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Zusammenfassung 

Hintergrund 

Zahnkaries ist mit einer Störung des dynamischen Gleichgewichts der oralen 

mikrobiellen Homöostase verbunden, die zur Dominanz von azidogenen und 

azidurischen Spezies wie Streptococcus mutans führt. Probiotika wie Streptococcus 

oligofermentans und Limosilactobacillus reuteri können die Stoffwechselaktivität und 

das Überleben von S. mutans hemmen, u.a. durch die Freisetzung von Substanzen wie 

Wasserstoffperoxid, Reuterin, Ammoniak und organischen Säuren. Ziel dieser Studie 

war es, die umgebungsspezifischen Mechanismen, mit denen S. oligofermentans und 

L. reuteri die Stoffwechselaktivität und das Überleben von S. mutans beeinflussen, zu 

untersuchen. 

Methoden 

L. reuteri und S. oligofermentans wurden unter verschiedenen Umgebungsbedingungen 

kultiviert; Minimalmedium (MM), MM mit einem Glukosezusatz (MM+Glu), 

Glycerinzusatz (MM+Gly), Milchsäurezusatz (MM+Lac), Argininzusatz (MM+Arg) 

und Zusatz aller vier Substanzen (MM+all). Nach der Inkubation wurden der 

Metabolitengehalt (Wasserstoffperoxid, Reuterin, Ammoniak, Lactat) in den 

Kulturüberständen durch kolorimetrische Assays bestimmt. S. mutans wurde in 

ähnlicher Weise in den obigen sechs verschiedenen MM-Variationen kultiviert, wobei 

ein Zusatz von probiotischen Kulturüberständen erfolgte (Testgruppen) oder nicht 

erfolgte (Kontrollgruppen). Die von S. mutans produzierte Laktatmenge wurde 

bestimmt und das Überleben von S. mutans (koloniebildende Einheiten/mL) bewertet. 

Eine Einwege-ANOVA gefolgt von einem Dunnett-Test wurde zum statistischen 

Vergleich verwendet (p = 0.05). 

Ergebnisse 

L. reuteri und S. oligofermentans erzeugten umgebungsspezifisch Wasserstoffperoxid, 

Reuterin, Ammoniak und Laktat. Wenn S. mutans in S. oligofermentans-Überständen 

kultiviert wurde, war seine Laktatausbeute signifikant verringert (p<0.01). In 

MM+Lac+Glu und MM+all war in den Testgruppen keinerlei Laktatnachweis mehr 

möglich; in den Kontrollgruppen betrug die durchschnittliche Laktatmenge hier 4.46 

mM (Standardabweichung 0.41) und 6.00 mM (Standardabweichung 0.29) (p<0.001). 

Bei Kultivierung in L. reuteri-Überständen zeigten alle Gruppen außer MM+Lac+Glu 

eine ähnliche Verringerung der Laktatausbeute (p<0.01). Das Überleben von S. mutans 

war bei Kultivierung in den Überständen von S. oligofermentans in MM+Lac+Glu und 

MM+all um 0.6-log10 und 0.5-log10 signifikant verringert. Die Kultivierung mit dem 

Überstand von L. reuteri in MM+Gly+Glu und MM+all reduzierte die S. mutans-Zahl 

um 6.1-log10 und 7.1-log10. 

Schlussfolgerungen 

Die Stoffwechselaktivität und das Überleben von S. mutans waren signifikant verringert, 
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wenn sie probiotischen Überständen ausgesetzt wurden, wobei umgebungsspezifisch 

verschiedene Effektpfade eingesetzt wurden. 
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Abstract 

Background  

Dental caries is associated with a disturbance in the dynamic balance of oral microbial 

homeostasis, which leads to the community dominance of acidogenic and acid-

tolerating species like Streptococcus mutans. Streptococcus oligofermentans and 

Limosilactobacillus reuteri have been shown to inhibit the metabolic activity and 

survival of S. mutans, which may exert antibacterial effects through the release of 

substances like hydrogen peroxide, reuterin, ammonia, and organic acids. This study 

aimed to investigate the environment-specific mechanisms of metabolic activity and 

survival inhibition by S. oligofermentans and L. reuteri against S. mutans. 

Methods 

L.reuteri and S.oligofermentans were cultivated in different environments: minimal 

medium (MM), minimal medium containing glucose (MM+Glu), glycerol (MM+Gly), 

lactic acid (MM+Lac), arginine (MM+Arg), and all four substances (MM+all) in vitro. 

After incubation, culture supernatants were obtained and metabolite contents (hydrogen 

peroxide, reuterin, ammonia, lactate) measured by colorimetric assays. S.mutans was 

similarly cultured in the above six various MM variations and glucose was additionally 

added to the MM+Gly, MM+Lac, and MM+Arg group (control samples), as well as the 

described probiotic supernatants of these groups (test samples). The lactate 

concentration produced by S.mutans was detected and its survival (as colony-forming 

units/mL) evaluated. One-way ANOVA followed by Dunnett’s test was used for 

statistical comparison (p=0.05). 

Results 

L. reuteri and S. oligofermentans environment-specifically generated hydrogen 

peroxide, reuterin, ammonia, and lactate. When S.mutans was cultivated in S. 

oligofermentans supernatants, its lactate yield was significantly reduced (p<0.01), 

especially in MM+Lac+Glu and MM+all. There was no detectable lactate yield 

compared to the control samples. The mean (SD) for the control samples were 4.46 

(0.41) mM and 6.00 (0.29) mM, respectively (p<0.001). When cultivated in L. reuteri 

supernatants, all groups except MM+Lac+Glu showed a similar reduction in lactate 

yield (p<0.01). For S. mutans, when cultivated in the supernatants of S. oligofermentans 

in MM+Lac+Glu and MM+all, its survival was significantly reduced by 0.6-log10 and 

0.5-log10, respectively. Cultivation with the supernatant of L. reuteri caused the 

survivability of S. mutans in MM+Gly+Glu and MM+all reduced by 6.1-log10 and 7.1-

log10, respectively. 

