which degrades heme to iron, CO, and biliverdin 

(BVIX) (67). P. aeruginosa is unique in that many strains encode a second, non-iron-

regulated heme oxygenase, BphO (70). However, in vitro studies show that PhuS can 

deliver heme to HemO, but not to BphO (182). Further, P. aeruginosa strain PAO1 almost 

exclusively degrades extracellularly-provided heme with HemO, while BphO mediates 

degradation of endogenously-produced heme (183). Combined, these studies demonstrate 

that P. aeruginosa HemO is likely the primary driver of iron acquisition from exogenous 

heme in strain PAO1. 

 While iron is required for growth and virulence of P. aeruginosa, surplus iron can 

also cause oxidative stress. The central mediator of iron homeostasis in P. aeruginosa is 

the ferric uptake regulator (Fur) protein, and several lines of evidence indicate the 

essentiality of P. aeruginosa Fur (184-186). In iron-replete environments, ferrated-Fur 

represses expression of genes for iron acquisition, preventing toxic iron accumulation in 

the cytosol (143). Fur also mediates positive regulation of numerous genes via repression 

of the PrrF small RNAs (sRNAs), which in turn negatively affect the expression of more 

than 50 genes encoding iron storage proteins, enzymes that protect against oxidative 

stress, and iron-containing respiratory enzymes (98, 187). Accordingly, PrrF regulation 

spares intracellular iron stores during growth in iron-limiting environments, while Fur 

repression of the PrrF sRNAs allows for functions that are favored when iron is more 

readily available. The P. aeruginosa PrrF sRNAs are encoded in tandem, allowing for the 

expression of a heme-regulated sRNA named PrrH (188). We previously showed that 
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PrrH mediates heme activation of nirL (188), encoding a putative activator of heme d1-

dependent nitrite reductase (NIR) required for anaerobic respiration (189), suggesting this 

novel sRNA regulates heme homeostasis.

 Among the metabolic genes regulated by PrrF are those encoding the enzymes for 

degradation of anthranilate. Anthranilate is the substrate for PqsA, which carries out the 

first step in biosynthesis of multiple 2-akyl-4-quinolones (AQ) (90). One of these AQ’s, 

the Pseudomonas quinolone signal (PQS), is a quorum sensing molecule that regulates 

virulence gene expression (190, 191). The PrrF sRNAs spare anthranilate for PQS 

production by inhibiting the expression of the anthranilate degradation genes (98). Thus, 

the PrrF sRNAs are required for PQS production in low iron growth conditions. Purified 

PQS can also stimulate pyoverdine biosynthesis via its ability to chelate and sequester 

extracellular ferric iron. As a result of this activity, purified PQS blocks the growth of P. 

aeruginosa siderophore mutants (94, 95). These findings have led to the proposal that 

PQS functions in extracellular iron entrapment to facilitate pyoverdine-mediated iron 

uptake by wild type P. aeruginosa. Additionally, PqsA is required for lysis and iron 

acquisition from the Gram-positive bacterium Staphylococcus aureus (7), which inhabits 

the CF lung at earlier stages of disease (116). As such, pyoverdine, PrrF, and PQS may 

play inter-related roles in iron acquisition and regulation in P. aeruginosa, particularly in 

polymicrobial infections. However, it remains unknown how these different activities 

work together to mediate iron acquisition during chronic CF lung infections. 

 Pyoverdine clearly plays a central role in P. aeruginosa physiology and virulence, 

and loss of this important virulence factor during chronic CF infection is likely 
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accompanied by significant changes in gene regulation and iron acquisition pathways. In 

this report, we show that pyoverdine production was reduced during CF lung infection in 

four out of five longitudinally-isolated strains of P. aeruginosa. In-depth analysis of one 

of these strains revealed considerable changes in iron acquisition and regulatory systems 

at later stages of infection. Most notable were loss of PQS production, changes in PrrF-

mediated iron regulation, and enhanced heme utilization. This study provides the first in-

depth characterization of the long-term changes that occur in iron homeostasis during 

chronic infections of the CF lung by P. aeruginosa. Further, this work provides the basis 

for identification of novel iron acquisition and regulatory targets for future antimicrobial 

drug development directed toward chronic lung infections.

Materials and Methods

Bacterial strains, genetic manipulations, and growth conditions 

 Longitudinal isolates from CF patients were isolated at hospitals in British 

Columbia (Dr. David Speert) as previously described (166) and are described in Table 

4.1. Other bacterial strains and plasmids used in this study are listed in Table 4.2. RAPD 

typing of longitudinal isolates was performed as previously described using primer 272 

(AGCGGGCCAA) (192). The pqsA mutant was generated in our laboratory’s PAO1 

strain by allelic exchange (193) using the previously-described ∆pqsA deletion construct 

(194). Brain heart infusion (BHI) media was used for routine culture of P. aeruginosa. 

Luria-Bertani (LB) medium was used for routine culture of E. coli. For expression and 

heme metabolism studies, strains were grown for 18 hours at 37°C with aeration in 
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chelex-treated, dialyzed trypticase soy broth (DTSB), or diluted from LB into M9 

minimal media purchased from Teknova containing 2% glucose and grown for 4 hours, 
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Strain/Plasmid Description Source/
Reference

StrainsStrainsStrains

SM10 λpir E. coli strain used for conjugation: pirR6K Taylor, et al. (243)

PAO1
Wild type P. aeruginosa strain used for mutational 
analysis in this and previous studies. Obtained from Dr. 
Mike Vasil. 

Holloway (242)

PAK Wild type P. aeruginosa strain obtained from Dr. Mike 
Vasil. M. Vasil

PA103 Wild type P. aeruginosa strain obtained from Dr. Mike 
Vasil. M. Vasil

PA14 - MV Wild type P. aeruginosa strain obtained from Dr. Mike 
Vasil. M. Vasil

PA14 - DN Wild type P. aeruginosa strain obtained from Dr. Dianne 
Newman. D. Newman

∆pvdA Deletion of pvdA gene generated previously in PAO1 Ochsner, et al. 
(198)

∆pvdD Deletion of pvdD gene generated previously in PAO1 Ochsner, et al. 
(198)

∆pchEF Deletion of pchEF genes generated previously in PAO1 Banin, et al. (246)

∆pvdD∆pchEF Deletion of pchEF and pvdD genes generated previously 
in PAO1 M. Vasil 

∆pvdS Deletion of pvdS gene generated previously in PAO1 Ochsner, et al. 
(198)

∆fpvA Deletion of fpvA gene generated previously in PAO1 Ochsner, et al. 
(198)

∆pqsA Deletion of pqsA gene generated in PAO1 This Study

CF-102 Mild CF P. aeruginosa lung isolate R. Ernst

CF-107 Mild CF P. aeruginosa lung isolate R. Ernst

CF-135 Severe CF P. aeruginosa lung isolate R. Ernst

CF-108 Severe CF P. aeruginosa lung isolate R. Ernst

MRSA-M2 Methicillin-resistant isolate of S. aureus isolated from an 
osteomyelitis patient in Galveston, Texas. Harro, et al. (238)

PlasmidsPlasmidsPlasmids

p∆pqsA-suc pqsA deletion suicide vector constructed previously Farrow, et al. 
(194)

Table 4.2. Bacterial strains and plasmids used in this study. 



then subcultured into fresh M9 for an additional 8 hours at 37°C (98). Ferric chloride was 

added to a final concentration of 100 µM or 200 µM as indicated. Heme stocks were 

freshly prepared prior to use in 0.1N NaOH / 20mM Tris and adjusted to pH 7.0 with 

HCl, and stock concentration was determined by pyridine hemochrome assay as 

previously described (195) using the following extinction coefficients: ε = 170.0 mM-1 

cm-1 at A=418 nm; ε = 17.5 mM-1 cm-1 at A=525 nm; ε = 34.5 mM-1 cm-1 at A=555 nm. 

Heme was immediately diluted into media to the indicated concentration.

Detection of siderophores 

 Production of the pyoverdine chromophore was determined spectroscopically by 

reading the absorbance of culture supernatants at 410 nm (41). Total iron chelator 

production  in DTSB and M9 culture supernatants was quantified by chrome azurol S 

(CAS) assay as previously described (196). All readings were normalized to culture 

density as determined by the absorbance at 600 nm.

Real time PCR 

 Real time PCR (qPCR) analysis of gene expression in broth cultures was carried 

out as previously described (71, 98, 188) using the Applied Biosystems StepOne Plus 

Real Time PCR System (Life Technologies). Primers and probes are listed in Table 4.3. 

Relative amounts of cDNA were determined by the ∆∆CT method or by use of a standard 

curve generated from serial dilutions of cDNA from PAO1 grown in low iron. Expression 

was normalized to omlA cDNA detected in each sample. Sputum samples were collected 
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under the approval of the New Zealand Health and Disability Ethics Committees (NYTY/

10/12/106) and the Southern Tasmanian Health and Medical Research Ethics Committee 

(H9813). Individuals with CF and non-CF bronchiectasis attending Dunedin 

Hospital were recruited and written informed consent was provided by all study 

participants. Sputum was expectorated into 20 mL of RNAlater® (Qiagen). RNA was 

extracted, cDNA synthesized and qPCR carried out as described previously (21), with 

transcript amounts being normalized to those of the clpX and oprL reference genes.
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Oligonucleotide Sequence 5’ – 3’

Primers

prrF.for AAC TGG TCG CGA GAT CAG C 
prrF.rev CCG TGA TTA GCC TGA TGA GGA G 
prrH.for ATT CGG CCG GAG ACG ACC GTT 
prrH.rev CGA CCA GTT GGT GTA ATA ATA ACT ATT 
antA.for CGC CAC CCT CGA CTA CAG 
antA.rev GGG CAT CTC GCT GAA GAG 
pqsA.for CCT CGA TTT CGA TCC CGA TAC
pqsA.rev TGG CCT GGG AGA GAA TGT AGG
pchE.for CGG CGA TCA ATA CCA TCG AC
pchE.rev AAG ACC GAC AGA TCG AAG TCC A
pvdS for CCT GGT CAA CTT CAT GAT CCG
pvdS rev AGA TGG GTG ACG TTG TCG C
Probes
prrF TAA GCT GAG AGA CCC ACG CAG TCG G 
prrH CTG GCG ATG GAA TGA ATG AGA ACC G 
antA TCT CCT TCG CCA ACG GCC AC 
pqsA CAC TAT CGG GGC CAG ACT CTC AGC C 
pchE TGA ACG CAT CGG ATC GCT TGC TG 
pvdS CCT GGT GCA CTG CCG CAA GGT

Table 4.3. Primers and probes used in this study. 



Detection of PQS 

 Bacteria were grown in DTSB for 18 hours at 37°C, with and without 100 µM 

FeCl3 supplementation as indicated. Each culture was harvested and extracted with 

acidified ethyl acetate as described by Collier, et.al. (99). One half of the resulting 

organic extract was transferred to a clean tube and evaporated to dryness. Samples were 

resuspended in 1:1 acidified ethyl acetate:acetonitrile and analyzed by thin-layer 

chromatography (TLC) (97).  

Isotopic heme labeling studies 

 Heme labeling studies were performed as previously described (71). Briefly, heme 

was prepared from unlabeled or labeled [4-13C]-δ-aminolevulinic acid (ALA) according 

to the method described by Rivera and Walker (71) and the yield calculated by the 

pyridine hemochrome assay (197). P. aeruginosa strains were grown in M9 supplemented 

with the indicated concentrations of 12C- or 13C-heme. BVIX isomers were purified from 

the culture supernatants and separated and analyzed by LC-tandem mass spectrometry 

(MS/MS) (Waters TQD triple quadrupole mass spectrometer with AQUITY H-Class 

UPLC) as described previously (71). Fragmentation patterns of the parent ions at 583.21 

(12C-BVIX) and 591.21 (13C-BVIX) were analyzed using multiple reaction monitoring 

(MRM). The fragmentation patterns of the respective BVIX isomers are shown in Figure 

4.1.
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Results 

Pyoverdine production is significantly reduced in longitudinal isolates from multiple 

CF patients 

 To determine the molecular basis of pyoverdine mutation in the CF lung, we first 

sought to identify natural pyoverdine biosynthesis mutants from a collection of 

longitudinal CF clinical isolates of P. aeruginosa. Among these strains are de-identified 

isolates from longitudinal studies of infants, children, and adults, exhibiting both mucoid 
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Figure 4.1. MS/MS Fragmentation patterns of the 13C-labeled and unlabeled BVIX 
isomers. 13C-labeling pattern marked by grey circles leads to an increase of eight mass units for 
heme and the respective fragment ions of the respective BVIX isomers as shown. 



and non-mucoid phenotypes. From this collection, we chose sixteen isolates with varying 

levels of fluorescent pigmentation that were isolated from five different CF patients. A 

summary of these isolates, their pigmentation and mucoid characteristics, collection 

dates, and age at collection is provided in Table 4.1. Random amplification of 

polymorphic DNA (RAPD) typing of these isolates demonstrated that those from the 

JSRI, LNAP, DSAM, or FCOR patients were indeed clonal (Figure 4.2A-B). As a 

comparison, other commonly-used laboratory strains and non-longitudinal CF isolates 

showed distinct banding patterns (Figure 4.2A). WTHO-1 and WTHO-2, which were 

isolated from a single patient earlier in infection (ages 5 and 13), were also related to one 

another. However, WTHO-3’ and WTHO-4’, which were isolated from the same patient 
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Figure 4.2. RAPD typing demonstrates the relatedness of longitudinal CF isolates. Genomic 
DNA isolated from the indicated strains analyzed by RAPD typing as described in the materials 
and methods. Strains are described in Tables 4.1 and 4.2. (A) Laboratory strains and select CF 
isolates; (B) DSAM clonal CF isolates; and (C) FCOR and WTHO clonal CF isolates.



at later stages of infection (ages 14 and 19), were clones of a distinct P. aeruginosa strain 

(Figure 4.2C). Most of the isolates grew at comparable rates to the wild type PAO1 strain 

(Figure 4.3-4.4). However, the JSRI-3 isolate, which is a small colony variant, did not 

grow well in most laboratory media, including Luria-Bertani (LB) broth (Figure 4.5). 

Therefore, this isolate was not amenable to further analysis in this study.

 We next characterized siderophore production by each of these isolates in 

comparison with laboratory strain PAO1 and an isogenic ∆pvdA mutant, which lacks the 

enzyme for the first dedicated step in pyoverdine biosynthesis. Strains were grown in 

dialyzed tryptic soy broth (DTSB), an iron-depleted medium that allows for robust, iron-

regulated pyoverdine production by P. aeruginosa (198). PAO1 produced significant 

amounts of iron chelator in this medium, as determined by the ability of supernatants to 

scavenge iron from chrome azurol S (CAS) (196), while the ∆pvdA mutant produced very 

low levels of iron chelator (Figure 4.6). Spectroscopic examination of the supernatants, 

which exploits the fluorescent properties of pyoverdine, demonstrated that reduced CAS 

activity in the ∆pvdA mutant was due to reduced pyoverdine production (Figure 4.6). 

Applying this analysis to the longitudinal CF isolates, we observed significant decreases 

of both CAS activity and fluorescence in the supernatants of the JSRI, DSAM, FCOR, 

and LNAP isolates from later stages of infection as compared to the original isolate 

(Figure 4.6A-D). Furthermore, fluorescence in the supernatants of the most recent JSRI, 

DSAM, and FCOR isolates was comparable to that of the PAO1 ∆pvdA mutant, 

indicating a complete lack of pyoverdine production in these isolates. Moreover, while 

CAS activity and fluorescence of the most recent LNAP isolate was comparable to our 
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Figure 4.3. Growth curves of CF longitudinal isolates (DTSB). The indicated strains were 
grown for 16 hours in LB, then diluted in DTSB to an absorbance of 0.08 at 600 nm. The 
absorbance of the cultures at 600 nm was taken every 30 minutes in a Bioscreen C instrument. 
Cultures were grown with or without 100 µM FeCl3 supplementation as indicated. Error bars 
represent the standard deviation of three independent experimental cultures.
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Figure 4.4. Growth curves of CF longitudinal isolates (M9). The indicated strains were 
grown for 16 hours in LB, then 1:25 in M9, grown for an additional 4 hours, and diluted in 
fresh M9 media to absorbance of 0.08. The absorbance of the cultures at 600 nm was taken 
every 30 minutes in a Bioscreen C instrument. Strains were grown with or without 100 µM 
FeCl3 supplementation as indicated. Error bars represent the standard deviation of three 
independent experimental cultures.



PAO1 laboratory strain, these levels were significantly reduced as compared to LNAP-1 

(Figure 4.6D). Thus, pyoverdine production by this strain also decreased during CF lung 

infection. No significant decrease in pyoverdine production was observed in the 

WTHO-2 isolate as compared to WTHO-1 (Figure 4.6E). However, the supernatants of 

the WTHO-3’ isolate, which constitutes a distinct strain of P. aeruginosa isolated from 

the same patient one year later, demonstrated significantly less CAS activity and 

fluorescence as compared to WTHO-2 (Figure 4.6E). Decreased pyoverdine production 

by the JSRI, DSAM, LNAP and WTHO strains was also observed in M9 minimal media 

(Figure 4.7A-B, D-E), further supporting our findings. However, FCOR-3 produced a 

greater level of pyoverdine in M9 than in DTSB (Figure 4.7C), suggesting the signaling 

pathways for pyoverdine production in this strain are distinct. Taken together, these data 

demonstrate decreased production of pyoverdine is a common strategy for adapting iron 

uptake systems in the CF lung (Table 4.1). 
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Figure 4.5. Growth of JSRI-3 is defective LB broth. The indicated strains were grown in LB 
broth for 16 hours, and the optical density of the culture was determined at 600 nm. Error bars 
represent the standard deviation of three independent experiments. NG – no growth detected.



 To determine the basis of decreased pyoverdine production, we analyzed 

expression of genes involved in siderophore biosynthesis in the JSRI isolates grown in 

DTSB media. Expression of pvdS, encoding the sigma factor required for expression of 

the pyoverdine biosynthesis genes, was significantly reduced in the JSRI-1 isolate as 

compared to PAO1 (Figure 4.8A). Surprisingly, no significant reduction in pvdS 

expression was evident in the JSRI-2 isolate, even though this isolate produces 
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Figure 4.6. Identification of a natural pyoverdine mutants isolated longitudinally from a 
CF patients. The JSRI (A), DSAM (B), FCOR (C), LNAP (D), and WTHO (E) strains were 
grown in DTSB media without iron supplementation at 37°C for 18 hours. Cells were then 
harvested and supernatants analyzed for CAS reactivity (dark grey bars) and the presence of the 
pyoverdine chromophore (light grey bars) as described in the materials and methods. PAO1 and 
∆pvdA values were also obtained in each experiment for comparison. Error bars show the 
standard deviation of three independent experiments. Asterisks indicate the following p values as 
determined by a two-tailed Student’s t test: * p < 0.05; ** p < 0.01, *** p < 0.005, **** p < 
0.001.



significantly less pyoverdine than JSRI-1 in this medium. Thus, it is likely that mutations 

in the pyoverdine biosynthesis genes themselves contributed to decreased pyoverdine 

production in this strain. Previously, induction of pyochelin biosynthesis was observed 

upon loss of pyoverdine biosynthesis in P. aeruginosa (199). However, no significant 

induction of the pchE gene for pyochelin production was observed in either the ∆pvdA 

mutant or the JSRI-2 isolate when grown in DTSB media, with or without iron 
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Figure 4.7. Pyoverdine and siderophore production in M9 media. JSRI, DSAM, FCOR, 
LNAP, and WTHO strains were grown for 16 hours in LB, diluted 1:25 in M9 and grown for 4 
hours, then diluted into fresh M9 media to an absorbance of 0.08 and grown for an additional 8 
hours. Cells were then harvested and supernatants analyzed for CAS reactivity (dark grey bars) 
and pyoverdine chromophore production (light grey bars) as described in materials and methods. 
Error bars show the standard deviations of three independent experiments. Asterisks indicate a 
significant change (* p < 0.05; ** p < 0.01; *** p < 0.005) as determined by a two-tailed 
Student’s t test. 



supplementation (Figure 4.8B). Moreover, based on the finding that pchE expression was 

consistent in the JSRI isolates, it is likely that this strain retained the ability to make 

pyochelin.
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Figure 4.8. Relative expression of iron-regulated genes in the JSRI strain. RNA was isolated 
from the indicated strains grown in DTSB with or without 100µM FeCl3 supplementation, and real 
time PCR was performed to analyze the abundance of the indicated transcripts as described in the 
materials and methods. Relative expression was determined using ∆∆Ct, comparing the expression 
value of each sample to the PAO1 low iron sample (set at 1). Error bars indicate the standard 
deviation of three independent experiments. Asterisks indicate a p value of less than 0.05 (*) or 
0.005 (**) as determined by a two-tailed Student’s t test.



PQS production decreased in the JSRI strain during CF lung infection 

 PQS is predicted to be involved in iron acquisition by PAO1, through its abilities 

to mediate lysis of other bacteria and chelate ferric iron (7, 94). To determine if this 

strategy was retained by the JSRI strain during CF lung infection, we used thin layer 

chromatography to analyze PQS production in high and low iron DTSB media. As 

expected, PAO1 produced PQS regardless of iron supplementation, while no PQS was 

detected in the ∆pqsA supernatant, an isogenic mutant for the first step in AQ synthesis 

(Figure 4.9). Strikingly, JSRI-1 produced equivalent levels of PQS when compared to 

PAO1, while AQ production was completely absent in the JSRI-2 isolate (Figure 4.9). 

This reduction in AQ production is not likely due to decreased production of pyoverdine, 

as the PAO1∆pvdA mutant makes similar levels of AQ as PAO1 (Figure 4.9). In 

agreement with earlier studies (98), PQS production was not increased by iron depletion 

when comparing extracts from high and low iron cultures (Figure 4.9). However, our 
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Figure 4.9. PQS production is eliminated in the JSRI-2 isolate. Strains were grown at 37°C 
for 18 hours in DTSB media without (A) or with (B) supplementation of 100 µM FeCl3. Cells 
were harvested and supernatants were analyzed by TLC for PQS production as described in the 
materials and methods. Arrows indicate the migration of PQS and an unknown iron-regulated 
AQ(s). Lane 1 – PQS standard. Lane 2 – PAO1. Lane 3 – ∆pqsA. Lane 4 – ∆pvdA. Lane 5 – 
JSRI-1. Lane 6 – JSRI-2.



analysis showed that a distinct AQ species was produced at higher concentrations in low 

iron conditions (Figure 4.9). Moreover, this species was more abundant in the low iron 

culture supernatants of the JSRI-1 isolate than those of PAO1 or the ∆pvdA mutant 

(Figure 4.9A). Analysis of the expression of pqsA, which encodes the first step in AQ 

biosynthesis from anthranilate, demonstrated its expression was significantly decreased in 

JSRI-2 as compared to JSRI-1 (Figure 4.8C). Interestingly, we also observed some 

repression of pqsA expression by iron, although this repression was not statistically 

significant in any of the strains tested (Figure 4.8C). Overall, these experiments 

demonstrate that the ability of the JSRI strain to acquire iron via PQS was reduced during 

chronic CF lung infection. 

