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The human microbiome project (HMP) promoted further understanding of human oral microbes. However, research on the human
oral microbiota has not made as much progress as research on the gut microbiota. Currently, the causal relationship between the
oral microbiota and oral diseases remains unclear, and little is known about the link between the oral microbiota and human
systemic diseases. To further understand the contribution of the oral microbiota in oral diseases and systemic diseases, a Human
Oral Microbiome Database (HOMD) was established in the US. The HOMD includes 619 taxa in 13 phyla, and most of the
microorganisms are from American populations. Due to individual differences in the microbiome, the HOMD does not reflect the
Chinese oral microbial status. Herein, we established a new oral microbiome database—the Oral Microbiome Bank of China (OMBC,
http://www.sklod.org/ombc). Currently, the OMBC includes information on 289 bacterial strains and 720 clinical samples from the
Chinese population, along with lab and clinical information. The OMBC is the first curated description of a Chinese-associated
microbiome; it provides tools for use in investigating the role of the oral microbiome in health and diseases, and will give the
community abundant data and strain information for future oral microbial studies.
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INTRODUCTION

With the development of microbiome research in recent years,
studies have found that the human microbiome is closely related
to systemic diseases.'™ At the end of 2007, the National Institutes
of Health (NIH) launched the Human Microbiome Project, which
aimed to resolve microorganisms by mapping the genomes of five
major parts of the human body (buccal, nasal, vaginal, gut and
skin microbiomes).>® The oral microbial community and oral and
systemic health are closely related; they can not only induce
dental caries, apical periodontal disease, periodontal disease,
pericoronitis, oral mucosal disease and other oral diseases but also
many systemic diseases.””?

Based on the clinical features of oral disease diagnosis and
treatment, the oral microbiome has more advantages than other
parts of the body in terms of convenience, ease of operation and
number of patients. Currently, the Human Oral Microbiome
Database (HOMD, http://www.homd.org) includes 619 taxa in 13
phyla, 65% of which can be cultured in the laboratory.”>'* The
human oral cavity is a complex ecological niche, containing both
exfoliated surfaces (mucosa) and non-shedding solid surfaces
(tooth surfaces), and contains fluid saliva. Therefore, the oral
microflora colonised on different surfaces have significant spatial
specificity.’>'® In the process of individual development and
growth, the oral microbiome changes dynamically; as age
increases and dentition changes, physiological changes occur in
the oral microbiome and the composition of microorganisms in
different age groups has large specificity.>'*'” Keijser et al. found
that oral microorganisms covered 318 genera of 22 phyla, 5600
and 10,000 of which were colonised in saliva and plaque,
respectively.'>®1°

As early as 1891, Miller proposed the theory that oral lesion
infection may cause a variety of systemic diseases due to oral
microorganisms entering other parts of the body through oral
infection.?® In recent years, with in-depth study of the micro-
biome, the correlation between the oral microbiome and various
systemic diseases has gradually been confirmed, including
digestive system diseases, cardiovascular diseases, tumours,
premature birth, diabetes and rheumatoid arthritis (RA).”*'"2° It
has been reported that increased intracellular C-reactive protein
levels caused by bacterial infections in the mouth have an
important correlation with the development of atherosclerotic
vascular disease.’®%” C-reactive protein levels in saliva can predict
the occurrence of acute myocardial infarction, which will benefit
the early diagnosis and control of disease.?®?° Lactobacilli and
Streptococci, which are closely related to dental caries, are
involved in the pathogenesis of infective endocarditis.>**' Among
them, the early colonisation of oral biofilm—Streptococcus
sanguinis in patients with the highest detection rate of the
endocardium—and endocarditis are closely related to the
occurrence and development of infective endocarditis.3**>
Currently, the pathogenesis occurs with the formation of
thrombus-like processes on the surface of normal vascular
endothelial cells, promoting bacterial adhesion, which in turn
leads to infection.>**> Researchers found that the expression of
Streptococcus gordonii virulence-associated factor was significantly
increased in the process of endocardial infection, which may play
a vital role in the endocarditis model.3>3% In patients with severe
periodontal infection, the oral microbiome interacts with the
immune system in a complex manner, producing persistent
chronic inflammation, and some oral microbes can also enter the
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bloodstream.?**”73 A large number of studies have confirmed
that diabetes and chronic inflammation in the human body
related to periodontitis can lead to systemic inflammatory
cytokines, such as cytokines tumor necrosis factor (TNF)-q,
interleukin (IL)-1B and IL-6, and can increase the body's oxidative
stress, affecting insulin sensitivity and glucose metabolism 38403
Human chronic inflammation caused by periodontal microbial
infections is likely to be one of the mechanisms that contributes to
the development of diabetes.'>**™® Moreover, a recent study
showed that periodontal pathogens involved in the occurrence of
RA also exhibit a certain correlation.*” Actinobacillus actinomyce-
temcomitans can induce the dysregulation of protein arginine
deiminase (PAD) activity in host neutrophils by the secretion of
toxin P or toxin A (LtxA), leading to a high degree of citrullination
of proteins in neutrophils and the formation of autoantigens.*®
LtxA also alters neutrophil morphology, mimicking neutrophil
extracellular trapping nets and causing neutrophil lysis, eventually
releasing massive citrullinated antigens.***° Unlike Porphyromo-
nas gingivalis, which synthesises bacterial PAD, Actinobacillus
actinomycetemcomitans induces autoantigen formation by indu-
cing endogenous PAD activity, leading to the formation of anti-
citrullinated protein antibodies (ACPA) and rheumatoid factor and
the development of RA3%*° In addition, the oral microbiome may
also serve as a ‘fingerprint’ for the development and treatment of
RA>" A recent study found that there is significant ecological
imbalance in the oral microbiome of patients with RA, which can
be recovered by the treatment of RA. Based on a metagenomic
association analysis between the oral and gut microflora, a
diagnostic classification model of the human population in the
diagnosis of healthy people and RA patients was built with a
diagnostic accuracy of nearly 100%, suggesting that the oral
microorganism group is linked to the occurrence, development
and prognosis of RA.”’

