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Abstract 

Pseudomonas aeruginosa is a pathogen commonly associated with the disease cystic 

fibrosis (CF) due to the bacterium’s ability to adapt to numerous environments. These 

adaptations include mutations that benefit the pathogen such as antibiotic resistance and 

host immune evasion. Five P. aeruginosa isolates from CF sputum were found to have 

deletion mutations in aguA that encodes the agmatine deiminase for this species. These 

mutations cause the cationic molecule agmatine to accumulate both within and outside 

the cell. The purpose of this thesis was to determine the effects of agmatine accumulation 

on fitness and survival of P. aeruginosa in the context of CF. Compared to the isogenic 

strains with a native aguA, the mutations led to decreased susceptibility to cationic 

antibiotics (aminoglycosides and polymyxins). At sub-minimal inhibitory concentrations 

(MIC) of these antibiotics, growth of the aguA+ strains was delayed and stunted more 

than the aguA mutants. This growth phenotype at these sub-MICs was also seen when 

Mg2+ and Ca2+ concentrations in the growth medium were reduced. In an acute 

pneumonia the aguA mutant recruited fewer neutrophils to the murine lungs relative to 

the aguA+ strain. When testing the ex vivo bronchial epithelial cell response to LPS, 

agmatine caused reduced IL-8 production in response to LPS in a dose-dependent 

manner, with the higher concentration of agmatine (100 μM) eliciting a response similar 

to the negative control without LPS. Together, these data show that the mutations in aguA 

that prevent the bacteria from breaking down agmatine may be beneficial to the P. 

aeruginosa isolates while colonizing the CF airways.  
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CHAPTER 1 – Introduction 

Cystic Fibrosis  

Cystic fibrosis (CF) is an autosomal recessive disorder most commonly associated 

with Caucasians of Northern European descent. It afflicts ~30,000 people in the United 

States and ~70,000 worldwide (75, 205). Before recent advancements in medicine and 

technology, people with CF would die in childhood from nutritional inadequacies due to 

the malabsorption of nutrients - one of many complications resulting from the disorder 

(55, 150). Today, patients survive well into their 40s thanks to modern medicine and 

research exploring treatment of the disease (55, 150). An individual with CF can have 

various disease manifestations and severity, the most common being salty sweat, clubbed 

fingers, inability to absorb fats, and production of a viscous mucus that accumulates and 

clogs the airways of the lungs (Figure 1.1A) (189, 204, 205). These dysfunctions are 

caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) 

gene encoding for an epithelial ion channel. This channel is expressed on cells in the 

pancreas, sweat glands, and epithelium of the lungs and other organs with secretory 

functions (204, 205, 2011). CFTR regulates the flow of chloride and bicarbonate ions, 

which in turn affects the flow of water and other ions across the epithelium (Figure 1.1B) 

(83). Dysregulation of this dynamic flow of ions and water leads to complications within 

each organ system. The most prominent morbidity for patients today is decreased 

pulmonary function now that the nutritional requirements of the disease are understood 

and easily treated (189, 205).   
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In the airways of healthy people, hydrated mucus traps debris and microorganisms 

that are inhaled (Figure 1.1A) (138). The mucus is then moved up and out of the lungs in 

an elevator-like fashion by the beating cilia on the surface of the epithelial cells where it 

is then either swallowed or coughed up (138). For people with CF this mucus becomes 

progressively dehydrated over time due to the dysregulation of ions and water crossing 

the epithelium (Figure 1.1B) (60). This thicker mucus impairs mucociliary clearance, and 

eventually a mucus plug is formed that decreases overall lung function characterized by 

shallow breathing and lower oxygen saturation (119). This inability to clear the mucus 

from the airways also facilitates colonization of opportunistic pathogens (119). These 

microorganisms are detected by the host’s immune system and drive the recurring 

inflammatory responses that damage the airways. Over time this damage becomes so 

severe that patients require lung transplants because of poor lung function (55). Thus, 

children born with CF are started early on treatment of the lower airways to prolong 

healthy lung function.  

As a result of the impaired mucociliary clearance, treatment includes mechanical 

disruption of the mucus using a vibrating vest, and a barrage of drugs that are inhaled to 

thin the mucus by degradation (mucolytics) and facilitate its hydration using hypertonic 

saline solutions (205). Promising molecular and genetic therapies are emerging that 

restore function for some of the allelic variants of the CFTR mutants; unfortunately they 

are not suitable for treating all patients with CF (41). While these treatments alleviate 

some of the complications associated with CF disease in the respiratory system, the major  
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Figure 1.1  Depiction of the differences between normal versus CF airways. (A) 
Mucus is hydrated in healthy airways allowing for mucociliary clearance of 
microorganisms and debris, while the thicker mucus of CF patients clogs their airways 
enabling chronic microbial colonization. The ongoing immune response to the 
microorganisms irreparably damages the lungs over time. (B) In CF, an ion imbalance is 
caused by a mutated CFTR channel and impedes the flow of water into the lumen of the 
airways to hydrate the mucus. Na+ is reabsorbed due to the imbalance and is thought to 
contribute to mucus dehydration. 
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cause of lung function decline and hospitalizations for CF patients stems from bacterial 

pathogens colonizing their lower airways (205). Copious amounts of antibiotics are 

prescribed each year to patients with CF to suppress the bacteria that trigger immune 

responses leading to inflammation and tissue damage (105, 205). However, antibiotic 

resistance is a costly side effect of prolonged antibiotic use, and many bacteria isolated 

from CF sputum are multi-drug resistant (MDR), further complicating treatment (243).  

Most notable among these pathogenic organisms is Pseudomonas aeruginosa, the 

harbinger of lung function decline and patient mortality (41).    

 

Pseudomonas aeruginosa  

The CF airways become host to a complex and dynamic bacterial community that 

changes as a result of antibiotic use and the age of the patient (29).  The most notorious 

microorganism associated with CF morbidity is Pseudomonas aeruginosa (166) - a 

ubiquitous Gram-negative member of the Gammaproteobacteria. P. aeruginosa is 

capable of adapting to many environments due to its enormous array of metabolic genes 

that allow it to use several molecules such as amino acids as carbon, nitrogen, and energy 

sources (166, 244, 250). This bacterium readily adapts to changing environmental 

conditions by altering its gene expression via two-component regulatory systems (TCS) 

(213). These TCSs consist of a sensor kinase that senses a specific change in the 

environment (e.g. low Fe3+) and activates a response regulator protein that effects a 

change. The response regulator often acts as a transcription factor that alters expression 
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of certain genes (e.g. up-regulation of iron acquisition genes) (213). The genome of        

P. aeruginosa contains 60+ TCSs, some of which control the expression of numerous 

genes (213). Thus, P. aeruginosa is well-suited for adapting to and surviving in many 

environments. 

Another characteristic within this species pertaining to adaptability is genomic 

plasticity. In the lab, mutations can occur on the scale of days when bacteria are grown in 

the presence of chemicals that introduce random mutations (4, 88, 195). The condition of 

CF disease has a significant impact on mutation rates in P. aeruginosa isolates due to 

prolonged survival within a harsh environment (183). Higher frequencies of 

hypermutable strains are generated during CF colonization (19.5%) compared to 

conditions associated with acute infections (0%) (183). These hypermutable strains have 

mutations in DNA repair enzymes that increase the frequency of introducing other 

mutations within the genome (182, 183). This higher mutation frequency augments the 

adaptability of P. aeruginosa in an environment where the bacteria are constantly 

subjected to conditions that favor evolution. These conditions include limited growth 

factors, constant immune cell presence, degradation of host tissue, host-to-host variation, 

and antibiotic exposure over decades (183). The selective pressure from antibiotics 

necessitates a bacterium become resistant for survival (149).  

Having multiple forms of antibiotic resistance is highly advantageous for a 

bacterium during a chronic infection, as is the case with CF, because of the constant 

antibiotic pressure it encounters. P. aeruginosa has three inherent mechanisms of 

antibiotic resistance: 1) low permeability of its outer membrane due in part to the 



 

 6 

selective nature of its porins (32), 2) multi-drug efflux pump systems that prevent 

accumulation of antibiotics within the cell (7), and 3) multiple drug manipulation 

enzymes that render the targeted antibiotics non-functional (201). Additionally,              

P. aeruginosa can gain resistance genes from other bacteria via horizontal gene transfer 

and by acquiring mutations in the targets of antibiotics (201). Numerous P. aeruginosa 

isolates from CF sputum are MDR (113, 226), a disturbing side effect associated with the 

pathogenesis of this disease, especially when considering the other pathogenic 

characteristics of this bacterium. 

P. aeruginosa survival in vivo is also thought to be facilitated by its ability to 

form robust biofilms (192). Biofilms are defined as an aggregate community of cells 

attached to a surface (116). This form of growth is known to be more resistant to 

antibiotics, which can be partly attributed to microaerobic and even anaerobic conditions 

(20, 101, 222). The increased resistance may also be ascribed to fewer metabolically 

active cells within a biofilm, thus hindering antibiotics that function by suppressing DNA 

and protein metabolism (188, 267). Biofilms are also difficult to eradicate due to the 

matrix surrounding the cells consisting of bacterial-derived DNA, proteins, and 

exopolysaccharides that prevent antibiotics and immune cells from reaching the bacteria 

(64, 141). The matrix also helps anchor the cells to each other and the surface to which 

they are attached. Living within a biofilm is a primary reason why P. aeruginosa is able 

to persist and survive in vivo, even when challenged with high doses of antibiotics (141). 

The biofilm lifestyle complements the arsenal of mechanisms P. aeruginosa uses called 

virulence factors to overcome the host defenses. 
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P. aeruginosa produces an array of virulence factors that are beneficial for 

establishing an infection (Figure 1.2) (233). These factors include pili and adhesins for 

host cell attachment, a flagellum that provides motility, the endotoxin lipopolysaccharide 

(LPS) that helps protect the outer membrane, siderophores for iron scavenging, proteases 

that aid in tissue invasion, exotoxin A that inhibits protein synthesis, along with several 

others (89, 127, 129, 146, 167, 232, 237, 277). However, P. aeruginosa isolates from CF 

patients often develop loss-of-function mutations that reduce virulence (233). A common 

mutation event involves the regulon for alginate production and results in hypersecretion 

of the polysaccharide and a mucoidy phenotype. Alginate prevents phagocytosis by 

macrophages and neutrophils, and also inhibits some antibiotics from reaching the 

bacteria (78, 159, 177, 228, 231). Other mutations include loss of flagellum expression, 

altered LPS expression, and small colony variants (104, 144, 145, 153). Collectively, 

these changes can help P. aeruginosa evade host detection in the CF airways allowing for 

chronic colonization.  

LPS is an integral part of the Gram-negative outer membrane, but it is also highly 

immunogenic. One method of detecting Gram-negative bacteria by the host is through the 

production and secretion of LPS-binding protein (LBP) by hepatocytes and immune, 

endothelial, epithelial, muscle, and renal cells (280). LBP complexes with an LPS 

molecule and initiates an immune response signal through receptors found on both 

immune and epithelial cells (209). This signal transduction results in the production of 

pro-inflammatory cytokines and chemokines that attract neutrophils and other immune 

cells to the site of infection (276). One study noted some P. aeruginosa isolates from CF 
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sputum had various alterations in their LPS structure (126). These alterations were caused 

by mutations in genes associated with LPS biosynthesis and modification that reduced the 

immunostimulatory properties of the LPS (126). These changes likely provide a fitness 

advantage to P. aeruginosa while chronically colonizing the CF lungs.  

 

 

 
 
 
 

 
Figure 1.2  Pseudomonas aeruginosa virulence factors. This Gram-negative bacterium 
produces numerous virulence factors that aid in adaptation and survival, making it a 
formidable pathogen when conditions are favorable. Efflux pumps, selective porins, 
lipopolysaccharide molecules, and drug manipulation enzymes are associated with 
antibiotic resistance. P. aeruginosa uses proteases, the flagellum, siderophores, 
phenazines, pili, and exotoxins to establish infections and overcome host defenses. 
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Approximately 80% of adults with CF harbor a strain of P. aeruginosa, although, 

this bacterium is not typically the first colonizer in younger patients. Nevertheless, over 

time it often becomes the dominant bacterium isolated from CF sputum (42), the reason 

being unknown. The first colonizers of the lower airways may provide a more favorable 

niche for P. aeruginosa infection, such as anaerobic bacteria that ferment mucin and 

produce metabolites that P. aeruginosa can use (65). Interestingly, amino acid 

concentrations in adult CF sputum have been detected in the millimolar range, 

implicating that P. aeruginosa has plenty of nutrients available while colonizing the 

lungs of adult CF patients (14, 187). This abundance of amino acids may stem from the 

lysis of other bacteria and host cells during an innate immune response, and possibly 

mucin degradation by anaerobes (65). However, when grown in an artificial sputum 

medium mimicking the average nutritional content of adult CF sputum, P. aeruginosa 

preferentially exhausted arginine over the other amino acids (186). This finding suggests 

an importance for arginine in the metabolism of P. aeruginosa while residing in the CF 

airways. Notably, arginine can serve as a precursor to essential polyamines in both 

eukaryotes and bacteria, which is described in detail in the following section.  

 

Polyamines in bacteria and eukaryotes  

Small molecules often play large roles in cellular processes, as is the case with 

polyamines - molecules with two or more amino groups and are positively charged 

(cationic) at physiological pH ~7.4 (Figure 1.3) (21, 249). This cationic nature makes 

them important for interactions with negatively charged (anionic) molecules such as 
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DNA and RNA (130). Polyamines are required for DNA replication, RNA transcription, 

and protein synthesis (249, 250). In eukaryotes, the essential polyamines putrescine, 

spermidine, and spermine are known to regulate cell differentiation, proliferation, and 

apoptosis (134). They are also produced and used as part of adaptive stress responses for 

both eukaryotes and bacteria (61, 124, 250). 

 
 

 
 

 
 
Figure 1.3  Polyamines produced by prokaryotes and eukaryotes, and metabolites of 
the arginine decarboxylase pathway. (A) Polyamines found in both prokaryotes and 
eukaryotes that are used for both intracellular and extracellular processes. The two or 
more amino groups give the molecules an overall positive charge at physiological pH 
(~7.4) (21). (B) Metabolites of the arginine decarboxylase pathway are found in several 
prokaryotic species, including P. aeruginosa (87, 164, 175). Molecules drawn with 
ChemDraw (PerkinElmer Informatics). 
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There are two major biosynthetic pathways to the essential polyamines found in 

both eukaryotes and bacteria where arginine is a precursor (Figure 1.4) (175, 249). One 

pathway converts arginine to ornithine, then ornithine to putrescine by arginase and 

ornithine decarboxylase (ODC), respectively. The second is the arginine decarboxylase 

(ADC) pathway that generates agmatine as an intermediate (Figure 1.3), but from 

agmatine the path to putrescine can be either direct or indirect. Some organisms such as         

Escherichia coli use agmatinase to form putrescine directly from agmatine (251). Others 

use agmatine deiminase (AgDI) that produces N-carbamoylputrescine (NCP), followed 

by NCP conversion to putrescine via NCP amidohydrolase (NCPAH) (Figure 1.4) (250).  

Aerobically, P. aeruginosa uses the ADC pathway to make essential polyamines 

from arginine (86), and while it has an ODC (171), this bacterium does not have a known 

arginase (Figure 1.4) (87). This species is able to ferment arginine anaerobically through 

the arginine deiminase (ADI) pathway and produce ornithine as a downstream product, 

then use ODC to make putrescine (86, 176, 241). If both the ADC and ODC enzymes are 

deleted, P. aeruginosa cannot grow in a minimal medium unless supplemented with 

putrescine (175). However, P. aeruginosa can use either arginine or agmatine as its sole 

source for carbon and nitrogen if the ADC pathway is intact (175).   

Although agmatine (Figure 1.3) has been widely known as an intermediate in the 

ADC pathway in bacteria, plants, and invertebrates for over a century (11, 53, 120), it 

was first described as a clonidine-displacing substance in calf brains in 1984 by Atlas and 

Burstein. In 1994, Li et al. identified the substance as agmatine and noted it was also 

found in rat brains. A year later agmatine was found and quantified in other mammalian 
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organs (206). Scientists had been testing the effects of agmatine on various mammalian 

tissues ever since the molecule was first discovered in 1910 (198), and recent studies 

implicate its role in depression, anxiety, and immune suppression within the nervous 

system (6, 74, 279). Another study showed that it arrests mammalian cell proliferation 

when allowed to accumulate inside the cell (220). This intracellular buildup of agmatine 

impedes polyamine uptake due to the anti-port transport system of agmatine and 

polyamines (220). Low polyamine uptake causes the cells to undergo apoptosis (161), a 

potential mechanism for pathogens to exploit.  

 

 Characterization of agmatine metabolism in P. aeruginosa 

A role for agmatine in P. aeruginosa physiology has also been explored in detail. 

Extracellular arginine is taken up by P. aeruginosa through the arginine/ornithine outer 

membrane transporter OprD (OccD1) (180). P. aeruginosa metabolizes arginine through 

two main pathways – the ADI pathway and the ADC pathway (Figure 1.4). The ADI 

pathway is used during anaerobic fermentation of arginine (262). Through this pathway, 

arginine can serve as the sole carbon and nitrogen source for biosynthesis of other 

essential molecules for growth, while also producing energy in the form of ATP (adenine 

triphosphate) (86, 164, 227, 239, 240, 262). This pathway can also be reversed for the 

biosynthesis of arginine in P. aeruginosa by using different enzymes to catalyze the 

reverse reactions (Figure 1.4) (240). 
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Figure 1.4  Arginine metabolism in P. aeruginosa. Genes encoding the enzymes of the 
arginine decarboxylase (speA) pathway (red) in P. aeruginosa are depicted along with the 
alternate operon (blue). The arginine deiminase (arcA) pathway (green) includes the 
ornithine decarboxylase (speC) step to putrescine. Arginine biosynthesis (orange) occurs 
in the reverse direction of the arginine deiminase pathway. Dashed lines indicate 
enzymatic steps absent in P. aeruginosa. Abbreviations: dSAM, decarboxylated S-
adenosyl methionine; SAM, S-adenosyl methionine. 
 

 

In 1980, Mercenier et al. published their findings on the ADC pathway in            

P. aeruginosa, detecting activities of the enzymes arginine decarboxylase, agmatine 

deiminase (AgDI), and N-carbamoylputrescine amidohydrolase (NCPAH) in crude 

extracts. The activity of ADC increased when P. aeruginosa was grown in the presence 

of arginine as the sole carbon and nitrogen source, while growth on agmatine and NCP 

induced synthesis of AgDI and NCPAH, respectively (164). It was not until 2001 when 

Nakada and Itoh characterized the ADC enzyme in P. aeruginosa. ADC is encoded by 

speA and localizes to the periplasm (112) where it decarboxylates arginine to generate 

agmatine (175). Agmatine then enters the cytosol and is broken down by the AgDI 

encoded by aguA (175). 

In P. aeruginosa, aguA is part of the aguBA operon that also encodes an NCPAH 

(aguB). This operon is regulated by the repressor protein AguR and an inducible 

promoter upstream of the operon (Figure 1.5) (176). When agmatine or NCP are present 

they bind AguR, which then alleviates the transcriptional repression on the aguBA operon 

(176). This regulation in response to agmatine availability can be observed using a         

β-galactosidase transcriptional fusion assay with the aguBA promoter and AguR driving 

transcription (271). An aguR mutant will constitutively express the aguBA operon (176).  
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Figure 1.5  aguBA operon and regulation in P. aeruginosa.  In the absence of 
agmatine, transcription of the aguBA operon is repressed by AguR (top). When agmatine 
is available it binds to the repressor protein AguR causing a conformational change that 
prevents binding to the aguBA promoter (bottom). Agmatine is a divalent cation at 
physiological pH with both the primary amino group and the guanidinium group 
protonated. Abbreviation: Agm, agmatine. 
 

