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Dental caries has a polymicrobial etiology within the complex oral microbial ecosystem. However, the overall diversity and structure of supragingival plaque microbiota in adult dental health and caries are not well understood. Here, 160 supragingival plaque samples from patients with dental health and different severities of dental caries were collected for bacterial genomic DNA extraction, pyrosequencing by amplification of the 16S rDNA V1–V3 hypervariable regions, and bioinformatic analysis. High-quality sequences (2,261,700) clustered into 10,365 operational taxonomic units (OTUs; 97% identity), representing 453 independent species belonging to 122 genera, 66 families, 34 orders, 21 classes, and 12 phyla. All groups shared 7522 OTUs, indicating the presence of a core plaque microbiome. α diversity analysis showed that the microbial diversity in healthy plaques exceeded that of dental caries, with the diversity decreasing gradually with the severity of caries. The dominant phyla of plaque microbiota included Bacteroidetes, Actinobacteria, Proteobacteria, Firmicutes, Fusobacteria, and TM7. The dominant genera included Capnocytophaga, Prevotella, Actinomyces, Corynebacterium, Neisseria, Streptococcus, Rothia, and Leptotrichia. β diversity analysis showed that the plaque microbial community structure was similar in all groups. Using LEfSe analysis, 25 differentially abundant taxa were identified as potential biomarkers. Key genera (27) that potentially contributed to the differential distributions of plaque microbiota between groups were identified by PLS-DA analysis. Finally, co-occurrence network analysis and function predictions were performed. Treatment strategies directed toward modulating microbial interactions and their functional output should be further developed.
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INTRODUCTION

The microorganisms that live in and on the human body are estimated to outnumber human cells by at least an order of magnitude. Human beings are regarded as “superorganisms” whose metabolism represents an amalgamation of microbial and human attributes (Gill et al., 2006). Recent findings suggest that the microbial community is indispensable for maintaining human health, yet is also capable of eliciting disease. As one of the largest and most complex microbial habitats, the oral cavity harbors hundreds of bacteria that play vital roles in maintaining oral homeostasis and influencing the development of oral diseases, mainly dental caries and periodontal disease (Chen and Jiang, 2014). In addition, oral pathogens may be important players in systemic diseases, such as diabetes (Moodley et al., 2013), infective endocarditis (Beck and Offenbacher, 2005), bacterial pneumonia (Awano et al., 2008), adverse pregnancy outcomes (Han, 2011), inflammatory bowel disease (Ismail et al., 2012), pancreatic cancer (Farrell et al., 2012), and colon cancer (Castellarin et al., 2012). Despite its substantial impact on overall human health, the complexities of the oral bacterial community and how its composition changes when shifting between the healthy and diseased states are far from being fully understood.

Dental caries, otherwise known as tooth decay, is one of the most prevalent chronic infectious diseases, affecting 80–90% of the worldwide population (Selwitz et al., 2007). Individuals are susceptible to this disease throughout their lifetime, and it is the primary cause of tooth loss, oral infection, and pain (Featherstone, 2000). Dental caries is a multifactorial disease that initiates from bacterial shifts within the supragingival dental plaque, a complex biofilm formed on the tooth surfaces, by the aggregation of a group of bacteria in a well-organized manner (Marsh, 2006). A long history of debate is associated with cariogenic theories of dental plaques, which have mainly focused on four hypotheses: the non-specific plaque hypothesis (Schultz-Haudt et al., 1954), the specific plaque hypothesis (Loesche, 1979), the ecological plaque hypothesis (Marsh, 1994), and, recently, the polymicrobial synergy and dysbiosis hypothesis (Hajishengallis and Lamont, 2012).

Traditional cultivation methods have been used to isolate and characterize over 280 oral bacterial species (Aas et al., 2005). Streptococcus mutans was the first species isolated from caries lesions and has been considered the main cariogenic bacteria for decades (Clarke, 1924; Loesche et al., 1975). However, a large proportion of oral bacteria cannot be cultivated in vitro, which impedes the thorough and in-depth understanding of the natural microbial community residing in dental plaques (Paster et al., 2001). The use of molecular biological techniques, such as denaturing gradient gel electrophoresis (Muyzer et al., 1993), the quantitative real-time polymerase chain reaction (Ciric et al., 2010), microarray chips (Preza et al., 2009), checkerboard hybridization (Wall-Manning et al., 2002), and cloning sequencing of DNA (Kanasi et al., 2010), enables the identification and classification of uncultured oral bacteria. However, these approaches have remarkable biases and drawbacks that do not facilitate the comprehensive study of bacterial diversity, as only the predominant bacteria can be identified while many low-abundance species cannot be detected (Schulze-Schweifing et al., 2014). In recent years, next-generation sequencing technologies have dramatically improved sequencing capabilities (Metzker, 2010) and have been successfully applied for oral microbial analysis in a high-throughput manner (Zaura, 2012; Nyvad et al., 2013; Wade, 2013; Camelo-Castillo et al., 2015), including five major platforms for microbiome studies (namely the 454, Illumina, SOLiD, Ion Torrent, and PacBio platforms) (Hodkinson and Grice, 2015). To date, the overall diversity and structure of supragingival plaque microbiota in adult dental health and caries have not been completely elucidated.

