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SUMMARY 
 

The biofilm infection of Staphylococcus aureus is one of its most common and ‘silently’ harmful 

virulence traits, leading to endocarditis, central line-associated bloodstream infections, ventilator 

associated pneumonia, implant-related infection and surgical site infections among others. Biofilms 

are bacterial aggregations embedded in an extracellular matrix with specific gene expression or 

metabolic networks different from their planktonic counterparts. Biofilms provide a chronic 

reservoir of infection due to a higher resistance to our immune system and to antibiotics. Iron 

restriction in the body has been reported as an important signal for biofilm induction. Haemoglobin 

is the most abundant iron source in the host and S. aureus has the appropriate uptake system to 

acquire it, hence, this thesis questions the role of haemoglobin in biofilm formation. In this study, it 

was used a physiological medium (RPMI 1640) to culture biofilms mimicking aspects of the in vivo 

environment. We used Newman as a model strain, two isogenic strains Newman Δfur and Newman 

ΔisdB and also include two clinical isolates to represent a broader picture of biofilms in S. aureus 

and the response to iron, not the strain-specific behavior. Biofilm response to iron was assessed 

from a phenotypic, microscopic and transcriptional perspective. 

Microplate assays showed that haemoglobin is sensed as a stimulus in its own, independent of the 

iron it carries, as it promotes biofilm matrix formation through PIA production whereas the 

provision of inorganic iron does not. Clinical isolates from endocarditis and bacteraemia infections 

were not strong biofilm formers under iron restriction; however they both showed induced biofilm 

formation in the presence of haemoglobin. IsdB, the main haemoglobin receptor, is not essential in 

the haemoglobin-biofilm response under the conditions used here. Microscopic analysis showed 

that provision of haemoglobin to biofilms also triggered a characteristic clustered architecture, a 

response conserved among all tested isolates.  The central regulator of iron uptake, Fur, was shown 

to have a role in regulating cell death (and probably autolysis) under iron restriction, suggesting 

extracellular DNA has relevance in in the biofilm matrix.  

The two iron sources, haemoglobin and iron chloride, had different effects on the expression of Agr 

quorum sensing (QS), a regulator of biofilm dispersal, in a strain-specific manner. In Newman, 

haemoglobin significantly repressed elements of Agr QS system, whereas inorganic iron induced 

them. In the endocarditis isolate, provision of haemoglobin induced Agr QS possibly favoring 

detachment of clusters, allowing travel through bloodstream. In the bacteraemia isolate, repression 

of Agr QS by haemoglobin suggests preservation of the biofilm; however this was not matched with 
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expression of PSMs, molecules with structuring roles in the biofilm. Overall, we suggest that 

expression of PSMα and PSMβ involves an extra regulation mechanism besides the established 

AgrA-dependency. We were unable to correlate expression of PSMs with a structuring role in the 

biofilm architecture in response to haemoglobin. Haemoglobin/haemin is not toxic to the iron 

restricted biofilm, suggesting that iron restriction normally found in the body decreases haem-

toxicity thresholds.  

Despite variations among isolates of S. aureus in some situations, the response to haemoglobin as a 

stimulus to the biofilm is conserved, inducing or repressing regulatory networks or metabolic 

pathways ultimately affecting biofilm formation or dispersal activities. This knowledge of S. aureus 

biofilm behavior in the presence of haemoglobin could be useful in targeting expressed molecules 

or antigens to develop vaccines specifically to prevent this type of biofilm infection. 
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1 CHAPTER 1: INTRODUCTION 
 

1.1 Staphylococcus aureus, the pathogen 

1.1.1 Risk factor of colonization 
S. aureus is one of the best known and successful human pathogens. S. aureus can live as 

commensal bacteria on mucosal surfaces, especially the nares of healthy individuals, with 20-30% 

of the population colonized. Nasal carriage of S. aureus in hospital patients has been reported as a 

risk factor for surgical-site infections in prosthetic implants surgery (Kalmeijer et al. 2013), in 

medical intensive care unit infections (Keene et al. 2005) and continuous ambulatory peritoneal 

dialysis (Luzar et al. 1990), to name a few. Prophylactic strategies aimed at preventing these 

infections in nosocomial settings have been focused on eliminating patient’s nasal colonization 

prior to the surgery with one single dose of antibiotic, to minimize emergence of antimicrobial 

resistance.  Topical antimicrobial agent mupirocin, resulted in a significant decrease of overall 

nosocomial infections but not on the particular surgical-site infections (Perl et al. 2002). 

Bathing/showering patients with chlorhexidine, a common antiseptic, has reported successful 

reductions of colonizing S. aureus. Post-operative infections of selected surgeries decreased with 

chlorhexidine application into the wound (Edmiston et al. 2013). Other studies have shown that 

increasing hand hygiene compliance by healthcare workers also significantly reduce the risk of S. 

aureus infections, with a first audit in ten New Zealand healthcare facilities granting a 65% of this 

compliance and authors concluding there is still room to improve (Freeman et al. 2012). Overall, 

combination of S. aureus screening on admission of patient, decolonization (mupirocin and 

chlorhexidine) and hand hygiene showed to significantly reduce infection rates in ten hospitals of 

nine countries in Europe (Lee et al. 2013). On the other hand, a lack of association of nasal 

colonization with skin infections in the community has been reported, leaving other risk factors 

with higher priority, such as antibiotic use, sports participation, surgery, among others (Miller et al. 

2009). Overall, S. aureus nasal colonization is still the most important risk factor for developing 

infections in the hospital environment. 

1.1.2 Genome and clonality 
Core genome comparisons for S. aureus population have shown a highly clonal structure when 

compared to other pathogens, with most of the infecting isolates corresponding to a few clonal 

complexes (CC). Indeed, it is suggested that the clonality might be a consequence of the presence 

of restriction modification systems controlling foreign DNA acquisition. Although 78% of the 
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genome corresponds to the core genome (genes necessary for survival) and the remaining 

percentage to mobile genetic elements (MGE) encoding products for adaptation, there is still a 

variable part within the core genome that normally encodes for factors involved in pathogenicity 

and also presents a higher nucleotide substitution rate accounting for the variability (Feng et al. 

2008). MGEs are important in the adaptation progression because they allow large DNA transfer 

between bacterial cells, encoding for non-vital genes products, and leading to more heterogeneity 

in strains. While recombination events are less frequent, S. aureus strains do have MGEs such as 

bacteriophages, pathogenicity islands, plasmids, genomic islands, cassette chromosomes, insertions 

sequences and transposons which encode for virulence factors or antibiotics resistance 

determinants (Malachowa & DeLeo 2010). Genome plasticity does not stop at the laboratory door, 

and it has been reported that depending on the number of in vitro passages in standard laboratory 

growth conditions, there might be significant adaptation or evolution (loss of genes). This 

“laboratory” adaptation leads to changes in gene expression and metabolic interactions, 

emphasizing the often underrated difference of laboratory adapted strains and clinical isolates (Fux, 

Shirtliff, Stoodley, & Costerton, 2005).  

1.1.3 Infections 
S. aureus main reservoir is the human body which provides many niches for its aggressive and 

diverse pathogenicity.  Table 1-1 summarizes all the infections that have been associated with S. 

aureus up to date. 

One of the most common pathologies caused by S. aureus is the abscess formation. Briefly, it starts 

with a skin trauma allowing S. aureus to invade, disseminating through bloodstream, getting to 

peripheral organs to seed an infectious lesion and inducing an inflammatory reaction with 

liquefaction necrosis and the release of pus.  The mature abscess itself has fixed histopathological 

features: a large mass of replicating bacteria in the middle, surrounded by fibrin deposits, followed 

by a ring of necrotic neutrophils and then healthy neutrophils. Overall, the abscess is a fascinating 

example of how S. aureus manipulates the immune system at each detail for its own benefit (Cheng 

et al. 2011). 
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Table 1-1. Diseases caused by Staphylococcus aureus 

Infection Important comments or clinical features  

Food poisoning Intoxication  
Skin and Soft Tissue Syndrome 
(SSTS) 

Includes abscesses. 

Respiratory tract infection Includes pneumonia, cystic fibrosis. 
Bone infection Bone/joint infection 
Atopic dermatitis Caused by superantigen effects and host genetic 

factors 
Bacteraemia  It might lead to Sepsis syndrome 
Endocarditis Prosthetic and native valve infections 
Toxic Shock Syndrome (TSS) Caused by superantigen effects 
Scalded Skin Syndrome (SSS) Widespread epidermal damage by exfoliative toxins 
Bullous impetigo Localized epidermal damage by exfoliative toxins 
Kawasaki Disease (KD) Caused by superantigen effects and host genetic 

factors 
Chronic rhinosinusitis (CRS) Caused by superantigen effects and host genetic 

factors 
Biofilm associated Includes endocarditis, osteomyelitis, pneumonia, otitis 

media, acute septic arthritis, endophthalmitis, chronic 
bacterial prostatitis, and chronic rhinosinusitis. 
Catheter related infection, biofilms infections on 
contact lenses, intrauterine devices, orthopaedic 
implants.  

 

S. aureus has become a predominant causative agent in other infections as well, such as 

bloodstream infections, lower respiratory tract infections and SSTI (Skin and Soft Tissue infection), 

and normally more aggressive too presenting higher mortality and morbidity rates than other 

pathogens (Diekema et al. 2001; Naber 2009; Hidron et al. 2008). During the last decade, S. aureus 

has positioned as a leader pathogen causing healthcare associated native valve infective 

endocarditis (IE), but not the most prevalent in the community acquired IE kind. Accordingly, S. 

aureus is the most prevailing pathogen causing early onset of prosthetic valve IE, not the late one, 

probably connected to surgery related risk factors, but either way this type of IE presents 20-40% of 

mortality (Que & Moreillon 2011). Alarming highest prevalence of 26.6% of S. aureus in IE in people 

mostly without known heart disease was reported in France (Selton-Suty et al. 2012). A survey in 

Tauranga hospital in New Zealand, showed similar rates of 36% of IE due to Streptococci and S. 

aureus, however the later one presented a higher mortality (Wong et al. 2009).  IE starts with a 

physical lesion in the valve endothelium caused by prosthetic valves, turbulent blood flow 
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associated with congenital disease, foreign material injected by drug-users, catheters, degenerative 

lesions in elderly people, etc. Then, S. aureus with virulence traits such as adhesins ClfA and FnbPA 

(fibrinogen and fibronectin binding proteins) can adhere and colonize the damaged endothelium. IE 

is also dependent on the magnitude of the bacteraemia, with studies showing that the most 

important inductive factor is a constant circulation of bacteria in blood rather than a high transient 

peak (Que & Moreillon 2011), underlining the importance of central line catheters or dental 

procedures as risk factors. Successful treatment usually involves knowing the antibiotic 

susceptibility of causing microorganism or surgical intervention to repair cardiac valves might be 

needed if failure of antibiotic therapy occurs (Pierce et al. 2012). 

1.1.4 Virulence factors 
S. aureus is the causative agent for numerous different types of infections which are probably due 

to its massive arsenal of diverse virulence factors and the overwhelming ability of coordination of 

expression of such traits. Virulence factors can be categorized according to their main target or 

function: colonization/attachment, immune evasion, dissemination/proliferation and damage 

(Figure 1-1). 

 

Figure 1-1. Virulence factors involved in different stages of S. aureus infection (DeLeo et al. 2009; Feng et al. 2008; Gordon & Lowy 
2008).  

Attachment/Colonization

Adhesins: ClfA, ClfB, FnbA, FnbbB, Can, 
Sdr, Pls, IsdA, IsdB, IsdH, sasG, Emp, Atl.

Ligands: fibrinectin, fibrinogen, elastin, 
vitronectin, cytokeratin 10, ganglioside

M3, collagen, fetuin, haemoglobin, 
transferrin, haemin, GPIIb/IIIa .

Immune evasion

Factors: PVL, γ-toxin, Cap operon, Spa, 
Eap, PSM, Isd operon, Sbn operon, 

KatA, CHIPS, CrtMN, Eab, SSL.

Effects: inhibition of phagocytosis, 
resistance to ROS,  detoxification of 

H2O2, inhibition of complement 
cascade, leukocyte lysis, resistance to 

AMPs, IgG binding, inhibition of 
chemotaxis, iron acquisition.

Dissemination/persistance

Factors: Plc, Coa, Lip, Geh, HtrA, SspA-C, Nuc, 
Spl, Sak, HysA, Aur, LytN, ClpX, Ica operon, 
Eap, Emp, FmtA, AtlA, hemB mutation, Cid 

operon, Lrg operon.

Functions: proteases, nucleases, hyaluronate
lyases, lipases, phospholipase C, 

metalloproteases, SCV induction, biofilm 
aggregation, autolysis.

Damage

Factors: SEs, TSST-1, ETs,  Hla, Hlb, Hld, Hlg, 
LukDE, PVL, LukFM, lipoteichoic acid.

Functions : enterotoxins, exfoliative toxins, 
haemolysins, cell lysis,  leucotoxins, sepsis, 

immune response modulator 
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Virulence factors involved in colonization are mainly adhesins and are a very important virulence 

category in S. aureus, given it is the initial step to start the infection cycle. The role of MMSCRMS 

(Microbial Surface Components Recognizing Adhesive Matrix Molecules) will be discussed further in 

relation to biofilm infections (See section 1.2.1). It is worth noting that MMSCRMS are under 

constant selective pressure of recognition by the immune system; consequently some of them are 

prone to vary by variable number tandem repeats as a recombination mechanism of a particular 

locus, granting some extra variation among strains.  

Other type of virulence factors help in S. aureus infection dissemination or proliferation, such as 

enzymes able to recognize host tissues or fluids, bind them or break them. Coagulase (coa) and von 

Willebrand factor-binding protein (vWbp) are proteins able to activate prothrombin leading to 

fibrin clots. Mutants in both genes are unable to form abscesses. Protein A (spa) is a multifunctional 

immunomodulating protein able to bind to Fcγ of immunoglobulins interfering with phagocytosis, 

act as a superantigen for B cells and bind to von Willebrand factor promoting platelet aggregation. 

Mutants defective in spa do not form abscesses either; however which of the described 

biochemical features is responsible for this function is unclear (Cheng et al. 2009).  Proteases, 

hyaluronidases, lipases, nucleases are some other examples of virulence traits contributing to S. 

aureus ability to reach most of the anatomical sites in the human body.  

Some virulence traits apart of their pathogenic effect; they have a modulation effect in the immune 

response. Superantigen molecules are able to bypass the conventional way of antigen intracellular 

processing by Antigen Presenting Cells (APC) and interaction with the receptor (TCR) of T cells to 

elicit an adaptive immune response. The superantigen’s shortcut involves direct interaction 

between MHC II in APC and TCR, triggering an amplified stimulation of T cells. Fully superantigen 

properties have been found in all enterotoxins and TSST-1 (Grumann et al. 2013). Superantigen-like 

proteins are other diverse group of molecules that also help subverting the immune system. 

Powerful exotoxins exert many of the pathological effects of S. aureus or damage in different 

tissues. Enterotoxins (up to 19 different enterotoxins, e.g. sea, seb, sec1, sec3, sed, seg, sel) are 

known to induce emetic reflex and gastroenteritis with lesions mainly in the stomach and upper 

part of small intestine. Food poisoning is triggered by ingestion of at least one type of enterotoxin 

on food contaminated by S. aureus, it is a self-resolved condition characterized by vomiting with or 

without diarrhea  (Dinges et al. 2000; Malachowa & DeLeo 2010).  Toxic shock syndrome toxin-1 

5 
 



 
(TSST-1, tstH) is pyrogenic exotoxin which is able to cross mucosal surfaces. TSST-1 causes 50% of 

potentially fatal Toxic Shock Syndrome (TSS) clinically characterized by diffuse macular 

erythematous rash, palms and soles desquamation and high fever, among others symptoms. Many 

of TSS reported cases had been linked to menstruation or tampons usage still without a complete 

explanation of the association. Thus, awareness of this matter has caused a decrease in TSS 

frequency and also most of these infections have failed meeting the complete clinical diagnosis 

definition of TSS. Death from TSS normally comes from a multiorgan failure mostly due to a 

decrease in blood plasma volume (Dinges et al. 2000).  

The important α-toxin, also known as haemolysin-α, is encoded by hla in the core genome, thus it is 

one of few toxins (along with haemolysin-γ and haemolysin-δ) present in all S. aureus strains, 

although its expression still may vary according to regulator effects. The α-toxin is an important 

pore-forming toxin with specificity for erythrocytes, macrophages, epithelial cells, fibroblasts, 

monocytes, and lymphocytes. Panton-Valentine Leukocidin (PVL) is another pore-forming toxin 

encoded by lukFS-PV carried in a bacteriophage. PVL is able to lyse monocytes, macrophages, and 

neutrophils. Skin and soft tissue infection (SSTI) and necrotizing pneumonia have been strongly 

linked to PVL (Grumann et al. 2013). Phenol Soluble Modulins (PSM) are cytolytic and pro-

inflammatory toxins involved in invasive infections. There are four classes of PSMs: PSM-α, PSM-β, 

haemolysin-δ and PSM-mec; however a particular infection has not been correlated to a type of 

PSM (Grumann et al. 2013). Particularly PSMα, attract, activate and lyse human neutrophils, lyse 

erythrocytes, and elicit a pro-inflammatory response  (Queck et al. 2009; Wang et al. 2007). Three 

Exfoliative toxins (ET) (eta, etb, etd) have been described up to date in S. aureus, localized in 

different parts of the genome, i.e. core or MGE. ETs are very specific proteases which break a single 

peptide bond in extracellular adhesion molecules in keratinocytes; therefore ETs are correlated 

with skin infection bullous impetigo and staphylococcal scalded skin syndrome. Their prevalence is 

very low in clinical isolates, 3% and 10% in MSSA and MRSA, respectively (Grumann et al. 2013). 

1.1.5 Antibiotic resistance 
The worldwide emergence of antibiotic resistance among bacteria is a threat epitomized by S. 

aureus. Figure 1-2 shows a time line of the story, similar to other pathogen/antibiotic coevolution 

battles. After introduction of penicillin, resistant isolates spread out a plasmid encoded penicillinase 

(enzyme able to break/inactivate the betalactam ring of penicillin) with a rapid predominance of a 

pandemic clone Phage Type 80/81.  Decades later, S. aureus effective methicillin introduced in the 

60’s gave rise, no later than two years after, the first reports of methicillin resistant isolates. 
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Methicillin as part of the betalactam class of antibiotics, presents a mode of action by binding to 

Penicillin Binding Proteins (PBP) in the cell wall and inhibiting its production. Instead of the 

betalactamase mediated resistance, possession of a PBP variant with decreased affinity for the 

antibiotic also generates clinically important reduced susceptibility levels in the bacterium. All 

Methicillin resistant S. aureus (MRSA) isolates present the same resistance mechanism, a mecA 

encoded PBP2A carried in the MGE of “staphylococcal cassette chromosome” (SCC-mec).  The 

methicillin resistant determinant in S. aureus confers resistance to all the betalactam class of 

antibiotics, which include very powerful last resource antibiotics such as carbapenems. Selective 

pressure due to using vancomycin as an alternative therapy to treat infections by MRSA isolates has 

also led to vancomycin intermediate (VISA) and vancomycin resistant isolates (VRSA) (Chambers & 

Deleo 2009).  

 

Figure 1-2. Emergence of important antibiotic resistance in S. aureus through time. Reproduced with permission from Chambers & 
Deleo, 2009. 

 

MRSA circulating clones evolved from a few lineages or CCs; however same MRSA CCs can have 

different SCC-mec types or same CC can be either MRSA or MSSA, supporting the fact of more than 

one recombination event between lineages (Lindsay 2010; Gordon & Lowy 2008). At the moment 

there are eight SCC-mec types, subdivided into classes depending on organization and associated 

genes. Hospital acquired MRSA (HA-MRSA) normally carries SCC-mec types with more antibiotic 

resistance determinants than community acquired MRSA (CA-MRSA), however CA-MRSA isolates 

have been shown to be more virulent  (Malachowa & DeLeo 2010). Reported MRSA frequencies of 
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isolation and prevalence of MRSA CCs vary in different countries, whereas the frequency can range 

from 5% to 50%, and roughly predominant MRSA CCs are CC22 and CC30 in UK, CC8 and CC5 in 

Europe and Asia, CC30 in USA and Canada (Lindsay 2010). In New Zealand, studies have revealed 

that during the lasts 6 years clone ST5-IV (CC5) has displaced ST30-IV and ST22-IV in predominance, 

with other much less frequent clones such as, ST1-IV, ST8-IV and ST93-IV remaining relatively 

steady. Also in New Zealand, CA-MRSA frequency has increased in general, particularly in some 

ethnic groups living in association with poor hygiene, nutrition and domestic crowding (Williamson 

et al. 2013). Overall, the antibiotic resistance problem contributes significantly to S. aureus disease; 

however fortunately a few antibiotic options are still left, with appropriate use of these agents 

being a priority. Biofilms related infections only worsen the already heavy burden of S. aureus 

diseases because biofilms present natural extra difficulties when treated as infections.  

 

1.2 Biofilms  
 

A biofilm is a bacterial aggregation of one or more species immersed in a polymer matrix attached 

to biotic or abiotic surfaces (O’Toole et al. 2000). Biofilms are a common and ancient survival 

strategy to unfavourable external conditions found in the environment and infections, with an 

estimated 70-80% of infections caused by organisms growing as biofilms (Hall-Stoodley & Stoodley 

2009). The biofilm cycle is a highly complex regulated process and can be described in three main 

stages: attachment, maturation and dispersal (Figure 1-3). 

1.2.1 Cell attachment 
A successful biofilm relies on the bacterium’s ability to adhere to a surface and remain there, thus 

pathogen’s adhesin repertoire is crucial. Bacterial adherence can be to a biotic surface (host tissue 

components) or to an abiotic surface (device or implant) (Figure 1-4). As the first example, S. aureus 

adhesins bind several human plasma and matrix factors, with 24 MSCRAMMs described so far 

which are covalently linked to the cell surface, with a further six other surface associated adhesins 

linked to cell wall by ionic or hydrophobic interactions (Clarke & Foster 2006; Heilmann 2011).  

Many of these adhesins are useful in the normal colonization process into host surfaces, as they 

recognize and adhere to specific receptors on desquamated cells in the nasal vestibule as reported 

for S. aureus SH1000 with ELISA assays and IsdA binding to loricrin, involucrin or cytokeratin 10 

(Foster 2009; Clarke & Foster 2008). IsdA also has been shown to bind various ligands (in order of 

affinity: fetuin, asialofetuin, fibronectin, haemoglobin and fibrinogen) by ELISA assays in SH1000 
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and 8325-4 strains (Clarke et al. 2004). ClfB is another adhesin involved in binding to cytokeratin 10 

of corneocytes (desquamated epithelial cells) in the nares tested with Newman and 8325-4 strains 

(O’Brien et al. 2002). Adhesin Cna is able to bind collagen in S. aureus UAMS-1, which is particularly 

important in musculoskeletal related infections like septic arthritis or osteomyelitis (Gillaspy, Patti, 

& Smeltzer, 1997).  Other adhesins bind to extracellular matrix factors like FnbA or FnbB which are 

related proteins with binding affinity for fibronectin originally described in S. aureus 8325-4 

(Jonsson et al. 1991). General plasma factors are also recognized by some adhesins, such as ClfA 

(McDevitt et al. 1997) or ClfB (Ní Eidhin et al. 1998) identified in S. aureus Newman and binding to 

fibrinogen.  

 

 
Figure 1-3. Main development stages in a biofilm. Two growth modes, planktonic and biofilm, in S. aureus are linked by attachment 
and dispersal of cells. Biofilm development stages are shown with corresponding factors influencing each process.  

 

Adhesion to abiotic surfaces is helped by initial long range (>50 nm) physicochemical interactions 

which bring bacteria to the abiotic surface, then short range (<5 nm) interactions with hydrogen 

bonds, ionic and dipole interactions (Pavithra & Doble 2008). In implanted medical devices of any 

kind the biocompatibility issues with the host are significant predisposing factors for bacterial 

adherence as well, such as surface porosity, roughness, composition, chemistry, degradation, etc. 

(Pavithra & Doble 2008). Implant material type or biological interactions of polymer with 
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surrounding tissue, response sought in implants stability, is detrimental for prevention of bacterial 

adherence because implants surfaces are quickly coated with host tissue factors, increasing the 

chances of bacterial recognition and adherence to host receptors (Pavithra & Doble 2008).   

 

 
Figure 1-4. Adhesins involved in first attachment step in S. aureus biofilm formation. Modified from Heilmann 2011. 

 

1.2.2 Biofilm aggregation  
Cell aggregation or biofilm maturation occurs right after cell attachment and is likely to be strain 

dependent, however in general terms two mechanisms have been reported so far, the PIA-

dependent and the PIA-independent (mainly protein based biofilms) mechanism. PIA 

(polysaccharide intercellular adhesin) is a partially de-acetylated polymer of beta-1-6-linked N-

acetylglucosamine with positive charge that might help aggregation by electrostatic interaction, 

given that bacterial surface is negatively charged. PIA synthesis is encoded by the ica operon, 

comprised of genes for N-acetylglucosamine transferase (icaA and icaD), a PIA deacetylase (icaB), a 

putative PIA exporter (icaC), and a regulatory gene (icaR)(O’Gara 2007). Mutations in the ica operon 

impair biofilm formation in strains like Newman (ATCC 31153) or NCTC 8325 (Johnson et al. 2008) 

but have no effect on strains SH1000 (derived from NCTC 8325) (Cramton et al. 1999; Boles & 

Horswill 2008; Izano et al. 2008), clinical osteomyelitis isolate UAMS-1 (Beenken et al. 2004) and 

USA300 LAC (Los Angeles County clone, CA-MRSA)(Lauderdale et al. 2009). Studies attempting to 

evaluate PIA in infections, have shown that clinical isolates from orthopedic prostheses (N=13) or 

prosthetic joint infections (N=18) all were positive for ica genes (Rohde et al. 2007; Esteban et al. 
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2010). On the other hand, a study of 39 S. aureus isolates from device-related infections (sepsis, 

ependymitis and peritonitis) showed that 80% carried icaD gene with genes icaA, icaB and icaC 

significantly less common, and only few biofilm formers strains detected were correlated to the 

presence of icaD+A genes (Diemond-Hernández et al. 2010).  PIA was once thought essential for S. 

aureus overall biofilm formation, however it is now apparent that PIA is not essential, and that its 

role might usually be mixed with other biofilm matrix components, or restricted to certain 

conditions found in specific infections. 

 

Some clinical isolates have been found not to carry PIA regulatory gene icaR, but still keeping a 

weak biofilm forming capacity (Esteban et al. 2010), demonstrating a significant relevance within 

both PIA-dependent and PIA-independent mechanisms in the infectious process. Eap and Emp, 

extracellular adherence protein and extracellular matrix-binding protein respectively, are secreted 

proteins that bind to a range of host plasma proteins and are implicated in S. aureus pathogenesis 

through the inhibition of wound healing and evasion of immune response (Hussain et al. 2008). Eap 

has been demonstrated to redock to the bacterial cell wall by a neutral phosphatase (Nptase), 

helping in adherence or colonization of S. aureus to any host surface coated by plasma proteins 

(Thompson et al. 2010). It has been reported that Emp, and to a lesser extent Eap, are essential to 

biofilm formation in strain Newman (known PIA-dependent biofilm former) in an iron restricted 

environment. This study identified the first link between PIA dependent biofilms and protein based  

biofilms (Johnson et al. 2008). Furthermore, in a NCTC8325 derived strain (ATCC 35556) and a strain 

closely related to Newman 10833, Eap was shown to strongly contribute to biofilm formation 

grown under fully nutritive medium supplemented with 5% serum (Thompson et al. 2010). Thus, 

Emp and Eap are strong candidates as biofilm aggregation molecules. 

 

The PIA-independent mechanism of biofilm formation is probably better understood and is 

attributed to diverse proteins and/or extracellular DNA as the biofilm glue. Supporting evidence has 

shown that mutants defective in biofilms formation had overproduction of either proteases or 

nucleases in studies addressed in SH1000 strain (Izano et al. 2008; Boles & Horswill 2011). SasG, a 

fibrilar semi-variable surface protein, has also shown to mediate adherence to desquamated nasal 

epithelial cells and promote biofilm accumulation in strain SH1000 (Corrigan et al. 2007; Kuroda et 

al. 2008). It was suggested a possible cell to cell interaction mechanism, that SasG is spontaneously 

cleaved exposing its B domain and dimerizing to other SasG molecules in a Zinc dependent manner 

(Geoghegan et al. 2010).  Bap (biofilm associated protein) is other protein involved in primary 
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attachment to abiotic surfaces and intercellular adhesion. Bap was discovered  in biofilm defective 

transposon mutants from S. aureus bovine mastitis infections in Spain (Cucarella et al. 2001). 

However, screenings trying to find this gene in 262 S. aureus isolates from infections in different 

animal species like cows, sheep, pigs or humans were totally unsuccessful (Vautor et al. 2008). 

 

Extracellular DNA (eDNA) has been extensively implicated in biofilm formation and antibiotic 

resistance in other pathogens like Pseudomonas aeruginosa (Mulcahy et al. 2008). Studies in S. 

aureus isolate UAMS-1 showed a role of eDNA in biofilm development, where DNAse I treated 

mature biofilms were increasingly detached from the surface (Rice et al. 2007).  In this process, cell 

death or autolysis is controlled by cidAB and lrgAB operons which oppositely regulate murein 

hydrolase activity, releasing DNA to the external milieu in a programmed manner (Ranjit et al. 

2011). Mutations in both genes have shown to inhibit or enhance biofilm formation and eDNA has 

also exhibited influence in the structure of the biofilm given that tower structures were associated 

with large amount of eDNA and no live cells (Mann et al. 2009).  Taken together, the matrix of S. 

aureus exhibits variable composition which seems both strain and possibly environment 

dependent.  

 

1.2.3 Biofilm dispersal  
After full maturation phase is completed, dispersal to other colonization sites is essential to 

maintain the infectious process in the case of a human context environment. Detachment can be 

accomplished by mechanical forces, decreased expression of matrix products or increased 

expression of matrix breaking enzymes. Studies have been very conclusive about the role of Agr 

Quorum System (QS) in biofilm detachment for protein-based biofilms in S. aureus (Boles & Horswill 

2011). Agr QS is a signaling pathway responding rapidly as population increases, due to secreted 

peptides which act as autoinducers (AIP) (Figure 1-5).  
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Figure 1-5. Agr QS system in Staphylococcus aureus. AIP is a 7-9 amino acid peptide derived from AgrD combined with AgrB, secreted 
as an autoactivator molecule that regulates gene expression and its own synthesis. There are at least 4 different AgrD specificity 
groups, which differ only in sequence, and each one of them is inhibitory or interferes with the other one’s agr regulon. The rest of 
the Agr QS pathway resembles a classical two-component system with membrane bound AgrC activated by secreted peptides, 
autophosphorylating its cytoplasmic domain. The phosphate is transferred to AgrA, which actives two promoters of the agr operon, 
P2 drives transcription of the four-gene agr operon agrBDCA, and P3 one drives transcription of the actual intracellular effector 
molecule RNAIII. Reproduced from Novick & Geisinger, 2008. 

 

In vitro passage of clinical isolates has shown to induce inactivating mutations in the agr locus, 

mainly in agrC but also in agrA, leading to changes in phenotype. However, these changes are 

thought to grant higher growth fitness to the bacterium due to the absence of burden of RNAIII up 

regulated genes, but definitively modifying the virulence expression (Somerville et al. 2002). On the 

other hand, screening of 146 clinical isolates demonstrated that 15% of them possessed agr 

mutations, therefore in the different infectious process conditions agr defective strains might be 

advantageous as well (Traber et al. 2008). Moreover,  4% of isolates from nose swabs in healthy 

individuals had agr dysfunction, tested by phenotypic haemolytic characterization on sheep blood 

agar plates, AIP production and RNAIII expression, suggesting that agr-defective mutants are 

transmissible and can therefore initiate colonization (Shopsin et al. 2008). Biofilm formation on 

polystyrene, fibrinogen, fibronectin or sub endothelial extracellular matrix (ECM) surfaces was first 

inversely correlated to the presence of the agr system, in studies performed in mutants of 

laboratory strain S .aureus RN6390 (Vuong et al. 2000). Later, in a clinical isolate from toxic shock 

syndrome S. aureus strain MN8, biofilm formation was linked to a decreased activity of the 

promoter P3. Also, localized patches of high activity of P3 in the biofilm detached led to holes in the 

13 
 



 
structure, accounting for channels formation or cell dispersal (Yarwood et al. 2004). Studies 

conducted in S. aureus strain SH1000, a PIA independent biofilm former, showed that artificial 

addition of AIP induced biofilm detachment by inducing P3 activity, an outcome which was 

suppressed in an agr knock out strain, and this was a mechanism conserved throughout all the agr 

specificity groups. An explanation taken from these results and others with extracellular protease 

levels quantification: an increased agr activity induces several proteases secretion, therefore 

cleaving any surface proteins bound to each other forming the biofilm matrix leading to dispersal in 

these strains (Boles & Horswill 2008).  Also, agr has the same importance on dispersal in strain 

USA300 biofilms grown on titanium surfaces resembling orthopedic implants (Lauderdale et al. 

2010). About 10 proteases have been described in S. aureus so far, all of them up-regulated by agr 

operon. 

 

Important role in detaching the mature biofilm has been assigned to Phenol Soluble Modulins 

(PSM) in S. aureus. PSMs are amphipathic surfactant-like peptides with α-helical structure possibly 

causing cell to cell disruption effect. S. aureus has four PSMα peptides, two PSMβ peptides, one 

PSMγ (this is delta-haemolysin, hld), and one mobile genetic element-encoded PSM-mec (Queck et 

al. 2009). Studies in S. epidermidis showed a shift on Phenol Soluble Modulins (PSM) classes, from 

an alpha (α) peptide type to a beta (β) longer type is correlated to a growth shift from the 

planktonic mode to biofilm mode. Consistently, PSMβ had similar detachment effects on PIA-

dependent and PIA-independent biofilm forming strains, psm defective mutants tested on a mice 

model of device-related infection showed significant decrease of bacteria counts on body fluids, 

further supporting the importance of PSMs during dissemination in vivo (Yao et al. 2005; Otto 2008; 

Wang et al. 2011).  Specifically for S. aureus, literature was silent about PSMs related somehow to 

biofilm detachment, although PSMs in S. aureus genome have very dissimilar sequences compared 

to S. epidermidis.  One publication associating surfactants properties of PSMs and S. aureus motility 

showed that a PSMα mutant USA300 LAC strain had less colony spreading ability than the WT, and 

this ability was perfectly correlated to an active agr system, suggesting a the regulation mechanism 

(Tsompanidou et al. 2011).  

At the moment it can be stated that there is enough experimental data evidencing about the 

molecular mechanism ruling biofilm detachment in S. aureus at least in strain USA300. However; 

further studies need to be addressed to evaluate the impact of PSMs on a fully PIA-dependent 

strain like Newman or other clinical isolates. 
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Agr-mediated detachment at this moment seems very conclusive (Boles & Horswill 2008), however,  

what triggers P3 activation in an overall turned off P3 biofilm still remains elusive though.  Mutations 

on agr have shown diverse importance in terms of virulence outcomes depending on the animal, 

the infection model, and bacterial strains used (Kong et al. 2006). Dispersal in fully PIA-dependent 

strains is less known, and a PIA digesting enzyme encoded by S. aureus is unknown at the moment. 

How all stages in biofilm development are finely regulated, and what conditions are known so far to 

modulate each stage are going to be discussed in the section 1.4.  

 

1.3 Biofilm architecture 
 

Higher resolution methods, like Confocal Laser Scanning Microscopy have allowed analysis of the 

fully hydrated and intact biofilm architecture in situ (Costerton, Lewandowski, Caldwell, Korber, & 

Lappin-Scott, 1995). Consequently, a mature biofilm architecture has been described as 

“mushroom” or “tower” like structures with channels that allow nutrients and water to flow among 

these structures to sustain the biofilm (Otto 2008). However, these structures have predominantly 

been observed under growth conditions selected to promote biofilm growth i.e. rich media to the 

particular studied species and in flow chambers. The analysis of biofilm growth conditions more 

similar to environment where biofilms naturally occur (infection) might give a more accurate 

perspective. It is debatable whether this biofilm topology is achieved in the infection context, 

especially when considering particular infections, given that biofilm modelling forces are very 

variable and dynamic. In fact, the biofilm architecture is a result of the bacterial cells physiological 

responses to stimuli inducing initial adherence to a surface, external conditions structuring the 

biomass and how the mature biofilm itself responds to stresses.  

1.3.1 Static versus flow biofilm systems 
The biofilm physiology can be very different considering the main two biofilm systems, static and 

flow (Figure 1-6). In a static system, substrate transport into the biofilm is determined mainly by 

molecular diffusion, and metabolites out of the biofilm accumulate. In a flow system, substrates 

and metabolites are carried away creating local gradients that eventually produce uneven diffusion 

which triggers substantial different rates of increase in biomass e.g. flow produces higher growth 

rate in initial adhered and spread out cells leading to localised micro-colonies of heterogeneous 

population with cells in different physiological states (Spormann 2008; Nadell et al. 2009).  

Ultimately, local physiological differences in subpopulations are sensed by global regulators which 
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respond to specific and localised stresses, such as oxygen or osmolarity concentration, pH, cell 

density or any other growth limiting nutrient concentration. An oxygen gradient can occur in layers 

of a 40 µm deep biofilm and completely anoxic patches are found in > 100 µm deep biofilms (Nadell 

et al. 2009). This is where the media used in vitro to analyse biofilms becomes relevant because 

microavailability of each nutrient ultimately affects the biofilm structure. The matrix composition 

might also affect the biofilm structure, where it has been reported for V. cholerae that micro 

colonies structure is essentially formed without Extracellular Polymeric Substrate (EPS). This is also 

supported in S. aureus by the isolation of mainly PIA-dependent biofilm formers in biofilm 

infections with a static-like structure i.e. implants or prostheses (Rohde et al. 2007; Esteban et al. 

2010). 

 

Figure 1-6. Biofilm architecture in two main biofilm systems. The static model develops quickly into a less structured confluent 
biofilm. The flow model gives “mushroom like” structured biofilm which takes longer to develop. Modified from Nadell et al., 2009; 
Spormann, 2008. 

 

Detachment is a process based on the local physiological differences in subpopulations in the 

biofilm. Some researchers state that detachment per se is the primary process balancing growth 

and structuring the biofilm, creating spatial heterogeneity e.g. favouring substrate diffusion for 

remaining cells after a considerable biomass cluster is removed. Thus, multifactorial local 

physiological differences in the biofilm along with actual detachment act synergistically to increase 
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for instance, the roughness of the biofilm leading to a particular biofilm architecture (Picioreanu et 

al. 2001).  

1.3.2 PSM as biofilm structuring agents 
Recently, main biofilm structuring agents in S. aureus have been reported as the Phenol Soluble 

Modulins (PSM). PSMs have shown to be one of the main forces modelling the biofilm architecture, 

by a non-uniform spatial expression of promoters of PSMs in the biofilm,  circumscribed to patches 

on outer layers, supporting the hypothesis of microenvironments trigger the characteristic biofilm 

structure (Periasamy et al. 2012). Expression of PSMs is regulated by Agr QS system directly from 

the response regulator AgrA rather than via the effector molecule RNAIII, but ultimately and 

apparently determined by cell density (Peschel & Otto 2013). PSM peptides are secreted by a 

unique and essential ABC transporter Pmt which if deleted leads to cell death due to accumulation 

of these surfactants in the cytoplasm, highlighting this exporter as a good target to potentially 

control biofilm infections (Chatterjee et al. 2013). In vivo PSMα is reported to be more predominant 

in terms of non-receptor mediated cytolytic activity against every type of eukaryotic cell in 

comparison with PSMβ which is not cytolytic at all. PSMβ is negatively charged and PSMα is mainly 

positively charged probably accounting for their differences in cytolytic activities. The detailed 

molecular mechanism how these peptides structure the biofilm or if each PSM has differential roles 

in biofilm is yet to be elucidated. Significant higher biofilm biomass and lower roughness index was 

found in each single psm (psmα, psmβ or hld) mutants of S. aureus strain USA300 biofilms, grown in 

TSB media under static and flow conditions when compared to WT, demonstrating that all PSMs 

individually contribute to biofilm structuring and relevant with different biofilm systems i.e. 

potentially different types of biofilm infections (Periasamy et al. 2012). Also the in vivo relevance of 

psm was tested with a murine catheter-biofilm associated infection model, showing that all single 

mutants had a decreased dissemination to surrounding tissues of the catheter (Periasamy et al. 

2012). Biofilm structuring properties of PSM have been reported for mainly one strain (USA300) 

known to be affected by agr mutation, in rich media and under static and flow biofilms. To our best 

knowledge no other studies have been performed relating PSM to biofilm topology in strains of 

other genetic backgrounds (or different agr types) or in iron restricted media more relevant to the 

infection. 

As in many other species,  S. aureus biofilm structure is formed comprising approximately 70-90% 

extracellular material (Pavithra & Doble 2008). The importance of biofilm topology lies in the 

infection context, whereas some biofilm structures are more susceptible to be phagocytised, 
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probably leading to a different fate when faced to the immune system. Some biofilm structures are 

more likely to detach by mechanical forces or matrix breaking enzymes secreted by cells at different 

physiological states leading to a chronic infection reservoir. Some biofilm structures are more 

resistant to antibiotics because of differential molecular diffusion rates or slower growth rates in 

some cells escaping most of antibiotics mode of action.  

 

1.4 Biofilm regulation mechanisms 
 

Species-specific biofilm regulation pathways have been reported, where homologous 

transcriptional regulators have specific roles in biofilm formation in different pathogens. In S. 

aureus, substantial strain-specific differences in biofilm regulation have been found; complicating 

attempts to fully understand this pathogen’s biofilm formation mechanisms, which is a coordinated 

and complex network of proteins, RNAs and small peptides regulators. 

1.4.1 Biofilms versus planktonic growth 
To understand how S. aureus biofilms sense or respond to important environmental cues in the 

infection, complete gene expression analyses are mandatory to elucidate what global pathways are 

active or shut down. Comparison of transcriptional profiles of planktonic exponential and stationary 

growth versus biofilm has shown that 580 genes are differentially expressed between these 

conditions in S. aureus UAMS-1 (Beenken et al. 2004). In that study, biofilms were grown in flow 

systems with TSB media supplemented with glucose and NaCl as same as planktonic growth. 

Keeping in mind that expression differences might be specific to the unique biofilm-experimental 

conditions, results of most differentially expressed genes showed that in biofilms five genes of the 

ADI (arginine deaminase) pathway were up regulated. The ADI catabolic pathway incorporates the 

amino acid arginine and generates ATP in anaerobic conditions. Significant induction in urease 

operon and potassium transporter expression was found known in contributing to pH homeostasis. 

The ADI pathway also produces ammonia which could help coping with acidity. Authors conclude 

that overall the biofilms were under acid stress and growing anaerobically. Attempts to further 

characterize the biofilm, led the investigators to evaluate the role of SarA, which is partly regulated 

by the stress response regulator σB, in the acid tolerance response. 27 genes were shown to be part 

of the SarA regulon, none of which at first glance were possible to accurately correlate to biofilm 

formation capacity, given that UAMS-1 ΔsarA was biofilm impaired (Beenken et al. 2004). 

Moreover, it has recently been elucidated in UAMS-1 that SarA is a histone like protein which binds 
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to mRNA of target transcripts increasing their stability and translation rate at exponential and 

stationary phases of planktonic growth (Morrison et al. 2012). The effect of SarA on transcript 

stability has not been investigated in biofilms; however SarA’s effect was more predominant in 

planktonic stationary phase, which metabolically is closer to biofilms than exponential. Transcripts 

of virulence factors like haemolysins, collagen binding protein and protein A or even other 

transcripts of regulators such as AgrA and SaeR were shown to be stabilized by SarA (Roberts et al. 

2006; Morrison et al. 2012). Thus, SarA by itself presents a new and yet not completely understood 

regulation mechanism, besides its known regulation at a transcriptional level as DNA binding 

protein to promoter regions of target genes. 

Other microarray study in S. aureus SA113 biofilms grown statically at 37°C on membranes placed 

on BM (chemically defined medium, 5% w/v NaCl and 0.67% w/v glucose) agar plates showed that 

ica genes were more expressed (5-12 fold) at initial stages of biofilm formation compared to same 

time frame in planktonic growth, but significantly decreasing after 16 hours. Other major findings 

were two surface proteins ClfB (clumping factor B) and SdrC (Ser-Asp-rich fibrinogen-binding, bone 

sialoprotein-binding protein) which had peaks of expression at 16 h of biofilm formation. Arginine 

deaminase and urea metabolic pathways were gradually induced until 48 h of biofilm incubation 

and formate metabolic pathway showed one of the greatest (20 fold) inductions in biofilm. Authors 

concluded that activation of arginine and urea pathways is a consequence of formate metabolism 

which acidifies the surrounding milieu. Stress responsive genes like superoxide dismutase, catalase, 

or alkaline shock protein were expressed significantly more in biofilms than planktonic cells, 

highlighting that biofilm cells are under more stress than their planktonic counterparts in terms of 

oxidative stress or alkaline environment which is probably due to ammonia production from the 

urea pathway. Surprisingly proteases were not expressed at higher levels in biofilm than planktonic 

(Resch, Rosenstein, Nerz, & Gotz, 2005). A coordinated balance between these up regulated 

metabolic pathways might be the answer for cells survival in the biofilm. 

Microarray studies provide an excellent overall insight into what are the processes happening or 

stresses sensed in the cells when grown as biofilms. To date, even with newer technologies 

becoming more accessible to research laboratories, only a few biofilm transcriptional profiling 

analyses are available and published on fewer numbers of strains as well.  For instance, most of the 

published microarray studies are performed with laboratory rich media which has been shown to 

induce or hide some effects on important pathways in bacteria.  
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1.4.2 Agr QS regulation 
If we take a look of what we do know at the moment and apply it to the infection cycle, we see that 

any infectious process normally begins with bacteria being able to trespass the host native barriers 

e.g. through a wound or implant insertion site. Those cells attach to host matrix substratum or 

polymer surfaces of the implanted device through binding by surface adhesins or MSCRAMMs, 

initializing the very first step of biofilm development. Adhesins are differentially expressed at 

specific time and conditions due to regulation by one or more than one global regulator.  One 

central and essential global regulator is the QS Agr system, which can switch on or off gene 

expression only when a certain cell density threshold is reached, detected by the level of auto 

inducing peptides secreted to the surrounding milieu (Novick & Geisinger 2008). At the beginning of 

the infection when only a few cells are at the colonization site, auto inducing peptides have not 

accumulated enough, the Agr system is not active therefore Agr-negatively regulated genes are 

fully expressed (Novick & Geisinger 2008). RNAIII is Agr’s cytoplasmic complex effector molecule 

that can modulate directly the expression of individual genes or other regulators granting the most 

pleiotropic combinations of gene expression.  

RNAIII encodes the delta haemolysin and also is one of the regulatory small RNAs (sRNA). 

Bioinformatic analyses have shown about 240 different sRNAs in the genome sequence of strain 

N315 (Felden et al. 2011); with the sRNA profile being probably a strain-specific trait and currently 

underscoring the lack of understanding of sRNA dependent regulation.  RNAIII as a central effector 

sRNA affects the expression of many genes involved in processes such as attachment, 

pathogenicity, biofilm formation and dispersal, amino acid metabolism etc. Figure 1-7 shows RNAIII 

as a 514 nucleotide RNA molecule with a complex secondary structure with 14 loops and two 

helices in its structure as independent domains. Individual RNAIII domains control a range of target 

genes by different mechanisms, but RNAIII’s direct regulation of target genes is always repressive. 

For instance, hairpins H13, H14 and H7 are known to function together as antisense on target 

mRNAs to repress the translation initiation of early expressed virulence factors such as coagulase, 

protein A, Rot. The indirect induction effect of RNAIII is by means of repression of Rot (toxins 

repressor) (Felden et al. 2011).  

Overall, RNAIII directly down regulates the expression of surface proteins genes like spa (Protein A), 

cna (Collagen binding), fnbA (Fibronectin binding A) and fnbB (Fibronectin binding B), and up-

regulates at a post-exponential growth phase, the expression of exotoxins like all the haemolysins 

(α, β, δ and γ), sspA (V8 protease), aur (Metalloprotease), sspB  (Cysteine protease), scp 
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(Staphopain protease II), geh ( Glycerol ester hydrolase), lip (Lipase), plc (PI-phospholipase C), nuc 

(Nuclease), hal (Hyaluronic acid lyase) (Novick & Geisinger 2008; Periasamy et al. 2012).  Evidence 

of this regulation – RNAIII dependent early exponential derepression – has been shown in S. aureus 

strain 8325-4 surface proteins FnBPA/FnBPB which adhere to important host proteins fibrinectin 

(extracellular matrix glycoprotein) and elastin (connective tissue protein) (Saravia-Otten et al. 

1997). ClfA and ClfB surface proteins binding to cytokeratin 10 (cytoskeleton of epithelial tissue) 

and fibrinogen (plasma factor) have also been shown to be negatively regulated by Agr in Newman 

strain, this is especially relevant in colonization of plasma covered intravascular catheters (Wolz et 

al. 1996). Overall, some MSCRAMMs are up regulated at low density (likely at the beginning of the 

infection) through Agr system, therefore the crucial first attachment step to a broad range of 

tissues sites would seem conveniently sorted.  On the other hand, other adhesins like the collagen 

binding surface protein Cna have been reported not to be regulated by Agr but by SarA regulator in 

studies addressed in strain UAMS-1, responding to other environmental cue (Gillaspy et al. 1997; 

Blevins et al. 1999). 

 

Figure 1-7. RNAIII secondary structure based on chemical and enzymatic probes data and computer modelling. Reproduced from 
Felden et al., 2011. 

