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Abstract  
  

Staphylococcus epidermidis is a commensal bacterium of the skin implicated as a significant cause of 

medical device infections, causing around 20% of orthopaedic device related infections and 13% of 

prosthetic valve endocarditis infections. A major virulence factor of this bacterium is its ability to adhere 

to surfaces and form biofilms. In a biofilm environment there are qualities that aid endurance of the 

bacteria inside the body, by antibiotic resistance and evasion of host defences.  S. epidermidis in a 

biofilm environment display different properties to those in a planktonic environment, such as slowed 

growth cycles and altered metabolism thus enhancing its survival.  An association has already been 

made between the tricarboxylic acid cycle and the regulatory mechanisms for the formation of 

polysaccharide intercellular adhesin. However, our knowledge on the effects of metabolism on the 

mechanisms used by protein mediated biofilms to cause persistent infections is limited. Therefore, the 

aim of this study is to investigate the influence of metabolic pathways on different S. epidermidis 

biofilm formation mechanisms and the relationship between metabolism and quorum sensing 

mechanisms of regulation in protein mediated biofilms.  
Metabolism was measured for three S. epidermidis strains that are known to form biofilms using 

different mechanisms using the fluorescent redox stains  5-cyano-2,3-ditolyl tetrazolium chloride and 

resazurin. Biofilm positive isolates showed more reduction than biofilm negative isolates. Additionally, 

the addition of spent media from biofilm positive isolates was able to modulate biofilm formation in 

both biofilm positive and negative isolates.   

Further development of this research could facilitate the identification of specific metabolic differences 

between protein and polysaccharide mediated biofilms, and between the effects of quorum sensing in 

protein mediated biofilms.   
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Chapter 1: Introduction  
  

1.1 Staphylococcus epidermidis   

Staphylococcus epidermidis is a species of staphylococcus, gram positive, non-motile 

facultative anaerobes that form clusters on cellular division (Harris & Richards, 2006). 

Generally, staphylococci show a preference for colonising various niches in the human body 

(Kloos & Bannerman 1994). S. epidermidis colonise human epithelia and form a normal part 

of the human microbiota as a commensal bacteria  infecting the skin of new-born infants within 

a few days (Dominguez-Bello et, al., 2010) As such it is one of the most frequently isolated 

species from human epithelia with research suggesting that healthy individuals carry 10-24 

strains of S. epidermidis on their surface at any one time (Kloos and Musselwhite, 1975; Otto, 

2009). Under normal circumstances the presence of the bacteria has no effect on its host, and 

it may actually act in a beneficial manner, aiding skin immunity and preventing colonisation 

by more virulent bacteria such as by competition for nutrients and secretion of antimicrobial 

compounds (Naik et al., 2015; Nguyen et al 2017). However, under the influence of 

environmental stressors  

S.epidermidis is able switch from a colonizing role to a pathogenic one (Buttner, Mack, & 

Rohde, 2015) and as a result is a common cause of healthcare related infections, affecting 

neonates and immunocompromised individuals in particular (Fey & Olson, 2010). S. 

epidermidis is a major cause of sepsis through bacterial seeding from contaminated implanted 

surgical devices (Le and Otto 2015), Jules et al., (2010) identified that 80% of blood infections 

were the result of S. epidermidis and additional concerns lie in the observation that patients that 

succumb to these infections are often colonized with multiple antibiotic resistant organisms 

(O’Gara, 2007). Surgically implanted devices provide a scaffold for bacterial colonization and 

the abundance of this bacteria on the skin is a significant contributor that allows it to get inside 
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the patient through transfer from their own skin, or that of the professional who is caring for 

them (Uckay et al., 2009). These bacteria are in possession of a range of adaptations that allow 

them to survive, in part resulting from their commensal role (Otto, 2009) thus, biofilm 

formation is a major adaptation that ensures the survival of S. epidermidis in infections, offering 

both immune evasion and antimicrobial resistant qualities to the indwelling bacteria (Vuong 

and Otto 2002). Genetic analysis revealed that strains from patients were significantly more 

resistant to non-beta lactam antibiotic drugs than those taken from skin (Guo et al., 2019). In 

combination with the ease of infection, this means that often, the only method of treating S. 

epidermidis infections is the removal of the implanted device (Guo et al., 2019; Fey and Olsen, 

2010) resulting in increased healthcare costs and patient recovery times.  In addition to 

antimicrobial resistance qualities, S. epidermidis isolated from clinically relevant biofilm 

communities also displays the ability to evade clearing by the immune system (Otto 2009) 

causing further difficulties in treating biofilm mediated infections. Currently the understanding 

of survival mechanisms for this bacteria in a biofilm environment is limited. The use of quorum 

sensing has been implicated as a control mechanism for molecules that are important for 

biofilm formation and persistence (Otto et al., 2006). There have also been studies that 

highlight the importance of metabolic alterations in allowing the continuation of a biofilm 

environment (REFS). We ivestigated the link between these two complex regulatory processes 

of biofilm formation on the basis that further understanding will aid in identification of 

potential treatment targets.   

  

1.2 Biofilm Formation   

Biofilm formation is the major virulence factor that allows S. epidermidis persistence as an 

opportunistic pathogen. A biofilm is a complex community of adherent bacteria within a self-

produced matrix of extracellular substances (Costerton et al., 1999). The process of biofilm 

formation involves four phases: adherence of bacteria to the abiotic surface, accumulation of 

other bacteria and formation of the extracellular matrix, maturation of the biofilm community 

with the formation of channels to allow nutrient transfer, and dispersal of bacteria to facilitate 
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biofilm spreading and infection of other sites (Costerton et al., 1999). In the case of S. 

epidermidis, many of the qualities that facilitate colonization of human epithelia also provide 

benefits in biofilm formation and persistence on implanted medical devices, such as the 

presence of adherence proteins, low toxicity and the production of exopolymers that serve to 

protect against high salt environment on the skin but form a part of the extracellular matrix in 

biofilms (Otto 2009). Bacteria in a biofilm community display some differences to their 

planktonic counterparts, having a slower growth rate downregulation of metabolic processes 

(Pedroza-Davila et al., 2020). Changes to metabolic processes allow the bacteria to easily adapt 

to a biofilm environment through the production of adhesive components and the low 

inflammatory profile of S.epidermidis means that the bacteria cause a reduced immune 

response and evade clearing by the immune system (Klingenberg et al., 2005, Hartel et al., 

2008, Le, Park and Otto 2018). The biofilm growth phases make use of specific molecules to 

form the complex extracellular matrix which contains the bacterial community. The major 

component of this matrix can be polysaccharide or protein based such as, poly-N-

acetylglucosamine (PIA) - the major biofilm facilitating component for many clinical strains  

(Heilmann et al., 1996; Mack et al., 1996), extracellular matrix binding protein (Embp; 

(Christner et al., 2010)) and accumulation associated protein (Aap; (Rohde et al., 2005)) these 

facilitate biofilm formation in different ways, which will be discussed below. In addition to 

these major biofilm components, other factors such as PSMs, eDNA, fibronectins and 

autolysins have all been shown as significant contributors to a biofilm positive phenotype  

(Capone et al., 2011).   
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Figure 1.1 Schematic diagram summarising the different S. epidermidis mechanisms that are 
involved in bacterial adhesion and biofilm formation,  and the quorum sensing systems that act 
to regulate them. Black arrows indicate stimulation or positive signalling, red arrows represent 
downregulation or inhibition of a signal.  (Taken from  Bresco et al., 2017).  
  

1.2.1 Adherence 

The first  step in biofilm formation, adherence, takes place via non-specific reactions and results 

from  hydrophobic interactions between surface proteins and the abiotic surface and proteins 

found in serum (Gristina et al., 1984, Vacheethasanee et.al 1998). Adherence to surgical 

devices is mediated by bacterial adhesion proteins and interactions with charged components 

of the extracellular matrix such as phenol soluble modulins, (PSMs) extracellular DNA 

(eDNA) and proteins that have undergone modification by proteases (Holland et al., 2010, 

Wang et al 2011). Microbial surface components recognising adhesive matrix molecules 

(MSCRAMM’s) mediate binding to proteins present in human serum. They cover the bacterial 

surface and include autolysin E (AtlE; Heilmann et al., 1997), biofilm associated homolog 

protein (Bap/Bhp; Tormo et al., 2005) and Autolysin/adhesin of S. epidermidis (Aae) 

(Heilmann et al.,2003). Aae, has shown bacteriolytic activity in addition to vitronectin-binding 

qualities (Heilman et al., 2003). SdrG and SdrF are cell-wall-associated proteins that form a 
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part of the MSCRAMM family (Foster et al., 2020). SdrF facilitates binding to hydrophobic 

polymers as well as binding collagen whilst SdrG binds to fibronectin, (Arrecubieta et al., 2009, 

Hartford et al., 2001; Pei and Flock, 2001) thus both of these proteins play a role in bacterial 

adhesion. SdrG in particular binds strongly with fibronectin, and its binding mechanism is 

strengthened by shear stress (Milles et al., 2018), the importance of this protein in biofilm 

formation is demonstrated by the observation that in a rat catheter model, bacteria were unable 

to colonise the surface when SdrG was not expressed (Guo et al., 2007). 

1.2.1.1 Autolysin E 

Autolysin E (AtlE) is a S. epidermidis autolysin thought to break down necessary components 

for the primary attachment process of biofilm formation (Heilmann 1997). Disruption of AtlE 

removes the ability of S.epidermidis to attach to polystyrene surfaces, but not to glass which is 

more hydrophilic (Heilmann et al 1997). Alongside Aae, AtlE has been found to mediate 

binding through adherence functions through the release of eDNA, allowing it to act as an 

important adherence factor in the processes of adherence and aggregation (Qin et al., 2007). 

AtlE mediated eDNA release is regulated by the agr quorum sensing system (Boles and 

Horswill 2008). 

1.2.1.2 Extracellular DNA 

Another major mediator of bacterial adherence to abiotic surfaces is eDNA (Qin et al., 

2007).This is DNA that exists in the extracellular matrix of the biofilm, offering support in 

bacterial surface and intercellular adhesion. An aliphatic molecule, it contains a negatively 

charged groups that allow binding to positively charged surfaces. In addition to aiding bacterial 

adhesion, eDNA mediates antibiotic resistance in S. epidermidis through binding cationic 

antimicrobial chemicals and inhibiting their entry into the bacteria, a mechanism that is also 

used to aid immune evasion by biofilm-dwelling bacteria (Cerca et al.,  2006). In S.epidermidis, 

eDNA release is the result of controlled bacterial cell lysis and is controlled by quorum sensing 

induced autolysins (Das et al., 2013). However, investigations into samples taken from cystic 

fibrosis patients found that the samples contained DNA from lysed neutrophils (Shack et al., 

1990), indicating that bacteria may also use non-self-DNA as a part of the extracellular matrix. 
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This research showed the adherent properties of DNA through the observation that adding 

DNase to the sputum of cystic fibrosis patients reduced is viscosity. From these and other 

investigations into the benefits of eDNA, inhibition of eDNA a strong consideration for treating 

biofilm mediated infections. The potential of targeting eDNA to break up biofilms was 

investigated to find that adding DNase during or after biofilm formation results in biofilm 

dispersal (Whitchurch et al., 2002). 

 

1.2.1.3 Teichoic Acids 

Teichoic acids are polyionic cell surface molecules that are implicated in biofilm formation 

through anchoring cell surface proteins (Navarre and Schneewind 1999, Gross et al 2001). 

There are two types that exist in S. epidermidis, peptidoglycan-bound wall acids and membrane 

anchored lipoteichoic acids. (Holland et al 2011). In S. epidermidis RP62A the wall teichoic 

acids are composed of repeating glycerol-phosphate groups that are substituted with glucose, 

galactose and acetylated amino acids (Sadoskya et al 2005). 

The first step of WTA synthesis is encoded by teichoic acid glycerol (tagO ) (Soldo et al 2002) 

and subsequent knock out experiments by (Holland et al., 2011) showed that deletion of tagO 

resulted in increased cellular aggregation, impaired biofilm formation and cell surface 

hydrophobicity, lower rates of primary attachment and reduced icaADCB expression with the 

use of eDNA to mediate attachment, suggesting that teichoic acids are necessary for primary 

attachment and accumulation in a biofilm environment. The use of anti-WTA antibodies 

resulted in the elimination of biofilm formation in S. epidermidis 1457 (Gholami, Goli, 

Haghshenas, & Mirzaei, 2019) prosenting the potential use as a target for treating biofilm 

mediated infections. 
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1.2.2 Accumulation 

Accumulation in S. epidermidis biofilm formation is facilitated by factors that mediate 

intercellular adhesion, the process takes place largely through the actions of PIA synthesised 

using product of the ica operon, comprised of icaACDB (Heilmann et al., 1996; Mack et al., 

1996). The different components of the operon each code for the expression of different 

proteins; icaA is the transmembrane protein N-acetyl-glucosamine transferase which works 

with icaD to form an N-acetyl-glucosamine chain, from UDP N-acetylglucosamine monomers 

(Brookes and Baddiley 1969). There are two types of PIA; a major polysaccharide (I) 

comprising more than eighty percent of the detected molecule and the minor polysaccharide 

(II). Polysaccharide I is formed from the linkage ß-1,6-linked 2-amino-deoxy-D-glucopropanyl 

residues. Of these 15-20% are deacetylated and are therefore positively charged. In 

comparison, polysaccharide II has fewer deacetylated residues, and contains an ester linked 

succinate, and a phosphate group, making the molecule negatively charged (Mack et al 1996).  

IcaA is a member of the glycosyltransferase 2 family, the protein catalyses the linkage of up to 

twenty monomers of N-acetylglucosamine (Heilmann et al 1996) however, in vitro icaD is 

required for it to be fully active.  icaC codes for a PIA transporter protein involved in 

translocating immature PIA to the surface, icaB deacetylates the immature to produce the 

negative charge and allow cell surface binding. Deacetylation of PIA is essential for cell wall 

binding, with deletion of icaB resulted in the production of fully acetylated PIA which was 

unable to stay bound to the cell surface and showed deficiencies in biofilm formation and 

attachment to surfaces. Vuong et al (2004) also found that S. epidermidis with fully acetylated 

PIA showed less resistance to antimicrobial peptides and were more easily cleared by 

neutrophils.  
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Figure 1.2 Schematic representation of PIA synthesis using icaADBC gene products. PIA is 
synthesised from monomers of UDP-GlcNAc (blue Hexagon with green triangles) The 
polymer is transported across the cytoplasmic membrane (hexagon chain) and deacetylated 
in the intermembrane space (light blue hexagons are denote partial deacetylation). IcaC 
catalyses O-succinylation of PIA. (Whitfield et al 2015)  
 

Expression of the icaADCB operon is under strict and complex control (Mack et al., 2007). The 

secretion of this complex sugar molecule mediates initial adherence to the surface of the 

implanted devicee, but also interbacterial adhesion, and thus biofilm formation. PIA is thought 

to allow interactions between components of the extracellular matrix and cell wall of S. 

epidermidis through its cationic nature (Otto et al., 2018). Examples of clinically relevant S. 

epidermidis mediated by PIA include strains S. epidermidis1457 (Mack et al l997) and S. 

epidermidis O47 (Heilmann et al 1996). Although PIA is a substantial factor involved in 

mediating biofilm accumulation, other strains have been isolated from biofilm-associated 

clinical infections that do not synthesise the molecule and are negative for ica genes (Mack et 

al., 2006). Rather, these strains form protein-mediated biofilms. These proteins include Embp, 

Aap and Bhp (Mack et al., 2015). Previously implicated as a PIA cell wall receptor protein 

(Mack 1997), Aap is a surface-bound fibrillar protein that is processed through protease 

cleavage to its active form (Rohde et al.,2005; Macintosh et al., 2009), and leads to aggregation 

in the clinical strain S. epidermidis 5179 (PIA-negative strain; Rodhe et al., 2005). With regards 

Whitfield et al. Exopolysaccharide modifications

Gram-negative bacteria, as described below, we will use PGA and
PIA to refer to PNAG polymer produced by Gram-negative and
Gram-positive organisms, respectively.

