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Background: Candida albicans co-aggregates with Streptococcus gordonii to form biofilms and their

interactions in mucosal biofilms may lead to pathogenic synergy. Although the functions of glucosyltrans-

ferases (Gtf) of Mutans streptococci have been well characterized, the biological roles of these enzymes in

commensal oral streptococci, such as S. gordonii, in oral biofilm communities are less clear.

Objective: The objective of this work was to explore the role of GtfG, the single Gtf enzyme of S. gordonii,

in biofilm interactions with C. albicans.

Design: Biofilms were grown under salivary flow in flow cells in vitro, or under static conditions in 96 well

plates. A panel of isogenic S. gordonii CH1 gtfG mutants and complemented strains were co-inoculated with

C. albicans strain SC5314 to form mixed biofilms. Biofilm accretion and binding interactions between the two

organisms were tested. Biofilms were quantified using confocal microscopy or the crystal violet assay.

Results: The presence of GtfG enhanced dual biofilm accretion, and sucrose supplementation further

augmented dual biofilm formation, pointing to a role of newly synthesized glucans. GtfG also promoted

binding to C. albicans preformed biofilms. Soluble a-1,6-glucans played a role in these interactions since: 1)

a strain producing only soluble glucans (CH107) formed robust dual biofilms under conditions of salivary

flow; and 2) the dual biofilm was susceptible to enzymatic breakdown by dextranase which specifically

degrades soluble a-1,6-glucans.

Conclusion: Our work identified a novel molecular mechanism for C. albicans and S. gordonii biofilm

interactions, mediated by GtfG. This protein promotes early biofilm binding of S. gordonii to C. albicans

which leads to increased accretion of streptococcal cells in mixed biofilms. We also showed that soluble

glucans, with a-1,6-linkages, promoted inter-generic adhesive interactions.
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M
itis group streptococci (principally represented

by Streptococcus gordonii, S. oralis, and S. mitis)

and Candida albicans are among the most

ubiquitous and abundant commensal colonizers of oral

surfaces (1�3). While C. albicans preferentially colonizes

mucosal surfaces (3), the main oral colonization site of

these streptococci in healthy humans is supragingival

plaque (1). Mitis group streptococci also colonize the

oropharyngeal mucosa in much smaller numbers (1, 2).

When a perturbation of the oral microbial flora is pre-

sent, streptococcal oral colonization may gravitate more

toward mucosal sites. For example, in lactobacilli-free and

streptococci-free mice, when orally inoculated S. gordonii

colonizes the palatal and tongue surfaces in higher

numbers (2). Our group has also shown that in conven-

tional mice, harboring a complete microbial flora, the

introduction of C. albicans facilitates oral streptococcal

colonization of mucosal surfaces (4). Thus, C. albicans

creates favorable conditions for mucosal colonization

and biofilm growth of these bacteria, in line with recent

evidence showing that introduction of this yeast in the

gastrointestinal tract of antibiotics-treated mice leads to

a preferential re-growth of enterococci (5).

Physically associated C. albicans and oral streptococci

have been demonstrated in human dental plaque with

cocci forming ‘corn-cob-like’ structures around C. albicans

hyphae (6). Co-aggregation interactions between Mitis

group streptococci and C. albicans have been extensively

characterized in vitro (7, 8) and pathogenic interactions

were more recently studied in vivo (4). In polymicrobial
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biofilms, the Mitis streptococci can act as ‘accessory

pathogens’, enhancing the virulence of the mixed bio-

film community in which they participate (4, 9, 10). For

example, co-infection of mice with Aggregatibacter acti-

nomycetemcomitans and S. gordonii enhances colonization

and pathogenic potential of the former, and the ability of

A. actinomycetemcomitans to utilize L-lactate as an energy

source is essential for this outcome (9). Along these lines,

we recently demonstrated that Mitis group streptococci

enhance mucosal inflammation, invasive infection, and

systemic dissemination of C. albicans in immunocompro-

mised mice (4). Based on the known in vitro and in

vivo interactions between C. albicans and oral streptococci,

it is thus likely that the two organisms form an inter-

Kingdom partnership that promotes mucosal colonization

or infection of C. albicans, particularly in immunocom-

promised humans. In fact, C. albicans and Mitis group

streptococci are frequently co-isolated as suspected patho-

gens from sputum samples in antibiotic-treated cystic

fibrosis patients (11).

Glucosyltransferases (Gtfs) are streptococcal extracel-

lular enzymes that hydrolyze dietary sucrose and synthe-

size the glucose moieties into glucan polymers with

various proportions of a-1,6 and a-1,3-linkages that

form most of the extracellular polysaccharides in dental

plaque biofilms. The carboxyl terminal region of these

enzymes has glucan-binding abilities that have been

shown to promote in vitro adhesion to a-1,6, and in

the case of S. salivarius, to a-1,3-glucan-coated surfaces.

The Gtf enzymes themselves and the glucans they produce

have been implicated in promoting biofilm formation

(reviewed in 12). Although the Gtfs of Mutans strepto-

cocci have been well characterized, due to their role in

cariogenicity, the biological roles of Gtfs of commensal

oral streptococci, such as S. gordonii, in oral biofilm

communities are less clear (12).

