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Abstract 

 
Schwartzkopf, Caleb, Ph.D., Spring 2023                   Cellular, Molecular, and Microbial Biology 
 
A Dual-Function Filamentous PF Bacteriophage Protein Modulates Pseudomonas aeruginosa 
Virulence Potential 
 
Chairperson:  Patrick R. Secor 

 
  Pseudomonas aeruginosa is an opportunistic pathogen that often plagues hospitals. More than half of 
P. aeruginosa isolates are infected by temperate Pf bacteriophage. Pf virions protect bacteria from 
antibiotics, promote biofilm formation, and modulate animal immune responses in ways that promote 
chronic infection. These virions can be produced without lysing P. aeruginosa, but lysis may occur 
during superinfection. Superinfection is the process whereby virions of the same or similar phage infect 
an already infected host. Temperate phages typically encode superinfection exclusion mechanisms. 
Here we elucidate one such mechanism in Pf phage. We observed that superinfection-surviving P. 
aeruginosa were transiently resistant to Pf-infection and deficient in twitch motility. Twitch motility 
requires type IV pili (T4P), a bacterial cell surface receptor used by Pf to gain entry. We tested the 
hypothesis that T4P are suppressed by a Pf-encoded protein. We observed that the Pf protein PA0721, 
which we termed Pf superinfection exclusion (PfsE), suppressed twitch motility, and promoted 
resistance to Pf infection by binding the T4P protein PilC. Beyond this superinfection exclusion 
mechanism, we elucidated a second function for PfsE. Upon overexpression, PfsE reduced the 
production of the virulence factor pyocyanin and transcription of pqs quorum sensing genes. Quorum 
sensing is density-dependent bacterial communication, whereby bacteria can coordinate complex 
processes, including pathogenesis and phage defense. We found that PfsE interacts with PqsA by 
folding into an alternate kinked conformation. We subsequently sought to understand how these 
quorum system effects affect P. aeruginosa virulence. P. aeruginosa cured of their Pf infection (∆Pf) 
unsurprisingly show greater pqs activation and pyocyanin production. However, we report that this 
resulted in a loss of virulence against Caenorhabditis elegans. This seemingly contradictory finding may 
be explained by our observation that C. elegans mutants were unable to sense bacterial pigments, 
such as pyocyanin, through their aryl hydrocarbon receptor and are more susceptible to ∆Pf infection 
compared to wild-type C. elegans. Collectively, we describe a dual-function Pf-encoded protein PfsE, 
which conveys superinfection exclusion and suppresses quorum sensing. Furthermore, the 
suppression of quorum sensing and downstream virulence factors by Pf allows P. aeruginosa to evade 
detection by innate host immune responses. 
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Chapter I: Introduction and Context 
 
 
 

1.1 FILAMENTOUS BACTERIOPHAGES 

 

Filamentous bacteriophages (viruses) engage in complex interactions with their hosts. These phages 

are prevalent in a wide range of hosts, from bacteria to archaea, and are found in every major microbial 

habitat (1). They belong to the Inoviridae, Lipothrixviridae, and Rudiviridae families (2). Phages of the 

Inoviridae family (inoviruses) have a circular, positive-sense, single-stranded DNA (ssDNA) genome of 

~5-15 kb packaged in a flexible filamentous capsid, typically 600-2500x6-8 nm in size, which can be 

longer than the bacteria they infect (1-5). Their genomes typically encode 7-15 proteins and undergo 

rolling circle replication (4). Although simple, these phages show extensive functional diversity (1, 4). 

Roux et al. (2019) found this diversity to be on par with phages from Caudovirales, which is the largest 

order of dsDNA phages. Many of the genes analyzed were linked to virion structure, virion extrusion, 

DNA integration and replication, transcriptional regulation, or toxin-antitoxin modules (1). These gene 

functions highlight the chronic nature of these phages. These phages exist either episomally or as 

temperate phages, which undergo a process known as lysogeny and integrate into the chromosome of 

their host (6).  

 

The typical phage lifecycle starts with adsorption (attachment) to the host cell surface. Phages 

recognize specific receptors on the cell surface, usually highly conserved in their bacterial host. While 

many of these structures are unknown for the filamentous phages, the known structures for Inoviruses 

typically are some form of pilus, whether conjugative or the various type-IV pili (T4P) (3, 7). Conjugative 

pili, such as the F-pilus, are used by bacteria to exchange genetic material from one cell to another, in a 

process known as conjugation. T4P are distinct genetically, structurally, and mechanistically from the F-

pilus, and are used by bacteria and archaea for a range of activities including electron transport, 

motility, and DNA uptake (8-10). The commonality between these pili that phages capitalize on is that 

both types of pili retract, thus bringing an adsorbed phage into the cell. It is speculated and spatially 

verified that the pilus pore is large enough to allow entry of the phage into the periplasmic space (3). 

Once in the periplasm, the second receptor that the phage interacts with to enter into the cytoplasm is 

TolA (3). TolA is a part of a larger complex in the Tol-Pal system involved with membrane invagination 

during cell division and is highly conserved across Gram-negative bacterial species (3, 11, 12). As the 

phage ssDNA enters the cell, the major coat protein of the phage typically gets incorporated into the 

inner membrane (3, 6, 13).  
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Once the ssDNA is inside the cytoplasm, the filamentous phage’s genome is known as the infective 

form (IF) (3). Filamentous phages utilize the host’s replication machinery to replicate. In Ff phages, the 

RNA polymerase 70 holoenzyme binds a mimicked bacterial -35 and -10 promotor sequence with 

affinity that is higher than a typical bacterial promotor (3, 14). The RNA polymerase starts synthesizing 

the + strand of the genome, but stops, creating a primer (15). The host DNA polymerase takes over 

and finishes synthesis of the + strand (16). This new double-stranded DNA (dsDNA) is known as the 

replicative form (RF). At this point, the filamentous phage may exhibit one of two life cycles. It may 

integrate into the host chromosome as a prophage through a process known as lysogeny, whereby it is 

replicates with the bacterial chromosome or it may exist episomally like a plasmid. As a prophage, 

much of the phage genome, if not all, is dormant. Phages such as the Pf phages typically utilize 

lysogeny, while the Ff phages in E. coli are episomal. Given certain environmental stimuli, such as the 

bacterial stress response, the phage excises from the chromosome, existing once again as a RF. The 

RF serves as a template for protein expression as well as host-independent rolling circle replication. 

Rolling circle replication generates more RFs as well as IFs. These IFs may get packaged into the 

proteinaceous filament and extrude from the cell membrane.  

 

The temperate nature of these phages provides an opportunity for mutualistic symbioses with their 

hosts. This mutualistic relationship breaks the mold of what is typically associated with viruses. For 

example, these phages do not typically lyse (kill) their host, rather they continuously extrude from the 

cellular membrane (3). Furthermore, they increase the virulence potentials of their host (3, 17). In Vibrio 

cholerae, the disease causing CTX cholera toxin is encoded on the filamentous CTX phage (3). In 

Neisseria and Ralstonia, these phages indirectly affect virulence by influencing host colonization 

abilities and biofilm formation (1, 17-21). In addition to virulence enhancement, several phages convey 

resistance against other viruses through alterations in the cell surface receptors of their bacterial hosts 

(22-24). Alternatively, phage resistance can be as economic as the repressor of one phage repressing 

other phages (24). There are a myriad of different ways phages can benefit theirs hosts and we are a 

long way from understanding these complex interactions. 

 

1.2 Pf phages 

1.2.1 Mutualistic relationship with Pseudomonas aeruginosa 
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Hospital acquired infections are estimated to cost the U.S. nearly $10 billion annually (25). 

Pseudomonas aeruginosa is a common pathogen associated with these infections and has been 

implicated in causing 10-20% of nosocomial infections in most hospitals (26). This gram-negative 

opportunistic pathogen terrorizes patients suffering from cystic fibrosis (CF) or burn wounds. 

Furthermore, it often contaminates medical implants and devices. One of the difficulties with treating P. 

aeruginosa is its ability to develop multi-drug resistance. Indeed, increasing resistance against last-

resort antibiotics has led the World Health Organization (WHO) to classify P. aeruginosa as a “critical 

priority pathogen.” 

 

A key component of the virulence potential of P. aeruginosa are the Pf filamentous phages that infect it. 

Pf phages increase virulence through influencing biofilm formation, host colonization, motility, and by 

modulating mammalian immune responses (17, 19, 20, 27-30). These phages are prevalent in 60% of 

clinical isolates (31), and phage particles are present at sites of P. aeruginosa infection (20, 32). 

Furthermore, Pf phages have also been associated with chronic P. aeruginosa infections, antibiotic 

resistance, and worse disease exacerbations for those suffering from CF (30, 33). This in part is due to 

their enhancement of the P. aeruginosa biofilm, a protective extracellular matrix of DNA and polymers. 

 

During growth in the biofilm, these phage are activated, resulting in the increase of 100-1000 times 

more phage virions (34). This leads to the abundance of up to 1010 phage particles per ml (32). These 

particles self-organize in the biofilm matrix into a viscous-liquid-crystal-like structure that protects P. 

aeruginosa from desiccation and antibiotics, while also increasing surface attachment (20, 27). Pf 

phages are also involved in cell death that is dependent on the spatial and temporal organization of 

cells (28, 35). This death helps shape the biofilm and the removal of the Pf prophage reduces biofilm 

stability and virulence of P. aeruginosa in a mouse pneumonia model (28, 29, 35). These examples 

indicate the huge impact on biofilm formations Pf phages have. 

 

Beyond effects on biofilm formation, Pf phages also subvert the host immune system, pushing it 

towards an inappropriate immune response, preventing clearance of P. aeruginosa (29). In a study 

conducted at Stanford (29), researchers found that Pf phage inhibit phagocytosis of P. aeruginosa by 

murine-derived dendritic cells and macrophages, as well as by human macrophages. Intriguingly, Pf 

phages also inhibited engulfment of Escherichia coli by murine phagocytes previously exposed to Pf 

phages. Beyond disrupting phagocytosis, Pf phages modulated cytokine production by host cells; TNF 

production, a phagocytosis stimulator, was decreased in response to Pf phage presence, while IL-12 
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and type-1 interferon were increased (29). These changes, among others in the cytokine profile, biased 

the immune response towards an antiviral response rather than an antibacterial response (29, 30).  

 

As can be seen, the ways Pf modulate P. aeruginosa virulence are various and diverse. From biofilm 

enhancement to immune modulation, Pf phages interact not only with their prokaryotic host, but also 

with eukaryotic organisms. There remains much to be discovered about these complex and tripartite 

interactions.  

 

1.2.2 Pf Phage Life Cycle 

 

The life cycle of Pf phages are similar to other filamentous phages discussed above. Pf phages enter 

the cell via the T4P. The Pf minor coat protein, CoaA, interacts with the T4P, followed by the secondary 

receptor, TolA to enter the cell (3, 30). CoaB, the major coat protein, is removed from the ssDNA and 

retained in the inner membrane as the IF enters the cytoplasm. The IF is used to create the RF by host 

cell enzymes. The phage may remain an RF if environmental conditions are unfavorable for lysogeny or 

if the Pf phage is incapable of chromosomal lysogeny, such as Pf1 (36). If the phage is capable of 

chromosomal lysogeny, then IntF, a phage-encoded tyrosine recombinase, integrates the Pf phage into 

a bacterial tRNA gene. Both the tRNA gene insertion site and presence of a phage-encoded integrase 

are common among Pf phages (30).  For example, Pf4 (the phage studied in this dissertation) encodes 

IntF4 which integrates Pf4 into the P. aeruginosa strain PAO1 in the tRNA-Gly gene PA0729.1 (30, 37).  

 

Lysogenic phages, such as Pf phages, utilize various means for determining excision from the 

chromosome and independent replication, known here as a chronic infection cycle. Phages respond to 

bacterial population density or nutrient limitation and other types of bacterial stress (30, 38-41). Pf4 

phage, for example, responds to the transcriptional regulator OxyR (42) and a recent preprint suggests 

dephosphorylation of the MvaU protein, as well (43). In the case of OxyR, when exposed to oxidative 

stress, such as H2O2, the cysteine residues in OxyR are oxidized. This in turn, allows it to bind Pf4 

between the genes PA0716 and PA0719 (42). The pf4r repressor c gene, a homologue of the P2 

phage repressor C gene, resides in this region (44). As a repressor c protein, Pf4r maintains lysogeny 

and will prevent superinfection via suppression of the excisionase gene, xisF4 (37). Therefore, the 

inhibition of pf4r by oxidized OxyR releases xisF4 transcription and results in the initiation of the chronic 

infection cycle, whereby XisF4 induces transcription of the operon encoding the RF initiator protein 

PA0727 and the integrase IntF4 (37). PA0727 binds to the RF origin of replication, recruits the host 

enzymes DNA polymerase III and the implicated DNA repair helicase UvrD, whereupon rolling circle 
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replication commences (45). In the case of MvaU, the kinase-kinase-phosphatase (KKP) toxin-antitoxin 

(TA) system, located on the co-residing prophage Pf6, controls phosphorylation of MvaU (43). MvaU, 

and its cooperative partner MvaT, are H-NS family DNA-silencing proteins (46, 47). When 

phosphorylated, MvaU binds to Pf4 on the xisF4 gene (37, 43, 47). As the KKP system 

dephosphorylates MvaU, it likely releases repression of the xisF4 and initiates the chronic infection 

cycle. It is possible that these two systems work together during biofilm development.  

 

Once rolling circle replication starts, more copies of RF are synthesized, as well as IF ssDNA. PA0720, 

a single stranded binding protein is synthesized from the RF and quickly coats the IF, stabilizing and 

protecting the ssDNA (30). Other structural proteins such as CoaB also commence synthesis. CoaB is 

targeted to the inner membrane via a leader peptide that is translated with the mature CoaB protein. 

Once properly oriented in the inner membrane the host Sec/YidC enzymes process CoaB into its 

mature form (30, 48). CoaB then gets processed by morphogenesis machinery, perhaps including 

PA0726, with the C-terminus of the CoaB extending through the outward-facing ssDNA bases to 

interact with the phosphate backbone of a twisted and inverted IF (30, 49). The mature phage virion 

then extrudes from the cell.  

 

1.2.3 Superinfection 

 

With the accumulation of virions outside the cell, the chance that the cell gets reinfected with multiple 

virions of the same, or similar, phage increases. This process is known as superinfection. Lysogenic 

phages often encode mechanisms that prevent superinfection, which can provide protection from other 

phages. This dual protection often occurs when the mechanism preventing superinfection works by 

altering the bacterial surface receptor commonly used by phages to enter the cell, which is typical of 

many P. aeruginosa phages (24, 50). Common receptors include the O-antigen present in 

lipopolysaccharide and the T4P (24). T4P (used by Pf4, DMS3, JBD8, and D3112 phages for entry) 

convey the strongest resistance to superinfection when interfered with by phage proteins (24, 51, 52). 

Examples of this include the T4P ATPase PilB-binding Tip and Aqs1 proteins, encoded by D3112 and 

DMS3, respectively (51, 52). Phages may also convey protection through the phage-encoded 

repression protein, which prevents the initiation of the chronic infection cycle. This protein may share 

enough similarity with other phages that it prevents their infection. This type of protection is less 

common than the modification of the cell surface (24). Though it is known that Pf4 encodes the pf4r 

repressor, which does convey partial superinfection exclusion, it has not been shown whether Pf4 may 

also encode a protein capable of interacting with a cell surface receptor (37, 44). This may be likely as 
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small colony variants (SCV’s) resulting from Pf4 infection show transient, but full, resistance to Pf4 

superinfection.  

 

Though Pf4 encodes various superinfection exclusion mechanisms, as addressed in this dissertation, 

superinfection still occurs and is important for P. aeruginosa biofilm development. Indeed, 

superinfection influences biofilm formation by affecting biofilm maturation, cell death, dispersion, and 

the development of SCVs (20, 27, 28, 30, 35, 44, 53). Biofilms start as cells attach to a surface and 

form microcolonies (54). In PAO1, as these microcolonies mature, the center of these colonies suffer 

Pf4 phage-dependent cell lysis and consequent release of DNA into the extracellular environment 

(eDNA) (28). This eDNA is important for structural integrity of the biofilm and cellular respiration, as 

sequestered microcolonies are subject to a lower abundance of oxygen and an increased exposure to 

reactive oxygen and nitrogen species (53, 55-57). The stresses present in these microcolonies make 

them hotspots for genetic mutations with mutation frequencies 100-fold higher than in planktonically 

grown cultures (53, 58). 

 

Intriguingly, from these microcolonies, superinfective Pf variants emerge that contain mutations in the 

repressor c gene pf4r. These variant Pf can cause cellular lysis. As previously stated, Pf phages do not 

typically lyse the cell. However, lysis can occur when enough Pf virions infect the same cell or when 

infected by superinfective Pf variants (37, 44, 59). The formation of these superinfective Pf variants are 

linked to improper oxidative stress response and a hindered MMR (methyl-directed mismatch repair) 

DNA repair system (53); mutations in the MMR system are often observed in the clinical setting (60). 

The mutation in pf4r leading to the superinfective variant renders Pf4r unable to dimerize and bind its 

native promotor, resulting in dysfunctional repression (44). It is suspected that uncontrolled phage 

production destabilizes the cytoplasmic membrane, perhaps through accumulation of CoaB, thus 

causing cell lysis (30, 44). It was observed that cellular lysis due to Pf superinfection is limited by the 

two-component regulator BfmR, which mediates lysis through PhdA (PA0691) (61). A PAO1 ∆bfmR 

mutant showed increase susceptibility to Pf4-mediated superinfection and lysis. BfmR was found to 

target the phdA promotor, PhdA being homolog of the prevent-host-death (Phd) family of proteins. 

Further investigation showed that the PAO1 ∆phdA mutant exhibited increased cell death and other 

phenotypes comparable to PAO1 ∆bfmR. Furthermore, upon overexpression of PhdA, PAO1 became 

more resistant to Pf4 superinfection (61).  

 

Pf-mediated cell lysis creates a selective pressure that leads to the formation of  SCVs. One feature of 

these SCVs is that they often lack functional T4P. The loss of T4P is attributed to the Pf phage 
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resistance these cells gain. Some studies have found that this loss of T4P increases the size of 

microcolonies found in the biofilm (62, 63). Other have found microcolony establishment is incumbent 

upon having function T4P (64). It seems likely this discrepancy has to do with experimental methods 

(27). Beyond loosing T4P, SCVs are coated in interwoven Pf filaments that likely aid in greater 

attachment and adhesion to surfaces (27). SCVs also exhibited enhanced microcolony development. 

