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ABSTRACT This investigation compared the microbiomes colonizing teeth during
the initiation, progression, and resolution of periodontitis in nonhuman primates
(Macaca mulatta) at different ages. Subgingival plaque samples were collected at
baseline; 0.5, 1, and 3 months following ligature-induced periodontitis; and following
naturally occurring disease resolution at 5 months. Samples were analyzed using 16S
amplicon sequencing to identify bacterial profiles across age groups: young (�3
years of age), adolescent (3 to 7 years), adult (12 to 15 years), and aged (17 to 23
years). �-Diversity of the microbiomes was greater in the adult/aged samples than in
the young/adolescent samples. �-Diversity of the samples demonstrated clear age
group differences, albeit individual variation in microbiomes between animals within
the age categories was noted. Phylum distributions differed between the young/ad-
olescent animals and the adult/aged animals at each of the time points, showing an
enrichment of the phyla Spirochetes, Fusobacteria, and Bacteroidetes associated with
periodontitis. Major differences in the top 50 operational taxonomic units (OTUs)
were noted in the young and adolescent microbiomes during initiation and pro-
gression postligation compared to the adult and aged animals. The proportions
of a large number of species in the top 50 OTUs were lower at baseline and in
resolved disease microbiomes in the young samples, while profiles in adolescent
animals were more consistent with the disease microbiomes. Microbiome profiles
for resolution for adults and aged animals appeared more resilient and generally
maintained a pattern similar to that of disease. Use of the model can expand our
understanding of the crucial interactions of the oral microbiome and host re-
sponses in periodontitis.
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Common risk factors enhancing periodontitis include poor plaque control, smoking,
diabetes, genetic factors, age, and various systemic chronic inflammatory diseases

(1–4). However, the fundamental interactions of the microbial components of the
microbiome and the host response to this challenge that are affected by these risk
factors remain rather nebulous. Historically, cross-sectional human studies have docu-
mented substantial differences in the microbial ecology of healthy and periodontitis
sites in almost all studies, using a range of technologies and identifying the proposed
pathogenic “red complex” species Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola (5–7) as hallmarks of disease. Nevertheless, limitations of the
human disease process do not allow definitive interpretation of how early in an active
disease process critical microbial changes occur or when these types of purported
pathogens emerge in response to local environmental alterations and help to drive the
processes resulting in dysbiosis and progressing disease (8–11).
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More recently, with a greater emphasis on the importance of truly understanding
both the microbial components and their functional activities in microbiomes in health
and disease, investigations using next-generation (NexGen) sequencing for genomics
and transcriptomics have become more detailed in characterizing the “entirety” of the
microbiome to define changes that occur from health to disease (8). These types of
studies have detailed exceptional heterogeneity in the microbiomes in existing health
and disease sites (12–16) and provided some insights into the nature of the micro-
biomes that occur in stable and progressing sites (9), the influence of intrinsic/extrinsic
factors on the oral microbiome features (e.g., smoking and diabetes) (17, 18), and
changing functions with the microbial community that might be predicted to enhance
its pathogenic potential (19, 20). While some of these investigations have identified
changes in the autochthonous oral microbial ecology in mice triggered by recognized
oral periodontopathogens, with the consequent induction of oral inflammation and
alveolar bone loss (21–23), there are differences in the oral microbiome in mice from
that in humans, and a human model inducing periodontitis to monitor for the details
of the microbial changes over time is not ethical.

Thus, this study used the ligature-induced periodontitis nonhuman primate model,
whose oral microbiome is more similar to that of humans (24, 25), to provide new
details on the kinetics of changes in the subgingival microbiome with the initiation,
progression, and resolution of periodontal lesions. The investigation was also able to
compare and contrast these changes across the life span and potentially identify
unique characteristics of the microbiome in younger individuals who are less suscep-
tible to periodontitis, as demonstrated in both humans and these nonhuman primates
(26–28).

RESULTS

Clinical findings from the study are shown in Fig. 1. The results demonstrated that
the younger animals exhibited an extent and kinetics of inflammation, as bleeding on
probing (BOP), similar to those of the older animals. Also, while a significantly lower
magnitude of tissue destruction was observed in the younger group, as reflected in the
probing pocket depths (PPDs), the rates of change in PPD over the initiation and early
progression of disease (i.e., baseline to 1 month) were similar (y � 2.94x � 2.25 [R2 �

0.5987] for the young/adolescent [Y/ADO] groups; y � 2.36x � 3.05 [R2 � 0.4466] for
the adult/aged [AD/AG] groups). Thus, the variations of PPD at baseline in health between
the groups might explain the potential difference in the oral microbiomes, even with a
clinically healthy periodontium, and support that aging could contribute to a dysbiotic oral
microbiome even in the absence of clinical changes in the periodontium.

