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Staphylococcal species are opportunistic pathogens known to cause an array of acute and chronic infections. The high
pathogenicity of these species is thought to be due to their remarkable capacity to rapidly adapt to changes in
environmental conditions. Bacterial response mechanisms for survival in changing environments involve metabolomic,
genomic, proteomic and structural adjustments within the cell. It has recently become apparent that substantial
heterogeneity exists within the bacterial population to maximise chances of survival of the species. This chapter will
highlight the role of rapidly changing compositions of metabolites and proteins as potential response mechanisms to
facilitate the survival of staphylococcal species following exposures to various environmental stressors. Such advanced
understanding of “phenomics” may help in the development of new strategies for antimicrobial chemotherapy.
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1. Introduction
Staphylococcal species are opportunistic pathogens which cause a wide range of acute and chronic infections. These
infections lead to high morbidity and mortality worldwide and thus pose a significant threat to animals and humans
alike [1]. It has been proposed that this high pathogenicity is due to their ability to rapidly adapt to changes in the
environment such as sudden changes in nutrient availability, pH, temperature, osmotic pressure and exposure to toxic
chemicals. An example of this adaptation is their ability to survive as fomites on inanimate surfaces such as medical
devices to facilitate successful transmission between human hosts [2]. Bacterial survival mechanisms involve alterations
in metabolism and protein turnover to optimise cell performance under the prevailing conditions. Adaptations of cells to
specific micro-environmental conditions may also lead to heterogeneity within the bacterial population, maximising
chances of survival [3-6]. One of the best examples of heterogeneity is the formation of small colony variants (SCVs)
that can occur following exposure to antibiotics [3] or environmental stressors such as cold stress [6]. SCV formation is
a common phenotypic shift mechanism used by staphylococci species in response to toxic chemical or cold stress
resulting in a more resilient phenotype which enhances survival of these species [6, 7]. This phenotypic conversion
coupled with the enhanced capacity for biofilm formation offer defence mechanisms for these bacteria against both the
host immune system and harsh environments [6, 8].These phenomena are thought to be due to the ability of the
organism to alter its metabolism and protein expression [9-12].
Over the past decade, metabolomic and proteomic techniques for investigating bacteria have been substantially
advanced, allowing a better understanding of integrated metabolism within cells and further insight into understanding
evolutionary and pathogenic mechanisms [13]. These studies have also provided a capacity to investigate the influences
of environmental stimuli on the cellular homeostasis via measures of changing profiles of metabolites and protein
concentrations under a range of environmental conditions [14]. Metabolomic and proteomic studies indicated that subtle
alterations in protein composition provided the foundation for altered metabolism under the various environmental
conditions [6, 15, 16]. The analyses have also shown that changes in a small number of proteins and metabolites can
help in survivability under stressful conditions and it is apparent in many cases that it is not necessary to have a myriad
of changes in protein or metabolites compositions for surviving in a specific environment [11, 17]. As the metabolome
and proteome represent the structural and functional operations of living organisms, metabolomic and proteomic
investigations have become fundamental to understanding the dynamics of cellular function of any organism [18]. For
example, the presence of low molecular weight metabolites such as betaine and proline may be required as
osmoprotectants in response to exposure to high osmotic pressure [19]. Specific structural proteins and enzymes may be
required to facilitate these increases in cytoplasmic betaine and proline and together would represent homeostatic
changes in metabolite and protein inventories [20]. This review will summarise the premise that the survival of
staphylococci following perturbations of environmental conditions requires significant alterations in the proteome
leading to altered metabolic homeostasis for survival. In as similar manner, alterations in metabolic homeostasis would
also underlie the switch to the “virulence mode of existence” when opportunities present to invade host tissues.
Traditionally, evolutionary survival over the millennia has been thought to rely on advantageous mutations; however,
phenomic switches are now clearly seen to be vitally important.
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2. Environmental stressors and Staphylococci species: metabolomics and proteomics
leading to phenomics theory
The growth and the survivability of bacterial cells under both normal and harsh conditions are mainly dependent on the
ability of the bacteria to maintain a proper conformation of proteins which is important for their function [21]. Since it
has been proposed that as certain environmental stressors can lead to the alteration of the structures of proteins causing
aggregation into non-functional proteins, some of these response could threaten the survivability of bacteria [18, 22]. If
the bacterial cells do not adapt appropriately in time, then the viability of its proteins will be compromised. The viability
and function of proteins must be maintained to optimise survival of the bacterial cells. Bacterial cells have homeostatic
mechanisms that assist to refold misfolded proteins or remove those that cannot be refolded [22, 23]. The most popular
systems that are involved in coping with many stress conditions are chaperons and proteases. Both of these systems are
embedded in stress response regulatory mechanisms via complex pathways. In the presence of stress, chaperons and
proteases assist by unfolding proteins and also help in monitoring the expression of many transcriptional factors [24]. In
addition to chaperons and protease, proteolysis mechanisms are crucial for the maintenance of cellular protein quality
by removing non-functional and sometimes toxic proteins [23].
Cellular response and adaptation to various environmental stresses are essential for organisms to survive in their
natural dynamic habitat. For this purpose, cells have developed numerous signal-transducing pathways involving a
receptor that receives a signal that is relayed to other components inside the cell. Phosphorylation is frequently utilised
by cells for these signal-transducing events [25]. In recent years protein kinases have been found to be involved in the
regulation of metabolism, stress, and sporulation [26, 27]. It has also been proposed that protein phosphorylation
facilitates the control of pathogenicity of virulent species through the regulation exopolysaccharide production and
transport [28]. Different serine/threonine and tyrosine phosphorylated proteins have been identified in S. aureus. They
have been shown to be involved with regulating central carbon metabolism (enolase, triose isomerise, fructose
bisphosphate, aldolase, pyruvate dehydrogenase, phosphate acetyl transferase, and glyoxalase family protein), as well as
certain protein synthesis pathways [29].
Environmental stress always leads to the activation of sigma (σ) factor, which is a protein that binds to RNA
polymerase, and initiating the recognition of new promoter which is then followed by the responsive protein
transcription mechanism [30]. σB is crucial in establishing stress response in Staphylococcus species. For example, it
offers resistance to antibiotics such as Methicillin and Vancomycin by assists in the formation of biofilm [31-33] A set
of reactions takes place in response to the stress which activates the sigma factor and consequently, its regulatory gene
begins transcription [34]. It has been demonstrated that σB controls the transcription of more than 250 genes [35].
Protective functions performed by the translated protein helps the bacterial cell in coping with the environmental stress
[31-33].
2.1. Cold stress
Fluctuations in temperature represent a major environmental stress that threatens bacterial survival, and adaptive
responses can vary in different microbial systems. There are many parameters which can influence the temperature
tolerance in the microbial systems [36]. For example, when the ambient temperature decreases, extended expression of
the σB factor is required for microbial survival as it assists in maintaining the growth rate of bacteria [37]. It has been
shown by Onyango et al., 2012 that some pathogenic species of staphylococci (S. aureus, S. epidermidis, and S.
lugdunensis) were able to survive prolonged exposures to severe cold temperature at 4 °C. This survival was proposed
to be mediated by increasing proportions of SCV phenotypes over time with concomitant changes in composition of
cell wall-associated proteins [6]. It has also been proposed that the survival of S.aureus in cold temperatures was made
possible by the expression of cold shock proteins including CspA, CspB and CspC, but to date only the CspB has been
shown to be highly expressed in response to cold stress [38]. CspA was shown to play a role in the regulation of
pigment expression in S.aureus through the mechanism of the pathway of SigB-dependent, which covers roles from
non-specific and various stress resistance to the control of pathogenicity [39] .The pigmentation was proposed to play
an important role in the survival of bacteria during invasion or exposure to fluctuating environments [40] but this has
yet to be elucidated. It was also found that in S. aureus RN4220, CspC protein was greatly expressed under normal
conditions as well as in response to exposure to antibiotics [41]. The cold shock proteins have been found to be higher
in methicillin -resistant S.aureus than in sensitive methicillin S.aureus [42], suggesting that these proteins may have a
role in the antibiotics resistance associated with virulence. These proteins preserve the essential structures of bacteria in
a freezing environment which provides a mechanism for transferring of pathogens between hosts and can facilitate
transfer via ingestion of food [43].
It has been found that S. aureus can reduce membrane fluidity in response to cold stress [44]. This reduction in
fluidity of membrane leads to an inefficient membrane associated function (e.g. active transport and protein secretion).
Similarly, stabilization of secondary structures of RNA and DNA were observed under cold stress conditions which
leads to reduced functionality of ribosomes, and hence reduced level of mRNA translation. It has also been shown that
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the cold stress affects the conformation and shaping of some proteins, so the ribosomes must be adapted to cold stress to
be fully functional [44].
A well-established temperature-sensing system exists inside many bacteria that helps in recognition of environmental
