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The aim of this study was to investigate the variation of the salivary microbiota in

the recurrence of early childhood caries (ECC), and to explore and verify the potential

microbial indicators of ECC recurrence. Saliva samples from kindergarten children were

tracked every 6 months for 1 year. Finally, in total 28 children and 84 samples were placed

on the analysis phase: 7 children with ECC recurrence made up the ECC-recurrence (ER)

group, 6 children without ECC recurrence constituted the non-ECC-recurrence (NER)

group, and 15 children who kept ECC-free were set as the ECC-free (EF) group. DNA

amplicons of the V3-V4 hypervariable region of the bacterial 16S rDNA were generated

and sequencing was performed using Illumina MiSeq PE250 platform. No statistically

significant differences of the Shannon indices were found in both cross-sectional and

longitudinal comparisons. Furthermore, both principal coordinates analysis (PCoA) and

heatmap plots demonstrated that the salivary microbial community structure might

have potentiality to predict ECC recurrence at an early phase. The relative abundance

of Fusobacterium, Prevotella, Leptotrichia, and Capnocytophaga differed significantly

between the ER and NER groups at baseline. The values of area under the curve (AUC)

of the four genera and their combined synthesis in the prediction for ECC recurrence

were 0.857, 0.833, 0.786, 0.833, and 0.952, respectively. The relative abundance of

Fusobacterium, Prevotella, Leptotrichia, and Capnocytophaga and their combination

showed satisfactory accuracy in the prediction for ECC recurrence, indicating that

salivary microbiome had predictive potentiality for recurrence of this disease. These

findings might facilitate more effective strategy to be taken in the management of the

recurrence of ECC.
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INTRODUCTION

Early childhood caries (ECC) is referred as “the presence of one or more decayed (non-cavitated or
cavitated lesions), missing (due to caries), or filled tooth surfaces” in any primary tooth in a child
aged 71 months or younger (Drury et al., 1999; Selwitz et al., 2007). ECC is the most common
chronic childhood disease (Bagramian et al., 2009) which affects 23% of preschool children in the
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United States (Dye et al., 2015) and over 60% of children in China
(Hu et al., 2011). This disease is a critical public health concern
because its characteristics of wide-ranging, rapid-progressing,
severe, and difficult to treat. ECC could produce kinds of adverse
effects on children both physically and psychologically, posing
great economic burden on families and the society (Cummins,
2013).

The current recommendation of care for ECC includes
restoration and extraction of carious teeth, topical application
of fluoride, and oral hygiene instructions. The incidence of
ECC was significantly higher in children with a previous
history of the disease (Javed et al., 2017). It was reported
that a significant proportion (24–52%) of children treated for
ECC will develop new caries lesions within 6 months after
the initial treatment (Graves et al., 2004; Amin et al., 2010;
Berkowitz et al., 2011). Thus, the management after treatment
and prediction of ECC recurrence are of particular clinical
significance. Traditional predictors for caries relapse after dental
treatment included socio-economic status, general health status,
parental compliance of dietary, and oral hygiene instructions,
follow-up and recall appointment intervals, and exposure to
topical or systemic fluoride. However, these traditional predictors
remain controversial (Berkowitz et al., 2011; Amin et al., 2015)
with certain limitations (Tellez et al., 2013). Novel approaches
based on best evidence are needed to improve the prevention of
ECC recurrence.

Currently, classifying and predicting host states based on
human microbiota has become one key goal of human
microbiome projects worldwide (Knights et al., 2011; Human
Microbiome Project Consortium, 2012). Researchers have
increasingly agreed with the hypothesis from an ecological
perspective to explain the mechanism of caries occurrence and
development (Marsh, 2006, 2010; Yang et al., 2012; Jiang et al.,
2014), and syntrophic and competitive interactions dominate in
oral ecology (Horner-Devine et al., 2007; Lamont et al., 2018).
Under this condition, next generation sequencing technology
(NGS) provides an important technical means for the study of
oral microbial community (Siqueira et al., 2012), and has been
used for caries prediction conforming to the ecological plaque
hypothesis. As a representative sample of oral ecology, saliva is
a non-invasive source containing complex genetic information
of human and oral microbes (Baum et al., 2011; Zhang et al.,
2016) used extensively in the early diagnosis of dental caries
(Vukosavljevic et al., 2011), and its potential value in caries
prediction was recently reported (Teng et al., 2015).

Although several recent studies focused on the variation of the
oral microbiota during the course of ECC onset or progression to
build the biomarker methods in preventing ECC, little is known
about ECC recurrence at present: what variation happens on
the oral microbiota during the course of ECC recurrence or
whether ECC recurrence reflects a particular infection that might
be detected at the initial phase. The answer would be helpful for
taking appropriate preventive measures at an appropriate time,
as well as monitoring and predicting the development of ECC
recurrence after the initial treatment.

Thus, our research group conducted a longitudinal study
investigating the salivary proteomic profiles in the development

of ECC on preschool children aged 3 years old in one
kindergarten in Beijing, China (Ao et al., 2017). We utilized
NGS to investigate the variation of the salivary microbiota during
the course of ECC recurrence, whilst to explore the potential
microbial indicators of ECC recurrence, so as to explore if certain
microbiota at the post-treatment baseline could predict which
children were more likely to develop recurrent ECC, which
would potentially facilitate improvements in the strategy for ECC
prevention.

MATERIALS AND METHODS

Ethics Approval and Informed Consent
This study was ethically approved by Peking University School
and Hospital of Stomatology Ethics Committee (Issuing number:
PKUSSIRB-2013060). Parents of the participating children have
all signed informed consent prior to enrolment.

Subjects and Design
This study conformed to STROBE guidelines (Table S1). The
sample in this study was a convenience sample from a previous
study also conducted by our research group (Ao et al., 2017).
In total 82 ECC-free preschool children aged 3 years old in
one kindergarten in Beijing were recruited in May 2014 and
September 2014. Our previous work was to investigate differences
of salivary protein profiles associated with development of caries
on 30 selected children after 12 months follow-up periods
(Ao et al., 2017). The same 30 children from previous study
were selected into the present study, including 15 children
diagnosed as ECC and 15 children (who were age- and sex-
matched with the ECC children) who had no experience
of ECC.

