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The coagulase-negative staphylococci and, in particular, Staphylococcus epidermidis, have
emerged as major nosocomial pathogens associated with infections of implanted medical
devices. These organisms, which are among the most prevalent bacteria of the human
skin and mucous membrane microflora, present unique problems in the diagnosis and
treatment of infections involving biofilm formation on implanted biomaterials. Epi-
demiological data that address whether invasive S. epidermidis strains can be traced to
commensal organisms or an endemic occurrence of distinct strains with enhanced
virulence have important implications for the implementation of appropriate infection
control measures. An extracellular polysaccharide adhesin represents a key virulence
determinant in S. epidermidis and is required for biofilm formation. Production of this
adhesin, which is encoded by the ica operon, is subject to phase variable regulation
(ON < OFF switching). Recent advances in understanding the molecular events con-
trolling polysaccharide adhesin synthesis and the potential clinical implications of its
phase variable regulation are outlined. Further research in this area may contribute to
the development of novel strategies for therapeutic intervention. Finally, in addition to
antibiotic prophylaxis, preventive strategies to control S. epidermidis medical device-
related infections are focusing on the development of improved biomaterials and

physical electrical barriers to impede bacterial colonisation.

Introduction

Gram-positive cocci and, in particular, Staphylococcus
spp., are predominant among the organisms responsible
for infective complications following surgical vascular
grafts or the implantation of prosthetic devices [1].
Treatment of post-operative infections is further com-
plicated by the emergence of antibiotic-resistant
pathogens, which has contributed significantly to the
morbidity and mortality of hospitalised patients. Most
staphylococcal infections result in acute disease. How-
ever, bacterial persistence and recurrent infections are
also commonly observed, particularly in patients with
indwelling medical devices. The staphylococci, in part-
icular S. aureus, possess a range of virulence fac-
tors that contribute to their pathogenesis. S. aureus is
the most important pathogen in the genus and is also
the most important nosocomial pathogen of surgical
wounds [2]. This organism is associated with acute
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tissue-related infections in which the production of
many exoproteins such as toxic shock syndrome toxin
1, alpha-toxin and tissue degrading enzymes are im-
portant virulence factors. Staphylococcal cell-surface
proteins play an important role in the staphylococcus—
host cell interaction and cell surface proteins such as
protein A, collagen-, fibronectin- and fibrinogen-bind-
ing proteins are also important virulence factors which
promote adhesion to host cells.

Pathogenesis and epidemiology of S.
epidermidis infections

The coagulase-negative staphylococci (CNS) are widely
distributed over the surface of the human body, where
they constitute the majority of the commensal bacterial
microflora. Among the CNS, S. epidermidis is the most
frequently isolated species and the most common
species responsible for infection. In the past, CNS
were considered non-pathogenic and their isolation in
the laboratory was attributed to specimen contamina-
tion. Indeed, these organisms frequently contaminate
blood and other clinical specimens, thus presenting



difficulties for both laboratory and clinical staff in
distinguishing between contaminating and invasive iso-
lates. CNS strains responsible for infection are
generally not speciated, while only research studies
have characterised relatedness among individual CNS
strains. Epidemiological analysis of CNS disease has
focused on hospital-acquired infections because of the
close relationship between the use of implanted med-
ical devices and the colonisation of these devices by
CNS. Community-acquired infections associated with
CNS generally involve patients with chronic in-
dwelling catheters, prosthetic joints and other im-
planted devices. Although CNS have been shown to
bind to a range of host matrix proteins (collagen,
vitronectin, fibrinogen, fibronectin and laminin) [3, 4],
the production of an extracellular polysaccharide
adhesin which promotes direct interaction with the
surface of inert synthetic medical devices represents
their most important adhesin.

Infections caused by S. epidermidis are often persistent
and relapsing. Although S. epidermidis and other CNS
are generally the causative organisms in the majority of
device-related infections [5], the proportions vary de-
pending on the type of infection and centre surveyed.
Following central nervous system shunt procedures,
CNS are the causative organisms in 48—67% of in-
fective complications [6]; these organisms are also
responsible for 50—70% of catheter-related infections
[7]. The high rate of intravascular catheterisation
among hospitalised patients highlights the clinical
impact of these infections. The CNS are also respon-
sible for a high proportion of prosthetic cardiac valve
infections (40—50%) [8], joint replacement infections
(20—50%) [9] and the majority of infections following
neurosurgical procedures [6]. The prevalence of
methicillin-resistant S. epidermidis (MRSE) strains
[2, 10, 11] and the emergence of vancomycin resistance
in this species further complicate treatment of bioma-
terial infections [12, 13].