These features, along with their high abundance in biofilm runoff, underscore the dispersion 

advantages these cells have (27, 53).  

 

1.3 Bacterial Quorum Sensing 

1.3.1 Lux-type quorum sensing in Pseudomonas aeruginosa 

Quorum sensing (QS) is cell-to-cell communication used by many bacteria, which allows them to 

collectively regulate behaviors in response to their surrounding microbial communities (65). In P. 

aeruginosa, small chemical messengers, known as autoinducers (AIs), are secreted that typically 

diffuse freely through the cellular membrane and interact with cognate receptors residing in the 

cytoplasm of the bacterium. Antiactivators keep the bacterial cells from sensing their own AIs (66). 

Once a threshold concentration of AI is reached, the receptor-AI pair will initiate transcription of a 

variety of genes.  

 

There are two canonical circuits to the QS system of P. aeruginosa, las and rhl, which regulate nearly 

10% of the Pa genome (67, 68). These two systems operate by synthesizing the acyl-homoserine 

lactone (AHL) AIs through autoinducer synthases, LasI and RhlI. LasI produces N-(3-oxododecanoyl)-

HSL (3OC12-HSL) (69) and RhlI produces N-butyryl-HSL (C4-HSL) (70). 3OC12-HSL and C4-HSL 

bind their cognate receptors: LasR and RhlR, respectively. Each AI-receptor pair increases 

transcription of itself, acting as a feed-forward loop. Additionally, LasR increases transcription of the 

other circuits of the QS system and is therefore known as the master regulator. These circuits include 

two other non-AHL circuits: pqs and iqs. In the pqs (Pseudomonas quinolone signal) system, PQS (2-

heptyl-3-hydroxy-4-quinolone), and its precursor HHQ (4-hydroxy-2-heptylquinoline), bind their cognate 

receptor PqsR (also known as MfvR) and the AI-receptor pair regulate a set of genes overlapping the 

rhl circuit (71-73). Finally, the iqs (integrated quorum sensing signal) system, which has an unidentified 

receptor, is thought to be able to take over some of the functions of a nonfunctional las system under 

low-phosphate conditions (68, 74, 75). This complex system of regulation allows P. aeruginosa to fine-

tune its behavior to suit its environment.  
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Genes regulated by QS are involved in bacterial behaviors including, but not limited to, cytotoxicity, 

biofilm formation, motility (including T4P), danger signaling, immune evasion, iron scavenging, and 

secretion of extracellular DNA (28, 67, 68, 76, 77). As hinted above, each QS system regulates its own 

set of genes, though there is some overlap. For example, both the pqs and rhl systems regulate 

phenazines, potent redox-active virulence factors (78). Phenazines are nitrogen-containing aromatic 

molecules that are easily observed due to their bright pigmentation (79). The blue-green color typical of 

P. aeruginosa cultures is due to the phenazine, pyocyanin. Pyocyanin is used by P. aeruginosa to 

respire in oxygen-limited environments, such as the interior of the biofilm (56, 80). Indeed, its 

respiratory properties make it a toxin because it generates reactive oxygen species. Unfortunately, 

pyocyanin is often abundant in the sputum of cystic fibrosis patients infected with P. aeruginosa (81, 

82). Due to the harmful nature of this molecule, as well as its ease in detection, pyocyanin is commonly 

used as an indicator for P. aeruginosa virulence. 

 

1.3.2 PQS quorum sensing  

 

As mentioned above the pqs system operates like the other AHL systems, using an AI and receptor 

pair to initiate gene transcription. The pqs system uses both HHQ and PQS as AI molecules (83, 84). 

Unlike the AHL systems, PQS and HHQ belong to a family of molecules that derive from 4-hydroxy-2-

alkylquinolines (HAQs) (85). The precursor molecule to these HAQs is anthranilic acid (AA) and is 

produced from the phnAB genes of the anthranilate synthesis operon. Anthranilic acid then becomes 

the substrate for the pqsABCDE operon, resulting in the production of HHQ. The last gene in the 

pqsABCDE operon, pqsE, is not necessary for HHQ or PQS production, as its enzymatic activity is 

believed to be complemented by the thioesterase TesB (86). However it plays a multifunctional role in 

establishing virulence phenotypes by interacting with rhlR (87). PQS is synthesized from HHQ with the 

action of pqsH, a gene located elsewhere on the bacterial chromosome (83, 88, 89). When PQS or 

HHQ interact with PqsR the complex increases transcription of the pqsABCDE and phnAB operon, 

creating another forward-feed loop (83, 84, 88). 

 

The pqs system is tied to the other QS systems in several ways. The other systems have influence over 

the pqs system. For example, the genes pqsH and pqsR are positively regulated by lasR, (83, 88, 89). 

Additionally, pqsR is negatively regulated by the rhl system, specifically rhlR (83, 90-92). Deleting rhlR 

and rhlI result in increased expression of pqsA (87). RhlR may compete with PqsR for the promotor of 

the pqsABCDE operon (87, 91-93). Furthermore, the aforementioned PqsE complexes with RhlR, 

enhancing RhlR’s affinity for binding DNA, likely including the pqsABCDE promotor (87). The pqs 
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system also exerts it’s influence on the others. Mutation of pqsR results in decreased pyocyanin, 

exoprotein, and elastase production (primarily under the control of the las system), nearly complete 

abolishment of the transcription of the coregulated pqsABCDE and phnAB genes, and a reduction in 

3OC12-HSL generation (88, 94, 95).  Though, mutations in pqsR do not seem to affect the production 

of C4-HSL and RhlR, PQS itself enhances the rhl system (increasing both RhlR and C4-HSL) (95). 

Indeed, the PQS signal is required for the induction of rhl phenotypes during the transition to stationary 

phase (95). This aligns with the timing of PQS production. The phAB and pqsABCDE operons are 

maximally transcribed during the end of exponential/early stationary phase (85), with PQS itself being 

detected during exponential growth, more substantially during the transition into stationary phase, and 

maximally during late stationary phase (95). It is speculated that the pqs system is important for lasR-

independent activation of the rhl system during late stationary phase. This complex and at times 

seemingly contradictory regulation, may allow for intricate control of these systems. 

 

The pqs system is involved in many different aspects of virulence development. PQS influences the 

production of rhamnolipids, elastase, LecA, pyocyanin, and biofilm development (83). This system is 

required for full virulence towards plants (96), nematodes (89), and mice (68, 96, 97). Furthermore, 

PQS has roles outside of QS. PQS chelates ferric iron (98) and although it holds iron in a non-

deliverable way, it is hypothesized that PQS is used to store iron (83). Also, as a hydrophobic molecule, 

PQS promotes outer membrane vesicle (OMV) formation and is delivered to other cells through OMVs 

(99). To accomplish this, PQS integrates into the outer membrane, interacts with Lipid A of LPS, and 

induces membrane curvature (100). Lastly, PQS itself acts as a danger signal to other cells, indicating 

the presence of phage or antibiotic challenge (101). The role of PQS in phage defense and its 

population density-dependent regulation make this molecule a prime target for phage interaction.  

 

1.3.3 Phages inactivate bacterial quorum sensing.  

 

Interacting with bacterial QS conveys distinct advantages to phages, especially when considering the 

lysis-lysogeny lifecycle of phages. Lysogeny is a strategy that seems to work best when the density of 

host cells is too low to support lytic infection, in environments where downturns for the host can be 

severe, or where phage populations can become isolated (such as those related to bacterial infections) 

(102-104). The ability of phages to switch between their chronic or lysogenic life cycle gives them 

flexibility to maximize success in such environments. Even over the course of phage infection, the host 

environment changes. It has been modelled and experimentally observed that during a phage infection, 

selection pressures favor a more virulent phage strain early on, when the density of susceptible cells is 
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high, and a more lysogenic phage strain later, when the density of susceptible cells is low (102). This is 

likely because virulent phage can run out of hosts to infect.  

 

Tuning into bacterial communication allows for greater flexibility in dynamic environments where host 

cell density changes can be dramatic and quick. In Vibrio cholerae-infecting phage VP882, the phage 

encodes a receptor that interacts with a host derived quorum molecule to directly detect host population 

density (40). Many phages also modulate bacterial quorum sensing systems (105, 106). Examples in P. 

aeruginosa include phage DMS3, which encodes a quorum-sensing anti-activator protein called Aqs1 

that binds to and inhibits LasR (51). Another P. aeruginosa phage called LUZ19 encodes Qst, a protein 

that binds to and inhibits the PqsD protein in the PQS signaling pathway (107). In both cases, it is 

thought that inhibition of P. aeruginosa QS makes the bacterial host more susceptible to phage 

infection, as bacterial QS controls phage defense mechanisms (108, 109). Intriguingly, phage JBD44 

was recently found to restore pqsH production in a P. aeruginosa strain PA14 ∆lasI mutant, leading to a 

reduced HHQ-dependent autolysis and re-establishing quorum product production through the PQS 

pathway (108). This study speculated that phage infection resulted in PA14 responding with an 

increased production of PQS, which can act to alarm other cells of phage challenge (108).  

 

With studies such as these in mind, we hypothesize that Pf4 also interacts with QS. We have observed 

a relationship with Pf4 infection and the production of the QS product, pyocyanin, that hints at this. 

Furthermore, with the incredible ways that Pf4 interacts with P. aeruginosa biofilm formation and 

pathogenesis, and Pf4’s temperate nature, interactions with QS seem likely. 

  

1.4 Thesis aims 

 

My dissertation aims to (1) characterize a novel superinfection exclusion mechanism for the Pf4 phage, 

(2) identify Pf4’s interaction with P. aeruginosa QS and elucidate how this interaction effects P. 

aeruginosa virulence, and (3) detail the mechanism of how Pf4 interacts with P. aeruginosa QS and 

what benefits this interaction provides Pf4. This research adds to the knowledgebase of how Pf4 

interacts with P. aeruginosa, and furthers the framework of understanding on how phages interact with 

their bacterial hosts and what affect that may have on bacterial fitness.   
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Note: My contribution to this work consisted primarily in generating the preliminary data necessary to 

publish this paper. To this end, I performed a myriad of plaque and twitch assays that developed our 

understanding that Pf4 conveys resistance to coinfecting phages. Furthermore, I constructed many of 

the clones used in this assay, including: ∆Pf4 and ∆intF/pfsE and I prepared the bacterial samples for 

TEM. I also wrote a draft introduction for this paper.  

 

 2.1 Abstract 

Pseudomonas aeruginosa is an opportunistic pathogen that causes infections in a variety of 

settings. Many P. aeruginosa isolates are infected by filamentous Pf bacteriophage integrated into the 

bacterial chromosome as a prophage. Pf virions can be produced without lysing P. aeruginosa. 

However, cell lysis can occur during superinfection, which occurs when Pf virions successfully infect a 

host lysogenized by a Pf prophage. Temperate phages typically encode superinfection exclusion 

mechanisms to prevent host lysis by virions of the same or similar species. In this study, we sought to 

elucidate the superinfection exclusion mechanism of Pf phage. Initially, we observed that P. aeruginosa 

that survive Pf superinfection are transiently resistant to Pf-induced plaquing and are deficient in 

twitching motility, which is mediated by type IV pili (T4P). Pf utilize T4P as a cell surface receptor, 

suggesting that T4P are suppressed in bacteria that survive superinfection. We tested the hypothesis 

that a Pf-encoded protein suppress T4P to mediated superinfection exclusion by expressing Pf proteins 

in P. aeruginosa and measuring plaquing and twitching motility. We found that the Pf protein PA0721, 

which we termed Pf superinfection exclusion (PfsE), promoted resistance to Pf infection and 

suppressed twitching motility by binding the T4P protein PilC. Because T4P play key roles in biofilm 

formation and virulence, the ability of Pf phage to modulate T4P via PfsE has implications in the ability 

of P. aeruginosa to persist at sites of infection. 
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2.2 Introduction  

Pseudomonas aeruginosa is an opportunistic pathogen that causes infection in wounds, on 

medical hardware, and in the airways of people with cystic fibrosis. P. aeruginosa itself can be infected 

by a variety of bacteriophages (phages). For example, many P. aeruginosa isolates are infected by 

temperate filamentous Pf phage, which can integrate into the bacterial chromosome as a prophage (17, 

31). During P. aeruginosa growth as a biofilm or at sites of infection, the Pf prophage is induced, and 

filamentous virions are produced (29, 32, 34, 110). Like other filamentous phages, Pf can be extruded 

from the host cell without killing the host, allowing Pf virions to accumulate to high titers in biofilms 

(1011/mL) (111) and infected tissues (107/gram) (20). However, cell lysis can occur when Pf 

superinfects P. aeruginosa, which occurs when multiple virions infect the same cell or when 

superinfective Pf variants emerge that contain mutations in the phage c repressor gene Pf4r  (37, 111). 

Pf4-mediated cell lysis contributes to the maturation and dispersal stages of the P. aeruginosa biofilm 

lifecycle (112-115).  

 

Temperate phages typically encode superinfection exclusion mechanisms to stave off infection 

by competing phages in the environment. A common theme amongst superinfection exclusion 

mechanisms are proteins that inhibit or modify phage cell surface receptors such as type IV pili (T4P) 

(7), a common cell surface receptor for phages, including Pf4 (116). Many P. aeruginosa phages 

encode proteins that inhibit T4P to prevent superinfection (117). Specific examples include the Aqs1 

protein encoded by phage DMS3 and the Tip protein encoded by phage D3112, which both inhibit T4P 

by binding to the T4P ATPase PilB (51, 52). Pf4 use T4P as a cell surface receptor (116); however, a 

superinfection exclusion mechanism has not been characterized for the Pf phages that reside in P. 

aeruginosa genomes.  

 

In this study, we show that the smallest protein encoded by Pf4, which we call PfsE (Pf 

superinfection exclusion), transiently inhibits T4P assembly through an interaction with the T4P platform 

protein PilC, providing resistance to further infection by T4P-dependent phages. By introducing point 

mutations to PfsE, we identified two aromatic residues (Y16 and W20) that may be required for PilC 

binding, T4P inhibition, and resistance to T4P-dependent phages. Furthermore, phage Pf4 engineered 

to lack the pfsE gene is able to kill P. aeruginosa more efficiently than the wild-type phage, 

demonstrating that this mechanism of superinfection reduces P. aeruginosa cell lysis. Filamentous 

Inoviruses such as Pf are widespread amongst Bacterial genomes with even a few examples infecting 

Archaea (118). Thus, the superinfection exclusion mechanism described here may be relevant to many 
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species of filamentous phage that infect diverse bacterial hosts. 

 

2.3 Results 

2.3.1 Type IV Pili are transiently suppressed in response to Pf4 Superinfection 

While working with phage Pf4 we noticed an interesting phenomenon where the surviving cells 

in a culture of PAO1 superinfected with Pf4 showed a decrease in twitching motility (Fig 2-1A). As Pf4 

uses T4P as a cell surface receptor (116), we tested the ability of these non-twitching cells to mediate 

resistance to Pf4-induced plaquing. We found that these cells were highly resistant to lysis by Pf4 

virions (Fig 2-1B) as compared to uninfected PAO1, which retain the ability to twitch (Fig 2-1C) and are 

sensitive to Pf4 superinfection (Fig 2-1D). The resistance observed was similar to that seen for a PAO1 

∆pilA mutant, which completely lacks pilus on the cell surface (Fig 2-1E and F). To determine if Pf4 

superinfection selected for T4P-null mutants or transiently suppressed T4P expression, bacteria 

collected from Pf4-resistant lawns were sub-cultured in phage-free growth medium for 18 hours and 

then their ability to twitch and sensitivity to Pf4-induced plaquing was tested. Twitching motility and 

sensitivity to Pf4 superinfection was restored in sub-cultured bacteria (Fig 2-1G and H), indicating that 

heritable mutations in T4P genes were not responsible for the twitch-deficient and Pf4-resistance 

phenotypes.  

 

Figure 2-1. Pf4 superinfection transiently suppresses twitching motility and promotes resistance to Pf4-

induced plaquing. Twitch assays were performed by stabbing the indicated strain through the agar on a Petri 

dish to the plastic surface below. Af ter 24h, the agar was removed and bacteria on the plastic dish were stained 

with Coomassie (upper panels A, C, E & G). To measure sensitivity of  P. aeruginosa to Pf4 superinfection, lawns 

of  the indicated strains were spotted with 106 PFUs of  Pf4 in 3 µL (lower panels B, D, F & H). Strains tested 

Pf4 superinfected, 
sub-culturedUninfectedPf4 superinfected

A

ΔpilA

C E G

B D F H
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include (A and B) PAO1 superinfected with Pf4, (C and D) uninfected PAO1, (E and F) the twitch-def icient type 

IV pili mutant ΔpilA, and (G and H) Pf4 superinfected PAO1 that was sub-cultured in phage-f ree broth and re-

plated. Scale bar 5 mm. 

 

2.3.2 PfsE suppresses twitching motility and protects P. aeruginosa from Pf4 superinfection  

Many temperate phages possess superinfection exclusion mechanisms that prevent re-infection 

of an already infected cell (119). We hypothesized that a Pf4-encoded protein would suppress T4P as a 

mechanism to prevent Pf4 superinfection and lysis of the host cell. To test this hypothesis, we first 

deleted the Pf4 prophage from our in-house PAO1 strain (PAO1∆Pf4). Pf4 proteins encoded by PA0717-

PA0728 in the core Pf4 genome (Fig 2-2A) were then expressed individually from a plasmid in 

PAO1∆Pf4 and twitching motility and sensitivity to Pf4-mediated lysis were then assessed. We identified 

two proteins, PA0721 and PA0724, that suppressed twitching motility when overexpressed (Fig 2-2B) 

and promoted resistance to Pf4 plaquing (Fig 2-2C). PA0721 is a small 30 residue uncharacterized 

protein and PA0724 is the Pf4 minor coat protein CoaA, which is involved in receptor binding during the 

initial steps of infection (17). These results were consistent with a previous study that found these 

proteins promote resistance to T4P-dependent long-tailed dsDNA phages DMS3m and JBD30 (118).  

