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Abstract 

Confirmation of vaccine candidate expression in multiple Staphylococcus aureus strains. 
 
Anna Rachael Muench, Master of Science, 2012. 
 
Dissertation Directed by: Mark Shirtliff PhD, Associate Professor in the Department of 
Microbial Pathogenesis in the School of Dentistry, and Associate Professor in the School 
of Medicine. 

Staphylococcus aureus has emerged as an important pathogen due to its ability to form 

persistent infections through the biofilm mode of growth. S. aureus is responsible for 

thousands infections per year, which include a vast array of diseases and is rapidly 

developing the ability to become antibiotic resistant resulting in failure of our current 

methods of treatment. This antibiotic resistance is increased during biofilm formation 

when the bacteria form a polysaccharide matrix, which prevents infection clearance 

through antimicrobial means or by the host immune response. This project analyzed 14 

Staphylococcus aureus strains and one Staphylococcus epidermidis strain obtained from 

NARSA (Network on Antimicrobial Resistance in Staphylococcus aureus) detecting the 

genomic presence and expression of three previously identified immunogenic proteins - 

glucosaminidase, SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC transporter 

lipoprotein) - which have been incorporated into a vaccine described by Brady et al 2011. 

The strains were analyzed for the presence of the three specific genes through PCR and 

gel electrophoresis and for the expression of these proteins under biofilm growth 

conditions through western blot analysis. All strains contain the genetic code for these 

antigens and express at least 2 of the 3 antigens under biofilm growth conditions. Two 

strains were further analyzed for expression of these antigens under planktonic growth at 



 

 

 

2.5hrs, 5hrs, and 24hrs comparing them to biofilm growth utilizing western blot analysis. 

These strains showed varying expression of the antigens under planktonic conditions with 

SA0688 expressed under all growth conditions in both strains, glucosaminidase with a 

gradual increase in expression as growth time increase in both strains, and SA0486 

showing different expression patterns in the two strains but with the highest level at 5hrs 

and 24hrs. To truly understand the expression patterns under planktonic growth, further 

analysis will be required. The data generated provided the evidence of the universal 

nature of the vaccine previously developed in the Shirtliff laboratory described in Brady 

et al 2011.  
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I. INTRODUCTION 

SUMMARY: 

Staphylococcus aureus is a gram-positive coccus and resident of the human 

nasopharynx, which has emerged as a very important pathogen due to its abilities to form 

persistent infections through a biofilm mode of growth. S. aureus is responsible for over 

40,000 infections per year, including a vast array of diseases such as implant related 

infections, superficial skin infections, endocarditis, osteomyelitis, and many others. S. 

aureus has recently been documented as an inhabitant of the oral cavity potentially 

involved with an increase in severity of periodontal disease, and may be implicated in 

implant failure as well as angular chelitis, osteomyelitis of the jaw, endodontic lesions, 

parotitis, and oral mucositis. S. aureus has emerged as a pathogen, which is rapidly 

developing the ability to become antibiotic resistant enabling it to avoid our current 

methods of treatment. This antibiotic resistance is only increased when the biofilm mode 

of growth is utilized, allowing the bacterium to form a slime layer that prevents infection 

clearance through antimicrobial means or by the host immune response.  

This thesis looked at fifteen Staphylococcus aureus strains and one 

Staphylococcus epidermidis strain obtained from NARSA to detect the genomic presence 

and expression of three previously identified immunogenic proteins, which have been 

incorporated into a vaccine. The strains were analyzed for the presence of the three 

specific genes through PCR and gel electrophoresis and for the production of these 

proteins under biofilm growth conditions through western blot analysis. A select few of 

these strains were further analyzed for production of these three proteins under planktonic 

growth conditions utilizing western blot analysis. The data generated here provides 
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evidence of the universal nature of the vaccine previously developed in the Shirtliff 

laboratory described in Brady et al 2011. This research also contributes to an increased 

understanding of when the protein expression begins to occur either during planktonic or 

biofilm growth conditions.  

BROAD, LONG TERM OBJECTIVES:  

S. aureus infections are particularly difficult to manage if they have been able to 

form a biofilm due to the alteration in phenotype, which allows for changes in growth, 

gene expression, and protein production. This causes our current biofilm removal 

strategies such as the use of antimicrobials, shear stress, and host clearance to be less 

effective. Prosthetic implants such as intermedullary rods, screws, plates, or artificial 

joints provide a surface for S. aureus attachment, which may be difficult or impossible to 

clear post colonization. Because biofilm formation is one of the main obstacles to 

clearance of S. aureus, the Shirtliff laboratory has dedicated years of research to 

developing a vaccine, which will target S. aureus biofilm antigens. Four proteins – 

glucosaminidase, SA0486 (a hypothetical lipoprotein), SA0037 (a conserved hypothetical 

protein of unknown function), SA0688 (an ABC transporter lipoprotein) – were identified 

and recombinant versions were made. These recombinant proteins were included in a 

vaccine, which was tested for its ability to provide protection against a S. aureus infection 

in conjunction with the administration of an antibiotic that is usually ineffective on 

biofilm communities (Brady et al 2011). This study showed that the vaccine plus 

antibiotic was effective in clearing the infection while either the vaccine or antibiotic 

alone were not able to clear the S. aureus infection. The objective of this research was to 
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determine if a variety of S. aureus strains contain the vaccine components in their 

genomes and express one or all of the proteins under biofilm growth conditions. Only 

three of the four candidate antigens were tested due to the lack of reagents (in particular, 

antibodies for Western analysis as well ready availability of the recombinant protein of 

one of the components). Of further interest is the presence of these proteins under 

planktonic growth so that two selected strains underwent further inspection to look for 

production of these three proteins at various stages of planktonic growth to better 

determine the timing, which should be utilized for vaccine administration. 

RATIONALE/CHALLENGE OF AN EXISTING PARADIGM: 

In a chronic S. aureus biofilm infection antibiotics alone have not been able to 

clear an infection. The development of a vaccine is essential to stopping S. aureus from 

initiating colonization of a host or implant surface. Brady et al 2011 reports that a vaccine 

derived from MRSA M2 - a strain isolated from a patient with osteomyelitis at the 

University of Texas Medical Branch- is effective when used in conjunction with an 

antibiotic regiment post implant infection. This research supports the universal usage of 

this vaccine against all strains of S. aureus for prevention and treatment of implant device 

related infections. 

GOAL OF THE SPECIFIC RESEARCH PROPOSED:  

The goal of this research was to conduct the studies enumerated in the specific 

aims to prove the validity of the following hypothesis. 
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HYPOTHESIS:  

We hypothesize that the identified immunogenic proteins are present in the 

genome and are up-regulated in biofilm growth conditions in several S. aureus strains 

which we obtained from NARSA, thereby indicating that the vaccine previously 

developed by Brady et al 2011 is applicable for use in the general population, but that 

these same antigens will not be present in a select NARSA group under planktonic 

growth conditions. 

SPECIFIC AIMS: 

1. To look for the presence of these three immunogenic protein – glucosaminidase, 

SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC transporter 

lipoprotein) - sequences in the individual NARSA strain’s DNA through 

PCR techniques. 

 

2. To examine protein expression patterns under biofilm growth conditions of all 

the NARSA strains through western blot analysis using antibodies to the 

three proteins - glucosaminidase, SA0486 (a hypothetical lipoprotein), and 

SA0688 (an ABC transporter lipoprotein). 

