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Abstract

Virulence of the nosocomial pathogen Staphylococcus epidermidis is crucially linked to for-
mation of adherent biofilms on artificial surfaces. Biofilm assembly is significantly fostered
by production of a bacteria derived extracellular matrix. However, the matrix composition,
spatial organization, and relevance of specific molecular interactions for integration of bac-
terial cells into the multilayered biofilm community are not fully understood. Here we report
on the function of novel 18 kDa Small basic protein (Sbp) that was isolated from S. epider-
midis biofilm matrix preparations by an affinity chromatographic approach. Sbp accumu-
lates within the biofilm matrix, being preferentially deposited at the biofilm—substratum
interface. Analysis of Sbp-negative S. epidermidis mutants demonstrated the importance of
Sbp for sustained colonization of abiotic surfaces, but also epithelial cells. In addition, Sbp
promotes assembly of S. epidermidis cell aggregates and establishment of multilayered bio-
films by influencing polysaccharide intercellular-adhesin (P1A) and accumulation associated
protein (Aap) mediated intercellular aggregation. While inactivation of Sbp indirectly re-
sulted in reduced PIA-synthesis and biofilm formation, Sbp serves as an essential ligand
during Aap domain-B mediated biofilm accumulation. Our data support the conclusion that
Sbp serves as an S. epidermidis biofilm scaffold protein that significantly contributes to key
steps of surface colonization. Sbp-negative S. epidermidis mutants showed no attenuated
virulence in a mouse catheter infection model. Nevertheless, the high prevalence of sbp in
commensal and invasive S. epidermidis populations suggests that Sbp plays a significant
role as a co-factor during both multi-factorial commensal colonization and infection of
artificial surfaces.
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Author Summary

Biofilm formation is a key phenotype allowing the otherwise harmless skin commensal S.
epidermidis to establish chronic implant-associated infections, affecting millions of pa-
tients worldwide. S. epidermidis biofilm assembly relies on the production of an extracellu-
lar matrix that serves as glue to stabilize the multilayered bacterial architecture. Here we
identified novel 18 kDa Small basic protein (Sbp) as a key component of the extracellular
matrix that promotes pivotal steps of bacterial biofilm formation in vitro. Importantly,
Sbp is deposited specifically at the interface between biofilm and substrate, as well as in
larger humps interspersed within the bacterial cell architecture, thereby forming a protein-
aceous biofilm scaffold. This localization enables Sbp to foster stable S. epidermidis interac-
tions with an artificial surface and also contributes to S. epidermidis cell aggregation
mechanisms, i.e., polysaccharide intercellular adhesin (PIA) and accumulation associated
protein (Aap). In fact, by demonstrating direct Sbp-Aap interactions we provide the first
evidence supporting the idea that specific molecular interactions between S. epidermidis
and matrix components are involved in S. epidermidis biofilm accumulation. In conclu-
sion, we here show that Sbp promotes key phenotypic features important for S. epidermidis
to evolve as an opportunistic pathogen.

Introduction

Hospital acquired infections are a major threat in modern medicine causing significant mor-
bidity and mortality especially in high risk populations, e.g. old or immunosuppressed patients
[1-4]. A major risk factor predisposing patients to develop infectious complications are medi-
cal procedures involving the permanent or intermittent implantation of artificial devices, i.e.
central venous catheters, artificial heart valves, or joint prosthesis. The burden of over 400,000
cases per year in the US alone underscores the tremendous importance of implant associated
infections [5,6], and it is estimated the 250,000-500,000 primary bloodstream infections related
to intravascular devices cause attributable excess costs of up to $56,000 US dollars per episode
[6]. Intriguingly, up to 80% of device associated infections are caused by otherwise harmless
skin commensals belonging to the group of Coagulase-negative staphylococci, most notably
Staphylococcus epidermidis [5,7]. Electron microscopy studies showed that on ex vivo catheters
S. epidermidis organizes adherent, multi-cellular aggregates termed biofilms [8]. There is clear
evidence from animal models of foreign-material infections that the ability to form a biofilm is
of essential importance for pathogenicity of the species [9,10]. Indeed, S. epidermidis infections
are regarded as prototypic biofilm-associated infections [11]. A key feature characterizing S.
epidermidis biofilms is production of a bacterial derived extracellular matrix, which by embed-
ding the bacterial cells, essentially mediates intercellular adhesion and thereby facilitates stabili-
ty of the biofilm consortium against mechanical stress [12,13]. In addition, the highly
hydrated, mesh work-like character of the biofilm matrix provides a constant extracellular mi-
lieu and nutrients to the bacteria allowing for survival even under harsh environmental condi-
tions [13,14].

Chemical analysis of crude S. epidermidis matrix preparations produced evidence that the
biofilm matrix is a heterogeneous mixture of various surface macromolecules including poly-
saccharides, proteins, teichoic acids and extracellular DNA (eDNA) [15-19]. Given its sticky,
glue-like character it was anticipated that these matrix components specifically act as dedicated
intercellular adhesins, and significant effort has been placed on characterizing the involved
structures and their molecular details [20]. Polysaccharide intercellular adhesin (PIA) ranks
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among the first molecules for which a specific role in S. epidermidis biofilm formation was
shown. PIA is a homoglycan composed of B-1,6-linked N-acetylglucosaminyl residues synthe-
sized by icaADBC-encoded proteins [15,21]. The widespread distribution of icaADBC in
clinical S. epidermidis isolates [22-24], and the impaired virulence of an icaA mutant 1457-
M10 compared to the biofilm-positive wild type in a mouse foreign body infection model dem-
onstrated an important role of PIA for S. epidermidis pathogenicity [9,25]. In addition to PIA,
more recently specific proteins with intercellular adhesive properties have been described.
Most notably, the giant 1 MDa extracellular matrix binding protein Embp has been identified
to govern cell aggregation and biofilm accumulation [17,26]. In addition, the 140 kDa Accu-
mulation associated protein (Aap) forms localized tufts or fibers on the S. epidermidis cell sur-
face and contributes to bacterial aggregation [16,27]. Bioinformatic analysis showed that Aap
consists of an N-terminal YSIRK-motif containing export signal, a C-terminal LPXTG-motif
essential for covalent binding of the protein to the cell wall, and two major domains A and B
[28,29]. While structure and specific function of domain-A is largely unknown, the structure of
domain-B was resolved more recently, providing evidence for an elongated molecular architec-
ture composed of 128 amino acid repeats (G5 or B-triple helix (TH)-f domains) [28,30]. Aap is
subject to proteolytic processing, resulting in expression of at least two Aap species, either full
length protein or a repetitive domain-B that results from cleavage at the intersection (amino
acid 596) between domain A and B [16]. Proteolytic cleavage is necessary for Aap-mediated
biofilm accumulation, and domain-B carries the intercellular adhesive properties of Aap that
promote the biofilm phenotype [16].

Importantly, analysis of S. epidermidis strains that form PIA, Embp or Aap-dependent bio-
films exhibited a differential spatial distribution of intercellular adhesins [12]. While PIA and
Embp were abundantly found on the bacterial surface and within the intercellular space, Aap
exhibited a strict surface localization and was not present within the matrix. These differences
clearly suggest that intercellular adhesins use variable mechanisms to stabilize the bacterial bio-
film. Indeed, PIA, Aap and Embp can functionally substitute for each other and independently
mediate cell aggregation and biofilm accumulation [12,16,17,26]. Nevertheless, it is clear that
in order to function as an intercellular adhesin, biofilm matrix components like PIA, Aap, or
Embp all have to interact with bacterial cell surface structures and vice versa. While these struc-
tures are essential for recruitment of bacteria to and stabilization within the biofilm consor-
tium, there is only limited knowledge on the nature of these important interactions and the
potentially involved interaction partners. The central aim of this study therefore was to test the
hypothesis that S. epidermidis biofilm formation involves specific interactions between cell wall
and matrix components and to analyze how these interactions could contribute to establish-
ment and maintenance of surface adherent multilayered S. epidermidis cell consortia.

Results
Identification of Aap domain-B interaction partners

Following the hypothesis that during biofilm accumulation, S. epidermidis cell wall structures
interact with components of the biofilm matrix, affinity chromatography was performed in
order to enrich and identify biofilm matrix proteins with Aap domain-B binding activity. To
this end, concentrated crude biofilm matrix preparations from S. epidermidis 1457 were loaded
onto NHS-Sepharose columns to which recombinantly expressed domain-B (rDomain-B) was
coupled. After extensive washing with PBS (pH 7.4) to remove proteins that were bound non-
specifically to the column material, Tris-HCI (pH 2) was used to elute proteins retained on the
column with higher affinities. Analysis of collected fractions by SDS-PAGE and subsequent sil-
ver staining demonstrated the presence of proteins with an estimated molecular weight of 140,
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Fig 1. Affinity purification of Aap domain-B interaction partners from crude biofilm matrix preparations. (A) SDS-PAGE analysis of fractions collected
from affinity chromatography in which recombinant Aap domain-B was coupled to an NHS-activated sepharose column (GE Life Sciences, Freiburg,
Germany). Lane 1 shows the input protein preparation that was loaded onto the column. Lanes 2—-8: fractions collected during washing with PBS (pH 7.4).
Lanes 9—11: fractions collected during elution with Tris-HCI. Proteins were made visible by silver staining (Pierce silver stain kit). Mass spectrometry
identified proteins from lanes 9—11 as AtIE (arrows) and hypothetical protein YP_187866 (star). (B) Ligand binding assay showing binding of rDomain-B to
proteins eluted during affinity purification. Fractions 9—-11 were separated by SDS-PAGE and blotted onto a PVDF membrane. After blocking the membrane
was incubated with biotinylated rDomain-B (5 pg/ml) and bound ligand was detected by peroxidase-coupled streptavidin and chemiluminescence.

doi:10.1371/journal.ppat.1004735.9001

45,25 and 20 kDa, respectively (Fig. 1A). Importantly, when identical biofilm matrix prepara-
tions were loaded on NHS-columns either functionalized with recombinantly expressed Aap
domain-A (rDomain-A) or untreated, no proteins were eluted under identical experimental
chromatographic conditions (S1 Fig.).

To further test if the eluted proteins indeed possess rDomain-B binding activity, fractions
containing the eluted proteins were used in Far Western Ligand binding assays using biotiny-
lated rDomain-B as a soluble ligand. Here, binding of rDomain-B to all eluted proteins was
found (Fig. 1B), giving additional evidence that proteins identified in affinity purification in-
deed exhibit Aap domain-B binding activity.

To identify candidate Aap domain-B binding proteins electrospray ionisation mass spec-
trometry (ESI-MS) was applied. Peptides derived from the 110, 45, and 25 kDa proteins after
tryptic digestion were unambiguously assigned to S. epidermidis major Autolysin AtIE (acces-
sion number AAW53968). In contrast, peptides derived from the 20 kDa band were mapped to
the sequence of a so far uncharacterized, hypothetical S. epidermidis protein (accession number
YP_187866).

