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The oral microbiota associated with the initiation and progression of
dental caries has yet to be fully characterized. The Human Oral Microbe Identiﬁcation Using Next-Generation Sequencing (HOMINGS) approach was used to analyze
the microbiomes of site-speciﬁc supragingival dental plaques from children with different caries status. Fifty-ﬁve children (2 to 7 years of age) were assessed at baseline
and at 12 months and grouped as caries free (CF), caries active with enamel lesions
(CAE), and caries active with dentin carious lesions (CA). Plaque samples from cariesfree tooth surfaces (PF) and from enamel carious lesions (PE) and dentin carious lesions (PD) were collected. 16S community proﬁles were obtained by HOMINGS, and
408 bacterial species and 84 genus probes were assigned. Plaque bacterial communities showed temporal stability, as there was no signiﬁcant difference in beta diversity values between the baseline and 12-month samples. Irrespective of collection
time points, the microbiomes of healthy tooth surfaces differed substantially from
those found during caries activity. All pairwise comparisons of beta diversity values
between groups were signiﬁcantly different (P ⬍ 0.05), except for comparisons between the CA-PF, CAE-PE, and CA-PE groups. Streptococcus genus probe 4 and Neisseria genus probe 2 were the most frequently detected taxa across the plaque
groups, followed by Streptococcus sanguinis, which was highly abundant in CF-PF.
Well-known acidogenic/aciduric species such as Streptococcus mutans, Scardovia
wiggsiae, Parascardovia denticolens, and Lactobacillus salivarius were found almost
exclusively in CA-PD. The microbiomes of supragingival dental plaque differ substantially among tooth surfaces and children of different caries activities. In support of
the ecological nature of caries etiology, a steady transition in community species
composition was observed with disease progression.
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plaque

O

ral bacteria that colonize the teeth form dental plaque, a bioﬁlm community that
exists in equilibrium with host defenses and is generally compatible with the
integrity of the tooth tissues (1). The development of carious lesions on tooth tissues
involves a dynamic biological process wherein acids produced by bacterial fermentation of dietary carbohydrates effect the demineralization of dental tissues. Repeated
acidiﬁcation results in the emergence of acid-producing and highly acid-tolerant organisms,
a selective process that upsets pH homeostasis and shifts the demineralizationremineralization balance toward the loss of tooth minerals (2–5). Oral environmental
perturbations associated with changes in the availability of dietary carbohydrates and
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pH can inﬂuence microbial metabolic activity, which in turn can modify the environment and induce microbial selection to create a more pathogenic microbiome (6). Thus,
changes in both the compositions and biochemical activities of oral bioﬁlms are
essential etiologic determinants of dental caries.
Advances in DNA sequencing and bioinformatics have facilitated the disclosure of
associations of numerous oral bacterial taxa with dental health or with caries activity
(7–13). The use of next-generation sequencing (NGS) technology has revealed the
complexity of microbiomes at unprecedented levels and is providing a foundation to
understand how hundreds of bacterial species coinhabit and functionally interact to
maintain homeostasis, to discourage the establishment of pathogens, and, when
conditions are favorable, to cause disease (14, 15). However, most studies correlating
the composition of the oral microbiome with caries activity and etiology have examined either saliva or dental plaque samples pooled from multiple tooth surfaces
(16–18), which diminishes their clinical relevance considering that carious lesions occur
at speciﬁc tooth sites (13). Moreover, there is now clear evidence that the different oral
habitats that exist in the human mouth (tissues and location) are colonized by distinct
microbial communities (9, 13, 19). To date, only a few studies have examined the
microbial proﬁles of site-speciﬁc supragingival plaque (10, 20). For a better understanding of the caries process and the functions of speciﬁc organisms in the transition from
dental health to the different stages of caries, it is imperative that the plaque sampling
methods be site speciﬁc.
Despite growing efforts to deﬁne the composition and activities of the oral microbiome in health and disease (7, 10, 21), the current understanding of the basis for the
intraindividual and interindividual differences in microbial proﬁles is limited. One of
the major challenges facing oral heath researchers today is distinguishing which of the
potential host-microbial interactions are critical for the maintenance of dental health.
Deﬁning the composition of the oral microbiome is the ﬁrst logical step in achieving
this goal by providing essential information for future metagenomic and metabolomic
studies correlating microbial community composition and metabolism with health and
caries status. It is even more critical to evaluate these processes in young children
because of the high caries prevalence in this population (22). In fact, untreated caries
in deciduous teeth affects over 600 million children worldwide and represents a major
biological, social, and ﬁnancial burden on individuals and health care systems (23).
Accordingly, the main purposes of this study were to deﬁne the microbiomes of
site-speciﬁc supragingival dental plaques of young children with different caries status
and to determine whether the microbial proﬁles change or remain stable over a
12-month period. New insights into the stability or variability of the oral microbiome
and into the physiological or ecological relevance of microbial communities will be
needed to evaluate existing and future outcomes of caries interventions.
RESULTS
The mean age of the children (n ⫽ 55) enrolled in this study was 4.3 years at
baseline. With regard to their genders and races, 53% of the children were male, 47%
were female, 86% were Caucasian, 7% were African-American, and 7% were of other
races. At baseline, 67% of the children had primary dentition, 33% had mixed dentition,
47% were caries free (CF), 27% were caries active with enamel lesions (CAE), and 26%
were caries active with dentin carious lesions (CA). At 12 months, 58% of the children
had primary dentition, 42% had mixed dentition, 38% were CF, 36% were CAE, and 26%
were CA. Most of the children (n ⫽ 50; 90%) had the same caries status after 12 months,
and only 5 children (10%) changed from CF at baseline to CAE at 12 months.
Illumina sequencing produced an average of 66,918 reads/sample (total of 186
samples). After low-quality reads were removed, the Human Oral Microbe Identiﬁcation Using Next-Generation Sequencing (HOMINGS) approach produced a total of
12,014,038 operational taxonomic units (OTUs). Numbers of counts/sample ranged
from 444 to 199,356 (mean, 64,591.6). Two samples with low OTU counts (444 and
20,650) were removed, and all remaining samples were then normalized to a count of
August 2017 Volume 85 Issue 8 e00106-17

