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Clinical isolates of coagulase-negative staphylococci often elaborate a biofilm involved in adherence to
medical devices and resistance to host defenses. The biofilm contains the capsular polysaccharide/adhesin
(PS/A), which mediates cell adherence to biomaterials, and another antigen, termed polysaccharide intercel-
lular adhesin (PIA), which is thought to mediate bacterial accumulation into cellular aggregates. PIA is a
polymer of b-1,6-linked N-acetyl glucosamine residues with a molecular mass of <30,000 kDa. We found that
recombinant Staphylococcus carnosus and Staphylococcus aureus carrying a plasmid with genes of the ica locus,
which was reported to encode the biosynthetic proteins for production of PIA, were also able to synthesize PS/A.
PS/A and a chemically and immunologically identical polysaccharide isolated from S. carnosus carrying the ica
genes on plasmid pCN27 were found to be high-molecular-mass (>250,000 kDa), acid-stable polymers of
b-1,6-linked glucosamine substituted on the amino group primarily with succinate, although some prepara-
tions also contained acetate. Moreover, all recombinant staphylococcal strains with the ica genes had the
biologic properties previously attributed to PS/A. ica-positive strains readily formed an in vitro biofilm on
plastic, adhered 3- to 10-fold more to catheters during a 30-min assay compared with control strains carrying
only the cloning vector, adsorbed out antibodies to PS/A from immune serum, and elaborated a capsule
visualized by immunoelectron microscopy with antisera to PS/A. These properties were also seen with PS/A-
producing strains of Staphylococcus epidermidis, but not with transposon mutants lacking PS/A. An antiserum
raised to PIA contained high-titer antibody to PS/A that was readily adsorbed out by PS/A-positive strains of
S. epidermidis and recombinant strains of staphylococci carrying the ica genes. We conclude that the ica locus
encodes production of PS/A and that the properties of S. epidermidis associated with initial bacterial adherence,
biofilm formation, and intercellular adhesion can be correlated with elaboration of PS/A.

Coagulase-negative staphylococci (CoNS), including Staph-
ylococcus epidermidis, are now recognized as important patho-
gens in preterm neonates, patients undergoing chemotherapy,
and other patients with indwelling medical devices. Clinical
isolates are often highly adherent to plastic surfaces because
they elaborate an extracellular material which is referred to as
biofilm or slime. The exact nature and chemical components of
the biofilm have not been fully characterized. The capsular
polysaccharide (PS) has been reported to be a component of
the cell surface and biofilm layer, to mediate cell adherence to
biomaterials, and to protect the bacterial cell from host de-
fenses, such as opsonophagocytosis (8, 21, 35). Hence, it is
referred to as capsular PS/adhesin (PS/A) (35). However, the
exact chemical constituents of PS/A have not previously been
determined. Other PSs are thought to be prominent compo-
nents of slime (2, 4, 14, 23), and several investigators have
described proteins that purportedly mediate bacterial adher-
ence to biomaterials (15, 34). Mack et al. (23, 25) have chem-
ically characterized one component of the biofilm to include
two structurally related homoglycans composed of about 130
residues of b-1,6-linked glucosamine that are mostly (.80%)
N acetylated. This material is referred to as the PS intercellular
adhesin (PIA). Recently, Baldassarri et al. (2) have shown that

the slime-associated antigen previously characterized by Chris-
tensen et al. (4) is chemically the same as PIA.

The major basis for differentiating PIA from PS/A comes
from a study by Heilmann et al. (12), who cloned a fragment of
DNA from S. epidermidis RP62A into plasmid pCA44. The
result was plasmid pCN27, which has recently been reported to
contain four open reading frames comprising the ica (intercel-
lular adhesin) locus (7). After transformation of Staphylococ-
cus carnosus TM300 with pCN27, the recombinant strain elab-
orated a material with the reported properties of PIA; it
mediated intercellular clumping of bacteria but not the initial
adherence of bacteria to polystyrene, as determined in a simple
colorimetric assay for biofilm production (12). The recombi-
nant S. carnosus(pCN27) strain adhered well to glass (12),
which is also a property of PS/A (27, 35). Thus, the reported
properties of S. carnosus(pCN27) conform to the model pro-
posed by Mack et al. (25, 26), in which adherence of S. epider-
midis to biomaterials is a two-step phenomenon involving ini-
tial adherence mediated by PS/A and/or one of several proteins
(11, 15, 34, 36) and then accumulation of cells into the biofilm
due to elaboration of PIA. However, these findings did not
take into account the fact that PS/A can be present on CoNS
strains that do not elaborate a biofilm detectable by the col-
orimetric assay but nonetheless adhere in high numbers to
silastic catheters (27). Thus, biofilm production is not an ade-
quate test for detecting elaboration of PS/A.

An additional limitation of the findings obtained with the
recombinant S. carnosus(pCN27) strain is that the actual ma-
terial elaborated by the recombinant strain giving rise to inter-
cellular bacterial accumulation was not isolated and character-
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ized. In a recent study using an in vitro assay for analysis of the
enzymatic functions of the ica genes (7), the proteins encoded
by two genes, icaA and icaD, were shown to be able to synthe-
size an N-acetylglucosamine oligomer up to 20 residues in
length from UDP-N-acetylglucosamine precursors. A third
gene in the ica locus, icaC, was needed to obtain N-acetylglu-
cosamine polymers reactive with antisera raised to purified
PIA (7). In spite of this clear finding from Gerke et al. (7) that
the icaADC genes encode proteins that can synthesize a b-1,6-
linked N-acetylglucosamine polymer in vitro, it still has not
been shown that these genes encode the biosynthetic proteins
for production of the PIA polymer in vivo. In addition, the use
of UDP-N-acetylglucosamine in these studies as the biosyn-
thetic precursor instead of UDP-glucosamine (which could not
be undertaken due to lack of commercial availability of UDP-
glucosamine) could exclude detection of alternatively substi-
tuted glucosamine polymers by the gene products of the ica
locus. To characterize further the recombinant antigen made
by the proteins encoded in the ica locus, we undertook an
investigation of the biologic and immunochemical properties
of S. carnosus(pCN27) and its biofilm antigens. In this paper,
we demonstrate that the genes in the ica locus contained in
pCN27 (12) encode production of proteins that can synthesize
PS/A, which is chemically related to PIA but distinguished
from PIA by molecular size, biophysical properties, and the
presence of succinate groups on the majority of the amino
groups of the glucosamine residues that make up the polymer.

