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ABSTRACT Candida is a member of the normal human microbiota and often resides
on mucosal surfaces such as the oral cavity or the gastrointestinal tract. In addition to
their commensality, Candida species can opportunistically become pathogenic if the
host microbiota is disrupted or if the host immune system becomes compromised. An
important factor for Candida pathogenesis is its ability to form biofilm communities. The
two most medically important species—Candida albicans and Candida glabrata—are of-
ten coisolated from infection sites, suggesting the importance of Candida coculture bio-
films. In this work, we report that biofilm formation of the coculture population depends
on the relative ratio of starting cell concentrations of C. albicans and C. glabrata. When
using a starting ratio of C. albicans to C. glabrata of 1:3, �6.5- and �2.5-fold increases in
biofilm biomass were observed relative to those of a C. albicans monoculture and a C.
albicans/C. glabrata ratio of 1:1, respectively. Confocal microscopy analysis revealed the
heterogeneity and complex structures composed of long C. albicans hyphae and C.
glabrata cell clusters in the coculture biofilms, and reverse transcription-
quantitative PCR (qRT-PCR) studies showed increases in the relative expression of
the HWP1 and ALS3 adhesion genes in the C. albicans/C. glabrata 1:3 biofilm
compared to that in the C. albicans monoculture biofilm. Additionally, only the
1:3 C. albicans/C. glabrata biofilm demonstrated an increased resistance to the
antifungal drug caspofungin. Overall, the results suggest that interspecific inter-
actions between these two fungal pathogens increase biofilm formation and
virulence-related gene expression in a coculture composition-dependent manner.

IMPORTANCE Candida albicans and Candida glabrata are often coisolated during in-
fection, and the occurrence of coisolation increases with increasing inflammation, sug-
gesting possible synergistic interactions between the two Candida species in pathogene-
sis. During the course of an infection, the prevalence of each Candida species may
change over time due to differences in metabolism and in the resistance of each species
to antifungal therapies. Therefore, it is necessary to understand the dynamics between
C. albicans and C. glabrata in coculture to develop better therapeutic strategies against
Candida infections. Existing in vitro work has focused on understanding how an equal-
part culture of C. albicans and C. glabrata impacts biofilm formation and pathogenesis.
What is not understood, and what is investigated in this work, is how the composition
of Candida species in coculture impacts overall biofilm formation, virulence gene expres-
sion, and the therapeutic treatment of biofilms.
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The human microbiota is composed of a diverse array of bacterial and fungal species
that colonize different sites in the body (1, 2). Although the composition and

function of the bacteria in the microbiota have been extensively studied (3–7), the
mycobiota, or fungal members of the microbiome, remains largely understudied (1). In
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the gastrointestinal tract, shotgun sequencing revealed that fungi comprise approxi-
mately 0.1% of the microorganisms (8, 9), yet this is likely an underrepresentation (1).
Some of the most common fungi in the human body are Candida spp., which colonize
mucosal surfaces such as the oral cavity, gastrointestinal (GI) tract, urogenital tract, and
also the skin in approximately 70% of healthy individuals (10). An expansion in the
Candida population may lead to mucosal and deep tissue infections (candidiasis), while
disseminated candidiasis (candidemia) often affects patients on broad-spectrum anti-
biotics or antifungal drugs, patients with chronic inflammation, nosocomial patients,
and patients that are immunocompromised, such as those with HIV or AIDS (11, 12).
Not surprisingly, Candida is the fourth leading cause of nosocomial infections, and
candidemia mortality rates may be as high as 50% (13–15).

Of the various Candida spp., the opportunistic pathogens Candida albicans and
Candida glabrata account for roughly 60% of Candida spp. in the human body. C.
albicans is often the leading cause of candidiasis and candidemia, with C. glabrata
frequently reported as the second most common Candida isolate in infections within
North America (13, 16–18). C. albicans and C. glabrata are often coisolated together
during an infection, and the isolation of a single species, C. glabrata, from infection sites
is rare (19). Additionally, the coisolation of C. albicans and C. glabrata has been linked
to increased pathogenesis, as the occurrence of coisolation was reported in almost 80%
of patients with severe inflammation (20). The inherent resistance of C. glabrata against
commonly used antifungals such as fluconazole and amphotericin B is generally higher
than that of C. albicans (21, 22). The abundances of C. glabrata and non-albicans
Candida species have been shown to increase in a clinical study during a course of
antifungal treatment against Candida spp. (13). Nguyen et al. (16) observed 427
nosocomial patients with candidemia and found that after treatment with amphoter-
icin B, C. glabrata was the most common non-albicans Candida species to cause
candidemia, mainly due to the persistence of C. glabrata and its resistance to antifungal
treatment (16).

