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Abstract

Understanding of the oral microbiome in relation to periodontal disease in older adults is limited. The composition and diversity of
the subgingival microflora and their oligotypes in health and levels of periodontal disease were investigated in this study on older
postmenopausal women. The |6S rRNA gene was sequenced using the lllumina MiSeq platform in 1,206 women aged 53 to 81 y. Presence
and severity of periodontal disease were defined by Centers for Disease Control and Prevention/American Academy of Periodontology
criteria. Composition of the microbiome was determined by 16S rRNA amplicon sequencing and the abundance of taxa described by
the centered Iogz-ratio (CLR) transformed operational taxonomic unit (OTU) values. Differences according to periodontal disease
status were determined by analysis of variance with Bonferroni correction. Bacteria oligotypes associated with periodontal disease
and health were determined by minimum entropy decomposition and their functions estimated in silico using PICRUSt. Prevalence of
none/mild, moderate, and severe periodontal disease was 25.1%, 58.3%, and 16.6%, respectively. Alpha diversity of the microbiome
differed significantly across the 3 periodontal disease categories. B-Diversity differed between no/mild and severe periodontal disease,
although considerable overlap was noted. Of the 267 bacterial species identified at >0.02% abundance, 56 (20.9%) differed significantly
in abundance according to periodontal disease status. Significant linear correlations for pocket depth and clinical attachment level with
bacterial amounts were observed for several taxa. Of the taxa differing in abundance according to periodontal disease status, 53% had
multiple oligotypes appearing to differ between none/mild and severe periodontal disease. Among older women, taxonomic differences
in subgingival microbiome composition and diversity were observed in relation to clinical periodontal disease measures. Potential
differences in bacterial subspecies (oligotypes) and their function were also identified in periodontal disease compared with health.
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The microbiome in the oral cavity is one of the most complex
and diverse human microbiomes, with at least 700 bacterial
species identified (Dewhirst et al. 2010; Human Microbiome
Project Consortium 2012). Several of these bacteria have
important roles in maintaining oral health and normal function
(Jenkinson and Lamont 2005). Shifts in the oral microbiota
ecology can lead to oral diseases such as caries, gingivitis, and
periodontal disease (Teles et al. 2013; Wang 2015). A series of
studies comparing the subgingival microbiome of individuals
with varying levels of periodontal disease have been carried
out, and they report a distinct difference in the composition of
the microflora of healthy sites compared to those affected with
periodontal disease (Perez-Chaparro et al. 2014; Patini et al.
2018). These studies have identified subgingival organisms by
cultural, targeted checkerboard and nontargeted 16S rRNA
gene sequencing. Significantly different composition of the
subgingival microflora comparing healthy sites to those exhib-
iting periodontal disease is found by all of these methods.
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2 history bone disease (not osteoporosis)
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391 uninterested or canceled
i ' 12 temporarily ineligible
N=1342
Buffalo OsteoPerio Study
1997-2001
f 136 insufficient subgingival plaque sample for 16S
> | analysis, or missing periodontal examination
| information required to categorize periodontal disease
| status defined by CDC/AAP criteria
N=1,206

have in the pathogenesis of periodontal disease
in later life. This has important relevance to the
field of clinical periodontology as well as to
N public health, given the expected doubling in
| numbers of older adults between 2010 and
i 2050 (Griffin et al. 2012) and the dearth of
i studies on the oral microbiome and its relation-
: ship with periodontal disease in older adults
5 (Feres et al. 2016).

: The objective of the present study was to
/ investigate the composition and diversity of

——————— - the subgingival microbiota at the taxon and oli-

gotype levels, as well as its association with
presence and severity of clinical periodontal
disease in a cohort of community-dwelling
Y older postmenopausal women who were not
! selected into the study on the basis of peri-
i odontal disease status.

Materials and Methods
Study Cohort

Participants were postmenopausal women ini-

Figure I. Flowchart had of participants into the Buffalo OsteoPerio study cohort. Adapted
from Banack et al. (2018). AAP, American Academy of Periodontology; CDC, Centers for
Disease Control and Prevention; WHIOS, Women’s Health Initiative Observational Study.

The taxonomic resolution of the microflora of healthy and
periodontal disease sites is markedly advanced by use of non-
targeted next-generation sequencing, but these methods are
limited by use of de novo clustering methods in which
sequences that were more than 97% similar (Dewhirst et al.
2010) are grouped into operational taxonomic units (OTUs).
While providing opportunity to identify taxonomic differences
between individuals differing on periodontal disease status,
this approach is rather blunt and does not provide understand-
ing of bacterial subspecies variation that could have relevance
for specific patterns of disease characteristics compared with
health. Eren and coworkers (Eren et al. 2015) devised a system
to differentiate between closely related microbial taxa using
16S rRNA gene data, referred to as minimum entropy decom-
position (MED). When applied to analysis of human oral
microbiome data, it revealed differences of oligotypes (e.g.,
subspecies) in taxa separated by sequence variation of less than
1%. We have applied the 16S rRNA amplicon method to a
study of the subgingival microbiota in postmenopausal women
who exhibited periodontal health and a range of periodontal
disease presence and severity based on clinical probing mea-
sures (Banack et al. 2018). In an earlier study on a small subset
of these women, we observed considerable heterogeneity of
oligotypes in the subgingival microflora between those with
none/mild compared to severe periodontal disease (LaMonte
et al. 2018). Based on these results, we hypothesize that oligo-
types indicative of subspecies in health will be different from
those in periodontal disease, and comparison of these strains
would lead to a better understanding of the role these organisms