Thus, we used amplicon pyrosequencing of the 16S rDNA V1–V3 hypervariable regions to comprehensively define the bacterial composition, abundance, and structure of supragingival plaques in a relatively large number of adult subjects with dental health and caries. Unlike previous studies, the cases of dental caries were grouped into different categories of severity according to the decayed missing filled tooth (DMFT) index. Furthermore, we aimed to identify bacterial shifts related with dental health and caries, and to investigate the presence of a core plaque microbiome. Our findings expand the understanding of bacterial ecology in dental caries and provide directions for prevention and treatment strategies of dental caries.

MATERIALS AND METHODS

Subjects

This study was performed in accordance with the recommendations of the Ethics Committee of the Ninth People's Hospital of Shanghai Jiao Tong University. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

A total of 160 subjects were recruited for this study, including 131 patients with dental caries from the Department of Endodontics (Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine) and 29 dental healthy volunteers from the College of Stomatology (Shanghai Jiao Tong University). Inclusion criteria of subjects were as follows: (Gill et al., 2006) an age of 20–50 years old (male or female), (Chen and Jiang, 2014) good oral hygiene with no bad eating habits, (Moodley et al., 2013) except for dental caries, no other oral diseases (such as periodontal disease, periapical disease, oral mucosal disease, or severe halitosis), (Beck and Offenbacher, 2005) no incidence of antibiotics use within the 3 months prior to sampling, and (Awano et al., 2008) written informed consent. Exclusion criteria were as follows: (Gill et al., 2006) pregnancy or breastfeeding, (Chen and Jiang, 2014) suffering from systemic diseases (such as cardiopathy, diabetes, or hypertension), (Moodley et al., 2013) a long history of medication, and (Beck and Offenbacher, 2005) not providing written, informed consent to participate in this study. The detailed clinical parameters of the 160 participants are shown in Table S1.

The dental health status of each subject was assessed by a professional dentist according to the criteria from the World Health Organization 4th-edition publication of “Oral Health Surveys, Basic Methods.” Moreover, the DMFT index was recorded to measure the severity of each subject's dental caries. In accordance with the DMFT index, the 160 subjects were characterized into four groups:

(1) No-caries (NC; DMFT = 0, n = 29)

(2) Low-caries (LC; DMFT ≤ 4, n = 32)

(3) Moderate-caries (MC; 4 < DMFT < 8, n = 37)

(4) High-caries (HC; DMFT ≥ 8, n = 62).

Sample Collection

Sampling was performed 2 h after eating in the morning. Supragingival plaque samples were collected from each subject according to the Manual of Procedures for Human Microbiome Project (http://hmpdacc.org/resources/tools_protocols.php), with minor modifications. Briefly, the sampling site was isolated with cotton rolls and dried with a gentle air stream to avoid saliva contamination. Then, a sterile Gracey curette was used to collect a pooled supragingival plaque from the buccal surface of the maxillary first molar or, if necessary, from its adjacent teeth or contralateral teeth, and to avoid gingival bleeding. Each pooled plaque sample was immediately released from the curette by agitation into a sterile, labeled Eppendorf tube containing 1 mL thioglycollate medium, which was placed on ice. Within 4 h of collection, all samples were transported on ice to our laboratory for DNA extraction.

DNA Extraction

Total bacterial genomic DNA was extracted from all samples using the TIANamp Bacterial DNA Kit (TIANGEN, Beijing, China), following the manufacturer's instructions, and stored at −40°C prior to further analysis. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The results showed that the A260:A280 ratios were 1.8–2.0 and that the DNA concentrations were 20–150 ng/μL, indicating that the genomic DNA extracted was ideal and met the requirements for subsequent sequencing.

16S rDNA Amplicon Pyrosequencing

PCR amplification of the bacterial 16S rDNA V1–V3 region was performed using the forward primer 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer 533R (5′-TTACCGCGGCTGCTGGCAC-3′) (Moreno et al., 2002). Unique 7-bp barcodes were incorporated into the primers for multiplex sequencing. Details of the barcodes used are shown in Table S2. Twenty-five microliter reactions were prepared containing 5U DNA polymerase (Pyrobest, Takara, Japan), 10x Pyrobest buffer II, 2.5 mM dNTPs, 10 μM forward and reverse primers, and 40 ng template DNA. PCR amplification were performed on an ABI 9600 instrument with an initial denaturation at 94°C for 4 min; followed by 25 cycles of denaturation at 94°C for 45 s, annealing at 60°C for 45 s, extension at 72°C for 45 s; and a final extension at 72°C for 8 min. PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Equimolar concentrations of purified amplicons were pooled together into a single amplicon library, which was then amplified by emulsion PCR according to the manufacturer's instructions. Subsequently, pyrosequencing was performed on the Roche 454 GS FLX+ Titanium platform (Roche, USA), following the vendor's standard protocols.

