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A B S T R A C T   

Probiotic bacteria show promising results in prevention of the biofilm-mediated disease caries, but the mecha
nisms are not fully understood. The acid tolerance response (ATR) allows biofilm bacteria to survive and 
metabolize at low pH resulting from microbial carbohydrate fermentation. We have studied the effect of pro
biotic strains: Limosilactobacillus reuteri and Lacticaseibacillus rhamnosus on ATR induction in common oral bac
teria. Communities of L. reuteri ATCC PTA5289 and Streptoccus gordonii, Streptococcus oralis, Streptococcus mutans 
or Actinomyces naeslundii in the initial stages of biofilm formation were exposed to pH 5.5 to allow ATR in
duction, followed by a low pH challenge. Acid tolerance was evaluated as viable cells after staining with LIVE/ 
DEAD®BacLight™. The presence of L. reuteri ATCC PTA5289 caused a significant reduction in acid tolerance in 
all strains except S. oralis. When S. mutans was used as a model organism to study the effects of additional 
probiotic strains (L. reuteri SD2112, L. reuteri DSM17938 or L. rhamnosus GG) as well as L. reuteri ATCC PTA5289 
supernatant on ATR development, neither the other probiotic strains nor supernatants showed any effect. The 
presence of L. reuteri ATCC PTA5289 during ATR induction led to down-regulation of three key genes involved in 
tolerance of acid stress (luxS, brpA and ldh) in Streptococci. These data suggest that live cells of probiotic L. reuteri 
ATCC PTA5289 can interfere with ATR development in common oral bacteria and specific strains of L. reuteri 
may thus have a role in caries prevention by inhibiting development of an acid-tolerant biofilm microbiota.   

1. Introduction 

Oral biofilms in health are usually highly diverse, with over 700 
different bacterial species identified to date [1] and single individuals 
hosting 100–200 species [2]. Biofilm composition differs throughout the 
oral cavity due to variation in the ecological niches at different sites. The 
supragingival microbiota is dominated by facultative anaerobic, sac
charolytic species belonging to the genera Streptococcus, Actinomyces, 
Veillonella, Granulicatella and Rothia whereas the subgingival microflora 
is often dominated by Gram-negative, anaerobic and proteolytic species 
[3,4]. The microbiota is important for maintaining oral health through 
prevention of colonization by exogenous pathogens, but is also the cause 
of the major biofilm-related diseases; caries and periodontitis. The 
ecological plaque hypothesis describes oral disease as arising from 
changes in the composition and/or properties of biofilms (dysbiosis) due 
to sustained environmental perturbations and any bacteria in the 

community with relevant traits can contribute to the disease process [5]. 
Thus, in contrast to previously favoured preventive measures such as 
elimination of bacteria, recent years have seen an increased focus on 
promoting oral health through maintenance of a balanced, eubiotic 
microbiome [6]. 

Probiotic bacteria have been defined by the Food and Agriculture 
Organization of the United Nations and the World Health Organization 
as “live microorganisms which, when administered in adequate 
amounts, confer a health benefit on the host” [7]. They have tradition
ally been used to treat infections in the gastrointestinal (GI) tract as well 
as for promoting a healthy gut microbiota [8]. The effects have been 
proposed to include immunomodulation and inhibition of pathogen 
growth, as well as the promotion of health-related bacteria [9,10]. Over 
recent decades, the effect of probiotics in the prevention and treatment 
of oral biofilm-mediated diseases has been investigated in a number of 
clinical studies. A systematic review including fifty studies revealed 
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evidence that the administration of probiotics could significantly reduce 
the clinical signs of periodontal inflammation and supported their use 
for the management of periodontal disease [11]. Clinical trials on the 
prevention and treatment of dental caries have shown a reduction in 
caries activity in children after probiotic intervention with L. reuteri 
ATCC 55730 [12] or a combination of Streptococcus uberis KJ2™, 
Streptococcus oralis KJ3™ and Streptococcus rattus JH145™ [13], and 
administration of probiotic strains in a range of different vehicles has 
been shown to reduce counts of Streptococcus mutans in saliva [14–16]. 
These promising results are reinforced by a range of in vitro studies 
investigating the mechanisms of action of probiotic strains in the oral 
cavity. Limosilactobacillus reuteri strain ATCC PTA5289 has been shown 
to inhibit binding of S. mutans to saliva-coated surfaces [17] and a range 
of probiotic strains including L. reuteri ATCC PTA5289 and Lacticasei
bacillus rhamnosus GG coaggregate with, and inhibit growth of, mutans 
streptococci [18–20]. More recently, challenge with cultures of live 
L. reuteri ATCC PTA5289, but not culture supernatants, has been 
demonstrated to reduce the cariogenic activity of in vitro biofilms [21] 
and addition of L. reuteri ATCC PTA5289 to a multispecies biofilm model 
significantly reduced S. mutans levels [22]. These results suggest that 
further investigation into potential mechanisms by which these pro
biotic strains could contribute to managing dental caries are warranted. 

