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Streptococcus mutans is a key etiological agent in dental caries, owing to its strong ability to form biofilms through carbohydrate fermentation. Protein acetylation, facilitated by GNAT family acetyltransferases, plays a critical regulatory role in bacterial physiology, but its impact on S. mutans remains largely unexplored. In this study, we investigated the role of the GNAT family acetyltransferase encoded by smu_1558c in regulating the growth and biofilm formation of S. mutans. The deletion of smu_1558c resulted in impaired growth, reduced biofilm formation, and diminished synthesis of water-insoluble extracellular polysaccharides (EPS). Proteomic analysis revealed 166 differentially expressed proteins in the deletion mutant, with significant enrichment in pathways related to carbohydrate transport and metabolism, and translation. Notably, glucosyltransferases GtfB and GtfC, key enzymes in biofilm formation, were significantly downregulated in the deletion mutant, while ClpL, a Clp-like ATP-dependent protease involved in protein homeostasis under stress conditions, was highly upregulated. These findings highlight that acetyltransferase smu_1558c plays a crucial role in the growth, biofilm formation, and EPS synthesis of S. mutans through its regulation of carbohydrate transport and metabolism pathways, as well as stress response mechanisms. This study provides novel insights into the molecular mechanisms governing S. mutans pathogenicity and suggests potential therapeutic targets for caries prevention.
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1 Introduction

Dental caries is one of the most prevalent infectious diseases worldwide, imposing significant economic burdens and affecting the quality of life for individuals (Pitts et al., 2017; Simón-Soro and Mira, 2015). The disease is driven primarily by the dysbiosis of the dental plaque microbiome, characterized by an overgrowth of cariogenic microorganisms (Rosier et al., 2018; Lamont et al., 2018). Among these, Streptococcus mutans is recognized as a primary causative agent due to its physiological traits of high acidogenicity, aciduricity, and the ability to produce exopolysaccharides (Cugini et al., 2019). In the presence of sucrose, S. mutans-derived glucosyltransferases (Gtfs) synthesize polysaccharides that form an extracellular polymeric matrix (Zhang et al., 2021). This matrix enhances the local accumulation and cohesion of microbes on teeth surfaces, providing a protective environment that enhances the bacteria’s tolerance to environmental stresses (Nishimura et al., 2012). Over time, S. mutans and other embedded acidogenic organisms ferment sugars within this matrix, creating a highly acidic microenvironment that ultimately leads to the demineralization of tooth enamel and dentin, resulting in tooth decay (Klein et al., 2015; Koo et al., 2013). The pathogenicity of S. mutans is thus intricately linked to its biofilm formation and metabolic activities.

Protein acetylation is a crucial post-translational modification (PTM) that modulates various protein functions, playing a significant role in cellular processes (Narita et al., 2019; Shvedunova and Akhtar, 2022). In prokaryotes, protein acetylation is primarily facilitated by enzymes from the GCN5-related N-acetyltransferases (GNATs) family (Carabetta and Cristea, 2017; Ren et al., 2017). These enzymes transfer acetyl groups from donor molecules, such as acetyl coenzyme A (acetyl-CoA), to lysine residues on target proteins, thereby influencing their activity, stability, and interactions. GNAT family acetyltransferases are involved in diverse biological processes, including bacterial drug resistance, transcription regulation, oxidative stress response, heat resistance, and metabolism (VanDrisse and Escalante-Semerena, 2019; Christensen et al., 2019; Liu et al., 2021). This widespread involvement underscores the importance of GNAT family acetyltransferases in bacterial adaptability and survival (Ma et al., 2021; Burckhardt and Escalante-Semerena, 2020).

Based on NCBI genome annotation, we identified 15 GNAT family acetyltransferases in S. mutans (Ajdic et al., 2002). In our previous research, we constructed overexpression strains for each of these acetyltransferases to investigate their functions. Our findings revealed that ActA and ActG significantly influence the acid production and biofilm formation capabilities of S. mutans, respectively (Ma et al., 2022; Ma et al., 2021). However, the functions of the remaining acetyltransferases are not well understood. To further elucidate their roles, we also constructed deletion mutants for each acetyltransferase, allowing us to study the phenotypic consequences of their absence. These investigations aim to uncover the specific contributions of each acetyltransferase to the physiological and pathogenic traits of S. mutans.

