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The oral cavity is one of the most important and complicated
habitats in our body and supports diverse microbial commu-
nities. In this study, we aimed to determine the bacterial diver-
sity and composition of various oral micro-niches. Samples
were collected from supragingival plaque, saliva, and tongue
coating from 10 preschool children (30 samples total). 16S
rRNA gene pyrosequencing dataset generated 314,639 clean
reads with an average of 10,488 + 2,787 reads per sample. The
phyla Firmicutes, Proteobacteria, Actinobacteria, Bacteroi-
detes, and Fusobacteria were predominant, accounting for
more than 90% of the total sequences. We found the highest
a diversity, microbial richness, and evenness in plaque, com-
pared with saliva and tongue coating. Plaque was also dis-
tinguished from saliva and tongue coating by phylogenetic
distances (weighted UniFrac). Taxa with different relative
abundances were further identified, confirming the existence
of microbial differences across the three niches. Core micro-
biomes were defined of each niche; however, only a small pro-
portion of operational taxonomic units (8.07%) were shared
by the three niches. Coaggregation between Actinomyces spp.
and Streptococcus spp. and other correlations among perio-
dontal pathogens, such as Prevotella, Fusobacteria, Capno-
cytophaga, and Tannerella, were shown by a co-occurrence
network. In summary, our study provides a framework of oral
microbial communities in the population of preschool chil-
dren as a baseline for further studies of oral diseases related
to microbes.
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Introduction

The human body is composed of many niches that serve as
unique and complex habitats for microbes to survive or thrive.
Surprisingly, the number of microbes are estimated to equal
human cells, and play important roles in human health (Sen-
der et al., 2016). Two large-scale projects, namely, the Human
Microbiome Project (HMP) and Metagenomics of the Human
Intestinal Tract (MetaHIT), have been initiated to explore
microbial communities and their relationships with their hu-
man hosts (Qin et al., 2010; Human Microbiome Project,
2012a). These projects have opened a promising field of mi-
crobiology for the sake of our ultimate goals: etiological inter-
pretation, prevention, and treatment of diseases (Turnbaugh
et al., 2007; Group et al., 2009; Qin et al., 2010; Gevers et al.,
2012; Human Microbiome Project, 2012b).

The oral cavity is home to over 600 bacterial species with im-
portant implications for oral health and disease (Dewhirst
et al., 2010). However, approximately 35% species still remain
uncultivated (Chen et al., 2010). New methods are needed to
access and identify this vast microbial diversity. In the recent
ten years, the utilization of next-generation sequencing (NGS)
has opened a new era in microbial ecology. High throughput
sequencing of the 16S ribosomal RNA (rRNA) gene as an
NGS method allows for an overview of the communities as
a whole, overcoming the limited views that culture-based te-
chniques offer and has been successfully used in many fields
(Human Microbiome Project, 2012b; Yang et al., 2012; Abu-
sleme et al., 2013; Xu et al., 2015). Also, a method called
“PICRUSt” (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) provides the functional
predictions of the community based on 16S rRNA gene se-
quencing data (Langille et al., 2013).

There are many studies concerning the oral microbiomes
of healthy children. Crielaard et al. (2011) studied the saliva
microbiomes of 3-18-year-old children, revealing that ma-
turation of the microbiome is driven by biological changes
with age. Xin et al. (2013) reported the dental plaque diver-
sity of healthy Chinese Han children aged 6-8 and supported
the existence of a “core microbiome”. Xu et al. (2015) ex-
plored the significantly different microbial communities of
different niches, and the results were consistent with the
results of the HMP (Human Microbiome Project, 2012b).
Meanwhile, oral health also depends on the interplay within
the oral microbial community. The impact of the microbial
community on shifting the balance from health to disease
cannot be understood without a comprehensive view of a
healthy community (Keijser et al., 2008). In this study, we fo-
cused on the supragingival plaque, saliva, and tongue coating
of children (4-5 years old), in an attempt to estimate the de-
tailed microbial composition, species diversity, interplay and
functional prediction among three niches.
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Materials and Methods

Ethical approval

This project was approved by the Ethics Committee at Peking
University School and Hospital of Stomatology (PKUSSIRB-
2012062). Informed consent was obtained from all individual
participants’ guardians included in the study.