Sequence Analysis

The Quantitative Insights Into Microbial Ecology (QIIME) pipeline was employed to process the pyrosequencing data, as previously described (Caporaso et al., 2010). Briefly, raw sequences with exact matches to the barcodes were assigned to respective samples and identified as valid sequences whose primers and barcodes were trimmed for further quality control. The filtration criteria of the low-quality sequences were as follows: (Gill et al., 2006) sequences that had a length of <200 bp, (Chen and Jiang, 2014) sequences that had average Phred scores of <25, (Moodley et al., 2013) sequences that had ambiguous bases, and (Beck and Offenbacher, 2005) sequences that had mononucleotide repeats of >6. The remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity. A representative sequence from each OTU was assigned taxonomically by BLAST searching against the Human Oral Microbiome Database (HOMD) using the best hit (Altschul et al., 1990). The BLAST parameters used were at least 97% sequence identity >200 bp, as cutoff values. Next, an original OTU table was created that contained a readable matrix of the OTU abundance for each sample and the taxonomic classification for each OTU. Finally, to minimize the effects of random sequencing errors, the original OTU table was modified by removing OTUs containing less than 10 sequences. The modified OTU table was used as a basis for subsequent analysis.

Bacterial Community Characterization, Statistical Analysis, and Visualization

In QIIME (version 1.8.0), alpha diversity indexes, including the Chao1, ACE, Shannon, Inverse Simpson, Good's coverage, and Simpson's evenness indexes were calculated at 97% identity (Paul et al., 2016). Student's t-test was used to identify significant differences in the α diversity indexes between the different groups (p < 0.05) (Signori et al., 2014). A ranked abundance curve was plotted to explain both the richness and evenness of species. Beta diversity was analyzed to investigate the similarity of bacterial community structure among groups using UniFrac distances and visualized via principal coordinate analysis (PCoA) and unweighted pair-group method with arithmetic means (UPGMA) hierarchical clustering analysis (Lozupone et al., 2007). Based on the genus level classification, a principal component analysis (PCA) was also conducted to evaluate the similarity among various bacterial communities (Ramette, 2007). Differences in the Unifrac distances for pairwise comparisons among groups were determined using Student's t-test and the Monte Carlo permutation test with 1000 permutations, and visualized by constructing a box-and-whiskers plot. The significance of group-related sample aggregation was assessed by analysis of similarity (ANOSIM) test. The taxonomy compositions and abundances were visualized using MEGAN (version 4.70.4) and GraPhlAn software (version 0.9.7) (Huson et al., 2011; Asnicar et al., 2015). Using mothur software (version 1.31.2), a Venn diagram was generated to show the shared and unique OTUs among groups, based on the occurrence of OTUs in a sample group regardless their relative abundance (Zaura et al., 2009). Shared taxa present in all four groups (100% core threshold) were defined as the core microbiome.

Using QIIME, the taxa abundances at the phylum, class, order, family, genus and species levels were statistically analyzed and plotted to show the distributions among groups. Furthermore, LEfSe (version 1.0) was used to detect differentially abundant genera in the four groups for biomarker discovery using the online Galaxy workflow framework (http://huttenhower.sph.harvard.edu/galaxy/) (Segata et al., 2011); the threshold on the logarithmic linear discriminant analysis (LDA) score for discriminative features was set to 2.0. To identify key genera that were responsible for the differential distributions of plaque microbiota between groups, a partial least squares discriminant analysis (PLS-DA) model was generated using the plsda function of the mixOmics package (version 6.0.0) in R software (version 3.2.0) (Chen et al., 2011). The key genera with variable importance in projection (VIP) > 1 were considered to be important contributors to the model. Using mothur software, co-occurrence analysis among genera was investigated by calculating C-scores, and Spearman's rank correlations of the 50 most abundant genera were calculated. Network analysis using the genera with rho > 0.6 and p < 0.01 was visualized using Cytoscape (version 3.4.0) (Shannon et al., 2003). Microbial functions were predicted using PICRUSt (version 1.0.0) and aligned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Langille et al., 2013).

Data Access

All raw sequences were deposited in the NCBI Sequence Read Archive under accession number SRP076428.

RESULTS

Global Sequencing Data

A total of 2,568,368 valid sequences were generated from 160 supragingival dental plague samples, with an average of 16,052 sequences per sample (ranging from 10,281 to 29,718). After data trimming and quality filtering, 2,261,700 high-quality sequences (representing ~88% of the total sequences) were acquired, with an average of 14,136 sequences per sample (ranging from 6631 to 27,428; Table S3). The average sequence length was 488 bp, with the maximum length being 506 bp and the shortest length being 294 bp (Figure S1). Clustering of all high-quality sequences at 97% identity resulted in 58,778 OTUs, which were BLAST-searched against the HOMD database for taxonomic assignments. After removing the low-credibility OTUs (together contributing only 5.3% of all sequences), a modified OTU table was obtained consisting of 10,365 OTUs with an average of 1156 OTUs per sample (ranging from 339 to 2559; Table S4).