tially enrolled in 1993 to 1998 in the Women’s
Health Initiative Observational Study (WHIOS;
N=2,249; ages 50 to 79 y) at the Buffalo, New
York, Clinical Center, who then further
enrolled in 1997 to 2001 into the ancillary Buffalo Osteoporosis
and Periodontal Disease Study (OsteoPerio; N=1,362; ages 53
to 81 y). Details of the WHIOS and OsteoPerio studies have
been published (Langer et al. 2003; LaMonte et al. 2013;
Banack et al. 2018). Periodontal disease status was not a crite-
rion for study inclusion or exclusion. A total of 1,342 women
participated in the baseline OsteoPerio study (1997 to 2001), of
whom 1,206 had available subgingival microbiome and peri-
odontal disease measures required for the present analysis.
Figure 1 shows the flow of participant enrollment into the
OsteoPerio study. Questionnaire assessments were used to
obtain information on sociodemographic characteristics, per-
sonal medical histories, lifestyle factors, oral hygiene habits,
and medication use. Neighborhood socioeconomic status was
characterized using aggregate census tract information to com-
pute a score ranging from 0 to 100, with higher scores indicat-
ing more affluent tracts (Dubowitz et al. 2012). Height (cm)
and weight (kg) were measured using a calibrated clinical scale
and stadiometer; body mass index (BMI; kg/m®) was calcu-
lated. The University at Buffalo Institutional Review Board
approved all study protocols, and written informed consent
was obtained from participants. This study conformed to
STROBE guidelines for human observational studies.

Periodontal Assessment and Subgingival
Plaque Samples

Participants completed a whole-mouth clinical dental exami-
nation (LaMonte et al. 2013; Banack et al. 2018). Presence and
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severity of clinical periodontal disease were determined from
whole-mouth mean pocket depth (PD) and clinical attachment
level (CAL) measurements, based on Centers for Disease
Control and Prevention (CDC)/American Academy of
Periodontology (AAP) criteria to define none, mild, moderate,
and severe periodontal disease (Eke et al. 2012). Mild is
defined as >2 interproximal sites with >3 mm CAL and >2
interproximal sites with >4 mm PD (not on same tooth) or 1
site with 25 mm PD. Moderate is defined as >2 interproximal
sites with 24 mm CAL (not on same tooth) or >2 interproximal
sites with >5 mm PD (not on same tooth). Severe is defined as
>2 interproximal sites with >6 mm CAL (not on same tooth)
and 21 interproximal site with >5 mm PD. None is defined as
no evidence of mild, moderate, or severe disease. Because the
frequency of mild periodontal disease by this definition was
too low in our sample for separate analysis (1%), none and
mild were combined for analyses. Subgingival plaque samples
were obtained using fine paper points and frozen immediately
at —80°C, following a protocol designed for this study (Brennan
et al. 2007).

Subgingival Microbiome Analysis

The procedures used to characterize the subgingival microbi-
ome have been published (Banack et al. 2018). Briefly,
genomic DNA was isolated using an automated system. DNA
extracted material was quantified with most samples yielding
average concentrations between 0.3 and 2 ng/uL. Metagenomic
DNA was amplified using the 16S V3 (341F) forward and V4
(805R) reverse primer pairs with added Illumina adapter over-
hang nucleotide sequences. Polymerase chain reaction (PCR)
amplifications and sequencing were performed on 96 samples
at a time with both positive controls (mock DNA, subgingival
plaque pools) and negative controls (PCR-grade water, extrac-
tion buffer). Samples were multiplexed and 300 bp pair-end
sequenced on an [llumina MiSeq. Sequences were clustered at
97% identity against the Human Oral Microbiome Database
(HOMD) version 14.5 (Chen et al. 2010) with BLAST
(Altschul et al. 1990) aiming at the species level. Sequences
that failed to match the database were discarded. As a prepro-
cessing step, we require a “merge rate” >90%, “pass rate”
>60%, and “hit count” per sample >3,000; samples failing to
meet the criterion were removed. The raw OTU table was fil-
tered at a frequency <0.02% of the total read count. Batches of
85 to 88 test samples were processed together, randomly
arranged on the 96-well plates with negative and positive qual-
ity control samples to minimize batch effects.

Additional detail on the study protocol is provided in the
Appendix.

