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Candida albicans ATCC 10261 and CA2 bound to cells of the oral bacteria Streptococcus gordonii, Streptococcus
oralis, and Streptococcus sanguis when these bacteria were immobilized onto microtiter plate wells, but they did
not bind to cells of Streptococcus mutans or Streptococcus salivarius. Cell wall polysaccharide was extracted with
alkali from S. gordonii NCTC 7869, the streptococcal species to which C. albicans bound with highest affinity,
and was effective in blocking the coaggregation of C. albicans and S. gordonii cells in the fluid phase. When fixed
to microtiter plate wells, the S. gordonii polysaccharide was bound by all strains of C. albicans tested. The
polysaccharide contained Rha, Glc, GalNAc, GlcNAc, and Gal and was related compositionally to previously
characterized cell wall polysaccharides from strains of S. oralis and S. sanguis. The adherence of yeast cells to
the immobilized polysaccharide was not inhibitable by a number of saccharides. Antiserum raised to the S.
gordonii NCTC 7869 polysaccharide blocked adherence of C. albicans ATCC 10261 to the polysaccharide. The
results identify a complex cell wall polysaccharide of S. gordonii as the coaggregation receptor for C. albicans.
Adherent interactions of yeast cells with streptococci and other bacteria may be important for colonization of

both hard and soft oral surfaces by C. albicans.

Candida albicans colonizes human mucosal surfaces, partic-
ularly those within the oral cavity and vagina, and may become
hematogenously disseminated in immunocompromised per-
sons. Adherence of C. albicans to epithelial cells is an initial
event in colonization, and a variety of mechanisms have been
proposed. Yeast cells bind to galactoside-containing receptors
on epithelial cells (2, 25, 45), express a mannoprotein adhesin
that recognizes fucosyl determinants of epithelial cell mem-
brane glycosides (2, 44), and carry surface carbohydrates im-
portant for binding to epithelial cells (41) and to macrophages
(35). C. albicans adheres also to extracellular matrix proteins
(1, 5, 26, 37), possibly with the involvement of adhesins that
mimic the complement receptors CR2 and CR3 (15). These
adhesins may also assist in avoidance by C. albicans of host
immune defenses (3, 15). Recently it has been shown that C.
albicans binds to salivary components, including mucins (12,
17), proteoglycan (18), and fractions enriched in proline-rich
proteins (4), suggesting that C. albicans has multiple mecha-
nisms for adherence in the oral cavity.

The ability of different oral microorganisms to adhere to
each other (or coaggregate) is thought to be important for the
development of oral microbial plaques (32). Coadherence may
be a significant colonization factor for those organisms that are
not primary colonizers of salivary pellicle-coated surfaces be-
cause it would enable them to adhere to preattached organ-
isms. Coaggregation reactions generally involve protein (lec-
tin)-carbohydrate interactions between partner bacteria (31).
The oral streptococci, especially Streptococcus gordonii, Strep-
tococcus oralis, and Streptococcus sanguis, which are primary
colonizers of salivary pellicle, elaborate both adhesins and re-
ceptors for coaggregation. The best-characterized receptors
are the strain-specific polysaccharides produced by S. oralis
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and S. sanguis. These polysaccharides have common structural
features (30), and some act as receptors for adherence of
Actinomyces naeslundii mediated by the type 2 fimbrial adhesin
(9, 10). A galactoside receptor within the S. oralis 34 polysac-
charide is recognized by the anaerobic bacterium Prevotella
loescheii (36).

C. albicans adheres to a variety of bacterial genera (21) and
in particular exhibits high-affinity and saturable binding to a
range of oral streptococci (23). Previous work has suggested
that the binding of C. albicans to oral streptococci involves a
protease-sensitive component on the yeast cells recognizing a
heat- and protease-resistant component of the streptococci
(23). Since S. gordonii NCTC 7869 was a particularly strong
coaggregating partner with C. albicans, we have investigated
further the molecular basis for this interaction. In this article
we show that C. albicans binds to a unique cell wall polysac-
charide produced by S. gordonii.