 

Before 2010, the aguBA operon of P. aeruginosa was thought to be the only 

coding source for agmatine- and NCP-degrading enzymes. In 2010, Williams et al. 

discovered an alternate operon, agu2ABCA’, in the common lab strain UCBPP-PA14 

(PA14). The alternate operon encodes two different AgDI (agu2A, agu2A’), an NCPAH 

(agu2B) (Figure 1.4), and a hypothetical membrane transport protein (agu2C). Similar to 
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aguBA, transcription of this alternate operon is also controlled by a regulatory protein, 

Agu2R; however, when tested, transcription of agu2ABCA’ was inducible only during 

stationary phase, unlike aguBA that was expressed whenever agmatine was supplemented 

into the growth medium (271). While this alternate operon is found in less than 20% of  

P. aeruginosa clinical isolates (271; this study), its seemingly redundant purpose for 

agmatine metabolism is not fully understood, but it does appear to play a role in biofilm 

formation (271). Discovering this alternate operon in P. aeruginosa suggests that 

agmatine might be more than just an intermediate metabolite in the ADC pathway for this 

bacterium.  

 

Polyamines and P. aeruginosa survival in cystic fibrosis infections 

Similar to the studies conducted on plant and animal tissues, scientists have also 

investigated the effects of polyamines on bacterial fitness. As previously mentioned, the 

cationic nature of polyamines (Figure 1.3) makes them suitable for stabilizing anionic 

molecules. Cations such as Mg2+ are important components of the outer membrane (OM) 

of Gram-negative bacteria because they cross-bridge with the negatively charged LPS 

molecules and increase stability of the OM (90, 99). During Mg2+ starvation, the PmrAB 

TCS in P. aeruginosa is activated and induces expression of SpeD and SpeE homologs 

(PA4773 and PA4774, respectively) leading to the production and secretion of spermidine 

as a substitute for Mg2+ in the OM (115). These genes are also induced in the presence of 

high extracellular DNA concentrations (115) due to the chelating effects of DNA on 

cations such as Mg2+ (173). In the absence of Mg2+ to stabilize the LPS, a PA4774 mutant 
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was more susceptible to the cationic antimicrobials polymyxin B and gentamicin (115), 

both of which disrupt the OM (90, 99, 157). However, the induced production and 

secretion of spermidine to the OM ameliorated these negative effects of Mg2+ starvation 

(115). Exogenous addition of spermidine or spermine in the growth medium also 

increased the minimum inhibitory concentrations (MIC) of the cationic antibiotics 

polymyxin B, colistin, and gentamicin (115, 125), while the addition of putrescine or 

agmatine increased the MIC for gentamicin only (125). These recent studies implicate 

alternate roles for polyamines in bacteria that could be problematic when treating 

infections with cationic antimicrobials. 

The PmrAB TCS also detects the presence of cationic antimicrobial peptides such 

as polymyxins B and E, indolicidin, and LL-37 (163). Activation of this TCS leads to the 

addition of aminoarabinose moieties on the lipid A portion of LPS. In turn, the overall 

negative charge of LPS is reduced, which then increases antibiotic resistance to cationic 

antimicrobials (172). Some P. aeruginosa clinical isolates have mutations in pmrAB 

leading to constitutive incorporation of aminoarabinose into lipid A and a 16-fold higher 

MIC to polymyxin B (12). Polymyxin B and other cationic antimicrobial peptides are 

known to interfere with the binding of LPS to LBP, thus inhibiting inflammatory 

responses to LPS (224). It was previously demonstrated that higher concentrations of 

agmatine decrease macrophage TNF-α production in response to LPS (194). It is possible 

that agmatine, similar to cationic antimicrobial peptides, can interfere with LPS-LBP 

binding due to its cationic nature. Therefore, agmatine likely alters the host immune 

response to LPS, and subsequently to Gram-negative bacteria. 
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Interestingly, as part of a biomarker discovery study investigating signatures of 

worsening disease states in CF patients, agmatine was detected at high concentrations 

within expectorated sputum (194). Of the 30 patients in the study, five had agmatine in 

their sputum from 1-10 μM. This raised the questions: 1) where is the agmatine coming 

from? 2) how does its presence affect both the fitness of P. aeruginosa and the host 

response to this bacterium? and 3) does it confer a competitive advantage for the bacteria, 

the host, or both? This thesis addresses these three questions in detail, and reveals a 

potentially important role for this metabolite in the progression of airway disease. 
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CHAPTER 2 – Agmatine metabolism in Pseudomonas aeruginosa clinical isolates 

from CF sputum 

SUMMARY 

Sputa from patients with cystic fibrosis was screened for the presence of agmatine. 

Concentrations of agmatine in five of the sputum samples ranged from 1-10 µM (194). 

We then screened 92 Pseudomonas aeruginosa clinical isolates from different patients 

and found five strains that hypersecreted agmatine without breaking it down. Three of the 

five had the same 11 base pair deletion in aguA, while the other two strains had different 

deletions in aguA, the gene encoding the primary agmatine deiminase that breaks down 

agmatine. These deletion mutations alter the downstream amino acid sequence and render 

the C-terminal catalytic site nonfunctional, thus causing the accumulation of agmatine. 

We were able to introduce the native aguA sequence by allelic exchange and confirm the 

correction using sequencing and biochemical techniques. Agmatine in the bacterial 

supernatants was measured by mass spectrometry and detected by the agmatine biosensor 

created by Gilbertsen and Williams (76). These new tools will enable testing to determine 

the effects of these deletions, and the subsequent accumulation of agmatine, on the fitness 

and survival of P. aeruginosa in the context of cystic fibrosis. 
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INTRODUCTION 

Pseudomonas aeruginosa adaptation to the cystic fibrosis lower airways 

P. aeruginosa strains colonizing cystic fibrosis (CF) airways often have loss-of-

function mutations associated with enhanced fitness for this environment (184, 234). 

These mutations affect alginate production, LPS modification, flagellar expression, and 

antibacterial resistance, to name a few. Auxotrophy is another common phenotype for     

P. aeruginosa CF isolates from sputum, with a methionine requirement being the most 

common, followed by leucine, then arginine or ornithine (13, 252). These mutations are 

thought to arise due to the abundance and bioavailability of amino acids within CF 

sputum (13). When analyzing metabolism of amino acids in an artificial sputum medium, 

arginine was the preferred carbon source of P. aeruginosa (186). A possible explanation 

for this preference would be production of the essential polyamines through the arginine 

decarboxylase (ADC) pathway (Figure 1.4), as well as the ability of P. aeruginosa to use 

arginine as the sole nutrient source for carbon and nitrogen (175). 

 

Arginine metabolism in P. aeruginosa 

P. aeruginosa, along with numerous other bacteria and eukaryotes, can 

metabolize arginine to produce the essential polyamines putrescine, spermidine, and 

spermine (Figure 1.3). In this species, polyamines are produced from arginine aerobically 

via the ADC pathway, or anaerobically using the arginine deiminase (ADI) pathway 

(Figure 1.4). Blocking either pathway does not inhibit growth, but P. aeruginosa cannot 

grow if both pathways are inhibited (175) as the polyamines are necessary for vital 
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functions from DNA metabolism to protein assembly. While both pathways have been 

thoroughly characterized in P. aeruginosa, the ADC pathway is of particular interest in 

this study because of the intermediate product agmatine. 

The operon aguBA is ubiquitous in all P. aeruginosa strains and is transcribed in 

response to the presence of agmatine (176, 271) (Figure 1.5). Agmatine deiminase 

(AgDI) is encoded by aguA, and aguB codes for the N-carbamoylputrescine 

amidohydrolase (NCPAH). An alternate operon (agu2ABCA’) was recently discovered 

that produces two more AgDIs and a second NCPAH (Figure 1.4) (271). One of the 

AgDIs, Agu2A, remains in the cytosol, and the other, Agu2A’, is secreted to the 

periplasm via the twin arginine translocase signal peptide (271). However, expression of 

this operon does not occur immediately upon sensing agmatine. This operon is thought to 

aid in biofilm formation and is present in <20% of P. aeruginosa clinical isolates (271; 

this study). This discovery raised the question of whether agmatine plays a role in CF 

disease and P. aeruginosa pathogenicity. Using mass spectrometry, agmatine was 

previously measured in five CF patients’ sputum ranging from 1-10 μM (Figure 2.1) 

(194). However, it is unknown whether P. aeruginosa is the source of this metabolite in 

vivo, and if so, how and why agmatine is produced in such abundance. This chapter 

describes an exploratory screen and characterization of P. aeruginosa CF clinical isolates 

for agmatine metabolism. 
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RESULTS 

Mass spectrometry analysis of agmatine in supernatants 

Analyzing the breath and sputum of CF patients for biomarkers of disease is a 

common research technique in the CF field (18, 56, 160, 168, 212, 216, 217, 230). As a 

result of finding agmatine in concentrations up to 10 µM in CF patient sputum (194), we 

asked whether bacterial CF isolates produced agmatine to various degrees. Using ultra 

performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), we 

screened 35 bacterial isolates collected from CF patients at the University of Minnesota 

(44) that included 28 strains of P. aeruginosa, two Achromobacter xylosoxidans strains, 

two Burkholderia cenocepacia strains, two Staphylococcus aureus strains, and one strain 

of Stenotrophomonas maltophilia (Figure 2.2). Three of the P. aeruginosa isolates 

(PA004, PA005, and PA006) were found to produce higher concentrations of agmatine in 

a 24 hour RPMI culture relative to the other isolates. When we supplemented the culture 

medium with 10 µM agmatine, the measured concentration of agmatine was 

approximately 10 µM higher compared to the non-supplemented cultures for the same 

three isolates. These data suggest that certain P. aeruginosa strains are capable of 

hyperproducing agmatine, but are unable to degrade it. 
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Figure 2.1  CF patient FEV1% values. Thirty-one patients were in a study cohort to 
determine levels of biomarkers within their sputum (194) and if they correlated to 
average FEV1% values during the study. Dark bars indicate agmatine was detected at     
1-10 μM in the patient’s sputum. 
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Figure 2.2  Mass spectrometry analysis of agmatine production by CF bacterial 
clinical isolates. Supernatants from 24 hour cultures grown in RPMI +/- 10 μM agmatine 
were processed and analyzed for agmatine concentrations by UPLC-MS/MS. Black bars 
indicate no agmatine supplementation and grey bars indicate 10 μM agmatine 
supplementation in the growth medium. Adapted from Dalluge et al. (44).  
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Sequencing aguA  

P. aeruginosa actively catabolizes agmatine when available with the enzyme 

encoded by aguA, so we investigated the molecular basis, if any, for the high agmatine 

production phenotype. We hypothesized there may be a mutation in the aguBA operon 

leading to this peculiar phenotype. This operon is controlled by the repressor protein 

AguR, which is encoded upstream of the operon and acts on the operon’s promoter to 

drive transcription of aguB and aguA  (176). As a first step, we chose to sequence aguA, 

which encodes the AgDI, to determine if any mutation within the gene might disrupt 

agmatine metabolism.  

Upon sequencing aguA, we discovered all three isolates (PA004, PA005, PA006) 

contained an identical 11 base pair deletion (Figure 2.3). This deletion would cause a +2 

shift in the codon reading frame and produce a different downstream amino acid 

sequence (Figure 2.4). As a consequence, the catalytic site at the C-terminal end of the 

protein would be obliterated, including the highly conserved cysteine residue at position 

357 (Figure 2.4) (175). Ultimately, a strain harboring such a deletion mutation within 

aguA would not be expected to break down agmatine, barring that it also does not harbor 

the agu2ABCA’ operon. However, a PA14 aguA mutant was only weakly able to 

catabolize agmatine using the enzymes of this alternate operon (271). Thus, the high 

agmatine concentrations we measured from these strains likely result from the deletion 

mutations in aguA. 
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Figure 2.3  Partial DNA sequences of aguA showing deletion mutations. The aguA 
sequence from PA14 wild type is used as a reference. Isolates PA004, PA005, and PA006 
all have the same 11 base pair deletion. Dashes indicate the deletions found in aguA of 
the isolates (PA004, PA54-11, and PA47-6), and bold letters indicate single nucleotide 
polymorphisms. The entire aguA sequence is 1107 nucleotides including the stop codon. 
All sequences were taken from the pseudomonas.com database (272). 
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Figure 2.4  Translated protein sequences of aguA. Complete protein sequence of the 
agmatine deiminase AguA from PA14 wild type and the aguA deletion mutants based on 
translations from the respective nucleotide sequences. Underlined residues represent the 
altered sequences downstream of where the deletions occur in aguA. Highlighted residues 
are part of the conserved catalytic site, with the catalytic cysteine residue starred (175). 
Bolded letters indicate amino acid polymorphisms. 
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Screening for other aguA mutants with the agmatine biosensor  

We tested whether the agmatine hyperproducing phenotype was common among 

CF isolates from other patient cohorts. To assess this, we screened an additional 22 P. 

aeruginosa isolates derived from CF patients at the University of Minnesota, and 42 

isolates collected from subjects at the Children’s Hospital in Los Angeles (CHLA). 

Isolates were screened using the agmatine biosensor developed by Gilbertsen and 

Williams (76) for agmatine production (Figure 2.5). This screen uncovered two more 

isolates (PA54-11 and PA47-6) that appeared to produce higher amounts of agmatine 

compared to the other isolates (data not shown). Two new deletion mutations in aguA 

were discovered that would also likely disrupt the enzymatic functions of the encoded 

AgDI (Figures 2.3-4). Altogether, ~5% of CF P. aeruginosa isolates (5/92) were found to 

harbor a deletion mutation in aguA that leads to an agmatine accumulation phenotype. 

Given the higher-than-expected frequency of mutation, these data suggest that the CF 

lung environment selects for an agmatine hyperproducing phenotype. This observation 

supports our hypothesis that this metabolite may confer a competitive advantage for P. 

aeruginosa in the CF airways. 
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Figure 2.5  Agmatine biosensor assay. The lab strain PA14 was made into a biosensor 
of agmatine by knocking out all genes for agmatine metabolism (speA, aguA, and the 
entire operon agu2ABCA’) and chromosomally integrating the lux operon driven by the 
aguBA promoter and regulatory protein AguR (76). The biosensor takes up agmatine 
from the supernatants (indicated by orange shapes) and reports via luminescence. 
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Allelic exchange of aguA  

To be certain the deletions in aguA were the cause of agmatine buildup from the 

isolates, we cloned aguA from the lab strain P. aeruginosa UCBPP-PA14 (PA14) and 

performed allelic exchange to genomically introduce the native aguA sequence (aguA+) 

into the aguA-deficient strains (aguA-). This approach restored the ability to metabolize 

agmatine as indicated by the results of the agmatine biosensor assay (Figure 2.6). We also 

performed mass spectrometry analysis on supernatants of  PA004, PA005, and PA006 

aguA- and  aguA+ strains and confirmed that agmatine was completely exhausted with 

with native aguA sequence (Table 2.1). To further confirm the deletions were preventing 

the breakdown of agmatine, the mutated aguA from PA005 was cloned into PA14 wild 

type (WT) and we found the deletions indeed conferred the agmatine hyperproduction 

phenotype to PA14 (Figure 2.6).  

 

NOTE: strains with the deletion mutations that hyperproduce agmatine will herein be 

referred to as aguA-, and their respective isogenic strains with the native aguA sequence 

will be designated aguA+ (for PA14 the aguA+ is the WT). 
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Figure 2.6  Aerobic agmatine biosensor assay. The lab strain PA14 and the clinical 
isolates were analyzed for their production and secretion of agmatine after 24 hours in 
aerobic conditions. Black bars represent luminescent signals from supernatants of strains 
able to break down agmatine (aguA+). Cross-hatched bars represent signals resulting 
from strains not able to degrade agmatine (aguA-). Grey bars represent the overnight 
supernatant of the biosensor spiked with the indicated final concentrations of agmatine 
prior to running the assay. Error bars are standard deviations of the sample.  
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Agmatine production anaerobically 

Parts of the CF airways, including the inner portion of the mucus plugs, were 

found to be anaerobic (273). Therefore, we tested whether the phenotype of agmatine 

accumulation would also occur in an anaerobic environment. While the arginine 

decarboxylase (ADC) pathway has been described extensively in P. aeruginosa (86, 87, 

164, 175, 176), the anaerobic function of its ADC has not explicitly been tested. We 

tested the hypothesis that it would still be used anaerobically by assaying the anaerobic 

supernatants of the aguA- (agmatine hyperproducer) and aguA+ strains using the agmatine 

biosensor. As shown in Figure 2.7, the ADC pathway is likely functional anaerobically 

due to the differences between the aguA- and aguA+ signals. Both PA006 strains (aguA- 

and aguA+) had little growth anaerobically even after several days, thus, there was little 

difference between the two results. The luminescence signal resulting from both PA006 

strain supernatants, supernatants of the aguA+ strains, as well as the negative control      

(0 μM) in the agmatine standard curve, may be attributed to the  ~3 μM agmatine that can 

be found in LB (268).  
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Figure 2.7  Anaerobic agmatine biosensor assay. The lab strain PA14 and the clinical 
isolates were analyzed for their production and secretion of agmatine after 24 hours in 
anaerobic conditions to determine if agmatine was still being made. Black bars represent 
luminescent signals from supernatants of strains able to break down agmatine (aguA+). 
Cross-hatched bars represent signals resulting from strains not able to degrade agmatine 
(aguA-). Grey bars represent the overnight supernatant of the biosensor spiked with the 
indicated final concentrations of agmatine prior to running the assay. Error bars are 
standard deviations of the sample.  
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Screen for agu2ABCA’  

While the aguBA operon is ubiquitous in P. aeruginosa, there is another operon 

(agu2ABCA’) encoding two AgDI (agu2A, agu2A’) and an NCPAH (agu2B) that occurs 

in ~25% of isolates (271). To ensure the inability to metabolize agmatine was solely due 

to the deletion mutations in aguA, we screened the five aguA mutants along with the 

other 87 P. aeruginosa isolates for the presence of the alternate operon agu2ABCA’. Only 

14/92 (~15%) harbored the alternate operon, though none were the five that have the 

deletion mutations in aguA (data not shown). These data provided further evidence that 

the agmatine hyperproduction phenotype was directly linked to mutations in aguA. 

Combined with the data from the screen by Williams et al. (271), the total number of 

screened isolates with agu2ABCA’ is 30/156, or <20%. 

 

RAPD genomic fingerprinting 

Even though three isolates (PA004, PA005, and PA006) contained an identical 

deletion mutation in aguA, they were phenotypically distinct (Figure 2.8). A yellow 

pigment similar to pyoverdine is seen with PA004 growth, and PA005 produces a bluish-

green pigment resembling pyocyanin, while PA006 produces a dark red-brown pigment 

similar to pyomelanin. Therefore, we decided to use a genome-typing technique 

established by Welsh and McClelland in 1990 for bacteria to determine how similar the 

genomes of the five strains are to each other. The method was optimized for                   

P. aeruginosa isolates by Mahenthiralingam and colleagues in 1996 and named random 

amplified polymorphic DNA (RAPD) analysis. This polymerase chain reaction (PCR) 
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technique uses a single primer of eight randomized nucleotides that binds throughout the 

genome and creates DNA bands of different sizes based on where the primer binds. 

When the amplified DNA is run on an agarose gel the DNA bands form a barcode-like 

pattern that is unique to the strain. Similar strains will have similar banding patterns.  

 

 

 
 
 

 
Figure 2.8  Growth of the aguA deletion mutant isolates. The individual P. aeruginosa 
clinical isolates were streaked onto an LB agar plate to show phenotypic differences in 
each strain. Both PA54-11 and PA47-6 are mucoidy. 
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It is known that primer 272 (Table 2.3) produces more distinct patterns compared 

to the other primers (152). Therefore, to show differences as well as similarities between 

the isolates, we decided to use three primers (208, 272, and 275) (Table 2.3). As 

expected, the most dissimilar patterns among all the strains were produced with primer 

272 (Figure 2.9). However, the banding patterns for the isolates collected at the 

University of Minnesota CF Center (PA004, PA005, and PA006) were remarkably 

similar using primer 272. The patterns for these three strains were notably akin to each 

other with primer 275 as well, but primer 208 revealed a unique band in PA004 that was 

absent for PA005 and PA006. Having the same deletion in aguA, yet being 

phenotypically different, led us to conjecture that these three isolates came from a 

common ancestor and were spread from patient to patient, and these new data support 

that hypothesis.  