Biofilm communities provide a protective niche for microorganisms from stress and
external perturbations, and it is estimated that 65% to 80% of human infections
originate from biofilms (23). Fungal species such as Candida are also found in polymi-
crobial biofilms in the human body and are generally more resistant to antifungal
agents than when present in suspension (24). It has also been shown that the biofilm
microenvironment facilitates Candida in evading the host immune system and persist-
ing in the body (25, 26). Candida albicans not only resides in the biofilm but also
contributes to its development, as it is also capable of forming robust biofilms (27, 28).
This is primarily due to its polymorphic nature, as it is able to grow as yeast, pseudo-
hyphae, and hyphae. The hyphal morphology of C. albicans is associated with an
increased virulence, as it enables the active penetration of mucosal surfaces into host
tissue, which can lead to disseminated candidiasis. On the other hand, C. glabrata
mainly grows as a budding yeast and has been shown to attach to hyphae of C. albicans
to invade tissue (29). The presence of Candida spp. in a polymicrobial biofilm not only
promotes its virulence but also increases the biofilm formation and antimicrobial
resistance of other pathogenic bacteria, as has been demonstrated for Staphylococcus
aureus (30).

Despite the synergism between C. albicans and C. glabrata, there is limited infor-
mation on the underlying mechanisms involved in the interaction between the two
fungal species and their effects on virulence and invasion. Recent work by Pathak et al.
with C. albicans and C. glabrata cocultures demonstrated that cocultures with a 1:1
initial ratio of C. albicans to C. glabrata yielded the highest biofilm biomass over any
other Candida species combination as well as over single-species biofilms (31). In
addition, a recent host microbiome study showed that the abundances of fungal
species, including C. albicans, changed with diet and potentially contributed to disease
(32); thus, it is conceivable that the relative abundance of a fungal species within a
polymicrobial biofilm can impact pathogenesis. However, there is little knowledge
regarding the relative abundance of each species in a biofilm and how that contributes
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to biofilm formation and pathogenesis. In this work, we investigated the effect of how
changing the initial C. albicans and C. glabrata ratio impacts biofilm formation and
structure and antifungal drug susceptibility.

RESULTS
Increasing C. glabrata in a Candida coculture increases biofilm formation. We

investigated the effect of changing the initial ratio of C. albicans to C. glabrata on
biofilm formation on glass surfaces. Figure 1 shows that the extent of biofilm formation
after 48 h of culture was significantly impacted by the starting ratio of C. albicans to C.
glabrata at the three ratios tested (3:1, 1:1, and 1:3). C. albicans and C. glabrata
monocultures demonstrated comparable biofilm biomass formations on glass surfaces,
as determined by crystal violet staining (Fig. 1A). However, on polystyrene and acrylic
surfaces, biofilm formation by C. glabrata monocultures was lower than that of C.
albicans monocultures (Fig. 1B; see also Fig. S1 in the supplemental material). Interest-
ingly, while C. glabrata monocultures showed lower biofilm formation than C. albicans
on a polystyrene surface, increasing the initial cell density of C. glabrata in the
mixed-species biofilm led to an increase in total biofilm formation (see Fig. 1B). A ratio
of 1:3 (C. albicans to C. glabrata) yielded the maximum biofilm growth, which was
significantly higher than those observed with both C. albicans monocultures and 3:1
and 1:1 initial ratios of C. albicans/C. glabrata cocultures. No additional increase in
biofilm formation was observed when the ratios of C. albicans to C. glabrata were
increased to 1:5 and 1:10 (see Fig. S2).

We quantified the numbers of C. albicans and C. glabrata cells in the coculture
biofilms to determine whether one species was more abundant in the biofilm. Our
results showed that the ratio of C. albicans to C. glabrata in mature biofilms after 48 h
remained approximately similar to the initial inoculum ratio (see Fig. S3), suggesting
that one species does not have a significant fitness advantage over the other under the
culture conditions that were used.

Since hyphae and biofilm formations in C. albicans increase under nutrient-limited
conditions (33, 34), it may be possible that the increase in biofilm biomass observed in
cocultures is the result of nutrient competition in C. albicans/C. glabrata cocultures. As
a control experiment, cocultures of C. albicans and Saccharomyces cerevisiae were used
to mimic the nutrient competition environment of cocultures to ensure that the
enhanced biofilm formation observed in C. albicans/C. glabrata cocultures is the result
of potential interactions between C. albicans and C. glabrata and not due to nutrient-
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FIG 1 Effect of starting culture composition on Candida coculture biofilm formation. Biofilms formed on glass coverslips (A) or polystyrene microtiter plates (B)
for 48 h. Four biological replicates. Ca, C. albicans; Cg, C. glabrata; *, P � 0.05; **, P � 0.01; ***, P � 0.001 compared with C. albicans monoculture by Student’s
t tests. Error bars are standard errors of samples.
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limited conditions experienced by C. albicans in cocultures. The data show that unlike
the C. albicans/C. glabrata cocultures, the biofilm formation with C. albicans/S. cerevisiae
1:3 cocultures was not greater than monocultures of C. albicans or S. cerevisiae (see Fig.
S4), suggesting that the enhanced biofilm formation observed in C. albicans/C. glabrata
cocultures was not due to nutrient competition.