Iron-regulated expression of antA via the PrrF sRNAs was retained by the JSRI 

strain during CF lung infection 

 The PrrF sRNAs were previously shown to be required for PQS production in the 

laboratory strain PAO1 (98). Thus, it was possible that the loss of PQS production in the 

JSRI-2 isolate was driven by decreased prrF expression. We therefore analyzed 

expression of the PrrF sRNAs by qPCR using the primers and probes shown in Figure 

4A (188). Relative to PAO1, no appreciable difference was observed in prrF expression 

in the PAO1∆pvdA mutant or the JSRI isolates during growth in low iron medium 

(Figure 4.10B). However, the JSRI-1 isolate expressed nearly 10-fold higher levels of the 

PrrF sRNAs than any of the other strains grown in high iron medium (Figure 4.10B). 

Iron repression of the PrrF sRNAs was restored in the JSRI-2 isolate (Figure 4.10B-C), 
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indicating that iron regulation of prrF expression became more robust in the JSRI strain 

during chronic CF lung infection. In contrast, no significant changes in iron-regulated 

prrH expression were observed in the PAO1 ∆pvdA mutant or either of the JSRI isolates 

(Figure 4.10C and Figure 4.8E).
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Figure 4.10. PrrF regulation is enhanced in the JSRI-2 isolate. A. Map of the prrF locus, 
showing the approximate binding sites of the primers and probes used for qPCR analysis of the 
PrrF and PrrH sRNAs. Primers PrrF.for and PrrF.rev were used to detect all three sRNAs. 
Primers PrrH.for and PrrH.rev with the PrrH.probe were used to specifically detect the PrrH 
RNA. B. RNA was isolated from the indicated strains were grown for 18 hours at 37°C in 
DTSB, with and without iron supplementation as indicated, and used for qPCR analysis of the 
PrrF sRNAs as described in the materials and methods. Error bars show the standard deviation 
of three independent experiments. The asterisk (*) indicates p < 0.05 as determined by 
Student’s t test when comparing data for the JSRI-1 strain compared to PAO1 grown in high 
iron DTSB. C. Iron repression of prrF, prrH, antA, pvdS, pchE, and pqsA was determined by 
∆∆Ct analysis as described in the materials and methods. Asterisks (*) indicate p < 0.05 as 
determined by Student’s t test when comparing data for the JSRI-2 isolate to JSRI-1 or the 
∆pvdA mutant to PAO1.



 We next determined if regulation of antA by the PrrF sRNAs similarly evolved in 

the JSRI isolates during the course of chronic CF lung infection. Iron supplementation 

resulted in a substantial increase in antA expression in both the PAO1 wild type strain and 

the PAO1∆pvdA mutant (Figure 4.10C and Figure 4.8D). Iron induction of antA was 

also observed in the JSRI-1 isolate, although less consistently than in PAO1, while iron 

strongly induced antA expression in the JSRI-2 isolate (Figure 4.10C). Furthermore, 

increased iron induction of antA in the JSRI-2 isolate correlated with the increased 

repression of the PrrF sRNAs by iron in this later isolate compared to JSRI-1 (Figure 

4.10C). Thus, loss of PQS production in the JSRI-2 isolate is not correlated with 

decreased PrrF expression or regulation of the genes for anthranilate degradation. Instead, 

decreased pqsA expression in the JSRI-2 isolate as compared to JSRI-1 (Figure 4.8C) is 

likely the source of decreased PQS production. Notably, iron repression of the pchE and 

pvdS genes also appeared to be greater in the JSRI-2 isolate, although these changes were 

insignificant due to substantial experimental variation in these isolates (Figure 4.10C). 

Overall, our data suggest that the JSRI strain became more responsive to changes in iron 

levels, particularly with regard to expression of the PrrF sRNAs, likely contributing to 

this strain’s ability to adapt to the loss of pyoverdine-mediated iron uptake. 

Heme acquisition was up-regulated in the JSRI strain during CF lung infection 

 The above data indicate that loss of pyoverdine production by the JSRI strain is 

associated with evolution of iron regulatory pathways, which presumably function to 

maintain iron homeostasis in the absence of this high affinity iron acquisition system. The 
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heme and ferrous iron uptake systems of P. aeruginosa strains inhabiting the lungs of CF 

patients are highly expressed (21, 23). Therefore, we hypothesized that in conjunction 

with reduced pyoverdine production, the JSRI strain would have up-regulated expression 

of heme and other iron acquisition systems. To test the ability of the PAO1∆pvdA mutant 

and JSRI isolates to use heme, we analyzed the heme metabolomes of these strains by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). LC prior to MS/MS 

fragmentation allows for differentiation of the biliverdin (BVIX) isomers as a function of 

time - BVIXα is the product of BphO cleavage, BVIXδ and BVIXβ are the products of 

HemO (see Figure 4.1). Furthermore, by providing cells with 13C-labeled heme as an 

iron source, MS/MS fragmentation can detect changes in the mass-to-charge (m/z) ratio 

of biliverdin resulting from degradation of exogenous (13C-BVIX) versus endogenous 

(12C-BVIX) heme. While this analysis is not quantitative, ratios of labeled and unlabeled 

biliverdin isomers within a single sample are indicative of how a strain metabolizes 

heme. For example, this analysis previously showed that deletion of phuS in PAO1 results 

in a high ratio of 13C-BVIXα, demonstrating increased dependence on BphO for heme 

acquisition in this mutant (71, 183). From these data, we concluded that PhuS regulates 

the metabolic flux of exogenous heme through the iron-regulated HemO heme 

oxygenase.

 In agreement with previous analysis (183), growth of PAO1 in low heme (0.5 

µM) conditions resulted in BphO-mediated turnover of endogenous heme, while turnover 

of exogenous heme by HemO was minimal (Figure 4.11). In contrast, higher 

concentrations of heme (5 µM) altered the ratio of BVIX derived from endogenous and 
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exogenous heme sources, with the majority of the BVIX derived from extracellularly-

provided heme through the action of HemO (Figure 4.12). Similar to PAO1, the 

PAO1ΔpvdA mutant was not able to efficiently use heme as an iron source when lower 
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Figure 4.11. Intracellular heme homeostasis is disrupted in PAO1 upon the loss of 
pyoverdine biosynthesis. 13C (red line) and 12C (black) biliverdin (BVIX) was extracted from 
the supernatants of the indicated strains grown in M9 with 0.5 µM 13C-heme, and was 
subsequently analyzed by LC-MS/MS as described in the materials and methods with multiple 
reaction monitoring.



levels (0.5 µM) of exogenous heme were provided (Figure 4.11, right panels). However, 

the lack of intracellular heme turnover by BphO in the ΔpvdA mutant as compared to 

PAO1 (Figure 4.11) suggested heme biosynthesis might be repressed in the absence of 

pyoverdine-mediated iron uptake due to iron starvation. Also in contrast to PAO1, 
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Figure 4.12. LC-MS/MS BVIX isomer fragmentation patterns for PAO1 and Δpvd strains 
supplemented with 5 µM 13C-heme. MS/MS fragmentation of 13C (red line) and 12C (black) 
BVIX. LC-MS/MS was performed as described in the Materials and Methods with multiple 
reaction monitoring.		



supplementation of the PAO1∆pvdA mutant cultures with higher concentrations of heme 

(5 µM) resulted in heme turnover by both the HemO and BphO heme oxygenases 

(Figure 4.12), suggesting an uncoupling of the PhuS-HemO driven metabolic flux of 

heme in the absence of pyoverdine-mediated iron uptake. These data demonstrate that 

heme metabolism in PAO1 is altered when pyoverdine-mediated iron acquisition is 

disrupted. 

 Strikingly, analysis of the JSRI-1 isolate revealed degradation of exogenous heme 

by both HemO and BphO, even at low heme (0.5 µM) concentrations (Figure 4.13, left 

panels), suggesting PhuS-dependent modulation of heme flux by this isolate is 

completely disrupted. Similar to the PAO1∆pvdA mutant, the JSRI-1 isolate also showed 

very little turnover of endogenous heme (Figure 4.13). In contrast, the JSRI-2 isolate 

grown in the presence of either 0.5 µM or 5 µM heme degrades exogenous heme 

primarily through the action of HemO (Figure 4.14), demonstrating that the JSRI strain 

evolved to use heme efficiently in the CF lung. Further, these data suggest that BphO-

mediated degradation of exogenous heme does not allow for efficient utilization of 

extracellular heme as an iron source.

 To further test the idea that the JSRI-2 strain evolved to more efficiently use heme 

as an iron source in the CF lung, we monitored expression of phuS, hemO, bphO, and 

phuR in each of the strains grown in the presence of low (0.5 µM) or high (5 µM) heme. 

These analyses showed increased expression levels of both phuS and hemO in the 

PAO1∆pvdA mutant, regardless of heme concentrations (Table 4.4), presumably in 

response to iron-deprivation due to the loss of pyoverdine. In contrast, expression of phuS 
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and hemO was decreased in the JSRI-1 isolate as compared to PAO1 in 0.5 µM heme 

(Table 4.4), likely resulting in the observed “shunting” of extracellular heme through 

BphO (Figure 4.12). Combined with our analysis of the heme metabolites above, these 

data indicate that any perturbations in PhuS levels can disrupt the flux of extracellular 
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Figure 4.13. Heme acquisition became more efficient in the JSRI strain during CF lung 
infection. 13C (red line) and 12C (black) biliverdin (BVIX) was extracted from the supernatants 
of the indicated strains grown in M9 with 0.5 µM 13C-heme, and was subsequently analyzed by 
LC-MS/MS as described in the materials and methods with multiple reaction monitoring.



heme through the cell. Expression of phuR was also decreased in the JSRI-1 isolate as 

compared to PAO1 (Table 4.4), which may also contribute to inefficient utilization of 

heme as an iron source in this earlier isolate. As expected, the expression levels of phuS, 

hemO, and phuR in the JSRI-2 isolate have returned to PAO1 levels (Table 4.4), resulting 
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(black) BVIX. LC-MS/MS was performed as described in the Materials and Methods with 
multiple reaction monitoring.



in enhanced heme flux through HemO in this isolate. Thus, the JSRI-1 and JSRI-2 

isolates represent distinct stages in the adaptation of the iron acquisition and regulatory 

networks of this strain, which resulted in more efficient heme utilization by the JSRI-2 

isolate. 
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Fold change compared to PAO11Fold change compared to PAO11Fold change compared to PAO11Fold change compared to PAO11Fold change compared to PAO11Fold change compared to PAO11

Gene Strain 0.5 µM heme0.5 µM heme0.5 µM heme 5 µM heme5 µM heme5 µM heme

phuS ΔpvdA 3.55 ± 0.49** 2.62 ± 1.61

JSRI-1 0.44 ± 0.10* 0.50 ± 0.04**

JSRI-2 0.86 ± 0.13 0.99 ± 0.32

hemO ΔpvdA 1.62 ± 0.17** 5.21 ± 0.16***

JSRI-1 0.24 ± 0.02*** 0.90 ± 0.05

JSRI-2 0.60 ± 0.04*** 0.76 ± 0.04

bphO ΔpvdA 1.18 ± 0.14 7.98 ± 0.50***

JSRI-1 5.84 ± 1.28** 1.60 ± 0.08***

JSRI-2 4.05 ± 0.83** 2.89 ± 0.50**

phuR ∆pvdA 0.78 ± 0.063 0.52 ± 1.61

JSRI-1 0.17 ± 0.062** 0.74 ± 0.043**

JSRI-2 0.49 ± 0.074 0.59 ± 0.098**
1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

1Fold change determined by qPCR of the indicated strains grown in M9 as 
described in the Materials and Methods. Standard deviations are of three 
biological replicates.
*Indicates p value < 0.05, ** p value < 0.005 and *** p value 0.0005 as 
determined by a two-tailed Student’s t test when comparing data for each strain 
to PAO1 grown in the same conditions.

Table 4.4. Expression analysis of heme metabolism genes.



P. aeruginosa expresses heme oxygenase and the PrrF sRNAs in the CF lung 

 Our above analyses of the JSRI isolates suggest that P. aeruginosa altered its iron 

acquisition and regulatory pathways to adapt to the unique environment of the CF lung, 

specifically with regard to PrrF regulation and heme acquisition. While these analyses are 

highly suggestive of the evolutionary pressures that exist in the CF lung, they do not 

confirm that these systems are in fact expressed and utilized by P. aeruginosa during 

infection. The phuR and phuS genes that encode an outer membrane receptor for heme 

and intracellular heme chaperone, respectively, are highly represented in RNA isolated 

from P. aeruginosa sputum samples preserved upon collection from CF patients (21). 

Here, we extended this analysis to the expression of hemO and bphO. Transcripts of these 

genes were detected in all sputum samples tested (Figure 4.15A). This included four 

sputum samples from three CF patients, as well as three sputum samples from non-CF 

bronchiectasis patients, who also commonly suffer from chronic P. aeruginosa infections 

(200). We also tested for expression of the PrrF and PrrH RNAs in 10 distinct CF patients 

(Figure 4.15B). These analyses showed that the PrrF sRNAs were expressed at extremely 

high levels in these patients, anywhere from 10 to 100-fold higher than the reference 

genes, and much higher than any other genes tested by this technique thus far. Expression 

of the PrrF sRNAs was also very high in PAO1 grown in low iron medium in vitro 

(575.2-fold over the reference genes in Kings B medium), but was significantly repressed 

by iron (0.509 in comparison to the reference genes when supplemented with 100 µg/ml 

ferric chloride). These data suggest that the PrrF sRNAs are very highly expressed in 

environments where iron is limiting, including the CF lung. Expression of the PrrH RNA 
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was not nearly as high as PrrF in CF sputum or in vitro, about 1/100th of PrrF expression, 

but was still detected in every sample tested and was equivalent to what is observed in 

PAO1 grown in low iron conditions (Figure 4.15B). These data show that the PrrF and 

PrrH sRNAs, as well as the hemO- and bphO-encoded heme oxygenases, are expressed 

by P. aeruginosa in the CF lung environment. Combined with our analysis of the 

longitudinally-isolated JSRI strain, these data argue that PrrF-mediated iron regulation 

and heme acquisition are likely important contributors to survival in, and adaptation to, 

the CF lung.
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Figure 4.15. prrF and hemO are expressed by P. aeruginosa infecting CF and 
bronchiectasis patients. Sputum from CF and bronchiectasis (Bron) patients chronically-
infected with P. aeruginosa was collected and preserved with RNALater. RNA was 
subsequently isolated and analyzed for expression of hemO and bphO (A) or prrF and prrH (B), 
and relative values were normalized to clpX and oprL as described in the materials and methods. 
Samples 014-3 and 014 (A) were isolated at separate times from the same CF patient, 
approximately three months apart. Relative expression of hemO and bphO in PAO1 was 
determined in vitro in King’s B medium.



Discussion

 During chronic CF lung infections, P. aeruginosa undergoes significant changes 

as it adapts to the host lung, the physiology of which is also constantly changing due to 

lung tissue deterioration (164). In contrast to studies showing the genetic evolution of P. 

aeruginosa during CF lung infection (148, 152, 180, 201-203), we sought to understand 

how this evolution drives changes in iron homeostasis, which is a key facet of P. 

aeruginosa pathogenesis (44-46, 106, 172, 173). Growing evidence suggests that P. 

aeruginosa becomes less dependent on pyoverdine as a means for iron acquisition during 

CF lung infection, most likely due to increased availability of heme and ferrous iron as 

lung function declines and oxygen levels decrease (21, 23, 43). Here, we analyzed 

numerous longitudinally-isolated strains of P. aeruginosa from multiple CF patients and 

show that the majority reduced their capacity to produce pyoverdine during lung 

infection. Although it has low resolution compared to genome sequencing, RAPD typing 

of these isolates provided a quick and reproducible technique to determine the clonality 

of several of these strains despite genomic changes leading to mucoidy and loss of 

pyoverdine (192). Further analysis of the JSRI strain showed that its iron regulatory and 

heme acquisition pathways were altered extensively in the CF lung as pyoverdine 

production was reduced. In particular, analysis of biliverdin production by this strain 

provided snapshots of its heme metabolic capacity at two distinct points during CF lung 

infection, revealing a novel mechanism by which P. aeruginosa can adapt to 

preferentially use heme as an iron source. We further validated our findings with in vivo 

expression data from CF patients, which showed that the heme metabolism and iron 
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regulatory pathways examined in this study are also expressed by P. aeruginosa strains in 

the CF lung. As such, this work provides a critical foundation for development of novel 

and appropriate drug targets, demonstrating that both iron regulation and heme 

acquisition are viable foci for novel antimicrobial development. 

 One of the most exciting aspects of this study is the ability to track CF-dependent 

changes of iron and heme acquisition in individual strains as a function of time. 

Additionally, analysis of heme metabolism by mass spectrometry and qPCR shows that 

the JSRI strain adapted its heme regulatory networks in conjunction with reduced 

production of pyoverdine. Specifically, the JSRI-2 isolate efficiently uses heme to meet 

its iron needs, while the JSRI-1 isolate appears to be “mid-evolution” from pyoverdine-

mediated iron acquisition to efficient heme utilization. Our studies also show that 

extracellular heme degradation by BphO, which is normally involved in endogenous 

heme turnover, is an indicator of iron starvation and does not appear to contribute to 

efficient heme utilization. Recent work shows that heme and ferrous iron uptake systems 

are consistently expressed in the CF lung (21), and that ferrous iron becomes more 

abundant in the CF lung as disease progresses (23). The metabolomics data in this study 

provides novel insight into how P. aeruginosa adapts to these changes, indicating HemO 

is the driver of enhanced heme acquisition by the JSRI strain. Moreover, our in vivo data 

demonstrate that HemO is expressed by P. aeruginosa during CF lung infection, as well 

as in bronchiectasis patients. Thus, the shift in dependence of the JSRI strain from 

siderophore-dependent iron uptake to heme acquisition is likely dependent on this critical 

mediator of heme metabolism. 
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 In light of the heme metabolomics data, it is somewhat surprising that no changes 

were observed in expression of the heme-responsive PrrH RNA between the JSRI-1 and 

JSRI-2 isolates. One would expect that changes in heme acquisition and metabolism 

would correlate with changes in heme-regulated genes. However, the current study 

focused on iron-regulated expression of the PrrF and PrrH sRNAs. Perhaps future 

exploration of heme-regulated PrrH expression in the JSRI and other CF isolates will 

reveal new clinical significance for this unique regulatory RNA. In contrast to PrrH, iron-

regulated expression of the PrrF sRNAs was enhanced in the JSRI-2 isolate as compared 

to JSRI-1, suggesting a mechanism by which this strain may have become more sensitive 

to fluctuations in iron availability. Moreover, the high levels of PrrF that were detected in 

sputa from multiple CF patients strongly suggests that this sRNA plays a central 

regulatory role throughout CF lung infections. Furthermore, our data show that the ratio 

of PrrH to PrrF sRNA is retained in vivo, suggesting regulation by this unique heme 

responsive sRNA is also important for chronic CF lung infection by P. aeruginosa. 

 Anthranilate is the precursor for the PQS quorum sensing molecule, and PrrF 

repression of the anthranilate degradation genes (antABC) was previously shown to be 

required for PQS production in low iron environments (98). In spite of the finding that 

this regulatory pathway appears to be conserved in the JSRI strain, PQS production was 

eliminated in the JSRI strain at later stages of CF lung infection (Figure 4.9). Our data 

suggest that this loss is due in part to reduced pqsA expression, although further studies 

will be needed to determine the underlying mechanism of decreased PQS production in 

the JSRI strain. An interesting question our study raises is whether or not PQS production 
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is decreased in other CF isolates during chronic lung infection. A previous study detected 

PQS in sputum and bronchoalveolar lavage fluid of CF patients, and the authors further 

showed that PQS was made by most (9/10) P. aeruginosa CF isolates tested in that study 

(99). However, the age of the patients from which the strains were isolated in this study 

were not included, so it is unclear if PQS production by these strains changed as a 

function of time. Studies on acyl-homoserine lactone quorum sensing signals in CF 

patients show that, while these compounds are identified in the sputa of CF patients 

(204), their production by individual strains decreases over time due to genetic mutation 

(167, 205). More extensive studies of PQS production in longitudinal isolates of P. 

aeruginosa are clearly needed to determine if production of the PQS quorum sensing 

molecule is similarly lost during chronic CF lung infection.

 Overall, our studies provide a much-needed appraisal of how naturally-occurring 

P. aeruginosa pyoverdine mutants acquire iron during chronic CF lung infections, with 

longitudinal isolates yielding a powerful system for tracking evolution of these strains. 

Future expansion of these studies to a larger collection of longitudinal CF isolates is 

likely to reveal many more novel features of evolution of P. aeruginosa iron uptake 

systems in the CF lung.
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Chapter 5: Iron depletion enhances production of antimicrobials by Pseudomonas 

aeruginosa4 

Introduction

 Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes a 

variety of life-threatening infections. Many of these infections are polymicrobial, 

including those in diabetic foot ulcers (6, 206) and chronic lung infections in cystic 

fibrosis patients (18, 116). Several studies have noted that polymicrobial infections with 

P. aeruginosa are exacerbated as compared to mono-infection (6, 8, 84, 117, 207-209). 

Thus, defining the mechanisms that mediate these microbial interactions is paramount to 

understanding the pathogenesis of polymicrobial infections.

 P. aeruginosa requires iron for growth and virulence (44-46, 172). However, iron 

is a limiting nutrient in the environment and in the host (25, 26). To acquire this valuable 

nutrient, P. aeruginosa encodes several iron uptake systems. Amongst these is the 

production and secretion of siderophores, such as pyoverdine and pyochelin (210), which 

chelate ferric iron at high affinities and deliver it to the cell. Additionally, P. aeruginosa 

encodes a ferrous iron uptake system (Feo) to allow for import of soluble ferrous iron in 

oxygen-depleted environments (23). Finally, P. aeruginosa encodes two heme uptake 

systems, Has and Phu, which transport and degrade heme, releasing iron for use inside 

the cell (66). 
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 Iron is also toxic at high concentrations, thus P. aeruginosa regulates the 

expression of iron uptake systems in response to intracellular iron concentrations. In the 

presence of iron, genes for iron acquisition are repressed via the ferric uptake regulator 

(Fur) protein, which is essential in P. aeruginosa (184-186). The Fur protein also 

represses the transcription of the PrrF small RNAs (sRNAs), which regulate the 

expression of many iron containing and iron storage proteins (187), and are required for 

virulence in an acute murine lung infection (211). Included in the PrrF regulon are genes 

encoding anthranilate degradation enzymes (AntA and CatBCA), which allow catabolism 

of this metabolite by the TCA cycle (98). Anthranilate also serves as a precursor for the 

Pseudomonas quinolone signal (PQS), a quorum sensing molecule and virulence trait 

(190, 191). Thus, regulation by the PrrF sRNAs promotes production of PQS (22, 98). 