The genomes of the other two isolates (PA54-11 and PA47-6) produced dissimilar 

patterns compared to each other with primers 272 and 275, but their patterns for primer 

208 depict a few similar bands (Figure 2.9). Interestingly, primers 272 and 275 revealed 

almost identical bands for PA004, PA005, PA006, and PA47-6, and these bands were 

also highly similar to PAO1 but not PA14. Yet, there are distinct bands that distinguish 

PAO1 from the aguA deletion mutants, as well as bands that differentiate each mutant 

from the others. Taken together, the unique banding patterns among the strains supports 

the hypothesis that agmatine hyperproduction is a common phenotype across CF subjects 

that occurs in different P. aeruginosa strains.  
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Figure 2.9  RAPD analysis of P. aeruginosa strains. Each primer was used as both the 
forward and reverse in a polymerase chain reaction to create random banding patterns 
based on genomic content. Three different primers (208, 272, and 275) were used to 
highlight similarities and differences between the strains. Lanes for both gels are labeled 
with the strain used, and the 1 kb DNA ladder was used for band sizing.  

 

 

Genomic screen for other mutations  

The identical aguA mutations found within PA004, PA005, and PA006 prompted 

a search for other mutations that could be found in all three genomes. Thus, we 

sequenced the genomes of PA004, PA005, and PA006 and found all three have the same 

deletion mutations in two notable genes. These mutations include a 2 and 6 base pair 

deletion in rpoN, as well as an 11 base pair deletion in mutL (data not shown). Both 

mutations cause a +2 shift in the codon reading frame and would render the protein 

products nonfunctional, similar to the mutations in aguA.  
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For RpoN, the deletion occurs in the conserved C-terminal RpoN box in the 

sigma-54 protein family (26) as predicted by SMART (Simple Modular Architecture 

Research Tool) (135). RpoN is a sigma factor that regulates transcription of many 

virulence factors, including flagellar production (140), which might explain why these 

strains do not produce flagella and cannot swim (data not shown). MutL is part of the 

DNA mismatch repair system (182). The deletion in mutL starts at nucleotide 626 of 

1902 and alters the sequence of the last 425 amino acid residues. This would eliminate 

two essential domains for DNA binding (80) and make all three strains hypermutators 

(182, 183), so it is possible there are mutations in other genes. These findings further 

corroborate a common ancestor for PA004, PA005, and PA006 that spread from patient 

to patient. This genotype (aguA-, rpoN-, mutL-) may have further implications regarding 

survival within the CF lower airways that benefit that bacteria. 

 

Screen for aguA mutation 

After finding the same aguA deletion mutation in three of the P. aeruginosa 

isolates, we designed a PCR screen to detect whether any new agmatine hyperproducing 

strains had the same mutation. Five primers were created that overlap the deletion in 

PA004, PA005, and PA006 with each successive primer having one fewer nucleotide at 

the 3’ end after the deletion (Figure 2.10A). This utilizes the strength in base pairing at 

the 3’ end of the primers so that only aguA sequences with the 11 nucleotide deletion will 

pair strong enough with the primers to generate a PCR product (Figure 2.10B). Prior to 

this PCR screen, potential aguA mutants were first selected for agmatine hyperproduction 
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using the agmatine biosensor assay. However, none of the selected isolates were 

identified as having the 11 base pair deletion based on the banding intensity, including 

the aguA mutants PA54-11 and PA47-6 (data not shown). Conversely, a successful PA14 

aguA knockout using the mutated aguA from PA005 was identified using this screen 

(Figure 2.10C) combined with the agmatine biosensor assay (Figure 2.6). This allelic 

exchange in PA14 to create an aguA- strain was further confirmed by sequencing. 

Although this mutation screen is only useful for this particular deletion in aguA, the 

technique can be used in other cloning applications. 
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Figure 2.10  PCR screen for the 11 base pair deletion in aguA. (A) Primers were 
designed to overlap the 11 base pair deletion in aguA of PA004, PA005, and PA006. 
Each successive primer from mut2 to mut5 had one nucleotide removed from the 3’ end 
of the mut1 primer sequence to enforce strict binding only if the 11 base pair deletion was 
present. (B) PA14 WT and the aguA deletion mutant PA004 were used to demonstrate 
how the screen detects the presence or absence of the deletion based on the intensity and 
location of the band. The lanes on the far left and the far right are the 1 kb DNA ladder. 
(C) A PA14 aguA mutant made by cloning aguA from PA005 was screened to confirm 
the presence of the 11 base pair deletion. The 1 kb ladder is in the far left lane, and PA14 
WT was used as a control for aguA without the deletion. 
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DISCUSSION 

Agmatine is readily metabolized to putrescine by P. aeruginosa via enzymes of 

the aguBA operon (176, 271), and we confirmed this using UPLC-MS/MS analysis of    

P. aeruginosa mutants of agmatine metabolism (44). After agmatine was measured up to 

10 μM in the sputum of five CF patients (194) we questioned whether the bacteria 

colonizing the CF airways could be making the agmatine. Therefore, several CF isolates 

(P. aeruginosa, A. xylosoxidans, B. cenocepacia, S. aureus, and S. maltophila) from the 

University of Minnesota CF clinic were screened via UPLC-MS/MS for agmatine 

production. This screen identified three P. aeruginosa isolates (PA004, PA005, and 

PA006) not able to break down agmatine, and it was later determined that deletion 

mutations in aguA were the cause. We then screened several more P. aeruginosa isolates 

from other CF patients at the University of Minnesota and at CHLA using the agmatine 

biosensor to determine if this agmatine hyperproduction phenotype was common. Two 

more isolates (PA54-11 and PA47-6) from patients in a study cohort at CHLA were 

identified with different deletion mutations. This finding brought the total to five of 92 P. 

aeruginosa isolates (5%) with a mutation in aguA. Introducing the native aguA from 

PA14 WT into the genome of these mutants using allelic exchange restored agmatine 

metabolism as indicated by UPLC-MS/MS analysis. The agmatine biosensor also 

confirmed a change in agmatine metabolism of the aguA+ strains. The mutated aguA 

from PA005 was cloned into PA14 to confirm the deletion mutation was the sole reason 

for agmatine hyperproduction. The agmatine biosensor assay revealed this PA14 aguA- 

strain was producing agmatine but likely not breaking it down. While these mutations do 
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not make the strains auxotrophs as N-carbamoylputrescine is not essential, it does block 

one pathway to the polyamines. Thus, mutations causing the accumulation of agmatine 

might be selected for if they provide a survival advantage in the context of CF. 

Since three strains identified (PA004, PA005, and PA006) have the same 11 base 

pair deletion in aguA, we questioned whether these isolates might have a common 

ancestor and were passed from patient to patient. Often, a single P. aeruginosa strain is 

the dominantly isolated strain from a CF patient over decades (152, 233, 245). The 

isolates may be phenotypically different each time due to acquiring mutations in different 

genes over the years, but nevertheless they are clonal. RAPD analysis was developed as a 

quick genetic screening method to determine whether the phenotypically different 

isolates from a patient were isogenic versions of the same strain (152). We applied this 

technique to the aguA deletion mutants and found that PA004, PA005, and PA006 are 

highly similar based on the DNA banding patterns of the three primers used.  The other 

two mutants, PA54-11 and PA47-6, showed highly different banding patterns, indicating 

a different lineage for these strains. 

Genomic sequencing revealed two more deletion mutations in other genes shared 

between the isolates from the University of Minnesota (PA004, PA005, and PA006). 

These mutations were in rpoN, the gene encoding a sigma factor regulating expression of 

several virulence factors (26), and in mutL that encodes a DNA mismatch repair enzyme 

(182). Both mutations would render the proteins nonfunctional, and this was evident for 

RpoN as none of the three isolates produced flagella causing the cultures to settle after a 

few hours of sitting on the lab bench. The deletion in mutL would make the strains 
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hypermutators (182, 183). The mean mutation frequency of hypermutable strains is 

increased from the nonmutator frequency of 2.9x10-8 mutations per genome per 

generation to 3.6x10-6 (182). Thus, the deletion in mutL could be the root cause for the 

mutations in aguA and rpoN, as well as the differences in pigment production between 

the three strains (Figure 2.8). Whether these mutations provide a synergistic benefit for 

the bacteria has yet to be determined. However, the potential loss of virulence factor 

expression due to mutations in rpoN may enhance any benefits resulting from agmatine 

hyperproduction. Further investigation into the genomic sequences of these isolates may 

reveal more identical  mutations elsewhere within the genomes depending on the time at 

which they spread from the first patient. Additionally, sequencing the genomes of the 

other two isolates (PA54-11 and PA47-6) may unveil other mutations in these strains, 

including a hypermutator genotype.  

P. aeruginosa environmental isolates are known to be more virulent than isolates 

taken from CF sputum that have chronically colonized the CF airways (95, 144, 158). 

Establishing an initial infection requires the virulence factors P. aeruginosa is capable of 

producing; however, strains that have adapted to CF lungs often lose expression of these 

virulence factors because they do not provide a fitness advantage for prolonged survival 

in this environment (184, 233). This adaptation includes mutations in virulence factor 

genes themselves, or genes associated with regulating virulence factor expression (233). 

These mutations are often caused by hypermutators - strains with deletions in genes 

encoding DNA repair enzymes (mutL, mutS, uvrD) (182). Hypermutator strains introduce 

mutations at 100-fold higher frequencies than nonmutators, a phenotype which likely 
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contributes to the overall adaptability of P. aeruginosa to the CF airways. The aguA 

deletion mutation may yet be another beneficial adaptation to survival. The question of 

whether the accumulation of agmatine provides an advantage to these P. aeruginosa 

strains is explored in detail in the following chapters. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

All strains used within this study can be found in Table 2.2. 

Escherichia coli SM10 mating strain was used for all cloning and mating 

procedures. Pseudomonas aeruginosa strain UCBPP-PA14 (PA14) was used for cloning 

and control purposes, and strain PAO1 was used as a second control (271). The clinical 

isolates from sputum samples of patients with cystic fibrosis were obtained from the 

University of Minnesota Clinical Microbiology lab. Individual isolates were collected 

from the lab on blood agar plates, streaked for further isolation on Luria-Bertani (LB) 

agar, and frozen at -80°C in LB broth with 15% glycerol. Isolates collected at the 

Children’s Hospital in Los Angeles (CHLA) were collected directly from sputum 

samples onto Pseudomonas Isolation Agar, streaked for isolation, then frozen at -80°C in 

LB with 15% glycerol. The strains of interest used throughout this research project are 

designated as UMN-PA004, UMN-PA005, and UMN-PA006 for those collected at the 

University of Minnesota, and CHLA-PA54-11 and CHLA-PA47-6 for those collected at 

CHLA. These strains will be referred to as PA004, PA005, PA006, PA54-11, and    

PA47-6. 

All bacterial strains were streaked fresh each week from -80°C stocks onto LB 

agar plates and grown at 37°C, unless otherwise noted. All liquid overnight cultures were 

started from isolated colonies on LB agar plates and grown in LB broth at 37°C with 

shaking at 225 rpm, unless otherwise noted.  



 

 50 

Anaerobic cultures were inoculated from overnight aerobic cultures grown in LB 

broth with shaking at 37°C. Anaerobic media was made by supplementing LB broth with 

two nitrate salts (50 mM KNO3 and 50 mM NaNO3) as electron acceptors. Immediately 

after autoclaving, the anaerobic media was transferred to Hungate anaerobic culture tubes 

in a Coy anaerobic chamber to prevent oxygenation and stored for 24 hours to deplete 

any remaining oxygen. The anaerobic media was inoculated inside the anaerobic chamber 

and then the Hungate tubes were tightly sealed and removed from the anaerobic chamber. 

The cultures were grown in the 37°C shaker for up to 48 hours. 

Antibiotic concentrations for selection plating on LB agar plates and overnight 

growth in LB broth were: E. coli 50-100 µg/mL ampicillin, and 20 µg/mL tetracycline;            

P. aeruginosa 200 µg/mL carbenicillin, 25 µg/mL irgasan, and 25-200 µg/mL 

tetracycline depending on the strain.  

 

Chemically competent E. coli SM10  

The SM10 strain of E. coli was made competent using a chemical procedure. 

SM10 cells were streaked onto LB agar plates for isolated colonies. A single colony was 

inoculated into 5 mL LB broth and grown overnight at 37°C. The next day 2.5 mL of the 

overnight culture was inoculated into 100 mL LB broth and grown to an OD600 of ~0.5 - 

0.6. The culture was then chilled in an ice water bath for 10-15 minutes, where it was 

then split into 4 pre-chilled 50 mL conical tubes with ~25 mL each. The tubes were spun 

down at 4200 rpm for 5 minutes at 4°C and the supernatant was discarded. The cells were 

then gently resuspended with a 5 mL serological pipette in 15 mL ice-cold TFB I (30 mM 
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potassium acetate, 50 mM MnCl2·4H2O, 100 mM KCl, 10 mM CaCl·2H2O, and 15% 

glycerol, then filter sterilize with 0.22 μM pore size membrane and store at 4°C). The 

cells were incubated in TFB I for 15 minutes on ice, spun down at 4200 rpm for 5 

minutes at 4°C, and the supernatants were again discarded. The cells were gently 

resuspended in 4 mL ice-cold TFB II (10 mM MOPS, 75 mM CaCl·2H2O, 10 mM KCl, 

and 15% glycerol, filter sterilize with 0.22 μM pore size membrane and store at 4°C). 

Lastly, 100 μL of the cells were aliquotted into sterile 1.5 mL microcentrifuge tubes, 

flash frozen in a dry ice bath with 70% ethanol, and stored at -80°C until future use. The 

cells and all solutions were kept on ice for the entire procedure, and all equipment 

(centrifuges, rotors, tubes) were also kept cold. 

 

Mass spectrometry analysis of agmatine production 

Agmatine was measured directly from sputum samples and from 24 hour cultures 

of the clinical strains grown in RPMI at 37°C with shaking. Spent supernatants from the 

cultures were collected by pelleting the cells in a centrifuge at maximum speed for 5 

minutes and transferring the supernatants to a separate tube. Isotopically labeled agmatine 

(13C5,15N4-agmatine) was spiked into each supernatant at a fixed volume as an internal 

standard for mass spectrometry analysis. The supernatants were further derivatized for 

analysis by ultra-performance liquid chromatography tandem mass spectrometry (UPLC-

MS/MS). The remaining procedure is described in detail by Dalluge et al. (44).  
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Agmatine biosensor assay 

Agmatine production and elimination was analyzed using the agmatine biosensor 

as described by Gilbertsen and Williams (76). Briefly, 1 mL from a 3 mL overnight 

bacterial culture was transferred to a 1.5 mL microcentrifuge tube and spun down at 

maximum speed for 5 minutes. Being careful not to disturb the pellet, 100 μL of the 

supernatant was added in triplicate to a white, clear and flat-bottomed 96-well plate 

(Corning, Cat. #3632). A 30 mL overnight culture of the agmatine biosensor                  

(P. aeruginosa PA14 ΔaguA2ABCA’, aguA::Gm, ΔspeA) was spun down and the 

supernatant transferred to a separate sterile tube. The spent supernatant of the agmatine 

biosensor was aliquotted into sterile 1.5 mL microcentrifuge tubes and spiked with a 10-

fold dilution of agmatine to create an agmatine standard curve from 1 μM to 100 µM. 

Each concentration of the agmatine standard curve was plated in triplicate at 100 μL per 

well along with an unspiked sample for the 0 µM negative control. The biosensor pellet 

was resuspended in fresh LB broth to OD600 ~0.2, then 100 μL was added per well of the 

96-well plate. The plate was sealed with a Titer Tops® adhesive film (Diversified 

Biotech, Cat. #T-TOPS-100), incubated at 37°C for 3 hours without shaking, and then the 

luminescence and OD600 were measured using a BioTek Synergy H1 plate reader. The 

luminescence was divided by the OD600 of the biosensor to standardize the luminescence 

to cell number.   
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Genomic DNA isolation 

Genomic DNA (gDNA) was extracted from the bacterial strains using the 

Wizard® Genomic DNA Purification Kit (Promega, Cat. #A1620) according to the 

manufacturer’s protocol. The gDNA was analyzed for concentration using a NanoDrop 

2000 (Thermo Scientific) and then stored at 4°C for up to 6 months. Another method of 

gDNA extraction used for quick PCR screening was to boil the bacteria in 40 µL of 1X 

PBS at 100°C for 10 minutes using a thermocycler. The tubes were then spun down for 1-

2 minutes using a mini table-top centrifuge to collect cellular debris at the bottom of the 

tubes. Two microliters of the supernatants from the boiling method was used for PCR 

amplification. 

 

PCR amplification and sequencing of aguA from P. aeruginosa strains 

gDNA was used to amplify aguA from the P. aeruginosa strains. All primer 

sequences can be found in Table 2.3. The primers to amplify aguA were aguA F up and 

aguA R long. AccuPrime™ GC-Rich DNA polymerase kit (Invitrogen, Cat. #12337016) 

or GoTaq® Colorless Master Mix (Promega, Cat. #M7133) were used according to the 

manufacturers’ specifications, and the GC-Rich buffer was used for the AccuPrime™ kit. 

Each primer was added to a final concentration of 0.2 µM per primer. The reaction 

conditions were as follows: one cycle at 95°C for 5 minutes, 35 repeated cycles of 95°C 

for 30 seconds, 60°C for 30 seconds, and 72°C for 2 minutes, then one cycle at 72°C for 

5 minutes, and a final 4°C incubation for infinity. Samples were run on 1% agarose gels 

with ~400 ng/mL ethidium bromide. The 2kb band was excised and the DNA was 
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purified using the Gel/PCR DNA Fragments Extraction Kit (IBI Scientific, Cat. 

#IB47030). The purified DNA was sent to Functional Biosciences 

(www.functionalbio.com, Madison, WI) and Eurofins Genomics (www.operon.com, 

Louisville, KY) for sequencing. 

 

Cloning aguA and speA into plasmids 

All plasmids used during this study can be found in Table 2.2, and all primers are in 

Table 2.3.  

The full-length aguA sequence from PA14 WT was amplified via PCR using the 

forward primer aguA F up HindIII and the reverse primer aguA R long. The PCR product 

was run on a 1% DNA agarose gel, and the DNA band was cut out and purified as 

previously described. The insert was cut at the 5’ end using the HindIII restriction 

enzyme while the 3’ end was left blunted. Digestion was stopped by incubating the 

reaction at 80°C for 20 minutes and then allowed to cool to room temperature. The 

digested insert was then cloned into the HindIII and SmaI restrictions sites of pEX18Tc 

using T3 DNA ligase (New England Biolabs, Cat. #M0317S) following the 

manufacturer’s protocol. The plasmid construct was transformed into chemically 

competent E. coli SM10 cells by incubating 20 μL of the ligation reaction in a 100 μL 

aliquot of thawed chemically competent cells on ice for 30-60 minutes. The cells were 

then heat shocked for 1 minute in a 55°C water bath and placed immediately back on ice. 

500 μL of room temperature SOC medium (2% tryptone peptone, 0.5% yeast extract, 

0.06% NaCl, 0.02% KCl, 0.2% MgCl2, 0.48% MgSO4, 20% glucose) was added to the 
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cells, then the cells were incubated with shaking at 37°C for two hours. The cells were 

then plated onto LB agar with 20 μg/mL tetracycline and incubated for 24-48 hours at 

37°C until isolated colonies appeared. Individual colonies were grown in LB broth with 

20 μg/mL tetracycline for plasmid purification using the High-Speed Plasmid Mini Kit 

(IBI Scientific, Cat. #IB47102). Successful insertion of aguA was confirmed via 

restriction digest with HindIII and EcoRI resulting in two DNA bands of ~2085 bp and 

~6298 bp on a DNA agarose gel. The new plasmid was designated pJLM2-WTA for wild 

type aguA. A second plasmid was created with the aguA sequence from PA005 using the 

same primers and method to make an aguA knockout plasmid designated pJLM2-ΔaguA.   

The speA knockout construct created by Gilbertsen & Williams (76) was cloned 

into the pEX18Tc vector (109) at the HindIII and EcoRI restriction sites. Ligation of the 

construct into the pEX18Tc vector followed by transformation into E. coli SM10 cells 

and plasmid purification were performed as previously described for cloning aguA. 

Confirmation of successful insertion was performed by restriction digest with HindIII and 

EcoRI that generated two bands of ~1800 bp and ~6400 bp on a 1% agarose gel. The 

plasmid was named pJLM2-speAKO. 

