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Candida albicans readily forms biofilms on the surface on indwelling medical devices, and these biofilms
serve as a source of local and systemic infections. It is estimated that 27% of nosocomial C. albicans blood-
stream infections are polymicrobial, with Staphylococcus aureus as the third most common organism isolated
in conjunction with C. albicans. We tested whether S. aureus and C. albicans are able to form a polymicrobial
biofilm. Although S. aureus formed poor monoculture biofilms in serum, it formed a substantial polymicrobial
biofilm in the presence of C. albicans. In terms of architecture, S. aureus formed microcolonies on the surface
of the biofilm, with C. albicans serving as the underlying scaffolding. In addition, S. aureus matrix staining
revealed a different phenotype in polymicrobial versus monomicrobial biofilms, suggesting that S. aureus may
become coated in the matrix secreted by C. albicans. S. aureus resistance to vancomycin was enhanced within
the polymicrobial biofilm, required viable C. albicans, and was in part mediated by C. albicans matrix. However,
the growth or sensitivity to amphotericin B of C. albicans is not altered in the polymicrobial biofilm.

There is increasing evidence in the literature for the impor-
tance of polymicrobial infections in which microorganisms in-
teract in a synergistic or inhibitory fashion, impacting patho-
genesis and the health of the patient. It was originally
estimated that over half of infections originated from biofilms
(12). However, the NIH currently estimates that biofilms ac-
count for over 80% of all infections in the body (NIH SBIR/
STTR Study and Control of Microbial Biofilms program an-
nouncement, release date 21 April 1999, http://grants.nih.gov
/grants/guide/pa-files/PA-99-084.html). Biofilms are communities of
microbes embedded in a polysaccharide matrix adhered to a
biotic or abiotic surface. The biofilm-associated microorgan-
isms are refractory to both antimicrobial agents and the host
immune response. Polymicrobial biofilms represent an under-
studied and clinically relevant health problem, with the poten-
tial to serve as an infectious reservoir for a variety of micro-
organisms, including bacteria and fungi.

Biofilms can form on indwelling medical devices and serve as
a source of nosocomial bloodstream infections, which prolong
hospitalization and are the 10th leading cause of death in the
United States (30). Candida albicans is the fourth leading
cause of bloodstream infections and the third most commonly
isolated organism from intravascular catheters and is associ-
ated with the highest incidence of mortality (13, 30). C. albi-
cans readily forms biofilms on a wide variety of polymers used
to make indwelling medical devices, such as dental materials,
stents, shunts, prostheses (voice, heart valve, knee, etc.), im-
plants (lens, breast, denture, penile, etc.), endotracheal tubes,
pacemakers, and catheters (reviewed in reference 23). There is
some evidence to suggest that a large proportion of device-
related Candida albicans infections involve biofilms (14, 15,
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23). In a prospective study of catheter colonization, C. albicans
ranked second in the ratio of colonization to invasive disease
(13). C. albicans biofilms have a unique gene expression pat-
tern (18, 24, 31) and are more resistant to antifungal treatment
than planktonic cells (23, 26). A unique feature of C. albicans
biofilms is the morphological heterogeneity of the biofilm cells,
which results in a complex three-dimensional biofilm architec-
ture (11). C. albicans biofilm formation is initiated upon con-
tact with an appropriate polymeric surface under morphogen-
esis-inducing growth conditions. Serum is the classical
clinically relevant inducer of morphogenesis, although other
media can be used in vitro. During early biofilm formation,
yeast cells adhere to an appropriate surface and initiate germ
tube formation. The intermediate phase is characterized by
continued hyphal elongation and extracellular matrix produc-
tion, which is composed primarily of glucose along with pro-
teins and other sugars (2). Mature biofilms consist of a yeast
base, with hyphal elements encased in matrix extending away
from the surface forming a sticky net-like structure (11). Newly
formed daughter yeast cells grow out of hyphal elements and
are released, seeding new niches for biofilm formation or in-
fection.

It is estimated that 27% of nosocomial C. albicans blood-
stream infections are polymicrobial, with Staphylococcus au-
reus as the third most common organism isolated in conjunc-
tion with C. albicans (22). Interestingly, the combined effect of
C. albicans and S. aureus results in synergism and increased
mortality in mice (5-9). Although the infectious parameters of
polymicrobial infections in humans are not well characterized,
eliminating the infection may involve a more complex antimi-
crobial regimen. It has previously been demonstrated that a
mixed species biofilm of C. albicans and Staphylococcus epider-
midis enhances the growth of §. epidermidis and increases the
resistance of S. epidermidis to vancomycin (1, 16). It is worth
mentioning that biofilm formation in S. epidermidis and biofilm
formation in S. aureus are not equivalent. Compared with S.
epidermidis, S. aureus does not form biofilms as readily on
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abiotic surfaces, requiring precoating and nutrient supplemen-
tation (10). However, S. aureus is a more clinically important
pathogen, with higher rates of device-related systemic infection
and mortality (reviewed in references 20 and 25). Therefore,
we sought to determine whether C. albicans and S. aureus
could form polymicrobial biofilms and whether these biofilms
exhibited altered antimicrobial sensitivity.