Enrollment criteria and sample collection

Ten children aged 4-5 years from Yayuncun No. 2 Kinder-
garten were recruited. They did not have colds or any sys-
temic diseases, or take antibiotics within 3 months prior to
the study. For each subject, supragingival plaque, stimulated
saliva, and tongue coating samples were collected in the mor-
ning before tooth brushing. Altogether, 30 samples were col-
lected. Supragingival plaque was collected from every enamel
surface of each tooth and pooled in a 1.5-ml Eppendorf tube
containing 1 ml TE (50 mM Tris-HCl and 1 mM EDTA; pH
7.6). A total of 1 ml of stimulated saliva was collected in an
empty 5-ml sterile Eppendorf tube. A sterile toothbrush was
used to gently scrape the tongue dorsum from the vallate-
papilla area to the front tongue border. The toothbrush was
then swirled in a 50-ml centrifuge tube containing 10 ml TE.
All samples were immediately frozen at -20°C and stored at
-80°C until DNA extraction.

DNA extraction, PCR amplification, and pyrosequencing

DNA was extracted from each sample using the TTANamp
Bacteria DNA Kit (Tiangen Biotech), following the manufac-
turer’s instructions. DNA purity was evaluated using a Nano-
Drop 8000 Spectrophotometer (Thermo Fisher Scientific).
DNA samples were stored at -20°C until use.

Polymerase chain reaction (PCR) amplicon libraries of the
16S rRNA gene V1-V3 hypervariable regions were generated
for each sample using the universal primers 27F (5'-AGAG
TTTGATCCTGGCTCAG-3') and 534R (5-TTACCGCGGC
TGCTGGCAC-3"). PCR was performed as described in the
manual for the GS FLX Amplicon DNA library preparation
method (Roche). Cycling conditions were as follows: an in-
itial denaturation at 94°C for 3 min, 30 cycles of denatura-
tion at 94°C for 30 sec, annealing at 57°C for 45 sec, exten-
sion at 72°C for 1 min, and a final extension at 72°C for 2
min. No amplification products were observed in the PCR
negative controls. The 16S rRNA gene PCR amplicons were
sequenced on a 454 GS FLX Titanium system (454 Life Sci-
ences).

Bioinformatic analysis

The raw data for 30 samples were analyzed using the QIIME
pipeline (version 1.8.0) (Caporaso et al., 2010). Sequences
were trimmed when the average quality score over a 50 bp
sliding window dropped below 30. Sequences with more than
one barcode mismatch or two primer mismatches were dis-
carded. To retain only high quality reads for downstream an-
alysis, we eliminated reads that were less than 200 bp in length
after quality trimming (Xu et al, 2015). Trimmed reads were
grouped into operational taxonomic units (OTUs) at a 97%
similarity cutoff level under the de novo OTU picking strategy.

Rarefaction curves, a and B diversity were generated using
QIIME scripts.

Bacterial functions were predicted using the PICRUSt algo-
rithm (Langille et al., 2013). Three steps, namely, “normalize
by copy number”, “predict metagenome”, and “categorize by
function”, were taken following the PICRUS tutorial (http://
picrust.github.io/picrust/).
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Fig. 1. Comparison of a diversity and f indices of three oral niches.
(A)-(D) Sequences (5000) were randomly subsampled to obtain an equal
number of sequences from each dataset. Shannon (diversity), Observed
Species (richness), ACE (richness), and Equitability (evenness) are shown
in the box plots. The dot represents the outliers. **P < 0.01, ***P < 0.001.
(E) Phylogenetic distances between samples were calculated via weighted
UniFrac distance matrix. Each square, triangle and circle in the scatter
plot represents each sample from the oral cavity. The percentage of var-
iation is indicated on the axes. Plaque samples has significantly different
weighted UniFrac distance based on ANOSIM, Adonis and MRPP (P =
0.001, Supplementary data Table S4). P, supragingival plaque; S, saliva;
T, tongue coating.



Statistical analysis

The Friedman test with post hoc comparisons was used to
compare a diversity, differential taxa, as well as functional
predictions based on KEGG categories of PICRUSt outputs.
Additionally, the Benjamini-Hochberg procedure was used
to control the false discovery rate in differential taxa calcu-
lation. ANOSIM, Adonis, and MRPP were used to compare
B diversity (Xu et al., 2015). Spearman’s rank correlation
coefficients were calculated between OTUs that could be as-
signed to genera or species. Each OTU abundance was calcu-
lated using the mean abundance of the 30 samples. Network
was generated and analyzed using the Cytoscape software
(ver. 3.2.1). All statistical tests were performed using R soft-
ware (ver. 3.2.0); a p-value < 0.05 was considered to be stat-
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istically significant.

