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When iron levels are low, the opportunistic pathogen Pseudomonas aeruginosa secretes 

the high-affinity iron-binding siderophore pyoverdine. The cognate ferripyoverdine 

receptor, FpvA, has gained attention as the most divergent gene in the organism’s 

genome, showing substantial evidence of positive selection. S-type pyocins, 

bacteriocins with specificity to Pseudomonads, enter cells through FpvA and 

therefore may play a role in the evolution of these receptors. In order to study this 

interaction, an in vitro selection scheme was developed by testing the killing activity 

of pyocin S3 on P. aeruginosa ATCC 27853 under various conditions. A pyocin 

resistant mutant was isolated using the developed system. PCR analysis of the 

mutant revealed a whole-gene deletion of fpvA. This system provides a foundation 

for future fpvA evolution studies. In addition, these preliminary studies revealed 

important properties of pyocin S3. Killing activity of the pyocin was shown to be 

substantially more effective at 30C than 37C. Interestingly, pyocin S3 was also 

shown to kill ATCC 27853 even under iron-replete conditions, suggesting 

expression of fpvA is not regulated in concordance with iron availability in this 

strain. Real-time quantitative PCR (RT-PCR) was used to evaluate the expression of 

fpvAIIb in ATCC 27853 under different iron concentrations. mRNA concentrations 

were nearly equal under all iron conditions. Transcriptional regulation of 

pyoverdine receptor expression independently of iron concentration differs from 

the paradigm established with other Pseudomonas aeruginosa strains. 



2 
 

 

Key Words: Pseudomonas aeruginosa, pyoverdine, pyocin, evolution, expression 

 

Corresponding e-mail address: gloverro@oregonstate.edu  



3 
 

 

 

 

 

 

 

 

 

 

©Copyright by Rochelle Glover 

May 24, 2016 

All Rights Reserved  



4 
 

Studies on the Evolution and Expression of the Type II Ferripyoverdine Receptor Gene 

fpvAIIb in Pseudomonas aeruginosa. 

 

 

by 

Rochelle Glover 

 

 

 

 

 

 

 

 

A THESIS 

 

 

submitted to 

 

Oregon State University 

 

University Honors College 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Honors Baccalaureate of Science in Microbiology 

(Honors Associate) 

 

 

 

 

 

Presented May 24, 2016 

Commencement June 2016 



5 
 

Honors Baccalaureate of Science in Microbiology project of Rochelle Glover presented 

on May 24, 2016. 

 

 

 

 

 

APPROVED: 

 

 

 

 

Martin Schuster, Mentor, representing Microbiology 

 

 

 

Janine Trempy, Committee Member, representing Microbiology 

 

 

 

Bruce Geller, Committee Member, representing Microbiology 

 

 

 

 

 

Toni Doolen, Dean, University Honors College 

 

 

 

 

 

 

 

 

I understand that my project will become part of the permanent collection of Oregon 

State University, University Honors College.  My signature below authorizes release of 

my project to any reader upon request. 

 

 

 

Rochelle Glover, Author 



6 
 

Acknowledgments 

I would like to sincerely thank Dr. Schuster for the guidance and opportunities he 

has given me as an undergraduate researcher. Additionally, I would like to thank Joe 

Sexton for the crucial assistance, contributions, and guidance during this project.  

Thank you to the other Schuster Lab members Kyle Asfahl and Dillon Odle (former 

member), and Amandip Singh for providing feedback and making lab time 

enjoyable. I would also like to thank my committee members, Dr. Geller and Dr. 

Trempy, for their comments on this thesis. 

Last but not least, I would like to thank my family for the continuous support and 

my friends for the ongoing encouragement.  

  



7 
 

Table of Contents 

Introduction………………………………………………………………………………....……………………8 

 Pseudomonas aeruginosa………………………………………………………………………….8 

 Pyoverdines…………………………………………………………………………………………….9 

 Regulation of PVD Genes………………………………………………………………………….10 

 Pyocins……………………………………………………………………………………………………12 

 Introduction to Research…………………………………………………………………...…….13 

Materials & Methods…………………………………………………………………………………………..15 

 Bacterial Strains Used……………………………………………………………………………...15 

 Growth Conditions…………………………………………………………………………………..15 

 Determination of Conditions for Model System………………………………………...15 

 Isolation and Characterization of a Pyocin Resistant Mutant……………………..17 

 Dependence of Pyocin S3 Activity on Iron Concentration….……………………....20 

 Real-time Polymerase Chain Reaction (RT-PCR).………………………………………21 

Results………………………………………………………………………………………………………………26 

 Determination of Conditions for Model System………………………………………...26 

 Temperature Dependence of Pyocin S3 Activity………………………………………..28 

 Isolation and Characterization of a Pyocin Resistant Mutant……………………..29 

 Dependence of Pyocin S3 Activity on Iron Concentration…………………………..34 

 Real-time Polymerase Chain Reaction (RT-PCR)……………………………………….35 

Discussion………………………………………………………………………………………………………….39 

 In vitro Evolution Model System……………………………………………………………….39 

 Temperature Dependence of Pyocin S3 Activity………………………………………..40 

 Isolation and Characterization of a Pyocin Resistant Mutant…………………..…41 

 Dependence of Pyocin S3 Activity on Iron Concentration and RT-PCR……….41 

 Overall Conclusions and Significance………………………………………………………..43 

References…………………………………………………………………………………………………………45 

  



8 
 

Studies on the Evolution and Expression of the Type II 

Ferripyoverdine Receptor Gene fpvAIIb in Pseudomonas 

aeruginosa. 

 

Introduction 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a gram-negative bacterium commonly found in the 

environment (17). It is capable of forming biofilms on surfaces such as rocks or soil, 

animal tissues, and biomaterials (1). P. aeruginosa has recently become known as an 

opportunistic human pathogen, meaning it only infects already damaged or 

compromised tissues. This commonly includes burn wounds, surgical sites, and 

immunocompromised individuals such as cystic fibrosis and AIDS patients (4).  

Due to its use of cell-to-cell molecular communication, termed quorum sensing, P. 

aeruginosa has exceptionally well-regulated gene expression, allowing it to adapt to 

and fill various niches (10). A number of virulence factors, such as biofilm 

formation, adhesion, and motility, are regulated by quorum sensing in P. aeruginosa 

(10). 

The ability of P. aeruginosa to form biofilms on medical devices allows it to gain 

entry to wounded tissues and compromised patients, and serves as one of the main 

routes of transmission (1). Biofilm formation on human tissues leads to chronic 

infections, commonly in the lungs of cystic fibrosis patients (23). Biofilms also 

confer antibiotic-resistance to the bacteria, due to physical protection from 

antibiotics as well as increased phenotypic diversity (37). Other mechanisms of 

antibiotic-resistance, such as efflux pumps which pump antibiotics out of the cell, 

make P. aeruginosa difficult to treat (22). Infection is especially dangerous in lung 

infections of cystic fibrosis patients, as they cannot rely on their immune system or 

antibiotic treatment to dispel the infection, eventually leading to pulmonary failure 

and death (18). 
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Pyoverdines 

Iron is crucial to most microorganisms, as it plays an essential role in many cellular 

mechanisms (15). The uptake of iron into the cell poses a challenge to P. aeruginosa 

as it commonly lives in iron-deplete environments such as soil or the human body. 

In the presence of water and oxygen, iron ions exist in the insoluble Fe(III) form and 

therefore cannot be directly taken up by the cell. In the case of infection, iron is 

unavailable to microorganisms because it is already tightly bound to host proteins 

such as hemoglobin and lactoferrin. To improve iron uptake, many bacteria produce 

molecules called siderophores, which bind iron (III) in the environment and 

transport it into the cell through specific receptors on the cell surface (21). 

Pseudomonas species are capable of producing many siderophores. Pyoverdine 

(PVD), a yellow-green fluorescent molecule, is one of the primary types of 

siderophores produced by P. aeruginosa (5). Production of PVD has been shown to 

be necessary for the ability of P. aeruginosa to colonize and infect mammalian 

tissues (28). PVD, along with its iron cargo, is brought back into the cell through the 

PVD receptor, also known as FpvA (34). This process is illustrated in Figure 1. 

