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Abstract 
 

Title of Dissertation: Pseudomonas aeruginosa adaptation, pathogenicity, and persistence 
in the environment and cystic fibrosis airway.  
 
Courtney E. Chandler, Doctor of Philosophy, 2019 
 
Dissertation Directed by: Robert K. Ernst, Professor and Vice Chair, Department of 
Microbial Pathogenesis, University of Maryland School of Dentistry  
 
 

Pseudomonas aeruginosa is an opportunistic Gram-negative bacterium associated 

with airway infections of patients with cystic fibrosis (CF). Lipid A is the membrane 

anchor of lipopolysaccharide, the dominant component of the outer leaflet of the outer 

membrane of Gram-negative bacteria. Lipid A structure can be modified via a number of 

biosynthetic enzymes. Here, we describe two b-hydroxylase enzymes, LpxO1 and 

LpxO2, capable of catalyzing 2-hydroxylation of lipid A in P. aeruginosa. We 

additionally characterize their role in persistence and infectivity. Phylogenetic analysis 

suggests at least one lpxO originated from lateral gene transfer and the gene duplication is 

a recurring feature in Pseudomonas evolution. To determine the roles of LpxO1/2 in vivo, 

we used a rapid extraction from lavage fluid to describe the structure of P. aeruginosa 

lipid A isolated from the lungs of mice after intranasal infection.   

Lipid A is also known to be altered during adaptation to the lungs of CF patients, 

where P. aeruginosa can colonize and cause infection throughout a patient’s lifetime. 

This is a leading contributor of morbidity and mortality in this patient population, and 

thus the genetic and phenotypic adaptations that P. aeruginosa undergoes during CF 

airway infection are of interest. We used whole-genome sequencing of 130 P. aeruginosa 

isolates, including 81 from young children with CF, to define early-stage genetic 

adaptation events, including lipid A modification. We additionally investigate the 

influence of patient region of residence on such adaptation. With these data, we provide 



  

the first longitudinal analysis of P. aeruginosa genetics in young patients with CF in the 

United States. We additionally analyzed ten sublines of laboratory-adapted strain PAO1 

to determine the level of microevolution experienced by this set of isolates.  

In total, our analyses contribute to our understanding of lipid A structure, 

synthesis, and modification in P. aeruginosa, and our sequencing data provides a 

resource for the entire CF and Pseudomonas community.   
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 1 

1. BACTERIAL SIGNATURES AND INNATE IMMUNITY 

A. Bacteria 

I. Classes of bacteria and the Gram-negative cell envelope  

Bacteria are single-celled microorganisms that can be found in virtually every 

environment on the planet. They can thrive in soil, oceans, and in animals including 

humans. There are predicted to be an equal number of human and bacterial cells present 

in the average human body, highlighting the pervasiveness and commensal nature of 

bacteria. 1 Bacteria can be loosely grouped into three main categories: Gram-negative, 

Gram-positive, and mycobacteria. The former two categories are based on microscopic 

evaluation of the bacteria after a Gram stain test, developed by Hans Christian Gram in 

the 1800s. 2 The method uses chemical stains that react with specific cellular components 

present in some bacteria but not others, allowing for differentiation of bacterial classes 

based on their ability or failure to retain the colored stain. Briefly, crystal violet stain is 

applied to a bacterial sample, the sample is decolorized with an alcohol wash, and then a 

counter-stain is applied (usually safranin). Gram-positive bacteria have a thick cell wall, 

leading to retention of the primary purple-colored stain during the wash step and little to 

no counter-staining. Gram-negative bacteria have a different membrane composition, 

allowing for the primary stain to be washed away and successful counter-staining with 

the secondary red stain. Mycobacteria have an intermediate staining profile and are thus 

considered unique.2 They are instead identified using acid fast staining. For my thesis, I 

will concentrate on the membrane structure of Gram-negative bacteria. 

Gram-negative bacteria have a characteristic cell envelope structure that is unique 

from Gram-positive bacteria and mycobacteria. The cell envelope is composed of two 
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membrane bilayers termed the inner and outer membranes.3 The aqueous space between 

the two membranes is called the periplasm and contains a thin layer of peptidoglycan 

(PGN) (Figure 1.1).4 The inner membrane is a phospholipid bilayer composed primarily 

of glycerophospholipids. Structurally, glycerophospholipids have two fatty acids, a 

glycerol moiety, a phosphate group, and a variable head group that further defines its 

character (Figure 1.1D). Based on their headgroup character, glycerophospholipids can 

be broken into distinct categories including phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG), cardiolipin (CL), and phosphatidylcholine (PC). Bacteria can 

also make membrane lipids that are phosphorous-free, such as ornithine lipids (OLs).5 

Escherichia coli has long served as the standard model for investigated Gram-negative 

bacteria and, as such, its membrane composition has been probed in detail. E. coli 

contains three major membrane phospholipids: PE, PG, and CL. 6 However, other Gram-

negative bacteria have been described or predicted to have different membrane 

compositions. For example, Pseudomonas aeruginosa membranes contains PG, PE, PC, 

CL, and OL. 7 In addition to phospholipids, the inner membrane also contains integral 

transmembrane proteins and lipoproteins. 8,9  

The periplasm is the space formed by the separation of the inner and outer 

membranes and is suspected to be the first extractyoplasmic compartment in evolutionary 

history. 10 The periplasm has been proposed to have many functions including folding 

and secretion of proteins and lipids, stress response, electron transport, osmoregulation, 

and resistance to toxins and antimicrobial peptides. 10 Specifically, resistance to toxins is 

achieved by the cellular compartmentalization, which allows Gram-negative bacteria to 

sequester potentially harmful degradative enzymes or molecules away from the   
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Figure 1.1. Gram-negative bacterial cell envelope and membrane components.  

Gram-negative bacterial membranes have a characteristic inner membrane (composed primarily 
of phospholipids, D) and outer membrane (A). Lipopolysaccharide (LPS) is the dominant 
component of the outer leaflet of the outer membrane. The membranes are separated by a 
periplasmic space that contains peptidoglycan (PGN) (B). Lipoproteins are components of both 
membranes (C).  
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cytoplasm. The most notable component of the periplasmic space is a thin layer of 

peptidoglycan (Figure 1.1B). The periplasm is also densely packed with proteins. 11   

Peptidoglycan (also called murein) in the periplasmic space helps provide Gram-

negative bacteria with rigidity, which influences cell shape and helps maintain cell 

integrity by resisting turgor pressure. 12 Additionally, peptidoglycan serves as a scaffold 

for anchoring to cell envelope components. 12,13 Structurally, peptidoglycan is made of 

linear glycan strands cross-linked by short peptides. The glycan strands are composed of 

two alternating disaccharide residues, N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc), that are linked by b-1à4 bonds (Figure 1.1B). 12 In 

many bacteria, the outer membrane is attached to the peptidoglycan layer by a lipoprotein 

called murein lipoprotein, or Lpp. 14 Lpp is a small, 85 amino acid protein modified with 

a lipid tail attached to its amino terminus, allowing it to imbed in the outer membrane. 

However, one third of Lpp molecules are covalently linked to the peptide cross-bridges in 

peptidoglycan via a lysine residue in the C-terminus of the protein, thus providing 

anchoring to the OM. 15  

The outer membrane is a distinguishing feature of Gram-negative bacteria and 

differs in composition compared to the inner membrane. Notably, it is an asymmetrical 

bilayer with phospholipids only composing the inner leaflet of the outer membrane. The 

outer leaflet is primarily composed of a glycolipid called lipopolysaccharide (LPS), 

which will be discussed in detail below. 16 There are also multiple proteins present in the 

outer membrane, which can generally be divided into two categories: b-barrel proteins 

and lipoproteins (Figure 1.1C). The functions of many of these lipoproteins remain 

active areas of research. The b-barrels include porins, which allow the passive diffusion 

of small molecules across the outer membrane. 17 Other b-barrels function as facilitated 
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diffusers for specific molecules and as active gated channels. The outer membrane 

primarily serves as a protective barrier and is critical for preventing the passive diffusion 

of hydrophobic solutes, including antibiotics into the cell. 17-19  

 

II. LPS – a defining feature of Gram-negative bacteria  

Lipopolysaccharide (LPS) is the dominant component of the outer leaflet of the 

outer membrane of Gram-negative bacteria. Structurally, LPS is composed of three 

regions: lipid A, the membrane anchor; core, a short, conserved oligosaccharide region; 

and O-antigen, an extended polysaccharide chain formed of repeating sugars (Figure 

1.2A). 3  LPS plays a critical role in the barrier function of the outer membrane. The 

nonfluid continuum formed by multiple LPS molecules tightly packed in the outer 

membrane provides a highly effective barrier against hydrophobic molecules. 19 LPS is 

also a key trigger of innate immunological responses to bacterial pathogens.  

Lipid A is mostly hydrophobic and serves to anchor the LPS molecule to the outer 

membrane. Structurally, lipid A is composed of a disaccharide backbone with a varying 

number of N- and O-linked acyl chains (Figure 1.2B). The acyl chains embed the lipid A 

molecule within the outer leaflet of the outer membrane. Typically, lipid A has two 

terminal phosphate groups at the 1 and 4’ positions that may also be modified with 

additional chemical moieties (Figure 1.2B). 20 Lipid A is the minimal component of LPS 

needed to induce an innate immune response and its structure strongly influences the 

intensity of a resultant host immune response. 21,22 Lipid A structure is influenced by 

bacterial environmental conditions and will be discussed in detail below.  
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Figure 1.2. LPS and lipid A structure. 

(A) Lipopolysaccharide (LPS) is composed of three main regions: O-antigen, a polymer of 
repeating subunits; core; and the hydrophobic membrane anchor, lipid A. (B) Lipid A has a 
diglucosamine backbone with N- and O-linked acyl chains that can vary in number and length. It 
is capped by 1 and 4’ terminal phosphates.  
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The core section of LPS is covalently linked to lipid A and can further be divided 

into the inner and outer core (Figure 1.2A). The core oligosaccharide is made of up to 15 

sugar residues and is structurally less varied than the O-antigen region of LPS, although 

the structure still varies between and within species. 23 The inner core is closest to lipid A 

and contains a higher proportion of unusual sugars. This commonly includes 3-deoxy-D-

manno-octulosonic acid (Kdo), which links the core region to lipid A. 23 Kdo has been 

observed in nearly every LPS analyzed to date and is covalently tethered to the 

disaccharide backbone of lipid A. The bacterial species Acinetobacter and Burkholderia 

cepacia serve as notable exceptions: they instead contain a structurally related but unique 

residue linking core to lipid A. The outer core is distal to lipid A and is generally 

composed of more common sugars like hexoses and hexosamines, including glucose and 

galactose. 23 The outer core has more structural variety than the inner core. For example, 

E. coli has five unique core structures based on outer core variability, whereas the 

specific inner core structure is conserved between all E. coli and Salmonella species 

studied to date. 23  

 In most cases, a polymer of repeating sugar subunits called the O-antigen (also 

called O-polysaccharide or O-chain) is attached to the core region. The repeating units 

themselves can consist of between one and eight carbohydrate residues, with the types of 

carbohydrate moieties, chemical linkages, and modifications differing between and 

within species. For example, E. coli has over 160 identified O-antigen structures. 24 The 

O-antigen, being the outermost part of the LPS molecule, is fully exposed to the 

extracellular environment. Therefore, it is the major component targeted by the host 

adaptive immune antibody response. The antibody responses are highly O-antigen 

specific and serology studies may be used as a mechanism to type different bacterial 
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strains. Thus, O-antigen structure is commonly referred to as serotype. In serology 

assays, the microorganism is incubated with donor blood and antibodies specific to the O-

antigen structure will aggregate in a process known as agglutination. Based on the type of 

antibodies that are involved, the bacterial serotype can be identified. Salmonella species 

are known to have more than 2,500 serotypes, but fewer than 100 account for most 

human infections. 25,26 Serotyping can therefore be an important tool for identifying the 

type of infectious agent in patients. Isolates that lack O-antigen on their surface cannot be 

serotyped normally and when cultured on solid growth medium have a “rough” colony 

appearance. Bacterial species or isolates that express a full-length O-antigen have a 

“smooth” colony appearance. Some bacterial species lack O-antigen or make a truncated 

non-repeating O-antigen. In these cases, the structure is referred to as lipooligosaccharide 

(LOS) instead of LPS. Bacteria that colonize mucosal surfaces, such as Neisseria and 

Bordetella, often express LOS instead of LPS; this alteration is advantageous against host 

immune recognition. 27,28  

 

III. Lipid A modifications and impact  

The lipid A structure of LPS varies between bacterial species and is influenced by 

environment. Structural changes can occur in the number of acyl chains (tetra- to hepta-

acylation), the length of the acyl chains (generally ten to 18 carbons in length, with few 

exceptions), the number of the terminal phosphate groups, or the addition of positively 

charged moieties to the terminal phosphate groups. To date, the lipid A structures from 

all Gram-negative bacteria are unique, thus providing a “barcode” to identify bacteria at 

the species level. 29 Additionally, lipid A structure can be modified in response to 

different environmental growth conditions including temperature, pH, nutrient starvation, 
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magnesium concentration, and iron concentration. For example, Yersinia pestis, the 

causative agent of plague, down-regulates its hexa-acylated lipid A structure during the 

transition from environmental (21-27ºC) to mammalian (37ºC) temperatures. 30,31 The 

dominant lipid A in Y. pestis grown at 37ºC is tetra-acylated. Several studies have shown 

that this structure is less pro-inflammatory in a mammalian host, thus allowing the 

bacteria to evade the host immune system. 30,32,33  

The structure of lipid A may also be modified in the presence of antimicrobial 

agents, and these modifications may then confer antibiotic resistance. This response is 

primarily mediated by modifications of the terminal phosphate groups, which serve to 

mask their negative charges and prevent charge-charge interactions with antibiotics and 

host defense molecules belonging to the cationic antimicrobial peptide (CAMP) class. 

These modifications include the positively charged structures phosphoethanolamine, 

aminoarabinose, or galactosamine. CAMP-type antibiotics include the polymyxins, such 

as colistin (polymyxin E). These modifications can be carried out by chromosomally-

encoded enzymes, as described in Salmonella typhimurium34-36, P. aeruginosa37-39, 

Acinetobacter baumannii40, Vibrio cholerae41, and Klebsiella pneumoniae. 42 In addition 

to chromosomally-encoded acquired resistance, plasmid-mediated antibiotic resistance 

has been an increasing public health concern. Most notably, the mcr-1 plasmid was 

recently published as the first cause of colistin resistance mediated by horizontal gene 

transfer. 43 The mcr-1 plasmid confers resistance to colistin by modifying the phosphates 

of lipid A with phosphoethanolamine, thus ablating the efficacy of colistin. First isolated 

in livestock and human patients in China, the mcr-1 plasmid has since become a global 

concern, with mcr-1 positive isolates reported in at least five continents. 44 Additionally, 

related plasmids mediating colistin resistance have evolved: to date, mcr-1 through mcr-7 
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have been reported in species such as E. coli, Enterobacter, and K. pneumoniae. 45,46 We 

have also demonstrated that mcr-1 is capable of mediating lipid A-mediated colistin 

resistance in other bacterial species such as A. baumannii and P. aeruginosa even when 

under the native E. coli promoter. 47 Together, these data highlight how lipid A 

modification is a crucial mechanism utilized by bacteria to mediate antibiotic resistance 

and the consequences this may have on public health.  

 

B. Innate Immunity 

 I. Innate immunity: a historical perspective  

Earth is predicted to be home to up to one trillion unique microbial species. 48 

Consequently, mammals are constantly being assailed by innocuous and pathogenic 

bacteria, fungi, viruses, and parasites. Due to millennia of coevolution and selection of 

the innate and adaptive immune systems, most mammals are able to resist and overcome 

pathogenic infections while balancing symbiotic microbial colonization. The term 

“immunity” has roots in the Latin words immunitas and immunis, which in their original 

context in Ancient Rome referred to the legal concept of exemption. Although the 

concept of acquired immunity had been described several centuries earlier in China and 

elsewhere, it was not until the late 19th century that the phrase was formalized and used 

commonly in the field. 49 During this time, several scientists began demonstrating the 

existence of classical immunity (that is, exposure to a non-lethal antigen that results in 

protection from subsequent exposure with a lethal pathogen). This included Edward 

Jenner’s 18th century work on vaccination using the contents of cowpox pustules as a 

safe vaccine for smallpox, and the 19th century observations of Pasteur, Koch, Ehrlich, 

and others for bacterial diseases. 49-53 Despite the observed link between microbes and 
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classical immunity, the phrase “immune system” did not appear in journals and articles 

until the mid-1960s, as the field of cellular immunology began to develop. Originally 

termed the “lymphoid system,” the cellular reference was eventually dropped and 

replaced with the term immune system. 49 Today, we define the immune system as the 

group of organs, tissues, cells, and cell products (such as cytokines and antibodies) that 

discriminates between self and non-self to protect the body against infection and disease 

and to neutralize potentially pathogenic substances. 49,54   

The innate immune system is the first line of defense against invading microbes, 

providing protection from potential infection and disease. Innate immunity is primarily 

mediated by antigen-presenting cells (APCs) and phagocytic cells, including 

macrophages, dendritic cells, and granulocytes. Unlike adaptive immunity, which is 

characterized by generation of specific responses and immunological memory, innate 

immunity is rapid and considered relatively non-specific. 49 Innate immune cells rely on 

recognition of pathogen-specific features that are evolutionarily conserved. These were 

termed pathogen-associated molecular patterns (PAMPs) and are composed of small 

molecular motifs that are characteristic to classes of microbes and discriminatory from 

the host self. Several germline-encoded receptors termed pattern recognition receptors 

(PRRs) are responsible for recognizing and responding to PAMPs. 55 In addition to 

PAMPs, non-pathogenic microbial species can be discriminated by the innate immune 

system via microbe-associated molecular patterns (MAMPs). PRRs are localized on the 

external cell surface, within endosomes, or in the cytosol of host immune cells and 

respond to specific classes of PAMPs. 56,57 In certain cases, PRRs may also interpret 

specific host factors as “danger” signals, known as damage-associated molecular patterns 

(DAMPs). These signals could include host molecules present in atypical locations or in 
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abnormal molecular configurations as a result of cell stress, infection, or 

inflammation.56,58   

Upon PAMP or DAMP recognition, PRRs initiate intracellular signaling cascades 

that result in proinflammatory and antimicrobial responses and alert the host to the 

presence of the microbe. PRR signaling pathways are unique but generally result in the 

activation of gene expression and subsequent synthesis of a wide range of molecules such 

as cytokines, chemokines, and immunoreceptors. Together, these receptors and molecules 

orchestrate the early innate response to infection. 56,58 In addition to initiating 

inflammation and other host defense responses, PRR activation and signaling can prime 

and coordinate antigen-specific adaptive immune responses, providing an important link 

between innate and adaptive immunity. Mammals possess distinct classes of PRRs that 

each recognize specific molecular signatures: Toll-like receptors (TLRs), Nod-like 

receptors (NLRs), AIM2-like receptors (ALRs), RIG-1-like receptors (RLRs,) and C-type 

lectin receptors (CLRs). 56,58 TLRs are of particular importance to defense against 

bacterial infection.  

 

II. Toll-like receptors  

Of the mammalian PRRs, Toll-like receptors (TLRs) were the first to be identified 

and are the best characterized. TLRs are located on the cell surface or within endosomal 

compartments of immune cells and are crucial for host defense against microbes. 59,60 The 

field of TLR research began in Drosophila with the identification of Toll, a protein with 

homology to a receptor for the inflammatory cytokine IL-1 called IL-1R type 1 (IL-1R1). 

61 Subsequently, a plant protein (called the N protein), which conferred resistance to a 

Tobacco Mosaic Virus, was identified and characterized as having an amino-terminal 
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domain similar to that of Toll and IL-1R1. 62 This conserved domain was termed the Toll-

IL-1 resistance (TIR) domain and was proposed to be involved in host defenses across 

disparate plant and animal kingdoms. Subsequent work by several groups, especially the 

Levine and Hoffmann groups, further identified downstream proteins and components 

linking Toll to innate immune activation in Drosophila. 63-67 However, it was not until 

1997 that Ruslan Medzhitov, while in the Janeway laboratory, identified the first human 

homologue of the Drosophila Toll protein, termed hToll (currently TLR4). 68 Upon 

recognition with its ligand, Medzhitov observed activation of a transcription factor called 

nuclear factor-K B (NF-kB), leading to the up-regulation of genes involved in immune 

and inflammatory responses. These up-regulated genes included the gene encoding 

CD80, a protein involved in T-cell co-stimulation, providing a crucial observation linking 

the innate and adaptive immune systems. 63,68 In 1998, four mammalian Toll homologues 

were described in addition to TLR4. Due to the similarity between Toll and these protein 

homologs (all of which contained conserved TIR domains), the proteins were termed 

Toll-like receptors (TLRs), a name which has since been adopted as standard 

nomenclature.63,69  

Structurally, TLRs are type I integral transmembrane glycoproteins that possess 

an N-terminal ectodomain, a single transmembrane a-helix, and a C-terminal 

intracellular signaling domain, each of which is essential for its function. 60,70 The 

ectodomain is responsible for binding its associated PAMP and is characterized by a 

motif of leucine-rich repeats (LRRs), the number of which vary by TLR, and 

characteristic structures capping the N- and C-termini (Figure 1.3). Also called the 

extracellular domain, this region is generally 550-800 amino acids in length, variably 

glycosylated, and exposed either on the cell surface or within endosomes. 60,71 Crystal 
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structures of human or murine TLR ectodomains report a horseshoe shape with PAMPs 

binding on the inner curvature of the horseshoe and ligand-induced dimerization 

occurring on the outer face of the receptor (Figure 1.3). 72-75 The helical transmembrane 

domain typically contains a stretch of ~20 uncharged, mostly hydrophobic amino acids 

that integrate the receptor into the endosomal or plasma membrane. The intracellular 

signaling domain contains the ~200 amino acid TIR domain. 71,74  

TLRs are not analogous between systems, including across or within mammalian 

groups, as evidenced by the fact that humans possess ten TLRs (TLR1-TLR10) and mice 

possess twelve (TLR1-TLR9, TLR11-TLR13) (Table 1). 59 The TLR multigene family is 

composed of a variable number of genes that are species-specific (generally between 10 

and 15 per species). However, comparative studies have shown that the sequence and 

structure of the TLR TIR domains are highly conserved across species, which is 

unsurprising due to their crucial role in signal transduction. 76,77 Although all TLRs share 

the same common structural architecture, the specific TLRs that are present, what they 

recognize, and how they respond varies by species. Table 1.1 depicts which human and 

murine TLRs respond to common microbial PAMPs. The ectodomains, and specifically 

the face involved in ligand recognition, exhibit the highest level of variation between 

species, indicative of their function in recognizing PAMPs from multiple sources that are 

influenced by the microbial environment a particular species occupies. 76  

TLRs can be broadly categorized based on their cellular localization, either on the 

cell surface or within endosomes. It is important to note that TLRs do not remain static. 

Surface-expressed TLRs, such as TLR4, have been described to transit to the endosome 

and, in some cases, endosomal TLRs may transit to the cell surface. 70 Cell surface- 

associated TLRs primarily recognize PAMPs that would be present outside of the host  



 15 

 

 

 

 
Figure 1.3. TLR structure. 

Structurally, TLRs have horseshoe-like ectodomains made of leucine-rich repeats (LRRs) and 
capped by characteristic capping structures. PAMPs bind in the concave face of the ectodomain. 
TLRs span the membrane via a transmembrane domain, connecting the ectodomain to an 
intracellular signaling domain.  
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cell as a consequence of extracellular infection, such as microbial membrane 

components. These include TLR2, 4, and 5 (Figure 1.4, Table 1.1). Most TLRs function 

as homodimers, although some function as heterodimers, as is the case for TLR2. 57,59 

TLR2 recognizes the broadest range of PAMPs due to its heterodimerization with other 

TLRs, including TLR1, 6, and 10. Table 1.1 lists the suggested PAMPs and cellular 

localization of the TLRs. Endosomal TLRs largely recognize microbial products that 

result from intracellular infection or that are taken into the cell via endocytosis, including 

bacterial- and viral-derived nucleic acids, in addition to self-nucleic acids in certain 

autoimmune disease conditions. 56,59 As obligate intracellular microbes, viruses are 

almost exclusively sensed by endosomal TLRs, with specific TLRs differentially sensing 

different viral classes. Endosomal TLRs may recognize both viral and bacterial-derived 

nucleic acid, as is the case for TLR7 and TLR8 (Figure 1.4, Table 1.1). 56  

 

III. The TLR Signaling Axes 

TLR signaling is initiated upon binding and recognition of unique signature 

molecules, which are specific to the TLR (Table 1.1). Intracellular adaptor molecules are 

recruited to the TLR via the conserved and essential cytoplasmic TIR domain (Figure 

1.4). 59,76 Cytoplasmic adaptor proteins involved in TLR signaling contain 

complementary TIR domains and include Myeloid differentiation primary response gene 

88 (MyD88), TIR domain containing adaptor protein (TIRAP, also known as MyD88-

adapter-like or Mal), TIR-domain-containing adaptor-inducing interferon-b (TRIF), and 

TRIF-related adaptor molecule (TRAM). Specific adaptors are differentially recruited to 

the TLRs after activation and influence the robustness of the signaling cascade. 59,76  
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Figure 1.4. TLR signaling axes. 

TLRs can signal through the MyD88-dependent or MyD88-independent (TRIF) pathway. Some 
TLRs, such as TLR4, are capable of signaling through both pathways. The end result is 
convergence on transcription factors which up-regulate genes important for the innate immune 
response.  
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Table 1.1. TLR substrate specificity. 

Human and murine TLRs, which may not be analogous, and their associated PAMPs. 
  

TLR – human TLR – mouse Location PAMP recognized 
1 1 Cell surface See TLR2 
2 2 Cell surface Glycolipids, peptidoglycans, LTA, 

bacterial triacylated lipopeptides 
(TLR1/2) and diacylated lipopeptides 
(TLR2/6) 56,78,79 

3 3 Endosome Viral dsRNA, siRNA, self-RNAs from 
damaged cells 80-82 

4 4 Cell surface / 
endosome  

Lipopolysaccharide (LPS)78,79; 
mannuronic acid polymers, teichuronic 
acid, and viral proteins 83 

5 5 Cell surface  Flagellin 84,85 
6 6 Cell surface  See TLR2 
7 7 Endosome ssRNA from viruses, RNA from 

streptococcus B bacteria (cell-type 
specific) 86,87 

8 8 Endosome Viral & bacterial RNA88  
9 9 Endosome Bacterial & viral DNA rich in 

unmethylated CpG-DNA motifs; heozoin 
(from Plasmodium infection) 89 

10 Pseudogene Cell surface  Listeria ligands (TLR2/10), influenza A 
virus infection ligands 90,91 

Pseudogene  
 

11 Endosome Flagellin; components from E. coli 
UPEC and Toxoplasma gondii 92,93; see 
also TLR12 

None 12 Endosome Homodimer or heterodimer with TLR11; 
profilin from T. gondii 63,94,95   

None 13 Endosome  Bacterial 23S rRNA, vesicular stomatitis 
virus 96-99 
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TLR signaling can occur via two axes, mediated by MyD88 (the MyD88-

dependent pathway) or TRIF (the MyD88-independent or TRIF pathway) (Figure 1.4). 

The majority of TLRs signal exclusively through the MyD88-dependent pathway, with 

the exception of TLR3 which signals through the TRIF pathway and TLR4, which can 

signal through both pathways. Signaling is proposed to be initiated via conformational 

changes in the TLR ectodomain that bring the intracellular TIR domains in close 

proximity after ligand binding, allowing for the recruitment of TIR-containing adaptor 

proteins. Additional adaptor proteins are required to facilitate signaling. TIRAP/Mal 

mediates interactions between MyD88 and TLR2, TLR4, and, in some cases, TLR9. 

TLR4 also requires an adaptor protein called TRAM when interacting with TRIF in the 

MyD88-indepdent signaling pathway.59,100  

After TLR activation, MyD88-depending signaling is initiated by the formation of 

the “Myddosome” complex between MyD88, IRAK1, and IRAK4. IRAK4 activates 

IRAK1, which autophosphorylates at several sites and is released from the 

Myddosome.101,102 IRAK1 then associates with TRAF6, a RING-domain E3 ubiquitin 

ligase, which acts in coordination with ubiquitin-conjugating enzyme UBC13 and 

UEV1A to polyubiquitinate the K63 residue of TRAF6 and the TAK1 protein kinase 

complex.103,104 TAK1 subsequently activates the IKK complex, composed of catalytic 

subunits IKKa and IKKb and regulatory subunit NEMO (sometimes referred to as 

IKKg). The activated IKK complex phosphorylates IkBa, the NF-kB inhibitory protein. 

Phosphorylated IkBa is degraded, freeing NF-kB to translocate to the nucleus and induce 

expression of pro-inflammatory genes. TAK1 activation additionally leads to activation 

of proteins in the MAPK family such as ERK1/2, JNK, and p38. This in turn activates 
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transcription factors belonging to the AP-1 family or that are involved in regulation of the 

inflammatory response through stabilization of mRNAs.57-59  

The second signaling axis is TRIF-dependent (Figure 1.4). Upon TLR activation, 

TRIF is recruited and interacts with TRAF3 and TRAF6. TRAF3 activation leads to 

recruitment of IKK-related kinases TBK1 and IKKi, in addition to the regulatory protein 

NEMO, resulting in phosphorylation of IRF3.57-59 Phosphorylated IRF3 forms a 

homodimer and translocates from the cytoplasm into the nucleus, where it promotes 

expression of type I IFN genes. Conversely, TRAF6 activation leads to the recruitment of 

the RIP-1 kinase, which recruits and activates the TAK1 complex. As with the MyD88-

dependent pathway, TAK1 complex activation leads to activation of MAPKs and NF-kB 

and production of inflammatory cytokines.57-59  

 

IV. LPS recognition by TLR4 

 The identification of the ligands recognized by individual TLRs has focused on 

microbial products suspected to be involved with innate immune responses based on the 

previous studies in Drosophila.63 The initial search for PRR ligands focused largely on 

lipopolysaccharide (LPS), a major component of the outer leaflet of the outer membrane 

of Gram-negative bacteria. LPS was known to activate NF- κB and was therefore an 

obvious potential PAMP. Prior to the discovery of TLR4, the genetic basis for LPS 

recognition was identified in mice that had acquired a spontaneous mutation that 

conferred resistance to LPS toxicity (C3H/HeJ mice).105,106 LPS resistance was mapped to 

a single autosomal gene named Lpsd.107-109 Subsequent to the discovery of TLR4, studies 

by Yang and colleagues showed that expression of a yet-unknown TLR made cells 

responsive to LPS preparations, providing evidence that TLRs were in fact PRRs.110 
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Initially, the LPS receptor was mis-identified as TLR2 due to high levels of 

contaminating lipoproteins (which are potent activators of TLR2) in the experimental 

LPS preparations.111 However, positional cloning work identified Tlr4 as the genetic 

component responsible for LPS sensing and response.112 Subsequent work also confirmed 

that TLR4 is the signaling receptor for LPS, thereby showing that Tlr4 was in fact Lpsd, 

the gene responsible for LPS resistance.78,107 By 2007, ten human TLRs and twelve 

murine TLRs had been identified (hToll was thus renamed TLR4).70 Work to characterize 

TLR ligands and modes of recognition is still ongoing. Knockout mouse lines, TLR 

crystal structures, and a better understanding of the structure of the lipid A component of 

LPS have been important resources for characterization of TLR sensing and 

signaling.75,78  

During PRR ligand studies and structural characterization, several co-receptors 

have been identified that are important for TLR4 function and activity. This includes 

myeloid differentiation factor 2 (MD-2), a 160 amino acid soluble protein that is 

glycosylated and binds to the concave, extracellular face of TLR4. MD-2 is required for 

recognition of LPS and therefore subsequent TLR4 function (Figure 1.5).75,113,114 

Additional co-receptor proteins are cluster of differentiation 14 (CD14) and cluster of 

differentiation 36 (CD36). CD14 is a glycoprotein of 375 amino acids that is found either 

soluble in the blood or linked to the membrane of myeloid cells via a 

glycosylphosphatidylinositol (GPI)-anchor and contributes to TLR2 and TLR4 ligand 

recognition.115,116  Specifically, CD14 has been shown to bind LPS and deliver it into the 

TLR4/MD-2 complex (Figure 1.5). CD14 can additionally extract LPS monomers from 

LPS-binding protein (LBP), which is a soluble protein that interacts with intact bacteria 

or LPS aggregates in the extracellular space.117,118 CD36 has been shown to contribute to 
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TLR2, TLR6, and TLR4 activation, and models suggest that CD36 binds negatively 

charged lipo-ligands and transfers them to CD14, which then loads them into their 

respective TLRs.119-121  

LPS molecules are amphipathic by nature and thus form large aggregates in 

aqueous environments, such as in serum. LBP and CD14 enhance the detection of LPS by 

extracting and monomerizing single LPS molecules before their presentation to the 

TLR4/MD-2 complex (Figure 1.5). Crystal structures have yielded insight into the 

specific manner in which LPS interacts with the TLR4/MD-2 complex.75 LPS binding 

induces dimerization of two LPS-TLR4/MD2 complexes, in which the two C-termini of 

the ectodomains converge at the center and N-termini stretch outwards (Figure 1.4). 

Upon binding lipid A, MD-2 undergoes a structural change that shifts critical residues 

into the right conformation to mediate TLR4 dimerization.75 Dimerization is mediated by 

LPS, which generates an additional binding interface between MD-2 and TLR4. 

However, several studies have shown that TLR4/MD-2 complexes can exist as pre-

formed dimers in the absence of LPS. The stoichiometry between pre-formed dimers and 

monomeric TLR4 and the factors that promote dimer formation in the absence of LPS are 

not well understood. However, it is known that the acyl chains of the lipid A membrane-

anchor region of the LPS molecule are inserted into a hydrophobic pocket of MD-2. The 

two terminal phosphate groups of the lipid A molecule interact with charged residues in 

MD-2 and TLR4 via charge-charge interactions and hydrogen bonding, thus stabilizing 

the interaction.75  

Modification of lipid A structure can alter the inflammatory potential and 

downstream signaling events, partially based on its binding in the MD-2/TLR4 

complex.3,122 For example, removal of one of the terminal phosphate groups of lipid A   
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Figure 1.5. TLR4 co-receptors. 

