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Abstract

Type 2 diabetes mellitus (T2DM) is a systemic disease, predisposing patients to other inflammatory conditions including
periodontitis. The subgingival microbiome, a key player in periodontitis pathogenesis, is not well characterized in T2DM
population. To better understand whether the subgingival microbiome is different between T2DM and systemically healthy,
nondiabetic (ND) subjects, we performed a longitudinal analysis of the subgingival microbiome in T2DM patients (n = 15)
compared with ND subjects (n = 16). Using metagenomic shotgun sequencing, we investigated the microbiome in the healthy
periodontal state, periodontitis state, and resolved state after treatment. We found that in the periodontitis state, the shift in the
subgingival microbiome from the healthy state was less prominent in T2DM compared with ND subjects, yet the clinical signs of
disease were similar for both. Furthermore, we revealed highly correlated presence of pathogenic species in relative abundance
not only in the periodontitis state, but also in the healthy state in T2DM, suggesting an elevated risk of progression to periodontitis
in this cohort. We further investigated the functional potentials of the subgingival microbiome and identified a set of microbial
marker genes associated with the clinical states. These genes were significantly enriched in 21 pathways, some of which are
associated with periodontitis and some potentially link T2DM and periodontitis. This study identified the longitudinal changes of
the subgingival microbiome associated with periodontitis in T2DM and suggests that T2DM patients are more susceptible to
shifts in the subgingival microbiome toward dysbiosis, potentially due to impaired host metabolic and immune regulation.

Introduction

Diabetes mellitus is a systemic disease with global epidemic
proportions. Clinical evidence suggests that type 2 diabetes
mellitus (T2DM) increases the risk of developing inflam-
matory diseases including periodontitis [1], a significant
oral disease affecting half of American adults [2, 3].
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Diabetes is associated with host metabolic dysregulation,
which upregulates inflammatory response and promotes
tissue destruction, while periodontal inflammation adversely
affects glycemic control [4-6]. Inflammation is the primary
focus of previous studies that attempted to link diabetes and
periodontitis [1]. It has been suggested by clinical and
animal model studies that cytokines such as interleukin-1p,
tumor necrosis factor-a, and receptor activator of nuclear
factor kB ligand may mediate periodontitis in diabetes.
Interactions between advanced glycation end products
(AGESs) and their receptor RAGE (the receptor for AGEs)
may contribute to increased inflammation and periodontal
tissue destruction in patients with diabetes [5, 6]. A recent
study using a mouse model suggested that diabetes
increased the pathogenicity of the oral microbiome through
pro-inflammatory cytokine IL-17 mediated mechanism. The
dysregulated immune response in diabetes leads to dys-
biosis in the subgingival microbiome, which predisposes the
host to periodontitis [7].

The subgingival microbiome plays a key role in peri-
odontitis pathogenesis. Multiple studies using 16S riboso-
mal RNA (rRNA) gene analysis have identified the
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taxonomic composition of the subgingival microbiome in
systemically healthy, nondiabetic (ND) subjects [8—14].
These studies revealed distinct differences in the sub-
gingival microbiome between the healthy periodontal state
and periodontitis state [8—12], and characterized the long-
itudinal changes in the microbiome after periodontal treat-
ment [13, 14]. In addition, the functional potentials encoded
in the subgingival microbiome have been analyzed in ND
subjects based on metagenomic shotgun sequencing
[9, 12, 15], which revealed several virulence factors and
metabolic pathways associated with the periodontitis state.

While the taxonomic composition of the subgingival
microbiome in T2DM patients was characterized in a few
case-control studies using 16S rRNA analysis [16-18],
longitudinal analysis of the subgingival microbiome asso-
ciated with periodontitis before and after treatment is lacking.
The functional compositions of the microbiome in different
states and the comparison with those in ND have not been
investigated. In this study, we present the first metagenomic
shotgun sequencing analysis of the subgingival microbiome
in periodontal health, periodontitis, and resolved states after
treatment of periodontitis in T2DM patients. We determined
the species compositions and the correlations among species,
and investigated the functional potentials encoded in the
microbiome associated with periodontitis in T2DM. We also
compared the subgingival microbiome in different states in
T2DM patients to ND subjects.

