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Nitric oxide (NO) is emerging as a ubiquitous signaling molecule that plays a role 

in bacterial biofilm development. For example, in Pseudomonas aeruginosa, 

endogenous NO production via anaerobic respiration promotes cell death and dispersal 

during biofilm development. One of the potential sources of endogenous NO in 

Staphylococcus aureus is a bacterial NO-synthase (SaNOS). Data published by other 

groups have shown that purified SaNOS converts L-arginine to citrulline and NO, and a 

S. aureus strain defective in the NO synthase (nos) gene has been reported to have 

increased sensitivity to oxidative stress during planktonic growth, similar to results 

reported for the Bacillus subtilis nos mutant. However, the contribution of NOS to S. 

aureus biofilm growth is yet to be elucidated.  Quantitative reverse-transcriptase PCR 

(qRT-PCR) analysis of RNA isolated from S. aureus UAMS-1 has demonstrated that 

expression of the nos gene (SAR2007 of the MRSA252 genome, NC_002952.2) is up-

regulated during low-oxygen growth relative to aerobic growth, and that nos is co-

transcribed with a downstream SAR2008 gene, a putative prephenate dehydratase. 

Furthermore, published RNA microarray data has shown that nos expression is up-

regulated in the presence of hydrogen peroxide (H2O2), and these results were 
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confirmed in this study by qRT-PCR analysis of RNA isolated from UAMS-1 cultures 

grown in the presence and absence of H2O2. Strain UAMS-1 and an isogenic nos polar 

insertion mutant displayed comparable growth in both TSB and biofilm media under 

planktonic growth conditions. However, when grown on a TSA plate there was 

increased pigmentation in the nos mutant which corresponds to an increase in nos 

expression as monitored by a nos promoter-GFP reporter plasmid construct. Phenotypic 

differences were also observed when UAMS-1 and the nos mutant were grown as static 

biofilms. The nos mutant had a more attached structure when compared to the UAMS-1 

wild-type strain, which, when analyzed by COMSTAT software, showed an increase in 

biomass and average thickness in the nos mutant.  Analysis also showed a decrease in 

biomass to surface area ratio, suggesting the nos mutant biofilm may be less adaptable 

to a changing environment compared to the wild-type UAMS-1. Complementation of the 

nos mutation resulted in reversion of the pigment production, biofilm phenotypes and 

qRT-PCR data back to wild-type results. Based on these results and the link between 

SaNOS and oxidative stress, a working model is proposed in which nos expression may 

be up-regulated in S. aureus biofilms in response to oxidative stress (such as in the 

presence of immune cell respiratory burst), which in turn enhances endogenous NO 

production in the biofilm which may participate in regulatory processes such as 

signaling cell dispersal. 
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CHAPTER 1 
INTRODUCTION 

Staphylococcus aureus 

Staphylococcus aureus is a spherical Gram-positive bacterium arranged in grape-

like clusters [1] with a 2800 kbp chromosome supplemented with prophages, plasmids 

and transposons [2,3]. S. aureus is a facultative anaerobe which can grow via aerobic 

respiration, anaerobic respiration and mixed acid fermentation, allowing its persistence 

under a variety of growth conditions, including a sessile, biofilm lifestyle.  The alteration 

of this metabolism has phenotypic effects, with the main difference being virulence.   

Anaerobically, the TCA cycle is down regulated and transcription of virulence factors is 

decreased in favor of supporting the growth of the microbe [4]. S. aureus also has a 

golden pigment resulting from carotenoid production, which acts as an antioxidant 

defense mechanism and allows for protection against oxidant-based clearance of host 

innate immune system-released reactive oxygen species such as hydrogen peroxide 

(H2O2) and hypochlorite [5]. 

While carotenoid pigment may help S. aureus  to some degree in terms of 

avoiding the immune system, it is only one of a plethora of bacterial factors which make 

S. aureus, and more specifically Methicillin-Resistant Staphylococcus aureus (MRSA), 

the leading cause of death by a single infectious agent and the leading cause of human 

bacterial infections worldwide [6].  The infectious capabilities of S aureus are in part due 

to its transmission in a variety of ways, including crowding, skin to skin interactions with 

healthy or already compromised skin (wounds), contaminated surfaces or a lack of 

cleanliness in general [6].  S. aureus can cause a number of infections, in all tissues 

and organ systems, with the more common diseases being bacteremia, endocarditis, 



 

12 

sepsis, toxic shock, and necrotizing fasciitis [1]. While the number of diseases caused 

by S. aureus is alarming, the main reason for its prevalence and severity of disease is a 

variety of virulence factors (Table 1-1) and its multi-drug resistance capabilities, 

including benzyl penicillin (beta lactamase activity), methicillin (mecA) and even 

vancomycin (vanA) resistance [7,8,9].   

These multiple resistance strains fall into two categories, hospital acquired 

methicillin resistant S. aureus (HA-MRSA) and community acquired methicillin resistant 

S. aureus (CA-MRSA). HA-MRSA infects individuals with a predisposition to infection, 

whether they are immunocompromised or have an implanted device such as a catheter 

or intravenous (IV) line. In contrast, CA-MRSA infects seemingly healthy individuals, 

although there is a dispute as to whether or not there is an actual growth advantage in 

some strains allowing for easier colonization or, potentially, an unidentified factor in the 

hosts making individuals more susceptible [7].  

Virulence Regulation 

 Virulence regulation is a wide area of study, especially when attempting to 

determine therapeutics for S. aureus. Regulation occurs through a variety of signals in 

response to the host, environment, growth phase, adhesion redundancy, presence of 

exotoxins and the presence of proteases [10].  There are two main groups of regulators, 

the two-component systems and the other regulators.  A widely studied example of a 

two-component system is agrBDCA (accessory gene regulator), which is a quorum 

sensing system responsible for regulation of biofilm formation (discussed in more detail 

below), virulence gene expression and detachment [11].  It regulates virulence gene 

expression by down-regulating cell surface adhesions during stationary phase, or in 

response to high cell density, and simultaneously up-regulating secreted virulence 
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factors and toxins [12].  It is made up of two primary transcripts designated RNA II and 

RNA III, from the promoters P2 and P3, respectively.  P2 makes up a four gene operon 

encoding the AgrBDCA proteins.  AgrB is a transmembrane protein involved in 

processing AgrD into an octopeptide which is then secreted as an autoinducing peptide 

(AIP) signal [13].  AgrA and AgrC are members of a two-component system where AgrC 

is the histidine kinase that binds the AIP and AgrA is its corresponding response 

regulator [14].  Binding of AIP to AgrC induces subsequent phosphorylation of AgrA, 

which in turn allows binding to the P3 promoter region and up-regulation of the P3 

transcript.  The P3 transcript encodes the effector of the agr system, RNAIII, which is an 

untranslated regulatory RNA molecule, that determines the expression of target genes 

at either the transcriptional or translational level[14].  The expression and regulation of 

virulence genes play a large role in the interaction between S. aureus and the immune 

system. 

Biofilms 

A biofilm is a microbial community enveloped by an extracellular matrix adhered to 

a solid surface and each other.  There are multiple reasons why bacteria may choose 

this sessile lifestyle in lieu of a motile or planktonic state, such as the ability to 

coordinate activities through intercellular signaling, a variance in metabolic activities 

leading to potential defense strategies, and for pathogens, to increase the persistence 

of infection within a host [15].  There are three main stages of biofilm development: 

attachment, maturation and dispersal (Figure 1-1).  Attachment is the initial colonization 

of the surface, and is affected by a variety of factors to include surface conditioning 

(accumulation of nutrients at the surface fluid interface [16]), mass transport 

(mechanism by which bacteria are transported to the surface to colonize [17]), surface 
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charge (the charge on the cell surface compared to the charge on the colonizing surface 

[18]), hydrophobicity (of the surface and of the corresponding bacterial attachment 

factors[19]) and microtopography (surface cracks and crevices which may better allow 

for cell attachment [20]) [21]. Maturation is the next stage, which is characterized by an 

increase in biomass, production of a protective extracellular polysaccharide and/or 

protein-based biofilm matrix, and the formation of various structures such as towers.  

Current research has also shown that extracellular genomic DNA (eDNA) release plays 

a large role in attachment as well as in biofilm maturation in a number of different 

bacteria [22-31]. It is released by autolysis of bacterial cells and acts as an adhesive. 

Last is dispersal, the portion of the life cycle which allows microcolonies to detach and 

promote biofilm formation in previously uncolonized areas.  Dispersal is mediated by 

several factors such as environmental conditions, changing oxygen levels, nutrient 

depletion, changing nutrient composition, increased protease activity and increased 

concentration of quorum sensing signals [22].  

Staphylococcus aureus Biofilms 

Staphylococcus aureus biofilms are very difficult to eradicate and have a high 

probability of disseminating to other sites in the body [23].  They have the same three 

stages of development as described above (attachment, maturation and dispersal), with 

specific cell signals occurring at each stage.  Regulated cell lysis and the release of 

eDNA is of particular importance in S. aureus biofilms [24].  This eDNA is important for 

biofilm adhesion in vitro, especially within the first four hours of colonization [24,25].  

During this initial colonization period is also when S. aureus initially binds to human 

matrix proteins, such as fibrinogen and fibronectin, via microbial surface components 

recognizing adhesive matrix molecule (MSCRAMMS) [26].  These molecules have a 
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exposed binding domain for interaction with the host, a cell-wall spanning domain, and a 

domain for covalent or noncovalent attachment to bacterial surfaces [26].  A recent 

study suggests that several of these MSCRAMMS, specifically fibrinogen and 

fibronectin-binding proteins (FnBPA and FnBPB, respectively), are important for biofilm 

attachment in MRSA strains, but not in MSSA strains, suggesting that the contribution of 

certain MSCRAMMS towards biofilm development may be strain dependent [27]. 

Overall, initial colonization sets the stage for biofilm growth and development. 