A general analysis of the samples for �-diversity is provided in Table S1 in the
supplemental material. The �-diversity of the samples demonstrated by analyses of the
number of operational taxonomic units (OTUs), the Shannon index, the inverse Simp-
son index, the Chao1 estimator, and the abundance-based coverage estimator (ACE)
demonstrated a greater diversity in the adult and aged samples than in the young and
adolescent samples. Figure S1 in the supplemental material displays a principal-
coordinate analysis (PCoA) describing the �-diversity of the samples. Of note, �27% of
the variation in the microbiomes of the samples was related to the group source of the
samples, supporting important individual variation in microbiome composition be-
tween animals even within the age categories.

The results in Fig. 2 provide a summary of the phylum distribution in the micro-
biome of the ligated teeth at baseline; at 0.5, 1, and 3 months of disease; and 5 months
following ligature removal. There were clear differences in this distribution between the
young/adolescent groups of animals and the adult/aged groups of animals at each of
the time points, showing an enrichment of the phyla Spirochetes, Fusobacteria, and
Bacteroidetes associated with periodontitis, even before the onset of disease, particu-
larly in the adult/aged animals. Also of interest were the more dramatic changes in the
phylum distribution in the younger animals following ligation, which might reflect a
less-well-established microbiome that is more greatly influenced by environmental
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changes (i.e., ligature placement). Finally, it appears that, generally, the phylum distri-
bution in both groups approached baseline profiles at the 5-month sampling period
following ligature removal and when clinical parameters returned to near-normal
levels, except for the Fusobacteria proportions in the young/adolescent group, which
remained substantially elevated. Similarly, Fig. 3A to D depict the signals for the top 50
OTUs compared across baseline samples among the age groups, and Tables S2 to S5 in
the supplemental material provide the processed data for the dominant 200 OTUs/
species for each age group and across all time points. The graphs display a greater
relative abundance of these species within the oral microbiome of the adult and aged
animals, albeit as shown in Fig. S2 in the supplemental material, the top 50 OTUs for the
young and adolescent animals represented approximately 90% of the overall OTU
reads, while in the adult and aged groups, this subset of OTUs provided microbiome
coverage that averaged 75% to 80%.

Figure 4 summarizes the changes in the microbiome patterns that occur during the
initiation of the disease process from baseline through 2 weeks. The first striking result
was the substantial differences in the young and adolescent animals during this initial

FIG 1 Clinical measures of bleeding on probing (BOP) and mouth mean probing pocket depth (PPD) in
nonhuman primates. The animals were organized into young/adolescent (Y/ADO) and adult/aged
(AD/AG) groups. The points denote group means for Y/ADO animals (n � 18) and AD/AG animals
(n � 18), and the vertical brackets depict 1 standard deviation (SD). The asterisks denote a significant
difference between groups at a time point (baseline and 0.5, 1, 3, and 5 months) at a P value of �0.05.
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interval postligation compared to the adult and aged animals. This is also noted in Fig.
5, showing a statistically significantly higher frequency of major microbiome species
changes (�5-fold increased or decreased) within the top 50 OTUs at 2 weeks
(0.5 months) in the young and adolescent animals versus adult and aged groups. Also
note that within the top 50 OTUs across the age groups, only 4% to 10% of the species
were not represented in multiple groups, with these differences generally being in the
lower tertile of the overall reads for the top 50 species.

Comparison of the microbiomes during ligature-induced periodontitis occurring
from 2 weeks through 3 months of disease is shown in Fig. 6A to D. Substantial
differences in the levels of the top 50 OTUs were seen in these microbiomes during the
disease process. This was particularly noticeable in the young and adolescent samples,
with a much higher frequency of species demonstrating level changes of �5-fold.
Specifically, the frequencies of 34/50 and 38/50 of this subset of species increased or
decreased at this level in the young microbiome at 0.5 and 3 months, respectively.
Similarly, 41/50 and 35/50 of the top 50 species in the adolescent animals changed
from baseline to 0.5 and 3 months, respectively. These findings were compared with
those for the microbiome samples from the adult and aged groups, where only 7 to 10
species specifically changed from baseline patterns. The details of the affected species
are summarized in Fig. 7 and Table 1, with increases in species of Porphyromonas,
Prevotella, Fusobacteria, Treponema, Tannerella, and Fretibacterium being observed in
most age groups, consistent with human periodontitis microbiomes (8, 16, 17, 29).

