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Abstract

Objective: To assess the effect of Nystatin on Candlida albicars and Streptococcus mutans
duo-species biofilms using an /n vitro cariogenic biofilm model.

Design: Biofilms were formed on saliva-coated hydroxyapatite discs under high sugar challenge
(1% sucrose and 1% glucose), with inoculation of 10°5CFU/mI S. mutans and 103CFU/ml C.
albicans. Between 20-68 hours, biofilms were treated with 28,000 1U Nystatin solution, 5
minutes/application, 4 times/day, to mimic the clinical application. Biofilm’s three-dimensional
structure was assessed using multi-photon confocal microscopy. The expression of C. albicans
and S. mutans virulence genes was assessed via real-time PCR. Duplicate discs were used in 3
independent repeats. f-festand Mann-Whitney U test were used to compare outcomes between
treatment and control group.

Results: Nystatin treatment eliminated C. albicans in biofilms at 44 hours. Nystatin-treated
group had a significant reduction of biofilm dry-weight and reduced S. mutans abundance by

0.5 log CFU/ml at 44 and 68 hours (p<0.05). Worth noting that biomass distribution across

the vertical layout was altered by Nystatin treatment, resulting in less volume on the substrate
layers in Nystatin-treated biofilms compared to the control. Reduction of microcolonies size and
volume was also observed in Nystatin-treated biofilms (p<0.05). Nystatin-treated biofilms formed
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unique halo-shaped microcolonies with reduced core EPS coverage. Furthermore, Nystatin-treated
biofilms had significant down-regulations of S. mutans gtfD and atpD genes (p<0.05).

Conclusions: Nystatin application altered the formation and characteristics of C. albicansand
S. mutans duo-species biofilms. Therefore, developing clinical regimens for preventing or treating
dental caries from an antifungal perspective is warranted.
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Introduction

Candida albicans is the most common fungal human pathogen causing localized and
systemic infections in humans (Talapko et al., 2021). Young children often have a history
of fungal infection in their early life; for example, the medical records of 196 1-3 years

old American children indicated past histories of diaper rash (7%), oral candidiasis (6%),
anemia (2%), and facial rash (2%) (Jabra-Rizk et al., 2007). The oral carriage of candida
organisms is reported to be 45-65% in healthy children and 45% in neonates (Patil et al.,
2015). During a routine oral exam, a study revealed that 66% of those 196 children had
fungal growth in the samples collected from the mid-dorsum of the tongue, with most of the
isolates being C. albicans (Jabra-Rizk et al., 2007).

Intriguingly, previous studies reported that the prevalence of C. albicansin children with
early childhood caries (ECC) was higher than in caries-free children (Xiao et al., 2018).

The carriage of C. albicans was also positively associated with the carriage of Streptococcus
mutans in the saliva and plaque samples of children with ECC (Xiao et al., 2018). A review
by Koo and his colleagues highlighted a synergistic interaction between C. albicans and

S. mutans mediated by S. mutans-derived glucosyltransferases (GTFs) (Koo et al., 2018).
With the presence of sucrose, the GtfB enzyme binds to the cell surface of C. albicans and
involves synthesizing exopolysaccharides (EPS), mainly insoluble a-glucan (Hwang et al.,
2017). EPS mediates the binding interaction between C. albicansand S. mutans and further
promotes interspecies biofilm formation (Koo et al., 2018). Furthermore, the presence of C.
albicans and S. mutans leads to more severe dental caries in an animal model (Falsetta et al.,
2014) and is associated with a higher prevalence of caries in children (Eidt et al., 2020). Due
to the cross-kingdom interaction in the context of dental caries, an antifungal regimen might
be able to control S. mutans, thus preventing ECC via controlling oral yeast infections.

The antifungal medications for treating oral candidiasis include two main groups -polyenes
and azole (Scheibler et al., 2018). Fluconazole, one of the Azoles, is a broadly used
antifungal agent to treat systemic fungal infections (Govindarajan et al., 2022). A recent
study assessed the effect of Fluconazole and povidone-iodine on the disruption of C.
albicans-S. mutans duo-species biofilms; this study provided compelling evidence that
targeting bacterial EPS is a critical factor for enhanced antifungal drug efficacy in mixed
kingdom biofilms (Kim et al., 2018). Among the polyene group, Nystatin is the most
commonly used medication to treat oral candidiasis (Garcia-Cuesta et al., 2014). Moreover,
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Nystatin is an antimicrobial agent with both fungicidal and fungistatic properties (Scheibler
etal., 2018).