MATERIALS AND METHODS

Microbial strains and cultivation. The following bacterial strains were used: S.
gordonii NCTC 7869 (Channon) and DL1 (Challis), S. oralis H1 (ATCC 55229)
and 34 (from P. E. Kolenbrander, National Institutes of Health, Bethesda, Md.),
S. oralis ATCC 10557, S. sanguis 12 (from B. C. McBride, University of British
Columbia, Vancouver, Canada), S. sanguis ATCC 10556, Streptococcus mutans
NCTC 10449, and Streptococcus salivarius HB (from P. S. Handley, University of
Manchester, Manchester, United Kingdom). Bacteria were cultured in brain
heart infusion medium (Difco Laboratories, Detroit, Mich.) containing 0.5%
(wt/vol) yeast extract (BHY) or in defined medium (22) containing 0.8% (wt/vol)
glucose. Cultures were inoculated from stock cell suspensions stored at —80°C in
BHY medium containing 15% glycerol and were grown at 37°C in closed tubes
or bottles without shaking. C. albicans ATCC 10261, CA2 (from A. Cassone,
Instituto Superiore di Sanita, Rome, Italy), and nine independent clinical isolates
from Dunedin Public Hospital were grown in salts-biotin medium containing 1%
(wt/vol) glucose (20) at 30°C with vigorous aeration. In some experiments, C.
albicans cells were glucose starved by incubating them in salts-biotin medium
(pH 6.5) in the absence of glucose at 37°C for 3 h as previously described (23).

Coaggregation assay. Streptococci were radioactively labeled with [methyl-
3H]thymidine, and the numbers of cells binding to C. albicans were measured in
a fluid-phase centrifugation-based assay (23).

Radioactive labeling of yeast cells. Exponential-phase cells of C. albicans in
salts-biotin-glucose medium were inoculated into fresh, prewarmed medium (20
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ml) at an initial optical density at 540 nm (ODsy,) of 0.2. [**S]methionine (0.62
MBgq, 17 wCi, 10° Ci/mmol) was added, and the culture was incubated at 30°C
until the ODsy, reached 1.0 (approximately 2 X 107 cells per ml). Cells were
harvested by centrifugation (3,000 X g for 5 min at 4°C), suspended in TNMC
buffer (1 mM Tris-HCI [pH 8.0] containing 0.15 M NaCl, 1 mM MgCl,, and 1
mM CaCl,) (8), and centrifuged as before. The cells were washed twice more by
suspension and centrifugation and then suspended in TNMC buffer at a concen-
tration of 2.0 X 10® cells per ml (ODsy, = 10.0). Specific radioactivities of
between 20 and 10 cells per cpm were obtained.

Solid-phase coadherence assay. Streptococcal cells in the early stationary
phase of growth were harvested by centrifugation (6,000 X g for 10 min at 4°C),
washed twice by alternate centrifugation and suspension in TNMC buffer, and
suspended in TNMC buffer at a cell density of 4 X 10 cells per ml (ODg =
0.4). Portions (50 pl) were dispensed into the wells of 96-well Maxisorp micro-
titer plates (Nunc, Roskilde, Denmark), which were then centrifuged (800 X g
for 5 min at 20°C). To each well was added 0.25% (wt/vol) glutaraldehyde in
TNMC buffer (0.1 ml), and the plates were centrifuged again and then incubated
for 30 min at 20°C. The contents of the wells were aspirated, and the wells were
washed twice with 0.1 ml of TNMC buffer containing 0.05% (vol/vol) Tween 20
(TNMC-Tween). The wells were then incubated with TNMC-Tween (0.1 ml) for
16 h at 4°C to block remaining binding sites on the polystyrene. The buffer was
aspirated, and portions of radioactively labeled C. albicans cells in TNMC buffer
(0.1 ml) were added to the wells. Plates were incubated with reciprocal shaking
(100 rpm) for 1 h at 20°C. The unattached yeast cells in suspension were
removed, and the wells were washed four times with TNMC-Tween (0.1 ml each
time). To each well was then added 0.2% (wt/vol) sodium dodecyl sulfate in 0.1
M NaOH (0.1 ml), and the plates were incubated for at least 2 h (up to a
maximum of 16 h) at 20°C. This was found to be effective in removing >95% of
the bound cells from the wells. The cell suspensions were then transferred to
scintillation fluid (Optiphase Hisafe; Wallac Oy, Turku, Finland), and radioac-
tivity was counted with a liquid scintillation counter. Radioactivity measurements
were converted to cell numbers on the basis of the specific radioactivities of the
cell suspensions.

Scanning electron microscopy. To visualize coaggregates of yeast cells and
streptococci in suspension, cells were collected by centrifugation (6,000 X g for
5 min) and fixed by incubation in 0.1 M sodium cacodylate buffer (pH 7.4)
containing 2.5% (vol/vol) glutaraldehyde for 90 min at 4°C. The cells were
collected by centrifugation (12,000 X g for 1 min), washed four times in 0.1 M
sodium cacodylate buffer, and then postfixed in 1% (wt/vol) osmium tetroxide for
1 h at 20°C. Specimens were dehydrated through a graded ethanol series (30, 50,
70, 95, 100 and 100 [vol/vol]) and were dried in a Polaron critical-point drying
apparatus with liquid CO,. Specimens were sputter coated with gold and exam-
ined in a Cambridge stereoscan 360 scanning electron microscope at an accel-
erating voltage of 20 kV. To visualize adherence of C. albicans to immobilized
cells of S. gordonii, streptococci (5 X 10% cells per ml, 0.5 ml) were first fixed to
13-mm-diameter plastic coverslips (Nunc) contained within wells of multidishes
(Nunc) by centrifugation and incubation with glutaraldehyde as described above.
The coverslips were blocked with TNMC-Tween, incubated with cells of C.
albicans ATCC 10261 (5 X 10° cells per ml) for 1 h at 20°C with shaking, and
washed twice in TNMC buffer. Specimens were then incubated with 0.1 M
sodium cacodylate buffer (pH 7.4) containing 2.5% (vol/vol) glutaraldehyde and
were processed for microscopy as described above.

