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ABSTRACT 

 

Staphylococcus aureus has an incredible ability to survive, either by adapting to 

environmental conditions or defending against exogenous stresses. In part this ability is 

provided by the breadth of lifestyles or modes of growth S. aureus can adopt. Key to an 

understanding of chronic, persistent and relapsing S. aureus infections is determining the 

basis for their switch to quasi-dormant lifestyles. Across different bacterial species these 

alternative lifestyles form a population known as persister cells. It has been proposed that 

while within their host, a sub-population of S. aureus survives in host-generated and 

therapeutic antimicrobial stress by inducing biofilm growth on host tissue or by growing as 

Small Colony Variants (SCVs). These stresses include limited nutrition, reactive oxygen 

species, reactive nitrogen species, other toxic metabolites, cationic peptides, fluctuating pH 

and osmolarity, several antibiotics, and others that are generated from various host tissues 

and niches during an infection.   

 

In a multicellular biofilm, the metabolically quiescent bacterial community 

produces a highly protective extracellular polymeric substance (EPS). The EPS is 

variously composed of polysaccharides, extracellular DNA (eDNA), and protein, and its 

protection results in persistent bacterial infections. S. aureus forms biofilms in different 

human tissues, and to some degree the associated EPS has been studied. Alternatively, 

there exists a diversity of phenotypes and cell-types that translate to a particular bacterial 

lifestyle. In clinical settings, SCV of S. aureus have been observed for many years and 

when cultured, these cells are non-pigmented colonies ca. 10 times smaller than their 

counterparts on agar plates. Mutations in hemin and menadione biosynthesis (hemB and 

menA) have produced laboratory-generated SCVs and these and other mutations have been 

studied extensively. The presence of gentamicin has also been shown to impede S. aureus 

metabolism and results in SCVs. Both methods result in stable forms of SCV but are 

artificially generated. Various genotypic factors (single nucleotide polymorphisms, 

mutations, gene deletions) have been identified to attempt to characterize S. aureus SCVs 

as well as environmental stresses are also considered to be important inducers. 
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Our project was aimed to investigate the lifestyle switching of S. aureus clinical 

isolates as a stress response to environmental stresses that help these organisms to survive. 

The results showed that S. aureus clinical isolates had relatively similar growth rates but 

were different in their response to chemical stresses. There were specific strains that 

responded to stresses by changing their lifestyles to form a biofilm and/or SCVs in harsh 

conditions (but still sub-lethal levels of stress) but not in lower levels of stress. These 

results implied that phenotype switching depends on bacterial and host factors and 

suggests some specific strains may possess a unique pathway involved in surviving when 

stressed. In addition, studying native characteristics of SCV has been problematic due to 

their reversion to the parental, rapid growing lifestyle. Using specific host-representative, 

steady-state growth conditions with low nutrients and growth rates over a prolonged time  

with methylglyoxal - a naturally resident chemical that is found in the host-pathogen 

environment, we uniquely induced a S. aureus clinical isolate (WCH-SK2) into a stable 

SCV cell-type. The stable SCV phenotype did not revert after numerous cycles of sub-

culturing and analysis revealed it possessed a metabolic and surface profile different from 

either previously described SCV or biofilm cells.  

The existence of the stable SCVs was verified and its features were analyzed by 

genomic, transcriptomic and surface protein profile studies. Stable SCVs produced an 

extracellular matrix of protein and extracellular DNA; but not polysaccharide. Compared 

to its parental cell-type, the stable SCV cells increased expression of certain surface 

proteins (such as Ebh; host extracellular matrix binding protein homologue) and lantibiotic 

synthesis while down-regulating factors that stimulate the host immune response 

(leukocidins, capsule, carotenoids). This cell-type is consistent with a lifestyle protected by 

a matrix and hidden from immune responses. Genome sequencing revealed a set of genetic 

changes from the parental to stable SCV cell-type, including the transcription factors RsbB 

and MrgA, as well as a change in the methylome. Collectively, our data shows that there is 

heterogeneity within a S. aureus population as shown by  a diverse scope of cell-types; by 

growing the cells in conditions that resemble long-term survival in the host, colonization or 

persistence, we have identified a previously unnoticed S. aureus lifestyle. These stable 

SCV are molecularly distinct in nature to SCV or biofilm cells and this cell-type provides a 

new understanding of S. aureus persistence in the host.  
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Chapter 1 

LITTERATURE REVIEW 

This Chapter presents the general introduction covering a number of aspects of the 

microbiology of S. aureus; its background, pathogenesis, as well as the relevant 

environmental stresses and related stress responses, including its phenotype 

switching – Biofilms and Small Colony Variants (SCVs). First, the background 

gives the brief information about its history, morphological and biochemical 

features, infections and the diseases caused by S. aureus. There is discussion on S. 

aureus and its clinical significance, and the findings related to the antibiotic 

resistance of this pathogen. The next section explains the pathogenesis contributed 

by three main factors – the specific aspects of the infecting bacterium, host factors 

and then environmental factors and the interplay between these factors. The third 

section mentions the stresses which are relevant in the host and known to provoke a 

stress response. The next sections highlight the formation of biofilms and SCVs and 

the molecular factors involved in their regulation. Finally, the background 

information as well the findings of previous studies is assimilated to support the 

basis for the hypothesis, aims and significance of this project.  
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Chapter 1. LITTERATURE AND REVIEW 

1.1. BACKGROUND OF STAPHYLOCOCCUS AUREUS 

1.1.1. BRIEF HISTORY  

The discovery of Staphylococcus aureus was initiated by the microscopic observation of 

the pus from infected tissue by Alexander Ogston (1844-1929) (Ogston 1881). In 1882, he 

named the clustered micrococci "staphylococci," from the Greek staphyle, meaning bunch 

of grapes. With several experiments on guinea pigs and mice, he also provided evidence 

that this bacterium caused the abscesses seen in infected tissues and septicemia (Ogston 

1882). However, the presence of S. aureus was officially described and named after it was 

isolated in 1884 by Anton Rosenbach, who grew the two strains, S. aureus (“golden 

staph,” for the golden colonies) and S. albus (white colonies) (Rosenbach 1884) . 

The treatment against infection by this bacterium remained very poor, leading to a 

high rate of mortality worldwide in hospitals until the introduction of penicillin in the early 

1940s (Klein et al. 2007). This antibiotic became an incredibly strong weapon to cure 

several Staphylococcus infections; however, by the late 1940s penicillin-resistant 

Staphylococcus outbreaks began to occur (Lowy 2011). When penicillin was no longer 

efficient to control Staphylococcus infections, the antibiotic methicillin was introduced but 

as this was used and within the short time until 1961, it became less efficient because of 

repeated cases of resistance (Chambers 1997). The bacteria evolving resistance to 

methicillin was first detected in hospital and these were called methicillin-resistant S. 

aureus or known as MRSA (Deurenberg and Stobberingh 2008). Afterwards MRSA 

strains were known to be not only resistant to methicillin but also a range of penicillin-like 

antibiotics (beta-lactams) such as amoxicillin, oxacillin methicillin, cephalosporins and 

other agents such as erythromycin, aminoglycosides, sulfamethoxazol-trimethoprim 

(Chambers 1997).  

The glycopeptide vancomycin became the last line of defence against S. aureus 

infections. In 2002 there was the first report of MRSA strains with reduced susceptibility 

to vancomycin, in Japan (Hiramatsu et al. 1997). Following this finding, vancomycin 

resistance in enterococci (VRE) was believed to have transferred the genes conferring 

vancomycin resistance to S. aureus (Baba et al. 2008). The vancomycin resistant S. aureus 
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strain (VRSA) was first isolated in US (Centers for Disease and Prevention 2002) and then 

several countries including France, South Africa, Brazil and Korea also reported the 

presence of VRSA (Harris et al. 2002). This issue reflects the global dissemination of these 

antibiotic resistant bacteria, referred to as “superbugs”. As a result, the requirement for 

new alternative drugs is urgent; even now for the linezolid and teicoplanin that are 

currently used for the last line of treatment (McCollum et al. 2007) there are resistant S. 

aureus reported (Kaatz et al. 1990; Quiles-Melero et al. 2012) . 

 

1.1.2. MORPHOLOGICAL AND BIOCHEMICAL FEATURES  

S. aureus is a Gram-positive cocci facultative anaerobe and is a member of the 

Staphylococcaceae family, Bacillales order and Bacilli class. More than 30 Staphylococcal 

species are pathogenic, and S. aureus is the most virulent among them (Lowy 2011). Its 

cell is from 0.5 to 1.5 µm in size and is naturally arranged in grape-like clusters or groups. 

It is also a non-motile and non-sporing bacterium (Harris et al. 2002). Some strains of S. 

aureus are capsulated and are more virulent than non-capsulated form because the capsular 

polysaccharide can facilitate the adherence of the bacterium to the host cells and also 

functions by inhibiting the phagocytosis (Thakker et al. 1998).  

S. aureus forms smooth, medium to large colonies which are often yellow. On 

blood agar medium, the colonies are bigger than those on nutrient agar and most strains are 

beta-hemolytic (Tille 2013). In addition, S. aureus can grow on MacConkey agar, 

Mannitol salt. S. aureus is capable of prolonged survival on environmental surfaces in 

varying conditions (Lowy 2011).  It can grow on the wide range of temperature (7 to 48
o
C) 

and pH (4 to 10) but the optimum temperature is 35 to 37
o
C and optimum pH is 7 to 7.5 

(Stewart 2003). It also can grow in high salt concentrations up to 25% (Parfentjev and 

Catelli 1964). The bacterial cells are destroyed by heat but the toxin produced by them is 

extremely heat resistant, it can withstand heat at 60
o
C in 30 minutes, resulting in the food 

poisoning and the disease toxic shock syndrome (TSS) (Stewart 2003).  

The biochemical properties of S. aureus are characterized by the fermentation of 

several sugars such as glucose, sucrose, lactose, maltose and mannitol. Furthermore, it can 

hydrolyze urea, reduce nitrates to nitrites and liquefy gelatin and it produces DNases.  It is 
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positive to catalase, protein A but negative to oxidase, and this is one of the features that 

can be used to differentiate Staphylococci and Streptococci. Coagulase positive is another 

feature to differentiate between S. aureus and coagulase negative Staphylococcus such as 

S. epidermidis and S. capitis (Harris et al. 2002; Lowy 2011; Tille 2013).  

 

1.1.3.  S. AUREUS  INFECTIONS AND DISEASES  

S. aureus causes a wide range of illnesses through the body due to its capacity to 

colonize and grow in different kinds of host tissues. Anterior nares and skin are the 

frequent sites that S. aureus colonizes as a harmless commensal organism (Kluytmans et 

al. 1997; Vandenbergh and Verbrugh 1999) but it can be also found in several body sites 

such as axillae (Ridley 1959), vagina (Guinan et al. 1982) and the gastrointestinal tract 

(Williams 1963). Approximately 20-25% of the human population are long term carriers, 

and 75-80% are intermittent carriers or non carriers of S. aureus (Kluytmans et al. 1997; 

Foster 2004; Dall'Antonia et al. 2005). However, the rate is higher among immune-

compromised patients such as insulin-dependent diabetes (Lipsky et al. 1987), HIV-

infected patients (Sissolak et al. 2002) and patients undergoing hemodialysis (Kirmani et 

al. 1978) or skin damage conditions (Williams et al. 1998). The minor cutaneous infections 

caused by S. aureus include carbuncles, boils, impetigo, burn, surgical site infections and 

wound infections. The more severe infections and life threatening infections such as 

sinusitis, tonsillitis, osteomyelitis, pneumonitis, endocarditis, meningitis, and bacteraemia 

occur when S. aureus enters the body via an opening cut or wound (Mandal et al. 2002). 

Additionally, by releasing the toxins on the food or in the blood stream, S. aureus can also 

cause food poisoning, scalded skin syndrome and toxic shock syndrome (Chi et al. 2006; 

Hennekinne et al. 2012).  

 

Clinical data have indicated that S. aureus is the primary cause of lower respiratory 

tract infections and surgical site infections (Richards et al. 1999; Richards et al. 1999) and 

the second leading cause of nosocomial bacteremia (Wisplinghoff et al. 2004), pneumonia, 

and cardiovascular infections (Richards et al. 1999). It is also the leading cause of primary 

septic arthritis and osteomyelitis in all ages except neonates (Baker and Schumacher 1993; 
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Lew and Waldvogel 1997). However, in one global study spanning 100 hospitals in 

Canada, US, Latin America, Europe and West Pacific, S. aureus has been demonstrated as 

the most prevalent cause of nosocomial bloodstream, skin and soft tissue infections 

(SSTIs) and pneumonia (Diekema et al. 2001).  

S. aureus infections are usually developed in human by autoinfection – individuals 

being infected with their own colonising strains (Sangvik et al. 2011). However, 

individuals can acquire S. aureus from other infected individuals via direct skin to skin 

transmission and nasal secretions or from environmental exposures such as humid 

conditions, public places, and lack of hygiene (Williams 1963). The spreading of S. aureus 

infections in the community involving the CA-MRSA clones (community-acquired 

MRSA) whereas HA-MRSA clones (hospital-associated MRSA) dominate the health care 

facilities and pose both a huge financial cost and threat of serious infection for patients and 

the community (Klein et al. 2007). The S. aureus contamination in the environment in 

hospitals (such as ventilators and bed ledges in intensive care unit) is known as the major 

reservoir for crossing transmission between patients, medical devices and health care staff 

(Cohen 2007). The control of HA-MRSA infections is well managed in health 

professionals who are potential carriers of HA-MRSA. However, patients, in particular if 

immune-compromised, have a higher risk of infection (30-60%) and it remains near-

impossible to clear or control the invading bacteria (Cohen 2007). S. aureus is also a 

known to colonise and infect both pets and livestock (Morgan 2008). The S. aureus 

infection in humans is always a major concern but S. aureus-infected animals (especially 

MRSA) could be the important reservoirs for human colonisation, leading to a potential 

pandemic (Weese 2010).  

 

1.1.4. CLINICAL SIGNIFICANCE 

The emergence of infections associated with S. aureus has been alarming mainly 

due to its resistance to multiple antibiotics (Stefani et al. 2012). In US, the hospitalisation 

and mortality rate of the infections caused by S. aureus is approximately twice the length 

of stay, deaths and medical costs of typical hospitalisations (Klein et al. 2007). 

Importantly, the MRSA rates have been increasing rapidly worldwide during the last 
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decades (Stefani et al. 2012). Patients with MRSA infections have a 2.5-times higher 

average attributable death rate compared to MSSA infection (Rubin et al. 1999). Infections 

with S. aureus are especially difficult to treat because of evolved resistance to 

antimicrobial drugs (Edmond et al. 1999). Numerous clinical experts believe that the 

dissemination of MRSA through the community is as a result of unreasonable use of 

antibiotics in treatment, this selective pressure thereby leading to the rapid evolution of S. 

aureus strains (Foster 2004; Klein et al. 2007; Lavani et al. 2007; Lowy 2011). The multi-

drug resistant Staphylococcus strains currently known have become widespread in both 

healthcare facilities and the community and in both developed and developing countries. 

According to the SENTRY Antimicrobial Surveillance Program, between the years of 

1997 and 1999, MRSA prevalence was 23% (of all S. aureus strains) in Australia, 26% in 

Europe, 32% in the USA, 35% in Latin America, 40% in South America, and 67% in 

Japan (Diekema et al. 2001; Bell et al. 2002).  In one study in US, the death rates by 

community-acquired and nosocomial S. aureus infections were similar but S. aureus-

associated hospitalizations resulted in approximately twice the length of stay, and medical 

costs per patient (Rubin et al. 1999). 

 

HA-MRSA infection is globally alarming because various HA-MRSA clones have 

spread worldwide and caused the high rate of morbidity and mortality. Indeed, a 2007 

study in US estimated the number of deaths due to HA-MRSA infections in 2005 was 

17,000 which surpassed those from AIDS (Klein et al. 2007). The cost of treating patients 

with MRSA is estimated between a $4 billion to $30 billion per year burden for the US 

economy (Lodise and McKinnon 2007). One Canadian study stated the MRSA finance 

burden in Canada ranged from $40 to $59 million in 2000 (Goetghebeur et al. 2007). 

Although HA-MRSA is an obvious concern recently, the CA-MRSA infections have been 

reported with increasing prevalence (Klevens et al. 2006; Otter and French 2006; Seybold 

et al. 2006; Maree et al. 2007). A study performed in emergency departments in 11 cities in 

US found that 78% of the isolates were MRSA, and among these, 98% were the CA-

MRSA USA300 strain, one of the most common strains of MRSA (Moran et al. 2006). 
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1.1.5. MOLECULAR BASIS FOR ANTIBIOTIC RESISTANCE 

From genomics studies, the acquisition of resistance in MRSA has been assigned to 

the presence of the gene ‘mecA’ located on the staphylococcal chromosome cassette mec 

(SCCmec); a novel, mobile resistance element (Ito et al. 2003). The gene mecA encodes the 

78-kDa penicillin binding protein 2A (PBP2A) which has a low affinity for β-lactam 

antibiotics leading to the inhibition of cell wall synthesis by inactivating transpeptidase 

(Cohen 2007; Deurenberg and Stobberingh 2008). The regulation of mecA is controlled by 

the repressor MecI and the transmembrane β-lactam-sensing signal-transducer MecR1, 

which are both divergently transcribed (Chambers 1997). The integration of SCCmec into 

the S. aureus genome is carried out with the cassette chromosome recombinases (ccr) 

genes including ccrA, ccrB and ccrC that are located on all SCCmec elements at a specific 

site. These genes excise and integrate at the SCCmec attachment site (attBscc) at the 3’ end 

of an open reading frame (orfX) (Ito et al. 1999; Ito et al. 2003). There are eleven subtypes 

of SCCmec from I to XI and six classes (A, B, C1, C2, D and E) performing different 

resistance patterns based on the arrangement of mec complex genes including mecA, 

regulatory genes mecI and mecR1 and with the insertion sequences (Alibayov et al. 2014). 

Class A is identified with the presence of a complete mecR1 and mecI upstream and the 

variable regions and insertion sequence IS431 downstream of mecA. Class B is 

characterized by the presence of a truncated mecR1 (ΔmecR1) and insert sequence IS272  

upstream whereas the variable regions and insertion sequence IS431 downstream. Class C 

is slightly different from Class B in that the presence of IS272 upstream is replaced by 

IS431. Based on the orientation of upstream and downstream IS431, there are two sub-

classes C1 (same orientation) and C2 (reversed). Class D is different to Class C in that 

there is no presence of insertion sequence in the downstream region of ΔmecR1. One new 

arrangement has been classified as SCCmec type XI and class E in which mecR1LGA251 

and mecILGA251 are located upstream of mecALGA251 and the blaZ gene is located 

downstream (Table 1.1). 

Recent articles have shown that CA-MRSA evolves independently from HA-

MRSA (Hiramatsu et al. 2002). CA-MRSA strains usually have different subtypes of 

SCCmec (IV, V, VII), are often resistant to fewer antibiotic classes (frequently only β-

lactams and macrolides), and are more virulent, with a high proportion carrying the genes 
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encoding Panton-Valentine leukocidin (PVL) (Chambers 1997). The presence of PVL is 

suggested as a feature to differentiate HA-MRSA and CA-MRSA, but this is still in 

question. Differently, HA-MRSA possesses the larger SCCmec subtypes (I, II, III) 

containing multiple-drug resistance determinants, leading to slower growth rate than CA-

MRSA due to the heavy metabolic burden associated with the large size of SCCmec 

(Deurenberg and Stobberingh 2008). However, with the dissemination of CA-MRSA in 

hospitals, the distinction between CA-MRSA and HA-MRSA seems to fade (Lowy 2011). 

 

Table 1.1 Currently classified eleven SCC mec types in S. aureus strains based on their gene 

arrangement 

SCCmec types ccr gene complexes mec gene complex 

I 1 B (IS431-mecA-ΔmecR1-IS1272)  

II 2 A (IS431-mecA-mecR1-mecI) 

III 3 A (IS431-mecA-mecR1-mecI) 

IV 2 B (IS431-mecA-ΔmecR1-IS1272) 

V 5 C2 (IS431-mecA-ΔmecR1-IS431) 

VI 4 B (IS431-mecA-ΔmecR1-IS1272) 

VII 5 C1 (IS431-mecA-ΔmecR1-IS431) 

VIII 4 A (IS431-mecA-mecR1-mecI) 

IX 1 C2 (IS431-mecA-ΔmecR1-IS431) 

X 7 C1 (IS431-mecA-ΔmecR1-IS431) 

XI 8 E (blaZ-mecALGA251-mecR1LGA251-mecILGA251)  

 

1.1.6. NEW FINDINGS RELATED ANTIBIOTIC RESISTANCE 

The development of novel lifestyles such as biofilm and small colony variants 

(SCVs) has been lately discovered as the main reasons for chronicity and relapse in S. 

aureus infections (Proctor et al. 1995; Donlan and Costerton 2002; Proctor et al. 2006). 

Several studies indicated and confirmed the crucial role of these switching lifestyles in 

clinical settings, in particular, osteomyelistis (von Eiff et al. 1997; von Eiff et al. 1998), 

arthritis (Spearman et al. 1996), rhinosinusitis (Proctor et al. 1995; Bendouah et al. 2006), 

cystic fibrosis (Donlan and Costerton 2002; Sadowska et al. 2002; Besier et al. 2007), soft 

tissue infections (von Eiff et al. 2001), sepsis (Acar et al. 1978), endocarditis (Donlan and 
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Costerton 2002; Bhattacharyya et al. 2012) and medical devices associated infections 

(Donlan and Costerton 2002; Spanu et al. 2005; Sendi et al. 2006).  

Infections involving either biofilm or SCVs are rarely resolved by host defences 

because in these states the pathogen is capable of surviving and developing a dormant state 

within various tissues (Proctor et al. 2006). When suitable conditions arise the infections 

will recur unpredictably and often become more serious and even life threatening due to 

belated detection and treatment. These latent forms of S. aureus have been causing a huge 

challenge for diagnosis and treatment, often resulting in higher rate of medical cost and 

mortality (Vaudaux et al. 2006).  

 

Recent investigations have shown the role of S. aureus biofilms and SCVs is 

central to relapsing infections (Melter and Radojevic 2010). The estimated frequency of 

occurrence of human S. aureus SCVs varies between 1 and 30% of clinical samples 

(Proctor et al. 2006). S. aureus SCV was found in 29% of patients with osteomyelitis (von 

Eiff et al. 1997), 17–46% of patients with cystic fibrosis who were chronically colonised 

with S. aureus  (Kahl et al. 2003; Besier et al. 2007). There are several clear indications 

that cystic fibrosis, periodontitis, bloodstream and urinary tract infections result from S. 

aureus biofilms indwelling medical devices (Donlan and Costerton 2002). The evolution in 

the lifestyle switching of S. aureus has been extensively investigated and some 

understanding has been elucidated. However, various questions are still open regarding the 

formation, the regulation and related metabolic pathways as well as the pathogenesis of 

SCVs (Tuchscherr et al. 2010). The key difficulty in the study of SCVs is that when 

cultured in the laboratory they revert to their parental growth-type. 

 

1.2. PATHOGENESIS 

 

S. aureus is an opportunistic pathogen which only switches to be pathogenic under some 

circumstances. Some people are intermittent/persistent carriers of S. aureus as a normal 

flora but others are not (Lowy 2011). Some individuals can carry S. aureus for many years 

but may not develop disease (Peacock et al. 2001). The higher risk of infection among 

persistent carriers than in intermittent and non-carriers has been previously described (von 
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Eiff et al. 2001; Wertheim et al. 2004). S. aureus infections occur when this organism 

invades the host and evades the host defence successfully, and this requires some initial 

steps such as inoculation and local colonisation of tissue surfaces (Kluytmans et al. 1997). 

To survive in the host, S. aureus must adapt to different stress factors such as nutrient 

limitation, desiccation, changes in temperature, osmolarity and pH, competition from other 

bacteria as well as the antimicrobial actions of the human body (Harris et al. 2002).  

 

After a plethora of intense studies, the pathogenesis of S. aureus is still not 

thoroughly understood. The question is whether or not the pathogenesis of S. aureus is 

determined by the host conditions or bacterial clones or environmental factors (Peacock et 

al. 2001). It is suggested there are interactions among the host, bacteria and environmental 

factors contributing to the invasion of S. aureus (Fig 1.1). Of these factors, the host factors 

are thought to play a key role and bacterial factors are thought to determine which strain is 

carried (Peacock et al. 2003).  

 

 

Figure 1.1 The interplay between bacterial, host and environment factors involved in 

S. aureus colonization and infection.  (Peacock et al. 2001; Lowy 2011). 
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1.2.1. BACTERIAL FACTORS  

 

Bacterial factors play an important role in colonisation and infections because some S. 

aureus strains are observed in disease states more frequently than others (Askarian et al. 

2014). Bacterial factors are hallmarked by the diversity between S. aureus genomes and 

the virulence factors, and factors specified for colonization and immune suppression 

(Peacock et al. 2001; Sibbald et al. 2006; Lowy 2011).  

 

1.2.1.1. GENOMIC FACTORS 

The S. aureus genome varies from 2.5 to 3.1 Mb in size, and contains around 2,500 

open reading frames (Lowy 2011). Numerous strains of S. aureus have been sequenced 

such as N315 and Mu50 (Kuroda et al. 2001), MW2 (Baba et al. 2002), MRSA252 and 

MSSA476 (Holden et al. 2004), COL (Gill et al. 2005), Newman (Baba et al. 2008), and 

the comparison data between these sequenced strains has shown a significant difference in 

some features among S. aureus strains (Lindsay and Holden 2004). 

 

 

The in silico analysis on S. aureus genomes revealed it consists of three main parts: 

1) core genes (~ 80%, genes that have been highly conserved among isolates) encoding 

surface proteins promoting the S. aureus adhesion and metabolic/regulatory proteins; 2) 

core variable genes (~10-12%, genes that vary or missing between genomes), encoding 

regulators of virulence genes or surface proteins involving in host interactions; 3) mobile 

genetic elements (MGEs) (~10-20%, genes that can horizontally transfer among isolates) 

consisting more than 50% of virulence factors in S. aureus including bacteriophages, 

pathogenicity islands, transposons, insertions, genomic islands, plasmid, etc.  (Lindsay and 

Holden 2006; Lindsay 2010; Malachowa and DeLeo 2010; Stefani et al. 2012) (Table 1.2). 

The MGEs allow the exchange of virulence factors and antibiotic resistance features 

among isolates, possibly resulting in new combinations of virulence factors and antibiotic 

resistance determinants. This issue may be responsible for the emergence of new strains 

harbouring more virulent or more resistant combinations in the community (Lindsay and 

Holden 2004; Stefani et al. 2012). 
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The differences in genomic contents among the sequenced strains had been 

determined in the core genes but these are not as significant as in the MGEs region. The 

distinctive MGEs may support the versatile adaptation of strains specialised for the 

infection of selected host tissues (Highlander et al. 2007; Holden et al. 2010).  

 

Table 1.2 MGEs carrying virulence factors in S. aureus. (Stefani et al. 2012) 

MGEs Attributes Examples 

Bacteriophages 

encoding toxins  

(1-4 per strain) 

Lytic: complete bacterial lysis 

Temperate: long-term relationship with cells 

Chronic: release progeny without killing the host 

Staphylococcal complement 

inhibitor (SCIN), chemotaxis 

inhibitory protein (CHIPS), 

staphylococcal enterotoxin A 

(SEA), Panton-Valentine 

leukocidin (PVL) 

 

Pathogenicity 

island  

(0-2 per strain) 

 

Phage-like, but lack genes for capsid heads and tails 

necessary for horizontal transfer 

Enterotoxins, toxic shock 

syndrome toxin (TSST) 

 

 

Genomic islands  

 

Flanked by a broken transposase gene upstream and 

partial restriction-modification system type I 

downstream 

vSAα, vSAβ, vSAγ. Encodes 

staphylococcal superantigen-

like genes, enterotoxins, and 

phenol-soluble modulins 

 

 

 

Plasmids 

 

Carry antimicrobial resistance determinants, toxins 

and/or determinants involved in metabolism 

3 groups: 1) small multicopy 

plasmids; 2) large low copy 

plasmids; 3) conjugative 

multiresistance plasmids 

 

 

SCC elements 

Large fragments of DNA, often encoding 

antimicrobial resistance and/or virulence 

determinants 

 

SCCmec types I-XI 

 

Arginine 

catabolic mobile 

element 

 

Encodes an arginine deaminase pathway 

  

 

 

Insertion 

sequences  

Can exist independently in the genome but are often 

present as pairs constituting a composite transposon  

May cause changes in the expression of genes in the 

core genome 

 

IS256, IS257 

 

Transposons 

 

Mainly encode antimicrobial resistance genes  

Inserted into the chromosome or into MGEs 

 

Tn554 (erm), Tn1546 (vanA) 
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1.2.1.2. VIRULENCE FACTORS  

S. aureus produces a diverse array of virulence factors including enzymes and 

proteins involved in surface adhesion and immune evasion (Sibbald et al. 2006). These 

factors facilitate the pathogenesis of this organism in different stages including 

colonization of a niche in the host, evasion and suppression of the immune response 

(McCarthy and Lindsay 2013). We have summarized these important virulence factors in 5 

groups.  

 Group 1 

 The enzymes are released to lyse of cells membranes to facilitates the spread of 

infection of the host, they include (1) Hemolysin (Hla) which lyses the cell membrane of 

blood cells; (2) Hyaluronidase (HysA) which hydrolyses the hyaluronic acid present in the 

connective tissue; (3) Staphylokinase (SAK) which breaks down fibrin clots; (4) Lipases 

(Lip) which hydrolyze lipids on the surface of skin and in subcutaneous tissues in the host 

(Ingavale et al. 2005; Sibbald et al. 2006) 

 Group 2  

The surface factors are involved in colonizing host tissues and evading the immune 

system by inhibiting the phagocytic engulfment or disguising and modulating the 

immunological system (Sibbald et al. 2006). These proteins are covalently anchored to the 

cell wall peptidoglycan, thereby are called cell-wall anchored proteins (CWA). There are 

24 identified CWA proteins expressed by S. aureus, however, their expressions depend on 

variable growth conditions (Foster et al. 2014). Recent reviews have proposed to 

categorise these CWA proteins into four groups based on their structural motif. These 

groups of CWA share a basic structure containing a signal sequence at the N-terminus, a 

wall-spanning region and sorting signal at the C-terminus but differentiate in specific 

additional regions. The sorting signal has a LPXTG sortase cleavage motif (Leu-Pro-X-

Thr-Gly; where X is any amino acid), a hydrophobic domain and a charged tail, involved 

in covalent anchoring of the protein to the cell wall (Foster et al. 2014) (Table 1.3, Fig 

1.3). Most of CWA proteins are involved in bacterial adhesion to different biomaterial 

surfaces and immune evasion whereas a subset of these promotes the formation of biofilm. 

In addition, these CWA proteins directly or indirectly interact with integrins and facilitate 

the invasion of non-phagocytic host cells (Foster et al. 2014). Intracellular bacteria can 
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cause host cell apoptosis or necrosis, or they can enter a non-disruptive semi-dormant state, 

including SCVs (Foster, Geoghegan et al. 2014). In addition, capsule production is the 

major surface factor contributing to the inhibition of phagocytosis (Wilkinson and Holmes, 

1979; Thakker et al., 1998). More than 90% of S. aureus clinical strains have been shown 

to possess several types of capsular polysaccharides (Karakawa and Vann, 1982; Thakker 

et al., 1998) in which type 5 and type 8 are relevant in human infections (Lowy 2011). 

 

 Group 3 

The secreted proteins are involved in the suppression of immune cells 

(immunoglobulins, complements or neutrophils) or in the inactivation of antimicrobial 

molecules (lysozymes, defensins). They include: (1) Staphylokinase (SAK) which has 

been demonstrated to inhibit defensins and  opsonophagocytosis (Jin et al. 2004); (2) the 

innate immune modulators including chemotaxis inhibitory protein (CHIPS) and (3) the 

staphylococcal complement inhibitor (SCIN) which is employed to inactivate the human 

complements (van Wamel et al. 2006); (4) O-acetyltransferase (OatA) released from the 

cell wall combining with (5) wall teichoic acid (WTA) which have been shown to play a 

role in deactivating host lysozyme activity (Bera et al. 2007).  

 Group 4  

Toxins involving in septic shock include: (1) exotoxins (e.g. hemolysins with four 

different types - alpha, beta, gamma and delta - which all lyse the membrane of blood 

cells); (2) leukotoxin (LukSF), leukocidins (LukED-PVL) which kill polymorphonuclear 

leucocytes and macrophages and cause dermonecrosis; (3) enterotoxins (with eight 

antigenic types from A to H; responsible for food poisoning); enteroxtoxins SEA to SEG 

(EntA, EntB, SeA-G) act as superantigens stimulating the proliferation of T-cells, these 

toxins are the leading cause for Staphylococcal gastroenteritis; (4) toxic shock syndrome 

toxin (TSST-1) which causes a life-threatening pathology characterized by fever, 

hypertension, vomiting, diarrhea and erythamatous rash; and (5) exfoliative toxins 

(responsible for Staphylococcal scalded skin syndrome) (Lowy 1998; Sibbald et al. 2006). 
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Table 1.3 The main groups of CWAproteins of S. aureus. (Foster et al. 2014) 

Groups of CWA & Defined 

Structural Features 

Examples Functions 

Microbial surface component 

recognizing adhesive matrix 

molecules (MSCRAMMs family) 

 

containing at least two adjacent 

IgG-folded domains in the 

N-terminal A region 

Clumping factors A (ClfA) Adhesion to immobilized 

fibrinogen;immune evasion  

Clumping factors B (ClfB) Adhesion to squamous nasal 

epithelial cells 

Serine–aspartate repeat  protein C 

and D (SdrC, SdrD) 

Adhesion to squamous nasal 

epithelial cells 

Serine–aspartate repeat  protein E 

(SdrE) 

Immune evasion 

Fibronectin-binding proteins A  

( FnBPA) and B ( FnBPB) 

Adhesion to Extra cellular matrix of 

the host (ECM) 

 

Collagen adhesin (Cna) 

  

Adhesion to collagen-rich tissue 

The Near iron transporter motif 

proteins (The NEAT family)  

 

containing one or more NEAT 

motifs, which bind either 

hemoglobin or heme 

Iron-regulated surface protein A 

(IsdA) 

Harem uptake and iron acquisition; 

adhesion to squamous epithelial 

cells 

IsdB Heme uptake and iron acquisition; 

Invasion of non-phagocytic cells  

IsdH Heme uptake and iron acquisition 

Three-helical bundle motif  

containing five homologous 

modules, which consists of single 

separately folded three-helical 

Protein A (SpA) Inhibition of opsonophagocytosis ; 

B cell superantigen; inflammation 

G5–E repeat family containing the  

alternating repeats of G5 (Five 

conserved glycine residues) and E 

domains consisting of 50-residue 

sequences 

Surface protein G (SasG)  Adhesion to desquamated epithelial 

cells; Biofilm formation 

Accumulation-associated protein 

(Aap) 

Biofilm formation 

 

 

 

 

 

Structurally uncharacterized 

proteins 

Adenosine synthase A (AdsA) Promotion of survival in neutrophils 

by inhibiting the releasing of 

oxidative burst 

S. aureus surface protein X (SasX) Biofilm formation; squamous cell 

adhesion 

SasC Biofilm formation 

SasB, SasD, SasF, SasJ, SasK and 

SasL 

Unknown function 

Biofilm-associated protein (Bap) Biofilm formation 
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 Group 5 

Bacteriocins are defined as antimicrobial molecules with a broad-spectrum activity 

and involved in microbial competition with different species in colonization and infections 

(Tagg et al 1976). S. aureus is able to produce several types of bacteriocins, in particular, a 

group of lantibiotics is well characterised. Lantibiotics are defined as small peptides less 

than 5 kDa comprising of two main unusual amino acids: lanthionine (Lan), L-

methyllanthionine (MeLan) and a number of dehydrated amino acids such as the α,β-

unsaturated amino acids Dha and Dhb (Ingram 1969; van Kraaij et al. 1999). There are two 

groups of lantibiotics including type A and type B that can be differentiated by their 

structure and function. Type A lantibiotics including epidermin, nisin, subtilin are 

characterised by the long peptide chains with 34 residues and damage the cell membrane 

of competitive organisms. Type B lantibiotics have a globular structure with 19 residues 

and play a role in deactivating enzyme in cell wall biosynthesis (Olivia McAuliffe, 2000). 

These exoproducts target other strains of S. aureus, Coagulase Negative Staphylococci (S. 

epidermidis), Corynebacteria (C. pseudodiphteriticum) and Streptococci (S. pneumonia) 

(McAuliffe et al. 2001).   

 

 

1.2.1.3. SURVIVAL ENHANCING FACTORS 

 Pigmentation 

Carotenoids produced by bacteria are known to act as antioxidants which clear the 

local reactive oxygen species as shown in several in vitro and in vivo experiments (Krinsky 

1993; El-Agamey et al. 2004). There are a group of orange and yellow pigments which 

cause the yellowish colonies for S. aureus (Marshall and Wilmoth 1981). These pigments 

are produced from C30 triterpenoid biosynthetic pathway and staphyloxanthin is the end 

product (Liu et al. 2005). The operon crtOPQMN has been proposed to be responsible for 

the production of these pigments through 5 main steps (Fig 1.2). In the first step, two 

molecules of farnesyl diphosphate is combined to form dehydrosqualene or 4,4’-

diapophytoen with the catalysis of CrtM (dehydrosqualene synthase). The second step is 

the formation of 4,4’-diaponeurosporene by dehydrogenising dehydrosqualene by CrtN 

(dehydrosqualene desaturase) dehydrogenates. CrtP (diaponeurosporene oxidase) 
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contributes to the oxidisation of 4,4’-diaponeurosporene to form 4,4’-diaponeurosporenic 

acid in the third step.  In the fourth step, CrtQ (glycosyltransferase) is proposed to catalyse 

the glycosylation of 4,4’-diaponeurosporenoate to create glycosyl-4,4’-

diaponeurosporenoate.  The final step in staphyloxantin carotenoid biosynthesis pathway is 

the esterification by acyltransferase CrtO of glycosyl residue with a fatty acid (12-

methyltetradecanoic acid) to form staphyloxanthin (Fig 1.2) (Pelz et al. 2005).  

 

 

 

Figure 1.2 The proposed carotenoid biosynthesis pathway (up) and the elimination of 

S. aureus pigmentation in ΔcrtM mutant (down).  (Liu et al. 2005; Pelz et al. 2005) 
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Carotenoids have been determined to play an important role in enhancing the 

survival of S. aureus in the host, resulting in the increased pathogenicity of this bacterium 

(Liu et al. 2005). It is well known that the increased pigmentation promotes the survival of 

S. aureus in the host by defending against the oxidative burst (hydrogen peroxide and 

superoxide) released in the phagocytic cells (Clauditz et al. 2006). Indeed, the carotenoid-

deficient mutant (ΔCrtM) has been shown to be killed more by hydrogen peroxide and 

singlet oxygen in vitro than the wild type, failed to survive in neutrophils and is less 

pathogenic in a mouse subcutaneous abscess model (Liu et al. 2005).  

 

A number of studies reported that the pigmentation is controlled by rsbUVW-sigB 

system and also affected by metabolic pathways such as purine biosynthesis (Kullik et al. 

1998; Lan et al. 2010). Mutations in genes in the rsbUVW-sigB system generated strains 

with severely decreased pigmentation whereas the mutations in genes related to purine 

biosynthesis (purN, purH, purD, purA), the TCA cycle (citZ, citG, and SAV2365), and 

oxidative phosphorylation (ctaA, qoxB) resulted in increased pigmentation (Lan et al. 

2010). In addition, the cold shock protein CspA has been proposed to be requisite for the 

maximum production of pigment through a SigB-dependent mechanism (Katzif et al. 

2005).  

 

 Catalase   

Catalase is an enzyme used for the decomposition of hydrogen peroxide that is known as a 

common antimicrobial substance mediated by leukocyte bactericidal mechanisms (Mandell 

1975; Kanafani and Martin 1985) or by the competitive interference with other species 

such as Streptococci (Streptococcus sanguinis) (Uehara et al. 2001) and Lactobacilli 

(Dacre and Sharpe 1956). Catalase can be produced by a number of bacteria but some 

studies have shown that it is an important virulence factor in these bacteria such as the 

catalase produced from Lactobacilli can inhibit the growth of Neisseria gonorrhoeae 

(Zheng et al. 1994). In S. aureus, catalase has been shown to contribute significantly to the 

survival in murine macrophages (Das et al. 2008; Das and Bishayi 2010) and competition 

with other pathogens such as S. pneumoniae both in vitro and in a murine model of nasal 

colonisation (Park et al. 2008).  
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1.2.2. HOST FACTORS 

 

The role of host factors in the outcome of S. aureus infection have been extensively 

studied in different infections such as in rhinosinisitis, osteomyelistis, arthritis and endocarditis 

(Mandal et al. 2002). These factors comprise numerous immunological cells which are 

involved in different stages of colonisation and infections such as neutrophils, macrophages, B 

cells, T cells, Natural Killer Cells, MHC Class II, interleukin-4, interleukin-12, complement 

factors, IFN-γ (interferon), TNF (tumour necrosis factor) (Rennermalm et al. 2001; Krishna 

and Miller 2012). These immune cells will act as the barriers to prevent the invasion of S. 

aureus. In order to survive, this pathogen possesses numerous CWA proteins which are 

important for both adhesion and immune evasion (Fig 1.3).  

 

Figure 1.3  Nasal colonisation (left panel) and the functions of CWA proteins present 

in S. aureus (right panel). (Nestle et al. 2009; Krishna and Miller 2012; Foster et al. 2014). 

During nasal colonisation, S. aureus adheres to the epidermal cells which comprise 4 layers including 

stratum corneum, stratum granulosum, and stratum spinosum and stratum basale. The immune cells such as 

Langerhans cells in the epidermis and other cells such as natural killer (NK) cells, macrophages, T-cells, B-

cells, mast cells, dermal dendritic cells and plasma cells in the dermis will act as the barriers to prevent the 

invasion of S. aureus This pathogen possesses numerous CWA proteins including several adhesion factors 

(blue background) as well as factors involved in immune evasion (purple background), and some factors 

which are important for both adhesion and immune evasion (orange background). These CWA proteins 

include CHIPS: chemotaxis inhibitory protein of S. aureus, SCIN: Staphylococcal Complement Inhibitor; 

OatA: O-acetyltransferase; SAK: staphylokinase; WTA: wall teichoic acid; SasG: surface protein G; SdrE, 

SdrD, SdrC:  serine-aspartic acid repeat protein E, D and C; FnBPA, FnBPB:  fibronectin-binding proteins A, 

B; ClfA, ClfB: clumping factor A, B; IsdA: iron-regulated surface determinant, AdsA: Adenosine synthase.  

(Nestle et al. 2009; Krishna and Miller 2012; Foster et al. 2014). 
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In recent investigations, there are specific host genetic factors that have been 

suggested to be important determinants for persistent nasal carriage and infections of S. 

aureus in humans such as the presence of single nucleotide polymorphisms (SNPs) in the 

glucocorticoid receptor gene (van den Akker et al. 2006),  the serine protease C1 inhibitor 

(Emonts et al. 2007) as well as in interleukin-4 (Emonts et al. 2008). Furthermore, the skin 

damage, open wound, cuts and lesions as well as the physiological conditions of various 

niches (limited nutrients, limited oxygen, fluctuated osmolarity, pH, the presence of 

oxidative, nitrosative stress or other toxic agents) may facilitate the colonisation and 

infection of specific S. aureus strains or contribute to the phenotype switching (Tuchscherr 

et al. 2010).   

 

1.2.3. ENVIRONMENT FACTORS 

Environmental factors increase the risk for carrying S. aureus, as determined in 

numerous clinical reports, such as the crowding and the hygiene conditions in both health 

care facilities/professionals (Johnston et al. 2007), and in household setting/family 

members (Peacock et al. 2003). Moreover, pets/livestock might become reservoirs of S. 

aureus and serve as intermediates in the transmission cycle (van Belkum et al. 2009).  

 

 The interplay between bacterial factors, host factors and environmental factors 

seems to be crucial for the S. aureus colonisation and infection process. S. aureus has been 

previously known as an extracellular organism, however, it also can be found to survive 

and persist in various host tissues including professional phagocytes (Hamill et al. 1986) 

and non professional phagocytes such as epithelial cells (Bayles et al, 1998,) osteoblasts 

(Hudson et al. 1995), endothelial cells, fibroblasts, and keratinocytes (Qazi et al. 2004; 

Garzoni and Kelley 2009). This incredible ability of survival by this bacterium shows that 

S. aureus is a versatile pathogen that can employ several strategies to be undetected by the 

host immune system or for inactivating the immune response by using a plethora of 

virulence factors related to colonisation, invasion and immune evasion.   
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1.3. IMPORTANT STRESSES PRODUCED BY THE HOST  

The overarching principle for infection and disease caused by S. aureus is its remarkable 

ability to survive in the host. Central to this is its resistance to the numerous host defenses, 

in particular, the innate immune system (van Rossum et al. 2005). This system responds to 

bacterial infection by producing an array of antimicrobial agents. These include reactive 

oxygen and nitrogen species (ROS and RNS) and aldehydes generated from several 

complicated metabolic processes such as lipid peroxidation, amino acid oxidases, or drug 

metabolism (O'Brien et al. 2005). 

 

1.3.1. REACTIVE OXYGEN AND REACTIVE NITROGEN SPECIES 

Two of the important antimicrobial systems of phagocytic in the host innate 

immune system during infections are the NADPH phagocyte oxidase (also known as phox) 

and inducible nitric oxide synthase (iNOS) pathways (Nathan and Shiloh 2000; Fang 2004) 

(Fig. 1.4). The enzyme complexes of both phox and iNOS are dependent on O2 molecule 

and NADPH for their catalytic activities. Although independently regulated, they may 

function together and produce a range of intermediates or reactive chemical derivatives. 

The collection of these products are referred to as ‘species’ including ROS and RNS (Fang 

2004). ROS is mainly produced in neutrophils whereas greater amount of RNS are found 

in macrophages (Nathan and Shiloh 2000). Although most of papers focus on the 

importance of ROS and RNS in neutrophils and macrophages, these chemical species can 

also be found in non-phagocytic cells and recently in antibodies with the same principal 

role of inhibiting microorganisms (Wentworth et al. 2002).  

 

In mammalian cells, ROS cover complexes such as superoxide (O2
-
•), hydrogen 

peroxide (H2O2), and hydroxyl radical (HO•) when NADPH oxidase which is present in 

the phagolysosomal membrane catalyze the conversion of oxygen to superoxide anion and 

the subsequent products (Lushchak 2011). RNS consists of the products that are catalyzed 

by iNOS (inducible nitric oxide synthase). They are based upon the production of nitric 

oxide radical (NO
•
) and its intermediates through the subsequent reactions in the 
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environment to produce toxic chemicals such as nitrogen dioxide radical (NO2
•
) and nitrate 

anion (NO3
-
) (Nathan and Shiloh 2000). The reaction between NO

•
 and O2

-
• produces 

peroxynitrite anion (ONOO
–
) and peroxynitrous acid (ONOOH). In addition, NO

• 
can 

interact with sulphydryl (RSH) to form nitrosothiol (RSNO) (Fig 1.4) (Fang 2004). All 

these products mentioned are able to modify or damage a number of targets in the bacteria 

such as protein thiols, metal centres, or nucleic acids and cell membranes and this results in 

bacterial killing (Storz and Imlay 1999; Lushchak 2001). In particular, RNS inhibits the 

bacterial respiration involving in the dormant or persistent state in certain microorganism 

(Taylor and Geller 2000; Voskuil et al. 2003). The diversity of targets for ROS and RNS 

acting individually, synergistically or with other systems results in a broad spectrum of 

antimicrobial activity such as the synergistic interaction between ROS and neutrophil 

granule associated proteases (Reeves et al. 2002) (Fig 1.4). 

 

Figure 1.4 ROS and RNS components in mammalian and the target of these species on 

microbial cells. (Fang 2004). 

ROS target directly to the cell membrane and DNA as well proteins and lipids to kill the bacteria. RNS act as 

an inhibitor targeting the respiration chain and DNA replication through the inactivation of iron–sulphur-

containing dehydratases. Furthermore, the oxidation of proteins and lipids in cells membranes or proteins 

resulted in several radicals and reactive aldehydes which contribute to DNA damage. (Fang 2004). 
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1.3.2. REACTIVE ALDEHYDES 

Apart from antimicrobial activities of ROS and RNS, there are aldehydes generated 

by the host that are important factors threatening the bacterial survival. Aldehydes can be 

formed endogenously from a variety of pathways including lipid peroxidation (LPO), 

carbohydrate or metabolism ascorbate autoxidation, amine oxidases, cytochrome P-450s, 

or myeloperoxidase-catalyzed metabolic activation (O'Brien et al. 2005; Al-Enezi et al. 

2006). Aldehydes can be also found in phagocytic cells in the form of short chains sugars 

with stable toxic activities (Okado-Matsumoto and Fridovich 2000). LPO which is 

considered as the main source for aldehyde production, is the procedure when ROS react 

with biomolecules such as cell membranes, lipoproteins and their lipid-containing 

structures (Girotti 1998; O'Brien et al. 2005) and result in a variety of free radicals (alkoxy 

radicals (RO•), peroxy radicals (ROO•), hydroxyl radicals (HO•), hydroperoxides, and 

reactive aldehydes. Acrolein is the most cytotoxic lipid peroxidation decomposition 

product. In the host-pathogen environment, NO• reacts with the superoxide and forms 

peroxynitrite, initiating lipid peroxidation (Hogg and Kalyanaraman 1999). The production 

of ROS and RNS during bacterial infection results in an increase in lipid peroxidation 

(O'Brien et al. 2005). 

 

The main reactive aldehydes include malonaldehyde, crotonaldehyde, acrolein, 4-

hydroxynonenal (HNE), glycolaldehyde, glyceraldehyde, formaldehyde, methylglyoxal 

and glyoxal (O'Brien et al. 2005) which have been produced from LPO. The chemical 

structure of these compounds is introduced in Fig 1.5.  These aldehydes are more stable 

than free radicals and are therefore able to attack more targets of the cell such as DNA and 

proteins (Fraval and McBrien 1980; Yoon et al. 2002; Myers et al. 2011). As a result, they 

can affect several cellular processes, and are involved in most of the pathological 

consequences such as cell division (Fraval and McBrien 1980; Perez et al. 2008). The 

concentrations found in blood were glyoxal (211 pmol/g), methylglyoxal (80 pmol/g) 

(O'Brien et al. 2005). In phagocytic cells such as in neutrophils, glycolaldehyde and 

acrolein have been found as the final products from the reaction through myeloperoxidase-

H2O2-chloride system (Myers et al. 2011). These studies support the presence and the role 

of reactive aldehydes as important stressors. 
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Of these aldehydes, there is the growing interest towards methylglyoxal (Booth et 

al. 2003). Methylglyoxal is the most mutagenic of all aldehydes and is also the major 

endogenously formed aldehyde because of its glycolysis origin (Kalapos 1999) (Fig 1.6). It 

has been estimated from the triose phosphate and isomerase concentrations 

(glyceraldehyde 3-phosphate and dihydroxyacetone phosphate) that 0.4 mM methylglyoxal 

is formed per cell per day (Richard 1991). In addition, methylglyoxal can be produced 

from the pentose phosphate pathway (xylitol, ribose, deoxyribose). The endogenous rate of 

methylglyoxal formation has been estimated at about 120 μmol/day, accounting for 0.1% 

of the glucotriose flux (Thornalley 1996). The concentration of free intracellular 

methylglyoxal has been measured in Chinese hamster ovary (CHO) cells in culture using 

HPLC and it ranged from 0.7 ± 0.3 μM (n=4) to 1.2 ± 0.3 μM (n=7) (Chaplen et al. 1996).  

 

Figure 1.5  Chemical structure of aldehydes 

Methylglyoxal is known as highly toxic product of a variety of species such as 

mammals, yeast, plants, parasites, bacteria, causing the impact on methylglyoxal on energy 

production, free radical generation and cell killing (O'Brien et al. 2005). In bacterial cells, 

methylglyoxal is synthesized endogenously from dihydroxyacetone phosphate originated 

from glycolysis pathway by methylglyoxal synthase and play a role as a growth and 

survival regulator (Booth et al. 2003). If there is a defect in glucose regulation, 

methylglyoxal may accumulate inside the cells and cause cell death (Kalapos 1999).  
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Figure 1.6  Formation of important aldehydes such as methylglyoxal, glyceraldehyde, 

glycolaldehyde, glyoxal, formaldehyde and acrolein. (O'Brien et al. 2005) 

Glyoxal can be formed from different pathways. Basically, it is a major product from the oxidative 

degradation of lipid and DNA; however, it can also be formed from glucose, sorbitol and ascorbate 

autoxidation under physiological conditions. Methylglyoxal is formed from the glyceraldehyde 3-phosphate 

and dihydroxyacetone phosphate, two intermediates produced during the glycolytic metabolism of glucose. 

The formation of formaldehyde and methylglyoxal is catalyzed by serum amine oxidase and the formation of 

acrolein is catalyzed by serum amine oxidase, diamine oxidase and polyamine oxidase. Spermine is 

synthesized in all eukaryotic cells and is involved in a variety of cellular processes, including the control of 

cell growth. (O'Brien et al. 2005) 

  

Serine

Glyceraldehyde

triphosphate

METHYLGLYOXAL

Sorbitol

Fructose

Fructose-1-phosphate

GLYCERALDEHYDE

D-Glycerate

Hydroxypyruvate

GLYCOALDEHYDE

GLYOXAL

Ascorbate

Dehydroascorbate

Xylitol

D-Xylulose

D-Xylulose-1-phosphate

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-biphosphate

ROS

Dihydroxyacetone

phosphate

Glycogen

Methylamine FORMALDEHYDE

Aminoacetone METHYLGLYOXAL

Spermine ACROLEIN 

Serum amine oxidase

Serum amine oxidase, diamine oxidase, polyamine oxidase

Serum amine oxidase



C h a p t e r  1    P a g e  | 25 

 

 

 

1.4. BACTERIAL RESPONSES TO ROS, RNS AND 

ALDEHYDES 

1.4.1. RESPONSE TO ROS/RNS 

S. aureus has established systems in defence against specific stressors. In 

particular, it possesses two genes sodA and sodM, which encodes for superoxide 

dismutases (SODs). These established enzymes inactivate harmful superoxide radicals 

released during host infection (Karavolos et al. 2003). PerR has been found as a regulator 

of gene expression of the proteins catalase (KatA), alkyl hydroperoxide reductase 

(AhpCF), bacterioferritin comigratory protein (Bcp), and thioredoxin reductase (TrxB), 

which are all important proteins to resist oxidative stress (Horsburgh et al. 2001). In a 

recent study, the sigma factors σ
B 

and σ
S
 have been shown to have a role as important 

components in the fitness and adaptation to stress response of S. aureus (Shaw et al. 2008).  

 

It is obvious that bacteria not only use detoxification systems to resist toxic and 

damaging chemicals released within the host to survive, but also utilize enzymes and 

pathways for growth. Several enzymes involved in the detoxification of RNS, including 

microbial hemoglobins, NO• reductase, GSNO reductase and peroxynitrite reductase, have 

recently been identified (Fang 2004). Richardson et al., 2006 provided evidence that the 

Hmp protein in S. aureus provides protection by scavenging host-derived NO. Although 

the response to ROS and RNS has been extensively studied in planktonic form including 

major pathotypes and clinical isolates, little is known about the role of cellular oxidative 

and nitrosative stress in other modes of life such as biofilm or SCVs. 

 

1.4.2. RESPONSE TO ALDEHYDE ACTIVES 

In bacterial cells, there are several enzymes including the well-characterized 

alcohol dehydrogenases and aldehyde dehydrogenases which are responsible for the 

metabolism of aldehydes (Ellis 2002).  Recently, the diverse collection of enzymes known 

as the aldo-keto reductases (AKR) superfamily has been found to be an emerging protein 

superfamily which is responsible for various functions in removing aldehydes from cells 
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(Jin and Penning 2007). In recent years, the roles of AKRs have been extensively studied 

in human systems but there is little research on the bacterial AKRs.  

 

AKRs are defined as soluble NADPH oxido-reductases which are used to reduce 

aldehydes and ketones to primary and secondary alcohols (Jin and Penning 2007). This 

superfamily of proteins seems to be evolutionarily conserved from prokaryotes to 

eukaryotes. There are currently more than 140 members, which are divided into 15 

families (AKR1 to AKR15). Physiologically, AKRs function as a part of metabolic 

processes removing endogenously released and damaging compounds as well as 

detoxifying exogenous toxins. They also respond to osmotic and oxidative stresses (Jin and 

Penning 2007). AKRs have a wide spectrum of substrates with different specificity (Ellis 

2002; Grant et al. 2003). While several mammalian and eukaryotic AKR enzymes have 

been characterized, very few bacterial AKR enzymes have been studied. They are present 

in many microorganisms. Several bacterial AKR enzymes are known but an additional 200 

putative AKRs have been identified through genome sequencing projects but their 

particular functions are undiscovered (Ellis 2002; Grant et al. 2003). While the way S. 

aureus responds to nitrosative stress (Richardson et al. 2006; Richardson et al. 2008)
 
and 

oxidative stress (Chen et al. 2009) is known, very little is known on its responses to 

reactive aldehydes in S. aureus. 

 

 

1.5. NOVEL BACTERIAL LIFESTYLES AS STRESS 

RESPONSES 

 

To adapt to different environmental conditions outside and inside the host, some 

bacteria are capable of switching from their normal lifestyles to form quiescent phenotypes 

such as biofilms and SCVs (Donlan and Costerton 2002; Tuchscherr et al. 2010; Lowy 

2011). These quasi-dormant lifestyles have been characterized by a slower growth rate but 

with a prolonged survival capacity in the host both extracellularly and intracellularly when 

compared to planktonic cells (von Eiff 2008; Sendi and Proctor 2009; Tuchscherr et al. 

2010). The existence of these alternative lifestyles in clinical settings of S. aureus has been 
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detected when the rate of chronic or relapse infections has drastically increased although 

the various antibiotic regimes have been applied (Proctor et al. 2006). Compared to the 

planktonic lifestyle of S. aureus, biofilms and SCVs cells have been firstly revealed only 

since 1976 (biofilm) and since 1955 (SCVs) in clinical settings. These lifestyles have been 

a recent focus of study (Donlan and Costerton 2002; Proctor et al. 2006). After some 

decades, an understanding related to the formation, the regulation, the pathogenesis as well 

as the detection and control of biofilm and SCVs is beginning to made, but there are still 

unclear and conflicting issues which require more investigation (Vaudaux et al. 2006; Otto 

2008).  

 

1.5.1. BIOFILMS  

Biofilms formed by bacteria have been described and researched for decades due to 

their increasing importance in pathogenesis (Davies and Bilton 2009). Originally, biofilms 

are known to cause industrial problems and now they are implicated in the spread of 

device-related and chronic infections (Donlan and Costerton 2002; Otto 2008). Bacterial 

biofilms can be isolated from mucosal or tissue samples of cystic fibrosis, native heart 

valve in endocarditis, as well as in otitis media, rhinosinusitis, tonsillitis patients and 

prosthetic devices such as central venous catheter tips, urinary catheter, and many other 

clinical situations (Donlan and Costerton 2002; Federspil et al. 2009; Geipel 2009; Yang et 

al. 2011). It is easily observed that these patients have optimal rough surfaces for biofilm 

attachment and growth (Secor et al. 2011). Regarding pathological aspects, the planktonic 

form is often responsible for acute symptoms and systemic responses whereas biofilms 

cause chronic infections but acute exacerbations due to the complex latent immune sequela 

that they can provoke (Lowy 1998; Donlan and Costerton 2002; Geipel and Herrmann 

2005; Archer et al. 2011). 

 

Several pathogenic bacteria such as P. aeruginosa, S. pneumoniae, H. influenzae 

and S. aureus are capable of biofilm formation that are clinically relevant (Donlan and 

Costerton 2002) (Fig 1.7). Numerous studies have indicated that there is a high prevalence 

of biofilm-mediated infections caused by S. aureus. Importantly, its persistence and 
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antibiotic resistance, have widely been reported in clinical outcomes worldwide (Akiyama 

et al. 1997; Krismer and Peschel 2011; Singh et al. 2011). A recent study over a large 

number of clinical isolates has revealed that the strains with greater multi-resistance to 

antimicrobial compounds have significantly increased their ability for biofilm formation 

rather than those with less resistance (Kwon et al. 2008).  

 

Figure 1.7  Images from scanning electron microscopy of  S. aureus. Planktonic cells 

(left panel) and biofilms (right panel). (Geipel 2009) 

 

1.5.1.1. DEFINITION AND FORMATION OF BIOFILMS 

According to the current definition, biofilms are characterized by heterogeneous 

multi-layers of sessile single cells and micro-colonies, which are encased in a matrix of 

extracellular polymeric substances (EPS) (Donlan and Costerton 2002; Gotz 2002). This 

matrix is possibly composed of intercellular polysaccharide adhesions (PIA) and proteins 

along with extracellular genetic materials (such as extracellular DNA) (Gotz 2002; Otto 

2008). These layers cover and attach to a substratum, interface or to each other persistently 

(Donlan and Costerton 2002) and thereby establishing a recalcitrant block to resist external 

destructive factors. Within biofilms, there are four distinct metabolic states of growing 

cells including aerobically (often located in the outmost layers exposed to oxygen and 

nutrients), fermentatively, dormant and dead, in which the dormant cells are dominant and 

lodge in the anoxic layers (Rani et al. 2007). The changes in cell-type due to the 

phenotypic change, the altered growth rate as well as the expression of genes related to the 

cell’s metabolic pathways, surface structures and virulence factors have all been well-
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documented (Gotz 2002; Beenken et al. 2004; Archer et al. 2011; Moormeier et al. 2013). 

The formation of biofilms has been proposed to consist of four phases namely attachment, 

accumulation, maturation, and dispersal (Fig 1.8) (Otto 2008; Yang et al. 2011). 

 

 Attachment and Accumulation 

In the first stage, the attachment of planktonic cells depends on the surface 

appendages. The presence of high sheer forces, for instance, in mucous-covered surfaces, 

will promote the initiation of biofilm formation (Donlan and Costerton 2002). In the stage 

of aggregation, the surface factors including a variety of CWA proteins (which is listed in 

Section 1.2.1.2) and extracellular DNA (eDNA) and teichoic acids (TA) have been shown 

as crucial components for the bacterial adherence for S. aureus (Otto 2008). When the 

adjacent cells interact, the structure of some CWA proteins (fibronectin-binding proteins 

(FnBPs) and SasG) may be modified and twist around each other or these can bind to other 

ligands on neighboring cells to promote the aggregation of cells (Archer et al. 2011; Foster 

et al. 2014). 

 

 Maturation 

When a number of cells are grouped and bonded based on the change in their cell 

wall structures. The main molecule responsible for the aggregation in S. aureus is PIA, 

which composed of -1,6-linked N- acetylglucosamine residues; 20% of the residues are 

deacetylated and are thus positively charged (Mack et al. 1996; Archer et al. 2011). 

However, PIA-mediated biofilms is not unique, some strains isolated from biofilm-

associated infections do not have the ica genes (Gotz 2002; Foster et al. 2014). In these 

PIA-independent biofilms, the CWA proteins including Bap, ClfB, FnBPA, FnBPB, SasC, 

SasG and protein A (SpA) are more relevant (O'Gara 2007; Foster et al. 2014). Of these 

proteins, Bap, SasG (or Aap), and SasC have been found in most biofilm forming strains 

but the remaining proteins are specific for a small number of isolates (Otto 2008).  In a 

maturation stage, biofilm structure has been described as “towers” or “mushrooms” 

containing a system of fluid-filled channels which is believed to be responsible delivering 

nutrients to cells to deeper layers (Costerton et al. 1995). Nevertheless, the most recent 

publication has revealed that the eDNA released from lysis cells is a predominant 
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component in biofilm maturation of S. aureus (Archer et al. 2011). As a polyanionic 

molecule, eDNA plays an important role in shaping the matrix is due to the capacity to link 

other ingredients together and facilitate the biofilm adhesion to surface well (Gotz 2002; 

Izano et al. 2008; Mann et al. 2009).  

 

 Dispersal  

As the biofilm is completely developed, single cells or small clusters of cells are 

able to detach from the mature biofilm and reallocate to other distant sites (Gotz 2002; 

Otto 2008). The mechanisms involved in the dissemination of biofilms are still unclear. 

The biofilm dispersal is probably relevant for the spread of biofilm-associated infections 

and these issues can be observed in clinical cases such as endocarditis (bacterial 

detachment from biofilms on heart valves), pneumonia (bacterial dispersal from biofilms 

from endotracheal tube/ oropharynx) or sepsis (Boles and Horswill 2011). 

Some significant features for dissemination have been recently uncovered, 

including extracellular bacterial products which degrade and solubilise the adhesive 

component of the matrix, environmental conditions, and polymicrobial interactions (Otto 

2008). Indeed, the production of extracellular enzymes (DNAses, proteases) and 

surfactants (phenol soluble modulins - PSMs) have been indicated as the primary factors 

which promote the detachment of bacterial cells from biofilm matrix (Boles and Horswill 

2008; Boles and Horswill 2011; Schwartz et al. 2012). The deletion of the genes encoding 

the proteases and the addition of protease inhibitors both resulted in a significant increase 

in S. aureus biofilm formation (Boles and Horswill 2008). Similarly, the nuclease-deficient 

mutant strains of S. aureus and the addition of DNases exhibited significantly increased 

biofilm formation, indicating that eDNA is a major part of the biofilm matrix (O'Gara 

2007; Izano et al. 2008). In addition, PSMs have been demonstrated to promote biofilm 

disassembly in vitro and promote the bacterial dissemination from colonised catheters in a 

mouse model of device-related infection (Kong et al. 2006; Boles and Horswill 2008). 

PSMs are surfactant-like peptides due to their amphiphilic helical structures that are 

regulated by the agr quorum-sensing system (Boles and Horswill 2008). So far little detail 

is known about the impact of environmental conditions and polymicrobial interactions on 

biofilm dispersal.   
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Figure 1.8  The four-phases of biofilm formation. (Foster et al. 2014) 

Biofilms form by initial attachment to a surface with the support from CWA proteins which promote 

attachment to surfaces that have been conditioned with host plasma proteins. Biomaterials (eDNA) that is 

released by autolysins can promote attachment to unconditioned surfaces. The accumulation of cells occurs 

when there is an interaction and attachment between cells by the structural change of FnBPs, SasG, Aap. 

Subsequently, biofilms grow and mature. The molecules that connect the cells in a staphylococcal biofilm are 

the surface proteins and/or PIA and eDNA. The final step of biofilm detachment is facilitated by the 

expression of PSMs, which are also important in producing the 3-dimensional structure of the biofilm. 

(Foster et al. 2014) 

 

 

In general, during infections, the early step of accumulation and attachment is a 

prerequisite for the bacterial colonisation on host niches or tissues or on implanted and 

prosthetic medical devices, whereas the final detachment is a crucial role for the 

dissemination of an infection (Foster et al. 2014). In addition, the composition of biofilm 

matrix is possibly variable among the S. aureus strains; it seems to rely on various 

environmental conditions of host tissues or niches with changeable physiological and 

physical conditions as well as the availability of nutrients (Boles and Horswill 2011). The 

role of PIA in the S. aureus biofilm matrix is still an area of some conflict as some studies 

indicated that it is not crucial for the development of biofilm compared to the results from 

previous studies (Toledo-Arana et al. 2005). The understanding of the complexities of the 

Staphylococcal biofilm matrix remains incomplete and requires more research in the future 

(Archer et al. 2011). 

eDNA
PIA or proteins
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1.5.1.2. REGULATION OF BIOFILM FORMATION 

Several regulatory factors have been demonstrated to induce the biofilm formation, 

through the regulation of PIA production, the expression of CWA proteins and surface 

adhesive proteins and the presence of eDNA (O'Gara 2007)  (Fig 1.9). The production of 

PIA is controlled by the ica gene locus including icaA and icaD responsible for the 

biosynthesis of PIA, icaB responsible for a PIA deacetylase and icaC involved in PIA 

exportation, which under control of icaR (Cramton et al. 1999; Gotz 2002; O'Gara 2007; 

Archer et al. 2011). Anaerobic growth conditions induce the expression of the icaADBC 

operon and thereby PIA production via the control of SrrAB - the staphylococcal 

respiratory response regulator (Cramton et al. 2001; Gotz 2002; Ulrich et al. 2007).  

 

The other factors such as glucose and NaCl have been shown to influence the PIA 

production through the control of a novel regulatory pathway; Rbf which is an AraC-type 

transcriptional regulator (Lim et al. 2004). The regulation of biofilm has been also shown 

to rely on Spx which is an important global regulator of stress response to temperature, 

osmolarity and H2O2. The spx mutant exhibited the increased biofilm formation, therefore, 

it was suggested that the Spx caused the decreased expression of icaADBC operon through 

the interaction between this protein and subunit of RNA polymerase activating the 

transcription of icaR (Pamp et al. 2006). Interestingly, some bacteria produce a PIA-

degrading enzyme (PIAse or dispersin B) that was first found in Actinobacillus 

actinomycetemcomitans, and appears to have potential as an anti-biofilm drug (Kaplan et 

al. 2003; Kaplan et al. 2003). 

 

The role of eDNA and surface proteins has been shown to be crucial in parts of 

biofilm formation. These findings suggest the role of protease and eDNases as endogenous 

mediators of biofilm disassembly process (Mann et al. 2009). To control this substance, the 

use of DNase as antibiotic treatment is suggested for biofilm associated infections 

(Whitchurch et al. 2002). The release of DNA as part of cellular lysis is controlled by two 

systems including LrgAB and CidA (Mann et al. 2009). The up-regulated lrg gene (which 

is also a regulator of murein hydrolase) inhibits the cell death and therefore represses the 
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formation of eDNA and biofilm formation whereas the up-regulated cidA gene enhances 

this progress (Rice et al. 2007; Mann et al. 2009). Another agent contributing to cell lysis 

is autolysin (Atl). This enzyme hydrolyses S. aureus cells and therefore plays an important 

role in the early stage of biofilm attachment and accumulation of bacterial cells (Houston 

et al. 2011). 

 

In the biofilm development stage, the alternative sigma factor SigB (Rachid et al. 

2000) and staphylococcal accessory regulator (Sar) (Pratten et al. 2001) play an important 

role in repressing the expression of thermostable nucleases and protease such as serine 

protease (SplA), cysteine protease (SplB), the metalloprotease Aur, staphopain and 

leukotoxin D (Kullik and Giachino 1997; O'Gara 2007; Archer et al. 2011). The SigB 

factor also controls the expression of a number of adherence factors (clumping factor, 

fibronectin binding protein A (FnbpA) and coagulase) which are crucial for the early stage 

of attachment (Nicholas et al. 1999).  

 

The agr quorum-sensing system is involved in dissemination of bacterial cells from 

biofilms (Foster et al. 2014). When the biofilm is mature, the presence of auto-inducing 

peptides (AIPs) throughout the bacterial community can reach a quorum sensing threshold 

and leads to the induction of the expression of agr. The up-regulation of agr induces the 

formation of PSMs, protease and nuclease expression, leading to the detachment of 

planktonic cells out of biofilm matrix to relocate in other host tissues (Boles and Horswill 

2008). The agr mutants formed a thicker and more compact biofilm in vitro compared to 

isogenic wild-type strains (Vuong et al. 2000). Most likely, the permanent disabling of agr 

regulation and the consequent excessive biofilm formation are of advantage to bacterial 

survival in specific stages or types of infection. Notably, mutations that produce agr-

negative phenotypes are common and can also be seen in vitro where they occur at a high 

rate (Somerville et al. 2002).  
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Figure 1.9 Factors involved in the regulation of S. aureus biofilm formation, 

development and dispersal. (Archer et al. 2011). 

Biofilm formation is controlled by 4 main factors including PIA production, CWA proteins and adherence 

factors and eDNA. The production of PIA is controlled by the expression of the icaADBC operon in which 

icaR act as a repressor. Spx and Rbf effect oppositely on icaR in which Spx induces and Rbf decreases the 

icaR expression. In addition, ica operon is also promoted by anaerobic conditions through the induction of 

SrrAB, Several CWA proteins contributing to biofilm formation of S. aureus, for example, SpA, FnBPs and 

SasG. The presence of eDNA from cell lysis is currently considered as an important component of matrix. 

DNAase is a used to treat biofilm formation generated by eDNA. The control of cell lysis is performed by 

two genes including lrg and cidA in which lrg is involved in the cell lysis inhibition whereas cidA has the 

counter-effect. The biofilm formation is also induced by SigB through the enhanced expression of adherence 

factors and through the repressed expression of thermostable nucleases and protease during biofilm 

maturation. When the biofilm is mature, the presence of auto-inducing peptides (AIPs) throughout the 

bacterial community can reach a quorum sensing threshold and leads to the induction of agr gene. The up-

regulation of this gene induces the formation of PSMs, protease and nuclease expression, leading to the 

detachment of planktonic cells from biofilm matrix. (Archer et al. 2011). 
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1.5.1.3. TRANSCRIPTOMIC PROFILE 

 

The transcriptomic and proteomic results on S. aureus biofilms (Beenken et al. 2004; 

Resch et al. 2005; Resch et al. 2006) have revealed the generally consistent physiological 

status of biofilms. Similar to the obviously slow growing cells, the down-regulation of 

active cellular metabolic pathways such as protein, DNA, and cell wall biosynthesis have 

been indicated. Other metabolic changes such as the repression on acetoin metabolism can 

be interpreted as a switch to fermentative processes, resulting from the low oxygen 

concentration in biofilms (Otto 2008). Interestingly, there is an up-regulation of urease 

(ureABCEFGD) and the arginine deiminase pathway (arcRABCD) and pyrimidine 

pathway (pyrRPBC, carAB, and pyrFE), which ultimately produce ammonia compounds. 

This has been explained as a switch to limit the deleterious effects of the reduced pH 

associated with anaerobic growth conditions (Beenken et al. 2004). In addition, spa, 

encoding protein A was drastically down-regulated in biofilms (60 to 139 times higher in 

the exponential-phase cultures and 12 to 27 times higher in the stationary-phase cultures) 

(Beenken et al. 2004; Otto 2008). 

 

 

 

1.5.2. SMALL COLONY VARIANTS 

SCVs were first reported in 1910 in Salmonella enterica serovar Typhi, and then 

widely found in many species including S. aureus, S. epidermidis, S. capitis, P. 

areuginosa, Vibrio cholera, E. coli, Shigella spp., Lactobacillus acidophilus, Serratia 

marcescen, Burkholderia cepacia, Brucella melitensis, and Neisseria gonorrhoeae (Proctor 

et al. 2006). The presence of SCVs to date has become more common and plays a relevant 

role in clinical situations. The prevalence of SCVs varies in different studies and in 

different species and depends on various isolation sites such as abscesses, blood culture, 

bones and joints, respiratory tract, SSTI (von Eiff et al. 2000; Proctor et al. 2006). For 

example, P. aeruginosa SCVs were isolated from 38% of patients with CF (Haussler et al. 

1999) and B. cepacia SCVs were also detected in 42% of patients with cystic fibrosis (CF) 

(Haussler et al. 2003). Similarly, S. epidermidis and S. capitis SCVs have been found to 

cause serious infections associated with implanted medical devices (Baddour and 
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Christensen 1987; von Eiff et al. 1999). Of these bacteria, S. aureus SCVs have been more 

investigated and understood due to its clinical predominance of importance. 

