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ABSTRACT Fungal and bacterial populations coexist in the oral cavity, fre-
quently forming mixed-species biofilms that complicate treatment against poly-
microbial infections. However, despite relevance to oral health, the bidirectional
interactions between these microbial populations are poorly understood. In this
study, we aimed to elucidate the mechanisms underlying the interactions be-
tween the fungal species Candida albicans and the bacterial species Streptococ-
cus gordonii as they coexist in mixed-species biofilms. Specifically, the interac-
tions of different C. albicans mutant strains deficient in filamentation (efg1Δ/Δ
and brg1Δ/Δ), adhesive interactions (als3Δ/Δ and bcr1Δ/Δ), and production of matrix
exopolymeric substances (EPS) (kre5Δ/Δ, mnn9Δ/Δ, rlm1Δ/Δ, and zap1Δ/Δ) were eval-
uated with S. gordonii under different conditions mimicking the environment in the
oral cavity. Interestingly, our results revealed that growth of the biofilm-deficient C.
albicans als3�/� and bcr1�/� mutant strains in synthetic saliva or with S. gordonii
restored their biofilm-forming ability. Moreover, challenging previous observations
indicating an important role of morphogenetic conversions in the interactions be-
tween these two species, our results indicated a highly synergistic interaction be-
tween S. gordonii and the C. albicans filamentation-deficient efg1�/� and brg1�/�
deletion mutants, which was particularly noticeable when the mixed biofilms were
grown in synthetic saliva. Importantly, dual-species biofilms were found to exhibit
increase in antimicrobial resistance, indicating that components of the fungal ex-
opolymeric material confer protection to streptococcal cells against antibacterial
treatment. Collectively, these findings unravel a high degree of complexity in the in-
teractions between C. albicans and S. gordonii in mixed-species biofilms, which may
impact homeostasis in the oral cavity.

IMPORTANCE Microbial communities have a great impact in health and disease. C.
albicans interacts with multiple microorganisms in the oral cavity, frequently forming
polymicrobial biofilms. We report on the synergistic interactions between C. albicans
and the Gram-positive bacterium S. gordonii, for which we have examined the differ-
ent contributions of adhesive interactions, filamentation, and the extracellular matrix
to the formation of dual-species biofilms. Our results demonstrate that growth in
the presence of the bacterium can restore the biofilm-forming ability of different C.
albicans mutant strains with defects in adhesion and filamentation. The mixed-
species biofilms also show high levels of resistance to antibacterial and antifungal
antibiotics, and our results indicate that the fungal biofilm matrix protects bacterial
cells within these mixed-species biofilms. Our observations add to a growing body
of evidence indicating a high level of complexity in the reciprocal interactions and
consortial behavior of fungal/bacterial biofilms.

KEYWORDS Candida albicans, Streptococcus gordonii, mixed biofilms, synthetic saliva

Citation Montelongo-Jauregui D, Saville SP,
Lopez-Ribot JL. 2019. Contributions of Candida
albicans dimorphism, adhesive interactions,
and extracellular matrix to the formation of
dual-species biofilms with Streptococcus
gordonii. mBio 10:e01179-19. https://doi.org/10
.1128/mBio.01179-19.

Editor Michael Lorenz, University of Texas
Health Science Center

Copyright © 2019 Montelongo-Jauregui et al.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
4.0 International license.

Address correspondence to Jose L. Lopez-Ribot,
jose.lopezribot@utsa.edu.

This article is a direct contribution from a
Fellow of the American Academy of
Microbiology. Solicited external reviewers:
Mary Ann Jabra-Rizk, University of Maryland,
Baltimore; Anna Dongari-Bagtzoglou,
University of Connecticut.

Received 8 May 2019
Accepted 17 May 2019
Published 18 June 2019

RESEARCH ARTICLE
Host-Microbe Biology

crossm

May/June 2019 Volume 10 Issue 3 e01179-19 ® mbio.asm.org 1

https://doi.org/10.1128/mBio.01179-19
https://doi.org/10.1128/mBio.01179-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:jose.lopezribot@utsa.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/mBio.01179-19&domain=pdf&date_stamp=2019-6-18
https://mbio.asm.org


Candida albicans is commonly found as a normal commensal in the mucosae of
humans (1, 2). However, as the main opportunistic fungal pathogen of compro-

mised patients, it has the potential to cause infections, ranging from superficial to
invasive disseminated candidiasis (3). The oral cavity is one of the multiple niches where
this fungus resides (4), and depending on the host status and environmental condi-
tions, C. albicans can either be a harmless commensal colonizing oral surfaces or lead
to active infection, such as oropharyngeal candidiasis, denture stomatitis, or angular
cheilitis (5, 6). Interestingly, C. albicans has been reported to interact with other
members of the oral microbiota, in particular bacteria, leading to either synergistic or
antagonistic interkingdom interactions (7). These interactions often result in the for-
mation of mixed fungal/bacterial biofilms, complex microbial communities displaying
consortial behavior, and biofilm formation carries important repercussions to oral
health (8–16).

Among the interactions between C. albicans and oral bacteria, those with Strepto-
coccus gordonii are among the best characterized thus far (9, 17–20). This bacterium is
considered an early colonizer of the oral cavity, and increasing evidence points to the
multiple ways in which these two organisms interact with each other (7, 9, 17, 19, 21).
Evidence so far point to the fact that hyphae are the preferred C. albicans morphotype
S. gordonii adheres to (17). More specifically, S. gordonii directly binds C. albicans
hypha-specific adhesins Als3p, Eap1p, and Hwp1p via the streptococcal SspB, belong-
ing to the antigen I/II family of polypeptides (17, 22). The S. gordonii quorum-sensing
factor AI-2 induces C. albicans filamentation, and S. gordonii is able to block the
inhibitory effect of exogenous farnesol on C. albicans filamentation and biofilm forma-
tion (9). S. gordonii expression of glucosyltransferase G (GtfG) also contributes to
coaggregation with C. albicans (23). Also, the S. gordonii comCDE (competence) operon
modulates the formation of dual-species biofilms with C. albicans (19). In virtually all
instances, formation of these mixed fungal/bacterial biofilms led to high levels of
antibiotic resistance (20, 24).

In this study, we aimed to elucidate the roles of the key C. albicans biological
processes and specific factors during the interactions with S. gordonii in mixed-species
biofilms, for which we have used C. albicans mutant deletion strains lacking key specific
genes influencing filamentation, adhesive interactions, and/or production of biofilm
matrix components. Our combined findings demonstrated a high degree of complexity
in the mutualistic interactions between these two microorganisms in dual-species
biofilms. Significantly, our findings also indicated a potential therapeutic implication for
this interaction, as these diverse species coexist within a biofilm.