The topical use of Nystatin is considered the most common route of administration in
dentistry, as systemic exposure is minimal (Lyu et al., 2016; Pappas et al., 2016). The
commonly recommended dose for Nystatin topical use is 200,000-600,000 1U (four times a
day, qid) for children and adults, and 100,000-200,000 IU gid for newborns and infants (Lyu
et al., 2016).Treatment duration varies from 1 or 2 to 4 weeks (Lyu et al., 2016). Nystatin

is well tolerated because of its poor absorption in the gastrointestinal tract (Garcia-Cuesta et
al., 2014). In addition, Nystatin has minimal side effects (such as Nausea and vomiting) and
a low risk of hepatotoxicity, compared to Fluconazole, in which hepatotoxicity was reported
in rare cases due to its systemic exposure (Garcia-Cuesta et al., 2014).

To our knowledge, no studies have assessed the effect of Nystatin on the interaction of S.
mutans and C. albicans in vitro and in vivo. Therefore, our immediate goal was to assess the
effectiveness of using Nystatin to inhibit the formation of C. albicans-S. mutans duo-species
biofilms using an established /n vitro model, which would provide rationale for conducting
further studies using multi-species biofilm /n vitro model, in situ model and in clinical trials.

Materials and Methods

The overall Study design is demonstrated in Fig. 1; detailed study methods are described
below. All assays were repeated in three independent experiments.

Bacterial strains and growth conditions

In this study, S. mutans UA159 (ATCC 700610), a proven virulent cariogenic dental
pathogen (Ajdic et al., 2002), and C. albicans SC5314 were used to form duo-species
biofilms. We selected C. albicans in addition to S. mutans because this fungus is frequently
detected in the supragingival plaque of children with dental caries (Xiao et al., 2018).

Using a batch culture approach, saliva-coated hydroxyapatite (sHA) discs were utilized

to mimic the formation of biofilms according to the “ecological plaque-biofilm” concept
(Marsh, 2003), as described by Xiao ef al. (Xiao et al., 2012). The bacterial strains were
recovered from frozen stock on blood agar (TSA with Sheep Blood, Thermo Scientific™
R01202) and were incubated for 48 hours (5% CO2, 37°C). Then, 3-5 colonies of each
species were inoculated into 10 ml of broth for overnight incubation (5% CO2, 37°C). C.
albicans cells were grown in YPD broth (BD Difco™, 242820), and S. mutans cells were
grown in TSBYE broth (3% Tryptic Soy, 0.5%Yeast Extract Broth, BD Bacto™" 286220 and
Gibco™ 212750) with 1% glucose at 37°C and 5% COs.

On the following day, 0.5 ml of the overnight starters were added to an individual glass tube
containing fresh broth and incubated for 3—4 hours to the mid-exponential phase until an
optimal optical density ODggg of 0.80 for C. albicansand 1.00 for S. mutans was reached.
These two bacterial suspensions were then mixed to produce an inoculum containing S.
mutans (105 CFU/mI) and C. albicans (103 CFU/mI) to mimic the clinical carriage of S.
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mutans and C. albicans in children with early childhood caries. It is also critical for the
reproducibility of our model (Koo et al., 2010).

Duo-species biofilm model

Duo-species biofilms were formed on saliva-coated hydroxyapatite discs (1.25 cm diameter,
Clarkson Chromatography Products, Inc., South Williamsport, PA) (Koo et al., 2005; Koo

et al., 2010), which were vertically positioned using custom-made disc holders, in order to
imitate the position of natural teeth. The mixed population of S. mutans and C. albicans
were inoculated in 2.8 ml of TSBYE with 0.1% (w/v) sucrose and incubated at 37°C and 5%
CO». During the first 20 h, the organisms were grown undisturbed to allow initial biofilm
formation and mimic the clinical condition that C. albicans and S. mutans already present

in the oral cavity. At 20 h of biofilm growth, the biofilms were transferred to TSBYE that
contains 1% (w/v) sucrose or 1% (w/v) glucose to introduce a cariogenic challenge, while
an additional set of biofilms were grown in TSBYE with 0.1% (w/v) sucrose. The culture
medium was replaced once daily (every 24 h) until the end of the experimental period (68 h).
Duplicate discs were used in 3 independent repeats for accuracy and reproducibility, a total
of 6 discs were used for each biofilm condition (n=6).