Materials and methods
Subject recruitment and sample collection
The study was approved by the Institutional Review Board

at University of California, Los Angeles. Written informed
consent was obtained from all participants. Subjects with

Table 1 Demographic and clinical data of the study participants

antibiotic treatment in the past 6 months or with a history of
smoking were excluded.

For each participant, an initial full-mouth examination
was conducted at the first visit to assess the clinical para-
meters of the periodontium including the gingival index,
recession of gums, attachment level, pocket depth, and
bleeding on probing. For each periodontitis patient, two
additional clinic visits were required. Tooth sites identified
during the first assessment visit presenting with a probing
depth of >5 mm, gingival index of >1 and with bleeding on
probing were considered diseased sites. Affected tooth sites
were sampled during the second visit before the initial
therapy. The therapy consisted of mechanical periodontal
treatment (localized scaling and root planing) without
antibiotics. In the third clinic visit, which was 4-7 weeks
after the initial therapy, patients with at least one tooth site
that was resolved, defined as probing depth <4 mm and
absence of bleeding on probing or other signs of inflam-
mation, were resampled at the resolved sites for microbiome
analysis. For each subject with healthy periodontium,
defined as probing depth <4 mm and minimal (less than
10-15% of all sites) bleeding on probing, one tooth site
with no bleeding on probing was sampled during the second
visit following the initial assessment. Majority of the sam-
ples (83%) were taken from molar or premolar tooth sites in
T2DM and ND subjects. All subjects were required to
follow an abstinence protocol prior to the sampling visits—
abstain from any mouth rinse 48 h prior to sampling and
abstain from any chemical or mechanical oral hygiene
measures for 24 h prior to sampling.

The T2DM and ND subjects with periodontitis or healthy
periodontium were matched in gender (Table 1). The
average age was not significantly different between T2DM
and ND subjects with periodontitis (p =0.29), between
T2DM subjects with periodontitis vs. with healthy period-
ontium (p=0.43), and between ND subjects with

Characteristics Subjects with type 2 diabetes mellitus Nondiabetic subjects
Periodontitis Healthy periodontium Periodontitis Healthy periodontium
n=238) n=17 n=238) n=238)

Age (year) 51.5+29 55.6+34 44.0+4.8 37.4+4.6

Gender (% male) 38% 57% 38% 50%

PD in periodontitis state (mm) 55+03 - 6.0+£0.3 -

PD in resolved/healthy state (mm) 29+0.1 2.7+£0.2 34+0.2 2.8+0.2

BOP of all sites (%) in periodontitis state 45+ 11% - 34+ 8% -

BOP of all sites (%) in resolved/healthy state 2+2% 0+0.1% 3+1% 1+0.4%

HbAlc level (%) in periodontitis state 7.6+£0.5% - 53+0.1% -

HbAlc level (%) in resolved/healthy state 7.7+£0.5% 7.4+0.5% 54+0.1% 54+0.1%

Data are presented as mean + s.e.m unless otherwise indicated

PD probe depth of the sampling site, BOP bleeding on probing
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periodontitis vs. with healthy periodontium (p = 0.42), but
was different between T2DM and ND subjects with healthy
periodontium (p = 0.021).

For all T2DM and ND subjects, the glycated hemoglobin
(HbAlc) assay was performed. Patients that received the
initial periodontal therapy had HbAlc tested at both initial
therapy and periodontal reevaluation visits. In our T2DM
cohort, there was no significant difference in HbAlc level
before and after periodontal treatment (p =0.36). All ND
subjects had an HbAIC level <6.

The subgingival plaques were collected using sterile
curettes, suspended directly in ATL buffer (Qiagen,
Valencia, CA) containing 0.1 mm glass beads, and imme-
diately transported to the laboratory for further processing.

Genomic DNA extraction

Genomic DNA was extracted from the plaque samples
using the QIAamp DNA Micro kit (Qiagen, Valencia, CA)
with a modified “Isolation of Genomic DNA from Tissues”
protocol. Bead beating for maximal bacterial cell lysis was
added. The extracted genomic DNA was eluted with EB
buffer and stored at —20 °C for short term (within a week)
and —80 °C for long term.