Bacterial Diversity Analysis

The alpha diversity indices of Chao1, ACE, Shannon, Inverse Simpson, Good's coverage, and Simpson's evenness are shown in Table 1. The Shannon diversity index was higher in NC group than in HC, MC, or LC group, but there was no significant difference between groups by t-test. However, the ACE richness index was significantly different between groups NC and HC (993.26 vs. 755.82, p = 0.01), the Inverse Simpson diversity index was significantly different between groups MC and HC (29.54 vs. 24.03, p = 0.04), demonstrating the higher bacterial diversity of healthy dental plaques compared to dental caries, with the diversity decreasing gradually with the severity of caries. Good's coverage estimator for each group was over 95%, indicating that the current sequencing depth was sufficient to saturate the bacterial diversity of dental plaques. In addition, Simpson's evenness index indicated that the bacterial-community distribution in the plaque samples was very uneven, which was also observed in the rank-abundance curve which had a high slope and a long tail comprised of low-abundance OTUs (Figure S2). The 200 most abundant OTUs represented 75.4% of all sequences. Most of the remaining OTUs were present at low abundance.

Table 1. Alpha diversity indices for supragingival plaque bacteria in each group at 97% identity.
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Bacterial Abundance and Distribution

The bacterial distribution was characterized in terms of the relative taxonomic abundances. A total of 12 phyla, 21 classes, 34 orders, 66 families, 122 genera and 453 species were detected in the supragingival plaque samples. Figure 1 shows taxonomic distributions of the predominant bacteria (relative abundance >1% of the total sequences) at different levels. The 6 most abundant phyla were Bacteroidetes (35.1% of the total sequences), Actinobacteria (28.6%), Proteobacteria (14.6%), Firmicutes (11.3%), Fusobacteria (5.8%), and TM7 (3.6%), together accounting for 99% of the total sequences. The 6 most rare phyla were Spirochaetes, SR1, Synergistetes, GN02, Tenericutes, and Chloroflexi. The most prevalent genera were Capnocytophaga (18.1%), Prevotella (12.8%), Actinomyces (12.3%), Corynebacterium (9.8%), Neisseria (7.0%), Streptococcus (6.3%), Rothia (3.7%), Leptotrichia (3.7%), TM7_[G-1] (3.1%), Porphyromonas (2.8%), Lautropia, (2.8%), Fusobacterium (2.1%), Selenomonas (2.1%), Veillonella (1.7%), Actinobaculum (1.7%), Campylobacter (1.2%), and Propionibacterium (1.0%), together comprising 92.3% of the total sequences. The compositions in taxa of the microbial communities according to the tested sample groupings are provided in Figure 2. The 7 genera Neisseria, Streptococcus, Lautropia, Campylobacter, Ottowia, Cardiobacterium, and Aggregatibacter were relatively abundant, with higher abundances of Lautropia, Cardiobacterium, and Aggregatibacter observed in the NC group and higher abundances of Neisseria and Campylobacter observed in the LC group. Nevertheless, the Streptococcus and Ottowia genera exhibited similar abundances in each group. These significant differences were further tested by LEfSe and PLS-DA analysis. A taxonomy tree visualized by GraPhlAn was used to quickly find the dominant taxa from the complex microbial data. As shown in Figure 3, the colored nodes represented the top 20 most abundant taxa signified by the letters in the tree, including Firmicutes, Bacteroidetes (Prevotella, Capnocytophaga), Actinobacteria (Actinomyces, Corynebacterium) and Proteobacteria.
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FIGURE 1. Distribution of the predominant bacteria at different taxonomic levels (phylum, class, order, family, and genus). The predominant taxa (>1% relative abundance) in each level are shown.
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FIGURE 2. A classification tree showing bacterial abundance by MEGAN. The taxonomy compositions and abundances were visualized by MEGAN (version 4.70.4). The larger the area of the colored pie chart, the greater the bacterial abundance. Different colors represent different groups, and the larger the colored sectorial area at a branch, the more the corresponding group contributed to the bacterial abundance.
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FIGURE 3. Taxonomy visualization. A taxonomy tree visualized by GraPhlAn. The background color of the letter is consistent with the color of corresponding node. The colored nodes from the inner to the outer circles represent the top 20 abundant taxa from the phylum to genus level, which are signified by the letters arranged from the outer to the inner circles.



Bacterial Community Structure

To gain insight into similarities in the bacterial community structures among the four groups, PCoA of beta diversity analysis was performed based on the weighted UniFrac distances, which demonstrated similar community structures among healthy and caries groups. As shown in Figure 4, NC microbiota overlapped with some HC, MC, and LC microbiota. Furthermore, the results of PCA based on the genus level classification exhibited no clear segregations in community structures among groups, with the first 2 principal components representing 28.39% and 24.1% of the total variations (Figure S3). ANOSIM testing confirmed that no significant separation occurred among groups at the level of P = 0.462. UPGMA hierarchical clustering analysis also revealed that the samples did not form well-separated clusters corresponding to the four groups, indicating similarity in the bacterial community structures (Figure S4). Moreover, differences in Unifrac distances for pairwise comparison among groups were found (Figure S5).
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FIGURE 4. PCoA based on the weighted UniFrac distances at the OTU level at 97% identity. Each sample is represented by a dot. Red squares represent the HC samples. Orange triangles represent the MC samples. Blue triangles represent the LC samples. Green balls represent the NC samples. PC1 explained 26.08% of the variation observed, and PC2 explained 10.37% of the variation. However, the samples did not form well-separated clusters corresponding to the four groups, suggesting that the bacterial structures in healthy and caries groups were similar.



