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Chronic microbial infections result from persistent host colonization that is 

not cleared via the immune response or therapeutics. Within the host, microbes 

can undergo adaptive evolution, whereby beneficial traits promoting persistence 

arise due to selection; these traits can therefore affect disease outcomes and 

treatment strategies. The Gram-negative opportunistic pathogen Pseudomonas 

aeruginosa is the primary cause of chronic, fatal respiratory infections in 

individuals with the heritable disease cystic fibrosis (CF). The goal of this 

dissertation is to identify adaptations that allow P. aeruginosa to persist in the 

host during chronic CF lung infection. To achieve this goal, P. aeruginosa was 

chronologically sampled from 3 CF patients, ranging from the first infecting 

bacterium (the ancestor) to ~40,000 generations post-infection. By comparing 

gene expression profiles of ancestral and evolved isolates sampled from multiple 

patients, I identified 24 parallel gene expression changes that occurred over time 

within each lineage, suggesting that these traits are beneficial to the bacterium. 

Because most of these traits had unknown physiological roles, I sought to 

characterize their biological significance. I used a gain-of-function genetic screen 

and discovered that a subset of these genes enhance biofilm formation, a sessile 
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mode of growth proposed to be important during chronic CF lung infection. I 

showed that enhanced biofilm formation is due to increased production of the 

exopolysaccharide Psl, which is traditionally viewed as less critical for 

maintaining chronic infections than other virulence factors. Lastly, I demonstrated 

that a majority (~72%) of chronic P. aeruginosa isolates produce more Psl than 

their corresponding ancestor, suggesting that this exopolysaccharide is important 

during chronic infection and an adaptive trait. 
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Chapter 1: Introduction 

 

1.1 THE OPPORTUNISTIC PATHOGEN PSEUDOMONAS AERUGINOSA  

 

1.1.1 Overview 

 

Chronic microbial infections are a significant healthcare and economic 

burden because pathogens persist in the host despite therapeutic treatment. 

These infections can be caused by dedicated human pathogens, such as 

Mycobacterium tuberculosis, or environmental organisms that generally infect 

individuals with compromised immune systems. In the latter case, these 

opportunistic pathogens have been hypothesized to undergo adaptive evolution 

in vivo, whereby beneficial traits arise due to selection (1). Because these traits 

can promote persistence, their identification is important for understanding 

disease progression and designing novel treatment strategies; however, this 

objective can be challenging because mutations that arise during chronic 

infection cannot always be linked to beneficial phenotypes. 

 

Individuals with the heritable disease cystic fibrosis (CF) are prone to 

chronic, fatal respiratory infections caused by opportunistic pathogens. The most 

prevalent pathogen causing chronic CF respiratory infections is the Gram-

negative bacterium Pseudomonas aeruginosa, which colonizes ~80% of patients 

by adulthood (2). While studies have demonstrated that P. aeruginosa undergoes 
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phenotypic and genotypic changes during chronic CF infection, these 1) have not 

been investigated on a global scale; 2) have not been examined across multiple 

patients/lineages; and 3) often do not link genotype to phenotype.  

 

Here I will give a brief background on P. aeruginosa and discuss factors 

hypothesized to be important for chronic infection. Next, I will discuss CF and 

chronic CF lung infections, ending with what is currently known about 

P. aeruginosa in these infections. Finally, I will list the objectives of this 

dissertation, which address the current gaps in the field described above. 

 

1.1.2 P. aeruginosa, biofilms, and chronic infections 

  

P. aeruginosa is a highly successful environmental bacterium and 

opportunistic pathogen. It is often referred to as ubiquitous because it inhabits 

many diverse environments, such as soil, fresh water, seawater, sewage, and 

indoor surfaces (3). P. aeruginosa’s ubiquity is attributed to its capacity to utilize 

a wide range of carbon and energy sources and produce numerous competitive 

molecules, such as antibiotics, siderophores, and virulence factors (3-5). These 

traits contribute to its success as an opportunistic pathogen of insects, plants, 

humans, and other animals (6-9). In humans, P. aeruginosa primarily infects 

immunocompromised individuals, such as those with human immunodeficiency 

virus (HIV), cancer, CF, or severe burn wounds (6, 10-12). These infections can 

be acute or chronic, with some chronic infections lasting for decades (3-6). While 
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patient-to-patient transmission and outbreaks can occur, most infections are 

initiated by different strains acquired from the environment (6).  

 

A major factor contributing to P. aeruginosa’s success is its ability to form 

robust biofilms, or surface-attached bacterial communities encased in an 

extracellular matrix (ECM). In bacteria, the ECM is composed of self-produced 

exopolysaccharides, surface proteins, and DNA from lysed cells, though the 

composition varies between species; the ECM structurally organizes cells and 

protects the community from stress (13-15). A prevailing hypothesis is that 

biofilms are the main mode of growth in P. aeruginosa chronic infections, 

including those associated with mechanical ventilators and in CF airways (16, 

17). This hypothesis is supported by in vitro studies showing that P. aeruginosa 

forms biofilms on medical devices, mucus, and human tissues, wherein biofilms 

enhance resistance to antibiotics and host immune factors (18-21). However, 

only a limited number of studies demonstrate biofilm-like growth in vivo, as 

determined by observing physically interacting cells and staining for ECM 

components (17, 22).  

 

In vitro, biofilm formation is a complex developmentally regulated process 

that occurs in 4 stages: 1) reversible attachment to a surface; 2) irreversible 

attachment to a surface; 3) formation of small aggregates, or microcolonies; and 

4) differentiation into the mature biofilm (23). Cells can also detach from the 

biofilm in a process called dispersion (23). In P. aeruginosa, biofilm formation is 

mediated by cell-surface attached appendages (flagella and Type IV pili), 

exopolysaccharides, and cell-cell communication signals (14, 23-25). Flagella, 
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Type IV pili, and exopolysaccharides initiate attachment to surfaces (23, 26); 

exopolysaccharides and cell-cell signaling molecules maintain the biofilm 

architecture and enhance stress resistance (25-27).  

 

1.1.3 Exopolysaccharides and their roles in biofilm formation 

 

Exopolysaccharide production is proposed to be important in vivo because 

it can impact biofilm formation. The most studied P. aeruginosa 

exopolysaccharide is alginate, a repeating polymer of β-D-mannuronate and α-L-

guluronate residues (28). In the 1960’s it was observed that during certain 

chronic infections, P. aeruginosa frequently converts to the mucoid phenotype, 

which is characterized by alginate over-production (29, 30). Mucoid colonies 

appear slimy on agar plates, a striking morphology that leads to easy 

identification (29). While alginate is not required for biofilm formation, its over-

production leads to highly structured biofilms with increased antibiotic resistance 

properties, and transition to the mucoid phenotype is usually associated with 

worsening disease symptoms (31-33). Together, these factors contributed to the 

hypothesis that alginate over-production is one of the most important traits 

impacting persistence during chronic infection. 

 

Besides alginate, P. aeruginosa produces at least two other 

exopolysaccharides that impact biofilm formation, Pel and Psl (14, 24, 34, 35). 
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Pel and Psl production vary among strains, and as a result, each impacts biofilm 

development differently depending on genetic background (36, 37). Pel is a 

glucose-rich exopolysaccharide required for pellicle formation at the air-liquid 

interface and acts as the primary structural polysaccharide in biofilms made by 

the laboratory strain P. aeruginosa PA14 (34, 36). Psl is a pentasaccharide 

containing D-mannose, D-glucose, and L-rhamnose (38). It is important for 

biofilm formation in both non-mucoid and mucoid strains and protects against 

host immune factors (24, 26, 35, 39, 40). Similar to alginate over-production, Pel 

and Psl enhance antibiotic resistance. Clinical isolates over-producing these 

exopolysaccharides (small colony variants; SCVs) arise during chronic infection 

and are correlated with increased antibiotic resistance (27, 36, 41, 42). Despite 

these data, Pel and Psl are often viewed as less important for chronic infection 

than alginate because over-producers are not always readily identifiable by 

traditional agar plating methods. 

 

1.2 CF AND CHRONIC RESPIRATORY INFECTIONS 

 

1.2.1 Overview of CF 

 
CF is an autosomal recessive disorder caused by mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene (43). CFTR is 

located on chromosome 7 and encodes a 1,480 amino-acid chloride transporter, 
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CFTR (43). CFTR also negatively regulates the epithelial sodium channel, ENaC, 

which plays a role in sodium absorption (43). While many CFTR mutations have 

been identified, the most prevalent (70% of CF cases) is a phenylalanine deletion 

at position 508 (ΔF508), which results in improper transport and premature 

degradation of the protein (43). In the United States, about 1,000 CF cases per 

year are diagnosed, with 70,000 cases total worldwide 

(http://www.cff.org/AboutCF/). 

 

1.2.2 CF respiratory infections 

 

In wild-type airway epithelial cells, airway surface liquid (ASL) promotes 

the proper mechanical clearance of mucus (sputum) by ciliary movement. ASL 

volume is maintained by coordination of CFTR and ENaC (44). CFTR mutation 

leads to increased sodium and water absorption, which in turn decreases ASL 

volume, resulting in impaired sputum clearance (45). Individuals with CF 

therefore accumulate large volumes of sputum in their lungs, which serves as a 

physical and growth substrate for bacteria (46). Generally, individuals with CF 

are transiently colonized by a variety of pathogens, including Haemophilus 

influenzae, Staphylococcus aureus, and P. aeruginosa, during their childhood 

(47). For reasons still not fully understood, there is an eventual transition from 

repeat acute infections to chronic colonization, when P. aeruginosa becomes the 
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primary infecting bacterium; ~80% of adults with CF are chronically colonized by 

P. aeruginosa (2, 47, 48). A single P. aeruginosa clone dominates the infection 

and persists despite antibiotic therapy, a strong host immune response, and 

competing microbes (49). Chronic P. aeruginosa colonization leads to tissue 

damage and declining lung function, eventually resulting in respiratory failure 

(12). While therapeutic advances over the last 30 years have increased the 

average lifespan of an individual with CF from 14 to 35 years, P. aeruginosa 

respiratory infections still remain difficult to eradicate and can last for decades 

(49). Ultimately, P. aeruginosa is the primary cause of morbidity and mortality in 

CF patients. 

 

1.2.4 The CF lung environment 

 

The CF lung environment is well characterized in terms of nutritional 

content, oxygen levels, and the host immune response. CF sputum is a complex 

mixture of mucus, host immune factors, dead host cells, and bacteria and 

supports high cell density growth of P. aeruginosa, up to 109 cells ml-1 sputum 

(46, 50, 51). The generation time of P. aeruginosa in vivo is estimated to be 100 

minutes; since infections can last for decades, thousands of generations elapse 

in vivo (52). Nutritionally, CF sputum contains glucose, lactate, ions, and high 

levels of free amino acids, many of which P. aeruginosa can use as carbon and 
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energy sources (53, 54). Gene expression studies and direct oxygen 

measurements have shown that P. aeruginosa respires either aerobically or 

anaerobically within sputum, as O2 gradients arise due to cellular respiration (55, 

56). P. aeruginosa colonization is immunostimulatory, resulting in neutrophil 

infiltration and subsequent secretion of neutrophil elastase and redox active 

molecules, which cause tissue damage and further worsen disease symptoms 

(12).  

