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The binding of microorganisms to each other and oral surfaces contributes to the progression of microbial
infections in the oral cavity. Candida dubliniensis, a newly characterized species, has been identified in human
immunodeficiency virus-seropositive patients and other immunocompromised individuals. C. dubliniensis phe-
notypically resembles Candida albicans in many respects yet can be identified and differentiated as a unique
Candida species by phenotypic and genetic profiles. The purpose of this study was to determine oral coaggre-
gation (CoAg) partners of C. dubliniensis and to compare these findings with CoAg of C. albicans under the same
environmental conditions. Fifteen isolates of C. dubliniensis and 40 isolates of C. albicans were tested for their
ability to coaggregate with strains of Fusobacterium nucleatum, Peptostreptococcus micros, Peptostreptococcus
magnus, Peptostreptococcus anaerobius, Porphyromonas gingivalis, and Prevotella intermedia. When C. dubliniensis
and C. albicans strains were grown at 37°C on Sabouraud dextrose agar, only C. dubliniensis strains coaggre-
gated with F. nucleatum ATCC 49256 and no C. albicans strains showed CoAg. However, when the C. dubliniensis
and C. albicans strains were grown at 25 or 45°C, both C. dubliniensis and C. albicans strains demonstrated CoAg
with F. nucleatum. Heating the C. albicans strains (grown at 37°C) at 85°C for 30 min or treating them with
dithiothreitol allowed the C. albicans strains grown at 37°C to coaggregate with F. nucleatum. CoAg at all growth
temperatures was inhibited by mannose and a-methyl mannoside but not by EDTA or arginine. The CoAg
reaction between F. nucleatum and the Candida species involved a heat-labile component on F. nucleatum and
a mannan-containing heat-stable receptor on the Candida species. The CoAg reactions between F. nucleatum
and the Candida species may be important in the colonization of the yeast in the oral cavity, and the CoAg of
C. dubliniensis by F. nucleatum when grown at 37°C provides a rapid, specific, and inexpensive means to

differentiate C. dubliniensis from C. albicans isolates in the clinical laboratory.

Candida dubliniensis has recently been added to the growing
list of potential opportunistic pathogens colonizing the immu-
nocompromised population and is associated with human im-
munodeficiency virus (HIV)-seropositive individuals (3, 6, 23,
38, 41, 49-53). To date, however, little is known concerning
its epidemiology, pathogenesis, and colonization mechanisms.
Despite the growing concerns regarding the clinical signifi-
cance of this novel Candida species, efforts to detect it in
clinical laboratories have been hampered due to the pheno-
typic characteristics it shares with Candida albicans. Although
there are some clear differences between C. dubliniensis and
C. albicans, there is currently no convenient, reliable test that
can be used to differentiate between these two species. Rather,
a battery of tests are used, and genetic testing is often used for
final confirmation (2, 3, 6, 23, 28, 43-47, 50-52, 54).

Intergeneric coaggregations (CoAgs) have been observed
between C. albicans and Fusobacterium species (14) as well as
several other oral microorganisms (1, 15, 21, 22, 24). These
interactions may be an important factor in the microbial col-
onization and progression of infections in the oral cavity (10,
29). Fusobacterium nucleatum, an anaerobic gram-negative non-
sporeforming bacillus, is reported to be the most frequently
isolated microbe from the subgingival plaque of periodontal
lesions (39, 40), and it has been reported that F. nucleatum
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plays an important role in microbial colonization in the oral
cavity via its extensive ability to attach to human cells (7) and
to coaggregate with many other oral microorganisms (5, 9, 32).

Experiments were performed to determine CoAg partners
of C. dubliniensis and to compare the conditions and charac-
teristics of CoAg with those of C. albicans.