Characterization of hypothetical protein YP_187866

Hypothetical 18 kDa protein YP_187866 is encoded by a 513 nucleotide open reading frame
SERP0270. Due to its size and basic pI (9.8) we refer to the protein as Small basic protein (Sbp).
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Fig 2. General features of Small basic protein (Sbp) and Biochemical analysis of rDomain-B—Sbp interactions. (A) Schematic representation of Sbp.
The protein with an anticipated MW of 18 kDa is Encoded by a 513 nt ORF. Bioinformatic analysis identified an N-terminal export signal (E; aa 1-20) but no
additional conserved domains. (B) Binding of rSbp to rDomain-B immobilized on wells of a 96-well microtiter plate. Increasing amounts of rSbp were allowed
to bind to immobilized rDomain-B and bound rSbp was detected by rabbit anti-rSbp antiserum and a alkaline phosphatase coupled goat ant-rabbit IgG.
Absorbance at 405 nM is taken as a function of rSbp binding. The untreated (native) polystyrene surface served as a control. Each data point represents
mean of 4 values obtained in two independent experiments. Error bars indicate standard deviation. (C) Competitive inhibition of rSbp binding to immobilized
rDomain-B. rSbp (150 pg/ml) was incubated with increasing amounts of rDomain-B as indicated. After one hour, binding of rSbp to immobilized rDomain-B
was tested as described above. Inhibition of rSbp binding was estimated using the formula (1-A40s rSbp w/ rDomain-B / A4o5 rSbp w/o rDomain-B) x 100.
Each data point represent mean of four values obtained in two independent experiments. Error bars indicate standard deviation. (D) Effect of divalent cations
on rSbp-rDomain-B interactions. rSbp was allowed to bind to immobilized rDomain-B in the absence or presence of ZnCl, and MgCl,, respectively. The
unmodified polystyrene surface served as a control (Cntrl). Bound rSbp was detected as described above. Columns represent mean of four values obtained
in two independent experiments. Error bars indicate standard deviation. Significant binding differences in the presence of ZnCl, or MgCl, as compared to the
control without additional salts (p<0.05, one-way ANOVA with Dunnett’s correction for multiple testing) are indicated (***, p<0.001). n.s., not significant.

doi:10.1371/journal.ppat.1004735.9002

Bioinformatic analysis of the deduced amino acid sequence found an N-terminal export signal
with a putative cleavage site between amino acids 28 and 29 (http://www.cbs.dtu.dk/services/
SignalP/), but no additional conserved motifs, such as a covalent cell wall linkage (e.g. a
LPXTG motif) were identified (http://prosite.expasy.org/) (Fig. 2A). Aiming at validating and
characterizing Aap domain-B-Sbp interactions on a biochemical level, recombinant rSbp was
used as a ligand in solid phase binding assays in which rDomain-B was immobilized to a
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Fig 3. Spatial distribution of Sbp in S. epidermidis cultures. (A) Preparations of cell wall associated proteins and 10-fold concentrated supernatants from
S. epidermidis 1457 (biofilm-positive) and 1585 (biofilm-negative) after static overnight growth were separated by SDS PAGE and blotted onto PVDF-
membranes. Sbp was detected after incubation with rabbit anti-rSbp antiserum and anti-rabbit IgG coupled to peroxidase by chemiluminescence. (B) Growth
phase dependent regulation of Sbp. Cell wall associated proteins were prepared from S. epidermidis 1457, 1457AsarA, and 1457Arnalll at different time
points during adherent growth in TSB. At each time point cell numbers were adjusted to an identical Agoo before cell surface associated proteins were
isolated by boiling in LDS buffer. After separation of surface associated proteins by SDS-PAGE and blotting onto a PVDF membrane Sbp was detected by
chemiluminescence using a rabbit anti-rSbp antiserum and a peroxidase-coupled anti-rabbit IgG. SDS-PAGE analysis proved loading of gels with similar

total protein amounts (S2 Fig).

doi:10.1371/journal.ppat.1004735.9003

polystyrene surface (Fig. 2B). Here, a dose dependent binding of rSbp to immobilized rDo-
main-B was recorded. Specificity of the rSbp-rDomain-B binding was validated in competition
experiments where binding of rSbp was dose-dependently inhibited by pre-incubation of rSbp
with soluble rDomain-B up to 80% (Fig. 2C). Mounting evidence suggests that Aap domain-B
is a zinc-binding protein and Zn** is necessary for self association of Aap domain-B [28,30].
Therefore the hypothesis was put forward that zinc could also impact Aap domain-B—Sbp in-
teractions. To test this hypothesis, binding of soluble rSbp (150 pug/ml) to immobilized rDo-
main-B was analyzed in a solid phase assay in the presence of various concentrations of ZnCl,
(Fig. 2D). Indeed, while binding of rSbp occurred in the absence of zinc, there was a clear,
dose-dependent increase in rSbp binding when ZnCl, was added to the buffer. The maximum
binding was reached at 10 uM ZnCl,, corresponding to Zn>" concentrations in human plasma.
Importantly, addition of MgCl, had no impact on rSbp-rDomain-B interactions, suggesting
that augmented binding is not a general effect of divalent cations (Fig. 2D). In summary, these
findings establish biochemical evidence for direct Sbp—Aap domain-B interactions.

The identified export signal suggested an extracellular localization of Sbp. Indeed, by using
a polyclonal rabbit antiserum raised against recombinant Sbp (rSbp) the protein was detected
in preparations of cell wall associated proteins from biofilm-positive S. epidermidis 1457 and
also biofilm-negative S. epidermidis 1585 (Fig. 3A). Importantly, only small Sbp amounts were
found in culture supernatants even after 10-fold concentration (Fig. 3A). Thus, Sbp obviously
is an extracellular protein which, after export, is recruited to and accumulates on the bacterial
cell surface, while only minor amounts are shed into the supernatant. Sbp was detected in al-
most identical amounts in protein preparations of sessile bacteria obtained after 4, 6, 8, 12 and
24 hours of growth and normalized for cell densities, demonstrating an expression without

PLOS Pathogens | DOI:10.1371/journal.ppat.1004735 March 23, 2015 6/32



@’PLOS | PATHOGENS

Small Basic Protein in S. epidermidis Biofilm Formation

significant growth phase dependency (Fig. 3B). In order to get first insights into the integration
of Sbp production into superimposed gene regulatory networks, time-dependent Sbp produc-
tion was also tested in deletion mutants of S. epidermidis 1457 defective in global gene regula-
tors sarA and agr (1457AsarA and 1457Arnalll, respectively). While inactivation of rnalll had
no impact on Sbp production, inactivation of sarA abolished or severely impaired quantitative
Sbp expression at 4, 6, and 8 hours of growth (Fig. 3B). Thus, Sbp production during exponen-
tial and early stationary growth phase clearly depends on SarA.

PCR analysis confirmed the presence of sbp in 52/52 (100%) invasive S. epidermidis strains
isolated from prosthetic joint infections (described in [23]) as well as in 40/40 (100%) coloniz-
ing S. epidermidis strains isolated from nose swabs (described in [22]). Orthologues of Sbp
sharing sequence similarity with the S. epidermidis protein are present in other coagulase-nega-
tive staphylococcal species (e.g. S. caprae, accession number WP_002452548.1: amino acid
identity 76.9%, similarity 98.8%; S. lugdunensis, accession number WP_002459857.1: amino
acid identity 63.3%, similarity 93.5%) and S. aureus (e.g. strain Newman, accession number
YP_001331619.1; amino acid identity 60%, similarity 92.8%).

Spatial distribution of Sbp in S. epidermidis biofilms

Having shown the preferential surface localization of Sbp, next a set of experiments was per-
formed to characterize the presence and spatial distribution of Sbp in living biofilms. To this
end, statically grown biofilms of S. epidermidis 1457 were investigated by CLSM. While WGA-
Alexa568 was used to stain for the principal biofilm matrix component PIA, Sbp was detected
by rabbit anti-rSbp antiserum and anti-rabbit IgG coupled to Cy5. After 22 hours of growth,
Sbp was detected in association with S. epidermidis cells, but predominantly localized to biofilm
matrix (Fig. 4A). In contrast to PIA, an important biofilm matrix component, detailed analysis
showed that Sbp significantly differed in its spatial matrix allocation. PIA, although not evenly
distributed in the horizontal dimension, was detected throughout all layers of the biofilm,
forming a partially compact, partially net-like extracellular matrix embedding the bacteria

(Fig. 4A). In sharp contrast, detection of Sbp by immunofluorescence demonstrated a signifi-
cant spatial heterogeneity of the protein: Sbp accumulated in huge humps or clusters unevenly
interspersed within the biofilm architecture, but more strikingly, Sbp was concentrated at the
biofilm—surface interface. Here, the protein formed a continuous, film-like structure (Fig. 4B).
To objectively assess the differential distribution of PIA and Sbp, the fluorescence intensities in
each transverse section were measured and plotted as a function of biofilm depth (Fig. 4C).
These measurements confirmed that Sbp, though present in all levels of the biofilm, preferen-
tially accumulated at the biofilm-surface interface. In contrast, PIA evenly localized to all levels
of the biofilm (Fig. 4C).

Functional role of Sbp in S. epidermidis—surface interactions

Interactions with abiotic surfaces are pivotal for the initial adherence phase of bacterial biofilm
formation, but are also crucial for robust surface retention of aggregated S. epidermidis cell
clusters during subsequent biofilm accumulation. Building on the preferential detection of Sbp
at the biofilm—surface interface we speculated that S. epidermidis can use Sbp to prime sur-
faces for robust bacterial adherence. To test this hypothesis S. epidermidis adherence was ana-
lyzed using polystyrene micro titer plates (Greiner, Frickenhausen, Germany) possessing only
a minimal inherent bacterial binding capacity (referred to as Non-adhesive polystyrene [NAP])
[17]. As expected, after one hour neither the 1457 wt nor the 1457Asbp mutant displayed a sig-
nificant adherence to this type of surface (Fig. 5A). Importantly, to ensure measurement of ad-
herent bacteria without relevant confounding by bacterial cell cluster formation, a PIA- and
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Fig 4. Distribution of Sbp in living biofilms. Confocal laser scanning microscopy images of S. epidermidis 1457 biofilms grown overnight under static
conditions. Bacteria were stained using DAPI (blue), while PIA and Sbp were detected by WGA coupled to Alexa 568 (red) and rabbit anti-rSbp / anti-rabbit
1gG-Alexa488 (green), respectively. (A, B) Confocal images of DAPI-labelled S. epidermidis 1457 (blue), PIA (red) and Sbp (green). Two dimensional
projections along the XY / XZ-axes (A) and a three dimensional reconstruction (B) clearly show a preferential localization of Sbp at the biofilm—substrate
interface (arrowheads) but also within higher parts of the biofilm (asterisk) where the protein partially co-localizes with PIA. Scale bar =2 pm (A), grid unit =
1.76 um (B). (C) Quantitative analyses of the image by planimetry shows the distribution of the labelled components along the z-axis in a 109x109um? field of
view. The majority of Sbp localizes near the coverslip, whereas PIA is found throughout all layers of the biofilm. 10 images were analyzed and the measured
area was plotted as mean +/- SEM.

doi:10.1371/journal.ppat.1004735.9004

aggregation-negative icaA:'Tn917 mutant, 1457-M10, and its isogenic sbp mutant 1457-
M10Asbp were used in all experiments, and detection of Gfp-emitted fluorescence was used for
quantification of adherent cells.

