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Abstract

Periodontitis is a major cause of tooth loss in adults that initially results from
dental plaque. Subgingival plaque pathogenesis is affected by both community
composition and plaque structures, although limited data are available
concerning the latter. To bridge this knowledge gap, subgingival plaques were
obtained using filter paper (the fourth layer) and curette (the first-third layers)
sequentially and the phylogenetic differences between the first-third layers and
the fourth layer were characterized by sequencing the V3-V4 regions of 16S
rRNA. A total of 11 phyla, 148 genera, and 308 species were obtained by
bioinformatic analysis, and no significant differences between the operational
taxonomic unit numbers were observed for these groups. In both groups, the
most abundant species were Porphyromonas gingivalis and Fusobacterium
nucleatum. Actinomyces naeslundii, Streptococcus intermedius, and Prevotella
intermedia possessed relatively high proportions in the first-third layers; while
in the fourth layer, both traditional pathogens (Treponema denticola and
Campylobacter rectus) and novel pathobionts (Eubacterium saphenum, Filifactor
alocis, Treponema sp. HOT238) were prominent. Network analysis showed that
either of them exhibited a scale-free property and was constructed by two
negatively correlated components (the pathogen component and the nonpatho-
gen component), while the synergy in the nonpathogen component was lower
in the first-third layers than that in the fourth layer. After merging these two
parts into a whole plaque group, the negative/positive correlation ratio
increased. With potential connections, the first-third layers and the fourth

layer showed characteristic key nodes in bacterial networks.
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1 | INTRODUCTION
Periodontitis is the sixth most prevalent disease and a major
cause of tooth loss in adult populations worldwide."? As
reviewed in previous studies, it is a bacterial plaque-induced
inflammatory disease of the periodontal tissue,”® while the
pathogenesis of subgingival plaque is affected by the
community composition as well as the plaque structure.’”
Over the decades, different technics have been applied by
researchers to clarify dental plaque structures, from
scanning electron microscopy to immunohistochemical
staining, and fluorescent in situ hybridization (FISH). Four
different layers were distinguished in subgingival plaques:
the first to the third layers were located on the tooth surface
and embedded in the intercellular matrix, while the fourth
layer was a loose layer without clear organization between
the attached biofilm and the soft tissue.” Up to 15 taxa could
be differentiated simultaneously using combinatorial label-
ing and the spectral imaging-FISH technique, whereas this
number is still very limited compared with that of more
than 200 taxa that have been detected in subgingival
plaques.*™" The other barrier in the subgingival plaque
structure study is in the mature subgingival plaque
accessing, particularly for the surface layer.'"> Until now,
tooth extraction is the only method to obtain undisturbed
natural subgingival plaques, which is unrepeatable and
could only be applied to a hopeless tooth.

Compared with traditional microbial detection technics,
sequencing has prompted the recognition of the subgingival
community. This open-ended method not only emphasized
the importance of assessing the entire microbiota, but also
enabled less-biased analysis of the community composition
of the plaque structure.’*** In this study, the first-third
layers and the fourth layer of subgingival plaques were
obtained separately using different sampling methods
followed by high-throughput sequencing to clarify the
characteristics and the connections of these two parts.

2 | MATERIALS AND METHODS

2.1 | Participant selection

The protocol for this study was approved by the Ethics
Committee of Peking University School and the Hospital
of Stomatology (PKUSSIRB-201525102). Informed con-
sent was obtained from all the participants according to
the Declaration of Helsinki.

Twelve individuals were recruited from the Depart-
ment of Periodontology at the Peking University Hospital
of Stomatology between April 2016 and August 2016.

Individuals were (a) 18-35 years of age, (b) exhibited
generalized Stage III to IV, Grade C periodontitis,'® and
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(c) had a minimum of four teeth in both the upper and
lower anterior region as well as a minimum of two teeth
in each posterior region (upper-right, upper-left, lower-
right, and lower-left) with clinical attachment loss (CAL)
and a probing depth (PD) of >4 mm.

