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Ancient dental calculus, formed from dental plaque, is a rich source of ancient DNA and can provide information regarding the food and oral microbiology at that time. Genomic analysis of dental calculus from Neanderthals has revealed the difference in bacterial composition of oral microbiome between Neanderthals and modern humans. There are few reports investigating whether the pathogenic bacteria of periodontitis, a polymicrobial disease induced in response to the accumulation of dental plaque, were different between ancient and modern humans. This study aimed to compare the bacterial composition of the oral microbiome in ancient and modern human samples and to investigate whether lifestyle differences depending on the era have altered the bacterial composition of the oral microbiome and the causative bacteria of periodontitis. Additionally, we introduce a novel diagnostic approach for periodontitis in ancient skeletons using micro-computed tomography. Ancient 16S rDNA sequences were obtained from 12 samples at the Unko-in site (18th-19th century) of the Edo era (1603–1867), a characteristic period in Japan when immigrants were not accepted. Furthermore, modern 16S rDNA data from 53 samples were obtained from a database to compare the modern and ancient microbiome. The microbial co-occurrence network was analyzed based on 16S rDNA read abundance. Eubacterium species, Mollicutes species, and Treponema socranskii were the core species in the Edo co-occurrence network. The co-occurrence relationship between Actinomyces oricola and Eggerthella lenta appeared to have played a key role in causing periodontitis in the Edo era. However, Porphyromonas gingivalis, Fusobacterium nucleatum subsp. vincentii, and Prevotella pleuritidis were the core and highly abundant species in the co-occurrence network of modern samples. These results suggest the possibility of differences in the pathogens causing periodontitis during different eras in history.
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Introduction

There is tremendous interest in studying the evolutionary ecology of the microbiome through the comparative analysis of both ancient and modern forms (Warinner et al., 2015). Recently, calcified dental plaque that had turned into dental calculus in ancient human skeletons was identified as an informative source of ancient human-associated microbial DNA (Adler et al., 2013; Warinner et al., 2014; Weyrich et al., 2017). Genomic analysis of calculus derived from Neanderthals and other ancient humans revealed the diet of that era and how the bacterial composition in ancient humans differed from that of modern humans (Adler et al., 2013; Warinner et al., 2014; Lloyd-Price et al., 2017; Weyrich et al., 2017; Velsko et al., 2019). Furthermore, Adler et al. (2013) revealed that the microbiome reflected changes in Neolithic hunting and harvesting of medieval crops.

Periodontitis is a disease triggered by dental plaque accumulation, causing an inflammatory reaction and bone destruction (Kinane et al., 2017). Many environmental factors, such as smoking habit, diabetes, and host genetics, are known risk factors for periodontitis. Periodontitis is the most common cause of tooth loss among modern adults (Burt, 2005; Petersen et al., 2005; Pihlstrom et al., 2005; Darveau, 2010; Duran-Pinedo et al., 2014) and was detected in the Neanderthals as well (Lozano et al., 2013). In Japan, there have been a few reports of periodontal disease in the past era (Fujita, 2012; Saso and Kondo, 2019). Wooden denture plates, similar to plate dentures at present day, were already present during the Edo era (Edwin L. Cooper, 2004), suggesting that people in the Edo era also experienced tooth loss due to mainly dental caries or periodontal disease (Oyamada et al., 2017). Some studies discussed the diagnosis of periodontal disease in the ancient skeleton (Clarke et al., 1986; Kerr, 1988; Kerr, 1991; Larsen, 1995; Lavigne and Molto, 1995). However, so far, there is no general consensus for diagnostic criteria of periodontal disease in ancient skeletons.

In modern times, there are various theories regarding the bacteriological etiology of periodontal disease, including theories that the “keystone pathogen,” specific low-abundance bacteria can change a healthy microbiome into a dysbiotic state (Yost et al., 2015; Lamont et al., 2018) and that the red complex, which is composed of three pathogens, P. gingivalis, Tannerella forsythia, and Treponema denticola, is frequently observed in periodontitis (Socransky et al., 1998). Additionally, Hajishengallis et al. reported that P. gingivalis could be a keystone pathogen of the periodontal disease, and that the dysbiotic biofilm altered by P. gingivalis will contribute to periodontal disease process (Hajishengallis et al., 2012). Since the development of a high-throughput sequencer, it has become possible to comprehensively identify the bacterial composition of dental plaque in periodontitis by calculating the number of sequencing reads that align with the reference genomes (Maruyama et al., 2014; Shiba et al., 2016; Komatsu et al., 2020). There have been many studies analysing ancient bacterial genomes from Europe and America. Warinner et al. confirmed that the red complex has long been associated with periodontal disease in German skeletons carbon dated to c. 950–1200 CE (Warinner et al., 2014). However, the microbiome involved in the risk of disease development is regional (Karlsson et al., 2013). There are a few reports regarding bacterial genomic analysis for the Japanese Edo era (Eisenhofer et al., 2020; Sawafuji et al., 2020), and no studies discuss the oral microbiome related to periodontal disease using ancient calculus.

