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Biofilm formation of Staphylococcus epidermidis and S. aureus is mediated by the polysaccharide intercellular adhesin (PIA) encoded by the ica operon. We used a device-related animal model to investigate biofilm
formation, PIA expression (immunofluorescence), and ica transcription (quantitative transcript analysis)
throughout the course of infection by using two prototypic S. aureus strains and one S. epidermidis strain as well
as corresponding ica mutants. During infection, the ica mutants were growth attenuated when inoculated in
competition with the corresponding wild-type strains but not when grown singly. A typical biofilm was observed
at the late course of infection. Only in S. aureus RN6390, not in S. aureus Newman, were PIA and ica-specific
transcripts detectable after anaerobic growth in vitro. However, both S. aureus strains were PIA positive in vivo
by day 8 of infection. ica transcription preceded PIA expression and biofilm formation in vivo. In S. epidermidis, both PIA and ica expression levels were elevated compared to those in the S. aureus strains in vitro
as well as in vivo and were detectable throughout the course of infection. In conclusion, in S. aureus, PIA
expression is dependent on the genetic background of the strain as well as on strong inducing conditions, such
as those dominating in vivo. In S. epidermidis, PIA expression is elevated and less vulnerable to environmental conditions.

forms biofilm on nearly all kinds of medical devices and
implants (reviewed in reference 25). Furthermore, the relevance of PIA production in the pathogenesis of S. epidermidis in human infections is emphasized by several studies
showing that infecting strains are significantly more ica positive than colonizing strains (3, 4, 9, 18, 19, 42, 57). In addition,
the role of PIA as an important virulence factor for S. epidermidis was demonstrated in two different animal models (48–
50).
Recently, it was found that the ica locus is conserved between S. epidermidis and S. aureus (7, 41). Interestingly, in
contrast to S. epidermidis, PIA production and biofilm formation in vitro is less pronounced in most S. aureus strains and
often observed only under stringent in vitro conditions, such as
low oxygen (8). Analysis of clinical S. aureus isolates from
prosthetic-joint infections, bacteremia, or catheter-related infections showed the presence of the ica locus in most isolates
but a lack of PIA production in a varying percentages of these
strains in vitro (1, 7, 8, 16, 30, 40, 44, 47). The circumstances
leading to the formation of biofilm in S. aureus infections are
not clearly understood and are difficult to derive from in vitro
results. However, antibodies against PIA proved to be protective in mice, emphasizing a role of PIA for virulence also in
S. aureus (41).
We aimed to analyze PIA expression from S. aureus and
S. epidermidis during the course of infection by using a devicerelated animal model. Growth and adherence of the ica-deficient mutants from both species did not differ from that in the

The success of the increasing number of artificial-joint
replacements and other implanted devices is hampered by
device-related infections. Prosthetic-device infections are
enormously costly for the community and disabling for the
individual patient. Infections can occur during the surgical
procedure or hematogenously, even years after the implantation. The staphylococci Staphylococcus epidermidis and S.
aureus account for more than half of prosthetic-device-associated infections (51, 58). S. aureus adheres primarily to
the device via cell wall-attached adhesins that recognize host
proteins coating biomaterial surfaces soon after implantation (15). In contrast, adhesins of S. epidermidis are less well
characterized, but initial adherence is probably multifactorial,
involving, among other factors, the autolysins AtlE, Embp, and
Fbe (26, 34). After initial adherence, biofilm formation occurs
by bacterial accumulation mediated by extracellular polysaccharides.
Biofilm formation was first characterized in S. epidermidis on
a molecular level. Biofilm development requires the polysaccharide intercellular adhesin (PIA), which is synthesized by
enzymes encoded by the ica operon (27, 35–37). S. epidermidis
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Mikrobiologie und Hygiene, Wilhemstr. 31, 72074 Tübingen, Germany. Phone: 49 7071 2980187. Fax: 49 7071 293011. E-mail: Christiane
.Wolz@uni-tuebingen.de.
† Present address: Medical Microbiology and Infectious Diseases,
The Clinical School, University of Wales Swansea, Swansea, United
Kingdom.
1811

1812

FLUCKIGER ET AL.