 PQS production is initiated by PqsA, a coenzyme ligase that converts anthranilate 

to anthraniloyl-CoA (90). PqsA was previously reported to be required for lysis of S. 

aureus, resulting in increased iron availability to P. aeruginosa (7). The specific 

mechanism for this activity remains unclear and is likely to be multifactorial, as 

anthraniloyl CoA can serve as the precursor for at least fifty-five unique alkylquinolone 

(AQ) molecules (90, 91). One of these, 2-heptyl-4-hydroxyquinoline (HQNO), is an N-

oxide ubiquinone that inhibits growth of Gram-positive bacteria, including S. aureus (92, 

93, 212-214). Additionally, PQS stimulates the production of redox active phenazines, 

which may contribute to iron acquisition due to: i) their ability to lyse bacterial and 

mammalian cells (80), thus liberating intracellular iron stores, and ii) redox cycling, 

which reduces insoluble ferric iron to its more bioavailable, ferrous form (76). PQS has 
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also been shown to possess iron chelating activity, which may provide a competitive 

advantage in complex microbial environments (94, 95). However, PQS is not a 

siderophore, in that it cannot deliver iron to the cytosol of P. aeruginosa (94, 95). Instead, 

previous studies have hypothesized that PQS serves as an iron trap at the surface of the 

cell (94). The precursor to PQS, HHQ, shares many of the same signaling activities as 

PQS, including the induction of phenazine production (92, 94). However, HHQ does not 

possess the 3-hydroxyl group of PQS and is therefore incapable of chelating ferric iron 

(95). 

 While several of the studies cited above provide a link between iron homeostasis 

and antimicrobial activity in P. aeruginosa, no studies have yet investigated the impact of 

iron availability on polymicrobial interactions involving P. aeruginosa. In this study, we 

demonstrate that iron depletion enhances antimicrobial activity of P. aeruginosa when 

grown in co-culture with S. aureus. While this phenomenon is dependent upon PqsA, we 

found this activity is independent of the PrrF sRNAs, indicating the presence of a distinct 

iron regulatory pathway that controls PQS production. We further show that this activity 

is conserved in multiple strains of P. aeruginosa, including two cystic fibrosis isolates. 

These studies demonstrate that iron availability impacts polymicrobial interactions of P. 

aeruginosa with S. aureus, presenting additional implications for the role of AQs in iron 

acquisition and pathogenesis.
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Materials and Methods

Bacterial strains and growth conditions 

 Bacterial strains used in this work are listed in Table 5.1. The pqs mutants were 

generated in our laboratory’s PAO1 strain by allelic exchange (41) using the previously-

described ∆pqsE (42) and ∆pqsL (43) deletion constructs. Escherichia coli strains were 

routinely grown in L broth or on L agar plates, and P. aeruginosa strains were maintained 

in brain-heart infusion (BHI) broth or on BHI agar plates. For iron-depleted medium, 

chelex-treated, dialyzed trypticase soy broth (DTSB) was prepared as previously 

described (44). Ferric chloride (FeCl3) was added to DTSB a final concentration of 100 

µM for iron-replete conditions. 
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Strain Description Source

PAO1 Wild type P. aeruginosa strain used for mutational analysis 
in this and previous studies. (242)

∆pqsA Deletion of pqsA gene generated in PAO1. (22)

∆pqsD Deletion of pqsD gene generated in PAO1. E. Pesci

∆pqsE Deletion of pqsE gene generated in PAO1. (194)

∆pqsL Deletion of pqsL gene generated in PAO1. (244)

PA14 Burn wound isolate from 1995 at the Massachusetts 
General Hospital, Boston. (245)

∆pqsH Deletion of pqsH gene generated in PA14. D. Hogan

PAK Wild type P. aeruginosa strain. M. Vasil

JSRI-1 CF P. aeruginosa lung isolate from 8-year-old patient (22)

JSRI-2 CF P. aeruginosa lung isolate from 17year-old patient (22)

MRSA-M2 Methicillin-resistant isolate of S. aureus isolated from an 
osteomyelitis patient in Galveston, Texas. (238)

UA159 Streptococcus mutans serotype c strain (216)

1128 Haemophilus influenzae strain originally isolated from a 
child with otitis media (215)

Table 5.1. Strains used in this study.



Co-culture assays

 Antimicrobial activity against S. aureus was assayed as previously described (30) 

with some modifications. The indicated P. aeruginosa strains were grown in DTSB for 18 

hours at 37°C supplemented with or without 100 µM of FeCl3. S. aureus strain MRSA-

M2, grown overnight on BHI and diluted to an A600 of 0.1, was spread well with a cotton 

swab onto BHI or DTSB plate and allowed to dry. Five µL of the indicated P. aeruginosa 

DTSB culture was spotted onto the S. aureus lawn, and plates were allowed to dry at 

room temperature. Plates were incubated overnight at 37 °C, and visualized the next day 

for S. aureus growth.

 To quantify antimicrobial activity against S. aureus, a liquid co-culture system 

using transwell cell culture inserts (Corning Costar®, NY, USA) was developed. Strains 

were grown overnight in DTSB for 18 hours at 37˚C. S. aureus cultures were diluted to 

an OD600 of 0.05 in DTSB supplemented with or without 100 µM FeCl3, and 600 µL of 

the resulting cell suspension was inoculated into the bottom of the transwell plate. The 

transwell insert with a 0.4 µM membrane was then placed onto the plate, and 100 µL of 

P. aeruginosa cultures, diluted to an OD600 of 0.05, were inoculated on top of the 

membrane. The transwell plates were incubated at 37˚C for 18 hours under static growth 

conditions, and S. aureus cell density (OD630) was measured spectroscopically in a 

BioTek® Synergy™ HT plate reader. 
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Detection of PQS 

 Bacteria were grown in DTSB for 18 hours at 37°C, with and without 100 µM 

FeCl3 supplementation as indicated. Each culture was harvested and extracted with 

acidified ethyl acetate as described by Collier, et.al. (45). One half of the resulting 

organic extract was transferred to a clean tube and evaporated to dryness. Samples were 

resuspended in 1:1 acidified ethyl acetate:acetonitrile and analyzed by thin-layer 

chromatography (TLC) (46). 

Ultra performance liquid chromatography (UPLC) tandem mass spectrometry (MS/

MS) 

 Culture supernatants prepared as described above were suspended in 

water:acetonitrile (1:1) with 0.1 % formic acid and analyzed as is. UPLC was performed 

on a Waters ACQUITY UPLC system (Milford, MA). The separation was achieved using 

a C18 CSH (1.7 µm; 2.1 x 100 mm) column (Waters, Milford, MA). Mobile phase A was 

water with 0.1 % formic acid and mobile phase B was acetonitrile with 0.1 % formic 

acid. The gradient was 30% B for 0.5 minutes, ramped to 95 % B over 9.5 minutes, held 

for 3 minutes, ramped to 30% B in 0.75 minutes, and equilibrated for 2.25 minutes for a 

total run time of 16 minutes. The flow rate was 0.3 mL/min. The column was maintained 

at 40 °C and the auto-sampler was kept at 5°C. A 5 µL injection was used for all samples. 

The tandem mass spectrometry experiments were performed on a Waters SYNAPT G2-S 

quadrupole time-of-flight (QTOF) mass spectrometer (Milford, MA). The instrument was 

operated in positive ion mode electrospray. The capillary voltage was 2.5 kV and 
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sampling cone voltage was 30 V. Nitrogen at a flow of 650 L/h was used as the 

desolvation gas with a constant desolvation temperature of 400°C. The source 

temperature was set at 125°C. Data were acquired over the m/z range of 100-1200. The 

mass spectrometer was operated in MSE mode with alternating low- and high-collision 

energies. The first scan was set at low-collision energy (4 eV) and used to collect 

precursor ion spectra. The second scan was set at high-collision energy and ramped from 

25-40 eV which was used for generation of product ion spectra. Argon gas was used for 

collision-induced dissociation (CID). Leucine Enkephalin was used as the lock-mass to 

ensure high mass accuracy data acquisition. Data were acquired and analyzed with 

Waters MassLynx v4.1 software.  

Real time PCR 

 Real time PCR (qPCR) analysis of prrF, pqsA, antA, and antR gene expression in 

broth cultures was carried out using primers and probes as previously described (24, 25, 

28), Expression of pqsH was detected using the following primers and probe: PqsH.for 

(TCG AGT TCA TCA GGA AGC AAT C), PqsH.rev (CGA GGG TAT TCC TCA GCC 

AGA), and PqsH.probe (CTT GGT CAG TGG GAA TCG CCC TCC). Samples were 

analyzed using the Applied Biosystems StepOne Plus Real Time PCR System (Life 

Technologies). Relative amounts of cDNA were determined by the ∆∆CT method or by 

use of a standard curve generated from cDNA acquired from serial dilutions of PAO1 

RNA samples. Expression was normalized to oprF cDNA detected in each sample. 
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Results

Iron regulates pqsA-mediated growth suppression of S. aureus 

 We previously showed that production of certain AQs is regulated by iron in a 

PrrF-dependent manner (22). Since AQ production is required for antimicrobial activity 

against S. aureus, we tested whether iron depletion would also affect the ability of P. 

aeruginosa to suppress growth of S. aureus. S. aureus was exposed to overnight low iron 

cultures of either wild type (PAO1) or an isogenic ∆pqsA mutant of P. aeruginosa on agar 

plates containing rich, complex medium (BHI). As was previously shown for P. 

aeruginosa strain PA14 (7), PAO1, but not the isogenic ∆pqsA mutant, induced a halo of 

S. aureus growth inhibition after overnight incubation (Figure 5.1A). This effect was also 

observed when we repeated the experiment with low iron (DTSB) agar plates (Figure 

5.1A). However, supplementation of this medium with 100 µM FeCl3 significantly 

reduced the size of the growth inhibition halo induced by PAO1 (Figure 5.1A), 

suggesting that P. aeruginosa antimicrobial activity against S. aureus is linked to iron 

availability. 

 We next developed a transwell growth system to quantify the antimicrobial effects 

of P. aeruginosa co-culture on S. aureus when the strains were separated by a 0.4 µM 

membrane. S. aureus was inoculated into low or high iron DTSB broth below the 

transwell membrane, and the indicated P. aeruginosa strain was inoculated on the top 

side of the membrane (see diagram in Figure 5.1B). The transwell co-cultures were 

grown without shaking overnight, and S. aureus culture densities were determined 

spectroscopically. Notably, mono-cultures of S. aureus grew just as well in low iron 
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versus high iron medium under these conditions (Figure 5.1B). In contrast, iron depletion 

had a significant impact on S. aureus growth when co-cultured with PAO1 (Figure 5.1B). 

Moreover, this effect was eliminated in the ∆pqsA mutant (Figure 5.1B), demonstrating 

growth suppression of S. aureus in this system is due to AQ production. Addition of P. 

aeruginosa culture supernatants to S. aureus low and high iron cultures was not sufficient 

to produce this effect (Figure 5.2), indicating co-culture of these two strains is required 
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Figure 5.1. PQS-dependent growth stasis of S. aureus is enhanced by iron depletion. (A) 
The indicated P. aeruginosa strains were spotted onto confluent lawns of S. aureus on BHI, 
DTSB - iron (“low iron”) or DTSB + 100 µM FeCl3 (“high iron”) as described in Materials and 
Methods. Plates were incubated at 37˚C overnight and visualized the next day. (B) S. aureus cell 
density was measured spectroscopically at an OD630 after co-culture with the indicated P. 
aeruginosa strains in transwell cell culture plates as described in the Materials and Methods. 
Error bars indicate standard deviation of three biological replicates. Asterisks indicate a p value 
less than 0.05 as determined by a two-tailed Student’s t test. (C) Overnight cultures of the 
indicated P. aeruginosa strains were grown in mono- or co-culture with S. aureus in DTSB 
media, with or without supplementation with 100 µM FeCl3. Cells were harvested and 
supernatants were analyzed by TLC as described in Materials and Methods. 



for AQ-mediated growth suppression. Together, these data demonstrate that AQ-mediated 

antimicrobial activity against S. aureus is enhanced by iron depletion. 

 We next determined if iron-regulated antimicrobial activity was conserved 

amongst different P. aeruginosa strains using our transwell co-culture assay. The wild 

type P. aeruginosa strains PAO1, PAK, and PA14 all show iron-regulated growth 

suppression of S. aureus (Figure 5.3). Variable degrees of iron regulated growth 

suppression between PAO1 and PA14 were noted during these assays. However, culture 

densities of S. aureus in low iron were not significantly changed when comparing 

amongst the P. aeruginosa strains that were included in the co-culture. Thus, our data 
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Figure 5.2. Iron-regulated antimicrobial activity against S. aureus require co-culture with 
P. aeruginosa. S. aureus cell density was measured spectroscopically at an OD630 after 18 hours 
growth with culture supernatants from the indicated P. aeruginosa strains in transwell cell 
culture plates. Error bars indicate standard deviation of three biological replicates.



indicate that iron-regulated antimicrobial activity against S. aureus is conserved amongst 

commonly used laboratory strains of P. aeruginosa. 

PqsA contributes to antimicrobial activity against both Gram-negative and Gram-

positive bacterial species 

 To determine if AQ-mediated antimicrobial activity was uniquely active against S. 

aureus, we analyzed the ability of PAO1 and the ∆pqsA mutant to suppress growth of two 

other bacterial pathogens that are often found in the sputum from CF patients (158): 

Haemophilus influenzae, a Gram-negative bacterium and normal flora of the upper 

respiratory tract (215), and Streptococcus mutans, a Gram-positive dental pathogen (216). 

PAO1 inhibited growth of each of these species on iron-depleted medium, and this 

inhibition was substantially diminished in iron-replete medium (Figure 5.4A-B), 
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Figure 5.3. Iron-regulated antimicrobial activity is conserved in P. aeruginosa laboratory 
strains. S. aureus cell density was measured spectroscopically at an OD630 after co-culture with 
the indicated P. aeruginosa strains in transwell cell culture plates as described in the Materials 
and Methods. Error bars indicate standard deviation of six biological replicates. Asterisks 
indicate the following p values as determined by a two-tailed Student’s t test; *, p <  0.05,  **, p 
< 0.005, ***, p < 0.0005. 



suggesting that iron-regulated antimicrobial activity is not restricted to S. aureus, or even 

to just Gram-positive bacteria. 

 As might be expected, the extent to which P. aeruginosa was capable of inhibiting 

growth of each of these species was variable - the zone of growth inhibition for S. mutans 

was well-defined, whereas a gradient of clearance was observed for H. influenzae 

(Figure 5.4A-B). Neither of these species were inhibited by the PAO1∆pqsA mutant 
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Figure 5.4. AQs mediate antimicrobial activity against Gram-negative and Gram-positive 
bacterial pathogens. (A-B) The indicated P. aeruginosa strains were spotted onto confluent 
lawns of H. influenze (A) or S. mutans (B) on  DTSB - iron (“low iron”) or DTSB + 100 µM 
FeCl3 (“high iron”) as described in Materials and Methods. Plates were incubated at 37˚C 
overnight and visualized the next day. (C-D) H. influenzae (C) or S. mutans (D) cell density was 
measured spectroscopically at an OD630 after co-culture with the indicated P. aeruginosa strains 
in transwell cell culture plates as described in the Materials and Methods. Error bars indicate 
standard deviation of three biological replicates. 



when plated on high iron medium, and the growth suppression halos of both species were 

smaller when exposed to the ∆pqsA mutant on low iron medium (Figure 5.4A-B). Thus, 

it appears that iron-regulated antimicrobial activity of these species is also dependent 

upon AQ production. 

 Unfortunately, attempts at quantifying this phenotype in our transwell co-culture 

system were unsuccessful. H. influenzae demonstrated significantly reduced growth in 

low versus high iron medium when grown in mono-culture (Figure 5.4C), making it 

impossible to assign a specific role for P. aeruginosa in suppressing growth of this 

species in co-culture. In contrast, no significant differences in S. mutans growth were 

observed in low versus high iron medium either in mono-culture or co-culture by this 

assay (Figure 5.4D). We reasoned that the lack of iron-regulated growth suppression of S. 

mutans could be due to reduced PQS production during static growth in the transwell 

plates, as PQS production is known to be dependent upon oxygen (217). However, iron-

regulated AQ production was not only retained under these conditions, but was 

significantly enhanced during static versus shaking growth (Figure 5.2). Thus, while 

PqsA appears to mediate antimicrobial activity against each of these organisms, we are 

not able at this time to make any further conclusions about the impact of iron on these 

interspecies relationships. 
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The ∆prrF1,2 mutant retains the ability to mediate iron-regulated growth 

suppression of S. aureus 

 The PrrF sRNAs were previously shown to be required for optimal PQS 

production by P. aeruginosa grown in low iron conditions (98). Since PQS is one of 

many AQs that promotes growth suppression of S. aureus, we hypothesized that the 

∆prrF1,2 mutant would also be defective for suppressing S. aureus growth. Surprisingly, 

growth suppression of S. aureus by the ∆prrF1,2 mutant was indistinguishable from 

PAO1, both on BHI and on low iron DTSB media (Figure 5.1A). Moreover, 

antimicrobial activity of the ∆prrF1,2 mutant was reduced by supplementing DTSB 

medium with 100 µM FeCl3, again in a manner similar to PAO1. This finding was further 

corroborated by our transwell co-culture assay (Figure 5.1B). These data suggest an 

alternate, PrrF-independent iron regulatory pathway mediates iron regulation of AQ 

production in the presence of S. aureus. 

 Based on previously published data that co-culture with S. aureus can induce AQ 

production by P. aeruginosa (8), we reasoned that AQ production might similarly be 

restored to the ∆prrF1,2 mutant when grown in the presence of S. aureus. To test this 

idea, we analyzed PQS production in culture supernatants of PAO1 and the ∆prrF1,2 

mutant grown in high or low iron media, either alone or in co-culture with S. aureus. As 

previously shown by thin layer chromatography (TLC) (22), production of PQS, as well 

as a distinct, fluorescent metabolite, was substantially reduced in the ∆prrF1,2 mutant as 

compared to wild type when grown in low iron mono-cultures (Figure 5.1C). Like PQS, 
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production of this metabolite was dependent upon pqsA, indicating it is likely to be an 

AQ. In contrast to what was observed in mono-culture, production of this metabolite by 

the ∆prrF1,2 mutant was substantially increased by co-culture with S. aureus (Figure 

5.1C). Moreover, iron-regulated production of this metabolite was restored to the 

∆prrF1,2 mutant when co-cultured with S. aureus (Figure 5.1C). Thus, our data 

demonstrate that the AQ-deficiency phenotype of the ∆prrF1,2 mutant is overcome by 

growth with S. aureus. Moreover, these results suggest the presence of a PrrF-

independent iron regulatory pathway that controls AQ production in P. aeruginosa. 

Expression of anthranilate degradation genes is not altered by co-culture with S. 

aureus 

 While the PrrF sRNAs positively affect AQ production through modulation of 

antA expression in mono-culture (98), our results above show that PrrF is not required for 

production of these metabolites in co-culture (Figure 5.1C). We therefore hypothesized 

that co-culture with S. aureus enhanced iron-regulated expression of antA in the ∆prrF1,2 

mutant, allowing for iron-regulated AQ production. In agreement with previous work 

(98), real time PCR (RT-PCR) analysis demonstrated that iron induces expression of antA 

in both a PrrF-dependent and PrrF-independent manner (Figure 5.5A). However, iron 

induction of antA was not enhanced by co-culture with S. aureus, suggesting that 

modulation of this specific regulatory pathway is not the source of restored PQS 

production in the ∆prrF1,2 mutant. Iron was also previously shown to induce expression 

of antR, encoding a positive LysR-type activator of the antABC operon (98). In contrast 
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to antA, iron induction of antR was almost completely dependent upon an intact prrF 

locus (98). Our current work corroborates this finding, as we observed significant iron 

induction of antR in the wild type, but no induction of antR in the ∆prrF1,2 mutant 

(Figure 5.5B). Notably, co-culture of the ∆prrF1,2 mutant with S. aureus did not restore 

iron-regulated expression of antR (Figure 5.5B). Thus, our data indicate that increased 
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Figure 5.5. Iron regulation of anthranilate degradation and pqs biosynthesis genes is not 
affected by co-culture with S. aureus. RNA was isolated from the indicated strains grown for 
18 h at 37˚C in DTSB with and without iron supplementation, either in mono-culture or co-
cultured with S. aureus. The resulting RNA was analyzed for expression of (A) antA, (B) antR, 
(C) pqsA, and (D) pqsH by RT-PCR as described in the Materials and Methods. Error bars 
indicate standard deviation of three biological replicates. Asterisks (*) indicate the following p 
values when comparing expression in low and high iron conditions as determined by Student’s t 
test: * p < 0.05; ** p < 0.01; *** p < 0.001; p < 0.0001. Carrots (^) indicates the following p 
values when comparing expression in the wild type and ∆prrF1,2 mutant as determined by 
Student’s t test: ^ p < 0.05; ^^ p < 0.01; ^^^ p < 0.001. 



AQ production by the ∆prrF1,2 mutant upon co-culture with S. aureus is not due to 

changes in antA or antR expression. 

 To determine if increased AQ production in iron-depleted conditions was due to 

increased expression of genes for AQ synthesis, we next analyzed pqsA and pqsH 

expression. As previously observed (22), pqsA mRNA levels were significantly increased 

by iron depletion in both the wild type and the ∆prrF1,2 mutant (Figure 5.5C). Iron-

regulated expression of pqsH was also observed in both strains (Figure 5.5D). 

Unexpectedly, co-culture with S. aureus eliminated iron-regulated expression pqsA and 

pqsH, both in the wild type and the ∆prrF1,2 mutant (Figure 5.5C-D). While the 

rationale for these regulatory data remain unclear at this time, they demonstrate the 

capacity of S. aureus to modulate iron regulatory pathways in P. aeruginosa. Overall, our 

data indicate that additional iron regulatory pathways control AQ production in P. 

aeruginosa, and present the potential for S. aureus to enhance regulation via these 

pathways during co-culture.  

Iron-regulated antimicrobial activity is retained in CF isolates 

 We previously analyzed a series of clonal, longitudinally-collected CF isolates 

and demonstrated that their iron acquisition and regulatory pathways were substantially 

altered during CF lung infection (22). We additionally showed that one of the later CF 

isolates, termed JSRI-2, produced substantially less AQ than its “parent” isolate, termed 

JSRI-1. Moreover, AQ production by the JSRI-2 strain was not responsive to iron (22). 