MATERIALS AND METHODS

Bacterial strains and culture conditions. F. nucleatum (ATCC 49256), Pepto-
streptococcus micros (ATCC 33270), Peptostreptococcus magnus (ATCC 15794),
Peptostreptococcus anaerobius (ATCC 27337), Porphyromonas gingivalis (ATCC
33277), and Prevotella intermedia (ATCC 25611) strains were used in this study.
All organisms were grown on Brucella blood agar (BBAHK) or in brain heart
infusion broth (BBL Microbiology Systems, Cockeysville, Md.), both media sup-
plemented with hemin (5 pg/ml) and menadione (1 pg/ml) in a Coy anaerobic
chamber (Coy Laboratory Products, Ann Arbor, Mich.) at 37°C for 2 to 4 days.
Gram stain and phase-contrast microscopy were used to check for purity. Or-
ganisms were harvested by scraping the plates or centrifuging the broth cultures
for 10 min at 3,000 X g and washed twice in CoAg buffer (20 mM Tris-HCI [pH
7.8], 0.1 mM CaCl,, 0.1 mM MgCl,, 0.15 M NaCl, 0.02% NaN,) (14). Suspen-
sions of bacterial cells were adjusted to approximately 120 Klett units (approx-
imately 10° bacterial cells/ml) by using a Klett Summerson photoelectric color-
imeter (Klett Manufacturing Co., New York, N.Y.), or the packed cells after
centrifugation at 3,000 X g for 10 min were resuspended into a 1% (vol/vol) cell
suspension with CoAg buffer. All bacterial cells were used immediately or stored
at 4°C until used.

Yeast strains, culture conditions, and identification. Forty isolates collected
between January and March of 1998 were identified as C. albicans by the clinical
laboratories at the University of Maryland. They were reevaluated by growth on
Sabouraud dextrose agar (SDA; Difco Laboratories, Detroit, Mich.) at 45°C,
chlamydospore production on TOC agar (Remel, Lenexa, Kans.) and germ tube
formation in serum.

Fifteen strains of C. dubliniensis including reference strains (CD36 NCPF
3949) and an Irish clinical isolate (JP1) (both kindly supplied by Derek Sullivan),
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FIG. 1. Visual CoAg testing of C. albicans or C. dubliniensis with F. nuclea-
tum. For each pair of tubes, the left tube contains C. albicans grown at 37°C plus
F. nucleatum, and the right tube contains C. dubliniensis grown at 37°C plus
F. nucleatum. The tubes are shown 45 s (A) or 5 min (B) after mixing (CoAg
score of 4+).

9 isolates recovered from HIV-seropositive patients managed at the University of
Maryland Dental School, and 4 isolates recovered from patients at the University
of Maryland Hospital were also tested for CoAg. C. dubliniensis strains were
identified by using published criteria including germ tube production in serum
after 3 h of incubation at 37°C, amount and arrangement of chlamydospores
produced on TOC agar, inability to grow at 45°C, colony color on CHROMagar
Candida medium (CHROMagar, Paris, France), and sugar assimilation profiles,
using the API 20C AUX yeast identification system (bioMerieux Vitek, Inc.,
Hazelwood, Mo.). For all of the C. dubliniensis isolates, further genetic testing
was performed by an electrophoretic karyotyping method based on the method
of King et al. (27).

Suspensions were prepared for C. albicans strains from colonies grown at 25,
37, or 45°C for 24 or 48 h on SDA plates and for C. dubliniensis from colonies
grown at 25 or 37°C for 24 or 48 h. Plates grown at 37°C were also left at room
temperature for up to 7 days, and suspensions of the yeast cells were tested for
CoAg with F. nucleatum. Also, suspensions were made of strains after the
induction of germ tubes or hyphae. Suspensions were made by removing colonies
from the surface of the agar plate. After washing the colonies in cold CoAg
buffer, 10% suspensions were prepared in CoAg buffer by the centrifugation
procedure previously described for the bacteria. Cells were used immediately or
stored at 4°C for use within 3 days.

