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Staphylococcus aureus is the causative agent of various
biofilm-associated infections in humans causing major
healthcare problems worldwide. This type of infection is
inherently difficult to treat because of a reduced meta-
bolic activity of biofilm-embedded cells and the protective
nature of a surrounding extracellular matrix (ECM). How-
ever, little is known about S. aureus biofilm physiology
and the proteinaceous composition of the ECM. Thus, we
cultivated S. aureus biofilms in a flow system and com-
prehensively profiled intracellular and extracellular (ECM
and flow-through (FT)) biofilm proteomes, as well as the
extracellular metabolome compared with planktonic cul-
tures. Our analyses revealed the expression of many path-
ogenicity factors within S. aureus biofilms as indicated by
a high abundance of capsule biosynthesis proteins along
with various secreted virulence factors, including hemo-
lysins, leukotoxins, and lipases as a part of the ECM. The
activity of ECM virulence factors was confirmed in a he-
molysis assay and a Galleria mellonella pathogenicity
model. In addition, we uncovered a so far unacknowl-
edged moonlighting function of secreted virulence factors
and ribosomal proteins trapped in the ECM: namely their
contribution to biofilm integrity. Mechanistically, it was
revealed that this stabilizing effect is mediated by the
strong positive charge of alkaline virulence factors and
ribosomal proteins in an acidic ECM environment, which
is caused by the release of fermentation products like
formate, lactate, and acetate because of oxygen limitation
in biofilms. The strong positive charge of these proteins
most likely mediates electrostatic interactions with ani-
onic cell surface components, eDNA, and anionic metab-
olites. In consequence, this leads to strong cell aggrega-
tion and biofilm stabilization. Collectively, our study
identified a new molecular mechanism during S. aureus
biofilm formation and thus significantly widens the under-
standing of biofilm-associated S. aureus infections - an
essential prerequisite for the development of novel anti-
microbial therapies. Molecular & Cellular Proteomics
18: 1036-1053, 2019. DOI: 10.1074/mcp.RA118.001120.

Bacteria in nature can predominantly be found as surface-
attached, multicellular aggregates called biofilms, which are
embedded in a self-produced, extracellular matrix (ECM)* (1,
2). This matrix mainly contains polymeric substances like
polysaccharides, extracellular DNA (eDNA) as well as proteins
and varies in its composition depending on environmental
conditions and among different bacterial species (3). Com-
pared with planktonically cultivated bacteria, which poorly
represent natural conditions, biofilms show an altered growth
rate, metabolism, and gene expression profile (2). The re-
duced metabolic activity of biofilm-embedded cells and the
protective nature of the ECM, acting as a barrier against
antimicrobial agents and the host immune system, make bio-
films inherently difficult to treat thereby causing major health-
care problems (4, 5). Notably, it is estimated that 65 to 80% of
all human bacterial infections are biofilm-associated underlin-
ing the need for novel therapeutic strategies (6, 7).

The opportunistic pathogen Staphylococcus aureus repre-
sents a major cause of nosocomial infections and is well
known for its capacity to form biofilms on host tissues and
implants. This often leads to chronic infections, e.g. in pa-
tients suffering from osteomyelitis, endocarditis, cystic fibro-
sis or during catheterization (8—12). Generally, biofilm devel-
opment is characterized by three phases: primary surface
attachment, maturation, and biofilm dispersal (13). Moormeier
and colleagues suggested two more phases during S. aureus
biofilm development, which can be observed between the
attachment and maturation phase and are characterized by
intense cellular division (termed “multiplication”) followed by a
premature detachment of a biofilm subpopulation (termed
“exodus”) (14). Numerous studies mainly focused on elucidat-
ing individual molecular factors, which are crucial during these
biofilm formation steps of S. aureus. Thus, important roles in
adhesion to abiotic surfaces and host cells, as well as in
biofilm integrity and structuring have been described for pro-
teinaceous and nonproteinaceous factors. This includes mi-
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crobial surface components recognizing adhesive matrix
molecules (MSCRAMMSs, e.g. CflIAB, SdrCDE), fibronectin-
binding proteins FNBPAB, the autolysin AtlA, protein A, bio-
film-associated protein Bap, phenol-soluble modulins (PSMs),
proteases, nucleases, teichoic acids, the polysaccharide in-
tercellular adhesin (PIA), and eDNA. A complex regulatory
network of specific and global regulators tightly controls the
expression and synthesis of these molecular factors during
the different stages of biofilm growth. Major regulators in-
volved in biofilm formation are: AgrA and RNAIIl, Rot, SigB,
SarA, SaeRS, MgrA, IcaR, CodY, CcpA, Spx, CidR, Rbf,
LytSR, and TcaR (reviewed and summarized by (4, 15-18).

Global approaches can be particularly useful to unravel the
intricate interaction within these regulatory networks and to
identify proteins with important roles in biofilm formation.
However, so far only a few studies applied different omics
techniques to analyze S. aureus biofilm physiology (18-27).
These studies focused either on (1) static biofilm cultivation
models, (2) used obsolete omics technologies, or (3) lacked a
multi-omics approach. Most importantly, the composition of
the S. aureus ECM, particularly at the protein level, and the
role of these proteins during biofilm growth are still largely
unexplored.

Consequently, the here presented study aims at a compre-
hensive characterization of the intra- and extracellular (ECM
and flow-through (FT)) proteome, as well as the extracellular
metabolome of S. aureus biofilms cultured in a physiologically
highly relevant flow system (28) applying state-of-the-art om-
ics technologies. Moreover, we compared these biofilm pro-
tein and metabolite profiles to planktonic cells. Our analyses
identified a so far nondescribed, molecular mechanism during
biofilm formation, which uncovers moonlighting virulence fac-
tors and ribosomal proteins in the ECM as key players in
mediating biofilm integrity.

EXPERIMENTAL PROCEDURES

Strain and Growth Medium — All experiments were performed using
S. aureus HGOO1, which was described by Herbert et al., 2010 (29).
For all cultivations, RPMI 1640 medium (R7509, Sigma-Aldrich, St.
Louis) was used. The medium was supplemented with 2 mm gluta-
mine, 140 uM citrate, 7.5 um FeCl; and trace metals according to
Gertz et al., 1999 (30) and Dérries et al., 2013 (31).

Planktonic and Biofilm Cultivation for Omics Analyses— Planktonic
overnight cultures were grown in Erlenmeyer flasks filled with 10 ml
medium (liquid to air ratio 1:10) with vigorous agitation at 180 rpm and
37 °C for 18 h.

Planktonic main cultures were grown in Erlenmeyer flasks after
inoculation of 100 ml prewarmed medium (liquid to air ratio of 1:5) to
an ODsqg nm Of 0.06 using a fresh overnight culture. The cultures were
subsequently incubated at 180 rpm and 37 °C for 12 h.

Biofilm cultivation was performed at 37 °C in a continuous flow
reactor system adapted from Dohnt et al., 2011 (32) and Brady et al.,

" The abbreviations used are: ECM, extracellular matrix; FT, flow-
through; eDNA, extracellular DNA; CLSM, confocal laser scanning
microscopy; pl, isoelectric point; LFQ, label-free quantification;
(NIBAQ, (relative) intensity-based absolute quantification.

2006 (33), which consists of a medium bottle, a multichannel pump, a
drop trap, a silicon tube for biofilm growth (4 mm inner diameter, 1 m
length, VWR, Darmstadt, Germany) and a waste bottle (supplemental
Fig. S1). Before inoculation, the system was filled with growth me-
dium and equilibrated overnight. To inoculate the system, S. aureus
cells were precultivated for 5 h in a planktonic main culture as de-
scribed above, diluted in fresh, prewarmed medium to an ODgq ,y, Of
0.1 and injected into the silicon tube using a luer-lock syringe. This
precultivation step increased attachment reproducibility compared
with inoculation using cells of an overnight culture. After inoculation,
the system was left without medium flow for 1 h to allow attachment
of the cells. Subsequently, biofiim cultivation was started with a
continuous medium flow of 25 ml/h (corresponding to 2 m/h and a
retention time of 30 min) for 12 h.

