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Abstract
Staphylococcus epidermidis is a highly significant nosocomial pathogen mediating infections
primarily associated with indwelling biomaterials (e.g., catheters and prostheses). In contrast to
Staphylococcus aureus, virulence properties associated with S. epidermidis are few and biofilm
formation is the defining virulence factor associated with disease, as demonstrated by animal models
of biomaterial-related infections. However, other virulence factors, such as phenol-soluble modulins
and poly-γ-DL-glutamic acid, have been recently recognized that thwart innate immune system
mechanisms. Formation of S. epidermidis biofilm is typically considered a four-step process
consisting of adherence, accumulation, maturation and dispersal. This article will discuss recent
advances in the study of these four steps, including accumulation, which can be either polysaccharide
or protein mediated. It is hypothesized that studies focused on understanding the biological function
of each step in staphylococcal biofilm formation will yield new treatment modalities to treat these
recalcitrant infections.
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Staphylococcus epidermidis is a commensal bacterium that colonizes the skin and mucous
membranes of mammals and is the most prevalent staphylococcal species found in humans.
Epidemiological studies have demonstrated that healthy people carry between 10 and 24
different strains of S. epidermidis at any one time [1]. It has been speculated that one human
benefit of S. epidermidis colonization is inhibition of attachment of more virulent bacteria such
as Staphylococcus aureus; however, as with the entire human microbiota, we are just beginning
to understand these complex interactions [2,3]. Unfortunately, concomitant with advances in
medical practice, S. epidermidis has become the most common cause of primary bacteremia
and infection of indwelling medical devices, particularly in immunocompromised individuals
and neonates. Although sterile site S. epidermidis infections are known to occur (i.e., native
valve endocarditis), most infections are associated with a foreign body (i.e., catheter or other
biomaterial) [4]. In contrast to S. aureus, which is much more virulent and synthesizes an array

†Author for correspondence: Tel.: +1 402 559 2122 ▪ Fax: +1 402 559 5900 ▪ pfey@unmc.edu.
For reprint orders, please contact: reprints@futuremedicine.com
Financial & competing interests disclosure
This work was supported by a grant from the National Institutes of Health, National Institute of Allergy and Infectious Disease P01
AI083211. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest
in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.
No writing assistance was utilized in the production of this manuscript.

NIH Public Access
Author Manuscript
Future Microbiol. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
Future Microbiol. 2010 June ; 5(6): 917–933. doi:10.2217/fmb.10.56.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of toxins and other virulence factors, the main defined virulence factor associated with S.
epidermidis is its ability to form biofilm and colonize biomaterials. Biofilm is defined as a
complex interaction of unicellular organisms, typically encased in an extracellular matrix of
polysaccharide, protein and nucleic acid. S. epidermidis biofilm is recalcitrant to the deleterious
action of antibiotics and impedes the host immune response. Thus, treatment of patients with
S. epidermidis biofilm-mediated infections typically involves removal of the offending device
and subsequent replacement, causing an increase in morbidity and cost. Fortunately, advances
in genetic techniques within the past 10 years have allowed investigators to probe mechanisms
of virulence within S. epidermidis, particularly those factors that mediate biofilm formation.
This article will focus on those defined factors that allow S. epidermidis to colonize and persist
in biomaterial-related infections through the formation of biofilm.

Genome structure & population biology of S. epidermidis
The genomes of two S. epidermidis isolates, ATCC12228 (~2.5 Mb) and RP62A (also known
as ATCC35984; ~2.6 Mb), have been fully sequenced [5,6]. Although the core genome is very
similar between S. epidermidis and S. aureus, S. epidermidis, as predicted, encodes fewer
known and putative virulence factors and pathogenicity islands compared with S. aureus. This
paucity of virulence factors is most likely responsible for the lack of invasiveness of S.
epidermidis infection. The most notable differences between S. aureus and S. epidermidis
include the lack of staphylococcal enterotoxins, leukocidins, α-toxin, protein A and a multitude
of adherence factors in the latter. However, S. epidermidis does encode at least one unique
virulence factor, a poly-γ-DL-glutamic acid (PGA) capsule that is essential for virulence in
Bacillus anthracis [7]. In addition, the genome sequence reflects the ecological niche of S.
epidermidis as eight sodium ion/proton exchangers and six osmoprotection transports systems
have been identified [5,8]. These systems are predicted to aid in the survival of S.
epidermidis on the skin surface as they counteract the osmotic pressure and high salt
concentrations. The population structure of S. epidermidis is epidemic in structure and at least
nine clonal lineages are disseminated worldwide [9]. One major clonal complex, CC2,
represented 74% of isolates worldwide in one study; furthermore, one particular sequence type,
ST2, represented 31% of all isolates. Similar results were found in other multilocus sequence
typing (MLST) studies [9–12]. However, rapid evolution (and thus, pulsed-field gel
electrophoresis [PFGE] patterns) occurs through frequent transfer of mobile genetic elements
and recombination; possibly through insertion sequence elements [9]. In fact, it has been widely
suggested that S. epidermidis is a reservoir of antibiotic resistance genes and other genomic
islands that S. aureus acquires through horizontal transfer [13,14]. Other molecular typing
methodologies, including sequence analysis of repeat regions of sdrG/aap genes and multiple-
locus variable-number tandem repeat analysis, have been developed which yield similar
discriminatory power as MLST or PFGE [15,16]. However, recent molecular epidemiology
studies have demonstrated that the combination of PFGE and staphylococcal cassette
chromosome mec (SCCmec) typing has the ability to predict clonal complexes as defined by
MLST [17].