Differential Microbiota Compositions

There were significant differences in the community compositions among the four groups. As shown in Figure 5, a cladogram representation of significantly different taxa among groups was performed by LEfSe. Tenericutes was significantly enriched in MC group. There were 7 significantly different families, with the enrichment of Desulfomicrobiaceae, Mycoplasmataceae, Clostridiales__F_1 and Veillonellaceae in MC group, Corynebacteriaceae, Pasteurellaceae, and Cardiobacteriaceae in NC group. The microbial composition was also significantly different at the genus level, with 10 significantly different genera among groups. Aggregatibacter, Lachnoanaerobaculum, Corynebacterium, Lachnospiraceae_G_3, and Cardiobacterium exhibited a relatively higher abundance in NC group. Desulfomicrobium, Mycoplasma, Clostridiales_F_1_G_1, and Veillonellaceae_G_1 were relatively more abundant in MC group. Atopobium was significantly enriched in LC group. These differentially abundant taxa can be considered as potential biomarkers (LDA > 2, p < 0.05). Since LEfSe was a strict tool, we also generated a PLS-DA model to identify more genera that were differentially distributed among groups. The key genera with VIP > 1 were considered to be important contributors to the model. As shown in Table 2, a total of 27 genera with a VIP score > 1 were identified as key genera responsible for significant differences in the community composition. Among them, 10 genera were significantly enriched in NC group, including Cardiobacterium, Corynebacterium, Lachnospiraceae_[G-3], Lachnoanaerobaculum, Aggregatibacter, Eubacterium_[XI][G-7], GN02_[G-1], Fusobacterium, Clostridiales_[F-2][G-1], and Tannerella, which were identified as health-related bacteria. The other 17 genera were significantly more abundant in HC, MC and LC groups, identified as caries-related bacteria. Furthermore, two genera were identified with a VIP > 2, namely the Cardiobacterium and Corynebacterium genera.
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FIGURE 5. Comparison of microbial variations at the genus level, using the LEfSe online tool. (A) Histogram of the LDA scores for differentially abundant features among groups. The threshold on the logarithmic LDA score for discriminative features was set to 2.0. (B) Cladogram for taxonomic representation of significantly differences among groups. Differences are represented in the color of the most abundant taxa (red indicating LC, green indicating MC, blue indicating NC, and yellow indicating non-significant).



Table 2. Key genera responsible for differential distributions according to the PLS-DA model.
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Core Microbiome

To examine the existence of an identifiable common core microbiome (Lozupone et al., 2007), we defined a core as the group of members shared among the microbial community and represented the core by overlapping areas in the circles in a Venn diagram, at 97% identity. We identified 8951, 9289, 9564, and 9.973 OTUs in the NC, LC, MC, and HC groups, respectively. As shown in Figure 6A, 7522 OTUs were shared among the four groups, occupying 72.6% of all OTUs (10,365 OTUs) and 97.5% of all OTU abundances. Furthermore, 12 shared (100% of total numbers) phyla, 20 shared (95.2%) classes, 30 shared (88.2%) orders, 54 shared families (81.8%), and 99 shared genera (81.1%) were identified. These shared taxonomic members can be regarded as the core microbiome of supragingival plaques. Among the 99 core genera, the 6 most abundant genera were Capnocytophaga (17.8% of total abundances), Prevotella (13.5%), Actinomyces (13.0%), Corynebacterium (8.9%), Streptococcus (6.6%), and Neisseria (6.4%).
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FIGURE 6. A Venn diagram and network analysis. (A) A Venn diagram showing shared and unique OTUs at 97% identity among the four groups. (B) A network diagram of dominant genera showing positive associations.



In the Venn diagram, the unique OTUs in each group were also observed with 11, 22, 37, and 51 unique OTUs found in the NC, LC, MC, and HC groups, respectively. These unique OTUs were in low abundance, only containing 10–297 sequences, and can be considered as a variable microbiome. The 11 unique OTUs in the NC group belonged to 9 species: Propionibacterium sp._oral_taxon_915, Propionibacterium propionicum, Capnocytophaga sp._oral_taxon_326, Bergeyella sp._oral_taxon_900, Porphyromonas sp._oral_taxon_279, Selenomonas infelix, Dialister invisus, Cardiobacterium hominis, and Neisseria sicca, which were identified as health-specific species. The unique OTUs in the LC, MC, and HC groups are shown in Table S5.

Co-occurrence Network Analysis and Function Predictions

Co-occurrence analysis was used to discern relationships among the plaque microbiota at the genus level by calculating C-scores. As shown in Table 3, the p-value was > 0.95 in all samples, suggesting that the plaque microbiota displayed a symbiotic relationship, i.e., a co-occurrence pattern. As shown in the network diagram for the 50 most abundant genera (Figure 6B), 14 genera displayed positive associations. Among them, Selenomonas and Catonella exhibited a high degree of linkages with other genera. High rho values were found for the Pseudomonas–Enterobacter (0.81), Selenomonas–Prevotella (0.76), and Treponema–Prevotella (0.75) pairs.

