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Introduction

The increasing use of biomaterials in modern medicine has improved the quality 
of life of many patients. However as a drawback, the occurrence of biomaterial-
associated infections (BAI) is increasing and now becoming a serious health 
threat to patients, as well as a fi nancial burden to the society. Staphylococcus 

epidermidis, generally regarded as an opportunist pathogen, is now recognised as 
a real ‘‘new’’ pathogen, since it is the major etiologic agent of BAI. BAI is generally 
related to microbial biofi lm formation, defi ned as a microbial community encased in 
a matrix of self-produced extracellular polymeric substances (slime). Slime affects 
antimicrobial resistance as well as the effectiveness of the host immune system. 
Currently, no effective non-invasive technique exists to prevent or destroy biofi lms 
associated with BAI. Systemic antibiotics predominantly attack a biofi lm infection 
through the outermost layers of the biofi lm, which is usually ineffective as bacteria 
continue to grow from the inner layers combined with an increased production 
of extracellular polymeric substances. This constitutes the main reason why 
biomaterial implants related to an infection nearly always have to be removed. 

Polysaccharide intercellular adhesin (PIA) is the most important component of 
the staphylococcal slime and production of PIA is catalyzed by proteins encoded 
within the icaADBC operon. Different S. epidermidis strains vary widely in the 
degree of PIA or slime, and biofi lm they produce13. The importance of the ica-
operon has been confi rmed in numerous epidemiological studies, which found 
a higher prevalence of the ica-genes in clinical than in control skin isolates3,7,23. 
Clinical strains of S. epidermidis obtained from urinary tract infection4, as well as 
from paediatric cancer patients receiving chemotherapy are reported to be related 
with ica-presence6. Up till now, our understanding of how expression of the ica-
locus and PIA biosynthesis in S. epidermidis is regulated is far from complete and 
many questions still remain. This study addresses the questions of whether the 
regulation of icaADBC expression during biofi lm formation by clinical S. epidermidis
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isolates on different biomaterials is different, and how environmental signals affect 
this regulation.

Phenotypic and genotypic instability

Phenotypic variation in ica-presence is commonly observed in S. epidermidis. 
Ziebuhr and coworkers identifi ed an insertional element (IS256) that was capable 
of inserting itself into the ica-locus resulting in ica-negative phenotypes22. This 
disruption was shown to be reversible as precise excision from the ica-locus was 
observed at low incidence resulting in ica-positive phenotypes.

We and others1,2 have shown that a signifi cant proportion (42-85%) of clinical 
isolates are ica-negative during culturing in the laboratory. In contrast to studies 
showing a reversible switching (phenotypic switching) between ica-positive and 
ica-negative phenotypes, the ica-locus was permanently lost in these strains. The 
absence of IS256 and phenotypic variation in these clinical S. epidermidis isolates 
and the inability to switch back to ica-positive suggested a new mechanism of 
switching in terms of biofi lm formation involving genetic instability. We showed 
that the presence of the ica-locus in clinical isolates represents a disadvantage 
for growth in laboratory conditions. In line with this, it was recently suggested 
that the presence of the icaADBC operon represents a disadvantage when S. 

epidermidis colonizes the skin18. Strains that have a high level of PIA production 
have a signifi cant growth disadvantage under commensal conditions and are 
therefore outcompeted by strains with more moderate or absent PIA production. 
Whereas PIA production enables staphylococci to survive and grow under hostile, 
infection related conditions (biofi lms), during commensal colonization (as well as 
during planktonic growth), PIA production can be considered a burden that can 
easily be subsided. It is important to conclude that the ability to express different 
slime-producing phenotypes could provide staphylococci with a greater degree of 
fl exibility for colonizing a range of different environments5,14. Too much or no PIA 
production is only favourable under specifi c conditions while the ability to regulate



Chapter 7

126

PIA production allows the organism to adapt to all conditions, both commensal and 
infectious.

