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Abstract
Background  Fluoride-resistant Streptococcus mutans (S. mutans) strains have developed due to the wide use of 
fluoride in dental caries prevention. However, the metabolomics of fluoride-resistant S. mutans remains unclear.

Objective  This study aimed to identify metabolites that discriminate fluoride-resistant from wild-type S. mutans.

Materials and methods  Cell supernatants from fluoride-resistant and wild-type S. mutans were collected and 
analyzed by liquid chromatography-mass spectrometry. Principal components analysis and partial least-squares 
discriminant analysis were performed for the statistical analysis by variable influence on projection (VIP > 2.0) and 
p value (Mann–Whitney test, p < 0.05). Metabolites were assessed qualitatively using the Human Metabolome 
Database version 2.0 (http://www.hmdb.ca), or Kyoto Encyclopedia of Genes and Genomes (http://www.kegg.jp), and 
Metaboanalyst 6.0 (https://www.metaboanalyst.ca).

Results  Fourteen metabolites differed significantly between fluoride-resistant and wild-type strains in the early log 
phase. Among these metabolites, 5 were identified. There were 32 differential metabolites between the two strains in 
the stationary phase, 13 of which were identified. The pyrimidine metabolism for S. mutans FR was matched with the 
metabolic pathway.

Conclusions  The fructose-1,6-bisphosphate concentration increased in fluoride-resistant strains under acidic 
conditions, suggesting enhanced acidogenicity and acid tolerance. This metabolite may be a promising target for 
elucidating the cariogenic and fluoride resistant mechanisms of S. mutans.

Keywords  Streptococcus mutans, Fluoride resistance, Metabolomics, Fructose-1,6-bisphosphate, Dental caries, Mass 
spectrometry

Metabolomics reveals high fructose-1,6-
bisphosphate from fluoride-resistant 
Streptococcus mutans
Laikuan Zhu1,2,3†, Jiehang Li1,2†, Yueping Pan1,2, Jing Huang1,2* and Hui Yao2,4*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://www.hmdb.ca
http://www.kegg.jp
https://www.metaboanalyst.ca
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-024-03310-8&domain=pdf&date_stamp=2024-4-30


Page 2 of 12Zhu et al. BMC Microbiology          (2024) 24:151 

Background
Streptococcus mutans (S. mutans) is a major cariogenic 
pathogen, known as a predominant etiological con-
tributor to dental caries [1, 2]. Its virulence factors are 
involved in the acidogenicity, the acid tolerance, and the 
biofilm formation [3]. Currently, fluoride is one of the 
most representative caries-preventive agents through 
reducing the hydroxyapatite solubility. Fluoride can 
depress demineralization and enhance remineraliza-
tion of the dental enamels [4]. Fluoride is also proved to 
inhibit the S. mutans metabolism [5]. Nevertheless, fluo-
ride-resistant S. mutans (S. mutans FR) appears with the 
extensive, long-lasting application of fluoride. S. mutans 
FR obtains the phenotype of enhanced acidogenicity and 
acid tolerance due to the gene alteration of eriCF, encod-
ing fluoride antiporters [6–8]. Since the enamel deminer-
alization prevention effects are reduced, fluoride cannot 
effectively inhibit S. mutans FR [9–11].

Until now, the specific mechanism remains unclear, by 
which the fluoride-resistant strains are more powerful in 
acidogenicity and acid tolerance than the wild-type ones. 
In recent years, metabolomics focusing on the quantita-
tive analysis of small molecules with < 1,000 molecular 
weight [12], which may play critical roles in the metabolic 
processes [13], allows us to analyze the metabolomes of 
target cells with their phenotypic difference, thereby to 
better explore the underlying mechanism of their dif-
ference [14]. The mass spectrometry (MS) is an indis-
pensable tool for metabolomic analysis, especially when 
combined with liquid chromatography (LC).