Initially S. epidermidis was thought to produce several
di!erent polymers, but the discovery of the icaADBC operon
(Heilmann et al., 1996a,b; Gerke et al., 1998) revealed that
only a single polymer, PIA, was produced (Tojo et al., 1988;
Christensen et al., 1990; Heilmann et al., 1996a; Mack et al.,
1996; McKenney et al., 1998). PIA is a partially deacetylated
!-1,6-GlcNAc polymer. In S. epidermidis and S. aureus 15–
20% of the N-acetyls are removed by the extracellular, cell-
surface associated polysaccharide deacetylase IcaB (Table 1;
Figure 5; Vuong et al., 2004a; Cerca et al., 2007). In addition
to deacetylation, approximately 6 and 10% of GlcNAc residues

in S epidermidis and S. aureus, respectively, are O-succinylated
(Joyce et al., 2003; Sadovskaya et al., 2005). This modification is
thought to be performed by themembrane localized protein, IcaC
(Atkin et al., 2014). Interestingly, a mechanism of phase variation,
where bacteria modulate virulence phenotypes at the genome
level in a rapid on/o! fashion, was noted in S. aureus wherein
slipped-strand mispairing led to inactivation of icaC (Brooks and
Je!erson, 2014). This phenotype confers a fitness advantage that
was not seen when the ica operon was deleted, which may be a
response to modulate PIA O-succinylation and thus decrease the
overall anionic charge of the polymer.

The production of PGA has been extensively characterized
in E. coli, where the pgaABCD operon encodes the proteins
necessary for its biosynthesis (Wang et al., 2004). In E. coli,

FIGURE 5 | The PNAG and PIA modifications and biosynthetic
apparatus. Not to scale. (A) PNAG polymers are partially deacetylated by
PgaB in Escherichia coli, or IcaB in Staphylococcal species. It has been
proposed that IcaC O-succinylates the polymer in certain Staphylococcal
species, however, the location of the succinyl groups and the order of
deacetylation/succinylation has not yet been determined. The proteins involved
in PNAG biosynthesis in E. coli (B), and PIA synthesis in Staphylococcal species

(C). PNAG (blue hexagon chain) is synthesized in the cytoplasm from the
nucleotide-sugar precursor UDP-GlcNAc (blue hexagons with green inverted
triangles). The polymer is transported across the inner membrane via PgaCD,
deacetylated (light blue hexagons) by PgaB in the periplasm, and then exported
through the PgaA porin. PIA is transported across the cytoplasmic membrane
by IcaAD, then partially deacetylated by IcaB in the extracellular space. PIA has
been proposed to be O-succinylated by IcaC (magenta star).

Frontiers in Microbiology | www.frontiersin.org 11 May 2015 | Volume 6 | Article 471
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to biofilm formation, Aap plays a role in initial adherence and maturation (Fey & Olson, 2010) 

but also in bacterial accumulation (Rohde et al., 2005). The significance of Aap is reflected in 

the observation that it is found in 90% of strains, including those that also produce PIA (Mack, 

Butter and Rohde, 2015). Research has probed its use in bacterial accumulation by 

investigations of aap negative S. epidermidis 1457 strains, Schaffer et al.(2015) showed that 

aap negative mutants produced biofilms with less biomass in comparison to positive strains. 

Furthermore, the same study demonstrated that the presence of Aap increased initial attachment 

to a plastic surface and showed that virulence in a rat catheter model of infection was decreased 

when Aap positive strains were used. However, in the absence of aap, biofilms were less robust 

and more easily cleared. 

1.2.2.1 Embp 
 

Embp is of extreme importance in biofilm formation: acting as a mediator of intercellular 

adhesion in the PIA and Aap negative strains to facilite biofilm formation (Christener 2010). 

However, the main role for the protein is to assist in skin adhesion. Linnes et al., (2013) 

investigated embp expression in S.epidermidis strains to find that there was increased biofilm 

formation and a 100-fold increase in embp expression when bacteria were under osmotic stress, 

replicating the environment of the skin. In surgical device infections Embp binds fibronectin, 

and the protein is essential for fibronectin binding (Christener et al., 2010, Butter et al., 2020). 

Embp mediated adherence is largely attributed to noncovalent interactions found in various 

architectures (FIVAR) domains that bind to solid phase fibronectin, in this way bacteria adhere 

to the surface by binding fibronectin that has already bound to the implanted medical device 

(Christener et al., 2010). However, the protein also forms amyloid fibrils in mature biofilms 

that further aid in biofilm structuring (Foster et al 2020). As such strains that form Embp show 

preferential expression in vivo (Skovdal et al., 2020) this should be considered when designing 

experiments that are Embp mediated biofilm formation. 
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1.2.2.2 Biofilm Associated Homologue Protein 

One of the more recently isolated molecules, biofilm-associated homologue protein (Bhp) is a 

homolog to the S. aureus Biofilm associated-protein (Bap) (Tromo et al., 2005). It has been 

found in 10-19% of S. epidermidis strains from human infections and is more regularly found 

in S. epidermidis than S. aureus (Mack et al., 2008). Bhp facilitates PIA-independent 

mechanisms of biofilm formation (Tormo et al., 2005, Bresco et al., 2017). Bap is an 

uncategorised cell wall-associated protein found in S. aureus that promotes intercellular 

adhesion and initial adhesion to an abiotic surface by interactions with serum proteins. 

(Cucarella et al 2001, Paharick and Horswill 2016). Research has suggested that Bap also acts 

in immune avoidance by resisting phagocytosis, however this ability has not yet been 

investigated (Valle et al 2012). 

 

1.2.2.3 Small Basic Protein 

As research into the mechanisms of biofilm formation continue, more proteins are being 

unearthed, and more uses for previously discovered proteins being revealed. Another protein 

recently associated with S.epidermidis extracellular matrix development is the S. epidermidis 

small basic protein (Sbp) (Decker et al., 2015). This is a monomeric protein that forms amyloid 

fibrils in vivo and in vitro conditions (Wang et al., 2018). The importance of Sbp has been 

demonstrated though the observation that Sbp-negative strains showed reduced biofilm 

formation and PIA synthesis (Wang et al., 2011, Decker et al., 2015). The role of Sbp is 

currently unclear, with current thoughts being that it acts as a scaffold for extracellular matrix 

components through interactions with the S. epidermidis Aap-B domain (Decker et al., 2015), 

however although the mechanisms of these interactions have yet to be understood, and Sbp 

also interacts with PIA mediated biofilms (Decker et al., 2015, Wang et al 2012). Importantly, 

Sbp was found to be spatially organised in the biofilm, suggesting that biofilm structure is more 

deliberately organised than previously considered (Decker et al., 2015). 
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1.2.3 Maturation and Dispersal 

S. epidermidis biofilm maturation and dispersal have been more difficult to examine and 

therefore are less understood processes. In this stage parts of the biofilm detach, allowing them 

to travel through the blood to colonise other body parts (Otto 2014). 

Thus, a component of the process of biofilm maturation is the degradation of factors that make 

up the biofilm matrix.  Biofilm dispersal is agr-dependent (Boles and Horswill 2008), agr 

mutants form thicker biofilms and show less detachment (Wang et al., 2011), resulting in the 

suggestion that the process involved in interactions at the biofilm surface allow and maintain 

bacterial adhesion . 

1.2.3.1 Phenol Soluble Modulins (PSMs) 

Phenol Soluble Modulin (PSMs) are amphipathic molecules secreted by staphylococcal 

bacteria in a species-specific manner, they are released in response to agr quorum sensing and 

the expression of RNAIII (Vuong et al., 2003, Yao et al., 2006, Harris et al., 2017, Le et al., 

2019). PSMs have been implicated in the formation of channels in biofilms and have a role in 

biofilm dispersal (Otto et al., 2003, Wang et al., 2011). These small molecules are the major 

effectors of biofilm detachment and the most frequent source of severe biofilm mediated 

infections (Rogers et al., 2009), however research showed that more PSMs were expressed in 

S. epidermidis in a planktonic form than the in a biofilm environment (Wang et al 2011). 

Additionally, they have recently been implicated in biofilm formation through contribution to 

the formation of the extracellular matrix by amyloid formation (Schwartz et al., 2012). Le et 

al. (2019) investigated the effects of PSM on in vitro and in vivo biofilm formation through the 

use of isogenic deletion mutants and found that PSM-negative strains produced smoother and 

thicker biofilms with more bacterial inhabitants, demonstrating its effects in channel formation 

and dissemination. In addition to its effects on biofilm formation, some PSMs show neutrophil-

lysing abilities offering further benefits to S. epidermidis in infections (Cheung et al., 2010). 

The significance of PSM molecules in staphylococci is demonstrated in that not only are they 
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conserved in many different staphylococcal species and encoded on the core genome, PSM are 

also encoded on specific cassette chromosome elements alongside genes that code for 

methicillin resistance (Queck et al., 2009). 

1.3 Immune Avoidance 

The complement system is activated to recruit molecules that can be used to mark staphylococci 

for destruction (Kristian et al., 2008). However, in the case of bacteria in biofilm environments, 

evasion of attack from immune effectors is a defining feature and an important contributor to 

their ability to form long lasting chronic infections (Becker and Heilmann 2014). Ica and PIA 

negative biofilm negative strains are more quickly killed by phagocytosis Kristian et al. (2008) 

hypothesised that biofilm formation impacted on the deposition of immunoglobulin G (IgG) 

and on activation of the complement system to protect from phagocytosis. Their study 

suggested that bacterial protection does in part result from protection from deposition rather 

than decreased activation of the complement system. This was demonstrated by the observation 

that whilst bacteria from biofilm communities induced more production of C3a complement, 

in a biofilm they still avoid clearing by polynuclear monocytes. This is potentially through the 

activity of extracellular PIA which can act as a sink for antibodies that target the polysaccharide 

(Kristener 2003). Otto et al. (2018) also suggested PIA is a mediator of protection from 

phagocytosis, however, their suggestion is that complement binding is inhibited by the 

formation of a positively charged capsule around the biofilm dwelling bacteria. This is 

supported by the observation that infections with PIA-positive strain S. epidermidis 1457 

produced lower levels of inflammatory cytokines in comparison to infections with the PIA 

negative variant of the same strain, S. epidermidis 1457-M10 (Friedham et al., 2011). However, 

this does not explain the immune evasion mechanisms of non-PIA mediated biofilm 

communities. 

Embp-mediated biofilm formation have also demonstrated protection against phagocytosis 

(Schommer et al., 2011). Although some components have been suggested to aid clearing by 

the immune system, there are others that counteract these effects by triggering inflammation, 

such as PSMs, which have been demonstrated to induce an inflammatory response in the 
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immune system (Mhelin et al 1999, Wang 2007), and Friedham et al. (2011) also displayed 

inflammatory effects of PIA. 

1.4 Regulation of Biofilm Formation 

Regulation of biofilm formation takes place by a number of different mechanisms, however for 

PIA-mediated biofilm formation, the presence of icaR, a transcriptional regulator of the 

icaADCB locus is the major regulatory factor (Holland et al., 2011, Fey and Olsen 2010). The 

icaADCB locus undergoes regulation of expression by icaR to control formation of PIA and 

thus the extracellular matrix of PIA-mediated biofilm communities (Conlon et al., 2002, 

Jefferson et al., 2004). Quorum sensing also acts to repress transcription of the icaADCB 

system a stress factor indirectly through the activity og sigma factor B (Vuong 2005, Cotter et 

al., 2005). Both of these systems respond to environmental signals Through these observations 

and others, it was hypothesised that the tricarboxylic acid (TCA) cycle acts to translate 

environmental signals to transcriptional regulators of PIA synthesis and thus regulates biofilm 

formation and persistence (Vuong et al., 2005, Sadykov et al., 2008). 

1.4.1 Quorum Sensing in S. epidermidis Biofilms 

Quorum sensing is the capacity for bacteria to communicate via molecular signals in a cell 

density dependent manner (Novick, 2003). It has largely been implicated in the dispersal stage 

of the biofilm life cycle. The accessory gene regulator (agr) system of quorum sensing is one 

of the most studied and understood mechanisms of quorum sensing for S. epidermidis. 

Expression of agr results in the upregulation of toxins and degradative exoenzymes (Otto and 

Gotz, 2000, Vuong et al., 2003) which act to break down extracellular matrix components. The 

agr gene locus consists of the agrBDCA operon, which encodes for autoinducing peptides 

(AIPs). These act in a cell-density dependent way to control expression of RNAIII, the principal 

effector of this system (Boles and Horswill, 2008) There are four types of AIP signal, I, II III 

and IV, with AIP-I being the most well studied (Hellmark et al., 2013; Voung et al., 2004). 

Studies investigating the reactivity of these different agr types discovered that they interact 

with each other in different ways, with AIP-I inhibiting the actions of AIP-II and AIP-III (Olson 

et al., 2014). It is suggested in this study that the agr system has no effect on Aap expression, 
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in addition it does not exert influence on the ica locus and PIA expression (Vuong et al., 2003). 

This suggests that the effects on biofilm formation are in the later stages of maturation and 

dispersal. Effects of agr expression were demonstrated by transmutation experiment: where an 

agr negative mutant produced thicker biofilms in comparison to the agr positive wild type 

strain (Vuong et al., 2003). Otto et al. (2003) investigated the molecular basis for the influence 

that agr gene expression has on biofilm formation. They suggested that the mechanism of 

regulation is through the negative regulation of atlE, as high levels of agr expression resulted 

in low levels of atlE during primary attachment of S. epidermidis. Further experiments 

demonstrate that agr mutants formed thicker biofilms and found that this was the result of AtlE 

suppression (Dai et al., 2012).  Another molecule found to be under control of the agr system 

is PSM, considered to be a significant contributor to biofilm dispersal (Vuong et al., 2000, 

Vuong et al., 2003). This is a well characterised PSM that is also implicated in the disruption 

of non-covalent interactions between biofilm matrix dwelling macromolecules (Otto 2013). 

