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Preface to ”Oral Microbial Communities and

Oral Health”

The oral microbiome has a great impact on human health. Next-generation sequencing and

bioinformatics provide us valuable information on the role of oral health in overall heath and diseases.

The research field has propagated from infectious diseases to non-communicable disease. The oral

microbiome changes throughout the life stage, with an effect on dental diseases. Thus, we need

to identify the pathogenic oral microbiome, not only for oral disease but also for systemic diseases.

However, at this stage, the information regarding healthy or pathogenic oral microbiome has not been

clearly identified. In this book, information regarding the current knowledge on and advancement of

research into oral microbiomes is covered. The subjects covered range from children to centenarian.

The diseases covered are stain, dental caries, periodontal disease, tooth malformation, and systemic

disease. The information in this book may be useful, not only for researchers and clinicians of oral

health, but a wide range of health professionals as well as life science researchers.

Yoshiaki Nomura

Editor
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Abstract: Oral microbiome has complex structure. It consisted of more than 700 species of bacteria.
These bacteria contains pathogens for human health. In contrast, some beneficial bacteria were
included. Perspective of oral microbiome is not still elucidated. In this paper, information regarding
oral microbiome of health older adults and oral diseases are included. Additionally, concise review
of oral microbiome are presented.

Keywords: oral microbiome; next generation sequence; clinical application

An oral microbiome consists of more than 700 species of bacteria [1] and plays an
important role in human health. In the past, disease-specific bacteria were focused on,
many in vitro studies showed their pathogenesis, and their clinical examination system has
developed. However, these disease-specific bacteria configure small, tiny fractions of oral
microbiomes. The advance of next-generation sequencing and bioinformatics enabled us
to study the proportion of each species in samples [2]. Despite this, there is still no clear
definition of a healthy oral microbiome. The disturbance of a healthy oral microbiome,
which is called dysbiosis, immensely contributes to human health. Therefore, there is a
need to accumulate the data on the oral microbiome for every age category in humans, in
addition to the disease stage.

In this article, the key species proposed in this paper are summarized in Table 1. Many
of these species are relatively unfamiliar as the etiology of dental caries, periodontal disease,
or other oral diseases. The pathogen of black stain is almost unknown. This study may
give us the candidate for the pathogens of black stain for future research [3]. Periodontal
pathogens in patients with Down syndrome were suggested to be different from chronic
marginal periodontitis [4]. Molar–incisor malformation is a very rare disease, and the case
report by [5] may contain valuable information regarding this. In general, Firmicutes is
a predominant phylum, and Streptococcus is a predominant genius. These bacteria are
supposed to be beneficial bacteria for human health. Some of them had been used as
probiotic bacteria. However, some pathogenic species are predominant in healthy subjects.
For example, predominant bacteria such as the S. sinensis group and S. pneumoniae group
are known to be the pathogens for pneumonia [6,7].

In addition to this clinical evidence, this paper introduces the effect of biofilm com-
position on an experimental animal model for the development of dental caries [8] and
reviews the effect of silver diamine fluoride on biofilm composition [9].

As the cost of next generation sequencing is high for the sample size study, the experi-
ments presented in this paper were carried out by a small sample size study. Therefore,
there is a need to accumulate the data of oral microbiome. The clinical application of the
microbiome and its future prospects are reviewed [10]. Moreover, we hope that this paper
may help guide future studies.

Appl. Sci. 2022, 12, 55. https://doi.org/10.3390/app12010055 https://www.mdpi.com/journal/applsci
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Table 1. List of the key species proposed in this paper.

Genus Species Method

Predominant in patients with black stain [3]

Abiotrophia Ab. defectiva

Next generation sequence

Actinomyces Ac. naeslundii

Cardiobacterium C. hominis

Eikenella E. corrodens

Granulicatella G. adiacens

Kingella JQ455165_s

Leptotrichia L. hongkongensis

Neisseria

N. elongata

N. perflava

N. sicca group

N. subflava

Porphyromonas

AM420091_s

P. catoniae

4P003207_s

Selenomonas Se. noxia

Streptococcus St. sanguinis

Periodontal disease in patients with Down Syndrome [4]

Eikenel E. corrodens
qPCRTannerella T. forsythia

Patients with molar–incisor malformation (case report) [5]

Predominant genera

Next generation sequence

Streptococcus -

Veilonella -

Leptotrichia -

Severe periodontal abscess:

Spirochetes -

Core oral microbiome of female centenarians [6]

Streptococcus

S. salivarius group

Next generation sequence

S. sinensis group

S. pneumoniae group

S. parasanguinis group

S. gordonii group

Veillonella
V. dispar

V. parvula group

Granulicatella G. adiacens group

Lactobacillus L. salivarius

Rothia
R. mucilaginosa

R. dentocariosa

Prevotella P. histicola

2
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Table 1. Cont.

Genus Species Method

Core oral microbiome of healthy older adult [7]

Atopobium A. parvulum

Next generation sequence

Actinomyces KE952139_s

Streptococcus

S. sinensis

S. pneumoniae

S. salivarius

S. peroris

S. parasanguinis

Streptococcus_uc

AFQU_s

Granulicatella G. adiacens

Rothia KV831974_s

Veillonella
V. dispar

V. parvula
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Abstract: The oral microbiome is an important part of the human microbiome. The oral cavity has
the second largest microbiota after the intestines, and its open structure creates a special environment.
With the development of technology such as next-generation sequencing and bioinformatics, exten-
sive in-depth microbiome studies have become possible. They can also be applied in the clinical field
in terms of diagnosis and treatment. Many microbiome studies have been performed on oral and
systemic diseases, showing a close association between the two. Understanding the oral microbiome
and host interaction is expected to provide future directions to explore the functional and metabolic
changes in diseases, and to uncover the molecular mechanisms for drug development and treatment
that facilitate personalized medicine. The aim of this review was to provide comprehension regarding
research trends in oral microbiome studies and establish the link between oral microbiomes and
systemic diseases based on the latest technique of genome-wide analysis.

Keywords: oral microbiome; oral disease; systemic disease; genome-wide analysis; personal-
ized medicine

1. Introduction

The human oral cavity is the second largest microbial habitat comprising fungi, bac-
teria, and viruses, after the intestines, and has a special niche consisting of soft tissue of
the gingiva and oral mucosa and the hard tissue of the teeth [1]. Although the oral cavity
and intestines are a distance apart, they are connected and show a marvelous diversity
of microorganisms. The oral microbiome refers to the collective genetic materials of oral
microorganisms. The microorganisms in the oral cavity are referred to as oral microbiota,
oral microflora, and oral microbiome [2]. Microorganisms coexist in our bodies and live
through symbiosis, dysbiosis, and pathogenic relations. The microbiome not only refers to
the microorganisms involved, but also includes areas of activity that result in the formation
of specific ecological niches. Significant changes in the local environment can disrupt the
microbe–microbe interaction, which can alter the host–microbe equilibrium, increasing
the risk of disease [3]. The oral cavity is the most accessible habitat for studying the
relationship between the host and microorganisms. Different oral structures such as the
teeth, the gingiva, the palate, the cheek, and the lips are colonized by distinct microbial
communities, and the surfaces of the oral cavity are covered with bacterial biofilm [4]. The
special environment of the oral cavity, with its stable pH of 6.5–7.0 of saliva, moisture,
and its temperature of an average of 37 ◦C, creates the favorable conditions necessary for
the growth of microorganisms [5]. For this reason, various kinds of microorganisms are
well distributed in the mouth. The oral cavity is one of the best-studied microbiomes to
date, with research focusing on its role as a part of human microbiome development and
how it influences systemic health and disease. About 700 species of prokaryotes have been
identified [6], and 392 taxa with at least one reference genome exist [7]. In the near future,
the advances in our understanding of oral microbiomes may change our way of life through

Appl. Sci. 2021, 11, 4050. https://doi.org/10.3390/app11094050 https://www.mdpi.com/journal/applsci
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in-depth principles of oral biology and novel therapeutics. In this review, we provide a
general understanding of the oral microbiome, establish the link between oral microbiomes
and general health based on a genome-wide analysis through the latest technique, and
discuss the perspective and future directions for both oral and systemic health.

2. Paradigm Shift: Microorganisms to Microbiomes

The term “microorganism” simply refers to very small living things such as archaea,
bacteria, protists, fungi, and viruses, while “microbiome” is a collective and comprehensive
term for microorganisms. The community of microbial residents is referred to as the mi-
crobiome, and recent research on microbiomes has demonstrated an important role of the
communities of microorganisms in human homeostasis (Figure 1A) [8]. The term “micro-
biome” was coined by Joshua Lederberg, a Nobel Prize laureate, “to signify the ecological
community of commensal, symbiotic, and pathogenic microorganisms that literally share
our body space and have been all but ignored as determinants of health and disease” [9].
As a collection of information, the microbiome includes the microorganisms’ genomic data,
structural elements, metabolites, and environmental conditions (Figure 1A) [10]. With the
emergence of new technology, including next-generation sequencing (NGS), and in-depth
information, such as sequence profiles of microbial communities, numerous insights on the
relation between the human microbiome and disease have been obtained [11].

Figure 1. From microorganism to microbiome; a paradigm shift with advanced technology. (A) The term, microbiome,
refers not only to the microorganisms but also to their theatre of activity. (B) Timeline of microbiome research.

In the 1670s, the study of human microbiology was initiated with the invention of
the microscope, and the consequent observation of bacteria in pond water and dental
plaque, by Antoni Philips van Leeuwenhoek [12,13] (Figure 1B). He was the first to observe
microorganisms and determine their sizes. After that revolutionary invention, a culture-
based method that is dependent on the growth of viable and culturable microbes was
introduced to identify microbes with biochemical subtyping in the 1800s [14]. After
the 1980s, the emergence of new technology, such as DNA sequencing, which enables
acquisition of more than 1 trillion sequences of genetic information, provided a powerful
unculturable method for understanding human health and disease [15]. Based on this
advance in sequencing technology, the Human Genome Project (HGP) was started in 1990
and completed in 2003. The first sequence of the human genome was published in 2001
and constituted about 90% of the genome [16]. With the HGP, the elucidation of the human

6
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genome initiated a new era in “precision medicine”, which is the ideal concept of health
care [17]. The basis of precision medicine includes the genomes of humans and of the
microorganisms, such as fungi, viruses, and bacteria, that reside in the human body. As
the extension of the HGP, the Human Microbiome Project (HMP) was launched in 2007
with the goal of establishing 3000 microbial genomes from the representative six regions of
the body (the mouth, the esophagus, the stomach, the colon, the vagina, and the skin) as
reference genomes [18].

3. Methodology of the Microbiome Research

Completion of the HGP was accompanied by parallel and ongoing development of
commercially available high-throughput DNA sequencing tools, which eventually facil-
itated the acquisition of genomic information from human samples. High-throughput
techniques such as NGS have replaced the culture-based traditional methods for identifying
and characterizing microbes [15]. Past studies without NGS and relying on the labora-
tory culture system were limited to small parts, such as the biochemical or physiological
properties of microbiomes, called opportunistic pathogens [19]. In the beginning, microbi-
ology research had focused on identifying pathogens within the commensal microbiota and
deciphering their virulence in relation to health and disease. In the 1980s, a sequencing tech-
nique was introduced that enabled nucleotide sequences to be determined. This remarkable
advance provided new and diverse information about microbial taxonomic profiling re-
gardless of cultivability [19]. In taxonomic profiling, two methods, amplicon sequencing
(16S rRNA sequencing) and direct shotgun sequencing (metagenomics), are used [19]. In
the oral microbiome studies, samples were taken from dental plaque and crevicular fluid
from the periodontal pocket. This technology has allowed the characterization of microbial
diversity in the human microbiome with unprecedented depth and coverage [20]. These
oral microbiome studies originated from HMP’s 16S rRNA sequencing data, published
in the Human Oral Microbiome Database (HOMD), which identified oral bacteria from
specific locations in the mouth such as the teeth, the gingival sulcus, the tongue, the cheek,
the tonsils, and the soft and hard palates [2]. These early sequencing studies focused
on the 16S rRNA sequence, and this conventional sequencing method was performed
using a cultivated clonal culture; however, there were many microorganisms that were
unculturable and thus could not be identified with this conventional method (Figure 2) [21].
This cultivation-based method could find < 1% of microbial species; therefore, metage-
nomics was introduced to identify non-isolated organisms via DNA sequencing without
the need for cultivation and isolation [21]. In addition to metagenomics, DNA barcoding
or metabarcoding is also used for the identification of species, using a short section of
DNA from a reference library database [22]. The term “metabarcoding” is used when
DNA barcoding is used to identify organisms from samples containing DNA from more
than one organism [23]. Metagenomics also enables the metabolic and functional diversity
of microbial communities to be accessed via metatranscriptomics, metaproteomics, and
metabolomics [24]. Metaproteomics has emerged as a complementary approach to identify
the functions of microbial communities [25]. Mass spectrometry-based proteomics has
been widely used for studying the composition of proteins in oral microbial communities
and has been applied to characterize oral biofilms [26]. Many metaproteomic studies
have been performed in periodontal disease and endodontic infections associated with
apical periodontitis using saliva and crevicular fluids [27]. Metabolomics is the study
of metabolites within a biologic system to discover what happens in cells. Several stud-
ies have been conducted on the salivary metabolome; however, these have offered less
specific explanations due to difficulties regarding disentangling host reactions and mi-
crobial contributions [27]. As such, metaproteomics and metabolomics complement the
foundations established by metagenomics and metatranscriptomics in the comprehensive
understanding of microbiomes.
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Figure 2. Methodology of the microbiome research.

4. Core, Pathologic, and Healthy Microbiomes

Microbiomes are largely divided into two types: core and variable microbiomes.
The core microbiome is common to all individuals, while the variable microbiome is
unique to individuals according to their lifestyle [28]. One of the goals of the HMP
was to identify “core microbiomes” defined as microbial taxa or genes shared by most
people [29]. The core microbiomes are described via five types: common core, temporal
core, ecological core, functional core, and host-adapted core [28]. In order to diagnose
and treat disease at an early stage, it is necessary to explain the commensal microbiome
associated with health [30]. The commensal human microbiome is estimated to be 10 times
greater in number than the quantity of human cells. These microbial communities are
normal residents of the oral cavity, the skin, and the intestinal mucosa, and have a wide
range of functions that are essential to the survival of the host. When the symbiotic balance
between the host and the microbes is disrupted and disease is obvious, the presence of
pathologic microbes stands out [31]. On the other hand, if the healthy microbiome is
dominated by a “core microbiome”, the homeostasis of health would be maintained [32].
Zaura et al. defined the healthy core microbiome of oral microbial communities from
several intraoral niches using 454 pyrosequencing, showing a major proportion of oral
bacterial sequences of healthy individuals as identical, which supports the concept that
there are key microbiomes in health [30]. In addition, Bao et al., identified the microbiome
and proteomic profiles in the gingival tissue of healthy individuals and individuals with
periodontitis by a pressure cycling technology-assisted workflow, which is an emerging
platform for tissue homogenization and sequence retrieval coverage [33]. The results
showed that 69 proteins were differentially expressed in periodontitis, and Treponema
sp. HMT253 and Fusobacterium naviforme were strongly associated with disease sites,
indicating the existence of a tissue-specific microbiome signature.

5. Human Microbiome Project

The omics era, with its innovative sequencing techniques, accelerated all aspects
of biological research, and its effects were particularly evident in studies on microbial
communities and the human microbiome. Genomic sequencing has revealed the diversity
of microbial communities in the body, and more information has been obtained as the
National Institute of Health Human Microbiome Project was launched in 2007 [18] and
completed its work in 2018. The HMP was conducted in two phases over a decade to
provide resources, methods, and discoveries linking human-to-microbiome interactions
with health- and disease-related outcomes. The first phase of HMP (HMP1) focused on the
characterization of the microbial community of numerous targeted body parts, including
the oral cavity, the nose, the gut, the skin, and the vagina, from healthy adult subjects,
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and demonstration projects focusing on specific diseases [34,35]. The HMP1 produced
abundant community resources including nucleotide sequences of microorganisms [36,37],
protocols for reproducible microbiome sampling and data curation [38,39], bioinformatics
methodology, and epidemiology [40,41]. One of the important findings of HMP1 was that
the taxonomic composition of microbiomes alone was not strongly associated with the
phenotype of the host. This tended to be better predicted by a wide range of microbial
molecular functions or personalized strain-specific compositions. Based on this, the Inte-
grative HMP (iHMP), the second phase of HMP (HMP2), was promoted to understand
host–microbiome communications, including molecular mechanisms and immunity [42,43].
Unlike HMP1, which focused on the microbiome, HMP2 expanded the scope to include
both the microbiome and the host in three longitudinal cohort studies on preterm birth
based on vaginal microbiomes, inflammatory bowel diseases based on gut microbiomes,
and prediabetes based on gut and nasal microbiomes [43]. The studies of HMP2 included
both microbial and host-specific multi-omics data such as genome, epigenome, transcrip-
tome, metabolome, and proteome. In addition to HMP, Metagenomics of the Human
Intestinal Tract (MetaHIT) has produced the resources and specialty needed to understand
human microbiomes.

6. Oral Microbiome

The composition of the oral microbiome differs according to its habitat [2]; the mi-
crobial population forms a unique identity and plays an important role in nutritional,
defensive, and physiological activities [44]. The oral environment is a heterogeneous eco-
logical system and it is suitable for the growth of many microorganisms due to appropriate
temperature and moisture, and provides host-derived nutrients such as gingival crevicular
fluid and salivary proteins [45]. The hard structures in the mouth, including tooth and
dental restorations such as restoration material, dental implants, and prosthesis, provide
unique, non-shedding surfaces that affect biofilm formation and calculus deposition [46,47].
In the formation of the oral microbiome, the transmission of microbes from mother to baby
at birth is the initial stage, and delivery types, such as vaginally born or caesarean section,
affect the composition of the microbiome [48,49]. Subsequently, feeding type also influences
the composition of the oral microbiome [50], and the eruption of a tooth makes a new
environment for microbial colonization [51]. After tooth eruption, the composition of the
oral microbiome becomes increasingly complex with age, and transition from deciduous to
permanent teeth significantly alters the dynamics of the oral microbiome [52].

Human Oral Microbiome Database (HOMD)

The main purpose of HMP was to produce 1000 microbial reference genomes, includ-
ing about 300 among the oral microbes [53]. As a national resource project, the data of
HMP were released rapidly, and a Data Analysis and Coordinating Center was established.
Additionally, comprehensive analyses of body site-specific data from HMP1, including
oral, gut, skin, and vagina data, and taxonomic classification of newly identified microbes,
were needed. The HOMD is the first oral-specific public database providing the scientific
community with comprehensive information on oral microbiome species [54]. The HOMD
database and web-based interface were set up under the Foundation for the Oral Micro-
biome and Metagenome from the National Institute of Dental and Craniofacial Research,
and were organized based on taxonomic classifications, which were identified based on
16S rRNA sequencing data [2,54]. The named oral species and taxa identified in 16S rRNA
sequencing were placed dependent on their 16S rRNA types and their unique human oral
taxon (HOT) number. The HOT interconnects phylotypes, phenotypes, and the genomic,
bibliographic, and clinical information of each taxon.

7. Host–Oral Microbiome Interactions in Health

The oral cavity has evolved to improve oral health and fosters highly personalized
microbiomes that exist dynamically in balance with the host. The symbiotic relationship
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between host and microbiome maintains microbial homeostasis; however, dysbiosis, a
breakdown of the microbial homeostasis, induces oral disease and increases the risk for
systemic diseases. The inseparable relationship between the host and microbiome is formed
over a long time by facing various changes that force the adaptation of the oral microbiome
to the new environment [55]. A bidirectional relation is characterized by the microbe
providing the host with abilities it lacks alone, while the host provides an appropriate
environment for microbial growth [56]. The host factors can positively affect the micro-
biome, making balance and diversity between the species, thus inducing symbiosis and an
absence of pathology. On the contrary, the host can also create a negative influence [56,57].
This co-evolution between the host and microbiome succeeded in achieving a complex
biological process in which the existence of independent entities would be impossible. The
mutual benefits from the maintenance of a balanced host–oral microbiome ecology can
be distorted to induce a shift from a healthy and symbiotic relation to a pathologic and
dysbiotic one [58,59]. This distortion can result from changes in the oral microbiome as
well as in the host [60]. Even though the host and the microbiome are equivalent factors,
early studies have focused on finding the pathological oral microbiome, and the role of
the host in maintaining a healthy oral microbiome was overlooked. Based on this, recent
research trends have moved to focus on the host factors and combined the role of host–oral
microbiome in the development of a healthy and balanced oral ecology, and extended to
systemic disease and oral disease [61,62]. The host factors are largely classified into two,
intrinsic and extrinsic, factors (Table 1). The oral microbiome is associated with a variety of
oral diseases. Recently, there has been growing evidence that the oral microbiome is closely
related to physical conditions, with many intermediate host factors [63].

Table 1. Host Factors to Modulate the Oral Microbiome.

Factor Reference

Genetics

- Genetic polymorphism in miRNA202 is involved in hBD1 salivary level as well as caries experience [64]
- Genes expressed in dental enamel development are associated with molar–incisor hypomineralization [65]
- GLUT2 and TAS1R2 genotypes individually and in combination are associated with caries risk [66]
- Host genetic control of the oral microbiome in health and disease [67]
- Microbial abundance and some aspects of the microbial population structure are influenced by heritable

traits in saliva [68]

Immunity
- Immune cell network mediating immune surveillance at oral mucosa and gingiva [69,70]
- The innate host response in caries and periodontitis [71]
- Secretory immunity with special reference to the oral cavity [72]

Attachment
surface

- Surface properties influence oral biofilm formation [73]
- Differences in relation to the microbial diversity of modified resins during the initial phase of biofilm

maturation [74]
- Biomaterial-associated infection of implants and devices [46]

Diet - Vegan diet influences on the human salivary microbiota [75]
- Short- and medium-chain fatty acids exhibit antimicrobial activity for oral microorganisms [76]

Cigarette
smoking

- Smoking decreases structural and functional resilience in the subgingival ecosystem [77]
- Firmicutes were statistically elevated in smokers at the expense of Proteobacteria and Fusobacteria in

non-smokers [78]
- Tobacco smoking affects the salivary gram-positive bacterial population [79]

Alcohol - Alcohol affects to the oral microbiome composition [80–82]

Oral hygiene - Toothbrushing frequency is related to the incidence and increment of dental caries [83]

Socioeconomic
status

- Socioeconomic factors, such as education and income, are associated with disparities in the prevalence and
severity of periodontal disease [84]

- A strong association between cariogenic bacteria and socioeconomic status was found [85]
- Differences in socioeconomic status were reflected in the bacterial profile of saliva [86]
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8. Potential Clinical Application of Oral Microbiomes

With various “omics” studies, information on the composition of oral microbiomes
is available. This vast amount of oral microbiome data, which were procured via HMP,
could be the fundamental basis of clinical applications including early diagnosis, predic-
tive treatment, and prevention [87,88]. The general microbial screening for diagnosis is
performed using saliva and site-specific screening with gingival crevicular fluid and dental
biofilm [89]. Saliva is a useful diagnostic fluid, providing the overall microbiome and
proteome or metabolomic data from bacterial metabolic or host inflammatory products for
personalized monitoring. This combined information from saliva can be used to predict
susceptibility to oral diseases, including dental caries or periodontitis, with higher speci-
ficity [89,90]. Microbial screening of the mouth can be applied not only with oral diseases,
but also with systemic diseases due to their reciprocal association.

9. Oral Disease and Systemic Disease

The commensal microbiome plays an important role in maintaining oral and systemic
health. The breakdown of the microbial balance induces oral pathologic conditions such
as periodontal disease, dental caries, and endodontic disease, which are associated with
systemic diseases including diabetes [91], cardiovascular disease (CVD) [92], respiratory
disease [93], and cancer [94] (Figure 3). The links between oral diseases and systemic
health are complicated and bidirectional in many ways [95]. Among many oral diseases,
periodontitis has a close relationship with non-communicable diseases (NCDs); particu-
larly, diabetes and CVD. When periodontitis is left untreated, it could lead to the loss of
periodontal supporting tissue due to microbial infection. Oral pathologic microbiomes
could release virulence factors, inducing an inflammatory response, and invade the body
through pathogenic lesions, which increases the risk of exacerbating NCDs [96].

Figure 3. The oral microbiome affects both oral and systemic diseases. Adapted from Cho et al. (2021).

9.1. Non-Communicable Diseases

NCDs are diseases that are not transmissible between people, and are mainly chronic
conditions with slow progression [97]. Prevalent NCDs include diabetes mellitus (DM),
CVD, chronic respiratory diseases, and cancer [98]. The prevalence of NCDs is globally
increasing with an aging population, which makes it a significant burden to the healthcare
sector [99].
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9.1.1. Cardiovascular Disease

CVD is a general term for atherosclerotic diseases, and atherosclerotic CVD is one
of the leading causes of death in the world [100]. Generally, circulating leukocytes in
the blood vessels do not adhere to the endothelium under normal conditions. However,
when an inflammatory response occurs, various adhesion molecules, such as vascular
cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and
P-selectin, are expressed in the endothelial cells, inducing the adhesion of leukocytes [101].
When leukocytes adhere to the endothelium, they migrate into the intima, and diapedesis
occurs via the expression of matrix metalloproteinases [102]. Several studies regarding the
link between periodontitis and CVD have reported their positive association [100,105,106].
Several risk factors including smoking, diabetes, hypertension, and hypercholesterolemia
have been focused on as the contributory factors in atherosclerosis; however, recent studies
have suggested that immune and inflammatory mechanisms caused by oral bacteria could
be an important factor in atherosclerosis [103,104]. Oral bacteria, such as periodontal and
cariogenic pathogens, are known as etiological factors in the development of atherosclerosis,
which is the first step of CVD. To investigate the association between oral microbiomes
and atherosclerosis, several studies have been performed examining atheromatous lesions
with various molecular biologic techniques. Fundamentally, periodontal pathogens were
cultured in atheromatous plaque [105], and fluorescence in situ hybridization [106], DNA–
DNA hybridization [107], and real-time PCR [108] results showed the presence of oral
pathogens in atheromatous lesions. Based on these results, oral microbiome studies have
been widely conducted on oral bacteria-induced atherosclerotic CVD (Table 2).

Table 2. Oral Microbiome Related to CVD.

Mechanism Organism Result Reference

Endothelial cell invasion

P. gingivalis (P.g.) strain 381

Infection of human aortic endothelial cells with
invasive P. g. strain 381 resulted in the
upregulation of 68 genes that code for the
pro-inflammatory cytokines, adhesion
molecules, and chemokines. In addition, P. g.
induces procoagulant effects including
enhanced tissue factor expression and activity,
and suppression of tissue factor pathway
inhibitors

[109]

F.nucleatum (F.n.)
Co-infection with F. n. resulted in a 2–20-fold
increase in the invasion of endothelial cells by
P. g. strains

[110]

Endothelial cell activation

A. actinomycenemcomitans
(A.a.)

A.a. infection in apoliopoprotein E-deficient
mice increased expressions of ICAM-1,
E-selectin, P-selectin, MCP-1, chemokine (C-C
motif) ligand 19 (CCL19), CCL21, and CCR7 in
the aorta

[111]

P.g.
Coculture of endothelial cells with P.g.
increased ICAM-1, VCAM-1 and P-and
E-selectins

[112,113]

Oxidative stress-mediated
mechanism P.g. P.g. cleaves apoB-100 and increases the

expression of apoM in LDL in whole blood [114]

Metalloproteinase-mediated
mechanism A.a.