Bacterial carbohydrate fermentation by members of the oral biofilm 
results in acidic end-products such as lactic and acetic acids, which 
lower the pH in the biofilm and can lead to dissolution of tooth enamel 
and dentine [23]. The buffering capacity of the saliva as well as bacterial 
generation of alkaline end-products helps to neutralize this fall in pH, 
resulting in a dynamic balance between de- and remineralization of 
dental hard tissues [24]. However, frequent intake of readily ferment
able carbohydrates will result in increased duration of low pH. These 
changes in the biofilm environment can lead to dysbiosis and alterations 
in composition, resulting in selection of bacteria with an acid-tolerant 
phenotype [5]. As low intracellular pH denatures proteins and inhibits 
metabolic processes, members of the oral biofilm have developed 
mechanisms to protect themselves from low external pH. The acidogenic 
species S. mutans, that can be isolated from cariogenic biofilms, has been 
shown to induce an acid tolerance response (ATR) when exposed to a 
sub-lethal pH [25], including upregulation of genes involved in regu
lation of intracellular pH and tolerance of acid stress (26, 27). In vitro the 
development of an ATR has been shown to include factors that could 
contribute to a caries-promoting microbiota in vivo, including enhanced 
ability to metabolize and carry out cellular functions at a lower pH, 
which is not seen in non-adapted cells [28]. It is therefore likely that the 
ATR is an important step in the development of an acid tolerant 
microbiota that promotes net hard tissue demineralization and devel
opment of caries. In S. mutans, cells adhered to a surface showed an 
increased acid tolerance, which is further enhanced after adaptation 
after only 4 h of biofilm growth, indicating an ability to induce an ATR 
during the initial stages of biofilm development [29]. Recently we have 
shown that other abundant members of oral biofilms, often associated 
with health, are also able to induce an ATR in the early stages of biofilm 
formation, indicating that they might play a role in caries initiation by 
driving the development of an acid tolerant microbiota [30]. Interven
tion in ATR induction could thus be an effective measure for the pre
vention of caries and the aim of this study was therefore to investigate 
the effect of probiotic strains of L. reuteri as well as one probiotic strain of 
L. rhamnosus on ATR induction in four oral strains of streptococci as well 
as Actinomyces. 

2. Materials and methods 

2.1. Bacterial strains and media 

Four strains of oral streptococci were used in this study; a type cul
ture strain of S. mutans UA159 (ATCC 700610) and three archived 
strains originally isolated from supragingival dental plaque of healthy 

individuals [S. mutans (B4B), Streptococcus gordonii (CW) and S. oralis 
(CW)]. Following isolation on blood agar, Gram-positive, catalase- 
negative, facultative anaerobic cocci growing in chains were identified 
using phenotypic tests [31,32], and their identities confirmed with 16 S 
rRNA sequencing (S. oralis) or PCR (S. mutans and S. gordonii). One strain 
of Actinomyces naeslundii (CW) was also used. This was isolated on blood 
agar from healthy supragingival plaque, as Gram-positive, facultative 
anaerobic branched rods and identified to species level using phenotypic 
tests [33] and PCR. 