Figure 3A to D provide an overview of the distribution of the top 50 OTUs,
comparing baseline to periodontitis (3 mo.) and to the microbiome of resolved sites
(after removal of the ligature [5 months]). Striking profile differences are noted between
the changes across the age groups. The proportions of a large number of the species
in the top 50 OTUs were lower at baseline and in resolved disease microbiomes in the
young (n � 23) samples. In contrast, in the adolescent animals, microbiomes at baseline
and 3 months postligation showed many similarities in reads for individual OTUs, while

FIG 2 Area graph demonstrating the group means of the relative abundances of bacterial phylotypes in the Y/ADO and AD/AG groups
at each time point.
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FIG 3 Distribution and relative abundance of signals for the top 50 OTUs in baseline samples from young (A), adolescent (B), adult (C),
and aged (D) animals and readouts for each OTU/species and for samples collected at 2 weeks (0.5 months) and at 1 and 3 months
postligation during initiation and progression of disease. The asterisks denote a significant difference from the baseline with disease (0.5,
1, and 3 months) at a P value of at least �0.05 using Z-score normalization.
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FIG 3 (Continued)
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the proportions of 18 of the OTUs were elevated in the 5-month resolution samples.
Both the adult and aged samples showed considerably fewer changes in overall OTU
reads for the top 50 bacteria. Additionally, profiles for resolution were more similar to
baseline patterns in the adults, while they trended toward the characteristics of the
disease samples (3 months) in the aged animals. These differences are also reflected in
Fig. 5, with significantly more frequent larger increases or decreases in the young and
adolescent animals than in the adult and aged animals.

Since samples from the adult and aged groups demonstrated coverage with the top
50 OTUs that ranged from 60% to 86% at the individual-animal level (Fig. S2), we
compared the 200 OTUs that predominated across the samples from all 4 groups and
accounted for 85% to 98% of the total reads detected (Fig. S2). Important similarities in
the profiles of baseline samples from young and adolescent animals, with high pro-
portions of unclassified Streptococcus, Aggregatibacter actinomycetemcomitans, Haemo-
philus species, unclassified Pasteurellaceae, Streptococcus parasanguinis, Moraxella ca-
tarrhalis, and unclassified Neisseria bacteria, were also noted. Clear changes occurred in
the diversity of the microbiome within 1 month of disease progression in the young
and adolescent animals, including the emergence of Fusobacteria, Leptotrichia, and
Veillonella at this time point. Estimation of the diversity of the microbiome also showed
a somewhat less diverse microbiome in the disease samples from adult and aged

FIG 4 Distribution of the number of changes in signals for the top 50 OTUs comparing baseline (BL) to
disease initiation at 2 weeks (0.5 months) (top) or disease progression at 3 months (bottom), identified as
a �5-fold or �5-fold (increase or decrease) change from the baseline or remaining the same in the 4
groups of animals.
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FIG 5 Identification of OTU/species changes (�5-fold [blue] or �5-fold [red]) in young (A), adolescent (B), and adult/aged (C) samples
comparing baseline to disease initiation (0.5 months) and progression (3 months).
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animals. Interestingly, the adolescent samples appeared to move toward the diverse
nature of the disease microbiomes exhibited by the adult and aged animals.

DISCUSSION

The human microbiome at various sites in/on the human body is gaining increasing
importance with regard to overall health and disease (30–36). Additionally, individual
gut bacterial species have been implicated in the development of normal host re-
sponses (32), nutritional needs (37), and helping to create microenvironments that are
more resistant to pathogens (35, 38). However, these types of interactions between the
host and resident bacteria have not been well elucidated related to the acquired
microbiomes in the various niches of the oral cavity. There is a large amount of
literature documenting the characteristics of the oral microbiome at various sites (e.g.,
tongue, mucosa, teeth, and supra- and subgingival areas) (17, 39–42) as well as defining
characteristics of the subgingival microbial ecology of periodontal health and changes
that occur with gingivitis and periodontitis (8), evolving from cultivation to identifica-
tion of one or more targeted species, to next-generation sequencing linked to human
oral microbiome databases (43–45). However, these studies have generally limited their
focus to populations of adults.

