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ABSTRACT
Background: Non-albicans Candida species (NACs) are commonly found in carious lesions, 
yet their specific role in caries progression remains unclear. Hence, we conducted an in vitro 
study to explore how NACs interactions with Streptococcus mutans affect cariogenicity.
Materials and Methods: Dual-species interkingdom biofilms were developed with S.mutans 
and six Candida species, C.albicans and the NACs: C.dubliniensis, C.glabrata, C.krusei, C.para
psilosis and C.tropicalis. Biofilm mass, viable cell counts, and pH were evaluated in mono- and 
dual-species biofilms. Quantitative RT-PCR was used to assess the expression of S.mutans 
genes associated with cariogenicity.
Results: Co-culturing S.mutans with either C.albicans, C.glabrata, or C.tropicalis significantly 
increased biofilm mass. While S.mutans numbers either increased or remained stable in dual- 
species biofilms, C.krusei, C.parapsilosis, and in particular C.tropicalis numbers significantly 
increased. All dual-species biofilms exhibited a pH below the critical demineralization level of 
enamel, akin to S.mutans mono-species biofilms. The expression of a battery of cariogenic 
genes in S.mutans was upregulated, particularly in dual-species biofilms with C.krusei and 
with C.tropicalis.
Conclusion: NACs influence the biofilm production and the cariogenic gene expression of S. 
mutans. The dual-species biofilm of S.mutans and NACs, particularly C.tropicalis, likely possess 
heightened cariogenic potential. Further research is warranted to unravel these intriguing 
interactions within interkingdom biofilms.

KEY MESSAGES
(1) The coexistence of NACs, notably C. tropicalis, and S. mutans could amplify the cariogeni

city of interkingdom biofilms.
(2) Exploring the interplay between S. mutans and the mycobiome could help develop 

efficient strategies for caries prevention and management.
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Introduction

Dental caries is a complex disease that arises when 
the oral environment becomes acidic, fostering the 
growth of acid-tolerant, cariogenic microorganisms 
[1]. The predominant cariogenic organism identified 
in this context is Streptococcus mutans, although 
more recently there have been calls for the inclusion 
of Candida species as a cariogen [2]. Numerous 
recent studies have also demonstrated the extremely 
high prevalence of Candida species in early childhood 
caries (ECC) and its severe variant (sECC) [3].

Indeed, Candida species are characterized by spe
cific traits, such as acidogenicity, aciduricity, and the 
ability to form robust biofilms, that are the hallmarks 

of cariogenic organisms [4,5]. The foregoing micro
biological data from children with ECC and sECC, 
and those from a number of other in vitro studies 
clearly indicate that Candida species in tandem with 
S. mutans may synergise cariogenicity [6].

For instance, the interactions between C. albicans 
and S. mutans are facilitated by the binding capacity 
of the GtfB protein of the latter with C. albicans cell 
wall mannoproteins, leading to enhanced glucan 
matrix synthesis resulting in profuse biofilm forma
tion [7]. It is also known that this interkingdom 
symbiosis leads to the upregulation of genes asso
ciated with acid production and acid tolerance [8,9].
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While historical data predominantly highlights the 
high prevalence of S. mutans and C. albicans in caries 
lesions, recent investigations, especially in children 
with ECC and sECC have revealed that non-albicans 
Candida species (NACs) are equally or more com
monly found alongside these traditional cariogenic 
agents [10,11]. For instance, de Carvalho et al. found 
that C. albicans is the most prevalent species in ECC, 
followed by C. tropicalis and C. krusei [11]. More 
recently, Fakhruddin KS et al. discovered, in a UAE 
cohort, that NACs, specifically C. tropicalis and 
C. krusei, were more prevalent than C. albicans in 
sECC [3,10]. The reasons behind this cohabitation of 
S. mutans and NAC species in carious lesions remain 
obscure. However, it is tempting to speculate that 
differences in cell wall mannoproteins between NACs 
and C. albicans may play a role [12–15]. For instance, 
C. krusei has been found to have less abundant man
nan compared to C. albicans [16], and C. glabrata 
possesses short and lightly branched cell wall mannans 
[15]. Furthermore, studies have shown that the GtfB 
enzyme produced by S. mutans can avidly bind to the 
cell walls of various Candida species [8]. These varia
tions in cell wall composition and binding properties 
in NACs may influence the interactions between such 
dual-species, interkingdom biofilms.

Therefore, the main aim of this study was to char
acterize the cariogenic attributes of interkingdom, 
dual-species biofilms of NACs and S. mutans 
in vitro, in terms of the total biofilm mass, viable 
cell counts, and pH alterations. We also took the 
opportunity to evaluate the expression of cariogenic 
virulence genes in S. mutans during such interactions.