In this study, we introduced a novel diagnostic approach for periodontitis in an ancient skeleton by simultaneous visual inspection and micro-computed tomography (micro-CT). Additionally, we performed 16S rDNA sequencing with a next-generation sequencer to obtain information regarding bacterial genomes contained in the calculus derived from ancient Japanese alveolar bones of the Edo era. Furthermore, the purpose of this study was to explore timeless or time-specific bacteria groups involved in periodontitis by comparing Edo era and modern time.



Material and Methods


Morphological Examinations

The Unko-in site is the former graveyard of the Unko-in temple in Fukagawa, Tokyo; in 1955, more than 200 skeletons were excavated from this site. The skeletons were determined to be from the Edo era (18th–19th century). The skeletons are housed at the University Museum, University of Tokyo (UMUT). Ethical review and approval were not required for this study because we used only the museum specimens deposited in scientific collections for this study. Morphological examinations were performed to evaluate the periodontal status of the ancient skeletons by dentists in the department of periodontology at Tokyo Medical and Dental University (TMDU). Instead of measuring the probing depth or clinical attachment level, which are used to evaluate periodontal inflammation and destruction in routine clinical practice, vertical bone loss—defined as the length from 1 mm below the cemento-enamel junction to the most apical extent of the alveolar bone—was measured at six sites (mesiobuccal, midbuccal, distobuccal, mesiolingual, midlingual, and distolingual) on each tooth with a periodontal probe (UNC-15 University of North Carolina 15, Hu-Friedy®, Chicago, IL, USA) to calculate the average bone loss per sample. Additionally, micro-CT (TESCO Corporation, Tokyo, Japan) was used to calculate the vertical bone resorption ratio by measuring both the mesial and distal bone levels and root length in the mid-tooth section (Figure 1). All teeth in the 12 skeletons were examined for attrition, furcation involvement, cavities, and torus.




Figure 1 | (A) Schematic representation of the morphologic examination. Bone resorption was defined as the distance from virtual alveolar crest, which was obtained by subtracting 1 mm from the cemento-enamel junction to the bottom of the nearest bone defect (b, c). Bone resorption was measured using both periodontal probe and micro-computed tomography (micro-CT). Root length was defined as the distance from virtual alveolar crest to the apical end of the root (a–d). Bone resorption ratio was calculated as (b-c)/(b-d). a cement-enamel junction (CEJ), b virtual alveolar crest, c bottom of bone defect (bone level), d: apical end of the root. (B) Mandibular skeleton (sample F24). (C) micro-CT image of the same bone. (D) Tooth morphologic characteristics. White arrows indicate cavities, while black arrows indicate furcation involvement. Red arrows indicate occlusal attrition.





Sample Collection and DNA Extraction

Supragingival and subgingival calculus were collected and combined from the teeth of 12 adult human skeletons at UMUT. Calculus from each individual skeleton was collected separately in 1.5 mL DNA LoBind tubes (Eppendorf, Hamburg, Germany). As controls, the genomic DNA samples of the soil near the mandibular foramen of the skeletons and sterilized water were subjected to the same analysis as the calculus. Masks, nitrile gloves, hairnets, and laboratory coats were worn throughout the process. DNA extraction was performed in a dedicated ancient DNA laboratory at Tokyo University. To avoid contamination, DNA extraction was performed as described in a previous report (Sawafuji et al., 2020).



Library Preparation and 16S rDNA Sequencing

The 16S rDNA sequencing was performed by sequencing 2 × 300 bp paired-end reads targeting the hypervariable region of V4 using the MiSeq platform (Illumina, San Diego, CA, USA) (Santiago-Rodriguez et al., 2019). Library preparation was conducted according to the Illumina 16S sample preparation guide (16S Sample Preparation Guide, Illumina) with appropriate precautions, such as the utilization of UV-irradiated clean bench, 80% ethanol, filtered pipettes, and reagents used for only ancient samples in the normal laboratory at TMDU. The DNA sample of the V4 region was amplified with HiFi hot fidelity primer (New England Biolabs, Ipswich, MA, USA) and with forward 515 F (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA-3) and reverse primer 806 R (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT-3) (Cano et al., 2014; Yang et al., 2016; Qu et al., 2017; Santiago-Rodriguez et al., 2019). Negative controls were also included in the library preparation. The polymerase chain reaction (PCR) cycling conditions were as follows: 95°C for 3 min; 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and 72°C for 5 min. The amplified products were assessed for purity using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and were further purified using the ProNex Size-Selective Purification System (Promega, Madison, WI, USA). These purified products were attached to Illumina sequencing adapters using the Nextera XT index primer and purified with the ProNex® Size-Selective Purification System (Promega). The quantity of each purified sample was evaluated by quantitative PCR (qPCR) using the KAPA Library Quantification Kit (KAPA Biosystems, Woburn, MA, USA), and the quantity of each sample was normalized to maintain a concentration same as that of the pooled library. The final library was contained in the PhiX Control library (v3) (Illumina) to support cluster densities, while sequencing data of 16S rDNA were obtained using the MiSeq V3 reagent kit (Illumina). MiSeq sequencing of the 16S rRNA gene was conducted at Tokyo Dental College.