The emerging importance of a more robust understanding of the variations in
commensal bacteria within these consortia, which is crucial for disease resistance, and
the role of microbiome dysbiosis driving disease through dysregulated host responses
require additional examination (16). To accomplish some of these goals, we have
implemented a nonhuman primate model of periodontal disease that has been clearly
described to demonstrate clinical, microbiological, and immunological features of this
disease in humans (46–48). Moreover, the characteristics of the disease in nonhuman
primates, including Macaca fascicularis, Macaca mulatta, Macaca nemestrina, and Papio
anubis, display features of naturally occurring human disease, such as the general lack

FIG 5 (Continued)
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FIG 6 Distribution and relative abundance of signals for the top 50 OTUs in samples from young (A), adolescent (B), adult (C), and aged
(D) animals. The plots compare the readouts for each OTU/species for baseline samples compared to samples collected 5 months and
2 months following removal of the ligatures with clinical resolution. The asterisks denote a significant difference from the baseline with
resolution (5 months) at a P value of at least �0.05 using Z-score normalization.
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FIG 6 (Continued)
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of disease in younger individuals and an increased extent and severity of disease with
aging (49–52). Additionally, this model has been extensively used to evaluated the
kinetics and progression of disease using a ligature-induced periodontitis model (53)
that has been adapted to rodents (54, 55) and rabbits (56). However, to more fully
examine the microbiome changes that occur with disease initiation and progression,
only nonhuman primates provide a “microbiomic” analogy to humans. Historically, we
and others have documented characteristics of a targeted oral microbiota in primates
with periodontal health and changes that occur in periodontitis (53, 57, 58). Neverthe-
less, rather minimal data are available documenting the breadth and depth of the oral
microbiome in these animal species, although a recent report by Ocon et al. (25) clearly
demonstrates the component similarity and genomic correspondence of the micro-
biomes between humans and macaque monkeys. As important to this investigation,
the vast majority of these data have been derived from adult or aged monkeys, with
little information on the oral microbiology of younger animals (59).

This investigation evaluated the oral microbiomes of healthy and diseased sites in
nonhuman primates across the life span. We show that younger animals demonstrated
substantial inflammation and bleeding following ligature placement and exhibited
significantly lower pocketing at baseline and maximum destructive disease (i.e., prob-
ing pocket depth). This finding is consistent with our previous data demonstrating
increased measures of inflammation and pocketing, albeit still considered clinically
periodontally healthy, in older animals (58, 60, 61). However, the rates of change from
baseline in the younger and older animals were similar over the initiation and progres-
sion of disease. In the current paradigm of periodontitis featuring a dysbiotic micro-
biome, the clinical differences with aging in nonhuman primates, even those with

FIG 7 Heat map of relative abundances of OTU reads for all age groups at baseline and the change from baseline to 1 month of periodontitis (1Δ). The
identifications of the bacterial OTUs are presented in Table 1.
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TABLE 1 Identification of bacterial OTUs from Fig. 7

Identification OTU

1 Abiotrophia defectiva_oral_taxon_389
2 Actinomyces
3 Actinomyces_unclassified
4 Actinomyces sp._oral_taxon_171
5 Actinomyces sp._oral_taxon_180
6 Aggregatibacter_unclassified
7 Aggregatibacter actinomycetemcomitans_oral_taxon_531
8 Aggregatibacter sp._oral_taxon_513
9 Alloprevotella rava_oral_taxon_302
10 Alloprevotella sp._oral_taxon_308
11 Alloprevotella sp._oral_taxon_473
12 Alloprevotella sp._oral_taxon_912
13 Alloprevotella tannerae_oral_taxon_466
14 Atopobium
15 Atopobium parvulum_oral_taxon_723
16 Atopobium sp._oral_taxon_199
17 Bacteria_unclassified
18 Bacteroidaceae_[G-1]_ sp._oral_taxon_272
19 Bacteroidales_[G-2] sp._oral_taxon_274
20 Bacteroidales_unclassified
21 Bacteroides
22 Bacteroides heparinolyticus_oral_taxon_630
23 Bacteroidetes_[G-3]
24 Bacteroidetes_[G-3] sp._oral_taxon_280
25 Bacteroidetes_[G-3] sp._oral_taxon_365
26 Bacteroidetes_[G-5] sp._oral_taxon_505
27 Bacteroidetes_[G-5] sp._oral_taxon_511
28 Bacteroidetes_unclassified
29 Bergeyella_unclassified
30 Bergeyella sp._oral_taxon_907
31 Burkholderiaceae_unclassified
32 Burkholderiales_unclassified
33 Butyrivibrio sp._oral_taxon_094
34 Campylobacter_unclassified
35 Campylobacter rectus_oral_taxon_748
36 Campylobacter sp._oral_taxon_044
37 Capnocytophaga_unclassified
38 Capnocytophaga granulosa_oral_taxon_325
39 Capnocytophaga sp._oral_taxon_326
40 Cardiobacterium
41 Cardiobacterium hominis_oral_taxon_633
42 Catonella morbi_oral_taxon_165
43 Chloroflexi_[G-1] sp._oral_taxon_439
44 Clostridiales_unclassified
45 Clostridiales_[F-1][G-1] sp._oral_taxon_093
46 Clostridiales_[F-1][G-2] sp._oral_taxon_402
47 Clostridiales_[F-2][G-1] sp._oral_taxon_075
48 Clostridiales_[F-2][G-2] sp._oral_taxon_085
49 Corynebacterium durum_oral_taxon_595
50 Corynebacterium matruchotii_oral_taxon_666
51 Desulfobulbus sp._oral_taxon_041
52 Desulfomicrobium orale_oral_taxon_703
53 Desulfovibrio fairfieldensis_oral_taxon_605
54 Dialister invisus_oral_taxon_118
55 Eikenella
56 Eikenella corrodens_oral_taxon_577
57 Escherichia coli_oral_taxon_574
58 Eubacterium_[XI][G-1] infirmum_oral_taxon_105
59 Eubacterium_[XI][G-3] brachy_oral_taxon_557
60 Filifactor alocis_oral_taxon_539
61 Firmicutes_unclassified
62 Fretibacterium_unclassified
63 Fretibacterium fastidiosum_oral_taxon_363
64 Fretibacterium sp._oral_taxon_361
65 Fusobacterium_unclassified
66 Fusobacterium nucleatum_ss_vincentii_oral_taxon_200