We therefore determined if these strains retained the ability to suppress S. aureus growth. 
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Our data show that, as expected, JSRI-2 was less efficient at suppressing S. aureus 

growth than either JSRI-1 or the PAO1 laboratory strain, regardless of growth medium 

(Figure 5.6A). However, iron-regulated growth stasis of S. aureus was still observed in 

the JSRI-2 isolate (Figure 5.6A), indicating AQ production could be stimulated by 

growth in iron-depleted medium. When we quantified this activity using our transwell co-

culture assay, we observed significant growth suppression of S. aureus in low iron by 

both the JSRI-1 and JSRI-2 strains (Figure 5.6B). Moreover, this assay showed a 

significantly reduced ability of JSRI-2 to suppress S. aureus growth as compared to 

JSRI-1 or PAO1 (Figure 5.6B). Thus, this later-stage CF isolate, while reduced for this 

activity, retained the ability to mediate iron-regulated antimicrobial activity against S. 

aureus.

 Since AQ production by the JSRI-2 isolate was previously reported to be 

diminished and unresponsive to iron, we determined if this strain’s defect in AQ 

production could be overcome by S. aureus co-culture, as was observed in the ∆prrF1,2 

mutant (Figure 5.1C). TLC analysis of culture supernatants from these strains 

demonstrated that co-culture with S. aureus greatly enhanced production of both PQS and 

the distinct pqsA-dependent metabolite by JSRI-2 (Figure 5.6C). These data demonstrate 

that, despite our earlier findings that AQ production was substantially reduced in this 

isolate when grown in mono-culture (22), its capacity for iron-regulated antimicrobial 

activity was conserved.
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Figure 5.6. Iron-regulated antimicrobial activity is conserved in a CF lung infection 
isolate. The indicated P. aeruginosa strains were spotted onto confluent lawns of S. aureus on 
BHI, DTSB - iron (“low iron”) or DTSB + 100 µM FeCl3 (“high iron”) as described in 
Materials and Methods. Plates were incubated at 37˚C overnight and visualized the next day. 
(B) S. aureus cell density was measured spectroscopically at an OD630 after co-culture with the 
indicated P. aeruginosa strains in transwell cell culture plates as described in the Materials and 
Methods. Error bars indicate standard deviation of six biological replicates. Asterisks indicate 
the following p values as determined by a two-tailed Student’s t test; *, p < .005, **, p < 0.005. 
(C) Overnight cultures of the indicated P. aeruginosa strains were grown in mono- or co-culture 
with S. aureus in DTSB media, with or without supplementation with 100 µM FeCl3. Cells 
were harvested and supernatants were analyzed by TLC as described in Materials and Methods. 



PAO1 produces an iron-regulated C9-PQS metabolite

 Previously and in our current report, we have observed an iron-regulated 

metabolite whose production is dependent upon pqsA but migrates faster than PQS (22). 

TLC analysis of several AQ standards, which were verified by high resolution tandem 

mass spectrometry (Figure 5.7), demonstrated that this metabolite was not HHQ, HQNO, 

or anthranilate (ANT) (Figure 5.8A). Since the levels of this metabolite correlated with 

antimicrobial activity in the above described studies, we analyzed the contribution of 

known PQS biosynthetic genes toward its production. As expected, TLC analysis of 

culture supernatants demonstrated that this metabolite was not produced by P. aeruginosa 

mutants deleted for either pqsA or pqsD (Figure 5.8A), which catalyze the first and 

second steps in HHQ and PQS biosynthesis (90, 91). Also as expected, deletion of pqsE, 

which is required for quorum signaling by HHQ and PQS, but not their synthesis, had no 

impact on the production of this metabolite (Figure 5.8A). Moreover, pqsL, which allows 

for production of the Gram-positive antimicrobial HQNO, was not required for the 

production of this metabolite (Figure 5.8A). Combined, these data suggest that this 
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Figure 5.7. Tandem mass spectra of AQ standards HHQ, HQNO, and PQS. Experimental m/
z values were given and measured with mass accuracies less than 5 ppm. The precursor ions were 
designated [M+H]+ and the representative structure, molecular formula, and exact mass were 
displayed. An associated molecular formula corresponding to the neutral loss and a tentative 
structure of the product ion were displayed next to the m/z values. A.) Tandem mass spectrum for 
HHQ. The precursor ion of m/z 244.2 was isolated and fragmented via collision-induced 
dissociation (CID). The product ions at m/z values 172.1, 159.1, and 130.1 were identified by 
their neutral loss and assigned a tentative structure starting from the base HHQ structure. B.) 
Tandem mass spectrum for HQNO. The precursor ion of m/z 260.2 was isolated and fragmented 
via CID. The product ions at m/z values 186.1, 172.1, 159.1, and 130.1 were identified by their 
neutral loss and assigned a tentative structure starting from the base HQNO structure. Note, m/z 
values 172.1, 159.1, and 130.1 have the same tentative structure as HHQ (A.). C.) Tandem mass 
spectrum for PQS. The precursor ion of m/z 260.2 was isolated and fragmented via CID. The 
product ions at m/z values 188.1, 175.1, and 130.1 were identified by their neutral loss and 
assigned a tentative structure starting from the base PQS structure. Note, m/z value 130.1 had the 
same tentative structure as HHQ (A.) and HQNO (B.).
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metabolite is a potential analog of either HHQ or PQS, which both require PqsA and 

PqsD for their synthesis. 

 We next analyzed a deletion mutant for pqsH generated in the PA14 P. aeruginosa 

laboratory strain background, a generous gift from the laboratory of Deborah Hogan. 

PqsH catalyzes the final step in PQS production (92, 154), adding a 3-hydroxyl to the 

quinolone moiety. Our analysis of the ∆pqsH mutant demonstrates this gene is absolutely 
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Figure 5.8. Multiple PQS genes contribute to iron-regulated growth suppression of S. aureus. (A) 
Strains were grown at 37˚C for 18 h in DTSB. Cells were harvested and supernatants were analyzed by 
(A) TLC, (B) S. aureus growth suppression on agar plates or (C) transwell growth suppression assay. 
Purchased standards PQS, anthranilate (ANT), HHQ, and HQNO were resuspended in 1:1 ethyl 
acetate:acetonitrile as described in Materials and Methods. Error bars indicate standard deviation of six 
biological replicates. The p values as determined by a two-tailed Student’s t test indicate significantly 
increased S. aureus culture density in low iron as compared to PAO1. 



required for production of this metabolite (Figure 5.8A), indicating it is in fact an analog 

of PQS. We therefore hypothesized that this metabolite is a PQS analog with an alkyl 

chain of different length, such as 3-hydroxy-2-nonyl-4(1H)-quinolone (C9-PQS) that was 

previously reported to be produced by P. aeruginosa (92).  

 To further investigate the production of C9-PQS in our culture conditions, we 

analyzed PAO1 supernatants by ultra performance liquid chromatography (UPLC) 

coupled to high resolution mass tandem mass spectrometry (MS/MS). This analysis 

identified an ion with a mass to charge (m/z) value of 288.2 corresponding to C9-PQS 

(Figure 5.9A). Analysis of the tandem mass spectrum of this precursor ion revealed the 

formation of product ions at m/z values 175.1 and 188.1, which were also observed in the 

PQS standard (Figure 5.7C), confirming the presence of C9-PQS in our samples (Figure 

5.9B). Comparative analysis further showed that C9-PQS production was regulated by 
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Metabolite Growth 
Condition

Mono-cultureMono-cultureMono-culture Co-cultureCo-cultureCo-cultureMetabolite Growth 
Condition

PAO1 ∆pqsA ∆prrF1,2 PAO1 ∆pqsA ∆prrF1,2

PQS1 Low Iron 2551 ± 
321**

932 ± 104 2405 ± 
491*

3075 ± 
428**

743 ± 79 2411 ± 
503*

PQS1

High Iron 935 ± 13 620 ± 59 912 ± 159 1167 ± 57 595 ± 66 1171 ± 82
C9-PQS1 Low Iron 11481 ± 

1631**
937 ± 107 5722 ± 

761**
14204 ± 
1342***

720 ± 71 9626 ± 
1082**^

C9-PQS1

High Iron 1827 ± 
116

616 ± 64 1896 ± 
429

2298 ± 
380

610 ± 68 2662 ± 
749

C9-PQS2 Low Iron 1251 ± 
139***

0.5 ± 1 83 ± 48 N.D. N.D. N.D.C9-PQS2

High Iron 315 ± 119 0 ± 0 115 ± 67 N.D. N.D. N.D.
1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

1As determine by densitometry of thin layer chromatography. C9-PQS refers to the unknown metabolite 
observed in Figure 1C. Standard deviation are from 3 biological replicates.
2As determined by UPLC-MS/MS (described in the materials and methods). Standard deviations are from 
5 biological replicates.
Asterisks (*) indicate the following p values when comparing high and low iron conditions: p < 0.05*; p 
< 0.005**; p < 0.0005*** indicates significance when comparing high and low iron conditions
The carrot (^) indicate significance between mono-culture and co-culture with S. aureus p <0.05.

Table 5.2. Quantification of PQS and C9-PQS.



iron at levels similar to the unknown AQ detected by TLC (Table 5.2). Two other related 

AQ structures, one with an identical m/z of 288.2 and another with a m/z value of 286.2, 

were also detected via unique chromatographic retention times and diagnostic tandem 

mass spectra (Figure 5.9). These precursor ions fragmented into distinct product ions that 

were characteristic of the HQNO core quinolone structure (Figure 5.7B) and were 

assigned as C9-QNO (m/z 288.2) and monounsaturated C9:1-QNO (m/z 286.2) (Figure 

5.9C and 5.9E). The unique chromatographic retention times, accurate mass 

measurements, and diagnostic fragmentation data obtained from the UPLC-MS/MS 

platform provided structural data that could distinguish C9-PQS from closely-related AQ 

structures (Figure 5.9). Combined with our genetic analysis above, these data indicated 

that the iron-regulated fluorescent metabolite observed by TLC in this and previous 

reports was C9-PQS.     
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Figure 5.9. Extracted ion chromatogram (XIC) for m/z 288.2 and associated tandem mass 
spectra for highlighted peaks in the XIC. A.) The XIC of m/z 288.2 with four highlighted 
chromatographic peaks corresponding to C9-QNO* (rt = 5.0 min), C9-PQS (rt = 6.3  min), C9:1-
QNO (rt = 7.0 min), and C9-QNO (rt = 7.5 min). Note, C9:1 QNO had a point of unsaturation 
and corresponded to a precursor ion at m/z 286.2. It was extracted in the m/z 288.2 XIC as a 
result of isotopic overlap. B.) The tandem mass spectrum for the precursor ion at m/z 288.2 (rt = 
6.3 min) and identified as C9-PQS. The accurate mass measurement of the precursor ion (< 5 
ppm) and the highlighted m/z values 188.1 and 175.1 (diagnostic for the PQS ring structure) 
provided confident structure assignment. C.) The tandem mass spectrum for the precursor ion at 
m/z 288.2 (rt = 7.5 min) and identified as C9-QNO. The accurate mass measurement of the 
precursor ion (< 5 ppm) and the highlighted m/z values 186.1, 172.1, 159.1, and 130.1 
(diagnostic for the QNO ring structure) provided confident structure assignment. D.) The tandem 
mass spectrum for the precursor ion at m/z 288.2 (rt = 5.0 min) and identified as C9-QNO. The 
accurate mass measurement of the precursor ion (< 5 ppm) and the highlighted m/z values 172.1 
and 159.1 (diagnostic for the QNO ring structure) provided confident structure assignment. E.) 
The tandem mass spectrum for the precursor ion at m/z 286.2 (rt = 7.0 min) and identified as 
C9:1-QNO. The accurate mass measurement of the precursor ion (< 5 ppm) and the highlighted 
m/z values 184.1, 172.1, and 159.1 (diagnostic for the QNO ring structure) provided confident 
structure assignment. The product ion at m/z 184.1 localized the double bond location to the 
proximal C1 position.  
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Multiple pqs genes contribute to iron-regulated antimicrobial activity against S. 

aureus 

 Since multiple AQs are produced by P. aeruginosa with a suite of different 

activities, we next determined antimicrobial activity by each of the pqs mutants against S. 

aureus. While antimicrobial activity was not observed for the ∆pqsA mutant on agar 

plates (Figure 5.8B), we did observe some level of iron-regulated growth suppression by 

this mutant using our transwell assay in this study set (Figure 5.8C). However, the ability 

of the ∆pqsA mutant to suppress S. aureus grow was significantly reduced as compared to 

PAO1 (Figure 5.8C, p < 0.000005). The ∆pqsD, ∆pqsE, and ∆pqsL mutants also showed 

significant defects in suppressing S. aureus growth when compared to the wild type 

(Figure 5.8B-C), indicating this phenotype is dependent upon the activity of multiple 

AQs. Surprisingly, the ∆pqsH, which did not produce any PQS or C9-PQS (Figure 

5.8A), demonstrated iron-regulated growth suppression of S. aureus at levels similar to its 

PA14 parent strain (Figure 5.8B-C), indicating PQS is an indirect correlate of anti-

staphylococcal activity. Thus, our data demonstrate that iron-regulated antimicrobial 

activity of P. aeruginosa is multifactorial, yet is independent of the PQS metabolite 

produced by this pathway. 

Discussion

 Iron is an essential nutrient and is limiting in most environments, especially in the 

context of infections. Therefore, it is not surprising that P. aeruginosa has adapted several 

mechanisms to acquire this nutrient in the presence of competing microorganisms, as well 
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as from the human host. AQs play many important functions in P. aeruginosa, including 

signaling to induce expression of virulence determinants, as well as growth suppressing 

activities (89). Here, we show that iron-regulated production of AQs contributes to P. 

aeruginosa’s ability to suppress growth of another microbial pathogen, S. aureus. It was 

previously reported that S. aureus could serve as an iron source for P. aeruginosa, 

purportedly due to lysis and the subsequent releases of iron stores during co-culture (7). 

Our finding that antimicrobial activity against S. aureus is enhanced by iron depletion 

further supports the idea that AQs contribute to iron acquisition, particularly in 

polymicrobial environments. In the context of CF lung infection, this iron competition 

strategy may be critical for P. aeruginosa’s ability to supplant other microflora, allowing 

for the observed shift in microbial population.

 Perhaps more strikingly, our data demonstrate that co-culture with S. aureus alters 

the iron-regulatory pathways that control AQ production in P. aeruginosa. Specifically, 

co-culture of the ∆prrF1,2 mutant with S. aureus restores iron-regulated AQ production, 

demonstrating a PrrF-independent pathway mediates iron-regulated antimicrobial 

production. Our initial analysis of iron-regulated expression of both antA and antR 

demonstrates that S. aureus does not have a significant impact on these pathways (Figure 

5.5). Further confounding this analysis was the finding that co-culture with S. aureus 

reduces iron-regulated expression of both pqsA and pqsH (Figure 5.5). Thus, it is likely 

that co-culture with S. aureus directs the expression of other genes involved in either AQ 

biosynthesis or catabolism. Alternatively, this phenomenon may be due to iron-dependent 

changes that occur post-transcriptionally. Regardless, our current understanding of iron 
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regulation in P. aeruginosa is largely based on studies with pure cultures. Combined with 

the findings of earlier studies (7, 8), this work demonstrates the need to reevaluate well-

established paradigms in iron regulation to determine how polymicrobial environments 

alter these pathways. 

 Our study has also provided evidence that the iron-regulated AQ observed in 

previous (22) and current studies is a C9 analog of PQS. Like PQS, this species is 

eliminated by deletion of pqsA, pqsD, or pqsH, yet is still present in the ∆pqsE and ∆pqsL 

mutants (Figure 5.8A). Moreover, UPLC-MS/MS analysis identified C9-PQS in PAO1 

supernatants, and demonstrated that this species is induced by iron-depletion (Table 5.2). 

However, it is not yet clear why this species is so much more predominant than the C7-

PQS that has been observed in previous analyses (98, 191). This particular iron-regulated 

AQ has been detected in supernatants of every strain we have analyzed to date, indicating 

its presence is the result of our experimental conditions, rather than strain differences. 

The potential for this distinct AQ to have a biological impact is especially intriguing, and 

we are currently working toward further defining the regulation of this and other AQs by 

UPLC-MS/MS.  

 The iron-regulated C9-PQS analog observed in these studies correlated very 

strongly with antimicrobial activity against S. aureus (Figures 5.1 and 5.6). Thus, it was 

surprising to find that the ∆pqsH mutant, which does not make this metabolite, is not 

defective for S. aureus growth suppression (Figure 5.8). Instead, it appears that this 

activity is likely due to a combination of the signaling (∆pqsE) and direct growth stasis 

(∆pqsL) capabilities of these diverse AQ molecules. With this in mind, determining how 
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iron affects the production of each of these AQ molecules is likely to shed further light on 

the mechanism by which P. aeruginosa regulates AQ-dependent antimicrobial activity. 

 The implications of this study for CF disease and the interplay between residents 

of the CF lung are important to consider. JSRI-2, which represents a later-stage CF 

isolate, was previously shown to have diminished AQ production in monoculture (22). 

This finding was notable in consideration of a previous report, in which PQS was 

consistently detected in sputum from several late stage CF patients (99). Here, we show 

that co-culture with S. aureus can restore AQ production to strains previously thought 

unable to produce this metabolite (Figure 5.6). Reduction in AQ production by the 

JSRI-2 isolate grown in mono-culture may suggest that this activity becomes more 

dependent upon the presence of S. aureus in later stages of disease. In light of these data, 

reported loss of other virulence traits by late stage CF isolates should be reconsidered, as 

polymicrobial cultures could have similar effects on the expression of additional 

virulence determinants. 

 Increased production of AQs by the JSRI-2 isolate in the presence of S. aureus has 

compelling implications for the mechanism underlying exacerbations in CF lung 

infections. Previous work has noted that co-infection with both of these pathogens 

correlated strongly with rapidly decreased lung function (208). Our studies suggest that 

iron availability in the CF lung is also likely to be a determinant for these exacerbations. 

As such, it will be interesting to consider how disruption of iron acquisition affects this 

activity in future studies. Our initial analysis of siderophore biosynthesis mutants 

indicates that eliminating this mode of iron uptake does not enhance antimicrobial 
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activity (Nguyen and Oglesby-Sherrouse, unpublished). Perhaps there are differences in 

limiting environmental iron, such as through the activity of iron chelators, versus limiting 

P. aeruginosa’s ability to acquire this element in iron-limiting environments.

 A notable finding from our study is that co-culture is required for iron-regulated 

antimicrobial activity (Figure 5.3), indicating a complex interplay between P. aeruginosa 

and S. aureus allows for this activity. Several reports provide additional evidence for an 

exchange between these two bacterial species. Korgaonkar, et. al demonstrated that PQS 

production by P. aeruginosa was enhanced by co-culture with S. aureus (8). This report 

additionally found that agtR, a response regulator involved in metabolite sensing and 

uptake, was required for this activity, suggesting metabolite sensing as a possible means 

for bacterial cross-talk. An additional report indicated that S. aureus secretes one or more 

proteins to manipulate the growth characteristics of P. aeruginosa (135). It is therefore 

likely that iron-regulated AQ production is not the sole driver of interactions between 

these two bacterial species. Future studies into how S. aureus alters the phenotypes of 

different P. aeruginosa strains are likely to increase our understanding of how these two 

microbial pathogens establish equilibrium and cause disease during polymicrobial 

infections.
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Chapter 6: Cystic fibrosis isolates of Pseudomonas aeruginosa retain iron-regulated 

antimicrobial activity against Staphylococcus aureus through the action of multiple 

alkylquinolones5

Introduction

 CF is a hereditary disease that predisposes patients to pulmonary dysfunction and 

chronic infection by multiple microorganisms, including Staphylococcus aureus and 

Pseudomonas aeruginosa. While S. aureus is one of the dominant pathogens during early 

CF lung infection, P. aeruginosa eventually becomes the predominant pathogenic 

resident in the CF lung and persists for decades as a chronic infection (116, 218). The 

factors that contribute to this shift are not well understood, but isolation of P. aeruginosa 

from the lungs of CF patients is correlated with increased exacerbation and a decline in 

lung function (219, 220). Thus, understanding the factors that contribute to long term 

survival of P. aeruginosa in the CF lung is essential to understanding disease progression 

in these patients. 

 2-alkyl-4-(1H)-quinolones (AQs) produced by P. aeruginosa are hypothesized to 

contribute to the eventual dominance of this pathogen in the CF lung (7). AQ production 

requires the co-enzyme ligase PqsA, which converts a cellular metabolite, anthranilate, to 

its active form, anthraniloyl CoA (Figure 6.1) (90). This in conjunction with fatty acids 

and the PqsBCD enzyme complex results in the production of over fifty-five distinct AQs 
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(90, 91, 221). AQs exhibit a variety of functions including cell signaling, redox activity, 

and antimicrobial activity (92, 94). Perhaps the best studied AQs are 2-heptyl-4-

hydroxyquinoline (HHQ) (222) and the Pseudomonas quinolone signal (PQS; 2-heptyl-3-

hydroxy-4(1H)-quinolone) (191), which function as quorum signaling molecules and 

induce the expression of virulence-associated genes. Included in the PQS/HHQ regulon 

are genes required for the production of exoenzymes, lectins, siderophores (pyochelin 

and pyoverdine) and phenazines (94, 223, 224). Phenazines are redox active metabolites 

produced by P. aeruginosa that generate reactive oxygen species resulting in the lysis of 
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Figure 6.1. AQ biosynthesis in P. aeruginosa. (A-B) Genetics of AQ biosynthesis. 
Anthranilic acid is converted to anthraniloyl-CoA by PqsA. The genes encoding PqsBCD, 
which contributes to the production of HHQ and congeners, are located in an operon with 
PqsA. The PqsL and PqsH enzymes, which mediate synthesis of HQNO and PQS respectively, 
and related congeners are encoded at distal sites of the chromosome. Each of these AQ core 
structures varies with respect to the length and saturation of their alkyl chain (–R). Specific 
CF isolates of P. aeruginosa (JSRI-2, DSAM-2, and LNAP-3) are hypothesized to defective at 
distinct steps in the AQ metabolic pathway as indicated. (C) AQ abbreviations used in this 
study. 



both human and microbial cells (225). Exoenzymes such as elastases contribute to the 

lysis of S. aureus by cleaving the peptidoglycan pentaglycine interpeptides of the cell 

wall (226, 227). The PqsABCD biosynthetic pathway in conjunction with the mono-

oxygenase PqsL (89) can also generate AQ N-oxides (AQNOs) such as 2-heptyl-4-

hydroxyquinoline-N-oxide (HQNO), which suppresses growth of gram-positive bacteria 

such as S. aureus (Figure 6.1) (93, 122, 212-214). 

