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Staphylococcus aureus causes persistent, recurrent infections (e.g., osteomyelitis) by forming biofilms. To
survey the antibody-mediated immune response and identify those proteins that are immunogenic in an S.
aureus biofilm infection, the tibias of rabbits were infected with methicillin-resistant S. aureus to produce
chronic osteomyelitis. Sera were collected prior to infection and at 14, 28, and 42 days postinfection. The sera
were used to perform Western blot assays on total protein from biofilm grown in vitro and separated by
two-dimensional gel electrophoresis. Those proteins recognized by host antibodies in the harvested sera were
identified via matrix-assisted laser desorption ionization–time of flight analysis. Using protein from mechan-
ically disrupted total and fractionated biofilm protein samples, we identified 26 and 22 immunogens, respec-
tively. These included a cell surface-associated �-lactamase, lipoprotein, lipase, autolysin, and an ABC trans-
porter lipoprotein. Studies were also performed using microarray analyses and confirmed the biofilm-specific
up-regulation of most of these genes. Therefore, although the biofilm antigens are recognized by the immune
system, the biofilm infection can persist. However, these proteins, when delivered as vaccines, may be impor-
tant in directing the immune system toward an early and effective antibody-mediated response to prevent
chronic S. aureus infections. Previous works have identified S. aureus proteins that are immunogenic during
acute infections, such as sepsis. However, this is the first work to identify these immunogens during chronic
S. aureus biofilm infections and to simultaneously show the global relationship between the antigens expressed
during an in vivo infection and the corresponding in vitro transcriptomic and proteomic gene expression levels.

Up to 20% of patients who undergo surgery acquire at least
one nosocomial infection (39); this phenomenon is estimated
to add $5 to 10 billion in costs to the U.S. health care system
(10, 11). Staphylococcus aureus is one of the most common
etiologic agents for these infections (6, 52). S. aureus is a
gram-positive, facultative, anaerobic bacterium that is nonmo-
tile and non-spore forming. S. aureus is a normal commensal
organism of the human nostrils; approximately 20% of the
population are colonized with this bacterium, while 60% of the
population are transient carriers (43). S. aureus infection can
lead to several diseases, ranging from minor skin infections
(e.g., furuncles and boils) and eye infections (e.g., keratitis) to
serious illnesses including bacteremia, endocarditis, septic ar-
thritis, wound infections, pneumonia, toxic shock syndrome,
and osteomyelitis. Incidences of S. aureus infection are becom-
ing more worrisome with the emergence of multiple-antibiotic-
resistant strains such as methicillin-resistant S. aureus (MRSA)
and vancomycin-resistant S. aureus.

S. aureus possesses several means of immune evasion, in-
cluding the production of capsular polysaccharides (54, 68, 98,
102), protein A (spa) (19, 35, 37, 99), and leukocyte-specific
toxins (gamma-hemolysin and Panton-Valentine leukocidin)

(9, 32, 34, 78) and the ability to grow as a biofilm (49, 96). A
biofilm is defined as a microbially derived sessile community
and typified by cells that are attached to a substratum, inter-
face, or each other, are embedded in a matrix of extracellular
polymeric substance, and exhibit an altered phenotype with
regard to growth, gene expression, and protein production
(24). Biofilm depth can vary from a single cell layer to a thick
community of cells surrounded by substantial amounts of poly-
meric substances. These dense biofilms possess a complex archi-
tecture in which microcolonies can exist in distinct pillar- or mush-
room-shaped structures (21). An intricate channel network runs
throughout the biofilm and functions to provide access to envi-
ronmental nutrients within even the deepest areas of the biofilm.
This mode of growth affords S. aureus several advantages over its
planktonic counterparts, including the capability of the extracel-
lular matrix to seize and concentrate a number of environmental
nutrients (7), prevention of removal by several agents (e.g., anti-
microbial agents) and the host immune response (16), and the
potential for dispersion via detachment (12). Growth as a biofilm
makes eradication of S. aureus infections difficult, leading to a
persistent, chronic state of disease.

B-cell immunity to S. aureus is not well studied. Though
previous studies identified S. aureus antigens recognized by the
antibody-mediated host response during acute infections or
from healthy individuals (25, 26, 46, 53, 63, 101, 103), it is
unknown what antigens are “seen” by the immune system in
the case of biofilm-mediated infections. Elucidation of the
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antibody-mediated response would increase understanding of
the mechanism(s) by which these infections develop in the face
of the host defenses and help to advance novel means of
diagnosis and treatment before the infections become chronic.
Identification of the repertoire of immunogens is also neces-
sary for effective vaccine design in order to elucidate what
proteins are expressed in vivo and present in regions of the
biofilm where they are exposed to the immune response.

In this study, we utilized a rabbit model of tibial osteomy-
elitis and an in vitro biofilm growth system to identify the
antigens present during an osteomyelitis infection. By employ-
ing two-dimensional (2D) gel electrophoresis (2DGE) and im-
munoblotting with sera from these infected rabbits followed by
matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) analysis, we were able to identify in vivo-ex-
pressed S. aureus antigens. The up-regulation of these biofilm
antigens was also globally confirmed by microarray analyses.
These proteins have great potential for use as vaccines and
therapeutics and as targets for novel diagnostic modalities.

MATERIALS AND METHODS

Organism and reagents. The strain of Staphylococcus aureus used in this study
was obtained from a patient with osteomyelitis who was undergoing treatment at
The University of Texas Medical Branch, Galveston, Texas. The strain is MRSA
and denoted MRSA-M2. Urea, thiourea, �-glycerophosphate, oxacillin, trichlo-
roacetic acid, raffinose, lysostaphin, iodoacetamide, and phenylmethylsulfonyl
fluoride (PMSF) were obtained from Sigma Aldrich Chemical Inc., St. Louis,
MO. Immobiline DryStrips (pH 4 to 7 or 3 to 10 [linear]), Pharmalytes (pH 3 to
9), dithiothreitol (DTT), 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate (CHAPS), the Multiphor II isoelectric focuser, and a Hoefer DALT
vertical system were obtained from Amersham Biosciences (Piscataway, NJ).
Most other chemicals and media, including glucose, yeast extract, NaCl, Tris
base, and MgCl2, were obtained from Fisher Scientific Inc.

Growth of S. aureus biofilm in vitro. Because attempts to isolate purified
bacterial RNA or protein from bone infected in vivo with S. aureus have not been
successful (data not shown), an in vitro flow reactor system was used for repro-
ducible biofilm growth. The reactor system (Fig. 1) was constructed within a 37°C
incubator and consisted of silicone tubing through which a 1:10 dilution of CY
broth (10 g Casamino Acids, 10 g yeast, 5 g glucose, 5.9 g NaCl, 6 mM �-glycero-
phosphate, 400 mg oxacillin per liter) flowed in a once-through fashion to a waste
container under the control of a peristaltic pump. Prior to inoculation, medium
was pumped through the system and allowed to equilibrate to temperature for
24 h. An overnight culture of S. aureus grown in 1� CY broth was diluted 1:100
into prewarmed 1� CY broth and allowed to grow at 37°C with shaking (225
rpm) until exponential phase was reached. The tubing was clamped upstream of
the injection port, and 5-ml portions of the exponential-phase bacterial culture
were injected into each silicone tube. The system was allowed to incubate without
flow for 30 min so that the bacteria could adhere to the internal surfaces of the
tubing. The media flow was restored at a flow rate of 0.7 ml/min, providing a
7.5-min residence time at 37°C. The biofilm was grown on the tubing with this
flow rate for 14 days. At day 14, the biofilm was harvested by squeezing the
biofilm from the tubing into protein preservation solution (2.8 mM PMSF, 10
mM Tris-Cl, and 1 mM EDTA, pH 8.0) in order to prevent protein expression
changes or degradation. Total protein was collected from the biofilm by mechan-
ical disruption using a FastPrep instrument (Q-Bio Gene, Irvine, CA) and 0.1-
mm-diameter silica beads and quantified using a modification of the method of
Bradford (13).

Fractionation. Preliminary studies showed that the total protein preparation
described above provided mostly cytosolic proteins. Therefore, we fractionated
the biofilm into cytosolic, membrane, and cell wall fractions. The lysostaphin
digestion protocol we used to isolate cell wall-associated proteins is well docu-
mented (51, 65, 79, 84, 101) and was as described in the work of Nandakumar et
al. (65). Briefly, harvested biofilm was centrifuged to collect the bacteria, and the
pellet was resuspended in 5 ml lysis buffer (50 mM Tris-Cl, 20 mM MgCl2, pH
7.5) supplemented with 30% raffinose (Sigma, St. Louis, MO). PMSF and lyso-
staphin (40 �g; Sigma, St. Louis, MO) were added. The suspension was incu-
bated at 37°C without shaking for 35 min and then centrifuged at 6,000 � g at 4°C
for 20 min. The supernatant (�5 ml) was collected and contained the cell wall

protein fraction. The pellet was resuspended in 1.0 ml lysis buffer, and then
0.1-mm-diameter silica beads (0.7 g) were added to the cell suspension and
disruption was done with a FastPrep instrument. Disrupted cells were then
centrifuged at 50,000 � g for 60 min, and the resulting supernatant was isolated.
This supernatant contained the cytoplasmic protein fraction, while the pellet
contained the cell membrane fraction. The membrane fraction was resuspended
in 1.0 ml lysis buffer. At this point, the fractions were ready for trichloroacetic
acid precipitation and 2D separation as outlined below.