Statistical Analysis

We first normalized individual OTU relative abundance using
a centered log -ratio (CLR) transformation, which helps to
account for the complex compositional data structure, reduce
the likelihood of spurious correlations, and enhance the

meaningfulness of subcomposition comparisons (Gloor et al.
2017). The CLR distribution of each OTU was approximately
normal and the variances in groups were similar by visual
inspection. Microbial diversity between groups was deter-
mined using a-diversity (rarefaction curve, Chaol Index [rich-
ness] and Shannon Index [evenness]) and B-diversity (principal
component analysis [PCA]) analysis (Caporaso et al. 2010).
The t tests were used to evaluate differences in a-diversity, and
PERMANOVA was used to evaluate differences in B-diversity.
Comparisons of CLR mean microbial abundance between
periodontal disease categories were performed using analysis
of variance and corrected for multiple comparisons by the
Bonferroni method (Mert et al. 2018). Because the CLR distri-
butions were approximately normal and linearity of the asso-
ciations between CLR OTUs and periodontal disease measures
was verified in scatterplots, linear relationships for CLR
microbiota abundance with probing pocket depth and clinical
attachment level were evaluated using Pearson product-
moment correlations. To provide comparability with previous
studies, we also describe microbiome diversity based on preva-
lence (presence of a taxon regardless of relative composition).

To understand the potential functional characteristics of the
subgingival microbiota associated with periodontal disease
and health, we completed an in silico analysis using PICRUSt
(version 1.1.1), a computational algorithm that predicts poten-
tial functions based on 16S rRNA sequence information
(Langille et al. 2013). To further determine probabilistically
which potential functional pathways are enriched with OTUs
observed in our study samples, enrichment analysis was performed
on level 3 Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Kanehisa and Goto 2000) using a hypergeometric dis-
tribution. Level 3 pathways were reported as significant if they
contained at least 10 functions and a corrected P < 0.05. This
resulted in 8 potentially relevant pathways, reported herein.

MED was performed using the oligotyping pipeline v2.1 to
predict whether subspecies or strain differences might exist in
organisms that differ according to periodontal disease status
(Eren et al. 2015). We report uncorrected 2-tailed P values and
indicate which are statistically significant after Bonferroni cor-
rection. Analyses were performed using SAS version 9.4 (SAS
Institute).

Results

The study cohort was, on average, 66 y of age; had 23 teeth
present; and had mean PD, CAL, and percentage of sites with
gingival bleeding of 2.2 mm, 2.4 mm, and 34%, respectively
(Table 1). The mean BMI was 26.6 kg/m?, consistent with
being clinically overweight. The majority (97%) of women
were white, 48% reported current hormone therapy use, 3%
reported current smoking, and 5% reported a history of diag-
nosed and treated diabetes. A high proportion of women
reported tooth brushing at least twice a day (77%) and dental
visits at least once a year (92%). The prevalence of none/mild,
moderate, and severe periodontal disease, defined by CDC/
AAP criteria, was 25.1%, 58.3%, and 16.6%, respectively
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Table |. Baseline Characteristics of the OsteoPerio Microbiome Study Participants for the Overall Cohort and According to Periodontal Disease

Presence and Severity.

Periodontal Disease Category®

Characteristic Overall (N = 1,206) None/Mild (n = 303) Moderate (n = 703) Severe (n = 200) P Value®
Age (y) 66.1 £7.0 65.0 £ 6.9 66.5+£7.0 66.6 +7.1 <0.05
BMI (kg/m?) 26.6 £ 5.1 269 £5.0 264 £ 5.1 26752 0.25
Neighborhood SES (units) 762 £6.9 76.5 £ 6.6 76567 747 £7.6 <0.01
Race-ethnicity: White 1,174 (97.4) 292 (96.4) 690 (98.2) 192 (96.0) 0.32
Current smoking 39 (32) 5(1.7) 23 (3.3) 11 (5.5) <.001
Treated diabetes 63 (5.2) 17 (5.6) 36 (5.1) 10 (5.0) 0.94
Treated hypertension 387 (32.1) 99 (32.7) 217 (30.9) 71 (35.5) 0.45
Treated high cholesterol 199 (16.5) 54 (17.9) 115 (16.4) 30 (15.0) 0.69
Osteoporosis® 467 (38.7) 106 (35.0) 290 (41.3) 71 (35.5) 0.15
Current hormone therapy 579 (48.1) 162 (53.5) 326 (46.4) 91 (45.5) 0.20
Brush teeth >2 times/d 934 (77.4) 227 (74.9) 553 (78.7) 154 (77.0) 0.42
Dental visit 21 time/y 1,107 (91.8) 280 (92.4) 647 (92.0) 180 (90.0) 0.59
Number of teeth present 232+53 23.0+£59 233+52 233145 0.59
Pocket depth (mm) 22+£04 1.9+0.2 22+03 26+04 <0.001
Clinical attachment level (mm) 24+0.7 1.8+£03 24+05 32+08 <0.001
Percent of sites bleeding 342 +£229 287+ 194 34.7 £22.6 40.7 + 26.8 <0.001

Data are mean * SD or n (%).
BMI, body mass index; SES, socioeconomic status.

*Defined according Centers for Disease Control and Prevention/American Academy of Periodontology criteria (Eke et al. 2012).
PDifferences across groups determined by analysis of variance (continuous) or chi-squared (categorical) tests.
“Osteoporosis was defined according to worst T-score from a multisite dual-energy X-ray absorptiometry scan.