In this study, we focused on smu_1558c, a putative GNAT family acetyltransferase, to elucidate its role in the growth and biofilm formation of S. mutans. By constructing a mutagenesis library of GNAT family acetyltransferases, we identified that the deletion of smu_1558c significantly impaired bacterial growth. We further investigated the phenotypic consequences of smu_1558c deletion on biofilm formation and EPS synthesis. In addition, we used quantitative proteomics to explore the global changes in protein expression associated with the deletion of smu_1558c, highlighting significant alterations in pathways related to carbohydrate transport and metabolism, and stress response mechanism. These results provide new insights into the regulatory mechanisms governing S. mutans biofilm formation and pathogenicity.



2 Materials and methods


2.1 Bacteria strains and growth conditions

S. mutans UA159 was obtained from the American Type Culture Collection (ATCC 700610). S. mutans and its derivatives were routinely grown in a brain–heart infusion broth (BHI, Difco, Sparks, MD, United States) at 37°C anaerobically (90% N2, 5% CO2, 5%H2). For biofilm formation assays, additional sucrose (1%, w/v) was supplied to BHI broth. Escherichia coli (E. coli) strains were grown in Luria–Bertani medium (LB; Difco, Sparks, MD, United States) supplemented with spectinomycin (100 μg/mL) when necessary. Bacterial strains, plasmids, and primers used in our study are listed in Supplementary Table S1.



2.2 Construction of deletion mutants

The in-frame deletion mutants of S. mutans UA159 were constructed using a two-step transformation method as previously described (Xie et al., 2011). In brief, approximately 1 kb regions upstream and downstream of the open reading frame of the target genes were amplified using primers upF/upR and dnF/dnR, respectively. These PCR products were then ligated into the IFDC2 by overlapping PCR with upF/dnR primers for each gene. The resultant fragment was transformed into UA159, and transformants were selected on BHI plates containing erythromycin (12.5 μg/mL). For the markerless in-frame deletion of smu_1558c, upstream and downstream fragments of the targeted genes were amplified using primers smu_1558c upF/smu_1558c updnR and smu_1558c dnF/smu_1558c dnR, respectively, and ligated using primers smu_1558c upF/smu_1558c dnR. The resulting fragments were transformed into the first-step selected strains, which were then selected on BHI plates with p-chlorophenylalanine (4 mg/mL). Deletion mutants were confirmed by PCR and sequencing.



2.3 Construction of overexpression strains

To construct the overexpression strains of smu_1558c, the smu_1558c and ldh promoter were amplified from S. mutans genomic DNA by PCR using primers smu_1558c-F/ smu_1558c-R-SalI and ldh-F-SacI/ldh-R, respectively. These fragments were assembled by overlap extension PCR with primers ldh-F-SacI/smu_1558c-R-SalI. The E. coli-Streptococcus shuttle vector pDL278 (LeBlanc et al., 1992) was digested with SacI and SalI and ligated with the purified PCR product using T4 ligase (Takara Bio, Japan) to yield pDL278-smu_1558c. The recombined plasmids were transformed into the UA159 and confirmed by PCR and sequencing.



2.4 Growth curve measurement

Overnight cultures of S. mutans and its derivatives were subcultured in BHI broth until the optical density at 600 nm (OD600 nm) to 0.5 and then diluted 1:100 in fresh BHI broth. Bacterial growth was monitored hourly by measuring OD600 nm using a microplate reader (BioTek, United States). Each strain was performed in triplicate, with the experiment being independently repeated three times.



2.5 Biofilm formation assay and quantification of water-insoluble EPS

Overnight cultures of S. mutans and its derivatives were grown in sucrose-supplemented BHI broth in 48-well polystyrene plates for 6 h and 24 h. Each strain was performed in triplicate, with the experiment being independently repeated three times. Biomass was quantified using the crystal violet staining method as previously described (Gong et al., 2021; Xu et al., 2011). In brief, the medium was removed, and the biofilm was washed twice with phosphate-buffered saline (PBS) solution and then stained with 0.1% crystal violet for 15 min. The dye was dissolved in 33% acetic acid, and the absorbance was measured at OD600 nm (BioTek, United States).