Children meeting more than one of the following criteria
were excluded in current study: (1) Ingestion of antibiotics or
probiotics within 4 weeks before sampling; (2) Failure to comply
with treatment and follow-up requirements; (3) Voluntary
withdrawal. The ECC children were completely treated by
dentists from the department of Preventive Dentistry, Peking
University School, and Hospital of Stomatology. The sampling
baseline in this study was at the time point of 2 weeks right
after the last clinical measurements. Then these children were
followed up every 6 months for up to 12 months. The three
time-points were described as time-point 1 (T1, baseline), time-
point 2 (T2, 6 months), time-point 3 (T3, 12 months) in turn.
At the time point of 6 months after baseline, two of the 15
children with ECC were excluded due to noncompliance. At
the end of 12-month follow-up period (T3), we grouped the
children by status of ECC recurrence as follows: 7 of the 13
ECC-treated children who had developed new caries lesions
were put into ECC-recurrence group (ER); 6 of the 13 children
who had no new caries lesions became members of non-ECC-
recurrence group (NER); and other 15 children (who were age-
and sex-matched with the ECC-treated children) were selected
from those who stayed ECC-free and set as control (ECC-free
group, EF).
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Saliva Sampling and Total Genomic DNA
Sample Preparation
The subjects were instructed to rinse their mouth thoroughly
with water before sampling and then rest for at least 10min
before saliva collection at 8:30 a.m. 1.5mL of stimulated whole
saliva samples were collected into a graduated tube through
a funnel and immediately placed on ice. Saliva samples
were then transferred to the laboratory on ice and stored
in a −80◦C refrigerator. The supernatant was removed by
centrifugation at 10,000 × g for 10min at 4◦C and precipitate
were stored at −80◦C prior to DNA extraction. Total genomic
DNA extraction was performed using QIAamp DNA mini
kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. Concentration and purity testing of the DNA
was performed using a NanoDrop 8000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). The integrity
of bacterial genomic DNA was checked by 1% agarose gel
electrophoresis and a negative control only with buffer was used.
The DNA samples were stored at−80◦C until further use.

PCR Amplification and Sequencing
Universal primers for 16S rDNA double V3-V4 region were
used to conduct PCR amplification (338F 5′-GTACTCCTA
CGGGAGGCAGCA-3′, 806R 5′-GTGGACTACHVGGGTWTC
TAAT-3′). The cycling conditions were carried out as follows:
initial denaturation at 94◦C for 5min, 30 cycles consisting
of denaturation at 95◦C for 30 s, annealing at 56◦C for 30 s,
elongation at 72◦C for 40 s, and final extension at 72◦C for
10min. A negative control only with buffer was enrolled
during DNA amplification to eliminate interference. The quality
of the amplified PCR products was detected by 2% agarose
gel electrophoresis. The purification of PCR products was
performed using a QIAquick Gel Extraction Kit (QIAGEN,
Hilden, Germany). The purified PCR products were quantified
using a Real-time PCR system. Illumina MiSeq 250 bp paired-
end (PE) sequencing platform (Illumina, San Diego, CA, USA)
was used for amplified products according to standard operating
protocols.

OTU Profile Analysis
The original data obtained by MiSeq sequencing were processed
via Mothur (version 1.35.0) (Schloss et al., 2009) and QIIME
(version 1.9.0) (Caporaso et al., 2010). High quality sequences
were obtained by removing raw reads shorter than 200 bp
in length, with a quality value <20, with mononucleotide
repeats and homopolymers >10 bp. High-quality sequences
were clustered into Operational Taxonomic Units (OTUs) at
3% dissimilarity (Edgar, 2010) with QIIME software. The
normalization was conducted by extraction to balance randomly
in each sample to reduce the effects of variable sequencing
depths. The bioinformatics analyses of saliva samples were based
on the results of the normalized OTU table, and different
taxonomic levels (phylum, class, order, family, genus) were
classified based on the RDP Classifier (version 2.12, Center for
Microbial Ecology, Michigan State University, East Lansing, MI,
USA) with the default 0.7 confidence threshold. The UniFrac
distance metric was generated based on the OTU phylogenetic

tree and OTU relative abundance. Principal coordinate analysis
(PCoA) was performed according to the UniFrac distance using
a weighted algorithm (Lozupone et al., 2006, 2007).

Statistical Analysis
The differences in microbial diversity index were analyzed using
Kruskal–Wallis test via SPSS version 23.0 (IBM, Armonk, NY,
USA), whilst multiple comparison between the groups was
performed using all pairwise. The comparisons of the similarities
between different groups and different time-points were
conducted using Analysis of similarities (Anosim) based on the
UniFrac distance. The differentially abundant features at different
taxonomic levels between two groups were performed using
metastats analysis via Mothur software (Pat Schloss, Michigan,
USA). Receiver-operating characteristic (ROC) analysis was
conducted using SPSS version 23.0 (IBM, Armonk, NY, USA). P
< 0.05 was considered as statistically significant and all P-values
were two-sided.

RESULTS

Demographic and Caries Status
A total of 28 preschool children were enrolled in this study
at the end of follow-up period (Table 1). Subjects with ECC
treatment history in the 1-year duration were divided into
the ECC-recurrence (ER) and the non-ECC-recurrence (NER)
groups according to the results of dental examination at the time
point of 6 months after baseline. The participants’ caries status
during the 12-month follow-up period are presented in Table 1.
The mean age (months) and standard deviation at baseline for
preschool children in ER, NER and EF groups were 54.7 ± 4.54,
58.7 ± 4.24, 55.5 ± 6.66, respectively. Meanwhile, the gender
proportion (Female/Male) for preschool children in ER, NER
and EF groups were 4/3, 2/4, 8/7, respectively. There were no
significant differences in the mean age and gender proportion
among the three groups (P = 0.436, P = 0.932, respectively).

The Diversity of Salivary Microbiota
A total of 84 saliva samples were collected. The sequencing
method generated a total of 3,650,544 sequences after quality
filtering, with an average of 43,459 (ranged from 18,111 to 86,758)
sequences per sample. The normalization was conducted by
random extraction to balance in each sample to 18,111. The
average read length was 426 bp.

The 16S rRNA gene reads were then assigned to OTUs at 3%
dissimilarity. A total of 222 OTUs were found in the T1, with 207
OTUs in the T2 and 208 OTUs in the T3. The number of shared
and unique OTUs in each group and time-point was shown in
Figure S1A.

The species richness of the salivary microbiota of each sample
was estimated by rarefaction analysis (Figure S1B). The shape of
the rarefaction curves evidenced that a plateau was completely
reached, indicating that the sequencing depth of all the samples
was reasonable and the sequencing results could reflect microbial
information in the samples. We constructed specaccum curves
for each time-point and for all OTUs detected to assess the
current state of sampling (Figure S1C). The specaccum curve
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TABLE 1 | The participants’ caries status (decayed teeth) at the three time-points.