 

 

 

 

Figure 1. Uptake of iron using pyoverdines in P. aeruginosa. PVD is produced and secreted 

by the cell, binds Fe(III) in the environment, and re-enters the cell through the FpvA receptor 

located on the outer membrane. Once in the cell, the iron-bound PVD (ferri-PVD) releases 

the iron for use by the cell and is recycled back into the environment. This figure was taken 

from Imperi et al. 2009 (19). 
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P. aeruginosa strains use three different PVD types, each recognized by a different 

variation of FpvA (9, 29). These are known as type I, II, and III, with the receptors 

FpvAI (FpvA), FpvAII, and FpvAIII respectively. All PVDs consist of a conserved 

domain called the chromophore, a peptide chain, and a variable side-chain (5) 

(Figure 2). The three PVD types differ in the overall length and composition of the 

peptide chain (29), however the exact amino acid sequence is remarkably diverse 

between strains of P. aeruginosa (13). The entire pvd locus, including biosynthesis 

and receptor genes, shows high intraspecific variation and evidence of strong 

positive selection (38). Despite the importance of PVD in infections, little is known 

about the evolutionary pressure which drives this diversity. 

 

Regulation of PVD Genes 

Iron uptake systems must be tightly regulated because excess iron may lead to the 

formation of dangerous hydroxyl radicals in aerobic environments (16). P. 

aeruginosa uses multiple layers of gene regulation to coordinate expression of the 

PVD genes. A major player in PVD regulation is an alternative sigma factor called 

Figure 2. Molecular structure of type II pyoverdine from P. aeruginosa ATCC 27853 bound to 

iron (III) (ferriypyoverdine). The variable side-chain is shown as ‘R’. (26)  
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PvdS. Under iron-rich conditions, the pvdS promoter is repressed by the binding of 

the ferric uptake regulator (Fur) protein (8). When iron levels drop, Fur is 

derepressed, allowing pvdS transcription and association with RNA polymerase as a 

sigma factor (8). PvdS-bound RNA polymerase can then initiate transcription of PVD 

biosynthesis genes (40). This system allows the costly process of synthesizing PVD 

to take place exclusively under conditions of iron-limitation. 

 

The PVD receptor FpvA is mainly regulated by the FpvI/FpvR system, although it is 

also influenced by the PvdS system described above (32). When ferri-PVD binds to 

FpvA for internalization, a signal is triggered which interacts with a membrane-

bound antisigma factor known as FpvR. The signal causes FpvR to release the sigma 

factor FpvI, which can then act to upregulate the FpvA gene (36). FpvI is also itself 

Fur-regulated (35). This allows FpvA to be upregulated in conditions of iron-

stringency. Indeed, FpvA can only be detected on the surface of cells under iron-

limited conditions (27). In addition to interacting with FpvI, FpvR also regulates the 

action of PvdS using the same mechanism (3). These systems have been well-

characterized in PAO1, however little is known about PVD regulation in other 

strains of P. aeruginosa. A detailed outline of the pyoverdine regulation system is 

illustrated in Figure 3. 
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Pyocins 

Pyocins are bacteriocins produced and secreted by over 90% of Pseudomonas 

aeruginosa strains (14). These molecules attack and kill closely related species, 

namely other strains of P. aeruginosa (33). Three types of pyocins are currently 

known: R-, F-, and S-types. R- and F-type pyocins are rod-like structures resembling 

bacteriophage tails, while S-type pyocins are soluble, protease-sensitive proteins 

(20). S-type pyocins consist of two proteins transcribed as an operon: a larger 

protein containing a DNase activity, which destroys target cell DNA, and a smaller 

protein which confers immunity to the producing strain (12).  

Pyocins appear to mainly be regulated as a group, regardless of type. The 

production of all types of pyocins are regulated by the PrtN/PrtR positive and 

negative regulation system. When the cell undergoes DNA damage, levels of RecA 

FpvA receptor expressed 

PvdS* activation 

Pyoverdine synthesis 

genes expressed 

Exotoxin A 

production 
FpvI* activation 

Signal interacts with FpvR 

Iron-bound pyoverdine binds 

to FpvA 

Signal transduction 

Figure 3. Pyoverdine signal cascade. The binding of pyoverdine to its receptor (FpvA) leads 

to increased expression of pyoverdine and FpvA, as well as virulence factor production. 

*Indicates regulation by the Fur repressor, which allows expression only in iron-starved 

conditions. 
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increase. RecA inactivates the PrtR repressor protein, which is bound when active to 

an area of the chromosome called the P-box. Upon PrtR inactivation the P-box is 

exposed, allowing the positive regulator PrtN to bind, activating transcription of 

pyocin genes (24). Another mechanism by which pyocin genes are regulated is 

through activation by oxidative stress. The transcription of all types of pyocins is 

upregulated by exposure to hydrogen peroxide (7). Interestingly, the pyocin S2 

immunity protein was downregulated in the same conditions (7), suggesting 

possible self-killing activity. This could be useful in situations where the death of 

some cells could benefit the population, such as in biofilms. 

Of particular interest to this study is pyocin S3, an S-type pyocin produced by P. 

aeruginosa strains PA7 and P12 (12, 41). This pyocin enters target cells through 

type II pyoverdine receptors of P. aeruginosa strain ATCC 27853. The interaction of 

pyocin S3 with pyoverdine receptors could have implications for the evolution and 

diversity of these receptors. In addition, it would make sense that pyocin producing 

strains would produce S-type pyocins in conditions of iron limitation, as they need 

pyoverdine receptors to enter the cell. Indeed, it has been shown that AP41, an S-

type pyocin, is upregulated during iron restriction due to release of the Fur 

repressor from the regulatory region of the gene (11). 

Introduction to Research 

The goal of this project is to observe the evolution of the pyoverdine gene locus of P. 

aeruginosa in the laboratory. We hypothesize that pyocins provide one of the 

selective forces behind PVD diversity, because cells that acquire mutations which 

change the structure of their pyoverdine receptors could end up having an 

evolutionary advantage due to being resistant to damage by pyocins. 

The experimental design requires creating conditions that will drive this evolution. 

P. aeruginosa (strain ATCC 27853) will be grown on iron-stringent media containing 

pyocin S3, which targets the cells’ pyoverdine receptor FpvA. Under these 

conditions, the cells will die due to the presence of pyocins, unless they contain a 

mutation in their pyoverdine receptor. Although the mutation will benefit the cells 
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by permitting growth, it may come at a relative cost as it can reduce the receptor’s 

ability to recognize the pyoverdine. These pyoverdine receptor mutants are 

expected to be slow-growing under iron-stringent conditions due to difficulties in 

acquiring iron. Growth rate of the surviving bacteria in iron-stringent media will be 

measured as an indicator of pyoverdine functionality. If any cells grew quickly, this 

could indicate the presence of novel pyoverdines that can bind well to the mutated 

receptor. The pyoverdine gene locus of these fast-growing mutants will then be 

sequenced to confirm changes in the genotype compared with the wild-type. 

Evolution of a novel siderophore in vitro in the presence of pyocin S3 would provide 

evidence that pyocins act as a selective pressure on pyoverdine genes. 
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Materials & Methods 

Bacterial Strains Used 

The commonly used strain in this study was P. aeruginosa ATCC 27853. Originally 

isolated from a blood culture, ATCC 27853 was chosen for the in vitro evolution 

experiment due to its use of type II pyoverdine. Table 1 describes all bacterial 

strains used for this thesis. 

 

Table 1: Bacterial Strains 

Strain Relevant Property Reference 

P. aeruginosa ATCC 27853 Type II pyoverdine producer (25) 

P. aeruginosa pyoS3R1 Putative FpvA mutant This study 

P. aeruginosa PAO1 Well-characterized wild-type strain  

P. aeruginosa PAO1 ∆pvdS Unable to produce PvdS σ-factor (31) 

E. coli DH5α pPYS3-3 Contains plasmid conferring pyocin 

S3 production genes 

(12) 

 

Growth Conditions 

Most growth experiments were carried out in a defined minimal medium containing 

0.50% (w/v) casamino acids (CAA), 25μM 3-morpholinopropane-1-sulfonic acid 

(MOPS), 0.25 g L-1 MgSO4 • 7 H2O, and 1.18 g L-1 K2PO4 • 3 H2O. This medium will be 

referred to as CAA medium. All P. aeruginosa strains were grown at 37C unless 

otherwise noted. A salt solution consisting of 25μM MOPS, 0.25 g L-1 MgSO4 • 7 H2O, 

and 1.18 g L-1 K2PO4 • 3 H2O was used for washing overnight cultures of P. 

aeruginosa. E. coli DH5α pPYS3-3 was grown at 37C in liquid LB (Lennox) medium 

containing 50 μM MOPS and 50 µg mL-1 ampicillin. All overnight cultures were 

grown for 18 hours unless otherwise indicated. 