TLR4 has several associated co-receptors that aid in the delivery of LPS to the TLR4/MD-2 
binding pocket. These include LPS binding protein (LBP), which can extract LPS directly from 
bacteria and from LPS aggregates, and cluster of differentiation 14 (CD14).  
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reduces the inflammatory potential of LPS by removing the charge-clamping effect. Lipid 

A acyl chain length and number are also important determinants of TLR4/MD-2 binding 

affinity. E. coli lipid A is hexa-acylated, and crystal structures shown that only five of the 

six acyl chains are embedded within the hydrophobic pocket of MD-2. The sixth is 

partially exposed, thus providing an additional binding interface that strengthens 

dimerization. The majority of altered affects are mediated by lipid A, as the core region 

of LPS (composed of carbohydrates) makes only a limited number of interactions with 

TLR4 and MD-2 which are weak in nature. Therefore, the carbohydrate chain makes only 

minor contributions to the immunological activity of LPS in vivo.75  

 

V. Resolution of bacterial infection 

Mammalian innate and adaptive immune systems work collaboratively to prevent 

bacterial infection. The innate immune response serves as a fairly non-selective first line 

of defense against invading microbes, as described in the previous section. Invading 

bacteria can be sensed by TLRs in addition to intracellular Nod-like receptors (NLRs), 

which collectively lead to removal or destruction of the infectious agent under typical 

circumstances. 123,124 Innate immunity occurs within the first four hours of infection, with 

early induced innate responses occurring up to 96 hours after infection. The adaptive 

immune response is much more specific and typically develops after 96 hours of 

infection, depending on the pathogenic agent. 123-125  

The epithelial surfaces of the body serve as a physical barrier against most 

microorganisms and thus are an important part of resisting infection. 124 This is in part 

why burn victims and others with severe skin damage are more susceptible to infection. 

Phagocytic cells in submucosal tissue and the bloodstream are the first to encounter 
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microorganisms that manage to cross the epithelial barrier. These cells include 

macrophages and neutrophils, which possess TLRs on their surface. 123,125 TLR-PAMP 

recognition often leads to phagocytosis of the pathogen and subsequent death of the 

pathogen in the phagosome. Phagocytosis by macrophages immediately after 

encountering a bacterium can be sufficient to prevent establishment of an infection. 

Macrophages that encounter a microbe also release small proteins called cytokines and 

chemokines as well as other chemical mediators to further propagate the immune 

response. The molecules secreted by macrophages help establish a state of inflammation, 

which aids in infection control in several ways. Inflammation augments the killing of 

invading microorganisms by delivery of additional effector molecules and cells, like 

neutrophils and dendritic cells, to the site of infection. Additionally, inflammation 

induces local blood clotting, which physically prevents the spread of infection in the 

bloodstream. 123,125  

Many bacteria can overcome the innate immune response, and thus the adaptive 

immune response is crucial for defense against infection. Antigen-presenting cells help 

stimulate adaptive immune responses to invading microbes. Dendritic cells (DCs) are 

recruited to and activated at the site of infection after initial pathogen detection by 

macrophages. Immature DCs resident in tissue can also be activated by stimulation of the 

TLRs on their cell surface. Like macrophages and neutrophils, dendritic cells are 

phagocytic and will engulf and destroy microorganisms. After phagocytosis, the bacteria 

or other microorganism can be processed within the phagolysosome and fragments, also 

called antigens, will be transported to and exposed on the cell surface of the DC. The 

same process can occur in macrophages. 123,125 Once this happens, the cells are termed 

antigen-presenting cells. Antigen-presenting cells can interact with cells of the adaptive 
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immune system, namely T-cells, thus providing a link between innate and adaptive 

immunity. Several co-stimulatory molecules, signals, and other mediators are needed to 

facilitate this link. The end result is activation of naïve T-cells, which can then go on to 

activate B-cells. B-cells mature and secrete antibodies specific to the antigen presented 

on the surface of the DC and can thus bind to pathogens containing that same structure. 

In this way, the immune system can have memory of specific pathogens and better mount 

an immune response if the pathogen is encountered again. Antibodies bound to bacteria 

can better direct phagocytic cells to the microbe, thus enhancing its destruction. 123,125  

The details of the innate and adaptive immune response are much more complex 

than described here. There are over human 100 genes that encode for cytokines of genes 

of cytokine-like function and their gene products help fine-tune the immune response to 

the specific type of infection. 123,125 Typically, Gram-negative bacterial infection is 

heavily dependent on TLR signaling and subsequent inflammatory-based responses. The 

immune response will also vary between the type of bacterial infection – namely, 

intracellular or extracellular. Bacteria have evolved many strategies to avoid host immune 

responses, including alteration of lipid A structure as discussed above. In total, the 

immune system is effective at eliminating invading microbes in most immunocompetent 

individuals. In my thesis, I will focus on innate immune recognition of Gram-negative 

bacteria, specifically in regard to TLR4/MD-2 recognition of lipid A.  
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2. PSEUDOMONAS AERUGINOSA – A VERSATILE AND PATHOGENIC 
BACTERIUM 

A. History and taxonomy of P. aeruginosa  

The name “Pseudomonas” was coined at the end of the nineteenth century by Walter 

Migula, a botanist at the Karlsruhe Institute in Germany. 126,127 In his description of this 

new genus, he wrote: “Cells with polar organs of motility.” He thus established the taxon 

of this organism based solely on bacterial morphological characteristics. Although his 

description provided little to no information that would help discriminate Pseudomonas 

from other genera, the nomenclature was adopted throughout the field. 126,127 

Subsequently, the American bacteriologist Charles-Edward Amory Winslow established 

the family Pseudomonadaceae in 1917, which encompassed the newly-described 

Pseudomonas genus and a number of disparate genera. By the mid twentieth century, the 

genera had grown to encompass over 800 species and the taxonomy was significantly 

refined in the 1960s, largely due to work by the Department of Bacteriology at the 

University of California Berkeley. 128 Due to its prevalence, Pseudomonas is an important 

organism in the history and development of microbiology. Pseudomonas and 

pseudomonads (aka Pseudomonas-like bacteria) encompass taxa of metabolically 

versatile bacteria that can live in diverse environmental conditions and can utilize a wide 

range of organic and inorganic compounds for growth. As such, they are found 

ubiquitously in the environment, specifically in soil and water ecosystems, and are 

pathogens to plants, animals, and humans.   

Of the family Pseudomonadaceae, Pseudomonas aeruginosa is the most widely 

studied strain. In 1850, the French military surgeon Charles Sédillot observed that some 

surgical wounds had a characteristic blue-green discoloration and that this discoloration 

was associated with a transferable agent. 129 In 1859, French pharmacist Joseph-Maturin 
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Fordos reported a chloroform extraction procedure used to isolate a compound he called 

“pyocyanine” from purulent wound dressings that had turned blue. {Sci:1DyBxx0y} 

Twelve years later in 1872, German biologist Joseph Schroeter published an article about 

several pigments produced by bacteria. He reported the observation of green 

discoloration on cooked potato and in wound pus. Although he did not directly observe 

bacteria or other microorganisms in connection with the discoloration, he nonetheless 

implicated bacteria as the causative agents capable of producing the green pigment based 

on the “lack of any other possible source,” and he stated that the pigment must be 

produced by a motile bacterium. 130 He thus named this hypothetical bacteria Bacterium 

aeruginosum (Bacterium was his nomenclature for motile bacteria and aerugo is the 

Latin word for verdigris, or blue-greenish oxidation on copper). Without further 

investigation, Schroeter applied this name to the bacterium that produces the pigment 

pyocyanine in green pus.  

The likely first report of P. aeruginosa association with human infection came in 

1862, when Lucke observed rod-shaped particles in the blue-green pus of patients with 

infection. Pharmacist Carle Gessard first isolated the organism responsible for this 

coloration in 1882, which he called Bacillus pyocyaneus in his report titled “On the Blue 

and Green Coloration of Bandages.” {Sci:bQPRZ2im} Several reports between 1889 and 

1894 identified Bacillus pyocyaneus as the causative agent of blue-green pus in the 

wounds of patients. Research on this bacterium continued with investigators alternately 

using “Bacillus pyocyaneus” and “Bacterium aeruginosum” in reference to the same 

microbe. The nomenclature was eventually settled in 1900 when Migula published a 

more comprehensive description of the Pseudomonas genus. The report officially 

registered 75 Pseudomonas species, including Pseudomonas aeruginosa (Figure 2.1).  
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Kingdom. Bacteria 
 

Phylum. Proteobacteria 

Class. Gammaproteobacteria 

Order. Pseudomonadales 

Family. Pseudomonadaceae 

Genus. Pseudomonas 

Species. Pseudomonas aeruginosa.  

 

Figure 2.1. Taxonomy of P. aeruginosa. 

Taxonomy of P. aeruginosa according to the Interagency Taxonomic Information System 
(www.itis.gov).  
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This nomenclature was further formalized by the International Journal of Systematic 

Bacteriology in 1967, in which the governing body officially declared Pseudomonas 

aeruginosa as the fixed name of the species. 131 This eliminated all previous identifiers of 

the species, which included: Bacterium aeruginosum (Schroeter, 1872), Bacillum 

aeruginosus (Schroeter, 1886), Bacillus pyocyaneus (Gessard, 1882), and Pseudomonas 

pyocyanea (Zopf 1895). Today, P. aeruginosa is commonly differentiated from other 

bacteria by its ability to produce the unique pigment molecules pyocyanin (blue-green) 

and fluorescein (also called pyoverdine, yellow), making it aptly suited for its name. 131  

All subsequent chapters will focus on P. aeruginosa, with specific emphasis on 

lipid A biosynthesis in Chapter 3 and genetic variability and adaptation in Chapters 5 and 

6, respectively. It is important to note that clones of P. aeruginosa demonstrate a gradient 

of pathogenicity, both in human infection and animal and plant model studies, as outlined 

in detail below. The ability of P. aeruginosa to thrive and/or cause disease within a 

specific niche, infectious or otherwise, varies from isolate to isolate and from strain to 

strain worldwide. Variability is even observed between isolates of the same strain, as 

demonstrated in Chapter 5. This variation is likely due to the influence of habitat on P. 

aeruginosa colonization and fitness. Within specific disease states, P. aeruginosa also 

evolves into distinct clone types. This phenomenon is commonly observed in cystic 

fibrosis patients infected with P. aeruginosa, which will be discussed in detail in 

Chapters 4 and 6. However, the overall relatedness of strains from vastly different niches 

may explain why P. aeruginosa remains a public health threat in hospitals, where 

environmental strains could be acquired by compromised patients.  
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B. P. aeruginosa in the environment 

P. aeruginosa can occupy multiple environmental niches partially due to its 

ability to utilize a diverse range of compounds as energy sources and its adaptability. It 

primarily exists as a free-living bacterium in water, soil, and plants both in natural and 

man-made environments.132 In the natural environment, P. aeruginosa can be cultured 

directly from the soil. Few studies have attempted to quantify and describe soil 

colonization, but an article from 1974 reported that 24% of soil samples from agricultural 

fields in California were colonized.133 Root nodules of plants, such as Arabidopsis and 

sweet basil (Ocimum basilicum) can also be colonized. P. aeruginosa can be a deadly 

plant pathogen, which has recently been reviewed.134,135  

P. aeruginosa is most commonly found in moist habitats, including areas around 

streams and lakes. It has no known mammalian or arthropod reservoirs. When in the 

natural environment, P. aeruginosa is subject to interaction with a host of other 

microorganisms that also occupy that niche. For example, many other Pseudomonas 

species including P. aureofaciens, P. fluorescens, and P. chloroaphilus also co-exist with 

P. aeruginosa in the rhizospheres of plant roots.136 P. aeruginosa may encounter other 

soil bacteria such as Azotobacter or water-associated bacteria such as Vibrio species. P. 

aeruginosa has evolved many systems that facilitate inter-species interaction and defense, 

which are outside the scope of this thesis. Interestingly, the dominant selective pressures 

governing P. aeruginosa evolution appear to come from the natural environment and not 

human hosts.137 

In man-made environments, P. aeruginosa is primarily found in wet habitats. 

These commonly include the premise plumbing of large buildings, water filters, faucets, 

sinks, and drains.138 It’s interesting to note that genomic and molecular studies of 
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environmentally-adapted and clinically-adapted species reveal limited divergence, 

suggesting that the species that occupy both spaces are not overly adapted to their 

niche.139  

 

C. P. aeruginosa as a pathogen  

P. aeruginosa is an opportunistic pathogen in humans, meaning it primarily 

causes diseases in patients with impaired host defenses. These include neonatal infants, 

cancer patients, the elderly, and those with underlying genetic conditions, such as cystic 

fibrosis.140 Alternatively, P. aeruginosa may cause infection in patients in which the 

body’s defenses are breached, such as by skin burns and ulcerations or those with 

indwelling medical devices, such as ventilators and urinary catheters. In healthy 

individuals, P. aeruginosa can infrequently be isolated from sites such as the nose, and 

generally does not cause disease.140  

During the past few decades, P. aeruginosa has emerged as one of the most 

frequent causes of hospital-acquired (also called nosocomial) infections, which is 

unsurprising given the pool of susceptible patients and prevalence of P. aeruginosa in the 

environment.141 These nosocomial P. aeruginosa infections are associated with increased 

morbidity and mortality in patients and have increasingly become a public health 

concern.141  Studies suggest that hospitalized patients acquire P. aeruginosa from 

healthcare equipment that has been improperly sterilized, the hands of healthcare workers 

or visitors, water reservoirs and faucets, and infrequently in food products.126,142-144 P. 

aeruginosa is capable of causing multiple infections, ranging from local to systemic and 

presenting with varying severities (Figure 2.2). The ability of P. aeruginosa to cause 

disease in humans relies on the tightly controlled production of an array of metabolites,   
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Figure 2.2. Infections caused by P. aeruginosa. 

P. aeruginosa is capable of causing infection at many distinct sites within the body. The severity 
of infection varies by infection type, bacterial source, and patient health. All images used for the 
making of this figure are copyright- and royalty-free.  
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lipids, and proteins that are secreted or directly injected into host cells. These include, but 

are not limited to, toxins, enzymes, redox molecules, secondary metabolites, and 

exopolysaccharides.142,145  

The innate and adaptive immune systems, defined in Chapter 1, are both 

important in resisting and fighting P. aeruginosa infection. Innate immune defense 

molecules and cells, such as cationic antimicrobial peptides and PMNs, provide non-

selective defense against invading P. aeruginosa.146,147 Phagocytic polymorphonuclear 

neutrophils (PNMs) are critical for the killing and clearance of P. aeruginosa, and studies 

have shown that defective PNMs can be linked to worsened infection with                      

P. aeruginosa.148,149 PNMs are recruited to the diseased microenvironment, where they 

produce reactive oxygen species that kill the bacteria. P. aeruginosa uses secretion 

systems to inhibit host cellular immunity as part of its strategy to establish an infectious 

niche, which is partially mediated by secretion of cytotoxic effectors.150 Apoptosis of 

epithelial cells, which are commonly invaded by P. aeruginosa, also serves as a means to 

control infection.151,152 If P. aeruginosa can evade host defenses, it can be hard to 

eradicate due to its intrinsic resistance to a range of antibiotics.145  

 A wide body of research has focused on P. aeruginosa virulence factors, 

including those within the membrane. Due to its role in stimulating an innate immune 

response, many properties of P. aeruginosa lipopolysaccharide (LPS, discussed in 

Chapter 1) have been investigated in detail. Lipid A is of particular interest because it is 

known to undergo structural changes during adaptation to specific disease states.37 These 

structural changes are mediated by a series of biosynthetic enzymes, which will be 

discussed in detail in the next two sections.  
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D. Lipid A biosynthesis in P. aeruginosa  

The lipid A biosynthetic pathway has been extensively studied in the model 

organism E. coli and is assumed to be conserved in P. aeruginosa. This assumption is 

based on the presence of biosynthetic genes that are homologous between E. coli and P. 

aeruginosa, although the majority of the specific lipid A biosynthetic steps have not been 

individually investigated in P. aeruginosa.153 Lipid A is synthesized by addition of 

primary acyl chains to the 2-O and 1-N positions of uridine diphosphate (UDP)-D-

acetylglucosamine (GlcNAc), followed by the fusion of two UDP-D-GlcNAc molecules. 

This yields a diglucosamine backbone that is tetra-acylated. Additional modification 

enzymes can act to add and remove acyl chains and other modification groups to yield 

the final lipid A structure. Each step is outlined below and in Figure 2.3.  

The first three steps of lipid A biosynthesis occur in the cytoplasm. The first step 

is 3-O-acylation of UDP-D-GlcNAc, which is reversibly catalyzed by LpxA (PA3644). 

LpxA transfers 3-hydroxydecanoic acid [C10:0(3-OH)] from acyl carrier protein (ACP) 

to the 2-position of UDP-D-GlcNAc.153 P. aeruginosa LpxA is distinct from E. coli 

LpxA in its selectivity of acyl chain length. E. coli LpxA incorporates a 14-carbon acyl 

chain, whereas in P. aeruginosa, a 10-carbon acyl chain is preferably transferred. 154,155 

These enzymes discriminate between fatty acyl chain length using ‘hydrocarbon rulers’, 

which are grooves in the protein structure that dictate the type of acyl chain that can or 

cannot be acted upon. Chain-length preferences are dictated by protein primary structure 

and can be altered by single amino acid substitutions.156  

The next step is irreversibly catalyzed by LpxC, serving as the first committed 

step in the biosynthetic pathway (Figure 2.3). LpxC deacetylates the 2 position of the 

UDP-3-O-(R-3-hydroxydecanoyl)-N-acetylglucosamine, thereby releasing acetate and   
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Figure 2.3. Lipid A biosynthesis in P. aeruginosa. 

Lipid A biosynthesis in P. aeruginosa is presumed to occur in a manner analogous to that of E. 
coli. However, P. aeruginosa has duplications in genes encoding the late acyltransferase HtrB 
(LpxL in E. coli) and encodes for two hydroxylases (LpxO1/2).   
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allowing for subsequent addition of acyl chains to the N position. LpxC is zinc-dependent 

and although its enzymology has not been extensively studied in P. aeruginosa, several 

crystal structures have been determined.157-159  

The N-linked primary acyl chains are then added by the P. aeruginosa homologue 

of E. coli LpxD (PA3646). LpxD preferentially adds 3-hydroxylauroyic acid [C12:0(3-

OH)] from ACP to the 2 and 2’ positions of the UDP-D-GlcNAc.155 This step again 

contrasts with the pathway in E. coli, in which 3-hydroxymyristoyl-ACP is the substrate, 

yielding N-linked acyl chains 14 carbons in length.155  

The next three steps of lipid A biosynthesis involve the fusion of two acylated 

UDP-GlcNAc molecules to create a diglucosamine backbone that is tetra-acylated 

(Figure 2.3). These steps have not been experimentally investigated in P. aeruginosa, 

although the reactions are presumed to be conserved from the E. coli pathway and are 

believed to be conducted by the P. aeruginosa homologs of the E. coli enzymes.153 The 

resultant product is next acted on by a series of enzymes that have not been specifically 

investigated in P. aeruginosa: LpxH, LpxB, and LpxK.  

 LpxH (PA1792) cleaves the UDP moiety at the 1 position of the molecule to leave 

just a single phosphate, releasing uridine monophosphate (UMP) in the process. This 

molecule is then combined with the previous intermediate (before UMP release) to form 

lipid A disaccharide. This is presumed to be catalyzed by LpxB (PA3643), a disaccharide 

synthase. It is also presumed that the acyl chains are embedded within the inner leaflet of 

the inner membrane at this step. Finally, the lipid A disaccharide is phosphorylated at the 

4’ end by the kinase LpxK (PA2981), which requires ATP. The final product is a tetra-

acylated disaccharide with terminal phosphates embedded within the inner leaflet of the 

inner membrane.153  
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 Secondary acyl chains are added by the late acyltransferases HtrB1 (PA3242) and 

HtrB2 (PA0011), which both use lauroyl-ACP (12:0-ACP) as the substrate to add acyl 

chains 12 carbons in length (Figure 2.3).160 These enzymes are homologous to E. coli 

LpxL, although they have varying levels of sequence identity. HtrB1 is sometimes 

referred to as LpxL2 and HtrB2 as LpxL1. Unlike E. coli, the P. aeruginosa HtrB 

enzymes can act on lipid A without any addition of the core sugar molecules. 161,162 While 

it is generally accepted that both enzymes act in the inner membrane, the order in which 

the enzymes act has not been experimentally confirmed.153  

 The secondary acyl chains can be hydroxylated at the 2 position by coordinating 

dioxygenase enzymes LpxO1 (PA4512) and LpxO2 (PA0936) (the topic of Chapter 3). 

LpxO1 2-hydroxylates the C12 added by HtrB2 and LpxO2 specifically acts on the C12 

added by HtrB1 (Chapter 3). E. coli does not possess homologous dioxygenases, 

although other Gammaproteobacteria, including Salmonella, Acinetobacter, and 

Klebsiella, possess single copies of LpxO homologues. P. aeruginosa LpxO1 and LpxO2 

function is the topic of Chapter 3.  

 The result of these synthesis steps is a hexa-acylated, bis-phosphorylated lipid A 

molecule residing in the inner leaflet of the inner membrane. The remaining modification 

steps occur in the outer membrane. Transport of the lipid A intermediate occurs via a 

protein-protein shuttle made of lipopolysaccharide transport proteins (Lpts).163 Together, 

these enzymes facilitate the transfer of lipid A from the periplasmic face of the inner 

leaflet to the extracellular face of the outer membrane by forming a transenvelope 

complex. The Lpt proteins have been most extensively investigated in E. coli and seven 

distinct proteins are proposed to form the transenvelope complex responsible for lipid A 

transport. P. aeruginosa is expected to function in a similar manner, although many of 
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the predicted homologues have not been investigated.163 The transport of lipid A could 

warrant a chapter in itself and thus is not discussed here in detail. The end result is the 

delivery of the hexa-acylated lipid A structure directly to the outer leaflet of the outer 

membrane. 

 Most laboratory strains of P. aeruginosa produce a penta-acylated lipid A 

structure lacking the C10 acylation at the 3 position. The outer membrane enzyme PagL 

(PA4661) is a deacylase that selectively removes the C10 acyl chain from the 3-position, 

yielding a penta-acylated lipid A structure that is viewed as the canonical structure for P. 

aeruginosa lipid A. PagL can additionally remove longer acyl chains, such as the C14 

chains in E. coli, and has been crystallized. Notably, PagL activity and thus lipid A 

structure has been reported to be sensitive to environmental and disease states, which will 

be discussed further in Chapter 4.164,165  

 

E. Lipid A modifications   

Lipid A modification systems are highly variable among bacterial species and 

have been shown to be regulated by specific environmental conditions. Covalent 

structural modification of lipid A can confer selective advantages to bacteria, including 

altered immunostimulatory potential, resistance to antimicrobial peptides, and altered 

membrane stability. The transcription of several lipid A modification genes is influenced 

by two-component regulatory systems. In P. aeruginosa, the dominant systems regulating 

these genes are the PhoP-PhoQ and PmrA-PmrB systems (Figure 2.4). These two-protein 

systems have one component that acts as a sensor kinase within the inner membrane 

(PhoQ and PmrB, respectively) and upon activation, phosphorylates a response protein 

(PhoP and PmrA, respectively).166-168 The response protein is a transcription factor  
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Figure 2.4 Lipid A modification enzymes and regulatory systems in P. aeruginosa. 

P. aeruginosa genes encoding lipid A biosynthetic and modification enzymes can be upregulated 
by a number of transcription factors. Some of these transcription factors belong to two-
component regulatory systems that are involved in sensing and responding to external stimuli.  
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that translocates to the nucleus and induces expression of lipid A modification genes 

(Figure 2.4). These systems are responsible for transcriptional regulation of a wide range 

of genes in P. aeruginosa, but only their control of lipid A-related genes will be 

discussed here.  

Several lipid A modification enzymes have been described in P. aeruginosa. 

These include LpxO1 and LpxO2, which were briefly discussed in the previous section 

and will be discussed in greater detail in Chapter 3. These enzymes add hydroxyl groups 

to the 2 position of the secondary acyl chains added by HtrB1 and HtrB2 (Figure 2.5).160 

The level of hydroxylation is influenced by growth condition, although the influence of 

specific environmental triggers is unknown. Also, the canonical lipid A structure from P. 

aeruginosa is hydroxylated, suggesting that hydroxylation is more important to the 

baseline function of lipid A than other, more transient covalent modifications.  

 The enzyme PagL, which was discussed in the previous section, is also influenced 

by environmental factors. Downregulation of PagL leads to retention of the acyl chain at 

the 3 position, which is normally removed during the lipid A biosynthetic pathway 

(Figure 2.3). This yields a hexa-acylated structure with increased inflammatory potential 

(unpublished, Lauren Hittle Thesis Dissertation).169 PagL has been shown to be 

downregulated in certain disease states, such as in isolates from cystic fibrosis patients, 

164 and in response to some antimicrobial compounds (data not yet published; 

collaborative work with the Keith Poole lab at Queen’s University). PagL is regulated by 

magnesium concentration and temperature, being less active in low [Mg2+] and low 

temperature (Figure 2.4). However, it is interesting to note that this phenomenon is more 

pronounced in environmental and clinical isolates and is lost in some laboratory-adapted   
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Figure 2.5. Lipid A modification and biosynthesis enzymes in P. aeruginosa and their effect on 
lipid A structure. 

Lipid A modifications are influenced by a number of environmental and internal factors and can 
occur in combination with or independently of one another.  
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strains.164 This phenomenon is partially dependent on the PhoP/Q system (pag stands for 

pho-activated gene).167 

The secondary acyltransferase PagP can modify lipid A structure by covalent 

addition of palmitate (C16) to the 3’-oxo-acyl chain (Figure 2.5). This yields a hexa-

acylated structure, which has increased inflammatory potential.37  Interestingly, this 

modification is associated with adaptation to the cystic fibrosis disease state and will be 

discussed in more detail in Chapter 6. Like pagL, pagP expression is partially regulated 

by the PhoP/Q system and is increased under Mg2+-limited growth conditions (Figure 

2.4). However, it is unclear if it is the Mg2+ concentration itself or the resulting 

membrane perturbations that lead to increased palmitoylation via PagP.  

The terminal phosphates of lipid A can also be modified by additional structural 

moieties. The kinase LpxT can transfer a phosphate group to the 1- or 4’-phosphate of 

lipid A. Assuming both the 1- and 4’-phosphates are present, LpxT activity forms tri-

phosphorylated lipid A, the function of which remains unclear (Figure 2.5). The 

regulation of LpxT on a transcriptional or post-translational level is also not well 

understood.170  

The negative charges of the phosphate groups may be partially or fully masked by 

adding positively-charged or neutral groups, thus increasing resistance to cationic 

antimicrobial peptides. The enzyme ArnT transfers 4-amino-4-deoxy-L-arabinose (L-

Ara4N), a cationic sugar, to the 1- or 4’-phosphate of lipid A. The gene encoding this 

enzyme, arnT, resides in an operon with other genes required for this modification 

(arnBCADTEF) (Figure 2.5).37 Lipid A modification with Ara4N changes the surface 

charge character of the bacterial membrane, thus inducing resistance to cationic 

substrates via charge-charge repulsion. Ara4N is also added under nutrient-limited 
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conditions, such as in media with low magnesium or calcium.166  The expression of genes 

in the arn operon and subsequent Ara4N addition in P. aeruginosa is controlled by both 

the PhoP/Q and PmrA/B systems. Both PhoP/Q and PmrA/B respond to magnesium-

limiting conditions by upregulating expression of arn genes (Figure 2.4). Several studies 

have shown that arn genes are induced in the presence of cationic antimicrobial peptides 

and that this is partially dependent on the PmrA/B system. Additionally, mutations in 

pmrB have been shown to cause constitutive activation of the PmrA/B system and thus 

arn genes, leading to resistance to cationic peptides including polymyxin B.166  

Phosphoethanolamine (pEtN) is another cationic substituent that can be added to a 

phosphate of P. aeruginosa lipid A (Figure 2.5). Unlike Ara4N, pEtN is only added to 

the 4’ phosphate and not the 1 phosphate.171  The basis for this positional specificity 

remains unclear.  EptA is the enzyme responsible for transfer of the pEtN group and its 

gene expression is induced in response to excess zinc (Zn2+). This regulation is dependent 

on the ColR/S two-component system, which responds to transition metals including 

Zn2+. ColR was demonstrated to activate transcription of eptA while simultaneously 

downregulating transcription of arnT (Figure 2.4).171  This coordinated regulation 

reduces competition for phosphate site of modification.  

 It is important to note that there are multiple populations of lipid A structural 

variants within any one P. aeruginosa membrane – lipid A may be unmodified, have a 

single modification, or have any combination of the above modifications. The effects this 

may have on membrane character and selective advantage, as well as the factors 

regulating the addition or removal of each modification, are still active areas of research. 

As such, the Ernst lab as a whole is interested in identifying and investigating novel lipid 

A biosynthetic and modification enzymes, which is the topic of Chapter 3.  
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3. ROLE OF LIPID A HYDROXYLATION IN P. AERUGINOSA INFECTION 
AND PERSISTANCE 

 

ABSTRACT 

The lipid A of Pseudomonas aeruginosa is esterified with two secondary S-2-

hydroxylaurate chains. This S-2-hydroxylation is proposed to be mediated by two 

putative dioxygenases, LpxO1 (PA4512) and LpxO2 (PA0936), although their functions 

have not yet been specifically investigated. Here, we demonstrate that LpxO1 and LpxO2 

function as dioxygenases with positional specificity. While these enzymes both mediate 

2-hydroxylation, LpxO1 specifically acts on the 2’-acyl-oxy-acyl laurate (added by the 

late acyltransferase HtrB2), whereas LpxO2 acts on the 2-acyl-oxy-acyl laurate (added by 

the late acyltransferase HtrB1). Both enzymes require oxygen for their function; 

however, unlike the canonical LpxO from Salmonella enterica, they are not regulated by 

the PhoP/Q signaling system. Via phylogenomic analysis, we demonstrate that 

LpxO1/HtrB2 and LpxO2/HtrB2 were likely acquired as discrete pairs at independent 

points during Pseudomonas evolution. 2-hydroxylation of P. aeruginosa lipid A had no 

effect on growth phenotype or antibiotic susceptibility and had little effect in TLR4 

signaling in murine- and human-expressing cell lines. However, analysis of in vivo lipid 

A structure from an intranasal mouse model revealed 2-hydroxylated lipid A, indicating 

LpxO1 and LpxO2 are active during infection. Collectively, these data add to our 

understanding of how 2-hydroxylation of lipid A affects persistence of and infection by 

P. aeruginosa.  
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INTRODUCTION  

Pseudomonas aeruginosa is a Gram-negative bacterium capable of causing a wide 

range of infections in plants, mammals, and humans.172 It is found ubiquitously in the 

environment, where it interacts with a multitude of other microbes both in soil and water. 

It is also a common cause of illness for hospitalized patients or those with compromised 

immune systems.142 These patients include those with cystic fibrosis (CF), in which P. 

aeruginosa colonizes and infects the airways of over 65% of all CF patients.173,174   

 Lipopolysaccharide (LPS) is the primary component of the outer leaflet of the 

outer membrane of all Gram-negative bacteria and is composed of three parts: O-antigen, 

core, and lipid A.3  LPS gives the bacterium a selective advantage against environmental 

stressors by providing a permeability barrier.175 Additionally, LPS is recognized by 

mammalian immune cells, leading to activation of innate immune responses, such as 

inflammation and secretion of pro-inflammatory cytokines. Lipid A is the hydrophobic 

membrane anchor of LPS and mediates interactions with the host innate immune system 

via the Toll-like receptor 4/ myeloid differentiation factor 2 (TLR4/MD-2) receptor 

complex.122  Lipid A is composed of a diglucosamine backbone that is differentially 

acylated depending on bacterial species and environmental conditions. Lipid A structure 

varies between bacterial species, largely due to differences in each bacterium’s repertoire 

of biosynthetic and modifying enzymes.20,176 Notably, lipid A structure alterations 

influence TLR4/MD-2 recognition and response.176,177  

 The canonical P. aeruginosa lipid A is penta-acylated with acyl chains of 10 and 

12 carbons in length and with two terminal phosphate moieties (Figure 3.1A). The 

secondary acyl-oxy-acyl laurate chains are added by two acyltransferase enzymes: HtrB1 

adds the 2-acyl-oxy-acyl laurate and HtrB2 adds the 2’-acyl-oxy-acyl laurate (indicated   



 47 

 

 

 

 

Figure 3.1. LpxO modifications of P. aeruginosa and S. enterica lipid A. 

 (A) P. aeruginosa can be doubly 2-hydroxylated (red) on the 2- and 2’-acyl-oxy-acyl laurate 
chains added by HtrB1 and HtrB2, respectively (blue) (B) S. enterica LpxO adds a 2-hydroxy 
group (red) on the 3’-acyl-oxy-acyl myristate chain. 
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in blue in Figure 3.1A).160 The secondary acyl-oxy-acyl laurate chains can additionally 

be hydroxylated. This has been proposed to occur via two dioxygenase enzymes, LpxO1 

(PA4512) and LpxO2 (PA0936), which were manually identified during curation of the 

P. aeruginosa genome. However, their specific function has not been investigated in 

detail.  

 Other Gram-negative bacteria also possess LpxO enzymes and can produce 2-

hydroxylated lipid A structures. The most well-studied is Salmonella enterica, in which 

the first LpxO gene was described.178,179 This gene is Fe2+- and O2-dependent and is 

regulated by the two-component regulatory system PhoP/Q. S. enterica LpxO (LpxOSe) 

acts at the 2 position on a myristate (C14) chain and is present as single copy in the S. 

enterica genome (Figure 3.1B).178,179 Conversely, P. aeruginosa possess two putative 

lpxO genes that are proposed to act on laurate (C12) chains. Klebsiella pneumoniae, 

Acinetobacter baumannii, and Bordetella bronchiseptica also possess a single lpxO 

homologs capable of 2-hydroxylating myristate chains in their respective lipid A 

structures.180-182  In these species, LpxO has been proposed to mediate resistance to 

antimicrobial peptides and to contribute to the infectious lipid A phenotype.  

 Here, we demonstrate that LpxO1 and LpxO2 function as O2-dependent 

dioxygenases on the 2-acyl-oxy-acyl laurate and 2’-acyl-oxy-acyl laurate chains of P. 

aeruginosa lipid A, respectively. Both enzymes yield 2-hydroxylation and have 

positional specificity. Phylogenetic analysis suggests that gene duplication, which is 

unique to Pseudomonas species, likely originated from lateral gene transfer. We used 

mutants in both lpxO genes to identify the role of hydroxylation in bacterial replication, 

antibiotic resistance, and TLR4/MD-2 signaling. Additionally, we used an intranasal 

model of murine infection to describe the in vivo lipid A pattern of P. aeruginosa.  
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RESULTS 

Identification of lipid A hydroxylase genes  

The P. aeruginosa genome encodes two homologues of the Salmonella enterica 

dioxygenase (LpxOSe) that are required for the biosynthesis of lipid A containing 2-

hydroxymyristate. PA4512 (lpxO1) has 59.8% similarity to the S. enterica locus and 

PA0936 (lpxO2) has 55.7% similarity. The primary protein sequences of LpxO1 and 

LpxO2 have 55.6% and 46.0% identity respectively to LpxOSe. LpxO1Pa and LpxO2Pa 

share 49% sequence identity (Figure 3.2). In S. enterica lipid A, the 2-hydroxylated 

myristate is attached in an acyl-oxy-acyl fashion at the 3’-position (Figure 3.1B), 

whereas in P. aeruginosa 2-hydroxylated laurate is attached in the same fashion at the 2- 

and 2’-positions (Figure 3.1A).160,178,179 

The LpxOs belong to the dioxygenase class of enzymes, which have a 

characteristic HXDX40-55H catalytic motif.183 This motif was identified in the amino acid 

sequences of P. aeruginosa LpxO1 and LpxO2: H155, X, D157, X44, H202 in LpxO1 and 

H161, X, D163, X44, H208 in LpxO2. A protein BLAST search was used to query all 

Pseudomonas LpxO sequences, which were then aligned. Within all Pseudomonas 

species, the active site residues are conserved (Figure 3.3). However, when LpxO 

sequences from all Gammaproteobacteria were aligned, there was observable divergence 

within the active site, specifically an aspartate to glycine substitution. The protein 

sequences that had this substitution had low sequence identity and may not retain 

hydroxylase function. However, this cannot be determined as functional data is not 

available and many of the species are not widely studied.   
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Figure 3.2. Alignment of P. aeruginosa LpxO1 and LpxO2. 

