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Several well-studied proteins with defined roles in Staphylococcus epidermidis biofilm formation are LPXTG
motif-containing proteins. Here, we investigate the possible use of the LPXTG motif-containing protein SesC
(S. epidermidis surface protein C; accession no. NP_765787) as a target for antibodies to prevent biofilm
formation. In vitro and in a in vivo rat model of catheter infection, gene and protein expression analysis showed
that SesC is expressed more strongly in biofilm-associated cells than in planktonic cells and is expressed
particularly during the late phase of in vivo biofilm formation. Polyclonal rabbit antibodies raised against SesC
reduced the fibrinogen-binding ability of S. epidermidis RP62A and Staphylococcus aureus RN4220 transfor-
mants expressing SesC, inhibited in vitro biofilm formation by S. epidermidis strains 10b and 1457, and
significantly reduced the numbers of bacteria in a 1-day-old in vivo biofilm (P < 0.001, one-way analysis of
variance). Our findings revealed that SesC is a promising target for prevention and treatment of S. epidermidis
biofilms because it affects both the primary attachment and biofilm accumulation phases. The precise role of
SesC in biofilm formation remains to be identified.

There has been substantial interest in Staphylococcus epider-
midis in recent years because it is the most important cause of
foreign-body infections (27, 34). Biofilm formation is a key
factor in this process and is considered the most important
virulence factor of S. epidermidis (6).

S. epidermidis biofilm formation is a complex, multifactorial
process, involving different factors that play roles at different
stages in biofilm formation. Several of the genes that have been
found to play important roles in biofilm formation by S. epi-
dermidis (for a review, see reference 21) encode LPXTG motif-
containing proteins (Aap, Bhp, SdrF, and SdrG) (1, 8, 9, 15).
Recently, Söderquist reported that SesI, another LPXTG pro-
tein, was present in “about one-half” of the S. epidermidis
isolates causing postoperative infection following cardiac sur-
gery and might be a bacterial adherence factor (25).

In publicly available genomes of S. epidermidis strains
RP62A (11) and ATCC 12228 (37), 11 and 10 genes encoding
LPXTG proteins, respectively, have been identified (2), includ-
ing genes encoding the proteins mentioned above. Except for
the five LPXTG proteins mentioned above, the roles of these
LPXTG proteins have not been studied yet. In the present
study we examined the S. epidermidis LPXTG protein SesC as

a potential target for vaccination against S. epidermidis bio-
films.

Bowden et al. (2) reported that the sesC gene was present in
all of the 116 clinical isolates of S. epidermidis that they inves-
tigated, indicating that it might be an essential gene. Yao et al.
(36), however, reported that sesC was absent in some S. epi-
dermidis isolates, particularly isolates from the skin of healthy
individuals (9 of 20 isolates).

SesC is predicted to encode a 676-amino-acid (aa) protein
with a predicted molecular mass of 75 kDa. The cytoplasmic
precursor of SesC contains a 35-aa N-terminal signal peptide
(predicted using the SignalP server at http://www.cbs.dtu.dk
/services/SignalP/), a 37-aa C-terminal LPXTG sorting signal,
and a large extracellular domain. The N-terminal signal is
required for sec-dependent secretion and is cleaved by signal
peptidase. The C-terminal signal is needed for cleavage be-
tween the threonine and the glycine of the LPXTG motif and
for attachment to peptidoglycan by sortase.

The presence of mature SesC (�68 kDa) in the cell wall
fraction of S. epidermidis RP62A in the exponential and sta-
tionary phases of growth was shown using a Western immuno-
blotting technique (2). All of the homologues of SesC in pub-
licly available protein data banks had less than 70% sequence
identity to SesC, and all of the homologues with identities
higher than 26% were hypothetical proteins with unknown
structures and functions. The closest homologue of SesC with
a known function is a 341-aa fragment of clumping factor A
(ClfA) (26.6% identity and 65.1% similarity in a 335-aa over-
lap). ClfA is a fibrinogen (Fg)-binding microbial surface com-
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ponent recognizing adhesive matrix molecules (MSCRAMM)
of Staphylococcus aureus. However, the putative Fg-binding
site of ClfA is located outside the similarity region.

Targeting specific staphylococcal biofilm-associated factors
is an alternative to treatment of staphylococcal infections with
antibiotics (34). Antibodies against extracellular macromole-
cules and surface binding proteins essential for cell-surface and
cell-cell interaction and adhesion, such as polysaccharide in-
tracellular adhesin (PIA), teichoic acids, Fbe, and Aap, have
been shown to prevent biofilm formation without killing the
bacteria (19, 22, 26, 35).

In this study we demonstrate that SesC is highly expressed in
biofilm-associated cells and we present data showing that it is
a potential target for preventing S. epidermidis biofilm forma-
tion and for treating established mature biofilms with anti-
SesC antibodies.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. For DNA manipulation and recom-
binant protein production, Escherichia coli strains DH5� and BL21(DE3), re-
spectively, were used. Staphylococcus spp. were grown in brain heart infusion
medium (Oxoid) or tryptone soya broth (TSB) (Oxoid), except where otherwise
stated. E. coli was grown in Luria-Bertani medium. Solid media consisted of the
liquid media supplemented with 1 to 2% agar. When required, antibiotics were
added to the media as follows: chloramphenicol, 10 �g/ml for Staphylococcus
spp.; erythromycin, 10 �g/ml for Staphylococcus spp. and 500 �g/ml for E. coli;
tetracycline, 5 �g/ml for Staphylococcus spp. and E. coli; and ampicillin,
100 �g/ml for E. coli.

