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Abstract 

Introduction. Dental Biofilm or plaque is an assembly of microbial cells 

attached to a surface encased in the extracellular polymeric substance, which 

plays a crucial role in infection persistence. Oral infections are caused by 

opportunistic pathogens that exist in normal balanced microflora of the oral 

cavity, but become pathogenic upon any alteration in the typical biological 

environment of the oral cavity giving them favorable conditions. The early 

colonizers such as Streptococci enhance the infectivity by remodeling the oral 

microbiome and the metabolome. This remodeling may allow other pathogenic 

Streptococcus strains such as  S.mitis, S.oralis, S.sanguia S. gordonii, S.mutans 

to colonize, which can potentially cause problems due to their inherent 

resistance to antibiotics and ability to form biofilms.  

Methods. In this study, we performed mass spectrometry (MS) based 

metabolomic analysis of biofilm formation by Streptococcus mutans strains 

linked to dental caries and those present in the oral microbiome of healthy 

persons to screen Streptococcus strains that can cause caries. Five clinical 

specimens from individuals who had caries disease (Caries active, CA) were 

compared with two isolates from the healthy oral dental microbiota (Caries free, 

CF). 

Results and Discussion. Metabolomic studies were performed to identify the 

mechanism of biofilm formation and adaptations of bacterial strains to the 

human buccal cavity environment, which can lead to better diagnostic strategies 

and antibiotic development for streptococcus. The finding revealed metabolic 

variations in bacterial cells obtained from non-caries and caries subjects. These 

signatures though very general or broad can still be used to characterize the 

caries causing propensities of the oral cavity resident bacteria. 
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Introduction 

Dental Plaque 

Dental plaque is formed due to complex microbial biofilm containing many 

diverse microbial communities with as many as 500 different species of bacteria 

identified in the oral cavity. All the microbial species display a coordinated 

behaviour, and any changes lead to the development of periodontal diseases and 

caries (Moore & Moore, 1994). Dental plaque is a natural and common 

occurrence on the surface of the teeth, primarily the stagnant sites, such as 

interproximal regions or fissures of teeth are ideal spots for developing dental 

plaque. The tooth and tissue surface can be the breeding ground for high-cell-

density biofilm. The biofilm adheres strongly to the salivary pellicle and 

develops further by coordinated colonization of multiple microbes and 

communities. The characteristics of the biofilms suggest that microorganisms 

present in the oral cavity express a complicated inter and intraspecies 

communication mechanism that assists them in mounting a coordinated 

response to changes in the environmental conditions (Shao & Demuth, 2010). 

Primary and permanent teeth are affected by dental caries because of the 

accumulation of plaques formed by bacteria in coronal and root surfaces 

(Palombo, 2011).  They are one of the significant oral health problems affecting 

most people in industrialized countries and affect school children (60-90%) and 

a considerable percentage of adults worldwide. 

Biofilm in the oral plaques 

The Extracellular Polymeric Substance (EPS) is the extracellular matrix that 

drives biofilm formation. It is composed of different proteins, lipids, nucleic 

acids (extracellular-DNA), and polysaccharides. The EPS is crucial not just for 

the attachment of pathogens to the surface but also for the entrapment of 

essential nutrients and for assisting in the formation of structural support to 

protect from host immune response and antimicrobial agents (Flemming et al., 

2007). Biofilm formation is essential for the virulence and pathogenesis of 

many bacterial pathogens, such as  Pseudomonas aeruginosa (Gellatly & 

Hancock, 2013), Staphylococcus aureus (Gordon & Lowy, 

2008), and Escherichia coli (Beloin et al., 2008). 

More than 80% of all chronic and recurrent infections are attributed to biofilm 

production (James et al., 2008), but most antimicrobial treatments available are 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tooth-plaque
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developed by studying the efficacy of the antimicrobial agents against the free-

living pathogenic microorganisms, hence the treatments developed often display 

reduced efficacy against biofilms (Lebeaux et al., 2014; Sharma et al., 2019). 

The oral cavity is also an excellent environment where horizontal gene transfer 

can occur, leading to drug resistance species' emergence. This is because of the 

close and stable proximity of the bacteria in dental plaque.  

Biofilm antibiotic tolerance (BAT) has been defined as the ability of biofilm-

residing bacteria to survive antimicrobial treatment (Anderson & O’Toole, 

2008). It can be broadly divided into innate and induced categories. While 

innate resistance emerges from bacterial growth in biofilms, induced resistance 

is acquired as a response to antimicrobial treatment (Høiby et al., 2010). 