Materials and methods

Microorganism strains and growth conditions

Type culture strains of Streptococcus mutans UA159, 
Candida albicans SC5314, Candida dubliniensis 
NCPF3949, Candida glabrata (Nakaseomyces glab
rata) ATCC2001, Candida tropicalis ATCC750, 
Candida parapsilosis ATCC90018 and Candida krusei 
(Pichia kudriavzevii) ATCC6258 were used in this 
study. Streptococcus mutans and Candida spp. were 
separately grown in BHI broth at 37°C and 30°C, 
respectively, with shaking (at 240 rpm) until the 
cultures reached the log phase (OD600 nm = 0.4–0.6; 
approximately 4 hours).

Biofilm formation and gram staining

For use in mono-species biofilm formation studies, 
log phase cultures of S. mutans and Candida spp. 
were adjusted to OD600 nm of 0.4 (approximately 
108 CFU/ml) and OD600 nm of 0.1 (approximately 
106 CFU/ml), respectively. The cell pellets of each 

microorganism were then collected from 1 ml of 
culture by centrifugation and re-suspended in 
500 µl of BHI broth supplemented with 5% sucrose 
before transferring to separate wells in a 24-well 
plate (a polystyrene plate, Corning Costar, 
Kennebunk, ME, USA). The plate was incubated 
for 36 hours at 37°C with 5% CO2 to form biofilm, 
without changing the media.

Dual-species biofilms were created using the 
same approach employed for mono-species biofilm, 
with microorganisms being combined at a ratio of 
108 CFU/ml for S. mutans and 106 CFU/ml for 
Candida spp., mimicking the proportions typically 
observed in the saliva samples of children with 
ECC [8]. After 36 hours of incubation, the biofilms 
were washed three times with sterile phosphate- 
buffered saline (0.01 M PBS, pH 7.4) to remove 
non-adherent cells. Both mono- and dual-species 
biofilms were gram-stained, and representative 
photomicrographs were obtained.

Determination of biofilm mass using crystal violet 
assay

The 36-hour biofilm was fixed with 500 µl of 95% 
ethyl alcohol for 20 minutes at room temperature and 
then stained with 500 µl of 0.1% (w/v) crystal violet 
(CV) for 15 minutes. After that, the stained biofilm 
was washed three times with distilled water and let 
dry. The biofilm then was de-stained with 33% acetic 
acid. The optical density of the de-staining solution 
was measured at 520 nm [17]. The culture medium 
without microorganisms was used as a blank. The 
experiments were performed five times indepen
dently. Biofilm mass was calculated using the follow
ing formula:

Determination of cell viability by colony counting

The 36-hour biofilm was scraped and re-suspended in 
sterile PBS. The cell clumps were disrupted by an ultra
sonic homogenizer with an amplitude of 25% for 30  
seconds twice [18]. The homogenized suspension was 
serially diluted and plated on 1) Mitis-Salivarius agar 
(MS agar: selective media for streptococci) and 2) 
Sabouraud dextrose agar (SDA) for Candida species. 
MS agar plates were incubated at 37°C with 5% CO2 
whereas SDA plates were incubated at 30°C for approxi
mately 36 hours [18]. After incubation, the number of 
colony-forming unit (CFU) was determined. The experi
ments were performed five times independently. The 
number of microorganisms was presented as Log 
CFU/ml.
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Determination of biofilm pH

In our preliminary study, no difference in pH values 
was observed between the biofilm and the culture 
medium. Therefore, the pH of the biofilm was deter
mined by assessing the pH of the culture medium. 
The pH was measured by a pH meter (LAQUAtwin, 
HORIBA, Singapore) at 36 hours. The experiments 
were repeated on five independent occasions.

Moreover, to investigate the dynamic change, the 
pH was measured at the following time points: the 
beginning of the experiment (0 min), 15 min, 30 min, 
45 min, 1 h, 2 h, 3 h, 4 h, 8 h, 12 h, 24 h and 36 h. 
These experiments were repeated on three different 
occasions.

Determination of gene expression of 
Streptococcus mutans associated with its 
attributes of cariogenicity

RNA extraction and purification
A previously described protocol was employed with 
minor modifications to determine the gene expres
sion of Streptococcus mutans that are known to be 
associated with their attributes of cariogenicity [19]. 
These genes were chosen based on prior research that 
highlighted the upregulation of S. mutans virulence 
genes when co-cultured with C. albicans [8,9]. 
Table 1 illustrates the S. mutans genes so chosen 
and their primer sequences.

The 36-hour biofilms were scraped from 24-well 
plates and kept in RNAlater (Invitrogen, 
ThermoFisher) at 4°C until use. The biofilms were 
suspended in cold PBS, sonicated by an ultrasonic 
homogenizer (Sonics, USA) at an amplitude of 25% 
for 30 seconds and then centrifuged at 5,500 g, 4°C, 
for 10 minutes. This sonication-washing step was 
repeated twice to break cell clumps.