S. aureus SCVs and their involvement in persistent and relapsing infection were 

initially reported in 1955 (Goudie and Goudie 1955). S. aureus SCVs were found in 

around 29% of patients with osteomyelitis (Singh et al. 2010) and in around 46 % patients 

with CF (Kahl et al. 2003). In addition, S. aureus SCVs have been reported in cases of 

infections linked to indwelling devices in patients with prosthetic heart-valve endocarditis 

(Baddour and Christensen 1987) or prosthetic joint infections (Sendi et al. 2006) and soft 

tissues (Becker et al. 2014). The relevant characteristic of SCVs in these cases is that most 

of the patients had been treated unsuccessfully with long period of antibiotics, suggesting 

SCVs are resistant to antibiotics (Proctor et al. 1995). These clinical data have confirmed 

that antibiotic resistant SCV-associated infections are becoming common and alarmingly 

when the medical cost and the mortality rate of relapse and persistent infection are 

incredibly increasing (Rubin et al. 1999; von Eiff et al. 2000). This is the basis for a focus 

on S. aureus SCVs and why these have been extensively investigated in recent years. 

Although despite a long period of intense studies, the understanding involved in the 

phenotypic and regulatory features as well as pathogenesis of S. aureus SCVs are still 

progressing but still requires more elucidation in the future (Proctor et al. 2006). One of the 

main hurdles in charactering SCVs is their rapid reversion to the parental cell-type in 

laboratory conditions.  

 

1.5.2.1. DEFINING CHARACTERISTICS 

S. aureus SCVs have a distinct phenotype which is characterized by a slow growth  

rate and atypical morphological and biochemical properties compared to the parental 

phenotype. Therefore, SCVs have just been defined after incubation after 48 or 72 hrs to 

form visible colonies on the solid agar plates. Their size of colonies are very small as pin-

point, or can be defined as less than 1/10
th

 in size compared to normal size of S. aureus 

colonies. In addition, the pigment of colonies is significantly reduced or colourless and 

their hemolysis is greatly reduced or negative (Proctor et al. 1995; Proctor et al. 2006; 

Sendi and Proctor 2009) (Fig 1.10).  
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Recent research have added a variety of new characteristics for SCVs, however, 

these findings may only be indicative for SCVs recovered from the specific strains or 

isolates within those studies. According to some authors, SCVs are auxotrophic for hemin, 

menadione and/or thymidine and an altered ability to utilise different carbon sources such 

as glucose and fructose but not able to use mannitol or other sugars such as turanose and 

lactose (Proctor et al. 2006; Atalla et al. 2011). Other reports showed that SCVs have 

reduced coagulase production and require more than 18 hrs of incubation to be coagulase 

positive (Proctor et al. 2006).  

 

SCVs have been often represented in a mixed population with normal S. aureus, 

furthermore, SCVs may revert to the (wild type) WT when growing together in the rich 

medium without adding antibiotics, this causes S. aureus SCVs to be frequently 

unidentified. In addition, the slow growth rate may affect the diffusion test or other 

antibiotic susceptibility tests, leading to the misidentification when using standard clinical 

microbiology procedures (Proctor et al. 2006). 

 

 

 

Figure 1.10. S. aureus WT (left panel) and SCVs (right panel) on Columbia blood-

agar plates. (Proctor et al. 2006).  
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1.5.2.2. REASONS FOR PHENOTYPE SWITCHING TO SCVS  

 

There has been an increasing body of investigation for decades on phenotypic switching 

mechanism from planktonic phenotype to alternative lifestyles such as SCVs, however, the 

exact mechanism is still not known. So far the investigations are focusing the 

auxotrophism related to the deficiency of an electron transport system, the intracellular 

adaptation and the environmental factors that might trigger the switching. 

 

 

 SCVs due to auxotrophism and the deficiency of electron transport system. 

The early studies have observed there is a link between auxotrophic phenotype 

menadione, hemin, and thiamine with the slow growth rate of SCVs. The addition of these 

compounds to the growth medium could restore the size of colonies (Proctor et al. 1995).  

Menadione and hemin auxotrophs SCVs have been often found in clinical patients 

suffering chronic respiratory infections and being treated with aminoglycosides (Balwit et 

al. 1994; Sadowska et al. 2002).  Thymidine auxotrophic SCVs have been initially isolated 

from patients with CF and with long-term trimethoprim sulphamethoxazole (SXT) 

treatment (Besier et al. 2008). However, these have also been found in non-pulmonary 

sites in patients such as endocarditis, osteomyelitis, soft tissue infections, bacteremia, 

sinusitis who undergo different antibiotic regimes and device related infections (Maduka-

Ezeh et al. 2012; Kahl 2013).  

 

After the discovery of the auxotrophic phenotype SCVs, a series of investigations 

hypothesized that the defects in the biosynthesis of menadione and hemin could be 

responsible for the formation of SCVs. Menadione and hemin are required for the 

biosynthesis of cytochromes and menaquinone in the electron transport system responsible 

for the generation of ATP. The production of ATP is required for cell wall biosynthesis, 

pigmentation and membrane potential to form the normal colonies. The membrane 

potential is known to facilitate the uptake of antibiotics, in particular, aminoglycosides. 

The biosynthesis of menadione is regulated by a number of genes including menD and 
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hemB whereas the biosynthesis of cytochrome is encoded by ctaA (Proctor et al. 2006; 

Lannergard et al. 2008; Melter and Radojevic 2010). The in vitro genetic mutation has 

been performed and as expected the hemB, ctaA and menD mutants exhibited the typical 

characteristics of SCVs such as tiny colonies on solid agar, and slow growth in liquid 

medium, decreased pigmentation, reduced haemolytic activity, decreased coagulase 

activity and increased resistance to aminoglycosides (von Eiff et al. 1997; Clements et al. 

1999; Bates et al. 2003) (Fig 1.11). 

 

SCVs which are deficient in thymidine biosynthesis have been thought not to be 

related to the electron transport system. Thymidine biosynthesis is performed with the 

presence of thymidylate synthase (ThyA), thus the deletion of the gene thyA is believed to 

cause the deficiency of thymidine and form thymidine-dependent SCVs (Proctor et al. 

1995). This hypothesis has been clarified through the finding of a clinical thymidine-

auxotrophic strain that produces a typical SCV can be complemented with thyA (Besier et 

al. 2007; Chatterjee et al. 2008). However, thymidine auxotrophs show a phenotype that is 

almost identical to electron-transport variants, thus it is suggested to be linked with the 

electron transport system through the hypothesised demand for a correct membrane 

potential. The uptake of thymidine by S. aureus SCVs is regulated by NupC, a ten-

membrane-spanning protein that requires an electrochemical gradient to facilitate 

thymidine uptake. Therefore, it is suggested that the mutation in nupC might result in the 

thymidine-dependant SCVs (Proctor et al. 2006) (Fig 1.11). 

 

 

Transcriptomic and proteomic analysis has been performed on hemin, menadione 

and thymidine mutants of S. aureus clinical isolates and site-directed mutants.  In general, 

the results revealed that the there were a reduced expression in TCA, purine metabolism, 

reduced production of α-toxin, fibronectin (FnBPA) which is important for bacterial 

invasion, and hemolysin (hla). The agr gene which regulates several virulence factors 

involved in important in pro-inflammatory and cytotoxic processes is down regulated 

(Kahl et al. 2005; von Eiff et al. 2006). In contrast, there is an up regulation of glycolysis 

pathway, fermentation pathway, arginine deaminase pathway, capsule biosynthesis, 

clumping factors, and PIA production (Kohler et al. 2003; Seggewiss et al. 2006; 
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Kriegeskorte et al. 2011). The 
B 

factor which is known as an important regulator of 

bacterial stress responses is down-regulated (Moisan et al. 2006; Mitchell et al. 2008).  

These results have implied that these stable SCVs mutants exhibit many properties that 

facilitate their attachment to, uptake into and residence and proliferation within host cells 

(Proctor et al. 2006; Sendi and Proctor 2009). These mutants (hemB and menD mutant) 

have been then used in several in vitro and in vivo infection models and found to be very 

well adapted to the intracellular environment as they cause much less damage to the host 

cells due to the less pro-inflammatory effects and therefore can persist in higher numbers 

within host cells compared to the parent strains (Sendi and Proctor 2009; Tuchscherr et al. 

2010; Garcia et al. 2012).  

 

Nevertheless, the proteomic profile of clinically derived SCVs showed some 

different points when compared to the profile of hemin-dependant SCVs and gentamicin-

induced SCVs. SCVs from a clinical isolate in one study showed the down regulation in 

TCA and purine/pyrimidine and folate metabolism processes but there was no increased 

expression of the glycolytic pathway as seen in a hemB mutant and gentamicin-induced 

SCVs. These results implied that the physiological changes between normal and SCV S. 

aureus phenotypes are quite different from SCVs by defined electron transport chain-

interrupting mutants or WTs.  

 

 

 

 SCVs induced by other factors. 

Despite the intensive focus on the deficiency in electron transport system, the 

phenotype switching to SCVs of S. aureus is still induced by various reasons. There is now 

increasing evidence that S. aureus SCVs phenotype is a strategy to adapt to unfavourable 

conditions that includes the intracellular milieu of chemical stresses, sub-lethal levels of 

antibiotics, various environmental stress conditions, and the presence of exo-products 

released from other species to be able to survive (Kahl 2013). 
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Figure 1.11. The hypothesized metabolic and energetic pathway involved in the 

formation of SCV phenotypes. (Proctor et al. 2006) 

The formation of SCV is involved in defects in electron transport, in particular from genetic mutation in 

menadione and hemin biosynthesis, this leads to a decreased ATP production, membrane potential and 

pigmentation. ATP is used for cell wall biosynthesis, amino acid transport and protein synthesis, thus a 

reduced amount of ATP causes a slower growth rate and thereby forming smaller colonies. When 

electrochemical membrane potential is decreased, the uptake of aminoglycosides and uptake of cationic 

compounds is attenuated, leading to the resistance to these antibiotics. The pigmentation is affected and 

reduced due to the reduced carotenoid biosynthesis. Similarly, although thymidine auxotrophs show a 

phenotype that is almost identical to electron-transport variants, the only link that has been established 

between these phenotypes is that the uptake of thymidine requires a membrane potential, a feature that is also 

defective in electron-transport-deficient SCVs. NupC, nucleoside-uptake protein; ThyA, thymidylate 

synthase; HemB, porphobilinogen synthase; MenD: Menaquinone biosynthesis protein; CtaA: Heme A 

Synthase or Cytochrome aa3-controlling protein. (Proctor et al. 2006). 
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 SCVs induced by Intracellular Persistence 

Previous research has indicated that S. aureus is able to invade non-phagocytic 

cells and within these cells they exist with or without switching phenotype to SCVs. While 

two reports showed that the phenotype switching of SCVs is absent, their ability to persist 

in host cells has not been clearly shown (Clement et al. 2005; Garzoni et al. 2007). There 

are a number of studies that do indicate the importance of SCVs in intracellular adaptation 

and persistence (Vesga et al. 1996; von Eiff et al. 2001; Tuchscherr et al. 2010). In 

particular, Lorena Tuchscherr and colleagues used the in vitro and in vivo infection model 

to point out that S. aureus still survived for long periods in different types of cells such as 

epithelial cells, endothelial cells and osteoblasts and in a murine model of chronic S. 

aureus infection survived largely by producing SCVs.  

 

The changes in gene expression are similar to those of SCVs with mutation in 

electron transport chain including up regulation of fnbA, down regulation of hla and agr. In 

addition, these SCVs recovered from the infection models and clinical specimens could 

revert quickly when they are sub-cultivated in rich medium and showed a significantly less 

evasion and an enhanced cytotoxicity. This result suggests that they might return to their 

WT form with normal virulence expression when they exit the intracellular milieu of 

stresses and attack other cells (Tuchscherr et al. 2010). These findings strongly support that 

formation of SCVs is a crucial part of the infection process and in the persistence in host 

cells. The intracellular environment may cover several stress factors that ignite the 

switching regardless their auxotrophism or deficiency in electron transport system.   

 

 

 SCVs induced by diversified stress factors 

It is not clear about the mechanism of environmental sensing and thereby lifestyle 

switching of native SCVs however the switching from a normal to a slow-growing or 

dormant phenotype is reported widely in bacteria and seems to be employed by several 

bacteria as bet-hedging strategy to response to environmental stress factors. During an 

infection and with the attack from phagocytic cells such as neutrophils, macrophages or 

non-phagocytic cells, bacteria are exposed to several stress factors such as limited 
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nutrition, ROS, RNS, other toxic metabolites, cationic peptides, fluctuating pH and 

osmolarity, and also several antibiotics (Tuchscherr et al. 2010). These factors might 

induce the formation of SCVs to help bacteria to avoid eradication. In particular, the 

intracellular conditions is supposed to be a shelter to hide bacteria from killing by the host 

immune system and variable antibiotic treatments, creating a potential source for chronic 

and relapsing infections but also lead to exacerbating and fatal situations if favourable 

conditions exist for bursting from the site (Schaaff et al. 2003). 

 

A number of studies have reported that SCVs are formed in vitro when exposing 

the WTs under certain conditions, such as sub-inhibitory concentration of antibiotics 

including gentamicin (Pelletier et al. 1979; Schaaff et al. 2003), vancomycin and penicillin 

(Onyango et al. 2013), and quinolones (pazufloxacin, sparfloxacin) (Mitsuyama et al. 

1997; Pan et al. 2002). A wide range of environmental stress factors such as hydrogen 

peroxide, low temperature, pH (Onyango et al. 2013) as well antibiotic stress (vancomycin 

and penicillin) has been recently determined to induce phenotype switching to SCVs. The 

conditions of stress that induced the formation of SCVs includes low temperature (4°C), 

low pH (pH 5) and high osmotic condition (NaCl 10%). These stress-induced SCVs have 

the typical characteristics of SCVs phenotype such as minute colonies with reduced or 

non-pigmentation and non-hemolysis. The change with significantly smaller cell size and 

thicker cell wall was also found in all treatments with stresses compared to its 

corresponding control of wild type S. aureus. Furthermore, there was a presence of a 

connecting substance (matrix between cells) in both control and SCV cells populations 

however, this matrix seemed to be more prevalent among the SCV cells compared to the 

wild type S. aureus cell (Onyango et al. 2013) (Fig 1.12).  

 

Apart from this, the combination of antibiotics within the local environment such as 

in the case of gentamicin bead placement for osteomyelitis treatment may select for SCVs 

(von Eiff et al. 1997). As clinical SCVs, these gentamicin-induced SCVs can revert back to 

WTs when antibiotic selection/induction is removed (Pelletier et al. 1979). The exposure to 

the exoproducts from other bacteria in the local environment such as P. aerugenosa 

(Hoffman et al. 2006; Mitchell et al. 2010) has been observed. P. aeruginosa releases two 
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signal molecules including 4-hydroxy-2-heptylquinoline-N-oxide and pyocyanin which 

affects the respiration system and induces the formation of SCVs in S. aureus (Hoffman et 

al. 2006; Biswas et al. 2009). 

 

 

Figure 1.12  SEM images of S. aureus WT and its vancomycin-induced SCVs. 

SEM images with SCV cells displaying a more prevalent extracellular matrix material (arrow) than its 

corresponding WT cells. (Onyango et al. 2013) 

 

 

 

 

1.5.2.3. CORRELATION BETWEEN SCVS AND BIOFILM FORMATION 

The relationship between S. aureus SCVs and biofilm formation is unclear 

although they share some similar characteristics such as both are slow-growing and more 

resistant to antimicrobials, and both cause the chronic or recurrent infections. The 

correlation between SCVs and biofilm formation has been recently manifested on several 

species such as S. epidermidis and P. aeruginosa (Kirisits et al. 2005; Al Laham et al. 

2007; Starkey et al. 2009). In S. aureus, the link between SCVs and biofilm have been 

recently investigated but remains unclear. A recent study has suggested that there is 

enhanced biofilm production due to the production of extracellular matrix material, in 

particular PIA production, in a menadione-auxotrophic S. aureus SCV compared to the 

WT strain (Singh et al. 2010).  In addition, the presence of the matrix was also visualised 

in antibiotic induced SCVs, but was not quantified, although it seemed to be more 



C h a p t e r  1    P a g e  | 45 

 

 

 

prevalent. However, in a previous study, Singh, Ray et al, 2009, has shown the role of 

persisters is more significantly associated with biofilm formation when exposed to five 

antibiotics (oxacillin, cefotaxime, amikacin, ciprofloxacin and vancomycin) (Singh et al. 

2009). In this study, persisters are defined as small sub-populations of bacteria that survive 

lethal concentrations of antibiotics without any specific resistance mechanisms whereas 

SCVs were detected as auxotrophy for haemin, thiamine and menadione. This confusing 

definition seems to render the similarity between SCVs and persisters whereas persisters 

are somehow considered as stress induced SCVs. In brief, the relationship between SCVs 

and biofilms may be important in S. aureus pathogenesis but this is still unclear, and needs 

further investigation. 

 

 

1.6. THE PROJECT 

1.6.1. SUMMARY OF PREVIOUS RESEARCH 

The formation of SCVs or biofilms has been demonstrated to be regulated by 

multiple environmental factors. Most of the previous research focuses on determining that 

the formation of SCVs and biofilms is a specific adaption to counter exposure to antibiotic 

challenge, however, some recent studies indicated that the SCVs can be induced from other 

stress factors such as pH, cold temperature and NaCl. Furthermore, some studies suggest 

the intracellular environment induced the formation of SCVs, indicating the stress factors 

generated from the host cells such as oxidative stress or nitrosative stress or other 

metabolic stresses might contribute into the formation of SCVs.  

Besides SCVs, the factors inducing biofilm formation have been investigated 

intensively and extensively through the induction of PIA production, however although 

PIA is an important component, it is not ubiquitous for all strains. The role of other 

components seems to play an essential part such as eDNA and CWA proteins. In addition, 

these variations in studies on biofilms and SCVs would highlight that clinical strains 

respond vastly differently to stresses, this might suggest the different molecular 

mechanism in switching lifestyles. Taken together, there are still many questions that 
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remain to be answered in regards to the process of formation of SCVs and biofilms as well 

as the underlying molecular pathways related to these phenotypes. On the other hand, there 

are different bacterial factors that may contribute to the phenotype switching to biofilms 

and SCVs and this relates to survival in different niches of the host (such as surface 

structures). From this view, our project is concerned with the potential role of 

environmental stress factors that have not been studied yet act as triggers by inducing 

strain-specific switching of S. aureus to alternative phenotypes of biofilms and SCVs.  

 

1.6.2. HYPOTHESIS 

We hypothesiz e that there is a difference in the response to nitrosative, oxidative 

and aldehyde stress in S. aureus clinical isolates and this response can induce the switching 

of lifestyles from WTs to biofilm or SCVs and changes (increase/decrease) in levels of 

pigmentation. In addition, the formation of SCVs is involved in long-term survival and  

adaptation under stress conditions such as limited nutrition or chemical stress. Linked to 

this is that there are potential changes in particular molecular pathways involved in the 

stress response that select for SCV under a prolonged growth in the presence of stress and 

this defines switch in lifestyle to persister cells.  

 

1.6.3. AIMS OF PROJECT 

1.6.3.1. AIM 1 

The first aim of this project is to identify the involvement of host-relevant environmental 

stresses on the strain-specific switching of S. aureus to biofilm and SCVs lifestyles and to 

determine if the formation of SCVs and biofilms is a mechanism for survival. In order to 

achieve this aim, this research has the following specific objectives: 

 Collect a number (63) of S. aureus clinical strains isolated from different tissue 

sites, and identify them as MRSA and MSSA.  
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 Collect a number of reference strains (9) to compare as the controls. Reference 

strains are those whose genomes and other characteristics are well documented  

 Choose a variety of stress conditions which are host-relevant and which may induce 

switching of the S. aureus lifestyle.  

 Assess the growth kinetics of one reference strain under a variety of environmental 

stress conditions including oxidative stress, nitrosative stress, aldehyde stress and 

antibiotics. 

 Expose clinical strains to different stresses by using two levels (low- and high-

level) to assess differences in the growth under stress. 

 Identify the formation of biofilms and SCVs by clinical isolates based on the 

adherence and the presence of a biofilm matrix and the typical characteristics of 

SCVs.  

 Verify the change in colony and cell morphology under different stress conditions. 

 

1.6.3.2. AIM 2 

The second aim is to determine whether or not the formation of SCVs is related to long 

term survival and adaptation under stress condition, ie. growth over a prolonged timeframe 

with stress selects  a particular phenotype amongst the S. aureus population. The objectives 

for this aim are: 

 Establish an in vitro long-term model of continuous culture (using a chemostat) 

with limited nutrition and different growth rates (low and high) and with/without 

the presence of chemical stress and low level of oxygen to mimic the host 

condition.  

 Monitor the possible changes in colony and cell morphological characteristics of 

one clinical strain  

 Identify the formation of biofilms linked to SCVs based on the adherence and the 

presence of a biofilm matrix and the typical characteristics of SCVs. 
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1.6.3.3. AIM 3 

The third aim is to elucidate the changes in regulation of metabolic pathways and other 

substances that may reveal the possible mechanism for the phenotype switching. The 

objectives for this aim include: 

 Extract and purify RNA for the samples at the chosen time points of prolonged 

growth. 

 Perform transcriptomics (RNA sequencing and data analyzing) to verify the 

changes in regulation of metabolic pathways and other proteins which related to 

phenotype alteration.  

 Validate RNA sequencing results by determining the expression of the membrane 

proteins using proteomic protocols. 

 Extract genomic DNA from parental and SCV cell-types and sequence their 

genomes to assess the changes that occur during the development of SCVs. 

 

 

 

1.6.4. SUMMARY AND SIGNIFICANCE OF PROJECT  

 

The role of phenotype switching to biofilm and SCVs in S. aureus pathogenesis is 

undeniable and the formation of these lifestyles is a likely stress response relevant within 

the host. However, the understanding about the mechanisms underlying these phenotype 

alteration is still incomplete and depends on several factors including host factors, bacterial 

factors and environmental factors. In particular, the host factors are considerably important 

in switching lifestyle and these include intracellular chemical milieu produces stress on the 

bacteria and the time duration that is relevant to colonisation and long term infection.  

 

S. aureus is a versatile organism which has a strong ability to survive in the 

environment. Once it can survive in the host by colonising the nasal nares or spread 

through the bloodstream, this pathogen can invade and lodge within other anatomical 
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niches such as lung, heart valves, endocardium and periosteum. The environment inside 

the extra- and intra-cellular environment is not ideal for the growth of bacterial due to 

limiting nutrition, limiting oxygen and the presence of several toxic metabolites and this 

elicits a bacterial stress response.   

 

One type of response is growth as a biofilm. Biofilms are more resistant and  

enable the spread and survival of the pathogen as a result of the dissemination from the 

original biofilm and migration to other tissues. Alternatively, in response to stress, S. 

aureus may change its phenotype to slow-growing sub-populations which include SCVs. 

SCVs may be a transient lifestyle designed to avoid unfavourable conditions but may 

revert to WT to cause disease. The versatility and complexity of phenotype switching is a 

major challenge for diagnosis and treatment. Therefore, it is important to understand 

different molecular aspects of biofilms and SCVs formation to develop strategies to 

eradicate S. aureus associated with chronic and relapsing infections.  

 

Potential vaccines against Staphylococcal infection are now being developed, such 

as antisera have been raised to PIA (Kelly-Quintos et al. 2006) and FnbP (Rennermalm et 

al. 2001) have proven effective in animal infection models. However, these vaccines still 

need to be tested for their usefulness against biofilm or SCVs associated infection to 

ensure they will not cause the chronic or relapsing infections. Otherwise, vaccines or new 

therapies should target biofilms and SCVs to overcome antibiotic resistance. This project 

may define the role of the stress response in biofilm and SCVs formation by host-relevant 

agents and identify the possible specialized pathways or determinants involved in 

switching lifestyles and could lead to a potential drug target common to all S. aureus 

phenotypes.  



 

 

 

 

 

 

 

 

  

Chapter 2 

MATERIALS AND 

METHODS 

Chapter 2 highlights the material and methods used in the study. The main materials 

consist of a set of 63 clinical strains and 9 reference strains as well as 9 representative 

chemical stresses. The methods relate to the screening of strains that might be induced 

by stress conditions and lead to the alteration of their planktonic lifestyle. Biofilm 

assays were used to assess the adherence to polystyrene microtitre trays under non-

stress and stress conditions. In addition, the pigmentation under stress conditions is 

assessed.  SCVs selection under stress condition is also characterized by observing the 

colony formation from batch and continuous culture (chemostat). Subsequent DNA 

sequencing was used for selected SCVs to confirm the identity of S. aureus and RNA 

sequencing is concurrently used to give the transcriptomic profile to reveal changes in 

SCV’s regulation corresponding to different conditions. Last but not least, membrane 

proteins are verified to confirm the transcriptomic profile 
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Chapter 2. MATERIALS AND METHODS 

2.1. GENERAL CHEMICALS AND MEDIA 

2.1.1. CHEMICALS, REAGENTS AND PREPARATION 

The majority of chemicals used in this study (amino acids, vitamins, primers, 

antibiotics, aldehydes, etc.) were purchased from Sigma-Aldrich (US), and from Oxoid 

(Australia). Nine representative chemicals were used as stressors, including: 

1.  Acrolein (solution 95%, M=56.06 g/mol, D=0.839 g/mL) 

2.  Formaldehyde (solution 38% in water, M=30.03 g/mol, D=0.815g/mL) 

3.  Glyoxal (solution 40% in water, M=58.04 g/mol. D=1.27 g/mL) 

4. Hydrogen peroxide - H2O2 (solution in water 30%, M=34.02 g/mol, D=l.135 g/mL)  

5. Methylglyoxal (solution 40% in water, M=72.06 g/mol, D=1.046 g/mL) 

6.  Glycolaldehyde dimer (white crystalline, M= 120.10 g/mol, D=1.065g/mL) 

7. Glyceraldehyde (white crystalline, M= 90.08 g/mol, D=1.455 g/mL) 

8. Malonaldehyde (white crystalline, M=72.06 g/mol, D=0.991 g/mL) 

9. GSNO (S-Nitrosoglutathione).  

 

Except for GSNO, chemicals were prepared by making stock solution of 1% (v/v) 

or 0.1 M by dissolving in water. The 0.1M GSNO solution was prepared by mixing 650 μL 

NaNO2 in the solution of GSH (Sigma-Aldrich) acidified with HCl (20 mg Glutathione 

(GSH) dissolved in 650 μL HCl) as described by De Groote et al, 1995. This solution was 

kept in the dark and on ice to avoid degradation. The 0.1% solution of crystal violet was 

prepared the solution was filtered using a 0.2 µm Bottle Top Filter (Nalgene). Antibiotics 

purchased from Sigma including vancomycin, oxacillin and ciprofloxacin were prepared 

by making stock 0.2 mg/mL in distilled water and filtered using  a 0.2 µm Bottle Top 

Filter. 

 

The chemicals used in techniques relating to DNA, RNA or protein such as 

oligonucleotide primers, DNAse, RNase, proteinase K, chymotrypsin, kits for DNA and 

RNA extraction and purification, were purchased from Sigma (US), Invitrogen (US) and 

Promega (Australia).  
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2.1.2. MEDIA AND PREPARATION 

 General media 

Media used to grow S. aureus included rich nutrient media Tryptic Soy Broth (TSB) 

(17 g/L Pancreatic digest of casein, 3 g/L enzymatic digest of soya bean, 5 g/L sodium 

chloride, 2.5 g/L K2HPO4, 2.5 g/L Glucose). TSB was prepared with 3.0% (w/v) TSB 

Powder (Oxoid) in MiliQ water and was then sterilized by autoclaving at 121
o
C for 20 

mins. For solid media (TSA), 1.5% (w/v) agar powder was added. Horse Blood Agar was 

prepared as 3.9% (w/v) Columbia base agar (Oxoid, Australia) with 5% (v/v) defibrinated 

horse blood (Oxoid, Australia) added after autoclaving and cooling to ~ 50
o
C.  

 

 Chemically defined media (CDM) 

CDM broth was used for the chemostat and was prepared as previously described 

(Hussain et al. 1991); its principal constituents were glucose, 18 amino acids, and 6 

vitamins. The details of the concentration of components is indicated in Table 2.1.  

The preparation procedure was modified in that components were grouped as 4 

separate groups. The stocks 10X (group 1, 2 and 3) or stock 100X (group 4) for each group 

were prepared and all solutions were filtered sterilized using a 0.2 µm Bottle Top Filter 

and stored at room temperature. To prepare desired volumes of CDM, the stocks were 

diluted 10 times (group 1, 2 and 3) or 100 times (group 4) with MilliQ water to make final 

solution of 10 litres and the pH was adjusted with HCl (35%) to obtain pH 7.5. For small 

volumes (1-2 L), after mixing the components together and adjusting pH, the CDM was 

filter sterilised using a 0.2µm Bottle Top Filter. For the chemostat system which required 

10L, the CDM was filtered using pressure filtering system (Milipore, US) containing 

10mm cellulose actetae filters with a 0.22 μm pore size (Milipore-Durpore, US) The 

reservoir containing CDM was left at the 37
o
C for at least 2 days to ensure sterility or 

absence of chemical precipitation. 
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Table 2.1 Composition of CDM 

Ingredients  Concentration (mg/L) Concentration (mmol/L) 

Group I (18 Amino acids) 

L-Aspartic acid 150 1.13 

L- Alanine 100 1.12 

L- Arginine 100 0.57 

L-Cystine 50 0.21 

L-Glycine 100 1.33 

L-Glutamic acid 150 1.02 

L-Histidine 100 0.65 

L-Isoleucine 150 1.14 

L-Lysine 100 0.68 

L-Leucine 150 1.14 

L-Methionine 100 0.67 

L-Phenylalanine 100 0.6 

L-Proline 150 1.3 

L-Serine 100 0.95 

L-Threonine 150 1.26 

L-Tryptophan 100 0.49 

L-Tyrosine 100 0.55 

L-Valine 150 1.28 

Group 2 (Glucose) 

Glucose  2500 13.9 

Group 3 (Salts+Minerals) 

MgSO4 500 4.15 

Na2HP04 10000 70.44 

KH2P04 3000 22.04 

CaCl2 10 0.09 

MnCl2 5 0.04 

(NH4)2S04 6 0.05 

Fe(NO3)3 6 0.04 

Group 4 (Vitamins) 

Biotin  1 0.004 

Nicotinic acid  2 0.016 

D_Pantothenic acid, Ca salt  2 0.004 

Pyridoxal  4 0.016 

Riboflavin  2 0.005 

Thiamin  2 0.007 
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Table 2.2 Modification of Chemically Defined Medium 

Name Modification 

CDM-18AA CDM containing 18 amino acids and glucose 

CDM-18AA No Glucose CDM 18AA containing 18 amino acids and no glucose 

CDM-15AA CDM no glutamic acid, proline and arginine  

CDM-15AA-No Glucose CDM no glutamic acid, proline and arginine and no glucose 

 

 

 

2.2. BACTERIAL STRAINS  

The nine reference strains used in this project were purchased from Network of 

Antimicrobial Resistance in S. aureus (NARSA, USA) and are major pathotypes of S. 

aureus whose genomes have been sequenced. The strains were used as controls for most 

experiments. The details of these reference strains is shown in Table 2.3. 

 

In addition, 63 S. aureus clinical isolates were collected from the Adelaide Women 

and Children’s Hospital (WCH, Adelaide, South Australia) with aid of Prof John Turnidge 

and Dr Jan Bell. The strains were isolated from various body sites including the 

bloodstream (BC), lower respiratory (LR), skin and soft tissue infection (SSTI) and 

patients with cystic fibrosis (CF). In total, there were 20 samples from BC, 20 samples 

from LR, 20 samples from SSTI and 3 samples from CF. The detail of these clinical 

isolates is shown in Table 2.4 

 

The strains were first identified as MRSA or MSSA using oxacillin MIC 

identification method and further tested for stress responses in assays involved in biofilm, 

SCV formation and pigmentation. 

  



C h a p t e r  2    P a g e  | 54 

 

 

 

 

Table 2.3 List of S. aureus reference strains used 

Strains Description Source 

 

NCTC 8325  

Standard lab strain;  non-pigmented, agr group I ,   rsbU-

, hib-, agr+, sak+ . Strain sequenced at Univ. of 

Oklahoma   

NARSA 

COL   MRSA, Strain sequenced at TIGR NARSA 

N315  HA-MRSA, isolated from respiratory system, resistant to 

erythromycin and spectinomycin. Whole genome 

sequenced at the National Institute of Technology and 

Evaluation, Tokyo  

NARSA 

Mu3 

(ATCC700698) 

MRSA strain with heterogeneous vancomycin-

intermediate resistance, isolated from purulent sputum 

NARSA 

Mu50 

(ATCC700698) 

MRSA strain with vancomycin-intermediate resistance. 

Resistant to aminoglycosides and tetracycline 

(minocycline) isolated from wound whole genome 

sequenced at Juntendo University, Japan. 

NARSA 

MRSA252  Epidemic MRSA strain isolated from bloodstream and 

sequenced at Sanger Centre, UK.  

NARSA 

MW2 (USA400)  A community-acquired MRSA strain isolated from 

bloodstream and sequenced at the National Institute of 

Technology and Evaluation, Tokyo. Susceptible to non 

beta-lactam antibiotics.  

NARSA 

MSSA476  Hyper-virulent community-acquired MSSA sequenced at 

Sanger Centre, UK  

NARSA 

JE2 Laboratory strain derived from S. aureus USA300 LAC, 

a highly characterized CA-MRSA.  

NARSA 
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Table 2.4 List of S. aureus clinical strains used 

Strains Description Source 

WCH-SK1  Bloodstream  WCH 

WCH-SK2  Bloodstream  WCH 

WCH-SK3  Bloodstream  WCH 

WCH-SK3  Bloodstream  WCH 

WCH-SK4  Bloodstream  WCH 

WCH-SK5 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK6 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK7 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK8 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK9 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK10  Bloodstream  WCH 

WCH-SK11  Bloodstream  WCH 

WCH-SK12  Bloodstream  WCH 

WCH-SK13  Bloodstream  WCH 

WCH-SK14  Bloodstream  WCH 

WCH-SK15 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK16 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK17 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK18 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK19 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK20  Bloodstream  WCH 

WCH-SK21  Bloodstream  WCH 

WCH-SK22  Bloodstream  WCH 

WCH-SK23  Bloodstream  WCH 

WCH-SK24  Bloodstream  WCH 

WCH-SK25 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK26 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK27 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK28 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK29 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK30  Bloodstream  WCH 

WCH-SK31  Bloodstream  WCH 
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Table 2.4 List of S. aureus clinical strains used (cont.) 

 

Strains Description Source 

WCH-SK32  Bloodstream  WCH 

WCH-SK33  Bloodstream  WCH 

WCH-SK34  Bloodstream  WCH 

WCH-SK35 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK36 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK37 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK38 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK39 Wound - Soft and Skin Tissue Infections  WCH 

WCH-SK40 Lower Respiratory  WCH 

WCH-SK41 Lower Respiratory  WCH 

WCH-SK42 Lower Respiratory  WCH 

WCH-SK43 Lower Respiratory  WCH 

WCH-SK44 Lower Respiratory  WCH 

WCH-SK45 Lower Respiratory WCH 

WCH-SK46 Lower Respiratory  WCH 

WCH-SK47 Lower Respiratory  WCH 

WCH-SK48 Lower Respiratory  WCH 

WCH-SK49 Lower Respiratory  WCH 

WCH-SK50 Lower Respiratory  WCH 

WCH-SK51 Lower Respiratory  WCH 

WCH-SK52 Lower Respiratory  WCH 

WCH-SK53 Lower Respiratory  WCH 

WCH-SK54 Lower Respiratory  WCH 

WCH-SK55 Lower Respiratory  WCH 

WCH-SK56 Lower Respiratory  WCH 

WCH-SK57 Lower Respiratory WCH 

WCH-SK58 Lower Respiratory  WCH 

WCH-SK59 Lower Respiratory  WCH 

WCH-SK60 Lower Respiratory  WCH 

WCH-SK61 Cystic Fibrosis  WCH 

WCH-SK62 Cystic Fibrosis  WCH 

WCH-SK63 Cystic Fibrosis  WCH 
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2.3. BACTERIAL GROWTH AND STORAGE 

S. aureus strains were cultured overnight in 10 mL TSB broth for all growth  

assays. The fresh colonies of bacterial strains were taken routinely from the -80
o
C frozen 

glycerol stocks on TSA plates supplemented with chemical stress or antibiotics where 

appropriated. Agar plates containing bacterial strains were incubated overnight at 37
o
C in 

5% CO2 in a SANYO CO2 Incubator. Plates were stored at 4
o
C for a maximum of 2 weeks. 

For storage, all bacterial strains were grown to mid-log phase (OD630nm ~ 0.3-0.5) 

centrifuged 4,000 rpm for 10 mins in the Eppendorf Centrifuge 4810R. Cell pellet was 

then resuspended with 1 mL TSB combined with 1 mL sterile glycerol (80%) in 2 mL 

tubes (Eppendorf). Stocks were stored at -80
o
C in a freezer (SANYO Ultra-Low Freezer -

80 MDF-U73V).  

 

 

2.4. DETECTION OF MRSA AND MSSA USING OXACILLIN 

The susceptibility to oxacillin has been used to classify S. aureus as MRSA or MSSA. An 

Oxacillin MIC (minimum inhibitory concentration) was performed as recommended by the 

National Committee for Clinical Laboratory Standards (NCCLS). According to current 

NCCLS guidelines the MRSA strains were identified as MIC ≥ 4 µg /mL and MSSA as 

MIC ≤ 2 µg /mL.   

 

 

2.5. BACTERIAL GROWTH UNDER STRESS CONDITIONS 

The growth curve in non-stress conditions was first performed in 96-well, 

microtitre plates (96 wells, flat bottom, polystyrene, Falcon, US) containing rich media 

(TSB). In brief, 5 x10
5 

cells (CFU) were inoculated into each well containing 250 μL of 

TSB and incubated at 37
o
C. Optical density (OD630nm, BioTek EL808 Spectrophotometer) 

was measured over a period of 24 h at time points of 1h, 2 h, 4 h, 8 h, and 24 h, at 37
o
C 

with aeration. In order to determine the impact of oxidative, nitrosative and aldehyde stress 
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on the growth of bacteria, a range of concentrations were tested on representative clinical 

and laboratory strains. Two optimal concentrations were chosen and designated as a low 

level and high level of stress that would reduce the growth of these strains quite 

significantly but would not be lethal to the strains. The low level of stress was defined as 

growth inhibition of 20-30% compared to non-stress conditions and the high level of stress 

was growth inhibition of 70-80%. The different concentrations of stress were then applied 

to all clinical and reference strains. Growth curve analysis assays with each stress were 

also performed at high O2 tension at 37
o
C. OD630nm readings were recorded after 24 h. All 

assays were performed in triplicate, the mean OD and standard deviation (SD) values were 

calculated. 

 

 

 

2.6. BIOFILM ASSAY WITH STRESSES IN BATCH 

CULTURE 

Biofilm assay was carried out in 96-well microtitre plate using a method previously 

described by O’Toole and Kolter (O'Toole and Kolter 1998; O'Toole and Kolter 1998). In 

brief, 5 x10
5 

cells (CFU) were inoculated into the microtitre plate containing specific 

concentrations of different chemical stresses, along with no stress and no inoculum 

controls. Plates were incubated at 37
o
C for 24 h, and then planktonic cells were removed 

by washing with PBS (1X) 3 times and air dried. Biofilm cells were visualized by staining 

with 0.1% crystal violet (w/v). The volume of 150 μl of 0.1% crystal violet was added to 

each well and the plates were incubated at 4
o
C for 15-30 mins before washing vigorously 

with distilled water and being air dried. To quantify biofilm, 230 μL of ethanol-acetone 

(20:80, v/v) was added and OD630 values were read. Each sample was performed with eight 

replicates, and values presented as an average with the associated standard deviation. 
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2.7. PIGMENTATION  

The pigmentation of S. aureus strains under stress conditions was assessed using direct 

observation. The bacterial cultures were streaked on TSA plate agars supplemented with 

chemical stresses and incubated for 24 h. To quantify the pigment of some representative 

strains, pigments were extracted using the method of Morikawa et al (Morikawa et al. 

2001). Each strain was cultured in 10 mL TSB at 37°C for 24 h with shaking (210 rpm). 

Following incubation, cells were harvested from cultures by centrifugation (3890 x g, 10 

min) and washed with sterile MilliQ water 2 times and air dried. The cells were then 

suspended in 200 µl of methanol and transferred into 1.5 ml Eppendorf tubes, and heated 

at 55°C in heat block (Corning, US) for 3 mins. Cell debris was removed by centrifugation 

at 13,400 rpm for 1 min in an Eppendorf Minispin Centrifuge. The extracts were finally 

collected in a new tube and the OD450 nm (specific wavelength of carotenoids) values were 

read and normalized against cell numbers. 

 

2.8. DETECTION OF SCV PHENOTYPE UNDER STRESS 

CONDITIONS 

To characterize SCV under stress conditions, each strain (5 x10
5
 cells) was separately 

inoculated into 200 µL TSB in a 96-well microtitre plate. The chemical stress at specific 

concentrations was added and the plate was then incubated at 37
o
C for 18-24 h. Following 

the incubation, 100 µL of each culture was diluted and plated onto TSA and grown for 36-

72 h at 37
o
C. Quantitative assessment of SCV was performed by observing colony size, 

hemolysis and pigmentation; SCVs were defined as the diameter of colonies ≤ 1 mm (1/5
th

 

- 1/10
th

 the normal size of colonies). The hemolysis features were also defined by 

inoculating onto Blood Agar. The percentage of SCVs was calculated by the number of 

SCV colonies divided by the total number of colonies on each plate.  
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2.9. DETERMINATION OF REVERTED SCVS 

SCVs were tested for reversion by sub-culturing individual colonies onto TSA plates 

overnight with non-stress conditions (37°C, 48-72 h). The capacity of the SCV colonies to 

revert to normal size colonies was recorded if there was the change in size and appearance 

(diameter>1mm, pigmented and haemolytic).  

 

2.10. CONTINUOUS CULTURE GROWTH IN CHEMOSTAT 

Batch culture is used widely for its quick and simple method of growing bacteria; 

however, because of changing concentrations of products and reactants, varying pH and 

redox potential, and a complicated mix of growing, non-growing, dying, and dead cells, 

understanding of bacterial physiology and it’s relevance to the host are likely to be either 

unstable or inaccurate. In contrast, continuous culture allows for steady state growth where 

growth parameters such as pH and aeration can be strictly controlled and therefore 

produces enhanced reproducibility for transcriptomic, proteomic, and metabolic data 

(Herbert et al. 1956; Hoskisson and Hobbs 2005). Continuous culture is often used to 

mimic the limited-nutrient conditions experienced in the host environment. Due to control 

of nutrient limitation, one of the many advantages of using continuous culture is that the 

growth rate of bacteria can be reduced to those relevant in vivo. (Herbert et al. 1956).  

A chemostat system (BioFlo C30 Chemostat; New Brunswick Scientific, NJ, USA) 

was established with a working volume of 365 mL. The system design with its components 

was illustrated in Fig 2.1. The inflow of sterile medium from the medium reservoir is 

controlled by a peristaltic pump and is equal to the efflux of spent medium, living cells and 

cell debris. The growth of bacteria is proportional to the rate at which the culture is being 

diluted. The rate of medium flow into the culture vessel is related to its volume, and is 

defined by the dilution rate D, in which D = F/V (F is the flow rate, V is the culture 

volume). The growth rate of bacteria is proportional to the dilution rate as the growth  rate 

(μ) is equal to the dilution rate (D) of the media flowing into the culture vessel (Herbert et 

al. 1956). 
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Figure 2.1 The chemostat design and its components used in the study 

The chemostat consisted of a sterile nutrient reservoir connected to the culture vessel which contains several 

ports for air input, sampling, temperature or pH control. Fresh medium containing a specific concentration of 

growth -limiting nutrients essential for cell growth was pumped continuously to the vessel at an appropriate 

flow rate. The bacterial culture was removed from the vessel and monitored by a overflow spout, in order to 

maintain a constant volume of fluid. The culture was  heated using a heating element which was 

electronically controlled to give 37
o
C. All system is established in a biohazard cabinet to reduce the 

likelihood of contamination.   

Peristaltic pumppH controller

Reservoir 
containing 
CDM

Base Vessel containing  
propeller /temperature 
conductor/ pH 
electrode/air pump

Pipe 
connected 
to waster 
container
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To accurately obtain continuous culture and control growth rate, a limiting nutrient 

must be determined. Firstly, the growth nutrient requirements were verified for the S. 

aureus strain (WCH-SK2) using the same CDM (Table 2.1) and a modified CDM (Table 

2.2). It was acknowledged that amino acids that were essential are arginine, proline and 

glutamic acid (Taylor and Holland 1989) and so these were added back at increasing 

concentrations to the modified CDM. Accordingly, the concentrations of the three amino 

acids and glucose were set so that growth rate (μ) was proportional to the dilution rate (D) 

of CDM into the chemostat culture vessel.   

Secondly, the growth rate was modified as the growth rate relative (μrel) to the 

organism’s maximum growth rate (μmax). The μmax was determined by growing bacterial 

strain under batch culture in the chemostat using CDM. Bacteria were inoculated from an 

overnight pre-culture to chemostat vessel containing 365 mL and the culture was grown at 

37
o
C (200 rpm) for 12 to 24 hours and growth monitored by measuring OD630nm at every 

one hour in first eight hours and 24 h-timepoint.  

The μmax and generation time (Tg) in log phase was then calculated, μmax = 0.67 h
-1

 

and Tg=1.03 h. Using the relationship Tg = ln2/D, the growth rate of bacteria was first 

maintained at high growth rate of μrel = 0.75 (D = 0.536, F=105 ml/h, Tg = 1.33 h) for 10 

generations after reaching steady state. The growth rate was changed to a low growth rate 

of μrel=0.15 (D = 0.096 h
-1

, F=35 ml/h, Tg = 6.9 h) and allowed the culture to reach steady 

state. These two growth rates were chosen as within the host, and most anatomical niches 

there is likely to be a change in the availability of nutrients during colonization and the 

transition from health to disease. The lower growth rate was used as a best representation 

of the expected in vivo growth. 

2.11. DETERMINATION OF MIC OF METHYLGLYOXAL 

This method was performed by the broth micro-dilution technique similar to MIC 

for antibiotics. In brief, In brief, 5 x10
5 

cells (CFU) were inoculated into each well 

containing 250μL of TSB and the added chemical (methylglyoxal) was diluted with 

dilution factor 1/4. The MIC value was recorded as the lowest methylglyoxal concentration 

at which there was no visible bacterial growth.  
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2.12. ASSESSMENT OF SCV PHENOTYPE FORMATION IN 

CONTINUOUS CULTURE 

Samples were taken each day and were plated to determine the CFU/mL and assess 

colony phenotype and other analyses (SEM and biofilm assays). The initial study followed 

the growth for 10 days, moving from batch culture, to continuous and steady state at the 

higher growth rate followed by the low growth rate, as described in the experimental 

Section. The subsequent experiment followed growth over 60 days, adding the 

methylglyoxal chemical stress at day 30 (0.0078%). This concentration was a sub-lethal 

dose when using batch culture. Methylglyoxal was added to the growth medium reservoir, 

and therefore the concentration slowly increased in the culture vessel over time. At day 17 

after methylglyoxal was added at 0.0078% (day 47), the concentration in the growth media 

was increased to 0.031% methylglyoxal (higher than the MIC in batch growth). The 

growth and phenotype of the bacteria was followed until day 60.  

 

2.13. SCANNING ELECTRON MICROSCOPY (SEM) 

SEM was performed on various bacterial samples (that is, samples taken at the 

described time points from the chemostat, batch culture grown cells and variously stress-

induced cells taken throughout the study). Bacterial cells were filtered through 0.2 μm 

Whatman filter and the filter paper was fixed with fixative solution (4% 

paraformaldehyde/1.25% glutaraldehyde in PBS + 4% sucrose, pH 7.2). This was further 

washed with PBS/4% sucrose and post-fixed for 1 hr with 0.1% osmium tetraoxide. 

Subsequently, a series of dehydration steps was used with incubation of 10 mins three 

times in each in 70%, 90% and 100% ethanol baths. The samples were then dried using 

Bal-tec Critical Point Dryer CPD030 and mounted on a stub for coating with platinum. The 

images were then examined using a Phillips XL30 field emission scanning electron 

microscope (US) at Adelaide Microscopy.  
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2.14. DETERMINATION OF COMPONENTS OF BIOFILM 

To identify the presence of biofilm, in particular eDNA, the Baclight® kit 

(Invitrogen, US) containing a mixture of SYTO9-green and propidium iodide (PI)-red was 

used and diluted to appropriate concentrations, using manufacturer’s instructions. SYTO9 

visualizes live cells due to its permeability through the bacterial cell membrane and it 

stains the cellular nucleic acid whereas PI is impermeable and therefore only binds to DNA 

of dead cells or eDNA.    

 

To determine the EPS matrix, a cocktail of 5 fluorescently-conjugated lectins; a 

cocktail of 5 lectins consisting of Alexa 488-conjugated lectins (Invitrogen) including 50 

μg/ml of Concanavalin A (ConA), 100 μg/ml of Lectin GS-II from Griffonia simplicifolia 

(GSA), 100 μg/ml of Wheat Germ Agglutinin (WGA), 50 μg/ml of Lectin PNA From 

Arachis hypogaea (peanut) and 50 μg/ ml of Lectin SBA from Glycine max (soybean).  

(Hall-Stoodley et al. 2008) 

 

These fluorescent-conjugated lectins were used to visualize different chemical 

bonds within the polysaccharide structure. ConA is specific for α-mannopyranosyl and α-

glucopyranosyl residues; GSA is specific for terminal α- and β- linked N-acetyl-D-

glucosaminyl residues. WGA is specific for N-acetyl glucosamine and N-acetylneuraminic 

acid. PNA is specific for terminal α- and β-N-acetyl-galactosamine and galactopyranosyl 

residue and SBA is specific for terminal β-galactose. To visualize the polysaccharide 

together with eDNA, three μl of PI for DNA stain was added per ml of the cocktail to 

differentiate the presence of eDNA and polysaccharide. The samples were incubated in the 

dark for 15-30 minutes. Following the incubation, the samples were spotted on glass slides 

and sequentially imaged with an Olympus IX-70 with DA/FI/TX-3X-A-OMF filter 

(Semrock) microscope using a 100X objective. Fluorescence and phase contrast images 

were captured and false colour merged with the Metamorph software program (Version 

7.7.3.0, Molecular Devices).  
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2.15. TECHNIQUES FOR DNA MANUPLATION 

2.15.1. SPECIES IDENTIFICATION OF SCVS BY DNA SEQUENCING 

To confirm the identity of small colonies, 16S rDNA sequencing was applied to 

SCVs and normal colonies. The genomic DNA of these colonies was extracted and 

purified using Wizard Genome DNA purification kit (Promega). The 16S rDNA primers 

used for PCR were 27F AGAGTTTGATCMTGGCTCAG (forward primer) and 1492R 

TACGGYTACCTTGTTACGACTT (reverse primer). The PCR products were purified 

and sequenced by IMVS Royal Adelaide Hospital. The sequences obtained were put on 

BLAST/NCBI to determine the identification. 

 

 

2.15.2. STAPHYLOCOCCAL CHROMOSOMAL DNA EXTRACTION  

For 16S rDNA sequencing, chromosomal DNA of each bacterial strain tested was 

isolated using the Wizard Genomic DNA purification kit (Promega Life Sciences, 

Wisconsin, USA) according to the manufacturer’s instructions for Gram-positive bacteria 

with modification: instead of using lysostaphin, the concentration of lysozyme (Sigma-

Aldrich) was doubled for cell lysis. The DNA pellet was collected and dissolved in TE 

0.1X buffer.  

For sequencing whole genomic DNA, the extraction and purification were 

performed according to manufacturers protocols (QIAGEN). Blood and Cell culture DNA 

Maxi kit PN13362 and QIAGEN Genomic-tip 500/G columns (QIAGEN, Australia) were 

used to produce high yields of genomic DNA with low levels of contaminants. The 

concentration of genomic DNA samples was measured using Nanodrop 

(ThermoScientific). The quality was also checked using electrophoresis on an agarose gel 

(1%, 100V in 30 mins) to ensure there was no degradation. To store DNA at room 

temperature for an extended period, DNA plus (Invitrogen, Australia) was added at a ratio 

4:1 as recommended by the manufacturer.  
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2.15.3. POLYMERASE CHAIN REACTION 

All PCR reactions were performed using Phusion High Fidelity DNA Polymerase 

(New England Biolabs) and were carried out in an Eppendorf Mastercycler Thermal 

Cycler. Each PCR reaction contained a final volume of either 25 or 50μL and prepared 

following the manufacturer’s instruction. The general reaction condition consisted of three 

steps: initial denaturation at 98
o
C for 3 mins, annealing at 45-65

o
C for 30 secs (depending 

on the primers), and extension at 72
o
C for 30sec-2 mins (depending on the length of 

product, approximately 30 sec for 1 Kb of product). 

 

2.15.4.  AGAROSE GEL ELECTROPHORESIS 

After amplification of DNA, DNA was visualized using agarose gel 

electrophoresis. Agarose gel was prepared by dissolving 35-50 g agarose in 50 mL of  

TAE buffer 1X (40 mM Tris acetate, 1 mM EDTA, pH 8.2) to make 0.7–1.2% ( w/v) gel. 

Gels were supplemented with 2-2.5 μL of SybrSafe (Invitrogen) for pre-staining and 

immersed in TAE buffer 1X at 110 V within 40 mins.  A one sixth volume of loading dye 

(15% (w/v) Ficoll, 0.1% (w/v) bromophenol blue, 100 ng/ml RNAse A) was added to 

DNA samples prior to loading.   DNA bands were visualized by short 

wave UV trans-illumination and results captured using a Bio-Rad Gel Doc™ XR with 

Quantity One® software and a Sony thermal printer. The size of separated bands was 

estimated by comparison  with  the  following  defined  DNA  size  markers:  1  Kb    

DNA  Ladder Quick Load (New England Biolabs; fragment sizes: 10, 8, 6, 5, 4, 3, 2, 1.5, 

1, 0.5 kilobase pairs).  

 

2.15.5. PURIFICATION OF PCR PRODUCT  

PCR products and restriction digests were purified using either the Qiagen PCR 

Purification Kit for PCR products or gel (Qiagen, Hilden, Germany) or the Promega 

Purification Kit (USA). The procedures were performed according to the manufacturer’s 

instructions. 
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2.16. TECHNIQUES FOR GENOMIC DNA SEQUENCING 

2.16.1. PACBIO SMRT SEQUENCING AND METHYLOME ANALYSIS 

SMRT (Single Molecule Real Time) sequencing was performed by the sequencing 

service provider DNA Link, South Korea. The raw genome sequence data from two 

SMRT-Cell sequencing runs were then processed and assembled by QFAB, (Queensland, 

Australia) using a de novo assembly method using the HGAP ASSEMBLY.2 protocol 

from Pacific Biosciences. In general, a multistep pipeline was run such that the raw 

sequences were quality filtered, segmented into the longer sequences (to cover the genome 

to 30X) and polished. The first transformation applied to the sequence collection is the 

filtering of the polymerase sequence reads. Any polymerase sequence with a length <100 

nucleotides is removed from the analysis. Polymerase sequences with a sequence quality 

score of less than 0.8 are also removed. The pre-filtered polymerase sequences were 

clipped of synthetic adapter sequences to produce the subread sequence collection and 

were then assembled within the HGAP assembly process with two steps. 

 

 First, the sequences were split into two bins based on the sequence lengths in 

which the bin with the longer sequences was used for the sequence assembly while the 

sequences from the bin with the shorter reads was used to polish and correct the longer 

sequences (prior to the assembly process). Second, the corrected sequences were 

assembled using the CeleraAssembler software – the parameters for the software were 

tuned to select for the expected genomic coverage of target sequences (30X) and the 

expected genome size (3.0 Megabases). Following the assembly, sequence reads from the 

whole subread population were mapped back to the newly assembled genome and the 

Quiver software is used to further polish and correct the assembled genome. On the basis 

of sequence similarity shared across the contig ends it appeared that the contig was circular 

and thus a closed genome sequence was finally created using a Gepard dot plot. In 

addition, a methylation analysis was also performed across the sequenced and assembled 

bases using a similar sequence mapping pipeline, the kinetic characteristics of the sequence 

mapping were analysed against the collection of genomic motifs that are known to be 

modified.  
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2.16.2. BIOINFORMATICS ANALSYSIS 

The completed and closed genome sequences were then annotated using 

Annotation using Subsystem Technology or the RAST server at the website 

http://rast.nmpdr.org/. This service provides high quality bacterial and archaeal genome 

automatic annotations across the whole phylogenetic tree and is based on the growing 

collections of FIGfams and their own library (Aziz et al. 2008; Overbeek et al. 2014). 

BASys (Bacterial Annotation System) which is another website for automatic annotation 

based on SwissProt entry http://wishart.biology.ualberta.ca/basys was used as an additional 

tool to achieve a comparative analysis of the annotation and a detailed visual analysis (Van 

Domselaar et al. 2005). The annotated sequences were then checked manually by 

comparing with the close related reference genomes available on NCBI website to fix the 

unnamed genes or missing or repeated gene calling. This project therefore resulted in the 

accurate closed genomes for the S. aureus WCH-SK2 strain taken from batch and day 55 

cell populations and the annotation of these genomes. 

 

To visualize the genomes and for comparing to several S. aureus reference 

genomes, a series of web-based software tools were used, including Artemis and ACT 

from the website of Sanger Wellcome Trust Institute 

http://www.sanger.ac.uk/resources/software/artemis/. These allow the visualisation and 

annotation of whole genomes in the direct context of the DNA sequence and its six-frame 

translation (Rutherford et al. 2000; Carver et al. 2005; Carver et al. 2008). Another tool for 

genome comparison that was used was BRIG - BLAST Ring Image Generator 

http://sourceforge.net/projects/brig/, providing a circular image for comparison of one 

genome to other genomes. This tool was used to support for the custom mapping and 

annotating on a set of several genomic sequences (Alikhan et al. 2011). In addition, Mauve 

assembly software was used to identify an optimal assembly for de novo sequencing of 

several related organisms (Darling et al. 2011). The multiple alignments with MEGA 

version 6.0 was also used to detect the mutation and to create the phylogeny tree for 

estimating the close relationship with other related reference strains. 

  

http://rast.nmpdr.org/
http://wishart.biology.ualberta.ca/basys
http://www.sanger.ac.uk/resources/software/artemis/
http://sourceforge.net/projects/brig/
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2.17. TECHNIQUES FOR RNA MANIPULATION 

2.17.1.  RNA EXTRACTION  

Whole cell gene expression profiles were compared using mRNAseq techniques. 

The samples were taken from three different conditions including batch culture, stable 

SCV produced from high level of stress (0.031%) and low level (0.0078%) stress. To 

prevent RNA from degrading and to preserve the RNA within the cells, cells were directly 

added to RNAProtect (Qiagen). The ratio used was 1:1/5 of the total cell culture volume: 

RNAProtect. This was left on ice for 2 h before being centrifuged for 5 min. (4˚C/4000xg) 

and the supernatant discarded. The cell pellet was kept at -80˚C until RNA extraction.  

 

RNA is extracted using RNAeasy Mini kit according to RNAeasy mini standard 

protocol (QIAGEN). The RNA quality of the samples was checked with the Agilent 

Bioanalyser (according to Agilent RNA 6000 Nano kit standard protocol; samples were 

loaded into RNA Nano chip and run using Agilent 2100 Bioanalyser). For each sample 

three biological replicates of cell growth, harvesting and RNA extraction was performed. 

The RNA was pooled and provided to the Adelaide Cancer Genomic Research Facility 

(Adelaide Australia) for library preparation and sequencing (RNAseq) using the Ion Proton 

platform (Life Technologies).  

 

2.17.2. RNA DATA ANALYSIS 

The analysis pipeline used BowTie2  (Langmead and Salzberg 2012)  align reads 

from examined samples to the S. aureus NCTC8325 reference genome (Genbank: 

NC_007795) or to their own genome based on the genome sequencing result. The RNA 

raw data results were returned as fastq files from the service through UNIX system. 

Following this step, SAM tools and BED Tools were performed to generate a mapped read 

count for the reference genes from each examined sample. The result for each sample in 

the format of .bed files was then changed to plain text files and arranged into pairs of 

comparison. These files were finally used for differential expression analysis in R program 
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within the package edgeR and DESeq (Anders et al. 2013). In R, the genes that are 

statistically significant using the Benjamini-Hochberg procedure with a false discovery 

rate controlled at <0.1 are recorded in the results Section (Benjamini et al. 2001). The 

transcriptomic expression was filtered based on the cut-off value of log2foldchange ≥ 2 and 

p value ≤0.05 and padj <1 to ensure for the statistical significance of the change. The value 

padj or p adjustment is the value adjusted for multiple testing with the Benjamini-

Hochberg procedure.  

 

 

2.18. TECHNIQUES FOR MEMBRANE PROTEOMICS 

2.18.1. MEMBRANE PROTEIN EXTRACTION 

The cells sampled from the chemostat were pelleted by centrifugation (8000 x g) 

for 10 min at 4 °C and then washed twice with ice-cold TBS buffer (50 mM Tris, 150 mM 

NaCl, pH 8.0). The cell pellets was resuspended in lysis buffer containing 50 mM Tris+1 

mM PMSF+Mix of RNAse and DNAse (Sigma). The cells were then lysed in a French 

pressure cell (SLM Aminco Inc.) at 12,000 lb/in
2
, and the resultant lysate was kept at room 

temperature for 30 min and was then centrifuged twice (8000xg at 4 °C for 10 min) to 

remove cell debris and the supernatant containing total protein was collected and stored at 

-20 °C. Protein concentration was then measured using NanoDrop (ThermoScientific). 

 

The protein extract was pelleted by ultracentrifugation at 45,000 x g for 1 h to 

separate the membrane. The supernatant was discarded and the crude membrane protein 

extract was resuspended in 1mL of carbonate buffer (200 mM Na2CO3, pH 11.0) and was 

incubated for 1 h on ice and with intermittent mixing every 15 min using insulin syringe. 

Following the incubation, solid urea was added to a concentration of 8 M. Protein 

reduction was performed at 50 °C in 5 mM tris (2-carboxyethyl) phosphine hydrochloride 

for 30 min followed by an alkylation step in 10 mM iodoacetamide in the dark within 15 

min at RT. Proteinase K was added in an enzyme: protein at a ratio of 1:50 followed by 
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incubation for 15 -18 h in a thermomixer (37 °C at 200 rpm). One volume of 10% 

acetonitrile in water was added before the solution was cooled on ice for 15 min. 

Following an ultracentrifugation step of 1 h (45,000 x g at 4 °C) the supernatant was 

discarded. To remove residual urea from the pellet, it was rinsed with 50 mM 

triethylammonium bicarbonate buffer (TEAB), pH 7.8 and again ultracentrifuged (45,000 

x g at 4 °C for 1 h).  For a chymotrypsin digest the pellet was resuspended in 200μl of 

digestion buffer (50 mM TEAB, pH 7.8, 10 mM CaCl2, and 0.5% RapiGestTM (Waters, 

US) before 4 μg of the enzyme (Sigma) were added. The digest was carried out while 

shaking (200 rpm) at 30 °C for 6-10 h. The sample was centrifuged three times for 15 min 

at 4 °C (20,000xg), each time keeping the supernatant that contained the peptides of the 

chymotryptic digest.  

 

2.18.2. MEMBRANE PROTEIN LABELING AND ANALYSIS 

The two ICPL labeled samples were then pooled and cleaned using a C18 spin 

column.  The resulting peptide mixture was then prepared for LC-MS/MS by centrifugal 

lyophilisation and resuspension in 0.1% TFA, 5% CH3CN.  

 

Peptides were separated on a HPLC system (Thermo Scientific) using a separation 

column (Thermo Scientific) (Acclaim PepMap RSLC, C18, pore size 100 Å, particle size 2 

µm, 75 µm inner diameter (ID) × 15 cm length) and a trapping column (Thermo Scientific) 

(Acclaim PepMap100, C18, pore size 100 Å, particle size 3 µm, 75 µm ID × 2 cm length). 

HPLC system was coupled to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher 

Scientific, Berman, Germany), using the following buffer system: (A) 2% Acetonitril 

(CAN), 0.1% Formic acid in water (FA); (B) 80% ACN, 0.1% FA in water. For in-line 

desalting and concentration, 2 µL of the sample was loaded onto the trap column and the 

washed for 5 min with 100% A at a flow rate 5 µL/min. Peptides were eluted at 300 

nL/min flow rate with the following gradient: 4% B for 10 mins, gradient to 40% B over 

115 mins, gradient to 60% B over 10 mins, gradient to 90% B over 5 mins, 90% B for 5 

mins, gradient from 90% to 4% B in 30 sec, 4% B for 30 mins.  
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The effluent from the HPLC column was directly electrosprayed into the mass 

spectrometer. The LTQ Orbitrap XL instrument was operated in data-dependent mode to 

automatically switch between full scan MS and MS/MS acquisition. Instrument control 

was through Thermo Tune Plus and Xcalibur software (Thermo Scientific).  Full scan MS 

spectra were acquired over the m/z range 300-2000.  In each scan, the six most abundant 

peptide ions with charge states >= 2 were sequentially isolated and subjected to collision 

induced dissociation (CID).   

 

The raw data file was first converted into the open mzXML format and 

subsequently mgf using MSConvert.  The mgf file containing CID spectra was then 

submitted to MASCOT (Version 2.3.02; Matrix Science Inc.: Boston, USA, 2007) for 

peptide identification.  The mzXML file was processed for determining ICP6/ICPL0 ratios 

using ICPL-ESIQuant (Max Planck Institute for Biochemistry). 



 

 

 

  

Chapter 3 

A STRAIN-SPECIFIC 
RESPONSE TO CHEMICAL 

STRESSES  
 

The exposure to different chemical stresses that are known to be present in human 

host including hydrogen peroxide (H2O2), S-nitrosoglutathione (GSNO), 

methylglyoxal, glycolaldehyde, formaldehyde, glyoxal and glyceraldehyde, 

malonaldehyde, acrolein, showed a strain-specific response. Although there was 

relatively similar growth and sensitivity to stress among the strains, some strains 

survived by switching to a biofilm lifestyle or to the SCV phenotype under high 

levels of chemical stress. The chemical stresses also affected the pigmentation of 

some but not all tested strains. In brief, the results indicated that there was a 

strain-specific adaptation process by S. aureus clinical isolates in the presence of 

host-generated stress, which resulted in the persistent and highly antimicrobial 

resistant biofilm or SCVs lifestyles. 

 

 

 
This work has partially contributed to the publication of: 

Bui, L. M., et al. (2014). "The induction of Staphylococcus aureus biofilm formation 

or Small Colony Variants is a strain-specific response to host-generated chemical 

stresses." Microbes Infect. 17(1): 77-82. (Appendix 2) 
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Chapter 3. A strain-specific response to chemical stresses that induces a phenotype change 

3.1. INTRODUCTION 

The overarching principle for infection and disease caused by S. aureus is its 

remarkable resistance to the numerous host defences, in particular, the innate immune 

system (van Rossum et al. 2005). This system responds to bacterial infection by producing 

an array of antimicrobial agents including reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) and consequently reactive aldehydes (O'Brien et al. 2005). 

Therefore, S. aureus must have mechanisms to counteract the complex mix of toxic 

chemicals that are present in different host tissues for it to be able to survive within various 

anatomical niches. For instance, in the anatomical niches relevant to S. aureus it has been 

shown that not only are reactive oxygen and nitrogen species present but reactive 

aldehydes are also present (Perez et al. 2008). Very little is known about how bacteria 

respond to reactive aldehydes.  

Likewise, several bacteria have clearly been shown to be capable of biofilm 

formation and these biofilms are clinically relevant (Donlan and Costerton 2002). 

Numerous studies have indicated that there is a high prevalence of biofilm-mediated 

infections caused by S. aureus. Importantly, its persistence and antibiotic resistance, which 

are based on biofilm formation of S. aureus, have widely been reported in clinical 

outcomes (Akiyama et al. 1997; Krismer and Peschel 2011; Singh et al. 2011). A recent 

study over a large number of clinical isolates has revealed that the strains with greater 

multi-resistance to antimicrobial compounds have significantly increased their ability for 

biofilm formation rather than those with less resistance (Kwon et al. 2008). However, little 

is known about the impact of the chemical stress on the biofilm formation. A recent report 

showed that within the planktonic form, certain ROS and RNS can be produced in the 

formation of biofilm, and thereby affecting the biofilm extracellular polymeric substance 

(EPS) matrix development and repressing biofilm growth  (Arce Miranda et al. 2011). 

The first aim of this project is to identify the involvement of the unidentified 

environmental stresses that trigger the switching of lifestyles to biofilm and SCVs to 

determine the strain-specific formation of SCVs and biofilms as a general mechanism for 

survival and adaptation.   
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3.2. IDENTIFICATION OF MRSA AND MSSA 

We identified 46 MRSA and 17 MSSA in the 63 clinical strains which were isolated from 

Women’s and Children’s Hospital, Adelaide, based on oxacillin MIC interpretation (see 

Section 2.4). Of 20 BC samples; 10 were MRSA and 10 MSSA (50% for both). For LR, 16 

were MRSA (80%) and 4 MSSA (20%). The 20 SSTI samples were all MRSA whereas all 

3 CF samples were MSSA (Fig 3.1). This data was combined with the results generated 

below for the screening for biofilm and SCVs (Table 3.5).  

 

Figure 3.1 The distribution of MRSA and MSSA of 63 clinical strains isolated from 

four different body sites.  

The graph shows the distribution of MRSA and MSSA into 4 differnt body sites in which all samples from 

SSTI are MRSA and all samples from CF are MSSA. The distribution of MRSA and MSSA is relatively 

equal whereas most of samples from LR are identified as MRSA (80%). Blood culture (BC), lower 

respiratory (LR), skin and soft tissue infections (SSTI) and cystic fibrosis patients (CF). 

 

3.3. SENSITIVITY IN THE PRESENCE OF VARIOUS STRESSES 

First, the growth  patterns of 63 clinical isolates and 9 reference strains were determined. 

In general, the clinical isolates and the reference strains had a relatively similar growth  

rate. The lag phase started approximately 1 h after inoculation; the exponential phase was 

from 2 to 4 h and the stationary phase was after 6 h. The result showed the similar growth  

pattern among clinical and reference strains (Fig 3.2). After 24 h, with aeration, OD values 
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were in a range from 0.8 – 1.2 (Fig 3.3A). Generation time varied from 36 mins to 1h 20 

mins (Fig 3.3B). 

 

Figure 3.2  Growth  patterns within 24hrs of clinical isolates and reference strains.   

Graphs show the similar growth patterns of 63 clinical isolates (Fig 3.2 A) and 9 reference strains (Fig 3.2 B) 

and the OD630nm values over 24 h. Bacteria were grown for 24 h at 37
o
C in 50 mL Falcon tubes. Absorbance 

was taken at 1, 2, 4, 6, and 24 hours by optical density at 630 nm. Results are presented as the mean of 

duplicates per strain (± standard deviation). 
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Figure 3.3 OD values and Generation time values of clinical isolates and reference strains.   

Graphs show the similar OD values measured at a time-point of 24 h (A) and generation times (B) of 63 clinical strains and 9 reference strains. Bacteria were grown over 

24 h in 37
o
C in 50 mL Falcon tubes. Absorbance was taken at 1, 2, 4, 6, and 24 h by optical density at 630 nm. Results are presented as the mean of duplicates per strain (± 

standard deviation). Generation time of each strain was calculated based on the log phase when cells replicated between 2 and 4 h. 
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Due to the similar growth rate, one clinical strain WCH-SK2 and one reference 

strain JE2 were used to test the sensitivity with different concentrations. Two optimal 

concentrations of nine chemicals were chosen from the growth curves of these strains 

including low level and sub-lethal level (see Section 2.5) (Fig 3.4). These two levels were 

applied and checked for all remaining clinical isolates and reference strains by measuring 

and comparing the OD630nm values after 24 h. These concentrations were modified to get 

the optimal range of concentrations for all strains which is summarised in Table 3.1. 

 

 

Figure 3.4  Selected concentrations of stress based on the growth  curves of the 

bacterial strain in the presence of stress.  

Graph shows the different levels of stress used for testing the bacterial growth, including non-stress 

condition, low level, sub-lethal level and lethal level of stress.  Bacteria were grown over 8 h in 37
o
C with 

three levels of stress aerobically in 50 mL Falcon tubes. Absorbance was taken at 1 2, 3, 4, 6, 8 and 24 h by 

optical density at 630 nm (OD630).  
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Table 3.1 Determination of concentrations of nine chemicals to assess stress response 

Chemical Concentration 

Low  level Sub-lethal level 

H202  0.01-0.015%  (3.2 -4.9 mM) 0.03-0.04%  (9.7-12.9 mM) 

GSNO  13-15 mM 20-22 mM 

Methylglyoxal  0.002-0.004%  0.008- 0.01% 

Glycolaldehyde  0.75-0.95mM 2-3 mM 

Formaldehyde  0.002-0.004%  0.008-0.012% 

Acrolein  0.005-0.007%  0.012-0.02% 

Glyoxal 0.002-0.004%  0.008-0.01%  

Glyceraldehyde 4-6mM 7.5-8 mM 

Malonaldehyde 0.07-0.09mM 0.14-0.16mM 

3.4. BIOFILM FORMATION IN NON-STRESS CONDITION 

The biofilm ability was assessed by the adherence to a 96-well, polystyrene 

microtitre plate that could then be visualised using crystal violet. OD values were used to 

quantify and classify the strong, weak and no-biofilm producing ability (see Section 2.6). 

Strong biofilm was identified as the mean final OD630 is ≥ 0.2, weak biofilm was classified 

as the mean OD630 within 0.1-0.2 and non-adherence as the mean OD630 <0.1 

The result showed that of the 63 strains, the majority of strains were weak-biofilm 

(34 strains or 54% of the total set), this almost doubled and then tripled with the number of 

non-biofilm (19 strains or 30%) and strong-biofilm strains (10 strains or 16%), 

respectively. The MRSA strains were distributed across the three biofilm status increasing 

in the non-, to weak- and then strong-biofilm production (Fig 3.5 A). 

In relation to the site of isolation, the distribution of weak biofilm strains was 

significantly higher than in three different sites of isolation (BC 50%, LR 65% and SSTI 

50%) compared to that of non-biofilm (BC 35%, LR 20% and SSTI 30%) and strong 

biofilm strains (BC 15%, LR 15% and SSTI 20%). Of three strains isolated from CF (3 

MSSA, 0 MRSA), only one was weak-biofilm (33%) and two strains (67%) had non-

biofilm status (Fig 3.5 B).  
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Although the number of MRSA strains was more numerous than MSSA, the 

distribution of MRSA and MSSA based on site of isolation in the body was different. 

Among SSTI samples, no MSSA was detected, and the MRSA strains were distributed 

evenly for non-biofilm, weak-biofilm and strong biofilm status with ~50% for each status. 