S. epidermidis biofilm formation
With regard to virulence, S. epidermidis can be viewed as intermediary between apathogenic
species, such as Staphylococcus carnosus [18], and the highly virulent S. aureus. Biologically,
S. epidermidis is an example of an opportunistic bacterium where it can be considered a
symbiont or a pathogen depending on the biological context [2,19]. Several hypotheses have
addressed why S. aureus has evolved to be more virulent than S. epidermidis, including the
enhanced ability of S. aureus to acquire foreign DNA and enriched immune response in the
nares (S. aureus) in contrast to the skin (S. epidermidis) [20]. Currently, however, the most
attractive hypothesis suggests that the enhanced virulence in S. aureus is due to the complex
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transmission pathway when comparing S. aureus and S. epidermidis [20]. In contrast to S.
aureus, whose major niche is the nares, S. epidermidis can readily be transferred to the skin of
other individuals through common contact or the constant sloughing of skin. Massey et al.
proposed a mathematical model that predicts those S. epidermidis isolates that have enhanced
virulence will be lost in the population [20]. Therefore, predictably, examination of the
proposed virulence factors reveals that S. epidermidis has evolved multiple systems to protect
itself against factors of the innate immune system, including antimicrobial peptides and
phagocytosis, instead of those factors that assist in mediating invasive infections. Otto has
recently published several excellent reviews focusing on the biology of S. epidermidis, phenol-
soluble modulins (PSMs), the recently described three-component antimicrobial peptide-
sensing system, and other factors that help mediate resistance to the innate immune system
[8,21–24]. Therefore, these systems will not be described here. Instead, this article will focus
on the literature describing biofilm initiation, accumulation, maturation and dispersal in
addition to a brief discussion of PGA. Table 1 lists the identified putative virulence factors of
both S. epidermidis RP62A and ATCC12228. Note that ATCC12228 does not encode either
icaADBC or bhp (see below), and therefore does not form a detectable biofilm. It should also
be noted that only a few of these virulence traits have been rigorously tested in relevant animal
models of biomaterial-related infection.

The exact mechanism required to form a functional, mature staphylococcal biofilm is unknown.
However, it has been classically viewed as a four-step process: adherence, accumulation,
maturation and detachment. A mature S. epidermidis biofilm consists of a variety of adhesive
molecules, including polysaccharide intercellular adhesin (PIA), proteinaceous factors (Bhp,
Aap and Embp), teichoic acids and extracellular (e) DNA. However, complicating
experimental analysis of S. epidermidis biofilm formation is the fact that not all isolates encode
factors that are thought to augment biofilm formation. For instance, not all isolates encode
icaADBC, the operon responsible for synthesizing PIA. Although a significant amount of S.
epidermidis isolates obtained from a defined biomaterial infection encode icaADBC, multiple
studies have demonstrated that the majority of commensal S. epidermidis isolates obtained
from the skin of healthy individuals do not encode icaADBC [11,25–30]. In fact, a human
colonization study demonstrated that an icaADBC mutant outcompeted its isogenic wild-type
strain, suggesting synthesis of PIA incurs a fitness cost when colonizing skin [31]. In addition,
a study by Bowden et al. reported only 9, 0 and 13% of bacteremia, blood culture contaminant
and colonizing skin flora isolates, respectively, encoded bhp, a protein associated with strong
biofilm formation in both S. epidermidis and S. aureus [32,33]. Clearly, future studies need to
define the function of each factor in the establishment of a mature, functional biofilm.

Adherence to biomaterials
The initial step in biofilm formation is the adherence of the bacteria to a foreign body or
biomaterial. These initial interactions are nonspecific and hydrophobic in nature [34].
However, specific proteins have been identified that mediate binding to these abiotic surfaces.
In S. epidermidis, these include the bifunctional adhesins/autolysins AtlE and Aae [35,36]. Not
only do these proteins have specific adherence functions (by binding noncovalently to
vitronectin), they may also function to release eDNA, which has recently been demonstrated
to be an important adherence/aggregation factor in both S. aureus and S. epidermidis biofilm
formation [37,38]. Studies by Mann et al. recently demonstrated that cidA-mediated eDNA
release functions in both the initial attachment and accumulation phase of S. aureus [39].
Furthermore, biomaterials are rapidly coated with human serum proteins, including fibronectin,
collagen, fibrinogen and vitronectin. Staphylococci have multiple adherence factors, known
as ‘microbial surface components recognizing adhesive matrix molecules’ (MSCRAMMs),
which are known to bind serum proteins (Table 1) [40]. The most-studied MSCRAMM in S.
epidermidis is the fibrinogen-binding protein SdrG. Deletion of sdrG leads to a decrease of
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adherence to fibrinogen-coated surfaces, and antibodies to SdrG lead to a decrease of S.
epidermidis adherence to biomaterials in vivo [41–43]. Recent studies have also demonstrated
that SdrG promotes platelet adhesion and aggregation [44]. An additional well-characterized
MSCRAMM, SdrF, binds collagen, and anti-SdrF antibodies significantly reduced adherence
to ventricular assist devices [45,46]. Embp is a 1.1-MDa protein capable of binding fibronectin
[47]. Studies by Christner and colleagues found that a 460-kDa isoform of Embp is capable of
binding fibronectin and, in addition, mediating biofilm accumulation in an icaADBC- and aap-
negative isolate (see below for discussions of icaADBC and aap) [48]. In addition, Embp-
mediated biofilm was recalcitrant to phagocytosis by macrophages, suggesting that, in some
isolates, Embp alone is sufficient to form functional, clinically relevant biofilms [48]. Finally,
bioinformatic analyses have uncovered multiple putative LPXTG motif-containing cell wall-
anchored proteins termed S. epidermidis surface proteins (Table 1) [5,32]. Although the
function of these proteins is unclear, it is known that some are S. epidermidis specific and SesH,
SesI and SesG may be markers for disease capacity [32,49]. SesC was shown by Shahrooei
and colleagues to be highly expressed during biofilm growth [50]. In addition, polyclonal anti-
SesC reduced the in vitro biofilm-forming and fibrinogen-binding ability of S. epidermidis
RP62A, suggesting SesC may be essential for biofilm formation; Bowden et al. found sesC
was present in all isolates tested [32,50].