 Another major factor in P. aeruginosa’s ability to survive in the complex 

microbial environment of the CF lung is the acquisition of essential nutrients, including 

iron. P. aeruginosa requires iron for growth and virulence (44-46, 172), yet this element 

is sequestered during infection by multiple host proteins (25, 26). To obtain iron from the 

host, P. aeruginosa expresses multiple high affinity iron uptake systems, which have been 

studied extensively over the past three decades (21, 54, 104). Previously, it was reported 

that P. aeruginosa could also lyse and acquire iron from S. aureus through the secretion 

of AQs (7), the production of which is stimulated by peptidoglycan released from S. 

aureus upon cell lysis (8). A recent report also showed that the acquisition of iron by 

siderophores is required for efficient killing of S. aureus by HQNO in both planktonic 

and biofilm culture environments (9). Coinciding with this report, we showed that 

production of a PQS congener with a longer alkyl chain is enhanced by iron depletion, 

correlating with increased antimicrobial activity against S. aureus in iron-depleted 

environments (123). Combined, these studies demonstrate a complex relationship 

between iron and AQ-mediated interactions of P. aeruginosa and S. aureus.
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 In the current work, we sought to determine how individual AQs produced by P. 

aeruginosa contribute to iron-regulated antimicrobial activity against S. aureus. We show 

that, in addition to its roles as a quorum sensing molecule, HHQ exhibits innate 

antimicrobial activity against S. aureus. We further show that iron depletion potentiates 

the innate antimicrobial activity of HHQ and HQNO against S. aureus. Despite 

significant changes in AQ metabolites incurred by clonal, longitudinal CF isolates, we 

demonstrate that iron-regulated antimicrobial activity against S. aureus is largely retained 

by these isolates. We postulate that conservation of this phenomenon is due to the 

cumulative effects of multiple AQ metabolites, both the production and activity of which 

are modulated by environmental iron levels. 

Materials and Methods

Strains and growth media

 P. aeruginosa and S. aureus strains used in this study are shown in Table 6.1. CF 

isolates of P. aeruginosa were originally obtained from Dr. David Speert and previously 

described by our lab (22). Brain heart infusion (BHI) was used for routine culture of S. 

aureus and P. aeruginosa. Dialyzed trypticase soy broth (DTSB) for iron studies was 

prepared as previously described for iron-depleted medium (228). Cultures were 

supplemented with 100 µM FeCl3 as indicated. 

102



Antimicrobial assays

 To prepare extracts for antimicrobial assays, P. aeruginosa strains were grown in 

DTSB medium supplemented with or without 100 µM FeCl3 for 18 hours at 37°C. OD600 

of cultures was measured and cultures were centrifuged for 5 minutes at 14,000 RPM 

(~16,000 x g) in a tabletop centrifuge. Supernatant volume collected for extraction was 

normalized to the lowest culture OD in each biological replicate. Supernatants were 

extracted as previously described (99) and 1 ml was evaporated to dryness. Dried extracts 

were resuspended in 20 µL of 100% ethyl alcohol. For antimicrobial assays, the 
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 Strain Description Source

PAO1 Wild type P. aeruginosa strain used for mutational analysis 
in this and previous studies. (242)

∆pqsA Deletion of pqsA gene generated in PAO1. (22)

∆pqsL Deletion of pqsL gene generated in PAO1. (244)

PA14 Burn wound isolate from 1995 at the Massachusetts 
General Hospital, Boston. (245)

∆pqsH Deletion of pqsH gene generated in PA14. (123)

JSRI-1 CF P. aeruginosa lung isolate from 8 year-old patient (22)

JSRI-2 CF P. aeruginosa lung isolate from 17 year-old patient (22)

DSAM-1 CF P. aeruginosa lung isolate from 11 year-old patient (22)

DSAM-2 CF P. aeruginosa lung isolate from 18 year-old patient (22)

DSAM-3 CF P. aeruginosa lung isolate from 22 year-old patient (22)

 LNAP-1 CF P. aeruginosa lung isolate from 2 year-old patient (22)

 LNAP-2 CF P. aeruginosa lung isolate from 13 year-old patient (22)

 LNAP-3 CF P. aeruginosa lung isolate from 19 year-old patient (22)

 MRSA-M2 Methicillin-resistant isolate of S. aureus isolated from an 
osteomyelitis patient in Galveston, Texas. (238)

 Table 6.1. Strains used in this study.



methicillin-resistant S. aureus strain M2 was grown for 18 hours in BHI medium at 37°C. 

Growth was measured by OD600, then diluted to an OD 0.05 in DTSB medium 

supplemented with or without 100 µM FeCl3. 1 µL of P. aeruginosa extracts was added 

to 200 µL of diluted S. aureus culture. 1 µL 100% ethyl alcohol was used as a solvent 

control. Cultures were incubated for 18 hours with shaking at 37°C in a 96-well plate, 

and S. aureus cell density (OD630) was measured spectroscopically in a BioTek® 

Synergy™ HT plate reader. 

Mass spectrometric quantification of AQs 

 Strains were grown for 18 hours in DTSB supplemented with or without 100 µM 

FeCl3 as indicated. Cells were spun down and supernatants harvested for AQ extraction 

as previously described by Collier et al. (99). Nalidixic acid and deuterated N-pentanoyl-

L-homoserine lactone (C5-HSL) were used as internal standards. LC-MS/MS analysis 

was performed as previously described (123, 229).

Transwell co-culture assay

 To quantify antimicrobial activity against S. aureus, a liquid co-culture system 

using transwell cell culture inserts (Corning Costar®, NY, USA) was performed as 

previously described (123). Briefly, P. aeruginosa and S. aureus strains were grown 

overnight in DTSB for 18 hours at 37˚C. S. aureus cultures were diluted to an OD600 of 

0.05 in DTSB supplemented with or without 100 µM FeCl3, and 600 µL of the resulting 

cell suspension was inoculated into the bottom of the transwell plate. A transwell insert 
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with a 0.4 µm membrane was then placed onto the plate, and 100 µL of P. aeruginosa 

cultures, diluted to an OD600 of 0.05, were inoculated on top of the membrane. The 

transwell plates were incubated at 37˚C for 18 hours under static growth conditions, and 

S. aureus cell density (OD630) was measured spectroscopically in a BioTek® Synergy™ 

HT plate reader.

Real time PCR analysis

 Real time PCR (qPCR) analysis of P. aeruginosa and S. aureus gene expression in 

broth cultures was carried out as previously described (22, 98, 211), using the Applied 

Biosystems StepOne Plus Real Time PCR System (Life Technologies). Primers and 

probes used in this study are listed in Table 6.2. For S. aureus cell lysis: cell pellets were 

resuspended in 100 µL of 2.5 µg/µL lysozyme and 0.25 µg/µL lysostaphin in TE and 

incubated for 45 minutes at 37˚C. Relative amounts of cDNA were determined by the 

∆∆CT method, and expression was normalized to oprF cDNA for P. aeruginosa or rpoB 

cDNA for S. aureus detected in each sample.  

 

Thin layer chromatography (TLC)

 Bacteria were grown in DTSB for 18 hours at 37°C, with or without 100 µM 

FeCl3 supplementation as indicated. Each culture was harvested and extracted with 

acidified ethyl acetate as described by Collier et al. (99). One half of the resulting organic 

extract was transferred to a clean tube and evaporated to dryness. Samples were 
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resuspended in 1:1 acidified ethyl acetate:acetonitrile and analyzed by thin-layer 

chromatography (TLC) with a synthetic PQS standard (97).
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Oligonucleotide Sequence 5’ – 3’

Primers
oprF.for GCG TTC GCA ACA TGA AGA AC
oprF.rev CTT CTT GTT GCC GGT TTC GTA
pqsA.for CCT CGA TTT CGA TCC CGA TAC 
pqsA.rev TGG CCT GGG AGA GAA TGT AGG
pqsH.for TCG AGT TCA TCA GGA AGC AAT C 
pqsH.rev CGA GGG TAT TCC TCA GCC AGA
pqsL.for CGA AGC GAC CGT CGA GAT 
pqsL.rev TAG GAG GCG ATA CCG TCG G 
rpoB.for TTC AGC AGC GAC AGC ATG TAT
rpoB.rev CTG CAA CGA TTG GAC GTT GG
pflB.for AGA CGG ACG TAA AGC TGG CG
pflB.rev TGC ACC TTT TTG GTCC ACG GC
ldh.for TGC TGG TGC TGC ACA AAA AAC
ldh.rev CGT GGC GCA ACA TCG AAC G
adh.for AAG AAC GGA ACA GCC TCA AAT T
adh.rev AAC CAC CAC CAA GTG CAA TGA
Probes
oprF CGG TGA GTA CCA TGA CGT TCG TGG C
pqsA CAC TAT CGG GGC CAG ACT CTC AGC C
pqsH CTT GGT CAG TGG GAA TCG CCC TCC  
pqsL CGA GCG CCA CGC GAT CGA C 
rpoB ACG GCG TTG AGC ATG AAG GTG AAT TAG ATC 
pflB CCA TTT GCA CCA GGT GCA AAC CC 
ldh CAA ATC AAT TGT TGG TGA AGT AAT GGC ATC AA
adh TAG CGA AGT CGA ACC GAA CCC ATC A 

Table 6.2. Real time PCR primers and probes used in this study.



Results

Antimicrobial activity of alkylquinoline-N-oxides (AQNOs) is dependent on S. 

aureus growth environment

 Previous analysis of a panel of pqs mutants demonstrated that antimicrobial 

activity of P. aeruginosa against S. aureus is dependent upon multiple AQs, including 

HQNO (9, 123). HQNO possesses innate antimicrobial activity against S. aureus due to 

its ability to bind to and inhibit the activity of cytochrome b (93, 124). Recent studies also 

demonstrate that both siderophores and AQNOs are required for antimicrobial activity 

against S. aureus during mixed biofilm growth (9), indicating that iron may play a role in 

AQNO-mediated antimicrobial activity. We therefore sought to determine how iron 

supplementation affected the antimicrobial activity of AQNOs against S. aureus. Since P. 

aeruginosa produces several congeners of AQNOs, with varying alkyl chain lengths and 

levels of saturation, we chose to first analyze extracts of P. aeruginosa culture 

supernatants instead of assaying the effects of individual AQNO metabolites. AQs were 

extracted from wild type PAO1, the ∆pqsA mutant, which lacks production of all AQs, 

and the ∆pqsL mutant, which is specifically defective for AQNO production (Figure 6.1). 

S. aureus was then cultured in high or low iron media in the presence of each of these 

extracts. As expected, wild type PAO1 extracts substantially reduced S. aureus growth 

(by 50%) as compared to the solvent control (Figure 6.2A). This effect was eliminated 

when S. aureus cultures were subjected to either the ∆pqsA or ∆pqsL extracts (Figure 

6.2A), demonstrating the specific role of AQNOs in inhibiting S. aureus growth in this 
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assay. Notably, iron supplementation of P. aeruginosa cultures had no impact on the 

ability of the resulting extracts to inhibit S. aureus growth (Figure 6.2A). In contrast, iron 

depletion of S. aureus cultures significantly enhanced the antimicrobial activity of both 

the high and low iron PAO1 extracts (Figure 6.2A). This was not due to effects of the 

Pseudomonas growth medium, as extracted high or low iron DTSB media did not 

significantly affect S. aureus growth (Figure 6.3). These data indicate that while iron 

does not affect on the production of AQNOs by P. aeruginosa, it does impact the 

susceptibility of S. aureus cultures to these metabolites.  

108

Figure 6.2. AQNO-dependent antimicrobial activity against S. aureus is dependent upon 
iron depletion. (A) S. aureus was grown overnight in DTSB supplemented with or without 100 
µM FeCl3 and with the indicated P. aeruginosa AQ extracts, prepared as described in the 
materials and methods. (B) Culture supernatant extracts from the indicated P. aeruginosa strains 
were prepared and analyzed by LC-MS/MS as described in the materials and methods. Error 
bars indicate standard deviation of three (A) or five (B) biological replicates. Asterisks (*) 
indicate the following p values as determined by two-tailed Student’s t test: * p < 0.05, ** p < 
0.005, *** p < 0.0005 when comparing low iron to high iron. 



 To directly determine if AQNO production is regulated by iron, we quantified 

AQNO levels in supernatants of P. aeruginosa cultures grown in low or high iron media 

using liquid chromatography tandem mass spectrometry (LC-MS/MS). For this analysis 

we selected HQNO, an AQNO congener with a C7 (heptyl) alkyl chain, and NQNO, an 

AQNO congener with a C9 (nonyl) alkyl chain. Strikingly, our results show that the 

impact of iron on AQNO production is dependent upon alkyl chain length: production of 

HQNO is repressed by iron depletion, while that of NQNO is induced by iron depletion 

(Figure 6.2B-C). These data further support the idea that iron depletion does not induce 

overall AQNO production by P. aeruginosa, and that antimicrobial activity of AQNOs is 
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Figure 6.3. Extracted DTSB media and EtOH controls behave similarly. The methicillin-
resistant S. aureus (MRSA) M2 strain was grown for 18 hours at 37˚C in DTSB, supplemented 
with or without 100 µM FeCl3 and 1 µL of 100% ethyl alcohol or extracted DTSB media 
resuspended in 100% ethyl alcohol as indicated. OD600 of overnight S. aureus cultures was 
measured as described in materials and methods. Error bars indicate the standard deviation of 
three biological replicates. Results indicate no significance (p > 0.05) in any conditions as 
determined by two-tailed Student’s t test. 



instead dependent upon iron depletion of S. aureus cultures. To directly test this idea, we 

subjected S. aureus low and high iron cultures to HQNO and NQNO synthesized as 

described previously (229). While HQNO and NQNO suppressed growth of S. aureus 

when cultured in either high iron medium, iron depletion significantly enhanced the 

antimicrobial activity of these metabolites (Figure 6.4A). As expected, decreases in cell 

density correlated closely with changes in cellular respiration as determined by staining 

cultures with triphenyltetrazolium chloride (TTC), indicating that the effects of AQNOs 

are due to inhibition of cytochrome activity versus loss of cell viability (Table 6.3). 

Combined, these results show that iron starvation sensitizes S. aureus cultures to the 

antimicrobial activity of AQNOs. 

HHQ displays innate antimicrobial activity against S. aureus 

 We next sought to determine how PQS and HHQ contribute to iron-regulated 

antimicrobial activity against S. aureus. PQS and HHQ both function as quorum sensing 

molecules, activating the expression of genes that contribute to S. aureus growth 

suppression (92, 94). PQS is additionally able to chelate iron (94, 95), which could also 
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AQ
Low Iron High Iron

AQ OD600 OD510 OD600 OD510

EtOH 3.25 ± 0.58   3.05 ± 0.30 2.99 ± 0.44 2.82 ± 0.47
HQNO 1.05 ± 0.14* 0.78 ± 0.11** 1.59 ± 0.11* 1.57 ± 0.21*
PQS 2.54 ± 0.14 2.40 ± 0.30 2.55 ± 0.25 2.40 ± 0.38
HHQ 2.29 ± 0.02* 1.95 ± 0.35* 3.37 ± 0.27 3.33 ± 0.68 
Determined by TTC assay. The methicillin-resistant S. aureus (MRSA) M2 strain was grown for 18 hours 
at 37˚C in DTSB, supplemented with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 
was measured. 0.1% 2,3,5-triphenyltetrazolium chloride (TTC) was added to cultures, cells were spun 
down, resuspended in 50% ethanol and OD510 was measured. Standard deviations are of three biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test when 
comparing to EtOH control: * p < 0.05, ** p < 0.005.

Determined by TTC assay. The methicillin-resistant S. aureus (MRSA) M2 strain was grown for 18 hours 
at 37˚C in DTSB, supplemented with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 
was measured. 0.1% 2,3,5-triphenyltetrazolium chloride (TTC) was added to cultures, cells were spun 
down, resuspended in 50% ethanol and OD510 was measured. Standard deviations are of three biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test when 
comparing to EtOH control: * p < 0.05, ** p < 0.005.

Determined by TTC assay. The methicillin-resistant S. aureus (MRSA) M2 strain was grown for 18 hours 
at 37˚C in DTSB, supplemented with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 
was measured. 0.1% 2,3,5-triphenyltetrazolium chloride (TTC) was added to cultures, cells were spun 
down, resuspended in 50% ethanol and OD510 was measured. Standard deviations are of three biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test when 
comparing to EtOH control: * p < 0.05, ** p < 0.005.

Determined by TTC assay. The methicillin-resistant S. aureus (MRSA) M2 strain was grown for 18 hours 
at 37˚C in DTSB, supplemented with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 
was measured. 0.1% 2,3,5-triphenyltetrazolium chloride (TTC) was added to cultures, cells were spun 
down, resuspended in 50% ethanol and OD510 was measured. Standard deviations are of three biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test when 
comparing to EtOH control: * p < 0.05, ** p < 0.005.

Determined by TTC assay. The methicillin-resistant S. aureus (MRSA) M2 strain was grown for 18 hours 
at 37˚C in DTSB, supplemented with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 
was measured. 0.1% 2,3,5-triphenyltetrazolium chloride (TTC) was added to cultures, cells were spun 
down, resuspended in 50% ethanol and OD510 was measured. Standard deviations are of three biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test when 
comparing to EtOH control: * p < 0.05, ** p < 0.005.

Table 6.3. Culture density of AQ-treated S. aureus correlates with metabolic activity. 



contribute to growth suppression of S. aureus. Our previous work showed that pqsH, 

which is responsible for the conversion of HHQ to PQS (Figure 6.1), is not required for 

S. aureus growth suppression during co-culture (123). Deletion of pqsH also had no 

effect on the antimicrobial activity of culture supernatant extracts (Figure 6.5A). 
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Figure 6.4. HHQ possesses innate antimicrobial activity. The methicillin-resistant S. aureus 
(MRSA) M2 strain was grown for 18 hours at 37˚C in DTSB, supplemented with or without 
100 µM FeCl3 and 50 µM of the indicated AQs. (A) OD600 of overnight S. aureus cultures was 
measured. (B) pflB, ldh, and adh mRNA expression was measured by qRT-PCR of MRSA-M2 
as described in materials and methods. Error bars indicate the standard deviation of three 
biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed 
Student’s t test when comparing low to high iron conditions: * p < 0.05, ** p < 0.005,  *** p < 
0.0005. Carrots (^) indicate the following p values as determined by two-tailed Student’s t test 
when comparing AQ treatment to ethanol solvent (EtOH) alone: ^ p < 0.05, ^^ p < 0.005, ^^^ p  
< 0.0005.



Combined, these results indicate the iron-chelation activity of PQS is dispensable for S. 

aureus growth suppression. Alternatively, it is possible that deletion of pqsH alters the 

production of AQ metabolites, resulting in enhanced antimicrobial activity by other 

mechanisms. We therefore used LC-MS/MS to quantify production of HHQ and HQNO, 

and related congeners, in the ∆pqsH mutant. While no significant changes in either 

HQNO or NQNO were observed (Figure 6.6C-D), these results showed more than a 10-

fold increase in HHQ and NHQ production in the ∆pqsH mutant as compared to the wild 

type strain in both high and low iron conditions (Figure 6.5B-C). It is therefore possible 
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Figure 6.5. HHQ is overproduced by the ∆pqsH mutant. (A) S. aureus was grown overnight 
in DTSB supplemented with or without 100 µM FeCl3 and the indicated P. aeruginosa AQ 
extracts. OD600 of overnight S. aureus cultures was measured as described in materials and 
methods. (B-C) Culture supernatant extracts from the indicated P. aeruginosa strains, grown 
with or without 100 µM FeCl3 were analyzed by LC-MS/MS as described in the materials and 
methods. Error bars indicate standard deviation of three (A) and five (B) biological replicates. 
Asterisks (*) indicate the following p values as determined by two-tailed Student’s t test: ** p < 
0.005, *** p < 0.0005 when comparing low iron to high iron.



that increased production of HHQ suppresses defects in antimicrobial activity that are 

specific to loss of PQS.

   We next determined if PQS, due to its ability to chelate iron, exhibits innate 

antistaphylococcal activity by subjecting S. aureus low and high iron cultures to PQS and 

related congeners (C9-PQS and C1-PQS). Interestingly, only C9-PQS caused a small but 

significant decrease in S. aureus culture density as compared the ethanol control (p < 

0.05), and this effect was only observed in low iron (Figure 6.4A). To determine if this 

activity was due to iron chelation, we also treated S. aureus cultures with NHQ and HHQ, 

as well as a PQS mimic, 3-NH2-PQS. The replacement of an amino group for the 
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Figure 6.6. LC-MS/MS of AQ metabolites in PQS biosynthetic mutants. The indicated P. 
aeruginosa strains were grown in DTSB and culture supernatant were extracted as described in 
the materials and methods. Extracts were analyzed by LC-MS/MS for (A) HHQ, (B) NHQ, (C) 
HQNO, and (D) NQNO as described. Error bars indicate standard deviation of five biological 
replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
test: * p < 0.05, *** p < 0.0005 when comparing back to the parent strain (PAO1 or PA14). 



hydroxyl group on the 3’ position of the quinolone allows for binding and activation of 

PqsR, but not iron chelation ability (230). Surprisingly, 3-NH2-PQS, HHQ, and NHQ 

were all able to suppress growth of S. aureus in low iron (Figure 6.4A), indicating that 

the 3’ hydroxyl group of PQS inhibits the growth suppressive activity of these AQs. As 

observed for HQNO, the reduction in S. aureus culture density upon HHQ 

supplementation correlated with decrease in TTC staining, demonstrating a similar 

mechanism of growth inhibition (Table 6.3). Our analysis further shows that addition of 

either PQS or HHQ has an additive effect on S. aureus growth when provided in 

combination with HQNO (Figure 6.7). The combination of all three AQs did not 
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Figure 6.7. PQS/HHQ and HQNO growth suppressive effects are additive. The methicillin-
resistant S. aureus (MRSA) M2 strain was grown for 18 hours at 37˚C in DTSB, supplemented 
with or without 100 µM FeCl3 and 50 µM of the indicated AQs. OD600 of overnight S. aureus 
cultures was measured as described in materials and methods. Error bars indicate the standard 
deviation of three biological replicates. Asterisks (*) indicate the following p values as 
determined by two-tailed Student’s t test when comparing low or high iron conditions: * p < 
0.05, ** p < 0.005,  *** p < 0.0005. Carrots (^) indicate the following p values as determined by 
two-tailed Student’s t test when comparing AQ treatment to ethanol solvent (EtOH) alone: ^ p < 
0.05, ^^^ p < 0.0005.



significantly alter the growth suppression of S. aureus compared to HQNO in 

combination with either PQS or HHQ (Figure 6.7). These data demonstrate a novel role 

for these signaling molecules in mediating antimicrobial activity against S. aureus. 

HQNO and HHQ induce fermentation pathways in S. aureus  

 A recent report by Filkins et al., demonstrated that co-culture with P. aeruginosa 

significantly altered S. aureus gene expression in an AQNO-dependent manner (9). The 

most up-regulated genes were associated with fermentation pathways of S. aureus 

including formate acetyltransferase (pflB), L-lactate dehydrogenase (ldh), and alcohol 

dehydrogenase (adh). To determine whether synthesized AQNOs were able to induce 

these same genes, we performed real time PCR on S. aureus cultures grown with HQNO 

in DTSB supplemented with or without iron. HQNO induced pflB, ldh, and adh gene 

expression 100-1000 fold in low iron compared to the ethanol control, similar to that 

observed by Filkins et al. (Figure 6.4B). Strikingly, HQNO’s ability to induce pflB, ldh, 

and adh expression in S. aureus was reduced in iron-replete conditions (Figure 6.4B). 