Previously, molecular changes and carbohydrate 
metabolism were demonstrated during the development 
of dental caries. For example, alteration of 37 metabo-
lites was confirmed by MS when culturing S. mutans at 
different pH values [15]. Furthermore, S. mutans biofilm 
growth [16, 17] and acid production [17] were affected by 
carbohydrate metabolism. S. mutans membrane vesicles 
enhanced the metabolite expression of Candida albicans 
related to carbohydrate metabolism [18]. In the carbohy-
drate metabolism process, when fluoride was added into 
the caries-associated bacteria, for instance, Scardovia 
wiggsiae, the pyruvate level decreases [19]. Bifidobacte-
rium could metabolize carbohydrates and produce acid 
by the bifid shunt even in the presence of fluoride [20]. 
Metabolomic effects of fluoride on plaque biofilm in vivo 
revealed fluoride inhibited acid production, along with 
the phosphoenolpyruvate decrease in the Embden-Mey-
erhof-Parnas pathway [21].

However, metabolomic data on S. mutans FR are rare. 
Discriminant metabolomes between fluoride-resistant 
strains and wild-type ones have not been identified yet. 
Herein, we did a metabolic analysis of cells from the two 
S. mutans strains by LC-MS technique. The study aims to 

determine whether marked variations in the metabolome 
of the two S. mutans strains exist.

Materials and methods
Bacteria and growth conditions
As in our previous study [22], we grew wild-type S. 
mutans (UA159, also named S. mutans UA), stored 
in a 50% (v/v) glycerol solution at − 80°C in brain heart 
infusion (BHI) broth (BHIB; Difco) or on BHI agar 
(BHIA; Difco) under anaerobic conditions (37°C, 95% 
N2, 5% CO2). Then we sub-cultured UA159 on BHIA 
and obtained fluoride-resistant S. mutans (UA-FR, also 
named S. mutans FR) through increasing the sodium-flu-
oride (NaF) concentrations from 50 µg/mL to 1,000 µg/
mL gradually. Each S. mutans FR isolate in this study was 
selected at a NaF concentration of 1,000 µg/mL.

Sample collection and preparation
UA159 and UA-FR in suspension were anaerobically cul-
tured in BHIB containing 1% glucose at 37°C through 
entering the early or the stationary stage of bacterial 
growth. The metabolic activities of the bacteria ceased 
when 5 mL broth was mixed with 10 mL 60% methanol 
aqueous solution at − 48°C. The clarified supernatants 
were discarded after centrifugation at 4500 r/min for 
10 min at − 19°C.

Bacteria were harvested under such conditions after 
washing twice. A total of 500 µL 100% methanol (− 48°C) 
was added to the bacteria. The mixture was frozen in liq-
uid nitrogen and thawed on ice. After three freeze-thaw 
cycles, the mixture was centrifugated at 16,000 ×g for 
5 min at − 19°C and the first supernatants were collected. 
After the centrifugation, the remaining bacteria were 
mixed again with 500 µL 100% methanol (− 48°C). The 
freeze-thaw cycles and centrifugation were repeated. The 
second supernatants were collected. Finally, the second 
supernatants were mixed with the first ones. The mixed 
supernatants were stored at − 80°C for metabolomic 
analysis using liquid chromatography coupled with mass 
spectrometry (LC-MS).

LC-MS analysis
The supernatants were analyzed by a liquid chromatog-
raphy column (Agilent) coupled with a micrOTOF-Q II 
mass spectrometer (Bruker). The mobile phase included 
0.1% formic acid solution (A) and acetonitrile (B). The 
flow rate was 0.35 mL/min. Initially, 2% acetonitrile was 
maintained for 0.5 min. Then, the acetonitrile concentra-
tion was linearly increased to 100% within 24  min and 
was maintained for 3.5  min. After that, the acetonitrile 
concentration was reduced back to 2%. The column was 
equilibrated for 2 min and the column temperature was 
35°C. The temperature of the automatic sampler was 
maintained at 4°C. The sample load was 2 µL.
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The MS conditions were set as follows: source mode, 
both positive and negative modes of electrospray ioniza-
tion (ESI); mass scanning range, 100 − 1,000  m/z; spray 
gas flow rate, 1.5 L/min; dry gas pressure, 0.2 MPa; heat-
ing temperature, 200°C; ion accumulation time, 20 ms; 
detection voltage, 1.6  kV; interface voltage, 4.5  kV and 
− 3.5 kV for the positive and the negative poles, respec-
tively. The acquisition parameters are shown in Table 1.

The two isolates (S. mutans UA and S. mutans FR) 
in the two phases (in early log phase and in stationary 
phase) were used via the two LC-MS TIC chromato-
grams (RP and HILIC) in this study.