(Continued on next page)
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TABLE 1 (Continued)

Identification OTU

67 Fusobacterium periodonticum_oral_taxon_201
68 Fusobacterium sp._oral_taxon_203
69 Gemella morbillorum_oral_taxon_046
70 Haemophilus_unclassified
71 Haemophilus sp._oral_taxon_035
72 Johnsonella ignava_oral_taxon_635
73 Johnsonella sp._oral_taxon_166
74 Kingella sp._oral_taxon_459
75 Lachnoanaerobaculum
76 Lachnoanaerobaculum sp._oral_taxon_083
77 Lachnoanaerobaculum sp._oral_taxon_496
78 Lachnoanaerobaculum umeaense_oral_taxon_107
79 Lachnospiraceae_[G-2]_unclassified
80 Lachnospiraceae_[G-2] sp._oral_taxon_088
81 Lachnospiraceae_[G-3] sp._oral_taxon_100
82 Lachnospiraceae_[G-8] sp._oral_taxon_500
83 Lachnospiraceae_[XIVa]_unclassified_unclassified
84 Lactobacillales_unclassified_unclassified
85 Lactobacillus salivarius_oral_taxon_756
86 Leptotrichia_unclassified
87 Leptotrichia goodfellowii_oral_taxon_845
88 Leptotrichia hongkongensis_oral_taxon_213
89 Leptotrichia sp._oral_taxon_212
90 Leptotrichia sp._oral_taxon_223
91 Leptotrichia sp._oral_taxon_225
92 Leptotrichia sp._oral_taxon_392
93 Leptotrichiaceae_unclassified
94 Leptotrichiasp._oral_taxon_498
95 Megasphaera
96 Megasphaeramicronuciformis_oral_taxon_122
97 Mitsuokellasp._oral_taxon_131
98 Mogibacterium vescum_oral_taxon_008
99 Moraxella catarrhalis_oral_taxon_833
100 Moryella sp._oral_taxon_097
101 Mycoplasma
102 Neisseria_unclassified
103 Neisseria oralis_oral_taxon_014
104 Neisseriaceae_unclassified_unclassified
105 Oribacterium_unclassified
106 Oribacterium sp._oral_taxon_078
107 Parvimonas_unclassified
108 Parvimonas micra_oral_taxon_111
109 Pasteurellaceae_unclassified
110 Peptococcus sp._oral_taxon_167
111 Peptostreptococcaceae_[XI][G-1] sp._oral_taxon_383
112 Peptostreptococcaceae_[XI][G-4]
113 Peptostreptococcaceae_[XI][G-5] sp._oral_taxon_493
114 Peptostreptococcaceae_[XI]_unclassified
121 Porphyromonas endodontalis_oral_taxon_273
122 Porphyromonas gingivalis_oral_taxon_619
123 Porphyromonas sp._oral_taxon_279
124 Prevotella_unclassified
125 Prevotella buccae_oral_taxon_560
126 Prevotella dentalis_oral_taxon_583
127 Prevotella enoeca_oral_taxon_600
128 Prevotella fusca_oral_taxon_782
129 Prevotella intermedia_oral_taxon_643
130 Prevotella marshii_oral_taxon_665
131 Prevotella oris_oral_taxon_311
132 Prevotella saccharolytica_oral_taxon_781
133 Prevotella sp._oral_taxon_299
134 Prevotella sp._oral_taxon_304
135 Prevotella sp._oral_taxon_313
136 Prevotella sp._oral_taxon_315
137 Prevotella sp._oral_taxon_317
138 Prevotella sp._oral_taxon_376

