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Quaternary ammonium-induced multidrug tolerant
Streptococcus mutans persisters elevate cariogenic
virulence in vitro

Ya-Ling Iiangl’*, Wei Qiul*, Xue-Dong Zhou!, Hao Li!, Jun-Zhuo Lu!, Hockin HK Xu?2, Xian Pengl,
Ming-Yun Li!, Ming-Ye Feng!, Lei Cheng' and Biao Ren!

Dental caries are the most prevalent chronic infections in the oral cavity, and Streptococcus mutans acts as the main cariogenic
bacterial species. Antibacterial quaternary ammonium compounds (QAs) have been developed to preveFnt or treat dental caries.
However, there is no report on the tolerance of S. mutans to QAs. In this study, we investigated the development of S. mutans
persistence induced by a novel dental caries defensive agent, dimethylaminododecyl methacrylate (DMADDM), for the first time.
Typical biphasic killing kinetics for persisters were observed in both S. mutans planktonic and biofilm cultures challenged by
DMADDM at concentrations of 20 and 200 pg-mL~1, respectively. The persisters tolerated six other antibiotics with different
antibacterial mechanisms, while only daptomycin and vancomycin could slightly reduce the persister numbers in planktonic
cultures. The distribution of persisters in DMADDM-treated biofilms was similar to that in the untreated control, except that the
total biomass and biofilm height were significantly reduced. A higher exopolysaccharides (EPS):bacteria ratio was observed in
DMADDM-treated biofilms. Persisters in biofilms significantly upregulated gtf gene expression, indicating an increase in the
bacteria’s ability to produce EPS and an elevated capability of cariogenic virulence. Carbon source metabolism was significantly
reduced, as related metabolic genes were all downregulated in persisters. Concentrations of 0.1 mM, 1 mM and 10 mM of extra
glucose significantly reduced the number of persisters both in planktonic and biofilm conditions. The formation of non-
inheritable and multidrug tolerant persisters induced by DMADDM suggested that drug tolerance and new persistent eradication
strategies should be considered for oral antibacterial agents.
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INTRODUCTION

Dental caries, also known as “tooth decay”, one of the most prevalent
chronic diseases worldwide, are the main cause of oral pain and tooth
loss.! Dental caries not only affect oral health but also relate to some
systematic diseases, such as diabetes, indicating that the prevention
and treatment of dental caries are emergent.! The dental plaque (oral
biofilm) formed by oral bacteria on tooth surfaces plays an important
role in the caries process.? Streptococcus mutans was proved to be the
major cariogenic facultative anaerobe in the oral cavity due to its
ability to demineralize the tooth tissue through the increased
consumption of fermentable carbohydrates and subsequent acid
production.® S. mutans can also produce large quantities of

extracellular polysaccharide to increase its adhesion through the
exopolysaccharides (EPS) biosynthesis pathway, in which the gtf genes
encoding glucosyltransferase (GTF) play critical roles and are thought
to be one of the primary virulence factors responsible for the
development of dental caries.* Therefore, S. mutans is an efficacious
caries defensive target, and various antibacterial agents such as
quaternary ammonium compounds (QAs) have been developed to
combat cariogenic bacteria.’>-

QAs are cationic surfactants with a broad spectrum of antibacterial
activities.””8 Their antibacterial mechanisms are not well known, but it
is generally accepted that the predominant mode of action is “contact
killing”. The positively charged (N*) sites of QA molecules can attach
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to the negatively charged bacterial cells. This interaction disrupts the
electric balance of the cell membrane, which causes bacterial cells to
burst under their own osmotic pressure.g‘10 Meanwhile, the molecular
weight and N-alkyl chain length are also reported to be associated with
QA antibacterial activities.!'~'? The quaternary ammonium dimethy-
laminododecyl ~methacrylate (DMADDM) (chemical formula:
C19H3gNO,*), one of the 12-chain-length QAs, has been demon-
strated as a new type of anti-caries QA with the ability to reduce the
growth of cariogenic bacteria in different models in our lab.!3-13
DMADDM had a remarkable antibacterial efficacy when added to a
dental adhesive system and glass ionomer cement.!>! Importantly,
DMADDM could even reduce the proportion of S. mutans in
multispecies biofilms and adjust a caries-related biofilm to develop
toward a healthy one, revealing its potential value in anti-caries clinical
applications.