A.a. induces MMP-9 expression and
proatherogenic lipoprotein profile in
apoE-deficient mice

[115]
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Table 2. Cont.

Mechanism Organism Result Reference

Toll-like receptors-mediated
mechanism

A.a.
A.a. infection of apolipoprotein E-deficient
mice resulted in increased expression in the
aorta of TLR2 and TLR4

[111]

P.g.

P.g. stimulates the expression of TLR2 and TLR
4 on the surface of endothelial cells.
Endothelial cells incubated with P. g. LPS
expressed ICAM-1 and VCAM-1 and
antibodies against TLR2

[116,117]

Acceleration of the progress of
atherosclerosis P.g. P.g. accelerates the atherosclerosis in

apolipoprotein E-null mice [118–120]

9.1.2. Diabetes Mellitus

Periodontitis and DM are representative chronic and high-prevalence diseases in the
dental and medical fields, respectively [121]. DM is a metabolic disorder characterized
by prolonged high blood glucose level, which could lead to systemic complications such
as CVD and circulatory problems, including peripheral vascular disease. In 2017, the
International Diabetic Federation listed periodontitis as a risk factor of DM [122]. The
majority of studies on DM and periodontitis have focused on type 2 DM [123,124], and the
relationship of type 1 DM with periodontal disease in young patients [125]. The association
between these two diseases has been studied for many years, and it is believed that the two
have bidirectional links, implying that DM is a risk factor of periodontitis and periodontitis
adversely affects glycemic control [126–128]. It has been known that the oral microbiota
plays an important role in the relationship between DM and periodontitis because it affects
blood glycemic control [129]. Disturbances in the oral microbiome are considered to be
factors of periodontal disease initiation and progression and DM [130], and several studies
have been conducted to understand this cause-and-effect relationship (Table 3). Matsha
et al. showed the alteration in the composition of oral microbiomes across glycemic status
as well as different stages of periodontal disease using 16S rDNA sequencing in dental
plaque samples from South Africa [91]. Additionally, other studies with high-throughput
metagenomic sequencing (16S rDNA or rRNA) of oral microbiomes also demonstrated the
role of the oral microbiome in the development of DM [131–133]. Recently, Preshaw et al.
reported that the treatment of periodontitis could reduce inflammation in DM patients,
indicating that diabetes and periodontitis together increase systemic inflammation [134].
Similarly, a systematic review has proven that periodontal treatment, such as scaling and
root planing, improves the glycemic control in DM [135]. In contrast, some reports raised
the question about the effect periodontal treatment has on the glycemic control of DM
patients [136,137], and showed there is no difference in oral microbiota between those with
and those without DM [138,139]. These contrasting results might be due to the different
types of detection methods, sampling conditions, and analysis techniques used; therefore,
a comprehensive understanding with more controlled procedures and analyses would be
necessary to explain the link between oral microbiome and DM.

Table 3. Oral Microbiome’s Relationship with DM.

Organism Result Reference

P.g.

P.g. triggers periodontal tissue destruction and increases insulin resistance [140,141]

P.g. with type II fimbriae is a critical infectious factor in the deterioration of
periodontitis with DM [142]

P.g. is involved with insulin resistance in DM [143–145]
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Table 3. Cont.

Organism Result Reference

Actinobacteria Higher abundances of taxa in the phylum Actinobacteria were associated
with lower diabetes risk [131]

A.a. A.a. was associated with periodontitis in DM patients [146]

P.g., T. forsythia, T. denticola Poor glycemic control is associated with increased proportions of
red-complex microbes [144]

10. Conclusions and Future Perspective

In this review, we explored the close relationship between oral microbiomes and host
health. The novel technological advances in sequencing have greatly accelerated our ability
to identify the microbiomes present in clinical samples taken from the oral cavity at the
species level. The accumulation of knowledge about oral microbiomes is driving this
research in new directions, and extended analysis of transcript (transcriptome), protein
(proteome), and metabolic products (metabolome) provides insight into host–microbial
interaction in oral and systemic diseases. The current state of this oral microbiome research,
which has been reported so far, shows that oral diseases are complex diseases reflect-
ing changes in microbial components and host immune responses, and are interrelated
with systemic health. The combined study with multi-omics data from a host and their
microbiome will facilitate advances in personalized medicine (Figure 4).

Figure 4. Personalized medicine with host–microbiome combined analysis.
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Abstract: Studies have shown that silver diamine fluoride (SDF) is an effective agent to arrest
and prevent dental caries due to its mineralizing and antibacterial properties. While plenty of
studies have investigated the mineralizing properties, there are few papers that have examined its
antibacterial effect on oral biofilm. The objective of this study was to identify the effect of silver
diamine fluoride on oral biofilm. Method: The keywords used were (silver diamine fluoride OR silver
diammine fluoride OR SDF OR silver fluoride OR AgF AND biofilm OR plaque). Two reviewers
screened the titles and abstracts and then retrieved the full text of the potentially eligible publications.
Publications of original research investigating the effect of SDF on oral biofilm were selected for
this review. Results: This review included 15 laboratory studies and six clinical studies among the
540 papers identified. The laboratory studies found that SDF could prevent bacterial adhesion to the
tooth surface. SDF also inhibited the growth of cariogenic bacteria, including Streptococcus mutans,
Lactobacillus acidophilus, Streptococcus sobrinus, Lactobacillus rhamnosus, Actinomyces naeslundii, and
Enterococcus faecalis, thus contributing to its success in caries arrest. One clinical study reported a
decrease in Streptococcus mutans and Lactobacillus sp. in arrested caries after SDF treatment, and
another clinical study found that SDF inhibited the growth of periodontitis microbiota, including
Porphyromonas gingivalis, Tannerella forsythia, and Prevotella intermedia/nigrescens. However, three
clinical studies reported no significant change in the microbial diversity of the plaque on the tooth
after SDF treatment. Moreover, one laboratory study and one clinical research study reported
that SDF inhibited the growth of Candida albicans. Conclusion: Not many research studies have
investigated the effects of SDF on oral biofilm, although SDF has been used as a caries-arresting
agent with antibacterial properties. However, a few publications have reported that SDF prevented
bacterial adhesion to the teeth, inhibited the growth of cariogenic and periodontal bacteria, and
possessed antifungal properties.

Keywords: silver diamine fluoride; SDF; silver fluoride; AgF; biofilm; plaque

1. Introduction

The oral microbiota colonizes oral biofilm on the surface of the tooth or on the mucosa
within the mouth. The accumulation of oral biofilm can lead to oral diseases such as dental
caries or periodontitis [1]. Oral biofilm can lead to dental caries in two ways. First, bacteria
within the oral biofilm produce acid through sugar metabolism. Second, the acid causes a
subsequent decrease in the environmental pH value. Both of the above are responsible for
the demineralization of the tooth surface and the formation of dental caries [2]. The amount
of tooth mineral and other calcium phosphates in the plaque fluid decreases rapidly after
exposure to fermentable carbohydrates. Lactic acid production and a reduction in the
plaque fluid volume can result in the formation of caries [3].

Acid-base-producing bacteria, in varying numbers and proportions, are the key
pathogens associated with dental caries [4]. Among the suspected acid-producing bacteria,
Mutans streptococci (MS) has been confirmed, in a systematic literature review, to play a
central role in the initiation of dental caries on both enamel and root surfaces [5]. This is
the case for several reasons: first, MS is the most frequently isolated species from a caries
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lesion; second, MS is highly acidogenic and aciduric [6,7]; and third, MS can produce
surface antigens I/II and water-insoluble glucan, which promote bacterial adhesion to the
tooth surface and to other bacteria [6]. For the purpose of halting the closed circle of the
process, an intervention that can inhibit the bacteria that produce acid is needed.

Silver diamine fluoride (SDF) has been widely used to prevent and arrest caries, and
“silver diamine fluoride” is the most common spelling/keyword for this compound in the
dental literature. SDF was approved for use as a therapeutic agent in Japan over 50 years
ago [8]. It has also been used for dental caries treatment in Australia and in some countries
in Latin America such as Argentina and Brazil for many years [9]. The Food and Drug
Administration approved the marketing of SDF in the United States for the treatment of
human dentinal hypersensitivity in adults in 2014 [10].

SDF contains silver and fluoride, which form a complex with ammonia in a colorless
alkaline solution [9]. It is not only a combination of silver salt, ammonium, and fluoride
ions but also a mixed heavy-metal halide co-ordination complex. Ammonia can provide an
alkaline environment, thus keeping the solution constant for a certain period of time [11].
In addition, silver compounds have been reported to have antimicrobial properties in the
application of medicine and dentistry for decades [12]. Fluoride is also used in various
forms to prevent and arrest caries due to its remineralization function [9]. Therefore, SDF
has been hypothesized to contain the combined effects of silver and fluorides.

Fluoride can inhibit the production and metabolic activity of certain strains of bacteria
within biofilm at low concentrations [13]. At high concentrations, fluoride inhibits the
growth of cariogenic bacteria in dental plaque [14]. One mechanism of biofilm inhibition
is to bind its ions to the bacterial cell constituents and to influence enzymes such as
enolase and proton-extruding adenosine triphosphatase [15]. Another mechanism is the
inhibition of the carbohydrate metabolism of acidogenic oral bacteria [16,17]. However,
this may contribute to the development of bacterial tolerance and shorten the duration of
the antibacterial effect [18]. Nonetheless, the dominant advantage of fluoride is that the
re-mineralizing effect, particularly for the SDF solution, effectively arrests dental caries [19].

Several reviews have been conducted regarding the clinical use of SDF for preventing
and arresting dental caries with significant effect [20,21]. However, the rationale behind
the impact of SDF on biofilm remains unclear. The aim of this systematic review was to
identify the effect of SDF on biofilm. The study question was as follows: What is the effect
of SDF on biofilm?

2. Materials and Methods

Two independent reviewers (Zhang and Got) conducted a literature search using the
four most commonly used databases: Medline, PubMed, Embase, and Scopus. Only papers
published in English were included. The keywords used were (silver diamine fluoride
OR silver diamine fluoride OR SDF OR silver fluoride OR AgF AND biofilm OR plaque).
No publication date limitation was established during the search. The latest search was
conducted on 30 October 2020.

The inclusion criteria were as follows: (1) papers investigating biofilm; (2) SDF solution
at any concentration adopted as an intervention. The exclusion criteria were (1) studies with
no information concerning biofilm and (2) reviews, case reports, and conference papers. In
addition, a manual search of the reference lists of the selected papers and review articles
was conducted. The two reviewers independently screened the papers and identified the
relevant studies. When a disagreement occurred, another researcher (Chu) was consulted
to achieve a consensus.

The results were summarized into three tables classified by the aim of the studies:
Table 1 is for the studies investigating the effect of SDF on biofilm formed via microbiota,
Table 2 is for the studies on the diversity and microbial change resulting from the application
of SDF, and Table 3 is for the studies focused on the effect of SDF on fungus. Information
regarding the following aspects of the background of the included studies was extracted
and is presented in the summary tables: (1) authors and year; (2) materials studied;
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(3) setting of the study; (4) block (or sample) adopted in the study; (5) microbiota studied;
(6) assessing method for the biofilm; (7) duration of the study; and (8) findings of the study.

Table 1. Studies on the antibacterial effect of silver diamine fluoride (SDF).

Author, Year Setting; Substrate Microbiota
Period;

Assessment
Intervention

Antibacterial
Effect

Hiraishi et al., 2010 In vitro;
human dentin E. faecalis 15 min, 60 min;

CFU

Gp1: Ca(OH)2
Gp2: SDF

Gp3: NaOCl
Gp4: NaCl

CFU 15 min
Gp2, Gp3 < Gp1,

Gp4
CFU 60 min:

G2, Gp3 had no E.
faecalis

Chu et al., 2012 In vitro;
human dentin

S. mutans,
A. naeslundii

7 days;
CFU, CLSM

Gp1: SDF
Gp2: Water

CFU: Gp1 < Gp2
CLSM: Gp2 < Gp1

Mei et al., 2013a In vitro;
human dentin

S. mutans
L. acidophilus

7 days;
CFU, CLSM

Gp1: SDF
Gp2: Water

CFU: Gp1 < Gp2
CLSM: Gp2 < Gp1

Mei et al., 2013b In vitro;
human dentin

Consortium of
S. mutans,
S. sobrinus,

L. acidophilus,
L. rhamnosus,
A. naeslund

7 days, 14 days,
21 days;

CFU,
CLSM

Gp1: SDF
Gp2: Water

CFU: Gp1 < Gp2
CLSM: Gp2 < Gp1

Shah et al., 2013 In vivo S. mutans

BL, 3 days, 6
months,

12 months, 18
months;

CFU

Gp1: SDF
Gp2: NaF + CaF

Gp3: APF gel

CFU:
Gp1 < Gp2
Gp1 = Gp3

Savas et al., 2015 In vitro;
bovine enamel S. mutans 7 days;

TBC, pH

Gp1: Water
Gp2: SDF

Antibacterial
activity:

Gp2 > Gp1
Göstemeyer et al.,

2017
In vitro;

bovine dentine L. rhamnosus 6 days; CFU Gp1: Water
Gp2: SDF

CFU:
Gp2 < Gp1

Soekanto et al.,
2017

In vitro S. mutans,
E. faecalis

1 day;
MIC,
MBC

Gp1: SDF
Gp2: NSF
Gp3: PPF

MIC:
Gp2: 3%-S.mutans,

3%-E.faecalis;
Gp3: 3%-S.mutans,

6%-E.faecalis;
MBC:

Gp2: 4%-S.mutans,
4%-E.faecalis;

Gp3: 10%-S.mutans

Göstemeyer et al.,
2018

In vitro;
bovine dentin L. rhamnosus 12 days; CFU

Gp1: SDF
Gp2: CHX
Gp3: N/T

CFU:
No significant

difference

Vinson et al., 2018 In vitro S. mutans 1 day; CFU
Gp1: SDF

Gp2: SDF + KI
Gp3: KI

CFU: Gp3 > Gp2 >
Gp1

Yu et al., 2018 In vitro;
human dentin S. mutans 7 days; CFU,

CLSM

Gp1: SDF + NaF
Gp2: SDF
Gp3: NaF

Gp4: Water

CFU: Gp2 < Gp1 <
Gp4 < Gp3

CLSM: Gp2 > Gp1
> Gp3,Gp4

Al-Madi et al., 2019 In vitro;
human dentin E. faecalis 21 days; CLSM

Gp1: SDF
Gp2: CHX

Gp3: NaOCl

CLSM: Gp3 >Gp1
> Gp2

Wu et al., 2019 In vitro S. mutans
4 days: inhibition

zone; 7 days:
biofilm assay

Gp1: SDF
Gp2: No silver
Gp3: AgNO3

Inhibition zone:
Gp1,Gp3 > Gp2,

Antibacterial
activity: Gp1 >

Gp2
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Table 1. Cont.

Author, Year Setting; Substrate Microbiota
Period;

Assessment
Intervention

Antibacterial
Effect

Sorkhdini et al.,
2020

In vitro;
human enamel S. mutans 3 days; CFU

Gp1: SDF
Gp2: SDF + KI
Gp3: AgNO3
Gp4: Water

CFU:Gp1 < Gp2 <
Gp3 < Gp4

Rams et al., 2020 In vitro Plaque from
adults with SP

7 days; CFU,
MALDI-TOF

Gp1: SDF
Gp2: N/T

TVC: Gp1 < Gp 2
PLPP: Gp1 < Gp 2

Abbreviations: Gp, group; CFU, colony forming unit; CLSM, confocal laser scanning microscopy (dead-to-live ratio); NaCl, sodium
chloride; BL, baseline; Ca(OH)2, calcium hydroxide; NaOCl, sodium hypochlorite; TBC, total bacteria count; APF, acidulated phosphate
fluoride; AHF, ammonium hexafluorosilicate; CPC, cetylpyridinium chloride; CHX, chlorhexidine; NaF, sodium fluoride; N/T, no treatment;
NSF, nano silver fluoride; PPF, propolis fluoride; KI, potassium iodide; AgNO3,silver nitrate; SP, severe periodontitis; TVC, total viable
counts; PLPP, proportional levels of periodontal pathogens; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight.

Table 2. Microbiota change within biofilm after silver diamine fluoride treatment.

Authors, Year
Setting; Plaque

Sample
Microbiome Detecting
Method; Time Points

Diversity Assessing
Method or Index

Main Findings

Milgrom et al., 2018 In vivo; plaque from
children

RNA sequencing;
BL, follow-up after 14
to 21 days

LME4
(R core team)

S. mutans and lactobacilli: in
all samples except one;
Cariogenic bacteria: no
significant changes;
Diversity analyses: no
significant differences

Mitwalli et al., 2019 In vivo; plaque from
adults

16S rDNA PCR;
BL, 1 month

Shannon–Weaver
index,
Fisher’s alpha

Reduced: Actinomyce sp., P.
acidifaciens, S. inopinata,
Propionibacterium sp., T.
denticola, B. dentium, P.
denticolens, A. israelii;
Diversity analyses: no
significant difference pre-
and post-intervention

Mei et al., 2020 In vivo; plaque from
children

16S rRNA gene
sequencing;
BL, 2 weeks,
12 weeks

Shannon index

Active caries: reduced
diversity 12 weeks after
SDF; S. mutans,
Lactobacillus sp. increased;
Arrested caries: S. mutans,
Lactobacillus sp. reduced;
Diversity analyses: no
significant change before
and after 2 or 12 weeks in
active caries

Liu et al., 2020 In vitro; plaque from
children

16S rRNA gene
sequencing;
BL, 1 day, 7 days

Shannon index

Diversity analyses: no
significant change in
plaque;
Reduction in carbohydrate
transportation and
metabolic functions in
plaque at 1 day and 7 days
post-intervention

Abbreviations: BL, baseline; LMER, linear mixed effects regression; OTU, operational taxonomic unit.
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Table 3. Studies on the antifungal effect of silver diamine fluoride.

Authors, Year
Setting;

Substrate
Candida Species

Period;
Assessment

Intervention
Group

Main Findings

Alshahni et al.,
2020

In vitro;
human
dentin

C. albicans

3 days;
CFU, CQ,
Rt-PCR,

SEM

Gp1: 3.8% SDF
Gp2: 38% SDF

Gp3: No treatment

CFU: Gp1,Gp2 < Gp3
CQ: Gp1,Gp2 < Gp3

Rt-PCR: Gp1,Gp2 < Gp3
SEM: Cell wall damage in

Gp1, Gp2

Fakhruddin et al.,
2020

In vitro;
paper disc

C. albicans,
C. glabrata,

C. parapsilosis,
C. tropicalis,

C. krusei,
C. dubliniensis

2 days;
ZGI,

Multi-PCR,
MIC

Gp1:
Amphotericin B

Gp2: Fluoconazole
Gp3: SDF complex

Gp3: anti-candidal
potency;

UI: Cell wall damage in
Gp3;

ZGI: C. tropicalis: Gp3 <
Gp1,Gp2;

C. krusei, C. glabrata, C.
albicans: Gp3 > Gp1,Gp2

Abbreviations: CQ, colorimetric quantification; Rt-PCR, real-time PCR-based quantification; SEM, scanning electron microscopy; ZGI,
zones of growth inhibition; Multi-PCR, multiplex PCR; MIC, minimal inhibitory concentration; UI, ultrastructural image.

3. Results

A total of 540 potentially relevant records were identified through the database search,
and 194 were left after the removal of duplicates. A manual search of the references of
these selected publications was conducted. One article that met the inclusion criteria was
added to the list. After the titles and abstracts were screened, 133 records were excluded.
The remaining 62 papers, all published in English, were retrieved for full-text reading.
Among them, 20 articles did not report microbial analysis and 21 did not contain biofilm or
microbiome information.

Among the 21 papers included, six were laboratory studies and 15 were clinical
studies. The 21 included papers were published between 2010 and 2020. An SDF solution
concentration of 38% was reported in 16 studies, followed by 3.8% SDF in three studies
and 25% SDF, or 8.5 wt%, in the other studies. Figure 1 is a flowchart showing the search
results.

3.1. Application of Silver Diamine Fluoride on Bacteria
3.1.1. Antibacterial Effect

A total of 15 studies reporting the antibacterial effects of SDF on bacteria are sum-
marized in Table 1. Among them, 14 studies measured the antibacterial properties using
monospecies bacteria such as Lactobacillus acidophilus, Streptococcus sobrinus, Enterococcus
faecalis, and Actinomyces naeslundii. However, subgingival microbial biofilm specimens
were used on 24 adults with severe periodontitis [22]. The majority of the included studies
that explored bactericidal properties were operated in vitro on dentin or enamel samples,
with no difference in the effect regarding the sample material. Only one research study was
conducted in vivo [23]. The longest study duration was 21 days, whereas the shortest one
was 14 min. They also revealed that biofilm treated with SDF had fewer bacteria compared
with that treated with water or other interventions. However, one study did not detect
any significant difference among the study groups [24]. Among the included studies, eight
out of nine studies reported that SDF inhibited the growth of Streptococcus mutans through
colony-forming unit counts. Two studies revealed that SDF also had an antibacterial func-
tion in Lactobacillus acidophilus and Actinomyces naeslundii. In addition, only one out of the
two studies reported that SDF reduced the amount of Enterococcus faecalis [25] while the
other reported reduced Lactobacillus rhamnosus [26]. One study reported that a 38% and
a 19% SDF solution inhibited cultivable bacteria without any significant difference [27].
Only P. micra and S. constellatus belong to red- and orange-complex species recovered from
SDF-treated specimens.
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Figure 1. Flowchart of the study selection process: identification, selection, eligibility, included.

Furthermore, some studies reported that the live-to-dead ratios of Streptococcus mutans,
Lactobacillus acidophilus, and Actinomyces naeslundii in biofilm were significantly lower after
the application of SDF [23–27]. Only Al-Madi and co-workers reported that a 5.25% sodium
hypochlorite solution had a significantly higher live-to-dead ratio of Enterococcus faecalis
compared with the study’s SDF group [27]. Only one study reported that the antibacterial
effects of nano silver fluoride varnish and the potency of propolis fluoride varnish were
comparable with a 38% SDF varnish. Another study compared the minimum inhibitory
concentration and the minimum bactericidal concentration of propolis fluoride and nano
silver fluoride for the inhibition of biofilm formation [28].

3.1.2. Microbiota Change in Community Diversity and/or Composition within Biofilm

A total of four studies reported on the microbiota diversity before and after SDF treat-
ment. In terms of intervention with SDF solution, only a 38% concentration was adopted
in all four studies (Table 2). The majority of the included studies that explored bactericidal
properties were operated in vivo, with one study conducted in vitro; it used extracted
caries teeth in an artificial mouth model [29]. Both saliva and plaque were collected in two
studies [29,30], whereas only plaque was collected in the other two studies [31,32]. Two
studies were conducted on preschool children, whereas one was conducted on primary
school students [29], and another was conducted on adults with a mean age of 47 years [32].
The shortest study duration was 24 h, whereas the longest was 12 weeks. Among the
included studies, three out of the four used the polymerase chain reaction amplification
of 16S ribosomal ribonucleic acid genes and MiSeq sequencing in diversity analyses. One
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study used ribosomal ribonucleic acid sequencing and quantitative polymerase chain
reaction quantification [31]. The Shannon index was the most frequently used index for
diversity assessment.

All four studies reported no significant change in diversity. However, one study found
a significant decrease in the diversity of oral bacteria plaque within active caries, but not in
arrested caries, 12 weeks after SDF treatment [30]. Furthermore, the same paper reported an
alteration in the species of the bacteria both before and after the SDF treatment. Streptococcus
mutans and Streptococcus sobrinus increased significantly after two and 12 weeks of the SDF
treatment in the plaque within active caries. Meanwhile, Lactobacillus sp. and Rothia sp.
increased significantly after two weeks. Another study reported that the carbohydrate
transportation and metabolic functions in plaque were significantly reduced at 24 h and
one week post-intervention [29].

3.2. Application of Silver Diamine Fluoride on Fungus

Two studies explored the anti-candidal effect of SDF [16,33] (Table 3). One study of
Candida albicans on a dentin block taken from human teeth reported that the anti-candidal
effect was a dose-related property. No significant differences were found between 3.8%
and 38% SDF solutions for the colony-forming unit counts, the colorimetric quantification
of Candida, the real-time polymerase chain reaction-based quantification, and the scanning
electron microscopy. The 38% SDF caused severe damage to candida cell walls, whereas the
3.8% SDF caused only partial damage. In another study, Candida albicans, Candida glabrata,
Candida parapsilosis, Candida tropicalis, Candida krusei, and Candida dubliniensis were isolated
from the carious lesions of preschool children. Zones of growth inhibition, a multiplex
polymerase chain reaction, and minimal inhibitory concentrations (MIC50 and MIC90)
were adopted for assessing the anti-candidal effect of SDF and the controls. C. tropicalis was
more resistant to SDF based on the diameter of the inhibitory zone of the culture growth.
Meanwhile, C. krusei and C. glabrata were more sensitive to SDF.

4. Discussion

This review is the first review concerning the effect of SDF applied directly to biofilm.
It is based on the count of bacteria and fungi as well as the diversity within the biofilm.
A large number of reviews have reported the effectiveness of SDF for preventing and
arresting caries in clinical studies, and its effect was reported as extraordinary, mostly due
to its antibacterial function and remineralization property [20].

Although no limitation was set regarding the publication year during the search, the
earliest study found was published in 2010. This shows a new trend where research is being
turned into laboratory work exploring the reason for SDF’s effectiveness in preventing and
arresting caries. The majority (15/21, 71%) of the included studies were published between
2016 and 2020. SDF solutions featuring different concentrations [22,34] or combined with
different materials [17,35,36] were adopted to investigate their potential use for antibacterial
purposes.

SDF has an antibacterial function because both the silver ions and the fluoride con-
tained in SDF appear to have the ability to inhibit the formation of cariogenic biofilm [37].
A 38% SDF solution contains approximately 253,870 ppm silver and 44,800 ppm fluoride
ions [38]. The microorganisms can be killed and silver ions can interfere with metabolic
processes [12]. A three-pronged approach exists for silver ions to kill the microbiota: dam-
age the cell wall structure of bacteria, influence metabolic processes and inhibit enzyme
activities, and, finally, inhibit the replication of bacterial deoxyribonucleic acid [12]. In
addition, it has been suggested that silver ions at a concentration of 20 ppm can inhibit
the growth of Streptococcus mutans [39]. It has also been reported that the antimicrobial
effect stems from the silver ions, especially at low concentrations [40]. Furthermore, the
antimicrobial function of a high concentration of fluoride cannot be ignored [41]. The
reason for this is that a high concentration of fluoride can influence enzymes’ carbohydrate
metabolism and sugar uptake and bind the bacterial cellular components, resulting in
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the inhibition of biofilm formation [37]. However, only one study reported no significant
difference in the count of Lactobacillus rhamnosus among the 38% SDF group and the other
groups (35% chlorhexidine varnish, 5% sodium fluoride varnish, 500 ppm sodium fluoride
solution + 0.1% chlorhexidine solution, and the blank control) [26]. The possible reason for
this may be that the formation of the SDF adopted in the study was a varnish rather than a
solution, which indicates that the reduction in bioactive silver ions was not the same as
that in the 38% SDF solution.