In the Agr QS system, AgrA is activated by AgrC which senses the auto inducing peptides in the 

extracellular milieu (Figure 1-5). AgrA binds to promoter P3 (RNAIII) but also binds to promoter P2 

(agrBDCA operon), forming a possible feedback loop allowing this two component system to quickly 

respond to cell density. However, recently it has been shown that AgrA can directly regulate other 
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target genes.  By single independent mutations of agr and RNAIII, it was shown in S. aureus MW2 

(MRSA-CA isolate) that carbohydrate (hexose transport, gluconate utilization) and amino acid 

(arginine biosynthesis, histidine degradation) metabolic pathways were down regulated by AgrA. 

More importantly, psmα and psmβ (Phenol soluble modulins involved in biofilm structuring) are up 

regulated specifically by AgrA in a RNAIII-independent way (Queck et al. 2008). 

PSM-mec is the most recently identified PSM which is the first virulence factor associated with the 

staphylococcal cassette chromosome mec (SCC-mec) present in MRSA isolates. PSM-mec was 

shown to be present in SCC-mec types II, III, VIII of HA-MRSA (hospital acquired MRSA), but not in 

SCC-mec type IV of CA-MRSA (USA300 clonal lineage). When PSM-mec was firstly assessed in its 

role in biofilm, it was reported that Δpsm-mec mutants were slightly impaired in biofilm formation 

in some clinical isolates and others were not affected by it, therefore PSM-mec had little activity as 

detachment/structuring agent (Queck et al. 2009). However, studies addressing the high virulence 

of CA-MRSA strains, inserted foreign pms-mec into USA300 and MW2 (and Newman as a MSSA) and 

showed that psm-mec mRNA decreased the amount of AgrA in the cell by binding to agrA mRNA 

inhibiting its translation (Kaito et al. 2011, 2013). These findings are a possible explanation of how 

HA-MRSA is less virulent than CA-MRSA USA300, ultimately because isolates carrying psm-mec 

inhibit AgrA decreasing PSM-α which is a key virulence factor (Kaito et al. 2013; Li et al. 2009). This 

discovery has consequences in biofilm formation, because AgrA regulates PSMα and PSMβ which 

are known to be biofilm structuring agents. Thus, theoretically HA-MRSA strains should have 

enhanced biofilm forming capacity. Attempts to correlate the capacities of MRSA strains to form 

biofilm have been done, however the media used for biofilm formation assessments is known to be 

important and potentially misleading (Ray et al. 2009). By using glucose supplementation 

(artificially repressing Agr) in a microtitre plate based assay whereas OD> 0.2 is considered positive 

for biofilm formation, the percentages of biofilm formers were similar between MRSA and MSSA; 

however by using just BHI media, it appeared that 82% of MRSA isolates were biofilm formers 

compared to 33% of MSSA (Fitzpatrick et al. 2006). 

There are a number of other surface proteins which their indirect Agr QS-dependence status hasn’t 

been studied.  Furthermore, as stated before, other regulators exert complex but coordinated 

regulation among each other with overlapping activities on target genes as well. Audretsh and 

colleagues built a simple node–node interaction network of Agr QS in S. aureus that includes 

interactions as activation or inhibition with other genes and other key regulators as well.  Network 

nodes were validated by microarray data (Audretsch et al. 2013). Figure 1-8 shows some of 
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interactive network of Agr QS and how intricate its effects can be, and again all this based on rich 

laboratory media TSB and it does not take into account the degree of effect on gene expression.  In 

addition, iron depletion in the body is powerful signal for S. aureus, and studies addressing gene 

expression in low-iron conditions have opened a new window of uncharacterised and unexplored 

networking between regulators already though as elucidated or with Fur involved as a key regulator 

with underestimated relevance in the infection.  

It is suggested that as long as the Agr QS system is repressed, the cells will have a propensity to 

attach surfaces and form biofilms because detachment factors are produced at low or negligible 

levels (Boles & Horswill 2008). Supporting evidence is that agr mutations in strains RN6390, UAMS-

1, SA113 and SH1000 enhance biofilm formation with different intensities (Vuong et al. 2000; 

Beenken et al. 2003; Boles & Horswill 2008). Studies aimed to identify genes involved in biofilm 

formation, detected by transposon mutagenesis in SH1000, that many biofilm defective phenotypes 

(30-70% of biofilm reduction compared to WT) were associated with overexpression of different 

proteases. This screening was performed by microtitre plate assay in TSB media supplemented with 

glucose. The role of nucleases was not conclusive because none of the biofilm defective phenotypes 

had mutations in the nuclease gene (nuc) and a mutation in the regulator of nucleases rsbU (Sigma 

B) also regulates some proteases. Genes responsible for release of eDNA showed to be important in 

the biofilm formation: some mutants (fmtA, graS, imp) increased and others (atlA) decreased 

overall autolysis but both opposing mechanisms leading to the same biofilm defective phenotype, 

suggesting timed autolysis is essential. Thus, timed control of autolysis seemed to be critical in the 

biofilm formation (Boles et al. 2010). PIA degrading enzymes have not been described in any of the 

sequenced strains of S. aureus, so it is unknown how PIA predominantly dependent biofilm formers 

might disassemble their matrix and detach. The biofilm formed by other strains, e.g. Newman, are 

insensitive to agr mutations when tested in TSB media supplemented with glucose, however, when 

assessed in iron restricted media (RPMI) an agr deletion decreased biofilm formation to the same 

degree as sae mutation (10% of WT biofilm levels) and less than a sarA mutation (50% of biofilm 

reduction) (Beenken 2003, Jonhson 2008). 
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Figure 1-8. Node-Node interaction network of Agr system. Arrows represent activation and blunt end lines represent inhibition. 
Colours of the boxes represent an overall phenotypic response; red = biofilm inhibiting; yellow = biofilm promoting; red and green = 
important for invasion of new tissue and production of toxins; blue = lysines; purple = multi-drug resistance efflux pumps. 
Reproduced with permission from Audretsch et al., 2013. http://dx.doi.org/10.1039/c3mb70117d  
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1.4.3 Environmental stimuli affecting biofilm 
Environmental conditions contributing to biofilm disassembly are very similar to the biofilm 

inducing ones, but in opposite concentrations. Supplementation of a fully nutritive medium with 

0.2% of glucose or other similar sugar, represses RNAIII through a decreased pH level. Despite of 

the detailed mechanism being unknown, low pH level (~5.5) by itself is not able to inactivate RNAIII, 

and glucose effect on RNAIII is not achieved at a higher pH (~6.5) (Regassa et al. 1992). Glucose 

depletion can disperse a S. aureus formed biofilm and again the detachment occurs through an Agr- 

RNAIII dependent mechanism (Boles & Horswill 2011). 

It has been reported that iron restriction enhances biofilm formation through Fur- independent and 

dependent regulation pathways in Newman but also enhances biofilm formation in five clinical 

isolates from hospitals of England (Johnson et al. 2005). Nevertheless, the detailed regulation 

network of how low iron conditions induce biofilm formation has only been revealed in just one 

strain, Newman (see section 1.5). On the other hand, it has been reported for other pathogens, 

such as E. coli UPEC, that iron provision disperses formed aggregates (biofilm-like) probably in the 

opposite way as iron depletion might induce the biofilm, and supported by new adaptive gene 

expression to the conditions (Rowe et al. 2010). 

All these findings highlight the fact that each strain has a set combination and predominance of 

biofilm formation mechanisms (PIA, protein or eDNA based), each mechanism is determined by 

different but overlapping global regulators (Agr, SarA, Sae, Fur) and also each regulator is able to 

differentially respond under diverse stimuli (cell density, glucose, iron, pH, etc.).  
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Table 1-2. Biofilm development stages, relevant components associated with the processes and 
their main regulators. 

Biofilm Process Component  Regulation  

Attachment MSCRAMMS Agr-RNAIII 

 Cna, FnbA Agr-RNAIII, SarA 

 IsdA Fur 

Aggregation  PIA SarA, LuxS 

 eDNA (autolysis) SigB 

 Eap, Emp  Sae, Fur 

Structuring PSM AgrA  

Detachment PSM AgrA 

 Proteases, nucleases Agr-RNAIII, SarA, Sae 
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Table 1-3. Summary of strains normally used in biofilm studies and relevant features. 

 Newman SH1000 RN6390 UAMS-1 USA300 8325-4 SA113 MW2 N315 

Origin  MSSA, 

osteomyelitis 

8325-4 8325-4 MSSA, 

osteomyelitis 

CA-

MRSA 

8325 8325 CA-

MRSA 

 

Agr type I I I III IV I dysfunctional  dysfunctional 

Relevant 

Genotypes 

↑ Sae 

mutation  

rsbU (+) rsbU (-) 

(σB-) 

 Scc-mec 

IV 

rsbU (-) 

(σB-); 

φ11,12,13 

cured 

   

PIA/biofilm PIA-dep PIA-

indep 

 PIA-indep PIA-

indep 

 PIA-dep   

ΔsarA          

Δsae          

Δagr          

Δfur          

Biofilm          
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1.5 Iron and biofilms 
 

First insights about the effect of iron source on S. aureus overall cytoplasmic cellular protein 

responses were given by multivariable difference gel electrophoresis and mass spectrometry 

analyses (Friedman et al. 2006). This study screened total protein changes in Newman planktonic 

growth in TSB broth as an iron replete condition, TSB supplemented with 1 mM of 2,2’ Dipyridyl as 

an iron starved condition and TSB supplemented with 10 µM of haemin as an in vivo relevant iron 

source. Protein changes were categorised according to the stimulus they responded to and global 

patterns were grouped by Principle Component Analysis (PCA). Twenty one proteins responded 

solely to haemin, with no clear pattern or a linking pathway between them.  Twenty proteins were 

repressed by Fur in the presence of iron, with general up regulation of glycolytic pathways. 

Surprisingly, no proteins of the cytoplasmic fraction of the isd locus (isdG and isdI, haem 

monoxygenases) were included in this category, known to be repressed by iron in a Fur-dependent 

way. Twenty five proteins were up regulated by Fur in the presence of iron. These proteins included 

RsbU (sigma B), regulator that controls many cellular responses, one of which is acetate pathway or 

fermentative metabolism, with corresponding enzymes that were up regulated in this category as 

well. In general terms, it seems that iron starved cells produce lactate as a major carbohydrate 

metabolic end product which also acidifies local environment. It is not unexpected the authors 

conclude that the overall protein response to iron status is different and more severe than the 

haemin one; however they were not comparable at all. The condition of haemin exposure was 

additive to rich media versus the iron deplete condition which was obtained by eliminating all iron 

from the rich media (Friedman et al. 2006). 

Microarray analysis performed by Johnson and colleagues in SH1000 planktonic growth in Defined 

Medium or supplemented with high 100 µM FeCl3 showed iron-responsive Fur dependent 

transcriptional changes. Genes repressed by Fur with high iron conditions were htsC, htsB (haem 

transport system), sbn (siderophore synthesis), cap (capsule synthesis), isdI, isdA (haemoglobin 

uptake system), among others. Again, isdB (main haemoglobin receptor) was not repressed by Fur 

in the presence of iron in SH1000.  Genes up regulated by Fur in low iron conditions were saeRS 

(Sae regulator), eap (extracellular adherence protein), nuc (nuclease), hla, hlb, hlgC (haemolysins α, 

β and γ), agrA (QS Agr), rot (repressor of toxins) among others (Johnson et al. 2011).  

The last two articles referenced above, get to different conclusions by approaching the effect of 

iron in gene expression in different experimental ways. We can gain a significant outcome from 
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these studies though, strains might present differences in gene expression in genes thought not 

having variation, such as Fur regulated locus isd. An important step towards fully understanding 

gene expression in low-iron and poor nutrient conditions closer to physiological ones would be 

transcriptional profiling in cells grown in iron restricted RPMI media.  

Only during the last decade iron started being investigated in biofilm scenario. Firstly, it was 

reported different types of behaviour in biofilm formation of S. aureus orthopaedic-associated 

infections isolates to iron depleted rich media (Baldassarri et al. 2001). Johnson and colleagues 

investigated the mechanism of the biofilm response to an iron stimulus further and showed that 

the iron restricted media induced biofilm formation compared to presence of inorganic iron in 

Newman, 8325-4 and clinical isolates, and that this induction was independent of, but to similar 

degree to, SigmaB (σB)-NaCl induced biofilm formation (Johnson et al. 2005). Newman has been 

reported to be a PIA-dependent biofilm former; however there was no significant increase in PIA 

linked to the iron restricted induced biofilm. Moreover, by deleting the iron regulator Fur in 

Newman, they saw that Fur had two opposite roles in the iron restricted-induced biofilm: a 

negative role in early stages and a positive role in later stages (Johnson et al. 2005).  Studies 

performed with Newman showed that ica (encoding PIA) deletion impaired more than 90% of the 

iron restricted biofilm and also abolished surface proteins Eap and Emp expression in planktonic 

growth, with ica complementation restoring biofilm and Eap and Emp levels. Deletion of emp 

decreased biofilm levels similar to ica mutants (Johnson et al. 2008). On the other hand, other 

studies have shown that iron addition to iron restricted media increases biofilm formation in a PIA-

dependent way in S. aureus SA113 (Lin et al. 2012). 

To determine the role of global regulators in biofilm formation, defective mutants of Fur, Agr and 

Sae have been screened in their biofilm capacity in MTP assay with low-iron conditions (RPMI 

media) in Newman. Fur was shown to have a positive role in Emp expression regulating at 

transcriptional level. Global regulators Sae and Agr, and to a lesser extent SarA, were shown to have 

an important and positive role in low iron-induced biofilm formation (Johnson et al. 2008). Thus, in 

vivo relevant low-iron research has revealed a new and different regulation network in S. aureus. 

Fur has been reported to be essential for low iron Sae activation which is known to induce emp 

(Harraghy et al. 2005); however sae is still repressed by inorganic iron in planktonic growth 

suggesting other iron regulator as well (Johnson et al. 2011). Briefly and simplistically, it appears 

that in low iron conditions Fur induces Sae, Sae induces Emp which is necessary for biofilm 

development as aggregation molecule in Newman.  
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Furthermore, Agr is also essential for Sae transcription, plus Agr and Sae repress Fur in planktonic 

growth in low iron conditions (Johnson et al. 2011). It’s still not clear the link between PIA and Emp 

in Newman, because PIA has not been shown to be regulated by either Fur, Sae or Agr. SarA and to 

a lesser extent σB have been shown to induce ica in a clinical isolate but in fully rich media (Valle et 

al. 2003) and σB does not seem to have a role in Newman biofilm formation in low iron conditions 

(Johnson et al. 2005).  This intricate overlapping regulation network could be even more complex 

because some of these regulators respond differently in the biofilm compared to planktonic growth 

and exposure to an in vivo relevant iron source it was shown to be sensed as a different stimulus 

itself. 

Up to date an online search for articles/keywords throws no low-iron planktonic or biofilm 

microarray studies that would reveal if in vivo relevant iron conditions (e.g. RPMI based) can 

redirect some central metabolic routes (carbohydrates or amino acid utilization, aerobic/anaerobic 

predominance, stress responses) or trigger changes in global central regulators known to respond 

in a certain pattern in common TSB media.  

 

1.6 Biofilms as problems in medicine 
 

S. aureus is one of the most frequent causative agents of biofilm associated infections. Biofilm 

infections  include pneumonia, endocarditis, osteomyelitis, catheter related infections, orthopaedic 

prosthesis, musculoskeletal infections, etc. (Fux, Costerton, Stewart, & Stoodley, 2005). Three main 

reasons may be cited as important players in a biofilm infection by S. aureus and its nastiness: 

frequency of infection, resistance to antibiotics and immune system evasion. 

1.6.1 Frequency of infection 
S. aureus lives as commensal inhabitant, not causing infection, in skin and mucous membranes of 

about 20-30% of the human population, its preferred colonization site being the nasal vestibule 

(Freeman-Cook & Freeman-Cook 2006). Because of this “normal” presence in the human body for 

some people, prostheses and any indwelling medical devices designed to help patients in other 

pathologies, may be infected by S. aureus strains, with the source of infection being the patient’s 

own or medical practitioner’s micro flora.  Host matrix proteins coat devices shortly after insertion, 

thus, bacterial colonization through surface recognition molecules, like MSCRAMMs or secreted 

determinants is promoted, developing a fully grown biofilm on these devices or in natural body 
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surfaces in a short time (Otto 2008).  The most common cause of catheter failure is biofilm 

formation. One prevention approach has been catheter coating with different potential 

antimicrobial substances, inhibiting bacterial adhesion to the surface. The treating compound must 

balance biocompatibility, long term efficacy, and broad-spectrum antimicrobial activity without 

inducing resistance (Dwyer 2008).  Center for Diseases Control and Prevention recommends, as 

prevention of intravascular catheter-related infections, the use of chlorhexidine/silver sulfadiazine 

or minocycline/ rifampin impregnated catheters in patients depending on the number of days 

expected the catheter to remain in place. This combination of antibiotic/antiseptic has shown to 

reduce catheter colonization and is widely accepted as cost effective (Dellinger et al. 2011). 

Nonetheless, no coat has entirely succeeded, and the whole prevention strategy needs an urgent 

multidisciplinary approach. 

1.6.2 Resistance to antibiotics 
Biofilms are intrinsically less susceptible to antibiotics than their planktonic counterparts, but 

whether enhanced expression of resistance genes is actually present in biofilm cells is not proved 

(Speziale et al. 2008). Biofilm surfaces are often rugged and uneven, comprising large multicellular 

towers and cells with heterogeneous physiological states, possibly as a result of a coordinate 

behaviour or adjusting to the immediate surrounding or microniches (Nadell et al. 2009).  Some of 

the cells are in a slow-growing or low metabolic state, which is a survival strategy in terms of 

antimicrobial resistance, as most antimicrobial agents target either metabolic pathways or 

metabolically active cells, e.g. aminoglycosides blocking transcription by binding ribosomes, beta-

lactams blocking cell division by binding cell wall proteins, or quinolones blocking DNA replication 

by binding to DNA gyrase (Costerton, Stewart, & Greenberg, 1999; Nguyen et al., 2011). Recently, 

some authors stated that starvation is the only condition responsible of antibiotic tolerance 

exhibited by biofilms, and argued that the Stringent Response (SR), a bacterial regulatory response 

to nutrient limitation, would be a good therapeutic target to sensitize biofilms to antibiotics. 

Studies addressed in P. aeruginosa showed that regardless of the antibiotics primary target, 

antibiotics induce intracellular hydroxyl radical (OH·) production, therefore cells die due to 

oxidative damage. The SR is responsible for repression of prooxidants production and inducing 

antioxidant defences, suggesting a universal mechanism for Gram negative and Gram positive 

bacteria (Nguyen et al. 2011).  

Other antimicrobial resistance mechanism is the biofilm itself, a high cell density area with a robust 

polymeric matrix slowing solute diffusion rate in general, so antibiotics do not reach to the deepest 
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layers of cells of the biofilm, or they reach in lower concentrations. Inactivating products secreted 

by the cells reach the highest concentrations within the interior of the biofilm, therefore achieving 

antibiotics concentrations in the infection site that would be effective in plasma fail to clear the 

biofilm (Costerton et al., 1999; Nadell et al., 2009). This diffusion dynamic can be altered by the 

main composition of the biofilm’s EPS or the antibiotic’s molecular structure and affinity as well. By 

a modified disk diffusion assay with a S. aureus ATCC 29213 biofilm impregnated membrane as a 

barrier between the antibiotic disk and the lawn agar plate, it was demonstrated that the 

penetration of oxacillin, cefotaxime (betalactams) and vancomycin (glycopeptide) was significantly 

reduced through S. aureus biofilms whereas amikacin (aminoglycoside) and ciprofloxacin 

(fluoroquinolone) was unaffected (Singh et al. 2010). It is debatable whether only the cells 

embedded in the biofilm are more resistant to antimicrobial agents or if it is a circumstantial 

resistance supplied from many conditions, but in an in vivo context what matters is the biofilm’s 

overall resistance level given that this is the structure that must be eradicated to have a successful 

therapy. 

1.6.3 Immune system evasion 
Immune system response to S. aureus biofilms hasn’t been investigated as much as to other 

pathogen biofilms.  Despite the fact that cells embedded in a matrix would suggest a physical 

obstacle for the defending cells, in vitro studies showed that differences on extracellular polymeric 

substrate (EPS) in statically or dynamic grown biofilms of S. aureus – strain Seattle 1945- correlate 

to the leukocytes capacity to penetrate the biofilm, being the latter biofilm accessible to penetrate 

(Leid et al. 2002). Other studies have shown that peripheral blood polymorphonuclear neutrophils 

(PMN) are attracted to biofilms, move around the biofilm, and actively phagocytise cells leading to 

small areas of depletion of the biofilm around the PMNs. Moreover, young 2 days old Seattle 1945 

biofilms grown in Difco Micro Inoculum Broth were more sensitive to PMNs attack than old 15 days 

old biofilms, granting some attributions again to biofilm mechanical stability given that was the only 

known changeable feature in the biofilm through time (Günther et al. 2009). In vivo studies in a 

mouse model of catheter infection showed that S. aureus strain USA300 LAC biofilm persists 

(detection of viable cells) up to 14 days post infection compared to the same subcutaneously 

injected inoculum. Surprisingly, primary macrophages were incapable of phagocytising biofilm 

associated cells, although they did internalize disrupted biofilms, highlighting the physical barrier in 

biofilms. Moreover, there was an increased macrophages infiltration to the catheter-biofilm 

infection site when compared to an abscess infection site, and  the typical inflammatory dynamic 

with production of TNF-α, IL-1β, CXCL2, or CCL2 was attenuated in surrounding tissues of a catheter 
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biofilm (Thurlow et al. 2011). On the other hand, TLRs which are innate immune cells receptors that 

recognise bacterial motifs are known to be crucial against planktonic bacterial cells, e.g. 

bloodstream infections (Takeuchi et al. 2000). However, it was demonstrated in K.O mice that TLR-2 

and TLR-9 were irrelevant in the response against S. aureus biofilm infection (Thurlow et al. 2011). 

In addition, reactive nitrogen intermediates produced by macrophages as a bactericidal mechanism 

were reduced in a biofilm infection model compared to abscess model, supporting the hypothesis 

that biofilms specifically reprogram macrophages response (Thurlow et al. 2011). Thus, it is a well-

supported fact that a biofilm infection can alter the innate immune response to infection to favour 

the biofilm persistence and so the chronic disease.  

To examine the response of adaptive immunity to biofilms, in vitro grown biofilms with sera from 

rabbits infected as a model of tibial osteomyelitis with the same S. aureus MRSA-osteomyelitis were 

analysed by western blotting. It was shown that biofilms exposed mostly distinct immunogens 

compared to the planktonic model. Moreover, 11 out of 24 identified biofilm immunogens were 

strictly cytoplasmic, suggesting that bacterial lysis is relevant in adaptive immune response to 

biofilm (Brady et al. 2006). The prominent immunogens were lipase, autolysin, lipoprotein and 

superoxide dismutase, however no adhesins or other known cell wall proteins were identified as 

immunogens possibly because the nutritive medium used to grow biofilms did not fully induce their 

expression (Brady et al. 2006). On the other hand, in a murine model of chronic implant infection 

with same S. aureus MRSA-osteomyelitis referenced before, a significant CD4+ T cell population 

increase was elicited, along with an augmented activation (CD44+) of these cells. No significant 

detection of CD8+ was noticed (Prabhakara et al. 2011). Furthermore, antibody subisotypes were 

differentially induced against a known biofilm up regulated lipoprotein, showing at day 7 post-

infection a higher level of IgG2b (a Th1-dependent subisotype recognizing microbial 

polysaccharides) and at day 28 an increase of IgG1 (Th2- dependent subisotype recognizes 

microbial surface proteins). This pattern timing in antibodies response was confirmed with strain 

UAMS-, and clearly shows that the early Th1 host response is not effective to eliminate the biofilm 

at the beginning of the infection, and when the Th2 response is triggered is probably too late 

because the biofilm is already formed and mature   (Prabhakara et al. 2011).  Also, by cytokines 

production, it was possible to distinguish that a Th17 response was robust through the whole post-

infection period of time, a known extracellular bacteria clearing response. Collectively all 

experimental data support the hypothesis that the adaptive immune system is led to an ineffective 

response when faced to a biofilm infection, leaving as only viable option the infected implant 

removal in the case of medical device. 
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S. aureus biofilm-associated infections are amongst the most difficult to treat and the paradigm of 

their persistence is not completely understood. The main issue implied in this persistence is the 

endless reservoir allowing S. aureus to disseminate to other infection sites in the human body. It’s 

well known that S. aureus is one the most virulent species coordinating in almost perfect timing 

through the infectious process, and adding the biofilm forming capacity, the problem gets bigger 

and worrisome.  

Biofilm associated infections represent a huge burden to the health system, so the conditions 

promoting biofilm formation or biofilm essential pathways are much needed research areas.  As 

stated earlier, only recently some studies have addressed the effect of iron in the ; despite the 

knowledge of iron restriction in the body is a strong signal to S. aureus virulence. 

 

1.7 In vivo iron acquisition by Staphylococcus aureus 
 

Iron is a very versatile element required for several cellular processes in humans who display a 

complex iron homeostasis. Iron in man is incorporated only from the diet in two ways: haem iron 

and non-haem iron. Non-haem iron, as ferric iron (Fe3+), is absorbed by the enterocytes in the small 

intestine through specific iron transporters. Haem iron (derived from meat) is absorbed as intact 

haem molecule by mucosal receptor-mediated process in the mucosal cells; therefore both iron 

sources form the cytosolic iron pool. In a finely regulated process part of this pool is stored bound 

to ferritin in these cells, and  the other part is exported across the basolateral membrane of the 

enterocytes and loaded to circulating transferrin (Andrews, 2008).  

Due to the high reactivity of iron (Fenton chemistry and generation of hydroxyl radicals), a tight 

regulation of available free iron exist in humans to avoid its toxicity, thus, most of the iron is bound 

to proteins. This strategy also provides a natural defense to invading pathogens, which is even 

amplified in the infection. During the infection, proinflammatory cytokines induce hepcidin 

synthesis in liver, which induces degradation of ferroportin, an exporter of Fe2+ in enterocytes, 

reducing extracellular iron. Proinflammatory cytokines cause macrophages to down regulate the 

transferrin receptor to reduce intracellular iron. Innate immune cells also induce local production of 

lactoferrin and hepcidin. The overall relevant role of iron for pathogen infections is depicted by a 

higher risk of infection in individuals with iron overload (Cassat & Skaar, 2013). 
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Pathogenic bacteria must overcome multiple barriers in the host to achieve growth and succeed in 

infection, whereas not only carbon and energy are essential for bacterial metabolism but iron is 

crucial as well. Free ferric iron can be found at concentrations as low as 10-3 to 10-12 µM in the host, 

which is far under optimum for bacteria i.e. 0.1-10 µM (Andrews, Robinson, & Rodriguez-Quinones, 

2003; Mazmanian et al., 2003; Muryoi et al., 2008). In a battle of co-evolution, some pathogens 

have adapted their uptake systems to capture different or the most available iron source in the 

human host. 

The overall iron distribution in human body can be estimated as 10% in the form of myoglobin in 

muscles, 20% as ferritin and haemosiderin in liver, spleen, bone marrow and muscle, and 0.8% as 

transferrin in extracellular fluids  and  plasma (Crichton 2001). Most of iron, approximately 70%, is 

associated with haemoglobin.  

1.7.1 Siderophores 
S. aureus has successfully adapted to acquire more than one source of iron, whereas the relevance 

of each mechanism might be easily exchangeable according to environmental conditions. 

Siderophores are a universal way of scavenging free extracellular iron common in plants, fungi and 

most bacteria  (Beasley & Heinrichs 2010). Siderophores are secreted small molecules with high 

affinity for iron. Staphyloferrin A is a siderophore common to many staphylococci including S. 

aureus, its biosynthesis pathway is encoded by sfaABC loci which expression responds to iron 

restricted conditions (Meiwes et al. 1990). Staphyloferrin B is also present in many species of 

staphylococci as shown by ion paired HPLC (Haag et al. 1994) and belongs to the Nonribosomal 

peptide synthetase independent pathway. Staphylobactin was thought as another siderophore 

identified only in S. aureus but present in many strains assessed by bioinformatics with a 

biosynthesis pathway linked to sbnABCDEFGHI loci and regulated by iron (Dale, Doherty-Kirby, et al. 

2004). However, further bioinformatics analysis allowed determining that sbnABCDEFGHI loci was 

very similar to Staphyloferrin B from a plant pathogen (Beasley & Heinrichs 2010). Siderophores 

importers are essential to recover scavenged iron and this is an active process requiring energy; 

SirABC is an ABC-type transporter with no ATP binding protein but has been reported to import 

Staphylobactin (Staphyloferrin B) in Newman and RN6390 strains (Dale, Sebulsky, et al. 2004). 

HtsABC was described as another haem-iron ABC transporter consisting of two very similar 

permeases, HtsC and HtsB with homology to haem ABC-transporters in Yersinia enterolitica and 

HtsA which is a periplasmic binding protein. HtsABC was found to be involved in haem acquisition 

by mutation experiments in htsB or htsC, and observing the change of preference from 
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haemoglobin to ferritin iron (Skaar, Humayun, et al. 2004; Beasley & Heinrichs 2010). Nonetheless, 

HtsABC has been recently better characterized as ABC-transporter of the siderophore 

Staphyloferrin A, so with either of the two substrates this transporter does not own ATPase domain 

and therefore would require Fhuc  (Beasley & Heinrichs 2010). FhuC is a protein able to hydrolyze 

ATP, and has been shown by mutation and complementation experiments the role in HtsABC 

functioning (Speziali et al. 2006).  

 

1.7.2 Haemoglobin uptake 
Most of iron is associated with haemoglobin as reduced form (Fe2+, ferrous ion state) in the middle 

of four pyrrolic rings with lateral substituents forming protoporphirin IX or haem. One haem 

molecule binds to the proximal residue of histidine of globin protein, as in the case of human 

haemoglobin is composed of four subunits (Crichton 2001; Genco & Dixon 2001). In mammals, 

highly efficient mechanisms prevent soluble haemoglobin toxicity, so low amounts appear in serum 

and most haemoglobin is contained within erythrocytes which circulate free through blood stream 

functioning as oxygen and CO2 transport between tissues (Crichton 2001).   

A clear preference for host haemoglobin has been shown in S. aureus strain Newman which 

incorporates more iron from haem compared to transferrin when both are isotopically labeled and 

equivalently available. Haem was strongly incorporated during mid-log phase and the main fate was 

cell membrane, when  assessed in different compartments of cell (Skaar, Humayun, et al. 2004). 

The S. aureus system for acquisition and transfer of haem into bacterial cytoplasm has been 

elucidated, and includes nine proteins encoded by the isd locus (Iron-regulated Surface 

Determinant) (Mazmanian et al. 2003). Figure 1-9 shows the system divided into receptor proteins 

associated with cell wall (IsdB, IsdA, IsdH and IsdC), membrane proteins for transport (IsdD, IsdE, 

IsdF) and cytoplasm proteins for releasing iron (IsdG and IsdI)(Torres et al. 2006). 

IsdB has a LPXTG motif characteristic of cell wall anchored proteins catalyzed by sortase A (srtA).  

The connection is made by covalent bonds between the C-terminal region of IsdB and murein 

peptide bond. Furthermore, IsdB is exposed to the surface with a unique N-terminal domain on the 

isd locus and is the only one that binds to haemoglobin in a dose-dependent and satiable manner 

(Mazmanian et al. 2003; Torres et al. 2006). Isogenic Newman ∆isdB mutations are impaired in 

growth when exposed briefly to haemoglobin as unique source of iron, thought to reflect the most 

relevant role in haemoglobin uptake (Torres et al. 2006). However subsequent studies in other 
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research groups have debated the importance of IsdB, showing that even a triple mutant isdABH 

grows no differently to WT Newman when haemoglobin is the only iron source, implying the 

presence of other haem acquisition mechanisms (Hurd et al. 2012).  

IsdA is also a protein anchored to the cell wall (via LPXTG motif) and exposed to the bacterial 

surface. IsdA binding to haemin (Fe3+, ferric ion of haem) has been demonstrated for Newman 

extracted proteins transferred to polyvinylidene difluoride membranes, incubated with haemin and 

chemiluminiscent stained.  As the rest of the isd locus, IsdA does not bind to haemoglobin with 

characteristics of enzyme-substrate reaction though (Mazmanian et al. 2003; Tiedemann et al. 

2008). Therefore IsdA is postulated to be responsible for removing the haem group of haemoglobin 

in this site of the pathway, although this has not yet been proven at molecular level (Reniere et al. 

2007). IsdA, an adhesin or bacterial surface molecule, has been shown to possess several additional 

functions in the pathogenesis of S. aureus.  By MIC (Minimal Inhibitory Concentration) assays and 

MATH test (Microbial adhesion to hydrocarbons) in Newman such  it was shown that IsdA 

decreases cell surface hydrophobicity promoting bacterial resistance to hydrophobic and 

bactericidal fatty acids naturally present in the human skin (Clarke et al. 2007). IsdA also binds to 

fibrinogen and fibronectin promoting adhesion and spreading through the tissues (Clarke & Foster 

2006) and binds to proteins loricrin and involucrin from squamous epithelial cells during 

colonization of the nares (Clarke et al. 2009).  

IsdH (or HarA), although not encoded within the isd locus, has an 85% protein similarity to IsdB and 

can bind haptoglobin-haemoglobin complex and both haemoproteins independently,  as addressed 

by ELISA plate assays performed using S. aureus 8325-4 (Dryla et al. 2003). isdH mutations only 

slightly reduce in media containing haemoglobin as the sole source of iron, confirming that its main 

physiological relevance might be the haptoglobin interaction (Torres et al. 2006). Like other surface 

proteins IsdH has other roles in pathogenesis; inhibition of neutrophil killing  by IsdH indicated in 

blood survival assays in isdH defective S. aureus 8325-4 and recombinant Lactococcus lactis 

expressing IsdH (Visai et al. 2009).  

IsdC is a protein with a NPQTN  motif to be anchored to cell wall by sortase B (srtB) without 

exposure to the bacterial surface and carries a haem binding domain as well (Mazmanian et al. 

2003). All Isd proteins thus far, bind to haem through a NEAT (near iron transport) domain that 

consists of approximately 120 residues that form a hydrophobic pocket. A coordinated  complex is 

formed between a conserved tyrosine residue and haemin ferric iron, but also other contacts can 

occur depending on the protein analyzed:  a nearby tyrosine residue forming a hydrogen bond with 
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the previous complex, a serine residue forming a hydrogen bond to the propionate molecule of 

protoporphyrin IX, or a tryptophan residue binding to the vinyl group of the porphyrin ring (Grigg et 

al. 2009).  

IsdDEF forms an ABC-transporter type, which contains a substrate binding protein (IsdE), a 

permease (IsdF) and a ATP-binding cassette protein (Davidson et al. 2008). IsdE is a lipoprotein 

anchored to the outer surface of the cytoplasm membrane, which recognizes and binds to one 

molecule at a time, not through a NEAT domain but through a ligand pocket of an α-helix between 

two lobes characteristic of the metal-binding proteins superfamily. Haem or haemin can be kept 

superficially in the pocket through the recognition of methionine and histidine residues (Pluym et 

al. 2007). IsdF is a homodimeric permease associated integrally to the membrane, but lacks ATP 

hydrolase domain, so it is proposed that another ATP hydrolase protein could be in charge of that 

function.  A isdF mutation does not inhibit bacterial growth with haem as the sole source of iron 

(Mazmanian et al. 2003), indicating the existence of other unidentified haem transport systems in S. 

aureus. IsdD functionality is unknown, but sequence analysis suggests it is a membrane lipoprotein, 

supporting it forms the third protein in ABC-transporter, however homologues in other bacteria 

have not been found  (Grigg et al. 2009). 

The flux of haemoglobin uptake is complex, with purified proteins directionality of transport being 

shown in vitro: IsdH can transfer haem to IsdB, IsdE, IsdA and IsdC ; IsdB can transfer haem to IsdH, 

IsdA, IsdC and IsdE; IsdA can only receive haem from IsdB or IsdH and move it only to IsdC (Muryoi 

et al. 2008; Zhu et al. 2008). All possible directions of haem molecule transfer are summarized in 

Figure 1-9. In vivo localization of all proteins within the bacterial wall could alter the preference of 

directions of haem, but the demonstration of co-localized IsdB and IsdA at discrete sites, supports 

the physical interaction for haem transport between them (Pishchany et al. 2009). 

The toxic reactivity of soluble haem also occurs in the bacterial cytoplasm, so once haem is 

internalized it must be modified rapidly by cytoplasm proteins (Reniere et al., 2007). IsdG and IsdI 

are haem monooxygenases of a novel IsdG family, found by sequence analysis with 70% amino acid 

identity between them and sharing several homologous counterparts present in other Gram 

positive genera (Reniere et al., 2010; Skaar, Gaspar, & Schneewind, 2004; Wu et al., 2005). Their 

structures are barrel like homodimer β-chains with a hydrophobic center,  and external 4 α-chain 

for each monomer that form a cavity together with β-chains that constitute two active sites per 

enzyme (Wu et al. 2005).   
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Figure 1-9. Illustration of proteins involved in the uptake and transport of haemoglobin in S. aureus. Arrows suggest the direction of 
the transport of haem.  

 

In this cavity, the conserved histidine residue serves as the haem axial ligand, the asparagine 

residue interacts with the haemin iron ion, stabilizing the intermediate (Wu et al. 2005). Haemin 

iron ion is reduced from Fe3+ to Fe2+, and the protoporphyrin ring is self-hydroxilated. In Newman 

strain, it was shown that these enzymes require the presence of an electron donor or reductase to 

catalyze the oxidative haemin degradation like NADPH-cytochrome P450 reductase or ascorbate 

and also the presence of oxygen, but it is not a non-enzymatic coupled oxidation because it would 

require exogenous hydrogen peroxide. The generated degradation end product was found similar 

to the one from mammalian haem-oxygenases (Skaar, Gaspar, et al. 2004). However, the structures 

of these enzymes are different from typical haem-oxygenases and later studies found by mass 

spectral analysis that the end product of IsdG or IsdI haem catalysis was not biliverdin as expected 

with haem-oxygenases (Reniere et al., 2007). Moreover, IsdG and IsdI haem degradation releases 

free iron and a mixture of two novel types of oxo-bilirubins named staphylobilin (Reniere et al., 

2010). Single knock out of these genes in Newman strain were impaired in growth with haem as 

main iron source and also they were differentially regulated with iron and haem, highlighting their 
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non-redundant functions (Reniere & Skaar, 2008). The complete catalytic mechanism of theses 

enzymes has not been elucidated yet. 

The importance of iron to all living cells cannot be emphasized enough. For the human pathogen S. 

aureus, the overall iron restricted conditions in the body are very powerful signals which are sensed 

by the regulator Fur (ferric uptake repressor) firstly shown in Escherichia coli. In iron replete cells 

Fur binds to Fe2+ and turns itself into a DNA binding transcription repressor (Escolar et al. 1999). 

Fe2+ bound Fur recognizes a consensus Fur Box, nucleotide palindromic sequence composed of two 

9-bp inverted repeats located in the promoter region of the target genes inhibiting their 

transcription.  Many of the genes or operons encoding for iron acquisition systems described above 

are regulated by Fur because Fur boxes have been reported at upstream regions of siderophores 

systems like htsAB, sirABC, sbnABCDEFGHI and haem uptake system isdABCDEFGHI, (Dale, Doherty-

Kirby, et al. 2004; Skaar, Humayun, et al. 2004; Mazmanian et al. 2003; Dryla et al. 2003).  

 

1.8 Blood vs. Staphylococcus aureus 
 

Opportunistic pathogen S. aureus can enter the human circulatory system as planktonic cells or 

detached cells from a biofilm, resulting in a transient bacteraemia. S. aureus is not effectively killed 

by blood when compared to other pathogens where it can grow as it adapted extremely well to all 

the blood homeostasis processes in humans with a large number of surface molecules that interact 

with blood components (Fitzgerald et al. 2006). The frequency of bacteraemic infections has 

increased in recent years, because of the increasing use of interventionary procedures or the 

deployment of catheters, pacemakers and prostheses which are the same predisposing factors for 

biofilm related infections, suggesting an underestimated correlation or unknown interactions with 

blood still to be elucidated. Antibiotic resistance has contributed to the bacteraemic infections 

being recalcitrant to treatment and leading to more serious vascular complications, including sepsis 

and life-threatening endocarditis (EI). S. aureus can interact with two main processes where blood 

homeostasis is maintained in human, the coagulation cascade and platelet aggregation. 

1.8.1 Sepsis 

Sepsis is a deadly systemic immune response of the host to the invading pathogen mainly with 

deregulation of the coagulation process and overwhelming inflammation response (Figure 1-10) 

(Schouten et al. 2008). Under normal conditions blood circulates as inactive and inert constituents, 
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but when tissue disruption occurs, the extrinsic coagulation pathway is started with the expression 

of surface receptor Tissue Factor (TF) in activated sub endothelial cells (after vessel injury). 

Circulating FVII is bound to TF, and activated into FVIIa by several circulating proteases. Zymogens 

of the blood clotting proteins are converted sequentially to enzymes, like TF with FVIIa covert FX 

into prothrombinase (FXa). FXa mediates rapidly cleavage of prothrombin (FII) into thrombin (FIIa), 

and thrombin is responsible for converting soluble glycoprotein fibrinogen (FI) into fibrin (FIa). 

Finally, fibrin molecules are cross linked by a circulating transglutamidase (FXIIIa). Thrombus 

formation can be either fibrin-rich, such as those that form in veins, or platelet-rich, which usually 

occur in the arterial system. As fibrin formation is thrombin-dependent and thrombin generation 

requires membrane surfaces, platelet surface phospholipids might have an essential role in this 

process. It has been shown that small quantities of activated platelets may be sufficient to support 

thrombin generation (Fitzgerald et al. 2006; Furie & Furie 2007).  

 

 
Figure 1-10. Coagulation pathways influenced by pathogen presence in sepsis development. Reproduced with permission from 
Cohen, 2002. 

  

Sepsis is a complex clinical syndrome that results from systemic host response to infection caused 

in part by an exaggerated systemic inflammation that becomes harmful (Schouten et al. 2008). An 

initial inflammation is mainly triggered by recognition by the innate immune system of bacterial 

motifs or pathogen-associated molecular patterns (PAMPs), whereas in Gram-negative bacteria 

lipopolysaccharide (LPS) has a dominant role and in Gram-positive bacteria peptidoglycan and 

lipoteichoic acid have been identified structural components that account for their biological 
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activity (Cohen 2002). Moreover, S. aureus produces potent superantigenic exotoxins, like TSST-1, 

causing massive T-cell activation and release of pro-inflammatory lymphokines as well. Regarding 

host recognition, Toll-like receptors (TLRs) have  a major role with a wide range of ligand specificity 

including bacterial, fungal and yeast proteins, TLR4 is the LPS receptor, TLR2 is responsible for 

recognizing Gram-positive cell-wall structures, TLR5 is the receptor for flagellin and TLR9 recognizes 

CpG elements in bacterial DNA. Nonetheless, other signal molecules that respond to bacteria have 

been identified such as the monocyte receptor CD14, involved in LPS and peptidoglycan 

recognition; Peptidoglycan-recognition proteins (PGRP) and TREM-1 receptor. Following the initial 

host–microbial interaction there is widespread activation of the innate immune response, releasing 

the classic pro-inflammatory cytokines IL-1, IL-6, TNF-a and an array of other cytokines including IL-

12, IL-15 and IL-18, MIF, HMGB1 and other small molecules. These cytokines have effects such as 

activate neutrophils, activate vascular endothelium and up regulate cellular adhesion molecules. On 

the other hand lipid mediators are also released from macrophages, like platelet-activating factor, 

prostaglandins, leukotrienes, thromboxane and tissue factor (TF) (Cohen 2002).  

So in the presence of bacteria, coagulation cascade may be indirectly induced by inflammation. 

During inflammatory conditions, TF is expressed in circulatory system by monocytes and 

macrophages, micro particles carrying TF and negatively charged phospholipids derived from 

platelet or endothelial cells increase up to 800% and endothelial cells release spliced TF upon 

stimulation with proinflammatory cytokines, and extrinsic coagulation pathway can be easily 

triggered. Finally, platelets are involved in sepsis as well, they can be activated by thrombin, and 

once activated they secrete proinflammatory proteins and hence also contribute to inflammation 

(Figure 1-11) (Schouten et al. 2008). Most fatalities in sepsis result when a blood clot lodged in an 

artery causes heart attacks or strokes. Platelets contain more than 1100 proteins inside or on their 

surface, they carry Toll-like receptors (TLRs) that recognize molecular features of microbes and 

once matched they discharge known pro-inflammatory proteins, and neuraminidase-bearing 

pathogens are able to hook on (modify a platelet surface protein) and ride a platelet to a blood 

vessel injury, where they can infiltrate the surrounding tissue (Leslie 2010). 
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Figure 1-11. Host response in sepsis. Modified from Van der Poll 2008. 

 

1.8.2 Platelet aggregation 

S. aureus virulence factors are involved in various host processes, where each interaction ultimately 

may lead to a different pathology. Normally, vessels disruption exposes sub endothelial matrix 

components such as Von Willebrand factor (vWF) and collagen which lead to the adherence of 

circulating platelets by specific surface receptors such as collagen (α2β1 and GPVI), fibrinogen 

(GPIIb/IIIa) and vWF (GPIb/IX/V). Subsequent platelet activation is a multifactorial process and lies 

in intracellular pathways; but once is achieved mediators granules are released (e.g. ADP, 

serotonin, calcium, vWF), changes in membrane phospholipidic composition are made and 

receptors are turned into high affinity. The high affinity of receptor GPIIb/IIIa allows it to bind 

soluble fibrinogen and making adjacent platelets interact with the bivalent fibrinogen molecule, 

cross-linking platelets into aggregates. Finally platelet aggregation forms a temporary loose plug 

which prevents endothelial damage (Fitzgerald et al. 2006). 

Interaction of bacteria to platelets can occur either directly through a bacterial surface protein or 

indirectly by a bridging molecule that links bacterial and platelet surface receptors, such as 

fibrinogen or fibronectin. Examples of the latter mechanism are the clumping factors A and B (ClfA 

and ClfB) which are fibrinogen-binding proteins and FnBPA or FnBPB that can bind to fibronectin 

and fibrinogen. Adhesion by this way can lead to platelet activation which requires specific 

antibodies to engage to platelet receptor FccRIIa and could be dependent on two possible 

mechanisms, a fibrinogen-dependent mechanism, where enough fibrinogen molecules bind to a 
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low-affinity resting platelet integrin GPIIb/IIIa, or a slower complement-dependent mechanism 

involving complement fixation on bacterial surface and recognition by the platelet complement 

receptor (Figure 1-12). Both ways trigger intracellular signalling events in platelets: upon binding, 

the FcRIIa receptor homodimerizes with GPIb, the von Willebrand factor receptor (vWF) or 

complement receptors. Receptor tyrosine residues are phosphorylated leading to activation of 

protein kinase C (PKC), which triggers further downstream activation events. Thus, platelet 

adhesion and activation can be independent processes mediated by different bacterial components 

and different platelet receptors, thus these processes could be helpful to the bacteria in different 

host pathologies (Figure 1-13) (Fitzgerald et al. 2006). 

 

 
Figure 1-12. Two bacterial mechanisms triggering platelet activation. A, rapid activation; B, slow activation. Reproduced with 
permission from Fitzgerald et al. 2006. 

 

Upon activation, the major platelet integrin GPIIb/IIIa undergoes conformational changes that allow 

it to bind avidly to fibrinogen and fibronectin in solution, process termed aggregation, as the final 

step is the formation of aggregates or a thrombus.  

 

 

A B
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Figure 1-13. Activation and aggregation in platelets, bacterial and fibrinogen interactions. Reproduced with permission from 
Fitzgerald et al. 2006.  

 

In S. aureus, ClfA/ClfB and FnBPA /FnBPB mediate adhesion and aggregation of platelets. In 

Newman, FnBPA and FnBPB are not expressed due to mutations at the 3’ end of these genes. 

Experiments performed with Newman clfA/clfB isdB, isdA or isdH mutants consistently showed that 

IsdB is the one protein responsible for adhesion and aggregation of platelets under iron-limiting 

conditions, by a mechanism not complement dependent and IgG does not seem to be necessary. 

Inhibitors and antibodies against the platelet receptor GPIIb/IIIa eliminated adhesion to Newman, 

demonstrating the first report of direct interaction of a S. aureus surface protein with platelet 

GPIIb/ IIIa and powerful enough to trigger activation by itself (Miajlovic et al. 2010). 

 

Summarizing S. aureus interactions with blood and immune system: IsdB surface protein activating 

and triggering platelet aggregation by itself; ClfA, ClfB, FnBPA or FnBPB surface proteins able to 

activate platelets with help of other antibodies and a bridge molecule; all the immune evasion 

features including superantigenic virulence factors amplifying inflammatory response. Awareness of 

all the physiological complications that these interactions already can predispose, S. aureus 

infections are an even more serious threat at the moment. It becomes obligatory to study these 

microbial/host interactions in bloodstream mimicking the host conditions as much as possible if 

performed in vitro, since most of surface proteins might be only expressing in such environments. 
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OBJECTIVES 
 

This research project is aimed to determine the effects of inorganic iron and haemoglobin on 
Staphylococcus aureus biofilms, from a phenotypic and genotypic perspective. 

 

1. Main objective 

• To modify S. aureus Newman genome to investigate the role of genes in bacterial iron 

homeostasis. 

Specific objectives 

• To construct allelic replacement vectors using Gateway Cloning Technology. 

• To generate Knock Out mutants of fur and isdB in S. aureus strain Newman by allelic 

replacement. 

 

2. Main objective 

• To investigate S. aureus biofilm response to inorganic iron and haemoglobin. 

Specific objectives 

• To determine S. aureus Newman biofilm matrix formation response through time with 

inorganic iron and haemoglobin in a microtitre plate based assay. 

• To determine S. aureus biofilm dispersal response with inorganic iron and haemoglobin with 

a microtiter plate based assay. 

• To evaluate the role of Fur or IsdB in the iron-responsive biofilm matrix formation in S. 

aureus Newman. 