changes and induces an inbuilt defence mechanism against environmental stressors [45]. The Des system of B. subtilis
has been well studied in this regard and it has been revealed that two major types of proteins are involved in its cold
sensing mechanism. One is Des K, a membrane-bound histidine kinase, and the other is Des R, which is soluble and
regulates bacterial transcription [46]. Des R is particularly involved in the regulation of Des genes transcription, which
encodes ∆5-desaturase. It is an oxygen dependent enzyme which catalyses the reactions involving the desaturation of
fatty acid chains. The presence of five transmembrane helices and a C-terminal carrying kinase domain in the
cytoplasmic portions give the DesK protein the ability to sense the membrane fluidity [47]. This gene is present in S.
aureus and may play the same role in response to cold [48].
2.2. Osmotic stress
Bacteria can be exposed to considerable variations in nutrient and ion concentrations that lead to changes in the external
osmotic pressure which demand rapid responses in the ultrastructure and biochemistry of the bacterial cells. A number
of mechanisms have evolved in bacteria to survive osmotic changes. Staphylococcal species are well known for their
adaptability in a variety of salt concentrations [49]. Sudden exposure to osmotic stress can lead to immediate water
efflux causing changes in cell turgor, dehydration and consequently cell death. The adaptability to withstand
fluctuations in high osmotic stress was proposed to be due to a number of factors such as the osmo-protectants choline
glycine, betaine and proline, which can be accumulated and used to restore the intracellular K+. Two transport routes for
proline exist in the S.aureus system; a low affinity system encoded by proP homology gene and a high affinity system
expressed by putP gene [50]. These processes prevent the pleiotropic effects in the cell during the exposure to osmotic
shock [19, 51]. The genomes of staphylococci have revealed that the cytoplasmic homeostasis is maintained by a set of
transports systems, known, as BetT, PutP, ProP, and ProU [51-53]. Exposure to high osmolarity leads to the increasing
sodium ions in the cytoplasm which hampers the process of glucosylglycerolphosphte (GgpS) synthase protein binding
with DNA that leads to enzyme detachment. The newly produced glucosylglycerol replaces the sodium ions present in
cell. This is a self-regulatory mechanism and as the concentration of sodium is dropped inside the cell, the enzyme
rebinds to DNA and thus the system will be inactivated [54]. Osmotic stress was shown to cause an increase in the cells
size of S. aureus; this increase was associated with a shortened interpeptide bridge of the peptidoglycan. This
mechanism was proposed to be a defence strategy against fluctuating osmotic conditions [55].
An alteration in the osmolality of external environment immediately surrounding the cells stimulates changes in the
composition of membrane phospholipids. Survival of S.aureus in the highly hypertonic environment requires the
synthesis and inclusion of cardiolipin into the membrane to generate L-form variants [56]. A high threshold for transient
hyper osmotic pressure is prevailed in salt tolerant S.aureus due to the presence of large sized Ebh protein, which is
present in the cell wall. However, the exact mechanism for the activation of the defence system against high osmolality
has not yet been explored and little is known of the alterations in metabolic homeostasis [54]. It has also been found that
the pyruvate dehydrogenase multienzyme complex was higher in S.aureus in response to osmotic stress. This enzyme is
required for the synthesis of osmoprotectants elements [57].
2.3. Acid and Alkaline stress
An optimum pH must be balanced for the control of many cellular processes, such as transcription and biochemical
pathways for metabolism. For instance, pH is crucial in maintaining protein shape and structure for the proper
functioning of proteins. Non-extremophilic bacteria have the ability to survive at a variety of pH conditions ranging
from 5.5 to 9, but the cytoplasmic pH is maintained in the range of 7.4 to 7.8 [58].The survival of bacteria is not only
defined by the inherent virulence factors but is also dependent on the ability to withstand the host immune system and
simultaneously adapt to changes in the environment with parameters such as pH and osmotic shock [59, 60].
Acidification processes are used to preserve food from bacterial contaminations, by making growth conditions suboptimal, if not inhibitory, for most potential contaminants. However, certain bacteria, such as S.aureus, have been
shown to be sufficiently adaptable to survive and even proliferate under these adverse conditions leading a restricted
shelf life for food products. These staphylococci must therefore have efficient mechanisms for rapid adaptation to
survival in alkali and acidic conditions to survive in the fluctuating environments [61, 62]. It has been found that
S.aureus can reside in the lysosomal compartments of non-phagocytic cells at the pH range of 4.5 to 5.5. This has been
shown to occur before it moves into the cytosol of non- phagocytic cells [63]. In human wound sites, the bacteria must
sustain a high pH to establish an infection in the host tissues and this suggests a capability of actually modulating the
immediate environment [64]. Frequent pH alterations represent a feature of the “life cycle” for S.aureus where it travels
from host to fomites and various substrates between hosts enabled by a well-developed capacity to deal with pH
fluctuations in the environment [65]. One approach used in surviving at high acidity is to pump out cellular protons to
reduce intracellular pH [66]. Alternatively, bacteria can augment the alkaline compound concentrations inside the cell to
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neutralize the impact of acidic ambiance and the damaged macromolecules of microbial system needs a repair
mechanism [67].
When cells of S. aureus were grown at pH7.5 and directly exposed to conditions at pH2 the cells died. However,
tolerance to high acidity can be achieved after pre-treatment and acclimatisation of S. aureus to sub-lethal acidity pH4
which resulted in greater subsequent survival capacity at pH2. This acidity tolerance been proposed to be due to the
activation of the sigma-B factor which induces superoxide dismutase (soda). The role of soda in survival at low pH is
supported by the evidence that strains which have mutated soda are susceptible to acidic environments [30]. This
implies that oxidative stress can be introduced in the microbial system in response to pH challenge and that oxidative
damage might be a potential consequence of pH challenge [51]. This is crucial in comprehending the collective impact
of oxidative stress and low pH during the engulfment of bacteria by macrophage lysosome [62].
The combined effects of the bacterial systems to tolerate fluctuating environmental pH provide a powerful adaptive
response capacity for the staphylococci. Acid associated damage can be recovered and the pH inside cell can be largely
maintained within an optimum range [61]. Some virulence factors are known to be associated with the alkaline stress
management system but this is not well understood. In S. aureus it has been found that 122 genes were over-expressed
after being exposed to alkaline shock conditions suggesting significant impact on the proteome and metabolic
homeostasis [68].
2.4. Oxygen availability
The presence of oxygen has a great impact on bacterial growth and survival. Some obligate anaerobic bacteria are
sensitive to oxygen requiring complete anaerobic conditions for their survival [69]. Facultative aerobes that can utilize
oxygen when available, but also survive under anaerobic conditions would have a selective advantage for surviving
fluctuating environments between hosts. For the invading pathogen, the process of invasion and infection may
encounter highly variable oxygen tensions where for example conditions within an abscess can be anaerobic [70].
Changing pH can also affect the oxygen availability and it’s generally noticed that alkalinisation and acidification of
a medium reduces the oxygen concentration of the surroundings [71]. Staphylococci species have the ability to survive
under reduced oxygen surroundings by using alternative electron acceptors in respiration such as nitrate or by using
fermentation [69, 72, 73].In the S.aureus infection process, oxygen concentrations vary between skin surfaces, host
tissues and fluids, and the bacterium must rapidly adapt to the immediate environment [74]. During reduced oxygen
tensions, gene-expressing factors involved in the nitrate respiration and fermentation are activated. Increased glycolytic
and fermentation pathway activities were found to overcome the reduced oxygen availability that resulted in loss of
NAD+ regeneration and ATP synthesis capacity. Inductions of genes responsible for lactate and formate secretion were
also observed in low oxygen tension environment [75].
Staphylococcus respiratory responses SrrB and SrrA is the two-component system that manages the gene expression
for the factors that confer pathogenicity and it was found to control citric acid cycle and fermentation enzymes [69, 76].
This system was found to be analogous to the one present in B. subtilis [77] where oxygen presence generated the
synthesis and utilisation of the aerobic respiratory chain. B.subtilis expresses the Rex protein which monitors respiratory
genes and enzymes for respiration and metabolism [78]. It has been found in Staphylococcus carnosus that nitrate
reductase and nitrite reductase operons were regulated by two component system NerB-NerC in response to oxygen [79,
80]. NreB is a cytosolic protein which acts as direct oxygen sensor in the anaerobic environment [80].
2.5. Combinations of Stressors
It is very crucial to explore the effects of various combinations of stresses as the cells are continually challenged with a
large number of combinations and permutations of variable parameters. Multiple factors have not been extensively
investigated in the literature [71]. Investigations of intracellular growth of Salmonella typhimurium within a
macrophage displays a protein profile which is completely different from the ones exhibited by the corresponding
bacterial strains growing under acidic or oxidative stress conditions [81]. Generally the pH alteration process generates
a reduced oxygen environment [71]. Whether in a host wound site or surviving between hosts, the environmental
conditions are dynamic resulting in complex combinations of stresses, for which the bacteria must adjust growth and
metabolism to maintain homeostasis and survive [82].
Investigations assessing food safety have explored some elements of exposure to multiple stresses with a view to
determine optimum strategies for reducing bacterial proliferation for safe storage of food. Inhibition of pathogenic
species is generally performed by reducing the pH with organic acids such as citric acid or proprionic acid often in
combination with a reduced temperature. Ethanol formation with concurrent organic acid production (reduced pH) in
wine and beer products also acts together as an efficient inhibitor of microbial growth. [83].

