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Abstract: Despite the wide-spread use of antiseptics in dental practice and oral care products, there
is little public awareness of potential risks associated with antiseptic resistance and potentially con-
comitant cross-resistance. Therefore, the aim of this study was to investigate potential phenotypic
adaptation in 177 clinical isolates of early colonizers of dental plaque (Streptococcus, Actinomyces,
Rothia and Veillonella spp.) upon repeated exposure to subinhibitory concentrations of chlorhexidine
digluconate (CHX) or cetylpyridinium chloride (CPC) over 10 passages using a modified microdi-
lution method. Stability of phenotypic adaptation was re-evaluated after culture in antiseptic-free
nutrient broth for 24 or 72 h. Strains showing 8-fold minimal inhibitory concentration (MIC)-increase
were further examined regarding their biofilm formation capacity, phenotypic antibiotic resistance
and presence of antibiotic resistance genes (ARGs). Eight-fold MIC-increases to CHX were detected
in four Streptococcus isolates. These strains mostly exhibited significantly increased biofilm formation
capacity compared to their respective wild-type strains. Phenotypic antibiotic resistance was detected
to tetracycline and erythromycin, consistent with the detected ARGs. In conclusion, this study shows
that clinical isolates of early colonizers of dental plaque can phenotypically adapt toward antiseptics
such as CHX upon repeated exposure. The underlying mechanisms at genomic and transcriptomic
levels need to be investigated in future studies.

Keywords: chlorhexidine; cetylpyridinium chloride; antiseptic; biocide; resistance; adaptation; oral
biofilm; antibiotic

1. Introduction

Bacterial antimicrobial resistance (AMR) has emerged as one of the greatest public
health threats and challenges of the 21st century [1]. The Review on Antimicrobial Resis-

Antibiotics 2022, 11, 688. https://doi.org/10.3390/antibiotics11050688 https://www.mdpi.com/journal/antibiotics

https://doi.org/10.3390/antibiotics11050688
https://doi.org/10.3390/antibiotics11050688
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0002-4489-1939
https://orcid.org/0000-0002-4726-9555
https://orcid.org/0000-0001-8769-599X
https://orcid.org/0000-0002-1750-7380
https://doi.org/10.3390/antibiotics11050688
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics11050688?type=check_update&version=2


Antibiotics 2022, 11, 688 2 of 18

tance from 2016 predicted that deaths attributable to AMR could increase to 10 million per
year by 2050 if no appropriate counter-action was taken immediately [2]. Only recently,
a paper was published in The Lancet, wherein the Antimicrobial Resistance Collabora-
tors group around Christopher Murray estimated median global numbers of 4.95 million
deaths associated with bacterial AMR and 1.27 million deaths directly attributable to bac-
terial AMR in 2019 [3]. Consequently, AMR can be considered the leading cause of death
worldwide, trailing only COVID-19 and tuberculosis but ahead of HIV/AIDS and malaria
when it comes to deaths from infections [4]. Thus, AMR has been called an overlooked
pandemic that continues in the shadows while COVID-19 rages on [4]. In addition, the
current increase in disinfection practices and use of antiseptics and biocides due to the
COVID-19 pandemic may pose risks by accelerating the spread of AMR [5], as antiseptics
such as quaternary ammonium compounds (QACs) [6,7] or chlorhexidine digluconate
(CHX) [8–10] may foster the spread of AMR by causing selection pressure and mutations
and promoting horizontal gene transfer.

Although the oral cavity was highlighted as a potential reservoir for antibiotic resis-
tance genes several years ago [11–13], there is little awareness in the dental community
of the potential risks associated with the use of antiseptics with regard to AMR [7,8].
This is notable because a wide range of antiseptics, mostly CHX or the QAC cetylpyri-
dinium chloride (CPC), are included in mouthwashes, gels, or toothpastes that are either
intended for professional use in the dental office or available as over-the-counter con-
sumer products [14–17]. For example, since the COVID-19 pandemic, antiseptics have
been routinely used as preprocedural mouthwashes to potentially reduce exposure to
SARS-CoV-2 and other microorganisms in dental aerosols [18–20]. Furthermore, the use of
antiseptic mouthwashes has been recommended as adjunct to mechanical biofilm removal
and use of fluorides in certain high-risk patient groups such as patients with intellectual
disabilities [21], patients undergoing fixed-appliance orthodontic treatment [22] or fol-
lowing surgical procedures [23], elderly people with insufficient manual abilities [24] or
people receiving mechanical ventilation aiming to reduce the risk of ventilator-associated
pneumonia [25].

As early as in the 1970s, and only a few years after the introduction of CHX into
dental practice, several studies reported that long-term clinical use of CHX-containing
mouthwashes or gels resulted in the emergence of clinical isolates of Streptococcus sanguinis
with reduced susceptibility to this antiseptic [26–28]. Accordingly, several studies from
recent years have shown that laboratory reference strains of oral and non-oral bacteria
are able to phenotypically adapt to CHX or CPC upon multiple exposures to sublethal
concentrations in vitro [29–31]. In this context, the development of cross-resistance to
antibiotics has also been reported [9,10]. It is well known that laboratory reference strains
may have lost important pathophysiological properties that are only present in clinical
isolates [32]. Nevertheless, there has been no report on potential development of resistance
to CHX or CPC in clinical oral isolates, to date [7,8,29].

Therefore, the aim of the present study was to investigate the potential phenotypic
adaptation to CHX and CPC in clinical isolates of early colonizers of oral biofilm from
the genera Streptococcus, Actinomyces, Rothia and Veillonella. In addition, the effects of
phenotypic adaptation to CHX or CPC on biofilm formation capacity, phenotypic antibiotic
resistance, and presence of antibiotic resistance genes were investigated.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The 177 clinical isolates used in this study were collected from supragingival plaque
samples of healthy and caries-active volunteers who had been recruited in an earlier clinical
study approved by the ethical committee of the Universities of Freiburg, Heidelberg and
Tübingen (references: 604/16; S-652/2016; 863/201BO2) and registered in the German
Clinical Trials Register (DRKS00013119). These 177 bacterial clinical isolates comprised
112 Streptococcus spp., 19 Actinomyces spp., 20 Rothia spp., and 26 Veillonella spp. (Table 1).
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All isolates were stored at −80 ◦C in brain heart infusion (BHI; Sigma-Aldrich,
St. Louis, MO, USA) broth containing 15% (v/v) glycerol, as described earlier [33]. Identifi-
cation of these isolates to the species level was conducted by means of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) employing a
Microflex mass spectrometer and BioTyper analysis software (both from Bruker, Billerica,
MA, United States) independently in two different laboratories, as described earlier [34,35].