isogenic parental strains when the animals were grown in separate cages. However, in competition infection, the wild-type
strains hindered the mutant strains from growing up to the
same density. S. epidermidis was already PIA positive at the
onset of infection. S. aureus strain RN6390 as well as the in
vitro biofilm-negative strain Newman became PIA positive
only in the later stages of infection.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The following strains were used for
analysis: S. epidermidis strain 1457 and its isogenic ica mutant (36), S. aureus
strain Newman (13) and S. aureus strain RN6390 (45) and their corresponding
isogenic ica-deficient derivatives CW25 (Newman ⌬ica::tet) and CW26 (RN6390
⌬ica::tet), and the agr mutant strains RN6911 (RN6390 ⌬agr::tet) (45) and
ALC355 (Newman ⌬agr::tet) (55). For in vivo experiments, staphylococci were
grown overnight in Casamino Acids–yeast extract–␤-glycerophosphate–glucose
medium (CYPG) (43) with aeration, washed three times in sterile NaCl (0.9%),
and diluted to the desired inoculum size of approximately 5 ⫻ 105 CFU/ml. For
in vitro analysis, bacteria from an overnight culture were diluted to an initial
optical density at 600 nm (OD600) of 0.05 and grown with shaking at 37°C to the
mid-exponential phase (OD600 ⫽ 0.8 at time 1), to the post-exponential phase
(OD600 ⫽ 8 at time 3), or for 24 h to the stationary phase. For analysis of PIA
expression by immunofluorescence, bacteria were grown anaerobically on chamber slides in tryptic soy broth containing 1% glucose for up to 48 h (8). Biofilm
formation in vitro was assessed in a microtiter plate assay as described previously
(5).
Construction of ica mutant strains. A ⌽11 lysate of the ica deletion mutant
ATCC 35556 ⌬ica::tet (7) was used to transduce strain Newman and strain
RN6390. Tetracycline-resistant transductants were selected, and the ica gene
replacement was verified by PCR. Oligonucleotides were chosen to allow amplification of the following fragments in the transductants and the original ica
deletion mutants corresponding to the tet insertion site within the ica operon:
CTTCGATGTCGAAAATAAACTC based on ica and GCTTCTGGAATGAG
TTTGCT based on tet. Southern hybridization was performed on SmaI-digested
chromosomal DNA after pulsed-field gel electrophoresis using ica-specific
probes.
Animal model of device-related infection. The well-established guinea pig and
mouse models of implant infection were used (31, 32, 59). Four perforated
Teflon tubes filled with eight pieces of plastic catheter were inserted in the flanks
of the animals. Two weeks after implantation, approximately 2 ⫻ 105 to 3 ⫻ 105
CFU of the test strain was inoculated into the tissue cages.
Before inoculation, the interstitial fluid, which had accumulated in the tissue
cages, was checked for sterility. Animals infected with S. epidermidis were sacrificed 2, 4, 6, 8, 12, or 16 days after bacterial challenge. Those animals infected
with S. aureus were sacrificed at days 2, 4, 6, and 8 only because increasing
inflammation and abscess formation around the tissue cages limited the duration
of the experiment. Every second day after bacterial challenge, 1 aliquot of
aspirated exudate was taken and immediately stored in liquid nitrogen for subsequent RNA preparation. A second aliquot was used for quantitative bacteriology. The tissue cages were removed from sacrificed animals, and three pieces
of catheter were used to count the adherent bacteria (see following paragraph).
Two pieces were fixed with 2.5% glutaraldehyde for microscopy. Each strain was
tested in at least three independent animal experiments performed on different
days.
For competition experiments, wild-type and ica mutant strains were inoculated
into implanted tissue cages in mice at a ratio of 1:1 or 1:100. The coinfection was
maintained for 8 days with CFU determinations of the exudates at days 2 and 8,
as described above.
Bacterial quantification in vitro and in vivo. Serial dilutions of broth culture
and of aspirated exudates from the infected-animal cages were plated onto blood
agar plates (tryptic soy agar containing 5% sheep blood). For CFU determinations of the competition experiments, serial dilutions of bacteria were plated in
parallel on tryptic soy agar with or without the appropriate selective antibiotic,
erythromycin (10 g/ml) for S. epidermidis and tetracycline (3 g/ml) for S.
aureus, to determine the ratio of mutant (Ermr to Tetr, respectively) to wild-type
(Erms to Tets, respectively) bacteria. In addition, we subcultivated 100 randomized colonies of each exudate sample from nonselective plates on erythromycin
and tetracycline plates, respectively, to verify the ratios of wild-type to ica mutant
