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Abstract. The burden associated with Staphylococcus species infections has steadily increased in clinical 
practice in the past few years. Understanding the mechanisms behind bacterial self-regulation is of utmost 
importance. In this paper, we describe the physiology of quorum sensing in Staphylococcus species, the 
main mechanism behind microbial cross-talk, coordination, and switching from expression of virulence 
traits to biofilm formation. We also review the main characteristics behind bacterial adherence and the 
particularities of biofilm formation in Staphylococcus species, with relevance to osteoarticular infections, 
dental surgery, cardiac surgery and the use of implanted foreign bodies, electronic devices, or indwelling 
catheters.
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Introduction

The burden associated with Staphylococcus 
species infections has been steadily increasing 

in clinical practice in the past few years, particularly 
in patients with long-dwelling endovascular catheters 
or implanted foreign bodies such as joint prostheses. 
Staphylococcus species can be present in the human 
body either as commensal, colonizing strains [1,2], or as 
virulent pathogens, with high prevalence of resistance to 
antimicrobials [3].

Understanding the mechanisms behind bacterial self-
regulation is of utmost importance, especially when these 
impact the clinical evolution of staphylococcal infections. 
In this paper, we describe the main mechanisms behind 
microbial cross-talk, adherence and biofilm formation in 
Staphylococcus species.

Quorum sensing in Staphylococcus species
The pathogenesis of staphylococcal infections is in 

part driven by the bacteria’s ability to communicate 
with each other and coordinate their actions. This 
communication process, labeled as quorum sensing, 
can display inter- or intra-species specificity.

Quorum sensing is a mechanism known to turn 
on bacterial virulence traits or stimulate bacterial 
aggregation within sessile populations, i.e. biofilm. It is 

dependent on bacterial population density, and it can 
also regulate bacterial morphology, plasmid transfer, 
or antimicrobial resistance [4]. Quorum sensing 
requires each bacterial cell to produce and release 
small molecules such as autoinducing peptides (AIP); 
in parallel with bacterial multiplication, these peptides 
accumulate and reach a certain cut-off concentration, 
determining generalized activation of transcription 
regulators in the late phase of exponential growth [5]. 

Staphylococcus species present particular 
pathways for quorum sensing regulation. For example, 
the methylthioadenosine/S-adenosylhomocysteine 
(MTA/SAH) nucleosidase recycles adenine and 
methionine through methylation reactions, and 
stimulates production of autoinducer-2 (AI-2), a 
peptide involved in universal inter-species quorum 
sensing [6], by the S. aureus synthase LuxS [7].

The accessory gene regulator (agr) system is 
involved in virulence control as well as quorum 
sensing. Its P2 promoter preferentially stimulates the 
expression of surface adhesins in the initial phases of 
infection, when bacterial population density is still low, 
and growth is exponential. When a higher population 
density is reached, the quorum sensing mechanisms 
are triggered, leading to a switch to the P3 promoter, 
and the subsequent expression of exoproteins such as 
δ-hemolysin, RNAIII [8], and other proteases, lipases 
and nucleases [9]. 

The agrBDCA operon encodes major determinants 
of quorum sensing in Staphylococcus species, whose 
expression is regulated by P2 [10]. The pro-peptide 
AgrD is initially processed by the AgrB endopeptidase 
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and then interacts with signal peptidase SpsB [10] to 
generate AIP [11]. In turn, AIPs bind to AgrC, which 
acts as both sensor and kinase, and autoinduces its 
phosphorylation [11] to initiate a downstream cascade 
regulating the transcription of 200 different genes [12].

Following activation, AgrC phosphorylates and 
activates AgrA, a response regulator that binds to the 
specific DNA pattern of the P2-P3 intergenic region 
[11].

Most staphylococcal species involved in human 
disease display agr analogues involved in quorum 
sensing and virulence regulation, i.e., S. aureus, 
S. epidermidis, S. intermedius, S. warneri, and S. 
lugdunensis [5].

In S. aureus strains, AgrC displays allelic specificity 
for AIPs 1 through 4 [11]. In S. epidermidis however, a 
certain degree of interference between AIPs 1 through 
3 has been described [10].