For laboratory use, the frozen bacterial isolates were thawed at 37 ◦C in a water
bath. Rothia spp. and Veillonella spp. were grown in Schaedler broth (Roth, Karlsruhe,
Germany) and on Schaedler agar plates, while Streptococcus spp. and Actinomyces spp.
in BHI broth (Sigma-Aldrich) and on Columbia Agar with sheep blood (all agar plates
provided by the Institute for Clinical Microbiology and Hygiene, University Hospital
Regensburg, Germany). All isolates were cultured under anaerobic conditions (80% N2,
10% CO2, and 10% H2) in a microincubator (MI23NK, SCHOLZEN Microbiology Systems,
St. Margrethen, Switzerland).

Table 1. Clinical oral isolates included in this study.

Taxon Number of Isolates

Streptococcus anginosus 11

Streptococcus constellatus 1

Streptococcus oralis 24

Streptococcus sanguinis 18

Streptococcus intermedius 1

Streptococcus gordonii 9

Streptococcus salivarius 6

Streptococcus sobrinus 1

Streptococcus vestibularis 1

Streptococcus downii 2

Streptococcus parasanguinis 6

Streptococcus mitis 11

Streptococcus mutans 18

Streptococcus cristatus 3

Actinomyces naeslundii 7

Actinomyces oris 5

Actinomyces odontolyticus 7

Rothia aeria 7

Rothia dentocariosa 6

Rothia mucilaginosa 7

Veilonella atypica 10

Veilonella dispar 2

Veilonella parvula 14

2.2. Test Substances

Chlorhexidine digluconate (CHX; Sigma C9394) and cetylpyridinium chloride (CPC;
Merck 6,002,006; both: Merck, Darmstadt, Germany) were both solved in dH2O and diluted
to stock solutions (512 µg/mL) for use in the further experiments.

2.3. Minimal Inhibitory Concentration (MIC) Passaging and Re-Evaluation of
Phenotypic Adaptation

For preparation of planktonic cultures, colonies were picked, suspended in 5 mL of
the respective culture broth, and cultured overnight at 37 ◦C under anaerobic conditions
(80% N2, 10% CO2, and 10% H2; microincubator MI23NK) to yield bacteria in the stationary
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growth phase. For further analyses, cryo banks (Mast Diagnostica Labortechnik, Reinfeld,
Germany) were used to store wild-type (WT) cultures at −80 ◦C.

Two-fold serial dilutions were prepared from CHX and CPC stock solutions in the
respective nutrient broth yielding CHX and CPC in concentrations from 128 to 0.25 µg/mL.
MICs were examined for CHX and CPC over 10 passages by employing a broth microdilu-
tion method, modified from previous works [7,29]. An overnight culture of the respective
strain was adjusted to an optical density (OD) of 0.6, as measured with a spectrophotometer
at 600 nm (Ultrospec 3300; Amersham Biosciences, Amersham, UK). 200 µL of these bacte-
rial suspensions were added to wells of a 48-well flat-bottom polystyrene microtiter plate
(Corning® Costar®, Corning, NY, USA) that contained 200 µL of the respective antiseptic in
the respective concentrations yielding an end volume of 400 µL in each well. After anaero-
bic incubation at 37 ◦C for 24 h, the MICs were determined by visual examination. The well
with the highest antiseptic concentration that still exhibited bacterial growth (turbidity)
was defined as sub-MIC. The content of this sub-MIC well was added to 5 mL of fresh
nutrient broth without antiseptic and incubated at 37 ◦C overnight. Then, a second passage
of MIC evaluation and re-growth was performed as described above. This procedure
was performed for 10 passages (P1 to P10) with at least three independent replicates each.
Replicates that showed at least 4-fold higher MICs at P10 as compared to P1 were stored at
−80 ◦C for further experiments.

MIC passaging was performed with at least three independent biological replicates
per each tested isolate. Furthermore, median (1st; 3rd quartiles) MICs were calculated on a
species level using SPSS v. 26 (SPSS Inc., Chicago, IL, USA). For evaluating the stability
of the found phenotypic adaptations, the frozen P10 cultures exhibiting at least 4-fold
MIC-increase were thawed and cultured in fresh nutrient broth without antiseptic at 37 ◦C
for 3 passages and medium was refreshed every 24 h. MICs were examined on day 1
and day 3, as described above (re-evaluation, R). Isolates showing at least 8-fold MIC-
increases and their respective WT strains were further evaluated in terms of phenotypic
antibiotic resistance testing, biofilm formation capacity and determination of antibiotic
resistance genes.

2.4. Biofilm Formation Capacity

The microtiter plate test for biofilm formation was conducted for those P10 replicates
exhibiting at least 8-fold MIC increases and their WT strains, as it was described earlier
in detail [36,37]. In brief, an overnight culture of each isolate was prepared in tryptic soy
broth (TSB; Merck) under aerobic conditions with 5% CO2 at 37 ◦C. The number of colony
forming units (CFU) of each overnight culture, as determined on Columbia blood agar, was
in the range of 108 CFU/mL. 180 µL fresh TSB were pipetted into each well of polystyrene
96-well tissue culture plates (Greiner Bio-One, Frickenhausen, Germany). Then, 20 µL
of the overnight culture were added to each well. The plates were incubated at 37 ◦C
in an aerobic atmosphere with 5% CO2 for 24 h. The culture medium was discharged,
and the 96-well-plates were washed three times using 300 µL phosphate buffered saline
(PBS, Sigma-Aldrich) to remove the non-adherent bacteria. The plates were air-dried at
room temperature and the adherent microorganisms were stained with Carbol Gentiana
Violet solution (Carl Roth, Karlsruhe, Germany) for 10 min. Afterwards, the wells were
rinsed with dH2O to remove the excess dye. The plates were then dried for 10 min at 60 ◦C
and 100 µL of absolute ethanol (99.9% v/v; Merck) were added to each well to solubilize
the dye from the stained biofilms. The OD of the solubilized dye was measured using a
Tecan Infinite-M200Plate-Reader (Tecan, Crailsheim, Germany) at a wavelength of 595 nm
(OD595). The strain Enterococcus faecalis T9 described by Maekawa et al. [38] was used as
positive control for biofilm formation. All experiments were conducted 8-fold and the
median (1st; 3rd quartiles) values were determined after subtraction of the OD595 blank
(TSB only) values using SPSS. Data were analyzed statistically using SPSS by applying
non-parametric procedures (Mann-Whitney U tests; α = 0.05) for pairwise comparisons
between P10 replicates and their corresponding WT strains.
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2.5. Phenotypic Antibiotic Resistance Testing

