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ABSTRACT As primary colonizers of the tooth surface, oral streptococci play a
crucial role in dental caries development. Numerous natural compounds, including
flavonoids, are emerging as promising agents for inhibiting dental biofilm formation
without compromising bacterial viability, underscoring their potential in non-bacter-
icidal antibiofilm strategies. This study investigated the effects and mechanism of
action of the unmodified plant flavonoid cyanidin on the growth and sucrose-depend-
ent biofilm formation of oral streptococci, with a particular focus on the cariogenic
pathogen Streptococcus mutans. At concentrations above 100 pug/mL, cyanidin signifi-
cantly inhibited biofilm formation by S. mutans without impacting bacterial viability.
The flavonoid reduced the biomass of surface-associated bacteria and exopolysacchar-
ides (EPS), particularly by inhibiting water-insoluble glucan (WIG) production mediated
by the glucosyltransferases GtfB and GtfC. While cyanidin did not exhibit a bacteri-
cidal effect on early colonizer streptococci, such as Streptococcus sanguinis, Strepto-
coccus gordonii, Streptococcus oralis, and Streptococcus mitis, it showed a significant
inhibitory effect on bacterial acidogenicity and mixed-species streptococcal biofilms
in the presence of S. mutans. Remarkably, cyanidin gradually reduced the proportion
of S. mutans in the mixed biofilm, suggesting a selective impact that may promote a
more commensal-dominant community by disrupting S. mutans glucan production and
biofilm competitiveness.

IMPORTANCE The identification of compounds with potent antibiofilm effects that
do not compromise bacterial viability presents a promising strategy for oral health
management. By preventing biofilm formation and keeping bacteria in a planktonic
state, such agents could enhance bacterial susceptibility to targeted therapies, including
probiotics or phage-based treatments. Cyanidin, which exhibits strong antibiofilm
activity against oral streptococcal biofilms, reduces bacterial acidogenicity and may
promote a more commensal-dominant biofilm in vitro, potentially hindering the
maturation of cariogenic biofilms.
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Bacterial biofilms are multicellular, surface-associated communities encased in a
self-produced extracellular matrix, exhibiting greater resistance to antibiotics and
environmental stresses compared to their planktonic counterparts (1). The human oral
cavity harbors diverse microbial communities that live in biofilms and are recognized as
a virulence factor in many oral infectious diseases, including dental caries and perio-
dontitis (2). Dental biofilm development starts with non-specific attachment of early
colonizers, mainly oral streptococci, to the salivary pellicle covering the dental surface
and is followed by the accumulation of bacteria within a more complex and structured
microbial community (3). As a result of increased dietary sugar intake and excess
acid production by oral bacteria, a symbiotic oral microbial community may shift to a
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dysbiotic community with the prevalence of pathogenic bacteria. Dental caries develops
as a consequence of dietary sugar-driven microbial growth and carbohydrate
metabolism that leads to localized acidification and tooth demineralization. Among
highly acidic and acid-tolerant species, Streptococcus mutans is often recognized as
a causative agent of dental caries. It gained a significant evolutionary advantage for
persisting and surface colonization via the ability to metabolize a large variety of
carbohydrates, including one of the most cariogenic ones, sucrose (4, 5). At the same
time, dental health is generally associated with a higher proportion of commensal early
colonizers such as Streptococcus sanguinis and Streptococcus parasanguinis, Streptococcus
gordonii, Streptococcus mitis, or Streptococcus oralis (6). Hence, effective dental thera-
pies should target virulence factors and pathogenic traits of oral bacteria selectively,
aiming to preserve beneficial commensal microbes essential for maintaining oral health.
Numerous natural compounds, including flavonoids, are emerging as promising agents
due to their ability to inhibit dental biofilm formation without adversely affecting
bacterial viability (7-9). Recently, cyanidin (Fig. 1A), an anthocyanidin flavonoid isolated
from various plants, has been identified as a non-bactericidal effective inhibitor of
biofilm formation in methicillin-resistant Staphylococcus aureus (10) and the opportun-
istic pathogen Klebsiella pneumoniae (11). In S. mutans, glycosylated anthocyanidins from
cranberry extract, such as cyanidin or peonidin, have shown no significant effect against
bacterial biofilm formation and acidogenicity (12). However, this lack of effect may be
attributed to their conjugation with sugar moieties, while the effect of unmodified,
pure components remains unknown. In this study, the effect of cyanidin aglycone on
S. mutans growth, acidogenicity, and biofilm formation, as well as its influence on the
multispecies community of S. mutans with oral commensal streptococci, was investiga-
ted to expand our understanding of plant flavonoids as potential antibiofilm compounds
relevant for dental medicine.