After the final washing step, the cells were re- 
suspended in 0.25 ml of NAES buffer (50 mm sodium 
acetate buffer, 10 mm EDTA and 1% SDS, pH 5.0) 
and transferred to new 2.0 ml microcentrifuge tubes. 
Glass beads (0.1 mm diameter) were added into the 
tubes until the final volume reached 0.5 ml, and an 
equal volume of acid phenol/chloroform (5:1, pH 4.5) 
was added and mixed by vortexing with maximum 
speed at 40 seconds to break the cells. This vortexing 
step was repeated twice and then the cell extract was 
centrifuged at 14,000 g, 25°C for 15 minutes. To iso
late the nucleic acid, the aqueous layer was collected 
and mixed with an equal volume of acid phenol/ 
chloroform (5:1, pH 4.5) for 10 seconds and centri
fuged at 14,000 g, 4°C for 15 minutes. The aqueous 
layer was collected and mixed with an equal volume 
of chloroform/isoamyl alcohol (24:1) and centrifuged 
at 14,000 g, 4°C for 5 minutes. The aqueous phase was 
transferred to a new 1.5 ml microcentrifuge tube. 
Nucleic acid (RNA/DNA) was precipitated using 
a 1/10 volume of 3 M sodium acetate (pH 5.0) and 
1 volume of cold isopropanol and stored at −20°C for 

Table 1. List of primer sequences of cariogenic virulence genes of Streptococcus mutans.
Genes Primer sequences Descriptions Ref.

EPS synthesis and glucan binding
gtfB F: 5’- CACTATCGGCGGTTACGAAT-3’ 

R: 5’- CAATTTGGAGCAAGTCAGCA-3’
Glucosyltransferase GTF-I Wang et al. [20]

gtfC F: 5’- GATGCTGCAAACTTCGAACA −3’ 
R: 5’- TATTGACGCTGCGTTTCTTG −3’

Glucosyltransferase GTF-SI Wang et al. [20]

gtfD F: 5’- TTGACGGTGTTCGTGTTGAT −3’ 
R: 5’- AAAGCGATAGGCGCAGTTTA −3’

Glucosyltransferase-S Wang et al. [20]

gbpB F: 5’- CGTGTTTCGGCTATTCGTGAAG −3’ 
R: 5’- TGCTGCTTGATTTTCTTGTTGC −3’

Glucan-binding protein B Wen et al. [21]

Sugar utilization
scrA F: 5’- GATTGCCCTCAGCAGTTGACAT −3’ 

R: 5’- GCTGGGAAACTTTGATGGAGAC −3’
PTS system sucrose-specific transporter subunit IIABC Li et al. [22]

scrB F: 5’- ACAGCCTGTCCTGATTTATAGTC −3’ 
R: 5’- CTGGTAACCCAATCCATGAGAC −3’

Sucrose-6-phosphate hydrolase Li et al. [22]

ldh F: 5’- AAAAACCAGGCGAAACTCGC −3’ 
R: 5’- CTGAACGCGCATCAACATCA −3’

Lactate dehydrogenase Wang et al. [20]

pdhA F: 5’- ATGCCAAACTATAAAGATTTAC −3’ 
R: 5’- TCTTGGGCTTCAATATCT −3’

Pyruvate dehydrogenase, TPP-dependent E1 component  
alpha-subunit

He et al. [9]

pflA F: 5’- ACGACCTTGGATACCTGTGC −3’ 
R: 5’- AAGACATGGCGAATCCAAAC-3’

Pyruvate formate-lyase This study

Aciduricity
atpD F: 5’- TGTTGATGGTCTGGGTGAAA −3’ 

R: 5’- TTTGACGGTCTCCGATAACC −3’
F1F0-ATP synthase subunit beta Bezerra et al. [23]

fabM F: 5’- ACTGATTAATGCCAATGGGAAAGTC −3’ 
R: 5’- TGCGAACAAGAGATTGTACATCATC −3’

Enoyl-CoA hydratase Bezerra et al.[23]

Signal transduction system
ciaH F: 5’- CGTCATCAATAATGTCAATGCCTTC −3’ 

R: 5’- TACCTTAACTGTCACTGTCCGATAC −3’
Histidine kinase sensor CiaH Hu et al. 24]

ciaR F: 5’- GAAGCAGAGTGGCGTTTATG −3’ 
R: 5’- TGTCATCCAAACCTTCCTTAGC −3’

Response regulator CiaR He et al. [9]

Housekeeping genes
rpoB F: 5’- GCAGTCAAGGGGTGGAAATCG −3’ 

R: 5’- TGGACGGCTTGTTGCAGGAATAC −3’
DNA-dependent RNA polymerase beta-subunit Park et al. [25]
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at least 30 minutes. The pellets were collected by 
centrifugation at 14,000 g, 4°C for 15 minutes and 
washed with 0.5 ml of cold 75% (v/v) ethanol three 
times followed by 0.5 ml of 99% cold ethanol. The 
pellets were dried at 65°C for 3 minutes and was 
dissolved in 20 µl of sterile distilled-DEPC water 
and stored in −80°C until use.