Data Analysis

The 16S rDNA sequencing reads were processed using the Illinois Mayo Taxon Organization from the RNA Dataset Operations pipeline (IM-TORNADO) (Jeraldo et al., 2014) for 300 bp reads that merges paired-end reads into a single multiple alignment. Reads with a minimum length of 187 bases passed quality control. The forward and reverse reads were trimmed to 200 and 250 bases, respectively. The similarity of operational taxonomic unit (OTU) binning was 97%. Each OTU was assigned at the species level using the Human Oral Microbial Database (v15.11) (Chen et al., 2010) with 97% sequence identity. The singletons were removed. OTUs identified in the negative controls were removed from the samples because they were considered to be contaminated with modern DNA (Weyrich et al., 2017). All abundance values were normalized by conversion to reads per million values. Rarefaction curve, number of OTUs, and the Shannon index were calculated as α diversity. The rarefaction single command in Mothur v1.33.3 was used to generate the rarefaction curve (Schloss et al., 2009). Principal coordinate analysis (PCoA) plots were visualized using R v.3.3.2 software. Dissimilarity values (1-Spearman correlation) were clustered using the average linkage method. Co-occurrence coefficients were calculated based on adjusted read abundances using the sparse correlations for compositional data algorithm (SparCC) program (Milici et al., 2016). For comparison with the subgingival microbiome of the modern Japanese population, we obtained FASTQ files of V3–V4 amplicon sequence data of subgingival plaque samples from DDBJ under accession numbers DRA008582 (Iwauchi et al., 2019) and DRA010104 (Komatsu et al., 2020). Briefly, DRA010104 was generated in exactly similar conditions as the Edo sample in this paper. In contrast, DRA008582 is genomic data generated by amplifying the V3–V4 region with the following parameters: preheating at 94°C for 3 min; 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s; and a terminal extension at 72°C for 5 min. Network structures were constructed using two species taxa with a positive correlation of relative read abundance with SparCC values ≥ 0.3 (Shiba et al., 2016). Co-occurrence patterns were drawn using a network structure wherein each taxon and co-occurrence were indicated by a node and edge, respectively, for all taxon pairs with a positive correlation. Networks were visualized using Cytoscape software v.2.860 (Smoot et al., 2011).



Statistical Analysis

Wilcoxon’s rank-sum test was performed to test for significant differences in each taxon between the groups. The number of OTUs and Shannon index were compared using a two-tailed t-test. P-values < 0.05 were considered statistically significant. Benjamin and Hochberg’s false discovery rate was applied for multiple testing, and q < 0.1 was considered statistically significant. An analysis of similarity (ANOSIM) was used to test the significance of dissimilarity between the two groups by applying adjusted read abundance.




Results


Clinical Characteristics

Samples with bone loss >4 mm or bone loss ratio >10% were diagnosed with periodontitis, and 5 out of 12 samples were affected by periodontitis. Caries and attrition were observed in 7 and 10 samples, respectively; non-carious cervical lesions (NCCL) and torus were not observed in any of the samples (Table 1) (for further details about each sample, see Supplementary Figures). Five samples with periodontitis had an average bone loss of 4.05 ± 0.88 mm (mean ± SD) and a mean bone loss ratio of 21.88 ± 9.44%, while 7 samples without periodontitis had an average bone loss of 2.73 ± 0.43 mm and a mean bone loss ratio of 5.32 ± 2.75%. Clinical characteristics of the modern subjects are shown in Supplementary Table 1.


Table 1 | Morphological examination of each individual skeleton.





Summary of Sequence Reads and Analysis of Diversity

A total of 750,940 ancient sequence reads were obtained from 16S rDNA sequencing. The average number of reads per sample was 62578.33 ± 13249.49. After analysis of the IM-TORNADO pipeline, the remaining ancient reads per sample were 31020.75 ± 7372.38 (Supplementary Table 2). A total of 477, 192, and 17 OTUs were detected in the ancient samples, soil, and water, respectively. The OTUs detected in soil and water were considered the contamination from modern times and removed from Edo samples. After removing contamination caused by modern DNA, the number of remaining reads and OTUs was 6847.16 ± 4179.48 and 72.75 ± 24.62, respectively, in all Edo samples (Supplementary Table 2). The number of OTUs in the Edo samples with periodontitis was 67.60 ± 28.65, and the Shannon index was 2.37 ± 0.26. The number of OTUs using the Edo samples without periodontitis was 76.43 ± 20.51, and the Shannon index was 3.01 ± 0.48 (Supplementary Table 3). Although there was no significant difference in the number of OTUs between the Edo samples with and without periodontitis, the Shannon index of the Edo samples without periodontitis was significantly higher than that of Edo samples with periodontitis (Figure 2A). The rarefaction curve showed that the obtained ancient reads were sufficient to examine the comprehensive bacterial composition, as the obtained OTUs reached saturation (Figure 2B); 11692.46 ± 2028.79 and 24311.00 ± 17013.88 reads were used for taxonomic analysis in the IM-TORNADO pipeline using modern samples with and without periodontitis, respectively (Supplementary Table 4). The number of OTUs using the modern samples with periodontitis was 317.08 ± 81.05, and the Shannon index was 3.47 ± 0.48 (Figure 2C and Supplementary Table 5). The number of OTUs using modern samples without periodontitis was 493.93 ± 23.39, and the Shannon index was 1.45 ± 0.16 (Figure 2C and Supplementary Table 5).




