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Abstract: The oral microbiome of healthy older adults has valuable information about a healthy
microbiome. In this study, we collected and analyzed the oral microbiome of denture plaque and
tongue coating samples from four female centenarians. After DNA extraction and purification,
pyrosequencing of the V3–V4 hypervariable regions of the 16S rRNA was carried out. The bacterial
taxonomy for each lead was assigned based on a search of the EzBioCloud 16S database. We obtained a
total of 199,723 valid, quality-controlled reads for denture plaque and 210,750 reads for tongue coating.
The reads were assigned 407 operational taxonomic units with a 97% identity cutoff. Twenty-nine
species were detected in both denture plaque and tongue coatings from all subjects. Firmicutes was
the most abundant phylum; the Streptococcus salivarius group was the most abundant species in both
the denture plaque and tongue coatings; and the Fusobacterium nucleatum group was detected in all
subjects. In the bacterial profile, species formed clusters composed of bacteria with a wide range of
prevalence and abundance, not dependent on phyla; each cluster may have specific species that could
be candidates for a core microbiome. Firmicutes and Veillonella were abundant phyla on both plaque
and tongue coatings of centenarians.

Keywords: oral microbiome; core microbiome; centenarian; next-generation sequencing

1. Introduction

The human microbiome changes with age [1] and health affects the composition of the microflora.
It has been suggested that aging is accompanied by an underlying inflammatory state [2] that
interacts with the microbiota of older adults and makes them more susceptible to age-related
diseases [3–5]. Changes in the gut microbiome are explained by diseases, including metabolic
changes and inflammatory conditions. Studies of intestinal microbiota in the elderly show that the
microbiome affects a variety of clinical problems, including physical weakness, Clostridium difficile
infection, colitis, vulvar vaginal atrophy, colorectal cancer, and atherosclerosis [6]. Other research has
focused on the metabolism of nutrients. The microbiota has been shown to correlate with the declining
metabolism of essential amino acids by aging [7].
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In addition to the intestinal microbiome, the oral microbiome has been intensively studied.
Both are affected by development, aging, and the state of oral disease. The formation of the first oral
flora is strongly influenced by the mother [8–10]. Breast milk provides a source of bacteria that act
as an inoculum for newborns [11–14]. The production and excretion of metabolites by pioneering
colonies, such as Streptococcus and Actinomyces, alter the anaerobic oral environment. Under such
conditions, anaerobic bacteria such as Veillonella and fusobacteria colonize [8,15]. With development,
the microbial community evolves and microbial diversity increases [16,17]. Current knowledge shows
that adult-like stability is reached around age two [15]. The established oral microbiota is disturbed
by oral diseases. The development of dental caries has been associated with changes in microbial
composition over time [18]. Differences in bacterial communities on the phylogenetic level were
observed between healthy people and patients with periodontal disease [19,20]. The oral microbiota
includes some pathogenic bacteria for systemic diseases. Therefore, the oral microbiome affects health
and varies with health or disease [21]. Oral diseases, especially periodontal disease, can be the main risk
factor for several systemic diseases [22–27]. Periodontal bacteria and their surface lipopolysaccharides
were the agents of systemic diseases [28]. Recent advances of research on systemic diseases and oral
health showed that there exist protective host factors for systemic diseases in relation to periodontal
diseases [29–31]. The number of studies on the oral microbiota of community-dwelling older persons
is limited [32–37].

In this study, denture plaque and tongue surface samples were obtained from people over
100 years old. The samples were analyzed by high-throughput sequencing of 16S rRNA through a
metagenomics approach. We describe the commonly prevalent and highly abundant species of four
female centenarians and compare them with the healthy oral microbiome proposed in previous studies.
In addition, differences in sampling sites and the co-prevalence of species were analyzed.

2. Materials and Methods

2.1. Subject and Setting

Originally, the aim of the survey was to investigate the relationship between oral health and
systemic health in 80-year-old adults. This survey is known as the 8020 Data Bank Survey. A 20-year
follow-up study was conducted from 1996 to 2017 with subjects 80 years of age (born in 1917) residing
in the 8 districts served by one health center in Iwate Prefecture. The sampling method was cluster
sampling, and the sampling frame was a complete count survey for all subjects. For the baseline survey,
based on residential registration, public health nurses visited 944 homes where 80-year-olds lived,
and 666 subjects participated in these checkups.