 

Currently there are no animal models that recapitulate chronic 

P. aeruginosa CF lung infections, making traits important for in vivo persistence 

difficult to identify via controlled pathogenesis experiments (44). To begin 

overcoming this challenge, our lab developed a synthetic, defined medium that 

mimics the nutritional content of CF sputum (synthetic cystic fibrosis sputum 

medium; SCFM) (53). P. aeruginosa shows similar phenotypes during growth in 

SCFM and CF sputum, indicating that this model is relevant for identifying in vivo 

fitness determinants (51, 53). 

 

1.3 ADAPTATION DURING CHRONIC INFECTION OF THE CF LUNG 

 

P. aeruginosa undergoes phenotypic and genotypic adaptation to the CF 

lung environment during the thousands of generations that elapse in vivo. During 
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the first ~40,000 generations of chronic infection, positive selection occurs, 

followed by a longer period (up to 200,000 generations) of genetic drift (1, 57). 

Unique P. aeruginosa strains isolated from different CF patients acquire similar 

phenotypes, including decreased quorum sensing (58), increased 

exopolysaccharide production (29, 41), decreased motility (59), reduced 

virulence factor production (60), hypermutability (61), and lipopolysaccharide 

modifications (62). Both the evidence for positive selection and parallel 

phenotypic changes are strongly indicative of adaptive evolution in vivo, at least 

during the first ~40,000 generations; however, these studies frequently do not 

link genetic changes to beneficial phenotypes, only single patients/lineages are 

often studied, and only a handful of readily identifiable traits are tested. 

 

1.4 DISSERTATION OBJECTIVES 

 

Since animal models recapitulating P. aeruginosa chronic CF lung 

infections are lacking, other methods for identifying adaptations important for 

maintaining chronic infection are required. The main goals of my dissertation 

research are to 1) use an evolutionary approach to identify P. aeruginosa traits 

undergoing adaptive evolution in vivo and 2) determine the roles these traits play 

in P. aeruginosa persistence. P. aeruginosa CF infections are ideal for evolution 

studies because CF infections often arise from a single strain and chronological, 
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clonal isolates can be obtained from patients. Toward these goals, I have 

obtained a set of 17 clonal, chronological P. aeruginosa isolate sampled from 3 

patients with CF, the details of which are described in Chapter 2. 

 

This dissertation is comprised of 4 chapters. Chapter 1 is an overview of 

P. aeruginosa, CF, and adaptation during chronic infection of the CF lung. 

Chapter 2 is a study examining how P. aeruginosa gene expression changes 

over time during chronic CF lung infection and describes 24 gene expression 

traits likely undergoing adaptive evolution in vivo. Nineteen of these 24 genes 

had not been previously described as important for P. aeruginosa chronic 

infection of the CF lung, and 14 did not have characterized functions. Chapter 3 

expands on the roles these 14 genes play in P. aeruginosa physiology, linking 

genotype to phenotype. Data demonstrating that a subset of these genes 

enhances biofilm formation via up-regulation of Psl expolysaccharide production 

is presented. In Chapter 4, I discuss the conclusions from my studies on adaption 

of P. aeruginosa during chronic CF lung infections and propose several future 

directions for my research. 
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Chapter 2: Parallel evolution in Pseudomonas aeruginosa over 
39,000 generations in vivo1 

 

2.1 INTRODUCTION 

 
Pathogenic microbes, including those that cause HIV/AIDS, tuberculosis, 

and malaria, can remain closely associated with their hosts for decades. While 

much has been learned about microbial evolution from long-term in vitro 

experiments (63), less is known about pathogen evolution during chronic 

infection. Pseudomonas aeruginosa, a ubiquitous Gram-negative bacterium, is a 

common cause of chronic illness in individuals with the heritable disease cystic 

fibrosis (CF), where it is the leading cause of morbidity and mortality (12). Upon 

infection, individuals with CF are unable to clear P. aeruginosa from the lungs, 

where it grows to high cell densities despite competing microorganisms, a strong 

host immune response, and antibiotic treatment (12). Several important features 

make P. aeruginosa CF lung infections suitable for studying microbial evolution in 

vivo. First, a single clone can colonize a CF patient for over a decade (49), 

enabling the study of chronological clonal isolates. In addition, much is known 

about the growth environment of the CF lung, including carbon source 

availability, oxygen content, and in vivo growth rates (46, 51-54, 56, 64). 

 

                                            
1 This chapter was adapted from the following reference (93, Copyright © American Society for 
Microbiology, mBIO, 1(4):e00199-10. doi:10.1128/mBIO.00199-10). 
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Previous studies have proposed that P. aeruginosa undergoes adaptive 

evolution in the CF lung primarily based on two observations: 1) the high ratio of 

nonsynonymous to synonymous mutations (1) and 2) isolates from chronic 

infections evolve similar phenotypes including: formation of small colonies on 

agar (small colony variants or dwarf strains) (41, 65); over-production of alginate 

exopolysaccharide (mucoid strains) (30, 65); quorum sensing deficiency (1, 58); 

motility reduction (59, 66); altered lipopolysaccharide (62); reduced virulence 

factor expression (60, 67); and hypermutation (61). However, it is unclear how 

global changes in gene expression mediate these ‘CF-evolved’ phenotypes.  

 

Transcriptional profiling has been used to identify potential adaptive traits 

in two similarly-grown E. coli lineages after 20,000 generations (68). Based upon 

the success of these in vitro experiments, I hypothesized that transcriptional 

profiling would identify potential adaptive expression traits in P. aeruginosa 

lineages that evolved in vivo. As gene expression profiling has not been 

performed on P. aeruginosa strains obtained from multiple CF individuals, I 

conducted transcriptomic analyses on 17 chronological, clonal isolates collected 

over 3 months to 8 years from 3 CF patients. This reflects approximately 1,200-

39,000 generations based on a previously estimated P. aeruginosa doubling time 

of 100 minutes in the CF lung (52). These studies reveal that parallel changes in 

gene expression occur during in vivo evolution, and P. aeruginosa uses multiple 

pathways to establish chronic infection. 



 13 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Isolate collection and genetic analyses  

 
Clonal isolates of P. aeruginosa were collected and clonally purified from 3 

CF patients at the British Columbia’s Children’s Hospital, Shaughnessy Hospital, 

or St. Paul’s Hospital, Vancouver, British Columbia, as previously described (59). 

Briefly, P. aeruginosa was isolated from sputum or throat samples and plated on 

Columbia agar supplemented with 5% sheep’s blood, MacConkey agar, or 

chocolate agar. Based on morphology, isolates were characterized as classic 

(C), dwarf (D), or mucoid (M) (65). Isolates A1, B1, and Ca2 were collected from 

respiratory sites, and the remaining isolates were collected from the throat or 

sputum (Table 2.1 and Supplemental Table S12). Isolates were sub-cultured onto 

Columbia blood agar, re-suspended in 2 ml Mueller-Hinton broth with 8% 

dimethyl sulfoxide (DMSO), and stored at -75°C. To confirm that the isolates 

were P. aeruginosa, they were plated on a selective medium, FC agar (69). 

Genomic DNA extraction and genetic typing were carried out as previously 

described (49). P. aeruginosa isolates were typed using Random Amplified 

Polymorphic DNA (RAPD) typing using primer 272 (49). All isolates from each 

                                            
2 Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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individual are clonal except for Patient C, where a strain replacement occurred 

between 1983 and 1987 (Table 2.1). For clarity, clonal isolates from individuals 

A, B, and C will be referred to as clonal groups A, B, Ca, and Cb. Isolates 

collected from patient C are split into 2 clonal groups, Ca and Cb, due to the 

aforementioned strain replacement. Chronological isolates from each clonal set 

will be designated by the patient letter (A, B, Ca, Cb) along with the temporal 

order of isolation. For example, A1 designates the first isolate collected from 

individual A, A2 was the next isolate, and A3.1 and A3.2 were isolated on the 

same date but displayed different morphologies (Table 2.1). 
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Table 2.1 Pseudomonas aeruginosa isolates from 3 individuals with cystic 
fibrosis. 

Isogenic 
group 

Label Sample 
ID 

Isolation 
Date 

Morphology Source RAPD 
type 

A A1 C2773C 3/26/88 Classic Unknown A027 
  A2 C3470C 10/17/89 Classic Throat A027 
  A3.1 C3639M 2/27/90 Mucoid Sputum A027 
  A3.2 C3640D 2/27/90 Dwarf Sputum A027 
  A4 C4278M 7/3/91 Mucoid Sputum A027 
B B1 C1913C 10/18/86 Classic Unknown A055 
  B2.1 C4218C 5/14/91 Classic Sputum A055 
  B2.2 C4219D 5/14/91 Dwarf Sputum A055 
  B2.3 C4220M 5/14/91 Mucoid Sputum A055 
  B3.1 C5912M 6/8/94 Mucoid Sputum A055 
  B3.2 C5913C 6/8/94 Classic Sputum A055 
  B3.3 C5914M 6/8/94 Mucoid Sputum A055 

Ca Ca1 C0324C 11/18/82 Classic Sputum A0097a 
  Ca2 C0476M 2/17/83 Mucoid Sputum A0097a 

Cb Cb1 C2159M 1/19/87 Mucoid Sputum A097 a 
  Cb2 C3488D 11/9/89 Dwarf Sputum A097 a 
  Cb3 C5623M 1/7/94 Mucoid Sputum A097 a 

a Ca and Cb isolates were samples from the same individual, but they are 
different isogenic groups (confirmed by RAPD assay and pulse-field gel 
electrophoresis, data not shown).   
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2.2.2 P. aeruginosa annotation 
 

All analyses were based on the P. aeruginosa PAO1 annotation 

(PseudoCAP, http://www.pseudomonas.com; 2009-November-23 version). To 

exclude PAO1 strain-specific genes, a conserved gene set was defined using 4 

P. aeruginosa genomes maintained at PseudoCAP (PAO1, PA14, PA7 and 

LESB58) and based on the reciprocal best BLAST hit method. 5,465 PAO1 

genes (out of 5,569 PAO1 genes; 4,699 genes were conserved among all 4 

strains) that have at least one ortholog in the other 3 strains were identified; 

these were considered for further analyses (Supplemental Table S23). To assign 

microarray probesets to these genes, probe sequences were downloaded from 

the Affymetrix website (http://www.affymetrix.com/Auth/analysis/downloads/data/) 

and mapped to the P. aeruginosa PAO1 genome (GenBank accession 

NC002516.2) by Exonerate (Version 2.20) (70). After discarding probes that were 

not uniquely mapped on the genome, probes were re-mapped to P. aeruginosa 

PAO1 cDNA sequences (PseudoCAP 2009-November-23 Version). If less than 

12 probes or more than 14 probes in a probeset were mapped to a gene, it was 

discarded, since each gene is represented by 13 unique probes. Thus, a total of 

                                            
3  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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5,391 coding genes were considered in microarray data analyses (Supplemental 

Table S34). 