To assess phenotypic antibiotic resistance, those P10 replicates that showed at least
8-fold MIC increase and their respective WT strains were tested using the Etest method
(Liofilchem® MTSTM; Liofilchem, Roseto degli Abruzzi, Italy), as described earlier [37].
In brief, several colonies from each pure culture were picked and a suspension thereof
was prepared and adjusted to McFarland 0.5 (equivalent to approximately 108 CFU/mL).
Mueller-Hinton-Blood agar plates (MHB agar plates, for aerobic/facultative anaerobic
isolates of the genus Streptococcus) were inoculated with this suspension. The inoculation
of the agar plates was conducted by using a rota-plater (Retro C80TM bioMérieux, Marcy-
l’Etoile, France). Following inoculation, the respective Etest strips were placed on the
plates. After incubation the results were interpreted using the breakpoints according to
EUCAST (European Committee on Antimicrobial Susceptibility Testing) v. 12.0, 2022 if
available and susceptibility was determined as susceptible (S), intermediate (I) or resistant
(R). If EUCAST values were not available, MIC values for similar strains were taken from
previous reports and used to describe the susceptibility of the respective isolates. The
following antibiotics were included to characterize the phenotypic susceptibility of all
isolates: penicillin G (PenG), ampicillin/amoxicillin (AMP/AMX), cefuroxime (CXM),
meropenem (MEM), tetracycline (TET), tigecycline (TGC), clindamycin (CLI), erythromycin
(ERY), moxifloxacin (MXF), and vancomycin (VAN).

2.6. Determination of the Presence of Antibiotic Resistance Genes (ARGs) by PCR

The presence of antibiotic resistance genes (ARGs) was determined for P10 replicates
showing at least 8-fold MIC increase and their respective WT strains. First, DNA from P10
replicates and WT strains was extracted using the DNeasy blood and tissue kit (Qiagen,
Hilden, Germany). As described previously [39], the protocol of the manufacturer was
modified by adding 30 µL mutanolysin (1500 U/mL) and 20 µL lysozyme (20 mg/mL;
both: Sigma-Aldrich) to 150 µL of lysis buffer and incubating for 1.5 h at 37 ◦C in order to
achieve sufficient cell lysis for Gram-positive bacteria.

Primer pairs for different ARGs described in the literature were purchased from Sigma-
Aldrich. The sequences of all used primer pairs and their target genes are depicted in the
Supplementary Table S1. The total volume of the PCR amplification mixture was 25 µL.
The reaction mixture contained 1× PCR buffer, 0.1–0.5 µM of forward and reverse primers,
200–300 µM deoxyribonucleoside triphosphates mix (dNTPs; Peqlab GmbH, Erlangen,
Germany), 2.5 U Taq Polymerase (Qiagen, Hilden, Germany) and 1–2 µL of the bacterial
DNA, depending on the respective primer pair. To confirm the presence of bacterial DNA,
the universal primers 27f-YM and 1492-Rlong were used for the detection of the 16S rRNA
gene in each isolate (Supplementary Table S1). The following positive control strains were
used to confirm the corresponding PCR reactions: Enterococcus faecium 633 (tetM), laboratory
strain from sewage (tetO), Streptococcus oralis FG13-1b (tetA, tetB), Enterococcus faecalis 628
(tetC, tetD, tetW), E. faecium 401, 643 (ermB), Staphylococcus aureus MRSA 4331, S. aureus
MSSA 2250 (ermC), laboratory strain Eikenella corrodens FG-15-4a (ermX), Streptococcus
pneumoniae 378 (MefI), laboratory strain Streptococcus intermedius FG-15-11 (mefAI), Klebsiella
pneumoniae 1230 (blaTEM-1; blaCTX-M-1), Enterobacter cloacae 458 (ampC), Fusobacterium
nucleatum HG-10-2aa, HG10-12a (blaOXA-85), Prevotella nigrescens HP-04-1aa, HP-02-1a
(cfxA), S. pneumoniae ATCC 49619 (pbpX2, int-II), S. pneumoniae DSM 20566 (patA, patB), E.
faecium 633, 643 (vanA), E. faecium 628, 401 (vanB), Enterococcus gallinarium 766, 767 (vanC),
E. coli DSM 105182 (mcr-1), E. faecalis ATCC 29212 (xis-II). For tetA1, tetC1, tetE1, ermA,
ermF, mefAII, blaCSP-1, vanC2/3, vanD, vanE, aph3 and lsaC, no positive control strains
were available.

PCR was performed in a PCR cycler (Bio-Rad, Hercules, CA, USA) under different
cycling conditions (temperature programs) depending on the annealing temperatures of
the different primer pairs used (Supplementary Table S1). The PCR amplification products
were analyzed by capillary electrophoresis with the QIAxcel Advanced system (Qiagen,
Venlo, The Netherlands) using capillary gel electrophoresis. Each sample was diluted
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10-fold in dH2O, then automatically loaded into an individual capillary (sample injection
voltage 10 kV, sample injection time 5 s) and voltage (420 kV) was applied. Migrating DNA
molecules through the capillary were detected and measured as a fluorescent signal. After
processing, the data were displayed as an electropherogram or gel image.

3. Results
3.1. MIC Passaging and Re-Evaluation of Phenotypic Adaptation

Table 2 shows the results for the MIC passaging for all investigated isolates summa-
rized on the species level. Detailed results from MIC passaging for each investigated isolate
can be found in the Supplementary Table S2.

Out of the 112 Streptococcus isolates passaged in CHX, 24 isolates showed a 4-fold and
four isolates an 8-fold MIC increase between P1 and P10. With CPC, six isolates showed
a 4-fold MIC increase. Two out of the 19 Actinomyces isolates passaged in CHX showed
a 4-fold MIC increase between P1 and P10, while no MIC changes could be observed for
passaging in CPC. Likewise, the 20 Rothia isolates showed no changes in MIC development
for CHX or CPC between P1 and P10. The 26 Veillonella isolates showed no MIC changes
between P1 and P10 when passaged in CHX, but one isolate showed a 4-fold MIC increase
after CPC passaging.

