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Abstract

:

The acidogenicity of Streptococcus mutans is important for caries development. The antimicrobial peptide GH12 can affect the integrity of cellular membranes and the virulence factors of S. mutans. Combining GH12 and NaF (GF) efficiently controlled the development of caries, but its mechanisms remained unrevealed. This research intended to verify the effects of GF on the acidogenicity of S. mutans biofilms and to reveal the mechanisms. Lactic acid production assays and pH monitoring assays were conducted to investigate the regulatory effects of the GF treatment on the acidogenicity of S. mutans biofilms. RNA sequencing and bioinformatics analyses were conducted to screen the transcriptional profile affected by the GF treatment. The results demonstrated the GF group had significantly less lactic acid and maintained the broth’s pH values above 5.0 for longer times. Thereafter, GO/KEGG enrichment analyses and RT-qPCR validation revealed that the GF treatment mainly restrained the expression of genes related to the carbohydrates’ internalization and metabolism. Compared with NaF, the GF treatment further downregulated the carbohydrates transportation genes. Moreover, compared with GH12, the GF treatment affected the membrane’s integrity more significantly. Generally, GF treatment could arrest the acidogenicity of S. mutans biofilms, mainly through suppressing carbohydrates transportation and inhibiting overall metabolism.
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1. Introduction


Dental caries is one of the most common diseases worldwide. As a chronic infectious disease, it imposes a large economic burden on public healthcare [1]. Untreated caries can cause complicated issues that are costly and time-consuming to solve, such as long-term chronic pain, further infection, tooth loss and systemic health risk, and eventually impair the quality of life [2]. This disease is considered to be the undesirable consequence of the interaction between acidogenic bacteria and improper dietary habits over time [3]. Many factors are involved in the onset and development of dental caries, including fluoride exposure, salivary quality, salivary flow, oral hygiene habits and cariogenic bacteria. A variety of caries-related pathogens have been widely studied and are believed to play vital roles in the onset and development of caries. Among all the species found in dental plaque, Streptococcus mutans (S. mutans) shows superior abilities in acid production, acid resistance and the synthesis of exopolysaccharides (EPS), which determine its irrefutable role in the development of caries [4]. One of the most direct cariogenic factors of S. mutans is its acidogenicity [5]. The fluctuation of pH within the plaque and the mineral homeostasis of hard dental tissues are maintained well under healthy circumstances. However, this homeostasis can be disturbed by bad dietary habits. When introduced to extra carbohydrates, the composition of dental plaque can be altered into a pathogenic form. The acidogenic and aciduric bacteria gain a competitive advantage over other species through a massive intake of carbohydrates for producing acid, mainly through specific phosphoenolpyruvate-dependent phosphotransferase (PEP-PTS) pathways [6]. As a result, the overall metabolic direction of dental plaque tilts towards acid production, resulting in a low pH value that causes a net mineral loss [7]. Thus, arresting the acidogenicity of S. mutans is of vital importance in halting the development of caries.



One of the widest-applied caries prevention strategies is fluoride. Water fluoridation was once the primary source of fluoride intake decades ago, which made a great contribution to reducing the incidence of caries [8]. Nowadays, various fluoride applications have emerged according to the needs of different situations, such as fluoride mouth rinses for daily use, fluoride gels for professional local application and fluoride supplements for systemic application [9]. The anticaries mechanisms of fluoride can be divided into mineral and intracellular pathways [10]. Briefly, fluoride replaces the hydroxyl group in hydroxyapatite to form fluorapatite, which has better acid resistance and can thus inhibit the process of demineralization. It can also remain in the plaque’s micro-environment in the form of calcium fluoride, which increases the level of calcium retention and promotes the process of remineralization. As well as its function in mineral balance, fluoride also exerts an intracellular effect on the activities of bacteria. Usually, fluoride enters the cells through diffusion in the form of HF, resulting in the accumulation of fluoride and the acidification of cytoplasm, which disturbs glycolysis by inhibiting enolase. The inactivation of enolase thus leads to reduced production of phosphoenolpyruvate (PEP) and therefore suppresses the function of PEP-PTS, which is the main path of glucose internalization. Moreover, the activity of F-ATPase can be inhibited by F− under the existence of Al3+, which further limits proton efflux. However, those functions are observed when intracellular fluoride concentration is at least 200 ppm, which is unachievable under the currently applied dosages, especially when bacteria have formed dental plaque to gain extra resistance to environmental factors [11]. It is worth noting that although some scientists suggest increasing the dose of fluoride applied, the anticaries effects seem to be far less than the risks of inducing side effects or toxic effects [12]. Thus, although it has been widely accepted as a mainstay of caries management, fluoride seems to have reached a limit in the prevention of caries.



Antimicrobial peptides (AMPs) are a series of innate defense peptides responding to pathogenic intruders. They have attracted much attention on account of their broad-spectrum antibacterial property and less tendency to be resisted [13]. AMPs can be divided into α-helixes, β-folds, Cys-rich and other forms according to their structures, and can also be divided into natural AMPs and synthetic AMPs according to their sources [14]. A large number of natural AMPs have been detected and studied for their antibacterial efficacies, including oral-derived AMPs found in humans, such as β-defensin, which is expressed by oral epithelial cells as well as the salivary glands [15]; lactoferrin, which is found in most saliva neutrophils [16]; adrenomedullin, which is secreted by the oral epithelial cells [17]; calprotectin, which is expressed in the neutrophils, monocytes, macrophages, and epithelial cells [18]; and LL-37, which is a cathelicidin-derived AMP found in oral neutrophils as well as epithelial cells [19]. However, poor stability, a short half-life, a quick removal period and high cost are inevitable limitations of natural antimicrobial peptides.