• To analyse the biofilm matrix formation response with different iron sources in clinical 

isolates from endocarditis and bacteraemia infections. 

 

3. Main objective 

• To investigate S. aureus biofilm architecture changes in response to inorganic iron and 

haemoglobin. 

Specific objectives 

• To determine S. aureus Newman biofilm architectural changes under different iron sources 

in a static biofilm model analysed by Confocal Scanning Laser Microscopy. 

• To determine the role of fur in Newman biofilm architectural changes under different iron 

sources in a static biofilm model analysed by CSLM. 
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• To evaluate clinical isolates biofilm architecture changes with different iron sources in a 

static biofilm model analysed by CSLM. 

 

4. Main objective 

• To investigate gene expression of isdB in real time in S. aureus with plasmid based 

expression reporters. 

Specific objectives 

• To construct bioluminescent gene expression reporters using Gateway Cloning Technology 

• To tag Newman WT and isogenic strains ∆fur and ∆isdB with bioluminescence based 

expression reporters. 

 

5. Main objective 

• To investigate isdB expression in S. aureus  in response to inorganic iron and haemoglobin. 

Specific objectives 

• To evaluate isdB promoter activity in S. aureus Newman fused with bioluminescent 

reporters with inorganic iron and haemoglobin during planktonic growth.  

• To evaluate the role of Fur or IsdB in isdB promoter activity in S. aureus Newman fused with 

bioluminescent reporters with inorganic iron and haemoglobin during planktonic growth.  

 

6. Main objective 

• To investigate a broader iron-responsive gene expression in S. aureus biofilms with inorganic 

iron and haemoglobin. 

Specific objectives 

• To optimize a protocol for RNA extraction from biofilm samples and analysis by RT-qPCR. 

• To investigate gene expression of iron responsive genes in planktonic growth in S. aureus 

Newman using RT-qPCR. 

• To analyse gene expression of iron responsive genes in biofilms of S. aureus Newman using 

RT-qPCR. 

• To determine the role of fur in Newman biofilm iron-responsive gene expression using RT-

qPCR. 

• To analyse gene expression of iron responsive genes in biofilm of clinical isolates using RT-

qPCR. 
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2 CHAPTER 2: MATERIALS AND METHODS 
 

2.1 Stock strains and recovery 

Strains of Staphylococcus aureus and Escherichia coli used throughout this study are given in Table 

2-1. For storage purposes, overnight pure growth was mixed 1:1 with sterile glycerol (50%) and put 

into 1 ml cryotubes vials (NUNCTM, Denmark) and stored at -80°C until further use. Corresponding 

antibiotic selection was used if necessary.  

Table 2-1. Strains used in this study  

Name Relevant genotype or phenotype Reference 
DH5α Escherichia coli,  F-, Φ80lacZΔM15, Δ(lacZYA-argF) U169, 

recA1, endA1, hsdR17(rk-, mk+), phoA, supE44 thi-1, 
gyrA96 (NAR), relA1 λ-  

Invitrogen 

DB3.1 Escherichia coli, F-,  gyrA462 (ccdBR), endA1, glnV44 Δ(sr1-
recA),  mcrB mrr hsdS20(rB-, mB-), ara14, galK2, lacY1, 
proA2, rpsL20(StrR), xyl5 Δleu mtl1 

Invitrogen 

TOP10 Escherichia coli, F-, mcrA Δ( mrr-hsdRMS-mcrBC), 
Φ80lacZΔM15,  ΔlacX74, recA1, araD139,  Δ( araleu)7697 
galU, galK, rpsL (StrR), endA1, nupG 

Invitrogen 

RN4220 Staphylococcus aureus; Restriction deficient (sau1 hsdR), 
derived from NCTC 8325-4, ATCC 35556  

(Kreiswirth et al. 1983) 

NWT  Staphylococcus aureus, strain Newman ATCC 25904  (Duthie & Lorenz 1952) 

BC03 Staphylococcus aureus, clinical isolate from a bacteraemia 
infection 

This study 

EC12 Staphylococcus aureus, clinical isolate from an 
endocarditis infection 

This study 

Newman Δfur Staphylococcus aureus Newman Δfur This study 
Newman ΔisdB Staphylococcus aureus Newman ΔisdB This study 
FurIL Staphylococcus aureus Newman Δfur, PisdB::gfp-

luxABCDE::term, in pUNKD, EryR 
This study 

FurBL Staphylococcus aureus Newman Δfur, PBss10::gfp-
luxABCDE::term, in pUNKD, EryR 

This study 

IsdBIL Staphylococcus aureus Newman ΔisdB, PisdB::gfp-
luxABCDE::term, in pUNKD, EryR 

This study 

IsdBBL Staphylococcus aureus Newman ΔisdB, PBss10::gfp-
luxABCDE::term, in pUNKD, EryR 

This study 

WTIL Staphylococcus aureus Newman, PisdB:: gfp-
luxABCDE::term, in pUNKD, EryR 

This study 

WTBL Staphylococcus aureus Newman, PBss10:: gfp-
luxABCDE::term, in pUNKD, EryR 

This study 

Npk Staphylococcus aureus Newman,pUNKD, EryR This study 
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2.2 Media 
Bacterial growth medium was prepared according to manufacturers suggestions. Media used are: 

RMPI (RPMI 1X 1640, liquid format, (+) phenol red, (+) L-Glutamine, Gibco®), Horse Blood agar 

(Columbia Horse Blood Agar, Fort Richard), LB broth (DifcoTM), LB agar (LB broth and 1.5% w/v agar 

DifcoTM), Brain Heart Infusion (BactoTM), Trypticase Soy broth (TSB, BactoTM, BD), Trypticase Soy 

Agar (TSA, TSB broth and 1.5% agar DifcoTM), LK broth (1% w/v Tryptone, 0.5% w/v Yeast extract, 

and 0.7% w/v KCl), LK Agar (LK broth and 1.5 w/v agar DifcoTM). Antibiotic selection was used when 

necessary and varied according to the strains: E. coli, chloramphenicol (30 mg/L); S. aureus, 

chloramphenicol (7 mg/L); E. coli , ampicillin (100 mg/L); E. coli, erythromycin (250 mg/L); S. aureus, 

erythromycin (30 mg/L); or E. coli, kanamycin (50 mg/L). When stated, FeCl3 or Haemoglobin 

supplements were added to the medium, thus their respective final iron molarities were estimated 

to be equivalent between each other. Therefore as final growth condition, 2 µM FeCl3 (Acros 

Organics) is equivalent to 0.5 µM Haemoglobin (Human Haemoglobin, Sigma), and 40 µM FeCl3 is 

equivalent 10 µM Haemoglobin. Stock solution of iron chloride was made up to 10 mM FeCl3 

dissolved in Tris HCl (10 mM) and stored at RT (Room Temperature). Haemoglobin stock solution 

was made up to 0.5 mM Haemoglobin dissolved in RMPI medium, filter sterilised and stored at 4°C 

protected from light. Haemoglobin solution was periodically made fresh. 

 

2.3 Microbiological handling 

2.3.1 Inocula and growth 
Each experiment started from a -80°C stock. Recovery of bacterial growth was done by taking a 

loopful from a -80°C stock and streaking it onto a TSA plate. The TSA plate was incubated at 37°C 

for 24 hours in a static incubator (Steridium Pty Ltd., Micro digital Control).  

Growth was started by inoculating two or three colonies from the TSA plate into 5 ml of TSB in a 

sterile 50 ml polystyrene tube (Sarstedt) and incubating it at 37°C for 24 hours at 200 r.p.m in an 

incubator shaker (Innova®44, New Brunswick Scientific). TSB culture was diluted 1/100 into RPMI 

medium and incubated for 24 hours at 37°C. This RPMI culture was spun down for 10 minutes at 

5000 g and resuspended to dilute 1/25 into fresh RPMI or RPMI supplemented with FeCl3 or 

haemoglobin and incubated at 37°C and 200 r.p.m for the desired time frame.   
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2.3.2 Measurements of bacterial growth  

2.3.2.1 Optical density 
Samples of approximately 1 ml were quickly removed from the growing culture, placed into 

spectrophotometer (Novaspec II) cuvettes (1 cm polystyrene, Greiner Bio-one) and absorbance at 

600 nm was measured for optical density as a growth indicator. Each medium without bacterial 

growth was also measured and used as blank, and subtracted from growth readings. 

2.3.2.2 Viable cells enumeration 
To enumerate Colony Forming Units (CFU/ml), a 100 µl aliquot from a growing culture was mixed 

with 900 µl (diluted 1:10) of peptone water in a sterile 1.5 ml tube (Scientific Specialities Inc. USA). 

This dilution was further diluted 1:10 into another 900 µl of peptone water, and so on to make 

enough 10 fold-dilutions. An aliquot of 100 µl from each dilution was spread onto a TSA plate using 

a sterile L spreader. All plates were incubated at 37°C for 24 hours. Single colonies were counted 

only in those plates with 20-300 colonies. Cells per ml were calculated to estimate CFU/ml in the 

original culture. 

 

2.3.3 Bioluminescence quantification in broth 

To measure the light emission of bioluminescent tagged strains, 100-200 µl samples were removed 

from the culture for analysis and placed into a 96-well, solid bottom, black microplate 

(PerkinElmer).  Luminescence was measured in counts per second (cps) in a VICTOR™ plate reader 

(VICTOR™ X, PerkinElmer). Each medium without bacterial growth was also measured as blank and 

subtracted from culture readings. 

 

2.3.4 Biofilm formation 

2.3.4.1 Biofilm on 24-well plates 

To analyse biofilm formation by microscopy, biofilms were grown in 24-well plates. A RPMI 

overnight culture was centrifuged at 5000 g for 10 minutes and resuspended in fresh medium, 

diluted 1/10 (approximately final concentration of 1 x 107 CFU/ml) into 1 ml of desired medium in a 

24-well plate  (BD Biosciences).  The multiwell plate was incubated for 24 hours at 37°C in a static 

incubator. Spent medium was removed from each well and washed twice with PBS (Phosphate 

Buffered Saline, Sigma-Aldrich) before following samples preparation for microscopy. 
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2.3.4.2 Biofilm on 96-well microplates 

For biofilm quantification, biofilms were grown in a 96-well microplate. A RPMI overnight culture 

was centrifuged at 5000 g for 10 minutes and resuspended in fresh medium and diluted 1/10 (final 

concentration of 1 x 107 CFU/ml) in 200 µl of desired medium in each well of a sterile 96-well clear, 

flat bottom microplate (Sarstedt, USA). The 96-well microplate was incubated at 37°C and 200 r.p.m 

for 24 hours. Medium was carefully removed, and biofilms were carefully washed twice with 200 µl 

of PBS before any further protocol. 

2.3.4.3 Biofilm on Petri plate 

To further perform RNA extraction from biofilms for gene expression analysis, biofilms were grown 

in polystyrene petri plates (90x14mm, Techno Plas). A RPMI overnight culture was centrifuged at 

5000 g for 10 minutes and resuspended in fresh medium, and diluted 1/10  (final concentration of 1 

x 107 CFU/ml) into 15 ml of desired medium in a petri plate. The plate was incubated for 24 hours at 

37°C in static condition. Medium was carefully removed, and biofilms were washed twice with 5 ml 

of cold PBS (4°C) to remove non-adherent cells. Cold PBS (3 ml) was added to the biofilm, and 

attached cells were quickly scraped off from the bottom surface of the petri plate using a pipette 

tip and transferred to a 50 ml polystyrene tube. Biofilm cells were collected by centrifugation for 10 

minutes at 5000 g at 4°C before following the RNA extraction protocol. 

 

2.3.5 Biofilm quantification by MTP 

2.3.5.1 Biofilm quantification with Crystal Violet 

Crystal Violet (CV) has been extensively used to quantify biofilm formation in many species since 

the assay was developed (Christensen et al. 1985). An aliquot of 200 µl of CV solution (0.3% w/v) 

was added to biofilms in each well and incubated for 30 minutes at room temperature. Dye was 

discarded and wells were washed with 200 µl of PBS and then allowed to air dry overnight. CV was 

dissolved by adding 300 µl of Methanol (ACS, Merck) to wells and pipetting up and down to help 

homogenisation. The absorbance was measured at 600 nm using EnSpire® plate reader (EnSpire®, 

PerkinElmer). Biofilm CV measurements were subtracted with proper media controls. 
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2.3.5.2 Biofilm quantification with DMMB  

To determine the level of biomass in the biofilm a protocol described by Tote´and colleagues (Toté 

et al. 2008) was used, where Dimethyl methylene blue (DMMB) is a dye specific to biofilm main 

matrix component PIA.  Briefly, DMMB working solution was prepared as follows:  32 mg of DMMB 

powder dissolved in 25 ml of pure ethanol (ACS grade, Scharlau Chemie S.A., Spain) and passed 

through a filter (Number 1 qualitative, Whatman) to remove undisolved dye. FAB1 solution, 4.776 g 

of Guanidine Hydrochloride (Sigma, USA) and 0.5 g of Sodium Formate (A.C.S reagent, Sigma-

Aldrich) dissolved in 0.5 ml Formic acid and 12.5 ml pure ethanol, was diluted up to 250 ml with 

Ultra-pure water. FAB2 solution, 4.776 g of Guanidine Hydrochloride and 0.5 g of Sodium Formate 

dissolved in 0.5 ml Formic Acid, was diluted up to 50 ml with Ultra-pure water. DMMB working 

solution was prepared mixing 12.5 ml of DMMB solution, 250 ml of FAB1 and 50 ml of FAB2, and 

adjusting the to a 500 ml final volume with Ultra-pure water.  The working solution was stored at 

room temperature and protected from light. 

Decomplexation (Deco) working solution was made dissolving 210.166 g of Guanidine 

Hydrochloride (final concentration 4 mol/l) in 500 ml Sodium Acetate (50mM pH6.8 Applichem, 

Germany) and 50 ml 1-Propanol (ACS grade, Merck, Germany). This Deco solution was stored at RT.  

To stain and quantify biofilm biomass, 200 µl of DMMB working solution was added to the biofilm 

in each well in a 96 well microplate, and the microplate was incubated for 30 minutes at RT 

protected from light. The plate was centrifuged at 2800 g for 20 minutes and the dye was 

discarded. The wells were washed once with 200 µl of Ultra-Pure water. To release the dye trapped 

in the biofilm, proteins were denatured by adding 200 µl of Deco solution to each well and 

incubated for 30 minutes. The absorbance was measured at 650 nm using EnSpire® plate reader 

(EnSpire®, PerkinElmer). 

2.3.5.3 Biofilm Cell quantification with Resazurin 

Resazurin is a blue dye that has been used for decades to detect any kind of living organisms, 

because it is reduced to the pink form resorufin by enzymes common to all cells, such as flavin 

mononucleotide dehydrogenase (FMNH2), cytochromes, flavin adenine dinucleotide 

dehydrogenase (FADH2), nicotinamide adenine dehydrogenase (NADH), among others (Czekanska 

2011). Recently, several modifications of this assay have allowed a more precise quantification of 

the cell load of a given solution by measuring the fluorescence of resorufin with more sensitive 

technologies, providing a quick and easy method to enumerate bacterial viable cells (Pettit et al. 

2009).  This assay was based on protocol described by Tote´(Toté et al. 2008).   Resazurin working 
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solution was made dissolving 10 mg of Resazurin (final concentration 0.05% w/v) in 20 ml of Ultra-

Pure water. 200 µl of fresh TSB medium and 10 µl of Resazurin solution were added to formed 

biofilm in each well. The microplate was incubated for 30 minutes and 200 µl were transferred to a 

96-well solid bottom, black microplate (PerkinElmer) for measurements. Fluorescence was 

measured at Emission/Excitation 550nm/590nm using EnSpire® plate reader. 

2.3.6 Biofilm quantification by CLSM 

Live/Dead (LIVE/DEAD® BacLight Bacterial Viability Kit, Molecular Probes, Inc.) mix was prepared in 

a 1.5 ml sterile tube, by adding 1.5 µl of Syto9, 1.5 µl of Propidium Iodide and 147 µl of water per 

sample and thoroughly mixed. 150 µl of Live/Dead mix was added to biofilms on the bottom of a 

24-well plate and allowed to act at RT and protected from light for 30 minutes. The multiwell plate 

was sealed with parafilm and taken to the Biomedical Imaging Research Unit (FMHS) for analysis. 

Confocal Laser Scanning Microscopy (CLSM) was used to visualize the biofilms due to its high 

resolution focusing in layers of selected depths.  The LSM 710 inverted microscope (Carl Zeiss) is 

also equipped with a range of lasers and filters enabling to use different fluorescent reporters. LSM 

710 system works along with ZEN 2011 software, which is the computer package for image 

acquisition and processing. Some setup features used throughout imaging of biofilms are shown in 

Table 2-2. 
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Table 2-2. General configurations used to image acquisition or processing with CLSM. 

Configuration Value 

Objective LD Plan-Neofluar 40x/0.6 Korr M27 

Dye Syto9 Ex/Em 480/500 

     Digital Offset 3-7 

     Gain 680-780 

     1AU 2.9 µm 

Dye PI Ex/Em 490/635 

     Digital Offset 5-7 

     Gain 720-920 

     1AU 3.5 µm 

Frame size 1108 

Speed  7 

Averaging  4 

Z-stack intervals 2.5 µm 

Z-stack number of images Variable (depending in thickness) 

Z-stack single image area 212.36 µm x 212.36 µm 

 

2.3.7 Haemoglobin binding assay 

To estimate the relative amount of haemoglobin bound to the cell surface, a haemoglobin binding 

assay was modified from the one described by Pishchany and colleagues (Pishchany et al. 2010). A 

RPMI overnight culture was resuspended in fresh medium and diluted 1/25 into 10 ml of RPMID 

medium (RPMI + 200 µM Dipyridil) in a 50 ml polystyrene tube, and incubated at 37°C at 200 r.p.m., 

until approximately an A600 of 0.2 was reached.  The culture was then split into two 3 ml tubes, and 

haemoglobin was added to one tube to a final concentration of 25 µM with other left as a control.  

Both tubes were incubated for 30 minutes at 37°C/200 r.p.m, to allow haemoglobin to specifically 

bind to receptors, before centrifugation for 10 minutes at 5000 g to pellet cells. Cells were washed 

with 1 ml of RPMID and transferred to 1.5 ml tubes. Cells were resuspended in 800 µl of Tris-HCl 

(125 mM, pH 7.4) and 200 µl of protein denaturing agent Sodium Dodecyl Sulphate (SDS 10% w/v, 

PlusOne). Bound proteins were released by incubation at 95°C for 3 minutes in a water bath. 

Finally, cells in the tube were pelleted at 10000 g for 3 minutes, supernatant and resuspended cells 

were measured independently at 420 nm (haemoglobin absorbance spectrum) and 600 nm in the 

spectrophotometer. Haemoglobin binding index was calculated according to the following 

equation: 
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Equation 2-1. Haemoglobin binding index.  Haemoglobin bound to cells is normalized with non-specific 
absorbance of non-treated cells and the amount of cells in the non-treated sample to avoid growth induction 
by haemoglobin. 

 

 

 

2.3.8 Cell wall proteins 

2.3.8.1 Extraction of Cell wall proteins from Staphylococcus aureus 

An overnight 10 ml culture was centrifuged at 5000 g for 10 minutes, and then washed with 1 ml of 

PBS. The resuspended culture was transferred to a 1.5 ml tube and centrifuged at 4000 g for 1 

minute before adding 99 µl of freshly made Digestion Buffer (10 mM of Tris-HCl pH 7.4, 30% w/v of 

Raffinose, 1 mg of Benzamidine and 0.5 mg of Phenylmethanesulphonyl Fluoride –PMSF- in ethanol 

and water) and thoroughly mixed. 1 µl of Lysostaphin (10 mg/ml in 20mM Sodium Acetate) was 

added to the sample, which was gently inverted a couple of times and incubated at 37°C for 1 hour.  

The sample was centrifuged at 12000 g for 10 minutes, to pellet the protoplasts and the 

supernatant containing all cell wall proteins was carefully transferred into a clean 1.5 ml tube. 

Protein samples were prepared with 65 µl of cell wall preparation, 10 µl of DTT (dithiothreitol, 1M) 

and 25 µl of Protein Loading dye (NuPAGE LDS sample Buffer 4X, Invitrogen), which were mixed and 

incubated at 80-100°C for 10 minutes in a water bath. Finally the protein samples were frozen at -

20°C to store until further studies. 

2.3.8.2 Polyacrylamide gel electrophoresis (PAGE) 

A pre-cast polyacrylamide gel was used to separate the proteins, NuPAGE® 4-12% Bis Tris Gel 

(Invitrogen, USA). Cassette wells of the pre-cast gel were washed three times with MilliQ water 

before placed into a vertical electrophoresis chamber (Novex Mini-Cell, Invitrogen) filled with 

approximately 300 ml of 1X Running Buffer (Nupage® MOPS SDS Running Buffer 20X, Invitrogen). 

20 µl of each protein sample (from section 2.3.8.1) were loaded into the wells, and 5 µl of protein 

ladder (High Range AmershamTM RainbowTM Marker) were loaded into flanking wells. The outer 

chamber was filled with remaining 1X Running Buffer.  The gel was run for 50 minutes at 200 V and 

105 mA, conditions provided by an Electrophoresis Power Supply (EPS 301, Amersham Pharmacia 

Biotech).  

Hb binding index =
Supernatant Hb treated samples420 nm  – Supernatant (-)ve control 420 nm

Resuspended pellet (-)ve control 600 nm
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After running, the gel was removed from the cast and washed for 5 minutes submerged in MilliQ 

water. The wash was repeated twice with fresh MilliQ water. The gel was then transferred to a 

container with enough Simply BlueTM Safestain (Invitrogen) to fully cover the gel, and it was left to 

stain for 1 hour with gentle shaking. The gel was transferred to a container and submerged in MilliQ 

for 1 hour and washing steps were repeated until background stain was cleared. 

Alternatively, the gel was stained with Coomassie Blue solution (100 ml/L Acetic Acid, 400 ml/L 

Methanol, 2.5 g/L Coomassie Blue), for 1 hour with gentle shaking. The stain was removed and the 

gel was carefully rinsed with MilliQ water. Destaining solution (80 ml/L Glacial Acetic Acid, 250 ml/L 

Ethanol, 670 ml/L MilliQ water) was added in excess and left with gentle shaking for 1-2 hours or 

until substantial background stain removal was achieved.  

 

2.4 Nucleic acid methods 

2.4.1 High yield chromosomal DNA extraction from Staphylococcus aureus 

To obtain a relatively high yield of genomic nucleic acid, a 50 ml overnight culture was transferred 

to 50 ml polypropylene tubes and spun down at 11000 g for 10 minutes. The cell pellet was 

vigorously resuspended in 9.25 ml of TE Buffer (10mM Tris and 1 mM EDTA, USB) and 10 µl of 

Lysostaphin (10mg/ml) was added to the suspension, which was incubated at 37°C for 30 minutes. 

Then, 0.5 ml of SDS (10% w/v) and 10 µl of Proteinase K (25 mg/ml, Sigma) were added, mixed and 

incubated at 37°C for 30 minutes. 1.8 ml of NaCl (5 M, Lab M Limited) was added to lysate and 

mixed thoroughly. 1.5 ml of Cetyl Trimethyl Ammonium Bromide (CTAB) solution (4.1% w/v NaCl, 

10% w/v CTAB) pre-warmed at 65°C was added, mixed, and incubated at 65°C for 20 minutes. Then, 

13.5 ml of chloroform was added with a glass pipette, mixed and spun at 11000 g for 10 minutes at 

20°C. Upper aqueous phase was transferred to a clean 50 ml polypropylene tube, and 0.6 volumes 

of propan-2-ol was added and mixed. DNA threads were transferred to a clean 1.5 ml tube with 0.5 

ml of cold Ethanol (70%). Threads were gently washed and pelleted with a quick spin at 16000 g for 

1 minute. The supernatant was discarded, and pellet was allowed to air dry for 1-2 hours and finally 

suspended in 500 µl of TE buffer (1X) and left to dissolve overnight. 

2.4.2 Chromosomal DNA extraction from Staphylococcus aureus for screening purposes 

To obtain genomic DNA at a smaller scale, a ZR Fungal/Bacterial DNA MiniPrepTM DNA Kit (Zymo 

Research, USA) was used, with a minor modification to maximize the breakage of S. aureus thick 

cell wall.   A 10 ml overnight culture was centrifuged at 5000 g for 10 minutes and resuspended in 
56 

 



 
200 µl of PBS Buffer and placed into the BashingBeadTM Lysis Tube. 4 µl of Lysostaphin (20 mg/ml) 

was added to the tube, and inverted a couple of times prior to incubation at 37°C for 30 minutes. 

Manufacturer instructions were then followed.  

2.4.3 Plasmid extraction from Escherichia coli 

Plasmids from Escherichia coli were extracted using Zyppy TM Plasmid Miniprep Kit (Zymo Research) 

and following manufacturer instructions.  

2.4.4 Plasmid extraction from Staphylococcus aureus 

From an overnight culture, 1-3 ml were resuspended in 600 µl of TE buffer, 3 µl of Lysostaphin 

(20mg/ml) were added, and incubated for 30 minutes at 37°C prior following manufacturer 

instructions in Zyppy TM Plasmid Miniprep Kit (Zymo Research). 

2.4.5 Escherichia coli transformation 

2.4.5.1 Chemically competent cells preparation 

An overnight culture of E. coli (TOP10, DH5α or DB3.1) was diluted 1/100 in 100 ml of SOB medium 

(0.5% w/v Yeast extract, 2% w/v Tryptone, 10mM NaCl, 2.5 mM KCl, 20mM MgSO4), and  incubated 

at 28°C until an A600 of 0.2 (<0.3) was reached. Bacterial growth suspension was divided into 2 tubes 

of 50 ml each, and cells harvested by centrifugation at 5000g for 10 minutes at 4°C. The 

supernatant was removed and cells were gently resuspended in 16 ml of ice cold CCMB80 buffer 

(10 mM Potassium Acetate, 80 mM CaCl2 2H2O, 20 mM MnCl2 4H2O, 10 mM MgCl2 6H2O, 10% v/v 

glycerol, pH 6.4), to incubate on ice for 20 minutes. Cells were re-pelleted, buffer was removed and 

the pellet was resuspended in 2 ml of ice cold CCMB80 buffer (2 ml per 50 ml original culture), then 

left to incubate on ice for 20 minutes. Finally the suspension was aliquoted as 50 µl volumes into 

suitable tubes (1.5 ml or 0.6 ml tubes) and stored at -80°C. 

2.4.5.2  Transformation 

DNA (1-5 µl) was added to 50 µl competent cells, and left on ice for 30 minutes. A 60-seconds heat 

shock at 42°C was applied adter which 250 µl of SOC medium (SOB medium with 20 mM Glucose) 

was added and left for 1 hour at 37°C (or 28°C for temperature sensitive plasmids). Finally, 50 µl 

and 250 µl of suspension were plated onto selective agar plates, incubated at lest for 24 hours. 

Colonies were checked for plasmid presence. 
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2.4.6  Staphylococcus aureus electroporation  

2.4.6.1 Electrocompetent cells preparation 

The protocol used in this study is a combination of those described elsewhere (Kraemer & Iandolo 

1990; Schenk & Laddaga 1992). An overnight culture of RN4220 was diluted 1/100 into 100 ml of 

TSB, and left to grow at 37°C, 200 r.p.m. for 3 hours, or until A600 of 0.8-1.0 was reached. The 

culture was centrifuged at 5000 g for 10 min at 4°C and the supernatant was removed. Pellet was 

washed in 1 volume of ice cold wash buffer (Sucrose 0.5 M), and centrifuged again using same 

parameters. Then, cells were washed in 0.5 volume of ice cold wash buffer and centrifuged again 

using same parameters.  Supernatant was removed and cells were resuspended in 0.01 volume of 

wash buffer by gently pipetting. Cells were aliquoted in 100 µl in sterile 0.6 ml tubes, and stored at -

80°C until use.  

2.4.6.2 Electroporation 

Ideally at least 1 µg of plasmid or a maximum volume of 10 µl was added to the competent cells 

tube, mixed and then added to a 0.2 cm electroporation cuvette (Invitrogen). Electroporation was 

done applying 1 pulse with following settings: 100Ω, 2.5kV, 25µF. Immediately after the pulse 0.9 

ml of room temperature BHI media + 0.5 M Sucrose was added directly to the cuvette which was 

mixed by pipetting and transferred to a new tube for incubation at 37°C (or 28°C for temperature 

sensitive plasmids) for 2 hours without shaking. 100 µl and the concentrated rest of the cells 

(transferred to a 1.5 ml tube, centrifuged at maximum speed for 90 sec, supernatant removed and 

cells resuspended in 100 µl remaining supernatant) were plated onto TSA with antibiotic selection. 

Plates were incubated at 37°C (or 28°C) for 1-2 days.  

2.4.7 Staphylococcus aureus transduction 

2.4.7.1 Phage lysate preparation 

An overnight TSB culture of Donor strain (usually RN4220 carrying desired plasmid) was diluted 

1/100 into 10 ml TSB (100 ml flask) supplemented with 10 mM MgSO4 and 10 mM CaCl2. Donor 

cells were allowed to grow at 37°C (or 28°C for temperature sensitive plasmids) with shaking until 

an A600 of 0.2 was reached. TSB medium containing only 10 mM MgSO4 and 10 mM CaCl2 was used 

as blank, as cloudiness was apparent.  The culture was split in two 5 ml cultures into 50 ml 

polypropylene tubes and 0.5 ml of fresh phage φ 11  (Novick 1991) preparation was added to one 

tube. Both cultures (with and without phage) were left to grow at 37°C (or 28°C) for 4-14 hours 

(until complete lyses was observed compared with no phage tube, a clearer suspension). Cultures 
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were spun down for 10 minutes at 5000 g and the supernatant containing the lytic phage was filter 

sterilised. The filtrate, or phage lysate containing desired plasmids, was stored at 4°C until further 

use. 

2.4.7.2 Transduction  

The Recipient strain (Newman WT) was grown overnight in 10 ml of LK broth at 37°C at 200 r.p.m. 

Culture was spun at 5000 g for 10 minutes and resuspended in 0.5 ml LK broth. Samples were 

mixed as follows:  100 µl Recipient cells were added to 200 µl ml LK broth containing 10 mM CaCl2 

and 100 µl phage lysate. A negative control mix lacking only phage lysate was set up as well. 

Mixtures were incubated at 37°C (or 28°C when using a temperature sensitive plasmid) for 25 min 

in a water bath.  0.5 ml of ice cold Sodium Citrate (0.02 M) was added to the mixtures and cells 

were harvested by centrifugation at 11000 g for 10 minutes. Finally cells were resuspended in 0.5 

ml of Sodium Citrate (0.02 M) and left on ice for 3 hours.  100 µl aliquots were spread onto LK agar 

plates containing selective drug and 0.05% w/v Sodium Citrate. Plates were incubated for 24-72 

hours at 37°C (or 28°C). Plating the no phage negative control should give no transductants colonies 

at all. 

2.4.8 Plasmids 

Vectors used or created in this study are shown in the Table 2-3. 
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Table 2-3. Plasmid Vectors used in this study  

Name Relevant genotype and phenotype Reference 
pUNKD Gateway Destination vector, attL4 and attR3 sites, EryR (Perehinec et al. 

2007) 
pKOR1D Gateway Destination vector, attP1 and attP2 sites, PaTc::secY,  

AmpR(G-), CmR(G+) 
(Bae & 

Schneewind 
2006) 

pDONRTMP1P4R Gateway Donor vector, attP1 and attP4R sites, ccdB-CmR, 
KanR 

InvitrogenTM 

pDONRTM221 Gateway Donor vector, attP2 and attP1 sites, ccdB-CmR, KanR InvitrogenTM 
pDONRTMP2P3 Gateway Donor vector, attP2R and attP3 sites, ccdB-CmR,  

KanR 
InvitrogenTM 

pID Gateway Entry clone, PisdB, attL1 and attL4 sites, KanR This study 
pBD Gateway Entry clone, PBss10, attL1 and attL4 sites, KanR This study 
pEDR Gateway Entry clone, attL1 and attL4 sites,   EryR, KanR This study 
pKDR Gateway Entry clone, attL1 and attRL sites,   EryR, KanR This study 
pILTU Expression Clone PisdB:gfp:luxABCDE::term in pUNKD, EryR This study 
pBLTU Expression Clone PBss10:gfp:luxABCDE::term in pUNKD, EryR This study 
pFLTU Expression Clone Pftn:gfp:luxABCDE::term in pUNKD, EryR This study 
pIUGU Expression Clone PisdB:gfp ASV::term, in pUNKD, EryR This study 
pBUGU Expression Clone Psbn:gfp ASV::term, in pUNKD, EryR This study 
pFUGU Expression Clone Pftn:gfp ASV::term, in pUNKD, EryR This study 
pIK isdB-1-kb-upstream :: isdB-1-kb-downstream, in pKOR1, CmR This study 
pFK fur-1-kb-upstream :: fur- 1-kb-downstream, in pKOR1, CmR This study 

 

2.4.9 PCR  

2.4.9.1 Screening PCR 

To screen for the presence of a DNA sequence in cloning colonies or among strains, Taq Polymerase 

PCR was used. PCR reactions of 20 µl were set with the following reagents: 1 µl of Primer Forward, 

1 µl of Primer Reverse, 0.5 µl of Deoxynucleotides (10 mM, Invitrogen), 1.2 µl of MgCl2 (25 mM), 2 

µl of Buffer PCR 10X (500 mM KCl, 100 mM Tris-HCl, 1% v/v Triton X-100), 12.8 µl of H2O (DNAse 

and RNAse free, Gibco), 0.5 µl of Taq Polymerase, 1 µl of DNA. 

2.4.9.2 High fidelity PCR 

To amplify a DNA sequence to be further cloned, Phusion Polymerase was used. PCR reactions of 50 

µl were set with the following reagents: 2.5 µl of Primer Forward, 2.5 µl of Primer Reverse, 25 µl of 

Phusion mix (Fynnzymes), 19 µl of H2O (DNAse and RNAse free, Gibco), 1 µl of DNA.  

2.4.9.3 PCR Primers  
Primers used throughout this study are shown in Table 2-4.  
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Table 2-4.  Sequences of primers used for PCR in this study.  

Name Sequence 5’-3’ Target DNA Reference 
Fur-up-F-
attB2 

ggggaccactttgtacaagaaagctgggtacaacaa
cgcttttcagatttag 

1 kb upstream region of fur This study 

Fur-up-R-
sacII 

aggttcccgcggtatttcaacactcatctatatcacc 1 kb upstream region of fur This study 

Fur-down-F-
sacII 

gtttcaccgcggaataatttaactttggtagtatga 1 kb downstream region of 
fur 

This study 

Fur-down-R-
attB1 

ggggacssgtttgtacaaaaagcaggcactagctaat
gcagcgcggatc 

1 kb downstream region of 
fur 

This study 

Fur-up-F-
attB4 

ggggacaactttgtatacaaaagttgtacaacaacgc
ttttcagatttag 

1 kb upstream region of fur This study 

Fur-up-R-
attB1 

ggggactgcttttttgtacaaacttgtatttcaacactc
atctatatcacc 

1 kb upstream region of fur This study 

Fur-down-F-
attB2 

ggggacagctttcttgtacaaagtggaaataatttaa
ctttggtagtatga 

1 kb downstream region of 
fur 

This study 

Fur-down-R-
attB3 

ggggacaactttgtataataaagttggactagctaat
gcagcgcggatc 

1 kb downstream region of 
fur 

This study 

isdB-up-F-
attB2 

ggggaccactttgtacaagaaagctgggtgtgttaaa
caatgcatcattctgga 

1 kb upstream region of isdB This study 

isdB-up-R-
sacII 

aggttcccgcggttgctgtttgttcatgttgtagaaa 1 kb upstream region of isdB This study 

isdB-down-F-
sacII 

gtttcaccgcggaactaataaatcgtctttatatttaa 1 kb downstream region of 
isdB 

This study 

isdB-down-
R-attB1 

ggggacaagtttgtacaaaaaagcaggctacttacta
catggaagaaagtgc 

1 kb downstream region of 
isdB 

This study 

isdB-up-F-
attB4 

ggggacaactttgtatagaaaagttggtgttaaacaa
tgcatcattctgga 

1 kb upstream region of isdB This study 

isdB-up-R-
attB1 

ggggactgcttttttgtacaaacttgttgctgtttgttca
tgttgtagaaa 

1 kb upstream region of isdB This study 

isdB-down-F-
attB2 

ggggacagctttcttgtacaaagtggaactaataaat
cgtctttatatttaa 

1 kb downstream region of 
isdB 

This study 

isdB-down-
R-attB3 

ggggacaactttgtataataaagttgtacttactacat
ggaagaaagtgc 

1 kb downstream region of 
isdB 

This study 

agrI-F cacttatcatcaaagagc Agr I (Strommenger et 
al. 2004) 

agrI-R ccactaattatagctgg Agr I (Strommenger et 
al. 2004) 

agrII-F gtagagccgtattgattc Agr II (Strommenger et 
al. 2004) 

agrII-R gtatttcatctctttaagg Agr II (Strommenger et 
al. 2004) 

agrIII-F caagctattacattactacca Agr III (Strommenger et 
al. 2004) 

agrIII-R aatgcttccacttactatc Agr III (Strommenger et 
al. 2004) 

agrIV-F gctcaattaatgcaataa Agr IV (Strommenger et 
al. 2004) 

agrIV-R atggtactgtaaacatta Agr IV (Strommenger et 
al. 2004) 

Att sites sequences in bold, restriction sites sequences underlined and italicised.  
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2.4.10 DNA visualization  

Agarose gels were made to analyze DNA fragments, according to the DNA fragment size expected. 

Agarose 0.8 to 1.5% w/v (Ultra-pureTM, Invitrogen) was dissolved into 1X TAE buffer (40 mM Tris, 2 

mM EDTA pH 8, 0.1% v/v Glacial Acetic Acid) in a sterile glass flasks by heating it (~100°C) in a 

microwave.  1 µl of Red Safe ® (Intron Biotechnology) was added per 100 ml of melted warm 

(~50°C) agarose, and poured into suitable gel trays with combs, and left to solidify at room 

temperature.  Combs were carefully removed from the solid agarose gel generating wells and 

submerged horizontally in 1X TAE Buffer in an electrophoresis cell (Bio-Rad). DNA samples were 

mixed 5:1 with loading dye (TAE 20X, glycerol, water, 5:1:4 respectively and bromophenol blue) and 

loaded into a well. DNA size markers were loaded in flanking wells, diluting 1 µl of ladder with 4 µl 

of sterile distilled water (DNAse free, Gibco) and 1 µl of loading dye. The gel was run in the 

electrophoresis cell applying approximately 100 V for 30-40 minutes from a power supply (OSP-105, 

Owl). Visualization of DNA fragments was achieved exposing the agarose gel to U.V. light in Gel 

DocTM EX Imager (Bio-Rad) and ImageLab 3.0 Software (Bio-Rad) for image processing. 

2.4.11 DNA purification 

DNA was purified either from a solution (e.g. PCR reaction) or agarose gel slice (e.g. enzyme 

restriction digest) using the kit NucleoSpin Extract II (Macherey-Nagel). 

2.4.12 Enzyme restriction digest 

For DNA digests a 20 or 50 µl reaction was set in an 1.5 ml tube with the following reagents: 0.5 µl 

of restriction enzyme, 1/10 of total volume of digestion buffer (must be specific to the enzyme), X 

µl of DNA (total 500-1000 ng in a reaction), and X µl of H2O (to complete 20 or 50 µl, DNAse and 

RNAse free). The reaction was incubated at 25°C or 37°C for 4 hours and then enzyme was heat 

inactivated incubating the reaction at 65°C for 20 minutes. 

2.4.13 Ligation  

To ligate DNA fragments, a 10 µl reaction was set in a 1.5 ml tube, following these details: 4 µl of 

DNA fragment A, 4 µl of DNA fragment B, 1 µl of T4 DNA Ligase (New England Biolabs Inc.) and 1 µl 

of T4 DNA Ligase Reaction Buffer 10X (New England Biolabs Inc.). The volumes of each fragment can 

vary as long as aiming for similar concentrations of both fragments in the final reaction. The 

reaction mix was left incubating over night at 16°C. Ligase was heat inactivated incubating the 

reaction at 65°C for 20 minutes. 
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2.4.14 Gateway® Cloning Technology 

Conventional cloning with restriction enzymes and ligases can be replaced with more direct 

techniques such as those involving genetic recombination, where a site-specific recombinase cuts 

and re-joins two DNA fragments at a specific sequence (Gopaul & Duyne 1999). Escherichia coli 

bacteriophage Lambda (λ) uses site-specific recombination to insert its genome into the host 

chromosome, where recombination occurs between attachment (att) sites, attP present in the 

bacteriophage’s genome and attB in E. coli’s chromosome. Catalysed by bacteriophages λ enzyme 

Integrase (Int) recognising att sites and binding to them, crossover occurs between a 15 bp core 

region in attB and attP sites, generating new attR and attL sites. Gateway® Cloning Technology 

(InvitrogenTM) facilitates transfer of heterologous DNA flanked by attB sites into a vector carrying 

matching attP sites, using BP ClonaseTM II Mix (supplying Integrase and Integration Host Factor IHF 

proteins needed) (Figure 2-1).  

 

Figure 2-1. Diagram depicting Gateway® BP cloning system (Gateway® Technology with Clonase™ II). 

 

Another type of Lambda recombination sees attL recombining with attR, generating attB and attP 

sites. This reaction in Gateway® is catalysed by LR Clonase II Mix (supplying Integrase, IHF proteins 

and Excisionase Xis) (Figure 2-2). 

 

Figure 2-2. Diagram depicting Gateway® LR cloning system (Gateway® Technology with Clonase™ II).  

 

Gateway® Technology has modified wildtype att sites to make them more efficient and improve 

specificity in the reactions. By introducing mutations, the att sites are now highly specific to one 

and other, i.e.  attP1 reacts only with attB1, attP2 reacts only with attB2, attL1 reacts only with 

attR1, and attL2 reacts only with attR2. To enable successful cloning, two selection marker genes 
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have been incorporated in Gateway® vectors, ccdB and a chloramphenicol resistance gene CmR. 

CcdB is a protein which interferes with DNA Gyrase’s crucial activity when present in E. coli, this 

being lethal to the cell. When a flawless recombination occurs, the vector’s ccdB-CmR fragment is 

replaced by the gene of interest, giving rise to viable cells sensitive to chloramphenicol. However if 

unreacted or defective vectors are picked up by cells, they won’t grow due to a negative selection 

given by the expression of ccdB-CmR fragment. 

In Multisite Gateway® all att sites have been further optimized to accommodate simultaneous 

recombination of multiple DNA fragments.  Modifications include: more attB and attP sites (up to 

4), and depending on the orientation of the attB and attP site on the DNA fragment or vector, the 

BP reaction will create either new attL or attR sites. A diagram is shown in Figure 2-3. 

 

 

Figure 2-3. General diagram of Multisite Gateway® system. Modified from Perehinec et al., 2007. 
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The first step using Multisite Gateway® cloning system is to clone the desired DNA fragment 

(promoter, reporter or terminator) into an Entry clone. Primers are designed to amplify the gene 

and at the same time have the attB sites to match the vector. Table 2-5 shows the att sites that 

should be linked to the primers and Table 2-3 summarizes Gateway vectors used in this study.   

Table 2-5. att sites used in primer design in Multisite Gateway® Technology.  

Name Primer Sequence 5’3’ 

attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT 

attB1R GGGGACTGCTTTTTTGTACAAACTTG 

attB2 GGGGACAGCTTTCTTGTACAAAGTGG 

attB2R GGGGACCACTTTGTACAAGAAAGCTGGGT 

attB3R GGGGACAACTTTGTATAATAAAGTTG 

attB4F GGGGACAACTTTGTATAGAAAAGTTG 

 

2.4.14.1 BP reaction 

The BP reaction was set as a 5 µl reaction in a 1.5 ml tube with the following components: 1-3 µl of 

PCR product (10-300 ng/µl), 1 µl of pDONRTM P4-P1R (150 ng/µl) and 1µl of BPTM Clonase II Mix. TE 

buffer was added if necessary to top up the reaction up to 5 µl. The BP reaction was incubated on a 

heat block at 25°C for 24 hours. To stop the reaction 0.5 µl of Proteinase K (Invitrogen) was added 

to the BP reaction, and incubated at 37°C for 10 minutes. This BP reaction was used to transform 

chemically competent E. coli cells. 

2.4.14.2 LR reaction 

A LR reaction was set in a 1.5 ml tube with the following components: 1 µl of Entry clone pDONRTM 

P4-P1R (10 fmol/µl), 1 µl of Entry clone pDONRTM 221 (10 fmol/µl), 1 µl of Entry clone pDONRTM 

P2R-P3 (10 fmol/µl), 1 µl of pDEST (20 fmol/µl) and 1 µl of LR TM Clonase II Mix. The LR reaction was 

incubated on a heat block at 25°C for 48 hours. To stop the reaction 0.5 µl of Proteinase K was 

added to the LR reaction tube and incubated at 37°C for 10 minutes. This LR reaction was used to 

transform chemically competent E. coli cells. 
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2.4.15 Strain typing 

To help explaining the origin of the differences in biofilm iron responsive gene expression in the 

isolates used in this study, we determined the Agr type of these isolates by PCR with specific 

primers (Table 2-4) for each Agr type (Strommenger et al. 2004). A collection of endocarditis and 

bacteramia isolates including BC03 and EC12 were screened for Agr type. Figure 9-6 shows the 

specific amplification of Agr type I in EC12 and Agr type II in BC03. Previous literature has shown 

that Newman is Agr type I and we also confirmed this with Agr type specific PCR (data not shown). 

 

 
Figure 2-4. PCR amplification of Agr types. 1, 1 kb  DNA ladder (Zymo Research); 2, BC01; 3, BC03; 4, BC07; 5, BC08; 6, EC04; 7, EC06; 
8, EC08; 9, EC12; 10, EC13; 11, (-); 12, BC01; 13, BC03; 14, BC07; 15, BC08; 16, EC04; 17, EC06; 18, EC08; 19, EC12; 20, 1 kb  DNA 
ladder (Zymo Research). Bold annotation represents strains included in further studies. 

 

To further improve understandings about the genetic differences between the strains, spa typing 

was performed. The universal gold standard for genotyping is Pulsed Field Gel Electrophoresis 

(PFGE); however nowadays in S. aureus there are other genotyping tools that are accurately 

correlated to PFGE and are much cheaper and less laborious. Point mutations are often seen in S. 

aureus adaptation, so single locus sequencing has become a reliable genotyping approach. In this 

context the gene spa (protein A) has shown a good genotyping resolution because it suffers point 

mutations and gains or loses repeats. Each one of these repeats gets a code and the spa type is 

assigned according to the order of these repeats (Harmsen et al. 2003). However, to put into 

perspective the resolution power of this tool, it has been shown that one spa type can harbor up to 

twenty PGFE profiles. usedThespa gene was amplified by PCR, sent for sequencing and analyzed 

kindly by Dr. Stephen Ritchie (Faculty of Medical and Health Sciences at The University of Auckland) 

using Based Upon Repeat Pattern (BURP),an algorithm designed to analyze relatedness of S. aureus 

isolates based on spa polymorphisms, which has shown above 90% of concordance to MLST typing 

(Mellmann et al. 2007). 

  

Agr I 

1       2     3     4     5     6     7     8     9     10   11   12   13   14   15   16   17   18    19    20 

Agr II 
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2.4.16 RNA isolation from Staphylococcus aureus 

RNA extraction was performed using RiboPureTM- Bacteria Kit (Ambion®, Invitrogen, USA), and 

manufacturer’s recommendations were followed with minor modifications. All consumables used 

through this method were certified RNAse free (micropipette tips, 1.5 ml tubes, etc.).  Briefly, either 

10 ml of A600 0.5-0.6 planktonic cells or 24 hours biofilm cells were collected by centrifugation and 

resuspended in 350 µl of RNAWIZ solution. Suspension was transferred to a tube containing 

Zirconia Beads, 17.5 µl of Lysostaphin (20 mg/ml) was added and tubes were vortexed in Beads 

Ruptor (Omni Beads Ruptor 24 Homogenizer, USA) for 5 minutes at 3.25 m/s. Lysed cells were 

centrifuged at 11000 g for 5 minutes at 4°C, then lysate was transferred to a fresh 1.5 ml tube, and 

0.2 volume of chloroform was added, mixed and incubated for 10 minutes at room temperature. 

After spinning down (11000 g, 5 min, 4°C) the lysate, aqueous phase (top) was transferred to a 

fresh 1.5 ml tube and 0.5 volume of 100% ethanol (ACS grade, Scharlau Chemie S.A., Spain) was 

added with thorough mixing. This sample was then passed through a RNA binding Filter Cartridge in 

a Collection tube (13000 g, 1 min, 4°C), discarding the flow-through. The filter was washed once 

with 700 µl of Wash Solution (13000 g, 1 min, 4°C), twice with 500 µl of Wash Solution 2/3 (13000 

g, 1 min, 4°C), and spun one last time to remove excess on the filter.  RNA in the filter was eluted 

twice with 30 µl of Elution Solution (pre-heated to 95°C) into a Collection tube (13000 g, 1 min, 

4°C). To remove DNA traces a 1 /9th volume of DNAse Buffer 10 X and 4 µl of DNase 1 (2U/µl) were 

added to the RNA sample, and incubated at 37°C for 30 minutes. DNase Inactivation Reagent (0.2 

volume) was added, mixed and incubated for 2 minutes at room temperature. The RNA sample was 

centrifuged (13000 g, 1 min, 4°C) and RNA-supernatant was transferred to a fresh 1.5 ml tube to be 

stored at -80°C until further use.  