The culture medium pH was measured daily using a standard pH electrode. The biofilms
were analyzed at specific time points using confocal imaging/fluorescence and biochemical
assays (Fig. 1).

Nystatin Treatment

2.8 ml of 10,000 unit/mL Nystatin suspension in DPBS (Sigma-Aldrich, BioReagent, Saint
Louis, MO, USA) was used for each treatment. The biofilms formed on the sHA discs were
treated in Nystatin suspension for 5 minutes, four times/day (detailed treatment regimen see
Fig. 1). After each treatment, HA discs were dip-washed in sterile Dulbecco’s phosphate-
buffered saline (DPBS) to remove excess agents, and then transferred back to the culture
medium. DPBS solution was also used as a topical treatment for the control group.

Viable cells in biofilms

The biofilms were removed from the discs and resuspended in sterile 0.89% (w/v) NaCl
solution. The solution was homogenized by sonication (30-sec pulse at an output of 7W;
Branson Sonifier 150, Branson Ultrasonics, Danbury, CT) without killing bacterial species
from sonication (Koo et al., 2010). The homogenized suspension was plated on blood agar
using an automated EddyJet Spiral Plater (IUL, SA, Barcelona, Spain) to determine the
colony-forming units (CFU), which reflect the number of viable cells. The two species
were differentiated by observation of colony morphology in conjunction with microscopic
examination of cells from selected colonies (Guggenheim et al., 2001). The homogenized
biofilm suspension was also used for the measurement of dry weight detailed previously
(Zeng et al., 2019).

Laser scanning confocal fluorescence microscopy (LCSFM) imaging of biofilm matrix

We examined the three-dimensional (3D) structure of intact biofilms by directly
incorporating fluorescent markers during the synthesis of the extracellular polysaccharide
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(EPS) matrix using LCSFM (Klein et al., 2009; Klein et al., 2011). Hence, 1 uM Alexa
Fluor® 647-labeled dextran conjugate (molecular weight, 10 kDa; absorbance/fluorescence
emission maxima of 647/668 nm; Molecular Probes, Invitrogen Corp., Carlsbad, CA) was
added to the culture medium starting from the biofilm formation to the biofilm development
for EPS visualization. This fluorescent marker does not stain the bacterial cells used in our
study using a specific concentration (Klein et al., 2009). Both bacterial and fungal species
in the biofilms were labeled by SYTO® 9 green, fluorescent nucleic acid stain (485/498
nm; Molecular Probes) following a standard protocol (Klein et al., 2009; Klein et al., 2011).
The images were taken using Olympus FV 1000 two-photon laser scanning microscope
(Olympus, Tokyo, Japan) that contains a 10X (0.45 numerical aperture) or 25X LPlan N
(1.05 numerical aperture) water immersion objective lens(Koo et al., 2010). Each HA disc
with biofilm was scanned at five random positions selected at the microscope stage (Xiao
& Koo, 2010), and confocal image series were generated. A total of 10 image stacks were
obtained for each biofilm condition.

Computational analyses of the confocal biofilm images

We analyzed the confocal images with a specific software that simultaneously visualizes
and quantifies EPS and bacterial cells within intact biofilms (Klein et al., 2011). Therefore,
Amira 5.0.2 (Mercury Computer Systems Inc., Chelmsford, MS) was used to visualize

the morphology and 3D architecture of both structural components of biofilms (EPS and
bacteria) as detailed previously (Klein et al., 2011; Xiao & Koo, 2010). The quantitative
analysis of the images was carried out using COMSTAT and DUOSTAT scripts (http://
www.imageanalysis.dk). We used COMSTAT to calculate the biomass of bacteria and

EPS components, the number, thickness, and layer distribution of biofilms. In addition,
COMSTAT quantifies the size (volume, diameter, and height) of surface-attached and
floating microcolonies, as detailed elsewhere (Heydorn et al., 2000; Xiao & Koo, 2010).
We used DUOSTAT to calculate the co-localization of EPS and bacterial cells within the 3D
biofilm structure (Klein et al., 2011).