Using the microbroth dilution assay, the effect of cyanidin on sucrose-dependent
biofilm formation of S. mutans was tested. At a concentration of 100 pg/mL, cyanidin
reduced around 50% of mature biofilm formed after 24 h of incubation, while higher
concentrations effectively inhibited above 90% of biofilm (Fig. 1B). Cyanidin also
exhibited a suppressive effect on S. mutans acidogenicity. At its higher biofilm-inhibitory
concentrations, it notably reduced the production of lactic acid—predominant acido-
genic metabolite generated by S. mutans during sucrose consumption (Fig. 1C). The
viability of S. mutans cells growing either in planktonic culture without sucrose or
collected after biofilm assay revealed no antibacterial effect of cyanidin at its antibiofilm
concentrations (Fig. 1D and E). Similarly, cells solely associated with the biofilm after
cyanidin treatment retained a similar proportion of membrane-compromised (propi-
dium iodide-stained) cells as a non-treated control (Fig. 1G). Microscopy analysis of S.
mutans biofilm architecture and composition confirmed a dose-dependent inhibitory
effect of cyanidin on surface-associated cells as well as on extracellular polysaccharide
(EPS) biomasses (Fig. 1F, H, and I).

Our findings also revealed that the antibiofilm efficacy of cyanidin is influenced by
sucrose concentration, with higher sucrose levels requiring increased cyanidin concen-
trations for effective inhibition. Thus, in the presence of 0.1% sucrose, cyanidin inhibited
over 90% of biofilm formation at a concentration of 50 ug/mL. With 0.2% sucrose,
100 pg/mL of cyanidin was needed to achieve similar inhibition. At 0.5% sucrose,
200 pg/mL of cyanidin was required to inhibit over 90% of biofilm formation, a result
comparable to that observed with 1% sucrose used in the biofilm formation assay in this
study (Fig. 1J). This suggests that cyanidin may primarily interact with sucrose-mediated
biofilm formation, potentially through modulation of glucosyltransferase (GTF) activity or
EPS synthesis. S. mutans produces several types of EPS in its biofilms, with glucans and
fructans being the primary types. Glucans are the most significant fraction of EPS
synthesized from sucrose by the glucosyltransferase enzymes (GtfB, GtfC, and GtfD) (13).
Water-soluble glucans (WSG) produced by GtfD aid in early biofilm formation and
nutrient storage. At the same time, water-insoluble glucans (WIG), mainly produced by
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FIG 1 Antibiofilm activity of cyanidin against S. mutans. (A) Chemical structure of cyanidin with PubChem ID indicated. (B) The effect of cyanidin on 24 h biofilms
of S. mutans formed on a 96-well plate in brain heart infusion broth supplemented with 1% sucrose (BHIS). Biofilms were quantified by crystal violet staining
and measuring absorbance at 595 nm. Green, orange, and red dashed lines indicate 0%, 50%, and 90% of biofilm inhibition, respectively. (C) Production of lactic
acid by S. mutans treated with 50, 100, 200, and 400 pug/mL of cyanidin. (D and E) The effect of cyanidin on S. mutans cell viability growing for 24 h in planktonic
culture (D) or collected all together after the biofilm assay (E). After the incubation, cell suspensions were serially diluted and plated for CFU enumeration. Red
dashed lines indicate a 3-logg reduction (99.9% reduction in CFU/mL) considered bactericidal. (F) Representative image from scanning electron microscopy
(SEM) analysis of S. mutans biofilm formed on borosilicate glass disks submerged in a 96-well plate for biofilm assay. Disks were observed at magnifications of
200x, 2,000%, and 8,000 in three arbitrarily selected locations. The yellow scale bar represents 40, 4, and 1 um for respective magnifications. (G) The proportion
(Continued on next page)
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Fig 1 (Continued)