The water-insoluble extracellular polysaccharides (EPS) in biofilms were quantified according to the previously described method with minor modifications (Xiang et al., 2019; Chen et al., 2021). Biofilms were incubated for 6 h and 24 h in 48-well polystyrene plates. Each strain was performed in triplicate, with the experiment being independently repeated three times. Cells in each well were resuspended in 1 mL of PBS and centrifuged at 10,000 g for 10 min at 4°C. The supernatant was discarded, and the pellet was washed twice with PBS. The pellet was then resuspended in 1 mL of 1.0 M NaOH and incubated for 2 h at 37°C to extract the water-insoluble glucans. The alkali-soluble carbohydrate solution (200 μL) was mixed with anthrone-sulfuric acid reagent and heated at 95°C for 5 min. The absorbance was measured at OD625 nm (BioTek).



2.6 Scanning electron microscopy analysis

Overnight cultures of S. mutans and its derivatives were diluted 1:10 into fresh BHI broth and grown to an OD600 nm of 0.5 and then diluted 1:100 in BHI broth supplemented with 1% sucrose (w/v) at 37°C under anaerobic conditions on glass coverslips in 12-well plates for 6 h and 24 h. After biofilm formation, the biofilms were fixed with 2.5% paraformaldehyde, dehydrated with a gradient series of ethanol, dried, and gold-coated. The samples were then observed under SEM at 1,000×, 5,000×, and 20,000× magnification.



2.7 Confocal laser scanning microscopy analysis

The bacterial cells and EPS of S. mutans biofilm were labeled with SYTO 9 (Molecular Probes, Invitrogen, United States) and Alexa Fluor 647-labeled dextran conjugate (Molecular Probes, Invitrogen, United States), respectively, as previously described (Xiao et al., 2012; Yu et al., 2024). The cells were grown on a μ-Slide 8 Well culture plate (ibidi GmbH, Germany) for 24 h. Imaging was performed using CLSM (Nikon A1, Japan) with a 60× oil immersion lens. We collected at least three random fields of view for each strain and conducted three independent biological replicates. Fluorescence was detected at 495–515 nm for SYTO 9 and 655–690 nm for Alexa Fluor 647 with the same settings for each time-point biofilm. Quantified analysis was by Image J. Image files were converted to individual grayscale multipage Tiff images for each slice. Grayscale images were converted into bio-formats and consistent thresholding parameters for all images. Biomass of bacteria and EPS were calculated by COMSTAT 2.1 plug-in component individually (Tian et al., 2010).



2.8 SDS-PAGE analysis

Overnight cultures of S. mutans and its derivatives were diluted 1:10 into fresh BHI broth and grown to an OD600 nm of 0.5. The cells were harvested, homogenized, and centrifuged, and the proteins in the supernatant were quantified using a bicinchoninic acid (BCA) assay. Protein samples were mixed with 5× loading buffer and separated by electrophoresis on 8–20% Precast-Gel (Solarbio, China).



2.9 Proteome analysis

For proteome analysis, S. mutans UA159 and UA159 Δ1558c were cultured overnight, diluted 1:10 into BHI broth, and grown to an OD600 nm of 0.5. Then, cells were collected by centrifuge at 4,000 g for 10 min at 4°C and snap-frozen in liquid nitrogen for 15 min. Subsequently, the samples were sent for Tandem Mass Tag (TMT)-based quantitative proteomics (Majorbio Co., Ltd., China). All analyses were performed on the free online Majorbio Cloud Platform.1 Gene-annotation enrichment analysis and functional annotation clustering of the differentially expressed proteins (DEPs) were performed using the DAVID bioinformatics resources V6.7.2 Significant enrichment categories with a p-value less than 0.05 were considered. Protein–protein interactions (PPIs) for DEPs were analyzed using Cytoscape V3.9.1 (Institute of Systems Biology, Seattle, WA). The PPI network was obtained from the STRING database.3



2.10 Statistical analysis

Statistical analyses were conducted using Prism 8 (Graph Pad, United States) and SPSS software V25.0 (SPSS Inc., America). Parametric data are presented as means, with error bars representing standard deviations. An unpaired Student’s t-test was used to compare means between two groups, while one-way analysis of variance (ANOVA) followed by the Student–Newman–Keuls test was used to compare means among multiple groups. For experiments involving two factors, two-way analysis of variance (ANOVA) was performed, followed by Sidak’s post-hoc test for pairwise comparisons. Statistical significance was accepted at a two-tailed p-value of < 0.05.