The agr quorum sensing system is critical in modulating the biofilm environment, allowing the 

dispersal of attached bacteria and thus dissemination to other areas. However, the protease 

production that results from its signalling also acts to restrict biofilm growth, so agr negative 

strains form thicker and more robust biofilms for this reason agr negative strains are frequently 

be found in infections. (Novick and Geisenger 2008, Olson et al., 2014). A  highly researched 

role of the agr system is the effect it has on biofilm dispersal and disassembly (Vuong et al., 

2004, Queck et al., 2008, Wang et al., 2011)  Dai et al. (2012) investigated S. epidermidis 

strains from indwelling catheters to find that when cultured over 7 days they showed better 

self-renewal, had higher amounts of eDNA in the environment and better surface attachment. 

Agr expression is also modulated by the presence of autoinducing peptides, which results in a 

decrease in extracellular protease production (Boles and Horswill 2008). 

The LuxS system is another quorum sensing system heavily implicated in the development of 

S. epidermidis biofilm (Otto 2006). Products of LuxS gene expression act to limit biofilm 

formation and virulence, but do not have any effect on cellular metabolism, rather it is thought 

to have negative effects on biofilm formation through impacting production of PIA (Otto 2006). 
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LuxS mutants, like agr mutants, demonstrate increased virulence in models of catheter-

associated infections, this is thought to result from the increased biofilm-forming capacities of 

the mutants (Xu et al., 2006). LuxS activation results in the production of the autoindcucing-2 

peptide (Al-2) which is implicated in interspecies bacterial cell communication (Winlains and 

Bassler, 2002). (Li, Villaruz, Vadyvaloo, Sturdevant and Otto, 2008) investigated the effects 

of exogenous addition AI-2 on S. epidermidis to find that the genes regulated by addition of 

AI-2 included metabolism of sugar, nucleotide, amino acid and nitrogen and virulence 

associated genes such as PSMs and lipase incriminating the molecule as a regulator for 

virulence and metabolism. In contrast to research by Otto (2006), (Xue, Ni, Shang, Chen, & 

Zhang, 2015) added AI-2 to S. epidermidis RP62A to find an increase in biofilm formation by 

increasing transcription of the ica locus 

(Tormo et al., 2005). 

 

1.4.2 Regulatory Molecules 

 
1.4.2.1 SarA 

The staphylococcal accessory regulator  SarA acts in regulating biofilm formation (Christener 

et al 2012) S. epidermidis 1585 is a clinically significant biofilm negative (in vitro) strain that 

can be induced to form biofilms by inactivation of Sar A. SarA acts to negatively regulate 

Embp and eDNA-mediated biofilms, as its deletion resulted in overexpression of Embp and 

increased eDNA release. This study showed that SarA acts to positively regulate PIA-mediated 

biofilm formation. SarA is another regulator thought to respond to environmental changes 

(Cheung et al 2008) and enables strains to switch between biofilm forming mechanisms 

according to environmental stress (Christener et al 2012). 

1.4.2.2 SigmaB 

Another regulator of biofilm formation is sigma factor B, which acts to repress icaADCB 

transcription through the regulatory unit IcaR (Knobloch et al ., 2004). The sigma factor 

regulates biofilm formation in an oxygen-mediated manner, repressing icaR in response to high 
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concentrations of oxygen. This study suggesed that there are different ica regulatory pathways, 

with the sigma factor-B pathway acting to stimulate biofilm formation in high oxygen 

environments (Colter et.al 2009). 

 

1.4.2.3 SarX 

The SarX protein, a member of the Staphylococcus accessory regulator group and a relation to 

SarA, a significant protein in biofilm formation, is involved in agr regulation (Manna and 

Cheung, 2006.  SarX binds the agr promotor region resulting in repression of agr expression 

(Manna and Cheung 2006). Deletion of SarX resulted in reduced biofilm formation ,whilst 

insertion of an additional copy of SarX resulted in increased biofilm formation in an ica and 

PIA dependent manner (Rowe, Mahon, Smith, & O'Gara, 2011). SarX is thought to be a 

negative regulator of agr, as purified SarX bound the agr promoter P3, however it is not clear 

whether the effects are thorough direct or indirect regulation. 

 

 

 

1.4.3 Metabolism as a Biofilm Regulator 

Staphylococci are facultative anerobes, they have the ability to enhance their fitness by altering 

cellular activity through modifications in metabolism (Liebeke and Lalk 2014). They modify 

their metabolism in response to temperature, osmotic pressure, the presence of antibiotic 

compounds and availability of nutrients. This ability is thought to contribute towards 

colonisation despite the presence of hostile host environments and bactericidal mechanisms 

(Onyango & Alreshidi, 2018). S. epidermidis is able to generate ATP through multiple 

pathways. Substrate level phosphorylation generates ATP through glycolysis and the TCA 

cycle whereas oxidative phosphorylation utilises the enzymes of the electron transport chain to 

generate ATPf rom ADP and inorganic phosphate, utilising the oxidation of NADH and 

FADH.In its normal environment of the skin S. epidermidis is accustomed to oxygen 
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concentrations that range between two and five percent. However, as a facultative anerobe, S. 

epidermidis is able to colonise a variety of niches, with varying oxygen concentrations. Uribe-

Alvarez et al (2016) grew S. epidermidis under aerobic, microaerobic and anaerobic conditions, 

to investigate respiratory changes that take place in different oxygen environments. They found 

that under low oxygen concentration, there was decreased activity of oxidoreductase enzymes 

additionally biofilm formation was increased. Low oxygen may be favourable in part because 

of reduction in reactive oxygen species produced in oxidative phosphorylation.  
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Figure 1.3 Suggested mechanisms of S.epidermidis adaptation to its environment by utilising 
different respiratory chain enzymes under in the presence of different concentrations of oxygen.  
The arrows show the transfer of electrons between soluble enzymes (grey) membrane 
dehydrogenases, (green) menaquinone (yellow), oxygen dependent terminal electron acceptors 
(blue) and oxygen independent terminal electron acceptors Taken from Uribe-Alvarez et al 
2016.  

 

Uribe-Alvarez et al. 11

Figure 9. Proposed models of the S. epidermidis respiratory chain in response to [O2] during growth. Color code: soluble enzymes (gray), membrane dehydrogenases
(green); menaquinone (yellow); O2-dependent terminal electron acceptors (blue) or O2-independent acceptors (orange). (A) In aerobic (Ae) grown cells menaquinone
receives electrons from glycerol-3-phosphate dehydrogenase, succinate dehydrogenase, the menaquinone oxidase complex, LDH or a NDH2, which receives electrons
from at least two soluble enzymes: alcohol dehydrogenase and the PDC. From menaquinone, electrons are transferred to one of two terminal O2-dependent oxidases,
namely, cytochrome bo and Cytochrome aa3. (B) In µA, soluble enzymes (alcohol dehydrogenase and pyruvate dehydrogenase) remain. Glycerol 3-phosphate dehydro-
genase and succinate dehydrogenase become non-detectable, while NDH2, lactate DH and the MQO complex do not change. Cytochrome aa3 disappears, cytochrome
bo decreases, and an O2-independent nitrate reductase is expressed at low levels. (C) In anaerobic (An) conditions, dehydrogenases do not change, cytochrome bo
almost disappears and nitrate reductase is highly expressed.
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1.4.3.1 The Tricarboxylic Acid Cycle and Biofilm Formation 

A metabolic component that is frequently implicated in S. epidermidis virulence is the TCA 

cycle (Sadykov et al., 2010). This multistep reaction oxidises acetyl-CoA to provide amino 

acid precursors, ATP and reducing agents (Sadykov et al., 2010). The cycle is involved in fatty 

acid and amino acid synthesis, the urea cycle, gluconeogenesis, fatty acid catabolism, glucose 

metabolism and carbon catabolism making it an important component of cell homeostasis. It is 

under strict regulation and responds to the availability of nutrients inside the cell. In terms of 

biofilm formation in S. epidermidis, the TCA cycle has been implicated in regulation and direct 

production of components necessary for biofilm formation (Resch.,2005, Sadykov et al., 2008). 

Despite this, there have been observations that PIA synthesis is associated with a decrease in  

TCA cycle activity (Vuong et al 2005, Sadykov et al., 2008), however studies into gene 

transcription have suggested that the opposite is true when investigating the TCA cycle. 

Research into levels of TCA cycle related enzymes show that these exist in higher levels during 

biofilm formation (Resch et al., 2005). Vuong and Otto (2005) noted the similarities between 

environmental regulation of the TCA cycle and PIA production and hypothesised that as they 

responded to similar stimuli, altering the TCA cycle would result in an alteration to PIA 

synthesis. Partial inhibition of the TCA cycle by addition of fluorocitrate, resulted in an 

increase in PIA production for S. epidermidis 1457 and a reduction of NADH, with increasing 

inhibitor concentration resulting in increasing synthesis of PIA. However, follow up research 

found that TCA inactivation resulted in a decrease in PIA synthesis and suggested that there is 

a basal level of TCA activity that responds to environmental changes, and that alterations to 

this allows the TCA cycle to act as a signal transduction pathway (Sommerville and Sadykov 

2008). In addition to showing a repressed TCA cycle during biofilm formation, S. epidermidis 

also showed increased biofilm formation in a glucose-containing environment (Dobinsky et al., 

2003). Related to this observation, there has been research into the effects of a carbon catabolite 
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protein (CcpA) in regulation of biofilm formation. This protein acts to repress carbon 

catabolism but also has the ability to activate fermentation and metabolic overflow (Shivers 

and Sonenshien 2006). CcpA is regulated by repressor proteins and the presence of glucose-

6phospate (G-6-P) and fructose-6-phosphate. Sadykov et al. (2011) investigated the effects of 

ccpA deletion on the TCA cycle and biofilm formation in S. epidermidis 1457 to find that 

deleting ccpA produced reduced activity of the TCA cycle and inhibition of biofilm forming 

abilities of the strain but little effect on icaADCB transcription. However, when ccpA was 

deleted in an equivalent strain with a non-functional TCA cycle and reduced icaADBC 

transcription, there was further inhibition of the ica locus, suggesting that CcpA acts to repress 

TCA cycle activity and positively effect biofilm formation (Sadykov et al., 2011), further 

implicating the TCA cycle as a regulatory mechanism of biofilm formation in S. epidermidis. 

Further investigations into the importance of CcpA (Halsey et al., 2017) demonstrated the 

importance of the protein in facilitating bacterial growth in nutrient deprived environmental 

niches. Respiratory rates were reduced in nutrient deprived media, but it was still a requirement 

for cell viability. Further implication of the TCA cycle in biofilm production is through related 

reactions: the arginine deaminase (ADI) pathway uses arginine breakdown, producing 

ornithine, ammonia and CO2. This function is often triggered by a lack of environmental 

oxygen (Gruning et al 2006) and undergoes regulation by CcpA (Dong et al., 2017) and specific 

regulatory enzymes. It’s also related to pH homeostasis in S. epidermidis and has been shown 

to confer an increased ability to survive in acidic environments, such as that of a mature biofilm 

(Thurlow et al., 2013). Lingran and De Fey (2014) created mutant S. epidermidis 1457 strains 

to find that ADI-negative strains were more sensitive to the acidic environments, observing 

that along with a decrease in ammonia synthesis and pH there was a decrease in viability for 

the mutant, suggesting a relation to oxidative stress. 
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Figure 1.4 Diagram to demonstrate proposed interactions between the environment, the TCA 
cycle and transcription of the icaADBC locus. The plus sign indicates positive regulation, and 
the minus sign indicates negative regulation or blocking. The dashed lines demonstrate 
suggested interactions (Taken from Vuong et al., 2005). 
 

Investigations into succinate dehydrogenase mutants also connect the TCA cycle to survival 

within biofilm-related environments (Gaupp et al., 2010). Through creating succinate 

dehydrogenase negative mutants and examining their growth it was suggested that the TCA 

cycle is upregulated in biofilm conditions, to allow catabolism of amino acids and acetate 

catabolism for energy provision in nutrient and oxygen deprived environments. Junka et al. 

(2013) investigated the metabolic profiles of planktonic and biofilm derived to fine higher 

levels of isoleucine, alanine and butane-2,3-diol whilst succinate levels were lower. Butane 23 

diol is related to anaerobic glucose metabolism, whereas the high levels of alanine are thought 

to be related to the production of teichoic acids required for bacterial adhesion to sterile surfaces 

(Gross et al., 2001). Isoleucine has been suggested to act in the repression of nitrogen 

metabolism and subsequent nitrate production, which inhibits biofilm growth in, therefore 

finding elevated amounts of these amino acids makes sense (Pohl et al., 2009). Additionally, 
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succinylation has also been identified as a method of posttranslational modification (Zhang et 

al., 2011), and recent research has shown that of the proteins that were succinylated in S. 

epidermidis, the majority were those related to metabolic processes, in particular proteins that 

were associated with glycolysis, gluconeogenesis and the TCA cycle (Zhao et al., 2021). These 

observations may explain the low succinate levels observed by Junka et al (2013) and also 

further support the importance of metabolism in biofilm formation. Investigating the behaviour 

of biofilm-derived bacterial strains at a metabolite level provides a means of gaining insight 

into their methods of survival and persistence and may also allow for the identification of 

cellular targets for inhibiting microbial viability increasing the effectiveness of controlling 

infections, therefore there have been many studies that investigate this ability in the hopes of 

identifying biomarkers or targets that can be used to reduce the impact of biofilm mediated 

infections on public health (Onyango and Alreshidi 2018). 

 

1.4.4.1 Effects of Environmental Oxygen 

Changes in metabolism and biofilm formation under different concentrations of oxygen have 

been investigated and confirmed that biofilm-forming capabilities of S. epidermidis increase as 

the concentration of oxygen decreases in the environment (Cotter et al., 2009) and that the 

production of molecules associated with biofilm formation also increases under the same 

conditions. The molecular basis for the metabolic changes found that under low oxygen 

concentrations, nitrate dehydrogenase became the terminal electron acceptor and that inhibition 

of the respiratory chain resulted in biofilm formation despite the availability of oxygen (Uribe-

Alvearez et al., 2015). In support of this, (Cramton, et al., 2001) examined biofilm-positive S. 

epidermidis strains under anaerobic conditions, to find that in this environment the ica operon 

was activated resulting in PIA synthesis. S. epidermidis also showed metabolic differences 

related to the population that is being examined, with persister cells and small colony variants 

(SCVs) both displaying metabolic adaptations that aid their survival. Persister cells displayed 

a downregulation of activity that allowed them to better survive in the host environment 
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(Conlon et al., 2016) whereas S. aureus SCVs showed an altered electron transport chain and 

reduced ATP production. The reduction of general cellular processes resulted in a decrease in 

virulence factors aiding immune avoidance (Mc Namara et al 2000). The general reduction in 

cellular reactions resulted in a difficulty when it comes to diagnosing infections mediated by 

these types of bacteria and also aids with antibacterial resistance. Furthermore, bacteria from 

SCV environment also upregulate the ADI pathway of the citric acid cycle, compensating for 

the deficit of ATP and acting against the acidic environment (Becker, 2007). These behaviors 

increase the difficulty in clearing infections by S. epidermidis by the immune system and by 

antibiotic treatment. Investigations into the mechanisms and methods used to allow these 

adaptations offer a potential pathway for reducing the impact of S. epidermidis in hospital 

environments, by offering a target to halt these adaptations in their tracks. In addition to the 

control of biofilm formation through environmental oxygen, alterations to the TCA cycle, 

which is also affected by changes in oxygen concentration, are related to the regulation of PIA-

mediated biofilm formation and production of a PIA precursor molecule (Sadykov et al., 2008). 