MATERIALS AND METHODS

Bacterial strains. The strains of S. epidermidis, S. carnosus, and Staphylococcus
aureus used in this study and their associated plasmids are described in Table 1.
pCN27 containing the ica locus was isolated from S. carnosus(pCN27) and
electroporated into S. aureus RN4220 as described previously (1, 22). Curiously,
we were unable to transform S. aureus RN4220 with the cloning vector pCA44;
thus, we instead used pSK265, which also encodes chloramphenicol resistance, as
a control for S. aureus(pCN27). Transformed cells were selected on Trypticase
soy agar (TSA) supplemented with 5 mg of chloramphenicol/ml. We have deter-
mined that the transposon inserts in PS/A-negative strains M187-sn3 and M187-
sn6 are not in the ica locus (unpublished observation), whereas the PIA-negative
transposon mutant 1457-M11 appears to have a Tn917 insert in this locus (un-
published observation).

Antiserum. An antiserum to purified PS/A was raised as previously described
(35). An antiserum to PIA raised in rabbits was supplied by D. Mack, Kranken-
haus Eppendorf, Hamburg, Germany.

Purification of PS/A. Crude slime was prepared from cultures grown in a
chemically defined medium (CDM) (13) containing RPMI 1640 AUTO-MOD,
an RPMI 1640 preparation modified to allow sterilization by autoclaving (Sigma
Chemical Co., St. Louis, Mo.) as a starting base. Phenol red was omitted because
it was readily bound by purified PS/A (unpublished results). The CDM was
supplemented with additional amino acids, vitamins, and nucleotides to give it a
final composition similar to that described elsewhere (13). The medium was
further supplemented with dextrose and sucrose; each was autoclaved separately
and then added to a final concentration of 1%.

Cultures were inoculated with a single colony of S. epidermidis (27) from a
TSA plate that had been incubated overnight at 37°C. The slime-positive phe-
notype of the inoculum was confirmed via subculture on Congo red agar (6).
Batch cultures were grown with vigorous mixing at 37°C, with 2 liters of O2/min
bubbled through a sparger and the pH maintained at 7.0 by the automatic
addition of 5 M NaOH with a pH titrator. Cultures were grown until they ceased
to need addition of NaOH to maintain the pH at 7.0 (i.e., for 48 to 72 h).

Slime was extracted from the bacterial cells directly into the culture superna-
tant with the use of divalent cations, low pH, and heat. MgCl2 was added to the
culture to a final concentration of 100 mM, and the pH was adjusted to 5.0. The
culture was heated at 65°C for 90 min with vigorous stirring. The cell bodies were
sedimented at 9,000 3 g for 15 min. The supernatant was concentrated to ;1,000
ml via tangential-flow filtration (10,000-molecular-weight [MW] cutoff filter),
and the following buffer exchanges and treatments were performed while the
solution was still in the filtration device. The buffer was exchanged with distilled
water (dH2O; pH 5.0) to remove excesses of Mg21 ions, the pH was adjusted to
7.4 with 0.1 M Tris–0.15 M NaCl, and the solution was treated for 4 h at room
temperature with 5 mg each of RNase and DNase and then for 2 h with 5 mg of
trypsin. The buffer was changed to 10 mM EDTA (pH 8.6), and sodium deoxy-
cholate (DOC) was added to a final concentration of 3%.

The cell bodies were reextracted by treatment with 5 mg each of RNase and
DNase for 4 h at 37°C and then with 5 mg of trypsin for 2 h; the cells were
sedimented, and the supernatant was added to the concentrated culture super-
natant as it was being treated with trypsin. The cell bodies were resuspended in
10 mM EDTA–3% DOC (pH 8.6), stirred for 2 h, and sedimented again. The
supernatant was added to the concentrated culture supernatant as it was being
treated with 10 mM EDTA–3% DOC (pH 8.6). Finally, the pooled extracts were
concentrated to 50 ml via stirred-cell filtration (30,000-MW-cutoff filter). Partic-
ulate material was sedimented by centrifugation at 2,000 3 g for 30 min, and the
supernatant was retained as the crude slime extract.

High-MW PS/A-enriched material was isolated from the crude slime extract by
molecular sieve chromatography. A column (5.0 by 100 cm) was packed with
Sepharose CL-4B (Pharmacia, Piscataway, N.J.) and washed with 10 mM EDTA
containing 1% DOC (pH 8.6). Crude slime was applied in a volume of 10 to 20
ml, and the PS/A-containing fractions were identified by measurement of the
absorption at 206 nm and immuno-dot blot analysis with polyclonal rabbit anti-
serum to PS/A. Material eluting in the void-volume fractions of the column was
pooled and treated with proteinase K (0.1 mg/ml), which was proteolytically
active in 1% DOC; the material was simultaneously concentrated to 100 ml with
a stirred-cell filtration unit (30,000-MW-cutoff membrane). To destroy remnants
of an alkali-labile cell wall antigen present in the preparations, the proteinase
K-digested material was treated by the addition of NaOH to a final concentration
of 500 mM, and the mixture was stirred at 22°C for 2 h and then neutralized with
HCl. PS/A was recovered by methanol precipitation (50% [vol/vol]) and sedi-
mented by centrifugation at 30,000 3 g for 30 min. Residual DOC and impurities
were removed by numerous washes of the precipitate with pure methanol. To
remove residual teichoic acid, the methanol precipitate was suspended in 24%
(vol/vol) hydrofluoric acid (HF) at 4°C for 48 h. The HF solution was diluted in
water to a concentration of 12% HF and then neutralized with NaOH and
dialyzed against running water. PS/A was mostly insoluble at this point. Any
remaining soluble PS/A was precipitated by the addition of methanol to 50%,
and the pellet was washed with pure methanol three to five times, suspended in
deionized H2O, frozen, and lyophilized. Typical yields of PS/A ranged from 0.5
to 2 mg/liter of culture.