Figure 2 | Evaluation of bacterial diversity of ancient Edo sample based on 16S rDNA sequences. (A) The number of operational taxonomic units (OTUs) and Shannon index of Edo samples. (B) Rarefaction curve of Edo samples. (C) The number of OTUs and Shannon index of modern samples. *P < 0.05.





Evaluation of Bacterial Composition at the Phylum Level Based on 16S rDNA Sequencing

Eight bacterial phyla were detected in the ancient dental calculus: Firmicutes, Actinobacteria, Proteobacteria, Synergistetes, Saccharibacteria (TM7), Chloroflexi, Bacteroidetes, and Spirochaetes (Figure 3A and Supplementary Table 6). Firmicutes was the most dominant phylum in Edo samples with and without periodontitis, followed by Actinobacteria and Proteobacteria, except for the unclassified phylum. The ANOSIM evaluation revealed similar bacterial compositions at the phylum level for Edo samples with and without periodontitis (R = 0.9417 and P = 0.001).




Figure 3 | Percentage compositions of the rank of phylum. (A) Edo samples, (B) modern samples with periodontitis, and (C) modern samples without periodontitis.



The most abundant phylum in the modern samples with periodontitis was Bacteroidetes, followed by Fusobacteria and Firmicutes (Figure 3B and Supplementary Table 7). The most abundant phylum in the modern samples without periodontitis was Firmicutes, followed by Bacteroidetes and Actinobacteria (Figure 3C and Supplementary Table 7). There were no major differences in the phyla between the Edo samples with and without periodontitis. Although both Fusobacteria and SR1 were detected in the modern samples with and without periodontitis, they were not observed in Edo samples. Gracilibacteria (GN02) is a specific phylum in modern samples with periodontitis. The ANOSIM evaluation revealed that, at the phylum level, the bacterial compositions of Edo and modern samples with periodontitis were dissimilar (R = 0.9417 and P = 0.0010).



Evaluation of Bacterial Composition at the Class Level Based on 16S rDNA Sequencing

Clostridia were detected as being the most abundant in Edo samples with and without periodontitis, excluding the unclassified class, followed by Actinobacteria (Supplementary Table 8). Comparing Edo samples with periodontitis to those without periodontitis, Flavobacteriia was specific to Edo samples with periodontitis. Epsilonproteobacteria, Erysipelotrichia, and Sphingobacteriia were specific to Edo samples without periodontitis. However, the ANOSIM evaluation revealed similar bacterial compositions at the class level for Edo samples with and without periodontitis (R = -0.0065 and P = 0.4300).

Bacteroidia and Clostridia were most abundant in modern samples with and without periodontitis, respectively (Supplementary Table 9). PCoA was used to evaluate bacterial similarity for comparison between Edo and modern microbiomes (Figure 4). Although Edo samples with and without periodontitis had similar bacterial composition, modern and Edo samples with periodontitis had dissimilar bacterial composition at the class level. ANOSIM revealed dissimilarity between the modern and Edo samples with periodontitis (R = 0.9118 and P = 0.0001).




Figure 4 | Principal coordinate analysis (PCoA) was conducted for the dissimilarity matrix value of 1—Spearman's coefficient. PCoA was used to evaluate bacterial similarity for comparison between Edo and modern microbiomes according to class.





Evaluation of Bacterial Composition at the Genus Level Based on 16S rDNA Sequencing