Agr activity can be self-regulated, or it can be 
controlled by various systems, such as the CodY global 
regulator, which can repress agr activity during the 
exponential growth phase, when population density 
and nutrient supply are low [11,13]. Under such 
environmental conditions, CodY can induce biofilm 
formation, through synthesis of polysaccharide 
intercellular adhesin (PIA) [13], particularly in S. 
epidermidis and to a lesser extent in S. aureus[14].

Prolonged exposure to sublethal concentrations for 
antimicrobial agents such as ciprofloxacin, mupirocin 
or rifampin can generate mutations in agr and impair 
its quorum sensing function, leading instead to a 
competitive fitness gain [15].

Biofilm rationale
Aggregation within a matrix of extracellular 

polymeric substance (EPS) allows bacterial populations 
to avoid the host’s immune response by virtually ‘hiding’ 
bacterial cells within different layers inside this matrix. 
The shielded cells are thus protected from host defenses, 
opsonins [16] and antimicrobial agents, and thrive in an 
environment that enables the exchange of mobile genetic 
elements such as plasmids or phages.

Biofilm was classically regarded as a slimy mass 
of bacterial cells, clumped together and displaying 
metabolically active, antibiotic resistant bacterial cells 
on the outer layers, and a gradual decrease in bacterial 
metabolism and antimicrobial susceptibility as cells 
advance deeper into the biofilm matrix. However, this 
is not always the case, as sessile bacterial populations 
are pleomorphic, and recent studies have shown that 
nutrients are able to reach the deepest layers within 
the biofilm through the induction of channels in the 
extracellular matrix [17].

Biofilm formation requires the adherence of bacterial 
cells to a host surface or an implanted foreign body. This 
first step is known as primary attachment and it is followed 
by the adherence of bacterial cells to each other in the 
accumulation step, which leads to a multilayered structure 
that subsequently enters the maturation stage, and is then 
followed by detachment and dispersal, with septic emboli 
leading to the colonization of new surfaces where the 

whole biofilm forming process can start over [18]. 
Staphylococcus species have a marked capacity 

to generate biofilm either on host structures, i.e., 
endothelial lesions, or on foreign bodies, i.e. indwelling 
catheters. Interestingly, they can also associate with other 
species within a common biofilm matrix. For example, 
S. aureus and Pseudomonas aeruginosa coinfection has 
been associated with denser aggregates [19], and with 
‘bystander protection’, i.e., an induction of antibiotic 
tolerance in S. aureus to drugs such as gentamicin or 
tetracycline [20]. S. aureus also displays preferential 
attachment to hyphal forms of Candida albicans, leading 
to synergistic polymicrobial biofilms [21].

Adherence to inert surfaces and in vitro biofilm 
formation of Staphylococcus aureus

Adhesion is a major step of biofilm formation in 
S. aureus [22] and it is enabled by microbial surface 
components recognizing adhesive matrix molecules 
(MSCRAMMs), namely fibronectin, fibrinogen and 
collagen [23].

Fibronectin is a host cell ligand that also facilitates 
the adhesion of S. aureus to inert surfaces such as 
polymethylmethacrylate [24], with increasing relevance 
in orthopedic surgery [25] and dentistry [26].

Staphylococcal cells classically adhere to each other 
to form grape-like clusters. Recent studies have identified 
that these macromolecular structures are encapsulated 
in an extracellular bacterial product, thus being isolated 
from the surrounding environment. This tends to 
happen quickly, in the first 15 minutes after inoculating 
planktonic bacteria on silicone surfaces [27].

S. aureus synthesizes protein and non-protein based 
adhesins, involved in adherence to inert surfaces, to 
proteins of the host cell extracellular matrix, and to other 
microbial cells, the latter representing a major step in 
the pathway of biofilm accumulation [28]. Thus, biofilm 
formation requires PIA [28,29], teichoic and lipoteichoic 
acid [28], extracellular DNA, serine-aspartate repeat 
protein C (SdrC), and a large set of surface proteins [29].

Cleavage products such as the N-terminal peptide 
of AgrD assemble in fibrillar amyloid structures and 
determine in vitro biofilm formation [30].