Sequencing and data cleaning

Shotgun metagenomic sequencing was performed using the
procedure described in our previous study [15]. Briefly,
genomic sequencing libraries were prepared using Nextera
XT DNA Library Prep Kit (Illumina, San Diego, CA)
according to the manufacturer’s manual. The libraries were
sequenced using the shotgun method with paired-end reads
of 100 bp on Illumina HiSeq sequencing platforms 2000 and
2500 (Illumina, San Diego, CA). A data cleaning process
was applied to all sequence data prior to analysis. Human
sequences were removed using the procedure (BMTagger)
as described in the Human Microbiome Project [19] and by
mapping to the human genome using Bowtie2 [20]. Low-
quality bases with a Phred quality value below 20 were
trimmed off at the ends of the reads. The read pairs were
removed if any of the two reads was trimmed to shorter than
60 bp or had 23% uncertain bases. The Nextera adapter and
primer sequences were trimmed off using Cutadapt [21].

Analyses of taxonomic and functional compositions
of the microbiome

To determine the taxonomic composition of the subgingival
microbiome, using a method similar to Schloissnig et al.
[22], we mapped the metagenomic shotgun sequences
against microbial reference genomes using Bowtie2 [20].
To improve the mapping resolution and efficiency of the

analyses, we constructed a nonredundant genomic reference
genome set consisting of the pan-genomes of 375 bacterial
species belonging to 124 genera. A collection of 1,309
human oral bacterial genomes from the Human Oral
Microbiome Database [23] and Genbank [24] was included
in the constructions of the pan-genomes using the methods
described previously [25, 26]. To avoid mapping artifacts,
we defined the presence of a bacterial species in the samples
with stringent criteria by using an 80% sequence similarity
threshold and requiring at least 80% of the genome covered
by sequencing reads. The abundance of the organisms in
each sample was calculated by counting the number of base
pairs (bp) covering the pan-genome followed by normal-
ization to the average genome size of the species.

We annotated the microbial functional genes using the
KEGG Orthology (KO) [27] and the Virulence Factors
DataBase (VFDB) [28] based on sequence similarity using
BLAST [29]. The abundance of the KO genes was calcu-
lated in copy numbers by summing the number of bp
covering the microbial genes that were annotated as KO
genes in the pan-genomes of all the identified species. The
relative abundance of the KO genes was then normalized by
the gene length and the sequencing depth (per 10® microbial
bp) of each sample. We determined the statistical sig-
nificance of the enrichment of KO genes with differential
prevalence between clinical states in microbial pathways
using the hypergeometric distribution test. A pathway was
considered present if it is consisted of more than five KO
genes that were identified. Pathways that were significantly
enriched (p <0.05) in at least half of the samples in any
clinical state were presented.

Microbiome index

We used a microbiome index to quantitatively compare the
microbiome across different clinical states or subject
groups. We compared the relative abundances of all the
identified bacterial species in each sample to the mean
values of the species from an independent dataset obtained
from ND subjects [15]. The microbiome index is then cal-
culated based on the statistic score of each species using the
formula below as described in the previous sample classi-
fication studies [30-32],

D o1y X (Xg - (#]g;mq))
Shoafiex (%o - ()

where MI is the microbiome index, X, is the relative
abundance of the species (g) in the sample, p;, and py, are
the means of the relative abundance of the species (g) in the
periodontitis state and the resolved state from an indepen-
dent dataset [15], and t, is the statistic t score used as the

MI =
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weighted factor of the species (g) when its relative
abundance is compared between the two states.

Statistical analysis

The microbial community similarity analysis based on
Weighted UniFrac distance and principal coordinate ana-
lysis (PCoA) was performed using QIIME [33]. Nonpara-
metric multivariate analysis of changes in the microbial
community (ANOSIM) was conducted using Mothur
[34, 35] with default parameters to test whether the
microbiome similarities within states are significantly dif-
ferent from the similarities between states. Wilcoxon rank-
sum test with two-tailed distribution was used in the sta-
tistical comparisons between states unless otherwise indi-
cated, and paired Wilcoxon rank-sum test was applied to the
longitudinally paired samples. The p-values were adjusted
for multiple testing with p.adjust in R using false discovery
rate [36]. The correlations between species in each state
were calculated using Pearson correlation coefficient based
on their relative abundances in the samples.