 

3. To examine protein expression patterns under planktonic conditions growth to 

early log phase, late log phase and stationary phase in two NARSA strains 

(NRS482 and NRS483) through western blot analysis using antibodies to the 

proteins - glucosaminidase, SA0486 (a hypothetical lipoprotein), and 

SA0688 (an ABC transporter lipoprotein).  
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II. LITERATURE REVIEW 

OVERVIEW OF STAPHYLOCOCCUS AUREUS: 

   Staphylococcus aureus is a gram-positive, facultative anaerobic coccus that is 

non-motile and non-sporeforming (108). S. aureus has emerged as a very important 

pathogen due to its abilities to form persistent infections through a biofilm mode of 

growth. It is particularly difficult to avoid contact with S. aureus because it is a resident 

of the human nasopharynx and nostrils resulting in colonization of approximately 10%-

30% of the population continually and 50-60% of the population transiently (1,2,3,21, 

108). Up to 20% of surgical patients admitted to a hospital are affected by a nosocomial 

pathogen with S. aureus being one of the most common (8,9). S. aureus is responsible of 

over 40,000 infections per year in the US with the methicillin-resistant S. aureus, MRSA, 

strains killing more individuals per year than AIDS (10,11,108). S. aureus is dangerous 

because it is responsible for a wide variety of infections including implant related 

infections, tropical pyomyositis, pneumonia, superficial skin infections such as boils, 

sties, and carbuncles, localized abscesses, endocarditis, osteomyelitis, toxic shock 

syndrome, furunculosis, food poisoning, bacteremia, empyema, pyopneumothorax, 

exfoliative diseases, and possibly sudden infant death syndrome (6,7).  

S. aureus is a well studied pathogen for medical infections but there has been 

limited study concerning S. aureus as part of the oral flora even though it is known that 

there are more than 300 bacterial species which can colonize the human mouth. There is 

recent evidence to support the isolation of staphylococcus species from the oral cavity 

especially in children, elderly individuals, patients with certain systemic conditions such 

as rheumatoid arthritis or terminally ill individuals, and patients with hematological 
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malignancies (90,91,100,101,102,103,104). A study by Ohara-Nemoto et al found 9 

different staphylococcus species and 334 different isolates, with S. aureus being the most 

frequent isolate, in the supragingival plaque and saliva from 56 healthy adult individuals 

(106). A study by Smith et al 2003 showed that in 5,005 oral specimens, S. aureus was 

isolated from 1,017 of the samples and MRSA was isolated from 50 samples (100). There 

was some pathology associated with the patients who were colonized with MRSA such as 

oral pain or a burning sensation and edema or erythema of the oral tissues in 16% of 

those presenting with a MRSA isolate (100). There was a noted increase in the presence 

of S. aureus with increasing age of the patient, however, this study could not prove 

colonization verses transient infection of the oral cavity with S. aureus (100). Another 

study by Fritschi et al 2008 looked at the relationship between periodontal disease and the 

presence of S. aureus (105). They noted that there was a high prevalence of S. aureus 

present in the non-smoking periodontitis patients as well as concluding that this may 

account for part of the level of periodontal disease severity in the non-smoking 

individuals (105). S. aureus has also been implicated in several oral infections such as 

angular chelitis, osteomyelitis of the jaw, endodontic lesions, parotitis, and oral mucositis 

although further study is needed to determine S. aureus exact role in these diseases 

(91,92,93,94,95,96,97,98,99). Rokadiya and Malden also reported a case study where 

they implicated S. aureus as the causative agent in implant failure (107). These studies, 

although few, do implicate S. aureus as a pathogen, which should be considered as a 

growing threat not just in the medical field but in the dental community as well. The use 

of dental implants and bone plates and screws for orthognathic surgery is routine and the 

risk of infection from S. aureus is low. However, with the increased use of zygomatic 
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plates that are left open to the oral environment for orthodontic anchorage purposes, 

colonization with S. aureus or more specifically MRSA could prove to increase failure 

rates or even cause a more serious complication.  

S. AUREUS AS AN ANTIMICROBIAL RESISTANT PATHOGEN: 

  S. aureus has emerged as a pathogen that is rapidly developing the ability to 

become antibiotic resistant enabling it to avoid our current methods of treatment. This 

causes a change in the form of infection from acute to persistent, chronic, and recurrent. 

One of the major current threats is MRSA, methicillin-resistant S. aureus, which is 

responsible for 40-60% of nosocomially acquired S. aureus infections and 28% of 

surgical site infections with MRSA killing more people in the USA than HIV in a year 

(10,12, 110, 111). MRSA is typically multiple antibiotic resistant and the susceptibility to 

vancomycin, the last resort antibiotic, grew from 23% to 56% in the last 10 years and of 

great concern are the emerging vancomycin resistant S. aureus strains (VRSA), which 

have no effective antibiotic treatment options (10,12,110,111).  

   S. aureus has also been acquired through community based infections in the past, 

but with the emergence of Community-Associated Methicillin-Resistance (CA-MRSA), 

which causes severe skin and soft tissue infections, there is evidence of genetic mutations 

that have allowed strains to become more virulent, and it has been thought that CA-

MRSA may be the etiological agent in some nosocomial bloodstream infections 

(4,5,13,14,15). Therefore S. aureus is important to study because its recent emergence as 

CA-MRSA puts all of us at risk for skin infections, which may progress to blood born 

illnesses as well as the continued threat of nosocomial MRSA and VRSA infections.  
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 With the identification of MRSA, VRSA, and CA-MRSA, it is clear that 

antibiotic resistance is an emerging problem with S. aureus strains. Methicillin resistance 

is carried by the non-staphylococcal origin mecA gene, which is a horizontally acquired 

chromosomal gene found mostly in strains that show a decreased susceptibility to the β-

lactam antibiotics, such as penicillin (16,17,18,19). The β-lactam antibiotics are a class of 

bacterial cell wall synthesis inhibitor that demonstrates bacteriostatic activity by binding 

to and inactivating bacterial transpeptidases (16,17,18,19). The mecA gene encodes an 

altered penicillin-binding protein (PBP2a) that has a decreased binding affinity for the β-

lactam antibiotics thereby making them ineffective (16,17,18,19). If the bacteria contains 

the mecA gene, the PBP2a becomes the main component for cell wall synthesis functions 

when exposed to a β-lactam antibiotic (16,17,18,19). Vancomycin resistance occurs when 

the enterococci gene vanA is acquired and the bacterial cell wall is thickened (10,20). 

S. AUREUS BIOFILMS AND CHRONIC INFECTION: 

 S. aureus infections are particularly difficult to manage if they have been able to 

form a biofilm (21). Biofilms are either monomicrobial or polymicrobial communities 

embedded in an extracellular polysaccharide matrix, which are attached to either a 

surface or each other and undergo an alteration in phenotype which allows for changes in 

growth, gene expression, and protein production (21,22,109). The shape of a biofilm may 

consist of a single layer of cells to a complex pillar or mushroom shaped architecture that 

allows for formation of nutrient channels enabling the biofilm to receive nutrients from 

the environment and remove waste compounds (21,23,109). The biofilm may develop 

surfaces such as devitalized bone or necrotic tissue or on implanted devices (21,24,108). 

The biofilm mode of growth provides several advantages to planktonic growth. The 
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matrix allows for the concentration of environmental nutrients such as carbon, nitrogen, 

and phosphate (21,25, 109). Biofilm growth also makes removal tactics less effective 

such as the use of antimicrobials, shear stress, and host clearance through phagocytosis, 

oxygen radical, and protease usage (21). The antibiotic resistance seen in biofilm growth 

may be caused through several mechanisms including the low metabolic levels and down 

regulated cell division of the deeply embedded microorganisms, the diffusion barrier of 

the biofilm matrix itself, deactivation by the matrix, or entrapment by the matrix. 

(21,26,27,28). The biofilm also allows for dispersal through a mechanism of single cell or 

cluster detachment where individual cells or microcolonies detach through mechanical 

fluid shear stress or though a genetically controlled programmed response allowing for 

the seeding of the biofilm to new regions for growth. (21,29,30,109). This allows for the 

continued growth and survival of the biofilm.  