To test if endogenous Sbp fosters sustained bacterial adherence to NAP, surface adherent
1457-M10(pGFP) and Sbp-negative mutant 1457-M10Asbp(pGFP) were quantified after 24
hours of growth and subsequent rigorous washing. Indeed, despite reaching identical cell den-
sities (as determined by assessment of optical densities at 600 nm after 24 h), assessment of
fluorescence- intensities after washing indicated that significantly more (p<0.05, Mann-
Whitney test) 1457-M10(pGEFP) cells (mean surface adherent CFU = 1.4 107) remained on the
surface compared to 1457-M10Asbp(pGFP) (mean surface adherent CFU = 8.5* 10°). Thus,
Sbp-producing strain 1457-M10(pGFP) more stably attached to NAP-surface compared to
Sbp-negative 1457-M10Asbp(pGFP) (Fig. 5B). Immobilization of rSbp on NAP not only re-
stored the adherence defect of 1457-M10Asbp(pGFP), but also resulted in increased adherent
cell numbers of 1457-M10(pGFP) (mean surface adherent CFU = 2.2%107) (Fig. 5B).
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Fig 5. Functional role of Sbp in primary attachment. (A) Quantification of surface bound bacteria on pro-adherent polystyrene after one hour (rapid
adherence). Binding of 1457 and 1457Asbp to cell culture treated polystyrene (NunclonA, Roskilde, Denmark) and non-adhesive polystyrene (NAP; Greiner,
Frickenhausen, Germany). Each data point represents the mean A4os value derived from 18 replicate measurements obtained in two independent
experiments. Error bars indicate standard deviation. (B) Prolonged S. epidermidis adherence to unmodified and rSbp-coated non-adhesive polystyrene
(NAP). Gfp-expressing 1457-M10(pGFP) and 1457-M10Asbp(pGFP) were grown in TSB under static conditions for 8 and 24 hours. After washing adherent
cells were quantified by determining fluorescence intensity (excitation 485 nm, emission 535 nm). Columns represent normalized fluorescence values (i.e.
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fluorescence intensities normalized against respective bacterial cell densities). Error bars indicate standard deviation. Significant differences (p<0.05; one-
way ANOVA with Bonferroni’s correction for multiple testing) are indicated by stars (**, p<0.01; ***, p<0.001). n.s., not significant. (C) Biofilm accumulation
on non-adhesive polystyrene (NAP). 1457-M10(pTXicaADBC) and 1457-M10Asbp(pTXicaADBC) were grown under static conditions for 24 hours in the
presence or absence of 3% [wt/vol] xylose. After washing, adherent cells were stained with Gentiana violet and biofilm formation was quantified at 570 nm.
Biofilm formation of 1457-M10Asbp(pTXicaADBC) under inducing was also tested after coating of NAP surfaces with rSbp. Columns represent means of 6
values obtained in 3 independent experiments. 1457-M10 and 1457-M10Asbp complemented with plasmid pTXicaADBC (allowing for inducible PIA
production) was used here to avoid confounding effects of sbp inactivation on PIA production (as demonstrated in Fig. 8A). Error bars indicate standard
deviation. Significant differences (p<0.05; one-way ANOVA with Bonferroni’s correction for multiple testing) are indicated by stars (*, p<0.05; ***, p<0.001).
n.s., not significant. (D) Adhesion of S. epidermidis strain 1457, 1457Asbp and the complemented mutant to HaCaT keratinocytes. Columns represent mean
of 10 values obtained in 5 independent experiments, error bars depict standard deviation. Differences between 1457 and 1457Asbp as well as 1457Asbp
and the complemented mutant were significant different (p<0.01, Wilcoxon rank sum test).

doi:10.1371/journal.ppat.1004735.9g005

Importantly, after eight hours of incubation of 1457-M10 no significant differences in adherent
cell numbers were noted between 1457-M10(pGFP) and 1457-M10Asbp(pGFP) (Fig. 5B).
Though Sbp was already detectable on the surface at this time point, a significant increase of
Sbp abundance was detected after 24 hours of incubation (S3 Fig.). Thus, it appears that a criti-
cal Sbp threshold quantity exists that determines the pro-adherent effect of Sbp on S. epidermi-
dis surface retention. Taken together these findings strongly suggest that Sbp, while not being
necessary for primary attachment to NAP during the very early phase of surface colonization,
its deposition at the bacterium-substrate interface during growth is functionally important for
establishment of sustained, mechanically robust tethering of S. epidermidis to an abiotic surface
at later stages of sessile life styles.

We next asked if Sbp-mediated binding of S. epidermidis to NAP is also necessary for sur-
face retention of a mature biofilm consortium. To this end, biofilm formation of Sbp-produc-
ing or—negative strains was tested. Since inactivation of sbp resulted in reduced PIA levels in
S. epidermidis 1457 (see below for detailed analysis), in these experiments 1457-M10(pTXi-
caADBC) and 1457-M10Asbp(pTXicaADBC) were used, allowing for inducible icaADBC-
expression and PIA- synthesis (Table 1). PIA-producing strain 1457-M10(pTXicaADBC) es-
tablished a strong surface adherent biofilm resistant against rigorous washing procedures. In
contrast, cell aggregates of PIA-positive but Sbp-negative 1457-M10Asbp(pTXicaADBC) were
easily washed away, resulting in a biofilm-negative phenotype. Only by rescuing the adherence
defect through immobilization of rSbp on the NAP surface, 1457-M10Asbp(pTXicaADBC) bio-
films were able to withstand mechanical stress and to remain on the surface (Fig. 5C).

In order to test the idea that Sbp could also play a role during S. epidermidis colonization of
biotic, e.g. epidermal surfaces, we also tested adherence of S. epidermidis 1457, 1457 Asbp and
the complemented mutant to human keratinocytes. To this end, bacteria were allowed to inter-
act with confluent layers of HaCaT cells and adherent cells were enumerated. Inactivation of
sbp induced a significant reduction of adherent S. epidermidis cells, while complementation re-
stored adherent capacities to wild type levels (Fig. 5D). Reduced binding to keratinocytes after
inactivation of sbp was also observed in the background of icaADBC-negative S. epidermidis
1585 and thus, is unrelated to potential changes in PIA-production resulting from abolished
Sbp production (54 Fig.).

Functional role of Sbp in S. epidermidis biofilm accumulation

We next thought to investigate the role of Sbp in S. epidermidis biofilm accumulation. These as-
says were carried out using pro-adherent NunclonA surfaces, to which S. epidermidis 1457 and
1457Asbp bind with similar efficiency (Fig. 5A), thus allowing for assessment of biofilm accu-
mulation defects without confounding effects of attachment differences. In static biofilm as-
says, inactivation of sbp in PIA-producing S. epidermidis 1457 induced a significant, roughly
60% reduction of biofilm mass (Fig. 6A), and under flow conditions the inability to establish
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Table 1. Strains used in the study.

Strain Characteristics Reference
1457 icaADBC-positive, aap-positive, strong biofilm formation. [43]
1457(pGFP) In trans gfp expression from plasmid pCM29. [57]
1457AsarA Mutant carrying a deletion of master regulator sarA; Tet". [58]
1457Arnalll Mutant carrying a deletion of rnalll, major effector of the agr regulatory cascade; Tmp©. [59]
1457Aaap Aap-negative knock-out mutant; Tet". [48]
1457Asbp Markerless sbp knock-out mutant. This study
1457 NaapAsbp Aap- / Sbp-negative mutant, obtained by phage transduction of aap::tetM into 1457Asbp; Teth, This study
1457Asbp(pRBsbp) Complemented mutant of 1457Asbp; in trans expression of sbp from its natural promoter [47]; CmF. This study
1457 AaapAsbp(pRBsbp) Complemented mutant of 1457AaapAsbp; in trans expression of sbp; Tet®, Cm". This study
1457 AaapAsbp(pRBDomain- Complemented mutant of 1457AaapAsbp; constitutive in trans expression of aap domain-B (aa 596— This study
B)* 1507); Tet”, Cm". [16]
1457-M10 icaA::Tn917 insertion mutant, PIA- and biofiim-negative. [32]
1457-M10Aaap Aap-negative mutant of 1457-M10 obtained by phage transduction of aap::tetM; Tet®, Ery". This study
1457-M10Asbp Markerless sbp knock-out mutant; Ery™. This study
1457-M10AaapAsbp AapR- / Sbp-negative mutant obtained by phage transduction of aap::tetM into 1457-M10Asbp; Tet?, This study
Ery™.
1457-M10Aaap(pRBDomain- Complemented mutant 1457-M10Aaap; constitutive in trans expression of Aap domain-B (aa 596-1507); This study
B) * Tet®, Ery®, CmP. [16]
1457-M10AaapAsbp(pRBsbp)  Complemented mutant 1457-M10AaapAsbp; in trans expression of sbp; Tet™, Ery?, CmP™. This study
1457-M10AaapAsbp Complemented mutant 1457-M10AaapAsbp; constitutive in trans expression of Aap domain-B(aa 596— This study
(pRBDomain-B) * 1507); Tet®, Ery®, CmP.
1457-M10(pTXicaADBC) Con;plemF?nted mutant 1457-M10; in trans expression of icaADBC from a xylose-inducible promoter; [32]
Ery™, Tet™.
1457-M10Asbp (pTXicaADBC)  Mutant 1457-M10Asbp complemented with plasmid pTXicaADBC allowing for expression of icaADBC in  This study
an Sbp-negative background; Ery®, Tet?
1585 Biofilm negative, clinically significant isolate from a port catheter infection; icaADBC-negative; aap- [16,17]
negative; biofilm-negative
1585Asbp Markerless sbp knock-out mutant of S. epidermidis 1585 This study