Actinomyces, which was detected in all Edo samples, was the most dominant genus in the Edo samples, both with and without periodontitis (Figures 5A, B and Supplementary Table 10). Syntrophomonadaceae [VIII][G-1] was the second most dominant genus, followed by Anaerolineae (G-1) in Edo samples with periodontitis (Figure 5A and Supplementary Table 10). Fretibacterium was the second most dominant genus, followed by Peptostreptococcaceae [XI][G-5] in Edo samples without periodontitis (Figure 5B and Supplementary Table 10). In Edo samples with and without periodontitis, 37 and 24 genera, respectively, were detected—excluding the unclassified genera. Among these, 22 genera were common between the Edo samples with and without periodontitis. The ANOSIM evaluation revealed similar bacterial compositions at the genus level for Edo samples with and without periodontitis (R = -0.0470 and P = 0.5980). In modern samples with and without periodontitis, 93 and 74 genera, respectively, were detected—excluding the unclassified genera. Among these, 54 genera were common between the modern samples with and without periodontitis. The most abundant genus in the modern samples with periodontitis was Porphyromonas, followed by Fusobacterium and Prevotella (Figure 5C and Supplementary Table 11). The most abundant genus in the modern samples without periodontitis was Bacteroides, followed by Lactobacillus and Bifidobacterium (Figure 5D and Supplementary Table 11). On comparing Edo and modern samples with periodontitis, Syntrophomonadaceae [VIII][G-1], Lactobacillus, Stenotrophomonas, Eggerthella, Bergeyella, Paenibacillus, Bosea, and Clostridiales [F-3][G-1] were found to be specific to Edo samples with periodontitis. Contrarily, 77 genera were detected only in modern samples with periodontitis. The ANOSIM evaluation revealed that the bacterial composition at the genus level for Edo and modern samples with periodontitis was dissimilar (R = 0.9753 and P = 0.0010).




Figure 5 | Percentage compositions of genus. (A) Edo sample with periodontitis, (B) Edo sample without periodontitis, (C) modern samples with periodontitis, and (D) modern sample without periodontitis. The bars show mean ± SE relative abundances.





Evaluation of Bacterial Composition at the Species Level Based on 16S rDNA Sequencing

The most abundant species in the Edo samples with periodontitis was Actinomyces oricola, which was the only species detected in all the Edo samples with periodontitis. The second most abundant species was Syntrophomonadaceae [VIII][G-1] sp. oral taxon 435, followed by Anaerolineae [G-1] sp. oral taxon 439 (Figure 6A and Supplementary Table 12). The most abundant species in the Edo samples without periodontitis was Peptostreptococcaceae [XI][G-5] [Eubacterium] saphenum, followed by Syntrophomonadaceae [VIII][G-1] sp. oral taxon 435 and Fretibacterium sp. oral taxon 361 (Figure 6B and Supplementary Table 12). ANOSIM evaluation revealed similar bacterial compositions at the species level for Edo samples with and without periodontitis (R = 0.0000 and P = 0.5640). The most abundant species in the modern samples with periodontitis was Fusobacterium nucleatum subsp. vincentii, followed by P. gingivalis and Streptococcus sp. oral taxon 058 (Figure 6C and Supplementary Table 13). However, the most abundant species in the modern sample without periodontitis was Lactobacillus salivarius, followed by Bifidobacterium longum and Lactococcus lactis (Figure 6D and Supplementary Table 13). Seventeen species that were common to Edo and modern samples with periodontitis were detected, while the number of species specific to Edo and modern samples with periodontitis were 7 and 192, respectively (Figure 7A). A. oricola was the only species that was significantly more abundant in Edo samples with periodontitis than in the modern samples with periodontitis among the 17 species that were common to the Edo era and the modern times (Figures 7A, B). In contrast, Fretibacterium fastidiosum, Mogibacterium timidum, and Treponema socranskii were more frequent in the modern samples with periodontitis than in the Edo samples with periodontitis. ANOSIM showed that the composition of species was not similar for Edo and modern samples with periodontitis (R = 0.9132 and P = 0.0010).




Figure 6 | Percentage compositions according to species. (A) Edo sample with periodontitis, (B) Edo sample without periodontitis, (C) modern samples with periodontitis, and (D) modern sample without periodontitis. The bars show mean ± SE relative abundances.






Figure 7 | The core microbiome of Edo and modern samples with periodontitis. (A) The model includes the species detected in Edo sample with periodontitis (blue), modern sample with periodontitis (red), and both sites (purple); red text indicates species existing in both co-occurrence networks. (B) The mean relative abundances of common species between Edo and modern samples with periodontitis. The bars show mean ± SE relative abundances.





Comparison of Co-Occurrence Networks Between Edo and Modern Samples With Periodontitis

We constructed a co-occurrence network structure to identify the core species in the microbiome. Two co-occurring species are indicated by nodes and connected by edges. For Edo samples with periodontitis, the total numbers of nodes and edges were 24 and 29 at the species level, respectively (Figure 8A and Supplementary Table 14). Co-occurrence networks of both Edo and modern samples with periodontitis shared Fretibacterium fastidiosum, Neisseria subflava, Peptostreptococcaceae [XI][G-9] [Eubacterium] brachy, Prevotella sp. oral taxon 317, Pseudoramibacter alactolyticus, T. denticola, A. oricola, and Peptostreptococcus stomatis. The number of species that were connected with three or more nodes in the co-occurrence network of Edo samples with periodontitis was 11. Particularly, Mollicutes [G-2] sp. oral taxon 906, Peptostreptococcaceae [XI][G-5] [Eubacterium] saphenum, and TM7 [G-1] sp. oral taxon 488 were the core species that were connected to more than four nodes in the network. For modern samples with periodontitis, the total number of nodes and edges were 31 and 23 at the species level, respectively (Figure 8B and Supplementary Table 15). Four species were connected to three or more nodes in the co-occurrence network of modern samples with periodontitis. P. gingivalis was the core species that was connected to P. alactolyticus, T. denticola, T. forsythia, and Desulfobulbus sp. oral taxon 041. The values of network density were 0.105 and 0.049 for the Edo and modern samples with periodontitis, respectively.