 

To determine if the observed twitching inhibition and phage resistance was a direct result of the 

biological function of these proteins or was due to toxicity of the overexpressed proteins, we examined 

the growth rates of cells expressing these proteins. We found that PAO1∆Pf4 expressing PA0724 grew 

poorly compared to cells expressing PA0721 or PAO1∆Pf4 carrying an empty expression vector (Fig 2-

2D). These observations suggest that PA0724 expression is toxic to P. aeruginosa, and it is possible 

that the twitch-deficient and phage resistance phenotypes associated with PA0724 expression are a 

result of this toxicity rather than a specific superinfection exclusion mechanism. Therefore, we turned 

our attention towards characterizing PA0721, which we refer to herein as PfsE (Pf superinfection 

exclusion). 
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Figure 2-2. PfsE suppresses twitching motility and protects P. aeruginosa from Pf4 superinfection. (A) 

The Pf4 prophage is composed of  core genes that are essential for the phage to complete its lifecycle (Pf4r to 

PA0728) and f lanking moron regions (gray) that add “more on” to the core genome (105). (B) Genes PA0717–

PA0728 in the core Pf4 genome were placed under the control of  an arabinose-inducible promoter and expressed 

individually in P. aeruginosa PAO1∆Pf4. Twitching was measured in the indicated strains af ter 24 hours; arrows 

indicate strains with reduced twitching motility. Bar 5 mm. (C) 106 PFUs of  Pf4 were spotted onto lawns of  

PAO1∆Pf4 expressing the indicated phage protein. (D) Growth curves in liquid culture for PAO1∆Pf4 bacteria 

carrying the indicated expression vector. Cultures were g rown in LB supplemented with 0.1% arabinose. Results 

are the mean ±SEM of  three experiments. 

 

2.3.3 T4P are not apparent on cells expressing PfsE 

Twitching motility requires bacteria to extend their pili outwards from the cell surface and then 

retract them to move along solid surface. Thus, PfsE could inhibit twitching motility by either preventing 

pilus retraction or extension. If PfsE inhibits T4P retraction, cells are anticipated to have a piliated or 

hyperpiliated morphology. If PfsE inhibits T4P extension, then cells are expected to have few or no pili. 

To determine if PfsE interferes with extension or retraction we used transmission electron microscopy 

to look for the presence of pili on the cell surface. We found that cells expressing PfsE showed no 

visible pili on the surface (Fig 2-3) while wild-type PAO1 cells had structures consistent with T4P (Fig 

2-3). The lack of pili observed on the cells expressing PsfE was similar to a PAO1 ∆pilA mutant (Fig 2-

3), which is known to completely lack surface piliation (120). These data suggest that PfsE inhibits T4P 

extension rather than retraction. 
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Figure 2-3. Type IV pili are not apparent on cells expressing PfsE.  Transmission electron microscopy of  the 

indicated strains of  P. aeruginosa was performed. Mid-logarithmic cells were washed, f ixed, placed on a grid, and 

negatively stained with uranyl acetate. Arrows indicate potential pili on PAO1 cells.  White triangles indicate 

f lagella. 

 

2.3.4 PfsE protects P. aeruginosa from other T4P-dependent phage species 

Many phages use the T4P as a cell surface receptor to infect bacteria (7). We hypothesized that 

the transient T4P suppression by PfsE that protected against Pf4 superinfection would also protect P. 

aeruginosa from non-filamentous phages. To test this hypothesis, we examined the ability of phage 

JBD26, a temperate long-tailed dsDNA phage that uses the pilus as a cell surface receptor, to form 

plaques on lawns of PAO1, PAO1 pilA, PAO1 superinfected with Pf4, PAO1 superinfected with Pf4 

and then sub-cultured in phage-free media, or PAO1 expressing PfsE from a plasmid. Like Pf4, JBD26 

was not able to infect cells that were superinfected by Pf4 or cells expressing PfsE (Fig 2-4). We also 

tested the ability of phage CMS1, which does not depend on the pilus for infection, to form plaques on 

these strains. As expected, the plaquing ability of these phages was not affected by the absence of T4P 

(∆pilA), expression of PsfE, or superinfection by Pf4 (Fig 2-4). Furthermore, Pf4 superinfection and 

expression of PfsE was able to prevent infection by phage OMKO, a lytic pili-dependent phage, but not 

LPS-5, another pili-independent phage species (Fig 2-S1). These results demonstrate that PfsE 

protects P. aeruginosa from T4P-dependent phage species. 
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Figure 2-4. Pf4 superinfection and expression of PfsE promotes resistance to type IV pili (T4P)-dependent 

bacteriophages. Representative images of  P. aeruginosa PAO1 lawns spotted with 106 PFUs of  Pf4, JBD26 

(both T4P-dependent phages), or CMS1 (a T4P-independent phage). See also Figure S1. 

 

Figure 2-S1. Pf4 superinfection and expression of PfsE promotes resistance to type IV pili (T4P)-

dependent lytic bacteriophages. Representative images of  P. aeruginosa PAO1 lawns spotted with 106 PFUs 

OMKO (T4P-dependent lytic phage), or LPS-5 (a T4P-independent lytic phage). Note plaques are visualized as 

bright spots in these images. 

 

2.3.5 Deletion of pfsE increases Pf4 virulence against P. aeruginosa 

To definitively show that PsfE expression from Pf phage provides resistance to superinfection, we 
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attempted to delete the pfsE gene from Pf4. All attempts to delete pfsE from the Pf4 prophage integrated 

into the PAO1 chromosome failed. We hypothesized that inactivating pfsE resulted in unregulated 

replication of Pf4, killing pfsE mutants, similar to how Pf4 kills P. aeruginosa PAO1 when the global 

repressors mvaT and MvaU are both disabled (116). To test this hypothesis, we attempted to delete pfsE 

from the PAO1 ∆intF4 background. IntF4 (PA0728) is a Pf4-encoded site-specific tyrosine recombinase 

that catalyzes Pf4 prophage integration and excision (20, 37). In ∆intF4, the Pf4 prophage is trapped in 

the chromosome, preventing infectious virions from being produced (20, 116). We were successful in 

deleting pfsE from ∆intF4 creating the double mutant ∆intF4/pfsE, suggesting that when pfsE is 

inactivated, Pf4 replication kills P. aeruginosa.  

 

We hypothesized that ∆intF4/pfsE Pf4 virions that lack the pfsE gene would not be able to regulate 

superinfection of the host bacterium, increasing host cell lysis. To test this, we induced and collected Pf4 

virions from wild type, ∆intF4, and ∆intF4/pfsE P. aeruginosa. To induce Pf4 virions from these strains, 

the Pf4 excisionase XisF4 was expressed in trans from a plasmid under the control of an arabinose-

inducible promoter (37). To complement the ∆intF4 mutation, IntF4 was also expressed from a plasmid 

in all strains tested. After overnight growth (18h) in LB supplemented with 0.1% arabinose, bacterial 

supernatants were filtered, DNase-treated, and Pf4 titers measured by qPCR, as previously described 

(121). Phage titers in each supernatant (wild type, ∆intF4, and ∆intF4/pfsE) were normalized to 6.95x107 

virions per mL and were plated on a lawn of PAO1∆Pf4 to determine how infective the mutant phages 

were. While the ∆intF4 mutant phage titer was equal to wild-type Pf4, the ∆intF4/pfsE mutant phage was 

approximately 1,000-fold more infective (Fig 2-5), indicating that pfsE restricts Pf4 infection and thereby 

protects the bacterial host from lysis. 
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Figure 2-5: Pf4 virions not encoding pfsE are more virulent against P. aeruginosa. Wild-type and mutant Pf4 

virions were induced by expressing both the Pf4 excisionase (xisF4) and integrase (intF4) in trans in wild type, 

∆intF4, or ∆intF4/pfsE backgrounds. Note that deletion of  pfsE alone f rom the Pf4 prophage was not possible.  

Wild-type, ∆intF4, and ∆intF4/pfsE Pf4 virion titers were measured by qPCR and normalized to 6.95x107 virions 

per mL. Virions were then spotted as a 10x dilution series on lawns of  ∆Pf4 to enumerate PFUs. Results are 

mean ± SEM of  three experiments, unpaired Student’s t test, ****P<0.0001. 

 

2.3.6 Aromatic residues in PfsE are required to inhibit twitching motility and promote Pf4 

resistance 

PfsE contains a conserved cluster of aromatic residues, YAWGW (Fig 2-6A and B). Clusters of 

aromatic residues often facilitate protein-protein binding interactions (122, 123). Therefore, we 

hypothesized that the cluster of aromatic residues in PfsE is required for suppression of twitching 

motility and resistance to T4P-dependent phages. To test this hypothesis, we introduced into PfsE the 

following point mutations: PfsEY16V, PfsEW18A, PfsEW20A, and PfsEY16V/W18A/W20A. The mutant proteins 

were then expressed in PAO1∆Pf4 and twitching motility and phage resistance were measured. PfsEY16V, 

PfsEW20A, and PfsEY16V/W18A/W20A all lost the ability to suppress twitching motility (Fig 2-6C) and did not 

promote resistance to the T4P-dependent phages Pf4 or JBD26 (Fig 2-6D). PfsEW18A, however, only 

partially suppressed both twitch motility and infection by T4P-dependent phages, indicating residue 

W18 is not critical for PfsE to inhibit T4P. The difference in phenotypes between the point mutants may 

be related to the location of the aromatic residues on the PfsE -helix; Y16 and W20 are located on the 

same side of the PfsE -helix while W18 is oriented in the opposite direction (Fig 2-6E). We also tested 
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the ability of PfsE to inhibit flagellum-dependent swimming motility. PAO1∆Pf4 expressing wild-type PfsE 

or PfsE point mutants did not affect swimming motility compared to PAO1∆Pf4 carrying an empty 

expression vector (Fig S2 in published manuscript), indicating that PfsE does not affect flagellum-

dependent swimming motility, which is consistent with our previous observation that Pf4 superinfection 

does not affect swimming motility in P. aeruginosa PAO1 (110).  

 

Figure 2-6: Conserved aromatic residues in PfsE are essential for the inhibition of type IV pili and 

resistance against Pf4 superinfection. (A) WebLogo (124) was used to construct a protein sequence logo  for 

312 PfsE sequences f rom Pf  prophages infecting P. aeruginosa strains in the Pseudomonas genome database 

(125). Note that aromatic residues in the YXWGW motif  (residues 16-20) are conserved (arrows). (B) There is 

66% sequence identity (20/30) between two of  the most highly diverged PfsE homologues found in Pf  prophages 

residing in the P. aeruginosa PAO1 or E80 chromosomes. (C) Twitch motility was measured in PAO1∆Pf4 

expressing wild-type or modif ied PfsE. Results are mean ± SEM of  16 experiments, unpaired Student’s t test, 

**p<0.01, ****p<0.0001. (D) Lawns of  PAO1∆Pf4 carrying the indicated expression vectors were induced with 

0.01% arabinose and spotted with 3 µl of  109 PFU/ml stocks of  Pf4, JBD26 (pili-dependent phages), or CMS1 (a 

pili-independent phage). (E) AlphaFold (126) was used to predict the structure of  PfsE. (F) A bacterial adenylate 

cyclase two-hybrid (BACTH) assay (127) was used to detect interactions between PfsE and the indicated T4P 

proteins. Interactions between bait and prey proteins are detected by β -galactosidase activity, as indicated by the 

production of  blue pigment. Representative colonies are shown. (G) A 6x-His tag was added to the N- or C-

terminus of  PfsE, expressed in PAO1∆Pf4, and twitching was measured. Scale bar 5mm.  

 

2.3.7 PfsE binds to the T4P inner-membrane protein PilC 

 The T4P complex consists of four subcomplexes: the outer membrane complex, an alignment 

complex that spans the periplasm, and two inner membrane complexes (8). Because PfsE is predicted 

to localize in the inner membrane (125), we hypothesized that PfsE would interact with inner membrane 
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proteins of the T4P complex or proteins that interact with the T4P inner membrane complex. To test this 

hypothesis, we used a bacterial adenylate cyclase two-hybrid (BACTH) assay (127) to detect 

interactions between PfsE and the T4P proteins PilA, PilB, PilC, PilM, PilN, PilT, PilU, or PilW. In the 

BACTH assay, interactions between bait (PfsE) and prey (pili proteins) is detected by β-galactosidase 

activity. High levels of β-galactosidase activity were observed only when PfsE was expressed with PilC 

(Fig 2-6F), an inner membrane protein essential for T4P pilus biogenesis (128). Similar activity was 

observed with PilC as bait and PfsE as prey. When the PfsEY16V or PfsEW20A point mutants were used 

as bait with PilC as the prey, β-galactosidase activity was not detected. The PfsEW18A mutant produced 

little to no β-galactosidase activity in the BACTH assay, consistent with its intermediate twitch and 

phage resistance phenotypes. We attempted to confirm the expression of His-tagged wild-type and 

mutant PfsE in E. coli used in the BACTH assay by western blot. However, we were unable to detect 

expression of PfsEY16V or PfsEW20A point mutants using anti-His antibodies, raising the possibility that 

the loss of interaction between the PfsE point mutants and PilC was due to low expression of mutant 

PfsE rather than the point mutations. Alternate explanations include poor recovery of PfsE from 

membrane fractions. Additional experiments will be required to characterize the role of these aromatic 

amino acids in PfsE-PilC binding interactions.  

 

The binding of PfsE to the inner membrane protein PilC is consistent with the prediction that 

PfsE is itself an inner membrane protein. To determine the orientation that PfsE inserts itself into the 

inner membrane, we tagged the N- or C-terminus of PfsE with a poly-histidine (His) tag, which are 

positively charged and unable to insert into lipid membranes. Tagged PfsE was expressed in PAO1∆Pf4 

and twitching motility measured. The N-terminal His tag had no impact on the ability of PfsE to inhibit 

twitching while the C-terminal His tag prevented PfsE-mediated twitching inhibition (Fig 2-7G). These 

results suggest that PfsE inserts into the inner membrane with the N-terminus oriented towards the 

cytoplasm. 

 

As PilC is highly conserved across many different strains of P. aeruginosa (128), we tested the 

ability of PfsE to inhibit twitching motility in P. aeruginosa strains PA14, PAK and E90. We found that 

the PfsE sequence from Pf4 inhibited twitching in each of these strains (Fig 2-6A). When the divergent 

PfsE sequence from P. aeruginosa strain E80 (see Figure 2-6B) was expressed in P. aeruginosa 

PAO1∆Pf4, twitching motility was similarly inhibited (Fig 2-7B). These results indicate a conserved 

mechanism of action.  
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Figure 2-7: Divergent PfsE sequences inhibit twitching motility in various P. aeruginosa strains. (A) 

PfsE was expressed in trans in the indicated strains of P. aeruginosa and twitching motility measured after 

24h. Representative images are shown. (B) Twitching motility was assessed in PAO1∆Pf4 carrying either the 

empty vector pHERD20T or pBAD-pfsE-E80 by standard twitch assay. Representative images are shown.  

 

2.4 Discussion 

Many P. aeruginosa isolates are Pf lysogens (i.e., they harbor one or more Pf prophage in their 

chromosome) (17, 31). Lysogenized bacteria defend against infection by the same or similar phage 

through a mechanism called superinfection exclusion. For example, previously characterized 

superinfection exclusion mechanisms employed by P. aeruginosa phages include proteins Aqs1 from 

phage DMS3 (51) and Tip from phage D3112 (52), both of which inhibit T4P by binding to the T4P 

assembly ATPase PilB, which energizes pilus extension (128). This is the first report, to our knowledge, 

of a phage protein binding PilC to suppress T4P and prevent superinfection. Our data support a model 

where the Pf-encoded protein PfsE mediates superinfection exclusion by transiently suppressing T4P 

by binding to PilC to prevent pilus extension, which inhibits twitching motility and prevents infection by 

T4P-dependent phages. PfsE interactions with PilC may inhibit T4P by either blocking PilC from 

rotating, PilA loading, or by interfering with interactions between PilC and other pili proteins such as 

PilB. 

 

To our knowledge, a transient superinfection exclusion phenotype has not previously been 

described for a phage. However, transient superinfection exclusion has been observed in animal 

viruses such as the RNA Pestivirus that causes bovine viral diarrhea (129). The transient nature of 

PfsE-mediated T4P inhibition may be related to highly stable PfsE-PilC binding interactions. If true, then 

if PfsE is downregulated as Pf re-enters the lysogenic replication lifecycle, tight binding interactions 

between PfsE and PilC may titrate out PfsE as the cells divide, restoring T4P function. Alternatively, the 

conserved acidic residue D22 (see Fig 2-6A) may pull the C-terminus of PfsE into the periplasmic 

space where PfsE could interact with periplasmic proteins that could disrupt PfsE-PilC binding (e.g., a 

periplasmic protease could degrade PfsE). 

Empty vector pBAD::pfsE-E80BPAKPA14 E90 PAO1

Wild-type

PfsE-

induced

A

5 mm

5 mm
5 mm 5 mm



 23 

 

Our data suggest that PfsE inhibits pili extension. By inhibiting extension of the T4P cell surface 

receptor, PfsE may reduce the number of Pf virions that are “wasted” on non-productive infections of an 

already infected host. This would allow Pf virions to accumulate in the environment, allowing Pf phage 

to spread and infect naïve P. aeruginosa hosts. P. aeruginosa also benefits from the accumulation of 

filamentous Pf virions in the environment—as Pf virions accumulate in polymer-rich environments such 

as the biofilm matrix or host secretions (e.g., mucus), they spontaneously align, creating a large liquid 

crystalline lattice that protects P. aeruginosa from desiccation and some antibiotics (20, 130, 131). 

When encountered by immune cells, Pf virions induce a type I interferon antiviral response, which 

reduces the phagocytic uptake of bacteria by macrophages (29). Collectively, these phenotypes help 

explain why in P. aeruginosa PAO1 deleting the Pf4 prophage from the chromosome reduces bacterial 

virulence in murine lung (112) and wound (29) infection models. 