Table 2. Results of MIC passaging in CHX or CPC summarized on a species-level.

CHX CPC
Numbers of
Isolates with

Numbers of
Isolates with

4-Fold 8-Fold 4-Fold 8-FoldStrains
MIC

[µg/mL]
at P1 #

MIC
[µg/mL]
at P10 #

FC
P1–P10

MIC Increase

MIC
[µg/mL]
at P1 #

MIC
[µg/mL]
at P10 #

FC
P1–P10

MIC Increase
S. anginosus

n = 11
8

(6; 8)
16

(16; 16)
2

(2; 4) 4 0 2
(2; 4)

2
(2; 2)

1
(0.5; 1) 0 0

S. constellatus
n = 1 4 4 1 0 0 1

(1; 1)
2

(2; 2)
2

(2; 2) 0 0

S. oralis
n = 24

8
(4; 16)

16
(16; 16)

2
(1; 2.5) 6 0 2

(2; 2)
2

(2; 2,5)
1

(1; 1.25) 1 0

S. sanguinis
n = 18

12
(5; 28)

16
(8; 16)

1
(0.5; 2) 1 0 4

(4; 4)
2

(2; 4)
0.5

(0.5; 1.75) 2 0

S. intermedius
n = 1 4 8 2 0 0 8 4 0.5 0 0

S. gordonii
n = 9

4
(4; 8)

16
(8; 16)

2
(2; 4) 4 0 2

(2; 4)
4

(2; 4)
1

(0.5; 2) 0 0

S. salivarius
n = 6

4
(2.5; 4)

6
(4; 8)

3
(1.25; 4) 2 1 2

(2; 2)
2

(2; 2)
1

(1; 1) 0 0

S. sobrinus
n = 1 4 4 1 0 0 2 2 1 0 0

S. vestibularis
n = 1 1 8 8 0 1 2 1 0.5 0 0

S. downii
n = 2

4
(4; 4) ×

16
(16; 16) ×

4
(4; 4) × 2 0 3

(2; 4) ×
1

(2; 2) ×
0.38

(0.25; 0:5) × 0 0

S. parasanguinis
n = 6

4
(4; 7)

16
(16; 16)

3
(2; 4) 3 0 4

(2.5; 4)
2

(2; 2)
0.5

(0.5; 0.88) 0 0

S. mitis
n = 11

2
(2; 4)

8
(4; 8)

2
(2; 3) 2 1 1

(1; 1)
2

(2; 2)
2

(1.5; 2) 1 0

S. mutans
n = 18

4
(4; 4)

4
(4; 4)

1
(1; 1) 0 1 2

(2; 2)
4

(2; 4)
2

(1; 2) 1 0

S. cristatus
n = 3

2
(2; 3)

4
(4; 6)

2
(2; 2) 0 0 1

(1; 1.5)
4

(2.5; 4)
2

(1.5; 3) 1 0

A. naeslundii
n = 7

1
(0.75; 2)

2
(1.5; 2)

2
(1; 2) 0 0 2

(1.5; 2)
2

(2; 2)
1

(1; 1.5) 0 0

A. oris
n = 5

2
(1; 2)

2
(2; 4)

1
(1; 4) 2 0 4

(4; 4)
2

(2; 2)
0.5

(0.5; 1) 0 0

A. odontolyticus
n = 7

4
(3; 4)

4
(2; 4)

1
(0.75; 1) 0 0 4

(4; 4)
2

(2; 2)
0.5

(0.5; 0.5) 0 0
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Table 2. Cont.

CHX CPC
Numbers of
Isolates with

Numbers of
Isolates with

4-Fold 8-Fold 4-Fold 8-FoldStrains
MIC

[µg/mL]
at P1 #

MIC
[µg/mL]
at P10 #

FC
P1–P10

MIC Increase

MIC
[µg/mL]
at P1 #

MIC
[µg/mL]
at P10 #

FC
P1–P10

MIC Increase
R. aeria
n = 7

2
(2; 4)

4
(2; 4)

1
(1; 2) 0 0 2

(2; 4)
2

(2; 2)
1

(0.5; 1) 0 0

R. dentocariosa
n = 6

4
(4; 4)

4
(4; 4)

1
(1; 1) 0 0 2

(2; 2)
2

(2; 2)
1

(1; 1) 0 0

R. mucilaginosa
n = 7

4
(3; 4)

4
(4; 6)

2
(1; 2) 0 0 2

(1; 2)
2

(2; 2)
1

(1; 1.5) 0 0

V. atypica
n = 10

1
(1; 1)

2
(1; 2)

2
(1; 2) 0 0 1

(1; 1.75)
2

(1.25; 2)
2

(1; 2) 0 0

V. dispar
n = 2

2
(2; 2) ×

1
(1; 1) ×

0.5
(0.5; 0.5) × 0 0 0.75

(0.625; 0.875) ×
2

(2; 2) ×
3

(2.5; 3.5) × 1 0

V. parvula
n = 14

2
(1; 2)

1.5
(1; 2)

1
(1; 1) 0 0 1.5

(1; 2)
2

(2; 2)
2

(1; 2) 0 0

# MICs are shown on a species level as medians (1st and 3rd quartiles; for n ≥ 3), medians (minimum and
maximum; for n = 2; marked by ×) or single values (for n = 1). P1: passage 1; P10: passage 10; FC: fold-change.

As described above, all isolates showing a 4- or more-fold increase were re-evaluated
after regrowth in antiseptic-free nutrient broth for 24 or 72 h (R24 h or R72 h, respectively).
For the CHX passaged samples, the re-evaluation MIC always remained stable or even
increased further compared to P1. The same applied for comparison with P10, but for
three exceptions. The re-evaluated CPC samples showed identical MIC values or increased
MICs compared to P1, but mostly decreased MICs as compared to P10. More detailed
information can be found in the Supplementary Table S2.