Sequences from this study were submitted to the Sequence
Read Archive (Accession No. SRX1498923, http://www.ncbi.
nlm.nih.gov/sra/).

Results

Overview of the dataset

Supragingival plaque, saliva, and tongue coating samples
were collected from 10 preschool children (Supplementary
data Table S1). To understand the composition and struc-
ture of the microbial communities, we carried out 16S rRNA
gene pyrosequencing on each sample. After processing, we
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Fig. 2. Taxa with different relative abundances among plaque, saliva, and tongue coating samples at the phylum (A) and genus levels (B)-(G). Bars repre-
sent the mean relative abundance (+ SD). P, supragingival plaque; S, saliva; T, tongue coating. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. Heatmap of bacterial gene func-
tional predictions using the PICRUSt
algorithm. Each row refers to a KEGG
level-3 pathway, and each column is a
sample: P, supragingival plaque; S, sal-
iva; T, tongue coating. The color bar on
the right top represents the abundance.
Tropane, piperiding and pyridine alkaloid biosynthesis Unsupervised clustering was performed
Sphingofipid melabolism on different samples, and plaque sam-

Inesitol phosphate metabolism ples were well clustered.
Other glycan degradation

Cell motility and secretion
Flagella assembly
Staphylococcus aureus infection

Valine, leucine and isoleucine degradation
beta-Alanine metabolism

Pertussis
lon channels

obtained 314,639 clean reads with an average of 10,488 *
2,787 reads per sample (Supplementary data Table S2). Not
all of the rarefaction curves plateaued at the current sequen-
cing depth (Supplementary data Fig. S1). The sequences col-
lected in this study provide an overview of the oral micro-
biota. Across the three oral niches, 1,794 OTUs were assigned
at a 97% similarity cutoff. A total of 14 phyla, 22 classes, 40
orders, 70 families, and 109 genera were identified; the pre-
dominant taxa are shown in Supplementary data Fig. S2.

Supragingival plaque had the highest a diversity and a dif-
ferent microbial structure than saliva and tongue coating

A comparison of a diversity across each niche (plaque, saliva,
and tongue coating) using the Shannon index revealed sig-
nificant differences (P < 0.001, Fig. 1A, Supplementary data
Table S3). The plaque samples had the significantly highest
richness (Observed Species and ACE, P < 0.01), while the
tongue coating samples had the significantly lowest richness
(Fig. 1B and C, P < 0.01). Furthermore, we found that plaque
had significantly higher evenness (Equitability) than both
saliva and tongue coating (Fig. 1D, P < 0.01).

To explore whether microbial compositional structure varied
among the three oral niches, weighted UniFrac distances were
calculated. Plaque had significant phylogenetic differences
compared with both saliva and tongue coating (Supplemen-
tary data Table S4). A PCoA plot demonstrated this result
as well (Fig. 1E).

Differential taxa and metabolic pathways

A total of 14 phyla were observed in this study. Five phyla -
Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and
Fusobacteria — were predominant in all niches, accounting
for more than 90% of the total sequences (Supplementary data
Fig. S2). Although the composition of phyla in each niche was
similar, the relative abundance varied (Fig. 2A). The plaque
samples harbored a higher proportion of Actinobacteria, while
Firmicutes were the most abundant in saliva and tongue coa-
ting. It is worth mentioning that the relative abundances of
Firmicutes and Fusobacteria were significantly different across
the three niches. Similarly, genera with different abundances
were identified and belonged to six phyla (Fig. 2B-G). The
abundances of Corynebacterium, Atopobium, Capnocytophaga,
Streptococcus, Selenomonas, Granulicatella, and Lautropia
were significantly different across the three niches. Paludi-

bacter and Staphylococcus were unique in plaque and saliva
samples, respectively (Fig. 2C and D).

We also predicted metagenomic functions based on 16S
rRNA gene using the PICRUSt algorithm (Langille et al.,
2013). OTUs were picked and their functions were predicted
from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. Of all the 328 third-level KEGG pathways tested,
11 pathways differed in abundance across supragingival pla-
que, saliva and tongue coating (Fig. 3, Friedman test follow-
ing Benjamini-Hochberg correction, P < 0.05). Only “Staphy-
lococcus aureus infection” and “Ton channels” were enriched
in saliva; the remaining 9 pathways were enriched in supra-
gingival plaque compared to saliva and tongue coating. To
assess the accuracy of PICRUS, the Nearest Sequenced Taxon
Index (NSTI) was calculated. The NSTI score of our data
was 0.07 + 0.04 s.d., indicating a well prediction by PICRUSt
(Langille et al., 2013).