In our previous studies, we designed a new antimicrobial peptide, GH12 (Gly-Leu-Leu-Trp-His-Leu-Leu-His-His-Leu-Leu-His-NH2), which has a relatively low molecular weight of 1487.8 and a positive net charge of 4. The hydrophilic and hydrophobic amino acid residues are separately distributed on both sides of the helical wheel, leading to a typical amphiphilic α-helical structure [20]. It was found that GH12 can be adsorbed by anion sites on bacterial membranes through electrostatic interaction, and then GH12 disturbed the membrane through its α-helical structure and eventually caused depolarization or perforation of the membrane, thus playing an antibacterial role. According to our previous research, GH12 can effectively inhibit the growth and biofilm formation of S. mutans at the minimal inhibitory concentration (MIC) of 8 mg/L. In addition, we also found that the acid-producing ability of S. mutans significantly decreased after treatment with sub-MIC levels of GH12 (4 mg/L). RT-qPCR confirmed that the expression of genes related to the production of lactic acid (ldh), the synthesis of EPS (gtfB/C/D) and two-component signal transduction systems (vicR, liaR) decreased simultaneously compared with the untreated group [21]. Furthermore, we demonstrated that GH12 at the MIC not only reduced the proportion of S. mutans in a three-species bacteria model, but also inhibited the acidogenicity of the biofilm [22]. In another in vivo study, we topically applied 8 mg/L of GH12 to the teeth of rats with a camel hair brush for 5 min three times daily. The results proved that 8 mg/L of GH12 suppressed the onset and development of dental caries in rats [23]. Moreover, a stronger caries-controlling effect was observed when GH12 (8 mg/L) was combined with NaF (250 ppm) three times daily for 5 min each in a rodent model [24]. Therefore, we speculated that GH12 not only disturbed bacterial cell membranes but also directly affected the process of acid production in S. mutans. This activity might be attributed to its intracellular interaction with specific PEP-PTS pathways to arrest the transmembrane transportation of carbohydrates or its inhibition of certain enzymes related to carbohydrate metabolism. In addition, since GH12 performed better in the presence of fluoride, we hypothesized that as well as possible cellular activities to arrest the acid production of S. mutans, GH12 also provides fluoride with an extra ability to enter into bacterial cells through its perforating ability [24], and thus inhibited the acidogenicity of S. mutans more strongly.



Thus, the purpose of this research was to verify the inhibitory efficacy of GH12 and NaF on the acid production of S. mutans biofilms and to reveal the underlying mechanisms. To mimic clinical application patterns, NaF, GH12 and their combination were applied to S. mutans biofilms for a short period. A lactic acid production assay was conducted, and the biofilm’s pH was monitored to detect the alterations in the bacteria’s acidogenicity. Transcriptome sequencing (RNA-seq) and bioinformatic analyses were conducted to explore the mechanisms, and RT-qPCR was used for validation. To the best of our knowledge, this is the first time that the synergy between and the mechanisms behind the antimicrobial peptide and NaF in suppressing the acidogenicity of Streptococcus mutans biofilms have been confirmed.




2. Materials and Methods


2.1. Peptide, Reagents and Bacteria


Peptides were synthesized and purified by GL Biochem (Shanghai, China). Following the Fmoc-solid phase peptide method, GH12 (Gly-Leu-Leu-Trp-His-Leu-Leu-His His-Leu-Leu-His-NH2) was synthesized. After being identified by liquid chromatography-tandem mass spectrometry, GH12 was further purified to 98%. GH12 was freeze-dried in powder form and stored at −20 °C. Streptococcus mutans UA159 samples were obtained from the State Key Laboratory of Oral Diseases at Sichuan University (Chengdu, China). S. mutans was grown in brain heart infusion (BHI) broth (Oxoid, UK) anaerobically (85% N2, 10% H2, 5% CO2) at 37 °C; 1% sucrose was added to the BHI broth for culturing the S. mutans biofilm. Unless otherwise stated, all chemicals were purchased from Solarbio (Beijing, China).




2.2. Biofilm Culture and Treatment


The S. mutans biofilms were cultured in six-well plates. Unstimulated whole saliva was acquired from five healthy caries-free volunteers (three male and two female) aged between 22 and 25 years old. All donors were instructed to abstain from food and drink for 30 min before sampling. The donors had no history of smoking and had been free from antibiotics for at least 3 months. The saliva was collected with the approval of the Institutional Review Board of the West China Hospital of Stomatology (WCHSIRB-D-2018-109) and sterilized with 0.45 μm filters. First, 200 μL of sterile saliva was added to each well and incubated at 37 °C for 2 h to form a mimetic acquired enamel pellicle (AEP). After the addition of 2 mL of BHIS containing 1 × 106 CFU/mL of S. mutans to each well, the plates were incubated anaerobically at 37 °C for 18 h to form S. mutans biofilms. Double-distilled water (DDW) was used to treat the negative control group. The treatment groups included (1) 250 ppm of NaF, (2) 8 mg/L of GH12, and (3) 250 ppm of NaF and 8 mg/L of GH12 (the GF group). Three replicates were established for each group. All the reagents were diluted using DDW and were sterilized by filtration with 0.45 μm filters. A short-term treatment of 5 min was used in all the groups to mimic clinical treatment patterns (Figure 1). Briefly, 1 mL of the reagents was added to the corresponding wells for 5 min, and phosphate-buffered saline (PBS) was used for rinsing before and after the treatment.




2.3. Lactic Acid Production Assays


S. mutans biofilms were prepared and treated as mentioned above. After the treatment, the biofilm was gently washed twice with PBS to remove the planktonic bacteria and the residual medium. Next, 1 mL of buffered peptone water (BPW) with 0.2% sucrose was supplied to each well for 2 h of anaerobic incubation at 37 °C. The BPW supernatants were collected and then centrifuged to remove planktonic bacteria for an assessment of the lactic acid using a lactate assay kit (catalog number A019-2; Jiancheng, Nanjing, China). A spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used to detect the absorbance at 570 nm. The concentration of lactic acid was calculated using the standard curve. The experiment was repeated three times.




2.4. Monitoring of the Biofilm’s pH


S. mutans biofilms were prepared in 24-well plates, as mentioned above. Short-term treatments were applied at certain time points. After rinsing with PBS, fresh medium was added to the wells. At each time point, supernatants of the medium were collected for testing the pH with a pH meter (Thermo Scientific, Waltham, MA, USA). The average value of three repeated tests from each well was considered to be the pH value of the sample. The experiment was repeated three times.




2.5. RNA Extraction, Library Preparation and RNA Sequencing


S. mutans biofilms were prepared in 24-well plates, as mentioned above. After 10 short-term treatments, the S. mutans biofilms were scraped gently from the plate. The samples were then centrifuged at 8000× g rpm, 4 °C, washed twice with PBS, and immediately frozen in liquid nitrogen for 4 h. The samples were then stored at −80 °C until later use. Three replicates were established for each group.