Figure 8 | Co-occurrence networks based on species in (A) Edo sample with periodontitis and (B) modern sample with periodontitis.






Discussion

The purpose of this study was to comprehensively analyze the bacterial composition and co-occurrence network of the microbiome in the Edo era and elucidate the bacterial species involved in periodontitis in the Edo era and modern samples. Additionally, this study revealed characteristic intraoral findings in Edo samples and introduced novel morphological examinations to evaluate the periodontal status of ancient skeletons.

The presence or absence of periodontal disease in ancient skeletons has been evaluated based on antemortem tooth loss (AMTL) (Clarke et al., 1986; Lavigne and Molto, 1995). Larsen (1995) argued that AMTL has a strong relationship with periodontal disease in archaeology. However, it is difficult to identify the cause of AMTL in many cases, such as dental caries, periodontitis, and tooth fracture. Therefore, the distance from the cemento-enamel junction (CEJ) to the alveolar crest (AC) and morphological assessment of inflammation of the interdental septum have often been used for the diagnosis of periodontal disease (Clarke et al., 1986; Kerr, 1988; Kerr, 1991; Lavigne and Molto, 1995). The CEJ-AC distance measures the root exposure to assess the degree of alveolar resorption (Clarke et al., 1986). Root exposure with gingival recession is affected by the lack of alveolar bone at the site due to fenestration and dehiscence of alveolar bone, abnormal tooth position, direction of eruption of the tooth, and the tooth shape, except for periodontitis (Kassab and Cohen, 2003). The morphological assessment of inflammation of the interdental septum involves measurement of the septal form characteristic, and it is difficult to characterize the form due to scratches during excavation of the skeleton or preservation under an inadequate environment. It is also difficult to measure the depth and angular degree of deep intrabony defect in category 5, proposed by Kerr (Kerr, 1988; Kerr, 1991). Recently, Warinner used the degree of bone resorption relative to root length for assessing periodontal destruction in ancient skeletons (Warinner et al., 2014). To grasp the root length, the tooth has to be removed from the ancient skeleton. In recent years, CBCT has seen remarkable development and has become essential in current dental treatment to understand the morphology of bone resorption due to periodontal disease (Braun et al., 2014). Additionally, the root length can be accurately ascertained without removing the tooth from the ancient skeleton using CBCT. Therefore, we applied CBCT for the periodontal examination of the ancient skeleton.

In this study, periodontal disease was diagnosed in skeletons from the Edo era with a prevalence rate of approximately 42% (5 of the 12 skeletons). The second term (2013 to 2022) of the National Health Promotion Movement in the 21st century (Health Japan 21) reported a prevalence of periodontal disease among Japanese people in their forties to be 37.3% in 2005, with a targeted reduction to 25% by 2022 (Ministry of Health, 2012). Contrary to expectations, the prevalence of periodontal disease among individuals in the Edo era and modern population was similar. NCCL was not observed in the Edo samples used in this study. At present, occlusion is no longer considered the cause of NCCL, and only brushing has been verified in an experimental model (Fan and Caton, 2018). During the Edo era, brushing techniques and materials were not as advanced as the current ones. A report on DNA analysis of the food remains in human dental calculus from the Edo era in Japan using next-generation sequencing helped detect plant DNA of the genus Nicotiana (Sawafuji et al., 2020). The use of tobacco has also been reported in the historical literatures in the Edo period (Kitagawa, 1853; Miyazaki, 1967). Thus, it can be presumed that the people in the Edo era were exposed to the same periodontal disease risk factors as people in modern times.