Patients who were smokers, pregnant or lactating or
who had received subgingival periodontal treatment or
antibiotic therapy medication within the previous 6
months were excluded from this study.

2.2 | Experiment design and sampling
Before this study, oral hygiene instructions and supra-
gingival scaling were provided to all of the participants.
Participants were examined 1 week after supragingival
scaling. The bleeding index (BI),!” plaque index (PII),
probing depth (PD), and clinical attachment loss (CAL)
were recorded at six sites for each tooth.

One week after the examination, 16 sites representing
four locations (four sites at each location) with 3 mm <
PD < 7mm in each patient were selected. These four
locations were the buccal-middle sites of posterior teeth
(number 3, 4, 19, 20), the buccal-mesial sites of posterior
teeth (number 13, 14, 29, 30), the buccal-middle sites of
anterior teeth (number 7, 8, 23, 24), and the buccal-
mesial sites of anterior teeth (number 9, 10, 25, 26). The
subgingival plaques were collected and pooled into four
subgingival samples. Had the indicated tooth not
qualified, the adjacent tooth would have been selected.

Subgingival plaques were harvested using filter paper
strips and curettes sequentially. After saliva isolation, a
2x 10 mm filter paper (Whatman Grade 3, Whatman
International Ltd, Maidstone, UK) was inserted into the
pocket bottom for 30s and transferred into a sterile
Eppendorf tube (the fourth layer). The second sample at
the same site was obtained with a sterile Gracey curette
scratching against the tooth slightly from the bottom of
the pocket and was transferred into a sterile Eppendorf
tube (the first-third layers). Two hundred microliters of
phosphate-buffered saline was added into the sample
tubes and the tubes were vibrated for 1hr. All the
samples were centrifuged and stored at —80°C.

2.3 | DNA extraction and sequencing

DNA was extracted with lysozyme (20mg/mL) and
proteinase K (200 pg/mL) using a QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer's
directions. The V3-V4 16S rRNA hypervariable region was
amplified with the primers 338F (5-ACTCCTAC
GGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGGT
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WTCTAAT-3’) linked to barcode sequences. Polymerase
chain reaction (PCR) was performed as follows: 94°C for
5 min; followed by 30 cycles of 95°C (305s), 56°C (30's), and
72°C (405s); and a final extension step at 72°C (10 min). A
QIAquick Gel Extraction Kit (Qiagen) was used to purify the
PCR products, and sequencing was performed on a MiSeq
platform (Auwigene Co., Beijing, China).

2.4 | Data access

The datasets generated in this study are available in the
NCBI Sequence Read Archive under the accession
number SRP102224.

2.5 | Sequence data processing and
analysis

QIIME version 1.9.1'® and Mothur version 1.35.0*° were
used to analyze the sequence data, and SPSS version 22
(SPSS Inc., Chicago, IL) was used for statistical analyses.
Different samples were isolated with specific barcode
sequences. After trimming off the primer and barcode
sequences, high-quality sequences were clustered into
operational taxonomic units (OTUs) using Usearch®
with 97% similarity. Taxonomy was assigned based
on the RDP classifier version 2.12 (-assignment method)
and Human Oral Microbiome Database 14.5
(-reference_seqs_fp) with >70% confidence under the
script of assign_taxonomy in QIIME.*! To assign to
species level, L7 was imputed under summary_taxa.py.
For each OTU, if more than one taxon with >0.7
confidence was assigned in species level, a higher
taxonomical level (genus level) would be checked and
the highest taxonomical level at which only one taxon
could achieve >0.7 confidence would be assigned. The
details of the confidence of all taxonomies are attached in
Table S1. Shannon index, Simpson index, observed
species, Chaol and a phylogenetic diversity whole tree
were chosen to represent alpha diversity and were
compared by performing a Mann-Whitney U-test be-
tween the two groups. Based on the matrix of the
distance and the UniFrac distance, weighted principal
coordinate analysis (PCoA) and analysis of the simila-
rities (ANOSIM) was performed.”* Taxa differentiating
the first-third layers and the fourth layer were identified
using the linear discriminant analysis (LDA) effect size
(LEfSe) method.>* A Box-Cox normality plot was used to
transform the sequencing data, and analysis of covar-
iance (ANCOVA) was performed to detect taxa with
differences in the mean abundance between the two
groups by adjusting the sampling location. The obtained
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P values were adjusted using the g-value package in R
version 3.3.>* For correlation analysis, all sequences of
the two parts from the same location in each participant
were merged as a third group, which was named the
whole plaque group. Following a similar cluster and
classifying procedure, OTUs with a prevalence higher
than 50% in each of the three groups were selected for
Spearman correlation analysis. Connections with |
RI> 0.6 and p <.01 were used to construct the correla-
tion networks using Cytoscape version 3.3. Correspond-
ing random networks with the same node number were
generated using the Erdos-Renyi model on the Network
Randomizer 1.1.3 in Cytoscape.>® Topological features,
including the clustering coefficient and the average
shortest path length, were calculated using Network
Analyzer in Cytoscape.