For RNA extraction, TRIzol® reagent (Invitrogen) was used to disrupt the cell membrane of the bacteria and inhibit the release of nuclease. After grinding under liquid nitrogen in fastrep tubes, the RNA of the samples was extracted with chloroform and separated by a high-salt solution (TaKara, Kusatsu, Japan) and isopropanol. After centrifugation, DEPC water was added to the samples according to the size of the precipitate at the bottom of the tubes. The genomic DNA was removed using DNase I (Takara). The extracted RNA samples were determined by an Agilent 2100 BioAnalyzer System, and the concentration was determined by a NanoDrop 2000. High-quality RNA samples (OD260/280 = 1.8–2.0, OD260/230 ≥ 1.0, 23S:16S ≥ 1.0, concentration ≥ 100 ng/μL, total amounts ≥ 2 μg) were used for subsequent construction of the RNA library.



The RNA library was constructed as described in the TruSeqTM RNA Sample Preparation Kit (Illumina, San Diego, CA, USA), including mRNA purification, mRNA fragmentation, cDNA synthesis and modification, library enrichment and sequencing. After amplification, the Picogreen dsDNA (TBS380) Kit was used to test the concentration of dsDNA and remove single-stranded DNA. The Agilent 2100 Bioanalyzer System was used to test the samples’ size and purity. The samples were mixed according to the proportions in the data and prepared for sequencing.



The HiSeq X Ten kit v2.5 was prepared according to the manufacturer’s instructions, which contained the cluster reagents used for the cBot system, as well as the SBS reagents, labeling reagents and the double-end sequencing reagents used for the HiSeq X Ten kit. Bridge PCR amplification was performed on the cBot system to generate clusters. After inputting the operating parameters, loading SBS reagents with the fluidic system and installing the flow cells loaded with gene clusters, double-ended RNA sequencing was then performed using the Illumina HiSeq X Ten (2 × 150 bp) kit.




2.6. Bioinformatic Analysis


The sequencing results were converted to text signals as raw data in fastq format using CASAVA base recognition. The reference genome’s accession number is GCF_000007465.2. The amount of data prepared for quality control was at least 2 Gb, and the proportion of Q20 was higher than 90%. SeqPrep was used to remove splice sequences from the sequencing data, and Sickle (version 1.33) was used to filter the unqualified reads to obtain clean reads. The clean reads were mapped using the local alignment method in Bowtie2 (version 2.2.9) to obtain mapped data for the subsequent analysis. Basic functional annotation was performed on the reference genome, and the protein sequences were matched with six major databases, including the NR database, the Swiss-Prot database, the Pfam database, the EggNOG database, the GO database and the KEGG database, to obtain the corresponding functional and pathway annotations. The genes were annotated by all 6 databases, and the best-matched information of each database was taken as the annotation information. Gene expression levels were quantified using RSEM by calculating the transcripts per million reads (TPM). Then, Venn analysis, Pearson’s correlation analysis and principal component analysis (PCA) were performed according to the gene expression levels in different samples. DESeq2 software (version 1.24.0) was used to calculate the differentially expressed genes (DEGs) among the groups. The genes for which the adjusted p value and the BH multiple test correction result of the P-value were less than 0.05, and with |log2Fold Change| ≥ 1 were defined as the DGEs. The DEGs of interest from the four experimental groups were pooled as a gene set for further GO and KEGG enrichment analysis.




2.7. Validation by Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)


The results of RNA-seq were verified by RT-qPCR. The S. mutans biofilms were cultured and treated as mentioned above. After extracting the total RNA from the samples, the PrimeScriptTM Reverse Transcription Kit (RR047A, Takara) containing the gDNA Eraser was used to synthesize the cDNA. The key DEGs were selected to conduct the RT-qPCR validation based on the GO and KEGG enrichment results, and the specific primers were designed using Primer3web version 4.1.0 (https://primer3.ut.ee/), as shown in the Supplementary Materials (Table S3). Each 25 μL PCR reaction mix contained 12.5 μL of SYBR® Premix Ex Taq TM II (RR820A, Takara), 80 ng of cDNA, 1 μL of the forward primers and 1 μL of the reverse primers, both at 10 μM. The qPCR was performed on a CFX96 real-time reaction system (Bio-Rad, Hercules, CA, USA) with 30 cycles of thermal cycling (95 °C for 5 s, 60 °C for 30 s) as reported previously [25]. The transcription level of the 16S rRNA gene was taken as the internal reference, and the 2−ΔΔCt method was used to calculate the fold change in gene expression. The experiment was repeated three times.




2.8. Statistical Analysis


SPSS 20.0 (IBM, Armonk, NY, USA) was used for statistical analysis. The significance level α was set to 0.05. In the lactic acid production assay, the significance of the inter-group differences was assessed using one-way ANOVA, while the intra-group differences were assessed using Tukey’s HSD test. In the test of S. mutans biofilms’ pH, pairwise analysis of the pH values among groups at each time point was performed using Dunnett’s t-test. Sidak’s t-test was used for a statistical test of differential gene expression among groups, and the significance level α was set to 0.05.



Goatools was used for the GO enrichment analysis, and a p-adjust value of less than 0.05 (Fisher’s exact test) was considered to be significantly enriched for this GO function. For the KEGG pathway enrichment analysis, an R script was used to calculate the Rich factor, which is the ratio of the number of genes in the DEGs annotated to the pathway to the number of genes annotated to the pathway in all genes. When the p-adjust was less than 0.05, the KEGG pathway was considered to be significantly enriched. The false discovery rate (FDR) procedure of Benjamini and Hochberg [26] was used to correct for multiple hypothesis testing (FDR = 0.05). The total transcriptome data were uploaded to a public database (https://www.ncbi.nlm.nih.gov/sra/PRJNA913612, accessed on 18 December 2022).





3. Results


3.1. The Effects of the GF Combination on Arresting the Acidogenicity of S. mutans Biofilms


The linear standard curves of lactic acid concentrations and OD570 values are provided in the Supplementary Materials (Figure S1). The lactic acid produced by S. mutans biofilms within 2 h is shown in Figure 2A. A significantly lower lactic acid concentration was detected in the GF group, which displayed lower lactic acid production than any of the individually applied treatments (p < 0.05). As illustrated in Figure 2B, all the experimental treatments expressed efficacy in delaying the decrease in the pH of S. mutans biofilms after the fresh medium was changed, and the GF group had better pH values that were higher than those of the other groups at all the tested time points (p < 0.05). Collectively, the variation in the pH of the GF group was consistent with its outcomes for lactic acid production, implying that the GF group has an outstanding ability to restrain the lactic acid production of S. mutans biofilms and thus delayed the pH drop of S. mutans biofilms.