Eleven phyla were detected in the bacterial composition of the modern samples in this study. In contrast, Fusobacteria, SR1, and Gracilibacteria (GN02) were detected only in modern samples, and unique phyla were not detected in the Edo samples. Although there were no significant differences between Edo and modern samples at the phylum level, PCoA plots at the class level showed that the bacterial composition of Edo samples was distinctly different from that of modern samples. Interestingly, Fusobacteria, which are typical pathogenic bacteria of periodontitis, were never detected in the ancient Edo samples at the phylum level. It is well-known that F. nucleatum, which belongs to phylum Fusobacteria, plays an important role in oral bacterial colonization. A previous study reported that the calculus of Neanderthals hardly contained Fusobacteria (Weyrich et al., 2017). Therefore, we presumed that there might be other key bacteria that contributed to plaque formation before the post-industrial era. The red complex plays a major role in the etiology of periodontal disease in modern humans (Socransky et al., 1998). Kasuga et al. (2000) reported the detection rates of P. gingivalis, T. forsythus, and T. denticola in samples from Japanese adult periodontal lesions to be 75.5%, 69.8%, and 72.6%, respectively. However, these species that were representative periodontal pathogens were not detected in Edo samples. These results are inconsistent with those of previous reports focusing on the ancient calculus microbiome (Adler et al., 2013; Warinner et al., 2014). Microbiome alterations result from various factors, such as changes in diet (Brown et al., 2012) and adoption of lifestyles associated with industrialization (Clemente et al., 2015). Japanese industrialization occurred between the Edo era and modern times. Additionally, the Edo era is recognized for Sakoku, which means closed country, with an isolationist foreign policy of the Japanese Tokugawa shogunate in place for a period of 214 years (1639–1854). It resulted in severely limited relations and trade between Japan and other countries; almost all foreigners were barred from entering Japan and common Japanese people were kept from leaving the country (Kazui and Videen, 1982). Since there was no transmission of bacteria from other countries, it is possible that the locals possessed unique and less diverse microbiome. Two hypotheses might arise: one is that periodontitis is not necessarily induced by the red complex, and the other is that potential periodontal pathogens in the Edo era were different from those in modern times.

Considering the bacterial composition at the species level, the number of species common between Edo and modern, Edo specific, and modern specific species were 17, 7, and 192, respectively. Eggerthella lenta, a species and genus specific to Edo, is an anaerobic, Gram-positive bacillus commonly found in the human digestive tract (Moore et al., 1971). Occasionally, E. lenta can cause life-threatening infections, such as polymicrobial intra-abdominal and anaerobic bloodstream infections (Ugarte-Torres et al., 2018). Lactobacillus iners, a species specific to Edo, is a Gram-positive, catalase-negative, facultatively anaerobic rod-shaped bacterium (Falsen et al., 1999). Vaginal microbiome dominated by L. iners was associated with increased risk of Chlamydia trachomatis infection (van Houdt et al., 2018). Lactobacillus species in the oral cavity represent both a significant contributor to dental caries progression and a major reservoir to the gastrointestinal tract (Caufield et al., 2015). There are two possible reasons for this: first, the caries prevalence rate was approximately 58% (7 of the 12 skeletons) in this study. Second, the samples in this study included not only subgingival dental calculus but also supragingival dental calculus. Therefore, the effects of the cariogenic microbiota could not be ignored entirely. Ancient skeletons in which both tooth and dental calculus are preserved in good condition are extremely rare. In addition to the difficulty in obtaining the necessary amount of dental calculus for analysis due to the limited amount of dental calculus, it is difficult to distinguish between supragingival and subgingival dental calculus because there is no soft tissue in the ancient skeletons. Further, the color difference between supragingival and subgingival dental calculus is not apparent because a long time has passed.

The association of Edo specific species with periodontitis has not been reported yet. Focusing on the species common to the Edo era and modern times, 13 species did not show any statistically significant difference between the Edo and modern samples. Therefore, we assumed that these species have associated with periodontitis from the 19th century to the present day in Japan. A. oricola in the Edo samples was significantly more abundant than in the modern samples and co-occurred with E. lenta. The relationship might have been important for causing periodontitis in the Edo era. Additionally, Mollicutes [G-2] sp. oral taxon 906, Peptostreptococcaceae [XI][G-1] sp. oral taxon 383, Peptostreptococcaceae [XI][G-5] [Eubacterium] saphenum, Peptostreptococcaceae [XI][G-6] [Eubacterium] minutum, and TM7 [G-1] sp. oral taxon 488 were found to be core species in the co-occurrence network of Edo samples, but not modern samples. Eubacterium species, which are asaccharolytic anaerobic Gram-positive rods, produce butyric acids (Uematsu et al., 2003). Recent studies have reported that butyric acid produced by microorganisms has some pathogenicity, such as suppression of human gingival fibroblast proliferation (Jeng et al., 1999) and induction of apoptosis in human or mouse T and B cells (Tse and Williams, 1992; Pöllänen et al., 1997). We presumed that the pathogenicity of these bacteria was higher in the Edo era than in modern times, and the activity of these bacteria could affect the progression of periodontitis in the Edo era. Several studies have reported that TM7 species were significantly enriched in periodontitis in modern times (Liu et al., 2012; Chen et al., 2018). However, the virulence is unknown because TM7 species are unculturable bacteria (Hanada et al., 2014). Similarly, Mollicutes were detected in advanced periodontal lesions (Hanada et al., 2014); however, their role is not clear. T. socranskii is frequently detected in aggressive and chronic periodontitis in modern times (Takeuchi et al., 2001). It is known that T. socranskii produces heat shock proteins implicated in periodontitis in modern times. T. socranskii was also a core species in the co-occurrence network of Edo samples, although it was significantly more abundant in the modern samples than in Edo samples. Therefore, T. socranskii might have played a more important role in periodontitis during the Edo era than in modern times. All species commonly detected in the Edo era and modern times were present in the co-occurrence network of the Edo samples. In the co-occurrence network of the modern samples, only three species among all species commonly detected in the modern times and Edo era were present, and it seems that these species might not play a key role because they did not have prominent co-occurrence relationships with other species. Therefore, there might be no specific causative bacteria for periodontitis that are timeless, and the causative bacteria for periodontitis might have changed with time and environment. The influx of cultures, especially the varied diet from Europe since the end of isolationism, might have led to changes in the oral microbiome.