The sesC sequence (SE2232; accession no. NP_765787) was retrieved from the
National Center for Biotechnology Information from the complete genome of
the non-biofilm-forming strain S. epidermidis ATCC 12228. Using the sesC se-
quence, primers and probes were designed with Primer Express 2.0 software
(Applied Biosystems Division of Perkin-Elmer) and were purchased from
Eurogentec (Seraing, Belgium). All fragments were PCR amplified using
genomic DNA (gDNA) isolated from biofilm-forming S. epidermidis strain 10b
(32). The primers and probe used are listed in Table 1.

A 388-bp fragment of the sesC gene in S. epidermidis 10b was PCR amplified
using primers sesC-SF and sesC-SR. The amplicon was ligated into the pGEM-T
Easy vector (Promega, Madison, WI), yielding pGEMsesC. Pure plasmid

pGEMsesC was prepared and quantified as described previously (18, 23). Stan-
dard dilutions of a known quantity of pGEMsesC were used in real-time PCR.

A 1,359-bp fragment of sesC in S. epidermidis 10b was amplified using primers
sesC-RF and sesC-RR, which incorporate flanking NheI and BamHI restriction
sites and a sequence coding for a C-terminal six-His tag, respectively. This
fragment was cloned into a pET11c expression vector (Stratagene, La Jolla, CA),
yielding pET11csesC, which was electrotransformed into E. coli BL21(DE3). The
1,359-bp fragment of sesC encodes a 459-aa extracellular part of SesC and
contains a six-His tag at the C terminus. The truncated recombinant protein was
used for immunization of rabbits.

The entire coding region of the sesC gene of strain 10b was amplified using
primers sesC-EF and sesC-ER, which incorporate flanking BamHI and KpnI
restriction sites, respectively. The amplicon was ligated into the vectors pCN68
and pCN50 (5), yielding pCN68sesC and pCN50sesC. Plasmids pCN68, pCN50,
pCN68sesC, and pCN50sesC were electroporated into S. aureus RN4220 (16),
yielding strains RN-pCN68, RN-pCN50, RN-pCN68sesC, and RN-pCN50sesC,
respectively. pCN50 and pCN50sesC were purified from RN4220 transformants
and electroporated into S. epidermidis RP62A, yielding strains RP-pCN50 and
RP-pCN50sesC, respectively. sesC gene expression in wild-type and transformed
strains was quantified by TaqMan quantitative PCR.

Species identification and PCR screening for the sesC gene in clinical and
commensal isolates. We collected 239 coagulase-negative Staphylococcus sp.
(CoNS) isolates from hospitalized patients (n � 215) or from the skin of healthy
individuals (n � 24). Species were identified with Vitek 2 (bioMérieux). gDNA
was extracted from each isolate using a Wizard gDNA purification kit (Promega)
with addition of 30 �g/ml lysostaphin at the lysis step. A duplex PCR amplifying
both sesC and the 16S rRNA genes was performed with all isolates. Primers for
the 16S rRNA gene have been described previously (29).

Construction and purification of histidine-tagged fusion protein. A truncated
recombinant SesC (rSesC) protein was expressed in E. coli BL21(DE3) using the
expression vector pET11csesC as described previously (14). Briefly, after trans-
formation, E. coli BL2(DE3) was grown with shaking (250 rpm) at 37°C in
Luria-Bertani broth with 100 �g/ml ampicillin to an optical density at 600 nm
(OD600) of 0.6 to 1.0. Expression was induced by addition of 1 mM isopropyl-
�-D-thiogalactopyranoside (IPTG). After cooling on ice, cells were harvested by
centrifugation (4,000 rpm, 10 min, 4°C), resuspended in 5 ml imidazole buffer (20
mM phosphate, 0.5 M NaCl, 10 mM imidazole), and frozen at �20°C. Then the
preparation was sonicated three times for 30 s. After centrifugation (30 min,
15,000 rpm, 4°C) the supernatant was used for Ni� affinity chromatography
purification of the recombinant proteins with a HisTrap kit (Amersham Phar-
macia, Uppsala, Sweden). The columns were washed with 40 mM imidazole
buffer, and proteins were eluted with 300 mM imidazole buffer. The purified
recombinant protein was dialyzed against 10 mM HEPES buffer (pH 7.5), freeze-
dried, and stored at �20°C. The purity of the recombinant protein was deter-
mined by Coomassie blue staining of a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel. The sequence of the purified peptide was confirmed by
matrix-assisted laser desorption ionization–time of flight mass spectrometry.

Preparation and purification of polyclonal anti-SesC IgG antibodies. Poly-
clonal antibodies were produced by Eurogentec (Seraing, Belgium) by immuni-
zation of rabbits with purified rSesC protein. Total immunoglobulin Gs (IgGs)
from preimmune serum and antisera directed against rSesC (anti-rSesC) were
purified by absorption to a protein G column (GE Healthcare) according to the
manufacturer’s instructions.