Accumulation
The synthesis of PIA (termed poly-N-acetyl-glucosamine [PNAG] in S. aureus) is the best-
studied mechanism of biofilm accumulation in S. epidermidis [51]. However, clinical studies
have demonstrated that clinically relevant S. epidermidis isolates are PIA negative,
demonstrating that proteinaceous factors can substitute to function as an accumulative
molecule during biofilm formation (see below) [28,52]. The majority of clinical S.
epidermidis isolates synthesize PIA [11,25–30], which is a homoglycan composed of β-1,6-
linked 2-amino-2-deoxy-D-pyranosyl residues [51,53]. PIA contains negative charges due to
partial de-N-acetylation and positive charges due to O-succinylation [53]. PIA is synthesized
by the ica operon gene products [54]; the ica operon is composed of four genes: icaA (1238
bp), icaD (305 bp), icaB (869 bp) and icaC (1067 bp). A divergently transcribed repressor,
icaR (557 bp), which has homology to the TetR family of transcriptional regulators, is found
just upstream of ica [55]. Gerke and colleagues have found that IcaA and IcaD, both membrane
proteins, act in concert as a UDP N-acetylglucosaminyltransferase. IcaC, also a membrane
protein, is hypothesized to act in translocating polysaccharide synthesized by IcaAD through
the cytoplasmic membrane [56,57]. IcaB acts as a deactylase; deacetylation of PIA is required
for PIA attachment to the cell surface, as well as biofilm formation, surface colonization,
immune system evasion and virulence in a mouse model [57–59]. The importance of PIA in
the virulence of S. epidermidis has been demonstrated in two animal models of device-
associated infections, a rat catheter model and a mouse foreign-body infection model [60–
62]. Secretion of PIA mediates initial adherence to surgical polymers, interbacterial adhesion,
and facilitates biofilm formation [51,63]. In addition, PIA mediates biocide resistance and
inhibits neutrophil-dependent killing [64,65]. Therefore, clinically, one of the most relevant
functions of PIA is as a facilitator of biofilm formation, which increases the persistence of
infections and leads to a decreased efficacy of antibiotic-induced bactericidal activity [59,65–
67].

Transcriptional regulation of the icaADBC operon has been extensively studied and multiple
factors function to modulate its expression, including SarA, SarZ, LuxS, ClpP, σB and the
tricarboxylic acid (TCA) cycle [68–75]. Both SarA and SarZ are required for icaADBC
transcription and subsequent PIA synthesis [68,69,72,73]; loss of SarZ reduces virulence in a
mouse foreign-body model. The quorum-sensing system, LuxS, also represses icaADBC
transcription and subsequent PIA synthesis; a luxS mutant was more virulent than wild-type
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in a rat model of biofilm infection [76]. At this point, it is unclear how LuxS and the AI-2
system interacts with the icaADBC operon. The stress sigma factor, σB, also functions in an
indirect manner to regulate PIA synthesis [70]. Using transposon mutagenesis, Knobloch and
colleagues found that insertion of Tn917 into rsbU repressed icaADBC transcription through
an icaR-dependent manner whereby icaR transcription was upregulated in an unknown,
indirect manner [70]. Finally, the observation that several environmental stimuli altered PIA
synthesis (iron availability, ethanol concentration and anoxic growth conditions) led to the
hypothesis that TCA cycle activity and the bacterial metabolic status was linked to PIA
synthesis [77]. Subsequent inactivation of aconitase caused derepression of icaADBC
transcription and PIA synthesis [71]; however, the metabolic link between the TCA cycle and
icaADBC transcription is not known at this time. An additional transcriptional regulator of
icaADBC transcription is IcaR, a member of the TetR family of transcriptional regulators
[55,69,70,78–81]. icaR is divergently transcribed from icaADBC and negatively regulates
icaADBC transcription in early exponential phase [55]. Furthermore, as stated, σB influences
icaADBC transcription and PIA biosynthesis by indirectly affecting icaR transcription [70].
X-ray crystallographic analysis of the S. epidermidis IcaR protein and subsequent
electrophoretic mobility shift assays demonstrated that two IcaR dimers bind cooperatively to
a 28-bp region centered 17 bases upstream of the icaADBC start codon [81]. Consistent with
other TetR regulators, the DNA affinity of IcaR was greatly decreased in the presence of
streptomycin and gentamicin [81]. Cerca et al. demonstrated that in S. aureus, SarA and σB

are required for icaR expression and IcaR does not significantly affect its own transcription
[78].