Members of the Mitis group have a single Gtf enzyme,

which in S. gordonii is designated as GtfG (13). Interest-

ingly, Mutans streptococcal Gtfs bind to the cell surface

of C. albicans and mediate inter-Kingdom interactions,

although the binding mechanism is unknown (14). Our

previous studies suggested that C. albicans allows Mitis

group streptococci to accumulate in biofilms by retaining

bacterial cells via direct physical interaction (8). In this

work, we provide evidence to support the hypothesis

that the Gtf enzyme by S. gordonii plays a role in mixed

biofilm development possibly by contributing to the

extracellular glucan matrix and/or by promoting binding

of streptococci to C. albicans.

Material and methods

Microorganisms and growth media
The bacteria used in the study were S. gordonii strain

Challis CH1 (15), and its isogenic derivatives. Strain

AMS12 (16) in which a ca. 1.7-kbp internal fragment

of the gtfG structural gene is replaced with a lacZ/erm

determinant, produces a truncated GtfG protein with no

Gtf activity or glucan binding activity (13). Strain CH107

has a 585-bp deletion in the gtfG glucan binding region;

the resulting enzyme synthesizes only soluble a-glucans

and has significantly decreased ability to bind a-1,

6-glucans (13). For complementation studies, strain

AMS12 cells were made competent with horse serum

and transformed with the replicative plasmid pAMS40

(17) carrying a functional rgg/gtfG fragment. Strain

AMS12/pAMS40 transformants were selected by hard

colony morphology on 3% sucrose agar; the presence of

plasmid and Gtf function were confirmed by standard

molecular methods and activity gels, respectively (13).

Fungal organisms consisted of C. albicans strain SC5314,

a widely used laboratory strain, originally isolated from

a human blood sample (18). S. gordonii strains were

grown in brain heart infusion (BHI) broth at 378C under

aerobic static conditions. C. albicans strain SC5314 was

grown in yeast extract�peptone�dextrose (YPD) medium

at 248C on a Roto-Shaker, and maintained on YPD

agar plates. YPD medium consisted of 5 g yeast extract,

10 g peptone, and 20 g dextrose/l. Wild type, mutant and

complemented S. gordonii strains had similar growth rates

in BHI broth as determined turbidimetrically at OD600.

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 02-288-2). Briefly, whole resting saliva was

collected in polypropylene tubes on ice, pooled, and

treated with 2.5 mM dithiothreitol (Sigma-Aldrich,

St. Louis, MO) for 10 min to reduce salivary protein

aggregation. The saliva was then centrifuged at 7,500g,

at 48C, 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-mm-pore-size polyethersulfone low-protein-binding

filter (Nalgene; Thermo Fisher Scientific, Rochester, NY),

divided into aliquots, and frozen at �808C until further

use.

Biofilm growth
Biofilms of streptococci and C. albicans, either as

monospecies or as mixed species, were allowed to develop

for up to 16 h on glass surfaces under flow conditions

using saliva supplemented medium (22.5% sterile human

saliva, 10% BHI, 67.5% [vol/vol] D-PBS) as a nutritional

source (8). In some experiments media were supplemen-

ted with 1% [wt/vol] sucrose or glucose. Standard flow cell

chambers for abiotic biofilms were constructed according

to the method of Palmer (19) and fabricated by the

machine shop at the University of Connecticut, School of
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Engineering. 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�60-mm glass coverslip,

secured to the top of the flow cell with a silicone adhesive,

served as an attachment site for the growing biofilm.

Prior to each experiment, flow cells were cleaned with

0.1 M HCl for 1 h and rinsed with sterile distilled

water. Flow cells were then sterilized by pumping 10%

hypochlorite for 2 h, followed by water for 2 h using a

peristaltic pump. Flow cells were placed at 378C and

treated with saliva-supplemented medium for 15 min to

allow formation of a salivary pellicle on the glass surface.

To prepare the inocula, overnight stationary-phase

cultures of each organism were freshly inoculated into

new cultures that were allowed to grow until the late

logarithmic phase. The cultures were then normalized to

an optical density of OD600�1, and the microbial cells

were washed with salivary growth medium. Flow cell

inocula contained 105 cells/ml Candida and 106 cells/ml

Streptococcus, in a total volume of 400 ml. After injecting

the microorganisms, they were allowed to attach for 30 min

under static conditions with flow cells inverted. Flow cells

were then placed in an upright position, and salivary media

were pumped at 100 ml min�1 to approximate in-vivo

salivary flow (20).

In some experiments biofilms were grown for 24 h in

saliva-coated 96-well plates, using saliva-supplemented

media with or without glucose or sucrose, as described

above. Biofilms forming in these plates were fixed with

90% methanol, stained with crystal violet, and absorbance

was measured at 600 nm to quantify total biomass.

Single and mixed biofilms growing in 96-well plates were

enzymatically digested with dextranase (a-1,6-glucanase,

10 U/ml in 0.1 M sodium acetate buffer, pH 5.5 for optimal

activity), at 378C for 1�4 h (14), in order to estimate the

contribution of soluble a-1,6-glucans in biofilm extracel-

lular matrix. Sodium acetate buffer was used as negative

control. After enzymatic treatment and washing, the

percent reduction in the biofilm biomass compared to

buffer control was estimated using the crystal violet assay.

Staining, imaging, and microscopy-based
quantification of biofilms
Biofilms were fixed with 4% paraformaldehyde for 2 h

at 48C. C. albicans was visualized after staining for 2 h

at room temperature using a fluorescein isothiocya-

nate (FITC)-labeled anti-Candida polyclonal antibody

(Meridian Life Science, Saco, ME). For biofilms contain-

ing streptococci, this was followed by FISH with the

Streptococcus-specific oligonucleotide probe STR405 (21),

labeled with Alexa 546, as previously described (22).