In order to enrich for SesC-specific IgGs, (polyclonal anti-SesC IgGs), the
rSecC antigen was covalently coupled to MiniLeak (medium) affinity resin (Kem-
En-Tec, Copenhagen, Denmark) as recommended by the manufacturer. A total
of 1 mg of rSecC was coupled to 1 ml of resin, and the coupling efficiency was
measured as described by the manufacturer. Subsequently, 5 ml of purified IgG
was incubated for 3 h at room temperature with 1 ml of immunoaffinity resin and
was subsequently packed into a column. After the resin was washed with 100 ml
of phosphate-buffered saline (PBS) (pH 6.8) containing 0.5 M NaCl and 10 mM
EDTA, immunoabsorbed material was eluted with 0.1 M glycine-HCl buffer (pH
2.7) and immediately dialyzed against PBS. After dialysis the concentration was
determined spectrophotometrically at 280 nm (an optical density of 1.4 was
equivalent to 1 mg/ml). The purity of the IgGs was determined by Coomassie
blue staining of sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels.

The affinity of IgGs purified from preimmune serum and of polyclonal anti-
SesC IgGs isolated from antiserum against rSesC was quantified with an alkaline
phosphatase-conjugated anti-rabbit Ig by performing an indirect protein enzyme-
linked immunosorbent assay using standard protocols.

In vitro and in vivo gene and protein expression studies. The in vitro model
and the in vivo rat model have been described previously (12, 28, 30, 31). Slight

TABLE 1. Primers and probes used in this study

Primer or probe DNA sequence (5�–3�)a

sesC-SF ...........................GTTGATAACCGTCAACAAGG
sesC-SR...........................CATGTTGATCTTTTGAATCCC
sesC-TF ...........................AGCATCACCATCTAATAAAAACGAAA
sesC-TR ..........................CCATCATTACTTTTATCGTCTTTACTA

TCAC
sesC-P..............................TAACAAAGAAGAATCTAGTACGACA

ACAAATCAATCCGA
sesC-RF...........................ACGTGCTAGCGCAGATTCAGAAAGT

ACATC
sesC-RR ..........................GAACAGCTACAGCTGATCATCACCAT

CACCATCACTAGGATCCGCAT
16S rRNA-F...................TACACACCGCCCGTCACA
16S rRNA-R ..................CTTCGACGGGCTAGCTCCAAAT
gmk-F ..............................AAGGTGCTAAGCAAGTAAGAAAGA

AATT
gmk-P ..............................ATGCGTTGTTCATATTTTTAGCGCC

TCCA
gmk-R..............................CAACAAGACGTTCTTTCAAGTCATCT
sesC-EF...........................TACGGGATCCCAGGTAACTTTATTAA

AGGAGTATGTGTAA
sesC-ER ..........................ACGTGGTACCACTAGAAGTTAATGCA

AGACCATCAATTT

a Incorporated restriction sites are underlined.
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modifications were incorporated into the anesthesia and euthanasia protocols for
rats (18, 23) in accordance with guidelines of the animal ethics committee.

In vivo and in vitro extraction of DNA and RNA from sessile and planktonic
bacteria and reverse transcription were performed as described previously (18,
23, 29, 31).

For in vitro studies, 20 �l of a frozen culture of S. epidermidis 10b was grown
to the late exponential phase, pelleted, and resuspended in 0.9% NaCl. Seven-
millimeter fragments of a commercial polyurethane intravenous catheter (Arrow
International, Reading, PA) were added, and the mixture was incubated at 37°C.
After various incubation periods, RNA and DNA were extracted as described
previously (12, 28, 29, 31). Nucleic acid was isolated from bacteria adhering to
the catheter fragments and from planktonic bacteria at zero time (n � 8) (just
before the bacteria were suspended in 0.9% NaCl) and after 10 min (n � 16), 35
min (n � 16), 60 min (n � 16), 120 min (n � 16), and 180 min (n � 16). For all
time points eight independent measurements from two experiments were in-
cluded.

For the in vivo rat model, first-generation descendants of inbred germfree
Fisher rats were used. These rats were exposed to normal rat flora from birth and
were designated ex-germfree Fisher rats. Seven-millimeter catheter fragments
were inoculated with a small amount of S. epidermidis 10b (1.09 	 104 cells/
catheter) prior to implantation by incubation for 20 min at 37°C in a 0.9% NaCl
suspension of S. epidermidis. This resulted in a 100% infection rate. Rats were
anesthetized by inhalation of enflurane gas (Alyrane; Pharmacia). Rats were
kept asleep during the implantation procedure by using a mixture of enflurane
(20%) and oxygen (80%). A large area on the back of each rat was shaved, and
the skin was disinfected with 0.5% chlorhexidine in 70% alcohol and allowed to
dry. A 10-mm incision was made at the base of the tail, and the subcutis was
dissected to create three subcutaneous tunnels. For each rat, eight catheter
fragments were inserted at least 2 cm from the incision; the distance between any
two fragments was at least 1 cm.

For catheter explantation, rats were euthanized by CO2 inhalation. The skin
was disinfected before removal of the catheter fragments. All catheter fragments
from the same animal were used for a single time point. In each experiment,
baseline levels of gene expression in sessile bacteria before implantation were
determined (time zero; n � 16). A total of 176 polyurethane catheter segments
were implanted and explanted at 11 different time points. The time points used
were 15 min (n � 16), 1 h (n � 16), 2 h (n � 16), 4 h (n � 16), 6 h (n � 16), 12 h
(n � 16), 24 h (n � 16), 2 days (n � 16), 4 days (n � 16), 7 days (n � 16), and
14 days (n � 16). Data for each in vivo time point were obtained from 16
independent measurements obtained in two independent experiments. Nucleic
acid isolation and cDNA synthesis were performed immediately after explanta-
tion as described previously (29, 31).