  S. aureus is able to cause chronic implanted medical device or artificial joint 

related infections and is the main isolate from these infections (21,31,32,108). S. aureus 

is able to develop these chronic infections through successful host immune system 

evasion by formation of a biofilm (21,33,34,35,36,108). The biofilm mode of growth 

allows pathogens to be more resistant to the host immune response and antibiotics when 

compared to the planktonic form of growth (21,37,38,39,109). In prosthetic implant 

infections, the surfaces of intermedullary rods, screws, plates, and artificial joints 

provides a region for colonization that can occur during the surgical procedure itself or 

through hematogenous seeding post surgery (21,83,108). S. aureus can adhere to the 

surface of the implant through cell wall associated adhesins, which are able to recognize 

host cell proteins such as fibrinogen and fibronectin that coat the implant shortly after 
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surgery (21,40, 108). The environment surrounding the implant also contributes to 

colonization due to the decreased blood flow leading to a weakened activity of the host 

immune cells (108). Infection rates on prosthetic devices may increase due to certain risk 

factors. For instance, artificial joints are more susceptible because they are closer to the 

skin surface and may have poor soft tissue coverage (83). Underlying conditions will also 

predispose a patient to an implant infections such as diabetes or rheumatoid arthritis as 

well as obesity, malnourishment, old age, and history of previous surgery a the site of the 

implant (21,41, 83). Lastly, injury to bone during surgery will cause a non-vascularized 

area creating a good bacterial growth environment allowing avoidance of host defenses 

(21, 83, 108). Because implant infections are chronic in nature, the only method of 

treatment is the surgical removal of the device (83, 108, 109). A better understanding of 

the biofilm growth related immune avoidance mechanisms will result in better methods 

of targeted treatment.  

S. AUREUS VIRULENCE FACTORS: 

  S. aureus has a number of virulence factors contributing to its pathogenic 

properties. These virulence factors are regulated by global regulatory systems that 

influence their expression as well as colonization factors (42,108). One example of this is 

the quorum sensing agr system, which allows for cell to cell communication in response 

to environmental changes. The agr system is driven by the P2 and P3 promoters that 

divergently transcribe RNAII and RNAIII where RNAII encodes AgrA, AgrB, AgrC, and 

AgrD (43,108). AgrD encodes a small diffusible signal molecule – the small autoinducer 

peptide (AIP) – that  is secreted by S. aureus and accumulates in the environment until a 

threshold is reached; then AIP binds to a receptor protein histidine kinase, AgrC, which 
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forms a two component regulatory system with ArgA, enabling it to increase production 

of P2 and P3 ( 42,44,45,108). An increase in P3 leads to an increase in RNA III, which 

encodes secreted virulence factors and toxins (42,108). S. aureus also contains the 

Staphylococcal Accessory Regulator (sar), producing SarA, which may bind to the agr 

operon and leading to increased levels of AgrD (46,108).  

Quorum sensing does regulate expression of virulence factors, but is also able to 

regulate biofilm growth and detachment (47,48). In order for a biofilm to form, the 

bacterial cells in early exponential growth must adhere to a surface, which could be host 

tissues or implanted device. S. aureus has up to 20 proteins entitled – microbial surface 

component recognizing adhesive matrix molecule (MSCRAMMS)- that are able to 

adhere to host proteins such as fibrinogen, fibronectin, collagen, and elastin (49,51,108). 

The MSCRAMMS are attached to the bacterial cell surface by a transpeptidase enzyme, 

sortase (50). All MSCRAMMS have a conserved region in their C terminal domain 

containing a LPXTG motif, the site of sortase cleavage, which results in the N terminal 

ligand binding domains attachment to the cell wall surface (50). Clumping factor A 

(ClfA) is an MSCRAMM that binds to the C terminal region of the alpha chain of 

fibrinogen (52). Clumping factor B (CLFB) is an MSRCAMM, which binds to 

cytokeratin 10 and fibrinogen and is utilized in colonization of the nose (49). S. aureus 

MSCRAMMS also contains fibrinogen binding proteins (FIN and FbpA), fibronectin 

binding proteins (FnbA and FnbB, and elastin binding protein (EbpS) and collagen 

receptor (Cna) (51). These binding factors allow for initial adherence and initiation of 

biofilm formation. 
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 S. aureus is also able to secrete several toxins and enzymes that cause 

inflammation-mediated tissue damage. Included in these toxins are enterotoxins, which 

cause food poisoning, toxic shock syndrome toxin (TSST), which causes toxic shock 

syndrome, exotoxins including hemolysins (α, β, γ, and δ), Panton-Valentine leukocidin, 

and many other uncharacterized toxins (53-56,108). The hemolysin α-toxin is able to 

insert itself into the erythrocyte cell membrane forming a pore resulting in lyses of the 

cell (53). β-hemolysin is usually found in animal strains and hydrolyzes sphingomyelin, 

found in macrophages, and may leave them vulnerable to lysis by other exotoxins 

although likely does not contain lytic activity itself (53,54). δ-hemolysin lysis cells of the 

innate immune response , such as macrophages and neutrophils and Panton-Valentine 

leukocidin and γ-hemolysin cause an inflammatory response by affecting neutrophil and 

macrophage function (53). Another set of virulence factors called phenol-soluble modulin 

peptides (PSM)-like peptides, although previously described in S. epidermidis, are now 

found in CA-MRSA strains and are able to elicit an inflammatory response in 

macrophages resulting in NFκB activation and release of inflammatory cytokines 

including TNF-α, IL-6, and IL-1β (55,56). PSM-like peptides, especially PSMα, 

contribute to increased virulence in CA-MRSA resulting in increased morbidity and 

mortality (55,56). PSMα has been shown to increase secretion of IL-8, TNF-α and IL-1β 

from neutrophils, causing neutrophil activation, chemotaxis, and lysis of neutrophils (55). 

Several of these toxins including enterotoxins, TSST, exotoxins, and PSM-like peptides 

play a role in host immune cell evasion.  
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S. AUREUS IMMUNE AVOIDANCE MECHANISMS: 

 Staphylococcus aureus also has the ability to avoid the immune system allowing 

easier progression from an acute infection to a persistent or chronic infection. S. aureus 

has a variety of defense mechanisms such as the production of Protein A, an 

antiphagocytic caspsule, toxins, and superantigens all of which weaken the host immune 

response and cause damage to tissues allowing for invasion and biofilm formation. 

Protein A is bound to the outer peptidoglycan layer of the cell wall in S. aureus and 

inhibits opsonization and phagocytosis through its ability to bind to the Fc portion of the 

host IgG (the functional portion of the antibody) causing the Fab portion of the IgG 

molecule to be exposed to the external environment, thereby rendering the antibody 

useless since the Fc portion is responsible for the binding of complement and cell 

signaling for polmorphonuclear leukocytes (PMN’s) (57). This form of binding the IgG 

molecule and exposing the Fab side also allows the bacteria to trick the immune system 

by inactivating its ability to recognize it as “non-self” (57). Protein A is also considered 

to be a superantigen that causes T cell-independent proliferation and apoptosis of B cells 

without initiation of Ig production (59,60,61). Protein A is also involved in biofilm 

formation and it has been shown that exogenous Protein A is able to promote biofilm 

formation and aggregation when added to bacterial cultures (62). Capsular 

polysaccharide is also produced by S. aureus in order to aid in the avoidance of 

opsonization and phagocytosis, and although there are 11 reported serotypes only two 

capsule types 5 and 8 comprise the majority of clinical isolates (63,64,65,108). Capsule 

serotypes 5 and 8 are microcapsules, which are much thinner than the other 9 serotypes 

and may allow for an increase in binding ability to host proteins such as fibrin, 
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fibronectin, collagen, and fibroblasts for adhesion purposes (66,67,68,69,70). The type 5 

capsule has also been shown to protect the bacteria from intracapsular killing in PMN’s, 

allowing for  its persistence in joints and sepsis in a mouse model of septic arthritis (71). 