A 2017 study into metabolic variation within bacterial populations investigated specialization 

in Escherichia coli communities to find that there was significant variation in the metabolic 

processes taken place between individual cells (Nickolic et al.,). Additionally, Lobritz et al., 

(2015) discovered that the functionality of bactericidal antibiotics was affected by the rates of 

cellular respiration in studies on E. coli, whilst investigations could lead to the development of 

new therapies to treat biofilm mediated infections, is a reminder that there is still much to 

discover regarding the interplay between metabolism and biofilm formation in S. epidermidis. 

As such it is important to continue research in this field to avoid developing treatments that 

exacerbate the serious problem of antibiotic resistance. 
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1.5 Aims and Objectives 

The aims of this research are to characterise the basic metabolic activity in S. epidermidis 

biofilms and investigating the relationship between metabolism, biofilm formation in isolates 

that use different mechanisms of biofilm formation. 

Redox activity was characterised by staining experiments with resazurin and 5-cyano-2,3-

ditolyl tetrazolium chloride, fluorescence was measured using a FLUOstar OPTIMA 

microplate 

reader. 

Quorum sensing was investigated by competition, whereby S. epidermidis strains were grown 

in the presence of self and non-self-spent media. Additionally, the effects of adding self and 

non-self spent media on to pre-formed biofilms was also investigated as quorum sensing has a 

role in regulating biofilm dispersal as well as biofilm formation.  

Effects of quorum sensing on biofilm formation was investigated though a semi-quantitative 

biofilm assay, using a FLUOstar OPTIMA microplate reader. 

    

Chapter 2: Materials and Methods  

2.1 Media and Buffers  

2.1.1 Tryptic Soy Broth (TSB)   

Purchased from BD (Wokingham, Berkshire, UK) and prepared by mixing 3 g TSB powder 

in 100 ml distilled water. The media was then autoclaved at 121oC for 15 mins and stored at 

room temperature. 

2.1.2 Phosphate Buffered Saline (PBS)   

Purchased from Oxoid (Basingstoke, Hants) in 100 g tablet form and prepared by adding 1 

tablet to 100 ml distilled water, autoclaved at 121oC for 15 mins to sterilise, and stored at 

room temperature until used.   
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2.1.3 Crystal Violet   

Purchased from Sigma-Aldrich (Dorset, UK) and prepared to a 0.1% solution using distilled 

water and stored in the dark at room temperature.   

2.1.4 5-Cyano-2,3-di-tetrazolium chloride (CTC) stain   

Purchased from Life Technologies (Paisley, Scotland) in powder form and diluted to 50mM 

in ultrapure water. This was stored at -20oC in 50ul aliquots. On use this was further diluted 

to a 5mM working solution prior to use.   

2.1.5 Resazurin   

Purchased from Promega (Madison WI) as a preprepared solution. This was kept at room 

temperature until use.  

2.2. Maintenance, Culture and Storage of S. epidermidis Strains  

S. epidermidis strains used in this study are listed in Table 2.1  

2.2.1 Culturing of Strains  

S. epidermidis strains were streaked from the glycerol stocks onto Columbia agar plates 

containing 5% horse blood (Oxoid), and incubated overnight at 37°C. Plate cultures were 

stored at 4°C. For long-term storage glycerol stocks were made, using 0.7 ml TSB (section 

2.1.1.2) and 0.3 ml 50 % (v/v) glycerol, and kept at –20°C and/or –70°C. Liquid cultures 

were inoculated with a colony from an overnight plate to make a preculture, which was then 

diluted  to a starting OD600 of 0.05 (Equation 2.1) for the experiments.  

𝒅𝒆𝒔𝒊𝒓𝒆𝒅	𝑶𝑫𝟔𝟎𝟎 
𝒗𝒐𝒍𝒖𝒎𝒆	𝒐𝒇	𝒊𝒏𝒏𝒐𝒄𝒖𝒍𝒂𝒏𝒕	=	 	𝑿	𝒅𝒆𝒔𝒊𝒓𝒆𝒅	𝒗𝒐𝒍𝒖𝒎𝒆	𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅  

𝒂𝒄𝒕𝒖𝒂𝒍	𝑶𝑫𝟔𝟎𝟎	 

Equation 2.1 Method used to calculate the required volumes of inoculant and dilutant to dilute 
the sample to a starting OD of 0.05.   
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Table 2.1 Table showing S. epidermidis strains used in this study, and their biofilm forming 
status.   

 S. epidermidis strain   Biofilm Forming Capacity   Reference   

1457   Strong biofilm formation, PIA positive wild 
type.   

Mack et al., 1994  

1457-M10   Biofilm negative transposon mutant of 1457 
through insertion into icaADBC locus.  

Mack et al., 1992  

5179  Biofilm negative strain, unprocessed Aap.  Rohde et al., 2005   

5179-R1  Biofilm positive revertant, through Aap 
processing.   

Rohde et al., 2005  

1585  Biofilm negative strain, unexpressed embp.  Rohde et al., 2005  

1585-RA  Biofilm positive revertant, through expression 
of embp.   

Christner et al.,  

2010  
  

   
2.3 Methods  

2.3.1 Growth Curves   

After preparation of the preculture (section 2.2.1), the samples were diluted to starting 

OD600 of 0.05, then 200μl of each strain was added to a 96 well NUNC Nunclon delta 

treated  plate, these aretreated to produce a hydrophobic surface which increases cell 

adherence  Three replicates were plated for each strain. The plate was then placed in 

FLUOstar OPTIMA microplate reader (BMG, Offenburg, Germany) for analysis over 24 

hours. Results were then viewed and analysed using Microsoft Excel.  
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2.3.2 Biofilm Assay   

Preculture was prepared by inoculating 3ml TSB with colonies from an overnight culture, the 

samples were diluted to starting OD600 of 0.05, and 200 μl of each strain added to a 96 well 

Nuclon delta treated NUNC plate (catalogue number 167008 ) , with three replicates for each 

strain.  The plate was then incubated stationary at 37oC for 20 hours. Media was then 

removed and each well rinsed with 150 μl PBS three times to remove non-adherent bacterial 

cells. The plate was then left to dry overnight at room temperature, before150 μl crystal violet 

was added to each well for five minutes to stain the adherent bacteria. Excess crystal violet 

was removed, and the plate washed gently with running water after, the plate was left to dry 

at room temperature overnight. Stained adherent bacteria biofilms was quantitated by 

measuring  OD570 with 1cm path length correction using a FLUOstar OPTIMA microplate 

reader (BMG, Offenburg, Germany). Biofilm positive strains were defined to have a mean 

OD570 greater than 0.2 (Harris et al., 2009).   

  

  
2.3.3 Bacterial Viability   

2.3.3.1 Preparation of TSB Agar Gel   

Purchased from Melford (Ipswich, UK) and prepared by adding 10g agar powder to 1L 

distilled water alongside TSB powder at the concentrations 3g/l. The mixture was then 

autoclaved at 121oC and 25-30g added to each plate immediately. These were stored at 4oC 

until use.  

 

2.3.3.2 Planktonic S. epidermidis   

Precultures were prepared by inoculating 3ml TSB with colonies from an overnight culture 

samples were diluted to starting OD600 of 0.05. 1 ml preparations of each strain were placed 

in to a four  or twenty-four  well Nuclon delta treated NUNC plate (167008), NUNC plate, 
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and cultured at 37 oC for twenty to twenty-four hours. The supernatant from each strain was 

removed and placed in a 1.5ml microcentrifuge tube. This was used to make serial dilutions 

to 1x1010 for each strain. 100 µl of each dilution was spread on a TSB agar plate and 

incubated at 37oC for twenty to twenty-four hours. After the incubation, a count was taken for 

the bacterial colonies and converted to colony forming units (CFU)/ml using equation 2.2.   

𝒏𝒖𝒎𝒃𝒆𝒓	𝒐𝒇	𝒄𝒐𝒍𝒐𝒏𝒊𝒆𝒔	𝒙	𝒅𝒊𝒍𝒖𝒕𝒊𝒐𝒏	𝒇𝒂𝒄𝒕𝒐𝒓 
𝑪𝑭𝑼/𝒎𝒍	=	   

𝒗𝒐𝒍𝒖𝒎𝒆	𝒐𝒇	𝒄𝒖𝒍𝒕𝒖𝒓𝒆	𝒑𝒍𝒂ted 

Equation 2.2. Method used to convert the colony count into colony forming units (CFU/ml)   

  

2.3.3.3 Biofilm S. epidermidis   

Preculture prepared by inoculating 3ml TSB with colonies from an overnight culture, the 

samples were diluted to starting OD600 of 0.05. 1 ml aliquots of each strain was placed in to 

4 or 24 well Nuclon delta treated NUNC plate (catalogue number 167008 ),  NUNC plate, 

and incubates at 37oC, stationary for 20-24 hours. For adherent bacteria the supernatant as 

removed and used to measure viability for the planktonic cells as described in sections 

2.3.3.1. After the removal of the supernatant 1ml PBS was added to each well to rinse non-

adherent bacteria and adherent cells were scraped off the bottom of the well using a cell 

scraper. The bacterial suspension was pipetted in to a 1.5ml microcentrifuge tube and used to 

make serial dilutions to 1x1010 for each strain. 100μl of each dilution was pipetted onto pre-

prepared TSB agar plates, and the inoculum spread evenly over the agar using a cell spreader, 

before incubating the plates at 37oC for 20-24 hours, then counting the colony forming units 

as described in section 2.3.4.1 and calculating the colony forming units/ml using the method 

shown in equation 2.2.   
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2.3.4 Competition Assay   

2.3.4.1 Preparation of Spent Media  

Preculture prepared by inoculating 3ml TSB with colonies from an overnight culture, the 

samples were diluted to starting OD600 of 0.05 with fresh TSB broth as described in section 

2.2.1. After 24 hours the preculture was centrifuged at 4000 rpm for 15 minutes, using an 

Eppendorf 5920R centrifuge. The supernatant was taken and  then diluted with 30ml  fresh 

TSB. The resulting supernatant was aliquoted into 2ml microcentrifuge tubes and stored at -

20oC until use and are referred to as spent media in subsequent experiments. This method 

was used for supernatant preparation for all strains. Different concentrations (10% (v/v), 25% 

(v/v), 50% (v/v) and 75% (v/v)) were made by diluting the spend media with fresh TSB 

(autoclaved to sterilise). Dilutions were prepared in batch during incubation periods and 

stored at -20 oC until use.    

2.3.4.2 Biofilm Assay Using Spent Media   

Samples were prepared by inoculating 3ml TSB with colonies from an overnight culture and 

diluted to OD600 0.05 in fresh TSB for the control. Treatment samples were diluted to 

OD600 in or 10% (v/v), 25% (v/v), 50% (v/v) and 75% (v/v) solution of spent media (section 

2.3.5.1). 200μl of each sample was added to a 96 well Nuclon treated NUNC plate (167008), 

with three replicates for each strain. The plates were then incubated at 37oC for 24 hours. 

After incubation the TSB media was removed, and the sample was treated as described in 

section 2.3.2 to measure biofilm-formation.   

2.3.4.3 Biofilm Growth In Spent Media   
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Samples were by inoculating 3ml TSB with colonies from an overnight culture, the 

samples were diluted to OD600 0.05 in fresh TSB.  200μl of each sample was added to a 96 

well plate and left for twenty-four hours. After twenty-four hours the media was 

removed and replaced with either fresh TSB or spent media at the following 

concentrations 10% (v/v), 25% (v/v) 50% (v/v) and 75% (v/v). Plates were then 

incubated for a further 24h stationary at 37oC. After incubation, the plates were washed 

and fixed with crystal violet as previously described in section 2.3.2.   

2.2.5 Metabolism Assay   

2.2.5.1 Resazurin Optimisation   

Bacteria were plated into a 96 well Nuclon delta treated NUNC plate (167008) (figure 2.2) 

and incubated at 37 oC for 20 hours. After incubation 20 μl of the resazurin solution was 

added to each well and the plates left for two hours. They were placed into the FLUOstar 

Omega microplate reader for analysis of fluorescence using  an excitation wavelength of 540 

nm and an emission avelength of 590nm . Once in place, the plates were read using a gain of 

250, 500, 750, 1000, and 1250 from above and below the plate. This process was completed 

three times on different samples, and the results from these readings were investigated to 

decide on the optimal gain to use and the direction of plate reading to result in the least 

background fluorescence.    

2.2.5.2 Analysis by Resazurin  

Precultures were prepared using sample preparation procedure as defined previously (section 

2.2.1) and diluted to OD 0.05 in fresh TSB broth. 200μl of each strain was added to each well 

in triplicate and the plate was incubated at 37oC stationary for 2, 4 or 24 hours. After the 

desired time period media was removed and each well was rinsed with 150 μl PBS. 20μl of 

the working solution of resazurin was added to each well and incubated at 37 oC for 2 hours, 

after this time the plate was added to the FLUOstar Omega microplate reader andflouresence 



  40  

measured using an excitation wavelength of 540 nm and an emission wavelength of 590nm. 

Pathlength was corrected to 1cm.  

2.2.5.3 Analysis by CTC   

Precultures were prepared using sample preparation procedure as defined previously and 

diluted to OD 0.05 in fresh TSB broth. 200μl of each strain is added to each well, in triplicate 

and the plate was incubated at 37oC stationary for 2, 4 or 24 hours. After the selected time 

period media was removed, and the sample rinsed with PBS. 100μl of the working solution of 

CTC (section  2.1.4) was added to each well and left for 45 mins in the dark, then the plate 

was placed into  the FLUOstar Omega microplate reader and plates read using n excitation 

wavelength of 485nm and an emission wavelength of 620nm to measure fluorescence. 

Pathlength was corrected to 1cm.    

2.2.6 Statistical Methods    

Data was analysed using SPSS Statistics (IBM) version 26. A Shapiro-Wilk test was used as 

a tst for normality, from these results data was treated with a one-way ANOVA with post-hoc 

Tukey test. The level of significance set at p< 0.05. Each experiment was repeated three 

times and each strain tested in triplicate. Data was presented as mean +/- standard error of the 

mean (SEM).  

    
Chapter 3: Results  

  

3.1 Biofilm Formation and Viability   

3.1.1 Characterising Bacterial Growth of Biofilm-Positive and Biofilm-Negative S. 
epidermidis Strains  

Bacterial growth in TSB media was characterised over a 24-hour period for each of the different 

strains. The purpose of this experiment was to identify differences in bacterial growth patterns 

between the bacteria used for this research and to characterise the growth patterns of the 
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different strains that were used for this research. All of the strains followed typical bacteria 

growth patterns (Figure 3.1). In addition, growth rates for biofilm forming strains were lower 

than that of non-biofilm forming strains.  