RESULTS AND DISCUSSION
Growth media impacts the biofilm-forming abilities of various mutant strains

of C. albicans. The use of deletion mutant strains with specific defects in key genes
represents a powerful tool for the molecular dissection of biological and developmental
processes (25). Therefore, we evaluated the interactions between S. gordonii and
various C. albicans mutant strains representing the key fungus-associated factors
involved in adherence and biofilm formation, namely, morphogenetic conversions,
adhesive interactions, and biofilm polysaccharide matrix (26). Since we have previously
demonstrated significant differences in the extent and architectural features between
C. albicans biofilms grown in basal medium mucin (BMM) synthetic saliva versus those
grown in conventional microbiological media (20), we initially evaluated the biofilm-
forming capabilities of the various C. albicans mutant strains in both microbiological
media, the BMM synthetic saliva and the 1:1 (vol/vol) mixture of RPMI 1640 and
Todd-Hewitt broth (THB) plus 0.02% (wt/vol) yeast extract medium (hereafter referred
to as 1:1 media). The mutant strains selected for these experiments (Table 1) are
representative of three of the major different categories that play pivotal roles in C.
albicans biofilm formation and maintenance, including morphogenetic conversions,
adhesive interactions, and the biofilm matrix (26). Since filamentation and biofilm
formation are intrinsically linked to each other in this pathogenic fungus (27–30), we
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chose the efg1�/� and the brg1�/� deletion mutants as archetypical strains with
strong filamentation defects, although we note that besides their role in filamentation,
EFG1 and BRG1 form part of a network of regulators of biofilm formation (29). To
understand the contribution of adhesive interactions, the C. albicans als3�/� and
bcr1�/� mutants were selected (31). Bcr1p is a master regulator of C. albicans biofilm
formation and maintenance due to its control of the expression of key adhesins on the
surfaces of fungal cells (32). One of these adhesins and the key target of Bcr1 regulation
is Als3, which is expressed specifically on the surfaces of C. albicans hyphae, and
Als3-mediated adherence, mostly through complementary interactions with other
adhesins, represents a key factor in biofilm formation (18, 33). As a result, biofilm
formation is severely impaired in both bcr1�/� and als3�/� mutant strains, despite the
fact that they are fully capable of filamenting. Finally, the kre5�/�, mnn9�/�, rlm1�/�,
and zap1�/� mutants were selected on the basis of the important contributions of their
corresponding genes/proteins to the C. albicans biofilm matrix (34–36). Fungal cell
walls are composed of glucans, mannans, and chitin (37, 38) which also represent major
components of the biofilm matrix (35, 39). For these reasons, we tested mutant strains
with irregular composition of fungal cell wall (rlm1�/�) (40), reduced amounts of
glucans (kre5�/�) (41) or mannans (mnn9�/�) (39, 42, 43) in the cell wall and biofilm
exopolymeric material, as well as mutants with alterations in biofilm matrix formation,
such as the zap1�/� mutant (44).

Similar to what has been previously described in the literature of C. albicans mutant
strains (18, 31, 32, 45–47), the data obtained from Presto Blue metabolic readings
(Fig. 1) pointed to defects in the biofilm-forming ability associated with some of the
tested mutant strains in comparison to their respective parental strains (SC5314 for the
als3�/� and brg1�/� mutant strains, SN152 for all other strains tested) when using
traditional microbiological media to form monospecies biofilms (Fig. 1). This was
particularly noticeable in the case of those mutant strains with defects in adhesive
interactions (als3�/� and bcr1�/�), and filamentation-defective mutant strains
(efg1�/� and brg1�/�), whereas no major differences were observed in the case of
mutant strains carrying deletions affecting key components of the biofilm exopolymeric
matrix (i.e., kre5�/� and mnn9�/�). These observations were further corroborated by
visualization of the resulting biofilms using confocal scanning laser microscopy (CSLM)
as shown in Fig. 2 and by scanning electron microscopy (SEM) as shown in Fig. 6 and
Fig. S1 in the supplemental material. Similar to what has previously been described
using different microbiological media (29, 46), the filamentation-deficient C. albicans
efg1�/� mutant strain was severely deficient in biofilm formation when 1:1 media were
used, forming a thin layer of mostly elongated yeast cells, and very similar observations
were made in the case of the brg1�/� mutant (Fig. 2 and Fig. S1). In 1:1 media, the
biofilms formed by C. albicans als3�/� and bcr1�/� mutants with defects in adhesive
interactions were fragile and readily detached from the plate surface when we at-
tempted to stain for confocal microscopy or scanning electron microscopy (we note
that taking extreme caution during the washing/fixing/dehydration processing of
samples for SEM, we were able to retain a small portion of the bcr1�/� biofilm, which

TABLE 1 C. albicans strains used in this study

C. albicans strain Reference

SC5314 (parental)
als3�/� mutant 33
brg1�/� mutant 55

SN152 (parental) 34
bcr1�/� mutant 34
efg1�/� mutant 34
kre5�/� mutant 35
mnn9�/� mutant 35
rlm1�/� mutant 34
zap1�/� mutant 34
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is included in Fig. 6 and Fig. S1), also similar to previous observations for in vitro-formed
biofilms by these strains (29).

In contrast to the significant deficiencies in biofilm formation in the 1:1 media,
interestingly, in BMM synthetic saliva, both the C. albicans als3�/� and bcr1�/�
deletion mutants were capable of forming biofilms in BMM synthetic saliva to an extent
similar to those formed by their corresponding parental strains, as manifested by
increased Presto Blue metabolic readings (Fig. 1), as well as CSLM (Fig. 3) and SEM
visualizations (see Fig. 6 and Fig. S1). As mentioned before, this synthetic saliva medium
mimics in vivo conditions in the mouth, which may explain the differences observed
between BMM and 1:1 media. This is also in agreement with previous reports indicating
that the als3�/� mutant strain is capable of forming biofilms in vivo in a catheter model
(31, 32). However, we note that growth in BMM synthetic saliva did not restore the
biofilm-forming ability of the filamentation-deficient efg1�/� and brg1�/� deletion
mutant strains (see also Fig. 3 and Fig. S1).

Examination of different C. albicans mutant strains indicates that morphology,
adherence, and extracellular matrix make distinct contributions to the formation
of mixed-species biofilms with S. gordonii. As mentioned before, C. albicans and S.
gordonii are often found in association with each other as members of the human oral
microbiota (48, 49). Together, they have the ability to form dual-species biofilms that
may impact their roles as commensals and pathogenic microorganisms of the oral
cavity of humans (48). Results thus far point to a key role of filamentation and
adherence as the two major factors mediating this mutualistic beneficial relationship
(50). Although these interactions are clearly bidirectional, a majority of studies have
come from the bacterial aspect (9, 19, 23).

Previous studies have clearly indicated that S. gordonii and C. albicans interactions
occur preferentially with hyphal elements compared to yeast cells (9, 17, 20). Thus, we
were interested in examining the interactions between S. gordonii and C. albicans
efg1�/� and brg1�/� mutants, which are unable to filament under most conditions
tested, in turn exhibiting severe defects in the formation of single-species biofilms as
previously reported (46) and shown above (Fig. 1 and 3). However, in our experiments

