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ABSTRACT 

Stenotrophomonas maltophilia is an emerging worldwide, opportunistic respiratory 

pathogen that is associated with a significant case-fatality ratio in immunocompromised patient 

populations and has the ability to cause serious infection in cystic fibrosis patients.  Populations 

of S. maltophilia are able to produce biofilms, which complicates these infections and provides 

resistance to antimicrobials.  Factors such as ferric chloride (FeCl3), and sodium chloride (NaCl) 

have been shown to inhibit the biofilm development of another respiratory pathogen, 

Pseudomonas aeruginosa, without affecting culture growth.  The effect of FeCl3 and NaCl on P. 

aeruginosa biofilm formation has been well studied and characterized, but little is known about 

the effect of FeCl3 and NaCl on the biofilm development of S. maltophilia.  This study tested 

three different hypotheses.  Based on the fact that S. maltophilia is in environmental organism 

which exists in various temperatures and requires iron, the first hypothesis was that temperature 

and ferric chloride would affect S. maltophilia growth.  The second hypothesis was that ferric 

chloride has an effect on the biofilm development of S. maltophilia in the same way it affects P. 

aeruginosa biofilm development.  The third hypothesis was that sodium chloride inhibits biofilm 

development of S. maltophilia. In the culture conditions used in this study, the growth and 

biofilm formation of S. maltophilia was not inhibited in the presence of FeCl3 at final 

concentrations of 1 μM, 5 μM, and 100 μM or with NaCl, but was inhibited in the presence of    

concentrations ≥ 2% NaCl.  In this current study, in contrast to S. maltophilia, a strain of P. 

aeruginosa demonstrated a decrease in growth when exposed to FeCl3 at 100 µM.  However, the 

effects of NaCl on S. maltophilia mirrored that of P. aeruginosa.  Our data shows that FeCl3 at 

the concentrations tested in the culture medium used on this study was not an effective inhibitor 

of the biofilm of S. maltophilia. 
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INTRODUCTION 

Antibiotic-resistant bacterial infections are a primary cause of death in intensive-care 

units worldwide. Gram-negative bacterial strains such as Pseudomonas aeruginosa and 

Stenotrophomonas maltophilia are antibiotic-resistant opportunistic pathogens which have been 

shown to be problematic in the clinical setting (Costerton et al., 1999).  As more bacterial strains 

are becoming resistant to multiple antibiotics, such as vancomycin and co-trimoxazole (Cegelski 

et al., 2008; Looney et al., 2009), there is an even more urgent need for a new series of 

antibiotics that address different modes of action on their therapeutic targets (Cegelski, 2008). 

An additional problem that complicates treatment is that these bacteria all form dense cellular 

communities called biofilms, which can increase their antibiotic resistance, prevalence, and 

survival (Steward and Costerton, 2001). Researchers are thus trying to target biofilm 

development in an attempt to increase antibiotic sensitivity and as an alternative approach to the 

development of new antibiotics. This new approach in targeting biofilm development does not 

directly threaten bacterial growth or existence, and it may prevent the bacteria from acquiring 

drug resistance (Cegelski et al., 2008). One of the logical steps in this approach is to investigate 

the environmental or nutritional conditions that may have an effect and influence biofilm 

development.  This thesis research investigates the influence of three factors that have been 

shown to have an effect on growth and biofilm formation in another respiratory bacterial 

pathogen, P. aeruginosa. The three factors studied were temperature, iron concentration, and 

sodium chloride concentration. 
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 Background and Significance of Respiratory Pathogens: Pseudomonas aeruginosa and 

Stenotrophomonas maltophilia 

 There are two structural and physiological categories of bacteria in which most bacterial 

species belong: Gram-positive and Gram-negative. This distinction is important because these 

physiological differences help determine how these species exist, react to the environment, and 

how they may play a role in antibiotic resistance and biofilm development. These two categories 

of bacteria are distinguished by the characteristics of their cell wall. The Gram-positive cell wall 

has a relatively large amount of sugar and amino acid polymers known as peptidoglycan which 

reacts with the Gram stain causing the stained cells to appear purple in color (Tortura et al., 

2004). Gram-negative bacterial cells have a relatively thin layer of peptidoglycan in their cell 

wall that is not as dense as that found in Gram-positive bacteria (Tortura et al., 2004). As a 

result, when the Gram stain is applied, these Gram-negative bacterial cells appear pink in color 

(Tortura, 2004). Gram-negative bacteria have an additional outer membrane made of 

lipopolysaccharide (Gould, 2008). Lipopolysaccharide (LPS) consists of lipid molecules and 

polysaccharide polymers which serve in both a structural and protective role in Gram-negative 

bacteria (Atlas and Bartha, 1998). This outer membrane layer plays a major role in the virulence 

of the Gram-negative bacteria and plays a critical role in their ability to develop biofilms 

(Stoodley et al., 2002). 

Pseudomonas aeruginosa is a ubiquitous, Gram-negative bacterium that has been studied 

in the medical field for its relationship with chronic lung infections especially those affecting 

patients with cystic fibrosis (CF) (Millar et al., 2009; Spasenovski et al., 2010).  P. aeruginosa 

has been shown to be the most prevalent and colonizeable bacterial isolate in CF patient sputum 

in the world (Denton and Kerr, 1998; Tré-Hardy et al., 2008).  A large majority of approximately 
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80-90% of CF adults are chronically infected with P. aeruginosa (Tré-Hardy et al., 2009).  CF is 

an autosomal recessive genetic disease which affects one in two thousand Caucasian individuals 

in North America (Coutinho et al., 2008). CF is a result of a mutation in the cystic fibrosis 

transmembrane conductance regulator (CFTR) protein, which plays an important role in 

electrolyte transport (Tré-Hardy et al., 2008).   The presence of this mutation can have serious 

repercussions on organs throughout the body, especially the lungs (Tré-Hardy et al., 2008).  A 

signature symptom of CF is thick mucus production in the lungs which is a result of abnormal 

viscous secretion of mucus and leads to chronic lung malfunction (Coutinho et al., 2008; Tré-

Hardy et al., 2009). This dense mucosal layer makes the CF patient more susceptible to inhaled 

microbial pathogens and increases the risk of a bacterial infection in the lungs, with such 

infections responsible for 90% of the mortality rate (Spasenovski et al., 2010).  CF patients can 

succumb to infections specifically caused by P. aeruginosa in the lungs.  A high mortality rate 

with a decreased median life expectancy of approximately 30 years has been reported with CF 

patients (Coutinho et al., 2008).  This highlights the importance of developing treatments for P. 

aeruginosa infection, and demonstrates why this organism has been highly researched. 