Using the TaqMan primers sesC-TF and sesC-TR and a dual-label probe (5�
6-carboxyfluorescein and 3� 6-carboxytetramethylrhodamine), sesC-P quantifica-
tion of both cDNA and gDNA was performed as described previously (18, 23, 29,
31). In each run, a standard dilution of the plasmid (pGEMsesC) with a known
quantity that allowed gene quantification and a negative control (distilled water)
were included.

Conventional fluorescence microscopy was used to confirm SesC protein ex-
pression in sessile and planktonic cells in vitro. The method used for preparation
of samples for fluorescence microscopy was similar to the method used for
preparation of samples for gene expression analysis in vitro, except that samples
were taken at different time points (0, 30, 60, 90, and 120 min) after inoculation
and sessile cells were separated from catheter fragments as described previously
(23). The bacteria were fixed using PBS containing 1.5% formaldehyde and 0.5%
glutaraldehyde for 30 min and were washed with PBS. Next, the bacteria were
preincubated for 20 min on ice with 2.4G2 (Fc-blocking antibody; BD Pharmin-
gen), after which anti-SesC IgGs were added at a concentration of 5 �g per 100
�l and the preparations were incubated for another 30 min. Subsequently, the
bacteria were washed twice with ice-cold PBS, and fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit antibody (BD-Pharmingen) was added for 30
min. Finally, the cells were washed twice with PBS and viewed with a fluores-
cence microscope (Leica, Germany) equipped with an oil immersion Plan
Neofluar objective (	100; numeric aperture, 1.25).

The following preparations were used as negative controls: (i) cells incubated
with preimmune IgGs and FITC-labeled goat anti-rabbit, (ii) cells incubated with
polyclonal rabbit antibody against mouse Igs and FITC-labeled goat anti-rabbit,
and (iii) cells incubated with only FITC-labeled goat anti-rabbit.

In vitro and in vivo biofilm inhibition assays. The effect of IgGs (preimmune
or anti-SesC) on in vitro biofilm formation during the first hour (primary attach-
ment) and overnight (14 h) and on 1-day-old biofilms was studied as described
previously (7, 26). For quantification of biofilms, 20-�l portions of frozen cul-
tures of S. epidermidis strains 10b and 1457 (17) and a biofilm-forming sesC-

negative clinical isolate of S. warneri (this study) were inoculated into 5 ml TSB
and grown to the late exponential phase in a shaking incubator at 37°C. Cultures
were subsequently diluted to an OD600 of 0.005 (5 	 106 CFU/ml) in fresh TSB.

To evaluate the effect of IgGs on primary attachment of S. epidermidis strains
10b and 1457, starting cultures were diluted to an OD600 of 0.005 and subse-
quently grown at 37°C to an OD600 of 1. Cultures then were mixed with either
preimmune IgGs or anti-SesC IgGs (10 �g/ml), and after 2 h of incubation at
4°C, 200-�l portions of the mixtures were pipetted into 96-well polystyrene
microtiter plates (BD Biosciences, Heidelberg, Germany) and incubated for 1 h
at 37°C without shaking.

To study the effect of IgGs on biofilm formation for 14 h, cultures diluted to
an OD600 of 0.005 were mixed with either preimmune IgGs or anti-SesC IgGs at
concentrations of 1 to 4 �g/ml. The mixtures were incubated for 2 h at 4°C. Two
hundred microliters of a mixture (106 cells per well) was added to each well of
96-well polystyrene microtiter plates and incubated overnight at 37°C without
shaking.

To evaluate the effect of IgGs on 1-day-old biofilms of strains 10b and 1457,
diluted overnight cultures of bacteria with an OD600 of 0.005 were pipetted into
sterile 96-well polystyrene microtiter plates. Twenty-four hours later, the growth
medium was replaced with fresh medium or fresh medium containing 5 �g/ml
preimmune IgGs or anti-SesC IgGs and incubated at 37°C for 24 h without
shaking.

After this incubation, the plates were washed three times with PBS, and
adherent biofilms were stained with 200 �l of 1% (wt/vol) crystal violet (Sigma)
for 10 min, after which the plates were washed three times with water and dried.
For quantification, 160 �l of 30% (vol/vol) acetic acid was added to each well to
dissolve the stain. The OD595 of the dissolved stain was measured with a multi-
purpose UV/visible plate reader. The average adherence with each concentration
of IgGs was determined using at least eight independent measurements obtained
in at least two independent experiments. S. epidermidis strains 10b and 1457 and
the clinical isolate of S. warneri in TSB without any added IgGs were used as
positive controls, and TSB without bacteria was used as a negative control.

For the in vivo inhibition assay, our rat model for in vivo catheter infection was
used. Seven-millimeter catheter fragments, preincubated for 20 min at 37°C with
S. epidermidis 10b before implantation, were placed on ice, and eight fragments
per rat were implanted immediately in ex-germfree Fisher rats. After 24 h, the
rats (nine rats divided into three groups of three rats) were treated with 50 �g of
anti-SesC IgG diluted in PBS (total volume, 330 �l), 50 �g of preimmune IgG
diluted in PBS (total volume, 330 �l), or 330 �l of PBS via a subcutaneous
injection at the place of catheter insertion.