Statistical analysis
The raw data collected using the LC-MS device were pro-
ceeded with peak extraction and peak matching. Peak 
discrimination, peak alignment, total peak area nor-
malization, data scaling, and missing value removal by 
the correction of 80% rule were also performed. After 
the proceeded data were normalized by peak area, the 
potential discriminant metabolites were matched with 
entries in the version 2.0 of Human Metabolome Data-
base (HMDB, http://www.hmdb.ca), or Kyoto Encyclo-
pedia of Genes and Genomes (KEGG, http://www.kegg.
jp). Open database source (Metaboanalyst 6.0, https://
www.metaboanalyst.ca) was applied to identify metabolic 
pathways.

Orthogonal signal correction (OSC) method was 
applied to screen out part of the group-independent 

matrices. The three-dimensional matrix obtained was 
analyzed by SIMCA-P 12.0 software (Umetrics). The 
aggregation, dispersion and outliers of the samples were 
assessed by principal component analysis (PCA) in the 
filtered matrix. Subsequently, partial least-squares dis-
criminant analysis (PLS-DA) was used to identify the 
major variations that contributed to this aggregation and 
dispersion. The discriminant metabolites were deter-
mined in the single-dimensional statistics by variable 
influence on projection (VIP > 2.0) and p value (Mann–
Whitney test, p < 0.05). The quality of the PCA and PLS-
DA was assessed by the parameters R2 and Q2.

Results
The reversed phase (RP) LC-MS total ion current (TIC) 
chromatograms of the cells from S. mutans UA and S. 
mutans FR in early log phase and in stationary phase are 
shown in Fig.  1, where significant differences of some 
spectrum peaks existed between the two S. mutans 
strains. For example, in the RP LC-MS TIC chromato-
grams, most peaks of S. mutans FR in early log phase 
were higher than those of S. mutans UA in early log 
phase (e.g. peaks at retention time of about 8 − 10 and 
23 min in Fig. 1a), while some peaks of S. mutans FR in 
early log phase were lower (e.g. peaks at retention time 
of 15–20 min in Fig. 1a). At retention time of 15–20 min, 
similarly, the peaks of S. mutans FR in stationary phase 
were also lower (Fig. 1b). Remarkable variations between 
them were also demonstrated in the hydrophilic interac-
tion liquid chromatography (HILIC) LC-MS TIC chro-
matograms (Fig.  2). Complementary to the RP method, 
the HILIC one was suitable to retain polar metabolites. 
At retention time of about 2 and 3 min, the peaks of S. 
mutans FR were lower than those of S. mutans UA 
both in early log phase (Fig. 2a) and in stationary phase 
(Fig. 2b).

After data normalization, including the removal of 
internal standards and pseudo-positive peaks and the 
combination of the same metabolite peaks, the PCA 
was used in the data analysis and the scores plot dem-
onstrated a trend separating between the two S. mutans 
strains (Fig.  3). The supervised PLS-DA (Fig.  4) was 
performed on the dataset, also showing two separated 
clusters (S. mutans UA and S. mutans FR). When con-
structing the PCA model, the SIMCA-P software typi-
cally segmented the data into seven groups sequentially. 
Six of these groups were employed to establish a foun-
dational model, which served as the basis for predicting 
the accuracy of the remaining group. This process was 
iterated several times to derive the Q2 value. Such cross-
validation in SIMCA-P was consistently employed to 
ascertain the optimal number of principal components 
and to mitigate the risk of overfitting. The modeling diag-
nostic confirming the validity of PCA and PLS-DA model 

Table 1  Acquisition parameters of LC-MS
Parameter Value
LC
Mobile phase 0.1% formic acid 

solution (A) and 
acetonitrile (B) with a 
gradient elution as fol-
lows: 0–0.5 min, 2% B; 
0.5–24.5 min, 2–100% 
B; 24.5–28 min, 100% 
B; 28–30 min, 2% B;