3 | RESULTS

Twelve patients were recruited in this study with a mean
age of 30.75 years. The clinical and demographic
parameters are shown in Table 1, in which the average
probing depth was 4.99 mm. Ninety-six pooled samples
were obtained and sequenced, and two samples (one
sample in each group) did not yield enough PCR
products. The samples produced 3,399,542 sequences
with an average of 36,165 sequences per sample. These
sequences were clustered into 687 OTUs in which 565
and 622 OTUs were identified from the first-third layers
and the fourth layer, respectively. No significant differ-
ence in OTU numbers was observed between the two
groups (P =.813, independent Student's t-test). The most
abundant phyla in the first-third layers were Bacteroi-
detes (23.8% of sequences), Firmicutes (23.5% of se-
quences), Proteobacteria (15.6% of sequences), Fusobac-
teria (13.8% of sequences), and Actinobacteria (12.2% of
sequences). In the fourth layer, the predominant phyla

TABLE 1 Demographic and clinical data for the 12 participants

Male/Female 5/7

Mean age (years) 30.75 + 3.17

BI (sampling teeth) 3.25 (2.81, 4.00)
PD (sampling teeth, mm) 499+141
CAL (sampling teeth, mm) 5.13+1.63

BI (full mouth) 3.79 (2.92, 4.00)
PD (full mouth, mm) 4.95 +0.66

PII (full mouth) 1.15 (0.88, 1.28)

Values are the mean + standard deviation or median value (interquartile
range).

Abbreviations: BI, bleeding index; CAL, clinical attachment loss; PD,
probing depth; PII, plaque index.



@ | WILEY-

Microbiology and Inmunology
were Firmicutes (23.4% of sequences), Bacteroidetes
(21.9% of sequences), Fusobacteria (19.8% of sequences),
Proteobacteria (15.7% of sequences), and Spirochaetes
(10.8% of sequences). At the genus level, the most
abundant genus in the first-third layers were Fusobacter-
ium (10.6% of all genera identified), Porphyromonas (9.5%
of all genera identified), and Actinomyces (9.5% of all
genera identified), while the most predominant genus in
the fourth layer were Fusobacterium (16.0% of all genera
identified), Treponema (10.8% of all genera identified),
and Porphyromonas (10.3% of all genera identified). A
heatmap of the top 10 genera in each sample was also
depicted (Figure 1).

There are considerable variations in the bacterial
compositions of the samples. Meanwhile, some samples
showed similarity in the bacterial correlation. For
example, samples with a high proportion of genus
Veillonella and Leptotrichia are usually low in abundance
of the genus Porphyromonas and Treponema.
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3.1 | Bacterial diversity

Shannon index, Simpson index, Chaol, and observed
species were selected as comparisons for diversity,
richness, and evenness between the two groups, and no
significant difference was demonstrated (Figure 2). More-
over, samples from the four sampling locations within
either group exhibited similar bacterial diversity (P > .05,
Kruskal-Wallis test).