MATERIALS AND METHODS

C. albicans strains and handling. C. albicans strain SC5314 was subcultured
from freezer stocks onto Sabouraud dextrose agar (SDA) plates and incubated at
30°C overnight to generate C. albicans yeast used for the experiments. All
subsequent liquid subcultures, grown in Sabouraud dextrose broth (SDB), were
derived from colonies isolated from these plates.

S. aureus strain and handling. S. aureus ATCC 25923 is a clinical isolate and
is capable of biofilm formation in vitro (29). For each experiment, strains were
subcultured from freezer stocks onto brain heart infusion (BHI) agar plates and
incubated at 37°C overnight. All subsequent liquid subcultures were derived from
colonies isolated from these plates.

Biofilm formation. Overnight cultures generated as described above were
washed twice in sterile 1X phosphate-buffered saline (PBS) by centrifugation at
4,000 rpm for 10 min. Suspensions of C. albicans were prepared in 0.01% trypan
blue and counted with a hemocytometer. S. aureus cells were enumerated using
the live-dead stain BacLight (Molecular Probes Invitrogen, Carlsbad, CA). Mi-
crobes were diluted in different media for biofilm formation: 50% bovine serum
(50% BS), 50% heat-inactivated bovine serum (50% BS-HI), or BHI. C. albicans
was diluted to a final concentration of 10° CFU/ml, and S. aureus was diluted to
a final concentration of 10° to 108 CFU/ml. C. albicans (100 wl) and S. aureus (10
wl) were added to the wells of a 96-well tissue culture-treated polystyrene plate.
Bacterial and fungal suspensions were mixed in the wells by pipetting up and
down, and the plates were incubated at 37°C for 24 h. This resulted in a final
organism concentration in the wells of 10° CFU/ml for C. albicans and 10° to 107
CFU/ml for S. aureus. Control wells contained C. albicans alone, S. aureus alone,
or medium alone.

Biofilm adhesion assay. S. aureus ATCC 25923 was diluted to 10° CFU/ml in
50% BS, 50% BS-HI, or BHI, and 100-p.l aliquots were added to a 96-well tissue
culture-treated plate. The plates were incubated at 37°C for 1, 2, 4, 6, and 24 h.
For each time point, two identical but separate plates were set up. At each time
point, one plate was washed with 1X PBS (three times) to remove nonadherent
cells, while the control plate was not washed. Bacterial levels in washed and
unwashed plates were determined by the CFU assay.

CFU assay. Biofilms were washed in 1X PBS to remove nonadherent cells.
Cells were resuspended in 100 pl of 1X PBS by sonicating for 10 min and
followed by pipetting up and down. Microscopic analysis prior to plating revealed
that the resulting cell suspension consisted of a mixture of single yeast cells and
hyphae. We cannot rule out the possibility that some hyphae were sheared and
could lead to experimental variability. However, the fact that we obtained ex-
cellent reproducibility from experiment to experiment using CFU analysis vali-
dates the usefulness of this assay. Tenfold dilutions of each well were made and
plated on SDA supplemented with ampicillin (0.008 mg/ml) and erythromycin
(0.075 mg/ml) and on BHI agar supplemented with amphotericin B (Amp B)
(0.025 mg/ml). These concentrations of antimicrobials were tested and were
effective at preventing growth of the nontargeted microbe. The plates were
incubated at 37°C overnight and left on the benchtop for 1 week to monitor
outgrowth of potential slowly growing colonies resulting from cells damaged by
antimicrobial drugs.

Planktonic antimicrobial assay. C. albicans SC5314 (10> CFU/ml) alone, S.
aureus ATCC 25923 (10> CFU/ml) alone, or C. albicans (10* CFU/ml) and S.
aureus (10° CFU/ml) together were added to 96-well, deep-well polypropylene
plates (Fisher Scientific, Hanover, IL) in 50% bovine serum. Bacterial and fungal
suspensions were mixed in the wells by pipetting up and down. Amphotericin B
alone, vancomycin alone, or Amp B and vancomycin combined were added to
the wells. The plates were incubated at 35°C in an orbital shaker at 175 rpm for
18 h, and fungal and bacterial viability was monitored by the CFU assay.

Biofilm antimicrobial assay. Biofilms were formed as described above. After
a 24-h incubation at 37°C, plates were washed three times with 1X PBS to
remove nonadherent cells. Stock solutions of Amp B and vancomycin (Fisher,
Hanover Park, IL) were prepared in dimethyl sulfoxide and diluted to working
concentrations in 50% BS. Antimicrobials (100 pl) were added to the washed
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biofilm. The plates were incubated for an additional 24 h, and fungal and
bacterial viability was monitored by the CFU assay.