Increased C. albicans hyphae and biofilm structural heterogeneity in Candida
coculture biofilms. The composition and structure of Candida coculture biofilms were
characterized using confocal laser scanning microscopy (CLSM). Biofilms were imaged
6, 12, and 24 h after the initiation of cocultures to assess the differences in biofilm
compositions and structures between various initial C. albicans/C. glabrata ratios. The
biofilm images were used to reconstruct the three-dimensional (3D) structures of
mono- and coculture biofilms. An image analysis revealed long C. albicans hyphae
throughout the C. albicans/C. glabrata 1:3 coculture biofilms and an increased biofilm
thickness compared to those under the other culture conditions during the early
biofilm maturation phase after just 6 h of growth (Fig. 2A and B). Moreover, the
thicknesses of coculture biofilms at C. albicans/C. glabrata ratios of 1:1 and 1:3 were
significantly higher than those of C. albicans monoculture biofilms at 6 h (P values of
0.05 and 0.001, respectively) (Fig. 2B). After 12 h, the coculture biofilm thicknesses were
comparable in all three C. albicans/C. glabrata ratios but still greater than those of C.
albicans monoculture biofilms (Fig. 2B). The reconstructed 3D biofilms also revealed
extensive heterogeneity in the C. albicans/C. glabrata 1:3 cocultures, which differed
from the other two ratios tested. In the C. albicans/C. glabrata 1:3 biofilm, there was
increased clustering of C. albicans hyphae and C. glabrata yeast cells as well as
variations in biofilm structure and thickness over the entire surface of the biofilm.
Interestingly, the thicknesses of C. albicans/C. glabrata 1:3 biofilms varied across the
entire surface of the biofilms, revealing a more heterogeneous biofilm topology;
whereas the thicknesses of C. albicans/C. glabrata 3:1 and 1:1 biofilms were more
uniform across the entire biofilms (Fig. 3A; see also Fig. S5 and S6). The lengths of C.
albicans hyphae were estimated from the reconstructed 3D biofilms. At each time
point, hypha lengths increased significantly with increasing C. glabrata concentrations
in the coculture biofilms, with the C. albicans/C. glabrata 1:3 biofilm exhibiting the
longest hyphae at all three time points (Fig. 3B).

C. albicans monoculture biofilms were thinner than coculture biofilms and were
composed of both yeast and hyphal cells in dense mats that were tightly interwoven
as evident by the close clustering of red in the representative images (Fig. 3A; see also
Fig. S5 to S7). C. glabrata monoculture biofilms were composed of yeast cells, but the
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yeast cells formed small clusters that contributed to a thin biofilm layer (Fig. 2A; Fig. S5
to S7). However, coculture biofilms with an initial C. albicans/C. glabrata ratio of 1:3
demonstrated different characteristics. Two distinct features were observed: a dense,
but not thick, region that comprised a mat of C. albicans hyphae and C. glabrata cells
and a less dense, but thicker, region with long and elongated C. albicans hyphae that
contributed to the increased thickness and volume, with few C. glabrata cells (Fig. 3A
and C). The denser regions of the C. albicans/C. glabrata 1:3 biofilm were similar to
those observed with C. albicans monoculture biofilms or coculture biofilms started with
C. albicans/C. glabrata at 1:1 and 3:1 ratios (Fig. 3A; Fig. S5 and S6).

In addition to increased thicknesses and C. albicans hypha lengths in the Candida
coculture biofilms, the observed physical associations between C. albicans and C.
glabrata in the mixed-species biofilm were quantified. C. glabrata appears to prefer-
entially attach to a hypha of C. albicans (Fig. 4A to C), which was previously observed
(29). The clustering between the two Candida species was most abundant in the C.
albicans/C. glabrata 1:3 biofilm, where the percentage of C. glabrata cells attached to
C. albicans hyphae was significantly higher than those from the C. albicans/C. glabrata
3:1 coculture at 12 and 24 h and the C. albicans/C. glabrata 1:1 ratio at 6 and 12 h
(Fig. 4D).