Traditional typing methods for CNS such as biotyping,
antibiotic resistance profiling and plasmid analysis are
limited by poor discrimination and reproducibility. The
application of molecular techniques such as pulsed-
field gel electrophoresis (PFGE) and PCR-based ran-
dom amplification of polymorphic DNA, combined
with phenotypic analysis, is more effective. Indeed,
most recent investigations have used PFGE, alone or in
combination with other phenotypic and genotypic
methods to type isolates of S. epidermidis. As S. epi-
dermidis is predominant among CNS strains respon-
sible for infection, most studies have focused on this
species. An analysis of S. epidermidis strains in the
nares of healthy adults indicated that there are multiple
types of this organism in each individual [14]. A key
question addressed in epidemiological analysis of CNS
infections within individual units is whether the re-
sponsible strains originate from random carriage on the
skin of infected patients and healthcare workers or are
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the result of the endemic presence of distinct strains
with enhanced virulence.

The emergence of S. epidermidis strains with enhanced
capacity for colonising implanted biomaterials has
important implications for the development and
implementation of therapeutic strategies and effective
infection control measures. However, the epidemio-
logical data do not always support such a pattern. A
survey of the literature reveals that while some studies
have suggested that individual clones are responsible
for multiple infections in individual units [13, 15-21],
others have found no relationship between CNS isolates
responsible for infections of multiple patients [22—25].

Many S. epidermidis infections can be caused by
multiple strains. However, a recent study has indicated
that multiple S. epidermidis strains isolated from in-
fections of individual joint prostheses, as determined
by colony morphology and antibiotic resistance pro-
files, may be explained by genomic instability of a
single infectious clone rather than infection by the
presence of a mixture of infecting strains [26].

S. epidermidis biofilms

Most bacteria in natural environments are organised in
biofilms [27-29]. The recognition that bacteria exist in
such altruistic multicellular populations and that these
sessile bacterial communities (attached to a surface)
constitute a major component of global bacterial bio-
mass has become the focus of considerable in-
vestigation. The development of a biofilm is initiated
when bacterial cells attach to a surface and begin to
excrete slimy, glue-like substances, which serve to
anchor the cells. The formation of Pseudomonas aer-
uginosa biofilms on an abiotic (non-living) surface
involves the formation of a monolayer of cells followed
by the appearance of microcolonies which appear to
form by aggregation of cells present in the monolayer
[30]. Channels between these microcolonies may
facilitate the diffusion of nutrients into, and waste
products away from, the biofilm. The development of
bacterial biofilms has important economic and medical
consequences. Most industrial biofouling problems are
caused by biofilms [27], as are many of the infections
treated by clinicians.

Compromised individuals are particularly at risk from
infections that involve biofilms. The organisms respon-
sible for these infections often have ecological niches
commensal with the human body or occur in environ-
ments with which we frequently interact, e.g., water. In
some infections, more than one bacterial species or
mixtures of fungi and bacteria can be involved in
biofilm formation. In addition to device-related infec-
tions, many biofilm-related infections involve colonisa-
tion of host tissues, e.g., viridans group streptococci in
endocarditis and P aeruginosa in cystic fibrosis pneu-
monia. However, the majority of biofilms form on inert
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surfaces or on dead tissue [28]. Advances in our
understanding of biofilm formation can assist in the
development of novel strategies for the prevention and
treatment of biofilm-related infections.

The emergence of S. epidermidis as a pathogen has
been synonymous with the now widespread use of
intravascular catheters in modern medicine. The
inherent capacity of this organism to cause infection
derives primarily from its ability to form mucoid
biofilms on the inert synthetic surfaces of indwelling
medical devices. This has serious clinical conse-
quences, giving rise to many persistent and chronic
infections. The bacterial cells within the biofilm are
embedded in an exopolysaccharide matrix previously
referred to as slime, which affords the bacterial pop-
ulation protection from host defence mechanisms and
antimicrobial agents [28, 31]. Furthermore, the altered
physiology of the sessile cells results in altered growth
rates which impair the effectiveness of growth-rate-
dependent antibiotics. The clinical symptoms that result
from biofilm-related infections are consistent with the
establishment of a host immune response to antigens
released from the biofilm. However, not only does the
host response fail to eradicate the biofilm, but it may
also result in damage to surrounding tissues. In con-
trast, antibiotic therapy or the action of the host
immune response, or both, is generally effective against
individual cells released from the biofilm [32]. Never-
theless, in terms of overall persistence, planktonic or
free-floating cells, which were previously part of the
biofilm, may play a role in the establishment of a new
focus of infection. Thus, biofilm infections can often
show recurring symptoms until the source of the
infection is removed surgically.

