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Synergistic Interaction between Candida albicans and Commensal
Oral Streptococci in a Novel In Vitro Mucosal Model
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Candida albicans is a commensal colonizer of the gastrointestinal tract of humans, where it coexists with highly diverse bacterial
communities. It is not clear whether this interaction limits or promotes the potential of C. albicans to become an opportunistic
pathogen. Here we investigate the interaction between C. albicans and three species of streptococci from the viridans group,
which are ubiquitous and abundant oral commensal bacteria. The ability of C. albicans to form biofilms with Streptococcus ora-
lis, Streptococcus sanguinis, or Streptococcus gordonii was investigated using flow cell devices that allow abiotic biofilm forma-
tion under salivary flow. In addition, we designed a novel flow cell system that allows mucosal biofilm formation under condi-
tions that mimic the environment in the oral and esophageal mucosae. It was observed that C. albicans and streptococci formed
a synergistic partnership where C. albicans promoted the ability of streptococci to form biofilms on abiotic surfaces or on the
surface of an oral mucosa analogue. The increased ability of streptococci to form biofilms in the presence of C. albicans could
not be explained by a growth-stimulatory effect since the streptococci were unaffected in their growth in planktonic coculture
with C. albicans. Conversely, the presence of streptococci increased the ability of C. albicans to invade organotypic models of the
oral and esophageal mucosae under conditions of salivary flow. Moreover, characterization of mucosal invasion by the biofilm
microorganisms suggested that the esophageal mucosa is more permissive to invasion than the oral mucosa. In summary, C. al-
bicans and commensal oral streptococci display a synergistic interaction with implications for the pathogenic potential of C. al-

bicans in the upper gastrointestinal tract.

Candida albicans is a pleomorphic fungus that colonizes the
gastrointestinal (GI) and genitourinary mucosal surfaces of
humans, persisting in these niches as a commensal in up to 60% of
healthy individuals (5, 50). Alterations in host immunity, bacterial
flora or local environmental factors, such as oral salivary flow, are
believed to determine C. albicans transition from a commensal to
an opportunistic pathogen, capable of causing a wide range of
superficial mucosal or life-threatening systemic infections (10, 36,
44). At mucosal environments, C. albicans coexists with a highly
diverse bacterial flora. For instance, in the human oral cavity,
more than 700 different bacterial species have been described to
exist, with a single individual harboring several hundreds of bac-
terial phylotypes (15). Resident oral microorganisms colonize
hard surfaces such as teeth and prosthetic devices forming com-
plex polymicrobial biofilm structures (42, 65). In health, mucosal
biofilm growth in the oral cavity is limited by a rapid epithelial
turnover and host innate immune defenses at the mucosal inter-
face (18). However, immunosuppression allows the formation of
mucosal biofilms, leading to the clinical appearance of thrush
(14). Our group has shown that these biofilms are not only com-
prised by a dense network of Candida cells but also by commensal
oral bacteria in close association with Candida (20). Thus, the
interaction of C. albicans with commensal resident bacteria is
bound to be an important determinant of C. albicans colonization
and persistence at mucosal niches and is likely to modulate its
virulence at these sites.

Oral streptococci from the viridans group are the most ubiq-
uitous and abundant primary colonizers of oral surfaces (1, 16,
38). These streptococci are considered commensal organisms of
limited virulence and are generally associated with oral health.
However, viridans streptococci can cause life-threatening sys-
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temic infections if the oral mucosa is disrupted and the host de-
fense mechanisms are compromised (28, 34). C. albicans has the
ability to coaggregate with a variety of oral bacteria, including
most species from the viridans group of streptococci (26, 30, 33).
Physically associated cells of C. albicans and streptococci have
been demonstrated in vivo, in tooth-associated biofilms, via fluo-
rescence in situ hybridization (FISH), with streptococcal cells
forming “corn-cob-like” structures around C. albicans hyphae
(65). The mechanisms mediating coaggregation between C. albi-
cans and oral streptococci, specifically Streptococcus gordonii, have
been characterized as adhesin-receptor interactions. The adhesins
on the streptococcal surface have been identified as the cell
surface-associated, antigen I/II family adhesins, SspA and SspB (4,
31), while the hyphal wall protein Als3p has been shown to serve as
receptor for the streptococcal adhesin SspB (52). Furthermore, C.
albicans has been demonstrated to form mixed-species biofilms
with S. gordonii on plastic wells under static conditions, and con-
tact with S. gordonii has been shown to enhance C. albicans fila-
mentation (4).

Based on the known i vitro and in vivo interactions between C.
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albicans and oral streptococci, it is likely that the two organisms
form an interkingdom partnership that promotes mucosal colo-
nization or infection. Since hyphal formation is promoted by
streptococci, while it is also a prerequisite for tissue invasion (35,
51), it is possible that contact of C. albicans and streptococci may
alter the invasive phenotype of the former. The goal of our work
was to characterize the role of the interaction between C. albicans
and streptococci in the pathogenesis of mucosal infection using
biologically relevant in vitro model systems. The interaction of C.
albicans and streptococci as abiotic surface biofilms was studied in
standard flow cell devices under salivary flow. However, since no
system existed that allowed the study of mucosal biofilms under
flow conditions, we designed a novel flow cell device able to har-
bor an organotypic mucosal tissue analogue, where microorgan-
isms can form biofilms using saliva-supplemented medium as nu-
trient source, simulating environmental conditions in the upper
GI tract. Since the type of mucosal epithelium that lines the ali-
mentary tract mucosa may serve as an ecological determinant of
invasive infection, we tested Candida-streptococci interactions in
two organotypic mucosal models, one of the oral, and one of the
esophageal mucosa. We used these systems to test the hypothesis
that C. albicans and streptococci form a synergistic partnership
when forming mixed-species biofilms under conditions similar to
their in vivo niche.

MATERIALS AND METHODS

Microorganisms used and microbiological media. The microorganisms
used in the present study were Candida albicans SC5314, Streptococcus
oralis 34 (kindly provided by P. E. Kolenbrander), Streptococcus gordonii
Challis CH1 (kindly provided by J. M. Tanzer), and Streptococcus sangui-
nis SK36 (ATCCBAA-1455). C. albicans was routinely maintained in yeast
extract-peptone-dextrose (YPD) agar and grown in YPD medium, aero-
bically, at room temperature, in a rotor shaker. YPD medium consisted of
5 g of yeast extract (Fisher Scientific, Pittsburgh, PA) liter—!, 10 g of
peptone (Fisher Scientific) liter !, and 20 g dextrose (Fisher Scientific)
liter ~ 1. Streptococci were routinely grown in brain heart infusion (BHI)
medium (Oxoid, Ltd., Cambridge, United Kingdom) under aerobic static
conditions at 37°C. In some experiments, Fusobacterium nucleatum strain
ATCC 10953 was used as a positive control for induction of apoptosis in
the oral epithelial three-dimensional (3-D) system (17).