Alkali extraction of streptococcal cell surface polysaccharide. Streptococcal
cells were collected from early-stationary-phase cultures (1 liter) by centrifuga-
tion at 4,000 X g for 10 min at 4°C. Bacteria were washed once with deionized
water and then extracted with 0.1 M NaOH at 4°C as previously described (39).
A typical extract contained approximately 0.29 mg of carbohydrate per ml, 0.36
mg of protein per ml, and 6 ug of phosphorus per ml. The extract was neutral-
ized, incubated with a mixture of RNase A and DNase I (each at 10 wg/ml) for
30 min at 37°C, and then incubated with pronase (10-ug/ml final concentration)
for 30 min at 37°C. The suspension was mixed with an equal volume of phenol
(saturated with 10 mM Tris-HCI, pH 7.5) and centrifuged to separate the layers,
and the aqueous phase was removed, mixed with an equal volume of chloroform,
and centrifuged. The aqueous layer was removed, mixed with 5 volumes of
absolute ethanol, and stored for 16 h at —20°C. The polysaccharide precipitate
was collected by centrifugation (10,000 X g for 20 min at 4°C), suspended in
deionized water, and dialyzed against water (5 liters). The contents of the dialysis
bag then were stored as portions at —20°C or were freeze-dried. In some exper-
iments polysaccharide extracts were treated with NalO, (20 mM) for 1 h at 20°C
in the dark. The suspension was then diluted 10-fold with water, and polysac-
charides were precipitated with 70% (vol/vol) ethanol for 8 h at —20°C and
recovered by centrifugation as described above. Control samples were subjected
to the same process but without inclusion of NalO,.

Autoclave extraction of streptococcal cell surface polysaccharide. Polysaccha-
ride was autoclave extracted from streptococci by a method similar to that
described by Mclntire et al. (38). Bacteria from an early-stationary-phase culture
(1 liter) were collected by centrifugation, washed with buffer I (0.25 M NaH,PO,
adjusted to pH 8.0 and containing 25 mM NaCl), and suspended in buffer I (100
ml) containing 0.1% (vol/vol) Triton X-100. The cells were shaken gently for 16
h at 4°C, harvested by centrifugation (4,000 X g for 10 min at 4°C), and washed
once in buffer II (25 mM Tris-HCI [pH 7.6] containing 0.16 M CaCl,). The cells
were suspended in buffer IT (10 ml) containing pronase (0.1 mg/ml), incubated
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for 4 h at 37°C, and then collected by centrifugation and washed in distilled
water. Cells were suspended at a density of approximately 5 X 10° cells per ml
in water and autoclaved for 45 min at 15 Ib/in®. Finally, the suspension was
centrifuged at 10,000 X g for 15 min at 4°C, and the supernatant was removed
and treated sequentially with RNase, DNase, pronase, phenol, and chloroform as
described above for alkali extraction. Polysaccharide was precipitated with 70%
(vol/vol) ethanol (final concentration), collected by centrifugation, dialyzed, and
stored as described above.

Immobilization of streptococcal polysaccharides on microtiter well surfaces.
Polysaccharides were suspended in distilled water, and portions containing up to
50 pg of glucose equivalents (as determined by the phenol-sulfuric acid assay [11]
with glucose as a control) were air dried on the bottom inside surfaces of
Maxisorp microtiter plate wells. The wells were incubated with 0.25% (wt/vol)
glutaraldehyde in TNMC buffer (0.1 ml) at 20°C for 30 min, washed with TNMC-
Tween (0.1 ml), and then incubated with TNMC-Tween (0.1 ml) at 4°C for 16 h
to block nonspecific binding sites. Amounts of carbohydrate bound were esti-
mated by utilizing an in situ adaptation of the phenol-sulfuric acid assay (11). It
was estimated that up to 20 g of streptococcal carbohydrate could be bound to
each well. The adherence of radioactively labeled yeast cells to immobilized
polysaccharides in microtiter wells was measured as described for the assay with
immobilized streptococcal cells. For sugar inhibition experiments, saccharides
were dissolved in TNMC buffer at appropriate concentrations (usually 0.5 M),
and the solutions were adjusted to pH 8.0 if necessary and then mixed with C.
albicans cells just prior to incubation with polysaccharide in plate wells. To
determine inhibition of adherence by antibodies, wells were coated with 5 g of
polysaccharide, blocked with TNMC-Tween as described above, and then incu-
bated either with TBS (10 mM Tris-HCI [pH 8.0] containing 0.15 M NaCl)
containing 1% (wt/vol) gelatin or with preimmune serum diluted 1:100 in
TBS-1% gelatin for 1 h at 37°C. The wells were then washed twice with TNMC-
Tween and preincubated with dilutions of preimmune or immune serum in
TNMC buffer for 1 h at 37°C. After the wells were washed twice with TNMC-
Tween, the adherence of C. albicans was determined as described above.