Our study shows that clinical isolates of ica-positive S. epidermidis strains 
rapidly lose the ica-locus, explaining why a large proportion of strains isolated 
from biofi lm related infections appears ica-negative once grown planktonically 
under laboratory conditions. An alternative explanation could be that in biofi lms 
a low level of ica-negative cells exist. Upon laboratory culturing, these cells will 
have a growth advantage and subsequently outcompete the ica-positive cells even 
though these represent a majority of the inoculum. In any case, the irreversible 
loss of the icaADBC operon represents an important clinical phenomenon.

Mechanism of genotypic variation

Phenotypic variation with regard to slime production in Yersinia pestis, was 
shown to involve recombinaseA (encoded by recA)8. Interestingly, the biofi lm-
negative reference strain S. epidermidis ATCC12228 is ica-negative and when 
compared to the biofi lm-positive reference strain S. epidermidis RP62A, this strain 
demonstrated extensive genomic rearrangements21. ATCC12228 also contained 
a frame-shift mutation in lexA. LexA is involved in the SOS response in bacteria 
where LexA regulates activity of the major recombinase, RecA. We showed using 
Pulse Field Gel Electrophoresis that in several genetically instable S. epidermidis 

strains extensive genomic rearrangements occurred during culturing. In addition, 
several strains contained mutations within lexA resulting in amino acid changes 
or early translation termination. As a consequence of these mutations in lexA, 

recA expression was deregulated. Therefore, we assumed that the responsible 
mechanism of genotypic variation in our isolates was due to the spontaneous 
mutations in lexA, facilitating dysfunctional regulation of recA expression. As a 
result, increased occurrence of genetic rearrangements and deletions will occur. 
If these deletions include the ica-operon, resulting strains will have a growth 
advantage under laboratory conditions and therefore will be selected for. These
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results suggest an alternative, and probably very common mechanism of genotypic 
variation in S. epidermidis, in addition to the previously described mechanism of 
phenotypic variation involving IS256, as extensively reported on by Ziebuhr et al22.

Ica-presence affects cell surface properties 

A consequence of phenotypic and genotypic variation is the development of 
heterogeneity in cell surface characteristics of individual bacteria in axenic 
cultures. Ica-positive cells will produce small amounts of slime on their cell surface 
while ica-negative mutants in the same culture will not. A previous study with 
Enterococcus faecalis has shown that heterogeneity of the electrophoretic mobility 
distribution (measured as zeta potential) of a culture is an important determinant 
for biofi lm formation20. In our study S. epidermidis strains with genotypic variations 
showed heterogeneous electrophoretic mobility distribution at low pH. PIA shifted 
the isoelectric point of the bacteria to slightly higher pH values, which is in line 
with the chemical make up of PIA as a linear homoglycan, consisting of 1-6-linked 
N-acetylglucosaminoglycan partially substituted with O succinyl groups. Part of 
the N-acetylglucosamine units is deacetylated and therefore positively charged in 
aqueous media.

In addition, PIA is also rich in relatively hydrophobic N-acetyl groups, which 
explains why ica-presence affects the hydrophobicity of the bacterial cell surface, 
which is more hydrophobic in ica-positive strains. In addition, further analysis of 
interfacial free energies of adhesion, showed that ica-presence also affects the 
thermodynamics of adhesion. We observed that two essential adhesion events are 
required for biofi lm formation; adhesion to the substratum surface and adhesion 
to other bacteria, which are both surface-related processes. Ica-presence affects 
thermodynamics of both processes in a favourable way by lowering the acid-base 
component of the Gibbs free energy of adhesion.
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Ica and antibiotics

Reduced antibiotic susceptibility of bacteria in biofi lms is thought to be due to a 
combination of an altered microenvironment, adaptive responses, the presence of 
bacterial persister cells and/or poor antibiotic penetration19. There is some evidence 
suggesting that binding of the positively charged aminoglycosides to biofi lm matrix 
polymers retards penetration of these agents12. Several stress responses induce PIA 
production and biofi lm formation in S. epidermidis. For instance, presence of sub-
MIC of various antibiotics and disinfectants, i.e. tetracycline and erythromycine17, 
ethanol11, benzyl alcohol15, chlorhexidine, benzalkonium chloride9 were reported to 
induce slime production through higher expression of the ica-operon. In line, we 
recently showed that in ica-positive S. epidermidis strains biofi lm formation and ica-
expression is increased by the exposure of sub-MIC concentrations of cinnamon 
oil, a commonly used alternative medicine in Indonesia. However, cinnamon oil 
exhibited a potent antimicrobial activity against both planktonic and biofi lm cultures 
of clinical S. epidermidis strains (also gentamicin resistant isolates). 