Conclusions 

The cultivation of S. mutans in the supernatants containing probiotic products may have 

an inhibitory effect on its metabolic activity and survival, and this effect was 

environment-specific through different pathways. 
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1. Introduction 

Dental caries is one of the most prevalent worldwide diseases, which depends on sugar 

and biofilm. Oral microbial biofilms are highly structurally and functionally organized 

bacterial communities [2]. Frequent carbohydrates exposure, coupled with poor 

hygiene, low saliva flow, and other systemic problems will lead to a homeostatic 

imbalance in the dental biofilm environment and facilitate excessive multiplication of 

cariogenic pathogens. Streptococcus mutans has been identified as one major 

etiological agent of dental caries. It possesses some features associated with 

cariogenicity, including (1) adhesion firmly to the tooth surface by synthesizing 

insoluble glucan from sucrose, (2) production of large amounts of acid by fermenting 

sugar [3], (3) adaptation to the acidic environment through an agmatine deiminase 

system and F‐ATPase [4]. Evidence suggests that S. mutans is selected under low pH 

conditions in dental biofilms [5]: Under homeostasis, dental biofilms contain only 2% 

of S. mutans. When this homeostasis is disturbed and converted to an acidic 

environment, the proportion of S. mutans substantially increases [6]. Acidogenic and 

aciduric bacteria like S. mutans hence generate an advantageous ecological condition 

for themselves to thrive and be competitive. The suppression of acid production 

by inhibiting the metabolic activity and survival of S. mutans could assist in 

maintaining a healthy microbial equilibrium in biofilms and decrease the incidence of 

dental caries.  

Probiotics are health-beneficial microorganisms [6]. Potential probiotic pathways to 

exert beneficial effects in the oral cavity [7, 8] include, for example, (1) adhesion to 

oral tissues, occupying a place in oral biofilms, and the capacity to replace pathogenic 

bacteria, (2) production of antibiotic substances which inhibit the metabolic activity 

and survival of pathogenic bacteria, (3) resistance to low pH in the oral environment, 

(4) low acid production when fermenting dietary sugars, (5) modulation of the host’s 

general and local immune response. In recent years, the anti-caries effect of probiotic 

bacteria on cariogenic bacteria has increasingly been investigated and probiotics are 

regarded as potentially useful for regulating microbial communities [9]. Probiotics are 

by now commercially available to combat oral disease treatments like caries, gingivitis, 

and periodontitis [10, 11].  

Streptococcus oligofermentans is gram-positive, non-spore-forming, and non-motile 

coccus [12]. As a good probiotic candidate, S. oligofermentans has some favorable 

properties. It was isolated from healthy tooth surfaces or caries-free humans [13] and 

belongs to the “mitis” group of streptococci, which are considered the “pioneer” 

colonizers of the initial stages of oral biofilm formation [14]. This microorganism 

generates less lactic acid than S. mutans and inhibits the growth of cariogenic bacteria 

like S. mutans by the production of hydrogen peroxide (H2O2) [15]. The ability of 

S. oligofermentans to produce H2O2 from lactic acid, the main organic acid generated 

by dental biofilms, is particularly interesting. This property may have dual benefits: (1) 

by converting lactic acid into H2O2 to minimize the pH drop, and (2) through the 

production of H2O2 to inhibit S. mutans [15]. In addition to H2O2, S. oligofermentans 
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also produces ammonia from arginine, which can neutralize free acids and prevent the 

emergence of cariogenic microorganisms [16].  

Limosilactobacillus reuteri, formerly known as Lactobacillus reuteri [17], has been 

used as a probiotic for oral administration and is currently considered generally safe 

[18]. An important mechanism by which it exerts its beneficial effects is the release of 

antimicrobial substances. Reuterin, a metabolite of glycerol, is a primary antibiotic 

multi-compound produced by L. reuteri. It is water-soluble and has a wide active pH 

range and antimicrobial activity against a variety of pathogens and food spoilage 

organisms, including gram-positive and gram-negative bacteria, fungi, moulds, yeasts 

as well as protozoa [19]. Moreover, H2O2, ammonia, and organic acids are also 

produced by L. reuteri [20]. Although many studies have demonstrated the ability of 

L. reuteri to generate different antimicrobial substances, little is known about whether 

different environmental conditions could modify its metabolic activity. 

A range of studies on the bacteriology of dental caries has focused on the role of 

probiotics against cariogenic pathogens. However, the exact mechanisms by which 

probiotics exert their activity against S. mutans are still unknown. To gain more insight 

into the environment-specific metabolic mechanism of probiotics and their inhibitory 

effects on S. mutans, in the present study, we used a previously established in vitro 

model [21] and a modified saliva analogue to simulate different environmental 

conditions. We hypothesized that the metabolic activity and survival of S. mutans is 

significantly reduced by being cultured in the probiotic supernatants, and assumed this 

effect to be environment-specific. 

2. Aims and objectives  

The study aimed to investigate the metabolic activity of the two probiotics under 

specific environmental conditions and their inhibitory effects on the lactate production 

and survival of S. mutans. The following objectives were formulated: 

1. To detect the concentration of the probiotic metabolites (reuterin, H2O2, ammonia, 

and lactate) under different environmental culture conditions. 