Transwell assays. C. albicans was separated from S. aureus using a 0.4-um
polyester (PET) Transwell membrane (Corning Life Sciences, Acton, MA). S.
aureus (1 X 107 CFU/ml) was added to the bottom of the well, and C. albicans
(1 X 10° CFU/ml) was added to the top of the membrane. After a 24-h incuba-
tion at 37°C, the bottom and top (membrane) of the Transwell membrane were
washed with 1X PBS. Stocks of antimicrobials were prepared as described above
and diluted in 50% BS. Vancomycin was added to the bottom of the Transwell
membrane, and Amp B was added to the top (membrane) of the Transwell
membrane. The plates were incubated for 24 h at 37°C, and growth in both the
bottom well and membrane of the Transwell membrane was determined by the
CFU assay. Controls without Transwell inserts were also included.

Fluorescence microscopy. Biofilms were formed in permanox chamber slides
(Nalge Nunc, Rochester, NY) pretreated with BS. After the final PBS wash,
fluorescent stains were added directly to chamber slides. The following stains
were used: SYTO 9 (Molecular Probes, Eugene, OR) stains live yeast and
bacteria green; concanavalin A (ConA)-Texas Red conjugate (Molecular Probes,
Eugene, OR) stains biofilm matrix red; and calcofluor white (Fluka, Seelze,
Germany) stains fungal cell walls blue. The final concentrations of stains were as
follows: 6.6 uM for SYTO 9, 50 pug/ml for ConA-Texas Red, and 1 mg/ml for
calcofluor white. The slides were examined with the Zeiss Apotome imaging
system for confocal fluorescence microscopy and the Nikon Eclipse E800 with
Metamorph software for conventional fluorescence microscopy.

SEM. Biofilms were formed in eight-well chamber slides as previously de-
scribed. After 24 h, slides were washed with 1X PBS (three times) to remove
planktonic cells. The slides were prepared for scanning electron microscopy
(SEM) using a previously published protocol (17). The slides were placed in
2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) for 2 h. The
slides were then dehydrated by successive 10-min incubations in 35% ethanol,
50% ethanol, 70% ethanol, and 95% ethanol followed by six successive 10-min
incubations in 100% ethanol. The slides were dried in 100% hexamethyldisi-
lazane (Electron Microscopy Sciences, Hatfield, PA) for 20 min. The slides were
cut into 0.5-cm by 0.5-cm squares, affixed to SEM stubs with double-sided tape,
and coated with gold/palladium. Specimens were evaluated with the Hitachi
S-2400 SEM at the Laboratory of Analytical Electron Microscopy at Wayne State
University. The voltage was set at 15 kV and viewed at a magnification
from x1,000 to x10,000.

Matrix isolation. C. albicans biofilm matrix was isolated using a previously
published protocol with slight modifications (27). Briefly, biofilms were grown in
two separate polysterene, tissue culture-treated T-175 flasks in 250 ml of 50%
BS. The 24-h biofilms were gently washed with 1X PBS to remove nonadherent
cells, and 12.5 ml of 50% BS was added to each flask. The biofilm was scraped
from the flasks with a cell scraper. The flasks were sonicated for 10 min, and an
additional 12.5 ml of 50% BS was added to the flasks to generate a matrix-
containing medium equivalent to that used in the polymicrobial biofilms. The
contents of the flask were transferred to a sterile Sorvall centrifuge tube and
vortexed for 3 min and then centrifuged for 20 min at 12,000 X g. The super-
natant was carefully removed and transferred to a fresh sterile Sorvall tube.
Centrifugation and transfer steps were repeated two more times. After the final
spin, 800 pl of the supernatant was plated onto SDA and incubated overnight to
ensure minimal yeast growth. To ensure elimination of yeast cells, the matrix was
treated with Amp B (20 pg/ml) prior to use in experiments. Isolation of matrix
was monitored by staining supernatant with ConA-Texas Red followed by fluo-
rescence microscopy.

Statistical analysis. The Student ¢ test (two-tailed, unequal variance) was used
to analyze the significance of differences between two experimental groups. Data
with a P value of 0.05 or less were considered to be significant.

RESULTS

S. aureus growth and biofilm formation in serum. C. albicans
readily forms monomicrobial biofilms in serum, a clinically
relevant medium. We therefore chose to use this medium to
investigate polymicrobial biofilm formation. Traditionally, S.
aureus biofilms are formed in rich media, such as BHI broth or
Trypticase soy broth (21). Therefore, we monitored growth
and biofilm formation in 50% BS, 50% BS-HI, and BHI. We
first performed growth curves in the different media (data not
shown). Although bacterial growth rates and maximum growth



3916 HARRIOTT AND NOVERR

A
SA Mono: 50% BS

SA Mono: 50% BS HI

ANTIMICROB. AGENTS CHEMOTHER.