Alignment of P. aeruginosa LpxO1 and LpxO2 proteins revealed 49% amino acid identity and 
several conserved residues, noted with *. Active site residues are indicated with arrows. Both 
proteins were predicted to have N- and C-terminal transmembrane helices using the TMHMM 
server, which are indicated in blue. 184 Alignment constructed with ClustalOmega (default 
parameters).  
 

  



 51 

 

 

 

 

Figure 3.3. Conservation of the catalytic triad. 

The catalytic triad of LpxO is conserved among Pseudomonas species, but not among all 
Gammaproteobacteria.  
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LpxOSe is membrane-bound with its catalytic site facing the cytosol.178,179 

Analysis of the putative P. aeruginosa LpxO1/2 amino acid sequences using the web-

based software TMHMM184 predicted transmembrane helices at both the N- and C-

terminals of the protein with the spanning region facing the cytosol, suggesting a 

topology similar to that of LpxOSe (Figure 3.4 and Figure 3.2, blue). 

Web-based structural modeling software I-TASSER185 was used to model the 

three-dimensional structure of the proteins as well. Both LpxO1 and LpxO2 are predicted 

to have similar structures with predicted C-terminal transmembrane helices and a 

globular structure calculated to reside within the cytosol (Figure 3.5).  

 

lpxO genes are conserved among varied P. aeruginosa isolates  

We determined the level of genetic conservation of the lpxO genes using 130 

whole genomes of P. aeruginosa isolates from various sources including the 

environment, CF patients, non-CF infections, and laboratory-adapted PAO1 strains 

(information on these isolates and the whole-genome sequencing can be found in Chapter 

6). Large-scale BLAST score ratio (LS-BSR) analysis was used to determine the level of 

sequence similarity of lpxO and htrB genes between isolates (Figure 3.6).186 An LS-BSR 

score of 1 indicates 100% sequence identity and 0 indicates 0% identity. lpxO2 had 

absolutely no sequence divergence across all 130 isolates, despite their different origins 

(Figure 3.6). lpxO1 had 1% sequence divergence in two environmental isolates (#12 and 

#15), one bronchiectasis isolate (#27), in all isolates from one young CF patient (#66-74, 

patient 205), and in one non-CF disease isolate from an abdomen infection (#124).  

The late acyltransferase htrB1 had between 0 and 8% sequence divergence across 

the isolates. The same was observed for HtrB2 function (data not shown). Only 1% or 
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less sequence divergence was observed for htrB2 divergence in nine of the isolates, the 

majority of them being environmental in origin. In sum, lpxO and htrB genes are highly 

conserved across this set of P. aeruginosa isolates despite their various origins.  
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Figure 3.4. Transmembrane helix predictions for LpxO1 and LpxO2. 

Transmembrane helices were predicted from the LpxO1 and LpxO2 protein sequences using the 
TMHMM server184 with the default parameters. AA = amino acids; THM = transmembrane helix  
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Figure 3.5. Predicted LpxO1 and LpxO2 protein structures. 

Online protein-prediction software I-TASSER185 was used to predict the three-dimensional 
structure of LpxO1 and LpxO2 based on their amino acid sequences. 
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Figure 3.6. LS-BSR analysis of lpxO, htrB genes. 

Large-scale BLAST score ratios of lpxO1, lpxO2, htrB1, and htrB2 were analyzed from 130 
whole genomes of P. aeruginosa from various sources. An LS-BSR score of 1 (yellow) indicates 
100% sequence similarity. The genome sequencing and  LS-BSR are discussed in more detail in 
Chapter 6.   
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PA0936 and PA4512 are dioxygenases capable of 2-hydroxylation and are O2-

dependent 

To determine the function of LpxO1/2Pa, single and double clean deletion mutants 

were engineering the laboratory-adapted P. aeruginosa strain PAK. The resulting lipid A 

was isolated and analyzed using matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometry (MS) in negative ion mode with norharmane as the 

matrix. 187 Lipid A isolated from WT PAK grown in LB supplemented with 1mM MgCl2 

(to suppress PhoP/Q activation)167 revealed dominant ions corresponding to penta- and 

hexa-acylated lipid A structures with hydroxylaurate (m/z 1446 and m/z 1616, 

respectively; Figure 3.7). The adjacent minor ions corresponded to lipid A with 

unhydroxylated laurate (m/z 1430 and m/z 1600, respectively), as well as lipid A with 

hydroxylaurate at both the 2- and 2’-positions (m/z 1462 and m/z 1632). For a complete 

list of all m/z values and their proposed structures see Table 3.1.  

Deletion of the lpxO1 gene resulted in the loss of the minor ion in which 

hydroxylation was observed at both the 2- and 2’-acyl-oxy-acyl laurates (m/z 1462 and 

m/z 1632 in the WT spectra). The observed ions at m/z 1446 and m/z 1616 both 

correspond to a single hydroxylaurate (Figure 3.7B, Table 3.1). Deletion of the lpxO2 

gene also resulted in loss of the minor ions in which both acyl-oxy-acyl laurates are 

hydroxylated. However, in contrast to the lpxO1 mutant, the ion corresponding to a single 

hydroxylated laurate (m/z 1446 and m/z 1616) was minor, while the ion corresponding to 

unhydroxylated laurate was predominant (m/z 1430 and m/z 1600) (Figure 3.7C, Table 

3.1). Deletion of both lpxO1 and lpxO2 resulted in a major ion at m/z 1430, 

corresponding to lipid A lacking any acyl-oxy-acyl laurate hydroxylation (Figure 3.7D 

and Table 3.1).   
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Figure 3.7. MS analysis of lpxO mutants. 

Lipid A structure of defined lpxO mutants was investigated using MALDI-TOF. All strains were 
grown aerobically. 
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Calculated m/z Observed m/z Predicted Structure 

1348.93 1350 Penta-acylated, mono-phosphorylated, no 2-
hydroxylation 

1365.93 1366 Penta-acylated, mono-phosphorylated, single 2-
hydroxylation 

1429.90 1430 Penta-acylated, bis-phosphorylated, no 2-
hydroxylation 

1445.89 1446 Penta-acylated, bis-phosphorylated, single 2-
hydroxylation 

1461.89 1462 Penta-acylated, bis-phosphorylated, double 2-
hydroxylation 

 

Table 3.1. m/z values and predicted structures. 

Exact and observed m/z values with their predicted structures. Changes in hydroxylation 
correspond to D m/z = 16.  
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As MALDI-TOF MS cannot be used to distinguish between 2- and 3-

hydroxylation, the site of hydroxylation in P. aeruginosa was investigated using gas 

chromatography-flame ionization detector (GC-FID). Analysis of fatty acid methyl esters 

from WT PAK revealed the presence of 3-hydroxylaurate (backbone acyl laurates at 

positions 2 and 2’) and 2-hydroxylaurate (acyl-oxy-acyl laurate at 2 and 2’ positions) 

(Figure 3.8). Analysis of the DDlpxO1/O2 mutant likewise demonstrated the presence of 

3-hydroxylaurate, but 2-hydroxylaurate was undetectable. This corresponded to an 

increase of unhydroxylated laurate (Figure 3.8). These data suggest LpxO1 and LpxO2 

in P. aeruginosa are capable of 2-hydroxylation, like LpxOSe. 

LpxOSe has an oxygen requirement for its function. 178 To determine if P. 

aeruginosa LpxO1 and LpxO2 have a similar requirement, we analyzed the lipid A of 

PAK WT, DlpxO1, DlpxO2, and DDlpxO1/O2 grown anaerobically (Figure 3.9). All 

spectra had a dominant ion of m/z 1430, representing penta-acylated lipid A without any 

2-hydroxylation. The minor ion at m/z 1600 represents hexa-acylated lipid A without any 

2-hydroxylation. Therefore, oxygen is required for LpxO1 and LpxO2 function.    
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Figure 3.8. GC-FID analysis of WT and lpxO1/2 mutant. 

Gas chromatography with flame ionization detector (GD-FID) was used to analyze fatty acid 
methyl esters of LPS purified from PAK WT and DDlpxO1/2 mutant grown aerobically in LB. * 
indicates P<0.05 and ** indicates P<0.01. Data represents nmol/ng of dried fatty acid methyl 
esters following lyophilization of Tri reagent-extracted LPS. 
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Figure 3.9. MS analysis of anaerobic WT and lpxO mutants. 

Lipid A structure of defined lpxO mutants was investigated using MALDI-TOF after 16 hours of 
anaerobic growth. See Figure 3.7A for P. aeruginosa WT lipid A structure under aerobic growth 
conditions.   
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P. aeruginosa LpxO1 and LpxO2 are not regulated by PhoP/Q 

LpxOSe is regulated by the two-component regulatory system PhoP/Q. To 

determine if P. aeruginosa LpxO1 and LpxO2 are likewise regulated by PhoP/Q, lipid A 

from PAK WT, DphoP, DphoQ, and DDphoP/Q grown aerobically in LB was extracted 

and analyzed with MALDI-TOF MS (Figure 3.10). The predominant ions in the WT 

spectra were the same as observed earlier (refer to Table 3.1 for predicted structures). 

Additionally, minor ions at m/z 1616 and m/z 1632 were observed. These correspond to 

hexa-acylated, bis-phosphorylated lipid A with single and double 2-hydroxylation, 

respectively. The hexa-acylation results from retention of the 3-decanoyl acyl chain 

normally removed by PagL. As an intermediate in the lipid A biosynthetic pathway, this 

structure is commonly seen in lipid A preparations, although its relative abundance can 

also be influenced by environmental factors. The predominant ions for DphoP, DphoQ, 

and DDphoP/Q were similar to those observed for PAK WT: m/z 1446 and m/z 1462, 

corresponding to penta-acylated lipid A with single and double 2-hydroxylations, 

respectively. Additionally, minor ions were observed at m/z 1366 and m/z 1382 (mono-

phosphorylated, penta-acylated lipid A with one and two 2-hydroxylations, respectively) 

and m/z 1404 (a common breakdown product observed as a result of the extraction 

procedure). With the exception of m/z 1430, every observed ion corresponded to lipid A 

structures with at least one point of 2-hydroxylation. As lipid A 2-hydroxylation was 

observed in DphoP, DphoQ, and DDphoP/Q genetic backgrounds, we demonstrate that the 

PhoP/Q system does not regulate the lpxO genes in P. aeruginosa.   
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Figure 3.10. MS analysis of phoP/Q mutants. 

Lipid A extracted from defined phoP/Q mutants retain 2-hydroxylation.  
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LpxO1 and LpxO2 have positional specificity  

As both LpxO1 and LpxO2 are functional enzymes, we next tested if they could 

act interchangeably or had positional specificity using tandem MS fragmentation analysis 

based on the expected lipid A structures. The fragmentation patterns for the penta-

acylated, singly-hydroxylated ion m/z 1446, which is predicted to be 2-hydroxylated at 

either the 2-acyl-oxy-acyl-laurate or 2’-acyl-oxy-acyl-laurate, are shown in Figure 3.11. 

This ion (m/z 1446) from WT PAK revealed a major cross-ring fragmentation product of 

m/z 892, corresponding to laurate at the 2’-acyl-oxy-acyl position (Figure 3.11A, MS4; 

Table 3.2), as well as a minor cross-ring fragmentation product of m/z 908, 

corresponding to 2-hydroxylaurate at the 2’-acyl-oxy-acyl position (Figure 3.11B, MS4; 

Table 3.2). Deletion of lpxO1 resulted in m/z 1446 with a single major cross-ring 

fragmentation product of m/z 892 corresponding to laurate at the 2’-acyl-oxy-acyl 

position (Figure 3.11A; Table 3.2); thus, m/z 1446 from PAK DlpxO1 only has 2-

hydroxylaurate at the 2-acyl-oxy-acyl position. Conversely, deletion of lpxO2 resulted in 

m/z 1446 with a single major cross-ring fragmentation product of m/z 908 corresponding 

to 2-hydroxylaurate at the 2’-acyl-oxy-acyl position (Figure 3.11B; Table 3.2). Thus, 

m/z 1446 from PAK DlpxO1 only has 2-hydroxylaurate at the 2’-acyl-oxy-acyl position. 

These results demonstrate that both LpxO1 and LpxO2 are capable of 2-hydroxylation, 

with LpxO1 having positional specificity for the 2’-acyl-oxy-acyl laurate and LpxO2 for 

the 2-acyl-oxy-acyl laurate. Furthermore, based on the analysis of WT PAK, we 

demonstrate that 2-acyl-oxy-acyl-laurate-2-hydroxylation is dominant. This is mediated 

by LpxO2. Figure 3.12  summarizes the lipid A biosynthesis pathway in P. aeruginosa 

based on these and already-published results describing HtrB positional specificity.160   
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Figure 3.11. Tandem MS fragmentation patterns. 

Positional specificity of LpxO1 and LpxO2 were investigated using tandem MS fragmentation 
analysis of the major cross-ring fragment (MS4).   
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MS1 peak m/z 1446 m/z 1616 

MS2 major cross-ring fragment m/z 892 m/z 908 m/z 1062  m/z 1078  

2’-acyl-oxy-acyl substituent C12:0 2OH-C12:0 C12:0 2OH-C12:0 

WT ++ + + - 

DlpxO1 ++ - + - 

DlpxO2 - ++ - + 

 

Table 3.2. Tandem MS fragmentation analysis of WT and lpxO mutants. 

Summary of tandem MS analysis of lipid A from PAK WT and defined lpxO mutants. “- 
“indicates no ion was observed. “+” indicates the ion was observed. “++” indicates the ion was 
observed as a dominant ion. 
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Figure 3.12. Proposed activity of HtrBs and LpxOs. 

Based on MS fragmentation analysis, LpxO1 was determined to have positional specificity for the 
2’-acyl-oxy-acyl-laurate added by HtrB2 and LpxO2 for the 2-acyl-oxy-acyl-laurate added by 
HtrB1.  
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Loss of 2-hydroxylation does not affect growth, antibiotic susceptibility  

 To date, the influence of 2-hydroxylation on lipid A and membrane structure and 

function is not well understood. Loss of lpxO1, lpxO2, and lpxO1/O2 did not significantly 

affect aerobic bacterial replication at 37ºC, as compared to WT PAK (Figure 3.13). 

Additionally, we did not observe any significant effects of loss of hydroxylation on 

antibiotic susceptibility (Table 3.3). A slight increase in minimum inhibitory 

concentration (MIC) was observed with ticarcillin (lpxO mutants were doubly resistant 

than WT PAK), but this trend was not observed for piperacillin, also of the penicillin 

class. Notably, no difference was observed in lpxO mutants in the presence of polymyxin 

B (closely related to the antibiotic colistin) (Table 3.3). Additionally, when WT PAK 

was grown in sub-MIC levels of polymyxin B, the relatively intensity of ions correlated 

to hydroxylated lipid A structure (m/z 1446, singly-hydroxylated; m/z 1462, doubly 

hydroxylated) was comparable to WT PAK grown without polymyxin B (Fig 3.14). 

Together, these data suggest that 2-hydroxylation alone does not render resistance to 

polymyxin B or other antibiotics evaluated in P. aeruginosa. This is unique from what 

has been observed in K. pneumoniae and A. baumannii, in which lipid A 2-hydroxylation 

was reported to increase resistance to polymyxin B in vitro under aerobic conditions. 

180,181 We do not expect lpxO1 and lpxO2 to play a role in resistance to CAMPs such as 

polymyxin B under anaerobic conditions because of the O2 requirement of both enzymes. 

As shown in Figure 3.9, P. aeruginosa lipid A is not 2-hydroxylated under anaerobic 

conditions and therefore this modification is not available to influence membrane-related 

changes that promote polymyxin B and/or colistin resistance.  
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Figure 3.13. Growth curve analysis of WT and lpxO mutants. 

Growth curves of WT PAK and defined lpxO mutants were measured for 24 hours at 37C. No 
significant differences were observed.  
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Table 3.3. MIC analysis of WT and lpxO mutants. 

Minimum inhibitory concentration (MIC, all values in µg/mL) of various antibiotics in PAK WT 
and defined lpxO mutants.  
  

WT ∆lpxO1 ∆lpxO2 ∆∆lpxO1/2
Ticarcillin 16 32 32 32

Piperacillin 1 1 1 1
Cephalasporin Ceftazidime 0.5 0.5 0.5 0.5

Levofloxacin 0.25 0.25 0.25 0.25
Ciprofloxacin 0.25 0.25 0.25 0.25
Tobramycin 1 1 1 1
Gentamicin 0.25 0.25 0.25 0.25

Polymyxins Polymyxin B 0.25 0.25 0.25 0.25
Chloramphenicol 128 128 128 128

Penicillins

Fluoroquinolone

Aminoglycosides
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Figure 3.14. MS analysis of lipid A after exposure to sub-MIC polymyxin B. 

Mirror plot of MALDI-TOF MS analysis of lipid A extracted from PAK WT grown in LB media 
(top panel, black) or LB media supplemented with sub-MIC levels (0.1µg/mL) polymyxin B 
(bottom panel, red). Polymyxin B did not appear to alter the relative abundance ions 
representative of 2-hydroxylated lipid A ions.  
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2-hydroxylation does not significantly influence TLR4 signaling  

 During infection, lipid A signals through the pattern-recognition receptor (PRR) 

Toll-like receptor 4 (TLR4) and coordinating protein myeloid differentiation factor 2 

(MD-2), present on host innate immune cells (discussed in detail in Chapter 1). We used 

cell expression systems to determine if 2-hydroxylation of purified P. aeruginosa LPS 

altered the stimulation potential of TLR4, with NF-kB as the readout for TLR4 signaling. 

As P. aeruginosa lipid A is known to differentially activate the murine (m) and human 

(h) TLR4/MD-2 complexes, cell lines expressing each were used. 188,189 In basal-

expressing and over-expressing mTLR4/MD-2 cell lines (RAWs and HEKs, 

respectively), loss of 2-hydroxylation had no effect on TLR4 signaling (Figure 3.15A, 

B). In equivalent cell lines expressing hTLR4/MD-2 (THP-1s and HEKs, respectively), 

loss of 2-hydroxylation (at both sites and at the site mediated by LpxO2) decreased 

stimulation potential (Figure 3.15 C, D). However, the decrease was subtle, suggesting 

that P. aeruginosa lipid A 2-hydroxylation does significantly contribute to TLR/MD-2 

signaling.   
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Figure 3.15. TLR4/MD-2 stimulation by WT and lpxO mutant LPS. 

Cell lines over-expression murine TLR4/MD-2 (A) and human TLR4/MD-2 (C) were stimulated 
with purified LPS from PAK WT and defined lpxO mutants. Cells expressing basal-levels of 
murine (B) and human (D) TLR4/MD-2 were also stimulated. Secreted alkaline phosphatase 
(SEAP) under control of the NF-kB promoter was used as a colorimetric readout of TLR4/MD-2 
stimulation.  
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lpxO and htrB duplication is a recurring feature throughout Pseudomonas evolution 

While many Gammaproteobacteria possess putative LpxO enzymes,  

P. aeruginosa is rare in carrying duplicate lpxO loci. To determine if P. aeruginosa is the 

only Pseudomonas species to contain this duplication, we investigated the translated 

genomes of other Pseudomonas species for the presence or absence of LpxO1 and 

LpxO2. Specifically, we evaluated the major phylogenetic groups of Pseudomonas 

species, as defined by Hesse et al. 190 to 1) assess if other Pseudomonas species carry 

duplicate lpxO loci, 2) determine where in Pseudomonas evolution a second lpxO loci 

originated, and 3) evaluate the relative conservation of lpxO1 and lpxO2 loci. While the 

two most ancestral Pseudomonas groups (P. pertucinogena and P. linyingensis) do not 

contain lpxO loci, the next two groups branching off (P. oryzihabitans and P. aeruginosa) 

were found to contain one or both lpxO loci, with conservation of lpxO2 but patchwork 

distribution of lpxO1 (Table 3.4). Curiously, the next five groups branching off the 

Pseudomonas tree (P. resinovorans, P. stutzeri, P. oleovorans, P. straminea, and   

P. anguilliseptica) lack any lpxO loci, yet the remaining four derived groups (P. putida; 

P. lutea; P. syringae and P. fluorescens) contain both lpxO loci, with all ten subgroups of 

the large P. fluorescens group (P. fluorescens: P. fragi, P. gessardii, P. fluorescens,  

P. protegens, P. chlororaphis, P. corrugata, P. koreensis, P. jessenii, P. mandelii) having 

strong conservation of both lpxO loci. This phylogenetic distribution indicates two 

plausible scenarios for the evolution of duplicate lpxO loci: 1) a single gain of duplication 

of the lpxO loci occurred after divergence from the ancestral P. pertucinogena and P. 

linyingensis groups, with subsequent losses in the five intermediate groups but retention 

in the four derived groups, or 2) gains of dual lpxO loci occurred independently in the 
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ancestor of the P. oryzihabitans/P. aeruginosa groups and the ancestor of the four 

derived groups. 

A phylogeny estimation of exemplar LpxO1 and LpxO2 proteins retrieved from 

our phylogenomic analysis indicates that both groups are highly divergent from one 

another, in agreement with the observed sequence divergence reported above (Figure 

3.16).  The overall tree structure does not indicate strong divergence between the 

members of the P. oryzihabitans/P. aeruginosa groups and members of the four derived 

groups, which rules in favor of a single duplication event of an ancestral lpxO locus at 

either the origin of the Pseudomonas tree or after divergence of the ancestral  

P. pertucinogena/ P. linyingensis groups. Alternatively, one of the lpxO loci may have 

been acquired by a lateral gene transfer (LGT) event at either of these evolutionary 

timepoints. Importantly, these analyses of Pseudomonas LpxO-encoding loci reveal 

differential utilization of LpxO molecules across the Pseudomonas tree, and also 

highlight the strong conservation of the lpxO2 locus relative to the lpxO1 locus. 

For all of the analyzed Pseudomonas genomes containing LpxO1- and/or LpxO2-

encoding genes, we determined that both htrB1 and htrB2 loci were also present (Table 

3.4). While Pseudomonas HtrB proteins share minimal sequence identity to late 

acyltransferase family LpxL and no significant similarity to late acyltransferase family 

LpxM (data not shown), HtrB duplications are considered functional equivalents to these 

late acyltransferases. 160 The lack of a one-to-one correlation between LpxO and HtrB 

duplications in Pseudomonas species is not surprising. While HtrB proteins are essential 

for Kdo2-lipid A in the absence of other late acyltransferases (i.e., LpxL, LpxM, or LpxJ, 

which are undetectable in Pseudomonas genomes), LpxO proteins provide modifications 

to acyl chain platforms that serve for innovation. Such modifications are apparently   
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Table 3.4. Presence/absence of lpxO and htrB loci in Pseudomonas genomes. 

Translated genomes of strains from various species and subgroups of Pseudomonas were 
analyzed for the presence of absence of LpxO1, LpxO2, HtrB1, and HtrB2 (see Methods for 
details). Protein accession numbers for the associated strain protein are provided. *Group 
assignments followed Hesse et al. (2018): 190 OR, P. oryzihabitans; AE, P. aeruginosa; PU, P. 
putida; LU, P. lutea; SY, P. syringae; FL, P. fluorescens.  Subgroups of P. fluorescens: fr, P. 
fragi; ge, P. gessardii; fl, P. fluorescens; pr, P. protegens; ch, P. chlororaphis; co, P. corrugata; 
ko, P. koreensis; je, P. jessenii; ma, P. mandelii. 
  

Group * Species    LpxO1   LpxO2   HtrB1   HtrB2   
OR  P. oryzihabitans str. RIT370  KIZ51760  KIZ52847  KIZ51935  KIZ51590  

OR  P. zeshuii str. KACC 15471  ---------------  SHJ29914  SHJ14892  SHI34570  

AE  P. delhiensis str. CCM 7361  SDK89969  SDK26546  SDJ70278  SDJ92114  

PU  P. coleopterorum str. LMG 28558 ---------------  SEE58563  SEE76956  SED96770  

PU  P. putida str. KT2440   NP_744571  NP_746679  NP_742233  NP_743891  

PU  P. japonica str. DSM 22348  SNS60575  SNS57905  SNT02997  SNS80416  

LU  P. lutea str. LMG 21974  ---------------  SER05844  SEP57137  SEQ32464  

SY  P. cichorii str. ATCC 10857  ---------------  SDN30364  SDO55461  SDN31636  

SY  P. syringae pv. tomato str. NYS-T1 ---------------  KGK94113  KGK95198  KGK94142  

FL-fr  P. fragi str. NRRL B-727  SDU17153  SDU22733  SDU50947  SDU67766  

FL-as  P. asplenii str. 4A7   PNG44774  PNG44006  PNG40647  PNG42588  

FL-ge  P. gessardii str. DSM 17152  ONH49242  ONH44142  ONH38840  ONH38551  

FL-fl  P. fluorescens str. WH6  EFQ63444  EFQ64893  EFQ66104  EFQ62138  

FL-pr  P. protegens str. Pf-5   AAY92375  AAY90803  AAY95434  AAY93633  

FL-ch  P. chlororaphis str. O6  EIM15640  EIM14599  EIM18697  EIM17823  

FL-co  P. corrugata str. RM1-1-4  AOE65241  AOE64481  AOE63100  AOE61672  

FL-ko  P. koreensis str. D26   AMT89023  AMT87814  AMT86546  AMT88122  

FL-je  P. jessenii str. LBp-160603  PYC25600  PYC18793  PYC26743  PYC12251  

FL-ma  P. mandelii str. JR-1   AHZ67365  AHZ69014  AHZ70516  AHZ72394  
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Figure 3.16. Phylogenic estimation of Pseudomonas LpxO proteins. 

To determine the evolutionary history of LpxO duplications, the occurrence of lpxO duplication 
across the Pseudomonas phylogeny was initially assessed, as described in Methods.  
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expendable in certain Pseudomonas species, yet strongly incorporated into membrane 

biology in others, such as P. aeruginosa. 

The estimated LpxO phylogeny also revealed that Pseudomonas LpxO1 proteins 

are more closely related to the canonical LpxO proteins of other Pseudomonadales 

species than to Pseudomonas LpxO2 proteins (Figure 3.16). Thus, despite being more 

conserved in Pseudomonas species, and even functionally replacing LpxO1 in some 

cases, LpxO2 proteins are highly divergent in sequence and phylogenetic position from 

LpxO1 and other LpxO proteins. A closer comparison of the divergent positions between 

Pseudomonas LpxO1 and LpxO2 sequences reveals a stunning degree of divergence in 

LpxO2 proteins. Specifically, 37 amino acid positions that are divergent between LpxO1 

and LpxO2 sequences, yet conserved within each group, were further evaluated across an 

alignment of 2096 diverse bacterial LpxO proteins (Figure 3.17). Remarkably, for 32 of 

these residues (86%) the LpxO1-defining amino acid state is found in far greater 

frequency in other bacterial LpxO proteins than the LpxO2-defining amino acid state. 

Furthermore, for 24 of the 27 residues (highlighted yellow in Figure 3.17B), fewer than 

five non-Pseudomonas species of Pseudomonadales were found to contain the LpxO2-

defining amino acid state. This indicates that Pseudomonas LpxO2 proteins are not only 

highly divergent from Pseudomonas LpxO1 sequences, but also evolutionarily unique 

amongst all bacterial LpxO proteins. Thus, the innovation of doubly hydroxylated lipid A 

acyl chains afforded to certain Pseudomonas species may have arisen from an ancient 

LGT event in Pseudomonas evolution. 
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Figure 3.17. Characterization of Pseudomonas LpxO2 divergence. 

The P. aeruginosa LpxO1 and LpxO2 alignment (A) has 37 residues highlighted either green or 
blue.  All of these highlighted residues indicate divergent residues that are conserved within each 
group (e.g., highlighted residue 01 is always His in LpxO1 proteins and Leu in LpxO2 proteins).  
Blue (LpxO2) and green (LpxO1) highlighting indicates the rarer residue found in the larger 
phylogenomic analysis shown in panel B. LpxO active site residues are colored red.  (B) 
Assessment of the divergent characteristics of Pseudomonas LpxO2 sequences was carried out as 
defined in Materials and Methods. Pie charts (generated only for residues where the LpxO1 
amino acid state is present in 25% of the proteins (524 or more sequences) and at a two-fold 
greater frequency than the LpxO2 amino acid state) illustrate the breakdown of the LpxO1, 
LpxO2 and other LpxO amino acid states across the alignment.  Yellow highlighting depicts 24 
residues where only less than five non-Pseudomonas species of Pseudomonadales were found to 
contain the LpxO2-defining amino acid state. The sequence logo illustrates the relative 
conservation of the 37 highlighted residues in panel A across these 2096 diverse LpxO 
proteins.193   



 81 

Pseudomonas lpxO2 and htrB1 genes were acquired through lateral gene transfer  

 Considering the extreme divergence between Pseudomonas LpxO1 and LpxO2 

proteins, as well as their functional associations with their cognate acyltransferases 

(HtrB2 and HtrB1, respectively), similar divergence between Pseudomonas HtrB2 and 

HtrB1 proteins were suspected. Indeed, BLASTp searches using each duplicate protein as 

a query revealed that LpxO1 and HtrB2 have overall higher similarity to their closest 

bacterial orthologs compared to LpxO2 and HtrB1 proteins (Figure 3.18). Accordingly, 

we hypothesized that both lpxO2 and htrB1 loci were acquired in Pseudomonas species 

via LGT. To test whether LGT of lpxO2 and htrB1 loci or ancestral duplications of lpxO 

and htrB genes seeded Pseudomonas species with lpxO and htrB gene duplications robust 

phylogenetic analysis was carried out. Specifically, to support or refute the monophyly 

(shared ancestry) of duplicate lpxO and htrB genes (Figure 3.19), we determined 1) the 

origins of Pseudomonas LpxO1- and LpxO2-encoding genes among bacterial lpxO 

genes, and 2) the origins of Pseudomonas HtrB2- and HtrB1-encoding genes among 

bacterial htrB genes.  

To estimate comparable LpxO and HtrB phylogenies, datasets were constructed 

using genomes that carry both lpxO and htrB genes (or the highest related late 

acyltransferase). BLASTp searches were performed against the NCBI non-redundant 

database, using both LpxO1 and LpxO2 of P. aeruginosa as queries.  Alignments and 

tree-building strategies were carried out as described in Methods. The LpxO phylogeny 

estimation was congruent with the simpler tree estimated above (Figure 3.20) except that 

increased taxon sampling further illustrated the extreme divergence between 

Pseudomonas LpxO1 and LpxO2 proteins, with the LpxO2 lineage diverging early 

relative to most other LpxO lineages (Figure 3.20A). This observation suggests these   
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Figure 3.18. LpxO and HtrB BLASTp profiles. 

The top 100 BLASTp subjects (using LpxO1, LpxO2, HtrB2, and HtrB1 as queries in separate 
searches) are ranked by decreasing % amino acid identity. 
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genes did not originate from a common ancestor (gene duplication), but instead were 

more likely independently acquired through LGT. Remarkably, the HtrB phylogeny 

shares the same branching pattern: an ancestral HtrB1 lineage, with the HtrB2 lineage 

derived from other Pseudomonadales species (Figure 3.20B).  These mirror-image 

topologies indicate that the functional dioxygenase/acyltransferase pairs (LpxO2/HtrB1 

and LpxO1/HtrB2) each had a common path of origin, despite lacking operon structure or 

even close chromosomal proximity in Pseudomonas genomes (data not shown).  

Collectively, this robust phylogenetic analysis unambiguously supports the different 

evolutionary origins of LpxO2/HtrB1 and LpxO1/HtrB2 proteins, with a strongly 

indication that LpxO2/HtrB1 genes were acquired via LGT early in Pseudomonas 

evolution. 
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Figure 3.19. Expected phylogenetic outcomes. 

Phylogenetic analysis is used to determine genealogical relationships. Based on the branch 
pattern, we employed phylogenetic analysis to discern between ancestral gene duplication and 
LGT for the origin of duplicate lpxO and htrB genes in Pseudomonas species. 
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Figure 3.20. Phylogenetic comparison of LpxO and HtrB supports LGT. 

To determine the evolutionary history of LpxO and HtrB duplications, datasets were constructed 
using only genomes that carry both lpxO and htrB genes as described in Materials and Methods. 
(A) LpxO phylogeny.  The alignment (79 sequences, 365 positions) was trimmed to 266 positions. 
The Final LogLikelihood was -11669.644136. (B) HtrB phylogeny.  The alignment (94 sequences, 
366 positions) was trimmed to 244 positions. The Final LogLikelihood was -15110.411417. 
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Figure 3.20. Phylogenetic comparison of LpxO and HtrB supports LGT. 

To determine the evolutionary history of LpxO and HtrB duplications, datasets were constructed 
using only genomes that carry both lpxO and htrB genes as described in Materials and Methods. 
(A) LpxO phylogeny.  The alignment (79 sequences, 365 positions) was trimmed to 266 positions. 
The Final LogLikelihood was -11669.644136. (B) HtrB phylogeny.  The alignment (94 sequences, 
366 positions) was trimmed to 244 positions. The Final LogLikelihood was -15110.411417.  
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P. aeruginosa lipid A is 2-hydroxylated in vivo 

To date, there is limited data on the structure of lipid A in vivo in the context of P. 

aeruginosa infection. To evaluate in vivo lipid A modifications, including 2-

hydroxylation, we used an intranasal (i.n.) model of infection with C57BL/6 mice and 

isolated the lipid A from the mouse lungs after 8 hours of infection with 1x108 CFU of 

WT P. aeruginosa (Figure 3.21). We included two laboratory-adapted strains (PAK and 

PAO1) to account for any genetic drift between backgrounds. Lipid A isolation was 

conducted in one of two ways (outlined in Figure 3.21). For one set of mice (n=2), the 

lungs in their entirety were extracted, homogenized in a lipid A extraction solution (5:3 

isobutyric acid: ammonium hydroxide, v:v), and analyzed. 191 The time from harvesting 

the lungs to collecting the lipid A MS spectra was approximately 24 hours due to the 

requirement of an overnight lyophilization step. 192 In the other cohort of mice (n=2), the 

lungs were not removed but were instead lavaged with a different lipid A extraction 

solution (100mM sodium acetate, pH 4.0; Figure 3.21). Lipid A was then directly 

extracted from the lavage fluid. The time from harvesting the lavage fluid to analyzing 

the lipid A spectra via MS was approximately 1.5 hours, as this extraction procedure does 

not require any lyophilization. 192  

MS analysis of lipid A from both lung extractions revealed similar results 

(representative spectra are shown in Figure 3.22), which were markedly different from 

lipid A extracted from PAK grown in liquid culture in vitro. The first set of predominant 

ions were m/z 1446 and m/z 1462, corresponding to penta-acylated lipid A with one acyl-

oxy-acyl hydroxylaurate and two acyl-oxy-acyl hydroxylaurates, respectively (Figure 

3.22). Interestingly, the ions at m/z 1616 and m/z 1632 had approximately equal signal 

intensity compared to those at m/z 1446 and m/z 1462, unlike what is observed when  
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P. aeruginosa is grown in vitro (Figure 3.22A). Ions m/z 1616 and m/z 1632 correspond 

to hexa-acylated lipid A with one acyl-oxy-acyl hydroxylaurate and two acyl-oxy-acyl 

hydroxylaurates, respectively (Figure 3.22). The hexa-acylation is a result of decreased 

PagL activity, which removes the 3-hydroxydecanoic acid during lipid A biosynthesis to 

yield the canonical penta-acylated structure. These novel results suggest that PagL 

activity is decreased in vivo, yielding a mixture of penta- and hexa-acylated lipid A 

structures.  