CFU in the mixed infections. The number of bacteria adhering to the plastic
catheters was determined as described previously (54). Briefly, for each time
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point, three pieces of catheter were washed twice with saline and each catheter
was placed in a tube with 1 ml of 0.9% NaCl containing EDTA (0.15%) and
Triton X-100 (0.1%). The tubes were vigorously vortexed three times for 15 s.
The tubes were then placed in an ultrasonic bath and sonicated for 3 min at 120
W. After an additional mixing step, 100 l of the liquid was diluted for quantitative bacterial culture on blood agar plates. Stability of the mutant strains was
confirmed by subculturing of the strains on plates containing tetracycline (3
g/ml) or erythromycin (10 g/ml).
PIA detection by indirect immunofluorescence in vivo and in vitro. PIA production in vivo was determined in exudates which were mixed with the same
volume of 8% paraformaldehyde immediately after aspiration, diluted 1:10 with
phosphate-buffered saline (PBS) for S. aureus, concentrated 10 times for S.
epidermidis, and spotted on poly-L-lysine-coated slides. PIA production in vitro
was determined in planktonic bacteria and in bacteria forming a biofilm on
poly-L-lysine coated chamber slides after anaerobic growth for 48 h. For PIAspecific immunofluorescence, the bacteria were fixed with 4% formaldehyde for
10 min at room temperature. The slides were washed three times with PBSTween and incubated with human serum (1:10 in PBS) for 30 min to prevent
unspecific binding of immunoglobulin G by cell wall-associated protein A. The
slides were incubated with a PIA-specific polyclonal antiserum from rabbit (1:100
in PBS-Tween) for 1 h, followed by incubation of Cy3-conjugated anti-rabbit
F(ab)2 fragment (1:100 in PBS-Tween; Dianova) for 1 h. Bacteria were also
stained with 4⬘,6⬘-diamidino-2-phenylindole (DAPI; 2 g/ml) for 5 min, washed
three times with water, and air dried. The slides were then mounted with fluorescent mounting medium (Dako), and positively stained bacteria were detected
using fluorescence microscopy. Experiments were repeated three times at different time intervals.
Scanning electron microscopy (SEM). Pieces of catheter material were fixed
with 2.5% glutaraldehyde, dried, and sputtered with gold to analyze adherence
and biofilm formation by electron microscopy.
RNA isolation. For RNA isolation from culture, bacteria were grown in CYPG
to the desired growth phase. A pellet of approximately 5 ⫻ 109 bacteria was then
resuspended in 1 ml of Trizol reagent (Gibco BRL, Life Technologies), and the
mixture was disrupted with 0.5 ml of zirconia-silica beads in a high-speed homogenizer (Savant Instrument, Farmingdale, N.Y.). Total RNA was isolated as
directed in the instructions provided by the manufacturer of Trizol. For RNA
preparation from exudates, the frozen samples were thawed rapidly and 200-l
aliquots were used. RNA was isolated and purified as described previously (24).
Contaminating DNA was degraded by digesting RNA samples with DNase as
described previously (23).
Quantification of specific transcripts with LightCycler RT-PCR. Specific RNA
standards for the quantification of gyr and ica were engineered as described
elsewhere (22). LightCycler reverse transcription (RT)-PCR was carried out
using the LightCycler RNA amplification kit for hybridization probes (Roche
Biochemicals, Basel, Switzerland). Master mixes were prepared following the
manufacturer’s instructions by using the oligonucleotides specific for gyr and ica
(Table 1). After RT for 20 min at 50°C, the following temperature profile was
utilized for amplification: denaturation for 1 cycle at 95°C for 30 s and for 45
cycles at 95°C for 1 s (temperature transition of 20°C/s), at 55 to 50°C (step size
of 1°C, step delay of 1 cycle) for 15 s (temperature transition 20°C/s), and at 72°C
for 15 s (temperature transition of 2°C/s) and fluorescence acquisition at 55 to
50°C in single mode. Melting curve analysis was performed at 45 to 90°C (temperature transition of 0.2°C/s) with stepwise fluorescence acquisition. Sequencespecific standard curves were generated using 10-fold serial dilutions (104 to 108
copies/l) of the specific RNA standards. The number of copies of each sample
transcript was then determined with the aid of the LightCycler software. The
specificity of the PCR was verified by size determination of the amplicons by
agarose gel electrophoresis.
Statistics. The results are expressed as mean values ⫾ standard deviations.
Statistical analysis was performed by Student’s two-tailed test. A P value of ⬍0.05
was considered significant.