Maturation 

After this initial adherence, polysaccharide intercellular adhesion (PIA) and the 

extracellular matrix are produced.  This production is mediated by the icaADBC locus 

and is increased under anaerobic environments [4,28].  IcaA is an N-

acetylglucoaminyltransferase while IcaC and IcaD are membrane associated proteins 

which chaperone IcaA.  IcaB is the enzyme responsible for deacetylation of N-acetyl 

glucosamine. This operon is repressed by IcaR which binds upstream of the ica start 

codon [28].  While this polysaccharide production plays a large role in biofilm formation 

in some S. aureus strains, there is a large proportion of them which do not require PIA 

for biofilm formation [29].  Dispersin B is a glycoside hydrolase enzyme (produced by 

the pathogen Aggregatibacter actinomycetemcomitans) capable of removing the 

biofilms which are PIA dependent [30]. However, many other staphylococcal biofilms 

were found to be unaffected by this treatment [22,30].  Rather, a mixture of proteases 

and Proteinase K was effective at removing them suggesting these biofilms are largely 

composed of protein and teichoic acids. DNaseI was also required for eDNA removal in 

both ica-dependent and independent biofilms [22,31,32]. Despite the differences in 

biofilm extracellular matrix composition, during this phase of growth the biofilms begin to 
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have tower structures separated by fluid filled channels allowing for nutrient 

dissemination and waste removal [23]. 

Dispersal 

Dispersal is the last step in the biofilm process and occurs in response to quorum 

sensing signals supplied by the agr locus described above [14,22,32,33].  The agr locus 

has an expression cycle which includes its repression during the initial colonization 

phase, leading to enhanced adherence due in part to up-regulated production of cell 

surface adhesions. When the cell density increases, the accumulation of the 

autoinducing peptide (AIP) accumulates to a threshold level which activates the agr 

system and triggers dispersal [22]. Although the exact mechanism is not understood, 

agr-mediated dispersal is due, in part, to the up-regulation of protease production 

[22,32].  Agr-mediated dispersal can be induced in a young biofilm through the addition 

of AIP to the medium [14], and regardless of the stage of biofilm development, bacterial 

regrowth occurs in voids left by the detached cells [14].  In addition to agr, 

thermonuclease, a secreted temperature stable nuclease, may also be needed for 

dispersal, presumably by degrading eDNA [22,25,32].  Interestingly, the agr response 

appears to be limited to surface exposed areas and increases biofilm detachment by 

up-regulating the AIP effector molecule and repressing the attachment factors [33,34].  

Naturally occurring agr mutants have been isolated from clinical S. aureus biofilms with 

mutations existing in the histidine kinase and sensor domains [35], and these mutants 

have a thicker, more dense biofilm than their counterparts, presumably allowing for 

persistence in infection [23,34].  It is postulated that these mutants may be more adept 

at forming long-term chronic infections due to their increased expression of surface 

adhesions and repression of factors leading to detachment [36]. However, these 
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mutants seem to arise naturally in vivo and in vitro during the extreme stationary phase 

of growth and biofilm development; many will even arise in samples taken from clinical 

settings and then cultured for several days planktonically [34].  Aside from Agr signaling, 

little is known about other cell signaling and communication mechanisms that occur 

within S. aureus biofilms.  

Immune Response 

The biofilm lifestyle adds an additional challenge to the immune system of the 

host, resulting in a six-log decrease in bacterial susceptibility to antimicrobials when 

planktonic cultures are compared to biofilms [32]. This decrease in susceptibility is a 

particular concern with S. aureus, since a great number of S. aureus infections 

(endocarditis, osteomyelitis, chronic wound infections, and infections of implanted 

medical devices) are caused by biofilms.  The traditional means of interacting with a 

bacterium through antimicrobial peptides (AMPs), neutrophil phagocytosis and the 

complement system is difficult with aggregates of cells [37,38,39]. Normally this 

response works in a complement cascade.  The pathogen is labeled to facilitate 

phagocytic uptake via complement receptors.  The phagocytes are attracted to the 

microbes through the production of chemoattractants, which leads to the direct lysing of 

most Gram-negative cells through a membrane attack complex, and phagocytosis of 

other cells such as Gram-positive bacteria [37].  To combat the immune system, 

pathogenic bacteria are equipped with an arsenal of weapons which allow for interaction 

during all steps of the immune response.  Antimicrobial peptides and the complement 

system can be disrupted through proteolytic degradation, AMP binding and inactivation 

through D-alanylation of teichoic acids and metalloproteases [40].  Neutrophils have the 

ability to make extracellular traps or nets, which are degraded by bacterial extracellular 



 

18 

DNAses [41].  There are also a variety of extracellular proteases which have the ability 

to cleave antibodies [42].  S. aureus in particular has the ability to prevent destruction 

[43] once engulfed through its production of superoxide dismutases [44], catalase 

[45,46] and golden carotenoid pigment [5].  In addition to being able to avoid 

destruction, it has the ability to lyse host leukocytes through pore-forming toxin 

production [41,47].  Within the biofilm, the ability of the immune system to reach the 

target and interact specifically with individual microbes is much more limited.  There 

may be limited diffusion within the biofilm by antimicrobial peptides and the complement 

system, in addition to possible active repulsion by the biofilm of these host defenses 

[48].  Furthermore, the effect of singular immune cells is decreased on such a large 

population of cells [23]. Although detailed studies of immune cell interactions with S. 

aureus biofilms have not been reported in the literature, this reduced anti-biofilm 

efficacy has been seen through the interaction of Pseudomonas aeruginosa with 

macrophage secretory products (MSP) [49].  When P. aeruginosa was actually grown in 

the presence of MSPs their virulence was enhanced in a biofilm mouse model of 

ascending pyelonephritis [49]. Rather than destroying the biofilm, the immune system 

appeared to actually aid P. aeruginosa in its ability to evade phagocytosis [49].  

Furthermore, neutrophils interacting with the P. aeruginosa biofilms in vitro have been 

shown to become phagocytically engorged and immobilized. In addition, these 

neutrophils underwent respiratory bursts but no phagocytosis, leading to an increase in 

oxygen consumption within the system, yet no increase in soluble H2O2 [50].  This 

decrease in efficiency of the immune cells allows the microbes within the biofilm to 
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proliferate while the neutrophils remained immobilized with a diminished oxidative burst 

and thus defense potential [50]. 

Nitric Oxide Signaling 

Nitric oxide (NO) is a free-radical gas, which easily diffuses and is highly reactive, 

making it an important molecule for both cell signaling and host defense in eukaryotes. 

It is also produced as part of the denitrification pathway of prokaryotes, when nitrate is 

sequentially reduced to dinitrogen via nitrite, NO and nitrous oxide. High levels of NO 

may be toxic to these cells, and is thus commonly reduced to nitrous oxide.  In 

eukaryotes it is well known as an endothelial relaxing factor, cytotoxic agent, and 

nervous system signaling molecule [51].  This versatile signaling molecule has a variety 

of targets,  including heme/nonheme iron cofactors, iron-sulfur clusters, redox metal 

sites, lipids, DNA and amines [52].  Methods for modification of proteins include S-

nitrosylation, the transfer of a nitric oxide group to cysteine sulfhydryls on proteins which 

is comparable to phosphorylation of proteins [53], and nitration, a covalent post-

translational protein modification derived from the reaction of aromatic amino acids 

(primarily tyrosine or tryptophan) in proteins with NO or other reactive nitrogen species 

(RNS) [54].  

Nitric Oxide Synthases in Eukaryotes  

While the targets of NO are abundant, the sources of NO production are much 

more limited, with one of the main sources being nitric oxide synthase (NOS) [55].  

Although present in eukaryotes, prokaryotes, and archaea, the most widely studied nos 

genes are in mammals [56,57].  There are three types of nos in mammals, with two 

being constitutively expressed and one considered an “inducible” NOS.  The 

constitutively expressed NOS are common in the central nervous system, where, 
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although not stored in the synaptic vesicles, it acts as a neurotransmitter [58]. The 

second constitutive NOS was discovered in endothelial cells, where it helps maintain 

basal vascular tone, and is involved in platelet aggregation.  Inducible NOS (iNOS) is 

specific to the immune response, expressed in both neutrophils and macrophages [52]. 

The NO produced from these NOS enzymes has a variety of roles.  Some of the 

most common roles for NO is through interactions with heme groups and sulfhydryl 

groups [59], causing perturbation in certain zinc transcription factors [60], and 

modifications of various proteins and lipids.  One of the specific interactions observed in 

eukaryotes has been with guanylate cyclase which is activated by NO, causing an 

increase in cyclic guanosine monophosphate (cGMP) [52,61,62,63].  This interaction is 

one of the categories of NO signaling specific to the calcium dependent constitutive 

NOS enzymes, known as “cGMP-dependent signaling”.  In these cases, NO interacts 

with a soluble guanylyl cyclase-heme containing a heterodimeric NO receptor.  This 

receptor converts guanosine triphosphate to guanosine 3’5’-cyclic monophosphate, 

which can then act on protein kinases, gated channels and phosphodiesterases [52].  

The other type of signaling is known as “cGMP-independent signaling” [52].  This type 

of signaling involves nitrate and nitrite being recycled in blood and tissues to form NO 

storage pools in the event NOS production is insufficient [52].  S-nitrosylation is also 

cGMP independent and refers to the reaction of NO or an NO derived species with 

cysteine residues on target proteins. This reaction regulates a variety of cellular targets 

from protein kinases, proteolytic enzymes and transcription factors, to proteins involved 

with energy transduction [52]. 
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Nitric Oxide Signaling in Bacteria 

Bacteria also respond to NO, oftentimes encountered in the form of nitrosative 

stress during host infection.  NO inhibits DNA replication by mobilizing the zinc from the 

DNA binding proteins [60].  To prevent this interaction, there are a variety of NO 

metallo-regulatory proteins produced by bacteria that sense and respond to elevated 

NO concentrations. Escherichia coli has six known NO sensors, including the non-heme 

sensors NorR and NsrR which respond to nanomolar ranges of NO and the iron-sulfur 

proteins SoxR and FNR which respond to both superoxide and NO [60].  Although well 

studied in E. coli, this motif is conserved across many bacteria in a heme NO and/or 

oxygen binding (H-NOX) domain.  Although there are no known “true” zinc sensors of 

NO in E. coli, the Neisseria gonorrhoeae NmlR protein is a zinc containing 

transcriptional regulator which responds to NO and mediates the nitrosative stress 

response through 5-nitrosoglutathione reductase activity [60].  In Mycobacterium 

tuberculosis the proteins commonly interacting with NO may actually be oxygen 

sensors, and NO binding prevents oxygen binding which mimics a low oxygen situation, 

causing histidine kinase activation [52].  In S. aureus, the Staphylococcal Respiratory 

Regulator (SrrAB) and  Flavohaemoglobin (Hmp) are the best-studied sensors of NO, 

with SrrAB involved in regulating the nitrosative stress response and Hmp directly 

detoxifying the NO [64]. SrrAB is homologous to ResDE in Bacillus subtilis, which has 

also been shown to act as an NO sensor in this organism.  ResDE is a two-component 

system which activates the transcription of genes required for nitrate respiration under 

oxygen-limiting conditions [65,66], in addition to genes involved in NO detoxification 

such as the flavohaemoglobin gene hmp [66].  Likewise, S. aureus SrrAB is also 

involved in regulating the expression of the S. aureus hmp gene [64,67,68,69,70,71].  
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SrrAB is also involved in the S. aureus nitrosative stress response, as a srrAB mutant 

displayed increased sensitivity to NO [64]. 