Twenty-four hours after injection, all eight catheter fragments from each rat
were explanted and used for nucleic acid extraction as described previously (29,
31). Real-time quantitative PCR of the guanylate monokinase housekeeping
gene (gmk; SE0885; accession no. NP_764440) was used to determine the num-
ber of bacteria attached to the catheter fragments. As previously demonstrated
(31), the number of gmk copies per catheter correlates very well with the number
of CFU per catheter.

Adherence of transformants to immobilized Fg, Fn, Cn, and VWF in the
presence and absence of anti-SesC IgGs. Overnight cultures in brain heart
infusion medium of transformed strains and their parental strains were precip-
itated and washed once with PBS. The OD600 was adjusted to 1.0, and the
adherence was measured as follows. Wells of polystyrene microtiter plates were
coated with human Fg (Sigma), fibronectin (Fn) (Sigma), collagen (Cn) (Sigma),
and Von Willebrand factor (VWF) (Sigma) in PBS overnight at concentrations
ranging from 0.1 to 100 �g/ml. Blocking was done with 2% bovine serum albumin
in PBS for 1 h at 37°C. After washing, either the pure cultures (100 �l per well)
were pipetted into the plates or the cultures were mixed with 5 �g/ml (final
concentration) preimmune IgGs or anti-SesC IgGs and after 2 h of incubation at
4°C were added to the plates and allowed to adhere to the coated surfaces for 2 h
at 37°C. After the incubation period, culture supernatants were washed, and the
remaining adherent cells were stained and quantified as described above.

Statistical analysis. All statistical analyses of the in vitro and in vivo gene
expression data were performed with GraphPad Prism (GraphPad software,
version 4.2; GraphPad, San Diego, CA) as described previously (18, 23, 29, 31).
Since the in vitro and in vivo cDNA/gDNA ratios were not normally distributed
at any time point, all data were log10 transformed in order to fulfill the require-
ments of normality.

For the in vitro gene expression data, two hypotheses were tested. A significant
change in gene expression levels over time within one group (sessile or plank-
tonic) was tested using a one-way analysis of variance (ANOVA). A significant
difference in the evolution over time of the gene expression levels between the
sessile group and the planktonic group was tested using a two-way ANOVA.
When the one-way ANOVA result was significant, two-sided univariate tests with
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a correction for multiple comparisons were performed (Bonferroni test) to locate
the significant differences.

For the in vivo gene expression data, a one-way ANOVA was used to test if
there was significant change in the expression levels over time. When the one-
way ANOVA result was significant, the two-sided Bonferroni multiple-compar-
ison method was used to determine which time points differed at � � 0.05, with
a correction for multiple comparisons.

For all data from bacterial adherence assays, two hypotheses were tested. A
significant change in the adherence levels at different concentrations of IgGs
within one group (preimmune or anti-SesC IgGs) was tested using a one-way
ANOVA. A significant difference in the adherence at different concentrations of
IgGs between the preimmune IgGs and anti-SesC IgG groups was tested with a
two-way ANOVA. When the one-way ANOVA result was significant, two-sided
univariate tests with a correction for multiple comparisons were performed
(Bonferroni test) to locate the significant differences.

RESULTS

Presence of sesC in S. epidermidis and non-S. epidermidis
coagulase-negative Staphylococcus spp. Of 239 isolates from
patients and healthy persons, 105 were identified as S. epider-
midis and 134 isolates were identified as other CoNS, including
S. hominis (n � 17), S. haemolyticus (n � 58), S. warneri (n �
43), S. capitis (n � 15), and S. saprophyticus (n � 1). All 105 S.
epidermidis isolates were sesC positive, whereas the non-S.
epidermidis isolates were either sesC negative (80%) or sesC
positive (20%).

SesC gene and protein expression in sessile and planktonic
bacteria in vitro and in sessile bacteria in vivo. Biofilm-asso-
ciated bacteria have been shown to have low metabolic activity
and altered gene expression patterns (28, 30). To confirm ex-
pression of sesC in sessile and planktonic bacteria, we analyzed
gene and protein expression levels.

In our in vitro model, in sessile as well as planktonic bacte-
ria, expression of sesC decreased 10-fold during the first 35 min
after inoculation (P 
 0.01, one-way ANOVA) and then re-
mained at an intermediate level until the end of the experi-
ment (at 180 min) in planktonic bacteria. In sessile bacteria,
expression of this gene increased 13-fold from 35 min to 60 min
(P 
 0.001, one-way ANOVA) and then remained at this
increased level for the remainder of the 2-h observation period
(Fig. 1). However, the difference in sesC gene expression be-
tween sessile and planktonic bacteria was not statistically sig-
nificant (P � 0.05, two-way ANOVA).