Determination of Conditions for Model System 

To define iron-limited conditions, CAA medium (1.5% agar) containing 1 μM FeCl3 
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was used (sterile components of the medium were added after sterilization). 

Dilutions of the strong chelator ethylenediamine-N,N'-bis(2-hydroxyphenylacetic 

acid) (EDDHA) were added to the agar at 65C, and the solution was poured into 

small (60 x 15mm) petri dishes. P. aeruginosa ATCC 27853 and PAO1 ∆pvdS were 

grown overnight in LB, washed, and diluted to an OD600 of 1.5. 10 μL of a 10-8 

dilution of this suspension was spread on the solidified EDDHA agar and grown for 

24 hours at room temperature. Colony-forming units (CFUs) were counted as a 

function of EDDHA concentration. 

After defining iron-limited conditions, pyocin S3 stocks were obtained from lysates 

of E. coli DH5α pPYS3-3 expressing pyocin S3. The cells were grown overnight and 

centrifuged at 13,000 rpm for 1 minute. Harvested cells were washed with 25mM 

Tris-HCl pH 7.5 and resuspended in 25mM Tris-HCl pH 7.5 containing 1 mM EDTA 

and 120 μg mL-1 lysozyme. After incubating for 30 minutes at 37C, cells were 

centrifuged at 13,000 rpm for 15 minutes at 4C. The pyocin-containing lysates were 

collected and stored at 4C. 

A growth curve experiment was performed to test the lysates for pyocin killing 

activity. Liquid CAA medium containing 100 μM EDDHA and 1 μM FeCl3 was 

prepared and separated into 900 μL aliquots. A 1:10 dilution of pyocin S3 lysates 

was added to the first aliquot, and serial dilutions were performed to obtain various 

concentrations of pyocin S3 in the media. P. aeruginosa ATCC 27853 was grown 

overnight in LB, washed, and used to inoculate each medium to an OD600 of 0.02. 200 

μL of each aliquot was added in triplicate to a 96-well plate and grown for 24 hours 

at 37C in a microplate reader, which measured the fluorescence (excitation 400 

nm, emission 460 nm) and OD600 of each sample every 15 minutes. The procedure 

was repeated at 30C. 

Pyocin-containing low-iron CAA agar plates (containing 100μM EDDHA) were 

produced as a method of pyocin S3 selection for the in vitro model. Dilutions of 

pyocin S3 lysates were added to the agar at 65C. This medium was poured into 



17 
 

60x15mm petri dishes. P. aeruginosa ATCC 27853 was grown overnight, washed, 

and diluted to an OD600 of 1.5. A 10-8 dilution of this suspension was spread onto the 

solidified agar and grown for 24 hours at room temperature. CFUs were counted as 

a function of pyocin S3 concentration. 

Due to observed variations in pyocin S3 activity at 30C and 37C, a controlled 

experiment was carried out to identify any discrepancies between temperatures. P. 

aeruginosa ATCC 27853 was grown for 18 hours in liquid LB medium, washed, and 

diluted to an OD600 of 2.0. 40 μL of this suspension was added to two 4 mL aliquots 

of low-iron CAA, and two 4 mL aliquots of low-iron CAA containing a 1:10 dilution of 

pyocin S3. One of each culture was incubated at 30C, and one of each at 37C. The 

OD600 of each culture was measured after 24 hours of growth. 

Isolation and Characterization of a Pyocin Resistant Mutant 

A pyocin spotting method was adopted from Baysse et al. (2) to evolve pyocin-

resistant colonies.  P. aeruginosa ATCC 27853 was grown on LB agar. Colonies were 

suspended in CAA liquid medium containing 100 μM EDDHA and 1 μM FeCl3, 

washed, and resuspended in the CAA medium. This suspension was diluted to an 

OD600 of 2.0, and 200 μL was spread on both LB agar and low-iron CAA agar. 20 μL 

of pyocin S3 lysates were spotted on the surface of the plates. Plates were incubated 

at 30C for 24 hours. 

Six bacterial colonies which grew in the zones of clearing created by the pyocin 

were selected as candidates for pyoverdine receptor mutants. Candidates were 

screened to confirm pyocin S3 resistance and inability to grow in low-iron 

conditions. These colonies were used to inoculate LB overnight cultures. P. 

aeruginosa ATCC 27853 and pvdS were also grown overnight in LB. Cells from all 

cultures were washed, resuspended in low iron CAA, and diluted to an OD600 of 2.0. 

200 μL of each suspension was spread onto both LB agar and low-iron CAA plates. 

20 μL of pyocin S3 lysates were spotted on the surface of the agar. Plates were 

incubated at 30C for 24 hours. 
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The selected mutant, named pyoS3R1, was characterized using a growth curve 

experiment. CAA liquid media was prepared with the permutations shown in Table 

2. 200 μL of each media condition was added to a 96-well plate according to Figure 

4. P. aeruginosa pyoS3R1, ATCC 27853, and PAO1 ∆pvdS were grown overnight in 

LB, washed, and used to inoculate each media condition in triplicate to an OD600 of 

0.02. Samples were grown for 24 hours at 30C in a microplate reader, which 

measured the OD600 and fluorescence (excitation 400 nm, emission 460 nm) of each 

sample every 15 minutes.  

Table 2: Media Conditions for Phenotypic Characterization 

Iron Concentration Pyocin Conditiona 

1 μM FeCl3; 100 μM EDDHA + - 

50 μM FeCl3 + - 

 

 

 1 2 3 4 5 6 7 8 9 10 11 12 

A Low Fe ATCC 27853 Low Fe + pyocin ATCC 

27853 
High Fe ATCC 27853 

High Fe + pyocin 

ATCC 27853 

B Low Fe pyoS3R1 Low Fe + pyocin 

pyoS3R1 
High Fe pyoS3R1 

High Fe + pyocin 

pyoS3R1 

C Low Fe ∆pvdS Low Fe + pyocin 

∆pvdS 
High Fe ∆pvdS 

High Fe + pyocin 

∆pvdS 

D Low Fe medium blanks High Fe medium blanks 

 

 

 

Polymerase chain reaction (PCR) was used to detect the presence or absence of fpvA 

in selected mutants. Forward and reverse primers with the respective sequences 5’ 

–GCC TAC CAG GAT AAG CAC TCG TT– 3’ and 5’ –TGT CGG GAT TCA GAT CGA ACT– 

3’ were previously designed for fpvA in P. aeruginosa PAO1. PCR reaction mixtures 

a+  indicates addition of a 1:10 dilution of pyocin S3 lysates 

  -   indicates no pyocin S3 lysates added 

 

Figure 4. 96-well plate design for phenotypic characterization of P. aeruginosa pyoS3R1. 

‘Low Fe’ conditions designate 1 μM FeCl3 and 100 μM EDDHA. ‘High Fe’ designates 50 μM 

FeCl3 with no added EDDHA. Samples with pyocin added contain a 1:10 dilution of pyocin S3 

lysates. 
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were prepared according to Table 3. Due to the primers being designed for fpvA in a 

different strain, a touchdown PCR method was used in which the annealing 

temperature is gradually reduced in order to increase specificity. The full program 

followed is shown in Table 4. PCR products were analyzed using gel electrophoresis 

on a 1.5% agarose gel (containing ethidium bromide) at 80V for 45 minutes. The gel 

was photographed under UV light. 

Table 3: PCR Reaction Mixture 

Reagent Volume (μL) 

10x Buffer #3 2.5 

dNTPs 1.25 

ELT 0.35 

Template DNA 0.5 

Forward Primer 0.5 

Reverse Primer 0.5 

Water 19.4a 

Total 25 

  

 

Table 4: PCR Program 

Temperature Time 

95C 5 minutes 

94C 30 seconds 

58C 40 seconds 

68C 60 seconds 

94C – 68C steps repeated 30 times - 

68C 10 minutes 

4C Hold 

 

a 20.4 μL water was added in ‘No Primer’ control samples. 