Most MRSA strains from LR were found as weak biofilm producers (~40%), this doubled 

the number of non-biofilm and strong-biofilm MRSA and also the number MSSA weak-

biofilm, non-biofilm strains isolated front this site. However, only 1 MSSA was identified 

as strong-biofilm (LR), therefore, its distribution was 100%. Among BC samples, the 

distribution of MSSA strains (~60 %) was more than 2 times higher than that of MRSA 

strains for non-biofilm and weak-biofilm. For 3 strains from CF patients, all of them were 

MSSA and only 1 showed weak biofilm status. For a complete correlation between biofilm 

phenotype and the clinical site of isolation of S. aureus, greater numbers and detailed 

clinical information such as the molecular subtype of S. aureus clinical strains being used 

are required (but this is not in the scope of this study). The purpose of this analysis was to 

analyse the information of the set of clinical strains we were investigating. The detail 

number of strains and the distribution of strains based on body sites are introduced in Table 

3.2 and Fig 3.5 and 3.6 

 

As a general overview, the majority of the clinical strains were classified in the 

weak-biofilm status and most were determined as MRSA. Also, the MRSA weak-biofilm 

strains were distributed relatively evenly from the three body sites we have of S. aureus 

isolation, including BC, LR, and SSTI. In contrast, only a minority of strains was 

determined as MSSA, therefore, the distribution of MSSA for non-biofilm, weak-biofilm 

and strong-biofilm was significantly lower. For each isolation site, the distribution of 

MRSA and MSSA varied. The distribution of MRSA weak-biofilm and non-biofilm strains 

was higher than MSSA for SSTI and LR but lower than for BC. Of 9 reference strains, 8 

strains were weak-biofilm and only 1 was determined as strong-biofilm strain (MRSA 

N315) in non-stress condition. The detail of strains including 63 clinical strains and 9 

reference strains with their name and their biofilm status in non-stress condition is shown 

in Fig 3.7.  
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Figure 3.5 Distribution of 63 clinical isolates based on biofilm status, on body sites 

and on MRSA/MSSA.  

Graphs showing the distribution of MRSA and MSSA and no biofilm, weak biofilm and strong biofilm 

producing strains (Fig 3.5 A) and the distribution of strong, weak and non biofilm producing strains on 4 

different body sites (Fig 3.5 B). Blood culture (BC), lower respiratory (LR), skin and soft tissue infections 

(SSTI) and cystic fibrosis patients (CF). 

 

 

 

 

Table 3.2 The number of strains based on biofilm status, body sites  

Nu. of strains No biofilm Weak biofilm Strong biofilm Total 

 MRSA MSSA MRSA MSSA MRSA MSSA  

BC 3 4 4 6 3 0 20 

LR 3 1 11 2 2 1 20 

SSTI 6 0 10 0 4 0 20 

CF 0 2 0 1 0 0 3 

Total 12 7 25 9 9 1 63 
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Figure 3.6 The distribution of biofilm status on body sites and on MRSA/MSSA 

Graph showing the distribution of non-biofilm, weak biofilm and strong biofilm status on 4 different 

isolation sites. Among SSTI samples, no MSSA was detected, and the MRSA strains were distributed evenly 

for non-biofilm, weak-biofilm and strong biofilm status with approximately 50% for each status. Most 

MRSA strains from LR were found as weak biofilm (~40%), this doubled the number of non-biofilm and 

strong-biofilm MRSA. However, only 1 MSSA was identified as strong-biofilm and it was isolated from LR, 

therefore, its distribution was 100%.  
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Figure 3.7 Biofilm-producing ability in non-stress conditions of 63 clinical isolates and 9 reference strains based on OD630 values. 

The biofilm ability was assessed by the adherence to polystyrene microtitre that was visualised using crystal violet. OD values were used to quantify and classify the 

strong, weak and no-biofilm producing ability. Of 63 clinical isolates, 19 were non-biofilm, 32 were weak-biofilm and 10 were strong-biofilm strains. Of 9 reference 

strains, only strain N315 was strong-biofilm whereas the 8 remaining was weak-biofilm strains. Bacteria cells grown overnight was diluted and inoculated onto 96-wells 

plates. Plate was incubated at 37
o
C for 24 h. Biofilm formation was quantified via initial adherence to the polystyrene surface; cells after stained by crystal violet were 

dissolved by ethanol and acetone 4:1 and measured the optical density (OD) at 630 nm. Results are presented as the mean of triplicates per strain (± standard deviation).  
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3.5. STRESS INDUCED BIOFILM FORMATION 

A significant induction of biofilm by stress was defined as greater than 2-fold 

increase compared to the non-stress condition. The 2-fold induction was calculated by 

comparing the biofilm in stressed conditions and in non-stressed conditions. Two levels of 

stress were used (Table 3.1). With the initial low level of stress, the OD values of most 

strains increased and were slightly higher than in non-stress conditions; however, these 

values were not significant. 

In a second set of studies a high level of stress induced greater biofilm in specific 

strains (increased OD) compared to non-stress condition. Totally, 21 clinical isolates 

significantly increased biofilm production as a stress response. These strains were WCH-

SK1, WCH-SK2, WCH-SK4, WCH-SK5, WCH-SK15, WCH-SK17, WCH-SK25, WCH-

SK26, WCH-SK33, WCH-SK40, WCH-SK45, WCH-SK47, WCH-SK48, WCH-SK49, 

WCH-SK50, WCH-SK57, WCH-SK59, WCH-SK61 and WCH-SK63. Among these 21 

strains, 6 strains had been classified as non-biofilm status with no stress, 11 were weak-

biofilm while 4 remaining were strong-biofilm. Interestingly, some strains were induced to 

increase biofilm adherence by 7 fold; such as WCH-SK2 in the presence of H2O2, or by 5.7 

fold and even 12 fold such as WCH-K50 (with methylglyoxal and glycolaldehyde 

respectively). Furthermore, some strains responded to 3 chemical stresses by increasing 

biofilm formation; such as WCH-SK2, WCH-SK4, and WCH-SK33. The remaining strains 

responded to one or two stresses. In particular, the biofilm produced by strain WCH-SK2 

was induced by 4 chemicals: H2O2, GSNO, methylglyoxal and malonaldehyde.  

For the 9 reference strains, 8 were induced biofilm formation significantly in the 

presence of  a stress; JE2, Mu50, Mu3, N315, Sanger 252, strain 476, NCTC 8325, and 

strain COL. Strains N315, COL and Sanger 252 could respond to 3 or more stresses by 

indction of a biofilm. Among nine test chemical stresses, acrolein and glycolaldehyde 

induced 8 clinical isolates to increase biofilm growth whereas H2O2 and GSNO induced 5 

strains. The remaining chemicals induced biofilm formation in 4 strains such as was the 

case with glyoxal or in the case of 2 strains such as with malonaldehyde and 

methylglyoxal. The detail of results is shown in Fig 3.8, Fig 3.9, Fig 3.10, Fig 3.11 & 

Table 3.3. 
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Table 3.3. Details of 21 strains performing increased biofilm production under 

different stress conditions 

Strain Biofilm status in non-

stress condition 

Inducers  

(mean fold induction of biofilm production) 

WCH-SK25 Non  Glycol (2.5) 

WCH-SK33 * Non  H2O2 (3.3), Glycol (2.3), Glyoxal (3.4) 

WCH-SK48 Non  Methyl (2.9) 

WCH-SK55 Non  Acrolein (2.7), Glyoxal (4.3) 

WCH-SK61 Non  GSNO (2), Acrolein (2.7) 

WCH-SK63 Non  Formal (2.2) 

WCH-SK1 Weak  H2O2 (2) 

WCH-SK2* Weak  H2O2 (7), GSNO (4.8), Methyl (3),Malonal (5.3) 

WCH-SK4 Weak  H2O2 (4.7), GSNO (2.4), Malonal (3.3) 

WCH-SK5 Weak  Glycol (2.1) 

WCH-SK15 Weak  Glycol (3), Acrolein (2.6) 

WCH-SK16 Weak  GSNO (2.8), Acrolein (2.7) 

WCH-SK26 Weak  Glyceral (2.1) 

WCH-SK45 Weak  Acrolein (2.7) 

WCH-SK49 Weak  Glycol (3.1), Glyoxal (2.1) 

WCH-SK57  Weak  GSNO (2.2), Acrolein (3.4) 

WCH-SK59 Weak  Acrolein (3) 

WCH-SK17 Strong  Glyoxal (2.2) 

WCH-SK40 Strong Glycol (2.1), Acrolein (2.3) 

WCH-SK47 Strong  H2O2 (3.4) 

WCH-SK50 Strong  Methyl (5.7), Glycol (12)  

JE2 Weak  GSNO (2) 

Mu50 Weak H2O2 (2.6), Acrolein (2.7) 

Mu30 Weak GSNO (2.6), Formal (6.7) 

476 Weak Glyceral (2.6) 

NCTC8325 Weak Glycol (3.6) 

COL* Weak H2O2(4.2), Glycol(4.7), Formal(2.8), Glyceral(2.6) 

N315* Strong H2O2(2.7), Glycol(2.1), Acrolein(2.8), Glyceral(2.1) 

Sanger 252* Weak H2O2(2.1), Methyl (2.2), Formal (2.9),Acrolein (4.1) 

Note: * showed the strains which were induced by equal or more than 3 chemical stresses. Glycol: 

glycolaldehyde, Methyl: methylglyoxal, Malonal: malonaldehyde, glyceral: glyceraldehdye, Formal: 

formaldehyde.  
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Figure 3.8 Specific strains increased biofilm production after exposure to different chemical stresses.  

In total, 21 clinical isolates performed their stress response with an increase biofilm production (more than 2 fold). These strains include WCH-SK1, WCH-SK2, WCH-

SK4, WCH-SK5, WCH-SK15, WCH-SK16, WCH-SK17, WCH-SK25, WCH-SK26, WCH-SK33, WCH-SK40, WCH-SK45, WCH-SK47, WCH-SK48, WCH-SK49, 

WCH-SK50, WCH-SK55, WCH-SK57, WCH-SK59, WCH-SK61 and WCH-SK63. Some strains responded to 3 chemical stresses such as WCH-SK2, SK4, and SK33. 

The remaining could respond to one or two stresses. For 9 reference strains, 8 reference strains responded to stresses in which strain N315, COL and Sanger 252 could 

respond to more than 3 chemical stresses. Biofilm formation was quantified via initial adherence to the polystyrene surface; cells after stained by crystal violet were 

dissolved by ethanol and acetone 4:1 and measured the optical density (OD) at 630nm. Results are presented as the mean of triplicate per strain (± standard deviation). The 

fold induction is calculated based on the biofilm values in stress condition compared to the non-stress condition. Fold induction was represented as the mean of triplicates 

per strain (± standard deviation).   
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Figure 3.9 Details of strains that responded to H2O2, GSNO and Methylglyoxal. 

Graphs shows the number and the name of strains obtaining  increased biofilm production after the exposure 

to H2O2 (Fig 3.9 A), GSNO (Fig 3.9 B) and methylglyoxal (Fig 3.9 C). There were 5 clinical isolates which 

responded to H2O2 and GSNO and 2 strains which responded to methylglyoxal. Fold induction was 

calculated based on the biofilm values in stress condition compared to non-stress condition. Fold induction 

was represented as the mean of mean of triplicates per strain (± standard deviation).   
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Figure 3.10 Details of strains that responded to Acrolein, Glycolaldehyde and 

Formaldehyde 

Graphs show the number and the name of strains obtaining an increased biofilm production after the 

exposure to acrolein (Fig 3.10 A), glycolaldehyde (Fig 3.10 B) and formaldehyde (Fig 3.10 C). There were 8 

clinical isolates which responded to acrolein, Glycolaldehyde and 1 strain which responded to Formaldehyde. 

Fold induction was calculated based on the biofilm values in stress condition compared to non-stress 

condition. Fold induction was represented as the mean of triplicates per strain (± standard deviation).   
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Figure 3.11 Details of strains that responded to Glyceraldehyde, Malonaldehyde and 

Glyoxal 

Graphs show the number and the name of strains obtaining an increased biofilm production after the 

exposure to glyceraldehyde (Fig 3.11 A), malonaldehyde (Fig 3.11 B) and glyoxal (Fig 3.11 C). There was 1 

clinical isolate which responded to glycerlaldehyde, 2 strains which responded to malonaldehyde and 4 

strains which responded to glyoxal. Fold induction was calculated based on the biofilm values in stress 

condition compared to non-stress condition. Fold induction was represented as the mean of triplicates per 

strain (± standard deviation).   
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3.6. CONFIRMATION OF BIOFILM FORMATION 

The microtitre plate assay for biofilm formation gives a broad assessment of the potential 

biofilm that is present. To further confirm the cells were in a biofilm lifestyle we used 

SEM (see Section 2.13) and fluorescent staining techniques (see Section 2.14) to identify 

the presence of the biofilm matrix.  

Cells were stained with propidium iodide (PI-red) to identify dead cells or eDNA 

and Syto 9 (green) or a combination of to identify live cells. Cells were also stained with 

PI and Alexa 488-conjugated lectins for polysaccharides. Green indicates the presence of 

polysaccharides. Yellow or orange indicates a mixture of these components. 

SEM and fluorescent images were taken for some representative strains including 

WCH-SK2 and WCH-SK12. Under phase contrast microscopy the stress-induced biofilm 

cells could be seen to aggregate and indeed the presence of a potential EPS matrix could be 

identified, in particular eDNA. Biofilm factors were found, with the presence of 

polysaccharide and eDNA as a matrix surrounding the viable cells in S. aureus WCH-SK2 

grown in the presence of stress over a 24 h-period. The cells grown in non-stress 

conditions did not show the presence of these biofilm components after the same growth 

time (Fig. 3. 12 & Fig 3.13). 

To magnify the morphological features of biofilm cells, SEM was used to observe 

the difference between stress-induced biofilm cells compared to non-stress induced cells. 

As a result, the biofilm-related matrix was clearly seen in cells grown in stress conditions 

such as H2O2 and methylglyoxal using SEM. The hallmark morphological features of 

biofilm matrix were identified by the presence of biomaterials surrounding cells and 

aggregating cells together. These biomaterials were thought to be eDNA released by lysed 

cells or surface proteins that are important for biofilm formation. In contrast, for cells 

grown in non-stress condition, no biomaterials was found and cells were allocated as 

clumps but not bound together as in biofilm cells (Fig. 3.14). 
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Figure 3.12 Biofilm formation by S. aureus strains in the presence of methylglyoxal 

visualized by BacLight (PI+Syto 9). 

Cells were stained with propidium iodide (PI-red) to identify dead cells or eDNA and Syto 9 (green) to 

identify live cells. Yellow or orange indicates a mixture of these components. Biofilm factors were found, 

with the presence of eDNA surrounding the cells in S. aureus WCH-SK2 grown in the presence of stress 

(methylglyoxal 0.01%). Fig 3.12 a-b: Phase contrast 100X image and fluorescent image of planktonic cells 

of WCH-SK2. Fig 3.12 c-d: Phase contrast 100X image and fluorescent image of cells of WCH-SK2 grown 

in the presence of methylglyoxal 0.01%. Bacteria were grown at 37
o
C in TSB after 24 h with or without 

stress on 96-wells plates.  

 

 

a b

c d
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Figure 3.13 Biofilm formation by S. aureus strains in the presence of methylglyoxal 

visualized by PI and Fluorescently-conjugated lectins 

Cells were stained with propidium iodide (PI-red) to identify dead cells or eDNA and 5 fluorescently-

conjugated lectins (a cocktail of 5 lectins consisting of Alexa 488-conjugated lectins (green) to identify 

polysaccharide. Yellow or orange indicates a mixture of these components. Biofilm factors were found, with 

the presence of eDNA and polysaccharide surrounding the cells in S. aureus WCH-SK2 grown in the 

presence of stress (methylglyoxal 0.01%). Fig 3.13.a-b: Phase contrast 100X image and fluorescent image of 

planktonic cells of WCH-SK2. Fig 3.13 c-d:  Phase contrast 100X image and fluorescent image of cells of 

WCH-SK2 grown in the presence of methylglyoxal 0.01%. Bacteria were grown at 37
o
C in TSB after 24 h 

with or without stress on 96-wells plates. 

a b

c d
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Figure 3.14  Biofilm formation by S. aureus strains in the presence of methylglyoxal 

visualized by SEM 

The presence of biofilm matrix surrounding cells which were grown in stress conditions was obsevered using 

SEM. Fig 3.14 a: Planktonic cells of WCH-SK12 grown in non-stress condition.  Fig 3.14 b: Cells of WCH-

SK12 grown in H2O2. Fig 3.14 c: Cells of WCH-SK12 grown in methylglyoxal. Fig 3.14 d: Cells of WCH-

SK2 grown in methylglyoxal. Bacteria were grown at 37
o
C in TSB after 24 h with or without stress on 96-

wells plates. 

 

  

a b

c d
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3.7. SUB-LETHAL LEVELS OF CHEMICAL STRESS 

PRODUCED SCVS. 

Interestingly, the sub-lethal concentration of chemical stresses caused the formation 

of SCVs on specific strains. Fig. 3.15 illustrates the SCVs produced by strains in the 

presence of stress and the quantification is summarised in Table 3.4.  

In total, 38 of the 63 clinical strains produced SCVs in the presence of stress in 

which 18 produced SCVs under 1 chemical and 20 produced SCVs with more than 2 

chemicals. There were 8 strains responded to more than 3 chemicals and produced SCV; 

these include WCH-SK2, WCH-SK4, WCH-SK19, WCH-SK32, WCH-SK37, WCH-

SK46, WCH-SK51, and WCH-SK56. Of particular note, strain WCH-SK2 possessed the 

high percentage of SCVs under the presence of 5 stresses  (H2O2, GSNO, methylglyoxal, 

glycolaldehyde and acrolein). In addition, among these strains, 10 strains which were 

determined to have an enhanced biofilm formation in the presence of stress. These include 

WCH-SK2, WCH-SK4, WCH-SK15, WCH-SK33, WCH-SK40, WCH-SK46, WCH-

SK47, WCH-SK48, WCH-SK54, WCH-SK61, and WCH-SK63 (Table 3.5). This result 

implies a likely correlation between the induction of SCV and biofilm formation. 

Regarding MRSSA/MSSSA, of 38 identified strains there were 10 MSSA strains 

(26%) that produced SCVs and 28 MRSA strains (74%) that produced SCVs in the 

presence of stress. However, it also can be noted that the distribution of MSSA SCV was 

similar to MRSA SCV phenotype with ~ 60% (10 of 17 for MSSA and 28 of 46 for 

MRSA). In relation to the original site of isolation, the strains isolated from BC were 13, 

slightly higher than those from LR (11), SSTI (11). All 3 strains from CF patients 

responded and changed to SCVs in the presence of stress.  

There were 7 of 9 reference strains showed the switching to SCV in the presence of 

stress including Sanger 252, MSSA 476, NCTC 8325, N315, MW2, Mu50 and JE2. Most 

of them responded to 2 chemicals, except MW2 responded to 3 chemicals and JE2 

responded to only 1 chemical. The detailed results of the strains which responded to the 

stressors and changed their biofilm status as well as formed SCVs of 63 clinical strains and 

9 reference strains is summarised in Table 3.5  
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Table 3.4 List of 38 specific clinical S. aureus isolates which were able to switch to 

SCVs in response to stress at sub-lethal concentrations. 

          Chemical (Mean%SCV ±SD) 

 Strain H2O2 GSNO Methyl. Glycol. Formal. Acrolein Glyoxal Glyceral 

WCH-SK2* 28.6 ± 4.1 14.3 ± 4.1 33.3 ± 5.3 15.4 ± 2.1   50.2 ± 6.6     

WCH-SK3 25±5.4               

WCH-SK4*     12.5 ± 2.1 9.5 ± 2.2   28.6 ± 3.4     

WCH-SK11     11.6±4.5           

WCH-SK12     11.9 ± 3.5   40 ± 4.3       

WCH-SK13           9.1±4.5     

WCH-SK14           16.7±3.5     

WCH-SK15*         61.3 ± 8.1 18.2 ± 5.1     

WCH-SK16           17.2±7.1 25±6.8   

WCH-SK17           23.1±10.2     

WCH-K19   7.7 ± 2.8   13 ± 2.9   7.1 ± 4.6     

WCH-SK20               27.3±6.6 

WCH-SK22 14.3 ± 3.2     16.7 ± 4.1         

WCH-SK25         30±6.6       

WCH-SK26               9.1±2.4 

WCH-SK27           18.2±3.8 50±5.3   

WCH-SK28     23.1±3.3           

WCH-SK31               22.2±7.4 

WCH-SK32        21.4 ± 5.2 38.5 ± 4.6   18.5±6.9   

WCH-SK33*         6.7±3.1       

WCH-SK35               25±7.7 

WCH-SK36               21.7±6.8 

WCH-SK37 33.3 ± 4.9         14.3 ± 5.2   6.7±3.3 

WCH-SK38           35.7±8.4     

WCH-SK40*       15.4±4.4     25±5.1   

WCH-SK41   17.6 ± 6.7 20 ± 2.2           

WCH-SK43   16 ± 4.5 25 ± 4.4           

WCH-SK46* 20 ± 5.5         24 ± 8.8   13.3±4.1 

WCH-SK47* 33.3±8.8             16.7±3.1 

WCH-SK48*         41.7 ± 5.9 13.3 ± 2     
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Table 3.4 List of 38 specific clinical S. aureus isolates are able to switch to SCVs as 

their response to stress at sub-lethal concentration (cont.) 

 

Chemical (Mean%SCV ±SD) 

 Strain H2O2 GSNO Methyl. Glycol. Formal. Acrolein Glyoxal Glyceral 

WCH-SK51 20 ± 4.3         33.3 ± 3.5   20±5.7 

WCH-SK52               22.7±7.5 

WCH-SK54*           27.3±8.3   21.1±9.1 

WCH-SK56     11.5 ± 2.6 40 ± 7.8   23.3 ± 7.6     

WCH-SK60 11.8±5.2               

WCH-SK61*   28.6±7.5       33.3±6.7     

WCH-SK62           28±4.7     

WCH-SK63*           24.3±4.5     

Reference strains 

      

  

Sanger 252 42.8 ± 9.2             23.1±5.6 

476 25.2 ± 5.2               

8325     25 ± 8.4     16.7 ± 6.2     

N315           23.8 ± 5.8 7.7±2.1   

MW2         33.3±10.2   37.5±8.2 4.8±2.1 

Mu50              10.5±3.8 

JE2         44.4±8.1       

Note: 

* the strains which have increased biofilm formation under stress conditions. 

The underlined strains indicate the strains were MSSA 

Methylglyoxal (Methyl.), Glycolaldehyde (Glycol), Formaldehyde (Formal.), Acrolein (Acro.)  

Results are presented as the mean of triplicates per strain (± standard deviation)  
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Figure 3.15 Stress induction of S. aureus SCVs lifestyle. 

Pictures showing S. aureus strain WCH-SK4 formed normal size colonies when grown in TSA 

plates (Fig 3.15 a). The strain formed SCVs when grown in TSA with methylglyoxal and 

glycolaldehyde. SCVs induced by methylglyoxal (Fig 3.15 b) and glycolaldehyde (Fig 3.15 c). The 

arrows indicate the much smaller sized colonies compared to neighbouring normal size cells. 

a b c

d A                                          B 

Fig 2. S. aureus SCV are isolate-specific. (A) S.aureus  

WCH-SK33 and (B) S. aureus COL grown in TSA media.  

The arrows indicating SCV colonies.   

A                                          B 

Fig 2. S. aureus SCV are isolate-specific. (A) S.aureus  

WCH-SK33 and (B) S. aureus COL grown in TSA media.  

The arrows indicating SCV colonies.   

e f

a b c
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Table 3.5 Summary of lifestyle switching by 63 clinical isolates and 9 reference strains in the presence of stress  

Isolate 

(WCH-) 

 

Phenotype 

/Origin 

Biofilm/Non-

stress 

condition 

Switching 

lifestyle 

 

Chemical (Mean%SCV ±SD) 

H2O2 GSNO Methyl. Glycol. Formal. Acrolein 

 

Glyoxal 

 

Glyceral 

SK1 MRSA/BC Strong - 

      

  

SK2# MRSA/BC Weak + 28.6 ± 4.1 14.3 ± 4.1 33.3 ± 5.3 15.4 ± 2.1 

 

50.2 ± 6.6   

SK3* MSSA/BC Weak - 25±5.4 

     

  

SK4# MRSA/BC Weak + 

  

12.5 ± 2.1 9.5 ± 2.2 

 

28.6 ± 3.4   

SK5 MSSA/BC Weak - 

      

  

SK6 MRSA/SSTI Weak - 

      

  

SK7 MRSA/SSTI No - 

      

  

SK8 MRSA/SSTI Weak - 

      

  

SK9 MRSA/SSTI Weak - 

      

  

SK10 MRSA/SSTI Weak - 

      

  

SK11* MSSA/BC Weak - 

  

11.6±4.5 

   

  

SK12# MSSA/BC No - 

  

11.9 ± 3.5 

 

40 ± 4.3 -   

SK13* MSSA/BC No - 

     

9.1±4.5   

SK14# MSSA/BC Weak - 

     

16.7±3.5  27.3±6.6 

SK15# MRSA/BC Weak + 

    

61.3 ± 8.1 18.2 ± 5.1   

SK16# MRSA/SSTI Weak - 

     

17.2±7.1 25±6.8  

SK17* MRSA/SSTI Strong - 

     

23.1±10.2   

SK18 MRSA/SSTI Weak - 

      

  

SK19#  MRSA/SSTI Weak - 

 

7.7 ± 2.8 

 

13 ± 2.9 

 

7.1 ± 4.6   

SK20* MRSA/SSTI Weak - 

      

 9.1±2.4 

SK21 MRSA/BC Weak - 
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Table 3.5  Summary of the ability of lifestyle switching of 63 clinical isolates and 9 reference strains  in the presence of stress (cont.) 

Isolate 

(WCH-) 

 

Phenotype 

/Origin 

Biofilm/Non-

stress 

condition 

Switching 

lifestyle 

 

Chemical (Mean%SCV ±SD) 

H2O2 GSNO Methyl. Glycol. Formal. Acrolein 

 

Glyoxal 

 

Glyceral 

 

   

      

  

SK22# MSSA/BC No - 14.3 ± 3.2 

  

16.7 ± 4.1 

  

  

SK23 MSSA/BC Weak - 

      

  

SK24 MSSA/BC Strong - 

      

  

SK25# MRSA/BC No - 

    

30±6.6 

 

 22.2±7.4 

SK26 MRSA/SSTI Weak - 

      

  

SK27# MRSA/SSTI Weak - 

     

18.2±3.8 50±5.3  

SK28* MRSA/SSTI No - 

  

23.1±3.3 

   

  

SK29* MRSA/SSTI No - 

      

 25±7.7 

SK30* MRSA/SSTI Strong - 

      

 21.7±6.8 

SK31* MRSA/BC Weak - 

      

 6.7±3.3 

SK32 # MRSA/BC No - 

  

  21.4 ± 5.2 38.5 ± 4.6 

 

18.5±6.9  

SK33* MSSA/BC No + 

    

6.7±3.1 

 

  

SK34 MRSA/BC Weak + 

      

  

SK35 MRSA/BC No - 

      

  

SK36 MRSA/SSTI No - 

      

  

SK37# MRSA/SSTI No - 33.3 ± 4.9 

    

14.3 ± 5.2   

SK38* MRSA/SSTI Strong - 

     

35.7±8.4   

SK39 MRSA/SSTI No - 

      

  

SK40# MRSA/SSTI Strong + 

   

15.4±4.4 

  

25±5.1 13.3±4.1 

SK41# MRSA/LR Weak - 

 

17.6 ± 6.7 20 ± 2.2 

   

 16.7±3.1 
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Table 3.5  Summary of the ability of lifestyle switching of 63 clinical isolates and 9 reference strains  in the presence of stress (cont.) 

Isolate 

(WCH-) 

Phenotype 

/Origin 

Biofilm/Non-

stress 

condition 

Switching 

lifestyle 

 

Chemical (Mean%SCV ±SD) 

H2O2 GSNO Methyl. Glycol. Formal. Acrolein 

 

Glyoxal 

 

Glyceral 

SK42 MRSA/LR No - 

      

  

SK43# MRSA/LR Weak - 

 

16 ± 4.5 25 ± 4.4 

   

  

SK44 MSSA/LR Weak + 

      

  

SK45* MSSA/LR Weak + 

      

 20±5.7 

SK46# MSSA/LR Strong + 20 ± 5.5 

    

24 ± 8.8  22.7±7.5 

SK47* MRSA/LR Strong + 33.3±8.8 

     

  

SK48# MRSA/LR No + 

    

41.7 ± 5.9 13.3 ± 2  21.1±9.1 

SK49 MRSA/LR Weak + 

      

  

SK50 MRSA/LR Strong + 

      

  

SK51# MRSA/LR Weak - 20 ± 4.3 

    

33.3 ± 3.5   

SK52 MRSA/LR No - 

      

  

SK53 MRSA/LR No - 

      

  

SK54* MRSA/LR Strong + 

     

27.3±8.3   

SK55 MRSA/LR No + 

      

  

SK56# MRSA/LR Weak - 

  

11.5 ± 2.6 40 ± 7.8 

 

23.3 ± 7.6   

SK57 MRSA/LR Weak + 

      

  

SK58* MRSA/LR Weak - 

      

 23.1±5.6 

SK59 MRSA/LR Weak - 

      

  

SK60* MRSA/LR Weak - 11.8±5.2 

     

  

SK61# MSSA/CF No + 

 

28.6±7.5 

   

33.3±6.7   

SK62* MSSA/CF Weak - 

     

28±4.7   
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Table 3.5  Summary of the ability of lifestyle switching of 63 clinical isolates and 9 reference strains  in the presence of stress (cont.) 

Isolate 

(WCH-) 

Phenotype 

/Origin 

Biofilm/Non-

stress 

condition 

Switching 

lifestyle 

 

Chemical (Mean%SCV ±SD) 

H2O2 GSNO Methyl. Glycol. Formal. Acrolein 

 

Glyoxal 

 

Glyceral 

SK63* MSSA/CF No + 

     

24.3±4.5   

Reference strains   

      

  

252* MRSA Weak + 42.8 ± 9.2 

     

  

476* MSSA Weak - 25.2 ± 5.2 

     

  

8325# MRSA Weak + 

  

25 ± 8.4 

  

16.7 ± 6.2   

N315* MRSA Strong + 

     

23.8 ± 5.8   

MW2# MRSA Weak -     33.3±10.2  7.7±2.1  

Mu50# MRSA Weak +       37.5±8.2 4.8±2.1 

JE2# MSSA Weak +     44.4±8.1   10.5±3.8 

COL MRSA Weak +         

Mu3 MRSA Weak +         

 

Note 

*: strain which was induced by one chemical to produce SCVs 

#: strain which was induced by more than 2 chemicals to produce SCVs 

: Switching lifestyle from non-biofilm or weak-biofilm status to strong-biofilm status in the presence of chemical stress. 

Gray shading boxes indicate the strains which were induced to both biofilm and SCV. 

The value is a percentage of SCVs within a culture of a select group of S. aureus clinical isolates grown under particular conditions; H2O2, GSNO, Methylglyoxal 

(Methyl.), Glycolaldehyde (Glycol), Formaldehyde (Formal.), Acrolein (Acro.) – No SCVs were found.  

Results are presented as the mean of triplicates per strain (± standard deviation)
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3.8. PIGMENTATION IN THE PRESENCE OF CHEMICAL 

STRESSES 

The pigmentation in stress conditions was primarily assessed by observing the change in 

colour of colonies after growing the isolates in the presence of stresses for 24 h. The result of 

24 (WCH-SK1 to WCH-SK24) clinical isolates showed that there was no significant changes 

in pigmentation at the low level of stresses. Interestingly, at high levels of stresses, some 

strains showed either a reduced or increased pigmentation. In general, five stresses including 

formaldehyde, acrolein, glyceraldehyde, methylglyoxal, and GSNO apparently reduced the 

pigmentation of most strains whereas glycolaldehyde, glyoxal showed an increase in the 

pigmentation. The pigmentation extract results showed that there was a significantly 

augmented pigmentation due to the presence of glycolaldehyde for some clinical strains 

(WCH-SK1, WCH-SK11, WCH-SK14, WCH-SK15 and WCH-SK19) compared to no 

difference for the reference strain MRSA MW2 (Fig 3.16). Figures 3.17 to 3.24 display the 

observable changes in pigmentation of these clinical strains in the presence of several chemical 

stresses.  

 

Figure 3.16 Pigmentation of clinical strains that increased pigmentation in the 

presence of glycolaldehyde.  

Bacteria were grown at 37
o
C in TSB after 24 h with or without stress in 50 mL Falcon tubes. Cells were 

harvested and the pigment extracted with methanol. Pigmentation was quantified by measuring optical 

density at 450 nm (OD450nm) of the methanol extract. Results are presented as the mean of duplicates per 

strain (± standard deviation). The asterisks show the significant difference between the pigmentation in non 

stress condition (blue bars) and in the presence of glycolaldehyde (red bars) with p value <0.05.
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Table 3.6 Pigmentation of 24 S. aureus strains in the presence of stress 

Strains Methylglyoxal Formaldehyde Acrolein Glycolaldehyde GSNO Glyoxal Glyceraldehyde Malonaldehyde 

WCH-SK1 0 - - + 0 0 - - 

WCH-SK2 0 - - + 0 0 - + 

WCH-SK3 0 - - + 0 + - + 

WCH-SK4 0 - - + 0 + - + 

WCH-SK5 0 - - + 0 + - + 

WCH-SK6 0 - - 0 0 0 - + 

WCH-SK7 0 - - 0 0 0 - - 

WCH-SK8 0 - - + 0 + - - 

WCH-SK9 0 - - 0 0 + - 0 

WCH-SK10 0 - - + 0 + - 0 

WCH-SK11 0 - - + 0 + - 0 

WCH-SK12 0 - - 0 0 + - 0 

WCH-SK13 0 - - 0 0 0 - 0 

WCH-SK14 0 - - 0 0 + - 0 

WCH-SK15 0 - - 0 0 0 - 0 

WCH-SK16 0 - - 0 0 0 - 0 

WCH-SK17 0 - - 0 - 0 - 0 

WCH-SK18 0 - - + 0 + - 0 

WCH-SK19 0 - - + - + - 0 

WCH-SK20 0 - - 0 0 0 - 0 

WCH-SK21 0 - - + 0 + - 0 

WCH-SK22 0 - - 0 0 + - 0 

WCH-SK23 0 - - 0 0 0 - 0 

WCH-SK24 0 - - 0 0 + - 0 

Note : + increased pigmentation; - decreased pigmentation; 0 unchanged pigmentation. Results are presented as the mean of duplicates per strain  
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Figure 3.17 Pigmentation of clinical S. aureus strains in the presence of glyoxal 

Fig 3.17 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of glyoxal (right).  Fig 3.17 b: Pigmentation of strains WCH-SK9 to WCH-

SK16 in non-stress condition (left) and pigmentation of these strains in the presence of glyoxal (right).  Fig 

3.17 c:  Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and pigmentation of 

these strains in the presence of glyoxal (right).   
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Figure 3.18 Pigmentation of S. aureus strains in the presence of GSNO 

Fig 3.18 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of GSNO (right).  Fig 3.18 b: Pigmentation of strains WCH-SK9 to WCH-

SK16 in non-stress condition (left) and pigmentation of these strains in the presence of GSNO (right). Fig 

3.18 c:  Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and pigmentation of 

these strains in the presence of GSNO (right).   
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Figure 3.19 Pigmentation of S. aureus strains in the presence of glyceraldehyde 

Fig 3.19 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of glyceraldehyde (right).  Fig 3.19 b: Pigmentation of strains WCH-SK9 to 

WCH-SK16 in non-stress condition (left) and pigmentation of these strains in the presence of glyceraldehyde 

(right).  Fig 3.19 c: Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and 

pigmentation of these strains in the presence of glyceraldehyde (right).   
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Figure 3.20 Pigmentation of S. aureus strains in the presence of glycolaldehyde 

Fig 3.20 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of glycolaldehyde (right). Fig 3.20 b: Pigmentation of strains WCH-SK9 to 

WCH-SK16 in non-stress condition (left) and pigmentation of these strains in the presence of glycolaldehyde 

(right).  Fig 3.20 c: Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and 

pigmentation of these strains in the presence of glycolaldehyde (right).   
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Figure 3.21 Pigmentation of S. aureus strains in the presence of acrolein 

Fig 3.21 a Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of acrolein (right).  Fig 3.21 b: Pigmentation of strains WCH-SK9 to WCH-

SK16 in non-stress condition (left) and pigmentation of these strains in the presence of acrolein (right).  Fig 

3.21 c:  Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and pigmentation of 

these strains in the presence of acrolein (right).   
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Figure 3.22 Pigmentation of S. aureus strains in the presence of malonaldehyde 

Fig 3.22 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of malonaldehyde (right).  Fig 3.22 b: Pigmentation of strains WCH-SK9 to 

WCH-SK16 in non-stress condition (left) and pigmentation of these strains in the presence of malonaldehyde 

(right).  Fig 3.22 c:  Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and 

pigmentation of these strains in the presence of malonaldehyde (right).   
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Figure 3.23 Pigmentation of S. aureus strains in the presence of methylglyoxal 

Fig 3.23a:  Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of methylglyoxal (right).  Fig 3.23 b:  Pigmentation of strains WCH-SK9 to 

WCH-SK16 in non-stress condition (left) and pigmentation of these strains in the presence of methylglyoxal 

(right).  Fig 3.23 c: Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and 

pigmentation of these strains in the presence of methylglyoxal (right).   
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Figure 3.24 Pigmentation of S. aureus strains in the presence of formaldehyde 

Fig 3.24 a: Pigmentation of strains WCH-SK1 to WCH-SK8 in non-stress condition (left) and pigmentation 

of these strains in the presence of formaldehyde (right).  Fig 3.24 b: Pigmentation of strains WCH-SK9 to 

WCH-SK16 in non-stress condition (left) and pigmentation of these strains in the presence of formaldehyde 

(right).  Fig 3.24 c: Pigmentation of strains WCH-SK17 to WCH-SK24 in non-stress condition (left) and 

pigmentation of these strains in the presence of formaldehyde (right).   
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3.9. DISCUSSION 

In this Chapter, S. aureus clinical isolates were shown to have relatively similar growth 

rates but significantly different in their response to host-relevant stresses. Some strains 

responded to stress by changing their lifestyles to biofilm and SCVs in high stress 

conditions (sub-lethal level of stress) but not under low levels of stress. These results imply 

that phenotype switching depends on bacterial and host factors and some specific strains 

may possess their unique pathways involved in surviving stress.   

 

The stress response is known as one crucial strategy of bacteria to survive the 

several antimicrobial agents produced by the host innate immune system (van Rossum et 

al. 2005). Relevant stress factors including ROS and RNS and consequently reactive 

aldehydes (Perez, Arenas et al. 2008) are known as toxic agents that S. aureus have to 

counteract to be able to survive within various anatomical niches. The stress response to 

ROS and RNS was studied in many species including S. aureus, however, it was related to 

the detoxification of enzymes and regulatory mechanisms. For ROS detoxification, 

superoxide dismutases (SODs), catalase (KatA), alkyl hydroperoxide reductase (AhpCF), 

bacterioferritin comigratory protein (Bcp), and thioredoxin reductase (TrxB) are controlled 

by PerR (Horsburgh, Clements et al. 2001) two sigma factors σ
B 

and σ
S 

(Shaw et al. 2008). 

In addition, several enzymes involved in the removal of RNS, including microbial 

hemoglobins, NO• reductase, GSNO reductase and peroxynitrite reductase (Fang 2004) 

and Hmp (Richardson et al. 2006) have recently been identified.  

 

We screened these strains under different growth conditions and in the presence of 

different exogenous and relevant stresses. Specifically, it is known in different anatomical 

niches there will be oxidative and nitrosative stresses and these result in further reactions 

(such as lipid peroxidation) that lead to the presence of reactive aldehydes. We used the 

following chemicals; methylglyoxal, glycolaldehyde, glyceraldehyde, acrolein, paraquat, 

hydrogen peroxide, S-nitrosoglutatione. These aldehydes are more stable than free radicals 

and are therefore able to attack more targets of the cell such as DNA and proteins (Fraval 

and McBrien 1980; Yoon et al. 2002; Myers et al. 2011). As a result, they can affect 

several cellular processes, and are involved in most of the pathological consequences such 
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as cell division (Fraval and McBrien 1980; Perez et al. 2008). The concentrations found in 

healthy human blood were glyoxal (211 pmol/g), methylglyoxal (80 pmol/g) (O'Brien et al. 

2005). In phagocytic cells such as in neutrophils, glycolaldehyde and acrolein have been 

found as the final products from the reaction through myeloperoxidase-H2O2-chloride 

system (Myers et al. 2011). Of these aldehydes, there is the growing interest towards 

methylglyoxal (Booth et al. 2003). Methylglyoxal is the most mutagenic of all aldehydes 

and is also the major endogenously formed aldehyde because of its glycolysis origin 

(Kalapos 1999). In our project, the concentrations we have determined to cause a stress 

response for these strains were based on the in vivo experimental conditions with a 

separate stress. Therefore, the concentrations we found are higher than those which were 

previously reported. However, the human system which combines several stress factors 

would be the complicated conditions to mimic for both in vitro and in vivo experiments 

and this was not in the scope of this project. 

 

Recent research have indicated that the stress conditions act as environmental 

factors that are responsible for inducing biofilm and SCV formation. For example, the 

anaerobic conditions (Cramton et al. 2001; Gotz 2002; Ulrich et al. 2007) and a low-fluid-

shear environment (Castro et al. 2011) induce biofilm formation. In addition, other factors 

such as glucose and NaCl (Lim et al. 2004) and the exposure to sub-lethal doses of cell 

wall targeting antibiotics (vancomycin, oxacillin and ampicillin), sonication, and heat 

shock (Mirani et al. 2012) were found to induce PIA production thereby increasing biofilm 

formation. The results from this Chapter contribute to this field by determining the role of 

ROS (H2O2) and RNS (GSNO) as biofilm inducers. We found that the exposure to sub-

lethal levels of these stresses induced biofilm formation of some S. aureus clinical isolates. 

Very little is known about how bacteria respond to reactive aldehydes. In this Chapter, our 

results indicate that in the presence of reactive aldehydes certain S. aureus strains induced 

biofilm formation. To our knowledge, this is the first report about the involvement of 

aldehydes in inducing biofilm formation. 

 

Similarly, the formation of SCVs has been published to be a result from stress 

exposure by a number of studies. For instance, SCVs are formed in vitro when exposing 

the WTs under certain conditions, such as sub-inhibitory concentration of antibiotics 
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including gentamicin (Pelletier et al. 1979; Schaaff et al. 2003), vancomycin and penicillin 

(Onyango et al. 2013), quinolones (pazufloxacin, sparfloxacin) (Mitsuyama et al. 1997; 

Pan et al. 2002).  Importantly, environmental stress factors such as H2O2, cold temperature 

(4°C), low pH (pH 5) and high osmolarity (NaCl 10%) has been recently determined to 

induce phenotype switching to SCVs (Onyango et al. 2013) as well as antibiotic stress 

(vancomycin and penicillin). These stress-induced SCVs have the typical characteristics of 

SCVs phenotype such as small colonies with reduced or non pigmentation and hemolysis. 

The change with significantly smaller cell size and thicker cell wall was also found all 

treatments with stresses including compared to its corresponding control cells of wild type 

S. aureus. Our work has confirmed the existence of SCV lifestyle as a stress response to 

relevant chemical stresses generated by host cells including ROS, RNS and reactive 

aldehydes. These stress-induced SCVs have the typical characteristics of SCVs phenotype 

such as minute colonies with reduced or non pigmentation and haemolysis.  

 

Likewise, the pigmentation was affected by stress conditions, however, the change 

in pigmentation depends on concentration of stress that was very specific for the strains. 

Most of strains had a reduced pigment by changing their yellow colour colonies to pale 

yellow or white in the presence of chemicals such as formaldehyde, acrolein, GSNO. 

However, a minority of strains has increased pigment colonies, the colour changed from 

yellow to dark yellow or orange in the presence of glycolaldehyde, malonaldehyde and 

glyoxal. The quantification of pigment showed the specific increase of pigment in some 

strains. In general, the change in pigmentation varied depending on stress tolerance ability 

of strains. The increase in pigment is known to be linked to defence against oxidative 

stress. It may that the strains that increased their pigment were using this as a defence 

mechanisms while the strains that didn’t increase their pigment had alternative means of 

survival. 

It is intriguing to note a possible the link between the biofilm formation and SCV; 

previously un-investigated. In our study, there maybe such a link for specific strains which 

achieve both the high induction in biofilm formation and high percentage of SCV in the 

presence of particular chemical stresses. Within some strains, perhaps the metabolic state 
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and the nature of the surface structures that is associated with SCV act as a precursor to 

biofilm formation.  

Regarding methods used for biofilm quantification, several methods are created and 

developed such as Tissue Culture Plate (TCP) with crystal violet staining, Tube method 

(TM), Congo Red Agar method (CRA) and bioluminescent assay in which the method 

using tissue culture plate is still considered as a standard for screening. This method was 

first described by Christensen et al. (1985), and subsequently modified by many authors. 

These authors changed some conditions such as the number of washing steps, the condition 

of washing (water, phosphate buffered saline, media), the duration of CV staining, the 

concentration of CV, and other variations. (Reisner et al. 2006; Chavant et al. 2007; 

Skyberg et al. 2007; Naves et al. 2008). In our study, we used the method of O’Toole to 

screen the biofilm production using water for washing to remove non-adherent cells. 

Although this method has still some drawbacks such as the active biofilm (viable cells in 

biofilm) is not detected and the interpretation is variable among studies, this method is 

quick to apply for a large number of strains.  

 

This study determined the high variability of in vitro biofilm formation by S. 

aureus clinical isolates in non-stress condition and the influence of stress conditions. The 

stress factors contribute to induce the formation of biofilm and SCVs for some specific 

strains. This result suggests the involvement of different genetic pathways in this 

phenomenon. In further Chapters, we will determine this molecular underlying mechanism 

for this phenotype switching in S. aureus clinical isolates. 



 

 

 

Chapter 4 

SCV CELLS PRODUCED FROM 

CONTINUOUS CULTURE OF A 

CLINICAL S. AUREUS WERE 

CHARACTERIZED BY A DISTINCT 

EXTRACELLULAR MATRIX 

 
 

This Chapter presents the cellular and physiological characteristics of an S. aureus 

clinical isolate (WCH-SK2) under growth conditions similar to those during 

colonization in the host. We used growth-phase independent and nutrient limiting 

conditions in a chemically defined media (CDM) which was initially required for 

the determination of its growth requirements. This specific CDM enabled the 

growth rate of the organism to be accurately adjusted during continuous culture in 

a chemostat. Consequently, a stable SCV cell-type was obtained and the presence 

of an extracellular matrix was found. Early in these studies the SCVs reverted to 

the WT after sub-culture in non-stress conditions. The addition of stress 

(methylglyoxal) with both low (0.0078%) and high concentration (0.031%) 

increased the percentage of SCVs and the matrix was observed predominant. In 

particular, with the high concentration of methylglyoxal, there was no reversion of 

SCVs to normal colonies after numerous cycles of sub-cultivation.  

 

 

 

This work has partially contributed to the publication of:  

Bui, L. M., et al. (2014). "Prolonged growth  of a clinical Staphylococcus aureus 

strain selects for a stable Small Colony Variant cell-type." Infect Immun.83:470-

481. (Appendix 3) 
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Chapter 4. SCV of a clinical S. aureus produced from continuous culture is characterized by a distinct 

extracellular matrix 

4.1. INTRODUCTION 

A central feature of the pathogenesis of S. aureus is the unclear nature of its 

persistence and relapsing manner of infections. This has been explained by its ability to 

switch lifestyles to exist in a biofilm or as the slow-growing, non-pigmented, quasi-

dormant but reversible SCVs. The mechanism for formation of SCVs is still an open 

question as is its relationship to natural genetic mutations or an environmental impact.  

A series of investigations indicated that the defects in the biosynthesis of 

menadione, hemin and thymidine which could be responsible for the formation of SCVs; 

generated by three mutations, menD, hemB and nupC, that result in the blocking of 

cytochrome biosynthesis (Singh et al. 2010). The affected process subsequently causes a 

decreased amount of ATP that is largely used for cell wall biosynthesis, pigmentation and 

membrane potential; thus the mutants display a slow growth  rate, non-pigmentation and 

the low to no membrane potential results in a decreased uptake of antibiotics (Proctor et al. 

2006). A recent study has determined that SCVs in both experimental models and human 

infections are highly resistant to antimicrobial processes (Bates et al. 2003). Various 

genotypic factors (single nucleotide polymorphisms, mutations, gene deletions) have now 

been identified, suggested or constructed to attempt to characterize S. aureus SCVs 

(Vaudaux et al. 2002; Al Laham et al. 2007; Gao et al. 2010; Mitchell et al. 2013).  

One of the key difficulties in characterizing the induction of the SCV cells is 

controlling their growth, preventing reversion and mostly, generating SCV under natural 

culture conditions. Not all strains or isolates possess the capacity to switch to SCV. The 

induction may also vary in the context of the environmental stresses encountered by that 

particular isolate and based on its own genetics. Within the host-pathogen 

microenvironment the invading bacteria will be required to respond to numerous chemical 

stresses that are directly generated by various host cells and then those produced as a 

consequence of these reacting with other biomolecules that are present. These broadly 

include reactive oxygen and nitrogen species (ROS and RNS, respectively) and 

subsequently reactive aldehydes (RAS) that result from lipid peroxidation or other 

reactions resulting of ROS and RNS with local biomolecules.  
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In this Chapter, chemostat continuous culture methodology was used to mimic the 

bacterial growth dynamics in the host microenvironment; furthermore, this facility is also 

optimal to examine the effects of a single environmental variable on the physiology of the 

organism, with all other factors kept constant. This growth format is growth phase 

independent and permits a prolonged time analysis. As a result, we found that a clinical 

isolate of S. aureus induced a natural but irreversible SCV cell type in a steady-state 

culture conditions with limited nutrient media (CDM), low growth rate and in the presence 

of stress over a long-term study. The defined continuous culture growth is highly 

representative of colonization of or persistence within the host environment; the combined 

stresses of limited nutrients, resident chemicals and growth-phase independent parameters. 

These naturally-stable SCVs (stable SCVs) produced a unique extracellular matrix that was 

distinct from a biofilm phenotype. The composition of this matrix was assessed for protein, 

extracellular DNA (eDNA) and polysaccharides. The stable SCV cells were established as 

having a slower growth rate.  

  

4.2. ESTABLISHMENT OF CONTINUOUS CULTURE 

CONDITIONS 

 

The chemostat setup consists of a sterile reservoir containing fresh CDM connected 

to a vessel implemented with several ports for air input, sampling, or pH control. Medium 

is pumped continuously to the vessel with an appropriate rate and similarly removed. 

Using media with defined concentrations of each components permits the flow rate to 

control the growth rate, if indeed the growth and energy requirements are known for the 

bacterial strains being used. The conditions for bacterial growth included high aeration 

with 210 rpm, pH at 7.2-7.5, and the temperature at 37
o
C. The well-mixed contents of the 

vessel, consisting of unused nutrients, metabolic wastes, and bacteria, are removed from 

the vessel and monitored by a level indicator, in order to maintain a constant volume of 

fluid in the chemostat of 365 mL. All system components are established in the biosafety, 

laminar hood to avoid the contamination (see Section 2.10).  

 

Firstly, to accurately and correctly establish steady-state growth in the chemostat, 

the exact growth nutrient requirements were determined for S. aureus strain WCH-SK2 
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using the same CDM as described previously (Table 2.1) and then a modified CDM (Table 

2.2). For most S. aureus strains, a complex combination of amino acids and vitamins are 

required and some amino acids were determined to be crucial such as arginine, valine, 

leucine, cysteine and proline (Emmett and Kloos 1975). However, the amino acid 

requirement is variable between strains. We therefore assessed the growth requirement of 

this clinical isolate by using CDM and omitting some important amino acids separately as 

well as in combination. The combination of amino acids such as [arginine + proline], 

[arginine + proline + glutamic acid], [serine + glycine], [serine + aspartate + glycine] was 

assessed due to the reciprocal biosynthesis among these amino acids. The result showed 

that this strain grew in most media with amino acids omitted except in the combination of 

arginine and glutamic acids and proline (Fig 4.1).  

 

 

Three amino acids were then added back at increasing concentrations (1 mM and 5 

mM) into modified CDM without glucose, arginine, glutamic acid and proline, this 

resulted in the increasing growth rate which was proportional with the increasing 

concentrations of the amino acids (Fig 4.2 a). Similarly for assessing glucose limitation, 

growth in media with glucose omitted displayed a delay in the growth  for 12 h after 

inoculation. The addition of glucose 2.5 g/L (13.5 mM) and glucose 10 g/L (55 mM) 

showed increased growth  and the exponential phase started by 4 h (Fig 4.2 b).  

 

 

In brief, to be able replicate the growth dynamics of the bacteria during the 

colonization and growth in the host we aimed to create growth phase independent and 

growth limited conditions; we therefore mapped the growth  requirements of S. aureus 

WCH-SK2. This was initially based on a previously described CDM, its ingredients is 

introduced in Table 2.1. This media is modified from HHW (Hussain et al. 1991), by 

iteratively removing potential carbon, nitrogen, and energy sources and controlled addition 

of particular elements. This enabled the production of a highly chemically defined media 

that would allow the growth for a prolonged study and an accurate control of growth rate 

under continuous culture conditions to maintain a steady-state growth.  
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Figure 4.1 The amino acid requirement of S. aureus strain WCH-SK2. 

Growth  of WCH-SK2 in a variety of media with depleted amino acids showed the ability to grow in most 

media after 24 h, except for the combination of arginine with glutamic acid and proline. Bacteria grown 

overnight in TSB broth were washed twice before inoculating into CDM at a 1:50 bacterial suspension to 

media ratio. High oxygen tension was achieved by shaking cells inoculated into 10mL media including CDM 

and modified CDM by at 210 rpm. Absorbance was taken after 24 h by optical density at 630 nm. Results are 

presented as the mean of duplicates per strain (± standard deviation).  

 

 

 

Strain WCH-SK2 was then grown as a batch culture conditions within the 

chemostat (a working volume of 365 mL) until log phase had been achieved. The growth 

parameters such as maximum growth rate and generation time were determined as in Fig 

4.2. The lag phase was around 1 h and at 3 h, the cells doubled, the maximum growth rate 

(μmax) was 0.67 h
-1 

and generation (Tg) was 1.03 h (Fig 4.3). 

 

Compared to the growth in TSB, the lag phase of WCH-SK2 in CDM was more 

delayed and slower than the growth  in TSB. The value of μmax and Tg of this isolate in 

TSB was 0.91 h
-1

 and 0.76 h
-1

 (or 45 mins)   respectively.   
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Figure 4.2 The growth requirements of S. aureus strain WCH-SK2. 

Growth limiting nutrients were determined by changing the concentration of (Fig 4.2 a) arginine, glutamic 

acid and proline and glucose (Fig 4.2 b) in CDM. The final concentration of ingredients in CDM is shown in 

table 2.1. The growth increased proportionally to the increased concentrations of the three amino acids and 

glucose. CDM 15AA is a modified CDM containing 15 amino acids and no arginine, proline, glutamic acid 

and glucose. CDM 18AA is another modified CDM containing 18 amino acids but omitting glucose.  The 

modified CDM 15AA and CDM 18AA composition is given in Table 2.2. Bacteria grown O/N in TSB broth 

was washed twice before inoculating into CDM at a 1:50 bacterial suspension to media ratio. High oxygen 

tension was achieved by stirring of the culture vessel at 210rpm in the chemostat.  
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Figure 4.3 Growth profile of WCH-SK2 in batch culture.   

Bacteria grown overnight in TSB broth were washed twice before inoculating into CDM or TSB at a 1:50 

bacterial suspension to media ratio. The maximum growth rate (μmax) is 0.67 h
-1 

and generation (Tg) is 1.03 h.  

 

Table 4.1 OD values of WCH-SK2 grown in batch culture of CDM 

Hour OD630 log number of cells/mL 

0 0.077 7.79 

1 0.077 7.79 

2 0.182 8.16 

3 0.35 8.45 

4 0.584 8.67 

5 0.77 8.79 

6 0.87 8.84 

8 0.91 8.86 

 

From these OD values, we calculated the maximum growth rate and generation time 
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4.3. SCV WAS PRODUCED FROM CONTINUOUS CULTURE 

It is acknowledged that successful colonization by S. aureus requires growth in the 

host environment for prolonged periods. The time is an important factor in the resulting 

outcome. We therefore undertook an analysis of S. aureus strain WCH-SK2 growth in a 

long term study (60 days). First, we maintained the cells in steady-state (at μrel-0.15) for 

approx. 30 days, then a chemical stress (methylglyoxal) was added to assess the bacterial 

response to a host-resident chemical stress in steady-state and with low growth  rate (Fig. 

4.2). We used methylglyoxal as a representative stress because this chemical is inevitably 

present in the host-pathogen milieu of toxic chemicals, with or without an immune 

response (Kalapos 2008). 

Initially  WCH-SK2 was grown under batch conditions in the chemostat and after 

the log phase had been achieved, the medium pump was turned on, steady-state was 

achieved after approximately after 10 generations. Within a host niche, bacteria generation 

times range from 7-12h (Socransky et al. 1977) and consequently the bacterial systems are 

vastly different than seen when growing near its maximum growth  rate (Ellwood et al. 

1979). Over the first 30 days (over 105 generations the population changed colony-type as 

there was a loss of pigment and changes in the colony size. Within a bacterial population 

there was heterogeneity of cell types (or potential for cell-types), and this was reflected by 

the broad diversity of colony-types we observed.     

During the 30 days we maintained S. aureus WCH-SK2 at μrel-0.15 (Td = 6.867 h) 

and the population changed in colony pigmentation and size. Initially there were colonies 

that were large (4-5 mm) slightly pigmented together with those that were non-pigmented. 

The population changed with time to become less pigmented and produce colonies ranging 

in diameter from 3 mm, 2 mm and 1 mm. For quantitative purposes; in categorizing this 

mixed population our best method was setting clear parameters so colonies could be 

defined as SCVs: specifically, white and less than 3 mm. It should be noted that within this 

grouping there are variations in the colonies, the SCV sub-population contained very small 

colonies and the non-SCV have variations not only in size of colony but the degree of 

pigmentation. It is clear there was a change to the SCV cell-type over time and our 
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assessment indicated the %SCV within the bacterial population reached ~20% by day 30 

(Fig. 4.4). 

We had previously determined the minimal inhibitory concentration (MIC) of 

WCH-SK2 to methylglyoxal using batch culture in a mircrotitre; 96-well plates (see 

Section 2.12). The results showed an MIC of 0.015% (Table 4.1). We added methylglyoxal 

to the chemostat at two concentrations. A concentration below the MIC (0.0078%) was 

added and while there was little effect on cellular viability over the next 20 days (69.9 

generations), there was an increase in SCV. At day 50, the concentration of methylglyoxal 

was increased to a level exceeding the MIC (0.031%). At this concentration, there was a 

large increase in SCV. This level of chemical stress appeared to cause an initial fall in cell 

viability before recovering. This suggests that a selection event had occurred for cells with 

an ability to continue to grow at concentrations of methylglyoxal above the MIC. Under 

these conditions and over time, the percentage of SCV increased to almost 80% (Fig 4.4).  

The SCV cells taken from the chemostat until day 30 reverted during sub-culturing 

to the parental cell-type (non-SCV). However, after addition of methylglyoxal (day 50) 

SCV cells did not revert and remained as SCV over several sub-cultures. Given their 

stability and the conditions of growth, we propose that these cells are a stable SCV (stable 

SCV) cell-type. The combination of growth conditions are the stresses; reduced growth 

rate in limiting conditions over a prolonged timeframe and with an occurring, resident 

chemical, and this induced the surviving population to dramatically favour this stable SCV 

state. These stable SCV cells represent a significant understanding of S. aureus in a clinical 

setting as the long-term growth or colonization within the host-niche is perhaps selecting 

for this stable SCV-type.  
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Table 4.2 MIC of methylglyoxal (MG, in % w/v) of WCH-SK2 in batch culture 

MG (%) OD630 mean  Viability 

0.5 0.052 - 

0.25 0.051 - 

0.125 0.053 - 

0.06 0.052 - 

0.03 0.055 - 

0.015 0.06 + 

0.008 0.11 + 

0.004 0.26 + 

0.002 0.48 + 

0.001 0.45 + 

0.0005 0.45 + 

0 0.46 + 
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Figure 4.4 Prolonged steady-state growth induced SCV in S. aureus WCH-SK2. 

 Growth observed over 60 days (209 generation) in CDM by continuous culture. There was a graduate change in colony size and pigmentation and until day 16, SCVs 

were found and the percentage of the population was slightly fluctuated around 20% (blue bars). Methylglyoxal (0.0078%) was added at day 30 and the percentage of SCV 

increased to 40% (red bars). At day 47, 0.031% methylgyloxal was added and the percentage of SCV increased to 80% (green bars). Data of SCV percentage was given as 

the mean ± SD; N = 3 replicates. The asterisk (*) indicates the time cells were sampled for scanning electron microscopy (SEM).  
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4.4. SCVS WERE CHARACTERIZED BY DISTINCT MATRIX  

Cells were sampled each day through the 60 day continuous culture and analysed 

for different phenotypes by observing under SEM. With increasing SCVs and particularly 

in the stable SCV state (beyond day 50), there was the presence of an extracellular matrix 

(Fig. 4.5). In stable SCVs, the cell community was embedded within this matrix. There are 

some conflicting reports using a menadione-auxotrophic SCV which suggests a matrix 

increases aggregation in S. aureus SCV. Singh and co-workers showed an increase in 

polysaccharide intercellular adhesin (PIA) in the SCV (Singh et al. 2010) which was 

tightly coupled to biofilm production. Thymidine-dependent SCV have also been observed 

under SEM and showed an interaction between cells that was interpreted as an impaired 

cell separation (Kahl et al. 2003). In contrast, growth conditions in the present study 

selected a sub-population that formed a stable SCV which had a distinct extracellular 

matrix. We assessed the composition of this matrix for DNA, polysaccharide and then 

extracellular DNA (Fig. 4.6 & 4.7). The presence of extracellular DNA (eDNA)  was 

clearly associated with the matrix; polysaccharide was only linked to cells (probably the 

cellular capsule) and not the matrix. This is certainly a distinction to other similar cell 

aggregates and most S. aureus biofilms that predominantly contain polysaccharide (Singh 

et al. 2010). Treatment with either DNase or protease dispersed the cell aggregate and 

removed the matrix (Fig.4.9 & 4.10). It is noteworthy that these enzymes separately 

removed the matrix, suggesting an essential interplay by these components. The EPS of S. 

aureus biofilms is known to be composed of eDNA and polysaccharides (specifically, PIA 

(Cramton et al. 1999)), although not always polysaccharide. Other studies have shown 

different biofilm phenotypes expression of adhesive proteins such as biofilm-associated 

protein, Bap (Cucarella et al. 2001), accumulation-associated protein; Aap, surface 

proteins SasG and SasC, fibronectin binding proteins, FnBPA and FnBPB. Recently a 

large, 1.1 MDa, (10,000 aa) surface protein known as the host-extracellular matrix binding 

protein EmbP or Ebh, was identified from biofilm studies of S. epidermidis (Christner et al. 

2010) and although not specifically related to the biofilm it has been shown to be involved 

in S. aureus virulence (Cheng et al. 2014). DNase and proteinase treatment of WCH-SK2 

stable SCV cells disrupted the matrix and SEM and DNA specific staining confirmed these 

treatments had removed the extracellular matrix (see Section 4.5). 
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Figure 4.5 Representative colonies and cell-types during transition to SCV in steady-state. 

SEM images with magnification 12,000X (middle panel), and 35,000X (right panel) were observed from bacterial cells grown in chemostat and sampled at day 1 

(Fig 4.5 a) and day 20 (Fig 4.5 b) without the presence of stress methylglyoxal. The arrow indicates the presence of the matrix surrounding the bacterial cells. 

SCVs were observed from cells grown under non-stress condition and the presence of matrix was found with low frequencies. The bar scale for measuring SCV 

diameter is 5μm and the bar scale for SEM is 2 μm. 

a

b

c

d
5 mm 
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Figure 4.5 Representative colony and cell-types during shift to SCV in steady-state (cont.). 

SEM images with magnification 12,000X (middle panel), and 35,000X (right panel) were observed from bacterial cells grown in chemostat and sampled at day 

35 – 0.0078% MG (Fig 4.5 c) and day 55 – 0.031% MG (Fig 4.5 d). The arrow indicates the presence of the matrix surrounding the bacterial cells. SCVs were 

observed from cells with increased number grown under stress conditions (0.0078% and 0.031% MG) and the presence of matrix was found with higher 

frequencies. The bar scale for measuring SCV diameter is 5 μm and the bar scale for SEM is 2 μm. 
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5 mm 
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Figure 4.6 The extracellular matrix of stable  SCV cells containing eDNA visualized 

by staining with PI and Syto 9 

S. aureus WCH-SK2 cells were observed under phase contrast microscopy (100X, left panel) and stained for 

matrix (visualized with fluorescence microscopy, right panel). Cells were stained with propidium iodide (PI-

red) to identify dead cells or eDNA and Syto 9 (green) to identify live cells. Yellow or orange indicates a 

mixture of these components; (Fig 4.6 a), day 35 with 0.0078% methylglyoxal (Fig 4.6 b) and day 55 with 

0.031% methylglyoxal (Fig 4.6 c). 

a                              

b                                                                     

c                              
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Figure 4.7 The extracellular matrix of stable  SCV cells containing eDNA visualized 

by staining with PI and Syto 9 and Alexa 488 conjugated lectins 

S. aureus WCH-SK2 cells were observed under phase contrast microscopy (100X, left panel) and stained for 

matrix (visualized with fluorescence microscopy, left panel). Cells were stained with propidium iodide (PI-

red) to identify dead cells or eDNA and Syto 9 (green) to identify live cells. Yellow or orange indicates a 

mixture of these components. Batch culture cells (Fig 4.7 d), cells with 0.0078% methylglyoxal (Fig 4.7 e) 

and cells with 0.031% methylglyoxal (Fig 4.7 f) were then stained with PI and Alexa 488-conjugated lectins 

for polysaccharides. Green indicates the presence of polysaccharides. The predominate red colour reveals 

eDNA with limited polysaccharide.  

d                               

e                                                                       

f                               
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4.5 STABLE SCV CELLS WERE FOUND UNDER STRESS 

CONDITIONS 

Studying native characteristics of SCV has been problematic due to their reversion 

to their parental, rapid growing lifestyle. Using specific host-representative, steady-state 

growth  conditions of low growth  nutrients, low growth  rate, prolonged time and a 

naturally resident chemical of the host-pathogen environment, we uniquely induced a S. 

aureus clinical isolate into a naturally generated stable SCVs including the presence of a 

matrix. SCVs reverted to the WT after numerous cycles of sub-culturing but after the 

addition of MG (at a concentration higher than the calculated MIC), cells did not revert 

(we have called these natural stable SCVs – stable SCVs). The stable SCV possessed a 

reduced growth rate and maintained their matrix after sub-culture (Fig 4.8).  

 

After addition of 0.031% MG to the chemostat the population was represented by 

approx. 80% SCV (SCV-type colonies) and larger colonies (non-SCV colonies; still non-

pigmented colonies). These were separately assessed. Growth  was assayed in complex, 

media (TSB) and the CDM used in the chemostat. As shown in Fig 4.8, there was a 

difference in the growth  rate of the large (non-SCV type) and small colonies (SCV-type; 

stable  SCV) cultured in CDM; the small colonies have a significantly reduced growth  rate 

(they also maintained the matrix) compared to non-SCV type. In TSB, the difference was 

not significant. 

 

We assessed the composition of this matrix for polysaccharide and 

intra/extracellular DNA in Section 4.4 (Fig. 4.6 &4.7). eDNA was clearly associated with 

this matrix; the polysaccharide was only linked to cells (probably the cellular capsule) and 

not the matrix. This is certainly a distinction to other similar cell aggregates and most S. 

aureus biofilms (Singh et al. 2010). Treatment with either DNase or protease dispersed the 

cell aggregate and removed the matrix (Fig 4.9 and Fig 4.10).  
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Figure 4.8. S. aureus strain WCH-SK2 SCV cells were produced from continuous 

culture in the presence of methylglyoxal.  

Fig 4.8 a: After addition of 0.031% MG to the chemostat the population was represented by approx. 80% SCV 

(SCV-type colonies) and larger colonies (Non-SCV colonies; still non-pigmented colonies). These colonies were 

separately assessed. Growth was assayed in complex media (TSB) and the CDM. The SCV-type colonies 

displayed a slow growth rate. F i g 4 . 8 b: After several cycles of sub-culture the SCV-type remained as 

small colonies on agar plates (left panels), these stable SCV are the stable SCV. The cells appeared as the same 

size as the Non-SCV cells but maintained the unique extracellular matrix (viewed with SEM, 35000X, right panel). 

Bacteria grown O/N in TSB broth was washed twice before inoculating into CDM or TSB at a 1:50 bacterial 

suspension to media ratio. High oxygen tension was achieved by shaking cells inoculated into 365mL CDM and 

TSB in vessel of chemostat at 210rpm. Absorbance was taken at every 30 mins by optical density at 630nm. The 

bar scale for measuring SCV diameter is 5μm and the bar scale for SEM is 2 μm. 
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The stable SCV cells were assayed for biofilm formation and showed increased 

biofilm formation that was reversed by removing the matrix (Fig 4.9). The stable SCV 

cells do represent a distinct lifestyle but perhaps act as a precursor for cells forming a 

biofilm. Supporting this, the chemostat was left beyond day 60, and further observed at day 

68 (22 generations beyond the final day 60 sample point) and at this point, there was a 

dramatic shift in the chemostat phenotype with pigmented, cell-aggregates or flocs forming 

biofilm around the apparatus (Fig 4.11).    

 

Figure 4.9 The biofilm forming capacity of S. aureus WCH-SK2 stable SCV cells and 

the role of the extracellular matrix. 

The ability of WCH-SK2 cells to produce a biofilm were compared using those grown in batch culture (blue 

bars) or taken from chemostat (red bars; the stable  SCV population, the label stable  SCVs, and then 

specifically the small colonies from this population were assessed, Small colonies). The stable SCV cells 

were also assayed for biofilm after treatment after adding DNase and proteinase K. Biofilm formation was 

quantified via initial adherence to a polystyrene surface. Results are presented as the mean of triplicate per 

strain (± standard deviation). The fold induction was calculated based on the biofilm values under stress 

conditions compared to non-stress conditions. Fold induction was represented as the mean  of triplicates per 

strain (± standard deviation).   
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Figure 4.10 The extracellular matrix of stable SCV cells contains eDNA and protein. 

The stable  SCV S. aureus WCH-SK2 cells were grown in batch culture and the presence of its extracellular 

matrix confirmed before treatment either DNase or proteinase K. Cells were observed under phase contrast 

microscopy, (100X, left panel) and stained with PI (red) and Syto 9 (green) (fluorescence microscopy; 

middle panel). The cells were also examined under SEM (12,000X, right panel). The extracellular matrix was 

seen before treatment and is increasingly removed by addition of either DNase or proteinase K. The number 

of viable cells (samples taken and plated for CFU/mL) remains constant during treatment. 
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4.6. DISCUSSION 

 

In summary, the results showed an increase in SCVs in a clinical S. aureus strain 

(WCH-SK2) during limiting growth conditions, at low growth  rate and in the presence of 

a resident chemical stress (methylglyoxal). This cell-type was further developed to a stable 

SCV cell-type after prolonged growth and survived growing in a concentration of chemical 

stress above the batch derived MIC. Within a host niche, bacteria generation times range 

from 7-12 h (Socransky et al. 1977) and consequently the bacterial systems are vastly 

different to those seen when growing near maximum growth rates (Ellwood et al. 1979). 

The generation time as determined for strain WCH-SK2 in chemostat in our result was 

approximately 7 h. It is acknowledged that successful colonization by S. aureus 

importantly requires growth  in the host environment for prolonged periods. We therefore 

undertook an analysis of S. aureus WCH-SK2 grown over a 209 generations in the 

presence of methylglyoxal which is inevitably present in the host-pathogen milieu of toxic 

chemicals, with or without an immune response (Kalapos 2008).  

 

S. aureus, as with other bacterial populations has a potential to produce numerous 

cell-types or lifestyles to cope with the environmental stresses. It is clear this switch is not 

an off-on switch but a continuum; the diverse range of lifestyles is defined by specific 

metabolic pathways and surface structures. In this regards, there can be significant 

differences in a biofilm formed by a bacterial species based on the combination of cellular 

pathways being expressed. In a multicellular biofilm, the metabolically quiescent bacterial 

community produces a highly protective extracellular polymeric substance (EPS). The EPS 

is variously composed of polysaccharides, extracellular DNA (eDNA), and protein, and its 

protection results in persistent bacterial infections. S. aureus forms biofilms in different 

human tissues, and to some degree the associated EPS has been studied (Otto 2008). 

Alternatively, there exists a diversity of phenotypes and cell-types that translate to a 

particular bacterial lifestyle.  
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In clinical settings, SCV of S. aureus have been observed for many years (Kolle 

and Hetsch 1906); when cultured, these cells are non-pigmented colonies and are ca. 10 

times smaller than their counterparts on agar plates. They have long been associated with 

persistent infections, with an intrinsic resistance to antibiotics, and relapsing infections by 

S. aureus. Largely these have been impossible to clearly study or define their native 

properties because they readily revert to their parental cell-type and active lifestyle. 

Mutations in hemin and menadione biosynthesis (hemB and menA) have produced 

laboratory-generated SCVs and these and other mutations have been studied extensively. 

The presence of gentamicin has also been shown to impede S. aureus metabolism and 

results in SCVs. Both methods result in stable forms of SCV but are artificially generated. 

Various genotypic factors (single nucleotide polymorphisms, mutations, gene deletions) 

have now been identified to attempt to characterize S. aureus SCVs. 

 

Studying the hemB and menD mutants has lead to the argument that these cells 

were unable to fulfill the cellular requirement for heme biosynthesis, and therefore lacked 

the cytochromes of the larger, pigmented cells. This resulted in low ATP, and thereby cells 

that were unable to divert excess energy to cell wall components (such as pigment), or 

other heme-containing enzymes, and produced cells with impaired septation and small 

colonies and due to the low membrane gradient, these cells were more resistant to 

antibiotics that could not be transported into their cellular targets (Proctor et al. 1995); 

Proctor and Peters (1998). In recent years the role of eDNA in the formation of biofilm has 

been determined in many species such as P. aeruginosa, S. aureus, Enterococcus faecalis 

(Whitchurch et al. 2002; Allesen-Holm et al. 2006; Rice et al. 2007; Thomas et al. 2008; 

Mann et al. 2009). The excretion of eDNA is still unclear and presumably results from cell 

death or cell lysis (Webb et al. 2003; Rice et al. 2009) or from membrane vesicles which 

contain DNA and bacteriolysis enzymes  (cytoplasmic β-galactosidase) released by the 

bacteria (Whitchurch et al. 2002; Allesen-Holm et al. 2006).  

The cell death has been possibly regulated by different mechanism depending on 

species. The presence of bacteriophage in P. aeruginosa has been found to regulate cell 

death and is involved in biofilm formation (Webb et al. 2003; Webb et al. 2004; Rice et al. 

2009; Godeke et al. 2011). Based on this hypothesis, Webb et al. further confirmed that the 
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presence of filamentous-shaped prophage Pf4 was involved in the formation of SCVs and  

significantly enhanced attachment, thereby generating the formation of a biofilm (Webb et 

al. 2004).  Biofilm formed by SCVs contained more dead and lysed cells, and cell lysis 

within SCV biofilm was found to occur earlier compared to wild-type biofilms. This result 

implies that the presence of bacteriophage results in cell lysis and DNA accumulation 

within P. aeruginosa biofilms.  