Purification of antigen from S. carnosus(pCN27). The procedure described by
Mack et al. (25) for the isolation of PIA antigen was used to purify antigens from
S. carnosus(pCN27). In brief, S. carnosus(pCN27) was grown for 22 h at 37°C
with shaking at 100 rpm/min in 900 ml of dialyzed Trypticase soy broth (TSB).
The cells were collected by centrifugation and suspended in 20 ml of 0.1 M
phosphate-buffered saline (PBS). The antigen was extracted by sonication of the

TABLE 1. Bacterial strains used in this study

Strain Comment(s) Reference
or source

S. epidermidis M187 Clinical isolate (peritonitis) 27
S. epidermidis M187-sn3 PS/A-negative transposon mutant 27
S. epidermidis M187-sn6 PS/A-negative transposon mutant 27
S. carnosus TM300 Host strain 19
S. carnosus(pCN27) S. carnosus transformed with pCN27 containing the ica locus 12
S. carnosus(pCA44) S. carnosus transformed with pCA44 (control plasmid) 12
S. aureus RN4220 S. aureus recA-deficient strain 30
S. aureus(pSK265) S. aureus RN4220 transformed with pSK265 This study
S. aureus(pCN27) S. aureus RN4220 with pCN27 containing the ica locus This study
S. epidermidis RP62A ATCC 35984; prototype PS/A-positive strain 5
S. epidermidis 1457 Prototype PIA-positive strain 25
S. epidermidis 1457-M11 Isogenic biofilm and PIA-negative transposon mutant of S. epidermidis 1457 25
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cells for 10 min with 80 W of power. Cell debris was removed by centrifugation
at 15,000 3 g for 15 min at 4°C, and extracts were further clarified by centrifu-
gation at 12,000 rpm for 60 min. The extracts were then filter sterilized and
dialyzed against ammonium carbonate (0.4 M) concentrated to 50 ml with an
Omegacell (10,000-MW-cutoff membrane; Filtron Technology Corp., Northbor-
ough, Mass.) and fractionated by gel filtration chromatography on a Sephacryl
S-300 column. Material eluting in the fractions was detected by duplicate im-
muno-dot blot analysis with rabbit antiserum to PIA or PS/A. Immunologically
reactive material was identified by immuno-dot blotting, pooled, dialyzed against
water, and lyophilized.

Enzyme-linked immunosorbent assay (ELISA) and ELISA inhibition. Immu-
lon 1 plates (Dynatech Laboratories, Chantilly, Va.) were sensitized at 37°C for
12 h with 100 ml of either PS/A or recombinant antigen from S. carnosus(pCN27)
(10 mg/ml) suspended in 0.04 M sodium phosphate buffer (pH 7.4). The plates
were then washed three times with PBS, blocked with 5% skim milk for 2 h at
37°C, and again washed three times with PBS. For obtaining antibody-binding
titers, sera were diluted twofold in 1% skim milk with 0.05% Tween and incu-
bated at 37°C for 1 h, the plates were washed, and appropriate alkaline phos-
phatase-conjugated secondary antibodies were added. After incubation, washing,
and color development with substrate reagents, the serum titer was determined
as the reciprocal of the dilution giving an optical density at 405 nm (OD405) of
0.2, which was calculated by linear regression from the formula of the line
plotting OD405 versus serum dilution (9).

Whole-cell absorptions of antiserum to PS/A or PIA that were to be used for
ELISA inhibition were performed as follows. Bacteria were grown overnight in
TSB or antibiotic-supplemented TSB. The cells were washed with PBS and
suspended to an OD650 of 2.0. A 1-ml volume of each bacterial suspension was
centrifuged (6,000 3 g for 5 min), and a 500-ml volume of antiserum diluted 1:500
with 1% skim milk was added to each tube and thoroughly mixed. To prevent
protein A on S. aureus strains from nonspecifically binding immunoglobulin G
(IgG), these strains were first treated with trypsin (0.1 mg/ml for 30 min at 37°C)
and then washed with PBS prior to their use as adsorbing antigens. The anti-
serum with adsorbing bacteria was incubated at 4°C for 45 min. Whole bacterial
cells were removed by centrifugation (6,000 3 g for 5 min), and a 100-ml volume
of the adsorbed antiserum was added to wells of the ELISA plates coated with
the antigens described above. The plates were incubated at 37°C for 1 h. After
washing, anti-rabbit IgG conjugated with alkaline phosphatase (Sigma) was
added to each well (100 ml of a 1:1,000 dilution in 1% skim milk). The plates were
incubated at 37°C for 1 h, washed, and developed with p-nitrophenylphosphate.
OD405 readings were taken with an ELISA plate reader (BioTek Instruments,
Winoski, Ill.) after 60 min of incubation.

Immuno-dot blot. Antibody binding to antigens was also evaluated by im-
muno-dot blotting. Five microliters of antigen (100 mg/ml in 0.1 M HCl) was
placed onto nitrocellulose paper and left to dry. The paper was then treated for
30 min with 5% skimmed milk–PBS at room temperature, followed by three
washing steps with PBS. Primary antisera (1:500 dilutions in 5% skimmed milk–
PBS) were then added, and the blots were incubated for 30 to 45 min at room
temperature and washed three times with PBS. The appropriate enzyme-conju-
gated antibody diluted 1:500 in skimmed milk-PBS was then added to the blot
and incubated at room temperature for 30 to 45 min. A final wash with PBS was
carried out before developing the blot with 5-bromo-4-chloro-3-indyolylphos-
phate–nitroblue tetrazolium (BCIP/NBT; Kirkegaard & Perry Laboratories,
Gaithersburg, Md.) as substrate. After developing, the blot was washed with PBS
and allowed to dry at room temperature.