S. aureus also produces several toxins such as enterotoxins, TSST, and several 

exotoxins useful in immune avoidance. TSST and enterotoxin B are superantigens, which 

bind to the MHC class II and T cell receptors causing a constitutive activation of T cells, 

a polyclonal T cell proliferation, and antigen independent activation of T cells all leading 

to a large non-specific cytokine production resulting in inflammation and damage to host 

tissues as well as an activation-induced apoptosis of T cells causing a decline in their 

numbers and a suppression of T cell mediated immune responses (72,73,74). The 

hemolysins also cause immune cell destruction such that α-hemolysin forms channels in 

nucleated cells releasing their contents, specifically calcium ions, resulting in 

vasoregulatory irregularities and an inflammatory response; β-hemolysin kills cells high 

in sphingomyelin, such as monocytes and macrophages; and δ-hemolysin lyses host 

innate immune cells (53,75,76). PSM-like peptide PSMα also causes the lysis of 

neutrophils (55). S. aureus is also able to invade and survive inside several types of cells 

including endothelial cells, epithelial cells, osteoblasts, neutrophils and macrophages 

allowing for persistence and biofilm formation (77,78,79). 
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III. PREVIOUS SUPPORTING RESEARCH 

Because biofilm formation is thought to be one of the main immune system 

avoidance mechanisms, the Shirtliff laboratory has dedicated years of research to 

developing a vaccine that will target S. aureus biofilm antigens. Several other vaccines 

have been made in the past against a variety of adhesins (fibronectin-binding protein, 

collagen-binding protein, polysaccharide intercellular adhesin, clumping factor, and 

fibrinogen-binding protein), as well as α-hemolysin, and polysaccharide types 5 and 8, 

but all have demonstrated limited success and have not offered true protection 

(47,71,82,84,85,86,87,88,89). These vaccines were also developed against planktonic 

infections instead of biofilm-mediated infections (82). Previous work in the Shirtliff 

laboratory has introduced a new vaccine developed against the biofilm mode of growth.  

This new vaccine began with the identification of several proteins, which were 

up-regulated under biofilm growth conditions in S. aureus M2, a strain isolated from a 

patient with osteomyelitis at the University of Texas Medical Branch, and presented as 

immunogenic to the host (81,82). Four proteins - glucosaminidase, SA0317 (lipase), 

SA0486 (a hypothetical lipoprotein), SA0037 (a conserved hypothetical protein of 

unknown function), SA0688 (an ABC transporter lipoprotein) – were identified and 

recombinant versions were made and combined in a vaccine (82). This vaccine was tested 

for its ability to provide protection against a S. aureus biofilm infection along with the 

administration of an antibiotic that is usually ineffective on biofilm communities. The 

purpose of the antibiotic was to clear any planktonic bacteria, which may remain after 

dissolution of the biofilm (82). This study showed that the vaccine plus antibiotic was 
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effective in clearing the infection while either the vaccine or antibiotic alone were not 

able to clear the S. aureus infection (82). 

Therefore, the purpose of my research was to first look at a variety of strains of S. 

aureus, which were acquired from NARSA to see if any or all of the strains contain three 

of the four vaccine components, glucosaminidase, SA0486 (a hypothetical lipoprotein), 

and SA0688 (an ABC transporter lipoprotein) in their genomes. Secondly, we needed to 

analyze these strains in order to ensure that they express one or all of the proteins under 

biofilm growth conditions. Only three of the four vaccine antigens were included in this 

study due to unavailability of recombinant protein and antibodies for one of the vaccine 

components. Of further interest is the presence of these proteins under planktonic growth 

so two of the strains underwent further inspection to look for production of these three 

proteins at various stages of planktonic growth. 
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IV. PURPOSE 

To analyze Staphylococcus aureus NARSA strains NRS1 (Mu50), NRS22 (USA 

600), NRS71 (Sanger 252), NRS72 (Sanger 476), NRS73 (HIP10540) , NRS100 (COL), 

NRS123 (MW2), NRS382 (USA100), NRS383 (USA 200), NRS384 (USA 300), 

NRS385 (USA500), NRS386 (USA 700), NRS387 (USA 800), NRS482 (USA 300), 

NRS483 (USA1000), NRS484 (USA1100) and Staphylococcus epidermidis strain 

NRS101 (RP62A) in order to identify first in the genome and then under biofilm growth 

conditions, the three immunogenic proteins – glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein) - which have been included in 

a previously analyzed vaccine that only used a single strain of S. aureus for challenge 

studies. 

To analyze two selected NARSA strains for the presence of expression of the 

three immunogenic proteins under varying stages of planktonic growth to confirm that 

these antigens are not expressed under planktonic growth leading to the lack of clearance 

of infection in the group of animals undergoing vaccine alone. 
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V. MATERIALS AND METHODS 

PCR ANALYSIS: 

Genomic Preparation: 

Staphylococcus aureus NARSA strains NRS1 (Mu50), NRS22 (USA 600), 

NRS71 (Sanger 252), NRS73 (HIP10540), NRS100 (COL), NRS123 (MW2), 

NRS382 (USA100), NRS383 (USA 200), NRS384 (USA 300), NRS385 (USA500), 

NRS386 (USA 700), NRS387 (USA 800), NRS482 (USA 300), NRS483 (USA1000), 

NRS484 (USA1100) and Staphylococcus epidermidis strain NRS101 (RP62A) were 

utilized. Each strain was streaked on a blood plate with 10µg Ox and grown overnight 

at 37°C. A colony was picked and grown up overnight in 2ml TSB broth at 37°C 

shaking for each strain. The culture was then centrifuged at 5000g for 10 minutes and 

the effluent was discarded. The DNA was extracted using the Qiagen QIAprep Spin 

Miniprep Kit (QUIAGEN science, Maryland) following their instruction manual and 

eluted into DEPC water. 

PCR set up: 

A PCR reaction was set up for each sample Staphylococcus aureus NARSA strain 

NRS1 (Mu50), NRS22 (USA 600), NRS71 (Sanger 252), NRS73 (HIP10540), 

NRS100 (COL), NRS123 (MW2), NRS382 (USA100), NRS383 (USA 200), NRS384 

(USA 300), NRS385 (USA500), NRS386 (USA 700), NRS387 (USA 800), NRS482 

(USA 300), NRS483 (USA1000), NRS484 (USA1100) and Staphylococcus 

epidermidis strain NRS101 (RP62A) using primers from Brady et al 2011 (82) for the 

ABC transporter [5’ SA0688 - 

ATGGTAGGTCTCACTCCGATAAGTCAAATGGCAAACTAAAAGT and 
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3’SA0688 – ATGGTAGGTCTCATATCATTTCATGCTTCCGTGTACAGTT], 

glucosaminidase [5’Glucosaminidase - 

ATGGTAGGTCTCACTCCGCTTATACTGTTACTAAACCACAAAC and  

3’Glucosaminidase -

ATGGTAGGTCTCATATCATTTATATTGTGGGATGTCGAAGTATT] and 0486 

[5’SA0486 - 

ACTCTAGGTCTCACTCCAAAGAAGATTCAAAAGAAGAACAAAT and 

3’SA0486 - ATGGTAGGTCTCATATCAGCTATCTTCATCAGACGGCCCA]. A 

20µl reaction containing 12.5 µl of DreamTaq Green PCR Master Mix (Fermentas 

Life Sciences), 0.5 µl forward and 0.5 µl reverse primer for either ABC transporter, 

SA0486, or Glucosaminidase, 10.5 µl DEPC water, and 1 µl of genomic prep sample 

for each strain was made. The samples were run on the Becca program PCR (98°C for 

30 seconds followed by 53 cycles of 98°C for 30 seconds, 54°C for 30 seconds, 72°C 

for 1 minute, followed by 72°C for ten minutes) and then held at 4°C until removed 

and stored at -20°C. 10 µl of each sample was combined with a 2 µl loading dye and 

run on a 1% agarose gel (1gr in 100 µl TAE) with ethidium bromide (5 µl in 100ml 

gel) at 100V for 30 minutes. An image was taken on the FluorChem 8900 and utilized 

to look for the presence of the genes in each sample. 