Biofilms were visualized on a Zeiss LSM 510 laser scanning

confocal microscope (Carl Zeiss Microimaging, Inc.,

Thornwood, NY) equipped with an argon (488 and 543

nm) laser and water immersion C-Appochromat x40

objective (NA1.2). Two independent biofilm experiments

were run for each condition and eight image stacks were

collected per experiment. Image stacks were acquired

and reconstructed into 3D image using Imaris software

(Bitplane, Inc., Saint Paul, MN). Surface reconstructions

using the surpass mode were used to calculate the

biovolume (in mm3) of each microorganism.

Assessment of streptococcal binding to C. albicans
biofilm
Eight-well glass chamber slides were coated overnight

with fetal bovine serum (FBS) at 378C and C. albicans

was seeded the following day, at 105 cells/well in 10%

FBS YPD broth. Slides were incubated at 378C for 4 h,

to form a single layer biofilm consisting of organisms

undergoing hyphal transition (23). S. gordonii strains

were then seeded over the C. albicans biofilm, at 108

cells/ml, and incubated for 1 h at 378C, in 5% CO2 in

saliva-supplemented flow media. Non-adherent strepto-

cocci were washed out with PBS. Following dual FISH-

immunofluorescence staining as described above, images

were taken on a Zeiss Axioimager M1 microscope with

FITC and rhodamine filter sets and an EXFO X-Cite

series 120Q light source. Area measurements of green and

red fluorescence were calculated using the Image J image

processing software, and the mean ratio of red/green

fluorescence signal was estimated in eight microscopic

fields per well, and set up in duplicate.

Results

S. gordonii forms robust biofilms with C. albicans
under conditions of salivary flow
S. gordonii CH1 formed robust mixed biofilms with

C. albicans (Fig. 1a) and the total biomass of the mixed

biofilm was significantly greater than the sum of the

single species biomasses (p�0.014) (Fig. 1b), suggesting

enhanced biofilm accretion of one or both organisms

when growing in the biofilm state together. Differential

staining, followed by confocal image quantification of

each of the two organisms, showed that only S. gordonii

benefited from the biofilm interaction with C. albicans

by developing greater biomass in dual, compared to

monospecies biofilms (p�0.04), whereas C. albicans

biomass was not significantly affected (p�0.13).

S. gordonii glucosyltransferase promotes dual
biofilm development with C. albicans
We have previously shown that C. albicans does not affect

planktonic growth of several streptococci of the Mitis

group (including S. gordonii). On the contrary, direct

physical interaction with this fungus enhances strepto-

coccal accretion in biofilms (8). S. mutans Gtfs bind to

the surface of C. albicans in an enzymatically active form
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and mediate synthesis of extracellular glucans which

promote aggregation between bacteria and yeasts (14).

To gain some initial insights on the role of S. gordonii

GtfG in dual biofilm development, we compared a

GtfG-negative mutant (AMS12) and complemented

(AMS12/pAMS40) strains in their ability to form bio-

films under conditions of salivary flow with C. albicans.

In these experiments, we did not supplement the flow

media with sucrose in order to reveal more physiologic

roles of GtfG in whole resting saliva, which may contain

variable amounts of dietary sucrose. The GtfG-negative

strain AMS12 formed dual biofilms with significantly

reduced biovolumes (p�0.05 and 0.01 for a comparison

to the parental (Fig. 1a) and complemented strains

(Fig. 2a), respectively), supporting a role of this gene in

the interaction with C. albicans under salivary flow

conditions.

To better understand the underlying mechanism of this

attenuated phenotype, we first ruled out the possibility of

a growth defect of the deletion mutant in the biofilm state

under conditions of flow. By comparing the monospecies

biofilm biomass of the deletion mutant to the comple-

mented strain, we found no significant differences (p�
0.26), although the latter tended to cluster in micro-

colonies while the former was sparsely distributed on the

glass surface (Fig. 2a,b). Planktonic growth rates were

also not significantly different between the two strains

(not shown). Comparing the biovolumes of the deletion

mutant in single and dual biofilms, we found that the

presence of C. albicans did not promote biofilm accretion

of this strain (p�0.3), in contrast to the complemented

strain, which benefited from this interaction (Fig. 2b,

p�0.003). C. albicans biovolumes did not differ signifi-

cantly in dual biofilms formed with the deletion mutant

versus the complemented strains (Fig. 2c). Collectively

these results show that GtfG enhances dual biofilm

formation by conferring a biofilm advantage to S.

gordonii in the presence of C. albicans.

Sucrose promotes S. gordonii accretion in mixed
biofilms
Since carbohydrate substrate availability can influence

the expression and/or activity of Gtf enzymes (reviewed

in 12), we reasoned that if GtfG promotes the biofilm
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Fig. 1. S. gordonii CH1 forms robust dual species biofilms with C. albicans when inoculated simultaneously under conditions of

salivary flow. Biofilms were allowed to develop in flow cells for 12�14 h in saliva-supplemented medium. Panel (a) depicts 3-D

reconstructions of representative confocal images of biofilms. C. albicans SC5314 (green) was visualized after staining with an

FITC-conjugated anti-Candida antibody. S. gordonii CH1 was visualized after fluorescence in situ hybridization (FISH) with a

Streptococcus sp.-specific probe conjugated to Alexa 546. Panel (b) depicts the average biovolumes (in mm3) for each species as

measured in eight different CLSM image stacks from two independent experiments. Bottom panel: S. gordonii�CH1, C.