Thus iron levels significantly impact on the ability of HQNO to induce fermentative 

metabolism genes in S. aureus.    

 The studies by Filkins et al. were conducted with co-cultures of S. aureus with P. 

aeruginosa, or in the presence of P. aeruginosa culture extracts (9), leaving the 

possibility that other P. aeruginosa metabolites contribute to the AQNO-dependent shift 

in S. aureus metabolism. Since we showed that HHQ possesses innate antimicrobial 

activity against S. aureus, we assayed gene expression of S. aureus treated with HHQ or 
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PQS to determine if either could drive S. aureus to fermentative metabolism. While the 

effects of HHQ were not as robust as that of HQNO, HHQ did cause a small but 

significant induction of pflB and ldh expression as compared to the ethanol control 

(Figure 6.4B). Moreover, induction of these genes by HHQ was only noted under iron-

depleted conditions (Figure 6.4B - light gray bars). In contrast, PQS had no significant 

effect on pflB, ldh, or adh expression in either high or low iron condition compared to the 

ethanol control (Figure 6.4B). Notably, the ability of the individual AQ metabolites to 

induce fermentative gene expression correlated with their growth suppressive activity 

against S. aureus (Figure 6.4A). Thus, while HQNO appears to be the major metabolite 

responsible for increasing expression of S. aureus fermentative genes and growth 

suppressive activity, HHQ is also capable of altering S. aureus gene expression related to 

fermentative metabolism and inhibiting growth of S. aureus. Moreover, the sensitivity of 

S. aureus cultures to each of these metabolites is enhanced by iron depletion, presenting a 

novel means by which iron affects antimicrobial activity of P. aeruginosa against S. 

aureus.   

Iron-regulated antimicrobial activity is exhibited by multiple CF isolates 

 Our previous studies showed that two clonal, longitudinally-isolated strains of P. 

aeruginosa from an individual CF patient exhibited iron-regulated antimicrobial activity 

against S. aureus (123). To determine if other CF isolates are capable of this activity, we 

examined clonal, longitudinally-isolated CF strains of P. aeruginosa from two additional 

patients: DSAM (DSAM-1, DSAM-2, and DSAM-3) and LNAP (LNAP-1, LNAP-2, and 
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LNAP-3). These strains were isolated from CF patients ranging from age 2 to 22, 

providing a broad view of P. aeruginosa isolates from multiple stages of CF lung 

infection (Table 6.1). S. aureus was grown in co-culture with each CF isolate of P. 

aeruginosa, separated by a transwell membrane as previously described (123), in either 

high or low iron. With the exception of LNAP-3, each of these isolates exhibited iron-

regulated antimicrobial activity against S. aureus (Figure 6.8A). As previously shown, 

the clonal JSRI-1 and JSRI-2 CF isolates also both exhibited iron-regulated antimicrobial 

activity against S. aureus (Figure 6.8A). These data indicate that iron-regulated 
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Figure 6.8. S. aureus restores PQS production to several CF isolates of P. aeruginosa. (A) S. 
aureus cell density was measured spectroscopically as OD630 after co-culture with the indicated 
P. aeruginosa strains in transwell cell culture plates as described in materials and methods. Error 
bars indicate standard deviation of three biological replicates. (*) Asterisks indicate the 
following p values as determined by a two-tailed Student’s t test: *p < .05, **p < 0.005, ***p < 
0.005 when comparing low iron to high iron. (B) TLC of P. aeruginosa laboratory strains and 
clinical CF isolates. P. aeruginosa strains were grown with or without S. aureus as indicated, and 
culture supernatant extracts were prepared and analyzed by as described in materials and 
methods. Images are representative of three biological replicates. 



antimicrobial activity against S. aureus is largely conserved by P. aeruginosa throughout 

CF lung infection, although variations in this activity between individual isolates does 

exist.

PQS-deficient CF isolates increase production of HHQ 

 We next determined the potential role of individual AQs produced by CF isolates 

in iron-regulated antimicrobial activity against S. aureus. We previously found that PQS 

production of the JSRI-2 isolate is reduced as compared to the JSRI-1 isolate (22). 

However, co-culture with S. aureus restores PQS production to JSRI-2, potentially 

allowing for antimicrobial activity observed by this strain (123). To determine if PQS 

production similarly correlates with antimicrobial activity in the LNAP and DSAM CF 

isolates (Figure 6.8A), we performed thin layer chromatography (TLC) on culture 

supernatants from each isolate, grown either in mono-culture or co-culture with S. aureus. 

Similar to JSRI-2, DSAM-2 showed weak PQS production in monoculture (Figure 

6.8B), yet was still able to exert antimicrobial activity against S. aureus (Figure 6.8A). 

Also similar to JSRI-2, we found that PQS production of DSAM-2 was restored to this 

isolate when co-cultured with S. aureus (Figure 6.8B). We also noted weak PQS 

production by LNAP-3 in mono-culture, which was not restored by co-culture with S. 

aureus (Figure 6.8B). Thus, co-culture with S. aureus restores PQS production to certain 

P. aeruginosa CF isolates, potentially allowing for iron-regulated antimicrobial activity 

against S. aureus.
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 Since the data above and our previous work shows that multiple AQs contribute to 

antimicrobial activity by P. aeruginosa laboratory strains (22), we next examined 

production of HQNO and HHQ by the JSRI, DSAM, and LNAP isolates. Similar to what 

was observed for PQS, production of both HQNO and NQNO was reduced in the JSRI-2, 

DSAM-2, and LNAP-3 isolates as compared to clonal isolates from the same patient 

(Table 6.4). HHQ and NHQ production were also reduced in JSRI-2 as compared to 

JSRI-1 (Table 6.4). In contrast, DSAM-2 and LNAP-3 showed increased production of 

HHQ and NHQ as compared to clonal isolates from the same patient (Table 6.4), similar 

to that observed in the PA14 ∆pqsH mutant (Figure 6.5B-C). Combined, these results 

suggest that JSRI-2 has an overall defect in AQ metabolism, while DSAM-2 and LNAP-3 

are specifically defective for PQS and AQNO production. 
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Concentration (nM)1 of:Concentration (nM)1 of:Concentration (nM)1 of:Concentration (nM)1 of:
 Strain HQNO NQNO HHQ NHQ
 JSRI-1 2629.7 ± 580.7 5330.0 ± 1150.1 80.7 ± 9.6 285.1 ± 79.5

 JSRI-2 22.8 ± 7.0*** 3162.4 ± 1299.6* 17.5 ± 8.9*** 26.7 ± 12.9***

 DSAM-1 4539.4 ± 720.6 8342.4 ± 1657.1 22.7 ± 2.8 172.2 ± 27.9

 DSAM-2 3073.4 ± 429.2* 4948.5 ± 736.2* 903.0 ± 455.4*** 515.9 ± 63.7***

 DSAM-3 4278.3 ± 528.2 7957.3 ± 944.4 25.6 ± 10.6 275.8 ± 114.3

 LNAP-1 2770.2 ± 863.4 5699.6 ± 1718.7 15.6 ± 6.1 42.5 ± 16.9

 LNAP-2 2996.7 ± 876.2 5969.8 ± 1642.0 17.8 ± 5.5 46.3 ± 14.0

 LNAP-2 1101.0 ± 280.2* 2098.3 ± 624.6** 192.4 ± 83.3** 674.2 ± 132.8***
 1Determined by LC-MS/MS as described in the material and methods. Standard deviation is from five
  biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
  test when comparing to the parent strain in each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by LC-MS/MS as described in the material and methods. Standard deviation is from five
  biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
  test when comparing to the parent strain in each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by LC-MS/MS as described in the material and methods. Standard deviation is from five
  biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
  test when comparing to the parent strain in each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by LC-MS/MS as described in the material and methods. Standard deviation is from five
  biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
  test when comparing to the parent strain in each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by LC-MS/MS as described in the material and methods. Standard deviation is from five
  biological replicates. Asterisks (*) indicate the following p values as determined by two-tailed Student’s t 
  test when comparing to the parent strain in each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

Table 6.4. Quantification of AQ metabolites in CF isolates.



 To determine the molecular basis for altered AQ metabolite production by the 

JSRI-2, DSAM-2, and LNAP-3 isolates, we performed real time PCR of the pqsA and 

pqsH genes. These analyses show that pqsA gene expression is significantly reduced in 

the JSRI-2 isolate as compared to JSRI-1, while expression of pqsH is increased in the 

JSRI-2 isolate (Table 6.5), supporting the hypothesis that JSRI-2 exhibits an overall 

defect in AQ metabolism. In contrast, pqsA expression is maintained in DSAM-2 and 

increased in LNAP-3 as compared to their clonal isolates (Table 6.5), while pqsH 

expression is substantially reduced in these strains (Table 6.5). Thus, defects in the 

terminal step of PQS synthesis in these isolates correlates with an accumulation of HHQ 

intermediates. Surprisingly, DSAM-3, which showed no defects in PQS, HHQ, or HQNO 

production, exhibited significantly reduced expression of both pqsA and pqsH (Table 

6.5). The rationale for this apparent paradox is not clear. Overall, these studies suggest 
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Relative expression1 of:Relative expression1 of:
 Strain pqsA pqsH
 JSRI-1 1.00 1.00

 JSRI-2 0.25 ± 0.03*** 3.06 ± 0.39***

 DSAM-1 1.00 1.00

 DSAM-2 1.01 ± 0.24 0.04 ± 0.02***

 DSAM-3 0.13 ± 0.10*** 0.10 ± 0.32***

 LNAP-1 1.00 1.00

 LNAP-2 1.04 ± 0.37 0.94 ± 0.24

 LNAP-2 5.26 ± 2.42 0.08 ± 0.02***
 1Determined by qRT-PCR as described in the materials and methods. Standard
 deviation is of three biological replicates. Asterisks (*) indicate the following p values
 as determined by two-tailed Student’s t test when comparing to the parent strain in
 each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by qRT-PCR as described in the materials and methods. Standard
 deviation is of three biological replicates. Asterisks (*) indicate the following p values
 as determined by two-tailed Student’s t test when comparing to the parent strain in
 each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

 1Determined by qRT-PCR as described in the materials and methods. Standard
 deviation is of three biological replicates. Asterisks (*) indicate the following p values
 as determined by two-tailed Student’s t test when comparing to the parent strain in
 each CF series: * p < 0.05, ** p < 0.005, *** p < 0.0005.

Table 6.5. pqs gene expression by PQS-deficient CF isolates.



that the multifactorial nature of AQ-dependent antimicrobial activity allows P. aeruginosa 

to maintain this activity amid changes in AQ metabolites during CF lung infection. 

Discussion

 The decline of S. aureus and eventual dominance of P. aeruginosa is a common 

occurrence in the lungs of CF patients (116). However, the mechanisms underlying this 

shift are still not well understood. AQs likely contribute to the ability of P. aeruginosa to 

outcompete S. aureus in this environment, as several AQs exhibit growth suppressive 

properties (89, 122). Furthermore, AQs have been found in the sputum, plasma, and urine 

of CF patients, highlighting their potential importance in CF infection (231). In this study, 

we show that in addition to its roles as a quorum sensing molecule, HHQ possesses innate 

antimicrobial activity against S. aureus. Additionally, we show that S. aureus is sensitized 

to the antimicrobial activity of both HHQ and HQNO when grown under iron limiting 

environments. Using a combination of LC-MS/MS and gene expression analysis, we 

provide evidence for how CF isolates of P. aeruginosa maintain antimicrobial activity 

during chronic lung infection, despite substantial changes in AQ metabolism. Combined, 

these results yield many novel insights into how iron affects the progression of P. 

aeruginosa-S. aureus co-infections, demonstrating the complexity of this dynamic 

microbial interaction. 

 We previously showed that iron-regulated antimicrobial activity is dependent in 

part upon AQNOs (123). Here, we show that iron depletion enhances AQNO-dependent 

antimicrobial activity against S. aureus, presenting a novel mechanism by which iron can 

121



affect AQ-dependent antimicrobial activity. These are particularly interesting results in 

light of a recent study from Filkins et al., showing that antimicrobial activity of P. 

aeruginosa against S. aureus in mixed biofilms is dependent upon siderophore 

production, which can similarly reduce extracellular iron levels (9). What remains 

unknown is the precise mechanism of how AQNOs and iron depletion induce S. aureus to 

shift toward fermentative metabolism. Respiratory metabolism is heavily dependent upon 

heme- and iron-cofactored enzymes, and iron starvation has previously been shown to 

redirect S. aureus from respiratory to fermentative metabolism in a manner dependent 

upon the ferric uptake regulator (Fur) (232). Thus, iron depletion may exert an additive 

effect on S. aureus respiratory capabilities in the presence of AQNOs. The implications of 

this phenomenon for CF disease are particularly interesting, as inhibition of S. aureus 

respiration by HQNO selects for small colony variants (SCVs), which rely on 

fermentative metabolism and display increased tolerance to multiple antimicrobials 

(130-134). Notably, the presence of HQNO under our culture conditions reversed the 

response of S. aureus to environmental iron levels (Figure 6.4A), indicating iron 

supplementation can help S. aureus compensate for the deleterious effects of HQNO on 

respiratory metabolism. Identifying the specific factors of S. aureus that are responsible 

for regulating this response to HQNO and iron starvation will be critical for 

understanding the full scope of this microbial interaction.

 While iron depletion enhances production of the C9 congener of PQS (22), the 

precise contribution of this and related AQ metabolites to overall antimicrobial activity 

remains elusive. In addition to its role as a quorum signaling molecule, PQS also exhibits 
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iron chelating activity (94, 95), which could contribute to antimicrobial activity against S. 

aureus. However, our previous work suggested that PQS is dispensable for this activity, 

as a ∆pqsH mutant exhibited antimicrobial activity similar to its wild type parent (123). 

While HHQ is not as active as PQS as a quorum signaling molecule (94, 233), we noted a 

substantial increase in HHQ and NHQ production in the ∆pqsH mutant (Figure 6.5B-C). 

The current work further shows that HHQ possesses innate growth suppressive activity 

against S. aureus and can induce expression of S. aureus fermentative genes when 

environmental iron is limiting (Figure 6.4). While not nearly as active of an antimicrobial 

as HQNO, these data suggest that HHQ can inhibit S. aureus growth by means similar to 

HQNO, and that overproduction of this metabolite may be able to compensate for P. 

aeruginosa defects in production of PQS and other AQ metabolites.

 P. aeruginosa undergoes substantial changes as it adapts to the CF lung 

environment, including the loss of several virulence-related genes (24, 180, 201, 202). 

Our previous studies showed that PQS production was reduced in at least one CF isolate 

(JSRI-2) over time in the CF lung (22). Despite this reduction, the JSRI-2 isolate retained 

the ability to mediate iron-regulated antimicrobial activity, potentially due to the finding 

that co-culture with S. aureus restored PQS production to this isolate (123). In the current 

study, analysis of clonal and longitudinal isolates from additional CF patients has 

provided further models into how P. aeruginosa retains antimicrobial activity during CF 

lung infection. Similar to the isogenic ∆pqsH mutant, overproduction of HHQ by CF 

isolates has the potential to compensate for loss of PQS production in these isolates, and 

thus allow P. aeruginosa to retain antimicrobial activity against S. aureus. 
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 It is important to note that the isolates analyzed in this study represent only a 

small subset of the P. aeruginosa community in the CF lung, which has been shown to be 

highly heterogeneous (180, 234). Thus it is possible that AQ metabolites produced by 

other members of the community allowed for the emergence of metabolic cheats, as has 

been noted in multiple studies (235, 236). The finding that nearly all of the CF isolates 

we have thus far tested exhibit iron-regulated antimicrobial activity against S. aureus 

points to this phenomenon being independent of the cheater paradigm, at least in the 

context of mixed P. aeruginosa communities. Instead, it is likely that the multifactorial 

nature of iron-regulated antimicrobial activity allows it to persist in spite of changes 

incurred to AQ metabolites. It is also important to note that, with the exception of the 

transwell co-culture assays, the experiments in this study were performed on shaking, 

planktonic cultures, while microbial growth in the CF lung occurs in biofilms. It is 

possible that the antimicrobial activity of individual AQs against S. aureus biofilms could 

differ from that of planktonic cells to some extent. However, previous work by Filkins et 

al., has shown that both AQ production and iron availability contribute to P. aeruginosa’s 

antimicrobial activity against S. aureus in biofilms. Thus the results that we show here are 

likely translatable to mixed biofilm growth of these two species. 

 Iron is an essential nutrient for both P. aeruginosa and S. aureus and is 

increasingly appreciated as a critical mediator of CF lung disease (2, 10, 142). The 

finding that iron modulates antimicrobial activity of multiple P. aeruginosa CF isolates 

further indicates the importance of this essential nutrient in progression of CF lung 

disease. While siderophores are critical for antimicrobial activity in laboratory strains of 

124



P. aeruginosa (9), siderophore-mediated iron uptake is less likely to be important for this 

process in the CF lung due to reduced dependence on these systems as disease progresses 

(22, 24). Determining how primary clinical isolates of P. aeruginosa mediate 

antimicrobial activity in the context of CF lung infection will therefore require further 

studies of iron uptake and regulation by primary CF isolates, and well as determining the 

impact of relevant host immune factors that sequester host iron sources. Most 

importantly, this work demonstrates the importance of considering iron and other 

essential nutrients when studying microbial interactions in the context of human disease.
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Chapter 7: Metabolite exchange drives polymicrobial interactions of Pseudomonas 

aeruginosa against Staphylococcus aureus

Introduction 

 CF is a hereditary disease that predisposes patients to pulmonary dysfunction and 

chronic infections with multiple microorganisms, including Staphylococcus aureus and 

Pseudomonas aeruginosa. As CF lung disease progresses, P. aeruginosa becomes the 

predominant pathogenic resident and lasts for decades as a chronic infection (116, 218). 

This is in part due to P. aeruginosa’s arsenal of virulence factors and inherent antibiotic 

resistance (161-164). The isolation of P. aeruginosa from the lungs of CF patients is 

correlated with a decline in lung function (8, 85-87). Thus, understanding how P. 

aeruginosa becomes the predominant pathogen of the CF lung environment is essential to 

stemming disease progression in these patients. 

 P. aeruginosa’s ability to survive in the CF lung is dependent in part upon the 

acquisition of iron, an essential metallonutrient (44-46, 172). In the mammalian host, iron 

is sequestered within cells and by the host proteins lactoferrin and transferrin (25, 26). To 

obtain iron in this environment, P. aeruginosa uses multiple iron uptake systems. 

Previous work shows that P. aeruginosa’s dependence on specific iron uptake pathways 

changes as this pathogen adapts to the changing environment of the CF lung (21, 23, 24, 

123). In particular, the production and secretion of siderophores (28, 31, 32, 210), high 

affinity ferric iron chelators, is diminished in later CF isolates, while utilization of heme 

and ferrous iron is enhanced (22, 23, 66). This shift in preferred iron uptake systems 
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coincides with the decreasing oxygen level in the CF lung as disease progresses, reducing 

the need for systems that scavenge ferric iron (23, 76). Thus, by altering the expression of 

iron uptake systems, P. aeruginosa adapts to this unique niche to efficiently obtain iron.

 P. aeruginosa must also compete with other lung microbiota in the iron-limiting 

environment of the CF lung. Previous work shows that 2-alkyl-4-quinolones (AQs) 

produced by P. aeruginosa can liberate iron from S. aureus, both in vitro and within the 

mammalian host (7). AQs are detected in the CF lung after decades of P. aeruginosa 

infection (99), suggesting these small molecules may similarly contribute to iron 

acquisition during CF lung infection. AQ production requires the co-enzyme ligase PqsA, 

which converts anthranilate to anthranilyol CoA (90). This in conjunction with fatty acids 

and PqsBCD leads to the production of over fifty-five distinct AQs (90, 91). AQs mediate 

a variety of functions including cell signaling, redox activity, and antimicrobial activity 

(92, 94). Among these AQs are 2-heptyl-4-hydroxyquinoline (HHQ) (222) and the 

Pseudomonas quinolone signal (PQS) (191), which function as quorum signaling 

molecules and contribute to the production of virulence associated genes, including the 

production of phenazines (94, 223). Phenazines are redox active metabolites produced by 

P. aeruginosa that generate reactive oxygen species resulting in the lysis of both human 

and microbial cells (225). Activated anthranilate can also be converted to 2-heptyl-4-

hydroxyquinoline (HQNO), a N-oxide ubiquinone that suppresses growth of Gram-

positive bacteria such as S. aureus (93, 212-214). Additionally, AQ production by P. 

aeruginosa is enhanced during co-culture with S. aureus, suggesting an interplay between 

these two species in the CF lung (123).
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 In light of the finding that AQs mediate iron acquisition from other 

microorganisms, we previously discovered that AQ-mediated antimicrobial activity 

against S. aureus is enhanced by iron depletion (123). Notably, several strains of P. 

aeruginosa that were previously thought to be deficient in PQS production still exhibited 

antimicrobial activity against S. aureus, apparently due to restoration of PQS production 

during co-culture with S. aureus. This discovery was especially interesting considering 

that peptidoglycan shed by S. aureus during co-culture can stimulate PQS production by 

P. aeruginosa laboratory strains (87). To date however, the mechanism by which co-

culture with S. aureus restores iron-regulated PQS production to CF isolates remains 

unclear.

 In the current study, we sought to determine how S. aureus promotes PQS 

production by P. aeruginosa. Our results show that co-culture with S. aureus does not 

enhance iron-regulated expression of genes for anthranilate or AQ metabolism. Instead, 

we present evidence that co-culture with S. aureus provides intermediary metabolites to 

P. aeruginosa, resulting in recovery of PQS production in PQS-deficient strains. CF 

isolates of S. aureus were similarly able to restore PQS production by P. aeruginosa CF 

isolates, indicating this phenomenon is relevant to CF lung infections. We propose that 

this phenomenon highlights an interdependency in the metabolic pathways of two 

common CF pathogens, possibly promoting survival of both species in the CF lung.
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Materials and Methods

qRT-PCR

 Real time PCR (qPCR) analysis of antA, antR, pqsA, pqsE, pqsL, and pqsR gene 

expression in broth cultures was carried out as previously described (22, 98, 211), using 

the Applied Biosystems StepOne Plus Real Time PCR System (Life Technologies). 

Primers and probes are as follows; pqsE: For ‘CAG CGG TTG CCC GAG GCC 3’ Rev 

‘GGT CCC AGA TCC AGC CA’ probe ‘CAG CGG TTG CCC GAG GCC’; pqsL: For 

‘CGA AGC GAC CGT CGA GAT’ Rev ‘TAG GAG GCG ATA CCG TCG G’ probe 

‘CGA GCG CCA CGC GAT CGA C’; pqsR: For ‘AAA ACT TCG ACG ACA TGC 

TGC’ Rev ‘GCG TTC CTC GAC GAA ATA ATG’ probe ‘CTG GTG GAA GCC GGC 

GTC G’. Relative amounts of cDNA were determined by the ∆∆CT method or by use of a 

standard curve generated from cDNA acquired from serial dilutions of PAO1 RNA 

samples. Expression was normalized to oprF cDNA detected in each sample.

