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Interactions of Candida albicans with bacteria and salivary

molecules in oral biofilms
AR Holmes, RD Cannhon and HF Jenkinson

Department of Oral Biology and Oral Pathology, University of Otago, PO Box 647, Dunedin, New Zealand

The yeast Candida albicans coaggregates with a variety of sireptococcal species, an interaction that may promote
oral colonization by yeast cells. C. albicans and Candida tropicalis are the yeasts most frequently isolated from the
human oral cavity and our data demonstrate that both these species bind to Streptococcus gordonii NCTC 7869
while two other Candida species (Candida krusei and Candida kefyr) do not. Adherence of C. albicans was greatest
when the yeast had been grown at 30° C to mid-exponential growth phase. For 21 strains of C. albicans there was
a positive correlation between the ability to adhere to S. gordonii and adherence to experimental salivary pellicle.
Whole saliva either stimulated or slightly inhibited adherence of C. albicans to S. gordonii depending on the strepto-
coccal growth conditions. The results suggest that the major salivary adhesins and coaggregation adhesins of C.

albicans are co-expressed.
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introduction

Candida albicans is a human commensal yeast that
colonizes oral, intestinal and vaginal mucosae. Candida
species can be isolated from the oral cavities of between
18 and 40% of healthy adults, and C. albicans, followed
by Candida tropicalis, is the most commonly isolated spec-
ies [18]. In individuals carrying Candida, colonization can
be persistent [4,22] and epidemiological evidence indicates
that the source of infection for candidosis is often endogen-
ous [19]. Adherence of yeast cells to host surfaces is a pri-
mary event in colonization. Survival of the organism
depends on a complex interaction of factors such as the
avidity of yeast cell binding, their growth rate and the effec-
tiveness of host defences. In the oral cavity, C. albicans
adheres to buccal and lingual epithelial cells 1], to saliva-
coated surfaces [6,8] and to oral bacteria [14]. The build-
up of plaque starts by the adsorption of salivary proteins
to a surface to form the acquired pellicle. Bacteria that have
high affinity for salivary pellicle (strains of Streptococcus
and Actinomyces) are the primary colonizers, and pave the
way for the adherence and accumulation of other oral
microorganisms. This oral plaque biofilm represents a pro-
tected reservoir for organisms such as Candida species
which are often not present in high numbers but which can
be part of the dental plaque consortium [1,11].

Some specific C. albicans adherence mechanisms of rel-
evance to oral colonization have been identified. These
include Candida adhesins that recognize fucose or N-ace-
tyl-D-glucosamine residues on human epithelial membrane
glycosides [7,21], fucosy! determinants on human buccal
epithelial cells [3], or buman extracellular matrix proteins
[16]. C. albicans also expresses sutface adhesins that mimic
the complement receptors CR2 and CR3 [5] and these
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adhesins may contribute to avoidance of immune protection
mechanisms [9]. In this paper we show that Candida cells
adhere to both oral bacteria and to salivary proteins, and
that these interactions may be interdependent and influ-
enced by environmental growth conditions.

Materials and methods

Microbial strains and cultivation

S. gordonii NCTC 7869 (Channon) was cultured in Brain
Heart Infusion medium (Difco Laboratories, Detroit, M1,
USA) containing yeast extract (Difco), (BHY) or in Tryp-
tone-yeast extract (Difco) medium containing 0.8% (w/v)
glucose (TY-glucose) [14] at 37°C in closed fubes or
bottles without shaking. Cultures were grown from standard
inocula comprised of cell suspensions in BHY medium
containing 15% (v/v) glycerol and stored at —80° C. Yeast
strains (Table 1) were grown in glucose-salts-biotin (GSB)
medium [12] containing per litre: 1g (NH,),SO, 2g
KH,PO,, (pH 4.5), 0.05g MgSO,(7-H,0), 0.05¢g
CaCl,(2 H,0), 0.02 mg biotin, 10 g glucose.