 

2.2.3 Expression profiling with Affymetrix microarrays  

 
Microarray analyses were performed in duplicate on clonal isolates from 3 

different individuals with CF. These analyses included the following strains: A1, 

A2, A3.1, A3.2, A4 (Individual A), B1, B2.1, B2.2, B2.3, B3.1, B3.2, B3.3 

(Individual B), Ca1, Ca2, Cb1, Cb2, Cb3 (Individual C), UCBPP-PA14 (PA14), 

and PAO1. Clinical isolates and the reference strains PA14 and PAO1 (51) were 

routinely grown on Difco blood agar base (BD Sciences) supplemented with 5% 

sheep’s blood (Remel) or brain heart infusion agar (Fisher). All GeneChip 

experiments were performed in synthetic cystic fibrosis sputum medium (SCFM), 

which mimics the nutritional environment of the CF lung (53). Bacterial growth in 

liquid media (25 ml in a 250 ml flask) was monitored by measuring the optical 

density at 600 nm (OD600) during growth at 37°C with shaking at 250 revolutions 

per minute (rpm). 

 

Global gene expression profiling was carried out as previously described 

(51, 71) with minor modifications. P. aeruginosa isolates were grown in SCFM 

                                            
4  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 



 18 

and cells were harvested during exponential phase (OD600 of 0.4-0.5). Cultures 

were mixed 1:1 with RNAlater (Ambion), an RNA stabilizing agent. RNA was 

isolated using the RNeasy mini kit (Qiagen), and cDNA was prepared for 

Affymetrix GeneChip microarray analyses as previously described (51, 71). PCR 

amplification of the P. aeruginosa rplU gene was used to detect DNA 

contamination using the primers rplU-For (5’-CGCAGTGATTGTTACCGGTG-3’) 

and rplU-Rev (5’-AGGCCTGAATGCCGGTGATC-3’) (72, 73). To assess RNA 

integrity, samples were subjected to agarose gel electrophoresis. GeneChips 

were washed, stained, and scanned using an Affymetrix fluidics station at the 

University of Iowa DNA core facility. 

 

2.2.4 Microarray analyses  

 
Microarray .CEL files were preprocessed using the RMA method within 

the affy package (Version 1.18.2) in R (Version 2.8.1) with default options (PM 

probe specific correction, quantile normalization, and expression measure by 

median polish) (74). Hierarchical clustering analysis was performed with these 

signals after summarizing two signals from biological replicates by their mean 

and tested by both Euclidean distance and Spearman correlation coefficient as 

similarity measures.  
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Gene expression differences were evaluated by a linear model, 

implemented on the limma package in R (Version 2.16.5) (75). If the maximum 

signal of the probeset among all isolates was less than 100, it was not 

considered in the analyses. Genes were considered as significantly differentially 

expressed if they were greater than 2-fold changed and the false discovery rate 

(FDR) less than 0.05. Differentially expressed genes between clonal groups 

(Supplemental Table S45) were identified with the following 2 steps: 1) the 

expression levels of all isolates in the same clonal group were compared to those 

in another clonal group; 2) genes were considered differentially expressed 

between the two groups based on an FDR of less than 0.05 and a fold change 

greater than 2.0. Differentially expressed genes over time within clonal groups 

(Supplemental Table S66) were identified as follows: 1) the gene expression 

levels of all isolates from each clonal group were compared to the ancestor; 2) 

genes were considered differentially expressed based on an FDR of less than 

0.05 and a fold change greater than 2.0; 3) genes that changed in opposite 

directions compared to the ancestors (i.e., up-regulated in the intermediate 

isolate, down-regulated in the late isolate) were discarded; 4) if the level of gene 

expression was significantly different in any isolate within the same group, it was 

selected; 5) if a gene was differentially expressed in both the intermediate and 

                                            
5  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
6  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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the late isolates, it was selected. ANOSIM tests were conducted by using vegan 

(http://vegan.r-forge.r-project.org/) package in R (76). 

 

All microarray data are available at the NCBI GEO database (GSE21966). 

Web supplemental is available at 

http://www.marcottelab.org/index.php/PSEAE_CF.2010. 

 

2.3 RESULTS 

 

In order to identify gene expression changes that occur during chronic 

infection, transcriptional profiling was carried out on clonal P. aeruginosa isolates 

collected from 3 CF patients (Figure 2.1). I hypothesized that these analyses 

would reveal how different molecular processes are coordinated to establish 

long-term infection. Clonal isolates were collected between 3 months and 8 years 

after chronic colonization. Individuals A, B, and C harbored unique P. aeruginosa 

clones (Figure 2.1). A strain replacement occurred in individual C between 1983 

and 1987, so these isolates are divided into clonal groups Ca and Cb. 

  



 21 

 

Figure 2.1 Pseudomonas aeruginosa isolates from 3 individuals with CF. 

 
Note that the Ca and Cb clonal groups are isolated from the same individual, 
though they are different clonal groups (confirmed by RAPD analysis and pulse-
field gel electrophoresis, data not shown). Time is from initiation of chronic 
colonization. See Materials and Methods for isolate nomenclature. 
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2.3.1 Microarray analyses 

 

The Affymetrix P. aeruginosa GeneChip is designed from the PAO1 

genome, therefore it may be argued that the changes observed reflect genetic 

variations between isolates rather than gene expression changes. However, a 

number of factors do not support this claim. First, the P. aeruginosa GeneChip is 

designed to capture genes using 13 unique 25-mer probes. Therefore, small 

variations (such as single nucleotide polymorphisms) would not be significant 

after probe summarization. Second, only genes that have orthologs in four other 

P. aeruginosa genomes (see Materials and Methods) were considered, so genes 

that are variable between P. aeruginosa strains were not included in these 

analyses. Third, the same microarray platform has been used successfully to 

assess genomic content of various P. aeruginosa isolates, including 

environmental and CF isolates (77). Based on genomic DNA hybridization to the 

PAO1 GeneChip, it was reported that between 96.1%-97.7% of the 

P. aeruginosa genome is conserved, including almost all known virulence factors 

(77). These data suggest that the PAO1 GeneChip is able to capture the 

conserved region of each gene in most P. aeruginosa strains. Finally, the data 

was analyzed using the Affymetrix MAS5 algorithm, which calls the presence or 

absence of target cDNAs based on the distribution of perfect match and 

mismatch probe signals. If these observations were derived from mutations that 

accumulated over time, a high incidence of absence calls in the late strains 
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compared to early strains would have been observed. However, this trend did not 

occur (Table S67). These results clearly show that the observations reflect gene 

expression changes rather than genetic changes. 

 

 

 2.3.2 Clonal isolates cluster by patient 

 
To view the global features of the transcriptomic data, hierarchical 

clustering of microarray signals obtained from each isolate was conducted. Two 

similarity measurements, Spearman correlation coefficient and Euclidean 

distance, were used to overcome bias that can occur with only one similarity 

measurement. Overall, transcriptomic clustering (Figure 2.2) clearly showed that 

isolates clustered by clonal group (ANOSIM P=0.001) rather than by 

morphological phenotype (ANOSIM P=0.263) or time within the CF lung 

(ANOSIM P=0.09). Similar results were obtained with both clustering methods. 

These data indicate that despite growth in the lungs for thousands of 

generations, P. aeruginosa isolates collected at later time points, at least in 

regard to gene expression, resemble the first isolate (ancestral progenitor) more 

than isolates from other individuals. 

 

                                            
7  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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Figure 2.2 Hierarchical clustering of microarray data. 

 
Normalized raw microarray signals of 5,391 genes (mean of two biological 
replicates) were used for clustering. Clusters of each clonal group were not 
dependent on similarity measurement method, as indicated by both (A) 1.0 - 
Spearman correlation coefficient and (B) Euclidean distance. 
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2.3.3 Multiple solutions exist for establishing chronic infection 

 

Transcriptional profiling showed that clonal groups are highly similar, but 

some differences exist that account for each group clustering by patient. In order 

to identify these differences, clonal groups (including ancestor strains) were 

compared to each other. Clonal group A differentially expressed 65 genes, clonal 

group B differentially expressed 58 genes, clonal group Ca differentially 

expressed 119 genes, and clonal group Cb differentially expressed 99 genes 

(Table S48). A majority of these genes were involved in virulence, quorum 

sensing, alginate production, branched chain amino acid metabolism, and motility 

(Figure 2.3). These data suggest that in regard to gene expression, multiple 

solutions exist for establishing chronic infection in the CF lung. 
  

                                            
8  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 



 26 

 
 

Figure 2.3 Microarray heatmap for differentially expressed genes between 
groups. 

The numbers in each title represent the number of clonal group specific genes 
presented on the heatmap and total number of clonal group specific genes, 
respectively. (A) Differentially expressed genes in Clonal group A. (B) 
Differentially expressed genes in Clonal group B. (C) Differentially expressed 
genes in Clonal group Ca. (D) Differentially expressed genes in Clonal group Cb. 
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2.3.4 Ancestor strains are early colonizers of the CF lung 

 
Based on patient age, genetic typing, and colony morphology, the ancestors 

were most likely the first chronically established strains within each individual. 

However, these strains may have undergone adaptation before their collection. In 

order to show that ancestral strains had not already undergone significant 

adaptation to the CF lung, ancestor strains A1, B1, and Ca1 were compared to 

the laboratory reference strain, PA14. PA14 is an acute burn wound isolate that 

has undergone minimal passage in the laboratory and maintains many of its 

original traits, making it a valuable non-CF reference strain. Ancestors A1, B1, 

and Ca1 differentially regulated 228, 181, and 265 genes, respectively, 

compared to PA14 (Supplemental Table S59). In contrast, late isolates showed 

more than 600 differentially regulated genes compared to PA14. These results 

suggest that the ancestral strains show moderate gene expression changes 

compared to PA14, but since later isolates showed approximately 3-fold more 

differences, the ancestors are still adapting to the CF lung. Strain Cb1 exhibited 

an adaptive phenotype, mucoidy, and is likely not the original ancestor of 

subsequent isolates, although this strain does display adaptation (see below).  

 

                                            
9  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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2.3.5 Clonal groups exhibit parallel gene expression changes 

 
Next, gene expression differences were examined within each lineage by 

comparing transcriptomes of all isolates within each clonal group to their 

ancestor (Figure 2.4 and Table S610). Differentially expressed genes that were 

maintained throughout infection compared to each ancestor were identified. 

Isolates within clonal group A differentially regulated 76 genes; these changes 

were maintained over 3 years. 441 changes were maintained over 8 years in 

isolates from clonal group B. Clonal group Ca differentially regulated 37 genes 

over three months, while clonal group Cb differentially regulated 281 genes over 

7 years. These results indicate that 1-8% of P. aeruginosa genes displayed 

expression differences after chronic infection within the CF lung.  

  

                                            
10  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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Figure 2.4 Microarray heatmap for the fold-change ratio of chronic isolate to 
ancestor strain within each clonal group. 