3. Epigenetics as a factor in stress response in staphylococci
In general bacteriology, it is assumed that cells of a pure homogeneous culture, grown under optimal conditions, would
be genetically identical with a uniform phenotype. However, recent research has shown that this may not always be the
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case and several instances of heterogeneity within clonal microbial cultures have been reported [84, 85]. This
heterogeneity has often been manifested as variations in the output phenotype of the bacteria with each variation
seeking to promote the survival of the bacteria in a specific niche or under a particular stress condition [86]. However,
this heterogeneity is seldom documented as the “assumption of homogeneity” is made to accommodate a reductionist
approach to facilitate progress in the testing of hypotheses. The assumption has steered research away from the reality
that in nature, bacteria may grow in several different forms responding to micro-environmental conditions which could
lead to atypical variants within the population counter to what might be assumed [87]. Heterogeneity of phenotypes in a
population would potentially assist the bacteria to survive in a dynamic environment where many parameters are subject
to variation [5]. Many other species of bacteria also opt for this “bet-hedging” strategy to survive in the harsh and
changing environments where their phenotype profile within the population alters to reflect compatibility within the
environment [88]. This heterogeneity was proposed to be due to the alteration in expression of cellular factors like
signal transducers, global regulators, non-coding RNAs and transcription factors that bring changes in the genome
expression [4].
The mechanism of heterogeneity was first observed by Joseph Bigger in 1944 during his research on penicillin
action. In his study, majority of staphylococcal cells were killed by the penicillin lysis. But a few of them escaped and
survived and were considered as persister cells [89]. Persistence against a variety of environmental stresses is an
epigenetic trait of the sub-population of the bacterial population and although these bacterial cells have retarded growth
pattern but they can tolerate antibiotic treatment or high levels of metal ions [90]. Once the ambient stress subsides,
bacterial cells revert back to their regular phenotypes with normal metabolic functions. It is believed that antibiotic
exposure stimulates the bacteria into a response mode which offers protection and also optimises homeostasis for
competitive survival. These persister cells have been referred to as dormant cells as they can’t be killed by use of
antibacterial agents, but they still maintain a level of metabolism and are not truly dormant as spores [91]. These
persister cells are a small number, but they ensure the survival of the bacterial population under harsh conditions. When
good conditions prevail these survival cells remultiply and reproduce a full range of phenotypes capable of rapid growth
and adaptation[92].
Environmental studies have described bacteria isolated for a specific phenotypic characteristic relevant to survival in
that environment that is lost when continually cultured under laboratory conditions [93]. The ‘lost’ phenotype is termed
the adaptive phenotype and its loss has been attributed to several possible mechanisms including plasmid instability and
genetic mutations. However, several independent studies disproved both hypotheses showing that adaptive traits were
not encoded by plasmids. In addition, the adaptive phenotype was also seen in generations long after the environmental
condition thought to give rise to it was no longer present. With adaptive phenotypes being lost at significantly high
rates, the latter hypothesis also became seemingly implausible. With both hypotheses nullified, a new epigenetic
hypothesis was generated to help explain this extreme phenotypic variability [93]
Epigenetics refers to a heritable phenotypic change that cannot be attributed to changes within the DNA sequence but
rather variations of gene expression [94]. Epigenetic systems/phenotypes have been described for a variety of biological
organisms and cell types. The result of such variations is the manifestation of a range of stable phenotypes within a
bacterial population, each functioning in a unique way that is of adaptive advantage to the species. Genomic imprinting,
prion involvement, histone modification, and DNA methylation are some of the mechanisms used by bacteria to
orchestrate epigenetic changes [94].
3.1. Small Colony Variants (SCVs)
It has been proposed that many of these phenotypes exist as vital members of diverse populations of cells as the culture
grows providing an effective response mechanism for survival mechanism when natural selection pressures are rapidly
applied to these populations [66]. It is proposed that the prevailing environmental conditions may actually influence the
population diversity of various phenotypes with those most capable of effective survival and proliferation dominating
the population diversity. It is difficult to isolate the different phenotypes, but the principle can be demonstrated when
both wild type and small colony variants of staphylococci can be observed in plate cultures inoculated from an SCV
origin [6, 7, 95]. It has also been demonstrated that storage of S. aureus, S. epidermidis and S. lugdunensis at 4°C over
2 weeks changed the proportions of wild-type versus SCV colonies observed in culture with the latter increasing over
time relative to their counterpart [6]. SCVs have been associated with a wide range of diseases of a recurrent form that
do not respond to antibiotics. These diseases associated with the clinical isolation of SCVs include chronic infections,
such as brain abscess, osteomyelitis, arthritis, and device-related infections. Treatment of SCV-related infections has
been a challenge since most of the infections were persistent and have the tendency to recur [96, 97]. Symptoms of the
infections start disappearing whilst receiving consistent antibiotic treatment but as soon as treatment is discontinued the
infection reoccurs with similar intensity and often will not respond to repeated antibiotics treatments [95].
Studies with SCV mutants have provided insights in regard to the metabolic homeostasis of these phenotypes usually
linked to a potential switching off or down regulation of key components in energy metabolism. These mutants have
slower metabolic rates, reduced production of virulence factors, and are auxotrophic for some key compounds,
including haemin and menadione. Haemin, menadione and thymidine-dependent SCVs all showed reduced alpha (α)
toxin production and consequently less cytotoxic damage in host cells [98]. Despite their atypical characteristics, SCV
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were still found to be more resistant intracellularly. This heightened resistance was not attributed to the ability of these
bacteria to inactivate host mechanisms as the wild-type does. This may also be linked to a diminished effect of antimicrobial compounds in clinical treatments. Instead, they produce an impressive array of adhesive factors that are
associated with intracellular colonisation and survival. Vaudaux et al., [99] demonstrated this by using the hemB mutant
and reported that this variant expressed more fibronectin-binding proteins that caused it to strongly adhere to
endothelial cells therefore facilitating rapid internalization. This increased endocytic uptake of the hemB mutant was
correlated with an increased expression of the fibrinogen adhesion gene cflA and was found to occur independently of
the agr gene that mainly regulates virulence factors in S. aureus. Internalized SCV bacterial cells could thus persist
readily due to reduced toxic production and an acquired ability to withstand intracellular defences better [98, 100]. It
was therefore hypothesised that the SCV phenotype adapted to the intracellular environment by up-regulating protective
mechanisms that were highly effective at maintaining its viability, rather than developing mechanisms that attempted to
manipulate or deactivate the host defence mechanisms [98].
Adaptations of Staphylococci to environmental stimuli have been extensively studied. However, the roles of various
staphylococcal proteins for facilitating survival and mediating pathogenicity have yet to be fully elucidated.
Comparisons of S. aureus SCV proteins and their corresponding wild type strains have shown elevations in abundance
of enzymes associated with glycolytic and fermentation pathways [101]. They also have shown that the SCVs have
reduced expression of TCA cycle proteins and those involved in nucleotide and folate metabolism [11]. Besides this, an
insensitivity against global regulators was found in SCV’s where they were generally regarded as potent effectors which
have augmented expression of some extracellular proteins such as α-haemolysin or some serine proteases along with
leukocidins [101]. SCV’s were also found to be deficient of purine/pyrimidine pathway regulatory proteins. Expression
of formate-tetra hydrofolate ligase was found to be reduced in the SCVs which was crucial for the de novo
deoxythymidine monophosphate synthesis. The proteins required for the translation and transcription processes were
also found to be reduced [11].
S. aureus is generally considered as extracellular pathogen but the SCV phenotypes have been shown to be capable
of forming an intracellular invasion including replication and survival inside neutrophils, macrophages and epithelia
cells which explains persistence of these infections in certain chronic conditions and diseases e.g. Cystic Fibrosis (CF)
[102-104]. Secretion systems are used by the pathogens which have developed an invasive strategy by initially
stimulating the host cells to engulf them. Engulfment of S. aureus by the phagocytes exhibits the engulfment efficiency
similar to other dead and alive bacterial cells [105]. But this approach is dependent on the binding of integrin proteins of
host and fibronectin binding proteins [105, 106]. Surface proteins of S. aureus are also actively involved in its
intracellular uptake and persistence e.g. clumping factor A. Host cell Src kinase also assists in the intracellular uptake of
S. aureus [107]. S.aureus can escape the host defence system and it can take refuge inside the cell where it is not
exposed to antibiotic pressures and is effectively inaccessible to the host defence system. An adaptation of this strategy
by the invading microbe results in relapsing infection after receiving a suitable antibiotic regimen [1, 108].
The sustainability of S. aureus inside the host cell after its extracellular infection is induced by a fluctuating
environment and it also requires an alteration in the genetic expression of S. aureus. Genetic expression of the S. aureus
was analysed post-extracellular infection and it was observed that it is well adapted to the intracellular environment
[109]. Following bacterial uptake inside the cell, its genetic expression is altered and all the metabolic activities realigned for a different homeostasis. Later, all the expression and metabolic functions are resumed on exit of the host cell
and bacteria divide normally [108, 109].
3.2. Biofilm: A metabolomic and proteomic perspective
Enhanced biofilm formation has been associated with the formation of the SCV phenotype. A biofilm is a structured
and layered community of bacteria, often formed at liquid/solid interfaces. Its formation is thought to be regulated by
epigenetic switch. For example, SinR protein is considered as the master regulator of switching the planktonic cells to
form biofilm [110]. Biofilm has long been regarded as a crucial virulence factor in bacterial pathogenesis as it affords
an adaptive advantage in natural and clinical environments and increases persistence of bacteria on indwelling devices
[111]. Bacteria housed within biofilms exhibit a high degree of chemical and structural organization. Surface-associated
proteins and fibrinogen binding proteins (FBP) are thought to mediate the initial process of adherence. Organic
polymers, referred to as extracellular polymeric substances (EPS) are produced and excreted to form a matrix on and
around the cells acting like an adhesive that holds the biofilm together. Though most cells within the biofilm are not
directly attached to the surface, they are held together by a homo-polymer known as polysaccharide intercellular
adhesion (PIA). These substances encase the bacteria and allow them to proliferate while protecting them from the
immune system, antimicrobials and environmental challenges [111-113]. The result being that the biofilm acts as a
reservoir for the pathogens and increases microbial virulence, especially in cases of formation on the surfaces of
indwelling medical devices [10, 114].
Infections by Staphylococcus species account for 60% of bacterial infection in developed countries [115]. When
encased within a biofilm, this structure affords features responsible for heightened resistance to antibiotics, slow growth
rate, spatial heterogeneity, drug-tolerance and resistance. Moreover, these features of SCVs coupled with enhanced
capacity for biofilm formation are consistent with the concept of forming persister cell to survive harsh and challenging
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conditions cells [116]. Drenkard and Ausubel [117] reported that SCVs of bacteria that produced chronic infections had
biofilm that was formed much faster and much thicker than that observed for their WT colonies. The combination of
hyper-biofilm formation plus the ability of bacteria to form a SCV phenotype would result in a bacterial mass that is
highly adept at adhering to and sustaining relapsing implant-related infections.
Some global alterations in the genetic expression of the biofilms can be stimulated upon introduction of different
kinds of stressors such as osmotic shock, temperature changes and low oxygen tension. Treatments with certain
chemicals like ethanol and antibiotics can also induce drastic changes in their gene expression and regulation
mechanism [118, 119]. These changes in gene expression would subsequently result in significant alterations in the
proteome leading to altered metabolic homeostasis for survival [9, 120]. S. epidermidis and S. aureus have the gene
clusters of ica which are responsible for the expression of polymers that help in the formation of biofilms. N-acetyl
glucosamine (P-NAG) and polysaccharide intercellular adhesion (PIA) are the two examples of such polymers.
However, there are a few species of Staphylococcus which don’t contain the ica gene clusters in their genome and can
form biofilms. This implies that such strains exhibit alternative molecular mechanisms for the biofilms which don’t
depend on the ica gene expression products [121]. Instead these strains depend largely on large biofilm-associated
proteins (Bap) which are required for the mediation of cell to cell and cell to surface communications [122, 123]. Cell to
cell disruption mechanisms which can help in the detachment of the developed biofilm have not been identified, yet
some surfactants are known to exhibit the ability of disrupting the cell to cell association in biofilms. This feature was
observed during the in vitro studies of Pseudomonas aeuroginosa and Bacillus subtilis [124] where biofilm formation
on surfaces can be achieved by the enzymatic degradation mechanisms; studies on Actinobacillus
actinomycetemcomitans have shown the enzymatic digestion of biofilms [125].
Some of the surfactants known to exhibit properties which assist in the biofilm detachment have been identified as
peptides of Staphylococcus origin, known as PSMs, phenol soluble modulins, and their expression is strongly affected
by the quorum-sensing system agr [126]. Such peptides have amphiphilic structure with α-helix conformation for which
the surfactant like characteristic of the peptides can be attributed. Some peptides with β- conformation were found to
have impact on the maturation and detachment of biofilms in the strain of S. epidermidis. The same research study
showed that dissemination of biofilms infections can be assisted by these peptides and, they could potentially be
employed as tools for in vivo biofilms detachment [123]. An analysis of the biofilm and planktonic cells of S.aureus has
shown different protein profiles For example, the surface proteins such as fibrinogen-binding proteins and cell wall
components such as peptidoglycan have increased in the biofilm cells. Moreover, the enzymes involved in pyruvate and
formate metabolism were also up-regulated. However, immunodominant antigen A and staphylococcal secretory
antigen were found down-regulated [127].
The response generated in Staphylococcus strains against certain stresses such as osmotic shock, heat shock and
ethanol is mainly due to the up-regulation of the icaADBCA operon. It has already been mentioned that icaADBCA
operon expresses the polymer necessary for biofilm production [121]. A more firm and viable biofilm is maintained due
to the maintenance of the up-regulation process of this operon. There are different pathways for every stress stimulus
which aim to induce the icaADBCA operon i.e. high salt concentration stimulus will adopt a different pathway for its
induction compared with pathway used by ethanol stress [121, 128]. S. epidermidis icaR is the gene product which
negatively regulates the operon. In this strain, another regulator named SigB helps in the production of biofilms by
hindering the expression of icaR gene [129].

