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Abstract

Background: The extent to which the composition and diversity of the oral microbiome varies with age is not
clearly understood.

Methods: The 165 rRNA gene of subgingival plaque in 1219 women, aged 53-81 years, was sequenced

and its taxonomy annotated against the Human Oral Microbiome Database (v.14.5). Composition of the subgingival
microbiome was described in terms of centered log(2)-ratio (CLR) transformed OTU values, relative abundance, and
prevalence. Correlations between microbiota abundance and age were evelauted using Pearson Product Moment
correlations. P-values were corrected for multiple testing using the Bonferroni method.

Results: Of the 267 species identified overall, Veillonella dispar was the most abundant bacteria when described by
CLR OTU (mean 8.3) or relative abundance (mean 8.9%); whereas Streptococcus oralis, Veillonella dispar and Veillonella
parvula were most prevalent (100%, all) when described as being present at any amount. Linear correlations between
age and several CLR OTUs (Pearson r=—10.18 to 0.18), of which 82 (31%) achieved statistical significance (P < 0.05). The
correlations lost significance following Bonferroni correction. Twelve species that differed across age groups (each
corrected P < 0.05); 5 (42%) were higher in women ages 50-59 compared to 270 (corrected P < 0.05), and 7 (48%) were

higher in women 70 years and older.

enhance oral health in later life.
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Conclusions: We identified associations between several bacterial species and age across the age range of
postmenopausal women studied. Understanding the functions of these bacteria could identify intervention targets to

Background

The availability of high throughput metagenomics
sequencing technology has allowed for deeper under-
standing of complex microbiota ecologies and their aggre-
gate functional capacities within a defined microbiome
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[1, 2]. Marked differences in composition and function of
microbiomes have been shown between various body sites
among individuals [3, 4]. It has become increasingly clear
that the microbiota and microbiome are correlated with
both health and disease states in humans [5], and that the
aging process could be an important determinant of these
relationships [6, 7]. Aging is a complex, multifactorial
process characterized by progressively lower resilience to
stress, increased homeostatic imbalance, and greater
susceptibility to pathologic insult and disease onset [8].
Changes in microbiome diversity and function have been
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observed with increasing age [9]. Alterations in the host
environment that occur with physiologic aging processes
could enable untoward shifts in relative abundance of
commensal and pathogenic bacteria, and enhanced ex-
pression of pathogen genomes which, in turn, could
heighten disease susceptibility. In support of this hypoth-
esis are studies demonstrating links between human
microbiomes and several diseases of aging including obes-
ity, diabetes, heart disease, and certain cancers [5, 7, 10].

The oral microbiota comprise one of the most complex
and diverse human microbiomes [3, 11, 12]. Oral bacteria
have important functional roles that contribute to main-
tenance of oral health [13], to oral diseases such as caries
and periodontitis in the setting of dysbiosis [14, 15], and
potentially to systemic diseases of aging by way of bacter-
ial translocation through ulcerated oral epithelium, aspir-
ation, or ingestion [7, 16]. This could have important
implications to public health given the rapid growth in
numbers of older adults expected in coming decades.

Surprisingly, there exists a limited understanding of
oral microbiota in aging populations. Feres et al. [17]
conducted a comprehensive review of published litera-
ture and concluded that the majority of oral micro-
biome studies have included younger and middle-aged
adults. Only a small number of studies have described
the microbiome in older adults, among which sample
sizes of adults 60years and older tended to be, on
average, modest (e.g., <200), the majority of whom
were men and were selected to have moderate to
severe periodontitis [17-19]. A majority of previous
studies have used low throughput microbial measurement
techniques, such as microbial culture and targeted DNA
probes, which result in an incomplete characterization of
the oral microbiome composition and diversity in rela-
tionship to groups of men and women of differing ages.
Recent investigations have extended these previous studies
by using next generation sequencing methods, but again
relatively small sample sizes (< 100) limited the contrasts
that could be performed in relation to age in the majority
of these studies [20-23].

Thus, at present, an incomplete understanding of the
composition and characteristics of the oral microbiome
exists in the context of aging, particularly in women. A
critical step in advancing knowledge on how the oral
microbiome relates with the frequency of oral (e.g., peri-
odontitis) or systemic (e.g., breast cancer) diseases of
aging, is to first understand the extent of the compos-
ition and how the microbiota vary with host characteris-
tics, such as age. This information will be important in
later understanding the interplay of the microbiome
with pathogenic changes over time. Application of epi-
demiologic study methods to study populations not
selected on disease status is a suggested approach to
establish a foundational understanding of microbiome
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diversity expected in a population that then allow for
hypotheses pertaining to disease-related variation that
can then be accurately evaluated [24]. The objective of
this current cross-sectional investigation was to describe
the composition and diversity of the subgingival plaque
microbiome and its relationship with age in a cohort of
ambulatory postmenopausal women, aged 53-81 years,
who were enrolled in an ongoing study from the
community dwelling women without selection on peri-
odontal health status at enrollment.