iai.asm.org 2

Microbiomes of Site-Speciﬁc Dental Plaques

Infection and Immunity

(B)
2

(A)

1

CAE-PE
CAE-PE

CA-PE

0

CA-PF
F

−1

CA-PD

−3

−2

CF
CF-PF
ca_pd
CA
PD
ca_pe
CA
PE
ca_pf
CA
PF
cae_pe
CAE
PE
cae_pf
CAE
PF
cf_pf
CF
PF
−2

5.0

−1

0

1

2

3

4

CAP1

FIG 1 (A) Constrained analysis of principal coordinates (CAP) of plaque bacterial communities using distance-based redundancy analysis (db-RDA). (B)
Neighbor-joining phylogeny based on pairwise PERMANOVA components for beta diversity. Branch lengths represent the degrees to which bacterial
communities are differentiated. Groups shaded in green showed no signiﬁcant differences in beta diversity values. CF, caries-free children; CAE, caries-active
children with enamel carious lesions; CA, caries-active children with dentin carious lesions; PF, supragingival plaque from caries-free tooth surfaces; PE, plaque
from active, enamel carious lesions; PD, plaque from active, dentin carious lesions.

34,621. This resulted in a total of 492 taxonomic assignments: 408 bacterial species and
84 genus probes across all samples.
To proﬁle bacterial communities, the samples were grouped as plaques from
caries-free tooth surfaces of CF children (CF-PF), CAE-PF, plaques from enamel carious
lesions of CAE children (CAE-PE), CAE-PE, CA-PF, CA-PE, and plaques from CA children
with dentin carious lesions (CA-PD). Permutational multivariate analysis of variance
(PERMANOVA) showed no signiﬁcant differences in the beta diversity values of plaque
communities when the groups were compared at baseline and at 12 months (see Table
S1 in the supplemental material). Consequently, sequencing data from the two time
points for each sample group were combined for subsequent analyses; e.g., CF-PF data
at baseline were combined with CF-PF data at 12 months.
Distance-based redundancy analysis (db-RDA) showed that the bacterial communities of CA-PD samples were the most dissimilar from those of the other groups, with
these samples occurring mostly and almost exclusively in the bottom right quadrant of
Fig. 1A. CF-PF and CA-PE samples were also well differentiated from each other, with
CF-PF samples occurring mostly in the bottom left quadrant and CA-PE samples
occurring mostly in the upper right quadrant of Fig. 1A. A neighbor-joining dendrogram was constructed by using the variance components obtained from the pairwise
PERMANOVAs (Table 1 and Fig. 1B). CF-PF communities showed the most separation
from CA-PD communities. The CA-PF, CAE-PE, and CA-PE groups were connected by
relatively short branch lengths and were not signiﬁcantly differentiated from one
another (Table 1 and Fig. 1B). All remaining comparisons among the different groups
(plaque communities) were signiﬁcant.
Due to the lack of signiﬁcant differentiation among CA-PF, CAE-PE, and CA-PE, these
three types of plaque samples were grouped in all subsequent analyses. Out of the 492
OTUs assigned, 115 OTUs showed signiﬁcant differences in abundance among the four
remaining plaque groups, CF-PF, CAE-PF, CA-PF/CAE-PE/CA-PE, and CA-PD. Table S2 in
the supplemental material shows the normalized taxon/OTU counts (means for each of
the four groups) for those taxa that showed a signiﬁcant difference in abundance
among the plaque groups, and Table S3 shows the normalized counts for all taxa/OTUs.
Figure 2 shows the 60 most frequent OTUs (out of the 492 OTUs assigned) among the
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TABLE 1 Pairwise PERMANOVAs for signiﬁcant differences in beta diversity measures
(Bray-Curtis) among the different groups of site-speciﬁc plaque samplesa
P value or pseudo-F value
CF-PF
3.225
2.668
2.156
4.575
7.795