Furthermore, cinnamon oil demonstrated to be an excellent antibacterial 
agent, either alone or in combination with triclosan, gentamicin or chlorhexidine, 
against clinical S. epidermidis isolates. This essential oil was able to inhibit biofi lm 
formation, detach existing biofi lms and kill bacteria in biofi lm. Importantly, biofi lms 
were equally sensitive to cinnamon oil as their planktonic counterparts, probably 
due to the dual activity of cinnamon oil on existing biofi lms. Since antibiotics 
resistance is developing rapidly, cinnamon oil could be a potential source of 
antimicrobial agent against planktonic and biofi lm cultures of S. epidermidis, either 
alone or in combination with other antibiotics.
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The slime production and ica-expression dictated by substratum

Ica-expression in staphylococci has been shown to be induced by adhesion to 
surfaces illustrating that bacteria can sense the contact with a surface. Induction 
of icaA in S. aureus is dependent on properties of the material as e.g. polystyrene 
(PS) induces low-level ica-expression, while tissue-culture treated PS induces 
much higher ica-expression10. As a consequence, biofi lm formation on TC-PS is 
much more pronounced than on PS. Similarly, it has been shown that adhesion 
to PS induces icaA-expression and gentamicin resistance in S. aureus, while 
adhesion to polymer brush-coated PS does not16. 

In our study, ica-expression of clinical S. epidermidis isolates was dependent 
on the surface that the bacteria encountered. For instance, in ica-positive strains, 
polyethylene (PE) induces more PIA production while in contrast, for the same 
strains, polymethylmetacrylate (PMMA) does not. Despite intensive investigations, 
we have not identifi ed a single material property that regulates ica-expression, nor 
is there any information on the mechanism of regulation involved. Moreover, this 
difference in slime formation impacted susceptibility of the biofi lms to gentamicin, 
an important antibiotic use in treatment of orthopaedic implant related infections. 
Also the presence of an antibiotic like gentamicin, appeared to stimulate slime 
formation in excess of the amount of slime induced by a surface. Importantly, these 
results implicate that infections of orthopaedic implant surfaces by S. epidermidis 
biofi lms on PE may initially be more diffi cult to eradicate than on PMMA or SS. 

In this respect, development of strategies to combat biomaterial-related 
infection requires detailed knowledge of the interaction between the bacterium and 
biomaterial. One approach to achieve this could be by modifying the biomaterial 
surface in order to interfere with ica-expression and subsequently with biofi lm 
development. Such a modifi ed biomaterial would be a biomaterial that does not 
induce any ica-expression, reducing the tendency for staphylococci to form a 
biofi lm on these biomaterials and simultaneously reducing the level of resistance 
of adhered cells because slime formation is minimized.
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Conclusion

Living at the edge between commensalism and pathogenicity, S. epidermidis has 
developed many strategies to conquer different clinical environments, including 
the novel ecological niche of biomaterials. Additionally, the increasing number 
of immuno-compromised patients offers microorganisms a very susceptible 
host. Bacteria in the clinical environment are subjected to high selective 
forces owing to the host immune system and extensive use of antibiotics and 
disinfectants. Occupation of this ecological niche by a microorganism requires 
special prerequisites that are obviously met by S. epidermidis. Biofi lm formation, 
the acquisition of resistance traits and the enormous genome fl exibility of 
staphylococci are features that help their survival in specifi c environments and are 
the main reason why staphylococci have become the most successful pathogens 
in clinical settings. In relation to their emergence as true pathogens, S. epidermidis 
should therefore be taken more seriously and should follow the same strict hygiene 
measures already established for S. aureus in medical facilities24. 
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