3.2. RNA-seq and Analysis of Differentially Expressed Genes


The sequencing data were compared with the standard genome of S. mutans UA159 (GCF_000007465.2), as shown in Table S1 in the Supplementary Materials, resulting in a match rate of more than 97% with at least 94% of clean reads that matched the unique position of the reference gene set, thus reflecting the high reliability of the collected data.



As shown in Table S2 in the Supplementary Materials, 1859 genes in total were annotated in the public databases for all the groups. The Venn plot in Figure 3A shows that 1835 genes were co-expressed in all four groups, indicating that no wide gene mutation had occurred in any of the treatment groups. Moreover, the GF and GH12 groups displayed fewer gene transcription activities, hinting that the expression of certain genes might be inhibited in these two groups.



The PCA diagram in Figure 3B demonstrates that the DDW group and the NaF group displayed similar characteristics, while the GH12 group shared some similarities with the GF group. No mixed clustering was observed among the samples within the groups. The NaF group showed a negligible ability to induce transcriptional alterations in S. mutans biofilms alone. However, transcriptional alterations were widely observed when GH12 was applied, which further confirmed the intracellular functions of GH12. Moreover, the transcriptional difference between the GH12 and GF groups could be attributed to the additional application of NaF, which suppressed the expression of extra 60 genes. The DEGs of interest in the groups are illustrated as a scatterplot in Figure 3C. There were 675 DEGs between the GF group and the DDW group, of which 302 genes were significantly upregulated in the GF group, and 373 genes were downregulated in the GF group (p-adjust < 0.05). When we focused on the GF group and the NaF group, 640 DEGs were detected, of which 287 genes were upregulated in the GF group, and 353 genes were downregulated in the GF group (p-adjust < 0.05). Moreover, 66 DEGs were detected between the GF group and the GH12 group, of which 60 genes were downregulated in the GF group (p-adjust < 0.05), suggesting that additional application NaF led to the suppression of certain genes. Collectively, these findings were in agreement with previous research, showing that low concentrations of NaF had a minor effect on bacterial activities, and GH12 showed a stronger intracellular effect in comparison.




3.3. The Effects of the GF Combination on the Expression of Acid-Producing Genes of S. mutans Biofilms


DEGs between the GF group and the DDW group were used for the GO and KEGG enrichment analysis to explore the significantly enriched functions and pathways. As shown in Figure 4A, the top three downregulated GO pathways were GO:0008643 (carbohydrate transport), GO:0009072 (aromatic amino acid family metabolic process) and GO:0009073 (aromatic amino acid family biosynthetic process) (p-adjust < 0.05). The top three upregulated GO pathways were GO: 0042558 (pteridine-containing compound metabolic process), GO:0051253 (negative regulation of RNA metabolic process) and GO: 0006760 (folic acid-containing compound metabolic process) (p-adjust < 0.05). Collectively, the application of GF significantly arrests the transportation of carbohydrates and the amino acid metabolism of S. mutans biofilms.



As shown in Figure 4B, six KEGG pathways were significantly downregulated by the GF group, of which the top three enriched pathways were the PEP-PTS pathways, fructose and mannose metabolism, and the ATP-binding-cassette transporters (ABC transporters) pathways (FDR < 0.05). These results were consistent with GO functional enrichment analysis, which showed that the application of GF inhibited the main carbohydrate transportation pathways of S. mutans.



If we combine the outcomes of the GO/KEGG analyses, 18 genes related to carbohydrate transport were selected for subsequent RT-qPCR validation, as shown in Table 1. The names and description of the functions of the genes selected for RT-qPCR are listed in the first and second columns. The ratios of the TPM reads of GF/DDW in the third column demonstrate that the GF group showed lower gene expression levels when the ratios were below 1. Moreover, the outcomes of RT-qPCR (2−ΔΔCT) in the fourth column indicated a lower gene expression level for the GF group when the value was less than 1. Thus, the outcomes of RT-qPCR validated the results of the RNA-seq analysis (p < 0.05). They collectively confirmed that the GF group significantly downregulated the genes related to the transmembrane transport of carbohydrates.




3.4. The Additional Effects of the GF Combination on S. mutans Biofilms Compared with Applying GH12 or NaF Alone


The 640 DEGs between the GF group and NaF group were pooled as a gene set for further GO and KEGG enrichment analyses (Figure 5). According to the GO enrichment analysis (Figure 5A), the GF group showed less activity in certain functions, such as GO:0009401 (PEP-PTS), GO:008643 (carbohydrate transport), GO: 0071702 (organic substance transport), GO:0051243 (establishment of localization), GO:0006810 (transport) (p-adjust < 0.05). These downregulated functions were consistent with the outcomes of the KEGG analysis (Figure 5B). Thus, compared with the application of NaF alone, the GF group exhibited enhanced inhibition of PEP-PTS, transportation of carbohydrates and other catabolic processes.



To explore the contribution of NaF in the GF combination, 60 downregulated DEGs in the GF group (compared with the GH12 group) were established as a gene set for GO enrichment analysis (Figure 6). Compared with the GH12 group, the GF group showed a notable suppression of membrane integration, the ribosome, response to external stimulus, disaccharide metabolic processes, and cellular carbohydrate metabolic processes (p-adjust < 0.05). These results showed that the GF group further disturbed the intracellular environment of S. mutans with the help of NaF, which led to a further influence on the processes of sugar metabolism.





4. Discussion


The purpose of our research was to verify the efficacy of the GF combination on the acidogenicity of S. mutans biofilms and to reveal the underlying mechanisms. The lactic acid production assay and the pH test together led to the conclusion that GF showed better efficacy in arresting the acidogenicity of S. mutans biofilms than the DDW group and the individual treatment groups. Moreover, the RNA-seq and bioinformatics analyses demonstrated that GF suppressed the expression of specific PTS-related genes and metabolism-related genes of S. mutans biofilms thus inhibiting the transportation of carbohydrates and metabolism.