Stenotrophomonas maltophilia is a worldwide, emerging, antibiotic-resistant, 

opportunistic pathogen that has only recently in the past two decades been the focus of research 

in the field of respiratory infections. S. maltophilia was first isolated in 1943 from pleural fluid 

of a patient and was initially named Bacterium bookeri, but it was eventually classified in the 

genus Pseudomonas in 1961 (Denton and Kerr, 1998; Looney et al., 2009). S. maltophilia was 

finally classified as its own genus in 1993 and, most likely due to this more recent classification, 

is still not as well characterized as P. aeruginosa (Denton and Kerr, 1998).  The genus name 

Stentrophomonas comes from the Greek ‘unit feeding on few substances’ (Denton and Kerr, 
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1998).  This reflects the characteristic that S. maltophilia can survive with a minimum of 

nutrients. S. maltophilia is a ubiquitous bacterium that can be found in a myriad of environments 

and geographical regions (Denton and Kerr, 1998).  This is an organism that can commonly be 

found in a wide variety of aqueous-associated environments, such as rivers, wells, bottled water, 

sewage reservoirs, sink and fountain drains and soil sources (Denton and Kerr, 1998; Brooke et 

al. 2009). 

S. maltophilia affects immunocompromised patient populations with a high case-fatality 

ratio.  This bacterium has been attributed to a mortality rate of 26.7% in bacteremia (bacteria in 

the blood) cases (Nicodemo and Garcia Paez, 2007). Incidences of S. maltophilia isolates have 

increased worldwide in the past decade alone (Looney et al., 2009).  Hospitals around the world 

have documented increases in blood isolated S. maltophilia including in England and Wales of 

93% from 2000 to 2006 (Looney et al., 2009), hospitals in Taiwan have reported an 83% 

increase in isolates from 1999 to 2004 (Looney et al., 2009) and even the United States has 

reported a 13% increase from 1998 to 2004 (Safdar and Rolston, 2007).  This specific pathogen 

has been associated with a variety of diseases including pneumonia, bacteremia, urinary tract 

infections, wound infections, bronchitis, endocarditis, meningitis, eye infections and catheter-

associated infections (Schaumann et al., 2001; Brooke et al., 2007; Falagas et al., 2009). This 

bacterium is becoming of more importance in medicine because, in addition to causing 

complications in the hospital setting, it has also been recently identified as a possible 

community-acquired pathogen (Falagas et al., 2009).  In the hospital setting, similar to P. 

aeruginosa, S. maltophilia also colonizes and complicates the prognosis of CF patients 

(Nicodemo and Garcia Paez, 2007). 
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However, since S. maltophilia is a recently identified microorganism with both biofilm-

producing capabilities, antimicrobial-resistant properties and most importantly, an increasing 

infection rate, more research needs to be done on this bacterium in order to create new 

antimicrobial treatments or discover ways to block its biofilm-forming ability.  

 

Biofilm Background 

It is important to understand that there are both harmful and beneficial biofilms in nature. 

Harmful and virulent bacterial biofilms help cause the diseases and pathologies mentioned in the 

previous section of this thesis, but there are positive aspects of biofilm formation as well, 

especially pertaining to humans.  Bacteria that produce beneficial biofilms have evolved to have 

a symbiotic relationship with their host. It has been shown that certain bacterial species such as 

Escherichia coli found in the human gastrointestinal tract naturally form biofilms in the mucosal 

epithelium (Macfarlane and Dillon, 2007).  These biofilms can compete for resources and 

potentially prevent the proliferation of other harmful microorganisms. 

Biofilms are microbial communities surrounded by an extracellular polysaccharide 

matrix material that causes them to readily attach to multiple surfaces (Brooke et al., 2007).  This 

matrix is made up of many exopolysaccharides that in addition to allowing adherence to 

surfaces, also serves to facilitate communication between the bacteria (Stewart and Costeron, 

2001).  It was not until the 1970s that the bacterial biofilm mode of existence began to be 

explored (Costerton et al., 1999).  Only in the past couple of decades have biofilms been more 

extensively studied and understood.  As late as 1987, biofilms were thought of as simple slabs of 

matrix material in which bacterial cells randomly embedded themselves (Stoodley et al., 2002). 

Through the 1980s and 1990s, the intricacies of biofilm organization really began to be 
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understood and appreciated (Costerton et al., 1999).  Now, it has been shown that this structured 

community lends itself to be a cause of persistent sources of infection (Cegelski et al., 2008; 

Stoodley et al., 2002). These biofilms preferentially develop on moist inert surfaces, medical 

devices, and living tissues. Another problem that the medical field faces with biofilms is that 

they can grow slowly in multiple locations and are slow to cause overt symptoms in the patients 

(Costerton et al., 1999).  

Bacteria can adhere to a wide variety of surfaces and persist for an extended amount of 

time. For example, the Gram-positive bacterium Staphylococcus aureus has been shown to 

survive for months on dry surfaces (Kramer et al., 2006).  Gram-negative organisms such as P. 

aeruginosa or S. maltophilia can also survive for months on surfaces such as glass, plastic 

surfaces or epithelial cells (Kramer et al., 2006; Brooke et al., 2007). It is also important to note 

that Gram-negative bacteria tend to have more persistent and virulent biofilms than Gram-

positive bacterial biofilms because of the previously mentioned outer membrane structure 

signature to these kinds of bacteria (Stoodley et al., 2002). 

 

Antimicrobial Resistance and Biofilms 

 Both P. aeruginosa and S. maltophilia have the capability of gaining antimicrobial 

resistance from other bacterial species through many mechanisms such as horizontal gene 

transfer, e.g. R (resistance) plasmids and transposons (Watson et al., 2008). S. maltophilia 

possesses several mechanisms that increase its resistance to antimicrobials including the ability 

to form biofilms and an intrinsic resistance to a wide variety of antibiotics including β-lactams, 

quinolones, and tetracycline (Nicodemo and Garcia Paez, 2007; Looney et al., 2009).  The S. 

maltophilia genome has been sequenced, and this has provided insight on certain genes that have 
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been identified to help this bacterium gain antimicrobial resistance (Crossman et al., 2008).   

These identified genes encode for β-lactamases, efflux pumps and various other enzymes that 

promote drug resistance (Crossman et al., 2008; Looney et al., 2009).  In addition to these 

intrinsic properties, biofilm formation provides resistance to antibiotics.  For example, bacteria 

within biofilms formed by P. aeruginosa are 100-1000 times less susceptible to antibiotics than 

the same number of free-floating or planktonic bacterial populations (Tré-Hardy et al., 2009). 

Factors such as nutrient concentration and temperature can influence biofilm 

development and may provide insights into how resistance to antimicrobials can occur in both P. 

aeruginosa and S. maltophilia. 

 

Stages of Biofilm Development 

Biofilm development can be divided into a five stage process (Figure 1). The initial step 

in the formation of biofilm is adherence of free (planktonic) organisms to a surface.  A wide 

variety of surfaces can be utilized by different bacterial species which can lead to different 

morphologies of biofilm (Stoodley et al., 2002; Aslam, 2008).  In the case of catheter-forming 

biofilms, a prominent problem in hospital-based infections, the surface would be the catheter 

(Raad et al., 2008).  The exact nature of how the bacterial cells adhere to the surface depends on 

the specific bacterial species. One example of adherence is due to the twitching motility by P. 

aeruginosa which involves a cell surface component called type IV pili (Stoodley et al., 2002).  