According to this review, even though SDF inhibits some oral microbiota species,
the diversity of the biofilm does not seem to change before and after SDF application.
One possible reason for this is that SDF only reduces the number of carious species, for
example, Streptococcus mutans and Lactobacillus, rather than inhibiting all of the microbiota
species. In the caries process, Streptococci, Lactobacilli, and Actinomycetes are treated as the
initial bacterial invasion species. Among them, Streptococcus mutans is one of the most
important pathogens associated with the initiation and progression of caries [42]. Lacto-
bacillus acidophilus and Lactobacillus rhamnosus are routinely found in deep and superficial
carious lesions, which indicates that they are the most abundant bacteria species [43,44].
Actinomyces naeslundii is related to root caries, which have the potential to invade dentinal
tubules [15]. After the results of the studies were analyzed, it was found that the possible
mode of action of SDF can be related to its antibacterial properties on cariogenic bacteria
rather than a change in the diversity of the biofilm. The microbiota appeared to reach a
new balance, but with fewer carious species [45].

According to this review, SDF also has antifungal properties. As discussed above,
the bioactive form of silver in SDF in its ionized form is “Ag+”. It has been reported
that silver particles can inhibit the growth of C. albicans under high concentrations [46].
One of the possible reasons for this is that silver ions can also suppress extracellular
phospholipase production, which plays a crucial role in the pathogenicity of C. albicans [47].
Phospholipase is associated with the development of hyphae, which plays an essential role
in the biofilm’s adherence and formation [48]. The blocking transformation from a yeast
form to a hyphal form could stop colonization and initiation or pathogenesis. However,
variations in inhibition still exist among different species in the yeast. Another possible
explanation for this could be the avidity of the biological ligands of the yeast to SDF [49].

Based on the review, the most frequently used approach for assessing biofilm is
still the colony-forming unit count and the live-to-dead ratio in the traditional culture
method. New molecular biological technology is being adopted into assessments, usually
combined with traditional ones. The majority of the studies included in this review were
conducted in vitro. As the duration of the selected laboratory studies was relatively short,
the long-term caries-arresting effect and the periodicity of the SDF application could not
be evaluated. It was not the objective of this review to judge the quality of the studies
or to discuss the limitations of each study. This should be taken into consideration when
interpreting the results as well as the conclusions of this review.

This concise review was intended to provide the best evidence regarding SDF’s
antimicrobial effect, as presented in 21 selected papers, to obtain a definitive answer to a
research question involving antibacterial function. It provides an overview and updated
information about the antimicrobial effect of SDF on oral biofilm, as well as its known
role in the inhibition of cariogenic bacteria. The major lines of investigation in this review
involved 15 laboratory studies and six clinical studies. Some data are quite limited due to
the lack of studies on certain topics such as the antibacterial effect of SDF on periodontal
pathogens. As a whole, this field shows significant gaps, with only one study so far
providing limited information [22]. In addition, only two published papers have shown
promising results for SDF’s antifungal effect against candida [16,33]. However, overall, this
review provides strong evidence that SDF can, indeed, inhibit the growth of cariogenic
bacteria and prevent bacterial adhesion to the tooth surface. This review—the first concise
review of the effect of SDF applied directly to biofilm—can be used to guide future research
in this area.
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Even though SDF has been used for decades, its properties remain under-investigated.
Thus far, most laboratory studies have focused on its remineralization properties rather than
its antimicrobial functions within biofilm. It has been suggested that the concentrations
of antibacterial agents required to inhibit biofilm are more than 100 times higher than
those needed to inhibit planktonic bacteria, as biofilm is more resistant to antimicrobial
agents than planktonic bacteria are [12]. More studies exploring the rationale behind these
materials are still needed.

5. Conclusions

The number of publications exploring the effects of SDF on oral biofilm is limited,
although SDF has been used as a caries-arresting agent with antibacterial properties. The
limited publications reported that SDF prevented bacterial adhesion to teeth, inhibited the
growth of cariogenic and periodontal bacteria, and possessed antifungal properties.
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Abstract: Black stain (BS) is a characteristic extrinsic discoloration, which occurs along the third
cervical line of the buccal and/or lingual surfaces of teeth, particularly in the primary dentition
of humans. BS is produced by oral bacteria and byproducts of saliva, but there is a controversy
about related bacteria. The aim of this study was to identify the oral microbiome in tooth BS using
pyrosequencing. It was hypothesized that the oral microbiome of BS in children might be related
to black-pigment producing bacteria. Supragingival dental plaque was obtained from six children
(mean 8.1 years) with BS and four children (mean 8.3 years) without BS. The bacterial metagenome
was obtained by pyrosequencing. The BS group contained 348 operative taxonomic units (OTUs),
whereas the control group had 293 OTUs. Microbial abundance and diversity were significantly
higher in the BS group (p < 0.05). In the heatmap, the correlation between samples was the same as the
BS scale. At the genus level, six genera—Abiotrophia, Eikenella, Granulicatella, Neisseria, Porphyromonas
and Streptococcus—were significantly different between the two groups (p < 0.05). We suggested that
compositional changes in the oral microbiome are essential, and several species in the genus Neisseria,
Porphyromonas and Streptococcus may be major contributors for BS formation. Although the number
of subjects was relatively limited, our study is the first species-level analysis of pyrosequencing data
in BS formation.

Keywords: black stain; oral microbiota; pyrosequencing; Neisseria; Porphyromonas; Streptococcus

1. Introduction

Black stain (BS) is a characteristic, extrinsic dental discoloration that occurs on the cervical third of
the tooth and follows the contour of the gingival margin, particularly in primary dentition [1]. BS is
thought to be a special form of dental plaque related to calcification because it contains an insoluble
ferric salt, which is likely ferric sulfide, and has high calcium and phosphate contents [2]. The ferric
sulfide may be formed through a reaction between hydrogen sulfide produced by bacterial action and
iron in saliva or gingival exudates.

BS occurs at any age, but there is a higher prevalence in childhood that decreases in adolescence and
adulthood [3]. Studies have shown no difference in occurrence between the sexes [1]. Researchers have
been interested in BS because of its correlation with the low caries experience [2,4]. However, a recent
study of more than 3000 people found no association between dental caries and BS [5].

Many studies have examined BS-related bacteria, but the causative bacteria is still not clear [1,3].
Early ultrastructural examinations of BS demonstrated that the black material is a ferric salt,
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probably ferric sulfide, formed by the reaction between sulfide produced by bacterial action and
iron in the saliva or gingival exudate [2,3]. The most commonly cultivated bacteria from BS teeth
were Actinomycetes with the detection of rarely pigmented Gram-negative rods [6]. Black-pigmented
bacteria were found primarily in extrinsic tooth stains [6,7]. Among black-pigmented bacteria,
Prevotella intermedia and Prevotella nigrescens are the ones most frequently found in the oral cavity
and associated with BS [3]. Soukos et al. [6] reported that Porphyromonas gingivalis, P. intermedia and
P. nigrescens were related to BS using DNA–DNA hybridization for 40 taxa, whereas Saba et al. [7]
suggested that P. gingivalis and Prevotella melaninogenica were absent and Actinomycetes sp. and
Aggregatibacter actinomycetemcomitans were present in BS by means of polymerase chain reaction (PCR)
and electrophoresis gel on the agarose medium for 200 people. This conflict was partly caused by
limitations in the analysis methods. As a result, more advanced analysis methods are needed.

Recent advances in sequencing technologies, such as 454 pyrosequencing, have provided a deep
understanding of the metagenomic diversity of the human oral microbiome [8]. Pyrosequencing can
identify bacterial sequences and their amounts to give both qualitative and quantitative information of
the oral microbiome, including uncultivable microorganisms [8]. For example, high-throughput
pyrosequencing has revealed that dental plaques pooled from adults contain approximately
10,000 microbial phylotypes, with the ultimate diversity of oral microbiomes being estimated to
contain approximately 25,000 phylotypes [9].

The aim of this study was to identify the oral microbiome in BS using pyrosequencing and to test
our hypothesis that the oral microbiome of BS in children might be related to black-pigmented bacteria.

2. Material and Methods

2.1. Sampling

This study was approved by the Institutional Review Board of the School of Dentistry, Kyung Hee
University (KHD-IRB-1509-5). Ten children were recruited as study subjects. Six of the children had
black stained teeth while four children maintained good oral hygiene and had no black stained teeth.
Oral examinations were performed on all the children, and decayed-missing-filled teeth (DMFT) indices
were estimated. The BS scale was estimated using the Shourie method [10]. The criteria for classifying
BS were as follows: 1; no line, 2; incomplete coalescence of pigmented spots and 3; continuous line
formed by pigmented spots. After classification, subjects with parental consent were instructed not to
brush their teeth for 24 h before sampling. Sampling was performed in the morning from the subjects,
who were instructed to skip breakfast. Sterilized dental explorers were used to collect supragingival
plaque on the buccal and lingual surfaces of all teeth. The samples were collected in 1 mL of sterile
phosphate-buffered saline and stored at −80 ◦C after liquid nitrogen treatment.

2.2. Genomic DNA Extraction

The following molecular and sequencing procedures were performed in an outside outsourcing
research laboratory. Genomic DNA (gDNA) was isolated from the dental plaque samples using a DNA
extraction kit for bacteria (iNtRON Biotechnology, Seongnam, Korea) following the manufacturer’s
protocol. The collected samples were treated with lysozyme at 37 ◦C for 15 min and lysed with a buffer
containing proteinase K and RNase A at 65 ◦C for 15 min. The lysates were mixed with a binding buffer
and then passed through resin columns for purification. The harvested g DNA from the samples was
quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).

2.3. PCR Amplification

PCR was performed to amplify the V1 to V3 region of the 16S rRNA gene from the samples’ gDNA.
9F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 541R (5′-ATTACCGCGGCTGCTGG-3′) primers were
used in the amplification. The amplifications were carried out under the following conditions: initial
denaturation at 94 ◦C for 5 min, followed by 30 cycles of denaturation at 94 ◦C for 30 s, primer annealing

34



Appl. Sci. 2020, 10, 8054

at 55 ◦C for 30 s and extension at 72 ◦C for 30 s with a final extension phase at 72 ◦C for 5 min. The PCR
products were visualized under a Gel Doc system (BioRad, Hercules, CA, USA) after electrophoresis
on a 2% agarose gel. The amplified products were cleaned with the QIAquick PCR purification kit
(Qiagen, Valencia, CA, USA).

2.4. DNA Pyrosequencing

Equal concentrations of the PCR products were pooled together and cleaned with Agencourt
Amperes magnetic purification beads (Danvers, MA, USA). The quality and size of the pooled products
were assessed on an Agilent Bioanalyzer 2100 (Palo Alto, CA, USA) using a DNA 7500 chip. The pooled
products were used for emulsion PCR and then loaded onto Picotiter plates for high-throughput
pyrosequencing. The sequencing was performed on the GS FLX Plus system (Roche, Branford, CT,
USA) according to the manufacturer’s instructions at ChunLab, Inc. (Seoul, Korea).

2.5. Pyrosequencing Data Analysis

Obtained raw data were categorized into samples according to the barcode information.
The barcode, linker and primers were trimmed off from the reads and reads showing ambiguous
nucleotides (2≤), a low-quality score (<25) or a short length (<300 bp) were removed. Potential chimera
sequences detected by the Bellerophon method were filtered. The final reads were compared with
sequence and taxonomic information acquired from the EzTaxon-e database. This database has curated
16S rRNA gene sequences of species and phylotypes of either cultured or uncultured entries in the
GenBank database with taxonomy information. The read sequences were queried with BLASTN,
and a maximum of five best-hit sequences were compared by pairwise alignment to determine species
or phylotypes. Operational taxonomic units (OTUs) were obtained at a 97% similarity level by the
CL community program (ChunLab, Inc., Seoul, Korea) after comparing with the EZ taxon database.
Alpha diversity was determined using the “phyloseq” R package. A heatmap analysis was performed
based on microbial abundance in the “heatplus” R package. Principal component analysis (PCA) was
performed using “devtools” and “ggbiplot” R packages.

2.6. Statistical Analysis

In clinical findings, dmft indices between the BS and control groups were statistically analyzed by
Mann–Whitney test (p = 0.05), and the association between BS formation and caries development were
statistically analyzed by Chi-squared test (p = 0.05). After the pyrosequencing, the diversity of the
oral microbiome of the subjects was statistically analyzed by the t-test (p = 0.05). In the heatmap, the
Bray–Curtis method was used for calculating cluster dissimilarity in the clustering analysis (p = 0.05).
The abundance of the predominant bacterial groups was analyzed by t-test (p= 0.05). Jonckheere’s trend
test was used for the trend analysis (p = 0.05).

3. Results

3.1. Clinical Findings

Children with BS (BS group, n = 6) whose ages ranged from 4 to 11 (mean of 8.1 years) were
included in this study. The control (non-BS) group (n = 4) had a mean age of 8.3 (range 6–9) years.
The BS group exhibited a mean BS score of 1.5 (BS scale 1 = 3 and BS scale 2 = 3), zero DMFT index and
a 3.8 average dmft index. By contrast, four control patients showed zero BS scale, zero DMFT index and
a 1.75 average dmft index. The dmft indices between the BS and control groups were not significantly
different (p > 0.05). No significant association between BS formation and caries development was
observed (p > 0.05).

35



Appl. Sci. 2020, 10, 8054

3.2. Diversity of the Oral Microbiome

A total of 10 samples were sequenced, and 60,371 reads in total were obtained. Of all the reads,
39,013 reads (64.6%) passed quality filtering (low-quality sequence reads and a minimum length of
300 bp) and remained. Both the BS and control groups contained 28,142 and 10,871 reads with an
average length of 472 and 465 bp, respectively (Supplementary Table S1). The microbial abundance
based on the read number was significantly higher in the BS group than the control group (Figure 1A,
p < 0.05). OTUs were identified by pairwise alignment to the EzTaxon database at a 3% distance.
Totals of 15 phyla, 28 classes, 45 orders, 80 families, 145 genera and 423 OTUs (species) were identified
in these samples. The BS group contained 348 OTUs in total (without duplication), whereas the control
group had 293 OTUs. The alpha diversity of the microbiome was estimated by Simpson and Shannon
indices, indicating that the diversity in the BS group was significantly higher than in the control group
(Figure 1B,C, p < 0.05).

 
Figure 1. Diversity of the oral microbiome of the subjects. Abundance (A), Simpson index (B) and
Shannon index (C) were compared between the black stain and control groups. Significance was
determined by t-test (p = 0.05).

3.3. Different Genera and Species between BS and Control Group

Heatmap analysis was employed to see overall patterns of microbial abundance at different
levels of taxonomy. At all levels from species to order, the control group was isolated from the BS
group (Figure 2), suggesting that the microbial composition was quite different between the two
groups. The only exception was the sample “C12”, which formed its own lineage within the BS
group. Since the diversity pattern of C12 was much different from the other samples in the control
group, we excluded the sample from further statistical analysis. To test the hypothesis that changes in
microbial diversity affected BS formation, the abundance (read number) of each OTU was compared
between the groups using the Mann–Whitney U test. At the genus level, six genera—Abiotrophia,
Eikenella, Granulicatella, Neisseria, Porphyromonas and Streptococcus—were significantly different between
the two groups (p < 0.05). Neisseria, Porphyromonas and Streptococcus contained 11, 14 and 31 species
within them, respectively (Figure 3). All six genera were more abundant in the BS group than the
control group. In addition, the genus Selenomonas exhibited the opposite trend and was more abundant
in the control group (p = 0.053). At the species level, 19 species were identified as significantly different
between the two groups (p < 0.05, Table 1). The number of each sample represented the identified
OTUs. Except for Selenomonas noxia, Corynebacterium_uc and JQ454562_s (Prevotella), all the species
were higher in the BS group than the control group. Twelve out of 19 species were included in the
genus showing significance.
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Figure 2. Heatmap of the oral microbiome relative abundance. The species having more than 5% of the
total reads are shown. The Bray–Curtis method was used for calculating cluster dissimilarity in the
clustering analysis (p = 0.05, significantly different). B: black stain group, C: control group.

Figure 3. Abundance of the predominant bacterial groups between the black staining and control
groups. Genus Neisseria (A), genus Porphyromonas (B), Streptococcus (C). Asterisks indicate species
significantly different between the two groups (p < 0.05).
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3.4. Trend Analysis among the Three BS Scale Groups

In the heatmap at the species level, clusters based on microbial abundance were correlated to BS
scale severity (Figure 2). For example, the samples “B1”, “B2” and “B9”, which had been determined
as having “BS scale 2” severity according to Shori’s method, were clustered together in similarity
(Figure 2). A similar correlation was observed at all taxonomical levels, suggesting that BS scale
severity may be correlated with the bacterial composition (Figure 2). Therefore, a dose-dependent
relationship between the BS scale and abundance was examined using a nonparametric Jonckheere’s
trend test in the “clinfun” R package. A total of 47 species showed a trend among the BS scale clusters:
39 species exhibited an “increasing” trend when the BS scale increased (p < 0.05), whereas eight species
were found to exhibit a “decreasing” tendency (p < 0.05). Principal component analysis (PCA) for
these selected species revealed that species showing an “increasing” trend contributed to an increase
in BS scale severity (Figure 4). This microbial community may play an essential role in the formation
of BS. The most abundant genera were Neisseria, Porphyromonas, Streptococcus and Capnocytophaga.
In contrast, the “decreasing” population, which showed abundance in the control group, consisted of
Corynebacterium, Prevotella, Selenomonas, Capnocytophaga and Leptotrichia. Four genera were found in
both groups: Capnocytophaga, Corynebacterium, Leptotrichia and Prevotella.

Figure 4. Principle component analysis of the selected species showing an increasing or decreasing
trend according to the severity of the black stain (BS) scale. Approximately 71% of the total variance
among the individual samples was explained by the first two components.
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4. Discussion

Conventional BS therapy has been focused on the mechanical removal of black pigments themselves
because the exact mechanism of BS prevalence had yet to be identified [1]. In this study, we used
pyrosequencing analysis of supragingival dental plaque of children with and without BS to understand
the microbiological aspects of BS, which may lead to better prevention and treatment for BS. The genera
Porphyromonas, Streptococcus and Neisseria, were abundant in the microbiome of children with BS,
while the genera Corynebacterium, Prevotella and Selenomonas_g1 were abundant in children without BS
in this study. This study suggests that dynamics in the oral microbiome may cause the formation of BS
in children, and the microbial population in the above genera would play important roles in changing
microbial dynamics.

The genus Porphyromonas was significantly abundant in the BS group (Figure 2). All the species
belonging to this genus exhibited a similar pattern in abundance (Figure 3). Four Porphylromonas sp.
showed a trend to increase as the BS scales increased (Figure 4). Porphyromonas is an obligate anaerobic
bacterium that produces a black pigment called porphyrin [11]. This pigment can protect the bacterial
cell from oxidative stress by reducing oxygen. P. gingivalis is one of the most well-known species that
produces black pigments [12] and is implicated in the progression of periodontal disease [4]. However,
this species was not one of the pathogens observed in this study. Porphyromonas catoniae is the most
common species in this genus (Figure 3A). It is frequently found in the oral microbiota of healthy
children [9] and is known to be a pioneer bacterium that is established in the mouths of babies [13].
In addition, it is a non-pigmented species [14]. However, it is possible that this species may play an
opportunistic role in the formation of BS because this species exhibits activities of diverse cellular
enzymes like trypsin, which is important in bacterial colonization [13]. The other Porphyromonas spp.
may contribute to the accumulation of black pigments.

The genus Streptococcus was also observed abundantly in the BS group (Figures 2 and 3B).
S. cristatus, S. sanguinis, S. oralis, S. mitis and S. gordonii are known as oral biofilm bacteria that colonize
the tooth surface [15,16]. Since these species are normal tooth microbiome and do not produce black
pigments, they may contribute to the formation of microbial beds on teeth and interact with other
species producing black pigments. Although the genus Streptococcus makes up 10% of the total
microbiome, S. mutans was detected in only one subject (BS2, five reads). This rare detection of S.
mutans is consistent with a recent report of BS patients where S. mutans was not found. This may
be due to the antagonistic effect of the predisposed Streptococcus spp. S. sanguinis and S. gordonii
that are known to inhibit the growth of S. mutans by producing hydrogen peroxide [17]. A recent
study using pyrosequencing suggests that the genus Streptococcus was most abundant but showed
no difference between the groups [18]. Another pyrosequencing study reported that this genus was
observed frequently in subjects having both caries and pigments, but not in subjects having only
pigments [19]. Interestingly, a recent microbiome study showed that the population of P. catoniae was
decreased in children with caries and increased in children with healthy oral status [9]. Since the
P. catoniae population was found to be increased in our BS group, it may have a negative influence on
caries development (Figure 3A).

Veillonella dispar and V. rodentium were identified as positive candidates for BS formation (Figure 4).
V. dispar produces hydrogen sulfide (H2S) from L-cysteine [20]. The genus Actinomyces can produce
H2S and has been known to be a strong candidate for BS formation. However, Actinomyces gerencseriae
was detected in this study, and there is no report about the H2S production of this species.

Microbial composition is continuously affected by the environment of the oral cavity, and each
population interacts with others in the same community. Therefore, a decrease in population density
may result in the breakdown of one community, presenting the opportunity for a new population or
community to thrive. We hypothesized that different microbial compositions would appear in different
BS scales. The BS scale indicates different environmental factors affecting microbial composition. In that
hypothesis, our trend analysis exhibited positive or negative candidates in BS formation. In Figure 4,
some species decreased as BS scales increased, and the others were increased in proportion to the BS
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scale. These species may play core roles in BS formation. However, their exact roles must be identified
in further studies.

Recently, two pyrosequencing studies were performed to analyze the microbiota of BS [18,19].
One was performed for 25 subjects [18], while the other study consisted of 111 subjects [19]. Li et al. [18]
reported that the genera of Actinomyces, Tannerella, Treponema, Corynebacterium, Cardiobacterium and
Hemophilus were more abundant in children with BS. In another study, the genera Leptotrichia and
Fusobacterium contributed to BS formation, while the genera Streptococcus and Mogibacterium were
important in the formation of both caries and pigments. Interestingly, three studies, including ours,
did not reveal a strong consistency between them. Different ethnic backgrounds and dietary styles
may provide confounding effects, suggesting that a more careful sampling design is required for this
kind of study.

The limitation of this study is the small sample size. Larger sample size is needed for
safe experiments and the potential confounding factor that the pyrosequencing may present.
Further research will be designed by reflecting this limitation. In addition, it is meaningful to
compare the study with existing healthy subjects in place of the small control group. In the study of
healthy children, Proteobacteria was abundant in the group without dental caries, and Firmicutes and
Bacteroides were abundant in the group with dental caries [21]. A study of healthy elderly people
found that Firmicutes and Veillonella were abundant at the phyla level [22,23]. This was markedly
different from the BS group in this study, in which Neisseria, Porphyromonas and Streptococcus
were significant.

5. Conclusions

In conclusion, this study investigated the composition of the oral microbiome of supragingival
plaque in relation to BS formation. Although the number of subjects was relatively limited, our study
is the first species-level analysis of the pyrosequencing data in BS formation. We highlighted that
compositional changes in the oral microbiome are essential, and several species in the genus Neisseria,
Porphyromonas and Streptococcus may be major contributors to BS formation. The proposed species
information will provide a foundation for understanding the complex ecology of BS and for identifying
the causal agent for BS formation.
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Author Contributions: Conceptualization, J.Y.H. and S.C.C.; methodology, H.-S.L.; software, J.C.; validation, J.C.;
formal analysis, O.H.N.; investigation, S.C.C.; resources, M.S.K.; data duration, H.-S.L.; writing—original draft
preparation, J.Y.H. and S.C.C.; writing—review and editing, H.-S.L. and S.C.C.; supervision, project administration,
funding acquisition, S.C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program of the National Research Foundation
of Korea (NRF), funded by the Ministry of Education, Science and Technology (NRF-2016R1C1B1015005).

Acknowledgments: We thank the children that participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zyla, T.; Kawala, B.; Antoszewska-Smith, J.; Kawala, M. Black stain and dental caries: A review of the
literature. Biomed. Res. Int. 2015, 2015, 469392. [CrossRef] [PubMed]

2. Reid, J.S.; Beeley, J.A.; MacDonald, D.G. Investigations into black extrinsic tooth stain. J. Dent. Res. 1977, 56,
895–899. [CrossRef] [PubMed]

3. Slots, J. The microflora of black stain on human primary teeth. Scand. J. Dent. Res. 1974, 82, 484–490.
[CrossRef] [PubMed]

4. Ximenez-Fyvie, L.A.; Haffajee, A.D.; Socransky, S.S. Microbial composition of supra- and subgingival plaque
in subjects with adult periodontitis. J. Clin. Periodontol. 2000, 27, 722–732. [CrossRef]

41



Appl. Sci. 2020, 10, 8054

5. Garcia Martin, J.M.; Gonzalez Garcia, M.; Seoane Leston, J.; Llorente Pendas, S.; Diaz Martin, J.J.;
Garcia-Pola, M.J. Prevalence of black stain and associated risk factors in preschool Spanish children.
Pediatr. Int. 2013, 55, 355–359. [CrossRef]

6. Soukos, N.S.; Som, S.; Abernethy, A.D.; Ruggiero, K.; Dunham, J.; Lee, C.; Doukas, A.G.; Goodson, J.M.
Phototargeting oral black-pigmented bacteria. Antimicrob. Agents Chemother. 2005, 49, 1391–1396. [CrossRef]

7. Saba, C.; Solidani, M.; Berlutti, F.; Vestri, A.; Ottolenghi, L.; Polimeni, A. Black stains in the mixed dentition:
A PCR microbiological study of the etiopathogenic bacteria. J. Clin. Pediatr. Dent. 2006, 30, 219–224.
[CrossRef]

8. Keijser, B.J.; Zaura, E.; Huse, S.M.; van der Vossen, J.M.; Schuren, F.H.; Montijn, R.C.; Ten Cate, J.M.;
Crielaard, W. Pyrosequencing analysis of the oral microflora of healthy adults. J. Dent. Res. 2008, 87,
1016–1020. [CrossRef]

9. Crielaard, W.; Zaura, E.; Schuller, A.A.; Huse, S.M.; Montijn, R.C.; Keijser, B.J. Exploring the oral microbiota of
children at various developmental stages of their dentition in the relation to their oral health. BMC Med. Genom.
2011, 4, 22. [CrossRef]

10. Shourie, K.L. Mesenteric line or pigmented plaque; a sign of comparative freedom from caries. J. Am.
Dent. Assoc. 1947, 35, 805–807. [CrossRef]

11. Liu, G.Y.; Nizet, V. Color me bad: Microbial pigments as virulence factors. Trends Microbiol. 2009, 17, 406–413.
[CrossRef] [PubMed]

12. Haffajee, A.D.; Cugini, M.A.; Tanner, A.; Pollack, R.P.; Smith, C.; Kent, R.L., Jr.; Socransky, S.S.
Subgingival microbiota in healthy, well-maintained elder and periodontitis subjects. J. Clin. Periodontol. 1998,
25, 346–353. [CrossRef] [PubMed]

13. Kononen, E.; Kanervo, A.; Takala, A.; Asikainen, S.; Jousimies-Somer, H. Establishment of oral anaerobes
during the first year of life. J. Dent. Res. 1999, 78, 1634–1639. [CrossRef] [PubMed]

14. Willems, A.; Collins, M.D. Reclassification of Oribaculum catoniae (Moore and Moore 1994) as
Porphyromonas catoniae comb. nov. and emendation of the genus Porphyromonas. Int. J. Syst. Bacteriol. 1995,
45, 578–581. [CrossRef]

15. Handley, P.S.; Correia, F.F.; Russell, K.; Rosan, B.; DiRienzo, J.M. Association of a novel high molecular weight,
serine-rich protein (SrpA) with fibril-mediated adhesion of the oral biofilm bacterium Streptococcus cristatus.
Oral Microbiol. Immunol. 2005, 20, 131–140. [CrossRef]

16. Rickard, A.H.; Gilbert, P.; High, N.J.; Kolenbrander, P.E.; Handley, P.S. Bacterial coaggregation: An integral
process in the development of multi-species biofilms. Trends Microbiol. 2003, 11, 94–100. [CrossRef]

17. Kreth, J.; Zhang, Y.; Herzberg, M.C. Streptococcal antagonism in oral biofilms: Streptococcus sanguinis and
Streptococcus gordonii interference with Streptococcus mutans. J. Bacteriol. 2008, 190, 4632–4640. [CrossRef]

18. Li, Y.; Zhang, Q.; Zhang, F.; Liu, R.; Liu, H.; Chen, F. Analysis of the Microbiota of Black Stain in the Primary
Dentition. PLoS ONE 2015, 10, e0137030. [CrossRef]

19. Li, Y.; Zou, C.G.; Fu, Y.; Li, Y.; Zhou, Q.; Liu, B.; Zhang, Z.; Liu, J. Oral microbial community typing of caries
and pigment in primary dentition. BMC Genom. 2016, 17, 558. [CrossRef]

20. Washio, J.; Shimada, Y.; Yamada, M.; Sakamaki, R.; Takahashi, N. Effects of pH and lactate on hydrogen
sulfide production by oral Veillonella spp. Appl. Environ. Microbiol. 2014, 80, 4184–4188. [CrossRef]

21. Yoshiaki, N.; Ryoko, O.; Ryo, H.; Nobuhiro, H. Oral Microbiome of Children Living in an Isolated Area in
Myanmar. Int. J. Environ. Res. 2020, 17, 4033.