Biofilms often display an increased tolerance against antimicrobial agents; 

hence, biofilm recalcitrance treatment and efficiently eradicating biofilms have 

become problematic.  Previous studies have reported a thousand times enhanced 

tolerance of growing biofilms to antibiotics which otherwise planktonic cultures 

are susceptible to (Davies, 2003). Interestingly, recent studies have identified 

that bacteria associated with gum disease can causes damage to the 

cardiovascular system (Cho et al., 2010). 

Technological advances allow the assessment of the bacterial species in the 

plaque samples obtained from different patients. The light and electron 

microscopy has revealed a degree of order in the colonization pattern of the 

plaque. Early supragingival plaque demonstrates a columnar type of 

arrangement of bacterial species distinct from one another from the tooth to the 

outer surface (Socransky et al., 1998) and consisting mainly of Gram-positive 

facultative anaerobic (streptococci)   (Zambori et al., 2012).  

The frequency of food intake containing high amounts of sucrose has been 

linked to an increased incidence of caries formation. Acidogenic and aciduric 

bacteria, especially streptococci (such as Streptococcus mutans and 

Streptococcus sobrinus), and lactobacilli, rapidly metabolize dietary sugars to 

acid, generating low pH in their vicinity (Marsh, 2006). These organisms also 

grow further, metabolize sugars under low pH conditions, and become more 

active and competitive in contrast to other resident bacterial species that cannot 

survive in low pH. The primary acid-tolerant bacteria associated with the plaque 

are S.mutans, S. salivarius, S. sanguis, S. anginosus, S. constellatus, S. gordonii, 

S.intermedius, S. mitis, S. oralis, S. cricetus, S. rattus, Lactobacillus spp, 

Staphylococci, Micrococci, and Enterococcus faecali (Ogunshe & Odumesi, 

2010; Prasanth, 2011). Initially, streptococci predominate in the plaque and 
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constitute up to 80% of the early plaque population. Thus, a study focusing 

primarily on the metabolic composition and the functional parameters of 

streptococcus as predictors of caries risk can help assess disease severity and its 

evolution. This can be achieved by metabolomics analysis of caries-associated 

Streptococcus mutans using modern mass spectrometry approaches, especially 

under biofilm conditions.   

The metabolites produced by the bacterial population in the oral cavity have the 

potential to influence the upper layers of the biofilm formation hierarchy. The 

acid production of the supragingival plaque biofilm is directly linked to dental 

caries formation. Further, the acids produced cause the environment around it to 

acidify thus altering the microbial population and the enzyme activities of the 

other resident microbes (Takahashi et al., 1997). Hence understanding the 

cariogenicity of the supragingival plaque, biofilm microbiome analysis alone is 

not sufficient and a detailed metabolome analysis is needed.  

Metabolome analysis of oral biofilm  

The metabolome analysis is used to identify and quantify the different 

metabolites in any biological system. Capillary electrophoresis with mass 

spectroscopy is used to quantify metabolites by separating the metabolites 

involved in the central carbon metabolism, including MP, the Pentose phosphate 

pathway, and the TCA cycle (Soga et al., 2003; Takahashi et al., 2010a). 

Capillary electrophoresis acts as a separator for the cell's metabolites including 

various metabolic intermediates. The metabolites from the cells are often polar 

and small ionic molecules. The separated metabolite is subjected to MS, which 

is used for the analysis of the molecular mass of the metabolites. This approach 

can be employed to analyze tiny quantities, such as 10 mg of supragingival 

plaque and for their identification and quantification of the metabolic 

intermediates of the central carbon metabolism.  

Thus, this study aims to identify streptococcus mutans, its biofilm composition, 

and metabolic output from plaque samples collected from healthy control and 

individuals with the caries decayed tooth for comparative analysis. To address 

this, the samples were analyzed using the Capillary Electrophoresis Mass 

Spectrometry (CE-MS) to understand the metabolic products and the pathways 

involved in biofilm formation by S.mutans associated with dental caries were 

mapped. 
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Material and Methodology 

Study Design and Patient selection 

The institutional ethics committee of PMNM Dental College and Hospital, 

Bagalkot, Karnataka, India, approved the study design and issued an ethical 

approval for the study (Ref. No. PMNMDCH/2402/2018-19). Samples were 

categorized into two groups: Control (from healthy Caries Free, CF) and Test 

Subject (from caries decayed teeth, CA). After clinical examination, the 

inclusion criteria of the qualified subjects were an absence of any chronic 

disease (except for the caries lesions in the group of test subjects) or not having 

received antibiotic therapy within the last three months. Five strains from 

individuals who had caries disease were compared with two isolates from the 

healthy oral dental microbiota. 