Several other factors can influence the attachment of bacteria to a surface and biofilm production 

including hydrophobic and electrostatic forces, other cell surface structures, and shear stress 

from the fluid environment (Costerton et al., 1999).  
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The second stage is the production of extracellular polymeric substances (EPS) which 

provide the developing biofilm with structural support. The EPS is made up of various 

macromolecules such as polysaccharides, proteins, and nucleic acids and is the result of gene 

expression from the bacterial cells (Stoodley et al., 2002; Costerton et al., 1999).  The production 

of the EPS secures the adhered biofilm more firmly to the surface (Stoodley et al., 2002; 

Cegelski et al., 2008). 

The third stage consists of the early development of the biofilm architecture including the 

important extracellular polysaccharide matrix (Stoodley et al., 2002).  This matrix is an essential 

part of the biofilm which contributes to its antibiotic resistance (Cegelski et al., 2008). 

The fourth stage consists of the maturation of the biofilm (Stoodley et al., 2002). Once 

the biofilm has matured to this stage, it becomes very difficult to treat with antibiotics.  

Antimicrobial agents may fail to eradicate biofilms due to the failure of the agents to penetrate 

the full depth of this matured biofilm (Aslam, 2008; Cegelski et al., 2008).  

The fifth stage occurs when the developed, mature biofilm colony disperses planktonic 

cells from itself; these cells then migrate to and adhere to another surface and can form another 

biofilm. Entire microcolonies can detach from the biofilm without provocation (Stoodley et al., 

2002).  This dispersal has been shown to occur concurrently with three interrelated processes: the 

production of nitric oxide or other stress inducing molecules inside biofilm structures, 

bacteriophage induction or cell lysis (Barraud et al., 2006).  
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Figure 1A: The diagram above illustrates the five stages of biofilm development 

of P. aeruginosa. The panels below (a-e) the photomicrographs of P. aeruginosa 

growing on a glass surface in the respective 5 stages (Stoodley et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1B: S. maltophilia biofilm at 24 hours on a glass coverslip. Magnification 1000x. Cells 

were grown overnight in a Petri dish containing Luria-Bertani broth and a glass coverslip and 

incubated stationary for 24 hours at 35°C.  Coverslip was stained with 1% (w/v) crystal violet 

and washed 3 times with phosphate buffered saline and air dried.  
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Factors Affecting Biofilm Development 

One key aspect of biofilm production is the ability of the cells within the biofilms to 

communicate with each other so that the biofilm can develop appropriately (Horswill et al., 

2006).  This communication is known as quorum sensing. Quorum sensing refers to the chemical 

signaling that takes place among bacteria to process the environmental cues and keep track of 

their cellular density (Horswill et al., 2006; Cegelski et al., 2008). It is mediated by the 

production and subsequent recognition of small molecules called autoinducers. These 

autoinducers follow a signal transduction pathway which coordinates gene expression and 

regulates other cellular processes (Cegelski et al., 2008). Many factors that influence quorum 

sensing such as physical, chemical, or biological variables can impact signal production, stability 

and distribution (Horswill et al., 2006). 

Another property affecting bacterial biofilm development is the nutritional conditions 

available to the cells.  One common factor is temperature.  Since S. maltophilia is an ubiquitous 

organism found in a variety of environments, it lends itself to survive in various temperatures 

(Denton and Kerr, 1998).  Studies have shown that temperature can influence S. maltophilia 

cellular function (Rahmati-Bahram et al., 1997).   

Most cells have an absolute requirement of iron because it is an essential metal for 

normal function and homeostasis of a wide range of cellular proteins (Reid et al., 2009).  In 

bacterial cells, iron is used for several activities including aerobic respiration as an essential 

component important for some enzymes to function properly, and is important for cell growth.  

In the human host, bacteria have limited access to free iron as humans use several molecules (i.e. 

transferrin, lactoferrin, hemogloblin, etc.) that bind to iron (Berlutti et al., 2005).   
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Studies have shown that increases in iron, in the form of ferric chloride, all have a direct 

effect of decreasing P. aeruginosa biofilm development (Musk et al., 2005; Yang et al., 2007; 

Patriquin et al., 2008).  Yang et al. (2007) showed that high concentrations of FeCl3 (50 µM and 

100 µM) decrease the amount of biofilm produced in cultures of P. aeruginosa grown in 

polystyrene microtiter plates. 

Patriquin et al. (2008) tested biofilm development using a FeCl3 µM range between 0.01 

µM and 8 µM with P. aeruginosa on polyvinylchloride (PVC) pegs submerged in a standard 96-

well microtiter plate. With increasing ferric chloride concentrations, biofilm mass significantly 

decreased (Patriquin et al. 2008). 

Musk et al. (2005) tested the effects of various iron salts, including ferric chloride, on 

biofilm formation in P. aeruginosa. In addition to this experiment, the effect of iron salts on pre-

formed biofilms was also tested.  These biofilms were grown in 384-well plates. Consistent with 

the previously mentioned studies, increasing levels of iron salts, such as ferric chloride, have a 

direct effect of decreasing biofilm formation by P. aeruginosa (Musk et al., 2005). 

Sodium chloride is another nutrient that has been tested to observe its influence on 

bacterial infection and biofilm development (Havasi et al., 2008). Havasi et al. (2008) tested the 

potential effectiveness of using hypertonic saline aerosols to treat CF patients with P. aeruginosa 

infections.  They did this by testing the effect of NaCl concentrations of 0.27%, 0.9%, 2%, 4% 

and 7% on P. aeruginosa motility and growth.  The test for growth and motility was performed 

on LB plates with 0.4% agar and determined by measuring the spread of the colony growth, and 

culture growth measured was simply done by spectrophotometry.  Havasi et al. (2008) reported 

that NaCl concentrations greater than and equal to 2% showed decreased motility and growth.  

This study was promising because they claim that hypertonic saline (7% NaCl) is not harmful to 
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the host but has an effect on P. aeruginosa.  This is also an important paper for this current study 

because Havasi et al. (2008) proposes that these same salt concentrations could have an effect on 

biofilm formation. 

 

EXPERIMENTAL HYPOTHESES 

A review of the literature shows that a preliminary understanding of S. maltophilia 

biofilm development has been achieved.  Much is still not known about the factors that lead to its 

biofilm development.  This thesis research tested the effect of ferric chloride and temperature, 

ferric chloride at various concentrations, and sodium chloride at various concentrations on S. 

maltophilia growth and biofilm development. 

Since earlier studies showed that both sodium chloride and ferric chloride have a partial 

inhibitory effect on P. aeruginosa, we developed initial hypotheses to determine if the effect was 

similar with S. maltophilia.  This thesis research was designed to test the hypothesis by first 

measuring how ferric chloride affects S. maltophilia growth at various temperatures. Then, we 

varied ferric chloride and sodium chloride concentrations to levels that affected P. aeruginosa 

biofilm development and observed the effect on S. maltophilia. 
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MATERIALS AND METHODS 

Diagnostic Verification of Pseudomonas aeruginosa and Stenotrophomonas maltophilia 

The P. aeruginosa strain used was ATCC 27853 and the S. maltophilia strain used was 

X26332.  The P. aeruginosa strain was blood isolate obtained from the American Type Culture 

Collection.  The S. maltophilia strain was a bloodstream isolate acquired from Children’s 

Memorial Hospital, Chicago, IL.  The identification of these organisms was verified using the 

Gram-negative non-enteric bacterial identification API system. Cultures of each organism were 

grown overnight at 37
 o
C in Luria-Bertani (LB) broth.  LB is a standard medium used that has 

several essential nutrients that ensures healthy growth of both P. aeruginosa and S. maltophilia. 