RESULTS
Biofilm formation in the animal model. S. aureus strains
RN6390 and Newman were inoculated after sterile implantation of the tissue cages containing pieces of catheters. To
evaluate biofilm formation on the catheter pieces in vivo,
the tissue cages were explanted 8 days after inoculation.
Pieces of catheters were washed with sterile saline and prepared for SEM analysis (Fig. 1). SEM showed bacterial
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TABLE 1. Oligonucleotide primers and LightCycler hybridization probes
Target gene

GenBank
accession no.

Sequencea

Primer

S. aureus icaA

AF086783

icaU
icaL
icaFL
icaLC

TGGCTGTATTAAGCGAAGTC
TTCCAAAGACCTCCCAATGT
TGTCGACGTTGGCTACTGGGAT-FL
Red640-CTGATATGATTACCGAAGATATTGCAGT-ph

S. aureus gyr

D10489

gyrU
gyrL
gyrFL1
gyrLC1

TTATGGTGCTGGGCAAATACA
CACCATGTAAACCACCAGATA
ATTTTAACTGTTTTACATGCTGGTGGTAA-FL
Red640-TTTGGCGGTGGCGGATACA-ph

S. epidermidis icaA

U43366

Epi-icaU
Epi-icaL
Epi-icaFL1
Epi-icaLC1

CAATCTCTTGCAGGAGC
CTTGAGCCCATCGAACC
CAAAGATGTAGGTTATTGGGATACTGACA-FL
Red640-ATTACTGAGGATATTGCTGTTTCATGGA-ph

S. epidermidis gyr

AF314404

Epi-gyrU
Epi-gyrL
Epi-gyrFL2
Epi-gyrLC2

GGTATGTATATTGGTTCAACTTCAG
GTGAAGACCGCCAGAT
GGGTTGCACCATTTAGTATGGGAAA-FL
Red640-TGTTGATAATAGTATTGACGAGGCATTAGC-ph

a

FL, fluorescein; Red640, LightCycler Red640-N-succinimide ester; ph, 3⬘-phosphate.

clusters attached to the catheter in close contact to host cells
and cellular debris. Additionally, uptake of bacteria by surface-attached phagocytes could be observed (Fig. 1B). These
images demonstrate S. aureus biofilm formation in the animal
model of device-related infections. There were no obvious
differences between cages infected with either strain Newman
or strain RN6390. Due to the lower bacterial number of S. epidermidis cells in vivo, biofilm could not be visualized using
SEM.
Biofilm formation and PIA expression in vitro. Prototypic
S. epidermidis as well as S. aureus strains were grown anaerobically on chamber slides for 48 h in tryptic soy broth with 1%
glucose to get maximum PIA expression (8), reflecting the in
vivo situation where low oxygen might be present in a late stage
of localized infection. Accordingly, S. epidermidis and S. aureus
strain RN6390 were clearly PIA positive by immunofluorescence using PIA-specific antiserum (Fig. 2C and E). In contrast, in S. aureus strain Newman, no PIA production could be
detected. Additionally, in a microtiter plate assay, no biofilm
formation could be observed in strain Newman. To analyze

FIG. 1. SEM micrographs of S. aureus RN6390 (A) and S. aureus
Newman (B) adhering to catheter pieces explanted into tissue cages.
Microcolonies (arrows) of staphylococci were found attached to the
catheters. Engulfment of staphylococci by a phagocytic cell was observed (panel B, arrow). Original magnification, ⫻10,560.