Quantitative biofilm assay. The biofilm-forming capacities of the various
strains were investigated by the method described by Heilmann et al. (12).
Bacteria were cultivated overnight in 10 ml of TSB supplemented with 0.25%
glucose. The culture was diluted 1:200 in TSB-glucose, and 200 ml of this cell
suspension was used to inoculate sterile 96-well polystyrene microtiter plates
(Costar Corp., Cambridge, Mass.). After cultivation for 24 h at 37°C, the plates
were washed twice with sterile PBS and air dried, and the cells were adsorbed to
the plates and stained with 0.025% safranin for 30 s. Absorbance at 490 nm was
measured with an ELISA plate reader. Each assay was performed five times.

Biofilm formation on a glass surface was also evaluated in the manner de-
scribed by Heilmann et al. (12).

Catheter adherence assay. The catheter adherence assay was performed as
described elsewhere (28, 35). In brief, staphylococcal strains were grown over-
night on TSA plates, and the growth was suspended in TSB to an OD650 of 0.1.
Catheters (PE10; Becton Dickinson and Co., Sparks, Md.) were cut to 15-mm
lengths and placed into the cultures (five catheters per test strain), which were
incubated at 37°C for 30 min. The catheters were removed and washed five times
in sterile PBS. After washing, the catheters were placed into 1% proteose pep-
tone (Difco, Ann Arbor, Mich.) and vortexed for 2 min. Confirmation that
vortexing released the bacterial cells from the catheter was determined as de-
scribed previously (28). Serial dilutions were then performed for bacterial enu-
meration, and means and standard errors were calculated for the adherence of
each strain.

Complement-mediated phagocytic assay. Staphylococcal strains were grown
overnight on TSA with or without chloramphenicol (10 mg/ml), as appropriate;
TSB cultures were then prepared, with a starting OD650 of 0.1, and grown to
mid-log phase (OD650 of 0.4). Bacterial cells were washed with RPMI and
diluted with 10% fetal calf serum in RPMI. A 100-ml volume (;2 3 106 to 3 3

106 CFU) was then added to each assay tube. The complement source was
adsorbed as follows to remove any specific antibody. A 1-ml volume of a culture
of S. carnosus TM300 (OD650 of 2.0) was centrifuged at 15,000 3 g for 5 min, the
supernatant was removed, and 1 ml of complement (diluted 1:5 in 10% fetal calf
serum in RPMI 1640) was added and incubated at 4°C for 45 min. The bacterial
cells were removed by filter sterilization, and 100 ml of the diluted complement
plus 100 ml (4 3 106 cells) of freshly isolated leukocytes from healthy volunteers
was added to each assay tube. Tubes containing bacteria and only leukocytes
were used as controls to ensure that leukocytes alone were not killing bacteria.
The volume of each tube was then made up to 400 ml with 10% fetal calf serum
in RPMI. The reaction mixture was incubated on a rotor rack for 90 min at 37°C.
Serial dilutions were made for bacterial enumeration, and the mean percentage
of killing in replicate tubes was calculated compared with that in tubes with
bacteria and leukocytes alone.

Immunoelectron microscopy. The bacterial test strains were grown overnight
in TSB. A 1-ml volume of the cultures was centrifuged (15,000 3 g for 5 min) and
washed in sterile 0.1% PBS. The S. aureus strains were first treated with 1%
human serum in PBS for 30 min at 37°C to block the protein A found on the cell
surface. Electron microscopic grids (200-mesh, Formvar-carbon-coated copper
grids; Electron Microscopy Sciences, Washington, Pa.) were placed on top of a
5-ml bacterial suspension on parafilm for 1 min. The grids were removed and
placed on top of a drop of PBS–0.5% fish skin gelatin–0.1% Tween (blocking
buffer) for 10 min. After blocking, the grids were placed on 5 ml of either normal
or immune rabbit serum (diluted 1:10 in blocking buffer) for 20 to 30 min. Then,
the grids were washed four times for 10 min with PBS. The secondary antibody
was then applied for 20 to 30 min. For all but the S. aureus strains, the conjugate
used was 15-nm colloidal gold-labeled protein A (Sigma) at a 1:10 dilution in the
blocking buffer. For S. aureus strains, the secondary antibody used was gold-
labeled anti-rabbit IgG (Sigma) at a 1:10 dilution in blocking buffer. Each grid
was then washed four times for 10 min in dH2O. The grids were examined with
a transmission electron microscope at magnifications of 36 to 25,000.

Chemical analysis of antigens. The method described by Smith and Gilkerson
(33) was used for colorimetric determinations of amino sugars. Glucosamine
(Sigma) was used to generate a standard curve. Additional chemical analysis was
as described elsewhere (20), with gas-liquid chromatography–mass spectrometry
(GLC-MS) and nuclear magnetic resonance (NMR) analysis of oligosaccharide
and monosaccharide components released by hydrolysis in various concentra-
tions of HCl (up to 6 N HCl) at 100°C for 2 to 14 h. Succinate was identified by
GLC after the treatment of antigen in 5 N NaOH at 95°C for 30 min, acidification
with concentrated sulfuric acid, and derivation to methyl esters in boron-trifluo-
ride methanol.

Statistical analysis. The t test was used for all two-sample comparisons and
analysis of variance (ANOVA) for multisample comparisons was used as indi-
cated in Results. P values were calculated with StatView software (Abacus
Concepts, Berkeley, Calif.) on a Macintosh computer.