The samples were treated with DNase I (Thermo 
Fisher Scientific, USA) for 30 minutes at 37°C to 
remove DNA and purified using ethanol precipitation 
to remove the DNase. The RNA concentration was 
quantified using the NanoDrop™ 2000/2000c spectro
photometers (Thermo Fisher Scientific, USA).

Quantitative reverse transcription PCR (qRT-PCR)
The bacterial mRNA was converted to cDNA by 
using Random Hexamer primer (Macrogen, Korea) 
and ImProm-II™ Reverse Transcriptase (Promega, 
USA) according to the manufacturer’s instructions. 
Subsequently, quantitative real-time PCR (qPCR) 
with Luna Universal qPCR master mix (New 
England Biolabs, USA) was performed using primers 
shown in Table 1. The sequences of pfl primers were 
designed in this study using Primer3Plus software 
(access: https://primer3plus.com).

A reaction mixture was prepared by mixing 5 µl 
of qPCR master mix, 0.25 µl of each (10 µM) pri
mer, 3 µl of cDNA template and sterile MilliQ 
water up to 10 µl. The qRT-PCR was performed 
using the following cycling parameters: 1 cycle of 
initial denaturing at 95°C for 10 minutes and 
amplified for 40 cycles with denaturing at 95°C 
for 15 seconds, followed by annealing and exten
sion at 60°C for 30 seconds. Melting curve analysis 
was subsequently performed from 60–95°C. The 
rpoB gene was used as a housekeeping gene [25]. 
Levels of gene expression were calculated using the 
double delta CT method. The experiments were 
performed three times independently. Finally, the 
expression levels were transformed to log2 using 
GraphPad Prism version 10.0.3 for Windows 
(GraphPad Software, Boston, Massachusetts, USA) 
and the results were converted into a heatmap 
(Figure 5).

Statistical analysis

All data were analysed using GraphPad Prism version 
10.0.3 for Windows (GraphPad Software, Boston, 
Massachusetts, USA). The normality test was done 
by using the Shapiro-Wilk test. The differences in 
biofilm mass and the colony numbers of S. mutans 
and Candida species between mono- and the respec
tive dual-species biofilms were evaluated with the 
Mann-Whitney U test (not normal distribution) or 
t-test (normal distribution). The statistical signifi
cance level was set at α = 0.05.

Results

Mass determination and gram-staining of 
S. mutans, and NAC species in mono- and 
dual-species interkingdom biofilms

The biofilm mass of mono- and dual-species was 
evaluated relative to that of mono-species (as 
described in materials and methods). The dual- 
species biofilm (ds/ss) of S. mutans (Sm) with 
C. albicans (Ca), C. glabrata (Cg) and C. tropicalis 
(Ct) showed significantly higher biofilm mass than 
the sum of their mono-species biofilms (p < 0.05, 
Figure 1a). The biomass of the other three dual- 
species biofilms of C. dubliniensis (Cd), C. krusei 
(Ck), and C. parapsilosis (Cp) also appeared higher 
than the mono-species biofilm, but the difference was 
not statistically significant (p > 0.05). Finally, no sig
nificant difference was noted between the biofilm 
mass of Sm&Ca (ds/ss), and that of all Sm&NACs 
(ds/ss).

The microscopic morphology and structure of the 
microorganisms in the mono- and dual-species bio
film after 36 hours of incubation were examined fol
lowing Gram staining (Figure 1b). It was evident that 
C. albicans exhibited growth in both yeast and 
hyphae forms within the mono- and dual-species 
biofilms. In contrast, the majority of the NACs were 
in yeast phase, except C. tropicalis that exhibited 
a sparse amount of hyphal growth.

Quantitation of cell numbers of S. mutans, and 
NAC species in mono- and dual-species biofilms

When the viable cell numbers of S. mutans in mono- 
species biofilms were compared with those in dual- 
species biofilms, the streptococcal growth in 
C. albicans, C. glabrata and C. parapsilosis dual- 
species biofilms was noted to be significantly higher 
than in the respective mono-species counterpart bio
films (Figure 2a).