Although the formation of biofilms on indwelling
medical devices is generally associated with CNS,
particularly S. epidermidis, S. aureus strains are also
capable of biofilm formation [33, 34]. Thus, in addition
to their ability to interact with the host-derived pro-
teinaceous conditioning film which quickly coats
inserted medical devices, some S. aureus strains are
also capable of direct adhesion to plastic surfaces.

Formation of S. epidermidis biofilms

The ability of S. epidermidis to colonise biomaterial
implants depends on the composition of the biomaterial
and organism characteristics such as production of
adhesin. Formation of S. epidermidis biofilms is pro-
posed to occur in a two-step manner and much
investigation has been directed towards dissecting the
biochemical and molecular basis of this process. A

cellular accumulation process to form the mature
biofilm follows rapid initial attachment to an inert
plastic surface. At the biochemical level extracellular
polysaccharide adhesins play an essential role in initial
bacterial adherence and intercellular adhesion (biofilm
formation). Two major polysaccharides produced by S.
epidermidis have been examined, i.e., capsular poly-
saccharide adhesin (PSA) and polysaccharide intercel-
lular adhesin (PIA). In the two-step model proposed by
Mack et al. [35,36] initial adherence is mediated by
PSA or one of several proteins (including autolysin
[37]), or both, and accumulation of cells is due to
production of PIA. The PIA is encoded by the ica
(intercellular adhesin) operon [38]. However, it has
been reported recently that this operon also encodes
PSA and that PSA and PIA are closely related chem-
ically [39]. Recent investigations have also indicated
that the purified polysaccharide responsible for haem-
agglutination (S. epidermidis strains have the ability to
haemagglutinate erythrocytes) and PIA are also closely
related if not identical [40]. PIA/PSA produced by S.
epidermidis is composed primarily of N-acetyl-gluco-
samine in (-1,6-glycosidic linkages containing deace-
tylated amino groups and succinate and phosphate
substitutions [35, 39, 41].

The ica gene cluster, which contains all the genes
necessary for production of polysaccharide adhesin,
was identified by transposon mutagenesis to isolate
mutant S. epidermidis strains deficient in biofilm for-
mation [35, 38,42,43]. The ica locus contains an
operon, icaADBC (Fig. 1), which appears to contain the
structural genes required for PIA synthesis. The IcaA
gene product is a transmembrane protein with homol-
ogy to N-acetyl-glucosaminyltransferases [44]. The
functions of IcaB and IcaC are less well defined.
However, IcaB is likely to be secreted while IcaC is
predicted to be an integral membrane protein [38].
Expression of the small icaD gene appears to be
necessary for optimal N-acetylglucosaminyltransferase
activity [44]. A fifth gene, icaR, is located upstream of
the icad gene and is transcribed divergently from the
icaADBC operon. The product of the icaR gene has
homology to DNA binding transcriptional regulatory
proteins and may be involved in the regulation of the
ica structural genes.

The significance of the ica gene cluster in S. epi-
dermidis infection has been demonstrated in a number
of studies. Ziebuhr et al. [45] reported that 85% of S.
epidermidis blood culture isolates contained the ica
genes, compared with 6% of saprophytic iso-
lates. However, a more recent study indicated a higher
incidence (37.5%) of the ica gene cluster among
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Fig. 1. Genetic organisation of the ica gene cluster from S. epidermidis.



carriage strains of S. epidermidis [46]. Nevertheless,
these data indicate that saprophytic strains of S. epi-
dermidis that contain the ica gene cluster have a
competitive advantage in terms of colonising indwel-
ling medical devices. Indeed, a multiplex PCR assay
developed to distinguish between invasive and con-
taminating S. epidermidis strains found that targeting
the ica and mecA genes detected significantly more
infecting than contaminating isolates [46]. The ica
operon was also found to be the only genetic marker
capable of discriminating between commensal S. epi-
dermidis strains and invasive isolates responsible for
infections of joint prostheses [47]. Rupp et al. have
recently demonstrated in animal models the essential
requirement for an intact ica operon and production of
polysaccharide adhesin in the pathogenesis of S. epi-
dermidis catheter-related infection [48,49]. In two
recent reports, the polysaccharide adhesin encoded by
the ica operon of S. aureus was used successfully to
immunise mice against S. aureus kidney infection
[50, 51]. It is significant that these investigators also
reported that while few clinical isolates of S. aureus
produce polysaccharide adhesin in vitro, it is elaborated
during human and animal infection.