The probiotic bacteria used were: L. reuteri ATCC PTA5289 (FJ1; 
isolated from the oral cavity of a Japanese woman with no signs of oral 
disease), L. reuteri SD2112 (ATCC 55730; isolated from the breast milk of 
a Peruvian woman), L. reuteri DSM17938 (a daughter strain of L. reuteri 
SD2112 lacking the resistance plasmids against tetracycline and linco
mycin) (BioGaia, Stockholm, Sweden) and L. rhamnosus GG ATCC 53103 
(isolated from the intestinal tract of a healthy individual). Bacteria were 
inoculated separately into either Todd Hewitt Broth (oral strains) or 
MRS Broth (probiotic strains) and incubated at 37 ◦C in 5% CO2 over
night. Aliquots of the overnight cultures were grown to exponential 
growth phase (OD600 = 0.5–0.8) in fresh growth medium at 37 ◦C in 5% 
CO2. Minimal medium, MM4 [34] containing 20 mM glucose, buffered 
with 40 mM phosphate/citrate buffer at pH 3.5, 5.5 and 7.5 was used for 
the acid-tolerance response experiments. 

2.1.1. Initial biofilm formation in mini flow-cell systems 
Cultures of each strain in exponential growth phase (OD600 =

0.6–0.8) were transferred to MM4, pH 7.5 through two rounds of 
centrifugation at 2400×g, 5 ◦C, for 5 min (Thermo Scientific Heraeus 
Fresco 17 Centrifuge, Gothenburg, Sweden) and resuspension in MM4, 
pH 7.5. The effect on ATR induction was then investigated by inocu
lating a mixture of L. reuteri ATCC PTA5289 (50 μl) and an equal volume 
of S. gordonii, S. oralis, S. mutans (B4B or UA159) or A. naeslundii sus
pensions into mini flow-cells compatible with inverted confocal laser 
scanning microscopy (IbiTreat μ-Slide VI, Ibidi, Germany). The flow- 
cells were then incubated in a humid chamber in 5% CO2 at 37 ◦C for 
2 h to allow the cells to attach and initiate biofilm formation. Single- 
species biofilms of S. gordonii, S. oralis, S. mutans (UA159, B4B), or 
A. naeslundii were initiated in the same manner by inoculating aliquots 
(100 μl) into the mini-flow cells and maintaining in a humid chamber in 
5% CO2 at 37 ◦C for 2 h. 

2.1.2. ATR development in oral strains 
After 2 h, excess medium was removed and an ATR induced by 

exposing the bacterial cells to an adaptation pH, 5.5. Channels were 
gently washed twice with MM4 pH 5.5, fresh MM4 pH 5.5 added and the 
flow-cells incubated in a humid chamber for 2 h in 5% CO2 at 37 ◦C. 
Control cells (non-adapted) were washed with MM4 pH 7.5 and fresh 
MM4 pH 7.5 added for 2 h. After this period, acid tolerance development 
was assessed by subjecting control and adapted bacteria to a low pH 
challenge by washing twice with MM4 pH 3.5 and incubating with MM4 
pH 3.5 for 30 min in 5% CO2 at 37 ◦C. Viability was then assessed by 
staining with LIVE/DEAD®BacLight™ stain (Molecular Probes, Eugene, 
Oregon, USA) according to manufacturer’s instructions, and visualizing 
with confocal laser scanning microscopy (CLSM) using a Nikon Eclipse 
TE200 inverted microscope [35]. To confirm viability measurements 
from the BacLight assay, control cells in MM4 pH 7.5 and cells chal
lenged with MM4 pH 3.5 for 30 min as above were plated onto blood 
agar and incubated at 37 ◦C in 5% CO2 for 48 h, after which the number 
of colony-forming units (CFU) was counted. 