Flow rate 0.35 mL/min
Column temperature 35 °C
Autosampler temperature 4 °C
Load volume 2 µL
MS
Source type Electrospray ionization
Ion polarity Positive and negative
Interface voltage 4.5 kV and − 3.5 kV
Mass scanning range 100–1,000 m/z
Dry gas pressure 0.2 MPa
Ion accumulation time 20 ms
Detection voltage 1.6 kV
Heating temperature 200 °C
Gas flow rate 1.5 L/min

http://www.hmdb.ca
http://www.kegg.jp
http://www.kegg.jp
https://www.metaboanalyst.ca
https://www.metaboanalyst.ca


Page 4 of 12Zhu et al. BMC Microbiology          (2024) 24:151 

Fig. 1  Typical RP LC-MS TIC chromatograms of S. mutans. (a) in early log phase; (b) in stationary phase. RP, reversed phase; LC-MS, liquid chromatography-
mass spectrometry; TIC, total ion current; S. mutans, Streptococcus mutans. S. mutans UA159 represents wild-type S. mutans. S. mutans UA-FR represents 
fluoride-resistant S. mutans
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Fig. 2  Typical HILIC LC-MS TIC chromatograms of S. mutans. (a) in early log phase; (b) in stationary phase. HILIC, hydrophilic interaction liquid chromatog-
raphy; LC-MS, liquid chromatography-mass spectrometry; TIC, total ion current; S. mutans, Streptococcus mutans. S. mutans UA159 represents wild-type S. 
mutans. S. mutans UA-FR represents fluoride-resistant S. mutans
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is shown in Table S1,2. The model validation assured 
that this PLS-DA model was reliable in interpreting 
and predicting the variations in either the RP column 
(R2Y = 0.784 and Q2Y = 0.719) or the HILIC column 
(R2Y = 0.891 and Q2Y = 0.793) (Table S1) during early log 
phase. This validation also confirmed the robustness of 
the PLS-DA model in the RP column (R2Y = 0.492 and 
Q2Y = 0.405) and the HILIC column (R2Y = 0.499 and 
Q2Y = 0.425) during stationary phase (Table S2).

The loading plot (Fig. S1) was performed to assess the 
marked metabolites through the weightings on the dis-
tinguished clusters. In the loading plot, each point repre-
sented a metabolite, and the greater the distance from the 
major ion clusters, the more significant the metabolite’s 
contribution to sample category separation, signifying 
its potential as a biomarker. The clustered portion com-
prised metabolites common to both groups, contribut-
ing minimally to sample category separation. Conversely, 
substances with a scattered distribution contributed sig-
nificantly to category separation. The S-plot was applied 

in the selection of the discriminant metabolites differ-
ently expressed between the two S. mutans strains (Fig. 
S2). In the S-plot, each point represented a variable, 
indicating the correlation between variables and the 
model. Some variables far from the origin contributed 
significantly to differentiating the clustering between 
two groups. Other variables with small correlation coef-
ficients and large confidence intervals were excluded. 
Variables with VIP values exceeding 2.0, marked by red 
boxes, were selected as potential characteristic metabo-
lites of S. mutans FR. These metabolites provided a basis 
for exploring the physiological properties of S. mutans 
FR.

After the PLS-DA analysis of the two S. mutans strains 
in early log phase, a total of 14 differential metabolites 
with VIP > 2.0 and p < 0.05 (Mann–Whitney test) in one-
dimensional statistical analysis were identified as poten-
tial metabolic markers. Among these 14 differential 
metabolites (n = 9, hydrophobic metabolites; n = 5, hydro-
philic metabolites) of S. mutans FR, 3 were elevated and 

Fig. 3  PCA scores plot of LC-MS spectral data on S. mutans. (a) in early log phase; (b) in stationary phase. PCA, principal component analysis; LC-MS, 
liquid chromatography-mass spectrometry; S. mutans, Streptococcus mutans; RP, reversed phase; HILIC, hydrophilic interaction liquid chromatography. UA 
represents wild-type (UA159) S. mutans. FR represents fluoride-resistant S. mutans
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11 were reduced at concentration compared to S. mutans 
UA (5 identified markers shown in Table 2).

In stationary phase, 32 differential metabolites (n = 22, 
hydrophobic metabolites; n = 10, hydrophilic metabolites) 
with VIP > 2.0 and p < 0.05 (Mann–Whitney test) were 
found in the two S. mutans strains. At concentration, 14 
of S. mutans FR were increased and 18 of S. mutans FR 
were reduced among them (13 identified markers shown 
in Table 3).