Cm: Chloramphenicol; Ery: Erythromycin; Tet: Tetracycline; TMP: trimethoprim
*Plasmid pRBDomain-B was originally referred to pRBaapRt [16]

doi:10.1371/journal.ppat.1004735.t001

adherent growth was even more pronounced after 24 as well as 48 hours of growth, respectively
(Fig. 6B). The severe impact of sbp knock-out on biofilm formation was also assessed by CLSM
analysis of static biofilms grown for 20 hours, showing a clear reduction of the average biofilm
volume and average biofilm thickness in 1457Asbp compared to the wild type 1457 (Fig. 7A,B,
D). Strikingly, in contrast to cluster forming wild type 1457, 1457Asbp was present predomi-
nantly as single cells and established only small cell clusters, giving rise to the assumption

that the reduced biofilm forming capacity of 1457Asbp most likely is linked to a defect in inter-
cellular adhesion (Fig. 6C). Complementation of 1457Asbp with plasmid pRBsbp allowing

for in trans expression of sbp (S5C Fig.) restored the biofilm-positive phenotype in 1457Asbp
(Fig. 6A-B). To test if S. epidermidis 1457 Asbp can also use exogenous Sbp, purified rSbp was
added to growing cultures of 1457Asbp. This measure induced 1457Asbp biofilm formation in a
dose-dependent manner (Fig. 6D), and the average biofilm volume and thickness returned to
wild type levels (Fig. 7C-D). Importantly, at rSbp concentrations similar to that produced by
wild type S. epidermidis 1457 (roughly 1.5 pg/ml), the recombinant protein exhibited a spatial
distribution almost identical to endogenously produced Sbp (Figs. 7C, S6A). Taken together,
these results demonstrate that the reduced biofilm formation in 1457Asbp is indeed a

PLOS Pathogens | DOI:10.1371/journal.ppat.1004735 March 23,2015
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Fig 6. Functional role of Sbp in S. epidermidis 1457 biofilm formation. (A) Photometric quantification of biofilm formation after overnight growth of 1457,
1457Asbp, 1457 Aaap, 1457 NaapAsbp, 1457Asbp complemented with pRBsbp and 1457 AaapAsbp complemented with pRBsbp. 1457-M10 (PIA-negative)
served as a control. Adherent cells were stained with gentiana violet before absorption at 570 nm was assessed. Columns represent means of twelve values
obtained in three independent experiments. Error bars indicate standard deviations. Significant differences (Kruskall-Wallis one-way ANOVA with Dunn’s
multiple comparison test) are indicated (*, p<0.05). n.s. not significant. (B) Analysis of biofilm formation under flow conditions. S. epidermidis 1457,
1457Asbp and the complemented mutant were grown in TSB + 0.5% glucose for 48 h at a flow rate of 1 mI/min. (C) Microscopic analysis of S. epidermidis
1457, 1457Asbp, 1457-M10Aaap(pRBDomain-B), and 1457-M10AaapAsbp(pRBDomain-B). Cells were scraped from cell culture plates after static over
night growth and appropriate dilutions were allowed to dry on glass cover slips. Bacteria were Gram-stained. Images were taken at 1000 x magification. (D)
Induction of biofilm formation by exogenous recombinant rSbp. Biofilm formation of 1457Asbp and 1585Asbp was quantitatively assessed in the presence of
varying amounts of purified rSbp. After overnight growth, adherent cells were stained using gentiana violet, and biofilms were quantified spectrophotometrically
at 570 nm. Columns represent means of 6 values obtained in three independent experiments. Error bars indicate standard deviation. Significant differences
compared to the control (no exogenous rSbp; One-way ANOVA with Dunnett’s correction for multiple testing) are indicated (***, p<0.001). n.s., not significant.

doi:10.1371/journal.ppat.1004735.9006
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Fig 7. Microscopic analysis of 1457Asbp. (A—C) Three dimensional reconstruction of biofilms from Gfp-expressing S. epidermidis 1457 (A), 1457 Asbp
(B) and 1457Asbp grown in the presence of fluorescence-labelled rSbp-DyLight550 (1.5 pg/ml; red) (C). The arrowhead indicates localization of rSbp at the
biofilm—substrate interface, the asterisk highlights localization of rSbp within the biofilm matrix. A detailed demonstration of rSbp-DyLight550 distribution is
shown in S6A Fig.. Fluorescence labelling did not alter the biofilm-inducing properties of rSbp (S6B Fig.). Grid unit = 11.62 ym (D) Quantification of mean
biofilm volume and thickness. 18 randomly chosen biofilm CLSM images obtained in three independent experiments were analyzed for each strain. Analysis
was carried out using the Volocity software package. Error bars depict standard deviations. Significant differences (p<0.05; one-way ANOVA with
Bonferroni’s correction for multiple testing) are indicated (*. p<0.05; ***, p<0.001). Differences indicate between wild type 1457 and 1457Asbp
complemented with rSbp indicate the potential importance of the Sbp source for S. epidermidis biofilm structure. rSbp-DyLight550 fully reconstituted biofilm
formation in 1457Asbp in standard micro titer plate biofilm assays (S6B Fig).

doi:10.1371/journal.ppat.1004735.9007

consequence of aborted Sbp production which, therefore, is necessary for cell aggregation and
biofilm formation in this strain. Conversely, even at high concentrations rSbp did not induce
biofilm- formation in aap- and icaADBC-negative S. epidermidis 1585Asbp (Fig. 6D). Taking
into account that Sbp is also produced by biofilm-negative S. epidermidis strains (e.g. S. epider-
midis 1585, Fig. 2), and over-expression of Sbp in surrogate host S. carnosus TM300 did not in-
duce a biofilm-positive phenotype (S7 Fig.), it appears that Sbp alone is not sufficient for
mediating intercellular adhesion, but needs additional partners to induce cell aggregation and
biofilm accumulation. Thus, given the importance of PIA in S. epidermidis 1457 biofilm
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Fig 8. Interconnection between Sbp production and PIA synthesis. (A) Quantification of PIA production in S. epidermidis 1457, 1457Asbp 1457 Aaap
and 1457AaapAsbp by dot blot analysis. Serial dilutions of cell wall extracts were spotted onto PVDF membranes which were then incubated with WGA
coupled to peroxidase. Bound WGA was then visualized by chemiluminescence. PIA titers were defined as the highest dilution giving a signal above the
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1457-M10(pTXicaADBC) and 1457-M10Asbp(pTXicaADBC) were grown in the presence of 3% [wt/vol] xylose for induction of icaADBC expression. (B)
Analysis of biofilm formation by 1457-M10 and 1457-M10Asbp complemented with pTXicaADBC allowing for xylose-inducible in trans expression of
icaADBC. Bacteria were grown overnight in TSB or TSB supplemented with xylose (3% [w/v]), respectively. Following washing procedures adherent bacteria
were stained with gentiana violet. Columns represent means of 12 values obtained in three independent experiments. Error bars indicate standard deviation.
Significant differences (p<0.05; one-way ANOVA with Bonferroni’s correction for multiple testing) are indicated by stars (***, p<0.001). n.s., not significant.

doi:10.1371/journal.ppat.1004735.9008

formation [21], direct or indirect effects of Sbp on PIA-dependent biofilm formation appeared
as reasonable explanations for the observed biofilm mass reduction in 1457Asbp.

Impact of Sbp on PIA-dependent biofilm formation

Following the observation of a partial co-localization of Sbp and PIA in living S. epidermidis
1457 biofilms and the predicted charged character of both molecules, we speculated if impaired
biofilm formation of 1457Asbp indicates a structural involvement of Sbp in PIA recruitment

to the bacterial cell surface, and consecutively integration of S. epidermidis into the biofilm ar-
chitecture. To test this hypothesis, PIA was semi-quantitatively detected in ultrasound cell wall
extracts and in culture supernatants of S. epidermidis 1457 and 1457Asbp (Fig. 8A). Indeed,
quantification of cell wall associated PIA in 1457Asbp by dot blot analysis found at least 32-fold
reduced PIA-amounts compared to the wild type (Fig. 8A), while in trans expression of sbp re-
stored PIA quantities to wild type levels (Fig. 8A).

If inactivation of sbp results in impaired recruitment of PIA to the cell surface, a major
fraction should appear in culture supernatants. However, similar to the cell wall associated
fractions, a clear reduction of PIA amounts was also evident in supernatants of 1457Asbp over-
night cultures (Fig. 8A). Thus, 1457Asbp produced overall reduced amounts of PIA, which
could be a contributing factor to the impaired biofilm forming capacity. In line with this, quan-
titative RT-PCR demonstrated a significant, 20-fold down regulation of icaA transcription in
1457Asbp compared to the wild type. In trans expression of sbp in 1457Asbp abrogated the icaA

PLOS Pathogens | DOI:10.1371/journal.ppat.1004735 March 23, 2015 14/32



@’PLOS | PATHOGENS

Small Basic Protein in S. epidermidis Biofilm Formation

down regulation, and even a slight, 1.3-fold increase in expression levels was observed
(S8 Fig.).

The observed down-regulation of icaADBC and consequently reduced PIA production in
mutant 1457Asbp made it impossible to evaluate if Sbp is structurally necessary for PIA-depen-
dent biofilm formation in S. epidermidis wild type 1457. Therefore, biofilm formation was test-
ed in 1457-M10 and 1457-M10Asbp, each complemented with plasmid pTXicaADBC, allowing
for inducible expression of icaADBC and PIA synthesis [31,32]. Induction of PIA synthesis in
1457-M10Asbp(pTXicaADBC) induced biofilm formation to a quantitatively identical level to
that of 1457-M10(pTXicaADBC) (Fig. 8B). Moreover, quantification of PIA in this pair of
strains retained on the cell surface and released into the supernatant found no differential dis-
tribution of PIA depending on the presence or absence of Sbp. Thus, PIA recruitment to the
cell surface and subsequent biofilm accumulation appear functionally independent from Sbp,
while clearly the protein has an indirect impact on PIA-dependent biofilm formation by influ-
encing icaADBC-transcription and subsequent PIA synthesis.

Interconnection of Sbp with Aap-dependent biofilm formation

We next asked if Sbp plays a role in Aap-dependent biofilm formation. Inactivation of aap in S.
epidermidis 1457 and 1457Asbp had no further impact on biofilm quantity (Fig. 6A), most likely
due to residual PIA synthesis in those strains (Fig. 8A), masking potential Aap effects. In line
with this, in trans expression of sbp in 1457AaapAsbp not only restored quantitative PIA produc-
tion (Fig. 8A)Abut also induced biofilm formation at wild type levels (Fig. 6A). To allow for a pre-
cise analysis of Sbp function during Aap-dependent biofilm formation without confounding
PIA-effects, plasmid pRBDomain-B was transduced into PIA-, Aap-, and biofilm-negative mu-
tant 1457-M10Aaap. As expected [16], in trans expression of Aap domain-B induced biofilm for-
mation in 1457-M10Aaap(pRBDomain-B) (Fig. 9A). In sharp contrast, in trans expression of
Aap domain-B in sbp / aap double knock-out mutant 1457-M10AaapAsbp did not induce a bio-
film-positive phenotype (Fig. 9A). Exogenous addition of rSbp, however, restored biofilm forma-
tion to levels of 1457-M10Aaap(pRBDomain-B) (Fig. 9A), demonstrating that loss of biofilm
forming capacity in 1457-M10AaapAsbp(pRBDomain-B) indeed was related to inactivation of
sbp. Importantly, while 1457-M10Aaap(pRBDomain-B) formed cell aggregates, the Sbp-negative
1457-M10AaapAsbp(pRBDomain-B) was unable to assemble large clusters, indicative of a defect
in intercellular adhesion (Fig. 6C). Since Aap domain-B production was identical in 1457-
M10AaapAsbp(pRBDomain-B) and 1457-M10Aaap(pRBDomain-B) (S9 Fig.), these data indi-
cate that Sbp is necessary for Aap-dependent cell aggregation and subsequent biofilm formation.