For all antibacterial candidates, the development of resistance is a
key evaluation item, as antibacterial resistance is becoming a serious
risk for global health.'””!® The evolution of antibiotic resistance will
lead to a predicted 10 million deaths annually by 2 050, even worse
than cancer.!® The WHO also gave a report to examine antibiotic
resistance globally in 2014 and held a high level global assembly to call
for all countries and regions of the world to take actions to address
this urgent problem.”’ QAs were found to be invulnerable to
developing antimicrobial resistance in S. mutans and Enterococcus
faecalis in vitro.”! Recently, we found that quaternary ammonium
monomers could induce drug resistance in Streptococcus gordonii.??
However, there is no report on the antimicrobial tolerance (persis-
tence) of oral bacteria to QAs.

Persisters are a small fraction of individuals (usually 0.000 1%—
0.1%) in bacterial populations that transiently switch to a non-
growing state and thereby can survive high levels of antibiotics and
stressful environments.>>-4 Bacterial persisters were first described by
Joseph W. Bigger in 1944 when penicillin was employed to sterilize
cultures of pathogenic Staphylococcus aureus.?> Persisters, different
from antibiotic resistant mutants, are genetically identical to but
phenotypical variants of regular cells. When the persistent cells are
recovered from the non-growth state, they are still sensitive to
antibacterial agents, and they also exhibit the same small survival
fraction when re-challenged with high concentrations of antibacterial
agents.227 Persister cells are undetectable with routine clinical tests
such as drug susceptibility tests.”® Persisters are thought to be
responsible for many chronic clinical recalcitrant bacterial
infections.?*3% Recent studies have reported that antibiotic tolerance
even facilitates the evolution of resistance and that persisters may
become a potential source of antibiotic-resistant bacteria.>'>? The
mechanisms responsible for persister formation, survival and resusci-
tation are complicated and diverse. Nevertheless, the balance of toxin—
antitoxin (TA) molecules is thought to be an important regulation
module.¥*** However, comprehensive understanding of persister cell
formation is still needed.

Although many efforts and advances have been made to investigate
the formation and eradication of persisters for various pathogens in
recent years, few studies have reported the persistence of oral
pathogens and related infectious diseases.”>3> A previous study found
that Candida albicans strains isolated from the oral cavities of patients
who received daily topical chlorhexidine (CHX) treatment exhibited
increased level of persistence, suggesting the clinical correlation
between C. albicans persistence and oral fungal infections, and
indicating that cationic antibacterial agents (such as CHX) can induce
oral microbial persistence.”® As a potential oral antibacterial candidate,
the activities and safety of DMADDM have been evaluated in different

International Journal of Oral Science

models, but its risk to induce oral bacterial persistence has not been
investigated. Here we investigated the persistent cell formation ability
of the main cariogenic bacteria S. mutans challenged by DMADDM
and determined the characteristics of these persisters for the first time.
Certain carbon source metabolites, related eradication strategies and
gene expression alterations were also examined to describe the possible
persistence mechanisms.

MATERIALS AND METHODS

Chemicals

The antibacterial quaternary ammonium DMADDM was synthesized
via a modified Menschutkin reaction as described in previous
studies.! Briefly, 2-bromoethyl methacrylate (BEMA) was the organo
halide, and 1-(dimethylamino)dodecane (DMAD) was the tertiary
amine. To a 50 mL vial with a magnetic stir bar were added 10 mmol
DMAD (Tokyo Chemical Industry, Tokyo, Japan), 10 mmol BEMA
and 3 g of ethanol. The vial was capped and stirring performed at
70 °C for 24 h. When the reaction was complete, the ethanol solvent
was removed via evaporation, and the DMADDM yield was a clear,
colorless and viscous liquid. Fourier transform infrared (FTIR)
spectroscopy (Nicolet 6700, Thermo Scientific, Waltham, MA, USA)
was used to verify the DMADDM as described in preliminary
studies.!>"'* Other chemicals, including tetracycline, chloramphenicol,
ciprofloxacin, daptomycin, vancomycin, NaF and glucose, were
purchased from Sigma-Aldrich, China. Ciprofloxacin, daptomycin
and vancomycin were dissolved in DMSO (Merck-China), tetracycline
and chloramphenicol in ethanol, and NaF, glucose and DMADDM in
double distilled water (DDW) to obtain the following stock concen-
trations: tetracycline (1 mgmL~1), chloramphenicol (1 mgmL~1),
ciprofloxacin (1 mg-mL~™'), daptomycin (1 mgmL~'), vancomycin
(1 mg-mL'l), NaF (50 mg~mL'1), glucose (0.01, 0.1, 1 mol-mL™1),
and DMADDM (1 mg:mL~! and 10 mg-mL~1). All the solutions were
filtered for sterilization using a Millipore filter with a pore size of
0.22 pm (Millipore Express, PES Membrane) and stored at —20°C
until use.