 All of the observed lipid A structures had at least one 2-hydroxylation. The 

relative intensity of single or double 2-hydroxylations was shifted towards the latter in 

vivo compared to in vitro. Although MALDI-TOF MS is not quantitative, the relative 

abundance of doubly 2-hydroxylated lipid A species is increased in vivo, as compared to 

WT PAK grown in vitro. This observation can be confirmed by GC-FID after further 

method optimization. These data suggest that both P. aeruginosa LpxO enzymes are 

active during intranasal infection.  
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Figure 3.21. Experimental plan for detection of in vivo lipid A structure. 

Lipid A was extracted from the lungs of mice after intranasal (i.n.) infection either using lavage 
(left side) or homogenization of whole lungs (right side). All graphics used to make this figure are 
copyright- and royalty-free.   
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Figure 3.22. MS analysis of in vivo lipid A structure. 

Lipid A extracted from lung homogenate (middle panel) or from lung lavage (bottom panel) 
revealed similar in vivo lipid A patterns, including singly- and doubly-2-hydroxylated lipid A 
species. Hexa-acylated lipid A, a result of lack of PagL activity, were also observed. Proposed 
structures and their correlating m/z are included below the spectra.   
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DISCUSSION  

Lipid A molecules from Gram-negative bacteria may be modified to contain  

2-hydroxy fatty acids.178,180-182  However, their biosynthesis and function are not well 

understood. The computational identification of two dioxygenases in the P. aeruginosa 

genome suggests that lipid A 2-hydroxylation may play a role in the lifecycle or 

pathogenesis of this bacterium.   

Here, we establish that LpxO1 (PA4512) and LpxO2 (PA0936) function as O2-

dependent hydroxylases capable of catalyzing the 2-hydroxylation of acyl-oxo-acyl 

laurate chains in P. aeruginosa lipid A. Interestingly, the enzymes are not dependent on 

the PhoP/Q system, unlike the LpxO of S. enterica.178  Given the high level of 

conservation of both lpxO genes across isolates from many different backgrounds, it is 

possible that lipid A 2-hydroxylation confers a selective advantage to environmental P. 

aeruginosa. Microbe-on-microbe warfare is common, especially in soil environments, 

and the extra 2-hydroxylation on lipid A may help provide a stabilizing force to better 

protect P. aeruginosa from surrounding microbes. Thus, 2-hydroxylation may play a role 

in environmental fitness and may be influenced by other factors such as temperature, 

secretion, and membrane composition.  

Unlike LpxOSe, LpxO1 and LpxO2 of P. aeruginosa act on laurate (C12) and 

coordinate with acyltransferase enzymes HtrB2 and HtrB1, respectively.160  It is 

unknown if the enzyme pairs interact in vivo during lipid A biosynthesis or act 

independently. LpxO1/2Pa may act sequentially on lipid A in the membrane after the 

laurate chains have been added, or conversely may hydroxylate the laurate substrate 

while it is still within the HtrB enzyme before addition to lipid A. When LpxO1Pa and 

LpxO2Pa were complemented into Escherichia coli (which lacks a LpxO homologue), no 



 92 

2-hydroxylation was observed (data not shown). However, LpxOSe has been previously 

shown to be capable of 2-hydroxylated E. coli lipid A.178,179  This observation suggests 

that LpxO1Pa and LpxO2Pa may have substrate length specificity, as they typically act on 

acyl chains 12 carbons in length instead of the 14-carbon acyl chains found in S. enterica 

and E. coli. Alternatively, the P. aeruginosa LpxO enzymes may need to specifically 

interact with their coordinating HtrB enzymes for function.  

lpxO and htrB duplication is observed in many Pseudomonas species and, based 

on our phylogenetic analysis, is thought to have occurred through lateral gene transfer. P. 

aeruginosa has many well-documented cases of gene acquisition of lateral gene transfer, 

which is partially due to the plastic nature of its genome.193  Other Gram-negative 

bacteria also possess duplications in lipid A biosynthesis genes, including Klebsiella 

pneumoniae lpxL and Francisella novicida lpxD1 and lpxD2.194,195  The latter duplication 

is also suspected to have occurred via later gene transfer. Thus, lateral gene transfer can 

be a strong influencer of lipid A structure potential and subsequent pathogenesis.  

Finally, we investigated the in vivo lipid A structure of P. aeruginosa in an 

intranasal murine model. The relative abundance of 2-hydroxylated lipid A species 

seemed to be increased in vivo compared to in vitro, suggesting a role for both LpxO1Pa 

and LpxO2Pa in pathogenesis. Interestingly, PagL activity seemed to be decreased in vivo, 

yielding an increase in hexa-acylated lipid A. The benefit this could confer to the bacteria 

in vivo remains unknown and represents a future avenue of study.  

Importantly, we provide the first lipid A spectra directly from murine lavage fluid, 

which could provide a more rapid means to investigate in vivo lipid A structural 

alterations for a range of Gram-negative bacteria.  
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MATERIALS & METHODS 

Bacterial strains, culture conditions, and gene deletions.  

Pseudomonas aeruginosa strains used in this study are listed in Table 3.5. For aerobic 

studies of WT PAK and all mutants, strains were grown in Lysogenic broth (LB) 

supplemented with 1 mM MgCl2 to suppress lipid A modifications regulated by the two-

component regulatory system PhoP/Q.196 Aerobic cultures were incubated at 37ºC at 

185rpm, unless otherwise noted. Anaerobic cultures were grown in sealed 35 mL 

anaerobe bottles (Wheaton, Millville, NJ) in LB supplemented with 1mM MgCl2 and 3% 

potassium nitrate (KNO3) to provide intermediates for denitrification. Anaerobic cultures 

were grown statically at 37ºC.  

Recombinant DNA techniques. Plasmids, strains, and primers used in these studies are 

shown in Table 3.5. Genetic deletions were generated in the laboratory-adapted strain P. 

aeruginosa PAK using the Gateway Cloning System (Invitrogen, Carlsbad, CA). Clean 

deletions of PA0936 (lpxO2), PA4512 (lpxO1), PA0011 (htrB1), PA3242 (htrB2), 

PA0936/0011 (lpxO2/htrB1), and PA4512/0011 (lpxO1/htrB1) were generated by 

previous students as described below.160  Gateway-compatible vectors pDONR201 with 

deletions for PA0936 (lpxO2) and PA4512 (lpxO1) were generated and introduced into E. 

coli DH5a cells by heat shock. Glycerol stocks of pDONR201 plasmid-DH5a cells were 

spread on plates containing 50 µg/mL kanamycin to select for transformants. 

Transformants were grown in 5 mL of LB supplemented with 50 µg/mL kanamycin and 
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pDONR201 plasmid was isolated using a GenElute plasmid miniprep kit (Sigma-Aldrich, 

St. Louis, MO). The plasmid was then introduced into PAK by electroporation.197 

Merodiploids were formed via the integration of the suicide plasmid in a single crossover 

event. The merodiploid state was resolved in the presence of gentamycin. Deletions were 

confirmed by PCR sequencing using flanking and intra-gene primers for each gene of 

interest.  

Name Description Reference 
Laboratory-adapted strains 
P. aeruginosa PAK WT  
P. aeruginosa PAO1 WT ATCC 
Mutant Strains 
PAK DlpxO1(PA4512) Mutant lacking lpxO1 This study 
PAK DlpxO2(PA0936) Mutant lacking lpxO2 This study 
PAK DDlpxO1/2(PA4512/0936) Mutant lacking lpxO1 and lpxO2 This study 
PAK DphoP Mutant lacking phoP Miller, 

2011198 
PAK DphoQ Mutant lacking phoQ Miller, 

2011198 
PAK DDphoP/Q Mutant lacking phoP and phoQ Miller, 

2011198 
Plasmids 
pDONR201-DlpxO1(PA4512) pDONR201 derivative harboring 

lpxO1(PA4512) outflanking regions for 
deletion 

This study 

pDONR201-DlpxO2(PA0936) pDONR201 derivative harboring 
lpxO1(PA4512) outflanking regions for 
deletion 

This study 

Table 3.5. Strains and plasmids used in this study. 

 

TM and structural prediction. Transmembrane helices (TMH) were predicted with 

online software TMHMM version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/)184 

using the amino acid sequences of LpxO1 (PA4512) and LpxO2 (PA0936) acquired from 

Pseudomonas.com. Three-dimensional modeling of protein structure was predicted using 

online software I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/)185 using 

the same amino acid sequences of LpxO1 and LpxO2 used for TMH prediction.  
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Small-scale lipid A isolation.  Lipid A was isolated from whole cells using an isobutyric 

acid/ ammonium hydroxide-based extraction procedure as previously described.191 Cells 

from approximately 5 mL of culture were centrifuged and supernatant was removed. Cell 

pellets were resuspended in 400 µL of 70% isobutyric acid and 1 M ammonium 

hydroxide 5:3 (vol:vol) and incubated at 100ºC for one hour. Samples were cooled on ice 

and centrifuged for 5 minutes at 8,000 x g. Supernatants were transferred to a new tube 

and diluted 1:1 (vol:vol) with endotoxin-free water. Samples were flash-frozen on dry ice 

and lyophilized overnight. The dried material was washed twice with 1mL of methanol 

and lipid A was extracted in 100 µL of a mixture of chloroform:methanol:water 

(3:1:0.25, vol:vol:vol). One microliter of the extract was spotted onto a stainless steel 

MALDI target plate (Hudson Surface Technology, Fort Lee, NJ) followed by 1 µL of 

norharmane matrix (Sigma, St. Louis, MO) at a concentration of 10 mg/mL in 2:1 

chloroform:methanol (vol:vol). All spots were allowed to air dry before MALDI-TOF 

MS analysis.  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Lipid 

A isolated by mild-acid hydrolysis or small-scale lipid A isolation was analyzed in 

negative ion mode with reflectron mode on a Bruker microFlex (Bruker Daltonics, 

Billerica, MA) matrix-assisted laser desorption/ionization time-of-flight (TOF) mass 

spectrometer. Data were acquired in negative ion mode. The instrument was mass 

calibrated with an electrospray tuning mix (Agilent, Palo Alto, CA). Data were acquired 

with flexControl software and processed with flexAnalysis (version 3.4 Bruker Daltonics, 

Billerica, MA). All spectra were baseline-smoothed before publication. The resultant 

spectra were used to estimate the lipid A structures present in each strain based on their 

predicted structures and associated molecular weights.  
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Gas chromatography analysis of fatty acid methyl esters.  LPS was extracted from  

10 mg/mL of lyophilized cell pellets and fatty acids were converted to fatty acid methyl 

esters (FAMEs) and analyzed by gas chromatography flame ionization detector (GC-FID) 

as previously described.160 Briefly, 500 µL of 90% phenol and 500 µL endotoxin-free 

water was added to 10 mg of lyophilized bacterial cell pellets. Samples were incubated at 

70ºC for one hour with periodic vortexing. Samples were cooled on ice for five minutes 

and centrifuged at 9,391 x g for ten minutes. The top aqueous layer was collected and 500 

µL of water was added to the lower organic phase and samples were incubated again. The 

process was repeated one additional time for a total of three extractions. All aqueous 

layers were pooled, and 2 mL of diethyl ether were added. The mixture of vortexed and 

centrifuged at 2,095 x g for 5 min. The lower organic phase was collected, frozen, and 

lyophilized. The resultant LPS fatty acids were converted to fatty methyl esters, in the 

presence of 10 µg pentadecanoic acid (Sigma, St. Louis, MO) as an internal standard, 

with 2 M methanolic hydrochloric acid (Alltech, Lexington, KY) at 90ºC for 18 hours. 

Converted fatty methyl esters were then extracted twice with hexane and run on an HP 

5890 Series 2 Gas Chromatograph. Retention times from the resultant chromatographs 

were correlated to fatty acids using GC-FAME standards (Matreya, Pleasant Gap, PA).  

Tandem MS fragmentation analysis. Position specificity structural studies were carried 

out using electrospray ionization linear ion trap Fourier transform ion cyclotron 

resonance MS as previously described in Hittle, 2015.160  

Multiple alignment and sequence logos. LpxO1 and LpxO2 sequences were aligned 

using ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). For multi-species 

alignments, LpxO protein sequences were downloaded from NCBI after BLASTp search 

of either the LpxO1 or LpxO2 amino acid sequence. For Pseudomonas-restricted 
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analysis, just Pseudomonas species (taxid:286) were queried. For the 

Gammaproteobacteria-restricted analysis, all Gammaproteobacteria (taxid:1236) were 

queried. Blast hits with sequence identity less than 25% were discarded. Sequences were 

aligned with ClustalOmega and the Pearson/FASTA output was downloaded. AliView 

version 1.25 (http://www.ormbunkar.se/aliview/) was used to view the alignments and 

select the regions of interest. Sequence logos were generated using WebLogo 

(https://weblogo.berkeley.edu/logo.cgi).199  

Genome sequencing and LS-BSR analysis. Genome data and large-scale BLAST-score 

ratio analysis (LS-BSR) was pulled from that generated in Chapter 6. The LS-BSR 

method is described in Sahl, 2014.186   

Bacterial growth curves. P. aeruginosa PAK WT and mutant strains were grown in LB 

supplemented with 1mM MgCl2 in a 96-well plate. Samples were incubated at 37ºC in a 

DTX-880 Multimode Plate Reader (Beckman Coulter, IN) with shaking. Absorbance 

measurements (OD600nm) were taken every 15 minutes for 20 hours. Three technical 

replicates each of three biological replicates were measured for each strain. The average 

of all replicates was used for the points on the curve, after subtracting LB-only blank 

measurements.   

Antibiotic minimum inhibitory concentration determination. Minimum inhibitory 

concentration (MIC) by broth microdilution was determined using the standard method 

described by the Clinical Laboratory Standards Institute (version M07-A10, 10th edition). 

All antibiotics were purchased from Sigma-Aldrich (St. Louis, MO).  

LPS isolation. LPS for cell stimulation studies was purified using a hot phenol/water 

isolation method as previously described.200 Bacterial pellets from 1L cultures (grown in 

LB supplemented with 1mM MgCl2 at 185 rpm, 37ºC, for 16 hours) were lyophilized and 
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resuspended in endotoxin-free water to a concentration of 10 mg/mL. A volume of 12.5 

mL 90% phenol (Fisher Scientific, Pittsburgh, PA) was added and the mixture was 

vortexed and incubated at 65ºC for one hour. The mixture was cooled on ice, centrifuged 

at 12,096 x g for 30 min at room temperature, and the top aqueous phase was collected to 

a clean tube. An equal volume of endotoxin-free water was added to the organ phase and 

the heated incubation and centrifugation was repeated. The aqueous fractions were 

pooled and dialyzed against Milli-Q purified water to remove any residual phenol for 24 

hours. Samples were then lyophilized until dry. The pellet was resuspended to a 

concentration of 10 mg/mL in endotoxin-free water and treated with DNase (Qiagen, 

Venlo, Limburg) and 100 ug/mL and RNase A (Qiagen, Venlo, Limburg) at 25 ug/mL. 

Samples were incubated at 37ºC for one hour in a water bath. Proteinase K (Qiagen, 

Venlo, Limburg) was then added to a final concentration of 100 ug/ mL and the 

incubation was repeated.203 An equal volume of water-saturated phenol was then added, 

the sample was centrifuged as described above, and the aqueous phase was collected and 

dialyzed against Milli-Q purified water. Samples were then lyophilized. The resultant 

LPS was further purified to remove contaminating phospholipids by adding 2:1 

chloroform:methanol (vol:vol). LPS was further purified by addition of water-saturated 

phenol extraction followed by 95% ethanol precipitation to remove contaminating 

lipoproteins. 111 Resultant pure LPS was concentrated by lyophilization and stored under 

nitrogen at -80ºC until use. To confirm, expected structure, 2 mg of purified LPS was 

converted to lipid A by mild acid hydrolysis as described previously.201  

Cell culture and TLR4 stimulation. All cell culture experiments were statically 

incubated at 37ºC with 5% CO2. HEK-Blue human (h) TLR4 and HEK-Blue murine (m) 

TLR4 cells (Invitrogen, Carlsbad, CA) were cultured in DMEM (Gibco, Gaithersburg, 
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MD) supplemented with 10% heat-inactivated fetal bovine serum (FBS) Sigma Aldrich, 

St. Louis, MO), 100 IU/mL penicillin, 100 mg/mL streptomycin, 200 mM L-glutamine, 

and 1 mM sodium pyruvate. Human THP-1 and murine RAW cells were cultured in 

RPMI (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) Sigma Aldrich, St. Louis, MO), 100 IU/mL 

penicillin, 100 mg/mL streptomycin, 200 mM L-glutamine, and 1 mM sodium pyruvate. 

THP-1 mononuclear cells were cultured with 50 nM vitamin D3 (Sigma Aldrich, St. 

Louis, MO) for 48 hours to trigger activation and differentiation into macrophage-like 

cells prior to stimulations.  

For cell stimulations, purified LPS was reconstituted to a concentration of 1 

mg/mL in sterile endotoxin-free water. Multiple aliquots were made and frozen at -20ºC 

until use. Stocks were not used after two freeze-thaw cycles. Stocks were thawed and 

serially diluted (1:100) in the appropriate cell culture medium before addition to cell 

culture. Supernatants were collected from cells after 16 hours of stimulation. The 

production of secreted alkaline phosphatase (SEAP) reporter was detected using Quanti-

Blue (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Stimulation 

data were graphed as the mean +/- standard deviations (SD) from biological duplicates 

and technical duplicates.  

Phylogenetic analysis. For Figure 3.16, the evolutionary history of LpxO duplications 

was determined by assessing the occurrence of lpxO duplication across the Pseudomonas 

phylogeny. P. aeruginosa LpxO1 and LpxO2 were used as queries in BLASTp searches 

against all species within the phylogenetic groups established by Hesse et al., (2018).190 

Searches were performed with composition-based statistics, with no filter used.  Default 

matrix parameters (BLOSUM62) and gap costs (Existence: 11 Extension: 1) were 
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implemented, with an inclusion threshold of 0.005.  Information pertaining to all 

sequences selected for further analysis are provided in Table 3.4. One or more (depending 

on the size of the group) representative species were then selected from each of the major 

groups (and subgroups of the P. fluorescens group) that were found to contain at least one 

LpxO-encoding gene. A total of 19 species (genomes) were selected, with 14 containing 

genes for both LpxO1 and LpxO2, and the remaining five species harboring only lpxO2.  

For non-Pseudomonas outgroups, LpxO proteins from Cellvibrio (n=6), Alkanindiges 

(n=2) and Perlucidibaca (n=2) genomes, as well as the genome of an environmental 

isolate (Moraxellaceae bacterium) were selected. All sequences were compiled and 

aligned using MUSCLE v3.8.31 with default parameters.202  Protein phylogenies were 

estimated under maximum likelihood with RAxML v8.2.4 3, 203 using a gamma model of 

rate heterogeneity and estimation of the proportion of invariant sites.  Both the Lee and 

Gascuel (LG) and Whelan and Goldman (WAG) substitution matrices of amino acid 

substitution were used in separate estimations, and branch support was assessed with 

1,000 pseudo-replications. The tree from the analysis using the LG model is shown in 

Figure 3.16, though the topology from the WAG-based estimation is highly similar. For 

Figure 3.20, BLASTp searches (using LpxO1, LpxO2, HtrB2, and HtrB1 of P. 

aeruginosa as queries) were performed against the NCBI non-redundant protein database.  

BLASTp parameters, sequence alignments and tree-building strategies were mostly 

carried out as described above, except alignments were trimmed of length heterogeneous 

regions using Gblocks. (https://omictools.com/gblocks-tool) 

Synapomorphy analysis. For Figure 3.17, amino acid residues were analyzed as 

follows. Non-redundant bacterial LpxO sequences (n = 2096) were retrieved in BLASTp 

searches against the NCBI non-redundant database using both LpxO1 and LpxO2 as 
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queries (see Phylogenetic Analysis for BLASTp details) compiled and aligned using 

MUSCLE v3.8.31 with default parameters.202 The sequence logo illustrates the relative 

conservation of the 37 highlighted residues in panel A across these 2096 diverse LpxO 

proteins.199  

Intranasal infection and lipid A isolation in vivo. Aerobic cultures of P. aeruginosa 

PAK and PAO1 were grown at 37°C overnight at 185 rpm. Cultures were diluted to an 

inoculum size of 1x108 CFU in 20 µL. C57/BL6 mice 6-8 weeks of age were purchased 

from Jackson Laboratories and housed in a sterile environment. Mice were anesthetized 

with isoflurane and 10 µL of the inoculum was introduced to each nare. Mice were 

allowed to recover and monitored every 4 hours for clinical presentation. After 8 hours 

post-infection, mice were euthanized with CO2 followed by cervical dislocation. Lungs 

were lavaged or harvested under sterile conditions as described in Figure 3.21.   

Data analysis. Where appropriate, data are expressed as means +/- standard deviations. 

Significance was determined using one-way analysis of variance with multiple 

comparisons in GraphPad Prism (version 7.03) software. A P value of <0.05 was 

considered significant.  
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4. PSEUDOMONAS AERUGINOSA IN THE CONTEXT OF CYSTIC FIBROSIS 

A. Introduction to cystic fibrosis  

Cystic fibrosis (CF) is an autosomal recessive genetic disorder caused by 

mutations in a gene that encodes a transmembrane channel termed the cystic fibrosis 

transmembrane conductance regulator (CFTR). It is estimated that there are 

approximately 70,000 individuals living with CF world-wide, although the true number is 

likely higher due to under-reporting in developing countries.204  The Cystic Fibrosis 

Foundation reported about 30,000 individuals living with CF in the United States in 

2017.204  CF primarily affects Caucasians and is the most common life-threatening 

autosomal recessive genetic disease in this population. Within the Caucasian population, 

CF incidence is estimated to occur in one of every 2500-4000 live births and 1 in 25 carry 

a CFTR mutation.205 CF is typically identified by newborn screening or during the first 

few years of a child’s life, usually by 4 years of age in countries that do not routinely 

screen all newborns for genetic abnormalities. Over 2,000 mutations in CFTR have been 

identified, with at least 127 of them being disease-causing.206  Most mutations are 

missense mutations in the CFTR gene, but frameshift, splicing, in-frame deletions, and 

nonsense mutations have also been described.207  The pathophysiology of the disease can 

range in severity depending on which specific mutation the patient has, resulting in a 

wide spectrum of clinical manifestations. The most common mutation in northern 

European populations is Phe508del (deletion of a phenylalanine residue at position 508 in 

the protein’s primary sequence), which leads to trafficking defects that prevent CFTR 

from making it to the cell surface.208   

Mutation or loss of CFTR results in gross defects in transport of chloride (Cl-) and 

bicarbonate (HCO3-) (Figure 4.1).208 Defective CFTR also perturbs other ion channels  
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A) 

         

B) 

               

Figure 4.1. Effects of CFTR mutation. 

(A) Normal airway epithelial cells with functional CFTR have regulated mucus clearance and 
sufficient hydration of air surface liquid. CF airway epithelial cells do not have functional CFTR, 
resulting in reduced airway surface liquid content, increased pH of airway surface liquid, and 
mucus accumulation. This, in combination with impaired host defenses, leads to infection. (B) 
Direct and indirect effects of CFTR mutation.  
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and cellular pathways related to inflammation, which in turn play a role in the 

pathophysiology of the disease. Ion channel disruption results in the abnormal (reduced) 

hydration of airway surfaces, leading to impaired mucociliary clearance and subsequent 

mucus accumulation (Figure 4.1).208 CFTR dysfunction additionally leads to alteration of 

the pH of the airway surface liquid. This further perturbs airway mucus production, 

which is dependent on bicarbonate for normal function. Reduced concentrations of 

bicarbonate leads to abnormal airway mucus tethering and detachment, thereby 

increasing its viscosity.209 Studies have suggested that changes in pH can also partially 

impair host innate immune responses, thereby decreasing bacterial killing and pre-

disposing patients to infection (Figure 4.1).209,210 Bacterial infection of the airways is 

very common in CF patients, which will be discussed in more detail below.  

In patients with CF, airway infections are the predominant cause of morbidity and 

mortality, with more than 80% of CF patients ultimately succumbing to respiratory 

failure as a result of chronic infection and airway inflammation.205 Beginning at an early 

age, typically before two years old, patients become colonized with various microbial 

species including Gram-positive and Gram-negative bacteria, fungi, and mycobacteria 

(Table 4.1).208 Of the many pathogens that infect the airways of patients with CF, P. 

aeruginosa is the most common and approximately 65% of CF patients will be 

chronically colonized by the age of 20.173,174 Patients colonized with P. aeruginosa are 

2.6 times more likely to die within an eight year period, as compared to those without P. 

aeruginosa.208 As such, the mechanisms by which P. aeruginosa adapts to the CF lung 

environment and causes disease have been the subject of much research. P. aeruginosa 

adaptation to the CF lung environment will be the focus of Chapter 6, and thus CF-related 

infection will be the focus of this introduction.  
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B. Cystic fibrosis pathology  

CF is a multi-system disorder and affects many organs in the body outside of the 

airways (Table 4.1).  The phenotypic effects of the disease change as patients age, 

leading to altered treatment strategies with time (Table 4.1). CFTR dysfunction affects 

epithelial cells in the pancreas and biliary ducts. Mucus obstruction in these systems 

begins in utero and patients with severe disease are often born with pancreatic 

insufficiency or develop it soon thereafter.208,211,212  Specifically, patients with CF don’t 

produce effective concentrations of digestive enzymes and cannot properly digest the 

nutrients in food. Therefore, CF patients routinely suffer from malnutrition, although 

pancreatic insufficiency can be effectively treated with pancreatic enzyme replacement 

therapy.213  Many patients also have an increased metabolic rate caused by a combination 

of factors, including the underlying CFTR genetic mutation, airway infection, and labored 

breathing. Up to 40% of adults with CF develop CF-related diabetes mellitus associated 

with decreased insulin secretion, which further results in poorer survival rates.214 

Therefore, nutritional needs are carefully considered to balance metabolic rate and 

pancreatic insufficiency. CF patients may also suffer from lower bone mineral density 

leading to osteopenia and renal dysfunction as they age.208,215 The male reproductive 

system is also affected, and males with a severe disease form of CF may be sterile. Table 

4.1 summarizes the various organ systems affected by CF and how the disease 

manifestation changes with age.  

Patient outcome has drastically improved in the past decade as therapeutics for 

both the disease and its symptoms have been developed and refined. CF treatment is 

multi-disciplinary, and several specialized centers have been established to ensure proper  
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Table 4.1. Clinical manifestations of CF. 

CF affects multiple organ systems and changes in severity as the patient ages. The dominant 
microbial airway infection observed in CF patients also changes with age, with P. aeruginosa 
becoming the dominant infectious agent around the age of 20.  
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care of patients. This approach has been successful and has contributed to improved 

patient outcome, specifically in regards to better lung function, reduction in chronic 

infections, and increased life expectancy.216 Pulmonary therapy is the backbone of lung 

disease treatment. This consists of airway clearance techniques and nebulization of 

therapeutics that help decrease mucus viscosity or help increase the water content of the 

airway surface liquid. Nebulized antibiotics are oftentimes prescribed to prevent 

infection, which is the main therapeutic challenge for patients with CF and will be the 

focus of this chapter.217 Anti-inflammatory therapies are also used to help control 

inflammation in the lungs. Over 30% of CF patients will develop respiratory 

insufficiency, for which double lung transplants are the recommended remedy. This is 

more common in young adults and typically occurs during the patient’s 20’s to 30’s.218 

Gene therapy has been researched by various groups, although most clinical studies have 

had low efficiency at increasing levels of CFTR gene expression.219 

 The rise of personal medicine has spurred an increase in the development of 

mutation-specific therapies, which have had various levels of success in clinical trials. 

New approaches to treatment have arisen as our understanding of the pathophysiology of 

CF has improved, and many researchers are optimistic that effective targeted therapies 

are within reach for CF patients.220,221 Taken together, CF is now being viewed as an 

adult disease, instead of a pediatric disease, as the median age of survival in most 

developed countries reaches further into adulthood. In the United States, life expectancy 

is approximately 43 years.204 However, further study of bacteria in the CF pulmonary 

environment is important for developing better preventative methods and treatments to 

decrease the burden of infection on patients and is the subject of this dissertation as 

outlined in detail below. 



 108 

 

C. The CF lung: an inflammatory and infectious microenvironment 

The dominant pathology of CF is related to lung function. CF patients suffer from 

increased inflammation in the lungs, partially due to failure to clear 

microorganisms.222,223 Beginning in infanthood, children with CF suffer from repeated 

respiratory tract infections. Mutations in the CFTR channel lead to disruption of 

bicarbonate secretion into the airway surface liquid and a decrease in pH and oxygen 

potential, yielding host defense abnormalities (Figure 4.1).224  The change in pH coupled 

with the thick mucus accumulation associated with improper mucociliary clearance paves 

the way for infection (Figure 4.1). The Gram-negative bacteria Haemophilus influenzae 

and Gram-positive bacteria Staphylococcus aureus are commonly associated with 

infection in young CF children and infants (Table 4.1). The airways are directly and 

indirectly damaged as a result of the inflammatory response to infection.225  This further 

contributes to damage of the bronchial tubes and lung structures, making patients more 

susceptible to infection by a variety of Gram-negative bacteria. Pseudomonas aeruginosa 

is the predominant cause of lung infection in patients with CF and will be discussed in 

more detail in the next section. Gram-negative bacteria from the Burkholderia cepacia 

complex are also major pathogens and are associated with increased mortality.226 

Additionally, mycobacteria are becoming an increasingly prevalent cause of infection, 

particularly Mycobacterium abscessus and Mycobacterium avium-intracellulare.227,228  

Almost all CF patients suffer from polymicrobial infections, meaning that 

multiple microorganisms may be detected from their lungs at any one time. Data released 

from the Cystic Fibrosis Foundation annual patient registry gives insight into how the 

prevalence of microorganisms in patient airways changes over time (Figure 4.2).204   
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Figure 4.2. Prevalence of microbial infection in CF patients. 

(A) Prevalence of various bacterial species within CF patient populations from 1991 to 2017. 
Image adapted from the Cystic Fibrosis Foundation Patient Registry Report 2017. (B) 
Prevalence of various bacterial species isolated from the CF lung as they age. Image adapted 
from the Cystic Fibrosis Foundation Patient Registry Report 2017.204    
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Although it is commonly viewed as the dominant infectious agent, the total percentage of 

infections with P. aeruginosa has decreased in recent years (Figure 4.2A). Concurrently, 

incidence of S. aureus has increased. The rise of multi-drug resistant (MDR) bacterial 

infections has also increased, with MDR P. aeruginosa and methicillin-resistant S. aureus 

being isolated from 8.2% and 25.9% of patients respectively in 2017.204 As early 

antibiotic intervention therapies have improved, the age at which the switch to a P. 

aeruginosa-dominant state occurs has been delayed. The 2017 patient registry reported 

this transition to occur in the 25-34 age range in 2017, compared to between 18 and 24 in 

2008. The overall percentage of patients positive for P. aeruginosa has declined in recent 

years, most notably in patients under 18 years of age. In 1997, 47.0% of patients under 18 

years of age were P. aeruginosa-positive, whereas only 27.5% of the same age group 

were positive in 2017.204 Again, this is attributed to aggressive antibiotic therapies to help 

delay the onset of infection.  

Patient-to-patient transmission of organisms that cause infection has long been a 

troubling issue for CF patients and significant precautious and infection control measures 

have been implemented to limit transmission.229,230 Organisms associated with poor 

patient prognosis, such as B. cepacia complex organisms, P. aeruginosa, S. aureus, and 

M. abscessus, have been reported to be capable of transmission between patients.208,230,231 

As such, substantial efforts are made to contain and reduce cross-infection in CF centers 

and hospitals, including strict isolation policies.232  Unfortunately, this can lead to loss of 

peer support between patients.  

Infection control and eradication is an important part of CF patient care. In some 

countries, oral antibiotics are given prophylactically in children to prevent S. aureus and 

H. influenzae infection, although this may lead to an increased risk of P. aeruginosa 
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infection.233 Oral ciprofloxacin combined with inhaled colistin or tobramycin is the 

standard antibiotic therapy used to eradicate P. aeruginosa.234,235  This approach has 

improved prognosis for many patients by delaying the onset of chronic infection. An 

inherent problem with all infection is resistance to antibiotics, especially with 

mycobacterial infections that are intrinsically resistant. 

Pulmonary exacerbations are another trademark of disease and are marked by 

increased lung infection symptoms, especially cough and sputum production.236  

Systemically, symptoms associated with an acute phase inflammatory response are 

observed during exacerbation events.236,237  Serum levels of C-reactive protein, which is 

produced by the liver during inflammation, become elevated and are correlated to an 

increase in inflammatory biomarkers in the sputum. Exacerbations are often treated with 

oral or intravenous antibiotics in addition to therapies to control the symptoms. 

Exacerbations further propagate the inflammatory environment of the lungs, and failure 

to resolve exacerbations is associated with poorer patient prognosis.208  

 

D. Acute to chronic infection with P. aeruginosa  

Over 60% of patients with CF will be chronically colonized with P. aeruginosa 

before they reach their 20’s, and colonization is associated with poorer long-term patient 

prognosis. Once P. aeruginosa establishes a chronic infection, it is seemingly impossible 

to eradicate and will persist throughout the patient’s life.238 This is partially attributed to 

the remarkable genome plasticity of P. aeruginosa, which allows the bacterium to rapidly 

adapt to many unique environmental niches. The CF lung is a heterogeneous environment 

that is hostile towards invading microorganisms. Stressors include the presence of other 

microorganisms, varying concentrations of antibiotics, osmotic stress due to the viscous 
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mucus, nutritional inadequacy, and oxidative stress as a result of host responses.239-243    

P. aeruginosa undergoes evolutionary changes during the process of adapting to and 

establishing chronic infection in response to these selective forces. 