Known as the principal bacteria responsible for the development of caries, S. mutans takes advantage of its outstanding acidogenic and aciduric properties. Lactic acid has been reported as the major final acidic metabolite of the carbohydrate metabolism of S. mutans and is believed to be responsible for the notable drop in the pH of the micro-environment of dental plaque [27]. According to Figure 2, the GF group performed better in arresting the production of lactic acid compared with the other groups. Moreover, as the predominant end product of carbohydrate fermentation, lactic acid indirectly reflects the metabolic state of bacteria [28]. Thus, the decrease in the production of lactic acid by S. mutans biofilms indicated that the application of these agents put extra stress on S. mutans biofilms and led to an impaired metabolic status. In support of this, the GF group displayed a notable ability to inhibit the decrease in the pH of S. mutans biofilms. These facts indicated that the GF combination was able to suppress the overall acidogenicity of S. mutans biofilms.



Prokaryotic RNA-seq utilizes high-throughput sequencing technology to enable an accurate annotation of the transcriptome’s features and has been widely used to determine the differential expression of different strains and/or conditional transcripts [29]. As shown in Figure 3, among all 1859 annotated coding genes, there were 1835 co-expressed genes in the four groups, indicating that the treatments caused no wide gene mutations. The PCA revealed that the GH12 group and the GF group showed similar but well-demarcated characteristics, which were distinct from those of the DDW and NaF groups, indicating that NaF alone induced minor transcriptional alterations of S. mutans biofilms. This correlates with the theory that although fluoride has some intracellular efficacy, it faces a barrier against entry into the cell. In addition, the difference between the GF and GH12 groups might be attributed to the addition of NaF.



The PTS is a series of carbohydrate-specific transporters that dominate the active transport of certain carbohydrates in Gram-positive bacteria [30]. As saccharolytic organisms, caries-related pathogens, especially S. mutans, is highly dependent on PTS not only to fulfill the energy demands for metabolism and reproduction but also to create an acid microenvironment and thus gain a growth advantage through further fermentation of internalized carbohydrates [31]. The general suppression of carbohydrate transport according to the GO/KEGG analysis (Figure 4) and validation of the related genes through qPCR (Table 1) indicated that the overall carbohydrate transport and metabolism of S. mutans biofilms were inhibited by the GF combination.



Besides, the ABC transporter was also downregulated by the GF group (Figure 4). It is widely recognized that ABC transporters are responsible for the uptake of disaccharides and oligosaccharides [32]. The knockdown of two ABC transporter proteins, SMU0836 and SMU0837, led to the increased sensitivity of S. mutans to antibiotics [33]. Moreover, the inhibition of CslAB, an ABC transporter, impaired the ComDE density-sensing system in S. mutans [34]. Thus, inhibiting the ABC transporter’s function can lead to the impaired efflux of bacteria in response to drugs, toxins, and other stressors. On the basis of the points above, it was speculated that GF not only inhibits the metabolic processes of S. mutans biofilms but also limits the efflux of GH12 and NaF, so that the GF group had a greater effect on the functional activity of S. mutans than GH12/NaF applied alone.



Under the GF treatment, an increase in the synthesis of nucleic acids of S. mutans biofilms was observed, while RNA transcription and carbohydrate transportation were suppressed, hinting that S. mutans biofilms attempted to carry out energy-consuming processes of synthesis even when the energy metabolism was insufficient. The abnormal employing of energy reminded us that the bacteria were experiencing severe environmental stress and tried to initiate pathways such as DNA repair or resistance to oxidative stress [35]. However, such efforts seemed vain since the subsequent transcription and translation were inhibited.



The PTS pathways were originally reported to be one of the intracellular targets of fluoride [36]. The GO and KEGG analysis of the DEGs between the GF group and the NaF group (Figure 5) revealed the enhanced suppression of the PTS pathways and sugar metabolism by the GF group. It was deduced that GH12 disrupted the cell membrane’s integrity, which allowed more fluoride to act on the subunit of PTS and enter the bacterial cell to affect the metabolism. As shown in Figure 6, compared with the GH12 group, the GF group inhibited the membrane’s integration, ribosomes, the response to external stimuli, metabolic processes of disaccharides and cellular carbohydrates. These results showed that the GF group further disturbed the intracellular environment of S. mutans with the help of NaF, which led to a further influence on the processes of sugar metabolism.



In summary, combining GH12 and fluoride could arrest the acid production of S. mutans biofilms, mainly by suppressing the PTS-related transportation of carbohydrates and thus inhibiting the overall metabolism. However, as caries is a multifactorial disease, arresting the acidogenicity of S. mutans may make convincing but also limited contributions to caries control. Other measures, such as maintaining oral hygiene or adopting healthy dietary habits, also play vital roles in preventing caries. Moreover, most dental caries were found to have already formed in clinical circumstances. Antibacterial measures that can prevent the onset of caries or halt the development of caries are clearly not enough to treat caries. Although fluoride has proven to be helpful in rebalancing mineral homeostasis, other measures that enhance the remineralization of impaired enamel are also ideal strategies for treating caries, especially those that provide biomimetic mineralization of caries lesions such as Zinc Hydroxyapatite [37,38], Ca/P-PILP [39] and TiO2-HAP nanoparticles [40]. Thus, future research should focus on building a strategy to prevent and treat caries at the same time, probably by adopting antibacterial agents and biomimetic mineralizing agents as sequenced treatments.




5. Conclusions


Collectively, our work demonstrated that the combination of the antimicrobial peptide GH12 and fluoride showed promising efficacy in arresting the acidogenicity of S. mutans biofilms, mainly by suppressing PTS-related genes and inhibiting bacterial metabolism. The combination exhibited better efficacies than any other individually applied treatments. However, antibacterial strategies face limitations in the prevention and treatment of caries. As well as maintaining oral hygiene and healthy dietary habits, biomimetic measures promoting mineralization as a sequenced treatment are also a promising direction for future surveys.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms11071796/s1, Figure S1: Standard curve of lactic acid concentration (calculated by corresponding OD570 values); Table S1: Matching rate of sequencing data between samples and standard S. mutans genome (UA159, GCF_000007465.2); Table S2: Gene annotation results in public databases; Table S3: Primers used in RT-qPCR validation.