Saliva, used to supplement the biofilm growth medium, was collected
from 10 systemically healthy volunteers according to a protocol approved
by the Institutional Review Board of the University of Connecticut Health
Center (IRB 10-216-2). Briefly, whole stimulated saliva was collected in
polypropylene tubes on ice, pooled, and treated with 2.5 mM dithiothre-
itol (Sigma-Aldrich, St. Louis, MO) for 10 min to reduce salivary protein
aggregation. The saliva was then centrifuged at 7,500 X g, at 4°C, for 20
min, and supernatants were diluted with Dulbecco phosphate-buffered
saline (D-PBS; Mediatech, Inc., Manassas, VA) to obtain a 25% (vol/vol)
saliva/D-PBS solution. Diluted saliva was then filtered through a 0.22-
pm-pore-size polyethersulfone low-protein-binding filter (Nalgene;
Thermo Fisher Scientific, Rochester, NY), divided into aliquots, and fro-
zen at —80°C until further use.

Abiotic surface biofilms of C. albicans and streptococci. Biofilms of
streptococci and C. albicans, either as monospecies or as mixed species
were allowed to develop on glass surfaces under flow using saliva-
supplemented medium (22.5% sterile human saliva, 10% BHI, 67.5%
[vol/vol] D-PBS) as nutritional source. Standard flow cell chambers for
abiotic biofilms were constructed according to the method of Palmer (45)
and fabricated by the machine shop at The School of Engineering, Uni-
versity of Connecticut. Each flow cell track (40 mm long, 3 mm wide, and
2 mm deep) was milled into a high-density polytetrafluoroethylene block
(MSC Industrial Direct, Inc., Melville, NY). A 24-by-60-mm glass cover-
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slip, secured to the top of the flow cell with a silicone adhesive, served as
attachment site for the growing biofilm. Prior to each experiment, the
flow cells were cleaned overnight with 0.1 M HCI and rinsed with sterile
distilled water. Flow cells were sterilized by flowing 10% hypochlorite for
2 h using a peristaltic pump, followed by continuous rinsing with sterile
distilled water for an additional 2 h. Flow cells were then placed at 37°C
and treated with saliva-supplemented medium for 15 min to allow forma-
tion of a salivary pellicle on the glass surface. In order to prepare the
inoculum, overnight stationary-phase cultures of each organism were
used to inoculate new cultures that were allowed to grow until the late
logarithmic phase. The cultures were normalized to an optical density at
600 nm of 1, and the microbial cells were washed in salivary growth me-
dium. The inoculum for each flow cell consisted of 10 cells of C. albicans
or 107 cells of either S. oralis, S. sanguinis, or S. gordonii or a combination
of C. albicans and each type of streptococcus. After injecting the inocu-
lum, the flow cells were inverted, and the microorganisms were allowed to
attach for 30 min under static conditions. Flow cells were then placed
upright, and the pump started with a flow rate for all experiments of 100
pl min~! to approximate in vivo oral salivary flow (13). Biofilms were
allowed to develop for 0, 4, or 16 h. For some experiments, PBS was flowed
through the flow cells instead of salivary medium to evaluate the retention
of streptococci in biofilms in the absence of nutrients.

The effect of C. albicans on streptococcal accretion was tested, in a
closed system, in the absence of nutrients. For these experiments, 107 cells
of S. oralis were suspended in PBS and added alone or in combination with
106 cells of C. albicans on saliva-conditioned glass coverslips placed on
multiwell plates. Plates were incubated with 125 rpm agitation at 37°C for
0.5, 1.5, and 3 h, after which the cells were washed, stained, and quantified
using microscopy. In some experiments C. albicans, suspended in salivary
medium, was allowed to attach to saliva-conditioned coverslips for 3 h,
followed by a PBS rinse and the addition of S. oralis.

Fabrication and assembly of tissue-harboring flow cells. In order to
grow mucosal biofilms under an environment that resembles the upper
GI tract, we designed a flow cell system able to harbor a mucosal tissue
analogue, pregrown in a porous membrane, with saliva flowing over the
tissue and bathing its apical surface and mammalian cell culture medium
flowing underneath and feeding the tissue basally (Fig. 1). The flow cell
apparatus consists of two discrete pieces that can be assembled to form
two flow chambers separated by a membrane. For convenient visualiza-
tion, a window was built into the upper flow cell chamber. This window is
sealed by attaching a 22-by-22-mm glass coverslip to the outside flow cell
surface. The flow cell is assembled with an O-ring placed between the
membrane and the upper component in order to seal the system. The
upper and lower components are held in place by screws. Flow cells with
these characteristics were fabricated according to our specifications by
Sirois Tool Company, Inc. (Berlin, CT). The body of the upper and lower
flow cell components was milled from a block of polytetrafluoroethylene
(MSC Industrial Direct, Inc.). The connectors used between the compo-
nents and the tubing were 0.0625-in. hose barb connectors with a #10-32
threaded port made of Kynar polyvinylidene fluoride (Small Parts, Inc.).
The flow cell apparatus was assembled as illustrated in Fig. 1 by connect-
ing two medium reservoirs to the upper and lower components of the flow
cell via silicone manifold tubing (Watson-Marlow, Inc., Wilmington,
MA). One medium reservoir was filled with saliva-supplemented me-
dium, which flowed through the upper chamber. The second medium
reservoir consisted of a 3:1 (vol/vol) mixture of Dulbecco’s modified Ea-
gle’s medium containing 4.5 g of glucose liter !, 0.58 g of r-glutamine
liter— 1, and 0.11 g of sodium pyruvate liter~! and Ham’s F-12 medium
containing 0.14 g of L-glutamine liter—! (Mediatech, Inc.). HEPES buffer
to a final concentration of 15 mM was also added to this medium, which
flowed through the lower chamber. A peristaltic pump model 2055/CA
(Watson-Marlow Inc., Wilmington, MA) was connected downstream of
the flow cells to establish a flow rate of 100 wl min—!.