SA Mono: BHI

B -®-BH —*x—50%BS --T--50%BSHI
9 9 P
Washed 8 Unwashed .-
8 -
— — /.’ --------
£7 Ev7 — -
D ) = e I8
56 o 56
o e o
3s e 0 S5
4 —9{-»”2’=X 4
3 : : : : . 3 . : : . .
1 2 4 6 24 1 2 4 6 24

Time (hours)

Time (hours)

FIG. 1. S. aureus biofilm growth in serum and BHI. S. aureus strain ATCC 29523 was grown overnight at 37°C in BHI broth. Cells were washed,
counted and diluted into different media: bovine serum (BS), heat-inactivated bovine serum (BS HI), or BHI. (A) For biofilm formation, cultures
were diluted to 107 CFU/ml, and 300-pl aliquots were added to tissue culture-treated chamber slides and incubated at 37°C for 24 h without
shaking. Biofilm formation was monitored by fluorescence microscopy and SEM. (Panels 1 to 3) For fluorescence microscopy, biofilms were stained
with SYTO 9 (viable microbial cells stain green) and ConA-Texas Red (extracellular matrix stains red). SA, S. aureus; Mono, monomicrobial
biofilm. (Panels 4 to 6) For SEM, biofilms formed on chamber slides were processed for SEM, cut, and mounted into stubs. Magnifications, X600
(panels 1 to 3) and %5,000 (panels 4 to 6). Bars, 10 pm. (B) For biofilm formation, cultures were diluted to 10° CFU/ml, and 100-p.l aliquots were
added to tissue culture-treated 96-well plates and incubated at 37°C for 24 h without shaking. Biofilm formation was monitored by the CFU assay.
Washed plates were washed after 1 h to remove nonadherent cells, while unwashed plates were left alone. Biofilms were disrupted by sonication,
and the number of CFU was determined by plating. Experiments were performed in duplicate, and the results are averages of two separate trials.

levels were increased in BHI, both sera (BS and BS-HI) were
able to support the growth of S. aureus. We then tested
whether S. aureus could form a monomicrobial biofilm in se-
rum on an abiotic surface (96-well tissue culture-treated poly-
styrene plates). We monitored biofilm formation in 50% BS,
50% BS-HI, and BHI by fluorescence microscopy and scanning
electron microscopy. Monomicrobial S. aureus biofilms were
stained with SYTO 9 (viable bacteria stain green) and ConA-
Texas Red (extracellular matrix stains red). After 24 h at 37°C,
S. aureus formed a substantial biofilm and extracellular matrix
production in BHI by microscopic examination (Fig. 1A, pan-
els 3 and 6). However, in the presence of serum, the abiotic
surface was sparsely populated, and no extracellular matrix was
observed, indicating a lack of biofilm formation (Fig. 1A, pan-
els 1, 2, 4, and 5). Macroscopic analysis of the 96-well plates
also confirmed these results. After the plates were washed, a

visible film was observed in BHI but not in serum (data not
shown). This indicates that S. aureus is unable to form a biofilm
in serum.

It has been previously reported that serum can interfere with
the initial attachment of bacteria to an abiotic surface (19). We
therefore examined biofilm formation in plates that were
washed or not washed after an initial 1-h attachment period
(Fig. 1B). Interestingly, similar numbers of bacteria were
washed away in BHI and serum after 1 h (Fig. 1B, left panel).
Similar growth rates were observed in the washed plates
through 4 h. However, by 24 h, S. aureus grown in BHI had
initiated early biofilm formation; we observed a light film mac-
roscopically, dense population and extracellular matrix pro-
duction microscopically, and increased CFU compared with S.
aureus grown in serum (Fig. 1B, left panel, and data not
shown). Similar increases in CFU were observed in washed and
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FIG. 2. Polymicrobial C. albicans-S. aureus biofilm formation in serum. C. albicans SC5314 was grown overnight in SDB at 30°C. S. aureus
ATCC 29523 was grown overnight at 37°C in BHI. Both species were washed, counted, and diluted in different media. C. albicans (10° CFU/ml)
and S. aureus (107 CFU/ml) were concurrently added to 96-well tissue culture-treated chamber slides and incubated for 24 h at 37°C. Biofilm
formation was monitored by fluorescence microscopy and SEM (A) and CFU analysis (B). (A, panels 1 to 3) For fluorescence microscopy, biofilms
were stained with calcofluor white (blue stain and blue arrows show fungal cell wall), SYTO 9 (green stain and green arrows show viable microbial
cells), and ConA-Texas Red (red stain and red arrows show extracellular matrix). CA, C. albicans; Mono, monomicrobial biofilm; CA/SA Poly, C.
albicans and S. aureus polymicrobial biofilm. (Panels 4 to 6) For SEM, biofilms formed on chamber slides were processed for SEM, cut, and
mounted into stubs. Magnifications, X200 (panels 1 and 2), X1,000 (panel 3), and X2,000 (panels 4 to 6). Bars, 20 wm. (B) For the CFU assay,
plates were washed to remove nonadherent cells. Biofilms were disrupted by sonication, and the number of CFU was determined by plating onto
selective media. Experiments were performed in sextuplicate. The data represent the averages of four experiments. Values that were significantly
different (P < 0.01) for the S. aureus monomicrobial biofilm versus the S. aureus polymicrobial biofilm are indicated by the bars and asterisks.