3 Results


3.1 Deletion of smu_1558c impaired the growth of Streptococcus mutans

To investigate the role of acetyltransferases in the growth of S. mutans, we constructed a mutagenesis library of GNAT family acetyltransferases and measured the growth differences between the mutant strains. The initial screen revealed that the UA159 Δ1558c::IFDC2 strain exhibited delayed growth during the logarithmic phase compared to the parental strain UA159 (Supplementary Figure S1). To further elucidate the impact of smu_1558c on the growth of S. mutans, the markerless in-frame deletion strain UA159 Δ1558c and the overexpression strain UA159/pDL278-1558c were constructed.

Consistently, the markerless in-frame deletion strain UA159 Δ1558c was significantly slower during the logarithmic phase compared to the wild-type strain UA159 (Figure 1A). Similarly, the overexpression strain UA159/pDL278-1558c also exhibited a delayed growth rate during the logarithmic phase compared to the control strain UA159/pDL278, although this delay was less pronounced than that observed in the UA159 Δ1558c strain (Figure 1A). However, no significant differences were observed among all strains during the stationary phase. These results suggest that the smu_1558c plays a critical role in regulating the growth of S. mutans.
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FIGURE 1
 Effect of smu_1558c on bacterial growth, biofilm formation, and water-insoluble EPS synthesis in S. mutans. (A) Growth curves of UA159, UA159/pDL278, UA159 Δ1558c, and UA159/pDL278-1558c in anaerobic conditions for 16 h. (B–E) The biofilm biomass was determined by crystal violet staining assay and anthrone-sulfuric acid method when cultured in BHIS (1% sucrose, wt/vol) in anaerobic conditions for 6-h (B,C) and 24-h (D,E), respectively. Data represent three independent experiments (** p < 0.01, *** p < 0.001, or **** p < 0.0001; ns, not significant).




3.2 Deletion of smu_1558c inhibited the water-insoluble EPS synthesis and biofilm formation

To better understand the role of smu_1558c in the pathogenesis of S. mutans, we evaluated its impact on biofilm formation and water-insoluble EPS synthesis, the primary virulence factors in the development of dental caries. Biofilm biomass and water-insoluble EPS synthesis were quantified using crystal violet dye staining and the anthrone-sulfuric acid method, respectively. As shown in Figures 1B,C, the deletion strain UA159 Δ1558c exhibited a significant reduction in biofilm biomass and water-insoluble EPS production in 6-h biofilms, compared to the wild-type strain UA159. Similarly, the overexpression strain UA159/pDL278-1558c also showed a significant reduction in biofilm biomass and water-insoluble EPS production in 6-h biofilms compared to the control strain UA159/pDL278, though the reduction in water-insoluble EPS production was less pronounced than that observed in the smu_1558c deletion strain. For 24-h biofilms, the deletion strain UA159 Δ1558c continued to show a significant reduction in biofilm biomass and water-insoluble EPS production compared to the wild-type strain UA159 (Figures 1D,E). However, no significant differences in biofilm biomass and water-insoluble EPS production between overexpression strain UA159/pDL278-1558c and its control strain UA159/pDL278 were observed (Figures 1D,E).



3.3 Deletion of smu_1558c altered the three-dimensional structure of biofilms

To further investigate the structural changes caused by the deletion of smu_1558c, we used scanning electron microscopy (SEM) to analyze 6-h and 24-h biofilms. As shown in Figure 2A, the deletion strain UA159 Δ1558c exhibited a porous and less compact biofilm structure compared to the wild-type strain UA159 in the 6-h biofilms. This spongy structure with reduced water-insoluble EPS is consistent with the decreased biofilm biomass and EPS synthesis observed in Figures 1B,C. The overexpression strain UA159/pDL278-1558c also showed a similar, though slightly less pronounced, porous biofilm structure compared to the control strain UA159/pDL278. For 24-h biofilms, the deletion strain UA159 Δ1558c continued to exhibit a relatively porous structure with reduced biofilm density compared to the wild-type strain UA159, whereas the overexpression strain UA159/pDL278-1558c did not show significant structural differences from its control strain UA159/pDL278 (Figure 2C). To correlate these structural changes with bacterial viability, we measured colony-forming units (CFUs) from 6-h and 24-h biofilms (Figures 2B,D). In the 6-h biofilms, the deletion strain UA159 Δ1558c and the overexpression strain UA159/pDL278-1558c showed a significant reduction in CFUs compared to UA159 and UA159/pDL278, indicating that the reduced biofilm biomass may be partially attributed to lower bacterial cell numbers (Figure 2B). In the 24-h biofilms, the deletion strain UA159 Δ1558c continued to exhibit a significant reduction in CFUs compared to UA159, while no significant differences were observed between UA159/pDL278-1558c and UA159/pDL278 (Figure 2D).
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FIGURE 2
 Effect of smu_1558c on biofilm architecture of S. mutans. (A,C) Scanning electron microscopy analysis of the structure of 6-h (A) and 24-h (C) biofilms. Images were captured at 1,000×, 5,000×, and 20,000× magnification. Representative images are shown from at least 5 randomly selected positions of each sample. (B,D) The colony-forming units (CFUs) from 6 h (B) and 24 h (D) biofilms were counted. The results are presented as mean ± SD. Data represent three independent experiments (* p < 0.05; ns, not significant).