CAE-PF
0.0011*
2.373
1.975
3.382
6.640

CAE-PE
0.0060*
0.0103*
1.580
1.275
4.145

CA-PF
0.0183*
0.0205*
0.0877
1.489
5.358

CA-PE
0.0003*
0.0003*
0.1926
0.0942

CA-PD
0.0003*
0.0003*
0.0003*
0.0003
0.0003*

3.678
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Group
CF-PF
CAE-PF
CAE-PE
CA-PF
CA-PE
CA-PD
aThe

top right values are P values corrected by using the FDR. The bottom left values are pseudo-F values
(variance components). *, signiﬁcant P values; CF, caries-free children; CAE, caries-active children with
enamel carious lesions; CA, caries-active children with dentin carious lesions; PF, supragingival plaque from
caries-free tooth surfaces; PE, plaque from active, enamel carious lesions; PD, plaque from active, dentin
carious lesions. Tests were run using 10,000 permutations.

plaque groups. Out of these 60 OTUs, 32 showed signiﬁcant differences in frequencies
of occurrence when the groups were compared.
Overall, Streptococcus genus probe 4 and Neisseria genus probe 2 were the two most
frequently detected taxa among the four groups (Fig. 2A; for a description of genus
probes, see Table S4). The third most frequently detected taxon was Streptococcus
sanguinis, which was signiﬁcantly more abundant in CF-PF than in the other groups.
Five additional taxa were also signiﬁcantly more abundant in CF-PF and occurred at
relatively high frequencies: Lautropia mirabilis, Haemophilus parainﬂuenzae, Corynebacterium durum, Actinomyces naeslundii, and Rothia aeria. With the exception of Actinomyces naeslundii, these species showed consistent decreases in frequency through the
groups toward CA-PD (Fig. 2B). Seven different Leptotrichia species and two distinct
genus probes were also particularly frequent among the groups. In order of frequency,
they were Leptotrichia shahii, Leptotrichia hongkongensis, Leptotrichia genus probe 4,
Leptotrichia wadei, Leptotrichia sp. 417, Leptotrichia sp. 498, Leptotrichia sp. 212, Leptotrichia genus probe 3, and Leptotrichia sp. 392. Of note, Leptotrichia sp. 498, Leptotrichia
wadei, and Leptotrichia sp. 392 were detected at signiﬁcantly higher frequencies in
disease states.
Four species occurred almost exclusively in CA-PD: Streptococcus mutans, Scardovia
wiggsiae, Parascardovia denticolens, and Lactobacillus salivarius. Other taxa that were
detected at signiﬁcantly high frequencies in CA-PD were Veillonella parvula, Veillonella
dispar, Veillonella genus probe 2, and Leptotrichia sp. 498. Veillonella parvula, Veillonella
dispar, and Leptotrichia sp. 498 showed a strong and progressive pattern of increasing
frequency from CF-PF to CA-PD (Fig. 2C). The pattern for the increasing frequency of
Veillonella genus probe 2 was not quite as linear, as this taxon was more frequently
detected in CAE-PF than in the CA-PF/CAE-PE/CA-PE group.
Signiﬁcant differences in beta diversity values appeared to reﬂect the levels of alpha
diversity among the plaque groups. Speciﬁcally, groups separated by large beta
distances also had signiﬁcant differences in alpha diversity values (Fig. 3A). There was
no signiﬁcant difference in alpha diversities between CF-PF and CAE-PF and between
CA-PF/CAE-PE/CA-PE and CA-PD. Median levels of alpha diversity for plaque samples
increased progressively from CF-PF to CA-PD (Fig. 3B). The CA-PD category had the
widest distribution of alpha diversity values among the groups despite the fact that
several CA-PD samples presented very low alpha diversity values. Figure 4 shows the
distribution of the 30 most frequently detected taxa within each individual CF-PF and
CA-PD sample.
PERMANOVAs for differences in beta diversity values were also used to evaluate the
microbiomes of PF samples from the ﬁve children whose caries status changed from CF
to CAE during the study. The microbial proﬁles of CF-PF collected at baseline were
compared to those of CAE-PF collected at 12 months (see Fig. S5 in the supplemental
material). Although there was no signiﬁcant difference in beta diversity values (P ⫽
0.432), several taxa showed clear differences in frequencies of detection between the
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baseline and 12 months. For example, the frequency of detection of Actinobaculum sp.