Data access

The sequence data generated in this study have been
deposited to the NCBI BioProject under accession
PRINA255922.

Results
Sample and data collection

We recruited 32 participants, which were assigned to one
of the four groups: T2DM patients with chronic period-
ontitis (n = 8) or periodontal health (n = 8), and ND sub-
jects with chronic periodontitis (n=8) or periodontal
health (n=8) (Table 1). The healthy/disease state of the
periodontium was determined by certified periodontists
based on clinical parameters (see ‘“Materials and meth-
ods”). For each periodontitis patient, we sequenced the
subgingival plaque samples collected from one affected
tooth site before initial therapy (periodontitis state) and
after the site was resolved (resolved state). For each sub-
ject with a healthy periodontium, one subgingival sample
(healthy state) was sequenced. All samples were
sequenced using metagenomic shotgun approach and
analyzed. One sample collected from a T2DM subject with
healthy periodontium was excluded in the final data ana-
lysis due to a high percentage of human reads and thus low
sequencing coverage of the microbiome. A total of 93.7
billion bp of microbial sequences were obtained from
47 samples with an average of 2.0 billion bp per sample.
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Changes in the subgingival microbiome among
different periodontal states in T2DM and ND
subjects

We compared the taxonomic composition of the subgingival
microbiome in different states in T2DM and ND subjects. A
total of 129 bacterial species from 45 genera were identified
in our dataset. We found that, in ND subjects, the subgingival
microbiome compositions obtained in this study were con-
sistent with those from our previous study [15] and from the
Human Microbiome Project [19] (Supplementary Fig. 1).

We investigated the associations of the microbiome with
clinical states. We found that there was no significant dif-
ference in the subgingival microbiome between resolved
state and healthy state in either T2DM or ND (Fig. 1),
suggesting that the subgingival microbiome in the resolved
state largely resembles the healthy state. The subgingival
microbiome in the periodontitis state was significantly dif-
ferent from that in the healthy state in ND (ANOSIM, p <
0.001), consistent with previous findings. However, the
difference between the disease state and healthy state in
T2DM patients was not significant (p = 0.26).

To better quantitatively compare the subgingival micro-
biome between T2DM and ND and its association with
periodontitis, we formulated a “microbiome index” based
on the metagenomic sequence data (see “Materials and
methods”) to define the state of the subgingival micro-
biome. We found that while the microbiome index in ND
subjects was distinct between the periodontitis state (med-
ian =0.60) and the resolved state (median = —0.49, p=
0.0069) or the healthy state (median = —0.63, p = 0.0003),
in T2DM patients the microbiome index in the periodontitis
state (median = —0.55) was not significantly different from
the resolved state (median = —0.70, p =0.382) or the
healthy state (median = —0.50, p = 1). It is also apart from
the periodontitis state in ND (p =0.08) (Fig. 2). This
indicates that in T2DM patients the subgingival microbiome
had not yet entirely shifted to a “pathogenic” periodontitis
state as seen in ND, however, the periodontal tissue was
already inflamed and clinically manifested signs of disease.

Differences in the taxonomic composition and
correlations among bacterial species between T2DM
and ND subjects

We next investigated the microbiome differences between
T2DM and ND subjects at the level of individual sub-
gingival microorganisms. We identified a total of 51 pre-
valent species with greater than 1% in average relative
abundance and with at least 1% relative abundance in more
than two samples in any clinical state (Fig. 3). Our results
for ND subjects are consistent with our previous study
based on 16S rRNA gene sequences [15], with a higher
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Fig. 1 Subgingival microbiome
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shows no significant difference
between the healthy state and
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extent of the microbiome shift
from the healthy to the
periodontitis state was less in
T2DM (p = 0.26) compared
with ND subjects (p <0.001).
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Fig. 2 The microbiome index indicates subgingival microbiome dif-
ferences among periodontal states and between T2DM and ND sub-
jects. The microbiome index was represented in a violin plot in each
clinical state in T2DM and ND subjects. In T2DM, the microbiome in
the periodontitis state had not shifted to the extent as observed in the

resolution to the species level. Fifteen species were sig-
nificantly more abundant in the periodontitis state in ND,
including periodontal pathogens of the red complex (Por-
phyromonas gingivalis, Tannerella forsythia, and Trepo-
nema denticola) and potential opportunistic pathogens in