Cultures were then centrifuged, and the pellet was resuspended in saline solution.  This 

resuspended pellet was then standardized to a turbidity value of MacFarland standard 2 

(bioMérieux) by addition to a fresh tube of sterile saline. An API strip was inoculated with each 

organism, covered and the incubated overnight at 37
 o
C. Observations were made after a 24 hour 

incubation, and identification of the organisms was made using the API system.   

To test culture growth, production of hemolysins was tested by growing the cultures on 

blood agar plates.  Each bacterium was also plated on Luria-Bertani agar (LBA) plates to observe 

the general colony appearance. 

 

Growth and Maintenance of Pseudomonas aeruginosa and Stenotrophomonas maltophilia 

P. aeruginosa and S. maltophilia and were grown on LBA plates at 37
o
C overnight and 

passaged weekly onto fresh media plates.   
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Media preparation for Bacterial Growth and Biofilms 

A Difco 5X M9 minimal salts medium solution (Becton, Dickinson Company; Sparks, 

MD) was prepared which contained essential ions/electrolytes such as sodium phosphate, 

potassium phosphate, ammonium chloride, and minimal amounts of sodium chloride. The 

medium was then supplemented with additional nutrients that promoted bacterial growth and 

biofilm development. Those additives included 20% glucose, 1 M magnesium sulfate, 1 M 

calcium chloride, and 10% casamino acids.  The final concentrations of the medium were 0.36% 

glucose, 1.8 mM MgSO4, 90 μM CaCl2, and 0.9% casamino acids, respectively. 

A stock of 100 mM ferric chloride was prepared through filter sterilization and then 

subsequently added at various concentrations to the M9 minimal salts medium to achieve the 

desired final iron concentrations of 0 μM, 1 μM, 5 μM and 100 μM (Yang et al, 2007; Patriquin 

et al, 2008). 

For the sodium chloride experiments, Davis minimal broth (Fluka Analytical; Steinheim, 

Switzerland) was used instead of 5X M9 minimal salts medium because M9 already has sodium 

chloride and Davis minimal broth has none.  Davis minimal broth contains ammonium sulfate, 

dextrose, dipotassium phosphate, magnesium sulfate, monopotassium phosphate, and sodium 

citrate. The Davis minimal broth was prepared with various salt concentrations to achieve the 

desired final sodium chloride percentages of 0.27%, 0.9%, 2%, 4% and 7% (Havasi et al., 2008) 

 

Growth Assays 

 LBA plates with different concentrations of FeCl3 (0 μM , 8 μM , and 100 μM) were 

prepared with 0.4% agar.   Eighteen hour overnight cultures of S. maltophilia were centrifuged at 

the maximum speed of the microfuge (250 rpm) for 2 minutes and their pellets resuspended in 
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fresh LB.  Each cell culture concentration was standardized by diluting it into another sterile tube 

of 5 ml of fresh LB using McFarland Standard #2 to reach desired density.  Each agar plate was 

then inoculated with 100 μl of S. maltophilia in the center of the plate and then placed in one of 

four different temperature incubators: 4
o
 C, 14

o
 C, 30

o
 C, or 35

o
 C.  Measurements of the 

diameter of colony growth were taken every 24 hrs for 6 days.  Pictures were also taken to 

observe the behavior of the colony spreading.  This experiment was conducted in a set of five 

replicates. 

 

Biofilm Assays 

In preparation of biofilm assays, overnight cultures were grown shaking at 250 r.p.m. 

overnight in the appropriate medium. For the ferric chloride experiment, 5X M9 minimal salts 

medium was used and supplemental nutrients were added to ensure growth in a 37
o
C incubator. 

The nutrients added were the same concentrations stated earlier resulting in final concentrations 

of 0.36% glucose, 1.8 mM MgSO4, 90 μM CaCl2, and 0.9% casamino acids in the medium. For 

the sodium chloride experiment, Davis minimal broth was used and only casamino acids were 

added with a 0.9% final concentration. 

Biofilm formation was measured using a Falcon plastic 96-well PVC microtiter plate 

(Watnik and Kolter, 1999).  Fifteen to seventeen hour overnight cultures of P. aeruginosa and S. 

maltophilia were centrifuged for 2 minutes and their pellets resuspended in the various nutrient 

concentration media for inoculation. Each tube was standardized to an optical density reading of 

0.1 at 600nm using a Beckman DU530 Life Science UV/Vis Spectrophotomer.  This 0.1 

absorbance reading was then diluted down with the appropriate media (M9 Minimal Salts 

medium with the iron experiment or Davis minimal broth with the sodium chloride experiment) 
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1:100 to get a final absorbance reading of 0.001. Once the desired absorbance was set, each well 

in the microtiter plate was inoculated with 135 μl of each medium containing cells. The plates 

were then supplemented with 15 μl of broth containing either ferric chloride or sodium chloride.  

Negative control wells were also inoculated with medium lacking cells, but each negative control 

contained the ferric or sodium chloride supplement.  

Each plate had an initial OD590 reading and was then sealed with Parafilm and incubated 

at 35
o
C overnight for 24 hrs.  Bacterial growth was then recorded at OD590 using an automated 

microplate reader (ELx800 BioTek Instruments, Inc.). Media containing non-adherent cells were 

discarded and adhered cells were stained with 1% (w/v) crystal violet for 10 minutes at room 

temperature.  The wells were washed with 200 μl phosphate buffered saline (PBS) 3 times for 1 

minute each. The plate was then left to dry overnight. Once dry, the stained cells and biofilm 

material were then resuspended thoroughly by pipette with 160 μl of 80% ethanol and 

absorbance was again read at OD562 to measure the amount of biofilm. 

100 microliters of each medium with cells at standardized turbidity readings were plated 

on LBA plates and incubated overnight at 35
o
 C. Serial dilutions of the cultures used to inoculate 

the microtiter plate wells were plated in order to determine the number cells in each well. 

Colonies on the agar plates were counted and the number of colony forming units (CFU) was 

determined. This was performed to quantify the number of cells inoculated. 

 

Statistics 

In order to assess statistic significance, percent deviation and analysis of variation 

(ANOVA) were conducted on the results of each of the biofilm assays.  ANOVA was performed 

using the Microsoft Data Analysis Toolpak. 



18 

 

RESULTS 

Identification and Characterization of P. aeruginosa 27853 and S. maltophilia X26332 

 The non-enteric API 20 identification system verified the identity of P. aeruginosa and S. 

maltophilia (Figure 2). Growth of the two bacteria on Blood Agar at 37°C revealed that both S. 

maltophilia and P. aeruginosa are gamma-hemolytic isolates (Figure 3 A & C). 