Sample Collection and Protein Extraction—Sample collection for
intracellular (planktonic and biofilm) and extracellular (planktonic, bio-
film ECM and biofilm flow-through (FT)) proteome analysis of the
cultures was carried out after 12 h. All sampling and protein extraction
steps were performed on ice.

Planktonic cells were harvested and pelleted by centrifugation at
7000 X g and 4 °C for 10 min, and the supernatant was collected. The
cell pellet was washed twice (resuspended and vortexed for 2 min
(34)) using ice-cold high salt Tris-buffer according to Rice et al., 2007
(35) and Bose et al., 2012 (36): 50 mm Tris-HCI, 10 mm EDTA, 500 mm
NaCl, pH 8. The resulting supernatants of the washing steps were
pooled with the supernatant of the initial centrifugation step and
filter-sterilized (0.45 wm cut off, Sarstedt AG, Nirnberg, Germany).
The supernatants and the remaining cell pellets were stored at
—70 °C for further analysis.

For biofilm FT samples, the medium eluting from the flow system
was collected on ice for 20 min, centrifuged, sterile filtered and stored
as described above.

To obtain intracellular and ECM samples of the biofilm, the biofilm
tube content was transferred in a centrifugation tube, centrifuged as
described above and the supernatant was collected. In a next step,
the remaining cell pellet was washed twice with high salt TE-buffer as
described for planktonic samples, to effectively separate the ECM
from the cells. The cell suspension was centrifuged again and the
resulting supernatants containing ECM proteins were pooled with the
supernatant of the initial centrifugation step, filter sterilized and stored
for further analysis as described above. Applying this method, intra-
cellular protein and metabolite contaminations caused by cell lysis
were avoided, which was verified by CFU counting and metabolic
footprint analysis comparing samples before and after the separation
step (data not shown).

Intracellular protein extracts from the planktonic and biofilm cell
pellets were prepared as already described (37, 38) with slight mod-
ifications: cells were resuspended in 1 ml TE-buffer followed by
mechanical disruption with 500 ul glass beads (0.1 to 0.11 mm,
Sartorius Stedim Biotech, Géttingen, Germany) in 3 homogenization
cycles at 6.5 m/s for 30 s using a FastPrep-25 homogenizer (MP
Biologicals, Santa Ana, California). Cell debris and glass beads were
removed by centrifugation at 20,000 X g and 4 °C for 10 min. Insoluble
and aggregated proteins were removed by an additional centrifugation
step at 20,000 X g and 4 °C for 30 min (37, 38). The resulting intracel-
lular protein extracts were stored at —70 °C for further analysis.

Planktonic extracellular proteins, as well as biofilm ECM and bio-
film FT proteins were enriched using StrataClean beads as described
by Bonn et al., 2014 (39) with slight modifications. Briefly, 20 pul
aliquots of the beads were washed twice with 500 ul TE-buffer for
StrataClean beads (TEgc, 50 mm Tris-HCI, 10 mm EDTA, pH 8) with
intermitted centrifugation at 6000 X g and room temperature (RT) for
2 min. Subsequently, beads were primed by incubation in 200 ul HCI
at 100 °C for 6 h and washed twice with 1 ml TEgs-buffer. For protein
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enrichment, beads were incubated with culture supernatants at 4 °C
on a rotating tube shaker overnight. Loaded beads were pelleted at
10,000 X g and 4 °C for 15 min, washed twice with 500 !l PBS buffer
(137 mm NaCl, 0.2 mm KCI, 10 mm Na,HPO,, 1.8 mm KH,PO,, pH 7.4)
and dried in a vacuum centrifuge (Eppendorf AG, Hamburg, Germany)
for 20 min.

Sample Preparation for MS/MS Analysis—The concentration of
intracellular protein extracts was determined according to Bradford et
al., 1967 (40) using Roti®-Nanoquant (Roth, Karlsruhe, Germany)
following the manufacturer’s instructions. Extracellular/ECM/FT pro-
tein amounts loaded on the beads were determined by BCA-assay
(ThermoFisher Scientific, Waltham, MA) described by Smith et al.,
1985 (41) according to manufacturer’s instructions using the standard
protocol with additional shaking at 1500 rpm to avoid bead sedimen-
tation. Protein amounts of 25 ug per sample were boiled for 10 min at
95 °C and subsequently separated on a 4-12% SDS-polyacrylamide
gradient gel (Criterion, BioRad, Munich, Germany). The gel was fixed
for 30 min in fixation solution (10% (v/v) acetic acid, 40% (v/v) etha-
nol), washed twice for 10 min in water and stained with Colloidal
Coomassie Brilliant Blue G-250 as previously described (42, 43). After
removing excessive Coomassie stain from the gel using water, gel
lanes of intracellular and extracellular/ECM/FT samples were fraction-
ated into 10 and 5 gel pieces, respectively, cut into gel blocks of ~1
mm? and prepared for MS/MS analysis as follows. Gel blocks were
transferred into low binding tubes and washed/destained 5 times with
900 ul gel washing buffer (0.2 m NH,COg4 in 30% (v/v) acetonitrile) at
37 °C in a tube shaker (Eppendorf AG) at 1500 rpm for 15 min.
Destained gel blocks were dried in a vacuum centrifuge for 30 min,
covered with trypsin solution (2 ng/ml, Promega, Madison) and incu-
bated at 37 °C overnight for protein digest. Subsequently, 100 ul
water was added, and peptides were eluted by treatment in an
ultrasonic bath for 15 min. The supernatant was transferred into a
fresh low binding tube, desiccated in a vacuum centrifuge and pep-
tides were stored at —70 °C. Before MS/MS analysis, peptides were
resolubilized adding 10 ul of 0.1% (v/v) acetic acid and transferred
into glass vials.

MS/MS Analysis—Tryptic peptides were subjected to liquid chro-
matography (LC) separation and electrospray ionization-based mass
spectrometry (MS) measurement applying adjusted injection volumes
for each gel fraction of intracellular samples to reach maximum in-
tensities. Injection volumes for extracellular samples were kept con-
stant. Peptides were loaded on a self-made analytical column (Aeris
PEPTIDE 3.6 um XB - C18 (phenomenex), OD 360 um, ID 100 um,
length 20 cm) and eluted by a binary nonlinear gradient of 5-75%
acetonitrile in 0.1% acetic acid over 80 min with a flow rate of 300
nL/min. LC-MS/MS analyses were performed on an LTQ-Orbitrap-
Velos mass spectrometer (ThermoFisher Scientific) coupled to an
EASY-nLC 1000. For MS analysis, a full scan in the Orbitrap with a
resolution of 30.000 and mass deviation of 0.5 Da was followed by
CID MS/MS experiments of the 20 most abundant precursor ions
acquired in the linear ion trap with a mass tolerance of 20 ppm.