Analysis of polysaccharides. Component monosaccharides of streptococcal
cell surface polysaccharides were identified and quantitated after partial or total
acid hydrolysis by high-performance anion-exchange chromatography (Dionex
Corp., Sunnyvale, Calif.) as previously described (14). Samples of polysaccharide
(1 mg) were hydrolyzed by heating with 2 M HCI for 14 h at 100°C under vacuum
or with 2 M trifluoroacetic acid for 1 to 3 h at 100°C. Hydrolysates were
freeze-dried and reconstituted in water for analysis on the Dionex system (14).

Determination of protein and phosphorus. The protein concentration was
measured by the Coomassie blue-binding assay (Bio-Rad Laboratories, Rich-
mond, Calif.) with bovine serum albumin as a standard. Total phosphorus was
determined colorimetrically as inorganic phosphate (7) with Na,(PO,); as a
standard.

Antiserum and ELISA. For the generation of antibodies to polysaccharide,
four intramuscular injections of alkali-extracted and purified cell wall polysac-
charide (0.4 mg) from S. gordonii NCTC 7869 in 0.15 M NaCl were made into
New Zealand White rabbits at intervals of 5 days. Serum samples were obtained
before immunization (preimmune serum) and 5 days following the final injec-
tion. To determine antibody reactivities by enzyme-linked immunosorbent assay
(ELISA), streptococcal cells or polysaccharides were immobilized onto microti-
ter plate wells as described above for the coadherence assays, except that TBS
replaced TNMC buffer. Antigen-coated wells were incubated with TBS contain-
ing 1% (wt/vol) gelatin for 16 h at 4°C to block remaining protein-binding sites
on the plastic. The buffer was aspirated, and doubling dilutions of serum in TBS
containing 0.1% (wt/vol) gelatin (TBS-gelatin) were added to the wells (0.05 ml
per well) and incubated for 1 h at 37°C. The wells were washed three times with
TBS-gelatin, and antibody binding was detected with peroxidase-conjugated
swine immunoglobulins to rabbit immunoglobulins (Dako Corp., Carpenteria,
Calif.) diluted 1:1000 in TBS-gelatin (0.05 ml). Plates were developed with
1,2-phenylenediamine as an enzyme substrate, and OD,q,s were measured. The
activity of the antiserum was measured by the titration endpoint, which was
defined as the reciprocal of the highest dilution of antiserum which gave an
OD,y, in ELISA of >0.10 following subtraction of the OD,q, in ELISA of an
equivalent dilution of preimmune serum.

RESULTS

Inhibition of S. gordonii-C. albicans coaggregation by strep-
tococcal cell surface polysaccharide. Of a number of oral
streptococci examined, S. gordonii NCTC 7869 was found to
have one of the highest affinities for coaggregation with several
strains of C. albicans in a fluid-phase assay (23). Scanning
electron microscopy of coaggregates of S. gordonii NCTC 7869
with C. albicans ATCC 10261 indicated that the streptococci
attached singly, or occasionally in short chains, to the yeast
cells, effectively cross bridging the C. albicans cells (Fig. 1A).

Previous work had suggested that the streptococcal receptor
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FIG. 1. Scanning electron micrographs of C. albicans ATCC 10261 coaggregating with S. gordonii NCTC 7869 in fluid phase (A) or adhering to S. gordonii NCTC

7869 cells immobilized on plastic (B). Bars, 5 pm.