The human oral microbiome constantly interacts and evolves
with human body, and the composition of the human oral
microbiome varies greatly in different ethnicities and regions;
studying the oral microbiome in the Chinese population is
indispensable. Given the importance of the oral microbiome and
with the aims to further study the Chinese oral microbiology
group and serve oral microbiology researchers in China, the first
goal of this study was to develop a provisional taxonomic scheme
for unnamed Chinese oral bacterial isolates and phylotypes and
provide this information in an online publicly available database,
namely, the Chinese Oral Microbiome Bank of China (OMBC)
(http://www.sklod.org/ombc). The second goal was to analyse the
16S rRNA gene oral clone sequences to determine the number of
clones observed for each Chinese oral taxon and to identify
additional taxa that were not included in the initial setup of the
OMBC.

RESULTS

Overview of the online database

The Chinese Oral Microbiome Database has two main parts
currently; one component is bacterial strain information in the
Chinese population, which is based on the 165 rRNA gene
sequences that were used to define individual Chinese oral taxa
and create the taxonomic structures in the database. The other
component is clinical sample information, which was obtained
through second-generation sequencing and multi-omics analysis
to collect biological information on samples for correlation
analysis.

Currently, information on a total of 289 bacterial strains was
stored in our online database, and we also collected multi-
dimensional characteristics of the bacterial strains by identifying
their biochemistry and molecular properties. At the time of
writing, the online database contained 60 (20.76%) 16S rRNA-
sequenced bacterial strains, 102 (35.29%) of which had
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biochemical evidence and 117 (40.48%) of which had biochemical
descriptions. A detailed exhibition of the phylogenies of the 289
bacteria can be seen in the phylogenetic tree (Fig. 1). The
evolutionary tree was inferred using the Neighbour-Joining
method.> The bootstrap consensus tree inferred from 1000
replicates was assumed to represent the evolutionary history of
the analysed taxa.>®> Branches corresponding to the partitions
reproduced in less than 50% bootstrap replicates are collapsed.
The evolutionary distances were computed using the Kimura 2-
parameter method®* and are in the units of number of base
substitutions per site. The name of each bacteria is followed by its
designated OMBC accession number. An overview of the
phylogenetic distribution of these 289 bacteria is shown in
Table 1. Three phyla, Firmicutes, Proteobacteria, Actinobacteria,
contain ten families, Micrococcaceae, Actinomycetaceae, Neisser-
iaceae, Enterobacteriaceae, Pseudomonadaceae, Moraxellaceae,
Staphylococcaceae, Lactobacillaceae, Streptococcaceae and Veillo-
nellaceae. It is remarkable that all the 289 bacteria have been
cultured and phenotypically analysed, including their colony
colonial morphology, Gram staining, and image recording through
a scanning electron microscope, transmission electron microscope
and laser confocal microscope (Fig. 2). Furthermore, our database
supports views, queries and Basic Local Alignment Search Tool
(BLAST), and free downloads of the information on bacterial
strains are available. New services, such as a comprehensive
analysis system and bacterial strain application system, are under
development.

Web-accessible functions

The upper navigation menu provides entries for each of the
functions of the database. Registration and login functions are
located at the upper right. A quick start of the database view and
database query are located in the middle of the page, following
the overall statistics of the data sets, which is updated real-time
(Fig. 3a).

The layout of the view database page contains a search module
and list of bacteria by taxa ID. Bacterial information can be
searched using a keyword, and the search results can be listed in
ascending or descending order by genus, family or order. The
results are listed by four main variables, including unique taxa ID,
separate no., bacteria name and disease association status.
Clicking on the taxa ID or separate ID will lead to the detailed
information page of a particular bacterial strain. Clicking each of
the keywords (underlined phrase) of the bacterial strain name and
health association status column within the result list can trigger a
new set of results in the same category with the same keyword. A
very convenient function is to determine bacterial strains that
have the same characteristics (Fig. 3b). Clicking on the bacteria
library ID or separate ID leads to the detailed information page of
a particular bacterial strain, and this page displays the most
important characteristics of the bacterial strain, which includes the
following fields:

Bacteria_Library_Id/Separate_Id: The official library ID and

original separate ID of the isolated microorganisms.

Bacteria_Name: The name of the isolated microorganisms in

both Latin and Chinese.

Description: Description of the physiological characteristics of

the isolated microorganisms.

Kingdom/Phylum/Class/Order/Family/Genus: The official biolo-

gical classification of the isolated microorganisms.

Separate_Method/Separate_Source: The separate method and

source of the isolated microorganisms.

Identify_Method: The method used for the identification of the

isolated microorganisms.

Relativity_Healthy: The health status of the individuals from

whom the isolated microorganisms were isolated from.