In addition to its significant function in immune evasion and biofilm accumulation, PIA also
significantly affects the architecture of a maturing biofilm. As shown in Figure 1, S.
epidermidis strains expressing PIA have significant tower formation and 3D structure
compared with isogenic strains not expressing PIA. In addition, using flow cell parameters
with increased shear stress (i.e., increased fluid flow rate), S. epidermidis isolates that do not
synthesize PIA are not able to form biofilms (Figure 1). These data may suggest that S.
epidermidis isolates that synthesize PIA are advantageous in infections with a high shear stress
(i.e., catheter lumen). Confocal analysis confirms what is observed in the flow cells; towers
are much more common and larger than the few towers that are observed in PIA-negative
biofilms (Figure 2). Further studies are needed to address what particular factors are responsible
for tower formation and subsequent maturation in PIA-positive staphylococcal biofilms.

Although PIA is a highly significant factor in S. epidermidis biofilm formation and maturation,
S. epidermidis strains have been isolated from clinically relevant infections that do not encode
icaADBC and thus do not synthesize PIA [28]. Biofilm accumulation in these isolates is protein
mediated as they are protease sensitive but resistant to polysaccharide-degrading enzymes
[28]. Biofilm accumulation proteins in S. epidermidis include Embp (discussed previously)
and two other specific proteins, Aap and Bhp (Bap in S. aureus). Aap is a 220-kDa LPXTG
protein containing an N-terminal A domain and a B domain of variable number 128-bp repeat
[82,83]. Aap is processed by both bacterial and host proteases into its active form and is a
fibrillar protein that is extruded from the cell in localized tufts [82,83]. Aap accumulation is
mediated by Zn2+-dependent dimerization of B domains on neighboring cells, whereas the A
domain mediates adherence to corneocytes, implicating a further role in adherence to skin
[84,85]. The function of Aap in a PIA-dependent biofilm is unknown; however, polyclonal
antibodies against Aap in RP62A (a strain that synthesizes PIA) inhibited biofilm formation
up to 87%, suggesting a role of Aap in initial adherence or early biofilm maturation [86].

In contrast to Aap, which is found in approximately 90% of S. epidermidis isolates, Bhp is
encoded in approximately 15–45% of isolates, depending on the study [28,32]. In S. aureus,
bap is even less frequently encountered; a recent study by Vautor et al. found that bap was not
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encoded in 262 S. aureus isolates obtained from various animal and human sources [87]. It is
possible that Bap is closely linked to genetic backgrounds that are coadapted with bovine niches
[33]. The S. epidermidis bhp gene is 8226 bp in length, encoding a protein with a predicted
molecular mass of 284.4 kDa [33]. Tormo and colleagues demonstrated that bhp induces
biofilm formation and accumulation in the absence of PIA [33]. Interestingly, although bap is
encoded within a pathogenicity island in S. aureus (SaPIbov2), bhp in S. epidermidis is not
associated with a mobile element [33,88]. Studies in S. aureus have demonstrated that bap
transcription is SarA and σB dependent, and formation of a Bap-dependent biofilm is sensitive
to the staphylococcal proteases Aur and SspA [89,90], suggesting a complex interaction
between the metabolic state of the bacterium and protein-dependent biofilm formation.