The Role of Nitric Oxide in Biofilm 

NO has also been shown to play a crucial role in affecting bacterial biofilm 

formation.  One of the few studies looking into the role of NO in S. aureus biofilms 

looked at inhibition of biofilm formation through acidified nitrite repression of the 

icaADBC gene cluster [72].  This interaction with the acidified nitrite appeared to cause 

a stress response which impaired the biofilm’s ability to deal with oxidative and 

nitrosative stress (as determined by RNA microarray) as well as through decreased PIA 

production.[72].  In this same study, biofilm growth that was inhibited in the presence of 

acidified nitrite could be recovered through the addition of an NO scavenger, suggesting 

that NO was generated as a byproduct of the disproportionation of the unstable acidified 

nitrite, and was directly or indirectly responsible for the observed phenotypes [72].   

In P. aeruginosa, exogenous NO has been shown to cause biofilm dispersal, 

aiding in the complete removal of a biofilm with the addition of an antimicrobial [15,73].  

Endogenous NO production, via denitrification [73], also appeared to trigger cell death 

and dispersal, while an added oxidative or nitrosative stress on Pseudomonas biofilm 

has been shown to cause bacteriophage induction and cell lysis [15,73].  This 

interaction was c-di-GMP dependent and a decrease in c-di-GMP led to dispersal of the 

biofilm, while an increase led to increased adherence [74].  This decrease in c-di-GMP 

is hypothesized to occur when NO stimulated certain phosphodiesterases, causing c-di-

GMP breakdown and dispersal.   

In Neisseria gonorrhoeae, the effect of NO was tested on both early and late 

phases of biofilm development [74].  During the early phases of biofilm development, 
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high levels of exogenous NO prevented biofilm formation.  However, later in biofilm 

formation, once anaerobic respiration has been initiated, the addition of low levels of NO 

actually enhanced biofilm formation, suggesting that NO may perform multiple 

regulatory roles during the course of biofilm development in this bacterium [74].  

Bacterial NOS 

From the evidence described above, NO appears to be an important signaling 

molecule in bacteria, and one of the potential sources of endogenously produced NO is 

the bacterial nos gene, which is mainly confined to Gram-positive pathogens [75].  

Bacterial NOS produces NO by catalyzing a five electron oxidation of a terminal guanido 

nitrogen of L-Arg and takes 2 moles of oxygen and 1.5 moles NADPH per mole of NO 

produced. This occurs through two reactions: the conversion of L-arginine to N-ω-

hydroxy-L-arginine (NOHA) and the conversion of NOHA to citrulline and NO [76,77].   

Eukaryotic NOS has both an oxygenase and reductase domain and these reactions 

occur in a calcium-dependent reaction [51,76,78,79].  The prokaryotic NOS was 

identified via genomic sequencing, and has homology to the catalytic oxygenase 

domain of eukaryotic NOS [79,80,81].  This homology includes the heme-binding and 

active sites of the enzyme with one conserved valine residue in the eukaryotic catalytic 

domain that is replaced by a conserved isoleucine residue in bacteria [51,82,83].  The 

notable exception to prokaryotes only having the oxygenase domain is in the NOS of 

the Gram-negative bacterium Scrangium cellulosum, which also has a covalently 

attached reductase to the N-terminal domain, separated from the oxygenase domain by 

an area of unknown function [75]. 

Structurally, bacterial NOS resemble a “catcher’s mitt” fold with a heme group in 

the center and a winged beta sheet and helix turn motif [84].  There is a hydrophobic 
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“helical lariat” for a pterin cofactor to bind, and unlike eukaryotes, there is no terminal 

zinc-binding domain restricting the size of the cofactor [51,80,85].  When unfolded, the 

NOS dimer interface is highly disordered, and this disarray prevents heme-based 

oxygen reduction without the proper substrate and cofactor [75,81,84].  This structure, 

since there is no reductase domain, needs to accept electrons from other sources.  

These reductases are not as efficient as the single eukaryotic domain, and are often 

multiflavin-containing sulfite reductases [86].  Even though there is not a specific redox 

partner identified for bacterial NOS, over-expression of the nos gene in a bacterium 

which does not code for it normally, such as in E. coli, can compensate for the lack of a 

dedicated redox partner through its native enzymes [51,87]. 

In addition to varying redox partners, the location of nos on the chromosome 

changes from bacterium to bacterium, but the location may not always correlate with the 

role played by NOS. For example, in Deinococcus radiodurans the nos gene is not 

located near its target, the tryptophanyl-tRNA synthetase (TrpRSI) whose interaction is 

mediated by the NOS-interacting protein (TrpRSII, which has a low level of homology to 

typical TrpRSs) [88]. TrpRSII increases nos affinity for arginine and produces 4-nitro-

Trp-tRNA which may be used as a substrate for protein or metabolite biosynthesis 

[51,89,90,91].  In comparison, Streptomyces turgidiscabies has nos located five genes 

upstream from txtABC, an operon responsible for thaxtomin production [92]. Thaxtomin 

is a phytotoxin that causes potato scab disease, and its NOS is responsible for nitration 

of the thaxtomins on a tryptophan moiety which is important for the functionality of 

thaxtomins, stimulating the roots of infected plants to grow and increase tissue 

production, allowing for further colonization by the bacterium [59,92,93].  In B. subtilis 
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and Bacillus anthracis, NOS increases antibiotic tolerance through both chemical 

modification of antibiotics and reducing the cellular oxidative stress that ensues from the 

actions of many antimicrobials [94]. NOS-derived NO also protects these bacteria from 

oxidative and nitrosative stress by activating catalase and inhibiting enzymes capable of 

reducing thiols, thus preventing the formation of hydroxyl radicals and DNA damage 

[75,95].  Hydrogen peroxide toxicity and thus DNA damage occurs by way of the Fenton 

reaction, which occurs when hydrogen peroxide interacts with free cellular iron.  To 

drive this reaction, ferric iron must be continuously re-reduced to the ferrous state 

through cellular reductants such as cysteine.  In Bacillus, it is postulated that this 

reaction can be suppressed via endogenous NO by its transient nitrosylation of the 

cysteine residues of proteins and thus inhibiting cysteine reduction in the cell [96].  The 

ability to withstand oxidative and nitrosative stress plays a role in virulence, enabling the 

bacteria to survive when attacked by macrophages and neutrophils.  For example, 

without the nos gene, the virulence of B. anthracis within a mouse model was greatly 

reduced and the ability to survive within a macrophage was also reduced [51]. However, 

a role for nos in bacterial biofilm development has not been explored. 

Staphylococcus aureus nos 

S. aureus is another Gram-positive pathogen which codes for an active NOS 

enzyme, which can bind large ligands and is most similar to the iNOS of the immune 

system [51].  It has been crystallized with a nicotinamide ring of NAD bound in the 

cofactor site, which although not biologically relevant, has shown the structure is 

homologous to the eukaryotic NOS oxygenase domain and has the dimer formation 

[97]. This NOS has also been shown in vitro to break down arginine to citrulline with NO 

as a byproduct [98], and provides one of three postulated routes of endogenous NO 
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production in S. aureus (Figure 1-2).  The affinity of NOS for L-arginine is increased by 

the addition of a tetrahydrobiopterin or one of its analogs, and the enzyme can bind 

bulky ligands such as nitrosoalkanes and tert-butylisocyanide [99].  The other 

postulated sources of NO production in S. aureus (disproportionation of acidified nitrite, 

and NO directly produced by a nitrate reductase), could also contribute to NO signaling 

within S. aureus (Figure 1-2), but due to its unique association with pathogenic bacteria, 

it is possible there is a more specific role for SaNOS.  In S. aureus, NOS was shown to 

act as a means for dealing with hydrogen peroxide stress under planktonic conditions 

[94].  In addition, a nos deficient strain of S. aureus RN4220 was reported to be more 

susceptible to antibiotics such as cefuroxime, acriflavine and pyocyanin [94]. This nos 

mutant has also been reported to have increased sensitivity to oxidative stress, similar 

to B. subtilis [96]. Given that these data were generated in a chemically mutated S. 

aureus lab strain that is known to contain several mutations [132], it is important to 

further investigate a role for the S. aureus nos gene during planktonic growth, and 

biofilm development in a clinical isolate, such as UAMS-1.  Therefore, the purpose of 

this study is twofold: (1) To characterize the phenotype of a S. aureus UAMS-1 nos 

mutant under both planktonic and biofilm conditions and (2) To determine the 

expression pattern of the nos gene under these same conditions.  Based on the 

described effect of NO on biofilms in other bacteria, we hypothesize that SaNOS 

contributes to S. aureus biofilm development, possibly by production of NO as a cell-

signaling molecule.  
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Table 1-1. Examples of virulence factors responsible for Staphylococcus aureus 
pathogenicity. 