Adherence to polymer surfaces is regulated by the 
two-component system (TCS) autolysis-related locus 
arlSR by modulating the activity of peptidoglycan 
hydrolase [31]. 

Bacterial adherence is also influenced by certain 
characteristics of the prosthetic material. The adherence 
of S. aureus to expanded polytetrafluoroethylene (ePTFE) 
and teflon polymer plus aluminum reaches its peak at 
30 minutes, and is then followed by detachment, while 
adherence to silicone-based materials tends to increase 
as a factor of the incubation time [32]. These findings 
may encourage the use of ePTFE membranes in surgical 
sites with a high potential of contamination, such as 
guided bone regenerations in the oral cavity.

Staphylococcal adherence is also higher on 
polyurethane than on titanium surfaces, potentially 
impacting the choice of materials for implantable cardiac 
devices [33,34].

S. aureus and S. epidermidis both display significantly 
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higher adherence to surfaces with the following 
characteristics: expanded polytetrafluoroethylene 
polymers, multifilament meshes, increased filament 
diameter, increased mesh weight, and smaller pore 
size [35].

A recent study has also found a direct correlation 
between bacterial inoculum density and adherence to 
prosthetic biomaterials of S. aureus and S. epidermidis. 
However, the same researchers have failed to identify 
a lower cut-off value that would inhibit bacterial 
adherence, reporting that an inoculum containing less 
that 10 bacterial cells is enough to display adherence to 
inert surfaces [36].

In vivo biofilm formation by Staphylococcus 
aureus

The intercellular adhesion (ica) locus drives in vitro 
and in vivo adherence in staphylococci, and biofilm 
generated by S. aureus displays different characteristics 
depending on ica involvement, i.e., ica-dependent and 
ica-independent biofilm [37].

Fibronectin binding protein (FnBP) A, promotes 
bacterial adherence to fibrinogen through its N2N3 
subdomains, thus mediating biofilm formation [38]. The 
Aaa autolysin/adhesin is also involved in staphylococcal 
adherence to extracellular matrix proteins such as 
fibrinogen, fibronectin and vitronectin [39]. The MTA/
SAH nucleosidase increases the transcription of the 
lytM and atlE genes that code for autolysins, promoting 
the release of extracellular DNA through autolysis, and 
stimulating biofilm production in S. aureus [40].

The extracellular adherence protein (EAP) is involved 
in S. aureus adherence and aggregation, leading to biofilm 
formation in the presence of human serum proteins [41], 
which represent important biofilm cofactors [42].

Beta-hemolysin displays biofilm-ligase activity, 
apart from its well described role as sfingomyelinase 
[43,44]. In the presence of DNA, β-hemolysin molecules 
covalently cross-link, generating a matrix for biofilm 
accumulation [45].

Biofilm-bound staphylococci display an increased 
expression of succinate dehydrogenase (sdh) CAB genes, 
favoring the non-oxidative pathway of the tricarboxylic 
acid cycle and thus facilitating bacterial growth in 
environments with suboptimal nutrient and oxygen 
supply [46].

RsaA is a σB (SigB)-dependent non-coding sRNA 
regulator that enhances biofilm formation [47]. The TCS 
regulator system staphylococcal respiratory response 
AB (SrrAB) controls bacterial survival under static 
biofilm conditions [48] while phenol soluble modulins 
(PSMs) regulate biofilm structuring, maturation, 
detachment, and recolonization by generating channels 
that enable nutrient delivery [17] and bacterial dispersal 
and dissemination to new areas where adherence and 
biofilm formation can take place anew [49]. As PSMs are 
produced via an agr-dependent pathway, this quorum 
sensing system is also involved in biofilm structuring and 
dispersion [4].

The staphylococcal bone sialoprotein-binding 
protein (Bbp) enables in vivo adherence to mineralized 
tissue, binding to bone sialoprotein (BSP), a glycoprotein 

found in the dentine extracellular matrix [50] and the 
bone, and thus generates persistent infections such as 
osteomyelitis [51].