To confirm the results obtained in the gene expression anal-
ysis, purified polyclonal anti-SesC IgGs and FITC-labeled goat
anti-rabbit antibodies were used in an immunofluorescence
assay to study in vitro protein expression. Comparison of the
fluorescence microscopy images of sessile and planktonic bac-
teria obtained at different time points confirmed that SesC was
present in both sessile and planktonic bacteria. Visual compar-

FIG. 1. In vitro sesC gene expression and extracellular presence of the SesC protein in planktonic and sessile bacteria. Gene expression is
expressed as the log10 cDNA/gDNA ratio. The error bars indicate standard deviations. At each time point eight samples from two independent
experiments were assessed. The fluorescence microscopy images are images of sessile bacteria (top images on the right) and planktonic bacteria
(bottom images on the right) at different time points. Images A1 and A2 show bacterial cells plus preimmune IgGs and FITC-labeled goat
anti-rabbit antibodies. Images B1 and B2 are images of control samples containing bacterial cells plus polyclonal rabbit antibody against mouse
Igs and FITC-labeled goat anti-rabbit antibodies. Images C1 and C2 are images of control samples containing bacterial cells plus only FITC-labeled
goat anti-rabbit antibodies. Images A1, B1, and C1 are fluorescence images, while images A2, B2, and C2 are bright-field images.
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ison of images taken at different time points suggested that
there was a higher level of fluorescence in sessile bacteria than
in planktonic bacteria (Fig. 1). However, no quantitative mea-
surements were obtained.

After implantation of catheters with sessile bacteria in our
rat model, a 1.336-log10 or 21-fold increase in sesC expression
in the sessile bacteria was observed after 2 h. The expression
peaked at 4 h (1.47-log10 or 34-fold increase, a significant
change over time [P 
 0.001, one-way ANOVA]). This in-
crease was followed by a 2.026-log10 or 106-fold decrease in
gene expression in the next 20 h (P 
 0.001, one-way
ANOVA). However, after 24 h, gene expression again in-
creased up to a maximum value at 168 h (P 
 0.001, one-way
ANOVA) and was again lower at 336 h after implantation (P 

0.05, one-way ANOVA) (Fig. 2).

Biofilm inhibition by purified preimmune IgGs and poly-
clonal anti-SesC IgGs. Binding of the purified preimmune
IgGs and of the anti-SesC IgGs was tested by performing an
indirect enzyme-linked immunosorbent assay with the 65-kDa
rSesC. Tests performed with increasing concentrations of pu-
rified preimmune IgGs and anti-SesC IgGs showed that there
was no binding of the preimmune IgGs and that there was
dose-dependent binding of the purified anti-SesC IgGs (data
not shown).

Different modes of preincubation of bacteria with IgGs (pre-
immune IgGs or polyclonal anti-SesC IgGs) and of incubation

of bacteria and IgGs in 96-well polystyrene microtiter plates
were tested in our in vitro model for biofilm formation.

Preincubation of strains 10b and 1457 for 2 h with anti-SesC
IgGs or preimmune IgGs at 4°C and subsequent incubation for
1 h in polystyrene wells led to a significant reduction in initial
attachment compared to controls for anti-SesC IgGs (P 

0.001, one-way-ANOVA) but not for preimmune IgGs (Fig. 3).

Two hours of preincubation of bacteria with IgGs followed
by overnight (14-h) incubation in the 96-well polystyrene mi-
crotiter plates showed that the polyclonal anti-SesC IgGs pu-
rified from rSesC-induced rabbit antisera exhibited dose-de-
pendent S. epidermidis biofilm inhibition activity, whereas the
purified IgGs from preimmune serum showed only low activity
that was dose independent (Fig. 4). Increasing the concentra-
tion of polyclonal anti-SesC IgGs from 1 to 4 �g/ml increased
the inhibition of S. epidermidis strain 10b and 1457 biofilms
from 40 to 70% (P 
 0.001, one-way-ANOVA) (Fig. 4A and
B). For both strains, the inhibition effects seen with anti-SesC
IgGs were significantly different from those observed with pre-
immune IgGs (P 
 0.001, two-way-ANOVA). A sesC-negative
biofilm-positive S. warneri strain was included as a control; for
this strain the inhibitory effect of anti-SesC IgGs was not dif-
ferent from that of the preimmune serum and was not dose
dependent (Fig. 4C). For all three strains, the effect of preim-
mune IgGs on biofilm formation was not significant and was
dose independent (P � 0.05, one-way ANOVA).

.

.

.

.

.

FIG. 2. Levels of sesC expression over time in vivo for 2 weeks after implantation. The expression level is expressed as the log10 cDNA/gDNA
ratio. The error bars indicate standard deviations. At each time point 16 samples from two independent experiments were assessed. Significant
differences for time points compared to time zero and previous time points are indicated by asterisks and section signs, respectively.
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The effect of anti-SesC IgGs on 1-day-old biofilms of strain
10b was significant (P 
 0.001, one-way ANOVA) compared to
the effect on nontreated biofilms or biofilms treated with pre-
immune IgGs (Fig. 5). However, anti-SesC IgGs had no effect

FIG. 3. Effect of anti-SesC IgGs on primary attachment of S. epi-
dermidis 10b and 1457 to polystyrene surfaces. Bacteria were mixed
with IgGs, incubated for 2 h at 4°C, and then pipetted into wells. After
1 h of incubation at 37°C, the plates were washed and stained with
crystal violet, and the OD595 was measured. The error bars indicate
standard deviations. The data are the averages of eight measurements
obtained in two independent experiments.