 

In E. faecalis, two proteases including  GelE (gelatinase) and SprE (serine 

protease) (Thomas et al. 2008), autolysins (Alt - bacterial murein hydrolases which can 

also function as adhesins) and Sortase A (SrtA - membrane-anchored transpeptidase 

enzymes) (Guiton et al. 2009) have been recently found to play an important role in cell 

lysis regulation and in genomic DNA excretion. GelE and SprE have opposing effects on 

cell wall hydrolysis and affect biofilm development through two suggested mechanisms 

related to autolytic and allolytic or fratricidal pathways. In the first mechanism, GelE 

which is located on the cell wall will activate autolysis of the producer cell by binding to 

the autolysin. The presence of SprE neutralizes GelE and therefore protects the cell from 

autolysis. In the second pathway, diffusion of GelE affects sibling cells by activating 

autolysis of these cells and cause the mass killing of cells and release DNA (Thomas et al. 

2008).    

 

 In S. aureus, several authors have supported the idea that the control of cell death 

and genomic DNA secretion has been related to the cid and lrg operons (Rice and Bayles 

2003; Rice et al. 2003; Rice et al. 2007; Mann et al. 2009; Moormeier et al. 2013) which 

are themselves regulated by CidR and  LytSR  respectively. These genes have opposing 

effects on murein hydrolase activity and antibiotic tolerance during planktonic growth. 

However, further investigations need to be done to gain more confirmation about the role 

of this regulation in relation to biofilm formation. Our result confirmed the predominant 

presence of eDNA released in biofilms generated from stable SCVs. Further studies using 

transcriptomic profile may elucidate the regulation of eDNA release. 
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Figure 4.11 Model for the development of the stable SCV cell-type in S. aureus.  

The graph shows over time, under limiting growth conditions, low growth rate and then with the presence of 

a chemical stress, there is an increase in SCVs. This cell-type is further developed to a stable SCV cell-type 

after growth in a concentration of chemical stress above the calculated MIC. The stable SCV cell-type is 

enclosed in a matrix, induce the expression of lantibiotics (removing the parental S. aureus cells) and repress 

factors that would stimulate an immune response. Prolonged growth under stress produces stable SCV 

switching to growth as a biofilm.  



 

 

 

  

TRANSCRIPTOMIC PROFILES 

OF S. AUREUS SCV CELLS 

REVEAL THE NEW ROLE OF 

SURFACE PROTEINS 

 

The role of surface proteins and eDNA has been recently shown to be involved in S. 

aureus biofilm formation. However, our knowledge of the regulation of this is still 

incomplete. We have determined the presence of these components as important in 

the time-dependent formation of SCV and a extracellular matrix by S. aureus WCH-

SK2 SCV.  The question remains whether or which surface proteins are the main 

factors involved in this process. In this chapter, using a transcriptomic approach, the 

changes in regulation of several important pathways linked to the development of 

the SCV phenotype were identified. In addition, the determination of the membrane 

protein profile contributed to the confirmation of specific proteins in stable SCV cell 

types. We elucidated the molecular changes of SCVs formed in a low and high 

concentration of stress and compared these against the unstressed batch culture 

cells. This revealed a prominent induction of pathways in SCV cells associated with  

metabolism and surface proteins. Importantly, the SCV cells induced a 

multifunctional surface protein (Ebh) and lantibiotic synthesis (EpiA, EpiB and 

EpiC). There was down-regulation of immune inducing factors. We also suggest a 

model in which this surface protein and lantibiotic epidermin mediate the SCV 

formation linked with biofilm formation.  

 

 

 

Chapter 5 

This work has partially contributed to the publication of:  

Bui, L. M., et al. (2015). "Prolonged growth  of a clinical Staphylococcus aureus 

strain selects for a stable Small Colony Variant cell-type." Infect Immun. 83:470-

81. (Appendix 3) 
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Chapter 5. Transcriptomic profileS of S. aureus SCV cells reveal the new role of surface proteins  

5.1. INTRODUCTION 

 

S. aureus has alternative lifestyles that are important in its chronic and prolonged 

infections in the host. The molecular basis for the bacterial capacity for these lifestyles is 

only starting to be understood. These lifestyles are mainly its formation of SCV and 

biofilms. S. aureus is known to form a biofilm on different host tissues and in-host 

prosthetics. Several studies cite the role of surface adhesive proteins and extracellular 

DNA in S. aureus biofilm formation, such as biofilm-associated protein, Bap (Cucarella et 

al. 2001; Lasa and Penades 2006), accumulation-associated protein; Aap, surface proteins 

SasG and SasC, fibronectin binding proteins - FnBPA and FnBPB. However, there may be 

additional proteins and several surface proteins that have been identified in biofilms but 

with unknown functions. 

 

For S. aureus biofilms, transcriptomic and proteomic results  have revealed the 

down-regulation of active cellular metabolic pathways such as protein, DNA, cell wall 

biosynthesis, (Beenken et al. 2004; Resch et al. 2005; Resch et al. 2006) and  acetoin 

metabolism (Otto 2008). Some pathways related to urease metabolism (ureABCEFGD), 

the arginine deiminase pathway (arcRABCD) and the pyrimidine biosynthetic pathway 

(pyrRPBC, carAB, and pyrFE) have been shown to be up-regulated during biofilm 

formation (Beenken et al. 2004).   

 

 

For SCVs, the transcriptomic and proteomic analysis have demonstrated a 

reduction in the expression of the TCA cycle, purine metabolism, α-toxin, fibronectin 

(FnBA), hemolysin (hla) and the regulatory gene agr and  sigma B factor (Kahl et al. 

2005; von Eiff et al. 2006). In contrast, there is an up regulation of the glycolytic pathway, 

fermentation pathways, arginine deaminase pathway, capsule biosynthesis, clumping 

factors and PIA production (Kohler et al. 2003; Seggewiss et al. 2006; Kriegeskorte et al. 

2011).   
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 In Chapter 4, we determined that the formation of SCVs from low and high levels 

of chemical stress was characterised by the presence of an extracellular matrix which was 

similar to the biofilm EPS matrix. These results implied there is an important and perhaps 

common role of biofilm components such as surface proteins and eDNA in the production 

of S. aureus SCV. Interestingly, the SCV cell type grown in high level of stress (0.031% 

MG) was irreversible after several sub-cultures and the prolonged growth in chemostat 

finally did result in biofilm. The question is which surface proteins are the main factors 

which triggered the process and how they are regulated. In addition, the regulation of 

changes in metabolic pathways are also important in the SCV cell type. 

 

 

5.2.  GENE EXPRESSION OF SCV CELLS PRODUCED AT 

0.0078% METHYLGLYOXAL COMPARED TO THE WT 

Initially, we aimed to analyse the genome-wide gene expression of SCV cells 

formed at low level of stress or 0.0078% MG. After day 30, the SCV cells were 

determined to be reversible SCVs; they reverted to the WT after several sub-cultures. RNA 

was extracted directly from the SCV cells grown in the chemostat at 0.0078% MG at day 

35. To compare the gene expression between the SCV cells and their parental batch culture 

cells, RNA from the parental cells was concurrently extracted. The parental cells were 

grown in the batch media 1 L flask containing 365 mL CDM with aeration, at 37
o
C for 24-

36 h. Following RNA extraction, RNA was extracted and submitted to the AGRF for 

library preparation and sequenced using the Ion Torrent (Proton) platform. Whole genome 

reads were aligned and mapped to the reference genomes S. aureus NCTC 8325 and COL 

as read counts or reads per kilobase per million (RPKM) for each gene. By comparing 

RPKM values between two different samples, the differential expression of each gene 

could be presented as a fold change (log2) between the two libraries. The values were then 

analysed using an R program supported with the package EdgeR and DESeq to give the 

level of significance for the change in expression. In total, 2935 genes were compared in 

pairs and their expression values were presented as log2 (expression ratio) values and 

reliable values were chosen when the change was statically significant or log2fold change ≥ 

±2.0, p<0.05 and padj<1).  
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As a result, the whole cell gene expression of SCV cells formed at low levels of 

stress (0.0078% MG) was verified by comparing the differentially expressed genes over 

the parental cells. A short list of the up-regulated and down-regulated genes is shown in 

Table 5.1 and the full detail of these genes is listed in supplementary data, Table S1 

(Appendix 1). The statistically significant changes in expression were filtered using a cut-

off of log2 fold change values > 2 and p values <0.05. Table 5.2 and Fig 5.1 and 5.2 

described the number and distribution of up regulated and down regulated genes in non-

stable SCV compared to WT based on their pathways. There were  a total of 161 up-

regulated genes and 31 down-regulated genes. Regardless of the genes encoding 

hypothetical or uncharacterized proteins; the highest distribution of up- and down-

regulated genes were involved in amino acid transport and metabolism (~31 or 32%). The 

majority of genes (>7%) associated with other metabolic pathways were up-regulated and 

included carbohydrate, inorganic ion and lipid metabolism. <7% of genes were involved in 

surface protein/antigen, stress response, oxidoreductase, transcription and were both up- 

and down-regulated. In contrast, several genes encoding virulence factors facilitating S. 

aureus infections were repressed (10%). 

Table 5.1 The number of statistically significant up- and down-regulated genes in non-stable 

SCV cells produced at 0.0078% MG compared to the WT based on functional categories  

Functional categories Up-regulated 

genes 

Down-regulated 

genes 

Amino acid metabolism and transport 50 10 

Uncharacterized/Hypothetical  47 10 

Carbohydrate metabolism and transport 33 2 

Oxidoreductase/Detoxification enzyme 2 0 

Inorganic ion transport and metabolism 11 2 

Lipid metabolism 7 1 

Surface protein/ antigen 2 0 

Transcription 5 0 

Intracellular trafficking and secretion 1 0 

Cell wall, envelope biogenesis, outer membrane 2 1 

Metabolism of coenzymes and vitamins  0 1 

Staphylococcus aureus infection/Virulence/Biofilm 1 3 

Stress response protein/Defence mechanism 1 0 

Translation, ribosomal structure and biogenesis 0 1 

Total 161 31 
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Figure 5.1 The distribution of up-regulated-genes of SCV cells produced at 0.0078% 

MG compared to the WT.  

The graph shows the distribution of up-regulated genes in non stable SCV cells taken from the chemostat at 

0.0078% MG (day 35) compared to the WT.  A total of 161 genes with a significant differential expression 

were placed in several functional categories. The majority of genes (>7%) were related to metabolism and 

transport of amino acids, carbohydrates, and inorganic ions whereas the minority (<7%) were involved in 

other metabolic pathways which were listed in the legend. 

31% 

29% 

20% 

7% 

4% 

3% 

2% 
1% 

1% 0% 1% 
1% 

Up-regulated genes of non-stable SCV cells  

produced at 0.0078% MG  

Amino acid metabolism and transport 

Uncharacterized/Hypothetical  

Carbohydrate metabolism and transport 

Inorganic ion transport and metabolism 

Lipid metabolism 

Transcription 

Cell wall, envelope biogenesis, outer membrane 

Oxidoreductase/Detoxification enzyme 

Surface protein/ antigen 

Staphylococcus aureus infection/Virulence/Biofilm 

Stress response protein/Defense mechanism 

Intracellular trafficking and secretion 



C h a p t e r  5    P a g e  | 141 

 

 

 

 

Figure 5.2 The distribution of down-regulated genes of SCV cells produced at 

0.0078% MG compared to the WT.   

The graph shows the distribution of down-regulated genes in SCV cells taken from the chemostat at 0.0078% 

MG (day 35) compared to  the WT.  A total of 31 genes with a significant differential expression were placed 

in several functional categories. The majority of genes (>7%) were related to the metabolism and transport of 

amino acids, carbohydrates, inorganic ions and surface proteins whereas the minority (<7%) were involved in 

other metabolic pathways which were listed in the legend. 
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As shown in Table 5.2, 50 up-regulated genes were involved in the metabolism of 

amino acids and this was considerably higher than the associated down-regulated genes 

(10).  Up-regulated genes were  involved in the metabolism of cysteine and methionine 

(cysKM), alanine, aspartate and glutamate (ansP, gabT, gltD, hipO,alr2,ald1), arginine and 

proline (argACD, argHG, rocD, arcBA, putA,arg), glycine, serine and threonine (serCA, 

lysC, thrACB),  lysine (lysC, dapABD), histidine  (hutUI, hisHBCGZ), isoleucine, leucine 

and valine (ilvDBHCA-leuABCD) with log2 fold change within 2.5 to 4.3 fold. However, 

some genes linked to the metabolism of tryptophan (trpEGDCFBA) and isoleucine (ilvA1) 

and alanine (ald1) were highly repressed (3.0-3.4 fold) compared to parental cells. Genes 

related to the transport of amino acids (metNIQ, glnQ, hisM, alsT, gltS, ggt) and peptides 

(oppABC, rlp) were up-regulated 2.6-4.8 times higher than in parental cells. 

  

Similar results were discovered for carbohydrate metabolism and transport, 33 

genes were up-regulated compared with 2 down-regulated ones. Genes related to 

glycolysis and gluconeogenesis pathways such as gapB, acsA and ald were highly up-

regulated (4-6.3 fold) whereas adhA which was down-regulated 3.2 fold. The remaining 

up-regulated genes were linked to the TCA cycle (pckA, citZ) and the metabolism and 

transport of several sugars (araB, gutB, lacBA, iolE, pfkB. glmM, fbp) were down-

regulated 2.5-8.1 fold. Interestingly, the metabolism and transport of urea (ureABCEFGD 

and utp) also was found to be  up-regulated 3.0-4.6 times higher than in parental cells. The 

data also showed that there was a 2.4 to 7.9 fold up-regulation of several genes related to 

the metabolism of lipids (caiBDAC, fadX, glpT, dhaL) in SCV forms with the exception 

being  ~2.3 down-regulation of pnbA which encodes carboxylesterase. Genes related to the 

transport of inorganic ion such as iron (ceuD, fepB, fecB, feoA), cobalt (cbiOQ), nitrate 

(tauBAC) and phosphate (ptsCS) were 2.4-3.9 times up-regulated compared to parental 

cells. However, the transport of iron chelate (sirC) and formate (focA) was repressed.  

 

Few genes associated with other metabolic pathways such as vitamins (down-

regulated pdxT) and oxidoreductases (up-regulated azoR and frp) were altered in 

expression. In brief, the results showing changes in expression of genes related to 

metabolic pathways including the metabolism and transport of amino acids, carbohydrates, 

lipid, inorganic ion, vitamins, and oxidoreductase enzymes are understandable owing to 
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the utilization of limited nutrients in the chemical media which is also considered as one of 

the imposed important stressor factors. 

 

Apart from the changes in metabolic pathways, other important changes in 

transcription were also found. It is worth noting that genes involved in transcription such 

as bglG, lytT, marR and malR were found to be up-regulated 2.8-3.7 fold. malR and bglG 

encode for MalR and BglG regulators which are involved in the metabolism and transport 

of maltose (Andersson and Radstrom 2002) and β- glucosides (Bardowski et al. 1994). The 

gene marR encodes for the MarR-type regulator which is suggested to regulate the gene atl 

encoding a bifunctional autolysin due to its genomic almost adjacent locus 

(SAOUHSC_00992) and divergence oriented to this gene (SAOUHSC_00994). Therefore 

the transcription is possibly involved in the regulation of cell autolysis and biofilm 

formation as previously determined (Houston et al. 2011). The gene lytT encodes the 

response regulator LytT of the LytR/AlgR family which may also be involved in the 

regulation of cell wall biosynthesis and autolysis (Galperin 2008).   

 

 

Interestingly, also related to the cell autolysis, there were two genes encoding 

hydrolases (nanAT and lytN) which are required for cell wall biosynthesis and displayed 

high levels (2.6-3.3 fold) of expression in non-stable SCV cells. The genes nanA and nanT 

encoding NanA (N-acetylneuramic acid lyase) and NanT (sialic acid transport) 

respectively are involved in sialic acid catabolism. S. aureus is able to utilize sialic acid as 

a carbon source and this ability is important for the survival of S. aureus in the host due to 

the abundance of sialic acid in mucous containing niches (Olson et al. 2013). The gene 

lytN encoding a cell wall murein hydrolase LytN has also been found to play an important 

role in bacterial growth. lytN mutants show a retardation in growth but overexpression of 

LytN causes cell wall rupture and cell lysis in Staphylococci (Frankel et al. 2011). In 

contrast, the gene atl encoding autolysin was repressed ~3.0 fold. However, this gene is 

located at a different gene locus SAOUHSC_02019 and belongs to a prophage of strain 

NCTC8325. The function of this gene has not yet been characterized, but it may contribute 

to the lysis function of the prophage lifecycle but not solely cell lysis. 
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There is only one gene related to a stress response, drp35 encodes for lactonase 

Drp35 which was up-regulated ~2.6 times. Drp35 has not been characterized in detail but 

has been presumed to increase its expression as a response to various cell wall target 

antibiotics such as β-lactams, vancomycin, fosfomycin and bacitracin (Murakami et al. 

1999). In the present study, the increased expression of drp35 would appear to be due to 

the presence of methylglyoxal an antimicrobial agent (Jervis-Bardy et al. 2011).  

 

In addition, the genes related to virulence factors such as sspA encoding glutamyl 

endopeptidase or serine protease SspA were up regulated ~2.6 fold. SspA is known as one 

of important extracellular proteases which have a role in controlling autolytic activity 

(Rice et al. 2001) and biofilm formation in Staphylococci (Marti et al. 2010; Chen et al. 

2013). It has been suggested to be a factor facilitating  the final step of biofilm dispersal  

(Boles and Horswill 2008).  However, other genes encoding for virulence factors including 

staphylokinase Spk (spk) and predicted Panton-Valentine leukocidins - lukF-PVL and lukS-

PVL (SAOUHSC_02241 and SAOUHSC_02243) were down regulated ~2.5-3.2 fold. Spk 

is a human-specific innate immune modulator and inhibits defensins and 

opsonophagocytosis (Jin et al. 2004) whereas PVL is known as a pore-forming toxin 

causing necrotizing pneumonia and severe skin and soft tissue infections (Zaidi et al. 

2013). 

   

Perhaps the most significant result is the high expression of genes encoding surface 

proteins including protein A Spa (spa) and predicted extracellular matrix (ECM) binding 

protein (ebh) which were up-regulated ~3.6 fold in non-stable SCV compared to WT. The 

role of Spa as a surface protein contributes to S. aureus pathogenesis by interfering with 

immune responses and activating inflammation (Sinha et al. 1999). In contrast, the 

function of this large protein has not been fully characterized in S. aureus.  In recent 

studies, Ebh has been defined as a giant adhesive surface protein which has homology to 

other ECM-binding proteins which helps bacteria to adhere to host extracellular matrix 

ligand – fibrinogen/fibrin (Clarke et al. 2002; McCarthy and Lindsay 2010). It is 1 MDa in 

size (over 10,000 amino acids). The gene ebh encoding for the Ebh protein or their 

homologues is found in several species such as S. epidermidis (where it is known as Embp) 

(Williams et al. 2002; Christner et al. 2010), S. aureus, S. warneri (McCarthy and Lindsay 
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2010) and other species such as Streptococcus defectivus (Emb) but not in S. haemolyticus 

(Kuroda et al. 2005)  and S. saprophyticus (Kuroda, Yamashita et al. 2005).  

 

The up-regulation of gene essC encoding EssC protein which plays a role in 

immune evasion has been also found. EssC is an essential component of the ESAT-6 

secretion system as a transporter of EsxA and EsxB across the bacterial envelope required 

for S. aureus infections (Burts et al. 2008).  

 

 

 

Collectively, at a low level of stress, the SCVs displayed a particular metabolic 

profile and a high expression of specific surface proteins (such as Ebh, Spa and EssC) and 

then factors related to cell growth and lysis (LytN, LytT and MarR-type regulator) and 

survival (nanA and NanT). In addition, the genes associated with virulence factors (Spk 

and Leukocidins LukFS-PVL) were considerably repressed. The role of a multifunctional 

surface protein Ebh as well as the cell lysis determinants MarR, LytT and LytN will be 

further discussed in Section 5.5. 
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Table 5.2 A list of statistically significant up- and down-regulated genes in non-stable 

SCV cells produced at 0.0078% MG at day 35 over WT cells  

UP-REGULATED GENES  

Gene locus 

(SAOUHSC_) 

Gene name Protein coding Change* 

Amino acid metabolism and transport 

00147,00149-

00150,00898-

00899, 00894 

argACD, 

argHG, rocD 

Arginine and proline metabolism, 3.3-4.3 

02968-02969, 

01884, 02409 

arcBA, 

putA,arg 

Arginine and proline metabolism, 2.5-2.7 

01832-01833, 

01319-01322 

serCA, lysC, 

thrACB 

Glycine, serine and threonine metabolism 2.3-2.5 

02729, 02924, 

00436 

ansP, gabT, 

gltD 

Alanine, aspartate and glutamate metabolism 3.1-4.1 

01399-01400 hipO,alr2,ald1 Alanine, aspartate and glutamate metabolism                   2.3-2.5 

00421-00422 cysKM Cysteine and methionine metabolism 3.3-3.5 

01396-01398 asd,dapABD Lysine biosynthesis 3.1-3.6 

03010-03015 hisHBCGZ Histidine metabolism 2.6-3.7 

02606-02607 hutI,hutU Histidine metabolism 2.8-3.6 

02281-02289 ilvDBHCA-

leuABCD 

Valine, leucine and isoleucine biosynthesis 2.9-3.6 

00167-00169 oppABC ABC-type dipeptide/oligopeptide/nickel transport  2.6-4.7 

00170 rlp RGD-containing lipoprotein/ peptide transport 4.8 

00171 ggt Glutathione transporter 4.0 

00423-

00424,00426 

metNIQ D-Methionine transport system 2.7-3.5 

01990 glnQ  Glutamine transport ATP-binding protein 4.0 

01991 hisM Histidine transport 3.7 

00949 alsT Na+/alanine symporter  4.8 

02622 gltS sodium/glutamate symporter 4.5 

Carbohydrate metabolism and transport 

01910 pckA phosphoenolpyruvate carboxykinase (TCA cycle) 4.2 

01802 citZ Citrate synthase (TCA cycle) 3.1 

01794 gapB Glyceraldehyde 3-phosphate dehydrogenase  

(Glycolysis/gluconeogenesis) 

4.0 

01846 acsA Acetyl-CoA synthetase (Glycolysis/gluconeogenesis) 6.3 

00132 ald aldehyde dehydrogenase 

(Glycolysis/gluconeogenesis) 

4.4 

00534 araB ribulokinase 2.5 

00217 gutB sorbitol metabolism 4.0 

02454-02455 lacBA Galactose metabolism 3.0 

01810 iolE Sugar phosphatemetabolism 7.1 

02558-02565 ureABCEFGD Urea metabolism 3.0-4.6 

00291 pfkB Fructose and mannose metabolism 3.1 

02425 glmM Glucosamine metabolism 2.9 

02822 fbp Firmicute fructose-1,6-bisphosphatase 2.7 
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00158 murP PTS system N-acetylmuramic acid transporter  2.8 

00175 -00178 malKEFG maltose transporter 6.8-8.1 

02557 utp urea transporter 3.0 

02848 pstG Glucose transporter  3.3 

02451 lacF Galatose transport 2.7 

00214-00216 gatABC PTS system galactitol specific  transporter  2.5-3.3 

00310-00311 ulaAB PTS system ascobate specific  transporter 3.3 

00437 treP PTS system, trehalose-specific 2.7 

00312-00313 mltFA PTS fructose-specific enzyme IIBC component 3.3-3.5 

Lipid metabolism 

00173 caiBDAC acetyl-CoA acetyltransferase 4.3-7.9 

00320 fadX Acyl CoA:acetate/3-ketoacid CoA transferase 6.8 

02829 glpT glycerol-3-phosphate transporter 2.9 

00656 dhaL dihydroxyacetone kinase, 2.4 

Inorganic ion transport and metabolism 

00136-00138 tauBAC ABC-type nitrate/sulfonate/bicarbonate transport  2.6-3.5 

00748 ceuD ABC-type enterochelin transport system 3.7 

00749 fepB ABC-type Fe3+-hydroxamate transport system 2.7 

02430 fecB  ABC-type Fe3+-citrate transport system 2.5 

02865 feoA Fe2+ transport system protein A 3.9 

03018-03019 cbiQO  ABC-type cobalt transport system 2.4-2.6 

01387-01389 ptsCS ABC-type phosphate transport system 2.7-3.5 

Transcription    

00213 bglG Transcriptional antiterminator 3.3 

00992 marR MarR family transcriptional regulator 2.8 

01602 malR maltose operon transcriptional repressor 3.6 

02800 sarU Transcriptional regulator SarU 4.1 

02645 lytT Response regulator of the LytR/AlgR family 3.7 

Intracellular trafficking and secretion 

0262 essC EssC component of Type VII secretion system 2.2 

Staphylococcus aureus infections/Virulence/ Biofilm 

00988 sspA glutamyl endopeptidase 2.4 

Oxidoreductase/Detoxification enzyme 

00173 azoR azoreductase 2.6 

02829 frp NAD(P)H-flavin oxidoreductase 3.2 

Cell wall, envelope biogenesis, outer membrane 

00294-00295 nanAT N-acetylneuraminate (Sialic acid)  lyase and transport 3.3 

01219 lytN cell wall hydrolase 2.8 

Stress response protein 

03023 drp35 lactonase Drp35 2.6 

Surface protein/ antigen 

01447 ebh Extracellular matrix binding protein 3.6 

00069 spa protein A 3.6 
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DOWN-REGULATED GENES  

Gene locus 

(SAOUHSC_) 

Gene name Protein coding/Pathway log2 fold 

change 

Amino acid metabolism and transport 

01366-01372 trpEGDCFBA Phenylalanine, tyrosine and tryptophan biosynthesis 3.2-3.4 

01451 ilvA-1 Valine, leucine and isoleucine biosynthesis 3.3 

01452 ald1 Alanine, aspartate and glutamate metabolism 3.0 

01450 potE Amino acid transporters  3.3 

    

Carbohydrate metabolism and transport 

00051 plc 1-phosphatidylinositol phosphodiesterase (Inositol 

metabolism) 

2.9 

00608 adhA alcohol dehydrogenase (Glycolysis/Gluconeogenesis) 3.2 

Lipid metabolism 

02751 pnbA Carboxylesterase type B  2.3 

Inorganic ion transport and metabolism 

00071 sirC lipoprotein SirC 2.5 

00281 focA  Formate/nitrite family of transporters  2.8 

Translation, ribosomal structure and biogenesis 

02836 rimL Acetyltransferases, including N-acetylases of 

ribosomal proteins  

2.3 

Metabolism of coenzymes and vitamins  

00500 pdsT Vitamin B6 biosynthesis 2.3 

    

Cell wall, envelope biogenesis, outer membrane 

02019 atl autolysin 3.0 

Staphylococcus aureus infections 

02171 spk Staphylokinase 2.5 

02241-02243 lukFS-PVL Leukocidin; Leukocidin/Hemolysin toxin family 3.2 

 

*the ratio of the change in gene expression of SCV compared to batch grown cells as log2 fold 

change   
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5.3. GENE EXPRESSION IN STABLE SCV CELLS 

PRODUCED AT 0.031% MG COMPARED TO THE WT  

 

Following the addition of 0.031% MG, at day 55 SCV cells were found not to 

revert over several sub-cultures to the parental, rapid growing, pigmented cell-type. Given 

their stability, we propose that these cells are a stable SCV (sSCV) cell-type. The 

combination of stress; reduced growth rate in nutrient limiting conditions over a prolonged 

timeframe induced the surviving population to favour this stable SCV phenotype. These 

sSCV cells represent a significant understanding of S. aureus in a clinical setting as the 

long-term growth or colonization within a host-niche may select for this sSCV cell type. 

RNA was extracted from sSCV formed at high level of stress (MG-0.031%) and was 

sequenced.  In total, 2935 genes were compared in pair and their expression values were 

presented with as log2 (expression ratio) values with the reliable values chosen when the 

change was statically significant and/or log2fold change ≥ ±2.0 (p<0.05 and padj<1).  

 

A list of the up-regulated and down-regulated genes is shown in Table 5.3 and the 

full details of these genes is listed in Table S2 (Appendix 1). Table 5.3 and Fig 5.3 and 5.4 

described the number and distribution of up-regulated and down-regulated genes in sSCV 

compared to WT based on their function. There were a total of 161 up-regulated genes and 

101 down-regulated genes. The up-regulated genes were relatively similar in numbers (161 

genes in non-stable SCV versus 163 in sSCVs) and indeed the actual gene but the numbers 

of down-regulated genes of sSCVs (101 genes) was almost tripled those found in non-

stable SCVs (31 genes). 

 

 In general, when disregarding the genes encoding hypothetical or uncharacterized 

proteins; the highest distribution of up- and down-regulated genes were involved in amino 

acid transport and metabolism with ~32% and 44% respectively. The majority of genes 

(>6%) up-regulated related to metabolic pathways associated with carbohydrates and 

inorganic ions. <6% of genes involved in these pathways were down regulated. Similar to 

non-stable SCVs <6% of genes up- and down-regulated were involved in surface 
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protein/antigen, stress response, oxidoreductase, transcription. However, a higher number 

(~9%) of genes associated with cell wall and envelop biogenesis pathways were repressed 

in stable SCVs. In particular, in stable SCVs, 3% of genes responsible for lantibiotic 

biosynthesis were considerably up-regulated whereas few genes encoding virulence factors 

for S. aureus infections were repressed. 

 

Table 5.3 The number of statistically significant up- and down-regulated genes in stable SCV 

cells produced at 0.031% MG compared to the WT based on functional categories (p<0.05) 

Functional categories 
Up-regulated 

genes 

Down-regulated 

genes 

Amino acid metabolism and transport 50 17 

Uncharacterized/Hypothetical 52 45 

Carbohydrate metabolism and transport 27 5 

Oxidoreductase/Detoxification enzyme 3 0 

Inorganic ion transport and metabolism 9 1 

Lipid metabolism 6 1 

Lantibiotic biosynthesis 5 0 

Energy production and conversion 0 3 

Surface protein/ antigen 2 1 

Transcription 3 2 

Cell wall, envelope biogenesis, outer membrane 2 9 

DNA replication, recombination and repair 2 0 

Nucleotide transport and metabolism 0 1 

Metabolism of coenzymes and vitamins 0 6 

Staphylococcus aureus infection/Virulence/Biofilm 0 3 

Stress response protein/Defence mechanism 0 2 

Translation, ribosomal structure and biogenesis 0 3 

Carotenoid biosynthesis 0 1 

Pseudogene 0 1 

Total 161 101 
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Figure 5.3 The distribution of up-regulated genes in stable SCV cells produced at 

0.031% MG over WT cells  

The graph shows the distribution of up-regulated genes in SCV cells taken from the chemostat with 0.031% 

MG (day 55) compared to WT cells.  A total of 161 genes with a significant differential expression were 

placed in several functional categories. The majority of genes (>6%) were related to the metabolism and 

transport of amino acids, carbohydrates, inorganic ions and surface proteins. The minority of genes (<6%) 

were involved in other metabolic pathways which were listed in the legend. In particular, 3% of genes related 

to lantibiotic biosynthesis were up-regulated. 
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Figure 5.4 The distribution of down-regulated genes of stable SCV cells produced at 

0.031% MG over WT cells.  

The graph shows the distribution of down-regulated genes in sSCV cells taken from the chemostat with 

0.031% MG (day 55) compared to WT cells. A total of 101 genes with a significant differential expression 

were placed in several functional categories. The majority of genes (>6%) were related to hypothetical 

proteins, the metabolism and transport of amino acids, vitamins, cell wall and envelope biosynthesis. The 

minority of genes (<6%) were involved in other metabolic pathways which were  listed in the legend. In 

particular, 3% of genes involved in energy production/conversion and virulence genes were considerably 

down-regulated. 
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There were similar results between stable SCV and non-stable SCV cells produced 

at low levels of stress as the number of up-regulated genes and the gene names (50 genes) 

related to amino acid metabolism with only a slight difference in log2 fold change values 

(Table 5.4). For example, in the stable SCV the genes involved in the metabolism of 

cysteine and methionine (cysKM), alanine, aspartate and glutamate (ansP, gabT, gltD, 

hipO,alr2,ald1), arginine and proline (argACD, argHG, rocD, arcBA, putA, arg), glycine, 

serine and threonine (serCA, lysC, thrACB),  lysine (lysC, dapABD), histidine  (hutUI, 

hisHBCGZ ), isoleucine, leucine and valine (ilvDBHCA-leuABCD) showed a log2 fold 

change within 2.6 to 6.1 times, which was greater than in the non-stable SCV. Genes 

related to the transport of amino acids (metNIQ, glnQ, hisM, alsT gltS,ggt) and peptides 

(oppABC, rlp) was up-regulated 3.6-6.1 times higher compared to parental cells. The 

number of down-regulated genes involved in these pathways was 17 in stable SCVs which 

was higher than in non-stable SCV (10). Similarly, genes linked to the metabolism of 

tryptophan (trpEGDCFBA) and isoleucine (ilvA1), lysine (dapF) and alanine (ald1) were 

highly down-regulated by 3.8-7.2 fold compared to parental cells. Few genes involved in 

peptide transport (dppFDCBA) and amino acid transport (potA, betT) were also down-

regulated 3.2-4.3 fold. 

 

Similarly, in non-stable SCVs, several genes involved in carbohydrate metabolism 

and transport were up-regulated (27) compared with down-regulated genes (5). Of these 

genes, those related to glycolysis and gluconeogenesis pathways such as gapB, acsA and 

ald which were highly up-regulated (3.4-5.6 fold) whereas adhE and gpmA were down-

regulated 2.8-8.7 fold. For genes linked to the TCA cycle, there was an 3.2-3.8 fold 

increased expression of genes pckA and odhB . The remaining genes responsible for sugar 

metabolism (malA, lacBA, iolE, uhpT, pfkB and glmM) and transport (murP, malKEFG, 

utp, ptsG, lacF) were up-regulated between 2.6-6.8 fold. Similarly, the metabolism and 

transport of urea (ureABCEFGD and utp) also was found considerable up-regulated 2.8-4.0 

times higher than in parental cells.  

 

This data also showed that there was a 3.2 to 6.8 fold up-regulation of several genes 

related to the metabolism of lipids (caiBDAC, fadX, glpT) in stable SCV forms with 

exception of lip which encodes lipase which was down-regulated ~3.8 times. Genes related 
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to the transport of inorganic ions such as iron (ceuD, fepB, fecB, feoA), cobalt (cbiOQ), 

nitrate (tauBAC) were highly up regulated 2.7-6.5 times higher than in parental cells. 

However, the gene related transport of nickel and iron complex (sirC) was repressed 5.7 

times.  

 

Few genes associated with vitamin metabolism and transport and other metabolic 

pathways appeared regulated (down-regulated pdsXT, ribBCD, thiD) and oxidoreductases 

(up-regulated azoR, SAOUHSC_00320 and frp). In addition, there also a down-regulation 

(2.7 – 3.0 fold) of genes involved in energy production (ykoCD, ltcP) and carotenoid 

biosynthesis (crtP) . These changes may contribute and explain why stable non-pigmented 

SCV colonies were found in the chemostat at high levels of MG.  

 

Apart from the changes in metabolic pathways, other important changes in the 

regulation of transcription were also found. In stable SCVs, compared with non-stable 

SCVs genes involved in transcription regulation such as nanR, marR and malR were 

considerably increased in expression (2.9-3.5 fold) whereas gntR/phnF and glntR were 

repressed ~2.9 fold. The genes malR, gntR/phnF and gltnR encoding MalR, PhnF and 

GlntR regulators respectively are involved in the metabolism and transport of 

carbohydrates. These regulators have not been characterized for S. aureus but similar 

functions can be found in other strains. For examples, the MalR is a member of the LacI-

GalR family and it acts as a transcriptional repressor of maltose in S. pneumoniae (Puyet et 

al. 1993; Nieto et al. 1997), Clostridium butyricum (Goda et al. 1998), and other bacteria. 

Similarly PhnF has not been featured in S. aureus and other common bacterial species, 

except for Mycobacterium smegmatis (Gebhard and Cook 2008). In M. smegmatis, PhnF 

structure and its roles have been defined as a GntR-like transcriptional regulator and as a 

repressor of the phnDCE operon encoding phosphate transport systems (Gebhard et al. 

2014) and glutamine (Bardowski et al. 1994). As mentioned in Section 5.3 for non-stable 

SCVs, the gene marR encodes MarR-type regulator which regulates the gene atl encoding 

bifunctional autolysin and is therefore possibly involved in the regulation of cell autolysis 

and biofilm formation as previously determined (Houston et al. 2011). Another repressed 

regulator (GlnR) is a glutamine synthetase repressor responsive to nitrogen availability and 

has been widely studied in several species such as B. subtilis (Schreier and Rostkowski 
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1995), S. mutans (Castellen et al. 2011), S. pneumoniae (Kloosterman et al. 2006; 

Hendriksen et al. 2008), Streptomyces sp (Fink et al. 2002; Pullan et al. 2011; Amin et al. 

2012). In particular, in M. smegmatis the regulator has been implicated as a controller of 

several genes involved in nitrogen metabolism pathways, nitrate catabolism and as an 

alternative source of nitrogen which is important for bacterial survival in nutrient limiting 

conditions (Jenkins et al. 2013) . 

 

 

Different from non-stable SCVs, the gene lytT encodes the response regulator LytT 

of the LytR/AlgR family was not up-regulated but the gene nanR encoding NanR regulator 

was up-regulated. NanR has been suggested as a part of the RpiR family of transcriptional 

regulators, which contain both sugar isomerase and helix-turn-helix domains (Jaeger and 

Mayer 2008). It has also been shown to repress the transcription of nanA and nanT which 

are involved in sialic acid catabolism required for S. aureus survival (Olson et al. 2013). 

However, in this case, along with the high expression of NanR, we also found the high 

expression of NanA (2.7 fold) but not NanT. As explained by Olson et al for the activity of 

NanR, it binds the promoter regions of nanAT and represses the transcript; however, the 

intermediate product of sialic catabolism (N-acetylmannosamine-6-phosphate) interacts 

with NanR and inactivates this repressor of nanAT transcription. The high expression of 

NanR and NanA maybe due to the requirement for S. aureus growth and survival in a 

limited nutrient media.  

 

The increased expression (~3.5 times) of the gene lytN encoding for a cell wall 

murein hydrolase LytN was found. LytN is required for bacterial growth but also results in 

bacterial cell lysis in Staphylococci (Frankel et al. 2011). Similarly, the gene atl 

(SAOUHSC_02019) encoding autolysin was repressed ~4.0 fold. However, this gene has 

not yet been characterized. Interestingly, different from non-stable SCVs, several genes 

encoding capsule biosynthesis (cap-5B-8B-8F-5G-5H) were repressed 2.4-3.4 fold in 

stable SCVs. In addition, the genes located on the lrg operon or lrgAB encoding putative 

effector of murein hydrolase LrgAB were down-regulated 2.3-3.3 times. Previous studies 

showed the role of LrgAB as a negative regulator of extracellular murein (peptidoglycan) 

hydrolase activity and decreased penicillin tolerance (Rice et al. 2005). It has also recently 

thought to be involved in programmed cell death and lysis in S. aureus due to the similar 
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structure between LrgAB with bacteriophage antiholins (Bayles 2003). Importantly, a 

number of studies also revealed the role of LrgAB in biofilm formation in that a lrgAB 

mutant exhibited increased biofilm adherence and matrix-associated eDNA (Mann et al. 

2009; Sharma-Kuinkel et al. 2009) and the expression of lrg during biofilm development 

(Moormeier et al. 2013).  

 

In stable SCVs, there was no up-regulated genes but two down-regulated genes 

related to the organism’s stress response (asp23 and sodA). These genes were highly 

repressed (3.8-4.9 fold). asp23 encodes the alkaline shock protein Asp23 that is responsive 

to pH changes ranged from 7 to 10 (Kuroda et al. 1995) and sodA encoding manganese-

dependent superoxide dismutase SodA which is a part of bacterial defence against ROS by 

catalyzing dismutation of the superoxide (Clements et al. 1999). In addition, the expression 

of serine protease SspA was not changed, however, other genes encoding for virulence 

factors including staphylokinase Spk (spk) and predicted Panton-Valentine leukocidins - 

lukF-PVL and lukS-PVL were also highly repressed (3.0-3.6 fold) and this was similar to 

non-stable SCVs.   

 

Other comparisons to non-stable SCVs was the no change in expression of the gene 

encoding protein A Spa (spa), instead, the increased expression of another surface protein 

SasC and decreased expression of myosin-cross-reactive antigen (SAOUHSC_00061) 

were found. SasC has been recently characterized in S. aureus as a LPXTG-motif 

containing potential surface protein which not only strongly mediates cell cluster formation 

and intercellular adhesion, but also enhances the biofilm attachment to polystyrene 

(Schroeder et al. 2009). The role of myosin cross-reactive antigen has not been fully 

known in S. aureus but it has been defined to be involved in oleic acid detoxification and 

virulence in Streptococcus pyogenes (Volkov et al. 2010). In recent reports, this protein 

was identified as a FAD-dependent fatty acid hydratase which catalyses the conversion of 

palmitoleic, oleic and linoleic acids to the corresponding 10-hydroxy fatty acids in 

Bifidobacterium breve (Rosberg-Cody et al. 2011) 

 

The extracellular matrix (ECM) binding protein (ebh) was also found to be highly 

up-regulated (~5.3 fold, this is more than in the non-stable SCVs) in stable SCVs 
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compared to WT. As mentioned in Section 5.3, the function of Ebh has been defined as a 

giant adhesive surface protein which has homology to other ECM-binding proteins and 

helps bacteria to adhere to the host extracellular matrix ligand – fibrinogen/fibrin (Clarke 

et al. 2002; McCarthy and Lindsay 2010).  

 

An interesting finding in stable SCVs is the up-regulation of genes involved in 

predicted lantibiotic biosynthesis (epiPDCBA/bsaPDCBA) ranging between 3.0 to 6.0 fold 

higher than the WT. Lantibiotics are groups of antimicrobial peptides that are ribosomally 

produced and  posttranslationally modified and enable bacteria to compete against other 

bacterial species and survive in host niches (Fenton et al. 2013).  

 

 

In brief, at a high levels of MG, stable SCVs also displayed a particular metabolic 

profile and an increased expression of specific surface proteins (such as Ebh and SasC) and 

factors related to cell growth, lysis (LytN and AltR, MalR-type regulator) and survival 

(NanA and NanR). However, there was also a decreased expression of genes involved in 

capsule biosynthesis and a negative regulator of murein hydrolase production (LrgAB) 

which is involved in cell aggregation and biofilm attachment. An interesting observation is 

the increased expression of the bsa or epi operon bsa/epiPADBC which potentially 

encodes for a new epidermin-like lantibiotic which enhances the survival host niches by 

targeting other bacterial species (including S. aureus, perhaps the non-SCV cells enabling 

the SCVs to dominate). In addition, genes associated with virulence factors (Spk and 

Leukocidins) were highly repressed. The role of a multifunctional surface protein Ebh and 

SasC as well as the cell lysis determinants MarR, LytT and LytN will be further discussed 

in the Section 5.5.  
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Table 5.4 A list of statistically significant up-regulated and down-regulated genes in 

stable SCV at 0.031% MG(day 55) over WT cells.  

UP-REGULATED GENES  

Gene locus 

(SAOUHSC) 
Gene name Protein coding Change* 

Amino acid metabolism and transport 

00147,00149-00150 argACD Arginine and proline metabolism, 3.3-3.8 

00898-00899, 02967-

02969, 01884 

argHG, 

arcDBA, putA 

Arginine and proline metabolism, 3.6-6.1 

01832bb serCA Glycine, serine and threonine metabolism 3.1-3.4 

01319-01322 lysC, thrACB Glycine, serine and threonine metabolism, 2.7-3.6 

02729, 02924 ansP, gabT Glutamate metabolism 3.9-5.0 

00421-00422 cysKM Cysteine and methionine metabolism 5.5 

01396-01398 dapABD Lysine biosynthesis 3.0-3.2 

00435-00436 gltBD Alanine, aspartate and glutamate metabolism 3.3-3.6 

03010-03015 hisHBCGZ Histidine biosynthesis 2.6-3.7 

02281-02289 ilvDBHCA-

leuABCD 

Valine, leucine and isoleucine biosynthesis 4.3-5.0 

00167-00169 oppABC ABC-type dipeptide/oligopeptide/nickel transport  3.6-6.0 

00170 rlp RGD-containing lipoprotein/ peptide transport 6.1 

00171 ggt Glutathione transporter 5.5 

00423-00424,00426 metNIQ D-Methionine transport system 4.3-5.0 

01990 glnQ  Glutamine transport ATP-binding protein 5.9 

01991 hisM Histidine transport 5.7 

00949 alsT Na+/alanine symporter  3.7 

Carbohydrate metabolism and transport 

01910 pckA phosphoenolpyruvate carboxykinase (TCA cycle) 3.8 

01416 odhB dihydrolipoamide succinyltransferase (TCA cycle) 3.2 

00132 ald aldehyde dehydrogenase 

(Glycolysis/gluconeogenesis) 

4.6 

01794 gapB Glyceraldehyde 3-phosphate dehydrogenase  

(Glycolysis/Gluconeogenesis) 

3.4 

01846 acsA Acetyl-CoA synthetase (Glycolysis/Gluconeogenesis) 5.6 

02454-02455 lacBA Galactose metabolism 3.0 

00181-00183 iolE, uhpT Sugar phosphate metabolism 2.6-6.8 

02558-02565 ureABCEFGD Urea metabolism 2.8-4.0 

00291 pfkB Fructose and mannose metabolism 2.8 

01601 malA Galactose metabolism 3.9 

02425 glmM Glucosamine metabolism 2.6 

00158 murP PTS system N-acetylmuramic acid transporter  2.8 

00175 -00178 malKEFG maltose transporter 5.9-7.6 

02557 utp urea transporter 3.0 

02848 pstG Glucose transporter  3.3 

02451 lacF Galatose transport 2.7 
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Lipid metabolism    

00173 caiBDAC acetyl-CoA acetyltransferase 3.2-6.8 

00320 fadX Acyl CoA:acetate/3-ketoacid CoA transferase 6.1 

02829 glpT glycerol-3-phosphate transporter 3.3 

Inorganic ion transport and metabolism  

00136-00138 tauBAC ABC-type nitrate/sulfonate/bicarbonate transport 

system,  

5.7-6.5 

00748 ceuD ABC-type enterochelin transport system,  3.7 

00749 fepB ABC-type Fe3+-hydroxamate transport system 2.7 

02430 fecB  ABC-type Fe3+-citrate transport system, 3.1 

02865 feoA Fe2+ transport system protein A 4.6 

03018-03019 cbiQO  ABC-type cobalt transport system 3.7-4.0 

Transcription    

00160 rpiR/nanR Transcriptional regulators (Sialic acid regulator) 2.9 

00992 marR MarR family transcriptional regulator 3.5 

01602 malR maltose operon transcriptional repressor 3.2 

DNA replication, recombination, and repair  

01363 dinP Nucleotidyltransferase/DNA polymerase  3.6 

01539  terminase small subunit 3.6 

Oxidoreductase/Detoxification enzyme  

00173 azoR azoreductase 6.9 

00320  NADPH-dependent FMN reductase 4.3 

02829 frp NAD(P)H-flavin oxidoreductase 3.0 

Cell wall, envelope biogenesis, outer membrane  

00295 nanA N-acetylneuraminate lyase 2.7 

01219 lytN cell wall hydrolase 3.5 

Lantibiotic biosynthesis   

01949-01953 epi/ 

bsaPDCBA 

Lantibiotic (epidermin) biosynthesis 3.0-6.0 

Surface protein/ antigen   

01447 ebh Extracellular matrix binding protein 5.3 

02404 fmtB/sasC fmtB protein 2.7 

DOWN-REGULATED GENES  

Gene locus 

(SAOUHSC) 

Gene name 
Protein coding/Pathway 

Log2fold

Change* 

Amino acid metabolism and transport 

01366-01372 trpEGDCFBA Phenylalanine, tyrosine and tryptophan biosynthesis 6.2-7.2 

01451 ilvA-1 Valine, leucine and isoleucine biosynthesis 3.9 

01452 ald1 Alanine, aspartate and glutamate metabolism 3.8 

02770 dapF Lysine biosynthesis 4.3 

02763-02767 dppFDCBA peptide ABC transporter  3.2-4.3 

01450 potE Amino acid transporters  3.5 

02444 betT  Choline-glycine betaine transporter 3.7 
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Carbohydrate metabolism and transport 

00051 plc 1-phosphatidylinositol phosphodiesterase (Inositol 

metabolism) 

5.1 

00113 adhE bifunctional acetaldehyde-CoA/alcohol dehydrogenase 

(Glycolysis/Gluconeogenesis) 

8.7 

02403 mltD mannitol-1-phosphate 5-dehydrogenase  3.0 

02703 gpmA phosphoglyceromutase (Glycolysis/Gluconeogenesis) 2.8 

02402 mltA mannitol transporter 3.0 

Lipid metabolism    

00300 lip Lipase 3.8 

Inorganic ion transport and metabolism 

00071 sirC lipoprotein SirC 5.7 

Metabolism of coenzymes and vitamins  

00499-00500 pdsXT Vitamin B6 biosynthesis 3.6 

01887-01889 ribBCD Vitamin B2 biosynthesis 3.1-3.6 

02330 thiD Vitamin B1 biosynthesis 2.8 

Transcription    

00096 gntR GntR family transcriptional regulator 2.9 

01285 glntR glutamine synthetase repressor 2.9 

01730 csbD SigmaB –controlled gene product 4.3 

Translation, ribosomal structure and biogenesis 

00031 dusA tRNA-dihydrouridine synthase  3.0 

01329 rspN 30S ribosomal protein S14 4.6 

02836 rimL   N-acetylases of ribosomal proteins  3.4 

Cell wall, envelope biogenesis, outer membrane 

00114-0011 cap5A-5B-8B-

8F-5G-5H 

Capsular polysaccharide biosynthesis  2.4-3.4 

02019 atl Autolysin 3.9 

02850-02851 lrgAB Putative effector of murein hydrolase  2.3-3.3 

Other metabolic pathways 

00101 drm/deoB Purine metabolism (Nucleotide transport &metabolism) 3.0 

01019-01021 ykoCD Transmembrane component of energizing module of 

thiamin-regulated ECF transporter  

2.8-3.0 

00067 ltcP L-lactate permease (Energy production and conversion) 2.9 

02881-02882 crtPO Phytoene dehydrogenase (Carotenoid biosynthesis) 2.7-2.9 

Staphylococcus aureus infections 

02171 spk Staphylokinase 3.0 

02241-02243 lukFS-PVL Leukocidin; Leukocidin/Hemolysin toxin family 3.4-3.6 

Stress response associated protein 

00093 sodA superoxide dismutase 3.8 

02441 asp23 alkaline shock protein 23 4.9 

Surface protein /antigen 

00061 mycA myosin-cross-reactive antigen 3.4 

*the ratio of the change in gene expression of stable SCV compared to batch grown cells as 

log2fold change  
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5.4. MEMBRANE PROTEIN PROFILE  

 

Membrane proteins were extracted from stable SCVs grown at 0.031% MG and 

parental cells from batch culture. Raw data files were subjected to Proteome Discoverer 

software (Thermo Scientific) and then submitted to MASCOT (Version 2.2; Matrix 

Science Inc.: Boston, USA, 2007) by Proteome Discoverer Daemon (Thermo Scientific). 

Peak lists in the range from 350 m/z to 5000 m/z were searched against the NCBI 2014_04 

database.  

 

Protein identifications were made on the basis of having at least two matching 

unique peptides. These unique peptides were required to have different sequences or 

different variations of the same sequence, for example, containing a modified residue or 

missed cleavage site. Multiple charge states were not considered as unique. It is worth 

noting that Ebh was the most abundant protein in membrane protein fractions from the 

chemostat-derived stable SCV compared to those from batch culture grown cells a 

validation of the transcriptomic data.  

 

Following analysis using MASCOT, the results were summarised as seen in Table 

5.5. Consistent with the transcriptomic results, the extracellular matrix binding protein Ebh 

was up-regulated significantly (5.3 fold change) in stable SCV cells. There were also 

changes in the expression of other membrane proteins which may also form part of the 

stable SCV extracellular matrix. This result is quite different from other previous studies 

which have focused on mutations in SCV strains or have used proteomic or transcriptomic 

analysis of SCV cells which could be considered to be unstable. The profile of metabolic 

genes we have identified or indeed the induction of surface proteins such as Ebh in stable 

SCV, have not previously been reported.  



C h a p t e r  5    P a g e  | 162 

 

 

 

Table 5.5. Membrane protein expression of stable SCV cells (labeled with  ICPL0) formed in the presence of 0.031% MG (day 55) 

compared to cells grown in batch culture conditions (labeled with ICPL6).  

SwissProt ID Description 
*
ICPL6 / 

ICPL0 

Std. 

Dev 

CV 

(%) 

Multiplets Unique 

Peptides 

SECY_STAAC Protein translocase subunit SecY OS=Staphylococcus aureus (strain COL) GN=secY 

PE=3 SV=1 

1.44 0.81 57 2 2 

Y1560_STAAN UPF0478 protein SA1560 OS=Staphylococcus aureus (strain N315) GN=SA1560 PE=1 

SV=1 

1.24 1.07 87 2 2 

MSCL_STAAB Large-conductance mechanosensitive channel OS=Staphylococcus aureus (strain bovine 

RF122 / ET3-1) GN=mscL PE=3 SV=1 

1.03 0.71 69 5 4 

Y1885_STAAN Probable DEAD-box ATP-dependent RNA helicase SA1885 OS=Staphylococcus aureus 

(strain N315) GN=SA1885 PE=1 SV=1 

0.99 0.47 48 6 5 

SLE1_STAA3 N-acetylmuramoyl-L-alanine amidase sle1 OS=Staphylococcus aureus (strain USA300) 

GN=sle1 PE=3 SV=1 

0.98 0.11 11 4 4 

RL16_STAA1 50S ribosomal protein L16 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rplP PE=3 SV=1 

0.98 1.16 118 5 3 

PTG3C_STAAR PTS system glucose-specific EIICBA component OS=Staphylococcus aureus (strain 

MRSA252) GN=ptsG PE=3 SV=1 

0.74 0.30 40 3 2 

ATL_STAA8 Bifunctional autolysin OS=Staphylococcus aureus (strain NCTC 8325) GN=atl PE=1 

SV=1 

0.58 0.20 35 30 30 

SSAA2_STAA8 Staphylococcal secretory antigen ssaA2 OS=Staphylococcus aureus (strain NCTC 8325) 

GN=ssaA2 PE=1 SV=1 

0.51 0.35 69 11 7 

RL2_STAA1 50S ribosomal protein L2 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rplB PE=3 SV=1 

0.49 0.02 4 3 3 

ODP2_STAAC Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase 

complex OS=Staphylococcus aureus (strain COL) GN=pdhC PE=3 SV=1 

0.45 0.45 101 2 2 

MAP1_STAAM Protein map OS=Staphylococcus aureus (strain Mu50 / ATCC 700699) GN=map PE=1 

SV=1 

0.43 0.10 23 3 3 

MQO2_STAAC Probable malate:quinone oxidoreductase 2 OS=Staphylococcus aureus (strain COL) 

GN=mqo2 PE=3 SV=1 

0.36 1.87 519 6 5 

QOX2_STAA3 Probable quinol oxidase subunit 2 OS=Staphylococcus aureus (strain USA300) 

GN=qoxA PE=3 SV=1 

0.35 0.06 17 5 4 
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PBP_STAAU Beta-lactam-inducible penicillin-binding protein OS=Staphylococcus aureus GN=pbp 

PE=2 SV=1 

0.33 0.12 38 29 25 

PTU3C_STAA1 PTS system glucoside-specific EIICBA component OS=Staphylococcus aureus (strain 

Mu3 / ATCC 700698) GN=glcB PE=3 SV=1 

0.30 0.00 0 1 2 

RS4_STAA1 30S ribosomal protein S4 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rpsD PE=3 SV=1 

0.27 0.13 49 7 6 

RS2_STAA1 30S ribosomal protein S2 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rpsB PE=3 SV=1 

0.27 0.07 26 7 5 

ATPF_STAAB ATP synthase subunit b OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) 

GN=atpF PE=3 SV=1 

0.27 0.03 11 4 3 

GLNA_STAAC Glutamine synthetase OS=Staphylococcus aureus (strain COL) GN=glnA PE=3 SV=1 0.26 0.09 34 3 2 

BLAC_STAAU Beta-lactamase OS=Staphylococcus aureus GN=blaZ PE=1 SV=1 0.24 0.21 88 5 4 

EBHB_STAAE Extracellular matrix-binding protein EbhB OS=Staphylococcus aureus (strain 

Newman) GN=ebhB PE=4 SV=1 

0.23 0.18 79 10 13 

PURL_STAAC Phosphoribosylformylglycinamidine synthase 2 OS=Staphylococcus aureus (strain 

COL) GN=purL PE=3 SV=1 

0.23 0.07 30 6 4 

RL19_STAA1 50S ribosomal protein L19 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rplS PE=3 SV=1 

0.21 0.04 17 6 2 

SECA_STAAB Protein translocase subunit SecA OS=Staphylococcus aureus (strain bovine RF122 / 

ET3-1) GN=secA PE=3 SV=1 

0.21 0.19 93 2 2 

RS5_STAA1 30S ribosomal protein S5 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rpsE PE=3 SV=1 

0.19 0.07 40 5 3 

BLAR_STAAU Regulatory protein BlaR1 OS=Staphylococcus aureus GN=blaR1 PE=1 SV=1 0.17 0.01 8 2 2 

EFTU_STAAB Elongation factor Tu OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) GN=tuf 

PE=3 SV=1 

0.16 0.04 26 5 5 

PUR5_STAA3 Phosphoribosylformylglycinamidine cyclo-ligase OS=Staphylococcus aureus (strain 

USA300) GN=purM PE=3 SV=1 

0.16 0.02 10 4 4 

Y802_STAAN NADH dehydrogenase-like protein SA0802 OS=Staphylococcus aureus (strain N315) 

GN=SA0802 PE=1 SV=1 

0.16 0.06 38 4 4 

RL14_STAA1 50S ribosomal protein L14 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rplN PE=3 SV=1 

0.16 0.05 29 4 3 
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PUR9_STAA2 Bifunctional purine biosynthesis protein PurH OS=Staphylococcus aureus (strain JH1) 

GN=purH PE=3 SV=1 

0.16 0.02 14 3 3 

SBI_STAAC Immunoglobulin-binding protein sbi OS=Staphylococcus aureus (strain COL) GN=sbi 

PE=3 SV=1 

0.16 0.01 5 3 3 

KPYK_STAAB Pyruvate kinase OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) GN=pyk 

PE=3 SV=1 

0.15 0.11 75 2 2 

PURK_STAAC N5-carboxyaminoimidazole ribonucleotide synthase OS=Staphylococcus aureus (strain 

COL) GN=purK PE=3 SV=1 

0.15 0.07 47 2 2 

LEP_STAAC Signal peptidase IB OS=Staphylococcus aureus (strain COL) GN=spsB PE=3 SV=2 0.15 0.06 44 2 3 

GLPD_STAAB Aerobic glycerol-3-phosphate dehydrogenase OS=Staphylococcus aureus (strain bovine 

RF122 / ET3-1) GN=glpD PE=3 SV=2 

0.13 0.08 63 4 5 

ATPB_STAAB ATP synthase subunit beta OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) 

GN=atpD PE=3 SV=1 

0.13 0.15 119 2 2 

EFG_STAAB Elongation factor G OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) 

GN=fusA PE=3 SV=3 

0.12 0.05 44 4 4 

FABI_STAAR Enoyl-[acyl-carrier-protein] reductase [NADPH] FabI OS=Staphylococcus aureus (strain 

MRSA252) GN=fabI PE=1 SV=1 

0.12 0.11 94 3 3 

ODPA_STAAC Pyruvate dehydrogenase E1 component subunit alpha OS=Staphylococcus aureus (strain 

COL) GN=pdhA PE=3 SV=1 

0.11 0.03 24 5 5 

RS17_STAA1 30S ribosomal protein S17 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rpsQ PE=3 SV=1 

0.11 0.05 47 3 3 

RS3_STAA1 30S ribosomal protein S3 OS=Staphylococcus aureus (strain Mu3 / ATCC 700698) 

GN=rpsC PE=3 SV=1 

0.08 0.13 164 10 7 

PRSA_STAAC Foldase protein PrsA OS=Staphylococcus aureus (strain COL) GN=prsA PE=3 SV=1 0.08 0.01 17 5 5 

PFLB_STAAB Formate acetyltransferase OS=Staphylococcus aureus (strain bovine RF122 / ET3-1) 

GN=pflB PE=3 SV=1 

0.08 0.04 56 4 4 

Y1532_STAAN Putative universal stress protein SA1532 OS=Staphylococcus aureus (strain N315) 

GN=SA1532 PE=1 SV=1 

0.06 0.04 64 2 2 
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5.5. DISCUSSION 

 

  In Chapter 4, using specific host-representative, steady-state growth conditions 

with low nutrients, low growth rate, and a prolonged timeframe with the addition of a 

naturally resident chemical stress (MG) that is found in the host-pathogen environment, we 

uniquely induced a S. aureus clinical isolate into a population dominated by SCVs and 

then a stable SCV cell-type. In this chapter, firstly by using a transcriptomic approach, we 

determined there was an induction in SCV and stable SCV cells of pathways associated 

with metabolism including amino acid metabolism and transport, carbohydrate metabolism 

and transport, and an induction of specific stress response processes and surface proteins. 

In particular, the surface protein Ebh was highly expressed in both SCV and stable SCV 

cells. These results are quite different from previous studies of SCV that have indicated 

that there was a reduced expression in TCA, purine metabolism, reduced production of α-

toxin, fibronectin (FnBA) and hemolysin (hla). In addition, the agr gene factor which 

regulates several virulence factors (Kahl et al. 2005; von Eiff et al. 2006) and the SigB 

(sigma B factor) which is known as an important regulator of bacterial stress responses 

were down-regulated (Moisan et al. 2006; Mitchell et al. 2008). However, the glycolysis 

pathways, fermentation pathways, arginine deaminase pathway, capsule biosynthesis, 

clumping factors, PIA production were up-regulated (Kohler et al. 2003; Seggewiss et al. 

2006; Kriegeskorte et al. 2011). The difference between these previous studies and our 

current data is possibly due to the difference in the source of bacteria (isolate-specific 

factors) but certainly there is the different conditions of growth. Indeed the result from 

other transcriptomic and proteomic studies cited above have examined hemin, menadione 

and thymidine mutants of S. aureus clinical isolates and laboratory, site-directed mutants.  

In this present study, the SCV and the unique stable SCV cells were formed from a long-

term steady state growth in a chemostat and in the presence of MG. As mentioned before, 

the formation of stable SCV could be a precursor to growth as a biofilm as the growth 

conditions used resulted in the aggregation of cells and eventually, the formation of 

biofilms throughout the apparatus.  

 The number of up-regulated genes in WCH-SK2 non-stable SCV phenotype (163) 

is not distant with the stable SCV phenotype (161). In addition, the up- and down-

regulated genes involved in metabolic pathways such as the metabolism and transport of 
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amino acids, carbohydrate, lipid, inorganic ions and oxidoreductases showed the 

equivalent number but different log2 fold change values. These changes may be caused by 

the utilization of medium which is limited in nitrogen, carbohydrate and metal ions. Fig 5.5 

shows a comparison of transcriptomic changes within the WCH-SK2 normal phenotype, 

non-stable WCH-SK2 and stable SCV phenotype. Some genes were significantly up-

regulated in both non-stable and stable SCV such as ureABCEFGD, arcAB, malR, altR, 

ebh, epi/bsaA and lytN while genes for lukFS-PVL, atl and sak down regulated. However, 

the expression of some genes were increased or decreased in either non-stable SCV or in 

stable-SCV.  

 

Figure 5.5 Differences in gene expression between the WCH-SK2 normal phenotype (WT) 

and non-stable SCV and stable SCV phenotype. 

 It is worth noting that genes involved in transcription such as bglG, marR and 

malR were found to be considerably up-regulated (2.8-3.6 fold) in which malR and bglG 
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phenotype
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encoding MalR and BglG regulators involved in the metabolism and transport of 

carbohydrate and marR encoding MarR-type regulator may involved in the regulation of 

autolysin due to its location adjacent (SAOUSHC_00992) to the gene atl. The role of BglG 

has not been characterized in S. aureus but has been intensively studied in E. coli (Amster-

Choder and Wright 1997; Gulati and Mahadevan 2000; Rothe et al. 2012). This 

transcriptional antiterminator regulator positively regulates the expression of the bglGFBH 

operon that encode products required for the utilization of aryl-β-glucoside (Rothe et al. 

2012). It binds to the bgl RNA transcript as a dimer to prevent the formation of 

transcriptional terminators in the presence of β-glucosides (Amster-Choder and Wright 

1997). It is also negatively regulated by BglF (beta-glucoside phosphotransferase) which 

catalyzes the phosphorylation or dephosphorylation allowing the transition between two 

forms of BglG (Amster-Choder and Wright 1997; Rothe et al. 2012). Similarly, the 

transcription regulator MalR has not been characterized in S. aureus; however, its function 

has been clarified in several bacteria such as S. pneumoniae (Puyet et al. 1993), 

Streptomyces lividans (Schlosser et al. 2001) and Lactococcus lactis (Andersson and 

Radstrom 2002). In S. pneumoniae, MalR belongs to the LacI-GalR family of transcription 

repressors and regulates the transcription of two divergent operons, malXCD and malMP, 

involved in maltosaccharide uptake and utilization, respectively (Puyet et al. 1993; Nieto et 

al. 1997).  

 

The predicted MarR family of transcriptional regulators have yet to be 

characterized in S. aureus. However, the structure and roles of this family and its 

homologues have been extensively studied in other bacteria such as E. coli (Seoane and 

Levy 1995; Sulavik et al. 1995), Streptomyces (Davis et al. 2013; Zhu et al. 2013), and S. 

pneumoniae (Reyes-Caballero et al. 2010). In E. coli, MarR negatively regulates the 

expression of the multiple antibiotic resistance (marRAB) locus (Seoane and Levy 1995), 

indeed, mutants showed an increased resistance to various antibiotics such as tetracycline, 

chloramphenicol, β-lactams, puromycin, nalidixic acid, penicillins, fluoroquinolones and 

organic solvents (Wilkinson and Grove 2006). In addition to MarR, several homologs 

controlled the transcription of operons involved in antibiotic and oxidative stress response, 

virulence factors and also controlling metabolic pathways (Ellison and Miller 2006; 

Wilkinson and Grove 2006) such as MexR from P. aeruginosa (Poole et al. 1996), FarR of 

N. gonorrhoeae (Lee et al. 2003), SlyA from S. typhimurium (Spory et al. 2002). The 
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majority of characterized MarR proteins are transcriptional repressors but several 

activators have been identified (SlyA is suggested to do both) (Grove 2013). Only few 

MarR homologues have been characterized and they are found to have a common 

structural features to the winged helix-turn-helix DNA-binding family (Grove 2013). The 

transcription activity occurs in response to environmental oxidative stress or in the 

presence of specific ligands, commonly small phenolic compounds, and causes the 

attenuation of DNA binding (Wilkinson and Grove 2006). This mechanism is unique and 

due to the abundance of MarR homologues in several important pathogens is still being 

elucidated. 

 

Based on the location, which is upstream and divergent to the gene atl 

(SAOUHSC_00991), we suspect this MarR-type transcriptional regulator gene 

SAOUHSC_00992 is atlR which possibly encodes for the transcription regulator of 

autolysin. Houston et al have recently defined the transcriptional regulation of atl using the 

predicted 139-aminoacid MarR-type transcriptional regulator which is located adjacent and 

divergent to atl. In their study, AtlR was found to negatively regulate atl and has an 

important role in biofilm formation. Indeed, an atlR mutant increased biofilm formation 

and the over expression of AltR caused biofilm inhibition of FnBP- and PIA-mediated 

biofilm strains (Houston et al. 2011). Atl is a cell wall-anchored 1,256-amino-acid 

bifunctional peptidoglycan hydrolase containing two domains including amidase (Ami) 

and glucosaminidase (GL) (Biswas et al. 2006). This protein plays an important role in 

daughter cell separation following cell division (Yamada et al. 1996) and in biofilm 

formation (Schlag et al. 2010). These authors also suggest a model of Atl/FnBP-mediated 

biofilm formation in S. aureus in which Atl is proteolytically cleaved to release Ami and 

GL lytic enzymes which promotes primary attachment and early biofilm development. 

Either FnBPA or FnBPB is subsequently required for biofilm maturation. Atl/FnBP-

mediated biofilm formation is triggered by acid stress or DNA damage and is influenced 

by the global regulators Agr, SarA, and SigB. As suggested, Agr and SarA regulates the 

expression of extracellular proteases, which negatively affect FnBP and Atl activity (Fig 

5.6). Sigma B is known as a negative regulator of the agr locus and possibly has a positive 

influence on the transcription of the atl gene (Wolz et al. 2000). 
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Figure 5.6 Proposed model of Atl/FnBP-mediated biofilm formation in S. aureus.  

The major autolysin, Atl, is proteolytically cleaved to release Ami and GL lytic enzymes, promotes primary 

attachment and early biofilm development. Either FnBPA or FnBPB are subsequently required for biofilm 

maturation. Atl/FnBP-mediated biofilm formation is triggered by acid stress or DNA damage and is 

influenced by the global regulators Agr, SarA, and SigB. Agr and SarA regulate expression of extracellular 

proteases, which negatively affect FnBP and Atl activity. SigB negatively regulates the agr locus and can 

positively influence transcription of the atl gene. Mutation of lexA, which represses fnbB transcription, 

increases biofilm formation. (Houston et al. 2011) 

 

The composition of the biofilm matrix (EPS) is variable among S. aureus strains; 

not only the strains genetics but it also seems to rely on the environmental conditions of 

host tissues or niches as well as the availability of nutrients (Boles and Horswill 2011). 

The presence of PIA which was controlled by ica operon had been used as an important 

indicator for bacterial biofilm formation (Mack et al. 1996); however, this adhesin has 

since been shown as not being universally required or considered a unique biofilm 

determinant (Toledo-Arana et al. 2005). Instead, several surface proteins such as Bap, 

accumulation-associated protein, (Aap) surface proteins SasG and SasC, fibronectin 

binding proteins, (FnBPA and FnBPB) together with eDNA has recently been extensively 

studied for their roles in biofilm formation. In previous SCVs, the transcription of some 
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site-directed mutant SCV strains also revealed the expression of these biofilm-associated 

factors (Kohler et al. 2003; Kriegeskorte et al. 2011; Dean et al. 2014).  

Other interesting points in our non-stable SCV are the up-regulation of sarU 

encoding SarU, homolog of global regulator SarA. Contrary to agr, the sarA locus up-

regulates the expression FnbA-fibronectin binding protein A (fnbA), hemolysins (α-hla and 

β-hla), enterotoxins, TSST-1 toxin, and capsule biosynthesis genes but represses the 

transcription of proteases, the protein A gene (spa) and collagen adhesin gene (cna) 

(Blevins et al. 1999; Chien et al. 1999). However, the sarA mutants have been indicated to 

attenuate biofilm formation via reducing binding capacity to fibronectin but increased 

production of protease (Beenken et al. 2003) or later explained by the reduced expression 

of surface protein Bap (Trotonda et al. 2005). Several SarA homologs have been 

demonstrated to be  involved directly or indirectly in virulence gene regulation, biofilm 

formation, autolysis and antibiotic resistance. These include SarR which represses sarA, 

agr, hla, hlb, and spa (Cheung and Zhang 2002), SarS or SarH1which up-regulates spa 

expression (Tegmark K. et al. 2000; Cheung et al. 2001), SarU which up-regulates agr, hla 

and coa but is repressed by SarT  (Manna and Cheung 2003), SarX which negatively 

regulates agr  (Ballal et al. 2009) while SarZ and MgrA positively regulates agr and hla 

(Ingavale et al. 2005). In particular, Manna and Cheung has characterized SarU which has 

a homology  with the MarR protein family and is a positive regulator of RNAIII and 

contributes to the expression of virulence genes controlled by agr (Manna and Cheung 

2003). The up-regulation of SarU may imply the high expression of agr, hla and coa, 

however, our results have not revealed the high expression of fnbA or fnbA although sarU 

(SAOUHSC_02800) is located closed to these genes (SAOUHSC_02802) and 

SAOUHSC_02803) and also the high expression of agr, hla and coa. However, from the 

suggested model in Fig 5.6, Agr and SarA are assumed to regulate the expression of 

extracellular proteases, which negatively affect FnBP and Atl activity. Our study showed 

the increased expression of SarU in non-stable SCV not in stable SCV but AltR in both 

non-stable and stable SCV, strongly suggesting the role of AltR is more important in 

implicating the switching lifestyle to form SCV. In this circumstance, the increased 

expression of AltR along with the repression of Atl and LrgAB responsible for cell death 

programming and biofilm formation due to eDNA release ability (Mann et al. 2009), 

possibly resulted in the reduction of cell autolysis to protect cells from damaging in the 
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presence of stress. However, we also found there was an induction of the genes involved in 

cell lysis such as lytN, lytN in both non-stable and stable SCV. From this result, we suspect 

that the cells are lysed to release eDNA to form the extracellular matrix that protects 

bacteria from the unfavorable environmental conditions. Therefore, we assume there is a 

balance between cell lysis to release eDNA concurrently with the cell protection from 

being degraded, possibly as seen in Fig 5.5. 

 

In the present study, the data does not show the induction of any of the previously 

reported surface proteins involved in SCV or biofilm formation such as Bap, Aap, ClfA, 

ClfB, SasG, FnbA, FnbB (Foster et al. 2014). Instead, there was a large increase of other 

surface proteins including Ebh (5.4-fold) and SasC (2.7-fold) in stable SCV cells. The 

surface protein SasC containing an LPXTG-motif has been recently reported to be a novel 

factor responsible for cell aggregation and biofilm accumulation of S. aureus (Schroeder et 

al. 2009). Therefore, our results again confirm the essential role of SasC in both biofilm 

and SCV formation. In particular, ebh was up-regulated in both non-stable and stable 

SCVs and has not previously been reported in this context. This is the first report that Ebh 

is associated with stable SCV and biofilm formation. In one previous study, Christner et al 

determined Embp, the homologue of Ebh, was a proteinaceous intercellular adhesin and 

suggested it played a role as a new mechanism for biofilm formation and accumulation. 

These authors also suggested that the Embp-mediated biofilm protected S. epidermidis 

from phagocytocis by impairing the bacterial uptake of macrophages (Christner et al. 

2010). This is also perhaps evidence to suspect that Ebh is highly likely to be a 

multifunctional surface protein that mediates biofilm formation in SCV. Ebh is defined as 

a giant adhesive surface protein which has homology to other ECM-binding proteins which 

helps bacteria to adhere to host extracellular matrix ligand – fibrinogen/fibrin (Clarke et al. 