Quantitative PCR studies [52] have identified a 
time-dependent fluctuation in the expression of biofilm-
associated genes, i.e., the RNA expression of elastin 
binding protein (ebps) is increased 6-fold at 24 and 48 
hours, compared to the level at 12 hours [53]; clumping 
factors A (ClfA) [54] and B (ClfB) [53] bind to fibrinogen 
in late stages of the adherence process, after an incubation 
of roughly 24 hours. 

Adherence to inert surfaces and in vitro 
biofilm formation of coagulase-negative 
staphylococci  

Similar to the data presented for S. aureus, in 
coagulase-negative staphylococci (CoNS) adherence 
is dependent of multiple factors, including bacterial 
traits, inoculum density [36] and characteristics of the 
prosthetic surface involved [33,35]. In CoNS however, 
adherence to inert surfaces correlates with virulence to a 
greater extent than in S. aureus [55].

Staphylococcal adherence to prosthetic surfaces is 
important not only because it allows the establishment 
of chronic, hard-to-treat infections, but also because 
sessile populations are able to avoid the host’s immune 
response, with decreased polymorphonuclear cells 
activation compared to planktonic cells [56].

The most studied member of the CoNS group is 
Staphylococcus epidermidis. It has been significantly 
associated with clinically relevant infections in patients 
with immune deficits and in those with implanted foreign 
bodies [57,58].

S. epidermidis adheres to inert polystyrene surfaces 
through adhesins such as: Bap homologue protein (Bhp) 
[8,22], staphylococcal surface proteins 1 and 2 (Ssp-1 and 
Ssp-2) [8], serine-aspartate repeat protein f (SdrF) [59], 
and extracellular DNA [60]. Its AtlE autolysin is involved 
in adherence to polymers [61].

The ica gene, whose role has been discussed above 
for S. aureus, also determines biofilm formation in 
S. epidermidis strains, through PIA processing and 
involvement of the DNA-binding staphylococcal 
accessory regulator A (sarA) [62,63], which induces the 
transcription of icaADBC [64]. PIA plays a major role 
in surface colonization [8], biofilm formation [8,65] 
(even for small colony variants – SCVs) [66], mediation 
of biofilm viscoelasticity [67], and avoidance of host 
immune response [8,65,68].

For S. lugdunensis the preliminary steps in adhesion 
to polystyrene are dependent on iron-regulated surface 
determinant C (IsdC) [69]. A homologous function is 
played by the AtlL autolysin in S. lugdunensis [70], the 
AtlWM autolysin in S. warneri [70] and the Aas autolysin/
adhesin in S. saprophyticus [71].

In vivo biofilm formation by coagulase-
negative staphylococci 

To generate biofilm in vivo, S. epidermidis synthesizes 
adhesins that bind human proteins. Thus, fibrinogen is 
bound by the Aae autolysin [8,61], fibrinogen-binding 
protein (Fbe) [8,72], staphylococcal conserved antigen 
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(ScaA) [8], SdrG [8], and S. epidermidis surface protein 
C (SesC) [73]; fibronectin is bound by the Aae autolysin 
[8,61], ScaA [8], and teichoic acid [8,74]; elastin by elastin 
binding protein (Ebp), and collagen by glycerol ester 
hydrolase (GehD) and SdrF [8].

Similar to its role in S. aureus, PIA modulates 
intracellular adherence and is involved in biofilm 
accumulation [5]. PSMs also regulate biofilm in CoNS, 
particularly in S. epidermidis, through biofilm maturation 
and dispersion [17,49], controlled by agr [10].

Bacterial adherence not only represents the first 
step in biofilm formation, but it is also implicated in 
initiating the infectious process. Moreover, the same 
proteins that are involved in adherence can also drive the 
pathogenesis of staphylococcal infections, as is the case 
with accumulation-associated protein (Aap) [55]

Conclusions
Staphylococcus aureus and coagulase-negative 

staphylococci synthetize a myriad of factors involved in 
adherence to inert surfaces, to human plasma proteins, 
and to bacterial as well as human cells. They display 
complex mechanisms for self-regulation and bacterial 
cross-talk, with serious implications on the infectious 
process, while quorum sensing allows bacterial cells to 
coordinate by switching on and off various virulence 
traits and the capacity for biofilm formation, according 
to predefined cut-off values for bacterial population 
density.
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