albicans�Ca. * indicates a p-value of less than 0.05 when S. gordonii mono-species biovolumes were compared to mixed-species

biovolumes by t-test.
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interactions of the two organisms, then increased sucrose

availability would increase the dual biofilm biomass

formed by the CH1 strain. We thus supplemented the

salivary flow media with 1% sucrose, known to be

sufficient in promoting Gtf activity-mediated biofilm

formation (24, 25), and tested its effect on 24-h static

biofilm growth in 96 well plates. Indeed, the crystal violet

biofilm assay showed a greater biofilm biomass in single

(p�0.005) and dual (p�0.0002) species biofilms formed

by wild type S. gordonii CH1 in the presence of sucrose,

compared to glucose (Fig. 3). Under these conditions,

single C. albicans biofilms were not as robust and were

not significantly enhanced by the presence of either

carbohydrate, compared to PBS control (Fig. 3).

In order to reveal which organism was responsible

for the increase in the dual biofilm biomass in the

presence of sucrose, we quantified differentially stained

microorganisms, in flow cell-grown biofilms, by confocal

microscopy. Under conditions of flow C. albicans pro-

duced more robust single biofilms, regardless of the type

of media supplement, explaining the higher biovolume

values obtained in flow cells compared to the crystal

violet assay. Similar to static conditions, salivary-flow

monospecies biofilms formed by S. gordonii, but not

C. albicans, were greatly enhanced in the presence of 1%

sucrose, compared to glucose (p�0.002) or PBS control

(p�0.003) (Fig. 4a,b). Even though the monospecies

biovolume estimates of S. gordonii were not significantly

different between glucose and PBS control, organisms

grown in glucose tended to form tightly packed micro-

colonies (Fig. 4a). More importantly, sucrose avail-

ability significantly increased the total mixed biofilm

biomass, compared to both glucose and PBS controls

(pB0.05), and this was due to an increase in S. gordonii

biomass (p�0.004 and 0.0002 for a comparison to

glucose and PBS, respectively). In dual biofilms, glucose
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Fig. 2. A gtfG deletion mutant has an attenuated dual biofilm phenotype. Dual biofilms of C. albicans SC5314 with an

S. gordonii gtfG deletion mutant (strain AMS12, DGtf) or complemented (AMS12/pAMS40, Gtf�) strains were allowed to

develop in flow cells for 12�14 h in saliva-supplemented medium. Panel (a) depicts 3-D reconstructions of representative

confocal images of single and dual biofilms. C. albicans SC5314 (green) and S. gordonii (red) strains were visualized by immuno-

FISH staining, as above. Panels (b,c) depict the average biovolumes (in mm3) for each strain separately in single and dual

biofilms, as measured in eight different CLSM image stacks from two independent experiments. Bottom panel: C. albicans�Ca,

mutant strain AMS12�DGtf, complemented strain AMS12/pAMS40�Gtf�. * indicates a p-value of less than 0.05 for a

comparison between the mutant and complemented strains.
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Fig. 3. Sucrose promotes dual biofilm development under

static conditions. C. albicans SC5314 (Ca) and S. gordonii

CH1 (Sg CH1) were allowed to form single and dual static

biofilms for 24 h, in 96 well plates, in salivary flow media

supplemented with 1% sucrose (wt/vol), 1% glucose (wt/vol)

or 1% PBS control (vol/vol). Biofilm biomass was measured

using the crystal violet assay. *p�0.0002 and **p�0.005 for

a comparison between sucrose and glucose.

Streptococcal glucosyltransferase promotes biofilms with Candida

Citation: Journal of Oral Microbiology 2014, 6: 23419 - http://dx.doi.org/10.3402/jom.v6.23419 5
(page number not for citation purpose)

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/23419
http://dx.doi.org/10.3402/jom.v6.23419


1% Glucose Ca1% Glucose SgCH1 1% Sucrose Ca1% Sucrose Sg CH1

a)

1E+02

1E+03

1E+04

1E+05

Ca SgCh1 Ca SgCh1 Ca Sg
1% Glucose 1% Sucrose PBS

*
**

b)

1% Glucose CaSgCH1 1% sucrose CaSgCH1 PBS CaSgCH1

c)

1E+02

1E+03

1E+04

1E+05

Ca Sg Ca Sg Ca Sg

1% Glucose  CaSgCH1 1% Sucrose  CaSgCH1 PBS CaSgCH1

*
**

d)

Fig. 4 (Continued)

Austin Ricker et al.

6
(page number not for citation purpose)

Citation: Journal of Oral Microbiology 2014, 6: 23419 - http://dx.doi.org/10.3402/jom.v6.23419

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/23419
http://dx.doi.org/10.3402/jom.v6.23419


supplementation also significantly increased the total

biofilm biomass compared to PBS control (pB0.05)

and this again reflected an increase in S. gordonii but

not C. albicans biovolumes. Finally, the total mixed

biofilm biomass in the presence of sucrose was signifi-

cantly larger than the sum of the single biofilm biomasses

under the same growth conditions (pB0.005). Taken

together, these data support the hypothesis that sucrose

availability confers an even greater biofilm growth

advantage to S. gordonii, when growing together with

C. albicans. Also, these results further indicate that

both sucrose- and glucose-dependent mechanisms aug-

ment biofilm accretion of S. gordonii in the presence of

C. albicans, but that sucrose confers a greater dual

biofilm growth advantage compared to glucose.