2. To measure and compare the difference in lactate production of S. mutans between 

different environmental culture conditions (control groups) and the corresponding 

probiotic supernatants under different culture conditions (test groups).  

3. To measure and compare the difference in survival of S. mutans between different 

environmental culture conditions (control groups) and the corresponding probiotic 

supernatants under different culture conditions (test groups). 

3. Materials and methods 

3.1. Materials 

3.1.1 Bacterial strains 
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S. mutans, DSM 20523, S. oligofermentans, DSM 8249 (DMSZ, Braunschweig, 

Germany)  

L. reuteri, ATCC PTA 5289 (BioGaia, Stockholm, Sweden) 

 

3.1.2 Chemicals and reagents 

Brain-heart-infusion (BHI) broth      Carl Roth, Karlsruhe, Germany 

Glucose Carl Roth, Karlsruhe, Germany 

Yeast extract Carl Roth, Karlsruhe, Germany 

Beef extract   Carl Roth, Karlsruhe, Germany 

KH2PO4 Merck, Darmstadt, Germany 

K2HPO4 Carl Roth, Karlsruhe, Germany 

NaCl Carl Roth, Karlsruhe, Germany 

KCl Merck, Darmstadt, Germany 

NH4Cl Merck, Darmstadt, Germany 

MgCl2*6H2O Merck, Darmstadt, Germany 

Glycerol Sigma Aldrich, Taufkirchen, Germany 

Lactic acid Carl Roth, Karlsruhe, Germany 

L-arginine Sigma Aldrich, Taufkirchen, Germany 

Tryptophan Sigma Aldrich, Taufkirchen, Germany 

Peroxide Assay Kit Sigma Aldrich, Taufkirchen, Germany 

Urease Activity Assay Kit Sigma Aldrich, Taufkirchen, Germany 

Lactate Assay Kit Sigma Aldrich, Taufkirchen, Germany 

Blood agar plates COLS+ Oxoid, Wesel, Germany 

deMan-Rogosa-Sharpe (MRS) agar Oxoid, Wesel, Germany 

15 mL Falcon tubes Corning, Kaiserslautern, Germany 

Amicon Ultra-2mL centrifugal filter units Merck, Darmstadt, Germany 

1.5 mL Eppendorf tubes Eppendorf, Hamburg, Germany 

96-well microtiter plates Corning, Kaiserslautern, Germany 
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3.1.3 Instruments 

5% CO₂-incubator Binder GmbH, Tuttlingen, Germany 

Centrifuge 5430R     Eppendorf AG, Hamburg, Germany 

Spectrophotometer Multiskan Go Thermo Scientific, Schwerte, Germany 

Biophotometer plus 6132 Eppendorf AG, Hamburg, Germany 

Vortex Genie 2     Bender & Hobein AG, Munich, Germany 

pH Meters     Thermo Scientific, Schwerte, Germany 

 

3.2 Methods 

3.2.1 Culture conditions 

Bacteria used in this study were precultured in the modified BHI medium (BHI broth 

containing 1% glucose, 4 g/L yeast extract, and 8 g/L beef extract) at 37°C under 

aerobic conditions and subsequently transferred to different Minimal Medium (MM) 

variations. The MM was a chemical-based saliva analogue [22] with certain 

modifications. The composition of MM is shown in Table 1. 

Table 1 The composition of the minimal medium. 

Substance Concentration (mM) 

KH2PO4 10 

K2HPO4 10 

NaCl 1 

KCl 3 

NH4Cl 0.2 

MgCl2*6H2O 0.2 

 

3.2.2 Growth curve determination 

S. oligofermentans, L. reuteri, and S. mutans were cultured aerobically in the modified 

BHI medium at 37°C in 15 mL Falcon tubes, respectively. During the subsequent 2, 4, 

6, 8, 10, 12, 18, 24 and 48 h incubation, bacterial growth was detected by measuring 

OD600 nm. 
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3.2.3 Determination of products concentration  

After 18 h of pre-culture, S. oligofermentans and L. reuteri were pelleted by 

centrifugation at room temperature at 7100 × g for 15 min. The cells were washed twice 

with 0.9% NaCl and resuspended in 0.9% NaCl solution, inoculated with an average of 

3.58×107 CFU/mL (SD 0.24) for S. oligofermentans and 3.67×107 CFU/mL (SD 0.34)  

for L. reuteri as 1 mL-cultures in 1.5 mL Eppendorf tubes, respectively. After another 

centrifugation (7100 × g, 15 min), the supernatants were removed and 1 mL MM 

variation media was pipetted into each tube. 

MM supplementation was performed as follows to create six different MM variations 

(Table 2), which were used to evaluate the association between different environmental 

conditions and the probiotic metabolic activity. 

Table 2 Six different MM variation media. 

MM variation media Final pH 

MM 6.95 

MM with 5 mM glucose (MM+Glu) 6.90 

MM with 300 mM glycerol (MM+Gly)   6.92 

MM with 5 mM Lactic acid (MM+Lac)   6.61 

MM with 5 mM arginine (MM+Arg)   7.14 

MM with 5 mM glucose, 300 mM glycerol, 5 mM  

Lactic acid and 5 mM arginine (MM+all) 

  6.83 

To boost the lactate production, 5 mM glucose was additionally added to the groups of 

MM+Gly, MM+Lac, and MM+Arg during the cultivation of S. mutans. 