Following the hypothesis that Aap-dependent cell aggregation results from direct Aap do-
main-B interactions with Sbp on the bacterial cell surface, we tested the ability of Aap domain-
B expressing 1457-M10AaapAsbp(pRBDomain-B) to recruit exogenous rSbp to the cell surface
in comparison to Aap-negative 1457-M10AaapAsbp. After one hour incubation in the presence
of varying amounts of rSbp, Aap-negative 1457-M10AaapAsbp did not recruit significant levels
of rSbp to the cell surface (Fig. 9B). In sharp contrast, Western blotting demonstrated that in
trans expression of Aap domain-B boosted the ability of 1457-M10AaapAsbp to bind soluble
rSbp (Fig. 9B), thus demonstrating that indeed expression of Aap domain-B promotes recruit-
ment of Sbp to the bacterial cell surface.

To assess the relevance of Aap domain-B-Sbp interactions during biofilm formation in
more detail, CLSM analysis of living biofilms was performed. In order to detect Aap domain-B
and Sbp in parallel, 1457-M10AaapAsbp(pRBDomain-B) was grown in the presence of 1.5 pg/ml
rSbp labelled with DyLight 550, while Aap domain-B was detected by rabbit anti-rDomain-B
and anti-rabbit IgG coupled to Cy5. In cultures of 1457-M10AaapAsbp(pRBDomain-B)
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Fig 9. Functional role of Sbp in Aap-mediated S. epidermidis biofilm formation. (A) Biofilm phenotypes of 1457-M10, 1457-M10Aaap, 1457-M10Asbp,
1457-M10AaapAsbp, 1457-M10Aaap(pRBDomain-B) and 1457-M10AaapAsbp(pRBDomain-B) were tested in static biofilm assays in the absence (black
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**¥* p<0.001). n.s., not significant. (B) Recruitment of rSbp to the surface of 1457-M10AaapAsbp in the presence of absence of in trans expressed Aap
domain-B. Western blot of cell surface protein extracts from identical numbers of bacteria suspended in PBS containing 50, 10, or 5 ug/ml rSbp. PBS without
rSbp served as a negative control. rSbp was detected by bioluminescence using a polyclonal rabbit anti-rSbp antiserum and anti-rabbit IgG coupled to
peroxidase. (C) Distribution of Aap domain-B and rSbp in living biofilms. 1457-M10AaapAsbp(pRBDomain-B) was grown in the presence of 1.5 pg/ml rSbp-
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representative area with Aap domain-B—rSbp co-localizations (purple; double arrow head). Arrow, Aap domain-B expressing cells without Sbp-recruitment
(blue); arrow head; Sbp deposition independent from Aap domain-B (red).

doi:10.1371/journal.ppat.1004735.g009

rSbp-DyLight550 produced a film-like structure at the basal biofilm layers (Fig. 9C). Moreover,
similar to the observations made with endogenously produced Sbp, there were huge aggregated
Sbp clusters and spikes arising from the substrate interspersed into the biofilm architecture
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(Fig. 9C, panel I1I). Aap domain-B was detected on S. epidermidis cell surfaces throughout all lev-
els of the biofilm (Fig. 9C, panel II). The relative spatial distribution of Sbp and Aap domain-B
was analysed in merged CLSM images. Here, although by visual assessment no strict association
was found, co-localization of both proteins became evident (Fig. 9C, panel IV). Indeed, bioinfor-
matics image analysis found a high degree of Sbp-Aap co-localization (Menders coefficient M1
[Sbp-Aap domain-B]: 100%; M2 [Aap domain-B-Sbp]: 75%), lending further support to the as-
sumption that Sbp-Aap domain-B interactions occur in living biofilms.

Role of sbp during foreign-material infection

The function of Sbp during establishment of device-associated infections was tested in a
mouse catheter infection model. Here, focusing on the role of Sbp in PIA-independent bio-
films, the PIA-negative mutant 1457-M10 and derivatives 1457-M10Aaap, 1457-M10Asbp,
and 1457-M10AaapAsbp were used to exclude potential confounding effects of PIA produc-
tion. After 7 days, in animals infected with 1457-M10, median recovery from catheters was
1.86 x 10> CFU/ml (7.60 x 10> CFU/ml—1.07 x 10° CFU/ml) and 3.37 x 10° CFU/g (range
7.35x 10* CFU/g—4.96 x 10° CFU/g) from peri-catheter tissue. At that time point, similar
CFU counts were isolated from animals infected with 1457-M10 Aaap (catheter range 1.60 x
10> CFU/ml—1.80 x 10° CFU/ml, tissue range 5.15 x 10* CFU/g—5.08 x 10° CFU/g) (Fig. 10).
In animals infected with 1457-M10 Asbp, median recovery from catheters was 1.00 x 10
CFU/ml (range 1.68 x 10° CFU/ml—4.50 x 10° CFU/ml), and 1.10 x 10° CFU/g (range 1.27 x
10° CFU/g—3.01 x 10° CFU/g) from peri-catheter tissue. Similar quantities were obtained with
1457-M10AaapAsbp (catheter range 3.40 x 10°-6.10 x 10°, tissue range 9.47 x 10*-4.83 x 10°)
(Fig. 10). There was a trend towards lower numbers of catheter-associated bacteria and higher
bacterial numbers in the peri-catheter tissue in 1457-M10Asbp and 1457-M10AaapAsbp, how-
ever the values did not reach statistical significance when compared to 1457-M10 (Fig. 10).

For further confirmation, the above model was also performed using S. epidermidis strain
1585, which naturally lacks both aap and the ica operon, and its isogenic mutant, 1585Asbp.
Seven days after infection, 8 of 9 catheters from mice inoculated with wild-type 1585 were colo-
nized (median recovery from catheters of 2.6 x 10> CFU/ml), while bacteria were only recov-
ered from 6 of 10 catheters from the 1585Asbp group (median recovery from catheters of 1.6 x
10* CFU/ml) (Fig. 10B). Bacterial burden in the peri-catheter tissue was similar between 1585
and 1585Asbp (medians of 1.4 x 10° and 1.1 x 10° CFU/g tissue, respectively) (Fig. 10B). As
with the 1457-M10 mutant strains, results did not reach statistical significance, however the
same trend of decreased catheter-associated bacteria in the absence of Sbp was clear. In light of
the in vitro findings, these results are not entirely surprizing, as Sbp is an important co-factor
in the biofilm structure, but does not independently mediate biofilm formation.

Discussion

Biofilm formation is regarded as the major virulence mechanism enabling S. epidermidis to
cause devastating implant-associated infections [11]. Here we describe the novel extracellular
18 kDa Sbp as a key biofilm matrix component with crucial importance for the development of
a higher-order biofilm architecture. The dynamic biofilm assembly process essentially depends
on bacterial mechanisms which ultimately promote cell-cell adhesion and robust cell aggrega-
tion, thereby stabilizing the multilayered biofilm consortium [13]. So far, specific constituents
of the biofilm matrix that are functionally involved in biofilm accumulation, i.e. PIA, Aap, or
Embp, all directly govern intercellular adhesion, and as a consequence their expression is inde-
pendently inducing cell cluster formation [16,17,21] (Fig. 11). In sharp contrast, functional and
spatial characterization of Sbp supports a model in which biofilm matrix-associated Sbp does
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Fig 10. Relevance of Sbp in a mouse catheter infection-model. Implanted catheter segments were injected with (A) 1457-M10, 1457-M10Aaap, 1457-
M10Asbp, and 1457-M10AaapAsbp (n = 10 mice per strain) or (B) 1585 (n = 9 mice) and 1585Asbp (n = 10 mice). Animals were sacrificed after 7 days and
numbers of catheter adherent cells [CFU/mI] and bacteria from the peri-catheter tissue [CFU/g] were enumerated. n.s., not significant compared to the Sbp

producing parent strain (1457-M10 or 1585, respectively).

doi:10.1371/journal.ppat.1004735.9010
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Fig 11. Integrated model of Sbp functions in S. epidermidis biofilm formation. Free-floating S. epidermidis decorated with cell surface bound Sbp
adhere to artificial surfaces. The fast primary attachment phase is apparently independent from Sbp. While S. epidermidis adheres to the surface, Sbp
localizes to the bacterial-substrate interface. Sbp deposition is a surface priming process necessary for stable S. epidermidis—foreign material interactions
and sustained adherence during biofilm accumulation. Most likely, priming and accumulation are processes running in parallel. Sbp is part of the
extracellular biofilm matrix, partly co-localizing with PIA (Zoom in). PIA-dependent biofilm formation indirectly depends on the presence of Sbp that, via so far
unknown mechanisms modulates icaADBC transcription and subsequent PIA synthesis. In addition, Sbp serves as a necessary factor during Aap domain-B
mediated bacterial aggregation, potentially through direct molecular interactions. Here, the involvement of additional (protein) factors cannot be excluded.

doi:10.1371/journal.ppat.1004735.g011

not directly induce cell aggregation, but forms a biofilm scaffold that markedly fosters PIA-
and Aap-mediated biofilm accumulation (Fig. 11). Thus, Sbp represents a new functional class
of S. epidermidis biofilm matrix proteins, being necessary co-factors for additional intercellular
adhesins. In fact, Sbp is the first structural S. epidermidis extracellular protein with significant
relevance for both protein and exopolysaccharide-dependent biofilm formation.

Despite the key importance of the extracellular matrix for S. epidermidis biofilm formation,
we are only beginning to understand its structural complexity and the importance of potential
spatial events and a specific molecular architecture leading to its development. So far, studies
investigating S. epidermidis strains which use PIA, Aap, or Embp as intercellular adhesins
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provided the first evidence that distinct intercellular adhesins could significantly differ in their
spatial distribution [12]. While PIA was evenly distributed throughout the biofilm in horizon-
tal and vertical dimensions, only very small amounts of proteinaceous intercellular adhesins
(i.e. Aap, Embp) were found in the intercellular matrix but predominantly localized to the bac-
terial cell surface. In contrast, in depth analysis by CLSM images showed that Sbp is deposited
within the extracellular matrix where the protein exhibits a distinct spatial distribution pattern.
This finding clearly demonstrates that the S. epidermidis biofilm matrix is not a random accu-
mulation of extracellular material but at least partially, a structured complex of polysaccharides
and proteins, in which segregated matrix components potentially can take over distinct func-
tions during biofilm development. The significant importance of a spatial- and time-resolved
expression profile for bacterial biofilm formation was only recently demonstrated by showing
that in Vibrio cholerae Vibrio polysaccharide (VPS) and biofilm matrix proteins RbmA,
RbmC, and Bap1 proteins carry complementary architectural roles that ultimately shape the
biofilm ultrastructure [33,34]. Notably, protein Bapl was concentrated at the substrate of a V.
cholerae biofilm, promoting bacterial adherence and tight tethering to the surface [33,34], and
modification of physico-chemical surface properties by bacterial proteins has also been demon-
strated for Bacillus subtilis protein BslA [35]. Since accumulation at the biofilm-surface inter-
face was also found for Sbp, it is reasonable to speculate that Sbp could function as a general
means used by S. epidermidis to prime surfaces during colonization. In line with this, immobi-
lized Sbp significantly promoted stable tethering of mature biofilms on a polystyrene surface
that is otherwise resistant to bacterial binding (Fig. 11). The ways used by S. epidermidis to real-
ize the distinct spatial Sbp distribution pattern are currently unknown but could involve differ-
ential sbp expression by distinct S. epidermidis subpopulations and / or concerted protein
assembly events. The latter possibility is favoured by the finding that distribution pattern of ex-
ogenously added rSbp and endogenous Sbp were almost indistinguishable.