 

PfsE inhibition of T4P may affect other bacterial behaviors. For example, in P. aeruginosa, T4P 

play important roles in virulence and biofilm formation (64, 132). T4P are critical virulence determinants 

in P. aeruginosa (132) and inhibition of T4P by PfsE could affect P. aeruginosa virulence potential. This 

possibility is consistent with our previous work demonstrating that Pf4 superinfection promotes a non-

invasive infection phenotype in vivo (110). Under some conditions such as nutrient limitation, 

suppression of T4P is thought to contribute to biofilm dispersion (133). Pf4 superinfection contributes to 

the biofilm lifecycle as well by inducing cell death and lysis, which produces the characteristic voids in 

the center of mature microcolonies of biofilms grown in flow cells (112-114). In dispersed cell 

populations, Pf4 gene expression is upregulated while T4P genes are downregulated (133, 134). Thus, 

it is possible that in response to Pf4 superinfection, PfsE expression contributes to biofilm dispersal by 

suppressing T4P. 

 

Phage therapy holds great potential in combating multidrug-resistant bacterial infections in 

several settings (135-140). Unfortunately, bacteria can develop resistance to therapeutic phages 

causing treatment failure ((141) and references therein). In some cases, heritable phage resistance 

mutations cannot account for phage therapy failure as bacteria remain sensitive to phage infection ex 

vivo (141-144). Because Pf prophages are prevalent amongst P. aeruginosa clinical isolates and PfsE 

is encoded by all Pf lysogens, it is possible that PfsE could cause some phage therapies to fail. 

Conversely, PfsE could be leveraged as a therapeutic. Recent work demonstrates that the Tip protein 

from phage D3112 inhibits T4P by blocking the activity of PilB (52). A peptide mimic of the Tip protein 

inhibits T4P in vitro, and when given topically to P. aeruginosa, the peptide reduced virulence in a 
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Drosophila infection model (145). This approach could potentially be adapted to PfsE by synthesizing a 

peptide that contains the aromatic amino acid motif YAWGW.  

 

2.5 Materials and Methods 

2.5.1 Bacterial Strains, plasmids and growth conditions  

Strains, plasmids and their sources are listed in Table 2-1 and primers are listed in Table 2-2. Unless 

indicated otherwise, bacteria were grown in lysogeny broth (LB) at 37 °C with shaking and 

supplemented with antibiotics (Sigma) or 0.1% IPTG when appropriate. Unless otherwise noted, 

antibiotics were used at the following concentrations: gentamicin (10 or 30 µg ml–1), ampicillin (100 µg 

ml–1), kanamycin (50 µg ml–1), carbenicillin (50 µg ml–1).  

 

2.5.2 Construction of strain ∆Pf4 

The Pf4 prophage was deleted from the PAO1 chromosome by allelic exchange (146), producing a 

clean and unmarked ∆Pf4 deletion with the Pf4 att site intact. All primers used for strain construction 

are given in Table 2-2. The Pf4 prophage contains a toxin-antitoxin (TA) pair (147). The presence of 

the Pf4-encoded PfiTA system likely explains the low efficiency at which the Pf4 prophage can be 

deleted from the PAO1 chromosome (112); deletion of the Pf4 prophage results in loss of the antitoxin 

gene pfiA and cells without the antitoxin are killed by the longer-lived toxin PfiT (147). Thus, the pfiT 

toxin gene was first deleted from PAO1 by allelic exchange (146). Briefly, the upstream region of pfIT 

(pfiT’) and the downstream region of pfIT (‘pfiT) were amplified using the primer pairs attB1-pfiT-

UpF/pfiT-UpR and PfiT-DownF/attB2-PfiT-DownR, respectively (Table 2-2). These were then 

assembled using SOE-PCR. The resulting fragment was cloned into pENTRpEX18-Gm, transformed 

into Escherichia coli S17λpir, and subsequently mobilized into P. aeruginosa PAO1 via biparental 

mating. Merodiploid P. aeruginosa was selected on Vogel-Bonner minimal medium (VBMM) agar 

containing 60 µg ml-1 gentamicin, followed by recovery of deletion mutants on no-salt LB (NSLB) 

medium containing 10% sucrose. Candidate mutants were confirmed by PCR and sequencing using 

primer pair PfiT seq F/PfiT seq R. The remaining Pf4 prophage was then deleted from ∆pfiT using the 

same allelic exchange strategy described for ∆pfiT using primers Pf4-UpF-GWL, Pf4-UpR-GM, Pf4-

DnF-GM, and Pf4-DnR-GWR (Table 2), producing an unmarked clean deletion of Pf4 with an intact att 

site. Candidate mutants were confirmed by PCR using primer pair pf4-out F/pf4-out R and sequenced 

confirmed. Supernatants collected from overnight cultures of ∆Pf4 did not produce detectable plaques 

on lawns of PAO1 or ∆Pf4 and the ∆Pf4 genotype was routinely PCR confirmed prior to experiments 

using this strain to confirm that re-infection by exogenous Pf4 virions in the laboratory did not occur. 
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2.5.3 Phage expression constructs 

The indicated Pf4 genes or pfsE point mutant genes were cloned into the arabinose-inducible 

expression constructs pHERD20T or pHERD30T (148) were obtained from reference (118) or made by 

Genewiz (Table 2-1). Final constructs were all sequence verified.  

 

2.5.4 Twitch motility assays 

Twitching motility was assessed by stab inoculating the indicated strains through a 1.5% LB agar plate 

to the underlying plastic dish. Agar was supplemented with 0.1% arabinose or antibiotics when 

appropriate. After incubation for 24 h, the agar was carefully removed, and the zone of motility on the 

plastic dish was visualized and measured after staining with 0.05% Coomassie brilliant blue, as 

previously described (149). Twitch zones were measured by placing the plastic dish onto a ruler and 

imaging with a BioRad GelDoc GO imaging system using preset parameters for Coomassie-stained 

gels. 

 

2.5.5 Plaque assays 

Plaque assays were performed using ∆Pf4 or isogenic PAO1 as indicator strains grown on LB plates. 

Phage in filtered supernatants were serially diluted 10x in PBS and spotted onto lawns of the indicated 

indicator strain. Plaques were imaged after 18h of growth at 37°C. 

 

2.5.6 Pf4 phage virion quantitation by qPCR 

Pf4 virion copy number was measured using qPCR as previously described (121). Briefly, filtered 

supernatants were treated with DNase I (10 µL of a 10mg/ml stock per mL supernatant) followed by 

incubation at 70°C for 10 minutes to inactivate the DNase. Ten μL reaction volumes containing 5 μl 

SYBR Select Master Mix (Life Technologies, Grand Island, NY), 100 nM of primer attR-F and attL-R 

(Table 2-2), and 2 μl supernatant. Primers attR-F and attL-R amplify the re-circularization sequence of 

the Pf4 replicative form and thus, do not amplify linear Pf4 prophage sequences that may be present in 

contaminating chromosomal DNA. Cycling conditions were as follows: 50°C 2min, 95°C 2min, (95°C, 

15 sec, 60°C 1 minute) x 40 cycles. A standard curve was constructed using plasmids containing the 

template sequence at a known copy number per milliliter. Pf4 copy numbers were then calculated by 

fitting Ct values of the unknown samples to the standard curve. 

 

2.5.7 Pf4 virion induction 
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P. aeruginosa strains PAO1, ∆intF4, and ∆intF4/pfsE were made competent by 300 mM sucrose 

washes (150) and electroporated with the arabinose-inducible expression vectors pHERD20T-xisF4 

and pHERD30T-intF4. Double transformants were grown in LB supplemented with gentamicin and 

carbenicillin to an OD600 of 0.3 and induced with 0.1% arabinose. Bacteria were grown for 18h, pelleted 

by centrifugation, and supernatants were filtered through a 0.22m filter (Millipore Millex GP) followed 

by DNase treatment. Pf4 virion titers were measured by qPCR, as described above. Pf4 copy numbers 

in each supernatant were normalized to the same titer by diluting with PBS. 

 

2.5.8 Growth Curves  

Overnight cultures were diluted to an OD600 of 0.05 in 96-well plates containing LB and if necessary, the 

appropriate antibiotics. Over the course of 24h, OD600 was measured in a CLARIOstar (BMG Labtech) 

plate reader at 37C with shaking prior to each measurement.  

 

2.5.9 Transmission Electron Microscopy 

Cells were grown to mid-log (OD600 0.4), washed with PBS, fixed with 4% formamide, and placed on a 

grid and negatively stained with uranyl acetate. Cells were imaged on a Hitachi H-7800 120 kV TEM. 

 

2.5.10 Bacterial two-hybrid assays  

Bacterial two-hybrid assays were performed as described previously (127). PfsE was cloned into 

plasmid constructs (pKT25, pUT18C) using relevant primers (Table 2-2). Escherichia coli BTH101 cells 

were co-transformed with plasmid constructs containing different sets of genes. Three independent 

colonies were grown overnight at 30°C in LB media containing the appropriate selection, 2𝜇l of each 

was plated onto X-gal and MacConkey agar plates containing the appropriate selection and 1mM IPTG 

and incubated at 30°C for 48 hours. A colour change on both plates indicates an interaction between 

the genes encoded in the plasmids.  

 

2.5.11 PfsE Modeling  

AlphaFold (126) was used to predict the secondary structure of PfsE. The .pdb file was downloaded for 

PfsE ‘model one’ and visualized using UCSF ChimeraX (151). 

 

Table 2-1. Bacterial strains, phage, and plasmids used in this study. 

Strain Description Source 

Escherichia coli   

   DH5α New England Biolabs  (116) 

   S17 λpir-positive strain (116) 
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P. aeruginosa    

   PAO1 Wild type (152) 

   PAO1 ∆pilA Clean deletion of  pilA f rom PAO1 (153) 

   PAO1 ∆intF4 Clean deletion of  intF4 f rom PAO1 (20) 

   PAO1 ∆intF4/pfsE Clean deletion of  pfsE f rom PAO1 ∆intF4 This study 

   PAO1 ∆Pf4   Clean deletion of  the Pf4 prophage f rom PAO1 This study 

   PA14  Wild type (154) 

   PAK  Wild type ATCC 25102 

   E90 Clinical CF P. aeruginosa isolate (155) 

Bacteriophage Strains   

   Pf4 Inoviridae (20) 

   JBD26 Siphoviridae (119) 

   CMS1 Podoviridae This study 

   DMS3 Siphoviridae (156) 

   OMK01 Myoviridae (157) 

   LPS-5 Podoviridae Felix Biotech 

Plasmids   

   pHERD20T AmpR, expression vector with araC-PBAD promoter (148) 

   pHERD30T GmR, expression vector with araC-PBAD promoter (148) 

   pHERD30T-PA0717 pBAD::PA0717 (118) 

   pHERD30T-PA0718 pBAD::PA0718 (118) 

   pHERD30T-PA0719 pBAD::PA0719 This study 

   pHERD30T-PA0720 pBAD::PA0720 (118) 

   pHERD30T-pfsE  pBAD::pfsE (118) 

   pHERD30T-PA0722 pBAD::PA0722 This study 

   pHERD30T-PA0723 pBAD::PA0723 This study 

   pHERD30T-PA0724 pBAD::PA0724 This study 

   pHERD30T-PA0725 pBAD::PA0725 (118) 

   pHERD30T-PA0726 pBAD::PA0726 This study 

   pHERD30T-PA0727 pBAD::PA0727 This study 

   pHERD30T-intF4 

   pHERD20T-xisF4 

pBAD::intF4 

pBAD::xisF4 

This study 

(37) 

   pKT25 BACTH construct (127) 

   pUT18C BACTH construct (127) 

   pHERD20T-pfsE 

   pHERD20T- pfsE Y16V 

   pHERD20T- pfsE W18A 

   pHERD20T- pfsE W20A 

   pHERD20T- pfsEY16A/W18A/W20A 

pBAD::pfsE 

pBAD:: pfsE Y16V 

pBAD:: pfsE W18A 

pBAD:: pfsE W20A 

pBAD:: pfsE Y16A/W18A/W20A 

This study 

This study 

This study 

This study 

This study 

 

Table 2-2. Primers used in this study 

Purpose/Name  Sequence (5’-3’) 

Cloning  

PfsE_p18CFwd TACGTCTAGAGCTCCGCTATCTCTCGCTGTTCGCGGTAGG 

PfsE_p18CRev  TACGGGTACCTCAAACAGTCAGGGAGGCCGCTAGG 

PfsE_Y16VFwd CTGGCCACCGGCGTGGCCTGG 

PfsE_Y16VRev CCAGCCCCAGGCCACGCCGGT 

PfsE_W18AFwd ACCGGCTACGCCGCCGGCTGG 
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PfsE_W18ARev TCGATCCAGCCGGCGGCGTAGC 

PfsE_W20AFwd TACGCCTGGGGCGCCATCGACG 

PfsE_W20ARev CTAGGCCGTCGATGGCGCCCCAGG 

∆pfiT primers:  

attB1-pfiT-UpF ggggataagtttgtacaaaaaagcaggcttcTTCAACCCGCTCATAGGTT 

               pfiT-UpR TCAGGAGTAGAAAGCCATCACATTAAACCTCCTTATTCTGG 

PfiT-DownF TGATGGCTTTCTACTCCTGA 

attB2-PfiT-DownR ggggaccactttgtacaagaaagctgggtaAGCCGCTCAACCCGATCTA 

PfiT seq F CCACACGTTCGCCAGTCACTT 

PfiT seq R AATGCCGGCCACTTCATCGAC 

∆Pf4 primers:  

Pf4-UpF-GWL tacaaaaaagcaggctTCTGGGAATACGACGGGGGC 

Pf4-UpR-GM tcagagcgcttttgaagctaattcgGATCCCAATGCAAAAGCCCC 

Pf4-DnF-GM aggaacttcaagatccccaattcgCGTCATGAGCTTGGGAAGCT 

Pf4-DnR-GWR tacaagaaagctgggtTGGCAGCAGACCCAGGACGC 
pf4-out F AGTGGCGGTTATCGGATGAC 

pf4-out R TCATTGGGAGGCGCTTTCAT 

 

2.5.12 Statistical analyses 

Differences between data sets were evaluated by an unpaired Student’s t test, using GraphPad Prism 

version 5.0 (GraphPad Software, San Diego, CA). P values of < 0.05 were considered statistically 

significant. 
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3.1 Abstract 

The opportunistic pathogen Pseudomonas aeruginosa PAO1 is infected by the filamentous 

bacteriophage Pf4. Pf4 virions promote biofilm formation, protect bacteria from antibiotics, and 

modulate animal immune responses in ways that promote infection. Furthermore, strains cured of their 

Pf4 infection (∆Pf4) are less virulent in animal models of infection. Consistently, we find that strain ∆Pf4 

is less virulent in a Caenorhabditis elegans nematode infection model. However, our data indicate that 

PQS quorum sensing is activated and production of the pigment pyocyanin, a potent virulence factor, is 

enhanced in strain ∆Pf4. The reduced virulence of ∆Pf4 despite high levels of pyocyanin production 

may be explained by our finding that C. elegans mutants unable to sense bacterial pigments through 

the aryl hydrocarbon receptor are more susceptible to ∆Pf4 infection compared to wild-type C. elegans. 

Collectively, our data support a model where suppression of quorum-regulated virulence factors by Pf4 

allows P. aeruginosa to evade detection by innate host immune responses. 

 

3.2 Introduction 

Filamentous bacteriophages (phages) of the Inoviridae family infect diverse bacterial hosts (118, 

158). In contrast to other phage families, Inoviruses can establish chronic infections where filamentous 

virions are produced without killing the bacterial host (6, 17, 159), which may allow a more symbiotic 

relationship between filamentous phages and the bacterial host to evolve. Indeed, filamentous phages 
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are often associated with enhanced virulence potential in pathogenic bacteria. For example, the 

filamentous phage CTX encodes the cholera toxin genes that convert non-pathogenic Vibrio cholerae 

into toxigenic strains (160), the MDA Inovirus that infects Neisseria gonorrhoeae acts as a colonization 

factor and enhances bacterial adhesion to host tissues (21), and the filamentous phage RSS1 

increases extracellular polysaccharide production and invasive twitching motility in the plant pathogen 

Ralstonia solanacearum (161). 

The filamentous phage Pf4 that infects Pseudomonas aeruginosa strain PAO1 enhances 

bacterial virulence in murine lung (112) and wound (29) infection models. Oxidative stress induces the 

Pf4 prophage (162) and filamentous virions are produced at high titers, up to 1011 virions per mL (111, 

113). Pf4 virions serve as structural components of biofilm matrices that protect bacteria from 

antibiotics and desiccation (20, 112, 130). Pf4 virions also engage immune receptors on macrophages 

to decrease phagocytic uptake (29, 110) and inhibit CXCL1 signaling in keratinocytes, which interferes 

with wound re-epithelialization (163). These observations outline the diverse ways that Pf4 virions 

promote the initiation and maintenance of P. aeruginosa infections. However, how Pf4 phages 

modulate bacterial virulence behaviors is poorly understood.  

P. aeruginosa regulates the production of a variety of secreted virulence factors using a cell-to-

cell communication system called quorum sensing (QS). As bacterial populations grow, concentrations 

of QS signaling molecules called autoinducers increase as a function of population density (164). When 

autoinducer concentrations become sufficiently high, they bind to and activate their cognate receptors, 

allowing bacterial populations to coordinate gene expression (67, 68). P. aeruginosa PAO1 has three 

QS systems, Las, Rhl, and PQS. Las and Rhl QS systems recognize acyl-homoserine lactone signals 

while the PQS system recognizes quinolone signals.  

In this study, we demonstrate that deleting the Pf4 prophage from P. aeruginosa PAO1 (∆Pf4) 

activates PQS quorum sensing and increases production of the pigment pyocyanin, a potent virulence 

factor. However, like observations in vertebrate infection models (29, 112), the virulence potential of 

∆Pf4 is reduced compared to PAO1 in a Caenorhabditis elegans nematode infection model. We resolve 

this apparent controversy and report that C. elegans strains lacking the ability to sense bacterial 

pigments through the aryl hydrocarbon receptor (AhR) are more susceptible to ∆Pf4 infection compared 

to wild-type C. elegans capable of detecting bacterial pigments. Collectively, our data support a model 

where Pf4 suppresses the production of quorum-regulated pigments, allowing P. aeruginosa to evade 

detection by host immune responses.  

 

3.3 Results 
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3.3.1 Pf4 protect P. aeruginosa from Caenorhabditis elegans predation 

Prior work demonstrates that Pf4 enhances P. aeruginosa PAO1 virulence potential in mouse 

models of infection by modulating innate immune responses (29, 110, 112). Because central 

components of animal innate immune systems are conserved, we hypothesized that Pf4 would affect P. 

aeruginosa virulence in other animals such as bacterivorous nematodes. To test this hypothesis, we 

used Caenorhabditis elegans nematodes in a slow-killing P. aeruginosa infection model were 

nematodes are maintained on minimal NNGM agar with a bacterial food source for several days (165).  