Gene expression analysis of adhesion genes in C. albicans biofilms. Reverse
transcription-quantitative PCR (qRT-PCR) was utilized to analyze gene expression at 6, 12,
and 24 h in all C. albicans/C. glabrata coculture biofilms. For C. albicans, four adhesion and
invasion associated genes (HWP1, ALS3, PLB5, and SAP9) were chosen, whereas two C.
glabrata adhesion genes (EPA1 and EPA6) were chosen as representative C. glabrata genes
(Table 1). HWP1, ALS3, PLB5, and SAP9 are all genes that contribute to C. albicans cell wall
integrity and adhesion during biofilm formation. In C. glabrata, EPA1 and EPA6 are known
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adhesion genes that have been demonstrated to be upregulated in biofilms (35). All of
these genes were previously reported to be involved in biofilm formation and Candida
virulence (36–40). The expression of HWP1 increased with increasing C. glabrata in the
coculture biofilm. The maximum increase in HWP1 expression was observed at 12 h and
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TABLE 1 qRT-PCR primer list

Gene Primer sequence (5=¡3=)a

C. albicans
HWP1 F, TTGGCTAGTGAAACCTCACCAA

R, GGCAGATGGTTGCATGAGTG
ALS3 F, ACTTTGTGGTCTACAACTTGGG

R, CCAGATGGGGATTGTAAAGTGG
PLB5 F, CATTTGACTCGTCCGGCTCT

R, ATGATGCCTGGGCAGAGGA
SAP9 F, TGTAACTTGGCCGACTCCAG

R, ACGAGCTTGACGATTGTTGCAT
ADH1 F, TGGGTGCTGAAGCTTACGTT

R, TGACTTTAGCGTGAGCTGGT

C. glabrata
EPA1 F, ACCTAGCCCATACGGACCAA

R, TCTGAGAAAGCATACTCGCTTGA
EPA6 F, TCCGAATTATCCTCGAACAGGC

R, ATCAAACAGCGAAGTACACCC
ADH1 F, GAGCCGTCTTCCCTTCCA

R, CGTGTTCGATTCGGTAACGC
aF, forward; R, reverse.
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was significantly different between C. albicans monoculture biofilms and coculture biofilms
at 3:1 and 1:3 ratios (t test, P � 0.01). At 24 h, HWP1 gene expression in C. albicans/C.
glabrata 1:1 and C. albicans/C. glabrata 1:3 was significantly higher than in the C. albicans
monoculture biofilm (Table 2).

ALS3 gene expression increased as the ratio of C. albicans to C. glabrata decreased,
and the maximum increase was again observed at 12 h. ALS3 gene expression was
significantly higher in the C. albicans/C. glabrata 3:1 biofilm at 24 h and in the C.
albicans/C. glabrata 1:3 biofilm at 6 and 24 h than in the C. albicans monoculture biofilm
(t test, P � 0.05) (Table 2). The expression of PLB5 did not change significantly between
C. albicans and the coculture biofilms at all ratios at the three time points, whereas SAP9
gene expression decreased at all time points in the coculture biofilms compared to that
in the C. albicans monoculture (see Table S1). The expression of C. glabrata adhesion
genes EPA1 and EPA6 was unchanged at all ratios and time points compared to that in
the C. glabrata monoculture (Table 3).

Candida coculture biofilms demonstrate increased antifungal resistance. As
biofilm formation is known to increase antimicrobial drug resistance (24, 28, 41), the
increased biofilm thickness and structural complexity of C. albicans/C. glabrata cocul-
tures can potentially result in enhanced antifungal drug resistance. Therefore, the
impact of the C. albicans/C. glabrata ratio on the susceptibility of C. albicans and C.
glabrata biofilm cultures to caspofungin was tested. The MIC50s for the planktonic
culture of C. glabrata and the mixed C. albicans/C. glabrata 1:1 coculture were each
measured to be 0.0156 �g/ml, which was double that of the C. albicans monoculture
(0.0078 �g/ml), and the MIC90s were 0.0312 �g/ml for all conditions. The MIC50 and
MIC90 of planktonic Candida cultures were lower than those observed in biofilms (see
Table S2).

Due to differences in the metabolism of 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide salt (XTT) between Candida species, CLSM was utilized
for cell enumeration and to quantify cell viability of caspofungin-treated biofilms. A
caspofungin concentration of 0.03 �g/ml was chosen to analyze cell viability on the
basis of unpublished data from our laboratory showing that the MIC50 using the XTT
assay was 0.03 �g/ml for C. albicans, C. glabrata, and coculture biofilms (Table S2). After
caspofungin treatment, the C. glabrata monoculture biofilm had a viability of 14% �

2.5% and the C. albicans monoculture biofilm was 43% � 4.4% viable compared to
untreated control biofilms (Fig. 5). In coculture biofilms, the total cell viability increased
with increasing C. glabrata in the biofilm. The C. albicans/C. glabrata 1:3 biofilm had a
cell viability of 75% � 8.4%, which was significantly higher than those of the C.
albicans/C. glabrata 3:1 and C. albicans/C. glabrata 1:1 biofilms, which exhibited viabil-
ities of 37% � 8.2% and 62% � 5.7%, respectively (Fig. 5). When considering the
individual species viability in coculture biofilms, C. albicans was more susceptible to
caspofungin than C. glabrata. In the mixed-species biofilm, C. glabrata continued to
grow even after the addition of caspofungin.