2002; McCarthy and Lindsay 2010). It is 1 MDa in size (over 10,000 aa). Gene ebh 

encoding for the Ebh protein or their homologues is found in several species such as S. 

epidermidis (known as Embp protein) (Williams et al. 2002; Christner et al. 2010), S. 

aureus, S. warneri (McCarthy and Lindsay 2010) and other species such as Streptococcus 

defectivus (Emb) but not in S. haemolyticus (Kuroda et al. 2005)  and S. saprophyticus 

(Kuroda, Yamashita et al. 2005). In S. aureus, genome analyses of several strains showed 

that this gene is the longest gene present (28-32 kb in size depending on the strain). In 
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most strains, for example, S. aureus 8325 and COL, it is a single gene but in some such as 

strains N315 and Mu50, it is divided into two open reading frames ebhA and ebhB (Kuroda 

et al. 2001). The molecular size of the Ebh protein was first verified by Clarke et al as 

approximately 1.1 MDa in size and its structure contained several domains in which a large 

central region was distinct with 44 imperfect repeats of 126 amino acids and it bound 

specifically to human fibronectin (Clarke et al. 2002). This study also indicated that the 

gene ebh was negatively regulated by the agr global regulator. In addition, using anti-Ebh 

immunoglobulin G in human sera, they provided evidence that Ebh was produced from S. 

aureus during human infection. The later investigation of the Ebh structure using X-ray 

crystallography revealed that the central region of this protein consists of 52 imperfect 

repeats of a unit containing126 amino acid residues and one unit is divided into 2 modules 

including S module or sugar-binding module and  A module or G-related albumin-binding 

module (Sakamoto et al. 2008; Tanaka et al. 2008).  

 

Kuroda et al discovered that the localization of Ebh on the cell is distributed across 

the entire cell surface and that it has an important function in supporting S. aureus cells in 

their tolerance to transient hyperosmotic pressure. Indeed, Ebh  is suggested to form a 

connection between the cell wall and cytoplasmic membrane to avoid plasmolysis under 

hyperosmotic condition (Kuroda et al. 2008). Furthermore, recently this surface protein has 

been determined to  be responsible  for cell attachment and cell-cell interplay as well as 

pathogen interactions with host cells and therefore in virulence (Cheng et al. 2014). The 

authors indicated that ebh mutants have larger cell size compared to wild type cells. Ebh 

was supposed to be linked to the cell size of S. aureus by interfering with peptidoglycan 

biosynthesis and stability (Cheng et al. 2014). Cheng et al also indicated that ebh was 

required for oxacillin resistance and complement resistance. In addition, an ebh mutant 

displayed reduced survival ability in blood and demonstrated attenuated virulence in mice. 

In the context of our study, the up-regulation of Ebh in SCV has not previously been 

reported, suggesting a role of Ebh as an important determinant in the SCV lifestyle and 

biofilm aggregation. 

 

Besides the role of Ebh, the presence of lantibiotics within the up-regulated 

epiPABCD gene cluster suggested a specific role of the lantibiotic epidermin in the 
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formation of SCV cell-type, or its dominance in the population. As defined in Section 

1.2.1.2 of Chapter 1, lantibiotics are classified as a sub-group of bacteriocins - 

antimicrobial molecules with a broad-spectrum activity and are involved in microbial 

competition (Tagg et al 1976). These lantibiotics are considered as an important feature of 

several non-pathogenic Staphylococcus sp. and have been intensively investigated in 

commensal bacteria such as S. epidermidis (Pep5, epidermin, epicidin 280, epilancin K7, 

and epidermicin NI01), S. gallinarum (gallidermin), S. hominis (hominicin) and S. warneri 

(nukacin) (Bierbaum et al. 1996; Fontana et al. 2006; Gotz et al. 2014). In fact, in several 

S. aureus strains, based on the published genome sequencing analysis, the presence of 

these genes on genomic islands ʋSaβ has been identified and designated as Bsa 

(bacteriocin of Staphylococcus aureus) in strains MW2, USA300_FPR3757, 

USA300_TCH1516, NCTC8325, Newman, MSSA476 and COL  (Daly et al. 2010). In 

these strains, they are suggested being resembled with the epidermin (Navaratna et al. 

1998; Daly et al. 2010).  However, the actual presence and its functional role as well its 

structures are not clear (Gotz et al. 2014). Two early studies gave evidences that S. aureus 

C55 produced one lantibiotic named staphylococcin C55 (Navaratna et al. 1998) and one 

vaginal S. aureus isolate produced staphylococcin Au-26 (Scott et al. 1992) which has 

been demonstrated to possess a broad spectrum in competing with several species such as 

S. hominis, S. warneri, S. pyogenes, S. salivarius, S.mutans, Lactococcus sp., and Neisseria 

sp. Daly et al also indicated that Bsa can be produced by several CA-MRSA strains  and it 

is identical to Staphylococcin Au-26. In addition, these authors verified there was a 

homology between locus bsaPADBC and epiPADBC which encodes epidermin 

biosynthesis among S. aureus strains, however, there was no presence of BsaH or BsaT 

which encodes lantibiotic transport (Daly et al. 2010). Epidermin is classified as type A 

lantibiotics that contain the non-protein amino acids lanthionine and 3-methyllanthionine 

(Schnell N, et al. 1988). The bactericidal activity of epidermin has been recently reported 

mainly through the interaction with peptidoglycan precursors lipid I and lipid II localized 

on cell membrane, therefore inhibiting the biosynthesis of peptidoglycan cell wall (Brotz et 

al. 1998; Bastos et al. 2009). The question is why epidermin-like lantibiotic was up-

regulated in the presence of high levels of MG and why this is consistent with an increased 

percentage of stable SCV. The SCVs would inherently be resistant to epidermin; the 

epidermin would remove the immune-indcuing active S. aureus but the quasi-dormant, 

hiding SCV cells would remain. We also suspect this lantibiotic might contribute into cell 
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lysis to release DNA (eDNA found in the matrix) by killing sibling cells using a fratricidal 

mechanism. Along with this mechanism, we also found the reduced expression of several 

genes involved in capsule biosynthesis. This repression is suggested as a mean to facilitate 

cell lysis in the presence of MG. 

Several publications using transcriptomic and proteomic methodology established 

the different features between the normal phenotype and SCV phenotypes. Indeed, the 

results from previous studies showed the down-regulation of genes related to TCA cycle in 

SCV phenotypes and up-regulation of the agrABDC pathway which is responsible for 

arginine deiminase activity (Kohler et al. 2003; Kriegeskorte et al. 2011). Other authors 

demonstrated there was also down-regulation of genes encoding α-toxin (hla), α-hemolysin 

(hld), coagulase (coa) but up-regulation of genes encoding L-lactose dehydrogenase (ldh), 

alcohol dehydrogenase (ald), arginine deaminase (arcA), capsule biosynthesis (capA) and 

alkaline shock protein (asp23) (Atalla et al. 2010; Atalla et al. 2010; Atalla et al. 2011). 

The other genes were also highly expressed in hemB mutant SCV such as cshA encoding 

helicase, rsaA encoding a small non coding RNA involved in stress responses and biofilm 

formation, cspB encoding cold shock protein, SigB, SarA, and FruR (Seggewiss et al. 

2006; Kriegeskorte et al. 2011). The role of SigB and surface proteins FnbA and FnbB 

have been recently demonstrated as important roles in SCVs emergence, persistence and 

pathogenesis through the increased biofilm formation ability of these SCV phenotypes 

(Moisan et al. 2006; Mitchell et al. 2008; Mitchell et al. 2010; Mitchell et al. 2013).   

However, our results have not detected the presence of SigB and FnbA, FnbB as an 

important roles in SCVs. Our results showed some different characteristics with typical 

SCV characteristics such as the down-regulation of virulence genes including lukFS-PVL 

and sak, but not a repression of hemolysins and coagulase as previously reported (Atalla et 

al. 2011). Instead, the role of giant surface protein Ebh, and epidermin lantibiotics maybe 

associated with cell lysis in SCVs formation and in biofilm formation were found.  Using 

site-directed mutants or clinical auxotrophs of hemin, menadione and thymine, a recent 

study showed there was no difference in central carbon metabolism between SCV 

phenotypes regardless of their origin. (Kriegeskorte et al. 2014). However, in our results, 

some genes related to the TCA cycle were up-regulated whereas genes encoding capsule 

biosynthesis and Asp23 were down-regulated which was different to those previously 
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reported (Atalla et al. 2011). Interestingly, there were some similarities between our SCV 

phenotypes with other published SCVs such as the up-regulation of agrADBC and 

arcABD, ald genes. Other results showed the complexity in gene expression among SCV 

phenotypes such as an up-regulation of glycolytic proteins of hemB mutant and 

gentamicin-induced SCVs but not in clinically derived SCVs (Kriegeskorte et al. 2011). It 

is worth noting that these SCV phenotypes used in these experiments were genetically site-

directed mutants or auxotrophs of hemin, menadione and thymine or induced by 

gentamicin, in addition, their experimental conditions were different for example the 

complex media TSA was used for batch culture growth. In our study, the chemically 

defined media was used for continuous culture to allow for the manipulation of the 

organism’s growth rate and this was constant throughout the experiment. 

 

Collectively, the data portray the stable SCV lifestyle as a quasi-dormant state with 

altered energy metabolism and cell-surface components in which the production of 

lantibiotic (epidermin) and the extracellular matrix binding protein (Ebh) lantibiotic are 

assumed to be linked to the formation of stable SCV. Lantibiotics are assumed to kill 

sibling cells to increase the release of DNA to form the matrix surrounding the cells. The 

presence of cell lysis factors such as LytT, LytN might also contribute to cell lysis to 

release biomaterials required for aggregation and adhesion. However, the repression of Atl, 

LrgAB and AtlR also reflects the protection of the cell from degradation. The formation of 

matrix also resulted in cell aggregation and biofilm formation which is the final stages of 

extended growth. These observations may be central to the organism’s continued survival 

and persistence mechanism of S. aureus. In Fig 5.7 we suggest a model for the switch 

within a bacterial population to SCV and stable SCV in stress conditions during prolonged 

growth. Ebh, lantibiotics, LytN, LrgAB, SasC, EssC, EsxA and EsaA are likely to play a 

major role in the formation of a matrix and biofilms. 
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Figure 5.7 Model for the switch within bacterial population to form SCV and stable SCV cells in stress conditions during prolonged 

growth in a chemostat. 

In this model, the production of Epidermin-like lantibiotic Epi/Bsa and the extracellular matrix binding protein Ebh and other virulence determinants such as SasC, AtlR, 

Atl, LytN, LytN and LrgAB are assumed to have a balanced role in the stress response that is linked to the formation of the SCV cell-type. Ebh and SasC has a similar role 

as other surface proteins in cell aggregation and finally results in biofilm formation, the final stage formed under extended growth. LytT, LytN and Lantibiotics are 

possibly used to kill cells to increase the release of DNA to form the matrix substances. AtlR and Atl are possibly reduced to limit cell death.  
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THE FORMATION OF SCV 

PHENOTYPE OF OTHER 

CLINCIAL STRAINS WAS 

ALSO LINKED TO THE 

PRESENCE OF 

EXTRACELLULAR MATRIX 

 
In this Chapter, the growth of WCH-SK2 was assessed using continuous culture at a 

higher growth  rate. We also assessed the formation of SCVs of other strains by 

growing them in the presence of different chemical stresses in batch culture 

conditions and observed the formation of matrix using SEM. The formation of SCV 

phenotype of these strains was also found and the results also showed the presence 

of extracellular matrix. 

 

Chapter 6 

This work has partially contributed to the publication of: 

Bui, L. M., et al. (2014). "The induction of Staphylococcus aureus biofilm formation 

or Small Colony Variants is a strain-specific response to host-generated chemical 

stresses." Microbes Infect. 17(1): 77-82. (Appendix 2) 
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Chapter 6. The formation of scv in other strains in the presence of stress linked to the similar 

presence of matrix 

6.1. INTRODUCTION 

 

 In Chapter 4, the growth in chemostat with a low growth rate (μrel=0.15) was 

assessed and resulted in the formation of a SCV cell-type with the typical characteristics 

such as reduced growth, non-hemolysis and non-pigmented colonies. In addition, the SCV 

cells were resistant to high concentration of methylglyoxal greater than the MIC derived 

from batch growth. The aim of this investigation  is to determine whether a higher growth 

rate will also result in the formation of SCV.  

 

 The second aim was to determine if the SCV cells produced at the low growth rate 

resist other antibiotics which are used in clinical setting to treat S. aureus. Moreover, the 

question is whether other clinical S. aureus strains will respond in a similar way to WCH-

SK2 with other chemical stresses.  

  

 In this Chapter, WCH-SK2 was grown at a high growth rate (μrel=0.75) to 

compared morphological features to those grown at a low growth rate used in Chapter 4 

(μrel=0.15). The higher growth rate resulted in the formation of SCV although there was a 

reduced pigmentation of the colonies. Using SEM, we did not find the matrix and cells 

were generally similar to those seen in batch culture conditions. We also assessed their 

resistance to stress by adding methylglyoxal. The addition of 0.031% MG resulted in cell 

death. The results showed resistance to MG by WCH-SK2 was growth rate dependent. We 

also assessed the resistance of SCV-cell type to vancomycin and tobramycin and found no 

change in the MIC of these antibiotics. Interestingly, the production of matrix was found in 

some strains in the presence of stress. The results suggest the formation of SCV cell type 

enables S. aureus strains to survive in unfavourable environmental conditions.  
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6.2. CHEMOSTAT WITH HIGH GROWTH RATE 

A new experiment was set up to assess the effect of higher bacterial growth in a 

chemostat. As previously described, initial batch conditions were initiated in the chemostat 

and after the log phase had been achieved, the medium pump was turned on and set to give 

the desired growth rate (0.75 μrel). All other growth conditions remained the same as 

previously described in Section 2. The cell generation time was adjusted by changing the 

flow rate (F = 190 mL) to give the expected dilution rate (D= 0.536 h
-1

) and bacterial 

generation time of 1.3 h.  Cells were maintained for 10 generations (13 h) to reach steady 

state and the cells were then sampled to assess morphology as previously described.  

 

There was a gradual increase in cell density after inoculating until approximately 

27 generations. Interestingly, the addition of methylglyoxal (0.031%) at this time point 

resulted in no cells surviving after the 56
th

 time point or 72 generation times (Fig 6.1). 

WCH-SK2 grown in batch culture were large pigmented colonies (3-5 mm) whereas at a 

growth rate of µrel=0.75 the size of colony were slightly reduced (2-3 mm) and non-

pigmented, however, there were no small colonies consistent with SCV. In contrast, at a 

growth rate of µrel=0.15, SCVs were produced with small, non-pigmented colonies ranging 

in size from 3 mm to <1 mm (Fig 6.2). The morphology of the cells grown at a higher 

growth rate showed no formation of matrix and appeared similar to the normal, parental 

cells grown in batch culture conditions.  

 

 

In brief, these results showed the low growth rate with continuous culture was 

required to initiate the formation of SCV. The bacterial cells grown at a high growth rate 

did not have the resistance to high level of methylglyoxal and therefore, no change to 

SCV-cell type was found. 
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Figure 6.1 Continuous growth of S. aureus WCH-SK2 at high growth rate (D=0.75h
-1

) 

Bacteria grown overnight in TSB broth were washed twice before inoculating into CDM at a 1:50 bacterial 

suspension to media ratio. Cells were inoculated into 365 mL CDM and stirred at 210 rpm. Growth  was 

observed over 64 h (circa 83 generation times) after the cell density reached steady state. Cell numbers 

(CFU/mL) were enumerated at time points 2, 4, 6, 8, 24, 36, 38, 40, 42, 48, 56, 58 and 64 h. There was a 

change in colony pigmentation but no SCV was found. Methylglyoxal (0.031%) was added at the 36 h and 

no cells were found alive after 56 h. 
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Figure 6.2. The growth rate in CDM altered colony type.  

Colonies of S. aureus WCH-SK2 grown in batch culture were large pigmented colonies and with a growth rate of μrel=0.75 the pigmentation was reduced. A 

growth rate of μrel=0.15 produced small, non-pigmented colonies ranging in size from 3 mm to <1 mm. 
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Figure 6.3 SEM of WCH-SK2 cells grown in chemostat at different growth rates in 

the absence of MG. 

Bacterial cells were grown in from chemostat at high growth rate (µrel=0.75) (Fig 6.3 a) compared to low 

growth rate (µrel=0.15) (Fig 6.3 b) and with no further exogenous MG. There was an initial aggregation of 

cells and the presence of matrix from cells grown at the lower growth rate but no matrix was found for cells 

grown at the higher growth rate.   
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Figure 6.4 SEM of WCH-SK2 cells grown in chemostat at different growth rates in 

the presence of MG. 

Bacterial cells were grown in a chemostat at high growth rate (µrel=0.75) (Fig 6.4 a) compared to low 

growth rate (µrel=0.15) (Fig 6.4 b) and with exogenous MG (0.031%). There was an aggregation of cells and 

the presence of thick matrix from cells grown at low growth rate but no matrix was found for cells grown at 

high growth rate.  

a 

b 
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6.3. STRESS RESPONSES OF OTHER CLINICAL S. AUREUS  

STRAINS 

Regarding the results shown in Chapter 3 (Section 3.7), there were 38 of the 63 clinical 

strains which could form SCVs in the presence of stress at sub-lethal concentrations. Of 

38, 18 strains produced SCVs under 1 chemical and 20 produced SCVs with ≥ 2 

chemicals. 8 strains responded to ≥ 3 chemicals and produced SCV including WCH-SK2, 

WCH-SK4, WCH-SK19, WCH- SK32, WCH-SK37, WCH-SK46, WCH-SK51 and WCH-

SK56 (Fig 6.5). From the results in Section 3.7, the reference strains were also found to 

form SCV in the presence of stress such as Sanger 252, MSSA 476, NCTC 8325, JE2 

(USA300), MW2 and Mu50. Strains COL and Mu3 did not respond to the stress (Fig 6.6). 

We also assessed the SCV formation in the presence of the vancomycin (Fig 6.10). 

Some strains that responded to methylglyoxal were chosen including WCH-SK2, 

WCH-SK4, WCH-SK12, WCH-SK41 and WCH-SK56 and NCTC8325 for assessing the 

morphology of these in the presence of methylglyoxal using SEM (Fig 6.11), to indicate a 

correlation to the SCV cell type that we observed for WCH-SK2. For other chemical 

stresses such as glycolaldehyde, acrolein, H2O2 and GSNO, we also assessed the cellular 

morphology (Fig 6.7, 6.8 and 6.9). Interestingly, by observing the cells using SEM we 

observed cell-cell aggregation together with the presence of an extracellular matrix. This 

finding suggested the presence of the extracellular matrix was not limited to WCH-SK2 

and was induced by other chemicals  and not only methylglyoxal.  

The concentration of a chemical (host generated or an antibiotic) within a human 

tissue or anatomical niche is difficult to assess and the literature can be contradictory. 

There might be transient levels, and microenvironments that lead to higher concentrations 

that may be lethal to bacteria and can be assessed by biopsy or tissue sample. The 

formation of SCVs may depend on both the concentration of chemical stress and the 

particular strain; the “high” level of stress that might induce the formation of SCV by some 

strains might kill other strains. This also means that the formation of SCVs will likely 

depend on bacterial factors and the environmental. Some strains have shown a specific 

response to stress by producing the matrix linked to the formation of SCV.  
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Figure 6.5. Specific clinical strains produced SCVs after exposure to more than 3 

different chemical stresses at sub-lethal concentration.  

In total, 38 of 63 clinical isolates produced SCV in the presence of 8 different chemical stresses at sub lethal 

concentrations. Of 38, there were 18 strains that produced SCVs under 1 chemical and 20 produced SCVs 

with ≥ 2 chemicals. There were 8 strains responded to ≥ 3 chemicals and produced SCV including WCH-

SK2, WCH-SK4, WCH-SK19, WCH-SK32,WCH- SK37, WCH-SK46, WCH-SK51 and WCH-SK56. The 

SCV percentage was calculated based on the number of small colonies formed under  stress conditions 

compared to the number of non-SCV formed in non-stress condition. %SCV is represented as the mean of 

mean of triplicate per strain (± standard deviation).    
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Figure 6.6. Specific reference strains produced SCVs after exposure to different 

chemical stresses at sub-lethal concentration.  

In total, there were 7 reference strains of 9 produced SCV in the presence of 8 different chemical stresses at 

sub lethal, exceptions being COL and Mu3. The SCV percentage is calculated based on the number of small 

colonies formed stress condition compared to the number of non-SCV formed in non-stress condition. %SCV 

is represented as the mean of mean of triplicate per strain (± standard deviation).   
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Figure 6.7 Strains responded to H2O2, GSNO and Methylglyoxal and produced SCV. 

Graphs show the number and the name of strains that produced SCV after the exposure to H2O2 (Fig 6.7 A), 

GSNO (Fig 6.7 B) and methylglyoxal (Fig 6.7 C). The SCV percentage was calculated based on the number 

of small colonies formed stress condition compared to the number of non-SCV formed in non-stress 

condition. %SCV is represented as the mean of mean of triplicate per strain (± standard deviation).   
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Figure 6.8  Strains responded to Acrolein, Glycolaldehyde and Formaldehyde and 

produced SCV.  

Graphs show the number and the name of strains that produced SCV after the exposure to acrolein (Fig 6.8 

A), glycolaldehyde (Fig 6.8 B) and formaldehyde (Fig 6.8 C). The SCV percentage was calculated based on 

the number of small colonies formed stress condition compared to the number of non-SCV formed in non-

stress condition. %SCV is represented as the mean of mean of triplicate per strain (± standard deviation).   
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Figure 6.9  Strains responded to Glyceraldehyde and Glyoxal and produced SCV.  

Graph show the number and the name of strains that produced SCV after the exposure to glyoxal (Fig 6.9 A) 

and glyceraldehydes (Fig 6.9 B). The SCV percentage was calculated based on the number of small colonies 

formed stress condition compared to the number of non-SCV formed in non-stress condition. %SCV is 

represented as the mean of mean of triplicate per strain (± standard deviation).   
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Figure 6.10 Specific clinical strains produced SCVs after exposure to vancomycin 

0.027mg/mL 

In total, there were 7 strains (6 clinical strains and 1 reference strain) that responded to a sub-lethal level of 

vancomycin (vancomycin 0.027 mg/mL) by producing SCV. These strains include WCH-SK2, WCH-SK17, 

WCH-38, WCH-SK39, WCH-SK47, WCH-SK57 and MSSA 8325. The SCV percentage is calculated based 

on the number of small colonies formed stress condition compared to the number of non-SCV formed in non-

stress condition. %SCV is represented as the mean of mean of triplicate per strain (± standard deviation).   
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Figure 6.11  SEM images of 4 different strains grown in the presence of methylglyoxal  

SEM images with magnification 35,000X were observed from 4 different strains WCH-SK12 (Fig 6.11 a), 

WCH-SK41 (Fig 6.11 b), WCH-SK56 (Fig 6.11c), and NCTC8325 (Fig 6.11 d) grown in the presence of 

methylglyoxal. Bacterial cells were grown in TSB broth adding stress and spread on plates, the SCVs were 

collected and diluted in PBS buffer and prepared for the SEM.   

  

a b 

c d 
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Figure 6.12.  Stress induction of S. aureus SCVs lifestyle in strain WCH-SK4 

S. aureus strain WCH-SK4 formed normal size colonies when grown in TSA (Fig 6.12 a). This 

strain formed SCVs when grown in TSA with methylglyoxal (Fig 6.12 b) and acrolein (Fig 6.12 c) 

and glycolaldehyde (Fig 6.12 d).  

 

  

a b 

 

c d 
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Figure 6.13. SEM images of WCH-SK4 cells grown in the presence of methylglyoxal, 

glycolaldehyde and acrolein.  

SEM images with magnification 35,000X were observed from WCH-SK4 cells grown in non-stress condition 

(Fig 6.13 a) and in the presence of methylglyoxal (Fig 6.13 b), glycolaldehyde (Fig 6.13 c) and acrolein (Fig 

6.13 d). The aggregation of cells and the presence of matrix were found. Bacterial cells were grown in TSB 

broth adding stress and spread on plates, the SCVs were collected and diluted in PBS buffer and prepared for 

the SEM.   

a b

c d



C h a p t e r  6    P a g e  | 193 

 

 

 

 

 

Figure 6.14 SEM images of WCH-SK2 cells grown in the presence of methylglyoxal, 

glycolaldehyde and acrolein 

SEM images of WCH-SK2 cells grown in non-stress condition (Fig 6.14 a) and in the presence of 

methylglyoxal (Fig 6.14 b) and glycolaldehyde (Fig 6.14 c) and acrolein (Fig 6.14 d). The aggregation of 

cell and the presence of matrix were found. Bacterial cells were grown in TSB broth adding stress and spread 

on plates, the SCVs were collected and diluted in PBS buffer and prepared for the SEM.   
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6.4. DISCUSSION 

 

Although SCVs was first reported in 1910 in Salmonella enterica serovar Typhi, 

and was then widely found in many species including S. aureus, S. epidermidis, S. capitis, 

P. areuginosa, Vibrio cholera, E. coli, Shigella spp., and others (Proctor et al. 2006), so far 

the role of this abnormal phenotype in pathogenesis is still to be fully understood. In 

particular, S. aureus SCVs and their involvement in persistent and relapsing infection were 

initially reported in 1955 (Goudie and Goudie 1955). From then, the prevalence of SCVs 

has been reported with different numbers within the various studies, isolation sites and 

growth  conditions (von Eiff et al. 2000; Proctor et al. 2006).  

 

 

S. aureus SCVs have a distinct phenotype which is characterized by a slow growth 

rate and atypical morphological and biochemical properties compared to the parental 

phenotype. Therefore, SCVs are defined as very small, pin-point colonies on nutrient agar 

with significantly reduced pigmentation and hemolysis (Proctor et al. 1995; Proctor et al. 

2006; Sendi and Proctor 2009). The slow growth rate may affect the diffusion test or other 

antibiotic susceptibility tests, causing the misidentification when using standard clinical 

microbiology procedures (Proctor et al. 2006). Their slow, abnormal growth also means 

they can be missed. This is a reason why SCV has become a hurdle in diagnosis. There are 

further complexities that then provide issues in treatment when SCV are resident in 

infections. In addition, SCVs have been often represented in a mixed populations with the 

normal S. aureus cell-type. Furthermore, SCVs may (and usually do) revert to their WT 

when growing in complex medium without antibiotics, and this also causes S. aureus 

SCVs to be infrequently identified (Proctor et al. 2006).  

 

 

The mechanism to explain switching from the planktonic phenotype to SCV has 

now been extensively studied and partly due to auxotrophism related to the deficiency of 

an electron transport system, intracellular adaptation and the environmental factors that 

might trigger the switching. The auxotrophic phenotype SCVs were first discovered and 

suggested as the main reason for SCV formation in which the defects in the biosynthesis of 
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menadione, hemin, thymidine and CO2 led to SCV formation (Proctor et al. 2006; 

Lannergard et al. 2008; Melter and Radojevic 2010). However, despites the intensive 

focusing on the deficiency in the electron transport system, phenotype switching to SCVs 

of S. aureus is still induced by other factors.  There is now increasing evidence that S. 

aureus SCVs phenotype is a strategy used by bacteria to adapt to unfavourable conditions 

including the intracellular milieu of chemical stresses, sub-lethal levels of antibiotics, 

various environmental stress conditions, and the presence of exo-products released from 

other species to be able to survive (Kahl 2013). There are a number of studies that indicate 

the importance of SCVs in an intracellular adaptation and persistence (Vesga et al. 1996; 

von Eiff et al. 2001; Tuchscherr et al. 2010). The intracellular environment may cover 

several stress factors that ignite the switching regardless of their auxotrophism or 

deficiency in the electron transport system. Therefore, a number of studies have reported 

that SCVs are formed in vitro when exposing the WTs under certain conditions, such as 

sub-inhibitory concentration of antibiotics including gentamicin (Pelletier et al. 1979; 

Schaaff et al. 2003), vancomycin and penicillin (Onyango et al. 2013), quinolones 

(pazufloxacin, sparfloxacin) (Mitsuyama et al. 1997; Pan et al. 2002). Moreover, the 

combination of antibiotics with the local environment such as in the case of gentamicin 

bead placement for osteomyelitis treatment may select for SCVs (von Eiff et al. 1997). As 

clinical SCVs, these gentamicin-induced SCVs can revert back to WTs when antibiotic 

selection/induction is removed (Pelletier et al. 1979). The exposure to the exoproducts 

from other bacteria in the local environment such as P. aerugenosa (Hoffman et al. 2006; 

Mitchell et al. 2010) has been observed. P. aeruginosa releases two signal molecules 

including 4-hydroxy-2-heptylquinoline-N-oxide and pyocyanin which affect the respiration 

system and induce the formation of SCVs in S. aureus (Hoffman et al. 2006; Biswas et al. 

2009). 

 

During an infection and with the attack from phagocytic cells such as neutrophils, 

macrophages or within non-phagocytic cells, bacteria are exposed to several stress factors 

such as limited nutrition, ROS, RNS, other toxic metabolites, cationic peptides, fluctuating 

pH and osmolarity, and then several antibiotics (Tuchscherr et al. 2010). These factors 

might induce the formation of SCVs to help bacteria to avoid the eradication. In particular, 

the intracellular conditions may become a shelter to hide themselves from killing by the 



C h a p t e r  6    P a g e  | 196 

 

 

 

host immune system and variable antibiotic treatments, creating a potential source for 

chronic and relapsing infections (Schaaff et al. 2003). A wide range of environmental 

stress factors such as hydrogen peroxide, low temperature, pH (Onyango et al. 2013) as 

well as antibiotic stress (vancomycin and penicillin) has been recently determined to 

induce phenotype switching to SCVs. The addition of stress induces the formation of 

SCVs which include low temperature (4°C), low pH (pH 5) and high osmotic condition 

(NaCl 10%). These stress-induced SCVs have the typical characteristics of SCV 

phenotypes such as minute colonies with reduced or non pigmentation and hemolysis. The 

change to a smaller cell size was also found all treatments with stresses including 

compared to its corresponding control cells of wild type S. aureus. Furthermore, the 

presence of an extracellular matrix in SCV cells populations (Onyango et al. 2013).  

 

 

In this study, we demonstrated that the SCV can be induced by several 

environmental stress factors that may originate from the host such as several aldehydes, 

H2O2 and GSNO. We also found the presence of an extracellular matrix was associated 

with the formation of SCV.  

 



 

 

 

 

GENOME SEQUENCING DATA OF  

S. AUREUS STRAIN WCH-SK2 AND ITS 

STABLE SCV TYPES REVEAL SEVERAL 

DIFFERENCES IN GENETIC 

CHARACTERISTICS 

 

In this Chapter, the whole genomic data of strain WCH-SK2 was determined, in 

the parental strain and the stable SCV. These genomes were analysed to provide 

the phenotypic-genotypic characterisation of this strain and evolutionary 

adaptation when MG was present. We also analysed the epigenetic modifications, 

in particular the methylome, detecting the distribution of DNA methylation across 

the whole genome that may cause transcriptomic changes. Importantly, the 

comparative analysis was made to several genome-sequenced reference strains of 

S. aureus and this presents the differences in genomic features which may have an 

important role in S. aureus pathogenesis and survival. These analysed genomic 

features were then used as a reference for examining the transcriptomic changes 

of SCV cells generated from two different stress conditions to gain more accurate 

and deeper view of the phenotypic results and a relationship between the 

genomic, transcriptomics and phenotypic variations driving stable SCV 

development. 

 

Chapter 7 
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Chapter 7. genome sequencing of staphylococcus aureus strain wch-sk2 and its stable scv types reveal 

differences in genomic characteristics 

7.1. INTRODUCTION 

 

Whole genome sequencing (WGS) is a current and powerful research tool in different 

fields of bacterial pathogenesis and has multiple advantages such as highly accurate 

prediction and detection of antibiotic resistance, virulence as well as the clonal emergence 

and bacterial dissemination (Price et al. 2013). So far several S. aureus strains have been 

sequenced and compared using different WGS platforms. This has provided both the 

differences and similarities in population genome structure and arrangement and in 

particular, in mobile genetic elements (MGE) that carry virulence determinants and 

antibiotic resistance and reflects S. aureus evolution and pathogenesis (Kuroda et al. 2005; 

Price et al. 2013). The advanced technology based methods used in WGS allows the 

cheaper, faster and higher resolution of genetic information, with a resolution down to 

single nucleotide differences (single nucleotide polymorphisms, SNPs) and gives results 

that can be applied not only to research laboratories but also in clinical diagnosis and 

treatment of S. aureus infections, in particular, MRSA infections (Humphreys and 

Coleman 2013; Price et al. 2013). In a recent comparative analysis on a large genome 

collection of 501 clinical isolates of S. aureus performed by Gordon et al, 2014, WGS has 

been confirmed as a reliable tool to replace conventional testing methods in predicting the 

antibiotic resistance of S. aureus and other pathogens. The study compared the genotypic 

detection results using WGS to detect known resistance resulting from both mutations and 

resistance genes with those from routine susceptibility testing and showed the high 

similarity with only subtle discrepancies between the two methods (Gordon et al. 2014).   

 

 

The basis for antibiotic resistance prediction using WGS is largely the detection of 

interspecies horizontal transfer of resistance genes through movement of MGEs (mainly 

insertion sequences, transposons, plasmids and in the case of S. aureus, analysis of their 

SCC elements) and then point mutations that are linked to reduced antibiotic susceptibility. 

The antibiotic resistance genes such as mecA and vanA present in S. aureus have long-been 

known for their transmission, originally from S. epidermidis and Enterococci sp 

respectively (Bloemendaal et al. 2010; Kos et al. 2012). Following this gene acquisition, S. 
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aureus can mutate their own genomic structure spatially to provide many phenotypes to 

permit adaptation to different conditions. For example, the structure of SCC elements is 

known to develop into 11 (currently defined) different patterns in which the position of 

resistance genes is arranged differently leading to various phenotypes (Deurenberg and 

Stobberingh 2008).  

 

 

In addition, there have been various point mutations identified in a number of genes 

that have been recently suggested to be able to develop antibiotic resistance. Indeed, 

several WGS analyses have demonstrated that only minor changes in genome structure 

may alter major phenotypic traits of S. aureus. Howden, Stinear et al. compared the 

genomes of two pairs of VISA strains versus their VSSA respective parent types and 

demonstrated that a genetic mutation in the two-component regulatory gene graS was 

involved in increased vancomycin resistance compared to non-mutated parent strains 

(Howden et al. 2008). These authors also recently compared the genomes of 5 pairs of 

VISA and VSSA and revealed the mutation in the two-component regulatory system 

WalKR responsible for the cell wall metabolism resulted in the increased antibiotic 

resistance not only to vancomycin but also daptomycin (although the patients have not 

used this antibiotic) through thickening the cell wall (Howden et al. 2011). Another study 

(Peleg A.Y et al.) examined the whole genome of 33 strains and concluded that point 

mutations in genes cls2 (cardiolipin synthase) and pgsA (CDP-diacylglycerol-glycerol-3-

phosphate 3-phosphatidyltransferase) involved in membrane phospholipids biosynthesis 

reduced the daptomycin susceptibility and increased cell wall thickness (Peleg et al. 2012). 

Using genomic tools, the mutation in relA has been found to be linked with the formation 

of SCV due to its effect on growth ability and virulence attenuation. Interestingly, another 

mutation in rlmN, a gene which encodes a ribosomal methyltransferase, was also found to 

be responsible for a reduced susceptibility of linezolid (Gao et al. 2010).  

 

 

A significant advance in the technologies for WGS is to analyse epigenetic 

modifications, in particular, DNA methylation. DNA methylation is defined as an addition 

of a methyl group (usually from S-adenosyl methionine (SAM)) to adenine or cytosine 

which then leads to an alteration of DNA structure (the genome wide profile of 
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methylation sites on the DNA is referred to as the methylome). There are 3 types of 

modified bases including:  5-methylcytosine (m5C), N4-methylcytosine (m4C), and N6-

methyladenine (m6A); all being catalysed by DNA methyltransferases (Krebes et al. 

2014). This modification, although originally thought to only be part of a protective role 

from the restriction system for the DNA, is now proposed to be involved in several cellular 

processes such as cell division, DNA repair, regulation of gene expression, and 

pathogenesis (Lluch-Senar et al. 2013). The DNA methylation is often coupled with use of 

restriction enzymes or DNA endonucleases (RE) and occurs in several prokaryotes as a 

strategy to prevent the invasion of foreign DNA such as bacteriophage DNA genomes, 

plasmids, and DNA fragments delivered through natural horizontal gene transfer. The 

foreign DNA is digested by the RE at specific recognition sites while the organisms’ DNA 

is modified by methylation at the corresponding recognition sequences and therefore 

avoids digestion. Genes encoding RE and the methyltransferase are found to be adjacent 

and form a restriction–modification (R-M) system (Kobayashi et al. 1999; Kobayashi 

2001; Furuta et al. 2010).  

 

 

The R-M system has been intensively studied for many bacteria and the distribution 

of R-M system is found in more than 90% sequenced bacterial genomes and has been 

classified into 4 common types from I to IV; each with different genetic and biochemical 

arrangement of sequence recognition, subunit composition, cleavage position, cofactor 

requirements and substrate specificity, illustrated in Fig 7.1, adapted from:  (Furuta and 

Kobayashi 2013; Vasu and Nagaraja 2013). A database of R-M system has been 

established, called REBASE, collecting approximately 5000 R genes and more than 8000 

M genes from available sequenced genome bacteria in GenBank including Haemophilus 

influenzae, Methanococcus jannaschii, Helicobacter pylori, Neisseria meningitidis, 

Neisseria gonorrhoeae and Xyella fastidiosa,   (http://rebase.neb.com/rebase/rebase.html). 

It is estimated from this database collection that 90% of the genomes contain at least one 

R-M system and 80% contain several R-M systems. The number of R-M systems is 

correspondent with genome size, it is generally estimated that there are 3 R-M systems for 

2-3 Mbp genomes (Roberts et al. 2010). 

http://rebase.neb.com/rebase/rebase.html
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Figure 7.1 Gene organisation of various types of restriction–modification systems.  

Type I systems consist of 3 separate units: R (restriction enzymes), M (methyltransferase) and specificity 

subunit genes (S) comprising of 2 sequence recognition sites or 2 TRDs (target recognition domains) – TRD1 

and TRD2 (A) which recognize one half of a bipartite target sequence for each. DNA methylation takes place 

within the recognition sequence, whereas the enzymes cleave circa 100 bp to tens of thousands of base pairs 

away from the target. Typical examples of type I systems are EcoKI and EcoR124I. In contrast, the typical 

Type II systems consist of 2 separate units comprising R and M in which each recognizes a different target 

sequence, for example, BamHI (B). However, a subgroup of type II or type IIG –typical has a different 

structure in which the RM systems is fused and contains a single polypeptide that apparently results from this 

fusion (C). The type II G is then divided into 2 subgroups including type II G – S fused and type IIG –S 

separated. The type II G- S fused, eg. AloI, has a fused S subunit containing two TRDs in addition to the RM 

fusion polypeptide (D). The type II G – S separated is defined by the separated S subunit from the RM fused 

gene, eg. BcgI (E). Type II enzymes are the most extensively studied and commercially used as exonucleases 

for genetic manipulating. Type III systems consist of res and mod genes (F). The mod gene product has 

modification activity by itself, while the complex of the two gene products has restriction enzyme activity. 

The Mod subunit is responsible for target recognition and its TRD can be easily identified, similar to M 

enzymes of Type II systems. Type IV systems contain a class of enzymes that cleave DNA only when the 

recognition site is methylated (G).  McrA, McrBC, and Mrr are prototype  E. coli enzymes in this class that 

show different restriction spectra.(Figure is adapted from (Furuta and Kobayashi 2013; Vasu and Nagaraja 

2013). 
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The complete cellular functions of R-M systems do not seem to be fully understood 

beyond the original defence strategy (Murray et al. 2012). Certainly, numerous recent 

studies have revealed the additional functions of the R-M system in the regulation of 

genetic exchange, adaptation to hostile environments, gene regulation, and the virulence of 

the organism, stabilization of genomic islands, nutrition, recombination and genomic 

arrangement (Kobayashi 2001; Ando et al. 2010; Furuta et al. 2010; Furuta and Kobayashi 

2013; Vasu and Nagaraja 2013). The significance of R-M systems still needs further 

investigation and this would likely provide a more complete understanding of the bacterial 

population structure, genomic dynamics and evolution. 

 

 

Several techniques have been developed to construct the complete nucleotide 

sequence of a genome and the latest technique invariably improves on the data resolution 

and acquisition to previous ones. To date, it is recognized that there have been three 

generations of genome sequencing.  The low capacity of the first generation created by 

Sanger et al. using capillary-electrophoresis methods (Sanger et al. 1977) coupled with the 

slow process and high cost, resulted in small reads and slow expensive generation of 

completed closed bacterial genome sequences. This  lead to its replacement with second 

generation or more commonly known as the next generation sequencing (NGS). This 

technique increased the rate of the sequencing process alongside the called genome 

assembly was first applied in 2004 and then developed by several biotech commercial 

producers with different platforms (Price et al. 2013). For example, the Illumina Platform 

and MiSeq (Illumina, USA), 454 genome sequencer (Roche Applied Science, 

Switzerland), SOLiD platform and IonTorrent platforms (Life Technologies, USA), and 

recently GridION platform (Oxford Nanopore, UK) are currently used for sequencing in 

several laboratories (Metzker 2010). In principle, this technique generates high numbers of 

small reads (small 40-1000 bp long DNA sequences) and requires the assembly of these 

reads into the whole genome sequence by either using mapping-based assembly or de novo 

assembly methods (Nielsen et al. 2011). Mapping-based assembly needs an available 

reference strain that has already been sequenced, rendering the easier interpretation but 

also leaving the non-detected sequences missing or not aligned to the reference genome. In 

contrast, de novo assembly is based on the overlap between reads to construct a genome 

(Roukos 2010). The overlap is assumed to represent similar segments of a genome that can 
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then be assembled to create continuous sequences (or contigs) and these contigs will be 

linked again by mate-pair links to construct gapped sequences or scaffolds. The drawback 

of this technique is the possible assembly of the overlap containing unimportant repetitive 

regions of the genome (Nagarajan and Pop 2010). Although these techniques brought more 

advantages such as higher capacity and therefore speed and then lower cost compared to 

the first generation, it still has some disadvantages including complicated sample 

preparation and slow data processing and short read sequences (leading to complications 

such as repeat sequences). However, there are now newer platforms that are more 

advanced in throughput speeds to generate data faster and with longer reads and with an 

overall lower cost (Price et al. 2013). Currently, the sequence technologies made 

impressive developments with the introduction of third generation sequencing in which 

sequencing performance can be observed in real-time (Eid et al. 2009). The nucleotide 

synthesis aided by DNA polymerase can occur continuously and therefore the reads can be 

incredibly prolonged (1000-10,000 bp) and therefore throughput is much higher. The 

sample preparation is also not difficult and the cost is considerably lower allowing an 

easier approach to generate a closed genome (Schadt et al. 2010). 

 

 

To date, there are more than 200 S. aureus genomes with a full annotation 

published in the website of the NCBI - National Centre for Biotechnology Information 

Reference Sequences (RefSeq) and these have been generated by several sequencing 

methods. In the present study, we use third generation sequencing with Single-Molecule 

Real-Time sequencing technology (SMRT sequencing) using the PacBio RS II platform, 

(Pacific Biosciences, USA) to sequence the S. aureus WCH-SK2 genome. In addition to 

whole genome sequencing, this technique can be used to identify modifications to the 

DNA as it is processed and therefore allows analysis of the general methylation motifs. 

Basically, the direct detection of DNA methylation takes place via measuring a specific 

fluorescent emission pulse when the fluorescently labelled nucleotides complement to a 

template nucleic acid in a monitored real time process. The difference in polymerase 

kinetics resulting in the difference in fluorescent pulse yield allows the determination of 

distinct modified nucleotides in the DNA template. The advantages of this method is 

therefore the reading of longer sequence lengths providing accuracy and detects the 
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methylation patterns in even highly repetitive genomic regions. (Flusberg et al. 2010; 

Clark et al. 2012).  

 

 

WCH-SK2 developed into a stable SCV (stable SCV) form. We have previously 

(Chapter 5) reported the switch in transcriptomics that is represented as the population 

became dominated by this stable SCV cell type (batch cells – day 35 and day 55 

populations).  Given the stability of this SCV cell type we predicted there would be genetic 

changes that were important in this process. Therefore continuing with our work 

previously done, we sequenced the genome of S. aureus clinical isolate WCH-SK2 using 

SMRT technique (PacBio RS II), from their batch culture cells and then the stable SCV 

sourced at day 55. The sequencing data generated a closed genome that was then annotated 

by RAST and was also used as a reference to examine the change in transcriptomics of 

SCV obtained at day 35 and day 55 (SCV and stable SCV cells) compared to the parental 

cells (batch). In addition the closed genome sequences this experiment provided, were used 

to determine the methylomes of the two genomes – that is, DNA methylation across the 

complete genome including m6A, m4C and m5C methylation of specific genes. 

Furthermore, we hypothesize there is a difference in the genome between SCV formed by 

continuous culture in the presence of methylglyoxal (0.031%) with the parent strain.  
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7.2. GENOME SEQUENCING AND ASSEMBLY USING 

PACBIO-SMRT 

 

A clinical strain WCH-SK2 was isolated from blood culture and identified as MRSA using 

a hospital routine procedure of Women’s and Children’s Hospital, Adelaide, Australia. 

This strain was assayed with different conditions of chemical stress and showed the 

induction of SCV under sub-lethal conditions (as shown in Chapter 3, Section 3.3). This 

strain was then chosen for examination for growth and development of SCV in continuous 

culture in both non-stressed and stressed conditions.  There were two samples used for the 

sequencing preparation, bacterial inoculums taken from batch growth (flask containing 10 

mL of TSB, overnight, at 37
o
C and high aeration) and the other being the stable SCV cells 

taken from day 55 after a continuous culture in a  high level of methylglyoxal (0.031%).  

 

The data was then processed (raw figures are shown in supplementary files). For 

both samples after filtering, the number of polymerase reads was reduced by 60% to ensure 

overall read quality was improved. In general, all the parameters including the polymerase 

reads, polymerase read N50 and read length post-filtered of WCH-SK2 WT have smaller 

values than those of WCH-SK2 SCV phenotype (Table 7.1). The distribution of insert 

sizes across the subset of polymerase reads that contained adapter sequences at both ends 

of the read showed that there were no sequences with an insert size of less than 1,000 

nucleotides (Fig S1 a&b). The pre-filtered polymerase sequences were clipped of synthetic 

adapter sequences to produce the subread sequence collection. As a result, the distribution 

of subread sequence lengths across the sequence collection showed that there are 

reasonable numbers of sequence reads with lengths of over 10 Kbp (Fig. S2 a&b). 
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Table 7.1 Characteristics of the polymerase reads prior to and following filtering 

 WT SCV phenotype 

Pre-filter Post-filter Pre-filter Post-filter 

Polymerase Read Bases 734204756 583797239 

 

788301121 653131336 

Polymerase Reads * 300584 104427 

 

300584 114575 

Polymerase Read N50** 7863 8019 

 

8032 8281 

Polymerase Read Length 2442 5590 

 

2622 5700 

Polymerase Read Quality 0.356 0.856 

 

0.39 0.858 

 
Note: 

* Polymerase read corresponds to the sequence of nucleotides incorporated by the polymerase enzyme 

while reading from a template; this may contain adapter sequences. A single DNA fragment read through a 

pore will have a single polymerase read or subread.  Subread corresponds to the sequence from a single pass 

of a template that has been stripped of adapters and other synthetic sequence - depending on the sequencing 

mode a single DNA fragment may have more than one subread. 

** N50 Length 50% of all nucleotide bases in the given sequence collection are contained in sequences that 

are longer than this value. 

 

 

With the expectation that the bacterial genome is ca. 3.0 megabases in size and 

with the requirement that the genome should be covered to a 30X coverage in long reads, 

the length cut-off was calculated as 10,757 bases long (WCH-SK2 WT) and 9,166 bases 

long (WCH-SK2 stable SCV), the sequences longer than this threshold were used as seed 

sequences and the shorter sequences were used to polish the longer sequences. The 

polishing was performed using the BLASR software that both identifies potentially 

chimeric sequences and uses depth-of-coverage and a majority rule to determine the most 

parsimonious sequence base at a given position. It is noted that seed sequences were those 

selected from the pool of subread sequences and were used in the sequence polishing and 

de novo assembly processes. The seed sequences are the longer sequences from the 

subread population and are typically selected on the basis of the genome size and a 

required threshold for depth-of-coverage (Fig S3). 
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The results from the CeleraAssembler and Quiver analysis showed that the genome 

of WCH-SK2 WT assembled into a single contig of 2.914 Mbp in size whereas for the 

WCH-SK2 stable SCV genome, the number was 2.904 Mbp and the sequences were 100% 

concordant between the CeleraAssembler primary data and the Quiver polished data 

indicating that the first pass sequencing polishing with BLASR was successful. The 

sequence assembly was then reviewed by mapping the subread sequences to the newly 

assembled contigs to identify the number of reads that do not fit within the consensus. For 

WCH-SK2 WT, the polished long sequences assembled cleanly into a single major contig 

of 2.914 Mbp while there were 7 contigs in total for the genome from the WCH-SK2 stable 

SCV phenotype cells; one contig of 2.904 Mbp and six smaller contigs of 10 Kb in size. 

We chose the largest contig (unitig 0) with the highest coverage and 100% concordance to 

simplify the analysis and because it is likely these smaller contigs (unitig 1- unitig 6) were 

assembly artefacts (Table 7.2).  

 

Table 7.2 The detail of consensus sequence length, concordance and coverage metrics for 

the contigs assembled 

Phenotype Reference Sequence length 

(bp) 

Bases called Concordance * Coverage 

 

WT scf7180000000002 2,914,623 100.0% 100.0% 159.6 

SCV unitig 0 ** 2,904,881 100.0% 100.0% 175.88 

SCV unitig 1 15,129 100.0% 99.99% 63.63 

SCV unitig 2 14,249 99.8% 99.98% 35.3 

SCV unitig 3 12,363 100.0% 99.99% 75.43 

SCV unitig 4 2,369 100.0% 99.92% 12.36 

SCV unitig 5 13,154 100.0% 99.98% 39.53 

SCV unitig 6 13,307 100.0% 99.91% 20.47 

 

Note  

* Concordance provides a measure of the sequence identity between the CeleraAssembler assembled contig 

and the Quiver corrected contig. 

** For stable SCV cells, only unitig 0 is chosen as the final sequence based on the highest concordance and 

coverage. The other unitigs are artefacts resulted from the genome sequencing procedure. 
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A Gepard dot plot showed that on the basis of the common substring, there appears 

to be approximately 2 Kbp of sequence overlap between the ends and it is fair to conclude 

that the molecule can be circularised (Fig. S4 a & b). It is worth noting that there was a 

distance of 10,000 bp between the WCH-SK2 WT and stable SCV populations. However, 

this lack of 10,000 bp in the stable SCV phenotype genome seems to be small and further 

investigation indicates this is largely due to the assembly process (see later). The structure 

of this sequence was then analysed using various bioinformatics tools to answer the 

question of whether or not there were differences between the genomes of WCH-SK2 WT 

and the stable SCV.  

 

 

7.3. BACTERIAL GENOME ANNOTATION AND COMPARATIVE 

ANALYSIS BETWEEN WCH-SK2 WT AND STABLE SCV CELLS. 

The two complete genomes (WCH-SK2 WT and its stable SCV form) were then annotated 

using RAST (annotated with genes SK2B001-SK2B2105). The data for these results have 

been deposited in NCBI's Gene Expression Omnibus (Edgar et al. 2002) and are accessible 

through GEO Series accession number GSE63750 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63750). We also used BASys to 

annotate these genomes.  Generally, the result was relatively similar in the gene order from 

these two annotation systems. The difference was found in counting the total number of 

genes annotated in which BASys annotated more (3 genes) in the WT and less (1 gene) in 

the stable SCV cells than RAST. However, these genes were indeed found to be those 

encoding for uncharacterized proteins. Another point of difference between the annotation 

systems was in defining the mobile element structures in which BASys clarified the 

transposon as well as the insert sequences while RAST only defined mobile element 

proteins. In contrast, BASys did not verify tRNA, rRNA and genomic island as did RAST 

leading to the different numbers of pathogenic islands and bacteriophage/phage associated 

genes as well as hypothetical proteins. In any respect using the two systems has provided a 

complete and accurate annotation of the two genomes and a means of confirming and 

clarifying “gene calls”. We have summarised the different characteristics between two 

systems in annotating WCH-SK2 WT and its stable SCV sequences in Table 7.3. 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63750)
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Table 7.3  Comparative annotation characteristics between RAST and BASys  

Comparative Features WT SCV phenotype 

RAST BASys RAST BASys 

Number of genes 2711 2714 2705 2704 

Mobile genetic elements (MGEs) 

 Insertion sequences 

95 

NI 

95 

65 

95 

NI 

94 

64 

 Pathogenic islands associated genes 

 Genomic islands associated genes 

 Prophage protein associated genes 

 

 

NI 

NI 

NI 

 NI 

NI 

NI 

Known function proteins 1835 1738 1833 1741 

Hypothetical/Uncharacterized proteins 781 881 777 869 

Note: NI – non identification 

Besides annotation, BASys pipeline also displayed the chromosomal view as well 

as an expanded view of the two genomes in which we can compare the difference in 

genomic arrangement between two phenotypes (Fig 7.2). From the graphs, we can see 

there is a shift in genomic structure in WCH-SK2 stable SCV compared to WT. 
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Figure 7.2 Chromosomal map views of WCH-SK2 WT and SCV phenotype through 

the BASys annotation pipeline.  

The maps show genes encoding proteins and functional RNAs. Filled circular red and blue lines represent 

forward and reverse strands, respectively. Whereas, others demonstrating COG functional categories in the 

genome. 

WCH-SK2 (normal)
2,914 kb 

2,714 genes

WCH-SK2 (SCV)
2,904 kb 

2,704 genes
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7.4.  GENERAL GENOME FEATURES OF WCH-SK2 WT AND 

ITS SCV FORM. 

 

The annotation results using either BASys and RAST showed some genes were 

missed or unidentified. Therefore we combined the results of two systems to provide a 

unified and complete result. We have also then compared these genome sequences with 

relevant reference genomes available on NCBI website to ensure the accuracy of gene 

names as well as gene arrangement. These synthetic results (our additional analysis to the 

BASys/RAST annotation program results) are shown in Table 7.4 with the aim to compare 

the genetic parameters between these two genomes. In brief, the WCH-SK2 WT genome 

was 2,2914 Kbp in length covering 2857 genes encoding 2711 proteins, 57 tRNAs and 16 

rRNAs while the genome of its stable SCV state is slightly smaller with 2,2904 Kbp in 

length containing 2851 genes encoding for 2705 proteins, but the same number of 57 

tRNAs and 16 rRNAs.  The G+C content is similar between 2 phenotypes with 32.82%, 

also similar with several typical S. aureus strains. There is only a subtle difference in 

numbers of known function proteins (1835 versus 1833) and hypothetical proteins/ 

uncharacterized proteins (787 versus 777) and the distribution of length gene between two 

phenotypes. The genes varied in length and most of the genes have between 1000-2000 bp 

whereas few genes are more than 5000 bp in length. The ebh gene encoding for 

extracellular matrix protein was the largest gene covering 31,265 bp (Table 7.4).  

 

The known functional proteins were assigned to different pathways as referred 

from NCBI GenBank and this includes metabolic pathways (amino acid, carbohydrate and 

lipid metabolism and transport) and other specific functions. The result of this assignment 

is shown in Fig 7.3 presenting the distribution of genes for both genomes. Overall, there 

was no significant discrepancy in distribution of known functional protein assignment 

between these phenotypes. Genes encoding for hypothetical proteins were the highest 

percentage (28.8%) followed by genes encoding for amino acid metabolism and transport 

(10.2%) and carbohydrate metabolism and transport (5.9%). Genes involving in antibiotic 

resistance protein and stress response were ca. 2.0% and 1.4% respectively. Genes 

involved in virulence factors and facilitators for S. aureus infections occupied 2.3% of the 
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total number of genes (Fig 7.3). The genes located in MGE encoding for phage-associated 

proteins, pathogenicity islands, genomic islands, transposons, and SCCmec were included.  

Table 7.4 Characteristics of sequenced WCH-SK2 WT and SCV phenotype 

 WCH-SK2 WT WCH-SK2 SCV 

phenotype 

Sequence length  2, 914 kb 2, 904 kb 

Total number of gene annotated 2857 2851 

 Protein coding regions 2711  2705  

 Ribosomal RNA 16 16 

 tRNA 57  57 

G+C contents 32.82% 32.82% 

Known function proteins 1835 (67.7%) 1833 (67.7%) 

Hypothetical proteins 781 (28.8 %) 777 (28.7%) 

Mobile element proteins 

 Insertion sequence 

 Bacteriophage 

 Genomic island 

 Pathogenicity island 

 Transposon 
*
 

 SCCmec 

 Plasmid 
**

 

 MGE associated proteins 

311  

65 

1 

2 

3 

4  

1 (type II) 

1  

246 

311 

65 

1 

2 

3 

4  

1 (type II) 

1  

246 

Length of genes (bp) 

<500 99 

500-1000 

 1000-2000 78 

2000-3000 92 

3000-4000 19 

4000-5000 6 

>5000 5 
 

 

799 (29.5%) 

1012 (37.3%) 

778 (28.7%) 

92 (3.4%) 

19 (0.7%) 

6 (0.2%) 

5 (0.2%) 

 

796 (29.4%) 

1014 (37.5%) 

773 (28.6%) 

92 (3.4%) 

19 (0.7%) 

6 (0.2%) 

5 (0.2%) 

Note 

* 4 transposons include one Tn552, two Tn554 and one ΨTn554-cad 

** Plasmid PUB110-like 
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Figure 7.3 The distribution of genes involved in different pathways of WCH-SK2 WT and SCV phenotype. 

Graph shows there is no significant discrepancy in distribution of genes involved in different pathways of WCH-SK2 WT compared to SCV forms. Regardless majority of 

genes (~28.6%) encoding hypothetical proteins, genes involved in metabolism and transport of amino acids have the highest distribution ~10.3%. The distribution of genes 

related to other metabolic pathways such as carbohydrate, transcription, translation and DNA replication was varied from 5.2-5.7%. Minority of genes (<5%) are those 

which were categorized in the remaining groups of pathways. 
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7.5. STRUCTURAL FEATURES OF MGES PRESENT IN 

WCH-SK2 WT AND SCV PHENOTYPE 

 

The characteristics of the mobile genetic elements (MGEs) are varied among S. 

aureus strains allowing for the differentiation of strain types. The portion of MGEs is ca. 

11.5% (311/2711) of total number of genes and is similar for the two genomes; accounted 

for by insertion sequences (IS) and all genes located in PIs, GIs, plasmid, bacteriophage, 

SCCmec and transposons. As analysed in this study, the structure of MGEs was similar 

between two genomes but their position in the chromosome was different. In total, there 

are 65 IS, 3 PIs and 2 GIs, 1 bacteriophage, 3 transposons, carrying several genes 

responsible for the production of virulence factors. In general, the number and structure of 

MGEs remained the same between the two states of WCH-SK2, the exception being the 

different position when mapped on the genome; the locus of these MGEs compared to the 

gene upstream and downstream was not different (Table 7.5 and Fig 7.4). 

 

 Insertion sequences/Transposons 

Among 65 insertion sequences, IS256 and IS257 were the most common, other 

insertion sequences such as IS431, IS200 were also found. Three transposons include one 

Tn552 harbouring genes involved in beta-lactam resistance (blaI, blaZ and blaR), two 

Tn554 related to erythromycin (ermA) and spectinomycin (ant9 or spc) resistance, and one 

truncated Tn554 (ΨTn554-cad) excised transposase A gene (tnpA) but an addition of cadB 

and cadC genes involved in cadmium resistance. Only one plasmid (pUB110-like) 

harbouring genes encoding for bleomycin (bleO) and kanamycin (aadD) resistance related 

genes was present and integrated with the chromosome. The detail and structure of these 

mobile elements are described in Table 7.5 and Fig 7.4. 

 

 

 SCCmec of WCH-SK2 

The two genomes both carry the SCCmec type II in their chromosomes; which was 

established as a locus between the genes encoding protein A (spa) (~ 10kb downstream) 
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and a protein related to the purine biosynthesis (purA) (~ 80 kb upstream). As previously 

classified, the typical structure of type II has a formula: orfX-J3-mec operon (class A)-J2-

ccr gene complex-J1 (Ito et al. 1999; Alibayov et al. 2014). The regions J is a junkyard 

region with different components such as plasmid, transposons or various genes while mec 

operon including a complex of mecA, mecI and mecR1 genes and ccr gene complex 

including ccrA and ccrB are more important genetic parts of SCCmec. In these phenotypes, 

the SCCmec is characterized by the presence of plasmid pUB110-like as J3 and the mec 

operon class A (IS431-mecA-mecI-mecR1) which is located between J3 and J2. In J2 

region, a truncated transposon ΨTn554-cad instead of a typical transposon Tn554 

containing spc and ermA genes encoding spectinomycin and erythromycin resistance 

proteins (Fig 7.4).  

 

 

 Bacteriophage  

Interestingly, the structure of specific bacteriophages, PIs and GIs, of WCH-SK2 

have different features with other previously reported MGEs of S. aureus strains. Based on 

the analysed structure of the located bacteriophage, we assigned it to the Siphoviridae 

family of temperate bacteriophages (these have a long-term relationship with bacterial 

cells) as is similar to most of S. aureus strains as previously reported (McCarthy et al. 

2012; Alibayov et al. 2014). Its structure is composed of 61 genes whose assigned 

functions are divided into six parts including lysogeny, DNA replication/transcription, 

packaging, head, tail and lysis (Fig 7.4). This bacteriophage is integrated into the 

chromosome at the position of gene encoding β-hemolysin causing the disruption and 

likely inactivation of this gene. The presence of sak and scn encoding for staphylokinase 

and staphylococcal complement inhibitor (immune-modulator proteins) and sea encoding 

enterotoxin A is also found. However, genes lukF-PV and lukS-PV involved in Panton-

Valentine leukocidin (PVL) is not located within the bacteriophage but adjacent to the 

downstream truncated hlb. Bacteriophage is situated at the ~150 Kbp downstream of GI1 

and ~50kpb upstream of the PI1. The detail and structure of these mobile elements are 

described in Table 7.5 and Fig 7.4. 
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 Pathogenicity islands  

There were three pathogenicity islands (PIs) (which has the similar structure to 

bacteriophages but not encoding the capsid) in which Pi1 does not carried any virulence 

determinants while the others, Pi2 and Pi3, contain genes involved in secreted protein Ear 

superantigen and Ferrochrome transporter (Pi2) and Superantigen enterotoxin SEK, 

Superantigen enterotoxin SEL (Pi3). The position of Pi1 is mapped to the locus between 

argE related to ornithine metabolism and the operon agrABCD, the accessory regulator 

genes involved in controlling the expression of several genes related to virulence factors. 

Transposons Tn554 is positioned between Pi2 and Pi3 and surrounded by lipA (upstream) 

and pgk (downstream). Genomic islands Gi1 and Gi2 both carry virulence determinants 

such as serine proteases, leukotoxin D & E and epidermin (lantibiotic) (Gi1) and 

Exotoxins, lipoprotein (Gi2). It is worth noting that this strain does not contain the tst gene 

encoding toxic shock syndrome toxin (TSST) or eft encoding exfoliatin. Gi1 is situated at 

the upstream of bacteriophage and between atl (autolysin) and perR (peroxide stress 

regulator). Gi2 is placed downstream of SCCmec and between cysM and guaA (Fig 7.5). In 

addition, the region where located an arginine deiminase operon arcDBAR encoding 

arginine/ornithine antiporter ArcD, ornithine carbamoyltransferase ArcB, arginine 

deiminase ArcA and arginine repressor ArcR respectively, also known as arginine 

catabolic mobile element (ACME). This region is mapped to a position upstream of 

SCCmec (~120 Kbp) and downstream of transposon Tn554 and the operon crtMNOPQ 

related to carotenoid biosynthesis (~ 50 Kbp).  
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Figure 7.4 . The structure of MGEs presented in WCH-SK2 phenotype. 

Graphs show the structure of SCCmec type II (A) and bacteriophage (B) of WCH-SK2 phenotype. (A) The structure of SCCmec type II is composed of plasmid pUB110- 

and the mec operon class A (IS431-mecA-mecI-mecR1) which is located between the plasmid and ccr complex genes. A truncated transposon ΨTn554-cad instead of a 

typical transposon Tn554 containing spc and ermA genes is also found situated between mec operon and ccr complex. (B) The structure of bacteriophage is composed of 

61 genes whose assigned functions are divided into six parts including lysogeny, DNA replication/transcription, packaging, head, tail and lysis. This bacteriophage is 

integrated into the chromosome at the position of gene encoding β-hemolysin. The presence of sak and scn and sea encoding virulence factors is also found. However, 

genes lukF-PV and lukS-PV  is not located within the bacteriophage but adjacent to the downstream truncated hlb. 
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Table 7.5 Details of MGE structures present in both WCH-SK2 WT and SCV phenotype 

 MGEs Size (bp) WT SCV phenotype No.  Virulence genes Virulence gene products 

   Locus Position Locus Position    

1 Plasmid 4343 SK2B1481-

SK2B1485 

1,592,082-

1,596,425 

SK2C0729-

SK2C0733 

788,124-

788,276 

5 bleO, aadD Bleomycin and Kanamycin 

resistance 

2 SCCmec 39605 SK2B1477-

SK2B1514 

1,588,676-

1,628,281 

SK2C0725-

SK2C0762 

784,718-

824,323 

38 mecA,mecR1,mecI Methicillin resistance  

3 Transposon Tn554 6319 SK2B0367-

SK2B0372 

394,676-

400,995 

SK2C1512-

SK2C1517 

1,642,818-

1,649,137 

6 spc, erm Spectinomycin and 

erythromycin resistance  

4 Transposon Tn554 6319 SK2B2263-

SK2B2268 

2,446,776-

2,453,095 

SK2C2308-

SK2C2313 

2,488,408-

2,494,727 

6 spc, ermA Spectinomycin and 

erythromycin resistance  

5 Truncated transposon  

ΨTn554-cad 

5920 SK2B1499-

SK2B1503 

1,609,577-

1,615,497 

SK2C0747-

SK2C0751 

805,619-

811,539 

5 cadBAC Cadmium resistance  

6 Transposon Tn552 6156 SK2B1299-

SK2B1304 

1,385,716-

1,391,872 

SK2C0547-

SK2C0552 

581,758-

587,914 

7 blaZ,blaR1,blaI Beta-lactamase 

7 Bacteriophage  42254 SK2B0660-

SK2B0721 

731,381-

773,635 

SK2C2601-

SK2C2662 

2,825,113-

2,867,367 

62 scn,sea, sak Staphylococcal complement 

inhibitor, Enterotoxin A, 

staphylokinase 

8 Pathogenic island 1 16026 SK2B0732-

SK2B0753 

785,651-

801,677 

SK2C2673-

SK2C2694 

2,879,383-

2,895,409 

22 None None 

9 Pathogenic island 2 19311 SK2B2212-

SK2B2239 

2,408,872-

2,428,183 

SK2C1461-

SK2C1488 

1,604,914-

1,624,225 

28 ear,,fhuD Secreted protein Ear  

Ferrochrome transporter 

10 Pathogenic island 3 16049 SK2B2275-

SK2B2299 

2,457,982-

2,474,031 

SK2C1524-

SK2C1548 

1,654,024-

1,670,073 

25 sek, sel Superantigen enterotoxin K 

and L 

11 Genomic island 1 29915 SK2B0521-

SK2B0546 

573,749-

603,664 

SK2C2462-

SK2C2487 

2,667,481-

2,697,396 

26 splABCDEF, 

epiABCDPFEG, lukDE 

Serine proteases, leukotoxin D 

& E and epidermin  

12 Genomic island 2 32296 SK2B1841-

SK2B1874 

1,995,118-

2,026,485 

SK2C1089-

SK2C1123 

1,190,231-

1,222,527 

35 set,lpl Exotoxins, lipoprotein 

13 Arginine deaminase 6356 SK2B1365-

SK2B1370 

1,455,973-

1,462,329 

SK2C0614-

SK2C0619 

652,015-

658,371 

6 acABCDR,agrR None 
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Figure 7.5  The position of MGE in the genomes of WCH-SK2 WT (left) and SCV phenotype (right).  

Graphs showing the positions of MGEs which are illustrated by the coloured trapezium shapes (yellow, staphylococcal cassette chromosome mec(SCCmec); red, Genomic 

island (GIs); green, pathogenicity islands (PIs); white- transponsons (Tn554 and Tn552). The position of genes near the origin of replication (oriC) (blue) arrow of two 

phenotypes is different, causing the shift in the genome of WCH-SK2 SCV phenotype compared to WT but the structure of MGEs is identical. 
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7.6. COMPARABLE FEATURES IN NUCLEOTIDE 

SEQUENCES BETWEEN THE WCH-SK2 WT AND STABLE 

SCV FORMS 

Using NCBI BLAST to align the two sequences, we found that they aligned with 100% 

query coverage, 99% identity, E value 0.0, total score 7.671e+06 and max score 

3.889e+06. The result was shown in Fig 7.6 using Dot matrix view from NCBI BLAST. 

 

 

Figure 7.6 The dot matrix view showing regions of similarity based upon BLAST results.  

The query sequence is represented on the X-axis and the numbers represent the bases/residues of the query 

(WCH-SK2 WT). The subject is represented on the Y-axis and again the numbers represent the 

bases/residues of the subject (WCH-SK2 SCV phenotype). Alignments are shown in the plot as lines. Plus 

strand and protein matches are slanted from the bottom left to the upper right corner, minus strand matches 

are slanted from the upper left to the lower right. The number of lines shown in the plot is the same as the 

number of alignments found by BLAST. 
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To visualise the horizontal alignment of 2 sequences, MAUVE was used and the 

result showed that there was a shift in the structure of one chromosome compared to the 

other (Fig 7.7). The two blocks with different length and colours represented the similarity 

between two sequences and the different position of the two similar regions. This was 

possibly due to the different original points of sequencing or the genomic re-arrangement. 

Similarly, BRIG was used to align the two circular chromosomes and the result showed the 

total assembly and identities (Fig 7.8).  

 

 

 

 

Figure 7.7 A comparative illustration of WCH-SK2 SCV and WT sequences using MAUVE.  

The graph shows the similarities between the genomes of WCH-SK2 SCV (upper) and WT (lower). The 

blocks with the same colours showed the similarity between two sequences. This genomic arrangement 

suggests the genomic difference between two phenotypes.  

 

 

WCH-SK2 SCV phenotype

WCH-SK2 normal phenotype
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Figure 7.8 Genome alignment results between WCH-SK2 WT and SCV phenotype 

using BRIG. 

The graph shows a similarity between a central reference genome (WCH-SK2 WT) in the centre against 

another query sequence of WCH-SK2 SCV phenotype where colour indicates a BLAST match of a particular 

percentage identity in the legend. The image shows GC skew (ring 1), GC content (ring 2), and genome 

alignment results (ring 3). 
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MAUVE was also used to detect single nucleotide polymorphisms (SNP) when 

comparing the genomes. The results (summarised in Table 7.6) show the positions where 

the base differs which leads to the change in the amino acid . Some changes were found in 

coding sequences (CDS) and some were found in non-coding sequences (non CDS). In 

addition, some nucleotide substitutions did not cause the amino acid changes. In addition, 

there were insertion and deletion in WCH-SK2 SCV phenotype compared with WCH-SK2 

WT, which affected the frame shift, the CDS and non-CDS regions.   

 

These changes in WCH-SK2 SCV phenotype compared to WCH-SK2 WT are 

suggested as possible important and representative differences between two phenotypes. 

Most importantly are the changes in genes mgrA and rbsU encoding MgrA (a G to A 

change, converting at the protein level to R94C) and RbsU (C to G, and A151P) 

respectively. These changes seem to be remarkably relevant due to the involvement of 

MgrA and RsbU in S. aureus pathogenesis via their global regulation that includes several 

virulence factors.  

 

The regulator protein MgrA has first determined as a as a homologue of MarR  

(multiple antibiotic resistance regulator) and belongs to SarA family (staphylococcal 

accessory regulator A)  and as regulator of autolysis (RAT) due to its negative effects on 

other global regulatory systems involved in autolysis such as Agr , LytRS, ArlRS (Ingavale 

et al. 2003; Ingavale et al. 2005). MgrA has been demonstrated as a global regulator which 

controls the expression of more than 300 genes (Luong et al. 2006), importantly it 

positively affects several genes encoding important virulence factors such as capsular 

polysaccharide (cap),  nuclease (nuc), α-toxin (hla), coagulase (coa) (Luong and Lee 

2006), leukocidins (lukFS-PV, lukED), protein A (spa) (Gao and Stewart 2004), and genes 

related to cell autolysis (up-regulated lytRS and lrgAB and down-regulated lytMN and 

cidA) (Ingavale et al. 2005; Trotonda et al. 2009). Furthermore, it also positively regulates 

genes involved in resistance antibiotics such as norABC encoding quinolone-antibiotics 

resistance pumps and tetK38 encoding tetracycline resistance proteins) (Truong-Bolduc et 

al. 2005; Truong-Bolduc et al. 2006) and also vancomycin resistance (Chen et al. 2006). 

Trotonda et al. determined that the MgrA repressed biofilm formation and biofilm formed 

by mgrA mutants were not in association with sigB and ica loci, but with the expression of 



C h a p t e r  7    P a g e  | 223 

 

 

 

surface proteins (srtA, sortase) and the presence of eDNA (Trotonda et al. 2008). For 

involvement with in vivo effects, two studies revealed that the deletion of mgrA exhibited 

the less mortality rate, enhanced the survival ability of mice and decreased the bacterial 

persistence in murine blood, spleen and kidneys, suggesting the importance of MgrA 

regulation in the establishment and development of septic arthritis and sepsis (Chen et al. 

2006; Jonsson et al. 2008; Liu et al. 2014).  

 

The structure of MrgA is similar to MarR of Escherichia coli and its homologs 

which are members of the winged helix-turn helix family of transcription factors (Grove 

2013). Most of MarR homologs repress transcription by binding to the intergenic regions 

between the divergently transcribed target genes whereas some members activate gene 

expression by binding to a small molecule ligand or in response to oxidation of specific 

cysteines by ROS (peroxides) (Chen et al. 2006; Grove 2013). MgrA has been 

characterized as a triangular-shape dimer composing of several α-helices and two helix-

turn-helix motif DNA binding domains β1-α3-α4-β2-W1-β3 which connected to the 

helices α1, α5 and α6 (Chen et al. 2006). The alignment between MarR of E. coli and 

MgrA protein of S. aureus showed the similarities between them in which residues that 

encompass the two winged-helix DNA binding domains are located at position 55–100 

(Fig 7.9). Alekshun et al. determined that 13 important mutations in the HTH domains 

resulted in the unbinding to DNA of MarR protein and therefore, inactivating this regulator 

(Alekshun et al. 2000). Of these, was the mutation R94C – remarkably, aligning closely 

with our SNP result. In addition, this mutation has been suggested to be involved in the 

increased proteolysis within the cell (Alekshun et al. 2000). 

 

 

The other SNP, A151P found in WCH-SK2 stable SCV phenotype, within RsbU 

which is known as a positive regulator of alternative sigma factor SigB characterized in S. 

aureus (Kullik and Giachino 1997; Giachino et al. 2001; Palma and Cheung 2001) and B. 

subtilis (Delumeau et al. 2004). RsbU belongs to the sigB operon (including rsbU, rsbV, 

rsbW and sigB) that encodes anti-RsbV phosphatase RsbU, anti-anti-sigma factor RsbV, an 

anti-sigma factor RsbW and the sigma factor SigB (Wu et al. 1996; Senn et al. 2005). The 

regulation of SigB is activated in response to stresses through the dephosphorylation of 

RsbV by RsbU leading to the activation of RsbV. This protein then binds specifically to 
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RsbW and removes RsbW from SigB which could combine with RNA polymerase to 

activate the transcription of target genes (Senn et al. 2005). SigB has been defined as a 

regulator of several genes involved in stress response, carotenoid biosynthesis and 

extracellular proteases (Kullik et al. 1998; Horsburgh et al. 2002; Olivier et al. 2009), 

virulence factors, capsule (Horsburgh et al. 2002; Jonsson et al. 2004), cell autolysis (Rice 

et al. 2004), biofilm formation and indeed other global regulators (Knobloch et al. 2001). 