 

2.4.17 RT-qPCR 

2.4.17.1 RNA quantification 

To assess an accurate RNA yield or quality in a given sample, ExperionTM Automated Electrophoresis 

System (Bio-Rad) was used. Samples were prepared using ExperionTM RNA StdSens Analysis Kit (Bio-

Rad). Before running RNA samples in ExperionTM, electrodes were cleaned by filling a chip with 800 

µl of ExperionTM Electrode Cleaner solution, placed into the ExperionTM platform (Electrophoresis 

station), closed the lid and left acting for 2 min. A separate chip filled with 800 µl of DEPC-treated 
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water was applied in the same manner to the ExperionTM platform, and left acting for 5 minutes. 

This cleaning step was repeated with fresh DEPC-treated water, and left for only 60 seconds, 

leaving at the end the lid open for remaining water to evaporate from electrodes.  Filtered RNA Gel 

was mixed with RNA stain in proportion of 65:1 respectively, in a 1.5 ml tube, and kept protected 

from light. 2 µl of each RNA sample were aliquoted into new 1.5 ml tubes and 2 µl of RNA ladder as 

well. RNA samples and ladder were denatured by placing the tubes at 70°C for 2 minutes, and 

immediately placed on ice for 5 minutes. The Experion RNA StdSens chip to be used to run RNA 

samples was primed by adding 9 µl of Gel-Stain mix into the well labelled GS, and placed into the 

ExperionTM Priming Station, selecting option B1, and left to prime for approximately 30 seconds. 

After verification for no bubbles, the rest of the wells in the chip were loaded. 9 µl of Gel-Stain mix 

was loaded into another well labelled GS, 9 µl of just filtered gel into well labelled G, and 5 µl of 

loading buffer into each sample well and ladder well (L). Finally 1 µl of RNA sample was loaded into 

each sample well, and 1 µl of RNA ladder into well labelled L. The chip was vortexed for 60 seconds 

using the Experion Vortexer station, and then immediately run in ExperionTM Automated 

Electrophoresis System. 

 

2.4.17.2 RT-qPCR 

To prepare qPCR reactions, Power SYBR® Green RNA-to-CTTM 1 Step Kit was used, and 10 µl 

reactions were made according to following details: 5 µl of Power SYBR® Green RT-PCR Mix (2X), 0.3 

µl of Forward Primer (10 µM), 0.3 µl of Reverse Primer (10 µM), 0.08 µl of RT Enzyme Mix (125X) 

and 4.32 µl of RNA Template (10 ng final concentration in reaction). The mix was loaded into a 384-

well plate (MicroAmp Optical 384-well Reaction plate, Applied Biosystems), sealed with optical 

adhesive cover (Applied Biosystems) and placed into ABI 7900HT Fast Real Time PCR System 

(Applied BiosystemsTM). Running conditions: one holding stage of 30 minutes at 48°C (reverse 

transcription), one holding stage of 10 minutes at 95°C (for DNA Polymerase activation), 40 cycles 

of 15 seconds at 95°C (denature) and 1 minute at 60°C (anneal/extend). For dissociation curve 

purposes an extra stage was added: 15 seconds at 95°C (denature), 15 seconds at 60°C (anneal) and 

15 seconds at 95°C (denature). 
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2.4.17.3 Primer design for RT-qPCR 

Primers for RT-qPCR were either taken from published articles or designed in this study (Table 2-6). 

Custom designed primers were supplied by Applied Biosystems- Oligo Synthesis Service (when 

supplied with target gene sequences) or designed by the author using tools available online.  

In order to design primers for SYBR® Green based qPCR a guideline was followed (Thornton & Basu 

2011) to meet the requirements of this particular assay. Because SYBR® Green is a dye that binds to 

all double stranded DNA, primers should be highly specific to prevent false positives and primer 

designing must include some considerations. In general terms, the important parameters included 

in primer design for SYBR® Green based qPCR were: primer length 18-24 bp, primers melting 

temperature 58-60°C, amplicon size 50-150 bp, 3 mM of concentration of divalent cations (MgCl2+), 

0.2 mM of concentration of dNTPs, primers GC content 20-80%, and GC clamp (G or C in the last 

nucleotides at the 3’ end) of maximum 3.  

The sequence of the target gene was uploaded in an online and free software like Primer3Plus 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) or PrimerQuest from 

Integrated DNA Technologies (http://sg.idtdna.com/primerquest/Home/Index) including the 

parameters stated above retrieving as a result many different primers pairs. 

Primer pairs were then checked for formation of primer secondary structures (cross dimers, self 

dimers or hairpins). Primers pairs were uploaded in the online software Beacon Designer™ Free 

Edition (http://www.premierbiosoft.com/qpcr/index.html). If Gibbs free energy constant (∆G) was 

more negative than 3.5 then the secondary structures was very likely to happen, therefore that 

particular primer pair should be discarded.  

Finally, if primer pairs passed all previous check points, the resulting amplicon of selected primer 

pair was checked for secondary structures as well. The amplicon sequence was uploaded in online 

and free software UNAFold from Integrated DNA Technologies (http://sg.idtdna.com/UNAFold?). 

Setting the temperature at 60°C (annealing temperature of qPCR) and Mg concentration at 3 mM, 

the analysis provides the temperature at which the amplicons will form different secondary 

structures. In order to obtain successful amplification, none of these structures should form at 60°C 

or above. 
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Table 2-6. Primers used in RT-qPCR.  

Name Sequence 5’-3’ Target 
DNA 

Amplicon 
size (bp) 

Reference 

RNAIII-F 
RNAIII-R 

GTTTCACTGTGTCGATAATCCATTTT 
AAGGAGTGATTTCAATGGCACAA 

RNAIII 77 This study 

AgrB-F 
AgrB-R 

GCCCATTCCTGTGCGACTTAT 
GGCTCTTTGATGATAAGTGTGATAATG 

agrB 93 This study 

AgrII-F 
AgrII-R 

TACAAGTTCAAACGGTGATAG 
CGACATTATAAGTATTACAACAGAG 

agr-II 91 This study 

Fur-F 
Fur-R 

TGGAAAATCAGGTGAAAGGTGCTT 
TGCGACAAGCAGGCGTAA 

fur 119 This study 

IsdB-F 
IsdB-R 

CGCTTCTCTAAGTTCCTGATTCAAA 
TGAGGCCCCTACTTCTGAAACA 

isdB 139 This study 

HrtA-F 
HrtA-R 

CTTTTGTTGCTCTATCGGCATCTAA 
GCTTGAATGTATATCCGCATCAGT 

hrtA 138 This study 

Ftn-F 
Ftn-R 

AATCGCTCGTCAAGATAAAGATTATG 
CGCCGATACGAGTTAAATAATTGA 

ftn 119 This study 

16S-F 
16S-R 

AATACAAAGGGCAGCGAAACC  
TCCGAACTGAGAACAACTTTATGG  

16S 62 This study 

GyrB-F 
GyrB-R 

CGATTGCTCTAGTAAAAGTCCTGAAG 
TAGACCCCCCGGCAGAGT 

gyrB 71 This study 

Pta-F  
Pta-R 

AAAGCGCCAGGTGCTAAATTAC 
CTGGACCAACTGCATCATATCC 

pta 121 (Valihrach & 
Demnerova 2012) 

Tpi-F 
Tpi-R 

TTCTGAACGTCGTGAATTATTCC 
TTCACGCTCTTCGTCTGTTTC 

tpi 121 (Valihrach & 
Demnerova 2012) 

Hu-F 
Hu-R 

TTTACGTGCAGCACGTTCAC 
AAAAAGAAGCTGGTTCAGCAGTAG 

hu 125 (Valihrach & 
Demnerova 2012) 

Psmα-F 
Psmα-R 

TAGTACCTACAATAGCCATC 
GGTAACAACTAATCTCAAAC 

psmα 94 This study 

Psmβ-F 
Psmβ-R 

GGCGTAGGTTTATTAGGTAAATTAT 
AAATCTCTCCCTCACCTTTG 

psmβ 90 This study 

Ldh-1-F 
Ldh-1-R 

AAAACATGCCACACCATATTCTCC 
TACTAAATCTAAACGTGTTTCTCC 

ldh-1 136 (Richardson et al. 
2008) 

 

 

2.4.17.4 Gene expression analysis 

Results from the qPCR were obtained by software SDSv2.4 (Applied BiosystemsTM). 
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2.5 Statistical analysis 
 

For each experiment, corresponding data handling and statistical analyses were chosen following 

the simple guide “The BioStat Decision Tool” developed by Dr Siouxsie Wiles and Dr Anne Bishop. 

This tool can be accessed free online (http://flexiblelearning.auckland.ac.nz/biostat-tree/) or as a 

schematic flowchart. A brief description of statistical analyses performed in each assay is shown 

below, all with significance level set at 0.05. 

Biofilm quantification / microtitre plate assay. Measurements data from 4 replicates (wells in the 

96-well plate) and 3 independent experiments were included in the analysis. Normal distribution 

was confirmed by D’Agostino Pearson test. Statistical differences were determined by 2-Way 

ANOVA and Bonferroni post-test, which evaluates the effect of two factors: iron and time in biofilm 

formation within five iron treatments or groups. Graphical representations of this data and from 

other analyses are shown in Figure 2-4. 

 

Figure 2-5. Box and whiskers.  

Biofilm structure / CSLM. Measurements data from duplicates (two field views in each well) and 6 

wells from different experiments were included in the analysis. Normal distribution was confirmed 

by D’Agostino Pearson test.  Statistical significance was assessed by 1-Way ANOVA and Tukey post-

test, which evaluates the effect of one factor, the iron source, within three iron treatments or 

groups. 

Gene expression / promoter-reporter fusion. Expression ratio data from triplicates (three 

independent cultures) and 3 independent experiments were included in the analysis. Expression 

ratios were transformed into square root (SQRT) values. Area under the curve (AUC) of triplicates of 

SQRT expression ratios through time were estimated and statistical differences of AUC between 

treatments were assessed by Kruskal Wallis test. Normal distribution of all SQRT expression ratios 

Median 

75th percentile

25th percentile

10th percentile

90th percentile
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data at specific time points was confirmed by D’Agostino Pearson test and statistical significance 

was determined by 1-Way ANOVA and Tukey post-test.  

Gene expression / RT-qPCR. Data of relative gene expression ratios was obtained from triplicates 

and 3 independent experiments. Relative expression ratios were transformed into square root 

(SQRT) values. Realistically in all gene expression studies sample size is small, therefore normal 

distribution was rejected by D’Agostino Pearson test. Statistical significance was determined by 

Kruskal Wallis test and Dunn’s post-test, as a non-parametric test looking for the effect of one 

factor, iron source, within five iron treatments or groups. 
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3 CHAPTER 3: BACTERIAL GENETIC MODIFICATIONS 
 

3.1 Introduction  
To study the effect of iron and haemoglobin on Staphylococcus aureus biofilms, genetic 

modifications of bacterial genome were performed to produce mutants and tag strains with gene 

expression reporters.   

3.2 Knock out mutants 
Allelic replacement is one of the most used techniques to mutate chromosomal genes. pKOR1 is a 

plasmid optimized to generate allelic replacement in S. aureus with inducible counter selection 

(Figure 3-1). This plasmid has been modified by Gateway® Technology, so it carries attP1, ccdB-CmR, 

and attP2, to insert the gene of interest (Bae & Schneewind 2006). pKOR1 carries the antisense RNA 

of secY, which encodes a membrane protein crucial for protein transport across the cytoplasm. 

Expressing this antisense RNA inhibits SecY production, therefore not allowing cell survival. In 

pKOR1 antisense secY RNA expression is driven by the promoter Pxyl/tetO easily induced by 

Anhydrotetracycline (ATc). A temperature sensitive origin of replication also is present in this 

vector, thus 28°C is replication permissive whereas 42°C is non-permissive.   

 

Figure 3-1. Diagram showing general features of the vector pKOR1.  Plasmapper Version 2.0 online software was used (Dong et al. 
2004).   
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3.2.1 Allelic replacement of fur 
 

Fur is the main iron dependent regulator in S. aureus, thus we aimed to investigate the effect of Fur 

in biofilm response to iron sources. A general diagram of the strategy used to generate a fur mutant 

in S. aureus Newman is shown in Figure 3-2.  

 

 

Figure 3-2. Mutagenesis strategy for deletion of fur in S. aureus Newman. A, schematic steps to generate the allelic replacement 
vector and place it into Newman. B, allelic replacement induction steps through temperature shifts and counterselection in Newman; 
ON is overnight incubation; circles by the culture media represent the vector inside the bacterial cell, where the plasmid is 
represented by an orange circle, the deletion fragment is the red line, the chromosome is the blue line, see the text for detailed 
explanation. C, diagram of PCR amplification for Knock Out mutants; big light blue arrows indicate genes and their transcription 
direction and numbers indicate their position in Newman chromosome; red rectangles indicate amplified upstream or downstream 
regions; little green arrows indicate primers used and their annealing sites. 
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A in Figure 3-2 summarizes the steps towards incorporating pKOR1 with the fur DNA target 

fragment in Newman. By PCR amplification, 1 kb DNA fragment of flanking upstream and 

downstream regions of fur in S. aureus chromosome were generated. Fur-up-F-attB2 and Fur-up-R-

sacII primers were used to amplify the upstream region of fur, Fur-down-F-sacII and Fur-down-R-

attB1 primers were used to amplify the downstream region of fur. Once checked in an agarose gel 

for unspecific amplifications (Figure 3-3), both PCR products were purified. Two 50 µl digest 

reactions were set for each purified PCR product fur-up and fur-down, with enzyme SacII. After 

digestion, PCR products were purified again. Ligation reaction was set with equal quantities of both 

fur-up and fur-down DNA fragments. Ligation reaction was run on an agarose gel, and the expected 

2 kb DNA fragment was purified from the agarose gel. At the same time a PCR reaction with Fur-up-

F-attB2 and Fur-down-R-attB1 primers was set to amplify the whole 2 kb fragment, using the 

ligation product as template (Figure 3-4). Either the purified 2 kb band or the 2 kb PCR product 

were used to set a BP reaction with pKOR1.  

The BP reaction was transformed into E. coli TOP10 competent cells, and selected at 28°C on LB – 

Amp 100 µg/ml plates. TOP10 colonies were transferred to broth, subjected to plasmid extraction, 

and checked by PCR for the 2 kb fur-up-fur-down insert in pKOR1 (Fur-up-F-attB2 and Fur-down-R-

attB1 primers) (Figure 3-5). Following positive screen, S. aureus strain RN4220 was electroporated 

with previously extracted plasmids from TOP10 N5, and selected at 28°C on BHI – Cm 7 µg/ml 

plates. RN4220 colonies were transferred to broth, checked by PCR for the right insert in pKOR1 

(Figure 3-6) and positives clones were stored at -80°C. Finally, pKOR1 carrying fur-up-fur-down 

insert was transferred from RN4220 N13 to S. aureus strain Newman WT by transduction with 

phage Phi Ø11, selecting colonies at 28°C on LK – Cm 7 µg/ml plates. Newman colonies were 

transferred to TS broth, plasmids were extracted and checked by PCR for the right insert in pKOR1 

(Figure 3-7) and stored at -80°C.  
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Figure 3-3. Electrophoresis gel of PCR products of fur flanking regions. Lane 1, 1 kb DNA ladder (Zymo Research); lane 2-3, upstream 
PCR fragment of fur; lane 4-5, downstream PCR fragment of fur; lane 6, 1 kb  DNA ladder (Zymo Research). 

 

 

Figure 3-4. Electrophoresis gel of PCR products of ligation of fur flanking regions. Lane 1, 1 kb DNA ladder (Zymo Research); lane 2-3, 
ligation product of fur-up and fur-down; lane 4, PCR amplification of ligation product.  

 

 

Figure 3-5. Electrophoresis gel of PCR products of fur TOP10 transformants using plasmid preparations as PCR template. Lane 1, 1 kb  
DNA ladder (Zymo Research); lane 2, TOP10 colony N1; lane 3, TOP10 colony N3; lane 4, TOP10 colony N5; lane 5, TOP10 colony N8; 
lane 6 , TOP10 colony N10; lane 7, ligation product of fur-up and fur-down; lane 8, 1 kb  DNA ladder (Zymo Research). Bold 
annotation represents colonies containing the right sequence. 

 

1           2            3           4           5            6 

1                2                3                4   

1        2        3        4         5         6         7          8 

1 kb 

2 kb 

2 kb 

1 kb 

76 
 



 

 

Figure 3-6. Electrophoresis gel of PCR products of fur RN4220 electroporated colonies using plasmid preparations as PCR template. 
Lane 1, PCR product fur-up-fur-down from electroporated plasmid fur-up-fur-down in pKOR1; lane 2, plasmid preparation fur-up-fur-
down in pKOR1 used as PCR template in lane 1; lane 3, PCR product fur-up-fur-down RN4220 colony N3; lane 4, plasmid preparation 
fur-up-fur-down in pKOR1 of RN4220 colony N3 used as PCR template in lane 3; lane 5, PCR product fur-up-fur-down RN4220 colony 
N13; lane 6, plasmid preparation fur-up-fur-down in pKOR1 of RN4220 colony N13 used as PCR template in lane 5; lane 7, PCR 
product fur-up-fur-down RN4220 colony N4; lane 8, plasmid preparation fur-up-fur-down in pKOR1 of RN4220 colony N4 used as PCR 
template in lane 7; lane 9, PCR product fur-up-fur-down of WT Newman; lane 10, 1 kb  DNA ladder (Zymo Research). Bold annotation 
represents colonies containing the right sequence. 

 

 

Figure 3-7. Electrophoresis gel of PCR products of fur Newman transductants using plasmid preparations as PCR template. Lane 1, 1 
kb  DNA ladder (Zymo Research); lane 2, PCR product fur-up-fur-down Newman colony N4; lane 3, PCR product fur-up-fur-down 
Newman colony N9; lane 4, PCR product fur-up-fur-down BCO3 colony N5; lane 5, PCR product fur-up-fur-down BCO3 colony N18;  
lane 6 , PCR product fur-up-fur-down Newman WT; lane 7, PCR product fur-up-fur-down RN4220 with pKOR1 colony N4; lane 8, PCR 
product fur-up-fur-down  RN4220 WT. Bold annotation represents colonies containing the right sequence.  

 

B in Figure 3-2 summarizes the steps towards generating fur deletion in Newman chromosome. The 

allelic replacement protocol was started by transferring about 10 µl from a 28°C grown overnight 

culture of transductant Newman N4 (carrying suitable pKOR1) to a 42°C pre- warmed 5 ml TSB - Cm 

7 µg/ml and grown at 42°C and 200 r.p.m for 24 hours. This culture was then streaked to a 42°C 

pre-warmed TSA - Cm 7 µg/ml plate and incubated at 42°C for 24 hours. The agar plate was placed 

in a humidity box (containing a wet tissue) to prevent agar dehydration. The 42°C temperature shift 

with Cm presence forces and selects only those cells with insertion of the plasmid into the 
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chromosome. A single colony was inoculated into 5 ml TSB without any drug and incubated at 30°C, 

200 r.p.m. overnight.  The culture was diluted 100,000 or 10,000 times with sterile saline solution 

(0.65% w/v NaCl), and 100 µl of the dilution was spread on TSA – aTc (anhydrotetracycline) 500 

ng/ml and incubated at 37°C overnight. Permissive temperature shift allows excision of the plasmid 

from the chromosome and aTc induces antisense secY RNA expression, therefore killing of cells still 

carrying the vector. Colonies were checked by transferring them to a TSA - Cm 7 µg/ml and to a TSA 

plate without antibiotic selection and incubating at 37°C for 24 hours. Positive colonies should not 

grow on TSA - Cm 7 µg/ml plates.  Chromosomal DNA was extracted from selected colonies and 

deletion was confirmed by PCR (Fur-up-F-attB2 and Fur-down-R-attB1 primers) (Figure 3-8) and 

phenotypic tests. A positive deleted clone should amplify just the 2 kb band (colony N26), whereas 

a not deleted clone would amplify 1kb upstream + fur (~ 450 bp) + 1kb downstream,  total of 2.4 kb 

(C in Figure 3-2).  

 

 

Figure 3-8. Electrophoresis gel of PCR products of Newman fur knock out colonies using chromosomal preparations as PCR template. 
Lane 1, 1 kb  DNA ladder (Zymo Research); lane 2, PCR product fur-up-fur-down Newman colony N53; lane 3, PCR product fur-up-fur-
down Newman colony N26; lane 4, PCR product fur-up-fur-down Newman colony N33; lane 5, PCR product fur-up-fur-down Newman 
colony N12;  lane 6 , PCR product fur-up-fur-down Newman colony N41; lane 7, PCR product fur-up-fur-down Newman colony N43; 
lane 8, PCR product fur-up-fur-down  Newman colony N50. Bold annotation represents colonies containing the right sequence. 

  

It has been shown that Fur regulates cell wall proteins expression in the presence of iron, thus in 

the presence or absence of iron cell wall composition varies. We hypothesized that in a fur knock 

out this iron dependent regulation of cell wall proteins would be abolished. To further confirm 

Newman Δfur strain, cell wall proteins were extracted from cells grown in iron depleted or iron 

sufficient conditions. The cell wall proteins extractions were run on SDS-PAGE gel (Figure 3-9). In 

Newman WT, there is  a difference of expressed cell wall proteins with and without iron; however 
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in Newman ∆fur this difference is abolished, reflecting the absence of Fur regulation dependent of 

iron. 

 

 

Figure 3-9. SDS-PAGE gel of cell wall proteins extracted from Newman WT and fur knock out colony N26. Cell wall proteins were 
extracted after growth in presence of iron (denoted by +Fe) and in the absence of iron (–Fe). L is Protein ladder (High Range Rainbow 
Marker). 
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3.2.2 Allelic replacement of isdB 
 

IsdB is the main haemoglobin receptor described in S. aureus, thus we aimed to investigate its role 

in the biofilm response to haemoglobin. A general diagram of the strategy used to generate an isdB 

mutant in S. aureus Newman is shown in Figure 3-10.  

 

 

Figure 3-10. Mutagenesis strategy for deletion of isdB in S. aureus Newman. A, schematic steps to generate the allelic replacement 
vector and place it into Newman. B, allelic replacement induction steps through temperature shifts and counterselection in Newman; 
ON is overnight incubation; circles by the culture media represent the vector inside de bacterial cell, where the plasmid is 
represented by an orange circle, the deletion fragment is the red line, the chromosome is the blue line, see the text for detailed 
explanation. C, diagram of PCR amplification for Knock Out mutants; big light blue arrows indicate genes and their transcription 
direction and numbers indicate their position in Newman chromosome; red rectangles indicate amplified upstream or downstream 
regions; little green arrows indicate primers used and their annealing sites. 
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A in Figure 3-10 summarizes the steps towards incorporating pKOR1 with isdB target fragment DNA 

into Newman. Briefly, 1 kb DNA fragment of flanking upstream and downstream regions of isdB in 

S. aureus chromosome were generated. IsdB-up-F-attB2 and IsdB-up-R-sacII primers were used to 

amplify the upstream region of isdB, IsdB-down-F-sacII and IsdB-down-R-attB1 primers were used 

to amplify the downstream region of isdB. Once checked in an agarose gel for unspecific 

amplifications (Figure 3-11), both PCR products were purified. Two 50 µl digestion reactions were 

set for each purified PCR product isdB-up and isdB-down, with enzyme SacII. After digestion, PCR 

products were purified again. Ligation reaction was set with equal quantities of both isdB-up and 

isdB-down DNA fragments. Ligation reaction was run on an agarose gel, and the expected 2 kb DNA 

fragment was purified from the agarose gel. At the same time a PCR reaction with IsdB-up-F-attB2 

and IsdB-down-R-attB1 primers was set to amplify the whole 2 kb fragment, using the ligation 

product as template (Figure 3-12). The purified 2 kb fragment was used to set a BP reaction with 

pKOR1.  

This BP reaction was transformed into E. coli TOP10 competent cells, and selected at 28°C on LB – 

Amp 100 µg/ml plates. TOP10 colonies were checked by PCR for the 2 kb isdB-up-isdB-down insert 

in pKOR1 (IsdB-up-F-attB2 and IsdB-down-R-attB1 primers) (Figure 3-13). Following positive screen, 

S. aureus strain RN4220 was electroporated with previously extracted plasmids from TOP10 N4 and 

selected at 28°C on BHI – Cm 7 µg/ml plates. RN4220 colonies were checked by PCR for the right 

insert in pKOR1 (Figure 3-14) and positives clones were stored at -80°C. Finally pKOR1 carrying isdB-

up-isdB-down insert was transferred from RN4220 N16 to S. aureus strain Newman by transduction 

with phage Phi Ø11, selecting colonies at 28°C on LK – Cm 7 µg/ml plates. Newman colonies were 

checked by PCR for the right insert in pKOR1 (Figure 3-15), and stored at -80°C.  

 

 

Figure 3-11. Electrophoresis gel of PCR products of isdB flanking regions. Lane 1, 1 kb  DNA ladder (Zymo Research); lane 2-3, 
upstream PCR fragment of isdB, lane 4-5, downstream PCR fragment of isdB; lane 6, 1 kb  DNA ladder (Zymo Research). 

1          2         3           4          5          6 

1 kb 

81 
 



 

 

Figure 3-12. Electrophoresis gel of PCR products of ligation of isdB flanking regions. Lane 1, 1 kb DNA ladder (Zymo Research); lane 2, 
PCR product isdB-up-isdB-down of WT Newman; lane 3-4, PCR amplification of ligation product isdB-up and isdB-down.  

 

 

Figure 3-13. Electrophoresis gel of PCR products of isdB TOP10 transformants using plasmid preparations as PCR template. Lane 1, 1 
kb DNA ladder (Zymo Research); lane 2, TOP10 colony N10; lane 3, TOP10 colony N4; lane 4, TOP10 colony N29; lane 5, PCR 
amplification from ligation product.Bold annotation represents colonies containing the right sequence. 

 

Figure 3-14. Electrophoresis gel of PCR products of isdB RN4220 electroporated colonies using plasmid preparations as PCR template. 
Lane 1, 1 kb DNA ladder (Zymo Research); lane 2, PCR product isdB-up-isdB-down RN4220 colony N5; lane 3, PCR product isdB-up-
isdB-down RN4220 colony N2 ; lane 4,  PCR product isdB-up-isdB-down RN4220 colony N16; lane 5, PCR product isdB-up-isdB-down 
RN4220 colony N15; lane 6, PCR product isdB-up-isdB-down of Newman WT; lane 7, 1 kb DNA ladder (Zymo Research). Bold 
annotation represents colonies containing the right sequence. 
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Figure 3-15. Electrophoresis gel of PCR products of Newman transductants using plasmid preparations as PCR template. Lane 1, 1 kb 
DNA ladder (Zymo Research); lane 2, PCR product isdB-up-isdB-down Newman WT; lane 3, PCR product isdB-up-isdB-down RN4220 
colony N16; lane 4, PCR product isdB-up-isdB-down Newman colony N1; lane 5, PCR product isdB-up-isdB-down Newman colony N2;  
lane 6 , PCR product isdB-up-isdB-down BC03 colony N3; lane 7, PCR product isdB-up-isdB-down BC03 colony N4; lane 8, 1 kb DNA 
ladder (Zymo Research). Bold annotation represents colonies containing the right sequence. 

 

 

Figure 3-16. Electrophoresis gel of PCR products of Newman isdB knock out colonies using chromosomal preparations as PCR 
template. Lane 1, 1 kb DNA ladder (Zymo Research); lane 2, PCR product isdB-up-isdB-down Newman colony N1; lane 3, PCR product 
isdB-up-isdB-down Newman colony N13; lane 4, PCR product isdB-up-isdB-down Newman colony N15; lane 5, PCR product isdB-up-
isdB-down Newman colony N17;  lane 6 , PCR product isdB-up-isdB-down Newman WT; lane 7, PCR product isdB-up-isdB-down 
Newman with pKOR1. Bold annotation represents colonies containing the right sequence. 

 

B in Figure 3-10 summarizes the steps towards the allelic replacement induction and are the same 

previously described in fur deletion protocol. Screening for isdB deletion mutants was done by PCR 

(C in Figure 3-10 and Figure 3-16). Cell wall protein extractions were also analyzed to confirm the 

deletion of a band corresponding to IsdB mass approximately of 72 kDa (Figure 3-17).  
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Figure 3-17. SDS-PAGE gel of cell wall proteins extracted from Newman WT and isdB knock out colonies N15 and N17. Cell wall 
proteins were extracted after growth in presence of iron (denoted by +Fe) and in the absence of iron (–Fe).. Knock out colonies lack a 
band corresponding to the IsdB mass, whilst other cell wall proteins are still differentially expressed with iron. L is Protein ladder 
(High Range Rainbow Marker).  

 

 

 

3.3 Haemoglobin binding Assay 
 

To further phenotypically confirm isdB deletion a mutant, a haemoglobin binding assay was 

designed to semi quantify the haemoglobin bound to cell surface (see section 2.3.7). General 

standardization was done first, to determine the concentration of haemoglobin at which 

haemoglobin absorbance (420 nm) can be differentiated from cell absorbance (600 nm) in either 

extraction buffer or RPMI. Figure 3-18 shows that 25 µM final haemoglobin concentration should 

allow a broad spectrum of detectable cell bound haemoglobin not interfered by cell absorbance. 

Newman WT and three Knockout mutants (N13, N15 and N17) were tested with this binding assay, 

showing all three K.O clones had less bound haemoglobin to their cell surfaces than WT, when 

exposed for a brief period of time to high haemoglobin concentrations (Figure 3-19). All three ∆isdB 

clones had impaired haemoglobin binding capacity suggesting that IsdB plays a role in the initial 

haemoglobin binding and either of these clones were useful for further studies. 
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Figure 3-18. Haemoglobin binding assay standardization. RMPI is the iron restricted medium usually used to grow cells at, Extraction 
Buffer is the solution used to release bound Hemoglobin, 420 nm is haemoglobin’s absorbance and 600 nm is cell’s absorbance. 

 

 

Figure 3-19. Haemoglobin binding assay. Haemoglobin losely bound to cell surface of three Newman ΔisdB clones and Newman WT. 
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3.4 Expression reporters 
 

For gene expression studies in S. aureus, expression reporters with the structure 

Promoter::Reporter::Terminator were constructed, so expression of the reporter would be directly 

affected by the promoter’s activity of the gene of interest. Using Multisite Gateway® Technology 

two expression reporters were made: PBss10::gfpluxABCDE::term and PisdB::gfpluxABCDE::term   in 

vector pUNKDEST.  

Bss10 is a S10 ribosomal protein gene from Bacillus subtilis (Li et al. 1997), which has a promoter 

region very active in S. aureus, therefore this construct was used as a positive control of expression 

of the reporter given that ribosomal genes are constitutively expressed in a cell. IsdB is the 

haemoglobin receptor in S. aureus, and its gene promoter region was the target of gene expression 

studies.  

Bioluminescence (BL) was used as main reporter of gene expression. Bacterial Bioluminescence is 

encoded by luxCDABE operon, derived from the terrestrial bacterium Photorhabdus luminescens.   

BL has the advantages of providing high sensitivity with a large dynamic range to quantify promoter 

activity in live cells in real time when used as quantitative analytical tool.  BL detection also needs 

no exogenous substrate addition, because the lux operon encodes luciferase and enzymes able to 

synthesize bioluminescent compounds (Figure 3-20). The final excited emitter molecule lasts for a 

few nanoseconds, thus the BL signal when used as expression reporter reflects current gene 

expression. Luciferase catalyzes oxidation of a long chain aldehyde and a reduced flavin 

mononucleotide (FMNH2), and the emitter compound is the enzyme-bound 4a-hydroxyflavin, 

leading to light detection at about 490 nm (Wilson & Hastings 1998). 

Fluorescence (FL) was also used a reporter of gene expression in this study. Green Fluorescent 

Protein (gfp) was originally found in marine jellyfish Aequorea victoria, and since then it has been 

extensively useful in molecular biology as reporter in many organisms, given that it doesn’t need 

cofactors to produce light. Gfp is a 238 amino acid protein requiring only oxygen for its maturation, 

and it is able to emit green fluorescence (508 nm) when excited at 395 nm (Cubitt et al. 1995). Gfp 

has the advantage of been suitable even for dead cells i.e. fixed samples, however this is also 

disadvantageous due to Gfp’s major stability, and so temporary gene activity cannot be measured. 

This way, bioluminescence or fluorescence reporters are meant to be useful with different 

purposes. 
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Transcriptional terminator sequences (term) increase efficiency in expression clones, because they 

block transcription initiated by promoters, and when used after reporter genes they isolate the 

expression of the reporter just to the promoter’s activity. Also terminators when located in other 

places in the vector, i.e. after selection markers, they prevent any read-through of the cloned 

reporter from this marker’s promoter. 

 

Figure 3-20. Bioluminescence reaction encoded by luxABCDE.  luxAB encodes luciferase; luxCDE encodes enzymes to recycle the 
aldehyde substrate. The bioluminescence reaction also requires oxygen and cellular energy in the form of reduced flavin 
mononucleotide. 

 

Using Multisite Gateway® Technology, LR reaction was made recombining Entry Clone with isdB 

promoter region PisdB (pDONRTMP1R-P4), Entry Clone with dual reporter gfp-luxABCDE 

(pDONRTMP221), Entry Clone with terminator sequence term (pDONRTMP2R-P3), and Destination 

Vector based on pUNKDEST. This reaction was transformed into E. coli DH5α competent cells, and 

selected at 37°C on LB -250 µg/ml Erythromycin plates. Positively glowing colonies were transferred 

to broth, subject to plasmid extraction, and stored at -80°C. Extracted plasmids from these colonies 

were electroporated into S. aureus strain RN4220, and selected at 37°C on TSA – 30 µg/ml 

Erythromycin plates. Positively glowing colonies were transferred to broth and stored at -80°C. 

Plasmids were transduced by phage φ11 from RN4220 to S. aureus Newman and selected on TSA - 

30 µg/ml Erythromycin plates. Glowing colonies were stored at -80°C until further experiments. At 

the end, S. aureus Newman strains were expressing bioluminescence and fluorescence driven by 

isdB promoter (Figure 3-21). 
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The same protocol was followed to tag S. aureus strain Newman with a reporter expressing BL and 

FL driven by Bss10 promoter. At the beginning of the protocol, only the Entry clone was replaced 

(with PBss10 in pDONRTMP1R-P4) in the above described LR reaction. Figure 3-22 shows how BL was 

checked to screen for positive colonies for expressing reporters. 

 

Figure 3-21.  Final Expression Clone based on pUNK. Plasmapper Version 2.0 online software was used (Dong et al. 2004). 

 

 

Figure 3-22.  Screening plate of bioluminescent colonies tagged with Expression Clone. Image taken with IVIS Imaging System. 
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3.5 Vector stability  

 

To potentially use these gene expression reporters in conditions where bacterial cells are difficult to 

maintain under antibiotic selection, like biofilms or animal infection models, vector stability 

experiments were conducted. To test plasmid stability when antibiotic selection is permanent, 

strains tagged with pUNKD based vector were incubated in rich media (TSB) and antibiotic selection 

for 24 hours, after which cells were plated in no antibiotic TSA plates. Colonies were then 

transferred to TSA plates with and without antibiotic for enumeration of resistant colonies 

reflecting vector maintenance. Erythromycin resistant colonies represented 72% of vector 

maintenance for NPBL (WT Newman BSS10:gfp:luxABCDE), 82% in NF26PBL5 (Newman ∆fur) and 

55% in NI15PBL23 (Newman ∆isdB).  

To test vector stability with conditions more similar to an animal infection i.e. passing cells through 

fitness pressures used in growth assays such as iron restricted environment, tagged strains were 

transferred from rich media (TSB) to iron restricted media (RPMI) under antibiotic selection. 

Plasmid maintenance was determined after one passage through iron restricted medium without 

antibiotic selection mimicking growth in the animal. Count of erythromycin resistant colonies 

showed about 46%, 45% and 59% of plasmid stability in Newman WT, ∆fur and ∆isdB strains, 

respectively, tagged with the vector constitutively expressing light (Figure 3-23). Newman WT 

tagged with same vector without light reporters showed similar percentage of plasmid retention.  

Bioluminescence screening on erythromycin resistant colonies showed that only Newman WT had 

actually lost the vector. On the other hand, strains tagged with vector expressing light from 

inducible promoter (PisdB) showed way less plasmid stability, 11% in Newman WT, 18% in ∆fur and 

32% in ∆isdB.  
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Figure 3-23. pUNKD vector stability in iron restricted media and no antibiotic selection. Newman WT (NPBL), Newman Δfur 
(NF26PBL5) and ΔisdB (NI15PBL23) strains tagged with constitutive light vector and Newman WT (NPIL), Newman Δfur (NF26PIL3) 
and ΔisdB (NI15PIL3) strains tagged with inducible light vector (-IL); NpK strain tagged with pUNKD vector without bioluminescent 
reporter. 

 

3.6 Discussion  
 

Expression reporter tags in microbiology have allowed crucial advantages studying molecular basis 

of genetic pathways in bacteria. Despite all the advantages, reporter vectors construction can also 

present new cumbersome troubleshooting. In this study bioluminescent/fluorescent reporter 

vectors used in Staphylococcus aureus were based on pUNKD (Pilgrim et al. 2003; Perehinec et al. 

2007). It has been shown the importance of using promoters and expression vectors in the 

appropriate host given that only few base pairs in the promoter region can be relevant in the 

recognition rate by the respective transcription factor or ultimately in the plasmid stability itself  

(Grkovic 2003). pUNKD was reported to present 25% plasmid loss in Lysteria monocytogenes 

without antibiotic selection and 12% loss for the vector without the reporter, however in 

Staphylococcus aureus as host it had not been tested (Perehinec et al. 2007). In this study, reporter 

vector stability experiments with rich media (TSB) and antibiotic selection showed 72% of vector 

maintenance for NPBL (WT Newman BSS10:gfp:luxABCDE), 82% in NF26PBL5 (Newman ∆fur), and 

55% In NI15PBL23 (Newman ∆isdB). One passage through iron restricted medium without antibiotic 

selection i.e. mimicking growth in an animal infection, reduced vector maintenance to about 46%, 

45% and 59% in Newman WT, ∆fur and ∆isdB strains, respectively, with exactly the same vector as 

used in rich media.  Also, DNA insert size might play a role in segregational instability of the vector 

due to the Gram positive’s inherent plasmid replication mechanism (Grkovic 2003). Newman WT 

tagged with same vector without light reporters showed similar percentage of plasmid stability, 
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even with an overall vector size 6.4 kb smaller than the bioluminescent reporter, showing that in 

this case vector size or reporter expression was not a relevant issue in plasmid stability. Instead, the 

conditions of growth along with absence of selection suggested that this particular reporter vector/ 

host strain would not suit for animal models or where selection is not possible. Surprisingly, a 

disagreement in luminescence screening and erythromycin resistant colonies was only seen in 

Newman WT. Moreover, strains tagged with vector expressing light from inducible promoter (PisdB) 

showed much less plasmid stability, 11% in Newman WT, 18% in ∆fur and 32% in ∆isdB. 

Overall these reporters are a good tool to study gene expression under controlled conditions, such 

as laboratory media with antibiotic selection. 
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4 CHAPTER 4: BIOFILM RESPONSE TO IRON STIMULI 
 

4.1 Introduction 
 

Literature review has indicated that for S. aureus iron restriction is an important in vivo signal 

(Torres et al. 2010) and biofilm inducer in some isolates (Johnson et al. 2005). The haemoglobin 

uptake and processing mechanisms so far described in S. aureus suggest that haemoglobin is 

incorporated into the cellular iron pool as simply another iron source (Hammer & Skaar 2011). 

Hence, the questions arise: 1) whether haemoglobin is detected as a signal by itself or as an iron 

source and 2) how this signal affects biofilm development. Thus, the effects of an inorganic iron 

source (FeCl3) and haemoglobin were evaluated in comparison to iron restriction on S. aureus 

biofilm formation and dispersal parameters. S. aureus Newman strain was used as most of the iron 

acquisition and regulation mechanisms have been investigated in this model strain. Newman 

isogenic Δfur and ΔisdB strains were also used to investigate the role of these genes in biofilm 

response to the iron source haemoglobin. Clinical S. aureus isolates from endocarditis and 

bacteraemia infections were also included as counterparts of the laboratory adapted strain 

Newman, noting that these isolates were likely in contact with blood (where haemoglobin is the 

primary iron source) during the course of infection.   

Biofilms were grown in RPMI media, an iron restricted physiological medium. Two different iron 

sources were added to RPMI media to study their effect on biofilm, inorganic iron and haemoglobin 

at two different concentrations. In this study, Hb used (0.5 µM and 10 µM) was above and below 

normal concentration of free Hb in the blood (2-4 µM Na, Ouyang, Taes, & Delanghe, 2005; 

Nishiyama & Hanaoka, 2000). The counterpart of the in vivo relevant iron source is FeCl3 (ferric 

chloride) as inorganic iron source.  FeCl3 has been extensively used in iron-dependent regulation 

studies in S. aureus (Torres et al. 2010; Dryla et al. 2003; Deng et al. 2012; Dale, Doherty-Kirby, et al. 

2004). Concentrations of inorganic iron were made to be equal molar to the haemoglobin for 

comparison; each haemoglobin molecule carries four haem or porphyrin rings containing a single Fe 

atom, thus 2 µM FeCl3 ≡ 0.5 µM Hb and 40 µM FeCl3 ≡ 10 µM Hb.  

Previous screening experiments conducted in our laboratory showed S. aureus Newman presented 

overall higher biomass when grown under iron restriction compared to biofilms grown at 10 µM of 

FeCl3 or 0.5 µM of  haemoglobin (Louie 2009). The hypothesis tested: there is an inverse 

relationship between available iron, irrespective of the source, and biofilm formation.   
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Crystal violet (CV) is a widely used stain to quantify biofilm levels (Jain & Agarwal 2009), given it 

binds primarily to sugar type molecules such as peptidoglycan i.e. the cell wall component of 

bacteria.  Under the specific conditions of this experiment, CV showed high levels of binding with 

blank controls of haemoglobin concentrations so other more specific dye was sought. DMMB (see 

Methods 2.3.5.2), a Poly-N-acetyl glucosamine (PNAG) specific stain was used to quantify S. aureus 

biofilm matrix levels. Cell viability was assessed by resazurin, a commonly used dye to quantify 

living bacterial load. 

 

4.2 Newman biofilms respond differently to inorganic iron and haemoglobin 
 

To test the hypothesis of inverse relationship between available iron and biofilm formation, biofilm 

formation was followed in Newman during the first 24 hours of adherence in a 96-well plate format 

assay incubated at 37°C and 180 r.p.m. with iron treatments: RPMI (R), R supplemented with FeCl3 

(2 µM or 40 µM) or Haemoglobin (0.5 µM or 10 µM).  

Newman WT displayed a significant decrease in biofilm matrix levels during the first 9 hours of 

biofilm formation with low and high inorganic iron concentrations, recovering at 24 hours with 

levels closer to initial 3h (Figure 4-1). The inorganic iron-decrease in the biofilm matrix level in early 

stages was not associated with a decrease in biofilm cell viability (Figure 4-2). 

On the other hand, haemoglobin presence in medium gradually increased biofilm matrix levels from 

the beginning of the experiment, becoming statistically significant from 9 hours of incubation 

(Figure 4-1). Illustrating a clearer comparison of iron source effects on biofilms (B in Figure 4-1), 

shows haemoglobin led up to 200% more biofilm matrix at 24h of incubation than the inorganic 

iron source. However the haemoglobin increase in the biofilm matrix only at later stages was 

supported by a higher cell load (Figure 4-2). Neither iron source nor concentration triggers a 

significant change in biofilm viability. 
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Figure 4-1. Biofilm matrix quantification through time in Newman WT.  Data represents four replicates in each experiment and three 
independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same iron 
treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-test. 
B, Data are plotted as mean and error. 
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Figure 4-2. Biofilm viability quantification through time in Newman WT.  Data represents four replicates in each experiment and 
three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same 
iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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4.3 Haemoglobin exposure does not induce dispersal in formed Newman biofilms. 
 

Previous studies in our laboratory had shown that addition of fresh medium containing 10 µM FeCl3 

to biofilm grown under iron restriction reduced biofilm levels; however the addition of fresh 

medium plus 0.5 µM of haemoglobin slightly increased biofilm levels. In a time course assay, it was 

also shown that both iron sources caused a decrease within the first 4 hours which could be 

attributed to adaptation to fresh nutrients (Louie 2009). To investigate this further, biofilms grown 

under iron restriction were given inorganic iron FeCl3 (2 µM or 40 µM) or haemoglobin (0.5 µM or 

10 µM) as supplements added directly to the spent medium of a 24 hour formed biofilm. Biofilm 

matrix (DMMB assay) and dispersing cell viability (supernatant, resazurin assay) were followed 

during the next 8 hours.  

The provision of FeCl3 led to a decrease in biofilm matrix most apparent at the higher 

concentration. On the other hand, the provision of haemoglobin led to an increase in biofilm 

matrix, also most apparent at the higher concentration (Figure 4-3). 

Dispersing cells did not change throughout the evaluated time of the experiment or due to different 

iron sources or concentrations, suggesting the fluctuation of biofilms levels due to iron are mostly 

of the matrix composition or resazurin assay is not sensitive enough (Figure 4-4). 
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Figure 4-3. Dispersal of Newman WT biofilm through time.  Data represents four replicates in each experiment and three 
independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same iron 
treatment at time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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Figure 4-4. Newman WT dispersing cells viability through time. Data represents four replicates in each experiment and three 
independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same iron 
treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-test. 
B, Data are plotted as mean and error. 
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4.4 Fur modulates inorganic iron biofilm response  
 

The Ferric uptake repressor Fur is the main iron dependent regulator in S. aureus, thus it was 

hypothesized that the biofilm responses to both iron sources are regulated by Fur, therefore 

abolished in the absence of Fur. To test this hypothesis, the experiment performed with Newman 

WT was repeated with a fur mutant. 

The provision of an inorganic iron source did not change the biofilm formation by Newman Δfur 

through time, suggesting that Fur mediates the biofilm response to FeCl3.  Conversely, provision of 

haemoglobin resulted in an increase in biofilm matrix similar to that seen with Newman WT, 

suggesting that biofilm response to haemoglobin is Fur independent (Figure 4-5). 

Cell viability showed significant differences in almost all iron treatments at the last stages of biofilm 

formation and no different between iron treatments (Figure 4-6). 
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Figure 4-5. Biofilm matrix quantification through time in Newman ∆fur.  Data represents four replicates in each experiment and three 
independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same iron 
treatment time point 3h are shown by stars (** p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-test. 
B, Data are plotted as mean and error. 
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Figure 4-6. Biofilm viability quantification through time in Newman ∆fur.  Data represents four replicates in each experiment and 
three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same 
iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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4.5 IsdB is not essential in haemoglobin-induced biofilm 
 

Previously in our laboratory, IsdB (the main haemoglobin receptor) was indentified as a major 

component expressed in cell wall preparations of clinical isolates grown in biofilms under iron 

restriction (Yang 2008). Thus, it was hypothesized that IsdB might have an important function in the 

iron restricted biofilm responding to haemoglobin stimulus. To determine if IsdB plays a role in the 

haemoglobin specific biofilm response in Newman, the mutant Newman ∆isdB was analyzed in the 

biofilm formation assay. 

Newman ∆isdB exhibited similar responses to both inorganic iron and haemoglobin when 

compared to Newman WT (Figure 4-7). Cell viability supported the biofilm increase only at later 

stages (Figure 4-8). These results suggest that IsdB is not important in the haemoglobin biofilm 

response in Newman, under the experimental conditions used here. 
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Figure 4-7. Biofilm matrix quantification through time in Newman ∆isdB.  Data represents four replicates in each experiment and 
three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same 
iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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Figure 4-8. Biofilm viability quantification through time in Newman ∆isdB.  Data represents four replicates in each experiment and 
three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same 
iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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4.6 Biofilm responses to iron sources are conserved among clinical isolates. 
 

The capacity of S. aureus to form biofilms and the response of these biofilms to stimuli is variable 

across different isolates. Iron restriction alone has been shown to trigger different effects in biofilm 

formation, thus we hypothesized that inorganic iron and haemoglobin would induce different 

effects in biofilms formed by clinical isolates. To test this, biofilms of clinical isolates BC03 (from a 

bacteraemia infection) and EC12 (from an endocarditis infection) were grown under same iron 

treatments previously described in the biofilm formation assay through time.  

BC03 formed significantly more biofilm matrix in the presence of haemoglobin after 9 hours of 

incubation and significantly less biofilm matrix in the early stages of biofilm formation with an 

inorganic iron source (Figure 4-9). No clear trend was seen for biofilm viability (Figure 4-10). It was 

also apparent that BC03 in general terms had an overall lessened capacity of biofilm formation 

compared to Newman resulting in slightly lower values of matrix measurements within all iron 

treatments (data not shown). However, biofilms responses of BC03 to iron sources correlated with 

the one of Newman. 

EC12 formed more biofilm matrix in the presence of haemoglobin and significantly less biofilm 

matrix with FeCl3 as an iron source (Figure 4-11). No clear trend was seen for biofilm viability 

(Figure 4-12). This isolate also displayed diminished biofilm formation capacity compare to 

Newman, being significantly different from Newman only at a high haemoglobin concentration 

(data not shown). 
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Figure 4-9. Biofilm matrix quantification through time in bacteraemia isolate. Data represents four replicates in each experiment and 
three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to same 
iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni post-
test. B, Data are plotted as mean and error. 
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Figure 4-10. Biofilm viability quantification through time in bacteraemia isolate.  Data represents four replicates in each experiment 
and three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to 
same iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni 
post-test. B, Data are plotted as mean and error. 
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Figure 4-11. Biofilm matrix quantification through time in endocarditis isolate. Data represents four replicates in each experiment 
and three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to 
same iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni 
post-test. B, Data are plotted as mean and error. 
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Figure 4-12. Biofilm viability quantification through time in endocarditis isolate. Data represents four replicates in each experiment 
and three independent experiments. A, Data plotted as box and whiskers of 10-90 percentiles. Significant differences compared to 
same iron treatment time point 3h are shown by stars (* p<0.05, ** p<0.01, ***p<0.001), tested with 2-way ANOVA and Bonferroni 
post-test. B, Data are plotted as mean and error. 
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4.7 Discussion 
 

The media and iron sources. The use of common rich laboratory culture media with in vitro assays 

and bacterial pathogens can mask or confuse some important discoveries simply because rich 

media does not represent the human host environment in the infectious process. It has also been 

shown noteworthy differences in Staphylococcus aureus biofilm production merely due to the 

media or even the type of 96-well plate used in a particular study (Ray et al. 2009; Kennedy & 

O’Gara 2004). For example, the most common broth to culture Staphylococcus aureus in is 

Trypticase Soy Broth which contains casein peptone, 0.25% w/v glucose, sodium chloride and soy 

peptone among others compounds that replenish the cells of nutrients and extensively promote 

growth. On the other hand, RPMI is a chemically defined medium, with amino acids, vitamins, 

inorganic salts and glucose concentrations relevant and designed to culture human tissue cells. 

