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Periodontitis is a highly prevalent polymicrobial disease worldwide, yet the synergistic pattern of the
multiple oral pathogens involved is still poorly characterized. Here, saliva, supragingival and subgingival
plaque samples from periodontitis patients and periodontally healthy volunteers were collected and profiled
with 16S rRNA gene pyrosequencing. Different oral habitats harbored significantly different microbiota,
and segregation of microbiota composition between periodontitis and health was observed as well. Two-step
redundancy analysis identified twenty-one OTUs, including Porphyromonas gingivalis, Tannerella
forsythia and Filifactor alocis, as potential pathogens that were significantly associated with periodontitis
and with two periodontitis diagnostic parameters (pocket depth and attachment loss) in both saliva and
supragingival plaque habitats. Interestingly, pairwise correlation analysis among the 21 OTUs revealed that
Filifactor alocis was positively correlated with seven other putative pathogens (R > 0.6, P < 0.05), forming a
co-occurrence group that was remarkably enriched in all three habitats of periodontitis patients. This
bacterial cluster showed a higher diagnostic value for periodontitis than did any individual potential
pathogens, especially in saliva. Thus, our study identified a potential synergistic ecological pattern involving
eight co-infecting pathogens across various oral habitats, providing a new framework for understanding the
etiology of periodontitis and developing new diagnoses and therapies.

cardiovascular disease and diabetes mellitus'. The complex microbiota inhabiting the biofilm around teeth

and gingival tissue may play a pivotal role in the development of periodontitis' . Cultivation* and culture-
independent approaches such as PCR-based assays and DNA hybridization®* have previously identified several
microorganisms associated with the development of periodontitis and regarded as the putative pathogens,
including Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola. More recently, the advent
of high-throughput next generation sequencing techniques allowed us to characterize the overall structure of the
complex oral microbial ecosystem at the OTU level, confirming the association of those potential pathogens with
periodontitis and revealing additional periodontitis-associated phylotypes such as Prevotella spp.,
Porphyromonas endodontalis, Filifactor alocis, and Peptostreptococcus stomatis'®™">.

The oral cavity is a dynamic ‘continuum with the external environment’. Though saliva, supragingival and
subgingival plaque maintain unique ecosystems with distinct atmospheric and nutritional environments that
favor different microbial commensals'’~**, the microbiota in different intraoral habitats interact with each other
continuously. Dental plaque is permanently in contact with saliva. In periodontitis patients, the microbial
inhabitants of saliva and supragingival plaque inoculate and colonize subgingival plaque, thus accelerating the
formation of periodontal pockets, the major lesion of periodontitis. Likewise, pathogens residing in periodontal
pockets spill over to the oral cavity and can be detected in saliva and supragingival plaque. Analyzing the
microbiota in these environmentally distinct and yet interacting oral habitats will provide a more comprehensive
understanding of the etiology and pathogenesis of periodontitis.

Polymicrobial diseases involve co-infection with multiple bacteria, which may act synergistically to contribute
to disease progression and clinical outcomes®. Such pathogens should be more likely to coexist at the diseased

P eriodontitis is a polymicrobial disease of the oral cavity and a risk factor for chronic diseases such as
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Figure 1| Overall structural comparison of oral microbiota. (a) Shannon diversity index of oral microbiota in different groups. Values are shown as
mean = SEM. The different letters above the columns mean significant differences among five groups as assessed by ANOVA (P < 0.05). (b) Principal
coordinate analysis (PCoA) scores plot based on weighted UniFrac metrics. Each point represents the mean principal component scores of all subjects in a
group, and the error bar represents standard deviation. (c) Clustering of oral microbiota based on distances calculated using multivariate analysis of
variance (MANOVA) on the first sixteen principal coordinate scores, * P < 0.05; ** P < 0.01. The abbreviations of group names are as follows: H:
Periodontally healthy volunteers; P: Periodontitis patients; Sal: Saliva; Sup: Supragingival plaque; Sub: Subgingival plaque.

lesion, thus exhibiting a co-occurrence ecological pattern. For peri-
odontal diseases, numerous bacteriologic studies clearly support the
capacity of a variety of bacterial species coexisting in a complex
biofilm to contribute to periodontitis>**'. In 1998, Socransky et al.
defined subgingival bacterial communities by checkerboard DNA-
DNA hybridization and observed ecological interbacterial relation-
ships among 32 examined species. They found that those species
could be clustered into five complexes in which members showed
highly similar distribution in subgingival microbiota®.