Oral and esophageal mucosa analogue tissues. A detailed protocol
that describes the procedures used to culture the oral mucosa analogue
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FIG 1 Schematic representation of flow cell device that supports mucosal biofilm formation in the presence of salivary flow. (A) Components of the assembled
flow cell system. (B) Cross-section view of the flow cell device, which consists of two pieces of polytetrafluoroethylene juxtaposed to each other and held together
by screws. A membrane containing a pregrown oral mucosa analogue tissue is placed in the middle, supported by an o-ring, forming two separate chambers for
independent saliva-supplemented medium and tissue culture medium flow. (C) Example of an H&E-stained section of an oral mucosa analogue tissue over

which microorganisms are inoculated to form mucosal biofilms in the device.

has been previously published (19). Briefly, the system consists of an im-
mortalized human oral keratinocyte cell line (OKF6/TERT-2) seeded on
collagen type I-embedded fibroblasts (3T3 fibroblasts). The tissues, grown
in transwell inserts, are then airlifted to ensure epithelial differentiation
and stratification. The procedure takes approximately 2 to 3 weeks to
complete. The human cell line EPC2 (kindly provided by A. K. Rustgi,
University of Pennsylvania), established from a biopsy specimen from a
healthy esophageal mucosa and immortalized similarly to the OKF6 cells,
was used to construct an esophageal mucosa analogue, according to pre-
viously published protocols (27). The 3-D system derived from this cell
line has striking similarities with the esophageal mucosal tissue morphol-
ogy in vivo (3, 27). Both mucosal 3-D systems represent healthy, nonke-
ratinizing stratified squamous epithelia (19, 27). After tissue maturation,
membranes containing 3-D mucosa analogues were cut from transwell
rings and used for flow cell biofilm experiments.

Mucosal biofilm formation by C. albicans and S. oralis in tissue-
harboring flow cells. Prior to each experiment, the flow cells were steril-
ized as described above for standard flow cells. The flow cells were con-
nected to the media reservoirs and salivary and mammalian cell culture
medium were pumped through the chambers. A piece of polyethylene
terephthalate (PET) membrane was placed between the two chambers for
the initial flow of media. A membrane containing a pregrown tissue ana-
logue was then placed between the two chambers to replace the PET mem-
brane. The flow was allowed to proceed for 15 min to condition the mu-
cosal surface for the attachment of microorganisms. Tissue-harboring
flow cell inocula were prepared as in standard flow cells and consisted of a
similar inoculum size, i.e., 10 cells of C. albicans or 107 cells of S. oralis or
a combination of both organisms in 500 ul of salivary medium. Microor-
ganisms were inoculated into the upper flow cell chamber and left to
attach to the mucosal surface for 30 min under static conditions. Flow was
then reestablished at 100 ul min~!. Biofilms were allowed to form for 4,
16, or 24 h at 37°C, after which flow cells were disassembled and the tissue
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was removed and used for further analysis. A noninfected tissue, placed in
the running flow cell under the same flow conditions, was used as a con-
trol to evaluate tissue viability under salivary flow.

Staining, imaging, and quantification of abiotic and mucosal bio-
films via confocal microscopy. Abiotic surface and mucosal surface bio-
films were fixed in 4% paraformaldehyde for 1 h. C. albicans was visual-
ized after staining for 1.5 h, at room temperature, with a fluorescein
isothiocyanate (FITC)-labeled anti-Candida polyclonal antibody (Merid-
ian Life Science, Saco, ME). For biofilms containing streptococci, this was
followed by FISH with the streptococcus-specific oligonucleotide probe
STR405 (54), labeled with Alexa 546, as previously described (20). Bio-
films were visualized with a Zeiss LSM 510 confocal scanning laser micro-
scope (Carl Zeiss Microimaging, Inc., Thornwood, NY) equipped with an
argon (488- and 543-nm) laser, using a water immersion C-Apochromat
X 40 objective (NA1.2). Stacks of z-plane images from at least eight dif-
ferent fields of view per sample were acquired and later reconstructed into
3-D images using IMARIS software (Bitplane, Inc., Saint Paul, MN). Sur-
face reconstructions using the surpass mode were used to calculate the
biovolume (in wm?) of each microorganism.

Quantification of tissue invasion by biofilm microorganisms. Tissue
invasion was evaluated in 5-um-thick paraformaldehyde-fixed, paraffin-
embedded tissue sections. Prior to staining, the tissues were deparaf-
finized and rehydrated in a series of ethanol washes. Immunofluorescence
for C. albicans and FISH for S. oralis were then performed as described
above for intact biofilms. Sections were counterstained with the nucleic
acid stain Hoechst 33258 (Invitrogen, Carlsbad, CA). Fluorescence im-
ages were acquired using a Zeiss Axio Imager M1 microscope and an EC
Plan-Neofluar X20 NA 0.5 air objective. Phase-contrast images were also
acquired in order to facilitate visualization of the epithelial compartment.
Images were quantified using ImageJ (49). Invasion was defined as pres-
ence of microorganisms below the epithelial apical margin. The percent-
age of invasion was determined by measuring the area (in wm?) in which
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a specific microorganism appeared below the epithelial surface layer and
dividing by the total area (above and below the epithelial surface) occu-
pied by the microorganism in the image. At least eight different fields of
view were quantified per sample.

Evaluation of mucosal tissue apoptosis under flow. Mucosal cell
apoptosis was evaluated at 4, 16, and 24 h by immunofluorescence stain-
ing for active caspase-3 (Abcam, Cambridge, MA), an early apoptosis
marker. Briefly, deparaffinized and rehydrated sections were subjected to
antigen retrieval by immersion in a solution of 10 mM citric acid and
0.05% Tween 20 (pH 6.0) at 95°C for 20 min, followed by blocking for 30
min with 4% normal donkey serum (Sigma-Aldrich). Sections were then
incubated for 1.5 h at room temperature with a rabbit polyclonal antibody
to active caspase-3 and for 1 h with a goat anti-rabbit secondary antibody
labeled with Alexa 546 (Abcam). Sections were then counterstained with
Hoechst 33258 (Invitrogen). Fluorescence images were acquired using a
Zeiss Axio Imager M1 microscope and an EC Plan-Neofluar X20 NA 0.5
air objective. The images were manually quantified. As a positive control
for the induction of apoptosis, we inoculated the oral mucosal model with
F. nucleatum ATCC 10953, followed by incubation under static condi-
tions in an anaerobic chamber for 16 h, since these conditions are known
to trigger high levels of apoptotic cell death in 3-D tissue constructs (2,
17). The results were expressed as the percentage of caspase-3-positive
epithelial cells from the total number of epithelial nuclei quantified in the
same image.

Quantification of C. albicans and S. oralis planktonic growth as
monocultures and in coculture. Saliva-supplemented medium (22.5%
saliva, 30% BHI in D-PBS) or 30% BHI (in D-PBS) was inoculated with
10° cells of C. albicans or 10° cells of each streptococcus or a combination
of C. albicans and streptococci and then incubated at 37°C under static
conditions. Growth was evaluated by sampling liquid broths, starting 30
min after inoculation and from then on every ~1.5 h, followed by a 10-s
sonication at 15% amplitude (in a Branson sonicator model 4C15), dem-
onstrated to disrupt aggregates without affecting viability. Microbial cul-
tures were then serially diluted and plated in YPD agar incubated at room
temperature (for C. albicans quantification) or in BHI agar supplemented
with 1 mg of amphotericin B liter ! and incubated at 37°C (for strepto-
coccal quantification).