 

Allelic exchange of aguA in P. aeruginosa strains 

All the P. aeruginosa aguA deletion mutants were subjected to allelic exchange of 

aguA using plasmid pJLM2-WTA to correct the agmatine catabolic defect. An overnight 

culture of E. coli SM10 cells containing pJLM2-WTA were grown in LB broth with 20 

μg/mL tetracycline.  One milliliter was spun down and resuspended in 200 μL of 1X 



 

 56 

sterile PBS. The P. aeruginosa isolates were also grown in LB broth overnight then 1 mL 

was spun down and reuspended in 1 mL of 1X PBS. The E. coli SM10 cells harboring the 

plasmid were mixed at a 2:1 volume ratio with each P. aeruginosa strain, then 30 μL of 

the mixture was spotted onto a 1”x1” square of nitrocellulose membrane in the middle of 

an LB agar plate. The liquid was allowed to absorb into the plate, then the plates were 

incubated at 37°C for 24 hours. The membrane was then removed and placed in a sterile 

1.5 mL microcentrifuge tube with 1 mL 1X PBS then vortexed to remove the mating 

culture from the membrane and homogenize it in the PBS. Ten-fold dilutions of this 

mating culture were generated in 1X PBS, then 100 μL of each dilution was plated onto 

LB agar with tetracycline (25-100 μg/mL depending on strain) to select for the P. 

aeruginosa isolates. Individual colonies were streaked onto 5% sucrose to remove the 

plasmid from the genome containing the sacB gene. Colonies from the sucrose plates 

were assessed for agmatine production using the agmatine biosensor assay. Strains that 

produced lower luminescence signals in the assay compared to their parental isogenic 

strains were further analyzed for successful aguA allelic exchange by sequencing aguA as 

previously described with primers aguA F up and aguA R long to confirm the deletion 

was no longer present.  

A PA14 aguA deletion mutant was created by performing the same allelic 

exchange procedure previously described except using the pJLM2-ΔaguA plasmid. 

Isolated colonies post mating and sucrose selection were screened with the agmatine 

biosensor assay for higher luminescence signal production compared to the wild type. 
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Those with higher signals were further analyzed for the 11 bp deletion in aguA via 

sequencing.  

NOTE: Strains are given the aguA+ designation to denote a full-length aguA within the 

genome, while aguA- indicates the strain has an aguA deletion mutation. 

 

Knockout of speA in P. aeruginosa clinical isolates 

The same procedure for allelic exchange of aguA was used for knocking out speA 

in the aguA deletion mutants but using the pJLM2-speAKO plasmid. Successful 

knockouts were screened for a lower luminescent signal compared to the parent strain 

using the agmatine biosensor assay. Those with lower luminescent signals were also 

assayed via speA PCR amplification using the primers speA F and speA R2. The products 

were run on a 1% agarose gel to confirm gene exchange as the knockout PCR product 

will be ~800 bp shorter in length than the wild type speA.  

 

Random amplified polymorphic DNA (RAPD) analysis  

RAPD primers 208, 272, and 275 (152) were used to amplify random DNA 

segments in the genomes of PA14, PAO1, and the five aguA deletion mutant isolates. 

The primers were used at a final concentration of 0.25 µM in a 50 µL reaction volume 

using the GoTaq® Colorless Master Mix (Promega, Cat. #M7133). gDNA was added at a 

final concentration of 100 ng. The reaction settings were: one cycle at 95°C for 5 

minutes, 35 cycles of denaturing at 95°C for 30 seconds followed by annealing at 45°C 

for 30 seconds and then elongation at 72°C for 2 minutes, with a final elongation step at 
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72°C for 10 minutes, ending with a hold at 4°C for infinity. The reactions were run on a 

1% agarose gel with ethidium bromide at 130V for 30-45 minutes depending on gel size 

and then imaged. 

 

agu2ABCA’ screen 

All isolates were screened for the agu2ABCA’ operon using the nested primers 

agu2ABCA’ screen F and agu2ABCA’ screen R that amplify a region of 1894 bp from 

agu2A to agu2B in the strain PA14 (271). GoTaq® Colorless Master Mix (Promega, Cat. 

#M7133) was used with 2 µL of gDNA from a 10 minute boil extraction to amplify the 

DNA using the following thermocycler settings: one cycle at 95°C for 5 minutes, then 35 

cycles of denaturing at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and 

elongation at 72°C for 2 minutes, followed by a final elongation step at 72°C for 5 

minutes, ending with a hold at 4°C for infinity. Samples were run on 1% agarose gels 

with ethidium bromide and then imaged. 

 

aguA mutation screen 

PCR amplification using primers that span the 11 bp deletion in aguA of PA004, 

PA005, and PA006 was used as quick screen method for allelic exchange of aguA. The 

forward primers are aguA mut1-5 and were used with the reverse primer aguA R long. 

Primer information along with the sequences can be found in Table 2.2. GoTaq® 

Colorless Master Mix (Promega, Cat. #M7133) was used with 2 µL of gDNA from a 10 

minute boil extraction to amplify the DNA. The thermocycler settings were as follows: 
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one denaturation cycle at 95°C for 5 minutes, then 35 cycles of denaturation at 95°C for 

30 seconds, annealing at 60°C for 30 seconds, and elongation step at 72°C for 1 minute, 

then a final elongation at 72°C for 5 minutes, and ending with a hold at 4°C for infinity. 

Samples were run on a 1% agarose gel with ethidium bromide at 130V for 30-45 minutes. 

 

Genomic screen for other mutations 

Genomic DNA was extracted using the Wizard® Genomic DNA Purification Kit 

(Promega, Cat. #A1620) according to the manufacturer’s protocol. The DNA was sent to 

the University of Minnesota Genomics Center for library creation with the Nextera XT 

Library Preparation Kit (Illumina) and paired-end sequencing on the Illumina MiSeq. The 

sequences were analyzed at the Minnesota Supercomputing Institute at the University of 

Minnesota. The open-source breseq computational pipeline (49) was used to map the 

reads to the PA14 reference genome to identify mutations within the genomes. The 

sequences were partially assembled into contigs using the ABySS assembler (229) to 

confirm the mutations. The contigs were viewed with the Artemis free source software 

(214). 
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CHAPTER 3 – Biofilms of Pseudomonas aeruginosa clinical isolates with aguA 
deletion mutations 
 

SUMMARY 

Microtiter plate assays were performed for 24 hour biofilms of the five aguA clinical 

isolates and their aguA+ isogenic strains. Biofilms at 37°C were grown with or without 

100 μM agmatine supplemented into the growth medium. Three of the five aguA- strains 

produced significantly more biofilm biomass; however, these differences were 

temperature dependent as biofilm formation was altered based on temperature for each 

strain. Another interesting finding was that the addition of 100 μM agmatine in the 

growth medium did not enhance biofilm formation. Instead, the addition of 100 μM 

agmatine seemed to have adverse effects for the aguA- strains, which was contrary to our 

hypothesis. In summary, having the aguA deletion mutations that cause hyperproduction 

of agmatine does not appear to enhance biofilm formation of P. aeruginosa in a universal 

manner.  
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INTRODUCTION 

Biofilms 

A biofilm is an aggregate community of microorganisms growing on a surface, 

whether biotic or abiotic (37). These surfaces include everything from a rock, the hull of 

a ship, teeth, and medical devices such as catheters and prostheses (141). This form of 

growth is difficult to eradicate and provides a communal resistance to antibiotics (151, 

192). Bacteria in biofilms produce an extracellular matrix (ECM) consisting mostly of 

proteins, polysaccharides, and DNA (116). This ECM coats and surrounds the bacterial 

cells providing a mesh-like network that allows for cell-cell interactions (141). Biofilm 

development and physiology has been studied broadly across many bacterial species, and 

while many taxa require the three major ECM components to form mature and robust 

biofilms, the components vary greatly between species (24, 40, 141).  

 

Proteins required for biofilm formation  

Attachment to a surface is the initial step in biofilm formation (40). Many species 

of bacteria make proteins associated with surface attachment and cell-cell interactions 

that are required for biofilm formation (141). In Pseudomonas aeruginosa, two proteins 

are important for biofilm formation: flagellum and type IV pilus. Mutants lacking 

flagellar expression were severely hindered in initiating attachment during the first eight 

hours of biofilm formation (179). Type IV pili mutants were able to attach and form a 

monolayer, but after eight hours the mutants could not form the microcolonies associated 

with mature biofilms in the PA14 wild type strain (179). However, these experiments 
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were repeated by others who showed that the ingredients in the growth medium (glucose 

versus citrate) significantly affected biofilm formation (118). Another function for type 

IV pili might be structural development of the P. aeruginosa biofilm through DNA-

binding via electrostatic interactions (258). Other important proteins that have been 

identified as part of the P. aeruginosa biofilm matrix include CdrA and FapC. Borlee et 

al (19) discovered CdrA co-precipitates with the polysaccharide Psl and mediates 

aggregation of cells during biofilm formation suggesting its role in providing structural 

integrity of the biofilm matrix. The fap (functional amyloids in Pseudomonas) operon 

controls production of FapC fibrils in three pseudomonad species, and overexpression of 

this operon significantly enhanced biofilm formation for all species tested (54). 

Collectively, the results of these studies emphasize the impact of proteins during P. 

aeruginosa biofilm formation.  

 

Polysaccharides in the biofilm matrix 

Microcolony formation is the second step in biofilm formation when 

polysaccharides are heavily secreted as part of the ECM to aid in cell-cell attachment and 

overall architecture of the biofilm (35, 242, 248). P. aeruginosa is capable of producing 

three exopolysaccharides (EPS): alginate, Pel (for pellicle), and Psl (for polysaccharide 

synthesis locus); however, there is considerable strain-to-strain variation in EPS 

biosynthetic capacity (35, 215). For example, the reference strain PA14 can make robust 

biofilms using the Pel EPS (35, 70) but is unable to produce Psl due to a deletion in the 

psl operon (70). Yet, Psl is required for biofilm formation, but not initial attachment, in 
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the reference strain PAO1 (35, 113, 148). In the context of cystic fibrosis (CF), many P. 

aeruginosa strains isolated from CF patient sputa have a mucoidy phenotype due to 

hyperproduction of the EPS alginate (78). This alginate hyperproduction is caused by 

mutations within the regulon for alginate biosynthesis leading to overexpression of those 

genes (216). The mucoidy phenotype is beneficial in the context of CF because the 

alginate protects the bacteria from host defenses and antibiotics, but rarely is this 

mucoidy conversion seen with non-CF clinical and environmental isolates (78, 107, 132). 

However, alginate production is not necessary for this species to form biofilms (274). 

Nevertheless, these polysaccharides, along with proteins and extracellular DNA (eDNA) 

are integral parts of the P. aeruginosa biofilm ECM. 

 

Extracellular DNA is an important component of the biofilm matrix 

As the microcolonies of the biofilm are forming, eDNA can be detected within the 

ECM, and for some species, including P. aeruginosa, this eDNA originates from 

chromosomal DNA (3, 128, 155, 275). The production and release of eDNA is necessary 

for P. aeruginosa biofilm formation (268), and the DNA is thought to come from cells 

undergoing autolysis (256). When DNase was added to liquid cultures the bacteria were 

unable to initiate biofilm formation, and established microcolonies were dissolved after 

adding DNase (268). DNase treatment also suppressed biofilm growth for several other 

species, including Bordetella bronchiseptica and B. pertussis, Listeria monocytogenes, 

Neisseria meningitidis, Staphylococcus aureus and S. epidermidis, Bacillus cereus, and 

Enterococcus faecalis, to name a few (36, 50, 81, 85, 128, 254, 264). These data 
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underscore the critical role of eDNA in biofilm formation and development in bacteria as 

part of the ECM. Despite the extensive characterization of proteins, polysaccharides, and 

DNA in P. aeruginosa biofilm structure and function, relatively little is known about 

polyamines and their potential role in P. aeruginosa biofilms.  

 

Polyamines and biofilm development 

Polyamines are small, cationic molecules required for many intracellular 

processes in all organisms (Figure 1.3) (249). Recently they have been implicated in 

extracellular processes of bacteria, including biofilm formation (27, 79, 115, 120, 131, 

193, 218, 246, 256). The bacterium Yersinia pestis requires putrescine for biofilm 

formation (193), while norspermidine, a shorter symmetrical version of spermidine, is 

essential for the species Vibrio cholerae (131, 191). Exogenous norspermidine was also 

shown to enhance Escherichia coli biofilms, and this process required the species’ 

polyamine uptake system (218). Conversely, adding spermidine (500 μM) or spermine 

(20 μM) to the growth medium repressed biofilm formation for V. cholerae (162, 235). 

However, the addition of spermine did not cause dispersal of pre-formed V. cholerae 

biofilms (235). Similarly, both spermidine and spermine decreased biofilm formation for 

Neisseria gonorrhea (79). For the Gram-positive bacterium Bacillus subtilis exogenous 

norspermidine was shown to promote biofilm growth, although, this species does not 

have the biosynthetic pathway to make norspermidine (110). However, B. subtilis does 

require the arginine decarboxylase (ADC) pathway (Figure 1.4) to make the essential 

polyamines, and the biofilms of an ADC mutant were significantly repressed (27).         
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P. aeruginosa has served as a model bacterium for biofilm formation; however, 

polyamines have not been thoroughly investigated for their potential role in P. 

aeruginosa biofilm physiology.  

In a previous study, putrescine supplemented up to 1 mM in the growth medium 

had no effect on P. aeruginosa strain PA14 biofilm formation, but it was detrimental at 

higher concentrations (271). Agmatine, a precursor to putrescine (Figures 1.3-4), 

enhanced biofilm formation in this strain even up to 10 mM (271). It is important to note, 

though, that PA14 and <20% of clinical strains have the alternate operon agu2ABCA’ 

encoding enzymes for agmatine metabolism (271), and that this operon enhanced biofilm 

formation in PA14 (271). However, a mutant PA14 strain that produces agmatine but 

cannot break it down (aguA::Gm, agu2ABCA’::Tet) produced more biofilm biomass 

compared to wild type when no agmatine was added to the growth medium. Yet, if 

agmatine was added at 10 mM the biofilm biomass was reduced in this agmatine 

metabolic mutant (271). These data suggest agmatine can enhance P. aeruginosa biofilm 

formation when produced endogenously, but when agmatine is added exogenously at    

10 mM it represses biofilm formation.  

In chapter 2, we identified five P. aeruginosa isolates from patients with CF that 

are unable to break down agmatine due to deletion mutations in the gene encoding the 

agmatine deiminase AguA. One of these strains was able to produce 40 μM agmatine in a 

24 hour RPMI culture (Table 2.1), while two other strains produced up to 20 μM (Figure 

2.2). Agmatine was also measured in CF sputum up to 10 μM (Figure 2.1) (194). These 

concentrations are significantly lower than those used by Williams et al. (271) to test 
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biofilm formation in the lab strain PA14. In addition, none of the aguA deletion mutants 

harbor the alternate operon agu2ABCA’, so biofilm formation for the mutants is not 

affected by the enzymes encoded in that operon. Previous studies have clearly 

demonstrated that P. aeruginosa resides within the airways in a biofilm-like mode of 

growth (16, 230, 273). Therefore, this chapter investigates whether the accumulation of 

agmatine brought about by the aguA mutation (aguA-) provides a benefit to biofilm 

formation in these clinical isolates. Also, the addition of a more physiologically relevant 

concentration of agmatine (100 μM) was also tested for enhancement of biofilm 

production. 
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RESULTS 

Microtiter P. aeruginosa biofilms 

A previous study by Williams et al. (271) suggests the inability of P. aeruginosa 

to break down agmatine and the subsequent accumulation of the cationic small molecule 

led to an increase in biofilm formation compared to wild type. The addition of 10 mM 

agmatine enhanced biofilm formation for the wild type strain, but for the agmatine 

mutant this concentration decreased biofilm biomass production. The maximum 

concentration of agmatine measured via mass spectrometry in CF sputum was 10 μM 

(194), and the maximum produced by one of the five aguA- clinical isolates in a 24 hour 

RPMI culture was ~40 μM (Table 2.1). Based on these data, we tested the ability of the 

five aguA- isolates (agmatine hypersproducers) to form biofilms at 25°C, 30°C, and 37°C 

relative to their aguA+ isogenic strains. For the biofilms tested at 37°C, the strains were 

also grown with or without 100 μM agmatine supplemented in the culture medium as a 

more physiologically relevant concentration. 

Using a standardized microtiter plate-based assay, biofilm formation was 

quantified by crystal violet staining of 24 hour biofilms grown at different temperatures. 

Under these conditions, only some of the aguA- isolate biofilms were enhanced by 

altering the temperature (Figures 3.1-3). Two of the aguA deletion mutants grown at their 

respective optimal temperatures (PA004 at 37°C and PA54-11 at 25°C) and PA005 

grown at 30°C and 25°C produced significantly more biomass compared to their 

respective aguA+ isogenic strains. These data indicate there might be added benefit to 
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biofilm formation for the aguA- strains due to the hyperproduction of agmatine compared 

to the aguA+ isogenic strains, but this benefit appears to be temperature dependent.  

We also tested whether the addition of 100 μM agmatine would augment the 

biofilms at 37°C. Under these conditions, there was no increase in biofilm formation for 

either aguA- or aguA+ strains. In fact, for the PA004 and PA54-11 aguA deletion mutants, 

the added agmatine negatively affected biofilm formation (Figure 3.1). These results 

suggest that the accumulation of agmatine in vitro, as well as the addition of 100 μM 

agmatine, does not benefit biofilm growth of the P. aeruginosa clinical isolates tested 

here. 
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Figure 3.1 Crystal violet biofilms of aguA- versus aguA+ P. aeruginosa strains at 
37°C. Each strain was grown for 24 hours in 10% LB +/- 100 μM agmatine at 37°C. The 
OD600 was recorded prior to staining with crystal violet and reading the absorbance at 550 
nm. The absorbance was divided by the OD600 to standardize to cell density. Statistical 
analysis was performed in GraphPad Prism using one-tailed, unpaired t-test with       
alpha = 0.5. 
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Figure 3.2 Crystal violet biofilms of aguA- versus aguA+ P. aeruginosa strains at 
30°C. Each strain was grown for 24 hours in 10% LB at 30°C. The OD600 was recorded 
prior to staining with crystal violet and reading the absorbance at 550 nm. The 
absorbance was divided by the OD600 to standardize to cell density. Statistical analysis 
was performed in GraphPad Prism using one-tailed, unpaired t-test with alpha = 0.5. 
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Figure 3.3 Crystal violet biofilms of aguA- versus aguA+ P. aeruginosa strains at 
25°C. Each strain was grown for 24 hours in 10% LB at 25°C. The OD600 was recorded 
prior to staining with crystal violet and reading the absorbance at 550 nm. The 
absorbance was divided by the OD600 to standardize to cell density. Statistical analysis 
was performed in GraphPad Prism using one-tailed, unpaired t-test with alpha = 0.5. 
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DISCUSSION 

In this chapter, we determined whether the aguA deletion mutations in the            

P. aeruginosa clinical isolates would enhance biofilm formation compared to their 

respective aguA+ isogenic strains. A previous study by Williams et al. (271) showed the 

inability of the lab strain PA14 to metabolize agmatine increased biofilm formation 

compared to the wild type strain. In this investigation we showed that agmatine 

accumulation as a result of the aguA deletion mutations did increase biofilm formation 

for three of the five strains. Although, this increase was temperature dependent and the 

optimal temperatures varied between the three strains. The previous study also showed 

that adding 10 mM agmatine enhanced the biofilms of the wild type PA14 strain, but in 

the PA14 agmatine metabolic mutant this concentration was detrimental to biofilm 

formation (271). The highest concentration of agmatine measured in CF sputum was   

~10 μM (194), and the highest concentration of agmatine in a 24 hour RPMI culture of an 

aguA deletion mutant (PA006) was ~40 μM (Table 2.1). Therefore, we deemed 100 μM 

agmatine to be more relevant to the CF lung environment and used this concentration for 

testing the clinical isolates. However, the addition of 100 μM agmatine did not enhance 

biofilm formation and even seemed to be detrimental to the biofilms of two isolates that 

were tested, similar to the results of the previous study (271). Thus, the data do not 

support our hypothesis, and our conclusion is that the deletion mutation in aguA causing 

agmatine accumulation does not provide an advantage for the bacteria with regards to 

biofilm formation. 
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While the findings within this study both conflict with and support the previous 

results (271), there are major differences between the two studies. First, we only tested 

the addition of 100 μM agmatine instead of 10 mM to represent a more physiologically 

relevant concentration of the molecule as the highest concentration measured in CF 

sputum was 10 μM (194). A previous study measured arginine, the precursor to agmatine, 

in CF sputum at 0.3 mM (186), so 10 mM of agmatine is not likely to be physiologically 

relevant. Second, we used 10% LB broth whereas the biofilms in the study by Williams 

et al. (271) were tested with 25% LB broth. Using a higher concentration of LB may 

stimulate more growth during biofilm formation such that the bacteria are not starved for 

nutrients and can produce more robust biofilms in which agmatine might have a bigger 

impact. Nevertheless, we wanted to test whether a concentration of agmatine closer to 

physiological concentrations would affect the biofilms.  