Phase variation of polysaccharide adhesin
production

Production of PIA, which represents the key virulence
factor of S. epidermidis, is subject to ON « OFF
switching (phase variation). Altered regulation of
important virulence genes is a favoured mechanism
employed by many bacterial species to achieve the
rapid and reversible changes characteristic of phase
variable phenotypes. These alterations can be achieved
by local genomic re-arrangements, altered activity of
regulatory proteins or modulation of transcription or
translation of the appropriate gene through strand
slippage mechanisms [52]. Little is known about the
molecular basis of phase variation of polysaccharide
adhesin production in S. epidermidis. However, recent
evidence has demonstrated that reversible insertion and
excision of an insertion sequence element is respon-
sible for ON < OFF switching of the ica operon in
approximately one-third of phase variants under
laboratory conditions [53].

Clearly the process of polysaccharide adhesin phase
variation in S. epidermidis is complex and involves
more than one mechanism. Moreover, by contributing
to the release of planktonic cells from mature biofilms,
this property may have important implications in the
pathogenesis of persistent and recurrent S. epidermidis
biomaterial infections. Furthermore, an interesting as-
sociation between the levels of resistance to methicil-
lin, oxacillin and penicillin and the ability to form
biofilms has been observed [54, 55], suggesting that
phenotypic or genotypic change(s) which affect phase
variation of polysaccharide adhesin production may
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also impact on other properties. The global regulatory
systems, Agr and Sar, which have been implicated in
methicillin resistance in S. aureus [56], have also been
identified in S. epidermidis [57, 58] and a recent report
has indicated that an S. epidermidis agr deletion mu-
tant is affected in its ability to form biofilms [59].

In biofilm-forming S. aureus strains the ica gene
cluster, which is required for biofilm formation [34], is
also subject to phase variable regulation [33]. However,
it has recently been reported that while the majority of
clinical S. aureus strains possess the ica structural
genes, polysaccharide adhesin in S. aureus is expressed
predominantly under in-vivo rather than in-vitro
conditions [50, 51].

Preventive strategies

The inherent resistance of bacterial biofilms to anti-
microbial agents, together with the increasing number of
antibiotic-resistant strains, highlights the need for
effective preventive strategies. Prophylactic antibiotic
therapy to cover surgical insertion of most biomaterials,
apart from temporory intravascular devices, is now
common practice. Nevertheless, infective complications
often arise [60] and a number of reports have advised
against the use of antibiotic prophylaxis, particularly
vancomycin. Sieradzki and colleagues reported on the
emergence of an S. epidermidis strain with elevated
vancomycin tolerance following vancomycin prophy-
laxis in a dialysis patient [61]. In terms of catheter-
related infections, precautionary methods — including
the use of aseptic techniques to prevent bacterial
contamination from the insertion site and from catheter
hubs during insertion — are recommended [60].

Alternative strategies to inhibit bacterial attachment or
colonisation, or both, of implanted biomaterials are
now the focus of many investigations. These strategies
focus on the establishment of physical -electrical
barriers to colonisation and the use of biomaterials
impregnated with antimicrobial agents. One approach
involves combining antibiotic therapy with the passage
of a low voltage electric current (or low frequency
ultrasound [62]) through the implanted biomaterial.
The generation of electrolytes such as protons, hydro-
xyl ions, reactive oxygen intermediates, oxygen and
hydrogen appears to enhance antibiotic killing of
bacterial cells attached to the device surface and is
termed the bioelectric effect [63,64]. A number of
studies have demonstrated the effectiveness of a low
voltage electric current and antibiotic prophylaxis
against the establishment of S. epidermidis biofilms
[65, 66]. However, these approaches have yet to be
tested in a clinical setting.