(Continued on next page)
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periodontal health, were reflected in microbiome differences at the phylum and species
levels across the age groups. A striking finding was the increased microbiome diversity
in the adult and aged animals versus younger animals, even at baseline with a clinical
healthy periodontium, with only 20% to 30% of the top 200 OTUs represented in the
young/adolescent animals and two-thirds of the OTUs represented in the adult/aged
animals. This diversity difference remained in the young animals even after ligation,
while the profiles in the adolescent animals began to approach 60% of the OTUs by
1 month postligation, similar to the maintenance of 60% to 70% of the OTUs during
disease in the older animals. This type of finding has been reported for human
periodontitis with lower diversity in disease samples, albeit findings vary (62–65). It has
also been reported that while members of the oral microbiome may differ across
individuals, the functional genomics of the bacterial population are more similar in
health, with substantial changes in the gene expression profiles of commensals with
disease (9, 20, 66).

Also observed was a rapid and extensive difference in the microbiome profiles from
baseline to 2 weeks in the young and adolescent animals. This contrasted with changes,

TABLE 1 (Continued)

Identification OTU

139 Prevotella sp._oral_taxon_443
140 Prevotella sp._oral_taxon_526
141 Prevotella sp._oral_taxon_820
142 Prevotellabaroniae_oral_taxon_553
143 Prevotelladenticola_oral_taxon_291
144 Prevotellaoralis_oral_taxon_705
145 Prevotellaoulorum_oral_taxon_288
153 Solobacterium moorei_oral_taxon_678
154 SR1_[G-1]
155 SR1_[G-1] sp._oral_taxon_345
156 SR1_[G-1] sp._oral_taxon_874
157 Streptococcus_unclassified
158 Streptococcus anginosus_oral_taxon_543
159 Streptococcus downei_oral_taxon_594
160 Streptococcus mutans_oral_taxon_686
161 Streptococcus parasanguinis_II_oral_taxon_411
162 Streptococcus sp._oral_taxon_058
163 Syntrophomonadaceae_[VIII][G-1] sp._oral_taxon_435
164 Tannerella
165 Tannerella forsythia_oral_taxon_613
167 Treponema_unclassified
168 Treponema denticola_oral_taxon_584
169 Treponema lecithinolyticum_oral_taxon_653
170 Treponema maltophilum_oral_taxon_664
171 Treponema socranskii_oral_taxon_769
172 Treponema sp._oral_taxon_237
173 Treponema sp._oral_taxon_239
174 Treponema sp._oral_taxon_246
175 Treponema sp._oral_taxon_249
176 Treponema sp._oral_taxon_250
177 Treponema sp._oral_taxon_255
178 Treponema sp._oral_taxon_258
179 Treponema sp._oral_taxon_263
180 Treponema sp._oral_taxon_270
181 Treponema sp._oral_taxon_508
182 Veillonella_unclassified
183 Veillonella dispar_oral_taxon_160
184 Veillonella parvula_oral_taxon_161
185 Veillonella sp._oral_taxon_780
186 Veillonellaceae_unclassified
187 Veillonellaceae_[G-1]_unclassified
188 Veillonellaceae_[G-1] sp._oral_taxon_129
189 Veillonellaceae_[G-1] sp._oral_taxon_155
190 Veillonellaceae_[G-1] sp._oral_taxon_145
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but an apparently more stable microbial ecology, in the adult and aged animals during
the initiation of disease. This finding likely reflects the dynamics of the establishing oral
microbiome in the young animals as well as developmental changes in the adolescent
animals that do not occur in the older groups. Consistent with these findings would be
a consideration of a more extensive malleability in the microbiome in young individuals
that may reflect differences in maternal transmission of the microbiome components at
the individual level (57) as well as be amenable to positive manipulation to enhance the
establishment of a more disease-resistant microbiome, such as the suggested admin-
istration of pre- and probiotic therapeutics (67, 68).