Methods

Participants

The present study included 1219 postmenopausal
women enrolled in the Buffalo Osteoporosis and Peri-
odontitis (OsteoPerio) Study, which is an ancillary
study conducted at the Buffalo (NY) clinical center of
the Women’s Health Initiative Observational Study
(WHI OS). Participants provided written informed
consent for all components of the studies, which were
conducted in accord with the Helsinki Declaration on
human subjects research. Experimental protocols for
all aspects of the WHI study, the OsteoPerio Study,
and the microbiome study detailed in this paper were
approved by the Institutional Review Board at the
University at Buffalo. This manuscript conforms to
the STROBE guidelines for human observational stud-
ies. Details about recruitment, enrollment criteria,
study implementation and measurements have been
published for the WHI OS [25] and the OsteoPerio
study [26, 27]. Briefly, 2249 postmenopausal women,
ages 50-79, enrolled into the WHI OS at the Buffalo
center between 1994 and 1998. Of these, 1362
enrolled into the OsteoPerio study 3 years later in
1997-2001 (mean age 66; range 53—81 years). Enroll-
ment into the OsteoPerio study required at least 6
teeth present and no history of bone disease other
than osteoporosis and no history of cancer in the
previous 10years. Women completed standardized
questionnaires pertaining to demographic information,
lifestyle habits, and personal health history, as well as
undertaking a whole mouth oral examination conducted
by trained and calibrated examiners. Neighborhood socio-
economic status was derived from questionnaire responses
and census tract information [28]. Detailed descriptions of
the oral examination measures and their reproducibility
have been published [26]. Figure 1 shows a flow chart of
participant enrollment into the OsteoPerio study.

Subgingival plaque samples

A protocol for obtaining subgingival plaque samples was
developed for this study and has been published [29]. Fine
paper points — (#504; Henry Schein, Melville, NY) were
placed in the gingival pockets of up to 12 pre-specified
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teeth (6 maxillary and 6 mandibular arch teeth) for 10S.
index teeth [3, 5,7, 9, 12, 14, 19, 21, 23, 25, 28, 30, and]
were usually sampled. Alternative teeth [2, 4, 8, 10, 13, 15,
18, 20, 24, 26, 29, 31, and] were used if the corresponding
index tooth was missing. Paper points containing all
subgingival plaque samples from each arch were placed
directly into 4 mL lactated Ringer’s solution. The solution
was taken to the lab where it was vortexed for dispersion
of microorganisms, placed in cryogenic straws, frozen
immediately at -80 °C and later placed in cryogenic tanks at
-196 °C as previously described [29]. Before next generation
sequencing, samples were placed in — 80 freezers and later
thawed, with upper and lower arch samples combined into
a single aliquot for the purpose of sequencing.

DNA isolation and purification

Genomic DNA was isolated using the QIAsymphony SP
automated system (Qiagen, Valencia, CA) with the QIA-
symphony DSP Virus/Pathogen Mini Kit (Qiagen, Valencia,
CA) and the Complex200_V6_DSP protocol after enzym-
atic pretreatment. In detail, 500 pl of oral plaque solution
contained in a barcoded 2 ml tube was equilibrated at room
temperature (15-25 °C). Bacteria was pelleted by centrifuga-
tion at 5000xg for 10 min, resuspended in a 300 pl lysis
solution (20 mg/ml lysozyme in 20 mM Tris-HCl, pH 8.0;
2mM EDTA; 1.2% Triton X-100) and incubated at 37 °C

for 30 min. Following incubation, tubes were briefly centri-
fuged to remove drops from inside the lid and then placed
in the tube carrier of the QIAsymphony SP.

DNA extraction and purification was done according
to the Qiasymphony DSP Virus /Pathogen Kit Instruc-
tions. Carrier RNA-AVE mixture was added to all
samples for increased recovery of nucleic acids. After
DNA purification, samples were eluted in a barcoded 96
well elution plate (Qiagen, Valencia, CA). All batches of
samples were performed with DNA extraction negative
controls and positive controls from a single large pool of
mixed plaque samples.

16S rRNA amplification and sequencing

Metagenomic amplification of the extracted DNA for
16S amplification of the V3-V4 hypervariable region
proceeded following the Illumina manufacturer protocol
(Mlumina Inc., San Diego, CA) with modifications devel-
oped for our study [30]. The Illumina protocol relies on
limited cycle PCR for addition of Illumina sequencing
adapters and dual-index barcodes to the 16S rRNA V3-
V4 ampli. We also included as part of the 96-well plates,
samples of the UltraClean DNA free PCR water (MO
BIO Laboratories, Carlsbad, CA) and RNase/DNase free
water (Ambion, Foster City, CA) as negative controls,
and genomic DNA from microbial community HM-
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277D (microbial community B; BEI Resources; Manas-
sas, VA) as a positive control during the amplification
process. Metagenomic DNA was amplified using the
16S V3 (341F) forward and V4 (805R) reverse primer
pairs with added Illumina adapter overhang nucleo-
tide sequences. Amplicon PCR was completed with
42 ul of genomic DNA, 4 pl of amplicon PCR forward
primer (5uM), 4pl of amplicon PCR reverse primer
(5pM), and 50 ul of 2x KAPA HiFi HotStart Ready
Mix (KapaBiosystems) at 95 °C initial denaturation for
3 min, followed by 25 cycles of 95°C for 30s, 62.3°C
for 30s, and 72°C for 30s, and a final extension at
72°C for 5min. Reactions were cleaned with Agen-
court AMPure XP beads (Beckman Coulter Genomics,
South Plainfield, NJ) according to the manufacturer’ s
protocol.