A more established approach is the use of biomaterials
impregnated with antimicrobial agents such as anti-
biotics or silver ions. Strategies to develop biomaterials



586 J. P. O°'GARA AND H. HUMPHREYS

with resistance to bacterial colonisation focus on
achieving an optimum concentration of the antimicro-
bial agent in the biomaterial in order to deliver either a
short-term high- concentration or a long-term constant
concentration of the particular agent. The effectiveness
of silver and silver-antibiotic combinations, incorpo-
rated into a range of biomaterials, against the develop-
ment of S. epidemidis biofilms has been demonstrated
in vitro [67], in animal models [68, 69] and in clinical
trials [70]. In addition to reducing the rate of infection,
the use of antiseptic-impregnated catheters has eco-
nomic benefits and can significantly reduce hospitalisa-
tion costs [71]. It remains to be seen whether the
routine use of such catheters is both cost-effective and
associated with reduced infection rates.

Conclusions and future outlook

The prophylactic antibiotic treatment of patients with
indwelling catheters and other biomaterials can often
fail to protect against infection and can contribute to
the emergence of antibiotic-resistant pathogens. Alter-
native strategies involving antiseptic bonded biomater-
ials are now in common use and future work on such
biomaterials is likely to yield improved devices. At a
molecular level, studies on the genetics and biochem-
istry of adhesion to and colonisation of biomaterials by
S. epidermidis are identifying new targets for anti-
microbial chemotherapy. Therapeutic strategies which
interfere with the expression or activity of genes and
gene products involved in S. epidermidis biofilm
formation are likely to provide novel and potentially
beneficial alternatives to current therapies. Finally, evi-
dence of the dissemination of individual clones of S.
epidermidis among hospital wards and units highlights
the importance of implementing appropriate in-
fection control practices to reduce infection rates.

References

1. de Lalla F. Antimicrobial chemotherapy in the control of
surgical infectious complications. J Chemother 1999; 11:
440-445.

2. Giacometti A, Cirioni O, Schimizzi AM, et al. Epidemiology
and microbiology of surgical wound infections. J Clin Micro-
biol 2000; 38: 918-922. .

3. Li DQ, Lundberg E, Ljungh A. Binding of von Willebrand
factor by coagulase-negative staphylococci. J Med Microbiol
2000; 49: 217-225.

4. Baldassarri L, Donelli G, Gelosia A, Simpson AW, Christensen
GD. Expression of slime interferes with in vitro detection of
host protein receptors of Staphylococcus epidermidis. Infect
Immun 1997; 65: 1522—1526.

5. Huebner J, Goldmann DA. Coagulase-negative staphylococci:
role as pathogens. Annu Rev Med 1999; 50: 223-236.

6. Roos KL, Scheld WM. Central nervous system infections, In:
Crossley KB, Archer GL (eds) The staphylococci in human
disease. New York, Churchill Livingstone. 1997: 413-439.

7. Archer GL. Staphylococcus epidermidis and other coagulase-
negative staphylococci. In: Mandell, Douglas and Bennett’s
Principles and practice of infectious diseases. New York,
Churchill Livingstone. 1995: 1777—-1784

8. Ing MB, Baddour LM, Bayer AS. Bacteremia and infective
endocarditis: pathogenesis, diagnosis, and complications. In:

10.

11.

12.

16.

18.

19.

20.

21.

22.

23.

24.

25.

217.

28.

29.
30.

Crossley KB, Archer GL (eds) The staphylococci in human
disease. New York, Churchill Livingstone. 1995: 331-334.

. Gentry LO. Osteomyelitis and other infections of bones and

joints. In: Crossley KB, Archer GL (eds) The staphylococci in
human disease. New York, Churchill Livingstone. 1997:
455-473.

Jarlov JO. Phenotypic characteristics of coagulase-negative
staphylococci: typing and antibiotic susceptibility. APMIS
Suppl 1999; 91: 1-42.

Tammelin A, Domicel P, Hambraeus A, Stahle E. Dispersal of
methicillin-resistant Staphylococcus epidermidis by staff in an
operating suite for thoracic and cardiovascular surgery: relation
to skin carriage and clothing. J Hosp Infect 2000; 44: 119—126.
Raad I, Alrahwan A, Rolston K. Staphylococcus epidermidis:
emerging resistance and need for alternative agents. Clin Infect
Dis 1998; 26: 1182—1187.

. Villari P, Sarnataro C, lacuzio, L. Molecular epidemiology of

Staphylococcus epidermidis in a neonatal intensive care unit
over a three-year period. J Clin Microbiol 2000; 38: 1740—6.

. Hu L, Umeda A, Amako K. Typing of Staphylococcus epi-

dermidis colonizing in human nares by pulsed-field gel
electrophoresis. Microbiol Immunol 1995; 39: 315-319.