2DGE. Two-dimensional electrophoresis was conducted according to the prin-
ciples of O’Farrell (71) and as outlined by Gorg et al. (36) and Sauer and Camper
(87). To accomplish rehydration of the protein, 500 �g of crude protein was
extracted by adding a 1/10 volume of an ice-cold 1:10 mixture of trichloroacetic
acid (Sigma, St. Louis, MO)-acetone. The resulting pellet was then directly
solubilized in rehydration buffer (0.1 mM urea, 25 �M thiourea, 0.35 �M DTT,
0.5% [wt/vol] CHAPS, and 1.6% Pharmalyte [pH 3 to 10]). These samples were
applied to 18-cm Immobiline DryStrips, pH 3 to 10 or 4 to 7 (linear) (GE
Healthcare, Piscataway, NJ). The isoelectric focusing, which separated the pro-
teins based on their pIs, was performed using a Multiphor II focuser from
Amersham per the manufacturer’s directions. Prior to the second dimension, the
IPG strips were equilibrated (per the manufacturer’s directions) and subse-
quently applied to sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis gels. For the resolution of S. aureus crude protein extracts in the second
dimension, the 26- by 20-cm 2D gel system from the Hoefer DALT vertical
system (Amersham Biosciences, Piscataway, NJ) was used. Crude protein ex-
tracts were separated at 10°C on an 11% resolving gel, which was then nonde-
structively silver stained (33).

Production of osteomyelitis. The bacterium was grown overnight in tryptic soy
broth supplemented with oxacillin (40 �g/ml) and diluted in saline to a concen-
tration of 1.0 � 106 CFU per ml. Three New Zealand White female rabbits, 8
weeks of age and weighing 1.5 to 3.0 kg, were used. All procedures were per-
formed per humane criteria set forth by the University of Maryland Baltimore
Animal Care and Use Committee. Rabbits were anesthetized using an intramus-
cular injection of 30 mg ketamine (Ketaset; Fort Dodge Laboratories, Inc., Fort
Dodge, Iowa)/kg of body weight, 10 mg/kg acepromazine (Fort Dodge Labora-
tories, Inc., Fort Dodge, Iowa), and 1 mg/kg xylazine (Rugby Laboratories, Inc.,
Rockville Center, NY). An 18-gauge needle was inserted percutaneously through
the lateral aspect of the left tibial metaphysis into the intramedullary cavity.
Sodium morrhuate (Eli Lilly, Indianapolis, Indiana) (0.1 ml of a 5% [wt/vol]
solution), 0.1 ml of S. aureus (1.0 � 106 CFU), and 0.2 ml of sterile saline were
injected sequentially (55–58, 69). The needle was removed and the rabbits were
returned to their cages. The infection was allowed to progress for 42 days, with sera
being drawn at days 0, 14, 28, and 42. While this model of osteomyelitis requires a
large organism inoculation, it produces clinical manifestations like those seen in
cases of human chronic osteomyelitis, including disruption of the normal bone
architecture and periosteal elevation. Also produced is the hallmark of chronic
osteomyelitis, the involucrum, which is live, encasing bone that surrounds infected
dead bone within a compromised soft tissue envelope (75). In addition, the recalci-
trance to clearance by antimicrobial agents and the host immune system that is
mediated by a biofilm mode of growth is evident after 28 days of infection.

Bone cultures. At the conclusion of the study, rabbits were sacrificed by an
intravenous injection of sodium pentobarbital. Both tibias were removed, dis-
sected free of all soft tissue, and processed for bacterial cultures. By use of a
5.0-mm, single-action rongeur, the bones were split into small pieces and the
marrow was removed. The whole bone was then pulverized and suspended in 3
ml of sterile 0.85% saline per gram of bone. The marrow was placed in 10 ml of
sterile 0.85% saline per gram of marrow. Serial 10-fold dilutions were performed,

FIG. 1. In vitro biofilm reactor system. For a detailed description,
please refer to Materials and Methods.
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and the solution was streaked onto a tryptic soy agar blood plate supplemented
with oxacillin (40 �g/ml) to confirm the presence of S. aureus in the bone tissue.

Western blotting. Bacterial proteins separated by 2D gel electrophoresis were
transferred to nitrocellulose and blocked in 5% nonfat dry milk in Tris-buffered
saline–Tween 20, pH 7.6 (TBS-T) (20 mM Tris, 137 mM NaCl, 0.1% Tween 20),
overnight and then washed three times for 20 min in TBS-T at 25°C. The
membrane was treated with convalescent-phase rabbit sera (diluted 1:10) in
TBS-T for 60 min. Membranes were washed three times as described above.
Goat anti-rabbit immunoglobulin G horseradish peroxidase-conjugated second-
ary antibody (Jackson ImmunoResearch, West Grove, PA) was used at a dilution
of 1:5,000 for 60 min in TBS-T, followed by three washes as described above.
Immunogenic proteins were detected using SuperSignal chemiluminescent sub-
strate (Pierce, Rockford, IL) as described by the manufacturer. Enhanced chemi-
luminescence-treated membranes were then imaged using a FluorChem 8800
imaging system and the associated imaging software (AlphaEaseFC). Western
blotting (85) was performed in triplicate with sera from each of the three infected
rabbits. Images of the 2D gel electrophoresis gels and the enhanced chemilumi-
nescence-treated membranes were compared to identify immunogenic protein
spots. Immunogenic spots appearing on at least two out of three gels were
excised and identified using MALDI-TOF analysis.

MALDI-TOF analysis. For identification of immunogenic proteins, an Ap-
plied Biosystems Voyager-DE STR MALDI-TOF mass spectrometer was used
operated in the positive-ion mode with �-cyano-4-hydroxycinnamic acid matrix
for ionization. At least 100 laser shots per spectrum were averaged. Mass spectral
peaks with a signal-to-noise ratio greater than 5:1 were deisotoped, and the
resulting monoisotopic masses were used for protein identification performed by
use of mass fingerprint analysis. The software used for protein identification was
the Profound search engine using the Genomic Solution’s Knexus software
(version 2004.03.15), and the database used was the latest NCBI nonredundant
database obtained from NIH. Proteins with an expectation score of 1 � 10�3 or
lower were considered positive identities.

Sampling conditions to prevent RNA (for microarray studies) expression
profile changes or degradation. In order to obtain RNA samples from day 14
biofilms, the biofilms were scraped into cold RNAlater (Ambion, Inc., Austin,
TX), and the surfaces were then flushed with more cold RNAlater. The resulting
bacterial suspension was centrifuged at 12,000 � g for 5 min at 4°C. The cell
pellet was resuspended in RNAlater and spun at 12,000 � g for 3 min at 4°C, and
the supernatant discarded. Total RNA was then immediately isolated by use of
a QIAGEN RNeasy Protect kit (QIAGEN Inc., Valencia, CA). For in vitro
planktonic cultures, aliquots were obtained at early logarithmic, late logarithmic,
and stationary growth phases (as determined by growth curves), and CFU counts
were determined by serial dilution and plating. For microarray experiments,
planktonic cultures were diluted in equal volumes of RNAlater (Ambion Inc.).
The resulting bacterial suspension was centrifuged at 12,000 � g for 5 min at 4°C.
The cell pellet was resuspended in RNAlater and centrifuged at 12,000 � g for
3 min at 4°C, and the supernatant was discarded. Total RNA was then immedi-
ately isolated as discussed below.

RNA isolation techniques. Total RNA was isolated using the QIAGEN
RNeasy Protect (QIAGEN Inc.) protocol with the following modifications.
Briefly, S. aureus bacterial pellets were resuspended in a highly denaturing buffer
containing GITC (buffer RLT [supplied with the kit] supplemented with 10 �l
�-mercaptoethanol/ml). Cells were disrupted via a mechanical disruptor (Bio-
Spec Products, Bartlesville, OK) run at maximum speed for 2 min and subse-
quently centrifuged (5 min, 14,000 � g). The supernatant was transferred to an
RNase-free microfuge tube, ethanol was added, and the supernatant was then
applied to a silica gel spin column to bind the RNA. The column was washed
several times with RPE (supplied), and the RNA was eluted with diethyl pyro-
carbonate-treated water (0.1% diethyl pyrocarbonate). RNA concentration and
purity were determined by spectrophotometry. Purified RNA was DNase I
treated, and recombinant RNAsin (RNase inhibitor; Promega, Inc., Madison,
WI) (10 units) and dithiothreitol (to a final concentration of 10 mM) (Amersham
Biosciences, Piscataway, NJ) were added to each sample of purified RNA before
samples were stored at �70°C until use. Total RNA quality was confirmed by
combining RNA (10 �g) from each S. aureus growth condition in a microfuge tube
with an equal volume of Glyoxal sample loading dye (Ambion Inc.) to a final volume
of 20 �l. After being incubated for 30 min at 50°C, the tubes were spun and placed
on ice. Cooled glyoxylated RNA samples were then loaded in duplicate onto a
Reliant RNA gel (BioWhittaker Molecular Applications, Inc.) with 1� MOPS
(morpholinepropanesulfonic acid) running buffer (Ambion Inc.). The gel was elec-
trophoresed at 35 V, and the quality of RNA bands (16S and 23S) and lack of smear
patterns reflecting digested DNA or RNA were determined. For each experiment,
only 10 �g total RNA was required for probing of the DNA genomic array.