whether this was due to the proposed inhibitory action of the
agr operon (53), isogenic agr-deficient mutants were also analyzed. As expected, biofilm formation was increased in the
agr-deficient derivative of strain RN6390 (RN6911). However,
deletion of agr in strain Newman did not enhance biofilm
formation or PIA expression (data not shown). These results
indicate that, in strain Newman, PIA expression is severely
down-regulated in vitro. Since both S. aureus strains tested
(RN6390 and Newman) were able to form biofilms in the tissue
cage model (Fig. 1), we aimed to analyze the PIA expression of
these two strains in vivo in more detail.
Construction of ica mutants of strain RN6390 and Newman.
In order to obtain PIA-negative control strains, we first constructed ica mutants of the two S. aureus strains RN6390 and
Newman. The replacement of the ica operon by tet in the
transductants was confirmed by PCR. From the ica mutants,
a PCR amplicon corresponding to the tet insertion site within
ica could be amplified. The restriction fragment patterns obtained by pulsed-field gel electrophoresis differed between
the mutants and the corresponding parental strains only in
one fragment, which could be shown to encompass the ica
locus. By Southern blotting, the fragments in the mutant
strains did not react with a DNA probe specific for icaA.
Additionally, both mutants were shown to be PIA negative
in vitro as well as in vivo using PIA-specific antibodies (Fig.
2 and 4).
Bacterial growth curves and adherence in vivo. First, the
growth and adherence capabilities of S. aureus and S. epidermidis strains and their ica mutants in the animal model were
assessed. Implanted tissue cages containing catheters were inoculated with approximately 5 ⫻ 105 CFU/cage (Fig. 3A). S.
aureus strains RN6390 and Newman and their ica mutants
grew up to 1.4 ⫻ 108 to 4.5 ⫻ 108 CFU/ml in tissue cages 8 days
after infection. At 2, 6, and 8 days after inoculation, wild-type
strains and their ica-deficient mutants reached similar CFU
counts. At day 6, the numbers of both S. aureus wild-type and
ica mutant strains reached a maximum of about 108 CFU/ml
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FIG. 2. S. aureus Newman, S. aureus RN6390, S. epidermidis 1457, and their ica mutants were grown anaerobically in chamber slides for 48 h.
In panels A through F, culture broth was stained by indirect immunofluorescence to detect PIA. PIA was not detected in S. aureus strain Newman
(panel A). In contrast, PIA was strongly marked by immunofluorescence in strain S. aureus RN6390 (panel C) and S. epidermidis 1457 (panel
E) under anaerobic in vitro growth. All three ica mutants (panels B, D, and F) were PIA negative. WT, wild type. Original magnification,
⫻1,000.

(range, 8 ⫻ 107 to 2 ⫻ 108 CFU/ml) and remained stable up to
day 8. No significant differences in growth for wild-type strains
and their ica mutants was observed at day 8 (P ⫽ 0.92 for S.
aureus RN6390, P ⫽ 0.73 for S. aureus Newman; Student’s
t test).
CFU counts of S. epidermidis strains were maintained at
about 5 ⫻ 105 CFU/ml throughout the course of infection up
to 12 days. Thereafter, wild-type S. epidermidis and the ica mutant decreased 1 log to 2 ⫻ 104 to 4 ⫻ 104 CFU/ml.
Figure 3B shows the bacterial counts on the catheters within
the tissue cages. As for the exudates, the bacterial counts of
S. epidermidis were lower than those of S. aureus. The 2-day
CFU counts of the adherent bacteria differed between the
wild-type strains and the corresponding ica mutants. However,
at 8 days, there was no significant difference between the wildtype strains and their ica mutants. The average CFU counts
were between 2 ⫻ 104 and 3 ⫻105/piece of catheter for adhering S. aureus Newman and 4 ⫻ 104 to 5 ⫻ 104/piece of catheter for S. aureus RN6390; for S. epidermidis 1457, the count
varied between 3 ⫻ 104 and 6 ⫻ 104 CFU/piece of catheter.
According to the decreasing CFU in exudate, the adhering
bacteria of S. epidermidis and its ica mutant decreased to
very low numbers of 100 to 500 CFU/piece of catheter at 16
days.
To determine whether ica-positive and ica-deficient strains
inoculated together in the same cage exhibit the same growth
capabilities, we performed competition experiments (Fig.
4). The ratios of wild type to mutant were 1:1 (Fig. 4A and
C) and 1:100 (Fig. 4B and D), respectively. As observed in
growth curves for single-strain infections, the CFU of mixed
S. epidermidis infections declined during the first 2 days independent of the inoculum ratio. Thereafter, the S. epidermidis strain lacking the ica locus grew slower than the wild
type; however, the mutant was not completely cleared. In
cages infected with S. aureus wild type and ica mutants at a
ratio of 1:1, the mutant strain grew slower than the wild type
at 2 and 8 days (Fig. 4C). However, an inoculum of the ica
mutant which was 100 times higher than that of the wild-type
S. aureus resulted in a similar CFU count after 8 days (Fig.
4D).
PIA expression in vivo determined using immunofluorescence microscopy. Next, we examined aspirated exudates from
tissue cages by indirect immunofluorescence in order to investigate the production of PIA during the course of infection.
There was a marked difference of PIA production between