In early log phase and in stationary phase, the com-
mon significant discriminant metabolites were 
1-octadecanoyl-sn-glycerol 3-phosphate, 6-phos-
pho-D-glucono-1,5-lactone, CMP, and pyridoxamine 
5’-phosphate. Interestingly, reduced 6-phospho-D-glu-
cono-1,5-lactone and pyridoxamine 5’-phosphate levels 
from S. mutans FR were observed when compared to the 
levels from S. mutans UA in early log phase. However, 
the case was the opposite in the stationary phase. Deoxy-
cytidine was the only discriminant metabolite in early 
log phase, whereas the 9 discriminant metabolites were 

2,3-diphosphoglycerate, 3-keto-L-gulonate 6-phosphate, 
aminopropyl cadaverine, dCMP, D-ribose-5-phosphate, 
D-sedoheptulose-1,7-bisphosphate, dUDP, fructose-
1,6-bisphosphate, and GMP in stationary phase merely. 
Notably, in stationary phase, aminopropyl cadaverine 
and pyridoxamine 5’-phosphate were the 2 discriminant 
metabolites both by RP column and by HILIC column.

Based on the assigned list of metabolites, pathway 
analysis was conducted using MetaboAnalyst 6.0. How-
ever, since the S. mutans pathway was not available in 
the program, Streptococcus pyogenes M1 476 (serotype 
M1) was utilized for the analysis. The principal metabolic 
pathways associated with these compounds included 
vitamin B6 metabolism, purine metabolism, and pyrimi-
dine metabolism (Fig. 5). To validate these pathways for 
S. mutans, the KEGG database was consulted. In particu-
lar, the pyrimidine metabolism pathway for S. mutans 
revealed the release of deoxycytidine during early log 
phase and dUDP during stationary phase, aligning with 

Fig. 4  PLS-DA scores plot of LC-MS spectral data on S. mutans. (a) in early log phase; (b) in stationary phase. PLS-DA, partial least squares discriminant 
analysis; LC-MS, liquid chromatography-mass spectrometry; S. mutans, Streptococcus mutans; RP, reversed phase; HILIC, hydrophilic interaction liquid 
chromatography. UA represents wild-type (UA159) S. mutans. FR represents fluoride-resistant S. mutans
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the finding where CMP was among the distinct metabo-
lites, irrespective of the growth phase (Fig. 6).

Discussion
After the LC-MS metabolic analysis, the PLS-DA scores 
plot showed clear separation between S. mutans UA and 
S. mutans FR, suggesting its potential for identification 
of biological variations that occur in S. mutans. In our 

metabolomics study, it is a practical approach to separate 
S. mutans FR from S. mutans UA by LC-MS. The discrim-
inant metabolites identified with p < 0.05 were validated 
with VIP (threshold set at 2.0). Successfully, 5 discrimi-
nant metabolites were identified in early log phase and 13 
discriminant metabolites in stationary phase. Our results 
indicate that the metabolites from S. mutans FR may be 
related to the pathways of vitamin B6 metabolism (amino 

Table 2  Comparison of metabolites between the fluoride-resistant strain and the wild-type strain in early log phase
Metabolite Chemical 

formula
Rt RP 
(s)†

Rt 
HILIC 
(s)‡

m/z VIP§ Trend¶ Metabolic 
pathway

HMDB ID KEGG 
ID

1-octadecanoyl-sn-glycerol 
3-phosphate

C21H41O7P1 613.1 - 437 3.19 ↑ Fatty acid 
metabolism

HMDB07854 -

6-phospho-D-glucono-1,5-lactone C6H9O9P1 942.0 - 256 7.22 ↓ Carbohydrate 
metabolism

HMDB01127 C01236

CMP C9H12N3O8P1 - 140.1 321 2.34 ↓ Nucleotide 
metabolism

HMDB00095 C00055

Deoxycytidine C9H13N3O4 546.0 - 227 2.24 ↑ Nucleotide 
metabolism

HMDB00014 C00881

Pyridoxamine 5’-phosphate C8H12N2O5P1 - 149.3 247 2.49 ↓ Amino acid 
metabolism

HMDB01555 C00647

†Rt RP (s), retention time of reversed phase column (second)
‡Rt HILIC (s), retention time of hydrophilic interaction liquid chromatography column (second)
§VIP, variable important on projection; VIP was obtained from PLS-DA with a threshold of 2.0
¶Trend: The levels of the discriminant metabolites were labeled with (↓) downregulated and (↑) upregulated when the fluoride-resistant strain compared to the 
wild-type strain (Mann–Whitney test, p < 0.05)