=
= e
———«

0.5 1

disease state of ND subjects, while the periodontal tissue clinically
manifested signs of periodontitis, suggesting that T2DM subjects are
more susceptible to shifts in the subgingival microbiome toward the
disease state

the orange complex (Fusobacterium nucleatum, Campylo-
bacter rectus, Prevotella intermedia, and Prevotella
nigrescens) defined by Socransky et al. [37], as well as
Filifactor alocis [38]. On the other hand, five species were
significantly more abundant in the healthy state in ND,
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Fig. 3 Comparison of the Periodontitis  Resolved Healthy

relative abundances of the

prevalent subgingival bacterial ND T2DM ND T2DM ND T2DM

species among clinical states and
between T2DM and ND
subjects. The average relative
abundances of the 51 prevalent
bacterial species are shown for
each clinical state in T2DM and
ND. In ND, 15 species indicated
by the red bar on the right were
significantly more abundant in
periodontitis state than in the
healthy state, while five species
indicated by the green bar were
significantly less abundant. In
T2DM, the differences between
the periodontitis and healthy
states had a similar trend as seen
in ND, but none of the species
differed with statistical
significance

Average relative abundance (%)

0.1

including the yellow complex Streptococcus species (S.
sanguinis, S. gordonii, and S. oralis), the purple complex
species (Veillonella parvula), and Rothia dentocariosa. In
contrast, in T2DM patients, although the prevalent species
had similar trends as seen in ND, none of them showed
statistically significant differences in relative abundance,
consistent with our finding at the microbial community
level described above.

Periodontitis is a polymicrobial disease. We investigated
potential inter-species interactions based on correlations in
relative abundance of the species in different states and
between T2DM and ND (Fig. 4). The red complex species
were highly correlated in relative abundance and were all
present in the periodontitis state in both T2DM and ND

SPRINGER NATURE

Porphyromonas endodontalis
Porphyromonas gingivalis
Fusobacterium nucleatum
Prevotella nigrescens
Tannerella forsythia
Treponema medium
Prevotella intermedia
Treponema denticola
Prevotella tannerae
Campylobacter rectus
Treponema vincentii
Prevotella denticola
Treponema socranskii
Filifactor alocis

Prevotella veroralis

Veillonella parvula

Rothia dentocariosa
Streptococcus sanguinis
Streptococcus oralis
Streptococcus gordonii
Actinomyces dentalis
Corynebacterium matruchotii
Actinomyces oral taxon 448
Prevotella oral taxon 317
Propionibacterium propionicum
Dialister invisus

Prevotella oris

Actinomyces viscosus
Actinomyces naeslundii
Actinomyces oral taxon 175
Campylobacter gracilis
Tannerella oral taxon BUO63
Actinomyces oral taxon 171
Capnocytophaga gingivalis
Actinomyces israelii
Selenomonas sputigena
Actinomyces massiliensis
T™7¢c

Rothia aeria
Porphyromonas oral taxon 279
Actinomyces johnsonii
Selenomonas noxia
Actinomyces oris
Corynebacterium durum
Streptococcus intermedius
Lautropia mirabilis
Haemophilus parainfluenzae
Leptotrichia wadei

Kingella oralis

Granulicatella adiacens

Capnocytophaga granulosa

B More abundant in the Periodontitis state
B Less abundant in the Periodontitis state

10 I Not significantly different

subjects, forming a tight module (Fig. 4a—d). In addition,
two of the three red complex species were found in the
healthy state of T2DM patients (Fig. 4c) with correlated
relative abundances, suggesting an elevated risk of pro-
gression to periodontitis in T2DM patients with healthy
periodontium compared with systemically healthy subjects.