To ensure that the presence of L. reuteri ATCC PTA5289 did not affect 
viability of the oral strains during the adaptation period, an additional 
experiment was conducted where the cells were exposed to the adap
tation pH (pH 5.5) in the presence of L. reuteri ATCC PTA5289 for 2 h 
followed by a further 30 min at pH 5.5. Viability was assessed as above. 
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2.1.3. Effects of other probiotic strains on acid tolerance development 
To investigate whether other probiotic strains affected ATR induc

tion, exponential growth phase cells of the model organism, S. mutans 
UA159 were inoculated into the mini flow-cells with equal volumes of 
L. reuteri SD2112, L. reuteri DSM17938 or L. rhamnosus GG and main
taining in a humid chamber in 5% CO2 at 37 ◦C for 2 h. Development of 
an ATR was then studied by subjecting control and adapted bacteria to a 
low pH challenge and assessing viability as above. 

2.1.4. Collection of L. reuteri ATCC PTA5289-derived supernatant 
L. reuteri ATCC PTA5289 were allowed to adhere to the surface of 

mini flow-cells for 2 h in MM4 pH 7.5. To maximize the concentration of 
L. reuteri-derived products in the supernatant, twice the number of cells 
were used compared to when L. reuteri was grown together with an oral 
strain. Following adaptation in MM4 pH 5.5 for a further 2 h and a low 
pH challenge of 30 min in MM4 pH 3.5, supernatants (130 μl) were 
collected and centrifuged (2400×g, 5 ◦C for 5 min). The pellet was then 
discarded and the pH of the supernatant adjusted to 7.5, 5.5 or 3.5 using 
HCl. Aliquots were stored at − 20 ◦C until use. 

2.1.5. ATR development in S. mutans UA159 during exposure to L. reuteri 
ATCC PTA5289-derived supernatant 

Exponential growth phase cells of S. mutans UA159 washed in MM4 
pH 7.5 were suspended in L. reuteri ATCC PTA5289-derived supernatant, 
pH 7.5 and inoculated into mini flow-cells which were kept in a humid 
chamber in 5% CO2 at 37 ◦C for 2 h. Following attachment, the medium 
was removed and lanes were washed twice with MM4 pH 5.5. L. reuteri- 
derived supernatant pH 5.5 was added to each lane and the flow-cells 
were incubated in a humid chamber with 5% CO2 at 37 ◦C. After 2 h 
of adaptation, the medium was removed and the flow-cells washed with 
MM4 pH 3.5. L. reuteri derived supernatant, pH 3.5 was added to each 
lane and incubated in a humid chamber with 5% CO2 at 37 ◦C for 30 
min. Control cells were exposed to MM4 at the equivalent pH without 
the addition of the L. reuteri-derived supernatant. Viability was then 
assessed as described above. 

2.2. Image- and statistical analysis 

All experiments were performed in triplicate, using three 

independent biological replicates of each strain. For analysis of acid 
tolerance of the oral strains, images from ten areas of the biofilm (image 
area = 0.05 mm2), selected randomly using the Nikon NIS elements 
software, were captured and saved for subsequent analysis. The per
centage of live cells was calculated after counting the green (live) and 
red (dead) cells in each image manually, while distinguishing between 
the strains on the basis of morphology (Fig. 1). All images were printed 
at high resolution and analyzed independently by four calibrated in
vestigators. Mean values obtained were analyzed with the Mann- 
Whitney U test using Prism 9.3.1 software (GraphPad San Diego, 
USA). P-values of less than 0.05 were considered statistically significant. 