. Monsen T, Olofsson C, Ronnmark M, Wistrom J. Clonal

spread of staphylococci among patients with peritonitis
associated with continuous ambulatory peritoneal dialysis.
Kidney Int 2000; 57: 613—-618.

Lyytikdinen O, Saxén H, Ryhidnen R, Vaara M, Vuopio-Varkila
J. Persistence of a multiresistant clone of Staphylococcus
epidermidis in a neonatal intensive-care unit for a four-year
period. Clin Infect Dis 1995; 20: 24-29.

. Lyytikdinen O, Valtonen V, Sivonen A, Ryhinen R, Vuopio-

Varkila J. Molecular epidemiology of Staphylococcus epider-
midis isolates in a hematological unit during a 4-month survey.
Scand J Infect Dis 1995; 27: 575-580.

Nouwen JL, van Belkum A, de Marie S et al. Clonal
expansion of Staphylococcus epidermidis strains causing
Hickman catheter-related infections in a hemato-oncologic
department. J Clin Microbiol 1998; 36: 2696—2702.

Burnie JP, Naderi-Nasab M, Loudon KW, Matthews RC. An
epidemiological study of blood culture isolates of coagulase-
negative staphylococci demonstrating hospital-acquired infec-
tion. J Clin Microbiol 1997; 35: 1746-1750.

Geary C, Jordens JZ, Richardson JF, Hawcroft DM, Mitchell
ClJ. Epidemiological typing of coagulase-negative staphylococci
from nosocomial infections. J Med Microbiol 1997; 46:
195-203.

Huebner J, Pier GB, Maslow IN et al. Endemic nosocomial
transmission of Staphylococcus epidermidis bacteremia isolates
in a neonatal intensive care unit over 10 years. J Infect Dis
1994; 169: 526-531.

Dominguez MA, Linares J, Pulido A, Perez JL, de Lencastre
H. Molecular tracking of coagulase-negative staphylococcal
isolates from catheter-related infections. Microb Drug Resist
1996; 2: 423-429.

Nesin M, Projan SJ, Kreiswirth B, Bolt Y, Novick RP.
Molecular epidemiology of Staphylococcus epidermidis blood
isolates from neonatal intensive care unit patients. J Hosp
Infect 1995; 31: 111-121.

Villari P, Tacuzio L, Torre I, Scarcella A. Molecular epidemi-
ology as an effective tool in the surveillance of infections in
the neonatal intensive care unit. J Infect 1998; 37: 274-281.
Lang S, Livesley MA, Lambert PA, Elliott J, Elliott TSJ. The
genomic diversity of coagulase-negative staphylococci asso-
ciated with nosocomial infections. J Hosp Infect 1999; 43:
187-193.

. Galdbart J-O, Morvan A, Desplaces N, El Solh N. Phenotypic

and genomic variation among Staphylococcus epidermidis
strains infecting joint prostheses. J Clin Microbiol 1999; 37:
1306—1312.

Dalton HM, March PE. Molecular genetics of bacterial
attachment and biofouling. Curr Opin Biotechnol 1998; 9:
252-255.

Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a
common cause of persistent infections. Science 1999; 284:
1318-1322.

Stickler D. Biofilms. Curr Opin Microbiol 1999; 2: 270-275.
O’Toole GA, Kolter R. Flagellar and twitching motility are
necessary for Pseudomonas aeruginosa biofilm development.
Mol Microbiol 1998; 30: 295-304.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Xu KD, McFeters GA, Stewart PS. Biofilm resistance to
antimicrobial agents. Microbiology 2000; 146: 547—549.
Schwank S, Rajacic Z, Zimmerli W, Blaser J. Impact of
bacterial biofilm formation on in vitro and in vivo activities of
antibiotics. Antimicrob Agents Chemother 1998; 42: 895-898.
Baselga R, Albizu I, De La Cruz M, Del Cacho E, Barberan
M, Amorena B. Phase variation of slime production in
Staphylococcus — aureus: implications in colonization and
virulence. Infect Immun 1993; 61: 4857—4862.

Cramton SE, Gerke C, Schnell NF, Nichols WW, Gotz F. The
intercellular adhesion (ica) locus is present in Staphylococcus
aureus and is required for biofilm formation. Infect Immun
1999; 67: 5427-5433.