Table 3  Comparison of metabolites between the fluoride-resistant strain and the wild-type strain in stationary phase
Metabolite Chemical 

formula
Rt RP 
(s)†

Rt 
HILIC 
(s)‡

m/z VIP§ Trend¶ Metabolic pathway HMDB ID KEGG 
ID

1-octadecanoyl-sn-glycerol 
3-phosphate

C21H41O7P1 613.6 - 437 2.21 ↑ Fatty acid metabolism HMDB07854 -

2,3-diphosphoglycerate C3H3O10P2 - 206.7 261 2.66 ↑ Carbohydrate 
metabolism

HMDB01294 C01159

3-keto-L-gulonate 6-phosphate C6H8O10P1 1041.7 - 270 2.29 ↓ Carbohydrate 
metabolism

- C14899

6-phospho-D-glucono-1,5-lactone C6H9O9P1 - 110.6 256 3.16 ↑ Carbohydrate 
metabolism

HMDB01127 C01236

Aminopropyl cadaverine C8H24N3 120.0 508.8 162 2.87 ↓ Amino acid metabolism HMDB12189 C16565
CMP C9H12N3O8P1 1411.1 - 321 2.82 ↓ Nucleotide metabolism HMDB00095 C00055
dCMP C9H12N3O7P1 - 207.8 305 2.19 ↑ Nucleotide metabolism HMDB01202 C00239
D-ribose-5-phosphate C5H9O8P1 794.0 - 228 2.98 ↓ Carbohydrate 

metabolism
HMDB01548 C00117

D-sedoheptulose-1,7-bisphosphate C7H12O13P2 1677.6 - 366 3.26 ↓ Carbohydrate 
metabolism

HMDB60274 -

dUDP C9H11N2O11P2 - 400.9 385 2.15 ↑ Nucleotide metabolism HMDB01000 C01346
Fructose-1,6-bisphosphate C6H10O12P2 1221.4 - 336 2.61 ↑ Carbohydrate 

metabolism
HMDB01058 -

GMP C10H12N5O8P1 1410.3 - 360 2.67 ↓ Nucleotide metabolism HMDB01397 C00144
Pyridoxamine 5’-phosphate C8H12N2O5P1 1042.5 114.6 247 2.03 ↑ Amino acid metabolism HMDB01555 C00647
†Rt RP (s), retention time of reversed phase column (second)
‡Rt HILIC (s), retention time of hydrophilic interaction liquid chromatography column (second)
§VIP, variable important on projection; VIP was obtained from PLS-DA with a threshold of 2.0
¶Trend: The levels of the discriminant metabolites were labeled with (↓) downregulated and (↑) upregulated when the fluoride-resistant strain compared to the 
wild-type strain (Mann–Whitney test, p < 0.05)
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acid, carbohydrate, and fatty acid metabolism) and nucle-
otide metabolism (purine and pyrimidine metabolism).

Carbohydrate metabolism
Fructose-1,6-bisphosphate (FBP) was identified as dis-
tinct markers from S. mutans in the carbohydrate metab-
olism pathway in this study. Acid production in the 
carbohydrate metabolism (the glycolysis process) is one 
of the virulent features of S. mutans. In comparison with 

the wild-type strains, S. mutans FR can produce more 
acid in the presence of fluoride [10, 23, 24]. However, in 
the absence of fluoride, S. mutans FR acid production 
rates are inconsistent and can be higher [10], lower [25], 
or the same [23]. In terms of acid tolerance, there are 
two controversial results. One shows S. mutans FR was 
more acid-sensitive, which could be more easily killed at 
a low pH value [6]. The other exhibits S. mutans FR had 

Fig. 6  The schematic plot of the perturbed pyrimidine metabolism in S. mutans after fluoride-resistant mutation. Pyrimidine-related metabolite changes 
during early log phase (deoxycytidine, light green), stationary phase (dUDP, light blue), and both (CMP, light red). ACP, acyl-carrier protein; CMP, cyti-
dine-5’-monophosphate; dCMP, deoxycytidine monophosphate; UDP, uridine pyrophosphate; dUDP, 2’-deoxyuridine 5’-diphosphate; dUMP, deoxyuri-
dine monophosphate