All strains in each clonal group were compared to their ancestor (initial strain) 
and evaluated for significant changes in gene expression (> 2-fold change, FDR 
< 0.05). Numbers used to generate this heatmap are the mean log2 fold-change 
ratio of chronic isolate to ancestor strain within each clonal group. 
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Although the CF lung environment likely differs between individuals, I 

hypothesized that due to strong selective pressures in all patients (immune 

response, treatment, and consistent nutritional environment), P. aeruginosa 

isolates from different patients would display common changes in gene 

expression. To test the hypothesis that common adaptations occur during chronic 

infection of the CF lung, the above within-group analyses were compared and a 

set of genes that were differentially expressed within all 3 lineages was identified 

(Table 2.2). Clonal group Ca evolved over a short time period, 3 months; 

therefore, it was excluded from the analysis. 24 genes commonly changed over 

time in clonal groups A, B, and Cb. Importantly, these genes changed in the 

same direction across all 3 lineages. 9 genes were down-regulated and 15 were 

up-regulated. Half of the down-regulated genes encoded proteins of unknown 

function, while the remaining were involved in Type 4 fimbriae biogenesis. 10 

genes encoding proteins of unknown function were up-regulated. The other up-

regulated genes were: 2 outer membrane proteins (PA1048, OsmE), PA4880 

(probable bacterioferritin), phaF (polyhydroxyalkanoate synthesis protein PhaF) 

and PA1562 (aconitase A). Additionally, 88 genes were commonly regulated in at 

least 2 lineages (Figure 2.5 and Table S611). Many of these were involved in 

flagellar biosynthesis, pili biosynthesis, and polyamine transport. The appearance 

of similar alterations in gene expression patterns, particularly changes in the 

                                            
11  Supplemental tables are available at http://mbio.asm.org/content/1/4/e00199-10.full and 
http://www.marcottelab.org/index.php/PSEAE_CF.2010. 
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same direction, suggests P. aeruginosa undergoes parallel evolution in the CF 

lung. 
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Table 2.2 Genes exhibiting parallel expression changes in three clonal groupsa. 

Geneb Function or classb Expressionc Average Fold 
Changed 

PA0045 hypothetical protein Decrease 6.42 
PA0046 hypothetical protein Decrease 6.50 
PA0047 hypothetical protein Decrease 7.25 
PA0411|pilJ type 4 fimbrial biogenesis protein  Decrease 2.93 
PA5041|pilP type 4 fimbrial biogenesis protein  Decrease 3.91 
PA5042|pilO type 4 fimbrial biogenesis protein  Decrease 4.76 
PA5043|pilN type 4 fimbrial biogenesis protein  Decrease 4.53 
PA5044|pilM type 4 fimbrial biogenesis protein  Decrease 3.11 
PA5139 hypothetical protein Decrease 6.16 

PA1048 probable outer membrane 
protein precursor Increase 2.95 

PA1106 hypothetical protein Increase 4.51 

PA1323 hypothetical protein Increase 17.11 
PA1324 hypothetical protein Increase 7.93 
PA1471 hypothetical protein Increase 32.69 
PA1562|acnA aconitase Increase 4.31 
PA1592 hypothetical protein Increase 3.63 
PA2485 hypothetical protein Increase 9.45 
PA2779 hypothetical protein Increase 12.68 
PA3040 conserved hypothetical protein Increase 4.29 
PA3691 hypothetical protein Increase 10.60 
PA4876|osmE osmotically inducible lipoprotein  Increase 7.74 
PA4880 probable bacterioferritin Increase 9.54 

PA5060|phaF polyhydroxyalkanoate synthesis 
protein  Increase 3.13 

PA5178 conserved hypothetical protein Increase 8.82 
a Only genes which have: greater than 2-fold changes in mRNA levels compared 
to each ancestor strain (FDR < 0.05); changed in clonal groups A, B, and Cb; 
and maintained changes over time, are listed in this table.  
b From www.pseudomonas.com 
c mRNA levels of late strains compared to ancestor strain within each clonal 
group. Increase indicates mRNA levels were higher and decrease indicates 
mRNA levels were lower in late strains. 
d Average fold-change compared to ancestor strains.  
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Figure 2.5 Venn diagram for gene expression overlap amongst 3 clonal groups.  

 
(+) indicates genes that are positively regulated and (-) indicates genes that are 
negatively regulated over time. P-value between two clonal groups was 
calculated by hypergeometric test. 
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2.4 DISCUSSION 

 
The goal of this study was to identify adaptive expression traits of 

P. aeruginosa during chronic CF lung infection. This study is limited by the 

absence of genetic data because specific mutations cannot be correlated with 

gene expression changes, and pleiotropic effects cannot be ruled out. However, 

since genetic mutations can affect gene expression, this study is important for 

understanding the global evolution of P. aeruginosa during chronic infection. 

These transcriptional analyses are the most comprehensive to date. While 

D’Argenio et al. (78) and Hoboth et al. (79) compared transcriptional profiles of 

early and late isolates, they were limited by the number of samples or patients. 

Here, in contrast, chronological, clonal isolates collected from multiple CF 

patients were characterized. 

 

This study identified 24 genes that changed expression in the same 

direction across 3 separate P. aeruginosa lineages. This is striking because 

statistical analyses show that overlap between groups is highly significant (Figure 

2.5; P-value < 10-10), so the probability of seeing 24 genes by random chance is 

very low. Since CF patients can carry diverse populations of P. aeruginosa at any 

given time, one obvious limitation to this study is sampling. However, all 3 late 

isolates recovered on the same date from Patient B (B3.1, B3.2, and B3.3) 

showed 23 of 24 common gene expression changes, which strongly supports 
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parallel evolution. Parallel evolution occurs when two closely related organisms 

independently develop the same adaptive traits due to the nature of their 

environments (80). Parallelism is indicative of adaptive evolution, which has been 

proposed to occur in the CF lung (1). These data are similar to Cooper et al. (68), 

who demonstrated that 2 independently evolving E. coli populations growing 

under similar laboratory conditions displayed the same 59 gene expression 

changes after 20,000 generations. Later, Barrick et al. (81) showed that most of 

the 45 mutations occurring in this long-term evolution experiment were beneficial.  

 

Based on these data, I hypothesize that some of the 24 commonly 

regulated genes encode adaptive traits. There are several lines of evidence to 

support this claim. First, strong parallelism is a good indicator of adaptive 

evolution. Second, 5 pili biosynthetic genes were down-regulated over time in all 

3 lineages. It is well documented that pili loss protects P. aeruginosa from 

phagocytosis in vivo by neutrophils in the CF lung; thus pili loss allows 

P. aeruginosa to escape a primary immune component in the CF lung (59, 82-

84). In agreement with the microarray data, late isolates showed a reduction in 

motility compared to early isolates (data not shown). Third, 3 genes previously 

shown to be up-regulated during biofilm growth in vitro were up-regulated over 

time (PA1471, PA4876, and PA1324) while some genes within the 24 are 

required for biofilm growth in vitro (PA5139, PA1592, PA2779, and PA4876) (85-

87). Resistance to antibiotics and host clearance is partly attributed to P. 
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aeruginosa biofilm growth in the CF lung (16, 17, 88). This suggests that 

adaptation to the biofilm lifestyle via differential expression of these genes is 

important for maintaining long-term infections. Finally, three of the 24 genes 

(PA4876, PA1323, and PA1324) were up-regulated in an important 

P. aeruginosa CF isolate, the Liverpool Epidemic Strain (LES), compared to 

laboratory strain PAO1 (89). LES is a particularly virulent P. aeruginosa CF 

strain, so expression of these traits may represent an important adaptation to the 

lung environment.  

 

These results indicate that parallel evolution occurs in the CF lung; 

moreover, these data also show that specific, within-lineage changes are 

important. This seems particularly important for virulence factor expression, as 

different traits were used to establish and maintain infection. Natural selection 

may not be acting on virulence, but instead on some/all of the 24 genes identified 

in this study. The contribution of parallel changes versus within-lineage changes 

is unclear. The number of traits identified as evolving in parallel (24) is smaller 

compared to gene expression changes within lineages (up to 441) and may 

represent only a core set of changes. These data support previous hypotheses 

that P. aeruginosa employs unique evolutionary pathways to establish chronic 

infection (90), and genes required for pathogenicity in one strain may not be 

required or predictive for others (5, 90, 91).  
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In microbes, parallel gene expression changes have only been shown in 

long-term in vitro evolution experiments. This study shows parallel changes in 

gene expression in vivo, up to 39,000 generations. It should be noted that gene 

expression was measured in vitro. While it is well-documented that the medium 

used to grow bacteria in this study (SCFM) closely mimics the nutritional 

environment of the CF lung (53), the number of traits undergoing parallel 

evolution may be under-estimated or some may be expressed only under the 

culture conditions used in this study. It would be ideal to sample P. aeruginosa 

RNA directly from CF sputum, but the extraction process is challenging and 

would reflect species heterogeneity. Finally, 19 genes (of 24) identified in this 

study represent traits that have not been previously identified as adaptive in the 

CF lung and are therefore temporal markers for P. aeruginosa chronic 

colonization. Many of these encode proteins of unknown function, suggesting 

that future studies aimed at understanding the role of these genes could provide 

unique insight into selective pressures in the CF lung.  
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Chapter 3: Pseudomonas aeruginosa enhances production of a 
non-alginate exopolysaccharide during long-term colonization of 

the cystic fibrosis lung 

 

3.1 INTRODUCTION 

 
Chronic infections are an especially difficult healthcare problem because 

pathogens persist in the host despite therapeutic treatment. Due to a genetic 

defect, individuals with the heritable disease cystic fibrosis (CF) are prone to 

chronic, fatal respiratory infections caused by the Gram-negative opportunistic 

pathogen Pseudomonas aeruginosa (12). During chronic infection, P. aeruginosa 

undergoes adaptation in the CF lung, which is thought to enhance the fitness of 

this bacterium in vivo (1, 57). Therefore, identifying fitness traits in chronic CF 

strains is important for designing novel treatment strategies, but this problem is 

challenging because animal models that recapitulate chronic P. aeruginosa CF 

infections do not currently exist. 

 

One means of overcoming this challenge is to utilize an evolutionary 

approach to identify beneficial adaptations. Chronic CF infections are well suited 

for evolutionary studies because they are typically dominated by a single 

P. aeruginosa strain allowing clonal, chronological isolates to be sampled over 

decades-long time periods (49). Beneficial adaptations can be determined by 1) 
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identifying parallel genotypes and phenotypes that arise within multiple 

P. aeruginosa lineages, a strong indicator of adaptive evolution and 2) using 

whole-genome sequencing to identify evidence for positive selection. Indeed, 

phenotypic studies have shown that P. aeruginosa frequently undergoes parallel 

changes in vivo, one of the most well understood being conversion to the mucoid 

phenotype (29). This phenotype is characterized by over-production of the 

exopolysaccharide alginate, which enhances biofilm formation (31). Prevalence 

of mucoid isolates is on average reported as ~41% (49, 58, 59), though one 

study reported 80% (92). These data suggest that other important adaptive traits 

likely arise in vivo. Additionally, genome sequencing has demonstrated 

adaptation occurring during the first 40,000 of up to 200,000 generations in vivo 

(1, 57). This initial period of adaptation is followed by a longer period of genetic 

drift (57), suggesting that adaptive traits are likely to arise during initial phases 

(~40,000 generations) of chronic infection. 

 

In Chapter 2, I used an evolutionary approach to identify P. aeruginosa 

gene expression traits likely undergoing adaptive evolution in vivo (93). 

P. aeruginosa was chronologically sampled from 3 CF patients, ranging from the 

first infecting bacterium (the ancestor) to ~40,000 generations post-infection. By 

comparing gene expression profiles of early and late isolates sampled from 

multiple patients, 24 parallel gene expression changes that occurred over time 

within each lineage were identified. These data strongly indicate that these gene 
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expression traits are undergoing adaptive evolution and therefore benefit the 

bacterium during chronic infection. 