Virulence Factor Role in Virulence Example Source 

Secreted Toxins    
Cytolytic  
 
 
 
 
Superantigen 

Form pores in host cell 
cytoplasmic membranes, cause 
lysis 
 
 
Immune-stimulatory, cause 
capillary leak, epithelial damage, 
hypotension 

Hemolysins, 
leukocidins,  
PSM, α toxin, 
PVL 
 
Enterotoxins A, 
B, C, D, E, G, Q, 
TSST-1 

[100,101] 
 
 
 
 
[100,102] 

Exoenzymes    
Beta Lactamase 
 
 
Protease 
 
 
 
 
Lipase 
 
 
 
Coagulase 

Inactivates penicillin, works with 
penicillin binding proteins 
 
Actively degrade human protease 
inhibitors, tissue degradation 
Degrade host macromolecules i.e. 
collagen, elastin, fibronection 
 
Scavenge host sterols for 
bacterial  
membranes 
 
Prothrombin activator, Role in 
virulence unclear 

Penicillin binding 
protein 
 
Serine (SspA), 
cysteine (SspB) 
 
 
 
Sal-1, sal-2 
 
 
 
Coagulase (coa) 

[1,100] 
 
 
[100] 
[103] 
 
 
 
[104] 
 
 
 
[100] 

Self Surface 
Adhesions 

   

MSCRAMMS Mediate microbial adhesion to 
host factors: fibronectin, collagen, 
fibrinogen, immunoglobulin, 
integrins 

fnbpA, fnbpB, 
CAN, CLF, 
Protein A, 
filamentous 
hemagglutinin 

[26,100] 
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Figure 1-1. Biofilm development in S. aureus. 1. Cells leave the planktonic state and 
attach to a surface to become part of a sessile community. 2. An extracellular 
matrix is formed and more cells aggregate to the area. 3. Maturation occurs 
where the biofilm grows in biomass and structures may form. 4. Microcolonies 
of cells disperse to colonize new areas. 

 

Figure 1-2. Postulated routes for NO formation and consumption in S. aureus. The 
potential routes for NO metabolism depicted above are based on the 
presence of these genes in the S. aureus MRSA252 sequenced genome (a 
closely-related strain to UAMS-1) [105], in combination with published data 
from S. aureus and/or other NO-producing bacteria. The potential routes of 
endogenous NO production are depicted in blue. The gene depicted in red is 
not conserved throughout all published S. aureus genomes, however it is 
present in the UAMS-1strain used in this study, in addition to the published 
genome of MRSA252. 
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CHAPTER 2 
MATERIALS AND METHODS 

Bacterial Strains and Growth Conditions 

The Staphylococcus aureus strains used for this study are listed along with 

plasmids used in Table 2-1.  All planktonic S. aureus cultures were grown either 

aerobically (1:10 volume to flask ratio, 250 RPM) or under low-oxygen conditions (7:10 

volume to flask ratio, 0 RPM), in tryptic soy broth (TSB) or in biofilm medium (TSB-

NaGlc: TSB supplemented with 3% (wt/vol) NaCl and 0.5% (wt/vol) glucose). Where 

indicated, antibiotics were used at the following concentrations: 5 µg/mL or 10 µg/mL 

chloramphenicol (Cm), 2 µg/mL or 10 µg/mL erythromycin (Erm).  E. coli was grown 

under the same aerobic conditions in Luria-Bertani (LB) broth with 50 µg/mL ampicillin 

(Amp) or 50 µg/mL Kanamycin (Km).  Glycerol stock cultures were maintained at -80ºC 

and were prepared by mixing equal volume of overnight culture with sterile 50% (vol/vol) 

glycerol in cryogenic tubes. For each experiment described below, a fresh S. aureus 

culture of each strain was streaked from its frozen stock onto tryptic soy agar (TSA) 

containing the appropriate selective antibiotic as indicated in Table 2-1. 

Creation of nos Mutant and Complement Strains 

Plasmid pTR27 and the nos mutation in strains Newman and COL were created 

by Dr. Anthony Richardson (University of North Carolina at Chapel Hill), whereas the 

nos mutant in strain UAMS-1 was created using pTR27 by Dr. Kelly Rice (University of 

Florida). In brief, plasmid pTR27 was created as follows: The nos gene was amplified 

from strain COL by PCR using the primers specified in Table 2-2 and “Topo-cloned” into 

pCR2.1 (Invitrogen) to generate pTR10.  An internal BglII site was introduced in this 

cloned sequence 232 bp downstream from the NOS start codon in the sequence 5'-
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gttaaatgtcattgatgcaagAGATGTtactgacgaagcatcgttcttatc-3', where the capital letters are 

located, changing the sequence from AGATGT to AGATCT, a BglII restriction enzyme 

cut site.  An EcoRI fragment harboring this modified allele was moved into the EcoRI 

site of pBluescript SK to generate pTR11 making the engineered BglII site unique.   A 

1.1 kb BamHI-digested fragment harboring an erythromycin (ErmR) cassette from 

Tn1545 [106] was then cloned into the unique BglII site of pTR11 to generate pTR12 

(nos::ErmR in pBluescript SK). The EcoRI fragment of pTR12 carrying the nos::ErmR 

allele was ligated into EcoRI in the temperature sensitive shuttle vector pBT2 to 

generate pTR27.    

To create S. aureus nos mutants with pTR27, this plasmid was first transformed 

into strain RN4220 (a chemically-mutated S. aureus strain that more readily accepts 

foreign DNA) by electroporation, then phage-transduced into strains Newman, COL and 

UAMS-1 using standard methods, with growth at 30ºC [107,108,109]. Integration of 

pTR27 into the nos gene on the S. aureus chromosome was achieved as follows: S. 

aureus COL, Newman or UAMS-1 harboring plasmid pTR27 was grown at 43º C in the 

presence of erythromycin (non-permissive temperature for plasmid replication), to 

promote integration of the plasmid into the chromosome via homologous recombination 

at the nos gene. To induce a second recombination event, a single isolated colony was 

then used to inoculate TSB (no antibiotic) and grown at 30°C for 5 days. Every 24 

hours, an aliquot of the culture was diluted 1000-fold into fresh TSB (no antibiotic). On 

days 3-5, the culture was serially-diluted and spread on TSA plates containing 

erythromycin, and isolated colonies were then screened for erythromycin-resistant and 

chloramphenicol-sensitive phenotypes by picking and patching onto TSA-Erm2 and 
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TSA-Cm5 plates.  PCR (with the same primers used to clone the nos gene in pTR27) 

and Southern blotting were both used on candidate mutants and appropriate control 

strains to confirm that the chromosomal nos gene had been correctly replaced by the 

nos::Erm allele (data not shown). 

In this study, the stability of the nos::Erm mutation in UAMS-1 was confirmed by 

streaking the mutant out on TSA+Erm2 medium and then overnight culturing 

representative colonies in TSB without antibiotic.  Serial dilutions were made on these 

overnight cultures and the 10-7-10-9 dilution range was plated on both TSA plain and 

TSA+Erm2.  The colonies were then counted to ensure comparable CFU/mL on each 

plate, to confirm the mutation is stable. With 8.3x108 colonies on the TSA+Erm2 plates 

and 7.5x108 colonies on the TSA plain plates (average of three replicates), the mutation 

was determined to be stable. 

The nos mutation in UAMS-1 was complemented in this study using a “gene knock 

in” strategy, whereby the appropriate primers specified in Table 2-2 and Thermalace 

enzyme (Invitrogen) were used to PCR-amplify a 2.5-kb genomic fragment from UAMS-

1. This PCR product encompassed 750-bp upstream (nucleotide 2,098,174 of the 

MRSA252 genome, Genbank accession # BX571856) of nos (annotated as SAR2007 in 

the MRSA252 genome) and 615-bp downstream of SAR2008 (nucleotide 2,101,429 of 

the MRSA252 genome) (Figure 2-1).  The PCR product was gel purified using a 

ZymoResearch gel purification kit and then cut with EcoRVand PstI (naturally-occurring 

restriction sites upstream of nos and downstream of SAR2008, respectively)  and 

ligated to pBT2, which was also gel purified and cut with the same enzymes.  The 

ligated plasmid was transformed into E. coli by heat-shock [110] and confirmed by 



 

32 

isolating plasmid from potential clones using the Promega Wizard Miniprep kit, followed 

by restriction-enzyme digestion with EcoRV/PstI and agarose-gel electrophoresis to 

visualize the reactions.  Following confirmation, the plasmid was electroporated into 

RN4220 [109] and spread on Cm10 plates and grown at 30ºC, the permissive 

temperature for replication of pBT2.   The resulting colonies were then cultured 

overnight in TSB-Cm5 and plasmid DNA purified from these cultures was screened as 

described above, to confirm the correct insert size.  Following confirmation, the plasmid 

was transduced into KR1010, the UAMS-1 nos::Erm mutant [108].  A transductant that 

was confirmed (as described above) to have the plasmid was then grown on TSA-Cm10 

at 43ºC (non-permissive temperature for plasmid replication) in the presence of 

chloramphenicol to select for cells which had integrated the plasmid into the 

chromosome.  In order to promote a second recombination event, a single colony was 

grown at 30ºC for five days, and each day the culture was diluted 1:1000 into fresh TSB.  

After the third, fourth and fifth days the culture was diluted and plated on plain TSA, and 

individual colonies were selected and screened for sensitivity to both erythromycin and 

chloramphenicol.  Verification that the potential complement strains were correct was 

carried out via Southern blot analysis [111] and PCR amplification (data not shown). 

The complement strain was designated KR1011. 

Bioscreen C Planktonic Growth Assays 

The Growth Curves USA Bioscreen C was used to compare planktonic growth of 

the wild-type UAMS-1, nos::Erm mutant and complement strains.  For each replicate, a 

single colony from a freshly-streaked plate was used to inoculate 3 mL TSB and grown 

at 37ºC and 250 rpm for 24 hours.  The OD600 of each overnight culture was recorded 

and used to inoculate 0.50mL of TSB (or TSB-NaGlc, depending on the experiment) to 
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an OD600=0.05.  250µL of each diluted culture was added per well of the Growth Curves 

USA 100 well Bioscreen C plate, in duplicate for each replicate.  The Bioscreen C was 

run on fast, continuous shaking for 72 hours at 37ºC, and OD600 measurements were 

recorded every 45 minutes.  For the wells treated with hydrogen peroxide (H2O2), the 

initial inoculum was supplemented with 20mM (final concentration) H2O2 and grown 

under the same settings described above. Each growth curve was performed on at least 

n=5 biological replicates of each strain. 

Qualitative and Quantitative Pigment Assays 

The pigment differences in the wild-type UAMS-1, Newman and COL strains 

compared to their respective nos mutants was qualitatively assessed by growth on TSA 

in the absence of antibiotic selection. Each strain was initially streaked out on TSA (with 

selective antibiotic as necessary), and then a single colony from each was used to 

inoculate 3 ml TSB (no antibiotic) and incubated overnight under aerobic growth 

conditions.  The OD600 of each culture was taken the next day and each culture was 

diluted in 1mL of TSB to an OD600 =0.50.  The cultures were then plated in 10 µL drops 

on TSA plates (no antibiotic) and left to grow at 37ºC for two days, to promote maximal 

pigment production [5]. Plates were then photographed with a digital camera. This 

experiment was repeated on 3 biological replicates of each strain.   