Conversely, when assessing the viable cell numbers 
of Candida spp. in mono-species versus dual-species 
biofilms, C. krusei, C. parapsilosis, and C. tropicalis 
displayed significantly higher cell counts in dual- 
species growth compared to their counterpart mono- 
species biofilms (Figure 2b). One exception was the 
growth of C. glabrata which was significantly 
impeded in dual-species biofilms, in contrast to its 
mono-species growth.

The acidogenic potential of S. mutans, and NAC 
species in mono- and dual-species biofilms

The critical pH of 5.5 required for enamel deminer
alization was used as a surrogate marker indicating 
the cariogenic potential of biofilms. Typically, the 
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Figure 1. The mass of S. mutans and NAC species, along with the gram-staining of Candida spp., in mono- and dual- 
species interkingdom biofilms. (a) Biofilm mass of mono- and dual-species relative to that of the mono-species counterparts. 
The data are means and standard deviations of five separate experiments (n = 5). Asterisks denote statistical significance (*p <  
0.05 and **p < 0.01). (b) Gram staining of Candida species in mono- (upper row) and dual-species biofilms with S. mutans (lower 
row). Filamentation and yeast forms were observed in C. albicans mono- and dual-species biofilms, while NACs predominantly 
remained in yeast form, except for C. tropicalis, which formed a small number of hyphae. Sm: S. mutans, Ca: C. albicans, Cd: 
C. dubliniensis, Cg: C. glabrata, Ck: C. krusei, Cp: C. parapsilosis, Ct: C. tropicalis.

Figure 2. A comparison of the numbers of viable S. mutans and NAC species cells in mono- and dual-species biofilms. 
The data are mean and standard deviations of five separate experiments (n = 5). The viable (a) S. mutans and (b) Candida species 
cell numbers in mono- (light color) and dual-species biofilms (dark color). Asterisks denote statistical significance; *p < 0.05, **p  
< 0.01, ***p ≤ 0.001 and ****p < 0.0001. Sm: S. mutans, Ca: C. albicans, Cd: C. dubliniensis, Cg: C. glabrata, Ck: C. krusei, Cp: 
C. parapsilosis, Ct: C. tropicalis.
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average pH of the mono-species biofilms of all 
Candida species surpassed this critical pH of 5.5. In 
contrast, the pH of all dual-species biofilms dropped 
below this threshold, mirroring that of S. mutans. 
This suggests that the growth of S. mutans and 
yeast biofilms is associated with acid production irre
spective of the presence of the yeasts (Figure 3).

Aside from the final pH of the biofilm, after 36  
hours, we also examined the temporal increase of the 
biofilm’s acidogenicity over the same duration 
(Figure 4). These pH dynamics echoed the earlier 
data, showing that the terminal pH of dual-species 
inter-kingdom biofilms was below the critical enamel 
demineralization pH. The pH profiles displayed an 
exponential decline in the pH of interkingdom dual- 
species biofilms, dropping from the initial pH of 7 to 
approximately pH 4.5, two hours into the experiment. 
This low pH level persisted throughout the experi
mental timeline.

In contrast, the pH of all mono-species Candida 
biofilms remained relatively stable, fluctuating 
between pH 6 and 7 over the 36-hour experimental 
period (Figure 4). These results suggest that 
S. mutans irrespective of the presence of the 
Candida species maintain its acidogenic potential in 
interkingdom biofilms.

Evaluation of cariogenic virulence gene 
expression of Streptococcus mutans in 
dual-species, interkingdom biofilms

We further investigated the gene expression levels 
associated with various cariogenic attributes of 
S. mutans. The expression levels of a total of 13 
genes were evaluated which include gtfBCD related 
to exopolysaccharides (EPS) synthesis, gbpB related to 
glucan binding protein, genes related to sugar utiliza
tion - scrAB, ldh, pflA and pdhA, acid stress tolerance 

Figure 3. The pH values of mono- and dual-species biofilms at 36 hours. The data are mean and standard deviations of five 
separate experiments (n = 5). The white bar represents S. mutans, the light-colored bars represent Candida spp. in mono-species 
biofilms, and the dark-colored bars represent S. mutans and Candida spp. in dual-species biofilms. The dotted line indicates the 
critical enamel demineralization pH of 5.5. Sm: S. mutans, Ca: C. albicans, Cd: C. dubliniensis, Cg: C. glabrata, Ck: C. krusei, Cp: 
C. parapsilosis, Ct: C. tropicalis.

Figure 4. The pH kinetics of mono- and dual-species, inter-kingdom biofilms during 36 hours experimental period. The 
data are means and standard deviations of three separate experiments (n = 3). The dark-colored lines indicate the pH of mono- 
species biofilms, whereas the light-colored lines denote the pH of dual-species biofilms. Sm: S. mutans, Ca: C. albicans, Cd: 
C. dubliniensis, Cg: C. glabrata, Ck: C. krusei, Cp: C. parapsilosis, Ct: C. tropicalis.
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genes - atpD and fabM and finally the ciaRH related 
to signal transduction system [8,9].