As the disease initiated and progressed, differences in microbiome features were
noted in all age groups. In young, adolescent, and adult animals, the proportions of
25% to 30% of the top 50 OTUs increased, while only 10% changed in the aged animals.
Examination of existing literature from human studies suggested a similar difference in
healthy and periodontitis samples, with the majority of the data being derived from
patients most consistent with the adult group of the monkeys. A recent review by
Belibasakis (69) suggested some alterations in the oral microbiome with aging, poten-
tially related to altered immune capabilities, although definitive variations in micro-
biomes of oral diseases with aging are not dramatic in humans. Thus, two concepts
derived from these findings suggest that a more dynamic periodontal microbiome is
preferable and that an enhanced disease risk in aging may reflect the intransigence of
the aged microbiome. Alternatively, the increased disease in aging individuals may be
expressed due to the host responding to a very established inflexible microbiome and
developing a less robust protective response to these “familiar” species. Further studies
linking the characteristics of the host response with specific oral microbiome changes
related to aging will need to be developed to address these options.

Finally, it is clear that standard nonsurgical therapy of scaling and root planing
lowers the microbial burden in periodontitis and decreases inflammation as an ap-
proach to controlling the disease (44, 62, 64). However, while the majority of the
population responds well to this treatment, a portion of the population continues to
demonstrate disease, with little predictive understanding of who constitutes this
“nonresponding” group (70–73). In humans, it is difficult to implement a prospective
periodontitis protocol, and the longitudinal dynamics of the microbiome have gener-
ally been defined by comparing disease microbiomes to those posttreatment. While
changes from disease to health may be identical to the changes occurring from health
to disease, the limitations of the human model are that it cannot elucidate the earliest
conversion in the microbiome that initiates a disease process, nor is it able to identify
the early transition of the host response to the shifting microbiome that could
differentiate susceptibility from resistance to progression to disease. Moreover, com-
parison of the microbiome characteristics with disease initiation and progression in
different age groups of humans has not been reported and would be difficult to
accomplish. Finally, in these human studies, an assumption is made that the micro-
biome of a treated site that is now “clinically improved” is fundamentally the same as
the microbiome in a site that has never expressed disease. Regarding the findings for
the microbiome in sites that have clinically resolved, overall, the resolved sites differed
from baseline healthy sites prior to ligation. The results showed that the patterns of
young samples appeared similar to baseline patterns, while the patterns of adolescent
samples differed to a greater degree from the baseline patterns and appeared more
similar to the profiles with disease. The profiles of the adult and aged microbiomes
appeared more resistant to substantial changes reflected during both disease and
resolution phases. These findings suggest an increased risk for future disease episodes
at these sites that retained some dysbiotic traits, even with clinical improvement. The
aging-related differences in the oral microbiome, even with periodontal health, includ-
ing increases in both the diversity and abundance of bacterial species that have been
associated with human periodontal disease (e.g., Porphyromonas, Treponema, and
Prevotella, etc.), suggest that there could be a fundamentally increased risk for the onset
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of disease with aging microbiomes reflecting local environmental changes in the
periodontal sulcus.

Using this nonhuman primate model, we provide some of the first data document-
ing the early and progressing disease microbiome changes, comparison of these
differences across the life span, and evaluation of the microbiomes of healthy and
disease-resolved sites. Critical questions remain regarding a gap in knowledge delin-
eating the earliest microbiome and host transcriptome response changes in the local
sites at the initiation of disease. An improved understanding of the kinetics and
dynamics of this interaction might be of strategic value in the development of new
therapeutic approaches to improve the toolbox of modalities and enable more
evidence-based precision dentistry in periodontics.

MATERIALS AND METHODS
Nonhuman primate model and oral clinical evaluation. Rhesus monkeys (Macaca mulatta)

(n � 36; 19 females and 17 males) housed at the Caribbean Primate Research Center (CPRC) at Sabana
Seca, Puerto Rico, were used in these studies. The animals were distributed by age into four groups
(9/group): �3 years (young), 3 to 7 years (adolescent), 12 to 16 years (adult), and 18 to 23 years (aged).
The nonhuman primates are typically fed a 20% protein, 5% fat, and 10% fiber commercial monkey diet
(diet 8773, Teklad NIB primate diet modified; Harlan Teklad). The diet is supplemented with fruits and
vegetables, and water is provided ad libitum in an enclosed corral setting.

A protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the University
of Puerto Rico enabled anesthetized animals to be examined for clinical measures of periodontal
health/disease, including probing pocket depth (PPD) and bleeding on probing (BOP), as we have
described previously (74). Animals entered into the study population were determined to be periodon-
tally healthy (BOP and PPD) using full-mouth measures with 4 sites/tooth. Clinical changes with
ligature-induced disease were compared to baseline measures of all maxillary and mandibular premolars
and 1st and 2nd molars that were subsequently the ligated teeth (see Fig. S3 in the supplemental
material). The ligature-induced periodontitis model was implemented as we have described previously,
by tying 3-0 silk sutures around the necks of maxillary and mandibular premolar and 1st- and 2nd-molar
teeth in each animal (58, 61). As noted previously, removal of ligatures leads to decreases in inflammation
and BOP to normal levels and stabilization of any pocket probing depths in the nonhuman primates (61).
Thus, the clinical changes at 5 months (2 months after ligature removal) reflect a naturally occurring
resolution without any treatment intervention. This is not dissimilar from the results with scaling and root
planing in humans, in which the microbial burden and local inciting factors driving the destructive
inflammatory response are modulated by the clinical treatment. Removal of the ligatures appears to
exert a similar, if not identical, change in the local subgingival challenge. Bacterial samples were obtained
by using a curette placed below the gingival margin and removing plaque samples, which were
immediately placed in sterile phosphate-buffered saline (PBS) and stored at �80°C for further analysis,
prior to clinical evaluation or gingival tissue sampling (58, 75).

Analysis of the oral microbiome. Bacterial plaque samples in sterile PBS were centrifuged for
10 min at 14,000 � g to pellet the bacterial cells. DNA was extracted from the pelleted cells using MagNA
Pure LC DNA isolation kit III (Roche Applied Science) in a MagNA Pure LC automated nucleic acid
purification system (Roche Applied Science). DNA was quantified using a Nanodrop instrument (Thermo
Fisher).

A dual-index paired-end sequencing approach for sequencing (76) using a MiSeq sequencer was
employed to determine the total composition of the oral microbiota from each sample. First, DNA from
each sample was amplified using 16S universal primers, which amplify 254 bp from the V4 region of the
16S rRNA gene. Each primer consisted of the appropriate Illumina adapter, an 8-nucleotide (nt) index
sequence to identify each sample, a 10-nt pad sequence, a 2-nt linker, and the gene-specific 16S forward
or 16S reverse primer sequence. The resulting 254-bp 16S rRNA gene amplicons generated from each
sample were purified and pooled in equimolar concentrations. These amplicon libraries were mixed with
Illumina-generated PhiX control libraries and used for shotgun library construction using the Nextera XT
genomic library construction protocol. Sequencing of each DNA fragment was done using two sequence
reads and two index reads by three sequence primers. The overall process of cluster generation,
sequencing, image processing, demultiplexing, and quality score calculation was performed on the
MiSeq instrument (Illumina).

Barcoded sequences from the MiSeq run were trimmed and aligned to similar 16S rRNA sequences
from the SILVA v4 rRNA database (https://www.arb-silva.de/) using the MOTHUR (v.1.38.0) pipeline (77).
Artificial erroneous reads were corrected using the pre.cluster mothur command, and chimeric se-
quences were removed using the UCHIME (78) command in the MOTHUR pipeline, followed by removal
of nonarchaeal/bacterial sequences. Sequences were clustered into phylotypes based on their sequence
similarity, and these binned phylotypes were assigned to their respective taxonomic classifications
using the Human Oral Microbiome Database (HOMD V13) (http://www.homd.org/index.php?name�
seqDownload&file&type�R). As noted, we used the HOMD to classify the OTUs. Since the study classified
bacteria in the oral microbiome of rhesus monkeys by comparing them to bacterial species present in
humans (i.e., HOMD), there were bacterial sequences identified at the genus level but unclassified by
further species comparison since they are not sufficiently similar to existing entries present in the HOMD.
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The cutoff percentage used in the MOTHUR software (classify.seqs command) for classifying sequences
is 80%, which may leave some OTUs unclassified or classified only at the genus level.

The nonparametric species richness estimates ACE and Chao1 and diversity indexes (Shannon and
Simpson) were calculated using the MOTHUR pipeline. Goods’ coverage and species richness (observed
phylotypes) were also calculated. Rarefaction curves and principal-coordinate analysis (PCoA) plots were
also drawn to show �-diversity within the samples and �-diversity between the samples. Statistical
differences of bacterial OTUs were determined with the t test at a P value of at least �0.05.

Data availability. The raw data were deposited at the NIH NCBI under BioProject accession number
PRJNA516659.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI

.00067-19.
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