TABLE 2 Relative C. albicans biofilm gene expression

Gene
C. albicans/C. glabrata
ratio biofilm

Gene expression level (relative to ADH1)a after:

6 h 12 h 24 h

HWP1 C. albicans monoculture 0.352 � 0.262 1.274 � 0.280 0.151 � 0.102
3:1 0.357 � 0.148 1.070 � 0.330 0.465 � 0.098
1:1 0.680 � 0.237 2.141 � 0.822 0.621 � 0.114*
1:3 0.774 � 0.157 3.827 � 0.369** 0.829 � 0.095**

ALS3 C. albicans monoculture 0.095 � 0.053 0.359 � 0.103 0.052 � 0.021
3:1 0.146 � 0.075 0.238 � 0.065 0.157 � 0.019*
1:1 0.257 � 0.089 0.345 � 0.088 0.177 � 0.055
1:3 0.337 � 0.052* 0.714 � 0.084 0.163 � 0.007*

aValues are averages � standard errors from 3 biological replicates with 3 technical replicates each.
Statistical significance determined by Student’s t tests with respect to C. albicans monoculture biofilm:
*, P � 0.05; **, P � 0.01.
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DISCUSSION

Recent microbiome studies have started to shed light on how the composition of
bacterial and fungal species can potentially correlate with health and disease (32,
42–44). Candida, being a commensal fungal microorganism and opportunistic patho-
gen (10), is involved in this paradigm of health and disease. As Candida species exhibit
variable susceptibility to antifungal treatments, a changing prevalence of Candida spp.
in candidiasis and candidemia on an epidemiological level (45–47) and changing
colonization of fungal species over time at the single patient level have been observed
(45, 48, 49), suggesting there are changes in the mycobiome during the course of
disease and treatment. Candida biofilms pose a high risk to human health, as high rates
of infection and mortality are correlated with biofilm formation due to the enhanced
resistance to antimicrobials (50). Clinical studies show that C. albicans and C. glabrata
are often coisolated in infections (45, 51, 52), and the degree of infection is worsened
by the presence of both species (20, 53). While the clinical importance of Candida spp.
in biofilms is evident, the interactions between C. albicans and C. glabrata, in terms of
their relative abundances and their effects on the development of Candida biofilms, are
poorly understood. In this work, we investigated the impacts of changing the relative
starting ratios of C. albicans and C. glabrata in coculture biofilms on biofilm formation
and the resistance to antifungal treatment. Our results clearly demonstrate that the
relative abundance of each species has a significant impact on biofilm formation, as
biofilms increased with increased levels of C. glabrata. This observation is especially
interesting as we and others (54–57) have shown that C. glabrata in monocultures
forms a weaker biofilm than C. albicans. The fact that this density-dependent effect was

TABLE 3 Relative C. glabrata biofilm gene expression

Gene
C. albicans/C. glabrata
ratio biofilm

Gene expression level (relative to ADH1)a after:

6 h 12 h 24 h

EPA1 C. glabrata monoculture 0.026 � 0.005 0.032 � 0.011 0.078 � 0.023
3:1 0.014 � 0.004 0.040 � 0.014 0.197 � 0.063
1:1 0.013 � 0.003 0.049 � 0.008 0.256 � 0.098
1:3 0.011 � 0.002 0.048 � 0.015 0.192 � 0.074

EPA6 C. glabrata monoculture 0.442 � 0.201 0.407 � 0.211 0.256 � 0.149
3:1 0.635 � 0.268 0.676 � 0.447 0.380 � 0.234
1:1 0.510 � 0.175 0.980 � 0.656 0.402 � 0.266
1:3 0.430 � 0.243 0.360 � 0.193 0.346 � 0.162

aValues are averages � standard errors from 3 biological replicates with 3 technical replicates each.
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FIG 5 Candida biofilm viability after caspofungin treatment. Student’s t test, *, P � 0.05 compared to C.
albicans monoculture. Error bars are standard errors from 3 biological replicates.
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observed with biofilms grown on different surfaces (glass, polystyrene, and acrylic)
suggests that this behavior is independent of the surface characteristics.

An analysis of biofilms using CLSM revealed that the ratios of C. albicans to C.
glabrata remained relatively constant at the levels in which they were seeded over the
duration of the experiment. This suggests that one species did not have a nutritional
or metabolic advantage to outgrow the other in the biofilm (see Fig. S3 in the
supplemental material). Cataldi et al. (58) demonstrated that a complex biofilm struc-
ture (biofilm composed of blastospores and pseudohyphal and hyphal cells) increased
the biofilm cell surface area, which can increase adhesion to host cell surfaces and
pathogenesis. Recently, Alonso et al. demonstrated that macrophage migration toward
C. albicans, a mechanism for clearing infection and pathogens in the human body, is
reduced 2-fold when cells are in a biofilm, which was attributed to increased biofilm
thickness and structure (extracellular matrix encasement of yeast and hyphal cells [59]),
rather than the composition of the biofilm matrix (60). In this work, we also observed
increased structural complexity and heterogeneity in coculture Candida biofilms com-
pared to those of monoculture biofilms, where the highest biofilm heterogeneity was
seen in the C. albicans/C. glabrata 1:3 biofilm. The increase in structural complexity was
evident from the increase in C. albicans hypha formation and uneven thickness across
the biofilm, which resulted in a larger network of cells and more complex 3D structure
(Fig. 2 and 3; Fig. S5 to S7).