Library generation was performed using 5 ul of ampli-
con PCR product DNA, 5ul of Illumina Nextera XT
Index Primer 1 (N7xx), 5 pl of Nextera XTIndex Primer
2 (S5xx), 25 ul of 2x KAPA HiFi HotStart Ready Mix,
and 10 pl of PCR-grade water (UltraClean MO BIO La-
boratories, Inc.), with thermocycling at 95°C for 3 min,
followed by 8 cycles of 95°C for 30s, 55°C for 30s, and
72°C for 30s, and a final extension at 72°C for 5 min.
16S metagenomic libraries were purified with Agencourt
AMPure XP beads and quantified with Quant-iT Pico-
Green. Nextera index primer sets (A, B, and C) were
rotated for each batch to reduce sequence carryover
between MiSeq runs.

Library quality control was performed with the Frag-
ment Analyzer (Advanced Analytical Technologies, Inc.,
Ankeny, IA) to ascertain average size distribution. Gen-
erated 16S rRNA V3-V4 libraries were further quality-
controlled using the following internal study criteria: 1.
Library concentration of all negative(s) is <5ng/pl, 2.
Participant samples have a fragment peak distribution
with average size of ~600bp, and 3. Negative controls
yield a straight line when run in the Fragment Analyzer.
If the above cutoffs were met, libraries were normalized
and pooled to 4 nM based on PicoGreen concentrations.
The pool of normalized libraries were then quantified
with the NEBNext Library Quant Kit (New England Bio-
labs, Inc., Ipswich, M.), denatured with NaOH and di-
luted to a final concentration of 10 pM with a 20% PhiX
(Ilumina, Inc., San Diego, CA). 2 x 300 bp paired-end
sequencing is performed in the Illumina MiSeq System
(Ilumina Inc., San Diego, CA) by multiplexing 96 sam-
ples per sequencing run with the MiSeq Reagent Kit.

Joining of Illumina paired-end reads were completed
using Paired-End reAd mergeR (PEAR version 0.9.6).
The percentage of successfully joined pair-end defined
the “merge rate”; paired-end reads that could not be
joined were removed from downstream analyses. Se-
quence quality filtering was done with the Fastx-Toolkit
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(V.0.013) to isolate reads with 90% of their bases having
a score higher than Q30, which defined the “pass rate”;
reads not meeting this criterion were removed. Primer
sequences were trimmed based on the length of the
forward and reverse sequencing primers. Following
quality-filtering, reads were deduplicated by recording
the number and type of identical sequences to reduce
downstream processing time.

Taxonomy annotation was done with BLAST [31] at a
97% similarity, for species-level assignment approxima-
tion, against bacterial sequences from the HOMD
version 14.5. Input query reads were given the same
taxonomic label as the best hit in the reference sequence
collection, defining the “hit count”; reads with no hits
were excluded from downstream analyses. Sequences
with the same labels were clustered into one OTU and
the raw OTU table was constructed by combining abso-
lute sequence abundances from the deduplication step,
generated taxonomy annotations and manually gener-
ated metadata. We subsequently filtered the raw OTU
table by discarding OTUs with a frequency <0.02% of
the total read count. At the preprocessing sequence ana-
lysis step we require a ‘Merge Rate’ >90%, ‘Pass Rate’ >
60%, and ‘Hit Count’ per sample > 3000.

Statistical analysis

For this analysis we used several approaches to
characterize the composition and diversity of the subgin-
gival microbiome and their relationships with age. Indi-
vidual OTU counts were normalized using the centered
log(2)-ratio (CLR) transformation. Gloor et al. [32] rec-
ommends the CLR transformation to account for the
complex compositional data structure, to reduce the
likelihood of spurious correlations, and to enhance the
meaningfulness of subcomposition comparisons. A posi-
tive CLR OTU value for given taxon indicates a rela-
tively higher amount than the overall composition mean,
which is 0; a negative value indicates relatively lower
amount. The fold-difference for a reported CLR OTU
value relative to the compositional mean, can be deter-
mined by raising 2 to the power of the base 2 logarithm.
For example, a mean CLR of 3, reflects an 8-fold (2°)
higher abundance compared to the compositional mean;
a mean CLR of - 3 reflects an 8-fold lower abundance.
The CLR distribution of each OTU was approximately
normal and the variances in groups were similar by vis-
ual inspection. Alpha diversity was used to assess species
richness and evenness across age categories. The rarefac-
tion curve, bias-corrected Chaol (richness), OTU count
(richness), and Shannon entropy (evenness) values were
calculated for each sample using scikit- bio v0.5.5. Beta
diversity was evaluated using principal component
analysis (PCA) [33]. T-tests were used to evaluate differ-
ences in alpha diversity, and PERMANOVA was used to



LaMonte et al. BMC Oral Health (2019) 19:246

evaluate differences in beta diversity, using SciPy v1.3.0.
Comparisons of microbiota between age categories was
performed using analysis of variance and evaluation of
linear relationships between microbiota and age per-
formed using Pearson product-moment correlations. We
nominally defined correlations of |r| <0.10 as weak,
0.10-0.49 as moderate, 0.50-0.70 as strong, and > 0.70
as very strong. We report uncorrected p-values and indi-
cate which are statistically significant after Bonferroni
correction for multiple testing.