Quantification of C. albicans biomass via real-time RT-PCR. Quan-
tification of C. albicans cells in mucosal biofilms was performed via a
protocol developed by our group based on the absolute quantification of
the translation elongation factor EF-1$3 (EFBI) (63). RNA was isolated
from mucosal biofilms by a modification of the protocol described by
Park et al. (47) to enrich for C. albicans RNA. Briefly, biofilm-containing
tissues were scraped off the membrane and homogenized in lysis buffer (4
M guanidine thiocyanate, 25 mM sodium citrate, 0.5% Sarkosyl
N-lauroyl-sarcosine, 0.1 M B-mercaptoethanol) by repeated passage
through a 20.5-gauge needle. These conditions effectively lysed mamma-
lian cells but not C. albicans. RNA was then isolated from pelleted micro-
organisms using the RiboPure yeast kit (Applied Biosystems/Ambion,
Austin, TX), followed by real-time reverse transcription-PCR (RT-PCR)
starting with equal volumes (10 ul) of RNA from each sample. Standard
curves constructed with a linearized plasmid containing the target se-
quence (pEFB) were used to determine EFBI transcript number. Detailed
methods and assay validation have been previously published (63).

RESULTS

C. albicans enhances the ability of oral streptococci to form abi-
otic surface biofilms but does not affect planktonic growth. We
first tested the ability of C. albicans to form biofilms on abiotic
surfaces with three species of Streptococcus commonly found in
the oral cavity. We utilized a saliva-supplemented flow cell system,
which mimics oral salivary flow conditions and allows in situ vi-
sualization of biofilms grown on a glass surface (Fig. 2). We ob-
served that C. albicans and the three species of streptococci tested
were able to form mixed-species biofilms, with streptococci ben-
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efiting from this interaction by displaying increased biofilm mass
in the presence of C. albicans.

The monospecies biofilm forming ability and biofilm growth
capacity of the three species of streptococci tested varied and was
consistent with existing reports in the literature (46). For example,
S. gordonii was able to grow as a monospecies biofilm from 4 h to
16 h (P < 0.001 for 4-h versus 16-h biovolumes). S. gordonii was
also able to grow from 4 h to 16 h in the presence of C. albicans
(P < 0.001 for 4-h versus 16-h biovolumes), reaching greater bio-
volumes at 16 h, in mixed-species biofilms than as a monospecies.
This result suggested that C. albicans increased the ability of S.
gordonii to form biofilms by increasing growth and/or accretion.
In contrast, S. oralis and S. sanguinis did not show statistically
significant biofilm growth from 4 to 16 h, in both monospecies
and dual-species biofilms (Fig. 2). However, compared to mono-
species, biofilms of C. albicans and S. oralis or of C. albicans and S.
sanguinis showed a dramatic increase in the streptococcal biofilm
biomass, an effect evident at both time points evaluated.

To explore the mechanism of Candida-triggered streptococcal
biomass increase, we first compared the interactions of S. oralis
with C. albicans in saliva-supplemented growth medium and
nutrient-free medium (PBS) under conditions of flow. As dem-
onstrated in Fig. 3A and B, in the presence of nutrients, C. albicans
increased the initial attachment of S. oralis (0 h). This increase
appeared to be a direct consequence of coaggregation, as demon-
strated by the close physical association between the two organ-
isms. Furthermore, under these conditions, S. oralis was able to
grow as a biofilm from 0 to 4 h, in the presence or absence of C.
albicans (P < 0.001), while no further growth occurred from 4 to
16 hregardless of C. albicans presence. These results suggested that
C. albicans allows streptococci to accumulate in biofilms mainly
by retaining streptococcal cells in the biofilm via direct physical
interaction. When all nutrients were withdrawn from the influent
medium (Fig. 3A and B, PBS), no growth of either S. oralis or C.
albicans/S. oralis biofilms was observed; however, C. albicans was
able to maintain its initial biomass, even at 16 h, and its presence
allowed S. oralis to be retained in biofilms, as opposed to mono-
species S. oralis biofilms which detached by 16 h. This confirmed
that physical interaction with C. albicans is important for S. oralis
biofilm retention under conditions of flow.

Next, accretion of streptococci on a saliva-conditioned glass
substratum in the presence or absence of C. albicans was evalu-
ated, in PBS, in a closed system under constant agitation. As
shown in Fig. 3C, when C. albicans was mixed with S. oralis in the
planktonic state, it did not increase the ability of S. oralis to attach
to glass surfaces after 30 min. This is in contrast to the data shown
in Fig. 3A and B (at time point 0 h), where saliva was present in the
system. However, after 3 h, C. albicans increased the attachment of
S. oralis, forming communities where a close physical interaction
was evident. Interestingly, preattached C. albicans did not affect
the attachment of planktonic S. oralis at any of the time points
evaluated, possibly because the metabolic state of the preadhered
organisms did not promote adhesin-ligand interactions that
mightlead to “tightly knit” communities. These results strengthen
the notion that physical interaction between C. albicans and strep-
tococci in the planktonic state is important for subsequent in-
creased streptococcal biofilm formation. These findings also dem-
onstrate that although saliva facilitates the initial interaction, it is
not absolutely necessary for biofilm formation. These experi-
ments do not rule out, however, that in the presence of nutrients,
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FIG 2 Four- and sixteen-hour abiotic surface biofilms of C. albicans and commensal oral streptococci grown as monospecies or in C. albicans-streptococci
mixed-species biofilms. Biofilms were grown in standard flow cells using saliva-supplemented medium as nutritional source. (A) 3-D reconstructions of
representative confocal laser scanning microscopy (CLSM) images of 4-h (top) and 16-h (bottom) biofilms. C. albicans (green) was visualized after staining with
a FITC-conjugated anti-Candida antibody. S. gordonii, S. oralis, and S. sanguinis (red) were visualized after fluorescence in situ hybridization (FISH) with a
Streptococcus-specific probe conjugated to Alexa 546. (B) Average biovolumes (in pwm?) for each species as measured in eight different CLSM image stacks from
two independent experiments. C. albicans mixed-species biovolumes represent the average biovolumes of C. albicans when grown with each Streptococcus sp.
since biovolumes of C. albicans did not differ among biofilms with the three streptococci tested. Columns: Ca, C. albicans; Sg, S. gordonii; So, S. oralis; Ss, S.
sanguinis. *, P < 0.05 when monospecies biovolumes were compared to mixed-species biovolumes using the t test.