Sbp was affinity-purified from crude biofilm matrix preparations using Aap domain-B as a
receptor, and our additional biochemical analysis demonstrated evidence for direct Sbp—Aap
domain-B interactions. So far, despite being long recognized as an intercellular adhesin, the
molecular mechanisms used by Aap domain-B to induce bacterial aggregation are not well un-
derstood. Only recently the crystal structure of a sub-domain from S. aureus Aap homologue
SasG was resolved, determining the potential structural basis for the stable elongated organiza-
tion of Aap [27,28,30]. Analysis of recombinant Aap domain-B fragments consisting of 1, 1.5
and 2.5 G5 repeat domains by analytical ultracentrifugation and circular dichroism showed
that domain-B possesses self-associating properties [29]. These homotypic G5-repeat domain
interactions were dependent on the presence of zinc, suggesting a “zinc-zipper”-like mecha-
nism for G5 domain-based S. epidermidis biofilm formation. Importantly, as reflected by spe-
cific interactions with Sbp, our results highlight that in addition to its evident self-aggregating
properties, Aap domain-B also clearly possesses heterophilic binding activities. These are ap-
parently not restricted to Sbp, since during affinity purification, major S. epidermidis autolysin
AtE was enriched in addition to Sbp. While the exact modalities of Aap domain-B-AtIE inter-
actions and their relevance for biofilm formation remain to be elucidated, our findings indicate
that Sbp is necessary for Aap domain-B mediated biofilm formation, and most likely the direct
Aap domain-B-Sbp interactions play a pivotal role (Fig. 11). Indeed, this hypothesis is further
strengthened by CLSM analysis, providing clear evidence for Sbp—Aap co-localizations in liv-
ing biofilms. Nevertheless, at present it also has to be taken into account that Sbp, apart from
being directly involved in Aap mediated cell-cell adhesion, could also exert its effects on Aap-
dependent biofilm formation via indirect modalities. These could, for example, involve recruit-
ment of additional, yet unknown factors to the bacterial cell surface which then might serve as
ligands for Aap. Future studies must therefore address the question as to which extended
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specific multi protein complexes exist in S. epidermidis biofilms, identify the components and
dissect their architecture and specific functions.

Importantly, apart from directly supporting S. epidermidis cell aggregation, Sbp clearly also
has indirect effects on biofilm formation as demonstrated by the impact on PIA production.
PIA is of key importance for S. epidermidis biofilm formation, and it has been speculated that it
integrates bacteria into the biofilm consortium through mono- or polyvalent interactions with
charged cell surface structures [36]. Indeed, there is evidence that in E. coli, PIA homologue
PNAG binds to charged LPS [37]. Thus, given its cell surface localization and anticipated
charged character, Sbp appeared as a potential receptor for PIA. However, in depth analysis
showed that the impaired biofilm phenotype of 1457Asbp was unrelated to insufficient recruit-
ment of PIA to the S. epidermidis cell surface, but most likely resulted from an overall reduced
PIA production related to a down-regulation of icaADBC expression (Fig. 11). Given the strin-
gent coupling of PIA synthesis and environmental conditions [38], the down-regulation of
icaADBC in 1457Asbp could indicate a role of Sbp in general maintenance of biofilm matrix de-
pendent, extracellular conditions favouring icaADBC expression, e.g. by ensuring a constant
environmental milieu by sorption of ions or nutrients [13]. Identification of matrix derived sig-
nals stimulating S. epidermidis biofilm formation in general and the potential involvement of
Sbp in this process will be of major importance in the future.

The analysis of the in vivo relevance of Sbp for S. epidermidis catheter colonization in a
mouse catheter infection-model produced ambiguous results. Despite a slight trend towards
lower catheter adherent bacterial counts in Sbp-negative mutants derived from S. epidermidis
1457-M10 and 1585, the observed differences compared to their Sbp producing parent strains
did not reach statistical significance. The failure to demonstrate a clear reduction in coloniza-
tion capacities of the Sbp-negative mutant is most likely related to the tremendous multitude of
factors contributing to S. epidermidis biofilm formation. Apparently, the existence of partially
interdependent, but also independent mechanisms that can functionally compensate for each
other makes it virtually unlikely that inactivation of a single factor necessarily has a dramatic
impact on virulence in vivo. This is in particular true for PIA-independent biofilm formation
for which at least three independent biofilm mechanisms have been documented in vitro:
Embp [17,26], Aap [16,29], and release of eDNA [18,26]. In fact, even for PIA-dependent bio-
film formation, animal studies revealed conflicting results, showing that in some models
icaADBC was necessary for virulence [9,10,25,39], while in others it was not [40,41]. Thus, for
a balanced relevance assessment of distinct biofilm factors, future studies must focus on the
analysis of defined mutants defective in various combinations of molecules contributing to bio-
film formation, which need to be tested in different models of device-associated infections (e.g.
central venous catheter- vs. orthopaedic device- infection).

In conclusion, we here show that Sbp plays a role in S. epidermidis surface colonization and
biofilm formation. Thus, it is reasonable to speculate that the protein is of relevance to both ex-
tremes of S. epidermidis life styles: lifelong commensalism on human epidermal surfaces and
infection after device implantation. The detailed analysis of factors playing dual roles in both of
these scenarios and the well-balanced appreciation of their beneficial and potentially aggressive
properties will clearly feed our general understanding of how commensal bacteria and specifi-
cally S. epidermidis turn into a “accidental” opportunistic pathogens [11].

Material and Methods
Bacterial strains

Strains and mutants used in this study are summarized in Table 1. For maintenance, wild type
strains and markerless mutants were grown on Columbia blood agar containing sheep
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erythrocytes (Oxoid, Basingstoke, UK). Otherwise, bacteria were grown on TSA supplemented
with chloramphenicol (10 pg/ml) or erythromycin (20 pg/ml) where necessary.

Adherence assay and in vitro biofilm formation

Rapid primary attachment after 1 hour to cell culture treatedpolystyrene (NunclonA; Nunc,
Roskilde, Denmark) and unmodified non-adhesive polystyrene (referred to as NAP; Greiner,
Frickenhausen, Germany) was assessed by using a specific ELISA [42]. In order to quantify S.
epidermidis adherence to NAP plates (Greiner, Frickenhausen, Germany) after prolonged incu-
bation periods (i.e. 8 and 24 hours, respectively), Gfp-expressing S. epidermidis 1457-M10
(pGFP) and 1457-M10Asbp(pGFP) were grown in 150 ul TSB at 37°C under static conditions.
After recording the optical density at 600 nm (Agq) as a function of bacterial growth, the medi-
um was discarded and non-adherent cells were removed by washing two times with 150 pl
PBS. Surface adherent fluorescence intensities were immediately determined at 485 nm excita-
tion and 535 nm emission wavelength using a spectrophotometer (Infinite M200, Tecan, Man-
nedorf, Switzerland) in top read operating mode. Validation experiments using defined
bacterial numbers that were, prior to fluorescence measurement, collected on the bottom of the
micro titer plate by centrifugation revealed a linear association between fluorescence intensity
and cell numbers (S10 Fig.), thus allowing to use fluorescence intensity as a function of polysty-
rene adherent bacteria. Calculation of adherent bacteria numbers was done by using the formu-
la: CFU = 2562*(fluorescence intensity [AU] - 508). All fluorescence intensities were
normalized against bacterial cell densities using the formula Normalized fluorescence = fluo-
rescence [AU]/Aggo.

Biofilm formation was tested in TSB (Trypticase soy broth, Becton Dickinson, Cockeysville,
USA) using the semi-quantitative microtiter plate test (biofilm assay) as described in [42], or a
flow cell-based flow assay, using TSB supplemented with 1% glucose, uncoated three-channel
flow cells (Stovall, USA), and a flow rate of 0.5 ml/min for 48 h. Biofilm-positive S. epidermidis
1457 [43] and its corresponding, biofilm-negative icaADBC transposon mutant 1457-M10 [44]
served as positive and negative controls, respectively. Adhesion of S. epidermidis to keratino-
cytes was carried out as described in [45]. HaCaT cells were obtained from the German Cancer
Research Center (Heidelberg, Germany). Confluent layers of HaCaT cells were infected with S.
epidermidis at an MOI of 100. After 90 minutes of co-incubation at 37°C, cultures were washed
twice with PBS to remove unbound bacteria. Keratinocytes were subsequently detached by
adding 0.5% Trypsin (Biochrom), lysed by sonication at 50W for 15 seconds in H,O, and ad-
herent bacteria were determined by plating out serial dilutions of HaCaT cell lysates on sheep
blood agar.

Confocal laser scanning microscopy and analysis of spatial
fluorescence distribution by planimetry

Confocal acquisition was performed on a Zeiss Axiovert 200M inverted microscope equipped
with a Yokogawa CSU-22 confocal head and a Hamamatsu C9100-02 EM-CCD camera. Im-
ages were taken with a Zeiss Plan Apochromat 63x/1.4 Ph3 Oil objective. Improvision Volocity
software was used for image acquisition, quantification and co-localization analysis.