 

Of these 24 genes, 15 were up-regulated in chronic isolates compared to 

their ancestor; however, the phenotypic consequences associated with these 

gene expression changes were unclear. Several of these genes were previously 

associated with biofilm formation, a sessile mode of growth prominent in the CF 

lung presumably due to its protective effects against antibiotics and host 

defenses (17, 85-87). I therefore hypothesized that a portion of these genes 

would promote enhanced biofilm formation. To test this hypothesis, I performed a 

gain-of-function screen to determine the impact of these up-regulated genes on 

biofilm formation. The results from this screen reveal that expression of 4 genes 

and 2 operons increases biofilm formation via enhancing levels of the 

P. aeruginosa exopolysaccharide Psl. One of the genes, the transcriptional 

regulator phaF, enhances Psl levels via a post-transcriptional mechanism, while 

the other genes enhance Psl production but do not affect either psl transcription 

or translation. Finally, I show that within the first ~40,000 generations of chronic 

infection, Psl production increases in ~72% of chronic CF isolates compared to 

their ancestor. These data indicate that enhanced production of Psl is an 

important adaptation during the first ~40,000 generations of P. aeruginosa growth 

in the CF lung and that multiple pathways evolved to impact this trait. 
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3.2 MATERIALS AND METHODS 

 

3.2.1 Bacterial strains and growth media 

 
The bacterial strains used in this study are listed in Tables 3.1 and 3.2. 

Escherichia coli was routinely grown on Luria-Bertani medium at 37°C. 

P. aeruginosa strains were grown at 37°C on tryptic soy broth/agar medium, 

morpholinepropanesulfonic acid (MOPS)-buffered medium (50 mM MOPS [pH 

7.2], 93 mM NH4Cl, 43 mM NaCl, 3.7 mM KH2PO4, 1 mM MgSO4, and 3.5 µM 

FeSO4 � 7H2O) supplemented with 0.5% glucose and 0.5% casamino acids or 

synthetic cystic fibrosis sputum medium (SCFM) (53). When applicable, 

antibiotics were used at the following concentrations: 10 µg ml-1 and 25 µg ml-1 

gentamicin for maintenance and selection, respectively, in E. coli and 50 µg ml-1 

and 100 µg ml-1 gentamicin for maintenance and selection, respectively, in 

P. aeruginosa. 
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Table 3.1 P. aeruginosa clinical isolates used in this study 

Patient Label Sample 
ID 

Isolation 
Date 

Days 
in vivo 

Colony 
morphology 

RAPDa 
type 

Generations 
in vivob Reference 

A A1 C2773C 3/26/88 0 Classic A027 0 (93) 

A A2 C3470C 10/17/89 570 Classic A027 8,208 (93) 

A A3.1 C3639M 2/27/90 703 Mucoid A027 10,123 (93) 

A A3.2 C3640D 2/27/90 703 Dwarf A027 10,123 (93) 

A A4 C4278M 7/3/91 1194 Mucoid A027 17,194 (93) 

B B1 C1913C 10/18/86 0 Classic A055 0 (93) 

B B2.1 C4218C 5/14/91 1669 Classic A055 24,034 (93) 

B B2.2 C4219D 5/14/91 1669 Dwarf A055 24,034 (93) 

B B2.3 C4220M 5/14/91 1669 Mucoid A055 24,034 (93) 

B B3.1 C5912M 6/8/94 2790 Mucoid A055 40,176 (93) 

B B3.2 C5913C 6/8/94 2790 Classic A055 40,176 (93) 

B B3.3 C5914M 6/8/94 2790 Mucoid A055 40,176 (93) 

C Cb1 C2159M 1/19/87 0 Mucoid A097 0 (93) 

C Cb2 C3488D 11/9/89 1025 Dwarf A097 14,760 (93) 

C Cb3 C5623M 1/7/94 2545 Mucoid A097 36,648 (93) 

D D1 C3881C 8/28/90 0 Classic A181 0 This study 

D D2.1 C4197D 5/7/91 252 Dwarf A181 3,629 This study 

D D2.2 C4198C 5/7/91 252 Classic A181 3,629 This study 

D D3.1 C6926M 2/6/96 1988 Mucoid A181 28,627 This study 

D D3.2 C6927C 2/6/96 1988 Classic A181 28,627 This study 

D D4.1 C7514E 3/18/97 2394 Entire A181 34,474 This study 

D D4.2 C7515D 3/18/97 2394 Dwarf A181 34,474 This study 
aRandom Amplification of Polymorphic DNA; demonstrates clonality of isolates  
bAs determined by a 100 minute in vivo generation time (52) 
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Table 3.2 Strains and plasmids used in this study 

Strain or plasmid Genotype Reference 
  

pJN105 araC-pBAD cloned in pBBR1MCS-5; Gmr (97) 
PA1048 PA1048 cloned in pJN105 This study 
PA1106 PA1106 cloned in pJN105 This study 
PA1323-24 PA1323 and PA1324 cloned in pJN105 This study 
PA1471 PA1471 cloned in pJN105 This study 
acnA acnA cloned in pJN105 This study 
PA1592 PA1592 cloned in pJN105 This study 
PA2485-86 PA2485 and PA2486 cloned in pJN105 This study 
PA2779-78 PA2779 and PA2778 cloned in pJN105 This study 
PA3040-42 PA3040, PA341, and PA3042 cloned in pJN105 This study 
PA3691-92 PA3691 and PA3692 cloned in pJN105 This study 
PA4875-76 PA4875 and PA4876 cloned in pJN105 This study 
PA4880 PA4880 cloned in pJN105 This study 
phaF phaF cloned in pJN105 This study 
PA5178 PA5178 cloned in pJN105 This study 
pEX18Gm Gene replacement vector, Gmr (94) 
pEX18pslA pslA deletion vector, Gmr This study 
mini-CTX-lacZ::PpslA TR0 full length psl-lacZ transcriptional fusion (95) 
mini-CTX-lacZ EB::PpslA 
TR0 full length psl-lacZ translational fusion (95) 

   E. coli   

DH5α 
endA1 hsdR17 supE44 thi-1 recA1 Δ(lacZYA-argF) 
U169, deoR [Φ80dlac Δ(lacZ)M15] endA1 
gyrA96(nalR) thi-1 recA1 relA1 lac glnV44    

XL1Blue F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15] hsdR17(rK
-mK+) Stratagene 

   P. aeruginosa   PA14 Wild-type  PA14 pJN105 PA14 carrying pJN105 This study 
PA14 phaF PA14 carrying phaF-pJN105 This study 
PAO1 Wild-type  PAO1 pJN105 Wild-type PAO1 carrying pJN105 This study 
PAO1 phaF Wild-type PAO1 carrying phaF This study 
PAO1 PA1048 Wild-type PAO1 carrying PA1048 This study 
PAO1 PA1106 Wild-type PAO1 carrying PA1106 This study 
PAO1 PA1323-24 Wild-type PAO1 carrying PA1323-24 This study 
PAO1  PA1471 Wild-type PAO1 carrying PA1471 This study 
PAO1 acnA Wild-type PAO1 carrying acnA This study 
PAO1 PA1592 Wild-type PAO1 carrying PA1592 This study 
PAO1 PA2485-86 Wild-type PAO1 carrying PA2485-86 This study 
PAO1 PA2779-78 Wild-type PAO1 carrying PA2779-78 This study 
PAO1 PA3040-42 Wild-type PAO1 carrying PA3040-42 This study 
PAO1 PA3691-92 Wild-type PAO1 carrying PA3691-92 This study 
PAO1 PA4875-76 Wild-type PAO1 carrying PA4875-76 This study 
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Table 3.2 continued 
PAO1 PA4880 Wild-type PAO1 carrying PA4880 This study 
PAO1 PA5178 Wild-type PAO1 carrying PA5178 This study 
WFPA800 psl operon promoter deletion mutant in PAO1 (26) 
WFPA800 pJN105 WFPA800 carrying pJN105 This study 
WFPA801 psl-inducible strain, Δpsl/PBAD-psl (26) 
ΔpslA clean deletion of pslA in PAO1 This study 
ΔpslA pJN105 ΔpslA carrying pJN105  This study 
ΔpslA phaF-pJN105 ΔpslA carrying phaF-pJN105 This study 
PAO1 mini-CTX-
lacZ::PpslA TR0 

PAO1 with chromosomal pslA-lacZ transcriptional 
fusion  This study 

PAO1 mini-CTX-lacZ 
EB::PpslA TR0 

PAO1 with chromosomal pslA-lacZ translational 
fusion This study 

PAO1 mini-CTX-
lacZ::PpslA TR0 pJN105 

PAO1 with chromosomal pslA-lacZ  transcriptional 
fusion carrying pJN105 This study 

PAO1 mini-CTX-
lacZ::PpslA TR0 phaF-
pJN105 

PAO1 with chromosomal pslA-lacZ  transcriptional 
fusion carrying phaF-pJN105  This study 

PAO1 mini-CTX-lacZ 
EB::PpslA TR0 pJN105 PAO1 with chromosomal psl-lacZ carrying pJN105 This study 

PAO1 mini-CTX-lacZ 
EB::PpslA TR0 phaF-
pJN105  

PAO1 with chromosomal pslA-lacZ carrying phaF-
pJN105 This study 
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3.2.2 DNA manipulations and strain construction 

 
The primers used in this study are listed in Table 3.3. Standard methods 

were used for DNA and plasmid manipulations. A non-polar deletion of pslA in 

PAO1 was constructed using allelic replacement and sacB counter-selection as 

previously described (94). pslA-lacZ transcriptional and translational fusions were 

a generous gift from Dr. Yasuhiko Irie and were introduced onto the chromosome 

at the attB site as previously described (95). Allelic replacement and 

chromosomal integrations were confirmed via PCR analyses and DNA 

sequencing. 
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Table 3.3. Primers used in this study. 