of live/dead cells was calculated from the cell biomasses reconstructed from CLSM images. “Live” cell fraction corresponds to the SYTO9-stained cells, while
“dead” corresponds to the Pl-stained cells. Chlorhexidine, 0.02%, was used as a bactericidal control. (H) Representative images of the double-labeled 24 h
biofilms treated with cyanidin. Bacterial cells are shown in green, and exopolysaccharide (EPS) is in red. Three-dimensional reconstructions based on fluorescent
intensity values were performed with Imaris 9.0.0. (I) Bacterial and EPS biomasses as calculated by Imaris per observational area after the three-dimensional
reconstructions. (J) The effect of cyanidin on 24 h biofilms of S. mutans formed in the presence of 0.1%, 0.2%, and 0.5% sucrose. For each condition, CV staining
values have been normalized to the non-treated control. Green, orange, and red dashed lines indicate 0%, 50%, and 90% of biofilm inhibition, respectively.
(K) The effect of cyanidin on water-soluble and water-insoluble glucans produced by S. mutans cells in a 24 h biofilm assay, as measured by the anthrone-sulfuric
method. (L) The effect of 200 pg/mL cyanidin on the biofilm-associated gene expression levels in a 24 h biofilm. The relative expression levels were quantified
by real-time PCR with 16S rRNA as an internal control. (M) The best docked interaction of cyanidin with the active sites of GtfB (green) and GtfC (gray) of
S. mutans. The cyanidin molecule is shown in cyan, and hydrogen bonds with displayed amino acids are shown as dashed yellow lines. (N) The effect of
cyanidin-3-O-glucoside, proanthocyanidin B2, and quercetin on 24 h biofilms of S. mutans formed on a 96-well plate in brain heart infusion broth supplemented
with 1% sucrose (BHIS). In all panels, bacterial culture supplemented with 5% dimethyl sulfoxide (DMSO) was used as a control. Bars represent the mean of at
least three biological replicates. Error bars show standard deviation. **P < 0.0001.

GtfB and partially by GtfC, enable firm adhesion to the tooth surface, forming a matrix
that traps bacteria and acids, increasing the cariogenic potential of the dental biofilm.
Quantification of WSG and WIG by the anthrone-sulfuric acid method revealed the
selective inhibitory effect of cyanidin on WIG production by S. mutans growing in biofilm
(Fig. 1K).