S. aureus and S. epidermidis. Figure 5 illustrates the three tested parental strains and their respective ica mutants. For each
time point, two pictures are shown. In the upper panels, the
exudates are stained by immunofluorescence to detect PIA,

FIG. 3. In vivo growth curves of S. aureus RN6390, S. aureus Newman, S. epidermidis 1457, and their isogenic ica mutants in the guinea
pig model. (A) Number of viable counts (CFU/ml) in exudates of
tissue cages at the time of bacterial challenge at 0 days (0d), 2d, 6d, and
8d after S. aureus inoculation and 2d, 6d, 8d, 10d, 12d, and 16d after S.
epidermidis inoculation. Each value is the mean ⫾ standard deviation
for six to eight cages from three or four independent experiments. (B)
Number of bacteria attached to the catheters in the tissue cages at 2d
and 8d after inoculation with S. aureus RN6390 or S. aureus Newman
and additionally at 16d after S. epidermidis 1457 inoculation. Each
value is the mean ⫾ standard deviation for six to eight cages from three
independent experiments.
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FIG. 4. In vivo growth curves of S. epidermidis 1457 (A and B) and S. aureus RN 6390 (C and D) and their respective ica mutants injected
together into the tissue cages of mice at ratios of 1:1 (left panels) and 1:100 (right panels). Numbers of viable counts (CFU/ml) at the time point
of infection, at day 2 (2d), and at 8d postinfection are shown. Solid lines represent the wild-type strains, and dotted lines represent the ica mutants.
Data from three to eight mice from two experiments were pooled. At 2d, CFU counts of the ica-deficient S. aureus strains were lower than those
of the wild-type strains, but this was not the case for S. epidermidis. At 8d, the ica mutants of both S. epidermidis and S. aureus reached significantly
lower CFU counts than the corresponding wild-type strains (P ⬍ 0.05).

whereas the lower panels show pictures of the corresponding
exudates stained with DAPI to identify the bacteria. In both
S. aureus strains, PIA was negative in aspirated exudates 2 days
after inoculation but clearly positive at day 8 (Fig. 5A through
C and E through G). Exudates of the ica mutants of both
S. aureus strains and S. epidermidis were PIA negative at each
of the tested time points (shown only at day 8 [Fig. 5D, H, and
M]). In contrast, in S. epidermidis 1457, PIA was detected by
immunofluorescence already at the second day after bacterial
inoculation (Fig. 5I). Bacteria were detected as pairs in the
early course of infection and as large cell clusters at day 16
(Fig. 5I and L, respectively).
Transcription of ica in vitro and in vivo. In order to investigate whether PIA expression correlates with transcription of
the ica operon, quantitative RT-PCR was performed using
bacteria from in vitro cultures and directly from the exudates
without subculturing (Fig. 6). In vitro S. aureus RN6390 and
S. aureus Newman showed similar patterns, with increasing
transcription levels at time 3 (late-exponential-growth phase)
compared to those at time 1 (mid-exponential-growth phase)
and decreasing levels at 24 h. At all three time points, the ratio