S. oligofermentans was incubated aerobically in six different MM variations at 37°C 

for 15 min, 30 min, 2 h, 4 h, and 18 h, respectively. The supernatants were attained 

following centrifugation (20800 × g, 10 min) at room temperature. L. reuteri was 

incubated in six different MM variations for 2 h, 4 h, and 18 h, respectively, and the 

supernatants were collected in the same process. Protein was removed from the 

supernatants by centrifugation (7500 × g, 20 min) at room temperature using Amicon 

Ultra-2mL centrifugal filters with nominal molecular weight limit of 10 kDa. The 

deproteinized supernatants were stored at -80℃ for further usage. Probiotic-free control 

samples were established using the modified BHI medium followed by six different 

MM variation media processed in the same manner as in the probiotic culture groups. 

The flowchart shows the process of determining metabolites concentration in probiotic 

supernatant after different cultivation periods (Fig. 1). 



13 
 

 

Fig. 1 Flowchart of determining the product concentration after different cultivation 

periods in the supernatants (Sup.) of S. oligofermentans (So) and L. reuteri (Lr) 
* The samples of S. oligofermentans at 15 min, 30 min, 2 h, 4 h, and 18 h were used for measurement. 

# The samples of S. oligofermentans at 2 h, 4 h, and 18 h were used for measurement. 

 

3.2.4 Preparation of probiotic supernatants 

The probiotics were precultured using the same method as described above, 

centrifugation was performed to pellet the cells. The cells were washed twice with 0.9% 

NaCl and resuspended with a total of 6 mL in 0.9% NaCl solution inoculated with an 

average of 3.96×107 CFU/mL (SD 0.37) for S. oligofermentans and 4.16×107 CFU/mL 

(SD 0.22) for L. reuteri, respectively. After another centrifugation (7100 × g, 15 min), 

the supernatants were removed and 6 mL MM variation media were added to each tube. 

Different incubation time was finally used to produce supernatants that were optimally 

enriched for these probiotic metabolites. Consequently, S. oligofermentans was 

cultivated under aerobic conditions at 37°C for 30 min in MM+Glu and MM+Lac, for 

2 h in MM and MM+Gly, and 4 h in MM+Arg and MM+all. The supernatants were 

attained following centrifugation (20800 × g, 10 min) at room temperature. L. reuteri 

was cultivated under the same conditions for 4 h in MM+Glu, MM+Gly, MM+Lac, and 

MM+all and 18 h in MM and MM+Arg. The supernatants were collected in the same 

process. The control samples without probiotics were established the same as above. 

Thereafter, the probiotic supernatants were collected and maintained as described above. 

 

3.2.5 Preparation of S. mutans supernatants  

S. mutans was precultured using the same method as described above, centrifugation 

was performed to collect the cells. The cells were rinsed twice with 0.9% NaCl and 

resuspended in 1 mL 0.9% NaCl solution in 1.5 mL Eppendorf tubes, with an average 
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inoculum of 4.35×107 CFU/mL (SD 0.39). After another centrifugation (7100 × g, 15 

min), the supernatants were removed and 1 mL MM, MM+Glu, MM+Gly+Glu, 

MM+Lac+Glu, MM+Arg+Glu, and MM+all were added to each tube, respectively. S. 

mutans was further incubated for 18 h. Control samples without S. mutans were 

established using a modified BHI medium followed by six different MM variations 

media processed in the same manner as in the S. mutans culture groups, except that the 

same concentration of glucose as in MM+Glu and MM+all was added to MM+Gly, 

MM+Lac, and MM+Arg. Thereafter, the deproteinized supernatants of S. mutans were 

maintained as described above and the viable cells were calculated. The flowchart 

shows the process of collecting supernatants of S. mutans cultures and determining its 

survival in different MM variation media (Fig. 2). 

 

Fig. 2 Flowchart of collecting supernatants (Sup.) of S. mutans cultures  

3.2.6 Cultivation of S. mutans with probiotic supernatants 

S. mutans was precultured and treated using the same method as described above, with 

an average inoculum of 4.29×107 CFU/mL (SD 0.65). Centrifugation was performed to 

remove the supernatants and the probiotic supernatants (S. oligofermentans and L. 

reuteri cultivated in the six MM variation media as described) were added as 1 mL-

cultures in 1.5 mL Eppendorf tubes respectively, with the addition of 5 mM glucose 

into MM+Gly, MM+Lac, and MM+Arg. S. mutans was further incubated for 18 h as 

before. The probiotic supernatant without S. mutans was used as control. The 

deproteinized supernatants of S. mutans were maintained as described above and the 

viable S. mutans cells were calculated. The flowchart shows the process of culturing S. 

mutans with probiotic supernatants (Fig. 3). 
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Fig. 3 Flowchart of culturing S. mutans with probiotic supernatants (Sup.)  

3.2.7 Metabolite assays 

Colorimetric assay kits were used to determine the metabolite concentration of H2O2, 

ammonia, and lactate in the probiotic supernatants according to the protocols of the 

manufacturer. The determination of reuterin in probiotic supernatants was measured 

based on the assay method described elsewhere [23] with some modifications. 250 μL 

of deproteinized samples were pipetted into 187.5 μL tryptophan, which was dissolved 

in 0.05 M HCl to a final concentration of 10 mM, followed by the addition of 750 μL 

of 37% HCl. After a 20 min-incubation at 37°C, the absorbance was detected at 560 

nm. Acrolein was used as the calibration standard. A dilution series of 0, 2.5, 5, 7.5, 10, 

12.5, and 15 mM of acrolein was used to establish a standard curve. Absorbance 

measurements were performed in the 96 well plate spectrophotometer. 