Glucosyltransferase plays a role in binding of
S. gordonii to early C. albicans biofilms
Because the presence of GtfG protein enhances binding

of S. gordonii to saliva-coated surfaces even in the absence

of sucrose (25), we hypothesized that in the presence of

saliva this enzyme may mediate initial binding to a

preformed C. albicans biofilm. Therefore, we tested the

ability of strains CH1, AMS12 and AMS12/pAMS40

to adhere to a preformed early C. albicans biofilm (4h)

in saliva-supplemented media. A greater number of wild

type and complemented bacteria were seen in direct

contact with C. albicans, compared to the Gtf-negative

strain and this was supported by the significantly greater

ratio of the red (bacterial) to green (yeast) signal

(p�0.0003 and 0.04 for a comparison of the mutant to

the wild type and complemented strains, respectively)

(Fig. 5a,b). This finding suggested that GtfG may

mediate adhesive interactions between the two organisms

in the presence of saliva.

Soluble a-glucans participate in S. gordonii�C.
albicans biofilm assembly
Since Gtfs preferentially bind to soluble a-1,6-glucans

(12), we hypothesized that soluble glucans may form

a ‘biologic glue’ between S. gordonii and C. albicans in

the biofilm state. To demonstrate a role for soluble a-

glucans in mixed biofilm assembly we first tested the

ability of S. gordonii strain CH107, which synthesizes

only soluble a-1,6-glucans (13), to form a dual biofilm

with C. albicans under salivary flow conditions. We

reasoned that if soluble a-glucans play important roles,

then this strain will have a biofilm accretion advantage

with C. albicans, similar to the wild type strain. Indeed,

biofilm accretion of strain CH107 was promoted in the

presence of C. albicans since the biovolume of this strain

in single species biofilms was significantly lower than in

dual biofilms (p�0.009) (Fig. 6). In addition, the total

mixed biofilm biomass was significantly higher than the

sum of the two single species biomasses (p�0.007),

indicating that soluble a-glucans are sufficient in facil-

itating the biofilm interactions between the two organ-

isms. However, when comparing the total C. albicans�S.

gordonii biofilm biomasses between the wild type CH1

and CH107 strains, the former was significantly greater

(p�0.005), suggesting that both soluble and insoluble

a-glucans are required for optimal biofilm inter-Kingdom

interactions. Additionally, the lower total amount of

a-glucans synthesized by strain CH107 compared to

wild type cells (13) could be responsible for its attenuated

phenotype.

To further support the hypothesis that soluble a-

glucans with a-1,6-linkages act as a biologic glue

between biofilm cells, we examined the ability of dex-

tranase (specific for a-1,6-linkages) to disrupt single and

dual biofilms formed in the presence of exogenously

added sucrose under static conditions. In general, all

biofilms were resistant to complete breakdown by

dextranase digestion (Fig. 7). As expected, treatment of

single C. albicans biofilms with dextranase did not reduce

the biofilm signal (p�0.6, dextranase-treated biofilm

signal compared to buffer control). However, single

S. gordonii biofilms and dual S. gordonii�C. albicans

biofilms were significantly disrupted by dextranase, in

a time-dependent fashion, with the former being the most

susceptible to enzyme digestion (Fig. 7). This provides

further indirect evidence that soluble glucans, with a-1,

6-linkages, promoted intra-species and inter-generic ad-

hesive interactions among single and dual biofilm cells,

respectively.

Discussion
Normally avirulent Mitis streptococci co-aggregate with

C. albicans (26�28), but the pathogenic significance of

this interaction in oral mucosal tissues in vivo has only

recently begun to unravel (4). Resident bacterial flora can

play important protective roles against mucosal disease

triggered by C. albicans in the lower gastrointestinal and

female genital tracts (reviewed in 29). However, using a

Fig. 4. Sucrose promotes dual biofilm development under flow conditions. C. albicans SC5314 (Ca, green) and S. gordonii CH1

(Sg CH1, red) were allowed to form single and dual biofilms for 12�14 h in flow cells. Salivary flow media were supplemented

with 1% sucrose (wt/vol), 1% glucose (wt/vol) or 1% PBS control (vol/vol). Biofilm biomass was measured using confocal

imaging after immuno-FISH staining of C. albicans SC5314 and S. gordonii CH1, as described above. Panels (a,c) depict 3-D

reconstructions of representative confocal images of single (a) and dual (c) biofilms. Panels (b,d) depict the average biovolumes

(in mm3) of each microorganism in single (b) and dual biofilms (d). In panel b, C. albicans�Ca, S. gordonii CH1� Sg Ch1. In

panel d, C. albicans�S. gordonii CH1�CaSgCH1. Panel (b): *p�0.002 and **p�0.003, for a comparison to glucose and PBS,

respectively. Panel (d): *p�0.004 and **p�0.002, for a comparison to glucose and PBS, respectively.
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three-dimensional in vitro model of the human oral

mucosa and an oral mouse co-infection model, we

recently showed that streptococci of the Mitis group

promote invasion and pathogenicity of C. albicans (4, 8).

This resembles the significant enhancement in Pseudo-

monas aeruginosa pathogenicity in the mouse lung by

some of the same members of the oral normal bacterial

flora (30). Because of the potential implications of

the streptococcal�Candida interactions in oral mucosal

disease in humans, it is important to fully characterize the

molecular basis of these interactions.

Multiple mechanisms of interaction between oral strep-

tococci and C. albicans have already been identified.