Flavonoids have been identified to inhibit GTFs at transcriptional levels (8, 14,
15). As an example, the flavones apigenin and luteolin were found to inhibit gtfBC
gene expression, thereby reducing glucan production. Interestingly, cyanidin did not
significantly affect the expression of the gtfBC operon, nor other biofilm-related genes
such as srtA, spaP, and gbpC, which encode a transpeptidase, surface adhesin, and
glucan-binding protein, respectively (Fig. 1L). This suggests that it could potentially
interfere with biofilm-related virulence factors at posttranscriptional levels. To further
investigate the potential of cyanidin to inhibit the activity of glucosyltransferases
contributing to the WIG synthesis, GtfB and GtfC, molecular docking studies were
performed. Figure 1M shows the best-docked pose of cyanidin in the active sites of
GtfB and GtfC. Best-docked pose here refers to a conformation in the largest cluster with
the least free energy of binding of flavonoid to the respective enzymes. In silico docking
analysis revealed that cyanidin formed hydrogen bonds with multiple conserved amino
acids in the subsite-1 of GtfC, including Asp480, Glu960, and, particularly, Asp588,
responsible for the binding and stabilizing of the glucosyl moiety of the sucrose during
trans-glycosylation reaction. Similarly, cyanidin interacts with several conserved amino
acids in the active site of GtfB, including Glu489, which is involved in Gtf's inhibitor
acarbose binding. As observed with other polyphenols that interfere with S. mutans
virulence enzymes (12, 16-18), further biochemical studies are required to validate the
interference of cyanidin with the enzymatic activities of GtfB and GtfC. Additionally,
other molecular targets in S. mutans could be tested for cyanidin inhibition, such as
sortase A (SrtA), a transpeptidase enzyme responsible for anchoring surface adhesins
and, therefore, promoting initial bacterial adhesion and subsequent biofilm formation on
tooth surfaces. In Staphylococcus aureus, cyanidin inhibits the enzymatic activity of SrtA
without affecting its expression or the viability of the bacterium (10).

Although the use of natural products and their derivatives has been recognized
as a promising approach for inhibiting GTF activity and dental biofilm formation (19),
several challenges remain. In particular, natural antibiofilm compounds often require
optimization to improve their solubility, specificity, and pharmacokinetic properties.
Thus, understanding the structure-function relationships of these compounds is crucial
for designing more effective and targeted antibiofilm therapies. Our findings highlight
the significance of structural modifications in determining cyanidin bioactivity.

Thus, in line with previous observations regarding the lack of activity of anthocyani-
dins’ galactoside and arabinoside on S. mutans biofilm (12), 3-O-glycosylation of cyanidin
completely abrogates its antibiofilm activity (Fig. 1N). The addition of a glucose moiety
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increases the hydrophilicity of the molecule, which likely reduces its ability to interact
with bacterial cell walls and biofilm matrices, thereby diminishing its antibiofilm efficacy
(20). In contrast, the carbonyl group at the C4 position in the otherwise structurally
similar flavonol quercetin increases its hydrophobicity, which may explain its relatively
greater antibiofilm activity (Fig. 1N). Additionally, proanthocyanidin B2, a polymerized
flavonoid form, lacked detectable antibiofilm activity, suggesting that polymerization
may also compromise its ability to inhibit biofilm formation. The pronounced antibiofilm
activity of proanthocyanidins reported in previous studies (12, 21) may be attributed to
the presence of both monomeric and polymeric forms within the same fraction, where
the active monomers contribute to biofilm inhibition. These findings underscore the
critical role of structural variations in shaping flavonoid bioactivity, reinforcing the need
for detailed structure-function analysis in the development of optimized antibiofilm
compounds.