Group Host ID ECC treatment history ds

T1 T2 T3

ER 10 Y 0 2 3

ER 79 Y 0 3 3

ER 88 Y 0 4 6

ER 109 Y 0 1 2

ER 113 Y 0 3 3

ER 114 Y 0 2 4

ER 124 Y 0 2 4

NER 11 Y 0 0 0

NER 14 Y 0 0 0

NER 23 Y 0 0 0

NER 27 Y 0 0 0

NER 28 Y 0 0 0

NER 77 Y 0 0 0

EF 4 N 0 0 0

EF 5 N 0 0 0

EF 15 N 0 0 0

EF 17 N 0 0 0

EF 20 N 0 0 0

EF 21 N 0 0 0

EF 22 N 0 0 0

EF 76 N 0 0 0

EF 78 N 0 0 0

EF 84 N 0 0 0

EF 85 N 0 0 0

EF 89 N 0 0 0

EF 97 N 0 0 0

EF 102 N 0 0 0

EF 111 N 0 0 0

ER, the ECC-recurrence group; NER, the non-ECC-recurrence group; EF, ECC-free

group; ds, the number of decayed tooth surface; T1, for baseline; T2, for the time point

of 6 months; T3, for the time point of 12 months; Y, for yes; N, for no.

in three time-points all reached saturation point at 10 sample-
set, indicating that the sampling in EF group (15 samples) was
sufficient from the sequencing aspect, whereas the sampling in
ER group (7 samples) and NER group (6 samples) might be
insufficient from the sequencing aspect.

The Variation of Salivary Microbiome
During the Follow-Up Period
By analyzing the salivary microbiota of all samples, a total of
13 phyla, 22 classes, 38 orders, 50 families, and 85 genera were
detected. The overall structure of the salivary microbiota at
phylum and genus levels for each group and time-point was
shown in Figures S2–S4. The legends exhibited the top20 taxa
according to the mean relative abundance.

The α-diversity indices in each group, including Chao 1 index,
observed species index, PD_whole_tree index and Shannon
index, were displayed in Table S2. Chao1 and Shannon indices
are the most commonly used indices to estimate α-diversity of
the microbes. For cross-sectional comparisons of Chao1 index

(Figure 1A), we found the Chao1 index in the ER group was
significantly higher than that in the NER group at T1 (P =

0.035), and the Chao1 index in the NER group was significantly
lower than that in the ER and EF groups at T3 (P = 0.029, P =

0.003, respectively), whereas there were no significant differences
amongst all the other comparisons (P > 0.05). For longitudinal
comparisons of Chao1 indices (Figure 1B), we found the Chao1
index at T1 was significantly lower than T3 in the EF group (P
= 0.045), whereas there were no significant differences amongst
all the other comparisons (P > 0.05). By cross-sectional and
longitudinal comparisons of Shannon indices (Figures 1C,D),
no statistically significant differences were found (P > 0.05).
However, we found that the Chao1 and Shannon indices in the EF
group were rising progressively, indicating that the α-diversity of
salivary microbiota was growing with age. It was also found that
the Chao1 and Shannon indices in the ER group were decreasing
gradually, indicating that the α-diversity of salivary microbiota
exhibited a declining trend during the course of recurrence and
progression of ECC.

β-diversity shown by principal coordinates analysis (PCoA)
of weighted UniFrac distance were analyzed to demonstrate the
in-group variation of salivary microbial community structure
during the follow-up period (Figure 2). The closer the distance
between samples shown in the diagram, the more similar the
microbial community structure were. The results showed that
the salivary microbial community structure did not change
significantly from T1 to T2 (Figure 2A, Anosim method, P =

0.581 for the ER group, P = 0.154 for the NER group, and P
= 0.486 for the EF group, respectively). No significant change
was observed from T2 to T3 as well (Figure 2B, Anosim method,
P = 0.581 for the ER group, P = 0.154 for the NER group,
and P = 0.486 for the EF group, respectively). The same results
were shown in the comparison between T1 and T3 (Figure 2C,
Anosim method, P = 0.080 for the ER group, P = 0.648 for the
NER group, and P = 0.311 for the EF group, respectively). The
results of α- and β-diversity comparisons (shown in Figures 1, 2)
were consistent, indicating that the samples in the present study
all exhibited similar microbial community structure.

The Predictive Potentiality of Salivary
Microbial Community Structure for the
Recurrence of ECC at Baseline
To investigate if the differences in the structure of salivary
microbial community were associated with the recurrence of
ECC, samples of the three groups at baseline were clustered
via PCoA based on weighted UniFrac distance (Figure 3A).
The results showed that the ER and NER groups both had a
considerable overlap with the EF group on T1 (Anosim method,
P = 0.955 for the ER vs. EF group, and P = 0.288 for the NER
vs. EF group, respectively), whilst the ER group had statistically
significant separation with the NER group on T1 (Anosim
method, P= 0.039 for the ER vs. NER group), indicating that the
microbial community structure exhibited significant differences
between the ER and NER groups at baseline. We also assessed
the predictive potentiality of this structure for ECC recurrence at
baseline based on weighted UniFrac distance (Figure 3B). The
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FIGURE 1 | (A) The comparison of Chao1 index among three groups within same time point. *P < 0.05. (B) The comparison of Chao1 index among three time points

within same group. *P < 0.05. (C) The comparison of Shannon index among three groups within same time point. (D) The comparison of Shannon index among three

time points within same group.

clustering tree revealed that we could distinguish most of the
samples from ER and NER group by their microbial community
structures at baseline, which provided evidence for using salivary
microbial community structure to predict the recurrence of ECC
at an early phase.

Potential Biomarkers Discovered by
Comparison of Relative Abundance at the
Genus Level
The relative abundance of genera between the ER and NER
groups were compared, and any taxa with a median relative
abundance below 1% were excluded. The relative abundance of
predominant bacteria by genus was shown in Figure 4. At the
genus level, Neisseria, Streptococcus, Prevotella, Haemophilus,
Rothia, Lautropia, Leptotrichia, Veillonella, Actinomyces,
Fusobacterium, Porphyromonas, Kingella, Alloprevotella,
Corynebacterium, Campylobacter, and Capnocytophaga
dominated the communities in the ER and NER groups. A
group of 4 bacterial genera, including Fusobacterium, Prevotella,
Leptotrichia, andCapnocytophaga, showed statistically significant
differences in abundance between the ER and NER groups using

the metastats method (P = 0.049, P = 0.025, P = 0.020, and P
= 0.035, respectively). In the saliva sample from children with
history of ECC treatment, higher abundance of Fusobacterium,
Leptotrichia, and Capnocytophaga, and lower abundance of
Prevotella, would be potential indicators for the recurrence of
ECC.