In addition, we also observed the biofilm structure and water-insoluble EPS using confocal laser scanning microscopy (CLSM). Bacterial cells were stained with SYTO 9 (green), while EPS were labeled with Alexa Fluor 647 (red). In the 6-h biofilms, UA159 Δ1558c and UA159/pDL278-1558c exhibited reduced bacterial density and decreased EPS production compared to UA159 and UA159/pDL278, respectively (Figure 3A). The CLSM analysis revealed that the deletion strain UA159 Δ1558c exhibited a significant reduction in biofilm biomass compared to the wild-type strain UA159 (Figure 3B). In the 24-h biofilms, UA159 Δ1558c continued to show sparse biofilm and minimal EPS compared to UA159 and no significant differences between UA159/pDL278-1558c and UA159/pDL278 (Figure 3C). The CLSM analysis showed that the UA159 Δ1558c strain continued to exhibit a significant reduction in biofilm biomass compared to the wild-type strain UA159. However, no significant differences in biofilm biomass were observed between the overexpression strain UA159/pDL278-1558c and its control strain UA159/pDL278 (Figure 3D). These results indicate that the deletion of smu_1558c impacts the growth, biofilm formation, and EPS synthesis in S. mutans, leading to structural changes in the biofilm and affecting its density and composition.

[image: Figure 3]

FIGURE 3
 Effect of smu_1558c on biofilm architecture and composition of S. mutans. (A) Confocal laser scanning microscopy (CLSM) images of three-dimensional visualization of bacteria (green) and EPS (red) of 6-h biofilms. (B) Biomass analysis of 6-h biofilms. (C) CLSM images of three-dimensional visualization of bacteria (green) and EPS (red) of 24-h biofilms. (D) Biomass analysis of 24-h biofilms. Images were captured at 60× magnification, and the three-dimensional reconstructions of biofilms were performed. Data represent three independent experiments (** p < 0.01, *** p < 0.001; ns, not significant).




3.4 Quantitative proteomics analysis of the UA159 Δ1558c

To further investigate the regulatory mechanisms underlying the observed phenotypic changes, we examined the protein profiles of cell lysates from the UA159, UA159/pDL278, UA159 Δ1558c, and UA159/pDL278-1558c strains using SDS-PAGE analysis. Although the banding patterns of most proteins were similar across all strains, there was a significantly upregulated protein band in the molecular weight range of 70 kDa to 100 kDa in the strain UA159 Δ1558c (Supplementary Figure S2). Then, we conducted a comparative proteomic analysis between UA159 and UA159 Δ1558c. As shown in the volcano plot, there are 166 differentially expressed proteins (fold change > 1.2) between UA159 and UA159 Δ1558c (Figure 4A). Of these, 96 proteins were significantly upregulated, and 70 proteins were significantly downregulated (Figures 4A,B; Supplementary Tables S2, S3) in UA159 Δ1558c. Among the upregulated proteins, ClpL (encoded by smu_956) was the most significantly upregulated, showing high abundance (Figure 4A; Supplementary Figure S3; Supplementary Table S4).
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FIGURE 4
 Differential proteomic analysis of UA159 and UA159 Δ1558c. (A) Volcano plot shows the differentially expressed proteins in the deletion strain UA159 Δ1558c compared to the wild-type strain UA159. Proteins significantly upregulated (up) are shown in red, while downregulated proteins (dn) are in green. Non-significant proteins (ns) are shown in gray. (B) Functional categorization of differentially expressed proteins based on clusters of orthologous genes (GOG) classification. (C,D) GO enrichment analysis (C) and KEGG pathway enrichment analysis (D) of the upregulated and downregulated proteins in the UA159 Δ1558c.