FIG 1 Extent of biofilm formation of single-species biofilms formed by the different C. albicans parental
and deletion mutant strains and mixed-species biofilms formed with the same strains together with S.
gordonii. Biofilms were grown in 1:1 media (1:1 [vol/vol] RPMI 1640 and THB plus 0.02% YE) or BMM
synthetic saliva (BMM) in 96-well microtiter plates. Viability of cells within the biofilms was measured by
Presto Blue fluorescence. Data represent at least two independent experiments with three replicates per
sample. Error bars represent standard errors of the means. Values that are statistically significantly
different from the values for the corresponding parental strains (P � 0.05) are indicated by an asterisk.
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and somewhat surprisingly, we observed that these C. albicans mutant strains formed
dual-species biofilms to an extent similar to that of their parental strain. This was
manifested by results of Presto Blue viability readings to assess the extent of dual-
species biofilm formation as seen in Fig. 1 (also confirmed by CFU counts of bacterial
and fungal cells in mixed-species biofilms [Fig. S2]), both in 1:1 media and BMM
synthetic saliva. Results clearly indicated a high level of synergism in the interactions
between both filamentation-deficient mutants and S. gordonii, with viability readings of
dual-species biofilms being much higher than those observed for monospecies bio-
films, which was particularly noticeable in the case of BMM synthetic saliva (compare
the values for dual-species biofilms to the values for their corresponding monospecies
biofilms formed by each fungal or bacterial strain alone). Moreover, the extent of
biofilm formation in dual-species biofilms formed by efg1�/� and brg1�/� strains
together with S. gordonii were similar to those formed by their parental strains (Fig. 1).
Using CSLM, dual-species biofilms formed by either the efg1�/� or the brg1�/� mutant
strains together with S. gordonii demonstrated increased density and thickness com-
pared to their corresponding monospecies biofilms (Fig. 4 and 5). SEM observations
confirmed these results and also demonstrated the tight and direct binding of bacterial
cells to yeast cells of both the C. albicans efg1�/� and brg1�/� strains (Fig. 6). Our
results demonstrate that the presence of S. gordonii can restore biofilm formation of
filamentation-defective C. albicans mutant strains, and altogether indicate that, con-
trary to what was previously thought, filamentation is not an absolute requirement for
the formation of dual-species biofilms of C. albicans with S. gordonii.

The direct binding between C. albicans Als3 and S. gordonii SspB belonging to the
antigen I/II family of polypeptides plays a key role in the coaggregation between these

FIG 2 CSLM of C. albicans single-species biofilms formed by the different parental and deletion mutant strains grown in
1:1 media. Biofilms were stained using concanavalin A–Alexa Fluor 488 fungal cell wall stain (green), DAPI nucleic acid stain
(blue), and FilmTracer Sypro Ruby biofilm matrix stain (red) and observed using a �63 oil objective. Bars are 50 �m for all
panels. Included in the figure are the xy, xz, and yz views of the corresponding biofilms.
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two microorganisms and as such has been characterized in depth at the molecular level
(22). Streptococcal cells failed to attach to filaments of the C. albicans als3�/� mutant
strain, and the same group also reported that Als3 is necessary for the formation of
dual-species biofilms with S. gordonii (17, 22). However, in our experiments, we were
able to demonstrate that cells of the C. albicans als3�/� mutant strain could incorpo-
rate into biofilms together with S. gordonii, resulting in the formation of mixed
fungal/bacterial biofilms that were comparable to those formed by its corresponding
wild-type parental strain SC5314, as estimated by Presto Blue metabolic readings
(Fig. 1), and corroborated by CFU analyses of cells recovered from the biofilms (Fig. S2),
as well as CSLM visualization of the resulting dual-species biofilms (Fig. 4 and 5), both
using 1:1 media (in which monospecies biofilms formed by this mutant strain readily
detach from these surfaces [see above]) and BMM synthetic saliva. As mentioned above,
this is in stark contrast to previous reports (17). We posit that differences in the
experimental design may account for the disparate results between our current study
and those previous reports. For example, Silverman et al. used a model in which cells
of the als3�/� mutant were added to a preformed monolayer of streptococci and
reported that they were incapable of first binding and subsequently forming a biofilm
(17). Our experimental design was different; wells of the microtiter plates were seeded
at the same time with both fungal and bacterial cells, and dual-species biofilms were
then able to form upon subsequent incubation over 24 h. It is also possible that the
media used in our studies also favor the formation of these mixed biofilms: use of
nutritionally rich 1:1 media supports equal growth of both fungal and bacterial cells
(20), whereas use of BMM synthetic saliva more closely resembles physiological con-
ditions within the oral cavity (20, 24, 51) and, as demonstrated above, can restore the

FIG 3 CSLM of C. albicans single-species biofilms formed by the different parental and deletion mutant strains grown in
BMM synthetic saliva. Biofilms were stained using concanavalin A–Alexa Fluor 488 fungal cell wall stain (green), DAPI
nucleic acid stain (blue), and FilmTracer Sypro Ruby biofilm matrix stain (red) and observed using a �63 oil objective. Bars
are 50 �m for all panels. Included in the figure are the xy, xz, and yz views of the corresponding biofilms.
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biofilm-forming ability of this C. albicans mutant in monospecies biofilms. We extended
our observations to the C. albicans bcr1�/� mutant strain. Bcr1p is a major regulator of
C. albicans biofilm formation since it controls the expression of key adhesins on the
surfaces of fungal cells (32). As such, cells of the bcr1�/� mutant, despite being able to
filament, not only lack expression of Als3 but also expression of other adhesins such as
Als1p, as well as Hwp1p (32). Although capable of filamenting, the C. albicans �bcr1
deletion mutant strain shows a dramatic biofilm defect (52). Despite this, and similar to
the results using the als3�/� mutant, cells of the C. albicans bcr1�/� mutant were able
to incorporate into dual-species biofilms with S. gordonii. The extent of biofilm forma-
tion in dual-species biofilms formed by the bcr1�/� mutant with S. gordonii was similar
to that observed for the parental strain (Fig. 1), with detection of both fungal and
bacterial cells in the biofilms as demonstrated by CFU analyses (Fig. S2). As shown in
Fig. 2, 4, and 6, CSLM and SEM demonstrated that in contrast to monospecies biofilms
formed by the same mutant in 1:1 media that readily detach from the surface and wash
away, the dual-species biofilms formed by the C. albicans bcr1�/� deletion strain were
robust and display features similar to biofilms formed by the parental strain, including
filamentation and extensive interactions between fungal and bacterial cells, and a
similar overall architecture. Thus, it would seem that although Als3 on the surfaces of
C. albicans filaments, and possibly other Bcr1p-regulated adhesins, may represent major
receptors for the attachment of bacterial cells to C. albicans hyphae mostly through
their direct interactions with S. gordonii SspB (17), other adhesive interactions can occur
between fungal and bacterial cells that still allow for the formation of dual-species
biofilms even in the absence of these major adhesins. Interestingly, these results are
similar to those reported recently showing that a C. albicans bcr1�/� mutant strain was
able to form dual-species biofilms with Streptococcus mutans (53).

FIG 4 CSLM of C. albicans/S. gordonii dual-species biofilms formed by the different parental and deletion mutant strains grown
in 1:1 media. Biofilms were stained using concanavalin A–Alexa Fluor 488 fungal cell wall stain (green), DAPI nucleic acid stain
(blue), and FilmTracer Sypro Ruby biofilm matrix stain (red) and observed using a �63 oil objective. Bars are 50 �m for all
panels. Included in the figure are the xy, xz, and yz views of the corresponding biofilms.
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As expected by their ability to form monospecies biofilms, C. albicans mutant strains
with deletions of cell wall/biofilm matrix component genes kre5�/�, mnn9�/�,
rlm1�/�, and zap1�/� did not display major defects in the formation of dual-species
biofilms with S. gordonii. As shown in Fig. 1, mixed-species biofilms formed by these
mutants had similar Presto Blue metabolic readings compared to their parental strain.
CSLM and SEM observations showed that these biofilms displayed morphological (i.e.,
presence of hyphae) and architectural features (density and thickness) similar to those
formed by the C. albicans SN152 strain (Fig. 4 and 6).

A summary of observations on the biofilm-forming ability and structural character-
istics of biofilms formed by the different C. albicans mutant strains under the different
growing conditions employed in these experiments is shown in Table 2.