 
 

 
Figure 3.1 Growth over 24 hours for each strain. Results are indicated as cell density over 
time. Different S. epidermidis strains are shown by the key, filled lines represent biofilm 
positive strains and dashed lines represent the growth of biofilm negative isolates. Blue lines 
indicate S. epidermidis 1457 and S. epidermidis 1457-M10. Grey lines are for S. epidermidis 
5179-R1 and S. epidermidis 5179 and black lines are used for S. epidermidis 1585-RA and S. 
epidermidis 1585.  
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3.1.2 Investigating Biofilm-Forming Capabilities  

This experiment was used to provide a measure of the biofilm forming abilities of the 

different strains with no treatment conditions. S. epidermidis 1457, S. epidermidis 5179-R1 

and S. epidermidis 1585-RA were confirmed to be biofilm-positive, with S. epidermidis 

1457-M10, S. epidermidis 5179 and S. epidermidis 1585 showing an inability to form 

biofilms.   

 
Figure 3.2 Graph displaying biofilm forming capabilities of the different strains. Dashed line 
at OD (570nm) 0.2 indicates the threshold for biofilm negative strains. Error bar indicates 
standard error of the means for 6 experiments.  

  
3.1.3 Bacterial Viability from Biofilm and Planktonic Samples  

In order to estimate the number of viable bacteria within a viability assay was performed as 

described in section 2.3.4. The viability results were measured as CFU/ml, and they showed 

that biofilm-forming strains S. epidermidis 1457, S. epidermidis 5179-R1 and S. epidermidis 

1585-RA had higher viability than for samples taken from liquid culture (Figure 3.3). The 

values for CFU/ml are shown in table . For strains taken from a biofilm environment mean 

values were as follows: Results for non-biofilm forming strains showed that S. epidermidis 

1457-M10, S.epidermidis 5179 and S.epidermidis 1585 were more variable. S. epidermidis 

S. epidermidis  Strain   
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1457-M10 showed more viable bacteria were produced from the liquid phase than the 

biofilm. S. epidermidis 5179 had more viable bacteria taken from the biofilm environment 

and for S. epidermidis 1585, bacterial viability was similar regardless of whether bacteria 

were cultured from liquid phase or biofilm environments. 

Table – Values for colony forming units for planktonic and biofilm samples  

S. epidermidis Strain  Viability of  Planktonic 

Cells (CFU/ml) 

Viability of Biofilm Cells 

(CFU/ml) 

1457 2.30x109 4.39x109 

1457-M10 3.75x109, 2.81x109 

5179  1.9x109 3.20x109 

5179-R1 1.00x109 3.20x109 

1585 2.18x109 2.39x109 

1585-RA  2.12x109. 4.21x109 

 

 
Figure 3.3 Viability after 24hrs (CFU/ml) for biofilm positive and negative strains taken from 
liquid culture (A) and biofilm culture (B). Error bars indicate standard error of the mean for 
six replicates. Blue bars represent biofilm positive strains. Grey bars represent biofim 
negative strains. 

3.2 Redox as an Indicator of Metabolic Activity in Biofilm Communities  
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3.2.1 Resazurin  – An indicator of Reductase Activity  

Resazurin was used as an indicator of redox function for cells at different time intervals (2, 4 

and 24 hours). For strains S. epidermidis 1457, S. epidermidis 5179-R1 and S. epidermidis 5179 

results demonstrated an increase in absolute redox reactions when the bacteria were grown for 

longer (Figure 3.4 and Table 3.1). Measured fluorescence for S. epidermidis 1457-M10 strains 

is lower at 24 hours compared to four hours however this was not statistically significant. There 

was no detectable difference between redox rates for biofilm positive and biofilm negative 

strains after two hours of growth. After four hours of growth, biofilm positive strains 1457 

showed more fluorescence in comparison to S. epidermidis 1457-M10, S. epidermidis 5179-

R1 and S. epidermidis 5179 strains. Furthermore, biofilm positive strains demonstrated more 

fluorescence in comparison to their biofilm-negative equivalents.   

 
  
Figure 3.4 Effect of treating strains with resazurin fluorescent stain. Biofilms were grown for 
two (blue), four (grey) or twenty-four hours (red). Error bars indicate the standard error of the 
mean (SEM) for three replicates.   
  

3.2.2 Imaging Electron Transport Activity Using CTC Flouresence     

CTC was used to further measure metabolic rates in the different strains through fluorescence. 

Results indicate that for biofilm positive strains, as time increases (Table 3.2 and Figure 3.5), 

there is higher fluorescence emitted, and therefore more metabolic activity. Bacteria being the 
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most metabolically active at 24 hours for S. epidermidis 1457 and S. epidermidis 5179-R1 

strains. In contrast, metabolic rates decrease as time increases for biofilm negative strains S. 

epidermidis 1457-M10 and S. epidermidis 5179.  

 

Figure 3.5 Effect of treating strains with CTC. Biofilms were grown for two (blue), four (grey) 
or twenty-four hours (red). Error bars indicate the standard error of the mean (SEM) for three 
replicates.   
    

3.3 Competition Assay  
  
A semi quantitative biofilm assay was used to investigate biofilm forming capabilities of 

different strains in the presence of spent media from the biofilm positive strains. Spent media 

from biofilm positive strains would contain extracellular matrix components and secreted 

signalling molecules. The aim of this experiment was to investigate whether growing biofilm 

negative bacteria in the presence of this media would cause a change in biofilm forming 

abilities.  

  

3.3.1 Effect of Growing Bacteria in Spent Media from a PIA Positive Strain.   

PIA is a major component of the extracellular matrix for S. epidermidis During biofilm 

formation it is cationicly bound to the surface of S.epidermidis where it interacts (with) to 

form . . . of the extracellular matrix. The aim of this experiment was to investigate whether 

adding spent media – containing quorum sensing molecules produced by 1457 would 

( 
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stimulate biofilm formation in the biofilm negative isolates or the dispersal of biofilms in the 

biofilm positive isolates.  

In the presence of spent media from S. epidermidis 1457, biofilm negative strains 1457-M10 

and 5179 showed a change to a biofilm-positive phenotype (Figure 3.6 and appendix table 

3.3). This increase in nascent biofilm formation was associated with an increase in the 

concentration of spent media in the growth media. In contrast, biofilm-positive 1457 strain 

appears to show a decrease in biofilm forming capabilities as the concentration of spent 

media increases. Biofilm-positive strain 5179-R1 displayed an increase in biofilm formation 

with the addition of 10% and 25% spent media, but decreased biofilm forming capabilities 

with the addition of 50% and 75% spent media (Figure 3.6.B).  When S. epidermidis biofilm-

negative strain 1585 was treated with spent media from 1457 (figure 3.6.C ). Addition of 

75% (v/v) spent media resulted in a switch to a weak biofilm positive phenotype (Table 3.3). 

The biofilm-positive revertant strain 1585-RA displays reduced biofilm -capabilities on 

treatment with 1457 spent media. The significance of these observations was tested by 

ANOVA with Tukey test to find that there was no significant difference between the 

measurements of biofilm formation for control and treated groups for any of the 

S.epidermidis strains (Table 3.3).  
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Figure 3.6 Effects of spent media  on biofilm formation. Strains were treated withwith S. 
epidermidis 1457 spent media at the following concentrations: 10% (v/v), 25% (v/v), 
50% (v/v) and 75% (v/v). Blue bars represent  the biofilm positive strain, grey bars 
represent biofilm negative equivalent. Graphs show 1457 and 1457-M10 strains(A), 
5179-R1 and 5179 strains (B), and 1585-RA and 1585 strains. Error bars indicate the 
standard error of the mean (SEM) for three replicates. One-way Anova with a post-hoc 
Tukey test indicates that the results are not significant. 

  

3.3.2 Bacteria Grown in S. epidermidis 5179-R1 Spent Media    

 In the presence of spent media from biofilm positive strain S. epidermidis 5179-R1 the 

biofilm-negative strain S. epidermidis 1457-M10 showed a change from to a biofilm positive 

phenotype, and negative strain S. epidermidis 5179 formed weak biofilms (Figure 3.6.A and 

Figure 3.6.B ) . The increase in nascent biofilm formation showed an association with an 

increase in the concentration of spent media in the growth media (figure.3.7.A). Biofilm-
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positive strains S. epidermidis 1457 and S. epidermidis 5179-R1 showed a decrease in biofilm 

forming capabilities as the more concentrated spent media solutions were used.  There were 

no observed effects on biofilm-forming abilities of S. epidermidis 1585 and S. epidermidis 

1585-RA strains (Figure 3.7). The significance of the observations was analysed by a one-

way ANOVA with Tukey test to find that there was no significant difference between the 

measurements of biofilm growth for control and treated groups regardless of the 

concentration of spent media that they were treated with.  

 
Figure 3.7 Effect of treating strains with S. epidermidis 5179-R1 spent media on biofilm 
formation at the following concentrations: 10% (v/v), 25% (v/v), 50% (v/v) and 75% 
(v/v). Blue bars are the biofilm positive strain, grey bars represent biofilm negative 
equivalent. Graphs show 1457 and 1457-M10 strains(A), 5179-R1 and 5179 strains (B), 
and 1585-RA and 1585 strains. Error bars indicate the standard error of the mean (SEM) 
for three replicates. One-way Anova with a post-hoc Tukey test indicates that the results 
are not significant    
  

  

  

  

O
pt

ic
al

 D
en

sit
y 

(5
70

nm
)  

O
pt

ic
al

 D
en

sit
y 

(5
70

nm
)  

O
pt

ic
al

 D
en

sit
y 

(5
70

nm
)  

Spent Media Concentration (% v/v) 

Spent Media Concentration (% v/v) Spent Media Concentration (% v/v) 



  49  

3.3.3 Biofilm Growth in S. epidermidis 1585-RA Spent Media   

In the presence of spent media from S. epidermidis 1585, biofilm-positive strain S. 

epidermidis 1457 showed no significant difference to its biofilm forming capabilities (OD570 

)for 1457 treated with these followed no discernible pattern and statistical analysis deemed 

them insignificant S. epidermidis 1457-M10 showed an increase in biofilm forming 

capabilities as higher concentrations of spent media were added.  These differences were 

shown to not be statistically significant, P was one for all concentrations of spent media. S. 

epidermidis 5179-R1 appeared to show increased biofilm forming capabilities when treated 

with 10% (v/v) spent media (figure 3.8.B) (OD570 2.261) however this is shown to be 

statistically insignificant (P 1.00). Biofilm formation for S. epidermidis 5179 appeared to 

decrease when biofilms were grown in increasing volumes of 1585-RA spent media with the 

exception of biofilms grown in 75% (v/v). Analysis by one way ANOVA showed these 

results were not significant. Biofilm-negative strain S. epidermidis 5179 showed a change 

from to a biofilm-negative phenotype to a positive phenotype on the addition of 1585-RA 

spent media. Growth in 10% (v/v) spent media resulted in the largest measured change in 

comparison to the negative control. When grown in 25% (v/v), 50% (v/v) and 75% (v/v) the 

measured indicator for bioilm-formtion for strain1457 inecreased as concentration of spent 

media increased. The significance of these observations was tested by ANOVA with Tukey 

test to find that there was no significant difference between the measurements of biofilm 

growth for control and treated groups. P>0.05 control vs all spent media treated strains (P for 

10%(v/v) spent media 1.00, 25% (v/v) spent media 1.00, 50% (v/v) spent media 0.99 and 

75%(v/v) spent media 1.00). S. epidermidis biofilm negative strain S. epidermidis 1585 

showed an increased OD570 when grown in the presence of 10% (v/v) spent media from 

biofilm positive strain S. epidermidis 1585-RA (Analysis by ANOVA with post hoc Tukey 

showed that this result was not statistically significant, (P for 10% (v/v) spent media  1.00, 

25% (v/v) spent media =1.00, 50% (v/v) spent media 1.00 and 75% (v/v) spent media 1.00). 

Interestingly, biofilm positive strain S. epidermidis 1585-RA displayed reduced biofilm-

forming capabilities on treatment with S. epidermidis 1585-RA spent media (table 3.5). The 
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significance of these changes was analysed by ANOVA with Tukey test to find that there was 

no significant difference between the measurements of biofilm-formation for control and 

treated groups regardless of the treatment type.   

 

Figure 3.8 Effects of biofilm formation of treating strains with S. epidermidis 1585-RA 
spent media at the following concentrations: 10% (v/v), 25% (v/v), 50% (v/v) and 75% 
(v/v). Blue bars are the biofilm positive strain, grey bars represent biofilm negative 
equivalent. Graphs show the following strains; 1457 and 1457-M10 (A), 5179-R1 and 
5179  (B), and 1585-RA and 1585 strains. Error bars indicate the standard error of the 
mean (SEM) for three replicates. One-way Anova with a post-hoc Tukey test indicates 
that the results are not significant.  
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3.3.4 S. epidermidis 1457 Spent Media Added to Pre-Formed Biofilms  

Secondary tests were conducted whereby strains of S. epidermidis 1457, S. epidermidis 1457-

M10, S. epidermidis 5179, S. epidermidis 5179-R1 S. epidermidis 1585 and S.  

epidermidis 1585-RA were grown in standard media for 24 hours, and then grown for a 

further 24 hours in varying concentrations of spent media (10% (v/v), 25%(v/v), 50% (v/v), 

75% (v/v)). Under these conditions, all of the S. epidermidis strains showed biofilm-forming 

abilities when treated with spent media from S. epidermidis 1457, including controls (Table 

3.6). Therefore, the results showed that addition of spent media in this case did not result in 

any significant deviation from the results produced for the control samples (figure 3.9). For 

the majority of the biofilm-positive strains S. epidermidis 1457 and S. epidermidis 5179-R1 

there was little observable effect on the biofilm forming abilities despite the addition of S. 

epidermidis 1457 spent media (Figure 3.9.).   

However, when 75%(v/v) S. epidermidis spent media was added to S. epidermidis 5179- 

R1, OD570 of the the biofilm that resulted was measured as lower than the biofilm produced 

by S. epidermidis 5179 that has spent media from S.epidermidis 1457 added to the 

environment (figure 3.9.B) S. epidermidis 5179 showed positive biofilm formation when 

treated by spent media from S. epidermidis 1457, however as control also showed a positive 

biofilm phenotype these results cannot be attributed to the addition of spent media from 

S.epidermidis 1457. In the presence of spent media from S.epidermidis 1457, biofilm positive 

strain S. epidermidis 1585-RA showed an increase in biofilm forming abilities when treated 

with more concentrated S. epidermidis 1457 spent media (figure 3.9.C) with the exception of 

strain S. epidermidis 1585-RA treated with 75% (v/v) S. epidermidis 1457 spent media, 

which showed a lower measurement for absorbance than the same strain when it had 10%, 

25% and 50% spent media added to the pre-formed biofilms (figure 3.9.B)  

S. epidermidis 1585 strains treated with spent media from S. epidermidis 1457 showed 

biofilm formation (figure 3.9 C), however this showed no response to the difference in 

S.epidermidis 1457 spent media concentrations.  The significance of these changes was 

analysed by ANOVA with Tukey test to find that there was no significant difference between 
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the measurements of biofilm growth for control and treated groups regardless of the 

concentration of spent media they were treated with (Table 3.6).  