Therefore the role of RsbU in regulating SigB is important and mutants in RsbU are 

presumed to cause the effect on the activity of SigB, however, it is not clear which 

mutations of RsbU can result in the inactivation of this regulator. It is not obvious the 

impact of the SNP in the WCH-SK2 stable SCV on RsbU.  

 

The deletion and insertion of nucleotides were also found in WCH-SK2 normal and 

SCV phenotypes resulting in the formation of a frameshift in some identified and 

hypothetical proteins (Table 7.6).  For example, for WCH-SK2 stable SCV phenotype, 

some deletions were detected in gene encoding CAAX amino terminal protease. This 

protease which contains C-terminal CAAX sequence motifs where A is an aliphatic 

residue and X is any residue, is widely found in mammalian cells with several roles 

involved in signalling pathways, controlling processes such as proliferation, differentiation 

and carcinogenesis (Manolaridis et al. 2013). In prokaryotic cells, it was first characterized 

in S. cerevisae (Rce1P – cysteine protease) as a membrane protein which removes the C-

terminal AAX residues from a prenylated protein and plays a role in proteolysis of yeast 

proteins (Dolence et al. 2000). In B. subtilis, PrsW has been indicated as CAAX protease 

and a regulator of intramembrane proteolysis and antimicrobial peptides resistance 

(Ellermeier and Losick 2006; Dalbey et al. 2012). In S. aureus, the presence of CAAX 

proteases are also known as proteases with Abi domain (abortive infection or COG1226 

domain) inclduing SAV1030, SAV1780, SAV2031, and SAV2313 in strain Mu50 and also 

homology with LyrA (SAV2335) encoding  lysostaphin resistance, in which the mutation 

in these genes caused the increased the resistance to lysostaphin (Grundling et al. 2006). 

Frankel et al. has demonstrated that four genes containing Abi domain in strain Newman 

including nwmn_1671, nwmn_1939, nwmn_2215 and nwmn2236 and they indicated that 

the mutations in these genes spdA (nwmn_1671), spdB (nwmn_2215), and spdC 

(nwmn_2236/lyrA) but not nwmn_1939 displayed greatly reduced the expression of surface 

proteins but increased the thickness of cross-wall (Frankel et al. 2010). Based on the 
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sequence, we found the homology of our CAAX protease is homolog with NWMN_1939 

and SAV2031. This means the mutation in the WCH-SK2 CAAX protease may involved 

in the lysostaphin resistance but not in cell division. 

 

Some changes in nucleotides were also found in a gene encoding membrane 

anchored protein SdrH but these changes lead to no changes in a coding protein. However, 

some nucleotide deletions and insertions in WCH-SK2 normal phenotype were also 

detected and these caused the formation of stop codon resulting in incompletion protein. 

This means in WCH-SK2 stable SCV phenotype, the complete protein is expressed while 

being non-active in WCH-SK2 normal phenotype. SdrH is Ser-Asp rich fibrinogen/bone 

sialoprotein-binding protein and belongs to Sdr family containing SdrC, SdrD, SdrE, SdrF, 

SdrG, SdrH  with a characteristic serine-aspartate repeat cell-wall spanning domain which 

was first characterized in S. epidermidis (McCrea et al. 2000) and then has been recently 

reported in S. aureus (Xue et al. 2011). The Sdr family has been intensively investigated 

about their structures and roles such as SdrD has been known for its function in bone 

infections (Sabat et al. 2006) and in the interactions between pathogen and human immune 

system (Sitkiewicz et al. 2011), SdrE in immune evasion (Sharp et al. 2012). Recently, 

these cell wall anchored proteins have been indicated in enhancing the adhesion and 

biofilm formation (Barbu et al. 2014; Foster et al. 2014).  However little is known about 

SdrH protein. One report on bovine S. aureus indicated that there were several mutations 

including insertion and deletion were found in sdr genes of many isolates, in particular, 

there was an insertion sequence found in the sdrH at codon 161. These mutations have 

been suggested as a reason for sequence diversities among strains from different hosts via 

horizontal gene transfer (Xue et al. 2011). SdrH in S. epidermidis has been found not to be 

anchored to the cell wall as SdrF and suggested either degraded or associated with 

cytoplasmic membrane (McCrea et al. 2000). Taken together, we suggest that the 

expression of SdrH in WCH-SK2 normal phenotype is incomplete due to the mutations 

and in WCH-SK2 SCV phenotype; the SNP in the stable SCV lead to the complete 

expression of this protein which potentially plays a role in assisting the transition to SCVs 

and therefore aiding S. aureus survival.   
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One more important insertion in gene bsaA encoding glutathione peroxidise was 

found in WCH-SK2 SCV phenotype that unually seems to lead to the generation of a 

complete functional protein. In the WCH-SK2 parental phenotype without the insertion the 

protein was incomplete. Glutathione peroxidise has been known to has an important role in 

and function as a major defence against hydrogen peroxide and organic peroxides in 

bacterial cells and also help bacteria to adapt to oxidative stress that accompanies an 

inflammatory response (Cabiscol et al. 2000; Brenot et al. 2004).  

 

Some further insertions in WCH-SK2 SCV phenotype were also found with 

unknown changes such as the insertion of transposase IS256 at gene locus SK2C1953 and 

insertion in non-CDS as well as in gene encoding hypothetical proteins (Table 7.6).  

 

 

In brief, there were changes in functional proteins detected in the WCH-SK2 stable 

SCV phenotype compared to the normal phenotype (WT) which may be suggested as a 

phenotype switching mechanism of this strain to survive adverse conditions. These 

changes are identified as the SigB factor controller RsbU, global regulator MgrA, surface 

proteins SrdH and glutathione peroxidise BsaA as well as some non-identified changes 

which are summarised in Table 7.6 

 

.  

 

      1           6  
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Table 7.6 The SNP, deletion and insertion pattern showing the difference between two phenotypes 

Genome position Nucleotide 

change 

Amino acid 

change 

Possible changes in proteins 

WCH-SK2 

WT 

WCH-SK2 

stable SCV 

849135 45177 C to G A151P Gene locus: SK2B0792 / SK2C0038 (homology with SA1872, Q7A4H0) 

RsbU : Phosphoserine phosphatase in regulation of Sigma B = unknown changes 

2299002 1495044 G to A R92C Gene locus: SK2B2117 / SK2C1366 (homology with SA0641, Q7A6X2) 

MgrA: MarR-family TF, global regulator – R92 in DNA binding domain, mutation R94C = 

possibly inactive (Alekshun et al. 2000). 

805526 2899141 G to A No change   

Gene locus: SK2B0757 / SK2C2698 (homology with SA1839, Q7A4J1) 

 

Membrane anchored protein SdrH (Ser-Asp rich fibrinogen/bone sialoprotein-binding 

protein ): no change 

805544 2899159 T to A No change 

805550 2899165 T to C No change 

805553 2899168 C to T No change 

805556 2899171 G to T No change 

805565 2899180 A to G No change 

805574 2899189 A to T No change 

805579 2899194 T to C No change 

805580 2899195 C to T No change 

805584 2899199 C to T No change 

 28 

42 

116-117 

583 

Delete T 

Delete T 

Delete TT 

Delete TG 

Frame shift  

– premature 

STOP  

Gene locus :  SK2B0756 / SK2C0001(homology with SA1838, Q7A4J2) 

CAAX amino terminal protease:  self-immunity, protection from lysostaphin – changes = 

non-functional protein (Grundling et al. 2006). 

 

 

 

804877  Insert T  Gene locus : SK2B0757 / SK2C2698 (homology with SAOUHSC_02257,Q2FWN1) 

Membrane anchored protein SdrH  (Ser-Asp rich fibrinogen/bone sialoprotein-binding 

protein ) = shorter protein/non-functional 
804955  Delete G Frame shift at 

W214H – 

premature STOP 

(249) 

805290  Delete T  
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Table 7.6. The SNP pattern showing the difference between two phenotypes (cont.) 

Genome position Nucleotide 

change 

Amino acid 

change 

Possible changes in proteins 

WCH-SK2 

WT 

WCH-SK2 

stable SCV 

 2099272 Insert T in 

stable SCV 

Complete protein Gene locus : SK2B2698 , SK2C1946 homology with  

BsaA, Glutathione peroxidase (SA1145, P99097: stress response protein) = complete 

protein in stable SCV. 

 2105872 - 

2107203 

Insertion 

(1332 bp) 

Mobile element Gene locus : SK2C1953 

Transposase for IS256 in Tn4001 (P19775)  - inserted between a series of HP. 

 2109662 Insertion in 

stable SCV  

Non-CDS Change = unknown 

 2111212 Insert A in 

stable SCV 

frame shift Gene locus: SK2C1957 

HP; change = unknown 

 2111436-

2111464 

Insert A in 

stable SCV 

frame shift Gene locus: SK2C1958 

HP; change = unknown 

Note 

*the locus and function of genes is based on UniProt ID (www.uniprot.org) 

HP: Hypothetical protein; Non-CDS: non coding sequences 
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7.7. MULTIPLE GENOMIC COMPARATIVE ANALYSIS 

The result from BLAST for assembling the genome sequences of the WCH-SK2 WT and 

its stable SCV form showed that there was similarity with 10 reference genomes (listed in 

Table 7.7). Of these reference strains, some strains whose genomes are available 

(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) include S. aureus strain JDK6008 (NC_017341), 

strain M1 (NC_021059), Newman (NC_009641), NCTC8235 (NC_007795), USA_ 

FPR3757 (NC_007793) and Z172 (NC_022604) were used for comparison with WCH-

SK2 genomes using BRIG and Mauve. In general, these strains showed 91-97% identical 

in nucleotide sequences. Most of dissimilarities between these genomes were also found in 

the location of MGEs in WCH-SK2 WT. (Fig 7.9). There are 3 reference strains with the 

highest query coverage of 97%, strains JDK6008, TW20 and strain Z172.  

Table 7.7 List of strains showing the highest similarities with the WCH-SK2 genome 

resulted from NCBI BLAST  

Description 

Max 

score 

Total 

score 

Query 

cover E value Ident 

S. aureus subsp. aureus str. JKD6008 66526 7.17E+06 97% 0 99% 

S.  aureus M1  66493 5.67E+06 92% 0 99% 

S. aureus subsp. aureus str. Newman  66493 5.84E+06 91% 0 99% 

S. aureus strain UA-S391_USA300 66487 5.87E+06 92% 0 99% 

S. aureus USA300-ISMMS1 66487 5.92E+06 92% 0 99% 

S. aureus subsp. aureus TW20 66487 6.62E+06 97% 0 99% 

S. aureus subsp. aureus NCTC 8325 66487 5.71E+06 91% 0 99% 

S. aureus subsp. aureus 

USA300_FPR3757 66487 5.87E+06 92% 0 99% 

S. aureus subsp. aureus Z172 66482 6.95E+06 97% 0 99% 

S. aureus subsp. aureus 

USA300_TCH1516 66482 5.87E+06 92% 0 99% 

 

Note 

 Max score: the highest alignment score from that database sequence  

 Total score: the total alignment scores from all alignment segments  

 Query coverage: the percentage of query covered by alignment to the database sequence  

 E value: the best (lowest) Expect value of all alignments from that database sequence  

 Max ident: the highest percent identity of all query-subject alignments  

ftp://ftp.ncbi.nih.gov/genomes/Bacteria/
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Figure 7.9 Genome alignment results using BRIG between WCH-SK2 WT and 

complete genomes sequences of related strains.   

These include JDK6008 (purple), Z172 (red), NCTC8325 (light green), Newman (blue), TW20 (green), 

USA300-FPRP3757 (magenta) and M1 (cobalt).  The graph shows a similar identical between a central 

reference genome (WCH-SK2 WT) in the centre against other query sequences listed in the key where colour 

indicates a BLAST match of a particular percentage identity in the legend. As a result, these strains showed 

91-97% identical in nucleotide sequence.  
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7.8. GENOMIC COMPARATIVE ANALYSIS WITH SEVERAL 

REFERENCE S. AUREUS STRAINS 

Following the above alignment results, we then chose 12 reference strains whose genomes 

were published on the NCBI website and have been extensively investigated to compare 

genomic features with WCH-SK2 (parental) genome that we had sequenced. These were S. 

aureus strains COL, N315, Newman, Mu3, Mu50, USA300-FPRP3757, MSSA476, 

MRSA 252, Z172, TW20 and M1. These strains all play important role in pathogenesis 

due to their multiple antibiotic resistance ability as well as their various virulence 

determinants. In particular, some strains are found resistant to vancomycin such as Mu3, 

Z172 and Mu50. The comparative analysis of WCH-SK2 and these strains may reveal the 

clonal relationship between these staphylococcal strains. The details of these strains are 

presented in Table 7.8. 

As described previously, the WCH-SK2 genome is 2, 2914 Kbp in length covering 

2857 genes encoding 2711 proteins, 57 tRNAs, 16 ribosomal RNAs. The result of 

comparison between WCH-SK2 genome features and other S. aureus strains is shown in 

Table 7.10. This shows the unique features of different S. aureus strains. The G-C content 

did not vary significantly falling within the band of 32.8-32.9% but there was variability in 

chromosome length between these genomes; strain TW20 has the longest length (3.04 

Mbp) and MSSA476 has the shortest length (2.8 Mbp). The length of other chromosomes 

ranged within 2.81-2.99 Mbp. The number of genes detected for each chromosome 

correspondingly varied within ~2600-3000 in which strain TW20 possesses the highest 

number (2948) corresponding with the longest chromosome and strain USA300-FPRP3757 

has the minimum number (2648). However, it should be noted that these gene numbers do 

not include genes harboured within extrachomosomal plasmids. Our analysis indicates that 

WCH-SK2 does not contain a separate plasmid but has an integrated plasmid in its 

chromosome as a part of the SCCmec type II. Some strains have no plasmid such as 

NCTC8325, MW2, MRSA252, Newman whereas others strains have from 1 to 3 separate 

plasmids such as USA300-FPRP3757 (3 plasmids), Z172 and TW20 (2 plasmids). In this 

study, we do not investigate the variability in plasmids but other MGE that are integrated 

into chromosomes. The number of rRNA genes was ranged within 5-19 whereas the 

number of tRNA genes varied within 57 to 82 (Table 7.9). 
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Table 7.8 The detail of reference strains used for comparative analysis of genomes 

No Strain Lineage and General Pathotypes References 

1 WCH-SK2  MRSA and isolated from blood culture sample 

isolated from WCH hospital 

This study 

2 MSSA strain NCTC 

8325 

Prototypical MSSA strain used for most genetic 

research on S. aureus 

(Baba et al. 2008) 

3 MSSA strain 

Newman 

Isolated in 1952 from a human 

infection  and has been used extensively in 

animal models due to its robust virulence 

phenotypes 

(Baba et al. 2008) 

4 CA-MRSA strain 

MW2 

 

A major pathogen that caused fatal community-

acquired infections in the Midwest, USA in the 

late 1990’s.  

(Baba et al. 2002) 

5 MRSA strain N315 Isolated in 1982 from a pharyngeal smear of a 

Japanese patient. 

(Kuroda et al. 2001) 

6 HA-MRSA strain 

252 

Isolated in 1997 from a 64-year-old female who 

acquired MRSA postoperatively.  

(Holden et al. 2004) 

7 MRSA strain COL Isolated in a British hospital in 1961, and is found 

more virulent and highly invasive of major organs 

(Baba et al. 2008) 

(Diep et al. 2006) 

8 MRSA strain Mu3 

(VRSA) 

Isolated in Japan with heterogeneous 

vancomycin-resistance  

(Neoh et al. 2008) 

9 MRSA strain Mu50 

(VRSA) 

Isolated in 1997 from the pus of a Japanese male 

baby with a surgical wound infection  

(Kuroda et al. 2001) 

10 US300_FRPR3757 Isolated from the wrist abscess of a 36-year-old in 

San Francisco General Hospital, US 

(Diep et al. 2006) 

11 MRSA strain TW20 Isolated from a 2-year outbreak of MRSA in an 

intensive care unit in London  

(Holden et al. 2010) 

12 MRSA strain Z172 Isolated in 2010 from a blood specimen of an 

elderly intensive care unit patient in Taiwan  

(Chen et al. 2013) 

13 MRSA strain M1 Isolated from the index patient of a MRSA 

outbreak in Copenhagen, Denmark in 2003. 

(Larner-Svensson et al. 

2013) 
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The result from Section 7.3 showed that some genomes have higher similarities 

(over 90%) with WCH-SK2 such as strains NCTC 8325, USA-FPRP3757, Newman, 

TW20, Z172, M1, while the other genomes showed a similarities that ranged from 80-90% 

such as Mu3, Mu50, COL. MRSA252, MW2 and N315. This difference is easily seen in 

Fig 7.10 and most of the regions of variability are found in the positions of MGE, 

confirming the large varieties in PIs, GIs, prophages and transposons among the different 

strains. All the strains have at least one prophage in which strain Newman has a maximum 

number with 4 prophages, strain Z172 and TW20 has 3 prophages. In addition, there was 

wide variability in the number of PIs and GIs among strains that contribute into the 

chromosomal diversity of S. aureus strains. WCH-SK2 carries 3 PIs and 2 GIs, similar to 

strain COL. Some strains do not have any GIs (such as M1, N315, Newman, and Z172) or 

PIs (such as strain Z172). The presence of transposon Tn554 is also different; some strains 

do not possess this transposon whereas others have it in many copies, such as COL that has 

5 copies. WCH-SK2 has 2 copies, similarly as other strains (MRSA252, M1, USA300 and 

Z172). The SCCmec type is also an important part of the variability in MGEs, with 

different sizes and genes. Importantly, SCCmec carries several antibiotic resistance 

determinants. The cassette type also varied among these strains. WCH-SK2 carries 

SCCmec type II with the presence of pUB110-like containing genes encoding for 

bleomycin and kanamycin resistance related genes. The SCCmec is also characterized by 

the presence of truncated transposon Tn554. The other strains have also SCCmec type II as 

MRSA252, N315 and Mu50 whereas other strains have SCCmec type IV (MW2, M1, 

USA300_FPRP3757), type III (Z172, TW20) and type I (COL) or non SCCmec (Newman) 

(Table 7.9). Figure 7.10 also displays a chromosomal map view of all 12 reference 

genomes to show the identical in most of core genes and most dissimilarity are found at the 

location of PIs, GIs and SCCmec as well as the transposons.  
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Table 7.9 The comparative genomic features between WCH-SK2 WT and related S. aureus strains.  

Strain Phenotype Plasmid Size 

(Mb) 

GC% Protein rRNA tRNA Other 

RNA 

Gene Pseudogene GIs Prophage SCCmec 

type 

PIs Tn554 

WCH-SK2 MRSA 0 2,91 32.8 2711 32 57 0 2,857 1 2 1 II 3 2 

MRSA252 MRSA 0 2.9 32.8 2650 16 60 25 2,834 83 2 2 II 1 2 

MW2 MRSA 0 2.82 32.8 2623 19 60 1 2,703 0 2 2 IV 1 0 

NCTC8325 MSSA 0 2.82 32.9 2767 16 61 0 2872 30 2 3 None 2 0 

N315 MRSA 1 2.81 32.8 2582 16 62 1 2,663 1 0 1 II 3 5 

Newman MSSA 0 2.88 32.9 2614 16 56 1 2,687 0 0 4 None 2 0 

COL MRSA 1 2.81 32.8 2612 19 52 1 2,723 39 2 1 I 3 0 

USA300 MRSA 3 2.87 32.8 2560 16 53 1 2,648 18 0 2 IV 1 0 

Mu50 MRSA 1 2.88 32.9 2694 16 60 1 2,772 0 1 2 II 3 2 

M1 MRSA 1 2.89 32.8 2697 5 56 0 2,758 0 0 2 IV 1 0 

Z172 VISA 2 2.99 32.8 2834 16 60 0 2,912 0 0 3 III 0 0 

TW20 MRSA 2 3.04 32.8 2777 16 60 32 2,948 53 2 3 III 1 2 

 

The results showed in the table are based on the data published on NCBI website and from published articles. 
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Figure 7.10 Genome alignment results using BRIG between WCH-SK2 WT and 12 complete genome sequences of related S. aureus strains.  

The graph shows a similar identical between a central reference genome (WCH-SK2 WT) in the centre against other query sequences listed in the key where colour 

indicates a BLAST match of a particular percentage identity in the legend. The positions where the rings get white colour showed the dissimilarity, and most of these 

positions were found as MGEs’ locations. 
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7.9. COMPARATIVE ANALYSIS OF STAPHYLOCOCCAL 

MGE STRUCTURES 

 

Apart from general comparative analysis of Staphylococcal genome contents, we 

also analysed the difference in MGEs (in particular prophages, PIs and GIs structures) of 

WCH-SK2 with these reference genomes. These MGEs carrying virulence and resistance 

genes are central for the adaptation and evolution of S. aureus species by its horizontal 

gene transfer ability (Lindsay 2010; Malachowa and DeLeo 2010). In order to transfer 

genes through MGEs, some strategies can be used by S. aureus including conjugation 

using plasmids and transposons, transduction using phages and transformation (McCarthy 

et al. 2012; Alibayov et al. 2014). However, the natural transformation in S. aureus is rare 

and inefficient; in addition, the conjugation is limited due to the low distribution of 

plasmids and transposons. Therefore, it seems that the bacteriophage directed mechanism 

is the most employed way for transferring genes (McCarthy et al. 2012). At least one 

chromosomal integrated bacteriophage (prophage) has been found in all S. aureus genomes 

(Deghorain and Van Melderen 2012). These prophages can package host bacterial DNA 

and deliver it into other bacteria (Maslanova et al. 2013). Prophages are considered as an 

important key in pathogenesis because they can encode a large number of virulence 

factors. Several factors have been known to be associated with their functions such as 

staphylokinase (sak) as immune modulators, the chemotaxis inhibitory protein CHIP (chp), 

the staphylococcal inhibitor of complement SCIN (scn) and enterotoxins A, G, K, P 

(sea,seg, sek, sep) and their homologues as well as the presence of Panton-Valentine 

leukocidin (lukF-PV, lukS-PV) and other leukocidins (lukM, lukF) and exfoliative toxin 

(eta)  (Deghorain and Van Melderen 2012). Prophages are also found to interrupt the 

chromosomal virulence genes such as β-hemolysin (hlb) leading to strains that are negative 

for hemolysin activity. They have been also known to have role in genome plasticity 

during infection, therefore, facilitating the adaptation of S. aureus to different host 

conditions (Goerke et al. 2009; Deghorain and Van Melderen 2012). 

 

 

Based on S. aureus prophage size and morphological features, three different 

structures of S. aureus prophages are classified including class I or Podoviridae (<20 kb), 

class II or Siphoviridae (~40 kb) and class III or Myoviridae (>125 kb) (Kwan, T. et al, 
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2005). The structure of prophages basically is composed of several functional modules 

including DNA replication/regulation/transcription, DNA packaging and capsid 

morphogenesis, tail morphogenesis and host cell lysis. Three different kinds of prophages 

have different arrangements of these modules; in particular, in Siphoviridae type which is 

present in most published S. aureus strains, there is an addition of one module of lysogeny 

and importantly, several virulence genes downstream of the lysis module or inserted 

between the lysogeny and DNA replication module (Deghorain and Van Melderen 2012). 

The prophages of reference S. aureus strains and our comparable strain WCH-SK2 are 

classified as Siphoviridae type with typical features of temperate phage which has ability 

to lyse bacterial cells but prefers to reside long-term in bacterial chromosome.  

 

 

In addition, prophages are classified into 8 families from Φ1-Φ8 and this is based 

on their integration gene (int) (Lindsay and Holden 2006). Of these families, phages Φ1-

Φ3 have been most found in several S. aureus strains and are more characterized due to its 

carriage of many virulence genes while the other prophages are not as prevalent. For 

example, phage Φ1 carries lukFM and eta genes whereas phage Φ2 carries lukFS-PV 

genes, which encode toxin involved in necrotic infections and severe skin infections. In 

particular, phage Φ3 is the most common phage present in S. aureus and carries various 

virulence genes including chp, sak, scn, sea, sek, seg, sep which are related to host tissue 

destruction, food poisoning, toxic shock syndrome and necrotizing fasciitis (McCarthy and 

Lindsay 2010). In this study, we found the only prophage of WCH-SK2 belonged to a Φ3 

family with the integration gene is identical as SAR2015 which is from the Φ3 family. 

Furthermore, we also found that this prophage carries 3 virulence determinant genes 

including scn, sea and sak similar with Φ3 (TW20) and Φ3 (Z172). The detail of 

comparative analysis is introduced in Table 7.10. 
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Table 7.10 Comparative analysis of prophages between WCH-SK2 and reference strains 
Strain Prophage Virulence d genes Products 

WCH-SK2 ΦWCH-SK2* scn,sea, sak Staphylococcal complement inhibitor, 

Enterotoxin A, Staphylokinase 

MRSA252 ΦSa2 [252] NI Functionally unknown protein 

 ΦSa3 [252] * sea, sak Enterotoxin A, Staphylokinase 

MW2 ΦSa2 [MW2] lukF-PV, lukS-PV Panton-Valentine leukocidin 

 ΦSa3 [MW2]* sea, sak,seg2,sek2 Enterotoxin A, Staphylokinase, Enterotoxin G 

and K homologues 

N315 ΦSa3 [N315] * sea, sak Enterotoxin A, Staphylokinase 

Newman ΦNM1   NI Functionally unknown protein 

 ΦNM2  NI Functionally unknown protein 

 ΦNM3 *  sea,sak, chp , scn Enterotoxin A, Staphylokinase, Chemotaxis 

inhibitory protein, Staphylococcal 

complement inhibitor 

 ΦNM4 NI Functionally unknown protein 

COL Φ1COL [COL]  NI Functionally unknown protein 

NCTC8325 ΦSa1 [8325]  NI Functionally unknown protein 

 ΦSa2[8325]  NI Functionally unknown protein 

 ΦSa3 [8325] * chp,scn,sak Staphylokinase, Chemotaxis inhibitory 

protein, Staphylococcal complement inhibitor 

USA300 

_FPR3757 

ΦSa2 [USA300] lukS-PV,lukF-PV Panton-Valentine leukocidin 

ΦSa3 [USA300]* sak,chp Staphylokinase, Chemotaxis inhibitory protein 

Mu50 ΦSa1[Mu50] NI Functionally unknown protein 

 ΦSa3 [Mu50] * sak, sea Staphylokinase, Enterotoxin A 

TW20 ΦSa1 [TW20] NI Functionally unknown protein 

 ΦSa3 [TW20]* scn,sak,sea Staphylococcal complement inhibitor,  

Staphylokinase, Enterotoxin A 

 ΦSPβ-like[TW20] NI LPxTG motif surface-anchored protein; 

aminoglycoside resistance proteins 

Z172 ΦSa1 [Z172] NI Functionally unknown protein 

 ΦSa3 [Z172]* scn,sak,sea Staphylococcal complement inhibitor,  

Staphylokinase, Enterotoxin A 

 ΦSPβ-like [Z172] NI LPxTG motif surface-anchored protein; 

aminoglycoside resistance 

M1 ΦSa2  [M1] lukS-PV,lukF-PV Panton-Valentine leukocidin 

 ΦSa3 [M1]* sak,chp Staphylokinase, Chemotaxis inhibitory protein 

Note NI: non-identified virulence-related phage genes;* phages that is integrated into hlb (β-hemolysin) gene 
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 Apart from S. aureus prophages, pathogenicity islands (SaPIs) are also phage-

related chromosomal islands that are integrated into chromosomes using integrase 

enzymes. They are 12-27 kb chromosomal DNA segment and found widespread in S. 

aureus genome with usually 1-3 SaPIs present.  The genes located in SaPIs often encode 

several drug resistance (ear), virulence genes (eta, bap) and superantigen-related toxins 

(tst, sek, seq, seb, sec and sel) that are involved in S. aureus associated food poisoning, 

serious skin diseases and host adaptation (Malachowa and DeLeo 2010; Alibayov et al. 

2014). Up till now, around 23 SaPIs have been characterized. SaPIs have the relatively 

similar structure with bacteriophages with the presence of repressor, integrase and 

terminase genes but absent of genes encoding for phage structural proteins (capsid, head, 

tail), therefore, residing as prophage (Alibayov et al. 2014).  

 

 

The nomenclature of SaPI is not unified among published references. Some SaPIs 

have been numbered and some have still been symbolized with the “ʋ” character in a 

similar manner to genomic islands while others have been named after the isolate of S. 

aureus (Alibayov et al. 2014). SaPIs are not mobile by themselves, requiring an induction 

from phages or called helper prophages or following the infection by a bacteriophages 

present in the same strain (Deghorain and Van Melderen 2012). Table 7.11 summarises the 

comparison between SaPIs present in WCH-SK2 genome with different types of SaPIs 

previously reported. We found three SaPIs in WCH_SK2 genomes of which one PI does 

not carry any virulence determinant genes (SaPi1) and the others carrying genes encoding 

for penicillin binding protein fragment or secreted protein Ear and Ferrichrome transporter 

(SaPi2) and Superantigen Enterotoxin K and L (SaPi3). The SaPIs of other S. aureus 

strains displayed diversity in genes harboured in pathogenicity islands. It is worth noting 

that WCH-SK2 does not possess the tst and eta genes which are the virulent toxins related 

to toxic shock syndrome and staphylococcal scalded-skin syndrome as characterized in 

strains N315 and Mu50.  
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Table 7.11 A brief comparative analysis of PIs between WCH-SK2 and reference 

strains 

Strains Pathogenicity islands Virulence 

determinant 

Product 

WCH-SK2 SaPI [WCH-SK2]  - 

pathogenicity island 1 

None None 

 SaPI [WCH-SK2] –

pathogenicity island 2 

ear,,fhuD Secreted protein Ear (Penicillin 

binding protein fragment), 

Ferrichrome transporter 

 SaPI [WCH-SK2] – 

pathogenicity island 3 

sek, sel Superantigen Enterotoxin K and L 

MRSA252 SaPI4 [252] None None 

MW2 ʋSa3 [MW2] ear,sel2,sec4 Secreted protein Ear (Penicillin 

binding protein fragment),  

Superantigen enterotoxin L and C 

homologues 

 ʋSa4 [MW2] None None 

N315 ʋSa4 [N315] sel,sec3,tst Enterotoxin L and C homologues 

and Toxic shock syndrome toxin 

Newman ʋSa4 [Newman] None None 

COL SaPI3 [COL] seq,sek Enterotoxin K and Q 

NCTC8325 ʋSa4 [8325] None None 

USA300 

_FPR3757 

SaPI5 [USA300] seq2,sek2 Enterotoxin K and Q homologues 

Mu50 ʋSa3 [Mu50] fhuD  Ferrichrome transporter 

 ʋSa4 [Mu50] sel,sec3,tst Enterotoxin L and C homologues 

and Toxic shock syndrome toxin 

TW20 SaPI1 [TW20] sek,seq Enterotoxin K and Q 
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 Different from PIs, Genomic Islands (GIs) are ~10-200 kb DNA segment were 

acquired by horizontal gene transfer. These islands are present in either the chromosome or 

in plasmids. The structure of these GIs is recognized in that they are often flanked by an 

upstream broken transposase gene and the downstream partial type I restriction-

modification system determined by hsdM and hsdS genes. In addition, they are also 

reported to be flanked by the repeats commonly associated with phages and plasmids and 

encode for both integrases and transposases that allow for the integration of GIs into S. 

aureus chromosome at specific target site following their excisions (Malachowa and 

DeLeo 2010; Alibayov et al. 2014). There are three families of GIs which have been 

published including ʋSaα, ʋSβ and ʋSγ with distinguishable features in virulence 

determinant genes (Alibayov et al. 2014). The ʋSaα GIs carry genes encoding for 

lipoprotein (lpl cluster) and exotoxins or staphylococcal enterotoxin-like (set cluster) 

whereas ʋSaβ GIs carry genes encoding bacteriocins (bsa/epi cluster), hyaluronate lysae 

(hysA), several enterotoxins (seg, sei, sem, sen, seo), leukotoxin D and E (lukDE), and 

serine proteases (spl cluster). The ʋSaα and ʋSaβ GIs are more common than ʋSγ GIs 

which carry genes encoding β-type phenol-soluble modulins (psmB), α-hemolysin (hla), 

Exfoliative toxin D (etd) and Epidermal cell differentiation inhibitor B (edin-B). Except for 

the serine protease having an unknown function in pathogenesis, these other genes are 

virulence genes involved in causing various diseases such as food poisoning (enterotoxins) 

and staphylococcal scaled-skin syndrome (exfoliative toxin D) or in facilitating for S. 

aureus colonization, invasion and infections at different sites of the body, such as 

bacteriocins, hyaluronate lyase and hemolysin.    

 

 Two GIs were found in the genome of WCH-SK2 and based on the above 

classification, we assigned these GIs; in which Gi1 is assigned to ʋSaβ which carries genes 

encoding serine proteases (spl), leukotoxin D & E (lukDE) and epidermin (bsa/epi) and 

Gi2 is assigned to ʋSaα which carries genes encoding exotoxin (set6-15) and lipoprotein 

(lpl1-9). The GIs of WCH-SK2 were relatively similar to those of strain 

USA300_FPRP3757 and strain COL in its presence of virulence determinant genes 

whereas other strains carry more genes encoding enterotoxins. However, in strain COL, the 

ʋSaα also carries genes lukDE in addition to set and lpl cluster and in strain 

USA300_FPRP3757, the set cluster includes set 1 -11 instead of set 6-15 as is the case in 

WCH-SK2 ʋSaα. The details of comparative analysis are listed in Table 7.12.  
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Table 7.12 A brief comparative analysis of GIs between WCH-SK2 and reference strains 

Strains Genomic islands Virulence determinant genes Product 

WCH-SK2 ʋSaβ  [WCH-SK2] – 

genomic island 1 

spl,lukDE,bsa/epi Serine proteases, Leukotoxin D & 

E and Epidermin  

 ʋSaα  [WCH-SK2]-

genomic island 2 

Set6-15,lpl1-9 Exotoxin, Lipoprotein 

MRSA252 ʋSaα [252] 

 

set6-15, lpl1-9 Exotoxin, Lipoprotein 

 ʋSaβ [252] spl, seg,sen,sei,sem,seo, hysA Serine proteases, Enterotoxin G, 

N, I, M, O, hyaluronate lyase 

MW2 ʋSaα [MW2] set16-26, lukDE,lpl10-14 Exotoxin,  Leukotoxin D & E , 

Lipoprotein 

 ʋSaβ [MW2] spl,lukDE,bsa/epi Serine proteases, Leukotoxin D & 

E and Epidermin  

N315 ʋSaα [N315] set6-15,lukDE,lpl1-9 Exotoxin, Leukotoxin D&E, 

Lipoprotein 

 ʋSaβ [N315] spl,lukDE,seg,sen,sei,sem,seo Serine proteases, Leukotoxin D & 

Enterotoxin G, N, I, M and O 

Newman ʋSaα [Newman] set1-11, lpl1-9 Exotoxin, Lipoprotein 

 ʋSaβ [Newman] spl,lukDE,bsa/epi Serine proteases, Leukotoxin D & 

E and Epidermin  

 ʋSaγ [Newman] etD Exfoliative toxin D 

COL ʋSaα [COL] set6-15,lukDE,lpl1-9 Exotoxin,  Leukotoxin D & E , 

Lipoprotein 

 ʋSaβ [COL] spl,lukDE,bsa/epi Serine proteases, Leukotoxin D & 

E and Epidermin -like 

NCTC 

8325 

ʋSaα [8325] set6-15,lukDE, lpl1-9 Exotoxin, Leukotoxin D&E, 

Lipoprotein 

 ʋSaβ [8325] spl,lukDE,seg,sen,sei,sem,seo Serine proteases, Leukotoxin D & 

Enterotoxin G, N, I, M and O 

USA300 

_FPR3757 

ʋSaα [US300] set1-11, lpl1-9 Exotoxin, Lipoprotein 

 ʋSaβ [USA300] spl,lukDE,bsa/epi Serine proteases, Leukotoxin D & 

E, Epidermin-like 

Mu50 ʋSaα [Mu50] set6-15, lukDE, lpl1-9 Exotoxin, Leukotoxin D&E, 

Lipoprotein 

 ʋSaβ [Mu50] spl, lukDE,seg, sen,sei,sem,seo Serine proteases, Leukotoxin D & 

Enterotoxin G, N, I, M and O 

TW20 ʋSaα [TW20] set6-15,lukDE,lpl1-9 Exotoxin, Leukotoxin D&E, 

Lipoprotein 

 ʋSaβ [TW20] spl,lukDE,seg,sen,sei,sem,seo Serine proteases, Leukotoxin D & 

Enterotoxin G, N, I, M and O 



C h a p t e r  7    P a g e  | 243 

 

 

 

7.10. METHYLOME ANALYSIS 

 

The newly assembled genome assembly was used for analysis for consensus, base 

modifications. Using a similar sequence mapping pipeline, the kinetic characteristics of the 

genome sequence mapping were analysed against the collection of genomic motifs that are 

known to be modified (this modification is mainly methylation). A summary of the 

modification motifs identified and scored as methylated are shown in Table 7.13. The 

results showed that there were two active methyltransferases (scored on the forward and 

reverse complement strand). We suggest the high rate of methylation in the nucleotide 

sequences of both phenotypes reflects the defence mechanism in S. aureus to survive in 

various environmental stress conditions (Fig 7.11). 

 

 

Table 7.13  Characteristics of base modifications within the sequenced genome 

context.  

 WT SCV phenotype 

Sequence length  2, 914 kb 2, 904 kb 

Modified base 20146 17148 

m6A 3193 2859 

m4C 131 130 

Motif pos type detected% 

(WT /SCV) 

Motifs 

(WT /SCV) 

mean QV 

(WT /SCV) 

mean 

coverage 

(WT 

/SCV) 

AGGNNNNNGAT 1 m6A 99.86 / 99.29 700 / 698 126.2 / 133.5 79.0 / 85.8 

 

ATCNNNNNCCT 1 m6A 99.86 / 99.15 700 / 698 120.9 / 129.4 78.4 / 86.0 

 

ACANNNNNNRTGG 3 m6A 99.05/97.78 524 / 520 119.2 / 124.1 80.4 / 87.0 

 

CCAYNNNNNNTGT 3 m6A 98.68/96.67 522 / 518 113.8 / 119.2 81.4 / 88.2 

 

Not Clustered 0  0.07/0.05 3993 / 2942 38.5 / 37.8 82.3 / 92.0 
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Figure 7.11 Plots showing the base modification characteristics in the sequence collection. 

Fig a & c showing Modification quality score against depth-of-coverage for the given position of WCH-SK2 

WT and SCV phenotype respectively. Fig b & d showing the log number of bases that are apparently 

modified against the base modification quality score - it is the hump where the A residues deviate this is 

suggestive of base modification events. 

 

 

  

ba

c d



C h a p t e r  7    P a g e  | 245 

 

 

 

7.11. TRANSCRIPTOMIC ANALYSIS OF WCH-SK2 WT AND 

ITS SCV TYPES BASED ON THE GENOME OF WCH-SK2 

 

We had previously performed a transcriptomic analysis of SCV development (Section 

5.2.1 and 5.2.2); specifically, the gene expression profile in WCH-SK2 as it developed to a 

SCV and then further to a stable SCV cell-form. The RNAseq reads were aligned to the 

genome sequences of available references strains.  Following the genome sequencing and 

annotation on the genome of WCH-SK2 (above), the genome sequence data was then used 

for alignment of the RNAseq data using Bowtie2 and calling the read counts using Bedtool 

and Samtools (see Section 7.2.5). The result from transcriptomic analysis in R within 

DESeq package rendered genes which were differentially expressed including up- and 

down-regulated genes when comparing between two different conditions. The changes in 

gene expression were estimated based on the tests of Benjamini-Hochberg procedure (see 

Section 7.2.5) and the result returned a data frame with useful information in which 

log2fold change and p values are fundamental. To ensure the statistic significance, p values 

< 0.05 and |log2foldchange| ≥ 2 were used as cut-off values to filter the results.  

Two phenotypes including stable SCV (sSCV) produced at 0.031% MG and non-

stable SCV 0.0078% MG in continuous culture were used to compare based on the WCH-

SK2 WT genome data (batch culture parental gene expression). The full details of the 

whole genome gene expression profiles of activated and repressed genes (non-stable SCV 

vs WT) are listed in Supplementary Table S3 and Table S4 (stable SCV vs WT) in 

Appendix 1.  

 

7.11.1.  DIFFERENTIAL EXPRESSION OF GENES IN NON-STABLE 

SCV CELLS PRODUCED AT 0.0078% MG COMPARED TO WT 

CELLS. 

In non-stable SCV against WT gene expression, we found there were a total of 201 

genes showing differential expression of which 166 were up- and 35  down-regulated. 

Table 7.14 listed these genes categorized in 22 different functions based on COGs 
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(Clusters of Orthologous Groups) and NCBI classification and the Figures 7.12 and 7.13 

illustrated the distribution of up-regulated and down-regulated genes in non-stable SCV.  

The full detail of these genes is listed in Table S3 (Appendix 1). 

The majority of genes which were up-regulated and down-regulated are related to 

metabolic pathways including the metabolism and transport of amino acids, carbohydrates, 

lipid metabolism, inorganic ions and many uncharacterized/hypothetical proteins. The 

distribution of regulated genes related to amino acid metabolism and transport was 39% 

and 34% respectively. However, the proportion of up-regulated genes involved in 

carbohydrate metabolism and transport (20%) were four times greater than down-regulated 

genes (5%). Also, the distribution of up- and down-regulated genes involved in other 

metabolic pathways such as lipid metabolism, inorganic ions transport, nucleotides 

metabolism, and transcription were relatively similar for both (5-6%). There were a 

minority of up-regulated genes encoding for oxidoreductase/detoxification enzymes (4%) 

and for energy production /conversion enzymes (2%). Only 1-2% of genes encoding for 

cell wall biosynthesis and secretion protein were up-regulated. Interestingly, there was an 

up-regulation of genes related to lantibiotic biosynthesis and surface protein biosynthesis 

(1%). The summary of these genes is shown in Table 7.15. 

Specifically, several amino acid pathways were up-regulated (2.3-4.5 fold change) 

and then only tryptophan biosynthesis was down-regulated (trpACDFGE); by a 3.4 fold 

change. Apart from this, in the non-stable SCV, genes associated with urea metabolism 

(ureABCEFGD) and transport (utp) were highly expressed from 2.3 to 4.5 fold higher than 

in the WT. The change in expression of genes related to these metabolic pathways is 

understandable owing to the utilization of limited-nutrient chemically defined media 

(CDM) which is perhaps not sufficient in certain amino acids and glucose and then 

concurrently is the presence a chemical stress (methylglyoxal).  

In the category of carbohydrate metabolism and transport, most of the up-regulated 

genes are linked to the Glycolysis/Gluconeogenesis (gapB, acsA, aldB) and tricarboxylic 

cycle (odhB, pckA, icd, citZ) and metabolism of sugars (malA, fbp, iolE, gutB, gatD, araB) 

with the log2fold change ranging from 2.5 to 7.2 times. Interestingly, there was an up-

regulation of genes responsible for sialic acid (N-acetylneuramic acid) metabolism 

including nanA (lyase) and nanK (kinase) and its transporter – nanT ranged from a 2.4 to 
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3.2 fold change. In addition, genes encoding acetoin utilization protein (acuC and acuA) 

was also up-regulated 2.8-3.1 times higher. Acetoin is a product of a fermentation process 

that metabolizes butanediol to acetate, performing when the carbon sources are depleted.  

 

Genes involved in metabolism of lipids were also found to be up-regulated in the 

SCV form (lip, glpT glpF, dhaL, fadABDEX), in particular, these genes were related to 

long chain fatty acids, fadABDEX displaying a 6.5-8.0 fold higher expression than in WT. 

Related to stress response, the result showed there was an up-regulation of drp35 encoding 

Lactonase Drp35, which was previous presumed as a stress response protein to various cell 

wall affecting antibiotics. Importantly, the gene related to lantibiotic biosynthesis (epiA) 

was up-regulated 2.3 fold and in addition, there was an induction of lytN encoding for a 

murein hydrolase required for the peptidoglycan cell wall synthesis linked to the growth  

of cells (2.8 times). The up-regulation of this enzyme may lead to the cell lysis, and this is 

associated with the up-regulation (~3 times) of autolysin transcription protein AtlR that 

regulates the cell lysis. The surface proteins including extracellular matrix binding (Ebh) 

and protein A (Spa) which are known as important factors in adhesion to host cell, and in 

some contexts therefore, in biofilm formation, were also found up-regulated (~ 4 fold). 

Related to virulence is the serine protease SspA which has a role in immunology 

modulation that is relevant in chronic infection was also found up-regulated. In addition, 

Staphylococcal accessory regulator SarU, a homolog of SarA encoding α-hemolysin, 

which regulates several virulence determinants, was up-regulated nearly 5 fold. However, 

genes encoding for Panton-Valentine leukocidin - PVL (lukF-PV and lukS-PV) causing 

leukocyte destruction and necrotizing pneumonia were repressed 3.2 fold. Similarly, the 

production of staphylokinase was also repressed.  

 

Taken together, along with the change in metabolic pathways, in non-stable SCV 

cells, we found evidence showing the increase of cell lysis, surface proteins associated 

with biofilm formation. Some virulence factors were induced such as SspA and SarU while 

some were repressed, such as PVL and staphylokinase.  
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Table 7.14 Distribution of statistically significant up- and down-regulated genes in 

non-stable SCV cells produced at 0.0078% MG compared to WT cells based on the 

function categories 

Functional categories Up-regulated 

genes 

Down-regulated 

genes 

Amino acid metabolism and transport 65 12 

Carbohydrate metabolism and transport 34 2 

Uncharacterized/Hypothetical  27 8 

Inorganic ion transport and metabolism 9 2 

Lipid metabolism 9 2 

Oxidoreductase/Detoxification enzyme 6 0 

Transcription 4 1 

Energy production and conversion 3 0 

Surface protein/ antigen 2 0 

Nucleotide transport and metabolism 2 2 

Cell wall, envelope biogenesis, outer membrane 1 0 

Intracellular trafficking and secretion 1 1 

Lantibiotic biosynthesis 1 0 

Staphylococcus aureus infection/Virulence/Biofilm 1 3 

Metabolism of coenzymes and vitamins  0 1 

Stress response protein/Defence mechanism 1 0 

Transposase 0 1 

Translation, ribosomal structure and biogenesis 0 0 

Posttranslation modification, protein turnover, 

chaperones 

0 0 

Carotenoid biosynthesis 0 0 

Antibiotic resistance protein 0 0 

DNA replication, recombination and repair 0 0 

Total 166 35 
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Figure 7.12 Distribution of up-regulated genes in non-stable SCV cells produced at 0.0078% 

MG 

A pie chart is a summary of up- regulated genes in sSCV cells taken from the chemostat at 0.0078% MG 

(day 35) when compared to WT cells. A total of 166 genes with a significant differential expression were 

placed in several functional categories . The majority of genes (>6%) were related to the metabolism and 

transport of amino acid, carbohydrate and hypothetical proteins whereas the minority of genes (<6%) were 

involved in other metabolic pathways listed in the legend. 
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Figure 7.13 Ditstribution of down-regulated genes in non-stable SCV cells produced at 

0.0078% MG 

A pie chart is a summary of down- regulated genes in sSCV cells taken from the chemostat at 0.0078% MG 

(day 35) compared to WT cells. A total of 35 genes with a significant differential expression were placed in 

several functional categories. The majority of genes (>6%) were related to the hypothetical proteins, the 

metabolism and transport of amino acids, carbohydrates, inorganic ions, lipids and virulence factors whereas 

the minority of genes (<6%) were involved in other metabolic pathways listed in the legend. 
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Table 7.15 The list of up- and down-regulated genes in non-stable SCV cells produced 

at 0.0078% MG compared to WTcells with p values <0.05 

UP-REGULATED GENES  

Gene locus (SK2B_) Gene name Protein coding Change* 

Amino acid metabolism and transport 

1336,1896-1897 gapT,gltBD,gudB Alanine, aspartate and glutamate metabolism 3.1-3.8 

0110,0423 alr,ald1 Alanine, aspartate and glutamate metabolism 2.5 

0040-0043 thrA,dhoM,thrBC Glycine, serine, and threonine metabolism 3.0-3.9 

0437-0438 serCA Glycine, serine, and threonine metabolism 2.4-2.5 

0104-0109 lysC-asd-

dapABDL 

Lysine biosynthesis 2.3-3.6 

1368-1369,0483 , 2345, 

2348-2349 , 0884 

arcBA, putA, 

argDGH, arg 

Arginine and proline metabolism  2.6-4.3 

0778-0786 ilvDBHCA-

leuABCD 

Isoleucine, leucine and valine biosynthesis  2.9-3.8 

1005-1011 ureABCEFGD Urease gamma subunit 3.0-4.5 

1625 ggt Glutathione metabolism 4.2 

1884-1885 cysM-metB Cysteine and methionine metabolism  3.3-3.6 

2154,1048-1049 hisC,hutI-hutU Histidine metabolism 2.9-3.5 

1033,1743 hisM,hisV Histidine transporter 3.5-4.1 

1156 aapA Serine/ alanine/glycine transporter 4.1 

1335 potE Amino acid-polyamine transporter 3.6 

1622-1624 dppABC Glutathione transporter 2.6-4.7 

1886-1888 metNIQ Methionine transporter 2.6-3.6 

2404 alsT Na+/alanine symporter  4.8 

1004 utp Urea transporter 2.3 

0575-0576 glnQH Glutamate transporter 3.8-4.0 

1625 rlp Peptide transporter 4.8 

1063 gltS Sodium/glutamate symporter 4.6 

Carbohydrate metabolism and transport 

0125 odhB dihydrolipoamide succinyltransferase  2.9 

0339 gapB Glyceraldehyde-3-phosphate dehydrogenase  3.9 

0447 acsA Acetyl-coenzyme A synthetase   6.4 

0507 pckA Phosphoenolpyruvate carboxykinase ATP  4.2 

0407 citZ Citrate synthase   3.0 

0226 malA Alpha-glucosidase  4.4 

1591 aldB Aldehyde dehydrogenase B 4.4 

1635 ioll Inosose isomerase   7.4 

0406 icd Isocitrate dehydrogenase NADP   2.7 

1667 gutB L-iditol 2-dehydrogenase 4.1 

1669 gatD Galactitol-1-phosphate 5-dehydrogenase  2.8 

1977 araB Ribulokinase   2.5 

0448-0449 acuAC Acetoin metabolism 2.8-3.1 

2346 gudP Glucarate transporter 3.8 

http://www.ncbi.nlm.nih.gov/biosystems/100751?Sel=geneid:5777116#show=genes
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1629-1632 malKEFG Maltose/maltodextrin ABC transporter 6.9-8.2 

1637 uhpT Sugar phosphate antiporter 2.3 

1040 glvC PTS system, arbutin-like IIBC component 2.5 

1227 fbp Fructose-1,6-bisphosphatase 2.7 

1591 aldB Aldehyde dehydrogenase B 4.4 

1664-1666 gatABC PTS system, galactitol-specific transport  2.7-3.5 

1754-1757, 1898  PTS system, fructose-specific transport 2.7-3.6 

Lipid metabolism 

1406 lip Triacylglycerol lipase  3.0 

1647-1651 fadABDEX Lipid metabolism 6.3-8.0 

1761 glpT Glycerol-3-phosphate transporter 2.9 

2692 glpF Glycerol uptake facilitator protein 2.5 

2082 dhaL Phosphoenolpyruvate-dihydroxyacetone  2.4 

Inorganic ion transport and metabolism 

0897 htsA Heme-binding protein HtsA 2.5 

1238 cbiO ABC-type cobalt transport system 2.6 

1595-1597 tauBAC ABC-type nitrate/sulfonate/bicarbonate transport 2.7-3.5 

0099-0100 ptsCS Phosphate transport system 2.7-3.5 

0635  Divalent anion:Na+ symporter family protein 3.6 

Energy-coupling factor transport system 

1419-1421 mtsCBA Methionine-regulated ECF transporter 2.4-3.9 

Oxidoreductase/Detoxification enzyme 

0758  Nitroreductase family protein 2.8 

1233  Glyoxalase family protein 2.5 

1235  Oxygen-insensitive NADH nitroreductase  3.2 

1627 azoR FMN-dependent NADH-azoreductase 6.9 

1633-1634 idh, mviM NADH-dependent dehydrogenase    7.0-8.2 

Stress response /Defence mechanism 

1423 drp35 Lactonase Drp35   7.5 

Intracellular trafficking and secretion 

1707 essC Protein EssC of Type VII secretion system 2.6 

Nucleotide transport and metabolism 

1735-1736 psuKG Purine biosynthesis 2.3 

Transcription 

1209 sarU Transcriptional regulator SarU   3.7 

0227 malR Maltose operon transcriptional repressor  3.7 

2443 atlR Putative autolysin transcription regulator 4.2 

1663 bglG Predicted galactitol operon regulator  2.9 

Cell wall, envelope biogenesis, outer membrane 

2640 lytN Putative cell wall hydrolase 3.3 

1738-1740 nanTAK N-acetylneuraminate (sialic acid metabolism)  2.4-3.2 
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Staphylococcus aureus infection/Virulence/Biofilm 

2440 sspA Serine proteinase SspA                                                   2.8 

Surface protein/ antigen 

0150 ebh Extracellular matrix binding protein Ebh 3.7 

1532 spa Protein A 3.6 

Lantibiotic biosynthesis 

0543 epiA Lantibiotic biosynthesis 2.3 

DOWN-REGULATED GENES  

Gene locus (SK2B_) Gene name Protein coding  Change* 

Amino acid metabolism  

0079-0085 trpEGDCFBA 
Phenylalanine, tyrosine, tryptophan biosynthesis 

3.2-3.4 

0153 ilvA1 Glycine, serine and threonine metabolism  3.3 

0154 ald2 Alanine, aspartate and glutamate metabolism 3.0 

1241 pat Phosphonate and phosphinate metabolism 2.3 

2009 cat cationic Amino acid transport 2.5 

0152  Amino acid permease 3.3 

Carbohydrate metabolism  

1569 adhE Acetaldehyde dehydrogenase    3.5 

2039 adh1 Alcohol dehydrogenase    3.1 

Lipid metabolism 

1523 plc Phosphatidylinositol-specific phospholipase C  2.9 

1169 pnbA Carboxylesterase type B   2.3 

Inorganic ion transport and metabolism 

1534 sirC Siderophore staphylobactin ABC transporter 2.4 

1729  formate/nitrite transporter family protein 2.8 

Metabolism of coenzymes and vitamins  

1945 pdxT Pyridoxine biosynthesis  2.3 

Intracellular trafficking and secretion 

 ear Secreted protein Ear  2.5 

Nucleotide transport and metabolism 

1348-1349 nrdGD Ribonucleotide reductase   2.8 

Staphylococcus aureus infection/Virulence/Biofilm 

0723 lukS-PV Leukocidin LukS-PV 3.2 

0724 lukF-PV Leukocidin LukF-PV 3.2 

0664 sak Staphylokinase 2.5 

Mobile genetic elements 

0904 SK2B0904 Transposase 2.2 

Note * the ratio of the change in gene expression of stable SCV compared to batch grown cells as log2fold 

change  

http://www.ncbi.nlm.nih.gov/biosystems/6774?Sel=geneid:12931130#show=genes
http://www.ncbi.nlm.nih.gov/biosystems/61663?Sel=geneid:5775309#show=genes
http://www.ncbi.nlm.nih.gov/biosystems/100751?Sel=geneid:5777116#show=genes
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7.11.2. DIFFERENTIAL EXPRESSION OF GENES IN STABLE SCV 

CELLS PRODUCED AT 0.031% MG COMPARED TO WT CELLS. 

 

In stable SCV cells produced in a high concentration of methylglyoxal in 

continuous culture, there were a total of 271 genes showing differential expression of 

which 158 were up-regulated and 113 were down-regulated. Table 7.16 lists these genes 

which were categorized in 22 different functions based on COGs (Clusters of Orthologous 

Groups) and NCBI classification and the Figures 7.14 and 7.15 illustrated the distribution 

of up- and down-regulated genes in stable SCV cells. The full detail of these genes is listed 

in Table S4 (Appendix 1). 

Similar to the non-stable SCV phenotype, the majority of regulated genes were 

related to metabolic pathways including the metabolism and transport of amino acids, 

carbohydrates, lipids and inorganic ions. Many remaining genes were 

uncharacterized/hypothetical proteins. The distribution of up-regulated genes relating to 

amino acid metabolism and transport (38%) was 2.5 fold higher than down-regulated genes 

(16%). Similarly, the proportion of up-regulated genes involved in carbohydrate 

metabolism and transport (11%) was three times greater than down-regulated genes (4%). 

Also, the distribution between up- and down- regulated genes involved in other metabolic 

pathways such as lipids metabolism, inorganic ions transport, nucleotides metabolism and 

transport were relatively similar (ranged within 5-6%). Compared to a non-stable SCV 

transcriptomics, more genes encoding oxidoreductase/detoxification enzymes were 

significantly up-regulated (7%) and less were repressed (only 1%). In contrast, a high 

percentage (6%) of genes associated with cell wall biogenesis were found down-regulated 

in stable SCV cells whereas none were down-regulated in the non-stable SCV. Genes 

encoding antibiotic resistance proteins and intracellular secretion proteins were equally up 

and down regulated (1-2%). Interestingly, compared to non-stable SCV cells, there were 

more genes required for lantibiotic biosynthesis (3%) and the only down-regulation in 

genes occurred in virulence associated genes in stable SCV. Different from non-stable 

SCV phenotype, the carotenoid biosynthesis pathway was found to be a significantly 

repressed in a stable SCV. The summary of gene expression is given in Table 7. 17.  
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In general, the results of up-regulated genes in the stable SCV were relatively 

similar to the non-stable SCV. As shown in Table 7.17, there was a change in expression 

of genes involved in amino acid metabolism and transport as was seen in non-stable SCV 

cells but in the stable SCV, these genes showed a higher significance than in the non-stable 

SCV. Similarly, genes located in trp locus which are responsible for tryptophan 

biosynthesis (trpABFCDGE) were found considerably down-regulated (6-7 fold).  Also, in 

the stable SCV, genes associated with urea metabolism (ureABCEFGD) and transport (utp) 

were up-regulated (3 to 4 times higher than in WT). For carbohydrate metabolism and 

transport, most of up-regulated genes are linked to the Glycolysis/Gluconeogenesis 

pathway (gapB, acsA, aldB, bcd) and tricarboxylic cycle (odhB, pckA) and metabolism of 

sugars (malA, iolE, lacFBA) with the log2fold change ranging from 2.7 to 7.1 times. In 

addition, genes encoding acetoin utilization protein (acuC and acuA) which are related to 

fermentation were also up-regulated being 3.2 fold higher than in the WT.  Interestingly, 

there was only one gene in this category, which regulates sialic acid utilization (nanR) was 

up-regulated 2.9 times.  

 

Genes involved in metabolism of lipids were also found significantly expressed 

(lip, glpT, glpQ, fadABDEX), in particular, genes related to long chain fatty acids, the 

fadABDEX were 5.3-6.8 times higher than in WT. However, there was also a down 

regulation of genes including mycA, pksG, glpQ2, maoC, plC, lip and SK2B2156. Related 

to stress response, the result showed there was no more up-regulation of drp35 encoding 

Lactonase Drp35 as was seen in the non-stable SCV. Instead, a down-regulation in other 

stress response associated genes was found, such as asp23 – alkaline shock protein; osmC 

– organic hydrogen peroxide protein and sodM – superoxide dismutase. Interestingly, five 

genes related to lantibiotic biosynthesis including all 5 genes located in the operon 

(epiPDCBA) were up-regulated (3-6 fold) instead of the single gene epiA in non-stable 

SCV cells. The expression of these genes implies the increased production of lantibiotics 

which might play an important role for strain (or cell-type) competition. It should be noted 

that the possible lantibiotic resistance genes were also up-regulated in the stable SCV. We 

hypothesise the role of this antibiotic as promote cell lysis of non-SCV cells to release 

biomaterials such as eDNA in the extracellular matrix. The genes lytN and atlR, which are 

involved in autolysis were 3.5 fold up-regulated, suggesting the cell lysis process was 
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enhanced in the stable SCV phenotype compared to the non-stable SCV. Related to cell 

death, the cidA and cidB genes which code for  as holin-like proteins have recently known 

to control cell death thereby contributing to biofilm formation were also down-regulated 

2.4 - 3.3 fold. This provides an interesting picture of the processes that are active as the 

stable SCV cell-type is able to dominate the population. In the stable SCV, the genes 

encoding capsule biosynthesis (capABCFG) were repressed 2.8-3.4 times.  

The surface protein - extracellular matrix binding Ebh was more up-regulated in 

stable SCV with a 5.4 fold change in expression compared to the WT. Other surface 

proteins such as SasC protein and SsaA Secretory antigen precursor were also expressed at 

a higher level (2.8 times). It is worth noting that genes encoding for Panton-Valentine 

leukocidin -PVL (lukF-PV and lukS-PV) and staphylokinase (spk) were repressed (3.0-3.6 

times). Interestingly, two genes crtO and crtN involved in carotenoid biosynthesis or 

pigmentation were repressed 2.8-3.2 times. The loss of pigmentation caused the permanent 

observable whitish colonies as seen in stable SCV phenotype. Genes related to resistance 

to antibiotics including tetracycline and methicillin were up-regulated: tetM (3.2 times) 

whereas mecI and mecA were down-regulated (2.5-3.4 times). In principle, mecI is located 

in SCCmec and encodes the methicillin resistance repressor MecI which represses the 

production of penicillin binding protein 2A (PBP2A) or Methicillin resistance determinant 

MecA. The down-regulation of mecI should mean the increased activity of mecA, unusally 

however this gene also was repressed. In addition, others genes located in SCCmec 

including ccrB and ccrA were also repressed ~3 times. These genes encode chromosome 

recombinases which allow the integration of SCCmec into S. aureus chromosome.  

Taken together, apart from similar changes in metabolic pathways expressed in 

non-stable SCV cells, the results of stable SCV transcriptomics showed some significant 

transitions in gene expression compared to the WT and the non-stable SCV. There was still 

an increased expression in cell lysis associated surface proteins, but the lysis activity was 

increased due to the combination of increased expression of AtlR and LytN and repression 

of cell death control determinants LrgAB and perhaps of capsule biosynthesis. The 

expression of lantibiotics EpiPDCBA was dramatically increased suggesting its potential 

role in cell lysis by killing of sibling (non-SCV) cells. Other important factors include the 

presence of Ebh and SasC multi-functional and adhesion proteins which are also known to 
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contribute to biofilm formation. All virulence determinants such as leukocidins PVL and 

staphylokinase were repressed, indicating that the stable SCV cell-type is in a state of 

hiding from the host immune system.  

Table 7.16 The number of statistically significant up- and down-regulated genes in a 

stable SCV cells produced at 0.031% MG compared to WT cells based on  functional 

categories 

Functional categories Up-regulated 

genes 

Down-regulated 

genes 

Amino acid metabolism and transport 65 18 

Uncharacterized/Hypothetical  35 34 

Carbohydrate metabolism and transport 18 4 

Oxidoreductase/Detoxification enzyme 11 1 

Inorganic ion transport and metabolism 9 8 

Lipid metabolism 8 7 

Lantibiotic biosynthesis 5 0 

Energy production and conversion 3 4 

Surface protein/ antigen 3 0 

Transcription 3 5 

Intracellular trafficking and secretion 2 1 

Antibiotic resistance protein 1 2 

Cell wall, envelope biogenesis, outer membrane 1 7 

DNA replication, recombination and repair 1 3 

Nucleotide transport and metabolism 1 1 

Metabolism of coenzymes and vitamins  0 7 

Staphylococcus aureus infection/Virulence/Biofilm 0 3 

Stress response protein/Defence mechanism 0 3 

Translation, ribosomal structure and biogenesis 0 1 

Posttranslation modification, protein turnover, chaperones 0 1 

Transposase 0 1 

Carotenoid biosynthesis 0 2 

Total 158 113 
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Figure 7.14 Distribution of up-regulated genes in stable SCV cells produced at 0.031% MG 

A pie chart is a summary of down- regulated genes in sSCV cells taken from the chemostat with 0.031% MG 

(day 55) compared to WT cells. In total, 158 genes with a significant differential expression were placed in 

several functional categories in which the majority of genes (>6%) were related to the metabolism and 

transport of amino acid, carbohydrate and hypothetical proteins. Minority of genes (<6%) were involved in 

other metabolic pathways listed in the legend. 
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Figure 7.15 Distribution of down-regulated genes in stable SCV cells produced at 0.031% 

MG 

A pie chart is a summary of down- regulated genes in sSCV cells taken from the chemostat with 0.031% MG 

(day 55) compared to WT cells. In total, 113 genes with a significant differential expression were placed in 

several functional categories in which the majority of genes (>6%) were related to the metabolism and 

transport of amino acid, carbohydrate and hypothetical proteins. Minority of genes (<6%) were involved in 

other metabolic pathways listed in the legend. 
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Table 7.17 The list of up and down-regulated genes in a stable SCV cells produced at  

0.031% MG compared to WT cells with p values <0.05 

UP-REGULATED GENES 

Gene locus 

(SK2B_) 

Gene name Protein coding  Change* 

Amino acid metabolism  

1336,1896-1897 gapT, gltBD Alanine, aspartate and glutamate metabolism 3.3-4.9 

0040-0043,0437-

0438 

thrA-dhoM-

thrBC,serCA 

Glycine, serine, and threonine metabolism 2.7-3.6 

0106-0108 dapABC Lysine biosynthesis 3.2 

0448-0449 acuAC Acetoin metabolism 3.0-3.2 

0778-0786 ilvDBHCA-

leuABCD 

Isoleucine, leucine and valine biosynthesis  4.2-5.3 

1005-1011 ureABCEFGD Urease gamma subunit 2.8-3.9 

1367-1369,1606-

1609,0483 

arcDBA, 

argBJCDH, putA 

Arginine and proline metabolism 2.8-6.1 

1411-1416 hisHDGZC Histidine metabolism 3.0-3.2 

1626 ggt Glutathione metabolism 5.6 

1884-1885 cysM-metB Cysteine and methionine metabolism  5.5 

1033 hisM Histidine transporter 5.5 

1156 aapA D-serine/D-alanine/glycine transporter 3.9 

1335 potE Amino acid-polyamine-organocation transporter 3.7 

1622-1624 dppABC Glutathione transporter 3.6-6.1 

1886-1888 metNIQ Methionine transporter 4.2-5.0 

2404 alsT Na+/alanine symporter  3.7 

1004 utp Urea transporter 3.2 

0575-0576 glnQH Glutamate transporter 5.9 

1625 rlp Peptide transport 6.1 

Carbohydrate metabolism  

0125 odhB dihydrolipoamide succinyltransferase  3.2 

0226 malA Alpha-glucosidase  3.9 

0399 gapB Glyceraldehyde-3-phosphate dehydrogenase  3.3 

0447 acsA Acetyl-coenzyme A synthetase   5.6 

0507 pckA Phosphoenolpyruvate carboxykinase ATP  3.8 

0914-0918 lacFBA Galatactose metabolism 2.7-3.0 

1519 aldB Aldehyde dehydrogenase B 4.6 

1598 bcd Butyryl-CoA dehydrogenase  5.2 

1635 iolE Inosose isomerase   7.1 

1221 gudP Glucarate transporter/Galactonate transporter 4.9 

1618 scrA PTS system, sucrose-specific IIBC  2.9 

1629-1632 malKEFG Maltose/maltodextrin ABC transporter 6.0-7.6 

1637 uhpT uhpT; sugar phosphate antiporter 2.7 

Lipid metabolism 

1406 lip Triacylglycerol lipase  2.7 

1647-1651 fadABDEX Lipid metabolism 5.3-6.8 
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1761 glpT Glycerol-3-phosphate transporter 3.2 

2348 glpQ Glycerophosphoryl diester phosphodiesterase 6.0 

Inorganic ion transport and metabolism 

0897 htsA Heme ABC type transporter  3.1 

1238 cbiO ABC-type cobalt transport system 3.4 

1595-1597 tauBAC ABC-type nitrate/sulfonate/bicarbonate transport 5.8-6.5 

2163-2166 sstABCD Iron compound ABC uptake transporter  2.6-3.7 

Energy-coupling factor transport system 

1419-1421 mtsCBA Methionine-regulated ECF transporter 3.8-5.2 

Oxidoreductase/Detoxification enzyme 

0338  Flavin-utilizing monoxygenase 2.8 

0758  Nitroreductase family  5.4 

1233,1762  Glyoxalase family protein 3.7-6.1 

1235  Oxygen-insensitive NADH nitroreductase  3.2 

1627 azoR FMN-dependent NADH-azoreductase 6.9 

1633-1634 idh, mviM NADH-dependent dehydrogenase    7.0-7.6 

1684 alaS Nitric-oxide reductase  quinol-dependent 3.2 

1763  Luciferase-like monooxygenase  4.2 

1764  FMN reductase  4.3 

Intracellular trafficking and secretion 

1702-1703 esxA-esaA Secreted protein  2.6-3.4 

    

Nucleotide transport and metabolism 

1735 psuK Pseudouridine kinase  2.6 

DNA replication, recombination and repair 

0076 dinP DNA polymerase IV  3.7 

Transcription 

1619 nanR Sialic acid utilization regulator 2.9 

0227 malR Maltose operon transcriptional repressor MalR 3.2 

2443 atlR Putative ATL autolysin transcription regulator 3.5 

    

Cell wall, envelope biogenesis, outer membrane 

2640 lytN Putative cell wall hydrolase 3.5 

Antibiotic resistance protein 

1820 tetM Tetracycline resistance protein TetM 3.2 

Surface protein/ antigen 

0150 ebh Extracellular matrix binding protein Ebh 5.4 

1701 ssaA Secretory antigen precursor SsaA 2.8 

0880 sasC SasC protein 2.7 

Lantibiotic biosynthesis 

0539-0543 epiPDCBA Lantibiotic biosynthesis 3.0-6.0 
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DOWN-REGULATED GENES 

Gene locus 

(SK2B_) 

Gene name Protein coding  Change* 

Amino acid metabolism  

0079-0085 trpEFGCDA Tryptophan metabolism 5.7-7.1 

0153 tdcB Threonine metabolism 3.9 

0154 ald2 Alanine metabolism 3.8 

1187 dapF Lysine biosynthesis 4.3 

1189 gdh Glutamate metabolism 3.3 

1494 hagh Glutamate metabolism 2.4 

1526 abgB Phenylalanine metabolism 2.9 

2702 glnA Glutamine synthetase type I  2.9 

1241 pat Phosphonate and phosphinate metabolism 3.4 

2009 cat cationic Amino acid transport 4.1 

0908 opuD2 Glycine betaine transporter 3.7 

1172 metQ Methionine ABC transporter ATP-binding protein 3.9 

0152 potE Amino acid permease 3.5 

Carbohydrate metabolism  

1569 adhE Acetaldehyde dehydrogenase    8.7 

0878-0879 mltFD Mannitol metabolism 3-3.6 

1135 pgm Phosphoglycerate mutase    2.8 

Lipid metabolism 

1529 mycA Myosin-crossreactive antigen/oleate hydratase 3.6 

1487 pksG 3-hydroxy-3-methylglutaryl CoA synthase 3.0 

1488 glpQ2 Glycerophosphoryl diester phosphodiesterase  4.2 

1489 maoC MaoC domain-containing protein 4.0 

1523 plc Phosphatidylinositol-specific phospholipase C  5.0 

1744 lip Triacylglycerol lipase  3.8 

1256  Putative lipid kinase 2.7 

Inorganic ion transport and metabolism 

1125 zinT Candidate zinc-binding lipoprotein ZinT 4.4 

1180-1184 nikEDCBA Nickel transport ATP-binding protein NikE   3.3-3.7 

1269 feoB Ferrous iron transport protein B 4.3 

1534 sirC Siderophore staphylobactin ABC transporter 5.7 

Energy production and conversion 

1531 lctP L-lactate permease 3.0 

2467-2469 ykoCDE Transmembrane component of energizing module of 

thiamin-regulated ECF transporter  

2.7-3.1 

Metabolism of coenzymes and vitamins  

0485-0487 ribABD Riboflavin biosynthesis 3.1-3.7 

1186 SK2B1186 Nicotinamide biosynthesis 5.7 

1295 cobW Cobalamin synthesis  4.2 

1944-1945 pdxST Pyridoxine biosynthesis  3.6 
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Metabolism of terpenoids and polyketides 

1278-1279 crtPO carotenoid biosynthesis 2.8-3.2 

Oxidoreductase/Detoxification enzyme 

1018 SK2B1018 D-octopine dehydrogenase    2.9 

Intracellular trafficking and secretion 

2231 ear Secreted protein Ear  3.3 

Nucleotide transport and metabolism 

1560 drm/deoB Phosphopentomutase    3.0 

DNA replication, recombination and repair 

1514 mcrBC McrBC 5-methylcytosine restriction system  2.7 

1507-1508 ccrAB Cassette chromosome recombinase A 2.8-3.1 

Transcription 

0009 glnR Glutamine synthetase repressor 2.9 

0340 csbD sigmaB-controlled gene product 4.2 

1493 xylR xylose repressor homologue 3.5 

1556 gntR Predicted regulator for deoxynucleoside utilization 2.8 

1492 mecI Methicillin resistance repressor MecI 2.5 

Translation, ribosomal structure and biogenesis 

0049 rspN SSU ribosomal protein S14p zinc-independent 4.6 

Posttranslation modification, protein turnover, chaperones 

0601 rbn Rbn; Ribonuclease BN family enzyme 3.0 

Cell wall, envelope biogenesis, outer membrane 

1252-1253 lrgAB Putative effector of murein hydrolase 2.4-3.3 

1571-1577 cap5A-5B-5C-5D-

8E-8F-5G 

Capsular polysaccharide synthesis  2.8-3.4 

Antibiotic resistance protein/Defence mechanism 

1490 mecA Penicillin-binding protein PBP2a 3.4 

Staphylococcus aureus infection/Virulence/Biofilm 

0723 lukS-PV Leukocidin LukS-PV 3.6 

0724 lukF-PV Leukocidin LukF-PV 3.4 

0664 sak Staphylokinase 3.0 

Stress response protein/Defence mechanism 

1554 sodM Manganese superoxide dismutase    3.8 

0905 asp23 alkaline shock protein 23 4.9 

2255 osmC Organic hydroperoxide resistance protein 4.0 

Mobile genetic elements 

0904  Transposase 5.0 

*the ratio of the change in gene expression of stable SCV compared to batch grown cells as 

log2fold change   
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7.12. GENERAL DISCUSSION AND SUMMARY 

7.12.1. GENOMIC FEATURES BETWEEN WCH-SK2 WT AND STABLE 

SCV PHENOTYPE 

In this Chapter, we have undertaken to determine the genetic and molecular 

processes that underpin the development of the newly discovered stable SCV cell type. We 

sequenced the genomes of stable SCV WCH-SK2 phenotype cells and its parental (WT) to 

elucidate the potential differences that can contribute to the phenotype switching of this 

WCH-SK2. The method used for sequencing was a third generation sequencing method; 

Single-Molecule Real-Time sequencing technology or SMRT sequencing (PacBio, USA). 