of copy numbers of ica relative to those of the reference transcript gyr (y axis; copies of ica per copy of gyr) was lower in
strain Newman than in strain RN6390. This finding is in close
agreement with the immunofluorescence data, where PIA was
detectable in vitro only in strain RN6390, not in strain Newman.
In contrast to the in vitro situation, the ica transcript levels
of S. aureus RN6390 and S. aureus Newman were similar in
vivo at days 2 and 8, with 0.012 and 0.015 copy per copy of gyr
at 2 days and 0.007 and 0.009 copy per copy of gyr at 8 days,
respectively. In strain Newman, the ica/gyr mRNA ratios were
higher in vivo than in vitro.
S. epidermidis showed a remarkable expression of ica transcripts in vitro, which were 3 logs above those found in the S.
aureus strains grown under the same conditions. In vivo, we
could detect ica-specific transcripts in the exudates of S. epidermidis-infected animals at copy numbers 2 logs higher than
those of S. aureus after 2 days of infection, indicating a particularly high expression of ica already early in the infection
course. The copy numbers remained 2 logs higher than those
of S. aureus throughout the infection course.
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FIG. 5. Micrographs of S. aureus strains RN6390 (A through C) and Newman (E through G) in exudates aspirated at day 2 (2d), 4d, and 8d;
S. epidermidis 1457 (I through L) aspirated at 2d, 4d, 8d, and 16d; and their respective ica mutants (D, H, and M) aspirated at 8d from in vivo tissue
cages. Bacteria were stained by indirect immunofluorescence for the detection of PIA (upper panels for each locant, arrows) and with DAPI to
show the presence of all bacteria (lower panels for each locant). Immunofluorescence micrographs of exudates for the detection of PIA were
negative at 2d and 4d after inoculation. However, both S. aureus strains were clearly positive at 8d (panels C, G, and K). Aspirated exudates from
infected tissue cages with S. epidermidis were PIA positive already 2d after infection (panel I). Both species appeared in clusters at 8d (panels C,
G, and L). The ica mutants of all three tested strains remained PIA negative (panels D, H, and M). WT, wild type. Original magnification, ⫻1,000.

DISCUSSION
We could show that the device-related infection model is
well suited to study biofilm formation during infection. Bacterial biofilms of S. aureus on pieces of catheter could be confirmed by SEM. These electron micrographs closely resemble
those presented for biofilm-coated devices explanted from hu-

mans infected with staphylococci (11, 12). Additionally, PIA
expression of S. aureus and S. epidermidis and formation of
bacterial clusters probably reflecting biofilm formation could
be demonstrated in the later course of infection by immunofluorescence.
Comparison of the ica transcription and PIA synthesis levels
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FIG. 6. Quantitative transcript analysis of S. aureus RN6390 and S.
aureus Newman by LightCycler RT-PCR in vitro and in vivo. ica
transcripts were quantified in relation to the number of gyr transcripts
in each sample. Transcription of ica was determined in the mid-exponential phase (time 1 [t1]) and in the late-exponential phase (t3), as
well as after 24 h of growth in CYPG (gray columns) and in exudates
from infected devices in guinea pigs 2 days (2d) and 8d after bacterial
inoculation (black columns). Values from three separate RNA preparations were used to calculate the mean values ⫾ standard deviations.