20 
 

Dependence of Pyocin S3 Activity on Iron Concentration 

Growth curve experiments were performed to determine if iron concentration has 

an effect on pyocin S3 killing activity. CAA liquid media was prepared with the 

permutations shown in Table 5. 200 μL of each media condition was added to a 96-

well plate according to Figure 5. P. aeruginosa ATCC 27853 and PAO1 ∆pvdS were 

grown in 4mL LB cultures overnight, washed, and used to inoculate each media 

condition in triplicate to an OD600 of 0.02. Samples were grown for 24 hours at 30C 

in a microplate reader, which measured the OD600 and fluorescence (excitation 400 

nm, emission 460 nm) of each sample every 15 minutes.  

Table 5: Media Conditions for Iron Dependence Studies 

Iron Concentration Pyocin Condition 

0 μM FeCl3 + - 

0.1 μM FeCl3 + - 

1 μM FeCl3 + - 

10 μM FeCl3 + - 

100 μM FeCl3 + - 

 

 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0 μM FeCl3 ATCC 
0 μM FeCl3 + pyocin 

ATCC 
0.1 μM FeCl3 ATCC 

0.1 μM FeCl3 + pyocin 

ATCC 

B 0 μM FeCl3 ∆pvdS 
0 μM FeCl3 + pyocin 

∆pvdS 
0.1 μM FeCl3 ∆pvdS 

0.1 μM FeCl3 + pyocin 

∆pvdS 

C 1 μM FeCl3 ATCC 
1 μM FeCl3 + pyocin 

ATCC 
10 μM FeCl3 ATCC 

10 μM FeCl3 + pyocin 

ATCC 

D 1 μM FeCl3 ∆pvdS 
1 μM FeCl3 + pyocin 

∆pvdS 
10 μM FeCl3 ∆pvdS 

10 μM FeCl3 + pyocin 

∆pvdS 

E 100 μM FeCl3 ATCC 
100 μM FeCl3 + 

pyocin ATCC 
CAA medium blanks 

F 100 μM FeCl3 ∆pvdS 
100 μM FeCl3 + 

pyocin ∆pvdS 

 

 

+   indicates addition of a 1:10 dilution of pyocin S3 lysates 

-    indicates no pyocin S3 lysates added. 

Figure 5. 96-well plate design for iron dependence growth curve experiment. Samples with 

pyocin have a 1:10 dilution of pyocin S3 lysates added. 
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The above protocol was repeated with the following change: 

P. aeruginosa ATCC 27853 and PAO1 ∆pvdS were grown overnight in five 4 mL 

cultures of CAA liquid media containing the FeCl3 concentrations to be used in the 

growth curve (0 μM – 100 μM). Each culture was used to inoculate the 

corresponding media on the 96-well plate. 

Real-time Polymerase Chain Reaction (RT-PCR) 

CAA liquid medium was prepared with various concentrations of FeCl3 (0 μM, 0.1 

μM, 1μ M, 10 μM, and 50 μM). P. aeruginosa ATCC 27853 and PAO1 were grown 

overnight in LB and used to inoculate 4 mL of each medium to an OD600 of 0.02. 

These cultures were grown at 37C for 18 hours. RNA was isolated as follows. Cells 

from each culture were harvested by centrifugation and washed twice. The 

pyoverdine-containing supernatant of each sample was collected before washing. 

500 μL of each sample was added to 1 mL of RNAprotect™ Bacteria Reagent, 

vortexed, and incubated at room temperature for 5 minutes. Samples were 

centrifuged at 10,000 rpm for 20 minutes, and the supernatant was discarded. 

400 μL of molecular grade TE buffer (pH 8.0) containing 1 mg mL-1 lysozyme was 

added to each sample. Samples were vortexed for 10 seconds and incubated at room 

temperature for 10 minutes with periodic mixing. 1.4 mL of Buffer RLT and 140 μL 

β-mercaptoethanol were added. Samples were vortexed, added to 15 mL conicals, 

and sonicated at output 4 for 3-4 seconds. The sonication was repeated, and 

samples were placed on ice after each sonication. 940 μL of 100% ethanol were 

added to each sample. RNA was isolated using an RNeasy Mini Kit, following the 

included protocol for isolation of bacterial RNA. Two isolation columns were used 

per sample. The resulting solutions were analyzed with a NanoDrop 

Spectrophotometer to determine the concentration of RNA isolated. 

DNA was removed from the samples by digesting with amplification-grade DNase I. 

100 μg RNA (up to 40 μL) was used in each reaction. 5 μL of both DNase I and 10x 

Buffer were added, using Ultrapure H2O to bring reactions up to 50 μL. Samples 
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were incubated at room temperature for 15 minutes. 5 μL of 25 mM EDTA was 

added to each reaction, which were then incubated at 65C for 10 minutes. Samples 

were purified using the RNeasy® Mini Kit following the protocol for RNA Clean Up. 

Samples were analyzed for quality using an Agilent Bioanalyzer 2100. 

RNA extractions were converted to cDNA by reverse transcription. A semirandom 

decamer oligonucleotide with the sequence 5’ – NSNSNSNSNS – 3’ (N=A, T, C, or G; 

S=C or G) was used as a non-specific primer for the reaction. 1.8 μL of this primer 

was added to 6 μg RNA for each sample. Ultrapure H2O was used to bring samples 

up to 18 μL. Samples were incubated for 10 minutes at 70C and then held at room 

temperature for 10 minutes. A Master Mix described by Table 6 was prepared, and 

12 μL of the mix was added to each reaction. A thermal cycler was used to carry out 

the program described by Table 7. 10 μL of 1 N NaOH was added before the 65C 

incubation. After the program, 10 μL of 1 N HCl was added to each sample. cDNA 

products were purified using a QIAquick® PCR Purification Kit. 

Table 6: cDNA Synthesis Master Mix 

Reagent 1x Volumes (μL) 11x Master Mix (μL) 

5x 1st Buffer 6 66 

100mM DTT 1.5 16.5 

10nM dNTPs 1.5 16.5 

RNaseOUT 1 11 

Superscript III 2 22 

Total 12 132 
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Table 7: cDNA Synthesis Program 

Temperature Time 

25C 10 min 

46C 3 hrs 

70C 15 min 

Hold at 4C (NaOH added) - 

65C 30 min 

 

cDNA samples were analyzed using real-time PCR (RT-PCR) to determine the 

quantity of fpvA transcripts present in each sample. Genomic DNA of both P. 

aeruginosa ATCC 27853 and PAO1 (isolated using PureGene Bact/Yeast Kit protocol 

for isolation of gram-negative bacteria) were diluted to 2 ng μL-1. Serial dilutions 

were prepared to create DNA standard solutions (down to 0.00002 ng μL-1). cDNA 

samples were diluted to 0.2 ng μL-1. Master reaction mixes were prepared according 

to Table 8. 15 μL of the appropriate mix was added to each reaction well of a 

Microamp® Fast Optical 96-well plate. 5 μL of template DNA (either DNA standards 

or cDNA) was added to each well according to Figure 6. The RT-PCR reaction was 

carried out using an ABI PRISM® 7500 FAST Sequence Detection System. The 

reaction program is outlined in Table 9. A melt curve stage was performed after the 

program in which the temperature was gradually increased to 95C to determine 

dissociation temperatures. This step was used to confirm the presence of a single 

amplicon during the reaction. 