Antimicrobial susceptibility patterns of dual-species biofilms formed by the
different C. albicans mutant strains indicate a protective role of components of
the fungal matrix. Our previous studies demonstrated high level of resistance for
preformed mixed biofilms of C. albicans and S. gordonii (20, 24), against antifungals and
the antibacterial clindamycin, both in monotherapy and in combinatorial treatment (20,
24). In order to provide some mechanistic insights into these phenomena, we assessed
the susceptibility patterns of dual-species biofilms formed by S. gordonii and the
various C. albicans deletion mutant strains. Results from these assays demonstrated that
monotherapy with either clindamycin or amphotericin B was highly ineffective against
mixed biofilms formed by the C. albicans als3�/Δ, bcr1�/Δ, efg1�/Δ, and brg1Δ/Δ
deletion mutant strains both in 1:1 media and in BMM synthetic saliva (Fig. S3 and S4).
Interestingly, although S. gordonii biofilms with the kre5�/� and mnn9�/� mutant
strains were similarly resistant to amphotericin B, they exhibited enhanced suscepti-

FIG 5 CSLM of C. albicans/S. gordonii dual-species biofilms formed by the different parental and deletion mutant strains
grown in BMM synthetic saliva. Biofilms were stained using concanavalin A–Alexa Fluor 488 fungal cell wall stain (green),
DAPI nucleic acid stain (blue) and FilmTracer Sypro Ruby biofilm matrix stain (red) and observed using a �63 oil objective.
Bars are 50 �m for all panels. Included in the figure are the xy, xz, and yz views of the corresponding biofilms.
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bility to clindamycin, indicating that C. albicans matrix components protect S. gordonii
cells from antimicrobial treatment, similar to previous observations in mixed biofilms
with other bacterial species (36, 54). Subsequently, we performed combination treat-
ment with both amphotericin B and clindamycin against preformed dual-species
biofilms. Results from these experiments indicated that mixed biofilms with the C.
albicans adhesin and filamentation deletion mutant strains (als3Δ/Δ, bcr1Δ/Δ, efg1Δ/Δ,
and brg1�/�) displayed high levels of resistance to antimicrobial treatment comparable
to those formed by their respective parental strains (Fig. 7 and 8). Interestingly, mixed

FIG 6 SEM observations of C. albicans single-species and C. albicans/S. gordonii mixed-species biofilms
formed by the different parental and deletion mutant strains. Magnification is �1,000. Bars, 10 �m.

TABLE 2 Summary of observations of biofilms formed by the different C. albicans mutant strains under different growth conditions
compared to their corresponding parental strainsa

C. albicans mutant strain

Single-species biofilms

Dual-species biofilms with S. gordoniib1:1 media BMM

als3�/� Detached upon washing Normal Normal
bcr1�/� Detached upon washing Normal Normal
efg1�/� Yeast cell monolayer Yeast cell monolayer Yeast cells incorporate
brg1�/� Yeast cell monolayer Yeast cell monolayer Yeast cells incorporate
kre5�/� Normal Normal Normal
mnn9�/� Normal Normal Normal
rlm1�/� Normal Normal Normal
zap1�/� Normal Normal Normal
aSummary of observations on the biofilm-forming ability and structural characteristics of biofilms formed by the different C. albicans mutant strains under different
growth conditions compared to their corresponding parental strains.

bObservations for dual-species biofilms in the presence of S. gordonii were generally similar for biofilms grown on 1:1 media and BMM synthetic saliva.
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biofilms formed in BMM were generally more susceptible against combination treat-
ment than biofilms formed by the same strains in 1:1 media. Consistent with findings
from monotherapy experiments, preformed mixed-species biofilms formed by S. gor-
donii together with the C. albicans kre5�/� and mnn9�/� deletion mutant strains

FIG 7 Effect of combination therapy against mixed-species biofilms. Antimicrobial susceptibility testing was performed by
combining drugs (clindamycin plus amphotericin B) and adding to 24-h preformed C. albicans/S. gordonii mixed-species
biofilms formed by the different parental and deletion mutant strains in 1:1 media. Drugs were added at the following
concentrations: clindamycin at 100, 10, 1, 0.1, and 0.01 �M and amphotericin B at 16, 4, 1, 0.25, and 0.06 �g/ml. Error bars
represent standard errors of the means.
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displayed higher susceptibility to combinatorial treatment, again pointing to a crucial
role for the C. albicans cell wall-secreted carbohydrates (glucans and mannans) that
form the biofilm matrix in conferring coexisting S. gordonii with protection against
antimicrobials (Fig. 7 and 8). Although the effect of fungal exopolymeric matrix has not
been previously reported to protect S. gordonii, these results are similar to those
observed in dual-species biofilms formed by C. albicans together with Staphylococcus
aureus, as elegantly demonstrated by the Jabra-Rizk group (54). Of note, the reciprocal

FIG 8 Effect of combination therapy against mixed-species biofilms. Antimicrobial susceptibility testing was
performed by combining drugs (clindamycin plus amphotericin B) and adding to 24-h preformed C. albicans/S.
gordonii mixed-species biofilms formed by the different parental and deletion mutant strains in BMM synthetic
saliva. Drugs were added at the following concentrations: clindamycin at 100, 10, 1, 0.1, and 0.01 �M and
amphotericin B at 16, 4, 1, 0.25, and 0.06 �g/ml. Error bars represent standard errors of the means.
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observation has also been reported in the case of mixed biofilms with S. mutans, where
the bacterial exopolymeric substance was shown to protect the C. albicans cells from
treatment with antifungals (36).

Combined, our results demonstrate the high degree of mutualistic cooperation and
a high level of complexity in the formation of dual-species biofilms by C. albicans and
S. gordonii. For example, growth in BMM synthetic saliva, as well as coculture with S.
gordonii, rescues the biofilm-forming defects of the C. albicans als3�/� and bcr1�/�
deletion mutant strains normally associated with the absence of these critical adhesins.
Moreover, our results using the C. albicans efg1�/� and brg1�/� mutant strains indicate
that filamentation is not an absolute requirement for the formation of dual-species
biofilms between these two microorganisms. We also note that our results do not
negate a role for each of these important biological processes and individual factors in
the fungal/bacterial interaction as previously reported by other groups; rather, they
point to the complexity of this relationship and seem to indicate the existence of
redundant/compensatory mechanisms for each of these interactions between C. albi-
cans and S. gordonii during the formation of dual-species biofilms. Furthermore,
although these interactions still occur even with reduced presence of glucans and
mannans in the fungal cell walls and extracellular matrices, results from susceptibility
testing also point to the fact that that these fungal matrix components can protect
bacterial cells in mixed biofilms.

MATERIALS AND METHODS
Strains and growth conditions. S. gordonii wild-type strain Challis DL1.1 was used in all experi-

ments. The C. albicans strains used in this study are provided in Table 1. These strains included C. albicans
wild-type strain SC5314 and strain SN152 (34), which is the parental strain for the all homozygous mutant
deletion strains used in this study with the exception of the als3�/� and the brg1�/� deletion mutant
strains, which are in the SC5314 background (33).