Radioactive labelling of yeasts

Yeast cells were grown in GSB medium at 30° C or at
37° C with shaking for 16 h, and used to inoculate fresh,
pre-warmed GSB (20 ml) at an initial concentration of
4 X 10° cells per ml. [**S] Methionine (0.62 MBgq, 17uCi,
1 X 10° Ci mmol ') was added and the cultures were incu-
bated at 30°C or 37°C until the culture density was
approximately 2 X 107 cells per ml. The cells were hat-
vested by centrifugation (3000 g, 5 min, 4° C), washed
twice in either TNMC buffer (1 mM Tris-HCL, pH 8.0 con-
taining 0.15 M NaCl, 1 mM MgCl, and 1 mM CaCl,) or
KCl buffer (2 mM KH,PO,/K,HPO,, pH 6.5, containing
5 mM KCl and 1 mM CaCl,) and suspended in the required
buffer at a cell concentration of 2.0 X 10® cells per ml. The
specific activity of the cells was calculated by measuring
the radioactivity of a cell suspension and by using a stan-
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Table1 Yeast strains used

Yeast Strain? Source
C. albicans 10261 ATCC, 12301 Parklawn Drive,
Rockville, MD 20852-1776
S1(HMHc2)? S2(ko-2c); S3(hplObt); J Schmid, Massey University,
S4(hp36bt); S5(wo-1c); S6(RIHO17); Palmerston North, New Zealand
S7(hp31an); S8(hp41bt); SI(hpoch);
S10(HMHc11); S11¢hp2bt); S12(jan-2c)
S13(HMHc7); S14(HMHc4); S15(pra-1c);
S16(crr-1¢); S17(RTHO10); S18(hp33bt);
S19(hp42bt); S20¢h01-c)
C. tropicalis MY 820738 ESR Health, NZ Communicable
MY 820567 Disease Centre, Porirua, New Zealand
C. parapsilosis  90.493
C. krusei 89.102
90.147
C. kefyr 78.256

*Original strain designation given in brackets

dard curve relating the ODsy, of the suspension to cell con-
centration. Specific activities of between 10 and 20 cells
per cpm were obtained. Radioactively-labelled yeast cells
were stored on ice for up to 48 h before use in adherence
assays. In some experiments, radioactively-labelled C.
albicans cells were glucose-starved by incubating them at
37° C or 30° C for 3 h in salts-biotin medium (pH 4.5) in
the absence of glucose.

Saliva-coated hydroxylapatite bead adherence assay
This assay was performed as described by Cannon et al
[6]. Saliva (unstimulated) was collected on ice from five
donors, clarified, and a 50% (v/v) suspension in KCl buffer
was used to coat hydroxylapatite beads (12 mg, BDH Ltd,
Poole, UK). Adherence of radioactively-labelled yeast cells
was determined by measuring the radioactivity associated
with the beads following end-over-end mixing of beads at
22° C for 90 min with 2.5 X 10% C. albicans cells [6].

Assay of Candida adherence fo S. gordonii NCTC
7869

Early stationary-phase streptococcal cells were harvested
by centrifugation (6000 g, 10 min, 4° C), washed twice in
TNMC buffer, and were suspended in TNMC buffer at a
cell density of 4 X 108 cells per ml. Portions (50 ul) were
dispensed into the wells of microtitre plates (Maxisorp,
Nunc, Roskilde, Denmark) which were then centrifuged
(800 g, 5 min, 20° C). Glutaraldehyde (0.25% w/v) in
TNMC buffer (0.1 ml) was added to each well of the plate
and the plates were recentrifuged and incubated at 20° C
for 30 min. The contents of the wells were aspirated and
the wells were washed twice with TNMC buffer containing
0.05% (v/v) Tween 20 (TNMC-Tween; 0.1 ml) and sub-
sequently incubated with TNMC-Tween (0.1 ml) at 4° C
for 16 h to block non-specific binding sites. The TNMC-
Tween was aspirated and radioactively-labelled yeast cells
(100 ud, final concentration 2 X 10° cells per well) in
TNMC buffer were added to the wells. Plates were incu-
bated with reciprocal shaking at 20° C for 2 h. The unat-
tached yeast cells in suspension were discarded and the

wells were washed four times with TNMC-Tween (0.1 ml).
To detach bound yeast cells, 0.2% (w/v) sodium dodecyl
sulphate (SDS) in 0.1 M NaOH (0.1 mi) was added to each
well and the plates were incubated for at least 2h {(up to a
maximum of 16 h) at 20° C. The cell suspensions were then
transferred to scintillation fluid (Optiphase Hisafe, Wallac
Oy, Turku, Finland) and the radioactivity was counted.
Each assay was performed at least twice, using quadrupli-
cate samples in each assay.

The effect of saliva on adherence of C. albicans to
immobilised S. gordonii was determined by including
whole saliva (from a single donor, blood group O, non-
secretor of Lewis antigen) diluted 1 : 5 with TNMC buffer
(50 wl) in the microtitre plate assay. Alternatively, yeast or
bacteria were incubated with diluted saliva at 20°C for 1 h
before washing with TNMC buffer and proceeding with the
assay. Yeast inputs were adjusted to a final input concen-
tration of 2 X 10° cells per microtitre well, and adherence
was determined as described above.