(Table 1). Age, current smoking, and mean PD, CAL, and gin-
gival bleeding all were positively associated (P < .01), and
socioeconomic status was inversely associated (P = .004), with
clinical periodontal status.

A total of 267 bacterial taxa were identified in the subgingi-
val plaque samples of the overall cohort after filtering at
>0.02% abundance (Table 2 and Appendix Table 1). Figure
2A-D shows results for microbial a- and B-diversity analyses
for these 267 bacterial taxa according to periodontal status.
Rarefaction curves (a-diversity; Fig. 2A) showed that a sig-
nificantly greater number of OTUs were observed with increas-
ing severity of periodontal disease (corrected P < .05, all
comparisons). Further evidence of significant o-diversity is
provided by the significant differences in Chaol Index (rich-
ness; Fig. 2B) and Shannon Index (evenness; Fig. 2C) accord-
ing to periodontal status (corrected P < .05, all comparisons).
The PCA plots (Fig. 2D) indicated statistically significant dif-
ferences in B-diversity of bacterial species between the severe
and non/mild periodontal disease groups (corrected P < .05),
although considerable overlap is present.

Statistically significant differences according to periodontal
disease status were observed for 56 (20.9%) of the total 267
species identified (Table 2). Of these 56 bacteria, there were 36
identified as being significantly higher in severe compared
with none/mild and in severe compared with moderate (cor-
rected P < 0.05; Table 2). Fretibacterium fastidiosum demon-
strated the largest difference between severe (CLR mean, 3.26)
and none/mild (CLR mean, 0.16), as well as between severe
and moderate (CLR mean, 1.23) periodontal disease. The 3
classical periodontal pathogens were the second (Zannerella
forsythia), fifth (Porphyromonas gingivalis), and eighth
(Treponema denticola) ranked species based on magnitude of

differences for these same periodontal disease group compari-
sons (corrected P < .001, each). Sixteen (44.4%) of the 36
organisms observed to be higher in severe periodontal disease
also demonstrated significantly higher abundance in moderate
compared with none/mild (corrected P < .05). Of the 56 taxa
that differed according to periodontal disease categories, 20
were significantly higher in none/mild compared with moder-
ate and severe periodontal disease (corrected P < .05; Table 2).
Lautropia mirabilis demonstrated the largest difference
between none/mild and severe periodontal disease (CLR mean,
1.69 vs. 0.03), followed by Rothia aeria (CLR mean, 2.86 vs.
1.30) and Leptotrichia goodfellowii (CLR mean, —1.75 vs.
—3.06). Comparisons of CLR mean OTUs according to catego-
ries of periodontal disease for the 211 taxa that were not sig-
nificantly different across categories of periodontal disease are
given in Appendix Table 1.

We next evaluated the linear correlations for each CLR
mean OTU with PD and CAL measures. These results are
shown in Table 2 for the 56 bacteria differing by periodontal
disease categories and in Appendix Table 1 for the other 211
taxa. Correlations tended to be stronger with PD than with
CAL. Pearson correlations ranged from —0.23 to 0.31 for PD
and from —0.15 to 0.19 for CAL. Statistical significance (cor-
rected P < .05) was achieved for 102 (38.2%) correlations with
PD and 33 (12.4%) with CAL.

We next describe the subgingival microbiome according to
prevalence for the 267 taxa identified in our cohort, according
to periodontal disease categories in Appendix Table 2. Three
taxa, Veillonella dispar, Veillonella parvula, and Streptococcus
oralis, were 100% prevalent in each periodontal disease cate-
gory. Treponema HMT 247 was least prevalent (2.6% to 7.5%)
across periodontal disease categories. Anaerolinea [G-1]
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Table 2. The 56 Taxa That Were Significantly Different across Categories of Periodontal Disease Presence and Severity.

Periodontal Disease Category® Whole-Mouth Mean
None/Mild Moderate Severe
(n=303) (n=703) (n =200) PD CAL