might be nonproteinaceous (23). To attempt to identify and
characterize the receptor on the surface of S. gordonii NCTC
7869, bacterial cells were extracted with alkali (0.1 N NaOH).
This treatment has been shown previously to remove surface
fibrillar material composed of protein and polysaccharides
from the cell surface of S. gordonii NCTC 7869 (39). The alkali

extract (neutralized and dialyzed as described in Materials and
Methods) was found to be inhibitory to fluid-phase coaggre-
gation of C. albicans ATCC 10261 cells with S. gordonii NCTC
7869 cells. Heating (for 30 min at 80°C), pronase treatment
(0.1 mg/ml for 30 min at 37°C), and chloroform-isoamyl alco-
hol (24:1, vol/vol) treatment of the extract had little effect on
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FIG. 2. Adherence of C. albicans ATCC 10261 (circles) or CA2 (squares) to
S. gordonii NCTC 7869 cells immobilized on microtiter plate wells (open sym-
bols) or to blocked wells (closed symbols). Values are the means of quadruplicate
samples from a representative experiment repeated twice (error bars are stan-
dard errors of the means).

its coaggregation-inhibitory activity. However, incubation of
the extract with 20 mM periodate abolished its coaggregation-
inhibitory activity (results not shown), suggesting that the C.
albicans receptor was glycosidic.

Adherence of C. albicans to immobilized streptococcal cells.
To more accurately and conveniently investigate the binding of
yeast cells to streptococci, a solid-phase adherence assay was
developed. The bottom surfaces of microtiter wells were
coated uniformly with cells of S. gordonii NCTC 7869 (2 X 107
bacteria per well). The numbers of C. albicans ATCC 10261
cells (grown at 30°C) adhering to streptococci were found to be
proportional to the numbers of yeast cells added at an input of
up to about 6 X 10° cells (Fig. 2). Above this input cell number,
the binding curve tailed off but did not appear to reach satu-
ration because of secondary binding interactions between yeast
cells. At an input number of 2 X 10° cells, the C. albicans cells
adhered singly and only to the immobilized streptococcal cells
as visualized by scanning electron microscopy (Fig. 1B).

Exponential-phase cells of C. albicans CA2 that had been
grown at 30°C were shown previously to coaggregate only
weakly with streptococci, but their adherence to streptococci
was increased 10-fold when the yeast cells were starved for
glucose at 37°C (23). Binding of glucose-starved cells of C.
albicans CA2 to S. gordonii NCTC 7869 was found to be of
lower affinity than that of exponential-phase cells of strain
ATCC 10261 and was saturable (Fig. 2). Adherence of C.
albicans ATCC 10261 cells to streptococci was also enhanced
by glucose starvation of yeast cells at 37°C. However, the per-
cent binding could not be measured accurately because the
cells of this strain, unlike those of CA2, clumped following
starvation. For both strains, less than 5% of the input yeast
cells adhered to blocked wells that did not contain streptococci
(Fig. 2). These results established the conditions for a stan-
dardized adherence assay with an input of 2 X 10° cells of C.
albicans per well. By using this assay, exponential-phase cells of
nine fresh clinical isolates of C. albicans were also tested for
adherence to S. gordonii NCTC 7869. All strains showed sig-
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S.sanguis ATCC 10556
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FIG. 3. Adherence of C. albicans ATCC 10261 to cells of various oral strep-
tococcal species immobilized on microtiter plate wells. Bacterial cells (2 X 107)
were immobilized as described in Materials and Methods, and the numbers of C.
albicans cells bound are expressed as percentages of the number of input cells (2
X 10° per well). Values are the means of quadruplicate samples from a repre-

sentative experiment (error bars are standard errors of the means).

nificant degrees of binding, which ranged from 23 to 73% of
input cells (data not shown).

Cells of S. gordonii NCTC 7869 grown in TY-glucose me-
dium (23) were as effective as BHY-grown cells in supporting
adherence of C. albicans ATCC 10261. Yeast cell binding to S.
gordonii cells grown in defined medium containing glucose was
reduced by about 40% (results not shown). When streptococ-
cal cells grown in any one of these three media were treated
with alkali as described in Materials and Methods, washed, and
immobilized at equivalent cell densities on microtiter wells, the
binding of C. albicans ATCC 10261 cells was reduced by >50%
(not shown).

The adherence of exponential-phase cells of C. albicans
ATCC 10261 or of glucose-starved cells of strain CA2 to S.
gordonii NCTC 7869 was not inhibited by any of the following
saccharides (0.25 M final concentration): N-acetyl-D-galac-
tosamine (GalNAc), N-acetyl-D-glucosamine (GlcNAc), L-fu-
cose (Fuc), p-galactose (Gal), b-glucose (Glc), lactose, b-man-
nose (Man), and L-rhamnose (Rha).

Adherence of C. albicans ATCC 10261 to various oral strep-
tococci. A number of strains of streptococci within the species
S. gordonii, S. oralis, and S. sanguis were found to bind C.
albicans with high affinities. S. gordonii NCTC 7869 cells best
supported the adherence of C. albicans, while yeast cells bound
least well to S. oralis ATCC 55229 (Fig. 3). The adherence of
C. albicans ATCC 10261 to cells of S. mutans NCTC 10449 or
S. salivarius HB was not greater than that of C. albicans back-
ground binding to blocked wells (Fig. 3). An identical profile of
streptococcal cell binding specificity was obtained for glucose-
starved cells of C. albicans CA2 (not shown), although the
overall numbers of cells bound were lower than for strain
ATCC 10261 (Fig. 2).