183 increased by nearly 100-fold and those of Corynebacterium durum and Gemella
genus GP-039 increased by 3-fold, whereas those of Haemophilus parainﬂuenzae and
Leptotrichia shahii decreased by 4-fold and those of Actinomyces genus 3 and Veillonella
dispar decreased by 3-fold from the baseline to 12 months.
DISCUSSION
This study reports a prospective microbiome analysis of supragingival dental
plaques collected from tooth sites and children of different caries status that substanAugust 2017 Volume 85 Issue 8 e00106-17
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FIG 2 (A) Distribution of the 60 most abundant taxa (out of 492 taxa) among the four plaque groups. *, taxon showing a signiﬁcant difference in abundance
among the groups; sp, species probe; g, genus probe. The left chart shows the mean taxon counts for each of the plaque groups expressed as a proportion
of the sum of the means. The right chart shows the sum of the means (see Table 1 for a description of the taxa captured by the genus probes). (B and C) Two
line charts showing the frequencies of certain taxa that, in addition to showing signiﬁcant differences in abundances among the groups, also showed strong
and progressive increases or decreases in frequency as caries progressed. Frequency is expressed as a proportion of the sum of the means.
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FIG 3 Levels of alpha diversity for the different groups of site-speciﬁc plaque samples. (A) Box-andwhisker plots showing alpha diversity levels for the different groups of site-speciﬁc plaque samples. (B)
Pairwise t tests for signiﬁcant differences in alpha diversity values among the different groups of
site-speciﬁc plaque samples. P values were corrected by using FDR analysis; *, signiﬁcant P values.

tively enhances the understanding of microbial proﬁle changes with the progressive
stages of early childhood caries. A strong pattern of microbial community transition for
plaque samples from healthy tooth surfaces to enamel carious lesions and then dentin
carious lesions was observed. Plaque communities from dentin carious lesions of
caries-active children (CA-PD) showed a very distinctive bacterial proﬁle compared to
those of the other communities studied here. Moreover, communities from healthy
tooth surfaces of caries-active children (CA-PF) were shown to be more similar to those
from enamel carious lesions (CAE-PE and CA-PE) than to those from healthy teeth of
caries-free children (CF-PF), suggesting that CA-PF sites appear to be at a greater risk
for caries development than CF-PF sites. This ﬁnding is concordant with data from
previous studies of risk factors for childhood caries (24) and highlights the interconnectedness of plaque communities, in which these communities are part of a larger
ecosystem where changes in the structure of one community may eventually affect
others. Furthermore, the fact that communities from noncarious tooth sites were shown
to be distinctive from those from carious sites also stresses that studies of site-speciﬁc
dental plaques are far more informative of the caries process than are studies of pooled
plaques.
Another important ﬁnding of this study is that supragingival plaque communities
remained stable for 12 months. Notably, the caries status of the majority of the
participating children did not change for the duration of the study, and the sampling
and coding methods were the same at baseline and at 12 months. In addition, no
signiﬁcant difference in beta diversity values was observed among the PF samples from
children who changed their caries status from CF to CAE after 12 months. Previous
studies have shown that microbiomes of different parts of the human body can remain
stable for months and even years (25, 26), but they can also be highly variable over
short periods of time (27, 28). A tremendous range of compositional variability between
individuals and between different oral sites was previously reported (29–32). Recently,
the plaque microbiome was described as “highly individualized at the oligotype level
August 2017 Volume 85 Issue 8 e00106-17