OTU Label Mean® (SE) ~ Mean® (SE)  Mean® (SE) P Value® I P Value® r P Value

36 taxa elevated in severe and moderate periodontal disease
Fretibacterium fastidiosum 0.16 (0.17) 1.23 (0.13) 3.26 (0.25)  <0.0001°%% 0.314 <0.001 0.175 <0.001
Tannerella forsythia 0.71 (0.18) 1.82 (0.13) 3.77 (0.24)  <0.0001°% 0.266 <0.001 0.171 <0.001
Fretibacterium HMT 360 1.73 (0.20) 2.72 (0.14) 477 (0.25)  <0.0001%% 0.287 <0.001 0.179 <0.001
Fretibacterium HMT 359 —0.85 (0.17) 0.02 (0.14) 2,09 (0.30)  <0.0001°% 0.269 <0.001 0.171 <0.001
Porphyromonas gingivalis —1.58 (0.19) —0.64 (0.15) 1.28 (0.37)  <0.0001°% 0.177 <0.001 0.157 <0.001
Desulfobulbus HMT 041 —1.49 (0.17) —-0.76 (0.12) 0.98 (0.26)  <0.0001°% 0.214 <0.001 0.164 <0.001
Anaerolineae_[G-1] HMT 439 —-2.83 (0.10) -232(0.09) 0.4l (0.26) <0.0001%% 0.210 <0.001 0.198 <0.001
Treponema denticola —-1.16 (0.17) —-0.35 (0.13) 1.20 (0.30)  <0.0001°%% 0.188 <0.001 0.108 0.05
Dialister pneumosintes -0.36 (0.16) 0.56 (0.12) 1.82 (0.23) <0.0001°%' 0.248 <0.001 0.098 0.17
Peptostreptococcaceae_[XI][G-6] [Eubacterium]_noda —2.47 (0.11) —1.84(0.10)  —0.43(0.23) <0.0001°% 0.220 <0.001 0.146 <0.001
Treponema maltophilum —-1.33(0.13) -0.53 (0.10) 0.67 (0.22)  <0.0001%% 0.245 <0.001 0.199 <0.001
Selenomonas HMT 134 0.19 (0.18) 0.60 (0.13) 2.12(0.25)  <0.0001°f 0.238 <0.001 0.066 1.00
Treponema socranskii 1.44 (0.14) 222 (0.10) 3.35(0.17)  <0.0001%% 0.278 <0.001 0.174 <0.001
Fretibacterium HMT 362 —-1.93 (0.14) —1.64(0.10)  —0.03 (0.25)  <0.0001°f 0.262 <0.001 0.167 <0.001
Pseudoramibacter alactolyticus -2.18 (0.14) -1.84(0.10) 037 (0.26) <0.0001°f 0.183 <0.001 0.155 <0.001
Streptococcus constellatus —0.26 (0.18) 0.28 (0.13) 1.47 (0.26)  <0.0001°f 0.185 <0.001 0.140 <0.001
Porphyromonas endodontalis -0.11 (0.21) 0.50 (0.16) 1.53(032) 0.01° 0.194 <0.001 0.073 1.00
Anaeroglobus geminatus 1.45 (0.20) 2.12 (0.14) 3.09 (0.23)  0.0007°% 0.120 0.008 0.086 0.73
Veillonellaceae_[G-1] HMT 150 0.63 (0.18) 1.18 (0.12) 222 (0.21)  <0.0001%% 0.162 <0.001 0.071 1.00
Prevotella intermedia —-1.98 (0.16) -1.39(0.15) —0.42(0.32)  0.009° 0.078 1.00 0.081 1.00
Bacteroidaceae_[G-1] HMT 272 —-2.58 (0.11) 227 (0.09)  —1.04 (0.23)  <0.0001°f 0.178 <0.001 0.150 <0.001
Lachnospiraceae_[G-8] HMT 500 —2.49 (0.10) -1.98(0.09) —0.96 (0.22) <0.0001°% 0.211 <0.001 0.115 0.02
TM7_[G-1] HMT 349 2.38 (0.21) 2.98 (0.13) 3.90(0.23)  0.002%' 0.137 <0.001 0.075 1.00
Filifactor alocis —1.30 (0.18) —-1.10 (0.13) 0.16 (0.31)  0.003% 0.160 <0.001 0.084 0.89
Peptostreptococcaceae_[XI][G-5] [Eubacterium]_saph —2.56 (0.12) 231 (0.10)  —1.16 (0.24)  <0.0001° 0.189 <0.001 0.121 0.007
Prevotella dentalis —2.05 (0.13) -1.82(0.10)  —0.65(0.27)  <0.0001°f 0.208 <0.001 0.088 0.56
TM7_[G-5] HMT 356 0.11 (0.20) 0.33 (0.14) 148 (0.28)  0.02*f 0.143 <0.001 0.025 1.00
Veillonellaceae_[G-1] HMT 145 —2.19 (0.13) -2.03(0.10) —0.89 (0.23) <0.0001°f 0.134 <0.001 0.105 0.07
Prevotella oralis -0.52 (0.19) —0.11 (0.13) 0.76 (0.24)  0.03% 0.113 0.023 0.090 0.45
Prevotella HMT 526 —2.80 (0.11) -2.76 (0.08)  —1.58 (0.24)  <0.0001°f 0.152 <0.001 0.1l 0.03
Johnsonella HMT 166 —3.08 (0.08) -2.89(0.08) —1.94(0.22) <0.0001°f 0.133 <0.001 0.114 0.02
Prevotella baroniae —2.46 (0.11) —2.08(0.100 -1.33(0.22)  0.001° 0.157 <0.001 0.073 1.00
Fusobacterium nucleatum_subsp._vincentii 5.86 (0.16) 6.51 (0.10) 6.96 (0.17) 0.004°¢ 0.127 0.003 0.072 1.00
Fretibacterium HMT 361 —3.24 (0.07) -3.09 (0.07) —2.18(0.23) <0.0001°f 0.131 0.001 0.113 0.02
Parvimonas micra 3.76 (0.16) 4.39 (0.10) 4.77 (0.16)  0.01°¢ 0.115 0.016 0.115 0.02
Fretibacterium HMT 358 —3.04 (0.09) 297 (0.08) 217 (0.23)  0.006° 0.117 0.012 0.096 0.22