Principal coordinate analysis (PCoA) was used to
identify similarities/differences in the bacterial composi-
tion between the two groups (Figure 3) and showed some
overlap in this study. Provided a quantitative measure-
ment of the variations in beta diversity, ANOSIM
demonstrated significant differences between the two
groups (P=.006), while the four sampling locations
within each group exhibited no significant differences
(P=.077, .591for the first-third layers and the fourth
layer, respectively). Furthermore, hierarchical cluster

Fusobacterium 2

1

Porphyromonas 0

-1

Treponema
Streptococcus
Neisseria
Prevotella
Actinomyces
Fretibacterium
Veillonella

Leptotrichia

FIGURE 1 The relative abundances of the top ten genera in the first-third layers and the fourth layer. The relative abundance of each
genus is standardized and indicated by the colors. For the labels of the sample: G1, the first-third layers; G2, the fourth layer; P, patient; L1,
buccal-middle sites of posterior teeth; L2, buccal-mesial sites of posterior teeth; L3, buccal-middle sites of anterior teeth; L4, buccal-mesial

sites of anterior teeth
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analysis and a heatmap were conducted and no clear
tendency of clustering in samples from the same patient
or location was observed (Figures S1, S2).

3.2 | Taxonomy analysis

The linear discriminant analysis effect size (LEfSe)
determines biomarkers that are most likely to explain the
differences between two groups. Actinobacteria was the
only phylum-level biomarker for the first-third layers, and
Fusobacteria and Spirochaetes were the phylum-level
biomarkers for the fourth layer. The genus-level biomarkers
in the first-third layers were Actinomyces and Streptococcus,
whereas those in the fourth layer were Fusobacterium and
Treponema (Figure 4).

To further probe differences at species level, ANCOVA
was performed adjusting for sampling location. At the
genus level, significant differences were observed be-
tween Fusobacterium, Treponema, Peptostreptococcaceae
[XT][G-5], Actinomyces, and Streptococcus for the two
groups. At species level, Actinomyces naeslundii, Neisseria
elongata, and Actinomyces sp. HOT180, were more
abundant in the first-third layers, whereas other species,
such as Fusobacterium sp. HOT203, Treponema denticola,

(a) chao1
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and Filifactor alocis were more abundant in the fourth
layer (Figure 5).

The relative abundances and prevalences of Aggrega-
tibacter actinomycetemcomitans were low and with no
significant differences between the groups (0.04% and
0.14% for relative abundance, P=.172; 29.78% and
27.66% for prevalence, P = .820).

3.3 | The core microbiome

Although high inter-sample variation existed in both
groups, operational taxonomic units (OTUs) with high
abundance and prevalence could still be uncovered to
represent the core microbiome in the subgingival
community. The OTUs present in most samples (>70%
prevalence) were selected, and thresholds of 2%, 1%, and
0.5% were set for further analyses (Figure 6).

With high abundance (>2%), 9 and 12 OTUs were
detected as the dominant core members in the first-third
layers and the fourth layer, respectively. Porphyromonas
gingivalis, Neisseria sicca, Fusobacterium sp. HOT203,
Fusobacterium nucleatum ss. vincentii, genus Veillonella,
and Streptococcus were selected in both groups. Prevotella
intermedia, A. naeslundii, and Streptococcus intermedius
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FIGURE 2 Bacterial diversity of the first-third layers and the fourth layer. Box plots show the Chaol (a), Observed species (b), Simpson
(c), and Shannon indexes (d) between the two groups, with no statistically significant difference between the two groups (Mann-Whitney

U-test)
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were only present in the core microbiome of the first-third
layers, while F. alocis, T. denticola, Campylobacter rectus,
Fretibacterium sp. HOT361, Eubacterium saphenum, and
Treponema sp. HOT238 were only found in the core
microbiome of the fourth layer. When the threshold was
lowered to 1%, 14 OTUs and 7 OTUs (including Tannerella
forsythia) were identified as new core members of the first-
third layers and the fourth layer. After lowering the
threshold to 0.5%, 17 and 20 new core members were
included in the first-third layers and the fourth layer,
respectively. At this level, the species in the core micro-
biome for the two groups showed a high degree of similarity
(31/39 and 31/38 for the shared/total core members in the
first-third layers and the fourth layer).