Pigment production in UAMS-1, KR1010 and KR1011 was also quantified from 

planktonic TSB cultures (initially inoculated to OD600=0.05) that were grown for 24 and 

48 hrs at 37ºC and 250 RPM, as well as from cells scraped off from TSA plates grown 

for 24 and 48 hours at 37ºC. Each condition was assayed in biological triplicate.  The 

methanol extraction method from Morikawa et al. [112] was used, to isolate the pigment. 

800uL of each overnight culture was diluted to an OD=3.0, spun down and washed with 
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water before being treated with methanol at 55ºC for 5 minutes. The extracts were spun 

down again and the supernatants were brought up to a volume of 1 mL and compared 

against a methanol standard.  Absorbance was read at 465nm, the maximum 

absorption wavelength for carotenoids.  Statistics were performed using a one way 

analysis of variance and the Student-Newman-Keuls method. 

Biofilm Assays 

To determine phenotypic differences between UAMS-1, KR1010 and KR1011 with 

regards to biofilm development, static biofilm assays were performed in triplicate.  A 

Thermo Scientific Nunc 8-chamber glass slide was pre-coated for 24 hours at 4º C with 

350µL 20% (vol/vol) human plasma (Sigma) in bicarbonate buffer (Sigma Carbonate-

Bicarbonate capsules, 1 capsule dissolved per 100mL of water).  After coating, the 

plasma was removed and wells were each inoculated with 500µL fresh overnight S. 

aureus culture grown in TSB-NaGlc (described above) and diluted to OD600 =0.05 in the 

same TSB-NaGlc biofilm medium.  Static biofilms were grown for 24 hours at 37 ºC, 

culture supernatants were removed and biofilms were stained with LIVE/DEAD stain 

(Invitrogen) using 1.5 µL/mL propidium iodide (PI) and 0.5µL/mL Syto 9 prepared in 

0.85% (vol/vol) NaCl. Staining occurred for 30 min at room temperature, covered with 

aluminum-foil to preserve light sensitivity.  The stain was then removed and 500 µL 

0.85% NaCl was added to each of the wells prior to imaging by confocal microscopy.  

The images were acquired on a Zeiss Pascal LSM5 Confocal Laser Scanning Axiovert 

200 Microscope using an Argon-laser and a 40x water immersion lens.  For each 

biological replicate, six representative images were taken of each well, for a total of 18 

z-stacks acquired per strain.  The z-stacks were taken at 0.5 µm z-slice intervals and a 

scanning speed of 8, on frame mode. The images were processed using the LSM 
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Browser software (Zeiss) and biofilm characteristics were quantified using COMSTAT 

software for MatLab [113].   

RNA Isolation 

The RNeasy micro RNA isolation kit (Qiagen) in combination with the FASTPREP-

24 and lysing matrix B (MP Biomedicals LLC) were used to obtain RNA from UAMS-1, 

KR1010 and KR1011 under aerated and low oxygen growth conditions in triplicate, by 

previously described methods [114,115]. The “aerated RNA” was harvested from cells 

at t=6 hours only whereas the “low oxygen RNA” was obtained at both t=2 and t=6 

hours growth (corresponding to early-exponential and late-exponential growth phase, 

respectively).  25mL of each culture was spun down (4,500 rpm) in 50mL falcon tubes 

for each RNA isolation, and at the t=6 time point under aerobic and low oxygen growth, 

the final elution was done twice for a final volume of 100µL. Following RNA isolation, 

Northern blotting was performed with the DIG system (Roche) (probe primers are listed 

in Table 2-2) according to manufacturer’s protocols and previously published methods 

[115]. 

RNA was also obtained after cultures were treated with H2O2.  In brief, UAMS-1, 

KR1010 and KR1011 were cultured in TSB.  The cultures were grown for 11 hours, and 

a 1:1000 dilution was made into fresh TSB.  The cultures were grown until the 

OD600=0.80 then a 1:100 dilution was made into fresh TSB.  When the culture reached 

an OD600=0.80 again, the cultures were treated for 20 minutes with 10mM H2O2.  

Following treatment, RNA was obtained as described above. This experimental design 

was adapted from Chang et al. [116], who by RNA microarray had shown an up-

regulation of nos expression 20 minutes after exposure to 10mM H2O2.  This experiment 

was only performed once for each strain. 
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cDNA Production and Quantitative Real-Time PCR (qRT-PCR) 

The iScript cDNA synthesis kit from BioRad was used to make a cDNA pool 

generated with random primers as described in the manufacturers protocols from the 

RNA isolations described above.  In brief, each RNA sample was quantified using a 

Nanovue (General Electric) on the default RNA settings and then 0.750µg RNA was 

added to each cDNA reaction.  This cDNA was then used in qRT-PCR to quantify the 

amount of nos and bifunctional purine biosynthesis protein (purH) (using primers listed 

in Table 2-2) in the 2 and 6 hour low oxygen samples, and in the 6 hour aerobic 

samples, using the iQ SYBR green supermix (Biorad) detection method.  Transcription 

of nos was also assessed by this method in the RNA samples isolated from the H2O2- 

treated cultures. The qRT-PCR took place in a BioRad iQ5 thermal cycler. The protocol 

was one cycle at 95ºC for 3 minutes, followed by forty repeats at 95ºC for 15 seconds 

and 55ºC for thirty seconds.  This is then followed by 81 repeats of 30 seconds of 

increasing the temperature from 55ºC-95ºC with the set point temperature increasing 

after cycle 2 by 0.5ºC to generate the melting curve. The genes of interest were 

compared against a standard, in this instance the σ70 gene, which is the housekeeping 

sigma factor in S. aureus.  Due to its nature as a housekeeping gene, it should have 

stable transcription despite the growth phase, and thus provide an accurate standard to 

account for loading differences and varying PCR efficiencies [117,118]. A suitable 

reference gene should have a standard deviation of less than 2-fold from the mean 

expression level of the given gene, a criterion which is satisfied by σ70 [119]. The Livak 

(ΔΔCT) method was used to determine relative fold change (see sample calculations in 

Appendix 1).  This method was used because the amplification efficiency for each set of 

primers was near 100% and each primer set amplified within 5% of each other [120]. 
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Co-Transcription PCR 

To determine whether the nos and SAR2008 genes are co-transcribed, a primer 

pair was designed to amplify the intergenic region between these two genes (see Figure 

2-1). Specifically, these primers were located 718 bp upstream from the nos stop codon 

and 162bp downstream from the SAR2008 start codon.  This region is 127bp 

downstream from the Erm cassette insertion in the nos mutant. A PCR reaction was run 

using 75ng of isolated UAMS-1, KR1010, KR1011 genomic DNA, RNA and cDNA 

(generated with the superscript cDNA synthesis kit described above).  The PCR 

reaction took place in a MJ Mini Personal Thermal Cycler (BioRad), and the reaction 

conditions were 94ºC for two minutes followed by 20 cycles of 94º for 30 seconds, 50º 

for 30 seconds then 72º for 2 minutes.  After the 20th cycle, there was an additional 

72ºC incubation for 10 minutes.  A sample of 20µL PCR product with 2µL 6x loading 

dye was then loaded for each reaction and electrophoresed through a 1% agarose gel 

at 120V for 45min.  The gel was imaged on Molecular Imager Gel Doc XR+ and used 

with Quantity One software. This experiment was performed twice to ensure 

reproducibility of the results. 

GFP Assays 

GFP reporter plasmids were made using the primers described in Table 2-2 and 

UAMS-1 DNA was used as template, and Thermalace (high-fidelity) enzyme 

(Invitrogen).  The Reaction ran for 94ºC for two minutes, followed by 30 cycles of 94ºC 

for 30 seconds, 50º for 30 seconds then 72º for 2 minutes.  At the end of the cycles 

there was an additional elongation step at 72º for ten minutes.  The primers amplified a 

putative promoter region 500bp upstream from the nos start codon (Figure 2-1).  The 

promoter fragment was initially ligated into pCRBlunt (Invitrogen) and transformed into 
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E. coli. After confirmation, this plasmid was digested with SphI and BamHI (sites 

engineered in the forward and reverse primers, respectively), and the resulting fragment 

was gel purified using a Zymoclean Gel DNA Recovery Kit and ligated into pJB36, 

which was cut with the same enzymes and gel-purified. This ligation was transformed 

into E. coli DH5α cells via heat shock, with the resulting plasmid designated as pJB-nos, 

whereby the 500-bp nos promoter fragment was cloned upstream to GFP (originally 

amplified from plasmid pBURSA [121] and containing a 28-bp translation enhancer 

region [122]. A promoterless GFP plasmid was also made by taking SphI/BamHI 

digested pJB36, performing a “Klenow” treatment (New England Biolabs) as described 

by the manufacturer, religating and transforming the plasmid into E. coli DH5α by heat 

shock. This promoterless GFP plasmid was designated pJB36Δ. Each plasmid was then 

electroporated into S. aureus RN4220 [109] and subsequently transduced into UAMS-1 

[108].   

After confirmation of the plasmids, fluorescence analysis was done to compare 

promoter activity of pJB-nos, pJB-cidA (a positive control for fluorescence, previously 

created by Dr. Rice using the cloning strategy described above), and pJB36Δ (a 

promoterless GFP vector to serve as a negative control for background fluorescence) in 

UAMS-1 under planktonic growth conditions.  UAMS-1 harboring each of these 

constructs was grown aerobically and under low oxygen conditions in TSB as described 

above.  Each culture was inoculated with a corresponding overnight culture to an 

OD600=0.1. The cultures were monitored for fluorescence at 2, 4, 6, and 8 hours post-

inoculation, whereby samples of each culture were centrifuged and resuspended in 1 

mL of 0.85% NaCl.  This experiment was performed in biological duplicate. 
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The fluorescence of each of these constructs was also measured when strains 

were each grown on TSA plates (in triplicate) under the following environmental 

conditions: (1) aerobic (“normal” atmospheric conditions) at 37 º C, (2) in a microaerobic 

(O2 concentration 6-12%, CO2 concentration 5-8%) pouch (Remel) at 37 ºC and (3) in a 

5% CO2 incubator at 37 ºC.  The cultures (UAMS-1 containing either pJB36-nos or 

pJB36Δ) were each initially streaked out on TSA-Erm from frozen stocks and then re-

streaked onto TSA plain.  These cultures were grown for 24 hours under their 

respective condition, and then the cells were scraped off the agar surface and 

resuspended in 1 mL of 0.85% NaCl.   