Maturation
It is well established that bacteria growing within a biofilm are unique from those growing
exponentially in the planktonic phase. Microarray studies have demonstrated that both S.
epidermidis and S. aureus growing in a biofilm state have unique transcriptional responses
compared with cells growing exponentially [91–93]. For example, these experiments
demonstrate that staphylococci growing in a biofilm shift their physiology towards anaerobic
or microaerobic metabolism and downregulate protein, cell wall and DNA synthesis. Although
these experiments have been extremely helpful in defining the ‘average’ transcriptional
response of biofilm growth (as all cells growing in a biofilm were examined), it is also well
established that cells growing within a biofilm have spatial and temporal responses to their
immediate environment (e.g., nutrient and oxygen availability and interactions with metabolic
waste) (Figure 3) [94]. For example, Rani and colleagues have recently demonstrated that S.
epidermidis growing within a biofilm consists of at least four metabolic states: aerobic growth,
anaerobic growth, dormant cells and dead cells [95]. It is hypothesized that these defined
physiological states found within a biofilm allow for tolerance to antibiotics; therefore, it
follows that disruption of the ability of a particular biofilm region (e.g., anaerobic state) to
develop may enhance the ability of antibiotics to clear biofilm-mediated infections. One
specific operon that is consistently upregulated within biofilm populations of both S.
epidermidis and S. aureus, in contrast to cells growing in a planktonic form, is the arginine
deiminase operon (ADI) [91,92,96]. Many eubacteria utilize the ADI pathway to catabolize
arginine under microaerobic or anaerobic conditions to generate ammonia and ATP [97]. When
growing under anoxic conditions, arginine can serve as a sole carbon source [98]. There are
several examples in the literature suggesting that arginine metabolism is important during the
metabolic shift to anaerobic growth [91,92,99–101]. The ADI pathway is typically comprised
of four genes found in an operon structure [98,102–107]. The first gene in the pathway is
arcD, an arginine/ornithine antiporter, which facilitates the entry of arginine into the cell. When
the ADI pathway is active, ornithine accumulates in the culture medium. Next, arcA (arginine
deiminase) deiminates arginine, generating citrulline and ammonia. Citrulline is
phosphorolyzed by ornithine transcarbamylase (arcB), resulting in carbamoylphosphate and
ornithine. Carbamate kinase (arcC) finally transfers the phosphate from carbamoylphosphate
to ADP, yielding 1 mol of ATP per mol of arginine. The resulting carbamate is chemically
broken down to CO2 and ammonia. Analysis of the two publicly available S. epidermidis
genomes (ATCC12228 [6] and RP62A [5]) demonstrates that at least one complete copy of
the ADI gene cluster is found in these genomes. Surprisingly, the ATCC12228 genome
contains two complete ADI gene clusters. One gene cluster, which contains argR1 through
arcR1, and a second gene cluster containing arcC1 and arcB3, are identical to the gene clusters
found in the RP62A genome. However, ATCC12228 contains a unique gene cluster, argR2
through arcR2, which is not found in the RP62A genome. This unique argR2–arcR2 gene
cluster is contained on a 34-kb genomic island termed arginine catabolic mobile element
(ACME) II in ATCC12228 [108]. This island is similar to ACME I, a genomic island found
in S. aureus USA300, that also contains the ADI gene cluster [108]. This arc gene cluster
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within ACME I, which has been used as a genetic marker for identification of the USA300
background in molecular epidemiological studies [109], has been postulated to function as a
virulence factor in S. aureus. First, Streptococcus pyogenes’ arginine deiminase functions to
inhibit human peripheral blood mononuclear cell proliferation and may help the organism
survive low pH (due to production of ammonia) and control pH homeostasis [110,111]. Second,
depletion of L-arginine by arginine deiminase would decrease the production of nitric oxide
(which is synthesized through L-arginine), a molecule used in the adaptive and innate immune
responses against microbial infections [108]. Third, the catabolism of arginine may function
to increase the pH of the extracellular milieu on the skin, allowing S. aureus to better colonize
skin surfaces and, thus, have a greater ability to cause skin and soft tissue infections [101].
Finally, Diep and colleagues have recently shown that deletion of the entire ACME I element
decreased virulence and fitness in a rabbit bacteremia model [112]. Overall, these data suggest
that the generation of ATP through arginine catabolism is an important aspect of biofilm
maturation. In addition, through generation of ammonia, induction of arcABDCR may be
important for pH homeostasis within certain biofilm niches. Zhu and colleagues have addressed
the function of arginine utilization in S. aureus UAMS-1 (USA200 background) by
construction of an arcD1 mutant [101]. It was determined that the loss of arginine metabolism
had no phenotypic effect on biofilm formation (although PIA production was reduced) or
virulence in a mouse foreign-body infection model. However, it is important to note that
UAMS-1 contains only the native copy of arcABDCR and does not contain the ACME island.
In addition, it was also noted that the UAMS-1 arcD mutant accumulated significantly less
ammonia in the culture medium under both flow cell and planktonic cultures. These data
suggest that arginine metabolism has a significant function in overall amino acid metabolism
and, possibly, pH homeostasis within a biofilm. The function of both ADI operons in S.
epidermidis is unknown to date.

Finally, multiple studies have demonstrated that S. epidermidis undergoes a phenomenon
whereby a certain proportion of the population does not produce PIA/biofilm. This observation,
termed phenotypic variation (or phase variation), can be detected on media called Congo red
agar [113]. Colonies that produce PIA grow as crusty, irregular colonies, whereas PIA-negative
colonies are smooth and creamy (Figure 4). It should be noted that several different types of
phenotypic variants are found on Congo red agar, which are termed ‘intermediate’. These
colonies form an intermediate level of biofilm in comparison to crusty and smooth colonies.
Handke et al. demonstrated that phenotypic variation occurs at a fairly high frequency (10−3–
10−4) in almost all strains of S. epidermidis when grown in media for an extended period of
time (5–7 days) [114]. As shown in Figure 4, phenotypic variation is a consequence of biofilm
maturation and is observed at a high frequency after tower formation is observed. Ziebuhr and
colleagues demonstrated that in some cases (30%), phenotypic variation is mediated by the
insertion of IS256 into the ica operon [115]. However, the mechanisms of phenotypic variation
in the remaining 70% of isolates are unknown. Handke et al. subcategorized smooth phenotypic
variants (non-IS256 variants) into three classes. Class I phenotypic variants are those in which
the transcription of icaADBC is downregulated and thus little PIA is synthesized. Class II
phenotypic variants are those that produce the same amount of icaADBC transcript as wild-
type, but do not produce any PIA/biofilm. Class III phenotypic variants are those variants in
which large regions of the chromosome are deleted, including icaADBC. Some, but not all,
class I and class II phenotypic variants are able to revert back to wild-type biofilm-forming
capability after extended incubation in tryptic soy broth. In addition, DNA sequencing of three
phenotypic variants of S. epidermidis SE5 (SE5 PV2, SE5 PV3 and SE5 PV10) suggested that
SE5 PV2 (class I mutant) was an rsbU mutant while SE5 PV3 and SE5 PV10 (both class II
mutants) were icaA and icaD mutants, respectively [114]. In a similar manner, Boles et al.
isolated multiple colony phenotypes from a Pseudomonas aeruginosa biofilm population
[116]. Furthermore, although a dinB (DNA PolIV) knockout did not have an effect on variant
generation within a biofilm, a recA mutant grown in a biofilm did not generate ‘mini’ or
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‘wrinkly’ variants. These investigators linked this phenomenon to a well-known hypothesis in
ecological disciplines, the insurance hypothesis, stating that the presence of diverse
subpopulations increases the range of conditions in which the community as a whole can thrive.
This hypothesis predicts that RecA-dependent mutagenesis is utilized within a biofilm structure
to ensure the diversity of the population is sufficient to survive and proliferate under adverse
conditions.