Visual CoAg assay. CoAg ability of microorganisms was screened by the visual
CoAg assay (9). A 100-pl aliquot of yeast suspension (10%) was mixed with 200
wl of the bacterial suspension (1%) and 100 pl of CoAg buffer or, as controls,
each CoAg partner with just CoAg buffer. The mixtures were vortexed for 10 s,
shaken on a rotary platform shaker for 3 min, and left undisturbed at room
temperature for 2 additional min. The degree of CoAg was recorded on a scale
of 0 to 4+ as follows: a score of 0 for no visible aggregates in the cell suspension,
1+ for small uniform coaggregates in the suspension, 2+ for coaggregates that
are easily seen but no immediate settling of coaggregates, 3+ for large coaggre-
gates which settle rapidly and leave some turbidity in the supernatant fluid, and
4+ for large coaggregates which settle immediately and leave clear supernatant
fluid (Fig. 1). All CoAg reactions were performed in duplicate.

Turbidimetric monitoring assay. A turbidimetric monitoring assay was also
performed to determine the degree of CoAg during a 5-min period. The method
was similar to that of the visual CoAg assay but required 1 ml of the yeast
suspension, 2 ml of bacterial suspension, and 1 ml of CoAg buffer followed by a
20-s vortexing step (9). The reading of Klett units was taken at 1-min time
intervals.

Inhibition of CoAg by sugars, amino acids, and EDTA. By using the visual
CoAg assay described above, the following sugars or amino acids prepared in
CoAg buffer were screened for their ability to inhibit CoAg: p-(+)-galactose,
lactose, p-mannose, D-(+)-glucosamine, a-methyl mannoside, L-arginine, L-ly-
sine, and L-alanine. Inhibition experiments used the visual CoAg assay with the
addition of 100 pl of the sugar or amino acid tested as an inhibitor at a final
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concentration of 100 mM in the CoAg mixture. EDTA was tested in the same
manner at a final concentration of 100 mM. Tests for autoaggregation included
only suspensions of each microorganism with CoAg buffer.

Inhibition of CoAg by heat and dithiothreitol (DTT) treatment of bacterial
cells. Heating was performed by incubating the Candida or F. nucleatum cell
suspensions at 85°C for 30 min or at 45°C for up to 3 days. The visual CoAg assay
was performed on either heated and unheated cell suspensions of each micro-
organism with the heterologous CoAg partner.

DTT extraction was performed on the Candida strains as previously described
(20), and the treated cells were then used in the CoAg assay. Briefly, C. albicans
yeast cells grown at 37°C were prepared for DTT treatment by first washing the
cells with cold deionized water and then adjusting the cell concentration to 2 X
10® cells per ml in deionized water. Two milliliters of yeast cell suspension was
mixed with 2 ml of a 50 mM DTT solution in 0.1 M Tris-HCI-0.5 mM EDTA
buffer, pH 8.6. The mixture was incubated for 60 min at 37°C with occasional
shaking. Following incubation, cells were pelleted and washed three times with
CoAg buffer (4°C) to remove all DTT. Cells were then resuspended in CoAg
buffer (4°C) to a 10% concentration and used in the CoAg assay with F. nuclea-
tum. All strains were also treated as described above except CoAg buffer was
added instead of DTT.

RESULTS

CoAg of selected oral bacteria with C. dubliniensis and C. al-
bicans. Suspensions in CoAg buffer of 15 strains of C. dublini-
ensis and 40 strains of C. albicans, grown at 37°C on SDA
plates, were tested with six oral anaerobic microorganisms for
coaggregating ability. CoAg was observed by the visual (Fig. 1)
and turbidimetric assays (Fig. 2) only with the 15 C. dublini-
ensis strains and F. nucleatum. No CoAg occurred with the 15
C. dubliniensis strains and the other oral microorganisms or
with F. nucleatum and 40 C. albicans strains grown at 37°C
(Table 1). However, germ tubes and hypha-displaying cells of
C. albicans grown at 37°C showed a 4+ CoAg reaction with
F. nucleatum. The CoAg reaction between the 15 C. dublini-
ensis strains (yeast cells, germ tube, and hypha-displaying cells)
and F. nucleatum was 4+, and suspensions of F. nucleatum
remained active in CoAg reactions when stored for several
weeks in CoAg buffer at 4°C. Suspensions of C. dubliniensis
stored at 4°C also remained positive in the CoAg reaction for
several weeks. No autoaggregation was observed when each
suspension of microorganism was incubated only with CoAg
buffer (Fig. 2).