Haemolysis/Gram_Stain/H202_Enzyme/Oxidase: The metabolic

abilities of the isolated microorganisms.
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Evolutionary relationships of cultured bacteria. All positions containing gaps and missing data were eliminated. There was a total of

Fig. 1
1255 positions in the final data set. Evolutionary analyses were conducted in MEGA7

16S_Sequence/Molecule_Confidence: The sequence of 16S
rRNA and the identity of the 16S rRNA sequence.

DISCUSSION
Currently, aside from traditional microbiome research techniques,

many new high-throughput analytical techniques have been
developed and adopted in modern microbiome metagenomic
studies. We now have a completely new understanding of oral

microbes from analysing the characteristics of the oral micro-
biome samples of twins,***>°® newborns,*”*® infants>>®® and
children,®'"** adolescents,®>%® adults,**”%° and the elderly.”®72
The new concept of the ‘oral core microbiome’ suggests that this

phenomenon should be personalised in accordance with the

International Journal of Oral Science (2018) 10:92-101

ecological characteristics of the oral environment in certain
populations at different ages or grades of disease.'>'®3%73 By
monitoring the dynamic changes in the structure and function of
microorganisms, the relationship between oral bacterial flora and
these diseases, such as periodontal disease®?’*’®> and lichen

planus,”%”7 was revealed.
By studying the oral microbiome of patients with systemic

diseases, the role of the oral microbiome in the occurrence
and development of systemic diseases (leukaemia,*>’® head
and neck cancer,””®" HIV2*® diabetes,*** etc) was clarified.
Chinese researchers also proposed that the microbial indices
of caries, the microbial indices of gingivitis (MiG) and the
relative microbial recovery indices were used to evaluate gingival
health care programmes based on the distribution pattern of
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Table 1. Phylogenetic distribution of 289 bacteria in the Oral Microbiome Bank of China
Phylum/Number Class/Number Order/Number Family/Number
NULL 195 NULL 195 NULL 195 NULL 195
Actinobacteria 22 Actinobacteridae 22 Actinomycetales 22 Micrococcaceae 3
Actinomycetaceae 19
Betaproteobacteria 5 Neisseriales 5 Neisseriaceae 5
Enterobacteriales 4 Enterobacteriaceae 4
Proteobacteria 12 Gammaproteobacteria 7 Pseudomonadales 3 Pseudomonadaceae 1
Moraxellaceae 2
Bacillales 5 Staphylococcaceae 5
Firmicutes 60 Bacilli 57 Lactobacillaceae 2
Lactobacillales 52
Streptococcaceae 50
Clostridia 3 Clostridiales 3 Veillonellaceae 3
T
NS ) %
.&\ \ : ;

Fig. 2 Phenotypic records of a cultured microorganism, a Streptococcus mutans strain (COCC139), are shown. a Separated microbe on a mitis-
salivarius (MS) agar plate. b Different colony forms on a blood agar plate. ¢ Gram staining. d Scanning electron microscopy. e Transmission
electron microscopy. f Observation of extracellular polysaccharides (red) and bacterial cells (green) by confocal laser scanning microscopy

bacteria in different sites within the oral cavity. The potential role
of oral microbes in the diagnosis and prognosis of systemic
diseases was demonstrated through applications in studies
on RAO®

The oral cavity is an interactive environment. Oral diseases, such
as oral lichen planus and oral cavity cancer, are closely related to
oral microorganisms. Therefore, it is of great significance for multi-
factor studies on oral diseases to construct a comprehensive oral
microbial database. By combining the clinical data of oral
microbial communities and the microbiological metagenomics
data of healthy and Chinese patients from multiple regions,
ethnicities and ages, the OMBC was established, and clinical
samples were collected, isolated and identified. The OMBC is the
first publicly available HOMD for the Chinese population. More-
over, the OMBC has several key features. First, this well-organised
database was built according to industrial standards for maximum
expansion and migration capacity, and regulations regarding
microbial data management were established. Second, the OMBC
contains all kinds of metadata, such as 16S rRNA sequencing data

SPRINGERNATURE

and key property information on the microbiome, and can
compare bacterial 16S rRNA sequences and predict oral microbial
classifications and related clinical information based on clinical
sample gene sequences. Third, the taxa ID that we created can be
used as a unique identifier of the Chinese oral microbiome to
facilitate connections and communication among different
studies. Fourth, all data can be filtered and sorted in many
precise methods to maximise query efficiency. Lastly, all of the
data can be downloaded freely via our website.

However, there are still many limitations of our database. The
current quantity of the microbiome is to be improved as more
samples and data are collected continuously. Additional registries
will make this database more useful for future multi-centre studies
and will more accurately reflect the overall distribution and
evolution trends of the microbiome of the Chinese population. In
addition, we also plan to expand our data dimension by adding
more detailed data and external data in addition to the current
data sets. In the meantime, we will improve data quality.

International Journal of Oral Science (2018) 10:92-101
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Fig. 3 Description of the functions of the database. a Layout of the Oral Microbiome Bank of China homepage; b Layout of the query and

view database page; ¢ and d BLAST function and result page

To improve the visibility and usability of the OMBC, we are
working to carry out extensive big data studies with the database
to obtain more profound insights into the oral microbiome, such
as interaction networks among bacteria. It is also our mission and
responsibility to build this database into a national platform as an
important component of the world microbiome field and to
benefit global microbiome investigators. The characteristics and
commonality of microbiome-related phenomena are receiving
more and more attention. Understanding microbiomes closely
related to humans helps us better understand human beings, and
comprehensive studies on the microbiome help with the
prevention, diagnosis and treatment of many major human
diseases in modern precision medicine.