Plaques samples were collected from both the control and test. A study was 

conducted on the  plaque collected from two healthy not under any antibiotic 

medication. Samples were collected from test and control before and after 

rinsing with an empty stomach in the morning. The samples were collected 

from 0.40±0.45 decayed teeth in test subjects and collected from a tooth without 

brushing in the morning without consumption of any food for at least 2 hours.  

 The culture of this bacterial strain was obtained following an optimized method 

using brain heart infusion (BHI) medium grown anaerobically at 37 °C. An 

equal number of biofilm cells were collected. Once the cell pellet had been 

washed with water for two minutes to eliminate medium components, cells were 

stored in each tube for further processing. Prior to metabolome analysis, strain 

identification was performed by the 16S rDNA sequences. 

The metabolites from the samples were analysed using the CE-MS as described 

previously (Takahashi et al., 2010)  

 

Metabolomic sample preparation 

An equal amount of Biofilm cells were taken from the samples (Figure 1 and 

Figure 2) and weighed in empty microcentrifuge tubes. The biofilm cells in the 

tubes were washed with water for 2 minutes to remove media components. The 

washed cells were weighed to check their new weight. To each tube, lysis buffer 

was added, which was five times the approximate weight of the cells. For 

ultrasonic lysis, cells were suspended in a lysis buffer of 50% MeOH/50% 

Water and sonicated on an ice bath for complete lysis of cells. It was 

centrifuged at 16000g for 10 minutes to precipitate all the proteins. The 
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supernatant containing the metabolites of interest was transferred to a fresh vial 

and dried in a Speedvac. 

 
Figure 1. Streptococcal strains collected from caries free Control sample (SCF)  

 

CE-MS Run Protocol 

Sample clean-up was done using C18 columns and the samples were run for 

peptide mixture analysis. Experiments were performed on the Ultimate 3000 

RSLC nano system coupled with an Orbitrap eclipse. 500ng of the sample was 

loaded onto a C18 column 50cm, 0.3µm Easy-Spray column (Thermo-Fisher 

Scientific). Peptides were eluted with a 0-40% gradient Buffer B (80% 

acetonitrile, 0.1% formic acid) at a flow rate of 300nl/min and injected for MS 

analysis. LC gradients were run for 100 minutes. MS1 spectra were obtained in 

Orbitrap (R=240k; AGQ target=400000; max IT = 50ms; RF lens=30%; mass 

range= 40-2000; centroid data). Dynamic exclusion was employed for 10s 

excluding all charge states for a given precursor. MS2 spectra was collected in 

the linear ion trap (rate=turbo; AGQ target=20000; Max IT=50ms; NCEHCD= 

35%). 

 

 
Figure 1. Streptococcal strains collected from two Test subjects (SCA). 
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Metabolite annotation and pathway analysis 

The metabolites identified in this study were mapped onto Metabolika, 

mZCloud, and Chem Spider to identify compounds and further Kyoto 

Encyclopedia of Genes and Genomes (KEGG) reference pathways, and 

MetaboAnalyst5.0 was used to determine the pathways in which these 

metabolites are involved. Using the aforementioned tools, the pathways that 

were highly enriched for these metabolites were found. 

 

Results and discussion. 

We isolated two strains from patients without caries and five from patients with 

caries. The strains were cultures in traditional BHI media in glass tubes in 

standing condition for biofilm formation. Afterward, the cells were harvested, 

washed, and processed for metabolome analysis. This design of the experiment 

was based on the limitation of low bacterial load in clinical material and with 

the expectation that metabolic changes can be recapitulated for some 

generations even after samples are removed from the native environment.  

Accurate recognition of bacterial isolates is vital for recognizing the microbiota 

in the oral cavity. Hence, first to identify the bacterial species present in the 

plaques 16s rDNA analysis was performed and then metabolomics were 

performed on each dental plaque sample. Due to phenotypic heterogeneity 

across strains of the same bacterial species, some isolates of bacteria may 

express traits that are unusual based on probable bacterial identification (Stager 

& Davis, 1992). Since 16s rDNA is ubiquitously present across bacterial strains, 

16s rDNA-based molecular identification in such cases is rational (Salman et 

al., 2017). The percentage distribution of various bacterial species that made up 

the majority of plaque samples included S. mutans, S. salivarius, S. sobrinus 

and small percentages of S. anginosus, S. constellatus, S. gallolyticu and P. 

glucanolyticus.  