Preparation of labeled S. aureus cDNA. RNA (10 �g) from each evaluated
culture condition was individually combined with 2 �l of random hexamers (3
mg/ml) (Invitrogen Life Technologies, Carlsbad, CA) and nuclease-free water
(Sigma-Genosys, St. Louis, MO) up to a final volume of 17 �l. The RNA and
primer combination was incubated at 70°C for 10 min. This was followed by a
snap-freeze in a dry ice/ethanol bath for 30 seconds and centrifugation at
�10,000 � g for 1 min at room temperature. A 50� aminoallyl-dNTP mix was
made with dNTPs (dATP [25 mM], dCTP [25 mM], dGTP [25 mM], and dTTP
[15 mM]; Invitrogen Life Technologies) and aminoallyl-dUTP (10 mM; Sigma
Chemical Co., St. Louis, MO). The reverse transcription reaction mix (5� first-
strand buffer [6 �l], 100 mM DTT [3 �l], 50� aminoallyl-dNTP mix [0.6 �l], 20
units/�l SUPERase●In RNase inhibitor [1.5 �l], and 200 units/�l SuperScript II
[2 �l]; Invitrogen Life Technologies) was combined in a separate nuclease-free
microfuge tube and added to the denatured, cooled RNA-primer mixture. The
reaction mixture was incubated at 42°C overnight. The reverse transcriptase was
inactivated at 70°C for 10 min and then chilled on ice. RNA was eliminated by
the addition of 10 �l of 1 M NaOH and 10 �l of 0.5 M EDTA (Ambion Inc.) and
subsequent incubation at 65°C for 15 min. To neutralize the high pH, 10 �l of 1
M Tris (Ambion Inc.) was added. The resulting cDNA was purified with a
QIAquick PCR purification kit per the manufacturer’s protocols with the fol-
lowing modifications. The QIAGEN wash and elution buffers were replaced by
a phosphate wash buffer (potassium phosphate [5 mM], pH 8.0, 80% ethanol)
and a phosphate elution buffer (potassium phosphate [4 mM], pH 8.5) because
the QIAGEN buffers contain free amines which compete with the Cy dye-
coupling reaction. Following two elutions from the QIAquick column with 30 �l
of phosphate elution buffer per elution, the purified cDNA was dried (via speed
vacuum) and resuspended in 4.5 �l of fresh 0.1 M Na2CO3, pH 9.0 (adjusted with
concentrated HClaq). Cyanine dye esters (Amersham Biosciences) were pre-
pared by resuspending a tube of dried Cy3 or Cy5 dye ester in 73 �l of dimethyl
sulfoxide (Sigma Chemical Co.). An aliquot (4.5 �l) of the appropriate dimethyl
sulfoxide-diluted Cy dye ester was added to the purified and resuspended cDNA
and incubated at room temperature in the dark for 1 hour. The reaction mixture
was purified with a QIAquick PCR purification kit with the modifications de-
scribed above and eluted in a total of 60 �l of diphosphate elution buffer. To
determine the efficiency of the labeling reaction, the entire undiluted eluate for
each sample was utilized in spectrophotometry at 260 nm and either 550 nm for
Cy3 or 650 nm for Cy5 as appropriate. The number of picomoles of dye incor-
poration per sample and the nucleotide/dye ratio were determined. Samples that
had �200 picomoles of incorporated dye and a ratio of less than 50 nucleotides/
dye molecule were optimal for hybridizations. After analysis, the two differen-
tially labeled probes were mixed together (Cy3 versus Cy5) and dried via speed
vacuum.

Microarray development and construction. DNA microarrays were con-
structed and made available by The Institute for Genomic Research, Pathogen
Functional Genomics Resource Center (PFGRC), through a grant by the Na-
tional Institute of Allergy and Infectious Diseases of the National Institutes of
Health (N01-AI-15447). The genome microarray consists of PCR products rep-
resenting segments of 2,576 open reading frames from S. aureus reference strain
COL, as well as 117 unique open reading frames from strains Mu50 (59), MW2
(50), and N315 (5) which are not present in the COL strain’s genome comple-
ment. The targets were printed in triplicate on the array.

Hybridization conditions. The staphylococcal genomic DNA microarrays were
prehybridized for 45 min at 42°C in filter-sterilized prehybridization buffer (5�
SSC [Ambion Inc.] [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1%
SDS [Ambion Inc.], 1% bovine serum albumin [Sigma-Genosys]) that had been
prewarmed to 42°C for 30 min. The microarray slide was then washed twice with
double-distilled H2O and once with isopropanol and air dried. The dried, labeled
probe (see above) was resuspended in 22 �l of 1� hybridization solution (50%
formamide [Sigma-Genosys], 5� SSC, and 0.1% SDS), and, in order to block
nonspecific hybridization, 4 �l of sheared salmon sperm DNA (10 mg/ml; Am-
bion Inc.) was also added. The mixture was heat denatured at 95°C for 3 min,
snap-chilled on ice for 30 seconds, and centrifuged at �10,000 � g for 1 min. The
prehybridized microarray slide was placed in the hybridization chamber and the
denatured probe mixture was added to the array. The array was covered with a
cleaned 22- by 60-mm microscope glass coverslip, bubbles were eliminated, 10 �l of
water was placed in the wells at each end of the chamber, and the chamber was
sealed. The apparatus was then wrapped in light-tight foil and incubated in a 42°C
water bath for 20 h. After incubation, the microarray slide was removed from the
hybridization chamber in low-light surroundings, submerged in a dish containing
prewarmed (42°C) low-stringency wash buffer (1� SSC and 0.2% SDS), and agitated
for 4 min to remove the coverslip. The slide was transferred to a dish containing
high-stringency buffer (0.1� SSC and 0.2% SDS) and washed with agitation for 4
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min. The slide was given a final wash in 0.1� SSC for 4 min and two rinses in
deionized water, air dried, and stored in a light-tight slide box until scanning.

Analysis and quantitation. Hybridized microarrays were read utilizing the
ScanArray Lite microarray analysis system (Packard Biochip Technologies, Bil-
lerica, MA), and the spot intensities were determined, normalized, and evaluated
using The Institute for Genomic Research programs Spotfinder, MIDAS, and
MultiExperiment Viewer. Triplicate arrays were read and compared in order to
ensure accurate and reliable scientific technique. Those spots showing statisti-
cally significant (P 	 0.05) up- or down-regulation (1.5-fold difference) were
visually confirmed in each of the three replicates.

RESULTS

Visualization of immunogenic proteins. We began this inves-
tigation using simple mechanical disruption to extract proteins
from S. aureus biofilm samples as a preliminary screen to deter-
mine if Western blotting on 2DGE would allow us to visualize a
significant number of immunogens. Mechanically disrupted pro-
tein from the in vitro day 14 biofilm was visualized by separation
in the first dimension in a pH range of 4 to 7 as the characteristic
two-dimensional protein pattern for S. aureus features a large
conglomeration of proteins with high molecular weights and pIs
of 4 to 6. Western blotting on these gels was performed using sera
collected 28 days postinoculation from rabbits that were infected
intratibially with MRSA-M2. This led to the detection of 27 im-
munogenic protein spots (Fig. 2). The spots were characterized
through MALDI-TOF analysis, leading to 24 positive identities
(Table 1). While previous studies showed that mechanical disrup-
tion of bacterial cells for total protein extraction mainly isolated
cytoplasmic proteins, a number of membrane-bound, cell wall-
anchored, and synthesized secreted proteins were also found (87,
88). This agreed with our findings in that the majority of the
identified proteins from the total cellular samples were also cy-
toplasmic.

We furthered our studies by use of fractionated proteins

from the biofilm samples, since the cell wall and membrane
fractions should contain the most immunologically relevant
proteins. 2DGE and Western analyses showed that antigenic
proteins were located in all three cellular fractions (Fig. 3).
MALDI-TOF analysis was performed on immunogenic pro-
tein spots that were excised from two-dimensional gels of the
cell wall fraction, and in total 22 proteins were identified
(Table 2). Upon receiving protein identities, we obtained the
sequence for each protein from Entrez (www.ncbi.nih.gov) and
used pSORTb version 2.0 (www.psort.org/psortb/index.html)
in order to determine where the protein was located within the
cell. Only three of these proteins were found by pSORT or
literature searches to be strictly cytoplasmic, further illustrat-
ing the efficacy of our cell wall isolation protocol.

Lipase and autolysin, two extracellular proteins, and an ABC
transporter lipoprotein involved in extracellular binding were
identified from several of the spots. Lipase functions in viru-
lence by degrading lipids in order to help the bacterium ac-
quire nutrients (100), while autolysin aids in cell division by
degrading peptidoglycan (73). The aforementioned lipopro-
tein, superoxide dismutase, elongation factor Tu, and serine
hydroxymethyl transferase, as well as alkyl hydroperoxide re-
ductase (subunit C), were identified from this fraction as well
as from the whole-cell two-dimensional gel, as discussed above
and shown in Table 1. Phosphoglycerate mutase, which is im-
portant in the glycolysis pathway, was discovered. We also
identified the alpha-hemolysin precursor as an immunogen in
the cell wall fraction. This protein is a well-known virulence
factor. As mentioned, only a few of the detected proteins in the
cell wall fractions were predicted as being cytoplasmic, but
these proteins have been shown to be localized in the cell wall
in other studies (31, 40, 77).

FIG. 2. A representative 2DGE gel and Western blot of mechanically disrupted protein from a day 14 S. aureus biofilm showing 27
immunogenic protein spots (circled). pIs are indicated at the top.
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Evaluation of transcriptional profile for identified immuno-
gens. Previous studies have looked at a “snapshot” of S. aureus
biofilm versus planktonic gene regulation using only one or a
few time points (4, 5, 81). However, biofilm studies with other
bacterial species have shown that each biofilm stage of matu-
ration is significantly different in gene expression and protein
production to such a degree that planktonic samples are often
transcriptionally and proteomically closer to some biofilm
stages than the stages are to one another. Therefore, the com-
parison between the immunogens we found up-regulated in an
in vivo biofilm infection and the proteins found up-regulated in
these previous studies may be inappropriate and lacking. For a
more thorough comparison between the immunogens detected
in our study and the transcription profiles of these genes in an
in vitro biofilm, we wished to observe the up- or down-regula-
tion of these particular immunogens over a wider range of time
points that included early exponential (2 h), late exponential (6
h), and stationary (48 h) phases of planktonic growth, each
compared to early (8 h), maturing (48 h), and fully mature (336
h) biofilm. As is evident in Table 3, the majority of those
proteins deemed immunogenic in the cell wall fraction of the S.

aureus biofilm (Table 2) were up-regulated under biofilm con-
ditions during at least one growth stage.

Variation in antibody responses over time. In order to de-
termine if the antibody-mediated response changed as the S.
aureus osteomyelitis infection progressed, we compared West-
ern blots of cell wall fractions from day 14 in vitro-grown S.
aureus biofilm probed with sera from uninfected rabbits as
well as from rabbits 14, 28, and 42 days postinoculation. No
protein spots were immunogenic in the uninfected (day 0)
rabbits (Fig. 4). Lipase, autolysin, superoxide dismutase, and a
lipoprotein were found to be immunogenic at days 14, 28, and
42 postinoculation, while other isoforms of lipase and autolysin
were immunogenic only after 28 days. Other proteins, such as
elongation factor Tu and transketolase, were immunogenic
only after 42 days of infection (Table 4).