Moreover, lately RPMI has been used as medium to culture bacterial cells as well, especially in 

those studies investigating iron effect given that RPMI is an iron restricted medium physiological 

much closer to human tissue conditions. Biofilm levels achieved with RPMI medium were 

considerably lower than those in TSB; however we believe that our experimental conditions are 

much more representative of physiological conditions.  

The method. The experimental system used to analyze the effect of iron in the biofilm was adapted 

from the 96-well microtitre assay because it is a good and high-throughput tool of closed system 

biofilms where predetermined nutrients are provided allowing a quantitative assay of time-

dependent adherence of cells to a polystyrene surface (McBain 2009). Axenic cultures enable 

monitoring of single variables and the biofilm physiological response to it.  S. aureus biofilms in vivo 

are normally found as monospecies (Otto 2008). Biofilms were screened for no longer than 24 

hours because the main objective of this study was to evaluate the initial biofilm response of the 

cells to exposure to an in vivo relevant iron source (haemoglobin) e.g. simulating the scenario of the 

intravenous insertion of a catheter. The microtitre plate assay, as a closed system, accumulates 

waste products that after 24 hours might be detrimental for biofilms. 

Crystal Violet is the most common cationic dye in biofilm screening assays e.g. the determination of 

biofilm inhibitory concentrations or evaluation of biofilm forming isolates as markers of 

pathogenicity (Bonez et al. 2013; Jain & Agarwal 2009). CV was developed as bacterial quantitative 

adherence assay in the mid 1980s  (Christensen et al. 1985) however, it must be used with 

judgment because CV can potentially hide or overestimate some effects on biofilm formation 
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depending in the investigation. CV is a non-specific stain which interacts with negatively charged 

components of cells. In previous studies in our laboratory with biofilm formation and haemoglobin 

this was not an issue due to the low concentration of 0.5 µM Hb used (Louie 2009). In this study, 

values of negative controls for high doses of haemoglobin (only medium + 10 µM haemoglobin) 

presented almost 50% of the overall biofilm measurements (Figure 4-13), suggesting that CV was 

not the best biofilm stain in this particular study because it might have affinity for the haemoglobin. 

Thus, higher concentrations of protein will give lower biofilm CV measurements from the negative 

control subtraction obscuring the real biofilm response. 

R 3

M Fe
Cl

µ2 
M Hb

µ
0.5 

3

M Fe
Cl

µ
40 

M Hb

µ
10 

0.0

0.5

1.0

1.5 Newman
Negative control

Cr
ys

ta
l V

io
le

t A
bs

57
0n

m

 

Figure 4-13. Crystal Violet biofilm quantification assay. 96-well plate assay was incubated for 24 hours with some wells including 
bacteria and media (black bars)  and other well with only media supplemented with iron (grey bars). Data are plotted as mean and 
standard deviation. 

 

 

Instead, Dimethyl methylene blue (DMMB) was adapted to the biofilm quantitative assay, being 

much more specific to S. aureus biofilms due to the affinity of the dye for glycosaminoglycans which 

are very similar to PIA – S. aureus main matrix component (Toté et al. 2008).  DMMB has been 

reported not to detect matrix components unrelated to PIA and this was confirmed in this study 

with all the negative controls for iron treatments granting the same values (data not shown).  

Some variation has been reported in biofilm forming capacity among the same strains from 

different laboratories, possibly in part due to experimental settings e.g. 96-well plate type, media, 

stain, etc. (Kennedy & O’Gara 2004). In this study, achieved biofilm levels detected by DMMB (~0.1) 

were substantially lower than reported for other S. aureus biofilm formers (~0.8) (Toté et al. 2008). 
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This could be explained by other studies using common rich TSB media, incubating biofilms for 72 

hours and inherent biofilm forming capacity of the strains. Further assays in this study validated 

using RPMI as media to analyze the effect of iron in biofilms in a MTP format. 

Biofilm and iron. The initial response of Newman WT biofilms to FeCl3 suggested that FeCl3 in the 

medium from the beginning could be affecting the initial adhesion and the physicochemical 

properties of the interaction cell surface-polystyrene, like shown in S. aureus SA113 with single 

amino acid mutation in the teichoic acids changed the net charge of cell wall and considerably 

reduced initial adherence to surfaces  (Gross et al. 2001). FeCl3 was dissolved in mild Tris-HCl 

solution to prevent hydrolysis and becoming an acidic solution, thus pH changes would not affect 

the biofilm, and used micromolar concentrations of FeCl3 solution are unlikely to affect the pH. 

Inorganic iron affecting PIA production crossed our minds. Many stimuli have been reported to 

induce PIA production in S. epidermidis; however there are just as much similarities as differences 

in biofilm regulation with S. aureus. Most of the biofilm assays have adopted using 0.5% glucose 

supplement in the medium to promote biofilm formation since it was shown to repress the Agr 

system in planktonic growth in 11 of 12 S. aureus isolates (Regassa et al. 1992). Agr is the most 

important biofilm regulator and biofilm formation capacity at relevant physiological glucose levels 

(0.1%) is dependent on Agr types but ultimately on S. aureus lineages (Croes et al. 2009), suggesting  

the  broad range of responses seen by this pathogen is just the tip of the iceberg of the complex 

networking and overlapping activities of regulators. However, Agr has not been linked to PIA 

production. Osmotic stress (3% NaCl) has also been connected in biofilm induction through a 

SigmaB-dependent Ica transcription way in S. aureus MA12 mucosal isolate and RN4220 strain 

(RsbU defective, activator of SigmaB) (Rachid et al. 2000). SigmaB can bind and induce SarA 

promoter, however in clinical isolates like 15981 and ISP479 SarA not SigmaB was shown to be the 

one responsible for impairing biofilm formation in TSB + glucose media. PIA production was 

decreased in ∆sarA in the early stages of planktonic growth, confirming SarA timed and relevant but 

not essential role in ica transcription which might not always be correlated to PIA production or 

biofilm formation (Valle et al. 2003).  SarA induced biofilm formation in UAMS-1 isolate in TSB 

media supplemented with glucose and NaCl and pre-coated surfaces with plasma proteins, 

however no effect of SarA or Agr was demonstrated in Newman under the same experimental 

settings (Beenken et al. 2003). PIA production has shown up regulation with anaerobiosis in S. 

aureus SA113, conditions that could be achieved in vivo in some localized infections such as an 

abscess or most of biofilms (Cramton et al. 2001), however the aerobic/anaerobic conditions of this 
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assay were common to all iron treatments, hence this parameter could not explain the inorganic 

iron-decrease in matrix levels. AI-2 is QS system described as a regulator of biofilm formation in 

Gram negative bacteria, however it has been reported to repress ica transcription by activation of 

repressor icaR in S. aureus RN6390 biofilms grown in TSB media with anaerobic/aerobic conditions 

(Yu et al. 2012). Thus, all these reports on PIA induction might be masking other effects in S. aureus 

biofilms because the media used in all of them is not representative of physiological conditions, or 

even worst the biofilms are constantly and artificially induced by glucose addition.   

Iron restriction by itself has been shown to influence in biofilm production in orthopedic-associated 

infections isolates. Three categories were found in orthopedic-associated infections isolates: 

isolates producing even more biofilm with iron restriction than TSB media + glucose, isolates with 

same biofilm levels regardless of glucose but still more biofilm in iron restriction, and isolates 

responding extremely well in biofilm production with glucose but not to iron restriction (Baldassarri 

et al. 2001). Again, these results highlight the diversity of responses seen not only in S. aureus but in 

isolates from very specific types of infections where a little more conserved regulation would be 

expected. One of the first studies using closer to physiological conditions and iron restricted 

medium RPMI to grow biofilms and analyze their response was done by Johnson and colleagues. 

Low iron environment was combined with osmotic stress in Newman biofilms and it was shown 

that SigmaB mutants had the same response hence ruling out SigmaB playing a role in iron 

responsive biofilm regulation. Moreover, PIA production in Newman was not related to biofilm 

increases associated with iron restriction, suggesting other mechanisms involved (Johnson et al. 

2005). These results are in disagreement with our study, because DMMB stain specifically binds to 

PIA, therefore increases or decreases in biofilm levels are mainly due to PIA variation.  

Biofilm cell viability assessed by resazurin in this experiment showed the inorganic iron-decrease in 

the biofilm matrix levels in early stages was not associated with a decrease in cell viability. 

Resazurin limit of detection with the specific conditions of this study was approximately 106 CFU/ml 

with resazurin fluorescence values of approximately 1.5x105 (Figure 4-14). Whenever biofilm 

viability did not change e.g. with high inorganic iron concentrations, it was not due to resazurin not 

able to detect low amount of cells because the fluorescence measurements were already 

normalized to media and were still above the limit of detection. However with low amount of cells 

this assay does become more variable.  
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Figure 4-14. Resazurin limit of detection. 10-fold dilutions (A) or 2-fold dilutions (B) of range of bacterial concentrations in biofilm 
quantitative assay. Dashed line represents the negative control measurement. 

 

Newman iron restricted pre-formed biofilm decreased after addition of a high dose of FeCl3, 

suggesting the same stimulus in opposite concentrations is able to trigger biofilm disassembly, 

suggesting FeCl3 has an extra role of either decreasing PIA production or inducing dispersal 

mechanisms. However, haemoglobin increased or maintained the biofilms matrix levels when 

added, confirming the opposite role of haemoglobin in biofilms. The fluctuation of biofilms levels 

was mainly due to iron and matrix levels given that dispersing cells did not change significantly. 

Role of Fur in biofilm with iron. Newman Δfur biofilm did not change significantly thought time 

with inorganic iron but haemoglobin still induced matrix levels with biofilm cell viability matching 

matrix changes at the last stages of biofilm formation. This is indicative of Fur playing a role in the 
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response of the biofilm only to inorganic iron and not to haemoglobin. Other studies have shown 

that Fur has a negative or repressor role in low-iron biofilm formation at the initial stages of 

adhesion but a positive role in later stages of biofilm formation in Newman (Johnson et al. 2005). In 

this study, Fur did not have a significant role at initial adhesion or later stages of biofilm formation 

in low iron conditions (RPMI media), which might be attributable to RPMI media used here not 

being fully iron depleted enough to see this effect (Figure 4-15). It is very clear the role of Fur as a 

repressor of initial adhesion in the presence of iron but not at later stages and also Fur’s 

indifference to haemoglobin induced biofilm. Thus, any haemoglobin effect on biofilm formation 

does not go through the iron homeostasis mechanisms or at least is not regulated by Fur. We 

considered that due to this lack of effect of Fur in the biofilm response to haemoglobin, it was not 

necessary complementation of Fur into a Δfur strain.  
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Figure 4-15. Biofilm formation at different times and different iron sources in Newman and its isogenic Δfur. R, iron restricted 
medium; inorganic iron 40 µM FeCl3; haemoglobin 10 µM. Data represents four replicates in each experiment and three independent 
experiments. Data is plotted as mean and error. 

 

Haemoglobin and biofilm. Haemoglobin progressive increase in Newman WT biofilm matrix levels 

to more than 200% more biofilm at 24 hours of incubation compared to the inorganic iron source 

was supported by a higher cell viability detected by resazurin at later stages. Thus, the two iron 

sources promote completely opposite biofilm responses. These findings are reinforced by other 

researchers demonstrating that in planktonic growth excess exogenous haem is directed to the 

membrane probably and mainly to participate as cofactor of enzymes like cytochromes involved in 

energy production and ultimately influencing in growth rate (Reniere et al., 2007). Furthermore, if 
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haemoglobin is directed to the membrane it might not be participating in the intracellular free iron 

pool, thus it is possible to reason that in the biofilm formation process under haemoglobin as main 

iron source, the cells are closer to be iron restricted than iron sufficient, therefore overall induced 

in their biofilm capacity. However, this explanation would lead to similar levels of biofilm in iron 

restricted and haemoglobin media, which we do not see and rather see significantly increased 

biofilm levels in haemoglobin presence compared to iron restricted. In an attempt to explain why 

some people are colonized by S. aureus, some researchers have shown that the specific 

composition of individual nasal secretions is determinant for S. aureus colonization and within all 

types of nasal secretions (plasminogen, lactoferrin, hemopexin, albumin, among others) presence 

of haemoglobin was the most relevant factor promoting adherence on MTP and flow cell assays in 

SH100 grown in TSB media, whereas haem or apohaemoglobin did not cause same effect 

(Pynnonen et al. 2011).  

Brief exposure to haemoglobin. We hypothesized that haemoglobin could be sensed as stimulus in 

planktonic cells and immediately trigger a differential response in S. aureus towards inducing 

biofilm formation. We tested if brief exposure to haemoglobin in iron restricted cells had same 

biofilm formation response seen before in biofilms grown under constant haemoglobin exposure. 

Newman WT, isogenic Δfur and ΔisdB were grown planktonically in RMPI until exponential phase 

was reached, then exposed for 30 minutes to either 10 µM of haemoglobin, 40 µM FeCl3 or no iron 

source. Cultures were washed and then inoculated into fresh RPMI in a 96-well plate to form a 

biofilm for 24 hours at 37°C.  All the strains were highly impaired in biofilm formation capacity 

mostly with the brief inorganic iron exposure, suggesting that biofilm decrease with inorganic iron 

seen before is determined by intracellular cues instead of a constant exposure to this iron source 

(Figure 4-16). Surprisingly ∆isdB formed much less biofilm than WT with brief Hb exposure, 

suggesting that IsdB role is indeed important in Hb uptake in planktonic growth for a short initial 

interaction and then this effect on iron homeostasis could be translated into the biofilm growth 

mode. This behavior has been confirmed by others in a way that constant Hb exposure promotes 

nonspecific binding to many surface receptors in S. aureus, therefore hiding individual relevance of 

each receptor (Torres et al. 2006). It has been reported that human fresh blood purified 

haemoglobin and commercially available lyophilized haemoglobin normally used in in vitro assays 

produce different effects in S. aureus ∆isdB growth leading to different conclusions as well. This 

could be due to lyophilization process generates dimers, monomers and haem, therefore IsdB 

relevance might be masked (Pishchany et al. 2013). Despite these reports, commercial Hb used in 

this study was able to produce expected effects when investigating the importance of IsdB. 
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Figure 4-16. Effect of brief exposure to iron sources in S. aureus biofilm formation. Data represents four replicates in the experiment. 
Data is plotted as mean and error. 

 

Biofilm of clinical isolates and iron. BC03 and EC12 overall diminished matrix levels compared to 

Newman was also seen in previous studies in our laboratory but with lower concentrations of both 

iron sources (Louie 2009). These isolates also presented less general biomass compared to Newman 

when assessed by Crystal Violet (Louie 2009) excluding the possibility of these strains being mainly 

PIA-independent biofilm formers, because if these isolates form biofilms mainly protein based, CV 

would bind as well. In this study, BC03 presented same biofilm-iron responsive pattern as Newman 

i.e. more biofilm in the presence of haemoglobin and less biofilm with inorganic iron.  

EC12 biofilm responded in the same way as Newman and BC03, suggesting the haemoglobin 

increase in biofilm matrix previously seen is a widespread response among the strains tested. This 

isolate also displayed diminished biofilm formation capacity, being significantly lower than Newman 

only at a high haemoglobin concentration but not different of BC03 (data not shown). It is worth 

mentioning that some isolates form strong biofilms only in the presence of plasma, therefore a pre-

coated microtitre assay would have given other insights about biofilm formation abilities of these 

isolates, given that implants surface are rapidly covered by plasma components (Beenken et al. 

2010, 2003). 

As stated earlier, DMMB stains specifically sugar based molecules like Polysaccharide Intercellular 

Adhesin, one of main matrix components in Staphylococcus aureus biofilm. Newman was thought 

as a PIA-dependent biofilm former because ica mutations impaired biofilm formation, however 
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later it was shown that the biofilm decrease was due to the lack of expression of surface protein 

Emp (Johnson et al. 2008).  Some studies have reported normal colonizing skin isolates with high 

biofilm capacity up regulate the ica operon (Shin et al. 2013). On the other hand, clinical isolates 

that do not carry ica genes or are not functional still form strong biofilms possibly with biofilms 

being mainly protein predominant or PIA-independent, confirming PIA as not a universal matrix 

component in S. aureus strains (Boles et al. 2010). Within clinical isolates, it has been reported that 

the biofilm forming ability is not correlated to methicillin susceptibility (in case of MRSA) but to the 

clonal lineage or isolation site. Thus, skin infection isolates have a greater biofilm capacity in BHI 

media compared to blood, nose, wound or genitourinary tract isolates (Smith et al., 2008). These 

findings highlight the importance of biofilm formation as virulence factor in skin colonizing isolates, 

which are potentially the same colonizing medical devices when inserted and moreover, when 

exposed to haemoglobin like in catheter insertions. 

Key findings of this chapter: 

1) Provision of inorganic iron inhibits adhesion and causes dispersal in Newman biofilms. 

2) Provision of haemoglobin induces matrix production in Newman biofilms. 

3) Fur mediates biofilm response to inorganic iron, not to haemoglobin. 

4) IsdB is not essential in the haemoglobin induction of biofilm in Newman 

5) Iron responsive biofilm phenotypes are conserved in the clinical isolates, irrespective of 

their forming capacity. 

Although macroscopic analysis of biofilms under certain stimuli is important, microscopic analysis 

provides a more accurate assessment of the biofilm structure. The biofilm structure is highly 

relevant because it determines the biofilm-related infection fate, in terms of likelihood to disperse, 

immune system attack and antibiotic action. Thus, biofilm assessment through a higher resolution 

method was our next step to determine the biofilm architecture. 
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5 CHAPTER 5: BIOFILM ARCHITECTURE 
 

5.1 Introduction 
 

Quantitative MTP assays measuring PIA-matrix in Staphylococcus aureus biofilms showed that 

biofilms responded differentially to the iron source i.e. decreasing their overall matrix levels when 

exposed to inorganic iron and increasing their levels when exposed to haemoglobin. Also, the 

haemoglobin-induced PIA production in the biofilm was independent of Fur or IsdB and conserved 

among clinical isolates. Due to MTP viability assay possibly not being sensitive enough and to have 

microscopic assessment of the cells determining biofilm structures, we analyzed biofilms with 

Confocal Laser Scanning Microscopy. We aimed to correlate iron responsive changes in the biofilm 

matrix to changes in viability, biofilm thickness or biovolume.   

Confocal Laser Scanning Microscopy (CLSM) was used due to its high resolution power. All biofilms 

were grown statically for 24 hours under different iron treatments at 37°C in 24-well plates. 

Logistically, 24-well plates were unable to be incubated with shaking conditons similar to the MTP 

assays; therefore dimished shear forces in the biofilm formation are considered. 

Fresh fluorescent biofilms were obtained by staining them with a Live/Dead Kit, which has green 

fluorescent dye detecting live cells and red fluorescent dye detecting dead cells. Comstat2 software 

package provides many specific calculations for biofilm analysis based on analysis of CLSM images. 

Schematic representations of the three measurements used in this study are shown in Figure 5-1, 

which are combinations of representative results of each measurement for live/dead stains in 

theoretical biofilms, not from real data in this case but represent the biological context.  

All CLSM images printed in this thesis are also available as digital copies in a CD. 
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Figure 5-1. Diagram of biofilm calculations used in this study estimated by Comstat2 software.  Blue line represents the substratum, 
green dots represent live cells, red dots represent dead cells, green line represents the extent of live cell region, dashed red line 
represents the extent of dead cell region, +++ represents a relatively higher value of that particular measurement, + represents a 
relatively lower value of that particular measurement. A, Biomass is the biological material per unit of area and is estimated as the 
number of biomass pixels in all images of a stack multiplied by the voxel size [(pixel size)x x (pixel size)y x (pixel size)z] and divided by 
the substratum area of the image stack; B, Average thickness of the biofilm is the mean of all maximum thicknesses estimated at 
each pixel containing biomass at the bottom layer; C, Roughness coefficient is an estimation of how the thickness of the biofilm 
varies, and is calculated as the average deviation of each thickness measurement per location from the average thickness, a smaller 
roughness coefficient represents a greater uniformity of biofilm distribution. 
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5.2 Newman biofilm architecture changes are iron source specific. 
 

Provision of inorganic iron significantly decreased the biomass and average thickness of biofilms 

compared to biofilms grown in iron restriction (Figure 5-2 and Figure 5-3). This difference was 

associated with a higher roughness in biofilms grown with inorganic iron (Figure 5-4).   

Provision of haemoglobin significantly increased the biomass and thickness of biofilms compared to 

biofilms grown with inorganic iron (Figure 5-2 and Figure 5-3). The roughness associated with Hb 

biofilm was significantly lower (Figure 5-4).    

Visual analysis of raw upper view and 3D images of biofilms shows that biofilms grown in iron 

restriction mostly have live cells scattered throughout the entire field with few small emerging cell 

clusters (Figure 5-5 and Figure 5-6). Inorganic iron caused fewer cells and sparser biofilms (Figure 

5-7 and Figure 5-8). Exposure to haemoglobin induced biofilms with bigger and more frequent 

clusters combined with live and dead cells (Figure 5-9 and Figure 5-10). 

Overall haemoglobin and inorganic iron provision induced biofilms significantly different in 

structure to each other and from an iron restricted biofilm. 

It is worth noting that biofilms grown with haemoglobin showed no difference in biomass (based on 

cells) compared to a biofilm grown in iron restriction, suggesting that main effect of haemoglobin in 

the biofilm is induction of PIA- matrix and clusters might be providing surface/area for PIA over 

production. 
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Figure 5-2. Biomass of Newman biofilms grown in different iron treatments. Biomass estimated by Comstat2 software. Box and 
whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and compared between iron 
sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-3. Average Thickness of Newman biofilms grown in different iron treatments. Average Thickness estimated by Comstat2 
software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and compared 
between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-4. Roughness Coefficient of Newman biofilms grown in different iron treatments. Roughness Coefficient estimated by 
Comstat2 software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and 
compared between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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** 

µm3/µm2 R FeCl3 Haemoglobin 
Live cells 13.14 ± 1.75 9.8 ± 1.72 15.08 ± 2.08 

Dead cells 12.77 ± 1.77 10.18 ± 1.83 13.99 ± 1.44 
 

µm R FeCl3 Haemoglobin 
Live cells 19.32 ± 2.74 13.6 ± 2.01 18.15 ± 2.03 

Dead cells 21.28 ± 3.57 16.2 ± 2.19 20.09 ± 2 
 

 R FeCl3 Haemoglobin 
Live cells 0.178 ± 0.04 0.338 ± 0.12 0.158 ± 0.054 

Dead cells 0.162 ± 0.03 0.216 ± 0.08 0.168 ± 0.057 
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Figure 5-5. Maximum intensity projection of Z-stack of Newman biofilms grown with RPMI medium. Images taken at 40X 
magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with Live/Dead Kit 
whereas green represents live cells and red represents dead cells. Six representative images are displayed which were processed 
using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 

 

 

 

 

123 
 



 
 

 

Figure 5-6. 3D images of Z-stack of Newman biofilms grown with RPMI medium. Images taken at 40X magnification with Zeiss LSM 
710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells.  
Six representative 3D images are displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 

 

 

 

 

 

 

124 
 



 

 

Figure 5-7. Maximum intensity projection of Z-stack of Newman biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. 
Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with 
Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are displayed which were 
processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-8. 3D images of Z-stack of Newman biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. Images taken at 40X 
magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells 
and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 (Black edition, 
Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-9. Maximum intensity projection of Z-stack of Newman biofilms grown in RPMI medium supplemented with 10 µM of 
Haemoglobin. Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms 
were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are 
displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-10. 3D images of Z-stack of Newman biofilms grown in RPMI medium supplemented with 10 µM of Haemoglobin. Images 
taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green 
represents live cells and red represents dead cells. . Six representative 3D images are displayed which were processed using ZEN 
2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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5.3 Fur does not modulate biofilm architecture response to iron source   
 

Previously we had seen by MTP assays that Fur regulates the biofilm matrix response to inorganic 

iron, but the biofilm response to haemoglobin is Fur independent. Thus, to evaluate the role of Fur 

in Newman biofilm architecture and correlate it to iron responsive biofilm matrix changes, Newman 

∆fur was analyzed by CLSM. 

Inorganic iron provision significantly decreased the biomass and thickness of Newman ∆fur biofilms, 

with the corresponding increase in roughness, compared to a biofilm grown in iron restriction. 

Haemoglobin provision significantly increased the biomass and thickness of Newman ∆fur biofilms, 

with the associated decrease in roughness, compared to biofilms grown with inorganic iron source 

(Figure 5-11, Figure 5-12 and Figure 5-13). 

Raw and 3D images analysis showed that biofilms grown in iron restriction had some uncovered 

area along with occasional little clusters (Figure 5-14 and Figure 5-15). Inorganic iron provision to 

biofilms generated a populated field with live cells (Figure 5-16), and 3D images confirmed a flatter 

and uniform biofilm with almost no dead cells (Figure 5-17).  Biofilms grown with haemoglobin 

presented more presence of dead cells combined with live cells in bigger and more numerous 

clusters (Figure 5-18), where 3D images supported the perception of a more “bumpy” biofilm seen 

from the side view (Figure 5-19). 

Another important finding is that Newman ∆fur biofilms presented significantly less dead cells 

when grown in iron restriction or with inorganic iron, suggesting that Fur mediates cell death in the 

biofilm at later stages of biofilm maturation. 

The role of Fur in biofilms architecture was inconsistent with MTP assays; where 24-hour biofilms 

grown with inorganic iron were still decreased in cell biovolume compared to biofilms grown in iron 

restrictions, suggesting that Fur main role is mediating initial adhesion.  
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Figure 5-11. Biomass of Newman ∆fur biofilms grown in different iron treatments. Biomass estimated by Comstat2 software. Box and 
whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and compared between iron 
sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-12. Average thickness of Newman ∆fur biofilms grown in different iron treatments. Average Thickness estimated by 
Comstat2 software. Box and whiskers represent 10-90 percentiles.  Significant differences compared to R are shown by one star and 
compared between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-13. Roughness Coefficient of Newman ∆fur biofilms grown in different iron treatments. Roughness Coefficient estimated by 
Comstat2 software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and 
compared between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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µm3/µm2 R FeCl3 Haemoglobin 
Live cells 13.96 ± 1.63 10.02 ± 2.86 16.77 ± 1.28 

Dead cells 7.82 ± 2.07 2.68 ± 1.87 15.7 ± 2.1 
 

µm R FeCl3 Haemoglobin 
Live cells 19.5 ± 2.5 16.26 ± 3.15 20.66 ± 1.87 

Dead cells 16.08 ± 3.53 5.6 ± 3.62 22.15 ± 0.043 
 

 R FeCl3 Haemoglobin 
Live cells 0.131 ± 0.02 0.323 ± 0.137 0.151 ± 0.023 

Dead cells 0.386 ± 0.13 1.34 ± 0.395 0.176 ± 0.043 
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Figure 5-14. Maximum intensity projection of Z-stack of Newman ∆fur biofilms grown in RPMI medium. Images taken at 40X 
magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with Live/Dead Kit 
whereas green represents live cells and red represents dead cells. Six representative images are displayed which were processed 
using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-15. 3D images of Z-stack of Newman ∆fur biofilms grown in RPMI medium. Images taken at 40X magnification with Zeiss 
LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells and red represents dead 
cells. . Six representative 3D images are displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss 
Microscopy). 
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Figure 5-16. Maximum intensity projection of Z-stack of Newman ∆fur biofilms grown in RPMI medium supplemented with 40 µM of 
FeCl3. Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were 
stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are displayed 
which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-17. 3D images of Z-stack of Newman ∆fur biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. Images taken 
at 40X magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents 
live cells and red represents dead cells. . Six representative 3D images are displayed which were processed using ZEN 2011 (Black 
edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-18. Maximum intensity projection of Z-stack of Newman ∆fur biofilms grown in RPMI medium supplemented with 10 µM of 
Haemoglobin. Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms 
were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are 
displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-19. 3D images of Z-stack of Newman ∆fur biofilms grown in RPMI medium supplemented with 10 µM of Haemoglobin. 
Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green 
represents live cells and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 
(Black edition, Version 8.0, Carl Zeiss Microscopy). 
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5.4 Bacteraemia isolate biofilm 
 

It was seen by MTP assays that the haemoglobin induced biofilm is a common response to 3 

different isolates independently of their biofilm forming capacities. Thus we aimed to correlate 

clinical isolates biofilm responses to architecture changes due to iron sources.  

Inorganic iron provision did not trigger significant changes in biofilms of the BC03 compared to 

biofilms grown in iron restriction (Figure 5-20, Figure 5-21 and Figure 5-22).  On the other hand, 

haemoglobin provision significantly induced more biomass and thickness compared to biofilms 

grown with inorganic iron. 

Images analysis revealed a flat and uniform structure covering most of the surface with live cells in 

the biofilm grown in iron restriction (Figure 5-23 and Figure 5-24).  Images of biofilms grown with 

inorganic iron showed same flat, uniform, but little thinner structure (Figure 5-25 and Figure 5-26). 

Biofilms grown with haemoglobin looked similar to biofilms from other isolates exposed to 

haemoglobin, presence of clusters of live mixed with dead cells (Figure 5-27 and Figure 5-28).  

It is worth mentioning that biofilms of BC03 grown in iron restriction present more biomass or 

thickness compared to Newman, but Newman presented higher PIA production in biofilms grown 

with haemoglobin, suggesting that the level of matrix induction by haemoglobin can vary 

depending on the isolate and is independent of the cell content in the biofilm. 
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Figure 5-20. Biomass of BC03 biofilms grown in different iron treatments.  Biomass estimated by Comstat2 software. Box and 
whiskers represent 10-90 percentiles.  Significant differences compared to R are shown by one star and compared between iron 
sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test.  
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Figure 5-21. Average Thickness of BC03 biofilms grown in different iron treatments. Average Thickness estimated by Comstat2 
software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and compared 
between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-22. Roughness Coefficient of BC03 biofilms grown in different iron treatments. Roughness Coefficient estimated by 
Comstat2 software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and 
compared between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 

* 

* 

** 

** 

* 

* 
** 

** 

µm3/µm2 R FeCl3 Haemoglobin 
Live cells 15.64 ± 5.37 10.6 ± 3.99 17.249 ± 4.6 

Dead cells 9.69 ± 3.73 5.45 ± 2.4 14.022 ± 4.41 
 

µm R FeCl3 Haemoglobin 
Live cells 18.9 ± 3.87 14.37 ± 4.43 21.63 ± 4.304 

Dead cells 17.97 ± 2.68 10.98 ± 4.4 23.56 ± 4.55 
 

 R FeCl3 Haemoglobin 
Live cells 0.155 ± 0.15 0.368 ± 0.29 0.163 ± 0.105 

Dead cells 0.179 ± 0.06 0.633 ± 0.302 0.166 ± 0.053 
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Figure 5-23. Maximum intensity projection of Z-stack of BC03 biofilms grown in RPMI medium. Images taken at 40X magnification 
with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with Live/Dead Kit whereas green 
represents live cells and red represents dead cells. Six representative images are displayed which were processed using ZEN 2011 
(Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-24. 3D images of Z-stack of EC12 biofilms grown in RPMI medium. Images taken at 40X magnification with Zeiss LSM 710 
Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six 
representative 3D images are displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-25. Maximum intensity projection of Z-stack of BC03 biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. 
Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with 
Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are displayed which were 
processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-26. 3D images of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. Images taken at 40X 
magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells 
and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 (Black edition, 
Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-27. Maximum intensity projection of Z-stack of BC03 biofilms grown in RPMI medium supplemented with 10 µM of 
Haemoglobin. Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms 
were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are 
displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-28. 3D images of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 10 µM of Haemoglobin. Images taken 
at 40X magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents 
live cells and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 (Black 
edition, Version 8.0, Carl Zeiss Microscopy). 
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5.5 Endocarditis isolate biofilm 
 

EC12 showed the same overall biofilm iron responsive pattern as Newman or BC03 when assessed 

by MTP assays.   

CLSM analysis exhibited that inorganic iron provision decreased the biomass and thickness of the 

biofilm compared to biofilms grown in iron restriction, however this effect was less pronounced 

than Newman or bacteramia isolate. This attenuated effect was transferred to the haemoglobin 

response, where biofilms grown with haemoglobin were different in biomass but not in thickness 

from a biofilm grown with inorganic iron (Figure 5-29, Figure 5-30 and Figure 5-31). 

Images of biofilms grown in iron restriction showed very well populated flat biofilms with mostly 

live cells (Figure 5-32 and Figure 5-33). Inorganic iron provision to the biofilm caused similar 

characteristics as iron restriction, where a well populated biofilm was seen (Figure 5-34 and Figure 

5-35). Haemoglobin provision to biofilms produced similar biofilms as other iron treatments in 

EC12, however the presence of large clusters remained consistent (Figure 5-36 and Figure 5-37). 
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Figure 5-29. Biomass of EC12 biofilms grown in different iron treatments.  Biomass estimated by Comstat2 software. Box and 
whiskers represent 10-90 percentiles.  Significant differences compared to R are shown by one star and compared between iron 
sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-30. Average Thickness of EC12 biofilms grown in different iron treatments. Average Thickness estimated by Comstat2 
software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and compared 
between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 
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Figure 5-31. Roughness Coefficient of EC12 biofilms grown in different iron treatments. Roughness Coefficient estimated by 
Comstat2 software. Box and whiskers represent 10-90 percentiles. Significant differences compared to R are shown by one star and 
compared between iron sources are shown by two stars (p<0.05) tested with 1-way ANOVA and Tukey post-test. 

 

* 

* 

* 

* 

** 

* 
** 

* 

** ** 

µm3/µm2 R FeCl3 Haemoglobin 
Live cells 17.23 ± 3.08 13.756 ± 2.20 15.75 ± 1.91 

Dead cells 11.66 ± 2.31 9.15 ± 2.158 14.018 ± 2.34 
 

µm R FeCl3 Haemoglobin 
Live cells 21.64 ± 2.23 18.51 ± 3.007 17.78 ± 1.93 

Dead cells 19.62 ± 2.21 17.63 ± 2.8 20.137 ± 4.223 
 

 R FeCl3 Haemoglobin 
Live cells 0.099 ± 0.03 0.188 ± 0.053 0.136 ± 0.045 

Dead cells 0.174 ± 0.05 0.294 ± 0.136 0.172 ± 0.041 
 

146 
 



 

 

Figure 5-32. Maximum intensity projection of Z-stack of EC12 biofilms grown in RPMI medium. Images taken at 40X magnification 
with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with Live/Dead Kit whereas green 
represents live cells and red represents dead cells. Six representative images are displayed which were processed using ZEN 2011 
(Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-33. 3D images of Z-stack of EC12 biofilms grown in RPMI medium. Images taken at 40X magnification with Zeiss LSM 710 
Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six 
representative 3D images are displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-34. Maximum intensity projection of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. 
Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms were stained with 
Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are displayed which were 
processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-35. 3D images of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 40 µM of FeCl3. Images taken at 40X 
magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents live cells 
and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 (Black edition, 
Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-36. Maximum intensity projection of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 10 µM of 
Haemoglobin. Images taken at 40X magnification with Zeiss LSM 710 Confocal Microscope. Scales bar represents 10 µm. Biofilms 
were stained with Live/Dead Kit whereas green represents live cells and red represents dead cells. Six representative images are 
displayed which were processed using ZEN 2011 (Black edition, Version 8.0, Carl Zeiss Microscopy). 
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Figure 5-37. 3D images of Z-stack of EC12 biofilms grown in RPMI medium supplemented with 10 µM of Haemoglobin. Images taken 
at 40X magnification with Zeiss LSM 710 Confocal Microscope. Biofilms were stained with Live/Dead Kit whereas green represents 
live cells and red represents dead cells. Six representative 3D images are displayed which were processed using ZEN 2011 (Black 
edition, Version 8.0, Carl Zeiss Microscopy). 
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5.6 Discussion 
 

Biofilm descriptive features. In the study of biofilms, different experimental set ups between 

laboratories may account for a lot of the variation seen in these structures and biofilm qualitative 

descriptions are normally biased by the researcher. For unbiased comparative purposes, software 

Comstat2 was originally developed to specifically analyze flow cell biofilms of Pseudomonas spp. 

and quantify their structural changes according to nutrient availability during a time frame of ten 

days (Heydorn et al. 2000). Comstat2 is able to incorporate biofilm CLSM images and provide ten 

quantitative features relevant to biofilms growth which are not always evident by image 

descriptions. These features are variables describing any 3D shape in a way that is easy to 

interpreter in the biological context of biofilms. Authors recommend using few variables and 

selecting them based in the question to be answered in the investigation. In this study, the features 

biofilm biomass, average thickness and roughness coefficient were used to analyze S. aureus 

biofilms growing statically for 24 hours. Among all measurements, these three selected ones 

described in a better way the structure in a biofilm that is achievable under the static system model 

used here. Other measurements define structures of micro-colonies, distance between them or 

their biovolume, which might be more relevant for a flow system model where micro colonies are 

actually formed.  A measurement such as “area occupied in each layer” reflects the ability of the 

bacteria to colonize the substratum and is useful when the investigation is about the substratum 

surface (Heydorn et al. 2000). 

Regarding the architecture of the biofilm, some Comstat2 measurements did not represent what 

we saw in raw CLSM or 3D images of iron treated biofilms. For example, there was a clear 

appearance of clusters or clumps in biofilms grown with haemoglobin, characteristic topology 

which was not detected by the roughness coefficient (RC). The biofilms were undoubtedly more 

populated and there was no space uncovered in the bottom layers therefore if the clusters are not 

big enough they won’t contribute to the roughness. We think that roughness coefficient in this case 

was not an accurate descriptive calculation or with enough resolution. Also, biofilms grown 

inorganic iron normally presented few cells which did not cover the whole field/area or developed 

into a very thin biofilm. With this type of biofilm, the roughness coefficient was overestimated 

possibly due to presence/absence of cells were identified as part of the patchiness or roughness, 

giving an amplified measurement in thinner biofilms which does not represent the architecture of 

the biofilm. Roughness coefficient has been reported in other studies with flow biofilms in S. aureus 

UAMS-1, where the WT strain clearly formed structured biofilms and presented a RC of ~0.2 and 
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mutants lacking eDNA formed flatter biofilms with RC of ~0.9-0.7 (Mann et al. 2009). This result is 

contradictory with Comstat2 definitions for RC, which state a biofilm with high uniformity (lack of 

structures) produces a low RC value. Overall, the value of simply used quantitative features in 

biofilms study is greatly appreciated however qualitative descriptions should never be completely 

replaced, always aiming for correlated and matching results from both analyses methods. 

 

Architecture changes in Newman biofilms with iron and role of Fur. In vivo biofilm formation is a 

stochastic process that is highly adjustable to very specific conditions leading to a variable biofilm 

structure. In in vitro biofilm assays most of the experimental conditions are controlled but still 

significant biofilm variation can be seen. Thus, to the researcher’s principles is to contemplate the 

experimental reproducibility of the biofilm model and variable studied. It is worth noting that all 

biofilm measurements are based on the cellular composition of the biofilm because they are 

estimated on fluorescent signal from cells. In general, provision of inorganic iron source caused a 

significant decrease in biomass, thickness and increase in roughness coefficient (RC) compared to a 

biofilm grown in iron restriction.  

Fur did not seem to play a regulatory role in the biofilm structural response to inorganic iron, 

because the significant differences in cell biomass and thickness compared to iron restricted grown 

biofilm seen in WT were maintained in Δfur. This result suggests that Fur is not involved in inorganic 

iron induced changes in the cellular part of the biofilm at 24 hours, and also highlights that Fur role 

is mainly associated in inhibiting initial adhesion (taken from MTP assays).  

An important finding was that live/dead ratios in Δfur biofilms changed, with an evident decrease in 

dead cells biomass and thickness in iron restricted and inorganic iron (Figure 5-38). When this 

happened with dead cells, the roughness coefficient overly increased, confirming our theory about 

this RC not being accurate enough with thin biofilms with fewer cells. Overall, this suggests that Fur 

is regulating or positively interacting in other metabolic pathways responding to stresses which lead 

to cell death or autolysis in low and high iron conditions; or if PI dye is non-specifically binding to 

eDNA then Fur is involved too. Iron restriction significantly caused more dead cells biomass 

compared to biofilms grown with inorganic iron, suggesting that iron restriction in the body is also a 

signal inducing more cell death in the biofilm therefore more eDNA contributing to the matrix in 

Newman. Conversely, haemoglobin exposure in the biofilm did not cause changes in dead cell 

biomass, confirming that Fur regulation of cell death is completely independent of haemoglobin. 

154 
 



 
Studies have shown that expression of autolysin Atl and pepitdoglican hydrolase LytM is induced in 

low iron conditions in SH1000 Δfur (Johnson et al. 2011). Over all, our results suggest that Fur has a 

role in matrix composition at later stages of biofilm maturation and at initial adhesion of biofilms. 

  

Figure 5-38. Comparison of biomass between biofilms of Newman WT and Newman Δfur.  

 

Haemoglobin induced biofilm architecture. Generally, biomass, thickness and roughness of 

Newman biofilms grown with haemoglobin showed no difference to biofilms grown in iron 

restriction, suggesting that cells in the biofilm are not affected by haemoglobin.  This outcome is in 

disagreement with MTP results, where Hb biofilms had significantly higher matrix levels than iron 

restricted biofilms, suggesting that changes in matrix composition or levels are the main effect 

caused by haemoglobin. The difference might be attributed in part to the experimental setup, 

whereas 96-well plates of MTP assay were incubated with constant aeration and 24-well plates 

were incubated completely static, however both biofilm quantification methods target different 

elements of the biofilm (matrix or cells), hence it is plausible to obtain different results. Viability 

levels detected by MTP Resazurin assay supported higher viability in biofilms grown with 

haemoglobin at 24 hours, and they were no different compared to the iron restricted biofilms, 

therefore live biomass assessed by CLSM was consistent with this result.  

CLSM analysis was done in relatively young biofilms (24 hours), where differences in biofilms 

architecture are normally tested at days of incubation, thus this Hb induced biofilm or characteristic 

topology could have been enhanced further on in time. Also, flow biofilms produce highly 

heterogeneously structured biofilms, easier to differentiate in changes by visual inspection and 
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quantitative measures compared to static biofilm studies. It is worth noticing the architecture 

changes seen here with static Hb biofilms could be different in a flow system context i.e. abolished 

or enhanced. Nevertheless, factors influencing initial adherence are better studied under static 

biofilm assays and within the context of infection e.g. exposure to haemoglobin after a catheter 

insertion, static biofilm seemed to be the good option in this study.  

Starting inoculum has been shown important for biofilm architecture, where higher inoculum 

(1x108 CFU/ml) produces a less structured flow biofilm compared to the same conditions and 

starting with lower inoculum in UAMS-1 (5x105 CFU/ml) (Mann et al. 2009). High density of cells 

would adhere to most of the surface, therefore inhibiting tower formation known to mature 

gradually in more scattered cells on the substratum. It is reasonable to think that in the infection, 

biofilm formation is never initiated with such high inocula. In this study, approximately 1x107 

CFU/ml was used as starting inoculum, which is high enough for static biofilm assays and it was 

consistent with MTP assays performed before (Mann et al. 2009); however it highlights again the 

importance of nutrients limitation in biofilm architecture.  

Biofilm grown with haemoglobin presented similar live/dead cells biomass ratio compared to RPMI 

grown ones, suggesting that 10 µM of Hb is not a stress with a substantial toxicity load to the 

biofilm leading to excessive cell death. Other studies have shown that 10 µM or above of haemin 

(equivalent to 2.5 µM haemoglobin) inhibit planktonic growth when pre-cultured from a rich iron-

replete media (Torres et al. 2007). In this study, for infection relevance purposes, cells were pre-

cultured in iron restricted media, and Hb was shown not to be toxic to the biofilm in the time 

period studied. This result highlights that tolerance to haemin (and probably to haemoglobin) 

toxicity depends on the iron status of the cells, and that an iron starved status (likely status of cells 

in the infection) allows a higher tolerance to haem toxicity. 

The role of Fur in haemoglobin-biofilm architecture. Comparison between the effect of two iron 

sources clearly showed a substantial difference in the biofilm topology. The characteristic topology 

of biofilms grown with Hb was relatively conserved among different strains. Newman Δfur biofilms 

retained their Hb-induced clustered biofilm, suggesting that Fur does not play a role in this 

response which was previously supported by MTP assays. 

Biofilms of clinical isolates. Biofilm measurements showed that biofilms from the endocarditis 

isolate had same overall iron responsive pattern observed for others, whereas the architecture of 

the iron restricted biofilm was significantly different from the inorganic iron biofilm, the 
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haemoglobin biofilm was different from inorganic iron, but the Hb biofilm was similar to the iron 

restricted biofilm. Nonetheless, the Hb biofilm also presented the characteristic clustered pattern. 

On the other hand, biofilms of the bacteraemia isolate presented an attenuated similar pattern 

although leading to no significant differences in biofilms between either iron conditions in live cells. 

However, the clusters in Hb biofilms were still spotted; suggesting that this particular Hb induced 

biofilm architecture is conserved among isolates, but the intensity of how biofilms respond to iron 

type may vary according to the biofilm forming capacity of the isolate. 

Haemoglobin-clusters. Clusters seen in haemoglobin biofilms could be an indication or potentially 

give rise to tower-like structures over time with the constant stimulus of Hb, like in a catheter 

related infection. A down side of the experimental approach used here though, as a static biofilm 

system with haemoglobin, is that in the relevant infection context for this investigation, like 

endocarditis or catheter related infections, a flow cell biofilm model would be more suitable due to 

the flow rates occurring in the blood stream. There is one report of S. aureus flow cell biofilms 

grown with TSB media supplemented with 0.075 µM of haemoglobin, showing a fully formed 

biofilm compared to a non-existing one in just TSB media (Pynnonen et al. 2011), despite of many 

other reports showing S. aureus easily forms biofilms in this media and conditions. Furthermore, 

this publication does not state the isolate used for this particular experiment or incubation time, 

and using rich media would not be relevant in the infection context or iron sources studied and 

could hide some effects.  

A reasonable explanation for the cluster structures induced by haemoglobin in the biofilm could be 

the following: bacteria in order to proliferate and succeed in any type of infection process need 

energy. Depending on the infection site, energy can be generated by three main pathways by the 

pathogen: aerobic respiration with oxygen as a final acceptor, anaerobic respiration with other final 

acceptor or fermentation. The aerobic respiration uses haem oxidases as mediators of the final 

step. Therefore Hb deposition on outer layers of biofilm might enhance aerobic respiration in cells 

by providing oxygen and haem as cofactor for the enzymes, increasing their energy efficiency and 

growing faster in comparison to an overall anaerobic or hypoxic biofilm (Hammer et al. 2013). It has 

also been shown that mutants lacking a costly biosynthetic pathway like pyoverdine in 

Pseudomonas spp. grow faster when the pathway limiting substrate is in abundance in the media 

(Nadell et al. 2009). This is supporting our findings in a way that excess haemoglobin (or haem) can 

provide enough haem for the cells not to use their costly de novo haem biosynthetic pathway at all 

and grow faster.  
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On the other hand, faster growing cells generate local high density in clusters inducing Agr 

activation. Activated Agr up regulates proteases or PSM expression and secretion, breaking matrix 

components or disrupting cell-to-cell bonds which might lead to clusters detachment. Figure 5-39 

shows detailed analysis of clusters in the biofilm, revealing that clusters have a green fluorescent 

base of live cells, where the rest of the biofilm flat bottom layer is.  There is a red fluorescent top in 

the clusters which is hard to precisely state if there are dead cells or eDNA, given that both dyes 

bind to nucleic acids but propidium iodide (PI, red fluorescence) is impermeable to undamaged 

membrane therefore likely to stain eDNA or bind in a non-specific way to matrix as well (Stewart & 

Franklin 2008). It has been shown in S. epidermidis biofilms under antibiotic treatment some 

variable sub-population of cells with slightly damaged membrane that stain yellow if both dyes go 

in the cell (Cerca et al. 2012).  In this study, yellow cells were not detected, therefore ruling out 

some partial membrane damage; however yellow patches can be seen in the clusters only when 

both fluorescent channels are overlaid. Some live/dead kits  have been reported to show some 

artifacts like cells being scored as both live and dead simultaneously however  Syto9/PI is one of the 

most reliable stains among others dyes for similar purposes when assessed in oral bacteria 

adherence (Tawakoli et al. 2013). Figure 5-40 shows single fluorescence images of biofilms under 

the three iron treatments. Overall, dead cells are not overlapping with live ones; however a lot of 

background staining can be seen with PI, which could be due to non-specific binding or eDNA 

binding in the matrix, whichever it will overestimate features calculated by Comstat2.  Other 

possibility is that clusters are hollow, which has been already shown for P. aeruginosa and S. 

epidermidis biofilms, which also form hollow voids within tower structures (Mann et al. 2009). 

Considering the nature of the dye i.e. some live cell dyes are metabolized in order to fluoresce, thus 

some less metabolically active cells might present different levels of fluorescence according to their 

physiological state; however herein Syto9 as a nucleic acid dye did not seem to show different 

intensities of green fluorescence.  