Table 3 shows details of the isolates that showed 8-fold MIC increase between P1 and
P10, namely the streptococcal strains 59, 73, 78 and 93 passaged in CHX. Three out of six
replicates of S. mutans (strains 59a, 59d, 59f) increased their MICs from 0.5 µg/mL at P1
to 4 µg/mL at P10 and maintained the increased MIC at the R24 h. Strains 59a and 59f
showed decreased MICs after R72 h resulting in a 4-fold increase compared to P1 and a
halving compared to P10. Replicate 59c showed a stable MIC of 4 µg/mL also at R72 h
resulting in an 8-fold increase compared to P1. One out of six replicates of S. salivarius
(strain 73a) increased its MIC from 1 µg/mL at P1 to 8 µg/mL at P10 and showed a further
increased MIC of 16 µg/mL at R24 h, decreasing again to 8 µg/mL at R72 h. This means an
8-fold increase compared to P1 and a stable MIC compared to P10. One out of six replicates
of S. vestibularis (strain 78e) increased its MIC from 1 µg/mL at P1 to 8 µg/mL at P10, and
further to 16 µg/mL at R24 h. The MIC at R72 h decreased to 8 µg/mL resulting in an
8-fold increase compared to P1 and a stable MIC compared to P10. Four out of six replicates
of S. mitis (strains 93b, 93c, 93d, 93e) increased their MICs from 1 µg/mL at P1 to 8 µg/mL
at P10. After R24 h and R72 h, replicate 93b decreased its MIC to 4 µg/mL and replicates
93c, 93d and 93e showed a stable MIC of 8 µg/mL.

Table 3. Isolates exhibiting at least 8-fold MIC increase toward CHX between P1 and P10.

MICCHX (µg/mL)
Strain

P1 P10 R24 h R72 h
FC

P1–P10
FC

P1–R72 h
FC

P10–R72 h

59a 0.5 4 4 2 8 4 0.5
59b 0.5 0.5 * * 1 * *
59c 0.5 2 * * 4 * *
59d 0.5 4 4 4 8 8 1
59e - - - - - - -

S. mutans

59f 0.5 4 4 2 8 4 0.5
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Table 3. Cont.

MICCHX (µg/mL)
Strain

P1 P10 R24 h R72 h
FC

P1–P10
FC

P1–R72 h
FC

P10–R72 h

73a 1 8 16 8 8 8 1
73b 1 2 * * 2 * *
73c 1 4 * * 4 * *
73d 1 4 * * 4 * *
73e 1 4 * * 4 * *

S. salivarius

73f 1 4 * * 4 * *

78a 1 4 * * 4 * *
78b 1 4 * * 4 * *
78c 2 4 * * 2 * *
78d 2 8 * * 4 * *
78e 1 8 16 8 8 8 1

S. vestibularis

78f 2 4 * * 2 * *

93a 1 4 * * 4 * *
93b 1 8 4 4 8 4 0.5
93c 1 8 8 8 8 8 1
93d 1 8 8 8 8 8 1
93e 1 8 8 8 8 8 1

S. mitis

93f 1 4 * * 4 * *

MICs of all replicates of the six isolates with at least 8-fold MIC-increase are shown at P1, P10, R24 h, and R72 h.
Grey font depicts replicates not reaching an 8-fold MIC increase toward CHX from P1 to P10. P1: passage 1; P10:
passage 10; R24 h: re-evaluation after culture in antiseptic-free nutrient broth for 24 h; R72 h: re-evaluation after
culture in antiseptic-free nutrient broth for 72 h; FC: fold-change.

3.2. Biofilm Formation Capacity

Those P10 replicates of S. mutans (strains 59a, 59d, 59f), S. salivarius (strain 73a),
S. vestibularis (strain 78e) and S. mitis (strains 93b, 93c, 93d, 93e), which showed at least
8-fold higher MICs after passaging with subinhibitory CHX-concentrations were tested for
their biofilm formation capacity as compared to their WT strains. The increase in OD595
value, representing an increased percentage of adhered bacterial cells, was the measure
for the increase in biofilm formation. The medians of biofilm formation capacity values
(measured OD595) are shown in Figure 1. Two S. mutans P10 replicates (strains 59d and
59f) revealed significantly increased median OD595 values of 0.26 and 0.27, respectively,
as compared to their WT strain 59 (0.20). The P10 replicate S. vestibularis strain 78e also
showed significantly biofilm formation capacity (0.52) as compared to the WT strain 78
(0.26). The biofilm formation capacity of three P10 replicates of S. mitis (strains 93b, 93c
and 93d) was also increased from a median OD595 of 0.05 (WT strain 93) to median OD595
values from 0.08 to 0.52. Conversely, the P10 replicate S. salivarius strain 73a showed a
significantly reduced biofilm formation (0.18) as compared to its WT strain 73 (0.34). The
biofilm formation capacity of two P10 replicate strains (S. mutans 59a, S. mitis 93e) was
not significantly affected by passaging in subinhibitory CHX-concentrations. E. faecalis
T9, which was used as positive control for biofilm formation capacity, showed the highest
median OD595 (0.52) in comparison to all other tested strains.
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Figure 1. Biofilm formation capacity of P10 replicates showing 8-fold MIC increase toward CHX
and corresponding WT strains. Asterisks indicate statistically significant differences from pairwise
comparisons between P10 replicates and their respective WT strains. E. faecalis strain T9 was used as
positive control for biofilm formation capacity [38].

3.3. Phenotypic Antibiotic Resistance

Table 4 depicts the results from phenotypic antibiotic resistance evaluation of the P10
replicates that showed at least 8-fold higher MICs after passaging with subinhibitory CHX-
concentrations and their respective WT strains. S. mutans strain 59 and its P10 replicates
were found susceptible to all tested antibiotics. S. salivarius strain 73 and S. vestibularis
strain 78 and their P10 replicates 73a and 78e were found resistant to ERY (MICs: 73 WT:
8–12 µg/mL; 73a: 4–6 µg/mL; 78 WT: 6 µg/mL; 78e: 3 µg/mL). Strains 73 and 73a also
showed intermediate resistance to PenG (MICs: 73 WT: 0.5 µg/mL; 73a: 0.5–0.75 µg/mL)
and AMP/AMX (MICs: 73 WT: 0.38–0.75 µg/mL; 73a: 0.5–1.0 µg/mL). Apart from that,
strains 73, 73a, 78 and 78e were susceptible to all other tested antibiotics. S. mitis strain
93 and its P10 replicates 93b, 93c, 93d and 93e were found resistant to TET (MICs: 93 WT:
12–24 µg/mL; 93b: 16–24 µg/mL; 93c: 12–24 µg/mL; 93d: 12 µg/mL; 93e: 12–24 µg/mL)
and ERY (MICs: 93 WT: 6–8 µg/mL; 93b: 8–24 µg/mL; 93c: 8–24 µg/mL; 93d: 2 µg/mL;
93e: 12–24 µg/mL). Furthermore, strains 93b, 93d and 93e showed some intermediate or
resistant values toward AMP/AMX (MICs: 93b: 0.5–0.75 µg/mL; 93d: 0.38–0.5 µg/mL)
and CXM (MICs: 93b: 0.75–1 µg/mL; 93e: 0.5–0.75 µg/mL), which, however, were just
within one MIC-step as compared with the MICs of the WT strain 93. Likewise, such slight
fluctuations within one MIC-step were detected when comparing the MICs of WT strains
and their respective P10 replicate strains.