DISCUSSION

Although biofilms are intrinsically resistant to the host re-
sponse, little is known about the immune reaction to S. aureus
in biofilm infections. To study the antibody-mediated immune

TABLE 1. Identities of immunogens from total cellular proteina

Spot(s) Mol wt pI Identity Accession no. Localization Function

1 34.78 8.7 Lipoprotein 15923621 Extracellular Unknown
2 31.39 9.6 �-Lactamase 10956176 Extracellular Inactivation of �-lactams (42)
3 15.44 4.7 Hypothetical protein SAV0828 15923818 Unknown Unknown
4 21.13 4.9 Alkyl hydroperoxide reductase subunit C 15923371 Extracellular, cytosol Reduction of reactive oxygen

intermediates (18)
5, 7 22.69 5.1 Superoxide dismutase 15924543 Extracellular Conversion of O2

� to H2O2 and
O2 (41)

6 25.55 5.3 ScdA 1575061 Cytosol Peptidoglycan metabolism and cell
development (17)

8 18.51 5.6 Conserved hypothetical protein 15924700 Extracellular Unknown but similar to that of
universal stress proteinb

9 20.60 5.7 Formylmethionine deformylase homolog 21282703 Cytosol Formylmethionine3methionine (14)
10, 11 43.14 4.7 Elongation factor Tu 15923538 Extracellular, cytosol Carrier of amino acid/tRNA to the

ribosome in translation (1)
12 37.34 6.1 IlvA 21283056 Cytosol Threonine deaminase (90)
13 40.09 5.6 Alanine dehydrogenase 21283381 Cytosol L-Alanine3pyruvate (91)
14 45.33 5.8 Serine hydroxymethyl transferase 15925103 Extracellular, cytosol Synthesis of serinec

15 54.22 5.7 Probable cytosol aminopeptidase 15923932 Cytosol Removal of amino acids from N or C
terminus of peptides (50)

16, 17 60.01 5.7 Formyltetrahydrofolate synthetase 21283404 Cytosol Addition of formate to
tetrahydrofolate (62)

18 35.11 5.6 6-Phosphofructokinase 32129696 Extracellular, cytosol ATP � D-fructose 6-phosphate 

ADP � D-fructose 1,6-bisphosphatec

19 46.72 4.9 Dihydrolipoamide succinyltransferase 15924402 Cytosol Production of succinyl-CoA (44)
20 52.92 5.6 Inositol-monophosphate dehydrogenase 21282095 Cytosol Purine metabolismc

21 36.43 5.3 Alcohol dehydrogenase 21282297 Cytosol Fermentation (4)
22 44.37 5.4 Hypothetical protein SAV0941 15923931 Cytosol Unknown
23 49.37 5.3 CoA disulfide reductase 21282581 Cytosol Dimeric flavoprotein that catalyzes the

NADPH-dependent reduction of
oxidized CoA (23)

24 32.59 5.2 Elongation factor Ts 15924247 Extracellular, cytosol Removal of GDP from EF-Tu–GDP
complex (67)

25 53.67 5.0 Aspartyl/glutamyl-tRNA amidotransferase
subunit B

20454935 Unknown Catalyzes formation of Asn-tRNA and/
or Gln-tRNAb

26 34.22 4.7 Manganese-dependent inorganic
pyrophosphatase

15924909 Unknown Removal of pyrophosphate created by
many biosynthetic pathways (104)

27 35.23 4.6 Pyruvate dehydrogenase E1 component
beta subunit

15924084 Cytosol Pyruvate3acetyl-CoA � CO2
c

a CoA, coenzyme A. Spots are those indicated in Fig. 2.
b Protein functions were found on the Entrez database (www.ncbi.nih.gov).
c Protein functions were found on the Expasy server (www.expasy.org).
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response to an S. aureus biofilm infection, we utilized 2DGE,
Western blotting with sera from rabbits infected with S. aureus,
and MALDI-TOF analysis to identify the staphylococcal im-
munogens present during infection. Though some work to dis-
cern the immunogens present on the surface of planktonic S.
aureus (25, 26, 46, 53, 63, 101, 103) and the closely related
Staphylococcus epidermidis (92) has been completed, the data
presented in this paper are the first to describe biofilm-specific
proteins recognized by host antibodies. Most of the immuno-

gens identified in this study are distinct from those associated
with septic infection, illustrating that the antigens presented by
the biofilm are different from those exhibited on the surface of
planktonic S. aureus during acute infections.

Because of issues with contamination from host proteins
during harvesting, protein expression in biofilms grown in vivo
cannot be easily studied. Therefore, we employed a system by
which the biofilm was cultured under in vitro conditions and a
simultaneous biofilm infection was initiated in our rabbit

FIG. 3. Immunogenic proteins are located in all three cellular fractions of biofilm-associated S. aureus. Sera from a rabbit infected intratibially
with S. aureus were utilized to visualize immunogens in the cell wall (A), membrane (B), and cytosolic (C) fractions. pIs are indicated at the top.
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model with the same bacterial strain. By collecting sera from
these rabbits during the course of infection and utilizing these
sera to probe immunoblots of protein isolated from the in
vitro-grown biofilm, we were able to visualize those proteins
that were present under both conditions and were immuno-

genic. It is likely that some immunogens may be down-regu-
lated in vitro compared to the in vivo condition and thus are
not present on our 2D gels. However, since the number of
immunogens we identified was approximately the same as the
number identified in other works (92, 101, 103), we feel that an
adequate representation of the proteins present in vivo was
attained. Though extremely hydrophobic proteins (such as
those found in the cell membrane) can be difficult to solubilize
in a manner such that they will avoid precipitation during
isoelectric focusing (47, 74), the methods followed here and
cited previously in the work of Nandakumar et al. were shown
to be able to successfully resolve membrane proteins with up to
nine transmembrane domains (65). Also, because we are most
interested in those proteins that are featured on the outer cell
surface and the cell membrane is buried under the gram-
positive cell wall, we concentrated efforts on the cell wall pro-
tein fraction.

In our initial studies, we evaluated total protein from me-
chanically disrupted biofilm preparations, which normally in-
cludes a vast majority of cytosolic proteins. This was confirmed
by our findings that out of 24 immunogens identified through
probing mechanically disrupted S. aureus protein with sera
from infected rabbits, 11 were strictly cytoplasmic. Therefore,
this is most likely a reflection of the immune response leading
to bacterial lysis, as well as simple bacterial death, thereby
leading to the release of cytoplasmic contents into the host.
This antigenic release possibly may act as an immune system
decoy, where the immune system expends effort making anti-
body responses to these proteins that are not effective in the
clearance of viable bacteria. These bacterial products will then
be available to the immune system and indeed influence the
antibodies that are created during infection. The relevance of
these antibodies as active participants in eradication of such an

TABLE 2. Identities of cell wall antigens

pI Mol wt Identity Accession no. Localization Function

8.7 44.10 Lipase 28195801 Extracellular Degradation of lipids (100)
8.7 35.96 Alpha-hemolysin precursor 15924153 Extracellular Virulence (cell lysis) (8)
9.6 52.56 Autolysin 15924043 Extracellular Peptidolglycan hydrolase (45)
5.6 18.51 Conserved hypothetical protein 15924700 Extracellular Similar to that of universal stress protein familya

5.1 22.69 Superoxide dismutase 15924543 Extracellular Conversion of O2
� to H2O2 and O2 (41)

5.2 26.72 Phosphoglycerate mutase 15925406 Extracellular Glycolysis (4)
4.9 21.13 Alkyl hydroperoxide reductase subunit C 15923371 Extracellular Reduction of reactive oxygen intermediates (18)
5.1 51.11 Glutamine-ammonia ligase 21282921 Extracellular, cytosol Ligase activityb

5.1 21.55 ATP-dependent Clp protease (ClpP) 15923758 Extracellular, cytosol Sensor of stress, important in biofilm formation (30)
8.7 34.78 Lipoprotein 15923621 Extracellular ABC transporter extracellular binding proteinc

6.6 76.64 Triacylglycerol lipase precursor 15925661 Extracellular Degradation of lipids (100)
4.7 43.14 Elongation factor Tu 15923538 Extracellular, cytosol Carrier of amino acid/tRNA to the ribosome in

translation (1)
5.0 72.23 Transketolase 15924332 Extracellular Metabolism (95)
4.8 27.41 Triosephosphate isomerase 15923764 Extracellular Glycolysis (4)
5.5 31.74 Hypothetical protein 7328269 Extracellular, cytosol Putative thioredoxin reductasec

5.8 45.33 Serine hydroxymethyl transferase 15925103 Extracellular, cytosol Synthesis of serineb

5.6 33.28 Hypothetical protein SAV1557 15924547 Extracellular, cytosol Probable endonuclease IVa

5.7 37.39 Thymidylate synthase 27468038 Unknown Catalysis of 5,10-methylenetetrahydrofolate �
dUMP 
 dihydrofolate � dTMPb

5.4 26.70 Conserved hypothetical protein 15923245 Extracellular Similar to that of 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferasea

5.1 34.66 Hypothetical protein 21283953 Cytosol Similar to that of glycerate dehyrogenasea

5.1 37.87 Ornithine transcarbamoylase 15925624 Cytosol Carbamoylation of ornithine (64)
5.3 36.43 Alcohol dehydrogenase I 21282297 Cytosol Glycolysis (4)

a Function derived from the Entrez database (www.ncbi.nih.gov).
b Function derived from the Expasy database (www.expasy.org).
c Function derived from blastP homology search (www.ncbi.nih.gov).

TABLE 3. Transcriptomic profiles of cell wall-associated
immunogens in biofilm versus planktonic growth

Gene producta
Col

strain
no.