Real-time PCR

Real-time PCR was performed to assess the expression of C. albicansand S. mutans
virulence genes. We collected biofilms from four discs at six points, 20, 24, 30, 44, 48, and
54 h, for both the control group and the Nystatin-treated group (Fig. 5-6). The discs were
immersed in RNAlater (AppliedBiosystems/Ambion, Austin, TX, USA) for 1 hour, followed
by biofilms removal with a spatula. RNA extraction and purification were completed using
MasterPure complete DNA and RNA purification kit (Epicentre, Lucigen, WI, USA).

The raw RNA product was then quantified using NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Scientific™, Wilmington, DE, USA). Depletion of rRNA was
performed using Ribozero rRNA Removal Kit (Illumina, San Diego, CA, USA).

The cDNA synthesis was completed from 0.2 mg of purified RNA with the Bio-Rad iScript
cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA). Amplification of S. mutans
and C. albicans genes was conducted using Applied Biosystems™ PowerTrack™ SYBR
Green Master Mix and a QuantStudio™ 3 Real-Time PCR System (Thermo FisherScientific,
USA). For S. mutans and C. albicans genes comparative calculation, we used reference
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genes: gyrA for S. mutans (Zeng & Burne, 2013) and ACT1 for C. albicans. For C. albicans
virulence genes, the hyphae-specific genes (HWP1, and ECE1), manganese-dependent
superoxide dismutase (SOD3) (Martchenko et al., 2004), chitinase gene (CHT2) (McCreath
et al., 1995), and ergosterol Biosynthesis gene (ERG4) were analyzed. For S. mutans
virulence genes, the target genes were Gtf genes (gt7B, gtfC, and gtfD) responsible for
cellular adhesion (Ooshima et al., 2001), enolase gene (eno), and ATPase gene (atpD).
Methods were detailed previously (Zeng et al., 2022). The genes and primers used are listed
in Table S1.

Statistical analysis

Results

The CFU value for S. mutansand C. albicans were converted to a natural log for statistical
analysis. The normality of numerical values (CFU natural log value, biomass of bacteria
and EPS, number and size of microcolonies, pH value of the culture medium, and gene
expression ratio) was assessed. #-festwas performed to compare the difference between the
control and Nystatin treatment group for normally distributed data, and Mann-Whitney U
test was used to assess the differences for non-normal data. Repeated ANOVA was used to
assess the S. mutans virulence genes expression between different time points among the
control and Nystatin-treated group. Statistical analyses were performed using IBM SPSS.

The effect of Nystatin on duo-species biofilm was assessed using a duo-species biofilm
model (Fig. 1). Nystatin treatment eliminated C. albicans after 44 hours of biofilm formation
compared to the control group (Fig. 2A). Intriguingly, the Nystatin-treated biofilms formed
in a higher sugar condition (1% sucrose) had a significant reduction of dry weight (p<0.05)
(Fig. 3B). The 1% sucrose sugar condition reflected a high cariogenic challenge. In addition,
the abundance of S. mutans was reduced by 0.5 log CFU/mI at 44 and 68 hours in the
Nystatin-treated group with 1% sucrose (p<0.05).

Inhibitory effect of Nystatin on biofilm formation

We observed the biofilm closely using a two-photon laser confocal microscope to

explore the Nystatin treatment’s effect further. COMSTAT and DUOSTAT were used to
determine the biofilm’s three-dimensional structure parameters (biomass of bacteria and
EPS, thickness/layer distribution of biofilms, and formation of surface-attached and floating
microcolonies). The biomass and average thickness of bacteria and EPS was lower in the
treatment group than in the control group (Fig. 3A). Biofilms formed in the control group
had a dense EPS layer covering the sHA disc. Worth noting that the biomass distribution
across the vertical biofilm layout was altered by Nystatin treatment, resulting in less volume
on the substrate layers of the Nystatin group compared to the control group (Fig. 3C and D).

The biofilms treated with Nystatin formed unique halo-shaped microcolonies with reduced
core EPS coverage (red) (Fig. 3A). We also observed smaller microcolonies (green) in the

Nystatin-treated group, which can be seen clearly in the cross-sectional view. Reduction of
the number and size of floating and attached microcolonies in the Nystatin treatment group
was also confirmed from the quantitative assessment via COMSTAT (Table 1). The amount
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of bacteria co-localization by EPS was quantified using DUOSTAT, which confirms the
findings of the representative confocal images.