For all of the fluorescence experiments, a Biotek Synergy HT plate reader was 

used to take readings from a 96-well plate (Costar, black with clear bottom) loaded with 

200µL of each sample per well, in duplicate. The plate reader was set to read 

fluorescence from the bottom of the plate. The readings were taken using the Gen5 

version 1.09 which took a RFU reading with filter settings of 485/20 excitation and 

516/20 emission and sensitivity of 75 for the plate experiments and 65 for planktonic 

culture studies.  Although the density of cells in each well were similar, a corresponding 

OD600 reading was also taken for each well, to calculate the RFU/OD600 which would 

account for slight variations in OD. 
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Table 2-1. Strains and plasmids used in this study. 

Strain or plasmid Description Reference 

Escherichia coli   
DH5α Host strain for construction of 

recombinant plasmids 
[123] 

Staphylococcus aureus   
RN4220 
 
UAMS-1 
KR1010 
 
KR1011 
Newman  
AR0100 
 
 
COL  
AR0093 

Easily transformable restriction 
deficient strain 
Osteomyelitis clinical isolate 
UAMS-1 nos:: Erm insertion 
mutant 
KR1010 complement strain 
Lab Strain 
Newman nos::Erm 
 
 
MRSA Lab strain 
COL nos::Erm 

[124] 
 
[125] 
This work 
 
This work 
[126] 
Obtained from A. 
Richardson, UNC 
Chapel Hill 
[127] 
Obtained from A. 
Richardson, UNC 
Chapel Hill 

Plasmids   
pTR27  
 
 
 
pJB36 
 
pJB36-cidA 
 
pCRBlunt 
pJB36-nos 
pJB36Δ 
pBT2 
 
 
pBT2nos 

nos::Erm mutant allele ErmR/CmR 

 
 
 
pCN51; PCAD promoter-GFP; ErmR 
 
cidA promoter-GFP ErmR  

 
Zero Blunt PCR Cloning kit; KmR 

500bp nos promoter-GFP ErmR 
promoterless-GFP AmpR/ErmR 
E. coli-S. aureus shuttle vector 
with thermosensitive origin of 
replication for S. aureus CmR 
nos complement CmR 

Obtained from A. 
Richardson, UNC 
Chapel Hill 
[128] 
Obtained from K. 
Bayles, UNMC 
Obtained from K. 
Bayles, UNMC 
Invitrogen 
This work 
This work 
[129] 
 
 
This work 
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Table 2-2 Primers and probes used in this study. 
Primer Role Forward/Reverse Oligonucleotide sequence (5’-3’) 

nos insertion 
mutant 
 
nosSAR2008 
knock in 
 
nos qRT-PCR  
 
σ70 qRT-PCR 
 
 
purH qRT-PCR 
 
 
nosSAR2008 co-
transcription 
 
nos promoter 
region 
 
nos Northern 
probe 
 
SAR2008 
Northern probe 

Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 

GTTAGTTACCAAAGCATAATTGCG 
ATCTGCCACAATGTTGATTGTTCC 
 
CCCGCATGCATACCAAATAATTTACCCGCCCTA 
CCCGGATCCTTGAACGAGTGGTAACGAA 
 
TATGGTGCTAAAATGGCTTG 
ACGATGCTTCGTCAGTAACA 
CAAGCAATCACTCGTGCAAT 
GGTGCTGGATCTCGACCTAA 
 
CGAAATAAACCGCAGCATTT 
TCGTCACATCAGGGTTAGCA 
 
TGGACCTAAAATTTTCAACAA 
TGCAACTGACTTGATGACTT 
 
CCCGGATCCTAACAATGGTTCGTTACCAAAG 
CCCGGATCCACTCTTAAAAATTATGTATATGTCA 
 
AGCAAATCACTTCGGTTGGA 
ATTCAACAAGTGCTCGATCT 
 
GTTCGAACACCATTTCTGAT 
CCTGAACGAAAAATCGATAC 

 

 

Figure 2-1. Diagram representing primer locations for nos complementation (red), nos-
SAR2008 co-transcription (pink), nos promoter (brown). The location of the 
erythromycin cassette is also indicated in the construction of nos::Erm. 
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CHAPTER 3 
RESULTS 

nos and SAR2008 Are Co-transcribed  

During the construction of the UAMS-1 nos mutant and complement strains, a 

closer inspection of the nos genomic region revealed that the nos gene and the 

downstream SAR2008 open reading frame, encoding a putative prephenate 

dehydratase, are only separated by 20 bp, suggesting that nos and SAR2008 may be 

co-transcribed as an operon.  To investigate this further, PCR amplification with primers 

designed to amplify the intergenic region between nos and SAR2008 (see Table 2-2 

and Figure 2-1) was performed on genomic DNA isolated from UAMS-1, KR1010 

(nos::Erm) and KR1011 (complement strain), in addition to cDNA and RNA isolated 

from these strains. As demonstrated in Figure 3-1, genomic DNA amplification yielded 

the same PCR product in all three strains. This was expected, since the forward primer 

is positioned downstream from the Erythromycin cassette inserted in the nos mutant 

strain (KR1010).  In contrast, cDNA amplification with these same primers occurred in 

UAMS-1 and KR1011 (a slight decrease in KR1011 may be due to inefficiency during 

cDNA generation or PCR amplification), but this amplicon was not detected in the cDNA 

from KR1010. The lack of this PCR product indicates there may be a polar effect on 

expression of SAR2008 in the nos::Erm mutant strain, due to the presence of a 

terminator hairpin at the end of the Erythromycin cassette. Using RNA template in this 

PCR reaction did not yield amplification in any of the strains, indicating there was no 

significant genomic DNA contamination of the RNA samples (Figure 3-1).   

Furthermore, Northern blot analysis using nos and SAR2008 probes showed co-

hybridization present in the wild-type UAMS-1 and neither probe was detected in the 
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nos mutant KR1010 (data not shown). Therefore, it is important to keep in mind that the 

phenotypic results described below may be a function of inactivation of the nos gene 

alone and/or due to its polar effect on SAR2008.  

Analysis of Planktonic Growth 

To determine whether the nos mutation affects the planktonic growth of S. aureus 

UAMS-1, the wild-type, nos::Erm mutant (KR1010) and complement strain (KR1011) 

were compared when grown in a Bioscreen C system.  As seen in Figure 3-2 and 

Figure 3-3, when grown in parallel in either TSB or TSB-NaGlc (biofilm media), no 

appreciable differences in growth of the wild-type, mutant and complement strains were 

observed by OD600 measurements under these conditions. Previous work done by 

Gusarov and Nudler [96] suggested that endogenous NO production enables bacteria to 

tolerate oxidative stress, and that NOS-derived NO helped B. subtilis and S. aureus 

become less susceptible to reactive oxygen species such as hydrogen peroxide [94,96]. 

To confirm these results hold true in a clinical isolate, S. aureus strains UAMS-1, 

KR1010 and KR1011 were grown in the presence of 20 mM hydrogen peroxide and 

growth was measured over a 72 hr period (Figure 3-2). In the presence of hydrogen 

peroxide, the wild-type and complement strains initially displayed delayed growth but by 

24 hours the ODs of the treated cultures of these two strains were close to their 

respective control (untreated) cultures. In contrast, nos mutant strain, KR1010, did not 

grow in the H2O2 medium (Figure 3-2).  This observation demonstrates that even though 

the current nos mutant was created in a clinical S. aureus strain compared to the 

previously published studies mentioned above [94,96], the UAMS-1 nos mutant also 

displays increased sensitivity to oxidative stress (H2O2) under planktonic growth 
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conditions.  This reinforces the idea that SaNOS plays a role in oxidative stress 

response in S. aureus.  

Expression of nos under Planktonic Growth Conditions 

Interestingly, whole transcriptome analysis done by Chang et al [116] revealed an 

increase in S. aureus nos transcription when cultures were treated with H2O2 for 20 min 

prior to isolating RNA. To determine whether this result holds true in the clinical isolate 

UAMS-1, a similar experiment was performed. qRT-PCR was used to measure nos 

expression in UAMS-1, KR1010 (no detectable transcription was observed since it is the 

nos mutant), and KR1011 after addition of 10mM H2O2 to planktonic cultures. There 

was a 2.8 fold increase in nos transcription when UAMS-1 cultures were treated with 

H2O2 (Figure 3-4B). This result is in agreement with the previously-published microarray 

results [124]. The growth data presented in Figure 3-2 and the increase in mRNA 

concentration support a positive role for S. aureus nos in responding to oxidative stress. 

To obtain a better appreciation for the expression patterns of nos under planktonic 

growth conditions, nos expression was also assessed by qRT-PCR on RNA isolated 

from both aerobically-grown cultures as well as cultures grown under static, low-oxygen 

conditions. This analysis demonstrated in the wild-type UAMS-1 strain nos expression 

was growth-phase dependent, increasing 6-fold under low oxygen conditions at 6 hours 

(late exponential phase) relative to 2 hours growth (Figure 3-4). Furthermore, 

expression of nos was up-regulated under low oxygen growth conditions relative to 

aerobic growth after 6 hours growth. As expected, there was no detectable nos 

expression in the nos mutant, and nos expression levels in the complement strain were 

comparable to wild-type levels (Figure 3-4). These results suggest that in addition to 

being inducible by H2O2, the nos gene is also expressed under “normal” planktonic 
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growth conditions in a growth-phase dependent manner, and expression appears to be 

up-regulated during low oxygen growth 

Increased Pigment Production in nos Mutant 

One mechanism that S. aureus uses to combat oxidative stress is through 

carotenoid pigment production which confers protective antioxidant activity [5]. 