MS Data Analysis—Database search, as well as label-free quanti-
fication (LFQ) and intensity-based absolute quantification (iBAQ), was
performed using the MaxQuant software suite (version 1.6.0.16, Max
Planck Institute of Biochemistry, Martinsried, Germany) running the
built-in Andromeda search engine (Max Planck Institute of Biochem-
istry) (44-47). The database used was downloaded from UniProt on
January 24th, 2018 (Proteome ID UP000008816) and contains 2889
protein sequences of S. aureus NCTC8325 (representing the parental
strain S. aureus HGOO01 was derived from). The entry for protein RsbU
was replaced by the corresponding sequence of S. aureus Newman
because rsbU has been repaired in strain HGO01 by Herbert and
colleagues (29). Common laboratory contaminants and reversed se-
quences were included by MaxQuant. Database search parameters

were set as follows: Trypsin/P specific digestion (KR) with two al-
lowed missed cleavages, peptide tolerance 20 ppm, fragment ion
tolerance 4.5 Da, methionine oxidation (15.99 Da) as a variable mod-
ification, peptide spectral match FDR 1% and protein FDR 1%. No
fixed modifications were included. LFQ was performed using the
following settings: LFQ minimum ratio count 2 considering unique and
razor peptides for quantification. Match between runs was enabled
with a match time window of 0.7 min and an alignment time window
of 20 min.

Results were filtered for proteins identified with 2 or more unique
peptides in at least 2 out of 3 biological replicates. LFQ intensities of
intracellular and extracellular/ECM/FT proteome data were used to
calculate log2 ratios between biofilm and planktonic samples. No
further adjustments for systematic errors were applied. For proteins of
intracellular samples, which were identified in 3 out of 3 biological
replicates, these log2 ratios were then visualized in Voronoi treemaps
(48, 49) using the Paver software (DECODON GmbH, Greifswald,
Germany) based on functional assignment of the SEED database (50)
or based on regulon maps (51) created by Moche et al., 2014 (18),
respectively. For extracellular/ECM/FT data, treemaps were created
based on subcellular localization predicted by PSORTb (52) and
theoretical pl values extracted from AureoWiki database (53). Predic-
tions by PSORTb were manually cured based on published localiza-
tion studies, and LocateP (54) and SignalP (55) predictions. riBAQ
values were calculated (47) and used to correlate treemap cell sizes
with protein abundance.

Metabolic Footprint Analysis—For metabolic footprint analysis us-
ing "H-nuclear magnetic resonance ("H-NMR) spectroscopy, plank-
tonic and biofilm samples were harvested on ice after 12 h of culti-
vation, sterile filtered (0,45 wm cut off, Sarstedt AG, Nirnberg,
Germany) and stored at —20 °C before measurement. For biofiim
cultures, ECM samples were collected as described above. More-
over, 1 ml of the FT was collected on ice and prepared as described
above. Samples were then thawed at RT, and 400 ul were mixed with
200 pl of sodium hydrogen phosphate buffer (0.2 mol/L, pH 7.0) made
up with 50% D,0, including 1 mm 3-trimethylsilyl-[2,2,3,3-D,]-1-pro-
panoic acid for "TH-NMR analysis (31). Samples were analyzed using
a Bruker AVANCE-II 600 NMR spectrometer operated by TOPSPIN
3.2 software. Qualitative and quantitative data analyses were car-
ried out using AMIX v3.9.12 software (Bruker Biospin GmbH,
Rheinstetten, Germany).

Nitrate concentrations were measured by applying 10 ul cell-free
culture supernatant on colorimetric nitrate test stripes (Merck, Darm-
stadt, Germany). Self-made standards with nitrate concentrations
ranging from 0-250 mg/L NO;~ served as controls.

Biofilm cultivation for CLSM analysis. To analyze biofilms using
confocal laser scanning microscopy (CLSM), flow chambers with
three individual growth channels (1 X 4 X 40 mm per channel) were
prepared as described by Sternberg and Tolker-Nielsen, 2006 (56).
Flow chambers were filled with growth medium overnight to equili-
brate the chambers. Each channel of the flow chambers was inocu-
lated with 300 ul of an overnight culture, which was diluted to an
OD,,, . of 0.01 using fresh, prewarmed growth medium. For inocu-
lation, a small syringe was used. The flow chambers were left without
flow for 1 h to allow bacterial attachment. Subsequent biofilm culti-
vation was performed with a flow rate of 3 ml/h (0.2 mm/s) for 12 h
using a Watson-Marlow 205S peristaltic pump (Watson-Marlow
GmbH, Rommerskirchen, Germany). Biofilms were stained with 5 um
Syto9 (prepared in 0.9% NaCl, ThermoFisher Scientific) without flow
for 15 min. Subsequently, the biofilms were washed under flow for 15
min.

To elucidate the influence of ECM components on biofilm stability,
established biofilms were treated as follows. For enzymatic digestion
of ECM proteins, biofilims were incubated with Proteinase K (100
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ng/ml in growth medium, ThermoFisher Scientific) without flow at
37 °C for 2 h according to Seidl et al., 2008 (57). Treated biofilms were
challenged by elevated shear forces applying an increased flow rate
(80 ml/h) for 5 min before CLSM analysis. To analyze biofilm stability
under alkaline conditions, established biofilms were subjected to an
increased flow of growth medium adjusted to pH 12 as described
above. For all treatments, fresh growth medium served as controls.
CLSM images were acquired after 0, 2 and 5 min of increased flow
using a Zeiss LSM 510 CLSM (Carl Zeiss, Jena, Germany) equipped
with a water corrected 63X/NA1.2 objective and filter and detector
settings for monitoring Syto9 fluorescence (excitation at 488 nm using
an Ar-laser, emission light selected with a 505-550 nm bandpass
filter). Image acquisition was performed using the ZEN 2009 software
(Carl Zeiss) with z-stack sections of 0.5 um. Three-dimensional re-
construction of z-stacks was done using the AMIRA software (version
6.0.1, ThermoFisher Scientific).

To visualize eDNA within the ECM, freshly grown biofilms were
stained with the eDNA-specific stain Toto-1 (5 uMm) and Syto62 (10 um)
as a counterstain (both prepared in 0.9% NaCl, ThermoFisher Scien-
tific). Biofilm staining and washing was carried out in the dark for 15
min as described above. For biofilm and eDNA visualization, image
acquisition was performed as described above with filter and detector
settings for monitoring of Syto62 fluorescence (excitation at 633 nm
using an HeNe-laser, emission light selected with a 650 nm longpass
filter) and Toto-1 fluorescence (excitation at 514 nm with an Ar-laser,
emission light selected with a 505-550 nm bandpass filter).

Cell Aggregation Test—The cell aggregation test was performed
using biofilm-grown cells, which were cultivated, harvested, and pel-
leted as described for omics analysis. Subsequently, cell pellets were
resuspended in the following solutions, which were adjusted to either
pH 8 or pH 5.5: (1) planktonic or biofilm culture supernatant contain-
ing extracellular/ECM proteins, (2) fresh medium supplemented with
bovine serum albumin (BSA, pl = 4.7, Sigma-Aldrich) or bovine cy-
tochrome C (CytC, pl = 10.0, Sigma-Aldrich), (3) BSA or CytC sup-
plemented growth medium plus DNA (S. aureus cDNA). The concen-
trations of control proteins and DNA used were: proteins = 50 pug/ml,
DNA = 25 pg/ml. Cell suspensions of ODsqq ,ry 10 Were prepared and
incubated at RT for 1 min. Cells were stained with 5 um Toto-1 and 10
uM Syto62 (ThermoFisher Scientific) for 15 min in the dark. Four
microliters of these cell suspensions were applied on a thin layer of
1.5% agarose in 0.9% NaCl, which was mounted on a microscope
slide. Fluorescence microscopy images were acquired and pro-
cessed using a Zeiss Imager M2 (Carl Zeiss) equipped with a 100x/NA
1.3 oil immersion objective and the ZEN 2011 software package (Carl
Zeiss).