S. mutans culture conditions and inoculation preparation

The use of S. mutans bacteria (ATCC 700610, UA159, American Type
Culture, Manassas, VA, USA) was approved by the State Key
Laboratory of Oral Diseases, Sichuan University. S. mutans was
routinely cultured in brain-heart infusion (BHI) broth (Difco, Sparks,
MD, USA) at 37 °C anaerobically (90% N,, 5% CO,, 5% H,), and
culture medium was supplemented with 1% sucrose (BHIS) to induce
S. mutans biofilm growth. For inoculation preparation, 15 pL of stock
bacteria was added into 15mL of BHI broth and incubated in the
above condition for 16 h. This S. mutans culture was then diluted by
10-fold in the growth medium to form the inoculum.

Persistence and heritability assay

For the planktonic persistence assay, 1 mL of bacterial suspension
(1x10° colony-forming units (CFU) per mL) was inoculated into a
24-well plate (Greiner, Germany), and 20 pL of the stock 1 mg-mL~!
DMADDM was added to reach a final concentration of 20 pg-mL ™1,
followed by incubation for 48 h at 37 °C. For the biofilm persistence
assay, biofilm growth was initiated by inoculating 1 mL of S. mutans
BHIS suspension (1x 10° CFU per mL) into each well of a 24-well
plate and incubating it for 24 h to develop a biofilm on the bottom of
the plate. After incubation, planktonic cells were carefully removed
from the biofilm by washing with phosphate-buffered saline (PBS)
three times. Then, 1 mL of fresh BHIS medium was added followed by
adding 20 pL of the 10 mg-mL~! DMADDM stock to reach a final



concentration of 200 pg-mL~ L. The plate underwent a 48 h incubation
at 37 °C. Samples were picked at the indicated time points and were
serially diluted. The viable cells were recovered on BHI agar plates.
The CFU per mL were counted after 48 h of incubation.

Surviving colonies in the above assays were randomly picked, re-
suspended into fresh BHI broth and incubated at 37 °C for 16 h. This
bacterial culture was then used to repeat the above procedures three
times. The minimal inhibitory concentration (MIC) of the recovered
S. mutans colonies to DMADDM was tested and compared with the
original S. mutans strain. The MIC was determined by the conven-
tional broth microdilution method wusing BHI as described
previously.*® The MIC was defined as the lowest concentration of
DMADDM that inhibited visible bacterial growth after 24h of
incubation.

Multidrug tolerance assay

S. mutans persisters were obtained both in planktonic and biofilm
culture in 24-well plates according to the method described above, and
then, 20 pL of the stock tetracycline, chloramphenicol, ciprofloxacin,
daptomycin, vancomycin and NaF solutions was added into the
persistent culture system (planktonic and biofilm), separately, to reach
a final concentration of 20 pg-mL ™! (except that the final concentra-
tion of NaF was 1 mg-mL~1!). The plate was incubated for another
24h at 37 °C. Then, samples were collected and plated on BHI agar
plates after serial dilution, and the recovered CFUs were counted after
48 h of incubation.

Live/dead bacteria and bacterial exopolysaccharides (EPS) staining
assays

For the confocal laser scanning microscopic imaging, biofilms were
developed as described above except that they were grown on sterilized
glass slides.