2.2.1. Effect of L. reuteri ATCC PTA5289 on the acid stress related gene 
expression of S. mutans ATCC UA159 

Log phase suspensions (OD600 = 0.6–0.8) of S. mutans ATCC UA159 
and L. reuteri ATCC PTA5289 were mixed and washed twice with MM4 
pH 7.5 by centrifugation at 2400×g, at 5 ◦C for 5 min (Beckman Coulter 
GS-6R Centrifuge, California, USA). The cells were resuspended in MM4 
pH 7.5 and inoculated in a Petri dish at 37 ◦C in 5% CO2 for 2 h to allow 
bacterial adhesion. The adhered cells were then washed three times with 
MM4 pH 5.5, resuspended in MM4 pH 5.5 and incubated at 37 ◦C in 5% 
CO2 for 2 h to allow bacterial adaptation. Excess medium was then 
discarded and bacterial cells were collected by scraping (Sarstedt, 
Newton, USA) and addition of new MM4 pH 5.5. The number of viable 
cells was determined as CFU after serial dilution in 10 mM phosphate- 
buffered saline and 0.07 M NaCl, pH 7,2 (PBS), and plating on blood 
agar. RNAprotectÒ Bacteria Reagent was added to the remaining bac
terial suspensions followed by centrifugation at 2540×g, at 5 ◦C for 10 
min. The supernatants were decanted and the pellets were stored at 
− 80 ◦C for RNA Extraction. Single species biofilms of S. mutans ATCC 
UA159 were prepared and treated in the same manner. All experiments 
were carried out in triplicate using independent biological replicates. 

2.2.2. RNA extraction, reverse transcriptase and quantitative RT-PCR 
RNA was extracted using a Qiagen, RNeasy® Protect Bacteria kit 

(Hilden, Germany) according to the manufacturer’s instructions, with 
the addition of 15 mg/ml lysozyme (62,971-10G-F, Sigma-Aldrich, 
Steinheim, Belgium) to the proteinase K/Tris-EDTA buffer followed by 
mechanical disruption with glass beads. Total RNA was quantified using 

Fig. 1. Representative images of L. reuteri ATCC 
PTA5289 (blue arrow) in the initial stages of biofilm 
formation with S. mutans ATCC UA159 or 
A. naeslundii CW. Cells were exposed to pH 5.5 for 2 
h, followed by exposure to pH 5.5 for a further 30 min 
(1 A and 1C) or a challenge of pH 3.5 for 30 min (1 B 
and 1D). They were then visualized with LIVE/ 
DEAD®BacLight™ staining and CLSM. White arrows 
show live cells of S. mutans ATCC UA159 or 
A. naeslundii CW, and grey arrows show dead cells.   
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a Qubit® RNA BR Assay Kit, Oregon, USA) and stored at − 80 ◦C. Equal 
amounts of RNA were transcribed to cDNA using Superscript IV Vilo 
master mix containing ezDNase Enzyme according to the manufac
turer’s instructions (Thermo Fisher Scientific, California, USA). qPCR 
was carried out on a QuantStudio 3 (Applied Biosystems, Thermo Fisher 
Scientific, California, USA) using PowerTrack SYBRGreen master mix 
according to the manufacturer’s instructions. The primers used are 
shown in Table 1. Values were normalized to the ratio of S. mutans CFU 
to the total CFU in the dual-species biofilms. 

3. Results 

3.1. L. reuteri ATCC PTA5289 inhibits ATR induction in oral bacteria 

Dual species communities of L. reuteri ATCC PTA5289 and S. mutans, 
S. gordonii, S oralis or A. naeslundii in the initial stage of biofilm forma
tion were created in mini flow-cells. After the 2 h adaptation period at 
pH 5.5, all of the oral strains as well as L. reuteri ATCC PTA5289 showed 
over 95% viability, as demonstrated by green staining with LIVE/ 
DEAD® BacLight™ (Fig. 1A and C), and the oral strains represented 
53–65% of the total cell count of the biofilms. The induction of acid- 
tolerance during the adaptation period was then evaluated by 
exposing the cells to a low pH challenge (pH 3.5) for 30 min (Fig. 1B and 
D). In the presence of L. reuteri ATCC PTA5289, the number of acid 
tolerant cells was significantly reduced in all strains except S. oralis, with 
the most prominent effect seen for S. mutans ATCC UA159, where there 
was an almost 3-fold reduction (p < 0.01, Fig. 2). The effect was similar, 
although less strong in S. mutans B4B and A. naeslundii, with a 2-fold 
decrease in the number of acid tolerant cells compared to control (p 
< 0.01, Fig. 2). For S. gordonii, there was also a significant decrease in 
the number of acid tolerant cells in the presence of L. reuteri ATCC 
PTA5289, although the effect was less pronounced than for the other 
bacteria [1.3-fold decrease (p < 0.01)]. Overall, these data show that the 
presence of L. reuteri ATCC PTA5289 significantly reduces development 
of an ATR in four of the five strains of oral bacteria tested. 