22. Yoshiaki, N.; Erika, K.; Ayako, O.; Ryoko, O.; Mieko, S.; Yasuko, T.; Chieko, T.; Kazumune, A.; Hideki, D.;
Tamotsu, S.; et al. Oral Microbiome in Four female Centenarians. Appl. Sci. 2020, 10, 5312.

23. Yoshiaki, N.; Erika, K.; Noboru, K.; Kaname, N.; Akihiro, Y.; Nobuhiro, H. The Oral Microbiome of Healthy
Japanese People at the Age of 90. Appl. Sci. 2020, 10, 6450.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

42



applied  
sciences

Article

The Oral Microbiome of Healthy Japanese People at
the Age of 90

Yoshiaki Nomura 1,*, Erika Kakuta 2, Noboru Kaneko 3, Kaname Nohno 3, Akihiro Yoshihara 4

and Nobuhiro Hanada 1

1 Department of Translational Research, Tsurumi University School of Dental Medicine,
Kanagawa 230-8501, Japan; hanada-n@tsurumi-u.ac.jp

2 Department of Oral bacteriology, Tsurumi University School of Dental Medicine, Kanagawa 230-8501, Japan;
kakuta-erika@tsurumi-u.ac.jp

3 Division of Preventive Dentistry, Faculty of Dentistry and Graduate School of Medical and Dental Science,
Niigata University, Niigata 951-8514, Japan; nkaneko@dent.niigata-u.ac.jp (N.K.);
no2@dent.niigata-u.ac.jp (K.N.)

4 Division of Oral Science for Health Promotion, Faculty of Dentistry and Graduate School of Medical and
Dental Science, Niigata University, Niigata 951-8514, Japan; akihiro@dent.niigata-u.ac.jp

* Correspondence: nomura-y@tsurumi-u.ac.jp; Tel.: +81-45-580-8462

Received: 19 August 2020; Accepted: 15 September 2020; Published: 16 September 2020

Abstract: For a healthy oral cavity, maintaining a healthy microbiome is essential. However,
data on healthy microbiomes are not sufficient. To determine the nature of the core microbiome,
the oral-microbiome structure was analyzed using pyrosequencing data. Saliva samples were obtained
from healthy 90-year-old participants who attended the 20-year follow-up Niigata cohort study.
A total of 85 people participated in the health checkups. The study population consisted of 40 male and
45 female participants. Stimulated saliva samples were obtained by chewing paraffin wax for 5 min.
The V3–V4 hypervariable regions of the 16S ribosomal RNA (rRNA) gene were amplified by PCR.
Pyrosequencing was performed using MiSeq. Operational taxonomic units (OTUs) were assigned on
the basis of a 97% identity search in the EzTaxon-e database. Using the threshold of 100% detection
on the species level, 13 species were detected: Streptococcus sinensis, Streptococcus pneumoniae,
Streptococcus salivarius, KV831974_s, Streptococcus parasanguinis, Veillonella dispar, Granulicatella
adiacens, Streptococcus_uc, Streptococcus peroris, KE952139_s, Veillonella parvula, Atopobium parvulum,
and AFQU_vs. These species represent potential candidates for the core make-up of the
human microbiome.

Keywords: oral microbiome; pyrosequencing; core microbiome; elderly

1. Introduction

Microbiota inhabiting the human body have long been recognized as critical for a variety of human
diseases and in maintaining human health [1–5]. The microbiome of humans has been extensively
studied using accurate and efficient approaches involving high-throughput sequencing technologies
and bioinformatics [6].

Among several microbiomes in the human body, the oral microbiome has been extensively
studied. Specific bacterial taxa are responsible for oral infectious diseases, such as dental caries and
periodontal diseases. Microbial diversity increases in parallel with the progression of periodontitis [7].
Several studies showed that there is a relationship between the human oral microbiome and certain
systemic diseases, such as pancreatic cancer [8], Type 2 diabetes [9], pediatric Crohn’s disease [10],
heart disease [11], and low-weight preterm birth [12]. Certain oral bacterial species may contribute to
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carcinogenesis [13]. The role of the oral microbiome involves the mediation of inflammation related to
changes in systemic health and disease [14].

In addition to these intensive studies related to disease, health-associated species in the oral cavity
have been identified. One of the primary goals of the Human Microbiome Project [15] launched by the
National Institutes of Health was to characterize the core microbiome. The concept of the core human
oral microbiome involves comprehensive, minimal bacteria that regularly inhabit the human body.
The human core microbiome is hypothesized to be important for development, health, and functioning.
Some diseases, including autoimmune disorders [16], diabetes, and obesity [17,18], are caused by
perturbation of the core gut microbiome. Therefore, a beneficial oral microbiome and its associated
ecosystem functions may ensure host health and wellbeing [19–21].

The aims of this study were to determine if a healthy core microbiome is meaningful in the context
of disease prevention and to investigate whether the microbiome of healthy older people may be a
suitable representation of a healthy microbiome. Data on the oral microbiome of healthy older people
may be useful for a comparison with the microbiome of subjects with specific diseases in an effort to
determine if their etiology is related to an imbalance of the microbiome or colonization by specific
bacterial taxa. These data may be useful for the development of a healthy core microbiome from a
young age. Several studies have investigated the oral microbiome of older people. These studies were
focused on the etiology of diseases or disease conditions [22–31]. Few studies investigating healthy
older people are available [32–34].

The aim of this study was to investigate the oral microbiome of a community of healthy people at
the age of 90 in an attempt to identify their core oral microbiome.

2. Materials and Methods

2.1. Study Design, Setting, and Participants

The subjects that participated in this study were sourced from the Niigata study, a community-based
cohort study investigating the relationship between oral health and systemic health in older subjects
aged 70 in 2008. Sampling and data collection procedures were described in previous reports in
detail [35,36]. A 20-year follow-up study was conducted in 2018 through mass examination. Dental and
medical examinations were carried out. Briefly, all of our cohorts did not present with any comorbidities.

2.2. Sampling and Microbial DNA Extraction

Saliva samples were collected by chewing paraffin wax for 5 min. Collected samples were kept on
ice. Upon transporting them to the laboratory, samples were frozen at −20 ◦C until DNA extraction.
Saliva samples were centrifuged at 3000 rpm for 10 min. The Maxwell 16 LEV Blood DNA Kit (Promega
KK, Tokyo, Japan) was used for DNA extraction. The NanoDrop ND-2000 (Thermo Fisher Scientific KK,
Tokyo, Japan) was used for the measurement of DNA concentration. DNA degradation was visually
checked by electrophoresis on a 1% agarose gel using the Qubit dsDNA BR Assay Kit (Thermo Fisher
Scientific KK, Tokyo, Japan). The inclusion criteria for DNA samples subjected to further analysis were
as follows: concentration > 20 ng/μL, volume ≥ 20 μL, A260/280 ≥ 1.8, and A260/230 >1.5 [32,37].

2.3. Microbial-Community Analysis

A polymerase chain reaction (PCR) was carried out using primers specific to the V3–V4 region
involving pyrosequencing tags of the 16S ribosomal RNA (rRNA) gene. The taxonomic classification of
each read was assigned on the basis of a search of the EzBioCloud 16S database [38,39]. By applying the
data from this database, a hierarchical taxonomic classification was obtained [32,37]. These analyses
were carried out by Chun Lab (Seoul, Korea).

2.4. Bioinformatics Analysis

The relative abundance of the 16S rRNA gene for each operational taxonomic unit (OTU) was used
to determine the absolute abundance of each OTU by multiplying the respective relative abundance by
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the total number of 16S rRNA gene copies. The Microbiome and Phyloseq packages in R software
version 3.50 (Lucent Technologies, Murray Hill, NJ, USA) were used for analysis [40]. Heatmaps and
core heatmaps [41] were used for visualization. Core line-plot and t-distributed stochastic neighbor
embedding (t-SNE) [42] analyses were performed using the Microbiome Rtsne and Vegan packages.

2.5. Ethics Approval

All subjects who participated in this study were approved for the purpose of this study. Prior to
saliva collection, they completed an informed-consent form. This study was approved by the Ethics
Committee of the Tsurumi University School of Dental Medicine (Approval Number: 1332).

3. Results

3.1. Study Participants

The number of subjects participating in this study was 87. There were 41 men and 46 women who
were all 90 years old. Adequate mount samples for pyrosequencing analysis were not obtained from
one man and one woman.

3.2. Sequence Data

From the 85 subjects, 3,899,271 reads (minimum, 23,272; maximum, 108,597) passed quality
control. From these reads, sequences were clustered into 24 phyla, 48 classes, 106 orders, 214 families,
529 genera, and 1216 species. The prevalence and abundances of all 1216 species are visualized using a
heatmap in Figure S1 (Supplementary Materials).

The summary statistics of the alpha diversity indices are shown in Table S1 (Supplementary
Materials). The rarefaction curve is presented in Figure S2 (Supplementary Materials).

3.3. Oral-Microbiome Structure

Figure 1 shows the relative abundance of detected bacteria. Data are presented separately on the (A)
phylum and (B) genus levels. The Firmicutes phylum was most abundant, followed by Actinobacteria
and Bacteroides. The abundance of these phyla constituted 92.6% of the sample. On the genus level,
Streptococcus represented 44.5%, Rothia represented 15.2%, and Veillonella represented 9.0% of the sample.
The composition bar plots for each sample on the phylum level are shown in Figure S3 (Supplementary
Materials). The proportional ranges of these bacteria were 42.7% to 93.0% for Firmicutes, 4.7% to
39.8% for Actinobacteria, and <0.01% to 39.6% for Bacteroides. Taxon prevalence is shown in Figure 2.
The prevalence of each species is plotted against their abundance. Highly prevalent phyla were
Firmicutes and Actinobacteria. The core line plot is shown in Figure S4 (Supplementary Materials).

Figure 1. Microbiome structure in saliva: (A) phylum level; (B) genus level.
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Figure 2. Overview of operational-taxonomic-unit (OTU) prevalence and taxonomic affiliations.

3.4. Candidates for Core Microbiome and Core-Microbiome Analysis

Table 1 shows the bacterial species detected in more than 90% of subjects. Thirteen species
were detected in all subjects. Among these 13 species, eight species were from the Streptococcus
genus. These species represent potential candidates for the core oral microbiome. These 13 species are
visualized using a phylogenetic tree and core heatmap in Figure 3.

Table 1. Bacterial species detected in more than 90% of subjects.

Taxonomy Prevalence
(n%)

Abundance (Average)
Phylum Genus Species

100%

Firmicutes Streptococcus Streptococcus sinensis 85/85 100% 10.14%
Firmicutes Streptococcus Streptococcus pneumoniae 85/85 100% 9.61%
Firmicutes Streptococcus Streptococcus salivarius 85/85 100% 8.75%

Actinobacteria Rothia KV831974_s 85/85 100% 8.30%
Firmicutes Streptococcus Streptococcus parasanguinis 85/85 100% 6.13%
Firmicutes Veillonella Veillonella dispar 85/85 100% 4.31%
Firmicutes Granulicatella Granulicatella adiacens 85/85 100% 2.90%
Firmicutes Streptococcus Streptococcus_uc 85/85 100% 2.80%
Firmicutes Streptococcus Streptococcus peroris 85/85 100% 2.67%

Actinobacteria Actinomyces KE952139_s 85/85 100% 1.72%
Firmicutes Veillonella Veillonella parvula 85/85 100% 1.15%

Actinobacteria Atopobium Atopobium parvulum 85/85 100% 0.89%
Firmicutes Streptococcus AFQU_s 85/85 100% 0.77%

99%–95%

Firmicutes Veillonella Veillonella atypica 84/85 98.8% 2.22%
Actinobacteria Actinomyces Actinomyces_uc 84/85 98.8% 0.30%

Firmicutes Veillonella Veillonella_uc 84/85 98.8% 0.25%
Actinobacteria Rothia Rothia mucilaginosa 83/85 97.6% 5.43%

Firmicutes Gemella Gemella haemolysans 83/85 97.6% 1.23%
Actinobacteria Rothia Rothia_uc 83/85 97.6% 0.28%
Proteobacteria Campylobacter Campylobacter concisus 83/85 97.6% 0.10%

Bacteroides Prevotella Prevotella melaninogenica 82/85 96.5% 2.92%
Firmicutes Streptococcus Streptococcus gordonii 82/85 96.5% 1.78%
Firmicutes Moryella Stomatobaculum longum 82/85 96.5% 0.31%

Actinobacteria Actinomyces JVLH_s 82/85 96.5% 0.18%
Actinobacteria Rothia Rothia dentocariosa 81/85 95.3% 1.36%

Firmicutes Bulleidia Solobacterium moorei 81/85 95.3% 0.20%

>90%

Fusobacteria Fusobacterium Fusobacterium nucleatum 80/85 94.1% 0.87%
Firmicutes Megasphaera Megasphaera micronuciformis 80/85 94.1% 0.30%

Actinobacteria Actinomyces Actinomyces odontolyticus 80/85 94.1% 0.24%
Firmicutes Lachnoanaerobaculum Lachnoanaerobaculum saburreum 80/85 94.1% 0.17%
Bacteroides Prevotella Prevotella histicola 79/85 92.9% 2.39%

Proteobacteria Haemophilus Haemophilus parainfluenzae 79/85 92.9% 0.88%
Bacteroides Prevotella Prevotella_uc 79/85 92.9% 0.42%
Firmicutes Streptococcus Streptococcus sanguinis 78/85 91.8% 0.92%

Actinobacteria Actinomyces Actinomyces graevenitzii 78/85 91.8% 0.52%
Bacteroides Prevotella Prevotella salivae 77/85 90.6% 0.25%
Firmicutes Oribacterium Oribacterium asaccharolyticum 77/85 90.6% 0.24%
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Figure 3. Core visualization: (A) phylogenetic tree and (B) core heatmap of 13 species detected in
all subjects.

According to Figure 3, eight species of Streptococcus were not adjacent. Streptococcus sinensis and
Streptococcus pneumoniae were highly prevalent and abundant species.

3.5. Ordination Analysis

The t-SNE plot allows embedding high-dimensional data into a two-dimensional map on the
basis of each data point. Each species was categorized according to its prevalence (Figure 4A) or
genus (Figure 4B). Through this graphical observation, highly prevalent species were conglomerated,
and low-prevalence species were separated into distinct groups. Species were not separated on the
basis of their genus. These results indicate that, on the species level, oral bacteria formed groups,
and their coexistence was not regulated by their genus.

 
(A) 

Figure 4. Cont.
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(B) 

Figure 4. Ordination analysis as a function of t-distributed stochastic neighbor embedding (t-SNE) plot
categorized by (A) prevalence and (B) genus.

4. Discussion

In this study, we investigated 85 healthy people at the age of 90, focusing on analyzing their core
oral microbiome. On the basis of the pyrosequencing analysis, 389,927 valid reads were obtained,
and 1216 species were detected. Thirteen species were detected in all 85 subjects. Among them,
seven belonged to the Streptococcus genus. These species represent potential candidates for the core
human oral microbiome.

In this study, the most abundant phylum was Firmicutes, whereas Streptococcus constituted 45%
of the genera present. The microbiome structure on the phylum level was categorized as follows:
Firmicutes (62.7%), Bacteroides (9.6%), Proteobacteria (3.8%), Fusobacteria (2.7%), and Actinobacteria
(20.3%). A previous study investigating subjects aged 60 years and older in China showed that the
abundant phyla were Firmicutes (29.6%), Bacteroides (22.4%), Proteobacteria (20.4%), Fusobacteria
(16.2%), and Actinobacteria (7.6%) [43]. Another study showed that the core oral microbiome
predominantly comprises Firmicutes, followed by Proteobacteria and Bacteroides [44]. Firmicutes,
Proteobacteria, Bacteroides, Fusobacteria, and Actinobacteria constitute more than 98% of the oral
microbiome [45]. The oral-microbiome structure may change as a function of growth [46], food [47,48],
oral diseases [49–51], or infection [51,52]. These results are consistent with the results of this study.

Few reports presented the core microbiome on the genus or species level. On the genus
level, Neisseria (12.5%), Leptotrichia (11.1%), Streptococcus (10.7%), Prevotella (7.0%), Veillonella (6.9%),
Fusobacterium (5.4%), Capnocytophaga (4.2%), Prevotella (4.1%), Corynebacterium (2.6%), Saccharibacteria
(2.6%), Actinomyces (2.6%), Haemophilus (2.3%), and Porphyromonas (2.2%) were most prevalent [43].
Abundant genera according to another study were Streptococcus (26.1%), Veillonella (21.9%), Neisseria
(16.9%), Haemophilus (10.7%), Actinomycetes (2.6%), Rothia (3.1%), and Oribacterium (1.7%) [53].
On the species level, a study carried out in Japan identified Streptococcus salivarius (9.5%),
Prevotella melaninogenica (9.2%), Rothia mucilaginosa (8.8%), Veillonella atypica (6.0%), and Neisseria
flavescens (5.8%) as species exhibiting > 5% abundance on the tongue surface [34]. When compared
with our results, shown in Table 1, four of these species were detected in all our subjects, except for
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Neisseria flavescens. Neisseria sp. is often detected in samples obtained from the dorsal surface of the
tongue [54]. On the phylum level, the core microbiome observed in our study coincided with that in
the literature. However, on the genus or species level, predominant bacteria varied across studies.

There are environmental and cultural differences, such as food consumption, that affect microbiome
structure [49,55–57]; in our study, the proportions of Firmicutes and Streptococcus were higher than
those found in other studies.

Streptococcus spp. are abundant in human milk, and they play an important role in the establishment
of the oral-microbiome structure for breastfed infants [58,59]. Some Streptococcus spp. act as probiotic
bacteria [60,61]. In contrast to these beneficial effects of Streptococcus for the human body, pathogenic
Streptococcus sinensis, which is responsible for bacteremia [62] and endocarditis [63], and Streptococcus
pneumoniae [64] were detected in all samples.

Two species of Veillonella, which are also classified as Firmicutes, were detected in all samples.
Veillonella is known to be prevalently detected at various sites in the oral cavity, such as dental plaque,
saliva [65], and oral mucosa [66]. Veillonella parvula is associated with the development of dental
caries [67], endodontic infections [68], and periodontitis [69]. The most abundant species in our study
was Streptococcus sinensis, followed by Streptococcus pneumoniae.

In this study, Fusobacterium nucleatum was detected in 94.1% of subjects. A previous study showed
that Fusobacteria represent a predominant taxon in the oral microbiome [69]. Fusobacteria mediate
the coaggregation of nonaggregating microbiota, and they are a structural element of plaque in both
healthy and disease conditions [70]. They may contribute to the diversity of the oral microbiome.

A pioneering study of the oral microbiome using pyrosequencing suggested that the concept of
a healthy core microbiome was supported by abundant oral taxa found in the oral cavity of healthy
individuals [66,71]. Phylogenetic trees of 118 of the most predominant taxa identified at several
sampling sites in the oral cavity were presented [71]. Among the 13 species detected in all subjects,
five species were not included in this phylogenetic tree. These 13 species included pathogenic bacteria
leading to human diseases. These bacteria were also detected in healthy older persons; however, they
are not proposed as candidates for a healthy core oral microbiome.

It has been suggested that periodontal disease can be a major risk factor for some systemic
diseases [72–77]. Recent advances in research on oral and general health have shown that there are
protective host factors for periodontal-related systemic diseases [78–80]. The limitation of this study is
its cross-sectional study. Further study is necessary to investigate the oral microbiome that can be the
risk for mortality in combination with these host factors for older people.

In this study, we aimed to identify the core oral microbiome in healthy older people. However,
on the basis of prevalence and abundance, pathogenic bacteria were also included. The human oral
microbiome plays a crucial role in diseases and human health. Simple descriptive analysis as a function
of prevalence and abundance may not be enough to define a healthy core microbiome. The effect of
bacteria should be considered when defining a healthy human oral microbiome.
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Abstract: The oral microbiome of healthy older adults has valuable information about a healthy
microbiome. In this study, we collected and analyzed the oral microbiome of denture plaque and
tongue coating samples from four female centenarians. After DNA extraction and purification,
pyrosequencing of the V3–V4 hypervariable regions of the 16S rRNA was carried out. The bacterial
taxonomy for each lead was assigned based on a search of the EzBioCloud 16S database. We obtained a
total of 199,723 valid, quality-controlled reads for denture plaque and 210,750 reads for tongue coating.
The reads were assigned 407 operational taxonomic units with a 97% identity cutoff. Twenty-nine
species were detected in both denture plaque and tongue coatings from all subjects. Firmicutes was
the most abundant phylum; the Streptococcus salivarius group was the most abundant species in both
the denture plaque and tongue coatings; and the Fusobacterium nucleatum group was detected in all
subjects. In the bacterial profile, species formed clusters composed of bacteria with a wide range of
prevalence and abundance, not dependent on phyla; each cluster may have specific species that could
be candidates for a core microbiome. Firmicutes and Veillonella were abundant phyla on both plaque
and tongue coatings of centenarians.

Keywords: oral microbiome; core microbiome; centenarian; next-generation sequencing

1. Introduction

The human microbiome changes with age [1] and health affects the composition of the microflora.
It has been suggested that aging is accompanied by an underlying inflammatory state [2] that
interacts with the microbiota of older adults and makes them more susceptible to age-related
diseases [3–5]. Changes in the gut microbiome are explained by diseases, including metabolic
changes and inflammatory conditions. Studies of intestinal microbiota in the elderly show that the
microbiome affects a variety of clinical problems, including physical weakness, Clostridium difficile
infection, colitis, vulvar vaginal atrophy, colorectal cancer, and atherosclerosis [6]. Other research has
focused on the metabolism of nutrients. The microbiota has been shown to correlate with the declining
metabolism of essential amino acids by aging [7].
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In addition to the intestinal microbiome, the oral microbiome has been intensively studied.
Both are affected by development, aging, and the state of oral disease. The formation of the first oral
flora is strongly influenced by the mother [8–10]. Breast milk provides a source of bacteria that act
as an inoculum for newborns [11–14]. The production and excretion of metabolites by pioneering
colonies, such as Streptococcus and Actinomyces, alter the anaerobic oral environment. Under such
conditions, anaerobic bacteria such as Veillonella and fusobacteria colonize [8,15]. With development,
the microbial community evolves and microbial diversity increases [16,17]. Current knowledge shows
that adult-like stability is reached around age two [15]. The established oral microbiota is disturbed
by oral diseases. The development of dental caries has been associated with changes in microbial
composition over time [18]. Differences in bacterial communities on the phylogenetic level were
observed between healthy people and patients with periodontal disease [19,20]. The oral microbiota
includes some pathogenic bacteria for systemic diseases. Therefore, the oral microbiome affects health
and varies with health or disease [21]. Oral diseases, especially periodontal disease, can be the main risk
factor for several systemic diseases [22–27]. Periodontal bacteria and their surface lipopolysaccharides
were the agents of systemic diseases [28]. Recent advances of research on systemic diseases and oral
health showed that there exist protective host factors for systemic diseases in relation to periodontal
diseases [29–31]. The number of studies on the oral microbiota of community-dwelling older persons
is limited [32–37].

In this study, denture plaque and tongue surface samples were obtained from people over
100 years old. The samples were analyzed by high-throughput sequencing of 16S rRNA through a
metagenomics approach. We describe the commonly prevalent and highly abundant species of four
female centenarians and compare them with the healthy oral microbiome proposed in previous studies.
In addition, differences in sampling sites and the co-prevalence of species were analyzed.

2. Materials and Methods

2.1. Subject and Setting

Originally, the aim of the survey was to investigate the relationship between oral health and
systemic health in 80-year-old adults. This survey is known as the 8020 Data Bank Survey. A 20-year
follow-up study was conducted from 1996 to 2017 with subjects 80 years of age (born in 1917) residing
in the 8 districts served by one health center in Iwate Prefecture. The sampling method was cluster
sampling, and the sampling frame was a complete count survey for all subjects. For the baseline survey,
based on residential registration, public health nurses visited 944 homes where 80-year-olds lived,
and 666 subjects participated in these checkups.

The follow-up survey was conducted by the resident register with surviving subjects who
participated in the baseline survey. After 20 years, 12 subjects survived. Among them, 5 lived in their
own home with their families; the others lived in nursing homes. Four subjects who lived in their own
home agreed to participate in the survey. We visited their homes at 10:00 in the morning to minimize
the effect of food intake. Details of the survey were described in our previous report [27,28,37,38].

2.2. Oral Examination

Two dentists visited the homes of the subjects. An oral examination was carried out with a
penlight and a dental mirror. The definition and diagnosis of dental caries were based on the criteria of
the World Health Organization [39].

2.3. Sample Collection

As all subjects wore complete dentures, plaque samples were collected from the denture surface
based on a method described in previous reports [40,41]. Briefly, the denture was brushed around the
buccal surface with a toothbrush for 2 min, followed by immersion of the toothbrush with the attached
plaque in sterilized, phosphate-buffered saline (PBS). Tongue coating samples were collected by using
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a mucosal brush (ERAC 510Lion, Tokyo, Japan). The tongue surface was brushed one way, from back
to front, 5 times. Samples were treated in the same way as denture plaque samples. Samples were
kept on ice before being transported to the Iwate Dental Association in an ice box with refrigerant,
then were stored at −20 ◦C for further analysis.

2.4. Microbial DNA Extraction

Denture plaque and tongue surface samples suspended in PBS were collected by a centrifuge at
3000 rpm for 10 min. DNA extraction was performed by a Maxwell 16 LEV Blood DNA Kit (Promega
KK, Tokyo, Japan)according to the manufacturer‘s instructions. DNA concentration was measured by
a NanoDrop ND-2000 (Thermo Fisher Scientific KK, Tokyo, Japan). Degradation of DNA was visually
checked by electrophoresis on 1% agarose gel. Degradation of DNA and contamination of RNA were
checked by a Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific KK, Tokyo, Japan).