unwashed plates by 24 h for each medium. However, BHI
supported more robust increases compared with serum (2 log
units versus 1 log unit). This indicates that serum is not inter-
fering with the initial attachment of S. aureus but that serum
does not support subsequent biofilm formation and biofilm
growth.

C. albicans-S. aureus polymicrobial biofilm formation in se-
rum. We next tested whether C. albicans and S. aureus could
form a polymicrobial biofilm in serum. Polymicrobial biofilms
were formed by adding C. albicans and S. aureus concurrently
to 96-well tissue culture-treated plates in 50% BS, which were
incubated 24 h at 37°C. Biofilm formation was monitored by
fluorescence microscopy by staining with SYTO 9 (stains live
microbial cells green), calcofluor white (stains fungal cell wall
blue), and ConA-Texas Red (stains matrix red). As expected,
the monomicrobial Candida biofilm is composed of a dense
mat of hyphal and yeast forms surrounded by extracellular

matrix (Fig. 2A, panels 1 and 4). Despite the fact that S. aureus
cannot form a biofilm in serum, coculture of C. albicans and S.
aureus produced a polymicrobial biofilm. At lower magnifica-
tion, fungi and bacteria are found interspersed within the bio-
film, and extracellular matrix is evident. In addition, S. aureus
forms microcolonies on the surface of the C. albicans biofilm
(Fig. 2A, panels 2 and 5, green arrows). At higher magnifica-
tion, it is apparent that S. aureus is preferentially associated
with the hyphal forms of C. albicans and individual bacterial
cells are surrounded with a red halo of matrix material (Fig.
2A, panels 3 and 6). We observed no heterogeneity in the
matrix halo phenotype among S. aureus in the polymicrobial
biofilms, ruling out the possibility that clumps of multiple S.
aureus cells lead to the observed phenotype.

We also monitored fungal and bacterial growth within the
biofilms by the CFU assay using selective plates to determine
fungal versus bacterial levels. C. albicans levels remained the
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same in monomicrobial and polymicrobial biofilms (Fig. 2B).
However, S. aureus levels were significantly increased in the
polymicrobial biofilm compared to S. aureus monomicrobial
growth in serum (Fig. 2B). In fact, similar levels of S. aureus
are observed in a monomicrobial biofilm in BHI and a polymi-
crobial biofilm with C. albicans in serum (Fig. 2B and 1B, right
panel). These data, along with the fluorescence microscopy,
indicate that C. albicans and S. aureus form a polymicrobial
biofilm in serum, a medium that normally cannot support bio-
film formation by S. aureus.

Antimicrobial sensitivity in monomicrobial and polymicro-
bial biofilms. Biofilms are notoriously resistant to antimicro-
bial drugs compared with planktonic cells. Therefore, we
sought to determine whether the sensitivity to antimicrobial
drugs of either C. albicans or S. aureus or both C. albicans and
S. aureus was influenced within the polymicrobial biofilm com-
pared with a monoculture biofilm. To monitor S. aureus sen-
sitivity to vancomycin, biofilms were formed in 50% BS or
BHI, and vancomycin was added at 24 h. After incubation for
24 h in the presence of drug, fungal and bacterial viability was
monitored by the CFU assay by selective plating. S. aureus
grown in serum responded to vancomycin in a dose-dependent
manner (Fig. 3A). S. aureus biofilms formed in BHI were more
resistant to killing by vancomycin. However, S. aureus in the
polymicrobial biofilm does not respond to vancomycin, even at
the highest concentration tested (Fig. 3A), indicating that C.
albicans facilitates S. aureus biofilm formation, leading to sub-
sequent increased resistance to antibiotics. C. albicans is not
affected by vancomycin, and the number of CFU remained the
same in the monomicrobial and polymicrobial biofilms (results
not shown). We next measured the effect of S. aureus on the
susceptibility of C. albicans to Amp B within the polymicrobial
biofilm. Compared with the monomicrobial C. albicans biofilm,
the polymicrobial biofilm displays no differences in suscepti-
bility to Amp B (Fig. 3B).