Table 4. Phenotypic antibiotic resistance of P10 replicates showing 8-fold MIC increase toward CHX
and corresponding WT strains.

S. mutans S. salivarius S. vestibularis S. mitis
59

WT 59a 59d 59f 73
WT 73a 78

WT 78e 93
WT 93b 93c 93d 93e

PenG 0.023
S

0.023
S

0.023
S

0.023
S

0.5
I

0.5–
0.75

I

0.064
S

0.094
S

0.19
S

0.25
S

0.125
S

0.016–
0.25

S

0.19
S

AMP
/AMX

0.047
S

0.047
S

0.047
S

0.047
S

0.38–
0.75
S/I

0.5–
1.0
S/I

0.064
S

0.064
S

0.38
S

0.5–
0.75
S/I

0.38
S

0.38–
0.5
I

0.38
S

CXM 0.032
S

0.032
S

0.047
S

0.032
S

0.125–
0.19

S

0.19
S

0.047
S

0.032
S

0.5
S

0.75–1
R

0.5
S

0.032–
0.5
S

0.5–
0.75
S/R

β-lactams

MEM 0.064
S

0.064
S

0.064
S

0.064
S

0.19
S

0.25–
0.38

S

0.032
S

0.047
S

0.19–
0.25

S

0.38
S

0.25–
0.38

S

0.032–
0.25

S

0.25–
0.38

S
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Table 4. Cont.

S. mutans S. salivarius S. vestibularis S. mitis
59

WT 59a 59d 59f 73
WT 73a 78

WT 78e 93
WT 93b 93c 93d 93e

TET 0.19
S

0.19
S

0.19
S

0.19
S

0.19
S

0.19–
0.25

S

0.19
S

0.19
S

12–24
R

16–24
R

12–24
R

12
R

12–24
R

Tetracyclines

TGC 0.064
S

0.064
S

0.064
S

0.064
S

0.047–
0.064

S

0.047–
0.064

S

0.032
S

0.047
S

0.047–
0.064

S

0.047–
0.064

S

0.016–
0.064

S

0.016–
0.047

S

0.032–
0.047

S

Lincosamide CLI 0.064
S

0.064
S

0.064
S

0.064
S

0.047
S

0.047
S

0.032
S

0.047
S

0.094
S

0.094
S

0.047–
0.094

S

0.094
S

0.094
S

Macrolide ERY 0.047
S

0.047
S

0.047
S

0.047
S

8–12
R

4–6
R

6
R

3
R

6–8
R

8–24
R

8–24
R

2
R

12–24
R

Fluoro-
quinolone MXF 0.25

S
0.38

S
0.25

S
0.25

S

0.125–
0.19

S

0.125–
0.19

S

0.19
S

0.19
S

0.19–
0.25

S

0.19
S

0.064–
0.094

S

0.125–
0.19

S

0.094–
0.125

S

Glycopeptide VAN 0.75
S

0.5
S

0.5
S

0.75
S

0.5
S

0.5–
0.75

S

0.5
S

0.75
S

0.25
S

0.38
S

0.25–
0.38

S

0.38
S

0.5–
0.38

S

The first line shows the respective Etest result, while the second line gives the interpretation according to EUCAST
12.0 (S: susceptible; I: intermediate; R: resistant).

3.4. Presence of ARGs

All P10 replicates, which showed at least 8-fold higher MICs at P10 as compared to
P1, and their respective WT strains were tested for the presence of 36 different ARGs, as
shown in Table 5. The detected genes confer resistance against a diverse array of antibiotics
including tetracycline, β-lactams, streptogramines, fluoroquinolones, vancomycin, colistin,
erythromycin, cephamycin, aminoglycosides, lincomycin and clindamycin. Additionally,
resistance genes for efflux pumps and excision of Tn916 were analysed by PCR.

All isolates gave a positive result with the universal bacterial primer set. PCR products
detecting ARGs were obtained for all S. mitis strains (93 WT as well as its P10 replicates
93b, 93c, 93d, 93e), as follows: tetM (tetracycline), patA and patB (fluoroquinolones), MefI
(macrolides), pbpX2 (cephalosporin, cephamycin, penams) and int (integrase) as well as
xis (excisionase). One S. mitis P10 replicate (93d) showed a positive PCR result for patB
and pbpX2 but the respective WT strain 93 was negative for these 2 ARGs. MefI was also
detected in all S. salivarius (73 WT, 73a) and S. vestibularis strains (78 WT, 78e) before and
after CHX-passaging.

Table 5. Antibiotic resistance genes (ARGs) of P10 replicates showing 8-fold MIC increase toward
CHX and corresponding WT strains as detected by PCR.

S. mutans S. salivarius S. vestibularis S. mitis
ARG

59 WT 59a 59d 59f 73 WT 73a 78 WT 78e 93 WT 93b 93c 93d 93e
Negative
Control

tetM − − − − − − − − + + + + + −
tetO − − − − − − − − − − − − − −
tetW − − − − − − − − − − − − − −

tetA-1 − − − − − − − − − − − − − −
tetB-1 − − − − − − − − − − − − − −
tetC-1 − − − − − − − − − − − − − −
tetD-1 − − − − − − − − − − − − − −
tetE-1 − − − − − − − − − − − − − −

blaTEM1 − − − − − − − − − − − − − −
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Table 5. Cont.