C. albicans stimulates streptococcal growth or that another type of
interaction, metabolic in nature, may be taking place in the mi-
croenvironment of the two closely associated organisms.

To further explore the effect of C. albicans on streptococcal
growth, we quantified microbial growth in single- and mixed-
species planktonic cultures inoculated at a similar ratio as in flow
cell experiments (C. albicans/S. oralis 1:10). As seen in Fig. 4, the
presence of C. albicans did not affect the planktonic growth of S.
oralis either in the presence or absence of saliva, despite micro-
scopic observations of planktonic coaggregation between the two
organisms (Fig. 4C, similar results observed with S. gordoniiand S.
sanguinis [data not shown]). These results further suggested that
the beneficial influence of C. albicans on S. oralis in biofilms is not
a consequence of growth stimulation. These planktonic experi-
ments also showed that the yield of C. albicans was lower in the
presence of S. oralis, in the absence of saliva (Fig. 4B). Such inhi-
bition of late planktonic growth was presumably due to nutrient
exhaustion since further experiments showed that spent media
from streptococcal cultures did not inhibit C. albicans planktonic
growth (data not shown). Finally, some differences were noted in
the growth curves of monocultures of C. albicans, which did not
exhibit a lag phase in the presence of saliva (Fig. 4A and B).

Mucosal biofilm formation by C. albicans under salivary
flow. Although C. albicans can colonize hard oral surfaces such as
teeth and dental prostheses, the major niche of this organism and
systemic portal of entry are mucosal surfaces. Thus, our next goal
was to test the ability of C. albicans and commensal oral bacteria to
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form mucosal biofilms and evaluate the potential of mixed bio-
films to trigger tissue damage and invasion. Therefore, we devel-
oped anovel in vitro flow cell system that allows biofilm formation
on a mucosal surface under salivary flow to simulate microbial
interactions on the oral mucosa in vivo (Fig. 1). We first tested the
ability of C. albicans to form mucosal biofilms in this device and
characterized the kinetics of mucosal biofilm formation. The
newly designed tissue harboring flow cell device (Fig. 1) was able
to support mucosal biofilm growth by C. albicans. Figure 5 shows
representative 3-D micrographs of 4-, 16-, and 24-h monospecies
biofilms of C. albicans formed on an oral mucosa tissue analogue
under salivary flow. As the biovolume and real-time RT-PCR
quantification of C. albicans biomass indicates, most of the biofilm
growth occurred from the early to the 16-h time point, whereas no
further growth was seen from 16 to 24 h. The finding that EFB1
transcription levels were stable between 16 and 24 h indicates that
the viability of C. albicans biofilms was maintained over time. We
also observed that 4- and 16-h biofilms were mainly comprised of
hyphae, while at 24 h yeast cells appeared in the external layer of
the biofilm mass, a finding consistent with biofilm maturation
(Fig. 5D, arrows) (23). These results indicate that C. albicans fol-
lows a similar pattern of biofilm formation on the oral mucosa as
that described for abiotic surfaces with an initial attachment stage,
followed by a growth phase in which hyphae are the main compo-
nent of the biofilm, followed by a mature stage characterized by
the appearance of yeast cells with dispersal capacity (57).

We also evaluated the ability of C. albicans biofilms to invade
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FIG 3 Time course of abiotic surface biofilm formation by S. oralis (red) as monospecies or in the presence of C. albicans (green) and in the presence or absence
of nutrients. In panels A and B, microorganisms were allowed to attach to flow cell surfaces in the presence of saliva for 30 min, after which (0 h) saliva
supplemented-medium or PBS were flown through the flow cells for either 4 or 16 h. (A) Representative 3-D image projections from biofilms grown with salivary
medium (4 h and 16 h) or with PBS flown through the flow cells (4 h in PBS, 16 h in PBS). (B) Biovolume measurements (in wm?) from all conditions shown in
panel A. (C) Attachment of S. oralis to saliva-coated glass surfaces in a closed system, under agitation and in the absence of nutrients, in the presence or absence
of Candida. “So” represents a condition in which S. oralis as a monospecies was added. “CaSo” represents a condition in which C. albicans and S. oralis were added.
“So onP-Ca” represents a condition in which S. oralis was added to preattached Candida. Bars, 10 wm. *, P < 0.05 when monospecies biovolumes of S. oralis were

compared to mixed-species biovolumes at the same time point using the ¢ test.

the oral mucosa under salivary flow. Figure 6A to C shows sections
of oral mucosa harboring C. albicans biofilms, stained with hema-
toxylin and eosin (H&E), that were grown for different periods of
time in the flow cell system. Figure 6F to G show tissue sections in
which C. albicans was stained via immunofluorescence. As can be
appreciated from these representative micrographs and from
quantification of C. albicans invasion (Fig. 6M), at 16 h, C. albicans
had formed a superficial adherent biofilm mass with minimal in-
vasion of the adjacent mucosa. Tissue invasion was not highly
evident until the biofilm entered a mature phase (at 24 h).

We then questioned whether lack of tissue invasion at 16 h
occurred because C. albicans acquires “a noninvasive phenotype”
under the environmental conditions imposed in the flow cell sys-
tem or because the epithelial layer is still impenetrable at this time.
For these experiments, we inoculated C. albicans on a fibroblast-
collagen layer (without epithelium) allowing biofilm growth for
16 h. As Fig. 6H shows, C. albicans readily penetrated the collagen
layer at this time point, demonstrating that salivary flow allows an
invasive phenotype to develop if the appropriate substratum is
provided. These results also highlight the protective capacity of
the oral epithelium against C. albicans invasion into the submu-
cosa.