C. albicans strains were cultured on yeast peptone dextrose (YPD) agar plates at 30°C. C. albicans
suspension cultures were grown in 20 �l of YPD medium in an orbital shaker at 28°C overnight. Cells
were harvested by centrifugation, washed in PBS, and resuspended in the desired media for biofilm
growth. A final suspension of 1 � 106 cells/ml in the corresponding medium was seeded for biofilm
formation in the wells of microtiter plates (see below). S. gordonii was regularly cultured on tryptone soy
agar with 5% sheep blood plates, inside a CO2 incubator. Suspension cultures of S. gordonii were grown
in 20 ml of Todd-Hewitt broth plus 0.02% (wt/vol) yeast extract (THB plus 0.02% YE) media, without
shaking inside a 5% CO2 incubator for 16 h at 37°C. After incubation, 100 �l from the suspension culture
was aspirated and inserted into 10 ml of fresh THB plus 0.02% YE media and shaken in an orbital shaker
(150 to 180 rpm) for 3 h at 37°C. Bacterial cells were then harvested by centrifugation and washed with
PBS. Bacterial cell concentrations were calculated measuring OD600 with a spectrophotometer. Dilutions
were performed in order to obtain a final concentration of 1.0 � 107 cells/ml in the desired media for
growth of biofilms (see below).

Biofilm formation. Formation of monospecies and dual-species biofilms was done mostly as previously
described by our group using 96-well microtiter plate models with slight modifications (20). Briefly, bacterial
and fungal cell seeding was done by adding 100 �l per well of the prepared single or mixed cell suspensions
in the appropriate medium. The final cell concentrations were C. albicans at 1 � 106 cell/ml and S. gordonii at
1 � 107 cell/ml. After seeding, the 96-well plates (Corning Incorporated, Corning, NY, USA) were incubated in
a 5% CO2 incubator for 24 h at 37°C. Presto Blue Cell Viability Reagent (Invitrogen, Carlsbad, CA) was used for
estimation of biofilm formation using a microtiter plate reader (BioTek Synergy HT, Winooski, VT) to measure
fluorescence at 530/25 nm excitation and 590/35 emission.

Biofilms were formed using two different types of microbiological media, as previously described by
our group (20). The first one was an equal part mixture of RPMI 1640 and THB plus 0.02% YE media, as
we have previously demonstrated that this combination of media supports the growth of both micro-
organisms (51); while the second one was a BMM synthetic saliva medium that more closely resembles
physiological conditions within the oral cavity (20). Preparation of BMM synthetic saliva followed the
method described by Wong and Sissons (51), and consists of the following: 2.5 g partially purified pig
gastric mucin, 5 g protease peptone (PP), 5 g yeast extract (YE), 33.5 mmol KCl, 2.5 mg hemin, 1 mg
menadione, 1 mmol urea, and 1 mmol arginine, diluted in a liter of Millipore water and sterilized in an
autoclave.

Visualization of biofilms by scanning electron microscopy and confocal scanning laser micros-
copy. Scanning electron microscopy (SEM) and confocal scanning laser microscopy (CSLM) to visualize
monospecies and dual-species biofilms were performed as previously described by our group (20).
Briefly, for SEM, biofilms were grown on 6-well plates and fixed with a solution of 2.5% (wt/vol)
glutaraldehyde�0.1 M sodium cacodylate buffer at pH 7.4 for 2 h at 37°C. Following fixation, the samples
were treated with 1% (wt/vol) osmium tetroxide solution�0.1 M sodium cacodylate buffer at pH 7.4 for
2 h at room temperature. Samples were then rinsed with water and washed in a graded series of ethanol
solutions (a step gradient of 30%, 50%, 70%, and 90% ethanol in water for 10 min per step) ending with
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100% ethanol. Samples were then dried overnight in a vacuum dryer and subsequently coated with a
60:40 gold-palladium alloy, with an approximate thickness of 883 Å using a sputter coater. Samples were
visualized using a JEOL JSM-6610 scanning electron microscope (JEOL USA, Inc., Peabody, MA).

For CSLM, biofilms were stained in the dark in the following order: at 37°C for 30 min with 25 �g/ml
concanavalin A–Alexa Fluor 488 conjugate (Molecular Probes, Eugene, OR), at room temperature for
30 min with 1� FilmTracer Sypro Ruby biofilm matrix stain (Molecular Probes), and for 10 min at 37°C
with 300 nM 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Molecular Probes). After incubation,
the supernatant was removed, and the biofilms were rinsed two times with sterile PBS to remove
nonadhered cells. Samples were viewed using a LSM 510 upright confocal microscope (Carl Zeiss,
Thornwood, NY) with an Achroplan 63� oil objective, using excitation/emission wavelengths of 358/
461 nm for blue fluorescence, 495/519 nm for green fluorescence, and 450/610 nm for red fluorescence.
Pictures were analyzed using AutoQuant X2 (Media Cybernetics, Rockville, MD). Microscopy images were
processed for display using Photoshop software (Adobe, Mountain View, CA).

Comparative microbial recovery from biofilms. Biofilms grown in 96-well plates were scraped off
the bottom of wells, and contents were diluted in sterile PBS, sonicated, and vortexed vigorously. C.
albicans CFU were recovered by plating biofilm contents on YPD agar with antibiotics 1� PSN by Gibco
(Life Technologies, Carlsbad, CA). S. gordonii CFU were recovered by plating contents on tryptone soy
agar with 5% sheep blood plates with 4 �g/ml amphotericin B.

Susceptibility testing of cells within biofilms. Drugs were added at desired concentrations to
preformed mono- and dual-species biofilms grown in different media (1:1 media or BMM synthetic
saliva). Amphotericin B was obtained in solution at 250 �g/ml (Gibco Life Technologies, Grand Island, NY)
and stored at �20°C until used. Clindamycin (RPI Corp., Prospect, IL) was obtained as a powder, and stock
solutions were stored at 4°C until used. The drugs and final concentrations tested were as follows:
amphotericin B at 16, 4, 1, 0.25, 0.06 �g/ml and clindamycin at 100, 10, 1, 0.1, 0.01 �M. After incubation
for an additional 24 h, microtiter plates were washed and processed using the Presto Blue assay as
described above.

Statistics. Viability assays of single- and dual-species biofilms were performed two times with at least
three replicates for each growth condition assessed. The data were analyzed using Prism (GraphPad, La
Jolla, CA), and the differences were considered statistically significant if P � 0.05 by two-way ANOVA test.
Dunnett’s multiple comparison was performed using single-species biofilms of strain SC5314 (for the
als3�/� and brg1�/� mutants) and SN512 (for all other C. albicans mutant strains), and differences were
considered statistically significant if P � 0.05. Drug susceptibility assays were performed in triplicate, data
were normalized with respect to the average for three positive-control samples (no-drug sample) set at
100%, and the average for three negative-control samples (treated with 10% Triton X-100), set at 0%. For
each sample, the average for three replicates was subtracted by the average for the positive controls and
divided by the difference of positive and negative controls, and finally multiplied by 100, or [(sample
average � POS average)/(POS average � NEG average)] � 100 where POS average is the average for
positive controls and NEG average is the average for negative controls.
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.01179-19.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 0.2 MB.

ACKNOWLEDGMENTS
We thank David Andes for kindly providing kre5�/� and mnn9�/� C. albicans

deletion mutant strains used in this work and Kendra Rumbaugh for providing the S.
gordonii wild-type strain Challis DL1.1.

Biofilm-related work in the laboratory is supported by grants R01DE023510 and
R01AI119554 from the National Institute of Dental and Craniofacial Research and the
National Institute of Allergy and Infectious Diseases, respectively, to J.L.L.-R. Additional
support was provided by the Margaret Batts Tobin Foundation, San Antonio, TX, USA.