Dispersal
As a staphylococcal biofilm matures, individual cells or intact sections of biofilm can ‘slough
off’ and metastasize to other organ systems. Little is known regarding dispersal and detachment
mechanisms; however, in both S. epidermidis and S. aureus, this process is agr dependent
[117–119]. S. epidermidis agr mutants showed increased bio-film development and
colonization in a rabbit model [119]. It is hypothesized that the increased biofilm thickness in
agr mutants is due to the loss of δ-toxin and other phenol-soluble modulins [8]. These molecules
act as surfactants that inhibit noncovalent interactions of bacteria at the surface of the biofilm.
Complementing these observations, agr is most transcriptionally activated at the fluid/biofilm
interface [119]. In addition, agr also regulates biofilm formation in S. aureus; addition of AIP-
mediated dramatic detachment of S. aureus biofilms [117]. Detachment was related to
increased protease activity in biofilm effluent and was related to increased expression of Aur
metalloprotease and the SplABCDEF serine proteases [117]. It is unclear what function these
proteases may have in the detachment of a PIA- or Aap/Bhp-dependent biofilm in S.
epidermidis.

Poly-γ-DL-glutamic acid
Poly-γ-DL-glutamic acid is an extracellular anionic polymer produced by B. anthracis and a
few other human pathogens, including Leptospira interrogans and Fusobacterium
nucleatum [120–122]. PGA, which is encoded by plasmid pXO2 in B. anthracis isolates, is a
significant virulence factor in B. anthracis as it inhibits phagocytosis [121]. Surprisingly,
genome sequencing studies have revealed that S. epidermidis encodes in the core genome a
highly conserved capBCAD operon [5]. The capBCAD operon is conserved in most
staphylococcal species closely related to S. epidermidis, including Staphylococcus capitis,
Staphylococcus caprae, Staphylococcus haemolyticus, Staphylococcus warnerii,
Staphylococcus saccharolyticus and Staphylococcus hominis [7]. The operon is also found in
the human pathogen S. lugdunensis, but is not found in S. aureus [7]. PGA appears to protect
S. epidermidis against high salt concentrations in addition to mediating resistance to
antimicrobial peptides and phagocytosis, both components of the innate immune system [7].
Therefore, the expression of PGA may be advantageous for those staphylococci that reside in
high salt environments such as skin. Surprisingly, even though capBCAD isogenic mutants
were significantly less virulent than wild-type in a mouse foreign-body model, the capBCAD
mutant had no apparent phenotypic defect regarding biofilm formation in a PIA-producing S.
epidermidis isolate (strain 1457) [7]. The interaction (if any) between PIA and PGA, both
antiphagocytic, is unknown. However, these data suggest that PIA-dependent biofilms require
PGA to become highly recalcitrant to the action of the innate immune system.

Future perspective
We are only beginning to understand the biology of commensal bacteria such as S.
epidermidis and their function in the maintenance of human health. Current microbiome studies
will allow us to first understand and identify the ‘players’ that utilize the human skin as their
ecological niche. It is unclear whether each species has a particular role in maintenance of and
integrity of the skin structure or, possibly, immune development [2]. Second, the utilization of
newer technologies will enable investigators to further probe each stage of biofilm formation
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to identify new strategies to inhibit biofilm formation on biomaterials. Many strategies, some
very successful, have addressed inhibiting the initial adherence step of biofilm formation.
Although vaccines against staphylococcal targets have proven to be problematic, multivalent
vaccines against S. epidermidis should certainly target factors that are important for adherence
to biomaterials. A virtually untapped area of staphylococcal biofilm research has been the
identification of factors that are responsible for biofilm maturation. These maturation processes
may include tower formation or the shift from a primarily aerobic metabolism to a
microaerobic/anaerobic condition. It is hypothesized that inhibition of maturation may
facilitate increased phagocytosis by the innate immune system or susceptibility to antibiotics.
Newer technologies, such as laser capture microdissection microscopy, are needed to address
the heterotypic nature of biofilms and study the single cell/regional response(s) to the nutrient
and oxygen gradients that are generated by biofilms [123]. It is hypothesized that phenotypic
variation is a byproduct of maturation and metabolic status of the biofilm. Importantly, future
studies need to address the function/role of PIA-, Aap-, Bhp- or Embp-dependent S.
epidermidis biofilms. Are all of these biofilms clinically relevant and recalcitrant to the innate
immune system and the bactericidal action of antibiotics? Finally, further studies are required
to address the interaction of PGA and other biofilm accumulation factors (PIA, Aap, Embp
and Bhp) as the loss of PGA appears to dampen the anti-innate immune system properties of
a PIA-dependent biofilm [7].

Executive summary

Staphylococcus epidermidis

• Staphylococcus epidermidis is a commensal bacterium living on the skin of
humans. It is a significant cause of biomaterial-related infections.

• Biofilm synthesis is a primary virulence factor. Staphylococcal biofilm is
recalcitrant to host innate immune response and antibiotic treatment; therefore,
treatment of S. epidermidis infections frequently requires removal of offending
device.

Genome structure of S. epidermidis

• The genomes of two S. epidermidis isolates have been sequenced, ATCC12228
and RP62A.

• The genome sequence reflects the ecological niche (skin) of S. epidermidis by
encoding genes related to osmoprotection.

• In contrast to Staphylococcus aureus, S. epidermidis produces few virulence
factors. Most are related to biofilm synthesis or resistance to host innate immune
system.

• Most clinical S. epidermidis isolates are part of a large clonal complex defined as
CC2.

S. epidermidisbiofilm formation

• Lack of virulence of S. epidermidis in contrast to S. aureus may be related to ease
of transmission from host to host.