After that initial effort to elucidate the ecological relationships of
oral microorganisms, few studies explored the inherent coexistence
and distribution patterns of multiple pathogens in human oral sam-
ples in situ. Instead, recent studies have mainly focused on interac-
tions between putative pathogens using in vitro or animal models.
For instance, a rat model of periodontitis was used to study the
synergistic virulence of P. gingivalis, T. denticola and T. forsythia,
demonstrating that those three pathogens existed as a consortium
and synergistically increased alveolar bone resorption in co-infected
rats®. An in vitro flow cell biofilm model demonstrated that P. gin-
givalis and T. denticola exhibit a strong synergy in polymicrobial
biofilm formation®. Such studies established that P. gingivalis can
interact synergistically with other pathogens, but not whether this
pathogen actually co-exists and co-infects with the other tested
pathogens in situ. Many putative pathogens have been associated
with periodontitis. Whether these bacteria contribute to periodontal
disease in random combinations or via specific synergistic patterns
still remains a fundamental question.

Using 16S rRNA pyrosequencing, we obtained a comprehensive
view of the oral bacterial communities in saliva, supragingival plaque
and subgingival plaque from Chinese adults with and without peri-
odontitis. We identified periodontitis-associated bacterial species
that are commonly shared across different oral habitats, and we
detected a Filifactor alocis-centered co-occurrence group of potential
pathogens that was significantly enriched in periodontitis samples.
These results laid a microbial ecological foundation for future etio-
logical studies in periodontitis.

Results

Overall structure of oral microbiota in periodontitis and health. A
total of 307,679 usable raw pyrosequencing reads passing the quality
control standards were obtained from 150 samples, with an average
of 2051 reads per sample (see Supplementary Fig. Sla online). After
alignment in the Greengenes database and CD-hit clustering with

99.9% similarity, the unique representative sequences were classified
into 1889 OTUs at 96% similarity level (see Supplementary Fig. S1b
online). The richness of oral bacterial communities in three oral
habitats of periodontitis patients and the control cohort were
estimated by rarefaction and Chao 1, and diversity was estimated
by Shannon diversity index and Simpson diversity. The shape of the
rarefaction curves indicated new phylotypes would be expected with
additional sequencing. However, the Shannon diversity index curves
of all samples reached plateaus with the current sequencing,
suggesting that most diversity had already been captured (see
Supplementary Fig. S2 online).

As revealed by the Shannon diversity index, supragingival plaque
possessed the highest level of bacterial diversity, whereas saliva
showed the lowest diversity. A higher level of diversity was observed
in periodontitis individuals than healthy controls in both saliva and
supragingival plaque (Figure la). The Simpson diversity index
showed a similar tendency as Shannon diversity index, and the rich-
ness of the oral microbiota estimated by rarefaction and Chao 1
displayed a similar pattern (see Supplementary Table S1 online).

Principal coordinate analysis (PCoA) based on weighted UniFrac
matrices revealed remarkable differentiation of the bacterial com-
munities in the five groups, and the differences between oral habitats
were more distinct than those between patients and healthy controls
of the same habitats (Figure 1b). These findings were confirmed by
clustering analysis based on distances calculated using multivariate
analysis of variance (MANOVA) (Figure 1c¢).

Common and distinct taxa of oral microbiota in different oral
habitats. Thirteen phyla with 143 genera were detected in the oral
microbiota. Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria,
Actinobacteria and Spirochaetes were the most predominant phyla
when the three oral habitats were considered together, contributing
t0 39.1%, 23.2%, 13.4%, 11.4%, 8.3% and 2.1% of all reads, respectively.

Despite the high variability of oral microbiota among different oral
habitats as revealed by PCoA, nine genera were present in all 150 oral
samples. Those nine genera represented over half of the oral micro-
biome collectively (57.97% of all reads), constituting the predominant
oral inhabitants. Among them, three genera-Streptococcus, Leptotrichia
and Actinomyces accounting for 18.90% of all reads-were stable in
subjects with different periodontal health status, as revealed by the
similar relative abundances in saliva and supragingival plaque from
periodontitis and healthy cohorts. These three genera represent the
core members of the oral microbiota. The remaining six genera,
including Prevotella, Porphyromonas, Capnocytophaga, Fusobacterium,
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Figure 2 | Habitat-specific taxa detected by LEfSe. Color indicates the oral habitat in which each differential clade was most abundant.

TM?7_genera_incertae_sedis and Clostridium XIVa displayed signifi-
cantly different abundance (Mann-Whitney U test, P < 0.05) between
health and periodontitis (see Supplementary Table S2 online).

At the OTU level, three OTUs were present in all 150 samples.
Two of them (OTU0039 and OTU0202), which were closely related
to Streptococcus sp. and Leptotrichia buccalis, showed similar relative
abundance between periodontitis patients and healthy controls in
saliva and supragingival plaque. The third OTU (OTU0288), which
was highly homologous with Prevotella sp. showed different abund-
ance between periodontitis and healthy samples (see Supplementary
Table S2 online).