 LBA plates illustrate the morphology of both organisms.  S. maltophilia has tan, wet 

colonies while P. aeruginosa has colonies that are also tan and appear to diffuse outwards 

(Figure 3 B & D). 

 

 

 

Figure 2: API strip of (A) S. maltophilia and (B) P. aeruginosa
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Figure 3: Blood Agar and Luria-Bertani Agar plates showing the colony growth of S. maltophilia 

and P. aeruginosa 

 

A B 

D 

Figure 3 A shows S. maltophilia gamma-hemolytic colony growth on Blood Agar; Figure 3 B 

shows S. maltophilia colony growth on LBA; Figure 3 C shows P. aeruginosa gamma-

hemolytic colony growth on Blood Agar; Figure 3 D shows P. aeruginosa growth on LBA.  

Note the diffuse colony growth of P. aeruginosa when compared to S. maltophilia. 

C 
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Effect of Iron and Temperature on the Growth of S. maltophilia X26332 

Observations of three independent cultures of S. maltophilia showed that the 

concentration of iron and temperature influenced the colony growth (Figure 4).  All cultures 

grown at either 30°C or 35°C displayed growth. The cultures grown on LB and 0.4% agar with a 

concentration of 100 μM FeCl3 demonstrated the same diameter of growth spreading when 

compared to the cultures grown in LB with 0.4% agar and with no supplemented FeCl3.  The 8 

μM iron plates showed a slight decrease in growth when compared to the control plates of no 

iron supplementation. The cultures incubated at 4°C and 14°C had little or no growth.  The 

growth of each colony at 30°C and 35°C was similar.   

The appearance of the bacterial colony growth can be seen on the following page in 

Figure 5.   In the 30°C and 35°C plates, which had the most growth, the colonies radiated in a 

circular shape outwards. 

Each graph in Figure 4 represents cultures of S. maltophilia (1.03 x 10
5
 cells) that were 

point inoculated into the center of LB containing 0.4% agar plate supplemented with ferric 

chloride and incubated at select temperatures. The colony growth was determined by measuring 

the diameter using a ruler at 22, 46, 70, 94 and 118 hours. The data shown are a representative 

average of experiments done 5 times. Vertical bars represent standard error. 
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Figure 4A: Effect of Ferric Chloride on S. maltophilia X26332 Colony Growth at 4°C 

Figure 4B: Effect of Ferric Chloride on S. maltophilia X26332 Colony Growth at 14°C 

In the figure above, lines represent S. maltophilia colony growth at 4°C over 120 hours at 

various iron concentrations: 0 µM FeCl3 (○),8 µM FeCl3(■), 100 µM FeCl3(▲) 

In the figure above, lines represent S. maltophilia colony growth at 14°C over 120 hours at 

various iron concentrations: 0 µM FeCl3 (○),8 µM FeCl3(■), 100 µM FeCl3(▲) 
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Figure 4C: Effect of Ferric Chloride on S. maltophilia X26332 Colony Growth at 30°C 

In the figure above, lines represent S. maltophilia colony growth at 30°C over 120 hours at 

various iron concentrations: 0 µM FeCl3 (○),8 µM FeCl3(■), 100 µM FeCl3(▲) 

Figure 4D: Effect of Ferric Chloride on S. maltophilia X26332 Colony Growth at 35°C 

In the figure above, lines represent S. maltophilia colony growth at 35°C over 120 hours at 

various iron concentrations: 0 µM FeCl3 (○),8 µM FeCl3(■), 100 µM FeCl3(▲) 
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Figure 5: Plates showing diameter of growth for each temperature and iron concentration 

0 μM FeCl3 8 μM FeCl3 100 μM FeCl3 
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o
C 

14
o
C 

C 30
o
C 

35
o
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o
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o
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 Effect of Ferric Chloride on P. aeruginosa ATCC 27853 and S. maltophilia X26332 Culture 

Growth in PVC Microtiter Plates 

For the biofilm assays, cultures were grown at 35°C in PVC microtiter plate wells 

containing M9 minimal salts medium supplemented with ferric chloride at the final 

concentrations of 0, 1, 5 and 100 μM.  At 24 hour incubation, growth of the S. maltophilia 

cultures maintained consistent across the wells as the concentration of iron chloride increased 

(Figure 6).  ANOVA analysis verified that the culture growth for S. maltophilia was statistically 

insignificant. A slight decrease in S. maltophilia culture growth in M9 containing 100 μM FeCl3 

was observed, but it was not statistically significant. The P. aeruginosa culture plate at 24 hours 

had an orange/red hue to it when compared to the S. maltophilia culture. The S. maltophilia 

culture had a light tan color. This difference between the P. aeruginosa and S. maltophilia 

cultures became more noticeable with increasing levels of iron (Figure 7).  
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Figure 6: PVC Microtiter plate showing 24 hour culture growth of S. maltophilia in M9 medium 

supplemented with various concentrations of ferric chloride 

Lanes B, C and D contain independent cultures of S. maltophilia. Lanes F and G contain medium 

and no cells. The following columns contain FeCl3  at final concentrations: 1-3 = 0 μM, 4-6 = 1 

μM, 7-9 = 5 μM, and 10-12 = 100 μM 
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Figure 7: Effect of ferric chloride on S. maltophilia X26332 and P. aeruginosa ATCC 

27853 culture growth in iron supplemented M9 medium. 

 

 

Cultures of S. maltophilia (5.87x10
4
 cells) and P. aeruginosa (2.35x10

4
 cells) were inoculated 

into PVC microtiter plate wells with ferric chloride concentrations as noted above, sealed with 

Parafilm and incubated at 35°C for 24 hours. The optical density for each well was recorded at 

590 nm. The experiement for S. maltophilia was performed with 4 independent trials, each time 

in triplicate. The P. aeruginosa experiement was performed twice, each time in triplicate. The 

vertical bars represent ± standard error.  ANOVA analysis verified that there is no significant 

difference in growth of S. maltophilia cultures incubated with different concentrations of FeCl3.  

P value = 0.52 for S. maltophilia and P<0.05 for P. aeruginosa. This indicates that there is a 

significant difference in growth for P. aeruginosa.
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Effect of Ferric Chloride on S. maltophilia X26332 Biofilm Development in PVC Microtiter 

Plates 

 

Visual observations of the microtiter wells at 24 hour incubation revealed that both P. 

aeruginosa ATCC 27583 and S. maltophilia X26332 formed biofilms at all of the culture 

conditions tested – M9 minimal salts medium supplemented with various concentrations of ferric 

chloride (Figure 8A). One strip was isolated from the microtiter plate showing the effect of ferric 

chloride on S. maltophilia (Figure 8B).  Recorded measurements of the S. maltophilia X26332 

biofilms showed that the absorbance values at OD562 were insignificantly different for the 

different concentrations of FeCl3 (Figure 9).  However, the biofilms formed by P. aeruginosa 

were too viscous and optically dense to quantify using the procedure described in the materials 

and methods.  
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Figure 8A: PVC Microtiter plate showing S. maltophilia biofilms stained with 1% crystal violet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lanes B, C and D contain independent cultures of S. maltophilia. Lanes F and G contain medium 

and no cells. Columns 1-12 contain FeCl3 at the following final concentrations: 1-3 = 0 μM, 4-6 

= 1 μM, 7-9 = 5 μM, and 10-12 = 100 μM 

 

Figure 8B: A side view displaying one strip of a 96-well microtiter plate showing S. maltophilia 

biofilms formed in the presence of FeCl3 
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Figure 9: Effect of ferric chloride on S. maltophilia biofilm development in M9 medium. 