Use/primer Sequencea 
 
Expression constructs in pJN105 
 
PA1048-F 
PA1048-R 
PA1106-F 

CGGAATTCTCACTTCCAACGGACCCCGAC 
GACTAGTTCAGTTGCCCTGGGCCAGGGACA 
CGGAATTCCCGCATTACCAGGGGAGAACC 

PA1106-R 
PA1323-24-F 
PA1323-24-R 
PA1471-F 
PA1471-R 
acnA-F 
acnA-R 
PA1592-F 
PA1592-R 
PA2485-86-F 
PA2485-86-R 
PA2779-78-F 
PA2779-78-R 
PA3040-42-F 
PA3040-42-R 
PA3691-92-F 
PA3691-92-R 
PA4875-76-F 
PA4875-76-R 
PA4880-F 
PA4880-R 
phaF-F 
phaF-R 
PA5178-F 
PA5178-R 
 
Deletion of pslA 
 
pslA EcoRI-F 
pslA internal-R 
 
pslA internal-F 
 
pslA KpnI-R 

GACTAGTTCAGAAGAACGGACGCGACGC 
CGGAATTCCATTTTTCAGGGAGCCTCTTC 
GACTAGTTCAGCGGGTCAGCAGCACCTT 
CGGAATTCTGCGGAGGCATCCCTCAAATG 
GACTAGTTCAGCGGTCGTTCTTGGTCGAG 
CGGAATTCGCCGTGAGGAAATCAGAAATG 
GACTAGTTCAGAGCATGCTGCGCAGCAC 
CGGAATTCCCGCACATGGAGGCTAAACG 
GACTAGTCTTATTGCTGGTTCTGTTGC 
CGGAATTCGAGAAAAAAACACGTCATATGG 
GACTAGTTCAGTCGTCGATGCAGCTTTC 
CGGAATTCTTTCACGCAGAGGTCATTCCC 
GACTAGTTCAGCGGGGCGGTGCGCCAAC 
TCCCCGGGGACCAGAGGAGCTCGTCATGC 
GCTCTAGATTCAACGGCCTTTCTGCTTGC 
CGGAATTCCCCTGTCAGAGGAAATTTCCC 
GACTAGTTCAGCCGCTGACGGAGGAGCG 
CGGAATTCTTCGCCATCGGCCCGGGGACC 
GACTAGTTCAGGGGCGGGCGTCGCGCTC 
CGGAATTCCAAGGAGAAAACCGATGACC 
GACTAGTTCAGGCGAGGTCGTCGAGGATG 
CCGGAATTCGAACCCAATAAGGAGAGCAGG 
GACTAGTTCAGCCCTGGCTGCTCGGCG 
CGGAATTCAAAGGGAGAACCAAAGATGGG 
GACTAGTTCACTCGGGAATGCGCAGGAC 
 
 
 
GGAATTCCTGAAGATGCAGCAGCGCTGGGG 
CGGCGTTCATCAGTAGACTTCCTTCTGCCGATCACGGGCAGT
CCATT 
AATGGACTGCCCGTGATCGGCAGAAGGAAGTCTACTGATGA
ACGCCG 
GGGGTACCCGACGATGATCAGGTCGTGCACG 
 

aRestriction endonuclease recognition sequences are underlined. 
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3.2.3 Microtitre dish biofilm assay 

 
Microtiter dish biofilm assays were performed as previously described with 

minor modifications (96). Strains were grown in MOPS minimal media 

supplemented with 0.5% glucose and 0.5% casamino acids. Overnight 

P. aeruginosa cultures were diluted to OD600=1.0 in MOPS minimal medium, and 

5 µl was used to inoculate 95 µl media (final OD600=0.05) in a 96-well polystyrene 

microtiter dish (NUNC). Each well contained a 3 mm borosilicate glass bead for 

aeration. Microtiter dishes were sealed with parafilm and incubated at 37°C with 

250 rpm shaking. Staining with 0.1% crystal violet was performed at 12 h, 

followed by washing and dye solubilization with 33% acetic acid. Absorbance 

was measured at 620 nm. Strains were grown in octuplicate and at least 3 

biological replicates were performed.  

 

3.2.4 Microarray analyses  

 
The empty vector control strain and the phaF over-expression strain were 

grown in 250 ml flasks in 25 ml MOPS minimal media supplemented with 0.5% 

glucose and 0.5% casamino acids. RNA was prepared from cells grown to 

OD600=0.9-1.0. Clinical isolates and PAO1 were grown in SCFM and RNA was 

prepared from cells grown to OD600=0.4-0.5 (93). RNA extraction, cDNA 
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synthesis, hybridization, and downstream data analyses were performed as 

previously described (53, 93). Genes were considered differentially expressed if 

they exhibited a greater than 2-fold change and a false discovery rate (FDR) < 

0.05. 

3.2.5 Psl immunoblots 

 
Psl immunoblots were carried out as previously described with minor 

modifications (38). Stationary phase cultures were diluted to a final OD600=~0.05 

in 5 ml MOPS minimal media supplemented with 0.5% glucose and 0.5% 

casamino acids or SCFM. Cultures were grown for approximately 16 h, and 

either 10 OD equivalents (volume [ml] = 10/culture OD600) or whole cultures were 

harvested. Cell pellets were re-suspended in 100 µl of 0.5 M EDTA, boiled at 

100°C for 30 minutes, and centrifuged. The supernatant fraction was treated with 

proteinase K (final concentration 5 mg/ml) for 1 h at 60°C, followed by 

inactivation for 30 minutes at 80°C. Samples were stored at 4°C for Psl 

immunoblotting. Pelleted lysate was re-suspended in 1 ml 6 M urea and boiled 

for 1 h at 100°C. Protein concentration was measured via Bradford assay (Bio-

Rad). Crude polysaccharide preparations were normalized to equal protein 

concentrations by diluting samples in 0.5 M EDTA. 20-30 µl of polysaccharide 

preparation was spotted onto a nitrocellulose membrane using a dot blot 

apparatus. Blocking was performed in 10% skim milk in TBST (20 mM Tris, 137 
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mM NaCl, 0.1% Tween 20, pH 7.6) followed by probing with α-Psl antisera 

(1:25,000 in TBST) for 45 minutes at 25°C with agitation. After washing, the 

membrane was incubated with horseradish peroxidase (HRP)-conjugated goat 

anti-rabbit secondary antibody (1:10,000 in TBST; Bio-Rad) for 1 h at room 

temperature. The membrane was washed and developed using SuperSignal 

West Dura Extended Duration Substrate following the manufacturer’s instructions 

(Pierce). At least 3 biological replicates were performed for each strain. 

 

3.2.6 β-galactosidase assays 

 
P. aeruginosa strains were grown as described above. 1 ml culture 

aliquots were removed at exponential (OD600=0.5-1.0) and stationary phase (~16 

h) for β-galactosidase measurements. Cells were pelleted, re-suspended in 1 ml 

Z-buffer + 2-mercaptoethanol, lysed with 200 µl chloroform, and equilibrated for 5 

minutes. β-galactosidase activity was measured using the Galacto-Light Plus 

System (Applied Biosystems) and normalized to total protein as measured by 

Bradford assay. 
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3.2.7 Microarray data accession numbers 

 
All microarray data are available at the NCBI GEO database. The 

accession number for the microarrays comparing PAO1 and ancestor clinical 

isolates is GSE21966. The accession number for the microarrays comparing the 

empty vector control strain and the phaF over-expression strain is GSE47173. 

 

3.3 RESULTS 

 

3.3.1 Over-expression of up-regulated genes enhances biofilm formation 

 
In Chapter 2, I identified 24 P. aeruginosa gene expression traits 

undergoing selection within the CF lung (93). Fifteen of the 24 genes were up-

regulated in chronic isolates compared to the ancestor (defined as the 

P. aeruginosa isolate initially establishing the chronic infection), and their roles 

during chronic infection are unknown. Some of these genes are predicted to be 

part of an operon and have been associated with biofilm formation in previous 

studies (85-87). To test the hypothesis that some of these up-regulated 

genes/operons contribute to biofilm formation, I used a genetic approach to test 

for gain-of-function phenotypes. Each gene or operon was introduced into the 

laboratory strain P. aeruginosa PAO1 on a low-copy plasmid and expressed from 
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the arabinose-inducible pBAD promoter (97). This genetic system is relevant for 

studying gain-of-function phenotypes because 1) the pBAD promoter exhibits 

minimal expression without arabinose inducer (97), thereby avoiding non-specific 

cellular responses caused by gene over-expression; 2) the PAO1 genome is 

sequenced and pathways impacting biofilm formation are well characterized; and 

3) microarray analyses showed that expression of the 15 up-regulated genes are 

comparable between PAO1 and ancestral clinical isolates (Table 3.4). I 

conducted these experiments without arabinose since this resulted in an 

approximate 3-4 fold increase in expression, levels similar to those found in 

chronic clinical isolates (Table 3.5). Expression of PA1106, PA1323-24, PA1592, 

PA3691-92, phaF (PA5060), and PA5178 enhanced biofilm formation relative to 

the empty vector control strain (Figure 3.1). While the phenotype is modest, 

similar increases in biofilm formation have been reported (26). As expected, a 

negative control strain unable to initiate attachment, PAO1 ΔpslA pJN105, 

showed a significant biofilm defect (Figure 3.1). Among the genes and operons 

that enhanced biofilm formation, only PA3692 (lptF) and phaF have known or 

proposed functions. PA3692 is involved in adhesion to lung epithelial cells, while 

phaF is a transcriptional regulator of polyhydroxyalkanoate biosynthesis in 

Pseudomonas putida (98, 99). The remaining biofilm-enhancing genes have 

hypothetical functions.  
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Table 3.4 Expression of the 15 up-regulated genes in ancestors from 3 CF 
patients (A1, B1, and C1) compared to PAO1. 

Genea A1 (2773C)b B1 (1913C)b C1 (2159M)b 
PA1048 NC NC NC 
PA1106 NC NC NC 
PA1323 NC NC NC 
PA1324 NC NC NC 
PA1471 NC NC NC 

acnA NC NC NC 
PA1592 NC NC NC 
PA2485 NC NC NC 
PA2486 -26 -23 -12 
PA2778 NC NC NC 
PA2779 NC NC -4 
PA3040 NC NC NC 
PA3041 NC NC NC 
PA3042 NC NC NC 
PA3691 NC NC -5 
PA3692 NC NC NC 
PA4875 NC NC NC 
PA4876 NC NC NC 
PA4880 NC NC NC 

phaF NC NC NC 
PA5178 NC NC NC 

aFrom www.pseudomonas.com 
bFold change in gene expression of the ancestor compared to PAO1. 
Genes were considered differentially expressed if they exhibited > 2-fold 
change and FDR < 0.05; n=2. NC (no change) indicates that the gene was 
not differentially expressed between the ancestor P. aeruginosa CF strains 
and PAO1. 
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Table 3.5 Gene expression in the phaF over-expression strain compared to the 
empty vector control strain. 

Gene/functiona Number of Genes Fold changeb 
phaF 1 3.8 
pslA-O (Psl biosynthesis) 15 NC 
aFrom www.pseudomonas.com 
bFold change in the phaF over-expression strain compared to the empty vector 
control strain. Genes were considered differentially expressed if they exhibited > 
2-fold change and FDR < 0.05; n=2. NC (no change) indicates that the gene(s) 
was not differentially expressed.  
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Figure 3.1 Biofilm formation in wild-type over-expression strains.  

Fold change in biofilm formation of wild-type PAO1 over-expression strains. Bars 
represent the average fold change in biofilm formation compared to the empty 
vector control strain (PAO1 pJN105; dashed line). ΔpslA pJN105, a strain that 
cannot produce Psl, served as a negative control. While fold change in biofilm 
formation is reported for clarity, statistics were performed on absorbance values 
for empty vector control and over-expression strains assayed on the same day. 
At least 3 biological replicates were performed in octuplicate. *, P value < 0.001 
by Student’s t test. Error bars represent standard error of the mean, n=3. 
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3.3.2 Enhanced biofilm formation by P. aeruginosa requires Psl 

 
I next sought to determine the mechanism governing enhanced biofilm 

formation. Although multiple pathways are important for P. aeruginosa biofilm 

formation, I obtained an important clue to the mechanism when one of the 

adapted genes (phaF) was over-expressed in the P. aeruginosa laboratory strain 

PA14. Surprisingly, this strain did not produce more biofilm (Figure 3.2). 