The source of P. aeruginosa acquisition in CF patients remains unclear. As a 

highly diverse microbe with many environmental reservoirs, it is likely patients acquire 

P. aeruginosa through exposure in their day-to-day life. This may be in a healthcare 

setting or at home. P. aeruginosa commonly survives in the premise plumbing of 

buildings, including sinks and shower heads. Early studies incorrectly suggested that      

P. aeruginosa spreads by cross-infection, pointing to clinical exposures and social 

interaction as possible sources for acquisition. Since these may present only a low risk of 

acquisition, the environment is thought to be the dominant source for P. aeruginosa.244  

Regardless of the source, it has been established that the majority of                     

P. aeruginosa strains that infect the lungs of CF patients are independently acquired. It is 

believed that early, acute P. aeruginosa infections are clonal, meaning the cells are 

identical with a common ancestor. However, during the progression to chronic lung 

disease, the bacteria develop dramatically increased genotypic and phenotypic diversity 

through a process called adaptive radiation.245 P. aeruginosa in the airway evolves or 

adapts into various morphotypes, each having their own phenotypic characteristics that 

separate them from the other morphotypes present in the lung (Figure 4.3). P. aeruginosa 

isolates from a single patient at a single timepoint may differ in their physical appearance 

(including colony size, mucoidy, and color) and antibiotic susceptibility patterns.246,247 

Clonal diversification is thought to result from loss- (or gain)-of-function mutations and 

other genetic alterations that occur during P. aeruginosa adaptation to the altered airway 

environment.248,249  The properties of P. aeruginosa isolates from adult patients, after  
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Figure 4.3. CF isolate colony morphology. 

P. aeruginosa isolates even from the same CF patient may have altered appearance, both in 
terms of colony appearance and in terms of agar appearance based on expression of secreted 
molecules. The above represents P. aeruginosa isolates longitudinally collected from the same 
CF patient.  
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years of chronic infection, are remarkably different from the properties of P. aeruginosa 

isolates from young patients or those with an initial acute infection. Some of the 

adaptations that occur during the transition from acute to chronic infection will be 

discussed in detail in the next section. These include changes to membrane components 

such as lipid A, altered virulence factor expression, and metabolic adaptation.  

The series of events that take place following inhalation of P. aeruginosa into the 

CF airway is unknown. It is presumed that resistance to innate defenses and adherence 

within the lung are key factors. It’s been hypothesized that both of these factors are 

altered in the CF lung, thereby giving P. aeruginosa an advantage it would not have in 

healthy individuals.208 Epithelial cells in CF are also thought to be less phagocytic 

compared to healthy individuals, thereby preventing digestion and clearance of the 

invading bacteria. Impaired mucociliary clearance is also expected to play a role.208 The 

relative importance of any one of these factors, or others not considered here, has not 

been investigated in detail.  

 

E. Specific adaptations of P. aeruginosa  

P. aeruginosa undergoes genomic, transcriptomic, proteomic, and metabolic 

adaptations during the transition from initial to chronic infection (summarized in Figure 

4.4). Whole-genome sequencing and transcriptomic studies of isolates from CF patients 

have helped identify genomic and phenotypic alterations that are associated with chronic 

infection.247,250 Several will be discussed here, although they are by no means exhaustive. 

Furthermore, many of the phenotypes are inter-connected and a change in a single gene 

may lead to phenotypic changes in many diverse systems. This section will serve as an 

overview of some of the best understood changes and their genetic determinants.   
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Figure 4.4. Key adaptations of P. aeruginosa. 

Simplified representation of some of the key changes that P. aeruginosa undergoes during 
adaptation to a chronic state of infection. Genes thought to be involved are listed below their 
respective phenotypes.   



 116 

A. Lipid A structural changes 

Lipid A structural changes are one of the earliest observed adaptations in CF-

associated P. aeruginosa. These isolates produce a unique and identifiable lipid A 

structure that is distinct from that produced by environmental isolates. Environmental 

isolates synthesize a penta-acylated lipid A, whereas the CF-specific structure is hexa-

acylated due to the addition of palmitate (mediated by the enzyme PagP) (Figure 4.5A).37 

Additionally, the terminal phosphates may be modified with aminoarabinose residues. 

This structure has an increased inflammatory potential and is also associated with 

increased resistance to antimicrobial peptides.37  The resistance may help protect P. 

aeruginosa against host innate immunity and antibiotic treatment. However, the 

advantage of producing a more pro-inflammatory lipid A structure remains unclear. 

Interestingly, the genetic explanation for this change, if any, has not yet been identified. 

P. aeruginosa that is isolated from CF patients and subsequently grown in rich medium 

in vitro will lose the hexa-acylated lipid A pattern after two or more passages. Expression 

of pagP, which encodes the enzyme that adds palmitate, is regulated by the two-

component system PhoP (transcriptional regulator) and PhoQ (membrane sensor).37  It is 

possible that mutations in the genes encoding these proteins could explain the observed 

phenotype. This will be discussed further in Chapter 6. P. aeruginosa isolated from 

severe pulmonary disease has also been reported to have a hepta-acylated structure, 

presumably from the loss of the deacylase PagL (Figure 4.5A). This structure is highly 

pro-inflammatory and is less common than the hexa-acylated structure resulting from 

PagP activation.37  Genetic analysis of lipid A biosynthesis genes in P. aeruginosa CF 

isolates will be discussed in Chapter 6.  
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LPS additionally undergoes structural changes outside of its lipid A region during 

chronic infection. Notably, some isolates transition from smooth morphology (full-length 

O-chains) to rough morphology (truncated O-chains) (Figure 4.5B). Rough colonies 

became more susceptible to serum killing.251  Serum in blood contains a number of non-

specific and specific agents that aid in the lysis and killing of microorganisms. Rough 

colonies that are O-antigen deficient are more likely to be killed by serum. The fact that 

this is an adaptation in the CF lung suggests that serum killing is not a selective pressure 

in the lung environment. 
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B)  
 

 

 

Figure 4.5. Lipid A and LPS adaptations.  

 (A) Lipid A structure of environmental/ acute infectious P. aeruginosa (left) and CF-associated 
P. aeruginosa (right). (B) Transition from smooth (full O-antigen) to rough (O-antigen deficient) 
LPS during chronic infection.  
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B. Hypermutation 

Isolates from CF patients have been observed to have elevated mutation rates 

likely due to the selective pressure of the CF lung. 247 These strains are called 

hypermutable strains, or mutators. The morphotypic variation observed in isolates from a 

single CF patient at a single point in time are not observed in isolates from patients with 

acute clinical infections, such as blood infections, suggesting that hypermutation is key to 

adaptation to the CF lung. 252 Studies have identified that approximately 20% of CF 

isolates are mutators, compared to none from blood and non-CF respiratory infections. 253 

It is known that in vitro, alterations in DNA repair and error-avoidance genes lead to 

hypermutable phenotypes.254 Likewise in P. aeruginosa, the genes mutS (involved in 

mismatch repair) and mutY (involved in DNA oxidative repair) are most commonly 

implicated in hypermutable strains (Figure 4.4). Mutations in these genes also contribute 

to antibiotic resistance. Although possible, reversion to a non-mutator state is not 

commonly seen in longitudinal studies of P. aeruginosa CF isolates, likely due to the fact 

that the selective pressures are not lifted and are constantly changing. 247,253 The mutator 

phenotype further accelerates genetic adaptation of P. aeruginosa to the CF airway 

environment, thus promoting its survival, and is expected to occur early during the 

adaptation time course.  

 

C. Phenotypic Loss 

There are several distinct phenotypic changes that are observable between 

laboratory and CF-associated strains of P. aeruginosa. Initial infection and colonization 

of the CF airways is highly dependent on the adhesion of P. aeruginosa to host epithelial 

cell surfaces. This is mediated by bacterial appendages such as the flagellum, a single, 
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whip-like appendage extruding from the cell surface, and pili, shorter appendages 

extruding from the surface. Although P. aeruginosa starts out as a motile bacterium, 

isolates from chronic infections lack motility, likely due to their confined infectious 

niche.255  In particular, these isolates lose swimming motility (translocation in a liquid or 

viscous medium) due to a loss of flagellum and twitching motility (translocation across a 

semisolid surface) as a result of loss of pili. Loss of flagellum may help P. aeruginosa 

evade host immune responses, as several studies have shown that isolates that lack 

flagella are less effectively phagocytosed by immune cells in the lungs.246 Mutations in 

the genes pilQ and pilB, which are important for pilus formation, are commonly 

associated with loss of pilination.256  Mutations in rpoN, which is required for assembly 

of both pili and flagella, is the major cause for the loss of both of these appendages.255  

P. aeruginosa CF isolates also tend to become defective in some of their key 

virulence factors (Figure 4.4). These include type III secretion (which injects effector 

proteins directly into host cells) and quorum sensing (QS; the regulation of gene 

expression in response to cell population density). Accumulating mutations in lasR, a key 

QS regulator are commonly observed, which causes disruption and loss of QS 

regulation.257 Mutations in two-component regulatory system genes that control virulence 

factor expression, such as gacS and retS, have been associated with the switch between 

acute and chronic infection states. Other global regulators have also been implicated in 

the switch to a chronic infection, suggesting that number of global regulatory systems are 

likely involved in this transition. These regulators include vfr, ampR, rpoN, and rpoS.173 

It has been proposed that the accumulation of mutations in P. aeruginosa virulence 

factors represent its adaptation away from acute virulence during chronic infection.250 

However, many virulence factors are not lost and can be detected in the sputum of CF 
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patients.258 It’s important to note that P. aeruginosa virulence is controlled by extremely 

complex and interrelated regulatory networks and signaling systems. Single gene 

mutations may affect many partnering networks and accumulation of mutations can lead 

to complex phenotypes.  

P. aeruginosa undergoes many metabolic changes during adaption to the CF lung. 

CF sputum contains high amounts of DNA, amino acids, lipids, and proteins that P. 

aeruginosa can utilize as nutrient sources to support growth.259,260 In this environment, P. 

aeruginosa primarily generates energy via carbon metabolism of short-chain fatty acids, 

polyamines, and amino acids as the preferred carbon sources over sugars. Non-CF P. 

aeruginosa is prototrophic (meaning it can synthesize its necessary metabolites without 

supplementation) and can grow on minimal media with mineral salts and glucose as the 

sole carbon source.261 However, in isolates from severe CF lung disease, a subset of P. 

aeruginosa become auxotrophic, meaning they cannot synthesize all of the materials 

needed for their growth and have to obtain these intermediates from their environment. 

These auxotrophs are depending on the uptake of specific amino acids, most commonly 

methionine, leucine, and arginine. Auxotrophs are more commonly found in older 

patients with more severe disease, and their selection is thought to be driven by elevated 

concentrations of amino acids in the sputum of these patients.262 The underlying genetic 

cause of this phenotype and its clinical significance is not yet well understood.  

Mucus plugging in the CF airway leads to oxygen limitation and microaerophilic 

conditions. While P. aeruginosa prefers to use oxygen as its terminal electron acceptor, 

under anaerobic conditions it can rely on denitrification or fermentation of arginine.260,263 

Denitrification (a form of anaerobic respiration) begins with the permeation of NO3- and 

NO2- ions into the cell, mediated by the outer membrane protein OprF, and the process 
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allows for the detoxification of nitric oxide (NO). NO is generated during infection 

development, and detoxification of this radical ion is advantageous for P. aeruginosa 

survival. If oxygen and nitrogen-oxides are both unavailable, P. aeruginosa can convert 

arginine to ornithine for energy through a series of fermentation reactions.260 This type of 

growth is favored in the CF lung where amino acid levels are elevated.262 Anaerobic 

growth is also linked to alginate production and biofilm formation, thereby further 

perpetuating these phenotypes and increasing antibiotic resistance.  

 

D. Mucoidy & biofilms  

One of the most identifiable changes in the transition from acute to chronic 

infection is the emergence of mucoid colonies. Mucoid colonies differ in appearance 

compared to non-mucoid colonies in that they have a slimy, shiny appearance without 

clearly defined single colonies. This is caused by the overproduction of alginate, an 

exopolysaccharide polymer composed of D-mannuronic and L-guluronic acid. 248 This 

phenotype is so commonly observed that it has become a marker for the transition from 

acute to chronic infection (Figure 4.4). Mucoid colonies have an altered appearance 

compared to non-mucoid colonies and mucoidy has been linked to poorer patient 

prognosis and deterioration of lung function, making alginate an important virulence 

determinant in the context of the CF lung. 246 Alginate biosynthesis is directed by an 

operon composed of the algD-algA genes, under control of the algD promoter. Mutations 

in the alginate biosynthesis genes have been observed in genomic studies of P. 

aeruginosa isolated from CF patients. Alginate biosynthesis is regulated by an alternative 

sigma factor called AlgT (also called AlgU). The algT gene is in an operon with four muc 

genes, including mucA which acts as an anti-sigma factor to negatively control alginate 
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biosynthesis. The muc genes have also been observed to be mutated in CF-adapted 

isolates, with mutations in mucA, mucB, or mucD all leading to mucoidy. Loss-of-

function mutations in mucA and algU are the predominate causes of the transition to 

mucoidy.246,248 As an exopolysaccharide, alginate overproduction contributes to the 

protection of P. aeruginosa from the stressful lung environment. Stressors such as 

reactive oxygen species, osmotic stress, nutrient limitation, and presence of antibiotics 

are likely selective pressures for the mucoid phenotype.246,249,264  When grown in vitro, 

mucoid strains have been observed to revert back to non-mucoid phenotypes in the 

absence of these selective pressures.  

Alginate also contributes to the development and structural integrity of the 

biofilm matrix. Biofilms are aggregates of bacteria that grow in a self-produced matrix of 

extracellular polysaccharides, DNA, and proteins. Bacteria in a biofilm have altered 

characteristics compared to bacteria growing freely (called planktonic bacteria) and P. 

aeruginosa has been shown to grow in a biofilm state in CF lungs.265  Biofilm formation 

has been suggested to help protect P. aeruginosa from host responses and antibiotics in 

the lung, and also helps P. aeruginosa establish its niche over other microorganisms.266 

Bacteria growing in a biofilm also have increased resistance to phagocytosis and thus are 

not cleared from the lung environment as easily. P. aeruginosa biofilms in CF have been 

described to produce a strong antibody response, which further contributes to chronic 

inflammation in the lung. These bacteria are also associated with increased frequency of 

mutations, slower growth and lower metabolic activity, and resistance to antibiotic 

therapy.267  
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E. Antibiotic resistance 

The evolution of antibiotic resistance is a common adaption in P. aeruginosa CF 

isolates given the prolonged and intensive antibiotic therapy many CF patients 

experience.145,268 P. aeruginosa has high intrinsic resistance to a wide variety of 

antibiotics due to the low permeability of its outer membrane, which acts as a selective 

barrier.145 Additionally, the diameters of the transmembrane water-filled channels called 

porins, which decorate the P. aeruginosa membrane, are fairly small, effectively 

excluding many antibiotics.145 An important contributor to antibiotic resistance is the 

transition to a biofilm mode of growth, as discussed previously. This community-style 

growth provides partial protection from antibiotics in the form of a physical barrier and 

the slower growth rate serves as another mechanism of resistance against drugs that target 

cell division events. Studies have also identified mutations in specific genes that 

contribute to antibiotic resistance. Mutations in genes related to cell division, such as 

gyrA (DNA gyrase) and ftsK (cell division protein), are implicated in antibiotic 

resistance. P. aeruginosa contains at least twelve resistance-nodulation-cell division 

(RND) pumps that play an important role in antibiotic resistance. The RND pumps 

MuxABC-OpmB and MexXY-OprM are implicated in antibiotic resistance and in 

pathogenesis. 269 Upregulation of efflux pump activity, namely in the mex genes, is also 

associated with antibiotic resistance. mexT (a global regulator of drug-related efflux 

pumps) is often mutated in CF isolates. P. aeruginosa chromosomally encodes ß-

lactamase, which degrades antibiotics in the ß-lactam class. Production of ß-lactamase is 

controlled by the amp genes, which often have mutations in CF isolates. Specifically, 

mutations in gyrA  and nfxB (a negative regulator of the mex multidrug efflux operon) 

have been shown to specifically contribute to fluoroquinolone resistance.270  
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 Chronic colonization and infection are the consequence of the combination of 

these adaptations. Several genetic and phenotypic studies have provided the basis for our 

understanding of P. aeruginosa adaptation and highlight the importance of studying CF 

isolates in the context of these studies, instead of model laboratory strains. P. aeruginosa 

isolates collected longitudinally from the same patient are critical for understanding early 

and late adaptation events and will be the topic of Chapter 6.     
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5.  GENOMIC AND PHENOTYPIC DIVERSITY AMONG TEN LABORATORY 
ISOLATES OF PSEUDOMONAS AERUGINOSA PAO1 

 

ABSTRACT 

Pseudomonas aeruginosa is an opportunistic pathogen, found ubiquitously in the 

environment and commonly associated with airway infection in patients with cystic 

fibrosis. P. aeruginosa strain PAO1 is one of the most commonly used laboratory-

adapted research strains and is a standard laboratory-adapted strain in multiple 

laboratories and strain banks worldwide. Due to potential isolate-to-isolate variability, we 

investigated the genomic and phenotypic diversity among ten PAO1 strains (henceforth 

called sublines) obtained from multiple research laboratories and commercial sources. 

Genomic analysis predicted a total of 5682 genes with 5434 (95.63%) being identical 

across all ten strains. Phenotypic analyses revealed comparable growth phenotypes in rich 

media and biofilm formation profiles. Limited differences were observed in antibiotic 

susceptibility profiles and immunostimulatory potential measured using heat killed whole 

cell preparations in four immortalized cell lines followed by quantification of IL-6 and 

IL-1b secretion. However, variability was observed in profiles of secreted molecular 

products, most notably in rhamnolipids, pyoverdine, pyocyanin, Pseudomonas quinolone 

signal (PQS), extracellular DNA, exopolysaccharide, and in outer membrane vesicle 

production. Many of the observed phenotypic differences did not correlate with subline-

specific genetic changes, suggesting alterations in transcriptional and translational 

regulation. Taken together, these results suggest that individually-maintained sublines of 

PAO1, even when acquired from the same parent subline are continuously undergoing 

microevolution during culture and storage that result in alterations in phenotype, 
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potentially affecting outcomes of in vitro phenotypic analysis and in vivo pathogenesis 

studies. 

 

INTRODUCTION 

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium found 

ubiquitously in the environment. P. aeruginosa has remarkable metabolic versatility and 

can survive in aerobic, hypoxic, and anaerobic environments making it an opportunistic 

pathogen for plants, animals, and humans.172,271 Although many isolates of P. aeruginosa 

have been reported and described, strain PAO1 remains the collective laboratory-adapted 

reference strain and a common strain used for Pseudomonas research in laboratories 

worldwide. This strain originated from the PAO isolate (previously called “P. aeruginosa 

strain 1”) in Dr. Bruce Holloway’s laboratory.272,273 PAO was isolated from a wound in 

Melbourne, Australia in 1954. The PAO1 strain arose after a spontaneous mutation in the 

original PAO that yielded chloramphenicol resistance and has risen to prominence as the 

primary reference strain for Pseudomonas genetics and phenotypic analyses.272,273 PAO1 

was the first fully sequenced P. aeruginosa strain, with the complete genome being 

published in 2000.274 Additionally, an alternate sub-strain of PAO1 served as the basis for 

the P. aeruginosa transposon mutant library developed by the Manoil laboratory at the 

University of Washington - Seattle.275,276  PAO1 sublines have been distributed, 

maintained, and propagated worldwide. One version of PAO1 from Holloway was 

deposited at the American Type Culture Collection and is available for purchase and use 

(ATCC 15692 – also termed: 1C, ATCC 17503, ATCC 25247, ATCC 25375, CIP 

104116, PRS 101, Stanier 131).127 
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Due to the persistence and genetic adaptability of P. aeruginosa, the relatedness 

of different laboratory-propagated and maintained PAO1 isolates is of broad interest to 

the Pseudomonas field. Differences between sublines of PAO1 were observed as early as 

1995, when Preston et al. reported variability in the ability of three PAO1 sublines to 

establish corneal infections in mice.277  More recently, an article from Klockgether et al. 

in 2010 described that three sublines of PAO1 demonstrated variability in nutrient 

utilization, in vivo virulence in mice, and displayed a minimum of 39 SNPs between 

them.278  They concluded that “the maintenance and propagation of P. aeruginosa PAO1 

in laboratories throughout the world have entered an ongoing microevolution of genotype 

and phenotype that jeopardizes the reproducibility of research.”278  To further evaluate 

this concern, we used ten PAO1 sublines previously obtained from eight independent 

research laboratories in the United States and the American Type Culture Collection 

(ATCC 15692; the genome for this strain has already been sequenced and published).279 

Genomic analysis predicted a total of 5682 genes with 5434 (95.63%) being identical 

across all ten sublines. Only 248 genes showed any level of genetic diversity. 

Phenotypically, several characteristics remained comparable across all ten sublines, 

including growth in rich media, biofilm formation, and human and murine Toll-like 

receptor 4 (TLR4) stimulation. However, differences were observed in motility 

(swimming and swarming), rhamnolipid and PQS production, excretion of pyoverdine 

and pyocyanin, and outer membrane vesicle production. Interestingly, the observed 

phenotypic differences did not often correlate with genomic differences, suggesting that 

other potential differences in transcription and translation may be responsible for the 

observed variation.   
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Please note that all supplementary material can be found online at Journal of 

Bacteriology DOI: 10.1128/JB.00595-18. Due to the length of many of these files, they 

have not been included here.  

 

RESULTS  

Genomic differences between sublines.  Direct comparison of the ten PAO1 subline 

genome sequences revealed an average genome size of 6.2181 Mb (+/-0.7157; range of 

6.2001 – 6.2291) and an average GC content of 66.56% (+/-0.00013; range of 66.53-

66.57%) (Table 5.1). Changes in genome size are likely due to the nature of the draft 

genomes, which may have repetitive elements that are not resolved using the chosen 

sequencing technology. To examine total gene content, a large-scale BLAST score ratio 

(LS-BSR) analysis was conducted to determine the degree of similarity between the 

subline genomes.186 A total of 5682 genes were predicted and the core genome was 

determined to consist of 5434 highly similar genes (LS-BSR score of 1, representing 

100% sequence identity), indicating that 95.63% of the genome is highly conserved 

among these ten PAO1 sublines. A total of 248 predicted genes were identified as being 

variable across the sublines (4.37%), with 164 being different by >20% in at least one 

isolate (2.88%). The genes that shared 80% sequence identity or greater across all 

sublines were considered to be conserved and excluded future analysis. Additionally, 

three gene calls were determined to be contamination and removed from the analyses 

(data not shown). The divergence of each predicted gene compared to the reference was 

visualized using a heat map representing the LS-BSR values (Figure 5.1). Genes are 

listed by the locus tag and are loosely categorized by PseudoCap280 description. The 

majority of divergent genes were identified as hypothetical genes of unknown function.   
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Table 5.1. Strain selection and genome characteristics. 

Each PAO1 subline was given a strain ID based on the date it was acquired (earliest to latest). 
The source represents the collaborator from which the strain was received. The names in 
parentheses and designated with ‘*’ under “Strain Name” represent the lab from which the 
strain originated. Strain ATCC 15692 genome data was acquired from GenBank (accession # 
NZ_CP017149.1). All PAO1-2017 subline accession numbers as associated with BioProject ID 
PRJNA490649. 

Strain 
ID

Acces-
sion #

Strain 
Name Source Date 

Acquired
Genome
Size (bp) GC% N50

PAO1-
2017-A

QZFW-
00000000

H103 PAO-
1 AK957

R. Hancock, Univ. 
of British Columbia 02/2000 6,218,105 66.57 277905

PAO1-
2017-B

QZFX-
00000000 PAO-1 J. Burns, Univ. of 

Washington 02/2000 6,200,122 66.56 61263

PAO1-
2017-C

QZFY-
00000000

PAO-1 
(Iglewski)*

E.P. Greenberg, 
Univ. of 

Washington
10/2000 6,219,177 66.57 277884

PAO1-
2017-D

QZFZ-
00000000

PAO-1 
(Holloway)*

D. Ohman, 
Virginia 

Commonwealth 
University

05/2001 6,229,074 66.53 151244

PAO1-
2017-E QZGA-

00000000
MPAO-1
(Manoil)*

C. Manoil, Univ. of 
Washington 01/2003 6,221,774 66.57 263062

PAO1-
2017-F QZGB-

00000000 PAO-1 V J. Goldberg, Univ. 
of Virginia 07/2003 6,219,532 66.57 160862

PAO1-
2017-G QZGC-

00000000 PAO-1
H. Nikaido, Univ.

of California, 
Berkeley

08/2003 6,218,750 66.57 171105

PAO1-
2017-H QZGD-

00000000 PAO-1
A. Prince, 
Columbia 
University

11/2003 6,217,973 66.57 172630

PAO1-
2017-I QZGE-

00000000
MPAO-1
(Manoil)*

C. Manoil, Univ. of 
Washington 08/2008 6,218,510 66.57 233461

ATCC 
15692

NZ_CP017
149.1 PAO-1 ATCC 12/2017 6,276,434 66.50 Ref. 8

Chandler et al., Table 1
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Figure 5.1. Unique gene profiles based on large scale BLAST score ratio (LS-BSR) analysis. 

All genomes underwent LS-BSR analysis; the 164 genes that were not conserved across the 
genomes are represented here (LS-BSR score of <0.8). Reference protein sequences were taken 
from the first sequenced PAO1 strain (PAO1 Holloway, NC_002316.2). Blue represents a lower 
level of similarity over the length of the queried sequence (full blue = 0% identity) and yellow 
represents a higher level of similarity (full yellow = 100% identity). Classifications on the right 
are loosely based on PseudoCap identifiers; Adap = adaptation, F = foreign (phage, plasmid, 
transposon) and Prot = protein and translation.  
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Genes involved in secretion and transport showed the greatest level of diversity 

across all sublines. Subline 2017-B has the greatest level of gene divergence and 

variability among the sublines examined (Figure 5.1) with the greatest number of genes 

being divergent compared to the ATCC PAO1 reference strain. Additionally, ten genes 

were not identified from the PAO1 reference strain or during manual blast of the 

published PAO1 genomes (called “unknown” at the bottom of the heat map).  

To assess how the individual PAO1 sublines fit within the current P. aeruginosa 

genomic landscape, we conducted phylogenomic analysis using available PAO1 and non-

PAO1 whole genome sequences (Figure 5.2).  There were twelve available PAO1 strain 

sequences; nine generated in this study, in addition to three previously published genome 

sequences from PAO1 Olson (Accession #NC_002516.2)274, PAO1 ATCC 15692 strain 

(Accession NZ_CP017149.1)279, and the PAO1 Orsay strain from University of Paris-

SUD (Accession NZ_LN871187.1)281. Seventeen non-PAO1 representative P. 

aeruginosa sequences were also included and originated from acute infections (clinical, 

non-CF), the airway of cystic fibrosis patients (clinical, CF), soil, water, and man-made 

systems in the environment (environment), and other laboratory-adapted strains 

(laboratory) (Figure 5.2). Within the inferred phylogeny, the PAO1 sublines all clustered 

to a single branch, indicating that they are genomically distinct from other laboratory and 

non-laboratory strains of P. aeruginosa. We also analyzed just the PAO1 sublines to 

visualize their level of relatedness (Figure 5.3). Subline 2017-B, which was observed to 

have the highest degree of genetic dissimilarity to the PAO1 reference strain in the LS-

BSR analysis, occupied its own branch (indicated with *). Generally, sublines did not 

appear to group based on the date they were acquired. This is not surprising considering 

the unknown history of the strain before acquisition by the Ernst laboratory.   
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Figure 5.2. Phylogeny of PAO1 isolates and other P. aeruginosa isolates. 

Whole genome sequences of nine PAO1 sublines (sequenced in this study; underlined), three 
already-sequenced PAO1 strains, and various other non-PAO1 P. aeruginosa representing 
distinct strain types (sequence data acquired from GenBank 288 were aligned based on regions of 
conserved sequence. Black dot represents a bootstrap value of >80. 
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Figure 5.3. Whole genome phylogeny of P. aeruginosa PAO1 sublines. 

Whole genome sequences of the nine PAO1 sublines sequenced in this study, the originally-
sequenced PAO1 strain (sequence data from GenBank, NC_002516.2), and ATCC 15692 
(sequence data from GenBank, NZ_CP017149.1) were aligned based on regions of conserved 
sequence. Black dot represents a bootstrap value of >80. 
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Phenotypic characterization of PAO1 sublines – growth, motility, and antibiotic 

susceptibility. To determine potential differences in replication, optical density of the 

PAO1 sublines was measured during culture in rich medium. No significant differences 

were observed between the strains when grown at both 37°C and 25°C in Lysogenic 

broth (LB).288 Low-viscosity agar plates were used to measure motility (swimming, 

swarming, and twitching). Flagellar-mediated swimming motility 282 was consistent 

across the ten sublines with an average swim diameter of 3.4±0.2 cm after 16 hours 

(range: 3.0 - 4.0 cm) (Figure 5.4A). After 24 hours, strains averaged a diameter of 

5.2±0.1 cm (range: 4.9 – 6.2 cm) with the exception of subline 2017-B, which had a 

diameter significantly greater than that of other sublines (6.1 cm, P<0.02) (Figure 5.4A. 

All sublines displayed comparable twitching profiles, which is a form of motility 

dependent on type IV pili 283, with the exception of  strain 2017-A. This strain had a 

significantly decreased twitching diameter compared to all sublines except 2017-B and 

2017-D (P<0.02) (Figure 5.4B).   

Unique phenotypes were observed when assaying swarming, which is the 

movement across a semisolid surface requiring flagellum and biosurfactants.284 Sublines 

2017-C, -E, and -I swarmed in a circular pattern, with a diameter smaller than that of the 

other sublines. ATCC 15692 swarmed in a mostly circular pattern with tendrils 

protruding from the periphery of the circle. Sublines 2017-A, -B, -D, -F, and -H 

collectively had more blebs and tendrils as compared to the other strains. Subline 2017-A 

consistently had the largest swarm diameter, often reaching the plate edges (Figure 

4.4C).   
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Figure 5.4. Motility characteristics. 

 (A) Swim motility was assayed after 16 and 24 hours and is reported as swim diameter (cm; 
n=6). (B) Twitching motility was assayed after 24 hours (cm; n=3). (C) Swarm motility was 
assayed after 16 hours. Swarm shape appeared variable between sublines (circular swarm 
pattern vs. tendril pattern). The observed swarming pattern was consistent across all replicates 
(n=3). 
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It has been previously reported that sublines of PAO1 have differences in 

antibiotic susceptibility patterns.278 Using minimum inhibitory concentration (MIC) 

assays, the antibiotic susceptibility for the individual sublines was determined for eight 

antibiotics (Table 5.2). This analysis revealed similar MICs (<4-fold difference) for 

ciprofloxacin (fluoroquinolone class), rifampicin (rifamycin class), ampicillin (beta-

lactam class), polymyxin B, (cationic antimicrobial peptide), amikacin (aminoglycoside 

class) and ceftazidime (beta-lactam class). Three sublines, ATCC 15692, 2017-G, and 

2017-H, showed increased resistance to erythromycin (macrolide class), and as 

previously shown, variability was observed in the levels of chloramphenicol 

resistance.278,285 Sublines 2017-B, -C, -D, -E, -F, -G, and -I all maintained high 

chloramphenicol resistance characteristic of the originally-described PAO1 strain from 

Holloway’s lab 272,273 (greater than 128µg/mL), whereas 2017-H showed a decreased 

MIC (32µg/mL). Several genes related to antibiotic resistance were identified from the 

strain genomes, including the mex genes.288 285 With the exception of mexT, all of the 

identified genes were 100% conserved across sublines. mexT had varying levels of 

divergence between the sublines, although all were 88% identical or greater at the 

nucleotide level, suggesting that little functional differences may be observed. This is 

reflected in the MIC data, where little to no phenotypic variability was observed between 

sublines.   

 

Phenotypic characterization of PAO1 sublines - extracellular products.   

P. aeruginosa secretes a number of extracellular products that aid in survival and 

motility. These include biosurfactants, scavenger molecules, and quorum-sensing 

molecules. To analyze if the profiles of these secreted substances are altered between   
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Table 5.2. Antibiotic susceptibility profiles. 

Minimum inhibitory concentration (MIC) values (in microgram per microliter) were determined 
using a broth microtiter dish assay for erythromycin (ERYTH), amikacin (AMIK), 
chloramphenicol (CHLOR), ciprofloxacin (CIPRO), polymyxin B (POLYB), rifampicin (RIF), 
ampicillin (AMP), and ceftazidime (CEFT) (n=4). 
  

ERYTH AMIK CHLOR CIPRO POLYB RIF AMP CEFT
ATCC 15692 128 1 64 0.25 0.5 >128 >128 2

2017-A 64 0.5 128 0.25 0.25 >128 >128 1
2017-B 64 0.5 >128 0.25 0.5 >128 >128 4
2017-C 64 0.25 >128 0.25 1 >128 >128 1
2017-D 64 0.25 >128 0.25 0.5 >128 >128 1
2017-E 64 0.25 >128 0.25 2 >128 >128 1
2017-F 64 0.5 >128 0.25 0.25 >128 >128 2
2017-G 128 0.5 >128 0.25 0.5 >128 >128 2
2017-H 128 0.5 32 0.25 0.5 >128 >128 0.25
2017-I 64 0.25 >128 0.25 0.25 >128 >128 1

Chandler et al., Table 2
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sublines, we quantified production of rhamnolipids, pyoverdine, pyocyanin, and 

pseudomonas quinolone signal (PQS).   

Rhamnolipids are glycolipids involved in biofilm growth, antimicrobial defenses, 

motility, and virulence.284,286,287 Rhamnolipid production, which is dependent on the rhl 

operon286,288 ranged from 1.02 to 6.77 µg/mL, with 2017-G showing the highest 

production of all sublines (Figure 5.5A). However, this increased production was only 

significantly more than 2017-A (P<0.05) and all other subline comparisons were non-

significant.288  

Pyocyanin is a redox-active secondary metabolite responsible for the blue-green 

pigmentation often observed in Pseudomonas aerobic cultures.289 Quantification of 

pyocyanin production demonstrated that all sublines, with the exception of subline 2017-

A, had decreased levels of pyocyanin production, as compared to the ATCC 15692 

(Figure 5.5B; P<0.02). Additionally, sublines 2017-C, -E, and -I had significantly 

decreased levels of pyocyanin (-C, -E, and -I are all of the MPAO1 background lineage; 

P<0.0001). Pyocyanin synthesis is dependent on the synthesis of phenazine-1-carboxylic 

acid (PCA), which is subsequently converted to pyocyanin.290 2017-C show sequence 

divergence in two of the PCA biosynthesis genes (phzB1 and phzB2) in LS-BSR analysis 

(Figure 5.1), although none of the other biosynthetic genes were divergent between the 

strains. Pyocyanin-specific synthesis genes phzH, phzM, and phzS.288 The upstream 

regions of the PCA biosynthesis operons were also probed and revealed no sequence 

divergence (500 bp upstream of phzA1 and phzA2; data not shown).290 

 Pyoverdine is a siderophore important for iron acquisition and is synthesized and 

transported by the pvd, pvc, and fpv genes.291-293 We observed that MPAO1-derived 
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sublines 2017-C, -E, and -I produced significantly more pyoverdine compared to the 

other sublines (P<0.0001; Figure 5.5C). However, when analyzing the sequence of genes 

involved in pyoverdine synthesis (pvdADEFIJPS, pvcABCD, and fpvAIR)292,293, the level 

of sequence variability was consistent across the sublines and did not correlate with the 

observed phenotype differences. Analysis of the promoter regions upstream of the pvdS 

(the alternative sigma factor that regulates expression of the other pyoverdine 

biosynthesis genes) revealed no sequence dissimilarity (data not shown). Similarly, 

analysis of the upstream regions (500 bp) of genes targeted by pvdS regulation (pvdA, 

pvdE, and pvdF) were 100% identical across all sublines (data not shown).294  

 Pseudomonas quinolone signal (PQS) is an inter-bacterial quorum-sensing 

molecule that is important for population dynamics, fitness, and infection.295 We 

observed variable levels of total PQS in our sublines, ranging from 4.98 µM/OD600 to 

9.70 µM/OD600, although statistical analysis revealed no significant differences between 

the sublines (Figure 5.5D). Genetic analysis of the PQS synthesis genes (pqsABCDE and 

pqsR/mvfR) 296 revealed 100% identity at these loci in all sublines.288 Therefore, strain-

specific variability in PQS induction is independent of the primary sequence of the 

synthesis genes and suggests that secondary regulation is occurring in these sublines.  