To determine whether killing of C. albicans in the polymi-
crobial biofilm allows S. aureus to respond to vancomycin, Amp
B and vancomycin were simultaneously added to a 24-h
polymicrobial biofilm formed in serum. With increasing con-
centrations of Amp B, C. albicans viability is significantly re-
duced. At these same high concentrations of antifungal drug,
S. aureus in the polymicrobial biofilm is susceptible to killing by
vancomycin to a degree similar to that observed in S. aureus
monomicrobial biofilms (Fig. 3C). S. aureus bacteria in both
monomicrobial and polymicrobial biofilms treated with Amp B
were susceptible to killing with 800 wg/ml vancomycin, result-
ing in a 2-log-unit reduction in CFU. This result is in stark
contrast to the vancomycin resistance observed in viable
polymicrobial biofilms at this same concentration of antibiotic
(Fig. 3A).

There is the possibility that the effect of C. albicans on S.
aureus resistance to vancomycin is due to a C. albicans secreted
factor or cross-metabolism within the medium. Therefore, we
performed Transwell assays in which S. aureus was separated
from C. albicans using a 0.4-pm Transwell filter. S. aureus (107)
was added to the bottom of a 24-well tissue culture-treated
plate, and the Transwell membrane inserts were placed in the
wells. C. albicans (10°) was added to the top of the membrane,
and the plates were incubated at 37°C. After a 24-h incubation,
the plates were washed with 1X PBS (three times), vancomycin
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FIG. 3. Effect of polymicrobial biofilm formation on antimicrobial
drug resistance. Polymicrobial biofilms were formed as described in
the legend to Fig. 4 using C. albicans SC5314 (10° CFU/ml) and S.
aureus ATCC 29523 (107 CFU/ml) added concurrently to 96-well tis-
sue culture-treated plates in 50% BS. Various concentrations (in mi-
crograms per milliliter) of vancomycin alone (A), amphotericin B
alone (B), or a combination of both drugs (C) were tested. After
incubation for 24 h at 37°C, the number of CFU was determined by
plating onto selective media. Experiments were performed in dupli-
cate, and the data represent the averages of two independent experi-
ments. CA, C. albicans; SA, S. aureus; Mono, monomicrobial biofilm;
Poly, polymicrobial biofilm.

was added to the bottom of the wells, and Amp B was added
to the top of the membrane. Similar to what is observed for
monomicrobial cultures in serum, S. aureus was unable to form
a biofilm formation in a Transwell system, with similar growth
levels observed in both groups (Fig. 4). In addition, S. aureus
did not become coated with matrix, supporting the fact that a
biofilm was not formed (data not shown). Moreover, we show
that the enhanced resistance to vancomycin is abrogated when
S. aureus is physically separated from C. albicans using a Trans-
well assay. This suggests that the increased resistance is not
mediated by factors secreted by C. albicans that diffuse
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FIG. 4. Effect of separation of S. aureus and C. albicans on biofilm
formation and vancomycin resistance using a Transwell system. C.
albicans (10° CFU/ml) and S. aureus (107 CFU/ml) were added to
either 24-well tissue culture-treated plates or 0.4-wm Transwell plates
and incubated for 24 h at 37°C. For Transwell plates, S. aureus was
added to the bottom of the well, and C. albicans was added to the top
of the membrane to allow passage of secreted factors. Vancomycin
(800 pg/ml) was added to the bottom well, and plates were incubated
an additional 24 h at 37°C. The plates were washed to remove nonad-
herent cells, and growth was monitored by the CFU assay. Experi-
ments were performed in duplicate, and the data represent the aver-
ages of two independent experiments. Values that were significantly
different (P < 0.01) for S. aureus in a polymicrobial biofilm with no
drug versus S. aureus in a polymicrobial biofilm with 800 pg/ml van-
comycin are indicated by the bar and asterisks. SA, S. aureus; Mono,
monomicrobial biofilm; Poly, polymicrobial biofilm.

throughout the medium or metabolism of serum components
or drug. However, within a polymicrobial biofilm with C. albi-
cans, S. aureus maintained resistance to vancomycin.

To determine whether the increased vancomycin resistance
of S. aureus observed in polymicrobial biofilms was dependent
on biofilm formation, we tested vancomycin resistance in
planktonic cultures. Compared with the polymicrobial bio-
films, S. aureus in planktonic culture was sensitive to low doses
of vancomycin (Fig. SA). When S. aureus was cocultured with
C. albicans during planktonic growth, we observed no differ-
ences in sensitivity to vancomycin (Fig. 5A and C). Similarly,
no differences were observed in C. albicans sensitivity to Amp
B during planktonic growth in the presence and absence of S.
aureus (Fig. 5B and C).