To our knowledge, the effects of polyamines on P. aeruginosa biofilms have not 

been determined outside the addition of putrescine to the biofilms of PA14 by Williams 

et al. (271). The bacterium Yersinia pestis requires putrescine for biofilm formation 

(193), while norspermidine is essential for the species Vibrio cholerae (131). Even for the 

Gram-positive species Bacillus subtilis, spermidine promoted pellicle biofilm formation 

at just 5 μM (110). Based on these data and the results from the Williams et al. study 

(271), we hypothesized that the hyperproduction of agmatine, also a cationic small 

molecule, would increase biofilm production of the isolates compared to their aguA+ 

isogenic strains. One reasoning behind this hypothesis is protection from the chelating 

effects of eDNA that would affect outer membrane permeability and cell viability (115, 
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173), especially during nutrient starvation when Mg2+ and Ca2+ ions are limiting. 

However, the data do not support this hypothesis, so the acquired deletion mutations in 

aguA may not have been a result of selective pressure for enhanced biofilms. Conversely, 

the biofilms were only grown for 24 hours, so longer incubation times could provide 

more insight as to whether the hyperproduction of agmatine benefits the mutants. It also 

remains to be seen whether the agmatine renders the biofilms more or less susceptible to 

antibiotic killing and other stresses. All things considered, the deletion mutations in aguA 

appear to not provide an advantage to the clinical isolates in the form of enhancing in 

vitro biofilm formation. 

The biofilms of PA47-6 had considerably lower biomass compared to the other 

strains tested regardless of condition or aguA allele. A few possibilities include reduced 

expression of the other polysaccharides (Pel and Psl), one of the required adhesin proteins 

(flagellum and type IV pili), or the other ECM proteins (CdrA and FapC). Although, the 

deficiency is not likely to be flagellum production because the strain is motile. Both 

PA47-6 and PA54-11 are mucoidy strains, indicating the likelihood of a mutation in the 

alginate regulon. Alginate is not a required polysaccharide for biofilm formation (274), so 

the inability of PA47-6 to form a more robust biofilm with any of the tested conditions 

was peculiar. However, one study observed reduced biofilm formation in a PAO1 mucA 

mutant compared to wild type using the same microtiter assay (106). Despite that, the 

mucoidy PA54-11 strain was still capable of forming robust biofilms with this same 

assay. Therefore, the relatively decreased ability of PA47-6 to produce a robust biofilm 

may not be attributed to alginate production. As for the other polysaccharides, the pel 
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locus was identified in strain PA14 as responsible for the production of the pellicle at the 

air-liquid interface (69). This EPS was required for PA14 biofilm development (34, 35, 

69), but the biofilms of pel mutants from strains PAO1 and ZK2870 were unaffected (34, 

35, 148). Whereas both PAO1 and ZK2870 require the Psl EPS for biofilms (34, 35, 

148), strain PA14 has a three gene deletion in the psl locus and cannot produce this 

polysaccharide (70). In addition to PAO1 and ZK2870, numerous other clinical and 

environmental P. aeruginosa isolates also did not require the Pel polysaccharide for 

either attachment nor biofilm development and maturation (35). Thus, it is possible that 

PA14 has evolved to require Pel for biofilms formation due to its inability to produce the 

Psl polysaccharide. A defect in the ability of PA47-6 to produce Psl or Pel could explain 

the almost nonexistent biofilms of this strain. Further investigation into the genomic 

content of this strain is needed to explain the defect in biofilm formation.  

While there was no universal difference between the biofilms of the aguA+ and 

aguA- isogenic strains, all biofilms during this study were grown on polystyrene. 

Therefore, it remains to be seen whether any of the strains might produce vastly different 

biofilms in other conditions that better mimic the CF airways. Potential testing conditions 

include growing the isolates in a synthetic CF sputum medium (186), in minimal mucin 

medium (65), and on biotic surfaces. These additional studies may be more informative 

as to whether the aguA deletion mutations that cause agmatine hyperproduction are 

beneficial to P. aeruginosa biofilm formation. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Both the aguA+ and aguA- versions for each of the following P. aeruginosa strains 

were used: PA14, PA004, PA005, PA006, PA54-11, and PA47-6. All strains were grown 

on LB agar plates and incubated at 37°C. Several isolated colonies were picked for 

overnight cultures grown in LB broth at 37°C with shaking at 225 rpm. 

 

Microtiter P. aeruginosa biofilms 

The P. aeruginosa biofilms were grown and assayed according to a well-

established protocol (178). Overnight cultures grown in LB broth were resuspended in 

10% LB broth to an OD600 of ~0.2, then further diluted 1:10 in 10% LB broth. The 

diluted cultures were plated at 150 μL per well in clear, flat-bottom, 96-well plates 

(Sarstedt, Cat. #821581001). The plates were sealed with a Titer-Tops® (Diversified 

BioTech, Cat. #T-TOPS) sealing film to prevent evaporation and incubated at either room 

temperature (~25°C), 30°C, or 37°C. There was an additional set of biofilms grown at 

37°C with agmatine supplemented to 100 μM in 10% LB broth. After 24 hours the OD600 

of each well was recorded (without shaking prior to reading) before the supernatants were 

discarded to remove the planktonic cultures. The plates were then rinsed 3 times by 

completely submerging them in a pan filled with warm tap water. After gently tapping 

the plates on a stack of paper towels to remove excess water and any remaining 

planktonic cells the plates were allowed to dry completely the same day or overnight. 

Next, 175 μL of 0.1% crystal violet was added to each well and allowed to stain the 
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biofilms for 20 minutes with gentle rocking. The crystal violet was discarded and the 

plates were rinsed three times with warm tap water and tapped on paper towels to remove 

excess water and stain. The plates were allowed to dry completely before adding 175 μL 

of 30% acetic acid to dissolve the crystal violet for 20 minutes. The absorbance at 550 

nm (Abs 550 nm) was then measured for each well, and this value was divided by the 

previously-recorded OD600 to normalize for cell growth. At least 3 replicates per strain 

were tested with a minimum of 3 wells per replicate.  
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CHAPTER 4 – Agmatine alters Pseudomonas aeruginosa susceptibility to cationic 

antibiotics 

SUMMARY 

The purpose of this study was to determine whether the aguA deletion mutations (aguA-) 

provide a fitness advantage in the form of increased antibiotic resistance due to the 

accumulation of agmatine. A knockout of the arginine decarboxylase gene, speA, was 

created in the aguA deletion mutants (aguA-) to show that resistance was enhanced due to 

the buildup of agmatine and not from blocking the arginine decarboxylase pathway. 

Three aguA- strains (PA004, PA005, and PA47-6) had significantly higher IC50 values  

compared to both the aguA+ and aguA- speA- isogenic strains for the cationic antibiotics 

(gentamicin, tobramycin, colistin). While the three aguA- strains are not considered more 

resistant than their aguA+ isogenic strains because the minimum inhibitory concentrations 

(MIC) were the same, they were less susceptible to cationic antibiotics, but not the 

neutral-charged antibiotics (ceftazidime, doxycycline). This reduced susceptibility 

phenotype with regards to the cationic antibiotics persisted even when the concentrations 

of the outer membrane-stabilizing cations Mg2+ and Ca2+ were reduced in the growth 

medium. Reducing these cations, however, caused the aminoglycoside MICs to increase 

up to 10-fold and the polymyxin MICs to decrease by approximately 10-fold. Performing 

a growth curve at sub-MICs of these antibiotics showed that growth was delayed for both 

aguA- and aguA+ strains. However, the aguA- strain was able to overcome the inhibitory 

effects of the antibiotics faster than the aguA+ strain. This indicates agmatine 

accumulation may protect some cells from the killing effects of the cationic antibiotics. 
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INTRODUCTION 

Gram-negative antibiotic resistance mechanisms 

Bacteria isolated from cystic fibrosis (CF) sputum are often multidrug resistant 

(MDR). This MDR phenotype is in part due to the intrinsic antibiotic resistance 

mechanisms that are widespread among Gram-negative bacteria. These mechanisms 

include MDR efflux pumps, antibiotic-modification enzymes, and the nearly 

impermeable outer membrane (OM) as a result of selective porins (91). Gram-negative 

bacteria commonly isolated from sputum of CF patients – Achromobacter xylosoxidans, 

Burkholderia cenocepacia, Pseudomonas aeruginosa, and Stenotrophomonas maltophilia 

– all have these innate resistance mechanisms. The classes of antibiotics affected by these 

mechanisms include β-lactams, fluoroquinolones, tetracyclines, aminoglycosides, and 

chloramphenicol (137, 201). P. aeruginosa alone has 12 efflux pump systems, numerous 

modifying enzymes for the β-lactam and aminoglycoside classes of antibiotics, as well as 

more highly selective porins compared to other non-fermentative Gram-negative CF 

pathogens (91, 201). With the OM playing a major role in resistance for Gram-negative 

bacteria, further details regarding the outer leaflet of this membrane are crucial for 

understanding adaptive resistance in P. aeruginosa. 

 

Lipopolysaccharide and antibiotic susceptibility 

The endotoxin lipopolysaccharide (LPS) is a significant part of the OM of Gram-

negative bacteria. LPS is composed of three moieties: lipid A which anchors the molecule 

into the OM, core sugar, and O-antigen that is used for serotyping (95). This highly 
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anionic molecule is found in the outer leaflet of the OM and is exposed to the 

environment giving the cell an overall negative membrane potential (97). The negative 

charge is primarily attributed to phosphate groups found in lipid A and core 

oligosaccharide regions (62, 190). Dipositive cations Mg2+ and Ca2+ are known 

constituents of the OM that associate with the LPS molecules to help stabilize the OM 

and decrease membrane permeability (90, 99, 115). Chelating agents can remove these 

cations from LPS leading to destabilization and increased permeability of the OM (15, 

133, 173). As a result, bacteria are more susceptible to antimicrobials, especially those 

that are cationic such as polymyxins and aminoglycosides (12, 43, 96, 115, 163). 

However, P. aeruginosa and other Gram-negative bacteria have methods in which to 

counter breakdowns in this primary barrier. 

P. aeruginosa can change its LPS composition in response to cationic 

antimicrobial peptides, low Mg2+ concentrations (≤ 0.02 mM), and the presence of 

chelators (115, 163, 173). These conditions are sensed by the PmrAB two-component 

system (TCS) which signals the cell to add aminoarabinose moieties to phosphate groups 

within core sugar and lipid A regions of LPS (12, 172). This alteration reduces the overall 

negative charge of LPS and prevents OM disruption by cationic antimicrobial peptides 

(172). B. cenocepacia is thought to have constitutive expression of this aminoarabinose 

side group on its LPS, which is thought to be a main contributor to innate resistance of 

this bacterium to cationic antimicrobials (154). Interestingly, Mg2+ has been measured at 

~0.6 mM in CF sputum (186). Thus, P. aeruginosa is likely not lacking this cation in vivo 

to help stabilize its OM and protect it against antibiotic treatment during CF airway 
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colonization. Consequently, P. aeruginosa can also use cationic small molecules as 

substitutes when the divalent cations such as magnesium are limiting (115).  

 

Polyamines affect antibiotic resistance  

Similar to intracellular processes involving polyamines, the cationic nature of 

these molecules also makes them ideal for external electrostatic interactions with anionic 

molecules such as LPS. Previously, polyamines were found in the OM of other Gram-

negative species bound to LPS molecules at a concentration of ~195 nmol per milligram 

of LPS (120). This was almost four times the amount found in the cytoplasmic membrane 

(120). Polyamines may also be constituents of the OM for P. aeruginosa. In 2012 

Johnson et al. found that the same conditions that prompt this bacterium to modify its 

LPS structure via the PmrAB TCS also trigger the production and secretion of spermidine 

to the OM to aid in stabilization and reduce OM permeability (115). The activated genes 

are different than those expressed during spermidine synthesis from putrescine (142), 

suggesting a dedicated role for adaptive resistance and OM stability.  

 

Mutations associated with antibiotic resistance 

In addition to resistance mechanisms described above, pathogens infecting the 

lungs of CF patients can also acquire resistance from other colonizing strains via 

horizontal gene transfer (67, 243). Additionally, the constant selective pressure of 

antibiotics selects for mutations in genes associated with resistance (147, 201). These 

mutations are commonly found in the protein targets of the drugs, such as DNA gyrases 
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for fluoroquinolones, ribosomal subunits for aminoglycosides and tetracyclines, and 

penicillin-binding proteins for β-lactams (201). In P. aeruginosa other common 

mutations include the mucoidy phenotype from alginate overproduction, upregulation of 

drug efflux pump expression, reduced porin expression in the OM, and small colony 

variants where the bacteria grow at a slower rate compared to environmental and lab 

strains (78, 104, 203, 236). Furthermore, the possibility for other mutations to occur that 

also contribute to resistance is likely, such as genes involved in polyamine synthesis. 

Agmatine is a precursor to essential polyamines via the arginine decarboxylase 

(ADC) pathway (Figure 1.4). Kwon et al. (125) showed that supplementing polyamines 

and agmatine into the growth medium can increase the minimum inhibitory concentration 

(MIC) of some antibiotics, in particular the cationic aminoglycosides and polymyxins 

(Figure 4.1). Building on these previous findings, this chapter tests the hypothesis that the 

accumulation of endogenous agmatine caused by deletion mutations in aguA would also 

increase the MICs for the cationic antibiotics. 
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Figure 4.1 Structures of the cationic polymyxin and aminoglycoside antibiotics. 
Depicted are the structures of polymyxin B and tobramycin (aminoglycoside) antibiotics. 
The multiple primary amino groups that give the molecules their positive charges are 
numbered (blue). Images of structures taken from Wikimedia.org 
(https://commons.wikimedia.org/w/index.php?curid=4727842, and 
https://commons.wikimedia.org/w/index.php?curid=14813267). 
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RESULTS 

Antibiotic disc diffusion assays 

One hypothesis to explain why the aguA deletion mutations would be beneficial is 

that the accumulation of agmatine both within the cell and the local environment affects 

antibiotic resistance. This was based on previous studies that showed supplementing 

agmatine at 20 mM increased the MICs of some antibiotics (125). To test our hypothesis, 

we used the disc diffusion method (269) to differentiate the degrees of resistance between 

the aguA- (agmatine hyperproducer) and aguA+ isogenic strains. With this method, the 

susceptibility and resistance of a bacterium to an antibiotic can be determined by 

measuring the area of no growth (zone of inhibition, ZOI) around a disc infused with a 

certain concentration of an antibiotic. The diameter of the ZOI dictates whether a strain is 

susceptible or resistant to that antibiotic. The ZOIs for the aguA isogenic strains were 

compared to each other (aguA- versus aguA+) for each antibiotic in the presence and 

absence of 100 μM agmatine.  

Although there were a few visible and/or measureable differences between the 

two strains, there was no consistent difference for each antibiotic type among the strains 

tested (Tables 4.1-3). Most of the ZOIs were easily measured because the border edge of 

growth was clearly distinguishable (Figure 4.2A), but for some antibiotics that border 

was hazy (Figure 4.2B). Therefore, the border was defined as the edge of any visible 

growth and applied to each strain for that antibiotic. There was also no consistent 

difference between the ZOIs of the plates supplemented with agmatine and those without 

(Tables 4.1-3).  
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Figure 4.2 Antibiotic disc diffusion assay demonstrating difficulty in assessing 
difference in resistance. The isogenic aguA- and aguA+ strains were streaked side-by-
side on the same MHA-2 plate and subjected to the same antibiotic for 24 hours at 37°C. 
(A) Some antibiotic ZOIs were clear with the edge of growth easily identifiable (yellow 
arrow), (B) while others were difficult to ascertain due to a hazy growth at the edge 
(yellow arrow).  
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Antibiotic MICs and Dose-Response Curves 

Although the disc diffusion method is useful for determining resistance of 

individual strains, it is not a suitable method when trying to measure differences in 

resistance between two strains. This is because the measuring technique involves human 

estimations on the exact boundary of the ZOI, as well as the small differences 

(millimeters) that may arise when comparing two strains. Thus, a more robust method 

was needed to determine whether agmatine affected antibiotic resistance between the 

aguA- and aguA+ strains. Therefore, we tested the minimum inhibitory concentrations 

(MIC) of antibiotics using a microtiter plate-based assay that relies on spectrophotometry. 

The cationic aminoglycosides (gentamicin and tobramycin) and polymyxins (colistin and 

polymyxin B) were tested along with a neutrally-charged β-lactam (ceftazidime), and a 

tetracycline (doxycycline) that are commonly prescribed in the CF clinic. Also, to 

demonstrate that the differences in susceptibility were due to agmatine accumulation and 

not just blocking the ADC pathway, a double mutant of agmatine metabolism (aguA- 

speA-) was also tested simultaneously. The 50% inhibitory concentration (IC50) value for 

each antibiotic was determined and a dose-response curve was generated for each 

antibiotic. 

Contrary to our hypothesis, aguA- strains (agmatine hyperproducers) did not have 

higher resistance compared to the aguA+ strains because the MICs were the same (data 

not shown) (25). However, for three of the five isolates (PA004, PA005, and PA47-6) 

there was a significant decrease in susceptibility at subinhibitory concentrations of the 

cationic antibiotics for the aguA- strains compared to their aguA+ counterparts, which is 
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evident in the dose-response curves (Figures 4.3, 4.4, and 4.7C-F). This was not true for 

the neutral antibiotics tested (ceftazidime and doxycycline) (Figures 4.3, 4.4, and 4.7A & 

B). Statistical analysis results for the IC50 values of PA004, PA005, and PA47-6 are 

shown in Table 4.4. For isolate PA54-11 (Figure 4.6) there was no difference in the IC50 

values between the aguA+ and aguA- strains. The IC50 values for isolate PA006 were not 

comparable as the growth rates for the three different strains were not evenly matched 

(Figure 4.5).  

Colony forming units (CFUs) were counted for the PA004 aguA- and aguA+ 

strains to complement the OD600 measurements. The differences in CFUs were 2 to 20-

fold more for the aguA deletion mutant at the subinhibitory concentrations of gentamicin, 

tobramycin, and colistin compared to the aguA+ isogenic strain (data not shown). These 

data suggest that the deletions in aguA and the resulting agmatine accumulation may be 

beneficial for some P. aeruginosa strains colonizing the CF airways. 
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Figure 4.3 Antibiotic dose-response curves for PA004 reveal higher IC50 values for 
the agmatine hyperproducer against the cationic antibiotics. The agmatine metabolic 
mutants aguA- and aguA- speA- were compared to aguA+ for differences in the IC50 values 
to neutral (A & B) and cationic (C-F) antibiotics.  
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Figure 4.4 Antibiotic dose-response curves for PA005 reveal higher IC50 values for 
the agmatine hyperproducer against the cationic antibiotics. The agmatine metabolic 
mutants aguA- and aguA- speA- were compared to aguA+ for differences in the IC50 values 
to neutral (A & B) and cationic (C-F) antibiotics.  
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Figure 4.5 Antibiotic dose-response curves for PA006 are not comparable between 
the strains. The agmatine metabolic mutants aguA- and aguA- speA- were compared to 
aguA+ for differences in the IC50 values to neutral (A & B) and cationic (C-F) antibiotics.  
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Figure 4.6 Antibiotic dose-response curves for PA54-11 do not show a difference 
between the strains. The agmatine metabolic mutants aguA- and aguA- speA- were 
compared to aguA+ for differences in the IC50 values to neutral (A & B) and cationic (C-
F) antibiotics.  
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Figure 4.7 Antibiotic dose-response curves for PA47-6 reveal higher IC50 values for 
the agmatine hyperproducer against the cationic antibiotics.  The agmatine metabolic 
mutants aguA- and aguA- speA- were compared to aguA+ for differences in resistance to 
neutral (A & B) and cationic (C-F) antibiotics.  
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MICs and dose-response curves for other Gram-negative CF pathogens 

While P. aeruginosa often becomes the dominant pathogen isolated in the later 

years of CF patients, other Gram-negative pathogens – A. xylosoxidans, B. cenocepacia, 

and S. maltophilia – also contribute to disease progression. Therefore, we hypothesized 

agmatine would reduce susceptibility to the cationic antibiotics for these pathogens 

similar to the P. aeruginosa strains. The cationic antibiotic MICs for CF isolates of these 

species were also tested both with and without 100 μM agmatine.                   