For live/dead staining, biofilms on the glass slides were stained using
the BacLight live/dead bacterial viability kit (Molecular Probes,
Eugene, OR, USA).” Briefly, live bacteria were stained with SYTO9
to produce green fluorescence, whereas dead bacteria with compro-
mised membranes were stained with propidium iodide (PI) to
produce red fluorescence. Biofilm images were captured using a
DMIRE2 confocal laser scanning microscope (Leica, Wetzlar, Ger-
many) equipped with a 60 X oil immersion objective lens.

EPS staining was conducted according to previous studies.'®=3® The
polysaccharides were stained by adding 2.5 pmol'mL™! Alexa Fluor
647-labeled dextran conjugate (Molecular Probes, Invitrogen Corp.,
Carlsbad, CA, USA) into the biofilm formation medium at the
beginning of the experiment, and then, the culture was incubated at
37°C. The bacteria of the biofilm were stained with 2.5 pmol-mL™!
SYTO9 (Molecular Probes, Invitrogen Corp., Carlsbad, CA, USA) for
15 min. The biofilms were imaged with a Leica DMIRE2 confocal laser
scanning microscope equipped with a 60X oil immersion
objective lens.

Each biofilm was scanned at five randomly selected positions.
All three-dimensional reconstructions of the biofilms were rendered
by Imaris 7.0 software (Bitplane, Ziirich, Switzerland), and represen-
tative pictures are shown. The quantification of live/dead and
EPS/bacteria volume ratios was performed with Image-Pro Plus
(Media Cybernetics, Silver Spring, MD, USA) and COMSTAT,
respectively.

Quantitative real-time polymerase Chain reaction (PCR)
Quantitative real-time PCR was used to quantify the expression of
selected genes (gene names and descriptions are shown in Table 1),
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Table 1 Name and description of genes used in this study

Gene

name Gene description

gtfB Glucosyltransferase-|

gtfC Glucosyltransferase-Sl

gtfD Glucosyltransferase-S

adhE Bifunctional acetaldehyde-CoA/alcohol dehydrogenase

Idh L-lactate dehydrogenase

pdhC Branched-chain alpha-keto acid dehydrogenase E2 subunit

pdhB Pyruvate dehydrogenase E1 component subunit beta

pdhA Pyruvate dehydrogenase, TPP-dependent E1 component alpha-subunit
pdhD Dihydrolipoamide dehydrogenase

with 16S rRNA as an internal control. Normal and persistent cells in
S. mutans biofilms were collected by centrifugation (4 000g, 4 °C,
10 min), and the samples were stored at — 20 °C until RNA extraction.
All gene-specific primer sequences are listed in Table 2. Total bacterial
RNA isolation, reverse transcription of cDNA, and PCR amplification
were carried out as previously described.*#0 Real-time PCR of
triplicate samples was performed using the iCycler iQ detection system
(Applied Biosystems, Foster City, CA), and the relative gene expression
levels were determined based on the 2724 €T method.

Carbon source metabolism assay

To explore the effect of carbon source metabolism on the formation of
S. mutans persisters, certain concentrations of glucoses were tested.
Briefly, S. mutans persisters were obtained both in planktonic and
biofilm culture according to the method described above, and then,
10 pL of the stock 0.01, 0.1, and 1 mol-mL™! glucose solutions was
added to the persistent culture system to obtain a final concentration
of 0.1, 1, and 10 mmol-mL™}, respectively. A total of 10 uL of DDW
was added to a control group. The plate was incubated for another
24 h at 37 °C. Then, samples were collected and plated on BHI agar
plates after serial dilution, and the recovered CFUs were counted after
48 h of incubation.

Statistical analysis

All experiments were performed in triplicate with at least three
biological replicates. Student’s t-test was performed to detect the
significant effects of the variables. Statistical analysis was computed
using SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

DMADDM induced S. mutans persistence both in planktonic and
biofilm cultures

The MIC of S. mutans to DMADDM is 2 pg-mL~! (Table 3). When
the planktonic and biofilm S. mutans cultures were challenged with
10-fold (20 pg-mL~") and 100-fold (200 pg-mL~") MIC, respectively,
typical biphasic killing curves were observed, including a stage with the
rapid killing of sensitive cells and a stage with the survival of a small
fraction of persistent cells (Figure la and 1b). In particular,
DMADDM treatment of S. mutans planktonic and biofilm cultures
resulted in the decrease of survival bacteria by two (planktonic) and
four (biofilm) orders of magnitude within the first 12h and 24 h,
respectively. A plateau phase followed, confirming the presence
of high-level DMADDM-tolerant persisters both in S. mutans plank-
tonic and biofilm cultures (Figure la and 1b). After re-incubation
of the persistent isolates, they could regrow to a population that was
still as sensitive to DMADDM as the original population
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(MIC=2 pg'mL™") (Supplementary Table 1) and exhibited the same
biphasic killing pattern (Figure 1c and 1d) when challenged with a
high concentration of DMADDM, indicating that these persisters were
non-heritable.