3.2. Inhibition of ATR induction in S. mutans (UA159) by L. reuteri is 
strain-dependent 

To test whether the effect seen on ATR development in the oral 
bacteria was specific to L. reuteri ATCC PTA5289, two additional strains 
of L. reuteri; L. reuteri DSM17938 and L. reuteri SD2112, as well as 
L. rhamnosus GG were tested. Since the effect of L. reuteri ATCC PTA5289 
on ATR development was greatest for S. mutans UA159, this was used as 
a model organism in these experiments. In the control, containing only 
S. mutans UA159, 52% of the cells induced an ATR after exposure to pH 
5.5 for 2 h and this was significantly reduced by the presence of L. reuteri 
ATCC PTA5289. However, no statistically significant reduction in the 
number of acid tolerant cells was seen in the presence of any of the other 
tested strains; L. reuteri DSM17938 (p = 0.153), L. reuteri SD2112 (p =
0.859) or L. rhamnosus GG (p = 0.265) (Fig. 3). These data thus show 
that, amongst the probiotic strains tested here, the inhibitory effect on 
ATR development was specific to L. reuteri ATCC PTA5289. 

3.3. Supernatants of L. reuteri ATCC PTA5289 do not affect bacterial 
adhesion or ATR induction 

To further investigate their effect on ATR induction, supernatants of 
sessile L. reuteri ATCC PTA5289 cells were prepared and their effects on 
the initial stages of biofilm formation and ATR induction tested in 
S. mutans UA159. The concentration of L. reuteri-derived products in the 
supernatant was optimized by increasing the cell number. Adhesion to 
the flow-cell surfaces was not affected by the L. reuteri supernatant with 
a mean surface coverage of 57% (SEM ± 3.5%) in the control and 54% 
(SEM ± 6.1%) in the presence of the supernatant. After exposure to pH 
5.5 for 2 h followed by a low pH challenge (pH 3.5) for 30 min, surface 
coverage in the presence of the L. reuteri supernatant did not differ from 
control (p = 0.245). A somewhat lower surface coverage was seen after 
exposure to pH 3.5 compared to pH 7.5 and 5.5 respectively, but this was 
the same for both conditions. In contrast to when L. reuteri ATCC 
PTA5289 was physically present, the supernatant had no effect on ATR 
development, with these cells showing a small significant increase in 
survival at pH 3.5 (Fig. 3). 

3.4. L. reuteri ATCC PTA5289 causes a reduction in expression of luxS, 
brpA and ldh in S. mutans UA159 

To investigate the effects of L. reuteri ATCC PTA5289 on acid toler
ance at the cellular level, expression of three genes associated with the 
response to acid stress (luxS, brpA and ldh), was investigated in S. mutans 
UA159. This showed that expression levels of luxS, brpA and ldh were 
significantly reduced (14-fold, 5-fold and 15-fold, respectively) in 
S. mutans in the presence of L. reuteri ATCC PTA5289 compared to when 
S. mutans was grown alone (Fig. 4). 

4. Discussion 

In recent years, interest in promotion of a healthy oral microbiome 
and prevention of disease through the use of probiotic bacteria has 
increased. In caries, the ecological plaque hypothesis and its 

Table 1 
Primers used for qPCR [36].  

Primer DNA sequence (5′ T 3′) Length 

luxS-Fw ACTGTTCCCCTTTTGGCTGTC 21 bp 
luxS-Rv AACTTGCTTTGATGACTGTGGC 22 bp 
brpA-Fw CGTGAGGTCATCAGCAAGGTC 21 bp 
brpA-Rv CGCTGTACCCCAAAAGTTTAGG 22 bp 
ldh-Fw TTGGCGACGCTCTTGATCTTAG 22 bp 
ldh-Rv GTCAGCATCCGCACAGTCTTC 21 bp 

Fw = Forward, Rv = Reversed, T = To, bp = Base pair. 