4. Conclusion
Staphylococci can adapt rapidly and effectively to fluctuating environmental conditions which assist in the transfer
between hosts as a pathogen and provide the framework to successfully invade and colonise host tissues and fluids. The
mechanisms of adaptation involve metabolic and structural adjustments within the cell to help in coping with substantial
changes in the surrounding environment with the objective of retaining optimal conditions in the cytoplasm. The
adjustments of the cell metabolism and structure lead to a phenotypic (phenomics) conversion to optimise cell function
in the changing conditions to maximise survival and proliferation. Phenomics is the study of variability in phenotype of
an organism in response to environmental influences. Historically this has been the realm of genetic mutation but with
the more recent developments of genomics, metabolomics and proteomics. Phenomics becomes the umbrella concept
signifying underlying variability amongst the individuals of a species.
Evidence is emerging that exposure to various changes in environmental conditions leads to changes in metabolic
homeostasis, membrane fatty acid composition and cell size. When stressors are removed there is then phenotypic
reversion to the “normal” or “wild” type described under optimal growth conditions.
This review found evidence suggesting that the ability of staphylococci species to undergo the phenotypic conversion
to a more resistant form enhances the survival of the organism. The genotypic changes have been partly characterised
but much work is needed on the actual trigger mechanisms that communicate and cause the switch to SCVs phenotype.
This phenotypic conversion coupled with biofilm formation and metabolomic changes offer a defence mechanism for
staphylococci species against both host immune system and harsh environments. Proteins, metabolites and structural
alterations represent evolutionary adaptations for survival. The investigations of changing protein and metabolite
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inventories provide great insight in understanding homeostatic responses to environmental challenges. Understanding
the mechanisms that allow the bacteria to survive adverse host and environments conditions may help to develop new
strategies for antimicrobial chemotherapy. Key to this understanding will be the elucidation of the controlling factors
for phenotypic shift within cells of the same colony.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