  

 
Figure 3.9 Effect of treating preformed biofilms strains with spent media from S. 
epidermidis 1457 at the following concentrations: 10% (v/v), 25% (v/v), 50% (v/v) and 
75% (v/v). Blue bars are the biofilm positive strain, grey bars represent biofilm negative 
equivalent. Graphs show 1457 and 1457-M10 strains(A), 5179-R1 and 5179 strains (B), 
and 1585-RA and 1585 strains. Error bars indicate the standard error of the mean (SEM) 
for three replicates. One-way Anova with a post-hoc Tukey test indicates that the results 
are not significant.  
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3.3.5 S. epidermidis 5179-R1 Spent Media Added to Pre-Formed Biofilms   

When spent media from 5179-R1 was added to pre-formed biofilms from S.epidermidis 

strains 1457, 1585-RA and 1585 there were no significant effects on biofilm formation  

(Figure 3.10). However, the measurements produced from stained S.epidermidis 1457-M10 

bacteria that were treated with spent media from S.epidermidis 5179-R1 suggests that a weak 

biofilm was formed when S.epidermidis 1457 was treated with 75% spent media (Table 3.5). 

There were no significant observations related to changing the concentrations of spent media 

that were added to the spent media. When spent media from S.epidermidis 5179-R1 was 

added to S. epidermidis 5179 and 5179-R1 there were no observed effects on in comparison 

to the control samples (Figure 3.10B). Neither the biofilm-positive strain 1585-RA or the 

biofilm-negative counterpart 1585 produced any biofilm (Table 3.7) Statistical analysis found 

significance for both groups.   
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Figure 3.10 Effect of treating preformed biofilms strains with S. epidermidis 5179-R1 
spent media at the following concentrations: 10% (v/v), 25% (v/v), 50% (v/v) and 75% 
(v/v) . Blue bars are the biofilm positive strain, grey bars represent biofilm negative 
equivalent. Graphs show 1457 and 1457-M10 strains(A), 5179-R1 and 5179 strains (B), 
and 1585-RA and 1585 strains. Error bars indicate the standard error of the mean (SEM) 
for three replicates. One-way Anova with a post-hoc Tukey test indicates that the results 
are not significant.  
 

    
3.3.6 S. epidermidis 1585-RA Spent Media Added to Pre-Formed Biofilms   

When spent media from biofilm-positive S. epidermidis 1585-RA was added to strains S. 

epidermidis 1457, S. epidermidis 1457-M10, S. epidermidis 5179, S. epidermidis 5179-R1, S. 

epidermidis 1585 and S. epidermidis 1585-RA there were no significant effects on biofilm-

forming abilities in comparison to the control measurements. The observed measurements 

when 10%, 20% and 50% (v/v) spent media were added to pre-formed biofilms for 

S.epidermidis 1457 showed a reduced biofilm-forming capability in comparison to the 

measurements for the untreated bacteria (figure 3.10.A). The measured OD600 when 75% 

(v/v) was added to pre-formed biofilms was lower than the OD600 for the control. For the 

equivalent biofilm negative strain1457-M10 all the strains were measured as having weak 

biofilm forming capacity (figure 3.11.A). All of the S.epidermidis 5179 and S.epidermidis 

5179-R1 strains produced a measured OD600 value that was higher than the threshold for 

biofilm formation regardless of whether spent media from S. epidermidis 1585-RA had been 

added to the wells (figure 3.10.C). The biofilm-positive S.epidermidis 5179-R1 produced the 

highest measurement of optical density (600nm) after growth in 75% (v/v) spent media (table 

3.8). All of the S. epidermidis 1585 and S. epidermidis 1585-RA strains were measured as 

biofilm positive, with the exception of  S. epidermidis 1585 grown in 10% (spent media) 

(figure 3.11.C). None of the observed results were considered statistically significant after 

statistical analysis, P>0.05.   
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Figure3.11 Effect of treating strains with 1585-RA spent media at the following concentrations 
10% (v/v), 25% (v/v), 50% (v/v) and 75% (v/v). Graphs show 1457 and 1457-M10 strains(A), 
5179-R1 and 5179 strains (B), and 1585-RA and 1585 strains. Error bars indicate the standard 
error of the mean (SEM) for three replicates. (Insert statistical test results)  
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Chapter 4: Discussion  

Research has implicated altered metabolism in S. epidermidis, and S. aureus as a response to 

environmental stressors such as reduced oxygen concentration and reduced environmental pH, 

conditions that are found in a biofilm community (Sadykov et al 2010). In biofilms, these 

metabolic alterations have been further implicated as components of regulatory signal 

transduction pathways and mechanisms of synthesising precursors to biofilm extracellular 

matrix components (Junka et al., 2013; Onyango and Alreshidi, 2018). For example, the TCA 

cycle has been suggested to act as an indirect regulator for PIA synthesis (Sadykov et al., 2008) 

and decreases in environmental oxygen have shown to act as a stimulant for the change to a 

biofilm phenotype (Uribe-Alvarez et al., 2016). These observations suggest that metabolism 

plays a significant role in the generation of a biofilm phenotype. Quorum-sensing systems in 

S. epidermidis are involved in multiple aspects of S. epidermidis biofilm formation (Novick & 

Geisinger, 2008; Dai et al., 2012; Martinez-Garcia et al., 2019) and  have been implicated in 

the control of both biofilm formation and dispersal (Otto et al 2003). Quorum-sensing requires 

the synthesis of large amounts of autoinducing peptides and other molecules, placing a large 

metabolic burden on the cell (Novick and Geisinger 2008), it is possible that quorum sensing 

may be involved in stimulating some of the necessary metabolic changes required for biofilm 

formation. Bacterial quorum-sensing systems appear to respond to many of the same 

environmental signals that trigger changes in bacterial metabolic pathways suggesting a 

possible link between these two processes. As such the aim of the research was to investigate 

metabolic changes that take place in biofilm forming S.epidermidis strains and the links 

between quorum sensing and metabolism in these strains.   

  
4.1 Resazurin and CTC as indicators of Oxygen Compsumption and Redox Activity in 
Proteinaceous and Polysaccharide based Biofilms    

 

Staining by resazurin was conducted on S. epidermidis 1457, S. epidermidis 1457-M10, S. 

epidermidis 5179 and S. epidermidis 5179-RA strains. Resazurin is a non-toxic fluorescent 
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stain that is used to measure cell viability by reacting with cellular reducing agents, it is 

indiscriminately reduced to resorufin. This research found that biofilms grown for longer time 

periods, showed an increase in cellular redox reactions (Figure 3.1) with the highest values for 

fluorescence observed for biofilm-forming strains that had been grown for 24 hours (Figure 

3.1). Additionally, biofilm-forming strains exhibited higher rates of reduction than their biofilm 

negative counterparts (Figure 3.4). These observations align with research by Pedroza-Dávila 

et al. (2020) who demonstrated that although growth reactions are reduced at the low oxygen 

concentrations found in biofilm environments, S.epidermidis produces high amounts of ATP, 

suggesting higher rates of oxidative phosphorylation and through this, general metabolism. 

Additional research has demonstrated that there is higher oxidoreductase activity in S. 

epidermidis environments whilst in a biofilm environment in comparison to in a planktonic 

environment (Alvarez et al 2015). Increased activity in the TCA example has also been 

observed during biofilm formation, further supporting these observations; one of the many uses 

of the TCA cycle is provide reducing potential to the cell (Sadykov et al., 2010). However, 

although reduction takes place during the TCA cycle, cellular reduction also takes place in the 

electron transport chain and 2 NAD+ are reduced during glycolysis (Alfarouk et al., 2014) and 

the site of resazurin reduction has not been made clear (Che et al 2017). As a result, the 

observations of this experiment cannot be attributed to any specific reaction.  

5-cyano-2,3-ditolyl tetrazolium chloride (CTC) was also used to measure reducing power as an 

indicator of metabolism in S. epidermidis cells. 5-cyano-2,3-ditolyl tetrazolium chloride CTC 

is a fluorescent dye that is used to measure metabolism by electron transport chain activity  

(Gruden et al., 2002). It will stain cells with active dehydrogenase activity and measurement of 

the signal provides a semiquantitative representation of cellular metabolism. S. epidermidis 

1457 strain showed the same trend; higher measured fluorescence suggesting the most 

metabolically active when bacteria were incubated for 24 hours (figure 3.3 ), however for S. 

epidermidis 5179-R1 the measured fluorescence was lower than that for the same strain 

measured at 2 and 4 hours (figure 3.3 ). Whereas the observed fluorescence at 4 hours for S. 

epidermidis 1457-M10 and S. epidermidis 5179-R1 strains was lower than the measurements 
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taken for the same strains measured at 2 or 24 hours. That the two biofilm-negative strains (S. 

epidermidis 1457-M10 and S. epidermidis 5179) displayed the lowest metabolic rates at this 

time presents a potential area for further investigation, as this suggests that metabolism is lower 

during the exponential growth phase.  

Staining with CTC and resazurin are commonly used methods used for measuring bacterial 

metabolism and viability (Gruden et al., 2002, Palomino et al ., 2002), but they only provide 

a semi-quantitative representation of the metabolic capabilities of the bacteria in these 

environments. Additionally, there is the possibility that the observed results were caused by 

the higher number of bacteria after 24 hours. Analysing a known number of respiring cells 

would allow improved comparisons between strains, one way of doing this is through 

measuring bacterial viability through colony forming units.  The use of a full viability kit 

would provide a quantitative representation of the rates of metabolism inside the cells 

thorough flow cytometry or confocal imaging by facilitating counterstaining (Gruden et al 

2002). In addition, this approach would allow the imaging of differences between bacterial 

viability and metabolism in different parts of the biofilm such as high or low oxygen 

environments by confocal microscopy.   

Both Resazurin and 5-cyano-2,3-ditolyl tetrazolium chloride provide a measure of the reducing 

power of the cell (Gruden et al., 2002) whilst this is useful in providing a general overview of 

cellular metabolism, it does not provide an indicator of specific activity. A more accurate 

measure of metabolic activity in the biofilm community can be provided by identifying and 

measuring the activity of specific metabolites. For example, Vuong et  al,. (2005) measured the 

concentrations of NADH and specific amino acids to provide an indication of TCA cycle 

activity. Other metabolic reactions have also been shown to link to catabolism and synthesis 

reactions, and recently some of those reactions have been linked to control by quorum sensing, 

therefore the inhibition of enzymes that link to reactions thought to be involved in synthesis of 

extracellular matrix may be a potential site to block biofilm formation.   
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4.2 Competition Assay  

4.2,1 Growth of S. epidermidis biofilms in the presence of Spent Media from Different 
Biofilm-Positive Strains Demonstrates the Effect of Quorum sensing Signals.  

Treatment of the biofilm-negative S. epidermidis strains 1457-M10 and 5179 with spent media 

from the biofilm-positive, S. epidermidis1457 and S.epidermidis 1585-RA resulted in a change 

to a biofilm-positive phenotype in a concentration-dependent manner  (figure3.6.A figure 

3.6.B, figure 3.8.A, figure 3.6.B). However, biofilm-negative S.epidermidis  

1585 strain did not respond in the same way, showing a weak biofilm-forming phenotype  

(OD600 = 0.2 – 0.49) when grown in 75% (v/v) spent media from S.epidermidis 1457 (Table 

3.3),  and a biofilm-positive phenotype providing the highest measurement for optical density 

when grown in 10%  S.epidermidis 1585-RA spent media (figure 3.8.C).  The addition of spent 

media from S.epidermidis 5179 spent media did not produce any significant effects on the 

biofilm-forming capabilities of the biofilm negative strains S. epidermidis 1457-M10,  

S.epidermidis 5179-R1 and  S.epidermidis 1585-RA (figure 3.7 ).  

The biofilm-positive strains S.epidermidis 1457, S.epidermidis 5179-R1 and  S.epidermidis 

1585-RA all showed a decrease in biofilm formation when grown in any spent media, with 

S.epidermidis 1457 and S.epidermidis 5179 showing the biggest reduction in measured biofilm 

when grown in self spent media (figure 3.6.A and figure 3.8.B). Whereas S.epidermidis 1585-

RA shows showed the most significant reduction in biofilm formation when it was grown in 

spent media from  S.epidermidis 1585-RA and  S.epidermidis 5179-R1. This result suggested 

that there was co-operation between the spent media from strains that have the same agr groups: 

S. epidermidis 5179 and S. epidermidis 1585 both belong to agr group 1.This result is according 

to observations that there is cooperation between self agr groups (Novick and Geisenger 2008). 

However, research has also demonstrated antagonistic effects between strains that use agr 

group 1 and agr group 2 quorum sensing mechanisms (Novick and Geisenger 2008). This is 

supported by the observation that biofilm formation was reduced in S. epidermidis 5179 and S. 

epidermidis 1585 that was grown in spent media from S. epidermidis 1457, and S. epidermidis 

1457 showed a decrease in biofilm formation when grown in spent media from S.epidermidis 
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5179-R1 and S.epidermidis 1585-RA. Combined, these results suggested that components in 

the spent media inhibit biofilm formation in biofilm-positive strains and stimulate biofilm 

formation in biofilm negative strains in a concentration-dependent manner. Some quorum 

sensing systems are known to be involved in biofilm dispersal in addition as biofilm formation 

(Vuong et al., 2003, Novick and Geisinger 2003) and also acts in a concentration-dependent 

manner (Xu et al., 2006). This would explain the biofilm-positive results, as the addition of 

self-spent media to strains may result in the triggering of dispersal mechanisms in the biofilms, 

resulting in the subsequent washing away of biofilm material during the washing stages of the 

assay. The presence in of quorum-sensing molecules in the spent media would also explain 

why the S. epidermidis 1457 and S. epidermidis 5179-R1 strains showed more substantial 

effects on biofilm formation when they are grown in self spent media than in non-self. For the 

agr quorum sensing system, research has shown that there are different agr groups that can act 

in an antagonistic or complementary manner, depending on the autoinducing peptide that is 

produced by the system (Novick and Geisenger 2008; Martinez-Garcia et al 2019). finding that 

there is competition between agr group 1 and agr group 2 quorum sensing mechanisms. 

S.epidermidis 1457 produces the AIP associated with being agr group 2, whereas S. 

epidermidis 5179-R1 and S. epidermidis 1585-RA both produce the AIP for agr group 1 

(Harris, personal communication), which correlates with the suggestion that different agr 

groups can act as agonists or antagonists. uses the group 2 quorum sensing system, whilst S. 

epidermidis 5179-R1 and S.epidermidis 1585-RA produce peptides as part of the group 1 

quorum sensing system, which lessens the expression of the group 1 quorum sensing system. 