We then evaluated the effect of C. albicans biofilms on mucosal
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cell apoptosis, since farnesol, a quorum-sensing alcohol produced
in abundance by Candida biofilms, is known to trigger mamma-
lian cell apoptosis (62). Tissue sections were used to evaluate
apoptosis via immunostaining for the early apoptosis marker
caspase-3 (Fig. 61 to L and N to P). Figure 6L demonstrates that
only a minimal proportion of epithelial cells appeared apoptotic
in uninfected tissues after 24 h of salivary flow. Interestingly, these
cells were localized to the most superficial epithelial layer, a pat-
tern compatible with physiologic epithelial desquamation. An
early 4-h C. albicans biofilm induced minimal apoptosis, while
mucosa harboring a biofilm for 16 h demonstrated a significant
increase in the proportion of caspase-3-positive cells compared to
a 4-h-infected mucosae or an noninfected control. At 24 h, there
was a trend for a further increase in apoptosis; however, the results
were not statistically significant compared to 16-h samples. Over-
all, at the end of the incubation period the mean percentage of
apoptotic cells did not exceed 30% of the total, which represents a
mild apoptotic effect compared to F. nucleatum, which under an-
aerobic conditions triggered apoptosis in up to 70% of mucosal
cells (positive control, Fig. 6P). We also observed that apoptotic
cells were incorporated into the biofilm mass (Fig. 60), a finding
consistent with our previous observations in an in vivo oral mu-
cosal biofilm model (20).
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C. albicans promotes mucosal biofilm formation by S. oralis,
while S. oralis enhances the ability of C. albicans to invade the
oral mucosa. Next, we used tissue-harboring flow cell devices to
test the ability of C. albicans and streptococci to form mucosal
biofilms under salivary flow. Among oral viridans streptococci, S.
oralis and its close phylogenetic relative Streptococcus mitis are
commonly found in the oral mucosa and are frequently reported
as a cause of septicemia in immunosuppressed patients, a popu-
lation also afflicted by systemic Candida infections (6, 34). Thus,
we chose S. oralis for further experiments in order to test the in-
teraction of this organism with the oral mucosa in the presence or
absence of C. albicans. We first evaluated the ability of S. oralis to
form mucosal biofilms as monospecies. As shown in Fig. 7A, S.
oralis was not capable of forming a single species mucosal biofilm.
However, in the presence of C. albicans there was an ~45-fold
increase in the biomass of S. oralis. Biovolume measurements
showed that the biofilm biomass of C. albicans was not signifi-
cantly affected by the presence of S. oralis (Fig. 7B), while quanti-
fication of C. albicans via real-time RT-PCR showed a slight in-
crease in C. albicans in mixed-species biofilms (Fig. 7C). Tissue
sections were then used to evaluate invasion of the microorgan-
isms into the oral mucosa after 16 h of flow. Figure 7D shows
H&E-stained sections of oral mucosa harboring C. albicans and S.
oralis monospecies and mixed-species biofilms, while Fig. 7E de-
picts immunofluorescence staining for C. albicans and FISH for S.
oralis. As shown by these representative images and the corre-
sponding invasion quantification data (Fig. 7F), C. albicans
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monospecies biofilms displayed minimal ability to invade the oral
mucosa, while in the presence of S. oralis there is an ~7-fold in-
crease in the relative invasion of C. albicans. No evidence of S.
oralis invasion of the oral mucosa was observed either in the pres-
ence or absence of C. albicans, although in tissues monoinfected
with S. oralis, endocytosis of the microorganism by superficial
epithelial cells was occasionally seen.

Evaluation of cellular apoptosis via caspase-3 revealed that the
presence of both C. albicans and S. oralis triggered apoptosis of the
oral mucosa. Interestingly, despite increased tissue invasion by C.
albicans in mixed-species biofilms, there was no statistically sig-
nificant difference in the number of apoptotic epithelial cells be-
tween tissues harboring C. albicans and tissues harboring C.
albicans-S. oralis biofilms. Since epithelial cell apoptosis triggered
by C. albicans has been associated with endocytosis (60), this find-
ing suggests that the increased invasion of C. albicans fundamen-
tally takes place by degradation of the intercellular epithelial junc-
tion proteins as we previously reported (59) and not by
intracellular invasion.

We then questioned whether the type of alimentary tract epi-
thelium is an ecological determinant of growth and tissue invasion
of single species C. albicans biofilms or C. albicans-streptococcal
biofilms. To explore this further, we inoculated 3-D esophageal
mucosal tissues with C. albicans or a combination of C. albicans
and S. oralis, and subjected them to salivary flow for 16 h. Figure 8
demonstrates that C. albicans can form monospecies and mixed-
species biofilms with S. oralis on an esophageal mucosa analogue.
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FIG 5 Kinetics of C. albicans mucosal biofilm formation under salivary flow. (A) Representative 3-D reconstructions of C. albicans biofilms at different time
points imaged after staining with a FITC-labeled anti-Candida antibody (green). (B) Biovolume quantifications of biofilms at each time point as measured in
eight different CLSM image stacks. (C) Quantification of C. albicans biomass via real-time RT-PCR for EFBI. (D) High-magnification image of a 24-h biofilm
showing yeast cells among the biofilm hyphae, consistent with the biofilm entering a dispersal stage. Bar, 40 um. *, P < 0.05 as determined by ¢ test.

Importantly, as previously seen on an oral mucosa analogue, we
also observed increased tissue invasion by C. albicans in the pres-
ence of S. oralis. Interestingly, invasion by C. albicans into the
submucosal compartment of the esophageal mucosa was signifi-
cantly higher than that in the oral mucosa in both single-species
and dual-species biofilms (P < 0.05), despite the fact that C. albi-
cans biomass was higher in the oral mucosa (P < 0.05).

DISCUSSION

Our understanding of mixed species biofilms and their impact in
human health is still in its infancy, although it is clear that micro-
organisms exist as polymicrobial communities in nature. The in-
terkingdom interactions of C. albicans and bacteria in the context
of human disease have received increased attention in recent years
(8, 44, 48, 61). Interactions between C. albicans and bacteria are
likely to play a role not only during C. albicans colonization of
mucosal surfaces but also during the course of mucosa-associated
or invasive infections (8, 58). However, it is not clear to what
extent C. albicans-bacterial interactions promote or prevent dis-
ease. While the interaction of C. albicans with bacterial species
such as Pseudomonas aeruginosa has been demonstrated to be an-
tagonistic in nature, C. albicans seems able to coexist with Staph-
ylococcus sp. and with oral streptococci (4, 9, 29, 48). Few studies,
however, have tried to characterize such multispecies interactions
in biologically relevant models. The emergence of the human im-
munodeficiency virus, the development of newer intensive che-
motherapy regimens for malignancy, and the rising number of
organ transplant recipients over the past decades has resulted in an
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increase in the number of patients at risk for invasive fungal in-
fections (32, 43, 55). Possible synergistic or competitive interac-
tions between fungi and bacteria and their implications for ther-
apy are thus of great importance in order to understand infections
afflicting these patient populations.