Next, we observed the distribution of persistent cells in biofilms.
Representative live/dead bacterial staining images from both
200 pgmL~! DMADDM- and DDW (control)-treated biofilms are
shown in Figure 2a. The control group had almost full coverage of live

Table 2 Real-time PCR primers used in this study

Primers Nucleotide Sequence (5-3")
16S rRNA FW-AGCGTTGTCCGGATTTATTG
RV-CTACGCATTTCACCGCTACA
gtfB FW-CACTATCGGCGGTTACGAAT
RV-CAATTTGGAGCAAGTCAGCA
gtfC FW-GATGCTGCAAACTTCGAACA
RV-TATTGACGCTGCGTTTCTTG
gtfD FW-TTGACGGTGTTCGTGTTGAT
RV-AAAGCGATAGGCGCAGTTTA
adhE FW-ATTAACCACTCACTCGCCCA

RV-CGCGAGCAATATCCGCATAA
Idh FW-CTTCCTCGTTGCTGCTAACC
RV-TGGCATGAGACCATACTGCA

pdhA FW-GTATGCAGGTGAAGAAGCCG
RV-AAAACCGCCACCAACCATAC
pdhB FW-AGCAAAACGAAGAAGCCTGG
RV-CATTTTCGACCCTTGGCCAA
pdhC FW-TTGGTCAAGAAGGTGAGGCT
RV-CCGTCCGTCTTCATGCTTTT
pdhD FW-TGGCTTCCTTTGGACTGAGT

RV-TTCGCCAACAATAACAGCCC

bacteria, while only a few live persisters survived after being treated
with 200 pg-mL~! DMADDM. The thickness of the biofilm and the
live/dead ratio were remarkably decreased after the DMADDM
treatment (Figure 2b and 2c), indicating the strong antibacterial
activity of DMADDM and the tolerant ability of persisters to lethal
concentrations of DMADDM. The distributions of live and dead
bacteria were similar except that dead cells were more common in
DMADDM-treated biofilms (Figure 2c).

S. mutans persisters were multidrug tolerant

Six different types of antibiotics exhibiting various antibacterial
mechanisms at high concentrations (over the MICs, Table 3) were
employed. As shown in Figure 3, after the formation of persisters at
24 h, the six types of antibiotics were added and treated for another
24 h; however, none of the antibiotics were able to completely
eliminate S. mutans persisters both in planktonic (Figure 3a) and
biofilm (Figure 3b) conditions. Daptomycin and vancomycin slightly
reduced the persister numbers in planktonic cultures (Figure 3a), but
there were no effects on the persisters in biofilms (Figure 3b),

Table 3 MIC values of S. mutans for different antibacterial drugs
used in this study

Antibacterial drug MIC value/(ug-mL=1)

DMADDM 2
Tetracycline 0.625
Chloramphenicol 2.44
Ciprofloxacin 5
Daptomycin 20
Vancomycin 1.25
NaF 250

FW, forward; RV, reverse.
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Figure 1 Formation of non-heritable DMADDM-tolerant S. mutans persisters. (a) Time-dependent killing curves of S. mutans planktonic cultures. (b) Time-
dependent killing curves of S. mutans biofilm cultures. (c) Non-heritable nature of S. mutans planktonic persisters. (d) Non-heritable nature of S. mutans
biofilm persisters. The data are presented as the mean +standard deviation (n=6). DMADDM, dimethylaminododecyl methacrylate; CFU, colony-forming

units.
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(c) Live and dead bacteria distributions of each layer in normal and persister biofilms. DMADDM, dimethylaminododecyl methacrylate.
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Figure 3 Multidrug tolerance of S. mutans persisters. (a) Multidrug tolerance of S. mutans planktonic persisters. (b) Multidrug tolerance of S. mutans
biofilm persisters. The data are presented as the mean =+ standard deviation (n=6). CFU, colony-forming units.
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EPS production-related genes. The data are presented as the mean + standard deviation (n=6), ***P<0.001. DMADDM, dimethylaminododecyl methacrylate.

suggesting the better multidrug tolerant abilities of S. mutans persisters
induced by DMADDM in biofilms.