Table 3. Co-occurrence analysis by calculating C-scores.
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To predict bacterial functions of members of the supragingival plaque community, PICRUSt analysis was performed based on the 16S rRNA composition data of each sample (Figure S6). A total of 41 metabolic functions were predicted in all samples with the most enrichment in membrane transport (10.0%), carbohydrate metabolism (9.3%), replication and repair (9.1%), amino acid metabolism (9.0%), translation (6.3%), and energy metabolism (5.6%). We also investigated bacterial functions associated with human diseases such as infection diseases, cancers, neurodegenerative diseases, cardiovascular diseases, metabolic diseases, and immune system diseases.

DISCUSSION

A comprehensive and thorough investigation of the bacterial diversity of plaque microbiota is essential for understanding their etiologies and for developing effective prevention and treatment strategies of dental caries. The introduction of high-throughput pyrosequencing has provided new insights into the compositions and structures of microbial communities. We used 454 FLX+ pyrosequencing to explore the bacterial diversity and community structure of 160 supragingival plaque samples by sequencing the 16S rDNA hypervariable V1–V3 region in samples from 131 adults with dental caries and 29 volunteer with good oral health. Different from previous studies using basic molecular techniques such as DGGE, qPCR and microarray chips (Muyzer et al., 1993; Preza et al., 2009), we not only identified the predominant taxa but also a very large number of low-abundance or rare taxa such as Ochrobactrum, Centipeda, Lachnoanaerobaculum, GN02_[G-1], Moryella, Bacteroides, Megasphaera, Rhizobium, Filifactor, and Dietzia. The V1–V3 region has been used in several studies (Kumar et al., 2011; Xu et al., 2014; Yoo et al., 2016) because it can provide greater phylogenetic resolution and better analysis of diversity and richness. In addition, this region has more sequences deposited into databases, which greatly facilitates diversity analysis (Kim et al., 2011).

We obtained 2,261,700 high-quality sequences with an average of 14,136 sequences per sample (Table S3), which was much higher than reported in previous studies (Keijser et al., 2008; Ling et al., 2010). For pyrosequencing studies of 16S rRNA, a depth of coverage of approximately 1000 sequences per sample provided a good balance between sample number and sampling depth, and to enabled detection of species at 1% abundance with reasonable accuracy (Hamady and Knight, 2009). Thus, the sequencing depth in our study (14,136 sequences per sample) was reasonable and large enough to enable detection of the vast majority of bacterial species in plaque samples. Furthermore, a Good's coverage estimator of >95% also suggested that our sequencing depth was sufficient to reflect the full bacterial diversity of plaque microbiota (Table 1), indicating that some extremely low abundance of rare species could be detected and might be related to dental caries (Schloss et al., 2011).

At 97% identity, 10,365 OTUs belonging to 453 species, 122 genera, 66 families, 34 orders, 21 classes, and 12 phyla were obtained after filtering out the low-credibility OTUs and BLAST searching against the HOMD database for the taxonomic assignment. In agreement with the results of the present study, many investigators have used 97% identity to classify microorganisms at the species level (Acinas et al., 2004; Yarza et al., 2008; De Gannes et al., 2013; Lindeque et al., 2013). Other studies have explored the classification of oral microbiota. For instance, Pushalkar et al. (2011) identified 860 species, 52 genera, and 8 phyla; Ling et al. (2010) identified 203 genera and 10 phyla; Keijser et al. (2008) identified 318 genera and 22 phyla; and Siqueira and Rôças (2009) identified 460 species, 100 genera, and 9 phyla. The differences in microbial taxonomy observed among these studies may be due to differences related to the selection process for subjects, the geographic location, oral sample collection sites, target sequencing regions of 16S rDNA, databases, and the data-analysis methods.

Compared with Xu's study of supragingival plaque microbiota diversity in children younger than 30 months ranging from 125 to 255 OTUs per sample (Xu et al., 2014), we observed a high diversity in adults aging 20–50 years with dental health or caries ranging from 339 to 2559 OTUs per sample. This suggested that the diversity of oral microbiota increased with age and developmental status, such as primary and permanent tooth growth (Papaioannou et al., 2009). Tsai et al recently identified an average of 774 classified phylotypes per sample and a total of 6 phyla across all subgingival samples in individuals with severe chronic periodontitis (Tsai et al., 2016). In contrast, our study found high diversity with an average of 1156 OTUs per sample and 12 phyla across all supragingival samples in adults with dental caries. We have confirmed that sites in the oral cavity had distinct bacterial diversities that changed with disease status, as reported previously (Paster et al., 2006).