Core microbiomes were relatively niche-independent

Despite the inter- and intrapersonal variabilities observed
across niches, overlaps of microbiota still existed. The core

Fig. 4. Core microbiomes of supragingival plaque, saliva, and tongue co-
ating. The Venn diagram shows the shared and unique operational taxo-
nomic units (OTUs) of each oral bacterial community. The core micro-
biome in this study was defined as OTUs that were detected in at least
80% of the samples from each oral niche. A total of 161 OTUs were found,
but only a small proportion of OTUs (13) were shared by all three niches.
P, supragingival plaque; S, saliva; T, tongue coating.
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microbiome was defined as the OTUs present in at least
80% of subjects in each oral niche and 161 OTUs were re-
tained (Fig. 4, Supplementary data Table S5). Analysis of the
core microbiome revealed only a small proportion of over-
lap (8.07%, 13 OTUs). The 13 shared OTUs belonged to the
genera Streptococcus, Veillonella, Granulicatella, Porphyro-
monas, Prevotella, and Fusobacterium. Xu et al. (2015) sug-
gested that the core oral microbiome is better defined based
on oral niches. The core saliva microbiome had the greatest
number of OTUs (106), compared with plaque (86) and
tongue coating (60).

A co-occurrence network of plaque, saliva, and tongue coating

A total of 1190 OTUs were assigned to the genus or species
level. OTUs with an average relative abundance < 0.001
were filtered. Correlation networks of co-occurring micro-
organisms permit a visual summary of a great deal of infor-
mation. By calculation and then visualization of Spearman’s
correlations between these OTUs across plaque, saliva, and
tongue coating, we identified a co-occurrence network of
25 OTUs with 47 positive correlations (indicating symbiotic
relationships between species) and four negative correla-
tions (indicating oppositional relationships or colonization
resistance between species) (Fig. 5) (Zhang et al., 2014). Pre-
votella sp. (OTU852) had the most linkages. Each Actino-
myces species (orange node) was correlated with one Strep-
tococcus species (green node) or more.

Discussion

In China, with the improvement of living standards, oral
health is receiving more and more attention. From the mo-
ment a baby passes through the birth canal and takes its
first breath, microbes begin to reside in its mouth (Viorica
Chetrus, 2013). The oral cavity harbors over 600 bacterial
species that play important roles in homeostasis (Dewhirst
et al., 2010; Belda-Ferre et al., 2012; Xu et al., 2015; Xiao et
al., 2016). An understanding of the normal oral flora pro-
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Fig. 5. Co-occurrence networks of OTUs in supra-
gingival plaque, saliva, and tongue coating samples.
OTUs that could be assigned to genera or species
and whose relative abundances were > 0.001 were
retained. Spearman’s correlation coefficients (SCC)
were calculated between these OT'Us. Each node rep-
resents one OTU, and the size of the node reflects
the average relative abundance. The edge between
two nodes represents significant correlations (|]SCC|
> 0.8, P < 0.05); blue and red edges indicate posi-
tive and negative correlations, respectively.
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vides the possibility for an explanation of the etiology of oral
diseases related to microorganisms. The predominant phyla
of our dataset are generally in agreement with previous stu-
dies (Supplementary data Fig. S2) (Ling et al., 2010; Crielaard
et al., 2011; Xu et al., 2015). The bacterial abundances and
distribution structures of plaque were different from those
of saliva and tongue coating, which probably lie in the gra-
dients and variations in physico-chemical features at diffe-
rent sites, such as moisture, oxygen concentration and pH
(Simon-Soro et al., 2013).

Bacteria in biofilms on tooth surfaces, what we call “dental
plaque” today, were first detected under the microscopes of
Antony van Leeuwenhoek in the 17th century (He and Shi,
2009). Plaque development is a complex process and begins
on the tooth surface immediately after cleaning. With the
formation of a salivary pellicle, initial colonizers start to at-
tach to the pellicle. Initial colonizers consist mainly of gram-
positive cocci and rods, and some gram-negative cocci and
rods, including Corynebacterium, Streptococcus, Actinomyces,
Neisseria, and Veillonella, which predominate the microbes
in the plaque (Supplementary data Fig. S2) (Marsh, 2004).
Plaque samples in this study were at this stage, because the
subjects brushed their teeth three times a day and the time
in between was not sufficient for plaque to become mature.
Plaque at this stage was able to withstand swallowing, che-
wing, and saliva flow. The highest microbial diversity, rich-
ness, and evenness were identified in plaque samples com-
pared with saliva and tongue coating (Fig. 1), suggesting that
dental surfaces provide a more ideal place for bacteria and
biofilms to grow and reproduce. This finding is consistent
with the result of the HMP (Human Microbiome Project,
2012b).