Monosaccharide composition of S. gordonii polysaccharide.
Acid hydrolysates of purified polysaccharide extracted from S.
gordonii NCTC 7869 with alkali contained Rha, GalN, GIcN,
Glc, and Gal, with Gal being present in a considerably lower
molar proportion (Table 1). Acid hydrolysates of autoclave-
extracted polysaccharide contained similar molar ratios of
monosaccharides (not shown). The same monosaccharides, al-
though in different molar proportions, were identified in hy-
drolysates of polysaccharides extracted with alkali from S. ora-
lis 34 and ATCC 55229 (Table 1). Hydrolysates of the purified
coaggregation receptor polysaccharide from S. oralis ATCC
55229 (provided by F. J. Cassels, Walter Reed Army Institute
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TABLE 1. Monosaccharide composition of cell wall polysaccharides
extracted from three oral streptococcal species

Mol% monosaccharide in total acid hydrolysate? of:

Alkali-extracted

polysaccharide from: Purified coaggregation

Monosaccharide® receptor polysaccharide
S. gordonii S, oralis S. oralis from S. oralis ATCC

NCTC : 3 ’ ATCC 55229¢
7869 55229

Rha 17 <1 6.9 21

GalN 22 13 19 ND“

GlcN 30 12 8.2 ND

Gal 4.1 11 27 57

Glc 25 63 39 22

“ Monosaccharides are listed in order of their elution from the column. Glyc-
erol was detected in extracts from S. oralis ATCC 55229.

b Polysaccharides were hydrolyzed with 2 M HCI for 14 h at 100°C, and
samples were separated by Dionex column chromatography.

¢ Provided by F. J. Cassels.

4 ND, not detected.

of Research, Washington, D.C.) did not contain GalN or GIcN,
and the presence of Rha, Gal, and Glc, together with glycerol
(Table 1), was consistent with the published structure of this
polysaccharide (6, 13).

Adherence of C. albicans to streptococcal polysaccharides.
C. albicans cells adhered to polysaccharide that had been ex-
tracted from S. gordonii NCTC 7869 with alkali and which was
bound to microtiter plate wells. The numbers of yeast cells
adhering were proportional to the amounts of carbohydrate
bound in the wells at up to approximately 0.2 pg (Fig. 4).
Attachment followed saturation kinetics, and maximal binding
of C. albicans ATCC 10261 cells to alkali-extracted polysac-
charide (76.5% of input cells) was greater than that to auto-
clave-extracted polysaccharide (maximal binding, 48.5% of in-
put yeast cells). The addition of soluble alkali-extracted
polysaccharide (up to 10 wg/ml) to the microtiter well assay did

100

80

60 1

40 4

Percent C. albicans bound

20

0-t T T T
0.0 0.5 1.0 1.5

Polysaccharide (ug)

FIG. 4. Adherence of C. albicans ATCC 10261 cells to polysaccharides alkali
extracted from S. gordonii NCTC 7869 (O), S. oralis 34 (O), and S. oralis ATCC
55229 (m) or autoclave extracted from S. gordonii NCTC 7869 (@) and then
immobilized onto microtiter plate wells. Numbers of C. albicans cells bound are
expressed as percentages of the number of input cells (2 X 10° per well). Values
represent the means of quadruplicate samples from a representative experiment
(error bars are standard errors of the means).
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FIG. 5. Reactivity by ELISA of immune serum (diluted 1:100) raised to
polysaccharide from S. gordonii NCTC 7869 with polysaccharides extracted with
alkali from S. gordonii NCTC 7869 (O), S. gordonii DL1 (@), S. oralis 34 (OJ), and
S. oralis ATCC 55229 (m) and immobilized on microtiter plate wells. ODs are
corrected for values obtained for wells incubated with preimmune serum (diluted
1:100) and are the means of quadruplicate samples from a typical experiment
(error bars are standard errors of the means).

not block binding of C. albicans cells to the immobilized poly-
saccharide; rather, it led to the promotion of C. albicans cell
binding, possibly through cross bridging of yeast cells. The
inclusion of commercial T10 dextran or of purified S. gordonii
glucan (16) in the assay mixtures did not affect C. albicans cell
adherence to immobilized polysaccharide. The adherence of
yeast cells to polysaccharides was not inhibited by the addition
of 0.25 M Fuc, Gal, Glc, GIcNAc, GalNAc, Man, or Rha to the
assay mixtures. Polysaccharides from S. oralis 34 and ATCC
55229 also supported adherence of C. albicans, but to lesser
extents (Fig. 4).