of S. aureus strains revealed marked strain-dependent differences under in vitro but not in vivo conditions. In the in vitro
experiments, S. aureus strain RN6390 produced PIA under an
anaerobic condition after 48 h of inoculation whereas in S. aureus Newman, no PIA production was detectable. In contrast,
under the in vivo condition, both S. aureus strains produced
PIA late in the infection course, suggesting that PIA production is strongly induced in vivo. This confirms previous data
showing that S. aureus bacteria are PIA positive during lung infection in patients suffering from cystic fibrosis (41). The signals resulting in PIA expression in S. aureus during the course
of infection remain unknown. Numerous recent publications
report on factors influencing PIA or biofilm production, such
as glucose and other sugars, high osmolarity, and anaerobiosis
(8, 21, 29, 30, 39, 46). It is conceivable that oxygen tension
decreases in abscesses, as observed in S. aureus-infected cages,
and this may trigger PIA formation in S. aureus. However,
additional signals are obviously required, since we were unable
to induce PIA formation in strain Newman under anaerobic
conditions in vitro.
The regulatory circuits resulting in PIA expression are obviously different between the two species. The overall amount
of PIA as well as of the ica-specific transcripts in S. epidermidis
is elevated compared to that in the S. aureus strains. S. epidermidis was PIA positive under all conditions examined, whereas
in S. aureus, PIA expression was dependent on the genetic
background as well as on growth conditions. Regulatory loci
which are known to be involved in PIA synthesis, such as sarA,
sigB, and icaR, are conserved between S. aureus and S. epidermidis (2, 6, 14, 28, 38, 46, 52). However, one may assume
that there are species-specific differences in their activity and
function leading to the differences in the observed PIA expression.
We aimed to correlate the ica transcript levels detected by
quantitative RT-PCR with PIA expression analyzed by immunofluorescence in vitro and in vivo. The ica transcription as
well as PIA synthesis was markedly higher in S. epidermidis
than in the S. aureus strains in vitro as well as in vivo. With both
assays, it could be demonstrated that in vitro ica or PIA is ex-
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pressed mainly during the stationary phase in S. aureus strain
RN6390 but is repressed in strain Newman. Interestingly, the
ica transcripts preceded the detected PIA production in vivo.
This suggests a delay between the transcription and the biosynthesis of PIA. The synthesis of this ␤-1,6-linked N-acetylglucosamine polysaccharide is dependent on the supply of
precursor molecules, which are processed by the enzymes
encoded by the ica operon. Thus, besides the ica-encoded
enzymes, the concentration of these precursor molecules is
probably also crucial for overall PIA production. This hypothesis is supported by the ica or PIA expression analysis
performed with S. epidermidis grown with and without glucose
(10).
In the case of separate inoculation of wild-type and mutant
strains, growth and adherence to catheters by S. aureus and
S. epidermidis in vivo were not dependent on PIA expression.
This observation is in agreement with previous observations by
us and others (17, 31). Nevertheless, the role of PIA as a
virulence factor of S. epidermidis has been demonstrated in two
other animal models. In a central venous catheter-related infection model, the PIA-positive S. epidermidis strains adhered
better to the implanted catheter and caused metastatic diseases more often than did the PIA-negative mutants (48, 50).
In a foreign-body infection mouse model, subcutaneously implanted catheters infected with S. epidermidis 1457 formed
abscesses more often and the number of recovered bacteria
adhering on the plastic catheters was higher than that with
the PIA-negative mutant (49). In this model, attachment of
S. epidermidis occurred on the native implants. In contrast,
in the animal model used here and by Francois et al. (17),
tissue cages with catheter pieces were precoated with host
proteins before bacterial inoculation. These coating proteins may impair the adherence of S. epidermidis since it was
shown in vitro that plasma proteins, fibrinogen, and fibronectin decrease the binding of S. epidermidis to artificial
surfaces (20, 25, 56). In contrast, S. aureus adherence to
implants coated by host proteins is promoted by cell wall
adhesins (15). This could explain the clinical observation
that prosthetic implant infections due to S. epidermidis occur
mainly during the surgical procedures, whereas S. aureus
infections can occur hematogenously even years after the
procedure.
Growth of wild-type strains and ica mutants was equal when
the strains were injected separately. In contrast, in competition experiments where wild-type strains and ica mutants
were injected together in a ratio of 1:1 into the same cages,
the ica mutant strain reached lower bacterial numbers than
the wild type. This observation suggests an attenuated virulence of the ica mutant compared to that of wild-type strains
in the foreign-body model. In a recently published report, it
was shown that in a mouse model of Yersinia pseudotuberculosis, the presence of wild-type bacteria severely hindered
the ability of mutant strains to persist and colonize different
tissues (33).
In conclusion, we show that the device-related animal model is suitable for studying the time course of biofilm formation
in S. aureus and S. epidermidis. We demonstrated that in S.
epidermidis infection, PIA is detectable early in the infection
course and that PIA production is induced in S. aureus infection during the course of a device-related infection. PIA pro-
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duction and biofilm formation are present in both species late
in infection. Taken together, our results show that the ica locus
and biofilm formation are crucial parameters for staphylococcal colonization and survival on implants.
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