MATERIALS AND METHODS

Collection and transport of samples

Collection of saliva samples. Unstimulated salivary samples were
collected as described previously, which was followed by a gentle
rinse with warm water to remove the food residue. In addition,
0.5-1.0mL of naturally secreted saliva was collected, or saliva
samples in the oral cavity were absorbed directly by the sterile
pipette tips of a micro-concentrator.

Collection of plaque samples. Plaque samples were collected in
different ways depending on different clinical requirements and
purposes. Plaque indicators were used to display plaque for some
collections. Before sample collection, subjects gargled with warm
water to remove food residue in their mouths. Then, sterile gauze
or a yarn ball was used to isolate saliva and collect plaque samples
or decayed materials. A sterile probe was used in the collection of
plaque in the occlusal surface fissure. Adjacent surface plaque
samples were collected with both a sterile probe and dental floss

International Journal of Oral Science (2018) 10:92-101

or with a fine wire used in orthodontics. A sterile curette was used
in the collection of root surface plaque samples. Plaque samples
on the gum or gingival margin were collected by a spoon scaler.

Collection of other infection samples. Infection samples were
generally sampled with sterile cotton swabs. A purulent fluid
sample of the periodontal abscess was collected with sterile
syringes. The tissue pieces in the alveolar socket were generally
collected as samples of dry sockets developed after tooth
extraction.

Collection of oral mucosal diseases samples. White membrane
materials were collected with curettes or cotton swabs. To collect
quantitative samples, filter papers with a particular area are used.

Sample delivery. Among oral clinical specimens, the detection of
specimens of fungus, aerobic bacteria and general facultative
anaerobic bacteria were cotton swab-sampled and sent in sterile
tubes directly. For the detection of most anaerobic bacteria or
microaerophilic bacteria, samples were sent to the laboratory as
soon as possible in an anaerobic way. In addition, a pus or saliva
sample was inserted directly into the needlepoint sterile rubber
stopper of a syringe needle tube for transport; most of the
samples were put in the prereduction of anaerobic culture media
and transported to the lab after immediately acquisition in order
to reduce the death of bacteria that were sensitive to oxygen in
the carrying process. Vaccination beside the chair and anaerobic
delivery were used to improve the detection rate of obligate
anaerobic bacteria. For clinical specimens that could not be
inspected in a timely manner or delivered over a long distance,
anaerobic bags (commercially available) or prereductions of
liquid spiral tubules stamped with liquid paraffin were used for
delivery.

SPRINGER NATURE
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Dispersion and dilution of samples

Oral clinical infection is generally a mixed infection of many
bacteria, with mixed species and varying quantities of bacteria in a
concentrated plaque mass. Thus, an oral clinical specimen is
usually required for inoculation after decentralised processing and
dilution to achieve a single colony of pure culture.

Sample dispersion. Generally, two methods, named spiral vortex
oscillation and ultrasonic dispersing, are adopted.

Sample dilution. Oral clinical samples are mixed bacterial
infection samples, with mixes in the number and variety of
bacteria. Therefore, proper concentrations of diluent dilution are
required before vaccination to obtain a single colony after the
sample dispersion process. The transporting fluid can be used as a
diluent, and a phosphate buffer with a pH value of 7.2 is also
available. Ten-times dilution series are usually used. Under an
aseptic operating status, a specimen liquid of 0.1 mL is added to
0.9mL of diluent, and 0.1 mL of mixture after the diluent is
thoroughly incorporated (107") is added to a tube containing
0.9 mL of diluent for blending. According to the above method,
10-times dilution series are achieved. Due to differences in sample
bacteria, different samples have different diluted concentrations,
such as a saliva sample dilution degree of 107 *~10"5, a gingiva
groove plaque dilution of 107'~1072 and a plaque collection
dilution of 1073~10>.

Inoculation and incubation of samples

In addition, to select the appropriate medium before inoculation,
vaccination dilution degrees, inoculation method and incubation
environment, and times must be established according to the
specimen type, purpose and microbial species.

Selection of the medium. The basic media commonly used for
oral bacteria include cardio-cerebral immersion medium, pancrea-
tic enzyme-hydrolysed soy agar (Trypticase soy agar) and Tryptone
yeast extract agar medium. These media can be used to cultivate
most bacteria in oral samples. Approximately 5% of fibre blood
serum (or 5% serum) and chlorinated haemoglobin and vitamin
K1 were supplied to the culture medium for some obligate
anaerobic gram-negative bacterium. To train general aerobic and
facultative anaerobic bacteria, ordinary medium containing blood
agar was used.

Inoculation of samples. The spread method, drop method and
spiral vaccination method were adopted for oral clinical bacteriol-
ogy samples, which makes the appropriate dilution degrees of the
specimen solution and quantitative inoculation on the agar plate.

Incubation of samples. For a medium that has received clinical
samples, its incubation conditions are determined according to
the requirements of cultivation, including atmospheric conditions,
temperature and time. Oral clinical specimens, such as an infected
root canal, pericoronitis infection after tooth extraction and
samples under the gums of periodontitis plaque, whose main
characteristics are mixed bacterial infection, are generally involved
different atmospheric conditions with a variety of microorganisms
with their respective characteristics. An anaerobic culture contain-
ing 80 Ny, 10 CO;, and 10% H, at atmospheric conditions with a
temperature of 37 °C and a time of 48-72 h was used to grow the
bacteria. Some bacteria in the mouth, such as Treponema, were
trained in the anaerobic environment for approximately 1 week.
Common anaerobic incubation devices include an anaerobic
glove box, anaerobic incubation and anaerobic bag.