Test for Osmotic Stress Resistance—Planktonic and biofilm cells
were cultivated as described for omics analyses and used to test
osmotic stress resistance. To this end, Erlenmeyer flasks filled with 10
ml prewarmed RPMI-Medium supplemented with 3 and 4 m NaCl,
respectively, were inoculated to an ODgyq ,,, Of 0.05. It was micro-
scopically verified that no cell aggregates were used for inoculation or
developed during the experiment ensuring meaningful CFU counting
results. Subsequently, cultures were incubated at 37 °C and 180 rpm
following counting of surviving CFU every 24 h for 3 days.

pH Determination—Samples were collected as described for omics
analysis. pH values of the biofilm FT and planktonic cultures were
measured using a pH meter (pHenomenal pH1000L, VWR). To be able
to determine the pH directly within the ECM, growth medium within
silicon tubes was carefully removed by allowing air to enter the tube
at a flow rate of 3 ml/h followed by biofilm sampling and centrifugation
as described above. The pH of the resulting supernatant was meas-
ured using pH-indicator stripes ranging from pH 4.0-7.0 (Merck).

Galleria mellonella Pathogenicity Model—G. mellonella experi-
ments were carried out according to Hill et al., 2014 with slight

modifications (58). Larvae weighing ~300-400 mg were disinfected
in 70% ethanol for 3 s and allowed to dry. Subsequently, 5 ul of
cell-free culture supernatant (corresponding to 40 ng protein) were
injected in the last left proleg of 15 larvae per sample using a 10 pul
Hamilton syringe. Five microliters growth medium supplemented with
8 ng/ml BSA and noninfected larvae served as controls. The larvae
were incubated at 37 °C for 68 h with intermediate counting of sur-
viving animals.

Hemolysis Assay—Hemolysis assays were performed as described
by Lauderdale et al., 2009 using samples collected as described
above for omics analysis (59). Briefly, 0.5 ml rabbit blood (Fiebig
Néahrstofftechnik, Idstein-Niederauroff, Germany) was pelleted
(6000 X g, RT, 5 min) and resuspended in 12.5 ml growth medium.
This suspension was mixed 1:1 with biofilm samples followed by an
incubation at 37 °C for 10 min. Growth medium and 0.2% SDS
prepared in growth medium served as negative and positive controls,
respectively. Samples were centrifuged (6000 X g, RT, 5 min), the
supernatant was transferred in a 96-well microtiter plate and absorb-
ance was measured at 540 nm in a microtiter plate reader (Synergy
MX, BioTek Instruments, Winooski).

Experimental Design and Statistical Rationale —We decided to use
an integrated multi-omics approach combining state-of-the-art pro-
teomics and metabolomics techniques and phenotypic verification
experiments to shed light on vital physiological processes in the
cytoplasm and the ECM of biofilm forming cells (Fig. 1). Therefore,
intra- and extracellular proteome analysis of planktonic cultures and
intracellular, ECM and FT proteome analysis of biofilm cultures were
performed of three biological replicates resulting in a total of 15
individual samples. All samples were prepared in parallel before LC-
MS/MS analysis, which was performed in a randomized order. For
metabolic footprint analysis, samples of four biological replicates
were measured. Phenotypic experiments, including testing of osmotic
stress resistance and hemolytic activity, as well as measurement of
OD values and pH values were carried out in three biological repli-
cates. In the G. mellonella pathogenicity model, culture supernatants
of one biological replicate were used to inject 15 larvae per sample. All
microscopy analyses were performed in biological duplicates. Images
of 15 randomly selected areas were acquired. Thereof, a represent-
ative image of each condition and time point is shown.

Statistical significance was assessed by Student’s t test and
ANOVA using Excel (version 15.32, Microsoft Corporation, Redmond)
for normally distributed proteome data by applying p values of 0.05.
GraphPad PRISM (version 8, GraphPad Software, La Jolla) was used
for data analysis of metabolome and phenotypic analyses. p values
are provided in each figure legend.

RESULTS AND DISCUSSION

Low metabolic activity of biofilm-embedded cells, as well
as the ECM acting as a protective barrier against antimicrobial
compounds and the host immune system, make biofilm-as-
sociated infections extremely difficult to treat. Although S.
aureus has been recognized as one of the most frequent
causes of biofilm-associated infections, its biofilm physiology
and particularly the ECM composition are poorly understood.

Experimental Design—To comprehensively characterize
important physiological processes during biofilm formation of
S. aureus, we used an integrated multi-omics approach,
which combines state-of-the-art proteomics and metabolo-
mics techniques. We compared intracellular and extracellular/
ECM/FT protein profiles, as well as ECM and FT metabolite
profiles of S. aureus biofilms with intracellular and extracellu-
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12 h
Cultivation

Fic. 1. Schematic overview of the
experimental design. Intracellular, ECM
and FT protein profiles of 12 h biofilm
cultures grown under flow conditions
were compared with intracellular and ex-
tracellular protein profiles of 12 h plank-
tonic batch cultures. These data were
complemented by metabolic footprint
analysis followed by verification of the
omics data by different phenotypic analy-
ses e.g. including a G. mellonella patho-
genicity model and microscopy. ECM =
Extracellular matrix, FT = Flow-through.

Proteome
Analysis

Metabolome

Analysis

Verification

of omics
Data

lar protein profiles and extracellular metabolites of their plank-
tonic counterparts. Moreover, we complemented these omics
data by phenotypic analyses of biofilm and planktonic cells. A
workflow summarizing our approach is shown in Fig. 1. All
identified intracellular, extracellular/ECM/FT proteins together
with detailed information on peptide and protein identification
have been deposited to the ProteomeXchange consortium
(http://proteomecentral.proteomexchange.org/cgi/GetDataset)
via the PRIDE partner repository with the data set identifier
PXD011157 (see data availability section).

To this end, we established a cultivation system enabling us
to investigate S. aureus biofilms grown under flow conditions,
which reflects the natural environment more accurately com-
pared with static biofilm cultivation models and which allows
us to cultivate high amounts of biomass needed for proteome
analysis (especially of the ECM).

It is generally believed that the physiology of mature bio-
films resembles that of stationary, planktonic batch cultures
(60-63), which are therefore an adequate reference for com-
parative omics-analyses of biofilm and planktonic cells.
Hence, as a starting point, we were testing after which time
period our biofilm and planktonic cultures represented mature
biofilms and stationary cells, respectively. In contrast to other
studies that analyzed biofilms over a time period of several
days (21, 22, 64), we found that our biofilms matured relatively
early, i.e. after 12 h of growth. This might be because we
used, in contrast to the above-mentioned studies, a nutrient-
rich medium leading to a quick maturation of S. aureus bio-
films in our experimental flow setting. Planktonic cultures
were harvested 12 h post-inoculation as well, after which they

Biofilm Planktonic

Vs.

Flow-Biofilms in Tubes

Batch Cultures

A) Intracellular vs. Intracellular

B1)
B2)

Extracellular (ECM)
Extracellular (FT)

vs. Extracellular

A1)  Extracellular (ECM)

vs. Extracellular

A2)  Extracellular (FT)

e.g. G. mellonella Pathogenicity Model,
Microscopy, Hemolysis

reached the stationary phase. Interestingly, 36 h old flow
cultures revealed a dying biofilm characterized by increased
cell lysis as indicated by a high abundance of the major
autolysin Atl (20, 90), decreased biofilm mass and a substan-
tially higher amount of intracellular proteins within the ECM
(data not shown).

Biofilm Cells Show a Similar but Less Pronounced Nutrient
Limitation Response Compared with Planktonic Stationary
Cells—To establish our biofilm flow system, we optimized
cultivation settings (e.g. tube length and flow rate) in prelimi-
nary experiments to avoid nutrient depletion and concomitant
physiological heterogeneities of the cells along the biofilm
tube. According to our metabolome data, this was success-
fully achieved, because neither glucose nor the amino acids of
the growth medium were completely depleted in the biofilm
FT (supplemental Fig. S2).