Effects of heat, DTT, and growth at different temperatures
on CoAg activity. In an attempt to determine what type of
CoAg receptor was present on the C. dubliniensis and F. nu-
cleatum organisms, suspensions of each were heated at 85°C
for 30 min and then the heated and unheated partners were
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FIG. 2. Turbidimetric CoAg assay of C. dublieniensis (Cd) and C. albicans
(Ca) with and without F. nucleatum (Fn).
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TABLE 1. CoAg of C. dubliniensis or C. albicans with F. nucleatum

CoAg”
Yeast 37°C 25°C 45°C
No Heated at 85°C After DTT With 0.1 M No With 0.1 M No
treatment for 30 min extraction mannose treatment mannose treatment
C. dubliniensis
CD-36° 4+ 4+ 4+ 0 4+ 0 4+¢
14 clinical isolates 4+ 4+ 4+ 0 4+ 0 44<
C. albicans
ATCC 18804 0 4+ 3-4+ 0 3-4+ 0 2-3+
34 clinical isolates 0 4+ 3-4+ 0 3-4+ 0 2-3+
4 clinical isolates 0 4+ 3-4+ 0 0 0 0

“ CoAg scores of suspensions of C. dubliniensis or C. albicans strains and F. nucleatum when the strains were subjected to different treatments and growth

temperatures. CoAg was scored as described in Materials and Methods (4+ for maximum CoAg and 0 for no CoAg).

b C. dubliniensis type strain provided by Derek Sullivan.

¢ Cells were grown at 37°C; the cell suspensions were incubated at 45°C for up to 3 days.

placed in the CoAg reaction mixture. It was observed that
when the F. nucleatum strain was heated and then allowed to
react with the 15 unheated C. dubliniensis strains, no CoAg
was observed, whereas when the 15 C. dubliniensis strains
were heated and then allowed to react with the unheated
F. nucleatum CoAg partner, CoAg remained intact. Therefore,
it appeared that a heat-labile binding site was present on the
F. nucleatum strain which was interacting with a heat-stable re-
ceptor on the C. dubliniensis strains.

As mentioned earlier, 40 C. albicans strains grown at 37°C
were negative in the CoAg assay. However, after being heated
at 85°C for 30 min, they all demonstrated a CoAg score of 4+
with F. nucleatum (Table 1). After DTT extraction, suspen-
sions of all 40 C. albicans CoAg-negative strains (grown at
37°C) had CoAg scores of 3 to 4+ with F. nucleatum (Table 1),
whereas extraction with CoAg buffer resulted in no change in
pretreatment CoAg ability. When the C. albicans strains were
grown at 37°C and the agar plates were left on the bench for 4
days at room temperature, all 40 suspensions demonstrated
CoAg with F. nucleatum. When the C. dubliniensis or C. albi-
cans strains were grown at 25°C for 24 or 48 h, all C. dublini-
ensis and all but four C. albicans strains demonstrated a CoAg
reaction of 4+ with F. nucleatum (Table 1). When all C. albi-
cans strains were grown at 45°C for 24 h, a CoAg with F. nu-
cleatum was scored at 2 to 3+ (Table 1).

Testing of sugars, amino acids, and EDTA for CoAg inhib-
itory activity. Sugars, amino sugars, and EDTA were tested to
see whether they would inhibit CoAg. Mannose and a-methyl
mannoside inhibited CoAg of C. dubliniensis (grown at 25 and
37°C) or C. albicans (the strains heated or grown at 25°C) as
CoAg partners with F. nucleatum (Table 1). The CoAg be-
tween F. nucleatum and C. dubliniensis or C. albicans (heated
or grown at 25°C) was not inhibited by any of the other sugars,
amino acids, or EDTA.