This is a high-throughput technique that allows fast determination of nucleic acid sequence 

and structure. In addition to the accurate and complete, whole genome sequencing, this 

technique can be used to analyse general DNA methylation motifs. The advantage of this 

method is to read the longer sequence lengths providing completed and accurate genome 

sequences and then detect the methylation patterns in highly repetitive genomic regions. 

(Flusberg et al. 2010; Clark et al. 2012). The results include 1 contig for WT and 7 contigs 

for stable SCV, we chose the 1 long contig of stable SCV due to its highest percentage of 

coverage. The sequencing data was then annotated by RAST and the general genomic 

features of WCH-SK2 was clarified.  

 

In brief and consistent with established S. aureus genomic information, the WCH-

SK2 WT genome is 2, 2914 Kbp in length covering 2857 genes encoding 2711 proteins, 57 

tRNAs and 16 rRNAs while the genome of SCV phenotype is slightly smaller with 2, 2904 

Kbp in length containing 2851 genes encoding for 2705 proteins, but the same number of 

57 tRNAs and 16rRNAs. A significant factor in the S. aureus genetic information; in 

understanding the dissemination of genetic traits and the diverse environments that S. 

aureus can survive (the transit of the bacteria from one host niche to another), and the 

stresses the bacteria can combat (such as antibiotic treatment) are the mobile genetic 

elements (MGEs). The structure of MGEs in the two sequenced genomes were also 

analysed in which 65 IS, 3 PIs (Pa1, 2 and 3) and 2 GIs (Gi1 and2), 1 bacteriophage 

(ΦWCH-SK2), 3 transposons (Tn554, ΨTn554, Tn552), were identified and seen to be 
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carrying several virulence factors. It is worth noting that the S. aureus genes involved in 

toxic shock syndrome and exfoliatin were absent. The SCCmec of WCH-SK2 WT and 

SCV phenotype is a type II-like one which is  ~ 40 kb long and it carries the mec operon 

required for the resistance to methicillin. The particular feature which is different from a 

typical type II is the presence of truncated ΨTn554-cad carrying resistance genes to 

cadmium and plasmid pUB110 which carries the resistance genes to bleomycin and 

kanamycin.  

 

The genomic comparative analysis with several other S. aureus strains also showed 

the high similarity between their genomes. In general, strains were 91-97% identical in 

their nucleotide sequence. Most of dissimilarities between these genomes were also found 

in the location of MGEs in WCH-SK2 WT. (Fig 7.11). There were 3 reference strains that 

showed the highest query coverage of 97%, including strain JDK6008, TW20 and strain 

Z172. We also compared in detail the structures of MGEs including PIs, GIs and 

prophages between WCH-SK2 and these reference strains. WCH-SK2 carries several 

virulence determinant genes located in these MGEs involved in food poisoning 

(enterotoxins) and other facilitators for S. aureus infections such as staphylokinase, 

Staphylococcal complement inhibitor, bacteriocin, similar as seen in several reference 

strains. However, they do not carry genes related to toxic shock syndromes and 

staphylococcal scaled-skin syndrome. Although genes related to PVL-leukocidins are 

present but they are located in the chromosome not in MGEs. In brief, the results showed 

different and similar features between WCH-SK2 with the reference strains but overall, we 

hypothesise that the structures are unique for this strain and further investigation may 

clarify this question. 

 

7.12.2. IMPORTANT DIFFEREN MUTATIONS BETWEEN WCH-SK2 

WT AND STABLE SCV PHENOTYPE 

The comparative analysis between the genomes of the WCH-SK2 strain with the 

two phenotypes (a WT and stable SCV phenotype) showed only small changes; there was 

the identical alignment ~99% in coverage, the similar composition of MGE and a similar 
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distribution of protein functions. However, there were still some dissimilarities between 

the genomes in which the stable SCV genome length was 10,000 bp shorter than WT 

genome and while this seemed in part attributed to assembly anomalies, the differences 

were accounted by the deletion of genes; as well as rearrangements or insertion of genes. 

In addition, the interesting feature is the detection of several SNPs which resulted in the 

change in amino acids of proteins of core function; importantly rsbU that encodes a serine 

phosphatase that acts in the regulatory path of the alternative sigma factor sigma B and 

mgrA encoding the transcriptional regulator MgrA. In addition, the mutations in genes 

encoding surface protein SdrH, CAAX protease, and glutathione peroxidise BsaA as well 

as uncharacterized proteins have also been found to contribute to the different genetic 

features between WCH-SK2 WT and stable SCV phenotype. 

 

The methylome (the DNA methylation) of the two genomes was analysed and the 

results showed the high rate of methylation in the nucleotide sequences of both 

phenotypes. There were identified the conserved motifs and the methylation at sites varied 

little between the WT and stable SCV forms of the genomes. However, there were a large 

number of unassigned methylation sites (whether or not these are random events or new or 

unusual motifs unique to S. aureus is worth investigating but outside the scope of this 

project) and there was a significant difference in the number between the WT and stable 

SCV (there was a 20% decrease in methylation). This indicates that there is a shift in the 

methylome as the stable SCV cell type develops – what influence this has on cell function 

or gene expression is an important line of investigation. In any case taken together (the 

data determined on the genetics, genetic changes and the methylome), we believe there are 

considerable different genetic factors in the development between WCH-SK2 WT and the 

stable SCV phenotype cell type and these changes reflect the stress response to adapt to 

host conditions.  

 

Overall, there are several different genetic features between WCH-SK2 WT and 

stable SCV phenotype encompassing the mutations in genes encoding several crucial 

virulence global regulators (MgrA and RsbU), stress response (BsaA) and surface proteins 

(SdrH) and CAAX protease as well as high rate of methylation in the nucleotide 
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sequences. We suggest all contribute to the switching mechanism between the WCH-SK2 

WT to stable SCV phenotype as a defence strategy to survive in unfavourable 

environemntal conditions. However, further investigation need to be continued to add more 

evidences to support this conclusion. 

 

7.12.3. DIFFERENT TRANSCRIPTOMIC EXPRESSION BETWEEN 

WCH-SK2 WT AND STABLE SCV PHENOTYPE BASED ON ITS 

OWN GENOME 

 

In Chapter 5, the reference genome sequence of Staphylococcus aureus NCTC8325 

as a reference was used for aligning the RNAseq libraries (from batch, day 35 and day 55 

of continuous culture) from WCH-SK2. Having determined the WCH-SK2 genome, we 

were now able to use the genome to analyse the RNAseq data and the change in gene 

expression between the stable SCV and non-stable SCV cell types compared to the WT. As 

a result, some light differences were found between the stable SCV versus WT, the non-

stable SCV versus WT and the non-stable SCV versus stable SCV. Figure 7.16 depicts all 

the important distinguishable differences in transcriptomic expression between these 

phenotypes.  

 

 

It is interesting to correlate the genetic and transcriptomics changes to the 

phenotypic features we have defined for the new stable SCV cell type: firstly they are 

stable and dominate the population (80%) and have a low growth rate (perhaps low ATP 

production), small colonies that are non-pigmented, the production of an extracellular 

matrix (that is protein and eDNA) and an increased resistance to methylglyoxal (an 

oxidative stressor). Regarding the metabolic pathways, the similarities were found with the 

results described in Chapter 5 and to some degree in previously published results (Beenken 

et al. 2004; Otto 2008) in which there was a up-regulation in genes encoding acetoin 

metabolism, the urea cycle (ureABCEFGD) and arginine deiminase pathway (arcRABCD) 

in non-stable and stable SCV but no change in the pyrimidine pathway (pyrRPBC, carAB, 

and pyrFE)  was found.  
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Figure 7.16 The important different features in gene expression between WCH-SK2 

normal phenotype (WT) and non-stable and stable SCV phenotypes 

 

For other genes related to amino acid, carbohydrate, lipid metabolism and 

transport, there was no significant difference in expression compared with results in 

Chapter 5. Apart from this, the relevant point in the SCV phenotype is an up-regulation of 

genes involved sialic metabolism and transport (nanA, nanK, nanR nanT). Sialic acid or N-

acetylneuraminic acid (2-keto-3-deoxy-5-acetamido-D-glycero-D-galacto-nonulosonic 

acid or Neu5Ac) is a component of mucous found in several human niches (Almagro-

Moreno and Boyd 2009).  Some human commensal and pathogenic bacteria such as 
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Clostridium perfringens, E. coli, H. influenzae, and Bacteroides fragile, N. gonorrhoeae 

are known to be able to catabolise sialic acid as a carbon and nitrogen source which 

enables them to adapt to insufficient nutrients by scavenging or by de novo biosynthesis or 

by precursor scavenging (Cassidy et al. 1965; Vimr and Troy 1985; Jarvis and Vedros 

1987; Vimr et al. 2000; Johnston et al. 2007; Brigham et al. 2009). In addition, its residues 

(sialylate) are also found on the bacterial outer surface and play an important role in 

pathogenesis, in particular, to evade the host immune system (Vimr et al. 2000; Severi et 

al. 2005). In S. aureus, one recent study by Olson et al (2013) showed S. aureus can utilize 

sialic acid as a source of carbon and energy and suggested as an alternative energy source 

it aids in bacterial colonisation and survival in the host (Olson et al. 2013). These authors 

also demonstrated that the catabolism of sialic acid was only dependant on three genes 

nanT, nanA, and nanE among five genes in a nan cluster (not nanK and nanR). The up-

regulation of these genes along with genes involved in amino acid and carbohydrate 

metabolism is explained as one of the important strategies for survival by S. aureus in the 

nutrient limited environment and possibly contributes to the switching phenotype. 

 

Compared to the result in Chapter 5, we found an identical result in the up-

regulation of Ebh and Epi/BsaPABCD in stable SCV. In the context of our study, the 

induction of Ebh in SCV has not previously been seen, suggesting the role of Ebh as an 

important determinant in the SCV lifestyle and biofilm formation of a clinical S. aureus 

strain. The presence of lantibiotics biosynthetic genes again suggested a specific role of the 

lantibiotic epidermin-like in the formation of SCV cell-type, or its dominance in the 

population.  In addition, the results also showed the increased expression of genes involved 

in cell lysis such as lytN, autolysis transcription atlR and down-regulation of cell death 

control protein LrgAB in stable SCV. We assume that in the presence of high level of 

chemical stress, cells could be lysed as to release eDNA to form the extracellular matrix 

that protects bacteria from interacting continuously with unfavorable environmental 

condition. Therefore, these results still support for the high production of eDNA released 

from cell lysis and run parallel with the production of lantibiotics, and contributing the 

relevant distinguishable features associated with phenotype switching to SCVs.  
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The different aspect of the results of Chapter 5 is the attenuation of genes encoding 

methicillin resistance such as mecA and its regulator mecI, and ear located in pathogenicity 

island involved in penicillin resistance and the increased expression of tetracycline 

resistance gene, tet. The reference genome of S aureus strain NCTC 8325 used in the 

transcriptomic analysis is defined as MSSA without carrying SCCmec, therefore, these 

genes were not detected. The reason why these genes were up and down regulated is 

difficult to explain but maybe due to the presence of methylglyoxal which may induce tet 

but repress mecA, mecI and ear.  

 

Another different aspect is the down-regulation of agrD encoding ArgD which 

belongs to the Agr global regulator family. These changes were not found in stable SCV 

phenotype. The accessory gene regulator (agr) system has been demonstrated to positively 

regulate genes involved in the production of several important virulence factors such as 

hemolysins, leukocidin, lipase, hyaluronate lyase, and proteases capsular polysaccharide 

but negatively affect the production of surface adhesins, coagulase and protein A 

(Abdelnour et al. 1993; Dassy et al. 1993; Novick et al. 1993). The agr locus is composed 

of two main transcripts including RNAII containing the agrBDCA operon and RNAIII that 

are transcribed divergently from the two agr promoters P2 and P3 (Robinson et al. 2005). 

The agr system is also a quorum sensing system due to its response to the extracellular 

concentration of a peptide signal, auto inducing peptide (AIP). The agrBDCA operon 

includes argB encoding an integral membrane endopeptidase AgrB which is crucial for 

AIP production, argD encoding the propeptide precursor AgrD of AIP, agrC and agrA 

encoding for histidine kinase AgrC and a response regulator A which work together as a 

two-component regulatory pair. Once AIP has accumulated to a threshold concentration, 

the signal will bind to an extracellular receptor on AgrC, activating the kinase (Robinson et 

al. 2005). Recently, the agr system has also been found to be a lifestyle switch that 

controls the attachment of S. aureus and therefore produce  biofilms or remain in a 

planktonic, invasive state (Vuong et al. 2000; Boles and Horswill 2008) 

 

Collectively, these data again portray the stable SCV lifestyle as a quasi-dormant 

state with altered energy metabolism and cell-surface components, in which the balanced 

status in cells lysis (LytT, LytN, AtlR, Alt, LrgAB) and  the production of lantibiotic 
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(epidermin Epi/Bsa) and the Ebh and SasC surface proteins as well as other secretion 

factors such as EssC, EsxA and EsaA all possibly contributed to the phenotype switching 

to SCV in S. aureus. Epidermin-like lantibiotics, LytN and LytT are assumed to kill S. 

aureus cells and increase DNA release and other biomaterials to form the matrix 

surrounding the cells. In addition, the cells need to be alive to maintain their growth, 

therefore, the autolysis mechanism was also repressed to limit the cell death. This balanced 

mechanism considerably supports the survival of bacteria in prolonged growth in 

unfavorable conditions including limited nutrients and chemical stress conditions. The 

formation of matrix also resulted in cell aggregation and biofilm formation which is the 

final stage of extended growth. In addition, genes involved in carotenoid, capsule 

biosynthesis as well virulence determinants such as staphylokinase, leukocidins were 

attenuated in response to chemical stresses. These observations may be central to the 

organism’s continued survival and persistence. 



 

 

 

 

 

  

CONCLUSIONS 

 

Chapter 8 
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Chapter 8. Conclusion 

The role of phenotype switching to biofilm and SCVs in S. aureus pathogenesis is 

undeniable and the formation of these lifestyles is a likely stress response within the host 

and permits S. aureus to persist. Apparently these lifestyles are significantly regulated by 

environmental factors outside or inside the host to survive and adapt. However, the 

understanding of phenotype alteration and their linked mechanisms is still an incomplete 

picture which depends on several factors including host factors, bacterial factors and 

environmental factors. In addition, to overcome the antibiotic resistance a vaccine or new 

therapies should aim to remove biofilms and SCVs. This project contribute to our 

understanding of the role of the stress response in the biofilm and SCVs formation with 

host-relevant agents and identifies the possible specialized pathways or determinants 

involved in switching lifestyles by S. aureus. From the results, we concluded that the stress 

response is strain-specific and there are unique pathways inducing the switching 

mechanism in S. aureus which could potentially lead to a drug target common to all S. 

aureus with SCV phenotypes.  

 

 THERE WAS A STRAIN-SPECIFIC RESPONSE TO CHEMICAL 

STRESSES THAT INDUCED A PHENOTYPE CHANGE 

 

S. aureus relies on a complex array of virulence factors, stress protection and 

antibiotic resistance systems to overcome the host immune system and antimicrobial drug 

treatment. As part of its stress protection, S. aureus has an ability to switch to alternative 

lifestyles which include biofilm and small colony variants (SCV). These lifestyles are 

inherently resistant or protected from antimicrobial compounds and become the prominent 

defensive mechanism to help S. aureus survive in a niche for a prolonged period of time, 

thus leading to chronic and a relapse of infections. Within any bacterial population will be 

cells with a capacity to form any number of cell types (based on their metabolism, 

expression and chemistry of surface structures and stress response genes) and it is the 

conditions of the environment that will permit one cell type to dominate. The host immune 

system responds to bacterial infection by producing an array of antimicrobial agents that 

include reactive oxygen species (ROS) and reactive nitrogen species (RNS). As a result of 
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these consequences, more stable reactive aldehydes are generated. Therefore, surviving S. 

aureus cells must have mechanisms to counteract the complex mix of toxic chemicals that 

are present in different host tissues (the exact concentration of these chemical varies 

between niches, tissues and even within a microenvironment). There have been several 

studies investigating enzymatic defence against ROS and RNS but very little is known 

about how bacteria defend against reactive aldehydes or understanding the non-enzymatic 

response to these chemicals by switching to biofilm or SCV lifestyles. We used a 

collection of 72 strains of S. aureus to assess their response to these stresses and our results 

indicate that in the presence of relevant reactive aldehydes, oxidative and nitrosative stress 

certain S. aureus strains induced biofilm formation or switched lifestyle to SCV as a means 

of survival. 

 

 

A series of previous investigations have postulated that defects in the biosynthesis 

of menadione, hemin and thymidine could be responsible for the formation of SCVs and 

results in blocked cytochrome biosynthesis. This process subsequently causes a decreased 

amount of cellular ATP and deficient cell wall biosynthesis, pigmentation and membrane 

potential leading to slow growth, non-pigmentation and decreased uptake of antibiotics by 

SCV. These studies are largely based on artificial mutants or the selective pressure of 

antibiotic treatment. Our work has linked this ability for persistence and SCV lifestyle to 

the natural induction and resistance by SCV to the presence of  a chemical stress generated 

by host cells. The data we have presented here shows that, in a strain-specific manner, S. 

aureus responded to chemical stresses by the induction of  SCV.  

 

Likewise, several bacteria have clearly been shown to be capable of biofilm 

formation and these biofilms are clinically relevant. Numerous studies have indicated that 

there is a high prevalence of biofilm-mediated infections caused by S. aureus (Donlan and 

Costerton 2002; Ando et al. 2004; Liesse Iyamba et al. 2011). Importantly, its persistence 

and antibiotic resistance, which are based on biofilm formation of S. aureus, have widely 

been reported (Otto 2008; Kostenko et al. 2010; Archer et al. 2011). A recent study using a 

large number of clinical isolates has revealed that strains with a pronounced multi-

resistance to antimicrobial compounds have a significantly increased ability to form 

biofilms compared to those with less resistance (Kwon et al. 2008). However, little was 
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known about the impact of chemical stress on the induction of biofilm formation. Only a 

recent report showed that with planktonic cells, certain ROS and RNS can induce  the 

formation of biofilms, thereby affecting EPS matrix development and repressing biofilm 

growth  (Arce Miranda et al. 2011). Perhaps as a linked and strong corollary to this data, 

our results showed that the presence of nitrosative (GSNO) and oxidative stress (H2O2) 

induced the formation of biofilms in a strain-specific manner in S. aureus. The induction of 

the biofilm by chemical stress is a definitive switch in bacterial lifestyle by distinct biofilm 

factors that we observed under microscopy. It is intriguing to note a possible link between 

biofilm formation and SCV. Previous studies have suggested such parallels. In our study, 

we suggest there maybe a link for specific strains which achieve both a high induction in 

biofilm formation and a high percentage of SCV in the presence of the same chemical 

stress. Within some strains, perhaps the metabolic state and the nature of the surface 

structures associated with SCV act as a precursor to biofilm formation. Likewise, within a 

population of cells in a clinical isolate, in some strains especially, there is a diversity in the 

cell-type and the presence of chemical stresses induces or permits these alternative lifestyle 

forms to become dominant and ensuring the organisms survival.  

 

 SCV CELLS PRODUCED FROM CONTINUOUS CULTURE WERE 

CHARACTERIZED BY A DISTINCT EXTRACELLULAR MATRIX AND 

THE TRANSCRIPTOMIC PROFILES REVEALED NEW ROLES OF 

SURFACE PROTEINS IN SCV FORMS  

 

A key undetermined feature of S. aureus pathogenesis is its persistence causing a 

relapse of disease. This has long been explained by its switch to biofilm growth or SCVs. 

Studying the native characteristics of SCVs has been problematic due to their reversion to 

the parental lifestyle (wild type). We were interested in investigating the native traits of 

SCV as they developed in naturally grown relevant conditions and without laboratory 

generated mutations or antibiotics. We have observed that as they switch to a SCV 

lifestyle, a number of S. aureus strains produced an extracellular matrix. We focused our 

deeper analysis on one clinical strain, (WCH-SK2) that we knew generated SCV and 

produced a matrix. For bacterial survival in the host, the combination of low nutrients and 

prolonged low growth rate produced a stress that selected for a specific cell-type from the 
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population. In this context, we used steady-state growth conditions with low nutrients and 

a controlled low growth rate, over 60 days (ca. 200generations) and with the addition of 

the host relevant chemical, methylglyoxal. These conditions induced WCH-SK2 (a blood 

isolate and a MRSA strain) into a SCV enriched population (20% at day 35) and at day 55 

(with a  concentration of methylglyoxal above the organism’s MIC ) it produced a 

previously unreported stable SCV cell-type that did not revert after sub-culturing. The 

population continued to grow at a concentration higher than the calculated MIC and 

consisted of 80% stable SCV. Analysis revealed these cells possessed a metabolic and 

surface profile that was different from previously described SCVs or biofilm cells. The 

extracellular matrix at day 55 largely covered the cells and was composed of proteins and 

extracellular DNA but not polysaccharide.  

 

We also assessed the formation of SCVs in other strains by growing them in the 

presence of different chemical stresses under batch culture conditions and observed (using 

SEM) the formation of an extracellular matrix. As with WCH-SK2, it was also found there 

was cell-cell aggregation formed by other strains together with the presence of an 

extracellular matrix. This finding suggested the presence of matrix was not limited to 

WCH-SK2 and was induced by the other chemical stress conditions. 

 

We then investigated the details of the molecular switch (global genetic and 

transcriptional changes) that was driving the development of WCH-SK2 to SCV and 

eventually stable SCV. SCV cells up-regulated the expression of specific surface proteins 

(Ebh, SasC, EssC, EsxA, EsaA) and epidermin-like lantibiotic synthesis (Bsa/Epi) while 

down-regulating factors that stimulate the immune response (leukocidins, capsule, 

carotenoid, staphylokinase). In addition, we suggest the role of cell lysis involved in a 

balance between an increased expression of LytT and LytN ( lysis factors ) and non-lysis 

factors (AltR, Alr and LrgAB). The data revealed cell heterogeneity within a S. aureus 

population and using conditions that resemble long-term survival in the host identified a 

previously unnoticed S. aureus cell-type, with a distinctive metabolic and molecular 

profile.  
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 GENOME SEQUENCING OF S. AUREUS STRAIN WCH-SK2 AND ITS 

STABLE SCV TYPES REVEALED DIFFERENCES IN SEVERAL 

GENETIC CHARACTERISTICS 

 

Given that the stable SCV were stable ( did not revert to WT) when taken from the 

chemostat and sub-cultured nutrient replete conditions, we assumed changes with these 

cells were genetic and not limited to an environmental-transcriptional pathway. Continuing 

with further investigations, the genome of S. aureus WCH-SK2 in its WT and stable SCV 

forms were sequenced to identify any specific genetic changes. The comparative analysis 

between two phenotypes showed an identical alignment ~99% in coverage. However, there 

were some dissimilarities involving the deletion of genes as well as the insertion of genes 

and genetic re-arrangements. There were 2 important SNPs found, the first leading to a 

change in the protein sequence of RsbU, a serine phosphatase which is part of the 

regulatory pathway controlling sigma B; the second SNP in mgrA encodes for the 

transcriptional regulator MgrA which regulates autolytic activity but also has global effects 

on the cell. In addition, mutations were also detected in BsaA, (involved in stress response) 

surface protein SrdH and CAAX protease. Mutations in gene rplF (encoding ribosomal L6 

required for cell growth) have been previously detected following  SCV formation 

(Norstrom et al. 2007). Mutations in the rsh, a RelA homolog have been reported and 

believed to result from a defective ppGpp hydrolase activity which is also required for 

bacterial growth, thereby leading to an increase in the stringent response for SCVs (Gao et 

al. 2010).  However, these results were achieved based on site-directed mutants and 

clinically derived SCVs isolated from patients obtaining long term treatment of 

vancomycin.  

 

The methylomes of the SCV and WT WCH-SK2 genomes were also found to be 

different, although the outcome of this difference is not clearly defined and requires 

significant further research. Collectively, we suggest there are considerable different 

genetic features between WCH-SK2 WT and stable SCV phenotype and these reflect the 

change in energy generation and cell presentation which act as a stress response to adverse 

host conditions.  



C h a p t e r  8    P a g e  | 277 

 

 

 

The transcriptomics data (during switching from WT to non stable SCV and finally 

to stable SCV) were re-analyzed based on the newly determined and annotated genome of 

WCH-SK2. In brief, there were not significant differences if compared to the previous 

analyzed results base on the genome of S. aureus NCTC8325 strains except the presence of 

antibiotic genes mecI, mecA (down-regulated) and tetM (up-regulated) because WCH-SK2 

is a MRSA. The stable SCV lifestyle has been characterized as having altered energy 

metabolism and cell-surface components. Cell lysis, (LytT, LytN, AltR, Alt, LrgAB)  the 

production of lantibiotic, (epidermin Epi/Bsa) extracellular matrix binding protein, (Ebh) 

and other surface factors (SasC, EssC, EsxA and EsaA) are assumed to have a role in the 

stress response linked to the formation of this unique SCV cell type. Lantibiotics are 

produced to kill sibling cells preventing their induction of the immune response and to 

release extracellular DNA and other biomaterials which form the matrix surrounding cells. 

This mechanism considerably supports the survival of bacteria in unfavorable host 

conditions. These observations may be central to the organism’s continued survival and 

persistence mechanism while in the host, that is, during colonization and chronic infection.  

 

 SUMMARY 

In conclusion, phenotype switching to SCVs and biofilms is requisite for S. aureus 

survival and adaptation to the unfavorable conditions encountered in the host. The 

regulation for lifestyle alteration depends on several factors including host factors, 

bacterial factors and environment factors. In our study, we confirmed the change is strain 

specific which highlights unique adaptive pathways within these strains. Indeed, this was 

reflected by a change in morphology as well as in metabolic pathways and the expression 

of genes related to the expression of surface proteins, cell lysis, lantibiotics, 

staphylokinase, capsule biosynthesis, leukocidins and carotenoids. In addition, genomic 

changes such as methylation, deletion or insertion as well as SNPs may contribute to the 

lifestyle alteration of S. aureus. Further investigation needs to be continued to elucidate the 

complicated switching process of strains with a capability to form a unique SCV cell type. 

We suggest therefore, that there are similar defence mechanisms in other clinical strains 

and reference strains which are associated with long term survival in the host. Future work 

will continue to discover if changing their lifestyle into SCVs this is a unique or common 

progression for all S. aureus species.  
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APPENDIX 1 : SUPPLEMENTARY TABLES & FIGURES 

 

  

Figure S1: Histogram showing the distribution of insert sizes measured from the polymerase reads 

that contained synthetic adapters at both ends of the sequence of WCH-SK2 WT (a) and SCV 

phenotype (b).  

a b
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Figure S2: Histograms showing the distribution of sequence lengths of WCH-SK2 WT (a) and 

SCV phenotype (b) and quality scores across the filtered polymerase read sand SCV phenotype. 

 

 

  

a b

c d
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Figure S3.Histogram showing the length distribution for the subread sequences prepared from the 

polymerase read sequence collection of WCH-SK2 WT (a) and SCV phenotype (b). 

 

 

 

 

Figure S4: Dot plot showing sequence similarity across the sequenced contig (a) and Dot plots 

corresponding to the 10 Kb region at either the bottom left or top right of the dotplot shown in the 

upper graph (b and c). If the genome has been assembled as a single molecule and if it can be 

circularized there should be internal fragments that are identical across the sequence ends. 

  

a b

a b c
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Table S1. A full list of regulated genes of non-stable SCV cells produced at 0.0078% MG 

(chemostat) compared the WT based on the genome of S. aureus NCTC8325  

 
UP-REGULATED GENES  

No Gene Locus  Gene 

name 

Protein coding Change* 

 Amino acid metabolism and transport 

1 SAOUHSC_00167 dppA peptide ABC transporter ATP-binding protein 2.6 

2 SAOUHSC_00168 dppB ABC-type dipeptide/oligopeptide/nickel transport systems, 

permease components 

4.5 

3 SAOUHSC_00169 dppC ABC-type dipeptide/oligopeptide/nickel transport systems, 

permease components 

4.7 

4 SAOUHSC_00170 rlp RGD-containing lipoprotein 4.8 

5 SAOUHSC_00171 ggt gamma-glutamyltranspeptidase 4.0 

6 SAOUHSC_00421 cysK cysteine synthase 3.5 

7 SAOUHSC_00423 metI ABC transporter permease 2.8 

8 SAOUHSC_00424 metN ABC transporter permease 2.7 

9 SAOUHSC_00426 metQ ABC transporter substrate-binding protein 3.5 

10 SAOUHSC_00436 gltD glutamate synthase subunit beta 3.1 

11 SAOUHSC_00733 hisC Histidinol-phosphate aminotransferase 3.0 

12 SAOUHSC_00898 argH argininosuccinate lyase 3.9 

13 SAOUHSC_00899 argG argininosuccinate synthase 4.3 

14 SAOUHSC_00926 oppD oligopeptide ABC transporter ATP-binding protein 2.6 

15 SAOUHSC_00949 alsT Na+/alanine symporter  4.8 

16 SAOUHSC_01319 lysC aspartate kinase 2.9 

17 SAOUHSC_01320 dhoM homoserine dehydrogenase 3.9 

18 SAOUHSC_01321 thrC threonine synthase 3.8 

19 SAOUHSC_01322 thrB homoserine kinase 3.5 

20 SAOUHSC_01394 lysC aspartate kinase 3.1 

21 SAOUHSC_01395 asd aspartate semialdehyde dehydrogenase 3.1 

22 SAOUHSC_01396 dapA dihydrodipicolinate synthase 3.6 

23 SAOUHSC_01397 dapB dihydrodipicolinate reductase 3.5 

24 SAOUHSC_01398 dapD 2,3,4,5-tetrahydropyridine-2-carboxylate N-

succinyltransferase 

3.6 

25 SAOUHSC_01399 hipO hippurate hydrolase 2.3 

26 SAOUHSC_01400 alr2 alanine racemase 2.5 

27 SAOUHSC_01818 ald1 alanine dehydrogenase 2.5 

28 SAOUHSC_01832 serC Serine-pyruvate aminotransferase 2.3 

29 SAOUHSC_01833 serA D-3-phosphoglycerate dehydrogenase 2.5 

30 SAOUHSC_01884 putA  Proline dehydrogenase 2.5 

31 SAOUHSC_01990 glnQ ABC-type polar amino acid transport system, ATPase 

component  

4.0 

32 SAOUHSC_01991 hisM Histidine transport 3.7 

33 SAOUHSC_02281 ilvD dihydroxy-acid dehydratase 3.6 

34 SAOUHSC_02282 ilvB acetolactate synthase large subunit 2.9 

35 SAOUHSC_02283 ilvH acetolactate synthase 1 regulatory subunit 3.5 

36 SAOUHSC_02284 ilvC ketol-acid reductoisomerase 3.6 

37 SAOUHSC_02285 leuA 2-isopropylmalate synthase 3.5 
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38 SAOUHSC_02286 leuB 3-isopropylmalate dehydrogenase 3.6 

39 SAOUHSC_02287 leuC isopropylmalate isomerase large subunit 3.7 

40 SAOUHSC_02288 leuD isopropylmalate isomerase small subunit 3.4 

41 SAOUHSC_02289 ilvA threonine dehydratase 2.9 

42 SAOUHSC_02409 arg arginase 2.7 

43 SAOUHSC_02606 hutI imidazolonepropionase 2.8 

44 SAOUHSC_02607 hutU urocanate hydratase 3.6 

45 SAOUHSC_02622 gltS sodium/glutamate symporter 4.5 

46 SAOUHSC_02968 arcB ornithine carbamoyltransferase 2.6 

47 SAOUHSC_02969 arcA arginine deiminase 2.7 

48 SAOUHSC_00422 cysM trans-sulfuration enzyme family protein 3.3 

49 SAOUHSC_00894 rocD ornithine--oxo-acid transaminase 3.6 

50 SAOUHSC_02729 ansP Gamma-aminobutyrate permease  4.1 

 Carbohydrate metabolism and transport 

51 SAOUHSC_00132 ald aldehyde dehydrogenase 4.4 

52 SAOUHSC_00175 malK multiple sugar-binding transport ATP-binding protein 6.8 

53 SAOUHSC_00176 malE  Maltose-binding periplasmic proteins/domains 7.5 

54 SAOUHSC_00177 malF maltose ABC transporter permease 7.4 

55 SAOUHSC_00178 malG maltose ABC transporter permease 8.1 

56 SAOUHSC_00181 iolE IolE; Sugar phosphate isomerases/epimerases 7.1 

57 SAOUHSC_00214 gatA  PTS system galactitol pecific IIA subunit.  2.5 

58 SAOUHSC_00215 gatB PTS system galactitol pecific IIB subunit.  2.9 

59 SAOUHSC_00216 gatC PTS system galactitol pecific IIC subunit.  3.3 

60 SAOUHSC_00217 gutB sorbitol dehydrogenase 4.0 

61 SAOUHSC_00310 ulaA PTS system ascorbate-specific transporter subunit IIC 3.2 

62 SAOUHSC_00311 ulaB PTS system ascorbate-specific transporter subunit IIB 3.2 

63 SAOUHSC_00312 mltF PTS fructose-specific enzyme IIBC component 3.5 

64 SAOUHSC_00313 mltA PTS system, fructose/mannitol specific IIA subunit 3.3 

65 SAOUHSC_00437 treP PTS system, trehalose-specific IIBC component 2.7 

66 SAOUHSC_00534 araB ribulokinase 2.5 

67 SAOUHSC_01275 glpF Glycerol uptake facilitator and related permeases  2.5 

68 SAOUHSC_01794 gapB glyceraldehyde 3-phosphate dehydrogenase 2 4.0 

69 SAOUHSC_01802 citZ Citrate synthase 3.1 

70 SAOUHSC_01846 acsA acetyl-CoA synthetase 6.3 

71 SAOUHSC_02425 glmM phosphoglucosamine mutase 2.9 

72 SAOUHSC_02558 ureA urease subunit gamma 4.3 

73 SAOUHSC_02559 ureB urease subunit beta 4.6 

74 SAOUHSC_02561 ureC urease subunit alpha 3.9 

75 SAOUHSC_02562 ureE urease accessory protein UreE 3.6 

76 SAOUHSC_02563 ureF urease accessory protein UreF 3.3 

77 SAOUHSC_02564 ureG urease accessory protein UreG 3.0 

78 SAOUHSC_02565 ureD urease accessory protein UreD 3.0 

79 SAOUHSC_02597 malX PTS system, alpha-glucoside-specific IIBC component  2.5 

80 SAOUHSC_02822 fbp Firmicute fructose-1,6-bisphosphatase 2.7 

81 SAOUHSC_02924 gabT 4-aminobutyrate aminotransferase 4.0 

82 SAOUHSC_00291 pfkB PfkB family carbohydrate kinase 3.1 

83 SAOUHSC_01910 pckA phosphoenolpyruvate carboxykinase 4.2 
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 Cell wall biosynthesis 

84 SAOUHSC_00295 nanA N-acetylneuraminate lyase 3.3 

85 SAOUHSC_00294 nanT predicted sialic acid transport 2.6 

86 SAOUHSC_01219 lytN cell wall hydrolase 2.8 

87 SAOUHSC_02645 lytT Response regulator of the LytR/AlgR family  3.7 

 Inorganic ion transport and metabolism 

88 SAOUHSC_00136 tauB  ABC-type nitrate/sulfonate/bicarbonate transport system, 

ATPase component  

3.5 

89 SAOUHSC_00137 tauA ABC-type nitrate/sulfonate/bicarbonate transport systems, 

periplasmic components 

3.1 

90 SAOUHSC_00138 tauC ABC-type nitrate/sulfonate/bicarbonate transport system, 

permease component 

2.6 

91 SAOUHSC_01387 ptsC ABC-type phosphate transport system, permease 

component  

2.7 

92 SAOUHSC_01389 pstS phosphate ABC transporter substrate-binding protein 3.5 

93 SAOUHSC_02137 citT Di- and tricarboxylate transporters  3.5 

94 SAOUHSC_02430 fecB  ABC-type Fe
3+-

citrate transport system, periplasmic 

component 

2.5 

95 SAOUHSC_02832 cbiO ABC-type cobalt transport system, ATPase component 2.5 

96 SAOUHSC_02865 feoA Fe
2+

 transport system protein A 3.9 

97 SAOUHSC_03018 cbiQ  ABC-type cobalt transport system, permease component  2.4 

98 SAOUHSC_03019 cbiO  ABC-type cobalt transport system, ATPase component 2.6 

99 SAOUHSC_00262 essC EssC component of Type VII secretion system 2.2 

 Lipid metabolism 

100 SAOUHSC_00195 caiB acetyl-CoA acetyltransferase 6.1 

101 SAOUHSC_00196 caiD Enoyl-CoA hydratase/carnithine racemase 4.3 

102 SAOUHSC_00197 caiA  Acyl-CoA dehydrogenases  7.9 

103 SAOUHSC_00198 caiC Acyl-CoA synthetases (AMP-forming) 6.2 

104 SAOUHSC_00199 fadX Acyl CoA:acetate/3-ketoacid CoA transferase 6.8 

105 SAOUHSC_00317 glpT glycerol-3-phosphate transporter 2.9 

106 SAOUHSC_00656 dhaL dihydroxyacetone kinase, 2.4 

 Oxidoreductase    

107 SAOUHSC_00173 azoR azoreductase 2.6 

108 SAOUHSC_02829 frp NAD(P)H-flavin oxidoreductase 3.2 

 Staphylococcus aureus infections 

109 SAOUHSC_00988 sspA glutamyl endopeptidase 2.4 

 Stress response protein 

110 SAOUHSC_03023 drp35 lactonase Drp35 2.6 

 Surface protein    

111 SAOUHSC_01447 ebh Extracellular matrix binding protein 3.6 

112 SAOUHSC_00069 spa protein A 3.6 

 Transcription 

113 SAOUHSC_02800 salU  Staphylococcal accessory regulator U 4.1 

114 SAOUHSC_00213 bglG BglG; Transcriptional antiterminator  3.3 

115 SAOUHSC_00992 marR MarR family transcriptional regulator 2.8 

116 SAOUHSC_01602 malR maltose operon transcriptional repressor 3.6 
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 Unchracterized/Hypothetical protein 

117 SAOUHSC_00135  Hypothetical protein 2.8 

118 SAOUHSC_00141  Hypothetical protein 2.3 

119 SAOUHSC_00179  Hypothetical protein 8.3 

120 SAOUHSC_00180  Hypothetical protein 7.4 

121 SAOUHSC_00193  Hypothetical protein 3.4 

122 SAOUHSC_00218  Hypothetical protein 3.1 

123 SAOUHSC_00219  Hypothetical protein 2.6 

124 SAOUHSC_00253  Hypothetical protein 3.1 

125 SAOUHSC_00289  Hypothetical protein 3.9 

126 SAOUHSC_00290  Hypothetical protein 3.7 

127 SAOUHSC_00292  Hypothetical protein 2.4 

128 SAOUHSC_00299  Hypothetical protein 3.5 

129 SAOUHSC_00650  Hypothetical protein 5.2 

130 SAOUHSC_00968  Hypothetical protein 3.7 

131 SAOUHSC_00969  Hypothetical protein 2.6 

132 SAOUHSC_00970  Hypothetical protein 2.7 

133 SAOUHSC_00993  Hypothetical protein 3.7 

134 SAOUHSC_01422  Hypothetical protein 4.7 

135 SAOUHSC_01513  Hypothetical protein 2.4 

136 SAOUHSC_01583  Hypothetical protein 2.5 

137 SAOUHSC_01584  Hypothetical protein 2.7 

138 SAOUHSC_01603  Hypothetical protein 2.9 

139 SAOUHSC_01847  Hypothetical protein 3.0 

140 SAOUHSC_01849  Hypothetical protein 2.8 

141 SAOUHSC_01918  Hypothetical protein 4.1 

142 SAOUHSC_01919  Hypothetical protein 4.0 

143 SAOUHSC_01920  Hypothetical protein 2.6 

144 SAOUHSC_02136  Hypothetical protein 3.8 

145 SAOUHSC_02206  Hypothetical protein 2.8 

146 SAOUHSC_02258  Hypothetical protein 2.8 

147 SAOUHSC_02271  Hypothetical protein 2.5 

148 SAOUHSC_02426  Hypothetical protein 2.3 

149 SAOUHSC_02590  Hypothetical protein 4.0 

150 SAOUHSC_02619  Hypothetical protein 2.4 

151 SAOUHSC_02646  Hypothetical protein 3.2 

152 SAOUHSC_02815  Hypothetical protein 3.8 

153 SAOUHSC_02828  Hypothetical protein 2.5 

154 SAOUHSC_02842  Hypothetical protein 4.6 

155 SAOUHSC_02868  Hypothetical protein 2.6 

156 SAOUHSC_02923  Hypothetical protein 3.6 

157 SAOUHSC_02950  Hypothetical protein 5.0 

158 SAOUHSC_03006  Hypothetical protein 3.0 

159 SAOUHSC_03016  Hypothetical protein 2.4 

160 SAOUHSC_03017  Hypothetical protein 2.3 

161 SAOUHSC_03020  Hypothetical protein 3.9 

162 SAOUHSC_03021  Hypothetical protein 3.8 
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163 SAOUHSC_01921  Hypothetical protein 2.3 

DOWN-REGULATED GENES  

No Gene locus Gene 

name 

Protein coding Change* 

 Amino acid transport and metabolism 

1 SAOUHSC_01366 trpE anthranilate synthase component I 3.4 

2 SAOUHSC_01367 trpG anthranilate synthase component II 3.4 

3 SAOUHSC_01368 trpD anthranilate phosphoribosyltransferase 3.2 

4 SAOUHSC_01369 trpC indole-3-glycerol-phosphate synthase 3.3 

5 SAOUHSC_01370 trpF N-(5'-phosphoribosyl)anthranilate isomerase 3.2 

6 SAOUHSC_01371 trpB tryptophan synthase subunit beta 3.3 

7 SAOUHSC_01372 trpA tryptophan synthase subunit alpha 3.3 

8 SAOUHSC_01450 potE Amino acid transporters  3.3 

9 SAOUHSC_01451 ilvA-1 threonine dehydratase 3.3 

10 SAOUHSC_01452 ald1 alanine dehydrogenase 3.0 

 Carbohydrate transport and metabolism 

11 SAOUHSC_00051 plc 1-phosphatidylinositol phosphodiesterase 2.9 

12 SAOUHSC_00608 adhA alcohol dehydrogenase 3.2 

13 SAOUHSC_02019 atl autolysin 3.0 

 Inorganic ion transport and metabolism 

14 SAOUHSC_00071 sirC lipoprotein SirC 2.5 

15 SAOUHSC_00281 focA  Formate/nitrite family of transporters  2.8 

 Lipid metabolism    

16 SAOUHSC_02751 pnbA Carboxylesterase type B  2.3 

 Staphylococcus aureus infections 

17 SAOUHSC_02171 sak Staphylokinase 2.5 

18 SAOUHSC_02241 lukF Leukocidin; Leukocidin/Hemolysin toxin family 3.2 

19 SAOUHSC_02243 lukS Leukocidin; Leukocidin/Hemolysin toxin family 3.2 

 Vitamin biosynthesis 

20 SAOUHSC_00500 pdsT glutamine amidotransferase subunit PdxT 2.3 

 Translation, ribosomal structure and biogenesis 

21 SAOUHSC_02836 rimL N-acetylases of ribosomal proteins  2.3 

 Uncharacterized/Hypothetical protein 

22 SAOUHSC_00356  Hypothetical protein 2.9 

23 SAOUHSC_00411  Hypothetical protein 3.4 

24 SAOUHSC_00569  Hypothetical protein 2.5 

25 SAOUHSC_00609  Hypothetical protein 2.3 

26 SAOUHSC_01135  Hypothetical protein 3.5 

27 SAOUHSC_01136  Hypothetical protein 3.4 

28 SAOUHSC_01448  Hypothetical protein 2.8 

29 SAOUHSC_02774  Hypothetical protein 2.7 

30 SAOUHSC_02941  Hypothetical protein 2.8 

31 SAOUHSC_02904  Hypothetical protein 2.3 
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Table S2 A full list of regulated genes of stable SCV cells produced at 0.031% MG 

(chemostat) compared to the WT based on the genome of S. aureus NCTC8325  

 UP-REGULATED GENES P<0.05 

No Gene locus Gene name Coding protein Change* 

 Amino acid transport and metabolism 

1 SAOUHSC_00147 argA acetylglutamate kinase 3.8 

2 SAOUHSC_00149 argC N-acetyl-gamma-glutamyl-phosphate reductase 3.3 

3 SAOUHSC_00150 argD ornithine aminotransferase 3.7 

4 SAOUHSC_00167 dppA peptide ABC transporter ATP-binding protein 3.6 

5 SAOUHSC_00168 dppB ABC-type dipeptide/oligopeptide/nickel transport 

systems, permease components 

5.7 

6 SAOUHSC_00169 dppC ABC-type dipeptide/oligopeptide/nickel transport 

systems, permease components 

6.0 

7 SAOUHSC_00170 rlp RGD-containing lipoprotein 6.1 

8 SAOUHSC_00171 ggt gamma-glutamyltranspeptidase 5.5 

9 SAOUHSC_00421 cysK cysteine synthase 5.5 

10 SAOUHSC_00422 cysM trans-sulfuration enzyme family protein 5.5 

11 SAOUHSC_00423 metI ABC transporter permease 4.3 

12 SAOUHSC_00424 metN ABC transporter permease 4.3 

13 SAOUHSC_00426 metQ ABC transporter substrate-binding protein 5.0 

14 SAOUHSC_00435 gltB glutamate synthase large subunit 3.6 

15 SAOUHSC_00436 gltD glutamate synthase subunit beta 3.3 

16 SAOUHSC_00733 hisC Histidinol-phosphate aminotransferase 3.0 

17 SAOUHSC_00898 argH argininosuccinate lyase 6.0 

18 SAOUHSC_00899 argG argininosuccinate synthase 6.1 

19 SAOUHSC_00949 alsT Na+/alanine symporter  3.7 

20 SAOUHSC_01319 lysC aspartate kinase 2.7 

21 SAOUHSC_01320 thrA homoserine dehydrogenase 3.6 

22 SAOUHSC_01321 thrC threonine synthase 3.5 

23 SAOUHSC_01322 thrB homoserine kinase 3.5 

24 SAOUHSC_01396 dapA dihydrodipicolinate synthase 3.1 

25 SAOUHSC_01397 dapB dihydrodipicolinate reductase 3.0 

26 SAOUHSC_01398 dapD 2,3,4,5-tetrahydropyridine-2-carboxylate N-

succinyltransferase 

3.2 

27 SAOUHSC_01832 serC Serine-pyruvate aminotransferase 3.1 

28 SAOUHSC_01833 serA D-3-phosphoglycerate dehydrogenase 3.4 

29 SAOUHSC_01884 putA  Proline dehydrogenase 5.8 

30 SAOUHSC_01990 glnQ ABC-type polar amino acid transport system  5.9 

31 SAOUHSC_01991 hisM Histidine transport 5.7 

32 SAOUHSC_02281 ilvD dihydroxy-acid dehydratase 4.8 

33 SAOUHSC_02282 ilvB acetolactate synthase large subunit 4.2 

34 SAOUHSC_02283 ilvH acetolactate synthase 1 regulatory subunit 5.0 

35 SAOUHSC_02284 ilvC ketol-acid reductoisomerase 4.6 

36 SAOUHSC_02285 leuA 2-isopropylmalate synthase 4.6 

37 SAOUHSC_02286 leuB 3-isopropylmalate dehydrogenase 4.8 

38 SAOUHSC_02287 leuC isopropylmalate isomerase large subunit 4.9 
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39 SAOUHSC_02288 leuD isopropylmalate isomerase small subunit 4.7 

40 SAOUHSC_02289 ilvA threonine dehydratase 4.3 

41 SAOUHSC_02729 ansP  Gamma-aminobutyrate permease  3.9 

42 SAOUHSC_02924 gabT 4-aminobutyrate aminotransferase 5.0 

43 SAOUHSC_02967 arcD arginine/ornithine antiporter 3.6 

44 SAOUHSC_02968 arcB fe2+ transport system protein A 4.0 

45 SAOUHSC_02969 arcA arginine deiminase 3.9 

46 SAOUHSC_03010 hisH imidazole glycerol phosphate synthase subunit HisH 3.6 

47 SAOUHSC_03011 hisB imidazoleglycerol-phosphate dehydratase 2.6 

48 SAOUHSC_03013 hisC histidinol-phosphate aminotransferase 3.2 

49 SAOUHSC_03014 hisG ATP phosphoribosyltransferase catalytic subunit 2.8 

50 SAOUHSC_03015 hisZ ATP phosphoribosyltransferase regulatory subunit 3.7 

 Carbohydrate transport and metabolism 

51 SAOUHSC_01910 pckA phosphoenolpyruvate carboxykinase 3.8 

52 SAOUHSC_00132 ald aldehyde dehydrogenase 4.6 

53 SAOUHSC_00158 murP PTS system N-acetylmuramic acid transporter  2.8 

54 SAOUHSC_00175 malK multiple sugar-binding transport ATP-binding protein 5.9 

55 SAOUHSC_00176 malE  Maltose-binding periplasmic proteins/domains 6.5 

56 SAOUHSC_00177 malF maltose ABC transporter permease 6.9 

57 SAOUHSC_00178 malG maltose ABC transporter permease 7.6 

58 SAOUHSC_00181 iolE IolE; Sugar phosphate isomerases/epimerases 6.8 

59 SAOUHSC_00183 uhpT sugar phosphate antiporter 2.6 

60 SAOUHSC_00291 pfkB PfkB family carbohydrate kinase 2.8 

61 SAOUHSC_01416 odhB dihydrolipoamide succinyltransferase 3.2 

62 SAOUHSC_01601 malA alpha-D-1,4-glucosidase 3.9 

63 SAOUHSC_01794 gapB glyceraldehyde 3-phosphate dehydrogenase 2 3.4 

64 SAOUHSC_01846 acsA acetyl-CoA synthetase 5.6 

65 SAOUHSC_02425 glmM phosphoglucosamine mutase 2.6 

66 SAOUHSC_02451 lacF PTS system lactose-specific transporter subunit IIA 2.7 

67 SAOUHSC_02454 lacB galactose-6-phosphate isomerase subunit LacB 3.0 

68 SAOUHSC_02455 lacA galactose-6-phosphate isomerase subunit LacA 2.9 

69 SAOUHSC_02557 utp urea transporter 3.0 

70 SAOUHSC_02558 ureA urease subunit gamma 3.9 

71 SAOUHSC_02559 ureB urease subunit beta 4.0 

72 SAOUHSC_02561 ureC urease subunit alpha 3.6 

73 SAOUHSC_02562 ureE urease accessory protein UreE 3.2 

74 SAOUHSC_02563 ureF urease accessory protein UreF 3.2 

75 SAOUHSC_02564 ureG urease accessory protein UreG 2.8 

76 SAOUHSC_02565 ureD urease accessory protein UreD 2.9 

77 SAOUHSC_02848 ptsG PTS system glucose-specific transporter subunit IIABC 3.3 

 Cell wall, envelope biogenesis, outer membrane 

78 SAOUHSC_00295 nanA N-acetylneuraminate lyase 2.7 

79 SAOUHSC_01219 lytN cell wall hydrolase 3.5 

 DNA replication, recombination, and repair 

80 SAOUHSC_01363 dinP Nucleotidyltransferase/DNA polymerase  3.6 

81 SAOUHSC_01539  terminase small subunit 3.6 
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 Inorganic ion transport and metabolism 

82 SAOUHSC_00136 tauB  ABC-type nitrate/sulfonate/bicarbonate transport 

system, ATPase component  

6.5 

83 SAOUHSC_00137 tauA ABC-type nitrate/sulfonate/bicarbonate transport 

systems, periplasmic components 

6.0 

84 SAOUHSC_00138 tauC ABC-type nitrate/sulfonate/bicarbonate transport system, 

permease component 

5.7 

85 SAOUHSC_00748 ceuD ABC-type enterochelin transport system, ATPase 

component 

3.7 

86 SAOUHSC_00749 fepB ABC-type Fe3+-hydroxamate transport system, 

periplasmic component 

2.7 

87 SAOUHSC_02430 fecB  ABC-type Fe3+-citrate transport system, periplasmic 

component 

3.1 

88 SAOUHSC_02865 feoA Fe2+ transport system protein A 4.6 

89 SAOUHSC_03018 cbiQ  ABC-type cobalt transport system, permease component  3.7 

90 SAOUHSC_03019 cbiO  ABC-type cobalt transport system, ATPase component 4.0 

 Lantibiotic biosynthesis 

91 SAOUHSC_01949 epiP intracellular serine protease 3.0 

92 SAOUHSC_01950 epiD flavoprotein EpiD 3.6 

93 SAOUHSC_01951 epiC epidermin biosynthesis protein EpiC 3.4 

94 SAOUHSC_01952 epiB lantibiotic epidermin biosynthesis protein EpiB 3.7 

95 SAOUHSC_01953 epiA gallidermin superfamily epiA protein 6.0 

 Lipid metabolism 

96 SAOUHSC_00195 caiB acetyl-CoA acetyltransferase 5.2 

97 SAOUHSC_00196 caiD Enoyl-CoA hydratase/carnithine racemase 3.2 

98 SAOUHSC_00197 caiA  Acyl-CoA dehydrogenases [Lipid metabolism] 6.8 

99 SAOUHSC_00198 caiC Acyl-CoA synthetases (AMP-forming) 5.2 

100 SAOUHSC_00199 fadX Acyl CoA:acetate/3-ketoacid CoA transferase 6.1 

101 SAOUHSC_00317 glpT glycerol-3-phosphate transporter 3.3 

 Oxidoreductase 

102 SAOUHSC_00173 azoR azoreductase 6.9 

103 SAOUHSC_00320  NADPH-dependent FMN reductase 4.3 

104 SAOUHSC_02829 frp NAD(P)H-flavin oxidoreductase 3.0 

 Surface protein/ antigen 

105 SAOUHSC_00257 ssaA Secretory antigen precursor SsaA 3.4 

106 SAOUHSC_01447 ebh Extracellular matrix binding protein 5.3 

107 SAOUHSC_02404 sasC SasC protein 2.7 

 Transcription 

108 SAOUHSC_00160 rpiR RpiR; Transcriptional regulators  2.9 

109 SAOUHSC_00992 marR MarR family transcriptional regulator 3.5 

110 SAOUHSC_01602 malR maltose operon transcriptional repressor 3.2 

 Uncharacterized/Hypothetical protein 

111 SAOUHSC_00135  Hypothetical protein 5.5 

112 SAOUHSC_00141  Hypothetical protein 3.5 

113 SAOUHSC_00179  Hypothetical protein 7.7 

114 SAOUHSC_00180  Hypothetical protein 6.9 
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115 SAOUHSC_00193  Hypothetical protein 3.2 

116 SAOUHSC_00218  Hypothetical protein 2.4 

117 SAOUHSC_00253  Hypothetical protein 3.7 

118 SAOUHSC_00289  Hypothetical protein 2.4 

119 SAOUHSC_00318  Hypothetical protein 3.7 

120 SAOUHSC_00319  Hypothetical protein 4.2 

121 SAOUHSC_00650  Hypothetical protein 6.0 

122 SAOUHSC_00746  Hypothetical protein 2.9 

123 SAOUHSC_00747  Hypothetical protein 2.7 

124 SAOUHSC_00967  Hypothetical protein 2.6 

125 SAOUHSC_00968  Hypothetical protein 4.1 

126 SAOUHSC_00969  Hypothetical protein 3.6 

127 SAOUHSC_00970  Hypothetical protein 3.5 

128 SAOUHSC_00993  Hypothetical protein 4.2 

129 SAOUHSC_01109  Hypothetical protein 3.7 

130 SAOUHSC_01334  Hypothetical protein 3.4 

131 SAOUHSC_01422  Hypothetical protein 6.7 

132 SAOUHSC_01513  Hypothetical protein 3.3 

133 SAOUHSC_01583  Hypothetical protein 3.4 

134 SAOUHSC_01584  Hypothetical protein 3.4 

135 SAOUHSC_01728  Hypothetical protein 2.8 

136 SAOUHSC_01847  Hypothetical protein 3.2 

137 SAOUHSC_01849  Hypothetical protein 3.0 

138 SAOUHSC_01918  Hypothetical protein 3.0 

139 SAOUHSC_01919  Hypothetical protein 3.0 

140 SAOUHSC_02136  Hypothetical protein 2.7 

141 SAOUHSC_02258  Hypothetical protein 5.4 

142 SAOUHSC_02271  Hypothetical protein 3.6 

143 SAOUHSC_02272  Hypothetical protein 3.3 

144 SAOUHSC_02426  Hypothetical protein 3.3 

145 SAOUHSC_02590  Hypothetical protein 5.5 

146 SAOUHSC_02595  Hypothetical protein 2.9 

147 SAOUHSC_02620  Hypothetical protein 2.9 

148 SAOUHSC_02815  Hypothetical protein 4.9 

149 SAOUHSC_02828  Hypothetical protein 6.1 

150 SAOUHSC_02832  Hypothetical protein 3.3 

151 SAOUHSC_02833  Hypothetical protein 3.6 

152 SAOUHSC_02842  Hypothetical protein 2.8 

153 SAOUHSC_02889  Hypothetical protein 2.6 

154 SAOUHSC_02923  Hypothetical protein 3.7 

155 SAOUHSC_02950  Hypothetical protein 4.8 

156 SAOUHSC_03016  Hypothetical protein 3.7 

157 SAOUHSC_03017  Hypothetical protein 3.6 

158 SAOUHSC_03020  Hypothetical protein 5.2 

159 SAOUHSC_03021  Hypothetical protein 5.1 

160 SAOUHSC_03022  Hypothetical protein 6.6 

161 SAOUHSC_00139  Hypothetical protein 5.3 
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DOWN-REGULATED GENES  

No Gene locus Gene 

name 

Protein coding Change* 

 Amino acid metabolism and transport  

1 SAOUHSC_01366 trpE anthranilate synthase component I 7.2 

2 SAOUHSC_01367 trpG anthranilate synthase component II 6.2 

3 SAOUHSC_01368 trpD anthranilate phosphoribosyltransferase 6.2 

4 SAOUHSC_01369 trpC indole-3-glycerol-phosphate synthase 6.2 

5 SAOUHSC_01370 trpF N-(5'-phosphoribosyl)anthranilate isomerase 6.1 

6 SAOUHSC_01371 trpB tryptophan synthase subunit beta 6.0 

7 SAOUHSC_01372 trpA tryptophan synthase subunit alpha 5.7 

8 SAOUHSC_01450 potE Amino acid transporters  3.5 

9 SAOUHSC_01451 ilvA-1 threonine dehydratase 3.9 

10 SAOUHSC_01452 ald1 alanine dehydrogenase 3.8 

11 SAOUHSC_02763 dppF peptide ABC transporter ATP-binding protein 3.6 

12 SAOUHSC_02764 dppD peptide ABC transporter ATP-binding protein 3.2 

13 SAOUHSC_02765 dppC peptide ABC transporter permease 3.6 

14 SAOUHSC_02766 dppB peptide ABC transporter permease 3.3 

15 SAOUHSC_02767 dppA peptide ABC transporter substrate-binding protein 3.7 

16 SAOUHSC_02770 dapF Diaminopimelate epimerase 4.3 

17 SAOUHSC_02444 betT BetT; Choline-glycine betaine transporter 3.7 

 Carbohydrate metabolism and transport  

18 SAOUHSC_00051 plc 1-phosphatidylinositol phosphodiesterase 5.1 

19 SAOUHSC_00113 adhE bifunctional acetaldehyde-CoA/alcohol dehydrogenase 8.7 

20 SAOUHSC_02402 mltA PTS system mannitol-specific transporter subunit IIA 3.5 

21 SAOUHSC_02403 mltD mannitol-1-phosphate 5-dehydrogenase 3.0 

22 SAOUHSC_02703 gpmA phosphoglyceromutase 2.8 

 Energy production and conversion 

23 SAOUHSC_00067 lctP L-lactate permease 2.9 

24 SAOUHSC_01019 ykoC  Transmembrane component YkoC of energizing 

module of thiamin-regulated ECF  

2.8 

25 SAOUHSC_01021 ykoD  Transmembrane component YkoC of energizing 

module of thiamin-regulated ECF  

3.0 

 Inorganic ion transport and metabolism 

26 SAOUHSC_00071 sirC lipoprotein SirC 5.7 

 Lipid metabolism 

27 SAOUHSC_00300 lip Lipase 3.8 

 Metabolism of carotenoid 

28 SAOUHSC_02881 crtP Phytoene dehydrogenase and related proteins  2.7 

29 SAOUHSC_02882 crtO 4,4'-diaponeurosporene oxidase 2.9 

 Metabolism of coenzymes and vitamins 

30 SAOUHSC_00499 pdsX pyridoxal biosynthesis lyase PdxS 3.6 

31 SAOUHSC_00500 pdsT glutamine amidotransferase subunit PdxT 3.6 

32 SAOUHSC_01887 ribB riboflavin biosynthesis protein 3.1 

33 SAOUHSC_01888 ribC riboflavin synthase subunit alpha 3.3 
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34 SAOUHSC_01889 ribD riboflavin biosynthesis protein RibD 3.6 

35 SAOUHSC_02330 thiD phosphomethylpyrimidine kinase 2.8 

 Nucleotide transport and metabolism 

36 SAOUHSC_00101 drm/deoB phosphopentomutase 3.0 

 Cell wall, envelope biogenesis, outer membrane 

37 SAOUHSC_00114 cap5A capsular polysaccharide biosynthesis protein Cap5A 3.4 

38 SAOUHSC_00115 cap5B capsular polysaccharide biosynthesis protein Cap5B 2.9 

39 SAOUHSC_00116 cap5C capsular polysaccharide biosynthesis protein Cap8C 3.1 

40 SAOUHSC_00119 cap8F capsular polysaccharide biosynthesis protein Cap8F 2.8 

41 SAOUHSC_00120 cap5G UDP-N-acetylglucosamine 2-epimerase Cap5G 3.1 

42 SAOUHSC_00121 ca8H capsular polysaccharide biosynthesis protein Cap8H 2.4 

43 SAOUHSC_02019 atl autolysin 3.9 

44 SAOUHSC_02851 lrgA Putative effector of murein hydrolase LrgA 2.3 

45 SAOUHSC_02850 lrgB Putative effector of murein hydrolase LrgB 3.3 

 Staphylococcus aureus infections 

46 SAOUHSC_02171 spk Staphylokinase 3.0 

47 SAOUHSC_02241 lukF-PVL Leukocidin; Leukocidin/Hemolysin toxin family 3.4 

48 SAOUHSC_02243 lukS-PVL Leukocidin; Leukocidin/Hemolysin toxin family 3.6 

 Stress response associated gene 

49 SAOUHSC_00093 sodA superoxide dismutase 3.8 

50 SAOUHSC_02441 asp23 alkaline shock protein 23 4.9 

51 SAOUHSC_00831 osmC Organic hydroperoxide resistance protein/osmotically 

inducible protein OsmC 

3.9 

 Surface protein /antigen 

52 SAOUHSC_00061  myosin-cross-reactive antigen 3.4 

 Transcription    

53 SAOUHSC_01730 csbD sigmaB-controlled gene product 4.3 

54 SAOUHSC_00096 gntR GntR family transcriptional regulator 2.9 

55 SAOUHSC_01285 glntR glutamine synthetase repressor 2.9 

 Translation, ribosomal structure and biogenesis 

56 SAOUHSC_00031 dusA tRNA-dihydrouridine synthase  3.0 

57 SAOUHSC_01329 rspN 30S ribosomal protein S14 4.6 

58 SAOUHSC_02836 rimL N-acetylases of ribosomal proteins  3.4 

 Pseudogene/ Uncharacterized/Hypothetical protein 

59 SAOUHSC_02902  Pseudogene 4.3 

60 SAOUHSC_00057  Hypothetical protein 3.0 

61 SAOUHSC_00058  Hypothetical protein 2.7 

62 SAOUHSC_00065  Hypothetical protein 4.1 

63 SAOUHSC_00083  Hypothetical protein 2.6 

64 SAOUHSC_00085  Hypothetical protein 3.3 

65 SAOUHSC_00356  Hypothetical protein 6.4 

66 SAOUHSC_00358  Hypothetical protein 4.4 

67 SAOUHSC_00410  Hypothetical protein 4.5 

68 SAOUHSC_00411  Hypothetical protein 4.8 

69 SAOUHSC_00569  Hypothetical protein 4.1 
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70 SAOUHSC_00736  Hypothetical protein 2.7 

71 SAOUHSC_00825  Hypothetical protein 2.9 

72 SAOUHSC_00845  Hypothetical protein 4.2 

73 SAOUHSC_00882  Hypothetical protein 7.0 

74 SAOUHSC_01022  Hypothetical protein 3.1 

75 SAOUHSC_01024  Hypothetical protein 2.7 

76 SAOUHSC_01135  Hypothetical protein 4.2 

77 SAOUHSC_01136  Hypothetical protein 4.3 

78 SAOUHSC_01288  Hypothetical protein 2.9 

79 SAOUHSC_01448  Hypothetical protein 2.7 

80 SAOUHSC_01729  Hypothetical protein 4.4 

81 SAOUHSC_02097  Hypothetical protein 3.0 

82 SAOUHSC_02387  Hypothetical protein 3.9 

83 SAOUHSC_02442  Hypothetical protein 4.5 

84 SAOUHSC_02443  Hypothetical protein 4.8 

85 SAOUHSC_02574  Hypothetical protein 2.9 

86 SAOUHSC_02690  Hypothetical protein 4.4 

87 SAOUHSC_02702  Hypothetical protein 5.9 

88 SAOUHSC_02753  Hypothetical protein 3.7 

89 SAOUHSC_02754  Hypothetical protein 3.9 

90 SAOUHSC_02762  Hypothetical protein 3.3 

91 SAOUHSC_02768  Hypothetical protein 5.9 

92 SAOUHSC_02769  Hypothetical protein 5.6 

93 SAOUHSC_02771  Hypothetical protein 3.3 

94 SAOUHSC_02772  Hypothetical protein 3.3 

95 SAOUHSC_02774  Hypothetical protein 4.1 

96 SAOUHSC_02820  Hypothetical protein 2.8 

97 SAOUHSC_02901  Hypothetical protein 4.1 

98 SAOUHSC_02939  Hypothetical protein 3.0 

99 SAOUHSC_02994  Hypothetical protein 2.7 

100 SAOUHSC_03032  Hypothetical protein 2.8 

101 SAOUHSC_02904  Hypothetical protein 5.1 
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Table S3. A full list of regulated genes of WCH-SK2 non-stable SCV cells produced at 

0.0078% MG (chemostat) compared to the WT based on the genome of WCH-SK2 

 UP-REGULATED GENES  

 Gene Id Gene 

name 

Protein coding Change* 

 Amino acid metabolism and transport 

1 SK2B0040 thrA Aspartokinase homolog 3.0 

2 SK2B0041 dhoM Homoserine dehydrogenase  3.9 

3 SK2B0042 thrC Threonine synthase  3.8 

4 SK2B0043 thrB Homoserine kinase  3.5 

5 SK2B0104 lysC Aspartokinase II 3.2 

6 SK2B0105 asd Aspartate-semialdehyde dehydrogenase  3.1 

7 SK2B0106 dapA 4-hydroxy-tetrahydrodipicolinate synthase 3.6 

8 SK2B0107 dapB 4-hydroxy-tetrahydrodipicolinate reductase  3.6 

9 SK2B0108 dapD 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-

acetyltransferase  

3.6 

10 SK2B0109 dapL N-acetyl-L,L-diaminopimelate deacetylase 2.3 

11 SK2B0110 alr Alanine racemase   2.5 

12 SK2B0423 ald1 Alanine dehydrogenase    2.5 

13 SK2B0437 serC Phosphoserine aminotransferase, putative  2.4 

14 SK2B0438 serA D-3-phosphoglycerate dehydrogenase  2.5 

15 SK2B0483 putA Proline dehydrogenase   2.6 

16 SK2B0575 glnQ Glutamate transport ATP-binding protein 4.0 

17 SK2B0576 glnH Periplasmic glutamine-binding protein 3.8 

18 SK2B0778 ilvD Dihydroxy-acid dehydratase  3.6 

19 SK2B0779 ilvB Acetolactate synthase large subunit  2.9 

20 SK2B0780 ilvH Acetolactate synthase small subunit  3.8 

21 SK2B0781 ilvC Ketol-acid reductoisomerase  3.6 

22 SK2B0782 leuA 2-isopropylmalate synthase  3.6 

23 SK2B0783 leuB 3-isopropylmalate dehydrogenase 3.7 

24 SK2B0784 leuC 3-isopropylmalate dehydratase large subunit  3.7 

25 SK2B0785 leuD 3-isopropylmalate dehydratase small subunit  3.4 

26 SK2B0786 ilvA Threonine dehydratase 2.9 

27 SK2B0884 arg Arginase   2.7 

28 SK2B1004 utp Urea transporter 2.3 

29 SK2B1005 ureA Urease gamma subunit 4.3 

30 SK2B1006 ureB Urease beta subunit 4.5 

31 SK2B1007 ureC Urease alpha subunit 3.9 

32 SK2B1008 ureE Urease accessory protein UreE 3.6 

33 SK2B1009 ureF Urease accessory protein UreF 3.3 

34 SK2B1010 ureG Urease accessory protein UreG 3.0 

35 SK2B1011 ureD Urease accessory protein UreD 3.0 

36 SK2B1033 hisM Histidine transport protein  permease  4.1 

37 SK2B1048 hutI Imidazolonepropionase   2.9 

38 SK2B1049 hutU Urocanate hydratase   3.5 

39 SK2B1063 gltS Sodium/glutamate symporter 4.6 
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40 SK2B1156 aapA D-serine/D-alanine/glycine transporter 4.1 

41 SK2B1268 rocA Delta-1-pyrroline-5-carboxylate dehydrogenase 3.3 

42 SK2B1335 potE APC family amino acid-polyamine-organocation transporter 3.6 

43 SK2B1336 gapT 4-aminobutyrate aminotransferase 3.8 

44 SK2B1368 arcB Ornithine carbamoyltransferase  2.6 

45 SK2B1369 arcA Arginine deiminase 2.7 

46 SK2B1622 dppA Putative glutathione transporter, ATP-binding component 2.6 

47 SK2B1623 dppB Putative glutathione transporter, permease component 4.5 

48 SK2B1624 dppC Dipeptide transport system permease protein DppC  4.7 

49 SK2B1625 rlp RGD-containing lipoprotein 4.8 

50 SK2B1626 ggt Gamma-glutamyltranspeptidase   4.2 

51 SK2B1743 hisV Predicted histidine uptake transporter 3.5 

52 SK2B1884 cysM Cystathionine beta-synthase   3.6 

53 SK2B1885 metB Cystathionine gamma-lyase   3.3 

54 SK2B1886 metN Methionine ABC transporter ATP-binding protein 2.8 

55 SK2B1887 metI Methionine ABC transporter permease protein 2.6 

56 SK2B1888 metQ Methionine ABC transporter substrate-binding protein 3.6 

57 SK2B1896 gltB Glutamate synthase NADPH large chain  3.2 

58 SK2B1897 gltD Glutamate synthase NADPH small chain  3.1 

59 SK2B2154 hisC histidinol-phosphate aminotransferase 3.0 

60 SK2B2345 argD Ornithine aminotransferase  3.6 

61 SK2B2348 argH Argininosuccinate lyase  3.9 

62 SK2B2349 argG Argininosuccinate synthase   4.3 

63 SK2B2380 oppF Oligopeptide transport ATP-binding protein OppF  2.6 

64 SK2B2404 alsT Na+/alanine symporter  4.8 

65 SK2B2346 gudB NAD-specific glutamate dehydrogenase  3.2 

 Carbohydrate metabolism and transport 

66 SK2B0448 acuA Acetyltransferase AcuA, acetyl-CoA synthetase inhibitor;  3.1 

67 SK2B0449 acuC NAD-independent protein deacetylase AcuC; 2.8 

68 SK2B0125 odhB dihydrolipoamide succinyltransferase  2.9 

69 SK2B0226 malA Alpha-glucosidase  4.4 

70 SK2B0399 gapB glyceraldehyde-3-phosphate dehydrogenase  3.9 

71 SK2B0406 icd Isocitrate dehydrogenase NADP   2.7 

72 SK2B0407 citZ Citrate synthase   3.0 

73 SK2B0447 acsA Acetyl-coenzyme A synthetase   6.4 

74 SK2B0507 pckA Phosphoenolpyruvate carboxykinase ATP  4.2 

75 SK2B1040 glvC PTS system, arbutin-like IIBC component 2.5 

76 SK2B1221 gudP Glucarate transporter/Galactonate transporter 3.8 

77 SK2B1227 fbp Fructose-1,6-bisphosphatase 2.7 

78 SK2B1591 aldB Aldehyde dehydrogenase B 4.4 

79 SK2B1629 malK Multiple sugar ABC transporter, ATP-binding protein malK 6.9 

80 SK2B1630 malE Maltose/maltodextrin ABC transporter, substrate binding 

periplasmic protein MalE 

7.5 

81 SK2B1631 malF Maltose/maltodextrin ABC transporter, permease protein MalF 7.4 

82 SK2B1632 malG Maltose/maltodextrin ABC transporter, permease protein MalG 8.2 

83 SK2B1635 ioll Inosose isomerase   7.4 

84 SK2B1637 uhpT uhpT; sugar phosphate antiporter 2.3 
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85 SK2B1664 gatA PTS system, galactitol-specific IIA component  2.7 

86 SK2B1665 gatB PTS system, galactitol-specific IIB component  3.0 

87 SK2B1666 gatC PTS system, galactitol-specific IIC component  3.5 

88 SK2B1667 gutB L-iditol 2-dehydrogenase 4.1 

89 SK2B1669 gatD Galactitol-1-phosphate 5-dehydrogenase  2.8 

90 SK2B1756  PTS system, IIA component 3.6 

91 SK2B1757  PTS system, mannitol/fructose-specific IIA component 3.3 

92 SK2B1898 treP PTS system, trehalose-specific IIB component  2.7 

93 SK2B1977 araB Ribulokinase   2.5 

94 SK2B1754 ulaA PTS system, IICcomponent 3.3 

95 SK2B1755  PTS system, IIBcomponent 3.2 

96 SK2B1734 fruA Phosphotransferase system, fructose-specific IIC component  3.7 

 Lipid metabolism 

97 SK2B1406 lip Triacylglycerol lipase  3.0 

98 SK2B1647 fadA 3-ketoacyl-CoA thiolase 6.3 

99 SK2B1648 fadB  3-hydroxyacyl-CoA dehydrogenase  6.7 

100 SK2B1649 fadD Long-chain-acyl-CoA dehydrogenase   8.0 

101 SK2B1650 fadE Long-chain-fatty-acid--CoA ligase  6.4 

102 SK2B1651 fadX acetyl-CoA transferase 7.0 

103 SK2B1761 glpT Glycerol-3-phosphate transporter 2.9 

104 SK2B2082 dhaL Phosphoenolpyruvate-dihydroxyacetone  2.4 

105 SK2B2692 glpF Glycerol uptake facilitator protein 2.5 

 Energy-coupling factor transport system 

106 SK2B1421 mtsA Substrate-specific component MtsA of methionine-regulated 

ECF transporter 

3.9 

107 SK2B1420 mtsB Duplicated ATPase component MtsB of energizing module of 

methionine-regulated ECF transporter 

2.7 

108 SK2B1419 mtsC Transmembrane component MtsC of energizing module of 

methionine-regulated ECF transporter 

2.4 

 Inorganic ion transport and metabolism 

109 SK2B0099 ptsC Phosphate transport system permease protein PstC 2.7 

110 SK2B0100 pstS Periplasmic phosphate-binding protein PstS 3.5 

111 SK2B0635  Transporter, divalent anion:Na+ symporter family protein 3.6 

112 SK2B0897 htsA Heme ABC type transporter HtsABC, heme-binding protein  2.5 

113 SK2B1060  ABC-type transport system, ATPase component 2.4 

114 SK2B1238 cbiO ABC-type cobalt transport system, ATPase component 2.6 

115 SK2B1595 tauB ABC-type nitrate/sulfonate/bicarbonate transporter 3.5 

116 SK2B1596 tauA ABC-type nitrate/sulfonate/bicarbonate transporter 3.0 

117 SK2B1597 tauC ABC-type nitrate/sulfonate/bicarbonate transporter 2.7 

 Intracellular trafficking and secretion 

118 SK2B1707 essC putative EssC component of Type VII secretion system 2.3 

 Lantibiotic biosynthesis 

119 SK2B0543 bsa/epiA Lanthionine precursor peptide  2.3 

 Cell wall, envelope biogenesis, outer membrane 

120 SK2B1738 nanT Predicted sialic acid transporter 2.6 
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121 SK2B1739 nanA N-acetylneuraminate lyase  3.2 