Author Contributions


Conceptualization, Y.W., Y.Z., Y.C. and L.Z.; methodology, Y.Z., Y.C. and Y.W.; validation, Y.Z., Y.C., C.D., X.J. and Y.W.; formal analysis, Y.Z., Y.C., C.D., X.J. and Y.W.; investigation, Y.Z., Y.C., C.D., X.J. and Y.W.; data curation, Y.Z. and Y.W.; writing—original draft preparation, Y.Z.; writing—review and editing, Y.Z., Y.C., C.D., X.J., Y.W. and L.Z.; visualization, Y.Z., Y.C. and C.D.; supervision, Y.W. and L.Z.; project administration, Y.W. and L.Z.; funding acquisition, Y.W. and L.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research and APC were funded by the National Natural Science Foundation of China (grant number 81970931), the Sichuan Science and Technology Program (2023YFS0343), the Chengdu Science and Technology Program (2023-YF09-00008-SN) and National College Student’s Innovation and Entrepreneurship Training Program (20231543L).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of West China Hospital of Stomatology (WCHSIRB-D-2018-109) for the studies involving human-derived saliva samples.




Data Availability Statement


The transcriptomic data presented in this study are openly available from [https://www.ncbi.nlm.nih.gov/sra/PRJNA913612, accessed on 18 December 2022].




Acknowledgments


The authors gratefully acknowledge the financial support from the National Natural Science Foundation of China (grant number 81970931), the Sichuan Science and Technology Program (2023YFS0343), the Chengdu Science and Technology Program (2023-YF09-00008-SN) and National College Student’s Innovation and Entrepreneurship Training Program (20231543L). The authors gratefully acknowledge the RNA-seq technical support from Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wen, P.Y.F.; Chen, M.X.; Zhong, Y.J.; Dong, Q.Q.; Wong, H.M. Global Burden and Inequality of Dental Caries, 1990 to 2019. J. Dent. Res. 2022, 101, 392–399. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.N.; Wong, H.M.; Wen, P.Y.F.; Wu, Y.; Zhong, Y.J.; Jiang, Y. Burden, Trends, and Inequality of Dental Caries in the U.S., 1990–2019. Am. J. Prev. Med. 2023, 64, 788–796. [Google Scholar] [CrossRef] [PubMed]

	



Butera, A.; Gallo, S.; Pascadopoli, M.; Montasser, M.A.; Abd El Latief, M.H.; Modica, G.G.; Scribante, A. Home Oral Care with Biomimetic Hydroxyapatite vs. Conventional Fluoridated Toothpaste for the Remineralization and Desensitizing of White Spot Lesions: Randomized Clinical Trial. Int. J. Environ. Res. Public Health 2022, 19, 8676. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Wang, Y.; Zhang, S.; Li, J.; Li, X.; Ying, Y.; Yuan, J.; Chen, K.; Deng, S.; Wang, Q. Association of polymicrobial interactions with dental caries development and prevention. Front. Microbiol. 2023, 14, 1162380. [Google Scholar] [CrossRef]

	



Ribeiro, A.A.; Paster, B.J. Dental caries and their microbiomes in children: What do we do now? J. Oral Microbiol. 2023, 15, 2198433. [Google Scholar] [CrossRef]

	



Costa Oliveira, B.E.; Ricomini Filho, A.P.; Burne, R.A.; Zeng, L. The Route of Sucrose Utilization by Streptococcus mutans Affects Intracellular Polysaccharide Metabolism. Front. Microbiol. 2021, 12, 636684. [Google Scholar] [CrossRef]

	



Lamont, R.J.; Koo, H.; Hajishengallis, G. The oral microbiota: Dynamic communities and host interactions. Nat. Rev. Microbiol. 2018, 16, 745–759. [Google Scholar] [CrossRef]

	



Whelton, H.P.; Spencer, A.J.; Do, L.G.; Rugg-Gunn, A.J. Fluoride Revolution and Dental Caries: Evolution of Policies for Global Use. J. Dent. Res. 2019, 98, 837–846. [Google Scholar] [CrossRef]

	



Veiga, N.; Figueiredo, R.; Correia, P.; Lopes, P.; Couto, P.; Fernandes, G.V.O. Methods of Primary Clinical Prevention of Dental Caries in the Adult Patient: An Integrative Review. Healthcare 2023, 11, 1635. [Google Scholar] [CrossRef]

	



Buzalaf, M.A.R.; Pessan, J.P.; Honorio, H.M.; Ten Cate, J.M. Mechanisms of action of fluoride for caries control. Monogr. Oral Sci. 2011, 22, 97–114. [Google Scholar] [CrossRef]

	



Bijle, M.N.; Abdalla, M.M.; Hung, I.F.N.; Yiu, C.K.Y. The effect of synbiotic-fluoride therapy on multi-species biofilm. J. Dent. 2023, 133, 104523. [Google Scholar] [CrossRef]

	



Boehmer, T.J.; Lesaja, S.; Espinoza, L.; Ladva, C.N. Community Water Fluoridation Levels To Promote Effectiveness and Safety in Oral Health—United States, 2016–2021. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 593–596. [Google Scholar] [CrossRef]

	



Browne, K.; Chakraborty, S.; Chen, R.; Willcox, M.D.; Black, D.S.; Walsh, W.R.; Kumar, N. A New Era of Antibiotics: The Clinical Potential of Antimicrobial Peptides. Int. J. Mol. Sci. 2020, 21, 7047. [Google Scholar] [CrossRef]

	



Magana, M.; Pushpanathan, M.; Santos, A.; Leanse, L.; Fernandez, M.; Ioannidis, A.; Giulianotti, M.; Apidianakis, Y.; Bradfute, S.; Ferguson, A.; et al. The value of antimicrobial peptides in the age of resistance. Lancet Infect. Dis. 2020, 20, e216–e230. [Google Scholar] [CrossRef]

	



Niu, J.Y.; Yin, I.X.; Wu, W.K.K.; Li, Q.L.; Mei, M.L.; Chu, C.H. Antimicrobial peptides for the prevention and treatment of dental caries: A concise review. Arch. Oral Biol. 2021, 122, 105022. [Google Scholar] [CrossRef]

	



Adnan, A.; Nadeem, M.; Ahmad, M.H.; Tayyab, M.; Khan, M.K.; Imran, M.; Iqbal, A.; Rahim, M.A.; Awuchi, C.G. Effect of lactoferrin supplementation on composition, fatty acids composition, lipolysis and sensory characteristics of cheddar cheese. Int. J. Food Prop. 2023, 26, 437–452. [Google Scholar] [CrossRef]