 

Metabolomic Profiling 

We next assessed metabolomic changes in S.mutans biofilms associated with 

samples from caries free control. Figures 3a and b and Figure 4a and b, show 

plots of CE-MS analyses in the study for two test subjects. We identified close 

to 990 ions in positive and negative modes. For each sample over 500 peaks or 

clusters were obtained and integrated, of which 400 were annotated with 

chemical names based on their m/z values and chemical formulae. The rest of 
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the 100 metabolites were putatively annotated. Metabolika, mzCloud and 

ChemSpider were utilized to predict the compositions of the m/z peaks in all 

samples. A total of 30-40 peaks were unambiguously annotated.  

 
Figure 2a. Mass-Spectrometry data for Test Subject 1_p 

 
Sample 1_n 

 
Figure 3b. Sample 2_p 

 
Sample 2_n 
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Figure 4a. sample 3_p 

 
sample 3_n 

 
 Figure 4b. Sample 4_p 

 
sample 4_n 

 

Assessment of metabolic pathways associated with the metabolites 

Using KEGG, Metabolika, and MzCloud search we first identified metabolites 

commonly seen in all test subjects (Table 1). These metabolites were used to 

perform pathway analysis using MetaboAnalyst5.0 to recognise pathways 

similar to previously reported pathways in  Streptococcus mutans. We identified 

~40 metabolic pathways that were significantly active and seen in all test 

subjects (Table 2). Potential biomarkers included changes in the levels of 
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molecules such as Tryptophan, N-acetyl-L-glutamic acid, Indole in four of the 

test subjects. Metabolites including D-(+)-Tryptophan, D-Pantothenic Acid, 

Glycyl-L-leucine, Indole, Isoleucine, L-(-)-Threonine, L-Glutamic acid, L-

Norleucine, L-Phenylalanine, Phenylglyoxylic acid, N-Acetyl-L-glutamic acid 

associated with amino sugar and nucleotide sugar metabolism and 

peptidoglycan biosynthesis were found to be significantly enriched in bacteria 

recovered from test subjects compared to control (Figure 5 and 6). Interestingly, 

as anticipated inter sample metabolite diversity was significant in all the 

samples, which could be due to differences in subject metabolism, dietary 

variations, lifestyle etc. We are not in a position to comment on this as those 

variations could be confounding and cannot be controlled. However, it is also 

imperative to point out here that the observed metabolic remodeling in bacterial 

biofilms could be due to reculturing which was done before the metabolite 

analysis. The enhancement of biosynthetic pathways could be due to ease of 

nutrition availability.  

Glycolysis pathway (SMC00010), Fructose metabolism (SMC00051), Pentose 

phosphate pathways (SMC00030) were also assessed. The identified 

compounds in test subjects did contain multiple abundant metabolites for the 

said pathways, however, the enrichment was not sigficant suggestive that 

central metabolic pathways are not affected. Given that these pathways are 

central to all bacteria cells, it is possible that these pathways rapidly recalibrate 

their activities and enzymes once the nutritional conditions are reset. Given that 

we had cultured these samples in rich BHI medium before metabolic analysis, 

this is not entirely surprising. The results of this experiment performed 

contained all the targeted metabolites in the central carbon metabolism with no 

detection of erythrose 4-phosphate in the pentose-phosphate pathway and low 

detection of cis-aconitate and isocitrate in the TCA cycle. Interestingly, post the 

rinse, significant elevation in glucose 6-phosphate, fructose 6-

phosphate, dihydroxyacetone phosphate, and pyruvate levels in the EMP 

pathway, as well as ribulose 5-phosphate and sedoheptulose 7-phosphate in the 

pentose-phosphate pathway was recorded. Increased variation was observed in 

the metabolic intermediates in the sample. And the metabolome profile of the 

supragingival plaque in vivo was compared to the metabolome profiling of the 

in vitro samples and was found to be similar in the presence of the bacterial 

species.  

These results highlight the importance of the EMP pathway, PPP pathway, and 

the TCA cycle in the microbial population growth in the supragingival plaque. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/erythrose-4-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/isocitric-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/glucose-6-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/fructose-6-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/fructose-6-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/dihydroxyacetone-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/pyruvic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/ribulose-phosphate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sedoheptulose-7-phosphate
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These pathways represent the metabolic pathways reported in the plaque 

bacteria Streptococcus and Actinomyces which reflects the presence of these 

bacteria in the supragingival plaque biofilm (Kolenbrander, 2000; Ximénez-

Fyvie et al., 2000), which was also recorded in the 16S analysis. These results 

suggest the relevance of the bacterial metabolite studies under in vitro 

conditions and its relevance for the estimation of the metabolism of the in vivo 

bacterial population in the dental biofilm systems. Such a system and study can 

be exploited to understand the metabolomics approach to microbiota hence 

revealing insights into the metabolic system and its regulation by the 

heterogeneous microbial species present in the biofilm or the dental plaque.  