The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript, and the content is solely the responsibility of
the authors.

REFERENCES
1. Ganguly S, Mitchell AP. 2011. Mucosal biofilms of Candida albicans. Curr

Opin Microbiol 14:380 –385. https://doi.org/10.1016/j.mib.2011.06.001.
2. Southern P, Horbul J, Maher D, Davis DA. 2008. C. albicans colonization

of human mucosal surfaces. PLoS One 3:e2067. https://doi.org/10.1371/
journal.pone.0002067.

3. Mayer FL, Wilson D, Hube B. 2013. Candida albicans pathogenicity

C. albicans/S. gordonii Dual-Species Biofilms ®

May/June 2019 Volume 10 Issue 3 e01179-19 mbio.asm.org 13

https://doi.org/10.1128/mBio.01179-19
https://doi.org/10.1128/mBio.01179-19
https://doi.org/10.1016/j.mib.2011.06.001
https://doi.org/10.1371/journal.pone.0002067
https://doi.org/10.1371/journal.pone.0002067
https://mbio.asm.org


mechanisms. Virulence 4:119 –128. https://doi.org/10.4161/viru
.22913.

4. Dongari-Bagtzoglou A, Kashleva H, Dwivedi P, Diaz P, Vasilakos J. 2009.
Characterization of mucosal Candida albicans biofilms. PLoS One
4:e7967. https://doi.org/10.1371/journal.pone.0007967.

5. Singh A, Verma R, Murari A, Agrawal A. 2014. Oral candidiasis: an
overview. J Oral Maxillofac Pathol 18:S81–S85. https://doi.org/10.4103/
0973-029X.141325.

6. Williams D, Lewis M. 2011. Pathogenesis and treatment of oral candi-
dosis. J Oral Microbiol 3:5771. https://doi.org/10.3402/jom.v3i0.5771.

7. Jenkinson HF, Douglas LJ. 2002. Interactions between Candida species
and bacteria in mixed infections, p 357–373. In Brogden KA, Guthmiller
JM (ed), Polymicrobial diseases. ASM Press, Washington, DC.

8. Koo H, Bowen WH. 2014. Candida albicans and Streptococcus mutans: a
potential synergistic alliance to cause virulent tooth decay in children.
Future Microbiol 9:1295–1297. https://doi.org/10.2217/fmb.14.92.

9. Bamford CV, d’Mello A, Nobbs AH, Dutton LC, Vickerman MM, Jenkinson
HF. 2009. Streptococcus gordonii modulates Candida albicans biofilm
formation through intergeneric communication. Infect Immun 77:
3696 –3704. https://doi.org/10.1128/IAI.00438-09.

10. Diaz PI, Xie Z, Sobue T, Thompson A, Biyikoglu B, Ricker A, Ikonomou L,
Dongari-Bagtzoglou A. 2012. Synergistic interaction between Candida
albicans and commensal oral streptococci in a novel in vitro mucosal
model. Infect Immun 80:620 – 632. https://doi.org/10.1128/IAI.05896-11.

11. Arzmi MH, Dashper S, Catmull D, Cirillo N, Reynolds EC, McCullough M.
2015. Coaggregation of Candida albicans, Actinomyces naeslundii and
Streptococcus mutans is Candida albicans strain dependent. FEMS Yeast
Res 15:fov038. https://doi.org/10.1093/femsyr/fov038.

12. Arzmi MH, Alnuaimi AD, Dashper S, Cirillo N, Reynolds EC, McCullough
M. 2016. Polymicrobial biofilm formation by Candida albicans, Actinomy-
ces naeslundii, and Streptococcus mutans is Candida albicans strain and
medium dependent. Med Mycol 54:856 – 864. https://doi.org/10.1093/
mmy/myw042.

13. Cavalcanti IM, Nobbs AH, Ricomini-Filho AP, Jenkinson HF, Del Bel Cury
AA. 2016. Interkingdom cooperation between Candida albicans, Strep-
tococcus oralis and Actinomyces oris modulates early biofilm develop-
ment on denture material. Pathog Dis 74:ftw002. https://doi.org/10
.1093/femspd/ftw002.

14. Cavalcanti IM, Del Bel Cury AA, Jenkinson HF, Nobbs AH. 2017. Interac-
tions between Streptococcus oralis, Actinomyces oris, and Candida albi-
cans in the development of multispecies oral microbial biofilms on
salivary pellicle. Mol Oral Microbiol 32:60 –73. https://doi.org/10.1111/
omi.12154.

15. Sztukowska MN, Dutton LC, Delaney C, Ramsdale M, Ramage G, Jenkin-
son HF, Nobbs AH, Lamont RJ. 2018. Community development between
Porphyromonas gingivalis and Candida albicans mediated by InlJ and
Als3. mBio 9:e00202-18. https://doi.org/10.1128/mBio.00202-18.

16. Uppuluri P, Busscher HJ, Chakladar J, van der Mei HC, Chaffin WL. 2017.
Transcriptional profiling of C. albicans in a two species biofilm with
Rothia dentocariosa. Front Cell Infect Microbiol 7:311. https://doi.org/10
.3389/fcimb.2017.00311.

17. Silverman RJ, Nobbs AH, Vickerman MM, Barbour ME, Jenkinson HF.
2010. Interaction of Candida albicans cell wall Als3 protein with Strep-
tococcus gordonii SspB adhesin promotes development of mixed-species
communities. Infect Immun 78:4644 – 4652. https://doi.org/10.1128/IAI
.00685-10.

18. Liu Y, Filler SG. 2011. Candida albicans Als3, a multifunctional adhesin
and invasin. Eukaryot Cell 10:168 –173. https://doi.org/10.1128/EC
.00279-10.

19. Jack AA, Daniels DE, Jepson MA, Vickerman MM, Lamont RJ, Jenkinson
HF, Nobbs AH. 2015. Streptococcus gordonii comCDE (competence)
operon modulates biofilm formation with Candida albicans. Microbiol-
ogy 161:411– 421. https://doi.org/10.1099/mic.0.000010.

20. Montelongo-Jauregui D, Srinivasan A, Ramasubramanian AK, Lopez-
Ribot JL. 2016. An in vitro model for oral mixed biofilms of Candida
albicans and Streptococcus gordonii in synthetic saliva. Front Microbiol
7:686. https://doi.org/10.3389/fmicb.2016.00686.

21. Dutton LC, Nobbs AH, Jepson K, Jepson MA, Vickerman MM, Aqeel
Alawfi S, Munro CA, Lamont RJ, Jenkinson HF. 2014. O-mannosylation in
Candida albicans enables development of interkingdom biofilm com-
munities. mBio 5:e00911. https://doi.org/10.1128/mBio.00911-14.

22. Nobbs AH, Vickerman MM, Jenkinson HF. 2010. Heterologous expression
of Candida albicans cell wall-associated adhesins in Saccharomyces
cerevisiae reveals differential specificities in adherence and biofilm for-

mation and in binding oral Streptococcus gordonii. Eukaryot Cell
9:1622–1634. https://doi.org/10.1128/EC.00103-10.

23. Ricker A, Vickerman M, Dongari-Bagtzoglou A. 2014. Streptococcus gor-
donii glucosyltransferase promotes biofilm interactions with Candida
albicans. J Oral Microbiol 6:23419. https://doi.org/10.3402/jom.v6.23419.