We first confirmed that PAO1 and Pf4 grew equally well on NNGM agar without C. elegans (Fig 

3-1A) by homogenizing and resuspending three-day-old bacterial lawns in saline and measuring colony 

forming units (CFUs) by drop-plate. Resuspended cells were then pelleted by centrifugation and Pf4 

virions in supernatants were measured by plaque assay. In the absence of C. elegans, neither PAO1 nor 

∆Pf4 produced any detectable Pf4 virions (Fig 3-1B). 

Subsequently, we tested the effect of C. elegans grazing on PAO1 and Pf4. Young adult N2 C. 

elegans were plated onto 24-hour old bacterial lawns and incubated for an additional 48 hours. In the 

presence of C. elegans, PAO1 CFUs were comparable to PAO1 CFUs recovered from lawns grown 

without C. elegans at approximately 1010 CFUs/mL (Fig 3-1C, black bar, compare to Fig 1A). CFUs 

recovered from ∆Pf4 lawns exposed to C. elegans were ~100-fold lower than ∆Pf4 lawns grown without 

C. elegans (Fig 3-1C), indicating that Pf4 protects P. aeruginosa from C. elegans predation. 

We did not detect Pf4 virions in ∆Pf4 lawns exposed to C. elegans (Fig 3-1D), but we did 

recover ~1 x 106 Pf4 plaque forming units (PFUs) from PAO1 lawns exposed to C. elegans (Fig 3-1D, 

black bar). These results indicate that C. elegans predation induces Pf4 virion replication. 

When filamentous Pf4 virions accumulate in the environment, they enhance P. aeruginosa 

adhesion to mucus and promote biofilm formation (20, 110). Because P. aeruginosa colonization of the 

C. elegans digestive track is a primary cause of death in the slow killing model (165), we hypothesized 

that Pf4 virions may accumulate in the C. elegans digestive track. To test this hypothesis, we topically 

applied 1x109 fluorescently labeled Pf4 virions to bacterial lawns and imaged C. elegans by 

fluorescence microscopy after 24 hours of grazing. Escherichia coli OP50 were used for these 

experiments to avoid Pf4 replication and any potential bacterial lysis (Pf4 cannot infect E. coli hosts). 

After 24 hours, Pf4 virions accumulated in the upper intestine of C. elegans (Fig 3-1E), raising the 

possibility that Pf4 virions physically block the digestive track, which could increase C. elegans killing by 

P. aeruginosa. 

When C. elegans was challenged with PAO1 in the slow killing model, nematode killing was 

complete after five days (Fig 3-1F black line) whereas complete C. elegans killing took eight days when 

challenged with Pf4 (Fig 3-1F green line), indicating that Pf4 enhances the virulence potential of P. 
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aeruginosa, consistent with prior work in mice (29, 110, 112). Collectively, these results indicate that C. 

elegans induces Pf4 replication and that Pf4 protects P. aeruginosa from C. elegans predation.  

 

Figure 3-1. C. elegans predation induces Pf4 replication and enhances P. aeruginosa virulence. 
(A-D) Bacterial CFUs and Pf4 PFUs were enumerated after three days in the absence (A-B) or presence 
(C-D) of C. elegans. nd, not detected (below detection limit of 333 PFU/mL indicated by dashed line). 
Results are the mean ±SD of three experiments, **P<0.01, Student’s t-test. (E) Wild-type N2 C. elegans 
were maintained on lawns of 1) E. coli OP50 (non-pathogenic nematode food) or 2) OP50 supplemented 
with 109 Pf4 virions labeled with Alexa-fluor 488 (green). Representative brightfield and fluorescent 
images after 24 hours are shown. (F) Kaplan-Meier survival curve analysis of C. elegans exposed to P. 
aeruginosa. N=90 worms per condition (three replicate experiments of 30 worms each). The mean 
survival of C. elegans maintained on lawns of PAO1 was four days compared to seven days for 
nematodes maintained on lawns of ∆Pf4 (dashed gray lines). Note that worms that may have escaped 
the dish rather than died were withdrawn from the study, explaining why the black PAO1 line does not 
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reach zero percent survival. 
 

 

3.3.2 PQS quorum sensing is activated and pyocyanin production enhanced in ∆Pf4 

During routine propagation of P. aeruginosa, we noted that production of the green pigment 

pyocyanin (Fig 3-2A) was significantly (P<0.003) higher in ∆Pf4 compared to PAO1 (Fig 3-2B and C). 

Pyocyanin is a redox-active phenazine that shuttles electrons to distal electron acceptors, which 

enhances ATP production and generates proton-motive force in P. aeruginosa cells living in anoxic 

environments (166, 167). The redox activity of pyocyanin also makes it a potent virulence factor that 

passively diffuses into phagocytes and kills them by redox cycling with NAD(H) to generate reactive 

oxygen species that indiscriminately oxidize cellular structures (168).  

 

Figure 3-2. Pyocyanin production is enhanced in ∆Pf4 compared to PAO1. (A) The structure of 
pyocyanin, a redox-active green pigment produced by P. aeruginosa. (B) Representative images of 
PAO1 and ∆Pf4 growing on NNGM agar plates after 24 hours at 37°C. (C) Pyocyanin was chloroform-
acid extracted from NNGM agar plates, absorbance measured (520 nm), and values converted to µg/mL. 

Data are the mean ±SEM of six replicate experiments. ***P<0.003, Student’s t-test. 
 

Expression of many P. aeruginosa virulence genes, including the phenazine biosynthesis genes 

responsible for pyocyanin production, are regulated by quorum sensing (72, 73, 89, 169-173). We used 

fluorescent transcriptional reporters to measure Las (PrsaL::gfp), Rhl (PrhlA::gfp), and PQS (PpqsA::gfp) 

quorum sensing (174-176). In ∆Pf4, regulation of Las and Rhl gene targets was not significantly 

different from PAO1 after 18 hours of growth (Fig 3-3A and B). However, PQS activity in ∆Pf4 was 

significantly (P<0.001) higher compared to PAO1 after 18 hours (Fig 3-3C). Fluorescence was not 

detected in empty vector controls (Fig 3-3D). These results suggest that loss of the Pf4 prophage 

upregulates PQS quorum sensing, causing pyocyanin to be overproduced. 
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Figure 3-3. PQS quorum sensing is upregulated in P. aeruginosa ∆Pf4. GFP fluorescence from the 
transcriptional reporters (A) PrsaLI-gfp, (B) PrhlA-gfp, (C) PpqsA-gfp and (D) Pempty-gfp was measured in 
PAO1 (black) or ΔPf4 (green) at 18 hours in cultures growing in lysogeny broth. For each measurement, 
GFP fluorescence was corrected for bacterial growth (OD600). Data are the mean ±SEM of six replicates. 
**P<0.001, Student’s t-test.  

 

3.3.3 Quantitative proteomics analysis of C. elegans exposed to PAO1 or ∆Pf4 

To gain insight into how Pf4 might affect C. elegans responses to P. aeruginosa, we performed 

mass spectrometry-based quantitative proteomics on C. elegans. To avoid progeny contamination, we 

used the rrf-3(−); fem-1(−) genetic background that is sterile at temperatures above 25°C (177). Like 

wild-type N2 nematodes, PAO1 killed the rrf-3(−); fem-1(−) strain significantly (P<0.001) faster than 

∆Pf4 in the slow killing model (Fig 3-S1). Nematodes were maintained for two days on lawns of PAO1 

or ∆Pf4. This timepoint was selected because most C. elegans were still alive in both groups (Fig 3-1F; 

Fig 3-S1). Whole nematodes were collected (~320 per replicate, N=4), washed, and proteins purified. 

Proteins were digested with trypsin and tandem mass tags were used to uniquely label peptides from 

each biological replicate, allowing all samples to be pooled, fractionated, and analyzed by mass 

spectrometry in a single run. This approach allows direct and quantitative comparisons between 

groups. 

 

Figure 3-S1. Survival analysis of sterile rrf-3(-); fem-1(-) C. elegans challenged with P. 
aeruginosa PAO1 or ∆Pf4. Kaplan–Meier survival analysis of N=90 worms per condition (three 
replicate experiments of 30 worms each) were monitored daily for death. The mean survival of rrf-3(-); 
fem-1(-) C. elegans maintained on lawns of PAO1 was six days compared to nine days for nematodes 
maintained on lawns of ∆Pf4 (dashed gray lines). 
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We identified 410 proteins that were significantly (P<0.05) up or down regulated at least 1.5-fold 

(log2 fold change 0.58) in C. elegans exposed to ∆Pf4 compared to PAO1 (Fig 3-4A, Supplemental 

Table S1 found in manuscript). Enrichment analysis revealed proteins associated with mitochondrial 

respiration and electron transport were significantly (FDR<0.002) enriched in upregulated proteins (Fig 

3-4B). As pyocyanin is a redox-active virulence factor known to interfere with mitochondrial respiration 

(178, 179), these results suggest that respiration is perturbed in C. elegans grazing on ∆Pf4 lawns that 

over-produce pyocyanin. 

We also noted that proteins associated with muscle cell differentiation and organization were 

enriched in C. elegans challenged with ∆Pf4 (Fig 3-4C), which could be related to a decline in motility 

observed in C. elegans as they begin to succumb to P. aeruginosa infection (165). 

 

Figure 3-4. Pf4 modulates expression of C. elegans proteins associated with respiration, the 
extracellular matrix, and motility. (A) Volcano plot showing differentially expressed proteins in C. 
elegans maintained on lawns of ∆Pf4 compared to C. elegans maintained on lawns of PAO1 for three 
days. The dashed lines indicate proteins with expression levels greater than ±1.5-fold and a false 
discovery rate (FDR) <0.05. Results are representative of quadruplicate experiments. (B-D) Enrichment 
analysis of significant upregulated proteins shown in (A). Fold enrichment of observed proteins 
associated with specific Gene Ontology (GO) terms each had an FDR of <0.002. 

 

In C. elegans exposed to ∆Pf4, proteins associated with the extracellular matrix (e.g., collagen) 

were also significantly enriched (Fig 3-4A, dark blue symbols; Fig 3-4D). The tough extracellular cuticle 

of C. elegans is composed predominantly of cross-linked collagen (180). Because PAO1 kills C. 

elegans faster than ∆Pf4 (Fig 3-1F), lower collagen abundance in PAO1-exposed C. elegans may be 
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an indication of compromised cuticle integrity. To test this, we assessed cuticle integrity in synchronized 

young adult worms collected from lawns of PAO1 or ∆Pf4 after two days and stained with 10 μg/mL 

Hoechst. Nematodes where stained nuclei were observed were scored as permeable and cuticle 

integrity compromised (Fig 3-5A) whereas worms without stained nuclei were scored as non-

permeable with an intact cuticle (Fig 3-5B). We find that C. elegans cuticle permeability is significantly 

(P<0.01) higher in C. elegans exposed to PAO1 compared to C. elegans exposed to ∆Pf4 (Fig 3-5C). 

These results correlate with the lower relative collagen protein abundance observed in C. elegans 

exposed to PAO1 compared to ∆Pf4 (Fig 3-4A) and are consistent with a loss of cuticle integrity and 

higher morbidity of C. elegans exposed P. aeruginosa lysogenized by filamentous Pf4 phage. 

 

Figure 3-5. PAO1 compromises C. elegans cuticle integrity compared to ∆Pf4. 
Synchronized young adult N2 worms were collected from lawns of PAO1, ∆Pf4, or E. coli 

OP50 after 48 hours and stained with the nucleic acid stain Hoechst. Cuticle permeability was 
assessed by visualization of stained nuclei in live nematodes exposed to (A) PAO1 or (B) 

∆Pf4. Representative images are shown. (C) The percent C. elegans with stained nuclei were 
scored as permeable and plotted. **P<0.01, Student’s t-test. N=3 replicates of 25-50 animals 
per replicate, 92-137 total worms per group. 

 
3.3.4 C. elegans aryl hydrocarbon receptor signaling regulates antibacterial defense  

Compared to PAO1, ∆Pf4 produces more of the virulence factor pyocyanin (and likely other 

quorum-regulated virulence factors). However, ∆Pf4 is less virulent in mouse lung (112), wound (29), 

and C. elegans infection models (Fig 3-1F). How is it that the ∆Pf4 strain that produces more virulence 

factor is less virulent in animal models of infection?  

Prior work demonstrates that vertebrate immune systems can sense P. aeruginosa aromatic 

pigments such as pyocyanin via the aryl hydrocarbon receptor (AhR) pathway (181, 182). AhR is a 

highly conserved eukaryotic transcription factor that binds a variety of aromatic hydrocarbons and 

regulates metabolic processes that degrade xenobiotics and coordinate immune responses (181, 182). 

In vertebrates, AhR’s ability to detect pyocyanin and other bacterial pigments provides the host a way 

to monitor bacterial burden and mount appropriate immune countermeasures (182, 183).  

Furthermore, AhR regulates the expression of numerous cytochrome P450 (CYP) enzymes in 
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both vertebrates (184) and in C. elegans (185) that participate in xenobiotic degradation. In our 

proteomics dataset, we identified five CYP proteins (CYP-29a2, CYP-25a2, CYP-14a5, CYP-37a1, and 

CYP-35b1) that were significantly upregulated in C. elegans exposed to ∆Pf4 (Fig 3-4A, yellow 

symbols). 

Based on these observations, we hypothesized that AhR signaling would increase C. elegans 

fitness against the pyocyanin over-producing ∆Pf4 strain. To test this, we challenged wild-type N2 C. 

elegans or an AhR-null mutant (ahr-1(ia3)) with PAO1 or Pf4 in the slow killing model. We also 

included P. aeruginosa ∆pqsA, a strain where PQS signaling is disabled and pyocyanin production 

abolished (186). ∆pqsA is far less virulent against C. elegans compared to wild-type P. aeruginosa (Fig 

3-6A-D, compare black to red), consistent with prior work (187). Disabling AhR signaling in C. elegans 

does not significantly affect nematode survival when challenged with ∆pqsA (Fig 3-6C and D). This 

contrasts with the ∆Pf4 mutant where disabling AhR signaling significantly (P=0.0002) increases ∆Pf4 

virulence compared to wild-type nematodes (Fig 3-6E and F).  

These results indicate that even though pigment production is impaired in ∆pqsA, additional 

virulence determinants are inactivated in the ∆pqsA mutant. The results also raise the possibility that 

the Pf4 prophage is targeted in its inhibition of PQS or other pathways that regulate pigment 

biosynthesis whose products may be sensed by AhR.  
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Figure 3-6. Inactivation of AhR signaling in C. elegans enhances Pf4 virulence. (A, C, and E) 
Kaplan-Meier survival curve analysis (Log-rank) of wild-type N2 or isogenic ahr-1(ia3) C. elegans 
maintained on lawns of P. aeruginosa PAO1, ∆pqsA, or ΔPf4 for the indicated times. N=3 groups of 90 
animals per condition (270 animals total per condition). Error bars represent standard error of the mean. 
P-values of pairwise log-rank survival curve analyses are shown. (B, D, and F) The median survival of 
C. elegans in days was plotted for each group. 

 

3.4 Discussion 

Here, we characterize tripartite interactions between filamentous phage, pathogenic bacteria, 

and bacterivorous nematodes. Our work supports a model where Pf4 phage suppress P. aeruginosa 

PQS quorum sensing and reduce pyocyanin production, allowing P. aeruginosa to evade detection by 

AhR (Fig 3-7). 

 

 

Figure 3-7. Proposed model. Pf4 suppresses the production of quorum-regulated pigments by P. 
aeruginosa allowing bacteria to evade AhR-mediated immune responses in C. elegans. 

 

Many phages modulate bacterial quorum sensing systems (105, 106). Examples in P. 

aeruginosa include phage DMS3, which encodes a quorum-sensing anti-activator protein called Aqs1 

that binds to and inhibits LasR (51). Another P. aeruginosa phage called LUZ19 encodes Qst, a protein 

that binds to and inhibits the PqsD protein in the PQS signaling pathway (107). In both cases, it is 
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thought that inhibition of P. aeruginosa quorum sensing makes the bacterial host more susceptible to 

phage infection.  

Our finding that PQS signaling is upregulated when the Pf4 prophage is deleted suggests that 

Pf4 encodes proteins that inhibit PQS signaling. The Pf4 prophage encodes a 5’ retron element (188) 

and a 3’ toxin-antitoxin pair (147) and these elements may be acting upon host quorum sensing 

systems. Another possible mechanism involves genes in the Pf core genome as there are still several 

with unknown function (e.g., PA0717-PA0720).  

In the absence of C. elegans, PAO1 produces significantly less pyocyanin compared to ∆Pf4 

and infectious Pf4 virions are not simultaneously produced under these conditions. This indicates that 

the Pf4 prophage can modulate quorum-regulated pigment production during lysogeny when infectious 

Pf4 virions are not produced. When C. elegans are present, however, Pf4 replication is induced and Pf4 

virions appear to accumulate in the C. elegans intestine. Pf4 virions are known to promote P. 

aeruginosa biofilm formation and colonization of mucosal surfaces (20, 110, 189). It is possible that Pf4 

virions may contribute to P. aeruginosa colonization of the C. elegans intestine, which is a primary 

cause of C. elegans death in the slow killing model (165). 

Our study had some limitations. For example, we only measured pyocyanin production by P. 

aeruginosa. Although pyocyanin is often used as an indicator of P. aeruginosa virulence potential (94, 

190), there are many other factors that contribute to P. aeruginosa virulence, such as hydrogen cyanide 

(94). We also only used well-defined laboratory strains of P. aeruginosa and C. elegans. While our 

study suggests that Pf phages may be broad modulators of bacterial virulence, to accurately predict 

how different P. aeruginosa strains (e.g., clinical vs. environmental) might be affected by Pf, future work 

is required to characterize the effects various Pf strains have on QS systems in different P. aeruginosa 

hosts. One indication that Pf phages may behave differently in various bacterial hosts are variances in 

QS hierarchies in different P. aeruginosa isolates (191). As quorum sensing can be rewired (e.g., Las 

dominant verses Rhl dominant hierarchies, (155, 174)), it would not be surprising that Pf phage 

modulate different behaviors in different P. aeruginosa hosts. 