Qualitatively, the KR1010 (nos mutant) displayed consistently increased pigment 

production relative to wild-type strain when cultured on TSA plates. To follow-up on this 

observation, pigment production in three different S. aureus wild-type strains (UAMS-1, 

Newman and COL), were compared “side-by-side” with their respective nos::Erm 

mutants after being incubated for two days on TSA plates (Figure 3-5).  Qualitative 

differences in pigment production were not noticeable after 24 hours of growth (data not 

shown), but at 48 hours, pigment production was consistently higher in all three nos 

mutants relative to their wild-type strains (Figure 3-5). Interestingly, pigment production 

appeared to be most dramatically increased in strain COL, a lab MRSA strain, and a 

similar observation was noted when comparing a clinical community-acquired MRSA 

strain to its isogenic nos::Erm mutant (data not shown). To better quantify pigment 

production in the UAMS-1 background, methanol extraction [112] was used to monitor 

pigment production at 24 and 48 hours in planktonic TSB cultures, as well as on TSA 

plates. There was no appreciable difference between UAMS-1 and the nos mutant at 24 

hours growth under either condition. However, after two days of planktonic growth, there 

was about a two-fold increase in pigment production in the nos mutant compared to 

wild-type while the complement pigment level was comparable to that of the wild-type. 

After two days of TSA plate growth, there was about a three-fold increase in pigment in 

the nos mutant compared to either the wild-type or the complement strains (Figure 3-6) 
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These results were statistically significant as determined by the Student-Newman-Keuls 

test, where the p-value <0.05. 

Interestingly, recent findings published by Lan et al [130] identified hyper-

pigmentation mutants in S. aureus, with one of these mutants being in the purine 

biosynthesis gene purH. They performed an RNA microarray analysis and found that in 

the purH mutant, there is about 5-fold less expression of nos [130]. These results 

correlate with the observations in this thesis study, as there was increased pigment 

production in the nos mutant, which also has decreased nos expression. Therefore, 

qRT-PCR was also performed on the RNA samples described in the previous section to 

detect purH transcription to see if the reverse relationship (decreased nos= decreased 

purH expression) holds true. The results in Figure 3-7 indeed indicated that there is 

decreased purH expression in the nos mutant at 6 hours growth in both low-oxygen and 

aerated growth conditions, and purH expression in the complement strain mimicked 

wild-type levels. At 2-hours growth under low-oxygen conditions, purH expression was 

low in all three strains, which had similar expression levels (Figure 3-7). 

nos Expression under Static Plate Conditions 

As described above, the nos mutant displays increased pigment production when 

grown on TSA plates. Given that decreased nos expression appears to correlate with 

increased pigment production on TSA plates, it was hypothesized that increased nos 

expression may occur in S. aureus UAMS-1 under these growth conditions. To test this 

hypothesis, a nos promoter-GFP plasmid reporter construct and a promoter-less-GFP 

construct (to serve as a negative control for background fluorescence) were each 

moved into the wild-type UAMS-1 strain, and GFP fluorescence was measured in cells 

grown under planktonic (aerobic and low oxygen) and TSA medium (aerobic, 5% CO2 
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and microaerobic) growth conditions. The promoter activity of cidA (a gene studied and 

known in our lab to be highly-expressed under low oxygen conditions) was also 

monitored as a positive control for fluorescence and was highly active under low oxygen 

conditions, suggesting any fluorescence differences observed are not due to insufficient 

oxygen for proper GFP folding (data not shown). Using this method to monitor nos 

promoter activity, it was observed that a low-level of fluorescence (1500-RFU above 

background levels under aerobic conditions, 1000-RFU above background levels under 

low-oxygen conditions) was observed under both planktonic growth conditions (data not 

shown). These results suggest that nos is only expressed at basal levels, or 

alternatively, only in a “subpopulation” of cells, under these conditions. In contrast, 

growth of UAMS-1 with the nos-GFP reporter plasmid on a TSA plate showed a 

dramatic increase in fluorescence under normal atmospheric (“aerobic”) conditions 

(Figure 3-8), as compared to micro-aerobic and 5% carbon-dioxide growth. This 

decrease in nos expression on the micro-aerobic TSA culture relative to the aerobic” 

TSA culture is in contrast to the planktonic growth nos expression patterns observed by 

qRT-PCR (Figure 3-4), where the low oxygen growth showed an increase in 

transcription. These differences may indicate a different environmental stress and/or 

signaling condition triggering nos expression under the agar medium growth condition. 

Alternatively, growth as a “static colony” of bacteria at an air-solid interface may 

potentially link nos to a role in a more sessile community, like a biofilm. Fluorescence of 

the nos-GFP reporter plasmid was also monitored in the biofilm growth conditions, 

however no appreciable fluorescence was detected at the 24 hour time point tested 

when observed by confocal microscopy. This lack of fluorescence could be caused by a 
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signal too weak to be detected by the confocal microscope, or, alternatively, too few 

cells are expressing nos under these biofilm growth conditions, making them difficult to 

find and visualize by microscopy (data not shown). 

The nos Mutant Produces a More Adherent Biofilm 

To begin to appreciate whether nos is involved in regulating biofilm development in 

S. aureus, 24 hour static biofilm growth was assessed in UAMS-1, the nos::Erm mutant, 

and complement strains. This model of biofilm growth is primarily used to measure initial 

attachment and the early phases of biofilm development. The LIVE/DEAD stain 

(Invitrogen) utilized in this study is comprised of Syto 9 and propidium iodide, nucleic 

acid stains that differentiate between live (green) and dead (red) cells, respectively.  

The Syto 9 stains both live and dead bacteria, however the PI penetrates only dead or 

damaged bacteria, with the red stain fluorescence dominating the green fluorescence. 

Using this method of biofilm visualization, after 24 hours growth, the nos mutant 

consistently displayed qualitative differences in its overall thickness and structure 

compared to the wild-type and complement strains, in addition to a brighter green 

fluorescence (possibly due to more cells present or altered uptake of the Syto 9 

dye)(Figure 3-9). Furthermore, COMSTAT and statistical analysis showed there is a 

subtle-yet-significant difference between the nos mutant and wild-type/complement 

strains in terms of average thickness (Figure 3-10A), biomass (Figure 3-10B) and the 

surface area to biomass ratio, which is used as an indicator of biofilm adaptability to 

environmental stresses [113] (Figure 3-10C). Specifically, the mutant is on average 

thicker than the wild-type strain, has a greater biomass, and a smaller surface area to 

biomass ratio. Collectively, these results indicate that the nos mutation affects biofilm 

adherence and architecture in the early phases of biofilm development.  
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Figure 3-1. nos and SAR2008 are co-transcribed. Two representative experiments are 
depicted. For each gel, Lane 1 is a 2-log ladder. PCR reactions contain either 
75 ng genomic DNA template, 75 ng cDNA template or 75 ng RNA template, 
respectively.  
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Figure 3-2. Growth of Wild-type, mutant and complement strains in TSB and TSB + 
20mM H2O2 growth conditions. 
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Figure 3-3. UAMS-1, KR1010, KR1011 growth in 3% TSB+ 3% NaCl+ 0.5% glucose 
medium for 48 hours. 
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Figure 3-4. Expression of nos under (A) 2-and 6-hour low oxygen condition, 6 hours 
highly aerated (n=3) in addition to (B) treated and untreated with hydrogen 
peroxide as previously described (n=1). The hydrogen peroxide are 
normalized to the untreated under the same condition, while the other 
conditions are a fold increase as compared to 2 hours. There are no bars on 
the KR1010 (nos mutant) due to the absence of an amplification product. 

A. 

B. 
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Figure 3-5. Increased pigment production in the nos mutant when grown on TSA plates. 
A) Increased pigment was observed in the nos mutant in 3 different S. aureus 
genetic backgrounds when cultured for 48 hours on TSA plates. B) Pigment 
production was increased in the nos mutant strain (KR1010) relative to 
UAMS-1 and was complemented back to parental phenotype in KR1011. 
Each picture is representative of 3 replicates 
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Wild-type    Isogenic nos mutant 
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Figure 3-6. Total pigment concentration of S. aureus nos mutant. Asterisks represent 
statistically significant difference as described previously in the results.  
Results represent the average of 3 independent experiments. 
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Figure 3-7. qRT-PCR reveals a decrease in purH expression in the nos mutant at the 6 
hour time point under aerated and low oxygen growth. Results represent the 
average of three independent experiments. 
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Figure 3-8. Expression of a nos-GFP reporter in UAMS-1 when grown on TSA plates 
under various environmental conditions. * = significant difference between 
delta and corresponding nos expression. ** = significant difference in respect 
to low oxygen. Data represent 3 independent experiments 
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Figure 3-9. Representative orthogonal views of 24 hour static biofilms.  The large 
square in each biofilm is the top down view whereas the side panels are 
orthogonal (side) views. The cells are stained with LIVE/DEAD stain where 
the red cells are dead or damaged and the green cells are live. A) UAMS-1, 
B) KR1010, C) KR1011. Images were acquire at 400x magnification by 
confocal microscopy, and are each representative of 18 random fields of view 
acquired in 3 independent experiments 
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Figure 3-10. COMSTAT analysis reveals statistically significant (Student-Newman-Keuls 
test) differences between wild-type (UAMS-1) and nos mutant (KR1010), and 
the phenotype is complementable (KR1011). A) Average Thickness B) 
Biomass C) Surface Area to Volume Ratio. P-values are indicated on each 
graph. Data represents 18 measurements of each parameter acquired in 3 
independent experiments. 
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CHAPTER 4 
DISCUSSION 

Role of nos in S. aureus Oxidative Stress 

SAR2008, a putative prephenate dehydratase, is located 20bp downstream from 

the nos gene. This close proximity suggested it was probable this gene is cotranscribed 

with the nos gene.  In agreement with this possibility, northern blotting of RNA with 

probes each specific for nos and SAR2008 showed no hybridization in the nos mutant, 

but both probes each hybridized to a transcript of the same length in the wild-type 

strain, indicating they are co-transcribed (data not shown). Furthermore, PCR with 

primers amplifying a region 127bp downstream from the Erm cassette and 162bp 

downstream from the SAR2008 start codon show amplification in both the UAMS-1 

(wild-type) and KR1010 (complement) cDNA, whereas the KR1010 (mutant) cDNA 

showed no amplification.  This result also implies co-transcription of these two genes. 

Given that the nos mutation likely abrogates SAR2008 transcription, all phenotypes 

observed in this study are possibly due to the inactivation of one or both of these genes. 