RESULTS

Characterization of PS/A antigen. Previously, complete
chemical characterization of PS/A was problematic because of
the propensity of PS/A to bind to multiple bacterial and media
constituents. Use of an RPMI-based CDM to prepare antigen
appears to have minimized this problem, and use of both base
(NaOH) and HF treatments to degrade contaminants signifi-
cantly improved the purity of PS/A. A major fraction of PS/A
purified for this study from either S. epidermidis RP62A or S.
epidermidis M187 eluted in the high-molecular-mass, void-vol-
ume fractions of a Sepharose 4B column (.250,000 kDa) and
gave a single precipitin band in immunodiffusion, as previously
shown (35). In addition, sensitization of ELISA wells with
dilutions of PS/A to as little as 0.02 mg/well resulted in the
binding of significantly more of a 1:500 dilution of antibody to
purified PS/A than of preimmune serum. Antiserum to purified
PS/A bound to an extracellular capsule surrounding S. epider-
midis strains (see below) and inhibited binding of biofilm-
positive S. epidermidis to plastic (data not shown). It was of
interest that PS/A purified by the method described above was
insoluble at a pH higher than 4.0 and became progressively
more soluble as the pH was decreased. Use of 3% DOC to
solubilize PS/A during purification was found to be critical, but
once the PS/A was precipitated from DOC solutions by meth-
anol, it could not be resolubilized at a pH of .4.0, even in
DOC buffers. PS/A was slightly soluble (;500 mg/ml) in 50%
propanol–50% butanol and in pyridine. The PS/A antigen was
devoid of detectable phosphate (,0.01%) (18).
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Chemical properties of PS/A and S. carnosus(pCN27)-pro-
duced recombinant antigen. PIA has been defined by Mack et
al. (23) as a linear polymer of b-1,6-linked, partially (;80%)
N-acetylated glucosamine residues, with an average chain
length of 130 residues, corresponding to a molecular mass of
;28,000 Da. Thus, PIA is considerably smaller than PS/A. In
addition, purified PIA is soluble in aqueous buffers at neutral
pH, whereas PS/A is not. To determine the nature of the
antigen produced from proteins encoded by the ica genes in S.
carnosus(pCN27), we isolated a polysaccharide from S. carno-
sus(pCN27) mostly using the method described by Mack et al.
for purifying PIA (23), with omission of the final ion-exchange
chromatography steps. These steps were omitted because the
material that is immunologically reactive with antibodies to
PIA eluted in the void volume of an S-300 column, whereas
PIA, because of its small size, should elute much later. In
addition, the immunologically reactive fractions obtained from
S. carnosus(pCN27) were not reactive in the colorimetric assay
of Smith and Gilkerson (33), which was used to follow purifi-
cation of PIA (23). When this colorimetric method was also
used to analyze PS/A, we could not detect amino sugars (,1%)
in PS/A. Thus, PS/A and the recombinant antigen from S.
carnosus(pCN27) are distinguished from PIA both by their
large molecular sizes and by their lack of reactivity in the assay
of Smith and Gilkerson (33) for detection of amino sugars.

When we further analyzed PS/A and the comparable antigen
isolated from S. carnosus(pCN27) after hydrolysis in strong
acid at high temperature for up to 14 h, using GLC-MS and
NMR, we did find that glucosamine was the single sugar com-
ponent in PS/A and the recombinant antigen isolated from S.
carnosus(pCN27). In addition, a high quantity of succinate
(ranging from 65 to 100% substitution of the glucosamine
residues) was identified in both preparations. Acetate was also
present in some, but not all, PS/A preparations, usually at
levels ,50% those of the succinate levels. Among different lots
of PS/A produced from the same strain (S. epidermidis M187),
there was variation in the acetate level from 0 to 33% substi-
tution of the glucosamine residues. The succinate was released
from the antigens by hydrolysis in 5 M NaOH for 30 min at
95°C, but not with 1 M NaOH under the same conditions. The
lower amount of NaOH would readily release carboxyl-ester-
linked succinate. Along with NMR results, this establishes the
succinate as linked to the amino rather than hydroxyl groups of
glucosamine. A minor component of PIA (termed polysaccha-
ride II) was reported elsewhere (23) to be negatively charged
due to carboxyl-ester-linked succinate, which was released by
treatment under mild alkaline conditions (0.2 M NaOH, 37°C,
24 h). Finally, PS/A and the recombinant antigen isolated from
S. carnosus(pCN27) lose their serologic reactivity after treat-
ment with sodium periodate (0.2 M for 14 h), indicating a 1-6
linkage between the glucosamine residues, which has also been
reported for PIA (23). The linkages between the glucosamines
in PS/A were all determined to be in a b configuration. The
detailed results of the GLC/MS and NMR studies are being
prepared for publication. Thus, PS/A and the recombinant S.
carnosus antigen are chemically identical to each other and
related to PIA but differ from PIA principally on the basis of
molecular size, solubility in aqueous solutions at neutral pH,
and substitution of the majority of the amino groups on the
glucosamine residues with succinate.

Specificity of antisera to PS/A and PIA. An ELISA was
performed by coating a plate with PS/A containing no detect-
able acetate substituents and probing the immobilized antigen
with polyclonal rabbit antisera to either PS/A or PIA. Anti-
serum to PS/A had a titer of 2,769, and antiserum to PIA had
a titer of 2,742; normal sera had titers of #5.2. To investigate

whether these antibodies were specific to PS/A and not a con-
taminant of the preparation, whole-cell absorptions of the rab-
bit antisera to PS/A and PIA were performed. Figure 1A shows
the percentage of inhibition of binding of polyclonal antiserum
to purified PS/A after adsorption with various strains of staph-
ylococci. S. epidermidis M187, a biofilm and PS/A-positive clin-
ical isolate, adsorbed significantly (P , 0.001 [t test]) more
antibody from the PS/A antiserum than did an isogenic, unen-
capsulated transposon mutant, S. epidermidis M187-sn3, which
makes no PS/A (27). In a similar manner, S. carnosus(pCN27)
and S. aureus(pCN27) adsorbed out more antibody that bound
to PS/A than did isogenic strains bearing control plasmids (P #
0.005 [t tests]). Antibodies to PS/A were also removed by
absorbing immune sera with S. epidermidis 1457, the prototype
strain for isolating PIA (25), whereas its isogenic PIA-negative
mutant, S. epidermidis 1457-M11, had little ability to remove
antibodies to PS/A (P , 0.001 [t test]). A similar pattern of
adsorption of antibody to PS/A was seen with antiserum raised
to the PIA antigen (Fig. 1B).

Next, an ELISA plate coated with antigen isolated from S.
carnosus(pCN27) (2 mg/well) was probed with antiserum to
either PIA or PS/A. Antibodies in 1:500 dilutions of both sera
bound strongly to the high-MW antigen isolated from S. car-
nosus(pCN27) (mean OD405s 6 standard deviations, [SD],
1.07 6 0.14 for anti-PS/A and 1.32 6 0.370 for anti-PIA).
These results indicate that antiserum raised to either PS/A or
PIA binds to the antigen produced from the ica locus in re-
combinant S. carnosus(pCN27).