S. mutans S. salivarius S. vestibularis S. mitis
ARG

59 WT 59a 59d 59f 73 WT 73a 78 WT 78e 93 WT 93b 93c 93d 93e
Negative
Control

cfxA − − − − − − − − − − − − − −
blaCTX-M-1 − − − − − − − − − − − − − −
blaCSP-1 − − − − − − − − − − − − − −

blaOXA-85 − − − − − − − − − − − − − −
ampC − − − − − − − − − − − − − −
pbpX2 − − − − − − − − − − − + − −
ermA − − − − − − − − − − − − − −
ermB − − − − − − − − − − − − − −
ermC − − − − − − − − − − − − − −
ermF − − − − − − − − − − − − − −
MefI − − − − + + + + + + + + + −

mefAI − − − − − − − − − − − − − −
mef A II − − − − − − − − − − − − − −

patA − − − − − − − − + + + + + −
patB − − − − − − − − − − − + − −
vanA − − − − − − − − − − − − − −
vanB − − − − − − − − − − − − − −

vanC1 − − − − − − − − − − − − − −
vanC2/3 − − − − − − − − − − − − − −

vanD − − − − − − − − − − − − − −
vanE − − − − − − − − − − − − − −
mcr-1 − − − − − − − − − − − − − −
lsaC − − − − − − − − − − − − − −
aph3 − − − − − − − − − − − − − −
int-II − − − − − − − − + + + + + −
xis-II − − − − − − − − + + + + + −

positive
control + + + + + + + + + + + + + −

Corresponding primers are depicted in Supplementary Table S1. −: negative PCR result, +: positive PCR result.

4. Discussion

The World Health Organization considers free sale of antimicrobial products con-
taining low concentrations of the antimicrobial agent to be a key source of the spread of
AMR [40]. In dentistry, antiseptics such as CHX or CPC are used in low concentrations
in over-the-counter oral care products such as mouthwashes or toothpastes [7,8,16]. The
aim of the present study was to investigate the potential phenotypic adaptation to antisep-
tics and the development of cross-resistance to antibiotics in oral bacteria upon multiple
exposure to subinhibitory concentrations of these antiseptics in vitro.

For this purpose, a modified microdilution method was used, as previously de-
scribed [7] and also used in previous studies to evaluate the adaptation of bacteria to
antiseptics upon repeated exposure to subinhibitory concentrations [29–31]. However,
these studies used typical laboratory strains of oral bacteria. Since such laboratory strains
may have lost some important pathophysiological properties due to multiple sub-culturing
in vitro [32], clinical isolates obtained from healthy or caries-active patients were studied
in the present work. In particular, early colonizers of dental plaque such as Streptococcus,
Actinomyces, Rothia and Veillonella spp. were selected because these taxa constitute a large
part of the oral microbiota of healthy individuals [41] and play an important role in the
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early stages of oral biofilm formation [42] and biofilm matrix production [43]. Moreover,
the first reports of streptococcal adaptation were published as early as the 1970s, shortly
after the introduction of CHX into dental practice [26–28].

The MICs determined in P1 of the 10-day MIC passaging for the streptococcal isolates
were generally in higher concentration ranges than described in the literature for laboratory
strains [44–48]. For instance, McBain et al. reported a MIC of 3.9 µg/mL for a laboratory
strain of S. sanguinis [47], whereas we found a median MIC of 12 µg/mL for the 18 clinical
S. sanguinis isolates. Similarly, Kaspar et al. found MICs of 1.5 µg/mL for a laboratory strain
of S. mutans, whereas we found a median MIC of 4 µg/mL for the 18 clinical S. mutans
isolates [48]. This may be due to the fact that clinical oral isolates are likely to have already
been exposed to CHX due to its widespread use in dentistry, which may have resulted
in some low-level adaptation to this antiseptic [8]. So Yeon and Si Young also examined
clinical streptococcal isolates and reported lower MICs than in the present study. For
example, they found a mean MIC of 1.95 µg/mL for their ten S. anginosus isolates, whereas
our eleven S. anginosus isolates exhibited a median MIC of 8 µg/mL. Likewise, our clinical
Streptococcus strains also showed higher median MICs for CPC as compared to the mean
MICs reported by So Yeon and Si Young [46]. In contrast, other taxa had lower MICs in
the present study than reported for laboratory strains in other studies. For example, the
median MIC for the seven A. naeslundii isolates in our study was 1 µg/mL, whereas McBain
et al. reported a MIC of 1.95 µg/mL for a laboratory strain [47].

After ten passages in subinhibitory concentrations using a similar microdilution
method as in our study, Verspecht et al. observed a mean 1.8-fold MIC increase for CHX
for S. mutans and a mean 3.15-fold increase for S. sobrinus. With respect to CPC, S. mutans
showed a 1.76-fold increase in MIC and S. sobrinus even a nearly 6-fold increase [31]. Kita-
gawa et al. did not observe an increase in MICs for CHX or CPC for S. mutans UA159 [30].
In a previous study by our group, we found 2-fold MIC increases for laboratory strains
of S. mutans and A. naeslundii after MIC-passaging, but these were not stable after culture
in antiseptic-free nutrient broth [29]. While there are no clear frameworks for defining
resistance to antiseptics [8,49], an increase in MIC by a factor of at least four upon re-
peated exposure can be considered clinically relevant [49]. If a suchlike adaptation is
stable following culture in antiseptic-free nutrient broth, it can be defined as “decreased
susceptibility” [6] or “resistance” [49]. Here, we found that 27 isolates showed a 4-fold
and four an 8-fold MIC increase to CHX, while seven isolates exhibited a 4-fold MIC in-
crease to CPC when comparing MICs at P1 to those at P10. The isolates that exhibited an
8-fold MIC increase to CHX either showed stable MICs, even after culture in antiseptic-free
nutrient broth or still exhibited at least a 4-fold MIC increase compared to P1 and, thus,
can be considered as “resistant” or with “decreased susceptibility” according to the def-
initions outlined above [6,49]. Streptococci were already brought into focus in the 1970s
in the context of a possible decreased susceptibility to CHX after long-term clinical use
of CHX-containing mouthwash, toothpaste or gel [26–28]. In this context, however, it
should be kept in mind that investigating the bacterial adaptation to antiseptics in vitro
does not necessarily reflect the use of antiseptics in real life [50]. For example, antiseptics
are usually used in formulations that contain various excipients that may enhance their
antibacterial activity [50]. Moreover, the concentrations used in clinical applications are
many times higher than the subinhibitory concentrations applied for the MIC-passaging
in the present study [50]. However, the standard mode of growth of bacteria in a clinical
environment is not as pure cultures, but in polymicrobial biofilms [42]. The biofilm matrix
thereby acts as a kind of diffusion barrier for positively-charged molecules such as most
antiseptics [8,43,51]. Therefore, these low concentrations tested here for the MIC-passaging
can still be reached in deep layers of oral biofilms, although the actual concentrations used
were much higher [7,8,43].