The entire RT-PCR protocol was repeated to determine if fpvA expression differs at 

37C and 30C. Initial cultures used for RNA extraction were grown at 30C, and 

only the 0.1 μM and 50 μM FeCl3 media conditions were used.  
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Table 8: RT-PCR Master Mixes 

                   PAO1 ATCC 27853 

Reagent 
1x Volumes 
(μL) 

50x Master 
Mix(μL) 

1x volumes 
(μL) 

50x Master 
Mix (μL) 

Fast Sybr Green (2x) 10 500 10 500 
p26 – PAO1 FpvA F 0.4 20 - - 
p27 – PAO1 FpvA R 0.4 20 - - 
p36 – ATCC FpvAIIb F - - 0.4 20 
p37 – ATCC FpvAIIb R - - 0.4 20 
Ultrapure H2O 4.2 210 4.2 210 
Total 20 1000 20 1000 

 

 

 PAO1 gDNA 

Standards 
PAO1 cDNA 

ATCC 27853 

gDNA Standards 

ATCC 27853 

cDNA 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 2 ng μL-1 0 μM FeCl3 2 ng μL-1 0 μM FeCl3 

B 0.2 ng μL-1 0.1 μM FeCl3 0.2 ng μL-1 0.1 μM FeCl3 

C 0.02 ng μL-1 1 μM FeCl3 0.02 ng μL-1 1 μM FeCl3 

D 0.002 ng μL-1 10 μM FeCl3 0.002 ng μL-1 10 μM FeCl3 

E 0.0002 ng μL-1 50 μM FeCl3 0.0002 ng μL-1 50 μM FeCl3 

F 0.00002 ng μL-1  0.00002 ng μL-1  

G No-template Control  No-template Control  

 

 

 

 

 

 

 

 

Figure 6. 96-well plate designed for RT-PCR. The iron concentration listed for the cDNA 

samples indicates the condition that the cells were grown in prior to RNA extraction. 
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Table 9: RT-PCR Program 

Temperature Time 

Holding Stage: 

95C 20 seconds 

Cycling Stage (repeated 40 times): 

95C 3 seconds 

60C 30 seconds 

Melt curve preparation steps: 

95C 15 seconds 

60C 1 minute 

 

The PVD concentration of each sample’s supernatant was quantified using PVD 

standard solutions to construct a standard curve. Sample supernatants were 

centrifuged for 5 minutes at 13,000 rpm to remove residual cell debris. 1:10 and 

1:100 dilutions of the supernatants were prepared and 200 μL of each dilution was 

added to a 96-well plate. 200 μL of each PVD standard solution was also added to 

the plate. Fluorescence (excitation 400 nm, emission 460 nm) was measured using a 

microplate reader. A standard curve of fluorescence values was constructed and 

used to estimate the PVD concentrations of sample supernatants.  
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Results 

Determination of Growth Conditions for Model System 

This study intended to create an in vitro evolution model in which a novel 

siderophore could be evolved in the lab. This system would require sufficient iron-

stringency in order to induce pyoverdine production. The iron-chelator EDDHA was 

added to CAA agar plates in increasing concentrations to determine the appropriate 

concentration of EDDHA to create iron-stringent conditions. P. aeruginosa ATCC 

27853, the strain to be used in the in vitro evolution, was plated as well as P. 

aeruginosa PAO1 pvdS, which cannot produce pyoverdines and thus cannot grow 

under iron-stringency (Figure 7). As a preliminary experiment to establish assay 

conditions, this experiment was performed without replicates. 100 μM EDDHA was 

chosen as the optimal condition because it is the highest concentration in which 

ATCC 27853 can grow but PAO1 pvdS cannot. Thus, a working pyoverdine-uptake 

system must be expressed to permit growth in the presence of 100 μM EDDHA. 

 

 

 

0

5

10

15

20

25

30

100050010050100

C
FU

s 

Concentration of EDDHA (µM) 

WT

ΔpvdS 

Figure 7. EDDHA Concentration vs. Growth Ability. CFU survival on CAA agar plates 

supplemented with EDDHA was measured as an indicator of growth ability. A 10-8 dilution 

of cells was plated. One replicate was performed. 
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After determining the correct EDDHA conditions, the concentration of pyocin S3 

lysates to use was determined. Pyocin S3 was obtained by collecting lysates from E. 

coli Dh5α pPYS3-3. Lysates at various 10-fold dilutions were tested for killing 

activity using a growth curve experiment in which ATCC 27853 was grown in low-

iron liquid CAA medium (containing 100 μM EDDHA) with addition of pyocin S3 

lysates. At 37C, there was little to no growth defect in samples containing pyocin 

S3, indicating the absence of pyocin killing activity (Figure 8). Previous experiments 

in our lab using pyocin S3 lysates with measureable killing activity had been 

performed at 30C. The growth curve was repeated at 30C and a strong growth 

defect was observed in the 1:10 pyocin dilution condition, indicating that the 

purified pyocin S3 lysates exhibited killing activity (Figure 8).  

 

 

 

 

After confirming their killing activity, pyocin S3 lysates were added to low-iron CAA 

agar to determine the optimal concentration to use for in vitro evolution. A dilution 

of P. aeruginosa ATCC 27853 cells were plated on the surface of the agar and CFUs 
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Figure 8. Growth of ATCC 27853 as a function of pyocin S3 lysate concentration in 

liquid media. Results of pyocin dilution growth curve experiments performed at 30C and 

37C. Values are shown as the OD600
 of samples after 10 hours of growth. One replicate was 

performed. 
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were counted as an indicator of cell survival. Although a 1:10 dilution of pyocin S3 

caused a drop in the number of CFUs, a small number of cells were able to survive 

(Figure 9).  

 

 

 

Temperature Dependence of Pyocin S3 Activity 

Due to an observed variation of pyocin S3 killing activity at different temperatures 

(Figure 8), an additional experiment was performed to confirm if pyocin S3 killing 

activity is temperature-dependent. After a 24 hour growth period, samples grown at 

30C had a drastic growth defect in the presence of pyocin S3 than those grown at 

37C (Figure 10), indicating that pyocin killing activity is more potent at 30C. 

Samples grown at 37C showed no difference from the no pyocin control group at 

the same temperature (Figure 10). 
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Figure 9. Growth of ATCC 27853 as a function of pyocin S3 lysate concentration on 

solid medium. CFU survival on CAA agar plates supplemented with 100 μM EDDHA and 

pyocin S3 lysates. A 10-8 dilution of cells was plated. Three replicates were performed; 

error bars indicate standard deviation. 
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Isolation and Characterization of a Pyocin Resistant Mutant 

Previous results indicated that adding pyocin S3 lysates directly to low-iron CAA 

agar may not be an effective method for in vitro evolution due to high survival rates 

of wild-type ATCC 27853 (Figure 9). A different method of exposing cells to pyocin 

S3 was used in which the lysates were spotted directly onto the surface of a plate 

with a lawn of bacterial cells plated. A zone of clearing resulted in the areas in which 

pyocin was spotted (Figure 11). Initially the experiment was intended as a way to 

explore a different method of initiating pyocin S3 killing, however colonies appeared 

within the zones of clearing after 96 hours (Figure 11). We speculated that these 

colonies may have grown up from cells which survived the pyocin spotting and 

which may be resistant to pyocin S3. 
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Figure 10. Pyocin activity as a function of temperature. Sample OD was measured after 

24 hours of growth. Three replicates were performed; error bars indicate standard 

deviation. 
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Six colonies were selected at random (three from LB agar, three from low-iron CAA 

agar) for screening. These colonies were re-tested on both media types using the 

pyocin spotting method to confirm pyocin S3 resistance. P. aeruginosa PAO1 ∆pvdS 

was used as a negative control for pyocin susceptibility; this strain’s inability to 

produce FpvA renders it resistant to pyocins, making it a reasonable negative 

control for this experiment. ATCC 27853 was used as a positive wild-type control. 

Two isolates, A1 and A3, exhibited pyocin S3 resistance on LB agar plates (Figure 

12). Both were initially isolated from LB agar plates. Both A1 and A3 still appeared 

susceptible to pyocin S3 on the low-iron agar, although A1 had visibly less growth 

(Figure 12). A1 was chosen for further testing, and re-named P. aeruginosa pyoS3R1. 

Figure 11. Colonies growing within zones of clearing after 96 hours. 
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Figure 12. Plates used to screen isolates for pyocin S3 resistance. Row 1 (left to right): 

ATCC 27853 positive control and ∆pvdS negative control on LB. Row 2: isolates A1, A2, and 

A3 on LB. Row 3: isolates B1, B2, and B3 on LB. Row 4: low-iron CAA plates with isolates 

A1-B3 in order (top portion of plates) and positive and negative controls (bottom portion 

of plates). 
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The pyoS3R1 mutant was characterized more thoroughly for growth ability and 

pyocin resistance in liquid medium at both high and low iron conditions. PAO1 

∆pvdS was used as a negative control to confirm iron-stringency. At both high and 

low-iron conditions, there was no difference in the growth of pyoS3R1 when pyocin 

S3 was added (Figure 13). This is consistent with the pyocin spot results seen 

previously. In addition, pyoS3R1 had growth defects in low-iron CAA (Figure 13), 

and only produced a small amount of pyoverdine relative to the ATCC 27853 wild-

type (Figure 14). An interesting and unexpected result was that ATCC 27853 was 

efficiently killed by pyocin S3 at the high iron condition (Figure 13). Pyoverdine was 

not being produced by this strain at high iron (Figure 14), indicating that all 

pyoverdine genes including fpvA should not be expressed under this condition. We 

expected ATCC 27853 to be pyocin resistant in high-iron conditions because fpvA is 

known to be iron-regulated in PAO1. 
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Figure 13. Optical density after 10 hours of growth in low and high-iron CAA liquid 

medium. One replicate was performed. 