To identify the distinguishing taxa in human saliva, supragingival
and subgingival plaque, Mann-Whitney U test and LEfSe were per-
formed based on the RDP taxonomy data. In saliva, the most abund-
ant phylum was Firmicutes, followed by Bacteroidetes and
Proteobacteria. However, in both supra and subgingival plaque, the
top three phyla in abundance were Bacteroidetes, Firmicutes and
Fusobacteria (see Supplementary Table S3 online). At the genus level,
as shown by a circular cladogram constructed by LEfSe, Steptococcus,
Neisseria, Veillonella, Rothia, Granulicatella, Haemophilus and
Gemella were significantly enriched in the microbiota of saliva.
Several facultative anaerobic genera, including Capnocytophaga,
Leptotrichia and Corynebacterium, were predominant in supragingi-
val plaque. Obligate anaerobic genera including Porphyromonas,
Treponema, Tannerella, Fusobacterium and Filifactor were more
abundant in subgingival plaque (Figure 2, Supplementary Table S3).

Key species-level phylotypes associated with periodontitis and two
clinical parameters. To identify the species-level phylotypes of the
oral microbiota associated with periodontitis, two-step redundancy
analysis (RDA) was performed for saliva and supragingival plaque
samples from periodontitis and healthy individuals. At the first step
of RDA, health and periodontitis were used as environmental
variables and the relative abundances of all OTUs in saliva or
supragingival plaque were used as species variables. The Monte
Carlo Permutation Procedure (MCPP) showed that the difference
of microbiota between periodontitis and health in saliva or
supragingival plaque was significant (P = 0.001) (Figure 3a, b).
We identified 123 and 148 OTUs explaining more than 6% of the
variability of the oral microbiota as key phylotypes associated with
periodontitis in saliva and supragingival plaque, respectively. In the
second step of RDA, two clinical parameters, pocket depth and
attachment loss, were used as environment variables, and the
relative abundances of OTUs selected in the first step of RDA were
used as species variables (Figure 3¢, d). We identified 61 and 70
OTUs as key phylotypes closely relevant to the clinical parameters
in saliva and supragingival plaque, respectively. OTUs identified
from those two habitats were merged into 110 OTUs all together.
Notably, 21 of the above 110 OTUs were identified in both saliva
and supragingival plaque, and all 21 were enriched in periodontitis
(Figure 3e, Supplementary Table S4 and S5). Eighteen of the 21 OTUs
had nearest neighbors with similarity over 99% in the Human Oral
Microbiome Database (HOMD), including Porphyromonas gingiva-
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Figure 3 | Key phylotypes associated with periodontitis identified by two-step RDA. Bioplot of RDA of the microbiota in saliva (a) and supragingival
plaque (b) relative to periodontitis (first step of RDA). Responding OTUs that have at least 6% of the variability of the oral microbiota are indicated
by blue arrows. (c—d) Bioplot of RDA of the periodontitis-associated OTUs identified in (a) and (b) relative to the combination of pocket depth (PD) and
attachment loss (AL) (second step of RDA). Responding OTUs that have at least 11% and 9% of the variability of the oral microbiota in saliva and
supragingival plaque respectively, are indicated by blue arrows. (e) Relative abundances of the 110 key OTUs identified by two steps of RDA (c and d).
OTUs shown in green are more abundant in healthy volunteers and those in red are more abundant in periodontitis. The color of the spot corresponds to
the normalized and log-transformed relative abundance of the OTU. The genus names of the OTUs are shown on the right. P, Porphyromonas; Pe,

Peptostreptococcus.

| 5:9053 | DOI: 10.1038/srep09053



F. alocis-centered

co-occurrence group
— T e,

~~ Tannerella forsythia ™~
Peptostreptococcaceae
[XI1[G-4] sp.

Filifactor alocis
Eubacterium nodatum

\ Porphyromonas endodontalis

N

~N '

— p—

Fretibacterium sp.\ O

Lachnospiraceae [G-8] sp//

Peptostreptococcus stomatis

Q Leptotrichiaceae [G-1] sp.

OTU0198
Mollicutes [G-2] sp.

\ Johnsonella sp.

@

Prevotella sp.