iai.asm.org 6

Microbiomes of Site-Speciﬁc Dental Plaques

Infection and Immunity

(A)
CF-PF 1
CF-PF 2
CF-PF 3
CF-PF 4
CF-PF 5
CF-PF 7
CF-PF 8
CF-PF 9
CF-PF 10
CF-PF 11
CF-PF 12
CF-PF 13
CF-PF 14
CF-PF 15
CF-PF 16
CF-PF 17
CF-PF 18
CF-PF 19
CF-PF 20
CF-PF 21
CF-PF 22
CF-PF 23
CF-PF 24
CF-PF 25
CF-PF 26
CF-PF 27
CF-PF 28
CF-PF 29
CF-PF 30
CF-PF 31
CF-PF 32
CF-PF 33
CF-PF 34
CF-PF 35
CF-PF 36
CF-PF 37
CF-PF 38
CF-PF 39
CF-PF 40
CF-PF 41

(B)
CA-PD 1
CA-PD 2
CA-PD 3
CA-PD 4
CA-PD 5
CA-PD 6
CA-PD 7
CA-PD 8
CA-PD 9
CA-PD 10
CA-PD 11
CA-PD 12
CA-PD 13
CA-PD 14
CA-PD 15
CA-PD 16
CA-PD 17
CA-PD 18
CA-PD 19
CA-PD 20
0

5000

10000

15000

20000

25000

30000

35000

CF-PF 42
CF-PF 43
CF-PF 44
CF-PF 45
0

5000

10000

15000

20000

25000

30000

35000

FIG 4 Distribution of the 30 most frequently detected taxa among the CF-PF samples (A) and CA-PD samples (B).