Upregulation in biofilm of
indicated typeb:

Early Maturing Mature

Lipase SA0712 \ \ \
Alpha-hemolysin SA1173 � � �
Autolysin§ SA1062 � � �
CHP sim. to universal stress

protein family
SA1759 � � �

Superoxide dismutase§ SA1610 \ � �
Phosphoglycerate mutase§¶ SA2415 � � �
Alkyl hydroperoxide subunit C SA0452 � � �
Glutamine-ammonia ligase SA1329 � � �
Lipoprotein (ABC transporter) SA0688 � � �
Triacylglycerol lipase (geh) SA2694 � � �
EF-Tu SA0594 � � �
Transketolase SA1377 � � �
Hypo. thioredoxin reductase SA0829 \ \ �
Serine hydoxymethyl transferase SA2105 � � �
Hypo. endonuclease IV SA1614 � \ \
Thymidylate synthase SA1462 � \ �
CHP SA0240 � � \
Hypo. sim. to glycerate dehydrogenase SA2296 � � �
Alcohol dehydrogenase I¶ SA0660 � � �
ClpP SA0833 \ \ �
Ornithine transcarbamoylase§ SA2656 � � �

a Symbols: § and ¶, up-regulated in biofilms (per references 5 and 4, respec-
tively). CHP, conserved hypothetical protein; hypo., hypothetical; sim., similar.

b �, gene is significantly (P � 0.05) up-regulated in the biofilm versus plank-
tonic culture; �, gene is significantly (P � 0.05) down-regulated in the biofilm
versus planktonic culture; \, no change in regulation between biofilm and plank-
tonic growth.
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infection could be considered improbable. However, there are
also several examples of proteins that were thought to be
cytosolic but have been shown to be localized to the surface of
bacteria, such as elongation factor Tu, alanine dehydrogenase,
and serine hydroxymethyl transferase (31, 40, 61, 77, 80, 83). In
addition, a recent paper by Gatlin et al. has identified 96
proteins previously believed to be intracellular as associated
with the cell wall; these proteins include many of the immu-
nogens identified in our studies (31).

In our subsequent immunogenic screen on cell wall frac-

tions, 19 of the 22 identified immunogens were found to be
extracellular (either maintained in the cell wall or transiently
associated therein prior to secretion). One gene product, au-
tolysin, is involved in hydrolysis of peptidoglycan but has also
been shown to be important in the attachment of cells to
substrates (29, 38). The primary autolysin from S. aureus, Atl
(28), is up-regulated under biofilm conditions compared to
planktonic growth, as shown via microarray analysis. Theoret-
ically, vaccination with autolysin could thus prevent attach-
ment and, perhaps, biofilm formation. Lipase, a virulence fac-

FIG. 4. Variation in antibody-mediated response over time. Cell wall protein (500 �g) was resolved via 2DGE, and protein was transferred to
nitrocellulose membranes. The membranes were then probed with sera from days 0, 14, 28, and 42 postinoculation.
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tor associated with degrading lipids (100), was seen to be highly
immunogenic in the cell wall fraction, as well as in membrane
and cytosolic fractions (data not shown). Other work has
shown lipase to be immunogenic in human S. aureus infections
not associated with biofilm formation (26, 103). Due to its
localization and expression within biofilms, as well as its very
high immunogenicity, we believe this protein is an excellent
vaccine candidate. The ABC transporter lipoprotein is also a
good candidate, as previous work cites it as immunogenic in S.
aureus infections in humans (101) and as it is found on the
outer portion of the bacterial cell and is up-regulated during
biofilm growth.

No well-known LPXTG proteins (such as adhesins) were
identified as immunogenic. However, this is not surprising,
since this study was performed using mature biofilms to mimic
the chronically infected in vivo condition. While cell wall-as-
sociated adhesins are commonly up-regulated in more-imma-
ture biofilms (8, 16, 48 h) compared to planktonic growths (81),
these proteins are generally down-regulated in mature (7- to
14-day) biofilms (5). However, it is also possible that a number
of these proteins would be difficult to identify using the meth-
ods employed in this study, as their molecular masses exceed
100 kDa. Also, because the growth conditions utilized in our in
vitro biofilm system are not iron limiting, we may be missing
iron acquisition proteins such as IsdA and IsdH, which were
found to be immunogenic in a very recent study using sera
from bacteremic patients to probe S. aureus proteins from an
expression library (20). These LPXTG proteins were shown to
prevent nasal colonization when used to vaccinate rats. Cur-
rently, ClfA is being investigated as a possible DNA vaccine
candidate in mice and cattle, and while this vaccine does show
some efficacy in inducing a strong humoral response and de-
creasing the ability of S. aureus to adhere to cells or fibrinogen
in vitro (15, 70, 94), protection upon challenge was partial or
incomplete (15, 94). Thus, LPXTG proteins are promising
candidates for vaccines, but it is still worthwhile to search for
other possible candidates as well.

The differential gene expression levels in planktonic versus
biofilm S. aureus cultures have been evaluated in other studies,
and it has been shown that there are many genes that are more
highly expressed in the biofilm (4, 5, 81, 90). The majority of
the immunogenic antigens we discovered are indeed up-regu-
lated under biofilm conditions, as shown by microarray analysis

(Table 3). In our microarray experiment, we found that ap-
proximately 76% of the immunogenic proteins in vivo were
up-regulated in at least one of the stages of biofilm formation
during in vitro growth. Other researchers have evaluated the
link between transcriptomic and proteomic results on identi-
cally grown S. aureus samples and found that genes shown to
be transcriptionally up-regulated in expression were correlated
with up-regulated protein production approximately 69% of
the time (89). Therefore, the 76% level of agreement between
the transcriptomic data derived from our in vitro-grown bio-
films and the immunogens detected from an in vivo infection as
detected by Western blotting of 2D gels is within ranges pre-
viously published.

Other in vitro studies have shown the up-regulation of sev-
eral of our identified antigens. Becker et al. (4) determined via
micro-representational-difference analysis that phosphoglycer-
ate mutase and alcohol dehydrogenase I are up-regulated in
the biofilm. Beenken et al. (5) found autolysin, phosphoglyc-
erate mutase, alanine dehydrogenase, superoxide dismutase,
and ornithine transcarbamoylase all were expressed at higher
levels in biofilms than in planktonic S. aureus. However, the
research described here enabled the identification of several
additional highly expressed immunogens that previous studies
failed to detect. We were also able to simultaneously link the
proteomic and transcriptomic results from an in vitro biofilm
growth model with more-applicable information about what is
present in vivo for the first time.

Previous in vivo studies that evaluated the immunogenicity
of S. aureus proteins in acute infections that represent plank-
tonic growth conditions (such as sepsis) have also been per-
formed (26, 53, 63, 101, 103). However, these studies failed to
detect the biofilm-associated antigens found in this work, with
the exception of autolysin and lipase. This underlines the im-
portance of determining antigens that either are present at
high levels under both conditions or are at high levels under
biofilm conditions for the study of biofilm-associated infec-
tions.

By probing proteins from the cell wall fraction of a mature S.
aureus biofilm with sera from uninfected rabbits as well as with
sera from rabbits at various time points after infection, we were
able to monitor the changes in antibody response to the S.
aureus biofilm osteomyelitis infection as it moved from an
acute to a chronic state. Over the course of infection, immu-
nogenic spots increased in number on the Western blots, indi-
cating that additional B- and T-cell antigens are up-regulated
as the biofilm matures. We saw the majority of immunogenic
spots were present at day 42 postinoculation. Some of the most
immunogenic proteins, lipase, autolysin, and superoxide dis-
mutase, were present at every time postinoculation. However,
several others were immunogenic only at day 42 postinocula-
tion. As the biofilm is maturing and entering a chronic state of
disease, the proteins that are being recognized by the immune
system are changing. If the biofilm were simply mimicking an
acute infection, we would not see these changes and instead
would see many more antigens that are reflected in the afore-
mentioned works in which acute S. aureus infections were
studied. While work looking at the transcriptional profile of S.
aureus under biofilm conditions at certain time points besides
that presented here has been completed (81), thus far no work
to determine what proteins are expressed by S. aureus biofilms

TABLE 4. Proteins exhibiting varying immunogenicities over
time of infection

Protein Accession no.
Day(s) on which
immunogenicity
was identifieda

Lipase 28195801 14, 28, 42
Autolysin 15924043 14, 28, 42
Lipoprotein 15923621 14, 28, 42
Superoxide dismutase 15924543 14, 28, 42
Hypothetical protein 7328269 14, 28, 42
Transketolase 15924332 42
Elongation factor Tu 15923538 42
Triosephosphate isomerase 15923764 42
Alkyl hydroperoxide reductase

subunit C
15923371 42

a Day(s) postinoculation.
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in vivo and, in particular, at what time points during infection
these proteins are made and/or exposed on the bacterial sur-
face has yet been completed.

The temporal immunogenicity of the antigens discovered in
this work could give further insight into when these proteins
are exposed on the surface of S. aureus while within a biofilm
in vivo. This could be useful in designing novel therapeutics for
biofilm infections. Those antigens that are recognized early
during the immune response (such as lipase or autolysin) could
be considered as promising vaccine targets, while the late an-
tigens (e.g., transketolase) may be efficacious for adjuvant ther-
apy. One may question whether a vaccine is able to prevent a
biofilm infection, especially considering that this study has
shown that a significant antibody response occurs but is still
ineffective. However, it may be that priming the immune sys-
tem to recognize early biofilm antigens and to mount a signif-
icant response against the infection before it progresses to the
mature, chronic biofilm form may prove to be successful. In
fact, a number of studies have shown previously that an anti-
body-mediated response is effective at clearing a biofilm infec-
tion in the early phase of formation (66, 94, 97). However, this
antibody-mediated response is shut down both by the host
cytokines associated with the initial response to S. aureus, most
notably gamma interferon (3, 48, 86), and by S. aureus’ pro-
duction of superantigens, capsule, and other toxins (2, 9, 35, 68,
76, 78, 98). By the time that the antibody-mediated immune
system recovers and mounts a response against the biofilm
infection, the fully mature biofilm is able to resist clearance.
Therefore, biofilm-up-regulated antigens, when given as a vac-
cine, may enable the host adaptive immune system to shift to
the more effective antibody-mediated response. This enables
the host to escape the development of a biofilm-mediated
chronic infection. Adjuvant therapy would be useful in cases of
established osteomyelitis or implant infection in order to stim-
ulate a biofilm-specific immune response that could perhaps
reduce persistence by the mature biofilm.