Porphyromonas gingivalis
@ ’ Bacteroidetes [G-3] sp.

o

Prevotella sp. OTU0456

s ©®

Actinomyces cardiffensis

@ o

Prevotella sp. Peptostreptococcaceae
[X1][G-3] sp.-

0OTU0463

O

Figure 4 | Co-occurrence network of 21 key OTUs in the oral microbiota. Nodes represent the OTUs identified by two-step RDA, and their OTU

number or nearest neighbors are displayed around the nodes. The size of the node corresponds to the log-transformed relative abundance of the OTU.
Each pair of OTUs showing a Spearman’s correlation coefficient value not lower than 0.5 is linked with a connecting line whose thickness corresponds to
the coefficient values. Eight OTUs displaying high correlation coefficients with each other (R = 0.5) are colored with red (F. alocis-centered co-occurrence

group), others are blue.

lis, Porphyromonas endodontalis, Tannerella forsythia, Prevotella sp.,
Eubacterium nodatum, Filifactor alocis, and Peptostreptococcus sto-
matis. The other three OTUs had lower similarities (<97%) with
existing hit taxa in the database, suggesting that they are likely novel
phylotypes (see Supplementary Table S4 online). Though the lone-
pair subgingival plaque samples of periodontitis patients were not

cut-off poi\:t (2.11%)
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Figure 5| ROC curves of the F. alocis-centered co-occurrence group in
the identification of periodontitis based on its relative abundance in
saliva or supragingival plaque. The areas under the ROC curve (AUC) of
the co-occurrence group in saliva and supragingival plaque were calculated
and marked in the lower right corner. The arrows point out the optimal
cut-off point in the microbiota of saliva or supragingival plaque.

involved in RDA, it was found that those 21 OTUs also represented
the major subgingival microbiome of periodontitis, accounting for
31.80% of the microbial community in P-Sub. Moreover, 14 of the 21
OTUs were present in two-thirds of subgingival plaque samples (see
Supplementary Table S6 online), and OTU0054, an identified phylo-
type showing 100% similarity to P. gingivalis, accounted for 18.70% of
the microbial community in P-Sub, constituting the most abundant
phylotype in subgingival plaque.

Co-occurrence pattern of key periodontitis-associated phylotypes
in the oral microbiota. Based on the 21 periodontitis-relevant
species, we investigated the correlations of each pair of them.
Spearman’s correlation coefficients were assessed based on the
normalized relative abundances of the 21 periodontitis-associated
phylotypes using all 150 oral samples from the three distinct oral
niches of the two cohorts. Interestingly, eight OTUs displayed high
correlation coefficients with each other (R = 0.5, P < 0.05). Notably,
strong positive correlation (R > 0.6, P < 0.05) was observed between
OTU0263 and the remaining seven OTUs (Figure 4, Supplementary
Fig. S3). Thus, OTU0263, with 100% similarity to Filifactor alocis,
together with seven OTUs (OTU0054, OTU0096, OTU0204,
OTU0177, OTU0223, OTU0308 and OTU0413) which were
closely related to P. gingivalis, P. endodontalis, T. forsythia, E.
nodatum, Fretibacterium sp., Lachnospiraceae [G-8] sp. and
Peptostreptococcaceae [XI][G-4] sp., seemed to form a F. alocis-
centered bacterial cluster with co-occurrence relationships in the
human oral cavity. This F. alocis-centered co-occurrence group
collectively represented 6.28%, 5.49% and 29.11% of the oral
microbiota in P-Sal, P-Sup and P-Sub, respectively.

Diagnostic value assessment of the F. alocis-centered co-occurrence
group. To assess its performance in identifying the risk of periodontitis,
the relative abundances of the F. alocis-centered co-occurrence group
and the 21 individual key phylotypes were used to construct receiver
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operating characteristic (ROC) curves in which test sensitivity is plotted
against 1-specificity or false positive rate (FPR), to evaluate the
performance of diagnostic tests. Area under the ROC curve, cut-off
point, sensitivity, specificity, likelihood ratio and P values were
calculated and compared. In saliva, the area under the ROC curve of
the co-occurrence group was the highest of all the tested phylotypes
(0.817), implying that this cluster has the highest value for periodontitis
diagnosis (Figure 5, Supplementary Table S7). The cut-off points of the
abundances of this group were determined at 2.11% in saliva (Chi-
square test, P < 0.001, sensitivity 0.87, specificity 0.73, likelihood
23.8) and 1.58% in supragingival plaque (Chi-square test, P < 0.001,
sensitivity 0.77, specificity 0.63, likelihood 10.1), indicating that a person
who has the abundance of this cluster over 2.11% in saliva or over 1.58%
in supragingival plaque would have a high risk of periodontitis.

Discussion

For decades, efforts have been made to identify potential pathogens
and elucidate their functions in the development of periodontitis.
However, given the complexity of the oral microbiota, there is still
no definitive evidence demonstrating how many different pathogens
are involved in the polymicrobial disease and how these co-infecting
species interact with each other in triggering the disease and contrib-
uting to its progression.