For quantifying the distribution of the labelled components in the biofilm, 5 random posi-
tions were recorded per condition with a z-spacing of 0.5 pm. The fluorescent structure was de-
tected in every plane and the occupied area determined. Stacks were aligned and the obtained
values plotted against the distance from the coverslip. Experiments were performed 2 times.
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Construction of sbp mutants by allele gene replacement and phage
transduction

An allele replacement strategy was used for construction of specific sbp knock-out mutants in
S. epidermidis 1457 and 1585 (S5A Fig.). To this end two fragments flanking regions up-stream
(primers sbp_att_for 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTATATCCTG
TCGTACTCGTG-3' and sbp_eco_rev 5'-ACCGCCGAATTCTCACTCCTTTGATTCTTTAT
GTCTTCTG-3') and down-stream (primers sbp_eco_for 5'~ACCGCCGAATTCAAAGAT
AAAAATGTGAAGTTATATCGTA-3 and sbp_att_rev 5'-GGGGACCACTTTGTACAA
GAAAGCTGGGTAGTACGTGCAGATAAACGT-3') of the Sbp-coding region were ampli-
tied using Phusion high fidelity polymerase (New England Biolabs, Frankfurt, Germany).
Amplicons were cleaved using EcoRI, and the resulting, sbp-flanking fragments were ligated
using standard procedures. Making use of 5" and 3’ attB sites ligation products were introduced
into pKORI [46] using the BP clonase (Invitrogen, Karlsruhe, Germany), resulting in plasmid
pKOsbp. pKOsbp was by electroporation subsequently introduced first into S. aureus RN4220
and then S. epidermidis mutant 1457-M12 [32]. Next, using phage A6C, pKOsbp was trans-
duced into S. epidermidis 1457 and 1585. Selection of mutants was performed essentially as de-
scribed [46]. Correctness of mutations was verified by PCR, sequence analysis and Western
blotting experiments demonstrated the mutant’s lost ability to produce Sbp (S5B-S5C Fig.).
For complementation of the sbp knock-out, the anticipated natural sbp promoter and the sbp
coding sequence was amplified using Phusion high fidelity polymerase and primers sbp_for_-
Hind (5'-CTATGTTAAGCT Tttttactataagcgctgaaacagttg-3'; HindIll restriction site under-
lined) and sbp_rev_Eco (5-CTATGTTGAATTCCTATTTTATCTTATAAAACGTATAT
CCA-3'; EcoRl restriction site underlined) and cloned into plasmid pRB473 [47], resulting in
pRBsbp. pRBsbp was introduced into 1457Asbp and 1585Asbp as outlined for pKOsbp.

In order to generate an aap knock-out in an sbp-negative background aap:tetM was trans-
duced from 1457Aaap [48] into 1457Asbp using phage A6C, resulting in 1457AaapAsbp. In ad-
dition, icaA:'Tn917 was transduced from 1457-M10 into 1457AaapAsbp, giving 1457-
M10AaapAsbp. 1457 AaapAsbp and 1457-M10AaapAsbp were complemented with pRBsbp,
pRBaap, or pRBDomain-B by phage transduction of the respective plasmids from 1585Asbp
(pRBsbp), 1585(pRBaap), and 1585(pRBDomain-B) [16]. Table 1 gives a summary of mutants
created in this study.

Expression, purification and labelling of recombinant proteins

Expression and purification of recombinant Aap domain-B was performed as described
[16,23]. In order to express recombinant sbp without its export signal, a PCR amplicon was
generated using primers sbp_64 for (5-CACCAACAACGTTGAAGCGGCAACT-3’) and
sbp_510rev (5-TTATTTATTTAAGTCTATACGATATAACTTCACAT-’3). The amplicon
was ligated into vector pENTR/D-TOPO (Invitrogen, Karlsruhe, Germany) and subcloned
into expression vector pDEST17 using the clonase protocol according to the manufacturer’s
recommendations. The resulting construct pDEST_sbp, allowing for expression of the Sbp 6
histidine residues, was introduced into E. coli BL21AI. Recombinant protein rSbp was affinity
purified using HiTrap chelating HP columns (GE Life Sciences, Freiburg, Germany). SDS-
PAGE proved purity of the protein.

Biotinylation of rDomain-B was carried out using the ECL Biotinylation Module (GE Life
Sciences, Freiburg, Germany) essentially following the manufacturer’s recommendations. In
brief, 2.5 ml of rDomain-B (1 mg/ml) in bicarbonate buffer was incubated with 100 pl of bioti-
nylation reagent. After incubation for one hour at room temperature, unbound biotin was re-
moved by filtration through a Sephadex G25 column. Labeled protein was stored at 4°C. For
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fluorescence labeling of rSbp the DyLight 550 Amine-reactive dye kit (Thermo Scientific,
Bonn, Germany) was used following the manufacturer’s protocol. In summary, 40 pl of borate
buffer (0.67 M) was added to 0.5 ml rSbp (2 mg/ml in PBS) and the solution was transferred to
a DyLight reagent vial. After one hour incubation at room temperature unbound dye was re-
moved by loading the reaction onto a spin column. Labeled protein was stored at 4°C.

Production of rSbp-specific rabbit antiserum

For generation of specific antisera, rabbits were, after obtaining preimmune sera, subcutane-
ously immunized with 100 pg of rSbp emulsified in Freund’s complete adjuvant. A booster
immunization was performed after 4 weeks using 100 pg of rSbp emulsified in Freund’s in-
complete adjuvant. After an additional 4 weeks the rabbit was sacrificed and serum was
stored at —20°C. Western blotting using rSbp used for immunization proved the lack of Sbp-
specific antibodies in the preimmune sera, whereas the sera obtained after immunization
strongly reacted with the rSbp.

Preparation of S. epidermidis extracellular proteins, Western blot and
dot blot analysis

For preparation of cell wall associated, non-covalently linked proteins, bacterial cells were
grown over-night in NunclonA dishes (9 cm diameter), washed in PBS and, if applicable, ad-
justed to identical cell densities by absorbance measurement at 600 nm (Agq). Bacterial cells
were harvested from identical volumes, resuspended in LDS buffer (Invitrogen, Karlsruhe, Ger-
many) and boiled for 5 minutes. After centrifugation, the supernatant was recovered for further
analysis. Alternatively, for preparation of cell surface associated proteins, bacteria were grown
over-night in 10 ml TSB in cell culture dishes (9 cm diameter, Nunc, Roskilde, Denmark). Bac-
terial cells were scrapped off the surface, washed once with PBS and were finally re-suspended
in 5 ml PBS. Proteins were then removed from the bacterial surface by sonification (30 sec.,
Branson Ultrasonifier, Danbury, USA). Sonification was validated for not lysing cells by testing
for viable cell numbers before and after ultrasound exposure, ensuring that no significant
amounts of intracellular proteins were released. Ultra-sound extracts were cleared by centrifu-
gation and the supernatants were further analyzed. Protein concentrations were determined by
using the Lowry-assay according to the manufacturer’s instructions (Bio-Rad, Munich, Ger-
many). Western blotting was performed by transfer of proteins separated by SDS-PAGE onto
PVDF membranes. After blocking of membranes (Protein free blocking agent, Pierce, Rock-
ford, USA), Sbp was detected by a polyclonal rabbit anti-rSbp antiserum diluted 1:20,000 in
PBS buffer containing 0.01% [vol/vol] Tween 20. Bound anti-rSbp IgG were then detected by
chemiluminescence (ECL, GE Life Sciences, Freiburg, Germany) after incubation with a goat
anti-rabbit IgG coupled to peroxidase. SDS- polyacrylamide gel electrophoresis (SDS-PAGE),
and mass spectrometry have been described elsewhere [49]. PIA production was performed es-
sentially as described [42]. PIA was detected by chemiluminescence using wheat germ aggluti-
nin coupled to peroxidase (Sigma Aldrich, Munich, Germany).

Affinity purification of rDomain-B interaction partners, recruitment of
rSbp to the cell wall, analysis of protein—protein interactions

1 ml freshly expressed and purified rDomain-B (10 mg/ml) in coupling buffer (0.2 M
NaHCO3, 0.5 M NaCl, pH 8.3) was loaded onto a 1 ml HiTrap NHS-activated HP column (GE
Life Sciences, Freiburg, Germany). After 30 minutes of incubation at room temperature the col-
umn was alternating rinsed with 3 x 2 ml buffer A (0,5 M ethanolamine, 0,5 M NaCl, pH 8,3)
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or B (0,1 M acetate, 0,5 M NaCl, pH 4). After three cycles of washing the column was finally
equilibrated with 0.05 M NaHPO,, pH 7.4, 1 ml of crude biofilm matrix preparations sus-
pended in PBS was loaded onto the functionalized column and incubated at room temperature
for 30 minutes. After that, the column was washed with 10 ml buffer A at a flow rate of 0.5
ml/min. After that, elution buffer (Tris-HCI, pH 7.4) was applied at a flow rate of 0.5 ml/min.
During all washing procedures 1 ml fractions were collected and stored at 4°C. Proteins from
the collected fractions were precipitated using TCA, suspended in PBS and analyzed by SDS-
PAGE.

In order to demonstrate recruitment of Sbp to the bacterial cell surface, cells of S. epidermi-
dis strains 1457-M10AaapAsbp and 1457-M10AaapAsbp(pRBDomain-B) from an overnight
culture were collected by centrifugation and washed once with PBS. Pellets were resuspended
in 200 pl PBS containing different amounts of rSbp and suspensions were incubated for 1 hour
at room temperature with agitation. After centrifugation, bacteria were washed twice with PBS,
and pellets were finally resuspended in 1X LDS buffer (Invitrogene, Karlsruhe, Germany).
After heating (5 minutes 90°C) protein extracts were analyzed by SDS PAGE and western
blotting.

For analysis of rDomain-B—rSbp interactions 100 pl of rDomain-B in PBS (5 pg/ml) were
loaded into the wells of a 96 well microtiter plate (Greiner, Frickenhausen, Germany). After
overnight incubation at 4°C plates were washed with PBS and blocked for one hour using pro-
tein free blocking buffer (Thermo Scientific, Bonn, Germany). Next, 100 pl PBS containing
rSbp at various concentrations were applied and incubated for one hour at room temperature.
After washing with PBS containing Tween-20 (0.05% [vol/vol]) bound rSbp was detected using
the rabbit anti-rSbp antiserum diluted 1:10,000 in PBS + Tween-20 (0.05% [vol/vol] and alka-
line phosphatase- (AP-) coupled goat anti-rabbit IgG (Dianova, Hamburg, Germany) as a sec-
ond antibody. After one hour incubation with AP substrate buffer (0.1 M glycine, 1 mM ZnCl,,
ImM MgCl,) containing AP substrate 477 (Sigma Aldrich, Munich, Germany) the absorption
at 405 nm (reference wave length 492 nm) was estimated using an ELISA plate reader. The un-
coated polystyrene surface served as a negative control. In competition experiments, PBS con-
taining rSbp (150 pg/ml) was incubated with various amounts of rDomain-B (0.4-100 pg/ml)
for one hour at 4°C. 100 pl of the mixture were loaded into rDomain-B-coated wells and bind-
ing of rSbp was estimated as described above. rSbp without prior incubation with rDomain-B
served as a reference control. Inhibition of rSbp binding was calculated using the formula (1—
A 405 rSbp w/rDomain-B / A 495 rSbp w/o rDomain-B) x 100.

RNA preparation and transcription analysis

For RNA preparation, overnight cultures in TSB were diluted 1:100 in fresh medium and incu-
bated in NunclonA 9 cm tissue culture dishes (Nunc, Roskilde, Denmark) at 37°C under static
conditions [50]. Total RNA was isolated from two dishes (20 ml) as described [51]. Quality of
isolated RN A was verified by an average optical density (OD) OD,¢,/OD,g, nm absorption
ratio of 1,92 (range 1,75-2,01).