While the monospecies biofilm model provides valuable insights into S. mutans
biofilm characteristics, biofilms in the oral cavity are often composed of multiple species,
which can influence bacterial behavior and virulence. To more accurately reflect the
complex oral environment, we extended our study to include multispecies biofilms
comprising S. mutans along with S. sanguinis, S. gordonii, S. oralis, and S. mitis. Similar to
S. mutans, cyanidin did not show bactericidal effect on non-mutans streptococci (Fig. 2A).
At the same time, mixed biofilm turned out to be more susceptible to cyanidin treat-
ment. Thus, at a concentration of 25 pug/mL, cyanidin already notably reduced biofilm
biomass, while higher concentrations of flavonoid reduced from 50% to 90% of biofilm
accumulated after 24 h (Fig. 2B). SEM analysis of the multispecies biofilm supported the
dose-dependent inhibitory effect of cyanidin (Fig. 2E). Similar to the monoculture of S.
mutans, cyanidin reduced the acidogenicity of the streptococcal mixture as measured
by lactic acid assay (Fig. 2C). Notably, this reduction was more pronounced in the
streptococcal mixture than in the S. mutans monoculture (Fig. 1C and 2C), suggesting
a potential selective effect of cyanidin on S. mutans virulence factors. Furthermore,
by disrupting glucan-dependent adhesion and compromising the structural integrity
of the biofilm matrix, cyanidin may weaken S. mutans’ competitiveness within the
mixed community, thereby favoring the relative abundance of commensal streptococci.
To further investigate whether cyanidin alters the balance between streptococci, we
quantified the relative abundance of S. mutans within the mixed biofilm following
cyanidin treatment using quantitative PCR (gPCR) analysis based on the AACt method.
As shown in Fig. 2D, cyanidin induced a concentration-dependent reduction in the S.
mutans fraction within the mixed biofilm. To assess total biofilm biomass, the universal
bacterial 16S rRNA primers were used, while S. mutans-specific primers targeting the
gtfB gene were employed to determine its relative proportion. However, cyanidin does
not completely eliminate S. mutans from the biofilm, suggesting that additional factors
may influence the microbial shift and prevent complete displacement of cariogenic
pathogens within the mixed biofilm. In the mixed biofilm model used in this study, oral
streptococcal attachment may rely on both glucan-dependent and glucan-independ-
ent mechanisms. Commensal streptococci produce GTFs and glucan-binding proteins
(GBPs), which facilitate their aggregation within glucan-rich biofilms. Consequently, the
inhibition of S. mutans glucan production may also reduce the binding of other bacteria
within the biofilm. Additionally, GTFs and GBPs produced by commensal streptococci
could serve as potential targets for flavonoid-mediated inhibition, further influencing
biofilm composition and structural integrity.

In conclusion, cyanidin demonstrates clear antibiofilm properties against both single-
species S. mutans and multispecies oral biofilms, significantly reducing biofilm formation
and bacterial acidogenicity without compromising microbial viability. Additionally, its
ability to inhibit S. mutans virulence factors while promoting a shift toward a more
commensal-dominated biofilm suggests a potential role in rebalancing the oral micro-
biome. These findings highlight cyanidin’s potential as a non-bactericidal therapeutic for
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FIG 2 Cyanidin effect on commensal oral streptococci. (A) The effect of cyanidin on oral streptococci cell viability growing for 24 h in planktonic culture. After
the incubation, cell suspensions were serially diluted and plated for CFU enumeration. Red dashed lines indicate a 3-log( reduction (99.9% reduction in CFU/mL)
considered bactericidal. (B) The effect of cyanidin on a 24 h mixed streptococcal biofilm (S. mutans together with commensal streptococci such as S. sanguinis,
S. mitis, S. oralis, and S. gordonii) formed on a 96-well plate in brain heart infusion broth supplemented with 1% sucrose (BHIS). Biofilms were quantified by
crystal violet staining and measuring absorbance at 595 nm. Green, orange, and red dashed lines indicate 0%, 50%, and 90% of biofilm inhibition, respectively.
(C) Production of lactic acid by streptococcal mixture treated with 25, 50, 100, 200, and 400 pug/mL of cyanidin. (D) The fold change values of the S. mutans
fraction in treated mixed biofilms relative to untreated controls, calculated using the AACt method. In all panels, bacterial culture supplemented with 5% DMSO
was used as a control. Bars represent the mean of at least three biological replicates. Error bars show standard deviation. **P < 0.0001. (E) Representative image
from SEM analysis of mixed streptococcal biofilms formed on borosilicate glass disks submerged in a 96-well plate for biofilm assay. Disks were observed at
magnifications of 200x, 2,000x%, and 8,000 in three arbitrarily selected locations. The yellow scale bar represents 40, 4, and 1 um for respective magnifications.

oral biofilm management, warranting further investigation into its application within
targeted, multi-compound treatments for enhanced oral health.
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