In this investigation, saliva, supragingival plaque and subgingival
plaque samples were used to characterize the oral microbiota.
Streptococcus, Leptotrichia and Actinomyces were commonly
detected in all 150 samples with similar abundance in health and
periodontitis. Such taxa are regarded as components of the core oral
microbiota that adapt to the oral environment and provide structural
support for the oral microbiota''. These three genera have been
identified as the core members or major genera with the largest
representation in the oral microbiome in previous studies>****.

We also found that each oral habitat harbored its distinct micro-
biome. In saliva, several genera including Steptococcus, Neisseria,
Veillonella, Rothia, Granulicatella, Haemophilus and Gemella were
predominant, which were previously reported as commensal bacteria
colonizing the mucosal surfaces of mouth'’*°. Supragingival plaque
exhibited the highest level of microbial diversity, dominated by three
facultative anaerobic genera including Capnocytophaga, Leptotrichia
and Corynebacterium. In subgingival plaque, obligate anaerobic bac-
teria such as Porphyromonas, Treponema, Tannerella, Fusobacterium
and Filifactor were found as major members of this anaerobic niche.
Thus, the different microbial distribution in diverse oral habitats
may be mainly driven by the surface structure and oxygen condition
of each microhabitat™.

Via a microbiome-wide association study (MiWAS) strategy, 21
OTUs were found to be associated with periodontitis. MiWAS strat-
egy combines high-throughput DNA-sequencing technology with
multivariate statistical tools such as principal component analysis
(PCA), principal coordinate analysis (PCoA) and redundancy ana-
lysis (RDA), to explore the structural variations across the entire
human microbiome without any prior hypothesis, aiming to identify
all relevant bacteria associated with diseases****. Here, using pyrose-
quencing data from the bacterial 16S rRNA gene V3 region, 21
periodontitis-enriched OTUs were detected through a two-step
RDA in both saliva and supragingival plaque. In subgingival plaque,
these 21 OTUs collectively represented about one-third of the micro-
biota and contained the most abundant phylotype (OTU0054) of this
habitat. Hence, these 21 OTUs were closely linked to periodontitis
and could be considered as potential pathogens.

Despite the difficulty of assigning an OTU to an exact species due
to the short sequencing read lengths, OTU0054, OTU0204 and
OTU0263 were found to be closely related to the putative period-
ontopathic bacteria P. gingivalis, T. forsythia and F. alocis, and were
present in 93.3%, 90.0% and 92.2% of oral samples from periodontitis
patients, respectively. These three OTUs accounted for 65.7% of the

total abundance of the 21 OTUs in the three habitats of periodontitis
patients. P. gingivalis, T. forsythia and F. alocis were frequently found
to link with periodontitis in previous studies using subgingival pla-
que samples”*'* or saliva samples*"*>. Among those three bacteria,
P. gingivalis was the most widely studied periodontal pathogen, par-
tially due to its high detection rate via culture methods**. This bac-
terium shows numerous virulence factor activities, such as gingipain
proteases, lipopolysaccharides and fimbriae™, allowing it to invade
and survive within gingival epithelial cells. It was reported that even
at low colonization levels (< 0.01% of the total microbiota), P. gin-
givalis could change the amount and the composition of the oral
microbial symbionts, triggering inflammatory periodontal bone loss
in a mouse model*.

In addition, we identified 18 other OTUs significantly associated
with this disease, including OTUs that were closely related to P. endo-
dontalis (OTU0096), E. nodatum (OTUO0177), Peptostreptococcus spp.
(OTU0115, OTU0413 and OTU0312), Prevotella spp. (OTU0200,
OTU0290 and OTUO0211), Lachnospiraceae [G-8] sp. (OTU0308),
Bacteroidetes [G-3] sp. (OTU0304), Fretibacterium sp. (OTU0223),
Johnsonella sp. (OTU0287), Leptotrichiaceae [G-1] sp. (OTU0146)
and Mollicutes [G-2] sp. (OTU0309). These 14 phylotypes were prev-
iously reported to be associated with periodontitis in investigations
based only on subgingival plaque samples® ', while they were detected
in all three oral habitats in this study. We also observed that one OTU
(OTU0089), which increased its abundance in periodontitis, is closely
related to Actinomyces cardiffensis, a Gram-positive facultative anaer-
obic rod. This bacterium can be isolated from diverse human clinical
sources such as pleural fluid, brain, jaw, pericolic and ear abscesses®,
and was reported to be involved in human infection cases such as
pulmonary and hepatic actinomycosis®*”, but its linkage with period-
ontitis has not previously been reported in the literature. We suspected
that its capability of forming abscesses in diseased lesions might con-
tribute to the invasion of itself or other pathogens into the periodontal
tissues, promoting the progression of periodontitis. Finally, we found
three OTUs (OTU0456, OTU0198 and OTU0463) with no known
nearest neighbor that were significantly enriched in periodontitis.
These three newly identified phylotypes represent 1.27% of the total
abundance of the 21 OTUs in all samples of patients. Our results
reinforce the polymicrobial nature of periodontitis as a disease related
to a dysbiotic microbiota, with dozens of microbes implicated.