In the analysis of bacterial composition using next-generation sequencers, changes in the bacterial composition can occur due to differences in the types of primers, reference databases, and the database version, and reanalysis is recommended in the case of obtaining data from the database (Abellan-Schneyder et al., 2021; Abusleme et al., 2021). In this study, we reanalyzed the data obtained from the database to reduce the bias of the reference database and its version. In this study, 192 species were detected in the modern samples with periodontitis. There is a significant difference in the number of bacterial species detected between ancient and modern samples. One of the reasons is that in the modern samples, the V3–V4 region of the bacterial 16S rRNA gene was sequenced. According to Abellan-Schneyder et al. (2021), modern gut microbiota research using nine different primers (V1–V2, V1–V3, V3–V4, V4, V4–V5, V6–V8, and V7–V9) showed that the V3–V4 region primer had good overall performance. Furthermore, the V4 region should be included in the primer design since the V4 region was the best sub-region for phylogenetic resolution among other 16S rRNA gene variable regions (Yang et al., 2016). In modern research for bacterial composition in the oral cavity, many reports using the V3–V4 region have been performed, and good results have been reported (Maruyama et al., 2014; Komatsu et al., 2020; Shiba et al., 2021; Shimogishi et al., 2021). In contrast, many studies have shown effective results using ancient microbiome through the amplicon sequencing of the V4 region (Santiago-Rodriguez et al., 2017; Santiago-Rodriguez et al., 2019) because ancient DNA is known to be highly fragmented (Sawyer et al., 2012). Dietary patterns and socioeconomic factors can influence oral bacterial composition (Sawyer et al., 2012; Balakrishnan et al., 2021). Therefore, in this study, we focused on the sequence reads of modern samples from only studies conducted in Japan. Unfortunately, there have been no reports in Japan on analysis for the bacterial composition of subgingival plaque using the V4 region or amplicon sequencing of mixed supragingival and subgingival samples regardless of the kinds of primers used. For these reasons, we utilized the sequence data from DRA008582 (Iwauchi et al., 2019) and DRA010104 (Komatsu et al., 2020). The second reason is that unclassified bacteria accounted for a large percentage of the bacterial composition of Edo samples. This is thought to be the effect of low-quality ancient DNA and the lack of appropriate databases and analysis methods exclusively for the ancient microbiome. Therefore, the number of bacterial species in Edo samples with periodontitis was low. Ziesemer et al. (2015) reported that shotgun metagenomic sequencing was superior to amplicon sequencing of 16S rRNA gene in the analysis of ancient microbiome because ancient DNA is known to be highly degraded and fragmented, potentially leading to biased results compared with well-preserved DNA, such as modern DNA. However, the number of 16S rDNA reads was 0.2% of the total shotgun sequencing reads (Santiago-Rodriguez et al., 2017). Shotgun metagenomic sequencing needs a larger quantity of sample and is also more expensive. Additionally, many studies have shown effective results using ancient microbiome through the amplicon sequencing of the V4 region (Santiago-Rodriguez et al., 2017; Santiago-Rodriguez et al., 2019). Furthermore, the V4 region was the best sub-region for phylogenetic resolution among other 16S rRNA gene variable regions (Yang et al., 2016). Since the co-occurrence network of modern samples with periodontitis is simpler than that of Edo samples with periodontitis, it is easy to identify species that are at the core of the bacterial composition of modern samples with periodontitis. The results of this study showed that P. gingivalis is a core species connected to other typical periodontal pathogens, such as T. forsythia and T. denticola, in the co-occurrence networks for modern samples with periodontitis. In contrast, no typical periodontal pathogen was found in the co-occurrence network of Edo samples with periodontitis. This may indicate that the presence of bacterial species with no known pathogenicity might have influenced periodontitis in the Edo era, or the uniqueness and complexity of the microbial network of Edo samples with periodontitis itself might have contributed to the development of periodontal disease, although the number of specimens was limited and the evaluated Edo and modern samples were obtained from calculus and dental plaque, respectively.



Conclusions

The dental calculus can preserve bacterial DNA and reveal the microbial composition in ancient samples. The modern bacterial composition of the oral cavity with periodontitis might be different from that of the Edo era, suggesting that periodontal pathogenic bacteria and its co-occurrence relationships might have changed with time and environment. To the best of our knowledge, this is the first study to investigate the periodontal microbiome in Japanese Edo samples accompanied by periodontal diagnoses based on skeletons and their micro-computed tomography.
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