DISCUSSION

Interactions among oral microorganisms and microbial at-
tachment to mucosal surfaces have been shown to be impor-
tant steps in infectious disease processes in the oral cavity. The
importance of intergeneric CoAg in microbial colonization and
accretion of bacterial cells has been well documented (10, 29).
As we know very little of these processes, knowledge of Can-
dida species adhesins and CoAg partners may help shed light
on their involvement in colonization and disease processes.

The results of this study established that a specific CoAg

reaction exists between F. nucleatum and C. dubliniensis, but
not C. albicans when grown on SDA at 37°C. The results from
the visual CoAg assay were confirmed by the turbidimetric
method, the latter also used to determine the optimal time for
CoAg over a 5-min period between the C. dubliniensis strains
and F. nucleatum. These results as well as earlier investigations
support F. nucleatum as an extremely important intergeneric
bridge in microbial colonization, as fusobacteria constitute the
largest portion of the microbial population in dental plaque
samples taken from most diseased sites (39, 40). The multige-
neric CoAg ability of F. nucleatum has been observed with a
wide variety of oral microorganisms (5, 9, 31, 32).

A variety of methods have been utilized in an attempt to
characterize the mediators of CoAg reactions, including the
addition of potential inhibitors such as sugars, amino acids,
chelators (EDTA), and ions (13, 25, 30, 31, 33, 42, 57). CoAg
was characterized as a heat labile-heat stable receptor inter-
action, suggesting that F. nucleatum possesses a protein
receptor and the C. dubliniensis strains possess either a heat-
stable or polysaccharide component. The binding of F. nuclea-
tum strains to C. albicans as observed by Grimaudo and Nesbitt
(14) was also inhibited by mannose and a-methyl mannoside.
The presence of mannan in the cell walls of Candida species
and inhibition of CoAg by mannose and a-methyl mannoside
would suggest a group on mannan as the site of binding of the
heat-labile component on F. nucleatum. Inhibition of CoAg of
F. nucleatum strains among certain gram-negative microorgan-
isms has involved a lactose-galactose-mediated interaction (8,
25, 26, 31), whereas among gram-positive microorganisms, an
arginine-mediated mechanism was demonstrated when argi-
nine inhibited F. nucleatum ATCC 10953 CoAg with strains of
oral streptococci (55). EDTA did not inhibit CoAg between
F. nucleatum ATCC 49256 and C. dubliniensis, although it was
reported that EDTA caused total disaggregation of other
F. nucleatum strains and C. albicans pairs of cells (14).