3.2.8 Viable bacteria enumeration 

After centrifugation, the culture supernatants were removed and the bacteria cells 

resuspended in 1 mL of 0.9% sodium chloride per tube by dispersing the cells with the 

assistance of a vortex mixer. A series of dilutions of bacterial suspensions were prepared 

and viable bacteria cells were calculated by splitting 100 μL aliquots of 1 mL serial 

dilutions on blood agar plates COLS+ for S. oligofermentans and S. mutans or on MRS 

agar plates for L. reuteri. After 24-48 h of incubation under aerobic conditions at 37°C, 

colony forming units per milliliter (CFU/mL) were calculated.  

3.2.9 Statistical analysis 

For descriptive analysis, mean (SD) were used. To test for statistically significant 

differences, one-way ANOVA followed by Dunnett’s test was applied.  SPSS Version 

20.0 software was used for all analyses. P values <0.05 were considered statistically 

significant. 
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4. Results 

4.1 Bacterial growth curve  

When S. oligofermentans, L. reuteri, and S. mutans were cultured in the modified BHI 

medium, their growth curve was determined. For S. oligofermentans, the lag phase was 

short, less than 2 h and its growth entered the stationary phase after about 18 h (Fig. 4). 

 

Fig. 4 The growth curve of S. oligofermentans     

The growth of S. mutans was similar to that of S. oligofermentans, with a short lag 

phase of less than 2 h, and its growth reached a plateau after about 18 h (Fig. 5). 

 

Fig. 5 The growth curve of S. mutans 

The lag phase of L. reuteri was about 2 h; after about 24 h, the growth entered the 

stationary phase (Fig. 6). Based on the above results, 18 h was selected as the pre-

culture time of the three bacteria in modified BHI medium, because L. reuteri was at 

the end of the exponential phase and the growth of S. oligofermentans and S. mutans 

just entered the stationary phase. 
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Fig. 6 The growth curve of L. reuteri 

4.2 Metabolite contents in the supernatant of S. oligofermentans after different 

cultivation periods 

At 2, 4, 18 h, S. oligofermentans produced almost no reuterin in each group and there 

was no obvious change with time (Fig. 7A). Ammonia was generated in MM+Arg and 

MM+all. At 2 h, it was mainly found in MM+Arg. From 2 h to 4 h, the ammonia 

concentration increased significantly; from 4 h to 18 h, the growth rate slowed. In 

MM+all, the ammonia concentration also increased significantly from 2h to 4h and then 

began to level off (Fig. 7B). Lactate was detectable mainly in MM+Glu and MM+all. 

In MM+Glu, the lactate production gradually increased from 15 min to 18 h. In MM+all, 

from 15 min to 30 min, the lactate concentration increased slowly, followed by a 

significant increase until 4 h, and then gradually decreased (Fig. 7C). H2O2 was 

generated in all groups. In MM+Lac and MM+Glu, the H2O2 concentration increased 

from 15 min to 30 min, then gradually decreased. For other groups, the H2O2 

concentration increased from 15 min to 2 h and then decreased gradually (Fig. 7D). 

Therefore, to optimize the product harvest, S. oligofermentans was cultivated in 

MM+Glu and MM+Lac for 30 min, in MM and MM+Gly for 2 h, and in MM+Arg and 

MM+all for 4 h. 

 

Fig. 7 Metabolite contents of S. oligofermentans in six MM variations after different 

cultivation periods (A) reuterin (B) ammonia (C) lactate (D) H2O2. 
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4.3 Metabolite contents in the supernatant of L. reuteri after different cultivation 

periods 

Reuterin was produced in MM+Gly and MM+all, and its concentration gradually 

increased from 2h to 18h (Fig. 8A). Ammonia was only found in MM+Arg, and its 

concentration increased slowly from 2h to 4h. After 4h, the concentration increased 

significantly (Fig. 8B). Lactate was produced in MM+Glu and MM+all. Its 

concentration gradually increased from 2 h to 18 h (Fig. 8C). H2O2 was generated in all 

groups. From 2 h to 18 h, the concentration of each group gradually increased (Fig. 8D). 

As a consequence, L. reuteri was cultivated in MM+Glu, MM+Gly, MM+Lac, and 

MM+all for 4 h and MM and MM+Arg for 18 h. 

 

Fig. 8 Metabolite contents of L. reuteri in six MM variations after different cultivation 

periods (A) reuterin (B) ammonia (C) lactate (D) H2O2. 

 

4.4 Metabolite contents of S. oligofermentans in six MM variations  

The main antimicrobial substances produced by S. oligofermentans include ammonia 

and H2O2. Very minimal reuterin was found in MM+Gly and MM+all (Fig. 9A). 

Ammonia was found in both MM+Arg and MM+all, and the concentration in MM+Arg 

was higher than MM+all (Fig. 9B). Lactate was produced in MM+Glu and MM+all 

(Fig. 9C). H2O2 was detected in all groups, the maximum yield being measured in 

MM+all (Fig. 9D). The pH of the supernatants after the cultivation of S. 

oligofermentans is shown in Table 3. 
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Fig. 9 Metabolite contents of S. oligofermentans in six MM variations.  

Data are shown as mean (SD). Three independent biological replicates were performed. (A) Very 

minimal reuterin was found in S. oligofermentans. (B) Ammonia was generated in MM+Arg and 

MM+all. (C) Lactate was produced mainly in MM+Glu and MM+all. (D) H2O2 was found in all 

groups. 

 

Table 3 The pH value of the supernatants after the cultivation of S. oligofermentans. 