To provide additional perspective and comparability
with previous studies, we also describe microbiome
composition and diversity according to conventional
measures of relative abundance (the amount of a spe-
cific taxon relative to the total composition of the
sample in which it is measured) and prevalence (pres-
ence of a taxon regardless of relative composition).
To minimize the total number of hypothesis tests
performed, formal comparisons using these measures
were not conducted and these data are presented for
descriptive purposes only.

Page 5 of 44

Results

Characteristics of study group

Participant characteristics are shown for descriptive pur-
poses in Table 1. Women in the present study were, on
average, 66 years of age and the vast majority (97%) were
Caucasian. Prevalence of current smoking (3%) and dia-
betes history (5.2%) was modest, and about half the
group reported current use of hormone therapy. The
group retained the majority of their natural teeth (mean,
23), the frequency of reported teeth brushing two or
more times per day was high (77%) as was frequency of
dental visits one or more times per year (91%). Mean
pocket depth was 2.2 mm (range 1.2-3.8). As expected,
prevalence of current smoking and current hormone
therapy use declined with increasing age, and, prevalence
of diabetes history was highest among the oldest women.
The number of teeth present and frequency of dental
visits declined with increasing age and, frequency of
teeth brushing was higher in older than younger women.
Both neighborhood socioeconomic status and mean
pocket depth were similar across age groups.

Table 1 Baseline characteristics of OsteoPerio Microbiome Study participants for the overall cohort and by age groups

Characteristic Overall 50-59 60-69 270
(N=1219) (N=239) (N =554) (N =426)
Age (years), mean (SD) 66.2 (7.0) 56.7 (1.8) 64.2 (2.9) 74.1 (3.3)
Race-ethnicity: White, N (%) 1187 (974) 233 (97.5) 537 (96.9) 417 (97.9)
Neighborhood SES, mean (SD) 76.2 (6.9) 75.7 (7.5) 76.6 (6.8) 759 (6.7)
Smoking, N (%)
Never 642 (52.7) 117 (48.9) 280 (50.5) 245 (57.6)
Former 537 (44.1) 107 (44.8) 257 (464) 173 (40.7)
Current 39 (3.2 15 (6.3) 17 (3.1) 7(1.7)
History of treated diabetes, N (%) 63 (5.2) 9(3.8) 26 (4.7) 28 (6.6)
History of treated hypertension, N (%) 392 (32.2) 63 (264) 148 (26.7) 181 (42.5)
History of treated high cholesterol, N (%) 201 (16.5) 26 (10.9) 76 (13.7) 99 (23.4)
Hormone therapy use, N (%)
Never 390 (32.0) 53 (22.2) 158 (28.5) 179 (42.0)
Former E-Alone 132 (10.9) 12 (5.0) 50 (9.0) 70 (16.5)
Former E+P 111 (9.1) 24 (10.1) 58 (10.5) 29 (6.9)
Current E-Alone 307 (25.2) 66 (27.7) 136 (24.6) 105 (24.7)
Current E+P 277 (22.8) 83 (34.9) 152 (274) 42 (99)
Years taking hormone therapy® 56 (7.3) 46 (4.5) 6.2 (7.0) 55 (8.8)
Number of teeth present, mean (SD) 232 (53) 24.8 (4.0) 236 (5.2) 219 (5.8)
Brush teeth 22 times/day, N (%) 942 (77.3) 178 (74.5) 422 (76.2) 342 (80.3)
Floss teeth daily, N (%) 529 (43.6) 90 (37.7) 247 (44.8) 192 (454)
Dental visit 21 time/year, N (%) 1114 (914) 225 (94.1) 504 (91.0) 385 (90.4)
Mean Pocket Depth (mm), mean (SD) 22 (04) 22 (04) 22 (04) 2.1 (04)
Gingival Bleeding (%), mean (SD) 344 (23.2) 33.0 (23.5) 345 (229) 35.1 (23.4)

SES socioeconomic statusn. See methods section for its definition and derivation, E estrogen, P progesti

“Never users coded as 0 years
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Microbial community structure and composition