Reactivities of antibodies to S. gordonii polysaccharide. In
whole-cell ELISA, serum from rabbits immunized with S. gor-
donii NCTC 7869 polysaccharide reacted with S. gordonii
NCTC 7869 and S. gordonii DL1 cells with a titer of 800.
Antiserum reactivities with cells of S. oralis ATCC 55229, 34,
and ATCC 10557 were much reduced (titers of <100), and
there was no reaction with S. mutans NCTC 10449 cells (data
not shown). Immune serum bound to immobilized polysaccha-
ride from S. gordonii NCTC 7869 and bound with reduced
affinity to polysaccharide from S. gordonii DL1, showing that
these polysaccharides were not antigenically identical (Fig. 5).
The immune serum bound better to the S. oralis 34 polysac-
charide than to the polysaccharide from strain ATCC 55229
(Fig. 5). The antiserum blocked, in a dose-dependent manner,
the binding of C. albicans ATCC 10261 to immobilized poly-
saccharide from S. gordonii NCTC 7869 (Fig. 6). At a 1:10
dilution of immune serum, binding of yeast cells was inhibited
by 50%, while preimmune serum had no effect. The lower level
of binding of C. albicans to polysaccharide from S. oralis 34 was
not affected by immune or preimmune serum (Fig. 6), and
neither serum affected yeast cell binding to polysaccharide
from S. oralis ATCC 55229 (not shown).

DISCUSSION

Strains of S. oralis and S. sanguis produce linear cell wall
polysaccharides which have been shown to have several com-
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FIG. 6. Effect of dilutions of preimmune or immune serum on the binding of
C. albicans ATCC 10261 to polysaccharide extracted with alkali from S. gordonii
NCTC 7869 (A) or S. oralis 34 (B) and immobilized on microtiter plate wells (5
g per well). Values are the means of quadruplicate samples from a represen-
tative experiment (error bars are standard errors of the means).

mon structural features. All contain galactopyranose, B-ga-
lactofuranose, and phosphodiester linkages, and all are com-
posed of repeat units of six or seven saccharides (30). These
polysaccharides act as receptors for a variety of oral bacteria,
including strains of A. naeslundii, P. loescheii, Veillonella atypica,
and Capnocytophaga ochracea (30, 32). The results in this pa-
per demonstrate that S. gordonii also produces a cell wall
polysaccharide which, in this instance, acts as a receptor for
eukaryotic cells of C. albicans. Although the structure of the S.
gordonii polysaccharide has not yet been established, compo-
sitional analyses suggest that it might be related to the linear
polysaccharides produced by strains of S. oralis.

Coaggregation assays of bacterial partners have been usually
performed in the fluid phase, in which the extent of coaggre-
gation may be assessed visually (8) or quantitated if one of the
partner cell types is radioactively labeled (27). Previously, the
development of a coaggregation assay of C. albicans with ra-
dioactively labeled oral streptococci (23) enabled a distinction
between bacteria that were able to coaggregate with yeast cells
(e.g., S. gordonii, S. oralis, and S. sanguis) and those that did not
appear to coaggregate (e.g., S. mutans and S. salivarius). The
fluid-phase assay allowed us further to reveal that alkali ex-
tracts of streptococci were inhibitory to the coaggregation of
yeast cells with streptococci. However, we have found assays
for coaggregation to be more simple and reproducible if one of
the partner cell types can be immobilized (24). To quantitate
better the binding of C. albicans to streptococci, bacteria were
immobilized on microtiter wells in the presence of a low con-
centration of glutaraldehyde, which, although not essential for
bacterial binding, ensured reproducible coverage of the well
surfaces. Yeast cells, on the other hand, were found not to
remain bound to the wells unless they were fixed with glutar-
aldehyde, and then their ability to bind streptococci was abol-
ished. The assay as developed to measure C. albicans adher-
ence was saturable, although for some strains of C. albicans,
autoaggregation occurred with higher numbers of yeast cells
input. Accordingly, adherence assays were performed at yeast
cell input concentrations within the lower end of the linear
portion of the binding curve (Fig. 2). Electron microscopic
observations confirmed that under these conditions yeast cells
did not autoadhere. The oral streptococcal binding profiles of
C. albicans obtained with the microtiter well plate phase assays
paralleled closely those previously obtained with the fluid-
phase coaggregation assays (23).
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Alkali treatment of oral streptococci appears to be a rapid
and efficient method for the isolation of cell wall polysaccha-
ride. Alkali extracts and autoclave extracts from three strains
of oral streptococci all contained the same five monosacchar-
ides. The S. gordonii NCTC 7869 polysaccharide differed from
the other two in that the galactose content was much reduced.
The polysaccharide preparations all contained GalNAc and
GlcNAc (deacetylated following hydrolysis). These compounds
were not present in a purified coaggregation receptor polysac-
charide from S. oralis ATCC 55229 (6, 13); therefore, carbo-
hydrate polymers in addition to the linear cell wall polysaccha-
rides were present in the alkali extracted material.