FIG. 4. Inhibition of biofilm formation by S. epidermidis strains 10b (A) and 1457 (B) and a sesC-negative biofilm-positive clinical isolate of S.
warneri (C) with increasing concentrations of preimmune and anti-SesC IgGs. Overnight cultures were diluted to an OD600 of 0.005, mixed with
the indicated concentrations of IgGs, and incubated for 2 h at 4°C and then overnight at 37°C. The formation of biofilms was measured using the
stain crystal violet. The error bars indicate standard errors. For each concentration of IgGs at least nine independent measurements from three
independent experiments were assessed. One hundred percent adherence was defined as biofilm formation in TSB without any IgG.

FIG. 5. Effect of anti-SesC IgGs on 1-day-old biofilms of S. epider-
midis 10b on polystyrene surfaces in vitro. After 24 h of incubation at
37°C the growth media were replaced with fresh TSB (control) or TSB
containing 5 �g/ml preimmune or anti-SesC IgGs and then incubated
for 24 h at 37°C. The remaining biofilms were stained with crystal violet
and quantified by determining the OD595. The error bars indicate
standard deviations. The data are the averages of eight measurements
obtained in two independent experiments.
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on 1-day-old biofilms of S. epidermidis strain 1457 (data not
shown).

In the in vivo rat model, the number of sessile bacteria was
determined after 1 day by quantification of the gDNA copies of
the housekeeping gene gmk. Injection of 50 �g preimmune
IgGs reduced the number of biofilm-associated S. epidermidis
10b bacteria 0.64 log10 or 4-fold (P 
 0.01, one-way ANOVA),

whereas injection of 50 �g anti-SesC IgGs decreased the num-
ber of biofilm-associated bacteria 1.78 log10 or 60.42-fold and
1.15 log10 or 14.35-fold (P 
 0.001, one-way ANOVA) com-
pared to the control group treated with PBS and the group
treated with preimmune IgG, respectively (Fig. 6).

SesC is a potential Fg-binding MSCRAMM. To explore the
function of SesC, we expressed SesC in the sesC-negative strain
S. aureus RN4220 and overexpressed SesC in the sesC-positive
strain S. epidermidis RP62A by transformation of these strains
with pCN68sesC and pCN50sesC. The copy number of pCN68
in S. aureus is higher than that of pCN50. RN transformants
expressing SesC (RN-pCN68sesC and RN-pCN50sesC) and
the RP transformant RP-pCN50sesC exhibited greater Fg-
binding ability than their parental strains (Fig. 7). The levels of
binding of these transformants to other host extracellular ma-
trix (ECM) proteins (Fn, Cn, and VWF) were similar to the
levels of binding of their parental strains (data not shown).
RN-pCN68sesC had significantly greater Fg-binding ability
than RN4220 and RN-pCN68 (P 
 0.001 and P 
 0.01, one-
way ANOVA). Compared to their parental strains, RN-
pCN50sesC and RP-pCN50sesC also exhibited significantly
greater Fg-binding ability (P 
 0.05 and P 
 0.01, respectively,
one-way ANOVA). However, the Fg-binding abilities of RN-
pCN50sesC and RP-pCN50sesC were not significantly differ-
ent from those of their parental strains transformed by mock
plasmids (RN-pCN50 and RP-pCN50). There was no signifi-
cant difference between the Fg-binding levels of RN4220 and
RN-pCN50 or between the Fg-binding levels of RP62A and
RP-pCN50.

Addition of anti-SesC IgGs reduced the Fg-binding abilities
of RN-pCN68sesC and RN-pCN50sesC to the wild-type strain
levels and also reduced the Fg-binding abilities of wild-type
and transformed RP strains (Fig. 7).

Anti-SesC IgGs had no effect on the abilities of RN and RP
wild-type strains and transformed strains to bind to Fn, Cn, and
VWF (data not shown).

DISCUSSION

Primary attachment of S. epidermidis to unmodified polymer
surfaces is mediated by several protein and carbohydrate fac-
tors, such as PS/A, AtlE, and surface proteins SSP-1 and -2
(21). In vivo medical devices are quickly coated with adsorbed
blood plasma proteins that can interact with S. epidermidis

FIG. 6. Effect of anti-SesC IgGs on 1-day-old biofilms of S. epider-
midis 10b in vivo. One-day-old biofilms on catheter fragments im-
planted in three groups of rats (three rats per group) were treated with
50 �g preimmune IgGs or anti-SesC IgGs diluted in PBS (total vol-
ume, 330 �l) or with PBS via subcutaneous injection at the site of
catheter insertion. The next day, catheter fragments were explanted,
and the number of sessile bacteria was determined by quantification of
the gDNA copies of the housekeeping gene gmk. The error bars
indicate standard deviations. The data for each group were obtained
using bacteria adhering to 24 catheter fragments implanted in three
rats.

FIG. 7. Fg-binding abilities of RN4220 (A) and RP62A (B) transformants in the presence and absence of anti-SesC IgG. The abilities of strains
RN4220 and RP62A and their transformants to bind immobilized Fg were measured using plates coated with Fg. The binding activities of RN and
RP strains were determined on plates coated with Fg at concentrations of 10 and 1 �g/ml, respectively.
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surface factors and promote binding. Once attached, S. epider-
midis proliferates and accumulates as multilayer cell clusters.
In addition to PIA, proteins are also important for biofilm
formation. Therefore, antibodies directed against S. epidermi-
dis surface targets involved in attachment or accumulation
could be interesting alternatives to current antibiotic-depen-
dent treatment of biofilms.