Mack D, Nedelmann M, Krokotsch A, Schwarzkopf A,
Heesemann J, Laufs R. Characterization of transposon mutants
of biofilm-producing Staphylococcus epidermidis impaired in
the accumulative phase of biofilm production: genetic identi-
fication of a hexosamine-containing polysaccharide intercellular
adhesin. Infect Immun 1994; 62: 3244-3253.

Mack D, Siemssen N, Laufs R. Parallel induction by glucose
of adherence and a polysaccharide antigen specific for plastic-
adherent Staphylococcus epidermidis: evidence for functional
relation to intercellular adhesion. Infect Immun 1992; 60:
2048-2057.

Heilmann C, Hussain M, Peters G, Go6tz F. Evidence for
autolysin-mediated primary attachment of Staphylococcus epi-
dermidis to a polystyrene surface. Mol Microbiol 1997; 24:
1013-1024.

Heilmann C, Schweitzer O, Gerke C, Vanittanakom N, Mack
D, Go6tz F. Molecular basis of intercellular adhesion in the
biofilm-forming Staphylococcus epidermidis. Mol Microbiol
1996; 20: 1083—-1091.

McKenney D, Hiibner J, Muller E, Wang Y, Goldmann DA,
Pier GB. The ica locus of Staphylococcus epidermidis encodes
production of the capsular polysaccharide/adhesin. Infect
Immun 1998; 66: 4711-4720.

Mack D, Riedewald J, Rohde H et al. Essential functional role
of the polysaccharide intercellular adhesin of Staphylococcus
epidermidis in hemagglutination. Infect Immun 1999; 67:
1004-1008.

Mack D, Fischer W, Krokotsch A et al. The intercellular adhesin
involved in biofilm accumulation of Staphylococcus epidermidis
is a linear beta-1,6-linked glucosaminoglycan: purification and
structural analysis. J Bacteriol 1996; 178: 175—183.

Heilmann C, Gotz F. Further characterization of Staphylococ-
cus epidermidis transposon mutants deficient in primary
attachment or intercellular adhesion. Zentralbl Bakteriol
1998; 287:69—-83.

Heilmann C, Gerke C, Perdreau-Remington F, Gotz FE
Characterization of Tn917 insertion mutants of Staphylococcus
epidermidis affected in biofilm formation. Infect Immun 1996;
64: 277-282.

Gerke C, Kraft A, Siissmuth R, Schweitzer O, Gotz F.
Characterization of the N-acetylglucosaminyltransferase activity
involved in the biosynthesis of the Staphylococcus epidermidis
polysaccharide intercellular adhesin. J Biol Chem 1998; 273:
18586—18593.

Ziebuhr W, Heilmann C, G6tz F et al. Detection of the
intercellular adhesion gene cluster (ica) and phase variation in
Staphylococcus epidermidis blood culture strains and mucosal
isolates. Infect Immun 1997; 65: 890—896.

Frebourg NB, Lefebvre S, Baert S, Lemeland JE. PCR-based assay
for discrimination between invasive and contaminating Staphylo-
coccus epidermidis strains. J Clin Microbiol 2000; 38: 877—880.
Galdbart JO, Allignet J, Tung HS, Rydén C, El Solh N.
Screening for Staphylococcus epidermidis markers discriminat-
ing between skin-flora strains and those responsible for in-
fections of joint prostheses. J Infect Dis 2000; 182: 351-355.
Rupp ME, Ulphani JS, Fey PD, Bartscht K, Mack D.
Characterization of the importance of polysaccharide intercel-
lular adhesin/hemagglutinin of Staphylococcus epidermidis in the
pathogenesis of biomaterial-based infection in a mouse foreign
body infection model. Infect Immun 1999; 67:2627—2632.
Rupp ME, Ulphani JS, Fey PD, Mack D. Characterization of
Staphylococcus epidermidis polysaccharide intercellular adhe-
sin/hemagglutinin in the pathogenesis of intravascular catheter-
associated infection in a rat model. Infect Immun 1999; 67:
2656-2659.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

S. EPIDERMIDIS BIOFILMS 587
McKenney D, Pouliot KL, Wang Y et al. Broadly protective
vaccine for Staphylococcus aureus based on an in vivo-
expressed antigen. Science 1999; 284: 1523-1527.

McKenney D, Pouliot KL, Wang Y et al. Vaccine potential of
poly-1-6 beta-D-N-succinylglucosamine, an immunoprotective
surface polysaccharide of Staphylococcus aureus and Staphy-
lococcus epidermidis. J Biotechnol 2000; 83: 37-44.
Henderson IR, Owen P, Nataro JP. Molecular switches — the
ON and OFF of bacterial phase variation. Mol Microbiol 1999;
33: 919-932.