After filtering out OTUs < 0.02%, the total number of se-
quence reads for the overall cohort of 1219 women was
120,388,085 (mean reads per sample, 98,760; range 3034
to 1,080,317). Sequence reads per sample was somewhat
higher with increasing age, with means (SDs) of 89,442
(71,698), 97,794 (86,908), and 105,243 (80,183) reads in
women ages 50-59, 60—69, and > 70 years, respectively.
There were 267 microbial taxa identified in the subgingi-
val plaque samples after filtering at 0.02%. The taxo-
nomic classification and mean reads for each taxon
overall and by age groups, are presented in Table 2. Of
the 120,388,085 read, 46.2% were of the phylum Firmi-
cutes, 17.2% Bacteroidetes, 13.5% Fusobacterium, 8.6%
Proteobacteria, 6.0% Actinobacteria, and the remaining
were among other phyla of < 4%, each (Fig. 2). The distri-
bution of phyla was consistent across age groups. At the
genus level, the highest mean relative abundance was for
Veillonella (16.7%), followed by Streptococcus (14.2%),
Fusobacterium (10.7%), Prevotella (8.6%), and Selenomo-
nas (7.7%); relative abundance of the remaining genera
was <4%, each. This pattern was consistent across age
groups. At the species level, among all women, the highest
number of mean reads was for Veillonella dispar (Firmi-
cutes phylum; mean, 8136) and Veillonella parvula (Firmi-
cutes phylum; mean, 6262) (Table 2). Mean reads for each
taxon increased across incremental age groups.

For three known highly virulent periodontal patho-
gens, Porphyromonas ginigivalis (Bacteroidetes phylum),
Tannerella forsythia (Bacteroidetes phylum), and Trepo-
nema denticola (Spirochaetes phylum), overall mean
reads were 1055, 577.6, and 372.7, respectively; mean
reads for each increased with age. Mean reads for
bacteria typically associated with periodontal health
(Streptococcus oralis, sanguinis and intermedius; Firmi-
cutes phylum) were 6725, 1128, and 897; each decreasing
across incremental age groups. To further evaluate the
distribution of the two predominant phyla, we com-
puted the Firmicutes-to-Bacteroidetes ratio by sum-
ming the mean reads separately within each of these
phyla (Table 2) and then creating a ratio of these
sums. The ratio was 1.56 among all women, and
increased with age: 1.45 (50-69 years); 1.55 (60—69
years); and 1.61 (=70 years).

We next evaluated alpha (within-group) and beta (be-
tween-group) diversity of the bacterial species in the
overall cohort and according to age categories. For alpha
(within-group) diversity, mean (SD), OTU count rich-
ness, Chaol richness, and Shannon entropy evenness
were 165 (45.1), 185.0 (31.2), and 5.0 (0.7), respectively,
among all women, and remained consistent across age
categories (Fig. 3). Beta (between-group) diversity is
shown in the PCA plot in Fig. 4. A Permutation MAN-
OVA test yielded P=0.001, suggesting that differences
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were present in mean vectors across age categories, des-
pite unclear clustering in the PCA plot itself.

Table 3 presents the top 20 highest and top 20 lowest
OTUs based on their CLR mean for the overall cohort
and according to age categories. Also shown in Table 3
are linear correlations between these OTUs and age, as
well as an indication of whether or not the OTU has
previously been cultured and named in the HOMD, and
a notation of membership within the Socransky color
complex of bacterial species previously identified using
targeted methods [34]. Veillonella dispar (CLR mean,
8.3), S. Oralis (CLR mean 8.1), and Veillonella parvula
(CLR mean, 7.6) had the greatest abundance, about a
256-fold (2°) higher than the overall composition mean.
There were 18 (90%) taxa with a 16-fold or greater (CLR
mean > 4) elevation in abundance based on CLR mean
OTUs. Among the top 20 most abundant bacteria, 19
(95%) were previously named, whereas one (5%) was
previously unnamed in HOMD. Among the top 20 taxa
were bacteria previously associated with both periodon-
tal health (S. oralis, sanguinis, gordonii, and intermedius)
and periodontal disease (V. parvula; Fusobacterium
nucleatum; Parvomonas wmicra; Prevotella nigrescens;
Rothia dentocariosa; Actinomyces naeslundii). Ten of the
top 20 bacteria were included in Socransky’s complex
organization, with four (20%) from the yellow complex
typically associated with healthy periodontium and four
(20%) from the orange complex which is associated with
periodontitis. Among taxa with reduced abundance, Por-
Pphyrobacter tepidarius (CLR mean, - 3.6), Sphingomonas
sp._oral_taxon 006 (CLR mean, - 3.6), Pyramidobacter
piscolens (CLR mean, —3.5), Leptothirix sp._oral_taxon
025 (CLR mean, -3.5), and Treponema sp._oral_taxon
247 (CLR mean, —3.5) each had a 11-fold or lower
abundance relative to the overall composition mean.
Seven (35%) of the 20 least abundant bacteria have been
previously named in HOMD; two (10%) are unnamed;
and, 11 (55%) have been phylotyped, but as yet not
named.