FIG. 1. ELISA inhibition with polyclonal antiserum to purified PS/A (A) and
PIA (B) adsorbed with various staphylococcal strains. ELISA plates were coated
with PS/A (2 mg/well). In all cases, significantly more antibody to PS/A was
adsorbed by parental strains or strains carrying the ica locus than by the corre-
sponding isogenic mutants or vector-control recombinant strains (P # 0.005;
unpaired t tests). Bars represent means, and error bars represent the standard
errors of the means of five separate measurements.
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Adherence (biofilm) assay. Mack et al. (25), Heilmann et al.
(12), and others (37) proposed that PIA and PS/A have differ-
ent biologic properties: PS/A mediates the initial early adher-
ence of CoNS to polymers, and PIA mediates the formation of
multilayered cell clusters. Heilmann et al. (10) claimed that
these are phenotypically and genetically distinct properties of
CoNS and reported that adherence to plastic (i.e., biofilm
formation) was not a property of S. carnosus(pCN27). Using
their method to measure cellular adherence to plastic, we
confirmed that the previously defined PS/A-positive S. epider-
midis strains M187 and RP62A are strongly adherent to a
plastic surface (Fig. 2). Both S. carnosus(pCN27) and S. au-
reus(pCN27) exhibited a high degree of adherence and biofilm
formation, comparable to that of S. epidermidis M187 and
RP62A. As previously shown (27), PS/A-negative transposon
mutants M187-sn6 and M187-sn3 showed negligible biofilm
formation, as did S. carnosus(pCA44) and S. aureus(pSK265),
which bear chloramphenicol resistance plasmids lacking the ica
locus. The results shown in Fig. 2 were readily reproducible in
four other instances (data not shown). When the adherence
assay was conducted with glass tubes, the results were similar
to those obtained by Heilmann et al. (12). Thus, using the
method of Heilmann et al. (12), we demonstrated plastic ad-
herence and biofilm formation by S. carnosus(pCN27), as well
as by the S. aureus(pCN27) strain that we produced for this
study.

Catheter adherence assay. Further evidence that strains car-
rying the ica locus make PS/A was obtained in an assay mea-
suring bacterial adherence to a catheter during a 30-min period
(35), a defining property of PS/A (Fig. 3). S. carnosus(pCN27)
and S. epidermidis M187 were more adherent to silastic cath-
eters than S. epidermidis M187-sn3 and S. carnosus(pCA44)
(P # 0.0001 [t test]). There was a full log difference between
the number of adherent PS/A-positive or ica-bearing bacterial
cells and the number of adherent control (biofilm-negative)

cells. In a similar fashion, S. aureus(pCN27) was three times
more adherent to catheters compared with S. aureus(pSK265)
(P , 0.0001 [t test]; Fig. 3). Therefore, the presence of the ica
genes in pCN27 resulted in an increase in the rapid adherence
of staphylococcal strains to plastic catheters.

Immunoelectron microscopy. In addition to mediating rapid
adherence to catheters and biofilm formation, PS/A represents
the bacterial capsule for S. epidermidis. We investigated
whether strains carrying the ica locus in pCN27 were encap-
sulated. Figure 4 shows transmission electron micrographs of
the various strains probed first with polyclonal rabbit anti-
serum to PS/A and then with gold-labeled protein A, or, for S.
aureus strains, gold-labeled anti-rabbit IgG. Clearly, antibodies
to PS/A bound to an extracellular capsule in S. epidermidis
M187, S. carnosus(pCN27), S. aureus(pCN27), and S. epider-
midis 1457 (a PIA-producing strain). This binding was not seen
with the PS/A-negative mutant S. epidermidis M187-sn3, with
the strains carrying only the control plasmids, or with S. epi-
dermidis 1457-M11, a transposon mutant made by Mack et al.
(25) that reportedly does not produce PIA. Thus, plasmids
with the ica locus caused heterologous strains of staphylococci
to produce a capsule that could be visualized with an antiserum
to PS/A. In addition, transposon mutagenesis that resulted in
loss of PIA production by S. epidermidis 1457 also resulted in
a loss of capsule expression. When an antiserum to PIA was
used in comparable studies, an identical pattern of encapsula-
tion (Fig. 5) confirmed the presence of antibodies to the S.
epidermidis capsule in this antiserum.

Opsonophagocytic killing of recombinant S. carnosus. An-
other property of PS/A (and of bacterial capsules in general) is
the ability to confer resistance to antibody-independent, com-
plement-mediated opsonic killing (27, 31). We determined the
susceptibility to complement-mediated killing of S. carnosus-
(pCN27) and S. carnosus(pCA44) and found that 73.5% 6
14.6% of the cells carrying the control plasmid were killed in 90
min by human peripheral-blood leukocytes and human com-
plement adsorbed with S. carnosus, while S. carnosus(pCN27)
resisted antibody-independent, complement-mediated opsonic
killing (0.0% 6 17.5% killed; P , 0.001 [t test]). These results
are comparable to those reported previously for isogenic PS/

FIG. 2. Plastic adherence (biofilm assay). Staphylococcal strains were as-
sessed for their abilities to adhere to the plastic, as visualized by safranin staining.
Bars represent means, and error bars represent the standard errors of the means
for five separate measurements. Significant differences in adherence were noted
between all parental strains and isogenic mutants, as well as between S. carnosus
and S. aureus strains with the ica locus in plasmid pCN27 and control strains with
plasmids lacking the ica locus (p, P # 0.0001 [t tests for comparison with isogenic
strain; pp, P , 0.001 [ANOVA and Fisher PLSD for pairwise comparisons with
strain S. epidermidis M187]).

FIG. 3. Catheter adherence assay. After incubation for 30 min at 37°C, sig-
nificant differences were noted between S. epidermidis parental strain M187 and
isogenic mutant M187-sn3, S. carnosus(pCN27) and S. carnosus(pCA44), and S.
aureus(pCN27) and S. aureus(pSK265) (p, P # 0.0001 [t tests]). Bars represent
means, and error bars represent the standard errors of the means of five separate
measurements.
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A-positive and PS/A-negative strains (31). Therefore, the an-
tigen produced by the genes encoded by the ica locus promotes
resistance to complement-mediated phagocytic killing, as does
PS/A. We could not evaluate S. aureus in this assay, since the
parent strain, RN4220, is not killed by complement and phago-
cytes in the absence of specific antibody (unpublished obser-
vation).