B. cenocepacia is notoriously resistant to the aminoglycosides and polymyxins 

(154), which was the case when trying to determine the MIC for this species. Three 

different CF isolate strains (BC001, BC002, and BC003) were all resistant up to 200 

μg/mL for the aminoglycosides and 100 μg/mL for the polymyxins, so they were omitted 

from further testing. There was no difference between the agmatine conditions for          

A. xylosoxidans strain AX001 for any of the antibiotics tested (data not shown). The 

MICs for this strain were 200 μg/mL for gentamicin, 50 μg/mL for tobramycin, and 0.25 

μg/mL for both colistin and polymyxin B. For S. maltophilia strain SM001 there was a 

significant difference in the gentamicin IC50 values based on the presence or absence of 

100 μM agmatine (Figure 4.8), but not the other three antibiotics (data not shown). The 

antibiotic MICs for this strain were 2.5 µg/mL for both gentamicin and tobramycin, and 2 

μg/mL for both colistin and polymyxin B. Thus, agmatine may only be beneficial 

depending on the species, strain, and resistance profile for other Gram-negative 

pathogens of CF.  
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Figure 4.8  Dose-response curve reveals agmatine increases the gentamicin IC50 for 
Stenotrophomonas maltophilia SM001. S. maltophilia strain SM001 was tested for 
differences in susceptibility to the aminoglycoside gentamicin in the presence and 
absence of 100 μM agmatine.  
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Subinhibitory MICs with reduced Mg2+ and Ca2+ 

Previous studies have shown that lowering the Mg2+ concentration in the growth 

medium increases permeability of the OM, which in turn increases antibiotic 

susceptibility (96, 99, 115). This is due to the lower stability of the OM resulting from the 

repulsion of the highly anionic LPS molecules within the outer leaflet. Cationic 

antimicrobial peptides and the polymyxin antibiotics function by displacing the Mg2+ 

ions from LPS molecules and undergoing self-promoted uptake (156, 169). For the 

aminoglycosides the primary mechanism is inhibiting protein translation. Although, 

disruption of the OM is another mechanism due to self-promoted uptake, similar to the 

action of antimicrobial peptides and polymyxins (96, 157). We hypothesized that the 

aguA- strain would still be less susceptible to the aminoglycosides and polymyxins than 

the aguA+ strain when reducing the Mg2+ and Ca2+ concentrations in the growth medium.  

The aguA deletion mutants had higher OD600 measurements for almost all 

conditions in the presence of antibiotics (Figure 4.9), likely due to agmatine substituting 

for Mg2+ and Ca2+ in the OM to stabilize the LPS molecules. By decreasing the 

concentration of the cations Mg2+ and Ca2+ from what is in MHB-2, the MIC for both 

strains increased by ~10-fold for the aminoglycosides (Figure 4.9C-D), but decreased 

~10-fold for the polymyxins (Figure 4.9A-B). In the presence of polymyxins, growth of 

both strains decreased (as measured by OD600) as the cation concentrations decreased 

from 50% to 0%.  The opposite occurred in the presence of the aminoglycosides as 

growth increased when the Mg2+ and Ca2+ concentrations decreased. These data suggest 

that agmatine hyperproduction increases the MICs for the aminoglycoside antibiotics, but 
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reduces the MICs for the polymyxins. Tobramycin (aminoglycoside) is the most 

commonly prescribed antibiotic in the CF clinic, therefore, patients harboring a P. 

aeruginosa agmatine hyperproducer may need to use a different drug class for maximum 

efficacy.  

 

 
 

Figure 4.9 Agmatine accumulation benefits P. aeruginosa PA004 growing in reduced 
Mg2+ and Ca2+ concentrations at cationic antibiotic sub-MICs. The PA004 aguA- and 
aguA+ strains were tested against the polymyxins (A & B) and aminoglycosides (C & D) 
at reduced Mg2+ and Ca2+ concentrations. Mg 0 = Mg2+ and Ca2+ concentration in MHB, 
Mg 25% = Mg2+ and Ca2+ at 25% the concentration in MHB-2, and Mg 50% = Mg2+ and 
Ca2+ at 50% the concentration in MHB-2, Control = no antibiotic in MHB. 
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Growth curves with sub-MIC concentrations 

As shown in Figures 4.3-7, some of the aguA- strains that cannot break down 

agmatine grew better at subinhibitory concentrations of the cationic antibiotics after 24 

hours. However, it was unclear whether the growth for aguA+ was delayed or stunted 

compared to aguA- because the OD600 measurements were recorded as an endpoint. To 

investigate their growth phenotypes further, the PA004 aguA- and aguA+ strains were 

grown in MHB-2 at sub-MICs for each cationic antibiotic for 36 hours and monitored by 

cell density over time. The curves indicate that growth is delayed for both strains for 

approximately the first 10 hours when in the presence of the polymyxins, but the aguA- 

strain is able to overcome the inhibition faster than the aguA+ strain (Figure 4.10A-B). 

For the aminoglycosides growth appears to be suppressed more for the aguA+ strain later 

in the curve compared to the aguA- strain (Figure 4.10C-D). Ultimately, the antibiotics 

seem to both delay and stunt growth for the strains, but even more so for the aguA+ 

strain. These data suggest that the aguA deletion mutations do not prevent the inhibitory 

effects of the cationic antibiotics, but they may reduce susceptibility to cationic 

antibiotics in vitro. 
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Figure 4.10 Growth curves with antibiotics show a longer delay in growth for aguA+ 
compared to aguA-. PA004 aguA- and aguA+ strains were grown in MHB-2 with sub-
MICs of colistin (0.1 μg/mL), polymyxin B (0.1 μg/mL), gentamicin (0.2 μg/mL), and 
tobramycin (0.1 μg/mL) for 36 hours at 37° without shaking. Graphs shown are of one 
replicate per strain that were grown simultaneously for each antibiotic, but represent 
similar results from multiple experiments.  
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DISCUSSION 

In this study, we found that the accumulation of agmatine as a result of the 

deletions in aguA decreased susceptibility to polymyxin and aminoglycoside classes of 

antibiotics. Our hypothesis stemmed from previous studies that tested whether the 

addition of polyamines to the growth medium would affect resistance (115, 125). Kwon 

et al. (125) grew strain PAO1 in a minimal medium with 20 mM of agmatine and 

observed a 4-fold increase in the MICs for kanamycin and gentamicin. Only in the 

presence of spermidine (20 mM) or spermine (1 mM) did the MICs of the polymyxins 

increase (125). We showed that agmatine produced by the bacteria rather than 

supplementing it into the medium was also able to reduce susceptibility to the cationic 

antibiotics. Three of the five strains (PA004, PA005, and PA47-6) had significant 

differences in IC50 values for the cationic antibiotics between the aguA- and aguA+ 

strains. The other two aguA mutants (PA006 and PA54-11) were either incomparable due 

to differences in growth rate between the aguA- and aguA+ strains (PA006), or there was 

no difference between the two strains (PA54-11). However, it is worth noting that the 

aminoglycoside MICs for PA54-11 were higher (40 μg/mL for gentamicin, and 25 μg/mL 

for tobramycin) compared to all other strains tested. It is likely that with such high 

antibiotic concentrations any differences in susceptibility may not be detectable unless 

the ranges of antibiotic concentrations tested were narrowed and closer to the MIC. Also, 

in the study by Kwon et al. (125) agmatine was added at 20 mM which led to a 4-fold 

increase in the MIC of gentamicin for PAO1 from 0.5 μg/mL to 2 μg/mL. While we did 

not measure the concentration of agmatine produced by PA54-11 in a 24 hour culture, the 
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highest we did measure was 40 μM with PA006 (Table 2.1). Therefore, a lower agmatine 

concentration may not have any effect at such high antibiotic concentrations; however, 

testing the antibiotics in a narrower range closer to the MIC would provide more insight.  

The effects of agmatine hyperproduction when the Mg2+ and Ca2+ concentrations 

were reduced were also tested on strain PA004 as this condition was previously shown to 

affect antibiotic susceptibility (115). Here, we showed that even with lower divalent 

cation concentrations in the growth medium the bacterial-derived agmatine was still 

beneficial against the polymyxins and aminoglycosides at sub-MICs. The differences in 

OD600 measurements observed from the end-point MIC assays were due to a delay and 

stunting in growth of aguA+ compared to aguA-. These differences were demonstrated via 

growth curves performed in the presence of sub-MICs for the cationic antibiotics. 

Overall, the aguA deletion mutation does provide an advantage in vitro to some P. 

aeruginosa isolates with regards to antibiotic susceptibility.  

The polymyxins contain a ring of neutral and cationic amino acids attached to a 

tail with ketones and amino groups that ends in a short hydrocarbon chain (Figure 4.1). A 

2009 study modeled the interaction of polymyxin B with an LPS molecule showing the 

amino groups in the ring associating with the phosphate groups in the lipid A core and the 

carboxyl groups of the core sugar (156). This interaction displaces Mg2+ ions associating 

with LPS allowing for the polymyxin to disrupt the membrane with its large structure 

through self-promoted uptake (92). In 2012, Johnson et al. showed that reducing the Mg2+ 

concentration in the growth medium resulted in greater OM permeability and higher 

susceptibility to polymyxin B and other antimicrobial peptides. P. aeruginosa was able to 
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sense low Mg2+ concentrations and produce spermidine to counter the permeability 

issues. The deletions in aguA resulting in agmatine buildup appear to be a beneficial 

mutation in which the effects are similar to the adaptive spermidine response. The 

primary mechanism of action for aminoglycosides is inhibiting protein translation via 

binding to ribosomes, but Hancock et al. (96) showed these antibiotics can also disrupt 

the OM and undergo self-promoted uptake. Thus, the constant production of agmatine 

may reduce this type of susceptibility to such antimicrobials. Future studies investigating 

the OM permeability of both aguA- and aguA+ strains, as well as whether agmatine is 

found in the OM, might provide further insight as to the specific mechanism by which 

agmatine hyperproduction benefits these P. aeruginosa isolates. 

P. aeruginosa is not the only Gram-negative pathogen associated with CF, nor is 

it the only multi-drug resistant pathogen. Three other species – A. xylosoxidans,              

B. cenocepacia, and S. maltophilia – are also commonly isolated from patient sputa and 

contribute to the pathogenesis of the disease (100, 154, 238). Therefore, we hypothesized 

that agmatine hyperproduction from co-infecting P. aeruginosa strains would decrease 

antibiotic susceptibility for these other CF pathogens. Since none of the strains appeared 

to metabolize agmatine (Figure 2.2), and based on the highest agmatine concentration 

(~40 μM) from 24 hour cultures of P. aeruginosa CF isolates, it was decided that 100 μM 

agmatine would be appropriate. However, only the strain S. maltophilia SM001 

benefitted from the addition of agmatine, and this was only when grown in the presence 

of gentamicin with an MIC of 2.5 μg/mL. B. cenocepacia is intrinsically resistant to 

aminoglycosides and polymyxins due to its LPS structure (154).  A. xylosoxidans was 
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also shown to be highly resistant to aminoglycoside antibiotics due to the resistance 

nodule-type multidrug efflux pump system AxyXY-OprZ (9). This intrinsic resistance 

would explain the higher MICs seen with strain AX001 for this class of antibiotics. 

Therefore, supplementing agmatine into the growth medium for either species – B. 

cenocepacia or A. xylosoxidans – likely has no benefit for the bacteria regarding 

susceptibility to aminoglycosides.  

Initially, the isogenic strains were tested for differences in resistance using the 

disc diffusion assay. However, the assay presented problems in trying to ascertain 

differences in susceptibility between the isogenic strains. One issue was determining the 

exact outer edge of the zone of inhibition (ZOI) for some antibiotics (Figure 4.2) because 

the bacterial growth did not stop abruptly and was hazy. Another complication is the 

assay requires human judgment to determine the exact size of the ZOI, and the 

measurements can vary from person to person, which further complicates the first issue 

mentioned above. Therefore, we decided to take a different approach to answer the 

question of whether agmatine hyperproduction affects resistance by using the microtiter 

plate-based assay. Even though this method is still artificial and does not show how the 

deletion mutations in aguA affect bacterial fitness and survival in vivo, the results of the 

experiments performed using this method suggest there could be a benefit to acquiring 

the mutations. 

The isolates collected from CF patients at the University of Minnesota (PA004, 

PA005, PA006) are considered hypermutators due to the deletions in the DNA mismatch 

repair gene mutL (182). Hypermutators are known to introduce 100 times more mutations 
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than strains without mutations in a DNA mismatch repair gene, so it is possible that the 

deletions in aguA came as a result of being a hypermutator. Additionally, this mutation 

may have been selected for due to antibiotic pressure and the frequency of CF patients 

prescribed tobramycin to treat P. aeruginosa during times of exacerbations. Although the 

data within this study suggest an advantage to having the deletions in aguA, it remains to 

be seen if the benefit holds true in vivo. One method would be to subject the sputa of CF 

patients harboring aguA deletion mutants to polymyxins and aminoglycosides for 24 

hours at the concentration cutoff for resistance of each drug, then determine if the 

mutants were in the surviving population. Additionally, both the aguA- and aguA+ strains 

could be embedded in agarose beads to induce a chronic pneumonia in mice (~2+ weeks). 

Then, the cationic antibiotics would be administered to determine if the agmatine 

hyperproducers (aguA-) outnumber the agmatine metabolizers (aguA+) post antibiotic 

treatment. We predict both studies to show a favorable outcome for the aguA- strain 

compared to its aguA+ counterpart. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Clinical strains used during this study: Pseudomonas aeruginosa PA004, PA005, 

PA006, PA54-11, and PA47-6, Achromobacter xylosoxidans AX001, Burkholderia 

cenocepacia BC001, BC002, and BC003, and Stenotrophomonas maltophilia SM001. 

Strains were grown on LB agar plates for 48-72 hours at 37°C. For overnight 

cultures all strains were grown in LB broth at 37°C with shaking. Mueller-Hinton Broth 2 

(MHB-2) (Sigma-Aldrich, Cat. #90922) was used for testing antibiotic resistance and 

minimum inhibitory concentrations (MIC). For the experiments using reduced Mg2+ and 

Ca2+ concentrations, Mueller-Hinton Broth (Sigma-Aldrich, Cat. #70192) was mixed 

with MHB-2 in the appropriate ratios to produce the 50% and 25% concentrations of the 

cations found in MHB-2. Agmatine was purchased from Sigma-Aldrich (Cat. #A7127) 

and supplemented at 100 μM for the non-pseudomonad bacterial strains. 

 

Antibiotic disc diffusion assays 

Mueller-Hinton agar 2 (MHA-2) plates were made using 50 mL MHA-2 poured 

into 15x150 mm petri dishes with or without 100 μM agmatine and used the next day. 

Overnight cultures in LB broth were diluted to OD600 0.2 in fresh MHB-2, then further 

diluted 100-fold in MHB-2. One half of an MHA-2 plate was streaked with the diluted 

aguA- culture, and the other half with the aguA+ culture using a sterile cotton swab. The 

residual liquid was allowed to dry prior to adding two discs of the same antibiotic on each 

half of the plate. The tested antibiotics were ceftazidime, piperacillin/tazobactam, 
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polymyxin B, gentamicin, and tobramycin. The plates were incubated at 37°C for 24 

hours and then imaged using a G:BOX (Syngene) with the transwhite light, the Sybr 

Gold filter, and the camera zoomed at the same level for all plates. The images were 

analyzed with ImageJ, and the diameter of the zone of inhibition was measured three 

times per disc and averaged for both discs. 

 

Antibiotic minimum inhibitory concentrations  

The MIC of each antibiotic was tested using MHB-2 in a microtiter assay with a 

flat-bottom 96-well plate (Sarstedt, Cat. #821581001). The antibiotics tested were 

ceftazidime, colistin, doxycycline, gentamicin, polymyxin B, and tobramycin. Cultures 

were grown in triplicate per strain overnight in LB broth, brought to OD600 of 0.2 in fresh 

MHB-2, then diluted 100-fold in MHB-2. The 96-well plates were prepared with 100 μL 

of MHB-2 containing two-fold dilutions of antibiotics, and then 100 μL of the diluted 

overnight cultures was added to each well. Positive growth controls were included for 

each replicate that were not subjected to antibiotics. Uninoculated wells with MHB-2 

only were used for negative controls and blank subtractions of the OD600 measurements. 

The plates were covered with Titer Tops® (Diversified Biotech, Cat. #T-TOPS) adhesive 

seals to prevent evaporation, and then placed at 37°C for up to 24 hours when the OD600 

values were measured in a BioTek Synergy H1 plate reader. Each strain was grown in 

triplicate with 4 wells per replicate. The OD600 measurements of the 4 wells per replicate 

were averaged, and then the blank average was subtracted from each averaged OD600 

measurement. 
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Data were analyzed in GraphPad Prism v.7.04 using a nonlinear regression with a 

four-parameter logistic function. The 50% inhibitory concentrations (IC50) for each 

antibiotic were determined and compared using one-way Kruskal-Wallace ANOVA.  

 

Antibiotic resistance with reduced Mg2+ and Ca2+ concentrations 

The PA004 aguA- and aguA+ strains were further tested for resistance against the 

aminoglycosides and polymyxins when the concentrations of Mg2+ and Ca2+ were 

reduced to 50%, 25%, or 0% of the amount in MHB-2. The assays were performed 

exactly as described in the section for MIC determination, except a single subinhibitory 

concentration for each antibiotic was used. Data were analyzed in GraphPad Prism 7 

using multiple t tests, one per row, for the mean, standard deviation, and replicate number 

for each condition comparing the aguA- strain to the aguA+ isogenic strain. 

 

Colony forming unit counts 

The number of colony forming units (CFU) were determined for the PA004 aguA- 

and aguA+ strains to complement the OD600 measurements for the MICs. These were 

performed on a single subinhibitory concentration of the cationic antibiotics (gentamicin, 

tobramycin, colistin, and polymyxin B) at the beginning and end of the microtiter MIC 

assays to determine initial and final CFU counts, respectively. Initial CFUs were counted 

by performing 10-fold dilutions in PBS for each replicate starting culture and plating onto 

LB agar using the drip plate method using 10 μL of each dilution. CFUs were counted 

after 48 hours incubation at 37°C when colonies were large enough to count. At assay 



 

 111 

completion after recording the OD600 for each well, 30 μL from each well of one replicate 

was pooled for the tested antibiotic or growth control condition, then serially diluted 10-

fold in PBS for CFU counts on LB agar drip plates. All replicates for each strain was 

plated for CFU counts. 