 Finally, the sequences of selected regulatory genes were analyzed to determine if 

some of the observed phenotypic changes could be explained by changes in global 

regulation factors. These included the rhl and las genes, as well as fleQ (a major flagellar 

regulator) and vsqM (regulator of quorum sensing and antibiotic resistance).297,298 

Commonly mutated genes, such as vfr and algR were also analyzed. Interestingly, no 

sequence divergence was observed for any of the genes compared to the PAO1   
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Figure 5.5. Sublines have variable extracellular product profiles. 

Rhamnolipids (A) were extracted from 72-hour cultures and measured using a standard curve 
(n=3). Pyocyanin (B) and pyoverdine (C) (both n=6) were extracted from 24-hour cultures and 
measured via absorbance. Pseudomonas quinolone signal (PQS) (D) production was assayed 
using an extraction and fluorescence technique. ** indicates P<0.01 
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reference.288 P. aeruginosa has many additional two-component regulatory systems that 

were not investigated and could be of interest for future queries.   

 

Membrane dynamics are altered in the PAO1 sublines. In recent years, the importance 

of outer membrane vesicles (OMVs) and membrane shedding has become increasingly 

apparent. In P. aeruginosa, OMVs are involved in quorum sensing and virulence.299,300 

We observed variable OMV production from the ten PAO1 sublines, with a range of 

0.0005 to 0.008 OD470/OD600 (Figure 5.6A). Subline 2017-H had significantly less OMV 

production, as compared to sublines 2017-B, -C, -D, and -E; all other differences were 

not significant.288 Variability in OMV production has been documented between different 

strains of the same species and between the same species grown in different 

environmental conditions and these numbers are in-line with previously reported data for 

P. aeruginosa.299,301 Additional elements impacting OMV production could account for 

the variability in OMV production observed here, including the observed variable PQS 

production, general differences in membrane stress and fluidity, or membrane 

remodeling.302-305  The data presented here suggest that intra-isolate variability of these 

factors alters OMV production, which may play an important part in bacterial fitness in 

natural environments and within the host.    

P. aeruginosa is known to grow in a biofilm both in the environment and in 

infectious niches such as the airways of patients with cystic fibrosis.267,306 High levels of 

extracellular DNA (eDNA) production have been linked to biofilm development and 

propagation.307,308 Biofilm growth of the ten PAO1 sublines was assayed using the 

O’Toole microtiter plate biofilm assay (Figure 5.6B).309 This analysis showed no 
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significant differences in biofilm density between the sublines. However, differences in 

eDNA production after 24 hours of culture in rich media were observed (Figure 5.6C). 

Sublines 2017-C, -E, and -I had increased levels of eDNA production. Sublines 2017-A 

and 2017-H had decreased levels, and the remaining sublines were relatively comparable 

to each other and to ATCC 15692. While the level of variability between sublines was 

different between the two assay methods, the general trends held true (Figure 5.6C).  

In addition to eDNA, P. aeruginosa biofilm formation relies on the production of 

other matrix components, including abundant exopolysaccharides to provide scaffolding 

and cohesion of the biofilm community. The exopolysaccharide Psl is critical for initial 

adherence and structural stability during biofilm development 310-312, as well as serving a 

protective function against innate immune receptors, neutrophils 313, and antimicrobial 

agents.314 Previous studies have shown that there are two primary forms of Psl: a high 

molecular weight form associated with the bacterial surface and a low molecular weight 

form that is released from the bacterial cells.311 Additional studies have shown that Psl is 

the dominate exopolysaccharide produced from the PAO1 strain of P. aeruginosa 315 with 

Psl production reported to be variable between strains of P. aeruginosa.316 Here, we 

quantified both the cell-free and surface-associated forms of Psl to determine changes to 

total Psl across the PAO1 sublines (Figure 5.6D). Total Psl was variable across the 

sublines, with subline 2017-B producing the lowest amount of Psl. However, 2017-B 

only had significantly reduced Psl compared to subline 2017-G; all other differences were 

not significant (P<0.05). Interestingly, the trends in variability observed with Psl did not 

mirror those of eDNA or OMV production, suggesting that Psl level fluctuations are not 

sufficient to predict the capacity for biofilm formation.    
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Figure 5.6. Membrane-related phenotype variability. 

OMV production was assayed (A) and normalized to cell density (n=3). Biofilm formation was 
assayed using a microtiter dish method (n=6) (B). Extracellular DNA was quantified after 
extraction from a 5mL culture (C) (n=6). Total Psl (D) was quantified as the sum of cell-free and 
surface-associated Psl (n=3).  
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Immunostimulatory profiles of sublines suggest similar virulence potential.  

To assess virulence potential, various measures of immunostimulation were assessed. 

First, Toll-like receptor 4 (TLR4) complex stimulation was evaluated. TLR4 is a pattern 

recognition receptor (PRR) present on the surface of innate immune cells that is 

responsible for recognition of the lipid A portion of LPS; in coordination with its co-

receptor MD-2.  Upon recognition, a signaling cascade is initiated that converges on the 

transcription factor NF-kB, which translocates to the nucleus and leads to subsequent up-

regulation of inflammatory cytokines and other immunomodulators.4 TLR4 stimulation 

was assessed using HEK reporter cells transfected with human or murine TLR4 with NF-

kB activation as the readout.  No significant differences were observed between the 

sublines over a five-log range of concentrations with either mouse or human TLR4 

(Figure 5.7A, B) with the exception of the highest concentration tested (1µg/mL), in 

which the ATCC strain was significantly more stimulatory than the other sublines 

(P<0.05).  Unsurprisingly, the major lipid A structures of the sublines, as analyzed using 

mass spectrometry, were comparable.288   

To further analyze the potential immune response to each subline, cytokines IL-6 

and IL-1b were analyzed by ELISA from the supernatants of two murine and two human 

cell lines after stimulation with heat-killed whole cells for 16 hours. In the murine cell 

lines, MH-S (alveolar macrophages) and RAW 264.7 (macrophages), IL-6 production 

was comparable across sublines (Figure 5.7C). IL-1b production in the same cell lines 

was much more variable, with ATCC 15692 inducing high levels in RAW cells as 

compared to other sublines (Figure 5.7D). In the human cell lines, A549 (alveolar basal 

epithelial-derived cells) and THP-1 (monocyte-derived cells), levels of IL-6 induction 

were comparable across sublines and between cell types (Figure 5.7E). IL-1b production   
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Figure 5.7. Immunostimulatory potential of PAO1 sublines. 

HEK reporter cells expressing human (A) or murine (B) TLR4 were stimulated with a five-log 
range of LPS and NF-kB activation was recorded. Murine cell lines MH-S (C) and RAW 246.7 
(D) and human cell lines A549 (E) and THP-1 (F) were stimulated with 106 heat killed whole cell 
preparations of each strain. IL-6 and IL-1β were quantified from the cell supernatant using 
ELISA after 16 hours of stimulation.  
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was consistent across sublines in A549 cells, but variable in THP-1 cells. Sublines 2017-

C and 2017-G induced greater levels of IL-1b production, with subline 2017-I inducing 

the lowest level (Figure 5.7F). Interestingly, subline trends of high- versus low-inducers 

of IL-1b were not consistent between murine and human cell lines.  

 

DISCUSSION  

The genetic and phenotypic diversity between PAO1 sublines has become 

increasingly apparent in recent years. Despite this, PAO1 remains one of the most 

common reference strains for P. aeruginosa research worldwide. The analysis by 

Klockgether et al. of three PAO1 sublines in 2010 revealed genomic and phenotypic 

differences.278 However, only three sublines were included, which highlights the need for 

a larger-scale analysis of potential genetic drift and phenotypic variability.  Our analyses 

of ten PAO1 sublines probe the level of baseline genomic evolution that occurs in 

individually maintained PAO1 strains in laboratories throughout the world. Despite 

observing only ~5% of the genome being different between our PAO1 sublines, 

significant variability in phenotypes were observed, highlighting variation beyond the 

primary genome sequence including, but not limited to transcriptional and translational 

events.  

Many of the observed phenotypic differences may have effects on virulence and 

infection. Swarming, or the coordinated movement of bacteria across a semisolid surface, 

is predicted to promote infection of tissues covered with mucosal layers such as in the 

lungs, which are the major site of infection in patients with cystic fibrosis. Therefore, the 

differential swarming phenotypes observed between our sublines could have differential 

ability to infect and colonize the lungs of model organisms used in infection studies.  
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Pyoverdine is a siderophore that is important for scavenging iron during infection. 

Our data demonstrate that PAO1 sublines have variable levels of pyoverdine production 

in vitro, which could theoretically give certain sublines an advantage during in vivo 

infection. Additionally, we observed variable levels of pyocyanin production, with 2017-

C, -E, and -I having significantly reduced levels of pyocyanin. Pyocyanin has been 

implicated in impairing host neutrophil defenses in vivo.317 Therefore, in vivo infection 

studies may be directly affected by the specific PAO1 strain being used. PQS production 

was variable between strains but on average wasn’t significantly different. Differences in 

quorum sensing could have consequence for infection, particularly in co-infection 

models, although recent reports suggests that quorum sensing may be less important in 

human infection than in in vitro conditions.318,319  

Membrane dynamics were observed to be variable between sublines. Variability 

in PQS production was observed between sublines, although the differences did not 

correlate with variability in OMV production. This is consistent with recent reports 

demonstrating that, although a major driver of OMV biogenesis, total PQS production is 

a poor predictor of OMV production between strains of the same species.299,305 Previous 

studies have reported that pyocyanin promotes extracellular DNA release.320 However, in 

our studies, sublines that had greater levels of extracellular DNA production were 

somewhat correlated with lower levels of pyocyanin production. Most notably, the 2017-

C, -E, and -I strains had greater levels of extracellular DNA release but significantly 

reduced levels of pyocyanin production. Additionally, extracellular DNA release did not 

correlate with biofilm formation and all sublines had comparable ability to form biofilms. 

This was unexpected, as extracellular DNA is thought to be a key component of the 

biofilm matrix.321 Outer membrane vesicle production likewise did not correlate with 
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biofilm formation, extracellular DNA release, or levels of Psl, again highlighting the 

complex relationships between phenotypes.  Importantly, the immunostimulatory 

potential of the strains seems to be comparable based on the TLR4 and cell line 

stimulation studies, although variability was observed in IL-1b production. Together, 

these data suggest that the inflammatory potential of the sublines is comparable, although 

variance may be observed in some of the underlying mechanisms that lead to 

inflammation.  

There were some observed genetic differences that were not followed up with 

phenotypic analysis. Most notably, there were several genes related to pyoverdine 

production and chemotaxis that were variable as compared to the reference strain. 

Analysis of chemotactic potential is an interesting avenue for future studies. Chemotaxis 

has important roles in nutrient acquisition and metabolism, and can consequentially affect 

biofilm formation, pilus biosynthesis, and other features that may be important in an 

infectious niche.322  

Interestingly, the genomic variation observed between sublines did not 

consistently match with the observed phenotypic variability. Therefore, additional 

analysis of selected regulatory genes was performed, which did not reveal any genetic 

changes that correlated with the observed variability in phenotype, suggesting that 

additional factors may be exerting a level of control over protein activity that may include 

gene induction, transcription, small RNA regulation, or translation.  Future studies using 

the ten sublines should include large-scale transcriptomic or proteomic studies to further 

interrogate these differences. Specifically, RT-PCR analysis of genes involved in 

phenotypes that had significant differences between strains, such as pyoverdine and 

pyocyanin production could be used to better identify the source of the observed 
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divergence. Regulation by small RNAs has also emerged as an important level of control 

for antibiotic resistance and virulence genes and could serve as another line for future 

investigation.323  

In conclusion, our analyses support the idea that individually-maintained P. 

aeruginosa PAO1 sublines are undergoing a continuous microevolution that has 

consequences for both in vitro and in vivo genotypic and phenotypic analysis. The 

specifics and magnitude of these changes are variable between sublines and are not 

completely predictable based on sequencing alone. This highlights the need for 

researchers to specify the lineage of the subline used to increase transparency and 

reproducibility as individual culturing and storage practices may promote microevolution. 

As such, for all of the studies conducted here, cultures were inoculated from the single 

glycerol stock that was prepared from the culture used for sequencing and were never 

continuously sub-cultured. Therefore, stringent quality controls and subline assessments, 

including sequencing and using low-passaged cultures will help ensure that the 

reproducibility and consistency of P. aeruginosa. pathogenesis research. 
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MATERIALS & METHODS  

Bacterial Strains. For a complete list of strain/sublines used in this study see Table 1. All 

sublines were maintained in 25% glycerol, 75% Lysogenic Broth (LB) at -80°C. For all 

experiments, cultures were inoculated directly from the stock used for sequencing 

without sub-culturing.  

Preparation of Genomic DNA. Genomic DNA was isolated using a GenElute Bacterial 

Genomic DNA Kit (Sigma Aldrich, NA2110; St. Louis, MO) following kit instructions 

with the following exception: all DNA was eluted in 400uL of ultra-pure DEPC-treated 

water (Thermo Fisher Scientific, Waltham, MA). Concentration of DNA preps was 

determined using a NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA). All preps 

were stored at -20C.  

Genome sequences. The genomes of the nine new PAO1 sublines analyzed in this study 

were sequenced as previously described.324 This Whole Genome Shotgun project has 

been deposited at DDBJ/ENA/GenBank under the accession numbers listed in Table 5.1. 

The BioProject ID for all PAO1-2017 samples is PRJNA490649.  

Phylogenomic analysis. The genomes of the nine PAO1 sublines analyzed in this study 

were compared with twenty previously sequenced P. aeruginosa genomes 288 using the In 

Silico Genotyper (ISG).325,326 Single nucleotide polymorphisms (SNPs) were detected 

relative to the completed genome sequence of the reference P. aeruginosa PAO1 

(NC_002516.2) using the In Silico Genotyper (ISG) 326, which uses NUCmer v.3.22 327 

for SNP detection.  The SNP sites that were identified in all genomes analyzed were 
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concatenated and used to construct a maximum-likelihood phylogeny using RAxML 

v7.2.8.328 The phylogeny was constructed using the GTR model of nucleotide substitution 

with the GAMMA model of rate heterogeneity, and 100 bootstrap replicates. The 

phylogeny was then visualized using FigTree v1.4.2 

(http://tree.bio.ed.ac.uk/software/figtree/).  

Large Scale-BLAST Score Ratio (LS-BSR) analysis. The genomes of the ten sublines 

were compared using LS-BSR as previously described.186,324 The predicted protein-

encoding genes of each genome that had ≥80% nucleotide identity to each other were 

assigned to gene clusters using uclust.329 Representative sequences of each gene cluster 

were then compared to each genome using TBLASTN 330 with composition-based 

adjustment turned off, and the TBLASTN scores were used to generate a BSR value 

indicating the detection of each gene cluster in each of the genomes.288 The BSR value 

was determined by dividing the score of a gene compared to a genome by the score of the 

gene compared to its own sequence. The LS-BSR values and the nucleotide sequences of 

each gene cluster for the strains are included in Supplemental Data of Chandler et al., 

2019.288 Heatmaps of the LS-BSR values of the predicted genes were generated using 

MeV.331 

Motility analysis. Swimming was assessed using 0.3% agar plates (per 1L, 3g Bacto agar, 

5g proteose-peptone, 3g yeast extract). Overnight cultures (37°C, LB + 1mM MgCl2; n=6 

per subline) were used to inoculate swim plates by depositing 2.5µL of culture directly 

into the agar in the center of the plate. Plates were incubated face-up at 37°C and swim 

diameter was recorded in cm at 16 and 24 hours. Twitching was assayed using the 

macroscopic method described by Turnbull and Whitchurch.283 Briefly, a sterile 

toothpick was used to inoculate 1% Lennox LB plates (n=3 per subline). Plates were 
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inverted and kept in a humidified chamber at 37°C. Twitching was measured in cm after 

24 hours.  Swarming was assessed using 0.5% agar plates (per 1L, 5g Bacto agar, 5g 

proteose-peptone, 3g yeast extract). Plates were poured 30mL/plate and allowed to 

solidify at room temperature for five hours. Overnight cultures of each subline (37°C, LB 

+ 1mM MgCl2; n=3 per subline) were used to inoculate the swarm plates by spotting 

2.5µL of culture directly in the center of the plate. Plates were incubated face-up at 37°C 

for 16 hours and imaged (FluorChem 8900, Alpha InnoTech, San Leandro, CA).  

Pyoverdine quantification. Pyoverdine production was quantified as previously 

described.332 Briefly, an individual colony was used to inoculate 5mL cultures in King’s 

B Media (per 1L, 10g proteose-peptone, 15mL glycerol; after sterilization, 1.5g K2HPO4 

and 5mL 1M MgSO4).333 Cultures were incubated at 37°C for 24 hours. OD600nm was 

recorded using a DU730 UV/Vis spectrophotometer (Beckman Coulter, Brea, CA). 

Cultures were centrifuged (5,000xg, 10min) and OD404nm of the cell-free supernatant 

was recorded using King’s B media as a blank. Data are represented as relative 

pyoverdine concentration (OD404/OD600) and as the average of six independent cultures 

per subline.  

Pyocyanin quantification. Pyocyanin production was quantified as previously 

described.334 Briefly, an individual colony was used to inoculate 5mL cultures in King’s 

A Media (per 1L, 20g proteose-peptone; after sterilization, 1.4g MgCl2 and 10g 

K2SO4).333 Cultures were incubated at 37°C for 24 hours. OD600nm was recorded using a 

DU730 UV/Vis spectrophotometer (Beckman Coulter, Brea, CA). Cultures were 

centrifuged (5,000xg, 10min) and supernatant was transferred to a glass tube with 3mL 

chloroform. The chloroform mixture was incubated at room temperature with rocking for 

1 hour and then centrifuged at 1,000xg for 5 minutes to allow for phase separation. The 
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organic phase was extracted to a new glass tube and 1mL of 0.2N HCl was added. 

Samples were vortexed for 10 seconds and the aqueous phase was transferred to a 

microcuvette. OD520nm was recorded using 0.2N HCl as a blank. All data are represented 

as relative pyocyanin concentration (OD520/OD600) and as the average of six 

independent cultures per subline.  

Rhamnolipid quantification. Sublines were inoculated into 30mL cultures of AB media 

supplemented with 2.5 mg/L thiamine and 0.2% glucose and statically incubated for 72 

hours at 37°C (n=3). Rhamnolipids from cell-free supernatants were assayed as 

previously described.335 Rhamnolipid standard was purchased from AGAE Technologies 

(R90; Corvallis, OR).  

PQS Extraction and Quantification. PQS was extracted from whole culture with a 1:1, 

1:2, or 1:3 addition of acidified ethyl acetate (0.1 ml/liter acetic acid). The organic phase 

was removed and dried under nitrogen gas. Dried samples were resuspended in 100% 

methanol (Optima grade; Fisher Scientific, Hampton, NH), and 20-µl specimens were 

spotted onto a straight-phase phosphate-impregnated TLC plate (EMD MilliporeSigma, 

Burlington, MA), which had been activated for 1 h at 100°C. The mobile phase was 95:5 

dichloromethane-methanol. PQS was visualized by intrinsic fluorescence after excitation 

under long-wave UV light. Digital images were captured and analyzed using the UVP, 

Inc., Gel Doc-It2 imaging system and its densitometry software. Concentrations of PQS 

were calculated by comparison to known standard concentration preparations that were 

run concurrently with whole culture extracts. 

Culture growth conditions and isolation of outer membrane vesicles. Cultures were 

inoculated into 25mL fresh defined growth medium from overnight cultures at an OD600 

of 0.01 and grown to early stationary phase. The cells were pelleted at 15,000g for 15 
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minutes at 4oC using a Sorvall Legend XTR centrifuge F15 rotor (Thermo Fisher 

Scientific, Waltham, MA). The supernatant was collected and filtered through a 0.45um 

filter. To isolate OMVs, 20mL of supernatant was subjected to ultracentrifugation 

(Thermo Scientific S50-A rotor; Thermo Fisher Scientific, Waltham, MA) at 209,438g 

for 1.5 hours at 4oC. Pelleted vesicles were resuspended in 500uL of PBS (137mM NaCl, 

10mM Na2HPO4, 2.7mM KCl, 2mM KH2PO4) and kept at 4oC until analyzed. 

Lipid Assay for OMV quantification. Lipid quantification was determined via 

extrapolation of the method developed in Stewart et. al 1980.336 OMV preparations were 

lipid-extracted with 1:1, 1:2, or 1:3 chloroform. The chloroform layer was retained and 

exposed to 1:1 aqueous ammonium ferrothiocyanate to stain lipid. 200uL of the resulting 

chloroform layer was aliquoted into a quartz cuvette and the absorbance of the solution at 

λ = 470nm was measured. 

Extracellular DNA Quantification. Extracellular DNA was assayed from cell-free 

supernatant (n=6) using a NaCl-ethanol precipitation as previously described.337 DNA 

was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA).  

Biofilm assay. Biofilm formation was assayed as previously described.309  Briefly, 

overnight cultures (LB + 1mM MgCl2, 37°C; n=2 per subline) were diluted 1:100 in 1X 

M63 minimal media. 100uL of the dilution was plated in technical triplicate in a round-

bottom, untreated, sterile 96-well plate (CellTreat Scientific Products, Pepperell, MA) 

and statically incubated at 37°C for 16 hours. The plates was washed with endotoxin-free 

water and dyed with 125µL 0.1% crystal violet for 15 minutes. The plate was washed 

again, and the remaining dye was solubilized with 125µL 30% acetic acid in water. 

100uL of the crystal violet-acetic acid solution was transferred to a new 96-well plate and 
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absorbance was measured at 550nm using a Multimode Detector DTX-880 (Beckman 

Coulter, Brea, CA). Data were blank-subtracted using media-only wells and represent the 

average of all biological and technical replicates.  

Psl polysaccharide extraction and immunoblotting. Strains were inoculated into 

Lysogenic Broth without salt (LBNS) and grown overnight at 37oC and 200 RPM.  

Cultures were normalized to O.D. A600 of 5.0 and polysaccharides were extracted as 

described by Chiba et al. 338 Briefly, bacterial cells were centrifuged at 8,000 x g for 10 

minutes at room temperature. The supernatants were collected, lyophilized and re-

suspended in 1 mL of sterile water. This material is the cell free (CF) Psl extract. The 

bacterial pellets were suspended in 1 mL of 1.5 M NaCl, vortexed vigorously and placed 

on an orbital rocker for 15 minutes at room temperature. The samples were centrifuged at 

5,000-x g for 10 minutes. The supernatants were harvested; this material is the surface 

associated (SA) Psl. For immunoblotting, 2 µl of each polysaccharide extract was spotted 

onto 0.45 µm nitrocellulose membrane (Bio-Rad, Hercules, CA) and allowed to air dry. 

The membrane was blocked with 5% non-fat dry milk in TBST (20 mM Tris, 137 mM 

NaCl, 0.1% Tween 20, pH 7.6) followed by probing with anti-Psl polyclonal antibody 

mixture diluted 1:3000 in NFDM-TBST (kindly provided by MedImmune, LLC).339 

After the blot was washed with TBST, the secondary antibody, horseradish peroxidase-

conjugated goat anti-human whole IgG monoclonal (abcam, Cambridge, MA), was added 

at a dilution of 1:5,000 in NFDM-TBST. The membrane was washed with TBST and 

Amersham ECL Prime Western Blotting Detection Agent (GE Healthcare Bio-Sciences, 

Pittsburgh, PA) was used for detection of the polysaccharides. Images were visualized 

using a ChemiDoc XRS Imaging system (Bio-Rad, Hercules, CA) and densitometry was 
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performed using open source Fiji-ImageJ software. The densitometry values for the CF 

and SA extracts were combined to give the total Psl quantity for each subline. 

LPS purification, TLR4 stimulation, and lipid A analysis. LPS was prepared from 1L of 

culture grown at 37°C in LB (+1mM MgCl2) using a phenol-water extraction followed by 

removal of contaminating phospholipids, as previously described.111,201,340 TLR4 

stimulation was conducted as previously described.201 Lipid A was prepared from the 

LPS preps using mild acid hydrolysis as previously described.341 Lipid A were analyzed 

on a Bruker microFlex (Bruker, Billerica, MA) using 10mg/mL Norharmane matrix 

(Sigma Aldrich, St. Louis, MO) in 2:1 chloroform:methanol (v:v) in the negative ion 

mode. Data were processed in Bruker flexAnalysis software. 

Cell culture stimulation. Cell cultures were maintained at 37°C with 5% CO2 and were 

all passaged less than ten times. RAW 264.7 and MH-S lines were maintained in DMEM 

media (5% PenStrep, 10% fetal bovine serum, 4.5g/L D-glucose and L-glutamine; Gibco, 

Gaithersburg, MD). A549 and THP-1 lines were maintained in RPMI media (5% 

PenStrep, 10% fetal bovine serum, 4.5g/L D-glucose and L-glutamine; Corning, Corning, 

NY). Cells were seeded to a 96 well tissue culture treated flat-bottom plate (100,000 

cells/well) and allowed to adhere for 48 hours. To prepare the stimulating dose, overnight 

cultures of each subline (grown in LB + 1mM MgCl2) were subcultured 1:50 and 

incubated for 3 hours (two biological duplicates per strain). Doses were diluted so that 

the final volume would contain 106 bacteria in sterile PBS using a linear calibration curve 

based on optical density (OD600nm). Doses were heat-inactivated in 1mL PBS at 65°C 

for one hour and heat inactivation was confirmed by plating 20uL of each dose. Doses 

were centrifuged (8,000xg, 10min), PBS was aspirated, and doses were resuspended in 

the appropriate media (260uL total; each tube was prepared with 13x the required dose to 
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ensure the same dose could be used for all cell lines). For stimulation, the media was 

aspirated and 180uL of fresh media was added. 20uL of each strain dose (in biological 

duplicate and technical triplicate) was added. An equivalent number of unstimulated 

control cells were also included. Cells were centrifuged at 1,000xg for 5 min to ensure 

bacterial deposition and incubated at 37°C with 5% CO2 for 16H. Plates were promptly 

frozen until analysis via ELISA. ELISA analysis was conducted using the DuoSet ELISA 

Development System (R&D Systems, Minneapolis, MN) of the following types: mouse 

IL-6, mouse IL-1b, human IL-6, human IL-1b. Developed plates were read at 450nm on 

a Multimode Detector DTX-880 (Beckman Coulter, Brea, CA). All data are reported as 

averages.  

Data Analysis. Data are expressed as means ± standard deviation. Significance was 

determined using one-way ANOVA with multiple comparisons in GraphPad Prism 7.03. 

A P value of ≤0.05 was considered significant. The results of all statistical analyses are 

available in Supplemental Table 8 of Chandler et al., 2018.  
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6.  EARLY GENOMIC ADAPTATION OF P. AERUGINOSA TO THE LUNGS OF 
CYSTIC FIBROSIS PATIENTS 

 

ABSTRACT 

Cystic fibrosis (CF) patients suffer from frequent and recurring microbial airway 

infections. Pseudomonas aeruginosa is one of the most common organisms isolated from 

CF patient airways in early adulthood and is capable of establishing chronic infections 

that can persist throughout a patient’s lifetime. As such, infection with P. aeruginosa is a 

major cause of morbidity and mortality in this patient population. During establishment 

of chronic colonization, P. aeruginosa must evolve to adapt from an initial state of early, 

intermittent colonization of the airways. Here, we use isolates of P. aeruginosa from 

children with CF under the age of five to study the genetic adaptations the bacterium 

undergoes during this early stage of colonization and infection. Specific focus is placed 

on phenotypes known to be affected during long-term infection and on the influence of 

geographic location on strain adaptation. Examination of specific adaptation phenotypes, 

such as lipid A palmitoylation, antibiotic resistance, and loss of quorum sensing, did not 

reveal a clear genetic basis for such phenotypic changes. Additionally, we demonstrate 

that geography, within the United States and among countries, does not significantly 

influence genetic adaptation. In summary, our results support the long-standing notion 

that patients acquire individual strains of P. aeruginosa that subsequently become hyper-

adapted to the patient-specific airway environment. This study provides the first large-

scale, multi-patient genomic analysis of strains from young CF patients in the United 

States and adds to the growing body of research about P. aeruginosa evolution in the 

context of the CF airway.  
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INTRODUCTION  

Cystic fibrosis (CF) is a recessive genetic disorder caused by mutations in the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene. Mutations in CFTR 

lead to protein malfunction or loss-of-function, resulting in defective transport of chloride 

ions across epithelial surfaces. This malfunction alters the nature of the airway surface 

liquid, leading to impaired mucocilliary function, which directly impairs the non-

inflammatory host defense against inhaled microorganisms.208,342 As such, CF patients 

are more susceptible to microbial colonization and infection and suffer from repeated 

airway infections throughout their lifetime.  

The Gram-negative bacterium Pseudomonas aeruginosa is one of the most 

common causes of chronic infection, with over 65% of CF patients being colonized with 

P. aeruginosa by the time they reach the age of 20.173,174 Despite early and aggressive 

antibiotic intervention and a functional host innate immune response, P. aeruginosa 

infections persist and eventually lead to respiratory failure, lung transplantation, and, in 

many cases, death.343  

Due to its prevalence and impact on patient health and prognosis, P. aeruginosa is 

a major research focus within the CF field. Specifically, focus has been placed on how P. 

aeruginosa genetically adapts to, and evolves within, the CF airway 

microenvironment.173,344,345  Longitudinal studies have demonstrated that P. aeruginosa 

undergoes multiple genomic and phenotypic changes during chronic infection, as 

discussed in Chapter 4. Although several sequencing studies have been conducted with P. 

aeruginosa CF isolates in the United States, none have focused specifically on early-age 

longitudinal isolates from multiple patients. Here, we sequenced 130 isolates of P. 

aeruginosa from various sources included the environment, CF patients, non-CF 
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bronchiectasis patients, and patients with acute non-airway P. aeruginosa infection. Of 

these isolates, 81 are from children with CF and were collected approximately every six 

months over the course of three years. These isolates, with the earliest collected from a 

patient at three months of age, represent some of the earliest isolates sequenced to date 

and could not be acquired today due to the aggressive antibiotic therapies used to treat 

young children with CF.  

 As discussed in Chapter 4, P. aeruginosa undergoes several characteristic 

phenotypic changes during chronic infection in the CF airway. These include the loss of 

quorum sensing and an increased resistance to antibiotics.345 Here, we examine these 

phenotypes in our isolates alongside their correlated genes. Additionally, lipid A structure 

of P. aeruginosa isolated from chronically-infected CF patients has been observed to be 

palmitoylated as a result of constitutive activation of the lipid A biosynthetic enzyme 

PagP.37 However, the genetic basis for this phenotypic change, if any, has not been 

investigated. Here, we investigate SNP-level changes in pagP and examine the genetic 

divergence in lipid A biosynthetic genes as a whole across our sequenced isolates.  

Additionally, the influence of geography on genetic adaptation has not been 

thoroughly investigated. Using our 81 CF isolates from young children from three 

distinct geographical regions, we investigate whether location of patient residence 

influences genetic adaptation. We additionally include 474 already-sequenced whole 

genomes of P. aeruginosa isolated from CF patients in Denmark344 to determine whether 

country of residence influences adaptation. Overall our studies provide insight into 

previously-uninvestigated aspects of adaptation and provide a rich resource for other 

researchers in the field.  
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RESULTS 

Overview of selected isolates and gene calls.  

Strains for sequencing were selected from a bank of P. aeruginosa isolates 

collected by Drs. Jane Burns, Margaret Rosenfeld, and Bonnie Ramsey245,346 and from 

the Ernst lab strain bank. Isolates from varied sources were selected and included the 

following (shown in detail in Table 6.1) environmental isolates (n=15), PAO1 laboratory 

sublines (n=9, the subject of Chapter 5), non-CF bronchiectasis patient isolates (n=5), CF 

young child isolates (n=81), CF adult isolates (n=10), and non-airway severe disease 

isolates (n=10). The CF young child isolates were acquired during a previous study at the 

University of Washington245,346  and were accompanied by phenotypic data. This study 

was aimed at investigating the early events of initial lower airway infection and lung 

injury. From this group, we selected isolates from nine different patients in three 

geographical regions: Cleveland, Ohio; Seattle, Washington; and Houston, Texas. All 

isolates were from patients three years or younger, with the earliest isolate collected at 

three months of age. Isolates were collected either by bronchial alveolar lavage (BAL) or 

oropharyngeal swab (OP). Patients may be simultaneously infected with multiple strains 

of P. aeruginosa, and as such, multiple isolates from the same patient were collected at 

one point in time. The CF young child isolates selected for sequencing are also 

summarized in Table 6.2. Within this age group, P. aeruginosa is considered to cause 

“early infection” and should be undergoing genetic adaptations that would lead to chronic 

colonization infection. It is this set of genomic changes that occur during this early 

adaptation that are of the most interest. The CF adult isolates were from multiple patients 

with long-term chronic infections and will be used for comparison to the early-stage 

isolates. Additionally, isolates from patients with non-CF bronchiectasis, in which the   
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.  