A clear starvation response was observed in planktonic
cells, because our metabolome data revealed depletion of
glucose and amino acids (supplemental Fig. S2). In agreement
with previously published studies (68, 91), this starvation re-
sponse was indicated by our proteome data showing an
increased abundance of proteins belonging to regulons con-
trolled by the carbon catabolite protein A (CcpA), the pleio-
tropic repressor CodY and CymR, a regulator of sulfur me-
tabolism (65-67) (supplemental Table S1, supplemental Fig.
S3). For example, gluconeogenesis (e.g. GpmA, PckA, PycA)
and TCA cycle enzymes (e.g. PdhABC, SucABD, SdhA,
FumC), as well as amino acid biosynthesis proteins (e.g.
LysAC, MetCEFI, LeuABCD, SerA, TrpBCDE), and oligopep-
tide uptake proteins (e.g. Opp-3ABCDF) were strongly up-
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regulated in stationary planktonic cells compared with biofilm
cells. Furthermore, as expected under glucose-limited condi-
tions, glycolysis enzymes were less abundant in planktonic
cultures (e.g. Pgi, PfkA, TpiA, GapA, Eno), (supplemental Ta-
ble S1, Fig. 2). However, differences in abundance of glycol-
ysis/gluconeogenesis and TCA cycle enzymes were rather
small. This observation agrees with the hypothesis that
deeper layers of the biofilm might also face glucose starvation
because of nutrient competition within the biofilm.

Interestingly, iron acquisition proteins of the Fur regulon
were found more abundant in planktonic cultures (supple-
mental Table S1, supplemental Fig. S3), including e.g. iron
transporters (SirA, HtsA) and proteins for biosynthesis of the
siderophore staphylobactin (SbnEF). Consequently, it can be
concluded that iron limitation is more pronounced in plank-
tonic cultures compared with biofilms.

Collectively, these results suggest that the biofilm cells in
our setting also experience nutrient limitation albeit to a lesser
degree than the stationary planktonic cells. This can intuitively
be explained by the nutrient supplying properties of a flow
system, which supports the outer cells of the biofilm with
enough nutrients during the entire experiment. The deeper
layers of the biofilm, however, are likely to suffer from nutrient
limitation. Because it was not possible in our experimental
setup to analyze outer and inner biofilm cells separately, our
proteome data reflect the mean abundance of the detected
proteins for a rather heterogeneous population of cells. Nev-
ertheless, dominant physiological effects that are character-
istic for the biofilm cells can still be identified. This was par-
ticularly obvious for fermentation pathways, which will be
explained in the following section.

Oxygen Limitation in Biofilms Leads to ECM Acidification—
Biofilms are organized as densely packed communities mak-
ing it intuitive that nutrient and oxygen availability throughout
the biofilm is gradually decreasing and limited in deeper layers
because of consumption and diffusion impairment. Especially
oxygen limitation has been described for biofilms of various
species (18, 21, 24, 68-70). Because of the higher cell den-
sities reached during biofilm growth compared with plank-
tonic growth, we expected to observe oxygen limitation also
in our flow biofilms (supplemental Fig. S4).

Indeed, the proteome and metabolome data clearly re-
vealed oxygen limitation in S. aureus biofilms indicated by the
strong and significant accumulation of enzymes involved in
mixed acid and 2,3-butanediol fermentation (e.g. lactate de-
hydrogenase Ldh1, alcohol dehydrogenase Adh1, pyruvate
formate lyase PfIB, acetolactate synthase BudB), and fermen-
tation products like formate, lactate, ethanol, and 2,3-butane-
diol (supplemental Table S1, Fig. 2, supplemental Fig. S5A). In
addition to fermentation, S. aureus can use nitrate respiration
for energy production during oxygen-limited conditions. Our
proteome data clearly showed an accumulation of enzymes
required for nitrate respiration in biofilms (NarJGH, NasDEK)
(supplemental Table S1, Fig. 2). Furthermore, nitrate con-

sumption was observable only in the biofilm but not in plank-
tonic cultures (supplemental Fig. S5B). The fermentation and
nitrate respiration proteins are part of the Rex and the NreC
regulon, respectively. Both regulators were also found up-
regulated in biofilms underlining the importance of these regu-
lons during biofilm growth (supplemental Fig. S3).

We further observed that the reduced oxygen availability in
biofilms impacts proteins of the oxidative stress response,
which were found less abundant compared with planktonic
cells. This includes superoxide dismutase SodA, catalase
KatA, alkyl hydroperoxide reductase AhpC, DNA protection
protein Dps, and the glutathione peroxidase BsaA (supple-
mental Table S1, Fig. 2). Furthermore, proteins of the nitrosa-
tive stress response accumulated in biofilm cells (e.g. Hmp,
ScdA, SrrAB) probably because of increased reactive nitrogen
species production during nitrate respiration (71). As an ad-
ditional consequence of oxygen limitation and nitrosative
stress within biofilms, proteins of the SrrAB regulon involved
in electron transport chain maintenance (cytochrome ¢ and
quinol oxidase assembly, as well as heme biosynthesis:
CydAB, QoxABC, and HemBCDEHLQ) were found more
abundant in biofilms (supplemental Table S1, Fig. 2). The
importance of SrrAB in static S. aureus biofiims was also
shown by Kinkel et al., 2013 (71).

Most importantly, the accumulation of strong acids upon
fermentative metabolism in S. aureus biofilms leads to local
acidification, which was confirmed by pH measurements re-
vealing a local pH of ~5.5 in the ECM compared with a pH of
7.6 in the FT, 7.5 in planktonic cultures and 8 in fresh growth
medium (Fig. 3A). No acidification of the biofilm FT and plank-
tonic cultures can be explained by dilution effects and the
buffering properties of the growth medium. Notably, the ob-
served acidification effect within the ECM is perfectly in line
with results of other studies investigating S. aureus biofilms,
where decreased pH values were observed (24, 26, 72-74).
Interestingly, we did not observe an upregulation of proteins
involved in the arginine deiminase and urease pathway, which
were reported to counteract local acidification in S. aureus
biofilms (supplemental Table S1, Fig. 2) (21, 26, 75, 76). This
supports our proposed model of an acidified ECM environ-
ment playing a major role in mediating biofilm stability as
explained in the following two sections.

S. aureus Biofilms Express High Amounts of Virulence Fac-
tors—Next, we were interested in the exact composition of
the ECM at the proteome level because it has been frequently
reported that proteins are an important component of the
ECM of clinical biofilm forming strains (26, 37, 38, 121-125).
Moreover, the ECM represents a permeability barrier for many
antimicrobial molecules and thus understanding its composi-
tion can help to develop novel antimicrobial strategies.