The follow-up survey was conducted by the resident register with surviving subjects who
participated in the baseline survey. After 20 years, 12 subjects survived. Among them, 5 lived in their
own home with their families; the others lived in nursing homes. Four subjects who lived in their own
home agreed to participate in the survey. We visited their homes at 10:00 in the morning to minimize
the effect of food intake. Details of the survey were described in our previous report [27,28,37,38].

2.2. Oral Examination

Two dentists visited the homes of the subjects. An oral examination was carried out with a
penlight and a dental mirror. The definition and diagnosis of dental caries were based on the criteria of
the World Health Organization [39].

2.3. Sample Collection

As all subjects wore complete dentures, plaque samples were collected from the denture surface
based on a method described in previous reports [40,41]. Briefly, the denture was brushed around the
buccal surface with a toothbrush for 2 min, followed by immersion of the toothbrush with the attached
plaque in sterilized, phosphate-buffered saline (PBS). Tongue coating samples were collected by using
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a mucosal brush (ERAC 510Lion, Tokyo, Japan). The tongue surface was brushed one way, from back
to front, 5 times. Samples were treated in the same way as denture plaque samples. Samples were
kept on ice before being transported to the Iwate Dental Association in an ice box with refrigerant,
then were stored at −20 ◦C for further analysis.

2.4. Microbial DNA Extraction

Denture plaque and tongue surface samples suspended in PBS were collected by a centrifuge at
3000 rpm for 10 min. DNA extraction was performed by a Maxwell 16 LEV Blood DNA Kit (Promega
KK, Tokyo, Japan)according to the manufacturer‘s instructions. DNA concentration was measured by
a NanoDrop ND-2000 (Thermo Fisher Scientific KK, Tokyo, Japan). Degradation of DNA was visually
checked by electrophoresis on 1% agarose gel. Degradation of DNA and contamination of RNA were
checked by a Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific KK, Tokyo, Japan).

Samples meeting the following criteria were used for further sequence analysis: conc > 20 ng/µL,
volume ≥ 20 µL, A260/280 ≥ 1.8, and A260/230 > 1.5. In this study, all samples met the criteria.

2.5. Microbial Community Analysis

Extracted DNA was analyzed in a laboratory (Chun Lab, Seoul, Korea). Polymerase chain reaction
(PCR) amplification was performed using primers specific to the V3–V4 region pyrosequencing tags of
the 16S rRNA gene in the extracted bacterial DNA. Taxonomic classification of each read was assigned
based on a search of the EzBioCloud 16S database [42,43], which contains the 16S rRNA genes of type
strains that have valid published names and representative species-level phylotypes of both cultured
and uncultured entries in the GenBank database, with complete hierarchical taxonomic classification
from the phylum to species level [44].

2.6. Bioinformatics Analysis

The number of 16S rRNA gene copies (absolute abundance) of operational taxonomic units (OTUs)
was calculated by multiplying their respective relative abundance by the total number of 16S rRNA
gene copies. Bioinformatics analysis was performed by the microbiome package on the Bioconductor
of R software [45].

3. Results

3.1. Characteristics of Subjects Who Participated in this Study

All four subjects who participated in this study were women, 100 years old, and wore complete
dentures. One subject had five residual roots (sample ID 1), with complete dentures designed over
the stump root. Blood tests and medical examinations were conducted to confirm the health of the
subjects. Blood tests showed values in the normal range. Two subjects had hypertension. According
to this continuous study, one subject had high blood pressure at age 85 (sample ID 1) and one had
normal blood pressure at age 90 (sample ID 2). Other than that, there were no specific symptoms
on examination.

3.2. Sequence Data Details

Out of eight samples from the four subjects, 199,723 reads for denture plaque (min, max: 42,792,
54,898) and 210,750 for tongue coatings (45,193, 57,753) passed quality control. From these reads,
sequences clustered into 15 phyla, 31 classes, 49 orders, 71 families, 142 genera, and 406 species.
A heatmap of all 407 species detected in this study is shown in Figure S1. All sequence data are
provided in the Supplementary Materials.