Lowy F D, Staphylococcus aureus infections - Reply. New England Journal of Medicine.1998;339:2026-2027.
Baumert N, von Eiff C, Schaaff F, Peters G, Proctor R A,Sahl H G, Physiology and antibiotic susceptibility of Staphylococcus
aureus small colony variants. Microbial drug resistance.2002;8:253-60.
von Eiff C, Staphylococcus aureus small colony variants: a challenge to microbiologists and clinicians. International Journal of
Antimicrobial Agents.2008;31:507-510.
Abu-Qatouseh L F, Chinni S V, Seggewiss J, Proctor R A, Brosius J, Rozhdestvensky T S, Peters G, von Eiff C,Becker K,
Identification of differentially expressed small non-protein-coding RNAs in Staphylococcus aureus displaying both the normal
and the small-colony variant phenotype. Journal of Molecular Medicine-Jmm.2010;88:565-575.
Morikawa K, Ohniwa R L, Ohta T, Tanaka Y, Takeyasu K,Msadek T, Adaptation beyond the stress response: cell structure
dynamics and population heterogeneity in Staphylococcus aureus. Microbes and environments / JSME.2010;25:75-82.
Onyango L A, Dunstan R H, Gottfries J, von Eiff C,Roberts T K, Effect of Low Temperature on Growth and Ultra-Structure of
Staphylococcus spp. PloS one.2012;7:e29031.
von Eiff C, Becker K, Machka K, Stammer H, Peters G,Grp S, Nasal carriage as a source of Staphylococcus aureus bacteremia.
New England Journal of Medicine.2001;344:11-16.
Proctor R A, Kahl B, von Eiff C, Vaudaux P E, Lew D P,Peters G, Staphylococcal small colony variants have novel
mechanisms for antibiotic resistance. Clinical Infectious Diseases.1998;27:S68-S74.
Benard L, Litzler P Y, Cosette P, Lemeland J F, Jouenne T,Junter G A, Proteomic analysis of Staphylococcus aureus biofilms
grown in vitro on mechanical heart valve leaflets. Journal of biomedical materials research. Part A.2009;88:1069-78.
Bendouah Z, Barbeau J, Abou Hamad W,Desrosiers M, Biofilm formation by Staphylococcus aureus and Pseudomonas
aeruginosa is associated with an unfavorable evolution after surgery for chronic sinusitis and nasal polyposis. OtolaryngologyHead and Neck Surgery.2006;134:991-996.
Kriegeskorte A, Konig S, Sander G, Pirkl A, Mahabir E, Proctor R A, von Eiff C, Peters G,Becker K, Small colony variants of
Staphylococcus aureus reveal distinct protein profiles. Proteomics.2011;11:2476-2490.
Moisan H, Brouillette E, Jacob C L, Langlois-Begin P, Michaud S,Malouin F, Transcription of virulence factors in
Staphylococcus aureus small-colony variants isolated from cystic fibrosis patients is influenced by SigB. Journal of
bacteriology.2006;188:64-76.
Hecker M, Engelmann S,Cordwell S J, Proteomics of Staphylococcus aureus--current state and future challenges. Journal of
chromatography. B, Analytical technologies in the biomedical and life sciences.2003;787:179-95.
Liebeke M, Dorries K, Zuhlke D, Bernhardt J, Fuchs S, Pane-Farre J, Engelmann S, Volker U, Bode R, Dandekar T, Lindequist
U, Hecker M,Lalk M, A metabolomics and proteomics study of the adaptation of Staphylococcus aureus to glucose starvation.
Molecular Biosystems.2011;7:1241-1253.
Hempel K, Herbst F A, Moche M, Hecker M,Becher D, Quantitative proteomic view on secreted, cell surface-associated, and
cytoplasmic proteins of the methicillin-resistant human pathogen Staphylococcus aureus under iron-limited conditions. Journal
of proteome research.2011;10:1657-66.
Sanchez B, Cabo M L, Margolles A,Herrera J J R, A proteomic approach to cold acclimation of Staphylococcus aureus CECT
976 grown at room and human body temperatures. International journal of food microbiology.2010;144:160-168.
McMahon M A, Xu J, Moore J E, Blair I S,McDowell D A, Environmental stress and antibiotic resistance in food-related
pathogens. Applied and environmental microbiology.2007;73:211-7.
Hecker M, Becher D, Fuchs S,Engelmann S, A proteomic view of cell physiology and virulence of Staphylococcus aureus.
International Journal of Medical Microbiology.2010;300:76-87.
Graham J E,Wilkinson B J, Staphylococcus aureus osmoregulation: roles for choline, glycine betaine, proline, and taurine. J
Bacteriol.1992;174:2711-6.
Commichau F M, Rothe F M, Herzberg C, Wagner E, Hellwig D, Lehnik-Habrink M, Hammer E, Volker U,Stulke J, Novel
activities of glycolytic enzymes in Bacillus subtilis: interactions with essential proteins involved in mRNA processing.
Molecular & cellular proteomics : MCP.2009;8:1350-60.
Elsholz A K W, Michalik S, Zuhlke D, Hecker M,Gerth U, CtsR, the Gram-positive master regulator of protein quality control,
feels the heat. Embo Journal.2010;29:3621-3629.
Hartl F U,Hayer-Hartl M, Converging concepts of protein folding in vitro and in vivo. Nature Structural & Molecular
Biology.2009;16:574-581.
Kohler C, Wolff S, Albrecht D, Fuchs S, Becher D, Buttner K, Engelmann S,Hecker M, Proteome analyses of Staphylococcus
aureus in growing and non-growing cells: a physiological approach. International journal of medical microbiology :
IJMM.2005;295:547-65.
Turgay k, Role of Proteolysis and Chaperones in Stress Response and Regulation, in BACTERIAL STRESS RESPONSES.
2011: Washington. p. 75-78.
Hunter T, Signaling--2000 and beyond. Cell.2000;100:113-27.
Vincent C, Duclos B, Grangeasse C, Vaganay E, Riberty M, Cozzone A J,Doublet P, Relationship between exopolysaccharide
production and protein-tyrosine phosphorylation in gram-negative bacteria. Journal of Molecular Biology.2000;304:311-321.
Madec E, Laszkiewicz A, Iwanicki A, Obuchowski M,Seror S, Characterization of a membrane-linked Ser/Thr protein kinase
in Bacillus subtilis, implicated in developmental processes. Molecular microbiology.2002;46:571-586.