Because of the increase in hyphae and uneven topology, the overall biofilm
thickness was not an appropriate metric for quantifying coculture Candida biofilms.
Instead, 3D biofilm reconstructed images were used for biofilm data interpretation.
For example, the increase in hypha length observed with the 1:3 C. albicans/C.
glabrata biofilms suggests that the C. albicans/C. glabrata 1:3 biofilm is potentially
more virulent than 1:1 or 3:1 ratio biofilms, as an increase in hypha length is often
associated with increased C. albicans virulence (34). We observed that a majority of
C. albicans yeast cells were on the bottom of the biofilm with hyphal cells growing
upward (Fig. 2; Fig. S7), which is similar to the observations reported by Kuhn et al.
with monoculture C. albicans biofilms (61). In our observations of C. albicans/C.
glabrata coculture biofilms, C. glabrata was evenly dispersed throughout the bio-
film, and aggregates formed around C. albicans hyphae (Fig. 3C and 4). While
clustering of C. glabrata around C. albicans hyphae was seen in all three C.
albicans/C. glabrata ratios (Fig. 4A to C), maximal clustering was observed in the C.
albicans/C. glabrata 1:3 biofilm. This observation is consistent with the longer
hyphae that were observed in this coculture condition (Fig. 3B).

Previous studies have shown that several C. albicans genes (e.g., HWP1 and ALS3)
and C. glabrata genes (e.g., EPA1 and EPA6) are involved in increased adhesion and
biofilm formation in vitro and in vivo (37, 39, 40). In this study, the expression of both
HWP1 and ALS3 increased in the coculture biofilms compared to that in a C. albicans
monoculture biofilm, and the highest fold induction was observed with the starting
ratio of C. albicans to C. glabrata of 1:3 (Table 2). The increase in HWP1 gene expression
for the C. albicans/C. glabrata 1:3 biofilm is consistent with the increased hypha length
seen in the biofilms (Fig. 3B), as HWP1 (hyphal wall protein 1) is a C. albicans hypha-
associated gene involved in adhesion and invasion (62, 63). ALS3 gene expression was
highest in C. albicans/C. glabrata 1:3 coculture biofilms compared to that in C. albicans
monoculture biofilms at 6 and 24 h, indicating that Als3 may be needed for the initial
formation of Candida coculture biofilms (at 6 h) and also for the maintenance of a
mature biofilm structure (at 24 h). Early activation of ALS3 gene expression in C. albicans
biofilms was previously demonstrated by Nailis et al., where ALS3 gene expression
increases within 6 h compared to that in planktonic cells and then is downregulated
after 48 h (64). The increased expression of C. albicans cell wall adhesins HWP1 and ALS3
also suggests an increase in the attachment of cells within the biofilm, which enables
more robust biofilm formation than in biofilms with lower adhesin expression. More-
over, increased hyphae in C. albicans and increased HWP1 expression are associated
with increased yeast-hypha cell interactions in the biofilm, which contributes to the
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increased structural complexity of cells within the biofilm matrix (Fig. 4D), and ALS3 has
been demonstrated to facilitate the binding of C. glabrata to C. albicans in a biofilm,
further leading to biofilm robustness and thickness in coculture (29). The expression of
HWP1 and ALS3 is also activated earlier on in the C. albicans/C. glabrata 1:3 biofilm than
in the C. albicans monoculture, indicating an earlier initiation of biofilm formation,
which possibly contributes to the higher biomass seen over time with the 1:3 ratio.

We observed an increase in the expression of the C. glabrata adhesion gene EPA1 at
24 h in coculture biofilms. Recently, Tati et al. demonstrated that several EPA adhesions
genes (EPA8 and EPA19) are upregulated in mixed-species cultures of C. albicans and C.
glabrata (29). While no significant change in the expression of EPA1 or EPA6 was
observed between coculture and monoculture biofilms (Table 3), it should be noted
that EPA1 has been primarily reported to be involved in adhesion to host tissue (40),
and the lack of an observed gene expression change in EPA1 and EPA6 could also be
the result of subtelomeric silencing (65–67).