Examination of the PAO1 and PA14 genomes revealed that PA14 does not 

encode the genetic machinery required for production of the exopolysaccharide 

Psl. Since Psl is important for biofilm formation in P. aeruginosa, I hypothesized 

that enhanced biofilm formation of PAO1 over-expressing phaF, and potentially 

the other adapted genes, involves Psl production. To test this hypothesis, I 

expressed the adapted genes/operons in a PAO1 strain that lacks the ability to 

produce Psl (ΔpslA) and tested these strains for biofilm formation (Figure 3.3). As 

in PA14, phaF expression did not enhance biofilm formation in PAO1 ΔpslA. 

Notably, the other 5 strains also did not form more biofilm than the empty vector 

control strain (Figure 3.3), suggesting that these 6 genes/operons enhance 

biofilm formation in a Psl-dependent manner. 
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Figure 3.2 Biofilm formation of PAO1 and PA14 strains carrying the phaF 
expression construct. 

 
(A) Biofilm formation of PAO1 strains carrying the phaF expression construct. (B) 
Biofilm formation of PA14 strains carrying the phaF expression construct. Biofilm 
formation was tested in the empty vector control strain (black bar) and the phaF 
over-expression strain (white bar) as described in the Materials and Methods. At 
least 2 biological replicates were performed in octuplicate. *, P value < 0.001 by 
Student’s t test compared to the empty vector control strain. Error bars represent 
standard error of the mean, n ≥ 16.  
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Figure 3.3 Biofilm formation in ΔpslA over-expression strains.  

Fold change in biofilm formation of ΔpslA over-expression strains. Bars represent 
the average fold change in biofilm formation compared to the empty vector 
control strain, ΔpslA pJN105 (dashed line). While fold change in biofilm formation 
is reported for clarity, statistics were performed on absorbance values for empty 
vector control and over-expression strains assayed on the same day. At least 3 
biological replicates were performed in octuplicate. *, P value < 0.001 by 
Student’s t test. Error bars represent standard error of the mean, n=3. 
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3.3.3 Up-regulated genes induce Psl production 

 
If Psl is required for enhanced biofilm formation in the over-expression 

strains, each should correspondingly produce more Psl. I therefore used 

immunoblot analyses to measure Psl production in all 14 of the over-expression 

strains. First, Psl anti-sera specificity was demonstrated with a strain that cannot 

produce Psl (WFPA800), an arabinose-inducible psl over-expression strain 

(WFPA801), and the wild-type empty vector control strain PAO1 pJN105 (Figure 

3.4) (26). To determine the effect of each gene/operon on Psl production, crude 

polysaccharide extracts from each over-expression strain were subjected to anti-

Psl immunoblot analyses. PAO1 ΔpslA carrying the empty vector served as the 

negative control, and as expected, Psl was not detected (Figure 3.5). As 

predicted from the biofilm results, over-expression strains PA1106, PA1323-24, 

PA1592, PA3691-92, phaF, and PA5178 produced more Psl than the empty 

vector control strain (Figure 3.5). Importantly, increased Psl is not an artificial 

response to gene over-expression, as 8 over-expression strains did not show 

enhanced biofilm formation or Psl production. These data along with the fact that 

enhanced biofilm formation does not occur in ΔpslA suggests that these 6 

genes/operons enhance biofilm formation through increased production of the 

exopolysaccharide Psl.  
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Figure 3.4 Psl anti-sera specificity. 

 
Psl anti-sera specificity was tested on PAO1 control strains grown as described 
in the Materials and Methods. Psl- (strain WFPA800, a deletion of the psl 
promoter in PAO1). pBAD-psl (strain WFPA801, psl promoter is replaced with the 
pBAD promoter in PAO1). PAO1 pJN105 (the wild-type empty vector control 
strain). See Table 3.2 for more strain information. 
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Figure 3.5 Psl production in PAO1 pJN105 and PAO1 over-expression strains as 
measured via Western blot analyses. 

The top panels represent Psl production in the wild-type empty vector control 
strain, PAO1 pJN105, while the bottom panels represent Psl production in the 
over-expression strains, or as in the last bottom panel, the negative control strain 
ΔpslA pJN105. At least 3 biological replicates were performed. 
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3.3.4 phaF regulates Psl production post-transcriptionally 

 
Although over-expression of 6 adapted genes/operons enhanced biofilm 

formation via increased Psl production, it was unclear whether these 

genes/operons acted within the same or different pathways. P. aeruginosa 

regulates Psl both transcriptionally and post-transcriptionally (95, 100), allowing 

us to test whether these genes/operons affect Psl levels via the same pathway. I 

constructed strains containing previously characterized chromosomal pslA-lacZ 

transcriptional or translational fusions (95) and each over-expression construct. 

Compared to the empty vector control strain, none of the over-expression strains 

exhibited altered pslA transcription in either exponential or stationary phase 

(Figure 3.6A). Similarly, over-expression of PA1106, PA1323-24, PA1592, 

PA3691-92, and PA5178 did not affect pslA translation at either growth stage 

(Figure 3.6B). However, over-expression of phaF induced an ~5-fold increase in 

pslA translation during stationary phase (Figure 3.6B). Indeed, microarray 

analyses verified that psl transcription did not change in the phaF over-

expression strain (Table 3.5). These data suggest that these genes/operons are 

affecting Psl levels via at least 2 distinct pathways, as phaF is a positive regulator 

of psl translation and the remaining 5 genes/operons affect Psl production via 

other mechanisms. 
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Figure 3.6 pslA transcription and translation in over-expression strains. 

(A) pslA transcriptional response to gene over-expression. (B) pslA translational 
response to gene over-expression. β-galactosidase activity was measured at 
both exponential (black bars) and stationary phase (white bars). Bars represent 
fold change in pslA transcription or translation compared to the empty vector 
control strain (dashed line). While fold change in pslA transcription or translation 
is reported for clarity, statistics were performed on normalized luminescence 
values of empty vector control and over-expression strains assayed on the same 
day (see Materials and Methods). At least 3 biological replicates were performed 
in duplicate. Error bars represent standard error of the mean, n=3. *, P value < 
0.05 by Student’s t test compared to the empty vector control strain. 
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3.3.5 Psl production is enhanced in P. aeruginosa clinical isolates 

 
The results described above suggest that over-expression of PA1106, 

PA1323-24, PA1592, PA3691-92, phaF, and PA5178 induce Psl production in 

strain PAO1. In my previous study, chronic P. aeruginosa CF isolates from 3 

patients expressed all of these genes at higher levels than their ancestor (Tables 

2.1 and 2.2) (93). Therefore, I hypothesized that these chronic isolates would 

increase Psl production relative to their ancestor strain. To test this hypothesis, I 

used anti-Psl immunoblotting to compare Psl production in P. aeruginosa 

chronological isolates relative to their ancestors. In 18 chronic P. aeruginosa 

isolates collected from 4 different patients, 13 (~72%) produced more Psl than 

their corresponding ancestor (Figure 3.7). Since enhanced Psl production 

occurred in over 70% of the strains isolated during the first ~40,0000 

generations, I propose that enhanced production of Psl is important during 

adaptation to the CF lung environment. 
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Figure 3.7 Psl production in clinical isolates from 4 patients with CF. 

Strains were grown in SCFM for ~16 hours and Psl was extracted from whole 
cultures. Psl extracts were normalized to equal protein concentrations for each 
patient and subjected to immunoblot blot analyses as described in the Materials 
and Methods. Each isolate is centered on its corresponding number of in vivo 
generations (Table 3.1). Isolates at time 0 are the ancestor. At least 3 biological 
replicates were performed, and red boxes indicate isolates that produced more 
Psl on average than the ancestor. 
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3.4 DISCUSSION 

 
Since animal models do not manifest chronic P. aeruginosa respiratory 

infections typical of human CF patients, adaptations that improve in vivo fitness 

are difficult to identify. To overcome this challenge, I used an evolutionary 

approach to identify gene expression traits undergoing natural selection and then 

characterized the phenotypes these genes impacted. These studies are similar to 

in vitro microbial evolution experiments that have utilized transcriptomics and 

genomics to identify beneficial adaptations that arise during standard laboratory 

growth conditions (68, 81). The strength of these approaches lies in analyzing 

chronological isolates that have undergone selection, thereby allowing evolution 

to direct more targeted genetic studies. Here, this powerful approach not only 

allowed us to identify P. aeruginosa traits that are clinically significant, but also 

illuminated the biological significance of genes with unknown functions. 

 

P. aeruginosa chronic CF infections are characterized by an ~40,000 

generation adaptation period followed by genetic drift and negative selection (1, 

57). Due to the high incidence and association of mucoidy with worsening 

disease symptoms, many studies have focused on this phenotype (29, 33, 92). 

Indeed, alginate over-production leads to highly structured biofilms with 

increased antibiotic resistance properties (31). Here I propose that a non-alginate 

exopolysaccharide, Psl, is equally important as alginate during adaption to the 
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CF lung. This is based on the data showing that the 6 genes/operons undergoing 

parallel evolution in vivo enhance Psl production, and over 70% of chronic clinical 

isolates produce more Psl than their ancestor strains during the first ~40,000 

generations in vivo. Furthermore, recent studies have shown that Psl is essential 

for biofilm formation even in mucoid strains (39), and small colony variants, 

characterized as over-producing Psl, can undergo positive selection during 

chronic infection (101). 

 

While PA1106, PA1323-24, PA1592, PA3691-92, and PA5178 enhance 

Psl production via an unknown mechanism, phaF positively regulates psl 

translation. These data suggest a model where at least 2 distinct pathways are 

undergoing adaptive evolution resulting in enhanced Psl production. One 

possible explanation for these findings is that each pathway has additive fitness 

benefits, thereby allowing selection to act on them separately. Indeed, in vitro 

evolution experiments have shown that multiple genes affecting the same trait 

can gain mutations that impact fitness (102, 103). While the benefit of enhanced 

Psl production in vivo is unknown, it may be important for antibiotic resistance or 

for avoiding the host immune response, which has been demonstrated in vitro 

(27, 40). 
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Chapter 4: Conclusions and future directions 

 

4.1 OVERVIEW OF RESULTS 

 

4.1.1 Gene expression traits undergoing parallel evolution in vivo 

 
The Gram-negative bacterium P. aeruginosa is a common cause of 

chronic airway infections in individuals with the heritable disease cystic fibrosis 

(CF). After prolonged colonization of the CF lung, P. aeruginosa becomes highly 

resistant to host clearance and antibiotic treatment; therefore understanding how 

this bacterium evolves during chronic infection is important for identifying 

beneficial adaptations that enhance fitness. The first goal of my dissertation was 

to use an evolutionary approach to identify P. aeruginosa traits undergoing 

adaptive evolution in vivo. In Chapter 2, I used global transcriptional profiling of 

clonal, chronological P. aeruginosa isolates obtained from 3 individuals with CF 

to identify potential adaptive traits that arise during chronic infection. 

P. aeruginosa isolates were collected sequentially over periods ranging from 3 

months to 8 years, representing up to 39,000 in vivo generations (Figure 2.1). 

Notably, hierarchical clustering of transcriptional profiles showed that isolates 

clustered by lineage, not time within the lung or phenotype (Figure 2.2). These 

data suggest that within the first ~39,000 generations of chronic infection, the 
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gene expression profiles of chronic isolates sampled from different patients are 

less similar than within patients. Between- and within- patient comparisons 

showed that while lineage-specific changes occurred, 24 genes were commonly 

regulated by all 3 P. aeruginosa lineages, including several genes encoding traits 

previously shown to be important for in vivo growth (Figures 2.3-2.5 and Table 

2.2). My results revealed that parallel evolution occurs in the CF lung and that at 

least a proportion of the traits identified are likely beneficial for P. aeruginosa 

chronic CF lung colonization.  