 

 

 

 

 

 

 

 

 

 

Cultures of S. maltophilia (5x10
4
 cells) were inoculated into PVC microtiter plate wells with 

ferric chloride concentrations as noted, sealed with Parafilm and incubated at 35°C for 24 hours.  

Non-adhered cells were removed and the remaining adhered cells were stained with 1% crystal 

violet (w/v) and washed three times with PBS.  Wells were allowed to air dry overnight.  Wells 

were resuspended with 80% ethanol as described in Methods and Materials and OD562  readings 

were recorded. Graphs represent data from 4 trials, each performed in triplicate.  Vertical bars 

represent ± standard error. ANOVA analysis verified no significant difference in biofilms 

between the different concentrations of ferric chloride.  P value = 0.917
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Effect of Sodium Chloride on P. aeruginosa ATCC 27853 and S. maltophilia X26332 Culture 

Growth in PVC Microtiter Plates 

 

For the biofilm assays, S. maltophilia and P. aeruginosa cultures were grown stationary 

at 35°C in M9 minimal salts medium containing NaCl at final concentrations of 0.27%, 0.9%, 

2%, 4% or 7%.  As the media increased in salinity, a marked decline of culture growth after 24 

hours was observed  for both S. maltophilia and P. aeruginosa (Figure 10).  The cultures grown 

in the presence of 4% and 7% NaCl had the lowest turbidity readings at OD 590 nm in comparison 

to the turbidity of the cultures grown in M9 containing 0.27% and 0.9% NaCl.  The culture at 4% 

NaCl had growth at approximately 10% of 0.27% NaCl and the cultures at 7% NaCl had almost 

no observable growth. 

 

 

Effect of Sodium Chloride on S. maltophilia X26332 Biofilm Development in PVC Microtiter 

Plates 

 

The trend in biofilm formation paralleled the trend in culture growth for both P. 

aeruginosa and S. maltophilia.  The data of this experiment mirrored that of what was reported in 

that there is a decrease in growth of P. aeruginosa as NaCl concentration increased. As the NaCl 

concentration increased, the culture growth and biofilm formation of S. maltophilia was inhibited 

(Figure 11). The 24 hour readings at OD562 of S. maltophilia showed a marked decline for 

biofilms formed by cultures grown in Davis minimal salts medium with sodium chloride at final 

concentrations of 4% and 7%.  OD562 readings of biofilms produced by S. maltophilia X26332 in 

the presence of medium containing 0.27% and 0.9% saline were similar. Biofilm formation of S. 

maltophilia X26332 was reduced in culture medium containing greater than 2% sodium chloride. 
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Figure 10. Effect of sodium chloride on culture growth of S. maltophilia X26332 and P. 

aeruginosa ATTC 27853 in PVC microtiter plates.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cultures of S. maltophilia (2.42x10
6
 cells) and P. aeruginosa (3.12x10

6
 cells) were inoculated 

into PVC microtiter plate wells  containing Davis medium supplemented with indicated sodium 

chloride concentrations, sealed with Parafilm and incubated at 35°C for 24 hours. The optical 

density OD590 nm was recorded at 24 hours.  The experiment was performed 2 independent times 

in triplicates.  P<0.05 for both S. maltophilia and P. aeruginosa. The vertical bars represent ± 

standard error.
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Figure 11. Effect of sodium chloride on S. maltophilia X26332 biofilm formation in PVC 

microtiter plate wells. 

 

  

 

 

 

 

 

 

 

 

 

Cultures of S. maltophilia (2.42x10
6
 cells) were inoculated into PVC microtiter plate wells with 

indicated sodium chloride concentrations, sealed with Parafilm and incubated at 35°C for 24 

hours. Non-adhered cells were removed and the remaining adhered cells were stained with 1% 

crystal violet (w/v) and washed three times with PBS.  Wells were allowed to air dry overnight.  

Wells were resuspended with 80% ethanol and optical density at 562 nm was recorded. The 

experiment was performed in 2 trials, each time in triplicate. Error bars represent ± standard 

error. P<0.05  
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DISCUSSION 

 

The importance for new avenues in antimicrobial treatments is evident by the alarming 

increase of both nosocomial (hospital-based) and community-acquired infections.  P. aeruginosa 

and S. maltophilia are two bacterial pathogens that have been reported to cause these nosocomial 

and community-acquired infections and in the process form biofilms which decrease treatment 

effectiveness and increase antimicrobial resistance (Costerton et al., 1999).  The goal of biofilm 

eradiation or prevention in P. aeruginosa infections has become increasingly important because 

of the bacterium’s antimicrobial-resistant properties and its high prevalence in the medical 

setting.  As mentioned in the introduction, P. aeruginosa is especially problematic towards 

patients with cystic fibrosis (Tré-Hardy et al., 2009).   

The production of biofilms proves to make antimicrobial treatment even more 

problematic, so new approaches in treatment are being investigated.  This new approach of either 

preventing biofilm formation or decreasing the antimicrobial properties of biolfims is a novel 

one that will hopefully show promise in the medical setting. This is why our lab investigated the 

growing number of factors that influence S. maltophilia biofilm development.  Our investigations 

will hopefully contribute to the growing understanding of biofilm formation and susceptibility. 

This is potentially insightful because new antibiotics are constantly being researched and 

produced to address the growing number of infections, especially those by antimicrobial resistant 

microorganisms.  The idea is that if bacteria, like S. maltophilia or P. aeruginosa, somehow lose 

their ability to easily produce biofilms, then they could potentially not be as harmful to the 

patient.  If the bacteria are able to remain alive, but simply be less virulent, then the organism 

would presumably not receive the selective pressure to gain resistance to an antibiotic.   
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This research thesis focused on both P. aeruginosa and S. maltophilia in order to directly 

compare these organisms and contribute to the growing body of research of applicable data.  

While it would be easier to control and isolate each individual species, a common problem in a 

real-world medical setting is that bacterial infections may include multiple bacterial species 

acting concurrently, and infected tissues may be colonized with several species of 

microorganisms.  P. aeruginosa and S. maltophilia are shown to co-colonize within a tissue, such 

as the respiratory tract in cystic fibrosis (CF) patients (Denton and Kerr, 2002; DiBonaventura et 

al., 2007; Nazik et al., 2007).  Much of the previous literature has focused on how iron and salt 

affect P. aeruginosa growth and biofilm development, and this thesis research has attempted to 

determine how these factors affect S. maltophilia growth and biofilm development.  Several 

papers have suggest iron as a prospective treatment for P. aeruginosa biofilms, and by observing 

the effect of ferric chloride on S. maltophilia biofilm development one would be able to better 

determine its potential efficacy as a treatment for the biofilms of S. maltophilia. 