20 taxa elevated in none/mild periodontal disease
Microbacterium flavescens —2.60 (0.08) 292 (0.06) 321 (0.10)  0.008 -0.160 <0.001 —-0.064 1.00
Sphingomonas HMT 006 -3.27 (0.07) -3.58 (0.05) —3.89 (0.09) <0.0001°¢ 0229 <0.001 -0.086 0.76
Leptothrix HMT 025 —-3.20 (0.07) -353(0.05) -3.84(0.09) <0.0001°¢ 0208 <0.001 —0.086 0.74
Atopobium HMT 416 -3.09 (0.10) -340 (0.06) -3.76 (0.12)  0.02°%% -0.189 <0.001 -0.078 1.00
Porphyrobacter tepidarius —-3.30 (0.07) -3.60 (0.05) —-3.97 (0.08) <0.0001°¢ 0238 <0.001 -0.110 0.04
Brevundimonas diminuta -3.01 (0.08) -331 (0.05) -3.72(0.09) <0.0001°¢  —0.206 <0.001 -0.074 1.00
Actinomyces naeslundii 4.09 (0.12) 3.92 (0.08) 330 (0.15)  0.03*f —0.150 <0.001 —-0.098 0.18
Mitsuokella HMT 521 —-2.55(0.12) 291 (0.07) 344 (0.11)  0.001%% -0.089 0.51 -0.078 1.00
Streptococcus oralis 831 (0.11) 8.15 (0.07) 741 (0.13) <0.0001%°  —0.160 <0.001 -0.090 0.48
Capnocytophaga HMT 324 —1.84 (0.15) -232(0.09) 277 (0.17)  0.04°¢ -0.099 0.16 -0.055 1.00
Actinomyces massiliensis 1.62 (0.14) 1.49 (0.09) 0.66 (0.17)  0.003% —0.150 <0.001 —0.121 0.007
Haemophilus parahaemolyticus —1.85 (0.16) -232(0.10) -2.85(0.17)  0.05%% -0.115 0.017 -0.076 1.00
Sphingomonas echinoides —1.44 (0.13) -2.00 (0.09) —2.52(0.15)  0.0002°¢ —0.16l <0.001 -0.120 0.008
Gemella haemolysans 2.57 (0.17) 2.11 (0.11) 143 (021)  0.04*f -0.022 1.00 -0.037 1.00
Streptococcus HMT 056 —0.15 (0.17) —037(0.11) -1.34(020)  0.004° —0.155 <0.001 —-0.056 1.00
Pseudomonas fluorescens —1.47 (0.16) -2.10(0.10)  —2.69 (0.16)  0.0003*%  —0.171 <0.001 -0.108 0.04
Haemophilus parainfluenzae 4.07 (0.18) 3.90 (0.11) 279 (022)  0.0009%  -0.127 0.003 —0.065 1.00
Leptotrichia goodfellowii —-1.75 (0.14) -2.09 (0.10)  -3.06 (0.15) <0.0001°°  —0.160 <0.001 -0.142 <0.001
Rothia aeria 2.86 (0.18) 2.05 (0.12) 1.30 (0.23) <0.0001%%¢  —0.128 0.002 —0.152 <0.001
Lautropia mirabilis 1.69 (0.17) 0.81 (0.11) 0.03 (0.22) <0.0001%¢  —0.143 <0.001 -0.153 <0.001

Those elevated in severe and moderate disease compared with none/mild are at the top of the table above the dashed horizontal line.
CAL, clinical attachment level; OTU, operational taxonomic unit; PD, pocket depth.

Defined according to Centers for Disease Control and Prevention/American Academy of Periodontology criteria (Eke et al. 2012).
®Mean centered log,-ratio transformed OTU.

“P value for omnibus test of difference across categories corrected for multiple testing using the Bonferroni method.

9Pearson product-moment correlation coefficient.

“Significant pairwise difference between severe and none/mild after correction for multiple comparisons.

Significant pairwise difference between severe and moderate after correction for multiple comparisons.

&Significant pairwise difference between moderate and none/mild after correction for multiple comparisons.
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kinase (corrected P =.02) were enriched in

. 2.1x10° women with severe periodontal disease.
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dance according to periodontal disease
category. Eleven of these bacteria did not
show evidence of subspecies (data not
shown). For the other 45 bacterial taxa,
evidence of subspecies differences was
observed as shown in Figure 3. Of these,
. 21 showed evidence of 1 or 2 detectable
oligotypes, and the remaining 24 showed
multiple oligotypes. Among those taxa
with multiple oligotypes, several showed
unique oligotypes (e.g., subspecies) in

None/Mild Moderate  Severe

CDC/AAP

(]
PERMANDVA p < 0.001

PCl1 - 10%

20 periodontal disease that were absent in the
microflora of healthy. This can be seen, for

Figure 2. Diversity analysis shows increasing diversity with increasing severity of periodontitis,
with a- and - diversity analysis according to categories of periodontitis. The a-diversity is given
in (A) rarefaction curves, (B) Chaol Richness Index, and (C) Shannon Evenness Index. The f3-

diversity is given in (D) principal component analysis plot of weighted UniFrac distances. P values

example, for P. gingivalis and Prevotella
intermedia, which show evidence of mul-
tiple oligotypes different between health
and periodontal disease.

provided on each plot are for the indicated comparisons. CDC/AAP, categories of periodontal

disease presence and severity as defined by Centers for Disease Control and Prevention/
American Academy of Periodontology criteria (Eke et al. 2012); OTU, operational taxonomic unit.