We present here evidence that supports the hypothesis that the
interaction between C. albicans and commensal oral streptococci
is mutualistic in nature. Although we observed slight suppression
of C. albicans growth by high streptococcal cell numbers while in a
closed planktonic coculture system, this negative effect was not
evident in an open flow cell system, with a constant nutrient sup-
ply. Moreover, we demonstrate that C. albicans facilitates strepto-
coccal biofilm formation, whereas certain streptococcal species,
such as S. oralis, display a poor capacity to form single-species
biofilms regardless of the experimental system used (abiotic or
mucosal). On the other hand, the presence of streptococci en-
hances the ability of C. albicans to invade oral and esophageal
mucosa analogues. These results contradict the long held belief
that the commensal bacterial flora protects us against oral candi-
diasis (39). Such protection may still be in effect in the lower GI
tract and vaginal mucosa, where colonization by Candida is re-
ported to be enhanced by antibiotic-mediated suppression of the
resident bacterial flora (41). On the contrary, the oropharynx has
been demonstrated to be more resistant to C. albicans coloniza-
tion than the lower GI tract and vagina following antibiotic deple-
tion of resident bacteria (40). Moreover, reports indicating an
emergence of oral Candida infections after antibiotic treatment
are rare and commonly associated with pharmacologically in-
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FIG 6 Tissue sections showing kinetics of C. albicans mucosal biofilm formation, C. albicans invasion capacity, and C. albicans-induced apoptosis of the oral
mucosa, under salivary flow. (A to C) H&E-stained sections of oral mucosa analogue tissue after 4 h (A), 16 h (B), and 24 h (C) of C. albicans biofilm formation.
(D) Noninfected oral mucosa analogue tissue after 24 h of salivary flow. (E to G) Overlay images of tissue sections containing C. albicans biofilms stained with
an FITC-labeled anti-Candida antibody (green) counterstained with the nucleic acid stain Hoechst 33258 (blue) and also visualized via phase-contrast light
microscopy. Notice that at 16 h there is minimal invasion of the oral mucosa by C. albicans (B and F), while at 24 h C. albicans has invaded the epithelium and
is now visible in the collagen compartment (C and G, arrows). (H) C. albicans was inoculated on a collagen/fibroblast layer with no epithelium present and was
allowed to form a biofilm for 16 h under salivary flow. Despite lack of mucosal invasion of C. albicans at 16 h (B), C. albicans readily invades a collagen layer at
this same time point (H). (I to L) Overlay images of tissue sections containing 4 h (I), 16 h (J), and 24 h (K) C. albicans mucosal biofilms and a noninfected control
tissue after 24 h of salivary flow (L) stained for the early apoptosis marker caspase-3 (red) and the nucleic acid stain Hoechst 33258 (blue) and also visualized via
phase-contrast light microscopy. (M) Quantification of C. albicans invasion in immunofluorescence micrographs at different time points. (N) Quantification of
tissue viability at different time points of C. albicans biofilm formation and in a noninfected control after 24 h of flow (N124 h). (O) Caspase-3-positive cells (red)
integrated into the biofilm biomass. (P) A positive control for the caspase-3 assay consisting of a tissue infected with the apoptosis-inducing microorganism

Fusobacterium nucleatum, under anaerobic conditions, for 16 h. Bars in all images, 50 um. *, P < 0.05 as determined by  test.

duced immunosuppression (25). The main determinant of oro-
pharyngeal candidiasis seems to be the lack of a protective im-
mune response, as evidenced by increased oral candidiasis in
asthmatic patients using locally immunosuppressive corticoste-
roid inhalers, or during the early stages of AIDS, situations in
which oral bacterial load is thought to remain for the most part
unaltered (22, 24). We thus propose that colonization of C. albi-
cans in the upper GI tract is facilitated by interactions with oral
commensal bacteria in which the resident bacterial flora continu-
ously “prime” Candida to a more invasive phenotype, while the
immune system is constantly limiting C. albicans invasion. This
hypothesis will need further testing in a system where the immu-
nological component is present.

Our work indicates that coaggregation-mediated attachment,
rather than growth stimulation, plays a crucial role facilitating
streptococcal biofilm formation in the presence of C. albicans.
Coaggregation seems to facilitate initial adhesion and retention,
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but it could also allow a metabolic interaction between the two
organisms that promotes streptococcal biofilm formation. This is
supported by the observation that although not all streptococcal
cells in mixed biofilms under salivary flow were directly attached
to C. albicans, at 4 and 16 h of biofilm formation, luxuriant strep-
tococcal accretion was mostly observed in areas of physical prox-
imity between the two organisms, a finding that could suggest the
presence of a local microenvironment with conditions different
from those in the surrounding fluid phase. Increased local con-
centrations of diffusible signals produced by C. albicans may alter
the streptococcal phenotype allowing its increased biofilm forma-
tion. It is possible that C. albicans quorum-sensing molecules,
such as farnesol or tyrosol, may have a role in these events. How-
ever, unpublished data from our laboratory suggest that (E,E)-
farnesol inhibits streptococcal growth and cannot account for the
phenotype observed in the present studies. Thus, functional stud-
ies investigating the physical interaction, signaling events or other
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FIG 7 Synergistic interactions between C. albicans and S. oralis in biofilms formed over an oral mucosa analogue under salivary flow. (A) Representative 3-D
reconstructions of monospecies and mixed-species mucosal biofilms of C. albicans and S. oralis after 16 h of biofilm formation. C. albicans was stained with an
FITC-labeled anti-Candida antibody (green), and S. oralis was visualized after FISH with an Alexa 546-labeled Streprococcus-specific probe (red). (B) Biovolume
quantifications from CLSM image stacks of C. albicans and S. oralis as monospecies or in mixed-species mucosal biofilms. (C) Quantification of C. albicans
biomass in monospecies and mixed-species biofilms via real-time RT-PCR for EFBI. (D) H&E-stained sections of oral mucosa analogue tissue after 16 h of
monospecies (two left images) or mixed-species (right image) biofilm growth. Panel E shows overlay images of tissue sections containing monospecies or
mixed-species C. albicans and S. oralis biofilms stained with a FITC-labeled anti-Candida antibody (green), followed by FISH with an Alexa 546-labeled
Streptococcus-specific probe (red), counterstained with the nucleic acid stain Hoechst 33258 (blue), and also visualized via phase-contrast light microscopy. (F)
Quantification of C. albicans invasion as a monospecies or in mixed-species biofilms. The percentage of invasion (% invasion) was determined by measuring the
fraction of the area (in wm?) in which C. albicans appears below the epithelial apical margin in comparison to the total area occupied by C. albicans in each
condition. (G) Overlay images of tissue sections containing monospecies and mixed-species mucosal biofilms stained for the early apoptosis marker caspase-3
(red) and the nucleic acid stain Hoechst 33258 (blue) and also visualized via phase-contrast light microscopy. (H) Quantification of cells positive for caspase-3
in noninfected oral mucosa after 16 h of salivary flow and in tissues harboring monospecies and mixed-species biofilms of C. albicans and S. oralis. Bars in all

images, 50 um. *, P < 0.05 as determined by ¢ test. Ca, C. albicans; So, S. oralis; CaSo, mixed species.