Thin layer chromatography (TLC)

 Bacteria were grown in DTSB for 18 hours at 37°C, with and without 100 µM 

FeCl3 supplementation as indicated. Each culture was harvested and extracted with 

acidified ethyl acetate as described by Collier et al. (99). One half of the resulting organic 

extract was transferred to a clean tube and evaporated to dryness. Samples were 

resuspended in 1:1 acidified ethyl acetate:acetonitrile and analyzed by thin-layer 

chromatography (TLC) (97).
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Transwell co-culture assay

 To quantify antimicrobial activity against S. aureus, a liquid co-culture system 

using transwell cell culture inserts (Corning Costar®, NY, USA) was performed as 

previously described (123). Briefly, strains were grown overnight in DTSB for 18 hours 

at 37˚C. S. aureus cultures were diluted to an OD630 of 0.05 in DTSB supplemented with 

or without 100 µM FeCl3, and 600 µL of the resulting cell suspension was inoculated into 

the bottom of the transwell plate. The transwell insert with a 0.4 µM membrane was then 

placed onto the plate, and 100 µL of P. aeruginosa cultures, diluted to an OD630 of 0.05, 

were inoculated on top of the membrane. The transwell plates were incubated at 37˚C for 

18 hours under static growth conditions, and S. aureus cell density (OD630) was measured 

spectroscopically in a BioTek® Synergy™ HT plate reader.

Results

Co-culture with S. aureus does not substantially alter expression of P. aeruginosa 

genes for anthranilate metabolism or PQS biosynthesis

 Previous studies demonstrate that co-culture with S. aureus can promote iron-

regulated PQS production by PQS-deficient strains of P. aeruginosa (123). One possible 

explanation for this observation is that co-culture with S. aureus alters the expression of 

P. aeruginosa genes for AQ metabolism. We previously showed that iron induces the 

expression of the antABC and catBCA genes required for catabolism of anthranilate, 

which is the precursor of PQS and other AQs (187). Iron regulation of this metabolic 

pathway is due to PrrF-dependent repression of antR, encoding a transcriptional activator 
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of the ant and cat genes, as well as PrrF-independent iron activation of the ant genes 

(Figure 7.1) (187). Due to the role of PrrF in this regulatory pathway, deletion of the 

PAO1 prrF locus (∆prrF1,2) results in constitutive degradation of anthranilate and 

reduced PQS production (98), providing a potential mechanism for iron to affect AQ-

dependent antimicrobial activity. However, we have shown that the prrF locus is not 

required for iron-regulated antimicrobial activity, likely due to the ability of co-culture 

with S. aureus to restore PQS production to the ∆prrF1,2 mutant (123).  

 To determine if co-culture with S. aureus suppresses the PQS defect of the 

∆prrF1,2 mutant by altering expression of the ant genes, we assayed iron-regulated 

expression of antA and antR from PAO1 and ∆prrF1,2, grown either in mono- or co-

culture with S. aureus, by real-time PCR (RT-PCR). Our results show that iron induces 

the expression of antA and antR in PAO1 grown either in mono-culture or co-culture with 

S. aureus (Table 7.1). As expected, iron induction of antA and antR was reduced in the 

∆prrF1,2 mutant grown in mono-culture (Table 7.1). Notably, co-culture with S. aureus 
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Figure 7.1. Iron regulation of ant genes. 1. Oglesby et.al, demonstrated that the iron-responsive 
PrrF sRNAs repress expression of antR. an activator of the genes for anthranilate catabolism 
(antABC and catBCA). In doing so, the PrrF sRNAs spare anthranilate so that it can be used as an 
AQ precursor instead of being degraded into TCA cycle intermediates. 2. Iron was also shown to 
regulate AQ production independently of PrrF by inducing antA expression and thus degrading 
anthranilate. The regulatory factors that mediate iron-dependent activation have yet to be 
identified.



did not restore iron-regulated expression of either of these genes to the ∆prrF1,2 mutant 

(Table 7.1), indicating that restoration of PQS production in this strain by co-culture is 

not due to altered expression of genes for the anthranilate degradation pathway. 

 We also previously demonstrated that a late CF isolate, named JSRI-2, was 

defective for PQS production in mono-culture, while a clonal early CF isolate from the 

same patient, JSRI-1, produced high levels of PQS (22). Despite its defect in PQS 

production during mono-culture, JSRI-2 exhibited iron-regulated antimicrobial activity 

against S. aureus (123). Our analysis further showed that co-culture with S. aureus 

restored PQS production to JSRI-2 in a similar manner to the PAO1 ∆prrF1,2 mutant. We 
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Strain PAO1PAO1 ∆prrF1,2∆prrF1,2 JSRI-1JSRI-1 JSRI-2JSRI-2

S. aureus - + - + - + - +

Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)Induction by iron (Fold induction of high iron compared to low iron sample)

antA 447.97 ± 
161.21

276.13 
± 80.98

251.22 ± 
71.96

148.49 ± 
61.11*

0.78 ± 
0.08

2.50 ± 
2.30

0.65 ± 
0.40

5.73 ± 
0.02**

antR 11.39 ± 
2.09

8.39 ± 
2.14

0.91 ± 
0.09

1.10 ± 
0.51

1.19 ± 
0.05

0.67 ± 
0.10*

1.06 ± 
0.36

0.83 ± 
0.20

Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)Repression by iron (Fold repression of low iron compared to high iron sample)

pqsA 5.46 ± 
0.60

1.52 ± 
0.90*

6.35 ± 
0.67

2.64 ± 
0.73**

1.39 ± 
0.51

0.27 ± 
0.23

4.93 ± 
1.95

2.39 ± 
0.97

pqsH 6.74 ± 
2.90

6.46 ± 
1.81

6.42 ± 
0.96

5.24 ± 
2.83

1.82 ± 
0.36

12.89 ± 
5.70

1.44 ± 
0.14

2.12 ± 
0.34

pqsE 3.85 ± 
0.44

3.71 ± 
0.31

3.78 ± 
0.94

2.68 ± 
0.62

2.53 ± 
0.46

0.71 ± 
0.16*

3.78 ± 
1.13

4.15 ± 
1.25

pqsL 2.51 ± 
0.43

1.47 ± 
0.19

3.07 ± 
1.53

1.68 ± 
0.79

1.07 ± 
0.28

1.11 ± 
0.58

1.55 ± 
0.79

1.02 ± 
0.29

pqsR 3.54 ± 
0.50

2.53 ± 
0.32

3.27 ± 
0.50

3.95 ± 
1.22

0.90 ± 
0.23

0.88 ± 
0.32

2.41 ± 
0.71

3.42 ± 
1.06

*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.
*p < 0.05: **p < 0.005 Indicates significance when comparing mono-culture (- S. aureus) with co-
culture (+ S. aureus). Standard deviations are of three biological replicates.

Table 7.1. qRT-PCR analysis of anthranilate metabolism and AQ biosynthetic genes.



therefore analyzed expression of the ant genes in the JSRI isolates to determine if  

expression of these genes correlated with PQS production. In contrast to PAO1, iron-

regulated expression of antA was not observed in either of the JSRI isolates when grown 

in mono-culture (Table 7.1). Moreover, while co-culture allowed for some iron-regulated 

expression of these genes in both JSRI-isolates, this regulation was much less striking 

than what is observed in the PAO1 laboratory strain (Table 7.1). Likewise, neither of the 

JSRI strains exhibited iron-regulated expression of antR, either in mono- or co-culture 

(Table 7.1). Thus, co-culture with S. aureus does not likely restore PQS production 

simply by altering iron-regulated expression of anthranilate degradation genes in P. 

aeruginosa. Moreover, these results indicate that iron-regulated PQS production by 

laboratory strains or CF isolates of P. aeruginosa is not dependent upon iron-regulated 

expression of genes for anthranilate metabolism.

 We also previously noted that iron represses the expression of pqsA (123), 

providing another regulatory pathway that could be impacted by co-culture with S. 

aureus. We therefore assayed iron-regulated expression of several pqs biosynthetic genes 

during mono- and co-culture. Iron repression of pqsA, pqsH, pqsE, and pqsL was 

observed in both PAO1 and the ∆prrF1,2 mutant grown in mono-culture, but this 

regulation was diminished for several of these genes when grown in co-culture (Table 

7.1). Moreover, iron-regulated expression of most of the pqs genes was not evident in the 

JSRI strains grown in mono-culture, and co-culture largely had no impact on pqs gene 

expression (Table 7.1). Combined, these results indicate that co-culture with S. aureus 
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does not restore iron-regulated PQS production to certain strains of P. aeruginosa by 

altering iron regulated expression of PQS biosynthetic genes.

Biosynthetic precursors restore PQS production to ∆prrF1,2 and JSRI-2

 Since co-culture with S. aureus did not enhance iron-regulated expression of 

anthranilate metabolism or PQS biosynthetic genes, we investigated other mechanisms by  

which S. aureus might alter PQS production by these strains. Earlier studies showed that 

N-acetyl glucosamine (GlcNac), a major cell wall component of Gram-positive bacteria, 

enhance PQS production by laboratory strains of P. aeruginosa (87). To determine if 

GlcNac enhanced PQS production in the ∆prrF1,2 mutant or JSRI-2 strains, we analyzed 

PQS production by these strains grown in the presence of GlcNac by TLC. However, 

GlcNac had no significant effect on PQS production by PAO1, ∆prrF1,2, or the JSRI-1 or 

JSRI-2 CF isolates (Table 7.2). 

 Previous studies with the ∆prrF1,2 mutant showed that supplementation with 

anthranilate, which is constitutively degraded by this strain due to derepression of the 

antABC genes, restored PQS production (98). Thus, it is possible that anthranilate 

produced by S. aureus is released by lysis during co-culture, feeding required 

intermediates to the ∆prrF1,2 mutant to support PQS production. We therefore 

determined if addition of anthranilate could similarly restore PQS production to the 

JSRI-2 isolate. Indeed, supplementation of mono-cultures with anthranilate restored PQS 

production to both ∆prrF1,2 and JSRI-2 to levels similar to that observed in co-culture 

(Table 7.2), demonstrating the ability of this precursor to support PQS biosynthesis in 
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deficient strains. Notably, supplementation of cultures with octanoic acid, another 

precursor of AQ biosynthesis, was also able to restore PQS production to ∆prrF1,2 and 

the JSRI-2 isolate (Table 7.2). Thus, these results indicate that S. aureus may feed 

intermediary metabolites to P. aeruginosa during co-culture, thereby suppressing defects 

in PQS production by certain strains. 

S. aureus restores PQS production to some, but not all, PQS-deficient CF isolates

 Iron-regulated antimicrobial activity against S. aureus is conserved amongst most 

of the strains of P. aeruginosa we have tested, including numerous clonal, longitudinal 

CF isolates (237). Similar to what was observed for JSRI-2, several of these isolates were 

defective for PQS production in mono-culture but regained the ability to produce PQS 

when co-cultured with S. aureus. However, these studies were performed with a 
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PAO1 ∆prrF1,2 JSRI-1 JSRI-2

- Iron 1.00 0.41 ± 0.07 0.95 ± 0.22 0.72 ± 0.20

+ S. aureus 0.93 ± 0.04 0.72 ± 0.18 0.91 ± 0.11 0.97 ± 0.31

+ GlcNac 1.01 ± 0.17 0.37 ± 0.08 1.09 ± 0.16 0.73 ± 0.13

+ Anthranilate 1.06 ± 0.11 0.63 ± 0.09 1.34 ± 0.24 1.01 ± 0.24

+ Octanoic Acid 1.15 ± 0.28 0.96 ± 0.07 1.17 ± 0.30 1.08 ± 0.13

+ Iron 0.16 ± 0.04*** 0.18 ± 0.02* 0.41 ± 0.04* 0.15 ± 0.02*

+ S. aureus 
+ Iron

0.30 ± 0.14** 0.38 ± 0.07 0.24 ± 0.02* 0.17 ± 0.04*

Table 7.2. AQ precursors restore PQS to deficient strains of P. aeruginosa1.

1Normalized to OD600 and fold change from PAO1 low iron sample.
*p < 0.05; **p < 0.005; ***p < 0.0005 Indicates significance when comparing to low iron within each 
strain as determined by Student’s t test.



methicillin-resistant isolate of S. aureus from a osteomyelitis infection (238), raising 

questions about whether CF isolates of S. aureus would behave similarly in these co-

culture assays. As previously shown, growth suppression of MRSA-M2 is dependent on 

pqsA but independent of prrF1,2 (Figure 7.2 - top panel). In addition to the JSRI isolates, 

we also showed that several clonal, longitudinal isolates from two additional patients - 

DSAM and LNAP  exhibited iron-regulated growth suppression against MRSA-M2 

(Figure 7.2 - top panel). Only one of the CF isolates we tested, LNAP-3 did not exhibit 

growth suppression of MRSA-M2 (Figure 7.2 - top panel). We also determined the 

ability of these P. aeruginosa strains to suppress growth of three CF isolates of S. aureus 

(P1, P2, and P3). Most of the P. aeruginosa strains tested, including the ∆prrF1,2 mutant 

exhibited iron-regulated growth suppression against the CF MRSA isolates (Figure 7.2). 

Interestingly, neither JSRI-2 nor LNAP-3 exhibited iron-regulated antimicrobial activity 

against any of these MRSA CF isolates (Figure 7.2). 

 To determine if these CF isolates of S. aureus could restore PQS production to 

PQS-deficient strains like what was previously reported with ∆prrF1,2, JSRI-2, and 

DSAM-2 in co-culture (Figure 7.3 - top panel), we analyzed PQS production by TLC. 

TLC analysis of the P. aeruginosa strains grown in co-culture with the CF MRSA isolate 

P1 showed almost identical restoration of PQS production to JSRI-2 when co-cultured 

with laboratory strain MRSA M2 (Figure 7.3). However, P1 was unable to restore PQS 

production to DSAM-2 (Figure 7.3). Additionally, PQS production by LNAP-3 appears 

unaffected by growth with the P1 CF isolate of S. aureus, similar to what was seen when 

co-cultured with MRSA-M2 (Figure 7.3). Despite some variation amongst these strains, 
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these data show that CF isolates of S. aureus are largely susceptible to iron-regulated 

antimicrobial activity of P. aeruginosa and can affect PQS production by P. aeruginosa 

CF isolates.
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Figure 7.2.  Antimicrobial activity of P. aeruginosa CF isolates is mostly conserved against 
S. aureus CF isolates. The indicated S. aureus strains were grown in DTSB for 18 hours at 
37˚C. Cultures were diluted to OD 0.05 and inoculated with the indicated P. aeruginosa strain as 
described in the materials and methods.  Error bars indicate standard deviation of three 
biological replicates. Asterisks indicate the following p values as determined by a two-tailed 
Student’s t test; *, p < .05, **, p < 0.005, ***, p < 0.005.



Discussion

 This study began to explore the mechanism by which S. aureus promotes PQS 

production by P. aeruginosa. We show that CF isolates of S. aureus are susceptible to 

iron regulated growth suppression by P. aeruginosa. We also show that CF isolates of S. 

aureus are capable of promoting PQS production by P. aeruginosa CF isolates, although 

this interaction varies amongst different isolates of both species. Restoration of PQS 

production is not due to changes in gene regulation, as growth with S. aureus did not 

enhance iron-regulated expression of genes for PQS biosynthesis or anthranilate 

metabolism. Instead, the AQ precursors anthranilate and octanoic acid restore AQ 
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Figure 7.3. TLC comparison of P. aeruginosa CF isolate co-cultures with M2 or P1. TLC of 
P. aeruginosa laboratory strains and clinical CF isolates. Strains were grown with or without 100 
µM FeCl3, with or without S. aureus as indicated. Image is representative from three biological 
replicates. 



production in deficient strains, indicating S. aureus feeds these metabolites to P. 

aeruginosa during co-culture. 

 The idea that lysis of S. aureus could be providing important nutrients, such as 

iron, to P. aeruginosa was previously shown by Mashburn et al. (7). In this study, the 

authors demonstrated that AQs were required for lysis of S. aureus, thus liberating iron 

for use by P. aeruginosa. Furthermore, they showed that the presence of S. aureus to P. 

aeruginosa cultures allowed for a similar expression profile as adding iron alone, again 

suggesting that S. aureus can be used as an iron source in co-culture. Recently, metabolite 

exchange between S. aureus and P. aeruginosa was also shown through the work of 

Filkins et al. (9). In this study, the presence of P. aeruginosa drove S. aureus to a 

fermentative pathway, showing metabolic co-evolution in co-culture. Our study 

corroborates the idea that metabolites could be exchanged during co-culture of S. aureus 

and P. aeruginosa. In particular, growth with S. aureus restores PQS production to P. 

aeruginosa, potentially by providing anthranilate and/or octanoic acid. In the context of 

the CF lung, P. aeruginosa could be acquiring these metabolites from co-infecting S. 

aureus, or even from the host. 

 Determining how the complementary metabolisms of S. aureus and P. aeruginosa 

allow these two species to co-exist would be an interesting future study. Although some 

AQs, such as HQNO, secreted by P. aeruginosa have growth suppressive effects against 

S. aureus, they can also benefit S. aureus. For example, HQNO suppresses growth of S. 

aureus by inhibiting cytochrome b, which is important for respiration (89). Previous 

reports demonstrate that this activity also shifts S. aureus to fermentative metabolism 
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resulting in growth of S. aureus as small colony variants (SCVs) (9, 131). The altered 

metabolism and SCV growth phenotype of S. aureus results in increased antibiotic 

tolerance and thus persistence during chronic infection (132). Therefore, metabolites, 

such as AQs, exchanged during co-culture can benefit both P. aeruginosa and S. aureus. 

A recent study by Michelsen et al. (239), highlights this idea, by showing that AQs are 

involved in thickening colony morphology at the S. aureus-P. aeruginosa interface and 

that modulation of metabolism allows for adaptation of these two species into a 

protocooperative interspecies interaction (239). These studies suggests a co-dependence 

of S. aureus and P. aeruginosa that have allowed for successful adaptation to the 

environment of the CF lung.

 The CF lung is a dynamic environment where P. aeruginosa has established a 

unique niche for long term survival. From our studies, we observed that iron-regulated 

growth suppression of S. aureus by P. aeruginosa varied depending on the specific CF 

isolate of each species (Figure 7.2). These data suggest a potential concerted evolution 

between P. aeruginosa and S. aureus during the course of CF lung infection. The 

evolution of this metabolic relationship and how P. aeruginosa and S. aureus interact 

would be an interesting avenue for future studies. 

 In our hands, GlcNac does not induce PQS production by P. aeruginosa in the 

same manner as co-culture with S. aureus. However, other metabolites in the AQ 

biosynthetic pathway allow for recovery of AQ production in deficient strains. It is 

possible that AQs other than PQS, which are not detectable by TLC, could be induced by 

the presence of GlcNac and exhibit antimicrobial activity against S. aureus. Future work 
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will examine the biological role of each AQ species and how specific metabolites 

contribute to AQ production by P. aeruginosa.

 In this study, densitometry analysis of TLCs revealed co-culture with S. aureus 

substantially but not significantly enhances PQS production (Table 7.2). This could be 

due in part to the intensity being normalized to OD600 of total culture (P. aeruginosa and 

S. aureus). Future studies aim to more accurately normalize PQS production to P. 

aeruginosa culture alone.

 PQS and other AQs have been isolated from CF patients after life long chronic 

infections with P. aeruginosa suggesting that maintaining the ability to produce AQs is 

advantageous in this environment (99, 231). The presence of S. aureus and P. aeruginosa 

in the CF lung results in increased exacerbation and virulence of these pathogens (8, 

85-88), potentially due to the antagonistic interactions of these two organisms. Only 

recently have co-culture studies been done to understand the interaction between these 

pathogens and how they can increase exacerbation in an AQ-dependent manner (8, 86, 

117, 153, 156). The finding that iron, an essential nutrient, can also regulate this process 

suggests that AQ-mediated interactions are critical for iron homeostasis in the CF lung, 

and highlight this process as a potential target for modulating the progression of 

polymicrobial infections. 
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Chapter 8: Overall Conclusions and Future Directions

 Nearly all environments are composed of mixed microbial populations. Although 

substantial microbial diversity exists in these populations, iron is a commonly required 

nutrient for essential cellular processes amongst microbial species. This requirement for 

iron, which is a limiting nutrient, necessitates competition or at the very least, interaction 

between microbial species. Due to the complexity of studying polymicrobial interactions, 

past work in the field has concentrated on pure culture studies. In this work, I have 

contributed to the understanding of both iron homeostasis and polymicrobial interactions 

by combining these two important aspects of chronic CF lung infection. The work 

presented here highlights the necessity of iron in the CF lung and also demonstrates novel 

roles for iron in regulating interactions between P. aeruginosa and S. aureus. 

CF isolates and P. aeruginosa evolution

 Many adaptations by P. aeruginosa CF isolates occur over the course of CF lung 

infection. Among these changes are conversion to mucoidy phenotype and loss or 

decreased production of siderophores (160, 165-171, 240). We have shown that reduction 

of siderophore production is a conserved across multiple series of clinical CF isolates 

(22). Furthermore, we have shown in one set of isolates (JSRI) that heme utilization 

increases over time (22). Studies from other groups corroborated the biological 

significance of these findings by showing that heme became a prominent source of iron 

for an epidemic strain (DK2) of P. aeruginosa isolated from hundreds of CF patients 

throughout Europe (24). Future work should determine if and how additional CF isolates, 
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including the DSAM and LNAP isolates studied in this work, adapt to use heme as an 

iron source through the use of metabolomic and genetic studies. Understanding how P. 

aeruginosa adapts its iron uptake systems over the course of CF lung infection will help 

define better targets for anti-pseudomonal therapy for CF patients. 

Potential impact of other metals on CF lung infection

 Iron is required for growth and virulence of P. aeruginosa and is a limiting 

nutrient in infection. The ability of P. aeruginosa to adapt its iron uptake pathways in the 

CF lung likely contributes to its ability to survive for decades as a chronic infection. We 

have shown that the iron uptake pathways of P. aeruginosa have changed over the course 

of CF lung infection (22). Furthermore, a major finding of this work shows that iron not 

only impacts AQ production, but iron environment also impacts the response of S. aureus 

to AQs produced by P. aeruginosa. Thus, iron plays a key role in the activity of these 

AQs and the interaction between two competing microbes. However, iron is not the only 

nutrient or metal that facilitates cellular functions or is involved in host immune 

responses. Future study to look at other metals, such as manganese and zinc, and their 

impact on infection would likely contribute to the knowledge of P. aeruginosa adaptation 

and evolution in the CF lung. 