 

Iron and Culture Growth 

The first hypothesis tested in this study was that supplementation of the culture medium 

with ferric chloride would increase the growth of S. maltophilia when incubated at certain 

temperatures. This hypothesis was supported.  The highest culture densities were observed at the 

highest concentration 100μM of ferric chloride and the higher temperatures of 30°C and 35°C. 

This experiment served as a basis as to whether we could control and see a difference in S. 

maltophilia X26332 growth with increasing ferric chloride concentrations.  Several previous 

studies (Musk et al., 2005; Yang et al., 2007) showed that increasing iron concentrations, 
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especially in the form of ferric chloride, had an inversely proportional effect on P. aeruginosa 

ATCC 27853 growth.   

However, interpretation of the data from this growth experiment must be treated with 

care.  The LB medium used in the agar plates had an unquantifiable concentration of iron.  One 

of the essential components of LB is soy extract and the exact concentration of iron could 

therefore not be controlled.  After much search for a medium that that lacks iron, M9 minimal 

salts medium was discovered.  Unfortunately, the M9 minimal salts medium came with its own 

complications as it did not initially appear to be conducive to culture growth of either P. 

aeruginosa or S. maltophilia. Eighteen hour overnight cultures proved to be difficult, and when 

attempted on a biofilm assay, did not even form measureable biofilms.  The M9 minimal salts 

medium had to be supplemented with magnesium sulfate and calcium chloride as essential 

nutrients and glucose as a carbon source along with some essential amino acids, in the form of 

casein enzymatic hydrolysate or casamino acids to provide a suitable growth medium for both S. 

maltophilia and P. aeruginosa. The overnight growth of both S. maltophilia X26332 and P. 

aeruginosa ATCC 27853 in this new modified M9 medium was comparable to the growth of 

both of these organisms when cultured in LB broth.   

 

Iron and S. maltophilia Biofilms 

The second hypothesis in this study tested if the supplementation of the culture medium 

with ferric chloride would have an effect on the bacterial growth and biofilm formation of S. 

maltophilia. This hypothesis was not supported.  Based on the research performed with P. 

aeruginosa PAO1 (Musk et al., 2005; Yang et al., 2007; Patriquin et al., 2008), it was expected 
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that increasing ferric chloride concentrations would have a significant effect on biofilm 

development of S. maltophilia.   

Data obtained in this current study shows that iron chloride does not inhibit or increase 

biofilm formation by S. maltophilia X26332.  At all ferric chloride concentrations tested in this 

thesis study, OD562 readings of biofilm were not significantly different and the OD590 readings 

for growth were not significantly different.  The P value readings were 0.52 and 0.917, 

respectively. These results are in contrast to reports that ferric chloride inhibits P. aeruginosa 

biofilm development. 

It has been reported that the physiological free iron concentration in the lower respiratory 

tract of a healthy human is 10
-18

 M, which is relatively low when compared to the free iron 

concentration of 6.3x10
-5

 M (or 63 µM) from the sputum of a CF patient (Berlutti et al., 2005). 

Berlutti et al. (2005) tested the effect of supplementation of the culture medium with various Fe
3+

 

concentrations (1 µM and 10 µM) on P. aeruginosa adhesion and biofilm formation on 

polystyrene microtiter plates.  They reported that 1 µM Fe
3+

 induced motility in P. aeruginosa 

and 10 µM Fe
3+

 stimulated biofilm formation.  This information is particularly useful to this 

current study because it provides a quantifiable comparison of the iron concentrations used in 

this experiment when compared to the physiological iron concentration. The 100 µM FeCl3 

concentration used in the experiment in this thesis is higher than that found in the CF lung, so 

this further affirms the results of the past studies indicating that this concentration of iron could 

be effective in P. aeruginosa biofilm prevention. However, data from the experiments in this 

thesis indicate that treatments may not be effective in the prevention of S. maltophilia biofilm 

formation.    
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The information obtained from this specific experiment of the effect of ferric chloride on 

S. maltophilia biofilm development could be applicable in the clinical setting. Current research is 

targeting iron treatment in the prevention of P. aeruginosa biofilms in the CF lung.  As this 

thesis data indicates, treatments with iron do not inhibit S. maltophilia growth and biofilm 

production.  Therefore, treatments of S. maltophilia infections with iron will likely be 

ineffective.  Treatment of polymicrobial infections with iron could be potentially problematic.  In 

polymicrobial infections, if two naturally occurring organisms cohabitate an environment and are 

usually kept in check by competition and availability of resources, the inhibition of growth of 

one organism could impact the growth and development of the other. 

Pompilio et al. (2010) showed that P. aeruginosa can directly influence the ability of S. 

maltophilia to adhere to a surface and grow. Their study isolated bronchial epithelial cells from a 

CF patient and tested the ability of colonization and biofilm development of S. maltophilia on 

these cells.  It was reported that S. maltophilia cells do form biofilms on this epithelial cell 

surface.  The study further showed that epithelial cells pre-colonized by P. aeruginosa and then 

subsequently removed actually caused the S. maltophilia cells to adhere more readily to the 

bronichial epithelial surface.  This supports the idea that these two bacteria can have an influence 

on each other. 

Since both P. aeruginosa and S. maltophilia are found in the lung, it is reasonable to 

conclude that a single treatment, such as ferric chloride, that affects one but not the other could 

cause other unforeseen health problems.  S. maltophilia is an opportunistic pathogen, so the 

removal of P. aeruginosa biofilms could provide more nutrients and space for S. maltophilia 

biofilms to form.  S. maltophilia infection and disease may then occur in the host.  Drug 

treatments usually have more than one component, so there could be treatments that do affect 



38 

 

both P. aeruginosa and S. maltophilia.  This thesis study just shows that, at least for iron, other 

avenues have to be addressed for treatments aiming to prevent S. maltophilia biofilm 

development.  

Lastly, it was noted that the increasing levels of iron concentrations had an additional 

effect of producing a pigment in P. aeruginosa cultures in the microtiter wells.  It has been 

reported that iron can cause P. aeruginosa to produce pigments (Palumbo, 1972).   While 

production of this pigment is not further studied in this paper, it does confirm that 100 µM FeCl3 

wells in the microtiter plates did have an inherent difference when compared to the lower ferric 

chloride concentrations.  The difference measured in this thesis was culture growth and 

subsequent biofilm development, but this qualitative difference in color suggests that other 

differences may be present. 

 

Sodium Chloride and S. maltophilia Biofilms 

The third hypothesis tested in this study proposed that increases in sodium chloride 

concentration would decrease the bacterial growth and biofilm formation of S. maltophilia.  This 

hypothesis was supported by data obtained in this study.  As the percentage of sodium chloride 

in the culture medium increased, a marked decrease in both growth and biofilm production was 

observed for cultures of S. maltophilia X26332.  This finding is consistent with the results shown 

in the Havasi study on the inhibitory effect of hypertonic saline on P. aeruginosa motility and 

growth (Havasi, 2008).   