S. mutans persisters enhanced EPS production ability

Next, we evaluated the cariogenic virulence change of persistent cells.
Typical images of bacteria/EPS staining of S. mutans normal and
persister biofilms are shown in Figure 4a. Quantitative analysis showed
that although the total EPS production was significantly reduced in
DMADDM-challenged biofilms, these biofilms had higher EPS:bac-
teria ratios than that in the normal control biofilms (Figure 4b,
P<0.001), indicating that a large amount of relict EPS matrix
surrounded S. mutans persisters to protect them from different

antibiotic challenges and stresses, making them more difficult to
eradicate (Figure 3b). We then measured the expression levels of gtf
genes, which are responsible for EPS production, from the normal
cells and persistent cells in the biofilm. The gene gifB, a key gene in
EPS production, was significantly upregulated (Figure 4c), suggesting
the increased cariogenic virulence of S. mutans persisters.

S. mutans persister formation was associated with carbon source
metabolism

Persisters are generally considered to be dormant cells. We measured
the carbon source metabolism of persistent cells by monitoring the
expression of several key glycolysis- and citrate cycle-related genes,
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Figure 5 Effect of carbon source metabolism on S. mutans persister
formation. (a) Relative gene expression of carbon source metabolism-related
genes treated with DDW (control) or 200 pg-mL~1 DMADDM. The data are
presented as the mean+s.d. (n=6), ***P<0.001. (b) Effect of different
concentrations of glucose on S. mutans planktonic and biofilm persisters;
##P<0.01, ***P<0.001, or ###P<0.001. The data are presented as the
mean +s.d. (n=6). DMADDM, dimethylaminododecyl methacrylate.

including adhE, Idh, and pdhA/B/C/D. Predictably, the expression
levels of these genes were all significantly downregulated in persistent
cells compared to the control group (Figure 5a), suggesting the low
metabolic level of S. mutans persisters and leading to the hypothesis
that the activation of carbon source metabolism may be a possible
strategy for the eradication of S. mutans persisters. As expected, with
the addition of extra glucose to the culture, the presence of persisters
both in planktonic and biofilm conditions was significantly reduced
under the concentrations of 0.1, 1 and 10 mmol - mL~! (Figure 5b).

DISCUSSION

The generation of bacterial persister cells is a critical problem in the
application of antibacterial agents since bacterial persisters are usually
involved in the relapses of chronic infections 4! and in the induction of
bacterial resistance.>! ™2 The present study investigated the ability of
the cariogenic bacterial species S. mutans to form persisters induced by
DMADDM, an antibacterial QA, in vitro and determined the
characteristics of these persisters for the first time. The result
demonstrated that S. mutans was capable of persistence formation
and surviving the QA anti-caries treatment, indicating that new drug
tolerance evaluation should be performed when developing new
antibacterial agents for use in oral diseases. When the antibacterial
agent is removed, such as through the drop of antibacterial filling
materials for caries or via microleakage between restoration materials
and tooth tissues, persisters can regrow to a new population, which
may be associated with the recurrence and refractory nature of
secondary dental caries.?#?*3 The non-heritable and phenotypical
variation has also been demonstrated and well-studied in other
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bacterial persisters such as Escherichia coli and S. aureus.*** However,
previous studies mainly focused on the induction of persistence by
bacteriostatic antibiotics such as penicillin.**** Different from these
antibiotics, which usually work through specific targets in the
biological process of bacteria, bactericidal quaternary ammoniums
are commonly thought to be “contact killing” and therefore less likely
to lead to the development of antimicrobial resistance.?=22 However,
the present study proved for the first time that DMADDM, a
quaternary ammonium, could induce persistence in S. mutans. The
presence of S. mutans persister cells could be detected by the “biphasic
killing” phenomenon of bacterial cultures exposed to lethal concen-
trations of DMADDM.