Fig. 2. Viability of oral streptococci and Actinomyces in initial biofilms alone or 
together with L. reuteri ATCC PTA5289 (+PTA5289). Cells were subjected to 
adaptation at pH 5.5 for 2 h followed by an acid challenge of pH 3.5 for 30 min. 
Viability was assessed using CLSM after staining with LIVE/DEAD® BacLight™. 
Percentage viability of oral strains was evaluated by counting the cells manu
ally and graphs show the mean and standard deviation of three independent 
biological replicates, *P < 0.05. 
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modification, propose that changes in the biofilm environment cause 
enrichment of aciduric and acid tolerant bacterial species, leading to a 
low pH environment which pushes the re-/demineralization balance at 
the hard tissue surface towards net demineralization [4,24]. We have 
shown that several bacterial species abundant in the healthy oral biofilm 
induce an ATR when exposed to a moderate change in environmental pH 
[30] and that the effect occurs rapidly following attachment to a surface 
[35]. Therefore, in this study we investigated whether probiotic bacteria 
could inhibit ATR induction during the initial stages of biofilm forma
tion. The main finding was that L. reuteri ATCC PTA5289 had a signifi
cant inhibitory effect in all the bacteria that induced an ATR, while one 
strain of S. oralis which was already highly acid tolerant and did not 
induce an ATR, was unaffected. This is in keeping with previous studies 
of this strain of S. oralis (CW), which showed a high level of inherent acid 
tolerance which was not increased further by acid adaptation [30]. The 
inhibition was most prominent for the two S. mutans strains tested, but 
was also seen in S. gordonii and A. naeslundii. The phenotypic changes 
accompanying ATR development include an increased ability to survive 
and metabolize at low pH [25], resulting in an increased capacity for 
acid production even when the biofilm pH is low. Data from other in vitro 
studies show that L. reuteri ATCC PTA5289 can reduce lactic acid pro
duction in both single-species S. mutans biofilms and biofilms containing 
both S. mutans and A. naeslundii [21,37] and a recent clinical study 

revealed that daily intake of L. reuteri strains ATCC PTA5289 and DSM 
17938 for three weeks led to a significant reduction in plaque acid
ogenicity in response to a 1-min mouth rinse with 10% sucrose [38]. 
Although not investigated here, our results suggest that inhibition of 
ATR development in common oral bacteria in the presence of L. reuteri 
ATCC PTA5289 could contribute to this effect. 

To shed light on possible mechanisms by which L. reuteri PTA5289 
exerted an inhibitory effect on ATR development, we investigated the 
expression of three key genes known to be involved in acid tolerance in 
S. mutans (luxS, a global regulator of cellular function [26], brpA [39], 
and ldh [27]) during ATR induction in the presence and absence of 
L. reuteri ATCC PTA5289. The results showed a significant 
down-regulation of all three genes compared to when an ATR was 
induced in S. mutans alone. This indicates that L. reuteri ATCC PTA5289 
exerts an effect on acid tolerance through pathways involved in main
tenance of intracellular pH and acid stress adaptation in S. mutans. 

The effect of L. reuteri ATCC PTA5289 seen in this study was asso
ciated with the presence of live bacteria and could not be reproduced 
using supernatants even when the number of L. reuteri cells was doubled. 
Supernatants from L. reuteri ATCC PTA5289 have been shown to inhibit 
growth of S. mutans, possibly through production of H2O2 [37]. How
ever, our findings are consistent with other studies showing that the 
physical presence of L. reuteri had an effect on biofilm pH and enamel 
demineralization that was not obtained using culture supernatants [21] 
and that a whole culture of L. reuteri ATCC 23272 had greater inhibitory 
effect on growth of S. mutans than spent medium [38]. 