3.4 | Correlation networks

The sequences from the first-third layers and the fourth
layer collected at the same sampling sites were merged
into new datasets representing the whole plaques. The
OTUs with a prevalence higher than 50% in each of these
groups (the first-third layers group, the fourth layer
group, and the whole plaque group) were selected for
correlation analysis, from which we depicted correlation
networks (Figure 7). The topological features, including
the clustering coefficient and the shortest average path
length, were calculated and compared with the corre-
sponding randomized networks with the same node
numbers. All these modularity parameters were signifi-
cantly higher than those from the corresponding
randomized networks (Table 2).

LIU ET AL.

FIGURE 3 Principal coordinate
analysis (PCoA) of the first-third layers
and the fourth layer subgingival samples.
Each dot represents one sample. Red is
the first-third layer samples, blue is the
fourth layer samples
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The edges/node numbers from the first-third layers,
the fourth layer, and whole plaque networks were 783/
149, 683/132, and 900/167, respectively, and the distribu-
tions of edges were uneven. Being regarded as hubs, the
top ten connectivity nodes were directly involved in
29-40% of the correlations in each group, albeit at low
proportions (5-8% of all nodes). When we focused on the
edges of all the nodes, the numbers of positive correla-
tions (719, 629, 746 edges for the first-third layers, the
fourth layer, and whole plaque group) were higher than
the numbers of negative correlations (64, 55, 154 edges
for the first-third layers, the fourth layer, and the whole
plaque group). There are two components existing in
each group connected mainly by negative edges. The
component consisting mostly of traditional pathogens
(P. gingivalis, T. forsythia, and T. denticola etc.) and
periodontal pathobionts (phyla Spirochaetes, Synergis-
tetes, and genus Peptostreptococcus etc.) was named the
pathogen component, the other component being com-
posed of nonpathogen-related bacteria was named the
nonpathogen component in the present study. The
nonpathogen component contained more nodes than
the other (nonpathogen/total nodes: 93/149, 87/132, 96/
167 for the first-third layers, the fourth layer, and the
whole plaque).

These data indicated that there were differences in
network connections and topological features of the
first-third layers and the fourth layer. Focused on the
number of neighbors in these networks, both compo-
nents in the fourth layer network showed similar node
connectivity (avg. number of neighbors: 5.3 and 4.5 in
pathogen and nonpathogen components). Whereas the
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(a) Cladogram
I The 1st-3rd layers
I The 4th layer
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a: Actinomycetaceae
b: Actinomycetales
c: Actinobacteria

d: Streptococcaceae
e: Lactobacillales

f: Bacilli

g: Peptostreptococcaceae_XI
h: Clostridiales

i Clostridia

j: Fusobacteriaceae
k: Fusobacteriales

I: Fusobacteriia

m: Spirochaetaceae
n: Spirochaetales

o: Spirochaetia

I The 4th layer

Fusobacteria
Fusobacteriales
Fusobacteriia
Fusobacterium
Fusobacteriaceae
Spirochaetales
Treponema
Spirochaetes
Spirochaetaceae
Spirochaetia
Clostridia
Clostridiales

Peptos{reptococcaceae_XI

-5.124 -4.114 -3.104 —2.094 -1.084

Bacilli

Streptococcacege
Streptococcus
Lactobacillales
Actinomyces
Actinomycetacepe
Actinomycetaleq
Actinobacteria
Actinobacteria

-0.074 0.936 1.946 2.956 3.966

LDA SCORE (log 10)