The streptococcal polysaccharides, unlike the homopolysac-
charides dextran, laminarin, and S. gordonii glucan (16), could
be bound to microtiter plate wells. This enabled us to demon-
strate that the isolated polysaccharide from S. gordonii NCTC
7869 was capable of supporting binding of C. albicans and
therefore that this material was likely to be the coaggregation
receptor. This was substantiated by two additional observa-
tions: first, the polysaccharide was a potent inhibitor of the
fluid-phase coaggregation of C. albicans and S. gordonii cells,
and second, antiserum raised to the S. gordonii NCTC 7869
polysaccharide blocked binding of C. albicans to the polysac-
charide.

The S. gordonii NCTC 7869 polysaccharide appears to con-
tain the most preferred ligand for the C. albicans coadhesin.
Although many interbacterial coaggregations can be inhibited
by saccharides, frequently by lactose (31), a number of
monosaccharides and lactose were ineffective inhibitors of C.
albicans binding to S. gordonii polysaccharide. This suggests
that the receptor recognized by the yeast cell adhesin may be
structurally complex and/or conformationally sensitive. Inhibi-
tion studies with di- and trisaccharides might reveal further
information about the structure of the receptor being recog-
nized by C. albicans. The S. gordonii polysaccharide did not
contain Fuc, which seems to rule out the possibility of a fuco-
side-mediated adhesive interaction (2, 44). Recently it has
been shown that C. albicans fimbriae bind to BGalNAc(1-
4)BGal receptors that might be present within glycosphingo-
lipids on the surfaces of eukaryotic cells (44). None of the
streptococcal linear cell wall polysaccharides characterized to
date contains this linkage (30), although the S. oralis 34 poly-
saccharide, to which C. albicans bound with lower affinity,
contained the linkage BGalNAc(1-3)aGal. This disaccharide is
considered to be the binding site for A. naeslundii T14V (38,
43). We have recently shown, using the microtiter well plate
assay, that the alkali-extracted polysaccharide from S. oralis 34
is bound with high affinity by cells of A. naeslundii T14V and of
A. naeslundii ATCC 12104 (19). Conversely, polysaccharides
extracted from S. gordonii NCTC 7869 and DL1 and from S.
oralis ATCC 55229 were not bound by actinomycetes (19).
Therefore, the sugar binding specificity of the C. albicans ad-
hesin is different from that of the A. naeslundii type 2 fimbrial
lectin.

Bacterial coaggregations may involve one or more adhesin-
receptor interactions. Coaggregation of S. gordonii PK488 with
A. naeslundii PK606 is believed to be mediated through a
unimodal protein-protein interaction that is not sensitive to
inhibition by lactose (28). Conversely, coaggregation of S. gor-
donii DL1 with A. naeslundii strains is partly lactose sensitive
(28), although not mediated by A. naeslundii fimbriae (10), and
appears to involve at least three different streptococcal cell
surface polypeptides (24, 29, 40). Other bacteria with which S.
gordonii cells coaggregate include Fusobacterium nucleatum
(32), Porphyromonas gingivalis (34), Propionibacterium acnes
(32), S. mutans (33), and S. oralis (32). Our data show that S.
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gordonii can also provide a receptor for binding of C. albicans.
Therefore, S. gordonii strains are multimediators of intra- and
intergeneric coaggregations in the oral cavity. The evidence
strongly suggests that the major interaction of C. albicans with
S. gordonii involves recognition by the yeast of the streptococ-
cal polysaccharide receptor. However, the possibility that other
yeast-bacterial cell adhesive interactions might be occurring
cannot be ruled out. Future studies will involve identifying the
C. albicans coadhesin, determining its receptor specificity, and
establishing the structure of the ligand within the S. gordonii
polysaccharide.

All strains of C. albicans that we have tested were able to
bind to S. gordonii NCTC 7869, indicating that this might
represent a common adherence mechanism among C. albicans
strains. These adhesin-receptor interactions have implications
for colonization of the oral cavity by yeasts. Binding of C.
albicans to streptococcal polysaccharides could be important
for the retention of C. albicans in dental plaque (42). Further-
more, if C. albicans and S. gordonii cells compete for binding to
epithelial cell surface receptors, then their ability to coaggre-
gate would allow both organisms to colonize a mucosal surface
on which host cell adhesive sites were preferentially occupied
by one of the coaggregating partner types.
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