and characterized by community stability, with variability in the relative abundance of
community members between individuals and over time” (30). In that same study,
Corynebacterium, Capnocytophaga, Fusobacterium, Actinomyces, and Streptococcus taxa
were shown to be relatively constantly abundant within and between individuals (30).
These taxa were also described by that same research group to be the major participants of the “hedgehog” structure, a multigenus microbial consortium characterized by
the presence of a mass of Corynebacterium ﬁlaments with Streptococcus at the periphery (33). Thus, speciﬁc mechanisms of bacterial coadhesion and metabolic cooperation
may foster the stability of communities that are characteristic of a particular dental
health status in an individual.
Our ﬁndings conﬁrm the accepted concepts that S. sanguinis is associated with
dental health and that S. mutans is associated with caries development. However, the
data also highlight that these associations are neither uniform nor deﬁning of caries
status. Previous studies reported either a decrease in community diversity as caries
progresses (10, 20, 34) or the opposite (18, 35, 36). Here, communities associated with
the most advanced stage of caries studied here (CA-PD) were typically highly diverse,
except when S. mutans was the dominant species. Thus, low diversity is not always a
signature of disease. In addition, S. mutans and other acidogenic/aciduric species such
as Scardovia wiggsiae, Parascardovia denticolens, and Lactobacillus salivarius, which
were previously associated with caries (10, 37–42), occurred almost exclusively in
CA-PD, suggesting that these species might be more important in the advanced stages
of childhood caries.
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V. parvula and V. dispar showed consistent increases in frequency from healthy to
diseased states, as previously observed (20). The distribution of Veillonella organisms
within different oral sites has been correlated with coaggregation with other oral
bacteria (43) and their requirement for fatty acids (44). Certain Veillonella species have
been associated with the caries process mostly because of the availability of their
preferred carbon source, lactic acid, in the environment of carious lesions (44–46). In
fact, Edlund et al. (47) used an in vitro multispecies transcriptomic model to show that
the metabolic activities of V. dispar and Veillonella atypica were positively stimulated by
the presence of lactic acid and low-pH conditions. Furthermore, a recent metatranscriptomic analysis revealed other potential cariogenic features of Veillonella; for example, V. parvula seems to exhibit distinct intracellular pH control mechanisms, which
might explain the preponderance of these species in carious lesions (48). Thus, certain
Veillonella species may serve as early indicators of caries activity or even indicators of
microbial activities that can promote the initiation of a carious lesion. Leptotrichia sp.
498 also showed a consistently increased frequency from health to disease states.
Leptotrichia has high saccharolytic potential, is able to ferment a large variety of monoand disaccharides to lactic acid (49), and is well adapted to thrive under conditions that
are conducive to caries formation. Certain Leptotrichia species were shown to be
negatively associated with elevated urease activity in plaques, which is correlated with
dental health, and therefore positively associated with caries (50).
In contrast, a steady decrease in frequency from healthy to diseased states was
observed for S. sanguinis, L. mirabilis, H. parainﬂuenzae, C. durum, and R. aeria, suggesting their possible role in health. S. sanguinis has the ability to raise the pH by
catabolizing arginine via the arginine deiminase pathway. Similarly, H. parainﬂuenzae
can raise the pH via urea hydrolysis (51), and Morou-Bermudez et al. (50) showed that
this species is signiﬁcantly more abundant in plaques with high urease activity. Neisseria
species also showed a frequent association with health. The second most frequent
taxonomic assignment was for the Neisseria genus probe, which was signiﬁcantly more
abundant in CF-PF than in the other groups. Three Neisseria species were detected at
high frequencies in CF-PF (Neisseria ﬂavescens, Neisseria elongata, and Neisseria pharynges), with the latter being signiﬁcant. Previous studies have shown that N. ﬂavescens, N.
pharynges, Neisseria ﬂava, and Neisseria mucosa are associated with health (11, 20). N.
ﬂavescens is known to be asaccharolytic (52), so it should not contribute to acid
production, and therefore caries progression, via fermentation of carbohydrates. It is
interesting to note that while S. sanguinis and Neisseria species often dominated CF-PF
communities, when they were absent, other species such as Leptotrichia shahii were the
dominant species (Fig. 4A). The proportion of Leptotrichia shahii organisms was decreased when the microbial proﬁles of CF-PF collected at baseline were compared to
those of CAE-PF collected at 12 months for the children who changed their caries status
from CF to CAE (see Fig. S5 in the supplemental material). Hence, the various oral
Leptotrichia spp. identiﬁed in this study may differ substantively in their roles in and
contributions to health and disease.
Interestingly, most of the taxa detected in plaques of healthy tooth sites are
considered commensals or overtly beneﬁcial. However, species deemed caries pathogens (e.g., S. mutans and Veillonella dispar) were also found in these healthy sites albeit
at lower proportions than in diseased sites, consistent with the ecological plaque
hypothesis. The polymicrobial nature of dental caries and the interdependent functions
of different members of the oral microbiome stress the need for further identiﬁcation
of how the species involved in health and disease onset interact with one another and
their environment to inﬂuence the pathogenic potential and composition of the
microbiota at speciﬁc sites. Although diet was not a component evaluated in this study,
it is likely that differences in the dietary habits of the subjects may help explain the
predominance of certain species in different tooth sites. It is also important to consider