DISCUSSION

The coagulase-negative staphylococci are a major compo-
nent of the normal microflora of the human skin and rarely
cause infections in normal hosts (8). However, during the
1980s, CoNS strains became the fifth most common cause of
nosocomial infections (3) and the most frequently isolated
pathogen in nosocomial bacteremia (3). Of all species of CoNS
isolated from these infections, S. epidermidis is the most com-
mon. Much of the pathogenic potential of this organism is
related to elaboration of a biofilm involved in adherence to
medical devices. Therefore, identification of the factors elab-
orated by S. epidermidis that promote adherence to polymeric
surfaces is critical to an understanding of how this pathogen
causes disease.

In this study, we isolated the PS antigen produced by recom-
binant S. carnosus(pCN27) carrying the cloned ica locus from
S. epidermidis RP62A (12) and found that it encodes produc-
tion of PS/A, which is related to but distinct from the antigen
termed PIA. Although Gerke et al. (7) have recently shown
that the ica locus encodes biosynthetic proteins that can poly-
merize UDP-N-acetylglucosamine in vitro into an oligomer
chemically identical to PIA, our results indicate that in vivo an
N-succinylated glucosamine polymer of larger molecular size
with the biologic properties of PS/A also is made from the ica
locus. The fact that both PS/A and PIA share a common
b-1-6-linked-polyglucosamine backbone but differ in the pri-
mary substituent on the amino groups indicates that both PIA
and PS/A can be made from the proteins encoded in the ica
locus. Interestingly, we could not isolate a PIA-like antigen
from S. carnosus(pCN27), but this could be due to any number
of factors. In addition, Gerke et al. (7) showed that the product
of the icaC gene was needed in order for the in vitro synthe-
sized N-acetylglucosamine oligomer to react with antibody to
PIA. These workers showed that the isolated icaA and icaB
gene products could synthesize on oligomer up to 20 monosac-
charides in length. When the gene product of the icaC locus
was included in the reaction, a glucosamine polymer of higher
molecular size was made as determined by its inability to mi-
grate from the point of origin when spotted onto thin-layer
chromatography gels. However, the exact function of the icaC
gene product was not defined. Gerke et al. (7) speculated that
the icaC gene product produced larger N-acetylglucosamine
polymers better able to react with antibodies to PIA. However,
if succinate or another appropriate substrate was present in the
reaction mixture, a plausible alternative scenario is that the
icaC gene product changes the amino group substituent from
acetate to succinate. The resulting poorly soluble polymer
would not migrate from the point of origin in thin-layer chro-
matographic gels and would have the correct substituent on the
amino group of glucosamine to react with the antibodies raised
to PIA, which also clearly bind to PS/A.

Antibodies to PS/A were present in high titers in antisera
raised to PIA. The specificity of these antibodies to PS/A was
shown by both direct binding to purified antigen and adsorp-
tion assays wherein native and recombinant staphylococcal
strains carrying the ica genes and producing PS/A readily re-
moved antibodies to PS/A from the PIA antiserum. Control
strains and transposon mutants lacking detectable PS/A pro-
duction failed to remove these antibodies. The specificity of
these antibodies for PS/A was further shown by the ability of
antisera to PIA to stabilize a bacterial capsule (visualized by
electron microscopy) that was elaborated both by previously
defined PS/A-positive strains (27, 35) and by recombinant
staphylococcal strains carrying plasmids with the ica genes. A
critical finding was that the isogenic mutants reported to differ
in elaboration of PIA (25) differed in encapsulation; the PIA-
deficient strain S. epidermidis 1457-M11 was also deficient in
capsule production and elaboration of PS/A. It appears from
these results that the ica locus of S. epidermidis encodes pro-
duction of a PS antigen with all of the previously described
immunologic properties of PS/A.

The chemical relatedness of PS/A and PIA and the chemical
properties of PS/A suggest a basis for the finding that antisera
to PIA contained antibodies that bound strongly to PS/A. Pu-
rified PS/A is poorly soluble at a pH of .4, likely explaining
why large quantities of purified antigen were previously diffi-
cult to obtain. This poor solubility of PS/A and the chemical
similarity of PS/A and PIA could account for the failure to
detect PS/A in preparations of PIA when NMR analysis was
used to characterize the PIA antigen (23). Intact PS/A, even
when dissolved in deuterated chloride (DCl), gives very weak
signals in the NMR, and we found it necessary to hydrolyze
PS/A in strong acid to generate monosaccharides and oligo-
saccharides whose composition and structure could be ana-
lyzed by GC/MS and NMR. To purify PS/A, we found it nec-
essary to treat the material with strong acid (24% HF) to
dissociate it from charged contaminants. Strong binding of
N-succinylated PS/A to other bacterial components suggests
that PS/A could readily contaminate preparations of PIA used
to immunize rabbits. We have found that PS/A is highly im-
munogenic in rabbits (29, 35), requiring only microgram quan-
tities to elicit a brisk immune response (unpublished observa-
tion). Another possible basis for the presence of antibodies to
PS/A in antisera raised to PIA is the shared polyglucosamine
backbone, and the potential cross-reactivity of epitopes formed
from acetylated glucosamines with epitopes formed from the
succinylated glucosamines in PS/A. However, the reported mo-
lecular size of PIA (;28 kDa) (23) indicates that it may be too
small a PS antigen to elicit antibodies on its own (16). PS/A
contamination may have also affected the recently reported
results of Karamanos et al. (17), who indicated that a small
(20-kDa), acidic, sulfated polysaccharide from S. epidermidis
slime elicited antibodies that reacted strongly with many clin-
ical isolates of biofilm-forming S. epidermidis.

The most critical finding in this report is that recombinant
strains of staphylococci carrying the ica genes had all of the
biologic properties previously ascribed to PS/A, strengthening
our conclusion that this locus encodes production of PS/A. The
activities of PS/A and PIA have been distinguished by an assay
for in vitro production of biofilm, which was not detected in S.