For example, adhesion between S. gordonii and C. albicans

is mediated by two known proteins; one with enzymatic

activity (glyceraldehyde-3-phosphate-dehydrogenase, GPDH)

and the other with a cell aggregation function (SspA/B),

while the hyphal wall protein Als3p has been shown to

serve as a receptor for the streptococcal adhesin SspB

(reviewed in 10). In earlier studies, attention was focused

on interactions between C. albicans and streptococci

that affect the ability of the yeast to form hyphae, since

C. albicans deficiency in hyphal growth limits its ability to

form biofilms (31). Metabolic organic acids of viridans

streptococci contribute to a low pH environment which

should favor yeast and not hyphal growth (32, 33).

Surprisingly, despite the fact that lactic acid, the major

metabolic end product for viridans streptococci growing

on glucose, is inhibitory to hyphal formation, S. gordonii

produces other diffusible signals that promote hyphal

formation. This positive effect on hyphal transformation

was shown to correlate with increased dual species

biomass under static biofilm conditions (7). This is

consistent with our findings of increased dual biofilm

biomass, even in the presence of glucose, which would

promote lactate production. However, we did not detect

an increase of the biomass of C. albicans in dual species

biofilms under conditions of salivary flow, which suggests

that the effect of S. gordonii on hyphal transformation,

and its associated hyphal adhesins, in our experimental

system may be smaller. This may be attributed to the fact

that open flow systems may not allow a sufficient increase

in the concentration of pH- and metabolic product-

mediated diffusible signals in the biofilm environment.

Apart from diffusible signals that result from cell

density, cell-to-cell contact may also regulate dual species

biofilm growth. In this study, we hypothesized that GtfG,

and/or its a-glucan end products, may transmit contact-

mediated signals or promote physical interaction between

S. gordonii and C. albicans in the biofilm state, that

leads to greater biofilm accretion. GtfG is responsible

for synthesizing both insoluble (1,3-linked) and soluble

(1,6-linked) a-glucans and the relative proportion of

these linkages is influenced by environmental condi-

tions (13, 34). When interacting with C. albicans, S.

mutans preferentially synthesizes soluble a-glucans, which
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Fig. 5. A gtfG deletion mutant has an attenuated C. albicans biofilm binding phenotype. S. gordonii CH1 wild type, mutant

and complemented gtfG strains were tested in their ability to adhere to a preformed 4 h C. albicans biofilm in saliva-

supplemented media. Panel (a) depicts S. gordonii wild type (CH1), mutant (DGtf) and complemented (Gtf�) (red) strains

binding to C. albicans (green), after immuno-FISH staining. Bar�50 mm. Panel (b) depicts the mean ratio of red/green

fluorescence signal in eight microscopic fields per condition, set up in duplicate, after image J quantification. *p�0.0003 and

**p�0.04, for a comparison with wild type and complemented strains, respectively.
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are highly susceptible to dextranase hydrolysis (14).

Although the influence of C. albicans on S. gordonii

GtfG activity is unknown, it is likely that during dual

species biofilm growth, S. gordonii similarly synthesizes

elevated amounts of soluble a-glucans that form the

inter-Kingdom ‘glue’, or comprise part of the extracel-

lular dual biofilm matrix. It is also plausible that C.

albicans modulates GtfG gene expression either directly,

or by influencing its positive regulatory gene rgg (35).

Finally, it is also plausible that C. albicans triggers

environmental changes that affect GtfG activity. The

role of GtfG and soluble a-1,6-glucans in meditating

inter-generic interactions in our biofilm model is sup-

ported by three lines of evidence: 1) sucrose supplemen-

tation further augmented dual biofilm formation,

pointing to a role of newly synthesized glucans; 2) the

strain CH107 formed robust dual biofilms under con-

ditions of salivary flow; and 3) the dual biofilm was

susceptible to enzymatic breakdown by dextranase which

specifically degrades soluble a-1,6-glucans. Thus, like

GtfB in S. mutans (24), GtfG may be responsible for

synthesizing the matrix promoting mixed microcolony

assembly. However, we have not ruled out that insoluble

a-1,3-glucans also participate in these interactions.

The streptococcal Gtf proteins share common amino

acid motifs and functions (36). The enzymes have a series

of direct YG repeats in the carboxyl terminus, which

are thought to function in binding soluble a-1,6-linked

glucans (37). Different S. mutans gtf genes are responsible

for synthesizing water soluble or insoluble glucans

and play different roles in forming microcolonies with

C. albicans (24). Our data suggest that GtfG plays a role

in initial binding of S. gordonii to a C. albicans biofilm,

in the presence of saliva. However, given the fact that

binding to C. albicans was observed in the absence of

sucrose supplementation and within the first hour of

interaction, it is unlikely to involve de novo extracellular

soluble a-glucan synthesis. Instead, it is possible that

GtfG binds to saliva constituents, coating C. albicans,

or directly to glycoproteins, b-glucans and/or mannans

exposed on the yeast cell wall. In fact, the reactions

of Gtfs in salivary pellicles are diverse as illustrated by

the finding that GtfB of S. mutans directly interacts

both with the C. albicans cell wall, and with a soluble

a-glucan-coated Candida cell surface (14).