Changes in culture media pH

The culture media pH was measured at three different time points during the biofilm
experiment. The acidity of the spent culture medium was significantly lower in the Nystatin-
treated group compared to the control group at 44 and 68 hours under 0.1% sucrose sugar
conditions (Fig. 4A). However, the acidity of the control and treatment group was similar at
44 and 68 hours under 1% sucrose and 1% glucose sugar conditions (Fig. 4B-C).

Expression of virulence genes

We performed real-time PCR to assess C. albicansand S. mutans virulence genes. For

C. albicans, virulence genes (CHT2, HWP1, ECE1, and ERG4) were significantly down-
regulated (p<0.05) immediately following the first Nystatin application at 24h; SOD3 gene
was significantly down-regulated (p<0.05) after 30 hours (see Fig. 5). At 44 hours which is
after 4 applications of Nystatin, expression was not detection for all C. albicans virulence
genes, which is consistent with our results in (Fig. 2) where no viable C. albicans cells were
cultured at 44h biofilms in the Nystatin treatment group.

The biofilms treated with Nystatin had down-regulations of S. mutans gtfB, and eno genes
compared to the control group, despite no statistically significant differences being between
the control and treatment group (Fig. 6). However, at 44 hours, and 4 Nystatin applications,
gtfD and atpD were down-regulated and statistical difference (p<0.05) was noted.

We further assessed the dynamic expression of S. mutans virulence genes in control and
Nystatin-treated biofilms. No significant change was seen in the dynamic expression of gtfB,
atpD, and eno genes in both the control and Nystatin-treatment group. However, there was a
significant change (p<0.05) in the dynamic expression of gtfD in the control group (Fig. 7A)
and a significant change in the dynamic expression of gffC in the Nystatin-treated biofilms
(Fig. 7B).

Discussion

Given that limited studies have assessed the effect of an antifungal regimen on inhibiting

C. albicans and S. mutans biofilms, our study sheds new light on C. albicans-S. mutans duo-
species biofilm control from a fungal perspective. In our biofilm model, Nystatin eliminated
C. albicans after 44 hours of biofilm formation, with a significant down-regulation of
several virulence genes immediately following Nystatin application. For instance, the
hyphae-specific genes (HWP1 and ECEI) were significantly down-regulated at 30 h and

the expression of HWP1 and ECE1 was not detectable after 44 h. The expression of other C.
albicans genes, such as manganese-dependent superoxide dismutase (SOD3) (Martchenko et
al., 2004), chitinase gene (CHT2) (McCreath et al., 1995), and ergosterol Biosynthesis gene
(ERG4) was also undetected after 4 applications of Nystatin at 44 h.

The reduction of C. albicans in the biofilms was associated with a 0.5 log reduction in S.
mutans viable count (CFU/ml). Less S. mutans viable cells in the Nystatin-treated biofilms
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could be partially explained by the down-regulation of eno (acid production) and atpD

(acid tolerance) (Jung et al., 2022). Furthermore, a significant reduction in biofilm dry
weight was seen in the Nystatin-treated group compared to the control group under the most
cariogenic sugar condition (1% sucrose). Nystatin-treated biofilms had reduced biomass and
modified biofilm architecture that is less virulent, with fewer and smaller substrate attached
microcolonies. The gffB is associated with insoluble glucan synthesis and the formation of
the backbone of cariogenic biofilms (Koo et al., 2010). Despite a statistically non-significant
difference in gtfB/C expression in the Nystatin-treated biofilms compared to the control
group, a trend of down-regulation of g¢fB expression after the Nystatin application was seen.
The GtfD enzyme produces soluble glucans and collaborates with the other Gtf enzymes
(GtfBand GItfC) to promote adherence of bacterial cells and biofilm formation in the oral
cavity (Matsumoto-Nakano, 2018). We also see a statistically significant reduction of gtfD
expression at 44h (after 4 applications of Nystatin). Despite the positive reduction of S.
mutans in relation to the C. albicans reduction, it is worth noting 0.5 log reduction of

S. mutans is below the desirable 3 1og10 reduction for considering a product for being
clinically relevant, according to the American Society of Microbiology (Petersen et al.,
2007).