MM variation media Final pH 

MM 6.80 

MM+Glu 6.70 

MM+Gly 6.85 

MM+Lac 6.40 

MM+Arg 7.10 

MM+all 6.70 

 

4.5 Metabolite contents of L. reuteri in six MM variations 

The main antimicrobial substances produced by L. reuteri include reuterin, ammonia, 

and H2O2. Reuterin was produced in MM+Gly and MM+all, and the concentration in 

MM+Gly was higher than MM+all (Fig. 10A). Ammonia was only found in MM+Arg 

(Fig. 10B). Lactate was produced in MM+Glu and MM+all (Fig. 10C). H2O2 was 

generated in all groups and the maximum yield was obtained in MM+all (Fig. 10D). 

The pH value of the supernatants after the cultivation of L. reuteri is shown in Table 4. 
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Fig.10 Metabolite contents of L. reuteri in six MM variations.  

The figure displays the mean (SD). Three independent biological replicates were performed. (A) 

Reuterin was produced in MM+Gly and MM+all. (B) Ammonia was only found in MM+Arg. (C) 

Lactate was produced mainly in MM+Glu and MM+all. (D) H2O2 was generated in all groups.   

 

Table 4 The pH value of the supernatants after the cultivation of L. reuteri. 

MM variation media Final pH 

MM 6.85 

MM+Glu 6.80 

MM+Gly 6.80 

MM+Lac 6.40 

MM+Arg 7.20 

MM+all 6.60 

 

4.6 Inhibition of lactate production on S. mutans by probiotic supernatants  

In the control MM without glucose, the lactate production of S. mutans was lowest, 

while in all control MM with glucose, the lactate production was significantly higher. 

The lactate production of S. mutans cultivated in the supernatant of S. oligofermentans 

was significantly decreased regardless of the MM (Table 5). In detail, there was 

ingestion of extracellular lactate from the culture medium by S.mutans cells in the 

MM+all and MM+Lac+Glu, respectively (p<0.001). The lactate production of S. 

mutans cultivated in the supernatant of L. reuteri also significantly decreased in all MM 

media except MM+Lac+Glu (Table 5). 
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Table 5. “Changes in lactate concentration (mM) of S. mutans (Sm) after cultivation 

in the supernatant (Sup.) of S. oligofermentans (So) and L. reuteri (Lr)” [1]. 

Metabolite 

(mM) 
Minimal 

Medium 

Bacterial strain 

Sm Sm Sup. SoA Sm Sup. LrB 

Lactate    MM 1.78×10-2 (0.65) -5.14×10-2 (0.50)*** -1.13×10-2 (1.08)** 

MM+Glu 6.52 (0.91) 3.84 (0.40)** 2.95 (0.31)** 

MM+Gly+Glu 5.00 (0.42) 3.01 (0.49)** 3.65×10-1 (0.33)*** 

MM+Lac+Glu   4.46 (0.41) -1.39 (0.25)*** 4.42 (0.19) 

MM+Arg+Glu 6.03 (0.48) 1.69 (0.43)*** 3.29 (0.26)*** 

MM+all 6.00 (0.29) -2.14 (0.35)*** -0.46 (0.11)*** 

For the cultivation of S. mutans, 5mM glucose was added to MM+Gly, MM+Lac, and MM+Arg as 

well as the probiotic supernatants of these three groups. The lactate concentration of S. mutans 

cultured in probiotic supernatants (test groups) and that in probiotic supernatants without S. mutans 

(control groups) were analyzed. The lactate production of S. mutans cultivated in probiotic 

supernatants was calculated by subtracting the lactate yield in control groups from the corresponding 

test groups. Positive values indicate the formation of additional lactate, negative values indicate 

bacterial uptake of lactate. Data are shown as mean (SD). Each group of data was repeated three 

times. Dunnett’s test: **P < 0.01, ***P < 0.001, versus Sm. 

 

4.7 Inhibition of S. mutans survival by probiotic supernatants  

In general, being cultured in the probiotic supernatants decreased the survival of S. 

mutans compared to the control groups (Fig. 11). In detail, incubation with the 

supernatant of S. oligofermentans yielded a 0.6-log10 reduction and a 0.5-log10 

reduction in the viability of S. mutans in MM+Lac+Glu and MM+all, respectively. 

Similarly, a 6.1-log10 and 7.1-log10 reduction of S. mutans viability was found under the 

incubation of L. reuteri supernatant in MM+Gly+Glu and MM+all, respectively.  
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Fig. 11 Changes in CFU (Log CFU/mL) of S. mutans after being cultivated in the 

supernatant (Sup.) of L. reuteri (Lr) and S. oligofermentans (So).  

S. mutans was cultivated in MM, MM+Glu, MM+Gly+Glu, MM+Lac+Glu, MM+Arg+Glu, and 

MM+all (control groups), as well as probiotic supernatants. 5 mM Glucose was added to MM+Gly, 

MM+Lac, and MM+Arg of L. reuteri and S. oligofermentans supernatants. The figure displays the 

mean (SD). Three separate experiments were performed. Dunnett’s test: *P < 0.05, ***P < 0.001, 

versus controls. 

5. Discussion 

Understanding the mechanisms by which probiotics exert their inhibitory effects on 

S. mutans is crucial to the development of probiotics as clinical therapeutic alternatives 

for the prevention of dental caries. In this study, we established the important role of 

different culture conditions and found that H2O2 and reuterin have inhibitory effects on 

the lactate production and survival of S. mutans. This finding provides new therapeutic 

avenues for the inhibition of cariogenic pathogens with supernatants or specifically 

isolated compounds, which may be exploited for oral administration of probiotics. 