Results

Adherence of Candida species fo cells of S. gordonii
NCTC 7869

Approximately 50% of input cells of C. albicans ATCC
10261 bound to immobilised S. gordonii cells that had been
cultured in BHY medium (Figure 1). C. albicans ATCC
10261 is a well characterized laboratory strain, which
showed moderately high binding relative to 20 other strains
(Table 1). Between 30 and 38% of input cells of two strains
of C. tropicalis were bound (Figure 1). In all assays of
radiolabelled Candida cell attachment to immobilised S.
gordonii cells, controls were included to determine the
attachment of yeasts to uncoated microtitre wells, blocked
as described for the streptococcal-coated wells. Adherence
to control wells did not exceed 5% of input cells. Attach-
ment of C. albicans and C. tropicalis to immobilised BHY-
grown S. gordonii cells was significantly higher than back-
ground binding to control wells (Student’s r-test,
P < 0.005). Binding of C. parapsilosis was also signifi-
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Figure 1 Relative adherence of cells of five Candida species to immobi-
lised cells of S. gordonii NCTC 7869 that had been grown in either BHY
or TY-glucose medium. Results are the mean values (+SE) from two
experiments carried out in quadruplicate (n = 8). Adherence values are
expressed as the percentage of input radiolabelled cells (2 X 10° cells per
well) bound. Adherence of yeast cells to wells not coated with streptococci
was <<5% of input cells

cantly (P < 0.05) higher than background binding, whereas
attachment of C. krusei and C. kefyr was not. Since com-
plex growth media such as BHY contain blood group sub-
stances that may interfere with adhesin-receptor interac-
tions, we also compared the ability of the same Candida
strains to adhere to S. gordonii grown in TY-glucose
medium. Interestingly, adherence of yeast cells to TY-glu-
cose grown streptococci was greater in all instances, and
in particular was greater for adhesion of C. albicans or C.
parapsilosis cells (Figare 1).

Effect of yeast cell growth conditions on adherence
of C. albicans fo S. gordonii

Binding of C. albicans ATCC 10261 to immobilized S. gor-
donii cells was affected by the yeast culture conditions
(Figure 2). Optimal binding was obtained using C. albicans
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Figure 2 Effect of yeast culture conditions on the ability of C. albicans
ATCC 10261 cells to adhere to cells of S. gordonii NCTC 7869 that had
been grown in BHY medium. Adherence values are expressed as the mean
number of yeast cells (£ SE; n = 4) bound to quadruplicate microtitre
wells coated with streptococci. (©) Exponential growth phase yeast cells
grown at 30° C; (e) glucose-deprived yeast cells grown at 30° C (see
Materials and methods); (0)) exponential growth phase yeast cells grown
at 37° C; () glucose-deprived yeast cells grown at 37° C. Results are from
a single experiment . :

cells from exponential phase cultures grown at 30° C. Yeast
cells that were glucose-deprived (at pH 4.5) were less
adherent than exponential phase cells. These results demon-
strate that the expression of the C. albicans coadhesin was
affected by a variety of culture conditions including tem-
perature and nutritional status. In subsequent experiments,
yeast cell adherence to S. gordonii NCTC 7869 was
assessed utilizing exponential-phase C. albicans cells
grown at 30° C.

Comparison of adherence of various C. albicans
isolates to saliva-coated hydroxylapatite beads and
adherence to cells of S. gordonii NCTC 7869

A number of clinical isolates of C. albicans were examined
for their ability to bind to immobilised cells of S. gordonii
(grown in TY-glucose) and also to saliva-coated
hydroxylapatite beads (Figure 3). Adherence data are
expressed as percentage adherence relative to that of strain
ATCC 10261. All strains tested adhered both to S. gordonii
and to experimental salivary pellicle, and only four isolates
(out of 20) bound better to S. gordonii than the laboratory
strain (Figure 3). Likewise, only four isolates bound better
to saliva-coated hydroxylapatite beads than did ATCC
10261, two of these were strains that also bound better to
S. gordonii (Figure 3). A positive correlation (r = 0.681,
P = 0.001) existed between the ability to adhere to S. gor-
donii and to saliva-coated hydroxylapatite beads.