The oral cavity is almost constantly flushed with saliva.
Saliva is thought to have a significant impact on the colo-
nization of microorganisms (Avila et al., 2009). The flow-
ing property makes the salivary microbiome more dynamic
than those of plaque and tongue coating. Fabian et al. hy-
pothesized that microorganisms attached to the teeth and
tongue are continuously shed into the salivary fluid, and
bacteria residing in the periodontal pockets are constantly



I 536 Renetal

washed into saliva by the gingival crevicular fluid, making
saliva a reservoir of oral microbiota and a fingerprint of the
entire oral microbiome (Fabian et al., 2008). However, Simdn-
Soro et al. believed that saliva could not represent the whole
oral microbiome (Simon-Soro et al., 2013). We found that
the richness of the salivary microbiome is less than that of
supragingival plaque (Fig. 1); this could be explained by the
antimicrobial property of saliva (Tenovuo, 2002).

Consistent with the study of Simén-Soro et al., tongue co-
ating had a similar microbial structure to that of stimulated
saliva (Fig. 1) (Simon-Soro et al., 2013). Most of the core
tongue coating microbes were from the genera Streptococcus,
Veillonella, Prevotella, Actinomyces, and Porphyromonas,
which are facultative or obligate anaerobes (Fig. 4 and Sup-
plementary data Table S5). The tongue dorsum is a relati-
vely large surface area with a papillary structure that pro-
vides an anaerobic microenvironment, retaining consider-
able habitats for these bacteria to live in (Donaldson et al.,
2005)

Different species live together as communities and species
within these communities perform interrelations with others.
The co-occurrence network presented in this study provides
novel insight into the microbial associations across plaque,
saliva, and tongue coating. Actinomyces are among the pre-
dominant bacteria in the oral microflora. The Embden-Mey-
erhof-Parnas (EMP) pathway, in which glucose is degraded
into pyruvate, and, under anaerobic conditions, further de-
graded into lactate, formate, and acetate, is shared by Acti-
nomyces (Takahashi and Yamada, 1999). Lactate and for-
mate could be utilized as substrates by Campylobacter for
energy production (Shaw et al., 2012). This was reflected by
the positive correlation between Actinomyces and Campy-
lobacter in the co-occurrence network (orange and purple
nodes in Fig. 5). Meanwhile, Streptococcus spp. as another
predominant species, were reported to have coaggregation
properties with Actinomyces spp. (Kolenbrander et al., 2002)
and were also identified with positive correlations (green and
orange nodes in Fig. 5). Capnocytophaga spp. are commensal
species as opportunistic pathogens, depending on the im-
mune status of the patient. These bacteria isolated from the
oral cavity are responsible for periodontal infections. In the
co-occurrence network, other periodontal pathogens, namely,
Prevotella sp., Fusobacterium, and Tannerella sp. together
with Capnocytophaga ochracea and Capnocytophaga sp., cor-
related tightly (blue, pink, red, and yellow nodes in Fig. 5).
This complex may become pathogenic when immunological
functions are suppressed. Further experiments are needed
to verify this hypothesis.

Microbial diversity changes in supragingival plaque, saliva,
and tongue coating are thought to be associated with oral
diseases. For example, a trend of decreased microbial diver-
sity was found in the supragingival plaque samples of chil-
dren with early childhood caries (Xu et al., 2014). Caries saliva
microbiomes were significantly more variable in community
structure than healthy ones (Yang et al., 2012). Tongue coat-
ing microbiomes with oral malodor were more conserved
than healthy tongue coating (Yang et al., 2013). Aside from
microbial diversity, disease-associated bacteria were also
identified in the studies mentioned above. However, these
conclusions need to be confirmed by other experiments, and

attempts should be made to find “marker microbiota” of cer-
tain diseases. Because the samples in this study were all col-
lected non-invasively, it has good prospects to be applicable
for predicting or diagnosing disease in clinical practices.

In summary, this study provides a comprehensive micro-
bial analysis of three oral micro-niches in a population of
preschool children and the essential groundwork for future
studies on how the oral microbiome associates with health
and disease. Although functional profiles were predicted,
further studies on genetic and metabolic differences of oral
niches via metagenomics are still needed to verify these
findings.
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