Approximately 30% of the total protein amount we found in
the S. aureus ECM represented secreted extracellular pro-
teins. However, the most abundant protein class in the ECM
were intracellular proteins (~60%), which are primarily repre-
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Fic. 3. Phenotypic analyses of S. aureus cells and culture supernatants derived from flow biofilms and planktonic cultures grown for
12 h. A, pH values of a medium control, planktonic, biofilm ECM, and biofilm FT samples are indicated as the mean = S.D. of quadruplicate
experiments. B, Hemolysis assay of a growth medium control, 0.2% SDS as a positive control, cell-free biofim ECM and FT samples,
respectively. Data are displayed as mean values + S.D. of triplicate experiments. C, G. mellonella larvae were injected with 5 ul of cell-free
biofilm ECM or FT samples, respectively. Noninjected larvae and growth medium supplemented with BSA served as controls. The survival of
15 larvae per experiment was monitored for 68 h. D, Freshly cultivated biofilm and planktonic cells were used to inoculate fresh growth medium
supplemented with 3 M and 4 m NaCl, respectively. CFU were determined after 0, 24, 48, and 72 h. Data are displayed as mean values + S.D.
of triplicate experiments relative to the CFU (100%) of time point 0 h. * = p < 0.05, ** = p < 0.01, ** = p < 0.001, *** = p < 0.0001. ECM =

Extracellular matrix, FT = Flow-through.

sented by ribosomal proteins (~42% thereof, which corre-
sponds to 25% of total ECM protein) (Fig. 4, Fig. 5A and
supplemental Fig. S6). This can probably be explained by cell
lysis within the biofilm or alternatively, as recently suggested,
via nonclassical protein export by a yet unknown pathway
(77). Interestingly, it has been proposed that intracellular pro-
teins might contribute to pathogenicity by mediating binding
to host matrix proteins and host cells (78). Cell lysis in biofiims
is a well-reported phenomenon, which is mediated by the
major autolysin Atl and the holin/antiholin system CidABC and
LrgAB in S. aureus (35, 79-81). Interestingly, these proteins
were not upregulated in our 12 h biofilms (supplemental Table
S1). However, Atl was significantly upregulated in the 36-h

biofilm, which was accompanied by strong lysis and accumu-
lation of intracellular proteins in the ECM (data not shown).
However, proteins with the highest abundance level in the
ECM were extracellular proteins, which are primarily repre-
sented by virulence factors including e.g. hemolysins (Hla,
HIgBC, HId), a phenol-soluble modulin (Psma1), leukotoxins
(LUKGH), lipases (Geh, Plc), and the extracellular adherence
protein (Eap/Map) (supplemental Table S2, Fig. 4, supplemen-
tal Fig. S6). Compared with extracellular planktonic samples,
most of these virulence factors accumulate at a significantly
higher amount in biofiim ECM samples (supplemental Table
S2, Fig. 4). All these virulence factors were attributed to fulfill
specific functions in S. aureus pathogenesis (82-85). Our

Fic. 2. Voronoi treemaps visualizing expression profiles of intracellular proteins in biofilms compared with planktonic cultures.
Proteins found in MS analyses are displayed as single cells, which are functionally clustered in three hierarchical levels according to the Seed
database: first level = upper left panel, second level = upper right panel, third level = bottom panel. Differences in protein abundance are
indicated in the bottom panel by a color code based on LFQ intensities: orange = proteins more abundant in biofilms, blue = proteins more
abundant in planktonic cultures, light gray: no difference in protein abundance.
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Fic. 5. Amount of proteins with different subcellular localizations and differences in the average pl. A, Relative abundance of proteins
with different subcellular localizations (predicted by PSORTb and manually cured: Cytoplasmic, Extracellular and Miscellaneous = Cytoplasmic
membrane, Cell wall, no significant prediction) and different pl values, which were identified in extracellular planktonic samples, biofilm ECM
and biofilm FT samples. The relative protein abundance was calculated based on riBAQ values. B, The average isoelectric point (pl) was
calculated and normalized by protein abundance based on riBAQ values. Data are displayed as mean values = S.D. of triplicate experiments.

pl values were extracted from the AureoWiki database. ns = not significant, * =

p < 0.05, ™ = p < 0.01, ™ = p < 0.001, ** = p < 0.0001.

ECM = Extracellular matrix, FT = Flow-through.

findings are consistent with other studies, which observed an
accumulation of LUkAB and Hla in in vivo S. aureus biofilm
models (86-88). In contrast, studies using static biofilm cul-
tivation models often did not identify elevated expression of
virulence factors (18, 25, 26, 72), which seems to be an
important difference between biofilms cultivated under static
and flow conditions, respectively.

Many virulence factors that we found more abundant in
biofilms are controlled by the quorum sensing responsive agr
locus and the transcription factor SarA (18, 64, 89). However,
proteins of the agr system or SarA were not significantly more
abundant in biofilms compared with planktonic cells (supple-
mental Table S1, supplemental Fig. S3). We speculate that
protein expression of the agr system reached its maximum in
both, biofilm and planktonic cells, so the increased amount of
virulence factors in the ECM might be explained by a passive
accumulation effect. Alternatively, a local accumulation of the
quorum sensing peptide within the ECM compartment could
lead to a higher activation of the Agr two component system
in biofilm cells as compared with planktonic cells. In addition,
other global regulators (SigB, SaeRS, SrrAB, ArlRS, and Rot)
known to control virulence gene expression, as well as their
corresponding regulons were also more abundant in biofilms
identifying these regulators as important players, which might
balance virulence gene expression in S. aureus biofilms
(supplemental Table S1 and S2, supplemental Fig. S3).

To prove that the identified, secreted virulence factors are
functional, we tested cell-free supernatant derived from the
ECM and the biofilm FT in hemolysis assays and in a G.
mellonella pathogenicity model. Both samples indeed showed
hemolytic activity and killed G. mellonella larvae in contrast to
medium and BSA controls, respectively, which confirms the
pathogenic potential of S. aureus biofilms (Fig. 3B and 3C).

Besides the high abundance of secreted virulence factors in
the ECM, our intracellular proteome data also revealed that
biofilm cells express higher amounts of capsule biosynthesis
proteins CapABCDEFGHMNO compared with planktonic
cells (supplemental Table S1, Fig. 2). Interestingly, the same
phenomenon was reported by Beenken et al., 2004, who also
investigated biofilms grown under constant medium flow (21),
but not in other studies comparing planktonic cells and bio-
films, which were cultivated as static colony biofilms (18, 25,
26).

Taken together, our findings strongly support the study of
Lei et al., 2017 (88), who proposed that S. aureus biofilms
exhibit a high virulence potential and apply multiple strategies
simultaneously to evade the host immune system. These
strategies include protection by the ECM, capsule biosynthe-
sis, and secretion of virulence factors like hemolysins, leuko-
toxins, lipases, and proteases.

S. aureus Virulence Factors and Ribosomal Proteins Exhibit
a Moonlighting Function Contributing to Biofilm Integrity—

Fic. 4. Differences in protein profiles of the biofilm ECM and extracellular planktonic samples visualized by Voronoi treemaps.
Proteins found in MS analyses are displayed as single cells, which sizes correlate with protein abundance based on riBAQ values of ECM
proteins. Proteins are clustered according to their subcellular localization predicted by PSORTb (upper left panel), and isoelectric point (pl)
according to AureoWiki (upper right panel). Bottom panel: Differences in protein abundance between biofilm ECM and extracellular planktonic
samples are indicated by a color code, which is based on LFQ intensities: orange = proteins more abundant in ECM, blue = proteins more
abundant in planktonic cultures, light gray = no difference in protein abundance. ECM = Extracellular matrix.
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Interestingly, most of the virulence factors we identified in the
ECM are characterized by a high isoelectric point (pl) between
8 and 12 (supplemental Table S2, Fig. 4 and 5A). The same
accounts for cytoplasmic proteins found within the ECM. In
fact, nearly half of these cytoplasmic proteins have an iso-
electric point between 8 and 12 and are primarily represented
by ribosomal proteins (Fig. 4 and 5A). Moreover, the average
pl of ECM samples is significantly higher compared with
planktonic cultures and to the FT (Fig. 4 and 5B, supplemental
Fig. S7).

We suspected that these alkaline virulence factors and
ribosomal proteins will carry a strong positive charge in an
acidic ECM environment created by formate, lactate, acetate,
and pyruvate produced during glucose fermentation under
oxygen-limited conditions (Fig. 3A, supplemental Fig. S5A).