Samples meeting the following criteria were used for further sequence analysis: conc > 20 ng/μL,
volume ≥ 20 μL, A260/280 ≥ 1.8, and A260/230 > 1.5. In this study, all samples met the criteria.

2.5. Microbial Community Analysis

Extracted DNA was analyzed in a laboratory (Chun Lab, Seoul, Korea). Polymerase chain reaction
(PCR) amplification was performed using primers specific to the V3–V4 region pyrosequencing tags of
the 16S rRNA gene in the extracted bacterial DNA. Taxonomic classification of each read was assigned
based on a search of the EzBioCloud 16S database [42,43], which contains the 16S rRNA genes of type
strains that have valid published names and representative species-level phylotypes of both cultured
and uncultured entries in the GenBank database, with complete hierarchical taxonomic classification
from the phylum to species level [44].

2.6. Bioinformatics Analysis

The number of 16S rRNA gene copies (absolute abundance) of operational taxonomic units (OTUs)
was calculated by multiplying their respective relative abundance by the total number of 16S rRNA
gene copies. Bioinformatics analysis was performed by the microbiome package on the Bioconductor
of R software [45].

3. Results

3.1. Characteristics of Subjects Who Participated in this Study

All four subjects who participated in this study were women, 100 years old, and wore complete
dentures. One subject had five residual roots (sample ID 1), with complete dentures designed over
the stump root. Blood tests and medical examinations were conducted to confirm the health of the
subjects. Blood tests showed values in the normal range. Two subjects had hypertension. According
to this continuous study, one subject had high blood pressure at age 85 (sample ID 1) and one had
normal blood pressure at age 90 (sample ID 2). Other than that, there were no specific symptoms
on examination.

3.2. Sequence Data Details

Out of eight samples from the four subjects, 199,723 reads for denture plaque (min, max: 42,792,
54,898) and 210,750 for tongue coatings (45,193, 57,753) passed quality control. From these reads,
sequences clustered into 15 phyla, 31 classes, 49 orders, 71 families, 142 genera, and 406 species.
A heatmap of all 407 species detected in this study is shown in Figure S1. All sequence data are
provided in the Supplementary Materials.

The ACE, Chao1, jackknife, Shannon, and Simpson alpha diversity indices were calculated to
analyze the diversity and richness of all samples. By comparing the samples of denture plaque and
tongues, the ACE, Chao1, jackknife, and Shannon indices were not significantly different (P > 0.05),
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proving that bacterial diversity and richness were similar in the samples collected from denture plaque
and tongues. The values of these indices are shown in Table S1. Statistics of taxonomic assignment are
shown in Table S2. A rarefaction curve is shown in Figure S2.

3.3. Oral Microbiome Profile of Centenarians

Figure 1A shows the relative abundance of detected bacteria at the phylum level. On both denture
plaque and the tongue, Firmicutes were abundant. Figure 1B shows the phylum level proportion
of bacteria of the four subjects. For three subjects, Firmicutes were abundant in both saliva and the
tongue. Proteobacteria were relatively abundant in the saliva and tongue of one subject. Dynamic pie
charts are presented in the Supplementary Materials.

Figure 1. Proportion of phyla in denture plaque and the tongue: (A) total, and (B) individual subjects.

3.4. Core Microbiome Analysis

Figure 2 shows the prevalence of taxa in terms of abundance. Abundant species belonged to
Firmicutes, Proteobacteria, and Bacteroides. In this study, 29 species were detected from all subjects
in denture plaque and the tongue. Table 1 shows the species detected from all subjects, and Table
S3 shows the 15 species in plaque and 7 species in the tongue. The most abundant bacteria were
Firmicutes at the phylum level and the Streptococcus salivarius group at the species level in both plaque
and the tongue. The Fusobacterium nucleatum group was detected from all subjects. A heatmap of the
candidates for the core microbiome is shown in Figure S3.
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Table 1. Bacteria detected in denture plaque and tongue from all subjects.

Phylum Genus Species
Abundance (%)

Plaque Tongue

Firmicutes

Streptococcus

Streptococcus salivarius group 9.72 25.06
Streptococcus sinensis group 4.12 13.22

Streptococcus pneumoniae group 4.46 1.92
Streptococcus parasanguinis group 2.30 3.83

Streptococcus gordonii group 4.80 0.62
Streptococcus peroris group 0.82 1.03

Streptococcus sanguinis 0.87 0.08
Streptococcus_uc 0.40 0.32

Veillonella

Veillonella dispar 5.63 4.89
Veillonella parvula group 7.40 0.51

Veillonella atypica 1.90 1.95
Veillonella_uc 0.05 0.09

Gemella Gemella haemolysans group 0.23 0.54

Granulicatella Granulicatella adiacens group 0.43 1.67

Lachnoanaerobaculum Lachnoanaerobaculum orale group 0.13 0.08
Lactobacillus Lactobacillus salivarius 3.95 0.33
Megasphaera Megasphaera micronuciformis 0.29 0.07

Moryella Stomatobaculum longum 0.17 0.22

Actinobacteria

Actinomyces
KE952139_s 0.71 2.39

CAGY_s 0.11 0.30
JRMV_s 0.02 0.37

Atopobium Atopobium parvulum 0.76 0.27

Rothia
Rothia mucilaginosa 0.65 17.17
Rothia dentocariosa 4.34 0.52

Rothia_uc 0.02 0.10

Bacteroidetes Prevotella

Prevotella histicola 3.95 0.54

Prevotella jejuni 0.32 1.06

Prevotella salivae 0.35 0.08

Fusobacteria Fusobacterium Fusobacterium nucleatum group 0.37 0.04

Figure 2. Prevalence of taxa in terms of abundance for 14 different phyla.
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3.5. Analysis of Co-prevalent Species

Then, the levels of species co-prevalence were analyzed by t-distributed stochastic neighbor
embedding (tSNE). As shown in Figure 3, species were constructed in clusters that were not dependent
on the phylum. The list of classified species and detection in 3 of 4 subjects (75%) is shown in Table S2.

(A) 

(B) 

Figure 3. t-distributed stochastic neighbor embedding (tSNE) plot of species: (A) denture plaque,
and (B) the tongue.

4. Discussion

This study describes microbial profiles of the oral cavities of four female centenarians by high
throughput sequencing. Highly prevalent and abundant species are described. In addition, differences
in sampling sites and co-prevalence of species are presented.

A total of 406 species were detected. Studies indicate that the diversity of bacteria is reduced with
the frailty of older adults [3,46]. All participants in this study were female centenarians. Bacterial
diversity was not reduced when compared to another study [16].
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Firmicutes was the most abundant phylum for both the denture plaque and tongue samples.
Several studies have shown that Firmicutes is the most abundant phylum in the saliva of infants [16]
and young children aged 6–8 years [47], swabs of the oral cavities of youths and adults [48], and dental
plaque from older adults [34]. Firmicutes, Streptococcus, and Veillonella were detected in all subjects in
both the denture plaque and the tongue. The result that Firmicutes was the most abundant, followed by
Veillonella, is consistent with the proportions of oral microorganisms in the Human Oral Microbiome
Database [49]. The abundant genera after Veillonella vary between studies. Streptococcus, Veillonella,
and Neisseria were the predominant bacterial genera present in infants. Abundant genera that coat the
tooth surface first are Streptococcus and Veillonella [50]. Streptococcus, Veillonella, and Neisseria are the
predominant bacterial genera present in infants [16]. Streptococcus and Veillonella are known as early
colonizers. Neisseria settles down at the age of 1–2 years [18].

In this study, Neisseria was not detected in all subjects. Differences at the species level in previous
reports may be due to the sample difference. All subjects surveyed in this study wore complete
dentures, so the plaque sample was denture plaque, not dental plaque attached to the tooth surface.
Additionally, the small sample size may have affected the difference.

In this study, Streptococcus salivarius was the most abundant species in both the denture plaque and
the tongue. This result is consistent with another study that investigated the tongues of Japanese older
adults [16]. The results of the study show that more than 5% of abundant species were Streptococcus
salivarius, Prevotella melaninogenica, Rothia mucilaginosa, Veillonella atypica, and Neisseria flavescens. Except
for Neisseria flavescens, the other four species were common to our results. Another study showed that
Streptococcus oralis was by far the most prevalent species [51]. As described above, Firmicutes and
Veillonella are abundant phyla. Each study has different bacterial profiles at the genus or species level.

The bacterial profile of the denture plaque was similar to that of oral mucosa. Actinobacteria
was abundant in the denture plaque and Bacilli were abundant in the dental plaque [52]. In this
study, the proportion of these bacteria varies between samples: 5.4%, 15.5%, 10.8%, and 6.5% for
Actinobacteria and 82.45%, 44.4%, 21.5%, and 48.1% for Bacilli. The small sample size may have
affected the results.

A previous study had shown that oral microbiome profiles were related to the risk of death by
pneumonia for older persons residing in nursing homes [53]. Neisseria flavescens, the Fusobacterium
periodonticum group, and the Haemophilus parainfluenzae group were abundant in the risk group. In this
study, one subject (Sample ID 4) had higher levels of these bacteria than the mean values of the
risk group.

As shown in Figure 3 the bacterial community formed clusters with a low prevalence or abundance
of bacteria. The clustering was not phylum dependent.

The clusters were composed of bacteria with a wide range of prevalence and abundance.
This indicates that some bacteria were the core of the cluster. There may be an interaction or symbiotic
mechanism between core bacteria and low-prevalence or low-abundance bacteria. Therefore, there may
be healthy microbiome candidates within the core bacteria of each cluster.

A limitation of this study was the small sample size of four people. The design was a cross-sectional
study. The data presented in this study were from Japanese older persons. Even though dietary habits
have little effect on the oral microbiome [54], regional or cultural differences could have an effect on
the oral microbiome [44]. The health status of the subjects who participated in this study was limited.
Subjects with specific diseases were not included. For comparison, healthy and pathogenic conditions
should be considered. Longevity is not simply explained by microflora. Further study is needed to
evaluate the host factors such as nutraceutical agent [29], serum malondialdehyde [30], and progenitor
cell levels [31]. In addition, the subjects investigated in this study were all female and edentulous.

5. Conclusions

The oral microbiome was preserved in Japanese centenarians at the phylum level. At the species
level, bacterial profiles were not consistent with other studies. Firmicutes and Veillonella were abundant
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phyla in both the plaque and the tongue. In the bacterial profile, bacteria formed clusters. The oral
microbiome of the centenarian investigated in this study was similar to that of other age groups from
previous studies at phylum level. Further study is needed to define a common bacterial profile at the
species level.
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Dynamic pie chart of the bacterial profiles of samples. OTU data: OTU data used in this study.
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Featured Application: Promotion of preventive actions in Down syndrome individuals is rec-

ommended, including surveillance of thyroid hormone function, improvement of oral hygiene

measures and frequent evaluation of periodontal health.

Abstract: The aim was to study the subgingival microbiota in subjects with Down syndrome (DS)
with different periodontal health status, using cultural and molecular microbiological methods. In this
cross-sectional study, DS subjects were selected among those attending educational or occupational
therapy centers in Galicia (Spain). Medical histories, intraoral and periodontal examinations and
microbiological sampling were performed. Samples were processed by means of culture and quanti-
tative polymerase chain reaction (qPCR). Microbiological data were compared, by one-way ANOVA
or Kruskal-Wallis and chi-square or Fisher tests, according to their periodontal status. 124 subjects
were included, 62 with a healthy periodontium, 34 with gingivitis and 28 with periodontitis. Pa-
tients with periodontitis were older (p < 0.01) and showed lower prevalence of hypothyroidism and
levothyroxine intake (p = 0.01), presented significantly deeper pockets and more attachment loss
(p ≤ 0.01). Both gingivitis and periodontitis subjects showed higher levels of bleeding and dental
plaque. PCR counts of T. forsythia and culture counts of E. corrodens and total anaerobic counts were
significantly higher in periodontitis patients. Relevant differences were observed in the subgingival
microbiota of DS patients with periodontitis, showing higher levels of anaerobic bacteria, T. forsythia
and E. corrodens, when compared with periodontally healthy and gingivitis subjects. Moreover,
periodontitis subjects were older, had lower frequency of hypothyroidism and higher levels of dental
plaque.

Keywords: periodontitis; Down syndrome; polymerase chain reaction; microbiota; gingivitis

1. Introduction

The introduction Down syndrome (DS) is a congenital genetic disease, caused by the
presence of an extra chromosome in par 21 [1], being the most common human aneuploidy
among living births, with an estimated prevalence of one case per 800 births [2]. Its phe-
notypic expression, however, may be associated with significant genetic complexity [3].
Subjects with DS present a characteristic phenotype and intellectual disability [4], together
with several systemic diseases [5], such as congenital heart disease and thyroid dysfunc-
tion, as well as a number of oral diseases [6,7]. Furthermore, there is compromise in their
innate immune response [8] and DS subjects suffer more frequently from oral infections,
when compared with the general population [9,10].
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Early onset forms of periodontitis and late onset of caries lesions represent the most
frequent oral conditions associated with DS subjects [9], which may become further ag-
gravated by their motor disability and manual dexterity compromise, that limits their
performance in oral hygiene practices [11]. Several observational studies have reported
high prevalence of gingivitis and periodontitis (ranging from 58–96%) at young ages (less
than 35) in DS subjects [12]. In Brazil, in a study sample of 93 DS patients aged 6–20 years,
only 9% showed a healthy periodontium and 33% had periodontitis [13]; in another study
including 64 DS subjects (mean age 23.8 years), 28.1% presented gingivitis and 71.9% peri-
odontitis [14]. In The Netherlands, in a study group conformed by 182 DS subjects, 36.6%
were diagnosed of periodontitis [15]. In addition, SD periodontitis patients have shown
more severity, when compared with controls [16], and a higher impact in their quality of
life [13]. In fact, in the latest classification of periodontal and peri-implant diseases and
conditions [17], periodontitis in DS patients was included within the category “periodonti-
tis as a manifestation of a systemic disease,” in which the systemic condition has a major
impact in the onset and course of periodontitis, as clearly occurs in DS subjects [18].

Furthermore, some authors have suggested a specific microbial profile associated to
DS subjects with periodontitis [19,20], raising the hypothesis that a distinctive pathogenic
microbiota combined with an impaired host-response [21], may result in an earlier dysbiosis
and onset of periodontitis [22]. However, the evidence supporting this hypothesis is very
scarce and the reported results are highly heterogeneous [19,20,23]. In light of this limited
information, we have designed this observational study aimed to evaluate the subgingival
microbiota of DS subjects with different periodontal health status (periodontal health,
gingivitis or periodontitis), by means of cultural and molecular microbiological methods.

2. Materials and Methods

2.1. Study Population

A cross-sectional observational study was designed in a Spanish Caucasian popu-
lation diagnosed of DS. This investigation followed the Strengthening the Reporting of
Observational studies in Epidemiology (STROBE) criteria for reporting [24] and was ap-
proved by the Research Ethics Committee (EC) of Santiago-Lugo, Spain (Registration Code:
2018/510). All subjects and, when appropriate, their legal guardians, confirmed in writing
their agreement to participate and signed the EC-approved informed consent, once they
were informed on the objectives and processes associated with this investigation.

Screening among DS subjects regularly attending seven educational or occupational
therapy centers in the region of Galicia, in the North-West of Spain, was carried out between
September 2017 and November 2018.

At this screening visit, information on their age, gender, presence of co-morbidities
and use of current medications was collected. Study subjects were consecutively included
if DS was genetically confirmed and did not have any of the following exclusion criteria:
under 18 years of age, comorbidities that could influence the periodontal condition (e.g.,
diabetes), presence of harmful habits (e.g., smoking), having received antimicrobial therapy
in the previous month (e.g., systemic antimicrobials and/or oral antiseptics), insufficient
degree of collaboration for performing clinical assessment and microbiological sampling.

Upon inclusion in the study, subjects had an intraoral examination where the follow-
ing periodontal variables were recorded in four sites at the six reference teeth [25] or when
absent, at the adjacent tooth: plaque index (PlI) [26], probing depth (PD) (using a PCP
UNC15 periodontal probe, applying a force of 20–25 g), bleeding on probing (BOP) [27],
gingival recession (REC) (distance from the gingival margin to the cemento-enamel junc-
tion) and clinical attachment level (CAL). All measurements were recorded by a trained
and calibrated clinical investigator (N.L.). Calibration was achieved during several ses-
sions of repeated measurements, until the clinical investigator demonstrated an intra-class
correlation coefficient (ICC) higher than 0.75 in all the periodontal variables evaluated.
The intra-class correlation coefficient values for intra-examiner calibration were 0.87 (95%
confidence interval = 0.75–0.98). Clinical assessments were not conducted in dental clin-
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ics/chairs so, together with the specific condition of the subjects, neither full-mouth clinical
evaluations or radiographical assessments were feasible.

Following a modification of the case definitions proposed by the Classification of
Periodontal and Peri-Implant Diseases and Conditions [17], the study group was catego-
rized as:

• Healthy periodontal condition: PD < 4 mm and BOP detected in no more than two
sites (less than 10% of the total) [28],

• Gingivitis: PD < 4 mm and BOP detected in more than two sites (more than 10% of
the total) [28],

• Periodontitis: PD ≥ 4 mm in, at least, one site [29].

2.2. Subgingival Biofilm Sample Collection

Subgingival samples were collected from four sites, selected by clinical criteria, namely
the deepest PD with BOP per quadrant [30]. Sampling was performed after the isolation of
the area by cotton rolls and after removing supragingival biofilm and/or calculus. Then,
two medium-sized sterile paper tips (Maillefer, Ballaigues, Switzerland) were consecutively
inserted in each site for 10 s, as subgingival as possible [30]. All eight paper points were
pooled in a vial containing 1.5 mm of reduced transport fluid (RTF) [31] and sent to the
Laboratory of Microbiology (Faculty of Dentistry, University Complutense of Madrid,
Spain), to be processed within 24 h.

2.3. Microbiological Processing by Means of Quantitative Polymerase Chain Reaction
2.3.1. Extraction of Total Genomic DNA

Total DNA was extracted from subgingival samples using a commercial kit (MolYsis
Complete 5, Molzym Gmbh & Co. KG. Bremen, Germany) following manufacturer’s
instructions (the protocol for bacterial DNA extraction was followed from step 6, avoiding
preliminary steps). The extracted DNA was eluded in 100 μL of sterile water (Roche
Diagnostic GmbH, Mannheim, Germany) and frozen at −20 ◦C for further analysis.

2.3.2. Polymerase Chain Reaction

Multiplex quantitative PCR (qPCR) technology was used for detecting and quantifying
the bacterial DNA [32]. The sequence of the primers and probes used for Aggregatibacter
actinomycetemcomitans (A. actinomycetemcomitans), Porphyromonas gingivalis (P. gingivalis)
and Tannerella forsythia (T. forsythia), targeting against 16S rRNA gene, have been previously
reported [33,34]. PCR amplification was performed in a total reaction mixture volume of
10 μL, which included 5 μL of 2×TaqMan master mixture (LC 480 Probes Master, Roche
Diagnostic GmbH), optimal concentrations of primers and hydrolysis probe (300, 300
and 200 nM for A. actinomycetemcomitans; 300, 300 and 300 nM for P. gingivalis and 300,
300 and 200 nM for T. forsythia) and 2.5 μL of DNA from the samples. The no-template
control (NTC) consisted of 2.5 μL of sterile water. Samples were subjected to an initial
amplification cycle of 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for
1 min in LightCycler® 480 II thermocycler (Roche Diagnostic GmbH). Each DNA sample
was analyzed in duplicate.

All assays were performed using calibration curves with a linear quantitative detection
range established by the slope range of 3.3–3.6 cycles/log decade, r2 > 0.997 and an
efficiency range of 1.9–2.0. Quantification was based on standard curves, which were
constructed by plotting cross point cycle (Cp) values generated from qPCR against DNA
extracted from serial 10-fold dilutions of purified genomic DNA from each bacterium (log
of colony forming units (CFU)/mL).

2.4. Microbiological Processing by Means of Culturing

At the laboratory, aliquots of 0.1 mL from the vials were plated on two different culture
media: the selective Dentaid-1 medium for the detection of A. actinomycetemcomitans [35]
and a non-selective blood agar medium (Blood Agar Base, Oxoid, Basingstoke, England),
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supplemented with hemin (5 mg/L) (Sigma, St. Louis, MO, USA), menadione (1 mg/L)
(Merck, Darmstadt, Germany) and 5% of sterile horse blood (Oxoid), for detection of
target periodontal pathogens (Capnocytophaga spp., Campylobacter rectus (C. rectus), Eikenella
corrodens (E. corrodens), Fusobacterium nucleatum (F. nucleatum), P. gingivalis, Prevotella in-
termedia (P. intermedia), Parvimonas micra (P. micra), T. forsythia, Actinomyces odontolyticus
(A. odontolyticus)) and for evaluating total anaerobic bacterial counts. After 2–5 days of
capnophilic incubation (Dentaid-1 medium) or 7–14 days of anaerobic incubation (blood
agar medium), total counts and counts of representative colonies were calculated in the
most suitable plates. Suspected colonies were identified by microscopy, Gram-staining
and enzyme activity (Table S1). Counts were transformed in CFU per mL of the original
sample.

2.5. Microbiological Processing by Means of Next Generation Sequencing

A randomly selected group of samples, from 50 subjects, 25 with periodontitis a 25
with periodontal health, were processed by means of Illumina® Sequencing (Illumina,
San Diego, CA, USA) and the results have been published in a separate article [36].

2.6. Statistical Analysis
2.6.1. Sample Size Calculation

Primary outcomes were counts and frequency of detection of each target bacterial
species. A sample size calculation could not be made in light of the heterogeneity of the
published microbiological results. Hence, a convenience sample was selected, being larger
than those reported in previous studies: 30 periodontitis patients with DS [20], 40 [19],
67 [37] or 70 [23] subjects with DS.

2.6.2. Data Analysis

Quantitative results were expressed as CFU per mL, in median values and interquartile
range (IQR) and mean values and standard deviation (SD). Secondary outcomes were other
microbiological variables (proportions of target pathogens) and clinical variables of the
sampled sites and Ramfjord teeth, expressed as means and SD. The unit of analysis was
the patient.

To assess the normality of the distribution, Shapiro-Wilk (in group with sample sizes
below 30) or Kolmogorov-Smirnov test (in group with sample sizes above 30) were per-
formed. Differences between three groups (periodontal health, gingivitis and periodontitis)
were compared by one-way ANOVA test or Kruskal-Wallis test for quantitative variables
and chi-square or Fisher tests for categorical variables.

The level of statistical significance was set at p < 0.05. A statistical software package
IBMR SPSS Statistics 25.0 (IBM Corporation, Armonk, NY, USA) was used for data analysis.

3. Results

3.1. Study Population

From the 168 subjects screened, 44 were not included due to the established exclusion
criteria, so the study group was composed of 124 DS subjects (Table 1 and Table S2).
After evaluating their periodontal status, their distribution was: 62 with a periodontal
health (50.0%), 34 with gingivitis (27.4%) and 28 with periodontitis (22.6%).
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Differences in age among groups were statistically significant (p < 0.01), since patients
with periodontitis (mean age 27.9 years) were significantly older than those with periodon-
tal health (mean age 21.4 years; p = 0.01) or with gingivitis (mean age 22.6 years; p < 0.01).
No significant differences were detected for gender, number of co-morbidities and presence
of cardiovascular conditions.

Conversely, statistically significant differences among groups (p = 0.01) were detected
for presence of hypothyroidism and intake of supplemental thyroxine medication (levothy-
roxine). Hypothyroidism was significantly less prevalent in periodontitis subjects (10.7%),
when compared with periodontally healthy (41.9%; p = 0.01) and gingivitis subjects (40.3%;
p = 0.01).

3.2. Clinical Outcome Variables

PD showed significant differences among groups for both, sampling sites and Ram-
fjord index teeth (p < 0.01), with deeper pockets in periodontitis patients (3.28 mm and
2.76 mm, respectively), than in healthy subjects (2.03 and 2.09, respectively; p < 0.01)
and gingivitis patients (2.20 and 2.19, respectively; p < 0.01). Similar differences were
observed for proximal PD at Ramfjord teeth and for CAL. BOP also showed significant
differences among groups, for both sampling sites and Ramfjord teeth (p < 0.01) but differ-
ences corresponded to significant higher values in gingivitis (38.2% and 29.1%, respectively;
p < 0.01) and periodontitis patients (50.9% and 35.8%, respectively; p < 0.01), when com-
pared with healthy subjects (7.8% and 5.7%, respectively). Similar results were observed
for PlI, with lower values in the periodontal health group and significantly higher levels
in gingivitis and periodontitis patients, with no differences between them (Table 2 and
Table S3).

3.3. Subgingival Microbiota as Evaluated by Means of qPCR

Differences in PCR counts were significantly different among groups (p = 0.01),
with significantly higher counts in periodontitis patients, when compared with the peri-
odontal health (p = 0.01) or gingivitis (p = 0.02) groups (Table 3 and Table S4).

Frequency of detection and counts of A. actinomycetemcomitans were low in all groups,
although with increasing frequencies and counts in periodontitis subjects but differences
were not statistically significant. P. gingivalis, also showed increasing frequencies and
counts in periodontitis but, again, differences were not statistically significant. T. forsythia,
showed high frequencies of detection (prevalence) in all groups (67.9% in periodontitis,
47.0% in gingivitis and 48.8% in periodontal health), with no statistically significant dif-
ferences among groups, while PCR counts demonstrated significant differences (p = 0.01),
with higher percentages in periodontitis when compared with gingivitis (p = 0.02) or
periodontally healthy (p = 0.01) subjects.

3.4. Subgingival Microbiota as Evaluated by Means of Culture

Total anaerobic counts were significantly different among groups (p < 0.01), with
significantly higher counts in periodontitis, as compared with periodontal health (p < 0.01).

Only four target bacterial species (P. gingivalis, P. intermedia, T. forsythia and E. cor-
rodens) showed an overall increase in frequency of detection, counts and proportions,
as the periodontal status worsened. P. micra and A. odontolyticus demonstrated higher
counts, proportions and frequencies in healthy subjects. C. rectus and Capnocytophaga spp.
presented the highest counts, proportions and frequencies in gingivitis patients. Finally,
A. actinomycetemcomitans was not detected with culture methods.

Statistically significant differences among groups were only detected for E. corrodens
(p = 0.01), corresponding to higher frequencies of detection (p = 0.01), proportions (p = 0.01)
and counts (p = 0.01) in periodontitis patients, when compared with periodontal health
subjects (Tables 4 and 5, Tables S5 and S6).
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Table 5. Microbiological findings (culture), with proportions of total anaerobic microbiota in percentage, expressed as
medians and interquartile ranks (IQR), for each study group, with the appropriate comparisons.