Regarding the genes actively expressed during bio
film formation, the cariogenic gene expression profile 
of S. mutans in the dual-species biofilms Sm&Ck and 
Sm&Ct closely resembled that of Sm&Ca, with the 
exception of Sm&Cd combination where most of the 
evaluated genes were downregulated (Figure 5).

The gene gtfB which plays a crucial role in 
S. mutans and C. albicans biofilms were upregulated 
in all dual-species biofilms except in the case of 
C. dubliniensis [6]. Similarly, gtfD was upregulated 
in dual-species biofilms, except in Sm&Cd and 
Sm&Cp biofilms.

On the other hand, the expression of gtfC 
remained largely unchanged in most dual-species 
biofilms, except in the case of Sm&Cd and Sm&Ck 
biofilms where gene expression was down- and upre
gulated, respectively. Furthermore, gbpB, involved in 
sucrose-dependent adherence, was notably downre
gulated in Sm&Ck, Sm&Cp, and Sm&Ct biofilms.

Sucrose metabolism plays a pivotal role in cario
genicity. Therefore, we scrutinized scrAB gene 
expression, which encodes the major enzymes IIscr 
and sucrose-6-phosphate hydrolase, contributing to 

the phosphoenolpyruvate: sugar phosphotransferase 
system (PTS) related to sucrose transport and meta
bolism [26]. This gene exhibited upregulation in all 
dual-species biofilms except in Sm&Cd and Sm&Cp 
biofilms (Figure 5).

In environments rich in sugar, pyruvate is typically 
converted to lactate by lactate dehydrogenase (LDH). 
Conversely, under conditions of sugar scarcity, pyr
uvate dehydrogenase (PDH) and pyruvate formate 
lyase (PFL) are activated, leading to the breakdown 
of pyruvate into acetyl-CoA, formate, acetate, and/or 
ethanol [9]. The expression of ldh remained constant 
across all dual-species biofilms. In contrast, pdhA was 
upregulated in Sm&Ca, Sm&Ck and Sm&Ct, while 
being downregulated in Sm&Cd. The expression of 
pfl showed no significant change in most dual-species 
biofilms, except for being downregulated in Sm&Cd 
and unregulated in Sm&Ct (Figure 5).

Furthermore, acid tolerance achieved through pro
ton expulsion and augmentation of monounsaturated 
fatty acids stands as another crucial cariogenic viru
lence factor [27]. In this context, the expression of 
fabM responsible for synthesizing unsaturated mem
brane fatty acids, remained unaltered in all dual- 
species biofilms except for Sm&Cd combination, 
where it was downregulated. In contrast, atpD, 
which encodes the F-ATPase proton pump, exhibited 
downregulation in Sm&Cd, Sm&Cg and Sm&Cp with 
no discernible change observed in the other dual- 
species biofilms (Figure 5).

Finally, the ciaRH two-component signal trans
duction system plays a pivotal role in the ecological 
fitness and cariogenic potency of S. mutans, influen
cing biofilm formation and acid tolerance [26]. In 
this regard, only Sm&Ck and Sm&Ct biofilms dis
played upregulation of ciaR with its downregulation 
in Sm&Cd biofilm. In contrast, all dual-species bio
films, except Sm&Cd, exhibited upregulation and 
expression of ciaH (Figure 5).

Discussion

This study delves into the intricate interplay between 
Streptococcus mutans and a number of pathogenic 
NACs within dual-species biofilms. In particular our 
data, for the first time, shed light on how such inter
actions could impact the overall biofilm growth and 
development, pH regulation, and gene expression, in 
relation to cariogenicity.

A recent meta-analysis of clinical studies have 
shown a significant association between C. albicans 
and early childhood caries (ECC) [28]. Compared to 
caries-free children, those with ECC had higher pre
valence of oral colonization with C. albicans, and 
children with oral Candida had greater odds of devel
oping caries. These clinical observations are consis
tent with the roles of C. albicans in promoting 

Figure 5. The expression of genes associated with 
S. mutans cariogenicity in dual-species biofilms (pre
sented as a log2-fold change relative to S. mutans 
mono-species biofilms). A log2-fold change over 1 was 
defined as upregulation, while a value less than − 1 was 
considered as downregulation (label value). The experiments 
were performed on three separate occasions.
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cariogenesis, which are also supported by several 
preclinical and laboratory investigations [6–9]. 
Mechanistically, it has been demonstrated that 
C. albicans promote biofilm formation and acid pro
duction of S. mutans [6–9,29]. Our results are con
sistent with these findings and provide further 
insights into the role of the less-studied NACs. 
However, a few researchers have suggested that 
C. albicans could also play an anti-cariogenic role in 
dual-species biofilms of S. mutans, by increasing the 
pH of the biofilm at late timepoints, particularly at 
72 hours of incubation [30]. These imply that the 
interactions of the dual-species biofilm of Candida 
species and S. mutans are highly complex and 
dynamic, and indicate the necessity for further 
investigations.