• Many virulence factors produced by S. epidermidis, including phenol-soluble
modulins and the three-component antimicrobial peptide-sensing system, help to
mediate resistance to the innate immune system.

• Biofilm formation in staphylococci is typically viewed as a four-step mechanism:
adherence, accumulation, maturation and detachment.
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• A factor complicating experimental analysis of S. epidermidis biofilm formation
is that not all isolates encode factors demonstrated to augment biofilm formation,
including icaADBC, aap, embp and bhp.

• Adherence to biomaterials is mediated by both nonspecific and specific
interactions. Specific adhesins include the bifunctional adhesins/autolysins AtlE/
Aae and the MSCRAMM proteins SdrG, SdrF and Embp.

• The best studied accumulation factor is polysaccharide intercellular adhesin (PIA)
synthesized by gene products of the icaADBC operon. icaADBC is
transcriptionally regulated by multiple factors, demonstrating that PIA synthesis
is tied to metabolic status of the bacterium.

• S. epidermidis strains have also been isolated from clinically relevant infections
that do not synthesize PIA, suggesting that other factors can replace PIA in the
biofilm accumulation phase. Aap and Bhp are two identified proteins that can
function in this role.

• Little is known regarding the maturation phase of staphylococcal biofilm
synthesis, but some data suggest that arginine catabolism is important. Phenotypic
variation may be a by-product of biofilm maturation and tower formation.

• Dispersal of both S. aureus and S. epidermidis biofilms is agr dependent. However,
in S. epidermidis, dispersal is related to synthesis of phenol-soluble modulins and
δ-toxin, whereas S. aureus dispersal is related to protease production.

Poly-γ-DL-glutamic acid

• Poly-γ-DL-glutamic acid is a virulence factor not found in S. aureus that protects
S. epidermidis against high salt concentrations in addition to mediating resistance
to antimicrobial peptides and phagocytosis.
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Figure 1. Biofilm formation by Staphylococcus epidermidis 1457 and an isogenic icaADBC mutant
as compared in a flow cell
(A–C) S. epidermidis 1457 icaADBC::dhfr [69] grown in a flow cell for 24 (A), 48 (B) and 72
h (C). (D–F) Staphylococcus epidermidis 1457 [51] grown in a flow cell for 24 (D), 48 (E)
and 72 h (F). Note the significant tower formation and 3D structure associated with 1457 as
compared with 1457 icaADBC at 48 and 72 h (noted by arrow in (E)). S. epidermidis 1457
sarA::tetM [69] (G), S. epidermidis 1457 icaADBC::dhfr (H) and S. epidermidis 1457 (I)
grown in a flow cell with high shear stress. Note the lack of biofilm formation in (G & H)
containing S. epidermidis 1457 mutants unable to synthesize polysaccharide intercellular
adhesin (polysaccharide intercellular adhesin [PIA]; icaADBC and sarA mutations). Tryptic
soy broth at a flow rate of 0.5 ml/min was used in both flow cells shown in (A–F) and (G–I).
However, the shear stress was greater in the flow cell shown in panels (G–I) due to the smaller
surface area of the material supporting bacterial growth. (J & K) Note the contribution of PIA
to biofilm synthesis in 1457 (J) in contrast to 1457 icaADBC::dhfr (K). S. epidermidis 1457
PIA-dependent biofilms can be picked up with a pipette, whereas PIA-independent biofilms
in the 1457 background can easily be resuspended with a pipette. (L–N) Note that biofilms
from 72 h flow cells (as shown in (C & F)) from 1457 icaADBC::dhfr (M) and 1457
sarA::tetM can easily be resuspended in broth, whereas the biofilm from 1457 (L) is not
resuspended upon vortexing.
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Figure 2. Confocal microscopy of polysaccharide intercellular adhesin-dependent and -
independent biofilms
Staphylococcus epidermidis 1457 icaADBC::dhfr (A) and 1457 (B) were grown in Lab-
Tek™ borosilicate coverglass systems for 24 h in tryptic soy broth and stained with wheat germ
agglutinin (WGA), Syto9 and Toto-3. WGA (purple stain) was used to identify polysaccharide
intercellular adhesin, Syto-9 (green stain) was applied to identify viable cells in the biofilm,
and Toto-3 (red stain) was used to stain both dead cells and eDNA. Note that, in contrast to
towers found in 1457, the towers in 1457 icaADBC::dhfr are comprised of dead cells and/or
eDNA. 1457 towers are much more common, larger and contain live cells. In addition, note
the WGA staining of polysaccharide intercellular adhesin in 1457 (B).
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Figure 3. Temporal and spatial heterogeneity in a staphylococcal biofilm
(A) Young biofilm replete with oxygen and nutrient substrate. By contrast, mature biofilm has
cells that have access to both oxygen and substrate (B), substrate but no oxygen (C) and no
oxygen or substrate (D), generating metabolic heterogeneity. In media containing a readily
catabolizeable substrate such as glucose and in addition a separate carbon source such as amino
acids or peptides, the upper regions of the biofilm (B) would have access to the glucose, whereas
more microaerobic regions (C) would have access to a secondary carbon source such as amino
acids/peptides. Adapted from [94].
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Figure 4. Link between biofilm maturation and phenotypic variation
Flow cell biofilms of Staphylococcus epidermidis 1457 were grown in tryptic soy broth for 24
(A), 48 (B) and 72 h (C), and plated onto Congo red agar. Phenotypic variants (as noted by
arrows) are readily observed coincident with tower formation and biofilm maturation. Note no
phenotypic variants or towers were observed after 24 h of growth (authors’ observation and
[114]).
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Table 1

Virulence factors of Staphylococcus epidermidis.