In conclusion, our work identified a novel molecular

mechanism which promotes the interactions of C. albicans

and S. gordonii in the biofilm growth state. GtfG, acting
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Fig. 6. C. albicans enhances the ability of S. gordonii strain

CH107 to form biofilms. Biofilms were allowed to develop in

flow cells for 12�14 h in saliva-supplemented medium. Panel

(a) depicts 3-D reconstructions of representative confocal

images of biofilms with C. albicans SC5314 (green) and

S. gordonii CH107 (red), stained with immuno-FISH

as described above. Panel (b) depicts the average biovolumes

(in mm3) for strain CH107 in single and double biofilms

as measured in eight different CLSM image stacks from

two independent experiments. Bottom panel: S. gordonii

CH107�CH107, C. albicans�Ca. *p�0.009 compared to

single-species biovolumes by t-test.
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Fig. 7. Dual S. gordonii�C. albicans biofilms are disrupted

by dextranase digestion. Organisms were allowed to form

single and dual species biofilms in 96 well plates for 24 h,

in 1% sucrose-supplemented salivary flow media, and were

subsequently digested by dextranase for 1 h or 4 h. The

remaining biofilm mass was assessed by the crystal violet

staining assay. Results represent mean percent reduction

of biofilm signal, compared to buffer control. Means9SD

of two independent experiments are shown, with each

condition set up in triplicate. *p�0.04 and **p�0.02, for

a comparison between the buffer and dextranase signals in

dual S. gordonii�C. albicans (CaSg) and single S. gordonii

(Sg) biofilms, respectively.
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in concert with other protein adhesin�ligand interactions

on the bacterial and fungal cell surface, may allow

S. gordonii to persist with C. albicans at high numbers

in oral mucosal surfaces. Our data further support

and extend our previous observations in mixed mucosal

biofilm models, which showed a pathogenic synergy with

Mitis group streptococci (4, 8). Identifying new molecular

mechanisms for mixed biofilm accretion may lead to the

identification of novel preventive or therapeutic targets

that can be used against these biofilms.

Conflict of interest and funding
There is no conflict of interest in the present study for any

of the authors. This work was funded by NIDCR grant

DE013986 to ADB. The authors would like to thank Mrs

Angela Thompson for conducting some of the experi-

ments and Dr Patricia Diaz for technical advice in some

experiments with flow cells.

References

1. Frandsen EV, Pedrazzoli V, Kilian M. Ecology of viridans

streptococci in the oral cavity and pharynx. Oral Microbiol

Immunol 1991; 6: 129�33.

2. Loach DM, Jenkinson HF, Tannock GW. Colonization of the

murine oral cavity by Streptococcus gordonii. Infect Immun

1994; 62: 2129�31.

3. Odds FC. Candida and candidosis: a review and bibliography.

London: Bailliere Tindale; 1988.

4. Xu H, Sobue T, Thompson A, Xie Z, Poon K, Ricker A, et al.

Streptococcal co-infection augments Candida pathogenicity by

amplifying the mucosal inflammatory response. Cell Microbiol,

in press.

5. Mason KL, Downward JR, Falkowski NR, Young VB, Kao JY,

Huffnagle GB. Interplay between the gastric bacterial micro-

biota and Candida albicans during postantibiotic colonization

and gastritis. Infect Immun 2012; 80: 150�8.

6. Zijnge V, van Leeuwen MB, Degener JE, Abbas F, Thurnheer T,

Gmur R, et al. Oral biofilm architecture on natural teeth. PLoS

One 2010; 5: e9321.

7. Bamford CV, d’Mello A, Nobbs AH, Dutton LC, Vickerman

MM, Jenkinson HF. Streptococcus gordonii modulates Candida

albicans biofilm formation through intergeneric communication.

Infect Immun 2009; 77: 3696�704.

8. Diaz PI, Xie Z, Sobue T, Thompson A, Biyikoglu B, Ricker A,

et al. Synergistic interaction between Candida albicans and

commensal oral streptococci in a novel in vitro mucosal model.

Infect Immun 2012; 80: 620�32.

9. Ramsey MM, Rumbaugh KP, Whiteley M. Metabolite cross-

feeding enhances virulence in a model polymicrobial infection.

PLoS Pathog 2011; 7: e1002012.

10. Whitmore SE, Lamont RJ. The pathogenic persona of

community-associated oral streptococci. Mol Microbiol 2011;

81: 305�14.

11. Maeda Y, Elborn JS, Parkins MD, Reihill J, Goldsmith CE,

Coulter WA, et al. Population structure and characterization of

viridans group streptococci (VGS) including Streptococcus

pneumoniae isolated from adult patients with cystic fibrosis

(CF). J Cyst Fibros 2011; 10: 133�9.

12. Banas JA, Vickerman MM. Glucan-binding proteins of the oral

streptococci. Crit Rev Oral Biol Med 2003; 14: 89�99.

13. Vickerman MM, Sulavik MC, Minick PE, Clewell DB. Changes

in the carboxyl-terminal repeat region affect extracellular

activity and glucan products of Streptococcus gordonii glucosyl-

transferase. Infect Immun 1996; 64: 5117�28.

14. Gregoire S, Xiao J, Silva BB, Gonzalez I, Agidi PS,

Klein MI, et al. Role of glucosyltransferase B in interactions

of Candida albicans with Streptococcus mutans and with an

experimental pellicle on hydroxyapatite surfaces. Appl Environ

Microbiol 2011; 77: 6357�67.

15. Tardif G, Sulavik M, Jones GW, Clewell DB. Spontaneous

switching of the sucrose-promoted colony phenotype in Strep-

tococcus sanguis. Infect Immun 1989; 57: 3945�8.

16. Wells VD, Munro CL, Sulavik MC, Clewell DB, Macrina FL.

Infectivity of a glucan synthesis-defective mutant of Strepto-

coccus gordonii (Challis) in a rat endocarditis model. FEMS

Microbiol Lett 1993; 112: 301�5.