As a consequence, these cationic proteins in the ECM
might interact with anionic cell surfaces (90) and eDNA and
thereby act as electrostatic bridges between cells providing
physical strength to the biofilm, similarly as was proposed by
Foulston et al., 2014 and Dengler et al., 2015 for intracellular
proteins (72, 73). To further test this hypothesis, we used
freshly cultivated biofilm cells, which were harvested, washed,
pelleted and resuspended in either planktonic or biofilm ECM
supernatant of pH 8 and pH 5.5, respectively, and investi-
gated cell aggregation using fluorescence microscopy after
staining with the eDNA stain Toto-1 and Syto62 as a coun-
terstain. Strikingly, biofilm supernatant indeed induced the
formation of cell aggregates under low pH conditions, which
could not be observed for planktonic supernatant or a me-
dium control at pH 5.5. At pH 8, no cell aggregates could be
observed at all (Fig. 6A).

To verify that cationic proteins induce cell aggregation, we
repeated the experiment using fresh medium supplemented
with either cytochrome C (CytC, pl = 10.0) or BSA (pl = 4.7)
as a negative control. We observed that only CytC and not
BSA induced cell aggregation at pH 5.5 (Fig. 6A). These
findings indicate, that cell aggregation in S. aureus biofilms is
mediated by cationic proteins and is eDNA independent, be-
cause no eDNA was present in this experiment. However,
because our CLSM analysis revealed high amounts of eDNA
within the ECM (Fig. 6C), we tested if eDNA supplementation
enhances the cell aggregation effect and repeated the exper-
iment with planktonic and ECM supernatant in the presence
of cDNA isolated from S. aureus to mimic eDNA. Although we
observed binding of cDNA to cell aggregates, we did not
observe an enhanced cell aggregation effect after addition of
cDNA (Fig 6A). A possible explanation for this observation
could be that the protein concentration used in our assay was
in a range masking an enhancing aggregation eDNA effect
besides the fact that ECM protein concentration used in this
experiment corresponded to the concentration as determined
for our biofilm ECM fraction.

Interestingly, we observed that other anionic metabolites,
namely glutamate, aspartate and pyruvate, tend to accumu-

late within the ECM because they were found in higher con-
centrations in the ECM compared with the biofilm FT (supple-
mental Fig. S5A). This accumulation effect was not observed
for acetate and lactate, because we measured high concen-
trations in the ECM, but even higher concentrations in the
biofilm FT. This might be because of a saturation effect,
because acetate and lactate represent the most abundant
negatively charged metabolites within the ECM (supplemental
Fig. S5A). We hypothesize that these anionic metabolites
located in the ECM act as electrostatic counterparts to cati-
onic proteins and thereby functionally act like eDNA.

To further characterize the role of cationic proteins in bio-
film integrity, we treated established flow biofilms with Pro-
teinase K according to Seidl et al., 2008 (57), or alkaline
medium adjusted to pH 12 to eliminate positive protein
charges, followed by challenging the biofilms with elevated
shear forces. The effects on biofilm integrity were visualized
using CLSM. Strikingly, Proteinase K-treated and alkalized
biofilms clearly showed impaired integrity because it was
possible to almost completely eradicate the biofilm within 5
min of elevated shear stress (Fig. 68). Importantly, alkaline
growth medium with pH 12 does not kill S. aureus within 5
min, which was verified by CFU counting (data not shown).
Supporting our findings, inhibiting effects of alkaline pH
against Staphylococcal biofilm maturation were already re-
ported, without significant inhibition of planktonic growth (91).
Of note, DNase treatment of S. aureus biofilms did not impair
integrity, which might be because of proteins protecting
eDNA within the ECM from digestion (data not shown). In
summary, these results strongly support the idea that cationic
proteins play a major role in biofilm integrity under the tested
conditions.

At present, S. aureus ECM stability is mainly attributed
to PIA, an N-acetylglucosamine-based exopolysaccharide
found in biofilms of numerous S. aureus strains. PIA is partly
de-acetylated, which introduces positive charges at neutral
and acidic pH suggesting that PIA mediates cell aggregation
via electrostatic interactions with anionic cell surfaces and
possibly eDNA (4). A similar concept was also shown in P.
aeruginosa biofilms, where Pel, an abundant positively
charged exopolysaccharide, interacts with eDNA (92). How-
ever, we were not able to identify any of the PIA biosynthesis
proteins IcaABCD in our proteome data and the regulator IcaR
was slightly less abundant in biofilms compared with plank-
tonic cells, which points to a PIA-independent biofilm (sup-
plemental Table S1). Interestingly, more recent studies re-
ported an increasing number of S. aureus isolates including
community- and hospital-acquired MRSA strains, which form
PIA-independent, Proteinase K-sensitive biofilms (59, 64, 93—
98). Biofilms of these strains were stated to be protein-de-
pendent, which was attributed to adhesive surface proteins
(59, 97, 99) and intracellular proteins (72, 73). More precisely,
Foulston et al., 2014 showed that cationic, intracellular pro-
teins derived from S. aureus biofilms reversibly bind to cell
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BSA (pl = 4.7) CytC (pl = 10.0) Growth Medium G’°‘”:hDMN‘X"“m

0 min 2 min 5 min

pH5.5

V9 pH8

Medium Control

Proteinase K

Medium pH 12

Fic. 6. Microscopic analyses of the impact of cationic proteins and eDNA on S. aureus cell aggregation and biofilm stability. A,
Freshly cultivated biofilm cells were harvested, washed, pelleted, and resuspended in the following solutions, which were adjusted to either
pH 5.5 or pH 8, and investigated by fluorescence microscopy after staining with the eDNA stain Toto-1 and Syto62 as a counterstain:
planktonic or biofilm ECM supernatant, fresh growth medium supplemented with BSA or CytC as control proteins, planktonic or biofilm ECM
supernatant supplemented with cDNA isolated from S. aureus, medium control, medium control plus cDNA. Representative images of 15
randomly selected areas of duplicate experiments are shown. The scale bar indicates 10 um. B, Biofilms were cultivated in flow cells for
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surfaces upon drop in pH, which contributes to multicellular
behavior (72). Moreover, Dengler et al., 2015 speculated that
the function of cationic PIA within biofilms could be replaced
by cationic proteins, which interact with anionic cell surfaces
and eDNA. Thereby, they emphasized the crucial role of eDNA
as an electrostatic bridge (73). Both studies suggested local
acidification within biofilms following the release of fermenta-
tion products, which is perfectly in line with our proteome,
metabolome and pH data. In agreement, we also identified a
large proportion of cytosolic proteins within the ECM. Impor-
tantly, we were able to provide a more detailed view on the
proteinaceous composition of the S. aureus ECM, thereby
identifying specific proteins dominating the ECM (Fig. 4). Fur-
thermore, we demonstrated that eDNA is a highly abundant
component of the ECM (Fig. 6C), which is in line with numer-
ous studies showing an important role of eDNA during both
early and later stages of biofilm development (14, 35, 79, 100).
However, compared with Dengler et al., 2015 we were not
able to observe enhanced cell aggregation after the addition
of cDNA to cells mixed with ECM proteins, suggesting that the
stability of our biofilm grown under flow-through conditions is
predominantly depending on the proteins within the ECM (Fig.
6A). Interestingly, the negative cell surface charge, which
seems to be key for cell aggregation, was previously sug-
gested to be caused by teichoic acids in the S. aureus cell wall
(4, 101). Supporting this idea, we found a slight but consistent
upregulation of many proteins for teichoic acid biosynthesis in
biofilms compared with planktonic cells (supplemental Table
S1, Fig. 2).

It remains debatable if S. aureus actively increases secre-
tion of alkaline virulence factors as an evolutionary favorable
mechanism to stabilize biofilm structures, or if the high abun-
dance of virulence factors within the ECM is caused by a
passive accumulation because of the described electrostatic
interactions (supplemental Table S1, Fig. 2).