Predictive Analysis of the Recurrence of
ECC Using Detected Genera
We conducted the receiver-operating characteristic (ROC)
analysis for the recurrence of ECC using the four genera detected
by comparisons of relative abundance of predominant bacteria
at the genus level between the ER and NER groups. The results
were shown in Figure 5, and the discriminatory capability was
evaluated using Area Under the Curve (AUC). The analysis
of each genus was based on the relative abundance in each
sample, and the formula of our 4-in-1 synthesis was set as the
summary of relative abundance of Fusobacterium, Leptotrichia,
and Capnocytophagaminus that of Prevotella. Finally, we got the
AUC of Fusobacterium, Prevotella, Leptotrichia, Capnocytophaga
and 4-in-1 synthesis were 0.857, 0.833, 0.786, 0.833, and 0.952,
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FIGURE 2 | (A) Principal coordinates analysis (PCoA) based on weighted UniFrac distance exhibiting the variation of microbiota community structure from T1 to T2 in

the three groups. Each symbol represents one sample: red for T1, blue for T2. (B) PCoA based on weighted UniFrac distance exhibiting the variation of community

structure from T1 to T3 in the three groups. Each symbol represents one sample: red for T1, blue for T3. (C) PCoA based on weighted UniFrac distance exhibiting the

variation of community structure from T2 to T3 in the three groups. Each symbol represents one sample: red for T2, blue for T3.

FIGURE 3 | (A) Principal coordinates analysis (PCoA) based on weighted UniFrac distance of community structure at baseline. Each symbol represents one sample:

red for the ER group (n = 7); blue for the NER group (n = 6); green for the EF group (n = 15). (B) Correlation-Heatmap based on weighted UniFrac distance of the

three groups at baseline. Trees were clustered based on weighted UniFrac distance: green for the ER group (n = 7); blue for the NER group (n = 6); tangerine for the

EF group (n = 15).
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FIGURE 4 | Comparison of relative abundance of bacteria by genus between the ER and NER groups at baseline. *P < 0.05.

respectively. This indicated that the predictive method for the
recurrence of ECC based on one of the four genera above was
able to show satisfactory accuracy, and the method based on their
combination could be even better.

DISCUSSION

ECC is a critical public health concern and the poor clinical
outcomes owing to high incidence of recurrence after ECC
treatment exacerbates its challenge (Almeida et al., 2000).
Technical development for risk assessment and early prediction
of ECC recurrence has become both significant and urgent
(Selwitz et al., 2007). A number of previous studies have reported
traditional predictors of caries relapse after dental treatment, but
some of them remain controversial (Berkowitz et al., 2011; Amin
et al., 2015) with apparent limitations in the existing methods
(Tellez et al., 2013). Novel approaches based on best evidence are
needed to improve the prevention of recurrence of this disease.

With the rise of the ecological plaque hypothesis for dental
caries, study of the composition and characteristics of oral
microbiome from an overall perspective has become the focus of
research. According to recent advances in understanding the role
of the oral microbiome in health and disease, the development
of oral microbiota in preschool children appears to be driven
in part by changes in the relative abundance of taxa rather
than the acquisition/loss of certain taxa (Yang et al., 2012; Jiang
et al., 2014; Zaura et al., 2014). This suggests that measures on
features and dynamics of microbiome could be appropriate to
define probable risk, onset, progression and recurrence of ECC

(Hemadi et al., 2017). As the collection of saliva is quick, non-
invasive, and easy to perform in home care, methods based on
salivary microbiota can potentially serve as a targeted, sensitive,
and patient-friendly measure for risk assessment and detection
of ECC (Kaczor-Urbanowicz et al., 2017). In the present study, in
order to ascertain whether the microbial composition of saliva
after treatment could help us predict which children had the
highest risk for the recurrence of ECC, we developed a method
which had predictive potentiality for ECC recurrence based on
salivary microbiota. The identification of children with high risk
of relapse at an early post-therapy stage would be helpful for
taking appropriate preventive measures before recurrent lesions
occur.

In the sequencing analysis, the rarefaction curves
(Figure S1B) and the specaccum curve (Figure S1C) confirmed
that sequencing depth of all the samples and the sample
size was reasonable. The comparison of Shannon microbial
diversity indices (Figures 1C,D) showed no statistically
significant differences in both cross-sectional and longitudinal
comparisons. Similar to our observations, some previous studies
had also shown no significant difference in the α-diversity of
those with and without caries (Griffen et al., 2012; Xu et al.,
2014; Johansson et al., 2016; Zhou et al., 2017), however some
other studies had shown that increased α-diversity favored
healthy status (Gross et al., 2010; Belstrom et al., 2014; Xiao et al.,
2016). The contradiction amongst the results was brought by the
sampling methods, analysis methodologies, or ethnic groups.
Therefore, further studies are needed to verify this issue. In the
present study, 13 known bacterial phyla and 85 genera derived
from 3,650,544 sequences were detected from 84 samples, which
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FIGURE 5 | Receiver-operating characteristic (ROC) analysis of ECC recurrence using detected genera assessed by the area under the curve (AUC).

suggested that this sequencing analysis could provide the details
of the oral microbiota. The level of microbiome diversity in
the present study was consistent with sequencing studies in
other population with similar conditions (Jiang et al., 2014,
2016). Besides, the results of β-diversity comparison in our study
(Figure 2) indicated that saliva from children with and without
ECC exhibited similar microbial community structure.