The ACE, Chao1, jackknife, Shannon, and Simpson alpha diversity indices were calculated to
analyze the diversity and richness of all samples. By comparing the samples of denture plaque and
tongues, the ACE, Chao1, jackknife, and Shannon indices were not significantly different (P > 0.05),
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proving that bacterial diversity and richness were similar in the samples collected from denture plaque
and tongues. The values of these indices are shown in Table S1. Statistics of taxonomic assignment are
shown in Table S2. A rarefaction curve is shown in Figure S2.

3.3. Oral Microbiome Profile of Centenarians

Figure 1A shows the relative abundance of detected bacteria at the phylum level. On both denture
plaque and the tongue, Firmicutes were abundant. Figure 1B shows the phylum level proportion
of bacteria of the four subjects. For three subjects, Firmicutes were abundant in both saliva and the
tongue. Proteobacteria were relatively abundant in the saliva and tongue of one subject. Dynamic pie
charts are presented in the Supplementary Materials.
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3.4. Core Microbiome Analysis

Figure 2 shows the prevalence of taxa in terms of abundance. Abundant species belonged to
Firmicutes, Proteobacteria, and Bacteroides. In this study, 29 species were detected from all subjects
in denture plaque and the tongue. Table 1 shows the species detected from all subjects, and Table
S3 shows the 15 species in plaque and 7 species in the tongue. The most abundant bacteria were
Firmicutes at the phylum level and the Streptococcus salivarius group at the species level in both plaque
and the tongue. The Fusobacterium nucleatum group was detected from all subjects. A heatmap of the
candidates for the core microbiome is shown in Figure S3.
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Table 1. Bacteria detected in denture plaque and tongue from all subjects.

Phylum Genus Species Abundance (%)

Plaque Tongue

Firmicutes

Streptococcus

Streptococcus salivarius group 9.72 25.06
Streptococcus sinensis group 4.12 13.22

Streptococcus pneumoniae group 4.46 1.92
Streptococcus parasanguinis group 2.30 3.83

Streptococcus gordonii group 4.80 0.62
Streptococcus peroris group 0.82 1.03

Streptococcus sanguinis 0.87 0.08
Streptococcus_uc 0.40 0.32

Veillonella

Veillonella dispar 5.63 4.89
Veillonella parvula group 7.40 0.51

Veillonella atypica 1.90 1.95
Veillonella_uc 0.05 0.09

Gemella Gemella haemolysans group 0.23 0.54

Granulicatella Granulicatella adiacens group 0.43 1.67

Lachnoanaerobaculum Lachnoanaerobaculum orale group 0.13 0.08
Lactobacillus Lactobacillus salivarius 3.95 0.33
Megasphaera Megasphaera micronuciformis 0.29 0.07

Moryella Stomatobaculum longum 0.17 0.22

Actinobacteria

Actinomyces
KE952139_s 0.71 2.39

CAGY_s 0.11 0.30
JRMV_s 0.02 0.37

Atopobium Atopobium parvulum 0.76 0.27

Rothia
Rothia mucilaginosa 0.65 17.17
Rothia dentocariosa 4.34 0.52

Rothia_uc 0.02 0.10

Bacteroidetes Prevotella

Prevotella histicola 3.95 0.54

Prevotella jejuni 0.32 1.06

Prevotella salivae 0.35 0.08

Fusobacteria Fusobacterium Fusobacterium nucleatum group 0.37 0.04
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3.5. Analysis of Co-prevalent Species

Then, the levels of species co-prevalence were analyzed by t-distributed stochastic neighbor
embedding (tSNE). As shown in Figure 3, species were constructed in clusters that were not dependent
on the phylum. The list of classified species and detection in 3 of 4 subjects (75%) is shown in Table S2.
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4. Discussion

This study describes microbial profiles of the oral cavities of four female centenarians by high
throughput sequencing. Highly prevalent and abundant species are described. In addition, differences
in sampling sites and co-prevalence of species are presented.