© FORMATEX 2013

697

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[28] Paiment A, Hocking J,Whitfield C, Impact of phosphorylation of specific residues in the tyrosine autokinase, Wzc, on its
activity in assembly of group 1 capsules in Escherichia coli. Journal of Bacteriology.2002;184:6437-6447.
[29] Lomas-Lopez R, Paracuellos P, Riberty M, Cozzone A J,Duclos B, Several enzymes of the central metabolism are
phosphorylated in Staphylococcus aureus. FEMS microbiology letters.2007;272:35-42.
[30] Chan P F, Foster S J, Ingham E,Clements M O, The Staphylococcus aureus alternative sigma factor sigma(B) controls the
environmental stress response but not starvation survival or pathogenicity in a mouse abscess model. Journal of
Bacteriology.1998;180:6082-6089.
[31] Singh V K, Schmidt J L, Jayaswal R K,Wilkinson B J, Impact of sigB mutation on Staphylococcus aureus oxacillin and
vancomycin resistance varies with parental background and method of assessment. International Journal of Antimicrobial
Agents.2003;21:256-261.
[32] van Schaik W,Abee T, The role of sigmaB in the stress response of Gram-positive bacteria -- targets for food preservation and
safety. Current opinion in biotechnology.2005;16:218-24.
[33] Ait-Ouazzou A, Manas P, Condon S, Pagan R,Garcia-Gonzalo D, Role of general stress-response alternative sigma factors
sigma(S) (RpoS) and sigma(B) (SigB) in bacterial heat resistance as a function of treatment medium pH. International journal
of food microbiology.2012;153:358-64.
[34] Mendez M B, Orsaria L M, Philippe V, Pedrido M E,Grau R R, Novel roles of the master transcription factors Spo0A and
sigmaB for survival and sporulation of Bacillus subtilis at low growth temperature. Journal of bacteriology.2004;186:9891000.
[35] Bischoff M, Dunman P, Kormanec J, Macapagal D, Murphy E, Mounts W, Berger-Bachi B,Projan S, Microarray-based
analysis of the Staphylococcus aureus sigmaB regulon. Journal of bacteriology.2004;186:4085-99.
[36] Cebrian G, Condon S,Manas P, Heat-adaptation induced thermotolerance in Staphylococcus aureus: Influence of the alternative
factor sigmaB. International journal of food microbiology.2009;135:274-80.
[37] Brigulla M, Hoffmann T, Krisp A, Volker A, Bremer E,Volker U, Chill induction of the SigB-dependent general stress
response in Bacillus subtilis and its contribution to low-temperature adaptation. Journal of Bacteriology.2003;185:4305-4314.
[38] Anderson K L, Roberts C, Disz T, Vonstein V, Hwang K, Overbeek R, Olson P D, Projan S J,Dunman P M, Characterization
of the Staphylococcus aureus heat shock, cold shock, stringent, and SOS responses and their effects on log-phase mRNA
turnover. Journal of bacteriology.2006;188:6739-56.
[39] Hecker M, Pane-Farre J,Volker U, SigB-dependent general stress response in Bacillus subtilis and related gram-positive
bacteria. Annual review of microbiology.2007;61:215-236.
[40] Katzif S, Lee E H, Law A B, Tzeng Y L,Shafer W M, CspA regulates pigment production in Staphylococcus aureus through a
SigB-dependent mechanism. J Bacteriol.2005;187:8181-4.
[41] Chanda P K, Mondal R, Sau K,Sau S, Antibiotics, arsenate and H2O2 induce the promoter of Staphylococcus aureus cspC gene
more strongly than cold. J. Basic Microbiol.2009;49: 205–211.
[42] Cordwell S J, Larsen M R, Cole R T,Walsh B J, Comparative proteomics of Staphylococcus aureus and the response of
methicillin-resistant and methicillin-sensitive strains to Triton X-100. Microbiology-Sgm.2002;148:2765-2781.
[43] Duval B D, Mathew A, Satola S W,Shafer W M, Altered growth, pigmentation, and antimicrobial susceptibility properties of
Staphylococcus aureus due to loss of the major cold shock gene cspB. Antimicrobial agents and chemotherapy.2010;54:228390.
[44] Phadtare S, Recent developments in bacterial cold-shock response. Curr Issues Mol Biol.2004;6:125-36.
[45] Mansilla M C,de Mendoza D, The Bacillus subtilis desaturase: a model to understand phospholipid modification and
temperature sensing. Archives of microbiology.2005;183:229-35.
[46] Aguilar P S,de Mendoza D, Control of fatty acid desaturation: a mechanism conserved from bacteria to humans. Molecular
microbiology.2006;62:1507-1514.
[47] Gerday C, Life at the Extremes of Temperature, in BACTERIAL STRESS RESPONSES. 2011: Washington. p. 435-437.
[48] Kos V N, Desjardins C A, Griggs A, Cerqueira G, Van Tonder A, Holden M T G, Godfrey P, Palmer K L, Bodi K, Mongodin
E F, Wortman J, Feldgarden M, Lawley T, Gill S R, Haas B J, Birren B,Gilmore M S, Comparative Genomics of VancomycinResistant Staphylococcus aureus Strains and Their Positions within the Clade Most Commonly Associated with MethicillinResistant S. aureus Hospital-Acquired Infection in the United States. Mbio.2012;3.
[49] Romantsov T, Guan Z,Wood J M, Cardiolipin and the osmotic stress responses of bacteria. Biochimica et biophysica
acta.2009;1788:2092-100.
[50] Townsend D E,Wilkinson B J, Proline Transport in Staphylococcus-Aureus - a High-Affinity System and a Low-Affinity
System Involved in Osmoregulation. Journal of Bacteriology.1992;174:2702-2710.
[51] Clements M O,Foster S J, Stress resistance in Staphylococcus aureus. Trends in Microbiology.1999;7:458-62.
[52] Kuroda M, Tanaka Y, Aoki R, Shu D, Tsumoto K,Ohta T, Staphylococcus aureus giant protein Ebh is involved in tolerance to
transient hyperosmotic pressure. Biochemical and Biophysical Research Communications.2008;374:237-241.
[53] Takeuchi F, Watanabe S, Baba T, Yuzawa H, Ito T, Morimoto Y, Kuroda M, Cui L, Takahashi M, Ankai A, Baba S, Fukui S,
Lee J C,Hiramatsu K, Whole-genome sequencing of staphylococcus haemolyticus uncovers the extreme plasticity of its
genome and the evolution of human-colonizing staphylococcal species. Journal of bacteriology.2005;187:7292-308.
[54] Kramer R, Bacterial stimulus perception and signal transduction: response to osmotic stress. Chemical record.2010;10:217-29.
[55] Vijaranakul U, Nadakavukaren M J, Dejonge B L M, Wilkinson B J,Jayaswal R K, Increased Cell-Size and Shortened
Peptidoglycan Interpeptide Bridge of Nacl-Stressed Staphylococcus-Aureus and Their Reversal by Glycine Betaine. Journal of
bacteriology.1995;177:5116-5121.
[56] Tsai M, Ohniwa R L, Kato Y, Takeshita S L, Ohta T, Saito S, Hayashi H,Morikawa K, Staphylococcus aureus requires
cardiolipin for survival under conditions of high salinity. BMC microbiology.2011;11:13.
[57] Vilhelmsson O,Miller K J, Synthesis of pyruvate dehydrogenase in Staphylococcus aureus is stimulated by osmotic stress.
Applied and environmental microbiology.2002;68:2353-8.
[58] Booth I R, Regulation of cytoplasmic pH in bacteria. Microbiological reviews.1985;49:359-78.