 

Growth curves at sub-MICs 

Overnight cultures were diluted in MHB-2 to OD600 0.2 and then further diluted 

1:100 in MHB-2. The diluted bacterial cultures were plated at 100 μL per well in a 96-

well plate with 100 μL of MHB-2 plus antibiotic already plated. Growth control wells 

were 100 μL of diluted culture plus 100 μL MHB-2. The plates were sealed with a 

PlateMax® AxySeal Sealing Film (Axygen, Cat. #PCR-SP) and then placed in the 

BioTek Synergy H1 plate reader. A kinetic assay was set up to read the OD600 every hour 

starting at time 0 and a final read at 36 hours. There was an initial 5 second linear and 5 

second orbital shake prior to reading at time 0, but no other shaking occurred throughout 

the assay. The plate was incubated at 37°C during the assay. 
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CHAPTER 5 – Agmatine affects the host immune response  
 
 

SUMMARY 

In this study we determined the host immune response to bacteria and lipopolysaccharide 

(LPS) in the presence of agmatine in vivo using an acute pneumonia mouse model and in 

vitro using epithelial cell cultures. The PA004 aguA deletion mutant strain (agmatine 

hyperproducer) and its aguA+ counterpart were intratracheally injected into mice and 

allowed to run a course of pneumonia for 24 hours. Bronchoalveolar lavage fluids were 

used to determine the neutrophil recruitment and final bacterial load. The aguA- bacteria 

recruited 40% fewer neutrophils on average than the aguA+ strain, but the final colony 

forming unit counts were not significantly different. To complement these results, an in 

vitro experiment using three lung epithelial cell lines were tested for their IL-8 

production in response to LPS with or without agmatine in the growth medium. When 

stimulated with LPS in the presence of higher agmatine concentrations, two of the cell 

lines produced less IL-8 compared to the LPS-only control. The other cell line did not 

produce more IL-8 in the presence of LPS compared to the negative control. Altogether, 

these data indicate that agmatine reduces the in vivo and in vitro immune responses to 

bacteria and LPS, respectively. This suggests the aguA deletion mutations acquired by P. 

aeruginosa clinical isolates are likely a beneficial adaptation that aids in reducing 

detection by the host via agmatine hyperproduction. 
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INTRODUCTION 

Cystic fibrosis pathogenesis 

The major underlying factor leading to cystic fibrosis (CF) lung function decline 

is the production of a thicker mucus that accumulates and obstructs the airways due to 

impaired clearance (147). This mucus buildup permits chronic colonization of pathogens 

that elicit inflammatory immune responses, which in turn permanently damage the 

airways (147). CF patients are prescribed numerous antibiotics to help combat the 

pathogens, but multidrug resistance and adaptation to the airways through genetic 

mutations are common (28, 200). Since the host’s system for mucus clearance is rendered 

ineffective due to the thickness of the mucus, the colonizing pathogens are constantly 

triggering immune responses (147). This recurring host-pathogen interaction driving 

inflammation and lung damage presents a burden for improving patient health. Therefore, 

having a better understanding of this interaction is important for developing better 

treatments. 

 

Lipopolysaccharide - a pathogen-associated molecular pattern 

Several Gram-negative bacterial species are commonly isolated from CF sputum 

that make the immunogenic endotoxin lipopolysaccharide (LPS) (147). On its own, LPS 

can cause septic shock as it elicits a robust inflammatory response (46). The overall 

structure of LPS is based on three regions – lipid A, core sugar, and O-antigen - that vary 

greatly among Gram-negative bacteria and even within the same species based on growth 

conditions (Figure 5.1) (33, 58, 59, 126, 130, 210, 248, 265). The lipid A moiety is the 
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biologically active component that causes an innate immune response (58), while 

antibodies against the O-antigen can be found in serum (95, 98). LPS is recognized by the 

host via toll-like receptors (TLR) on both immune and epithelial cells (225). Host 

epithelial cells detect LPS by secreting LPS binding protein (LBP) that binds LPS and 

passes it on to CD14, which then transfers the LPS monomer to MD-2 that then interacts 

with TLR4 (51, 196, 247). The interaction between LPS and LBP is based on ionic 

bonding between the negatively charged lipid A moiety of LPS and the positively 

charged amino acid residues in the binding pocket of LBP (143). This interaction can be 

disrupted by other competitive molecules, such as cationic antimicrobial peptides, which 

in turn affects the immune response (223).  

 

Antimicrobial peptides 

Many tissues in the human body produce antimicrobial peptides (AMP) (93, 97). 

Several AMPs are cationic in nature, and their bactericidal effects are a result of acting on 

the negatively charged membranes of Gram-negative bacteria (93). These AMPs, 

including the antibiotic polymyxin B, were shown to disrupt the binding between LBP 

and LPS (223). This disruption affects the downstream TLR4 signaling and reduces pro-

inflammatory cytokine production, thus dampening the immune response (72, 77, 107, 

117, 224, 259, 261). Polymyxin B interacts with LPS in a 1:1 ratio (170, 171), where 

amino side groups of polymyxin B associate with anionic phosphates attached to glucose 

molecules of lipid A, as well as acidic side chains of the core sugars (156) (Figure 5.1). 

This interaction would explain how other cationic AMPs interfere with binding between 
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LPS and LBP, and why early studies showed polymyxin B reduced immunostimulatory 

effects of LPS (170, 171). 

Sequestering endotoxin to prevent septic shock has been a lucrative field of study, 

which is why cationic AMPs have received a lot of attention as potential therapeutics (31, 

45, 94, 278). Several synthetic AMPs have been designed based on naturally occurring 

AMPs and their associated properties (22, 31, 45, 52, 278). However, a major limitation 

is the toxicity of these synthetic AMPs, which is common with AMPs produced by other 

organisms (22, 45, 93). Thus, the promising effects of less toxic small cationic molecules 

to neutralize LPS monomers has also been studied extensively (1, 5, 17, 46, 82). 

 

Small cationic molecules and LPS 

The outer membrane (OM) of Gram-negative bacteria contains the divalent 

cations Mg2+ and Ca2+ that bind the anionic LPS and aid in OM stability through salt 

bridging (38, 102, 115, 197, 221). Polyamines, cationic small molecules essential for 

many cellular processes, were also found in the outer membrane (OM) of Gram-negative 

bacteria (72, 115, 120). They cross-link LPS molecules similar to divalent cations and 

also serve to stabilize the OM (115, 120). Conditions such as low Mg2+ concentrations or 

the presence of polymyxin B trigger P. aeruginosa to produce and secrete the polyamine 

spermidine (115). This response was shown to both reduce the permeability of the OM as 

well as increase resistance to polymyxin B (115, 172). Polyamines and polyamine 

derivatives have been shown to bind and sequester LPS molecules (5, 46, 197), which is 

what makes them a potential therapeutic to reduce the immunostimulatory effects of LPS.  
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Figure 5.1 P. aeruginosa LPS structure and interactions with cationic molecules. 
Mares et al. (156) determined where the cationic amino acid residues within polymyxin B 
interact with the phosphates of lipid A and carboxylic acid of the core sugar regions of 
LPS (blue arrows). These locations are also where Mg2+ and other cationic molecules 
bond ionically with LPS (90, 99). LPS structure based on Lau et al. (130). Molecule 
drawn with ChemDraw (PerkinElmer Informatics). 

 

 

Agmatine and the LPS-induced inflammatory response 

Agmatine biosynthesis in mammalian tissues was first discovered in 1994 by Li et 

al., but its effects on mammalian tissues had been studied for years prior (198). Current 

knowledge points towards a neuroprotective role for agmatine (198). Depression and 

anxiety in rats challenged with LPS was lower if they were pretreated with agmatine 

compared to the control group (251). This reduction in depression and anxiety coincided 

with a reduction in the pro-inflammatory cytokines IL-6 and TNF-α. Agmatine also 

decreased stress-induced and LPS-induced hyperthermia, as well as the nitrite and nitrate 

levels in blood plasma, in rats in a dose-dependent manner (6). Another study showed 

agmatine attenuates the production of reactive oxygen species in macrophages challenged 

with LPS (30). Agmatine was also shown to reduce the macrophage TNF-α response to 

LPS in a dose-dependent manner (194). These studies all included stimulation with LPS 

and showed subsequent dampening of inflammatory symptoms and factors associated 

with LPS challenge when agmatine treatment was included.  

As previously mentioned, inflammation caused by the presence of pathogens in 

the airways of CF patients permanently damages the lung tissues and leads to reduced 

lung function over time. While P. aeruginosa is the dominant species cultured from CF 
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sputa in older patients and is the primary cause of morbidity in CF, it is also notorious for 

acquiring beneficial mutations leading to decreased immunostimulatory properties (144). 

One such type of mutation involves the loss of flagellar expression that is detected by 

TLR5 (145, 257). This bacterium also responds to OM damaging agents by secreting 

spermidine and adding aminoarabinose side groups to its LPS molecules that reduce the 

overall negative charge of LPS (115, 163, 172). The addition of aminoarabinose to the 

lipid A moiety in P. aeruginosa is implicated in AMP and polymyxin B resistance (57, 

63), and in Burkholderia multivorans this LPS modification reduces the immune response 

(48). Park et al. (190) showed that anionic phosphate groups attached to diglucosamine of 

lipid A contributed to MD-2 and TLR4 multimerization through ionic interactions with 

lysine and arginine residues in TLR4. Therefore, reducing the overall negative charge of 

LPS likely interferes with immune detection similar to how cationic AMPs block LPS-

LBP binding (223).  

After discovering bacteria that hyperproduce agmatine as a result of deletion 

mutations in aguA, we hypothesized that this agmatine-producing phenotype would also 

diminish the immune response to the bacteria. To test this hypothesis, we conducted both 

in vivo and in vitro experiments to determine whether agmatine could alter the neutrophil 

influx after an acute pneumonia, and how this correlated with ex vivo pro-inflammatory 

cytokine production in a human bronchial epithelial cell model. 
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RESULTS 

Mouse acute pneumonia 

Other studies have tested the effects of agmatine on LPS-induced inflammation 

with mouse models, indicating agmatine can suppress the host response to LPS (6, 30, 

251). Paulson et al. (194) previously showed that agmatine reduces the macrophage  

TNF-α response to LPS in a titration-dependent manner. Discovering P. aeruginosa 

strains that hyperproduce agmatine as a result of deletion mutations in aguA lead us to the 

hypothesis that the immune response to these bacteria would be dampened. To test this 

hypothesis, mice were intrapulmonary challenged with either the PA004 aguA- (agmatine 

hyperproducer) or PA004 aguA+ strains (Figure 5.2) for 24 hours, followed by 

determination of neutrophil recruitment to the lower airways (Figure 5.3).  

The PA004 aguA- strain recruited 40% fewer neutrophils on average than the 

aguA+ strain complemented with aguA in trans (Figure 5.4A). Bacterial colony forming 

units (CFU) were also counted from the BAL fluids, and interestingly, there was no 

significant difference between treatment groups (p = 0.4577) (Figure 5.4B). These data 

suggest that the aguA deletion mutations may be an advantageous event for the bacteria 

in vivo due to agmatine likely dampening the host’s ability to detect LPS from the 

bacteria.  
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Figure 5.2  Making pJLM1-Gutted and pJLM1-aguRBA. (A) The aguRB-lux plasmid 
(76) was digested with KpnI and EcoRV, blunted, then religated to remove the promoter 
and lux operon. (B) The plasmid pJLM1-Gutted was created by the blunted ligation from 
(A) creating the new BamHI site. (C) An altered aguRBA operon that includes the 
sequence of aguR, the aguR-aguB intergenic sequence, the first 134 base pairs of aguB 
(light blue), followed immediately by the full aguA sequence was cloned into pJLM1-
Gutted at the BamHI and NdeI sites. The new plasmid was designated pJLM1-aguRBA 
and was inserted into PA004 (aguA-) to create an aguA complement strain used for the 
acute pneumonia experiments. Abbreviations: attP, fCTX attachment site; FRT, Flp 
recombinase target site; ori, ColE1 origin of replication; oriT, origin of transfer; TetR, 
tetracycline resistance. 
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Figure 5.3  Mouse acute pneumonia model. Balb/c mice were intratracheally injected 
with an inoculum of 1x108 of either PA004 aguA- or PA004 aguA+ bacteria. The 
pneumonia was allowed to proceed for 24 hours until the mice were sacrificed and a 
bronchoalveolar lavage (BAL) was performed. Neutrophils from the BAL fluid were 
stained and counted, and bacterial colony forming units were also counted. 
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Figure 5.4  Neutrophil and CFU counts from BAL fluids of acute pneumonia. Mice 
were subjected to a 24 hour pneumonia with either PA004 aguA- or a strain of PA004 
aguA+ where aguA is complemented with pJLM1-aguRBA. (A) Neutrophils from the 
BAL fluids had means of 909,500 ± 43,947 for the aguA- strain, and 1,516,909 ± 112,902 
for the aguA+ strain. (B) The CFU counts for the two strains were not significantly 
different, indicating the mutations may not be detrimental to survival within the host. 
Means were compared using unpaired t test with Welch’s correction for variance. 
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Epithelial cell response 

Neutrophil recruitment to a site of infection is predominantly mediated by the 

chemokine IL-8 (Figure 5.5) (84, 122, 260). Based on the previous agmatine and LPS 

macrophage responses (194) and the in vivo neutrophil responses (Figure 5.4A), we 

speculated that the IL-8 epithelial cell response to LPS would be decreased in the 

presence of agmatine. To accurately gauge the ex vivo response to LPS +/- agmatine, 

three different human bronchial epithelial cell lines were used (CF-DHBE, Calu-3, and 

16HBE14o-) to account for the differences between the cell lines.  

The Calu-3 and 16HBE14o- cells were grown on transwells to allow for 

differentiation, while the primary line was grown in a 48-well cell culture plate due to 

difficulty in culturing on transwells. For the Calu-3 and 16HBE14o- cells grown in the 

transwells, the treatments were added to the apical side of the transwells, and both the 

apical and basal supernatants were collected for analysis. To determine the effective 

range of agmatine necessary for reducing the inflammatory response, agmatine was 

added at 10-fold dilutions (0, 1, 10, or 100 μM) with LPS, or agmatine was added alone 

using the same dilutions as a control.  

Only the CF-DHBE cell line produced more IL-8 in response to LPS (Figure 5.6). 

This IL-8 response to LPS appeared to be titratable with the change in agmatine 

concentration. There was no difference in IL-8 production between the media control and 

the lower concentrations of agmatine for any cell line (data not shown). Though only the 

CF-DHBE cell line showed any response to LPS, the decrease in IL-8 production in the 

presence of higher agmatine concentration corroborates with what we observed in the 
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acute pneumonia model. This indicates agmatine is likely masking LPS and suppressing 

its detection by the host. Taken together, we have concluded that agmatine can alter the 

immune response to LPS by decreasing its immunostimulatory properties. 

 

 

 
 

 
 
Figure 5.5 Model of neutrophil recruitment to infection site. Epithelial cells in the 
airways detect LPS and produce IL-8 to signal the immune system an infection has 
occurred. Neutrophils are attracted to the infected tissues by activated endothelial tissue 
that allows the neutrophils to cross from the bloodstream into the tissue (84). 
 

 

 



 

 125 

 
 
Figure 5.6  IL-8 response of CF primary lung epithelial cells to LPS is reduced in 
the presence of higher agmatine concentrations. (A) Primary epithelial cells from a CF 
patient (CF-DHBE), (B) 16HBE14o-, and (C) Calu-3 cell lines were treated with either 
agmatine or LPS alone, or agmatine with LPS for 18-24 hours. The mean of each 
condition was compared to the media control using ordinary one-way ANOVA with 
Bonferroni’s multiple comparisons post test analysis. 
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DISCUSSION 

Agmatine was previously shown to reduce inflammatory responses to LPS in rats 

and macrophages (6, 30, 194, 251). Here, we show similar results with regards to 

neutrophil influx in an acute pneumonia model and with epithelial cells in response to 

LPS. For the acute pneumonia model, mice were inoculated with either an agmatine 

hyperproducing strain (aguA-) or the isogenic aguA+ strain that can metabolize agmatine 

(aguA+). There was a 40% reduction in neutrophil recruitment to the airways of the mice 

inoculated with the agmatine-hyperproducing strain compared to the mice that received 

the aguA+ strain. The final bacterial CFU counts from the BAL fluids were not dissimilar 

between the two groups, indicating the agmatine hyperproducers did not have a survival 

disadvantage because of the mutation. Neutrophil recruitment to a site of infection is 

predominantly initiated by the production and secretion of IL-8 (84, 122, 260). We tested 

in vitro whether agmatine would dampen this response when human bronchial epithelial 

cells (CF-DHBE, Calu-3, and 16HBE14o-) were stimulated with LPS simultaneously. 

There was a significant decrease in IL-8 production for only one of the cell lines in the 

presence of 100 μM agmatine compared to the LPS only condition. Both the Calu-3 and 

16HBE14o- cell lines showed no difference between the negative control (media only) 

and the positive control (LPS only). However, we were able to demonstrate that agmatine 

is able to reduce the immune response to both a P. aeruginosa CF isolate in vivo and to 

LPS in vitro. 

The CF airways are conducive for allowing certain mutations to flourish in P. 

aeruginosa colonizing strains, all of which are beneficial to the bacterium in some form 
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or another. These mutations are commonly associated with alginate overproduction, loss 

of virulence factor expression, increased antibiotic resistance, and changes to non-typable 

LPS O-side chains (95, 111, 149, 233). We have described five P. aeruginosa CF isolates 

with deletion mutations in the gene encoding agmatine deiminase (Chapter 2). These 

mutations cause the accumulation of agmatine, and by introducing the native aguA 

sequence into the strains we were able to resolve their inability to break down this 

cationic small molecule. Polyamine derivatives have been shown to sequester LPS 

molecules due to electrostatic interactions between the cationic polyamines and the 

anionic LPS (5, 46, 197). This interaction prevents LPS from binding to LPS binding 

protein produced by host cells, which in turn leads to dampened immune responses (223). 

Agmatine may also bind LPS and thwart host detection in a similar manner. The 

agmatine hyperproducer strain (aguA-) caused fewer neutrophils to be recruited to the 

airways during an acute pneumonia. This diminished response was likely due to less LPS 

stimulation of the airway epithelium because of the masking effect of agmatine, thus 

leading to lower IL-8 production.  

Some P. aeruginosa isolates from CF patients have unique lipid A modifications 

that are not found in environmental or non-CF clinical isolates (33, 58, 59). These 

modifications are thought to be a result of adaptation to the CF lung environment (33, 58, 

59). P. aeruginosa is also able to modify its LPS structure in response to certain 

conditions that reduce its detectability by the host (33, 58, 59). These alterations include 

changing the O-antigen side chains to reduce serum sensitivity and adding 

aminoarabinose side groups to reduce the overall negative charge of the lipid A portion 
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(33, 58, 95, 172). The anionic phosphate groups of lipid A were implicated in receptor-

mediated signaling on host cells, suggesting that modifying the overall negative charge of 

LPS reduces its immunogenicity. The two-component signaling system PmrAB is 

responsible for enacting this change in LPS structure. PmrAB is induced under OM 

permeabilizing conditions, such as low Mg2+ and high extracellular DNA concentrations 

that chelate divalent cations, as well as in the presence of polymyxin B (115, 173). Under 

PmrAB activation P. aeruginosa secretes spermidine and attaches aminoarabinose side 

groups to phosphate groups of lipid A, thereby reducing the overall negative charge of 

the bacterium (163, 173). Hyperproduction of agmatine by the aguA deletion mutant 

strains likely has the same effect as the aminoarabinose additions and spermidine 

secretion, thereby dampening immune signaling via TLR4 in response to LPS. This 

would explain the reduced production of IL-8 by the primary CF lung epithelial cell line 

in response to LPS in the presence of higher agmatine concentrations. Previous studies 

indicate the Calu-3 and 16HBE14o- cell lines do not have a robust IL-8 response, if at all, 

to LPS stimulation (281, 282). Therefore, the lack of response to LPS for these two cell 

lines in our study correlates with what has previously been shown. 

In addition to the mutations in aguA, three of the isolates (PA004, PA005, PA006) 

also have mutations in rpoN which encodes a sigma factor that regulates virulence factor 

expression including the immunogenic flagellum (26). The combination of agmatine 

hyperproduction and lack of flagellar expression may produce a synergistic effect for 

evading host detection. Amino acid point mutations in FliC, a P. aeruginosa flagellar 

structural protein, reduced IL-8 production in A549 cells by 95% (263). Another study 
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showed a dose-dependent IL-8 response to P. aeruginosa flagella in 1HAEo- airway 

epithelial cells (2). Thus, the combined deletion mutations in aguA and rpoN of the CF P. 

aeruginosa isolates may provide a survival advantage by aiding in immune system 

evasion. Future studies are warranted to determine whether there is an additive or 

synergistic benefit to having mutations in both rpoN and aguA by comparing the host 

response to single mutants (rpoN or aguA) versus double mutants. Since agmatine 

hyperproduction appears to reduce the immunogenic properties of the bacterium, it is 

possible that over time more CF isolates will randomly acquire similar beneficial deletion 

mutations in aguA as a result of pressure from the host immune system. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Bacterial strains used in this study can be found in Table 2.2. 

E. coli SM10 mating strain was used for all cloning and mating procedures. The 

CF isolate PA004 was used during the acute pneumonia model. All bacterial strains were 

streaked fresh each week from -80°C stocks onto LB agar plates and grown at 37°C, 

unless otherwise noted. All liquid overnight cultures were started from isolated colonies 

on LB agar plates and grown in LB broth at 37°C with shaking at 225 rpm. Antibiotic 

concentrations for selection plating on LB agar plates and overnight growth in LB broth 

were: E. coli 50-100 µg/mL ampicillin, and 20 µg/mL tetracycline; P. aeruginosa 200 

µg/mL carbenicillin, 25 µg/mL irgasan, and 100 µg/mL tetracycline. 