Ziebuhr W, Krimmer V, Rachid S, Lossner I, Gotz F, Hacker J.
A novel mechanism of phase variation of virulence in
Staphylococcus  epidermidis: evidence for control of the
polysaccharide intercellular adhesin synthesis by alternating
insertion and excision of the insertion sequence element 1S256.
Mol Microbiol 1999; 32: 345-356.

Mempel M, Muller E, Hoffmann R, Feucht H, Laufs R, Gruter
L. Variable degree of slime production is linked to different
levels of beta-lactam susceptibility in Staphylococcus epider-
midis phase variants. Med Microbiol Immunol 1995; 184:
109—-113.

Mempel M, Feucht H, Ziebuhr W, Endres M, Laufs R, Gruter
L. Lack of mecA transcription in slime-negative phase variants
of methicillin-resistant Staphylococcus epidermidis. Antimicrob
Agents Chemother. 1994; 38: 1251-1255.

Piriz Duran S, Kayser FH, Berger-Bachi B. Impact of sar and
agr on methicillin resistance in Staphylococcus aureus. FEMS
Microbiol Lett 1996; 141: 255-260.

Van Wamel WJB, van Rossum G, Verhoef J, Vandenbroucke-
Grauls CMIJE, Fluit AC. Cloning and characterization of an
accessory gene regulator (agr)-like locus from Staphylococcus
epidermidis. FEMS Microbiol Lett 1998; 163: 1-9.

Fluckiger U, Wolz C, Cheung AL. Characterization of a sar
homolog of Staphylococcus epidermidis. Infect Immun 1998;
66: 2871-2878.

Vuong C, Gotz E, Otto M. Construction and characterization of
an agr deletion mutant of Staphylococcus epidermidis. Infect
Immun 2000; 68: 1048—1053.

Mermel LA. Prevention of intravascular catheter-related
infections. Ann Intern Med 2000; 132: 391-402.

Sieradzki K, Roberts RB, Serur D, Hargrave J, Tomasz A.
Recurrent peritonitis in a patient on dialysis and prophylactic
vancomycin. Lancet 1998; 351: 880—881.

Rediske AM, Roeder BL, Brown MK. et al. Ultrasonic
enhancement of antibiotic action on Escherichia coli biofilms:
an in vivo model. Antimicrob Agents Chemother 1999; 43:
1211-1214.

Costerton JW, Ellis B, Lam K, Johnson E Khoury AE.
Mechanism of electrical enhancement of efficacy of antibiotics
in killing biofilm bacteria. Antimicrob Agents Chemother 1994;
38: 2803-2809.

Wellman N, Fortun SM, McLeod BR. Bacterial biofilms and
the bioelectric effect. Antimicrob Agents Chemother 1996; 40:
2012-2014.

Liu W-K, Tebbs SE, Byrne PO, Elliott TS. The effects of
electric current on bacteria colonising intravenous catheters. J
Infect 1993; 27: 261-269.

Liu WK, Brown MR, Elliott TS. Mechanisms of the
bactericidal activity of low amperage electric current (DC). J
Antimicrob Chemother 1997; 39: 687—695.

Bechert T, Boswald M, Lugauer S, Regenfus A, Greil J,
Guggenbichler JP. The Erlanger silver catheter: in vitro
results for antimicrobial activity. Infection 1999; 27suppl 1:
S24-S29.

Illingworth BL, Tweden K, Schroeder RF, Cameron JD. In vivo
efficacy of silver-coated (Silzone) infection-resistant polyester
fabric against a biofilm-producing bacteria, Staphylococcus epi-
dermidis. J Heart Valve Dis 1998; 7: 524-530.

Illingworth B, Bianco RW, Weisberg S. In vivo efficacy of
silver-coated fabric against Staphylococcus epidermidis. J
Heart Valve Dis 2000; 9: 135-141.

Hannan M, Juste RN, Umasanker S ef al. Antiseptic-bonded
central venous catheters and bacterial colonisation. 4naesthesia
1999; 54: 868—872.

Veenstra DL, Saint S, Sullivan SD. Cost-effectiveness of
antiseptic-impregnated central venous catheters for the preven-
tion of catheter-related bloodstream infection. JAMA 1999;
282: 554-560.