The haemoglobin clustered biofilm topology is of high relevance and provides extra supporting 

evidence for the risk of catheter related infection. S. aureus holds a vast arsenal of virulence factors 

allowing it to easily survive within blood stream, unlike other pathogens that only last for a couple 

of minutes. Bacteraemia, endocarditis or sepsis demonstrate that S. aureus interactions with blood 

components are very diverse and coordinated, leading to platelet aggregation, thrombus formation 

or septic emboli (Donelli 2006). Therefore, evidence that haemoglobin by itself is able to induce a 

particular architecture in S. aureus biofilms that is more likely to detach and travel through the 

bloodstream is worrisome.  
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Figure 5-39. Ortho view of clusters in biofilms exposed to haemoglobin. First image taken at bottom layer of biofilm, second image 
taken at top layer of biofilm.  
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Figure 5-40. Image of split fluorescence channels. First image is live cells channel (green fluorescence), second image is dead cells 
channel (red fluorescence), and third image is merged channels. 

 

Importance of Hb-biofilm topology in infection. Biofilm architecture is of extraordinary importance 

in the infection and can determine the fate of the biofilm. Depending on the variable investigated 

the biofilm topology might make a difference. Reports show that human leukocytes penetrate a 

flow formed biofilm of S. aureus Seattle 1945 but not a static one grown in BHI media, all this 

mimicking the flow conditions in a catheter related infection, heart valve related infections or 

endocarditis (Leid et al. 2002). In the context of osteomyelitis infections, statically grown immature 

biofilms were phagocytised by PNM more than mature biofilms, whereas young and mature 
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biofilms did not change in cell viability but probably only in EPS architecture (Günther et al. 2009).  

Flatter flow biofilms started with high inoculums are more sensitive to DNAse treatment than more 

structured biofilms in S. aureus UAMS-1 grown in TSB media + glucose (Mann et al. 2009). On the 

other hand, some studies have shown similar results for flow and static biofilms as representatives 

of two opposite architectures. Single mutants of psmα, pmsβ, hld or agr presented the same 

phenotype in static and flow biofilms i.e. higher biomass, thickness and lower roughness coefficient 

compared to USA300 WT (Periasamy et al. 2012). A synthetic AI-2 Quorum Sensing precursor DPD 

(4, 5-dihydroxy-2, 3-pentanedione) repressed biofilm formation in static and flow biofilms through 

activation of repressor icaR in S. aureus RN6390 biofilms grown in TSB media, suggesting that PIA-

dependent biofilm changes are conserved in both biofilm models (Yu et al. 2012).  

It has been reported isolation of Viable But Not Culturable (VBNC) variants of S. epidermidis and S. 

aureus from biofilms associated with Central Venous Catheter (CVC) infections.  77% of explanted 

catheters negative for bacterial growth presented live cells only assessed by live/dead stain, 

suggesting firstly that live/dead kit has sufficient sensitivity to detect VBNC cells and secondly that 

biofilms are a niche for adaptation to VBNC variants, specifically those exposed to blood, suggesting 

a non-explored conection between blood components as stimuli for VBNC appearance (Zandri et al. 

2012).  Of particular importance is that dormant cells are even a more serious concern in terms of 

chronic reservoir of infection.   

To our best knowledge, architecture of iron restricted biofilms assessed by CSLM has never been 

reported before. Other studies describing S. aureus biofilm topology usually use TSB media which is 

not relevant to in vivo conditions. Thus, this study brings out the first biofilm architecture 

description by a high resolution method of an in vitro assay that aims to represent more accurately 

biofilm development in the infection. 

Key findings of this chapter: 

1) Roughness coefficient is not an accurate or sensitive measurement to study biofilms formed 

in this experimental setup 

2) Provision of inorganic iron decreases cell biomass and thickness of the biofilm 

3) Provision of haemoglobin increases cell biomass and thickness of the biofilm 

4) Haemoglobin induces clusters structures in the biofilm which are independent of Fur 

5) Fur has a role in cell death independent of haemoglobin 

6) Biofilms from clinical isolates are conserved in iron responsive phenotype 
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Architecture and microscopic changes in biofilms due to different types of iron sources are 

phenotypic responses that are inexorable determined by a gene expression adaptation, therefore 

our next step was to assess the gene expression in biofilms exposed to different iron sources. 
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6 CHAPTER 6: REGULATION OF ISDB DEPENDENT OF THE IRON SOURCE  
 

6.1 Introduction 
 

Biofilms of S. aureus exhibit differential responses, reflected in the levels of extracellular matrix and 

the architecture of the biofilm, to conditions of iron restriction and the provision of iron as either 

inorganic iron or haemoglobin. It was hypothesized that the molecular effectors of these responses 

would be revealed by quantifying expression of key “biofilm” and “iron” genes.  

Previous studies in our lab led us to hypothesize IsdB could be up regulated in presence of 

haemoglobin to acquire more of the available iron source in the biofilm infection, because IsdB was 

greatly expressed in cell walls of iron restricted biofilms in comparison with planktonic growth in 

various clinical isolates (Yang 2008). Thus, we decided to address the iron responsive expression of 

the gene of the main haemoglobin receptor IsdB, as iron homeostasis sensor gene. IsdB is regulated 

by Fur mediated repression in the presence of intracellular iron (Torres et al. 2006). 

The study of gene function has gained a lot from analysis of reporter gene plasmids, providing 

insights about the regulation affecting the promoter regions of genes. isdB promoter was fused to a 

dual bioluminescent and fluorescent reporter (see section 3.4). Expression reporter vector was then 

incorporated into Newman, as most of studies of iron acquisition mechanisms, especially haem 

uptake system, have been done in this model strain and is easily genetically manipulated in our lab.  

Planktonic cells were firstly assessed to further apply this approach in biofilm studies. 
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6.2 Iron sources and bioluminescence do not affect Newman planktonic growth 
 

Bioluminescence production requires oxygen and energy provided by the cell; therefore it could 

present a burden in fitness in cells that carry this reporter vector. To test whether bioluminescent 

reporters used to tag strains impair planktonic growth, absorbance was measured over time of lux 

expressing strain (WTBL) and “dark controls” carrying same vector pUNK without the lux reporter 

(WT is Npk in Table 2-1) in different media iron treatments RPMI (R), RPMI supplemented with 2 

µM FeCl3 (Fe 2) or 40 µM FeCl3 (Fe 40), RPMI supplemented with 0.5 µM haemoglobin (Hb 0.5) or 

10 µM haemoglobin (Hb 10). Three independent cultures were grown in each experiment, and 

three independent experiments were performed on different days. Comparison between strains 

carrying bioluminescent active reporters and dark vector revealed no difference in growth between 

them (Figure 6-1). All strains displayed exponential growth for the first 4 hours, reaching stationary 

plateau approximately at 5th hour.  These results suggest that overall bioluminescence reactions 

occurring within the bacterial cell do not affect growth rate in these strains, as it was expected due 

to bioluminescence production. 
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Figure 6-1. Growth curve of bioluminescence tagged and “dark” tagged Newman strains. All cultures were grown with antibiotic 
selection of eryhtromycin (30 mg/L). Data sets are presented as median and error. 
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6.3 Constitutive promoter activity in Newman planktonic growth 
 

To analyze the response over time of the bioluminescent reporter driven by a constitutive promoter 

from Bacillus subtilis, light was measured through time in Newman WT carrying 

PBss10::gfpluxABCDE::term pUNKDEST (WTBL) growing under all iron treatments. Because growth 

rates were similar in all iron treatments, time was plotted in x axis as a representation of growth. 

No difference was expected in constitutive lux expression among different iron treatments in all 

tested strains; however slight differences were noticed at times. Bioluminescence per cell (plotted 

as RLU/OD) also fluctuated through time, beginning with similar baseline expression due to same 

starting inoculum, reaching a maximum peak at 5 hours of growth within all iron treatments, to 

finally declined to obtain a value lower than baseline at 9 hours of growth (Figure 6-2). The dark 

control (Newman carrying pUNK without lux) showed no light throughout the whole growth curve. 

The Y axis represents expression normalized to cell amount, thus constitutive expression per se 

should not change through time, unless a more active metabolic rate within the cells is occurring. 

To account for the fact that constitutive expression may vary slightly through time or within iron 

treatments, lux expression driven by the inducible isdB promoter (-IL) will be normalized as a ratio 

of the matching constitutive lux expression (-BL). 
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Figure 6-2. Constitutive promoter activity in Newman WT through time under all iron treatments.  WTBL strains carry vector with 
bioluminescent reporter, WT strains carry vector without bioluminescent reporter. All cultures were grown with antibiotic selection 
of eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All data sets are plotted 
as median and error (range). 
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6.4 Iron sources do not affect planktonic growth in Newman 
 

To test whether the presence of two different vectors (one constitutively expressing light or one 

inducible expressing light) in the same strain produces some stress in growth, growth over time was 

followed in Newman tagged with PBss10::gfpluxABCDE::term pUNKDEST  (constitutive, WTBL) and 

Newman tagged with  PisdB::gfpluxABCDE::term pUNKDEST (inducible, WTIL). No differences in the 

growth curve between Newman WT tagged with inducible or constitutive bioluminescent reporters 

were noticed (Figure 6-3). Also, iron treatments did not trigger any difference in growth rate in 

differentially tagged strains, supporting only functional differences between strains or iron 

treatments.  
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Figure 6-3. Growth curve of WT Newman strain expressing light from a constitutive promoter (WTBL) or expressing light from isdB 
promoter (WTIL) under different iron treatments. All cultures were grown with antibiotic selection of eryhtromycin (30 mg/L). The 
experiments were done in triplicates and as three independent experiments. All data sets are plotted as median and error (range). 
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6.5 Iron sources induce different PisdB activity 
 

To test the effect of two iron sources on the promoter activity of isdB, lux expression driven by PisdB 

was followed through time. Figure 6-4 and Figure 6-5 show Newman WT displaying from late 

exponential phase a clear FeCl3 dependent repression of isdB promoter activity in the classical Fur 

regulated way, with Area under Curve (AUC) of high inorganic iron being significantly less than the 

iron restricted one. Haemoglobin in the medium repressed IsdB promoter activity, with both 

haemoglobin concentrations presenting AUC significantly less than iron restricted one, yet there 

was not a dose dependent effect, suggesting IsdB promoter might be responding not to equivalent 

intracellular iron concentrations when passed a threshold (Figure 6-6). 
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Figure 6-4. isdB promoter (PisdB) and Bss10 promoter (PBss10) activities through time under different iron treatments in Newman WT. 
Activity shown as Relative Light Units per Optical Density (Absorbance600). All cultures were grown with antibiotic selection of 
eryhtromycin (30 mg/L).  The experiments were done in triplicates and as three independent experiments. All data sets are plotted 
as median and error (range). 
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Figure 6-5. isdB promoter (PisdB) activity through time under different iron treatments in Newman WT. Activity shown as ratio of the 
constitutive promoter activity PBss10. RLU, Relative Light Units; OD, optical density as Absorbance600. All cultures were grown with 
antibiotic selection of eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All 
data sets are plotted as median and error (range). 
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Figure 6-6.Comparison of PisdB activity at time point of widest difference (at 6 hours of growth) in Newman WT. Activity shown as 
ratio of the constitutive promoter activity PBss10 RLU per OD. All cultures were grown with antibiotic selection of eryhtromycin (30 
mg/L). The experiments were done in triplicates and as three independent experiments. Bars represent mean and standard deviation 
of data set. Significant differences are shown by stars (p < 0.05) tested by 1-Way ANOVA and Tukey post-test. 
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6.6 Fur plays a regulatory role in PisdB activity in planktonic Newman with inorganic iron  
 

To establish that the main iron regulator, Fur, controls PisdB activity and its iron dependent 

repression, Newman Δfur was tagged with PisdB::gfpluxABCDE::term pUNKDEST (FurIL) or 

PBss10::gfpluxABCDE::term pUNKDEST (FurBL). Bioluminescence was followed through time in 

planktonic cells growing under all iron treatments as described before.  Newman ∆fur tagged with 

PisdB reporter showed impaired growth when grown in fully iron restricted conditions (Figure 6-7). 

Constitutive promoter activity had the highest peak at 5 hours of growth (Figure 6-8).  PisdB activity 

in Newman Δfur reached it maximum peak at 6 hours, a bit delayed from the constitutive one, 

suggesting some timing control of Fur over isdB expression. Overall AUC of all iron treatments were 

no different from each other or to iron restricted conditions. When normalized to constitutive 

activity, the widest difference in PisdB activity between iron treatments was seen at 7.5 hours of 

growth i.e. stationary phase (Figure 6-9). Newman Δfur showed no significant differences between 

treatments of FeCl3 at this time point, as expected for lack of Fur regulation. PisdB activity in 

Newman Δfur in response to haemoglobin was even higher than the iron restricted one, suggesting 

a second layer of mechanisms up regulating isdB expression and responding to low levels of 

haemoglobin (Figure 6-10). 
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Figure 6-7. Growth curve of Newman ∆fur expressing light from a constitutive promoter (FurBL) or expressing light from isdB 
promoter (FurIL) under different iron treatments. All cultures were grown with antibiotic selection of eryhtromycin (30 mg/L).  The 
experiments were done in triplicates and as three independent experiments. All data sets are plotted as median and error (range). 
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Figure 6-8. isdB promoter (PisdB) and Bss10 promoter  (PBss10.) activities through time under different iron treatments in Newman ∆fur. 
Activity shown as Relative Light Units per Optical Density (Absorbance600). All cultures were grown with antibiotic selection of 
eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All data sets are plotted as 
median and error (range). 

 

 

0 1 2 3 4 5 6 7 8 9 10
0.0

0.5

1.0

1.5

2.0
FurIL Hb 0.5
FurIL Fe 2
FurIL Hb 10
FurIL Fe 40
FurIL R
FurBL

Time (Hours)

P i
sd

B
as

 R
at

io
 o

f P
Bs

s (
RL

U
/O

D
)

 

Figure 6-9. isdB promoter (PisdB) activity through time under different iron treatments in Newman ∆fur. Activity shown as ratio of the 
constitutive promoter activity PBss10. RLU, Relative Light Units; OD, optical density as Absorbance600. All cultures were grown with 
antibiotic selection of eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All 
data sets are plotted as median and error (range). 
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Figure 6-10. Comparison of PisdB activity at time point of widest difference (at 7 hours of growth) in Newman ∆fur. Activity shown as 
ratio of the constitutive promoter activity PBss10. RLU per OD. All cultures were grown with antibiotic selection of eryhtromycin (30 
mg/L). The experiments were done in triplicates and as three independent experiments. Bars represent mean and standard deviation 
of data set. Significant differences are shown by stars (p<0.05) tested by 1-Way ANOVA and Tukey post-test. 
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6.7 The haemoglobin main receptor does not play a role in iron homeostasis with haemoglobin 
as iron source in Newman  

 

To determine the role of the main haemoglobin receptor IsdB in PisdB activity displayed throughout 

planktonic growth, Newman ΔisdB was tagged with PisdB::gfpluxABCDE::term pUNKDEST (IsdBIL)  or 

PBss10::gfpluxABCDE::term pUNKDEST (IsdBBL).  Bioluminescence was then followed through time in 

planktonic cells growing under all iron treatments. Newman ∆isdB tagged with PisdB reporter 

showed same growth rate as constitutively tagged ones (Figure 6-11). PisdB activity in Newman ΔisdB 

reached its maximum peak later than the constitutive one as well, suggesting some sort of self-

timing control of IsdB (Figure 6-12). Overall PisdB activity through time showed same AUC patterns 

as Newman WT, with both haemoglobin and high inorganic iron concentrations being significantly 

less than iron restricted media. Also the widest difference in PisdB activity normalized to constitutive 

expression between iron treatments was seen at 6 hours of growth i.e. early stationary phase 

(Figure 6-13).  Newman ΔisdB showed no significant differences between FeCl3 concentrations or 

haemoglobin concentrations, but a significant difference when compared to the iron restricted 

medium (Figure 6-14). 
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Figure 6-11. Growth curve of Newman ∆isdB expressing light from a constitutive promoter (IsdBBL) or expressing light from isdB 
promoter (IsdBIL) under different iron treatments. All cultures were grown with antibiotic selection of eryhtromycin (30 mg/L).  The 
experiments were done in triplicates and as three independent experiments. All data sets are plotted as median and error (range). 
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Figure 6-12. isdB promoter (PisdB) and Bss10 promoter (PBss10.) activities through time under different iron treatments in Newman 
∆isdB. Activity shown as Relative Light Units per Optical Density (Absorbance600). All cultures were grown with antibiotic selection of 
eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All data sets are plotted as 
median and error (range). 

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

IsdBIL Hb 0.5
IsdBIL Fe 2
IsdBIL Hb 10
IsdBIL Fe 40
IsdBIL R
IsdBBL

Time (Hours)

P i
sd

B
as

 R
at

io
 o

f P
Bs

s (
RL

U
/O

D
)

 

Figure 6-13. isdB promoter (PisdB) activity through time under different iron treatments in Newman ∆isdB. Activity shown as ratio of 
the constitutive promoter activity PBss10. RLU, Relative Light Units; OD, optical density as Absorbance600. All cultures were grown with 
antibiotic selection of eryhtromycin (30 mg/L). The experiments were done in triplicates and as three independent experiments. All 
data sets are plotted as median and error (range). 
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Figure 6-14. Comparison of PisdB activity at time point of widest difference (at 6 hours of growth) in Newman ∆isdB. Activity shown as 
ratio of the constitutive promoter activity PBss10. RLU per OD. All cultures were grown with antibiotic selection of eryhtromycin (30 
mg/L). The experiments were done in triplicates and as three independent experiments. Bars represent mean and standard deviation 
of data set. Significant differences are shown by stars (p<0.05) tested by 1-Way ANOVA and Tukey post-test. 

 

6.8 Discussion 
 

Bss10 constitutive promoter. PBss10 showed to be a good promoter in Staphylococcus aureus when 

fused with the dual gfplux reporter, allowing sensitive detection of bioluminescence signal. GFP 

fluorescence signal was measured when growth experiments were initiated, however fluorescence 

did not vary substantially through time, thus not granting the sensitivity wanted in this particular 

gene expression experiment. To circumvent this problem, unstable versions of GFP have been 

developed allowing more accurate analysis of real time gene expression, with half lives ranging in 

30-300 minutes (Andersen et al. 1998). We attempted to use these unstable GFP variants in the 

construction of expression reporters, with yet unsuccesful complete cloning. PBss10 has been 

investigated next to chloramphenicol resistance genes in Bacillus subtilis, confirming its strength to 

direct the expression of a large fragment of 15 kb downstream ribosomal proteins gene cluster (Li 

et al., 1997). Bioluminescence demonstrated that PBss10 was highly active in exponential phase in S. 
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aureus strain Newman decreasing in stationary phase to levels below limit of detection, thus it 

seemed not a suitable reporter to monitor gene expression in cells metabolically less active e.g. 

biofilms. PBss10 is a promoter derived from Bacillus subtilis which showed to work well in a host like 

S. aureus. Small bioluminescence differences noticed at times with PBss10 reporter fusions within 

different iron treatments were not correlated with their growth possibly reflecting how subtle 

changes in the intracellular environment can have direct or indirect effect on transcription rates 

even in a foreign promoter region of ribosomal proteins genes.  

Growth and iron. Provision of inorganic iron or haemoglobin did not change the growth rate 

compared to the iron restricted medium under the conditions of this experiment. This could be 

attributed to trace amounts of iron still present in the RPMI media enough to allow a baseline level 

of growth, or that one passage through iron restricted medium was not fully able to induce iron 

starvation in cells. Other studies have used fully iron depleted medium by adding iron chelating 

agents like 2,2 dipyridyl and Chelex to demonstrate the effect of iron sources on S. aureus Newman 

growth to a degree of complete lack of growth with no addition of iron (Torres et al. 2006). 

Nevertheless, concentrations of 200 µM of 2,2 dipyridyl –300-400 µM normally is used in iron-

effect studies- have been shown to exert some toxic effect in bacterial cells probably due to their 

small molecular mass permeable to membrane and affecting cellular metabolism up to a point of 

considerably decreasing cell viability (Chart et al. 1986).  

Commonly used model S. aureus isolates such as MW2, RN4220, USA300, UAMS-1 and Newman 

have reported differences in their preference for human haemoglobin over mouse haemoglobin, 

possibly reflecting a deeper variation in the iron uptake regulation. Moreover, Newman showed 

enhanced growth with human haemoglobin only after 16 hours of incubation (Pishchany et al. 

2010). Torres and colleagues have shown that Newman growth was increased by two logs by 

increasing the haemoglobin produced by erythrocytes as the only iron source, reaching up to 1x108 

CFU/ml at 24 hours of incubation. Nonetheless, they also showed that permanent exposure to 0.5 

µM of commercial human haemoglobin led to growth of OD ~3 at 12 hours of incubation (Torres et 

al. 2006). In contrast, other groups have reported that low levels of commercial haemoglobin 

(0.075 µM) enhanced Newman and SH1000 growth from 6 hours of incubation getting to a 

maximum OD of ~0.4 when compared to a iron deplete medium (Hurd et al. 2012). Here, growth of 

Newman WT reached a maximum OD of 1 (~ 1x108 CFU/ml) at 12 hours of incubation with or 

without haemoglobin addition, three times less than the study mentioned before. All this data 

suggests that variations in growth of the same strain could be partially attributed to the “pedigree” 
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of strain used, which has been shown to subjected to changes throughtout the years of laboratory 

adaptation (Fux et al., 2005). In this study, Newman strain was provided by Alan Cockayne 

(University of Nottingham), originally from U.K., whereas Newman strain used by Torres arrived to 

USA a considerable time ago, possibly bringing apart the behavior of this well used strain.  

PisdB activity with iron. Despite no growth differences, Newman WT did display from late 

exponential phase a clear FeCl3 dependent repression of IsdB promoter activity, i.e. iron restricted 

medium> 2 µM FeCl3 > 40 µM FeCl3.  This result was expected given IsdB known regulation by Ferric 

Uptake Repressor; however this repression was only evident at late exponential phase suggesting 

some phase timing control affecting either Fur or IsdB. Equal molar amount of haemoglobin in the 

medium on the other hand, repressed IsdB promoter activity yet not to a dose dependent effect, 

suggesting IsdB promoter might be responding to not equal intracellular iron concentrations.  

It has been reported that Newman’s preference for haemoglobin leads to most of the intact haem 

routed directly to membrane composition e.g. to be used in cytochromes or cofactors, and not 

sorted to the cytoplasm in addition to its value as a nutrient iron (Skaar, Humayun, et al. 2004). 

Moreover, the reduced growth seen in Newman haem biosynthesis mutants (∆hemA) can be 

restored with exogenous addition of haem, supporting the main intracellular role of haem. In vivo 

relevance of this de novo haem biosynthesis pathway was shown in murine systemic infection, 

whereas mutants were unable to colonize the heart and liver (Hammer et al. 2013). However this 

report might be overestimating the importance of such finding because mice haemoglobin is not 

utilized as efficiently as human one in a IsdB dependent way by S. aureus (Pishchany et al. 2010).  

Role of Fur in PisdB activity with iron. Deletion of fur from Newman genome resulted in slightly 

impaired growth especially under the iron restricted conditions. Fur is interactively involved in 

many stress responses. In S. aureus strain 8325-4 Fur induces katA (catalase) in an iron dependent 

way acting along with PerR which represses katA in peroxide stress or excess manganese 

(Horsburgh et al. 2001). However, if the case of oxidative stress is happening it would be expected 

that weakened growth would be seen in Newman ∆fur with FeCl3 treatments, due to hydroxyl 

radicals formed due to Fenton chemistry (Crichton 2001).   

High haemoglobin quantities can be toxic without appropriate neutralizing enzymes or regulators in 

the cell. Haemoglobin can present pseudo enzymatic activities or in the presence of oxygen can be 

spontaneously transformed into Methaemoglobin generating superoxide radicals as by products.  

The simple break down of haemoglobin to haemin or free iron may lead to toxic side effects  
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(Everse & Hsia 1997). Nonetheless, any iron addition restored normal growth in Newman ∆fur, 

confirming that only iron deprivation had reached a critical point in cell normal function.  

Newman ∆fur displayed PisdB activity kinetics that overlapped through time among different iron 

treatments, with no clear trends, confirming the role of Fur repressing PisdB. Nevertheless, a shift in 

the timing of the peak of PisdB activity, suggests a role for growth phase regulation in the Fur-

dependent regulation of isdB expression. This result is supported by findings that show QS system 

agr decreased Fur expression under low iron conditions in Newman exponential growth reflecting a 

density dependent turnover time point in Fur regulation (Johnson et al. 2011).  

PisdB activity in Newman Δfur in response to haemoglobin was even higher than in the iron 

restricted medium. This could be explained with reports that Sae –global regulator - positively 

regulates IsdB in low iron conditions demonstrated in Newman cell wall protein preparations and 

MALDI-TOF mass spectroscopy identification of induced proteins (Johnson et al. 2011).  Sae 

expression is complex because Sae locus is comprised by four ORFs, with four overlapping 

transcriptional units and two promoters driving the expression of different ORFS of this locus, 

accounting possibly for differentially regulated target genes. Moreover, Newman has a single amino 

acid variation in SaeS (histidine kinase) which is responsible for unusual high expression and 

constitutive activation of target genes of secreted proteins like coa (coagulase), or surface proteins 

like  fnbA (fibronectin binding protein A), eap (extracellular adherence protein) but not affecting the 

regulation of other classes of Sae target genes like haemolysins (Mainiero et al. 2010). This 

particular Newman polymorphism could have an effect in IsdB expression not yet tested under low 

iron conditions, especially because reports show low iron conditions induce haemolysin-α in 

Newman (Torres et al. 2010). Moreover, sub inhibitory concentrations specifically of haemin (4 µM) 

repress sae, haemolysin-β and haemolysin-γ (hlgA, subcomponent S) in a Sae dependent manner in 

S. aureus LS1 murine arthritis isolate but not hlgA in Newman. However if the LS1 allele of saeS is 

incorporated into Newman the effect on hlgA expression is a similar response to LS1 (Schmitt et al. 

2012). Thus, in the absence of Fur and along with the fact that most of the haemoglobin might not 

be sorted to the cytoplasm leading to total intracellular iron levels remain low or similar to an iron 

restricted status, it is probable for Sae to potentially and highly induce IsdB in Newman like shown 

here. 

Role of IsdB in PisdB activity with iron. IsdB is the only haemoglobin receptor behaving as an 

enzyme-substrate interaction in Newman (Mazmanian et al. 2003), therefore we decided to test its 

importance in the iron homeostasis with haemoglobin as iron source. Deletion of isdB in Newman 
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led to similar growth rates under all iron treatments, suggesting that IsdB in this experimental set 

up was not required to maintain growth with haemoglobin as main iron source. Iron restricted cells 

were able to grow at same rate as cells with either iron addition, supporting the previous 

assumption that cells were iron restricted but not fully iron starved. The peak of PisdB activity during 

growth was at a similar time point as Newman WT and the overall trend of PisdB activity was the 

classical FeCl3 dose dependent repression. It is worth noticing that iron restriction induced an 

unexpected high PisdB activity in Newman ∆isdB, more than twice as much as constitutive expression 

(PBSS10). Sae could be playing a role in this extremely induced expression in such low iron conditions 

as stated before. Nonetheless, increasing doses of haemoglobin did not translate in dose 

dependent PisdB repression; instead more haemoglobin produced similar or more isdB expression 

than a low dose, suggesting a threshold level was crossed in the haem intracellular homeostasis and 

probably a haem toxicity avoidance mechanism was triggered. This overall iron responsive pattern 

was similar to Newman WT response, suggesting that IsdB is not relevant to the experimental setup 

used here.  

The provision of haemoglobin to exponentially growing cells in iron restricted media showed that 

Newman WT was able to respond immediately by repressing PisdB activity. On the other hand ∆isdB 

took longer but finally responded repressing PisdB activity (Figure 6-15). This suggests that IsdB may 

have a role in haemoglobin uptake, but is limited to initial interaction or providing a more efficient 

uptake. 
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Figure 6-15. Haemoglobin addition in PisdB activity. Arrow indicates the time at which haemoglobin was added; R, no haemoglobin 
added (clear squares); Hb, 10 µM of haemoglobin added (black diamonds). 

 

Other research groups have shown that IsdB deletion is enough to prevent growth of Newman with 

haemoglobin as only iron source. This was demonstrated by brief exposure to 0.5 µM of 

haemoglobin of fully iron depleted cells instead of permanent exposure to haemoglobin because 

the later one allows nonspecific interactions between cell surface and Hb, which may mask the 

effect of a single isdB mutation. Also, it was shown that IsdH does not have a crucial role in 

haemoglobin uptake and IsdB is not relevant when haemin is the sole iron source. A systemic 

murine abscess model showed significantly less Newman ∆isdB load in spleen and kidneys after 4 

days (Torres et al. 2006). In contrast, other groups have shown that triple mutants of isdB, isdA and 

isdH of Newman or SH1000 can still normally grow and use haemoglobin, therefore concluding that 

neither of those genes is essential for haemoglobin uptake.  This result was shown by permanently 

growing cells in fully iron depleted medium with 0.075 µM haemoglobin as sole iron source. Mouse 

sepsis model showed no significant differences in Newman ∆isdBHA in kidneys after 7 days (Hurd et 

al. 2012).  Nevertheless, these outcomes do not contradict or invalidate the previous study but only 

highlight how different conclusions can be made due to minor variations in the experimental setup, 
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like preculture media, starting inoculum, glassware or polypropylene culture flasks (reused 

glassware can carryover considerable traces amounts of metals), concentrations of investigated 

compounds, etc.  Also, it has been demonstrated same isolate can evolve (lose some genetic traits) 

in time since their first isolation, due to the laboratory subculturing practices (Fux et al., 2005). 

Thus, Newman isolated 61 years ago, has branched out to different research groups, possibly going 

through specific adaptation processes accounting for differences in responses seen now. 

Further supporting evidence of how complex the iron-dependent regulation is in only one genetic 

background can be illustrated by the regulation of monooxygenases IsdI and IsdG in Newman. isdG 

is located in the isd operon downstream of the same transcriptional unit as isdCDEFsrtBisdG with a 

Fur box upstream in the promoter region in this operon. isdI is located outside this operon, distant 

in the genome and also has a Fur box in the promoter region (Skaar & Schneewind 2004). It has 

been reported that IsdG is induced by haemin on top of the Fur-dependent regulation, in 

comparison to IsdI which maximum expression is in iron starved conditions (classic Fur regulation). 

Moreover, other genes in the same isd operon are not induced by haemin. The likely regulation 

mechanism underneath this haemin induction was the half-life of IsdG is significantly more stable 

when haemin bound (Reniere & Skaar, 2008). Thus, even genes within the same operon might be 

differentially regulated at post-transcriptional level with an iron source, leaving room to think that 

IsdB regulation might be different as theoretically expected as it is transcribed as a separate unit. 

Haemoglobin or haemin? One important fact to consider is that stock solutions of haemoglobin 

were made from lyophilized human haemoglobin (H7379-5G, Sigma-Aldrich) which comes mostly as 

methemoglobin (MtHb) according to the manufacturer. Methaemoglobin is the oxidized form of 

haemoglobin i.e. containing haemin with iron as ferric state. MtHb rapidly dissociates into dimers 

instead of remaining as tetramers favoring a quick release of haemin (Wandersman & Delepelaire 

2004), thus many studies using this type of haemoglobin might be actually using haemin solutions. 

Both haemin and haem (Fe3+ and Fe2+ respectively) have been shown to be recognized forming the 

right binding pocket by the NEAT domains in IsdA, therefore transferred normally to the rest of cell 

wall Isd proteins (Grigg et al. 2011). Even though haemoglobin in blood normally contains iron as 

ferrous state, only 1-2% being as methemoglobin, the S. aureus haem uptake mechanism is 

applicable to both types of haemophores. Furthermore, MtHb in blood is rapidly coupled to 

Haptoglobin and either MtHb or Hp is recognized by IsdH NEAT 1 with similar affinities. IsdB was 

also shown to bind MtHb and in contrast with IsdH, this interaction stimulates haemin release from 
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MtHb (Pilpa et al. 2009; Zhu et al. 2008). Overall haemoglobin or methaemoglobin are iron sources 

relevant in the in vivo context as well. 

The analysis of PisdB activity supports the idea of iron from haemoglobin might not fully participate 

in the iron cytoplasmic pool leading to not equivalent concentrations between iron sources. It is 

suggested another regulation mechanism exists in the presence of haemoglobin, because IsdB 

expression with haemoglobin is higher than iron restricted conditions without Fur regulation. Sae 

has been shown to induce IsdB in low iron but there might be an extra unknown regulation of Sae 

with haemoglobin too. IsdB has an initial role in haemoglobin uptake, which fades away in time of 

exposure, which might be explained by saturation of receptors or haemoglobin being broken down 

to haemin.  

Key findings of this chapter: 

1. Expression reporter vector designed here is not suitable for gene expression analysis in 

biofilms 

2. Provision of inorganic iron or haemoglobin does not affect planktonic growth in Newman 

3. Inorganic iron provision to planktonic cells decreased PisdB activity in a dose dependent way 

4. Haemoglobin provision to planktonic cells decreased PisdB activity not in a dose dependent 

way 

5. Fur fully regulates PisdB activity in response to inorganic iron and partially to haemoglobin 

6. Provision of haemoglobin induced PisdB activity in the absence of Fur 

7. IsdB is not essential for growth with haemoglobin as main iron source 

8. PisdB activity was highly induced in iron restriction in the absence of IsdB 

We can conclude that the expression reporters used here are a good tool to investigate planktonic 

gene expression, however are not suitable for biofilm assays. Therefore we sought another 

approach to investigate gene expression in biofilms, such as transcript quantification by RT-qPCR. 
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7 CHAPTER 7: RT-QPCR OPTIMIZATION 
 

7.1 Introduction 
 

Transcriptional regulatory proteins binding to gene’s DNA promoter regions, enhancing or 

repressing transcription, were once thought as the main players in bacterial gene expression 

regulation.  However, throughout the lasts few years, a variety of other bacterial gene expression 

regulation mechanisms on mRNA have been discovered i.e. having a role in the final amount of 

mRNA that will be translated and expressed (Figure 7-1). Taking all regulation mechanisms 

together, quantifying the total mRNA of the gene of interest at a certain condition or time point will 

grant a reliable and accurate state of gene expression.  

 

Figure 7-1. mRNA regulation mechanisms found in bacteria. Adapted from Kaberdin & Bläsi, 2006. Regulation mechanisms include: 
differential mRNA decay rate which regulates gene expression due to RNAse cleavages in the 5’ Untranslated Regions (UTR) in mRNA, 
cutting off A/U rich regions that normally stimulate translation (a); antisense non coding RNAs bind to initiation regions of target 
mRNA to activate or inactivate them regulating expression (b); translational repression by proteins which bind to translational 
operators in mRNA competing out ribosomes unfavouring mRNA longevity (c); thermo-responsive mRNA structures (d); low 
molecular weight effectors (amino acids, vitamins or coenzymes) binding to “riboswitches” on RNA (e) which change conformation 
(hairpin structures) forming or disrupting terminators, anti-terminators, occluding  or exposing ribosome binding sites; antisense 
encoded RNA by transcription from the same genetic locus as the target RNA (f) (Kaberdin & Bläsi 2006; Geissmann et al. 2009; 
Waters & Storz 2009). 
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The question then is how to measure each gene’s mRNA abundance? The identification and 

bioapplication of Reverse Transcriptase (RT), responsible of transforming RNA to DNA, made RNA-

based technologies easier as in a single reaction step all instable mRNA can be transformed to 

stable cDNA. PCR is the most used and accessible technology for gene detection and with the 

progressive emergence of cheaper thermocyclers and simpler kits, quantitative PCR (qPCR) has 

become a mainstream technique. qPCR is a genetic technology that has exploited the quantitative 

potential of conventional PCR, by real time measurements of fluorescent dyes detecting DNA 

amplification products during exponential phase, which is a reflection of the initial template 

quantity. Advantages of qPCR include: up to two fold changes in target concentration can be 

discriminated, no need for post-PCR electrophoresis because software allows samples to be 

measured in “real time”, a dissociation curve analysis confirms absence of non-specific 

amplification and the 384-well format allows large data sets to be analysed (Ginzinger 2002; Smith 

& Osborn 2009).  Disadvantages include: few suitable control genes exist to allow relative 

quantification, variation in replicates measurements due to pipetting inaccuracy, PCR efficiencies 

for all genes tested must be high. Combination of the above described molecular tools has raised 

RT-qPCR, a powerful tool for analysing gene expression.  

The sensitivity and popularity of qPCR has led to countless variations of protocols, such that 

currently qPCR results are complex and hard to compare/interpret and can return flawed 

conclusions. Therefore, guidelines have been published in an attempt to provide to researchers a 

set of minimal information about their qPCR experiments, going through every step that might 

introduce variability into the method (Bustin, 2010). Figure 7-2 summarizes some of the main steps 

of a RT-qPCR protocol and chosen characteristics in this study. 
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Figure 7-2. Flowchart of RT-qPCR protocol used in this study.  
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7.2 RNA quality assessment 
 

RNA purity. The most fundamental and first step to further reliable analisis of the gene expression 

is to assess the quality of the extracted RNA. RNA quality can be subdivided in RNA purity and 

integrity, with both assessments being essential for RNA based applications. RNA samples from 

planktonic cells or biofilms were firstly screened using Nanodrop® ND-1000 (USA). Nanodrop® as a 

spectrometric method quantifies compounds by their absorbance at specific wavelengths. Nucleic 

acid absorbs light at 260 nm, and parameters such as A 260/A 280 ratio indicates the presence of 

mostly protein contamination and 260/230 ratio reveals the presence of salts, phenols or 

carbohydrates in a nucleic acid sample. Samples with values above 2.0 in either ratio are considered 

pure for downstream applications (Fleige & Pfaffl 2006). Representative RNA sample results are 

summarized in Table 7-1 showing that 260/280 ratio was mostly optimal for all RNA samples and 

260/230 ratio ranged between 0.4 - 2.17 (data not shown) with no clear correlation of a low ratio to 

a particular iron treatment. In conclusion, RNA extracted either from planktonic samples or biofilms 

samples is of very good purity. 

Table 7-1. Purity of RNA according to data acquired by Nanodrop®. 

Sample RNA Concentration ng/µl 260/280 260/230 
Biofilm R 286 2.18 2.3 
Biofilm R 2µM Fe 211 2.17 2.22 
Biofilm R 0.5 µM Hb 278 2.19 2.14 
Biofilm R 40 µM Fe 275 2.20 2.05 
Biofilm R 10µM Hb 346 2.18 2.27 
Plankton R 630 2.20 2.31 
Plankton R 2µM Fe 630 2.21 2.36 
Plankton R 0.5 µM Hb 873 2.21 2.29 
Plankton R 40 µM Fe 723 2.20 2.14 
Plankton R 10µM Hb 446 2.18 2.24 

 

RNA integrity. After the RNA purity assessment, RNA samples were assessed for their RNA integrity 

using Experion™ Automated Electrophoresis System as a tool that uses microfluidic separation 

technology. Dyed RNA samples are passed through a micro channel over time, their fluorescence is 

quantified and quicker they appear smaller they are. Experion™ provides accurate and integral data 

about RNA purity, quantity and integrity. Information is shown with electropherograms (Figure 7-3), 

digital electrophoresis gels and data tables. 
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Figure 7-3. Electropherograms of different RNA qualities analysed with ExperionTM. A, High quality; B, Good Quality; C, not acceptable 
quality of RNA. All samples yield a high RNA concentration. 

 

Analysis of RNA isolated from planktonic cells showed two thick bright bands in the electrophoresis 

gel in all iron treatments (Figure 7-4), and band sizes most likely correspond to 23S and 16S 

ribosomal RNA. Definition of a high quality RNA can be appreciated in the corresponding 

electropherogram:  preferably only two distinctive peaks of 23S and 16S (rRNA is 80 % of total 

RNA); no noise or defined peaks between, after or before 23S and 16S peaks which would suggest 

RNA degradation; and 23S/16S ratio of >1.5 suggesting an optimal lysis method. 

Visual inspection of electropherograms of RNA isolated from planktonic cells demonstrated to be a 

good quality RNA fulfilling the previously described criteria, however the 23S/16S ratio was low. 

RNA concentration of samples was calculated by comparison of the area of the peak in samples and 

a RNA ladder of known concentration.  

 

Table 7-2. Summary of RNA from planktonic cells analyzed with ExperionTM. 

Sample RNA Concentration ng/µl 23S/16S 
Plankton R 622.83 0.6 
Plankton R 2 µM FeCl3 729.25 0.63 
Plankton R 0.5 µM Hb 840.75 0.57 
Plankton R 40 µM FeCl3 753.85 0.56 
Plankton R 10 µM Hb 481.34 0.62 
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23S 16S 

small peaks 
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Figure 7-4. Electrophoresis Gel analyzed with ExperionTM of RNA isolated from planktonic cells. Lane L, RNA ladder; RNA of planktonic 
cells grown in Lane 1, RMPI; lane 2, RPMI+ 2µM FeCl3; lane 3, RPMI+ 0.5µM Haemoglobin; lane 4, RPMI+ 40µM FeCl3; lane 5, RPMI+ 
10µM Haemoglobin. 

 

Figure 7-5. Electropherograms analyzed with ExperionTM of RNA isolated from planktonic cells. RNA of planktonic cells grown in A, 
RPMI; B, RPMI+ 2 µM FeCl3; C, RPMI+ 0.5 µM Haemoglobin; D, RPMI+ 40 µM FeCl3; E, RPMI+ 10 µM Haemoglobin. 
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C D

E

187 
 



 
Analysis of RNA isolated from biofilm samples revealed two bright bands, corresponding to 23S and 

16S ribosomal RNA, seen in the digital electrophoresis gel (Figure 7-6). Electrophoresis gel also 

revealed minor background noise and the presence of several other faint bands suggesting some 

minor degree of RNA degradation. These results were further confirmed by analyzing 

electropherograms, which showed a consistent small but defined peak between 23S and 16S, and 

various types of small peaks at the beginning and the end of electropherogram, corresponding to 

low and high weight RNA species (Figure 7-7). Finally, the calculated 23S/16S ratio for all samples 

was less than optimal for most of biofilm samples (Table 7-3).  An overall interpretation of the 

electropherogram was able to show that RNA isolated from biofilms was of moderate to good 

quality RNA.  

Table 7-3. Summary of RNA from biofilms analyzed with ExperionTM  

Sample RNA Concentration ng/µl 23S/16S 
Biofilm R 263.65 0.77 
Biofilm R 2 µM FeCl3 196.38 0.87 
Biofilm R 0.5 µM Hb 256.83 0.77 
Biofilm R 40 µM FeCl3 263.03 0.81 
Biofilm R 10 µM Hb 328.2 0.84 

 

 

 

Figure 7-6. Electrophoresis Gel analyzed with ExperionTM of RNA isolated from biofilms. Lane L, RNA ladder; RNA of biofilms grown in 
Lane 1, RMPI; lane 2, RPMI+ 2µM FeCl3; lane 3, RPMI+ 0.5µM Haemoglobin; lane 4, RPMI+ 40µM FeCl3; lane 5, RPMI+ 10µM 
Haemoglobin. 
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Figure 7-7. Electropherograms analyzed with ExperionTM of RNA isolated from biofilms. RNA of biofilms grown in A, RPMI; B, RPMI+ 
2µM FeCl3; C, RPMI+ 0.5 µM Haemoglobin; D, RPMI+ 40 µM FeCl3; E, RPMI+ 10 µM Haemoglobin. 

 

RNA purity and RNA integrity are independent assessments. Some RNA extractions showed low 

260/230 ratio but did not show RNA degradation (e.g. sample B-R10 in Table 7-4 and Figure 7-8). 

Other samples had a perfect 260/230 ratio but with mainly degraded RNA (e.g. sample B-R40 in 

Table 7-4 and Figure 7-8), highlighting the importance of all RNA quality assessment steps to 

achieve reliable results in downstream applications, and one assessment does not replace the 

other. 

  

Table 7-4. Summary of assessed parameters in RNA quality 

Sample Nanodrop RNA 

Concentration (ng/µl) 

Ratio 

260/280 

Ratio 

260/230 

Experion RNA 

Concentration (ng/µl) 

Ratio 

23S/16S 

S-R40  305 2.14 1.53 202 0.08 
S-R0.5 339 2.18 1.28 234 0.08 
B-R10 98 2.14 0.48 84 0.76 
B-R40 392 2.15 2.06 598 0.31 
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Figure 7-8. Electropherograms of different RNA qualities analysed with ExperionTM. A, RNA of sample S-R40; B, RNA of sample S-R0.5; 
C, RNA of sample B-R10; D, RNA of sample B-R40. 

 

7.3 Optimization of RT-qPCR 

To determine if the qPCR specificity, sensitivity and efficiency for all target genes in this study differ 

when RNA qualities are different, RT-qPCR reactions were set with High Quality RNA (23S/16S ratio 

of approximately 1.4) and Good Quality RNA (23S/16S ratio of approximately 0.7).  RT-qPCR was 

performed in Real Time PCR equipment ABI 7900. Data was analyzed by SDS 2.4 software provided 

by ABI7900 System.  

Primer specificity. Primer specificity can be analyzed with the Dissociation Curve in each qPCR 

reaction. The Dissociation Curve provides the melting temperature (Tm) of the amplified products 

in each reaction (Figure 7-9). Tm is the temperature at which 50% of DNA is dissociated into single 

strands therefore is very specific to the nucleotide sequence of the amplification product. 

Comparing Tm between replicates or Tm of same target gene amplified from different RNA samples 

allows validation that the correct gene is being amplified. If there is any dissimilarity (of more than 

approximately 0.5°C), some non-specific by-products might be amplified, and a recheck of primers 

design or priming conditions needs to be done.  Table 7-5 summarizes Tm values of triplicates of 

RT-qPCR using good quality and high quality RNA samples. Results showed no relevant Tm 

difference between replicates or different RNA qualities, suggesting that primers amplified only 

target genes and no other non-specific by-products, and RNA quality i.e. good or high, does not 

interfere with amplification on genes of interest.  

A B

C D
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Figure 7-9. Dissociation Curve of amplification products of 16S in Real Time PCR. 

 

PCR Efficiency. Another parameter that might be disturbed by RNA quality or purity is PCR 

Efficiency (PCR E). To estimate the PCR efficiency for each target gene, triplicate RNA samples from 

cells grown in iron restricted medium were 10 fold diluted into concentrations of 10 ng, 1 ng and 

0.1 ng per RT-qPCR reaction.  A classical standard curve was obtained by plotting Cq values (Cq 

value is the cycle at which the amplification curve crosses a set threshold) as a function of log [10] 

concentration of RNA template (e.g. 16S standard curve in Figure 7-10), and the value of slope of 

this trend was substituted in the Equation 1.  
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Figure 7-10. Standard curve plot of 16S gene. Slope value (-3.1042) in the equation of the trend of the plot is used to estimate PCR 
Efficiency. 

Equation 7-1. PCR Efficiency equation, S is slope 

 

 

Table 7-5 summarizes Cq values and PCR Efficiencies obtained by Standard Curve method tested on 

different RNA qualities.  Results showed different PCR E for each target gene, ranging from 0.83 to 

1.87. Good quality RNA showed slightly diminished average PCR E compared to High Quality RNA in 

all tested genes. Correspondingly, 10 ng RNA per reaction was chosen as the optimal RNA template 

concentration to further use, because all target genes were successfully amplified and reference 

genes like 16S, showed the least Cq difference with Cqs of all other genes of interest. 
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Table 7-5. Tm values obtained from amplification products (Dissociation Curve), Cq values of triplicates in the 
RT-qPCR, and PCR Efficiency estimated by serial dilution method. 

 Good quality RNA  High quality RNA  

Target gene Cq Tm PCR 
Efficiency 

Cq Tm PCR 
Efficiency 

RNAIII 15.74 73.1 0.86 18.14 73.3 0.91 
RNAIII 15.60 73  18.21 73.3  
RNAIII 15.46 73  18.22 73.3  
agrB 17.43 71.7 0.85 24.42 71.5 1.04 
agrB 17.54 71.4  24.40 71.4  
agrB 17.46 71.4  24.66 71.4  
fur 15.31 74.4 0.92 22.72 74.4 1.04 
fur 15.92 74.4  22.33 74.4  
fur 15.15 74.6  22.48 74.6  
ftn 15.61 73.8 0.92 24.33 73.6 1.44 
ftn 15.61 73.8  24.19 73.6  
ftn 15.82 73.6  24.39 73.6  
hrtA 22.45 77.3 0.83 29.64 77 1.87 
hrtA 22.18 77.3  29.85 77  
hrtA 22.29 77.3  30.41 77  
isdB 21.99 75.2 0.88 26.87 74.6 1.17 
isdB 22.28 74.9  26.65 74.9  
isdB 22.74 74.9  26.79 74.6  

 

 

Primer concentrations. Primer concentrations in the PCR reaction were also optimized. Using 300 

nM of both primers, compared to 200 nM, seemed to slightly improve the PCR Efficiency in all 

genes i.e. closer to 1, so this condition was further used (Table 7-6). It’s also worth stating that 

better PCR Efficiencies were noticed for every tested gene with high quality RNA compared to good 

quality RNA with 300 nM primer concentration (data not shown).  
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Table 7-6. Slopes and PCR Efficiencies of RT-qPCR reactions using 200 nM or 300 mM concentration of each 
primer in good quality RNA sample.  