Periodontal Health (H)
(n = 62)

Gingivitis (G)
(n = 34)

Periodontitis (P)
(n = 28)

p Value ˆ

Proportions Median IQR Median IQR Median IQR All

A. actinomycetemcomitans 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
P. gingivalis 0.00% 0.00% 0.00% 0.00% 0.00% 0.58% 0.37
P. intermedia 0.00% 0.05% 0.00% 0.06% 0.01% 0.41% 0.24
T. forsythia 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.24

P. micra 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.40
F. nucleatum 1.29% 2.77% 0.91% 3.31% 0.59% 1.76% 0.21

C. rectus 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.48
E. corrodens 0.00% 0.00% 0.00% 0.00% 0.00% 0.28% 0.01 *

Capnocytophaga spp. 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.26
A. odontolyticus 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.51

ˆ Proportions of total anaerobic microbiota (Kruskal-Wallis p value); for comparison between groups, they were available just for E. corrodens
(H-G, 1.00; G-P, 0.13; H-P, 0.01 *). * Statistically significant differences. A. actinomycetemcomitans: Aggregatibacter actinomycetemcomitans;
P. gingivalis: Porphyromonas gingivalis; T. forsythia: Tannerella forsythia; P. micra: Parvimonas micra; F. nucletum: Fusobacterium nucleatum;
C. rectus: Campylobacter rectus; E. corrodens: Eikenella corrodens; A. odontolyticus: Actinomyces odontolyticus.

4. Discussion

In the present study, a large cohort of 124 subjects with DS showed significantly
higher PCR counts of T. forsythia, culture counts of E. corrodens and total anaerobic counts,
when comparing periodontitis with periodontal health or gingivitis. Subjects with periodon-
titis were also significantly older and the prevalence of hypothyroidism and levothyroxine
intake significantly lower, as compared with the periodontal health and gingivitis groups.

Studies that have previously assessed the subgingival microbiota in DS subjects, have in-
cluded a limited number of subjects and applied culture-independent techniques [19,20,23,37].
In the present study, a combination of culture and molecular techniques were selected, since
they can be considered as complementary methodologies [32,38]. Using these techniques,
higher counts and frequencies of detection of relevant periodontal pathogens, such as P. gin-
givalis, A. actinomycetemcomitans, P. intermedia, T. forsythia and E. corrodens, were identified in
periodontitis, when compared with gingivitis and periodontally healthy DS subjects, as it
has been previously reported in periodontitis patients without DS [39]. These quantitative
and qualitative differences in the subgingival microbiota of periodontitis subjects may,
in part, explain the early onset and progression of periodontitis in DS subjects, as it has
been highlighted in previous studies [20,37]. However, in the present study, statistically
significant differences among groups were only observed for culture counts of E. corro-
dens and total anaerobic counts, between periodontal health and periodontitis patients,
and for qPCR counts of T. forsythia, when comparing periodontitis with periodontal health
or gingivitis patients. This microbiological profile is also in agreement with the results
obtained using Next Generation Sequencing (NGS), reported in a subset of this study pop-
ulation, which showed significantly higher levels of the genera Tannerella, Porphyromonas
and Aggregatibacter in periodontitis, as compared with the periodontal health group [36].

In the present study, when using qPCR, T. forsythia was the most prevalent bacterial
species in periodontitis patients (67.9%) but also in the other two groups. A similar trend
has been reported in previous studies: Martinez-Martinez et al. [20] reported that T. forsythia
was the most prevalent species in periodontitis DS patients (95.5%), being significantly
higher when compared with periodontal health; Amano et al. [37] reported a high frequency
of detection for T. forsythia (89.7%) in periodontitis DS patients, also significantly higher
than in gingivitis patients; and T. forsythia was the only bacterial species with significantly
higher presence and counts in DS subjects, when compared with healthy controls and
individuals with cerebral palsy [23].
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For A. actinomycetemcomitans, low frequencies of detection in the three study groups
were reported in the present study. Much higher frequencies were detected in previous
studies [20,37]. These differences could be explained by geographical variability, since a
low prevalence of this bacterium has been reported in Spain [40,41] or due to technical
aspects, such as the use of different probe-primers in the PCR technique or to differences in
the patient selection process.

Higher counts and frequencies, for T. forsythia and A. actinomycetemcomitans, were re-
ported when using qPCR, compared with culture. Similar results have been found in
previous comparative studies [42]. These differences could be explained by the ability of
qPCR to detect DNA of both viable and non-viable bacteria and to the lower detection limits
of qPCR [32,38]. In addition, detection for T. forsythia by culturing is challenging [43,44],
resulting in higher sensitivity and lower specificity when comparing qPCR technique versus
culture [32,43,45]. However, the overall microbial tendency of an increase in prevalence
for the three main target bacterial species from periodontal health to gingivitis and to
periodontitis, was similar irrespective of the applied microbiological diagnostic technique.

The use of different microbiological technologies makes difficult to interpret the results
from different studies, although common trends can be identified. In the present study,
in which two complementary techniques were used, qPCR yielded higher counts for the
three main target bacterial species, and higher prevalence for T. forsythia and A. actino-
mycetemcomitans, than culturing techniques, but the same tendency was observed with
both methods, that is, an increase in prevalence/counts for the three main target bacterial
species from health to gingivitis and to periodontitis. Both techniques are restricted in
terms of target bacterial species, in this case three for qPCR and ten for culture. Other
techniques may have a wider target such a checkerboard DNA-DNA hybridization: in
the study by Sakellari et al. [23], 14 species were targeted and T. forsythia was identified
as a relevant pathogen in all age cohorts, while P. gingivalis, C. rectus, P. intermedia and
A. actinomycetemcomitans were relevant (among others) in the older cohorts; conversely,
in the study by Khocht et al. [19], 40 species were targeted and Treponema socrankii showed
significantly higher levels in DS subjects with periodontitis, as compared to individuals
without periodontitis. These restrictions in the number of target species can be solved
today using Next Generation Sequencing approaches, as shown in a publication based
on subset of samples of the present study, but only comparing periodontitis and healthy
periodontal subjects [36]: significant differences were observed at different taxonomical
levels, with periodontitis patients demonstrating not only higher levels of periodontal
pathogens, including Tannerella, Treponema, Porphyromonas and Aggregatibacter but also
of new putative pathogens, such as species of Peptostreptococcus, Filifactor, Fretibacterium
and Desulfobulbus; subjects with periodontal health showed more frequently species of
Veillonella, Neisseria, Gamella and Granulicatella.

Different case definitions have been used to assess the periodontal status of DS subjects.
For example, López-Pérez et al. [16] defined four categories as sound (CAL, 0 to 1 mm),
mild periodontitis (CAL, 2 to 3 mm), moderate periodontitis (CAL, 4 to 5 mm) and severe
periodontitis (CAL, 6 mm or more); while Khocht et al. [19] defined periodontitis as 5%
or more teeth with CAL of 5 mm or more. In the present study, a more solid reference,
the one proposed by the 2018 Classification of Periodontal and Peri-Implant Diseases and
Conditions [17,28,29], was applied, with some modifications for the optimal use of the
registered variables. The significant differences in PD, CAL and BOP among the studied
categories were expected, since those variables were part of the case definition. For PlI,
closely associated with BOP, it should be highlighted the large magnitude of the differences
between periodontal health (around 45%), when compared with gingivitis and periodontitis
(over 70%). The influence of this finding in the overall results deserve a careful analysis and
the influence of a poor plaque control in the onset of gingivitis and periodontitis should
be considered. In light of the possible impact of the limited skills in supragingival biofilm
control in DS individuals, this factor should be taken into consideration [11].
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In the present study, patients with periodontitis presented a significantly lower preva-
lence of hypothyroidism (10%) and the use of substitute medication (levothyroxine), com-
pared with periodontal health and gingivitis subjects (42–44%). Hypothyroidism is the
most common pathological hormone deficiency and, among the known risk factors for
developing hypothyroidism, DS has been listed, usually as an autoimmune thyroiditis [46],
which is consistent with the higher prevalence of autoimmune diseases in DS. Thus, the es-
timated prevalence of thyroid disorders in DS subjects reaches 40% in some series [47] and
thanks to systematic screening, usually hypothyroidism is detected in subclinical stages in
DS individuals [48], being subclinical hypothyroidism the most common detected thyroid
abnormality in DS subjects [49]. Since the rate of conversion to overt hypothyroidism has
been reported to be low in follow up studies [50], treatment of subclinical hypothyroidism
is only advised by most authors in case of conversion to overt hypothyroidism [51].

Since the endocrine system can modulate the immune system in a bidirectional man-
ner [52] and, in a recent scoping review, on 29 selected articles, a positive relationship
between hypothyroidism and periodontitis was found [53], thus the findings of the present
study are totally unexpected. One possible explanation is that periodontitis patients are
actually suffering subclinical hypothyroidism and/or they have not yet been properly
diagnosed [54], and, this were true, the surveillance of hypothyroid hormone function can
be further supported in DS individuals. However, only speculations can be made at this
point, since the previous hypothesis cannot be tested now.

In the present study, patients with periodontitis were significantly older that those in
periodontal health or gingivitis groups. This finding agrees with previous reports, that have
pointed out that the prevalence of periodontal diseases in DS, as it occurs in the general
population, increases with age [14,15]. It is also relevant to highlight that the prevalence
of periodontitis in DS individual is relatively high at a young age, ranging 58–96% in
subjects younger that 35 years old [12]. As for other periodontitis as a manifestation of
systemic diseases, periodontitis in DS individual presents more frequently with earlier
onset, faster and generalized and more severe progression, as compared with individuals
without a systemic immune compromised [16,23]. A longitudinal study has also shown
that periodontal pathogens can be frequently detected in DS subjects with periodontitis,
for up to 6 months, despite periodontal treatment and frequent supportive periodontal care,
suggesting a higher risk of progression and giving more relevance to supragingival biofilm
control as performed by the subject [55]. The importance of poor oral hygiene has been
also emphasized in a recent study, suggesting a larger impact of a poor oral hygiene and an
impaired immune response in the development of periodontal diseases in DS subjects [56].
However, the possible relevance of specific periodontal pathogens should not be discarded,
since a recent 24-month study has even reported an association of high counts of P. gingivalis
with risk of disease progression [57], although the study population did not include DS
patients.

The present study has clinically and microbiologically evaluated a large group of
DS individuals. However, some limitations have to be acknowledged, being the main
limitation that periodontal diagnosis was based on a partial-mouth clinical evaluation
(Ramfjord teeth), with no radiographical evaluation, which may have underestimated
disease levels. This approach was selected to ease the evaluation of the special patient
population included in the study and knowing that partial-mouth recording systems may
present adequate degrees of accuracy [58]. Additional limitations can also be listed: (i) in a
cross-sectional design, causal associations cannot be established [59]; (ii) some confounding
factors may have not been properly controlled, such as diet, life-style and habits, care givers
support in oral hygiene; and (iii) differences in age and thyroid disfunction may have
impacted both clinical and microbiological findings.

5. Conclusions

In the present study, DS patients with periodontitis were characterized, as compared
with those with periodontal health or gingivitis, by an older age, a lower frequency of thy-
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roid dysfunction, deeper periodontal pockets and more attachment loss, higher prevalence
of bleeding on probing and dental plaque accumulation and higher levels of anaerobic bac-
terial counts, T. forsythia and E. corrodens. It is, therefore, important, to promote actions for
DS individuals, including surveillance of thyroid hormone function, improvement of oral
hygiene measures and frequent evaluation of periodontal health, in order to make possible
an early detection of disease (i.e., gingivitis) and, thus, providing adequate treatment or
help in maintaining periodontal health, when it is still preserved.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/2/778/s1, Supplementary Table S1. Presumptive identification of bacterial species in culture.
Supplementary Table S2. Demographic characteristics for the complete study population. Supplemen-
tary Table S3. Periodontal clinical outcomes, expressed as means and standard deviations (SD), for
the complete study population and for each study group. Supplementary Table S4. Microbiological
findings (counts and frequencies of detection), as evaluated by means of quantitative polymerase
chain reaction, expressed as means and standard deviations (SD), for the complete study population
and for each study group. Supplementary Table S5. Microbiological findings, as evaluated by means
of culture, with counts expressed as means and standard deviations (SD) and frequencies of detection
expressed as percentage, for the complete study population and for each study group. Supplementary
Table S6. Microbiological findings (proportions), as evaluated by means of culture, expressed as
means and standard deviations (SD), for the complete study population and for each study group.

Author Contributions: M.C., M.J.M., A.O., M.C.S., contributed to data acquisition (microbiological
analyses), statistical analyses and critically revised the manuscript; L.N., contributed to conception,
data acquisition (clinical evaluations) and critically revised the manuscript; J.B., J.L., critically revised
the manuscript; M.S., D.H., P.D., contributed to conception, data analysis and interpretation, critically
revised the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This project was co-funded by Xunta de Galicia under Ignicia Programme, Axencia Galega
de Innovación, GAIN (12/08/2016; GRANT_NUMBER: IN855A). The participation of M.C. Sánchez
in the project occurred within the activities of the Extraordinary Chair of DENTAID in Periodontal
Research, University Complutense of Madrid, Spain.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki of the World Medical Association (2008) and approved by the Research Ethics Committee
of Santiago-Lugo, Spain (registration code: 2018/510).

Informed Consent Statement: Informed consent was obtained from all subjects involved (and their
legal guardians, where appropriate) in the study.

Data Availability Statement: Data available on request due to restrictions. The data presented in
this study are available on request from the corresponding author. The data are not publicly available
due to privacy and ethical issues.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lejeune, J.; Gautier, M.; Turpin, R. Study of somatic chromosomes from 9 mongoloid children. C. R. Hebd. Seances Acad. Sci. 1959,
248, 1721–1722. [PubMed]

2. Shin, M.; Besser, L.M.; Kucik, J.E.; Lu, C.; Siffel, C.; Correa, A.; Congenital Anomaly Multistate, P.; Survival, C. Prevalence of
Down syndrome among children and adolescents in 10 regions of the United States. Pediatrics 2009, 124, 1565–1571. [CrossRef]
[PubMed]

3. Asim, A.; Kumar, A.; Muthuswamy, S.; Jain, S.; Agarwal, S. Down syndrome: An insight of the disease. J. Biomed. Sci. 2015, 22, 41.
[CrossRef] [PubMed]

4. Abanto, J.; Ciamponi, A.L.; Francischini, E.; Murakami, C.; de Rezende, N.P.; Gallottini, M. Medical problems and oral care of
patients with Down syndrome: A literature review. Spec. Care Dent. 2011, 31, 197–203. [CrossRef] [PubMed]

5. Lagan, N.; Huggard, D.; Mc Grane, F.; Leahy, T.R.; Franklin, O.; Roche, E.; Webb, D.; O’ Marcaigh, A.; Cox, D.;
El-Khuffash, A.; et al. Multiorgan involvement and management in children with Down syndrome. Acta Paediatr. 2020.
[CrossRef]

6. Mubayrik, A.B. The Dental Needs and Treatment of Patients with Down Syndrome. Dent. Clin. N. Am. 2016, 60, 613–626. [CrossRef]
7. Scalioni, F.A.R.; Carrada, C.F.; Martins, C.C.; Ribeiro, R.A.; Paiva, S.M. Periodontal disease in patients with Down syndrome:

A systematic review. J. Am. Dent. Assoc. 2018, 149, 628–639.e611. [CrossRef]

79



Appl. Sci. 2021, 11, 778

8. Bloemers, B.L.; van Bleek, G.M.; Kimpen, J.L.; Bont, L. Distinct abnormalities in the innate immune system of children with Down
syndrome. J. Pediatr. 2010, 156, 804–809. [CrossRef]

9. Hennequin, M.; Allison, P.J.; Veyrune, J.L. Prevalence of oral health problems in a group of individuals with Down syndrome in
France. Dev. Med. Child. Neurol. 2000, 42, 691–698. [CrossRef]

10. Moreira, M.J.; Schwertner, C.; Jardim, J.J.; Hashizume, L.N. Dental caries in individuals with Down syndrome: A systematic
review. Int. J. Paediatr. Dent. 2016, 26, 3–12. [CrossRef]

11. Krishnan, C.S.; Kumari, B.N.; Sivakumar, G.; Iyer, S.P.; Ganesh, P.R. Evaluation of oral hygiene status and periodontal health
in Down’s syndrome subjects in comparison with normal healthy individuals. J. Indian Acad. Dent. Spec. Res. 2014, 1, 47–49.
[CrossRef]

12. Morgan, J. Why is periodontal disease more prevalent and more severe in people with Down syndrome? Spec. Care Dent. 2007,
27, 196–201. [CrossRef] [PubMed]

13. Amaral Loureiro, A.C.; Oliveira Costa, F.; Eustaquio da Costa, J. The impact of periodontal disease on the quality of life of
individuals with Down syndrome. Downs Syndr. Res. Pract. 2007, 12, 50–54. [CrossRef] [PubMed]

14. Nuernberg, M.A.A.; Ivanaga, C.A.; Haas, A.N.; Aranega, A.M.; Casarin, R.C.V.; Caminaga, R.M.S.; Garcia, V.G.; Theodoro,
L.H. Periodontal status of individuals with Down syndrome: Sociodemographic, behavioural and family perception influence.
J. Intellect. Disabil. Res. 2019, 63, 1181–1192. [CrossRef]

15. van de Wiel, B.; van Loon, M.; Reuland, W.; Bruers, J. Periodontal disease in Down’s syndrome patients. A retrospective study.
Spec. Care Dent. 2018, 38, 299–306. [CrossRef]

16. Lopez-Perez, R.; Borges-Yanez, S.A.; Jimenez-Garcia, G.; Maupome, G. Oral hygiene, gingivitis, and periodontitis in persons with
Down syndrome. Spec. Care Dent. 2002, 22, 214–220. [CrossRef]

17. Caton, J.G.; Armitage, G.; Berglundh, T.; Chapple, I.L.C.; Jepsen, S.; Kornman, K.S.; Mealey, B.L.; Papapanou, P.N.; Sanz, M.;
Tonetti, M.S. A new classification scheme for periodontal and peri-implant diseases and conditions-Introduction and key changes
from the 1999 classification. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S1–S8. [CrossRef]

18. Jepsen, S.; Caton, J.G.; Albandar, J.M.; Bissada, N.F.; Bouchard, P.; Cortellini, P.; Demirel, K.; de Sanctis, M.; Ercoli, C.; Fan, J.; et al.
Periodontal manifestations of systemic diseases and developmental and acquired conditions: Consensus report of workgroup 3
of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol.
2018, 45 (Suppl. 20), S219–S229. [CrossRef]

19. Khocht, A.; Yaskell, T.; Janal, M.; Turner, B.F.; Rams, T.E.; Haffajee, A.D.; Socransky, S.S. Subgingival microbiota in adult Down
syndrome periodontitis. J. Periodontal Res. 2012, 47, 500–507. [CrossRef]

20. Martinez-Martinez, R.E.; Loyola-Rodriguez, J.P.; Bonilla-Garro, S.E.; Patino-Marin, N.; Haubek, D.; Amano, A.; Poulsen, K.
Characterization of periodontal biofilm in Down syndrome patients: A comparative study. J. Clin. Pediatr. Dent. 2013, 37, 289–295.
[CrossRef]

21. Khocht, A.; Russell, B.; Cannon, J.G.; Turner, B.; Janal, M. Oxidative burst intensity of peripheral phagocytic cells and periodontitis
in Down syndrome. J. Periodontal Res. 2014, 49, 29–35. [CrossRef] [PubMed]

22. Hajishengallis, G.; Lamont, R.J. Beyond the red complex and into more complexity: The polymicrobial synergy and dysbiosis
(PSD) model of periodontal disease etiology. Mol. Oral Microbiol. 2012, 27, 409–419. [CrossRef] [PubMed]

23. Sakellari, D.; Arapostathis, K.N.; Konstantinidis, A. Periodontal conditions and subgingival microflora in Down syndrome
patients. A case-control study. J. Clin. Periodontol. 2005, 32, 684–690. [CrossRef] [PubMed]

24. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gotzsche, P.C.; Vandenbroucke, J.P.; Initiative, S. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies.
J. Clin. Epidemiol. 2008, 61, 344–349. [CrossRef] [PubMed]

25. Ramfjord, S.P. Indices for Prevalence and Incidence of Periodontal Disease. J. Periodontol. 1959, 30, 51–59. [CrossRef]
26. O’Leary, T.J.; Drake, R.B.; Naylor, J.E. The plaque control record. J. Periodontol. 1972, 43, 38. [CrossRef] [PubMed]
27. Ainamo, J.; Bay, I. Problems and proposals for recording gingivitis and plaque. Int. Dent. J. 1975, 25, 229–235.
28. Chapple, I.L.C.; Mealey, B.L.; Van Dyke, T.E.; Bartold, P.M.; Dommisch, H.; Eickholz, P.; Geisinger, M.L.; Genco, R.J.; Glogauer,

M.; Goldstein, M.; et al. Periodontal health and gingival diseases and conditions on an intact and a reduced periodontium:
Consensus report of workgroup 1 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S68–S77. [CrossRef]

29. Tonetti, M.S.; Greenwell, H.; Kornman, K.S. Staging and grading of periodontitis: Framework and proposal of a new classification
and case definition. J. Clin. Periodontol. 2018, 45 (Suppl. 20), S149–S161. [CrossRef]

30. Mombelli, A.; McNabb, H.; Lang, N.P. Black-pigmenting gram-negative bacteria in periodontal disease. II. Screening strategies
for detection of P. gingivalis. J. Periodontal Res. 1991, 26, 308–313. [CrossRef]

31. Syed, S.A.; Loesche, W.J. Survival of human dental plaque flora in various transport media. Appl. Microbiol. 1972, 24, 638–644.
[CrossRef] [PubMed]

32. Marin, M.J.; Ambrosio, N.; O’Connor, A.; Herrera, D.; Sanz, M.; Figuero, E. Validation of a multiplex qPCR assay for detection and
quantification of Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis and Tannerella forsythia in subgingival
plaque samples. A comparison with anaerobic culture. Arch. Oral Biol. 2019, 102, 199–204. [CrossRef] [PubMed]

80



Appl. Sci. 2021, 11, 778

33. Boutaga, K.; van Winkelhoff, A.J.; Vandenbroucke-Grauls, C.M.; Savelkoul, P.H. Comparison of real-time PCR and culture
for detection of Porphyromonas gingivalis in subgingival plaque samples. J. Clin. Microbiol. 2003, 41, 4950–4954. [CrossRef]
[PubMed]

34. Boutaga, K.; van Winkelhoff, A.J.; Vandenbroucke-Grauls, C.M.; Savelkoul, P.H. Periodontal pathogens: A quantitative compari-
son of anaerobic culture and real-time PCR. FEMS Immunol. Med. Microbiol. 2005, 45, 191–199. [CrossRef] [PubMed]

35. Alsina, M.; Olle, E.; Frias, J. Improved, low-cost selective culture medium for Actinobacillus actinomycetemcomitans.
J. Clin. Microbiol. 2001, 39, 509–513. [CrossRef] [PubMed]

36. Novoa, L.; Sanchez, M.D.C.; Blanco, J.; Limeres, J.; Cuenca, M.; Marin, M.J.; Sanz, M.; Herrera, D.; Diz, P. The Subgingival
Microbiome in Patients with Down Syndrome and Periodontitis. J. Clin. Med. 2020, 9, 2482. [CrossRef]

37. Amano, A.; Kishima, T.; Akiyama, S.; Nakagawa, I.; Hamada, S.; Morisaki, I. Relationship of periodontopathic bacteria with
early-onset periodontitis in Down’s syndrome. J. Periodontol. 2001, 72, 368–373. [CrossRef]

38. Marin, M.J.; Ambrosio, N.; Herrera, D.; Sanz, M.; Figuero, E. Validation of a multiplex qPCR assay for the identification and
quantification of Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis: In vitro and subgingival plaque
samples. Arch. Oral Biol. 2018, 88, 47–53. [CrossRef]

39. Ambrosio, N.; Marin, M.J.; Laguna, E.; Herrera, D.; Sanz, M.; Figuero, E. Detection and quantification of Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans in bacteremia induced by interdental brushing in periodontally healthy
and periodontitis patients. Arch. Oral Biol. 2019, 98, 213–219. [CrossRef]

40. Herrera, D.; Contreras, A.; Gamonal, J.; Oteo, A.; Jaramillo, A.; Silva, N.; Sanz, M.; Botero, J.E.; Leon, R. Subgingival microbial
profiles in chronic periodontitis patients from Chile, Colombia and Spain. J. Clin. Periodontol. 2008, 35, 106–113. [CrossRef]

41. Minguez, M.; Pousa, X.; Herrera, D.; Blasi, A.; Sanchez, M.C.; Leon, R.; Sanz, M. Characterization and serotype distribution of
Aggregatibacter actinomycetemcomitans isolated from a population of periodontitis patients in Spain. Arch. Oral Biol. 2014,
59, 1359–1367. [CrossRef]

42. Lau, L.; Sanz, M.; Herrera, D.; Morillo, J.M.; Martin, C.; Silva, A. Quantitative real-time polymerase chain reaction versus
culture: A comparison between two methods for the detection and quantification of Actinobacillus actinomycetemcomitans,
Porphyromonas gingivalis and Tannerella forsythensis in subgingival plaque samples. J. Clin. Periodontol. 2004, 31, 1061–1069.
[CrossRef]

43. Bankur, P.K.; Nayak, A.; Bhat, K.; Bankur, R.; Naik, R.; Rajpoot, N. Comparison of culture and polymerase chain reaction
techniques in the identification of Tannerella forsythia in periodontal health and disease, an in vitro study. J. Indian Soc.
Periodontol. 2014, 18, 155–160. [CrossRef] [PubMed]

44. Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E. Bacterial diversity
in human subgingival plaque. J. Bacteriol. 2001, 183, 3770–3783. [CrossRef] [PubMed]

45. Kotsilkov, K.; Popova, C.; Boyanova, L.; Setchanova, L. Comparison of culture method and real-time PCR for detection of putative
periodontopathogenic bacteria in deep periodontal pockets. Biotechnol. Biotechnol. Equip. 2015, 29, 1–7. [CrossRef]

46. Roberts, C.G.; Ladenson, P.W. Hypothyroidism. Lancet 2004, 363, 793–803. [CrossRef]
47. Amr, N.H. Thyroid Disorders in Subjects with Down Syndrome: An Update. Acta Biomed. 2018, 89, 132–139. [CrossRef]
48. Karlsson, B.; Gustafsson, J.; Hedov, G.; Ivarsson, S.A.; Anneren, G. Thyroid dysfunction in Down’s syndrome: Relation to age and

thyroid autoimmunity. Arch. Dis. Child. 1998, 79, 242–245. [CrossRef]
49. King, K.; O’Gorman, C.; Gallagher, S. Thyroid dysfunction in children with Down syndrome: A literature review. Ir. J. Med. Sci.

2014, 183, 1–6. [CrossRef]
50. Prasher, V.; Ninan, S.; Haque, S. Fifteen-year follow-up of thyroid status in adults with Down syndrome. J. Intellect. Disabil. Res.