For transcription analysis, RNA was digested with RNase-free RQ1 DNase (Promega,
Madison, USA) at a concentration of 1 U/ug RNA for 45 minutes at 37°C, and 500 ng RNA
were reverse transcribed with iScript cDNA Synthesis Kit (BioRad, Munich, Germany) follow-
ing the manufacturer’s instructions. PCR was performed on an iCycler thermal cycler (BioRad,
Munich, Germany) in 25 pl reaction volumes using iQ SYBR Green Supermix (BioRad, Mu-
nich, Germany) and commercially generated (MWG, Munich, Germany) icaA—specific prim-
ers [52] at a final concentration of 300 nM each. Cycling conditions for all experiments were as
follows: denaturation (95°C 5 min); 40 cycles of amplification and quantification (30 s at 95°C,
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30 s at 55°C, 30 s at 72°C, plate read); melting curve (65-95°C). Gradient PCR confirmed 55°C
as appropriate annealing temperature for all primers. All samples were run in triplicates in
each of three independent experiments. Relative expression levels were estimated as described
[53] with gyrB as internal control [54] and S. epidermidis 1457 as the calibrator. Identical am-
plification efficiency (E) for all primer pairs was assured by analyzing 10-fold serial dilutions of
genomic DNA [55].

Mouse foreign material infection model

A modification of the previously described mouse foreign material infection model [25,56] was
performed under a University of Nebraska Medical Center approved Institutional Animal Care
and Use Committee (IACUC) Protocol to PDF. Briefly, flanks of 8 week-old male C57BL/6
mice (National Cancer Institute) were shaved and the skin cleansed with povidone-iodine solu-
tion. A small incision was made in the skin and a one centimetre segment of polyethylene cath-
eter was aseptically implanted subcutaneously. The incision was sealed with Vetbond (3M;
Minneapolis, MN) and 107 CFU (in a 20 pl volume) of S. epidermidis was injected through the
skin into the catheter lumen. Seven days after inoculation, mice were sacrificed by CO, inhala-
tion, and the catheter and surrounding tissue were aseptically removed, processed, and plated
to determine bacterial burden.

Ethics statement

The immunization of rabbits using recombinantly expressed and purified rSbp was reviewed
and approved by the Animal Welfare Officer of the UK Hamburg-Eppendorf, the local ethics
committee and the licensing authority “Behérde fiir Gesundheit und Soziales (BGS) / Ham-
burg” (project licence number A10a/444_Immunisierung). Animals were treated in adherence
to the German animal welfare law and according to international recommendations (Schweizer
Bundesamt fiir Veterinarwesen, Richtlinie Tierschutz 3.04, 1999; Tierérztliche Vereinigung fiir
Tierschutz: Tierschutzaspekte bei der Immunisierung von Versuchstieren, 1991; Canadian
Council on Animal Care: guidelines on antibody production, 2002). The University of Ne-
braska Medical Center is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AALAC). All animals at the University of Nebraska
Medical Center are maintained in accordance with the Animal Welfare Act and the DHHS
“Guide for the Care and Use of Laboratory Animals.”

Supporting Information

S1 Fig. Analysis of Aap domain-A binding proteins in crude biofilm matrix preparations
from S. epidermidis 1457. Matrix preparations were loaded onto a sepharose column to which
recombinant Aap domain-A was coupled. Lane 1 shows the input protein preparation that was
loaded onto the column. Lanes 2-8: fractions collected during washing with PBS (pH 7.4).
Lanes 9-12: fractions collected during elution with Tris-HCI. Proteins were made visible by sil-
ver staining (Pierce silver stain kit). No Aap domain-A binding proteins were detected.

(TIF)

S2 Fig. SDS-PAGE analysis of protein preparations from mutants 1457AsarA and
1457Arnalll. Bacteria were harvested at defined time points, cell numbers were adjusted to an
identical Agqo, and cells from identical volumes were harvested and resuspended in 1x LDS
buffer. Proteins were extracted by incubation at 70°C for 5 minutes. Supernatants were loaded
onto a 10% SDS-PAGE and proteins were stained by Coomassie.

(TTF)
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S3 Fig. Analysis of Sbp surface accumulation. (A). Biofilm negative S. epidermidis mutant
1457-M10 was grown under static conditions in wells of a Non-adhesive polystyrol (NAP)
plate (Greiner, Frickenhausen, Germany) at 37°C. After 8 and 20 hours bacterial cell densities
were determined at 600 nm, and loosely adherent bacteria were then removed by washing with
200 pl PBS for four times. Remaining bacteria were then lysed by addition of 150 ul PBS con-
taining lysostaphin (15 U/ul) and incubation at 37°C for 2 hours. After an additional PBS
washing step, surfaces were blocked for 12 h at 4°C using Protein-free blocking buffer. Surface
located Sbp was next detected by using a rabbit anti-rSbp antiserum and anti-rabbit IgG cou-
pled to alkaline phosphatase, and absorption at 405 nm was measured. To normalize for differ-
ences in bacterial growth, A5 values were normalized against the A to give the relative Sbp
amount. Sbp-negative mutant 1457-M10Asbp was used as a negative control. Relative Sbp
amounts significantly differed between 8 h and 20 h (p<0.05; Bonferroni’s one-way ANOVA;
¥, p<0.001). Bars show mean of nine values obtained in three independent experiments.
Error bars represent standard deviation. (B) Spatial Sbp organization in biofilm-negative S. epi-
dermidis 1457-M10(pGFP). Gfp-producing bacteria were grown in TSB at 37°C. After 8 h
(Panel 1) and 20 h (panel 2) non-adherent bacteria were washed off and endogenous Sbp was
detected using an anti-rSbp antiserum and Alexa-568 labelled anti-rabbit IgG. A continuous
Sbp layer at the bacteria—substratum interface is already visible after 8 hours of growth (upper
zoom-in). After 20 h of growth, additional Sbp clusters become apparent (upper zoom-in).
Merged images of green (bacteria) and red (Sbp) channel are shown.

(TIF)

S4 Fig. Adhesion of S. epidermidis strain 1585, 185Asbp and the complemented mutant to
HaCaT keratinocytes. Columns represent mean of 10 values obtained in 5 independent exper-
iments, error bars depict standard error of mean. Differences between 1585 and 1585Asbp as
well as 1585Asbp and the complemented mutant were significant different (p<0.01, Wilcoxon
rank sum test).

(TIF)

S5 Fig. Construction and validation of mutant 1457Asbp and 1585Asbp. (A) Strategy for
construction of a sbp gene knock-out mutant. For construction of sbp knock-out mutants
DNA fragments located up-stream and down-stream of sbp were amplified, ligated and cloned
into pKORI. The plasmid was then introduced into S. epidermidis 1457 and used to create
markerless sbp knock-out mutant 1457Asbp. (B) PCR analysis using primers binding up- and
downstream of sbp (ABC_for 5'-GAAGTAGATTATACGATTACTACCATAGA-3’; CHP_rev
5'-ACTCAGAAAGATATGTCTAGCATAT-3'). A clear band shift is evident in sbp k.o. mu-
tant 1457Asbp. (C) Western blot analysis of cell surface associated proteins from S. epidermidis
wild types 1457 and 1585, the respective corresponding sbp knock-out mutants 1457Asbp and
1585Asbp, and the complemented mutants carrying pRBsbp. Sbp was detected using an anti-
rSbp-antiserum and anti-rabbit IgG coupled to peroxidase.

(TTF)

S6 Fig. Effect of labelled rSbp-DyLight550 on biofilm formation of mutant 1457Asbp. (A)
Spatial analysis of rSbp-DyLight550 added to Gfp-expressing S. epidermidis 1457 Asbp cultures
(final concentration 1.5 pug/ml). CLSM pictures were taken after 24 hours of growth. The right
panel shows a zoom into the boxed region, demonstrating the enrichment of rSbp-DyLight550
at the biofilm substratum interface as well as its presence within the biofilm matrix. Scale

bars = 6 um. (B) Induction of biofilm formation in 1457Asbp by labelled recombinant rSbp-
DyLight 550. Similar to results obtained in experiments using unlabelled rSbp, the addition of
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labelled rSbp induced biofilm formation in 1457Asbp to a quantity similar to wild type 1457.
(TIF)

S7 Fig. Effect of in trans sbp expression on biofilm phenotype of S. carnosus TM300. Consti-
tutive expression of Sbp in TM300(pRBsbp) (lower panel; Sbp detected by dot immune assays
[DIA] analysis of cell surface proteins using anti-rSbp) did not induce biofilm formation of bio-
film-negative TM300 wt.

(TTF)

S8 Fig. Relative icaA transcription in S. epidermidis 1457 Asbp and 1457Asbp(pRBsbp). icaA
transcription was assessed in three independent RNA-preparations from exponential growing
cultures of 1457Asbp and 1457Asbp(pRBsbp) by RT-PCR. Relative icaA transcription was de-
termined using wild type S. epidermidis 1457 as a calibrator. Horizontal lines indicate mean
down-regulation, error bars represent SEM. Significant differences compared to S. epidermidis
1457 (One-way ANOVA with Dunnett’s correction for multiple testing) are indicated

(**, p<0.01). n.s., not significant.

(TIF)

S9 Fig. Detection of Aap in S. epidermidis 1457-M10Aaap, 1457-M10Aaap(pRBDomain-
B), and 1457-M10AaapAsbp(pRBDomain-B). Cell surface proteins were separated by SDS-
PAGE, blotted onto a PVDF-membrane. Aap domain-B was detectect by chemiluminescence
using a rabbit anti-rDomain-B antiserum and anti-rabbit IgG coupled to POD. No apparent
quantitative differences in Aap domain-B amounts between 1457-M10Aaap(pRBDomain-B),
and 1457-M10AaapAsbp(pRBDomain-B) are visible.

(TIF)

$10 Fig. Linear association between surface localized S. epidermidis cell numbers and fluo-
rescence intensity. In order to set up an fluorescence based assay for quantification of surface
adherent bacteria 1457-M10(pGFP) was grown for 8 hours in TSB at 37°C, 180 rpm. Starting
with 108 CFU suspended in 100 pl PBS, serial dilutions were prepared and 100 pl of each
dilution was added to a well of a 96 well micro titer plate (Greiner, Frickenhausen, Germany).
Bacteria were collected at the bottom of the plate by centrifugation, and PBS was carefully dis-
carded. Surface adherent fluorescence was then determined at 485 nm excitation and 535 nm
emission wavelength using a spectrophotometer (Infinite M200, Tecan, Mannedorf, Switzer-
land) in top read operating mode. Fluorescence intensities [AU] were plotted against CFU, re-
vealing a linear association described by the formula CFU = 2562x[logFU-508].

(TIF)
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