BIOFILM WESTERN BLOT ANALYSIS: 

The Staphylococcus aureus NARSA strains NRS1 (Mu50), NRS22 (USA 600), 

NRS71 (Sanger 252), NRS72 (Sanger 476), NRS73 (HIP10540) , NRS100 (COL), 

NRS123 (MW2), NRS382 (USA100), NRS383 (USA 200), NRS384 (USA 300), 

NRS387 (USA 800), NRS482 (USA 300), NRS483 (USA1000), NRS484 (USA1100) 
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and Staphylococcus epidermidis strain NRS101 (RP62A) were grow up overnight in 

5ml TSB with 10 µg Oxacillin except strain 72, which was Oxacillin sensitive. Each 

sample when turbid visibly was inoculated into each well on a 6 well plate with 100 

µl of sample into 5ml .1XCY broth (1 g Casamino acids, 1 g Yeast, .5 g Glucose, .59 

g NaCl, DI water up 1 L) with 1.5M β-glycerol phosphate and 40mg/ml filtered 

Oxacillin. The plates were incubated for 48 hours with a media change at 24 hrs 

shaking at 37 °C. The cultures were harvested by adding 500 µl of PMSF/TE ( PMSF 

- 50mg PMSF into 1ml of 100% ETOH, 1X TE -10 mM TRIS-CL + 1 mM EDTA pH 

8 and then add 100 µL of PMSF/ETOH into 10ml of TE to make PMSF/TE) to each 

well and then the biofilm was scraped away using a flamed glass scraper. The harvest 

from 3 wells was combined into 1 eppendorf tube resulting in 2 eppendorf tubes per 

sample. The samples were spun at 12,000g for 1 minute and the supernante was 

removed. 1ml cell lysis buffer (30 mM Tris, 4 M urea, 2 M thiourea, 1% Sigma 

CHAPS) was added to each eppendorf tube, which was then vortexed, and added to 

bead beating tubes using 0.1 mm zirconia beads. The samples were kept on ice while 

undergoing bead beating at a 6 setting for 30 seconds followed by a quick spin at 4°C 

@ 14,000g followed by 2 minutes on ice. This was repeated 5 times. The tubes were 

spun for 10 minutes at 13,000g and the supernatant was transferred to a new 

eppenndorf tube and frozen at -70°C. Quantities were determined by using a standard 

curve and BCA (Pierce, Rockford, IL) protein assay. 

To run the gel, approximately 20 µg of protein for each sample plus 5X SDS 

loading buffer were combined and boiled for 5 minutes. This was also done for all 

three recombinant proteins but only 5 µg of protein was added with purified ABC 
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transporter, SA0486, and Glucosaminidase as controls obtained from Brady et al 

2011 (82). The 1D gel was loaded and run at 100V for 1 hour. The gels were then run 

on the Biorad transblot SD semidry transfer apparatus to blot the gels onto an 

Immobilon PVDF membrane utilizing Semi-dry Transfer buffer (5.81g/L Tris, 

29.3g/L glycine, .375g/L SDS and 20% methanol). The western blot was run at 500V 

for a half an hour on ice. The membrane was blocked overnight in 5% milk in TBS-T 

(pH 7.5) followed by washes 3x20 minutes in TBS-T. The primary Ab: 1:5000 was 

added and incubated for 1 hour followed by a wash 3x20 min in TBS-T. The 

Secondary Ab: Goat anti-rabbit IgG HRP-conjugated, 1:5000, was added and 

incubated for 1 hour followed by a wash 3x20 minutes in TBS-T. The blot was 

developed with SuperSignal (Pierce) Chemiluminescent Substrate and imaged on 

FluorChem 8900. 

Each blot was than stripped and reblotted for the additional two antibodies using 

the same procedure described above. The stripping procedure was soaking the blot in 

.2N sodium hydroxide for 5 min and rinsing with distilled water for 1 minute. The 

membrane was then reblotted with the additional two antibodies. 

 GROWTH CURVE: 

Two of the NARSA samples 482 and 483 were grown up overnight in TSB 

shaking at 37°C. Each sample was added to 250ml warm .1XCY broth with 1.5M β-

glycerol phosphate and 40mg/ml filtered Oxacillin or TSB with 40mg/ml filtered 

Oxacillin to initiate a growth curve. The first reading for both growth media was 

taken at T0 right after inoculation. Following times were taken every ½ hour for the 

next 8 hours minus time points at 3 and 3.5 hours plus one reading at 24hrs to create a 
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growth curve to find early, late, and stationary phases for each of the 2 strains. It was 

determined that early growth was reached at 2.5hr, late growth at 5 hrs, and stationary 

growth at 24hr. Planktonic growth – early, late, and stationary phase- samples were 

grow up overnight in 5ml TSB with 10µg Ox shaking at 37°C. Each sample when 

turbid visibly was inoculated into .1XCY broth with 1.5M β-glycerol phosphate and 

40mg/ml and grown until the designated time from the growth curve to produce early 

(2.5 hrs), late (5hrs), and stationary (24hrs) phases. A standard curve and BCA 

(Pierce, Rockford, IL) protein assay was used to obtain the total protein concentration 

in the sample. 

BIOFILM VS PLANKTONIC WESTERN BLOT ANALYSIS: 

To run the gel, approximately 5µg of protein for each of the planktonic and 

biofilm sample plus loading buffer was boiled for 5 minutes. This was also done for 

all three recombinant proteins using 5µg of purified ABC transporter, SA0486, and 

Glucosaminidase as controls obtained from Brady et al 2011 (82). Each sample was 

run on its own gel. The 1D gels were loaded and run at 100V for 1 hour. The gels 

were run on the Biorad transblot SD semidry transfer apparatus to blot the gels onto 

an Immobilon PVDF membrane utilizing Semi-dry Transfer buffer (5.81g/L Tris, 

29.3g/L glycine, .375g/L SDS and 20% methanol). The western blot was run at 500V 

for a half an hour on ice. The membrane was blocked overnight in 5% milk in TBS-T 

(pH 7.5) followed by washes 3x20 minutes in TBS-T. The primary Ab: 1:5000 is 

added and incubated for 1 hour followed by a wash 3x20 min in TBS-T. The 

Secondary Ab: Goat anti-rabbit IgG HRP-conjugated, 1:5000, is added and incubated 
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for 1 hour followed by washes 3x20 minutes in TBS-T. The blot was developed with 

SuperSignal (Pierce) Chemiluminescent Substrate and imaged on FluorChem 8900. 