Only three strains of C. albicans (82, S4 and S14)
showed binding to immobilised TY-glucose-grown S. gor-
donii cells of <20% (relative to binding of C. albicans
ATCC 10261). This degree of attachment was less than that
shown by C. parapsilosis 90.493 (Figure 1). These results
show that binding to S. gordonii was a common phenotypic
property of C. albicans. Selected strains were tested also
for binding to BHY-grown S. gordonii. Even though the
latter cells bound C. albicans to a lesser extent than TY-
glucose-grown cells, the binding relative to ATCC 10261
was equivalent. For example, strain S14, which was one of
the weakest binding strains to TY-grown streptococci
(Figure 3), also showed only 20.2 = 0.5% of the binding
of strain ATCC 10261 to BHY-grown cells of S. gordonii.

Effect of salivary molecules on adherence of C.
albicans ATCC 10261 to S. gordonii NCTC 7869
Since the oral cavity is bathed in salivary secretions, we
determined the effects of salivary molecules on the ability
of yeast cells to bind to streptococci. When the coadherence
assay was performed in the presence of 20% whole saliva
there was a slight (17%) inhibition of yeast binding to TY-
glucose grown streptococci. In contrast, yeast-binding to
streptococci was greatly stimulated by saliva if the strepto-
coccal cells had been cultured in BHY medium (Table 2).
To determine whether these effects were due to salivary
molecules binding to yeast or to S. gordonii cells, yeast
cells or immobilised streptococci were pretreated with
whole saliva prior to assay for coadherence. Pretreatment of
the streptococci with saliva stimulated adherence of yeast to
BHY-grown cells but did not affect adherence to TY-glu-
cose grown cells (Table 2). Conversely, treatment of yeast
with saliva partially blocked binding to BHY-grown S. gor-
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Figure 3 Adherence of 21 strains of C. albicans to immobilised cells of S. gordonii or to saliva-coated hydroxylapatite beads. Adherence values for
the streptococcal assays are expressed as the mean percent C. albicans cells bound to quadruplicaie wells (=SE; n = 4) relative to binding of strain
ATCC 10261 (mean number of ATCC 10261 cells bound per microtitre well = 1.60 X 10°). Adherence values for the saliva-coated hydroxylapatite
bead assays are expressed as the percent C. albicans cells bound to 12 mg beads relative to binding of strain ATCC 10261 (mean number of ATCC
10261 cells bound to 12 mg beads = 9.13 X 10°); where the values given are the means of triplicate samples from duplicate experiments (n = 6)

Table 2 Effect of saliva on coadherence of C. albicans ATCC 10261 with immobilised S. gordonii NCTC

7869

Assay conditions

Percent input*
C. albicans bound * SE

TY-glucose- BHY-grown
grown S. gordonii
S. gordonii
Standard (no added saliva) 40.0 =29 324+25
Saliva added with yeast® 33327 559 24"
Streptococci pretreated with saliva® 395 =07 51.1 £ 1.3™
Yeast pretreated with saliva® 39.6 =25 20.1 £ 1.5

Results are from a single experiment, and the values given are the means of quadruplicates (n = 4). "Values
significantly different from standard values (Student’s r-test, P < 0.05); ““significantly different from standard

values (P < 0.005)

“The number of input yeast cells was 2 X 10° per microtitre well
"Clarified whole saliva was mixed with radioactively-labelled C. albicans immediately before addition to the

microtitre assay

“Microtitre wells containing immobilised S. gordonii were incubated with clarified whole saliva before being
washed twice with TNMC-Tween and used in the coadherence assay
“Radioactively-labelled C. albicans cells were incubated with clarified whole saliva before being washed twice

with TNMC-Tween and used in the coadherence assay

donii, yet did not affect adherence to TY-glucose grown
cells.

Discussion

Microbial cells, microbial macromolecules and host glyco-
proteins are the major components of oral biofilms. In this
work we used assays to measure the adherence of Candida
cells to experimental salivary pellicle, and to streptococcal
cells, to investigate the nature of interactions that might
occur within oral biofilms. Adherence to the oral bacterium

8. gordonii, found in dental plaque and on mucosal sur-
faces, was shown for three Candida species that are fre-
quently isolated from the oral cavity. C. albicans ATCC
10261 adhered to a greater degree to streptococci than did
C. tropicalis and C. parapsilosis strains, while C. krusei
and C. kefyr strains did not adhere significantly to strepto-
cocci. Interestingly, C. albicans and C. tropicalis are the
more pathogenic species in comparative studies using ani-
mal models, and also are the species isolated more fre-
quently from the human mouth [18]. These trends support
the notion that adherent interactions of yeasts with sub-
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strates in the oral cavity are associated with colonization
and pathogenesis.