the established substantial genotypic and phenotypic heterogeneity within given
taxa/species of oral bacteria when interpreting microbiome data. Clearly, as knowledge
about microbial compositions in healthy and diseased states is acquired, phenotypic
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and functional studies must also be conducted to establish reliable correlations of
speciﬁc organisms with health status (12).
Conclusions. The microbiomes of supragingival dental plaques differ substantially
among tooth surfaces and children of different caries status. Importantly, well-known
acidogenic and aciduric species, such as S. mutans, S. wiggsiae, P. denticolens, and L.
salivarius, were found almost exclusively in plaques collected from dentin carious
lesions. Conversely, S. sanguinis and certain species of Neisseria and Leptotrichia were
frequently found in plaques collected from healthy tooth surfaces. Moreover, a high
diversity of low-frequency “background” species was observed in the transition from
health to disease states. Our ﬁndings signiﬁcantly expand the current knowledge of
microbial proﬁle changes with stages of childhood caries and the ecological nature of
caries etiology. This study provides valuable new insights into the oral microbiome at
the community and site-speciﬁc levels to support future metabolomic and transcriptomic studies, coupled with functional assays, for the development of novel strategies
to identify and manage children at greater risk of developing caries.
MATERIALS AND METHODS
Study group. A total of 55 children aged 2 to 7 years at baseline were recruited as part of an ongoing
longitudinal study and assessed at baseline and at 12 months. Informed consent was obtained from
parents or legal guardians of each child under a protocol approved by the Institutional Review Board of
the University of Florida Health Science Center (approval number 272-2010).
The selection process for both baseline and 12-month study visits excluded children who were
treated with antibiotics within 3 months of either study visit, those who were taking any medication, or
those who had orthodontic appliances. At baseline, children were grouped by caries status as caries free
(CF) with no clinical or reported evidence of caries experience (no decayed, missing, and ﬁlled teeth
[DMFT]), caries active with enamel lesions only (CAE) (no decayed teeth [DT] and ⱖ0 missing and ﬁlled
teeth [MFT]), and caries active with at least two cavitated, unrestored dentin carious lesions (CA) (ⱖ2 DT
and ⱖ0 MFT). At 12 months, the caries status was reassessed and reassigned, when necessary.
Caries diagnosis. Carious lesions were detected and diagnosed by a calibrated examiner (M.M.N.)
using International Caries Detection and Assessment System II (ICDAS-II) visual criteria (53) and the lesion
activity assessment (LAA) scoring system (54), which determines the activity of carious lesions based on
clinical appearance, the presence of plaque accumulation, and tactile sensation (55). Teeth were
examined before and after the removal of dental plaque as well as before and after being dried with
compressed air for 5 s. The ICDAS scores for individual tooth surfaces are deﬁned as follows: 0 for no or
a slight change in enamel after air drying, 1 for the ﬁrst visual change in enamel after air drying, 2 for
distinct visual changes in enamel before air drying, 3 for localized enamel breakdown without visual
signs of dentin involvement, 4 for an underlying dark shadow from dentin, 5 for a distinct cavity with
visible dentin, and 6 for an extensive and distinct cavity with visible dentin affecting more than half of
the surface. The range of ICDAS scores as a function of the caries status groups were CF (no activity;
ICDAS score ⫽ 0), CAE (active lesions; ICDAS score ⫽ 0 to 3), and CA (active lesions; ICDAS score ⫽ 0 to
6). The threshold to deﬁne the CA group was the presence of at least two ICDAS scores of 5 and/or 6;
however, CA children could also present with other carious lesions with lower ICDAS scores (noncavitated; enamel and dentin lesions).
Sample collection. Children were required to refrain from oral hygiene procedures for at least 8 h
prior to the collection of dental plaque samples. Supragingival plaque samples were collected separately
from (i) tooth surfaces that were caries free (PF) (ICDAS score ⫽ 0); (ii) active, enamel carious lesions (PE)
(ICDAS score ⫽ 1 to 3); and (iii) active, dentin carious lesions (PD) (ICDAS score of ⱖ4) (55). Each plaque
sample was obtained by pooling material from at least two different tooth sites of similar health
conditions using sterile periodontal curettes, and more than one type of sample could have been
collected from the same subject. PF samples were collected from all participating children, whereas PE
samples were collected from CAE and CA (if available) children, and PD samples were collected from CA
children. A total of 186 site-speciﬁc plaque samples were collected at baseline and at 12 months and
grouped as CF-PF (n ⫽ 26 and 20, respectively), CAE-PF (n ⫽ 15 and 20, respectively), CAE-PE (n ⫽ 20
and 14, respectively), CA-PF (n ⫽ 13 and 14, respectively), CA-PE (n ⫽ 11 and 13, respectively), and CA-PD
(n ⫽ 13 and 7, respectively).
Bacterial community proﬁles. The HOMINGS approach (http://homings.forsyth.org/) was used to
survey the bacterial proﬁles of the plaque samples. Brieﬂy, DNA was puriﬁed from plaque samples by
using a protocol that includes overnight incubation in the presence of Ready-Lyse lysozyme solution
(Epicentre, WI, USA) and the MasterPure DNA puriﬁcation kit (Epicentre, WI, USA). Puriﬁed DNA was
sequenced by using the Illumina MiSeq platform (Illumina, San Diego, CA). Sequencing of the 16S rRNA
V3-V4 region using primers described previously (56) was performed at the HOMINGS core facility at the
Forsyth Institute (Boston, MA, USA). The HOMINGS approach assigns taxonomy by using a customized
BLAST program called ProbeSeq, which contains sequences of species- and genus-speciﬁc 16S rRNA
probes based on data in the Human Oral Microbiome Database (HOMD). Each probe represents a distinct
OTU. Bacterial identiﬁcation is based on the use of 638 oligonucleotide probes (17 to 40 bases) targeting
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