4.1.2 Genes affecting Psl exopolysaccharide production in P. aeruginosa 

 

Of the 24 genes identified in Chapter 2 undergoing parallel evolution, 15 

were up-regulated over time, and 10 of these had unknown functions; therefore, 

the phenotypes they impacted were unclear. The second goal of my dissertation 

was to determine the roles these genes play in P. aeruginosa persistence since 

they likely benefit the bacterium during chronic infection. In Chapter 3, I used a 

genetics approach to correlate these gene expression traits with phenotype. I 

constructed strains that expressed each gene at a level similar to the chronic 

clinical isolates studied in Chapter 2 and performed a gain-of-function screen for 

biofilm formation, a phenotype proposed to be important during CF lung 

infections. I found that 4 genes and 2 operons undergoing parallel evolution in 

vivo promote P. aeruginosa biofilm formation (Figure 3.1). These genes/operons 

promote biofilm formation by increasing levels of the non-alginate 
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exopolysaccharide Psl (Figures 3.2-3.5). One of these genes, phaF, enhances 

Psl production via a post-transcriptional mechanism, while the other 5 

genes/operons do not act on either psl transcription or translation (Figure 3.6). 

Together, these data demonstrate that P. aeruginosa evolves at least two 

pathways to over-produce a non-alginate exopolysaccharide during long-term 

colonization of the CF lung. Furthermore, ~70% of chronic clinical isolates 

produced more Psl than their ancestral strain, indicating that enhanced Psl 

production is an important in vivo trait (Figure 3.7). More broadly, this approach 

allowed me to attribute a biological significance to genes with unknown function, 

demonstrating the power of using evolution as a guide for targeted genetic 

studies. 

 

4.2 FUTURE DIRECTIONS 

 

4.2.1 Identifying genetic mutations that impact gene expression in 
P. aeruginosa CF clinical isolates 

 

While I determined that 24 P. aeruginosa gene expression changes are 

undergoing parallel evolution in vivo, the genetic mutations mediating these 

changes have not been identified. Previous studies have demonstrated that 

during chronic P. aeruginosa CF lung infections, mutations often arise in 

regulatory genes that can affect downstream gene expression (1, 57). Indeed, 

several of the genes identified have known regulators or are co-regulated under 

different environmental conditions (acnA and PA4880; PA1323-34, PA3040-42, 
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PA3691, and PA5178) (104-106). However, promoter mutations could also 

account for the gene expression changes observed. The goal of future studies 

should be to identify genetic mutations arising in chronic isolates compared to 

their ancestors and to determine their affects on gene expression. Toward this 

goal, I used next-generation sequencing technologies to sequence the genomes 

of the 17 P. aeruginosa clinical isolates described in Chapters 2 and 3 (see 

Appendix for materials and methods). Complete ancestral genomes will be 

assembled from Illumina and PacBio sequencing data and annotated using the 

NCBI Prokaryotic Genome Annotation Pipeline 

(http://www.ncbi.nlm.nih.gov/genome/annotation_prok/). To identify mutations 

that occur over time, Illumina reads obtained from chronic isolates will be 

mapped to their corresponding ancestral strains. Similar mutations arising in 

multiple lineages are likely to be identified due to the parallel changes we 

observed in gene expression; therefore these genes or genomic regions will be 

the focus of future studies. Mutations will be reconstituted in wild-type laboratory 

strains, and their downstream affects on gene expression will be assessed using 

RNA-sequencing or microarray analyses. Knowledge gained from these studies 

will likely lead to a better understanding of regulatory pathways and other genetic 

elements undergoing selection during chronic CF lung infections.  
 

4.2.2 Determining the mechanism of enhanced Psl production in 
P. aeruginosa over-expression strains 

 
Since the goal of the study described in Chapter 3 was to identify 

P. aeruginosa phenotypes undergoing selection in vivo, I did not fully investigate 
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the molecular mechanisms of enhanced Psl production in the PAO1 over-

expression strains. One approach to determine these mechanisms is to target 

previously identified regulators of Psl production. psl expression is 

transcriptionally activated by the small signaling molecule bis-(3’,5’)-cyclic-

dimeric-guanosine monophosphate (cyclic-di-GMP) and the stationary phase 

sigma factor RpoS; however, high cyclic-di-GMP levels can also correlate with 

increased Psl production without a corresponding increase in psl transcription, 

though the mechanism for this regulation is unknown (95, 100, 107, 108). 

Additionally, the small RNA binding protein RsmA represses psl translation and is 

itself inactivated by 2 small non-coding RNAs, RsmZ and RsmY (Figure 4.1) (95). 
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Figure 4.1 Regulation of Psl levels in P. aeruginosa. 

 
psl transcription is activated by cyclic-di-GMP and the stationary phase sigma 
factor RpoS. psl translation is inhibited by RsmA, which in turn is repressed when 
bound by the small RNAs RsmZ and RsmY. Cyclic-di-GMP can also enhance Psl 
levels without a corresponding increase in transcription, though the mechanism 
for this regulation is unknown. 
 
  

Small RNAs 
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Because PA1106, PA1323-24, PA1592, PA3691-92, and PA5178 did not 

affect either psl transcription or translation, I hypothesize that the mechanism of 

enhanced Psl production in these over-expression strains is mediated by cyclic-

di-GMP, which can be measured using high performance liquid chromatography 

(HPLC) or mass spectrometry (108, 109). If the phenotype is mediated by cyclic-

di-GMP, over-expression strains should exhibit higher levels of this molecule 

relative to a wild-type control strain. Should this be true, further studies will need 

to be conducted to determine the precise mechanisms by which 1) these genes 

increase cyclic-di-GMP levels and 2) how cyclic-di-GMP leads to increased Psl 

independently of transcriptional or translational changes. 

 

 Our results indicate that PhaF is likely acting on Psl production via an 

independent mechanism from the other genes because it enhances psl 

translation. To test whether phaF expression leads to increased levels of the psl 

translational activators RsmZ and RsmY, I performed Northern blot analyses on 

RNA prepared from a wild-type control strain and the phaF over-expression 

strain (see Appendix for materials and methods). Neither RsmZ nor RsmY 

increased expression in the phaF over-expression strain relative to the empty 

vector control strain (Figure 4.2). Therefore, I hyopthesize that phaF is acting 

independently of RsmZ and RsmY. One approach to determine the PhaF 

mechanism of action would be to screen for mutants that no longer exhibit a 

PhaF-mediated increase in psl translation. 
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Figure 4.2 RsmY and RsmZ expression in the empty vector control and phaF 
over-expression strains. 

 
Strains were grown in MOPS buffered minimal media supplemented with 0.5% 
glucose and 0.5% casamino acids for ~16 hours starting from OD=0.05. 15 µg 
total RNA was separated on a 10% polyacrylamide-8 M urea gel, transferred to 
nitrocellulose, and probed for RsmY or RsmZ as previously described (110). Two 
biological replicates were performed, and a representative is shown. PAO1 
pJN105: empty vector control strain; PAO1 phaF-pJN105: phaF over-expression 
strain.  

PAO1 
pJN105 

PAO1 
phaF-pJN105 

RsmY 

RsmZ 
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4.2.3 Measuring gene expression in CF sputum  

 

One drawback to the gene expression studies performed on the 

P. aeruginosa chronological isolates described in Chapter 2 is that they were 

performed on cells grown in vitro. To further verify that these genes play 

important roles in P. aeruginosa in vivo persistence, future studies should focus 

on measuring expression directly in CF sputum. CF sputum is a highly complex 

substance comprised of dead host cells, host immune factors, mucus, and 

bacteria. RNA degradation, contaminating host nucleic acids, and the high 

amounts of RNA required for microarray analyses (micrograms) have hampered 

direct measurements of P. aeruginosa transcription in CF sputum. However, the 

recent development of next-generation RNA-sequencing has improved in vivo 

transcriptional analyses, as only picograms of RNA are required (111-113). 

Another advantage to RNA sequencing is that total RNA can be sequenced, so 

both prokaryotic and eukaryotic gene expression can be captured simultaneously 

(111-113). Transcriptional profiling of longitudinal CF sputum samples will identify 

P. aeruginosa genes expressed in vivo, reveal gene expression changes that 

occur over time, and measure the host response to infection, all of which may 

improve our understanding of these chronic respiratory infections. 
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4.4 FINAL DISCUSSION 

 

Pathogens that cause chronic infections adapt to the host environment, 

avoiding the immune response and resisting antimicrobials. Studies into 

pathogen adaptation are therefore important for understanding how the efficacy 

of current therapeutics may change upon prolonged infection. Chronic infections 

in the lungs of individuals with CF have served as a model for my studies of 

P. aeruginosa adaptation. I determined that 24 P. aeruginosa genes are 

undergoing parallel evolution in vivo, indicating that they likely benefit the 

bacterium during chronic infection. I found that a subset of these genes enhance 

biofilm formation via increasing production of the exopolysaccharide Psl, an often 

under-appreciated P. aeruginosa virulence factor. These studies have 

contributed to our understanding of a clinically important bacterial pathogen and 

how it persists in the host environment. 
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Appendix: Materials and Methods for whole genome sequencing and 
Northern blot analyses 

 

 For whole genome sequencing, P. aeruginosa clinical isolates (Table 2.1) 

were grown in Brain Heart Infusion broth to exponential phase and genomic DNA 

was purified using the DNeasy Blood and Tissue Kit (Qiagen). Genome 

sequencing was performed using a combination of Illumina (paired-end) and 

Pacific Biosciences (PacBio) sequencing platforms. For Illumina sequencing, 

genomic DNA was sheared into ~400 bp fragments using the Covaris AFA 

(Adaptive Focused Acoustics; Covaris). Libraries were prepared using the 

NEBNext DNA Library Prep Master Mix Set for Illumina (NEB). Paired-end 

Illumina sequencing provided an average number of 13.9 million reads/sample 

(read length 100 bp), ranging from 6.1 million to 22.2 million. Assuming an 

average P. aerugionsa genome size of 6.5 Mbp, 6 million reads provides 

theoretical coverage of 180X. PacBio sequencing was performed on ancestral 

strains A.1, B.1, Ca1, and Cb2. Long read library preparation (10 kb) and DNA 

sequencing (2 SMRT cells/sample) was performed by the PacBio RS 

Sequencing Service at the University of Michigan’s DNA Sequencing Core. Data 

analyses are currently ongoing. 

 

For Northern Blot analyses, P. aeruginosa PAO1 strains were grown as 

described in Chapter 3 and cultures were mixed 1:1 (vol/vol) with RNAlater 
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(Ambion). Total RNA was purified using RNAbee following the manufacturer’s 

protocol (Tel-Test). RNA samples were treated with DNase to remove 

contaminating DNA following the manufacturer’s protocol. The probe sequences 

for RsmY and RsmZ are 5’-CTACGCCACCATCCATGGTGGATTC-3’ and 5’-

TCATCCTGATGAATCGCCTCCCTGG-3’, respectively. Northern blot analyses 

were performed as previously described (110).  
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