 200 nM each primer 300 nM each primer 
Target genes Slope PCR 

Efficiency 
Average  

PCR E 
Slope PCR 

Efficiency 
Average  PCR E 

16S -3.150 1.08 1.13 -3.116 1.09 1.12 
16S -2.907 1.21   -3.086 1.11   
16S -3.104 1.10   -3.018 1.14   

RNAIII -3.801 0.83 0.86 -3.342 0.99 0.92 
RNAIII -3.585 0.90   -3.658 0.88   
RNAIII -3.767 0.84   -3.618 0.89   
agrB -3.712 0.86 0.85 -3.620 0.89 0.90 
agrB -3.820 0.83   -3.590 0.90   
agrB -3.729 0.85   -3.588 0.90   
fur -3.688 0.87 0.92 -3.334 0.99 1.02 
fur -3.375 0.98   -3.099 1.10   
fur -3.587 0.90   -3.411 0.96   
ftn -3.459 0.95 0.92 -3.464 0.94 0.96 
ftn -3.529 0.92   -3.403 0.97   
ftn -3.631 0.89   -3.393 0.97   

hrtA -3.724 0.86 0.83 -3.610 0.89 0.87 
hrtA -3.985 0.78   -3.836 0.82   
hrtA -3.767 0.84   -3.622 0.89   
isdB -3.430 0.96 0.88 -3.632 0.88 0.92 
isdB -3.631 0.89   -3.480 0.94   
isdB -3.920 0.80   -3.465 0.94   
gyrB -3.493 0.93 0.93 -3.435 0.95 0.94 
gyrB -3.649 0.88   -3.491 0.93   
gyrB -3.390 0.97   -3.534 0.92   

 

 

PCR Efficiency estimation. PCR Efficiency is an important parameter to track in each PCR run to 

reduce methodological variations. Due to cost and time restrictions, the classical Standard Curve 

method of PCR Efficiency estimation was not included in each PCR run, instead a computational 

tool LinRegPCR was used. LinRegPCR was developed to estimate PCR Efficiency from the qPCR 

fluorescence amplification curve itself in individual samples/wells. The free software can be 

downloaded online (http://www.gene-quantification.de/download.html). 

In order to estimate the PCR E from individual wells, the Real time PCR (SDS) file has to be exported 

as a clipped file. A clipped file condenses the fluorescence measurements in each sample (reaction 

well) per cycle so the LinRegPCR can recreate the amplification curve as log Fluorescence versus 

cycle number (Figure 7-11). LinRegPCR takes each curve and determines the PCR E by doing a linear 

regression analysis of the log-linear part of the curve i.e. window of linearity (Figure 7-12), in which 

the upper and lower limits can be modified by the user to include more or less data points 

(inclusion of 4-6 data points is recommended)(Ramakers et al. 2003).   
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Figure 7-11. Display of LinRegPCR setting windows used to calculate PCR Efficiency in each sample. Plotted is fluorescence 
amplification versus cycles of qPCR of all samples and genes in a RT-qPCR run. 

 

Figure 7-12. Display of LinRegPCR setting windows used to calculate PCR Efficiency in each sample. Window of linearity of one 
sample is shown, delimiting the zone used to calculate the PCR E. 
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Standard curve method provides PCR E percentiles with values from 0 to 1, while 100% efficieny is 

represented by 1. LinRegPCR provides PCR E values ranging from 1 to 2, where 2 is 100% efficiency. 

So, PCR E from Standard Curve was transformed for comparison using Equation 7-2.  Comparison of 

the two methods of PCR Efficiency estimation i.e. Standard Curve vs. LinRegPCR, showed 

statistically similar results for all tested amplicons except for hrtA (Table 7-7). Overall, LinReg PCR E 

estimation turned out to be more robust and consistent throughout different qPCR runs. 

Equation 7-2. PCR Efficiency transformation from PCR E percentile obtained in the Standard curve method 
(Yuan et al. 2008). 

 

 

Table 7-7. Comparison of PCR Efficiency estimation by Standard Curve and LinReg PCR. PCR E SC, is the PCR 
Efficiency estimated by Standard Curve method (transformed by Equation 7-2); PCR E LinRegPCR, is the PCR 
Efficiency estimated by software LinRegPCR based on fluorescence amplification. 

  Cq      
Target 
genes 

Log 10 
-1 

(0.1 ng) 

RNA  
0 

(1 ng) 

Template 
1 

(10 ng) 

Slope PCR E SC Average  
PCR E 

SC 

PCR 
Efficiency 
LinRegPCR 

16S 13.23 9.97 7.00 -3.116 2.13 2.16 2.18 
16S 13.28 10.10 7.11 -3.086 2.16     
16S 13.21 10.00 7.17 -3.018 2.20     
RNAIII 22.42 19.21 15.74 -3.342 1.99 1.89 1.86 
RNAIII 22.91 19.50 15.60 -3.658 1.84     
RNAIII 22.70 19.13 15.46 -3.618 1.85     
agrB 24.67 21.32 17.43 -3.620 1.85 1.86 1.84 
agrB 24.72 21.23 17.54 -3.590 1.87     
agrB 24.63 20.94 17.46 -3.588 1.87     
fur 21.98 18.69 15.31 -3.334 1.99 2.03 1.89 
fur 22.12 18.94 15.92 -3.099 2.14     
fur 21.97 19.19 15.15 -3.411 1.95     
ftn 22.54 19.51 15.61 -3.464 1.92 1.95 1.91 
ftn 22.42 19.56 15.61 -3.403 1.96     
ftn 22.61 19.42 15.82 -3.393 1.96     
hrtA 29.67 26.66 22.45 -3.610 1.85 1.82 1.79 
hrtA 29.85 26.49 22.18 -3.836 1.77     
hrtA 29.54 26.40 22.29 -3.622 1.85     
isdB 29.26 26.55 21.99 -3.632 1.84 1.89 1.82 
isdB 29.25 32.28 22.28 -3.480 1.92     
isdB 29.67 26.36 22.74 -3.465 1.92     
gyrB 25.48 22.29 18.61 -3.435 1.93 1.91 1.92 
gyrB 25.27 22.59 18.29 -3.491 1.91     
gyrB 25.28 22.72 18.22 -3.534 1.89     

 

PCR Efficiency = 2 PCR E percentile
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PCR E can provide information about the potential presence of PCR inhibitors. Estimating PCR E by 

the classical standard curve can obscure the presence of PCR inhibitors because PCR E will change 

with the diluted input concentration.  The estimation of PCR E in each individual sample does not 

dilute PCR inhibitors in a given RNA extraction. To determine if non-optimal RNA can affect the PCR 

E through the presence of PCR inhibitors, two RNA extractions with different overall RNA qualities 

were compared in their PCR E calculated in each sample and by the classical standard curve method 

(Table 7-8). RNA sample A has a 23S/16S ratio of 0.83 and 260/230 ratio of 0.48; RNA sample B has 

a 23S/16S ratio of 1.5 and 260/230 ratio of 2.02; therefore RNA sample B has better overall RNA 

quality. Absence of relevant PCR inhibitors can be inferred in both RNA samples, because PCR E did 

not gradually diminish with increasing RNA concentrations in any of the tested genes; however the 

PCR E varied randomly up to 15% within 10 fold RNA dilutions, confirming the importance of PCR E 

correction in the gene expression analysis. On the other hand, individual PCR E method identified 

that lowest RNA concentrations had worse PCR E, result that was masked by the classical standard 

curve method and supporting choice of 10 ng  RNA template per reaction. Thus, PCR E depends on 

the level of expression of the target gene as well. 

Table 7-8. Comparison of estimations of PCR Efficiencies by Individual method and Classical Standard curve 
method in two different qualities of RNA. RNA sample A, 23S/16S ratio of 0.83, 260/230 ratio of 0.48; RNA 
sample B, 23S/16S ratio of 1.5, 260/230 ratio of 2.02. 

 

The reality is that PCR E is not solely gene dependent, and can vary within samples, runs or even 

treatments because of the induction of gene expression of a particular gene.  Table 7-9 shows how 

different PCR E can be between iron treatments and how it is correlated to the level of induction of 

the gene of interest by analysing Cq values (in red example of hrtA target gene which is highly 

induced and PCR E  is higher with induction). 

 

 

 RNA sample A   RNA sample B 
 

                                 

genes Individual PCR E  Average Standard 
curve PCR E Individual PCR E  Average Standard 

curve PCR E 

 10 ng RNA 1 ng RNA 0.1 ng RNA   10 ng RNA 1 ng RNA 0.1 ng RNA   

pta 1.95 1.89 1.91 1.92 1.94 1.77 1.77 1.76 1.77 1.96 
tpi 1.94 1.97 1.75 1.89 2.01 1.91 1.91 1.86 1.89 1.82 
hu 1.89 1.80 1.73 1.81 2.01 1.84 1.87 1.76 1.82 1.98 
gyrB 2.01 1.88 1.89 1.93 1.99 1.90 2.00 1.86 1.92 2.02 
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Table 7-9. Comparison of PCR Efficiencies between iron treatments. Each sample was done in triplicate. 

 R  R+ 2 µM 
FeCl3  R + 0.5 

µM Hb  R+ 40 µM 
FeCl3  R + 10 

µM Hb  

Genes Mean 
PCR E  

Mean 
Cq 

Mean 
PCR E  Mean Cq Mean 

PCR E  Mean Cq Mean  
PCR E  

Mean 
Cq 

Mean 
PCR E 

Mean 
Cq 

agrB 1.94 14.14 1.93 13.40 1.96 11.97 1.94 11.72 2.01 11.48 

fur 1.94 15.03 1.96 16.51 1.94 15.81 1.95 15.14 1.94 15.71 

hrtA 1.82 23.99 1.80 24.98 1.87 16.01 1.80 23.70 1.90 13.81 

RNAIII 2.11 7.38 1.99 8.67 2.11 7.22 2.09 7.62 2.08 7.36 

ftn 1.89 17.59 1.82 14.97 1.87 13.61 1.90 12.03 1.85 12.48 

16S 2.25 5.63 2.12 6.29 2.28 5.73 2.27 5.52 2.32 5.75 

isdB 1.94 19.41 1.95 24.52 2.05 22.88 1.94 23.50 1.98 24.58 

gyrB 1.91 17.24 1.91 16.70 1.94 15.90 1.95 14.70 1.91 15.84 

pta 1.93 18.99 1.88 18.35 1.95 17.35 1.90 16.49 1.91 17.16 

tpi 1.88 16.05 1.90 16.59 1.91 15.46 1.95 15.33 1.92 15.53 

hu 1.94 11.91 1.90 12.65 1.90 11.53 1.93 11.72 1.92 11.54 

 

DNA contamination. DNA traces in the RNA extraction could lead to over-estimates of gene 

expression. Currently there is no method able to eliminate all DNA traces from an RNA sample, 

however decreasing DNA levels to negligible amounts seems to be the best quality control at the 

moment. Setting control PCR reactions without Reverse Transcriptase (RT) allows evaluation of 

whether Cq values obtained are due to RNA levels or DNA traces. By comparison, RT positive 

reactions should be at least 5 cycles lower than RT negative controls. RNA samples from biofilm and 

planktonic cells were tested with genes of interest and reference genes to check if DNA levels 

would interfere with gene expression outcomes.  RT-positive and RT-negative controls were set to 

check DNA levels, and no RNA controls were also set to check for reagent contamination.  

RNA samples from planktonic cells showed Cq differences between RT+ and RT- ranging from 5 to 

22 cycles in all tested genes, thus residual DNA levels were not enough to mask RNA levels.  Biofilm 

RNA samples showed Cq differences from 8 to 12, also demonstrating that DNA traces were 

negligible. Controls with no RNA showed very high or undetermined Cqs (when fluorescence levels 

never cross the threshold) suggesting no amplification, thus no contamination or primer dimer 

formation for any of tested genes (Table 7-10). Tm is really important here as well, because it 

verifies that the amplification products are the same in RT+ and RT- reactions, as they should 

because both amplify from nucleic acid.  No RNA controls, on the other hand, only contain primers 

as a source of nucleic acid; therefore Tm of any detected amplicon should be different to the target 

gene. 
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Table 7-10. Quality control for RNA samples and DNA and primer dimers contamination. 

 genes Biofilm 
RNA RT+ 

 Biofilm 
RNA RT- 

 Plankton 
RNA RT+ 

 Plankton 
RNA RT- 

 no RNA 
control 

 

  Ct Tm Ct Tm Ct Tm Ct Tm Ct Tm 

pta 19.17 75.6 27.95 75.7 18.56 75.9 25.18 76.2 Undetermined  74.5 

tpi 18.64 74.8 28.69 74.9 17.63 74.8 24.74 75.4 Undetermined 72.4 

hu 16.31 76.1 28.37 76.2 12.76 76.4 25.94 76.4 Undetermined 62.3 

gyrB 17.00 75.1 26.03 75.2 18.28 75.6 23.32 75.7 Undetermined 62.3 

agrB 19.45 71.4 30.6 71.1 13.43 70.7 29.09 71.1 37.86 70.8 

Fur 16.19 74.2 30.5 74.5 14.04 73.8 30.98 74.2 Undetermined 72.7 

HrtA 23.48 76.9 31.1 76.9 23.69 76.4 28.57 76.8 Undetermined 83.9 

RNAIII 16.37 72.8 30.6 72.9 7.41 72 29.18 72.9 Undetermined 67.4 

Ftn 12.36 73.2 29.5 73.3 18.10 72.8 27.18 72.8 Undetermined 86.2 

16S 5.42 76.3 NA NA 4.65 75.4 22.69 75.9 Undetermined 88.8 

isdB 23.83 74.7 28.7 74.9 19.29 74.1 27.30 74.5 Undetermined 78.5 

 

 

Normalization. After all quality control steps are checked, raw RT-qPCR data must be transformed 

and normalized to support and demonstrate biologically meaningful gene expression results. 

Normalizing against a reference gene has proven to be the approach overcoming and controlling 

most of the disadvantages of other normalization strategies. There are many available software 

designed to evaluate how stable a reference gene is and/or to choose the best reference genes 

from a pool of candidates. Reference gene stability is defined as the lack of variation in the gene 

expression of reference genes throughout the experimental conditions. Genorm is a program that  

provides a measurement to determine the expression stability of reference genes on non-

normalized expression levels (Vandesompele et al. 2002). The standard deviation of all 

logarithmically transformed reference gene expression ratios represents the expression stability 

measure M. Reference genes with low M values are the most stable through the evaluated 

experimental conditions (Vandesompele et al. 2002). The program also eliminates the worst 

reference gene i.e. with the highest M value, recalculates M and ranks all the remaining candidates 

reference genes providing a set of optimal reference genes to use (Figure 7-13 A, C and E). The 

geometric mean of chosen reference genes is the normalization factor. In addition, the measure V 

represents the pairwise variation between two consecutive amounts of reference genes, as a useful 

parameter to determine if inclusion of an extra reference gene in the study is worthwhile (Figure 

7-13 B, D and F).  In this study, 5 candidate reference genes were analyzed with 3 biological 

replicates of biofilm RNA extractions under different iron treatments. Figure 7-13 A, C and E show 

the stability results of 5 ranked reference genes in the three biofilm RNA extractions. It is shown 
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that in each RNA extraction there is a different set of optimal reference genes i.e. the reference 

genes are ranked differently, even though they are biological replicates. Table 7-11 shows all 

stability measure M for Newman RNA extractions with planktonic and biofilm growth. The first RNA 

extraction or experiment from biofilm was discarded for further gene expression analysis due to the 

high instability of reference genes. 

 

Figure 7-13. Reference gene stability and optimal number analysis performed with Genorm algorithm. A-B, C-D and E-F correspond 
to 3 biological replicates of RNA samples from biofilms. A, C and E represent the rank of all screened reference genes, from left to 
right the best scoring reference genes. B, D and F represent the overall reference gene stability when using 2 or 3 genes, 3 or 4 
genes, 4 or 5 genes. 
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Table 7-11.  Reference gene stability measure M for all RNA extraction experiments (biological replicates) 

Stability measure M Planktonic growth   Biofilm Growth     
 

1st Exp. 2nd Exp. 3rd Exp. 1st Exp. 2nd Exp. 3rd Exp. 4th Exp. 

16S 0.351 0.493 0.521 0.859 0.61 0.321 0.699 

gyrB 0.495 0.669 0.626 1.077 0.396 0.339 0.322 

pta 0.352 0.588 0.602 0.79 0.456 0.464 0.412 

tpi 0.617 0.491 0.423 0.863 0.447 0.507 0.398 

hu 0.338 0.627 0.502 1.274 0.421 0.436 0.322 

Average 0.430 0.573 0.535 0.973 0.466 0.413 0.431 
 

7.4 Discussion 
 

RNA purity. RNA purity assessment is an important step in gene expression studies. A low 260/230 

ratio in a RNA sample, i.e. 0.48,  could suggest up to approximately 1 mM of salt Guanidine 

Thiocyanate, the most common salt contaminant from the TRIzol® RNA isolation kit (Invitrogen). 

However, it has been shown that high concentrations of up to 100 mM of Guanidine Thiocyanate is 

actually needed to compromise the RT-PCR reliability if RNA integrity is held at optimal level 

(Qiagen 2010). RiboPureTM RNA extraction kit used in this protocol includes RNAWIZ solution to lyse 

cells. RNAWIZ solution contains phenol, sarkosyl and hydrochloric acid among others as lysis 

reagents, therefore a low 260/230 ratio could be attributed to phenol contamination in the final 

RNA extractions instead of Guanidine Thiocyanate. Co-extracted inhibitors can inhibit the PCR 

reaction by three main mechanisms: interacting with the DNA polymerase, binding the DNA or 

interfering with polymerase during extension. Although one particular inhibitor might have more 

than one inhibition mechanism, there are checking/control points along the qPCR steps, such as Tm 

curve shift, PCR Efficiency changes, amplicon length, etc. that can help relieving the inhibition (Opel 

et al. 2010).  It has been reported that phenols can interfere with the reverse transcription reaction, 

however samples with relatively low 260/230 ratio did not show increased corresponding Cq 

values.  Moreover, if any inhibitor is detected, their inhibitory effects can also be substantially 

diminished by diluting RNA samples, as shown by studies where the inhibitory effect of the 

previously mentioned Guanidine can be diminished by 5 times by using 20 ng of RNA instead of 50 

ng in the  RT-qPCR reaction (Cicinnati et al. 2008).  In this study by diluting RNA to 10 ng may help 

alleviate this particular issue. 
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RNA integrity. RNA integrity assessment with Experion (Bio-Rad) is an indispensable check point for 

reliable qPCR results. RNA instability and susceptibility to ubiquitous RNAses make RNA degradation 

a common problem impacting directly on the gene expression results. Precaution must be taken 

when extracting RNA, using certified RNAse and DNAse free consumables; and a workspace 

thoroughly wiped with suitable disinfectants. An advantage is that this RNA quality control 

checkpoint is at the beginning of the experiment, therefore it allows the go/stop continue/abort 

decisions to be made before more costly and time-consuming technologies are involved (Fleige & 

Pfaffl 2006). The main quantitative parameter is the 23S/16S ratio. In this study, recommended 

values (>1.5) were never reached, but samples with ratios of 0.7-0.8 performed well. There are 

conflicting reports about rRNA not reflecting the fate of mRNA at all, or whether mRNA is more 

correlated to degradation of rRNA 16S or 23S in terms of fragment size/degradation rate 

similarities. However, RNA integrity assessment by this method is a reliable and convenient 

approach to assess mRNA integrity, without discarding a visual inspection of electropherograms. 

The RIN (RNA Integrity Number) number is a RNA integrity classification system, represented by an 

algorithm/model based on the electropherogram shape features, which was designed by another 

manufacturer of microfluidic analysis systems, the Agilent 2100 Bionanalyser (Schroeder et al. 

2006). The proposed categories (1-10) of this system are better correlated to RNA integrities 

obtained in our experiments; however because of the incompatibility of the two systems, it was 

impossible to analyze our sample results with this model.  

RNA quality evaluation by Experion analysis allows a first screening for contaminant DNA, which 

presents a distinctive electropherogram. However, since it is still a relatively expensive technology 

for many laboratories (chips, reagents and equipment), once the RNA extraction protocols have 

been standardized and no further modifications are being made, routine RNA quality assessment by 

Experion can be bypassed, if sporadic quality checks are made.  

Primer specificity. SYBR Green based RT-qPCR uses a dye that binds to all double-stranded DNA, 

and so the specificity must be high to avoid non-specific amplification or primer dimers formation 

leading to faulty results. On the other hand, a TaqMan® based RT-qPCR uses a fluorescent dye 

fused with hybridization probes (in addition to specific primers) so the signal can technically only be 

due to the target gene amplification (Tuomi et al. 2010). In this study, the cheaper and more 

versatile SYBR Green was used in our RT-qPCR assays, thus constant control checkpoints of Tm 

become important. Tm of amplicons always relates to their sequence allowing checking the 

specificity of the reaction. 
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PCR Efficiency. PCR Efficiency (PCR E) is a crucial parameter which must always be taken into 

account in the gene expression analysis. PCR Efficiencies are subject to variation under the slightest 

changes in the conditions of the reaction mix, even a 0.04 PCR E difference could lead to a 4 fold 

error in fold difference of gene expression result (Ramakers et al. 2003); or at high Cqs an 

underestimation of 0.1 in the PCR E leads to a five-time overestimation of the target quantity 

(Tuomi et al. 2010). Therefore, it is recommended to keep track of PCR E in each PCR run to lessen 

methodological variations. PCR E is influenced by many factors, including primer length, amplicon 

length, primer annealing temperature, primer sequence which determines secondary structures 

formation, etc. To our best attempts, all these factors were checked and strictly passed dring 

primer design. It is reported that poor RNA integrity does not directly affect PCR E (Fleige & Pfaffl 

2006), but does so indirectly by increasing the corresponding Cq values, that in this study slightly 

decreases PCR E, suggesting that the level of induction of a target gene also affects the PCR E. It has 

been reported that PCR E is significantly highly dependent on the amplicon, but also co-dependent 

on amplicon-sample (potential presence of inhibitors) and amplicon-dilution but not dependent on 

Cq by itself (Karlen et al. 2007). Furthermore, the small difference seen in PCR efficiency between 

High Quality RNA and Good Quality RNA led us to make the decision of always correcting any 

further gene expression analysis with the PCR efficiency of each run of RT-qPCR.  

The classical way of estimating PCR E is a standard curve of a run of series of dilutions of RNA 

template and plotting the resulting Cq values against RNA concentrations (log transformed). The 

slope of this plot is then transformed to PCR E by a simple equation (Equation 7-1). Because it is 

time consuming, this assay is normally performed once at the beginning of the experiment and then 

values obtained for each target gene PCR E are used for subsequent assays. If inhibitors are present 

in the sample, they are diluted along with the serial dilutions decreasing its effect on PCR E, 

influencing the final PCR E estimation and more importantly masking the inhibitor’s effect. The only 

way of bypassing this effect is estimating the PCR E in each sample, a calculation that was proposed 

by Ramakers and colleagues (Ruijter et al. 2009; Ramakers et al. 2003). The PCR E is estimated from 

the fluorescence signal on each cycle or fluorescence curve and a linear regression of the log-linear 

part of the fluorescence curve is used to estimate the slope and PCR E. LinRegPCR is a software 

developed to automate estimation of PCR E from the PCR fluorescence amplification curve itself 

and its interface allows to modify according to the user’s criterion an important parameter such as 

the points included in the window of linearity of each sample (log-linear part of curve included in 

slope estimation). It has been reported that the LinReg PCR method gives statistically similar results 

to the standard curve method; however the LinReg method is more reproducible (Karlen et al. 
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2007). In this study, we showed that both methods produce statistically similar PCR E, except for 

only one highly induced gene (hrtA). Moreover, due to cost and time restrictions, it was not 

practical to run classical standard curves in each microplate for each RT-qPCR run; therefore the 

tool LinRegPCR was used to estimate PCR E in each sample throughout all experiments.  

Relative gene expression and PCR E correction. qPCR is normally used to absolutely or to relatively 

quantify amounts of DNA in a sample. The purpose of the assay in this study was to compare gene 

expression between iron treatments, thus relative quantification calculations were suitable. There 

are a few calculation methods to transform Cq values to relative gene expression data, however the 

basic principle is to compare the expression values of the target gene to a reference gene in a 

sample and compare that sample to a reference sample. Originally the ΔΔCq calculation fulfilled 

that basic principle and became very popular among relative expression studies, despite of 

assumptions of maximum PCR E of 2 and equal PCR E within all target genes and reference genes. 

However, with the progressively increasing importance of PCR Efficiency in the qPCR assay, a 

modification was needed.  PCR E correction was incorporated into the same  ΔΔCq  calculation by 

Pfaffl and colleagues (Equation 8-2), granting a more functional relative gene expression calculation  

(Yuan et al. 2008; Pfaffl 2001). However, this improved calculation still has an assumption that 

seems to be the exception rather than the rule i.e. same PCR E of the target gene or reference gene 

among the different samples. Novel models are needed to suit current and relevant assumptions in 

the qPCR analysis. 

Normalization of relative gene expression. To accurately correlate the amount of mRNA copies to 

the cycle number in the RT-qPCR and then transform this raw data into gene expression results it is 

fundamental to discard non-biological variations through the process of normalization. Some 

normalizing strategies might not be good by themselves but using them along all the RT-qPCR 

experiment helps reducing the variation. Normalizing RT-qPCR data against cell count has been 

used with tissues samples; however bacterial planktonic cells might be easy to enumerate but cells 

from biofilms present a high difficulty to do so. All RNA extractions were taken from same sample 

size within different iron treatments in biofilms.  Even if it is possible to accurately normalize to 

sample size, same number of bacterial cells might be at different stages of metabolism leading to 

different mRNA expression patterns. Normalization to total RNA mass has shown to be more 

reliable, however total RNA mass quality should be precisely assessed because rRNA levels (most of 

total RNA mass is rRNA) might vary too with the conditions of the treatment e.g. induction of cell 

viability. Also total RNA mass can be incorrectly evaluated due to degraded RNA present from an 
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inefficient RNA extraction, so the final mRNA input in the PCR might not be equivalent (Huggett et 

al. 2005). 

Normalizing against a Reference gene has proven to be the approach overcoming and controlling 

most of the disadvantages of the other normalization strategies: a reference gene is made of mRNA 

like the genes of interest and is measured along with the RT-qPCR as well, so resulting Cq values of 

the reference gene incorporates cumulative error of the whole process, i.e. RNA quality 

assessment, RNA input in PCR, PCR efficiency, etc. (Ramakers et al. 2003).  Despite being currently 

the most accurate normalization method, the reference gene must be validated i.e. demonstrated 

to be stable through the specific experimental conditions of the assay and to rule out any 

unexpected regulation within the treatments. Omitting this validation step may lead to large errors 

in the GOI expression result, potentially opposite up or down regulation outcomes (Ramakers et al. 

2003). Furthermore, normalizing against more than one reference gene was shown not to increase 

the overall accumulative error, i.e. error that is introduced in each specific and selected calculation 

step throughout all the RT-qPCR process (Nordgård et al. 2006). Although, these authors do not 

recommend always using many reference genes, given that sometimes one reference gene might 

behave better alone and be more stable than all the rest. 

Reference genes. Genorm is a program that provides a measurement to determine the expression 

stability of reference genes on non-normalized expression levels (Vandesompele et al. 2002). 

Expression ratios between two reference genes are calculated for every pair of candidate reference 

genes, and the standard deviation of all logarithmically transformed ratios represents the 

expression stability measure M. Reference genes with lowest M values are the most stable through 

the evaluated experimental conditions (Vandesompele et al. 2002). In this study after several RNA 

extractions (biological replicates) with the same experimental set up, and testing the expression of 

many reference genes (5), we saw that in one of the biological replicates of biofilm experiments all 

the reference genes were highly unstable, therefore those samples were discarded. To avoid the 

drawback of spending lots of resources into a RNA extraction that would turn out to be unusable, 

this study results suggest testing the reference genes expression before the target genes, because 

validating reference genes is invaluable to the gene expression outcome and reliability. 

Vandesompele and colleagues recommend minimum of 3 reference genes in the gene expression 

study, and to do so Genorm provides a rank of best scoring reference genes for selection by the 

user. Aiming for a balance between practicality, accuracy and resources management in choosing 

reference genes, the algorithm V helps in the decision if addition of an extra reference gene is 
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valuable in the overall stability. After the selection of references genes to normalize with, a 

Normalization factor is estimated by geometric mean of reference genes expression ratios. Caution 

must be taken when selecting reference genes or when relying on only one, because in the 

literature some have been blindly adopted from other RNA quantifying assays with completely 

different requirements, e.g. 16S rRNA and northern blotting assays. Using 16S by its own, as is 

common in published RT-qPCR studies, is at first glance not a proper normalization method because 

16S is ribosomal RNA, therefore highly stable and not subject to degradation like any other mRNA.  

We decided to include 16S rRNA and gyrB (subunit B of gyrase) in our studies because although it 

has been reported that 16S, and to a lesser extent gyrB, behave inappropriately for normalization in 

different S. aureus planktonic growth phases, this has not been assessed in biofilm studies 

(Valihrach & Demnerova 2012). The same study showed that the most stable S. aureus genes 

throughout different growth phases were tpi (triosephosphate isomerase), pta (phosphate 

acetyltransferase) and hu (DNA-binding protein); therefore these were selected for this study. As 

shown in Table 7-11, all reference genes behaved relatively stable in biofilms. Genorm algorithm 

ranked them and provided a set of optimal genes with the lowest M scores and because this rank 

changed the optimal recommended set changed as well even among different biological replicates 

of the same experiment. Coefficient of Variation (CV) of normalized gene expression of target genes 

using all 5 reference genes or using the recommended optimal set showed that the former one had 

slightly less overall CV, leaning us to opt for using all 5 of them (Figure 7-14). 

 

Figure 7-14. Coefficient of Variation of normalized gene expression in Newman biofilms. A, gene expression using 5 reference genes 
with all biological replicates; B, gene expression using the optimal set of genes for each biological replicate.  

 

A B
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All gene expression data handling was performed with qbase+ software. This software automates 

and simplifies many of the calculations throughout the data processing in the RT-qPCR assay. Firstly, 

it imports the raw SDS file from the real time PCR machine, for the user to visualize the microplate 

layout in the qbase+ interface with the corresponding different detectors (target genes) and Cq 

values for each well. Experimental settings such as cutoff Cq values considered outliers between 

technical replicates, Cq averaging methods and methods correcting for PCR Efficiency can be 

considered. Samples and detectors can be re-named or modified, reference genes easily selected 

from a pool of genes  and wells can be excluded from the analysis; features useful when different 

experiments are run on the same plate (Hellemans et al. 2007). Genorm algorithms are included in 

qbase+ as well, so all stability measurements can be estimated (M, V, ranking). PCR Efficiency must 

be calculated elsewhere and manually imported for each gene. Final relative gene expression 

results are given as exportable tables or bar graphs. Thus, overall qbase+ fulfills many requirements 

not provided by other tools. Nevertheless neither qbase+ nor other tools are perfect; with the main 

disadvantage is being the inability to incorporate PCR E for each sample and only getting close 

enough as incorporating PCR E for each target gene in each run.  

Along with the popularity and sensitivity of RT-qPCR, protocol modifications and different analysis 

methods have also come. In an attempt to promote consensus between laboratories and to put 

into perspective what is essential and what is optional as quality control checkpoints, a guideline 

has been published. MIQUE (Minimum Information for publication of QUantitative real-time PCR 

Experiments) guidelines encourage a universal reporting language in qPCR experiments, supporting 

transparency and integrity (Bustin et al., 2009). All these publications position qPCR as a 

mainstream technology with the most reliable results when used properly. 

 

Key findings of this chapter: 

1. RNA purity and integrity assessments are essential checkpoints in RNA isolation from 

biofilms 

2. Primer specificity, DNA contamination and PCR Efficiency are important parameters in the 

RT-qPCR reaction 

3. Validation of reference genes is crucial for reliable results in each experimental setup 

4. Normalization to 5 validated reference genes showed less variation in gene expression in 

biofilms 
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With a standardized RT-qPCR protocol, our next step was to analyze the gene expression response 

to different iron sources of S. aureus populations in plankton and biofilms. 
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8 CHAPTER 8: INTEGRATED IRON RESPONSIVE GENE EXPRESSION IN STAPHYLOCOCCUS 

AUREUS NEWMAN 
 

8.1 Introduction 

 

Phenotypically, Newman biofilms respond differently to inorganic iron and haemoglobin, a 

response reflected in matrix composition and architecture. Growth rates of Newman planktonic 

cells are not affected by the two iron sources but do appear to be sensed differently (PisdB activity). 

Thus, we aimed to expand the iron-responsive gene expression to other genes in Newman and 

investigate the effect of inorganic iron and haemoglobin on both S. aureus biofilm and planktonic 

gene expression, correlating it to previous findings using the standardized RT-qPCR protocol (see 

section 7).  

Newman is an extensively used model strain; however no information is available in gene 

expression changes due to iron sources with the experimental biofilm setup used here. First, genes 

reporting the iron status were investigated to confirm iron starvation isdB (Torres et al. 2006); iron 

sufficiency ftn (Morrissey et al. 2004) and haem toxicity hrtA (Torres et al. 2007). fur was also 

chosen due to its down regulation with iron shown in planktonic cells (Johnson et al. 2011). 

Secondly, in the context of iron responsive biofilm gene expression, elements of known biofilm 

dispersal regulator, agrA and RNAIII of the Agr QS system, were included (Boles & Horswill 2008). 

Lastly, PSMs have been involved in biofilm structuring/detachment, so expression of the two main 

classes of PSM, psmα and psmβ, was investigated (Periasamy et al. 2012). Newman isogenic Δfur 

and ΔisdB strains were also analyzed to determine the roles of these genes in biofilm iron-

responsive gene expression to the two types of iron sources.  

 

 

 

 

 

 

209 
 



 
8.2 Gene expression analysis 
 

The delta delta Cq (∆∆Cq) method is the classical and simplest relative quantification method that 

normalizes the amount of mRNA of the gene of interest with one reference gene and compares it to 

an untreated sample.  

The subsequent calculation used to transform Cq values into relative gene expression data depends 

on how good the PCR Efficiencies are,  how similar to reference gene’s PCR Efficiency are the 

others’ PCR  Efficiencies (no more than 10% PCR efficiency difference), and how many reference 

genes are included in the normalization process. If the assumption of equal PCR E within all genes is 

made, all PCR E are 100% and only one reference gene is used to normalize data, then Equation 8-1  

is to be used.  

Equation 8-1. Delta delta method of relative quantification. 

 

 

As stated earlier (see section 7.4), small differences in PCR E can lead to increasing error in the final 

interpretation, so a calculation method that corrects for PCR E is imperative, if slight but meaningful 

biological variations are to be demonstrated. The delta delta method with PCR E correction is 

shown in Equation 8-2 (Pfaffl 2001). 

Equation 8-2.  Delta delta method with PCR Efficiency correction. 

 

 

 

∆∆Cq = (CqGOI – Cqreference) untreated sample - (CqGOI – Cqreference) treated sample 

Normalized Relative Quantity  = 2 ∆∆Cq

(PCR E GOI) ∆Cq GOI (untreated - treated)

(PCR E reference) ∆Cq reference (untreated - treated)
Normalized Relative Quantity = 

210 
 



 
Cq values obtained from the RT-qPCR are displayed/analyzed by SDS 2.4 Software (Applied 

Biosystems), allowing manual setting of the baseline and threshold for each gene amplification 

curve. 

There are numerous software designed to automate analysis of gene expression data, in this study 

qbase+ software package was used (version 2.5, Biogazelle). This software uses the calculation 

based in Equation 8-2, however includes multiple reference genes and instead of comparing the 

result of the sample to an untreated sample, it compares it to an arithmetic mean of Cq values of all 

samples included in the analysis (Hellemans et al. 2007). 

In this study, gene expression results represent data from triplicates in each qPCR run from three 

independent RNA extractions/experiments (biological replicates).  Graphs of relative gene 

expression ratios were plotted using GraphPad Prism (version 5.02, GraphPad Software, Inc). Data 

was transformed into square root values as required by the appropriate statistical test before 

assessing significant differences (version 5.02, GraphPad Software, Inc).  
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8.2.1 Gene expression in Newman planktonic growth 
 
To investigate gene expression changes in marker genes for iron homeostasis in planktonic cells 

grown under iron restriction and with provision of inorganic iron and haemoglobin, RNA isolated 

from exponential phase cells was analyzed by RT-qPCR. The RT-qPCR reactions were set with 300 

nM primer concentration as previously described as the best PCR efficiency and 10 ng of RNA per 

reaction were used.  

The relative gene expression of the iron sufficiency marker ftn was up regulated in a dose 

dependent way with both types of iron sources becoming statistically significant with high doses (A 

in Figure 8-1). The iron starvation marker isdB was down regulated to a similar level with all iron 

sources (C in Figure 8-1). Haem toxicity marker hrtA was significantly up regulated with high doses 

of haemoglobin and to a lesser extent with a low haemoglobin concentration (B Figure 8-1). Fur did 

not show a significant change due to different iron sources at this particular time point of 

planktonic growth, but a trend to repression can be seen with all iron treatments (D Figure 8-1).  

 

Figure 8-1. Relative Gene Expression in Newman planktonic growth. A, ftn; B, hrtA; C, isdB; D, fur.  Each dot represents a biological 
replicate which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by 
stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.2.2 Fur modulates Newman Gene expression in planktonic growth 
 

To determine if Fur has a role modulating, directly or indirectly, gene expression in iron responsive 

genes, RT-qPCR was performed in RNA from Newman ∆fur planktonic growth at same time point at 

late exponential phase.  

Newman ∆fur planktonic growth showed an overall attenuated ftn response where the iron dose 

dependent up regulation seen previously in ftn in Newman WT was almost abolished with Fur 

absence (A in Figure 8-2). On the other hand, isdB decreased its repression compared to iron 

restriction, but remained slightly repressed in a dose dependent manner with both iron sources, 

suggesting a Fur-independent regulation responding to iron (C in Figure 8-2). hrtA did not change its 

up regulation or the level of it under haemoglobin, suggesting that Fur has no role in this regulation 

(B in Figure 8-2). There was no detected amplification of fur in this strain, validating the deletion of 

this gene. 

 

Figure 8-2. Relative Gene Expression in Newman ∆fur planktonic growth. A, ftn; B, hrtA; C, isdB.  Each dot represents a biological 
replicate which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by 
stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.2.3 Newman biofilm is iron responsive and with a differential response to the iron source 
 

 
To test whether Staphylococcus aureus biofilm is iron sufficient or starved under the iron 

treatments used before, RNA isolated from 24 hour biofilms grown in RPMI -or supplemented with 

FeCl3 or Haemoglobin- was analyzed by RT-qPCR.   

Ferritin showed significantly more expression with both high iron concentrations (A in Figure 8-3). 

HrtA responded significantly increasing its expression but only at high haemoglobin concentration 

(B in Figure 8-3). However, neither IsdB nor Fur showed a consistent repression or induction with 

the iron sources in the biofilm (C and D in Figure 8-3). 

  

  

Figure 8-3. Relative Gene Expression in Newman biofilms. A, ftn; B, hrtA; C, isdB; D, fur.  Each dot represents a biological replicate 
which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars 
(p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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Agr QS has been shown to regulate most of the dispersal mechanisms in S. aureus, therefore we 

decided to assess the expression of agrB and RNAIII as two genes part of this QS Agr system which 

are under the control of different promoters and regulate different target genes.  Other molecules 

in the Agr regulon recently identified as being involved in biofilm structuring and detachment are 

Phenol Soluble Modulins, thus we addressed the expression of psmα and psmβ as representatives 

of the main classes of PSM.  

Newman biofilms showed similar iron responsive expression pattern in both biofilm dispersal 

markers RNAIII and agrB i.e. up regulating their expression with the inorganic iron source and down 

regulating their expression with haemoglobin compared to the iron restricted conditions (A and B in 

Figure 8-4). 

The expression of PSMα and PSMβ showed different response, where psmα did not change 

considerably with iron sources; however psmβ presented a gene expression response pattern 

matching RNAIII, where haemoglobin and inorganic iron triggered opposite effect (C and D in Figure 

8-4). 

  

Figure 8-4. Relative Gene Expression in Newman biofilms. A, RNAIII; B, agrB; C, psmα; D, psmβ.  Each dot represents a biological 
replicate which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by 
stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.2.4 Fur modulates Newman biofilm iron responsive gene expression  
 

Fur mediates expression of isdB and ftn in planktonic cells, thus we aimed to assess Fur’s role in 

Newman biofilms. RNA from Newman ∆fur biofilms was extracted and gene expression was 

analyzed by RT-qPCR. 

Iron dependency of ftn disappeared (A in Figure 8-5) in ∆fur biofilms and isdB null response to iron 

sources was maintained (C in Figure 8-5). HrtA was the only analyzed gene that kept its strong 

induction with high haemoglobin, suggesting that haem toxicity sensing mechanism is fully Fur 

independent (B in Figure 8-5). No amplification of fur was detected. 

 

 

 

Figure 8-5. Relative Gene Expression in Newman ∆fur biofilms. A, ftn; B, hrtA; C, isdB.  Each dot represents a biological replicate 
which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars 
(p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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Newman ∆fur biofilms unexpectedly showed dispersal markers had no significant changes in RNAIII 

gene expression with neither of the iron sources (A in Figure 8-6), despite agrB being significantly 

more expressed under two inorganic iron concentrations compared to haemoglobin, the change 

was to a much lesser extent than Newman WT biofilms (B in Figure 8-6). Expression of PSMβ 

matched agrB attenuated expression (C and D in Figure 8-6). These results suggest that Fur’s role in 

iron homeostasis is needed for dispersal markers to differentially respond to iron sources. 

 

 

 

Figure 8-6. Relative Gene Expression in Newman ∆fur biofilms. A, RNAIII; B, agrB; C, psmα; D, psmβ.  Each dot represents a biological 
replicate which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by 
stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.2.5 IsdB is not relevant for haemoglobin Newman biofilm response 
 

To investigate the importance of IsdB in the biofilm response to haemoglobin, and as previously 

described as a main and crucial haemoglobin receptor in Newman; RNA from Newman ∆isdB 

biofilms was extracted and analyzed by RT-qPCR.  

ftn was up regulated to a same level with equivalent concentrations of different iron sources (A in 

Figure 8-7) and hrtA also showed the same level strong induction with high haemoglobin 

concentration (B in Figure 8-7). No amplification of isdB was detected, validating the deletion of this 

gene. Newman ∆isdB biofilm showed RNAIII and agrB gene expression very similar to Newman WT 

i.e. significantly different gene expression between inorganic iron and haemoglobin treatments (C 

and D in Figure 8-7). PSMs were not assessed in this experiment. 

 

Figure 8-7. Relative Gene Expression in Newman ∆isdB biofilms. A, ftn; B, hrtA; C, RNAIII; D, agrB.  Each dot represents a biological 
replicate which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by 
stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.2.6 Iron as transient stimulus does not induce differential gene response on biofilm  
 

To determine if the differential response seen in Newman biofilm with two types of iron source is a 

result of permanent exposure to the iron source in the biofilm formation process or a quick 

adaptation to the iron source, a dispersal experiment was performed. RNA was extracted from a 

24-hour iron-restricted biofilm after brief exposure (2 hours) to 2 µM or 40 µM of FeCl3, 0.5 µM or 

10 µM of Haemoglobin with a no iron control.  RNA was analyzed by RT-qPCR. 

The addition of iron sources to Newman biofilms did not induce the expression of dispersal markers 

RNAIII and agrB (A and B in Figure 8-8). Ferritin did not exhibit the usual iron dependent up 

regulation (C in Figure 8-8); nevertheless hrtA immediately showed an up regulation in presence of 

high haemoglobin, even a smaller induction with lower dose of haemoglobin, suggesting that hrtA 

responds to external haemoglobin stimulus and not as a intracellular signal of haem toxicity (D in 

Figure 8-8). These results suggest it could take longer for both iron sources to reach internally to 

the biofilm cells modifying the genetic response or that cells respond to iron slower in the biofilm 

because they are metabolically less active. IsdB showed significantly reduced expression only with 

haemoglobin as iron source, supporting previous findings about the role of IsdB in initial 

haemoglobin uptake (E in Figure 8-8). fur showed a slight diminished expression with all iron 

sources and concentrations (F in Figure 8-8). 
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Figure 8-8. Relative Gene Expression in Newman preformed biofilms after 2 hours of iron addition. A, RNAIII; B, agrB; C, ftn; D hrtA; 
E, isdB; F, fur.  Each dot represents a biological replicate which includes technical triplicates, line represents the mean. Significant 
differences between treatments are shown by stars (p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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8.3 Discussion  
 

Iron status in planktonic cells. Relative gene expression analysis showed that Newman planktonic 

cells at late exponential phase were able to incorporate both iron sources at a similar rate, because 

ftn was up regulated at similar level with a dose-dependent effect with inorganic iron and 

haemoglobin. This finding is supported by studies showing that ferritin expression is very complex 

and has up to four levels of regulation: by manganese dependent repressor PerR, by iron 

dependent Fur induction, by induction in low-iron conditions and by stationary growth phase 

induction in LB broth but at exponential phase induction in RPMI medium (Morrissey et al. 2004). 

On the other hand, isdB was fully repressed in a dose independent manner, supporting the idea of 

different regulation mechanisms of ftn and isdB. PisdB activity assays showed significantly more PisdB 

activity in presence of haemoglobin compared to equivalent amounts of inorganic iron. Newman’s 

preference for haemoglobin and likely immediate routing of intact haem molecules into the 

membrane could lead to less net intracellular available Fe bound to Fur and repressing PisdB. 

Disagreement between transcript quantification of IsdB by RT-qPCR and PisdB activity assays can be 

explained as, even if PisdB is not repressed enough with haemoglobin due to low availability of free 

Fe in the cytoplasm, the overall over represented amount of mRNA isdB transcripts also might be 

down regulated by any other post-transcriptional mechanism (mRNA stability or degradation 

regulators), bringing them to similar levels of expression as with inorganic iron. Gel electrophoresis 

of cell wall proteins preparations with different iron sources would have provided a more complete 

picture of IsdB regulation by including potential post-translational regulation mechanisms.  

Haem toxicity marker hrtA was significantly up regulated in a dose dependent way with 

haemoglobin. HrtA is a cytoplasmic ATPase which acts together with the membrane permease HrtB 

as an efflux pump to eliminate toxic haemin. It has been shown that pre-adaptation of Newman to 

low concentrations of haem in TSB media helps avoiding haem toxicity i.e. surviving at 10 µM of 

haem (Torres et al. 2007). Here we show, that iron restriction adaptation also allows the bacteria to 

survive even higher concentrations of haem (10 µM haemoglobin Ξ 40 µM of haem) with no 

deleterious effects on growth.  The medium itself might be playing a role whereas TSB as a nutrient 

rich medium could be inducing other metabolic pathway important or overlapping to influence in 

the haem toxicity response. The response seen here is more relevant to the conditions (iron 

restriction) that bacterial cells could face before and during infecting a host.  HrtAB induction has 

been reported to be mediated by HssRS, a Two Component System (TCS) responding only to 

haemin. The sensor histidine kinase HssS senses extracellular haemin and phosphorylates HssR, the 
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response regulator, which binds to the promoter region of hrtAB to induce its expression (Stauff et 

al. 2007). Therefore, hrtA induced expression is likely to be an immediate reaction of the presence 

of haem in the milieu rather than intracellular toxic high haem levels. Microarray studies analyzing 

transcriptional profiling of Newman ΔhrtAR cells growing in RPMI and exposed to haem toxicity (1 

µM haem), showed that the overall response was more similar to a stringent response (37%) than 

other characterized responses such as SOS, acid/alkaline or cold/heat shock responses (Stauff et al. 

2008). A stringent response is caused by carbon or amino acid starvation and is characterized by 

ribosome stalling, with the main stringent response regulator RelA induced. The stringent response 

has shown to also slightly induce SarA and Agr in UAMS-1 strain grown in BHI (Anderson et al. 

2006). The effect of haem on Newman’s overall cytoplasmic protein status in exponentially growing 

cells in TSB plus iron chelator or TSB supplemented with 10 µM haemin shoed that five proteins 

were up regulated and 16 were down regulated by the provision of haemin, independent of 

inorganic iron provision or Fur regulation. HrtA was up regulated 45 fold times by haemin (same 

level of induction in our study with ~ 40 µM haemin) and it was the most extremely induced protein 

among 66 regulated proteins detected in this study. Other proteins in the haemin regulon were 

very diverse and there was no clear direction to a particular physiological pathway or response 

(Friedman et al. 2006). The studies of Stauff and Friedman show that haem exposure does not 

trigger a specific response or pathway in the cell, but haem toxicity does. 

Fur did not show significant changes due to different iron sources at this particular time point of 

planktonic growth, though a slight not significant repression was seen with iron. This is supported 

by reports showing that Fur is auto-repressed and also independently down regulated by iron in 

northern blots of Newman planktonic growth (Johnson et al. 2011).  

Role of Fur in planktonic gene expression. In planktonic growth of Newman ∆fur ftn up regulation 

in response to iron was abolished, underlining the strong effect of Fur in the complex regulation of 

ftn. On the other hand, isdB remained slightly down regulated in a dose dependent manner in 

response to both iron sources, suggesting another regulation mechanism responding to iron 

affecting isdB (C in Figure 8-2). Promoter activity assays previously performed in Newman ∆fur 

again showed a different outcome: PisdB activity in presence of haemoglobin was more induced than 

inorganic iron and even the iron restricted media at seven hours of growth. PisdB activity at 5 hours 

of growth (at same time point as RT-qPCR assay) showed no significant differences between 

haemoglobin, inorganic iron and iron restricted media, results that are still different from the ones 

obtained with RT-qPCR. Thus, RT-qPCR results suggest that isdB transcripts are still down regulated 
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by intracellular levels of iron, independent of Fur, further supporting the idea of another iron-

dependent regulator acting on isdB. isdB and ftn different expression patterns influenced by Fur, 

highlights the fact that Fur’s role in regulation on each of these genes has different importance. 

hrtA did not change in its up regulation or the level of it under haemoglobin presence, suggesting 

that Fur plays no role in haem toxicity response. 

Iron status in biofilms. We aimed by gene expression analysis to determine if biofilms were able to 

respond to different iron sources i.e. if cells in biofilms are iron sufficient or starved, as planktonic 

cells do; and correlate these changes to biofilm phenotypic responses to iron.  Table 8-1 shows a 

summary of the iron-resposive gene expression in biofilms of Newman and isogenic strains ∆isdB 

and ∆fur. 

Table 8-1. Summary of iron-responsive gene expression in biofilms of Newman and isogenic strains Newman 
Δfur and Newman ΔisdB. Direction of arrows indicates trend of up or down regulation with the iron source 
compared to iron restriction. 