FIGURE 4 (a) A cladogram of the phylogenetic distribution for the first-third layers (red) and the fourth layer community (green)

using linear discriminant analysis effect size (LEfSe). (b) Histogram of the linear discriminant analysis (LDA) scores based on the different
abundance between the groups. Bacterial taxa are ranked according to their LDA scores

nodes in the pathogen components presented higher
connectivity than those in the nonpathogen component
in the first-third layers network (8.1 vs. 2.8). Moreover,
hubs were present in both components in the fourth
layer network (four hubs in the nonpathogen part and
six hubs in the pathogen component) but only existed
in the pathogen component in the first-third layer
network. After the sequences of the whole plaques
were generated, the network exhibited similar

characteristics in terms of node connectivity and hub
distribution of the first-third layer network. The
topological features were similar among these three
networks except for the P/N ratio (positive vs. negative
interactions). Compared with the networks of the
first-third layers and the fourth layer, the P/N ratios
of the whole plaque networks showed a dramatic
decrease (11.2, 11.4, and 4.8 for the first-third layer, the
fourth layer, and the whole plaque networks).
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m The 4th layer
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FIGURE 5 Mean relative abundance of genera and species in the first-third layers and the fourth layer groups (mean relative
abundance >1%, significant difference between the two groups: *P < .05, **P < .01, analysis of covariance)

4 | DISCUSSION

Information concerning the community composition and
structure are critical to understanding the ecology and
physiology characteristics of the subgingival community.”®
Sequencing has revolutionized the study of subgingival
community compositions, but the positional information of
the subgingival bacteria is still very limited due to staining
and sampling methods.’>*” Immunohistochemical staining
techniques, FISH, and Combinatorial Labelling and Spec-
tral Imaging-FISH could identify positional information of
the bacteria but the taxa numbers revealed simultaneously
are constrained by technical limitations (up to 15
taxa).”***** In this study, we collected subgingival plaques
sequentially using filter paper and curettes and analysed
them separately by sequencing. Although it is a relatively
rough method for partitioning the first-third layers and the
fourth layer, this combination provides us with additional
information about the subgingival community. Using high
throughput sequencing, our results showed that the
first-third layers and the fourth layer presented notable
differences in community compositions and bacterial
correlation patterns, connections between these two parts,
as well as similarities in bacterial diversity.

4.1 | Structure and diversity of bacterial
communities

Sequencing has revealed a broad range of taxa in the oral
cavity. As reviewed by Human Oral Microbiome Database,

688 taxa have been detected in the oral cavity.*! This study
detected a total of 11 phyla, 26 classes, 44 orders, 79
families, 148 genera, and 308 species-level taxa, which is
comparable to previous sequencing studies.'>*°

Diversity analyze reveals the species number and the
composition of a community. The similarities in diversity
indicated similarities of bacterial biomass and composi-
tion between the first-third layers and the fourth layer.
Communities with higher diversity are more robust to
change and are associated with a more stable and healthy
status.*? The similarities in diversity suggest that the
fourth layer might possess a stability that is comparable
to that of the first-third layers. As stability could also be
affected by other factors, such as functional gene diversity
and response diversity, further investigations are needed
to complete an integrated picture.>*>*

4.2 | Taxonomy analysis

The spatial organization of the subgingival plaque
microbiota is critical to understanding the ecology,
physiology, and functional characteristics of the com-
munity. The ten most abundant OTUs in each group
were identified, among which six OTUs were identical.
P. gingivalis and F. nucleatum, both with significant
virulence properties, were the most dominant OTUs in
both groups. Kolenbrander found that F. nucleatum
coaggregates with both early and late colonizers and
are essential to oral biofilm establishment.**>’
P. gingivalis alters the subgingival composition to favor
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FIGURE 6 Venn diagram of the core subgingival microbiome in the two groups. Each circle contains operational taxonomic units
(OTUs) present in at least 70% of samples within a group. The grey region includes the core subgingival OTUs present with equal prevalence
and the relative abundance between the two groups. OTUs in green represent the first-third layers-associated core species, with higher
abundance in the first-third layers; OTUs in red represent the fourth layer-associated core species, which show an increased relative
abundance in the fourth layer. Inner circles labeled 1 contain highly prevalent and highly abundant OTUs (present in at least 70% of samples
from each group and numerically dominant with a mean relative abundance of >2% of total sequences). Middle circles labeled 2 contain
OTUs that are highly prevalent but present in low abundance (present in 1-2% of total sequences). Outer circles labeled 3 contain OTUs