2011, 55, 392–396. [CrossRef]
51. Guaraldi, F.; Rossetto Giaccherino, R.; Lanfranco, F.; Motta, G.; Gori, D.; Arvat, E.; Ghigo, E.; Giordano, R. Endocrine Autoimmu-

nity in Down’s Syndrome. Front. Horm. Res. 2017, 48, 133–146. [CrossRef] [PubMed]
52. Klein, J.R. The immune system as a regulator of thyroid hormone activity. Exp. Biol. Med. 2006, 231, 229–236. [CrossRef] [PubMed]
53. Aldulaijan, H.A.; Cohen, R.E.; Stellrecht, E.M.; Levine, M.J.; Yerke, L.M. Relationship between hypothyroidism and periodontitis:

A scoping review. Clin. Exp. Dent. Res. 2020, 6, 147–157. [CrossRef] [PubMed]
54. Pinto, A.; Glick, M. Management of patients with thyroid disease: Oral health considerations. J. Am. Dent. Assoc. 2002,

133, 849–858. [CrossRef] [PubMed]
55. Sakellari, D.; Belibasakis, G.; Chadjipadelis, T.; Arapostathis, K.; Konstantinidis, A. Supragingival and subgingival microbiota of

adult patients with Down’s syndrome. Changes after periodontal treatment. Oral Microbiol. Immunol. 2001, 16, 376–382. [CrossRef]
56. Kosaka, M.; Senpuku, H.; Hagiwara, A.; Nomura, Y.; Hanada, N. Oral infection, periodontal disease and cytokine production

in adults with Down syndrome. Med. Res. Arch. 2017, 5. Available online: https://esmed.org/MRA/mra/article/view/960
(accessed on 14 January 2021). [CrossRef]

57. Kakuta, E.; Nomura, Y.; Morozumi, T.; Nakagawa, T.; Nakamura, T.; Noguchi, K.; Yoshimura, A.; Hara, Y.; Fujise, O.; Nishimura,
F.; et al. Assessing the progression of chronic periodontitis using subgingival pathogen levels: A 24-month prospective multicenter
cohort study. BMC Oral Health 2017, 17, 46. [CrossRef]

58. Fernandez, E.; STROBE Group. Observational studies in epidemiology (STROBE). Med. Clin. 2005, 125 (Suppl. 1), 43–48. [CrossRef]
59. Relvas, M.; Tomas, I.; Salazar, F.; Velazco, C.; Blanco, J.; Diz, P. Reliability of partial-mouth recording systems to determine

periodontal status: A pilot study in an adult Portuguese population. J. Periodontol. 2014, 85, e188–e197. [CrossRef]

81





applied  
sciences

Article

Core Microbiota Promotes the Development of Dental Caries

Jing Chen †, Lixin Kong †, Xian Peng †, Yanyan Chen, Biao Ren, Mingyun Li, Jiyao Li, Xuedong Zhou *

and Lei Cheng *

Citation: Chen, J.; Kong, L.; Peng, X.;

Chen, Y.; Ren, B.; Li, M.; Li, J.;

Zhou, X.; Cheng, L. Core Microbiota

Promotes the Development of Dental

Caries. Appl. Sci. 2021, 11, 3638.

https://doi.org/10.3390/app11083638

Academic Editor: Yoshiaki Nomura

Received: 21 March 2021

Accepted: 14 April 2021

Published: 18 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, Department of
Cariology and Endodontics West China School of Stomatology, Sichuan University, Chengdu 610041, China;
chenj@stu.scu.edu.cn (J.C.); 2017224035094@stu.scu.edu.cn (L.K.); pengx@scu.edu.cn (X.P.);
2017224035129@stu.scu.edu.cn (Y.C.); renbiao@scu.edu.cn (B.R.); limingyun@scu.edu.cn (M.L.);
jiyaoliscu@163.com (J.L.)
* Correspondence: zhouxd@scu.edu.cn (X.Z.); chenglei@scu.edu.cn (L.C.)
† These authors contributed equally to this work.

Abstract: A previous longitudinal study about using microbiome as a caries indicator has successfully
predicted early childhood caries (ECC) in healthy individuals, but there is no evidence to verify
the composition of core microbiota and its pathogenicity in vitro and in vivo. Biofilm acidogenicity,
S. mutans count, and biofilm composition were estimated by pH evaluation, colony-forming unit, and
quantitative PCR, respectively. Extracellular polysaccharide production and enamel demineralization
were observed by confocal laser scanning microscopy (CLSM) and transverse microradiography
(TMR), respectively. A rat caries model was established for dental caries formation in vivo, and
caries lesions were quantified by Keyes Scoring. We put forward that microbiota including Veillonella
parvula, Fusobacterium nucleatum, Prevotella denticola, and Leptotrichia wadei served as the predictors for
ECC may be the core microbiota in ECC. This study found that the core microbiota of ECC produced
limited acid, but promoted growth and acidogenic ability of S. mutans. Besides, core microbiota
could help to promote the development of biofilms. Moreover, the core microbiota enhanced the
enamel demineralization in vitro and increased cariogenic potential in vivo. These results proved
that core microbiota could promote the development of dental caries and plays an important role in
the development of ECC.

Keywords: early childhood caries; core microbiota; Streptococcus mutans; biofilms; demineralization

1. Introduction

Early childhood caries (ECC) is one of the most prevalent infectious diseases affecting
around half of children worldwide [1,2]. ECC has been poorly controlled in many countries
and has become a serious public-health problem, especially among socially vulnerable
groups [3]. A better understanding of the etiology and mechanism can help with the
prevention, diagnosis, treatment, and public intervention of this disease and further reduce
the socioeconomic burden.

Dental caries including ECC has been considered as a multifactorial disease that is
affected by the host genetic status, microorganisms, diet, and time. The etiology of dental
caries is chemical-driven to microorganism-driven due to the rapid development of oral
microbiology related studies. The dysbiosis of the dental plaque microbiota community
could initiate this disease with the presence of fermentable carbohydrates mainly from diet.
The affected plaque becomes more acidogenic and acid tolerant, which causes the decrease
of local pH. Once the pH is lower than 5.5, the balance between demineralization and
remineralization of dental hard tissue breaks down [4]. The continuous demineralization
of dental hard tissue could eventually cause the irreversible dental carious lesions.

Preventive methods and treatments focused on traditional cariogenic bacteria like S.
mutans and lactobacillus have shown some effects in clinical studies [5]. However, dental
plaque, in which more than 700 different bacterial species have been identified, is one
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of the most complex microbiota communities co-existing with the human body, and the
dysbiosis of dental plaque can cause diseases just like the gut microbiota [6]. It is increas-
ingly recognized that it is not a specific pathogen, but the interactions among different
bacterial species that leads to the physiological functions and pathogenic characteristics of
dental plaque [7–9]. In recent years, several studies have demonstrated the existence of
core microbiome in dental caries [10,11]. The existence of a “core microbiome” was first
proposed by Turnbaugh et al. [12] and referred to the organisms, genes, or functions shared
by all or most individuals such as the oral cavity, nasal cavity, skin, and intestinal tract.

A previous longitudinal study about using microbiome as a dental caries indicator
has successfully predicted ECC in healthy individuals, and provided evidence that some
microbial populations in plaque and saliva changed acutely along with ECC onset, which
may be the core microbiota of ECC [13]. This microbiota prediction model can diagnose
ECC from a healthy population with 70% accuracy and predict future ECC onset with 81%
accuracy. However, the researchers did not conduct studies to verify the composition of
core microbiota and its pathogenicity in vivo and in vitro. Therefore, to further explore
the cariogenic ability of core microbiota and its impact on previously known cariogenic S.
mutans, our study established the multiple-species biofilm model with four represented
bacteria from the highest predictors of ECC [13] including Prevotella, Leptotrichia, Veillonella,
and Fusobacterium, cultured with or without S. mutans and compared the acid production
ability, biofilm structure, EPS synthesis, demineralization ability, and in vivo cariogenic
potential on animal model.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

The bacteria used in this study were Streptococcus mutans UA159, Fusobacterium
nucleatum ATCC 25586, Veillonella parvula DSM 2008, Prevotella denticola 33-5, and
Leptotrichia wadei 33-10. Streptococcus mutans, Fusobacterium nucleatum, and Veillonella
parvula were commercially obtained from the American Type Culture Collection (ATCC)
and the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). Prevotella
denticola and Leptotrichia wadei were from the National Clinical Research Center for Oral
Diseases. S. mutans and L. wadei were routinely grown at 37 ◦C in brain heart infusion
broth (BHI; Difco, Sparks, MD, USA) [14,15], F. nucleatum and P. denticola were grown in
BHI supplemented with 7.7 μM hemin (Sigma, St. Louis, MO, USA) and 1.2 μM Vitamin
K1 (Sigma; St. Louis, MO, USA) [16], and V. parvula was grown in BHI containing 0.6%
sodium lactate [17]. All bacterial strains were grown under anaerobic conditions (80% N2,
10% H2, 10% CO2) at 37 ◦C [18].

2.2. Biofilm Development

In order to determine the role of the core microbiota, we established three experimental
biofilm groups: “Core”, “S. mutans”, and “Core + S. mutans”. The S. mutans group contained
only S. mutans. The Core group contained V. parvula, F. nucleatum, P. denticola, and L. wadei,
and the Core + S. mutans group contained all bacteria in the Core group and S. mutans.

We first adjusted all bacterial suspensions to a 2 × 108 colony-forming unit (CFU)/mL.
Then, the suspension of four bacteria from the core microbiota with equal volume was
mixed to generate the Core group suspension for the follow-up experiment. For the Core
group, a 100 μL suspension was added onto a saliva-coated glass coverslip in a 24-well
cell culture plate with 1900 μL of SHI media [19]; for the Core + S. mutans group, a 100 μL
suspension of S. mutans together with a 100 μL suspension of core microbiota were added
to the system with 1800 μL of SHI media; for the S. mutans group, a 100 μL suspension of
S. mutans and 1900 μL of SHI media were added. By doing so, the amount of S. mutans
equaled the total amount of core microorganisms at the beginning of the biofilm formation.

The biofilms were incubated anaerobically for 24 h, 48 h, or 72 h and 1 mL of medium
in each well was renewed every 24 h. The biofilm discs were harvested at the end of the
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incubation time and washed out by dip-washing with phosphate-buffered saline (PBS)
three times [20].

2.3. Biofilm Acidogenicity and S. Mutans Counting

For each group, pH in culture medium, used as an indicator of biofilm acidogenicity,
was measured each time when the medium was changed. The medium was collected
and transferred to polystyrene tubes for pH evaluation with an Orion Dual Star pH/ISE
electrode (Thermo Scientific, Waltham, MA, USA) [18]. For S. mutans counting, the biofilms
were transferred to microcentrifuge tubes containing 1 mL PBS. Serial dilutions were
performed in PBS and the CFU/disc of S. mutans was determined by plating in triplicate
on MSB plates as described in previous studies [21]. Three specimens were tested for each
group.

2.4. DNA Isolation and Quantitative Analysis of Biofilm Composition

The bacterial composition of the Core + S. mutans group and Core group was further
quantified via species-specific real-time quantitative polymerase chain reaction (qPCR)
by the method described before [22]. According to the manufacturer’s instructions, the
TIANamp Bacterial DNA Kit (TIANGEN, Beijing, China) was used to isolate and purify
the total DNA of the biofilm. We used enzymatic lysis buffer (20 mM Tris-HCl, pH 8.0;
2 mM sodium EDTA, and 1.2% Triton X-100) containing 30 mg·mL-1 lysozyme to lyse the
bacteria at 37 ◦C for 1 h. Three independent replicates from each parameter were analyzed
in triplicate using a NanoDrop ND-1000 (Thermo Scientific) and stored at −20 ◦C before
use. For qPCR, 20 μL mixture containing 10 μL of SYBR® Premix Ex Taq (Takara, Wan Chai,
Hong Kong), 1.5 μL of template, and 250 nM (each) of the forward and reverse primer were
placed in each well. Primer sequences are given in Table 1. Real-time PCR was performed
as follows: 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 10 s, and 56 ◦C for 30 s. The
mean CT value was converted into the copy number for the calculation of the percentage
of each strain in the biofilm. Melting curve analysis was performed on all primer sets to
ensure a single peak, which indicates primer specificity.

Table 1. Primers used in this study.

Organism PCR Primers Source

S. mutans Forward:5′-TTGACGGTGTTCGTGTTGAT-3′
Reverse:5′-AAAGCGATAGGCGCAGTTTA-3′ This study

V. parvula Forward: 5′-GTAACAAAGGTGTCGTTTCTCG-3′
Reverse: 5′-CGTAACATCTTCCGAAACTTTC-3′ [23]

F. nucleatum Forward:5′-CAACCATTACTTTAACTCTACCATGTTCA-3′
Reverse: 5′-GTTGACTTTACAGAAGGAGATTATGTAAAAATC-3′ [24]

P. enticola Forward:5′-GGGGATAAAGTGAGGGACGT-3′
Reverse:5′-GGCGCCTACATTTCACAACA-3′ This study

L. wadei Forward:5′-AAGCCTGCCCTGGAAACTAT-3′
Reverse:5′-CACTTCAGCGTCAGTTACCG-3′ This study

2.5. Scanning Electron Microscopy (SEM)

For SEM analysis, the 72 h biofilms were carefully fixed with 2.5% glutaraldehyde
solution for 12 h at 4 ◦C, then dehydrated in a series of ethanol (30, 50, 70, 80, 85, 90, 95,
and 100% ethanol) and sputter-coated with gold. Specimens were examined at 10,000×
magnification [25]. Three specimens were tested for each group and each sample was taken
with three images.

2.6. Confocal Laser Scanning Microscopy (CLSM)

The bacteria and extracellular polysaccharides (EPS) of 72 h biofilms were labeled
with SYTO 9 (Molecular Probes, Invitrogen Corp., Carlsbad, CA, USA) and Alexa Fluor 647-
labeled dextran conjugate (Molecular Probes), respectively, as previously described [26].
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Biofilm images were captured using a confocal laser scanning microscope (Olympus
FV1000, Tokyo, Japan). The image collection gates were set to 495–515 nm for SYTO 9
and 655–690 nm for Alexa Fluor 647. Each biofilm was scanned at five selected positions,
and then the confocal image series was generated by optical sectioning of each of these
positions. Three-dimensional reconstruction of the biofilms and the quantification of
EPS/bacteria biomass were performed with IMARIS 7.0.0 (Bitplane, Zurich, Switzerland).
The EPS/bacteria ratio was calculated with ImageJ software [26,27]. Three specimens were
tested for each group.

2.7. Enamel Demineralization Assessment

This experimental study was carried out on the extracted bovine teeth and measured
as described previously [28,29] with some modification. Briefly, the baseline surface
microhardness (SMH) was measured and bovine specimens in the range from 350 KHN to
550 KHN were collected for the demineralization investigations.

Enamel blocks (4 mm × 6 mm × 2 mm) obtained from bovine incisors were embedded
in ethoxyline resin. All samples were cut again and polished by hand plane, using water-
cooled silicon carbide disks (800–1000 grade paper) on both sides in parallel with a thickness
range of approximately 150 nm. The enamel surface outside a 1.5 × 2.5 mm area was
covered with nail polish to create the treatment window. Before the demineralization of
the bovine enamel block sample, three observation points were randomly made in the
above-mentioned area using a microhardness tester (Vickers indenter, 50 gf, 10 s) [30].

The blocks were randomly divided into three groups and disinfected by ethylene
oxide before biofilm formation. After 72 h of biofilm incubation, the enamel blocks were
collected for transverse microradiography (TMR) imaging.

The tooth slices were put into the exposure box and placed in the TMR cabinet 30 cm
directly below the Cu-Kα radiation. The sample collection current was 20 mA, the voltage
was 20 kV, and the collection time was 30 min [31]. Then, the image acquisition software
TMR 2012 (Amsterdam, The Netherlands) was used to acquire the image of the sample [32].
The images were analyzed by using image analysis software (ImageJ; version 1.42q, Wayne
Rasband, NIH, USA) [33] and customized image processing software to calculate the
lesion depth (LD, μm) and the integrated mineral loss (vol%·μm, ΔZ). The lesion depth
was calculated using a threshold at 90% of the mineral content of sound enamel. The
integrated mineral loss was calculated by integrating the difference between the mineral
content (Vol.%) in sound and demineralized enamel over the depth of the lesion [34]. Three
specimens were tested for each group.

2.8. Rat Caries Model and Caries Scoring

Rat models of dental caries were established according to previous studies [35]. The
experiment was performed on 20 specific pathogen-free female Wister rats. Starting from
the age of 20 days, all animals were fed with a cariogenic diet (Keyes 2000) and sterilized
water containing 5% w/v sucrose ad libitum. For the first three treatment days, the water
was supplemented with chloramphenicol, ampicillin, and carbenicillin [1 g/kg]). Then, the
animals were screened for S. mutans by an oral swab streaked on MSB agar. Furthermore,
PCR was performed to detect the four bacteria from the core group.

At the age of 24 days, the rats were randomized into four groups infected for seven
consecutive days with core microbiota and S. mutans (Group A); S. mutans (Group B),
core microbiota (Group C), and PBS solution (Group D) (approximately 109 CFU/mL,
0.2 mL/rat). After three weeks, the animals were euthanized by cervical dislocation for
Keyes Scoring [36]. Briefly, the teeth of each rat were stained with 0.4% ammonium salt
solution for the caries red. Then, the teeth were rinsed, dried, hemisectioned, and finally
observed by a stereo microscope. The depth and size of the red ammonium salt solution
spread into the teeth represent the severity and impact area of the caries. Five specimens
were tested for each group (n = 5).
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2.9. Statistical Analysis

Data were analyzed using the SPSS software v.18.0 (International Business Machines
Corp., Armonk, NY, USA). The Shapiro–Wilk (W test) was used for the normality test.
Independent sample Student’s t test was employed for the comparison of S. mutans counts
in the biofilm of Core + S. mutans groups and S. mutans groups if normally distributed.
One-way ANOVA was used for pH value, demineralization depth, mineral loss, and
Keyes score analysis. Student–Newman–Keuls (SNK) test was used to identify the specific
differences among groups. The significance level was set at 0.05.

3. Results

3.1. S. mutans Was Promoted by Core Microbiota and the Core + S. Mutans Biofilm Showed
Increased Acidogenic Ability

To have a better consistency of the ECC plaque composition, we developed the core
biofilm with an even amount of the selected four genus as well as the Core + S. mutans
biofilm with 50% of the core microbiota and 50% of the Streptococcus mutans. qPCR was
used for the analysis of biofilm composition. In the Core group, V. parvula was the most
dominated species within the biofilm (69.85%, 69.87%, and 66.99%), followed by L. wadei
(14.24%, 15.59%, and 13.77%), P. denticola (11.31%, 12.38%, and 17.36%), and F. nucleatum
(2.44%, 1.53%, and 1.22%) (Figure 1a). In the Core + S. mutans biofilm, S. mutans counted
for 51.16%, 54.63%, and 63.86% at 24 h, 48 h, and 72 h separately, followed by V. parvula
(28.53%, 29.59%, and 19.96%); L. wadei (16.27%, 9.51%, and 4.75%); P. denticola (2.74%,
4.87%, and 7.45%), and F. nucleatum (1.30%, 1.40%, and 2.51%) (Figure 1b). In order to
detect the influence of the core microbiota on the growth of S. mutans, we measured the
count of S. mutans in the S. mutans group and in the Core + S. mutans group. S. mutans
was promoted by the core microbiota and demonstrated a 3.41, 5.17, and 14.63 times
increase in CFU counting at 24 h, 48 h, and 72 h compared to single S. mutans biofilm
(p < 0.05) (Figure 1c,d). The pH of the culture medium measured during the experiments
was taken as an indirect indicator of the biofilm acidogenicity. We found that the pH of
all three groups was under 5, which can serve as the biological initiation of the enamel
demineralization. The Core + S. mutans group showed the lowest pH at all time points
(p > 0.05), followed by the S. mutans group and the Core group (p < 0.05) (Figure 1e).

Figure 1. Composition of the biofilm and biofilm pH monitoring. (a) Composition of the core biofilm at 24 h, 48 h, and 72 h.
(b) Composition of the Core + S. mutans biofilm at 24 h, 48 h, and 72 h. (c) S. mutans counting of the Core + S. mutans biofilm
and S. mutans biofilm at 24 h, 48 h, and 72 h (n = 3). (d) Ratio of S. mutans in Core + S. mutans/S. mutans. (e) Medium pH of
the biofilms at 24 h, 48 h, and 72 h (n = 3). Data are expressed as means ± standard errors. * p < 0.05; ** p < 0.01.
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3.2. Core + S. Mutans Biofilm Showed a Net-Like Structure and Increased the Depth of the Biofilms

To have an integrated understanding of the biofilm, the SEM and CLSM were enrolled
for observation of the biofilm formation, EPS synthesis, and biofilm structure in situ. The
72-h-old biofilms exhibited different morphologies under the SEM; the Core + S. mutans
group biofilms with the existence of both EPS and bacillus represented a thick and net-
like structural; the S. mutans group biofilms with rich EPS looked like honeycombs; the
Core groups, however, without EPS, could only be detected with loose and thin biofilms
(Figure 2a). Furthermore, consistent with the observation from SEM, the Core + S. mutans
group biofilm images taken by CLSM showed a net-like structure that might improve the
stability of the biofilm in complex environments (Figure 2b). The depth of the biofilms was
significantly increased in the Core + S. mutans biofilm (p < 0.05) and EPS was not produced
or rarely produced in the core biofilm (Figure 2c–g). The depth of the biofilm and EPS
showed a significant increase in the Core + S. mutans group.

Figure 2. Biofilm structure by SEM and EPS distribution by CLSM. (a) Structure of the 72 h Core + S. mutans biofilm,
S. mutans biofilm, and the core biofilm (n = 3). (b) Double-labeling of 72 h biofilms. Green, bacteria (SYTO 9); red, EPS (Alexa
Fluor 647) (n = 3). (c) The distributions of EPS and bacteria at different heights of the Core + S. mutans biofilm. (d) The
distributions of EPS and bacteria at different heights of the S. mutans biofilm. (e) The distributions of EPS and bacteria at
different heights of the core biofilm. (f) The depth of the biofilm. (g) Quantification of EPS /bacteria biomass of the 72 h
biofilms. ** p < 0.01.

3.3. Core Microbiota Enhanced the Enamel Demineralization In Vitro

To evaluate the demineralization ability of different biofilms, we harvested the biofilm
demineralized enamel blocks after 72 h of treatment and tested them using transverse
microradiography (TMR), which is the gold standard for detecting demineralization. The
Core + S. mutans biofilm had the highest demineralization degree, followed by the S. mutans
group biofilms, and the Core group had the lowest demineralization degree (Figure 3a).
The integrated mineral loss was 2895 (±345.25) Vol%μm for the Core + S. mutans group;
1831.82 (±315.50) Vol%μm for the S. mutans group and 1077.78 (±175.98) Vol%μm for the
Core group (Figure 3b). The demineralized depth was 72.05 (±7.18) μm for the Core + S.
mutans group; 60.62 (±9.70) μm for the S. mutans group, and 53.74 (±10.43) μm for the
Core group (Figure 3c). All three groups of biofilms exhibited demineralization ability on
enamel and the Core + S. mutans biofilm had both the deepest demineralization depth and
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the most integrated mineral loss (p < 0.01). These results showed that the core microbiota
promoted the enamel demineralization of S. mutans biofilm in vitro.

 
Figure 3. Enamel demineralization ability of the biofilms (n = 3). (a) Demineralization of the 72 h biofilm treated enamel
slides. (b) Quantification of the integrated mineral loss. (c) Quantification of the demineralized depth. ** p < 0.01.

3.4. The Core Microbiota Increased Cariogenic Potential in a Rat Model

To explore whether the core microbiota would induce dental caries in vivo, we con-
ducted the caries model on 20-day-old Wistar rats. For a better colonization of our selected
bacteria, antibiotics were given by oral administration to eliminate the host microbiota.
The bacteria were given for the first continuous seven days and the Keyes 2000 diet was
fed to the rats for the whole experiment. These rats were sacrificed for Keyes scoring three
weeks after bacterial challenge. As shown in Figure 4, significantly more carious lesions
including enamel (E), moderate dentinal (Dm), and proximal-surface carious lesions were
observed in the Core + S. mutans group compared with the S. mutans group.
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Figure 4. In vivo cariogenesis ability of different biofilms. (a) Representative hemisectioned molars in each group under
stereoscopic microscopy. (b) Caries score by Keyes’ method (n = 5). E = Enamel caries; Ds = slight dentinal caries;
Dm = moderate dentinal caries; Dx = extensive dentinal caries. The severity decreased in the order of Core + S. mutans,
S. mutans, Core and control groups. * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

Dental caries including ECC, is a multifactorial disease [37,38]. Microbes are consid-
ered as one of the main pathogenic factors of ECC. A large amount of evidence proves that
there might be a core microbiome of diseases in the oral cavity [39,40]. This also partially
explains why some people are susceptible to caries while others are not. However, most
of the literature have inferred the existence of core microbiome by sequencing and have
found that tremendous species and genera were related to caries but failed to construct
models to verify the casual relationship between dental caries and the core microbiota. A
longitudinal study further narrowed the core microbiome and demonstrated that the core
microbiota played an important role in ECC [13]. Referring to this literature, for the first
time, we developed a core microbiota biofilm model containing four representative bacteria
of ECC during its occurrence and development, which proved to promote the progress of
dental caries both in vitro and in vivo.

Many studies have also shown that the four microorganisms we selected including
V. parvula, F. nucleatum, P. denticola, and L. wadei are closely related to caries, especially ECC.
In our study, we found that after 24 h, 48 h, and 72 h of culture, V. parvula accounted for
more than half of the core microbial biofilm. Similarly, a large number of studies have
proven that Veillonella content in ECC is higher than that in non-caries children, suggesting
that it is closely related to ECC [13,41–44]. In another study, Fusobacterium was found to
be significantly higher in ECC [45], in which F. nucleatum is closely associated with ECC,
especially severe ECC [43,46]. Our study found that the amount of F. nucleatum in the
biofilm at 72 h was about twice that at 24 h in the Core + S. mutans biofilm, which also seems
to suggest that F. nucleatum is more related to severe ECC. Meanwhile, with the extension
of the Core + S. mutans biofilm culture time, the content of P. denticola also increased.
P. denticola was found to be one of the most prevalent species in the S-ECC, shown to be
associated with dental caries. There is also speculation that the proportion of P. denticola
would reduce after comprehensive restorative and preventive dental treatment [47,48]. Our
results showed that when S. mutans was added, the content of L. wadei increased at the
early stage of biofilm formation, which implied that S. mutans might promote the growth of
L. wadei. L. wadei was found to be overrepresented in caries-active dental plaque compared
to caries-free [49]. Moreover, a large number of Fusobacterium, Prevotella, and Leptotrichia
were observed in a group of children with active caries [13,43,50]. In summary, these
previous studies proved the rationality of our choice of four strains as core microbiota.

We found that the core microbiota had the effects of promoting the growth of S. mutans.
There have been some controversies about the effect of V. parvula on S. mutans. Some
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previous studies have shown that V. parvula might contribute to acid production and
the growth of S. mutans [43,51,52]. However, it has also been found that V. parvula had
little effect on the S. mutans growth when co-cultured with S. mutans and Streptococcus
gordonii compared with S. mutans alone [53]. There might be a certain relationship between
V. parvula and S. mutans, but the impact of V. parvula in the Core microbiota on S. mutans
remains to be studied. Similarly, F. nucleatum is also one of the first Gram-negative species to
establish plaque biofilms [54]. It is one of the important “bridge” organisms in the naturally
formed dental plaque [55], and has a central role in the ecology of dental plaque [56].
F. nucleatum has also been studied with the ability of affecting the growth and survival of
S. mutans. However, the effect of core microbiota on S. mutans has not been previously
studied. Our results showed that when the core microbiota presented, the growth of
S. mutans increased by about four times, suggesting that the core microbiota promoted
the S. mutans growth in the biofilms. In this study, we did not validate the function of
these four species individually, but considered them as one factor. This is a limitation of
our study, and we will further investigate the function of these individual species in our
future studies.