mechanisms mediating streptococcal biofilm formation in the
presence of Candida remain a focus of future investigations.
Moreover, our data suggest that the increased streptococcal bio-
mass in mixed-species biofilms was not a result of growth stimu-
lation as planktonic growth curves of streptococci in the presence
or absence of C. albicans remained unchanged. It is noteworthy
that microscopic examination of planktonic cocultures of C. albi-
cans and streptococci showed the formation of coaggregates, es-
pecially in the presence of saliva, whereby streptococcal cells asso-
ciated with hyphae (Fig. 4). Thus, the absence of a growth
stimulatory effect of C. albicans on streptococcal planktonic
growth is not likely attributable to lack of physical proximity in
suspension cultures. There is still a possibility that a growth en-
hancing effect is only present in the biofilm growth state, although
time course biovolume data with S. oralis and S. sanguinis
dispute this.
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Candida biofilms triggered a low level of apoptosis in the oral
mucosa model which was not significantly increased by the addi-
tion of oral streptococci. The low levels of Candida-triggered oral
epithelial cell apoptosis are consistent with previous reports in
nonbiofilm systems (60). Although farnesol has been reported to
trigger mammalian cell apoptosis (62), it is possible that it did not
reach the concentration needed to enhance apoptotic cell death in
our open flow system. In addition to apoptosis, other forms of cell
death, independent of caspase-3 activation, could take place in our
system that were not tested in this work. For example, cell necrosis
mediated by Candida phospholipases could be triggering signifi-
cant levels of cell death, provided that physiologically relevant
levels accumulate (37).

In the present study, we also show that C. albicans displays
increased invasion capacity in the presence of streptococci. Recent
findings suggest that contact of C. albicans and bacteria, particu-
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FIG 8 Interaction of C. albicans and S. oralis in biofilms formed over an esophageal mucosa analogue. (A and B) Representative 3-D reconstructions of
monospecies and mixed-species mucosal biofilms of C. albicans and S. oralis at 16 h. C. albicans was stained with an FITC-labeled anti-Candida antibody (green),
and S. oralis was visualized after FISH with an Alexa 546-labeled Streptococcus-specific probe (red). (C) Biovolume quantifications of C. albicans and S. oralis in
monospecies or mixed-species mucosal biofilms. (D) Quantification of C. albicans biomass in monospecies and mixed-species biofilms via real-time RT-PCR for
EFBI. (Eand F) H&E-stained sections of esophageal mucosa after 16 h of C. albicans monospecies or mixed-species biofilm growth. (G) An uninfected esophageal
mucosa analogue. (H and I) Overlay images of tissue sections containing monospecies or mixed-species C. albicans and S. oralis biofilms stained with an
FITC-labeled anti-Candida antibody (green), followed by FISH with an Alexa 546-labeled Streptococcus-specific probe, counterstained with the nucleic acid stain
Hoechst 33258 (blue) and also visualized via phase-contrast light microscopy. (J) Quantification of C. albicans invasion as a monospecies or in mixed-species
biofilms. The percentage of invasion (% invasion) was determined by measuring the fraction of the area (in wm?) in which C. albicans appears below the epithelial
apical margin in comparison to the total area occupied by C. albicans in each condition. Bars in all images, 50 wm. *, P < 0.05 as determined by ¢ test. Ca, C.

albicans; So, S. oralis; CaSo, mixed species.

larly streptococci, induces changes in C. albicans phenotype that
could explain our results. For example, coincubation of S. gordonii
with C. albicans has been shown to induce activation of the
mitogen-activated protein kinase, Ceklp, which is involved in
starvation-specific hyphal development but is also important dur-
ing systemic candidiasis (4, 11). Moreover, it has been demon-
strated that bacterial peptidoglycans, specifically muramyl dipep-
tides, promote hyphae induction in C. albicans via activation of
cyclic AMP intracellular signaling (64). The result of these and
other signaling events will be dissected in future experiments that
will characterize the global changes in transcriptional profiles of C.
albicans cells growing in mixed-species biofilms in comparison to
monospecies biofilms.

The experiments described here were facilitated by the devel-
opment of a novel flow cell device capable of harboring upper GI
mucosal tissue analogues. Thus, this model serves as an in vitro
analogue of the upper GI tract, allowing the investigation of inter-
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actions among microorganisms within a biologically relevant en-
vironment. Importantly, the impact of the presented model ex-
tends beyond the study of mucosal infection by Candida biofilms
since the system can be adapted to harbor different tissue types,
while the microbial component can be modified to represent a
variety of resident communities. Using this model we investigated
whether the type of mucosal epithelium that lines the alimentary
tract mucosa is an ecological determinant of invasive infection.
When comparing invasion of C. albicans either as a monospecies
or in mixed species, we found increased invasion in esophageal
mucosa than in oral mucosa (Fig. 7 and 8). This finding is in
agreement with work by our group and others demonstrating that
the oral mucosa of mice is less susceptible to C. albicans invasion
than the esophageal mucosa (21). The ability of C. albicans to
invade the esophageal but not the oral submucosa has also been
documented in immunocompromised human hosts (53). Itis un-
clear why the esophageal mucosa is more permissive to Candida
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invasion than the oral mucosa. Although the two epithelia share
many morphological features (both are stratified squamous epi-
thelia), they may have differences in secretory or cell surface-
expressed products with innate immune recognition, or effector
function, that could differentially control the assembly and sur-
vival of microorganisms on their surface. Compared to esophageal
cells, oral epithelial cells express higher levels of several Toll-like
and NOD receptors, functionally linked to higher ability of these
cells to synthesize antimicrobial peptides (56). It is possible that
higher production of such peptides (e.g., B-defensins) in the oral
mucosa limit the ability of the organism to trigger localized inva-
sion compared to esophageal tissue (7, 12). Alternatively, different
cell type substrates and different host GI tract niches may modu-
late the transcriptional response of the organism, such that Can-
dida acquires an invasive phenotype in one mucosal tissue but not
the other (47). Future work will focus on the role of different
epithelia on polymicrobial biofilm formation and susceptibility to
infection.

In conclusion, we have developed a novel model system of the
upper alimentary tract mucosa which allows the examination of
microbial interactions in a biologically relevant environment. Us-
ing this system, we present evidence of synergy between C. albicans
and oral streptococci with direct implications in the pathogenesis
of C. albicans-associated infections. We also show experimentally
that the esophageal mucosa is more permissive to invasive infec-
tion, which may explain the more frequent systemic dissemina-
tion of C. albicans through the esophageal mucosa in animals and
humans. Further molecular characterization of these interactions
is under way, which may lead to novel strategies in preventing
invasive infections in immunocompromised hosts.
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