Here we show that SesC is an extracellular protein that is
expressed more in sessile bacteria than in planktonic bacteria
and that antibodies targeted against SesC reduce biofilm for-
mation on polystyrene microtiter plates in vitro and on subcu-
taneously implanted polyurethane catheters in vivo.

In our gene expression analysis, we observed that in vitro
and in vivo adherence to polyurethane catheters did not
sharply increase sesC expression. The initial adherence takes
place very rapidly after inoculation and is usually complete
within the first hour. Upregulation of sesC gene expression
occurred after 1 h in vitro, after 2 h in vivo, and during the late
stages of in vivo foreign-body infections. This appears to indi-
cate that SesC is associated more with the accumulation phase
and with persistence of a biofilm than with the initial adhesion.
This is consistent with the fluorescence data. The fact that
more SesC was present on the surface of sessile cells than on
planktonic cells suggests that SesC has a specific function in
biofilm formation.

The precise function of SesC is not known. We found that
the sesC gene was present in all S. epidermidis strains but was
not universally present in non-S. epidermidis CoNS isolates. All
sesC-negative non-S. epidermidis CoNS strains were biofilm
negative, except a few (3 of 107) agr-negative isolates that were
biofilm positive. The agr quorum-sensing system is one of the
global regulators in Staphylococcus spp. that have important
functions in the regulation of the biofilm phenotype. In S.
epidermidis, agr represses biofilm formation (33). On the other
hand, sesC-positive non-S. epidermidis CoNS can be either
biofilm positive or biofilm negative. This observation suggests
that sesC might code for an essential function in S. epidermidis
biofilm formation.

So far, we have failed to knock out sesC in S. epidermidis, and
we have not found a natural S. epidermidis sesC mutant. Ex-
pression of sesC in the sesC-negative strain S. aureus RN4220
or overexpression of sesC in the sesC-positive strain S. epider-
midis RP62A did have a clear effect on Fg binding but not on
binding to other host ECM proteins. This finding suggests that
SesC can act as an Fg-binding MSCRAMM. However, the
truncated rSesC did not show any Fg-binding activity (data not
shown).

Several recent studies have shown that application of anti-
bodies against surface components of S. epidermidis can affect
the rate of biofilm formation or the adherence of bacteria to
medical devices in vitro. Cerca et al. showed that antibodies
against PIA readily penetrated a biofilm and bound to the
sessile cells (4). Sessile bacteria were, however, more resistant
to opsonic killing than their planktonic counterparts. Using
polyclonal antibodies against Fbe, Pei and Flock blocked ad-
herence of S. epidermidis to Fg-coated catheters in vitro (22).
Sun et al. showed that monoclonal antibodies against AAP can
significantly reduce the accumulation phase during biofilm for-
mation by S. epidermidis in vitro (26).

Our in vitro experiments showed that rabbit polyclonal anti-

SesC IgGs could significantly reduce primary attachment of S.
epidermidis to the abiotic and Fg-coated surfaces of polysty-
rene plates and inhibit biofilm formation by S. epidermidis
strains 10b and 1457 to less than 40% of control in a dose-
dependent manner. In contrast, the effect of rabbit polyclonal
anti-SesC IgGs on primary attachment of S. epidermidis to the
surfaces of plates coated with other host ECM proteins or on
biofilm formation by a sesC-negative biofilm-positive S. warneri
strain was not significant, dose independent, and limited. Anti-
SesC IgGs could also affect 1-day-old biofilms of strain 10b on
polystyrene microtiter plates in vitro and on subcutaneously
implanted polyurethane catheters in vivo.

Different explanations are possible. It is possible that in vivo
opsonic activity plays a role in addition to the direct effect of
antibody binding on the activity of SesC, as Rennermalm et al.
have previously described for Fbe (24). Other workers have
shown that antigen-antibody binding may inhibit ligand-recep-
tor interactions or may lead to conformational changes (3, 10,
20). The inhibition of biofilm formation by preimmune IgGs
could be due to cross-reactive IgGs directed against other
surface-exposed antigens of Staphylococcus spp.

Gene expression data support the conclusion that SesC is
involved in the accumulation phase and persistence of biofilms,
whereas biofilm inhibition studies show that this protein is
involved in primary attachment to naked and Fg-coated sur-
faces of polystyrene microtiter plates as well. An example of a
protein which plays a role in attachment to abiotic surfaces and
also shows host matrix protein-binding activity is AtlE (13).

Anti-SesC IgGs could restore the Fg-binding level of the RN
transformants to the Fg-binding level of their parental strain
and significantly reduce the Fg-binding ability of RP62A and
its transformants, but they had no effect on the Cn-, Fn-, and
VWF-binding abilities of the strains tested. These data indicate
that anti-SesC IgGs efficiently and specifically inhibit the
SesC function and have no effect on the function of other
MSCRAMMs.

In conclusion, the effect of antibodies against SesC on S.
epidermidis biofilm formation suggests that SesC might be a
promising target for inhibition of S. epidermidis biofilm forma-
tion. The expression of SesC at the gene and protein levels in
sessile S. epidermidis is in line with the biofilm inhibition data
and support a role for SesC in S. epidermidis biofilm formation.
The sesC gene is present in all biofilm-positive and -negative S.
epidermidis isolates, suggesting that SesC may be a factor
whose presence is necessary but not sufficient for biofilm for-
mation.
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