FIG. 4. Immunoelectron microscopy of staphylococcal strains probed first with antiserum to PS/A and then with gold-labeled protein A (CoNS strains) or
gold-labeled anti-rabbit IgG (S. aureus strains). (a) S. epidermidis M187; (b) S. epidermidis M187-sn3; (c) S. carnosus(pCN27); (d) S. carnosus(pCA44); (e) S.
aureus(pCN27); (f) S. aureus(pSK265); (g) S. epidermidis 1457; (h) S. epidermidis 1457-M11; (i and j) S. epidermidis M187 and S. carnosus(pCN27), respectively, probed
with normal rabbit serum. Bars in each panel, 200 nm.
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FIG. 5. Immunoelectron microscopy of staphylococcal strains probed with antiserum to PIA and protein A-labeled gold. (a) S. epidermidis M187; (b) S. epidermidis
M187-sn3; (c) S. carnosus(pCN27); (d) S. carnosus(pCA44); (e) S. epidermidis 1457; (f) S. epidermidis 1457-M11. Bars in each panel, 200 nm.
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carnosus(pCN27) by the workers that produced this strain (12).
However, as we have pointed out previously (29), a significant
proportion of clinical CoNS isolates make PS/A and are highly
adherent to catheters in vitro but do not make a biofilm de-
tectable in vitro, indicating that elaboration of PS/A does not
always lead to biofilm formation. We cannot explain why we
were able to demonstrate biofilm formation using S. carnosus-
(pCN27), while Heilmann et al. were unable to do so (12). In
addition, we have defined PS/A as the capsular PS antigen that
mediates rapid adherence to catheters (35) and protects the
organism from complement-mediated phagocytic killing (27,
31, 32); none of these properties was investigated by Heilmann
et al. using S. carnosus(pCN27). Here, we found that recom-
binant S. carnosus(pCN27) bound 10-fold better to plastic
catheters in a 30-min adherence assay compared with strains
carrying control plasmids, and this rapid adherence to cathe-
ters was comparable to that of prototypical PS/A-producing
strains (27, 35). S. carnosus(pCN27) also adhered significantly
more to catheters than did its isogenic control strain. Critically
important to our claim that the ica locus encodes proteins for
synthesis of PS/A is the observation by electron microscopy of
the encapsulation of recombinant S. carnosus and S. aureus
carrying the ica genes on a plasmid. Since encapsulation is a
defining property of PS/A, the ica locus must contain the genes
needed to produce proteins required for the synthesis of the
capsular PS/A antigen in a variety of staphylococci. S. carno-
sus(pCN27) also resisted complement-mediated phagocytosis,
a key property of the PS/A antigen (27, 32). Taken together,
these data show that mutants reportedly isogenic for PIA pro-
duction (25) are actually isogenic for the PS/A capsule and that
recombinant strains reported to produce PIA (10) produce
PS/A. Thus, PS/A appears to be the biologically active fraction
of S. epidermidis, mediating both initial adherence of bacteria
to plastic and accumulation of cells into aggregates.

The difficulty of identifying the factors elaborated by patho-
genic CoNS that mediate adherence to plastic and biofilm
formation is evident from the plethora of papers describing
different biofilm factors. Hussain et al. (14) reported that bio-
film was composed mostly of teichoic acid, a finding consistent
with the composition of crude slime reported earlier by Tojo et
al. (35). However, these latter workers isolated a biologically
active fraction from crude slime (PS/A) that has been well
characterized as a virulence factor promoting both bacterial
adherence to plastic in vitro (27, 35) and bacterial infection in
animal models of endocarditis (31, 32). A third PS thought to
be produced by S. epidermidis, known as slime-associated an-
tigen (4), was characterized by Baldassarri et al. as a PS of
small molecular size (2) that is similar if not identical to PIA.
While this report, along with that of Mack et al. (23), indicates
the probable presence of an N-acetylated polyglucosamine ma-
terial of small molecular size in slime of some CoNS strains,
none of the biologic properties attributed to this material can
be confirmed to be due solely to PIA, because the reagents
used in these studies encompassed strains and sera varying in
their production of and specificities for PS/A.

Although much more remains to be learned about the prop-
erties of PS/A and the proteins encoded by genes in the ica
locus that synthesize PS/A, the findings reported here clarify
some important aspects of the biology of CoNS. PS/A is a
high-molecular-weight, variably (65 to 100%) N-succinylated,
b-1-6-linked polyglucosamine synthesized by proteins encoded
in the ica locus of S. epidermidis. PS/A production is correlated
with adherence of S. epidermidis to biomaterials, accumulation
into cellular aggregates, encapsulation, resistance to phagocy-
tosis, and virulence in animal models (31). Biofilm-producing,
PS/A-positive S. epidermidis clearly make up the majority of

significant clinical CoNS isolates (29). Moreover, it is likely
that the studies of PIA production among clinical isolates of
CoNS by Mack et al. (24) and Ziebuhr et al. (37) also mea-
sured PS/A production. Mack and colleagues used an anti-
serum raised to S. epidermidis 1457 to produce antibodies and
adsorbed this antiserum with nonisogenic, nonadherent S. epi-
dermidis strains to produce a reagent used to detect antigen
elaboration among clinical isolates. As shown here, S. epider-
midis 1457 is encapsulated and strongly binds antibodies to
PS/A; thus, it is likely that the antibody reagent used to detect
PIA production contained high titers of antibody to PS/A.
Ziebuhr et al. (37) used the same antiserum to PIA that we
used here to characterize antigen production by clinical iso-
lates of S. epidermidis. Since this antiserum clearly has high
titers of antibody to PS/A, these workers were also detecting
PS/A production among strains of CoNS. In addition, Ziebuhr
et al. (37) probed clinical isolates with the cloned ica locus and
demonstrated the presence of these genes; again, they were
detecting the potential for PS/A production among these
strains. Overall, the results with the bacterial strains and re-
agents studied here indicate that PS/A is capable of mediating
all of the significant biologic effects associated with biofilm-
producing CoNS.
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