For a polymicrobial disease, identification of potential pathogens
is only the first step; delineating the species-species interactions of
multiple pathogens is essential for understanding the microbial etiol-
ogy of the disease. In the present study, we examined the pairwise
correlation coefficient among the 21 potential periodontal pathogens
identified, according to their abundance in all 150 oral samples from
three distinct oral niches of the two human cohorts. A bacterial group
composed of eight phylotypes showed a robust co-occurrence pat-
tern. Their abundance varied among different oral samples with the
same tendency, increasing together in three habitats of periodontitis
patients and decreasing together in two habitats of healthy indivi-
duals. Our finding implied there might be synergistic interactions
among them, which should be confirmed by further in vitro or ani-
mal experiments.

The synergistic interactions between some cultivable indigenous
oral pathogens have been revealed previously by in vitro studies.
Grenier demonstrated that P. gingivalis can produce isobutyric acid
to stimulate the growth of T. denticola and metabolize the succinate
produced by T. denticola to promote its own growth®. F. nucleatum
can maintain a more neutral pH in the microenvironment to protect
acid-sensitive species such as P. gingivalis against acid attack® or
generate a necessary reductive and capnophilic microenvironment
for the growth of P. gingivalis®. The ability of P. gingivalis to invade
human gingival epithelial cell was enhanced when co-cultured with
F. nucleatum*'. However, these studies focused only on interactions
between two arbitrarily selected potential pathogens. It is not clear

| 5:9053 | DOI: 10.1038/srep09053

6



Table 1 | Background characteristics of all individuals

Periodontitis patients

Periodontally healthy volunteers

N 30

Gender (Males/Females) 15/15
Age, years 29-67
Pocket depth (mean = SD, mm) 4.80 = 0.96
Attachment loss (mean + SD, mm) 4.30 = 1.43

Sampling habitats

Saliva, Supragingival plaque, Subgingival plaque

30

9/21

21-55

2.13 £ 0.41

0.10 = 0.31

Saliva, Supragingival plaque

whether these selected pathogens actually co-occur in the same niche
in disease. The co-occurrence pattern found in our study indicates
that it is necessary to look at interactions among pathogens that
occur in the same habitat to evaluate relevance to disease progres-
sion. It is also necessary to study interactions among more than two
potential pathogens.

In the co-occurrence pattern we identified, a phylotype closely
related to F. alocis showed strong positive correlations with seven
other members (R > 0.6 for each pair), thus seemed to be the center
of this bacteria cluster. F. alocis is a Gram-positive obligate anaerobic
rod, which was recently identified as one of the marker organisms for
periodontal diseases using culture-independent approaches, due to
its higher prevalence and abundance in periodontal disease sites
compared with healthy sites”'*****. This organism was even found
to rank higher in its prevalence than previously identified peri-
odontal pathogens, including P. gingivalis**. F. alocis is relatively
resistant to oxidative stress and possesses several virulence factors,
such as sialoglycoproteases and proteases, which may partially con-
tribute to its colonization and survival in the periodontal pocket. In
addition, in vitro experiments showed that F. alocis could induce
apoptosis in gingival epithelial cells (GECs) and stimulate pro-
inflammatory cytokines such as IL-1p, IL-6 and TNF-o secreted by
GECs*, supporting the notion that F. alocis may be an important
pathogen in the formation of subgingival biofilm and the onset of
periodontal diseases. Previous studies also showed that F. alocis
could synergistically interact with other periodontal pathogens in
vitro. For example, F. alocis could enhance the biofilm formation
and the invasion of epithelial cells by P. gingivalis during coculture*.
F. alocis was also found accumulated around F. nucleatum-abundant
regions and showed mutualistic growth with F. nucleatum in an in
vitro community development model*. Given the co-occurrence
pattern we found, F. alocis may similarly enhance the growth or
virulence of other pathogens in the co-occurrence group, promoting
the development of periodontitis.