By comparing the alpha diversity indexes among groups using Student's t-test, we found that the ACE richness index in the NC group was significantly higher than in the HC group (p = 0.01), indicating that the bacterial diversity of healthy dental plaques was higher than that in caries. This finding was in agreement with results from previous studies (Li et al., 2005; Preza et al., 2008). Considered from a bacterial point of view, a more diverse community represents a more healthy and stable ecosystem. The carbohydrate-driven lowering of the pH from lactate produced by acid-producing species could lead to suppression of acid-sensitive species and overgrowth of acid-tolerant species, resulting in decreased bacterial diversity in supragingival plaques as caries progressed, as well as a decreasing number of species capable of surviving harsh conditions (Gross et al., 2010). Li et al. also reported that the species richness and Shannon diversity index were greater in caries-free children than in those with severe early childhood caries (Li et al., 2007). Our study provided additional support for the “ecological catastrophe” of dental caries occurring between commensal microbiota and the host, confirming a decline of bacterial diversity as the severity of caries increased (Marsh, 2003). Some bacteria in dental caries might become lost, inhibited, or replaced, although these possibilities require further study to establish their validity.

The existence of a “core microbiome” was first proposed by Turnbaugh et al. (2007) and referred to the organisms, genes, or functions shared by all or most individuals in a given human habitat, such as the oral cavity, nasal cavity, skin, and intestinal tract. One goal of the Human Microbiome Project was to determine whether an identifiable core microbiome exists among individuals. Most studies conducted to date have focused on the human intestinal tract and investigated the relationships between the core gut microbiome and diseases (e.g., obesity, diabetes, and metabolic syndrome) (Tschöp et al., 2009; Turnbaugh and Gordon, 2009; Neu et al., 2010; Tilg, 2010). Zaura et al. provided the first insight into the oral core microbiome using 454 pyrosequencing technology and found 387 overlapping OTUs in 3 healthy individuals (Zaura et al., 2009). In our study, 7522 overlapping OTUs were shared by the four groups in a Venn diagram (Figure 6A), defined as plaque core microbiome, regardless of whether it had high or low abundance. These widespread core microbiomes might play important roles in the stability and functions of the plaque microbiota. By PICRUSt analysis, we predicted bacterial functions mainly enrichment in membrane transport, carbohydrate metabolism, replication and repair, amino acid metabolism, translation, and energy metabolism. As suggested by Shade (Shade and Handelsman, 2012), beginning with a Venn diagram representing membership, layers of complexity are added by incorporating the composition, phylogeny, persistence, and connectivity to define core microbiomes. The appropriate definition of a core microbiome depends on the ecological question addressed. Our study mainly aimed to determine the presence of a core microbiome, so we typically defined a core as the group of members shared among the microbial community and represented it by the overlapping areas of circles in Venn diagrams. In a future study, we will apply multiple definitions to the core microbiome to enhance the ecological meaning.

Our results indicated that similar community structures of supragingival plaques were present in the four groups according to PCoA and hierarchical clustering analysis (Figure 4 and Figure S4). Samples from the healthy group tended to cluster together, whereas the caries microbiota appeared to be more variable, which was consistent with the results of Yang's study (Yang et al., 2012). The bacteria composing each group were relatively constant. It can be inferred that bacterial components of dental plaques were not markedly affected by the disease status or pathological factors. In spite of the presence of similar bacterial members, the abundances of some bacteria differed significantly among the groups. Twelve bacterial phyla were represented in all supragingival plaque samples. Six predominant phyla were Bacteroidetes, Actinobacteria, Proteobacteria, Firmicutes, Fusobacteria, and TM7, constituting 99% of the total microbiota (Figure 1). These dominant phyla were largely the same as those previously described for childhood dental caries using pyrosequencing (Jiang et al., 2013).

At the genus level, 122 different genera were identified in the plaque samples of dental health and caries. Seventeen genera had abundances higher than 1% (Figure 1), of which the genera Actinomyces, Streptococcus, Rothia, Selenomonas, and Veillonella have been detected in early caries studies (Munson et al., 2004; Tanner et al., 2011). The dental plaque biofilm was composed of complex microbial communities, instead of a simple superposition of bacteria. After the formation of acquired pellicles on the teeth, the free bacteria in the oral cavity adhered to pellicles in a definite sequence, thus governing the formation of mature dental plaques (Li et al., 2004). The initial colonizing bacteria was Streptococcus sanguis, followed by members of the Actinomyces, Neisseria, Veillonella, Capnocytophaga, Leptotrichia, and Haemophilus genera, collectively known as early colonizing bacteria. These bacteria can quickly adapt to new environments by regulating specific gene expression and providing new adhesion receptors for later colonizing bacteria, such as members of the Fusobacterium, Treponema, Tannerella, Prevotella, and Porphyromonas genera (Haffajee et al., 2008). With an increasing number of bacteria in dental plaques, the concentrations of signaling molecules increased, which can activate the expression of related genes, such as virulence factors and mucopolysaccharides. Certain bacteria gradually decrease in abundance, due to the antagonism of predominant bacteria. Consequently, the ecological balance of plaque bacterial microbiota may be broken, eventually leading to the occurrence and development of dental caries (Reading and Sperandio, 2006). We clearly observed that some bacteria in the supragingival plaques of dental caries showed a significantly reduced abundance, such as those in the Aggregatibacter, Cardiobacterium, Corynebacterium, Lachnoanaerobaculum, Porphyromonas, and Tannerella genera. Aggregatibacter, Porphyromonas, and Tannerella genera have been associated with dental health (Alcaraz et al., 2012; Jiang et al., 2014). However, the abundance of other bacteria significantly increased, such as Atopobium, Cryptobacterium, Lactobacillus, Mogibacterium, Ochrobactrum, Pseudomonas, Rhizobium, Alloprevotella, Bacteroides, Centipeda, Campylobacter, Megasphaera, and Mycoplasma; thus, they were regarded as potentially cariogenic bacteria. Some are well-recognized cariogenic bacteria (Lactobacillus) or have been identified at significantly higher levels in dental caries (Cryptobacterium, Atopobium) (Jiang et al., 2014; Obata et al., 2014). While others may be recognized as new cariogenic bacteria, such as Catonella, Centipeda, Fretibacterium, Rhizobium, Ochrobactrum, and Mogibacterium. Furthermore, we screened potential biomarkers using LEfSe analysis, including Desulfomicrobium, Mycoplasma, Corynebacterium, Clostridales, Gammaproteobacteria, Cardiobacterium, and Pasteurellaceae. Therefore, dental caries is a polymicrobial disease caused by various bacterial consortia that are present commensally in healthy individuals at lower levels.