Future work will be done to create and compare phenotypes of both a non-polar nos 

mutant and a non-polar SAR2008 mutant, to determine the specific contribution of each 

gene to the bacterium’s oxidative stress response and biofilm development.  

Co-transcription implies a potential working relationship between nos and 

SAR2008, the putative prephenate dehydratase, possibly involved in oxidative stress 

relief. Prephenate dehydratase is known to be involved in aromatic amino acid 

biosynthesis and catalyzes the decarboxylation of prephenate to phenylpyruvate [131]. 

Expression of this gene has been shown to be up-regulated in response to hydrogen 

peroxide in S. aureus, presumably due to co-transcription with nos [116]. Intriguingly, 
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phenylpyruvate has also been shown to have antioxidant capabilities through the 

nucelophilic attack of a monoprotonated hydrogen peroxide ion, which attacks the C-2 

carbonyl group carbon center [132]. Given the genetic organization and co-transcription 

of nos and SAR2008, it is tempting to speculate that up-regulation of prephenate 

dehydratase expression during hydrogen peroxide stress may in itself be an anti-oxidant 

mechanism, by up-regulating production of phenylpyruvate. Alternatively, akin to the 

activation of catalase of endogenously produced NO by nos in Bacillus, perhaps 

SaNOS is responsible for activating the SAR2008 prephenate dehydratase enzyme in 

response to oxidative stress.  

While there was not an observed difference under planktonic growth condition in 

either TSB and biofilm medium between the wild-type, nos mutant and complement 

strains, the addition of oxidative stress by means of hydrogen peroxide revealed an 

increased susceptibility of the nos mutant to H2O2 that was not observed in the wild-type 

or complement strains.  This decreased tolerance suggests a potential role for SaNOS 

in oxidative stress relief, although it is unclear from these studies whether the specific 

NO-dependent mechanism previously observed in Bacillus (i.e. activation of an 

catalase, or preventing the Fenton reaction [96]) also holds true for S. aureus nos. A 

role for nos in oxidative stress relief is also supported by the increased pigment 

production observed in the nos mutant, in conjunction with the increased expression of 

the nos gene in the wild-type strain under these same growth conditions. These results 

suggest the nos mutant may be subject to additional oxidative stress compared to the 

wild-type strain, and may be compensating for this by overproducing carotenoid 

pigment. Conversely, the NO produced by the NOS enzyme may have a role in 
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signaling or regulating pigment production. Currently, our results cannot differentiate 

between the two possibilities.   

These observations correlate to a paper by Lan et al. [130] looking at pigment 

mutants in S. aureus, and more specifically those involved in purine biosynthesis such 

as the protein PurH, which catalyzes the final steps in the biosynthesis of inosine 

monophosphate [133]. In the study by Lan et al., a purH mutant showed 

hyperpigmentation, decreased purine biosynthesis and decreased nos expression. 

Interestingly, this phenotype is in accordance with the nos mutant characterized in this 

study, as this mutant also displayed increased pigment production and decreased 

expression of nos and purH.  These observations may suggest a mechanism in which 

increased oxidative stress on the cells alters S. aureus metabolism in favor of NADPH 

production, and pyridine nucleotides which are consumed by many antioxidant 

enzymatic systems [134]. Although these results suggest a relationship and/or feedback 

mechanism between nos, purine biosynthesis and pigment production, the exact 

interactions are currently unknown and require further investigation.  

The Contribution of nos under Biofilm Conditions 

While a role for nos as an antioxidant mechanism seems likely, nos has also been 

shown to be expressed either at a basal level under all growth conditions, or 

alternatively, is expressed by only a subpopulation of cells, rendering nos expression 

difficult.  To determine if the nos expression is localized or expressed at a basal level, 

future studies will use the nos-GFP-reporter and flow cytometry to determine if higher 

fluorescence only occurs in a subpopulation of cells under various growth conditions. 

Furthermore, NO can be visualized via a fluorescent stain, DAF-FM, which would show 

whether the NO is present uniformly throughout the cell population or localized to a 
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more specific area. Nonetheless, nos expression at basal levels throughout the bacterial 

population or, alternatively, by a subpopulation of cells suggests, potentially, an 

additional role of nos, perhaps in terms of NO production for cell-signaling, as previously 

mentioned [15,80,81].  

Under static biofilm conditions the nos mutant has a more attached, robust biofilm.  

It is on average thicker, with a lower surface area to biomass ratio when compared to 

the wild-type and complement strains.  This decreased ratio is indicative of the biofilm’s 

ability to adapt to surroundings and the nutrient and oxygen availability within the 

heterogeneous biofilm, suggesting perhaps this biofilm is less responsive to 

environmental signals, and potentially less fit.  The higher biomass and thickness of the 

mutant biofilm shows there may be a relationship between endogenously produced 

nitric oxide and biofilm attachment (with less NO resulting in more attachment as 

previously observed in Neisseria biofilms [74]). While the differences between the wild-

type, mutant and complement strains were subtle, this may be due to other sources of 

NO (disproportionation and nar), or due to the nitric-oxide reductase (nor) gene unique 

to UAMS-1 and related strains. The presence of nor in this strain may minimize the net 

levels of endogenous NO in the wild-type strain and therefore may, in part, explain the 

subtle biofilm phenotype of the nos mutant. A nos/nor double mutant is currently being 

created to test if there is a more dramatic phenotypic change in the double mutant 

compared to each single mutant and wild-type strain. Given that the biofilm experiments 

performed in this study focused on the attachment phase, further work will need to be 

done to establish a relationship, if any, between NO/nos and biofilm dispersal. 
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Sensitivity to hydrogen peroxide may also be related to biofilm development and 

signaling cell dispersal. In vivo, S. aureus biofilms likely encounter the innate immune 

system through interactions with neutrophil and macrophage respiratory bursts, which 

would release a combination of oxidative antimicrobials.  Given that nos expression is 

up-regulated in response to hydrogen peroxide [116], it is tempting to speculate that NO 

production by nos may function to trigger cell dispersal and/or other adaptive 

responses. Potentially, endogenously produced NO via nos is expressed at a basal 

level in the early stages of biofilm development, allowing for attachment. Presumably, in 

the nos mutant, further decreasing NO production may have allowed for increased 

attachment of the biofilm relative to wild-type strain. In response to a respiratory burst, 

or accumulation of oxidative stresses in highly populated areas of the biofilm, nos 

expression, already active on a basal level, could be induced, signaling cells within the 

biofilm to disperse and colonize new areas.  This model as of yet is just a model, and 

the NO contribution of nos (in the wild-type, mutant and complement strains), as 

compared to other potential endogenous sources of NO (nar and disproportionation), in 

addition to interactions between neutrophils and wild-type UAMS-1, nos mutant and 

complement biofilms have yet to be tested (Figure 4-1). 
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Figure 4-1. A potential model for the role of S. aureus nos gene in biofilm development.  
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CHAPTER 5 
CONCLUSIONS 

Nitric oxide is an important signaling molecule in eukaryotes, prokaryotes and 

archaea.  While the role of nitric oxide synthases in eukaryotes and some bacteria is 

known, there are still numerous bacteria where the specific role of their nitric oxide 

synthase has yet to be elucidated.  The work presented in this thesis has elaborated on 

a possible role for this enzyme in the pernicious human pathogen S. aureus, one of the 

leading causes of bacterial infection worldwide.   

Under planktonic conditions the nos gene has a role in dealing with oxidative 

stress.  It is up-regulated under hydrogen peroxide stress and it is also up-regulated in 

the later phases of growth when there is increased cell population, potentially due to 

metabolic changes or increased cell density, suggesting a possible additional role for 

nos in cell-signaling.  There is also a correlation between nos down-regulation and 

pigment production, suggesting it stresses the cells and forces them to compensate by 

producing more of the antioxidant carotenoids. Alternatively, nos is involved in the 

regulation of carotenoid pigment production, potentially either acting directly on the 

enzyme or indirectly via cell-signaling.  Its expression is also up-regulated under TSA 

growth condition, which may relate to a role in biofilm formation given that cells are 

growing together as a multicellular “colony”. 

When the role of nos under static biofilm growth conditions was examined, there 

was a subtle but very reproducible difference in biofilm structure.  The nos mutant 

biofilm was a more attached biofilm, but possibly with less potential for interacting with 

environmental signals and/or acquisition of nutrients due to a decreased biofilm to 

surface area ratio [113]. This phenotype suggests a potential role for nitric oxide 
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produced by SaNOS in regulating attachment and other unknown events during the 

early phases of biofilm development.  This nitric oxide production could be localized to 

certain populations of cells within the biofilm, or induced in response to stress caused 

by the immune system such as from the respiratory burst of immune cells.  While the 

exact targets of SaNOS are not yet known, these results, pending animal model testing, 

suggest a method for which the already virulent S. aureus may be able to avoid immune 

system destruction and increase infection persistence within the host. 

 
 
 

 
 



 

67 

APPENDIX A 
SAMPLE CALCULATION DETERMINING QRT-PCR EXPRESSION OF NOS  

 
Table A-1. One set of qRT-PCR numbers being used to calculate the expression by the 

2-ΔΔCT method (Livak method).  

Sample CT  nos (Target) CT  σ70 (Reference) 

UAMS-1 t=2 (calibrator) 20.94 20.59 

UAMS-1 t=6 low oxygen 
(test) 

18.54 20.87 

 

Figure A-1. Sample calculation for the expression levels of nos in comparison to σ70 
using the 2-ΔΔCT method (Livak method). For this calculation, the σ70 is the 
reference gene and UAMS-1 t=2 expression is considered the calibrator.   

 

ΔCT(UAMS-1 t=2)=20.94-20.59=0.35 

ΔCT(UAMS-1 t=6)=18.59-20.87=-2.33 

 

ΔΔCT=ΔCT(UAMS-1 t=6)- ΔCT(UAMS-1 t=2) 

=-2.33-0.35=-2.68 

 

2-ΔΔCT=2-(-2.68)=6.41 

 

In this example, UAMS-1 at t=6 hours is expressing nos at a 6.41-fold higher level 

than UAMS-1 at t=2 hours. 

For all values presented in Figure 3-4 (Part A) and Figure 3-7, UAMS-1 t=2 was 

always used as the calibrator. For all values presented in Figure 3-4 (Part B), UAMS-1 

untreated was always used as the calibrator.
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