The microbial composition of mature tooth biofilm is quite stable, but the pH of the
biofilm could have small fluctuations [57]. A lower pH value is favored by demineralization,
while a higher pH value is good for remineralization [9]. The fine-tuned balance of the oral
ecosystem is disrupted, allowing disease-promoting bacteria to over grow and cause dental
caries [8,37,58]. Interestingly, in our experiments, we found that the core microbiota itself
produced limited acid, but could promote acid production of S. mutans. The integrated
mineral loss of the enamel block increased by about 60% when the core microbiota existed.
However, the environment in the oral cavity is very complicated, and saliva washing
and food intake may have an impact on dental plaque. In vitro experiments cannot fully
reproduce the complexity of in situ situation [59]. We therefore established an animal
model to determine the role of the core microbiota with the presence of acidogenic and
aciduric bacteria S. mutans and sugar. We found that rats in the Core + S. mutans group
had the most severe dental caries.

5. Conclusions

In conclusion, we obtained core microbiota in ECC from a previous clinical research
and validated its cariogenesis effects in vivo and in vitro. Subsequent clinical verification is
needed in future investigations. The core microbiota containing four representative strains
of ECC could promote the growth of S. mutans, acid production, demineralization, and the
development of caries in rat (graphical abstract). This also brings new ideas and challenges
to the prevention and treatment of ECC. However, how core microorganisms interact with
S. mutans and promote the development of dental caries remain to be further studied.
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Abstract: A molar-incisor malformation (MIM) is a recently reported dental anomaly that causes
premature loss of the first molar with severe dentoalveolar infection. However, there has been
no research on the pathogenesis yet. The aim of this study was to report the clinical process of
MIMs and investigate the pathogenesis by conducting a microbiome analysis. An eight-year-old
girl was diagnosed with MIM and after two years, four permanent first molars were sequentially
extracted due to severe dentoalveolar infection. We recorded the patient‘s clinical progress and
collected oral microbiome samples from the extracted teeth with MIM and sound teeth as controls.
The sites of microbiome sampling were represented by five habitats in two groups. Group (1)
was the perio group: 1© supragingival plaque, 2© subgingival plaque, and 3© a pical abscess; and
group (2) was the endo group: 4© coronal pulp chamber and 5© root canal. The perio group was
composed predominantly of genera Streptococcus, Veilonella, and Leptotrichia. Spirochetes appeared
in one sample from a severe periodontal abscess. Aggregatibacter actinomyces were not identified.
In the endo groups, pulp necrosis was observed in all MIM and the genera Peptostreptococcus and
Parvimonas predominated. In conclusion, MIM teeth caused localized tooth-related periodontitis with
pulp necrosis rather than localized juvenile periodontitis, resulting in a poor prognosis, and timely
extraction is highly recommended.

Keywords: Molar-incisor malformation; complication; microbiome; pathogenesis; localized tooth-
related periodontitis

1. Introduction

A molar-incisor malformation (MIM) is a recently reported dental anomaly of the
permanent first molars, deciduous molars, and permanent maxillary central incisors [1].
MIM anomalies of the permanent first molars and deciduous molars may be characterized
by normal crowns with a constricted cervical region and thin, narrow, and short roots,
while the affected maxillary central incisors may exhibit a hypoplastic enamel notch near
the cervical third of the clinical crown [2]. Although the etiology of MIMs remains uncertain,
it is thought to be attributable to systemic disease associated with the neural system during
infancy [3–6].

MIM was named by Lee et al. [1] in 2014. In addition, there have been papers
published this dental anomaly as ‘Root malformation associated with a cervical mineralized
diaphragm’ or ‘Molar root-incisor malformation’. According to Vargo et al. [3] in 2020,
a total 87 cases have been published in articles so far, and all except one case have been
affected by the permanent first molars. The average diagnostic age was nine years.
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MIM has been mistaken for molar-incisor hypomineralization (MIH) until recently.
MIM has similarities with and differences from MIH. The similarities include the involved
teeth; both MIM and MIH appear most frequently in the maxillary central incisors and
the permanent first molars [1,2]. There are differences, however, in the affected tissues.
In MIH, the enamel is affected, whereas in MIM, dentin and cementum are affected.
In incisors affected by MIM, the cervical enamel notch may appear. The exact cause of
both is unknown, and treatment is difficult [3]. Since it has been the biggest problem in
children’s oral health recently, it is important to identify the correct treatment.

MIM teeth are associated with complications such as dentoalveolar infections, early
exfoliation, space loss, spontaneous pain, impaction, and poor incisor esthetics [3]. Den-
toalveolar infection is the most common complication of MIM. In severe cases, inflamma-
tion surrounds the entire roots, resulting in an abscess, fistula, and vertical mobility. A MIM
with complications is usually extracted due to the poor prognosis reported in previous case
studies [1,7,8]. The early loss of the first permanent molar can negatively affect occlusal
stability and craniofacial development [9,10].

Various factors can affect the development of a dentoalveolar infection, and the oral
microbiome is one of them. The oral microbiome is described as a group of resident oral
microorganisms in the host. Oral diseases, such as dental caries and periodontal disease
are caused by dysbiosis of the host and oral microbiome [11]. Next-generation sequencing
(NGS) is an effective method used to conduct research on the microbiome [12]. NGS is a
molecular technique that reads more sequences faster and more economically and is widely
used to identify microorganisms.

In this study, we analyzed the oral microbiomes around the MIM teeth to provide evi-
dence for the pathogenesis of the complications because the oral microbiome is associated
with oral health and oral disease. The aim of this study was to report the clinical process of
MIM teeth and investigate the pathogenesis by microbiome analysis.

2. Materials and Methods

2.1. Ethics

The guidelines in the Helsinki Declaration were followed in this investigation.
This study was approved by the Institutional Review Board of the School of Dentistry,
Kyung Hee University (KHDIRB1606-6). The participants were recruited from patients
in the Department of Pediatric Dentistry, School of Dentistry, Kyung Hee University.
Written consent for participation in the study was obtained from the parent and child.

2.2. Clinical Progress

An eight-year-old girl visited our dental clinic for a dental eruption problem. Her med-
ical history included a premature birth at nine months and she was taking medication for
attention deficit hyperactivity disorder (ADHD). Radiographic and clinical examinations
revealed root deformation of the first molars, primary molars, and cervical notch of the
maxillary central incisors (Figure 1). The maxillary first molars were locked on the dis-
tal surface of the maxillary primary second molar and the mandibular first molars were
mesially displaced due to the early exfoliation of the mandibular primary second molars.
A lingual arch was set and periodic checks followed.

When the patient was 10, severe dentoalveolar infection and fistula occurred on the
mandibular left first molar (Figure 2). Orthodontic analysis was conducted for treatment
planning. She already had a space discrepancy and we decided to extract all permanent
first molars affected by MIM and perform orthodontic treatment after the eruption of the
secondary molars. Thereafter, the four MIM first molars were extracted sequentially and
they showed twisted roots with granulation tissue (Figure 3). The crown and root of the
maxillary left molar and mandibular right molar were fractured during the extraction.
One year later, the second molars erupted and were relatively well-aligned.
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Figure 1. Panoramic radiographic and clinical photos at the first visit. (A) In the 8-year-old girl, all
the primary molars, first molars (yellow arrows), and anterior teeth (red arrows) were affected by
MIM. There was a loss of space due to early exfoliation of the mandibular primary second molars.
(B–D) A mandibular lingual arch was set for space maintenance. Morphological abnormalities (red
arrows) were observed in the maxillary central incisors.

 

Figure 2. Clinical photos. (A) Two years later, a severe dentoalveolar abscess was observed on the
mandibular left first molar. (B) The full depth of the distobuccal region was probed and a fistula was
seen (yellow arrow).
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Figure 3. Extracted teeth affected with MIM. (A) The maxillary right first molar (ID 16) showed
twisted and fused roots after cleaning. (B) The maxillary left first molar (ID 26) showed a fractured
crown and root with granulation tissue and an abnormal calcified surface between the crown and
root. (C) The mandibular right first molar (ID 46) showed a small canal (red arrow) on the fractured
surface. (D) The mandibular left first molar (ID 36) showed abundant granulation tissue and pulp
necrosis in the pulp chamber.

2.3. Sampling

The samples were MIM teeth and the non-MIM teeth were the controls. The MIM
samples included four permanent first molars and maxillary central incisors as one sample,
and the non-MIM teeth including the maxillary left premolars and mandibular right
premolars as one sample.

The oral microbiome was obtained from five habitats around the teeth in the two
groups. The perio group included 1© a supragingival plaque, 2© subgingival plaque, and 3©
an apical abscess, and the endo group included 4© a coronal pulp chamber and 5© a root
canal (Figure 4). The perio samples were collected before the extractions, and the endo
samples were collected after the extractions. All samples are listed in Table 1. The sample
identification (ID) numbers refer to the two-digit FDI notations.

• Perio group

1© Supragingival plaque: The patient was requested not to brush her mouth 24 h
prior to sample collection. Supragingival dental plaque samples were collected
by rubbing a sterile cotton swab across the cervicobuccal area of the teeth twice
or three times under pressure [13].

2© Subgingival plaque: The subgingival plaque samples were collected by in-
serting sterile endodontic paper points (sized 30; two paper points per site)
into the gingival sulci or periodontal pocket for 10 s right after isolation and
supragingival plaque removal [14].

3© Periapical abscess: The periapical abscess sample was obtained via aspiration.
The swollen area was aspirated with a syringe fitted with a 16-gauge needle
and expressed into a sterile vial [15].

• Endo group

1© Coronal pulp chamber and 5© root canal: The extracted tooth was cleaned with
30% hydrogen peroxide [16]. Aseptic techniques such as sterile burs were used
to access the pulp space. Bacteriological samples of the pulp chamber were
collected immediately after crown access. Pulp remnant and infected dentin
were collected using a sterilized spoon excavator and sterilized paper points
were inserted to absorb the remaining fluid containing microorganisms. In the
root canal, two sequential new paper points were placed at the same level and
utilized to soak up the fluid in the canal. Each paper point was held in position
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for 30 s. Sterilized endodontic files were then used to collect the infected root
canal dentin severally. Only the tip area was collected into the tube by cutting.

Figure 4. Sampling of normal and MIM teeth. Perio group: 1© supragingival plaque, 2© subgingival
plaque, and 3© apical abscess. Endo group: 4©coronal pulp chamber and 5© root canal.

Table 1. Sample identification (ID).

Group Location

Maxillary
Central
Incisors

Maxillary
Right First

Molar

Maxillary
Left First

Molar

Mandibular
Left First

Molar

Mandibular
Right First

Molar

Non-MIM
Teeth

11 16 26 36 46 Nor

Perio

1 Supragingival plaque 11-1 16-1 26-1 36-1 46-1 Nor-1
2 Subgingival plaque 11-2 16-2 26-2 36-2 46-2 Nor-2
3 Apical abscess 46-3

Endo
4 Coronal pulp chamber 16-4 * 36-4 **
5 Root canal 16-5 * 36-5 **

* The crown and root were separated during the extraction; ** Samples were taken but DNA extraction failed due to DNA degradation or
insufficient amount.

The samples were placed in sterile 1.5 mL microcentrifuge tubes and frozen for storage
at −80 ◦C. DNA was extracted from the clinical samples using the FastDNA SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions.
The concentration and purity of the DNA samples were determined using an ND-1000
NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) by measuring the
absorbance at 260 and 280 nm.

2.4. PCR Amplification and Illumina Sequencing

PCR amplification of the extracted DNA was performed using primers targeting
regions between V3 and V4 of the 16S rRNA gene. For bacterial amplification, 341F primers
(5′TCGTCGGCAGCGTC-AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3′;
the target region primer) and 805R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
G-GACTACHVGGGTATCTAATCC-3) were used. Amplifications were conducted under
the following conditions: initial denaturation at 95 ◦C for 3 min, followed by 25 cycles
of denaturation at 95 ◦C for 30 s, primer annealing at 55 ◦C for 30 sec, and extension at
72 ◦C for 30 s, with a final elongation at 72 ◦C for 5 min. Secondary amplification for
attaching the Illumina Nextera barcode was then performed using the i5 forward primer
(5′AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-3′; X
indicates the barcode region) and i7 reverse primer (5′-CAAGCAGAAGACGGCATACGAG
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AT-XXXXXXXXAGTCTCGTGGGCTCGG-3). The conditions for the secondary amplifica-
tion were similar to the earlier one except that the amplification cycles were set to 8.

The PCR products were confirmed using 2% agarose gel electrophoresis and visualized
by the Gel Doc system (BioRad, Hercules, CA, USA). The amplified products were purified
via the QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Equal concentrations
of purified products were pooled together and short fragments (non-target products) were
removed with the Ampure bead kit (Agencourt Bioscience, MA, USA). The quality and
size of the products were assessed on a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA)
using a DNA 7500 chip. Mixed amplicons were pooled, and sequencing was conducted
at Chunlab, Inc. (Seoul, Korea) using the Illumina MiSeq Sequencing System (Illumina,
San Diego, CA, USA) according to the manufacturer‘s instructions.

2.5. MiSeq Pipeline Method

The processing of the raw reads started with a quality check and filtering of the low
quality (<Q25) reads using Trimmomatic 0.32. After passing the QC check, the paired-
end sequence data were merged using PandaSeq. The primers were then trimmed with
ChunLab’s in-house program at a similarity cutoff of 0.8. The noise was removed from
the sequences using Mothur’s pre-clustering program, which merges the sequences and
extracts unique sequences allowing up to two differences between the sequences. The Ez-
Taxon database was used for taxonomic assignments using BLAST 2.2.22 and pairwise
alignment was used to calculate similarity. Uchime and the non-chimeric 16S rRNA
database from EzTaxon were used to detect chimerism in the reads with best hit similarity
rates below 97%. Sequence data were then clustered using CD-Hit and UCLUST, and alpha
diversity analysis was conducted.

3. Results

3.1. Clinical Information

The left MIM (ID 26 and 36) had a severe dentoalveolar abscess with a fistula and
was extracted with abundant granulation tissue. The right MIM (ID 16 and 46) showed
relatively less granulation tissue. The MIM had short, twisted, and fused abnormal roots
(Figure 3). ID 26 and 46 were fractured during the extraction. The fractured surfaces were
roughly calcified and there was a small hole connecting the pulp chamber and the root canal.
The coronal pulp chamber and root canal were opened after extraction and necrotized,
liquefied, gray, and slurried pulp and infected dentin were revealed. The incisors affected
by the MIM (ID 11) and the non-MIM teeth (ID Nor) were clinically sound.

3.2. Taxonomic Identification and Operational Taxonomical Unit (OTU) Assessment of Diversity

An average of 18,621, 19,051, 19,952, 18,136, and 17,402 sequence reads was generated
from the supragingival, subgingival, apical abscess, coronal pulp chamber, and root canal
samples, respectively, after filtering (Table 2). Operational taxonomical units (OTUs),
which is an operational definition of a species or group of species often used only when
DNA sequence data are available, were utilized as a measure of diversity [17]. In the
present study, OTUs were defined at the 3% divergence (97% similarity) threshold using
the average neighbor clustering algorithm. The average numbers of OTUs were 165, 199,
185, 56, and 65, respectively. There were 3–4 times more OTUs in the perio group than
in the endo group. Within the supragingival plaque and subgingival plaque, the MIM
mandibular right first molar (ID 46-1 and 2) showed the lowest number of OTUs and the
non-MIM teeth (ID Nor-1 and 2) showed higher than average OTUs.

The α-diversity in the samples was assessed by the Ace, Chao 1, and Shannon diversity
indices at a 3% distance range (Table 2). Diversity is an indicator of richness (abundance)
and evenness (composition) in the samples. The average Ace index was 185.62, 236.09,
215.64, 78.97, and 111.86, respectively. The average Chao 1 index was 181.92, 230.68, 224.18,
77.72, and 83.9, respectively. The average Shannon index was 3.47, 3.58, 3.24, 2, and 2.2,
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respectively. Diversity showed a similar pattern to the OTUs between and within the
groups.

Table 2. Taxonomic identification and assessment of α-diversity.

Group Sample ID
Taxonomic Identification α-Diversity

Number of Final Reads Number of OTUs * Ace Chao 1 Shannon

Nor-1 18092 183 201.84 193.62 3.52

Perio

11-1 19109 155 181.94 184 3.32
16-1 18517 161 178.61 171.12 3.71
26-1 18293 196 219.54 206.50 3.67
36-1 18317 193 212.38 206.04 3.88
46-1 19395 104 119.42 130.25 2.74

Average 18621 165 185.62 181.92 3.47

Nor-2 19134 206 250.28 243.27 3.70
11-2 18492 262 319.99 304.78 3.84
16-2 19032 185 217.45 216.95 3.54
26-2 18528 201 213.69 207.56 4.01
36-2 19629 206 238.47 248.50 3.58
46-2 19491 133 176.67 163.00 2.78

Average 19051 199 236.09 230.68 3.58

46-3 19952 185 215.64 224.18 3.24

Endo

16-4 17033 52 67.61 61.43 2.01
36-4 19238 59 90.32 94 1.98

Average 18136 56 78.97 77.72 2.00

16-5 16233 62 73.68 69.80 2.23
36-5 18570 68 150.03 98.00 2.17

Average 17402 65 111.86 83.9 2.2

* OTUs: operational taxonomical units.

3.3. Taxonomic Identification of the Oral Microbiome

A total of seven major bacterial phyla (Spirochaetes, Firmicutes, Fusobacteria, Actinobacte-
ria, Proteobacteria, Bacteriodetes, and Saccharibacteria_TM7) were identified at a higher than
1% frequency in all the plaque samples (Figure 5A). The perio group showed an average of
5.7 phyla. Only sample 36-2 showed seven phyla, including Spirochaetes. Seven samples
showed six phyla and six samples showed five phyla. The endo group showed an average
of 3.5 phyla and sample 36-4 showed two phyla.

Figure 5B shows that at the genus level, Veillonella, Streptococcus, and Leptotrichia were
present at 5% frequency in almost all the perio group samples. Parvimonas, Peptostreptococ-
cus, Atopobium, and Dialister were present in all endo group samples. Other genera were
found in several samples in relation to the habitat or tooth. Aggregatibacter actinomyces were
not identified.

Figure 5C shows the analysis of the endo group samples at a frequency of 1%. Bullei-
dia was found in all four samples. Fusobacterium, Mogibacterium, Prevotella, and Olsenella
were present in three samples. HQ441590_g was found in two samples, while Shuttleworthia,
Alloprevotella, Eubacterium_g10, Selenomonas, and Oribacterium were present in one sample.
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Figure 5. Relative abundance of oral bacteria at the phylum and genus levels. (A) Relative abundance of major bacterial
phyla with >1% frequency in all samples. (B) Relative abundance of major bacterial genera with >5% frequency in all
samples. (C) Relative abundance of major bacterial genera with >1% frequency in the endodontic samples.
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3.4. Heatmap Analysis

In general, there was a distinct difference between the perio and endo groups. The pe-
rio group showed genera Streptococcus, Veillonella, and Leptotrichia (Figure 6A). Especially,
Fusobacterium was found in a higher proportion in sample 36-2 compared to that in the
other samples of the perio group. The endo group showed significant proportions of gram-
positive anaerobic cocci species, such as Parvimonas micra and Peptostreptococcus stomatitis
(group) (Figure 6B).

 

Figure 6. Heatmap analysis at the genus (A) and species (B) level with >3% frequency. The perio group showed genera
Streptococcus, Veilonella, Leptotrichia, Prevotella, and Fusobacterium. The endo group showed gram-positive anaerobic cocci
species, such as Parvimonas micra and Peptostreptococcus stomatitis.

4. Discussion

The patient showed the stereotypic characteristics of a MIM patient. Based on our
study in 2014 [1], the average age of 12 MIM patients at the initial visit was about 7.8 years
(range 4–13 years) and it was the same with this patient. This seems to be due to the
eruption of the MIM teeth including the permanent first molars. The patient in this study
was female and the sex ratio was even in a previous study [1]. However, in the study by
Kim et al. [8], there were 24 males out of 38, and in the study by Vargo et al. [3], there was a
male predominance at 56.3%. The gender ratio is still controversial.

Interestingly, the patient had a medical history of systemic disease, preterm birth at
nine months, and medication for ADHD. Reportedly, almost 95% of the MIM patients
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had diseases during infancy [8]. One of 12 in Lee’s study [1], one of one in McCreedy’s
2015 study [18], and four of 30 in Wright’s 2016 study [19] were born preterm. In addition,
meningitis, spina bifida, cerebral cyst, cephalohematoma, seizures, hydrocephalus, and
other diseases were present in MIM patients [3,8,19]. According to a recent review, “the ex-
act aetiology of this condition is unknown. However, the fact that root malformations
are limited to isolated teeth suggests that a non-genetic, environmental factor related to
past medical history could be the cause” [3]. The authors suggested a possible epigenetic
association, which needs further investigation.

In this patient, all the permanent first molars, the deciduous molars, and the maxillary
central incisors were MIM teeth. This case seemed more serious compared to those in
previous studies [3,8,19]. MIM teeth occurred in the permanent first molar, and often
only in the mandible or in the maxilla. In many cases, the primary second molar was
affected, but rarely the primary first molar or the permanent second molar. In the future,
a classification for MIM is needed. The prevalence of incisors affected by MIM was about
half [1] or one-third [3].

Sampling was the most crucial part for identifying the microbiome by collecting
plaque and obtaining accurate data. If the sampling is incorrect, the disease-related bacteria
may not be accurately identified. In this study, the sampling method applied was the one
used by researchers in previous studies [13–15]. The NGS method MiSeq was developed in
2011 by Illumina. The characteristics of MiSeq consists of minimization while maintaining
the chemistry of HiSeq (Illumina) and is suitable for reading V3 and V4 of 16S rRNA
applied to microbial community analysis [20].

A total of 17 samples were categorized into the perio and endo groups. The perio
group had higher average OTUs and alpha diversity compared to the endo group. At the
genus level, Streptococcus, Veillonella, and Leptotrichia were present in most of the perio
group samples, but not in the endo group. These genera were usually found in healthy
Korean preschool children [21].

Particularly, sample 36-2 with a clinically severe dentoalveolar abscess showed only
the presence of the Spirochetes phylum. Spirochetes were present in subgingival plaques and
elevated in advanced periodontal disease and endodontic infection [22]. Treponema socran-
skii and Treponema medium appeared at 1% frequency in sample 36-2. Treponema genera
belonging to oral Spirochetes were isolated from the periodontal inflammation site [23].

In the heatmap, the perio group was subtly divided into three clusters: (1) 11-2,
11-1, Nor-2, 26-2, 26-1, Nor-1, and 36-1; (2) 16-2, 16-1, 46-3, 46-2, and 46-1; and (3) 36-
2. The first group included the MIM-incisor and non-MIM teeth, and the maxillary left
MIM-molar. The incidence of Leptotrichia, Prevotella, and Fusobacterium was relatively high.
The second group included the right MIM-molars with relatively high Streptococcus and
Veillonella. Sample 36-2 showed a relatively large number of Fusobacterium. Fusobacterium
is an absolute anaerobic gram-negative bacterium with a long filament, which is isolated
from periodontal tissue and can aggregate with other oral bacteria [24]. It is one of the
signs of acute dentoalveolar infection [15].

Among the endo group, samples 16-4, 16-5, and 36-5 showed four phyla and 36-4
showed two phyla. Saccharibacteria_TM7 and Proteobacteria was not present as compared to
the Perio group. At the genus level, Parvimonas, Peptostreptococcus, Atopobium, and Dialister
were present in all the endo group samples. The anaerobic gram-positive cocci Parvimonas
and Peptostreptococcus have been identified from caries dentin, infected pulp, and complex
infections such as dental root canals, progressive periodontitis, and dental abscesses [15,25].
Atopobium was originally identified as an anaerobic lactic acid bacillus in a periodontal
pocket. Dialister is a gram-negative bacterium, which is an absolute anaerobic and found in
root canal infections and periodontal infections [25]. In addition, Shuttleworthia, Bulleidia,
Mogibacterium, and Olsenella, identified at 1% frequency, are present in the root canals in
endodontic-periodontal lesion [25]. Regarding species, the endo group showed significant
numbers of gram-positive anaerobic cocci species, such as Peptostreptococcus stomatitis and
Parvimonas micra.
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According to the new classification of periodontal disease in 2018, general periodonti-
tis is different from MIM complications because they usually start after middle-age [26].
In addition, early-onset periodontitis (EOP), localized juvenile periodontitis (LJP), or ag-
gressive periodontitis (AP), categorized as periodontitis in the 2018 classification, were also
different [27]. Although the location in the molar and incisor, and the sudden periodontal
abscess were similar to MIM complications, MIM complications develop before puberty
while EOP, LJP, and AP develop during puberty. AP was associated with Aggregatibacter
actinomyces, but it was not identified in the MIM-complicated molar.

In the 2018 classification, “Other conditions affecting the periodontium” included pe-
riodontal abscess, endodontic-periodontal lesions, and localized tooth-related factors [28].
In the localized tooth-related factors, tooth anatomy such as cervical enamel projec-
tions, enamel pearls, and developmental grooves could enhance plaque retention [29,30].
Due to the inability to keep these areas clean, it was always accompanied by a poor prog-
nosis despite adequate treatment. According to previous studies, the root malformation of
MIM resembled cervical enamel projections, enamel pearls, and developmental grooves
and cementum deformation were also confirmed [2]. Biofilm was present in the cervical
lower part of the crown in the study by Witt et al. [31]. Periodontitis in MIM seemed to
begin as localized tooth-related periodontitis and on further progression, it was assumed
to be a periodontal abscess with a severe anatomic alteration.

Pulp necrosis occurs in all teeth affected by MIM regardless of the severity of the
periodontitis. Pulp necrosis of MIM teeth could spontaneously occur due to the lack of
nutrients and oxygen supply [32]. The anatomical characteristics of MIM seem to cause
pulp necrosis and localized tooth-related periodontitis independently, and when combined,
an endo-perio lesion might form. If a purulent bacterial infection was added to this,
a periodontal abscess could occur [32]. There are two case reports of successful endodontic
treatment of MIM teeth. Yue and Kim [9] successfully performed endodontic treatment of a
MIM mandibular left permanent first molar of a 13-year-old boy and Byun et al. [10] treated
MIM-suspected maxillary central incisors endodontically in a 12-year-old boy. Even if pulp
treatment was performed, the prognosis is poor because the periodontal disease is difficult
to treat. The long-term course of these cases should be determined.

Early diagnosis, the timely extraction of a MIM, and orthodontic treatment might be
considered the treatment of choice, as suggested in previous studies [7,8,33–36]. This was
because the prognosis for anatomical periodontitis is poor. Although there were two
successful cases of endodontic treatment in the previously published papers [9,10], as long
as the biofilm causing periodontal disease persists, as in the study by Witt et al. [31], it will
cause recurring periodontitis. Rather, extraction of the MIM-molar at the proper time when
the secondary molar can move mesially and considering orthodontic treatment may prove
to be of long-term benefit to the patient [37].

There were limitations to this research. First, clinical tests including vitality tests,
periodontal examination, and a periapical radiographic examination were not done at
every visit. Second, microbiological analyses should be done in more MIM patients or
more non-MIM patients for comparison.

5. Conclusions

The results of this study confirmed that the dentoalveolar infection of a MIM was
different from localized juvenile periodontitis. It seemed that pulp necrosis and localized
tooth-related periodontitis occurred spontaneously over time after the eruption of the
MIM and developed into severe endo-perio lesions or a periodontal abscess. We carefully
suggest that the treatment of choice was the extraction of the MIM at the appropriate time.
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