present in low abundance (present in 0.5-1% of total sequences)

more anaerobic microbiota and to impair the host
defense by reducing neutrophil infiltration, which
leads to bone resorption. Based on this pathogenicity,
previous studies have proposed P. gingivalis as a
keystone pathogen in periodontitis.>*®* These results
agree with previous sequencing studies in which the
abundance of periodontal pathogens were similar using
either curette or paper-based sampling meth-
ods.'*1>3%3% Similarly, other taxa, such as Fusobacter-
ium sp. HOT203, N. sicca, genus Streptococcus, and the
genus Veillonella, also exhibit high abundance in both
groups. These species might be related to spatial
structure organization and biofilm formation.?*#**?
There were also some discrepancies between these
two groups. The genera Actinomyces, Streptococcus, and
Corynebacterium, especially A. naeslundii and S.
intermedius, were strongly associated with the
first-third layers, as their relative abundance was

higher in the first-third layers than in the fourth layer.
A. naeslundii and the genus Streptococcus are early
colonizers and might play a role in plaque attach-
ment.*"** As Corynebacterium is the foundational
bacterium of the consortium, the higher abundance
of these taxa implied a more structured community
than the fourth layer.?® On the contrary, Fusobacterium
and Spirochetes are phylum-level biomarkers for the
fourth layer and are present at higher relative
abundances. For example, the relative abundance of
T. denticola was doubled in the fourth layer. It could
evade host immune responses via various mechanismes,
such as TLR activation, inhabitation, neutrophil
polarization, and chemotaxis inhabitation.***° It also
exhibits motility and chemotaxis. All these character-
istics facilitated this bacterium to penetrate deep
pockets and colonize new sites.*” Using molecular
sequencing, we also found that the abundance of
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FIGURE 7 Correlation networks for
the first-third layers (a), the fourth layer
(b), and whole (c) plaque groups. Each
node denotes a microbial taxon. The size
of the node depends on relative
abundance, and node color indicates the
phylum of the taxa. Each edge denotes
significant correlations (IRl > 0.6, P < .01,
Spearman correlation analysis). Blue
indicates positive correlations, and red
indicates negative correlations. Nodes
with top ten connectivity are labeled by

ubacteri
saphenus

the taxon name

(b)

Phylum

- Spirochaetes

- Fusobacteria

- Synergistetes
Bacteroidetes
Chloroflexi

- Firmicutes

| Ed
0w

- Actinobacteria
- Proteobacteria

Synergistes, F. alocis, and E. saphenum increased All the participants in this study were suffering
significantly in the fourth layer. As these bacteria were = from aggressive periodontitis according to the 1999
highly prevalent and abundant in periodontitis in classification.*® The prevalence and relative abundance
previous sequencing studies, they were also suggested of A. actinomycetemcomitans in our study are relatively
to be regarded as periodontal pathogens with moderate ~ low when compared with other studies (0.14% and
evidence.!%1314 0.04% for relative abundance, 27.66% and 29.78% for
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TABLE 2 Comparison of topological features between real networks and randomized networks with the same node numbers

The first-third layers

The fourth layer

Whole plaque group

Real Randomized Real
network network
Num. of nodes 149 149 132
Num. of edges 783 560.0 +18.8 684
Clustering 0.484 0.053 +0.001 0.505
coefficient
Ave. shortest path ~ 3.80 2.684 +0.033 3.32
length
P/N ratio 11.2 - 11.4
Pathogen part
Num. of nodes 56 45
Num. of edges 459 240
E/N ratio 8.1 5.3
Sum. relative 26.6 33.7
abundance (%)
Non-pathogen part
Num. of nodes 93 87
Num. of edges 260 389
E/N ratio 2.8 4.5
Sum. relative 52.8 33.1

abundance

network

Randomized
network

Randomized Real
network network

132 167 167

435.8+29.8 900 687.4 +34.9
0.042 + 0.009 0.475 0.049 + 0.004

2.783 £+ 0.089 3.49 2.656 +0.054

- 48 -

71
435
6.1
29.9

96
307
3.2
33.2

Values in the randomized networks are the means+standard deviation. P/N ratio, positive/negative correlations; E/N ratio, edges/node.

prevalence).**>* However, our results are consistent with
those studies carried out in Asian populations.”>>>* This
discrepancy might due to different ethnicities as con-
cluded by most researchers.