698

© FORMATEX 2013

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[59] Bronner S, Monteil H,Prevost G, Regulation of virulence determinants in Staphylococcus aureus: complexity and applications.
FEMS microbiology reviews.2004;28:183-200.
[60] Voyich J A, Braughton K R, Sturdevant D E, Whitney A R, Said-Salim B, Porcella S F, Long R D, Dorward D W, Gardner D
J, Kreiswirth B N, Musser J M,DeLeo F R, Insights into mechanisms used by Staphylococcus aureus to avoid destruction by
human neutrophils. Journal of Immunology.2005;175:3907-3919.
[61] Anderson K L, Roux C M, Olson M W, Luong T T, Lee C Y, Olson R,Dunman P M, Characterizing the efects of inorganic
acid and alkaline shock on the Staphylococcus aureus transcriptome and messengerRNA turnover. FEMS Immunol Med
Microbiol.2010; 60 208–250.
[62] Cotter P D,Hill C, Surviving the acid test: responses of gram-positive bacteria to low pH. Microbiology and molecular biology
reviews : MMBR.2003;67:429-53, table of contents.
[63] Jarry T M,Cheung A L, Staphylococcus aureus escapes more efficiently from the phagosome of a cystic fibrosis bronchial
epithelial cell line than from its normal counterpart. Infection and immunity.2006;74:2568-2577.
[64] Schneider L A, Korber A, Grabbe S,Dissemond J, Influence of pH on wound-healing: a new perspective for wound-therapy?
Archives of Dermatological Research.2007;298:413-420.
[65] Mańka W, Adrianowicz L, Z Wesołek ,Adrianowicz K, The value of determining vaginal secretion reaction (pH) as a screening
test of bacterial vaginosis. Wiad Lek 2002;55:51–55.
[66] Booth I R, Stress and the single cell: Intrapopulation diversity is a mechanism to ensure survival upon exposure to stress.
International journal of food microbiology.2002;78:19-30.
[67] Bore E, Langsrud S, Langsrud O, Rode T M,Holck A, Acid-shock responses in Staphylococcus aureus investigated by global
gene expression analysis. Microbiology.2007;153:2289-303.
[68] Pane-Farre J, Jonas B, Forstner K, Engelmann S,Hecker M, The sigma(B) regulon in Staphylococcus aureus and its regulation.
International Journal of Medical Microbiology.2006;296:237-258.
[69] Fuchs S, Pane-Farre J, Kohler C, Hecker M,Engelmann S, Anaerobic gene expression in Staphylococcus aureus. Journal of
bacteriology.2007;189:4275-89.
[70] Park M K, Myers R A,Marzella L, Oxygen tensions and infections: modulation of microbial growth, activity of antimicrobial
agents, and immunologic responses. Clinical infectious diseases : an official publication of the Infectious Diseases Society of
America.1992;14:720-40.
[71] Hayes E T, Wilks J C, Sanfilippo P, Yohannes E, Tate D P, Jones B D, Radmacher M D, BonDurant S S,Slonczewski J L,
Oxygen limitation modulates pH regulation of catabolism and hydrogenases, multidrug transporters, and envelope composition
in Escherichia coli K-12. BMC microbiology.2006;6:89.
[72] Burke K A,Lascelles J, Nitrate Reductase System in Staphylococcus-Aureus Wild-Type and Mutants. Journal of
Bacteriology.1975;123:308-316.
[73] Ross R A,Onderdonk A B, Production of toxic shock syndrome toxin 1 by Staphylococcus aureus requires both oxygen and
carbon dioxide. Infection and immunity.2000;68:5205-5209.
[74] Lewis J S, Lee J A, Underwood J C, Harris A L,Lewis C E, Macrophage responses to hypoxia: relevance to disease
mechanisms. Journal of leukocyte biology.1999;66:889-900.
[75] Pagels M, Fuchs S, Pane-Farre J, Kohler C, Menschner L, Hecker M, McNamarra P J, Bauer M C, von Wachenfeldt C,
Liebeke M, Lalk M, Sander G, von Eiff C, Proctor R A,Engelmann S, Redox sensing by a Rex-family repressor is involved in
the regulation of anaerobic gene expression in Staphylococcus aureus. Molecular microbiology.2010;76:1142-61.
[76] Yarwood J M, McCormick J K,Schlievert P M, Identification of a novel two-component regulatory system that acts in global
regulation of virulence factors of Staphylococcus aureus. Journal of Bacteriology.2001;183:1113-1123.
[77] Nakano M M, Dailly Y P, Zuber P,Clark D P, Characterization of anaerobic fermentative growth of Bacillus subtilis:
Identification of fermentation end products and genes required for growth. Journal of Bacteriology.1997;179:6749-6755.
[78] Wang E, Bauer M C, Rogstam A, Linse S, Logan D T,von Wachenfeldt C, Structure and functional properties of the Bacillus
subtilis transcriptional repressor Rex. Molecular microbiology.2008;69:466-478.
[79] Reinhart F, Huber A, Thiele R,Unden G, Response of the oxygen sensor NreB to air in vivo: Fe-S-containing NreB and apoNreB in aerobically and anaerobically growing Staphylococcus carnosus. Journal of bacteriology.2010;192:86-93.
[80] Fedtke I, Kamps A, Krismer B,Gotz F, The nitrate reductase and nitrite reductase operons and the narT gene of Staphylococcus
carnosus are positively controlled by the novel two-component system NreBC. Journal of bacteriology.2002;184:6624-6634.
[81] Abshire K Z,Neidhardt F C, Analysis of Proteins Synthesized by Salmonella-Typhimurium during Growth within a Host
Macrophage. Journal of Bacteriology.1993;175:3734-3743.
[82] Tuchscherr L, Heitmann V, Hussain M, Viemann D, Roth J, von Eiff C, Peters G, Becker K,Loffler B, Staphylococcus aureus
Small-Colony Variants Are Adapted Phenotypes for Intracellular Persistence. Journal of Infectious Diseases.2010;202:10311040.
[83] Barker C,Park S F, Sensitization of Listeria monocytogenes to low pH, organic acids, and osmotic stress by ethanol. Applied
and environmental microbiology.2001;67:1594-600.
[84] Tolker-Nielsen T, Holmstrom K, Boe L,Molin S, Non-genetic population heterogeneity studied by in situ polymerase chain
reaction. Molecular microbiology.1998;27:1099-105.
[85] Wiuff C, Zappala R M, Regoes R R, Garner K N, Baquero F,Levin B R, Phenotypic tolerance: Antibiotic enrichment of
noninherited resistance in bacterial populations. Antimicrobial agents and chemotherapy.2005;49:1483-1494.
[86] Smits W K, Kuipers O P,Veening J W, Phenotypic variation in bacteria: the role of feedback regulation. Nature Reviews
Microbiology.2006;4:259-271.
[87] Wainwright M, Highly pleomorphic staphylococci as a cause of cancer. Medical Hypotheses.2000;54:91-94.
[88] Lewis K, Persister cells, dormancy and infectious disease. Nature Reviews Microbiology.2007;5:48-56.
[89] Lewis K, Persister cells, dormancy and infectious disease. Nature reviews. Microbiology.2007;5:48-56.
[90] Kussell E, Kishony R, Balaban N Q,Leibler S, Bacterial persistence: a model of survival in changing environments.
Genetics.2005;169:1807-14.