A total of 406 species were detected. Studies indicate that the diversity of bacteria is reduced with
the frailty of older adults [3,46]. All participants in this study were female centenarians. Bacterial
diversity was not reduced when compared to another study [16].
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Firmicutes was the most abundant phylum for both the denture plaque and tongue samples.
Several studies have shown that Firmicutes is the most abundant phylum in the saliva of infants [16]
and young children aged 6–8 years [47], swabs of the oral cavities of youths and adults [48], and dental
plaque from older adults [34]. Firmicutes, Streptococcus, and Veillonella were detected in all subjects in
both the denture plaque and the tongue. The result that Firmicutes was the most abundant, followed by
Veillonella, is consistent with the proportions of oral microorganisms in the Human Oral Microbiome
Database [49]. The abundant genera after Veillonella vary between studies. Streptococcus, Veillonella,
and Neisseria were the predominant bacterial genera present in infants. Abundant genera that coat the
tooth surface first are Streptococcus and Veillonella [50]. Streptococcus, Veillonella, and Neisseria are the
predominant bacterial genera present in infants [16]. Streptococcus and Veillonella are known as early
colonizers. Neisseria settles down at the age of 1–2 years [18].

In this study, Neisseria was not detected in all subjects. Differences at the species level in previous
reports may be due to the sample difference. All subjects surveyed in this study wore complete
dentures, so the plaque sample was denture plaque, not dental plaque attached to the tooth surface.
Additionally, the small sample size may have affected the difference.

In this study, Streptococcus salivarius was the most abundant species in both the denture plaque and
the tongue. This result is consistent with another study that investigated the tongues of Japanese older
adults [16]. The results of the study show that more than 5% of abundant species were Streptococcus
salivarius, Prevotella melaninogenica, Rothia mucilaginosa, Veillonella atypica, and Neisseria flavescens. Except
for Neisseria flavescens, the other four species were common to our results. Another study showed that
Streptococcus oralis was by far the most prevalent species [51]. As described above, Firmicutes and
Veillonella are abundant phyla. Each study has different bacterial profiles at the genus or species level.

The bacterial profile of the denture plaque was similar to that of oral mucosa. Actinobacteria
was abundant in the denture plaque and Bacilli were abundant in the dental plaque [52]. In this
study, the proportion of these bacteria varies between samples: 5.4%, 15.5%, 10.8%, and 6.5% for
Actinobacteria and 82.45%, 44.4%, 21.5%, and 48.1% for Bacilli. The small sample size may have
affected the results.

A previous study had shown that oral microbiome profiles were related to the risk of death by
pneumonia for older persons residing in nursing homes [53]. Neisseria flavescens, the Fusobacterium
periodonticum group, and the Haemophilus parainfluenzae group were abundant in the risk group. In this
study, one subject (Sample ID 4) had higher levels of these bacteria than the mean values of the
risk group.

As shown in Figure 3 the bacterial community formed clusters with a low prevalence or abundance
of bacteria. The clustering was not phylum dependent.

The clusters were composed of bacteria with a wide range of prevalence and abundance.
This indicates that some bacteria were the core of the cluster. There may be an interaction or symbiotic
mechanism between core bacteria and low-prevalence or low-abundance bacteria. Therefore, there may
be healthy microbiome candidates within the core bacteria of each cluster.

A limitation of this study was the small sample size of four people. The design was a cross-sectional
study. The data presented in this study were from Japanese older persons. Even though dietary habits
have little effect on the oral microbiome [54], regional or cultural differences could have an effect on
the oral microbiome [44]. The health status of the subjects who participated in this study was limited.
Subjects with specific diseases were not included. For comparison, healthy and pathogenic conditions
should be considered. Longevity is not simply explained by microflora. Further study is needed to
evaluate the host factors such as nutraceutical agent [29], serum malondialdehyde [30], and progenitor
cell levels [31]. In addition, the subjects investigated in this study were all female and edentulous.

5. Conclusions

The oral microbiome was preserved in Japanese centenarians at the phylum level. At the species
level, bacterial profiles were not consistent with other studies. Firmicutes and Veillonella were abundant
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phyla in both the plaque and the tongue. In the bacterial profile, bacteria formed clusters. The oral
microbiome of the centenarian investigated in this study was similar to that of other age groups from
previous studies at phylum level. Further study is needed to define a common bacterial profile at the
species level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/15/5312/s1.
Figure S1: Heatmap of all species detected. Figure S2: Rarefaction curve. Figure S3: Core heatmap. Table S1:
Alpha diversity indices of different groups. Table S2: Statistics of taxonomic assignment. Table S3: Species
detected in denture plaque and tongue. Sequence data: Sequence data of the eight samples. Dynamic pie chart:
Dynamic pie chart of the bacterial profiles of samples. OTU data: OTU data used in this study.
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