4.3 | Correlation network analysis

The subgingival community contains various species that
are connected by multiple types of interactions, such as
mutualism, commensalism, parasitism, predation,
amensalism, and competition.55 Correlation analysis
provides a method to identify bacterial interactions in
complex microbial communities. Therefore, three corre-
lation networks for the first-third layers, the fourth layer,
and the whole plaque groups were obtained and
analyzed.

All these networks included two negatively correlated
components, namely the pathogen component and the
nonpathogen component, while positive correlations are
prevail in each single component. In the fourth layer, the
positive edge/node ratios are similar and the total
abundances are comparable in the pathogen and the
nonpathogen components, suggesting a similar synergis-
tic bacteria-bacteria effect for both components. On the
contrary, in the first-third layers, the positive edge/node
ratio of the pathogen component is three times higher

than that in the nonpathogen component, indicating an
enhanced synergistic effect in the pathogen component.
Considering that the total abundance in the pathogen
component is only half of that in the nonpathogen
component, other mechanisms, such as micron-scale
biogeography and environmental drivers, may also play a
role in regulating the proliferation of pathogens in
subgingival plaques.

The sequence data from the first-third layers and the
fourth layer were merged and the OTUs with a prevalence
higher than 50% were selected to construct a whole plaque
correlation network. An increase of negative correlations in
this group were observed compared with the values before
merging which suggests a negative correlation between
these two parts. As reviewed by Faust in 2012, negative
correlations usually result from competition, the
prey-predator relationship, and amensalism.>> However,
compositional bias from data merging and sequential
sampling should also be considered.

Topological analyses provide an overview of network
properties. The coefficient index and average shortest
path length of all of the networks (the first-third layers,
the fourth layer, and the whole plaque) were calculated,
and the topological features of these networks were
compared with random networks of the same size. The
clustering coefficients and the characteristic path lengths
of all the three networks were higher than that in random
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networks, and they were within the range of other
biological networks displaying scale-free behavior.’®>®
These results indicate that bacteria in these three
subgingival networks communicate with other bacteria.
The scale-free networks are more robust to changes but
more sensitive to removing or changing highly connected
nodes (hubs).*®

The distributions of hubs among those networks are
different. The first-third layers-associated hubs only exist
in the pathogen component and are positively correlated,
which is consistent with the whole plaque group. On the
contrary, hubs are present in both components and are
connected by positive/negative associations in the fourth
layer network. The hubs in the nonpathogen component,
such as Actinomyces sp. HOT180, Leptotrichia sp.
HOT225, and Veillonella parvula, might possess the
ability to inhibit pathogens and to balance subgingival
communities.

As shown in the hierarchical cluster analysis and a
heatmap, no clear tendency of clustering in samples from
the same patient or location was observed. Based on these
results and limited number of patients (12 patients),
location-based analysis was conducted, which depicted
the relations and similarities between these two parts and
increased our knowledge of the subgingival plaque.
Further research with a larger sampling size should be
undertaken to gain much more general conclusions and
to elucidate potential individual and location effects in
the future.

In conclusion, this study depicted distinct bacteria
compositions in the first-third layers and the fourth layer
of subgingival plaques. Traditional pathogens (T. denti-
cola and C. rectus) and novel pathobionts (E. saphenum,
F. alocis, Treponema sp. HOT238) are more abundant in
the fourth layer, while some genera such as A. naeslundii,
S. intermedius, and P. intermedia usually appear in the
first-third layers. Either of these two parts exhibits a
scale-free property and is constructed by two negatively
correlated components (the pathogen component and the
nonpathogen component), while the synergy in the
nonpathogen component is lower in the first-third layers
than that in the fourth layer.
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