 
Gene 

Newman 
FeCl

3
 

 

Haemoglobin 

Newman ∆fur 
FeCl

3
 

 

Haemoglobin 

Newman ∆isdB 
FeCl

3
 

 

Haemoglobin 

ftn ↑ ↑ No change No change ↑ ↑ 

isdB ↓ No change No change No change No expression No expression 

hrtA No change ↑ No change ↑ No change ↑ 

fur No change No change No expression No expression ↑ ↑ 

RNAIII ↑ ↓ No change No change ↑ ↓ 

agrB ↑ ↓ ↑ ↓ ↑ ↓ 

psmα No change No change No change No change N/A N/A 

psmβ ↑ ↓ ↑ ↓ N/A N/A 

ldh1 No change ↓ ↑ ↑ N/A N/A 

 

Newman biofilms showed dose-dependent up regulation of ferritin with both iron sources 

suggesting that these iron sources in the extracellular milieu are able to penetrate the biofilm 

barrier and to be incorporated into the cells at similar rate. Increased expression of hrtA with high 

haemoglobin concentration was much less than planktonic cells, suggesting that haem toxicity 

threshold is decreased in the biofilm which could be attributed to the metabolic state of cells in the 

biofilm or slower diffusion rate of haem through the biofilm matrix. Surprisingly, both isdB and fur 

expression in the biofilm was not very responsive to provision of iron; however isdB showed a very 

mild repression with high dose of inorganic iron. Cell wall protein analysis confirmed this result 

showing induced IsdB expression in planktonic cells but not in biofilms when grown in RPMI (Figure 

8-9, lane 2 and 3).  
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Figure 8-9. SDS-PAGE gel of cell wall proteins of planktonic and biofilms cells grown in RPMI. 1, 10–250 kD ladder (Precision Plus 
Protein™ Dual Color Standards, Bio-Rad); 2, Newman planktonic; 3, Newman biofilm; 4, Newman ∆fur planktonic; 5, Newman ∆fur 
biofilm; 6, Newman ∆isdB planktonic; 7, Newman ∆isdB biofilm; 8, BC03 planktonic; 9, BC03 biofilm; 10, EC12 planktonic; 11, EC12 
biofilm; 12, 10–250 kD ladder (Precision Plus Protein™ Dual Color Standards, Bio-Rad).  

 

Differential biofilm gene expression to iron sources. To help gaining insights to explain 

observations in the phenotypic MTP assays seen before with biofilms i.e. decreased biofilms with 

inorganic iron and increased with haemoglobin, the expression of biofilm dispersal markers agrB 

and RNAIII was assessed. In Newman biofilms a divergent iron response was seen: biofilm dispersal 

markers RNAIII and agrB were coordinately up regulated with high inorganic iron source and down 

regulated with high haemoglobin concentration. Thus, these results could explain in some part the 

phenotypic response in biofilms: Agr induces Sae in low iron conditions in Newman (despite sae 

mutation), assuming that in the presence of iron Agr does not induce Sae (which has not been 

tested, A and B in Figure 8-4 ), Newman biofilm important matrix proteins (like Emp) are not 

induced leading to less biofilm formation. Also, Fur is only an activator of Sae, but it has been 

reported that another iron-responsive repressor is playing a role repressing Sae in the presence of 

iron. Moreover, it is not clear the molecular mechanism of how inorganic iron increases Agr 

expression, because it has been shown that Fur induces Agr in low iron conditions but not in the 

presence of iron (Johnson et al. 2011).  

The effect of haemoglobin repressing Agr QS in SH1000 biofilm has been recently shown by other 

research groups with P3 (RNAIII promoter) promoter fusions to GFP, where addition of auto-
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inducing peptides dispersed a haemoglobin formed biofilm, supporting the idea of Hb-induced 

biofilm dependent upon RNAIII (Pynnonen et al. 2011). Thus, it can be inferred that a repressed Agr 

QS system by haemolgobin favours biofilm formation due to less expression of enzymes breaking 

matrix components (proteases), with an induced Agr QS causing the opposite effect. 

Phenol Soluble Modulins have been linked as the main effectors of the Agr QS system to structure 

and disperse biofilms. In this study, PSM of the two main classes showed dissimilar response in 

Newman biofilms with iron treatments. Overall, psmα did not change considerably with either iron 

source; however psmβ presented a gene expression pattern matching RNAIII expression i.e. 

induced with inorganic iron and repressed with haemoglobin. This result is in agreement with at 

least two other studies regarding PSM and biofilms. The first one reported that PSMs are regulated 

by AgrA not RNAIII in MW2 (CA-MRSA), therefore in our study we expected that PSM expression 

would coincide with RNAIII which is under control of AgrA (Queck et al. 2008).  The second study 

showed that both classes of PSM have relatively the same importance in structuring USA300 (CA-

MRSA) biofilms when deleted from the chromosome. USA300 lacks psm-mec which has been 

shown to change the expression of the other PSMs (Kaito et al. 2013), thus in this context the MRSA 

strain behavior should be applicable to a MSSA strain, like Newman. Moreover, reports show that 

each one of the 7 conserved PSMs in S. aureus isolates have different roles in spreading on wet 

surfaces. PSMα3 and PSMγ granted the most effective properties on promoting the spreading of 

SH1000 and the whole PSMα operon deletion caused a more severe defect in spreading compared 

to PMSβ in Newman (Tsompanidou et al. 2013). Thus, the differential expression of psmα and psmβ 

in response to inorganic iron and haemoglobin in Newman could be implying different regulation 

mechanisms. 

Role of Fur in biofilm differential gene expression to iron sources. As shown that some of the iron-

responsive genes behave differently in biofilm compared to planktonic growth, we aimed to 

determine the importance of Fur regulation. The most prominent finding was that biofilms of 

Newman ∆fur showed an abolished differential gene expression of RNAIII under the two types of 

iron. On the other hand, agrB clearly showed attenuated differential gene expression but still 

significantly down regulated by haemoglobin, suggesting that iron-Fur dependent regulation and 

haemoglobin affect differently agrB and RNAIII. This is not completely unexpected because these 

two genes are controlled by different promoters and RNAIII is a multifunctional regulatory RNA, 

subject to many known and as yet unknown regulatory mechanisms. These results suggest that 

Fur’s role in biofilm iron homeostasis is needed for dispersal markers to differentially respond to 
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iron sources, especially for inorganic iron response. This biofilm specific QS response is supported 

by findings that no differences in the expression pattern of agrB or RNAIII occur in planktonic 

growth of both Newman ∆fur and Newman WT (Figure 8-10).  

 

Figure 8-10. Relative Gene Expression in Newman WT (A and B) and Newman ∆fur (C and D) in planktonic growth. A, RNAIII; B, agrB; 
C, RNAIII; D, agrB.  Each dot represents a biological replicate which includes technical triplicates, line represents the mean.  

 

RT-qPCR determines the amount of RNA in a sample by providing a cycle at which the PCR 

amplification curve crosses a threshold (Cq values) which is inversely proportional to the original 

amount of cDNA (or RNA). Comparison of these values between strains gives an estimation of raw 

transcript quantification without the normalization of relative gene expression for differences 

sought by iron treatment effects.  Comparison between Newman and Δfur, showed that Fur has a 

role only in the way the cell senses and responds to iron, but not in the induction/repression of 

expression of the QS genes investigated here (Figure 8-11). Interestingly, there was significantly 

more expression of psmα in the fur mutant, suggesting a negative role of Fur in this particular class 

of PSM.  
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Figure 8-11. Transcripts quantification of biofilms by RT-qPCR. Newman and Newman ∆fur biofilms were grown in RMPI. Cq values 
are inversely proportional to original amount of DNA in sample, and each cycle represents a two-fold difference in RNA in the 
sample. Data is plotted as mean and standard deviation of three biological replicates each including technical triplicates. 

 

Brief exposure of biofilm to iron source. The brief exposure of biofilms under iron restriction did 

not induce ftn expression suggesting the biofilm needs time to respond htrough growth, or that the 

iron is not penetrating the biofilm well. The rapid response to haemoglobin suggests penetration is 

not a problem and that the biofilm is sensitive to haemoglobin exposure. This result suggests that 

haemoglobin detection by HssRS system (in charge of activating HrtA) decreases in time of 

exposure or adapts which might be due to saturation of the sensor or decreased inability of 

haemoglobin to trespass a thicker biofilm matrix. Dispersal markers showed no changes with brief 

exposure to iron sources unlike permanent provision of iron in 24 hours biofilms, suggesting that 

the biofilm QS-specific iron response is only achieved by constant exposure to the stimulus, like 

exposure to haemoglobin in a catheter insertion scenario. 

Haemoglobin and anaerobic stress. In an attempt to elucidate the mechanism of Agr repression 

with haemoglobin, we questioned if haemoglobin had an overall effect in the aerobic respiration in 

the biofilm, either increasing aerobic respiration because haem is required for terminal oxidases in 

this process or decreasing aerobic respiration indirectly due to haem toxicity leading to oxidative 

stress in the presence of oxygen. Lactate dehydrogenase is an enzyme shown to respond to 

anaerobic conditions which redirect glucose catabolic pathways to a lactate producing route in 

bacteria (Richardson et al. 2008). Thus, we assessed ldh1 (Lactate dehydrogenase) expression in 

Newman biofilms under different iron treatments (Figure 8-12). Newman WT showed similar levels 

of ldh1 expression with inorganic iron, low dose of haemoglobin and iron restricted medium. A high 
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dose of haemoglobin significantly reduced ldh1 expression, suggesting that biofilms in this 

condition are more aerobic and supporting our first hypothesis. Nonetheless, by MTP assays we 

saw more matrix levels in biofilms exposed to haemoglobin, which the literature suggests is due to 

genes induced in anaerobic conditions i.e. ica genes (PIA biosynthesis). A disadvantage of whole 

biofilm gene expression is that we do not include gene expression in localized subpopulations of 

physiologically heterologous cells, e.g. tower or cluster structures, which has been shown to be 

highly important. Thus, the total biofilm gene expression might just reflect the predominant 

population. Newman ∆fur presents an opposite effect in iron responsive anaerobiosis, where the 

most anaerobic biofilm was in the presence of high inorganic iron concentration and interestingly 

the haemoglobin-down regulation of ldh1 was eliminated. This result highlights Fur’s more relevant 

role modulating stress responses.  

 

 

Figure 8-12. Expression of Lactate dehydrogenase ldh1 (anaerobic marker) in biofilms of Newman WT (A) and Newman ∆fur (B). Each 
dot represents a biological replicate which includes technical triplicates, line represents the mean.  

 

Thus, comparatively Newman biofilms exposed to haemoglobin seem to be active and more 

aerobically respiring compared to other iron treatments instead of suffering the high toxic effects of 

haem.  Our results are in contradiction to preliminary thoughts of haem toxicity being related to 

aerobic respiration in planktonic cells in a way that reactive haem triggering some oxidative stress it 

will lead to less haem-cytochromes in the membrane affecting the cell’s overall respiring efficiency. 

Haemin balance between needs and toxicity is different in planktonic cells and biofilms shown in 

Shigella dysenteriae suggesting a multifactorial influence in this effect in both growth modes 

(Wyckoff et al. 2005). Also, studies have shown that anaerobically grown Yersinia spp. are more 

resistant to methaloporphyrin (haem) toxicity, suggesting a direct link between haem homeostasis 

and aerobic respiration (Stojiljkovic & Hantke 1994). Moreover, this importance of haem in the 
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electron transport chain ultimately leads to greater sensitivity to antimicrobial effects (von Eiff et al. 

1997). These effects can be due to diverse reasons: for instance cells under one particular stress are 

more susceptible to a secondary stress such as antimicrobials action, or cells growing or replicating 

more efficiently due to aerobic respiration are more susceptible to antimicrobials mobilized by the 

proton motive force and targeting actively dividing cells i.e ribosomes and translation process. 

However the context is different in biofilms which are known to be hypoxic or anaerobic, therefore 

the electron transport chain might not be as important mainly due to re-routing to fermentative 

metabolism, conditions even more relevant in vivo given that the only body site not hypoxic are 

alveoli (Hall & Ji 2013). This is consistent with acid stress response detected in biofilms possibly 

triggered by the anaerobiosis and fermentation (Beenken et al. 2004). 

 

Nonetheless, Small Colony Variants (SCV) are electron transport defective isolates mostly due to a 

faulty haem biosynthesis. SCVs are persistent cells found in several types of biofilm related 

infections such as cystic fibrosis, osteomyelitis and device related infections, but more importantly 

with decreased antibiotic susceptibility (von Eiff et al. 2006). There is no clear explanation how SCVs 

arise spontaneously or the specific selective pressure favoring them in the infection; however 

haem’s essential role in the generation of these SCVs is evident. Studies have shown low hla and 

spa expression in SCVs, which are regulated by Agr QS system, and along with the haemoglobin-QS 

repression seen here in biofilms, it is possible to speculate a role in SCVs emergence, however the 

detailed molecular mechanism of haemoglobin-QS repression remains unknown and probably 

underestimated in its relevance. 

 

Key findings of this chapter: 

1. Cells in Newman biofilms are able to sense an iron stimulus in the environment and become 

iron sufficient or restricted 

2. IsdB gene expression pattern supports the idea of an extra Fur-independent regulation 

mechanism responding to iron and haemoglobin 

3. The haem toxicity avoidance mechanism (hrtA expression) is triggered by detection of 

extracellular haemoglobin, which does not indicate intracellular toxicity. 

4. Provision of haemoglobin and inorganic iron induce opposite expression of Agr QS system in 

the biofilm 

5. Fur mediates RNAIII expression in the biofilm 
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6. PSM of two classes showed different iron-responsive expression patterns which may 

account for independent regulation. 

7. Expression of PSMs was not correlated to haemoglobin provision and clustered biofilm 

architecture 

8. Provision of haemoglobin to Newman biofilms directs more to aerobic pathways than 

provision of  inorganic iron  

 

We conclude that both iron sources enter the biofilm at similar rates after 24 hours of biofilm 

formation, but the effects on gene expression depends on each gene’s regulation mechanisms. The 

differential response of biofilm phenotype to iron sources is partially explained by Agr QS system 

which is repressed with haemoglobin and induced with inorganic iron, however is not completely 

linked to MTP assays detecting PIA production. Neither iron responsive PSM expression matched 

what we saw in haemoglobin induced biofilm architecture (clustered biofilms), because PSMβ was 

repressed with haemoglobin, and we expected an up regulation in more structured biofilms. 

Nonetheless, if we consider PSMs as dispersing agents we can correlate that an up regulation of 

PSM, as seen in inorganic iron biofilms, leads to dispersal, and down regulation of PSM leads to 

thicker biofilms. 

 

We next aimed to compare the biofilm iron responsive gene expression pattern seen in Newman 

with the two clinical isolates we have included throughout this study. 
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9 CHAPTER 9: IRON RESPONSIVE GENE EXPRESSION IN STAPHYLOCOCCUS AUREUS CLINICAL 

ISOLATES 
 

9.1.1 Introduction  
 

Throughout this study of iron source and effects in S. aureus biofilms, we have used two clinical 

isolates from endocarditis and bacteraemia infections as counterparts of the laboratory adapted 

strain Newman. In doing so it is hoped this will help to provide a representative picture of S. aureus 

behavior, not the strain specific behavior. With MTP assays we saw a common response of biofilms 

of both clinical isolates under different iron sources, i.e. inorganic iron decreases biofilm formation 

and haemoglobin exposure increases biofilm matrix levels. CLSM architectural evaluation of 

biofilms grown with two iron sources revealed common structural characteristics between clinical 

isolates and Newman, whereas haemoglobin grown biofilms presented clustered thicker biofilms 

and inorganic iron presented thinner cluster free biofilms. Thus, we aimed to correlate all 

phenotypic displays of clinical isolates with gene expression in biofilms and to see if Newman’s 

differential iron- responsive gene expression pattern is conserved among isolates. Our hypothesis in 

this experiment is that the response to iron in biofilm will be conserved across different strains of S. 

aureus. To test this hypothesis, iron responsive gene expression was determined in two clinical 

isolates of S. aureus and compared to findings with Newman (see Chapter 8).  
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9.1.2 Bacteraemia isolate biofilms have a different iron-responsive gene expression 
 

RNA was extracted from 24-hour biofilms of BC03 (bacteraemia) isolate. RNA was analyzed by RT-

qPCR to assess biofilm gene expression. 

Expression of iron homeostasis marker genes in biofilms of BC03 showed that ferritin was induced 

at similar levels with both iron sources and to a greater extent than Newman (A in Figure 9-1). hrtA 

was up regulated by haemoglobin at a similar level as Newman (B in Figure 9-1). Consistent with 

literature and unlike Newman, isdB was repressed by all iron treatments when compared to iron 

restricted medium (C in Figure 9-1). fur was only and significantly repressed by high FeCl3 doses (D 

in Figure 9-1). Overall, expression pattern of iron responsive genes suggest the iron homeostasis is 

maintained slightly different in the BC03 compared to Newman. 

  

Figure 9-1. Relative Gene Expression in BC03 biofilms. A, ftn; B, hrtA; C, isdB; D, fur.  Each dot represents a biological replicate which 
includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars (p<0.05) 
tested by Kruskal Wallis and Dunn’s post-test. 
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On the other hand, BC03 biofilms showed biofilm dispersal marker RNAIII was down regulated at a 

same level with both high iron sources compared to the iron restricted medium; however low doses 

of both iron sources did not change the expression of these genes (A in Figure 9-2). Unexpectedly, 

AgrB expression did not show any changes with iron sources (B in Figure 9-2). psmα expression 

matched RNAIII iron responsive expression in BC03 biofilms, whereas psmβ showed up regulation 

mainly by haemoglobin treatments (C and D in Figure 9-2). Thus, biofilm dispersal and structuring 

genes showed different iron responsive gene expression compared to Newman. 

 

  

Figure 9-2. Relative Gene Expression in BC03 biofilms. A, RNAIII; B, agrB; C, psmα; D, psmβ.  Each dot represents a biological replicate 
which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars 
(p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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9.1.3 Endocarditis isolate has a different iron-responsive biofilm gene expression 
 

RNA extracted from 24-hour biofilms of EC12 (endocarditis) was analyzed by RT-qPCR to assess 

biofilm gene expression. 

Analysis of iron homeostasis markers showed that biofilms of the EC12 isolate had ftn induced at 

similar degree with all iron sources compared to the iron restricted medium, and the level of 

induction very similar to BC03 (A in Figure 9-3). hrtA showed significantly more expression only with 

high haemoglobin treatment in the same way as Newman and BC03 (B in Figure 9-3). IsdB was 

evidently repressed by all iron sources or concentrations similarly to the bacteraemia isolate (C in 

Figure 9-3). fur was significantly up regulated only by high doses of inorganic iron, which is opposite 

to the biofilms of BC03. Overall, the expression of Fur in biofilms is different with high 

concentration of inorganic iron, where there is an up regulation in EC12 and a down regulation in 

BC03. 

  

Figure 9-3. Relative Gene Expression in EC12 biofilms. A, ftn; B, hrtA; C, isdB; D, fur.  Each dot represents a biological replicate which 
includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars (p<0.05) 
tested by Kruskal Wallis and Dunn’s post-test. 
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The RNAIII/agrB expression pattern is different in the biofilm of EC12 compared to Newman and 

BC03, where there is an up regulation with all iron sources (A and B in Figure 9-4). Nevertheless, 

psmα and psmβ displayed a similar iron responsive expression pattern being up regulated with all 

iron sources compared to the iron restricted biofilm and matching with RNAIII/agrB expression (C 

and D in Figure 9-4).  

 

  

Figure 9-4. Relative Gene Expression in EC12 biofilms. A, RNAIII; B, agrB; C, psmα; D, psmβ.  Each dot represents a biological replicate 
which includes technical triplicates, line represents the mean. Significant differences between treatments are shown by stars 
(p<0.05) tested by Kruskal Wallis and Dunn’s post-test. 
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9.1.4 Discussion  
 

A comparison of the iron-responsive gene expression in biofilms of clinical isolates and Newman is 

summarized in Table 9-1. 

Table 9-1.  Summary of iron-responsive gene expression in biofilms of Newman, BC03 and EC12. Direction of 
arrows indicates trend of up or down regulation with the iron source compared to iron restriction. 

 
Gene 

Newman 
FeCl

3
 

 

Haemoglobin 

BC03 
FeCl

3
 

 

Haemoglobin 

EC12 
FeCl

3
 

 

Haemoglobin 

ftn ↑ ↑ ↑ ↑ ↑ ↑ 

isdB ↓ No change ↓ ↓ ↓ ↓ 

hrtA No change ↑ No change ↑ No change ↑ 

fur No change No change ↓ No change ↑ No change 
RNAIII ↑ ↓ ↓ ↓ ↑ ↑ 
agrB ↑ ↓ No change No change ↑ ↑ 
psmα No change No change ↓ No change ↑ ↑ 

psmβ ↑ ↓ No change ↑ ↑ ↑ 
ldh1 No change ↓ ↑ ↑ ↑ ↑ 

 

 
BC03 biofilms and iron. The main difference in the iron responsive gene expression of homeostasis 

markers was seen with isdB and its repression at a same level by all iron treatments unlike Newman 

biofilms. Cell wall proteins preparations supported the fact that IsdB was induced in this isolate 

biofilms grown in iron restricted medium, linking the transcriptomic and proteomic response 

(Figure 8-9, lanes 8 and 9). All these results suggest that the coordinated regulation mechanisms 

(iron uptake and regulators) determining IsdB expression in response to iron are at least different 

between the laboratory strain Newman and the clinical isolates. This difference in IsdB regulation is 

supported by findings of substantial variation in haemoglobin binding among commonly used S. 

aureus model strains (Pishchany et al. 2010). 

Phenotypic responses in MTP assay and microscopic analysis in BC03 were similar to Newman. 

BC03 showed less biofilm forming capacity and attenuated but same trend in the induction of PIA-

matrix with exposure to haemoglobin, and provision of haemoglobin produced a clustered biofilm. 

It was therefore hypothesized that the expression of dispersal genes would be the same.  

Unexpectedly, biofilm dispersal marker RNAIII was down regulated at a same level with both 10 µM 

haemoglobin and 40 µM FeCl3 when compared to the iron restricted medium. However, low doses 

of both iron sources did not seem to alter the expression of this gene, suggesting there might be a 

different threshold in iron homeostasis needed to cause a change in RNAIII expression. Even more 
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surprisingly, agr did not change as RNAIII or at all with iron sources. These results suggest that 

intracellular iron pool might be affecting RNAIII and agrB expression independently and that neither 

of these genes expression fits with the iron responsive phenotypic displays of biofilms. 

Reports have shown that the degree of RNAIII expression can vary a lot between isolates depending 

on unique genetic features of the isolate and also depending on the media used to study the 

genetic expression (Ray et al. 2009). With media kept constant between biofilm gene expression 

assays here, remaining expression differences can only be attributed to the isolate specific 

configuration.  

The iron responsive expression of psma matched RNAIII, however psmβ did not.  This difference in 

PSM expression is consistent with literature, where it has been shown that expression of psmα 

besides depending on AgrA, is also under negative control by undefined regulators assessed by 

PSMα production by vectors containing different lengths of psmα promoter in S. aureus MW2 

(Queck et al. 2008). Thus, we speculate the presence of other regulator mediating psm expression 

in response to iron. 

The expression of the anaerobic marker ldh1 was assessed in biofilms of BC02 and EC12, relating it 

to the gene expression of QS markers. It was seen that ldh1 expression was increased with 

haemoglobin and high inorganic iron which is oppositely matching RNAIII results, suggesting that in 

this isolate more iron concentration of any kind increases anaerobic conditions in the biofilm 

(Figure 9-5). However, our previous relationship of haemoglobin and enhanced aerobic respiration 

is not applicable in this isolate, suggesting a strain-specific differential and coordinated stress 

response too. It would seem logical for this bacteraemia isolate to be adapted to constant and high 

levels of haemoglobin throughout the whole infection process, thus increasing anaerobic response 

under iron sources might apparently lead to a better overall fitness in this environment. Swapping 

between aerobic and anaerobic growth is also highly complex with many regulatory mechanisms, 

and it is profoundly linked to pathogenicity, however is beyond the scope of this study to fully 

analyze these pathways. 

 

EC12 biofilms and iron. The expression of markers genes of iron homeostasis in biofilms of EC12 

was similar to BC03, except in the response of Fur to inorganic iron. Overall, iron dependent isdB 

repression of the two clinical isolates was different to Newman’s, highlighting the importance of 

the effect of a genetic uniqueness (Sae in Newman) to modulate gene expression and more 

importantly the relevance of studying laboratory adapted strains in comparison to clinical isolates.  
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MTP phenotypic assays in EC12 showed a very similar pattern to BC03, dimished biofilm forming 

capacity compared to Newman, but still an induction of biofilm matrix with the provision of 

haemoglobin. Microscopic analysis on the other hand, revealed no differences between EC12 

biofilms grown with inorganic iron and haemoglobin, but the clustered biofilm architecture seen 

with haemoglobin was maintained. It was therefore hypothesized that EC12 biofilms would show 

similar iron responsive expression of dispersal markers, at least similar to BC03.  Interestingly, QS 

dispersal markers RNAIII and agr presented matching iron responsive gene expression pattern 

between each other, but a completely different iron responsive pattern compared to Newman or 

BC03, i.e. up regulation with all iron sources at same level. In addition, both psmα and psmβ 

showed consistency in expression with dispersal markers. Similarly, the biofilm of endocarditis 

isolate showed up regulation of the anaerobic condition marker ldh1 with the iron sources with a 

slight dose response; however ldh1 results were matching QS iron response in EC12. 

 

 
Figure 9-5. Expression of Lactate dehydrogenase ldh1 (anaerobic marker) in biofilms of BC03 (A) and EC12 (B). 

 
Agr type.  

There have been studies attempting to link Agr type to infections, whereas the real association was 

possibly Agr type to a particular genetic background assessed by AFLP (amplified fragment length 

polymorphism), and the genetic background is the one determining the type of infection. Either 

way, Agr types I and II were found mainly associated with endocarditis, Agr type I with enterotoxin-

mediated disease, Agr type III associated with toxic shock syndrome and Agr type IV associated with 

staphylococcal scalded skin syndrome (Jarraud et al. 2002). These associations were supported by 

our findings, because endocarditis and bacteraemia isolates were Agr type I and II, respectively. 

Nonetheless, two isolates with same Agr type I (Newman and endocarditis isolate EC12) presented 

different iron responsive gene expression, thus supporting the fact that RNAIII expression pattern 
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under different iron sources is not fully dependent on the Agr type, but it might have an important 

influence.  

Some researchers have suggested that the level of RNAIII expression might be due to different Agr 

types, but nobody has actually proved this hypothesis experimentally, where the approach would 

need to isolate the Agr type effect from the genetic background of the strain. Some isolates with 

same Agr type have also differed in their RNAIII expression but always keeping in mind that an 

unknown genetic feature might be influencing the QS expression. Furthermore, the media used to 

study the gene expression is also an influence in RNAIII activity, in a way that a very specific 

stimulus in the medium might induce RNAIII due to a regulatory mechanism present in a particular 

genetic background (Ray et al. 2009).   

Figure 9-7 shows comparison of Cq values in biofilms between isolates, and we can determine that 

1) Newman Agr type I strain produces significantly less agrB and RNAIII compared to EC12 of isolate 

Agr type I, which is correlated to less amount of psmα and psmβ; 2) BC03 of Agr type II produces 

significantly more levels of agrB and RNAIII than the EC12. Thus, the degree of expression of RNAIII 

is not completely related to the Agr type in these isolates either, but it might also be contributing to 

the differences in iron responses seen in RNAIII expression.  
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Figure 9-6. Transcripts quantification by RT-qPCR of biofilms. Endocarditis isolate (EC12), bacteraemia isolate (BC03) and Newman 
biofilms were grown in RMPI. Cq values are inversely proportional to original amount of cDNA in sample, and each cycle represents a 
two-fold difference in DNA in the sample. Data is plotted as mean and standard deviation of three biological replicates each including 
technical triplicates. 

 

Summarizing, Newman strain is Agr type I and with a known unique sae mutation (constitutively 

induced), which in iron restricted conditions induces IsdB and represses Fur. RNAIII displays overall 
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relatively low expression levels and opposite regulation under the two investigated iron sources.  

EC12 isolate is Agr type I too, with no known genetic defects, with medium level of RNAIII 

expression and up regulation with both iron sources. BC03 is Agr type II, with no known genetic 

features and RNAIII is expressed with the highest levels but down regulated with both iron sources. 

An important finding in only biofilms of the bacteraemia isolate is that RNAIII and agrB did not 

exhibit matching iron responsive expression. To our judgment, we could not see any association 

between Agr type and biofilm RNAIII-iron gene expression response; nevertheless, all these results 

highlight that same phenotypic display seen under a specific stimulus is a consequence of 

coordinated response of similar or dissimilar expression of individual pathways, and that S. aureus 

relies on this versatility to be adaptable.  

Changes in RNAIII may have large impact in biofilm levels depending on the strains studied. In strain 

SH1000, RNAIII repression (measured as activity of RNAIII promoter P3) led to a confluent biofilm 

(Boles & Horswill 2008)  Strain RN6390 containing an inactivating mutation in σB  has a extremely 

high RNAIII expression and low sarS expression leading to a much reduced biofilm formation (Cassat 

et al., 2006). Furthermore, clinical isolates from different origins (MW2 CA-MRSA; SANGER252 

MRSA, UAMS1137 MRSA septic arthritis; UAMS1138 CA-MRSA vertebral osteomyelitis; UAMS1139 

MSSA septic shock; UAMS1140 MRSA osteomyelitis isolate; UAMS1141 MRSA skin infection isolate) 

also varied considerably in their RNAIII expression intensity even all with a fully functional σB, 

suggesting that RNAIII expression is also determined by other factors (Cassat et al., 2006). On the 

other hand, deletion of agr has also shown little effect in biofilm formation in clinical USA300 

isolates, unlike deletion of sarA which abolished biofilm formation , suggesting that the regulatory 

role of SarA in biofilm has been underestimated (Beenken et al. 2010). Moreover, SarA and σB 

promote ica transcription which is not always fully correlated to PIA production (Valle et al. 2003).  

Hence, regulation of biofilm formation may be strain and regulator dependent (complex interplay). 

Other studies have shown that Hb repression of RNAIII was conserved in biofilm of isolates of Agr 

types I, II, and III assessed by RNAIII-GFP reporter fusions in TSB media plus Hb (Pynnonen et al. 

2011). In our study we saw strain specific iron-behavior and particularly the endocarditis isolate did 

not down regulate RNAIII or agrB in the presence of haemoglobin. Differences between these 

studies might rely on the genetic approach used to study gene expression. Promoter-reporter 

fusions (i.e. Pynnonen et al., 2011) reflect the transcription rate due to classic transcription 

regulators, and a transcriptomic approach (i.e this study) includes post-transcriptional regulation in 

mRNA only excluding post-translational regulatory mechanisms. In addition, where promoter 

fusions are plasmid encoded, copy number effects may occur (Liu 2003).  Moreover, in every assay 
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we performed, cells were pre-cultured in iron restricted conditions, which we have seen it changes 

the following gene expression response. Thus, either haemoglobin has an effect on other regulatory 

mechanism independent of QS and Agr type, or haemoglobin has a second layer effect at post-

transcriptional level that accounts for the variations that we detected.  

 

S. aureus genotyping. Genotyping bacterial strains has become an essential tool for infectious 

outbreaks identification and posterior dissemination control measurements. BC03 revealed a spa 

type t002, which by BURP analysis corresponded to CC002 which is associated with MLST CC5. EC12 

is spa type t121, which by BURP analysis is in spa CC008 and associated with MLST CC8, which is the 

same as Newman (Table 9-2) (Monecke et al. 2011). Virulence traits or regulation of such can vary 

among the same genotype; therefore determining the genotype of an isolate can only help in the 

association of a gene expression pattern but not explain it by its own. For example, deletion of agr 

has shown opposite effects, up and down regulation, on biofilm formation even in isolates 

belonging to CC5 and carrying SCCmecII (Coelho et al. 2008). Moreover, variations in metabolic 

regulatory mechanisms can also occur in isolates of same CC, whereas a Mobile Genetic Element 

(MGE) encoding the arginine catabolic mobile element (ACME) has been found in CC8 MSSA and 

MRSA  (Malachowa & DeLeo 2010). This evidence is of importance, because it demonstrates that 

small environmental factors, such as available amino acid nutrients, can alter the metabolic status 

of the cell and it must be of evolutive relevance to convert it into a mobile genetic element. Studies 

supporting this fact have shown that virulence is linked to the metabolic status of cells, where PIA 

production was reduced in an arginine antiporter defective isolate but the overall biofilm forming 

capacity was not altered. Also, amino acid selective utilization in the biofilm slightly varied in two 

isolates of different clonal lineages, USA 300 and USA 200 (Zhu et al., 2007). This highlights the 

relevance of the media used in experiments which could lead to media-specific gene expression 

instead of the studied strain. 

 

Table 9-2. Genotype characteristics of isolates used in this study. N/A, not available; CC, clonal complex. 

Strain Agr type Spa type CC 

Newman I N/A 8 

BC03 II t002 5 

EC12 I t121 8 
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Newman, BC03 and EC12 are MSSA isolates therefore all lack SCC-mec, nonetheless same spa types 

have been associated with MRSA and MSSA strains. Accordingly, reports have shown bloodstream 

infections with predominantly CC5-Agr type II (same as BC03), but those isolates were MRSA and 

carrying SCCmecIV (Gasch et al. 2012). The predominance of certain CC types can vary. S. aureus 

nasal carriage in 185 pre-school children from Brussels showed that 3% of the isolates were MRSA 

with predominantly spa types of t008, t304 (MLST 8) and t240 (MLST 10). MSSA isolates were highly 

more diverse with nine spa clonal complexes (CC) including up to eleven spa types each CC (some 

prevalent spa types t240, t884, t5741, t012, t021, t018, t015, t1238, t331, t002, t003, t509) 

(Blumental et al. 2013). On the other hand, bloodstream isolates collected from Norwegian hospital 

showed that 26% of isolates corresponded to four spa types, t084, t002, t065 and t012; however 

none of these genotypes were significantly correlated with the type of infection (endocarditis, 

abscess, osteomyelitis, and intravascular device) (Aamot et al. 2012).  

As stated and reinforced many times before, numerous different stimuli and their relative 

concentrations are able to trigger the biofilm formation/detachment process or determine its 

architecture, however the question remains, are any of these stimuli relevant in the in vivo context? 

An example of in vivo relevance is PIA. Nowadays, there are increasing reports of PIA-independent 

biofilm former isolates (UMAS-1, USA300, SH1000), whereas PIA and corresponding inducing 

stimulus have been shown to be important in an infection such as cystic fibrosis (Mckenney et al. 

1999). Thus, when in vivo bacteria responses cannot be assessed, the greatest priority turns into 

simulating the in vitro assay with in vivo relevant conditions as much as possible. 

Selected media and concentrations of studied nutrients make a difference. All transcriptional 

profiling biofilm studies are performed with rich TSB media and 0.5% of glucose or 3% NaCl 

supplementation, which are known to highly induce biofilm formation, regulatory mechanisms or 

specific metabolic pathways, in some strains but these nutrients concentrations are not found in 

physiological human tissues. That is why throughout this study have tried the in vitro assays to 

mimic the in vivo environment with as much as possible, acknowledging that perfect equivalence is 

never achieved. It is worth noticing, as biofilms are not homogenous structures, it is possible that 

by isolating RNA from the whole biofilm we might have missed important locally and differentially 

induced expression. Nevertheless, gene expression in the biofilm has provided with valuable 

information of how the biofilm senses and responds to stimuli as a community, especially to an in 

vivo relevant iron source as haemoglobin and with iron restricted conditions. 
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Key findings of this chapter: 

1. Clinical isolates showed variation in the expression of isdB and fur in response to iron 

sources 

2. Expression of ftn and hrtA is fully conserved across the investigated isolates 

3. Expression of Agr QS biofilm dispersal markers showed differences in the response to iron 

sources, in a strain-specific manner 

4. Level of expression of Agr QS biofilm dispersal markers and PSM was considerably different 

between isolates, where BC03 > EC12 > Newman 

5. Genotype characteristics do not fully correlate to the iron-responsive pattern seen in Agr QS 

dispersal markers of each isolate 

 

We conclude that each clinical isolate has specific regulatory networks leading to different iron 

responsive patterns in biofilm formation/dispersal related genes. These expression differences 

might be independent of other iron responsive phenotypic displays seen throughout this study, 

such as increased PIA production with haemoglobin and clustered biofilm architecture with 

haemoglobin. 
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10 CHAPTER 10: GENERAL DISCUSSION AND CONCLUDING REMARKS 
 

Staphylococcus aureus is one of the most versatile human pathogens, with an amazing ability of 

adaptation reflected in the broad variety of infections and the ability to colonize without causing 

disease. Bacterial antibiotic resistance is a serious world-wide health problem, with S. aureus seen 

as an aggressive representative of this threat, showing increased prevalence and dissemination in 

both the community and hospital environments (Chambers & Deleo 2009). In infections, S. aureus 

most threatening weapon is its virulence repertoire. Biofilms are positioned as a common and 

‘silently’ harmful virulence trait in S. aureus. Biofilm related infections represent 80% of microbial 

infections (Kiedrowski & Horswill 2011), with S. aureus being among the leading causative agents of 

biofilm infections that include endocarditis, central line-associated bloodstream infection, 

ventilator associated pneumonia, surgical site infections and other device related infections (Hidron 

et al. 2008). Biofilms are bacterial aggregations embedded in an extracellular matrix with specific 

gene expression or metabolic networks different from their planktonic counterparts (Monds & 

O’Toole 2009). Biofilm infections present harder challenges for eradication or treatment of the 

infection. Biofilms are more resistant to our immune system, this is mainly due to the physical 

barrier preventing immune cells and molecules from exerting their effects (Thurlow et al. 2011). 

Biofilms present a natural resistance to antibiotics, with the physical barrier by slowing diffusion 

rates, and the low metabolic status of cells in biofilms contributing to insensitivity (Stewart & 

Costerton 2001). Overall, biofilms provide a chronic reservoir of infection. 

Stimuli, directly or indirectly, enhancing biofilm formation or dispersal are diverse. Glucose, 

anaerobiosis, salinity, cell density and iron-restriction are just a few studied factors influencing 

biofilms (Coelho et al. 2008; Lim et al. 2004; Johnson et al. 2005; Boles et al. 2010). However the 

molecular basis of the effect of these stimuli in the biofilm is far from being completely elucidated. 

Iron restriction in the body is an important signal for S. aureus, regulating expression of exotoxins, 

immunoregulators and biofilm formation (Johnson et al. 2011; Torres et al. 2010; Johnson et al. 

2005). Iron in the human host is mostly associated with proteins; nonetheless S. aureus possess the 

appropriate mechanisms to acquire iron from these iron-proteins, such is the case of haemoglobin 

(Haley & Skaar 2012; Mazmanian et al. 2003). Haemoglobin is the most abundant iron source in the 

body, mainly contained in erythrocytes circulating in the blood where S. aureus has adapted well to 

survive (Cassat & Skaar 2013). At the start of an infection bacteria are challenged by an iron-

restricted environment, however after colonization in a successful infection the activities of the 
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bacteria are likely to have produced an iron-sufficient environment. Hence, this thesis questioned 

the role of haemoglobin in biofilm formation or dispersal. 

The in vitro study of factors influencing biofilms are usually addressed in rich bacterial growth-

promoting media (Beenken et al. 2004), conditions not close to physiological ones. More 

importantly, components of rich media are reported to mask or induce important regulatory 

networks leading to consequences evident in biofilms (Ray et al. 2009; Kennedy & O’Gara 2004). 

RPMI 1640 is a physiological medium used to culture mammalian cells, which has found utility as a 

culture medium for microorganisms mimicking aspects of the in vivo environment. One of the 

advantages of this medium is the iron restriction which makes it an optimal medium to study the 

effect of iron in bacterial cells (Johnson et al. 2005). In this study, RPMI 1640 was used throughout 

all assays, showing a good correlation with the expected effect of investigated iron sources. In some 

studies RPMI 1640 is treated with iron chelators prior to use, but this also removes other trace 

metal ions that should be returned to the media as an extra supplement (Torres, Pishchany, 

Humayun, Schneewind, & Skaar, 2006). It is clear in this study that RPMI 1640 is able to provide an 

‘off the shelf’ iron-restricted medium when used in plastic tubes, and not glass tubes and flasks that 

may leach iron. 

All research attempting to reveal the mechanisms of biofilm formation seeks essential roles to 

target for prevention or treatment of these infections. S. aureus biofilm control strategies are 

primarily focused in preventing adhesion of cells in device-related infections, discovering new 

essential molecules to target with drugs or to develop vaccines.  

Catheters and other indwelling medical devices, permanently or temporarily exposed to outside the 

body, can become infected with biofilms. Developing new biomaterials with functionalized surface 

polymers, new coatings or nanofeatured surfaces are part of the approach aiming to prevent 

bacterial initial adhesion to materials. Metal or metal oxide nanoparticles have shown toxicity 

specific to bacteria, by binding to their cell wall causing membrane disruption, thus exerting specific 

antimicrobial activity. With nanoparticles or nanotubes, the evidence shows the smaller they are 

the greater antimicrobial activity. Mats of carbon nanotubes, metal nanoparticles compacts, 

nanorough surfaces have shown reduced microbial adhesion, structural disruption or cell death 

with this research area exhibiting various potential bioapplications (Taylor & Webster 2011).  

The biofilm matrix has provided a good target for novel of therapeutics, possibly because it is the 

main structure responsible for the persistence of biofilm associated infections. Biofilm 
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disaggregating agents breaking main matrix components, such as DNase I degrading eDNA and 

Dispersin B degrading PIA, have shown good outcomes disrupting a formed biofilm (Izano et al. 

2008; Arciola et al. 2011). The problem with potential therapeutic use of these enzymes is that S. 

aureus isolates vary a lot in their biofilm matrix composition, and using either one or a combination 

of these enzymes might be effective against only a limited number of isolates. Nonetheless, even if 

not fully disaggregating the biofilm, these enzymes might help sensitizing the biofilm to 

conventional antibiotic treatment. Understanding the environmental cues that trigger biofilm 

development and dispersal is crucial to improved targeting of biofilm anti-infectives.  

Boosting the immune system to improve its efficiency when attacking the biofilm is another 

approach to treat biofilm infections. S. aureus biofilms are known to attract neutrophils but their 

susceptibility to phagocytosis is variable depending on the structure of the biofilm (Günther et al. 

2009); thus, elucidating stimuli determining a particular biofilm architecture is relevant 

understanding the innate immune response as well. Current strategies in vaccine development 

have been unsuccessful because they mainly include antigens identified through the study of 

planktonic cells, which are probably only a transient stage in the infection, instead of biofilms which 

account for most infections (Kiedrowski & Horswill 2011).  

Protective biofilm antigens are also difficult to find because S. aureus expresses them at different 

times, and during different modes of growth, suggesting that multicomponent vaccines will be a 

more inclusive and successful strategy. Biofilm antigens can be associated with the matrix or the 

cells embedded in the matrix. Twenty two surface antigens that trigger an antibody-mediated 

immune response were identified in a rabbit osteomyelitis biofilm model. None of the antigens 

identified were known adhesins or iron repressed, supporting the belief that biofilms express 

different components in a disease-specific way (Brady et al. 2006). Nonetheless, combination of the 

vaccine approach (quadrivalent: glucosaminidase, ABC transporter lipoprotein, conserved 

hypothetical protein and conserved lipoprotein) and antibiotic (vancomycin) treatment significantly 

reduced osteomyelitis biofilm infections in rabbits (Brady et al. 2011). Genome based technologies 

have allowed identification of vaccine candidates conserved throughout several strains. Under this 

concept, another quadrivalent vaccine (IsdA, IsdB, SdrD and SdrE) tested in mice showed protection 

against invasive disease and lethal challenge of five clinical isolates (Stranger-Jones et al. 2006). 

Also, immunization with antibodies to IsdA and IsdB (surface proteins of the haemoglobin uptake 

system) protected mice against abscess formation in kidneys and lethal challenge (Kim et al. 2010).  
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Successful vaccines targeting the biofilm matrix (PIA) have been tested in mice, with a 3-log 

reduction in bacteria recovered from the kidneys as a reflection of systemic infection. The main 

drawback of this vaccine is that many isolates are PIA-independent biofilm formers (Mckenney et 

al. 1999).  

The studies of Kim et al., 2010 and Mckenney et al., 1999 consider the two important issues of the 

biofilm matrix and iron repressible proteins, but they do so independently and without evaluating 

the protective potential against the iron restricted biofilm in infection. Overall, development of 

anti-biofilm multicomponent vaccines (targeting matrix and cells antigens) should incorporate 

knowledge about the antigens expressed under the specific conditions of each biofilm/diseases 

type and be aimed at conserved components among different isolates (Harro et al. 2010). 

Environmental cues triggering S. aureus biofilm formation are diverse and complex. In addition, 

regulatory mechanisms determining biofilm development and dispersal decisions are complex and 

coordinated such that full understanding presents a difficult challenge.  Here in this study, a single 

factor relevant in vivo was investigated to elucidate its effect in biofilms from both genetic and 

phenotypic perspectives. Figure 10-1 summarizes responses of S. aureus biofilms by provision of 

haemoglobin or inorganic iron.  
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Figure 10-1 Development stages of biofilm and the effect of haemoglobin (red boxes) and inorganic iron (green boxes) on each stage. 
Orange boxes represent events naturally happening in the host. Red threads represent PIA, green threads represent eDNA. 

 

The results obtained in this study show that in biofilms of S. aureus Newman, haemoglobin is 

sensed as a stimulus in its own right, independent of the iron it carries. Haemoglobin promotes 

biofilm formation through PIA production whereas inorganic iron does not. This is particularly 

relevant in the context of, for example, a central venous catheter, where the first and permanent 

exposure to blood, and haemoglobin, might quickly induce biofilm formation. Clinical isolates from 

endocarditis and bacteraemia infections were not strong biofilm formers under iron restriction; 

however they both induced biofilm formation in the presence of haemoglobin, suggesting a 

widespread biofilm response to the provision of haemoglobin, possibly through a conserved 

mechanism. The role of PIA has been questioned recently for some isolates; however this could be 

the result of just not giving the right stimulus. 

The Newman biofilm response to haemoglobin was independent of Fur regulation, which seems to 

only control biofilm responses to inorganic iron, suggesting haemoglobin is not sensed or processed 

as a ‘normal’ iron source, and is possibly used directly as a haem group in the membrane 

respiratory chain, thus these cells may be closer to an iron restricted status even in the presence of 
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haemoglobin. IsdB is not essential in the haemoglobin-biofilm response under the conditions used 

in this study (genetic background of strain Newman and experimental setup), but it might be more 

relevant in other clinical isolates which have been reported to have significant variation in their 

haemoglobin preference (Pishchany et al. 2010). 

Another conserved effect of haemoglobin upon biofilms was identified when investigating 

microscopic scale changes to the biofilm architecture. The provision of haemoglobin induced a 

biofilm architecture that could be more inclined to dissemination events. The formation of cell 

clusters that could be detached by mechanical forces may be of importance in the dispersal of an 

infection, and in the context of catheter related infection might lead to more serious pathologies 

such as bacteraemia, sepsis, thrombus or endocarditis. Live/dead staining of biofilms showed 

localized cell death in these clusters suggesting a haemoglobin induced biofilm architecture 

responding to local physiological differences. A parallel finding was seen with the role of Fur 

regulating cell death in iron restriction, which is necessary for eDNA release and matrix formation. 

Haemoglobin/haemin was not toxic to the iron restricted biofilm which is possibly the biological 

context in an infection. Iron responsive anaerobic status of the biofilm was also variable depending 

on the strain, highlighting the variation of metabolic responses in S. aureus isolates triggered by a 

single stimulus. 

The Agr QS system has been implicated in the control of dispersal. Only Newman, but not BC03 or 

EC12, showed a divergent response of Agr QS expression to two iron sources i.e. haemoglobin 

significantly repressed elements of the Agr QS system, whereas inorganic iron induced it. The two 

other clinical isolates showed completely different iron responsive gene expression of the Agr QS 

system, supporting the fact that biofilm regulation studies in one S. aureus strain cannot be used to 

infer the species behavior. The two elements of the Agr QS system tested in this study, agrB and 

RNAIII, were consistently differentially expressed suggesting at least different iron mediated 

regulation. Expression of biofilm dispersal agents, PSMs, matched Agr QS expression in response to 

the different iron sources in Newman with a logical cause-effect sequence. In the endocarditis 

isolate, PIA induction by haemoglobin can be followed by up regulation of Agr QS and PSMs with 

both iron sources in a mature biofilm, which might be predominantly inducing detachment and 

clusters travelling through bloodstream. In the bacteraemia isolate, repression of Agr QS by 

haemoglobin suggests that haemoglobin is a stimulus maintaining the biofilm; however expression 

did not match that of PSMs suggesting an amplified differential regulation of these genes mediated 

by iron. Overall, the results obtained suggest that PMSα and PSMβ expression involves an extra 
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regulation mechanism besides the AgrA-dependency.  Nevertheless, experiments were unable to 

correlate PSM expression with a structuring role within the biofilm architecture in response to 

haemoglobin, which possibly would be seen microscopically with local expression of PSMs through 

promoter-GFP fusions assays.  

In conclusion, despite variations among isolates of S. aureus in some situations, the response to 

haemoglobin as a stimulus to the biofilm is conserved, and different to that of inorganic iron. 

Phenotypic assays suggest haemoglobin induces PIA expression and microscopic investigations 

suggest this may be involved in the formation of characteristic cell clusters. As such haemoglobin 

exposure promotes biofilm formation and development. The contrary effect of the provision of 

inorganic iron suggests that the responses to both iron sources is regulated differently and this may 

occur in part through divergent effects on Agr QS and the resultant effects upon PSMs favouring 

dispersal with inorganic iron and accretion with haemoglobin. As such careful consideration should 

be given to the media and particularly the iron source used in biofilm studies, both when reviewing 

the findings of published work and when designing new experiments. Moreover, when considering 

both the design and the testing of new therapeutics, iron source, growth media and strain coverage 

are essential to consider for success. 
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