Smear and stain

Smear test and slide stain are basic techniques for the
identification of microbes, and they are primarily used for
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morphological observation. A combination of smear and stain
tests is widely used in oral microbial research for differentiating
spirochaete, bacteria, fungi and protozoa and to identify specific
cellular structures, including spores, capsules and flagella. There-
fore, we used a direct smear test and stained smear test under a
microscope for cellular morphological examination, including
gram staining and Congo red staining.

Growth characteristics and identification

Phenotypic organism identification is the most basic and
important part of microbiology. The classical method for bacterial
identification is to observe the phenotypic characteristics on a
foundation of pure bacterial culture, including colony character-
istics (size, colour, shape, etc.), cell characteristics (size, shape,
arrangement and dying), special structure (with or without spores,
capsule and flagellum), culture characteristics (sensitivity to oxygen,
optimum growth temperature and pH, requirements for nutrients
and growth factors, etc) and metabolites. Berkey’s Manual of
Systemic Bacteriology, which is an authoritative reference book for
bacterial isolation, is the reference for the growth characteristics of
bacteria. Bacterial colony morphology includes size, colour, shape,
growth patterns and characteristics. Haemolytic reaction is one of
the basic characteristics of bacterial identification. Some bacteria
can produce a haemolytic reaction, whereas some produce
pigmentation; this test has been used for differentiation; some
bacteria produce gas and some bacteria exhibit their own growth
patterns, such as the migration of Proteus growth.

Biochemical tests

Biochemical tests are an important microbial identification
method. Routinely, biochemical tests include the carbohydrate
fermentation test, methyl red test, citric acid utilisation test and
hydrogen sulphide production test. The micro-biochemical test
reaction plate we used included 30 biochemical matrixes and
relevant biochemical test indicators, phosphate-buffered saline, a
bacterial turbidity standard tube and eight identification series
and was used in a VITEK-2 COMPACT.

Molecular method

The 16S rRNA gene was used as the standard for the classification
and identification of microbes because it is present in most
microbes and shows proper changes. Type strains of 16S rRNA
gene sequences for most bacteria and archaea are available in
public databases (GenBank).

DNA extraction and sequencing

Total DNA was extracted from collected samples from each
respective host. The barcoded 165 rRNA amplicons® (V1-V3
hypervariable region) of all samples were sequenced on using a
Roche 454 FLX Titanium. Pg/rosequencing data were analysed
using scripts from MOTHUR,®” QIIME,® and custom R scripts. All
raw sequences were deposited at the OMBC.2°

16S rRNA alignment

All bacterial 16S rRNA gene sequences that we believe represent
oral taxa and named human oral species in GenBank were
entered. Evolutionary analyses were conducted by exporting
aligned sequences from our database in MEGA7.%° Phylogenetic
trees were made using the Neighbour-Joining method.> Boot-
strapping was performed using 1000 replicates.>?

Database and web design

The backbone of our platform is an industrial standard LAMP
system (Fig. 4). Linux (CentOS) provides maximum stability and a
multithread computation environment as the operating system;
Apache provides the most important and fundamental function as
the web service; MySQL works as the relational database, and PHP
is adopted for dynamic web page rendering. PHP is also used to
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Fig. 4 Description of the essential elements and main methodology used in the establishment of the OMBC. The backbone of the database is

the LAMP model

code the common gateway interface to the relational database.
Our database can be accessed via the URL: http://www.sklod.org/
ombc

Curation

The project investigators P.X,, Z.X,, XX, LY, LY, LJ, SX, HS., XJ.
and L.G. carried out the curation of the database. These
investigators reviewed each item on the taxon description page.

Service and function

The database and query and statistical functions deployed were
designed and developed according to the suggestions of more
than 20 professionals in microbiome research with more than 10
years of expertise in this field. The key features of our database
include the following. (1) The database has been designed with a
user friendly interface. Users can start using the core functions
immediately without professional training. (2) The back-office
management system provides add, delete and modify record
functions for administrators. We plan to make the system a public
platform that enables users to upload their own bacterial strain
information in the near future. (3) Query provides statistical
functions that can efficiently analyse the trends and distributions
of each variable of the data set as a whole. (4) Export and backup
functions plus a complete restoration mechanism ensure data
security and integrity.

ACKNOWLEDGEMENTS

This work was supported by the National Key R&D Program of China
(2017YFC0840100 and 2017YFC0840107), the Key Project for Frontier Research of

International Journal of Oral Science (2018) 10:92-101

Science and Technology Department of Sichuan Province (2016JY0006 to X.Z.), and
the National Natural Science Foundation of China (81670978 and 81430011 to X.Z,
81470746 and 81772275 to G.L, 81700963 to X.P).

ADDITIONAL INFORMATION

Competing interests: The authors declare no competing interests.

REFERENCES

1. Schmidt, T. S. B., Raes, J. & Bork, P. The human gut microbiome: from association
to modulation. Cell 172, 1198-1215 (2018).

2. Ferreiro, A, Crook, N. Gasparrini, A. J. & Dantas, G. Multiscale evolutionary
dynamics of host-associated microbiomes. Cell 172, 1216-1227 (2018).

3. Byrd, A. L, Belkaid, Y. & Segre, J. A. The human skin microbiome. Nat. Rev.
Microbiol 16, 143-155 (2018).

4. Kundu, P., Blacher, E., Elinav, E. & Pettersson, S. Our gut microbiome: the evolving
inner self. Cell 171, 1481-1493 (2017).