The agr quorum sensing system acts in biofilm dispersal (Solano, Echeverz, & Lasa, 2014) 

thus competition between agr groups 1 and 2 would allow more dispersal for of biofilms that 

are not grown with competing quorum sensing molecules. However, this contrasts with the 

aforementioned observations, according to these results S.epidermidis 1457 should produce 

less biofilm formation due to the inhibitive nature of the agr group 1 AIP produced by S. 

epidermidis 1585 (Martinez-Garcia et al 2018). However, this does lead to questions regarding 

the type of biofilm that is formed, whether the presence of AIP molecules induced biofilm 
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formation by stimulating the agr quorum sensing system, or whether the observed results are 

the effect of biofilm extracellular matrix components in the spent media, as their accumulation 

in the bacterial environment may allow bacterial aggregation.  One oversight with the 

methodology for the competition assay experiment lies in the lack of purification step. As the 

spent media was not purified, the induced biofilm formation may result from the uptake of 

extracellular matrix components in the media, providing an inaccurate representation of the 

effects of quorum sensing in S.epidermidis biofilms. There has been much research into the 

activity of quorum sensing systems during biofilm formation in S.epidermidis, resulting in the 

identification of multiple agr quorum sensing systems, due to different structural 

conformations of the autoinducing peptides that each system produces (Olsen et al 2014). In 

addition to the complex interactions of autoinducing peptides on different bacterial strains, 

another explanation for the observed results is that the spent media would also contain secreted 

proteases and phenol soluble modulins, that would act to inhibit biofilm formation in the 

biofilm positive strains. This would also explain why polysaccharide-mediated biofilms formed 

by S epidermidis 1457 showed consistently strong biofilms (OD 570  higher than >0.7) .As 

such further research into the effects of quorum sensing systems in S epidermidis is a necessity 

to fully comprehend biofilm formation in S.epidermidis.   

  

4.2.2 The addition of Spent Media to Pre-Formed Biofilms Resulted in Dispersal of 
Cultured Biofilms  

The biofilm negative strains S.epidermidis 1457-M10 and S.epidermidis 5179 showed 

varying levels of biofilm formation when treated with spent media from S. epidermidis 1457, 

S. epidermidis 5179-R1 and S. epidermidis 1585-RA, all three strains after the biofilms had 

grown in TSB media for 24h before the addition of the spent media.  

However, all three of the biofilm positive strains,  S. epidermidis 5179-R1 and S. epidermidis 

1585-RA only produced a strong biofilm s (OD600 > 0.7) when exposed to S.epidermidis 

1457 spent media, whereas from S.epidermidis 1457 was used as the growth media. In 
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addition, S. epidermidis 1457 was the only strain that produced strong biofilms in all of the 

different spent media types (figure 3.9.A, figure 3.10.A figure  

3.11.A). A possible reason for these observations is that spent media from S. epidermidis 

1457 may contain PIA or PIA components, allowing adhesion between bacteria in the media 

and inadvertent biofilm formation. Regardless of the presence of any spent media, when the 

S.epidermidis 1585 strain was grown for 48 hours, there was a significant reduction in 

biofilm formation was observed, thus for the control. This suggests that the biofilm-negative 

measurements for the strains were not due to the presence of the spent media. S.epidermidis 

1585 is an ica- and aap-negative strain, with a repressed embp that is only expressed under 

certain conditions (Christner et al., 2010), suggesting that the biofilms seen were not very 

robust and were washed away during the staining procedure.   

Furthermore, in addition to containing quorum sensing molecules such as AIPs, the spent 

media from S.epidermidis 1585-RA and S.epidermidis 5179-R1 would also contain biofilm 

forming components such as Aap and Embp, these have been observed to stimulate biofilm 

formation when added to biofilm negative strains (Rohde et al 2005, Christener et al 2010) 

which may produce the observed results, where biofilm negative strains S.epidermidis 1585 

and S. epidermidis 5179 appear as biofilm positive after the addition of spent media. 

Alternatively, unusual results observed when spent media was added to preformed biofilms 

may be a product of the length of time that the biofilms were grown. Olivera et al (2007) 

grew bacteria over 24, 48 and 72 hours to find that some strains that appeared biofilm 

negative at 24 hours were capable of forming biofilms at 48 or 24 hours of growth.  

S. epidermidis 5179-R1 form biofilms through aap the expression of a truncated form of Aap 

protein on the cell surface  (Rohde et. al 2005). This mechanism works largely in the initial 

adhesion phase of biofilm formation. As a result it may not be possible to visualise effects on 

biofilm formation through adding this spent media to pre-formed biofilms. This is supported 

by the observation that there were also no effects on 1585 and 1585-RA strains. This may result 

from the observation noted by (Oliveira et al., 2007) where strains that were considered biofilm 
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negative when grown for 24 hours showed biofilm-forming abilities when grown for 48 or 72 

hours. Alternatively, this may be the product of unwashed bacterial deposits.   

 An alternative reason to explain the observed results is that the protein-based mechanisms that 

are used to form 1585-RA and 5170-R1 biofilms are more easily disrupted in comparison to 

biofilms that contain PIA (Rohde et. al 2005, Christner et al 2010, Mack et., 1996). This is 

supported by Schaeffer et al (2014) who examined aap negative mutants in rat catheter models 

to find aap expression resulted in thicker biofilms under fluid stress, regardless of the presence 

of PIA. They suggested that whilst aap expression results in biofilm formation, another role of 

Aap is to maintain biofilm structure and protect against dispersal. In addition to this, these 

biofilms have matured, thus growing the biofilm positive strains for another 24 hours may 

allow their entry into the dispersal stage in the biofilm life cycle, as a result any biofilms that 

did form may have been washed off during rinsing steps.   

There is little research into the activity of biofilms after the maturation stage, expanding on this 

experiment could allow more insight into the means of biofilm dispersal. However, there are 

some methodological changes that would allow more accurate investigations. For example, 

measuring the effects of quorum sensing on biofilm formation as an endpoint assay has proven 

an unreliable method due to the fragility of more mature biofilms, the use of a biofilm growth 

assay would allow the confirmation of whether any biofilm does form and provide the 

discovery of timepoints for any potential changes.   

Martines-Garcia.et al 2018 used a similar method to produce spent media from S.epidermidis 

to the one used in this current work; however, they had an additional step of filtering the media 

through  a membrane prior to adding it to the bacterial sample. Hence, purifying the spent 

media would possibly have allowed for a more accurate investigation into the effects of quorum 

sensing on biofilm formation, as impurified spent media will contain extracellular matrix 

components, and whilst larger components such as Aap, Embp and PIA fragments may be 

structurally disrupted by the process of creating the spent media, and  smaller components such 

as eDNA and PSMs, all of which have also been implicated in biofilm development (Schwartz 

et al 2012; (Okshevsky & Meyer, 2015), These components may have the effects of facilitating 
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biofilm formation that has no relation to quorum sensing mechanisms. Quorum sensing is a 

major factor in biofilm formation and dispersal, however strict regulation and complex 

interactions mean that it is difficult to elucidate how and when quorum sensing systems work. 

Using purified quorum sensing molecules would allow a better observation of the effects on 

biofilm negative strains without influence by other factors.  

   

4.4 Conclusion  

Metabolism in protein-mediated and polysaccharide mediated S. epidermidis biofilms were 

characterised by reducing power. The results from this research suggest that the process of 

biofilm formation does have some impact on metabolism in S.epidermidis strains. However 

more specific measures of metabolism are required to identify the differences in different 

metabolic reactions for protein and polysaccharide mediated biofilms. Quorum sensing was 

investigated through the use of competition with spent media from different isolates. The 

results suggest that components of the spent media impact biofilm formation in biofilm positive 

and biofilm negative strains. Further experiments are required to identify whether these results 

are due to autoinducing peptides that act in quorum sensing mechanisms. Additionally, more 

in-depth experiments are required to provide results that can stand up to robust statistical 

analysis.   

4.5 Future Work   

A point that is frequently made in research is that there is a significant difference in activity of 

in vitro biofilms in comparison to in vivo biofilms (Martinez-Garcia et al 2018). One of the 

noted differences between these two environments is that in clinical samples, biofilms are often 

multifamily and multi-species (Vandecandelaere et al., 2012 Perkins et al., 2010,  

Molina-Manso et al., 2013). Hence, in order to provide more accurate data, investigating 

metabolism and quorum sensing activities of S.epidermidis in multispecies biofilms is a 

possibility. Furthermore, environmental factors such as oxygen concentration, temperature, 

nutrient depletion and. Presence of serum has been implicated in stimulating the change from 

planktonic to biofilm phenotype (Cotter et al 2008, ; Christner et al., 2010; Wu et al 2015). 



  65  

Therefore it would be useful to investigate S.epidermidis metabolism in different environments.  

There is much to build on from the investigations using bacterial spent media, growing multiple 

strains together would provide a more accurate representation of the effects of quorum sensing 

in a biofilm environment, as bacteria produce quorum sensing molecules in a concentration 

dependent manner. Alongside this, analysis by RT-polymerase chain reaction (RT q-PCR) 

could be used to investigate the levels of transcription for different quorum sensing associated 

genes. Alternatively, the use of knock out strains would allow a more in-depth investigation of 

the effects of quorum sensing in S.epidermidis. In the case of biofilm negative strains that 

showed a positive phenotype after treatment with spent media, it would be useful to investigate 

the nature of the biofilms that were formed.  

A clear progression from the current research would be to measure the metabolism in 

biofilms that are treated with spent media to observe any potential differences between 

strains that may use different quorum sensing mechanisms. Additionally, it could be useful to 

measure biofilm growth at different time points, with strains that are treated with different 

types of spent media, as this may provide insight into when the quorum sensing signals are 

released and the effects the have on the biofilm communities.   
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Appendix  

Table 3.1 Table displaying fluorescence emitted by strains of S. epidermidis 1457, 1457-M10, 
5179 and 5179-R1 that have adhered to the surface of a microplate and stained with resazurin. 
Staining is shown for each strain after 2, 4 or 24 hours of growth in the microplate.   
 

S. epidermidis Strain   Time (hours) Fluorescence  (488nm)  

1457  2  4,080  

1457-M10  3,327  

5179-R1  3,945  

5179  3,407  

1457  4  17,101  

1457-M10  8,979,  

5179-R1  10,378  

5179  9,245  

1457  24  32,370  

1457-M10  8,101  

5179-R1  32,436,  

5179  11,626  

  

    
Table 3.2 Table displaying fluorescence emitted by strains of S. epidermidis 1457, 1457-
M10, 5179 and 5179-RA that have adhered to the surface of a microplate. Fluorescence 
is shown for each strain after 2, 4 or 24 hours of growth in the microplate, and staining 
with CTC.   

S.epidermidis Strain   Time (hours)  Fluorescence  (488nm)  

1457  2  18,158  

1457-M10  19,512,  

5179-R1  18,547  

5179  17,420,  

1457  4  19,984,  
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1457-M10  13,191  

5179-R1  18,778,  

5179  13,768,  

1457  24  23,230.  

1457-M10  16735  

5179-R1  18,000  

5179  17,107  

  

    
Table 3.3 Table to showing the effect of adding spent media from S.epidermidis 1457 to 
the other strains S. epidermidis 1457 S. epidermidis1457-M10, S. epidermidis, 5179, 
5179-R1, S. epidermidis 1585 and S. epidermidis 1585-RA at the following 
concentrations  10% (v/v), 25% (v/v), 50% (v/v) and 75% (v/v) on biofilm formation, by 
measuring OD570 of crystal violet stained biofilms. P values are produced by a one way 
ANOVA there are three replicates for each concentration of each strain.  

  

S. epidermidis Strain  Concentration of Spent Media  

Added (%)  

OD 570 nm p value  

1457  

  

0  2.643    

10  1.827  0.936 

25  1.697  0.992 

50  1.953  0.791  

75  1.676  0.756  

1457-M10  0  0.153    

10  0.357  1  

25  0.447  1  

50  0.689  1  
 

 75  0.956  0.949  

0  1.626    
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5179-R1   

  

10  1.510  1  

25  1.709  1  

50  1.520  1  

75  1.215  1  

5179  

  

0  0.129    

10  0.447  1  

25  0.620   1  

50  0.812  0.999  

75  0.462  1  

1585-RA  0  1.931    

10  0.966  0.760  

 25  1.152  0.964  

50  1.011  0.829  

75  0.966.  0.760  

1585   0  0.251    

10  0.216  0.966  

25  0.231  1.152  

50  0.248  1.011  

75  0.462  0.966  
  

    
Table 3.4 Table demonstrating the effects of adding S.epidermidis 5179-R1 spent media to S. 
epidermidis strains S. epidermidis 1457 S. epidermidis1457-M10, S. epidermidis, 5179, 
5179R1, S. epidermidis 1585 and S. epidermidis 1585-RA at the following concentrations: 
10% (v/v), 25% (v/v), 50% (v/v) and 75% (v/v) on biofilm formation, by measuring OD570 of 
crystal violet stained biofilms.  P values are produced by a one way ANOVA there are three 
replicates for each concentration of each strain. 
 

S. epidermidis Strain  Concentration of Spent Media  

Added (%)  

OD 570 nm  p value  
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1457  

  

0  2.995    

10  2.869,  1  

25  2.735  1  

50  2.741  1  

75  2.562  1  

1457-M10  0  0.134    

10  0.209,  1  

25  0.161  1  

50  0.185  1  
 

 75  0.209  1  

5179-R1  0  1.175    

10  1.796,  1  

25  1.8721  1  

50  1.650  1  

75  1.570  1  

5179  0  0.123    

10  0.152,  1  

25  0.158,  1  

50  0.179  1  

75  0.264.  1  

1585-RA  0  1.175    

10  0.826  1  

 25  0.614  1  

50  0.271  1  

75  0.467  1  
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1585  0  0.129    

10  0.182  1  

25  0.172  1  

50  0.179  1  

75  0.178  0.966  
  

    
Table 3.5 Table displaying the effect of adding spent media from S.epidermidis 1585-RA to S. 
epidermidis 1457 S. epidermidis1457-M10, S. epidermidis, 5179, S. epidermidis 5179-R1, S. 
epidermidis 1585 and S. epidermidis 1585-RA RA at the following concentrations: 10% (v/v), 
25% (v/v), 50% (v/v) and 75% (v/v) on biofilm formation, by measuring OD570 of crystal 
violet stained biofilms. P values are produced by a one way ANOVA there are three replicates 
for each concentration of each strain. 
 