Polymicrobial interactions and implications in disease

 P. aeruginosa rarely exists alone in any environment. Therefore, it is necessary to 

consider polymicrobial interactions as they likely play a role in the survival of any 
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pathogen. The CF lung is a diverse, polymicrobial environment early in the life of CF 

patients. However P. aeruginosa eventually becomes the predominant pathogenic 

resident, correlating with decreased lung function and quality of life. We have shown that 

co-culture of P. aeruginosa with S. aureus enhances alkyl-quinolone production (123). 

Furthermore, some CF isolates that have apparently loss AQ production in mono-culture 

regain the ability to produce AQs in co-culture with S. aureus. This work highlights the 

necessity of considering polymicrobial interactions in the context of human disease. 

Future study will likely explore other potential polymicrobial interactions beyond P. 

aeruginosa - S. aureus interactions.

Metabolite exchange 

 Previous reports have suggested that metabolism of interacting microbes in the 

CF lung changes over time due to changes in the lung environment and from interaction 

amongst other microflora. In particular, a recent report by Filkins et al., demonstrated that 

laboratory strains of P. aeruginosa drives S. aureus to a fermentative metabolism and this 

requires both siderophores and AQNOs (9). Furthermore, Mashburn et al., showed that 

GlcNac, a cell wall component of gram-positive bacteria can induce the production of 

AQs by P. aeruginosa laboratory strains (7). These studies have suggested that 

metabolites from other species present in the CF lung can impact the metabolism of P. 

aeruginosa. We have expanded on these studies by using both laboratory strains and CF 

isolates to investigate how co-culture with S. aureus can restore AQ production to AQ-

deficient strains of P. aeruginosa. Furthermore, mass spectrometry analysis has indicated 

144



that precursor metabolites such as anthranilate and octanoic acid are being incorporated 

into P. aeruginosa AQs. Future study aims to determine by mass spectrometry if 

metabolites from S. aureus are being exchanged with P. aeruginosa in co-culture. 

Future directions 

 The work presented in this thesis has shown many novel facets of P. aeruginosa 

adaptation to the CF lung and its interaction with competing microbial species such as S. 

aureus. One major future direction of these studies is to determine how co-culture of P. 

aeruginosa and S. aureus affects S. aureus metabolism and gene expression. S. aureus 

has homologous iron uptake pathways that are regulated by the Fur protein. However, S. 

aureus interaction with P. aeruginosa and how that affects S. aureus metabolism is still 

not well understood. Clearly, there is an exchange between P. aeruginosa and S. aureus  

in co-culture and future study on this interaction would shed light on the progression of 

CF disease and how P. aeruginosa becomes the dominant pathogenic resident. Further 

exploration into metabolite exchange, pathways that contribute to this interchange, and 

the molecular mechanism by which this exchange occurs are also big areas to explore in 

the future. Overall, continued research in the polymicrobial interactions of CF lung 

pathogens will likely yield novel therapies that consider the complex and dynamic 

environment of the CF lung. 
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Appendix 1: Adaptation of CF isolates during infection

Introduction

 Over time, the physiology of the CF lung changes dramatically due to chronic 

infection and inflammation, resulting in considerable evolution of colonizing strains. 

Most notable is the eventual conversion of most CF isolates of P. aeruginosa to a mucoid 

phenotype, characterized by increased production of the polysaccharide alginate (159, 

160) and antibiotic resistance (161-164), and decreased production of several factors 

required for acute infections (165-171). Understanding the evolution of P. aeruginosa 

during these infections is critical for the development of novel antimicrobials that are 

effective in treating CF patients.

 We previously characterized three strains of P. aeruginosa that were 

longitudinally isolated from the sputum of a single CF patient (22). Our previous studies 

showed that these three isolates - referred to as JSRI-1, JSRI-2, and JSRI-3 - were clonal, 

yet displayed various growth characteristics as indicated in Table I.1 (22). JSRI-1 is a 

non-mucoid isolate from the patient at 8 years of age, JSRI-2 is a mucoid isolate from the 

same patient at 17 years of age, and JSRI-3 is an extremely slow growing isolate from the 

patient at 23 years of age. Our recent studies of the JSRI-1 and JSRI-2 isolates showed 
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Isolate ID
Date of 

Collection 
(mm/dd/yy)

Patient Age 
(years, months) Pigmentation Mucoid (Y/N) Pyoverdine (Y/N)

JSRI-1 6/13/89 8y, 5m Yellow/Green N Y

JSRI-2 5/13/97 17y, 6m Green Y N

JSRI-3 5/30/03 23y, 6m Blue Y Not determined

Table I.1. Summary of JSRI isolates.



extensive adaptation of this strain’s iron acquisition pathways occurred during the 9 years 

between their isolation (22). Specifically, JSRI-2’s capacity to produce pyoverdine, a 

siderophore that is required for acute infection (44, 46, 172), was significantly reduced, 

while heme acquisition was enhanced (22). Moreover, JSRI-2 became more responsive to 

changing iron levels, as evidenced by more robust iron regulation of the iron-responsive 

PrrF small RNAs (98, 187). As such, we hypothesize that substantial changes in the 

expression and regulation of genes for iron homeostasis occurred in the JSRI strain 

during chronic CF lung infection (22). 

In collaboration with Dr. David Rasko and Dr. Tracy Hazen, we determined the 

genome sequences of the JSRI-1, JSRI-2, and JSRI-3 isolates, which are expected to 

provide insight into the adaptations of iron homeostasis pathways that occurred during 

CF lung infection. In collaboration with Dr. Angela Wilks and Dr. Weiliang Huang, we 

also correlated relative protein abundances with highlighted genes from the genomic 

study. Furthermore, we show by using pyoverdine mutants that pyoverdine production by 

these strains decreased over time. More in depth analysis of pvdA (a pyoverdine mutant) 

and the JSRI isolates shows that intracellular iron content is increased in the pyoverdine 

mutant while JSRI-2 has adapted to use heme as a source of iron. Overall, these studies 

show genetic, proteomic, and metabolic changes in clinical isolates that highlight 

adaptations to the CF lung over the course of infection.
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Materials and Methods

Bacterial strains, genetic manipulations, and growth conditions 

 The JSRI strains (22) were isolated from sputum at hospitals in British Columbia 

as previously described (166). The growth characteristics of these isolates are 

summarized in Table I.1.

Proteomics 

 P. aeruginosa CF isolates were grown in DTSB without supplementation of iron 

for 18 hours at 37˚C. Pellets were harvested and washed twice with ddH20. Pellets were 

purified by size exclusion filtration, digested with proteases, and analyzed by nanoLC-

tandem MS. Protein samples were subjected to differential expression analysis by 

nanoLC-ion mobility linked parallel MS (UDMSe). Relative protein abundance was 

measured by comparing the MS1 peak volumes of unique peptides and identities were 

confirmed by MS2 sequencing. Ion mobility AMRT algorithm was used for label-free 

quantitation.

Detection of siderophores 

 Production of the pyoverdine chromophore was determined spectroscopically by 

reading the absorbance of culture supernatants at 410 nm (41). Total iron chelator 

production (196) in DTSB and M9 culture supernatants was quantified as previously 

described. All readings were normalized to culture density as determined by the 

absorbance at 600 nm. Visualization of bacterial siderophore production on chrome 
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azurol S (CAS) agar medium (196) was determined by spotting either 50 µl of filtered 

culture supernatant or 25 µl of cultures on plates. Plates spotted with supernatants were 

incubated on the bench for 1 hour, while cultures were grown on CAS plates overnight at 

37°C.

Determination of cellular iron content

 Strains were grown in DTSB for 18 hours at 37°C to effectively starve the cells 

for iron, then diluted to an OD600 of 0.005 into DTSB with the indicated supplements. 

The secondary cultures were grown for 18 hours at 37°C then harvested by 

centrifugation. Harvested bacteria were dissolved in 20% nitric acid and boiled overnight 

at 100°C. Inductively-coupled plasma mass spectrometry (ICP-MS) was then used to 

determine the metal content of the dissolved bacteria (Agilent 7700 ICP-MS, Agilent 

Technologies). Raw ICP-MS data (µg/L) were corrected for drift using values of internal 

controls (indium, scandium, and germanium) that were added to each sample during 

processing. Corrected values were then normalized to culture density as determined by 

the absorbance at 600 nm.

Results/Discussion 

Genetic and proteomic analysis shows mutations in iron uptake pathways of the 

JSRI CF isolates

 To determine the genetic evolution of CF isolates, the JSRI isolates were 

sequenced and a BLAST Score ratio of the predicted peptides in each of the genomes was 
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analyzed. The values of each ratio are as follows: >0.8 which was considered highly 

conserved and <0.8 - >0.4 was considered divergent. From these analyses, we 

demonstrate that the JSRI isolates are most phylogenetically similar to the PAO1 P. 

aeruginosa strain as compared to other sequenced P. aeruginosa strains (Figure I.1). 

Notable genes that were considered divergent between JSRI-1 and JSRI-2 include pilH, 

responsible for twitching motility, mucA, encoding a negative regulator of alginate 

production, pchE, contributing to pyochelin synthesis, and hasS, involved in heme uptake 

(Table I.2). 

 To determine if protein levels of these specific genes were also altered in JSRI-2, 

we performed LC-MS/MS on the JSRI-1 and JSRI-2 proteome. Although only significant 

changes between JSRI-1 and JSRI-2 were noted in PilH and MucA, all of the proteins 
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Figure I.1. Phylogeny of JSRI strains. Phylogenetic trees were created by comparing 
genomes of JSRI isolates to genomes of other Pseudomonads.  



including PchE and HasS were reduced in JSRI-2 (Table I.2). Overall, genetic defects 

and protein reduction in JSRI-2 corresponds to phenotypic differences in pyoverdine 

production previously reported in this isolate (Table I.1).  

Protein abundance of PQS-related proteins confirms JSRI-2 has an overall AQ 

defect

 The Pseudomonas quinolone signal (PQS) has been shown to be present in the 

lungs of CF patients after decades of infection with P. aeruginosa (99), suggesting its 

potential importance in disease progression by P. aeruginosa. Furthermore, we have 

recently shown that multiple, clonal P. aeruginosa CF isolates retain the ability produce 

to PQS and other related 2-alkyl-4-quinolones (AQs) (237). In particular, we show that 

the JSRI-2 isolate has an overall defect in AQ production compared to the earlier JSRI-1 

isolate by RT-PCR of related PQS-biosynthetic genes. To confirm gene expression 
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Genome Sequencing1Genome Sequencing1 Protein Expression*Protein Expression*

PA number Gene Name JSRI-1 JSRI-2 JSRI-1 JSRI-2

PA0409 pilH 1.00 0.66 177528.42 ± 
9298.08

82696.78 ± 
5791.89***

PA0763 mucA 1.00 0.74 19941.87 ± 
510.61

8557.92 ± 
163.87***

PA4226 pchE 1.00 0.77 10663.61 ± 
515.21

9990.24 ± 
982.29

PA3409 hasS 1.00 0.76 10304.81 ± 
517.18

9746.52 ± 
1501.01

1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.
1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.
1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.
1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.
1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.
1 ≥ 0.8 indicates highly conserved; < 0.8 and > 0.4 indicate divergent
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: *** p < 0.0005.

Table I.2. Genome sequencing and protein expression of selected JSRI genes.



correlated with relative protein levels, we surveyed the proteome of the JSRI strains in 

low iron (Table I.3). AQ biosynthetic proteins for the same genes in Table 7.1 were 

analyzed. Unfortunately, PqsA was not detectable in these specific conditions. However, 

relative abundances of PqsB, PqsC, and PqsD, were all significantly lower in JSRI-2 

compared to JSRI-1, contributing to the hypothesis that JSRI-2 has an overall defect in 

AQ production (Table I.3) as described recently in (237). Furthermore, PqsH, and PqsL 

relative abundances were not significantly different in either JSRI-1 or JSRI-2, 

corresponding to gene expression observed by RT-PCR (Chapter 7 - Table 7.1) . PqsE 

and PqsR relative abundances also correlated with gene expression and were slightly, but 

not significantly elevated in JSRI-2 compared to JSRI-1. Additional protein analysis 

shows PmpR, a PqsR-mediated PQS regulator and PhnA, an anthranilate synthesis 

component downstream of the pqs operon were also slightly reduced in JSRI-2 compared 
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PA number Protein name JSRI-1 JSRI-2

PA0997 PqsB 108,727.5 ± 22,672.6 31,406.5 ± 1,833.3*

PA0998 PqsC 58,715.4 ± 952.6 26,228.1 ± 3,883.8***

PA0999 PqsD 108,184.9 ± 12,888.0 30,268.3 ± 5,732.1**

PA1000 PqsE 9,722.1 ± 1,160.7 12,994.3 ± 1,840.5

PA2587 PqsH 87,402.6 ± 18,534.9 82,712.7 ± 3,418.7

PA4190 PqsL 1,073.2 ± 140.6 1,191.9 ± 91.7

PA1003 MvfR/PqsR 1,331.0 ± 218.7 1,446.4 ± 330.6

PA0964 PmpR 61,107.2 ± 9,579.4 48,517.8 ± 2,717.3

PA1001 PhnA 573.1 ± 215.05 454.0 ± 138.9

* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: * p < 0.05; ** p < 0.005; 
*** p < 0.0005. Standard deviations are of three biological replicates.
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: * p < 0.05; ** p < 0.005; 
*** p < 0.0005. Standard deviations are of three biological replicates.
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: * p < 0.05; ** p < 0.005; 
*** p < 0.0005. Standard deviations are of three biological replicates.
* indicates significance when comparing JSRI-1 to JSRI-2 using Student t test: * p < 0.05; ** p < 0.005; 
*** p < 0.0005. Standard deviations are of three biological replicates.

 Table I.3. Relative abundance of select PQS-related proteins in JSRI isolates.



to JSRI-1 (Table I.3). Combined, these results indicate that JSRI-2 likely has an overall 

AQ defect compared to JSRI-1 and that relative gene expression correlates with relative 

protein abundance in these isolates. 

The PAO1 pyoverdine mutants are starved for iron

 To phenotypically confirm some of the mutations we observed in the genomes of 

the JSRI strains, we performed in vitro assays. In particular, we confirmed loss of 

siderophore production in these strains through CAS assays. Secretion of iron-chelating 

compounds by P. aeruginosa can be determined by either spotting supernatants or 

growing cells on CAS-containing agar (196). Removal of iron from CAS is indicated by 

a color change in the medium from blue to orange, as is observed for PAO1 supernatants 

in Figures I.2A and C. As expected, the supernatants of the PAO1∆pvdA mutant grown 

in low iron DTSB media produced almost no halo on CAS agar (Figure I.2A). 

Surprisingly, when the DTSB cultures were spotted onto CAS agar media and incubated 

overnight, the PAO1∆pvdA mutant produced a much larger halo than PAO1 (Figure I.

2B). This phenotype was also observed in deletion mutants for pvdD, encoding a different 

step in pyoverdine biosynthesis, and pvdS, encoding the sigma factor required for full 

expression of the pyoverdine biosynthetic genes (Figure I.2B). We also observed this 

phenotype in a deletion mutant for fpvA, encoding an OM receptor for pyoverdine that is 

required for activation of the PvdS sigma factor (241).

To determine if the larger halos of the PAO1 pyoverdine mutants were due to 

compensatory overproduction of the secondary P. aeruginosa siderophore, pyochelin, we 
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Figure I.2. PAO1 pyoverdine mutants are starved for iron. The indicated strains were grown 
for 18 hours in DTSB media at 37°C. Either 50 µl of filtered culture supernatant (A, C) or 25 µl 
of the culture (B, D) were spotted onto CAS-containing agar media. Supernatants were allowed 
to dry on the plates and incubated for an hour at 37°C. Cultures were grown on CAS plates 
overnight at 37°C. (E) The indicated amounts of PQS were spotted onto CAS agar and allowed 
to dry on the plate. (F) The diameter of the iron chelation halo produced by growth of the 
indicated strains was determined after 18 hours of growth at 37°C. Errors bars represent the 
standard deviation of three measurements. 



repeated this assay in mutants defective for both pyoverdine (∆pvdD) and pyochelin 

(∆pchEF) production (Figure I.2C-D). Deletion of the pchEF genes required for 

pyochelin biosynthesis alone had very little effect on iron scavenging from CAS by either 

the culture supernatants (Figure I.2C) or the strains grown on CAS agar overnight 

(Figure I.2D). However, deletion of pchEF in the ∆pvdD mutant background greatly 

reduced iron scavenging from CAS by the culture supernatants (Figure I.2C). 

Furthermore, pchEF deletion nearly eliminated iron chelator production by the ∆pvdD 

mutant (Figure I.2D), indicating the larger halos of the pyoverdine mutants grown on 

CAS agar are due to compensatory production of pyochelin. The small amount of iron 

chelator activity produced by the ∆pvdD∆pchEF mutant is possibly due to PQS, which 

exhibits iron chelating activity (Figure I.2E) (94, 95). Combined, these data suggested 

that PAO1 pyoverdine mutants are iron-starved, resulting in derepression of genes for 

other iron uptake systems. It should be noted that overproduction of pyochelin by the 

pyoverdine mutants was not observed when these strains were grown in liquid culture, 

suggesting surface attachment and/or decreasing oxygen concentrations contribute to this 

effect, possibilities that are currently under investigation.

To directly test if the PAO1∆pvdA mutant was iron-starved, we quantified 

intracellular iron content of this strain, alongside PAO1, using inductively-coupled 

plasma mass spectrometry (ICP-MS). The strains were first grown for 18 hours in DTSB 

media with no iron supplementation to deplete the cells of intracellular iron pools. ICP-

MS analysis of these primary cultures demonstrated equivalent concentrations of iron per 

cell (Table I.4). The primary cultures were then diluted into fresh DTSB media, 
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supplemented with different iron sources, and grown for an additional 18 hours. In the 

absence of iron supplementation, the PAO1∆pvdA mutant showed comparable cellular 

iron content to PAO1 (Table I.4). However, upon supplementation with 200µM FeCl3, 

the iron content of the PAO1∆pvdA mutant was significantly reduced as compared to 

PAO1. Thus, pyoverdine mutation in strain PAO1 resulted in decreased uptake of ferric 

iron, a possible cause of the apparent iron starvation phenotype of the pyoverdine mutant.  

Iron homeostasis of the isolates was altered during CF lung infection 

 We next analyzed iron chelator production by the CF isolates on CAS agar to 

determine if they exhibited a similar iron starvation response to the PAO1 pyoverdine 

mutants. As expected from our quantitative analysis of the JSRI supernatants (Figure I.

2A), the halo produced by the JSRI-2 supernatant was less pronounced than that of PAO1 

(Figure I.2A). In contrast to the PAO1 pyoverdine mutants, however, the JSRI-2 

pyoverdine mutant did not appear to overproduce pyochelin when grown on CAS agar, as 
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Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1Iron content1

Strain Starting CultureStarting CultureStarting Culture NoneNoneNone 200 µM FeCl3200 µM FeCl3200 µM FeCl3 40 µM Heme40 µM Heme40 µM Heme

PAO1 5.89 ± 2.71 3.55 ± 1.41 32.46 ± 10.92 6.10 ± 2.75

∆pvdA 3.82 ± 1.15 3.49 ± 1.05 15.89 ± 3.12* 7.87 ± 5.17

JSRI-1 4.09 ± 1.36 5.08 ± 2.95 17.38 ± 3.88* 7.44 ± 4.13

JSRI-2 5.47 ± 2.67 3.78 ± 1.42 22.34 ± 13.15 12.86 ± 2.56*
1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

1Iron content (µg/L/OD600) as determined by ICP-MS analysis of harvested cells grown in DTSB 
supplemented with the indicated iron source. Standard deviations are of six biological replicates.
*Indicates a p value < 0.05 as determined by a two-tailed Student’s t test when comparing data for each 
strain to PAO1 grown in the same conditions.

Table I.4. Iron content of PAO1 and CF pyoverdine mutants.



evidenced by reduced halo size as compared to PAO1 (Figure I.2B). Similarly, the latter 

FCOR and LNAP isolates, which showed reduced pyoverdine production in DTSB 

(Figure I.2C-D), did not appear to overproduce pyochelin on CAS agar (Figure I.2E). In 

contrast, the iron chelation halo of the DSAM-2 isolate was significantly increased as 

compared to the DSAM-1 isolate, while the halo formed by DSAM-3 was decreased as 

compared to DSAM-1 (Figure I.2F). The increase in iron chelator production by 

DSAM-2 was associated with a sharp decrease in pyoverdine production in DTSB 

(Figure I.2B). These results suggest that the DSAM-2 isolate overproduces pyochelin to 

compensate for reduced pyoverdine synthesis, whereas the DSAM-3 isolate has lost the 

ability to produce pyochelin. Moreover, the iron chelation halos of the WTHO-3’ and 4’ 

isolates, for which pyoverdine production is reduced, are also larger than the WTHO-1 

and WTHO-2 isolates (Figure I.2F), which produce ample pyoverdine. Thus, our data 

suggest that pyoverdine mutants arising in the CF lung can adapt to this loss, at least 

temporarily, by overproducing pyochelin. 

The above data indicate that the JSRI, LNAP, and FCOR isolates with reduced 

pyoverdine production either do not share the iron-starvation phenotype of the PAO1 

pyoverdine mutants, or alternatively have lost the ability to produce pyochelin. To 

determine which of these explanations was more likely, we analyzed the JSRI isolates by 

ICP-MS to determine if they were iron-starved. This analysis indicates that the JSRI-1 

isolate is iron-starved, exhibiting iron levels similar to that observed for the PAO1∆pvdA 

mutant (Table I.4). Thus, we hypothesize that the ability of the JSRI-1 isolate to produce 

pyochelin is diminished. ICP-MS analysis of JSRI-2 showed a slight increase in iron 
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content as compared to JSRI-1, but this difference did not appear to be statistically 

different from either JSRI-1 or PAO1 (p > 0.05; Table I.4). ICP-MS analysis of iron 

content using a different iron source, 40 µM heme, demonstrated increased iron content 

of the JSRI-2 isolate as compared to PAO1, the ∆pvdA mutant, or the JSRI-1 isolate 

(Table I.4). Combined, these data suggest the availability of heme in the CF lung resulted 

in reduced dependence of the JSRI strain on pyoverdine-mediated iron uptake and an 

increased ability to use heme as an iron source.  

Conclusions

 Since animal models of CF lung disease are limited, the use of clonal, 

longitudinal CF isolates of P. aeruginosa provides an excellent way to follow the 

adaptation of P. aeruginosa over the course of infection. Using these strains, we 

demonstrate that pyoverdine production decreases over time in multiple clinical CF 

isolates. Sequencing and experimental assays of the JSRI isolates shows that pyoverdine 

production also decreases over time, while heme utilization increases. Finally, we show 

using ICP-MS that homeostasis of cellular iron content of the pyoverdine mutant is 

disrupted and that the later JSRI isolate (JSRI-2) can acquire heme more readily than its 

earlier clonal isolate JSRI-1. 
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