PCoA (Figure 3A) and heatmap plots (Figure 3B)
demonstrated that microbial community structure could
distinguish the ER and NER groups at baseline. As expected, the
saliva microbiome features may serve as a microbial indicator
to define susceptibility of ECC recurrence. In the specific
comparison between the ER and the NER group at baseline, a
group of f bacterial genera, including Fusobacterium, Prevotella,
Leptotrichia, and Capnocytophaga, showed statistical differences
in abundance. Based on their tendencies between different time
points, it was inferred that higher abundance of Fusobacterium,
Leptotrichia, and Capnocytophaga, as well as lower abundance
of Prevotella, were potential indicators of the recurrence of
ECC. In previous studies, Fusobacterium, Leptotrichia, and
Capnocytophaga were also reported to be enriched under the
status of caries occurrence (Kanasi et al., 2010; Ling et al., 2010;
Jiang et al., 2013). But intriguingly, enriched Prevotella had
been reported to be associated with ECC (Palmer et al., 2010;
Tanner et al., 2011), however in our present study the lower
abundance of Prevotella favored ECC recurrence, indicating
that oral microbiome might play a different role in the courses
of onset and relapse of caries. Furthermore, studies showed
that Prevotella species were not similarly distributed between
caries and caries-free population, whilst several species of
Prevotella (Prevotella spp., Prevotella shahii, Prevotella pallens)

presented at a much higher level in the caries-free group than the
caries group (Yang et al., 2012; Jiang et al., 2016; Gomez et al.,
2017). Therefore, species-level and potentially even strain-level
resolution might be important for the issue. Prevotella did
not fit the classical characteristics of cariogenic organisms as
acid-tolerant or even acid-sensitive (Simon-Soro and Mira,
2015). Thus, whether Prevotella play an active role or are just
bystanders in cariogenesis still needed to be further explored.

Receiver-operating characteristic (ROC) analysis was proven
to be effective in a previous study for establishment of the
predictive model (Teng et al., 2015). In the present study, the
AUC of Fusobacterium, Prevotella, Leptotrichia, Capnocytophaga
and their combination for prediction for ECC recurrence were
0.857, 0.833, 0.786, 0.833, and 0.952, respectively. These values
were considerably higher when compared with a predictive study
on the onset of ECC (Teng et al., 2015). Further studies on the
probable mechanism of the pathogenesis and progression of ECC
recurrence might yield better understanding of the nature.

Some limitations should be considered for the present
research. First, only 28 children were recruited in this study,
which sample size might not be so sufficient for a predictive study
to move further to conduct subgroup analysis with regards to
the status of ECC recurrence. Second, the sequencing technology
used in this study was based on Illumina MiSeq PE250 platform,
which had difficulty to provide effective resolution below the
bacterial genus level. In our present study, the OTUs were not
aligned well at species level (the unidentified OTU percent at
species level ranged from 62.2 to 89.5%), thus these species-
level data were not provided to avoid potential bias. For in-
depth understanding the etiology of caries, it is expected that
further studies on oral microbiota could utilize novel techniques
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to perform analyses at the species level. Third, dental caries is
a complicated multifactor disease, which is caused not only by
microbial infection, but also associated with many other factors
from the host and environment. Although these factors were not
fully considered in this study, we were recruiting children from
the same kindergarten who had the same regular diets and oral
health instructions, and they shared similar living environments.
This could considerably reduce the probable impacts resulted
by some other background factors. Fourth, oral microbiome
was reported to be influenced by a number of hereditary or
environmental factors (Li et al., 2014; Gomez et al., 2017; Gao
et al., 2018), but the present study only covered the population
of Chinese preschool children in Beijing, which should be
interpreted with caution when considering other ethnic groups.
Fifth, the pathogenic mechanism associated with the verified
microbial indicators of ECC recurrence is still unrevealed.
Further studies are needed to explore the specific pathogenic
mechanism and signal transduction pathways in the recurrence
of ECC.

In addition, for now there is no study using advanced
technology (high-throughput approach and mass spectrometry)
to investigate the profile of saliva microbiome and proteome
at the same time for prediction of dental caries. As previously
reported, physiological state of the human body could be detected
by monitoring changes in the composition of saliva (Banderas-
Tarabay et al., 2002; Van Nieuw Amerongen et al., 2004). Proteins
are also the principal ingredient in saliva (Chiappin et al.,
2007). Proteins and peptides contained in saliva are important
to maintain oral health and homeostasis, since the severity and
frequency of oral disease are often associated with the qualitative
and quantitative changes of salivary proteome/peptideome
(Dawes et al., 2015). Caries risk assessment could be conducted
by investigating the bacterial abundance, protein identity and
concentration. Further work with both salivary microbiome and
proteome/peptideome considered is expectable to fill this gap
and contribute to our knowledge on the recurrence of ECC.
Moreover, longitudinal monitoring and surveillance could help
understand how salivary microbiome and proteome/peptideome
changed in ECC recurrence after management and interventions
of the disease. In the future, once the systematic biomarkers
for the ECC recurrence were verified, the findings could push
forward the translation of rapid chair-side test for clinical practice
or self-monitoring for home care.

In conclusion, salivary microbiome exhibited potentiality
for predicting the recurrence of ECC at an early phase.
Fusobacterium, Prevotella, Leptotrichia, and Capnocytophaga
were associated to the pathogenesis and progression of ECC
recurrence. The method using relative abundance of these four

bacterial genera and their combination to predict the recurrence
of ECC showed satisfactory accuracy. These findings might
facilitate more effective strategy to be taken in the management
of the recurrence of ECC.

DATA AVAILABILITY

The raw sequencing data of this study are available in the NCBI
Sequence Read Archive with accession number SRP162752.

AUTHOR CONTRIBUTIONS

CZ, CY, SA, XYS, and SZ contributed to the concept, design, data
acquisition, analysis, and interpretation and drafted and critically
revised the manuscript. XRS and FC drafted and critically revised
the manuscript. All of the authors have read and approved the
final manuscript.

FUNDING

This study was funded by Peking University School and
Hospital of Stomatology (grant number: PKUSS20170105) and
National Natural Science Foundation of China (grant number:
81801037).

ACKNOWLEDGMENTS

We thank all of the subjects and their parents for their
participating in this study, as well as the staff of the kindergarten
who kindly assisted with this research program.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00423/full#supplementary-material

Table S1 | The checklist for STROBE guidelines.

Table S2 | The alpha-diversity indices in each group.

Figure S1 | (A) OTU distribution between the three groups for each time point. (B)

The rarefaction curves for each time point. (C) The specaccum curves for each

time point.

Figure S2 | Relative abundance of taxa from phylum to genus level in each

sample at T1.

Figure S3 | Relative abundance of taxa from phylum to genus level in each

sample at T2.

Figure S4 | Relative abundance of taxa from phylum to genus level in each

sample at T3.

REFERENCES

Almeida, A. G., Roseman, M. M., Sheff, M., Huntington, N., and Hughes,

C. V. (2000). Future caries susceptibility in children with early childhood

caries following treatment under general anesthesia. Pediatr. Dent. 22,

302–306. http://www.aapd.org/assets/1/25/Almeida-22-04.pdf

Amin, M., Nouri, R., ElSalhy, M., Shah, P., and Azarpazhooh, A. (2015). Caries

recurrence after treatment under general anaesthesia for early childhood

caries: a retrospective cohort study. Eur. Arch. Paediatr. Dent. 16, 325–331.

doi: 10.1007/s40368-014-0166-4

Amin, M. S., Bedard, D., and Gamble, J. (2010). Early childhood caries: recurrence

after comprehensive dental treatment under general anaesthesia. Eur. Arch.