Each blot was then stripped and reblotted for the additional two antibodies using 

the same procedure described above. The stripping procedure was soaking the blot in 

.2N sodium hydroxide for 5 min and rinsing with distilled water for 1 minute. The 

membrane was then reblotted with the additional two antibodies. One gel was run for 

each of the samples.  
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VI. RESULTS 
 
PCR DATA: 

 
The NARSA strains tested contain the genetic code for the three vaccine 

candidates found in Becca et al 2011, glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein). In order to first determine 

if the genes themselves were present in the NARSA strain genomes, PCR was 

performed from a genomic prep of our strain Staphylococcus aureus M2 and 16 

NARSA strains – Staphylococcus aureus strains NRS1 (Mu50), NRS22 (USA 600), 

NRS71 (Sanger 252), NRS73 (HIP10540), NRS100 (COL), NRS123 (MW2), 

NRS382 (USA100), NRS383 (USA 200), NRS384 (USA 300), NRS385 (USA500), 

NRS386 (USA 700), NRS387 (USA 800), NRS482 (USA 300), NRS483 (USA1000), 

NRS484 (USA1100) and Staphylococcus epidermidis strain NRS101 (RP62A) - 

using primers from Brady et al 2011 for glucosaminidase, SA0486, and SA0688 

(ABC transporter lipoprotein). A housekeeping gene DNA gyrase was used as a PCR 

control using standard primers. (Data not shown for glucosaminidase or SA0486). 

Figure 1 shows the PCR for all 16 strains plus the M2 strain for each of the three 

primers. The PCR for SA0688 (ABC transporter) also shows the control DNA gyrase. 
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M24844834823873863853843833821231011007371221NC

Top: 
ABC primers -
top line
DNA gyrase –
bottom line

Middle: 
Glucosaminida
se primers

Bottom: 
0486 primers

Figure 1.  PCR for the NARSA Strains

Figure 1.  The top gel shows the results for each strain using M2 as the positive control.  
SA0688 (ABC transporter) is the top band identified in all 16 strains.  The bottom band 
is DNA gyrase indicating that the PCR ran properly.  The second gel shows that all 16 
strains contain the glucosaminidase gene.  The third gel shows that all 16 strains 
contain the SA0486 gene.  

 

Table 1 shows all strains tested contained the genetic code for each gene - SA0688 

(ABC transporter), Glucosaminidase, and SA0486 - in their genomic DNA. NRS72 

(Sanger 476) was not tested in the PCR data due to difficulty getting the strain to grow.  
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Table 1. PCR Analysis Results

Primer

Strain

+++++++++++++++ABC

+++++++++++++++GLU

+++++++++++++++0486

M24844834823873843833821231011007371221

 

BIOFILM WESTERN BLOT DATA: 
 

The NARSA strains tested express the three vaccine candidates found in Becca et 

al 2011, glucosaminidase, SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC 

transporter lipoprotein) under biofilm growth conditions. Western blot analysis was 

performed on cell protein harvested from 48 hour biofilm cultures of our strain 

Staphylococcus aureus M2 and 15 NARSA strains – Staphylococcus aureus NRS1 

(Mu50), NRS22 (USA 600), NRS71 (Sanger 252), NRS72 (Sanger 476), NRS73 

(HIP10540) , NRS100 (COL), NRS123 (MW2), NRS382 (USA100), NRS383 (USA 

200), NRS384 (USA 300), NRS387 (USA 800), NRS482 (USA 300), NRS483 

(USA1000), NRS484 (USA1100) and Staphylococcus epidermidis strain NRS101 

(RP62A). Figure 2 shows the cell protein gel for each NARSA strain, the S. aureus M2 
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strain, and all three purified control proteins glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein) after blotting with an antibody 

against the SA0688 (an ABC transporter lipoprotein) antigen. 

GluABC486skip484483482387384383382123

GluABC486skip101100737271221M2

Figure 2. ABC transporter Western Blot

Figure 2.  The western blot using cell protein for all 15 NARSA strains and the 
S. aureus M2 strain blotted with a SA0688 (an ABC transporter lipoprotein) antibody.  

 

All strains were positive for expression of SA0688 during biofilm growth 

conditions although NRS1 (Mu50) and NRS484 (USA1100) showed comparably lower 

protein expression.  

 Figure 3 shows the cell protein gel for each NARSA strain, the S. aureus M2 

strain, and all three purified control proteins glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein) after blotting with an antibody 

against the glucosaminidase antigen.  
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GluABC486skip101100732171221M2

GluABC486skip484483482387384383382123

Figure 3. Glucossaminidase Western Blot

Figure 3.  The western blot using cell protein for all 15 NARSA strains and the 
S. aureus M2 strain blotted with a glucosaminidase antibody.  

 

All strains were positive for expression of glucosaminidase during biofilm growth 

conditions although NRS123 (MW2) and NRS383 (USA 200) were slightly lighter bands 

and NRS1 (Mu50) and NRS484 (USA1100) showed even lower protein expression under 

biofilm growth conditions.  

Figure 4 shows the cell protein gel for each NARSA strain, the S. aureus M2 

strain, and all three purified control proteins glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein) after blotting with an antibody 

against the SA0486 antigen.  
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GluABC486skip101100737271221M2

GluABC486skip484483482387384383382123

Figure 4. 0486 Western Blot

Figure 4.  The western blot using cell protein for all 15 NARSA strains and the 
S. aureus M2 strain blotted with a SA0486 antibody.

  

 

Fourteen of the sixteen strains were positive for expression of SA0486 during 

biofilm growth conditions where NRS1 (Mu50), NRS72 (Sanger 476), NRS100 (COL), 

NRS484 (USA1100) only expressed SA0486 at low levels and Staphylococcus 

epidermidis strain NRS101 (RP62A) and NRS383 (USA 200) do not express the protein 

at all. 

 Table 2 is a summary of all three gels to show protein expression under biofilm 

growth conditions of all 15 NARSA strains and the M2 strain. 
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Table 2.  Biofilm Western Blot Analysis

Primer

Strain

+++++++++++++-++++-+++++++++++0486

+++++++++++++++++++++++++++++++++++++++++++GLU

+++++++++++++++++++++++++++++++++++++++++++++ABC

M2484483482387384383382123101100737271221

Key
+ - very light
++ - light
+++- good signal

 
Table 2 indicates that all strains were positive for SA0688 and glucosaminidase 

protein expression under biofim growth conditions although NRS1 (Mu50) and NRS484 

(USA1100) only expressed these proteins at low levels. SA0486 was not expressed by 

two strains, Staphylococcus epidermidis strain NRS101 (RP62A) and Staphylococcus 

aureus strain NRS383 (USA 200). Four strains NRS1 (Mu50), NRS72 (Sanger 476), 

NRS100 (COL), NRS484 (USA1100) only expressed SA0486 at low levels under biofilm 

growth conditions. Unlike the PCR data, strains NRS385 (USA500) and NRS386 (USA 

700) were not tested due to difficulty growing a biofilm.  

Table 3 combines the data found for the PCR analysis and Western blot analysis 

to show genomic content as well as expression of all three proteins under biofilm growth 

conditions. 
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Table 3. PCR and Western Analysis Results

Blot

PCR

Blot

PCR

Blot

PCR +++++++++++++++ABC

+++++++++++++++ABC

+++++++++++++++GLU

++++++-++-+++++0486

+++++++++++++++0486

+++++++++++++++GLU

M24844834823873843833821231011007371221

 
 Table 3 indicates that 14 NARSA strains including Staphylococcus aureus 

NARSA strains NRS1 (Mu50), NRS22 (USA 600), NRS71 (Sanger 252), NRS73 

(HIP10540), NRS100 (COL), NRS123 (MW2), NRS382 (USA100), NRS383 (USA 

200), NRS384 (USA 300), NRS387 (USA 800), NRS482 (USA 300), NRS483 

(USA1000), NRS484 (USA1100) and Staphylococcus epidermidis strain NRS101 

(RP62A) as well as Staphylococcus aureus strain M2 were able to be tested both utilizing 

PCR and western blot analysis. Only Staphylococcus epidermidis strain NRS101 

(RP62A) and NRS383(USA 200) had 0486 present in the DNA but did not express the 

protein in biofilm conditions.  