	



Mahendra, J.; Srinivasan, S.; Kanakamedala, A.; Namasivayam, A.; Mahendra, L.; Muralidharan, J.; Cherian, S.M.; Ilango, P. Expression of trefoil factor 2 and 3 and adrenomedullin in chronic periodontitis subjects with coronary heart disease. J. Periodontol. 2023, 94, 694–703. [Google Scholar] [CrossRef]

	



Argyris, P.P.; Saavedra, F.; Malz, C.; Stone, I.A.; Wei, Y.; Boyle, W.S.; Johnstone, K.F.; Khammanivong, A.; Herzberg, M.C. Intracellular calprotectin (S100A8/A9) facilitates DNA damage responses and promotes apoptosis in head and neck squamous cell carcinoma. Oral Oncol. 2023, 137, 106304. [Google Scholar] [CrossRef]

	



Leite, M.L.; Duque, H.M.; Rodrigues, G.R.; da Cunha, N.B.; Franco, O.L. The LL-37 domain: A clue to cathelicidin immunomodulatory response? Peptides 2023, 165, 171011. [Google Scholar] [CrossRef]

	



Wang, Y.; Fan, Y.; Zhou, Z.; Tu, H.; Ren, Q.; Wang, X.; Ding, L.; Zhou, X.; Zhang, L. De novo synthetic short antimicrobial peptides against cariogenic bacteria. Arch. Oral Biol. 2017, 80, 41–50. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, X.; Jiang, W.; Wang, K.; Luo, J.; Li, W.; Zhou, X.; Zhang, L. Antimicrobial peptide GH12 suppresses cariogenic virulence factors of Streptococcus mutans. J. Oral Microbiol. 2018, 10, 1442089. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Wang, Y.; Luo, J.; Li, X.; Zhou, X.; Li, W.; Zhang, L. Effects of Antimicrobial Peptide GH12 on the Cariogenic Properties and Composition of a Cariogenic Multispecies Biofilm. Appl. Environ. Microbiol. 2018, 84, e01423-18. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zeng, Y.; Wang, Y.; Li, H.; Yu, S.; Jiang, W.; Li, Y.; Zhang, L. Antimicrobial peptide GH12 targets Streptococcus mutans to arrest caries development in rats. J. Oral Microbiol. 2018, 11, 1549921. [Google Scholar] [CrossRef]

	



Wang, Y.; Zeng, Y.; Feng, Z.; Li, Z.; Jiang, X.; Han, S.; Washio, J.; Takahashi, N.; Zhang, L. Combined Treatment with Fluoride and Antimicrobial Peptide GH12 Efficiently Controls Caries in vitro and in vivo. Caries Res. 2022, 56, 524–534. [Google Scholar] [CrossRef]

	



Li, M.Y.; Huang, R.J.; Zhou, X.D.; Gregory, R.L. Role of sortase in Streptococcus mutans under the effect of nicotine. Int. J. Oral Sci. 2013, 5, 206–211. [Google Scholar] [CrossRef]

	



Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Ferrer, M.D.; Perez, S.; Lopez, A.L.; Sanz, J.L.; Melo, M.; Llena, C.; Mira, A. Evaluation of Clinical, Biochemical and Microbiological Markers Related to Dental Caries. Int. J. Environ. Res. Public Health 2021, 18, 6049. [Google Scholar] [CrossRef]

	



Poza-Pascual, A.; Serna-Muñoz, C.; Pérez-Silva, A.; Martínez-Beneyto, Y.; Cabello, I.; Ortiz-Ruiz, A. Effects of Fluoride and Calcium Phosphate-Based Varnishes in Children at High Risk of Tooth Decay: A Randomized Clinical Trial. Int. J. Environ. Res. Public Health 2021, 18, 10049. [Google Scholar] [CrossRef]

	



Hor, J.; Gorski, S.A.; Vogel, J. Bacterial RNA Biology on a Genome Scale. Mol. Cell 2018, 70, 785–799. [Google Scholar] [CrossRef]

	



Reizer, J.; Saier, M.H., Jr.; Deutscher, J.; Grenier, F.; Thompson, J.; Hengstenberg, W. The phosphoenolpyruvate:sugar phosphotransferase system in gram-positive bacteria: Properties, mechanism, and regulation. Crit. Rev. Microbiol. 1988, 15, 297–338. [Google Scholar] [CrossRef]

	



Zeng, L.; Walker, A.R.; Burne, R.A.; Taylor, Z.A. Glucose Phosphotransferase System Modulates Pyruvate Metabolism, Bacterial Fitness, and Microbial Ecology in Oral Streptococci. J. Bacteriol. 2023, 205, e0035222. [Google Scholar] [CrossRef]

	



Webb, A.J.; Homer, K.A.; Hosie, A.H. Two closely related ABC transporters in Streptococcus mutans are involved in disaccharide and/or oligosaccharide uptake. J. Bacteriol. 2008, 190, 168–178. [Google Scholar] [CrossRef]

	



Nagayama, K.; Fujita, K.; Takashima, Y.; Ardin, A.C.; Ooshima, T.; Matsumoto-Nakano, M. Role of ABC transporter proteins in stress responses of Streptococcus mutans. Oral Health Dent. Manag. 2014, 13, 359–365. [Google Scholar]

	



Tianlei, L.; Shoubin, X.; Liang, W. ABC Transporter CslAB, a Stabilizer of ComCDE Signal in Streptococcus mutans. Jundishapur J. Microbiol. 2015, 8, 8. [Google Scholar] [CrossRef]

	



Lemos, J.A.; Palmer, S.R.; Zeng, L.; Wen, Z.T.; Kajfasz, J.K.; Freires, I.A.; Abranches, J.; Brady, L.J. The Biology of Streptococcus mutans. Microbiol. Spectr. 2019, 7, GPP3-0051-2018. [Google Scholar] [CrossRef]

	



Ayoub, H.M.; Gregory, R.L.; Tang, Q.; Lippert, F. The influence of biofilm maturation on fluoride’s anticaries efficacy. Clin. Oral Investig. 2022, 26, 1269–1282. [Google Scholar] [CrossRef]

	