122 SK2B1740 nanK N-acetylmannosamine kinase 2.4 

123 SK2B2640 lytN Putative cell wall hydrolase 2.8 

 Nucleotide transport and metabolism 

124 SK2B1735 psuK Pseudouridine kinase  2.9 

125 SK2B1736 psuG Pseudouridine '-phosphate glycosidase 2.5 

 Oxidoreductase/Detoxification enzyme 

126 SK2B0758  Nitroreductase family protein 2.8 

127 SK2B1233  Glyoxalase family protein 2.5 

128 SK2B1235  Oxygen-insensitive NADH nitroreductase / 3.2 

129 SK2B1627 azoR FMN-dependent NADH-azoreductase 2.7 

130 SK2B1633 idh Myo-inositol -dehydrogenase    8.2 

131 SK2B1634 mviM NADH-dependent dehydrogenase 7.5 

 Staphylococcus aureus infection/Virulence/Biofilm 

132 SK2B2440 sspA Glutamyl endopeptidase precursor  , serine proteinase SspA 2.4 

 Stress response 

133 SK2B1424 drp35 Lactonase Drp35   2.6 

 Surface protein/ antigen 

134 SK2B1532 spa Immunoglobulin G binding protein A precursor 3.6 

135 SK2B0150 ebh Extracellular matrix binding protein Ebh 3.7 

 Transcription 

136 SK2B1082 lytT LytT; Response regulator of the LytR/AlgR family  3.7 

137 SK2B0227 malR Maltose operon transcriptional repressor MalR, LacI family 3.7 

138 SK2B1209 sarU Staphylococcal accessory regulator U  4.2 

139 SK2B1663 bglG Predicted galactitol operon regulator  3.3 

140 SK2B2443 atlR Putative ATL autolysin transcription regulator/ 2.9 

 Unchracterized/Hypothetical protein 

141 SK2B2422  Hypothetical protein 3.7 

142 SK2B1355  Hypothetical protein 5.5 

143 SK2B1245  Hypothetical protein 4.6 

144 SK2B1264  Hypothetical protein 4.4 

145 SK2B0515  Hypothetical protein  4.1 

146 SK2B1422  Hypothetical protein 3.8 

147 SK2B1668  Hypothetical protein  3.2 

148 SK2B0516  Hypothetical protein  4.0 

149 SK2B1234  Hypothetical protein 3.3 

150 SK2B1700  Hypothetical protein  3.1 

151 SK2B1083  Hypothetical protein 3.2 

152 SK2B1267  Hypothetical protein 2.8 

153 SK2B0893  Hypothetical protein  2.9 

154 SK2B2424  Hypothetical protein 2.7 

155 SK2B1594  Hypothetical protein  2.8 

156 SK2B0208  Hypothetical protein 2.7 
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157 SK2B2423  Hypothetical protein 2.4 

158 SK2B0517  Hypothetical protein  2.6 

159 SK2B0207  Hypothetical protein 2.5 

160 SK2B0769  Hypothetical protein 2.5 

161 SK2B0518  Hypothetical protein  2.4 

162 SK2B1418  Hypothetical protein 2.3 

163 SK2B0206  Hypothetical protein 2.4 

164 SK2B1417  Hypothetical protein 2.4 

165 SK2B1599  Hypothetical protein  2.4 

166 SK2B0894  Hypothetical protein;  2.4 

DOWN-REGULATED GENES  

No Gene 

locus 

Gene 

name 

Protein coding Pathway Change* 

 Amino acid metabolism and transport 

1 SK2B0079 trpE Anthranilate synthase aminase component   3.4 

2 SK2B0080 trpG Anthranilate synthase amidotransferase component   3.3 

3 SK2B0081 trpD Anthranilate phosphoribosyltransferase   3.2 

4 SK2B0082 trpC Indole-3-glycerol phosphate synthase  3.3 

5 SK2B0083 trpF Phosphoribosylanthranilate isomerase    3.2 

6 SK2B0084 trpB Tryptophan synthase beta chain  3.3 

7 SK2B0085 trpA Tryptophan synthase alpha chain  3.3 

8 SK2B0152 potE Amino acid permease 3.3 

9 SK2B0153 tdcB Threonine dehydratase, catabolic 3.3 

10 SK2B0154 ald2 Alanine dehydrogenase    3.0 

11 SK2B2009 cat cationic Amino acid  transport 2.5 

12 SK2B1241 pat Phosphinothricin N-acetyltransferase  E  2.3 

 Carbohydrate metabolism and transport 

13 SK2B1569 adhE Alcohol dehydrogenase   Acetaldehyde dehydrogenase    3.5 

14 SK2B2039 adh1 Alcohol dehydrogenase    3.1 

 Inorganic ion transport and metabolism 

15 SK2B1729 focA formate/nitrite transporter family protein 2.8 

16 SK2B1534 sirC Siderophore staphylobactin ABC transporter, permease 

protein  

2.4 

 Lipid metabolism 

17 SK2B1523 plc Phosphatidylinositol-specific phospholipase C  2.9 

18 SK2B1169 pnbA Carboxylesterase type B   2.3 

 Metabolism of coenzymes and vitamins 

19 SK2B1945 pdxT Pyridoxine biosynthesis glutamine amidotransferase 2.3 

 Mobile element protein 

20 SK2B0904  Transposase 2.2 

 Nucleotide transport and metabolism 

21 SK2B1348 nrdG Ribonucleotide reductase of class III anaerobic activating unit 2.8 

22 SK2B1349 nrdD Ribonucleotide reductase of class III anaerobic large subunit    2.8 
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 Antibiotic resistance 

23 SK2B2231 ear Secreted protein Ear superantigen-encoding pathogenicity 

islands SaPI 

2.5 

 Staphylococcus aureus infection/Virulence/Biofilm 

24 SK2B0724 lukF Leukocidin LukS-PV;leukocidin/hemolysin toxin subunit S 3.2 

25 SK2B0723 lukS Leukocidin LukF-PV;leukocidin/hemolysin toxin subunit F 3.2 

26 SK2B0664 sak Staphylokinase 2.5 

 Transcription 

27 SK2B0762 agrD Accessory gene regulator D  pheromone precursor, type III  2.3 

 Uncharacterized/Hypothetical protein 

28 SK2B2564  Hypothetical protein 3.4 

29 SK2B2565  Hypothetical protein 3.4 

30 SK2B1798  Hypothetical protein  2.9 

31 SK2B2704  Hypothetical protein 2.4 

32 SK2B0151  putative transporter 2.8 

33 SK2B1191  Hypothetical protein 2.7 

34 SK2B1659  Hypothetical protein  2.4 

35 SK2B1297  Hypothetical protein; probable monooxygenase 2.3 
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Table S4. A full list of regulated genes of WCH-SK2 stable SCV cells produced at 0.031% 

MG (chemostat) compared to the WT based on the genome of WCH-SK2 

UP-REGULATED GENES  

No Gene 

locus 

Gene 

name 

Protein coding  Change* 

 
Amino acid metabolism and transport 

1 SK2B0040 thrA Aspartokinase homolog 2.7 

2 SK2B0041 dhoM Homoserine dehydrogenase  3.6 

3 SK2B0042 thrC Threonine synthase  3.6 

4 SK2B0043 thrB Homoserine kinase  3.5 

5 SK2B0106 dapA 4-hydroxy-tetrahydrodipicolinate synthase 3.1 

6 SK2B0107 dapB 4-hydroxy-tetrahydrodipicolinate reductase  3.1 

7 SK2B0108 dapD 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase  3.2 

8 SK2B0437 serC Phosphoserine aminotransferase, putative  3.1 

9 SK2B0438 serA D-3-phosphoglycerate dehydrogenase  3.4 

10 SK2B0448 acuA Acetyltransferase AcuAAcetoin dehydrogenase homolog 3.2 

11 SK2B0449 acuC NAD-independent protein deacetylase, acetoin utilization protein 3.0 

12 SK2B0483 putA Proline dehydrogenase   5.8 

13 SK2B0575 glnQ Glutamate transport ATP-binding protein 5.9 

14 SK2B0576 glnH Glutamate ABC transporter, periplasmic glutamine-binding protein 5.8 

15 SK2B0778 ilvD Dihydroxy-acid dehydratase  4.8 

16 SK2B0779 ilvB Acetolactate synthase large subunit  4.2 

17 SK2B0780 ilvH Acetolactate synthase small subunit  5.3 

18 SK2B0781 ilvC Ketol-acid reductoisomerase  4.6 

19 SK2B0782 leuA 2-isopropylmalate synthase  4.7 

20 SK2B0783 leuB 3-isopropylmalate dehydrogenase 4.8 

21 SK2B0784 leuC 3-isopropylmalate dehydratase large subunit  4.9 

22 SK2B0785 leuD 3-isopropylmalate dehydratase small subunit  4.7 

23 SK2B0786 ilvA Threonine dehydratase 4.2 

24 SK2B1004 utp Urea transporter 3.2 

25 SK2B1005 ureA Urease gamma subunit 3.9 

26 SK2B1006 ureB Urease beta subunit 3.9 

27 SK2B1007 ureC Urease alpha subunit 3.6 

28 SK2B1008 ureE Urease accessory protein UreE 3.2 

29 SK2B1009 ureF Urease accessory protein UreF 3.2 

30 SK2B1010 ureG Urease accessory protein UreG 2.8 

31 SK2B1011 ureD Urease accessory protein UreD 2.9 

32 SK2B1033 hisM Histidine transport protein  permease  5.5 

33 SK2B1156 aapA D-serine/D-alanine/glycine transporter 3.9 

34 SK2B1335 potE APC family amino acid-polyamine-organocation transporter 3.7 

35 SK2B1336 gapT 4-aminobutyrate aminotransferase 4.9 

36 SK2B1367 arcD Arginine/ornithine antiporter ArcD 3.6 

37 SK2B1368 arcB Ornithine carbamoyltransferase  4.0 

38 SK2B1369 arcA Arginine deiminase 3.9 

39 SK2B1411 hisH Imidazole glycerol phosphate synthase amidotransferase subunit  3.1 
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40 SK2B1414 hisD Histidinol dehydrogenase 3.0 

41 SK2B1415 hisG ATP phosphoribosyltransferase  3.2 

42 SK2B1416 hisZ ATP phosphoribosyltransferase regulatory subunit  3.7 

43 SK2B1606 argB Acetylglutamate kinase  3.4 

44 SK2B1607 argJ N-acetylglutamate synthase  2.8 

45 SK2B1608 argC N-acetyl-gamma-glutamyl-phosphate reductase  3.4 

46 SK2B1609 argD Acetylornithine aminotransferase 1  3.9 

47 SK2B1622 dppA Putative glutathione transporter, ATP-binding component 3.6 

48 SK2B1623 dppB Putative glutathione transporter, permease component 5.7 

49 SK2B1624 dppC Dipeptide transport system permease protein DppC  6.1 

50 SK2B1625 rlp RGD-containing lipoprotein 6.1 

51 SK2B1626 ggt Gamma-glutamyltranspeptidase   5.6 

52 SK2B1884 cysM Cystathionine beta-synthase   5.5 

53 SK2B1885 metB Cystathionine gamma-lyase   5.5 

54 SK2B1886 metN Methionine ABC transporter ATP-binding protein 4.3 

55 SK2B1887 metI Methionine ABC transporter permease protein 4.2 

56 SK2B1888 metQ Methionine ABC transporter substrate-binding protein 5.0 

57 SK2B1896 gltB Glutamate synthase NADPH large chain  3.6 

58 SK2B1897 gltD Glutamate synthase NADPH small chain  3.3 

59 SK2B2154 hisC histidinol-phosphate aminotransferase 3.0 

60 SK2B2349 argH Argininosuccinate lyase  6.1 

61 SK2B2404 alsT Na+/alanine symporter Amino acid transport and metabolism 3.7 

 Antibiotic resistance protein 

62 SK2B1820 tetM Tetracycline resistance protein TetM 3.2 

 Carbohydrate metabolism and transport 

63 SK2B0125 odhB dihydrolipoamide succinyltransferase  3.2 

64 SK2B0226 malA Alpha-glucosidase  3.9 

65 SK2B0399 gapB NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase  3.3 

66 SK2B0447 acsA Acetyl-coenzyme A synthetase   5.6 

67 SK2B0507 pckA Phosphoenolpyruvate carboxykinase ATP  3.8 

68 SK2B0914 lacF PTS system, lactose-specific IIA component  2.8 

69 SK2B0917 lacB Galactose-6-phosphate isomerase, LacB subunit 2.7 

70 SK2B0918 lacA Galactose-6-phosphate isomerase, LacA subunit 3.0 

71 SK2B1221 gudP Glucarate transporter/Galactonate transporter 4.9 

72 SK2B1591 aldB Aldehyde dehydrogenase B 4.6 

73 SK2B1598 bcd Butyryl-CoA dehydrogenase  5.2 

74 SK2B1618 scrA PTS system, sucrose-specific IIBC  2.9 

75 SK2B1629 malK Multiple sugar ABC transporter, ATP-binding protein malK 6.0 

76 SK2B1630 malE Maltose/maltodextrin ABC transporter, substrate binding 

periplasmic protein MalE 

6.6 

77 SK2B1631 malF Maltose/maltodextrin ABC transporter, permease protein MalF 6.9 

78 SK2B1632 malG Maltose/maltodextrin ABC transporter, permease protein MalG 7.6 

79 SK2B1635 ioll Inosose isomerase   7.1 

80 SK2B1637 uhpT uhpT; sugar phosphate antiporter 2.7 

 Cell wall, envelope biogenesis, outer membrane 

81 SK2B2640 lytN Putative cell wall hydrolase 3.5 
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 DNA replication, recombination and repair 

82 SK2B0076 dinP DNA polymerase IV ; DNA-damage repair protein 3.7 

 Energy-coupling factor transport system 

83 SK2B1419 mtsC Transmembrane component MtsC of energizing module of 

methionine-regulated ECF transporter 

3.8 

84 SK2B1420 mtsB Duplicated ATPase component MtsB of energizing module of 

methionine-regulated ECF transporter 

4.0 

85 SK2B1421 mtsA Substrate-specific component MtsA of methionine-regulated ECF 

transporter 

5.2 

 Inorganic ion transport and metabolism 

86 SK2B0897 htsA Heme ABC type transporter HtsABC, heme-binding protein HtsA 3.1 

87 SK2B1238 cbiO ABC-type cobalt transport system, ATPase component 3.4 

88 SK2B1595 tauB ABC-type nitrate/sulfonate/bicarbonate transporter 6.5 

89 SK2B1596 tauA ABC-type nitrate/sulfonate/bicarbonate transporter 5.9 

90 SK2B1597 tauC Inorganic ion transport and metabolism 5.8 

91 SK2B2163 sstA Iron compound ABC uptake transporter permease protein 2.8 

92 SK2B2164 sstB Iron compound ABC uptake transporter permease protein 2.9 

93 SK2B2165 sstC Iron compound ABC uptake transporter ATP-binding protein 3.7 

94 SK2B2166 sstD Iron compound ABC uptake transporter substrate-binding protein 2.6 

95 SK2B1702 esxA ESAT-6/Esx family secreted protein EsxA/YukE 3.4 

 Intracellular trafficking and secretion 

96 SK2B1703 esaA Putative secretion accessory protein EsaA/YueB 2.6 

 Lantibiotic biosynthesis 

97 SK2B0539 bsaP/epiP Lantibiotic leader peptide processing serine protease 3.0 

98 SK2B0540 bsaD/epiD Lantibiotic modifying enzyme 3.6 

99 SK2B0541 bsaC/epiC Lanthionine biosynthesis cyclase LanC 3.3 

100 SK2B0542 bsaB/epiB Lanthionine biosynthesis protein LanB 3.7 

101 SK2B0543 bsaA/epiA Lanthionine precursor peptide LanA 6.0 

 Lipid metabolism 

102 SK2B1406 lip Triacylglycerol lipase  2.7 

103 SK2B1647 fadA 3-ketoacyl-CoA thiolase 5.3 

104 SK2B1648 fadB  3-hydroxyacyl-CoA dehydrogenase  5.5 

105 SK2B1649 fadD Long-chain-acyl-CoA dehydrogenase   6.8 

106 SK2B1650 fadE Long-chain-fatty-acid--CoA ligase  5.3 

107 SK2B1651 fadX acetyl-CoA transferase 6.3 

108 SK2B1761 glpT Glycerol-3-phosphate transporter 3.2 

109 SK2B2348 glpQ Glycerophosphoryl diester phosphodiesterase, periplasmic  6.0 

 Nucleotide metabolism and transport  

110 SK2B1735 psuK Pseudouridine kinase  2.6 

 Oxidoreductase/Detoxification enzyme 

111 SK2B1233  Glyoxalase family protein 6.1 

112 SK2B1762  Glyoxalase family protein 3.7 

113 SK2B1633 idh Myo-inositol -dehydrogenase    7.6 

114 SK2B1627 azoR FMN-dependent NADH-azoreductase 6.9 

115 SK2B1634 mviM NADH-dependent dehydrogenase 7.0 



A p p e n d i x  1   P a g e  |S25 

 

 

 

116 SK2B0758  Nitroreductase family protein 5.4 

117 SK2B1764  FMN reductase  4.3 

118 SK2B1763  Luciferase-like monooxygenase  4.2 

119 SK2B1684 alaS Nitric-oxide reductase  quinol-dependent 3.2 

120 SK2B1235  Oxygen-insensitive NADH nitroreductase  3.2 

121 SK2B0338  Flavin-utilizing monoxygenase; luciferase family  2.8 

 Surface protein/ antigen 

122 SK2B0150 ebh Extracellular matrix binding protein Ebh 5.4 

123 SK2B1701 ssaA Secretory antigen precursor SsaA 2.8 

124 SK2B0880 sasC SasC protein 2.7 

 Transcription 

125 SK2B1619 rpiR Sialic acid utilization regulator, RpiR family 2.9 

126 SK2B0227 malR Maltose operon transcriptional repressor MalR, LacI family 3.2 

127 SK2B2443 atlR Putative ATL autolysin transcription regulator 3.5 

 Uncharacterized/Hypothetical protein 

128 SK2B2423  Hypothetical protein 3.3 

129 SK2B1423  Hypothetical protein 6.8 

130 SK2B1355  Hypothetical protein 5.7 

131 SK2B1264  Hypothetical protein 5.2 

132 SK2B1422  Hypothetical protein 5.0 

133 SK2B1594  Hypothetical protein  5.5 

134 SK2B2422  Hypothetical protein 4.1 

135 SK2B1417  Hypothetical protein 3.7 

136 SK2B1817  Hypothetical protein 4.0 

137 SK2B1818  Hypothetical protein 3.7 

138 SK2B1599  Hypothetical protein  3.6 

139 SK2B1700  Hypothetical protein  3.8 

140 SK2B1239  Hypothetical protein;  3.6 

141 SK2B1418  Hypothetical protein 3.7 

142 SK2B0206  Hypothetical protein 3.4 

143 SK2B0769  Hypothetical protein 3.6 

144 SK2B0770  Hypothetical protein 3.3 

145 SK2B2424  Hypothetical protein;ABC transporter ATP-binding protein 3.6 

146 SK2B0053  Hypothetical protein 3.5 

147 SK2B0208  Hypothetical protein 3.4 

148 SK2B0207  Hypothetical protein 3.4 

149 SK2B0894  Hypothetical protein; Predicted arginine uptake transporter 3.3 

150 SK2B1234  Hypothetical protein 2.9 

151 SK2B1038  Hypothetical protein;Sodium-dependent transporter 2.9 

152 SK2B1061  Hypothetical protein 2.8 

153 SK2B0515  Hypothetical protein  3.0 

154 SK2B1668  Hypothetical protein  2.5 

155 SK2B1245  Hypothetical protein 2.8 

156 SK2B0516  Hypothetical protein  3.0 

157 SK2B1407  Hypothetical protein 2.5 

158 SK2B0893  Hypothetical protein  2.6 
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DOWN-REGULATED GENES  

No Gene 

locus 

Gene 

name 

Protein coding  Change* 

 Amino acid metabolism and transport 

1 SK2B0079 trpE Anthranilate synthase aminase component   7.1 

2 SK2B0080 trpG Anthranilate synthase amidotransferase component   6.1 

3 SK2B0081 trpD Anthranilate phosphoribosyltransferase   6.2 

4 SK2B0082 trpC Indole-3-glycerol phosphate synthase  6.2 

5 SK2B0083 trpF Phosphoribosylanthranilate isomerase    6.1 

6 SK2B0084 trpB Tryptophan synthase beta chain  5.9 

7 SK2B0085 trpA Tryptophan synthase alpha chain  5.7 

8 SK2B0152 potE Amino acid permease 3.5 

9 SK2B0153 tdcB Threonine dehydratase, catabolic 3.9 

10 SK2B0154 ald2 Alanine dehydrogenase    3.8 

11 SK2B0908 opuD2 Glycine betaine transporter opuD-like protein 3.7 

12 SK2B1172 metQ Methionine ABC transporter ATP-binding protein 3.9 

13 SK2B1187 dapF  Diaminopimelate epimerase homolog 4.3 

14 SK2B1189 gdh Glutamate dehydrogenase 3.3 

15 SK2B1494 hagh Zn-dependent hydroxyacylglutathione hydrolase  2.4 

16 SK2B1526 abgB Metal-dependent amidase/aminoacylase/carboxypeptidase 2.9 

17 SK2B2009 cat cationic Amino acid metabolism and transport and transport 4.1 

18 SK2B2702 glnA Glutamine synthetase type I  2.9 

19 SK2B1241 pat Phosphinothricin N-acetyltransferase  E  3.4 

 Antibiotic resistance protein 

20 SK2B1490 mecA Penicillin-binding protein PBP2a 3.4 

21 SK2B2231 ear Secreted protein Ear superantigen-encoding pathogenicity islands  3.3 

 Carbohydrate metabolism and transport 

22 SK2B1569 adhE Alcohol dehydrogenase   Acetaldehyde dehydrogenase    8.7 

23 SK2B0878 mltF Mannitol-specific phosphotransferase enzyme IIA component 3.6 

24 SK2B0879 mltD Mannitol-1-phosphate 5-dehydrogenase  3.0 

25 SK2B1135 pgm Phosphoglycerate mutase    2.8 

 Cell wall, envelope biogenesis, outer membrane 

26 SK2B1252 lrgB Lrg-associated membrane protein LrgB 3.3 

27 SK2B1253 lrgA Anti-holin-like protein LrgdA 2.4 

28 SK2B1571 capA Capsular polysaccharide synthesis enzyme Cap5A; truncated 3.4 

29 SK2B1572 capB Capsular polysaccharide synthesis enzyme Cap5B 2.8 

30 SK2B1573 capC Capsular polysaccharide synthesis enzyme Cap5C 3.1 

31 SK2B1576 capF Capsular polysaccharide synthesis enzyme Cap8F 2.8 

32 SK2B1577 capG Capsular polysaccharide synthesis enzyme Cap5G 3.2 

 DNA replication, recombination and repair 

33 SK2B1514 mcrBC McrBC 5-methylcytosine restriction system component 2.7 

34 SK2B1507 ccrB Cassette chromosome recombinase B 2.8 

35 SK2B1508 ccrA Cassette chromosome recombinase A 3.1 
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 Energy-coupling factor transport system 

36 SK2B1531 lctP L-lactate permease 3.0 

37 SK2B2468 ykoD Duplicated ATPase component YkoD of energizing module of 

thiamin-regulated ECF transporter 

3.0 

38 SK2B2469 ykoE Substrate-specific component YkoE of thiamin-regulated ECF 

transporter  

3.1 

39 SK2B2467 ykoC Transmembrane component YkoC of energizing module of 

thiamin-regulated ECF transporter 

2.9 

 Inorganic ion transport and metabolism 

40 SK2B1125 zinT Candidate zinc-binding lipoprotein ZinT 4.4 

41 SK2B1180 nikE Nickel transport ATP-binding protein NikE   3.7 

42 SK2B1181 nikD Nickel transport system permease protein NikD 3.3 

43 SK2B1182 nikC Nickel transport system permease protein NikC   3.7 

44 SK2B1183 nikB Nickel transport system permease protein NikB   3.3 

45 SK2B1184 nikA Nickel ABC transporter, periplasmic nickel-binding protein NikA   3.7 

46 SK2B1296 feoB Ferrous iron transport protein B 4.3 

47 SK2B1534 sirC Siderophore staphylobactin ABC transporter, permease protein  5.7 

 Lipid metabolism 

48 SK2B1487 pksG 3-hydroxy-3-methylglutaryl CoA synthase 3.0 

49 SK2B1488 glpQ2 Glycerophosphoryl diester phosphodiesterase  4.2 

50 SK2B1489 maoC MaoC domain-containing protein 4.0 

51 SK2B1523 plc Phosphatidylinositol-specific phospholipase C  5.0 

52 SK2B1744 lip Triacylglycerol lipase  3.8 

53 SK2B2156  Lipid kinase 2.7 

 Metabolism of coenzymes and vitamins 

54 SK2B0485 ribA 3,4-dihydroxy-2-butanone 4-phosphate synthase      3.1 

55 SK2B0486 ribB riboflavin synthase subunit alpha  3.3 

56 SK2B0487 ribD riboflavin biosynthesis protein 3.7 

57 SK2B1186   Similar to nicotianamine synthase 5.7 

58 SK2B1295 cobW putative cobalamin synthesis protein 4.2 

59 SK2B1944 pdxS Pyridoxine biosynthesis glutamine amidotransferase, synthase 

subunit  

3.6 

60 SK2B1945 pdxT Pyridoxine biosynthesis glutamine amidotransferase, glutaminase 

subunit  

3.6 

 Metabolism of carotenoids 

61 SK2B1278 crtP 4,4'-diaponeurosporene oxidase 2.8 

62 SK2B1279 crtO Glycosyl-4,4'-diaponeurosporenoate acyltransferase 3.2 

 Mobile element protein 

63 SK2B0904  Transposase 5.0 

 Nucleotide transport and metabolism 

64 SK2B1560 drm Phosphopentomutase    3.0 

 Oxidoreductase/Detoxification enzyme 

65 SK2B1018  D-octopine dehydrogenase    2.9 

 Posttranslation modification, protein turnover, chaperones 

66 SK2B0601 rbn Rbn; Ribonuclease BN family enzyme 3.0 

 Staphylococcus aureus infection/Virulence/Biofilm 

67 SK2B0664 sak Staphylokinase 3.0 
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68 SK2B0723 lukF Leukocidin LukF-PV;leukocidin/hemolysin toxin subunit F 3.4 

69 SK2B0724 lukS Leukocidin LukS-PV;leukocidin/hemolysin toxin subunit S 3.6 

 Stress response protein 

70 SK2B1554 sodM Manganese superoxide dismutase    3.8 

71 SK2B0905 asp23 alkaline shock protein 23 4.9 

72 SK2B2255 osmC Organic hydroperoxide resistance protein 4.0 

 Surface protein/ antigen 

73 SK2B1529 mycA Myosin-crossreactive antigen/oleate hydratase 3.6 

 Transcription 

74 SK2B0009 glnR Glutamine synthetase repressor 2.9 

75 SK2B0340 csbD sigmaB-controlled gene product 4.2 

76 SK2B1492 mecI Methicillin resistance repressor MecI 2.5 

77 SK2B1493 xylR xylose repressor homologue 3.5 

78 SK2B1556 gntR Predicted regulator for deoxynucleoside utilization, GntR family 2.8 

 Translation, ribosomal structure and biogenesis 

79 SK2B0049 rspN SSU ribosomal protein S14p zinc-independent 4.6 

 Uncharacterized/Hypothetical protein 

80 SK2B2704  Hypothetical protein 2.7 

81 SK2B1179  Hypothetical proteinl;Antibiotic resistance protein 3.3 

82 SK2B2470  Hypothetical protein 2.7 

83 SK2B2333  Hypothetical protein 6.9 

84 SK2B1798  Hypothetical protein  6.4 

85 SK2B1185  Hypothetical protein 5.8 

86 SK2B1297  Hypothetical protein; probable monooxygenase 5.2 

87 SK2B0339  Hypothetical protein 4.5 

88 SK2B0907  Hypothetical protein  4.8 

89 SK2B1875  Hypothetical protein ;Putative GTPases (G3E family) 4.5 

90 SK2B1191  Hypothetical protein 4.2 

91 SK2B0906  Hypothetical protein  4.5 

92 SK2B1800  Hypothetical protein  4.4 

93 SK2B0011  Hypothetical protein 3.6 

94 SK2B1530  Hypothetical protein  4.2 

95 SK2B1510  Hypothetical protein  3.5 

96 SK2B2565  Hypothetical protein 4.3 

97 SK2B2564  Hypothetical protein 4.2 

98 SK2B1546  Hypothetical protein  3.2 

99 SK2B0867  Hypothetical protein; putative NAD dependent epimerase 3.8 

100 SK2B1171  Hypothetical protein 3.7 

101 SK2B1547  Hypothetical protein  3.4 

102 SK2B1188  Hypothetical protein 3.5 

103 SK2B1347  Hypothetical protein 2.8 

104 SK2B2250  Hypothetical protein 2.9 

105 SK2B1517  Hypothetical protein;acetyltransferase  GNAT  family protein 2.8 

106 SK2B1512  Hypothetical protein  3.2 

107 SK2B0928  Hypothetical protein;truncated MHC class II analog protein 3.1 
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108 SK2B1511  Hypothetical protein  3.1 

109 SK2B1513  Hypothetical protein;ATPase 2.9 

110 SK2B0151  putative transporter 2.7 

111 SK2B1431  Hypothetical protein 2.8 

112 SK2B2251  Hypothetical protein 2.6 

113 SK2B2298  Hypothetical protein 4.1 
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Prolonged Growth of a Clinical Staphylococcus aureus Strain Selects
for a Stable Small-Colony-Variant Cell Type

Long M. G. Bui,a Peter Hoffmann,b John D. Turnidge,c Peter S. Zilm,d Stephen P. Kidda

Research Centre for Infectious Disease, School of Molecular and Biomedical Science, The University of Adelaide, Adelaide, Australiaa; Adelaide Proteomics Centre, School

of Molecular and Biomedical Science, The University of Adelaide, Adelaide, Australiab; SA Pathology, Women’s and Children’s Hospital, Adelaide, Australiac; Oral

Microbiology Laboratory, School of Dentistry, The University of Adelaide, Adelaide, Australiad

An undetermined feature of Staphylococcus aureus pathogenesis is its persistence and then relapse of disease. This has been
explained by its switch to alternative lifestyles, mainly as biofilm or small-colony variants (SCVs). Studying the native character-
istics of SCVs has been problematic due to their reversion to the parental lifestyle. We have observed that for a number of S. au-
reus strains as they switch to an SCV lifestyle, there is the formation of an extracellular matrix. We focused our analysis on one
strain, WCH-SK2. For bacterial survival in the host, the combination of low nutrients and the prolonged time frame forms a
stress that selects for a specific cell type from the population. In this context, we used steady-state growth conditions with low
nutrients and a controlled low growth rate for a prolonged time and with methylglyoxal. These conditions induced S. aureus
WCH-SK2 into a stable SCV cell type; the cells did not revert after subculturing. Analysis revealed these cells possessed a meta-
bolic and surface profile that was different from those of previously described SCVs or biofilm cells. The extracellular ma-
trix was protein and extracellular DNA but not polysaccharide. The SCV cells induced expression of certain surface pro-
teins (such as Ebh) and synthesis of lantibiotics while downregulating factors that stimulate the immune response
(leucocidin, capsule, and carotenoid). Our data reveal cell heterogeneity within an S. aureus population and under condi-
tions that resemble long-term survival in the host have identified a previously unnoticed S. aureus cell type with a distinctive
metabolic and molecular profile.

Staphylococcus aureus has an incredible ability to survive, either
by adapting to environmental conditions or defending against

exogenous stress. In part, this ability is provided by the breadth of
lifestyles or modes of growth S. aureus can adopt. Key to an un-
derstanding of chronic, persistent, and relapsing S. aureus infec-
tions is determining the basis for their switch to quasi-dormant
lifestyles. Across different bacterial species, these alternative life-
styles form a population known as persister cells (1). It has been
proposed that while within their host, a subpopulation of S. aureus
survives host-generated and therapeutic antimicrobial stresses by
inducing biofilm growth on host tissue or by growing as small-
colony variants (SCVs). It is likely this is not an on-off switch,
from planktonically growing cells to a biofilm or likewise to SCVs,
but a continuum of cell types; the bacterial population will have
the potential for a diverse range of lifestyles defined by different
metabolic pathways and surface structures. In a multicellular bio-
film, the metabolically quiescent bacterial community produces a
highly protective extracellular polymeric substance (EPS). The
EPS is variously composed of polysaccharides (mainly the ica
operon-encoded polysaccharide intercellular adhesin [PIA]), ex-
tracellular DNA (eDNA), and protein, and its protection results in
persistent bacterial infections (2). S. aureus forms biofilms in dif-
ferent human tissues, and to some degree its associated EPS has
been studied (3, 4). In clinical settings, SCVs of S. aureus have been
observed for many years (5). When cultured, these cells form non-
pigmented colonies that are ca. 10 times smaller than their coun-
terparts on agar plates. They have long been associated with per-
sistent infections, with intrinsic resistance to antibiotics, and with
relapsing infections by S. aureus (6, 7). Largely it is difficult to
clearly study these variants or to define their native properties
because they readily revert to their parental cell type. Mutations in
hemin and menadione biosynthesis (hemB and menA) have pro-

duced laboratory-generated SCVs, and these and other mutations
have been studied (8–11). There have now been enough studies to
implicate a breadth of potential pathways involved at some level in
the development of SCVs as a response to harsh conditions, ribo-
somal proteins, RNA processing, stringent response, aerobic/an-
aerobic growth pathways, reduced virulence factors, and an
intracellular life cycle. (These ideas are excellently reviewed in
references 12 and 13.) The presence of gentamicin also impedes S.
aureus metabolism and results in SCVs. Both methods do result in
stable forms of SCVs, but these are artificially generated. Various
genotypic factors (single nucleotide polymorphisms, mutations,
and gene deletions) have now been identified to attempt to char-
acterize S. aureus SCVs (10, 14–16). S. aureus SCVs have now been
clearly associated with different diseases, and importantly these
include chronic infections, such as those in patients with cystic
fibrosis, chronic rhinosinusitis, endocarditis, and chronic osteo-
myelitis (17–19). In the context of bacterial survival, what has
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been shown to be a key part of these chronic infections is
the long-term nature of infection and time-dependent genetic
changes (20). Also important are the physical and chemical na-
tures of conditions of the niche and how the bacteria are able to
grow under these conditions. For S. aureus and their SCVs, in the
context of the lung and during colonization of the nasal passage, it
is known that nutrients will be limiting (hypoxia and iron limita-
tion, for instance) but also there will be antimicrobial agents and
interspecies competition (21, 22). For nasal carriage, for example,
there are no common genetic or phenotypic traits that define a
successful colonizing S. aureus strain from one that is unable to
colonize. In addition to this, there are host factors and the micro-
biome of the nasal passage (23, 24). Certainly bacterial growth is
inhibited by this combination of factors in the nasal passage,
which means bacterial growth is slow. The chemical components
of host tissue have been analyzed, and the exact parameters of
bacterial growth in the host have to some extent been studied (21,
25–27). In the lung, the ability of an infecting bacterial species to
grow (and its consequent growth rate) will be determined by host
factors, such as the immune response (28) and other bacteria pres-
ent (29). For Streptococcus pneumoniae, there have been different
calculations of its growth rate in the lung (27, 30), but a doubling
time between 2 and 3 h seems likely. From studies with S. aureus in
the host, there is large variation in the growth rates. In the lung, it
has been suggested that while S. pneumoniae does colonize, it has
a very low growth rate and may only have a doubling time close to
or even more than 24 h; in osteomyelitis, the generation time can
be between 8 and 24 h (25, 26). In studies on the lungs of cystic
fibrosis patients (where S. aureus SCVs are present), there are
strain-specific traits that allow adaptation to the lung over a pro-
longed time frame (these have reinforced this time factor as being
important), and with sites around the anatomically heterologous
lung tissue, bacteria will encounter various levels (starting from
no response) of the immune response and interspecies competi-
tion, antibiotics, as well as hypoxia and nutrient starvation (31,
32). In the nasal passage and the lung, there will be low nutrients,
and the bacterial growth will be low. When bacteria are within a
host niche, either during colonization or when existing in a state of
persistence, there are factors such as the nutrient level and subse-
quent bacterial growth rate and the impact of the milieu of chem-
icals that are vastly different from those when bacteria are in batch
culture growth. S. aureus, with or without an immune response,
will encounter these factors as an environmental stress and there-
fore be under the selective pressure of limiting nutrients and low
growth rate, and then the prolonged time frame will be important.
Continuous culture has been recognized as providing these con-
ditions; independent of growth phase (33, 34). While tissue cul-
ture, animal models, and bacterial culture conditions will permit
the survival and study of certain types of S. aureus cells, they will
omit others. The use of a chemostat to allow prolonged growth
analysis of S. aureus with the stresses of low nutrient and low
growth rate will permit other cell types to exist in the population.
Based on the literature on S. aureus growth in host infections
discussed above, the combination of a prolonged time component
with limiting nutrients and a low growth rate would be relevant to
a study of S. aureus SCV development.

MATERIALS AND METHODS
Bacterial strains and batch growth conditions. Clinical isolates were ob-
tained from patients’ samples at the Women and Children’s Hospital

(Adelaide, Australia). Staphylococcus aureus WCH-SK2 is a blood isolate.
For routine growth, bacterial cultures were incubated overnight at 37°C in
5% CO2 on tryptone soya broth (TSB) (Oxoid, Melbourne, Australia)
with 1.2% agar. Cells were inoculated into 10 ml TSB broth in a 100-ml
flask and incubated at 37°C with shaking (200 rpm) overnight.

Analysis in batch culture of SCV colony type and growth kinetics. To
screen clinical isolates for small-colony variants (SCVs), bacterial strains
were grown in 10 ml TSB for 8 h, and 20, 50, and 100 �l were plated onto
chemically defined medium (CDM) (35), Columbia blood agar (Oxoid
Melbourne, Australia), or TSB and incubated overnight at 37°C in 5%
CO2. Colonies were observed at 24 h and then left to incubate for a further
24 h to allow the development of SCVs. Colonies were measured at these
fixed time points and classified into non-SCVs or SCVs. The batch re-
sponse to methylglyoxal was determined by growing the bacteria in pre-
culture for 1 to 2 h and inoculating them into a 96-well plate with various
concentrations of the specific chemical stress (such as methylglyoxal).
These were incubated overnight in an incubating plate reader with shak-
ing at 37°C (BioTek ES260), and the optical density at 630 nm (OD630)
was assessed every 0.5 h. Each assay was performed in triplicate. Cells were
then plated as described above, and colony type was assessed.

For analysis of the growth requirements and subsequent growth kinet-
ics of S. aureus WCH-SK2, we established a highly chemically defined
medium (CDM) that was based on the published HHW medium for slime
production by coagulase-negative staphylococci (35). We placed the
CDM constituents into defined groups (see Table S1 in the supplemental
material), and bacteria were inoculated from an overnight preculture into
CDM containing various amounts of certain amino acids or glucose. The
culture was grown at 37°C (200 rpm) for 24 h, and growth was monitored
by measuring the OD600 at 1-h time points. It is established that the amino
acids arginine, proline, and glutamic acid are required for S. aureus
growth, so these were added to CDM at increasing concentrations. Ac-
cordingly the concentrations of the three amino acids and glucose were set
so that growth rate (�) was proportional to the dilution rate (D) of CDM
into the chemostat culture vessel (Fig. 1) (36). We could then change the
growth rate relative (�rel) to the organism’s maximum growth rate
(�max). The �max was determined by growing WCH-SK2 under batch
culture in the chemostat using the modified CDM. The �max or maximum
generation time (Tg) in the log phase was 1.03 h. Using the relationship
Tg � ln2/D, we initially maintained WCH-SK2 at a growth rate of �rel �
0.75 (Tg � 1.37 h) for 10 generations. We then changed the growth rate to
�rel � 0.15 (Tg � 6.87 h) and allowed the culture to reach the steady state.
These two growth rates were chosen because within the host and most
anatomical niches there is likely to be a change in the availability of nutri-
ents during colonization and the transition from health to disease. The
initial analysis revealed that when grown under continuous culture, S.
aureus WCH-SK2 produced a mixture of large colonies and SCV colonies,
and the proportion of SCVs increased dramatically from 1 to 3% (�rel �
0.75) of the population to 20% at �rel � 0.15 (Fig. 2A).

Determination of the MIC of methylglyoxal. The MIC of methyl-
glyoxal was assayed using the broth microdilution technique for MIC de-
termination for antibiotics. In brief, 5 �105 CFU were inoculated into
each well (of a 96-well plate) containing 250 �l of CDM, and the added
methylglyoxal was diluted with a dilution factor of 1/4. The MIC value was
recorded as the lowest concentration at which there was no visible bacte-
rial growth. One hundred microliters from the wells was plated on tryp-
tone soya agar (TSA), and the number of CFU/ml was assessed.

Continuous culture growth in chemostat. Starter cultures of S. au-
reus WCH-SK2 were grown in 20 ml of TSB as described above. This was
directly inoculated into the chemostat (BioFlo C30; New Brunswick Sci-
entific, Edison, NJ), with a working volume of 365 ml. The culture was
grown under batch conditions to assess the maximum growth rate during
log phase. The medium pump was then switched on to initiate continuous
culture. Samples were taken from the chemostat and plated onto TSB agar
after serial dilution to determine cellular viability (CFU/ml). When the
culture had reached the steady state (10 generations), the growth rate (�)
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was equal to the dilution rate (D) of the medium flowing into the culture
vessel. Based on the equation Tg � ln2/D, the medium flow rate was
initially set to 182.5 ml/h, where D � 0.50 h�1 and Tg � 1.37 h (�rel �
0.75), and the culture was allowed to reach the steady state once again. The
dilution rate was then reduced to give �rel � 0.15 (D � 0.10 h�1 and Tg �
6.87 h). This lower growth rate was used as the best representation of the
expected in vivo growth (37).

Samples were taken each day and were plated to determine CFU/ml
and assess colony phenotype and for scanning electron microscopy (SEM)
analysis and biofilm assays. The initial study monitored the growth for 10
days, moving from batch culture to continuous culture at the higher
growth rate followed by the low growth rate. The subsequent experiment
monitored the bacteria over 60 days, adding the methylglyoxal chemical

stress at day 30 (0.0078%). This concentration was a sublethal dose in the
batch culture. Methylglyoxal was added to the growth medium reservoir,
and therefore the concentration slowly increased in the culture vessel over
time. At day 10 after methylglyoxal was added at 0.0078%, the concentra-
tion in the growth medium was increased to 0.031% methylglyoxal
(which is higher than the MIC). The growth and phenotype of the bacteria
were monitored until day 60.

SCV characterization. Quantitative assessment of SCVs was per-
formed by measuring the colony size after plating on TSA plates after 48 to
72 h of incubation. SCVs were defined variants producing colonies with a
diameter of �1 mm (1/5 to 1/10 the normal size of colonies) with reduced
pigmentation and hemolytic activity (38). The percentage of SCVs within
the population was determined by the number of SCVs per total number
of colonies (CFU/ml). The colonies with a size of �1 mm with pigmen-
tation were recorded as normal colonies.

Species identification of SCVs. To confirm the identity of small col-
onies as S. aureus and not contaminants, 16S rRNA gene sequencing was
applied to SCVs and normal colonies. The genomic DNA of these colonies
was extracted and purified using the Wizard Genome DNA purification
kit (Promega). The Universal 16S rRNA gene primers used for PCR were
27F (AGAGTTTGATCMTGGCTCAG) and 1492R (TACGGYTACCTTG
TTACGACTT). The PCR products were purified and sequenced by the
IMVS Royal Adelaide Hospital. The sequences obtained were checked on
BLAST/NCBI to determine the identification. All cells were identified as S.
aureus.

Determination of reverted SCVs. SCVs were tested for reversion by
subculturing individual colonies onto TSA plates overnight under non-
stress conditions (37°C, 48 to 72 h). The capacity of the SCV colonies to
revert to normal large colonies was recorded if there was the change in size
(diameter of �1 mm, pigmented, and hemolytic). Colonies that matched
the SCV criteria underwent several cycles of subculturing on TSA plates.
Stable SCVs were assessed as remaining as SCVs after 10 cycles of subcul-
turing.

SEM. Scanning electron microscopy (SEM) was performed on bacte-
rial samples taken at the described at time points from the chemostat and
compared to batch-grown cells and cells stressed with methylglyoxal. The
bacterial cells were filtered through 0.2-�m-pore Whatman filter, and the
filter paper was then fixed with fixative solution (4% paraformaldehyde,
1.25% glutaraldehyde in phosphate-buffered saline [PBS] plus 4% su-
crose [pH 7.2]). Filter papers were then washed with PBS– 4% sucrose and
postfixed for 1 h with 0.1% osmium tetraoxide before undergoing 10-min
dehydration steps in 70%, 90%, and 100% ethanol baths. The samples
were then dried (Bal-tec critical point dryer CPD030) and mounted on a
stub for coating with platinum. The images were then examined using a
Phillips XL30 field emission scanning electron microscope.

Biofilm assay. The ability of the different cells to form a biofilm was
assayed using a standard 96-well polystyrene plate assay (2). Mid-expo-
nential-phase (OD600, 0.5 to 0.8) S. aureus cells were inoculated into 250
�l TSB and incubated for 24 h at 37°C with shaking. Planktonic cells were
removed by washing, and biofilm cells were visualized by staining with

FIG 1 Growth requirements of S. aureus strain WCH-SK2. Growth-limiting
nutrients were determined by changing the concentrations of arginine, glu-
tamic acid, and proline (A) and then glucose (B) in CDM. The final concen-
tration of ingredients in the CDM used is shown in Table S1 in the supple-
mental material. The growth increased proportionally to the increased
concentrations of the three amino acids (AA) and glucose.

FIG 2 The growth rate in CDM alters colony type. Colonies observed from S. aureus WCH-SK2 cells grown in batch culture were large pigmented colonies, and
with a growth rate of �rel � 0.75, the pigmentation was reduced. A growth rate of �rel � 0.15 produced small, nonpigmented colonies ranging in size from 3 mm
to �1 mm. The growth in a chemostat over time naturally selects for SCV cells in the population.
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0.1% crystal violet. Ethanol-acetone (20:80 [vol/vol]) was added, and
OD630 values were read (Biotek EL808 spectrophotometer). Each sample
was performed with eight replicates. The values presented are an average,
and errors are presented as the standard deviation (SD).

Determination of components of the extracellular matrix. To iden-
tify the extracellular DNA (eDNA), SYTO 9 (green) and propidium iodide
(PI [red]) (BacLight bacterial viability kit; Molecular Probes, Life Tech-
nologies) were mixed and diluted following the manufacturer’s instruc-
tions. Alexa 488-conjugated lectins (Molecular Probes, Life Technologies)
were used to characterize the polysaccharide component of the EPS ma-
trix. This consisted of 5 fluorescently conjugated lectins, including conca-
navalin A (50 �g/ml), lectin GS-II from Griffonia simplicifolia (100 �g/
ml), wheat germ agglutinin (100 �g/ml), lectin PNA (50 �g/ml) from
Arachis hypogaea (peanut), and lectin SBA (50 �g/ml) from Glycine max
(soybean). Three microliters of PI was added per ml of the lectin cocktail
to differentiate between eDNA and polysaccharide.

After staining, samples were incubated in the dark for 15 to 30 min and
then were applied as spots on glass slides and viewed with an Olympus
IX-70 microscope using a 100� objective. Fluorescence and phase-con-
trast images were captured, and false colors were merged with the Meta-
morph software program (version 7.7.3.0; Molecular Devices).

Transcriptomics. Whole-cell gene expression profiles were compared
using transcriptome sequencing (RNA-seq) techniques. Samples in-
cluded batch culture cells, the SCV population from the chemostat with
0.0078% methylglyoxal, and the stable SCV cells produced from the che-
mostat with 0.031% methylglyoxal. To prevent RNA from degradation,
cells were directly added to RNAProtect (Qiagen). The ratio used was 1:1
1/5 of the total cell culture volume to RNAProtect. This was left on ice for
2 h before being centrifuged (4,000 � g) for 5 min at 4°C, and then the
supernatant was discarded. The cell pellet was kept at �80°C for RNA
extraction. RNA was extracted using RNAeasy minikit according to the
RNAeasy minikit standard protocol (Qiagen). The RNA quality of the
samples was checked with the Agilent Bioanalyzer according to the Agilent
RNA 6000 Nano kit standard protocol: samples were loaded into the RNA
Nano chip and run using an Agilent 2100 Bioanalyzer. For each sample,
three biological replicates of cell growth, harvesting, and RNA extraction
were performed. The RNA was pooled and provided to the Adelaide Can-
cer Genomic Research Facility (Adelaide Australia) for library prepara-
tion and sequencing (RNA-seq) using the Ion Proton platform (Ion Tor-
rent; Life Technologies).

The analysis pipeline used Bowtie2 (39) to align reads from both sam-
ples to the S. aureus NCTC8325 reference genome (GenBank accession
no. NC_007795), followed by processing with SAMtools and BEDTools to
generate a mapped read count for the reference genes from each sample.
Differential expression analysis was performed using the R program
within the package edgeR and DESeq. Based on the analysis with R, the
genes that were statistically significant using the Benjamini-Hochberg
procedure with a false discovery rate controlled at �0.1 were recorded in
the Results section.

Membrane proteomics. The growing cells sampled from the chemo-
stat were pelleted by centrifugation (8,000 � g) for 10 min at 4°C and then
washed twice with ice-cold (TBS) buffer (50 mM Tris, 150 mM NaCl [pH
8.0]). The cell pellets were resuspended in lysis buffer containing 50 mM
Tris, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 U RNase, and 40 U
DNase (Sigma, St. Louis, MO). The cells were then lysed using two cycles
through a French pressure cell (SLM Aminco, Inc., Australia) at 12,000
lb/in2, and the lysate was kept at room temperature for 30 min and then
centrifuged twice (8,000�g at 4°C for 10 min). The supernatant was collected
and stored at �20°C. The protein concentration was measured using a Nano-
Drop spectrophotometer (Thermo Scientific, Waltham, MA).

The protein extract was pelleted by centrifugation at 45,000 � g for 1
h to pellet the membranes. The supernatant was discarded, and the crude
membrane protein was resuspended in 1 ml of carbonate buffer (200 mM
Na2CO3 [pH 11.0]) and then incubated for 1 h on ice with intermittent
mixing every 15 min using an insulin syringe. Following incubation, solid

urea was added to a concentration of 8 M, and the protein reduction was
performed at 50°C in 5 mM tris(2-carboxyethyl) phosphine hydrochlo-
ride for 30 min followed by alkylation in 10 mM iodoacetamide in the
dark for 15 min at room temperature. Proteinase K was then added in an
enzyme/protein ratio of 1:50 followed by incubation for 15 to 18 h in a
ThermoMixer (37°C at 200 rpm). One volume of 10% acetonitrile in
water was added before the solution was cooled on ice for 15 min. Follow-
ing centrifugation for 1 h (45,000 � g at 4°C), the supernatant was dis-
carded. To remove residual urea, the pellet was rinsed with 50 mM trieth-
ylammonium bicarbonate (TEAB [pH 7.8]) buffer and again centrifuged
(45,000 � g at 4°C for 1 h). For the chymotrypsin digest, the pellet was
resuspended in 200 �l of digestion buffer (50 mM TEAB [pH 7.8], 10 mM
CaCl2, 0.5% RapiGest [Waters, Milford, MA]) before 4 �g (�40 U/mg)
chymotrypsin (Sigma) was added. The digestion was carried out while
shaking (200 rpm) at 30°C for 6 to 10 h. The sample was centrifuged
(20,000 � g) three times for 15 min at 4°C, each time keeping the super-
natant that contained the peptides produced by the chymotryptic digest.
Two microliters of isotope-coded protein label 0 (ICPL0) was added to the
digested peptides from the naturally stable SCVs (nsSCVs) at 0.031%
methylglyoxal, and 2 �l of ICPL6 (ICPL duplex kit; Serva, Germany) was
added to the digested peptides from cells from batch culture. Argon was used
to overlay both samples. The samples were vortexed for 30 s and then soni-
cated for 1 min. The samples were then incubated for an hour at room
temperature. The samples were incubated for another hour at room tem-
perature. Two microliters of the STOP solution (Serva ICPL duplex kit)
was added, and the mixture was incubated at 20 min to destroy excess
reagent.

The two ICPL-labeled samples were then pooled and cleaned using a
C18 spin column. The resulting peptide mixture was then prepared for
liquid chromatography-tandem mass spectrometry (LC-MS/MS) by cen-
trifugal lyophilization and resuspension in 0.1% trifluoroacetic acid
(TFA)–5% CH3CN.

Peptides were separated on a high-performance liquid chromatogra-
phy (HPLC) system (Thermo Scientific) using a Thermo Scientific sepa-
ration column (Acclaim PepMap RSLC) (C18; pore size, 100 Å; particle
size, 2 �m; 75-�m inside diameter [i.d.] by 15-cm length) and a Thermo
Scientific Acclaim PepMap100 trapping column (C18; pore size, 100 Å;
particle size, 3 �m; 75-�m i.d. by 2-cm length). The HPLC system was
coupled to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific, Berman, Germany), using the following buffer system: buffer A, 2%
acetonitrile (ACN) plus 0.1% formic acid (FA) in water; buffer B, 80%
ACN plus 0.1% FA in water. For in-line desalting and concentration, 2 �l
of the sample was loaded onto the trap column and then washed for 5 min
with 100% buffer A at a flow rate of 5 �l/min. Peptides were eluted at a
flow rate of 300 nl/min with the following gradient: 4% buffer B for 10
min, gradient to 40% B over 115 min, gradient to 60% B over 10 min,
gradient to 90% B over 5 min, 90% B for 5 min, gradient from 90% to 4%
B in 30 s, and 4% B for 30 min. The effluent from the HPLC column was
directly electrosprayed into the mass spectrometer. The LTQ Orbitrap XL
instrument was operated in data-dependent mode to automatically switch
between full-scan MS and MS/MS acquisition. Instrument control was
through Thermo Tune Plus and Xcalibur software (Thermo Scientific).
Full-scan MS spectra were acquired over the m/z range 300 to 2,000. In
each scan, the six most abundant peptide ions with charge states of �2
were sequentially isolated and subjected to collision-induced dissociation
(CID).

The raw data file was first converted into the open mzXML format and
subsequently to mgf using MSConvert. The mgf file containing CID spec-
tra was then submitted to MASCOT (version 2.3.02; Matrix Science, Inc.,
Boston, MA) for peptide identification. The mzXML file was processed for
determination of ICPL6/ICPL0 ratios using ICPL-ESI Quant (Max Planck
Institute for Biochemistry).

RNA-seq accession number. The RNA-seq data discussed in this pub-
lication have been deposited in NCBI’s Gene Expression Omnibus (55)
and are accessible through GEO Series accession number GSE63750.
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RESULTS AND DISCUSSION
The development of S. aureus SCV is linked to cell-cell interac-
tions. We previously screened a set of 79 S. aureus isolates for their
ability to form SCVs (40). This includes 72 clinical isolates (Wom-

en’s and Children’s Hospital; WCH-SK1 to WCH-SK72) and 7
reference strains (strains previously studied: the USA300 linage
strain JE2, Mu50, Mu3, NCTC8325, COL, Newman, and Sanger
252). We used a range of chemicals that would be present in some

FIG 3 Prolonged steady-state growth induces SCV in S. aureus WCH-SK2. (A) Growth observed over 60 days in continuous culture. Cell numbers (CFU/ml)
were enumerated each day, as was the percentage of SCVs in the population (blue bars). Data are given as means � standard deviation (SD) (n � 3 replicates).
Methylglyoxal (0.0078%) was added at day 30 (red bars). At day 50, methylglyoxal was increased to 0.031% (green bars). Photographs show representative
colonies on TSA plates (right panel) and cells by SEM at 12,000� (middle panel) and 35,000� (left panel), as observed from day 1 (B), day 20 (C), day 35 (D),
and day 50 (E).
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contexts in the host-pathogen environment: methylglyoxal, gly-
colaldehyde, glyceraldehyde, acrolein, paraquat, hydrogen perox-
ide, and S-nitrosoglutathione (GSNO). Under these conditions,
26.6% of the strains induced biofilm under stress, and 60.3% of
the strains switched to SCV forms under stress (40). We now have
observed the cells (by SEM) of the strains that did induce an SCV
cell type when treated with the different chemical stresses (see Fig.
S1 to S3 in the supplemental material). We unusually observed
that the activities associated with the development of SCV were
cell-cell interactions (or an extracellular matrix). This occurred in
more than 55% of the SCV strains observed. We chose one of these
strains (WCH-SK2) for a deeper analysis of the development of
SCV and a characterization of the SCV state.

The growth requirements of S. aureus WCH-SK2. We chose
one strain (WCH-SK2) to study its development of SCV and then
to maintain the SCV cells for analysis. To achieve this, we aimed to
grow the cells under conditions that permitted control of growth

TABLE 1 MIC of methylglyoxal for S. aureus WCH-SK2 in batch
culture

Methylglyoxal MIC
(% [wt/vol]) Mean OD630 Viabilitya

0.5 0.052 �
0.25 0.051 �
0.125 0.053 �
0.06 0.052 �
0.03 0.055 �
0.015 0.06 	
0.008 0.11 	
0.004 0.26 	
0.002 0.48 	
0.001 0.45 	
0.0005 0.45 	
0 0.46 	
a �, not viable; 	, viable.

FIG 4 The S. aureus WCH-SK2 SCV cells from the chemostat in the presence of methylglyoxal produce stable SCVs. (A) After addition of 0.031% methylglyoxal
to the chemostat (day 50), the population was represented by approximately 80% SCVs (SCV-type colonies) and larger colonies (Non-SCV colonies [still
nonpigmented colonies]). These were separately assessed. Growth was assayed in complex, rich medium (TSB) and the CDM used in the chemostat. The
SCV-type colonies displayed a low growth rate. (B) After several cycles of subculture, the SCV type cells remained as small colonies on agar plates (left panels);
these stable SCVs are the stable SCV cell type. The cells appeared the same size as the non-SCV cells but maintained the unique extracellular matrix (as viewed
by SEM at 35,000� [right panel]).
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parameters and growth rate, continuous culture in a chemostat.
We needed to study the cellular and physiological characteristics
of the S. aureus clinical isolate WCH-SK2 under specific growth
conditions. We then aimed to use growth-phase-independent and
nutrient-limiting conditions in a chemically defined medium
(CDM) in a chemostat. This initially required the determination
of its growth requirements. The CDM used was modified from
HHW (35) (see Table S1 in the supplemental material) by itera-
tively removing potential carbon, nitrogen, and energy sources
followed by the controlled addition of particular nutrients while
measuring changes in cellular yield (Fig. 1). This defined a specific
CDM to enable the growth rate of S. aureus WCH-SK2 to be ac-
curately adjusted during continuous culture in a chemostat. The
amino acids arginine, proline, and glutamic acid were essential for
growth, and when supplied in higher concentrations could also be
used to produce energy (ATP). Alternatively, when the three
amino acids were present in low concentrations, the glucose con-
centration could also be adjusted to increase cellular yield and
maintain growth rate (Fig. 1).

Steady-state growth of S. aureus WCH-SK2. We initially grew
WCH-SK2 as a batch culture in the chemostat until the log phase
had been achieved, measuring growth rate and other features of
the growth (Materials and Methods). The medium pump was
then turned on, and growth was allowed to reach the steady state
(10 generations). Within a host niche, bacterial generation times
are broadly thought to range from 2 to 24 h (37), and consequently
bacterial systems that are functional are very likely to be vastly
different from those seen when the cells are growing near their
maximum growth rate in batch culture (41). We initially simply
controlled the growth rate (using a high growth rate of �rel � 0.75
and a low growth rate of �rel � 0.15) of S. aureus WCH-SK2 and
observed the effect on the colonies formed. Controlling the
growth rate altered the predominant colony type of the popula-
tion (Fig. 2). Cells grown in the steady state at a high growth rate
did not produce SCVs.

Long-term growth of S. aureus WCH-SK2 under limiting
conditions. It is acknowledged that successful colonization by S.
aureus requires growth in the host environment for prolonged
periods. We therefore undertook an analysis of growth of S. aureus
WCH-SK2 in a long-term, steady-state study using low nutrients
and a low growth rate and then introducing methylglyoxal, a res-
ident chemical stress. Methylglyoxal is inevitably present in the
host-pathogen milieu of toxic chemicals, and this is with or with-
out an immune response (42).

We maintained the cells in steady-state (at �rel � 0.15) over
209 generations (60 days), adding the chemical stress (methyl-
glyoxal) at day 30 (Fig. 3). We had previously determined in batch
culture studies the MIC of WCH-SK2 to methylglyoxal (Table 1).
Over the first 30 days, the population changed in colony type from
large (4 to 5 mm in diameter) and either slightly pigmented or
nonpigmented to a mixture of nonpigmented colonies with diam-
eters of ca. 3 mm to smaller colonies with diameters ranging from
1 to 2 mm (Fig. 3). The proportion of SCVs within the bacterial
population stabilized at ca. 20% by day 30 (Fig. 3). We added
methylglyoxal at two concentrations. A concentration below the
MIC (0.0078%) was added, and while there was little effect on
cellular viability over the next 20 days (69.5 generations in Fig.
3A), there was an increase in SCVs within the population. At day
50, the concentration of methylglyoxal was increased to a level
exceeding the MIC (0.031%) (Fig. 3A). At this concentration,

FIG 5 The extracellular matrix of stable SCV cells contains eDNA. S. aureus
WCH-SK2 cells were observed under phase-contrast microscopy (100� [right
panel]) and stained for matrix (visualized by fluorescence microscopy [left
panel]). Cells were taken from batch culture (A), on day 30 with 0.0078%
methylglyoxal (B), and on day 50 with 0.031% methylglyoxal (C). Cells were
stained with propidium iodide (PI [red]) to identify dead cells or eDNA and
SYTO 9 (green) to identify live cells. Yellow or orange indicates a mixture of
these components. Batch culture cells (D), cells with 0.0078% methylglyoxal
(E), and cells with 0.031% methylglyoxal (F) were then stained with PI and
Alexa 488-conjugated lectins for polysaccharides. Green indicates the presence
of polysaccharides. The predominate red color reveals eDNA with limited
polysaccharide.
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there was a large increase in SCVs. The addition of the chemical
stress appeared to cause an initial fall in cell viability before recov-
ering. This suggests that there had been a selection for a cell type
that favored cells with an ability to continue to grow under these
conditions with a concentration of methylglyoxal above the MIC.
Despite this stress, there was continued growth, now with a per-
centage of SCVs of almost 80% and cells covered in an extracellu-
lar matrix (Fig. 3A). Even before the addition of methylglyoxal on
day 30, there was some observed extracellular matrix (Fig. 3C). It
should be noted that we have performed a separate study using a
continuous culture growth analysis with a high growth rate: there
was little or no production of SCVs, and cells were killed by the
addition of methylglyoxal at the higher concentration (0.03%
[data not shown]). The SCV cells taken from bacterial population
in the chemostat within this time frame reverted during subcul-
turing to the parental cell type. However, after addition of meth-
ylglyoxal (post-day 50), the SCVs did not revert and remained as

SCVs over several subcultures: these cells are a stable SCV cell
type. The combination of stresses favored S. aureus to be in this
stable SCV state. The process we have applied (consistent with
colonization and infection), involving low nutrients and low
growth rate, has enabled the inherently slow-growing SCVs to
compete in the population, and further stresses (methylglyoxal
and time) have selected for a specific cell type to become dominant
in the population. The stable SCV cells did not appear as smaller
cells (Fig. 3E), but after specifically taking the smaller colonies
from the population (at day 55), we observed that these stable SCV
cells had a lower growth rate (Fig. 4A).

The S. aureus WCH-SK2 stable SCV cells are covered in an
extracellular matrix. Having induced and then generated a stable
SCV cell type in WCH-SK2, we were then uniquely able to study
its characteristics. It should be noted that the other strains (such as
NCTC8325) that showed a chemically induced SCV form and
cell-cell interactions (or extracellular matrix [see Fig. S1 to S3 in

FIG 6 The extracellular matrix of the stable SCV cells contains eDNA and protein. The stable SCV S. aureus WCH-SK2 cells were grown in batch culture, and
the presence of its extracellular matrix was confirmed before treatment with increasing amounts of either DNase or proteinase K. Cells were observed under
phase-contrast microscopy (100� [left panel]) and stained with PI (red) and SYTO 9 (green) for fluorescence microcopy (middle panel). The cells were also
examined under SEM (12,000� [right panel]). The extracellular matrix is seen before treatment and is increasingly removed by addition of either DNase or
proteinase K. The number of viable cells (CFU/ml) remains constant during treatment.
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the supplemental material]) could not accurately be assayed as
they reverted to their non-SCV form during the experiments. Cell
samples were taken from the chemostat each day of the 60-day
experiment, and examination of the cells (SEM) revealed the for-
mation of an extracellular matrix (Fig. 3B to E). The stable SCV
cell community (at days 50 to 60) was embedded within this ma-
trix (Fig. 3E). This extracellular matrix was maintained during
subsequent subculturing (on TSB agar plates) and was observed in
the smaller colonies sampled and noted to be stable beyond day 50
(Fig. 4B). This is a different feature from previous observations on

SCVs. There are some reports from studies using a menadione-
auxotrophic SCV suggesting increased cell aggregation by S. au-
reus SCVs. Singh and coworkers showed an increase in polysac-
charide intercellular adhesin (PIA) in the SCV (43), which was
tightly coupled to biofilm production under the growth condi-
tions they used. Thymidine-dependent SCVs have also been ob-
served under SEM and showed a linking between cells that was
interpreted as impaired cell separation (9). The results from both
of these reports are different from what we have seen from steady-
state growth with a prolonged time frame. In contrast to these
results, the stable SCV cells that were allowed to grow under
steady-state conditions possess a distinct extracellular matrix cov-
ering a population of aggregated cells (Fig. 3E). All of these studies
are in vitro analyses, and it should be kept in mind they represent
an aspect of the complex nature of the conditions that exist in the
host.

The SCV extracellular matrix is eDNA and protein, not poly-
saccharide. We assessed the composition of the SCV extracellular
matrix for DNA, polysaccharide, and then intra/extracellular
DNA (Fig. 5). eDNA is clearly associated with this matrix, but
polysaccharide was only linked to cells and certainly not the ma-
trix. This is a distinction from other similar cell aggregates and
most S. aureus biofilms (43). Treatment of the stable SCV cells
with either DNase or proteinase dispersed the cell aggregate and
removed the matrix (as seen in SEM and by DNA-specific stain-
ing) (Fig. 6). It is noteworthy that these enzymes separately re-
moved the matrix, suggesting an essential interplay by these com-
ponents. This matrix and these cells are clearly distinct from what
is seen in biofilms. The EPS of S. aureus biofilms is known to be
composed of eDNA and polysaccharides (specifically, PIA [44]),
although polysaccharide is not always present. Other studies have

FIG 7 The S. aureus WCH-SK2 stable SCV cells are linked to biofilm forma-
tion. The abilities of WCH-SK2 cells to produce a biofilm were compared
when grown in batch culture or taken from the chemostat (i.e., the stable SCV
population, labeled “nsSCVs,” and then specifically the small colonies from
this population subcultured through several cycles, labeled “Small colonies”).
The stable SCV cells were also assayed after treatment with increasing amounts
of DNase and proteinase K.

FIG 8 Changes in the S. aureus WCH-SK2 transcriptional profile through transition from batch culture cells to SCVs and then a stable SCV population. Shown
is a transcriptomics comparison of the whole-cell gene expression in both the SCV population (cells taken from the chemostat with 0.0078% methylglyoxal [top
panels]) and the stable SCV cell type (0.031% methylglyoxal [bottom panels]) compared to batch culture cells. Genes with a significant differential expression
were placed in a functional category. The values represent the numbers within a category as a percentage of the total number of genes with change in expression
within a set: either upregulated (left panels) or downregulated (right panels).

Bui et al.

478 iai.asm.org February 2015 Volume 83 Number 2Infection and Immunity

 on February 22, 2015 by U
N

IV
E

R
S

ITY
 O

F A
D

E
LA

ID
E

 LIB
R

A
R

Y
http://iai.asm

.org/
D

ow
nloaded from

 



shown that in different biofilm phenotypes, there is expression of
adhesive proteins, such as biofilm-associated protein Bap (45),
accumulation-associated protein Aap, surface proteins SasG and
SasC, and fibronectin binding proteins, FnBPA and FnBPB.

Stable SCV cells are a distinct cell type but are linked to the
biofilm phenotype. The stable SCV cells were assayed for biofilm
formation and did show an increased biofilm formation that was
reversed by removing the matrix (Fig. 7). While the stable SCV
cells (which were growing planktonically in the chemostat beyond
day 50 in continuous culture) represent a distinct lifestyle, they
perhaps act as a precursor stage for a biofilm phenotype. Support-
ing this, the chemostat was left beyond day 60 for observation and
not sampling, and when observed at day 68 (15.1 generations be-
yond the final sample point at day 60), there was a dramatic shift in
cells in the chemostat to those that were pigmented and with cell
aggregates or flocs and the distinct formation of a biofilm
throughout the apparatus (data not shown).

The changes that are defining the switch to stable SCV. Using
a transcriptomics approach (on batch culture-grown cells com-
pared to the chemostat SCVs (day 30) and the stable SCVs (day
55) (Fig. 8; see Tables S2 to S5 in the supplemental material), we
determined there was an induction in stable SCV cells of pathways
associated with metabolism (especially amino acid transport, bio-
synthesis, and catabolism) and surface proteins. Importantly,

there was no induction of any of the previously reported adhesive
proteins for biofilm cells, as mentioned above, or indeed those
proteins previously reported in S. aureus SCVs (46–48). Recently a
large, 1.1-MDa, (10,000 amino acids [aa]) surface protein known
as the host-extracellular matrix binding protein, EmbP or Ebh,
was identified as expressed in biofilm of Staphylococcus epidermi-
dis (49), and although not shown in S. aureus biofilm, it is involved
in S. aureus virulence (50). In the stable SCV cells, there was a large
increase (log2 5-fold) in Ebh expression. Furthermore, ebh mu-
tants were reported as larger cells, and Ebh has therefore been
linked to the cell size of S. aureus by its interference with pepti-
doglycan biosynthesis and stability (50). While the stable SCV
cells do not appear to be smaller cells, in terms of aggregation and
as a potential feature of the stable SCV extracellular matrix, the
induction of this large surface protein is significant. In addition,
we prepared membrane protein fractions from batch culture-
grown cells and chemostat-derived stable SCV cells, and these
were analyzed and compared (see Table S6 in the supplemental
material). In this membrane proteomics, Ebh showed an al-
most 5-fold increase in the stable SCV compared to batch-
grown cells—a validation of the transcriptomics data. There
were changes in the expression of other membrane proteins that
may also form part of the stable SCV matrix.

The profile of metabolic genes we have identified and indeed

FIG 9 Model for the development of the stable SCV cell type in S. aureus. Over time, and with the stress of limiting growth conditions, low growth rate, and then
the presence of a resident chemical stress, there is an increase in SCVs. This cell type is further developed to a stable SCV cell type, growing with a concentration
of chemical stress above the calculated MIC. These are enclosed in a matrix, and they induce the expression of lantibiotics (removing the parental S. aureus cells)
and repress the factors that would stimulate an immune response. Further time under this stress switches the cells to a biofilm.
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the induction of surface proteins, such as Ebh, have not previously
been seen in SCVs and are different from those of previous reports
(46–48). It is reasonable to postulate that Ebh is indeed a core
factor in the SCV lifestyle (perhaps, in particular the stable SCV
cell type) but was missed in previous studies. Furthermore, it is
potentially a factor in the unique extracellular matrix linked to the
stable SCV.

Also, previously not reported for SCVs, the stable SCV cells
included upregulation of the epiABC gene cluster, suggestive of its
production of the lantibiotic (small, nonribosomal peptide) epi-
dermin. Type A (I) lantibiotics act similarly to bacteriocins and
have a similar effect on sensitive bacteria, including other Gram-
positive bacteria and S. aureus itself. They have multiple modes of
bactericidal activity, mainly through the targeting of lipid II (51).
Slow-growing and stable SCV cells could therefore have an inher-
ent resistance (in addition to the resistance that is mediated by an
export pump, which was also induced in the stable SCV cells). This
indicates that during prolonged colonization, the stable SCVs
have the ability to persist in an anatomical niche and they use
lantibiotics to target their rapidly growing counterparts, ensuring
a reduced host-cell immune response. In addition, stable SCV
cells have downregulation in hemolysins, leukocins, capsule, and
pigment (see Tables S2 to S5 in the supplemental material). These
are all factors that interact or induce immune cell responses. Pre-
vious studies have shown that there is a quorum-sensing system,
the accessory gene regulator (agr) system, in S. aureus, and this is
central in the control of specific virulence factors (52–54). There
have been studies that report mutations in the agr system and
indeed mutations through the course of infection (54). In this
context, we have sequenced the DNA across this region in WCH-
SK2 cells taken from batch culture before the 60-day study and
then from a sample taken at day 55. The agr DNA sequence aligned
100% to those from reference strains, and there was no mutation
in this system as a consequence of the prolonged growth under
limiting conditions for 60 days (see Fig. S4 in the supplemental
material). The phenotypic variations we have reported are there-
fore not a consequence of mutations in agr. Taken together, these
data portray this stable SCV lifestyle as a quasi-dormant state with
altered energy metabolism and cell-surface components, poten-
tially acting as a stage before biofilm formation (Fig. 9).

Previous models of persistence by S. aureus have suggested the
generation of SCVs has been based on low growth rate, low mem-
brane potential, and lack of transport of antibiotics into the cell
(38). We have applied growth parameters replicating those en-
countered during the time frame for colonization in the host, and
using a clinical isolate, we have generated a stable SCV cell type.
Characterization of the properties of these cells indicated that the
cells remained at the same size but displayed a lower growth rate.
The cells were covered in an extracellular matrix, and the molec-
ular characteristics highlighted a quasi-dormant lifestyle, hidden
from the host’s normal responses, indicative of persister cells.
These observations may be central to the organism’s continued
survival and persistence in the host.
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