Capsules are an important immunoavoidance mechanism of
planktonic S. aureus (72, 82), and polysaccharide intercellular
adhesin/poly-N-acetylglucosamine (PNAG) is the primary car-
bohydrate component of the biofilm (22, 27, 59). Because we
utilized 2DGE and looked only at the immunogenicity of pro-
teins in our analysis, we may have missed these carbohydrate
components as antigens. Clinical trials of a capsule conjugate
vaccine (StaphVax) for prevention of staphylococcal sepsis are
under way. However, the efficacy of this vaccine in preventing
bacteremia is only approximately 60% and lasted only through
the early weeks of the study (93). Vaccines against polysaccha-
ride intercellular adhesin/PNAG are currently in the develop-
mental stages. Early work showed extremely variable immuno-
globulin G responses in both mice and rabbits. A recent study
showed that conjugating PNAG to diphtheria toxin and
deacetylating it led to a more robust and protective response
(60). However, ica expression has been shown to be dispens-
able in biofilm formation, so a PNAG vaccine may not be
effective against some isolates. Therefore, while two main car-
bohydrates of S. aureus are already being pursued for use as
vaccines, the search for possible alternative candidate proteins
for use in a vaccine is of great importance.

Those antigens that are present in the cell wall fraction are
promising vaccine candidates. Because we have seen that an

immune response is indeed generated against these proteins,
there is no reason to suspect that the same response could not
be generated against purified recombinant forms. Work is cur-
rently in process in our laboratory to express recombinant
forms of several of these proteins and test their efficacy in
preventing osteomyelitis infection in vaccinated rabbits.

ACKNOWLEDGMENTS

We thank Anthony Haag at the Mass Spectrometry Core of the
Biomolecular Resource Facility at the University of Texas Medical
Branch for conducting MALDI-TOF and database analyses; Steve
Shipley for his assistance with the rabbit studies; and Karin Sauer for
her technical expertise in conducting two-dimensional gel electro-
phoresis.

Microarray studies were accomplished by grants provided by the
Charles E. Culpeper Foundation and The Pathogen Functional
Genomics Resource Center at The Institute for Genomic Research in
a project funded in whole or in part with federal funds from the
National Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health, under contract number N01-AI-15447.

REFERENCES

1. Anborgh, P. H., S. Okamura, and A. Parmeggiani. 2004. Effects of the
antibiotic pulvomycin on the elongation factor Tu-dependent reactions.
Comparison with other antibiotics. Biochemistry 43:15550–15556.

2. Arizono, T., A. Umeda, and K. Amako. 1991. Distribution of capsular
materials on the cell wall surface of strain Smith diffuse of Staphylococcus
aureus. J. Bacteriol. 173:4333–4340.

3. Assenmacher, M., M. Lohning, A. Scheffold, R. A. Manz, J. Schmitz, and A.
Radbruch. 1998. Sequential production of IL-2, IFN-gamma and IL-10 by
individual staphylococcal enterotoxin B-activated T helper lymphocytes.
Eur. J. Immunol. 28:1534–1543.

4. Becker, P., W. Hufnagle, G. Peters, and M. Herrmann. 2001. Detection of
differential gene expression in biofilm-forming versus planktonic popula-
tions of Staphylococcus aureus using micro-representational-difference
analysis. Appl. Environ. Microbiol. 67:2958–2965.

5. Beenken, K. E., P. M. Dunman, F. McAleese, D. Macapagal, E. Murphy,
S. J. Projan, J. S. Blevins, and M. S. Smeltzer. 2004. Global gene expression
in Staphylococcus aureus biofilms. J. Bacteriol. 186:4665–4684.

6. Benton, B. M., J. P. Zhang, S. Bond, C. Pope, T. Christian, L. Lee, K. M.
Winterberg, M. B. Schmid, and J. M. Buysse. 2004. Large-scale identifica-
tion of genes required for full virulence of Staphylococcus aureus. J. Bac-
teriol. 186:8478–8489.

7. Beveridge, T. J., S. A. Makin, J. L. Kadurugamuwa, and Z. Li. 1997.
Interactions between biofilms and the environment. FEMS Microbiol. Rev.
20:291–303.

8. Bhakdi, S., and J. Tranum-Jensen. 1991. Alpha-toxin of Staphylococcus
aureus. Microbiol. Rev. 55:733–751.

9. Bocchini, C. E., K. G. Hulten, E. O. Mason, Jr., B. E. Gonzalez, W. A.
Hammerman, and S. L. Kaplan. 2006. Panton-Valentine leukocidin genes
are associated with enhanced inflammatory response and local disease in
acute hematogenous Staphylococcus aureus osteomyelitis in children. Pedi-
atrics 117:433–440.

10. Boyce, J. M., L. Dziobek, and G. Potter-Bynoe. 1988. Reimbursement for
nosocomial infections. Ann. Intern. Med. 108:776.

11. Boyce, J. M., G. Potter-Bynoe, and L. Dziobek. 1990. Hospital reimburse-
ment patterns among patients with surgical wound infections following
open heart surgery. Infect. Control Hosp. Epidemiol. 11:89–93.

12. Boyd, A., and A. M. Chakrabarty. 1994. Role of alginate lyase in cell detach-
ment of Pseudomonas aeruginosa. Appl. Environ. Microbiol. 60:2355–2359.

13. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

14. Broom, M. F., R. M. Sherriff, W. P. Tate, J. Collings, and V. S. Chadwick.
1989. Partial purification and characterization of a formylmethionine de-
formylase from rat small intestine. Biochem. J. 257:51–56.

15. Brouillette, E., P. Lacasse, L. Shkreta, J. Belanger, G. Grondin, M. S.
Diarra, S. Fournier, and B. G. Talbot. 2002. DNA immunization against the
clumping factor A (ClfA) of Staphylococcus aureus. Vaccine 20:2348–2357.

16. Brown, M. R., D. G. Allison, and P. Gilbert. 1988. Resistance of bacterial
biofilms to antibiotics: a growth-rate related effect? J. Antimicrob. Che-
mother. 22:777–780.

17. Brunskill, E. W., B. L. de Jonge, and K. W. Bayles. 1997. The Staphylococ-
cus aureus scdA gene: a novel locus that affects cell division and morpho-
genesis. Microbiology 143:2877–2882.

18. Chen, L., Q. W. Xie, and C. Nathan. 1998. Alkyl hydroperoxide reductase

3424 BRADY ET AL. INFECT. IMMUN.



subunit C (AhpC) protects bacterial and human cells against reactive ni-
trogen intermediates. Mol. Cell 1:795–805.

19. Cheung, A. L., K. Eberhardt, and J. H. Heinrichs. 1997. Regulation of
protein A synthesis by the sar and agr loci of Staphylococcus aureus. Infect.
Immun. 65:2243–2249.

20. Clarke, S. R., K. J. Brummell, M. J. Horsburgh, P. W. McDowell, S. A.
Mohamad, M. R. Stapleton, J. Acevedo, R. C. Read, N. P. Day, S. J.
Peacock, J. J. Mond, J. F. Kokai-Kun, and S. J. Foster. 2006. Identification
of in vivo-expressed antigens of Staphylococcus aureus and their use in
vaccinations for protection against nasal carriage. J. Infect. Dis. 193:1098–
1108.

21. Costerton, J. W., Z. Lewandowski, D. E. Caldwell, D. R. Korber, and H. M.
Lappin-Scott. 1995. Microbial biofilms. Annu. Rev. Microbiol. 49:711–745.

22. Cramton, S. E., C. Gerke, N. F. Schnell, W. W. Nichols, and F. Gotz. 1999.
The intercellular adhesion (ica) locus is present in Staphylococcus aureus
and is required for biofilm formation. Infect. Immun. 67:5427–5433.

23. delCardayre, S. B., and J. E. Davies. 1998. Staphylococcus aureus coenzyme
A disulfide reductase, a new subfamily of pyridine nucleotide-disulfide
oxidoreductase. Sequence, expression, and analysis of cdr. J. Biol. Chem.
273:5752–5757.

24. Donlan, R. M., and J. W. Costerton. 2002. Biofilms: survival mechanisms of
clinically relevant microorganisms. Clin. Microbiol. Rev. 15:167–193.

25. Dryla, A., S. Prustomersky, D. Gelbmann, M. Hanner, E. Bettinger, B.
Kocsis, T. Kustos, T. Henics, A. Meinke, and E. Nagy. 2005. Comparison of
antibody repertoires against Staphylococcus aureus in healthy individuals
and in acutely infected patients. Clin. Diagn. Lab. Immunol. 12:387–398.

26. Etz, H., D. B. Minh, T. Henics, A. Dryla, B. Winkler, C. Triska, A. P. Boyd,
J. Sollner, W. Schmidt, U. von Ahsen, M. Buschle, S. R. Gill, J. Kolonay, H.
Khalak, C. M. Fraser, A. von Gabain, E. Nagy, and A. Meinke. 2002.
Identification of in vivo expressed vaccine candidate antigens from Staph-
ylococcus aureus. Proc. Natl. Acad. Sci. USA 99:6573–6578.

27. Fluckiger, U., M. Ulrich, A. Steinhuber, G. Doring, D. Mack, R. Landmann,
C. Goerke, and C. Wolz. 2005. Biofilm formation, icaADBC transcription,
and polysaccharide intercellular adhesin synthesis by staphylococci in a
device-related infection model. Infect. Immun. 73:1811–1819.

28. Foster, S. J. 1995. Molecular characterization and functional analysis of the
major autolysin of Staphylococcus aureus 8325/4. J. Bacteriol. 177:5723–
5725.

29. Fournier, B., and D. C. Hooper. 2000. A new two-component regulatory
system involved in adhesion, autolysis, and extracellular proteolytic activity
of Staphylococcus aureus. J. Bacteriol. 182:3955–3964.