In polymicrobial biofilms, S. aureus is coated with signifi-
cantly more matrix material than in BHI monoculture S. aureus
biofilms, which could be derived from C. albicans (Fig. 1A,
panel 3, and Fig. 2A, panel 3). Whether the biofilm was mono-
microbial or polymicrobial, the matrix phenotype was distinct
and uniform. To determine whether the C. albicans biofilm
matrix contributes to vancomycin resistance of S. aureus in a
polymicrobial biofilm, C. albicans monoculture matrix was sep-
arated from the cellular component of the biofilm and added
to S. aureus. We first examined whether C. albicans biofilm
matrix was able to coat S. aureus in the absence of viable C.
albicans. After incubation for 24 h, we observed matrix-coated
S. aureus in serum, similar to what was observed in the polymi-
crobial biofilms (Fig. 2A, panel 3, and Fig. 6A, panel 3). The
Candida matrix coating was also phenotypically different from
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FIG. 5. Effect of planktonic polymicrobial growth on antimicrobial
drug resistance. C. albicans SC5314 (10> CFU/ml) alone, S. aureus
ATCC 25923 (10° CFU/ml) alone, or C. albicans (10°> CFU/ml) and S.
aureus (10> CFU/ml) together were added to 96-well, deep-well
polypropylene plates in 50% BS. Amp B alone, vancomycin alone, or
Amp B and vancomycin combined were added to the wells. The plates
were incubated at 35°C in an orbital shaker at 175 rpm for 18 h, and
fungal and bacterial viability was monitored by the CFU assay. Exper-
iments were performed in duplicate, and data represent averages of
two independent experiments. CA, C. albicans; SA, S. aureus; Mono,
monomicrobial biofilm; Poly, polymicrobial biofilm.

the S. aureus matrix produced in BHI. Compared with S. au-
reus biofilm matrix formed in BHI, the Candida matrix coating
was thicker and more refractory, producing a halo-like ring
surrounding each bacterial cell (Fig. 6A, panels 2 and 3). This
unique matrix phenotype matches what is observed with S.
aureus in polymicrobial biofilms (Fig. 2A, panel 3), supporting
the idea that the matrix coating observed in polymicrobial
biofilms could be partially derived from C. albicans. Antimi-
crobial testing of S. aureus with vancomycin was performed on
monoculture S. aureus in C. albicans matrix or in serum alone.
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FIG. 6. Effect of C. albicans biofilm matrix on S. aureus vancomycin resistance. C. albicans biofilm matrix was isolated as described in Materials
and Methods. (A) S. aureus (107 CFU/ml) was added to chamber slides in 50% BS (panel 1), BHI (panel 2), or C. albicans biofilm matrix (panel
3). After 24 h, cells were stained with SYTO 9 (viable microbial cells stain green) and ConA-Texas Red (extracellular matrix stain red). (B) S.
aureus (107 CFU/ml) was added alone, with C. albicans biofilm matrix, or with C. albicans (10° CFU/ml) to 96-well tissue culture-treated plates
in 50% BS. After incubation for 24 h at 37°C, the plates were washed, and vancomycin was added. The plates were incubated for an additional
24 h. The plates were washed to remove nonadherent cells, and growth was monitored by the CFU assay. Experiments were performed in duplicate,
and results are representative of two independent experiments. Values that were significantly different (P < 0.01) for S . aureus monomicrobial
biofilm in the presence of serum versus S . aureus in the presence of C . albicans matrix are indicated (**) . CA, C . albicans ; SA, S . aureus ; Mono,

monomicrobial biofilm ; Poly, polymicrobial biofilm .

A coculture polymicrobial biofilm in serum served as an addi-
tional control. Compared with growth in serum alone, S. aureus
in serum plus C. albicans matrix was more resistant to vanco-
mycin (Fig. 6B). As seen in previous experiments, S. aureus in
the polymicrobial biofilm was highly resistant to vancomycin at
all concentrations tested. This suggests that C. albicans extra-
cellular matrix plays a role in the increased resistance of S.
aureus in a polymicrobial biofilm but that it is not the only
factor involved.

DISCUSSION

According to the NIH, biofilms are estimated to be respon-
sible for the majority of bacterial and fungal infections in the
body (NIH SBIR/STTR Study and Control of Microbial Bio-
films program announcement). It is estimated that 27% of
nosocomial C. albicans bloodstream infections are polymicro-
bial, with S. aureus as the third most common organism iso-
lated in conjunction with C. albicans (22). In addition, it has
been demonstrated that Candida can form a polymicrobial
biofilm with S. epidermidis in vitro, which alters the sensitivity
of each species to antimicrobial agents (1). In the present
study, we sought to determine whether C. albicans forms
polymicrobial biofilms with S. aureus and to begin to charac-
terize these biofilms in terms of structure, conditions affecting
biofilm formation, and antimicrobial susceptibility.