Our results support a role for AhR signaling in modulating C. elegans sensitivity to P. 

aeruginosa infection. Studies in vertebrates reveal that AhR serves as a pattern recognition receptor 

that senses aromatic bacterial pigments like pyocyanin to initiate appropriate immune responses (181, 

182). However, AhR recognizes a diverse array of ligands and modulation of inflammatory responses 

by AhR is context specific. For example, exposure of airway epithelial cells to combustion products 

induces pro-inflammatory AhR-dependent responses (192) while activation of AhR by tryptophan 

metabolites derived from commensal bacteria in the gut is associated with anti-inflammatory responses 

and maintenance of intestinal barrier integrity (193). Our proteomics dataset and survival assays 
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suggest that cuticle integrity is be compromised in C. elegans exposed to PAO1 compared to ∆Pf4. An 

interesting research direction would be to link activation of AhR signaling by bacterial pigments to 

enhanced cuticle integrity as a potential defense mechanism in nematodes.  

In addition to AhR, C. elegans has other mechanisms to detect bacterial pigments. In 

environments illuminated with white light, C. elegans can discriminate the distinctive blue-green color of 

pyocyanin to avoid P. aeruginosa (194). Our studies were performed predominantly in dark 

environments; future investigations on how Pf4 may affect C. elegans spectral sensing of pathogenic 

bacteria would be interesting. The existence of multiple bacterial pigment detection mechanisms in C. 

elegans highlights the importance of bacterial pigment detection in nematode survival.  

Overall, our study provides evidence that Pf4 phage enhance bacterial fitness against C. 

elegans predation. Prior work demonstrates that Pf4 phage also enhance bacterial fitness against 

phagocytes by inhibiting phagocytic uptake (29, 110). In the environment, nematodes and other 

bacterivores such as amoeba can impose high selective pressures on bacteria (195-197). The ability of 

Pf phage to enhance P. aeruginosa fitness against environmental bacterivores may help explain why Pf 

prophages are so widespread amongst diverse P. aeruginosa strains (17, 31, 198). The ability of Pf 

phage to enhance bacterial fitness against bacterivores in the environment may also translate to 

increased virulence potential in vertebrate hosts, including humans.
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3.5 Materials and Methods: 

3.5.1 Strains, plasmids, and growth conditions  

Strains, plasmids, and their sources are listed in Table 3-1. Unless otherwise indicated, bacteria 

were grown in lysogeny broth (LB) at 37 °C with 230 rpm shaking and supplemented with antibiotics 

(Sigma) where appropriate. Unless otherwise noted, gentamicin was used at the at either 10 or 30 µg 

ml–1. 

 

3.5.2 Plaque assays 

Plaque assays were performed using ∆Pf4 as the indicator strain grown on LB plates. Phage in 

filtered supernatants were serially diluted 10x in PBS and spotted onto lawns of ∆Pf4 strain. Plaques 

were imaged after 18h of growth at 37°C. PFUs/mL were then calculated. 

 

3.5.3 Pyocyanin extraction and measurement 

Pyocyanin was measured as described elsewhere (199, 200). Briefly, 18-hour cultures were 

treated by adding chloroform to a total of 50% culture volume. Samples were vortexed vigorously and 

the different phases separated by centrifuging samples at 6,000xg for 5 minutes. The chloroform layer 

(dark blue if pyocyanin present) was removed to a fresh tube and 20% the volume of 0.1 N HCl was 

added and the mixture vortexed vigorously (if pyocyanin is present, the aqueous acid solution turns 

pink). Once the two layers were separated, the aqueous layer was removed to a fresh tube and 

absorbance measured at 520 nm. The concentration of pyocyanin in the culture supernatant, 

expressed as µg/ml, was obtained by multiplying the optical density at 520 nm by 17.072, as described 

(200). 

 

3.5.4 Quorum sensing reporters 

Competent P. aeruginosa PAO1 and ∆Pf4 were prepared by washing overnight cultures in 300 

mM sucrose followed by transformation by electroporation (201) with the plasmids CP1 Blank-PBBR-

MCS5, CP53 PBBR1-MCS5 pqsA-gfp, CP57 PBBR1-MCS5 rhlA-gfp, CP59 PBBR1-MCS5 rsaL-gfp 

listed in Table 3-1. Transformants were selected by plating on the appropriate antibiotic selection 

media. The indicated strains were grown in buffered LB containing 50 mM MOPS and 100 µg ml–1 

gentamicin for 18 hours. Cultures were then sub-cultured 1:100 into fresh LB MOPS buffer and grown 

to an OD600 of 0.3. To measure reporter fluorescence, each strain was added to a 96-well plate 

containing 200 µL LB MOPS with a final bacterial density of OD600 0.1 and incubated at 37˚C in a 

CLARIOstar BMG LABTECH plate-reader. Prior to each measurement, plates were shaken at 230 rpm 

for a duration of two minutes. A measurement was taken every 15 minutes for both growth (OD600) or 
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fluorescence (excitation at 485-15 nm and emission at 535-15 nm).  

 
Table 3-1. Bacterial strains, phage, and plasmids used in this study. 
Strain Description Source 

Escherichia coli   
   DH5α Cloning strain New England Biolabs  

P. aeruginosa    
   PAO1 Wild type (112) 

   PAO1 ∆Pf4   Deletion of the Pf4 prophage from 
PAO1 

(112) 

Bacteriophage Strains   

   Pf4 Inovirus (20) 
C. elegans   

   N2 Wild type Caenorhabditis Genetic 
Center 

   ZG24 AhR null mutant ahr-1(ia3) (202) 

   CF512 Temperature-sensitive sterile 
background rrf-3(b26) II; fem-1(hc17) IV 

(177) 

Plasmids   
CP59 pBBR1-MCS5 
rsaL-gfp 

GFP lasI transcriptional reporter (176) 

CP57 pBBR1-MCS5 
rhlA-gfp 

GFP rhlA transcriptional reporter 
 

(176) 

CP53 pBBR1-MCS5 
pqsA-gfp 

GFP pqsA transcriptional reporter 
 

(175) 

CP1 pBBR-MCS5- 
Blank 

GFP empty vector control (176) 

 
3.5.5 C. elegans slow killing assay 

Synchronized adult N2, ahr-1(ia3), or rrf-3(-); fem-1(-) C. elegans were plated on normal 

nematode growth media (NNGM) plates with 30 nematodes for each indicated lawn of P. aeruginosa 

and incubated at 30˚C. Over the course of the assay, nematodes were passaged onto new plates of 

24-hour-old P. aeruginosa lawns daily and counted. Nematodes were counted as either alive or dead 

with missing nematodes being withdrawn from the study. The study was ended when all nematodes 

were either dead or missing. 

 

3.5.6 Preparation of fluorescently tagged Pf4 virions 

 P. aeruginosa ∆Pf4 was grown in LB broth to an OD600 of 0.5 at 37C in a shaking incubator 

(225 rpm). Five µL of a Pf4 stock containing 5x109 PFU/mL were used to infect the culture. After 

growing overnight (18h) in the 37C shaking incubator, bacteria were removed by centrifugation 

(12,000 xg, 5 minutes, room temperature) and supernatants filtered through a 0.2 µm syringe filter. Pf4 

virions were PEG precipitated by adding NaCl to the filtered supernatants to a final concentration of 0.5 
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M followed by the addition of PEG 8k to a final concentration of 20% w/vol. After incubating at 4C for 

four hours, the supernatants became noticeably turbid. At this time, phage were pelleted by 

centrifugation (15,000 xg, 15 minutes, 4C), the pellet gently washed in PBS, centrifuged again, and the 

phage pellet resuspended in 1 mL 0.1 M sodium bicarbonate buffer, pH 8.3. Virions were then labeled 

with 100 µg of Alexa Fluor 488 TFP ester following the manufacturer’s instructions (ThermoFisher). 

Unincorporated dyes were separated from labeled virions using PD-10 gel filtration columns. PBS was 

used to elute labeled phages from the column. Titers of labeled phages were measured by qPCR using 

our published protocol (203). Labeled phages were aliquoted and stored at -20C. 

 

3.5.7 Fluorescent imaging of nematodes 

 Approximately 109 Alexa Fluor 488-labeled Pf4 virions in 200 µL PBS were added evenly to 24-

hour old E. coli OP50 lawns growing on NNGM agar. Plates were incubated at 30C for 30 minutes and 

synchronized adult N2 C. elegans were plated. Routine analysis of C. elegans by fluorescence/light 

microscopy was performed after 24 hours by transferring nematodes to a 5% agarose pad containing 

levamisole (250 mM), a nematode paralytic agent that enables imaging. Nematodes were examined 

and imaged using a Leica DFC300G camera attached to a Leica DM5500B microscope. 

 

3.5.8 Protein extraction from C. elegans 

Proteins were extracted from rrf-3(-); fem-1(-) C. elegans as described (204). Briefly, after P. 

aeruginosa exposure for two days, ~320 C. elegans were harvested from NMMG plates into 1.5 mL 

tubes containing 1 mL PBS. Nematodes were gently mixed by hand, pelleted by centrifugation, and 

resuspended in 1 mL fresh PBS. C. elegans were again pelleted and supernatants were discarded, 

pellets were weighed and frozen at -80oC until proteins were ready to be harvested. Pellets were 

suspended in reassembly buffer (RAB, 0.1M MES, 1mM EGTA, 0.1mM EDTA, 0.5mM MgSO4, 0.75M 

NaCl, 0.2M NaF, pH7.4) containing Pierce Protease Inhibitor (ThermoScientific, A32965). Samples 

were sonicated on ice for 10 cycles of a 2 second pulse with 10 seconds rest between pulses. After 2 

minutes rest, sonication was repeated for a total of 8 cycles of 10 x 2 second pulses. Lysates were 

centrifuged at 20,000xg for 30 minutes at 4oC.  Supernatants were transferred to fresh tubes and 

concentrated to approximately 2µg/µL using 10kDa molecular weight cut off spin columns (VivaSpin 

500, Sartorius, VS0102). Protein concentration was determined using a Bradford assay. After 

visualizing protein integrity by SDS-PAGE (Fig S2A Not in this manuscript), 200 µg total protein for 

each of the four biological replicates for each treatment were sent to the IDeA National Resource for 

Quantitative Proteomics Center for proteomic analysis.  
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3.5.9 Mass spectrometry-based quantitative proteomics 

Total protein (200 µg) from each sample was reduced, alkylated, and purified by 

chloroform/methanol extraction prior to digestion with sequencing grade modified porcine trypsin 

(Promega). Tandem mass tag isobaric labeling reagents (Thermo) were used to label tryptic peptides 

following the manufacturer’s instructions. Labeled peptides were combined into one 16-plex TMTpro 

sample group that was separated into 46 fractions on a Acquity BEH C18 column (100 x 1.0 mm, 

Waters) using an UltiMate 3000 UHPLC system (Thermo). Peptides were eluted by a 50 min gradient 

from 99:1 to 60:40 buffer A:B ratio (Buffer A = 0.1% formic acid, 0.5% acetonitrile. Buffer B = 0.1% 

formic acid, 99.9% acetonitrile). Fractions were consolidated into 18 super-fractions which was further 

separated by reverse phase XSelect CSH C18 2.5 um resin (Waters) on an in-line 150 x 0.075 mm 

column. Peptides were eluted using a 75 min gradient from 98:2 to 60:40 buf fer A:B ratio. Eluted 

peptides were ionized by electrospray (2.4 kV) followed by mass spectrometric analysis on an Orbitrap 

Eclipse Tribrid mass spectrometer (Thermo) using multi-notch MS3 parameters. MS data were 

acquired using the FTMS analyzer over a range of 375 to 1500 m/z. Up to 10 MS/MS precursors were 

selected for HCD activation with normalized collision energy of 65 kV, followed by acquisition of MS3 

reporter ion data using the FTMS analyzer over a range of 100-500 m/z. Proteins were identified and 

quantified using MaxQuant (Max Planck Institute) TMT MS3 reporter ion quantification with a parent ion 

tolerance of 2.5 ppm and a fragment ion tolerance of 0.5 Da.  

 

3.5.10 Proteomics data analysis 

Prior to data analysis, datasets (Supplementary Table S1 found in manuscript) were 

subjected to and passed quality control procedures. To assess if there are more missing values than 

expected by random chance in one group compared to another, peptide intensity values were Log2-

transformed (Fig S2B found in manuscript). Peptide intensities were comparable across all groups. 

Principal component analysis (PCA) shows that biological replicates cluster within groups (Fig S2C 

found in manuscript). The normalized Log2 cyclic loess MS3 reporter ion intensities for TMT for the 

reference P. aeruginosa PAO1 proteome (UniprotKB: UP000002438) were compared between wild-

type P. aeruginosa PAO1 and P. aeruginosa PAO1 ∆Pf4 conditions. Proteins with ≥ 1.5-fold change (≥ 

0.58 log2FC) and P values < 0.05 were considered significantly differential. Functional classification and 

Gene Ontology (GO) enrichment analysis were performed using PANTHER classification system 

(http://www.pantherdb.org/) (205). Analysis results were plotted with GraphPad Prism version 9.4.1 

(GraphPad Software, San Diego, CA). 

 

3.5.11 C. elegans cuticle permeability assay 

http://www.pantherdb.org/)
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 Cuticle integrity was assessed by Hoechst 33342 staining of nuclei in whole nematodes, as 

previously described (206). Briefly, synchronized young adult N2 worms were collected from lawns of 

PAO1 or ∆Pf4 after two days and stained with 10 μg/mL Hoechst 33342 for 30 minutes at room 

temperature. Unbound stain was removed by washing nematodes with M9 buffer before visualization 

by fluorescence microscopy using a DAPI filter.  Fluorescent images were acquired with a Leica 

DFC300G camera attached to a Leica DM5500B microscope. All nematodes where stained nuclei were 

observed were scored as permeable and cuticle integrity compromised. 

 

3.5.12 Statistical analyses 

Differences between data sets were evaluated with a Student’s t‐test (unpaired, two‐tailed) 

where appropriate. P values of < 0.05 were considered statistically significant. Survival curves were 

analyzed using the Kaplan–Meier survival analysis tool. Individual nematodes that were not confirmed 

dead were removed from the study. The Bonferroni correction for multiple comparisons was used when 

comparing individual survival curves. GraphPad Prism version 9.4.1 (GraphPad Software, San Diego, 

CA) was used for all analyses. 
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4.1 Abstract 

Quorum sensing is a bacterial signaling system that coordinates group behaviors as a function of cell 

density. This system plays an important role in regulating bacterial phage defense mechanisms. In the 

opportunistic pathogen Pseudomonas aeruginosa, PQS signaling is involved in defending against 

phage infection. Many strains of P. aeruginosa are infected by filamentous Pf phage. We recently 

discovered that deleting the Pf4 prophage from P. aeruginosa PAO1 upregulates PQS signaling, 

enhancing the production of the phenazine pyocyanin; however, how this occurs is not known. Here, 

we identify the Pf4 protein PfsE as an inhibitor of PQS signaling that binds to PqsA. PfsE adopts a 

kinked conformation that orients conserved aromatic residues on PfsE into the hydrophobic catalytic 

pocket of PqsA. Inhibition of PqsA by PfsE results in more efficient Pf4 replication, suggesting that PQS 

signaling controls bacterial behaviors that defend against phage infection. Furthermore, PfsE also 

inhibits type IV pili by binding to PilC, which protects P. aeruginosa from infection by type IV pilus-

dependent phages. Thus, the simultaneous inhibition of type IV pili and PQS signaling by PfsE may be 

a strategy to increase the susceptibility of the host while at the same time protecting it from competing 

phages. 

mailto:Patrick.secor@mso.umt.edu
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4.2 Introduction 

Quorum sensing is a cell-to-cell signaling system that allows bacteria to coordinate group behaviors 

(207). As bacteria replicate, they constantly produce signaling molecules called autoinducers (164). At 

sufficiently high concentrations, autoinducers bind to and activate their cognate receptors, allowing 

bacterial populations to coordinate group behaviors as a function of cell density (67, 68). 

 

Quorum sensing has been studied extensively in the opportunistic pathogen Pseudomonas 

aeruginosa. In P. aeruginosa, quorum sensing regulates group behaviors such as motility and the 

production of secreted virulence factors including elastase, hydrogen cyanide, and pyocyanin (208). P. 

aeruginosa PAO1 has three main quorum sensing systems: las, rhl, and pqs. The las and rhl QS 

systems utilize the acyl-homoserine lactone autoinducer signals 3-oxo-C12-HSL and C4-HSL, 

respectively, while the PQS system utilize the quinolone signals 4-hydroxy-2-heptylquinoline (HHQ) and 

2-heptyl-3,4-dihydroxyquinoline, the Pseudomonas quinolone signal (PQS).  

 

High density bacterial populations can be prone to viral (phage) infection. Consequently, quorum 

sensing is implicated in the regulation of bacterial phage defense behaviors such as reduced 

expression of cell surface receptors used by phage to infect cells (209, 210) and control of phage 

defense systems such as CRISPR-Cas (211, 212). 

 

PQS signaling plays an important role in defending P. aeruginosa against phage infection. For 

example, in phage infected cells, the pqsABCDE and phnAB operons that encode quinolone and 

phenazine biosynthesis enzymes are upregulated (213). This is associated with an increase in 

abundance of quinolones and related metabolites in phage-infected cells (214). In cells where PQS 

signaling is active, phage resistant isolates emerge at higher frequencies compared to cells where PQS 

signaling is disrupted (215), suggesting that PQS signaling regulates host processes that interfere with 

phage replication. PQS molecules released by phage-infected cells can induce phage avoidance 

behavior in nearby cells (216). Finally, some phages can manipulate PQS signaling. Phage JBD44 can 

restore PQS signaling in quorum sensing mutants (217) while P. aeruginosa phage LUZ19 encodes a 

protein that binds to and inhibits the PQS biosynthesis enzyme PqsD (107). These observations 

indicate that PQS signaling is a target in the evolutionary arms race between phages and bacteria.  

 

P. aeruginosa strains are often infected by filamentous Pf phage which integrates into the bacterial 

chromosome as a prophage (17, 31, 198). Deleting the Pf4 prophage from the chromosome reduces 
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the virulence potential of P. aeruginosa PAO1 in mouse lung (112), mouse wound (29), and 

Caenorhabditis elegans (218) infection models. Our prior work indicates that the Pf4 prophage 

suppresses PQS signaling at the transcriptional level and reduces the production of the phenazine 

pyocyanin (218). However, how Pf4 suppresses PQS signaling was not known.  