The development of AMR has been closely linked to the bacterial biofilm-lifestyle [52].
For instance, clinical isolates of E. faecalis were recently shown to increase their capacity to
form biofilms in the presence of subinhibitory concentrations of antibiotics, particularly
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fosfomycin, tetracyclines and vancomycin [36]. Subinhibitory concentrations of mupirocin
were also found to stimulate biofilm formation in clinical isolates of Staphylococcus aureus
by up-regulating holin-/antiholin-like proteins encoded by cidA, which are known to
modulate cell death and lysis during biofilm formation [53]. On the other hand, Gajdàcs
et al. studied 302 clinical isolates of multidrug-resistant (MDR) and non-MDR Pseudomonas
aeruginosa but found no correlation between MDR, biofilm formation, and other virulence
factors except pyocyanin production [54]. However, as they used only phenotypic methods,
increased expression of virulence factors under selection pressures such as during exposure
to subinhibitory antibiotic concentrations cannot be excluded. Accordingly, Nassar et al.
described a correlation between virulence traits such as biofilm formation and antibiotic
resistance by combining phenotypic, biochemical, and genetic analyses in their study
of 113 clinical isolates of P. aeruginosa [55]. While streptococci are generally known to
be strong biofilm producers [56], most P10 replicates exhibited a significantly increased
biofilm formation capacity as compared to their WT strains. A possible explanation for this
observation could be a stress response leading to a change in gene expression that confers
increased formation of extracellular polysaccharides. In a recent RNA-Seq study performed
by our group, we could show that sublethal treatment of S. mutans with CHX led to up-
regulation of pathways such as glycan biosynthesis, which are associated with increased
biofilm formation [57]. Therefore, repeated exposure to subinhibitory concentrations
of CHX, as in the present study, could lead to a similar transcriptomic stress response,
explaining the increased biofilm formation capacity of most P10 strains as compared to
their WT strains.

Since multiple exposure to subinhibitory CHX has also been suspected to induce cross-
resistances against antibiotics such as nalidixic acid, tobramycin or colistin in pathogenically
relevant bacteria such as Neisseria gonorrhoeae, Salmonella spp., Klebsiella pneumoniae [9,10,58],
and similar observations could be made with respect to CPC [7], phenotypic antibiotic
resistance was evaluated. Three S. mitis P10 replicates were found to have slightly elevated
MICs to the ß-lactam antibiotics amoxicillin/ampicillin and cefuroxime. Development
of resistance to ß-lactam antibiotics was already observed by Doern et al. for viridans
streptococci and especially S. mitis [59]. They examined 352 blood culture isolates and found
continuously increasing rates of resistance to ß-lactam antibiotics in viridans streptococci
over a 17-year period, which were more pronounced in S. mitis compared with S. milleri,
S. salivarius and S. sanguinis [59].

Detection of the antibiotic resistance gene MefI [60] was positive in the WT strains
and P10 replicates of S. salivarius (strain 73), S. vestibularis (strain 78), and S. mitis (strain
93), consistent with their phenotypic antibiotic resistance to erythromycin. In addition, the
WT and P10 replicates of S. mitis (strain 93) tested positive for tetM, int-II and xis-II, which
may belong to the Tn916 transposon carrying the tetM gene, as well as an integrase and an
excisionase encoding transposition functions [61] that may confer the phenotypic resistance
to tetracycline. In addition, the xis-encoded excisionase [61] and the int-encoded integron
system play an important role in resistance development and its spread via horizontal gene
transfer by incorporating foreign genetic material as so called gene cassettes [62,63]. The
gene pbpX2 detected in 93d confers resistance to penams such as amoxicillin or ampicillin
and cephalosporins such as cefuroxime [64], but strain 93d was found phenotypically
susceptible to these antibiotics. Likewise, WT and P10 strains of 93 were not found to be
phenotypically resistant to the fluoroquinolone moxifloxacin, although they tested positive
for patA and 93d also for patB [65]. These genes encode an ATP-binding cassette transporter
(ABC transporter) consisting of two subunits, PatA and PatB, and are separated by a gene
probably encoding for a transposase, whose role has not been fully elucidated [66–68]. PatA
or PatB are not functional separately but only together, making dysfunction of this ABC
transporter due to mutations a possible scenario [66]. Although pbpX2, patA and patB did
not confer phenotypic resistance in the present experiments, these genes are nevertheless
part of the genomes of the respective strains and could be transferred to other strains via
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horizontal gene transfer, highlighting the role of the oral microbiome as a potential reservoir
for ARGs [11–13].

Further insights into mechanisms leading to decreased susceptibility or resistance
to antiseptics and potentially concomitant cross-resistance to antibiotics should ideally
combine investigations of adapted strains at the genomic and transcriptomic levels, as
recently demonstrated by Kim et al. for benzalkoniumchloride (BAC)-resistant Pseudomonas
aeruginosa [69], a species also known for its intrinsic resistance to CHX [70,71]. In this study,
P. aeruginosa strains derived from river sediments were grown in a bioreactor fed with
subinhibitory concentrations of BAC or without BAC for a period of three years and
subsequently analyzed by whole genome sequencing (WGS) and transcriptome sequencing
(RNA Seq). While at the genome level, mutual mutations among those strains were
found only in one polymyxin resistance gene (pmrB), marked changes were found at the
transcriptome level in terms of upregulation of efflux pump genes and spermidine synthase
genes, as well as decreased expression of porins and reduced growth rate [69].

5. Conclusions

This study demonstrates that clinical isolates of early colonizers in dental plaque
can phenotypically adapt to antiseptics such as CHX and CPC upon multiple exposures
to subinhibitory concentrations. While there was little change in phenotypic antibiotic
resistance of CHX-adapted strains, the ability to form biofilms was increased in most
CHX-adapted strains. Although these results cannot be readily extrapolated to the clinical
situation, they may raise awareness of the potential risks associated with the widespread
use of oral antiseptics by dentists, and also as a low-concentration ingredient in over-
the-counter oral hygiene products. To better understand the mechanisms underlying
phenotypic adaptation to CHX or CPC, future studies should examine the changes at the
genomic and transcriptomic levels of the phenotypically adapted strains compared to their
wild-type strains.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11050688/s1, Supplementary Table S1: Primers used for
the detection of antibiotic resistance genes (ARGs); Supplementary Table S2: Detailed results from
MIC passaging for all clinical oral isolates included in this study. References [60,61,65,72–93] are cited
in the supplementary materials.
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