5. Lloyd-Price, J. et al. Strains, functions and dynamics in the expanded Human
Microbiome Project. Nature 550, 61-66 (2017).

6. Turnbaugh, P. J. et al. The human microbiome project. Nature 449, 804-810
(2007).

7. Furquim, C. P. et al. The salivary microbiome and oral cancer risk: a pilot study in
Fanconi Anemia. J. Dent. Res 96, 292-299 (2017).

8. Johansson, I, Witkowska, E., Kaveh, B., Lif Holgerson, P. & Tanner, A. C. R. The
microbiome in populations with a low and high prevalence of caries. J. Dent. Res.
95, 80-86 (2016).

9. Vasconcelos, R. M. et al. Host-microbiome cross-talk in oral mucositis. J. Dent. Res.
95, 725-733 (2016).

10. Kalyan, S. et al. Systemic immunity shapes the oral microbiome and susceptibility
to bisphosphonate-associated osteonecrosis of the jaw. J. Transl. Med. 13, 212
(2015).

SPRINGER NATURE


http://www.sklod.org/ombc
http://www.sklod.org/ombc

The Oral Microbiome Bank of China
P Xian et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

. Shi, B. et al. The denture-associated oral microbiome in health and stomatitis.

mSphere 1, €002015-16 (2016).

. Baker, J. L, Bor, B., Agnello, M., Shi, W. & He, X. Ecology of the oral microbiome:

beyond bacteria. Trends Microbiol. 25, 362-374 (2017).

. Chen, T. et al. The Human Oral Microbiome Database: a web accessible resource

for investigating oral microbe taxonomic and genomic information. Database
(Oxf.) 2010, baq013 (2010).

. Dewhirst, F. E. et al. The human oral microbiome. J. Bacteriol. 192, 5002-5017

(2010).

. Zaura, E, Keijser, B. J. F,, Huse, S. M. & Crielaard, W. Defining the healthy “core

microbiome” of oral microbial communities. BMIC Microbiol. 9, 259 (2009).

. Xu, X. et al. Oral cavity contains distinct niches with dynamic microbial com-

munities. Environ. Microbiol. 17, 699-710 (2015).

. Alcaraz, L. D. et al. Identifying a healthy oral microbiome through metagenomics.

Clin. Microbiol. Infect. 18(Suppl 4), 54-57 (2012).

. Zaura, E., Nicu, E. A, Krom, B. P. & Keijser, B. J. F. Acquiring and maintaining a

normal oral microbiome: current perspective. Front. Cell Infect. Microbiol. 4, 85
(2014).

. Koopman, J. E. et al. Nitrate and the origin of saliva influence composition and

short chain fatty acid production of oral microcosms. Microb. Ecol. 72, 479-492
(2016).

Pizzo, G., Guiglia, R, Lo Russo, L. & Campisi, G. Dentistry and internal medicine:
from the focal infection theory to the periodontal medicine concept. Eur. J. Intern.
Med. 21, 496-502 (2010).

Jenkinson, H. F. Beyond the oral microbiome. Environ. Microbiol 13, 3077-3087
(2011).

Fan, X. et al. Human oral microbiome and prospective risk for pancreatic cancer: a
population-based nested case-control study. Gut 67, 120-127 (2018).

Tilg, H., Cani, P. D. & Mayer, E. A. Gut microbiome and liver diseases. Gut 65,
2035-2044 (2016).

Jorth, P. et al. Metatranscriptomics of the human oral microbiome during health
and disease. MBio 5, e01012-e01014 (2014).

Aagaard, K. et al. The placenta harbors a unique microbiome. Sci. Transl. Med. 6,
237ra265 (2014).

Brown, J. M. & Hazen, S. L. Microbial modulation of cardiovascular disease. Nat.
Rev. Microbiol. 16, 171-181 (2018).

Kholy, K. E., Genco, R. J. & Van Dyke, T. E. Oral infections and cardiovascular
disease. Trends Endocrinol. Metab. 26, 315-321 (2015).

Velmurugan, S. et al. Dietary nitrate improves vascular function in patients with
hypercholesterolemia: a randomized, double-blind, placebo-controlled study.
Am. J. Clin. Nutr. 103, 25-38 (2016).

Skarke, C. et al. A pilot characterization of the human chronobiome. Sci. Rep. 7,
17141 (2017).

Kriebel, K., Hieke, C., Muller-Hilke, B., Nakata, M. & Kreikemeyer, B. Oral biofilms
from symbiotic to pathogenic interactions and associated disease -connection of
periodontitis and rheumatic arthritis by peptidylarginine deiminase. Front.
Microbiol. 9, 53 (2018).

Mitchell, J. Streptococcus mitis: walking the line between commensalism and
pathogenesis. Mol. Oral Microbiol 26, 89-98 (2011).

Agnello, M. et al. Microbiome associated with severe caries in Canadian first
nations children. J. Dent. Res. 96, 1378-1385 (2017).

Zhu, F,, Zhang, H. & Wu, H. Glycosyltransferase-mediated sweet modification in
oral Streptococci. J. Dent. Res. 94, 659-665 (2015).

Rammos, C. et al. Impact of dietary nitrate on age-related diastolic dysfunction.
Eur. J. Heart Fail. 18, 599-610 (2016).

Slocum, C,, Kramer, C. & Genco, C. A. Immune dysregulation mediated by the oral
microbiome: potential link to chronic inflammation and atherosclerosis. J. Intern
Med. 280, 114-128 (2016).