© FORMATEX 2013

699

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[91] Balaban N Q, Merrin J, Chait R, Kowalik L,Leibler S, Bacterial persistence as a phenotypic switch. Science.2004;305:16221625.
[92] Kussell E,Leibler S, Phenotypic diversity, population growth, and information in fluctuating environments.
Science.2005;309:2075-8.
[93] Guespin-Michel J F, Bernot G, Comet J P, Merieau A, Richard A, Hulen C,Polack B, Epigenesis and dynamic similarity in two
regulatory networks in Pseudomonas aeruginosa. Acta Biotheoretica.2004;52:379-390.
[94] Casadesus J,Low D, Epigenetic gene regulation in the bacterial world. Microbiology and Molecular Biology
Reviews.2006;70:830-+.
[95] Onyango L A, Dunstan H,Roberts T, Small colony variants of staphylococci: Pathogenesis and evolutionary significance in
causing and sustaining problematic human infections. Journal of Nutritional&Environmental Medicine.2008;17:56–75.
[96] Proctor R A, von Eiff C, Kahl B C, Becker K, McNamara P, Herrmann M,Peters G, Small colony variants: a pathogenic form
of bacteria that facilitates persistent and recurrent infections. Nature Reviews Microbiology.2006;4:295-305.
[97] von Eiff C, Bettin D, Proctor R A, Rolauffs B, Lindner N, Winkelmann W,Peters G, Recovery of small colony variants of
Staphylococcus aureus following gentamicin bead placement for osteomyelitis. Clinical Infectious Diseases.1997;25:12501251.
[98] Schröder A, Kland R, Peschel A, von Eiff C,Aepfelbacher M, Live cell imaging of phagosome maturation in Staphylococcus
aureus infected human endothelial cells: small colony variants are able to survive in lysosomes. Med Microbiol Immunol
(Berl).2006;195:185-94.
[99] Vaudaux P, Francois P, Bisognano C, Kelley W L, Lew D P, Schrenzel J, Proctor R A, McNamara P J, Peters G,Von Eiff C,
Increased expression of clumping factor and fibronectin-binding proteins by hemB mutants of Staphylococcus aureus
expressing small colony variant phenotypes. Infect Immun.2002;70:5428-37.
[100] Sendi P,Proctor R A, Staphylococcus aureus as an intracellular pathogen: the role of small colony variants. Trends in
Microbiology.2009;17:54-58.
[101] Kohler C, von Eiff C, Peters G, Proctor R A, Hecker M,Engelmann S, Physiological characterization of a heme-deficient
mutant of Staphylococcus aureus by a proteomic approach. Journal of bacteriology.2003;185:6928-37.
[102] Gresham H D, Lowrance J H, Caver T E, Wilson B S, Cheung A L,Lindberg F P, Survival of Staphylococcus aureus inside
neutrophils contributes to infection. Journal of Immunology.2000;164:3713-22.
[103] Bouchard D S, Rault L, Berkova N, Le Loir Y,Even S, Inhibition of Staphylococcus aureus Invasion into Bovine Mammary
Epithelial Cells by Contact with Live Lactobacillus casei. Applied and environmental microbiology.2013;79:877-885.
[104] Goerke C,Wolz C, Adaptation of Staphylococcus aureus to the cystic fibrosis lung. International Journal of Medical
Microbiology.2010;300:520-525.
[105] Cossart P, Bacterial invasion: A new strategy to dominate cytoskeleton plasticity. Developmental Cell.2004;6:314-315.
[106] Sinha B, Francois P, Que Y A, Hussain M, Heilmann C, Moreillon P, Lew D, Krause K H, Peters G,Herrmann M,
Heterologously expressed Staphylococcus aureus fibronectin-binding proteins are sufficient for invasion of host cells. Infection
and immunity.2000;68:6871-6878.
[107] Fowler T, Johansson S, Wary K K,Hook M, Src kinase has a central role in in vitro cellular internalization of Staphylococcus
aureus. Cellular microbiology.2003;5:417-426.
[108] Lewis K, Persister cells. Annual review of microbiology.2010;64:357-72.
[109] Garzoni C, Francois P, Huyghe A, Couzinet S, Tapparel C, Charbonnier Y, Renzoni A, Lucchini S, Lew D P, Vaudaux P,
Kelley W L,Schrenzel J, A global view of Staphylococcus aureus whole genome expression upon internalization in human
epithelial cells. Bmc Genomics.2007;8.
[110] Newman J A, Rodrigues C,Lewis R J, Molecular Basis of the Activity of SinR Protein, the Master Regulator of Biofilm
Formation in Bacillus subtilis. The Journal of biological chemistry.2013;288:10766-78.
[111] Schwank S, Rajacic Z, Zimmerli W,Blaser J, Impact of bacterial biofilm formation on in vitro and in vivo activities of
antibiotics. Antimicrobiol. Agent. Chemo.1998;42:895-898.
[112] Baldassarri L, Donelli G, Gelosia A, Simpson A W,Christensen G D, Expression of slime interferes with in vitro detection of
host protein receptors of Staphylococcus epidermidis. Infect Immun.1997;65:1522-6.
[113] Foster TJ, Immune evasion by staphylococci. Nature Rev.2005;3:948-958.
[114] Parsek M,Singh P, Bacterial biofilms: An emerging link to disease pathogenesis. Annu. Rev. Microbiol.2003;57:677-701.
[115] Keren I, Kaldalu N, Lewis K, Shah D,Spoering A L, Specialized Cells Responsible for Biofilm Tolerance to Antimicrobial
Agents, in Biofilms, Infection, and Antimicrobial Therapy. 2006: Nottingham. p. 241-255.
[116] Gilbert P, Allison D G,McBain A J, Biofilms in vitro and in vivo: do singular mechanisms imply cross-resistance? Journal of
Applied Microbiology.2002;92:98s-110s.
[117] Drenkard E,Ausubel FM, Pseudomonas biofilm formation and antibiotic resistance are linked to phenotypic variation.
Nature.2002;416:740-743.
[118] Shanks R M, Donegan N P, Graber M L, Buckingham S E, Zegans M E, Cheung A L,O'Toole G A, Heparin stimulates
Staphylococcus aureus biofilm formation. Infection and immunity.2005;73:4596-606.
[119] Resch A, Rosenstein R, Nerz C,Gotz F, Differential gene expression profiling of Staphylococcus aureus cultivated under
biofilm and planktonic conditions. Applied and environmental microbiology.2005;71:2663-76.
[120] Monds R D,O'Toole G A, The developmental model of microbial biofilms: ten years of a paradigm up for review. Trends in
Microbiology.2009;17:73-87.
[121] O'Gara J P, ica and beyond: biofilm mechanisms and regulation in Staphylococcus epidermidis and Staphylococcus aureus.
FEMS microbiology letters.2007;270:179-88.
[122] Lasa I,Penades J R, Bap: a family of surface proteins involved in biofilm formation. Research in Microbiology.2006;157:99107.

700

© FORMATEX 2013

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[123] Wang R, Khan B A, Cheung G Y C, Bach T H L, Jameson-Lee M, Kong K F, Queck S Y,Otto M, Staphylococcus epidermidis
surfactant peptides promote biofilm maturation and dissemination of biofilm-associated infection in mice. Journal of Clinical
Investigation.2011;121:238-248.
[124] Davey M E, Caiazza N C,O'Toole G A, Rhamnolipid surfactant production affects biofilm architecture in Pseudomonas
aeruginosa PAO1. Journal of bacteriology.2003;185:1027-36.
[125] Kaplan J B, Ragunath C, Ramasubbu N,Fine D H, Detachment of Actinobacillus actinomycetemcomitans biofilm cells by an
endogenous beta-hexosaminidase activity. Journal of bacteriology.2003;185:4693-8.
[126] Queck S Y, Jameson-Lee M, Villaruz A E, Bach T H L, Khan B A, Sturdevant D E, Ricklefs S M, Li M,Otto M, RNAIIIIndependent Target Gene Control by the agr Quorum-Sensing System: Insight into the Evolution of Virulence Regulation in
Staphylococcus aureus. Molecular Cell.2008;32:150-158.
[127] Resch A, Leicht S, Saric M, Pasztor L, Jakob A, Gotz F,Nordheim A, Comparative proteome analysis of Staphylococcus
aureus biofilm and planktonic cells and correlation with transcriptome profiling. Proteomics.2006;6:1867-77.
[128] Knobloch J K, Bartscht K, Sabottke A, Rohde H, Feucht H H,Mack D, Biofilm formation by Staphylococcus epidermidis
depends on functional RsbU, an activator of the sigB operon: differential activation mechanisms due to ethanol and salt stress.
Journal of bacteriology.2001;183:2624-33.
[129] Mack D, Becker P, Chatterjee I, Dobinsky S, Knobloch J K, Peters G, Rohde H,Herrmann M, Mechanisms of biofilm
formation in Staphylococcus epidermidis and Staphylococcus aureus: functional molecules, regulatory circuits, and adaptive
responses. International journal of medical microbiology : IJMM.2004;294:203-12.

© FORMATEX 2013

701