GROWTH CURVE DATA: 

 Planktonic growth of the NARSA strains NRS482 (USA 300) and NRS483 (USA 

1000) showed varying expression patterns of the three vaccine candidates found in Brady 
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et al 2011, glucosaminidase, SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC 

transporter lipoprotein) under early log (2.5hrs) late log (5hrs), stationary (24hrs) and 

biofilm (48hrs) growth conditions. NRS482 (USA 300) and NRS483 (USA1000) along 

with the S. aureus M2 strain were chosen to use for a planktonic western blots. In order 

to settle on 3 time points that would represent early and late log as well as stationary 

growth, a growth curve was constructed in both TSB and CY media. The two media 

allow for studying differences in growth between the two during the growth curve, but 

only CY media was used for the actual planktonic growth studies since that was the 

media utilized for biofilm growth. Table 4 shows the time points taken every half an hour 

with the exception of 3 and 3.5 hrs, which were not able to be taken. The optical density 

reading allows for measurement of the cell division taking place thereby giving 

information on the population growth rate. 

 

Table 4. Planktonic Growth Curve

1.9141.7931.7951.7921.7351.8946.5
1.8711.771.7631.781.691.8086

1.8451.7341.7311.7651.6351.8325.5

1.7941.6751.671.7281.5571.7575

1.7431.5981.5921.671.4431.6364.5
1.6741.4781.4841.5941.3121.4824

1.1760.6820.9850.9460.7320.6352.5
0.9050.380.7270.6020.4220.3842
0.6080.2330.4540.3490.2390.2381.5

0.3430.1670.2620.2190.1490.1691

0.1610.130.1590.1560.0950.1270.5

0.1040.1030.1080.1140.10.0730

NRS 483 
grown in 
TSB broth

NRS 483 
grown  in 
CY broth

NRS 482 
grown in 
TSB broth

NRS 482 
grown  in 
CY broth

Strain M2 
grown in 
TSB broth 

Strain M2 
grown  in 
CY broth

Time Point 
Measurment
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Figure 5 depicts the actual graphs for each strain in each media and in general, all 

growth follows a fairly consistent curve. The time 2.5hrs was chosen to represent the 

early log phase of growth, 5hrs the late log phase of growth, 24hrs stationary growth, and 

48 hrs biofilm formation as described in the biofilm western blot analysis. The growth 

curve was not taken to the 24hr time point due to the graph approaching an asymptote 

and previous data (not shown) indicating a stationary phase occurs the 24hr time point.  

Figure 5. Planktonic Growth Curve
Growth Curve
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Figure 5.  Demonstrates the early log, late log, and the beginning of stationary phase 
growth for the S. aureus M2, NRS 482, and NRS 483 strains in both CY broth and TSB
The graph shows that 2.5 hr is early log and 5 hr is late log.   

 

BIOFILM VS PLANKTONIC WESTERN BLOT DATA: 

From the curve, it was decided to use planktonic time points, T1 at 2.5hrs in early 

log growth, T2 at 5 hrs in late log growth, and T3 at 24hrs in stationary growth vs. 48 hr 

biofilm. Figure 6 shows all three strains, NRS482 (USA 300) and NRS483 (USA1000) 

and S. aureus M2, at time points T1, T2, and T3 as well as biofilm and purified control 
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ABC protein blotted with an antibody against the SA0688 (an ABC transporter 

lipoprotein) antigen. 

 

Figure 6. ABC transporter Western Blot
Planktonic 2.5hrs, 5.5hrs, 24hrs vs Biofilm

biofilm245.52.5 biofilm245.52.5 ABC

biofilm245.52.5 skip ABC

skip

483

482M2

Figure 6. The western blot using cell protein for the S. aureus M2, NRS482, and 
NRS483 strains blotted with a SA0688 (an ABC transporter lipoprotein) antibody.   

 

 Figure 6 shows that all time points both planktonic and biofilm were 

positive for expression when blotted with SA0688 (an ABC transporter lipoprotein) 

antigen.  

 Figure 7 shows all three strains, NRS482 (USA 300) and NRS483 

(USA1000) and S. aureus M2, at time points T1, T2, and T3 as well as biofilm and 

purified control ABC and glucosaminidase protein blotted with an antibody against the 

glucosaminidase antigen. 
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biofilm245.52.5

biofilm245.52.5

Figure 7. Glucosaminidase Western Blot
Planktonic 2.5hrs, 5.5hrs, 24hrs vs Biofilm

biofilm245.52.5

skip

skip GluABC

GluABC

skip

483

482M2

Figure 7. The western blot using cell protein for the S. aureus M2, NRS482, and 
NRS483 strains blotted with a glucosaminidase antibody.  

 
 

 Figure 7 shows that S. aureus strain M2 had T2, T3, and biofilm growth positive 

for protein expression although expression was low at T2 and T3, NRS482 (USA 300) 

had all time points positive for protein expression that showed an increase from T1 to 

biofilm growth, and NRS483 (USA1000) had time points T3 and biofilm positive for 

protein expression. All three strains had biofilm protein detected at a slightly lower 

molecular weight than the planktonic time points. The positive control purified proteins 

glucosaminidase and ABC were also positive.  

 Figure 8 shows all three strains, NRS482 (USA 300) and NRS483 (USA1000) 

and S. aureus M2, at time points T1, T2, and T3 as well as biofilm and purified control 

ABC and SA0486 protein blotted with an antibody against the SA0486 antigen. 
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biofilm245.52.5

biofilm245.52.5

Figure 8. 0486 Western Blot
Planktonic 2.5hrs, 5.5hrs, 24hrs vs Biofilm

biofilm245.52.5skip

skip ABC 0486

483

482M2

ABC 0486skip

Figure 8. The western blot using cell protein for the S. aureus M2, NRS482, and 
NRS483 strains blotted with the SA0486 antibody.  

   
 

Figure 8 shows that S. aureus strain M2 had all time points T1, T2, T3, and 

biofilm growth positive for protein expression although expression was low at T1 and 

biofilm, NRS482 (USA 300) had all time points positive for protein expression, which 

stayed consistent from T1 to biofilm growth, and NRS483 (USA1000) had time points 

T2, T3, and biofilm positive for protein expression. The positive control purified proteins 

SA0688 (an ABC transporter lipoprotein) and SA0486 also produced a good signal.  

Table 5 provides a summary of the three western blots indicating what proteins 

were expressed under the varying growth conditions from each individual strain. 
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Table 5. Planktonic vs Biofilm Western Blot 
Analysis

+++++_++++++++++++++++0486

++++__++++++++++++++_GLU

++++++++++++++++++++++++++++++++++++++++++++++++ABC

483
Biofilm

483
24

483
5.5

483
2.5

482
Biofilm

482
24

482
5.5

482
2.5

M2
Biofilm

M2
24

M2
5.5

M2
2.5

Key
- negative
+ very light
++ light
+++ good signal 
++++ very good signal  
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VII. DISCUSSION 

S. aureus is pathogen that has rapidly developed the ability to become antibiotic 

resistant resulting in infections that are particularly difficult to manage. S. aureus has the 

ability to form a biofilm allowing for alterations in phenotype causing changes in growth, 

gene expression, and protein production. Because of the phenotypic changes, current 

biofilm removal strategies are ineffective. A vaccine was described in Brady et al., which 

consisted of four proteins - glucosaminidase, SA0317 (lipase), SA0486 (a hypothetical 

lipoprotein), SA0037 (a conserved hypothetical protein of unknown function), SA0688 

(an ABC transporter lipoprotein) – which were identified at antigenic to a host during a 

biofilm infection (82). A single antigen, glucosaminidase, was recombinantly expressed 

then used alone to vaccinate animals. Upon challenge, 0% of vaccinated animals showed 

clinical signs of infection vs. 57% in controls and there was evidence of an 88% 

reduction in bacterial populations in vaccinated animals compared to controls (82).  