In this thesis study, the same salt concentrations were tested for their effect on P. 

aeruginosa and S. maltophilia culture growth and biofilm development.  The results of culture 

growth agree with the reported findings at the high salt concentrations (2%, 4% and 7%) with P. 
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aeruginosa (Havasi et al., 2008).  In the biofilm assay, microtiter plate cultures were used to 

monitor growth and biofilm development of both organisms.  These same higher salt 

concentrations hindered biofilm development in S. maltophilia with virtually no biofilms being 

observed at 4% and 7% salt concentrations.  Biofilms were not observed in the negative control 

microtiter plate wells.  The negative controls consisted of wells filled with medium and salt 

concentrations, but no cells.  The data are promising because they suggest that the hypertonic 

saline aerosol treatment to prevent P. aeruginosa growth would have a similar effect on the 

growth and biofilm development of S. maltophilia.  

This observed effect of sodium chloride on S. maltophilia biofilm formation is also 

promising because of the inherent antimicrobial effect of select concentrations of saline.  Saline 

concentrations in tears for example have been shown to be an effective antimicrobial agent 

against organisms that could potentially infect the eyes (Cowell et al., 1999; Kwong et al., 2007).  

Kwong et al. (2007) tested the hypothesis of human tears as an effective antimicrobial agent 

against P. aeruginosa.  In a translocation assay, tears from healthy human volunteers were able 

to protect corneal epithelial cells against colonization by P. aeruginosa (Kwong et al., 2007).  

This saline treatment approach is also applicable to the idea of using saline aerosols as an 

antimicrobial treatment.  While potentially not harmful to the host, increased salt concentrations 

could have a direct effect on diminishing infections caused by microbial growth and biofilm 

production of P. aeruginosa or S. maltophilia.  

 

Pseudomonas aeruginosa and Stenotrophomonas maltophilia Biofilms  

The role of iron in the development of P. aeruginosa biofilm is a current topic that is 

being studied intensely.  As stated previously, the need for alternative antibiotic treatments is of 
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utmost importance because of the increasing incidences of emerging antimicrobial-resistant 

microorganisms that include P. aeruginosa and S. maltophilia. This rise in incidence is one of 

the motivations at looking at the role of iron and the biofilm-producing abilities of these 

microorganisms.  Iron is shown to be required in signaling P. aeruginosa biofilm development 

(Banin et al., 2005).  Studies have shown that iron is a significant factor in the cystic fibrosis 

lung (Lamont and Konnings, 2009; Reid et al., 2009).  These reports demonstrate that the role of 

iron acquisition, while vital to the cellular function of P. aeruginosa, is still not well 

characterized.  Lamont and Konnings suggest that P. aeruginosa may secrete siderophores which 

are iron-scavenging molecules with high affinities for Fe
3+

 ions. They are shown to be made by 

pathogenic bacteria and are required for normal infection (Lamont and Konnings, 2009).  P. 

aeruginosa is known to produce two siderophores, pyoverdines and pyochelins (Lamont and 

Konnings, 2009).  Pyoverdine-mediated iron transport appears to be essential for the production 

of biofilms by P. aeruginosa (Lamont and Konnings, 2009). 

Musk and Hergenrother (2008) demonstrated that chelated iron sources, like ferric 

chloride, inhibited P. aeruginosa biofilm development in vitro. They were able to show that high 

levels of iron salts, including 50μM ferric chloride, sufficiently decreased biofilm production in a 

microtiter plate (Musk and Hergenrother, 2008). Use of an iron chelator implies that all of the 

free, available iron will be taken up and not readily available for cells to use.  This experiment 

provides additional evidence of the crucial role of iron in P. aeruginosa growth and biofilm 

development.  This study determined that iron had no effect on S. maltophilia biofilm 

development, and a search of the Pubmed database has not revealed any reports of siderophores 

produced by S. maltophilia.  
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One of the problems experienced in this current thesis study was that a reliable, 

quantifiable reading for P. aeruginosa biofilm was not obtained.  This was due to the type of 

growth and biofilm development that the organism demonstrated in the PVC microtiter plate.  It 

would have been advantageous to mirror the previously reported experiments as our positive 

control, but unfortunately, other than taking pictures and taking visual observations, the exact 

degree of biofilm development could not be ascertained.  

Biofilm formation has been shown to be dependent on the type of bacterial strain used in 

studies.  This current thesis study used P. aeruginosa ATCC 27533.  Patriquin et al. (2007) and 

Yang et al. (2007) both used P. aeruginosa strain PAO1.  Musk et al. (2005) and Musk and 

Hergenrother (2008) used P. aeruginosa strain PA14.  Musk et al. (2005) partially addressed this 

issue of bacterial strain specific biofilms by testing the biofilm formation of other P. aeruginosa 

strains.  Twenty different P. aeruginosa strains taken directly from the sputum of CF patients 

were used to test biofilm development in the presence of iron.  The clinical isolates used in the 

Musk et al. (2005) study showed a wide range of results of the effect of iron on adhered bacterial 

cells.  Some strains appeared to be unaffected by the presence of increased iron, while many 

were affected and displayed little or no biofilm.  It is important to note that this study used ferric 

ammonium citrate, which could have a different effect than ferric chloride. 

The issue of strain specificity and biofilm formation could also be applied to S. 

maltophilia.  The strain used in this current study was X26322, a blood isolate from a patient.  

This strain could behave differently compared to a S. maltophilia strain isolated from somewhere 

else in the body or an environmental strain of S. maltophilia.  Community-based infections of S. 

maltophilia are increasing in incidence (Falagas et al., 2009), so it would be important to test 

whether environmental strains would behave the same or differently than clinical strains. 
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Future Directions 

One of the most logical next steps to the experiments presented here would be to see the 

effect of ferric chloride and sodium chloride on S. maltophilia biofilm development in vivo.  

Pompilio et al. (2010) proposed that biofilms produced on abiotic surfaces might not compare 

with how these bacterial cells act in vivo.  Reid et al. (2009) also suggests that mechanisms of 

iron acquisition could be much different in vivo compared to in vitro models.  

This thesis study helps show that the factors, FeCl3 and NaCl, affect biofilm development 

in S. maltophilia.  The fact that FeCl3 does not inhibit or increase the biofilm formation of S. 

maltophilia is important for researchers attempting to create new antimicrobial treatments for 

patients at risk of S. maltophilia infections.  As previously mentioned, a new series of treatments 

is currently being used to treat the biofilm-forming ability of bacteria like S. maltophilia.  This 

study shows that alternative methods need to be approached, like NaCl, treatment, instead of 

using FeCl3, to specifically target S. maltophilia.  

A myriad of factors remain to be tested that influence biofilm development by S. 

maltophilia.  Studies have suggested that various other metals and salts can affect P. aeruginosa 

growth and biofilm development. It is important to study other co-localized microorganisms that 

reside with P. aeruginosa and S. maltophilia that are also opportunistic and could prove to be 

problematic for infections, especially in the immunocompromised patient population that is 

afflicted most by S. maltophilia. 
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