 

Here, we identify the Pf4 protein PfsE (PA0721) as a small 3.2 kDa protein that binds to PqsA and 

inhibits PQS signaling. Structure prediction models suggest that PfsE adopts a kinked conformation 

that orients conserved aromatic residues on PfsE into the hydrophobic catalytic pocket of PqsA. 

Inhibition of PqsA by PfsE results in more efficient Pf4 replication, consistent with the idea that PQS 

signaling controls bacterial behaviors that defend against phage infection. Notably, PfsE has been 

previously characterized as an inner membrane protein that binds to the type IV pilus protein PilC, 

which inhibits pilus extension (218). As many phage species use type IV pili as a cell surface receptor, 

inhibition of type IV pilus assembly by PfsE protects the P. aeruginosa host from infection by additional 

Pf4 virions and from other type IV pilus-dependent phages. As PfsE inhibition of PQS signaling makes 

P. aeruginosa more susceptible to infection, the simultaneous inhibition of type IV pili by PfsE may be a 

strategy to protect the susceptible host from competing phages. 

 

4.3 Results 

4.3.1 Pf4 replication and PQS quorum sensing are inversely regulated in P. aeruginosa. 

While propagating Pf4 in vitro, we noted that successful Pf4 infections were associated with 

reduced pyocyanin production by P. aeruginosa PAO1 (Fig 4-1A). Conversely, deleting the Pf4 

prophage from the PAO1 chromosome enhances pyocyanin production (Fig 4-1B and C) (218). 

Because pyocyanin is a quorum-regulated phenazine (173), these results suggest that Pf4 replication 

suppresses quorum sensing in P. aeruginosa.  

 

Fig 4-1. Pf4 replication and pyocyanin production are inversely regulated in P. aeruginosa. (A) 
Representative images of PAO1 or PAO1 superinfected with Pf4 virions (PAO1+Pf4) after 18 hours of 
growth in LB broth. (B) Representative images of PAO1 or ∆Pf4 grown on LB agar for 18 hours. (C) The 
green pigment pyocyanin was measured in chloroform-acid extracts of bacterial supernatants by 
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absorbance and normalized to bacterial density (OD600). Data are the mean ±SD of nine replicate 
experiments, ****P<0.0001, Student’s unpaired t-test.  

 

To gain insight onto how the Pf4 phage was affecting quorum sensing pathways, we analyzed RNA 

sequencing from a superinfecting Pf4 phage (219). We found that numerous quorum sensing genes 

were significantly (false discovery rate, FDR<0.05) downregulated in Pf4-infected cells as compared to 

uninfected cells, including pqs system genes (Fig 4-2A and B) (220). Phenazine biosynthesis genes 

are also significantly (FDR<0.05) downregulated in Pf4-infected cells (Fig 4-2C).  

 

Fig 4-2. Pf4 replication downregulates P. aeruginosa quorum sensing genes. (A) Volcano plot 
showing differentially expressed genes in Pf4 infected verses uninfected P. aeruginosa. Dashed lines 
indicate differentially expressed genes that are log2[foldchange] > 1 and FDR<0.05 or log2[fold change] 
< -1 and FDR<0.05. Data are representative of triplicate experiments. (B and C) Heatmaps showing log2 
(counts per million) values for the indicated quorum sensing and phenazine biosynthesis genes are 
shown for each replicate.  

 

We used HPLC-MS to directly measure quorum sensing autoinducer levels in PAO1, PAO1+Pf4, 

and ∆Pf4 culture supernatants over time. All autoinducer measurements were normalized to viable cell 

counts (CFUs, Fig 4-3A). Levels of the las autoinducer 3-oxo-C12-HSL were not significantly different 

over time in all three cultures (Fig 4-3B), which is consistent with the unchanged expression of the 

autoinducer synthesis gene lasI (Fig 4-2A and B). Levels of the rhl autoinducer C4-HSL were 

significantly (P<0.02) lower in Pf4-infected cells at the 12-hour time point (Fig 4-3C, red square). This 

result is consistent with the significant (P<0.05) downregulation of rhlI in Pf4-infected cells (Fig 4-2A 
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and B). Collectively, these observations suggest that Pf4 replication does not drastically affect las 

signaling but has a negative impact on rhl signaling.  

 

Levels of the quinolone signaling molecules HHQ and PQS were comparable in uninfected and Pf4-

infected PAO1 over time (Fig 4-3D and Fig 4-3E, compare squares and circles). In the ∆Pf4 strain, 

however, HHQ levels spike at around 12 hours of growth, followed by a steep decline from 12 to 24 

hours (Fig 4-3D, blue triangles). The decline of HHQ is accompanied by an increase in PQS levels in 

∆Pf4 from 12 to 24 hours (Fig 4-3E, blue triangles). As HHQ is the direct precursor to the PQS 

signaling molecule (85), these observations are consistent with HHQ being produced by ∆Pf4 during 

late exponential/early stationary phase followed by HHQ consumption and subsequent PQS production 

during stationary phase growth. These results indicate that the Pf4 prophage somehow inhibits 

quinolone biosynthesis to suppress P. aeruginosa pqs signaling. 

 

Fig 4-3. Pf4 suppresses C4-HSL, HHQ, and PQS biosynthesis. (A) Growth of the indicated strains 
was measured by enumerating viable colony forming units (CFUs) at the indicated times, N=4. (B-E) The 
indicated quorum sensing molecules in bacterial supernatants were measured by HPLC-MS at the 
indicated times and normalized to bacterial CFUs. Data are the mean of triplicate experiments, *P<0.05, 
**P<0.02 compared to PAO1. 
 

4.3.2 The Pf4 phage protein PfsE binds to PqsA. 

Pf4 replication suppresses pyocyanin production (Fig 4-1A). To identify Pf4 proteins that may 
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suppress pyocyanin production, we expressed each protein in the core Pf4 genome (PA0717-PA0728) 

individually from an expression plasmid in P. aeruginosa ∆Pf4 and assessed the effects on pyocyanin 

production. We identified a single protein, PfsE (PA0721), that significantly (P<0.05) reduced pyocyanin 

production by ∆Pf4 compared to the empty vector control (Fig 4-4A). Time course experiments 

confirmed that the expression of PfsE in ∆Pf4 significantly (P<0.001) decreased pyocyanin production 

compared to ∆Pf4 carrying an empty expression vector (Fig 4-4B). Note the pfsE gene is the fifth most 

highly upregulated gene in Pf4-infected cultures (Fig 4-2A). 

 

To determine if PfsE interacts directly with bacterial proteins involved in pqs or other quorum 

sensing pathways, we used a bacterial two-hybrid (BACTH) assay (127) to measure protein-protein 

interactions between bait (PfsE) and prey (bacterial proteins). Positive interactions are detected as red 

pigmentation in E. coli reporter colonies after 48 hours growth on MacConkey agar. PfsE is known to 

strongly bind the type IV pilus protein PilC (159), providing a positive control. Colony pigmentation was 

observed when PfsE was expressed with PilC and PqsA (Fig 4C and D), suggesting that in addition to 

PilC, PfsE also binds to PqsA.  

 

Fig 4-4. The Pf4 phage protein PfsE binds to PqsA and inhibits pyocyanin production. (A) The 
indicated Pf4 proteins were expressed from an inducible plasmid in ∆Pf4. After 18 h, pyocyanin was 
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extracted, quantified by absorbance, and normalized to bacterial density (OD600). Data are the mean +/- 
SD, N=4 experiments, *P<0.05. (B) Pyocyanin was extracted from ∆Pf4 carrying an empty vector or a 
PfsE expression construct at the indicated times. Data are the mean +/- SD, N=3 experiments, 
***P<0.001 comparing each condition at the indicated timepoints. (C) A bacterial two-hybrid assay was 
used to detect interactions between PfsE and the indicated P. aeruginosa proteins. Representative 
colonies are shown. EV = empty vector. (D) Pigmentation intensity of colonies expressing PfsE as bait 
and the indicated prey proteins was measured in image J. Data are the mean +/- SD, N=3 experiments, 
***P<0.001. 

 

4.3.3 PfsE binds the catalytic domain of PqsA in a kinked conformation 

PfsE is a small 3.2 kDa hydrophobic inner membrane protein that binds to PilC and inhibits type IV 

pili extension (159). Pf4 (and other phages) use type IV pili as a cell surface receptor to infect cells 

(116) and expression of PfsE by Pf4 protects the P. aeruginosa host from competing phages (159). In 

the type IV pilus apparatus, PilC forms a homodimer in the inner membrane (221). Protein structure 

modeling predicts four PfsE molecules bind to the transmembrane domain of the PilC dimer in an 

extended conformation that is typical of alpha-helical membrane-spanning proteins (Fig 4-5A and B). 

PfsE contains a glycine zipper Gly-XXX-Gly-XXX-Gly motif (Fig 4-5C and D). Glycine zippers promote 

the packing of helical membrane proteins against a neighboring helix (222), which is observed between 

PfsE proteins in the model (Fig 4-5A-C).  
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Figure 4-5. PfsE is predicted to bind to the transmembrane domain of the type IV pili protein PilC 
as a dimer in an extended conformation. (A and B) AlphFold 2 was used to predict the structure of 
the PilC-PfsE complex from P. aeruginosa (UniProt A0A367MDJ4). PilC polymers are shown in blue and 
light red and PfsE polymers are shown in yellow and lime green (C) Space filling and ribbon models of 
PfsE dimers from the PilC-PfsE complex are shown with the glycine zipper highlighted in blue. (D) A 
protein sequence logo was constructed for 312 PfsE sequences from Pf prophages infecting diverse P. 
aeruginosa strains in the Pseudomonas genome database. Note the glycine zipper (Gly-XXX-Gly-XXX-
Gly) motif is conserved. 
 

The structure of the full P. aeruginosa type IV pili complex is not solved. However, PilC is a 

conserved component of type IV pili in Proteobacteria (223)—the predicted position of PfsE in the 

solved structure of the type IVa pili complex from Myxococcus xanthus (221) is shown in Fig S1. 

Presumably, PfsE binding to PilC restricts pilus assembly and/or extension. 

 

Fig 4-S1. PfsE is predicted to adopt an extended conformation when bound to the type IV pili inner 
membrane protein PilC. (A) The solved structure of the type IVa pili apparatus (PDB 3jc8) is shown. 
(B) The Pf phage protein PfsE localizes to the inner membrane. (C) PfsE is predicted to bind PilC and 
inhibit pilus extension, preventing re-infection by additional Pf virions or other pili-dependent phages. 
 

PqsA is a cytoplasmic anthranilate-coenzyme A ligase that is required for HHQ and PQS quinolone 

biosynthesis (224). How might a hydrophobic inner membrane protein such as PfsE bind to a 

cytoplasmic target like PqsA? The structure of a truncated version P. aeruginosa PqsA has been solved 

(225). Structural modeling predicts that PfsE binds to PqsA in a kinked conformation (Fig 4-6A-C). The 

model predicts that aromatic PfsE residues Tyr-16, Trp-18, and Trp-20 reach into the hydrophobic 

ligand-binding domain of PqsA (Fig 4-6D and E). The kink in PfsE occurs at the conserved central Gly-

15 residue and electrostatic interactions between the basic Arg-3 and acidic Asp-22 residues near the 

N- and C-terminus of PfsE, respectively, may serve to stabilize the kinked conformation (Fig 4-6F). Out 

of 312 PfsE sequences from Pf phage strains infecting diverse P. aeruginosa hosts, 22/30 PfsE 

residues are 100% conserved, including the charged residues Arg-3 and Asp-22, the central Gly-15 
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that facilitates kinking, and the aromatic residues Tyr-16, Trp-18, and Trp-20 that occupy the ligand-

binding domain of PqsA (Fig 4-6G). 

 

Figure 4-5. PfsE is predicted to adopt a kinked conformation that binds the catalytic domain of 
PqsA. (A) The solved structure of PqsA (PBD 5OE6) is shown. (B and C) AlphaFold2 was used to predict 
the structure of PfsE (yellow) bound to PqsA (gray). (D) Aromatic PfsE residues Tyr 16, Trp 18, and Trp 
20 are predicted to reach into the hydrophobic catalytic domain. (E) Side view of PfsE in its kinked 
conformation with aromatic residues highlighted in bright yellow. (F) An electrostatic surface 
representation of PfsE is shown. (G) A protein sequence logo was constructed for 312 PfsE sequences 
from Pf prophages infecting diverse P. aeruginosa strains in the Pseudomonas genome database. 

 

4.3.4 Disabling PQS signaling by PfsE enhances Pf4 virion infection. 

PqsA catalyzes the first step in PQS biosynthesis (224) and PQS signaling is implicated in phage 

defense behaviors in P. aeruginosa (51, 213-216). Thus, we hypothesized that inhibition of PQS 

signaling would make P. aeruginosa more susceptible to infection by Pf4. To test this, we deleted pqsA 

from the ∆Pf4 background (∆Pf4/pqsA) and infected with Pf4 virions at a multiplicity of infection (MOI) of  

0.001. Under these conditions, we did not detect any infectious virions produced by ∆Pf4 cultures 

whereas Pf4 virions could infect ∆Pf4/∆pqsA cells (Fig 4-6A), suggesting that ∆Pf4 cells where PQS 

signaling is intact are able to suppress infection by Pf4 virions (Fig 4-6A). However, ∆Pf4 and 

∆Pf4/pqsA lawns were equally susceptible to Pf4 infection when infected at an MOI of one (Fig 4-S2). 

These results indicate that disabling PQS signaling only benefits Pf4 at low MOIs.  
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When the Pf4 prophage is induced, it is excised from the host chromosome and is initially present 

as a single circular copy (i.e., the replicative form) in the host cytoplasm. We hypothesized that 

inhibition of PQS signaling by PfsE at this critical time would be important for Pf4 virion replication. To 

test this hypothesis, we expressed PfsE from an inducible plasmid in wild-type PAO1 or in ∆Pf4. 

Compared to PAO1 carrying an empty expression vector, expression of PfsE significantly (P<0.01) 

increased Pf4 titers in PAO1 culture supernatants after 18 hours (Fig 4-6B). Plaques were not 

observed under any condition where the ∆Pf4 strain was used (Fig 4-6B), indicating that plaquing is 

caused by Pf4 virions. These results suggest that inhibition of PQS signaling by PfsE enhaces Pf4 

virion replication efficiency as the phage transitions from lysogenic to active replication. 

  

 

Figure 4-6. Disabling PQS signaling promotes Pf4 virion replication. (A) Liquid cultures of the 
indicated strains were infected with Pf4 virions (MOI 0.001). After 18 hours of growth at 37°C, Pf4 plaque 
forming units (PFUs) in cell culture supernatants were enumerated on lawns of P. aeruginosa ∆Pf4. Data 
are the mean +/- SD, N=3 experiments. Detection limit = 333 PFU/mL. (B) PAO1 or ∆Pf4 carrying an 
empty expression vector or an expression vector carrying an inducible copy of PfsE were grown for 18 
hours at 37°C to an OD600 of 2.0. Pf4 PFUs in culture supernatants were then enumerated on lawns of 
P. aeruginosa ∆Pf4. Data are the mean +/- SD, N=4 experiments, **P<0.01. Detection limit = 333 
PFU/mL. 
 

4.4 Discussion 

To maximize replication and genome packaging efficiency, viruses employ several strategies to 

maintain small genome sizes (226), including the utilization of small genes that encode proteins less 

than 50 amino acids in length (227). To further maximize efficiency, phage proteins are also often 

multifunctional. For example, the Cox protein of phage P2 is involved in both prophage excision and a 

transcriptional repressor that promotes lytic replication (228). Phage P4 encodes an alpha protein that 
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binds the phage origin of replication that has both helicase and primase activities (229). Phage T7 

encodes Gp2.5 that in addition to binding ssDNA, also binds to host DNA polymerase and DNA 

helicase, regulating their activities (230). Lastly, Aqs1 of phage DMS3 both inhibits twitch motility and 

represses the las system (51). 

 

In this study, we characterized the multifunctional role of the small, highly conserved 30 amino acid 

Pf phage protein PfsE. Overall, our data support a model where PfsE adopts an extended conformation 

when it binds to PilC in the inner membrane and a kinked conformation when it binds to the catalytic 

domain of PqsA in the cytosol (Figure 4-7). The inhibition of PQS signaling increases the efficiency of 

Pf replication while inhibition of type IV pili protects the susceptible host from infection by competing 

phages.  

 

Quorum sensing plays important roles in shaping the outcomes of phage-bacteria encounters. 

Other species of Pseudomonas phages also target PQS signaling (107), suggesting that PQS signaling 

regulates phage defense systems. Our results are analogous to the Aqs1 protein encoded by phage 

DMS3—Aqs1 binds to and inhibits PilB and LasR to simultaneously inhibit type IV pili and disrupt P. 

aeruginosa quorum sensing (51). This prior work along with our results here indicate that the 

simultaneous inhibition of host quorum sensing and type IV pili provides a fitness advantage to phages. 

 

 

Fig 4-7. Proposed model: PfsE simultaneously binds to and inhibits PqsA (PQS signaling) and PilC 
(type IV pili). We propose that disabling PQS signaling enhances Pf4 replication and at the same time, 
protects the susceptible P. aeruginosa host from infection by competing phages.  

 

As of yet, our structural data are Alpha Fold predictions, of which there are several. PfsE is also 

predicted to exist as a dimer and it may bind PilC as a monomer or trimer. Furthermore, our predictions 

of PfsE’s interaction with PqsA were made with the solved, truncated version of PqsA. This may affect 

the results of the prediction. However, we have crystals of this complex and are in the process of 
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garnering x-ray crystallography data.  

 

Both expression of PfsE and deletion of pqsA affected P. aeruginosa susceptibility to phage infection. 

PfsE may play an important role for lysogens—after prophage induction, a single phage genome (RF) 

must overcome host defenses to replicate. PfsE inhibition of PQS may be important for this process as 

opposed to infection from exogenous virions. 

 

PfsE inhibits PQS, but our results suggest that rhl signaling also negatively affected. Due to the 

interactions between QS systems, this might be due to pleiotropic effects of  the inhibited pqs system, as 

PQS increases rhl signaling (95, 231). Another possibility is that additional Pf proteins modulate host 

quorum sensing.  