ID Class Origin Details (Source/Patient) Extra Origin Details (Age)
1 Environmental Green onion (Vancouver)
2 Environmental Potato (Vancouver)
3 Environmental Green pepper (Vancouver)
4 Environmental Radish (Vancouver)
5 Environmental Japenese river
6 Environmental Japanese river
7 Environmental Whale (Vancouver)
8 Environmental Whale (Vancouver)
9 Environmental Mount St. Helen (WA)
10 Environmental Mount St. Helen (WA)
11 Environmental Soil (Salem, VA)
12 Environmental Soil (ATCC)
13 Environmental Soil (Japan, ATCC)
14 Environmental Soil (Franklin, VA, ATCC)
15 Environmental Industrial H2O System (ATCC)
16 Laboratory (PAO1) Iglewski Strain, E. P. Greenberg (UW)
17 Laboratory (PAO1) Halloway Strain, D. Ohman (VCU)
18 Laboratory (PAO1) C. Manoil (UW)
20 Laboratory (PAO1) H103 PAO1 AK957 (R. Hancock, Canada)
21 Laboratory (PAO1) H. Nikaido (Berkeley)
22 Laboratory (PAO1) Jane Burns (UW)
23 Laboratory (PAO1) Alice Prince (Columbia)
24 Laboratory (PAO1) Joanna Goldberg (UVA)
25 Laboratory (PAO1) MPAO1, C. Manoil (UW)
26 Non-CF Bronchiectasis #1
27 Non-CF Bronchiectasis #2
28 Non-CF Bronchiectasis #3
29 Non-CF Bronchiectasis #4
30 Non-CF Bronchiectasis #5
31 CF Infant Bronch Patient 3 3 mo; BAL
32 CF Infant Bronch Patient 3 21 mo; OP
33 CF Infant Bronch Patient 3 24 mo; BAL
34 CF Infant Bronch Patient 3 33 mo; OP
35 CF Infant Bronch Patient 3 36 mo; BAL
36 CF Infant Bronch Patient 7 Pre-6 mo; OP
37 CF Infant Bronch Patient 7 Pre-9 mo; OP
38 CF Infant Bronch Patient 7 12 mo; OP
39 CF Infant Bronch Patient 7 12 mo; BAL
40 CF Infant Bronch Patient 7 Hosp; OP
41 CF Infant Bronch Patient 7 24 mo; OP
42 CF Infant Bronch Patient 7 24 mo; BAL
43 CF Infant Bronch Patient 7 Hosp; OP
44 CF Infant Bronch Patient 7 33 mo; OP
45 CF Infant Bronch Patient 203 18 mo; OP
46 CF Infant Bronch Patient 203 24 mo; BAL
47 CF Infant Bronch Patient 203 24 mo; OP
48 CF Infant Bronch Patient 203 27 mo; OP
49 CF Infant Bronch Patient 203 36 mo; BAL
50 CF Infant Bronch Patient 4 9 mo; OP
51 CF Infant Bronch Patient 4 9 mo; OP
52 CF Infant Bronch Patient 4 Hosp; OP
53 CF Infant Bronch Patient 4 12/15 mo; BAL
54 CF Infant Bronch Patient 4 24 mo; OP
55 CF Infant Bronch Patient 4 24 mo; OP
56 CF Infant Bronch Patient 4 24 mo; BAL
57 CF Infant Bronch Patient 4 24 mo; BAL
58 CF Infant Bronch Patient 4 36 mo; OP
59 CF Infant Bronch Patient 4 36 mo; BAL
60 CF Infant Bronch Patient 104 18 mo; OP
61 CF Infant Bronch Patient 104 24 mo; BAL
62 CF Infant Bronch Patient 104 24 mo; OP
63 CF Infant Bronch Patient 104 24 mo; OP
64 CF Infant Bronch Patient 104 Hosp; OP
65 CF Infant Bronch Patient 104 36 mo; BAL
66 CF Infant Bronch Patient 205 15 mo; OP
67 CF Infant Bronch Patient 205 18 mo; OP
68 CF Infant Bronch Patient 205 24 mo; OP
69 CF Infant Bronch Patient 205 24 mo; BAL
70 CF Infant Bronch Patient 205 30 mo; OP
71 CF Infant Bronch Patient 205 30 mo; OP
72 CF Infant Bronch Patient 205 30 mo; BAL
73 CF Infant Bronch Patient 205 36 mo; OP
74 CF Infant Bronch Patient 205 36 mo; OP
75 CF Infant Bronch Patient 206 12/15 mo; BAL
76 CF Infant Bronch Patient 206 18 mo; OP
77 CF Infant Bronch Patient 206 24 mo; OP
78 CF Infant Bronch Patient 206 24 mo; BAL
79 CF Infant Bronch Patient 206 33 mo; OP
80 CF Infant Bronch Patient 206 33 mo; OP
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Table 6.1. Overview of selected isolates. 

The above isolates were selected for whole-genome sequencing and subsequent study. Isolates 
are listed by original category. Extra origin details column includes patient age at the time of 
sampling. Mo = months, yr = year, BAL = bronchial alveolar lavage sample, OP = 
oropharyngeal sample.  
 

  

81 CF Infant Bronch Patient 108 12/15 mo; OP
82 CF Infant Bronch Patient 108 12/15 mo; OP
83 CF Infant Bronch Patient 108 12/15 mo; BAL
84 CF Infant Bronch Patient 108 12/15 mo; BAL
85 CF Infant Bronch Patient 108 21 mo; OP
86 CF Infant Bronch Patient 108 21 mo; OP
87 CF Infant Bronch Patient 9 Pre-6 mo; OP
88 CF Infant Bronch Patient 9 Pre-9 mo; OP
89 CF Infant Bronch Patient 9 Hosp; OP
90 CF Infant Bronch Patient 9 12 mo; BAL
91 CF Infant Bronch Patient 9 15 mo; OP
92 CF Infant Bronch Patient 9 18 mo; OP
93 CF Infant Bronch Patient 9 21 mo; OP
94 CF Infant Bronch Patient 9 21 mo; OP
95 CF Infant Bronch Patient 9 21 mo; OP
96 CF Infant Bronch Patient 9 24 mo; OP
97 CF Infant Bronch Patient 9 24 mo; OP
98 CF Infant Bronch Patient 9 24 mo; OP
99 CF Infant Bronch Patient 9 24 mo; BAL
100 CF Infant Bronch Patient 9 24 mo; BAL
101 CF Infant Bronch Patient 9 27 mo; OP
102 CF Infant Bronch Patient 9 27 mo; OP
103 CF Infant Bronch Patient 9 27 mo; OP
104 CF Infant Bronch Patient 9 30 mo; OP
105 CF Infant Bronch Patient 9 30 mo; OP
106 CF Infant Bronch Patient 9 30 mo; OP
107 CF Infant Bronch Patient 9 33 mo; OP
110 CF Infant Bronch Patient 9 36 mo; OP
111 CF Infant Bronch Patient 9 36 mo; OP
112 CF Infant Bronch Patient 9 36 mo; BAL
113 CF Infant Bronch Patient 9 36 mo; BAL
115 CF Adult Patient GCFLD 103 17.2 yr
116 CF Adult Patient GCFLD 105 11.7 yr
117 CF Adult Patient GCFLD 130 13.9 yr
118 CF Adult Patient GCFLD 130 16.6 yr
119 CF Adult Patient GCFLD 108 25.4 yr
120 CF Adult Patient GCFLD 128 10.8 yr
121 CF Adult Patient GCFLD 128 19.6 yr
122 CF Adult Patient GCFLD 205 18.7 yr
124 Clinical Acute Abdomen, child
125 Clinical Acute Blood, child
126 Clinical Acute Blood, adult
127 Clinical Acute Trachea
128 Clinical Acute Urine, child
129 Clinical Acute Trachea, child
130 Clinical Acute Blood, same patient as CEC#129
131 Clinical Acute Blood
132 Clinical Acute Urine
133 Clinical Acute Eye

ID Class Origin Details (Source/Patient) Extra Origin Details (Age)
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Table 6.2. CF isolates from young children selected for sequencing. 

Isolates were selected from a total of nine different patients over time. In some cases, multiple 
isolates from the same timepoint were collected. OP = collection via oropharyngeal swab; BAL = 
collection via bronchial alveolar lavage; Hospitalization = samples collected during a hospital 
visit caused by an exacerbation event. Loc. = Location; Pat. = Patient.  
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airway is inflamed and damaged due to a condition other than cystic fibrosis, were 

collected to analyze CF-specific influences of adaptation. This specific analysis is on-

going and will not be discussed here. All isolates were grown aerobically, and genomic 

DNA was isolated and used for whole-genome sequencing (Figure 6.1A, B). Sequences 

were edited by removal of PhiX contamination inherent to the sequencing platform 

(Figure 6.1A, B). 347 During sequencing and analysis, isolates #114 and #123 had to be 

removed due to contamination. Therefore, these isolates are excluded from Table 6.1 and 

all subsequent analyses (Figure 6.1C). Large scale-BLAST score ratio (LS-BSR) 

analysis was used to query the gene content in the total collection of genes.186 The output 

from the LS-BSR analysis was used for many of the analyses discussed here, as outlined 

in Figure 6.1D.   

 

Genomic differences between isolates.  

Direct comparison of all isolates revealed an average genome size of 6.545 

million bases (Mb) across all isolates (Table 6.3). CF and environmental isolate groups 

were slightly larger in size (6.675 and 6.609 Mb, respectively, compared to an all-isolate 

average of 6.545 Mb), possibly due to genetic adaptation. However, changes in genome 

size may also be attributed to the nature of the draft genomes, some of which may have 

repetitive elements that cannot be resolved with the chosen sequencing technology. GC 

content was fairly consistent across all isolates, with a range of 65.06 – 66.44%.  

To examine total gene content, a large-scale BLAST score ratio (LS-BSR) 

analysis was conducted to determine the degree of similarity between the genomes.186 A 

total of 15,538 genes were predicted. The core genome, defined as the set of genes that 

are present in every isolate, was defined by using genes with an LS-BSR score of 1,   
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Figure 6.1. Flowchart of isolate sequencing and analysis. 

Simplified overview of the processes used during whole-genome sequencing of the P. aeruginosa 
isolates. For more detail, see Materials and Methods.  
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Strain Type n Total 
Genes 

Average 
Genome 

Size (Mb) 

Average 
GC 

Content 
(%) 

Core 
Genes 

% 
Core 

Unique 
Genes 

% 
Unique 

All Strains 130* 15538 6.545 65.99 3645 23.46 - - 
Environmental 15 11097 6.675 65.99 5109 46.04 1113 10.03 

PAO1 11* 6091 6.218 66.44 5881 96.55 7 0.11 
Non-CF 

Bronchiectasis 5 7991 6.393 66.38 5272 65.97 224 2.80 

All CF (Child 
& Adult) 89 12379 6.609 65.68 3941 31.84 1592 12.86 

CF Child 81 10811 6.485 66.29 4162 38.50 502 4.64 
CF Adult 8 10135 6.732 65.06 4968 49.02 1091 10.76 

Clinical Acute 10 10166 6.704 66.15 5185 51.00 660 6.49 
 

Table 6.3. Analysis of all newly-sequenced strains. 

Core genes were identified as having an LS-BSR score of 1 (100% conservation). Unique genes 
were solely present in the indicated group of strains. * indicates that two reference strains were 
included (P. aeruginosa PAO1 Accession # NC_002516.2 and NZ_CP017149.1). The analysis 
was not changed when the reference strains were excluded.  
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representing 100% sequence identity. The results are summarized in Table 6.3. Of the 

128 newly-sequenced isolates and two reference strains (P. aeruginosa PAO1 accession 

numbers NC_002516.2 and NZ_CP017149.1), 3,645 genes (23.46%) constituted the core 

genome. This is greater than previous pangenome studies that have identified the P. 

aeruginosa core genome as being between 1% and 15% of the total pangenome. 193,348 

However, the core genome is highly influenced by the number and types of isolates 

included and other pangenome studies have included up to 1,311 isolates in such 

analysis.193 Isolates from CF patients had a decreased core genome (31.84% for all CF 

infant and adult isolates), possibly due to the various selective pressures that drive 

adaptation in this environment.  

Genes unique to only one group of strains were also identified (Table 6.3). 

Unique genes were defined as genes that had an LS-BSR score of 0.8 or greater (80% 

sequence identity or greater) in isolates in the group of interest and a score of less than 

0.1 (10% sequence identity or lower) in all other isolates. The value of 0.8 was chosen as 

a conservative estimation of similarity based on the advisement of Dr. David Rasko, of 

the Institute for Genome Science at the University of Maryland, Baltimore, who 

facilitated the sequencing. The CF isolates had the greatest percentage of unique genes 

(12.86%) compared to all other isolate groups. Isolates from adults with chronic CF 

infection (CF Adult, 10.76%) had a greater percentage of unique genes compared to 

isolates from young children (CF Child, 4.64%). Together, this highlights that CF isolates 

acquire an increasing number of genomic mutations through time as P. aeruginosa adapts 

to the lung and establishes chronic infection.  

 We next conducted phylogenomic analysis to assess how the isolates fit within the 

current P. aeruginosa genomic landscape (Figure 6.2). All complete P. aeruginosa 
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genomes available from NCBI GenBank were downloaded (date of download was 

11/12/2017; 99 genomes downloaded total). Within the inferred phylogeny, several gene 

trends were observed (Figure 6.2). Notably, all PAO1 sublines (yellow) clustered 

together on a single branch, strengthening the conclusions made in Chapter 4. The 

environmental isolates (green) were dispersed throughout the phylogeny, indicating they 

are not significantly genomically distinct from disease isolates. This supports previous 

studies that have demonstrated the similarity between environmental and disease isolates 

of P. aeruginosa and that patients likely acquire unique P. aeruginosa isolates from their 

surrounding environment.349 In many cases, isolates from a single CF patient did cluster 

together on a distinct branch (light blue highlights).  This observation further supports the 

idea that the P. aeruginosa acquired by a patient becomes hyper-adapted to that specific 

patient and becomes increasingly dissimilar to other P. aeruginosa strains, even during 

early infection and colonization. The adult CF isolates (dark blue) were more randomly 

distributed throughout the phylogeny, likely due to the fact that they originated from 

multiple patients from various locations of origin. The fact that not all CF isolates 

clustered together on a single or multiple highly-related branches is unsurprising.  
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Isolate Origin: 

 

 

Figure 6.2. Phylogeny of newly-sequenced P. aeruginosa isolates with available complete 
genomes of P. aeruginosa. 

All newly-sequenced isolates are highlighted according to their sample origin (light blue = child 
CF isolate, dark blue = adult CF isolate, light purple = non-CF bronchiectasis, red = non-
airway clinical disease isolates, yellow = PAO1, green = environmental). Downloaded whole 
genome origins are indicated with circles, with their associated NCBI accession numbers.  
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Analysis of CF-related genes.  

 Whole-genome sequencing studies of P. aeruginosa isolates from CF patients 

have identified many gene alterations that occur during adaptation to and infection of the 

CF airway. We identified genes that have been previously associated with CF through a 

literature search and examined our CF isolates for gene presence or absence using LS-

BSR analysis (Figure 6.3). Our data indicate that many CF-related genes lack sequence 

divergence among the CF isolates from young children, suggesting that mutations are 

later acquired during chronic colonization. This suggestion was further supported by the 

observation that adult CF isolates had slightly more genetic divergence across the genes 

queried. Several genes had multiple alleles, meaning isolates had alternate forms of the 

same gene that arose via mutation but reside at the same locus in the genome. Most 

notably, dnaX had six alleles (Figure 6.3 dnaX alleles are marked with •). dnaX encodes 

a DNA polymerase subunit, and mutations in this gene may lead to alterations in 

replication and mutational frequency.350 Allelic variants of dnaX may promote the 

mutator phenotype commonly observed in CF isolates, although we have not yet 

analyzed mutation rates with these isolates. Allelic variations were also observed in genes 

involved in motility (pilB, marked with “<”; pilQ, marked with “>”), long chain fatty acid 

biosynthesis (accC, marked with “*”; accE, marked with “†”; accF, marked with “~”), 

and antibiotic resistance (oprD, marked with “$”; mexR, marked with “^”; phzB1, marked 

with “!”; vrf, marked with “--“) (Figure 6.3).252,351  We selected specific genotypes to 

investigate based on phenotype data associated with the young children CF isolates that 

was collected during the original study and their documented involvement in P. 

aeruginosa adaptation.245,346  These phenotypes and their genetic correlates will be 

discussed in detail below. 
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Figure 6.3. LS-BSR analysis of CF-related genes in the CF isolates. 

CF-related genes were identified based on a literature search. Genes with allelic variants are 
indicated with symbols.  
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CF isolates display antibiotic resistance without changes to associated genes.  

Disc diffusion measures the sensitivity or resistance of a certain microbe to 

antimicrobial compounds such as antibiotics. A filter paper disc with a known 

concentration of the antibiotic is placed in the center of the agar plate coated with 

bacteria and incubated. The zone of diffusion represents the radius around the disc in 

which bacterial growth is not observed and is reported as the zone diameter in 

millimeter.352  The diffusion zones can then be compared to clinical standards to 

determine whether a particular isolate is clinically resistant to the given antibiotic. 

Previously, disc diffusion data were collected for a number of antibiotics for select 

isolates from the young children with CF. Here, we investigated whether changes in 

antibiotic susceptibility could be explained by changes in antibiotic resistance-associated 

genes. Only a subset of isolates were analyzed by disc diffusion and therefore the gene 

content of only these isolates was analyzed (Figure 6.4). Our analysis revealed little 

genetic variability in most of the genes associated with antibiotic resistance. Allelic 

variation in mexR was observed, with the genetic divergence of the second allele 

appearing to be consistent across all isolates. Isolate #66 (from patient 205) had genetic 

divergence in mexX, oprN, and PA1876. The MexEF-OprN efflux pump has been 

associated with resistance to ciprofloxacin. 353  However, the isolate was susceptible to 

ciprofloxacin (Figure 6.4B, see CIP5). Isolate #31, the only isolate with resistance to 

ciprofloxacin, had no detectable variation in the mexEF or oprN genes. Isolates #35 and 

#60 also had genetic divergence in oprN, yet it was uncorrelated with changes to 

antibiotic susceptibility. In summary, our genomic analysis of antibiotic resistance-

associated genes does not correlate with the observed antibiotic susceptibility data.  
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Figure 6.4. LS-BSR analysis of genes associated with antibiotic resistance and disc diffusion 
data. 

LS-BSR analysis of genes associated with antibiotic resistance (A) was coupled with disc 
diffusion data for several antibiotics (B): aztreonam (ATM 30), cefepime (FEP 30), cefoperazone 
(CFP 30), cefotaxime (CTX 30), imipenem (IPM 10), piperacillin/tazobactam (TPZ 110), 
carbenicillin (CAR 100), amikacin (AMK 30), gentamicin (CN 10), tetracycline (TE 30), 
chloramphenicol (C 30), colistin (CT 10), and ciprofloxacin (CIP 5). For reference, the patient 
age at the time of isolation and the isolation source are included. “*” indicates allelic variation. 
The numbers following the antibiotic abbreviations correspond to the antibiotic disc 
concentration in micrograms.  
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PQS production in CF isolates cannot be explained by genetic variation. 

 Loss of quorum sensing (QS), which is the regulation of gene expression in 

response to cell population density, is a hallmark of P. aeruginosa adaptation within the 

CF airway. Pseudomonas quinolone signal (PQS) is one QS molecule that has been 

documented to be involved in pathogenesis. In the CF airway, PQS has been shown to 

down-regulate host innate immune responses and is secreted in variable amounts by P. 

aeruginosa isolates.354,355 PQS synthesis is dependent on the pqsABCDE operon.356 

Previously, PQS secretion was quantified for the CF isolates from young children using 

an LC/MS method. The PQS secretion of the isolates was then compared to a PQS-null 

mutant strain to calculate a fold change over the null strain. To analyze whether changes 

in PQS secretion could be explained genetically, we examined genes known to be related 

to QS using LS-BSR analysis and visualized the sequence identity scores as a heatmap 

(Figure 6.5, top array). Associated PQS values are also included (Figure 6.5, bottom 

table). Genetic variation in PQS biosynthetic genes pqsA, pqsD, and pqsE was observed 

for some isolates. Genetic variation in pqsA, which encodes an anthranilate-coenzyme A 

ligase that catalyzes the first step of PQS synthesis,357 was observed in four isolates, all 

from Patient 007 (#37, 38, 39, 40). Associated PQS values were 0 for these isolates, 

indicating these mutations may prevent PQS production. Multiple alignment of pqsA 

from these four isolates with the canonical pqsA sequence from reference strain PAO1 

revealed gene truncation (Figure 6.6). The first 1,309 nucleotides of pqsA from the CF 

isolates were absent, which could be due to a frame-shift mutation preceding the pqsA 

coding region or possibly a genetic deletion event. The resulting gene product, if any, 

was likely non-functional, and thus PQS production would have been inhibited. 

Interestingly, isolate #36 (also from patient 007) had no PQS production but has   
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Figure 6.5. LS-BSR analysis of QS-related genes. 

LS-BSR analysis of quorum sensing (QS) related genes from CF isolates of P. aeruginosa (top 
array). QS genes were identified in a literature search. The bottom array indicates PQS 
production, as previously assayed from passage two isolates.245,346 Fold change is respective to a 
P. aeruginosa mutant that does not express PQS.  
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Figure 6.6. pqsA alignment. 

Multiple alignment of pqsA sequences from isolates #37-40, all from patient 007, compared to 
reference strain PAO1 reveals a significant gene truncation (loss of the first ~1,300 nucleotides). 
* indicates nucleotide conservation.  
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full-length pqsA (Figure 6.5). The only identifiable genetic difference in the pqs 

biosynthesis genes for this isolate was in pqsD, which encodes a gene necessary for 

production of both PQS and another QS molecule called 2-heptyl-4-hydroxyquinoline 

(HHQ).363 However, analysis of the translated pqsD amino acid sequence revealed only 

one amino acid change compared to that of the reference strain PAO1 (A243V) (Figure 

6.7). This substitution is outside of the active site of pqsD and may not affect activity. 

Genetic variability in the pqsD sequence was also observed in other isolates from 

patients 004, 007, 009, 104, 108, 203, and 205 (Figure 6.5). pqsD in isolates from patient 

009 (#87-113) was significantly divergent in every isolate except for #95 and these 

isolates had overall lesser PQS levels (Figure 6.5). However, analysis of the translated 

sequences of each pqsD gene did not reveal any amino acid sequence divergence, 

suggesting that protein function was unaffected despite the genetic variability (data not 

shown). The same was observed for patient 205, in which all isolates except #70 had 

significant sequence divergence, and for patient 203, in which one isolate with significant 

divergence had lower PQS production (Figure 6.5). The translated protein sequences of 

pqsD from these isolates revealed no amino acid dissimilarity to the PAO1 reference 

sequence. Patients 003 and 206 had higher PQS production compared to other patients 

and no pqsD genetic divergence. However, patient 108 had low levels of PQS production 

and likewise did not have genetic divergence in pqsD. This observation suggests that the 

pqsD nucleotide sequence cannot directly predict PQS production. 

Although we currently do not have PQS production data for the adult CF isolates, 

we still searched for pqsD divergence, which was observed in two isolates (#119 and 

#122) (Figure 6.5). However, as with the other isolates, the nucleotide sequence 

divergence did not correlate to changes in amino acid sequence in either isolate, and is   
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Figure 6.7. pqsD alignment. 

Alignment of translated protein sequences of pqsD from isolate #36 from patient 007 compared 
to reference strains PAO1 revealed no amino acid sequence dissimilarity. * indicates residue 
conservation.  
  

2/14/2019 https://www.ebi.ac.uk/Tools/services/rest/clustalo/result/clustalo-I20190214-141426-0841-7757361-p2m/aln-clustal_num

https://www.ebi.ac.uk/Tools/services/rest/clustalo/result/clustalo-I20190214-141426-0841-7757361-p2m/aln-clustal_num 1/1

CLUSTAL O(1.2.4) multiple sequence alignment 
 
 
psD      MGNPILAGLGFSLPKRQVSNHDLVGRINTSDEFIVERTGVRTRYHVEPEQAVSALMVPAA 60 
36       MGNPILAGLGFSLPKRQVSNHDLVGRINTSDEFIVERTGVRTRYHVEPEQAVSALMVPAA 60 
         ************************************************************ 
 
psD      RQAIEAAGLLPEDIDLLLVNTLSPDHHDPSQACLIQPLLGLRHIPVLDIRAQCSGLLYGL 120 
36       RQAIEAAGLLPEDIDLLLVNTLSPDHHDPSQACLIQPLLGLRHIPVLDIRAQCSGLLYGL 120 
         ************************************************************ 
 
psD      QMARGQILAGLARHVLVVCGEVLSKRMDCSDRGRNLSILLGDGAGAVVVSAGESLEDGLL 180 
36       QMARGQILAGLARHVLVVCGEVLSKRMDCSDRGRNLSILLGDGAGAVVVSAGESLEDGLL 180 
         ************************************************************ 
 
psD      DLRLGADGNYFDLLMTAAPGSASPTFLDENVLREGGGEFLMRGRPMFEHASQTLVRIAGE 240 
36       DLRLGADGNYFDLLMTAAPGSASPTFLDENVLREGGGEFLMRGRPMFEHASQTLVRIAGE 240 
         ************************************************************ 
 
psD      MLAAHELTLDDIDHVICHQPNLRILDAVQEQLGIPQHKFAVTVDRLGNMASASTPVTLAM 300 
36       MLVAHELTLDDIDHVICHQPNLRILDAVQEQLGIPQHKFAVTVDRLGNMASASTPVTLAM 300 
         **.********************************************************* 
 
psD      FWPDIQPGQRVLVLTYGSGATWGAALYRKPEEVNRPC 337 
36       FWPDIQPGQRVLVLTYGSGATWGAALYRKPEEVNRPC 337 
         ************************************* 
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thus not expected to affect PQS production. Genetic divergence of pqsE, which encodes a 

thioesterase necessary for PQS and HHQ synthesis,364 was observed in two isolates, both 

from Patient 003 (#32 and #33). However, the variance again did not correlate with PQS 

levels of the associated isolates.  

 We additionally examined QS genes not directly involved in PQS biosynthesis, 

including the regulators lasR and rhlR. lasR and rhlR are transcriptional activators of 

virulence-associated genes, including QS genes, and have been shown to be mutated in 

CF isolates of P. aeruginosa. 208,344,358 Among the young children CF isolates, lasR had 

observable but low genetic variability in only four isolates from patient 009, suggesting 

that lasR mutation is not a hallmark of early-stage adaptation. The genetic sequences of 

rhlR and its associated regulator rhlI were consistent across all isolates.  

 Our analyses also revealed significant divergence in the hcnABC gene cluster in 

isolate #34 from patient 003. These genes encode for the enzyme hydrogen cyanide 

synthase, which is responsible for the production of hydrogen cyanide (HCN), a toxic 

metabolic intermediate. HCN production has been demonstrated to be induced under 

microaerophilic conditions like those found in the CF airway, and is proposed to damage 

host immune cells and other competing microbes. 359 It is interesting that an isolate would 

lose these genes, as HCN production is thought to provide P. aeruginosa with an 

advantage in its infectious niche. As a future study, it would be interesting to assay this 

strain for HCN production to determine if the genetic variability eliminates function. 

 In summary, limited genetic variability was observed in QS-related genes in CF 

isolates from young children, which supports loss of QS as an adaptation associated with 

long-term chronic infection in older patients.  
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Analysis of lipid A-related genes reveals limited genetic variation.  

Lipid A is known to be structurally altered during the transition from initial to 

chronic P. aeruginosa infection in CF patient airways.37,360-362 Notably, a hexa-acylated 

lipid A structure results from activation of acyltransferase enzyme PagP and this structure 

has become specifically associated with CF isolates.37,361 Thus, the mechanism behind the 

overactivation of PagP is of interest and a cause has yet to be determined. We used our 

sequenced isolates to determine whether genetic alterations could be responsible for 

constitutive PagP activation. We additionally analyzed the lipid A structure if each isolate 

at the time of sequencing to correlate any observed genotypic changes with phenotype.  

We initially examined all of the sequenced strains to determine the overall level 

of genetic variation in lipid A biosynthesis and modification genes using LS-BSR 

analysis (Figure 6.8). We observed no nucleotide sequence divergence in the non-CF 

clinical isolates, and minimal divergence was observed in one gene (arnF, required for 

aminoarabinose-modification of lipid A, as described in Chapters 2 and 4) in 

environmental and non-CF bronchiectasis isolates. Interestingly, two sequences were 

identified as arnF, indicating allelic variation. However, CF isolates had slightly more 

variation, primarily in the arn genes, which are arranged in an operon and are collectively 

required to add aminoarabinose to the terminal phosphates of lipid A, which is commonly 

seen in CF isolates. Despite the genetic variation observed, none of the lipid A analyzed 

from the culture used for sequencing revealed Ara4N-modified lipid A from any isolate 

(data not shown).  Isolate #70 (from patient 205) had extremely divergent lpxA, lpxB, and 

lpxD sequences, although investigation of the lipid A structure from this isolate did not 

reveal abnormal lipid A structures. Observable variations in pagL and pagP were only   
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Figure 6.8. LS-BSR analysis of lipid A synthesis and modification genes. 

LS-BSR scores of lipid A synthesis and modification genes were compared between all isolates. 
LS-BSR score of 1 = 100% sequence identity (yellow), 0 = 0% sequence identity (blue).  
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observed in two isolates (#122 and #119, respectively). However, this observation does 

not eliminate SNP-level variations, which will be further discussed below.  

To determine whether nucleotide-level variation is responsible for aberrant PagP 

activation, the canonical pagP sequence was used to BLAST search our sequenced 

isolates. The identified pagP sequences from all isolates were aligned and sequence logos 

were generated to identify common SNPs (Figure 6.9). The most common SNPs 

identified were C18G, C117T, T120G, C189T, T246C, and G396A. Less-commonly 

observed SNPs were T132C, C198T, T262C, T381A, and C387A. The translated amino 

acid sequences of pagP associated with these SNPs revealed no divergence in the PagP 

active site residues.  

To determine whether these nucleotide variations correlated to increased PagP 

activity, the lipid A profiles of each isolate were investigated. The lipid A mass spectra 

were obtained from the same culture that was used for sequencing (passage 4 for all CF 

isolates). The expected m/z in negative-ion mode for hexa-acylated lipid A resulting from 

PagP activity is m/z 1684 (m/z 1700 if the lipid A is doubly-hydroxylated, m/z 1668 if 

there is no hydroxylation, or m/z 1604 for mono-phosphorylation). For a complete table 

of expected m/z values and their predicted structures, see Table 6.5 at the end of this 

section. The lipid A structures observed are summarized in Table 6.4. Many of the CF 

isolates did not have detectable PagP-specific hexa-acylated lipid A, and for those that 

did, the relative abundance of that particular lipid A structure was low. These data 

suggest that the observed SNP-level variations were insufficient to induce lasting 

activation of PagP outside of the context of the CF lung based on MS analysis.  

Additionally, the fact that little to no PagP-modified lipid A was observed from culture 

suggests that the structural alteration is transient and is therefore not likely rooted in   
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Figure 6.9. pagP SNPs. 

All pagP sequences from CF isolates were aligned using ClustalW and sequence logos were 
generated using WebLogo (details in Materials and Methods).  “*” indicates sites of 
dissimilarity.  
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Table 6.4. Results of MS analysis of CF isolates. 

Lipid A structures were analyzed from MALDI spectra in negative ion mode. The highest peak 
was set at 100% relative intensity and the relative abundance of all other peaks were measured in 
relation to the maximum peak. For the lipid A structures associated with each m/z see Table 6.5  
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Hypothetical m/z Predicted Structure 
Expected Enzymes 

Involved in 
Modification 

1350 Mono-phosphorylated, penta-acylated, no 2-
hydroxylation LpxT*, PagL 

1366 Mono-phosphorylated, penta-acylated, one 2-
hydroxylation 

LpxT*, LpxO1/2†, 
PagL 

1497 Mono-phosphorylated, penta-acylated, one 2-
hydroxylation, Ara4N addition 

arn operon, LpxT*, 
LpxO1/2†, PagL 

1430 Bis-phosphorylated, penta-acylated, no 2-
hydroxylation PagL 

1446 Bis-phosphorylated, penta-acylated, one 2-
hydroxylation PagL, LpxO1/2† 

1462 Bis-phosphorylated, penta-acylated, two 2-
hydroxylations PagL, LpxO1, LpxO2 

1577 Bis-phosphorylated, penta-acylated, one 2-
hydroxylation, Ara4N addition 

PagL, LpxO1/2†, arn 
genes 

1600 Bis-phosphorylated, hexa-acylated, no 2-
hydroxylation  

1616 Bis-phosphorylated, hexa-acylated, one 2-
hydroxylation LpxO1/2† 

1632 Bis-phosphorylated, hexa-acylated, two 2-
hydroxylations LpxO1, LpxO2 

1604 Mono-phosphorylated, hexa-acylated, one 2-
hydroxylation 

LpxT*, LpxO1/2†, 
PagP 

1668 Bis-phosphorylated, hexa-acylated, no 2-
hydroxylation PagL, PagP 

1684 Bis-phosphorylated, hexa-acylated, one 2-
hydroxylation 

PagL, PagP, 
LpxO1/2† 

1700 Bis-phosphorylated, hexa-acylated, two 2-
hydroxylations 

PagL, PagP, LpxO1, 
LpxO2 

1838 Bis-phosphorylated, hepta-acylated, no 2-
hydroxylation PagP 

1854 Bis-phosphorylated, hepta-acylated, one 2-
hydroxylation PagP, LpxO1/2† 

1870 Bis-phosphorylated, hepta-acylated, two 2-
hydroxylations PagP, LpxO1, LpxO2 

 

Table 6.5. m/z values and their correlated predicted lipid A structures. 

Predicted lipid A structures are listed with their associated m/z value. Biosynthetic genes 
involved the observed structure are listed on the right. LpxT is marked with “*” because as a 
phosphatase, it may be acting on P. aeruginosa lipid A to yield mono-phosphorylated lipid A, or 
the observed mono-phosphorylated lipid A may be a result of the extraction procedure, as the 
phosphate bonds are the most labile.  
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genetic alterations. It is more likely that changes in transcription, translation, transport, or 

even possibly PagP substrate availability are responsible for the lipid A structure 

phenotype observed from low-passage CF isolates. Additionally, we did not observe any 

genetic divergence in phoP or phoQ, which are known to regulate pagP expression 

(Figure 6.8). 37 Alternatively, the pagP promoter region may be altered. However, the 

loss of phenotype after multiple passages suggests that this likely does not have a 

significant influence on PagP activity. 

  

Regional influence on genetic adaptation is limited within the United States  

Several previous studies have analyzed the geographical risk associated with      

P. aeruginosa acquisition, infection, and subsequent hospitalization within the CF patient 

population.  However, none have analyzed how geography specifically impacts genetic 

adaptation in individual P. aeruginosa isolates. Here, we used our isolates to investigate 

the impact of geography among regions within the United States and among countries.  

For the United States regional analysis, we focused on the CF young child strains 

(IDs #31-113) that were acquired from patients in three distinct geographical regions 

during a previous study. 245,346 Isolates from patient numbers beginning in ‘0’ were 

collected in Seattle, Washington (total isolates n = 49 from four patients; referred to as 

Region 1); isolates from patient numbers beginning in ‘1’ were collected in Houston, 

Texas (total isolates n = 12 from two patients; referred to as Region 2); and isolates from 

patient numbers beginning in ‘2’ were collected in Columbus, Ohio (total isolates n = 20 

collected from three patients; referred to as Region 3). A complete overview of the 

analysis process can be found in Figure 6.10. LS-BSR analysis was run using only the 

CF young child and CF adult strains for the geographical analysis (Figure 6.10A). In 
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total, 13,410 genes were identified in the LS-BSR analysis and 9,663 genes were shared 

among the CF young children isolates (Figure 6.10A, B). We identified 3,747 genes 

specific to only the CF adult isolates and these were excluded from the United States 

geographical analysis. Region-specific genes were identified as any genes that were 

present (meaning have an LS-BSR score of 0.8 or greater) in one region and not present 

(LS-BSR score of 0.8 or less) in any other region (Figure 6.10C). Genes identified in 

each region were cross-compared with the other regions to determine the amount of 

overlap and whether each region did or did not have unique genes that were not found in 

any other region (Figure 6.11). 