24. Montelongo-Jauregui D, Srinivasan A, Ramasubramanian AK, Lopez-
Ribot JL. 2018. An in vitro model for Candida albicans-Streptococcus
gordonii biofilms on titanium surfaces. J Fungi (Basel) 4:E66. https://doi
.org/10.3390/jof4020066.

25. Lopez-Ribot JL. 2005. Candida albicans biofilms: more than filamenta-
tion. Curr Biol 15:R453–R455. https://doi.org/10.1016/j.cub.2005.06.020.

26. Araujo D, Henriques M, Silva S. 2017. Portrait of Candida species biofilm
regulatory network genes. Trends Microbiol 25:62–75. https://doi.org/10
.1016/j.tim.2016.09.004.

27. Finkel JS, Mitchell AP. 2011. Genetic control of Candida albicans biofilm
development. Nat Rev Microbiol 9:109 –118. https://doi.org/10.1038/
nrmicro2475.

28. Fox EP, Bui CK, Nett JE, Hartooni N, Mui MC, Andes DR, Nobile CJ,
Johnson AD. 2015. An expanded regulatory network temporally controls
Candida albicans biofilm formation. Mol Microbiol 96:1226 –1239.
https://doi.org/10.1111/mmi.13002.

29. Nobile CJ, Fox EP, Nett JE, Sorrells TR, Mitrovich QM, Hernday AD, Tuch
BB, Andes DR, Johnson AD. 2012. A recently evolved transcriptional
network controls biofilm development in Candida albicans. Cell 148:
126 –138. https://doi.org/10.1016/j.cell.2011.10.048.

30. Romo JA, Pierce CG, Chaturvedi AK, Lazzell AL, McHardy SF, Saville SP,
Lopez-Ribot JL. 2017. Development of anti-virulence approaches for
candidiasis via a novel series of small-molecule inhibitors of Candida
albicans filamentation. mBio 8:e01991-17. https://doi.org/10.1128/mBio
.01991-17.

31. Nobile CJ, Schneider HA, Nett JE, Sheppard DC, Filler SG, Andes DR,
Mitchell AP. 2008. Complementary adhesin function in C. albicans bio-
film formation. Curr Biol 18:1017–1024. https://doi.org/10.1016/j.cub
.2008.06.034.

32. Nobile CJ, Andes DR, Nett JE, Smith FJ, Yue F, Phan QT, Edwards JE, Filler
SG, Mitchell AP. 2006. Critical role of Bcr1-dependent adhesins in C.
albicans biofilm formation in vitro and in vivo. PLoS Pathog 2:e63.
https://doi.org/10.1371/journal.ppat.0020063.

33. Cleary IA, Reinhard SM, Miller CL, Murdoch C, Thornhill MH, Lazzell AL,
Monteagudo C, Thomas DP, Saville SP. 2011. Candida albicans adhesin
Als3p is dispensable for virulence in the mouse model of disseminated
candidiasis. Microbiology 157:1806 –1815. https://doi.org/10.1099/mic.0
.046326-0.

34. Homann OR, Dea J, Noble SM, Johnson AD. 2009. A phenotypic profile
of the Candida albicans regulatory network. PLoS Genet 5:e1000783.
https://doi.org/10.1371/journal.pgen.1000783.

35. Mitchell KF, Zarnowski R, Sanchez H, Edward JA, Reinicke EL, Nett JE,
Mitchell AP, Andes DR. 2015. Community participation in biofilm matrix
assembly and function. Proc Natl Acad Sci U S A 112:4092– 4097. https://
doi.org/10.1073/pnas.1421437112.

36. Kim D, Liu Y, Benhamou RI, Sanchez H, Simon-Soro A, Li Y, Hwang G,
Fridman M, Andes DR, Koo H. 2018. Bacterial-derived exopolysaccha-
rides enhance antifungal drug tolerance in a cross-kingdom oral biofilm.
ISME J 12:1427–1442. https://doi.org/10.1038/s41396-018-0113-1.

37. Gow NAR, Latge JP, Munro CA. 2017. The fungal cell wall: structure,
biosynthesis, and function. Microbiol Spectr 5(3):FUNK-0035-2016.
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016.

38. Bowman SM, Free SJ. 2006. The structure and synthesis of the fungal cell
wall. Bioessays 28:799 – 808. https://doi.org/10.1002/bies.20441.

39. Hall RA, Gow NA. 2013. Mannosylation in Candida albicans: role in cell
wall function and immune recognition. Mol Microbiol 90:1147–1161.
https://doi.org/10.1111/mmi.12426.

40. Delgado-Silva Y, Vaz C, Carvalho-Pereira J, Carneiro C, Nogueira E, Cor-
reia A, Carreto L, Silva S, Faustino A, Pais C, Oliveira R, Sampaio P. 2014.
Participation of Candida albicans transcription factor RLM1 in cell wall
biogenesis and virulence. PLoS One 9:e86270. https://doi.org/10.1371/
journal.pone.0086270.

41. Herrero AB, Magnelli P, Mansour MK, Levitz SM, Bussey H, Abeijon C. 2004.
KRE5 gene null mutant strains of Candida albicans are avirulent and have
altered cell wall composition and hypha formation properties. Eukaryot Cell
3:1423–1432. https://doi.org/10.1128/EC.3.6.1423-1432.2004.

42. Southard SB, Specht CA, Mishra C, Chen-Weiner J, Robbins PW. 1999.
Molecular analysis of the Candida albicans homolog of Saccharomyces

Montelongo-Jauregui et al. ®

May/June 2019 Volume 10 Issue 3 e01179-19 mbio.asm.org 14

https://doi.org/10.4161/viru.22913
https://doi.org/10.4161/viru.22913
https://doi.org/10.1371/journal.pone.0007967
https://doi.org/10.4103/0973-029X.141325
https://doi.org/10.4103/0973-029X.141325
https://doi.org/10.3402/jom.v3i0.5771
https://doi.org/10.2217/fmb.14.92
https://doi.org/10.1128/IAI.00438-09
https://doi.org/10.1128/IAI.05896-11
https://doi.org/10.1093/femsyr/fov038
https://doi.org/10.1093/mmy/myw042
https://doi.org/10.1093/mmy/myw042
https://doi.org/10.1093/femspd/ftw002
https://doi.org/10.1093/femspd/ftw002
https://doi.org/10.1111/omi.12154
https://doi.org/10.1111/omi.12154
https://doi.org/10.1128/mBio.00202-18
https://doi.org/10.3389/fcimb.2017.00311
https://doi.org/10.3389/fcimb.2017.00311
https://doi.org/10.1128/IAI.00685-10
https://doi.org/10.1128/IAI.00685-10
https://doi.org/10.1128/EC.00279-10
https://doi.org/10.1128/EC.00279-10
https://doi.org/10.1099/mic.0.000010
https://doi.org/10.3389/fmicb.2016.00686
https://doi.org/10.1128/mBio.00911-14
https://doi.org/10.1128/EC.00103-10
https://doi.org/10.3402/jom.v6.23419
https://doi.org/10.3390/jof4020066
https://doi.org/10.3390/jof4020066
https://doi.org/10.1016/j.cub.2005.06.020
https://doi.org/10.1016/j.tim.2016.09.004
https://doi.org/10.1016/j.tim.2016.09.004
https://doi.org/10.1038/nrmicro2475
https://doi.org/10.1038/nrmicro2475
https://doi.org/10.1111/mmi.13002
https://doi.org/10.1016/j.cell.2011.10.048
https://doi.org/10.1128/mBio.01991-17
https://doi.org/10.1128/mBio.01991-17
https://doi.org/10.1016/j.cub.2008.06.034
https://doi.org/10.1016/j.cub.2008.06.034
https://doi.org/10.1371/journal.ppat.0020063
https://doi.org/10.1099/mic.0.046326-0
https://doi.org/10.1099/mic.0.046326-0
https://doi.org/10.1371/journal.pgen.1000783
https://doi.org/10.1073/pnas.1421437112
https://doi.org/10.1073/pnas.1421437112
https://doi.org/10.1038/s41396-018-0113-1
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.1002/bies.20441
https://doi.org/10.1111/mmi.12426
https://doi.org/10.1371/journal.pone.0086270
https://doi.org/10.1371/journal.pone.0086270
https://doi.org/10.1128/EC.3.6.1423-1432.2004
https://mbio.asm.org