Functional potentials of the subgingival microbiome
associated with periodontitis and diabetes

We compared the functional potentials encoded in the
subgingival microbiome and their associations with peri-
odontitis between T2DM and ND. We identified a total of
3,201 KO genes with at least one copy in any of the
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a) T2DM Periodontitis

b) T2DM Resolved

c) T2DM Healthy

d) ND Periodontitis

Pearson correlation coefficient
EET T

-1 0 1

Fig. 4 Correlations in relative abundance between subgingival species.
The correlations in relative abundance among prevalent species (see list
in Supplementary Table 1) were calculated based on Pearson correla-
tion coefficients. In each heatmap, the species are listed in the same
order in both horizontal and vertical axes, and the colored bars indicate

samples. 549 KO genes varied across clinical states in
prevalence with a standard deviation >0.2. Among them,
373 KO genes (67.9%) were from the genomes of the
representative species designated by Socransky et al. [37]
(Fig. 5). We found 229 KO genes corresponded to unique
microbial complexes [37], while 144 were from two or
more microbial complexes. These findings based on the KO
gene profiles were consistent with the trends that we
observed in the microbiome index of periodontitis (Fig. 2).
KO genes from the red complex species were less prevalent
in the periodontitis state in T2DM compared with ND. On
the other hand, in the periodontal healthy state, T2DM
patients had more KO genes from orange complex species,
which are often considered opportunistic pathogens. Taken
together, we identified a set of marker genes that indicate
the differences in the microbiome between different states
and between T2DM and ND.

f) ND Healthy

the bacterial complexes based on Socransky’s designation [37] (more
details in Supplementary Table 1). Black boxes in the heatmaps indi-
cate the bacterial clusters that comprise red complex species with an
average Pearson correlation coefficients >0.7 between the species.
Hierarchical clustering was applied to the correlation matrices

We further investigated whether certain microbial func-
tional pathways were associated with periodontitis and
T2DM. We found that the KO genes with differential pre-
valence between clinical states were significantly enriched
in 21 functional pathways (hypergeometric distribution test)
(Fig. 6). Among them, we identified the microbial pathways
associated with periodontitis, including four pathways that
were enriched with virulence factors and were more pre-
valent in the periodontitis state in T2DM and ND. They are
pathways associated with cell motility (bacterial motility,
flagellar assembly, and bacterial chemotaxis) and a signal
transduction pathway (two-component system). Further-
more, we identified differences in prevalence of microbial
pathways between T2DM and ND. Two pathways in lipid
metabolism (ether lipid metabolism, and arachidonic acid
metabolism) and one pathway in carbohydrate metabolism
(inositol phosphate metabolism) were more prevalent in
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Fig. 5 KO genes encoded in the
subgingival microbiome with
different prevalence among
clinical states and between
T2DM and ND subjects. A total
of 373 KO genes with different
prevalence among the clinical
states in T2DM and ND are
shown. The bacterial species,
which the KO genes belong to,
are indicated by the color bars
on the right according to
Socransky’s designation of the
bacterial complexes [37]. The
KO genes labeled in brown are
identified in the species from
more than one microbial
complex (more details in
Supplementary Table 2)

KO genes

Periodontitis Resolved Healthy

ND T2DM ND T2DM ND T2DM

KEGG Orthology identified (%) Representative species
| from the microbial complexes classified
. =0 1w by Socransky et af

periodontitis state only in ND but not in T2DM. In contrast, ~ Discussion

three pathways in carbohydrate metabolism (butanoate

metabolism, pentose and glucuronate interconversions, and ~ Both diabetes and periodontitis are among the most pre-
ascorbate and aldarate metabolism) were more prevalent in  valent chronic diseases affecting a large adult population in
both periodontitis state and healthy state in T2DM than in ~ the US [1-3] and many other countries worldwide. The two

healthy state in ND.
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Fig. 6 Microbial pathways

Periodontitis

Resolved Healthy

associated with periodontitis and
T2DM. Twenty-one microbial
pathways were significantly
enriched with KO genes that
were different in prevalence
between clinical states in T2DM
and ND. The proportion of
known virulence factors
identified in each pathway is
shown to the left of the heatmap

ND T2DM ND T2DM ND T2DM

Pathways
Bacterial motility proteins
Flagellar assembly
Bacterial chemotaxis
Two-component system
Butanoate metabolism
Pentose and glucuronate interconversions
Ascorbate and aldarate metabolism
Ether lipid metabolism
Inositol phosphate metabolism