Linear correlations (Table 3) among the 20 most abun-
dant bacteria ranged from r=-0.18 to r=0.10, with 11
(55%) of the correlations achieving statistical significance
(uncorrected P < 0.05; bolded). After Bonferroni correc-
tion, only 1 (9%) of these remained statistically significant
(S. sanguinis, r=— 0.18; corrected P < 0.001). Among the
20 least abundant bacteria, linear correlations ranged from
—0.10 to 0.11. Four (20%) correlations achieved statistical
significance (uncorrected P < 0.05; bolded), of which 1
(25%) remained significant after Bonferonni correction
(Streptococcus sobrinus, r = 0.11; corrected P < 0.001).

Differences in mean CLR across age categories
achieved statistical significance (P <0.05) for 8 (40%) of
the 20 most abundant bacteria, of which only 1 (12.5%)
remained significant following Bonferroni correction (S.
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Table 2 Taxonomic classification and mean reads for the 267 bacteria identified, overall and by age groups
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Phyla Class Genus Species Age Categories (years)
Overall  50-59 60-69 270
p__Actinobacteria C__Actinobacteria g__Actinobaculum s__sp._oral_taxon_183 898 95.0 889 88.0
p__Actinobacteria c__Actinobacteria g__Actinobaculum s__sp._oral_taxon_848 48.2 373 529 48.2
p__Actinobacteria c__Actinobacteria g__Actinomyces s__gerencseriae 68.6 60.5 66.7 756
p__Actinobacteria c__Actinobacteria g__Actinomyces s__israelii 25.1 19.5 24.1 295
p__Actinobacteria c__Actinobacteria g__Actinomyces s__johnsonii 106.0 1049 1052 1076
p__Actinobacteria C__Actinobacteria g__Actinomyces s__massiliensis 1121 1342 1215 874
p__Actinobacteria C__Actinobacteria g__Actinomyces s__meyeri 59.3 64.8 616 533
p__Actinobacteria c__Actinobacteria g__Actinomyces s__naeslundii 4531 4826 4476 4436
p__Actinobacteria c__Actinobacteria g__Actinomyces s__oris 2257 2366 2188 2285
p__Actinobacteria c__Actinobacteria g__Actinomyces s__sp._oral_taxon_169 195.8 2512 1837 1804
p__Actinobacteria c__Actinobacteria g__Actinomyces s__sp._oral_taxon_170 604 44.8 59.8 70.0
p__Actinobacteria c__Actinobacteria g__Actinomyces s__sp._oral_taxon_171 88.2 86.5 89.2 879
p__Actinobacteria C__Actinobacteria g__Actinomyces s__sp._oral_taxon_178 270 239 268 290
p__Actinobacteria c__Actinobacteria g__Actinomyces s__sp._oral_taxon_180 119.0 1217 1236 1115
p__Actinobacteria c__Actinobacteria g__Bifidobacterium s__dentium 885 83.0 75.8 1082
p__Actinobacteria c__Actinobacteria g__Corynebacterium s__durum 1213 1533 1202 1047
p__Actinobacteria c__Actinobacteria g__Corynebacterium s__matruchotii 1107 1095 1178 1020
p__Actinobacteria C__Actinobacteria g__Microbacterium s__flavescens 15 18 16 1.1
p__Actinobacteria c__Actinobacteria g__Rothia s__aeria 3233 3116 3789 2576
p__Actinobacteria c__Actinobacteria g__Rothia s__dentocariosa 9756 9150 1039 9278
p__Actinobacteria c__Actinobacteria g__Rothia s__mucilaginosa 185.3 1254 1791 2269
p__Actinobacteria c__Actinobacteria g__Scardovia s__wiggsiae 68.7 74.1 69.7 644
p__Actinobacteria c__Coriobacteriia g__Atopobium s__parvulum 779 57.2 783 88.8
p__Actinobacteria c__Coriobacteriia g__Atopobium s__rimae 200.0 1078 2000 2517
p__Actinobacteria c__Coriobacteriia g__Atopobium s__sp._oral_taxon_199 474 39.1 61.2 340
p__Actinobacteria c__Coriobacteriia g__Atopobium s__sp._oral_taxon_416 254 1.1 146 53.1
p__Actinobacteria c__Coriobacteriia g__Olsenella s__sp._oral_taxon_807 46.9 386 44.5 54.7
p__Bacteroidetes c__Bacteroidetes_[C-1] g__Bacteroidetes_[G-5] s__sp._oral_taxon_511 1374 87.8 1557 1414
p__Bacteroidetes C__Bacteroidia g__Alloprevotella s_ rava 824 52.8 876 923
p__Bacteroidetes C__Bacteroidia g__Alloprevotella s__sp._oral_taxon_308 286 213 249 374
p__Bacteroidetes C__Bacteroidia g__Alloprevotella s__sp._oral_taxon_473 775 63.0 826 79.1
p__Bacteroidetes c__Bacteroidia g__Alloprevotella s__tannerae 1562 1427 1580 1615
p__Bacteroidetes c__Bacteroidia g__Bacteroidaceae_[G-1] s__sp._oral_taxon_272 395 246 286 62.2
p__Bacteroidetes c__Bacteroidia g__Bacteroidales_[G-2] s__sp._oral_taxon_274 885.8 5487 9355 1010