33 
 

 

 

 

PCR analysis was used to determine if the genome of pyoS3R1 contained a mutation 

in the PVD receptor gene fpvA. P. aeruginosa strain PAO1 was included (Figure 15, 

Lane 2) because the primers were originally designed for this strain. A large band in 

the ATCC 27853 wild-type template, indicated by the arrow in Figure 16, was 

amplified with the same size as the fpvA band produced in PAO1. These results 

suggest that the PAO1 fpvA primers are functional for fpvA amplification in ATCC 

27853. There was no amplicon present in pyoS3R1 (Figure 15, Lane 7), indicating 

the absence of the entire gene in the strain’s genome. 
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 Figure 14. PVD production in low and high-iron CAA. One replicate was performed. 
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Dependence of Pyocin S3 Activity on Iron Concentration 

Characterization of the pyoS3R1 mutant suggested that ATCC 27853 is susceptible to 

pyocin at high-iron conditions. To explore this, additional experiments were 

performed to determine if pyocin S3 killing activity is dependent on the iron 

concentration in the medium. At all iron concentrations, the cells could not grow in 

the presence of pyocin S3 (Figure 16). Samples grown at 100μM did not produce 

detectable pyoverdine, indicating that the pyoverdine biosynthesis pathway is 

turned off under this condition. This experiment was repeated with the modification 

of growing the overnight cultures in the same iron conditions that they were to 

grow in during the growth curve. The experiment produced the same trend (data 

not shown). 

1        2        3       4       5        6       7 

Figure 15. Gel electrophoresis of fpvA PCR products. The arrow indicates a band assumed to 

correspond to fpvA in ATCC 27853. Lane designations are as follows: 1) DNA ladder; 2) PAO1 

wild-type; 3) no template; 4) PAO1 template with no primers; 5) ATCC 27853 wild-type; 6) 

pyoS3R1 template; 7) DNA ladder. 
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Real-time Polymerase Chain Reaction (RT-PCR) 

We speculated that the observed pyocin S3 killing at high iron may be a result of 

FpvA receptor expression under these conditions. This situation would be 

contradictory to what is known about fpvA expression in PAO1, namely that the 

receptor is downregulated in excess iron. RT-PCR was used to determine fpvA 

expression levels under different iron conditions. PAO1 fpvA expression levels were 

significantly higher under iron starvation, as expected, and gradually decreased as 

iron concentration increased (Figure 17). In contrast, fpvAIIb expression in ATCC 

27853 did not differ greatly between iron conditions. Although expression was 

slightly elevated at 0.1 μM FeCl3 there was no apparent downward slope as seen in 

PAO1, indicating differences in the regulation of the gene at the transcription level 

between the two strains. 
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Figure 16. Optical density after 10 hours of growth in CAA medium with various iron 

concentrations. The initial inoculum was an OD600 of 0.02. Three replicates were performed; 

error bars indicate standard deviation. 
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The amount of pyoverdine produced by samples at the time of RNA extraction was 

quantified for each condition. Each strain produced roughly the same amount of 

pyoverdine (Figure 18), despite large differences in PVD receptor mRNA levels. PVD 

production in ATCC 27853 appears to be dependent on iron availability, while the 

expression of the PVD receptor does not. 
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Figure 17. RT-PCR of the fpvA gene from PAO1 and ATCC 27853. Values are 

normalized to the 0.1 μM FeCl3 iron condition in order to account for differences in mRNA 

levels between the two strains. Three replicates were performed; error bars indicate 

standard deviation. 
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Due to the apparent temperature dependence of pyocin S3 activity, we questioned 

whether a difference in fpvA expression between 30C and 37C could explain this 

observation. The RT-PCR experiment was repeated at 30C, using only the iron 

starvation and iron replete conditions to simplify the experiment (0.1 μM FeCl3 and 

50 μM FeCl3). The results from this experiment mirrored what was observed at 

37C, in that PAO1 fpvA expression was upregulated in low-iron conditions while 

ATCC 27853 showed no difference (Figure 19). In addition, a direct comparison of 

fpvA transcript levels at 30C and 37 shows that ATCC 27853 produced the same 

amount of fpvA mRNA at both temperatures, indicating that the expression of the 

receptor in this strain does not change between 30C and 37C (Figure 20). In 

contrast, PAO1 produced drastically different transcript levels between the two 

temperatures.  
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Figure 18. Pyoverdine production of each strain at the time of RNA extraction. 

Three replicates were performed; error bars indicate standard deviation. 
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Figure 19. RT-PCR of the fpvA gene from PAO1 and ATCC 27853 at 30C. Values are 

normalized to the 0.1 μM FeCl3 iron condition in order to account for differences in mRNA 

levels between the two strains. Three replicates were performed; error bars indicate 

standard deviation 

Figure 20. RT-PCR of the fpvA gene from PAO1 and ATCC 27853 at different 

temperatures. All samples shown were grown in low-iron conditions (0.1 μM FeCl3). 

Three replicates were performed; error bars indicate standard deviation. 
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Discussion 

In vitro Evolution Model System 

The original intent of this research effort was to set up a model system for, and 

execute, an in vitro evolution experiment. I did not proceed as far as performing the 

actual experiment, however I performed key preliminary experiments and 

discovered valuable insight into PVD receptor regulation along the way. The 

information provided in this thesis sets a strong foundation for future experiments 

in the lab. 

Multiple methods of P. aeruginosa ATCC 27853 selection in the presence of pyocin 

S3 were explored. As demonstrated in Figure 9, adding pyocin directly to the agar 

would not be a sufficient method to obtain mutants. At a 1:10 dilution of pyocin S3 

into the agar approximately 6 cells survived, compared to approximately 30 cells 

that grew on the plate with no added pyocin. This equates to a 20% survival rate, 

which would not be enough selective pressure on the cells to select for mutations. 

Perhaps adding a stronger concentration of pyocin S3 to the agar would be more 

successful, however this would require significantly more work to purify enough 

lysates from E. coli DH5α. The pyocin S3 seems to be much more effective in liquid 

medium at 30C (Figure 8). Questions persist whether this would work for in vitro 

evolution, due to observations that small proportions of cells survive pyocin S3 

attack even when pyocin is in large excess (12). If these cells are wild-type, they 

would likely dominate the culture due to functional FpvA and thus make the 

selection of any FpvA mutants difficult. 

The pyocin spotting method (Figures 11 and 12) appeared to be a successful 

approach for an in vitro evolution. As this study determined it is possible to obtain 

fpvA mutants using this approach, as demonstrated with the identification of the 

pyoS3R1 mutant. Unfortunately pyoS3R1 mutant phenotype appears to have a 

knocked-out fpvA gene function (Figure 15). This is likely because the strain was 

evolved on LB, which does not require the presence of FpvA in order to grow. If the 

pyocin spotting method was repeated on iron-stringent media, such as the 100 μM 
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EDDHA CAA agar plates identified in this study, any pyocin S3 resistant mutants 

would have to have at least a semi-functional FpvA present in order to grow. A 

mutant with these phenotypic characteristics would be optimal for in vitro 

evolution. 

Temperature Dependence of Pyocin S3 Activity 

Figures 8 and 10 both demonstrate a clear dependence of pyocin S3 killing activity 

in liquid media on temperature. We know that pyocin S3 enters cells through 

FpvAII, which would suggest this receptor is differentially expressed at different 

temperatures. The RT-PCR results from this study provide evidence against this 

hypothesis, however. Expression levels of fpvAIIb in ATCC 27853 appear to be the 

same regardless of the temperature in which the cells were grown (Figure 20).  

The temperature dependence could be explained by a number of different factors. 

One possibility is that the action of another process in the cell which influences 

pyocin S3 activity is dependent on temperature. Examples include efflux pumps, 

which could pump pyocin S3 out of the cell, or DNase inhibitors, which could 

inactivate the enzymatic activity of the pyocin. If these proteins were expressed or 

activated at 37C and not 30C, this could explain the temperature dependence of 

pyocin S3 killing activity. This hypothesis would be difficult to test, and would 

require more knowledge of temperature dependent gene expression in 

Pseudomonas aeruginosa. 