Further analysis of the differentially expressed proteins (DEPs) revealed a diverse range of functional categories affected by the deletion of smu_1558c. These categories mainly include carbohydrate transport and metabolism, translation, ribosomal structure and biogenesis, amino acid transport and metabolism, and proteins with unknown functions (Figure 4B). To better understand the functional implications of DEPs in UA159 Δ1558c, we conducted enrichment analysis using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). As shown in Figure 4C, GO enrichment analysis unveiled the upregulated proteins were primarily enriched in transcription, DNA-templated, and PTS system, and the downregulated proteins were primarily enriched in peroxiredoxin activity. KEGG pathway analysis revealed that upregulated proteins were enriched in fructose and mannose metabolism and PTS systems, and the downregulated proteins were enriched in ABC transport systems (Figure 4D).

To further understand the functional interactions of the DEPs in UA159 Δ1558c, we utilized the search tool for the retrieval of interacting genes/proteins (STRING) database to analyze protein–protein interaction (PPI) networks. Combining cluster analysis by the molecular complex detection (MCODE) module in Cytoscape v3.9.1, we characterized several highly interconnected networks (Figure 5; Supplementary Table S5). Notably, proteins in cluster 1 are predominantly associated with ABC transporters, while proteins in cluster 2 are mainly involved in starch and sucrose metabolism (Figure 5; Supplementary Table S5). In addition, it is noteworthy that both glucosyltransferase GtfB and GtfC, which are related to biofilm formation, were downregulated in cluster 2. This analysis aligns with the functional categories analysis, which indicated significant enrichment in pathways related to metabolism and transport.

[image: Figure 5]

FIGURE 5
 Top two clusters of highly interconnected downregulated proteins in UA159 Δ1558c. Interaction networks of proteins (listed by gene names) were analyzed using the MCODE plug-in toolkit in the Cytoscape software (version 3.9.1). (A) Cluster 1, enriched in ABC transporters. MCODE score = 7, nodes = 7, edges = 21. (B) Cluster 2, enriched in starch and sucrose metabolism. MCODE score = 4, nodes = 9, edges = 16. The detailed cluster information is in Supplementary Table S5.


These comprehensive analyses provide valuable insights into the regulatory mechanisms affected by smu_1558c deletion and highlight potential carbohydrate transport and metabolism pathways that may impact the growth and biofilm formation of S. mutans.




4 Discussion

Biofilm formation is a crucial virulence factor for S. mutans, contributing significantly to dental caries through its complex regulatory mechanisms involving various genetic and environmental factors (Shokeen et al., 2021). Previous studies have highlighted the roles of two-component systems, transcription factors, and sRNAs in regulating biofilm formation in S. mutans (Chen et al., 2021; Lei et al., 2019; Li et al., 2018; Yin et al., 2020). Acetyltransferase, responsible for the protein acetylation, also plays an essential role in bacterial biofilm formation (Armalytė et al., 2023; Lin et al., 2020). In this study, we focused on the GNAT family acetyltransferase SMU_1558c and its impact on S. mutans growth and biofilm formation.

The results showed that the deletion strain UA159 Δ1558c exhibited a pronounced growth defect during the logarithmic phase compared to the wild-type strain UA159. This growth impairment could be linked to disruptions in carbohydrate transport and metabolism, as revealed by our proteomic analysis. The downregulation of ABC transport systems and key metabolic pathways, such as fructose and mannose metabolism, suggests that smu_1558c may be involved in regulating nutrient acquisition and utilization (Luz et al., 2012; Davidson and Chen, 2004; Soni et al., 2020; Lee et al., 2018). Interestingly, the overexpression strain UA159/pDL278-1558c also showed impaired growth, although the effects were less pronounced than those observed in the deletion strain. This suggests that a balanced expression of smu_1558c is required for optimal growth and that both overexpression and deletion can disrupt these processes. This finding underscores the complexity of acetyltransferase-mediated regulation in S. mutans, where precise control of acetyltransferase expression is necessary for maintaining cellular homeostasis.

Dental biofilms provide a protective niche for S. mutans and enable them to persist in the oral cavity, which is fundamental to the cariogenicity of S. mutans. Our results showed that smu_1558c deletion significantly reduced biofilm formation and water-insoluble EPS production in both 6-h and 12-h biofilms. This is supported by the downregulation of glucosyltransferases GtfB and GtfC, key enzymes involved in synthesizing EPS that form the structural backbone of the biofilm matrix (Atta et al., 2024; Hoshino and Fujiwara, 2022; Tamesada et al., 2004). In addition, the significant reduction in colony-forming units (CFUs) in the smu_1558c deletion strain suggests that the diminished biofilm biomass and EPS production are partially due to lower bacterial cell numbers. The biofilm analysis using scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) revealed that the deletion of smu_1558c leads to a porous and less compact biofilm structure, consistent with the reduced biofilm biomass and EPS synthesis observed in the quantitative assays.