 

Cloning aguA for genomic complementation 

Plasmids and primers used during this study can be found in Tables 2.2 and 2.3. 

The aguRB-lux plasmid designed by Gilbertsen and Williams (76), was digested 

with KpnI and EcoRV to remove the aguRB sequence and the lux operon. The remaining 

backbone of the plasmid was blunted, then religated to create a BamHI site, and the 

plasmid was renamed pJLM1-Gutted. 

Biomatik Gene Constructs (Biomatik USA, LLC) created and cloned a modified 

aguRBA operon sequence from PA14 into pJLM1-Gutted using the newly created BamHI 

site and the NdeI site internal to the att sequence of pJLM1-Gutted. The aguRBA 

construct sequence begins with 5’-CCTGAATGGATCCGAATTTATAA-3’ with the 
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underlined sequences being the restriction sites BamHI and PsiI, respectively. The next 

38 bp are the immediate upstream sequence to the aguR start codon. The sequence 

following includes the entire aguR gene, the 162 bp intergenic sequence between aguR 

and aguB, and the first 134 bp of aguB. From there, the sequence                                     

5’-AAAAAGCTTGTT-3’ was inserted, with the underlined being a HindIII site for 

future cloning purposes. Next, the entire aguA sequence was included with the stop 

codon, followed immediately by 5’-CGTCGGCGAACACTTCCTAGGGTATGTACT 

ttggggaccctagaggtccccttttttattttCGTATGCTATTGTCCTGatatggcggaggcggtgagattcgaact 

catatgCGATA-3’. The AvrII restriction site is underlined, the T4 terminus is in 

lowercase, the attP site is in lowercase bold, and the NdeI restriction site is in lowercase, 

bold, underlined, respectively. This plasmid is designated pJLM1-aguRBA. 

 

Complementation of aguA into PA004 

A liquid culture of E. coli SM10 with pJLM1-aguRBA and a culture of PA004 

were grown overnight and 1 mL of each culture was spun down and resuspended in       

0.5 mL 1X PBS. An aliquot of E. coli SM10 was mixed with an aliquot of PA004 and 30 

μL of the mixed culture was spotted onto a 1-inch square piece of nitrocellulose 

membrane on LB agar and allowed to dry before incubating at 37°C for 24 hours. The 

nitrocellulose with the mating culture was then suspended in 1 mL 1X PBS then serially 

diluted 1:10 in 1X PBS. The mating dilutions were plated onto LB agar plates with 

irgasan and tetracycline to select for P. aeruginosa. A successful PA004 conjugant was 

then mated with E. coli SM10 harboring the pFLP2 plasmid that encodes the Flp 
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recombinase to excise the tetracycline and integrase portion of the pJLM1-aguRBA 

plasmid from the genome (108). This mating was plated onto irgasan to select for PA004, 

and individual colonies were streaked onto 5% sucrose to remove the suicide vector 

pFLP2 containing the sacB gene. The complemented PA004 (aguA+) was tested for 

agmatine degradation using the agmatine biosensor assay described in chapter 2.  

 

Acute pneumonia mouse model 

Overnight cultures of PA004 aguA- and PA004 aguA+ grown in LB broth were 

spun down, washed once with 1X PBS, and then resuspended to an OD600 of ~1.0. The 

strains were further diluted so that a 100 μL inoculum contained 1x108 bacteria. Two 

groups of female Balb/C mice (Jackson Labs), age 8 weeks, were inoculated 

intratracheally with 1x108 cells of either PA004 aguA- or PA004 aguA+ using a 1 mL 

Hamilton syringe and a 22G x 1.25” catheter (Terumo Medical Corporation, Cat. 

#SFA2232A) while recovering from isoflurane (3% at 3L/min) anesthesia.  After 24 

hours the mice were sacrificed by cervical dislocation. A bronchoalveolar lavage (BAL) 

was performed on the mice using 2 mL of 1X PBS for neutrophil and bacterial load 

enumeration.  The bacterial colony counts were done on LB agar with 25 µg/mL irgasan 

to select for the P. aeruginosa strains and counted 24 hours after plating. A 100 µL 

aliquot of the BAL samples was centrifuged in a cytospin and stained for differential 

white cell counts using the 3 Step Stain Set (Richard-Allan Scientific, Cat. #3300). 

Neutrophil concentrations in the BAL fluids were counted using a hemocytometer. 
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Cell cultures 

Cystic fibrosis diseased human bronchial epithelial cells (CF-DHBE) were 

purchased from Lonza (Cat. #00196979, Lot #0000222158), Calu-3 cells were purchased 

from ATCC (Cat. #HTB-55), and 16HBE14o- cells were generously provided by Scott 

O’Grady in the Department of Animal Science at the University of Minnesota. The CF-

DHBEs were maintained in Bronchial Epithelial Cell Growth Medium (BEGM) (Lonza, 

Cat. #CC-3170). The Calu-3 and 16HBE14o- cells were cultured using MEM (Corning 

Cellgro, Cat. #10-010-CV), 10% fetal bovine serum (FBS) (Sigma, Cat. #F4135), and   

50 U/mL penicillin + 50 μg/mL streptomycin (Gibco, Cat. #15070063).  

All cell lines were incubated in humidified air at 37°C with 5% CO2 and cultured 

in T-75 flasks (Thermo ScientificTM, Cat. #130190) with the growth medium changed 

every other day until ~80-90% confluent. The CF-DHBE cells were passaged using the 

Lonza subculturing reagents (Cat. #CC5034) according to the manufacturer’s protocol. 

The Calu-3 and 16HBE14o- cells were passaged using 0.25% trypsin-EDTA (1X) 

(Gibco, Cat. #25200056). For passaging, the cells were incubated at 37°C in 5% CO2 in  

6 mL trypsin-EDTA for 5 minutes (16HBE14o-) or 15 minutes (Calu-3), then 12 mL cell 

culture media was added to stop trypsinization. After trypsinization was complete, cells 

were spun down in a swing bucket centrifuge at 250 x g for 5 minutes and then 

resuspended in 5 mL cell culture media for cell counts prior to seeding in a cell culture 

plate (CF-DHBE) or transwells (Calu-3 and 16HBE14o-).  
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LPS and agmatine stimulation 

The CF-DHBE cells were seeded into a 48-well tissue culture treated plate 

(Costar, Cat. #3548). Prior to seeding, each well was coated with 200 μL of 0.03 mg/mL 

purified bovine collagen (Advanced BioMatrix PureCol®, Cat. #5005-B, Lot #3289) for 

one hour at 37°C in humidified air with 5% CO2. The collagen was aspirated and each 

well was rinsed with 200 μL sterile PBS and allowed to dry. CF-DHBE cells were seeded 

at 5x104 cells per well in 100 μL of BEGM with 150 μL additional BEGM. Cell culture 

media was replaced every other day at 200 μL per well until cells were confluent on day 

10 post-seeding. CF-DHBE cells were stimulated for 24 hours with either a 10-fold 

dilution of agmatine (100, 10, or 1 μM) (Sigma-Aldrich, Cat. #A7127), LPS (100 μg/mL 

from E. coli O55:B5) (Sigma-Aldrich, Cat. #L6529), or agmatine plus LPS. After the 24 

hour stimulation the supernatants were transferred to a 1 mL microcentrifuge tube and 

placed at -80°C until ready for processing. Each condition was performed in triplicate. 

The Calu-3 cells were at passage 16 and the 16HBE14o- cells were at passage 10 

at the time of seeding onto transwells. They were seeded onto 6-well transwells (Costar®, 

Cat. #3450) at 106 cells per well in 1.5 mL, and 2.5 mL cell culture medium was added to 

the basal compartment of each well. The basal and apical cell culture medium was 

replaced every other day after seeding using the initial seeding volumes, and the apical 

medium was removed on the 3rd day post-seeding. The cells were allowed to maintain an 

air-liquid interface for 7 days with removal of any apical fluids prior to stimulation with 

agmatine, LPS, or agmatine plus LPS. The apical sides of the Calu-3 cells were rinsed 

twice with 1 mL starvation medium (MEM + 0.5% FBS) to remove the majority of 
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mucins the day before stimulation. Agmatine was added to the apical side of the 

transwells in 10-fold dilutions from 100-1 μM with or without 100 ng/mL LPS in 0.5 mL 

total volume of starvation medium. One well was stimulated with 0.5 mL starvation 

medium as a negative control, and the positive control was 100 ng/mL LPS in 0.5 mL 

starvation medium. The cells were allowed to stimulate for 18 hours at 37°C in 

humidified air with 5% CO2. After 18 hours the apical and basal supernatants were 

collected in separate tubes, spun down at 10,000 x g for 10 minutes, and the supernatants 

were transferred and aliquotted in separate 0.6 mL tubes. The samples were frozen at         

-80°C until ready for processing with the multiplex immunoassay. 

 

Multiplex immunoassay 

The CF-DHBE supernatants from LPS and agmatine stimulation were assayed for 

IL-8 production using the ProcartaPlex® Human Myokine Panel 8plex (Cat. #EPX080-

12186-901). The immunoassay was performed according to the manufacturer’s protocol 

and then run on the Luminex MAGPIX® multiplex instrument. Each standard set was run 

in duplicate and samples were run in triplicate on the same plate with the following 

xPONENT® protocol: 50 μL draw up volume, 100 beads counted, no heating, logistic 5P 

weighted calculations, and concentrations fit to standard curves. Data analysis was 

performed using the xPONENT® software, and the results and statistics were analyzed in 

Graphpad Prism using the t test with alpha 0.05. 

The basal and apical supernatants of the stimulated Calu-3 and 16HBE14o- cells 

were tested for IL-8 production using the ProcartaPlex® Human Basic Kit (eBiosciences, 
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Affymetrix, Cat. #EPX010-10420-901) and the IL-8 Human Simplex kit (Affymetrix, 

Cat. #EPX01A-10204-901). The kits were used according to the manufacturer’s 

instructions and run on the Luminex MAGPIX multiplex instrument using the same 

protocol and analysis as the CF-DHBE cells. 
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CHAPTER 6 – Conclusions and future directions 

Pseudomonas aeruginosa is a model organism for biofilm growth and 

development, antibiotic resistance mechanisms, and host evasion methods. In the context 

of cystic fibrosis (CF), this bacterium is a formidable pathogen due to its capacity to 

adapt to changing environments, genome plasticity, versatile metabolism, virulence 

factors, and intrinsic resistance to antibiotics (Figure 1.2). Numerous studies have 

investigated how P. aeruginosa adapts to the CF lower airways and the ways in which 

adaptive mutations are beneficial in this environment. The work presented here describes 

a small subset of P. aeruginosa isolates from CF patient sputa that acquired deletion 

mutations in the same gene (aguA). The focus was to answer the question: Could these 

mutations provide a survival benefit for P. aeruginosa while colonizing the CF lower 

airways?  

Chapter 2 described five P. aeruginosa isolates from five CF patients found to 

hyperproduce the molecule agmatine (Figure 2.2). This phenotype was due to deletion 

mutations in aguA that encodes the agmatine deiminase (Figure 2.3), thus preventing the 

bacteria from metabolizing agmatine and causing the molecule to accumulate both intra- 

and extracellularly (Figure 2.2) (271). By introducing the native aguA via allelic 

exchange, the bacteria regained the ability to metabolize agmatine (Figure 2.6, Table 

2.1). Once we successfully developed these tools, we could employ these strains to test 

whether this buildup of agmatine might benefit the isolates based on three aspects of 

survival within the CF lungs: 1) growth within a biofilm, 2) antibiotic resistance, and 3) 

evasion of host detection.  
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Biofilms are aggregates of bacterial communities growing on biotic or abiotic 

surfaces. They are notoriously difficult to eradicate due to the production of an 

extracellular matrix that protects the cells, even from antibiotics (116). The results of a 

previous study (271) investigating the biofilms of a P. aeruginosa agmatine 

hyperproducer compared to the wild-type parental strain indicate that bacterial-derived 

agmatine is beneficial to biofilm production, but exogenous agmatine (10 mM) is 

detrimental to the hyperproducer. By comparing the biofilms of the agmatine 

hyperproducers (aguA-) and the native aguA isogenic strains (aguA+), we found that the 

aguA- strains did not always form more robust biofilms (Figures 3.1-3). When the aguA- 

strains formed more biofilm biomass than their aguA+ counterparts, the differences were 

temperature dependent. Williams et al. (271) showed that supplementing agmatine at 10 

mM was detrimental to biofilms of a PA14 agmatine hyperproducer grown at 37°C, and 

here we demonstrated that even just 100 μM of exogenous agmatine was also destructive 

to the biofilms of four isolates grown at 37°C (Figure 3.1). Therefore, the mutations may 

provide a survival advantage for the isolates growing as biofilms within the CF lungs, but 

only if the agmatine is produced endogenously. This observation warrants more testing to 

deduce whether lower agmatine concentrations would be more beneficial. Also, these 

biofilms were still in the early stages of formation, so mature biofilms (72+ hours) of the 

aguA mutant strains grown in a flow cell reactor might gain an advantage over their 

respective aguA+ isogenic strains. Given that biofilms afford more resistance to 

antibiotics (116), studies to test whether the hyperproduction of agmatine from the aguA 
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deletion mutants affects biofilm antibiotic resistance may provide more insight into the 

effects of agmatine on P. aeruginosa biofilms. 

Multidrug resistance is a major complication associated with the vigorous 

antibiotic treatment regimens to eradicate the pathogenic bacteria colonizing the CF 

airways. By reducing the overall negative charge of its lipopolysaccharide (LPS), P. 

aeruginosa is more resistant to the cationic antimicrobial peptides (AMP) and cationic 

antibiotics (12, 172). In Chapter 4 we tested whether the hyperproduction of agmatine by 

the aguA- isolates would increase resistance to the cationic aminoglycoside and 

polymyxin antibiotics. Three of the five aguA- isolates were less susceptible to the 

cationic antibiotics tested (gentamicin, tobramycin, colistin, and polymyxin B) at 

subinhibitory concentrations compared to their aguA+ isogenic strains (Figures 4.3-7C-

F). Growth of both isogenic strains was delayed at sub-MICs of the cationic antibiotics 

tested, but the aguA- strain was able to overcome the inhibitory effects of the antibiotics 

faster than the aguA+ strains (Figure 4.10). Conversely, there was no significant 

difference between the two isogenic strains in the presence of the neutral-charged 

antibiotics ceftazidime and doxycycline (Figures 4.3-7A-B). These data suggest 

positively-charged amino groups of aminoglycosides and polymyxins are important for 

these antibiotics, and agmatine interferes with the mechanism of action for these 

antibiotics. 

The aminoglycosides inhibit protein translation, much like doxycycline, while the 

polymyxins disrupt the outer membrane (OM) of Gram-negative bacteria, and 

ceftazidime also acts on the cell wall but at the peptidoglycan layer instead of the OM. 



 

 140 

Similar to polymyxins, though, aminoglycosides have also been shown to undergo self-

promoted uptake that may contribute to OM disruption (96, 140). P. aeruginosa was 

shown to secrete the polyamine spermidine in response to polymyxin B, which 

subsequently decreased permeability of the OM (115). Therefore, agmatine 

hyperproduction may be dampening this method of killing for both the aminoglycosides 

and polymyxins by interacting with anionic LPS and reducing self-promoted uptake 

(Figure 6.1). The cations magnesium and calcium are known to help stabilize the OM 

(115). When the concentrations of these ions were reduced in the growth medium, the 

aguA- strain that hyperproduces agmatine still had an advantage over the aguA+ strain at 

sub-MICs of polymyxins and aminoglycosides (Figure 4.9). Future investigations into 

OM permeability and agmatine-LPS associations would clarify if this is indeed the 

mechanism of action for the decreased susceptibility provided by agmatine 

hyperproduction in the aguA- isolates. 

LPS is highly immunogenic and can cause septic shock due to the inflammatory 

response it elicits (46). Recognition of LPS molecules is dependent upon the negatively-

charges phosphate groups of lipid A and cationic amino acid residues of host-produced 

LPS binding protein (LBP) (143). Scott et al. (223) showed that cationic AMPs, including 

polymyxin B, interfered with this binding and reduced the inflammatory response to LPS. 

We hypothesized that agmatine, being cationic in nature, may also dampen the immune 

response to the P. aeruginosa hyperproducers and to LPS. 
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Figure 6.1 Proposed model for agmatine-reduced susceptibility to cationic 
antibiotics. Agmatine is thought to cross the outer membrane and interact with the 
negative charges within the LPS lipid A moiety. This interaction is likely competitive 
with polymyxin (PMX) and aminoglycoside antibiotics that undergo self-promoted 
uptake across the outer membrane (96, 140, 156). Positive charges for each molecule type 
are indicated as black plus signs inside red circles. 
 
 

  In chapter 5 we demonstrated that an agmatine hyperproducer (PA004 aguA-) 

recruited fewer neutrophils to the lungs compared to its aguA+ counterpart in an acute 

pneumonia model (Figure 5.4A). Since IL-8 is the major inflammatory chemokine that 

draws neutrophils to the site of an infection (Figure 5.5), we also tested whether agmatine 

could reduce the ex vivo IL-8 response to LPS using three different lung epithelial cell 

lines. The results indicate that with increasing concentrations of agmatine (up to 100 μM) 

the IL-8 production in response to LPS decreases (Figure 5.6A). This analysis supports 

our data that agmatine hyperproduction reduces the neutrophil influx into the lower 

airways during an acute pneumonia. In conclusion, agmatine appears to reduce the IL-8 

inflammatory response to P. aeruginosa, and more particularly to LPS in the OM. Given 

the results of other studies showing agmatine administration prior to LPS stimulation 
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reduced the inflammatory response in mice (6, 30, 251), we predict that the other 

agmatine hyperproducers would also elicit a dampened neutrophil influx. Furthermore, 

agmatine would also likely interfere with LPS-LBP binding, hence the reduced 

inflammatory response we saw both in vivo and ex vivo. Therefore, testing the ability of 

agmatine to block the LPS-LBP interaction would be highly informative, including the 

TLR4 signaling response.  

In 1994 Li et al. showed the capacity for mammals to produce agmatine (137). 

The same group was able to quantify agmatine in different tissues of male rats, including 

the lungs, which had the 6th highest concentration of the 15 tissues tested (206). This 

discovery brought about more investigations into the effects of agmatine on mammalian 

physiology (198). Current research indicates agmatine plays a role in neuromodulation 

and also acts to suppress LPS-stimulation (6, 30, 194, 251, this study), suggesting the 

possibility to use the molecule as a therapeutic. However, as shown throughout these 

chapters, agmatine may also play a role in P. aeruginosa pathogenesis in the context of 

CF by decreasing susceptibility to aminoglycoside and polymyxin antibiotics, as well as 

reducing the host’s ability to detect the bacterium via LPS-signaling. Although, lung 

inflammation and damage resulting from the immune response to colonizing pathogens in 

CF patients leads to permanent damage and decreased lung function over time. Therefore, 

further research is warranted to investigate whether agmatine could potentially reduce the 

damaging effects of inflammation by inhibiting host detection of colonizing bacteria 

while non-cationic antibiotic treatment would aid in killing off the bacterial load.  
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The CF community has benefitted immensely from research conducted on the 

bacterial pathogens colonizing the lower airways of CF patients. This includes the host-

pathogen interactions that cause exacerbations - periods of lung function decline and 

overall worsening in health. When patients are exacerbating they are sometimes 

hospitalized if the condition is severe, and often multiple antibiotics are prescribed during 

this time (60). Long-term antibiotic therapy has led to multidrug resistance strains 

isolated from CF sputa, along with other adaptations that enhance pathogen survival 

within the CF lower airways. P. aeruginosa is the number one cause of morbidity and 

mortality for CF patients, so studying how this pathogen adapts to the CF lung 

environment is imperative to improving patient health and outcome. The studies 

conducted within this thesis contribute to this knowledge by identifying a new mutation 

that decreases susceptibility to cationic antibiotics, reduces neutrophil influx in an acute 

pneumonia model, and lowers the IL-8 inflammatory response to LPS from ex vivo 

bronchial epithelial cells. These findings highlight the importance of continued 

investigations into the bacterial pathogenesis of CF. 
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