We demonstrate that although S. aureus forms poor mono-

culture biofilms in serum, it forms a substantial polymicrobial
biofilm in the presence of C. albicans. Macroscopic examina-
tion revealed that while S. aureus can form a visible biofilm
when grown in rich media (BHI), serum does not support such
growth. This observation was supported by fluorescence mi-
croscopy and SEM, which showed sparse growth and lack of
extracellular matrix when S. aureus was incubated in serum. In
polymicrobial biofilms, C. albicans forms the base of the bio-
film with S. aureus adhering preferentially to Candida hyphae
within the biofilm. S. aureus also formed microcolonies on the
surface of the biofilm. Matrix staining of S. aureus biofilms
revealed a different phenotype in polymicrobial versus mo-
nomicrobial biofilms. A distinct halo of matrix material was
evident surrounding S. aureus within the polymicrobial biofilm,
suggesting that S. aureus may become coated in the matrix
secreted by C. albicans. Indeed, when S. aureus was incubated
in isolated Candida biofilm matrix, the bacteria acquired ma-
trix halos similar to those observed in polymicrobial biofilms.
This suggests that S. aureus could become coated with C. al-
bicans biofilm matrix. However, we cannot rule out the possi-
bility that S. aureus may upregulate its own matrix production
when grown in coculture. Future studies will address the con-
tribution of fungal versus bacterial matrix in this system.

To rule out potential toxic effects of sera on growth, we
monitored planktonic growth of S. aureus in both heat-inacti-
vated and non-heat-inactivated sera. Regardless of the pres-
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ence or absence of active complement proteins, S. aureus was
able to grow in the sera, although not to the same levels
observed in BHI. This demonstrates that serum is not toxic but
suggests that there is a lack of appropriate nutrients or carbon
source in the sera that limits the ability of S. aureus to grow to
high levels. Another possibility is that serum interferes with
upregulation of genes necessary for biofilm formation. Inter-
estingly, it has been demonstrated that proteolytic by-products
of serum albumin produced by C. albicans can be used by S.
aureus as a growth medium, but not undigested serum albumin
(28). Therefore, C. albicans may be participating in cross-
metabolism of serum components, which enhances S. aureus
growth and biofilm formation. However, S. aureus cannot form
a biofilm in serum in a Transwell system, which would allow
passage of cross-metabolized serum components. Therefore,
our data suggest that C. albicans metabolism of serum compo-
nents is not playing a role in S. aureus biofilm formation. An
additional explanation is that serum interferes with the attach-
ment of S. aureus to the abiotic plastic surface as has been ob-
served with Pseudomonas aeruginosa (19). However, we examined
the initial adhesion period and found that more bacteria re-
mained attached after the bacteria were washed with serum com-
pared with BHI, a medium that promotes biofilm growth in S.
aureus. Therefore, this seems an unlikely mechanism to explain
the lack of biofilm formation by S. aureus in serum.

We tested whether antimicrobial sensitivity was altered in
the polymicrobial biofilms. Although C. albicans displayed no
difference in sensitivity to Amp B, S. aureus resistance to van-
comycin was greatly enhanced within a polymicrobial biofilm.
Moreover, we show that the enhanced resistance to vancomy-
cin is abrogated when S. aureus is physically separated from C.
albicans using a Transwell assay. This suggests that the in-
creased resistance is not mediated by C. albicans-secreted fac-
tors that diffuse throughout the medium or metabolism of
serum components or drug. It should be pointed out that the
Transwell membranes permit passage of small diffusible mol-
ecules. The intact gel-like C. albicans matrix material is not
readily soluble in media and may not pass through the mem-
brane. In addition, the matrix is formed on the top of the
biofilm and is separated from the membrane by a dense cellu-
lar component. Although individual components of the matrix
may pass through the membrane, S. aureus did not become
coated with matrix from any source, further supporting the
notion that intact matrix did not pass through the membrane.
Therefore, we cannot rule out a role for small molecules that
become trapped within the matrix. In addition, this suggests
that C. albicans facilitation of S. aureus biofilm formation in
serum is not a result of cross-metabolism of serum components.
However, there is the possibility that C. albicans matrix, which
contains glucose, serves as a carbon source for S. aureus, which is
not available when separated by the Transwell membrane (2).

As stated above, the results of microscopic analysis suggest
that S. aureus becomes coated with Candida matrix within the
polymicrobial biofilm. Because it has been suggested that ma-
trix plays a role in drug resistance of C. albicans biofilms, we
tested the S. aureus sensitivity to vancomycin in the presence of
isolated Candida biofilm matrix. Interestingly, S. aureus resis-
tance to vancomycin was increased after being coated with
the isolated Candida matrix. There are several mechanisms
whereby Candida matrix could mediate this effect. First, the
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matrix may limit penetration of the drug, which has been sug-
gested as a mechanism for increased antifungal resistance in C.
albicans biofilms (3, 4). Matrix also has been reported to slow
the diffusion of drugs in Candida-S. epidermidis polymicrobial
biofilms (1). Therefore, one possibility is that the delayed drug
exposure may permit enough time for S. aureus to upregulate
drug resistance genes. Second, the matrix material itself may
alter the growth and gene expression of S. aureus, resulting in
upregulation of antimicrobial resistance genes. Future experi-
ments will address whether matrix enhances drug resistance
genes in S. aureus.
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