The remaining seven members of the co-occurrence group include
P. gingivalis, P. endodontalis, T. forsythia, E. nodatum, Fretibacterium
sp., Lachnospiraceae [G-8] sp. and Peptostreptococcaceae [XI][G-4]
sp. Each of these bacteria has been previously identified as associated
with periodontitis in different studies by culture or culture-independ-
ent approaches™>'"**%, Though they are not novel pathogens for
periodontitis, their coordinated occurrence is novel. P. gingivalis
and T. forsythia were the only two microorganisms which were
reported to be synergistic in previous studies. For example, in vitro
experiment showed that P. gingivalis or its outer membrane vesicles
could enhance the attachment and invasion of T. forsythia to epithe-
lial cells*. Yoneda et al. also reported that the co-infection of P.
gingivalis and T. forsythia induced greater abscess size than did
mono-infection of each bacterium in a murine model*. There are
no relevant reports about interactions among the remaining members
of the co-occurrence group. It is possible that some of them produce
metabolites that directly affect the growth of others (metabolite cross-
feeding) or that modify the local microenvironment to favor the
growth or virulence of other organisms®. The inherent relationship
between these multiple potential pathogens in the oral microbiota
merits further study.

The F. alocis-centered co-occurrence group potentially has a high
diagnostic value for periodontitis, especially in saliva where the clus-
ter showed the largest area under the ROC curve and high sensitivity
and specificity to discriminate periodontitis from healthy samples
(cut-off point 2.11%, P < 0.001, sensitivity 0.87, specificity 0.73,
likelihood 23.8). Saliva is an abundant oral biofluid that can be col-
lected noninvasively. Previous reports have revealed that oral bac-
teria such as A. actinomycetemcomitans, C. rectus, P. gingivalis, P.
intermedia, P. nigrescens, P. micros, T. denticola, T. forsythia, F.
nucleatum and T. socranskii are detectable and enriched in saliva
from periodontitis patients, and therefore could be useful salivary
biomarkers of periodontitis**>. We demonstrate in this study that
the diagnostic value of the F. alocis-centered co-occurrence group
was higher than any single periodontitis-related phylotype in saliva,
reinforcing the significant role of this group in periodontitis progres-
sion and providing a potential indicator to identify high-risk period-
ontitis patients.

In summary, we characterized the microbiota of three main oral
habitats in human subjects with and without periodontitis. Saliva,
supragingival plaque and subgingival plaque harbor Streptococcus,
Leptotrichia and Actinomyces as a common core oral microbiota, and
each habitat also harbors its distinct microbial members. Twenty-
one species-level OTUs were identified as periodontitis-associated
phylotypes, including a F. alocis-centered co-occurrence group con-
sisting of eight phylotypes that were positively correlated with each
other in various habitats of the oral cavity. The co-occurrence pattern
of those potential pathogens underlines their ecological relationship
relevant to disease progression. The findings from this study may
serve as an ecological framework to facilitate not only the under-
standing of the complex etiology of periodontitis, but also the
development of a new periodontal diagnoses and therapies targeting
this co-occurrence group.

Methods

Study subjects. A total of 30 periodontitis patients, aged 29-67 years, were recruited
from the department of periodontology in Ninth People’s Hospital (Shanghai,
China). These patients took no periodontal treatment in the 3 months before sample
collection. Thirty periodontally healthy volunteers, aged 21-55 years, were selected as
controls. Inclusion criteria for all participants included no pregnancy or any systemic
diseases, no antibiotic therapy within the past 3 months, and at least 20 teeth in the
oral cavity excluding third molars. Every periodontitis patient had, in each quadrant,
at least one posterior tooth with pocket depth =4 mm and attachment loss =2 mm,
whereas healthy controls exhibited no site with pocket depth >3 mm or attachment
loss =2 mm and displayed no clinical gingival inflammation (no more than 10% of
the sites with bleeding on probing and absence of gingival redness/edema). The
baseline clinical characteristics of all individuals are showed in Table 1. Written
informed consent was obtained from all the participants. This study was approved by
the Ethics Committee of Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao
Tong University, School of Medicine, China (Document No. 201262), and all
experiments were performed in accordance with the relevant guidelines and
regulations.

Sample collection. All the participants were instructed to refrain from eating,
drinking and any oral hygiene practice for at least 3 h before sampling. After rinsing
mouth with water, approximately 1 ml non-stimulated saliva was collected and
transferred into 1.5 ml sterile centrifuge tubes. The selected teeth (four teeth with the
highest level of pocket depth from four quadrants) were then isolated using cotton
rolls and gentle air-drying. Supragingival plaque was collected first, followed by
subgingival plaque from the bottom of the periodontal pocket of the same teeth using
sterile subgingival curettes. The pooled supragingival plaque and the pooled
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subgingival plaque from each subject were separately stored in 1.5 ml sterile
centrifuge tubes containing 1 ml sterile phosphate-buffered saline (PBS). All samples
were immediately frozen at —80°C until DNA extraction. In total, 150 samples were
collected and divided into five groups according to the sampling habitats and
populations: H-Sal (saliva samples collected from healthy controls, n = 30), H-Sup
(supragingival plaque samples collected from healthy controls, n = 30), P-Sal (saliva
samples collected from periodontitis patients, n = 30), P-Sup (supragingival plaque
samples collected from periodontitis patients, n = 30), P-Sub (subgingival plaque
samples collected from periodontitis patients, n = 30). Subgingival plaque samples
were not collected from healthy controls because there is no distinct periodontal
pocket formed in healthy gingival tissue.