Accumulation of Cationic Proteins and Anionic Metabolites
Within the ECM Causes Osmotic Stress in Biofilm-embedded
Cells—According to our model of ECM architecture, cells are
electrostatically linked in the ECM environment by highly
abundant proteins, eDNA and metabolites (Fig. 7). Because
each of these molecules is osmotically active and theoretically
elevates osmotic pressure, we hypothesized that biofilm-em-
bedded S. aureus cells experience osmotic stress. Support-
ively, we found several proteins associated with osmotic
stress resistance more abundant in biofilm cells. This includes
proteins for the uptake and biosynthesis of osmoprotectants
like OpuBCD and BetAB (supplemental Table S1, Fig. 2). In

addition, we found elevated levels of both cardiolipin syn-
thases Cls1 and Cls2 in biofilms. Cardiolipin was shown to be
important for S. aureus during long-term survival under osmotic
stress conditions (102). Furthermore, we found the two-compo-
nent system KdpDE and one protein of a potassium uptake
system, KtrA, more abundant in biofiim cells, which mediate
osmotic stress resistance (supplemental Table S1) (103, 104).
This is in line with results of Price-Whelan et al., 2013, who
identified elevated transcript levels of kdpDE and a protective
role of the Ktr potassium uptake system under osmotic stress
conditions (104). Consequently, biofiim cells might be more
osmotolerant than their planktonic counterparts.

To test this hypothesis, fresh medium supplemented with
elevated NaCl concentrations (3 m and 4 wm, respectively) was
inoculated with cell suspensions derived from either plank-
tonic or biofilm cultivations and subsequently analyzed for
survival using CFU counting. We used cell suspensions in-
stead of intact biofilms in this assay to separate effects of
increased cell resistance from potential interference of a pro-
tective ECM. Strikingly, biofilm-grown cells show an in-
creased survival rate compared with planktonic cells under
both tested NaCl concentrations. Biofilm derived cells even
survived in 4 m NaCl medium for 72 h, whereas planktonic
cells already died after 48 h (Fig. 3D). Importantly, cells did not
aggregate during the experiment (usually caused by the chao-
tropic properties of high salt concentrations) as we assessed
by phase contrast microscopy, which ensured reliable CFU
counting results (data not shown) (105).

To our knowledge, high osmotic pressure in S. aureus
biofilms has not been reported yet, although it has been
described that high osmolarity has a positive effect on biofilm
formation, which is mediated by the alternative sigma factor B
(106). Furthermore, others have also described an induction of
osmotic stress protection systems in S. aureus biofilms. For
example, Resch et al., 2015 and Moche et al., 2015 found
genes and proteins induced in colony biofilms, which are
associated with osmoprotectant uptake, but did not find ele-
vated expression of the kdp system or cls (18, 25). Beenken
and colleagues reported elevated transcript levels of kdpDE
and kdpABC, as well as cis in flow biofilms, but not of genes
associated with osmoprotectant uptake (21). In addition, a
transposon mutant library screening by Boles et al., 2010
revealed that a defect in genes involved in osmoregulation
results in impaired biofilm formation (98). Contrary to these
studies, metabolic profiling of Junka et al., 2013 revealed an
accumulation of osmoprotectants in planktonic cells but not
in static biofilms (24).

12 h followed by a treatment with a growth medium control, Proteinase K, and alkalized growth medium of pH 12, respectively. Biofiims were
subsequently challenged by elevated shear forces to test biofilm stability and analyzed by confocal laser scanning microscopy (CLSM). For
each biofilm, 3 CLSM images of randomly selected areas (spanning 100 um X 100 um) were acquired after 0, 2, and 5 min of elevated shear
stress in duplicate experiments. A representative image of each treatment and time point is shown. C, Biofilms were cultivated in flow cells for
12 h, stained with the eDNA stain Toto-1 (green) and Syto62 (red) as a counterstain, washed and analyzed by CLSM. A representative image
of 5 randomly selected areas of duplicate experiments is shown. The scale bar indicates 10 um.
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Fic. 7. Proposed model of cell aggregation and ECM stabilization mediated by moonlighting virulence factors and ribosomal
proteins in S. aureus biofilms. Biofilms cultivated in a continuous flow system on a silicon tube surface grow to high cell densities, which
leads to oxygen limitation. Consequently, biofilm-embedded cells are driven toward anaerobic metabolism and secrete high amounts of
fermentation products lowering the local pH within the ECM. Furthermore, S. aureus biofilm cells release high amounts of eDNA, virulence
factors and ribosomal proteins (besides other cytoplasmic proteins). These proteins get protonated in the acidic ECM environment
because of their alkaline character. The accumulation of these cationic proteins, eDNA and anionic fermentation products along with other
anionic metabolites (l) creates an electrostatic network involving eDNA and anionic cell surfaces (harboring anionic teichoic acids), which
leads to cell aggregation and ECM stabilization and (Il) leads to an osmaotic stress response in biofilm-embedded cells. ECM = Extracellular

matrix.

Interestingly, studies on Bacillus subtilis and Vibrio cholera
biofilms proposed that ECM components generate osmotic
pressure thereby helping biofilm-embedded cells to spread
over the growth substratum (107, 108). If a comparable mech-
anism also exists in S. aureus biofilms and which specific
ECM components might contribute to elevated osmotic pres-
sure remains elusive. However, there are reports suggesting a
connection of K*/osmolarity sensing by the KdpDE two-com-

ponent system and regulation of virulence factor expression,
which includes positive regulation of capsule biosynthesis
genes cap, and negative regulation of invasion factors like
lipase Geh, the proteinase Aur and the hemolysins Hla and
HigB (109-111). Notably, in our experiment all of these pro-
teins were found to be more abundant in S. aureus biofilms
compared with their planktonic counterparts (supplemental
Table S1, S2, Fig. 2 and 4). Because expression of these
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virulence factors is primarily controlled by other major regu-
lators including e.g. Agr/RNAIll, Rot, CodY, SarA, SaeRS,
SrrAB, and ArIRS (64, 89, 112-119), it could be speculated
that the KdpDE system has a fine-tuning function for virulence
gene expression in S. aureus biofilms.

CONCLUSIONS

Establishing a flow system for highly reproducible cultiva-
tion of S. aureus biofilms enabled us to grow biofilms under
conditions, which are relevant for different clinical scenarios,
i.e. endocarditis or catheter-associated infections, thereby
complementing studies employing static biofilm cultivation
models. This flow system allowed the cultivation of high
amounts of biofilm biomass, which was a prerequisite to
apply a multi-omics approach investigating intracellular and
ECM proteome profiles in combination with extracellular
metabolome profiles.

Using this multi-omics approach, we showed that S. aureus
biofilms secrete high amounts of functional virulence factors
like hemolysins, leukotoxins, and lipases, which are part of the
ECM but can also be found in the biofilm FT. Applying a G.
mellonella pathogenicity model and a hemolysis assay, we
demonstrated that these virulence factors are active. Further-
more, we show that the S. aureus biofilm ECM consists to a
large extent of ribosomal proteins. We demonstrate that se-
creted virulence factors and ribosomal proteins play a so far
unacknowledged role as moonlighting proteins, which con-
tribute to biofilm integrity. This stabilizing effect is mediated
by an acidic ECM environment caused by the release of
fermentation products like formate, lactate, and acetate.
Positive charges on alkaline proteins introduced by the
acidic environment promote the interaction of proteins with
negatively charged cell surfaces, eDNA and anionic metab-
olites.

Moreover, we suggest that the proteins and metabolites,
which are accumulating within the ECM cause osmotic stress
in biofilm-embedded cells. Our proposed model is summa-
rized in Fig. 7. Taken together, our study provides a compre-
hensive map of the intracellular and ECM proteome of S.
aureus flow biofilms.
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