HMT 439 demonstrated the largest difference in prevalence
between severe (56.6%) and none/mild (16.2%; corrected P <
.05). Prevalence of the 3 classical periodontal pathogens (T.
forsythia, P. gingivalis, T. denticola) increased across worsen-
ing periodontal disease categories. The highest prevalence was
for T. forsythia (77.6%, 82.4%, 92.5%; corrected P < .05),
whereas prevalence was, overall, lower but still positively cor-
related with periodontal disease status for P. gingivalis (46.2%,
56.3%, 65.5%; corrected P < .05) and T. denticola (48.2%,
55.9%, 67%; corrected P < .05). The prevalence of bacteria
associated with the healthy periodontium was high and dif-
fered minimally according to periodontal category: for exam-
ple, Streptococcus gordonii: 98.0%, 99.4%, 99.0% (corrected
P = .11); Streptococcus sanguinis: 99.0%, 99.3%, 100% (cor-
rected P = .39).

Results of the in silico PICRUSt analysis to predict poten-
tial functional pathways enriched in periodontal disease and
health resulted in 4 statistically significant pathways identified
in severe periodontal disease and another 4 in none/mild.
Bacterial motility (corrected P = .03), sporulation (corrected P
<.001), methane metabolism (corrected P = .05), and histidine

Discussion

To our knowledge, a study of this size and
scope using untargeted sequencing of the oral microbiome in
older women has not been published previously. Several prin-
cipal findings deserve comment. First, we confirm previous
subgingival microbiome studies conducted using targeted
(Haffajee et al. 1998; Socransky et al. 1998; Kumar et al. 2003;
Tettamanti et al. 2017) and nontargeted measurement methods
in younger adults (Griffen et al. 2012; Abusleme et al. 2013;
Deng et al. 2017; Ganesan et al. 2017; Shi et al. 2018). Using
targeted DNA probe measurements, both Socransky (Socransky
etal. 1998) and Kumar (Kumar et al. 2003) reported significant
differences in the prevalence of several bacteria in middle-
aged adults selected to have either periodontal disease or
healthy periodontium. Among the organisms found at greater
prevalence in disease compared with health were the classical
pathogens T. forsythia, P. gingivalis, and T. denticola, as well
as Actinomyces naeslundii, Treponema socranskii, Eubacterium
saphenum, Parvimonas micra, and T. denticola. In the present
study on older women, each of these microbiota was of higher
prevalence in severe compared with none/mild (Table 2 for the
56 bacteria differing by periodontal disease categories and in
Appendix Table 2).
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Figure 3. Oligotypes of the 45 subgingival organisms significantly elevated in periodontal disease or health. The color bars represent the oligotypes.
The black bars at the bottom show the relative abundance. Periodontal disease category designations are 0/, none/mild; 2, moderate; and 3, severe
defined by Centers for Disease Control and Prevention/American Academy of Periodontology criteria (Eke et al. 2012).
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Studies using nontargeted high-throughput sequencing
identified substantially more subgingival bacterial species than
previously had been evaluated using targeted approaches. The
benchmark study by Griffen et al. (2012) used 454 pyrose-
quencing of the 16S rRNA gene (V1-2 and V4 regions) of sub-
gingival plaque in 58 middle-aged adults, selected to have
either periodontal disease or healthy gingiva, and identified
596 total species. Microbial a- and B-diversity were signifi-
cantly higher in periodontal disease compared with health, as
we also observed in the present study on older community-
dwelling women (Fig. 2). Herein, 36 species had significantly
higher relative abundance in periodontal disease compared
with health after correction for multiple testing. These included
many of those previously identified, such as Filifactor alocis,
P. gingivalis, T. denticola, Treponema vincentii, Synergistes
spp., T. socranskii, T. forsythia, Campylobacter rectus, and E.
saphenum.

With the recent technological advances in sequencing and
microbial annotation, newly identified organisms have been
reported at higher levels in periodontal disease as compared to
health (Perez-Chaparro et al. 2014; Patini et al. 2018). We
identified several subgingival species among older women that
were previously noted infrequently or not at all, including
Anaerolineae (G-1) HMT 439, Dialister pneumosintes,
Treponema maltophilum, Pseudoramibacter alactolyticus,
Bacteroidaceae (G-1) HMT 272, Veillonellaceae (G-1) HMT
145, Johnsonella HMT 166, and Prevotella baroniae. There
also is a group of organisms we did not find in our subgingival
plaque samples that has been reported previously to be associated
with periodontal disease, including Aggregatibacter actinomy-
cetemcomitans, C. rectus, Eikenella corrodens, Clostridia,
Olsenella uli, Pseudomonas aeruginosa, and Klebsiella pneu-
monia (Griffen et al. 2012; Vieira Colombo et al. 2016). Of
special note among those not found in our study is 4. actino-
mycetemcomitans. This organism is associated with localized
aggressive periodontal disease, a condition infrequently seen
in older adults (Mombelli et al. 2002). Future studies are
needed to clarify abundance, strains, and function of taxa that dif-
fer in health and periodontal disease across the adult age range.