Paediatr. Dent. 11, 269–273. doi: 10.1007/BF03262761

Ao, S., Sun, X., Shi, X., Huang, X., Chen, F., and Zheng, S. (2017). Longitudinal

investigation of salivary proteomic profiles in the development of early

childhood caries. J. Dent. 61, 21–27. doi: 10.1016/j.jdent.2017.04.006

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 December 2018 | Volume 8 | Article 423

https://www.frontiersin.org/articles/10.3389/fcimb.2018.00423/full#supplementary-material
http://www.aapd.org/assets/1/25/Almeida-22-04.pdf
https://doi.org/10.1007/s40368-014-0166-4
https://doi.org/10.1007/BF03262761
https://doi.org/10.1016/j.jdent.2017.04.006
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhu et al. Salivary Microbiome Predicts ECC Recurrence

Bagramian, R. A., Garcia-Godoy, F., and Volpe, A. R. (2009). The global increase

in dental caries. A pending public health crisis. Am. J. Dent. 22, 3–8. http://pdfs.

semanticscholar.org/276b/d44798c8d4b055588ebad97ca86a29d1f39d.pdf

Banderas-Tarabay, J. A., Zacarias-D’Oleire, I. G., Garduno-Estrada, R., Aceves-

Luna, E., and Gonzalez-Begne, M. (2002). Electrophoretic analysis of whole

saliva and prevalence of dental caries. A study inMexican dental students. Arch.

Med. Res. 33, 499–505. doi: 10.1016/S0188-4409(02)00395-8

Baum, B. J., Yates, J. R. III, Srivastava, S., Wong, D. T., and Melvin, J. E. (2011).

Scientific frontiers: emerging technologies for salivary diagnostics. Adv. Dent.

Res. 23, 360–368. doi: 10.1177/0022034511420433

Belstrom, D., Fiehn, N. E., Nielsen, C. H., Holmstrup, P., Kirkby, N., Klepac-Ceraj,

V., et al. (2014). Altered bacterial profiles in saliva from adults with caries

lesions: a case-cohort study. Caries Res. 48, 368–375. doi: 10.1159/000357502

Berkowitz, R. J., Amante, A., Kopycka-Kedzierawski, D. T., Billings, R. J., and

Feng, C. (2011). Dental caries recurrence following clinical treatment for severe

early childhood caries. Pediatr. Dent. 33, 510–514. https://chinesesites.library.

ingentaconnect.com/content/aapd/pd/2011/00000033/00000007/art00008

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,

F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-

throughput community sequencing data. Nat. Methods 7, 335–336.

doi: 10.1038/nmeth.f.303

Chiappin, S., Antonelli, G., Gatti, R., and De Palo, E. F. (2007). Saliva specimen:

a new laboratory tool for diagnostic and basic investigation. Clin. Chim. Acta

383, 30–40. doi: 10.1016/j.cca.2007.04.011

Cummins, D. (2013). Dental caries: a disease which remains a public health

concern in the 21st century–the exploration of a breakthrough technology for

caries prevention. J. Clin. Dent. 24, A1–14. doi: 10.1016/j.jdent.2010.04.002

Dawes, C., Pedersen, A. M., Villa, A., Ekstrom, J., Proctor, G. B., Vissink,

A., et al. (2015). The functions of human saliva: a review sponsored by

the World Workshop on Oral Medicine VI. Arch. Oral Biol. 60, 863–874.

doi: 10.1016/j.archoralbio.2015.03.004

Drury, T. F., Horowitz, A. M., Ismail, A. I., Maertens, M. P., Rozier, R. G.,

and Selwitz, R. H. (1999). Diagnosing and reporting early childhood caries

for research purposes. A report of a workshop sponsored by the National

Institute of Dental and Craniofacial Research, the Health Resources and

Services Administration, and the Health Care Financing Administration. J.

Public Health Dent. 59, 192–197. doi: 10.1111/j.1752-7325.1999.tb03268.x

Dye, B. A., Hsu, K. L., and Afful, J. (2015). Prevalence and measurement of

dental caries in young children. Pediatr. Dent. 37, 200–216. https://chinesesites.

library.ingentaconnect.com/content/aapd/pd/2015/00000037/00000003/

art00002

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.

Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Gao, L., Xu, T., Huang, G., Jiang, S., Gu, Y., and Chen, F. (2018). Oral microbiomes:

more and more importance in oral cavity and whole body. Protein Cell. 9,

488–500. doi: 10.1007/s13238-018-0548-1

Gomez, A., Espinoza, J. L., Harkins, D. M., Leong, P., Saffery, R., Bockmann, M.,

et al. (2017). Host genetic control of the oral microbiome in health and disease.

Cell Host Microbe. 22, 269–278 e263. doi: 10.1016/j.chom.2017.08.013

Graves, C. E., Berkowitz, R. J., Proskin, H. M., Chase, I., Weinstein, P., and

Billings, R. (2004). Clinical outcomes for early childhood caries: influence

of aggressive dental surgery. J. Dent. Child. 71, 114–117. https://chinesesites.

library.ingentaconnect.com/content/aapd/jodc/2004/00000071/00000002/

art00006

Griffen, A. L., Beall, C. J., Campbell, J. H., Firestone, N. D., Kumar, P. S.,

Yang, Z. K., et al. (2012). Distinct and complex bacterial profiles in human

periodontitis and health revealed by 16S pyrosequencing. ISME J. 6, 1176–1185.

doi: 10.1038/ismej.2011.191

Gross, E. L., Leys, E. J., Gasparovich, S. R., Firestone, N. D., Schwartzbaum,

J. A., Janies, D. A., et al. (2010). Bacterial 16S sequence analysis of

severe caries in young permanent teeth. J. Clin. Microbiol. 48, 4121–4128.

doi: 10.1128/JCM.01232-10

Hemadi, A. S., Huang, R., Zhou, Y., and Zou, J. (2017). Salivary proteins and

microbiota as biomarkers for early childhood caries risk assessment. Int. J. Oral

Sci. 9:e1. doi: 10.1038/ijos.2017.35

Horner-Devine, M. C., Silver, J. M., Leibold, M. A., Bohannan, B. J., Colwell, R. K.,

Fuhrman, J. A., et al. (2007). A comparison of taxon co-occurrence patterns for

macro- and microorganisms. Ecology 88, 1345–1353. doi: 10.1890/06-0286

Hu, D. Y., Hong, X., and Li, X. (2011). Oral health in China–trends and challenges.