30. Frees, D., A. Chastanet, S. Qazi, K. Sorensen, P. Hill, T. Msadek, and H.
Ingmer. 2004. Clp ATPases are required for stress tolerance, intracellular
replication and biofilm formation in Staphylococcus aureus. Mol. Microbiol.
54:1445–1462.

31. Gatlin, C. L., R. Pieper, S. T. Huang, E. Mongodin, E. Gebregeorgis, P. P.
Parmar, D. J. Clark, H. Alami, L. Papazisi, R. D. Fleischmann, S. R. Gill,
and S. N. Peterson. 2006. Proteomic profiling of cell envelope-associated
proteins from Staphylococcus aureus. Proteomics 6:1530–1549.

32. Genestier, A. L., M. C. Michallet, G. Prevost, G. Bellot, L. Chalabreysse, S.
Peyrol, F. Thivolet, J. Etienne, G. Lina, F. M. Vallette, F. Vandenesch, and
L. Genestier. 2005. Staphylococcus aureus Panton-Valentine leukocidin di-
rectly targets mitochondria and induces Bax-independent apoptosis of hu-
man neutrophils. J. Clin. Investig. 115:3117–3127.

33. Gharahdaghi, F., C. R. Weinberg, D. A. Meagher, B. S. Imai, and S. M.
Mische. 1999. Mass spectrometric identification of proteins from silver-
stained polyacrylamide gel: a method for the removal of silver ions to
enhance sensitivity. Electrophoresis 20:601–605.

34. Gillet, Y., B. Issartel, P. Vanhems, J. C. Fournet, G. Lina, M. Bes, F.
Vandenesch, Y. Piemont, N. Brousse, D. Floret, and J. Etienne. 2002.
Association between Staphylococcus aureus strains carrying gene for Panton-
Valentine leukocidin and highly lethal necrotising pneumonia in young im-
munocompetent patients. Lancet 359:753–759.

35. Goodyear, C. S., and G. J. Silverman. 2004. Staphylococcal toxin induced
preferential and prolonged in vivo deletion of innate-like B lymphocytes.
Proc. Natl. Acad. Sci. USA 101:11392–11397.

36. Gorg, A., C. Obermaier, G. Boguth, A. Harder, B. Scheibe, R. Wildgruber,
and W. Weiss. 2000. The current state of two-dimensional electrophoresis
with immobilized pH gradients. Electrophoresis 21:1037–1053.

37. Hartleib, J., N. Kohler, R. B. Dickinson, G. S. Chhatwal, J. J. Sixma, O. M.
Hartford, T. J. Foster, G. Peters, B. E. Kehrel, and M. Herrmann. 2000.
Protein A is the von Willebrand factor binding protein on Staphylococcus
aureus. Blood 96:2149–2156.

38. Heilmann, C., M. Hussain, G. Peters, and F. Gotz. 1997. Evidence for
autolysin-mediated primary attachment of Staphylococcus epidermidis to a
polystyrene surface. Mol. Microbiol. 24:1013–1024.

39. Horan, T. C., D. H. Culver, R. P. Gaynes, W. R. Jarvis, J. R. Edwards, C. R.
Reid, et al. 1993. Nosocomial infections in surgical patients in the United
States, January 1986–June 1992. Infect. Control Hosp. Epidemiol. 14:73–
80.

40. Jacobson, G. R., and J. P. Rosenbusch. 1976. Abundance and membrane
association of elongation factor Tu in E. coli. Nature 261:23–26.

41. Karavolos, M. H., M. J. Horsburgh, E. Ingham, and S. J. Foster. 2003. Role
and regulation of the superoxide dismutases of Staphylococcus aureus. Mi-
crobiology 149:2749–2758.

42. Katayama, Y., H. Z. Zhang, D. Hong, and H. F. Chambers. 2003. Jumping
the barrier to �-lactam resistance in Staphylococcus aureus. J. Bacteriol.
185:5465–5472.

43. Kluytmans, J., A. van Belkum, and H. Verbrugh. 1997. Nasal carriage of
Staphylococcus aureus: epidemiology, underlying mechanisms, and associ-
ated risks. Clin. Microbiol. Rev. 10:505–520.

44. Koike, K., T. Suematsu, and M. Ehara. 2000. Cloning, overexpression and
mutagenesis of cDNA encoding dihydrolipoamide succinyltransferase com-
ponent of the porcine 2-oxoglutarate dehydrogenase complex. Eur. J. Bio-
chem. 267:3005–3016.

45. Komatsuzawa, H., M. Sugai, S. Nakashima, S. Yamada, A. Matsumoto,
T. Oshida, and H. Suginaka. 1997. Subcellular localization of the major
autolysin, ATL and its processed proteins in Staphylococcus aureus. Micro-
biol. Immunol. 41:469–479.

46. Kumar, A., P. Ray, M. Kanwar, M. Sharma, and S. Varma. 2005. A com-
parative analysis of antibody repertoire against Staphylococcus aureus an-
tigens in patients with deep-seated versus superficial staphylococcal infec-
tions. Int. J. Med. Sci. 2:129–136.

47. Lehner, I., M. Niehof, and J. Borlak. 2003. An optimized method for the
isolation and identification of membrane proteins. Electrophoresis 24:1795–
1808.

48. Leid, J. G., M. E. Shirtliff, J. W. Costerton, and A. P. Stoodley. 2002.
Human leukocytes adhere to, penetrate, and respond to Staphylococcus
aureus biofilms. Infect. Immun. 70:6339–6345.

49. Lewis, K. 2001. Riddle of biofilm resistance. Antimicrob. Agents Che-
mother. 45:999–1007.

50. Liao, Y. D., J. C. Jeng, C. F. Wang, S. C. Wang, and S. T. Chang. 2004.
Removal of N-terminal methionine from recombinant proteins by engi-
neered E. coli methionine aminopeptidase. Protein Sci. 13:1802–1810.

51. Lim, Y., S. H. Shin, I. Y. Jang, J. H. Rhee, and I. S. Kim. 1998. A human
transferrin-binding protein of Staphylococcus aureus is immunogenic in vivo
and has an epitope in common with human transferrin receptor. FEMS
Microbiol. Lett. 166:225–230.

52. Lindsay, J. A., and M. T. Holden. 2004. Staphylococcus aureus: superbug,
super genome? Trends Microbiol. 12:378–385.

53. Lorenz, U., K. Ohlsen, H. Karch, M. Hecker, A. Thiede, and J. Hacker.
2000. Human antibody response during sepsis against targets expressed by
methicillin resistant Staphylococcus aureus. FEMS Immunol. Med. Micro-
biol. 29:145–153.

54. Luong, T. T., and C. Y. Lee. 2002. Overproduction of type 8 capsular
polysaccharide augments Staphylococcus aureus virulence. Infect. Immun.
70:3389–3395.

55. Mader, J. T. 1985. Animal models of osteomyelitis. Am. J. Med. 78:213–
217.

56. Mader, J. T., L. T. Morrison, and K. R. Adams. 1987. Comparative evalu-
ation of A-56619, A-56620, and nafcillin in the treatment of experimental
Staphylococcus aureus osteomyelitis. Antimicrob. Agents Chemother. 31:
259–263.

57. Mader, J. T., and M. E. Shirtliff. 1999. The rabbit model of bacterial
osteomyelitis of the tibia, p. 581–591. In O. Zak and M. A. Sande (ed.),
Handbook of animal models of infection. Academic Press Ltd., London,
England.

58. Mader, J. T., and K. J. Wilson. 1983. Comparative evaluation of cefaman-
dole and cephalothin in the treatment of experimental Staphylococcus
aureus osteomyelitis in rabbits. J. Bone Jt. Surg. Am. Vol. 65:507–513.

59. Maira-Litran, T., A. Kropec, C. Abeygunawardana, J. Joyce, G. Mark III,
D. A. Goldmann, and G. B. Pier. 2002. Immunochemical properties of the
staphylococcal poly-N-acetylglucosamine surface polysaccharide. Infect.
Immun. 70:4433–4440.

60. Maira-Litran, T., A. Kropec, D. A. Goldmann, and G. B. Pier. 2005. Com-
parative opsonic and protective activities of Staphylococcus aureus conju-
gate vaccines containing native or deacetylated staphylococcal poly-N-
acetyl-beta-(1–6)-glucosamine. Infect. Immun. 73:6752–6762.

61. Marques, M. A., S. Chitale, P. J. Brennan, and M. C. Pessolani. 1998.
Mapping and identification of the major cell wall-associated components of
Mycobacterium leprae. Infect. Immun. 66:2625–2631.

62. Marx, C. J., M. Laukel, J. A. Vorholt, and M. E. Lidstrom. 2003. Purifica-
tion of the formate-tetrahydrofolate ligase from Methylobacterium ex-
torquens AM1 and demonstration of its requirement for methylotrophic
growth. J. Bacteriol. 185:7169–7175.

63. Meinke, A., T. Henics, M. Hanner, D. B. Minh, and E. Nagy. 2005. Anti-
genome technology: a novel approach for the selection of bacterial vaccine
candidate antigens. Vaccine 23:2035–2041.

64. Murata, L. B., and H. K. Schachman. 1996. Structural similarity between
ornithine and aspartate transcarbamoylases of Escherichia coli: character-
ization of the active site and evidence for an interdomain carboxy-terminal
helix in ornithine transcarbamoylase. Protein Sci. 5:709–718.

65. Nandakumar, R., M. P. Nandakumar, M. R. Marten, and J. M. Ross. 2005.

VOL. 74, 2006 DETECTING S. AUREUS BIOFILM ANTIGENS EXPRESSED IN VIVO 3425



Proteome analysis of membrane and cell wall associated proteins from
Staphylococcus aureus. J. Proteome Res. 4:250–257.

66. Nayak, D. K., A. Asha, K. M. Shankar, and C. V. Mohan. 2004. Evaluation
of biofilm of Aeromonas hydrophila for oral vaccination of Clarias bat-
rachus—a carnivore model. Fish Shellfish Immunol. 16:613–619.