In order to further define how region influences adaptation, these genes were 

examined to determine the extent of their regional specificity. For example, many genes 

were only present in one isolate from the region, suggesting they are isolate-specific and 

not region-specific. Each region was independently analyzed to remove genes that were 

not conserved in at least 50% of isolates for that region (Figure 6.10D). Many genes 

originally identified as region-specific were removed during this selection process. Table 

6.6 summarizes the number of gene calls conserved among various numbers of isolates in 

each region. Interestingly, not a single gene was found in 100% of the isolates in any 

given region. Regions 2 and 3 did not have any genes that were present in 80% or more 

of the isolates from their respective regions either. Region 1 did have four genes that 

were conserved in 80% or more of the isolates, possibly due to the increased sample size 

for this location (Table 6.6).  
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Figure 6.10. Flowchart of the geographical analysis process. 

Overview of the analysis process for identifying genes influenced by region. Each step is 
discussed in detail in the results section.  
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Figure 6.11. Regional-specific genes. 

Genes that were present in one region and absent in all other regions were identified from the 
LS-BSR data. Genes present in multiple regions (but not all regions) were also identified. Region 
1 = Seattle, WA; Region 2 = Houston, TX; Region 3 = Columbus, OH.  
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Table 6.6. Summary of regional-specific gene frequency. 

Genes that were present in >50% of the number of isolates from a given region (or >45% for 
Region 3) were removed from subsequent analysis. The majority of genes identified in Region 1 
and 3 were in 10% of the isolates or less.  
  

Unique 
Genes

Only 1 
isolate

≤ 10% of 
isolates

≥ 50% of 
isolates

≥ 80% of 
isolates

100% of 
isolates

Region 1 
(n = 49; 4 P) 1,550 355

(22.9%)
1,032

(66.5%)
177

(11.4%)
4

(0.025%)
0

(0%)

Region 2 
(n = 12; 2 P) 309 6

(1.9%)
7

(2.2%)
297

(96.1%)
0

(0%)
0

(0%)

Region 3 
(n = 20; 3 P) 494 301

(60.9%)
303

(61.3%)
0

(0%)
0

(0%)
0

(0%)
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Genes that were present in 50% or more of isolates from each region were used 

for the subsequent analysis (a total of 474, including ten genes from Region 3 that were 

found in greater than 45% of isolates (a 45% cutoff was used for Region 3 because no 

genes met the 50% cutoff) (Figure 6.10D). Next, genes that were conserved by patient 

and not by region were removed (Figure 6.10). Based on the sample sizes, some genes 

may be present in only one patient and still meet the 50% isolate cutoff requirement. For 

example, Region 2 has a total of 12 isolates, six each from two different patients. 

Therefore, a gene could be present in just one patient (and thus be patient-specific, not 

region-specific) and still meet the 50% criterion needed to be considered region-specific. 

All genes that were found in only one patient were removed, leaving 221 genes (Figure 

6.10E). Up until this point, the data were analyzed using binary LS-BSR values (meaning 

all genes with a score of  ≥ 0.8 were converted to ‘1’ and all with a score of < 0.8 were 

converted to ‘0’). To further narrow down region-specific genes, the raw non-binary LS-

BSR values for each gene were examined (Figure 6.10F). Gene calls that had LS-BSR 

scores that were within +/- 0.2 of each other between regions were eliminated (Figure 

6.10G). For example, a gene call with a score of 0.8 in Region 1 and a score of 0.78 in 

Region 2 was not considered to be specific to Region 1 and was thus removed. This 

process left 51 remaining genes (25 specific to Region 1, 21 specific to Region 2, and 

five specific to Region 3). Each gene call was annotated (Figure 6.10H) and annotations 

were used to loosely classify the genes based on their predicted function to determine 

whether any specific classes of genes were implicated in regional adaptation (Figure 

6.10I). The gene calls, their annotations, and their class assignments are listed in Table 

6.7. A heatmap was used to visualize the LS-BSR values of region-specific genes 

(Figure 6.12). Hypothetical genes were most frequently implicated in region-specific 
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adaptation (nine in Region 1 and 11 in Region 2). Redox/metabolism-related genes were 

the second most common genes to be associated with region-specific adaptation. The 

same genes in the adult CF isolates were also included to determine whether regionally-

influenced genes emerge during late infection. Many of the genes enriched in Region 2 

and 3 were not observed in adult CF isolates, whereas many from Region 1 were. 

However, many of the ‘region-specific’ genes do in fact cluster by patient. This pattern is 

most notable for Region 1, in which patient 009 accounted for 26 of the 49 total isolates. 

Although the selected region-specific genes are observed in other patients from the same 

region, the trends from patient 009 seem to dominate, highlighting patient adaptation 

predominates over regional or geographical adaptation. In Region 2, the regional-specific 

genes are distributed between both patients from this region, but unequally. One isolate 

from patient 104 possesses these genes and is coordinated with five of the six isolates 

from patient 108. This pattern again suggests that geographical region did not 

significantly influence adaptation.  

The classes of genes affected were variable between regions, suggesting there 

may not be specific sets of genes that are influenced by geographical factors. Rather, 

geography may influence more subtle genetic alterations that could be impacted by 

weather, housing, and quality of care. Based on this analysis, it appears the patients 

themselves have greater influence on genetic adaptation of P. aeruginosa than does 

location within the United States. 

  



 195 

 
Figure 6.12. Visualization of region-specific genes. 

Raw LS-BSR values for region-specific genes were visualized in a heatmap. Specific gene 
annotations are listed in Table 6.7.Many of the regional-specific genes that were identified 
appear to also be patient-associated.
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Table 6.7. Annotation of region-specific genes. 

Each gene call was annotated automatically and based on this identification, gene classes were 
manually assigned. Misc = miscellaneous and is used to describe proteins with functions that 
could not be clearly defined after a literature search.  

Reg. Gene Call Annotation Class
1 CEC100_42_7 O-antigen polysaccharide polymerase Wzy family protein Polysaccharide
1 CEC100_6_138 hypothetical protein Hypothetical
1 CEC120_25_37 O-antigen polysaccharide polymerase Wzy family protein Polysaccharide
1 CEC115_31_26 O-antigen polysaccharide polymerase Wzy family protein Polysaccharide
1 CEC100_42_1 hypothetical protein Hypothetical
1 CEC100_42_6 polysaccharide biosynthesis family protein Polysaccharide
1 CEC100_42_5 glycosyl transferases group 1 family protein Misc
1 CEC100_42_8 glycosyl transferase 2 family protein Misc
1 CEC100_42_2 UDP-N-acetyl-2-amino-2-deoxy-D-glucuronate oxidase Polysaccharide
1 CEC100_42_3 UDP-2-acetamido-3-amino-2,3-dideoxy-D-glucuronate N-acetyltransferase Polysaccharide
1 CEC36_1_150 hypothetical protein Hypothetical
1 CEC100_6_172 CP23 domain protein Misc
1 CEC100_6_164 conserved hypothetical protein Hypothetical
1 CEC100_6_169 antitoxin VapB Misc
1 CEC100_6_165 phage Gp37/Gp68 family protein Phage
1 CEC100_6_170 tRNA(fMet)-specific endonuclease VapC Misc
1 CEC100_19_41 conserved hypothetical protein Hypothetical
1 CEC100_42_9 NAD dependent epimerase/dehydratase family protein Redox
1 CEC31_25_30 glycosyl transferases group 1 family protein Misc
1 CEC100_17_64 transposase family protein Transposition
1 CEC100_17_65 putative transposase Transposition
1 CEC116_231_1 transposase IS66 family protein Transposition
1 CEC100_62_5 bacterial regulatory, tetR family protein Regulation 
1 CEC100_62_2 conserved hypothetical protein Hypothetical
1 CEC100_62_3 alpha/beta hydrolase family protein Misc
2 CEC60_127_2 conserved hypothetical protein Hypothetical
2 CEC60_140_6 conserved hypothetical protein Hypothetical
2 CEC60_20_13 conserved hypothetical protein Hypothetical
2 CEC60_30_12 restriction endonuclease family protein Regulation
2 CEC60_80_5 conserved hypothetical protein Hypothetical
2 CEC82_321_2 conserved hypothetical protein Hypothetical
2 CEC60_22_44 hypothetical protein Hypothetical
2 CEC60_77_11 conserved hypothetical protein Hypothetical
2 CEC60_22_45 conserved hypothetical protein Hypothetical
2 CEC60_77_17 conserved hypothetical protein Hypothetical
2 CEC60_30_13 AAA domain protein Replication
2 CEC60_77_14 methyltransferase domain protein Misc
2 CEC60_80_4 conserved hypothetical protein Hypothetical
2 CEC60_4_81 uvrD/REP helicase N-terminal domain protein Replication
2 CEC60_104_11 AAA domain protein Replication
2 CEC60_4_80 AAA ATPase domain protein Replication
2 CEC60_22_43 putative lipoprotein Rz1, uncharacterized Phage
2 CEC60_140_4 HAD hydrolase, IA, variant 1 family protein Redox
2 CEC82_210_3 hypothetical protein Hypothetical
2 CEC60_127_3 regulatory protein RepA Replication
2 CEC60_20_11 fic/DOC family protein Regulation
3 CEC122_17_29 glyoxalase/Bleomycin resistance /Dioxygenase superfamily protein Redox
3 CEC122_17_25 FAD binding domain protein Redox
3 CEC122_17_26 bacterial regulatory, tetR family protein Regulation
3 CEC122_17_28 bacterial regulatory, tetR family protein Regulation
3 CEC122_17_30 fumarylacetoacetate (FAA) hydrolase family protein Metabolism 

Region-specific Gene Annotations
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Country of residence does not influence genetic adaptation  

To date, the majority of genomic studies on P. aeruginosa from CF patients have 

focused on isolates within one specific country. The largest of these studies sequenced 

474 longitudinally collected CF isolates of P. aeruginosa from CF patients in Denmark; 

the study authors, Søren Molin and Helle Johansen, kindly shared their genome data with 

us.344 To determine whether country of residence significantly impacts P. aeruginosa 

adaptation, we conducted phylogenomic analysis of our sequenced isolates (all from the 

United States) and the sequenced isolates from Denmark. We then used the phylogeny to 

determine the degree of similarity between the isolates. If country of residence does 

impact genetic adaptation, we would expect to see the Denmark and United States 

isolates clustering separately on independent branches within the phylogenetic tree, 

indicating their genetic dissimilarity. This distribution would demonstrate that isolates 

from the same country are more closely related to each other than to isolates from another 

country, and thus would support the idea that country of residence does influence 

genomic adaptation. We instead observed that isolates from the United States were 

evenly distributed throughout the inferred phylogeny (Figure 6.13, US isolates indicated 

with red dots). This suggests that isolates originating from Denmark or the United States 

are not genetically dissimilar enough to be separated during phylogenetic analysis. 

Several isolates originating from the same patient did cluster together (indicated in 

Figure 6.13 by patient number), supporting our conclusion that the individual patient has 

a greater impact on genetic alteration than geography. Together, our data suggest that 

geographic region and country of residence do not significantly induce specific genome-

level alterations during P. aeruginosa adaptation.  
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Figure 6.13. Phylogenetic analysis of CF isolates from Denmark and the US. 

Inferred phylogeny of 90 CF isolates from young children and adults in the U.S. (from this study) 
and 474 previously-sequenced isolates longitudinally collected from CF patients in Denmark.255 
Isolates from the U.S. are indicated with a red dot. Isolates from a single patient that clustered 
together are bracketed next to the patient number.  
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DISCUSSION 

Several studies have described the genetic adaptations P. aeruginosa undergoes 

during infection of CF patient airways. A limitation of these studies in patient populations 

in the United States has been the lack of longitudinal and cross-sectional isolates from 

infants and young children. Here, we provide the first large-scale, multi-patient, 

longitudinal sequencing study of P. aeruginosa isolates from young children. Whole-

genome sequencing of 81 isolates from nine different patients all aged three years or 

younger provides a rich resource not only for our research aims, but for the Pseudomonas 

and CF fields. An additional eight isolates from adults with long-term P. aeruginosa 

infection were also sequenced. The average genome size of the combined CF isolates was 

slightly higher than the average of other groups of isolates (6.609 Mb compared to 6.545 

Mb, respectively), including those isolated from the environment and laboratory-adapted 

PAO1 strains. However, the genome size was comparable to that of non-CF clinical acute 

strains, suggesting that disease-causing isolates of P. aeruginosa may acquire additional 

genes or undergo genetic divergence events to gain advantage within their infectious 

niche. P. aeruginosa has a highly plastic genome that is amendable with genetic 

adaptation in these niches.363 However, it should also be noted that subtle changes in 

genome size and GC content may be attributed to the nature of the draft genomes and 

assemblies.  

Analysis of all available whole-genome sequences of P. aeruginosa with our 

newly-sequenced isolates revealed a distribution of our isolates throughout the P. 

aeruginosa genomic landscape. CF isolates from specific patients did cluster together but 

isolates from the environment and non-CF infections were dispersed between CF isolates 

as well. This observation further supports the notion that patients acquire P. aeruginosa 



 200 

from environmental reservoirs and the divergence between environmental and CF-

adapted isolates is not as significant as one might expect.349  

Of particular interest is the structural alteration of lipid A during the transition 

from early to chronic infection. The emergence of hexa-acylated structure resulting from 

palmitoyl addition by the enzyme PagP is a well-documented adaptation in CF patient 

airways.37,360 Here, we investigated whether genetic changes could explain this 

phenotype. We demonstrate that while SNPs were present in various CF isolates, they did 

not correlate to phenotypic changes in lipid A structure when analyzed via mass 

spectrometry. Future studies using gas chromatography to quantitatively analyze 

palmitoylated lipid A may be useful to complement the mass spectrometry data. Lipid A 

was analyzed from the fourth passage of these isolates, suggesting that the hexa-acylated 

lipid A structure phenotype was lost or subdued once outside the selective pressures of 

the CF airway. This points to PagP regulation at a point outside of the genome sequence, 

although it is possible its promoter region is mutated. However, if this were truly the 

case, the phenotype would be expected to be observed in this passage. It is instead likely 

that environmental triggers in the CF lung, such as perhaps the oxygen concentration 

gradient, are triggering altered regulation of the PagP enzyme, potentially through the 

PhoP/Q two-component regulatory system. Future transcriptional and proteomic studies 

of low-passage isolates may define the mechanism underlying PagP activation.  

To date, the influence of geography at the genetic level has not been investigated 

within CF isolates of P. aeruginosa. While geography and climate are thought to 

influence acquisition of P. aeruginosa and patient prognosis once infected, it was 

unknown whether geography would specifically influence adaptation. Here, we 

demonstrate that geography does not significantly influence genetic-level alterations, and 
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that the selective pressures from the individual patient themselves are stronger than 

geography. Within the United States, only 51 genes of 9,663 were identified as being 

potentially region-specific among three patient populations from distinct regions. Of 

these genes, many were clustered within isolates from specific patients and were not 

distributed across all isolates from the region. This pattern suggests that region has low 

impact on genetic adaptations. We observed a similar trend when analyzing our 89 CF 

isolates with 474 CF isolates from Danish patients.344 Isolates from different countries 

did not cluster separately, indicating their level of genetic similarity was not significantly 

influenced by country of origin. Clustering of isolates from the same patient was again 

observed as well.  

In sum, our data suggest that region of residence does not meaningfully influence 

genetic adaptation of P. aeruginosa, both during early infection and at the stage of 

chronic infection.  Taken together, our data provide the first genetic-level analysis of the 

hexa-acylated lipid A phenotype and influence of patient region of residence on the 

genome. The data collected in these studies should benefit many researchers in the field 

and has already been shared with collaborators prior to its publication.  
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MATERIALS AND METHODS 

Bacterial strains. For a complete list of strains used in this study, see Table 6.1. All CF 

isolates were acquired during previous studies245,346 and have been maintained at -80°C. 

The cultures used for sequencing were passage 4.  

Preparation of genomic DNA. Genomic DNA was isolated from aerobic culture grown 

at 37°C in Lysogeny broth supplemented with 1mM MgCl2 using a GenElute bacterial 

genomic DNA kit (Sigma-Aldrich, St. Louis, MO). The kit instructions were followed 

with the following exception: all DNA was eluted in 400 µL of ultrapure 

diethylpyrocarbonate-treated water (Thermo Fischer Scientific, Waltham, MA). The 

concentration of all DNA preparations were determined using a NanoDrop 1000 

spectrophotometer (Thermo Fischer Scientific, Waltham, MA). All preparations were 

stored at -20°C prior to sequencing.  

Whole-genome sequencing. The genomes of all isolates analyzed in this study were 

sequenced as previously described.324  

LS-BSR analysis. The genomes of all 130 isolates or just the CF isolates (91 total) were 

compared using large-scale BLAST score ratio (LS-BSR) as previously described.186,324 

The predicted protein-encoding genes of each genome that had ≥ 80% nucleotide 

sequence identity to each other were assigned to gene clusters using the UCLUST 

algorithm.329 Subsequently, representative sequences of each gene cluster were compared 

to the sequence of each genome using TBLASTN.330 Composition-based adjustment was 

turned off and the resultant TBLASTN scores were used to generate a BLAST score ratio 

(BSR) value indicating the detection of each gene cluster in each of the genomes. The 

BSR value was determined by dividing the score of a gene compared to a sequenced 

genome by the score of the gene compared to its own sequence. Heat maps of the LS-
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BSR values of the predicted genes were generated using the multiple alignment viewing 

software MeV.331  

Phylogenomic analysis. The genomes of our isolates were compared to all previously-

sequenced complete Pseudomonas aeruginosa genomes available from GenBank before 

January 01, 2018 (all accession numbers are listed in the associated figure) or to 474 

whole-genome sequences of P. aeruginosa CF isolates graciously provided to us by 

Søren Molin. 255 Comparison was conducted using an in silico genotyper (ISG).325,326 

Single nucleotide polymorphisms (SNPs) were detected relative to the completed genome 

sequence of reference P. aeruginosa strain PAO1 (GenBank accession #NC_002516.2) 

using the ISG 326which uses the NUCmer (v.3.22) program327 for SNP detection. SNP 

sites that were identified in all analyzed genomes were concatenated and used to 

construct a maximum likelihood phylogeny using RAxML (v7.2.8).328 The phylogeny 

was constructed using the GTR model of nucleotide substitution with the GAMMA 

model of rate heterogeneity and 100 bootstrap replicates. All phylogenies were visualized 

using the FigTree (v1.4.2) program (http://tree.bio.ed.ac.uk/software/figree/).  

Disc diffusion and PQS analysis. Disc diffusion and PQS analysis were conducted as a 

part of the original study during which the CF isolates were collected. 245,346  

Multiple alignment and sequence logos. pqsA, pqsD, and pagP sequences in individual 

genomes were identified by BLAST using the associated P. aeruginosa PAO1 sequence 

(downloaded from Pseudomonas.com) in Geneious Pro software 

(https://www.geneious.com/). Sequences were aligned using ClustalOmega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). For pagP analysis, the Pearson/FASTA 

output was downloaded after ClustalOmega processing. AliView version 1.25 

(http://www.ormbunkar.se/aliview/) was used to view the alignments and select the 
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regions of interest. Sequence logos were generated using WebLogo 

(https://weblogo.berkeley.edu/logo.cgi).199  

Small-scale lipid A isolation and MALDI-TOF-MS analysis.  Lipid A was isolated 

from whole cells using an isobutyric acid/ ammonium hydroxide-based extraction 

procedure as previously described. 191 Cells from approximately 3 mL of culture leftover 

after genomic DNA isolation (for sequencing) were centrifuged and the supernatant was 

removed. Cell pellets were resuspended in 400 µL of 70% isobutyric acid and 1 M 

ammonium hydroxide 5:3 (vol:vol). Samples were incubated at 100ºC for one hour, 

cooled on ice, and centrifuged for 5 minutes at 8,000 x g. Supernatants were transferred 

to a new tube and diluted 1:1 (vol:vol) with endotoxin-free water. Samples were flash-

frozen on dry ice and lyophilized overnight. The dried material was washed twice with 

1mL of methanol and lipid A was extracted in 100 µL of a mixture of 

chloroform:methanol:water (3:1:0.25, vol:vol:vol). One microliter of the extract was 

spotted onto a stainless steel MALDI target plate followed by 1 µL of norharmane matrix 

(Sigma, St. Louis, MO) at a concentration of 10 mg/mL in 2:1 chloroform:methanol 

(vol:vol). All spots were allowed to air dry before MALDI-TOF MS analysis.  

Lipid A was analyzed in negative ion mode with reflectron mode on a Bruker 

microFlex (Bruker Daltonics, Billerica, MA) matrix-assisted laser desorption/ionization 

time-of-flight (TOF) mass spectrometer. Data were acquired in negative ion mode. The 

instrument was mass calibrated with an electrospray tuning mix (Agilent, Palo Alto, CA). 

Data were acquired with flexControl software and processed with flexAnalysis (version 

3.4 Bruker Daltonics, Billerica, MA). All spectra were baseline-smoothed before 

publication. The resultant spectra were used to estimate the lipid A structures present in 

each strain based on their predicted structures and associated molecular weights. 
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Gene overlap analysis. To determine genes shared between sets of isolates, the online 

software Venny (version 2.1.0) was used (http://bioinfogp.cnb.csic.es/tools/venny/).  
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7. CONCLUSIONS, ONGOING WORK, AND FUTURE DIRECTIONS 

 

Introduction  

Pseudomonas aeruginosa is a formidable opportunistic pathogen that causes 

approximately 51,000 healthcare-associated infections each year in the United States. 

Approximately 400 deaths are attributed to P. aeruginosa per year and the rate of multi-

drug resistance is rising. {CentersforDiseaseControlandPrevention:gwnsrYYe}  

Lipopolysaccharide (LPS), also called endotoxin, is the dominant component of the outer 

leaflet of the outer membrane of all Gram-negative bacteria and is anchored to the 

membrane via the hydrophobic molecule lipid A.3 Lipid A interacts with the host innate 

immune system through pattern recognition receptor Toll-like receptor 4 (TLR4) and its 

co-receptor myeloid differentiation factor 2 (MD-2).122,124 Lipid A structure can be 

modified by a number of biosynthetic enzymes, and the resulting structural modifications 

can alter binding and signaling through the TLR4/MD-2 complex.20,176,177 As a lab, we 

are interested in the structure-activity relationship between lipid A structure and 

TLR4/MD-2 activation and signaling, and thus we are frequently investigating novel 

biosynthetic enzymes.  

 Here, we demonstrate that P. aeruginosa possesses two b-hydroxylase enzymes, 

LpxO1 and LpxO2, capable of 2-hydrxolyating lipid A at the 2’-acyl-oxy-acyl-laurate 

and 2-acyl-oxy-acyl-laurate positions, respectively. Duplication of the loci encoding 

these proteins appears to be a recurring feature throughout Pseudomonas evolution and is 

correlated with duplication in the late acyltransferases htrB1 and htrB2, which add the 2- 

and 2’-acyl-oxy-acyl-laurate chains during lipid A biosynthesis, respectively. Unlike 

previously-described LpxO from Salmonella enterica,178,179 LpxO1 and LpxO2 from P. 
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aeruginosa are not regulated by PhoP/Q. Loss of 2-hydroxylation has no significant 

effect on antibiotic susceptibility or TLR4/MD-2 stimulation. However, analysis of lipid 

A structure directly from the lungs of mice after intranasal infection with P. aeruginosa 

revealed singly- and doubly-2-hydroxylated species, suggesting the LpxO1/2 enzymes 

are active during infection.  

The cystic fibrosis (CF) patient population is especially susceptible to P. 

aeruginosa infection, with 65% of patients being colonized by the time they are 20 years 

old.173,174 Using whole genome sequencing, we have provided a rich dataset to understand 

the early stages of colonization and infection by P. aeruginosa in this patient population. 

Our analyses suggest that some phenotypic adaptations associated with infection, such as 

lipid A palmitoylation, antibiotic resistance, and loss of quorum sensing, are likely not 

rooted in genetic mutations during early colonization and infection. Furthermore, we are 

the first to demonstrate that region of residence, both within the United States and among 

countries, does not significantly influenced P. aeruginosa genetic adaptation during early 

infection. The following is a summary of conclusions stemming from this work and a 

description of the ongoing work related to each.  

 

Ongoing work to identify the role of lipid A 2-hydroxylation in persistence and 

infection 

LpxO1 and LpxO2 from P. aeruginosa are not regulated by PhoP/Q, which are 

commonly involved in regulation virulence genes, and thus their role may not be 

restricted to infection. Our genomic analysis demonstrated that the lpxO genes are highly 

conserved across P. aeruginosa isolates from various origins, even among CF isolates 

that are known to have high rates of genetic variability. We interpret these data to mean 
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that LpxO1/2 function and lipid A 2-hydroxylation is important for P. aeruginosa. We 

theorize that the ability to alter the hydroxylation state of lipid A, from no hydroxylation 

to two points of hydroxylation, may allow P. aeruginosa to fine-tune its overall 

membrane character. As P. aeruginosa is known to survive and thrive in a multitude of 

environments, each with their own unique stressors, this membrane remodeling may be a 

strategy to enhance survival. As a ubiquitous environmental pathogen, this process could 

be important for P. aeruginosa outside of the context of infection as well. To further 

define how 2-hydroxylation is altering membrane nature, molecular dynamic simulation 

and biophysical studies are currently underway. These studies will allow us to analyze 

how membrane curvature is altered in the presence and absence of 2-hydroxylation and 

will be conducted in collaboration with researchers at the State University of New York 

at Binghamton.  

It is possible that lipid A 2-hydroxylation level may alter the other components of 

the bacterial membrane to compensate for altered packing dynamics. We have analyzed 

the phospholipid content of WT P. aeruginosa PAK (which has intermediate 2-

hydroxylated lipid A) and the DDlpxO1/2 mutant (which lacks any lipid A 2-

hydroxylation) via MS analysis of a total lipid extract. Preliminary, non-quantitative 

analysis did not reveal any substantial changes to total lipid content when lipid A 2-

hydroxylation is lost. However, these data will need to be quantitatively analyzed. It is 

possible that the headgroup-character of other phospholipids in the membrane is altered 

in response to lipid A 2-hydroxylation, thus changing the overall nature of the membrane.   

We will also investigate chain-length preference between LpxO enzymes. To 

date, the LpxO enzymes that have been described in S. enterica, Klebsiella pneumoniae, 

Acinetobacter baumannii and Bordetella pertussis all act on myristate (C14) acyl 



 209 

chains.178-182 Conversely, LpxO1 and LpxO2 from P. aeruginosa act on laurate (C12) 

chains. When LpxO1 and LpxO2 were heterologously expressed in E. coli (which lacks 

an LpxO homologue), no lipid A hydroxylation was observed, suggesting that LpxO1/2 

either cannot act on the different acyl chain length or must interact with their 

coordinating HtrB enzymes to be functional. We will continue to investigate possible 

acyl-chain specificity through heterologous expression of S. enterica LpxO in the 

DDlpxO1/2 PAK strain and will track lipid A 2-hydroxylation using MS. Lack of activity 

is suggestive of acyl-chain length specificity, possibly mediated through a hydrocarbon 

ruler. Structural studies of LpxO from S. enterica will be compared to the existing 

structure models of LpxO1 and LpxO2 to identify any structural basis for such 

specificity. Additionally, we plan to collaborate with the lab of Dr. Aaron Smith at the 

University of Maryland, Baltimore Country for protein-level structural analysis of LpxO1 

and LpxO2. 

Based on our in vivo data, LpxO1 and LpxO2 are active during infection, as 

singly- and doubly-2-hydroxylated lipid A species were observed. Interestingly, 

hydroxylation was observed on the canonical penta-acylated lipid A structure as well as a 

hexa-acylated lipid A structure resulting from loss of PagL activity, demonstrating 

increased structural variety of lipid A in vivo compared to in vitro. This observation 

additionally suggests that in vitro assays that rely on aerobic culture, such as our MIC 

studies, may not accurately represent the lipid A phenotype that would be observed in 

vivo during infection. Therefore, a future direction will be to make lpxO1 and lpxO2 

mutants in a pagL mutant background. Antibiotic susceptibility will be re-tested under 

the premise that this structure may be more relevant in the context of infection.  
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We additionally demonstrate that one of the LpxO/HtrB functional pairs likely 

originated from lateral gene transfer. The idea that pathogens have acquired lipid A 

biosynthetic genes in this manner is interesting because it suggests lateral gene transfer 

could be implicated as one part of the evolution of bacteria from innocuous or commensal 

to pathogenic. We therefore plan to investigate whether lipid A biosynthetic gene 

duplications in other species have also been acquired through lateral gene transfer. This 

will first focus on lpxD1 and lpxD2, duplicate late acyltransferases in the Gram-negative 

bacteria Francisella novicida.195 This work will continue to be done in collaboration with 

Dr. Joseph Gillespie at the University of Maryland, Baltimore.   

 

Future directions to investigate the in vivo lipid A pattern of P. aeruginosa 

Our in vivo studies suggest that the lipid A structures produced by P. aeruginosa 

during infection are different than those we observe in vitro during aerobic culture. We 

will repeat the in vivo infections and extractions to bolster their reproducibility and to 

determine the bacterial burden in the lung at the eight-hour timepoint. Expression of 

lpxO1, lpxO2, pagL, and other P. aeruginosa lipid A biosynthesis genes in vitro and in 

vivo will be quantified and compared using RT-PCR. Thus, we hope to define how these 

genes are alternatively regulated in vitro compared to in vivo. We will additionally use 

defined mutants of lpxO1, lpxO2, and pagL to test for bacterial burden and lethality in an 

intranasal model of murine infection to further query how lipid A phenotype influences 

pathogenicity. A caveat is that we will be conducting these studies in mice and there are 

documented differences between murine and human TLR4/MD-2 response to P. 

aeruginosa lipid A.188,189 Therefore, the Ernst lab is currently generating a humanized 

mouse expressing hTLR4/MD-2. We will repeat these in vivo studies in this mouse 



 211 

background to better query how P. aeruginosa alters its lipid A structure in the context of 

human infection.  

 

Conclusions from genetic and phenotypic comparison of ten P. aeruginosa PAO1 

sublines 

Our analyses of the variability of gene content between ten laboratory-adapted 

sublines of P. aeruginosa PAO1 revealed less than 5% genetic divergence. Importantly, 

phylogenetic analysis revealed that PAO1 sublines were genetically more closely related 

to each other than to P. aeruginosa isolates from other origins, including another 

commonly-used laboratory-adapted strain PA14. However, phenotypic variability was 

nonetheless observed among sublines, despite the low genetic divergence. This was most 

notable in swarming motility, outer membrane vesicle biogenesis, pyoverdine secretion, 

and pyocyanin secretion. The observed phenotypic variations did not correlate with 

identifiable genetic divergences when we queried related biosynthetic genes or regulatory 

elements, indicating phenotype cannot necessarily be predicted by genotype. Several of 

the variable phenotypes may have direct roles in pathogenesis in vivo, including the 

secretion of iron-scavenger molecules pyoverdine and pyocyanin. We thus encourage 

researchers to be cognizant of this variability when selecting strains for in vivo studies. 

Furthermore, we suggest that ongoing micro-evolution of strains should be a concern of 

all researchers, as this likely not a phenomenon restricted to P. aeruginosa PAO1. We 

thus encourage thoughtful culturing practices, including the avoidance of sub-culturing 

and the selection of multiple colonies during culture to avoid amplification of mutants. 

Several studies have commented on this micro-evolution in PAO1, although their studies 

were limited to three strains or less. Here, we provide the largest scale study of this 
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phenomena to data, thereby providing a citable reference for what is already well-

accepted as a matter of concern within the field.  

 

Ongoing work to define early-stage genetic adaptations of P. aeruginosa in the 

airways of CF patients. 

Our initial analyses of 91 P. aeruginosa isolates from CF patients focused on 

specific adaptations of interest to our laboratory, as well as the geographical influence on 

adaptation. It has previously been shown that the lipid A of P. aeruginosa adopts a 

specific structure associated with chronic infection of CF patient airways. This structure 

is hexa-acylated due to palmitoylation at the 3-acyl-oxo-acyl position. pagP (PA1343) 

encodes the late acyltransferase responsible for this enzymatic addition and is regulated 

by the PhoP/Q system. Here, we demonstrate that although SNP-level genetic variability 

of the pagP sequence is observed in some of our isolates, it does not correlate with 

activity. Only 25 of the isolates had detectable palmitoylated-lipid A, suggesting the 

change is transient and lost when the bacteria is removed from the selective pressures of 

the CF airway. Therefore, we believe PagP constitutive activity is more likely mediated 

through regulatory, transcriptional, and/or translational changes. As a part of this ongoing 

work, we will be querying the phoP/Q genes, as well as their consensus binding region 

upstream of the pagP locus to determine whether this level of regulation could be 

responsible.  

Geography and climate have been previously demonstrated to influence P. 

aeruginosa acquisition in CF patients. Here, we demonstrate that region and country of 

residence does not influence genetic-level changes in P. aeruginosa isolates. Isolates 

collected from patients in three distinct geographical regions in the United States (Seattle, 
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Houston, and Columbus)245,346 did not have region-linked genetic adaptation trends. 

Instead, the individual patients themselves appeared to be a much stronger driver of 

genetic adaptation. The same trend was observed when we compared our 91 CF isolates 

to 474 CF isolates from patients in Denmark344  isolates grouped by patient instead of by 

country. Together, these data indicate that the geographical location in which a CF 

patient resides does not exert a strong selective pressure on P. aeruginosa.  

Ongoing work will be conducted to further pinpoint early-stage genetic 

adaptations of P. aeruginosa infection. Specifically, we are investigated if hospitalization 

due to a lung exacerbation event leads to lasting genetic changes in P. aeruginosa 

isolated from the patient before, during, and after the hospitalization event. Our 

preliminary data indicate that genetic influence of hospitalization is transient and patient-

specific. Identification of genes associated with the transition from early to chronic 

infection will also be investigated in more detail. These will include genes associated 

with mucoidy and alginate production, loss of motility, and the hypermutator phenotype.  

Finally, our study is the largest longitudinal study of P. aeruginosa isolates from 

children with CF in the United States and will thus provide a rich resource to the CF and 

Pseudomonas research communities.  

 

Final statements. 

As a major pathogen associated with healthcare-acquired infection and CF 

patients, P. aeruginosa remains an important bacterium of study. We hope our work here 

will add to the understanding of P. aeruginosa pathogenicity. Additionally, we believe 

our whole genome data will be an invaluable resource to other researchers in the field.  
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