 

Understanding how Pf phages manipulate their bacterial hosts may drive therapeutic innovations for 

treating P. aeruginosa infections. For example, peptide mimics of phage proteins that bind to proteins 

involved in virulence (such as PilC and PqsA) could be designed to dampen bacterial virulence 

potential. Inoviruses similar to Pf are pervasive amongst bacteria, especially Gram-negative pathogens 

such as Salmonella, Vibrio, E. coli, Yersinia, and others (118). Thus, understanding how Pf manipulates 

P. aeruginosa may shed light on other filamentous phage-bacteria relationships that have implications 

for human health and disease.  

 

4.5 Materials and methods 

4.5.1 Strains, plasmids, and growth conditions  

Strains, plasmids, and their sources are listed in Table 1. Unless otherwise indicated, bacteria 

were grown in lysogeny broth (LB) at 37 °C with 230 rpm shaking and supplemented with antibiotics 

(Sigma). Unless otherwise noted, gentamicin was used at the at either 10 or 30 µg ml–1. 

 

4.5.2 Construction of strain ∆pqsA 

The ∆pqsA strain was produced in MPAO1 by allelic exchange (146), producing a clean and 

unmarked ∆pqsA deletion. All primers used for strain construction are given in Table 2. Using 

Escherichia coli S17λpir, we mobilized the pENTRpEX18-Gm-∆pqsA plasmid, received from the 

Dandekar lab, into P. aeruginosa PAO1 via biparental mating. Merodiploid P. aeruginosa was selected 

on Vogel-Bonner minimal medium (VBMM) agar containing 60 µg ml-1 gentamicin, followed by recovery 

of deletion mutants on no-salt LB (NSLB) medium containing 10% sucrose. Candidate mutants were 
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confirmed by PCR and sequencing using primer pair attB1-pqsA-UpF/attB2-pqsA-DownR. 

Supernatants collected from overnight cultures this ∆pqsA strain did not produce detectable levels of 

pyocyanin. 

 

4.5.3 Construction of strain ∆pqsA/Pf4 

The Pf4 prophage was deleted from the mPAO1 ∆pqsA as described in (159) chromosome by 

allelic exchange (146), producing a clean and unmarked ∆Pf4 deletion with the Pf4 att site intact. All 

primers used for strain construction are given in Table 2. The Pf4 prophage contains a toxin-antitoxin 

(TA) pair (147). The presence of the Pf4-encoded PfiTA system likely explains the low efficiency at 

which the Pf4 prophage can be deleted from the PAO1 chromosome (112); deletion of the Pf4 

prophage results in loss of the antitoxin gene pfiA and cells without the antitoxin are killed by the 

longer-lived toxin PfiT (147). Thus, the pfiT toxin gene was first deleted from PAO1 by allelic exchange 

(146). Briefly, the upstream region of pfIT (pfiT’) and the downstream region of pfIT (‘pfiT) were 

amplified using the primer pairs attB1-pfiT-UpF/pfiT-UpR and PfiT-DownF/attB2-PfiT-DownR, 

respectively (Table 2). These were then assembled using SOE-PCR. The resulting fragment was 

cloned into pENTRpEX18-Gm, transformed into Escherichia coli S17λpir, and subsequently mobilized 

into P. aeruginosa PAO1 via biparental mating. Merodiploid P. aeruginosa was selected on Vogel-

Bonner minimal medium (VBMM) agar containing 60 µg ml-1 gentamicin, followed by recovery of 

deletion mutants on no-salt LB (NSLB) medium containing 10% sucrose. Candidate mutants were 

confirmed by PCR and sequencing using primer pair PfiT seq F/PfiT seq R. The remaining Pf4 

prophage was then deleted from ∆pfiT using the same allelic exchange strategy described for ∆pfiT 

using primers Pf4-UpF-GWL, Pf4-UpR-GM, Pf4-DnF-GM, and Pf4-DnR-GWR (Table 2), producing an 

unmarked clean deletion of Pf4 with an intact att site. Candidate mutants were confirmed by PCR using 

primer pair pf4-out F/pf4-out R and sequenced confirmed. Supernatants collected from overnight 

cultures this ∆Pf4 strain did not produce detectable plaques on lawns of PAO1 or ∆Pf4 and the ∆Pf4 

genotype was routinely PCR confirmed prior to experiments using this strain to avoid re-infection by 

exogenous Pf4 virions in the laboratory environment. 

 

4.5.4 Plaque assays 

Plaque assays were performed using the ∆Pf4 as the indicator strain grown on LB plates. 

Phage in filtered supernatants were serially diluted 10x in PBS and spotted onto lawns of ∆Pf4 strain. 

Plaques were quantified after 18h of growth at 37°C. 

 

4.5.5 Pf4 phage virion quantitation by qPCR 
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Pf4 virion copy number was measured using qPCR as previously described (121). Briefly, 

filtered supernatants were treated with DNase I (10 µL of a 10mg/ml stock per mL supernatant) 

followed by incubation at 95°C for 10 minutes to inactivate the DNase. Ten μL reaction volumes 

containing 5 μl SYBR Select Master Mix (Life Technologies, Grand Island, NY), 400 nM of primer attR-

F and attL-R (Table 2), and 1 μl supernatant. Primers attR-F and attL-R amplify the re-circularization 

sequence of the Pf4 replicative form (Pf4-RF) and thus, do not amplify linear Pf4 prophage sequences 

that may be present in contaminating chromosomal DNA. Cycling conditions were as follows: 98°C 3 

min, (95°C 10 sec, 61.5°C 30 sec) x 40 cycles. A standard curve was constructed using a Pf4-RF 

gBlock (Table 2) containing the template sequence at a known copy #/mL. Pf4 copy numbers were 

then calculated by fitting Ct values of the unknown samples to the standard curve. 

 

4.5.6 Growth Curves  

Overnight cultures were diluted to an OD600 of 0.01 in 96-well plates containing LB and if 

necessary, the appropriate antibiotics. Over the course of 24h, OD600 was measured in a CLARIOstar 

(BMG Labtech) plate reader at 37C with orbital shaking at 300 rpm for 2 minutes prior to each 

measurement.  

 

4.5.7 Pyocyanin extraction and measurement 

 Pyocyanin was measured as described elsewhere (199, 200). Briefly, ~18-hour cultures were 

treated by adding chloroform to a total of 50% culture volume. This was vortexed vigorously and the 

different phases given time to separate. After the aqueous top-layer was discarded, we added 20% the 

volume of chloroform of 0.1 N HCl and the mixture vortexed vigorously. Once separated, we removed 

the aqueous fraction and measured its absorbance at 520 nm. The concentration of pyocyanin in the 

culture supernatant, expressed as µg/ml, was obtained by multiplying the optical density at 520 nm by 

17.072 (200). 

 

4.5.8 LC/MS Analysis 

 Analyses were performed using a Micromass Quattro II triple quadrupole mass spectrometer 

(Micromass Canada, Pointe-Claire, Canada) in positive electrospray ionization mode, interfaced to an 

HP1100 HPLC equipped with a 4.5X150-mm reverse-phase C8 column. Internal standard was added to 

culture supernatants and the mixture was twice extracted with ethyl acetate, the solvent was 

evaporated in a speed vacuum concentrator, and the residue was dissolved in a water/acetonitrile. 

 

4.5.9 Quorum sensing reporters 
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Competent P. aeruginosa PAO1 and ∆Pf4 were prepared by washing overnight cultures in 300 

mM sucrose followed by transformation by electroporation (201) with the plasmids CP1 Blank-PBBR-

MCS5, CP53 PBBR1-MCS5 pqsA-gfp, CP57 PBBR1-MCS5 rhlA-gfp, CP59 PBBR1-MCS5 rsaL-gfp 

listed in Table 1. Transformants were selected for by plating on the appropriate antibiotic selection 

media. The indicated strains were grown in buffered LB containing 50 mM MOPS and 100 µg ml–1 

gentamicin for 18 hours. Cultures were then sub-cultured 1:100 into fresh LB MOPS buffer and grown 

to an OD600 of 0.3. To measure reporter fluorescence, each strain was added to a 96-well plate 

containing 200 µL LB MOPS with a final bacterial density of OD600 0.01 and incubated at 37˚C in a 

CLARIOstar BMG LABTECH plate-reader. Prior to each measurement, plates were shaken at 230 rpm 

for a duration of two minutes. A measurement was taken every 15 minutes for both growth (OD600) or 

fluorescence (excitation at 485-15 nm and emission at 535-15 nm).  

 

Table 4-1. Bacterial strains, phage, and plasmids used in this study. 

Strain Description Source 

Escherichia coli   

   DH5α New England Biolabs  (116) 

   BL21(DE3) New England Biolabs  

P. aeruginosa    

   PAO1 Wild type (112) 

   PAO1 ∆Pf4   Deletion of the Pf4 prophage from 

PAO1 

(112) 

   MPAO1   

   MPAO1 ∆Pf4 Deletion of the Pf4 prophage from 

MPAO1 

 

   MPAO1 ∆pqsA Clean deletion of pqsA from MPAO1  

   MPAO1 ∆pqsA/Pf4 Clean deletion of pqsA and Pf4 from 

MPAO1 

 

Bacteriophage Strains   

   Pf4 Inovirus (20) 

Plasmids   

CP59 pBBR1-MCS5 

rsaL-gfp 

GFP rsaL transcriptional reporter (176) 

CP57 pBBR1-MCS5 

rhlA-gfp 

GFP rhlA transcriptional reporter 
 

(176) 

CP53 pBBR1-MCS5 

pqsA-gfp 

GFP pqsA transcriptional reporter 

 

(175) 

CP1 pBBR-MCS5- 

Blank 

GFP empty vector control (176) 
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   pHERD20T AmpR, expression vector with araC-

PBAD promoter 

(118) 

   pHERD30T GmR, expression vector with araC-PBAD 

promoter 

(118) 

   pHERD30T-PA0717 pBAD::PA0717 (159) 

   pHERD30T-PA0718 pBAD::PA0718 (159) 

   pHERD30T-PA0719 pBAD::PA0719 (159) 

   pHERD30T-PA0720 pBAD::PA0720 (159) 

   pHERD30T-pfsE  pBAD::pfsE (159) 

   pHERD30T-PA0722 pBAD::PA0722 (159) 

   pHERD30T-PA0723 pBAD::PA0723 (159) 

   pHERD30T-PA0724 pBAD::PA0724 (159) 

   pHERD30T-PA0725 pBAD::PA0725 (159) 

   pHERD30T-PA0726 pBAD::PA0726 (159) 

   pHERD30T-PA0727 pBAD::PA0727 (159) 

   pHERD30T-intF4 

   pHERD20T-xisF4 

pBAD::intF4 

pBAD::xisF4 

(159) 

(37) 

 

Table 4-2. Primers used in this study 

Purpose/Name  Sequence (5’-3’) 

Cloning  

PfsE_p18CFwd TACGTCTAGAGCTCCGCTATCTCTCGCTGTTCGCGGTAGG 

PfsE_p18CRev  TACGGGTACCTCAAACAGTCAGGGAGGCCGCTAGG 

PfsE_Y16VFwd CTGGCCACCGGCGTGGCCTGG 

PfsE_Y16VRev CCAGCCCCAGGCCACGCCGGT 

PfsE_W18AFwd ACCGGCTACGCCGCCGGCTGG 

PfsE_W18ARev TCGATCCAGCCGGCGGCGTAGC 

PfsE_W20AFwd TACGCCTGGGGCGCCATCGACG 

PfsE_W20ARev CTAGGCCGTCGATGGCGCCCCAGG 

∆pqsA primers:  

attB1-pqsA-UpF ggggacaagtttgtacaaaaaagcaggcttcCTACGAAGCCCGTGG 

 attB2-pqsA-   

DownR 

ggggaccactttgtacaagaaagctgggtaCCGAGGACCTTCTGCAAC 

PfiT-DownF TGATGGCTTTCTACTCCTGA 

attB2-PfiT-

DownR 

ggggaccactttgtacaagaaagctgggtaAGCCGCTCAACCCGATCTA 

PfiT seq F CCACACGTTCGCCAGTCACTT 

PfiT seq R AATGCCGGCCACTTCATCGAC 

∆Pf4 primers:  

Pf4-UpF-GWL tacaaaaaagcaggctTCTGGGAATACGACGGGGGC 

Pf4-UpR-GM tcagagcgcttttgaagctaattcgGATCCCAATGCAAAAGCCCC 

Pf4-DnF-GM aggaacttcaagatccccaattcgCGTCATGAGCTTGGGAAGCT 

Pf4-DnR-GWR tacaagaaagctgggtTGGCAGCAGACCCAGGACGC 
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pf4-out F AGTGGCGGTTATCGGATGAC 
pf4-out R TCATTGGGAGGCGCTTTCAT 

qPCR primers:  
AttR-F taggcatttcaggggcttgg 
AttL-R gagctacggagtaagacgcc 

Pf4-RF gBlock GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTAGGCATTTCAGGGGCTTGG
CAGGGTGATTTGGAGCGGGCGAAGGGAATCGAACCCTCGTCATGAGCTTGG
GAAGCTCAGGTAATGCTAAAATAGGGTTTTGAAGCGTTCCTATACATTCTAAT
GCCACTGCCTTCGATTTTTAGGCGTCTTACTCCGTAGCTCTACCCAGCTTTC
TTGTACAAAGTGGTCCCC 

 

4.5.10 RNA sequencing 

 RNA-seq reads were downloaded from GEO accession no. GSE201738 (232). RNA-seq reads 

were then aligned to the reference P. aeruginosa PAO1 genome (GenBank: GCA_000006765.1), 

mapped to genomic features, and counted using Rsubread package v2.12.3 (233).Count tables 

produced with Rsubread were normalized and tested for differential expression using edgeR v3.40.2 

(234).Genes with ≥ two-fold expression change and a false discovery rate (FDR) below 0.05 were 

considered significantly differential. RNA-seq analysis results were plotted with ggplot2 v3.4.1 and 

pheatmap v1.0.12 packages using R v4.2.3 in RStudio v2023.3.0.386, and GraphPad Prism v9.5.1 

(www.graphpad.com) (235, 236). 

 

4.5.11 Statistical analyses 

Differences between data sets were evaluated with a Student’s t‐test (unpaired, two‐tailed) 

where appropriate. P values of < 0.05 were considered statistically significant. GraphPad Prism version 

5.0 (GraphPad Software, San Diego, CA) was used for all analyses. 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201738
http://www.graphpad.com/
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Chapter 5: Conclusions 
5.1 Current Model 

Though phages are often genetically smaller and simpler than their hosts, phage-host interaction are 

varied and complex. The dual functionality of pfsE highlights the efficiency present in these simplified 

genomes. PfsE also exemplifies the mutualistic balance between the bacteria and their temperate 

phage, both organisms benefiting from each other: Pf4 by propagating with their host, and P. 

aeruginosa by phage resistance and virulence changes. Influencing the realm of bacterial 

communication is a means for phages to keep their finger on the pulse of a bacterial community and 

influence virulence potential. The changes to bacterial virulence that ensue have a much broader 

impact on how the bacteria interact with their hosts.  

 

In this study, we elucidated two distinct functions of the Pf-encoded gene, pfsE. We first noticed the 

transient loss of twitch motility in Pf4-infected SCVs. Seeking to make sense of this, we observed that 

PfsE is capable of inhibiting T4P-dependent twitch motility by preventing the extension of T4P. We 

discovered that PfsE prevents pilus extension by interacting with the T4P subunit, PilC. An interaction 

mediated through the three highly conserved aromatic residues of PfsE. This resulted in Pf4’s inability 

to infect the cell, a finding consistent with the literature describing PfsE-mediated phage resistance to 

other T4P-dependent phages. Furthermore, Pf4 lacking pfsE had greater virulence against P. 

aeruginosa. However, overexpression of PfsE increased virion production. This seems due to PfsE’s 

second function; PfsE dampens PQS QS. In addition to PilC, PfsE binds to PqsA in an alternate kinked 

conformation, and inhibits PqsA’s enzymatic function. This is apparently beneficial for Pf4 as PqsA 

plays a role in inhibiting Pf4 replication. This interaction also leads to a decrease in pyocyanin levels, 

which we learned can potentially benefit P. aeruginosa during C. elegans predation. 

 

We discovered that the Pf4 protects P. aeruginosa from C. elegans predation. We found that Pf4 enters 

the chronic infection cycle upon P. aeruginosa predation by C. elegans, whereby Pf4 accumulates in 

the worm’s digestive tract, possibly inhibiting digestion. Furthermore, Pf4-infected P. aeruginosa 

exhibited greater virulence towards C. elegans than P. aeruginosa cured of Pf4. We noted that Pf4-

infected P. aeruginosa also displayed an enhanced ability to compromise the C. elegans cuticle. 

Consistent with our observation of PfsE, Pf4-infected P. aeruginosa also produced less of the virulence 

factor pyocyanin, seemingly through the inhibition of the PQS pathway. Our running model is that Pf4’s 

reduction in pyocyanin allows P. aeruginosa to better evade detection by the worm’s AhR. Our 

confidence in this model was bolstered by AhR-null worms’ increased mortality, compared with AhR 

replete worms, when propagated on P. aeruginosa cured of Pf4.  
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5.2 Loose ends and Summary 

 

We present findings, consistent with current literature (30), in which Pf4’s interactions with P. 

aeruginosa results in changes to P. aeruginosa’s virulence potential. Yet we have only scratched the 

surface of the multifaceted ways in which these interactions affect bacterial virulence. Future research 

is needed to identify and elucidate these mechanisms to answer questions such as: Does Pf4 interact 

directly with the other QS systems, and if so, how?, How does PqsA function to inhibit Pf infection?, 

What pleiotropic effects does the dampening of the pqs system have on P. aeruginosa?, What are the 

functions of other Pf4 proteins?, and What other Pf4 proteins have dual functionality? Furthermore, 

bacterial QS is still a burgeoning field with much to be discovered. For example, we still lack a full 

understanding of the regulation of the pqsABCDE operon. With phage-host interactions and bacterial 

quorum sensing open to inquiry, current methods molecular biology seem promising to uncovering new 

and exciting developments that may aid our understanding of microbiology and provide new avenues 

for treating human pathogens.  
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