Garcia, S. S. et al. Targeting of Streptococcus mutans biofilms by a novel small
molecule prevents dental caries and preserves the oral microbiome. J. Dent. Res
96, 807-814 (2017).

Pozhitkov, A. E., Beikler, T., Flemmig, T. & Noble, P. A. High-throughput methods
for analysis of the human oral microbiome. Periodontol. 2000 55, 70-86 (2011).
Linden, G. J. & Herzberg, M. C., & workshop wgotjEA. Periodontitis and systemic
diseases: a record of discussions of working group 4 of the Joint EFP/AAP
Workshop on Periodontitis and Systemic Diseases. J. Periodontol. 84(4 Suppl),
$20-523 (2013).

Duran-Pinedo, A. E. et al. Community-wide transcriptome of the oral microbiome
in subjects with and without periodontitis. ISME J. 8, 1659-1672 (2014).
Mazumdar, V., Snitkin, E. S., Amar, S. & Segre, D. Metabolic network model of a
human oral pathogen. J. Bacteriol. 191, 74-90 (2009).

Anbalagan, R. et al. Next generation sequencing of oral microbiota in Type 2
diabetes mellitus prior to and after neem stick usage and correlation with
serum monocyte chemoattractant-1. Diabetes Res. Clin. Pract. 130, 204-210
(2017).

SPRINGERNATURE

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Xiao, E. et al. Diabetes enhances IL-17 expression and alters the oral microbiome
to increase its pathogenicity. Cell Host Microbe 22, 120-128.e124 (2017).
Zheng, J. et al. Diabetes activates periodontal ligament fibroblasts via NF-«kB
in vivo. J. Dent. Res. (2018). https://doi.org/10.1177/0022034518755697

Edlund, A. et al. An in vitro biofilm model system maintaining a highly repro-
ducible species and metabolic diversity approaching that of the human oral
microbiome. Microbiome 1, 25 (2013).

Warinner, C. et al. Pathogens and host immunity in the ancient human oral cavity.
Nat. Genet. 46, 336-344 (2014).

Gomez, A. et al. Host genetic control of the oral microbiome in health and
disease. Cell Host Microbe 22, 269-278.263 (2017).

Zhang, X. et al. The oral and gut microbiomes are perturbed in rheumatoid
arthritis and partly normalized after treatment. Nat. Med. 21, 895-905 (2015).
Gao, W. et al. In-depth snapshot of the equine subgingival microbiome. Microb.
Pathog. 94, 76-89 (2016).

Uriarte, S. M., Edmisson, J. S. & Jimenez-Flores E. Human neutrophils and oral
microbiota: a constant tug-of-war between a harmonious and a discordant
coexistence. Immunol. Rev. 273, 282-298 (2016).

Lopez-Oliva, |. et al. Dysbiotic subgingival microbial communities in
periodontally healthy patients with rheumatoid arthritis. Arthritis Rheumatol.
(2018). https://doi.org/10.1002/art.40485.

Edlund, A. et al. Metabolic fingerprints from the human oral microbiome reveal a
vast knowledge gap of secreted small peptidic molecules. mSystems 2,
e00058-17 (2017).

Saitou, N. & Nei, M. The neighbor-joining method: a new method for recon-
structing phylogenetic trees. Mol. Biol. Evol. 4, 406-425 (1987).

Felsenstein, J. Confidence limits on phylogenies: an approach using the boot-
strap. Evol. Int. J. Org. Evol. 39, 783-791 (1985).

Kimura, M. A simple method for estimating evolutionary rates of base substitu-
tions through comparative studies of nucleotide sequences. J. Mol. Evol. 16,
111-120 (1980).

Du, Q. Li, M., Zhou, X. & Tian, K. A comprehensive profiling of supragingival
bacterial composition in Chinese twin children and their mothers. Antonie Van.
Leeuwenhoek 110, 615-627 (2017).

Stahringer, S. S. et al. Nurture trumps nature in a longitudinal survey of salivary
bacterial communities in twins from early adolescence to early adulthood. Gen-
ome Res. 22, 2146-2152 (2012).

Ebersole, J. L, Holt, S. C. & Delaney, J. E. Acquisition of oral microbes and asso-
ciated systemic responses of newborn nonhuman primates. Clin. Vaccin. Immu-
nol. 21, 21-28 (2014).

Sampaio-Maia, B. & Monteiro-Silva, F. Acquisition and maturation of oral micro-
biome throughout childhood: an update. Dent. Res J. (Isfahan) 11, 291-301
(2014).

Al-Shehri, S. S. et al. Deep sequencing of the 16S ribosomal RNA of the neonatal
oral microbiome: a comparison of breast-fed and formula-fed infants. Sci. Rep. 6,
38309 (2016).

Timby, N. et al. Oral microbiota in infants fed a formula supplemented with
bovine milk fat globule membranes—a randomized controlled trial. PLoS One 12,
0169831 (2017).

Ling, Z. et al. Analysis of oral microbiota in children with dental caries by PCR-
DGGE and barcoded pyrosequencing. Microb. Ecol. 60, 677-690 (2010).

Xin, B. C. et al. Microbial diversity in the oral cavity of healthy Chinese Han
children. Oral. Dis. 19, 401-405 (2013).

Goldberg, B. E. et al. The oral bacterial communities of children with
well-controlled HIV infection and without HIV infection. PLoS One 10, e0131615
(2015).