 

Fig. 5  Metabolic pathway mapping in the KEGG database. The bubbles stand for KEGG pathways during early log phase (a) and during stationary phase 
(b), including vitamin B6 metabolism (orange), purine metabolism (yellow), and pyrimidine metabolism (red). The horizontal axis stands for the relative 
importance of metabolites in the pathways (Impact Value). The vertical axis stands for the significant enrichment significance of metabolites in the path-
ways (-log10(p)). The bubble size stands for the Impact Value. The larger the bubble, the greater the importance of the pathway
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stronger ability to survive in acidified media than the 
wild-type strains [22].

FBP can activate phosphofructokinase (PFK) and pyru-
vate kinase in the glycolysis process and can promote the 
conversion of glucose to lactate [26]. Thus, the activity of 
lactate dehydrogenase in Streptococcus depends on the 
presence of FBP [27]. The fructose phosphotransferase 
system (PTS) transporters from S. mutans produce fruc-
tose-1-phosphate and fructose-6-phosphate, which can 
be converted into FBP by PFK [28].

In our study, we found that the FBP levels from fluo-
ride-resistant S. mutans increased in the stationary phase 
compared to the levels from wild-type one. FBP concen-
tration as a sensor of carbon influx was positively corre-
lated with the growth rate [29]. FBP participates in the 
upstream process of glycolysis, as an important inter-
mediate. It suggests the glycolysis of fluoride-resistant S. 
mutans might be more active than wild-type one. Further 
research includes the effect of FBP from fluoride-resis-
tant strains on the glycolysis and why the acid-producing 
ability of fluoride-resistant strains enhances.

Fatty acid metabolism
Fatty acids in cell membrane play a critical role in main-
taining normal physiological function of cells. When 
cells are subjected to some environmental stress, such 
as temperature, ion, salt, drug, and oxidative stress, they 
can rapidly change their fatty acid composition in the cell 
membrane, alter their morphology, or increase mobil-
ity to resist the damage caused by the external environ-
ment [30, 31]. In cariogenic bacteria, the membranous 
fatty acids keep the acid-base balance inside and outside 
the cell membrane. At pH 5, the proportion of long chain 
monounsaturated fatty acids in the cell membrane of 
S. mutans is increased in response to the acid-resistant 
stress [32]. In our previous work, we also found that the 
amount of long chain monounsaturated fatty acids in the 
cell membrane of S. mutans increased under acidic con-
ditions, and that the amount of monounsaturated fatty 
acids in S. mutans FR increased to a greater extent than 
the parental strains with the enhanced ability of acid 
resistance after S. mutans FR induced [22]. In this study, 
we found that the FBP level of fluoride-resistant strains 
was higher than that of wild-type ones under the same 
conditions.

It is widely accepted that FBP can affect the lipid 
metabolism [26]. It can activate acetyl coenzyme A car-
boxylase (acetyl CoA), and thereby can regulate lipid 
synthesis in yeast [33]. In addition, FBP can activate fatty 
acid synthetase in E. coli, which is probably because FBP 
increased the affinity of acetyl CoA in this bacterium, or 
because FBP promotes the stability of acetyl CoA [34].

Collectively, it is likely that the increased concentra-
tion of FBP in the fluoride resistant strains promotes 

unsaturated fatty acid synthase activity, and thus the 
amount of unsaturated fatty acids in fluoride-resistant 
strains increases. The exact interaction between FBP and 
fatty acid remains unclear. Further studies are warranted.

Metabolic pathway of S. mutans
Currently, the database related to S. mutans metabolites 
has not yet been established. Since the study of S. mutans 
metabolomics is still at the exploratory stage, the poten-
tial biomarkers found in our study can only be speculated 
according to the database related to the metabolites of 
Streptococcus pyogenes M1 476 (serotype M1) (KEGG).