67. Nesper, M., S. Nock, E. Sedlak, M. Antalik, D. Podhradsky, and M. Sprinzl.
1998. Dimers of Thermus thermophilus elongation factor Ts are required for
its function as a nucleotide exchange factor of elongation factor Tu. Eur.
J. Biochem. 255:81–86.

68. Nilsson, I. M., J. C. Lee, T. Bremell, C. Ryden, and A. Tarkowski. 1997. The
role of staphylococcal polysaccharide microcapsule expression in septicemia
and septic arthritis. Infect. Immun. 65:4216–4221.

69. Norden, C. W. 1970. Experimental osteomyelitis. I. A description of the
model. J. Infect. Dis. 122:410–418.

70. Nour El-Din, A. N., L. Shkreta, B. G. Talbot, M. S. Diarra, and P. Lacasse.
2006. DNA immunization of dairy cows with the clumping factor A of
Staphylococcus aureus. Vaccine 24:1997–2006.

71. O’Farrell, P. H. 1975. High resolution two-dimensional electrophoresis of
proteins. J. Biol. Chem. 250:4007–4021.

72. O’Riordan, K., and J. C. Lee. 2004. Staphylococcus aureus capsular poly-
saccharides. Clin. Microbiol. Rev. 17:218–234.

73. Oshida, T., and A. Tomasz. 1992. Isolation and characterization of a Tn551-
autolysis mutant of Staphylococcus aureus. J. Bacteriol. 174:4952–4959.

74. Patton, W. F. 1999. Proteome analysis. II. Protein subcellular redistribu-
tion: linking physiology to genomics via the proteome and separation tech-
nologies involved. J. Chromatogr. B 722:203–223.

75. Pesanti, E. L., and J. A. Lorenzo. 1998. Osteoclasts and effects of interleu-
kin 4 in development of chronic osteomyelitis. Clin. Orthop. Relat. Res.
355:290–299.

76. Peterson, P. K., B. J. Wilkinson, Y. Kim, D. Schmeling, and P. G. Quie.
1978. Influence of encapsulation on staphylococcal opsonization and
phagocytosis by human polymorphonuclear leukocytes. Infect. Immun. 19:
943–949.

77. Porcella, S. F., R. J. Belland, and R. C. Judd. 1996. Identification of an EF-Tu
protein that is periplasm-associated and processed in Neisseria gonorrhoeae.
Microbiology 142:2481–2489.

78. Prevost, G., B. Cribier, P. Couppie, P. Petiau, G. Supersac, V. Finck-
Barbancon, H. Monteil, and Y. Piemont. 1995. Panton-Valentine leucocidin
and gamma-hemolysin from Staphylococcus aureus ATCC 49775 are en-
coded by distinct genetic loci and have different biological activities. Infect.
Immun. 63:4121–4129.

79. Pucci, M. J., and T. J. Dougherty. 2002. Direct quantitation of the numbers
of individual penicillin-binding proteins per cell in Staphylococcus aureus. J.
Bacteriol. 184:588–591.

80. Raynaud, C., G. Etienne, P. Peyron, M. A. Laneelle, and M. Daffe. 1998.
Extracellular enzyme activities potentially involved in the pathogenicity of
Mycobacterium tuberculosis. Microbiology 144:577–587.

81. Resch, A., R. Rosenstein, C. Nerz, and F. Gotz. 2005. Differential gene
expression profiling of Staphylococcus aureus cultivated under biofilm and
planktonic conditions. Appl. Environ. Microbiol. 71:2663–2676.

82. Roghmann, M., K. L. Taylor, A. Gupte, M. Zhan, J. A. Johnson, A. Cross,
R. Edelman, and A. I. Fattom. 2005. Epidemiology of capsular and surface
polysaccharide in Staphylococcus aureus infections complicated by bacter-
aemia. J. Hosp. Infect. 59:27–32.

83. Rosenkrands, I., R. A. Slayden, J. Crawford, C. Aagaard, C. E. Barry III,
and P. Andersen. 2002. Hypoxic response of Mycobacterium tuberculosis
studied by metabolic labeling and proteome analysis of cellular and extra-
cellular proteins. J. Bacteriol. 184:3485–3491.

84. Saadi, A. T., D. M. Weir, I. R. Poxton, J. Stewart, S. D. Essery, C. C.
Blackwell, M. W. Raza, and A. Busuttil. 1994. Isolation of an adhesin from
Staphylococcus aureus that binds Lewis A blood group antigen and its
relevance to sudden infant death syndrome. FEMS Immunol. Med. Micro-
biol. 8:315–320.

85. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

86. Sasaki, S., S. Nishikawa, T. Miura, M. Mizuki, K. Yamada, H. Madarame,
Y. I. Tagawa, Y. Iwakura, and A. Nakane. 2000. Interleukin-4 and in-

terleukin-10 are involved in host resistance to Staphylococcus aureus
infection through regulation of gamma interferon. Infect. Immun. 68:
2424–2430.

87. Sauer, K., and A. K. Camper. 2001. Characterization of phenotypic changes
in Pseudomonas putida in response to surface-associated growth. J. Bacte-
riol. 183:6579–6589.

88. Sauer, K., A. K. Camper, G. D. Ehrlich, J. W. Costerton, and D. G. Davies.
2002. Pseudomonas aeruginosa displays multiple phenotypes during devel-
opment as a biofilm. J. Bacteriol. 184:1140–1154.

89. Scherl, A., P. Francois, M. Bento, J. M. Deshusses, Y. Charbonnier, V.
Converset, A. Huyghe, N. Walter, C. Hoogland, R. D. Appel, J. C. Sanchez,
C. G. Zimmermann-Ivol, G. L. Corthals, D. F. Hochstrasser, and J.
Schrenzel. 2005. Correlation of proteomic and transcriptomic profiles of
Staphylococcus aureus during the post-exponential phase of growth. J. Mi-
crobiol. Methods 60:247–257.

90. Schmitz, G., and D. M. Downs. 2004. Reduced transaminase B (IlvE)
activity caused by the lack of yjgF is dependent on the status of threonine
deaminase (IlvA) in Salmonella enterica serovar Typhimurium. J. Bacteriol.
186:803–810.

91. Schroder, I., A. Vadas, E. Johnson, S. Lim, and H. G. Monbouquette. 2004. A
novel archaeal alanine dehydrogenase homologous to ornithine cyclodeami-
nase and �-crystallin. J. Bacteriol. 186:7680–7689.

92. Sellman, B. R., A. P. Howell, C. Kelly-Boyd, and S. M. Baker. 2005. Iden-
tification of immunogenic and serum binding proteins of Staphylococcus
epidermidis. Infect. Immun. 73:6591–6600.

93. Shinefield, H., S. Black, A. Fattom, G. Horwith, S. Rasgon, J. Ordonez,
H. Yeoh, D. Law, J. B. Robbins, R. Schneerson, L. Muenz, S. Fuller, J.
Johnson, B. Fireman, H. Alcorn, and R. Naso. 2002. Use of a Staphylococ-
cus aureus conjugate vaccine in patients receiving hemodialysis. N. Engl.
J. Med. 346:491–496.

94. Shkreta, L., B. G. Talbot, M. S. Diarra, and P. Lacasse. 2004. Immune
responses to a DNA/protein vaccination strategy against Staphylococcus
aureus induced mastitis in dairy cows. Vaccine 23:114–126.

95. Sivakanesan, R., and E. A. Dawes. 1980. Anaerobic glucose and serine
metabolism in Staphylococcus epidermidis. J. Gen. Microbiol. 118:143–
157.

96. Stewart, P. S., and J. W. Costerton. 2001. Antibiotic resistance of bacteria
in biofilms. Lancet 358:135–138.

97. Sun, D., M. A. Accavitti, and J. D. Bryers. 2005. Inhibition of biofilm
formation by monoclonal antibodies against Staphylococcus epidermidis
RP62A accumulation-associated protein. Clin. Diagn. Lab. Immunol. 12:
93–100.

98. Thakker, M., J. S. Park, V. Carey, and J. C. Lee. 1998. Staphylococcus
aureus serotype 5 capsular polysaccharide is antiphagocytic and enhances
bacterial virulence in a murine bacteremia model. Infect. Immun. 66:5183–
5189.

99. Uhlen, M., B. Guss, B. Nilsson, S. Gatenbeck, L. Philipson, and M. Lindberg.
1984. Complete sequence of the staphylococcal gene encoding protein A. A
gene evolved through multiple duplications. J. Biol. Chem. 259:1695–1702.

100. van Kampen, M. D., R. Rosenstein, F. Gotz, and M. R. Egmond. 2001.
Cloning, purification and characterisation of Staphylococcus warneri lipase
2. Biochim. Biophys. Acta 1544:229–241.

101. Vytvytska, O., E. Nagy, M. Bluggel, H. E. Meyer, R. Kurzbauer, L. A.
Huber, and C. S. Klade. 2002. Identification of vaccine candidate antigens
of Staphylococcus aureus by serological proteome analysis. Proteomics
2:580–590.

102. Watts, A., D. Ke, Q. Wang, A. Pillay, A. Nicholson-Weller, and J. C. Lee.
2005. Staphylococcus aureus strains that express serotype 5 or serotype 8
capsular polysaccharides differ in virulence. Infect. Immun. 73:3502–3511.

103. Weichhart, T., M. Horky, J. Sollner, S. Gangl, T. Henics, E. Nagy, A.
Meinke, A. von Gabain, C. M. Fraser, S. R. Gill, M. Hafner, and U. von
Ahsen. 2003. Functional selection of vaccine candidate peptides from
Staphylococcus aureus whole-genome expression libraries in vitro. Infect.
Immun. 71:4633–4641.

104. Young, T. W., N. J. Kuhn, A. Wadeson, S. Ward, D. Burges, and G. D.
Cooke. 1998. Bacillus subtilis ORF yybQ encodes a manganese-dependent
inorganic pyrophosphatase with distinctive properties: the first of a new
class of soluble pyrophosphatase? Microbiology 144:2563–2571.

Editor: J. T. Barbieri

3426 BRADY ET AL. INFECT. IMMUN.