Andrea, B.; Carolina, M.; Gallo, S.; Pascadopoli, M.; Quintini, M.; Lelli, M.; Tarterini, F.; Foltran, I.; Scribante, A. Biomimetic Action of Zinc Hydroxyapatite on Remineralization of Enamel and Dentin: A Review. Biomimetics 2023, 8, 71. [Google Scholar] [CrossRef]

	



Butera, A.; Pascadopoli, M.; Gallo, S.; Lelli, M.; Tarterini, F.; Giglia, F.; Scribante, A. SEM/EDS Evaluation of the Mineral Deposition on a Polymeric Composite Resin of a Toothpaste Containing Biomimetic Zn-Carbonate Hydroxyapatite (microRepair (R)) in Oral Environment: A Randomized Clinical Trial. Polymers 2021, 13, 2740. [Google Scholar] [CrossRef]

	



Chen, R.; Jin, R.; Li, X.; Fang, X.; Yuan, D.; Chen, Z.; Yao, S.; Tang, R.; Chen, Z. Biomimetic remineralization of artificial caries dentin lesion using Ca/P-PILP. Dent. Mater. 2020, 36, 1397–1406. [Google Scholar] [CrossRef]

	



Wang, R.; Jia, C.; Zheng, N.; Liu, S.; Qi, Z.; Wang, R.; Zhang, L.; Niu, Y.; Pan, S. Effects of photodynamic therapy on Streptococcus mutans and enamel remineralization of multifunctional TiO2-HAP composite nanomaterials. Photodiagn Photodyn. 2022, 42, 103141. [Google Scholar] [CrossRef]








[image: Microorganisms 11 01796 g001 550] 





Figure 1. Design of the model of the short-term treatment of biofilm. 
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Figure 2. (A) The lactic acid concentration produced by S. mutans biofilms within 2 h after short-term treatment with each reagent. (B) The pH values of S. mutans biofilms at different time points after short-term treatment with each reagent. The results are the mean values from three repeated experiments. *: a significant difference was detected between the linked groups (p < 0.05). ***: a significant difference was detected between the linked groups (p < 0.001). ns—no significant difference. 
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Figure 3. (A) Venn diagram of the number of genes in each group. (B) PCA of the samples. The distance between the groups refers to the similarity of the samples. (C) Scatterplot of the differentially expressed genes detected among groups. The red dots refer to significantly upregulated genes, and the blue dots refer to significantly downregulated genes. 
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Figure 4. (A) GO enrichment circle diagram of DEGs between the GF group and the DDW group, showing the top 20 enriched GO functions. Downregulated and decreasing mean that the GF group showed downregulated gene expression or inhibited function compared with the DDW group. The table provides a description of the corresponding GO functions. (B) Bubble map of the KEGG enrichment pathways of the downregulated DEGs in the GF group (compared with the DDW group). The size of the dots indicates the number of genes enriched in this pathway, and the color of the dots refers to the p-adjust value, indicating the significance of the enrichment set. ***: FDR < 0.001; **: FDR < 0.01; *: FDR < 0.05. 
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Figure 5. (A) GO enrichment circle diagram of the differentially expressed genes between the GF group and the NaF group, showing the top 20 enriched GO functions. Downregulated and decreasing mean that the GF group showed downregulated gene expression or inhibited function compared with the NaF group. Upregulated and increasing mean that the GF group showed upregulated gene expression or increased function compared with the NaF group. The table provides a description of the corresponding GO functions. (B) Bubble map of the KEGG enrichment pathways of the downregulated DEGs in the GF group (compared with the NaF group). The size of the dots indicates the number of genes enriched in this pathway, and the color of the dots refers to the p-adjust value, indicating the significance of the enrichment set. ***: FDR < 0.001; **: FDR < 0.01; *: FDR < 0.05. 
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Figure 6. GO enrichment bar plot of 60 downregulated DGEs in the GF group compared with the GH12 group; *: p-adjust < 0.05. 
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Table 1. RT-qPCR validation of the genes of interest related to the transmembrane transport system (GF vs. DDW) (*: p < 0.05).






Table 1. RT-qPCR validation of the genes of interest related to the transmembrane transport system (GF vs. DDW) (*: p < 0.05).





	Gene Name
	Gene Description
	Fold Change

(GF/DDW)
	2−ΔΔCt

(mean ± SD)





	SMURS07250
	BglG family transcription antiterminator
	0.06
	0.135 ± 0.096 *



	SMURS00600
	Fructose PTS transporter subunit IIA
	0.104
	0.112 ± 0.005 *



	SMURS00595
	Fructose-specific PTS transporter subunit EIIC
	0.114
	0.106 ± 0.005 *



	celB
	PTS cellobiose transporter subunit IIC
	0.389
	0.368 ± 0.014 *



	SMURS01555
	PTSglucitol/sorbitoltransportersubunit IIA
	0.361
	0.308 ± 0.035 *



	SMURS01550
	PTSglucitol/sorbitoltransportersubunit IIB
	0.291
	0.287 ± 0.003 *



	SMURS01545
	PTS glucitol/sorbitol transporter subunit IIC
	0.285
	0.370 ± 0.057 *



	SMURS08595
	PTS mannose/fructose/sorbose transporter subunit IIC
	0.148
	0.192 ± 0.030 *



	SMURS01535
	PTS sugar transporter subunit IIA
	0.398
	0.184 ± 0.143 *



	SMURS00525
	PTS sugar transporter subunit IIB
	0.395
	0.176 ± 0.152 *



	SMURS08590
	PTS sugar transporter subunit IIB
	0.095
	0.134 ± 0.036 *



	SMURS08905
	PTS sugar transporter subunit IIB
	0.068
	0.176 ± 0.137 *



	SMURS08900
	PTS sugar transporter subunit IIC
	0.093
	0.220 ± 0.142 *



	SMURS08600
	PTS system mannose/fructose/sorbose family transporter subunit IID
	0.164
	0.223 ± 0.092 *



	SMURS08895
	PTS system mannose/fructose/sorbose family transporter subunit IID
	0.112
	0.146 ± 0.095 *



	treP
	PTS system trehalose-specific EIIBC component
	0.073
	0.187 ± 0.126 *



	SMURS09355
	PTS transporter subunit IIBC
	0.357
	0.246 ± 0.152 *



	SMURS08435
	Sucrose-specific PTS transporter subunit IIBC
	0.207
	0.200 ± 0.118 *
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