Int. J. Oral Sci. 3, 7–12. doi: 10.4248/IJOS11006

Human Microbiome Project Consortium (2012). Structure, function and

diversity of the healthy human microbiome. Nature 486, 207–214.

doi: 10.1038/nature11234

Javed, F., Feng, C., and Kopycka-Kedzierawski, D. T. (2017). Incidence of early

childhood caries: a systematic review and meta-analysis. J. Investig. Clin. Dent.

8:e12238. doi: 10.1111/jicd.12238

Jiang, S., Gao, X., Jin, L., and Lo, E. C. (2016). Salivary microbiome

diversity in caries-free and caries-affected children. Int. J. Mol. Sci. 17:1978.

doi: 10.3390/ijms17121978

Jiang, W., Ling, Z., Lin, X., Chen, Y., Zhang, J., Yu, J., et al. (2014). Pyrosequencing

analysis of oral microbiota shifting in various caries states in childhood.Microb.

Ecol. 67, 962–969. doi: 10.1007/s00248-014-0372-y

Jiang, W., Zhang, J., and Chen, H. (2013). Pyrosequencing analysis of oral

microbiota in children with severe early childhood dental caries. Curr.

Microbiol. 67, 537–542. doi: 10.1007/s00284-013-0393-7

Johansson, I., Witkowska, E., Kaveh, B., Lif Holgerson, P., and Tanner, A. C. (2016).

The microbiome in populations with a low and high prevalence of caries. J.

Dent. Res. 95, 80–86. doi: 10.1177/0022034515609554

Kaczor-Urbanowicz, K. E., Martin Carreras-Presas, C., Aro, K., Tu, M., Garcia-

Godoy, F., and Wong, D. T. (2017). Saliva diagnostics - current views and

directions. Exp. Biol. Med. 242, 459–472. doi: 10.1177/1535370216681550

Kanasi, E., Dewhirst, F. E., Chalmers, N. I., Kent, R. Jr., Moore, A., Hughes, C. V.,

et al. (2010). Clonal analysis of the microbiota of severe early childhood caries.

Caries Res. 44, 485–497. doi: 10.1159/000320158

Knights, D., Parfrey, L. W., Zaneveld, J., Lozupone, C., and Knight, R. (2011).

Human-associated microbial signatures: examining their predictive value. Cell

Host Microbe 10, 292–296. doi: 10.1016/j.chom.2011.09.003

Lamont, R. J., Koo, H., and Hajishengallis, G. (2018). The oral microbiota:

dynamic communities and host interactions. Nat. Rev. Microbiol. 16, 745–759.

doi: 10.1038/s41579-018-0089-x

Li, J., Quinque, D., Horz, H. P., Li, M., Rzhetskaya, M., Raff, J. A.,

et al. (2014). Comparative analysis of the human saliva microbiome from

different climate zones: Alaska, Germany, and Africa. BMC Microbiol. 14:316.

doi: 10.1186/s12866-014-0316-1

Ling, Z., Kong, J., Jia, P., Wei, C., Wang, Y., Pan, Z., et al. (2010). Analysis

of oral microbiota in children with dental caries by PCR-DGGE and

barcoded pyrosequencing.Microb. Ecol. 60, 677–690. doi: 10.1007/s00248-010-

9712-8

Lozupone, C., Hamady, M., and Knight, R. (2006). UniFrac–an online tool for

comparing microbial community diversity in a phylogenetic context. BMC

Bioinformatics 7:371. doi: 10.1186/1471-2105-7-371

Lozupone, C. A., Hamady, M., Kelley, S. T., and Knight, R. (2007). Quantitative

and qualitative beta diversity measures lead to different insights into factors

that structure microbial communities. Appl. Environ. Microbiol. 73, 1576–1585.

doi: 10.1128/AEM.01996-06

Marsh, P. D. (2006). Dental diseases–are these examples of ecological

catastrophes? Int. J. Dent. Hyg. 4(Suppl. 1), 3–10. discussion: 50–12.

doi: 10.1111/j.1601-5037.2006.00195.x.

Marsh, P. D. (2010). Microbiology of dental plaque biofilms and their

role in oral health and caries. Dent. Clin. North Am. 54, 441–454.

doi: 10.1016/j.cden.2010.03.002

Palmer, C. A., Kent, R. Jr., Loo, C. Y., Hughes, C. V., Stutius, E., Pradhan, N., et al.

(2010). Diet and caries-associated bacteria in severe early childhood caries. J.

Dent. Res. 89, 1224–1229. doi: 10.1177/0022034510376543

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M.,

Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-

independent, community-supported software for describing and comparing

microbial communities. Appl. Environ. Microbiol. 75, 7537–7541.

doi: 10.1128/AEM.01541-09

Selwitz, R. H., Ismail, A. I., and Pitts, N. B. (2007). Dental caries. Lancet 369, 51–59.

doi: 10.1016/S0140-6736(07)60031-2

Simon-Soro, A., and Mira, A. (2015). Solving the etiology of dental caries. Trends

Microbiol. 23, 76–82. doi: 10.1016/j.tim.2014.10.010

Siqueira, J. F. Jr., Fouad, A. F., and Rocas, I. N. (2012). Pyrosequencing as a

tool for better understanding of human microbiomes. J. Oral Microbiol. 4.