Although significant, bacterial clearance and not merely bacterial reduction was 

required to eliminate this pathogen from the body. Therefore, in subsequent studies, 

Brady et al 2011 coupled the anti-biofilm quadrivalent vaccine with antibiotic therapy 

that would eliminate the biofilm microbial populations and their detached, planktonic 

cells that were antibiotic sensitive, respectively. This combination of a quadrivalent 

vaccine and antibiotic therapy was able to significantly clear the host of any detectable S. 

aureus compared to the other groups including untreated animals, vaccine alone followed 

by challenge, or vancomycin treatment alone (82). In this scenario, they found that 33% 

of the vancomycin-only treated animals were able to clear the infection where 90% of 
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vaccinated and vancomycin treated animals cleared infection (82). This also resulted in a 

99.9% reduction in bacterial populations in those 10% of vaccinated and vancomycin-

treated animals that were still infected at the end of the study compared to controls (82). 

These results indicate that although the vaccine likely confers resistance to S. aureus 

biofilm growth, it does not clear planktonic growth. 

This research demonstrated that 13 Staphylococcus aureus strains and one 

Staphylococcus epidermidis strain obtained from NARSA all contain the genes necessary 

for expression of three of the four major vaccine antigens glucosaminidase, SA0486 (a 

hypothetical lipoprotein), SA0037 (a conserved hypothetical protein of unknown 

function), SA0688 (an ABC transporter lipoprotein).. Antigen SA0317 (lipase) was not 

utilized because it was previously shown to be an excreted protein that is not attached to 

the cell surface thereby likely not responsible for an anti-biofilm immune response (112). 

It was also shown that of the 13 Staphylococcus aureus strains and 1 Staphylococcus 

epidermidis strain obtained from NARSA, all expressed the 3 antigens under biofilm 

growth conditions, except Staphylococcus epidermidis strain NRS101 (RP62A) and 

Staphylococcus aureus strain NRS383 (USA 200). These two strains did not express the 

SA0486 protein under biofilm growth conditions even though they had the coding for the 

genes. 

This data provides supportive evidence that the combination of antigens picked to 

make the vaccine described in Brady et al 2011 should be sufficient to provide an 

immune response to the biofilm form of growth during an infection with multiple strains 

when combined with adequate antibiotics (82). 
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This study also looked more closely at two of the S. aureus NARSA strains,  NRS482 

(USA 300) and NRS483 (USA1000), as well as the control S. aureus strain M2 to study 

growth under early log, late log, and stationary phase compared to biofilm growth to see 

if these antigens might be expressed under planktonic conditions. While unexpected, this 

would be reasonable since these antigens were originally found in previous studies to be 

up-regulated in the biofilm mode of growth using the very low throughput flow reactor 

system (81). While low levels of expression were also seen in planktonic populations in 

this earlier study, the high biofilm expression may have not been replicated in the present 

study using polystyrene plate system. As a result, the difference between planktonic and 

biofilm expression properties may not have been noticed.  

In particular, we first found that all three strains NRS482 (USA 300), NRS483 

(USA1000), and the control M2 had time points positive for expression of SA0688 (an 

ABC transporter lipoprotein). Besides the different growth conditions, the results for 

SA0688 may also be explained by the high homology among other family member genes 

of this lipoprotein group found in the genome that are up-regulated at different times 

during growth for a variety of cellular functions (113). The only way to distinguish the 

particular ABC transporter family member would be through sequencing of the protein 

itself, which was not able to be completed at this time.  

It was also noted that it appears as though the longer the growth time, the higher 

the expression level of glucosaminidase. This may be due to some level of quorum 

sensing activity during planktonic growth due to the stagnant media conditions. In a true 

septic infection in a host, there is a constant influx of nutrients and removal of waste 

products such that it is possible these higher levels of bacterial population seen at late log 
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or stationary phase are not encountered by the host. Interestingly, all three strains also 

showed the glucosaminidase expression under biofilm conditions to run at a slightly 

lower molecular weight on the gel. This may indicate that there is a conformational 

change or post-translational processing between the expressed glucosaminidase protein in 

planktonic and biofilm growth. Because the preparation is whole cell and not cell surface, 

it may also indicate that the protein is made but requires a conformational change to be 

active or inserted onto the cell surface where it can be recognized by the host as 

immunogenic. This would indicate why it was not detected as immunogenic in the initial 

experiments by Brady et al 2006 (81). Further research is required to verify this theory.  

The SA0486 (a hypothetical lipoprotein) expression pattern was slightly different for 

all three strains but all showed the greatest increase of expression at the 5hrs and 24hrs 

time points. The M2 and NRS482 strains had all time points positive with the 5hr and 

24hr time point having the greatest signal, although M2 was consistently lighter 

expression across all time points, but the NRS483 strain lightly tested positive at 5hr, 

24hr, and biofilm conditions although the greatest signal was at 5.5 and 24hrs. Again 

there may be some level of quorum sensing mechanisms occurring during planktonic 

growth due to the increase of the bacteria population with time and lack of changing 

media conditions allowing for the increased expression at 5 and 24hrs of SA0486. Again, 

whether or not this is expressed in such a way as is visible by the host immune system is 

unlikely since it was not detected in Brady et al 2006, but continued research is required 

to explore this further (81).  

Because of the positive results of this research indicating that this vaccine is a viable 

option for utilization in the avoidance of biofilm infections, one possibility for continued 
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research would be to identify antigens in a septic patient representing a planktonic growth 

condition and incorporating them into the vaccine to confer full resistance both to biofilm 

and septic infections. This research is currently ongoing in the Shirtliff laboratory and is 

showing promising results that a future vaccine will be available able to fully clear S. 

aureus infections. 

This research also supports the lateral flow immunologic assay created by Kofonow, 

Brady, Vail, Shirtliff, and Leid. This assay has been developed to work as a rapid test for 

a S. aureus biofilm infection. It works by taking the serum from an infected host and 

incubating it with protein A covered colloidal gold particles. The protein A will bind to 

the host antibodies exposing the Fab portion of the antibody molecule. Running buffer is 

then added to the assay and the conjugated antibody/gold particle and the remaining 

protein A coated gold particles are run through the assay. The three previously described 

antigens glucosaminidase, SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC 

transporter lipoprotein) are bound on one line of the assay and if the host contains the 

antibodies for these antigens (i.e. is infected with S. aureus biofilm) a visible positive test 

line will form on the assay. A control line is also in place consisting of anti-protein A 

antibodies, which will bind the Protein A coated gold particle creating a visible control 

line indicating that the assay worked properly. This research further supports the validity 

of this assay indicating that it should be universally applicable for a patient with any S. 

aureus strain infection and is not limited to the M2 strain that was used to develop the 

assay. 
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VIII. CONCLUSIONS 

1. Glucosaminidase, SA0486 (a hypothetical lipoprotein), and SA0688 (an ABC 

transporter lipoprotein) are present in the genomes of all tested strains of S. aureus 

2. At least two of the three proteins - glucosaminidase, SA0486 (a hypothetical 

lipoprotein), and SA0688 (an ABC transporter lipoprotein)- are expressed by all strains 

during biofilm growth conditions. 

3. It is appropriate to use the developed vaccine against all strains of S. aureus because it 

demonstrates efficacy in protecting the host from biofilm infections through 

augmentation of the immune response in conjunction with antibiotic therapy. 

4. It is unclear why it appears that all three antigens glucosaminidase, SA0486 (a 

hypothetical lipoprotein) and, SA0688 (an ABC transporter lipoprotein) are expressed 

under varying stages of planktonic growth but appear not to be recognized by the immune 

system and likely is related to the utilization of whole cell protein for these experiments 

instead of cell surface only, but further research will be needed to draw any firm 

conclusions. 
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