The specific mechanisms of persister formation still require
comprehensive investigation. Currently, the survival of persisters can
roughly be explained by their transition into a “dormant” state, as
antibiotics’ killing effects on bacteria often depend on their active
growth.*5*7 We found that the dormant S. mutans persisters can even
tolerant high levels of six clinical antibiotics with different antibacterial
mechanisms, including those that target protein biosynthesis, DNA
biosynthesis and replication, the cell membrane, the cell wall and cell
metabolic pathways. More importantly, S. mutans persisters can
tolerant lmg-mL_1 fluoride, which is considered to be the most
successful agent for dental caries prevention, indicating the high risks
of S. mutans persistence in dental caries. Previous studies have also
reported that dormant persisters enhance efflux pump activity to
ensure their survival under antibacterial attack.**#° In our study,
persisters in biofilms had better multidrug tolerance compared to
planktonic persisters because the daptomycin and vancomycin treat-
ments slightly reduced the planktonic persisters, making them more
virulent and difficult to remove. The persister cell reduction by
daptomycin and vancomycin in planktonic culture may result from
the cross targets between DMADDM and these two antibiotics.?0->"

The extracellular matrix of dental plaque is an important virulence
factor for the development of dental caries and periodontal
disease.”>™>* Matrix constituents, such as EPS, the biopolymers in
which biofilm microorganisms are embedded, play an important role
in bacterial adhesion.’>>® The higher EPS:bacteria ratio in the
DMADDM-challenged biofilm indicated that the S. mutans persisters
induced in the biofilm were protected by more relict EPS matrix to
fight against extra stresses such as lethal levels of different antibiotics.
The DMADDM:-induced persister in the biofilm enhanced the EPS
production ability by means of the upregulation of gtfB expression,
suggesting that S. mutans persisters can produce more EPS to enhance
their cariogenic virulence and promote the adhesion of other
pathogens, such as C. albicans, to form multispecies biofilms when
the antibacterial treatments are reduced or removed.””

Previous work found that specific metabolites facilitate the killing of
bacterial persisters by aminoglycosides,”® highlighting the importance
of the metabolic environment to persisters. Here we demonstrated that
the expression levels of several carbon source metabolism-related
genes were all downregulated in DMADDM-induced S. mutans
persisters, which was consistent with their reduction of growth rate
and metabolism. We confirmed the growth activation of persisters by
demonstrating that the addition of an extra carbon source can reduce
the level of S. mutans persistence, indicating that glucose might change
the “dormant” persisters into “active” ones, which were sensitive to the
antibacterial agent DMADDM. However, the precise mechanisms
need to be further investigated since it has also been reported that
carbon source transitions stimulated the formation of fluoroquinolone
persisters in E. coli.®® Since the mechanisms of persistent cell
formation are dynalnic,60 the eradication strategies must be



investigated precisely based on different bacteria and persistent
formation conditions.

CONCLUSION

The present study identified the non-heritable and multidrug tolerant
S. mutans persisters induced by the antibacterial quaternary ammo-
nium DMADDM both in planktonic and biofilm cultures for the first
time. In accordance with their decreased metabolism and dormant
state, carbon source metabolism-related genes were downregulated in
DMADDM-tolerant S. mutans persisters, and certain concentrations of
glucose significantly reduced the S. mutans persistent level. Meanwhile,
S. mutans persisters enhanced their cariogenic virulence by means of
the increase of their EPS production ability through the upregulation
of gtf genes. The persisters were tolerant to high concentrations of
different antibiotics with various antibacterial mechanisms, including
fluoride. The combination of DMADDM and high levels of other
antibiotics at the persistent stage was ineffective, indicating that a new
eradication method, such as the addition of extra glucose in our study,
is needed to combat persisters in the oral cavity instead of simply using
different antibiotics or increasing their clinical dosages. The detailed
mechanisms of the overall metabolic shift and the S. mutans persister
formation, survival and resuscitation should be further investigated to
combat S. mutans persisters in oral infectious diseases, and new
evaluation items based on the resistance and tolerance of oral
antibacterial materials/agents should be constructed.
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