cerevisiae MNN9, required for glycosylation of cell wall mannoproteins. J
Bacteriol 181:7439 –7448.

43. Murciano C, Moyes DL, Runglall M, Islam A, Mille C, Fradin C, Poulain
D, Gow NA, Naglik JR. 2011. Candida albicans cell wall glycosylation
may be indirectly required for activation of epithelial cell proinflam-
matory responses. Infect Immun 79:4902– 4911. https://doi.org/10
.1128/IAI.05591-11.

44. Nobile CJ, Nett JE, Hernday AD, Homann OR, Deneault JS, Nantel A,
Andes DR, Johnson AD, Mitchell AP. 2009. Biofilm matrix regulation by
Candida albicans Zap1. PLoS Biol 7:e1000133. https://doi.org/10.1371/
journal.pbio.1000133.

45. Bink A, Govaert G, Vandenbosch D, Kucharikova S, Coenye T, Nelis H,
Van Dijck P, Cammue BP, Thevissen K. 2012. Transcription factor Efg1
contributes to the tolerance of Candida albicans biofilms against
antifungal agents in vitro and in vivo. J Med Microbiol 61:813– 819.
https://doi.org/10.1099/jmm.0.041020-0.

46. Ramage G, VandeWalle K, Lopez-Ribot JL, Wickes BL. 2002. The
filamentation pathway controlled by the Efg1 regulator protein is
required for normal biofilm formation and development in Candida
albicans. FEMS Microbiol Lett 214:95–100. https://doi.org/10.1111/j
.1574-6968.2002.tb11330.x.

47. Zhao X, Daniels KJ, Oh SH, Green CB, Yeater KM, Soll DR, Hoyer LL. 2006.
Candida albicans Als3p is required for wild-type biofilm formation on
silicone elastomer surfaces. Microbiology 152:2287–2299. https://doi
.org/10.1099/mic.0.28959-0.

48. Xu H, Jenkinson HF, Dongari-Bagtzoglou A. 2014. Innocent until proven
guilty: mechanisms and roles of Streptococcus-Candida interactions in

oral health and disease. Mol Oral Microbiol 29:99 –116. https://doi.org/
10.1111/omi.12049.

49. Zijnge V, van Leeuwen MB, Degener JE, Abbas F, Thurnheer T, Gmur R,
Harmsen HJ. 2010. Oral biofilm architecture on natural teeth. PLoS One
5:e9321. https://doi.org/10.1371/journal.pone.0009321.

50. Lohse MB, Gulati M, Johnson AD, Nobile CJ. 2017. Development and
regulation of single- and multi-species Candida albicans biofilms. Nat
Rev Microbiol 16:19 –31. https://doi.org/10.1038/nrmicro.2017.107.

51. Wong L, Sissons C, Sissions CH. 2001. A comparison of human dental
plaque microcosm biofilms grown in an undefined medium and a
chemically defined artificial saliva. Arch Oral Biol 46:477– 486. https://doi
.org/10.1016/S0003-9969(01)00016-4.

52. Dwivedi P, Thompson A, Xie Z, Kashleva H, Ganguly S, Mitchell AP,
Dongari-Bagtzoglou A. 2011. Role of Bcr1-activated genes Hwp1 and
Hyr1 in Candida albicans oral mucosal biofilms and neutrophil evasion.
PLoS One 6:e16218. https://doi.org/10.1371/journal.pone.0016218.

53. Ellepola K, Liu Y, Cao T, Koo H, Seneviratne CJ. 2017. Bacterial GtfB
augments Candida albicans accumulation in cross-kingdom biofilms. J
Dent Res 96:1129 –1135. https://doi.org/10.1177/0022034517714414.

54. Kong EF, Tsui C, Kucharikova S, Andes D, Van Dijck P, Jabra-Rizk MA.
2016. Commensal protection of Staphylococcus aureus against antimi-
crobials by Candida albicans biofilm matrix. mBio 7:e01365-16. https://
doi.org/10.1128/mBio.01365-16.

55. Cleary IA, Lazzell AL, Monteagudo C, Thomas DP, Saville SP. 2012. BRG1
and NRG1 form a novel feedback circuit regulating Candida albicans
hypha formation and virulence. Mol Microbiol 85:557–573. https://doi
.org/10.1111/j.1365-2958.2012.08127.x.

C. albicans/S. gordonii Dual-Species Biofilms ®

May/June 2019 Volume 10 Issue 3 e01179-19 mbio.asm.org 15

https://doi.org/10.1128/IAI.05591-11
https://doi.org/10.1128/IAI.05591-11
https://doi.org/10.1371/journal.pbio.1000133
https://doi.org/10.1371/journal.pbio.1000133
https://doi.org/10.1099/jmm.0.041020-0
https://doi.org/10.1111/j.1574-6968.2002.tb11330.x
https://doi.org/10.1111/j.1574-6968.2002.tb11330.x
https://doi.org/10.1099/mic.0.28959-0
https://doi.org/10.1099/mic.0.28959-0
https://doi.org/10.1111/omi.12049
https://doi.org/10.1111/omi.12049
https://doi.org/10.1371/journal.pone.0009321
https://doi.org/10.1038/nrmicro.2017.107
https://doi.org/10.1016/S0003-9969(01)00016-4
https://doi.org/10.1016/S0003-9969(01)00016-4
https://doi.org/10.1371/journal.pone.0016218
https://doi.org/10.1177/0022034517714414
https://doi.org/10.1128/mBio.01365-16
https://doi.org/10.1128/mBio.01365-16
https://doi.org/10.1111/j.1365-2958.2012.08127.x
https://doi.org/10.1111/j.1365-2958.2012.08127.x
https://mbio.asm.org

	RESULTS AND DISCUSSION
	Growth media impacts the biofilm-forming abilities of various mutant strains of C. albicans. 
	Examination of different C. albicans mutant strains indicates that morphology, adherence, and extracellular matrix make distinct contributions to the formation of mixed-species biofilms with S. gordonii. 
	Antimicrobial susceptibility patterns of dual-species biofilms formed by the different C. albicans mutant strains indicate a protective role of components of the fungal matrix. 

	MATERIALS AND METHODS
	Strains and growth conditions. 
	Biofilm formation. 
	Visualization of biofilms by scanning electron microscopy and confocal scanning laser microscopy. 
	Comparative microbial recovery from biofilms. 
	Susceptibility testing of cells within biofilms. 
	Statistics. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