doi: 10.3402/jom.v4i0.10743

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10 December 2018 | Volume 8 | Article 423

http://pdfs.semanticscholar.org/276b/d44798c8d4b055588ebad97ca86a29d1f39d.pdf
http://pdfs.semanticscholar.org/276b/d44798c8d4b055588ebad97ca86a29d1f39d.pdf
https://doi.org/10.1016/S0188-4409(02)00395-8
https://doi.org/10.1177/0022034511420433
https://doi.org/10.1159/000357502
https://chinesesites.library.ingentaconnect.com/content/aapd/pd/2011/00000033/00000007/art00008
https://chinesesites.library.ingentaconnect.com/content/aapd/pd/2011/00000033/00000007/art00008
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.cca.2007.04.011
https://doi.org/10.1016/j.jdent.2010.04.002
https://doi.org/10.1016/j.archoralbio.2015.03.004
https://doi.org/10.1111/j.1752-7325.1999.tb03268.x
https://chinesesites.library.ingentaconnect.com/content/aapd/pd/2015/00000037/00000003/art00002
https://chinesesites.library.ingentaconnect.com/content/aapd/pd/2015/00000037/00000003/art00002
https://chinesesites.library.ingentaconnect.com/content/aapd/pd/2015/00000037/00000003/art00002
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1007/s13238-018-0548-1
https://doi.org/10.1016/j.chom.2017.08.013
https://chinesesites.library.ingentaconnect.com/content/aapd/jodc/2004/00000071/00000002/art00006
https://chinesesites.library.ingentaconnect.com/content/aapd/jodc/2004/00000071/00000002/art00006
https://chinesesites.library.ingentaconnect.com/content/aapd/jodc/2004/00000071/00000002/art00006
https://doi.org/10.1038/ismej.2011.191
https://doi.org/10.1128/JCM.01232-10
https://doi.org/10.1038/ijos.2017.35
https://doi.org/10.1890/06-0286
https://doi.org/10.4248/IJOS11006
https://doi.org/10.1038/nature11234
https://doi.org/10.1111/jicd.12238
https://doi.org/10.3390/ijms17121978
https://doi.org/10.1007/s00248-014-0372-y
https://doi.org/10.1007/s00284-013-0393-7
https://doi.org/10.1177/0022034515609554
https://doi.org/10.1177/1535370216681550
https://doi.org/10.1159/000320158
https://doi.org/10.1016/j.chom.2011.09.003
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1186/s12866-014-0316-1
https://doi.org/10.1007/s00248-010-9712-8
https://doi.org/10.1186/1471-2105-7-371
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1111/j.1601-5037.2006.00195.x.
https://doi.org/10.1016/j.cden.2010.03.002
https://doi.org/10.1177/0022034510376543
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1016/S0140-6736(07)60031-2
https://doi.org/10.1016/j.tim.2014.10.010
https://doi.org/10.3402/jom.v4i0.10743
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhu et al. Salivary Microbiome Predicts ECC Recurrence

Tanner, A. C., Kent, R. L. Jr., Holgerson, P. L., Hughes, C. V., Loo, C. Y., Kanasi,

E., et al. (2011). Microbiota of severe early childhood caries before and after

therapy. J. Dent. Res. 90, 1298–1305. doi: 10.1177/0022034511421201

Tellez, M., Gomez, J., Pretty, I., Ellwood, R., and Ismail, A. I. (2013). Evidence

on existing caries risk assessment systems: are they predictive of future

caries? Community Dent. Oral Epidemiol. 41, 67–78. doi: 10.1111/cdoe.

12003

Teng, F., Yang, F., Huang, S., Bo, C., Xu, Z. Z., Amir, A., et al. (2015).

Prediction of early childhood caries via spatial-temporal variations of

oral microbiota. Cell Host Microbe. 18, 296–306. doi: 10.1016/j.chom.2015.

08.005

Van Nieuw Amerongen, A., Bolscher, J. G., and Veerman, E. C. (2004). Salivary

proteins: protective and diagnostic value in cariology? Caries Res. 38, 247–253.

doi: 10.1159/000077762

Vukosavljevic, D., Custodio, W., and Siqueira, W. L. (2011). Salivary proteins as

predictors and controls for oral health. J. Cell Commun. Signal. 5, 271–275.

doi: 10.1007/s12079-011-0151-1

Xiao, C., Ran, S., Huang, Z., and Liang, J. (2016). Bacterial diversity

and community structure of supragingival plaques in adults with dental

health or caries revealed by 16S pyrosequencing. Front. Microbiol. 7:1145.

doi: 10.3389/fmicb.2016.01145

Xu, H., Hao, W., Zhou, Q., Wang, W., Xia, Z., Liu, C., et al. (2014). Plaque

bacterial microbiome diversity in children younger than 30 months with or

without caries prior to eruption of second primary molars. PLoS ONE 9:e89269.

doi: 10.1371/journal.pone.0089269

Yang, F., Zeng, X., Ning, K., Liu, K. L., Lo, C. C., Wang, W., et al. (2012). Saliva

microbiomes distinguish caries-active from healthy human populations. ISME

J. 6, 1–10. doi: 10.1038/ismej.2011.71

Zaura, E., Nicu, E. A., Krom, B. P., and Keijser, B. J. (2014). Acquiring and

maintaining a normal oral microbiome: current perspective. Front. Cell. Infect.

Microbiol. 4:85. doi: 10.3389/fcimb.2014.00085

Zhang, Y., Sun, J., Lin, C. C., Abemayor, E., Wang, M. B., and Wong, D. T. (2016).

The emerging landscape of salivary diagnostics. Periodontol. 2000 70, 38–52.

doi: 10.1111/prd.12099

Zhou, J., Jiang, N., Wang, Z., Li, L., Zhang, J., Ma, R., et al. (2017).

Influences of pH and iron concentration on the salivary microbiome in

individual humans with and without caries. Appl. Environ. Microbiol. 83, 1–4.

doi: 10.1128/AEM.02412-16

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Zhu, Yuan, Ao, Shi, Chen, Sun and Zheng. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 December 2018 | Volume 8 | Article 423

https://doi.org/10.1177/0022034511421201
https://doi.org/10.1111/cdoe.12003
https://doi.org/10.1016/j.chom.2015.08.005
https://doi.org/10.1159/000077762
https://doi.org/10.1007/s12079-011-0151-1
https://doi.org/10.3389/fmicb.2016.01145
https://doi.org/10.1371/journal.pone.0089269
https://doi.org/10.1038/ismej.2011.71
https://doi.org/10.3389/fcimb.2014.00085
https://doi.org/10.1111/prd.12099
https://doi.org/10.1128/AEM.02412-16
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	The Predictive Potentiality of Salivary Microbiome for the Recurrence of Early Childhood Caries
	Introduction
	Materials and Methods
	Ethics Approval and Informed Consent
	Subjects and Design
	Saliva Sampling and Total Genomic DNA Sample Preparation
	PCR Amplification and Sequencing
	OTU Profile Analysis
	Statistical Analysis

	Results
	Demographic and Caries Status
	The Diversity of Salivary Microbiota
	The Variation of Salivary Microbiome During the Follow-Up Period
	The Predictive Potentiality of Salivary Microbial Community Structure for the Recurrence of ECC at Baseline
	Potential Biomarkers Discovered by Comparison of Relative Abundance at the Genus Level
	Predictive Analysis of the Recurrence of ECC Using Detected Genera

	Discussion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