The dual-species biofilms of S. mutans (Sm) with 
C. albicans (Ca), C. glabrata (Cg) and C. tropicalis 
(Ct) but not the other cohabitant yeasts, were signifi
cantly greater than their mono-species counterparts 
(p < 0.05, Figure 1). It is difficult to offer reasons for 
this difference as there is limited information avail
able on the interactions of S. mutans with NACs. One 
reason for this may be because the mannoproteins of 
each NACs exhibit structural and compositional dif
ferences in comparison to that of C. albicans [12–15]. 
Additionally, the extracellular polymeric substances 
(EPS) of C. tropicalis are characterized by the pre
sence of hexosamine instead of the typical carbohy
drates found in the EPS of C. albicans [31]. These 
distinctions in mannoprotein structure and EPS com
position are likely to play a role in the variations in 
biofilm mass we observed between different NACs 
and S. mutans.

With regards to quantitative evaluation of the bio
film cells, we noted a remarkable increase in 
S. mutans counts when co-cultured with C. albicans 
(p < 0.0001), whereas there was no significant change 
in C. albicans numbers. Previous studies quantifying 
of viable cells in dual-species biofilms of S. mutans 
and C. albicans have yielded conflicting results. While 
most reported an increase in the number of S. mutans 
and C. albicans when co-cultured, some have found 
no significant difference compared to their respective 
mono-species biofilms [8,32,33]. Interestingly, we 
also observed a significant increase in C. tropicalis 
counts when co-cultured with S. mutans (p < 0.001), 
despite the absence of significant alterations in 
S. mutans numbers (Figure 2). Ellepola et al. [6] 
have proposed a mechanism through which 
S. mutans likely promotes the proliferation of 
C. albicans in dual-species biofilms. They surmise 
that Gtf enzymes of S. mutans, which aid glucan 
production and also hydrolyse sucrose into glucose 
and fructose, may offer raw nutrients for candidal 
growth as the yeasts have a limited capacity to meta
bolize sucrose.

This metabolic activity also results in acid produc
tion, contributing to a decreased pH within the dual- 
species biofilm, a phenomenon supported by our 
findings and those of previous workers [32]. In addi
tion, Fakhruddin et al. [10] have recently demon
strated that clinical isolates of C. albicans, C. krusei, 
C. tropicalis, and C. glabrata exhibit acidogenic cap
abilities in a glucose-rich ecosystem. Furthermore, 
Candida species have an innate capacity to produce 
short-chain carboxylic acids, such as pyruvates and 
formates, which are likely to help generate acidic 
biofilms [34]. This exceptional ability of yeasts to 
produce acids and also grow under low-pH condi
tions is likely to promote enamel demineralization 
which is the prime mover in sECC [35].

The foregoing findings were also confirmed in our 
gene expression studies as we noted the upregulation 
of most S. mutans genes related to acidogenicity in 
the interkingdom biofilm, particularly in the case of 
C. tropicalis- S. mutans combination. However, those 
related to acid tolerance, i.e. atpD and fabM, were 
either unchanged or downregulated, mirroring obser
vations seen in C. albicans (Figure 5). Indeed Falsetta 
et al. [8] have noted that the latter two genes are 
upregulated only in biofilms aged 48 hours, with 
reduced expression noted at earlier time points. 
This may be the reason why we did not detect upre
gulation of acid tolerance genes as our study lasted 
only 36 hours.

The mechanisms by which C. albicans augment 
dual-species biofilm are known to be mediated by 
the release of the quorum sensing chemical farnesol, 
which activates S. mutans growth and enhances gtf 
expression and activity, that in turn synergises glucan 
production – a key component of the biofilm extra
cellular polysaccharide [36]. Additionally, C. albicans 
provides a larger binding area for GtfB and is known 
to produce β-1,3-glucans, which is likely to enhance 
the dual-species biofilm formation [8,29]. 
Concordant with the previous literature [8,37], the 
co-culture of S. mutans with C. albicans was found to 
boost biofilm mass and upregulate gtfB expression, 
with a similar trend observed with C. tropicalis where 
we noted a substantive increased biofilm mass and 
gtfBD expression. (Figures 1 and 5).