Oligotyping, used to explore diversity within defined
microbial species, suggested the presence of subspecies differ-
ence between disease and health for some organisms such as
P gingivalis and P. intermedia. Further study is warranted to
determine if a subspecies (or potentially substrain) found in
disease and not health may be the critical virulent component
that plays a key pathogenic role. It is also possible that certain
subspecies of a subgingival organism may be abundant in
health and confer protection, modulating colonization or viru-
lence factors. If this were the case, analysis of overall abun-
dance might not be sensitive enough to discriminate
pathogenicity conferred at the subspecies level. Previous stud-
ies have identified heterogeneity in the genetic (Loos et al.
1990) and fimbria (Moreno et al. 2015) of P. gingivalis.
However, the origin of variation in these strains or species was
not reported. Our oligotyping results suggest that there may be
specific subspecies (potentially strains) associated with peri-
odontal disease, providing a basis to guide further studies to

clarify the extent to which subspecies or strains and their viru-
lence or protection functions play a role in periodontal disease.
These studies may have critical relevance to variations in indi-
vidual-level susceptibility for periodontal disease presence,
severity, and progression.

Characterizing microbiota function is needed to refine
understanding of how microbial communities give rise to peri-
odontal disease or health (Wang 2015). The present study
could not directly measure functional expression of taxa.
However, as an exploratory step, we evaluated potential func-
tions of microbiota differing in periodontal disease and health
using the in silico PICRUSt method (Langille et al. 2013),
which has been employed similarly in other published studies
on microbiome and periodontal disease (Kirst et al. 2015).
Taxa associated with severe periodontal disease had genes that
could encode pathogenic activities, including microbial mobil-
ity, and sporulation. Taxa associated with health had genes that
could encode functions for sustaining microbial viability,
including oxidative phosphorylation (complete PICRUSt
results available upon request to corresponding author). These
findings are consistent with results of studies using PICRUSt
(Kirst et al. 2015) and metatranscriptomic (Yost et al. 2017)
methods. Further understanding the functional implications of
defined subgingival microbiota and microbial ecologies is par-
amount to developing targeted therapeutic interventions for
prevention of periodontal disease onset and to slow its progres-
sion among those already affected.

The present study has both strengths and limitations. The
strengths include the large cohort size and its community-
based enrollment, not using periodontal disease or other
aspects of oral health as selection criteria. Understanding the
epidemiology of the oral microbiota in such a cohort is impor-
tant because of the ability to evaluate a range of distribution in
periodontal measures and the subgingival microbiome that
might be expected in a general community. This information
provides a benchmark for future studies evaluating associa-
tions between the oral microflora and both oral and systemic
diseases in various study populations. The use of high-throughput
nontargeted next-generation sequencing, with well-documented
laboratory procedures and quality control minimizing batch-
to-batch variation (Appendix; Banack et al. 2018), is another
strength of this study. Weaknesses of the study include its
cross-sectional design, which does not allow for assessing the
temporal relationship between the subgingival microflora and
initiation or progression of periodontal disease. Longitudinal
analyses of these same subjects are in progress and should help
to address the question about temporality. Taxonomic annota-
tion of microbial OTUs was completed using HOMD version
14.5, but inevitably this could result in an incomplete charac-
terization of microbiota present in the subgingival plaque sam-
ples studied here as additional taxa are discovered and added to
future versions of the database. Because our study cohort is
part of the larger Women’s Health Initiative program, men
were not included. It is unclear the extent to which our findings
extend to men of similar age as the women studied here.

We conclude that, in a large cross-sectional study of over
1,200 postmenopausal women enrolled from the community
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exhibiting a range of presence and severity of periodontal dis-
ease, the subgingival organisms associated with periodontal
disease in older women are comparable to the subgingival
microbiota observed in studies on younger individuals. The
notable exception is the absence of 4. actinomycetemcomitans,
which one would not expect to be identified in older adults.
The diversity of the subgingival microbiome increases with the
severity of periodontal disease, which is different from other
studies of human bacterial infections such as Clostridium diffi-
cile—associated gastrointestinal infections where diversity is
reduced in disease but similar to diseases like bacterial vagino-
sis where gut microbiome diversity is increased (Duvallet et al.
2017). The reason for this difference is unknown, but it appears
that diversity of microbiota may be high or low in health or
disease depending on the human habitat. We also observed that
oligotype subspecies diversity is present among several taxa.
Confirmation that this reflects strain differences in microflora
correlated with periodontal disease could lead to a deeper
understanding of these taxa and their role in the ecological dys-
biosis and disease process associated with periodontal disease.
Better understanding of both the diversity and functions of the
subgingival microflora could lead to mechanistic targets for
prevention and treatment of periodontal disease and associated
systemic conditions.
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