Environmental conditions during growth can affect yeast
adherence particularly to buccal epithelial cells [15] but
also to experimental salivary pellicles [6]. It was shown
previously that starvation of yeast cells for glucose (at pH
6.5) stimulated ability to adhere to streptococci [14]. How-
ever, for C. albicans ATCC 10261 starvation at pH 6.5 also
promoted autoaggregation. Therefore, yeast cell adherence
to S. gordonii NCTC 7869 was routinely assessed using
exponential-phase yeast cells grown at 30° C since they
consistently bound in higher numbers to streptococcal cells
(Figure 2). As growth conditions affected the adherence of
yeast to streptococci, care was taken to ensure that culture
conditions were standardized for all comparative exper-
iments. Under these conditions we demonstrated a corre-
lation between the ability of cells to adhere to streptococci
and their ability to adhere to salivary pellicle. Increased
growth temperature (from 30° C to 37° C) or glucose star-
vation at pH 4.5, 37° C, resulted in decreased binding to
both experimental salivary pellicle [6] and to streptococci.
These data suggest that expression of the adhesins on the
yeast cell surface for streptococci and pellicle is co-regu-
lated, a hypothesis supported by the observed correlation
between the ability to adhere to S. gordonii and to saliva-
coated hydroxylapatite beads in the present study (Figure
3).

Two alternative explanations for the results were con-
sidered. Either the coaggregation and salivary adhesins of
C. albicans were different proteins recognising different
ligands, or they were similar molecules recognising the
same ligands present in saliva and on the streptococcal sur-
face. The latter was an attractive possibility since the strep-
tococcal cell receptors could be present in the fluid phase
of whole saliva. However we know from previous work [6]
that C. albicans cells bind to parotid saliva equally as well
as to whole saliva, and parotid saliva does not contain bac-
terial cells or products. To try to resolve the question of
whether or not the salivary and coaggregation adhesins
were one and the same, the effects of saliva on coaggre-
gation were assessed. For TY-glucose grown streptococci,
pretreatment of yeast cells with saliva did not block adher-
ence to streptococci (Table 2). Thus it seems likely that the
salivary and coaggregation adhesins are different mol-
ecules. The effects of saliva on adherence of C. albicans
to BHY-grown streptococci are less easy to interpret. It
seems that streptococci, grown under these conditions,
adsorb different salivary molecules that are also able to pro-
vide receptors for C. albicans adhesins, resulting in pro-
motion of yeast attachment (Table 2). A similar phenom-
enon has been shown for oral bacterial coadherence.
Adsorption of salivary molecules by Streptococcus mutans
promotes adherence of streptococcal cells to Actinomyces
naeslundii, Streptococcus sanguis and Streptococcus mitis
[17]. In other instances salivary proteins block coadherence,
such as that between the gram-negative organism Porphyr-
omonas gingivalis and S. gordonii [20]. Saliva had only a
weakly inhibitory effect on adherence of C. albicans to
BHY-grown streptococci when preadsorbed to the yeast
cells (Table 2).

Candida

Figure 4 Schematic diagram showing possible interactions between C.
albicans, oral streptococei, and saliva in oral biofilms. C. albicans adheres
to salivary glycoproteins associated with the salivary pellicle and adsorbed
to epithelial cells (<). Streptococei also bind to salivary pellicle glyco-
proteins. Coadherence between streptococcal receptors (») and C.
albicans adhesins (Q) is influenced by salivary molecules. Streptococei
may bind salivary proteins (<) that act to promote yeast-streptococcal
adhesion. Alternatively, depending on the surface properties of the strepto-
cocci (influenced by growth conditions), salivary molecules may partially
inhibit coadherence

Possible interactions of streptococci, yeast and salivary
molecules are postulated in Figure 4. Oral streptococci pos-
sess surface adhesins for salivary receptors [10,13], and C.
albicans also binds to salivary components including
mucins [8] and fractions enriched in proline-rich proteins
[6]. The host epithelial enzyme transglutaminase can coval-
ently cross-link acidic proline-rich proteins to epithelial cell
surface proteins [2] thus providing more receptors for C.
albicans adherence to buccal surfaces. Some of these inter-
actions are shown in Figure 4. In the simplified oral biofilm
composed of Streptococcus, Candida and salivary mol-
ecules, the coaggregation reactions of yeast and strepto-
cocci may be enhanced by adsorption of salivary molecules
by the cells to provide additional adhesin-receptor interac-
tions. Clearly both salivary molecules and streptococci can
contribute to the ability of C. albicans to colonize success-
fully the human oral cavity. Our current efforts are concen-
trated on characterizing the adhesins mediating binding to
salivary glycoproteins and to oral streptococei.
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