Gomez, A. & Nelson, K. E. The oral microbiome of children: development, disease,
and implications beyond oral health. Microb. Ecol. 73, 492-503 (2017).

Smith, B. C. et al. Distinct ecological niche of anal, oral, and cervical mucosal
microbiomes in adolescent women. Yale J. Biol. Med. 89, 277-284 (2016).
Koopman, J. E. et al. The effect of fixed orthodontic appliances and fluoride
mouthwash on the oral microbiome of adolescents—a randomized controlled
clinical trial. PLoS One 10, e0137318 (2015).

Wu, J. et al. Cigarette smoking and the oral microbiome in a large study of
American adults. ISME J. 10, 2435-2446 (2016).

Zawadzki, P. J. et al. Examination of oral microbiota diversity in adults and older
adults as an approach to prevent spread of risk factors for human infections.
Biomed. Res. Int. 2017, 8106491 (2017).

Huang, S. et al. Preliminary characterization of the oral microbiota of Chinese
adults with and without gingivitis. BMC Oral Health 11, 33 (2011).

Cockburn, A. F. et al. High throughput DNA sequencing to detect differences in
the subgingival plague microbiome in elderly subjects with and without
dementia. Investig. Genet. 3, 19 (2012).

Kurabayashi, H. et al. Identification of oral bacteria by 16S rRNA gene analysis in
elderly persons requiring nursing care. J. Infect. Chemother. 17, 40-44 (2011).

International Journal of Oral Science (2018) 10:92-101


https://doi.org/10.1177/0022034518755697
https://doi.org/10.1002/art.40485

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

An, J. Y. et al. Rapamycin treatment attenuates age-associated periodontitis in
mice. Geroscience 39, 457-463 2017.

Griffen, A. L. et al. CORE: a phylogenetically-curated 16S rDNA database of the
core oral microbiome. PLoS One 6, e19051 (2011).

Yost, S., Duran-Pinedo, A. E., Krishnan, K. & Frias-Lopez, J. Potassium is a key signal
in host-microbiome dysbiosis in periodontitis. PLoS Pathog. 13, e1006457 (2017).
Feres, M., Teles, F.,, Teles, R, Figueiredo, L. C. & Faveri, M. The subgingival
periodontal microbiota of the aging mouth. Periodontol. 2000 72, 30-53 (2016).
He, Y. et al. Dysbiosis of oral buccal mucosa microbiota in patients with oral
lichen planus. Oral Dis. 23, 674-682 (2017).

Wang, K. et al. Preliminary analysis of salivary microbiome and their potential
roles in oral lichen planus. Sci. Rep. 6, 22943 (2016).

Moretti, S. et al. Fine-tuning of Th17 cytokines in periodontal disease by IL-10. J.
Dent. Res. 94, 1267-1275 (2015).

Lim, Y., Totsika, M., Morrison, M. & Punyadeera, C. Oral microbiome: a new bio-
marker reservoir for oral and oropharyngeal cancers. Theranostics 7, 4313-4321
(2017).

Gholizadeh, P. et al. Role of oral microbiome on oral cancers, a review. Biomed.
Pharmacother. 84, 552-558 (2016).

Wang, L. & Ganly, I. The oral microbiome and oral cancer. Clin. Lab. Med. 34,
711-719 (2014).

Noguera-Julian, M. et al. Oral microbiome in HIV-associated periodontitis. Medi-
cine (Baltim.) 96, €5821 (2017).

Kistler, J. O., Arirachakaran, P., Poovorawan, Y., Dahlén, G. & Wade, W. G. The oral
microbiome in human immunodeficiency virus (HIV)-positive individuals. J. Med.
Microbiol. 64, 1094-1101 (2015).

Long, J. et al. Association of oral microbiome with type 2 diabetes risk. J. Peri-
odontal. Res. 52, 636-643 (2017).

International Journal of Oral Science (2018) 10:92-101

The Oral Microbiome Bank of China
P Xian et al.

85. Brusca, S. B, Abramson, S. B. & Scher, J. U. Microbiome and mucosal inflammation
as extra-articular triggers for rheumatoid arthritis and autoimmunity. Curr. Opin.
Rheumatol. 26, 101-107 (2014).

86. Huang, S. et al. Predictive modeling of gingivitis severity and susceptibility via
oral microbiota. ISME J. 8, 1768-1780 (2014).

87. Schloss, P. D. et al. Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial com-
munities. Appl. Environ. Microbiol. 75, 7537-7541 (2009).

88. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7, 335-336 (2010).

89. Teng, F. et al. Prediction of early childhood caries via spatial-temporal variations
of oral microbiota. Cell Host Microbe 18, 296-306 (2015).

90. Kumar, S., Stecher, G. & Tamura, K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874 (2016).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Oral Microbiome Bank of China
	Introduction
	Results
	Overview of the online database
	Web-accessible functions

	Discussion
	Materials and Methods
	Collection and transport of samples
	Collection of saliva samples
	Collection of plaque samples
	Collection of other infection samples
	Collection of oral mucosal diseases samples
	Sample delivery

	Dispersion and dilution of samples
	Sample dispersion
	Sample dilution

	Inoculation and incubation of samples
	Selection of the medium
	Inoculation of samples
	Incubation of samples

	Smear and stain
	Growth characteristics and identification
	Biochemical tests
	Molecular method
	DNA extraction and sequencing
	16S rRNA alignment
	Database and web design
	Curation
	Service and function

	Acknowledgements
	Competing interests
	ACKNOWLEDGMENTS