17. Vickerman MM, Sulavik MC, Nowak JD, Gardner NM,

Jones GW, Clewell DB. Nucleotide sequence analysis of the

Streptococcus gordonii glucosyltransferase gene, gtfG. DNA

Sequence 1997; 7: 83�95.

18. Gillum AM, Tsay EY, Kirsch DR. Isolation of the Candida

albicans gene for orotidine-5?-phosphate decarboxylase by com-

plementation of S. cerevisiae ura3 and E. coli pyrF mutations.

Mol Gen Genet 1984; 198: 179�82.

19. Palmer RJ. Microscopy flow cells: perfusion chambers for

real-time study of biofilms. Biofilms 1999; 310: 160�6.

20. Dawes C, Watanabe S, Biglow-Lecomte P, Dibdin GH. Estima-

tion of the velocity of the salivary film at some different

locations in the mouth. J Dent Res 1989; 68: 1479�82.

21. Thurnheer T, Gmur R, Giertsen E, Guggenheim B. Automated

fluorescent in situ hybridization for the specific detection and

quantification of oral streptococci in dental plaque. J Microbiol

Methods 2001; 44: 39�47.

22. Dongari-Bagtzoglou A, Kashleva H, Dwivedi P, Diaz P,

Vasilakos J. Characterization of mucosal Candida albicans

biofilms. PLoS One 2009; 4: e7967.

23. Xie Z, Thompson A, Kashleva H, Dongari-Bagtzoglou A.

A quantitative real-time RT-PCR assay for mature C. albicans

biofilms. BMC Microbiol 2011; 11: 93.

24. Koo H, Xiao J, Klein MI, Jeon JG. Exopolysaccharides

produced by Streptococcus mutans glucosyltransferases modu-

late the establishment of microcolonies within multispecies

biofilms. J Bacteriol 2010; 192: 3024�32.

25. Vickerman MM, Clewell DB, Jones GW. Glucosyltransferase

phase variation in S. gordonii modifies adhesion to saliva-coated

hydroxyapatite surfaces in a sucrose-independent manner. Oral

Microbiol Immunol 1992; 7: 118�20.

26. Jenkinson HF, Lala HC, Shepherd MG. Coaggregation of

Streptococcus sanguis and other streptococci with Candida

albicans. Infect Immun 1990; 58: 1429�36.

27. Holmes AR, McNab R, Jenkinson HF. Candida albicans

binding to the oral bacterium Streptococcus gordonii involves

multiple adhesin receptor interactions. Infect Immun 1996; 64:

4680�5.

28. Nobbs AH, Vickerman MM, Jenkinson HF. Heterologous

expression of Candida albicans cell wall associated adhesins in

Saccharomyces cerevisiae reveals differential specificities in

adherence and biofilm formation and in binding oral Strepto-

coccus gordonii. Eukaryot Cell 2010; 9: 1622�34.

29. Morales DK, Hogan DA. Candida albicans interactions with

bacteria in the context of human health and disease. PLoS

Pathog 2010; 6: e1000886.

30. Duan K, Dammel C, Stein J, Rabin H, Surette MG. Modulation

of Pseudomonas aeruginosa gene expression by host microflora

through interspecies communication. Mol Microbiol 2003; 50:

1477�91.

Austin Ricker et al.

10
(page number not for citation purpose)

Citation: Journal of Oral Microbiology 2014, 6: 23419 - http://dx.doi.org/10.3402/jom.v6.23419

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/23419
http://dx.doi.org/10.3402/jom.v6.23419


31. Nobile CJ, Fox EP, Nett JE, Sorrells TR, Mitrovich QM,

Hernday AD, et al. A recently evolved transcriptional network

controls biofilm development in Candida albicans. Cell 2012;

148: 126�38.

32. Fonzi WA. Role of pH response in Candida albicans virulence.

Mycoses 2002; 45(Suppl 1): 16�21.

33. Noverr MC, Huffnagle GB. Regulation of Candida albicans

morphogenesis by fatty acid metabolites. Infect Immun 2004;

72: 6206�10.

34. Grahame DA, Mayer RM. The origin and composition of

multiple forms of dextransucrase from Streptococcus sanguis.

Biochim Biophys Acta 1984; 786: 42�8.

35. Sulavik MC, Clewell DB. Rgg is a positive transcriptional

regulator of the Streptococcus gordonii gtfG gene. J Bacteriol

1996; 178: 5826�30.

36. Monchois V, Willemot RM, Monsan P. Glucansucrases: me-

chanism of action and structure�function relationships. FEMS

Microbiol Rev 1999; 23: 131�51.

37. Mooser G, Wong C. Isolation of a glucan-binding domain of

glucosyltransferase (1,6-alpha-glucan synthase) from Strepto-

coccus sobrinus. Infect Immun 1988; 56: 880�4.

*Anna Dongari-Bagtzoglou
School of Dental Medicine
University of Connecticut Health Center
Farmington, CT, USA
Email: adongari@uchc.edu

*Margaret Vickerman
School of Dental Medicine
SUNY at Buffalo
Buffalo, NY, USA
Email: mmv4@buffalo.edu

Streptococcal glucosyltransferase promotes biofilms with Candida

Citation: Journal of Oral Microbiology 2014, 6: 23419 - http://dx.doi.org/10.3402/jom.v6.23419 11
(page number not for citation purpose)

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/23419
http://dx.doi.org/10.3402/jom.v6.23419


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00530065007400740069006e0067007300200066006f00720020007400680065002000520061006d007000610067006500200077006f0072006b0066006c006f0077002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