Moreover, Nystatin-treated biofilm formed unique halo-shaped microcolonies with reduced
EPS in the core of the microcolonies. Since the microcolony structure in biofilms is often
associated with oral biofilm virulence, such as acting as barriers to environmental challenges
(sheer force, application of antimicrobial agents) and forming an acidic environment that
leads to more severe demineralization of enamel surfaces (Xiao et al., 2017; Xiao et al.,
2012), further understanding of the Nystatin-treatment related halo-shaped microcolonies
should be conducted in the future.

A recent study (Kim et al., 2018) examined the effect of using an antifungal regimen
(Fluconazole) on duo-species biofilm /n vitro and in vivo, reporting a significant reduction in
S. mutans and C. albicans viable count compared to the control group, however, Fluconazole
did not eliminate the viable cells of C. albicans. Our study observed a complete elimination
of C. albicans viable cells, which might be due to the washing action of Nystatin suspension
compared to the systemically taken antifungal medication fluconazole. In addition, the
significant reduction in S. mutans after the topical application with fluconazole correlates
with our findings as Nystatin reduced the abundance of S. mutans as well. In addition,

C. albicans serve as a surface for S. mutansto bind and form biofilms. Hwang and his
colleagues report that mannans located on the outer surface of C. albicans cell wall mediate
the binding of S. mutans-derived enzyme GtfB, enhance glucan-matrix production and
modulate bacterial-fungal association within biofilms (Hwang et al., 2017; Hwang et al.,
2015). Reduction of C. albicans in the biofilm system could reduce S. mutans binding due to
the abovementioned S. mutans-C. albicans binding interactions.

A noteworthy finding is that we observed a significant reduction in culture media pH in the
Nystatin-treated group with 0.1% sucrose, compared to the control group, at 44 and 68 hours
(Fig. 4A). This finding is in line with a previous study by Willem et al., where growing C.
albicans in duo-species biofilms (C. albicansand S. mutans) led to a higher culture medium
pH at 24 hours compared to S. mutans single-species biofilms (Willems et al., 2016). When
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grown alone or in combination, the metabolic productions of S. mutansand C. albicans
deserve further investigation to better understand their synergistic relation.

In addition to Nystatin tested in our study, other antifungal agents to be tested include
caspofungin. Caspofungin belongs to the echinocandin family and has a unique mechanism
of action by inhibiting the synthesis of b(1-3) glucan, a critical component of fungal cell
walls (Katzung et al., 2015). In an /n vitro study investigating the effect of caspofungin on
C. albicans biofilms, the results suggested that the therapeutic dosage of this agent showed
potent activity against C. albicans biofilms (Bachmann et al., 2002). Due to its potent
effect and unique mechanism of action merits further investigation of caspofungin on other
biofilm-associated diseases such as dental caries. Furthermore, recent advanced probiotic
research revealed a remarkable inhibitory effect of Lactobacillus spp. on S. mutansand C.
albicans duo-species biofilm formation (Zeng et al., 2022). Conjunction of using probiotics
and antifungal medication could lead to simultaneous and optimal control of S. mutans and
C. albicans.

Studying multispecies biofilm /in vitrois critical to understanding oral infectious disease and
related management. However, limitations exist from using /n vitro models. For example,
although our biofilm model mimicked a high caries risk condition and supplied a high sugar
challenge, our model did not introduce a flow cell setting, which does not mimic clinical
shear force, salivation, etc. In addition, this study tested the wild type of S. mutans and

C. albicans, which does not reflect the full spectrum of clinical isolates virulence; further
studies are needed to assess the responses of clinical isolates. Furthermore, the current study
focused on assessing C. albicans, future studies could expand the attention and assessment
of the cariogenic role of other Candlida species, such as C. dubliniensis. Future studies are
also required to analyze Nystatin’s effect in animal models and clinical trials.