S. epidermidis Strain  Concentration of Spent Media  

Added (%)  

OD 570 
nm  

p value  

1457  0  2.537    

10  1.957,  1  

25  2.230  1  

50  2.399  1  

75  1.971  1  

1457-M10  0  0.189    

10  0.138  1  

25  0.161  1  

50  0.184  1  
 

 75  0.209  1  

5179-R1  0  1.944    

10  1.796  1  

25  1.8721  1  
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50  1.650  1  

75  1.570  1  

5179  

  

0  0.157    

10  0.885  1  

25  0.700  1  

50  0.625  1  

75  0.462  1  

1585-RA  

  

0  1.626    

10  1.166,  1  

 25  0.708  1  

50  0.334  1  

75  0.332  1  

1585  

  

0  0.184    

10  0.519  1  

25  0.268  1  

50  0.334  0.99  

75  0.236  1  
  

    
Table 3.6 Table of the results produced when S. epidermidis 1457 spent media was added to 
pre-formed biofilms from S. epidermidis 1457 S. epidermidis1457-M10, S. epidermidis, 
5179, 5179-R1, S. epidermidis 1585 and S. epidermidis 1585-RA at the different following 
concentrations on biofilm formation, by measuring OD570 of crystal violet stained biofilms. 
P values are produced by a one way ANOVA there are three replicates for each 
concentration of each strain. 
  

S. epidermidis strain   Concentration of Spent Media  

Added (%)  

OD 570 nm  p value  

1457  0  2.502    

10  2.279,  1  
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25  2.231  1  

50  2.587  1  

75  1.587  1  

1457-M10  0  1.406    

10  1.140  1  

25  1.173  1  

50  1.555  1  

75  1.784  1  
 

5179-R1  0  1.999    

10  1.139,  1  

25  1.250  1  

50  1.284  1  

75  0.871  1  

5179  

  

0  1.003    

10  1.000  1  

25  1.320,  1  

50  1.470  1  

75  1.444  1  

1585-RA  0  0.216    

10  1.139  1  

25  1.250  1  

 50  1.284  1  

75  1.038  1  

1585  

  

0  0.131    

10  0.985  1  

25  0.935,  1  
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50  1.150  0.99  

75  0.954  1  
  

    
Table 3.7 Table to show the results generated spent media from S.epidermidis 5179-R1 
was added to biofilms formed by S.epidermidis strains S. epidermidis 1457 S. 
epidermidis1457-M10, S. epidermidis, 5179, 5179-R1, S. epidermidis 1585 and S. 
epidermidis 1585-RA at the following concentrations: 10% (v/v), 25% (v/v), 50% (v/v) 
and 75% (v/v) on biofilm formation, by measuring OD570 of crystal violet stained 
biofilms. P values are produced by a one way ANOVA there are three replicates for each 
concentration of each strain. 
 

S. epidermidis Strain   Concentration of Spent Media  

Added (%)  

OD 570 nm    P value  

1457  0      
10  2.306,  1  
25  2.309,  1  
50  2.168  1  
75  2.189  1  

1457-M10  0      
10  0.159,  1  
25  0.186  1  
50  0.186  1  
75  0.224  1  

5179-R1  0      
10  0.348  1  
25  0.392  1  
50  0.514  1  
75  0.388  1  

5179  0      
10  0.365,  1  
25  0.346  1  

 50  0.322  1  
75  0.360  1  

1585-RA  0      
10  0.094,  1  
25  0.126  1  
50  0.169  1  
75  0.165  1  

1585  0      
10  0.365,  1  
25  0.346  1  
50  0.322  1  
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75  0.360  1  
  

    
Table 3.8 Table of the results produced when S. epidermidis 1585-RA spent media was 
added to strains S. epidermidis 1457 S. epidermidis1457-M10, S. epidermidis, 5179, 
5179-R1, S. epidermidis 1585 and S. epidermidis 1585-RA at different concentrations, 
by measuring OD570 of crystal violet stained biofilms. P values are produced by a one 
way ANOVA there are three replicates for each concentration of each strain.  
  

S. epidermidis Strain   Concentration of Spent Media  

Added (%)  

OD 570 
nm 

p value  

1457  0  1.717    

10  1.178  1  

25  0.776  1  

50  1.386  1  

75  1.779.  1  

1457-M10  0  0.293    

10  0.292,  1  

25  0.280  1  

50  0.281  1  

75  0.355  1  
 

5179-R1  0  0.208    

10  0.441  1  

25  0.450  1  

50  0.590  1  

75  1.306  1  

5179  0  0.350    

10  0.300,  1  

25  0.360  1  
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50  0.595  1  

75  0.363  1  

1585-RA  0  0.208    

10  0.441  1  

25  0.202,  1  

 50  0.306  1  

75  0.266.  1  

1585  0  0.417    

10  0.166  1  

25  0.641  1  

50  0.595  1  

75  0.402  1  
  
 
Shapiro Wilk – Test for normality  
 
 
Table 3.9 Results of Shapiro-Wilk test for normality for S. epidermidis results from biofilm 
formation assay.. Data is produced by the analysis of results from six experimental 
replicates.  
 
S epidermidis Strain  Statistic Degrees of 

freedom 
Significance  

1457 0.907 18 0.076 

1457-M10 0.907 18 0.075 

5179-R1 0.861 18 0.073 

5179 0.901 18 0.06 

1585-RA 0.928 18 0.176 

1585 0.93 18 0.195 

 
Table 3.10 Results of Shapiro-Wilk test for normality for S. epidermidis cultered from 
planktonic  sample, for viability assay.. Data is produced by the analysis of results from three 
experimental replicates.  
 
 
S epidermidis Strain  Statistic Degrees of 

freedom 
Significance  
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1457 0.734 6 0.062 
1457-M10 0.855 6 0.171 
5179-R1 0.926 6 0.551 
5179 0.843 6 0.137 
1585-RA 0.773 6 0.093 
1585 0.965 6 0.858 

 
Table 3.11 Results of Shapiro-Wilk test for normality for S. epidermidis culdered from 
biofilm sample, for viability assay.. Data is produced by the analysis of results from three 
experimental replicates.  
 
S epidermidis Strain  Statistic Degrees of 

freedom 
Significance  

1457 0.829 6 0.106 

1457-M10 0.892 6 0.328 

5179-RA 0.904 6 0.396 

5179 0.872 6 0.234 

1585-RA 0.881 6 0.275 

1585 0.927 6 0.554 

 
 
Table 3.12 Results of Shapiro-Wilk test for normality for S. epidermidis cultured in spent 
media from S.epidermidis 1457. Data is produced by the analysis of results from three 
experimental replicates.  
 
S epidermidis 
Strain 

Spent Media 
Concentration 
(% v/v) 

Statistic Degrees of 
freedom 

Significance  

1457 Control  0.994 3 0.847 
5179-R1 0.898 3 0.38 
1585-RA 0.861 3 0.271 
1457-M10 0.893 3 0.364 
5179 0.801 3 0.118 
1585 0.823 3 0.171 
1457 10% 0.992 3 0.828 
5179-R1 0.979 3 0.719 
1585-RA 0.785 3 0.08 
1457-M10 0.8 3 0.114 
5179 0.845 3 0.228 
1585 0.942 3 0.534 
1457 25% 0.785 3 0.078 
5179-R1 0.753 3 0.073 
1585-RA 0.75 3 0.064 
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1457-M10 0.989 3 0.8 
5179 0.798 3 0.109 
1585 0.77 3 0.046 
1457 50% 0.934 3 0.505 
5179-R1 0.828 3 0.183 
1585-RA 0.841 3 0.216 
1457-M10 0.813 3 0.146 
5179 0.857 3 0.26 
1585 1 3 1 
1457 75% 0.838 3 0.21 
5179-R1 0.979 3 0.72 
1585-RA 0.786 3 0.081 
1457-M10 0.915 3 0.435 
5179 0.784 3 0.077 
1585 0.759 3 0.091 

 
 
Table 3.13Results of Shapiro-Wilk test for normality for S. epidermidis cultured in spent 
media from S.epidermidis 1585-RA. Data is produced by the analysis of results from three 
experimental replicates.  
 
 

S epidermidis 
Strain 

Spent Media 
Concentration 

(% v/v) 

Statistic Degrees of 
freedom 

Significance  

1457 

0 

0.848 3 0.235 

5179-R1 0.993 3 0.844 

1585-RA 0.998 3 0.923 

1457-M10 0.951 3 0.576 

5179 0.831 3 0.191 

1585 0.851 3 0.243 

1457 

10 

0.907 3 0.409 

5179-R1 0.958 3 0.606 

1585-RA 0.826 3 0.179 

1457-M10 0.808 3 0.133 

5179 0.774 3 0.054 

1585 0.779 3 0.065 
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1457 

25 

0.996 3 0.88 

5179-R1 0.992 3 0.834 

1585-RA 0.782 3 0.072 

1457-M10 0.805 3 0.127 

5179 0.765 3 0.074 

1585 0.79 3 0.091 

1457 

50 

0.991 3 0.816 

5179-R1 0.93 3 0.488 

1585-RA 0.998 3 0.916 

1457-M10 0.92 3 0.451 

5179 0.784 3 0.078 

1585 0.998 3 0.916 

1457 75% 0.996 3 0.877 

5179-R1 0.76 3 0.022 

1585-RA 1 3 0.958 

1457-M10 0.996 3 0.882 

5179 0.763 3 0.028 

1585 0.999 3 0.934 
 
 
 
 
Table 3.14 Results of Shapiro-Wilk test for normality for S. epidermidis cultured in spent 
media from S.epidermidis 5179. Data is produced by the analysis of results from three 
experimental replicates.  
 
 

S epidermidis 
Strain 

Spent Media 
Concentration 

(% v/v) 

Statistic Degrees of 
freedom 

Significance  

1457 Control  1 3 0.994 

5179-R1  0.988 3 0.787 

1585-RA  0.959 3 0.609 



  90  

1457-M10 0.958 3 0.606 

5179  0.988 3 0.791 

1585  0.952 3 0.58 

1457 10% 0.856 3 0.258 

5179-R1  0.859 3 0.266 

1585-RA  0.922 3 0.46 

1457-M10 0.948 3 0.561 

5179  0.987 3 0.779 

1585  0.941 3 0.532 

1457 25% 0.931 3 0.492 

5179-R1  0.97 3 0.67 

1585-RA  0.824 3 0.174 

1457-M10 0.991 3 0.815 

5179  0.872 3 0.303 

1585  0.946 3 0.552 

1457 50% 0.99 3 0.812 

5179-R1  0.909 3 0.413 

1585-RA  0.89 3 0.353 

1457-M10 1 3 0.979 

5179  0.98 3 0.727 

1585  0.881 3 0.328 

1457 75% 0.919 3 0.448 

5179-R1  0.986 3 0.775 

1585-RA  0.806 3 0.128 

1457-M10 0.99 3 0.811 

5179  0.911 3 0.422 

1585  1 3 0.96 
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Table 3.15 Results of Shapiro-Wilk test for normality for S. epidermidis cultured with spent 
media from S.epidermidis 1457 added to pre-formed biofilms.. Data is produced by the 
analysis of results from three experimental replicates.  
 

S epidermidis 
Strain 

Spent Media 
Concentration 

(% v/v) 

Statistic Degrees of 
freedom 

Significance  

5179-R1  0.961 3 0.621 
1585-RA  0.75 3 0.07 
1457-M10  0.83 3 0.188 

5179  0.902 3 0.391 
1585  0.755 3 0.058 
1457 10% 0.92 3 0.453 

5179-R1  0.782 3 0.071 
1585-RA  0.897 3 0.376 
1457-M10  0.994 3 0.85 

5179  0.777 3 0.061 
1585  0.844 3 0.225 
1457 25% 0.974 3 0.689 

5179-R1  0.765 3 0.034 
1585-RA  0.963 3 0.631 
1457-M10  0.793 3 0.098 

5179  0.845 3 0.226 
1585  0.871 3 0.298 
1457 50% 0.844 3 0.224 

5179-R1  0.906 3 0.405 
1585-RA  0.966 3 0.647 
1457-M10  0.921 3 0.456 

5179  0.938 3 0.52 
1585  0.894 3 0.367 
1457 75% 0.999 3 0.953 

5179-R1  0.989 3 0.8 
1585-RA  0.874 3 0.306 
1457-M10  0.997 3 0.898 

5179  0.896 3 0.374 
1585  0.972 3 0.68 
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Table 3.16 Results of Shapiro-Wilk test for normality for S. epidermidis culturedwith spent 
media from S.epidermidis 1585-R1 added to pre-formed biofilms.. Data is produced by the 
analysis of results from three experimental replicates.  
 
S epidermidis 
Strain 

Spent Media 
Concentration (% 
v/v) 

Statistic Degrees of 
freedom 

Significance  

1457 

Control  

0.963 3 0.632 
5179-R1 0.788 3 0.087 
1585-RA 0.915 3 0.436 
1457-M10 0.858 3 0.262 

5179 0.982 3 0.745 
1585 0.757 3 0.092 
1457 

10% 

0.998 3 0.918 
5179-R1 0.856 3 0.258 
1585-RA 0.893 3 0.365 
1457-M10 0.987 3 0.786 

5179 0.981 3 0.739 
1585 0.935 3 0.507 
1457 

25% 

0.947 3 0.555 
5179-R1 0.797 3 0.107 
1585-RA 0.769 3 0.068 
1457-M10 0.933 3 0.6 

5179 0.958 3 0.607 
1585 0.981 3 0.733 
1457 

50% 

0.97 3 0.668 
5179-R1 0.784 3 0.078 
1585-RA 0.833 3 0.196 
1457-M10 1 3 0.986 

5179 0.998 3 0.92 
1585 0.8 3 0.114 
1457 

75% 

0.964 3 0.636 
5179-R1 0.991 3 0.822 
1585-RA 0.785 3 0.08 
1457-M10 0.973 3 0.685 

5179 0.996 3 0.885 
1585 0.914 3 0.433 
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Table 3.17 Results of Shapiro-Wilk test for normality for S. epidermidis culturedwith spent 
media from S-epidermidis 5179-RA added to pre-frmed biofilms.. Data is produced by the 
analysis of results from three experimental replicates.  
 
S epidermidis 
Strain 

Spent Media 
Concentration (% 
v/v) 

Statistic Degrees of 
freedom 

Significance  

1457 

Control  

0.999 3 0.95 
5179-R1 0.894 3 0.365 
1585-RA 0.883 3 0.332 
1457-M10 0.979 3 0.723 

5179 0.823 3 0.171 
1585 0.971 3 0.676 
1457 

10% 

0.991 3 0.823 
5179-R1 0.988 3 0.794 
1585-RA 1 3 0.976 
1457-M10 0.791 3 0.093 

5179 0.78 3 0.067 
1585 0.942 3 0.537 
1457 

25% 

0.995 3 0.865 
5179-R1 0.954 3 0.586 
1585-RA 0.814 3 0.147 
1457-M10 0.947 3 0.555 

5179 0.83 3 0.189 
1585 0.754 3 0.073 
1457 

50% 

0.937 3 0.515 
5179-R1 0.935 3 0.509 
1585-RA 0.817 3 0.155 
1457-M10 0.836 3 0.204 

5179 0.973 3 0.684 
1585 0.942 3 0.535 
1457 

75% 

0.999 3 0.948 
5179-R1 0.918 3 0.446 
1585-RA 0.775 3 0.055 
1457-M10 0.84 3 0.214 

5179 0.762 3 0.027 
1585 0.953 3 0.583 
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