Arachidonic acid metabolism

Chlorocyclohexane and chlorobenzene degradation
Polyketide biosynthesis proteins

Biosynthesis of siderophore group nonribosomal peptides

Glycosyltransferases
Phosphotransferase system (PTS)
Galactose metabolism

Arginine and proline metabolism
beta-Alanine metabolism
Peptidoglycan biosynthesis

Peptidoglycan biosynthesis and degradation proteins

Chromosome and associated proteins

Virulence factors (%) in the pathwéy

0 50

increasing the risk for periodontitis and periodontal
inflammation adversely affecting glycemic control [4, 5].
While the relationship between the degree of hyperglycemia
and severity of periodontitis clearly exists, and systemic
inflammation status, immune functioning, neutrophil activ-
ity, and cytokine biology have been implicated in the
pathogenesis [6], the mechanisms underlying the connec-
tion between these two conditions are not well understood.

In this study, we aimed to shed light on the link between
T2DM and periodontitis from the microbiome perspective.
We investigated the subgingival microbiome differences
between T2DM patients and systemically healthy subjects
at the metagenomic level in periodontal health, period-
ontitis, and resolved states. We found that the subgingival
microbiome in the periodontitis state differed from that of
the healthy state in both groups, albeit to a different extent.
Using the microbiome index that we defined based on
metagenomic signatures, we revealed that the extent of the
microbiome shift from the healthy to the periodontitis state
was less prominent in T2DM compared with ND subjects.
The subgingival microbiome in T2DM patients had not
shifted to a characteristic disease state as seen in ND, yet the
clinical signs of periodontitis were evident (Fig. 2). This
suggests that T2DM patients are less tolerant to the presence
of periodontal pathogens and periodontitis manifests earlier
in response to a less severe shift of the subgingival micro-
biome toward dysbiosis, likely due to host metabolic

100

Pathway enriched in sampleé (%)

0 50 100

dysregulation and upregulated immune response [4—7]. Our
findings support that more frequent monitoring of the sub-
gingival microbiome and/or an emphasis on more diligent
biofilm control in T2DM patients may be necessary as small
shifts in the microbiome could trigger periodontitis in this
population.

In addition to the overall microbiome differences
observed between T2DM and ND subjects, we investigated
the differences in the individual microbial species linked to
periodontitis. It is well known that bacterial colonization on
the tooth surface and biofilm development are associated
with periodontal disease. Streptococcus species (yellow
complex) and Actinomyces species are known as early
colonizer species that bind to the complementary salivary
receptors in the pellicle coating on the tooth surface.
F. nucleatum (orange complex) is the key bridge organism
that interacts with late colonizer species including patho-
genic red complex species and facilitates the succession of
bacterial colonization and biofilm formation, progressing
toward periodontitis [39]. Pathogenic red complex species
were all present and highly correlated in the periodontitis
state (Fig. 4), consistent with the essential role of coordi-
nated interactions of the pathogenic species in periodontitis
[15, 18]. Comparing T2DM and ND subjects, we found that
the subgingival microbiome in the healthy state in T2DM
subjects had higher relative abundances of the orange
complex and the red complex species than in ND subjects
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Fig. 7 Dynamics of the subgingival microbiome associated with per-
iodontitis in T2DM and ND subjects. A schematic quantitatively
illustrates the dynamic changes in the subgingival microbiome com-
position among the healthy state, periodontitis state, and resolved state
in T2DM and ND. The health- and disease-associated species are

(Fig. 7). This suggests that T2DM patients are predisposed
to a more pathogenic state of the subgingival microbiome
and a higher risk of developing periodontitis, which is
consistent with clinical observations [40]. On the other
hand, in the resolved state, we found that the subgingival
microbiome in T2DM patients had lower relative abun-
dances of orange complex and red complex species than in
ND, suggesting that T2DM patients are less tolerant to the
presence of periodontal pathogens and thus have lower
abundances of the pathogens in order to maintain the peri-
odontium in a clinically resolved state.