Since the inhibitory effect on ATR development by L. reuteri 
PTA5289 was greatest in this strain, S. mutans UA159 was used to test 
the effects of other probiotic bacteria. L. rhamnosus GG, isolated from the 
human gastrointestinal tract, is one of the most widely used probiotic 
bacteria and has shown health effects, including prevention and treat
ment of gastro-intestinal infections and diarrhea, and stimulation of 
immune responses during vaccination [40]. However, in keeping a 
clinical investigation showing that short-term consumption of 

Fig. 3. Viability of S. mutans ATCC UA159 in the initial stages of biofilm for
mation with L. reuteri strains: ATCC PTA5289 (+PTA5289), DSM17938 
(+DSM17938) and SD2112 (+SD2112), L. rhamnosus strain GG (+GG) or 
L. reuteri ATCC PTA5289-derived supernatant (+PTA5289 S). Percent viability 
of S. mutans cells when grown together with the probiotic strains or supernatant 
is presented as relative to the viability of single-species initial biofilms of 
S. mutans ATCC UA159. The cells were exposed to pH 5.5 for 2 h followed by an 
acid challenge at pH 3.5 for 30 min. Viability was assessed with LIVE/DEAD® 
BacLight™ staining and CLSM. Percentage viability of cells was evaluated by 
counting manually and graphs show the mean and standard deviation of three 
independent biological replicates, *P < 0.05. 

Fig. 4. qPCR analysis of luxS, brpA and ldh expression in S. mutans ATCC 
UA159 during the initial stages of biofilm formation in the presence or absence 
of L. reuteri ATCC PTA5289. The effect of L. reuteri is presented as relative to 
S. mutans alone in the same experiment (n = 3, * = p < 0.05, *** = p < 0.001). 
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L. rhamnosus GG had no effect on plaque acid production [41], no effect 
on ATR development was seen in this study. This strain has, however, 
been demonstrated to reduce caries experience after long-term con
sumption and lower mutans streptococci counts in plaque and saliva in 
vivo [42] as well as inhibiting S. mutans biofilm formation in vitro; an 
effect that has been ascribed to a decrease in expression of glucosyl
transferase and consequent reduction in glucan production [43,44]. 

Interestingly, the breast milk-derived L. reuteri strains; SD2112 and 
DSM 17938 (a plasmid-cured version of SD2112), which have similar 
attributes [45], also lacked the effect on ATR development in S. mutans 
UA159 seen for strain ATCC PTA5289. Since previous studies have 
demonstrated that strains ATCC PTA5289 and DSM17938 are similar in 
their capacity to generate a number of substances associated with pro
biotic effects, including H2O2 [46] and ammonia [47] these substances 
may not underlie the differential effect seen here. However, further in
vestigations using for instance a peroxidase to quench H2O2 and a buffer 
to neutralize ammonia would be required to exclude these mechanisms. 
Multilocus sequence analysis (MLSA) has revealed that human-derived 
L. reuteri strains belong to two different multilocus sequence types 
[48] with strain ATCC PTA5289 (under its original designation, FJ1) 
assigned to clade II and strains SD2112 and DSM 17938 to clade VI [49]. 
Comparison of other probiotic features of these two clades reveal sig
nificant differences, for instance, in the production of the antimicrobial 
substance, reuterin [49]. However, glycerol was not present in the 
growth medium in the studies and during stationary phase growth 
(which can be related to biofilm growth) SD2112 and DSM 17938 pro
duce significantly more reuterin than ATCC PTA5289 [50]. In addition, 
since an antimicrobial substance such as reuterin would be expected to 
affect viability of the oral strains independent of pH, and in this study all 
the oral strains showed a high viability at pH 7.5 and pH 5.5, a major 
role for this substance in the effect appears unlikely. This is in agreement 
with a recent investigation which revealed that L. reuteri ATCC PTA5289 
exerts probiotic effects on streptococci that are independent of reuterin 
[22]. 

5. Conclusion 

The results of this study thus show that the presence of L. reuteri 
ATCC PTA 5289 can inhibit the development of an ATR in the initial 
stages of biofilm formation in common oral bacteria. The effect is strain- 
specific and involves down-regulation of key genes involved in main
tenance of intracellular pH and acid stress adaptation in streptococci. 
Specific strains of L. reuteri may thus have a role to play in caries pre
vention by inhibiting development of an acid tolerant biofilm 
microbiota. 
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