In our study, we found that there were many other dif-
ferent metabolites, for instance, pyridoxamine 5′-phos-
phate (PMP) and UDP, between fluoride-resistant strains 
and their parental strains. These presumably identified 
metabolites are generally related to bacterial vitamin B6 
metabolism (amino acid, carbohydrate, and fatty acid 
metabolism)  and nucleotide metabolism (purine and 
pyrimidine metabolism). Our results are consistent with 
previous studies. In amino acid metabolism pathway, S. 
mutans was inhibited by PMP acting on the glucosyl-
transferase [35]. UDP-associated metabolites [17] were 
reduced in arginine-treated (dental caries preventive 
agent treated) S. mutans from the nucleotide metabo-
lism pathway view. Although the understanding of the 
detailed function of these metabolites is still limited, Eva-
Maria Decker and colleagues reported that the exposure 
of S. mutans to xylitol resulted in distinct gene expres-
sion patterns. Specifically, GtfC exhibited upregulation 
exclusively in the presence of xylitol. Furthermore, under 
xylitol exposure, the upregulation of gtfB was sixfold, 
whereas under sucrose exposure, it was threefold [36]. 
Thus, the involved metabolic pathways of S. mutans FR in 
our study may be due to altered gene functions after the 
mutation of fluoride resistance.

Meanwhile, it is reported that Lysine lactylation, a 
posttranslational modification, affects bacterial survival 
in altered environments and pathogenicity by regulating 
energy metabolism and amino acid metabolism [37]. A 
study on the acetylome patterns of S. mutans reveals that 
the acetyltransferase ActA acetylated lactate dehydroge-
nase (LDH) and hindered LDH’s enzymatic capacity to 
facilitate the transformation of pyruvate into lactic acid, 
consequently diminishing its cariogenicity in a rat caries 
model [38]. The functional role of lactylation at Lys173 of 
RNA polymerase subunit α (RpoA) in S. mutans involves 
the regulation of exopolysaccharides synthesis in glycol-
metabolic pathways [39]. In dental caries, therefore, the 
excess fluoride use may be responsible for the metabolic 
reprogramming to be more favorable for S. mutans FR 
associated with its acidogenicity and acid tolerance.

Systematic mapping of identified metabolites to meta-
bolic pathways involves associating metabolites with the 
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biochemical pathways in which they participate. By doing 
so, we can gain insights into the underlying biological 
processes that are influenced by the observed changes 
in metabolite concentrations. Recently, a genome-scale 
metabolic model for the UA159 strain, named iSMU, 
encompassing 675 reactions and incorporating 429 
metabolites and the outputs of 493 genes, will pave the 
way to a comprehensive understanding of the metabo-
lism of S. mutans [40]. Further research will probably 
reveal a largely unexplored facet of metabolomes toward 
the comprehensive coverage.

Limitations
This study’s exclusive use of anaerobic cultivation for S. 
mutans does indeed prompt important considerations 
regarding the applicability of the findings to aerobic 
conditions in the oral environment. The metabolism 
of S. mutans can exhibit significant variations between 
anaerobic and aerobic environments due to differ-
ences in metabolic pathways, including available energy 
sources, oxygen sensitivity, and redox status. Specifically, 
S. mutans switches fermentation pathways towards oxi-
dative phosphorylation to generate energy. This shift can 
lead to variations in metabolic intermediates, potentially 
impacting the levels of fructose-1,6-bisphosphate and 
other metabolites [26]. Understanding these differences 
in metabolic pathways between anaerobic and aerobic 
conditions is crucial for comprehending the physiologi-
cal adaptations of S. mutans. This knowledge is valuable 
in the context of dental caries, where variations in the 
oral environment can impact the metabolic strategies 
employed by this bacterium.

Also, the single use of metabolomics technology may 
limit the identification of the distinguished markers 
between S. mutans UA and S. mutans FR. Due to a lack 
of a complete functional database for metabolomics, 
the unknown markers found in our study were not fully 
identified. Further research by multiple complementary 
analytical platforms needs to validate our results, such as 
transcriptomic analyses, DNA sequencing, and/or quan-
titative PCR.

Conclusions
In summary, the elevated FBP concentration of S. mutans 
FR indicates its upgraded ability to produce acid and its 
enhanced capacity to tolerate acidic environment. This 
discriminant metabolite marker of S. mutans FR may 
lead to an applicable strategy to explore the cariogenic 
and fluoride resistant mechanisms.
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