Suspensions of 40 strains of C. albicans grown at 37°C for 24
to 48 h on SDA would not coaggregate with F. nucleatum.
However, when these 40 C. albicans strains were grown at
25°C, all but four of the isolates showed CoAg, whereas when
they were grown at 45°C on the same medium, when germ
tubes and hyphae were induced or when they were treated with
heat or DTT, CoAg would occur with all 40 isolates. It would
appear that growth of C. albicans on SDA at 37°C results in the
presence of a heat-labile, DTT-extractable material on the
surface of the yeast cells which interferes with CoAg with
F. nucleatum. This heat-labile material may be the hydrophilic
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outer layer described by previous investigators as a fibrillar
coat consisting largely of mannoproteins (4, 16-20, 34, 37, 48,
56). The fibers of this outermost layer are responsible for the
initial loose attachment of C. albicans to epithelial cells and
other surfaces. This initial association is followed by a tight
adhesin-receptor interaction, with the C. albicans adhesin be-
ing a mannoprotein (17, 56). Hydrophobic proteins in the
polysaccharide matrix of the C. albicans cell wall contribute to
the strength of this adhesin-receptor bond, in turn contributing
to the virulence and pathogenesis of the yeast (12, 16-18, 20,
35, 36). These hydrophobic proteins are present in blasto-
conidia when the cells were grown at both 25 and 37°C (16, 18).
In contrast to the tight association of the hydrophobic proteins
to the cell wall of C. albicans, the hydrophilic masking layer is
loosely associated and is easily destroyed by heat and removed
by extraction with DTT (4, 20). Thus, DTT treatment rapidly
converts hydrophilic cells into hydrophobic cells by removing
the outer fibrillar layer and exposing hydrophobic proteins (18,
20). Once yeast cells become hydrophobic, they may rapidly
produce germ tubes and become invasive (18). Previous inves-
tigations have shown that germ tubes and hyphae of C. albicans
are highly and invariably hydrophobic, regardless of whether
the mother cell displays cell surface hydrophobicity (16, 17, 19,
35), and that hydrophobic sites are particularly abundant at the
hyphal apex (18). In this study, growing C. albicans at 25 or
45°C may have resulted in total inhibition of or considerable
reduction in the production of the fibrillar layer, as suggested
by enhanced CoAg. The reduced presence of this layer in the
C. albicans strains due to growth at 25 or 45°C, heat treatment,
DTT extraction, or leaving the plates grown at 37°C at room
temperature for 4 days, allowed for the CoAg of C. albicans
strains with F. nucleatum. The four C. albicans strains that did
not coaggregate when grown at 25°C may be hydrophilic vari-
ants as described by Hazen (17) in that they are hydrophilic at
growth temperatures of 25 and 37°C. The production of the
outer fibrillar layer in these four variants does not seem to be
affected by growth at 25°C, although it is diminished at 45°C as
CoAg was then observed. C. dubliniensis may have a reduced
outermost fibrillar layer as demonstrated by its ability to coag-
gregate with F. nucleatum at all growth temperatures. A re-
duction in the hydrophilic layer resulting in a hydrophobic cell
surface may give this species a greater ecological advantage in
allowing enhanced attachment to oral microbes and buccal
epithelial cells (11, 38).

Many questions remain to be answered regarding the role
C. dubliniensis plays in oral diseases, the factors that encourage
its colonization and growth, its occurrence in healthy individ-
uals and patient groups other than the HIV-seropositive pop-
ulation, and the relationship of its coexistence with C. albicans
and other microorganisms in the oral cavity. The concern over
the occurrence of fluconazole resistance in clinical isolates, as
observed in readily inducible fluconazole resistance in vitro
(23, 41), suggests that patients who have received multiple
antimicrobial treatments for fungal infections throughout their
HIV infection may have a higher risk of harboring C. dublini-
ensis in their oral cavity. In order to further study the role of
C. dubliniensis in disease processes, the first step is for clinical
microbiology laboratories to be able to rapidly, inexpensively,
and accurately distinguish C. dubliniensis isolates from typical
C. albicans in patient samples. We propose that CoAg of
C. dubliniensis with F. nucleatum provides a simple, inexpen-
sive, and rapid method to identify C. dubliniensis strains in
clinical or research laboratories. After a 24-h growth period on
SDA at 37°C, followed by a 3-h germ tube test, a suspension of
yeast cells from the original culture plate would then undergo
a 5-min CoAg test with F. nucleatum ATCC 49256. If no CoAg

COAGGREGATION OF CANDIDA DUBLINIENSIS 1467

results, C. albicans would be indicated, whereas CoAg-positive
isolates would be further tested as presumptive C. dubliniensis.
The use of this regimen in clinical laboratories receiving large
volumes of yeast isolates from immunocompromised patients
will greatly expedite the rate of turnover by allowing laboratory
personnel to confidently release all germ tube-positive nonco-
aggregating yeast isolates that could grow at 37°C as C. albi-
cans. All germ tube-positive isolates demonstrating CoAg after
growth at 37°C would be considered suspicious for C. dublini-
ensis and would then undergo further testing for confirmation.

This novel partnership between F. nucleatum and C. dublini-
ensis provides an alternative avenue to study the colonization
of this potentially pathogenic yeast in the oral cavity.
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