Conclusions

Nystatin altered the formation and characteristics of C. albicansand S. mutans duo-species
biofilms. Future studies that investigate the effect of Nystatin on C. albicans-S. mutans
multi-species biofilms via /n vitral in situ models and clinical trials are critical to providing
further rationale for developing clinical regimens for preventing or treating dental caries
from an antifungal perspective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic study design
We used a duo species biofilm model to evaluate the effect of antifungal medications on

S. mutans and C. albicans duo-species biofilm formation. Culture medium was changed
once/daily at 20 and 44 hours (marked as green dot). Biofilms grew under 0.1% sucrose
condition in the first 20hours, then were subjected to sugar challenge with 1% sucrose
and 1% glucose. Nystatin (treatment group) and PBS (control group) applications were
administered 4 times/day, 5 minutes/application, between 20-68 hours (marker in purple).
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Fig. 2. Effect of Nystatin on S. mutansand C. albicans viability in duo-species biofilms.
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Viable cells of S. mutansand C. albicans were assessed using colony forming unit (CFU).
(A) 0.1% sugar condition, (B) 1% sucrose condition, and (C) 1% glucose condition. Viable
C. albicans were undetected after 44 hours of biofilm formation in all sugar conditions.

The abundance of S. mutanswas reduced by 0.5 log CFU/ml at 44 and 68 hours in the

Nystatin-treated group with 1% sucrose, (p=0.03, ¢-tesi).
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Fig. 3. Morphogenesis and 3D architecture of S. mutansand C. albicans duo-species biofilms

treated by Nystatin

(A) Morphogenesis and 3D architecture of 68h Nystatin-treated biofilms were visualized.
Altered biofilm structures were seen, with smaller and hollow microcolonies. White arrow
indicates inner aspect of microcolony. (B) Significant reduction of biofilm dry weight
following Nystatin treatment was seen in 1% sucrose condition, comparing to the control
group, (p=0.04, t-tesh). (C-D) Layer distribution of the 68h biofilms formed in 1% sucrose
showed that the Nystatin-treated biofilms had thinner layers and with less biomass at the
substrate layer (marked with black arrows).
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Fig. 4. pH value in culture media
(A) The pH value of culture medium was significantly lower in the Nystatin treated group

comparing to the control group at 44 and 68 hours under 0.1% sucrose sugar conditions,
(p<0.001, t-tfesh. (B-C) No significant reduction was noted in 1% sucrose and 1% glucose
conditions.
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treated-biofilms at 44, 48 and 54 hours
* p<0.05

The real-time PCR was performed to assess C. albicans virulence genes. CHT2, HWP],
ECE1, and ERG4 were significantly down-regulated (p<0.05, t-fesf) immediately following
the first Nystatin application at 24h. SOD3 gene was significantly down-regulated (p<0.05,
t-tesi) after 30 hours. At 44 hours which is after 4 applications of Nystatin, the expressions
of all C. albicans virulence genes were not detectable.
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Fig. 6. Expression of S. mutansvirulence genes
The real-time PCR was performed to assess S. mutans virulence genes. The biofilms

treated with Nystatin had down-regulations of g¢fB, and eno genes, compared to the control
group, despite no statistically significant differences were detected. The expression of S.
mutans gtfD and atpD was significantly down-regulated (p<0.05, #-tes?) in the Nystatin-
treated biofilms than the control group at 44 hours when 4 Nystatin applications had been

administered (p<0.05, t-fesi)
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Fig. 7. Dynamic changes of S. mutans virulence genes in control and Nystatin-treated S. mutans
and C. albicans duo-species biofilms

The dynamic expressions of S. mutans virulence genes in the control (A) and Nystatin-
treated biofilms (B) were assessed. No significant change was seen in the dynamic
expression of gtfB, atpD, and eno genes in both the control and Nystatin-treatment group.
However, there was a significant change in the dynamic expression of g¢fD in the control
group and a significant change in the dynamic expression of g¢fCin the Nystatin-treated
biofilms. (p<0.05, repeated ANOVA).
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Quantitative assessment of microcolonies in mixed species biofilms

Table 1.

Parameters Control group  Nystatin group  P-value
Substate-attached microcolonies

Number 7.3#3.7 1.8+1.7 0.04%
Area (um?) x103 21426 0.240.1 0.13
Volume (um?3) x108  1.9+1.3 3.7£16 0.89
Floating microcolonies

Number 235.4+142.2 200.8+47.2 0.48
Diameter (um) 42.9+8.7 36.2+3.2 0.04%
Volume (um3) x103  6.9+7.8 8.949. 0.62

Values are represented as means +SD

*
p<0.05
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