DNA extraction and pyrosequencing. Oral samples were washed twice with PBS and
underwent two cycles of freeze-thawing at —80°C for 10 min and 60°C for 2 min.
Genomic DNA was then extracted from each oral sample using bead-beating
extraction and phenol-chloroform purification, as described previously****. The
extracted DNA was used as a template for PCR amplification. The bacterial universal
primer pair* consisting of the forward primer 5'-NNNNNNNNCCTACGGGAGG-
CAGCAG-3' and the reverse primer 5'-NNNNNNNNATTACCGCGGCTGCT-3’,
marked at the 5’ end with a sample-unique 8-base barcode, was used to amplify the
V3 region of 16S ribosomal RNA gene from each oral sample. PCR amplification,
pyrosequencing of the PCR amplicons, and quality control of raw data were
performed as described previously™. Briefly, we performed the following steps to
select the high quality reads for bioinformatics analysis: 1) Search for the primers by
using blast-based matching (Word size = 4, E-value = 0.1); the primer at least at the
sequencing end should exist. 2) Locate the barcodes according to the position of the
primers; reads should have at least one complete barcode; reads with incomplete
barcodes at both ends, or with complete but poorly-matched barcode pairs (more
than one insertion/deletion/mismatch) were discarded. 3) Reads were assigned to the
corresponding sample using the complete barcode. If the barcodes were complete at
both ends but mismatched with each other, we took the barcode at the sequencing
end. 4) After trimming the primer and barcode bases, those sequences with a variable
region more than 100nt and less than 300nt in length and with no more than two
undetermined bases were preserved.

Bioinformatics and multivariate statistics. All high-quality pyrosequencing reads
were aligned against the Greengenes database using the nearest alignment space
termination (NAST) algorithm® with template length = 90 bases and percent
identity = 75%. After that, the remaining sequences were clustered using CD-hit with
99.9% similarity®’. The most abundant sequence of each cluster was selected as the
representative sequence and subjected to online RDP classifier (Version 2.6) for
taxonomical assignment with a bootstrap cutoff of 50% (http://rdp.cme.msu.edu/
classifier/classifier.jsp). The data of RDP taxonomy was used in LEfSe to discover the
taxa differentiating the microbial communities specific to different oral habitats®.
Briefly, saliva, supragingival plaque and subgingival plaque were used as three classes
and divided into two subclasses according to the sampling populations (periodontitis/
health). After factorial Kruskal-Wallis test among classes and subsequent pairwise
Wilcoxon test between subclasses at the same population with a significance alpha of
0.01 and an effect size threshold of 2, the taxa, which showed highest level of
abundances in one oral habitat, were selected.

Meanwhile, those representative sequences after CD-hit were imported into the
ARB to construct a neighbor-joining tree. Operational taxonomic unit (OTU) was
delineated at 96% similarity level with DOTUR®. Rarefaction analysis (aRarefactWin
software, S Holland, Stratigraphy Laboratory, University of Georgia, Athens, GA,
USA, http://www.uga.edu/strata/software), Shannon diversity index (H’) (R package
2.12.0), as well as Simpson’s diversity index (1-D) and Chaol estimate were calculated
(QIIME). The most abundant sequence of each OTU was selected, imported into the
ARB and inserted into a pre-established phylogenetic tree of the full-length 16S rRNA
gene sequences to generate a phylogenetic tree. The phylogenetic tree, together with
sequence abundance data, was then used for online Fast UniFrac analysis based on a
weighted metric (http://unifrac.colorado.edu/). The most abundant sequence of each
OTU was BLAST searched against the Human Oral Microbiome Database (HOMD)
to find out the nearest neighbor of the OTU (http://www.homd.org/modules.
php?op=modload&name=RNAblast&file=index&link=upload). Relative abun-
dances of OTUs were used for correlation analysis via Matlab R2010a (The
MathWorks, Inc., USA). Redundancy analysis (RDA) was performed using
CANOCO for Windows 4.5 (Microcomputer Power, USA). ROC curves were con-
structed to determine the diagnostic values for periodontitis of key periodontitis-
associated phylotypes or co-occurrence group via SPSS Statistics 21 (IBM, USA). The
area under the ROC curve is the most commonly used index to evaluate the diagnostic
accuracy, with values close to 1.0 indicating high diagnostic accuracy. The points
displaying the largest Youden’s index (sensitivity + specificity - 1) were defined as the
optimal cut-off points.
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