p__Bacteroidetes c__Bacteroidia g__Porphyromonas s__catoniae 104.1 1114 1158 847
p__Bacteroidetes C__Bacteroidia g__Porphyromonas s__endodontalis 602.5 5605  657.1 555.0
p__Bacteroidetes c__Bacteroidia g__Porphyromonas s__gingivalis 1055 7814 7528 1603
p__Bacteroidetes c__Bacteroidia g__Porphyromonas s__sp._oral_taxon_275 46.0 29.0 626 339
p__Bacteroidetes c__Bacteroidia g__Porphyromonas s__sp._oral_taxon_278 392 221 43.1 436
p__Bacteroidetes C__Bacteroidia g__Porphyromonas s__sp._oral_taxon_279 3105 2559 3155 3347
p__Bacteroidetes c__Bacteroidia g__Porphyromonas s__sp._oral_taxon_284 183.2 1875 1878 1749
p__Bacteroidetes C__Bacteroidia g__Prevotella s__baroniae 50.3 292 60.5 488
p__Bacteroidetes C__Bacteroidia g__Prevotella s__buccae 53.1 173 63.0 604
p__Bacteroidetes c__Bacteroidia g__Prevotella s__dentalis 102.3 63.3 1203 1008
p__Bacteroidetes c__Bacteroidia g__Prevotella s__denticola 7735 5014 7244 9899
p__Bacteroidetes c__Bacteroidia g__Prevotella s__histicola 100.3 48.8 72.7 165.3
p__Bacteroidetes c__Bacteroidia g__Prevotella s__intermedia 6715 6130 7665 5808
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p__Bacteroidetes C__Bacteroidia g__Prevotella s__loescheii 1196 1317 1387 878
p__Bacteroidetes c__Bacteroidia g__Prevotella s__maculosa 1859 1398 1800 2194
p__Bacteroidetes c__Bacteroidia g__Prevotella s__melaninogenica 339.1 2360 3218 4194
p__Bacteroidetes c__Bacteroidia g__Prevotella s__micans 42.7 376 371 529
p__Bacteroidetes c__Bacteroidia g__Prevotella s__multiformis 46.7 9.2 36.1 816
p__Bacteroidetes C__Bacteroidia g__Prevotella s__nigrescens 1997 1719 1960 2200
p__Bacteroidetes c__Bacteroidia g__Prevotella s__oralis 1744 788 1589 2482
p__Bacteroidetes c__Bacteroidia g__Prevotella s__oris 1968 1700 2093 1956
p__Bacteroidetes c__Bacteroidia g__Prevotella s__oulorum 2117 2162 1828 24638
p__Bacteroidetes c__Bacteroidia g__Prevotella s__pallens 944 91.5 714 1259
p__Bacteroidetes c__Bacteroidia g__Prevotella s__pleuritidis 5796 4787 6064 6014
p__Bacteroidetes c__Bacteroidia g__Prevotella s__saccharolytica 73.7 528 809 76.1
p__Bacteroidetes c__Bacteroidia g__Prevotella s__salivae 1205 94.7 1173 139.1
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_292 694 50.1 57.5 95.7
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_300 269.5 2563 2435 3107
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_306 4.1 17.2 389 57.5
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_313 70.5 86.9 440 95.8
p__Bacteroidetes C__Bacteroidia g__Prevotella s__sp._oral_taxon_314 65.2 59.2 527 85.0
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_317 8320 6314 8324 9440
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_376 448 45.1 436 46.1
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_472 2503 2704 2790 2019
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_475 218 19.1 174 289
p__Bacteroidetes c__Bacteroidia g__Prevotella s__sp._oral_taxon_526 55.1 215 70.7 537
p__Bacteroidetes C__Bacteroidia g__Prevotella s__veroralis 1138 84.1 1603 700
p__Bacteroidetes C__Bacteroidia g__Tannerella s__forsythia 5776 3747 5420 7378
p__Bacteroidetes c__Bacteroidia g__Tannerella s__sp._oral_taxon_286 93.0 68.6 1009 966
p__Bacteroidetes C__Bacteroidia g__Tannerella s__sp._oral_taxon_808 356 254 326 453
p__Bacteroidetes c__Flavobacteriia g__Bergeyella s__sp._oral_taxon_322 164.1 1948 1739 1341
p__Bacteroidetes c__Flavobacteriia g__Bergeyella s__sp._oral_taxon_907 348 34.7 36.7 324
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__gingivalis 502.9 6192 4717 4783
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__granulosa 5974 5133 6296 6026
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__leadbetteri 614.5 5346 6194 6530
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_323 377 26.7 40.2 40.5
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_324 338 19.5 323 438
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_326 2580 2227 2818 2469
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_332 64.5 1043 606 473