According to our PLS-DA analysis, 27 key genera were identified that were responsible for differential distribution with VIP > 1 (Table 2). Two bacteria with a VIP > 2 (Cardiobacterium and Corynebacterium) were also identified as health-related genera. Cardiobacterium is a member of the group of HACEK bacteria (Haemophilus, Actinobacillus, Cardiobacterium, Eikenella, and Kingella), which are part of the normal oropharyngeal flora and have common characteristics that easily lead to endocardial infections (Hagiya et al., 2014). Although Cardiobacterium bacteria have been reported to relate with aortic valve infective endocarditis and ventricular septal defects (Vanerková et al., 2010; Choudhury et al., 2013), its relationship with oral health and disease has rarely been studied. The Cardiobacterium genus has only 2 species, namely C. hominis and Cardiobacterium valvarum. In our study, C. hominis was identified as health-related species that might play an important role in maintaining dental health. Moreover, Corynebacterium bacteria were considered as part of a candidate signature for dental health (Peterson et al., 2013). We found that Corynebacterium matruchotii was significantly more abundant in dental health than in caries and was identified as a health-related species, which was consistent with the results of Gross's study (Gross et al., 2010).

S. mutans was recognized as the main cariogenic bacteria because of its strong capacity for acid production and acid tolerance, as well as its capacity for exopolysaccharide production (Loesche, 1986). Thus, it was surprising in our study that S. mutans showed a low abundance in supragingival plaque (only 0.046% in all samples), and showed no significant difference among the groups. In Aas's study, S. mutans was not detected in 10% of dental caries using checkerboard hybridization (Aas et al., 2008). Furthermore, Aas et al. found that the proportion of S. mutans detected in cavitated dentin lesions was high, whereas the proportion in surfaces of intact enamel and white-spot lesions was very low, which agreed with our results. We speculate that the distribution of S. mutans in different oral ecological sites might be heterogeneous and regional. Determining the importance of S. mutans in caries development requires a comprehensive consideration of its virulence factors. Streptococcus sobrinus was also recognized as cariogenic bacterium. Nevertheless, we observed a low proportion of S. sobrinus in the plaque samples. Hirose et al. found that S. sobrinus in saliva of children could not only cause pit-fissure caries, but also smooth-surface caries, and suggested that S. sobrinus has stronger cariogenic ability than does S. mutans (Hirose et al., 1993). It has been demonstrated that S. sobrinus is significantly more acidogenic than S. mutans and is capable of sustained acid production at pH levels below 6.0 (de Soet et al., 1989; Madison et al., 1991). In our study, S. sobrinus was statistically more abundant in caries. Interestingly, we found that S. sobrinus was absent in the NC group and was thus regarded as a caries-specific species. Thus, S. sobrinus perhaps deserves more attention as cariogenic bacterium.

CONCLUSIONS

In summary, 454 pyrosequencing technology has greatly expanded our knowledge regarding the bacterial diversity and community structure of supragingival plaques in adult dental health and caries. We observed a vast bacterial diversity of supragingival plaques with 2,261,700 high-quality sequences and 10,365 OTUs at 97% identity, which belonged to 453 species, 122 genera, 66 families, 34 orders, 21 classes, and 12 phyla. Bacterial diversity in dental health was higher than in caries and gradually decreased with the severity of dental caries. Our results indicated the occurrence of similar community structures of supragingival plaques among groups. An identifiable core plaque microbiome was determined among the four groups with 7522 overlapping OTUs. Furthermore, we identified a list of caries-related and health-related bacteria, whose specific functions need further testing and verification. Given the polymicrobial and dysbiotic nature of dental caries, diagnostic and preventive strategies directed against specific bacteria would not be universally effective. Regarding preventive and therapeutic approaches, passive immunization strategies are predicted to be inefficient, and the anticipated effectiveness of active immunization strategies, such as caries vaccination, is also uncertain. We believe that the treatment of dental caries should involve balance restoration and that strategies for modulating interactions in the oral microbiota (i.e., molecular interactions, biological microbe-microbe and microbe-host interactions, and microbial ecological interactions), should be further developed.
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