Overall, though our experimental design was limited for the biofilm material 

which could be directly obtained from the clinical subjects, we have recorded 

metabolic variations in bacterial cells obtained from non-caries and caries 

subjects. These signatures though very general or broad can still be used to 

characterize the caries causing propensities of the oral cavity resident bacteria.  

Table 1. List of metabolites found in supragingival plaques taken from test 

volunteers after performing CE-MS. 

Test subject A Test subject B Test subject C Test subject D 

Cinnamic acid L-Phenylalanine L-Phenylalanine L-Phenylalanine 

L-Norleucine L-Norleucine L-Norleucine L-Norleucine 

Pyridoxine Imperatorin Pyridoxine Imperatorin 

Valine Pyridoxine 

5-Aminovaleric 

acid D-(+)-Tryptophan 

D-(+)-

Tryptophan D-(+)-Tryptophan D-(+)-Tryptophan Pyridoxine 

Isoleucine Isoleucine Valine Isoleucine 

Pyridoxamine Nicotinamide Isoleucine Nicotinamide 

Proline Pyridoxamine Pyridoxamine Pyridoxamine 

L-Phenylalanine Glycyl-L-leucine Glycyl-L-leucine 

5'-S-Methyl-5'-

thioadenosine 

Safingol Proline Safingol Nicotinic acid 

Nicotinic acid Safingol L-(-)-Methionine Proline 

Glycyl-L-leucine Valylproline Valylproline Glycyl-L-leucine 

(E)-p-coumaric 

acid Desthiobiotin 

(E)-p-coumaric 

acid L-(-)-Methionine 

Desthiobiotin Nicotinic acid 

5'-S-Methyl-

5'thioadenosine Safingol 
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5'-S-Methyl-5'-

thioadenosine 

5'-S-Methyl-5'-

thioadenosine Vigabatrin Vigabatrin 

L-Lysine (E)-p-coumaric acid Paracetamol (E)-p-coumaric acid 

Diethylpyrocarb

onate L-Pyroglutamic acid L-(+)-Arginine Valylproline 

L-Glutamic acid 3-Hydroxy-L-proline L-Tyrosine Paracetamol 

L-Tyrosine L-Glutamic acid L-Glutamic acid L-Glutamic acid 

Nicotinamide Diethylpyrocarbonate L-(-)-Threonine porphobilinogen 

Allopurinol Indole N-Acetylvaline Desthiobiotin 

Phenylglyoxylic 

acid porphobilinogen Desthiobiotin L-(-)-Threonine 

Indole Gly-Leu Indole primidone 

L-Pyroglutamic 

acid primidone primidone Indole 

porphobilinogen Allopurinol L-Theanine 

dihydroxyphenylalan

ine 

D-

PANTOTHENI

C ACID L-(-)-Threonine L-Histidine 

D-PANTOTHENIC 

ACID 

L-(-)-Threonine L-Theanine Allopurinol L-Theanine 

primidone Acetophenone Pyridoxal Phenylglyoxylic acid 

3-Hydroxy-L-

proline 

D-PANTOTHENIC 

ACID N-Acetylornithine 

N-Acetyl-L-glutamic 

acid 

N-

Acetylornithine 

hexahydro-2-oxo-1h-

thieno(3,4-d) 

simidazole-4-

pentanoic acid 

D-

PANTOTHENIC 

ACID Palmitoleic acid 

L-Theanine Spermine 

Phenylglyoxylic 

acid fumitremorgin B 

hexobarbital Phenylglyoxylic acid hexobarbital 

3-Phenylpropanoic 

acid 

Pyridoxal Thymine Kynurenine  

Lupeol DL-Ornithine Thymine  

IpA 

dihydroxyphenylalani

ne Traumatin  

N-Acetyl-L-

glutamic acid Cortisone IpA  
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Benzaldehyde Hydroquinone Cinnamic acid  

Phenethylamine Traumatin 

3-Phenylpropanoic 

acid  

2-Oxobutyric 

acid Eugenol Acetophenone  

 Glutaric acid Homovanillic acid  

 

3,4-

dihydroxyphenylacetic 

acid   

 Guaiacol   

 Isophorone   

 Ethylparaben   
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Table 2. Pathways obtained after performing metabolic pathway analysis based 

on the metabolites found in supragingival plaque using Metaboanalyst5.0 tool. 
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Figure 5. Venn Diagram -Representation of Metabolites found in plaques of test 

patients. 

 
Figure 6. Venn Diagram -Representation of Metabolites found in plaques of 

Control Group. 
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