It is unlikely that the pyocin S3 peptide itself is inactive at a higher temperature. It 

has been previously observed that pyocin S3 killing activity is unaffected by 

incubation at 37C (20), and most published studies using pyocin S3 have been 

conducted at 37C. It is also unlikely that pyocin S3 uses a different receptor to gain 

entry to the cell, one that has temperature-dependent expression. There is 

substantial evidence that the receptor used by pyocin S3 is in fact the type II PVD 

receptor, FpvAII (2). 

Another explanation is that the post-transcriptional regulation of fpvA in ATCC 

27853 is dependent on temperature. RT-PCR only determines whether the gene is 
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being transcribed because it is an analysis of mRNA levels in the cell. This method 

cannot determine if fpvA transcripts are being translated and functional receptors 

being put onto the surface of the cell. Accessible methods such as a Western Blot or 

SDS-PAGE analysis of outer-membrane proteins could determine whether the 

presence of FpvA receptors on the cell surface is dependent on temperature. 

Isolation and Characterization of a Pyocin Resistant Mutant 

As previously mentioned, the pyocin spotting method was successful in producing a 

pyocin resistant mutant. Evidence provided in this thesis strongly suggests that the 

pyoS3R1 mutant does not have a functional PVD receptor. First, the mutant 

experienced growth defects when grown under low-iron conditions (Figure 13), 

indicating that PVD was not able to increase iron uptake. PVD was produced by the 

strain, although a significantly decreased amount compared to the ATCC 27853 

wild-type. This also provides evidence for a knocked-out FpvA receptor, because 

ferri-PVD binding to FpvA provides a feedback loop which increases PVD 

production. Without FpvA this feedback loop will not activate, decreasing the 

overall PVD production by the cell. Finally, PCR analysis suggests that the gene for 

FpvA is no longer present in pyoS3R1. This result should be confirmed due to the 

primers being designed for a different strain (PAO1). Repetition of this PCR should 

be carried out using primers designed for FpvA in ATCC 27853 to confirm the 

absence of FpvA in pyoS3R1. 

Although pyoS3R1 appears to have an fpvA deletion, a result which was not 

beneficial in regards to the in vitro evolution attempt, the production of this mutant 

provided important information as well as a useful tool. We now know that the 

pyocin spotting method, with some adjustments, could prove a successful technique 

for in vitro evolution. In addition if the pyoS3R1 mutant indeed does not carry the 

fpvA gene, this strain can now be used as a control when conducting studies using 

pyocin S3 and ATCC 27853. 

Dependence of Pyocin S3 Activity on Iron Concentration and RT-PCR 

During this thesis project, we discovered that pyocin S3 is capable of killing ATCC 



42 
 

27853 regardless of the iron concentration in the medium (Figure 16). This is a 

controversial result based on previously published literature. Other S-type pyocins 

have been shown to be dependent on iron concentration for activity (30). It has 

been suggested in other literature that pyocin S3 follows the same pattern (2), 

although no data has been published. The experiments I performed directly 

contradict this suggestion. The most likely explanation for this observation would 

be that the receptor that pyocin S3 binds to, FpvAII, is always expressed. This 

contrasts with what has been characterized in PAO1: that FpvA is upregulated only 

in conditions of iron-starvation. Indeed, this pattern of regulation was confirmed in 

our studies using PAO1 (Figure 17).  

The RT-PCR results that I obtained support the hypothesis that fpvAIIb is 

consistently expressed by ATCC 27853 in all iron conditions (Figure 17). Although 

there appears to be slight upregulation of the gene in 0.1 μM FeCl3 (37C), the 

expression at 30C is nearly equal in all conditions (Figure 19). The expression 

patterns in PAO1 are not seen in ATCC 27853, indicating that the transcriptional 

regulation of FpvA is different between the two strains. In addition, fpvAIIb is 

expressed in ATCC 27853 even when PVD is not being produced (Figures 17 and 

18), suggesting that fpvAIIb is not regulated by the FpvI/R system. Overall, the RT-

PCR experiments were able to explain why pyocin S3 is able to kill ATCC 27853 

independently of the iron concentration. As with the temperature dependence 

studies, a follow-up analysis of outer membrane proteins should be performed at 

each iron permutation to confirm the presence of FpvAIIb receptors on the cell 

surface. 

It is unclear why ATCC 27853 would regulate fpvAIIb expression in this manner, 

especially if the presence of this receptor leaves it susceptible to death by pyocin S3. 

Perhaps constant expression of fpvAIIb gives the strain an advantage by enhancing 

iron transport. FpvAIIb may also act to bring another advantageous molecule into 

the cell in ATCC 27853, although no evidence of this currently exists. Fitness 
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experiments should be performed to determine if ATCC 27853 has a growth 

advantage over PAO1 due to the differences in fpvA expression. 

Overall Conclusions and Significance 

During the course of this research effort, I was able to successfully elucidate a 

proper mechanism for performing in vitro evolution studies of the FpvA receptor 

using the P. aeruginosa strain ATCC 27853. I discovered information about the 

interaction of pyocin S3 with ATCC 27853 under different environmental 

conditions, which are important considerations for the in vitro evolution 

experiment. Studying and gaining a better understanding of the evolution of the 

FpvA receptor is important for a number of reasons. This receptor is currently being 

investigated as a delivery route for antibiotic administration through the production 

of siderophore-antibiotic conjugates. This method reduces antibiotic export and 

breakdown due to the presence of the large substituent (6). Antibiotic resistance is 

an issue in P. aeruginosa infections, and as such research would be important to 

ensure that the development of new antibiotics does not face the same challenge. 

Being able to predict how the PVD receptor evolves would be an important 

consideration in the development of PVD-antibiotic conjugates. In addition, a single 

or predominant pyocin producing strain is associated with chronic P. aeruginosa 

infections (39), indicating pyocins play a role in the establishment of a dominant 

strain during infection. Evolution of siderophore receptors in clinical isolates, and 

the resulting pyocin resistance, could have implications on the interactions and 

prevalence of strains during chronic infection. 

The discovery that the transcription of FpvA is regulated differently in P. aeruginosa 

ATCC 27853 and PAO1 provides an important example of the limitations of model 

systems in biological research. Most of what is known about P. aeruginosa has been 

determined using the PAO1 strain, and is generally assumed to be true in other 

strains. This model usually serves as a good representation of P. aeruginosa; 

however, as demonstrated in this thesis, caution must be taken when generalizing 

results. There are many clinical isolates of P. aeruginosa, including PAO1 and ATCC 

27853, which may utilize different regulatory systems for virulence factors. These 
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nuances are important to consider when designing therapeutics for this 

opportunistic pathogen.  



45 
 

References 

1. Ahearn DG, Borazjani RN, Simmons RB, Gabriel MM. 1999. Primary 

adhesion of Pseudomonas aeruginosa to inanimate surfaces including 

biomaterials. Methods Enzymol. 310: 551– 557. 

2. Baysse C, Meyer JM, Plesiat P, Geoffroy V, Michel-Briand Y, Cornelis 

P. 1999. Uptake of Pyocin S3 Occurs through the Outer Membrane 

Ferripyoverdine Type II Receptor of Pseudomonas aeruginosa. J. Bacteriol. 

181(12):3849-3851. 

3. Beare, P. A., R. J. For, L. W. Martin, and I. L. Lamont. 2003. Siderophore-

mediated cell signaling in Pseudomonas aeruginosa: divergent pathways 

regulate virulence factor production and siderophore receptor 

synthesis. Mol. Microbiol. 47:195-207. 

4. Bodey GP, Bolivar R, Fainstein V, Jadeja L. 1983. Infections Caused by 

Pseudomonas aeruginosa. Clin. Infect. Dis. 5(2): 279-313. 

5. Budzikiewicz H. 1993. Secondary metabolites from fluorescent 

pseudomonads. FEMS Microbiol. Rev. 104: 209-228. 

6. Budzikiewicz H. 2001. Siderophore-antibiotic conjugates used as trojan 

horses against Pseudomonas aeruginosa. Curr. Top. Med. Chem. 1(1):73-

82. 

7. Chang W, Small DA, Toghrol F, Bentley WE. 2005. Microarray analysis 

of Pseudomonas aeruginosa reveals induction of pyocin genes in response 

to hydrogen peroxide. BMC Genomics. 6:115. 