Proteomic analysis revealed extensive changes in protein expression profiles in the smu_1558c deletion strain, providing deeper insights into the underlying regulatory mechanisms. Among the 166 differentially expressed proteins, the most notable was ClpL, a Clp-like ATP-dependent protease, which was significantly upregulated in the deletion strain. ClpL is a member of the heat shock protein (Hsp) 100 family, which is unique to Gram-positive bacteria and plays a role in protein homeostasis under stress conditions (Park et al., 2015; Suokko et al., 2005). Interestingly, previous studies have shown that the deletion of clpL enhances biofilm formation in the presence of sucrose in Staphylococcus aureus, Pseudomonas aeruginosa, Enterococcus faecalis, and Porphyromonas gingivalis (Feng et al., 2021; Frees et al., 2004; He et al., 2019; Ju et al., 2021; Mawla et al., 2021; Zhang et al., 2015; Zheng et al., 2020). This suggests that the upregulation of ClpL may represent a compensatory mechanism in response to protein homeostasis disturbances caused by the loss of smu_1558c.

To fully elucidate the role of SMU_1558c in S. mutans, future studies should focus on acetylome profiling to identify specific acetylation targets of SMU_1558c and their regulatory effects (Liu et al., 2014; Sun et al., 2019). Understanding the precise mechanisms by which SMU_1558c modulates protein expression through acetylation will provide deeper insights into the regulatory networks governing bacterial physiology and pathogenicity.

In conclusion, our study highlights the significant role of the GNAT family acetyltransferase SMU_1558c in regulating the growth and biofilm formation of S. mutans. The deletion of smu_1558c leads to growth delay, reduced biofilm formation, and decreased EPS synthesis, primarily through the alterations in carbohydrate transport and metabolism pathways, as well as stress response mechanisms. These findings contribute to our understanding of the regulatory mechanisms underlying S. mutans biofilm formation and offer potential therapeutic strategies for disrupting biofilm formation and preventing dental caries.
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SUPPLEMENTARY FIGURE S1 | Growth curves of the GNAT family acetyltransferases gene deficient strains. The growth of UA159 and its derivative mutants (UA159 Δ386::IFDC2, UA159 Δ639::IFDC2, UA159 Δ844::IFDC2, UA159 Δ850::IFDC2, UA159 Δ1072c::IFDC2, UA159 Δ1154c::IFDC2, UA159 Δ1253c::IFDC2, UA159 Δ1392c::IFDC2, UA159 Δ1483c::IFDC2, UA159 Δ1558c::IFDC2, UA159 Δ1654c::IFDC2, UA159 Δ1730c::IFDC2, UA159 Δ2055::IFDC2, and UA159 Δ2072c::IFDC2) was monitored in anaerobic condition for 12 h by measuring OD600 nm at regular intervals.



SUPPLEMENTARY FIGURE S2 | SDS-PAGE analysis of total protein extracts from UA159 and its derivative strains. SDS-PAGE gel showed the total protein profiles of wild-type UA159, UA159/pDL278, UA159 Δ1558c, and UA159/pDL278-1558c. A prominent upregulated protein band in UA159 Δ1558c in the molecular weight range of 70 kDa to 100 kDa.



SUPPLEMENTARY FIGURE S3 | Protein-protein interaction (PPI) network of differentially expressed proteins in UA159 Δ1558c. The network illustrates interactions between upregulated and downregulated proteins in Δ1558c, based on fold changes from proteomic analysis. Each node represents a protein, with green indicating downregulated proteins and red indicating upregulated proteins. The intensity of the color corresponds to the degree of fold change: dark red indicates upregulation by 2-fold, red by 1.5-fold, and light red by 1.2-fold; dark green indicates downregulation by 2-fold, green by 1.5-fold, and light green by 1.2-fold. The interaction data was obtained from the STRING database, and the network was analyzed using CYTOSCAPE V3.9.1. Notably, ClpL is significantly upregulated, as highlighted in dark red.
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