Virulence factor RP62A† ATCC12228‡ Ref.

Proteases/exoenzymes/extracellular proteins

Esterase 1941 1929 [5]

2109 2095

Serine protease 2390 (htrA) 0722 (htrA) [124]

2401 0723

Serine V8 protease 1387 (sspA) 1543 (sspA) [125,126]

Cysteine protease 2390 (sspB) 0184 (sspB) [125]

2391 (sspC) 0183 (sspC)

Lipase 2336 (lip) 0245 (lip) [5,127–129]

0018 (geh) 2403 (geh)

2297 (geh1, gehC) 0281 (geh1, gehC)

2388 (geh2, gehD) 0185 (geh2, gehD)

0309 (lipA) 0424 (lipA)

Elastase 2252 (sepA) 2219 (sepA) [130]

Thermonuclease 0891 (nuc) 1004 (nuc) [5]

Nuclease 1570 NP [5]

Zinc metalloprotease 0829 0938 [5]

Clp protease 0436 (clpP) 0551 (clpP) [75]

0564 (clpB) 0674 (clpB)

1238 (clpX) 1349 (clpX)

0165 (clpC) 0287 (clpC)

Fatty acid modifying enzyme Undefined Undefined [131]

Lantibiotics (epidermin and Pep5) NP NP [132,133]

Toxins/hemolysins

Phenol-soluble modulins 0736 (β1) 0486 (β1) [92,134,135]

0737 (β1) 0487 (β1)

0738 (β1) 0489 (β1)

0739 (β2) 0490 (β2)

2397 (β1) 0177 (β)

2400 (β1) 0174 (β1)

0083 (α) 1634 (hld)

1489 (hld)

β-hemolysin 2544 (hlb) 0008 (hlb) [136]
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Virulence factor RP62A† ATCC12228‡ Ref.

Hemolysin III 1769 1760 [5]

Hemolysin 2258 2226 [5]

Iron acquisition

Staphyloferrins 1781 1772 [137]

SitA, B, C iron transporter 0292 (sitA) 0407 (sitA) [138]

0291 (sitB) 0406 (sitB)

0290 (sitC) 0405 (sitC)

Surface proteins/adherence/MSCRAMMs

Staphylococcus epidermidis surface protein A 1316 (sesA) 1429 (sesA, fmtB) [32]

S. epidermidis surface protein E 0719 (sesE) 0828 (sesE, vsaC) [32]

S. epidermidis surface protein G 1482 (sesG) NP [32]

S. epidermidis surface protein H 1483 (sesH) 1628 (sesH) [32]

S. epidermidis surface protein I 1654 (sesI) NP [32]

S. epidermidis surface protein C 2264 (sesC) 2232 (sesC) [32]

Serine-aspartate repeat-containing protein F 0026 (sdrF)§ 2395 (sdrF)§ [45,46]

Serine-aspartate repeat-containing protein G 0207 (sdrG) 0331 (sdrG)§ [139]

Serine-aspartate repeat-containing protein H 1487 (sdrH) 1632 (sdrH) [140]

Autolysin/adhesin 0100 (aae) 2319 (aae) [36]

Bifunctional autolysin 0636 (atlE) 0750 (atlE) [35]

Factors that promote intercellular aggregation & biofilm formation

Polysaccharide intercellular adhesin 2293 (icaA) NP [54]

2294 (icaD)

2295 (icaB)

2296 (icaC)

Biofilm-associated protein homolog 2395 (bhp, sesD) NP [33]

Accumulation-associated protein 2398 (aap, sesF) 0175 (aap) [28,82,83]

Extracellular matrix binding protein 1011 (ebh) 1128 (ebhA) [47]

Teichoic acids 0295 (tagA) 0410 (tagA) [141]

0296 (tagH) 0411 (tagH)

0297 (tagG) 0412 (tagG)

0298 (tagB) 0413 (tagB)

0299 (tagX) 0414 (tagX)
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Virulence factor RP62A† ATCC12228‡ Ref.

0300 (tagD) 0415 (tagD)

eDNA 2117 (cidA) 2105 (cidA) [37,38]

0636 (atlE) 0750 (atlE)

Capsule

Poly-γ-DL-glutamic acid 2107 (capB) 2093 (capB) [7]

2106 (capC) 2092 (capC)

2105 (capA) 2091 (capA)

2103 (capD) 2089 (capD)

Resistance to antimicrobial peptides

Antimicrobial peptide sensor 0311 (apsX) 0426 (aspX) [24]

0312 (apsR, graR) 0427 (aspR, graR)

0313 (apsS, graS) 0428 (aspS, graS)

Multiple peptide resistance factor 0930 (mprF, fmtC) 1041 (mprF, fmtC) [24,142]

D-alanylation of teichoic acids 0518 (dltA) 0624 (dltA) [24,143,144]

0519 (dltB) 0625 (dltB)

0520 (dltC) 0626 (dltC)

0521 (dltD) 0627 (dltD)

VraFG 0314 (vraF) 0429 (vraF) [24]

0315 (vraG) 0430 (vraG)

†
Gene number from Staphylococcus epidermidis RP62A [5].

‡
Gene number from Staphylococcus epidermidis ATCC12228 [6].

§
Gene truncated.

MSCRAMM: Microbial surface components recognizing adhesive matrix molecules; NP: Not present in genome. Adapted from Gill et al. [5] and
Otto [8].
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