In concordance with the biofilm data, C. albicans/C. glabrata 1:3 coculture biofilms
exhibited the highest resistance to caspofungin treatment (Fig. 5). Cataldi et al. (58)
reported that a nonuniform biofilm has an increased susceptibility to antifungal drugs
due to a lower biofilm cell-matrix density and discontinuous cell embedding in the
extracellular matrix, which could explain the increased resistance to caspofungin with
the C. albicans/C. glabrata 1:3 biofilm. Interestingly, while C. albicans monoculture
biofilms were more susceptible to caspofungin, C. glabrata biofilm cells in coculture
grew in the presence of 0.03 �g/ml caspofungin (Fig. S3). It is unclear why C. glabrata
cell viability increases in coculture biofilms in the presence of caspofungin and whether
this phenomenon is observed for other antifungal drugs as well.

Our study presents multiple lines of evidence to demonstrate that the initial relative
cell densities of C. albicans and C. glabrata in a coculture biofilm strongly influence the
extent of biofilm formation as well as its structural complexity. The increased hypha
length in the C. albicans/C. glabrata 1:3 biofilm contributes to a more complex biofilm
structure, which increases the thickness and antifungal resistance of the biofilm.
Additionally, increased hyphae also provide more hyphal surface area for C. glabrata
yeast cells to attach and cluster in the biofilm. These observations suggest that the
changing Candida polymicrobial culture dynamics during biofilm formation may alter
the course of the infection. Ongoing work in our laboratory is focused on investigating
the transcriptomic changes in coculture biofilms and identifying the molecular basis
underlying Candida interspecies interactions.

MATERIALS AND METHODS
Microorganisms and growth conditions. C. albicans (SC5314, J. Berman, ENO1-RFP::Nat1) (68) and

C. glabrata (ATCC 2001, green fluorescent protein [GFP] labeled) were used in this study. Prior to the
experiments, the strains were cultured on yeast extract-peptone-dextrose (YPD) agar plates for 48 h at
30°C. For all experiments, single colonies were isolated from YPD agar plates and inoculated in 25 ml
yeast nitrogen base (YNB) medium (50 mM glucose, pH 7; Amresco). Cultures were grown for 12 h at 30°C
and 170 rpm prior to experiments.

Biofilm quantification assay. Biofilms were grown in either 96-well polystyrene plates (Corning) or
on glass or acrylic coverslips (VWR) in 6-well tissue cultures plates. The 96-well plates or coverslips were
incubated in heat-inactivated fetal bovine serum (HI FBS) overnight at 37°C. Prior to the experiment,
coverslips or wells were washed once in 1� phosphate-buffered saline (PBS; pH 7.4), and the coverslips
were placed into 6-well tissue culture plates. Overnight cultures were washed twice with PBS and
resuspended in fresh YNB medium. A hemocytometer was used for the calculation of cell density, and
cell cultures were diluted to a final concentration of 107 cells/ml. A final volume of 4 ml cell culture was
added to each well with a coverslip, and 100 �l was added to the 96-well plates. Wells with medium only
were used as the controls. Biofilms were allowed to grow at 37°C for 48 h without agitation. After 48 h,
the coverslips were removed from the 6-well plates using tweezers and washed twice with PBS. For the
96-well plates, wells were washed twice with 200 �l PBS. Coverslips were placed in a new 6-well plate,
where 2 ml (200 �l for microtiter plates) of 99% methanol was added to each biofilm. After 15 min, excess
methanol was removed from the wells and biofilms were allowed to dry completely. Once dry, 2 ml (200
�l for microtiter plates) of 0.1% crystal violet was added to each biofilm and incubated at room
temperature for 20 min (69). Plates were rinsed gently with deionized water to remove excess crystal
violet stain from the wells and biofilms. Excess water was removed from the wells, and 1 ml (150 �l for
microtiter plates) of 33% acetic acid was added to each biofilm. Acetic acid samples were diluted 50-fold
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in a black-walled clear-bottom 96-well Corning plate, and the absorbance was measured at 590 nm in
a plate reader (Molecular Devices SpectraMax 340PC).

Confocal laser scanning microscopy. For CLSM biofilm analysis, biofilms were grown in 2-well
chambered cover glass slides (Nunc Lab-Tek) that were preincubated overnight with HI FBS at 37°C.
Cultures of C. albicans and C. glabrata were grown overnight in YNB medium. Cultures were washed
twice in PBS and adjusted to a cell density of 107 cells/ml. A final volume of 2 ml per well was used.
Biofilms were allowed to grow for 48 h at 37°C without agitation. After 48 h of growth, biofilms were
washed gently with PBS and fixed with 4% paraformaldehyde (at room temperature in the dark for 30
min). Images were acquired on a Zeiss LSM 780 NLO multiphoton microscope (Zeiss, USA) using the
Plan-Apo 40�/1.4 oil differential interference contrast (DIC) M27 objective with 488 nm and 543 nm laser
lines to image GFP and red fluorescent protein (RFP) simultaneously. To analyze the structures of the
biofilms, a series of optical sections were taken at 1-�m intervals throughout the depths of the biofilms.
Three biological replicates were imaged and up to 3 images were taken per biofilm sample and used in
both Comstat2 and ImageJ analyses. Image J (70) was used to adjust the brightness of images, render
3D image stacks, and quantify hypha length and cell clustering. Comstat2 (71, 72) was used for
calculating biofilm thickness.