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_336 1595 1278 1578 1796
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_338 623 62.5 56.7 69.5
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_380 296 233 40.3 19.1
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_412 437 42.0 464 412
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_864 763 76.5 804 709
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_902 454 51.0 435 447
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sp._oral_taxon_903 37.1 266 374 425
p__Bacteroidetes c__Flavobacteriia g__Capnocytophaga s__sputigena 4164 4488 4050 4130
p__Chloroflexi C__Anaerolineae g__Anaerolineae_[G-1] s__sp._oral_taxon_439 59.1 30.1 54.2 81.8
p__Firmicutes c__Bacilli g__Abiotrophia s__defectiva 104.2 1357 1099 790
p__Firmicutes c__Bacilli g__Gemella s__haemolysans 3388 4121 3389 2974
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p__Firmicutes c__Badilli g__Gemella s__morbillorum 603.8 6707 6222 5422
p__Firmicutes c__Bacilli g__Gemella s__sanguinis 443 338 36.2 60.7
p__Firmicutes c__Bacilli g__Granulicatella s__adiacens 5326 5642 5232 5271
p__Firmicutes c__Bacilli g__Granulicatella s__elegans 39.7 49.7 377 36.7
p__Firmicutes c__Bacilli g__Lactobacillus s__gasseri 314 93 377 355
p__Firmicutes c__Badilli g__Streptococcus s__anginosus 4798 409.3 468.1 5346
p__Firmicutes c__Badilli g__Streptococcus s__australis 289 210 241 395
p__Firmicutes c__Bacilli g__Streptococcus s__constellatus 2837 2080 2791 3322
p__Firmicutes c__Bacilli g__Streptococcus s__cristatus 516.2 4577 5464  509.7
p__Firmicutes c__Bacilli g__Streptococcus s__gordonii 998.1 8538 9913 1088
p__Firmicutes c__Bacilli g__Streptococcus s__intermedius 897.1 1038 9494 7499
p__Firmicutes c__Bacilli g__Streptococcus s__lactarius 56.8 979 40.2 553
p__Firmicutes c__Badilli g__Streptococcus s__mutans 530.8 3922 5004 6480
p__Firmicutes c__Bacilli g__Streptococcus s__oralis 6725 8031 6651 6089
p__Firmicutes c__Bacilli g__Streptococcus s__parasanguinis_| 59.7 486 51.2 77.0
p__Firmicutes c__Bacilli g__Streptococcus s__parasanguinis_II 1413 1242 1264 1702
p__Firmicutes c__Bacilli g__Streptococcus s__salivarius 460.0 399.7 4551 5002
p__Firmicutes c__Badilli g__Streptococcus s__sanguinis 1128 1441 1133 9455
p__Firmicutes c__Bacilli g__Streptococcus s__sinensis 293 321 143 474
p__Firmicutes c__Bacilli g__Streptococcus s__sobrinus 520 25 19.9 1217
p__Firmicutes c__Bacilli g__Streptococcus s__sp._oral_taxon_056 90.0 1027 824 92.7
p__Firmicutes c__Bacilli g__Streptococcus s__sp._oral_taxon_074 68.3 543 719 716
p__Firmicutes c__Clostridia g__Butyrivibrio s__sp._oral_taxon_080 24.6 14.1 359 159
p__Firmicutes c__Clostridia g__Catonella s__morbi 230.1 2289 2225 2408
p__Firmicutes c__Clostridia g__Filifactor s__alocis 368.2 2743 4189 3550
p__Firmicutes c__Clostridia g__Johnsonella s__ignava 1149 1047 1118 1245
p__Firmicutes c__Clostridia g__Johnsonella s__sp._oral_taxon_166 327 17.7 438 26.7
p__Firmicutes c__Clostridia g__Lachnoanaerobaculum s__orale 314 353 249 376
p__Firmicutes c__Clostridia g__Lachnoanaerobaculum s__saburreum 152.3 1244 153.0 167.0
p__Firmicutes c__Clostridia g__Lachnoanaerobaculum S__umeaense 529 50.6 555 50.7
p__Firmicutes c__Clostridia g__Lachnospiraceae_[G-3] s__sp._oral_taxon_100 1322 1184 143.0 1259
p__Firmicutes c__Clostridia g__lachnospiraceae_[G-8] s__sp._oral_taxon_500 45.1 40.6 48.1 437
p__Firmicutes c__Clostridia g__Oribacterium s__sp._oral_taxon_078 1122 68.2 1029 1490
p__Firmicutes c__Clostridia g__Parvimonas s__micra 8484 7914 9150 7938
p__Firmicutes c__Clostridia g__Parvimonas s__sp._oral_taxon_393 265.1 3613 2506 2300
p__Firmicutes c__Clostridia g__Peptostreptococcaceae_[XI][G-1]  s__[Eubacterium]_infirmum 389 322 322 512
p__Firmicutes c__Clostridia g__Peptostreptococcaceae_[XI[G-5]  s__[Eubacterium]_saphenum 873 55.6 107.1 79.2
p__Firmicutes c__Clostridia g__Peptostreptococcaceae_[XI[G-6]  s__[Eubacterium]_nodatum 64.3 60.2 558 777
p__Firmicutes c__Clostridia g__Peptostreptococcaceae_[XI][G-7]  s__[Eubacterium]_yurii_subsps._yur 146.2