5.1 H2O2 production in the probiotic supernatants 

The oral cavity is a complex microecosystem, in which H2O2 is an important non-

substitute antibacterial substance. H2O2 can be produced by lactobacillus and 

streptococcus colonized in oral biofilms, or it is derived from the host. H2O2 plays an 

important role in regulating microecological balance and the formation of biofilms. It 

is widely used as a biological weapon by lactic acid bacteria. It participates in the 

antagonistic competition of microorganisms by inhibiting the microbes which are 

sensitive to it, thereby helping those bacteria that are more resistant to H2O2 to gain a 

competitive advantage [24]. 

The antibacterial action of S. oligofermentans mainly depends on the production of 

H2O2. To shed new light on understanding the effects of different culture conditions on 
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the H2O2 production by S. oligofermentans, an in vitro model was employed in the 

present study. S. oligofermentans was cultured aerobically in different MM variations 

and its H2O2 production was measured after different cultivation periods. We found that 

within 30 min of cultivation, the H2O2 production in the MM+Glu, MM+Lac, and 

MM+all was much higher than that of the other groups. It was shown that the initial 

yield of H2O2 production was higher in the presence of sucrose or glucose than in the 

absence of carbohydrates. However, exogenous carbohydrates not only increased the 

initial rate of H2O2 production but also accelerated the metabolism of H2O2. This in turn 

resulted in no significant increase in the final H2O2 production compared to the sugar-

free group [25]. These results are in line with our findings that after 30 min of 

incubation, the H2O2 production in MM+Glu gradually decreased.  

S. oligofermentans employs three H2O2-forming enzymes: pyruvate oxidase (Pox), 

lactate oxidase (Lox), and L-amino acid oxidase [26]. It was found that H2O2 yields 

were most pronounced in MM+Lac and MM+all. Both sets of MM contained lactic 

acid, which could be used for Lox, indicating that Lox is at work here. Glucose can be 

converted into pyruvate and lactic acid by S. oligofermentans, thus acting as substrates 

for Pox and Lox. Compared with MM+Lac, the additional glucose contained in MM+all 

may further increase Pox and Lox activity. The synergetic effect of Pox and Lox 

maximizes the H2O2 production of S. oligofermentans [27].  

The H2O2 yield produced by S. oligofermentans is also affected by different culture pH 

values. Studies demonstrated that the suitable pH value for the H2O2 production 

generated by S. oligofermentans was around a neutral pH and that with extreme acidic 

or alkalic conditions, the production ceases [28]. In this study, after 2h cultivation, in 

the sugar-free MM, MM+Gly, MM+Lac, and MM+Arg, the pH value of MM+Arg was 

closest to 7. We assume that this might be the reason for its higher H2O2 production 

compared with the other three groups. 

L. reuteri also has the ability to produce H2O2 [29]. When grown under aerobic 

conditions, lactic acid bacteria typically accumulate H2O2 as a product of NADH 

oxidase and NADH peroxide [30]. Another contributing factor for the H2O2 generation 

by lactobacillus has been proposed to be Pox, which oxidizes pyruvate through acetyl 

phosphate to acetate, producing CO2, H2O2, ATP, and NADH [31]. Our study showed 

that from 2 h to 18 h, the H2O2 yield generated by L. reuteri in each group gradually 

increased, but which enzymatic pathway is involved in the production of H2O2 is 

currently unknown. Lactate dehydrogenase plays a dominant role in pyruvate 

metabolism during aerobic growth of L. reuteri and competes with Pox for the pyruvate 

pool [32]. Moreover, it has been shown that oxygen or H2O2 can induce Pox activity, 

while glucose can inhibit Pox activity [33]. In our study, the presence of glucose in the 

MM+Glu and MM+all does not seem to inhibit H2O2 production. Therefore, it is 

assumed that NADH oxidase plays a more important role in H2O2 production than Pox. 
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5.2 Reuterin production in the probiotic supernatants 

Certain strains of L. reuteri have the capacity to produce reuterin. Although some 

strains of L. reuteri can also produce high-molecular-weight bacteriocin, reutericin or 

its low-molecular-weight compound, reutericyclin, their narrow and restricted 

antimicrobial activity make them unlikely to be prime candidates for synergistic 

antimicrobial compounds [34]. Reuterin is resistant to proteolytic and lipolytic enzymes 

and could retain its antibiotic activity at low pH and high NaCl concentration [35]. It is 

known to exist in three forms, monomeric, hydrated monomeric, and dimeric forms of 

3-hydroxypropionaldehyde (3-HPA). In the glycerol-containing MM variations, 

L. reuteri catalyzes glycerol to produce 3-HPA by a B12-dependent glycerol dehydratase 

[36].  

From 2 h to 4 h, the production of reuterin increased rapidly and gradually stabilized 

after 4 h. In MM+Gly, reuterin was produced at about 5 mM while in MM+all, it was 

produced at about 4 mM. Although the yield of reuterin differed between these two 

groups, there was no difference in its inhibitory effect on lactate production and survival 

of S. mutans. The reduced production of reuterin in MM+all may be due to the presence 

of glucose. Since the MM solution could only provide ions to maintain bacterial 

survival, the bacteria only carried out limited glycolysis in it. Therefore, the addition of 

glucose in MM+all resulted in a further reduction of 3-HPA to 1,3-propanediol by 

NADH produced from limited glycolysis [36]. We found that very little reuterin was 

detected in S. oligofermentans supernatants. It is assumed that this low concentration 

of reuterin may originate from other compounds, which needs further experimental 

verification. 

 

5.3 Ammonia production in the probiotic supernatants 

Arginine is the main amino acid used by oral microorganisms to produce alkali [37]. 