8. Cunliffe HE, Merriman TR, Lamont IL. 1995. Cloning and 

characterization of pvdS, a gene required for pyoverdine synthesis in 

Pseudomonas aeruginosa: PvdS is probably an alternative sigma factor. J. 

Bacteriol. 177(10): 2744-2750. 

9. De Chial M, Ghysels B, Beatson SA, Geoffroy V, Meyer JM, Pattery T, 

Baysse C, Chablain P, Parsons YN, Winstanley C, Cordwell SJ, Cornelis 

P. 2003. Identification of type II and type III pyoverdine receptors from 

Pseudomonas aeruginosa. Microbiol. 149: 821-831. 



46 
 

10. De Kievit TR, Iglewski BH. 2000. Bacterial Quorum Sensing in 

Pathogenic Relationships. Infect. Immun. 68(9): 4839-4849.  

11. Duan K, Lafontaine ER, Majumdar S, Sokol PA. 2000. RegA, iron, and 

growth phase regulate expression of the Pseudomonas aeruginosa tol–

oprL gene cluster. J. Bacteriol. 182:2077-2087. 

12. Duport C, Baysse C, Michel-Briand Y. 1995. Molecular Characterization 

of Pyocin S3, a Novel S-type Pyocin from Pseudomonas aeruginosa. J. Biol. 

Chem. 270:8920-8927. 

13. Fuchs R, Schäfer M, Geoffroy V, Meyer JM. 2001. Siderotyping—a 

powerful tool for the characterization of pyoverdines. Curr. Top. Med. 

Chem. 1(1): 31-57. 

14. Fyfe JA, Harris G, Govan JR. 1984. Revised pyocin typing method for 

Pseudomonas aeruginosa. J. Clin. Microbiol. 20(1):47-50. 

15. Guerinot ML. 1994. Microbial iron transport. Annu. Rev. Microbiol. 48: 

743-772. 

16. Guerinot ML, Yi Y. 1994. Iron: Nutritious, Noxious, and Not Readily 

Available. Plant Physiol. 104(3): 815-820. 

17. Hardalo C, Edberg SC. 1997. Pseudomonas aeruginosa: assessment of 

risk from drinking water. Crit. Rev. Microbiol. 23: 47–75. 

18. Høiby N. 1988. Hemophilus influenzae, Staphylococcus aureus, 

Pseudomonas cepacia, and Pseudomonas aeruginosa in Patients with 

Cystic Fibrosis. Chest. 94(2 Suppl):97S-103S. 

19. Imperi F, Tiburzi F, Visca P. 2009. Molecular basis of pyoverdine 

siderophore recycling in Pseudomonas aeruginosa. PNAS. 106(48):20440-

20445. 

20. Ito S, Kageyama M, Egami F. 1970. Isolation and characterization of 

pyocins from several strains of Pseudomonas aeruginosa. J. Gen. Appl. 

Microbiol. 16:205–214. 

21. Leong J. 1986. Siderophores: Their biochemistry and possible role in the 

biocontrol of plant pathogens. Annu. Rev. Phytopathol. 24: 187-209. 



47 
 

22. Livermore D. 2002. Multiple Mechanisms of Antimicrobial Resistance in 

Pseudomonas aeruginosa: Our Worst Nightmare? Clin. Infect. Dis. 34(5): 

634-640. 

23. Lam J, Chan R, Lam K, Costerton JW. 1980. Production of Mucoid 

Microcolonies by Pseudomonas aeruginosa Within Infected Lungs in 

Cystic Fibrosis. Infect. Immun. 28(2):546-556. 

24. Matsui H, Sano Y, Ishihara H, Shinomiya T. 1993. Regulation of Pyocin 

Genes in Pseudomonas aeruginosa by Positive (prtN) and Negative (prtR) 

Regulatory Genes. J. Bacteriol. 175(5):1257-1263. 

25. Medeiros AA, O-Brien TF, Wacher WE, Yulug NF. 1971. Effect of salt 

concentration on the apparent in-vitro susceptibility of Pseudomonas and 

other gram-negative bacilli to gentamicin. J. Infect. Dis. 124: S59-66. 

26. Meyer JM, Geoffroy VA, Baida N, Gardan L, Izard D, Lemanceau P, 

Achouak W, Palleroni NJ. 2002. Siderophore Typing, a Powerful Tool for 

the Identification of Fluorescent and Nonfluorescent Pseudomonads. 

Appl. Environ. Microbiol. 68(6): 2745-2753. 

27. Meyer JM, Hohnadel D, Khan A, Cornelis P. 1990. Pyoverdin-facilitated 

iron uptake in Pseudomonas aeruginosa: immunological characterization 

of the ferripyoverdin receptor. Mol. Microbiol. 4(8): 1401-1405. 

28. Meyer JM, Neely A, Stintzi A, Georges C, Holder IA. 1996. Pyoverdin is 

essential for virulence of Pseudomonas aeruginosa. Infect. Immun. 64: 

518-523. 

29. Meyer JM, Stintzi A, De Vos D, Cornelis P, Tappe R, Taraz K, 

Budzikiewicz H. 1997. Use of siderophores to type pseudomonads: the 

three Pseudomonas aeruginosa pyoverdine systems.  Microbiol. 143: 35-

43. 

30. Ohkawa I, Shiga S, Kageyama M. 1980. Effect of Iron Concentration in 

the Growth Medium on the Sensitivity of Pseudomonas aeruginosa to 

Pyocin S2. J. Biochem. 87(1): 323-331. 

31. Oschner UA, Johnson Z, Lamont IL, Cunliffe HE, Vasil ML. 1996. 

Exotoxin A production in Pseudomonas aeruginosa requires the iron-



48 
 

regulated pvdS gene encoding an alternative sigma factor. Mol. Microbiol. 

21(5): 1019-1028. 

32. Ochsner UA, Wilderman PJ, Vasil AI, Vasil ML. 2002. GeneChip® 

expression analysis of the iron starvation response in Pseudomonas 

aeruginosa: identification of novel pyoverdine biosynthesis genes. Mol. 

Microbiol. 45(5): 1277-1287. 

33. Parret AH, De Mot R. 2002. Bacteria killing their own kind: novel 

bacteriocins of Pseudomonas and other γ-proteobacteria. Trends 

Microbiol. 10(3):107-112. 

34. Poole K, Neshat S, Krebes K, Heinrichs DE. 1993. Cloning and 

nucleotide sequence analysis of the ferripyoverdine receptor gene fpvA of 

Pseudomonas aeruginosa. J. Bacteriol. 175(15): 4597-4604. 

35. Rédly GA, Poole K. 2003. Pyoverdine-Mediated Regulation of FpvA 

Synthesis in Pseudomonas aeruginosa: Involvement of a Probable 

Extracytoplasmic-Function Sigma Factor, FpvI. J. Bacteriol. 185(4): 1261-

1265. 

36. Rédly GA, Poole K. 2005. FpvIR Control of fpvA Ferric Pyoverdine 

Receptor Gene Expression in Pseudomonas aeruginosa: Demonstration of 

an Interaction between FpvI and FpvR and Identification of Mutations in 

Each Compromising This Interaction. J. Bacteriol. 187(16):5648-5657. 

37. Stewart PS. 2002. Mechanisms of antibiotic resistance in bacterial 

biofilms. Int. J. Med. Microbiol. 292(2): 107-113. 

38. Tümmler B, Cornelis P. 2005. Pyoverdine Receptor: a Case of Positive 

Darwinian Selection in Pseudomonas aeruginosa. J. Bacteriol. 187(10): 

3289-3292. 

39. Waite RD, Curtis MA. 2009. Pseudomonas aeruginosa PAO1 Pyocin 

Production Affects Population Dynamics within Mixed-Culture Biofilms. J 

Bacteriol. 191(4): 1349-1354. 



49 
 

40. Wilson MJ, McMorran BJ, Lamont IL. 2001. Analysis of promoters 

recognized by PvdS, an extracytoplasmic-function sigma factor protein 

from Pseudomonas aeruginosa. J. Bacteriol. 183(6): 2151-2155. 

41. Winsor GL, Lam DK, Fleming L, Lo R, Whiteside MD, Yu NY, Hancock 

RE, Brinkman FS. 2011. Pseudomonas Genome Database: improved 

comparative analysis and population genomics capability for 

Pseudomonas genomes. Nucleic Acids Res. 39(Database issue): D596-600.  

  



 
 

 