We next revealed microbial functions that may link the
subgingival microbiome to the two diseases. We identified
21 pathways that were significantly enriched in different
disease states (Fig. 6). They include the four pathways that
were enriched with virulence factors and were more pre-
valent in the periodontitis state in both T2DM and ND.
These are pathogenic pathways associated with period-
ontitis. For example, three identified cell motility-related
pathways are involved in chemotaxis-guided bacterial
motility that enhances the growth of periodontal pathogens
and facilitates their colonization to penetrate through pro-
tective epithelial cell layers into the underlying tissues
[41-43]. We also identified a two-component system in the
periodontitis state that facilitates microorganisms to adapt
to host environmental changes and modulates the matura-
tion and transportation of the virulence factors by regulat-
ing gene expression of the type IX secretion system
components. One example of the virulence factors is pro-
tease gingipains, which induce inflammation and tissue
destruction in the periodontium [44, 45]. In addition, we
found three pathogenic pathways that were more prevalent
in the periodontitis state in ND, but not in T2DM. They
include two pathways in lipid metabolism and inositol
phosphate metabolism, which are linked via lipoprotein-
associated phospholipases, a group of inflammatory
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depicted according to the subgingival complexes designated by
Socransky et al. [37] and the knowledge of bacterial interactions from
the literature [39]. The proportions of the species are scaled based on
their relative abundances in our data from this study

enzymes associated with oral infections [46, 47]. Com-
pared with ND subjects, our data indicate that periodontal
inflammation can be induced in T2DM patients without
enrichment of the virulence factors in these above men-
tioned pathways.

We also identified three pathways that were enriched in
T2DM, not in ND, in both periodontitis state and healthy
state. These are pathways involved in carbohydrate meta-
bolism—butanoate metabolism, pentose and glucuronate
interconversions, and ascorbate and aldarate metabolism,
and they are linked via dehydrogenases. The ascorbate and
aldarate metabolism pathway has been associated with
inflammatory diseases including periodontitis [48, 49] and
T2DM [50]. Its downstream pathway, pentose and glucur-
onate interconversions, may be responsible for regulation of
ascorbate levels in the local environment. Furthermore, in
our data, we found that butanoate metabolism pathway was
enriched in the periodontal healthy state in T2DM, but not
in ND. Microbial butanoate metabolism has been indicated
as a metabolic signature of periodontal inflammation [51],
and butyrate can influence insulin sensitivity [52]. These
results are consistent with epidemiological studies, which
support that periodontal infection has an adverse effect on
glycemic control [40]. Our findings show that these path-
ways may potentially provide a microbial function link
between periodontitis and T2DM.

The limitations of our study include the small group size.
We analyzed 47 samples from 15 T2DM and 16 ND sub-
jects. While the numbers of subjects and samples analyzed
in this study are comparable with other published studies of
the subgingival microbiome [8—15], future studies of larger
cohorts are needed. Another potential limitation is the dif-
ference in age between the T2DM and ND healthy peri-
odontium groups. In our cohort, the average age of the
T2DM patients with healthy periodontium was older than
that of ND subjects with healthy periodontium (Table 1). In
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spite of this, we did not find a significant difference in the
microbiome composition between these two groups (p =
0.189) (Fig. 2). Based on the literature, it is unclear whether
age affects the composition of the subgingival microbiome
in this age range [53]. On the other hand, while there was no
significant difference in age between the T2DM and ND
periodontitis patients in our cohort (p = 0.29), we identified
clear differences in the microbiome between these two
diseased groups.

In summary, we present the first longitudinal metage-
nomic analysis of the subgingival microbiome associated
with periodontitis in a highly susceptible population T2DM
in comparison with ND subjects. We revealed the differ-
ences in the microbiome shifts between clinical states in
T2DM compared with ND. We also showed that the cor-
relations among bacterial species in relative abundance
were different between the two populations. Both suggest
that T2DM patients are more susceptible to shifts in the
subgingival microbiome toward dysbiosis in developing
periodontitis. This study addresses a gap in our knowledge
of the composition and dynamics of the subgingival
microbiome in the diabetes population, which is at a higher
risk for periodontitis. In addition, we identified a set of
microbial genes, which were enriched in the pathways
associated with periodontitis and in the pathways potentially
linking T2DM and periodontitis. Our study sheds new light
on the relationship between T2DM and periodontitis from
the perspective of the oral microbiome and warrants future
investigations of larger cohorts.
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