C. krusei exhibited increased gene expression, par
ticularly gtfC, although this did not correlate with 
a significantly increased biofilm mass. Perhaps this 
anomaly could be attributed to its poor biofilm- 
forming ability and detachment issues on polystyrene 
plastic surfaces [38].

We also observed that in the presence of C. albicans, 
the expression of ldh, typically induced under sucrose 
excess, was unchanged, while pdhA, induced under 
sucrose limitation, was upregulated. This pattern was 
similar to that seen in interkingdom biofilms of 
S. mutans with either C. tropicalis or C. krusei 
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(Figure 5). He et al. [9] have hypothesized that the meta
bolism of sugars by Candida species could lead to loca
lized sugar limitations, potentially diversifying bacterial 
carbohydrate metabolism. Furthermore, we observed 
that Candida species upregulated ciaRH, expression in 
S. mutans, which controls its cariogenic virulence traits 
such as biofilm formation and acid tolerance, aligning 
consistently with previous studies [9]. This finding 
underscores the significance of the ciaRH system in 
orchestrating S. mutans’ responses within interkingdom 
communities. The differential regulation of ciaR and 
ciaH in various dual-species biofilms suggests intricate 
variations in signalling pathways and regulation of gene 
expression that underpin the ecological dynamics and 
cariogenic potential of S. mutans in polymicrobial envir
onments. These gene expression profiles described above 
offer valuable insights into the complex interplay between 
S. mutans and its coexisting species and the multifaceted 
pathways involved in biofilm formation and cariogenic 
potential. Nevertheless, further research is warranted to 
unravel these intriguing interactions within inter- 
kingdom biofilms.

A previous study found that the expression of the 
alternative sigma factor that regulates quorum sensing, 
sigX (also known as comX), was upregulated in S. mutans 
when co-cultured with C. albicans [39]. In this study we 
did not examine sigX directly because we focused on 
genes identified through prior RNA-seq analysis, parti
cularly genes related to carbohydrate transport, sugar 
metabolism, and two-component systems (TCS) asso
ciated with the bacterium’s cariogenic potential. In addi
tion, the upregulation of sigX in dual-species biofilm was 
highly dynamic, with the peak of expression at 10 hours 
of biofilm incubation and was downregulated by 
24 hours. Thus, the expression of sigX may not be appar
ent in our biofilm growth conditions of 36 hours. 
Nevertheless, we observed that ciaH was upregulated, 
particularly in the co-culture of S. mutans and 
C. tropicalis. The latter gene regulates the expression of 
comC, which subsequently controls the comED system; 
activation of comE can, in turn, enhance the expression 
of sigX [40,41]. This is consistent with an activation of the 
quorum sensing pathway.

Several studies have found C. dubliniensis to be more 
abundant in children with early childhood caries (ECC) 
compared to caries-free individuals, with its levels 
increasing as caries progress [42,43]. However, its specific 
role in the development of dental caries remains 
unknown. Interestingly, our study revealed that the pre
sence of C. dubliniensis led to the downregulation of key 
cariogenic genes in S. mutans (Figure 5). This unex
pected finding highlights the need for further investiga
tion into the role of C. dubliniensis in dental caries and its 
potential impact on bacterial pathogenicity.

Finally, we recognize the constraints of our biofilm 
model in replicating the intricate structure of the 
natural tooth surface and the oral ecosystem. Given 

that our model was designed to delve into microbial 
interactions and gene expression within a controlled 
environment our results offer fundamental insights 
for further investigations.

To conclude, our study underscores the cariogenic 
potential of the interkingdom biofilm of S. mutans and 
NACs, particularly those of C. tropicalis. Our in vitro 
observations, in general, resonate with the clinical find
ings of Fakhruddin et al. [10] which clearly show the 
predominance of C. tropicalis, surpassing even the more 
virulent C. albicans, in deep dentinal lesions of sECC. 
Recognising the mechanistic interactions between such 
interkingdom biofilms between S. mutans and Candida 
species is critical for future studies aimed at improving 
strategies for caries prevention and management. 
Moreover, our study characterizes the intricate dynamics 
of dual-species, interkingdom biofilms, shedding light on 
how the behaviour of the microbial constituents is influ
enced by their neighbourly cohabitants, driving micro
bial proliferation and metabolic activities within the 
biofilm matrix.

Conclusions

This study provides evidence for the first time that 
among NACs, Candida tropicalis, in particular, demon
strates the highest cariogenic potential when coexisting 
in a dual-species biofilms with Streptococcus mutans. 
This finding is supported by the gene expression profile 
of S. mutans and the observed phenotypes of the bio
films, such as increased biofilm mass and low pH levels 
associated with enamel demineralization. Further 
exploration of the inter-kingdom interactions between 
Candida and Streptococcus mutans is crucial to develop
ing effective strategies for the prevention and manage
ment of dental caries.
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