RNA extraction and qRT-PCR analysis. As described above, biofilms were grown for 6, 12, and 24
h on glass coverslips in 6-well tissue culture plates. Biofilms were washed off the coverslips with
prechilled sterile Millipore water, and the cells were collected by centrifugation (2,000 � g for 5 min at
4°C). The supernatants were removed and cell pellets were flash-frozen in liquid nitrogen prior to placing
in a lyophilizer for drying. The cell pellets were allowed to dry for 24 h. Acid-washed glass beads
(Sigma-Aldrich) were added to the dried cell pellets, which were disrupted in a Disruptor Genie by using
2-min cycles for up to 10 min. Lysis buffer from the GE Illustra RNAspin minikit was added to the
disrupted cell powder, and RNA was extracted using the kit protocol with on-column DNase I treatment.
RNA quality and concentration were determined using a Nanodrop and Qubit, respectively.

For qRT-PCR, a qScript one-step SYBR green qRT-PCR kit (Quanta Biosciences) was used in a Roche
LightCycler 96 system. Fifty nanograms of RNA was used in each reaction mixture. ADH1 was the
reference gene used for ΔCT analysis. For ΔΔCT analysis, the monoculture biofilm ΔCT was subtracted
from the coculture biofilm ratios. A 2�ΔΔCT analysis was used to determine the fold change in gene
expression. Standard deviations were taken from 2�ΔΔCT values of three biological replicates. The primers
used are listed in Table 1.

Antifungal susceptibility test. Caspofungin (GoldBio, St. Louis, MO) was dissolved in sterile Milli-Q
water to a concentration of 1 mg/ml. The caspofungin stock solution was stored at �80°C in individual
aliquots for one-time use. The CLSI M27-A2 (73) testing standard was slightly modified and used to test
Candida planktonic caspofungin susceptibility. The cells were diluted to a concentration of 5.0 � 102 to
2.5 � 103 cells/ml in YNB medium (50 mM glucose, pH 7). The cultures were allowed to grow for 48 h
in test tubes at 37°C without agitation. The optical density at 600 nm (OD600) of planktonic cultures was
measured after 48 h. To test biofilm susceptibility, 96-well microtiter plates were coated with HI FBS and
placed at 37°C overnight. The wells were washed once with PBS before inoculating with prepared cell
cultures as mentioned above. The final volume in the wells was 100 �l. Biofilms were allowed to grow
for 24 h at 37°C. After 24 h, the biofilms were washed twice with 200 �l PBS, and fresh YNB medium or
YNB medium with caspofungin was added to the wells. The plates were placed back at 37°C for 24 h.
After 48 h of total growth, the biofilms were washed twice with 200 �l PBS and processed with either
the XTT assay or CLSM for biofilm cell counts.

The quantitation of Candida biofilms was performed as described previously (74, 75) using both a
biochemical assay, the XTT reduction assay, and CFU measurements via confocal microscopy. XTT is
reduced by mitochondrial dehydrogenase into a water-soluble formazan product that is measured
spectrophotometrically. Briefly, XTT (Sigma Chemical Co. [St. Louis, MO] or Amresco) was dissolved in PBS
to a final concentration of 0.5 mg/ml and filter sterilized. Menadione (Spectrum, NJ) was dissolved in
acetone to a final concentration of 10 mM. XTT and menadione aliquots were stored at �80°C for future
use. The menadione solution was added to the XTT solution for a final concentration of 1 �M. One
hundred microliters of the XTT-menadione solution was added to the wells, and the plates were wrapped
in foil and incubated at 37°C for 3 h. Eighty microliters of the supernatant was added to a new 96-well
plate and measured at 490 nm (Tecan Infinite M200). The percent viability was calculated using the
following equation: percent viability � 100 � (A490 treated � A490 background)/(A490 untreated � A490

background).
To count biofilm cells from the antifungal susceptibility test, cells were removed from the 96-well

plates by the addition of 100 �l PBS and scraped with a pipette tip. A total of 3 technical replicates were
collected and combined for one sample in a microcentrifuge tube. The samples were vortexed vigorously
and 10 �l of cell suspension was added to a coverslip and imaged. Images were taken using a Leica TCS
SP5 (Leica, Germany) using an HCX Plan-Apo 40�/0.85 dry objective with 488 nm and 543 nm laser lines
with a 1.7� zoom. Ten images were taken per sample, and cell counts from a total of 3 biological
replicates were counted using Image J software (70).

SUPPLEMENTAL MATERIAL
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