Arginine degradation through the arginine deiminase pathway (ADS) generates ATP 

and ammonia, thereby counteracting the effect of bacterial glycolysis on biofilm 

acidification. Ammonia leads to a pH increase in the cytoplasm and the environment, 

and can be used by oral microbes for (1) prevention from acid killing, (2) bioenergy 

advantages, including the rise in ΔpH and ATP synthesis, (3) retaining a relatively 

neutral environmental pH which is conducive to enhancing the competitiveness of 

ADS-positive (ADS+) bacteria against cariogenic bacteria [38]. In this study, for 

S. oligofermentans, ammonia was generated in MM+Arg and MM+all and its 

production increased rapidly from 2 to 4 h in both groups and leveled off after 4 h. 

Moreover, we found more ammonia was produced in MM+Arg than in MM+all, 

presumably due to the glucose contained in MM+all. Previously, studies have shown 

the relationship between arginine degradation and sugar metabolism in some lactic 

bacteria like streptococcus, and repression by glucose was observed [37]. For L. reuteri, 

ammonia was only detected in MM+Arg. The possible reason for the absence of 

ammonia in MM+all is that ammonia might react with the aldehyde group of reuterin 

in the medium [39]. 
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5.4 Lactate production in the probiotic supernatants 

Both S. oligofermentans and L. reuteri metabolize glucose to produce lactic acid, 

however, much less compared than S. mutans. Lactate production was detected in 

MM+Glu and MM+all, while the content of lactate in other groups was very low. In 

general, the amount of lactate produced by S. oligofermentans and L. reuteri increased 

with the extension of cultivation time. While they produced lactic acid, the production 

of other antimicrobial substances may inhibit the growth of S. mutans. 

5.5 Impact on lactate generation and survival of S. mutans 

The lactate production of S. mutans cultured in the supernatants of S. oligofermentans 

was significantly reduced in each MM variation group. S. oligofermentans produced 

large amounts of H2O2 in lactate-rich media, MM+Lac, and MM+all, and S. mutans 

survival was significantly reduced only in these two groups. Thus, H2O2 is likely to be 

the main reason for the inhibitory effect on the survival and lactate yield of S. mutans.  

S. mutans cultured in L. reuteri supernatants also had significantly lower lactate 

production in all groups except MM+Lac+Glu. We assume the possible reason is that 

the amount of H2O2 in MM+Lac+Glu was so small that the effective concentration 

cannot be reached. By neutralizing the lactic acid in the solution, which changes the pH 

to a less cariogenic environment, ammonia produced by S. oligofermentans in MM+Arg 

and MM+all and L. reuteri in MM+Arg had an only moderate influence on the lactate 

production of S. mutans. After incubation in the L. reuteri supernatant containing 

reuterin, almost no S. mutans were detectable, suggesting that reuterin, a powerful 

bacterial inhibitor, has potentially more marked inhibitory influence on S. mutans.  

5.6 Clinical significance 

Certain probiotic strains used in dietary products have been investigated in clinical trials 

to prevent dental caries. However, the common usage of viable probiotics 

may also bring some problems, shelf life and safety among them. Also, some strains of 

probiotic lactobacillus are known to metabolize sucrose, possibly causing caries 

themselves [40]. Thus, there is growing interest in new-era products, like probiotic 

supernatants and purified key compounds to exert beneficial effects. They have an 

advantage over live probiotics in terms of their safety profile and might play an 

important role in replacing viable probiotics. Our findings provide a theoretical basis 

for understanding the metabolic activity of non-viable probiotics generated under 

different environmental conditions and identify key products that may play a role in 

inhibiting the lactate production and survival of S. mutans.  

5.7 Future directions 

The findings of our study have relevance for further research in the field, which should 

evaluate the ideal concentration and treatment time of each probiotic supernatant based 

on its efficacy in the control of specific cariogenic bacteria as well as the environment-

specific probiotic effects on cariogenic pathogens. Future studies are required to 

determine the best vehicle, most effective probiotic bacteria, and their products. In 
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addition, clinical trials should also be conducted to explore the interaction and potential 

mechanisms of action between probiotic supernatants and cariogenic bacteria in the oral 

environment. Combining the anti-caries properties of different probiotics may play a 

more effective role in the probiotic agent development process. 

5.8 Conclusions  

The application of probiotics in the oral cavity to prevent dental caries has great 

potential for wide use in practice. In this study, we cultured S. oligofermentans and L. 

reuteri under different environmental conditions and S. mutans was cultivated in their 

supernatants only. Hence, we can draw the following conclusions: 

1. S. oligofermentans is more likely to produce H2O2 in a lactate-rich environment, and 

L. reuteri produced reuterin in glycerol containing medium. Ammonia was generated 

by S. oligofermentans in arginine containing medium and was detected only in 

MM+Arg of L. reuteri. Both S. oligofermentans and L. reuteri metabolize glucose to 

produce lactic acid. 

2. The H2O2 and ammonia generated by S. oligofermentans may have an inhibitory 

effect on the lactate production of S. mutans. The H2O2 and reuterin produced by L. 

reuteri may have an inhibitory effect on the lactate production of S. mutans, while the 

amount of H2O2 in MM+Lac+Glu was too small to reach the effective concentration. 

3. S. mutans survival was significantly reduced only in lactate-rich media, which may 

be due to the high production of H2O2. After incubation in the L. reuteri supernatant 

containing reuterin, almost no S. mutans were detectable, suggesting that reuterin has 

potentially more marked inhibitory influence on S. mutans.  

Thus, the application of environmentally specific probiotic supernatants to prevent 

dental caries is expected to have a good application prospect. 
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