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Abstract

Understanding the development of the oral microbiota in healthy children is of great importance to oral and general health. However,
limited data exist on a healthy maturation of the oral microbial ecosystem in children. Moreover, the data are biased by mislabeling
“caries-free” populations. Therefore, we aimed to characterize the healthy salivary and dental plaque microbiome in young children.
Caries-free (ICDAS [International Caries Detection and Assessment System] score 0) children (n = | 19) and their primary caregivers
were followed from | until 4 y of child age. Salivary and dental plaque samples were collected from the children at 3 time points (T, ~I y
old; T2, ~2.5 y old; and T3, ~4 y old). Only saliva samples were collected from the caregivers. Bacterial V4 16S ribosomal DNA amplicons
were sequenced using lllumina MiSeq. The reads were denoised and mapped to the zero-radius operational taxonomic units (zOTUs).
Taxonomy was assigned using HOMD. The microbial profiles of children showed significant differences (P = 0.0001) over time. Various
taxa increased, including Fusobacterium, Actinomyces, and Corynebacterium, while others showed significant decreases (e.g., Alloprevotella
and Capnocytophaga) in their relative abundances over time. Microbial diversity and child-caregiver similarity increased most between |
and 2.5 y of age while still not reaching the complexity of the caregivers at 4 y of age. The microbiome at | y of age differed the most
from those at later time points. A single zOTU (Streptococcus) was present in all samples (n = 925) of the study. A large variation in the
proportion of shared zOTUs was observed within an individual child over time (2% to 42% of zOTUs in saliva; 2.5% to 38% in dental
plaque). These findings indicate that the oral ecosystem of caries-free toddlers is highly heterogeneous and dynamic with substantial
changes in microbial composition over time and only few taxa persisting across the 3 y of the study. The salivary microbiome of 4-y-old
children is still distinct from that of their caregivers.
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microbial and clinical diagnostic methods, or small sample
sizes (Xin et al. 2013; Lee et al. 2016; Li et al. 2018).
Development of enamel lesions is preceded by microbial
ecological shifts toward aciduric and acidogenic microbiota
(Marsh 1994). Defining dental caries as a “cavity” leads to a
mislabeling of “caries-free” participants in clinical studies
where diagnostic thresholds determine what is recorded as
“diseased” or “sound” (Pitts 2004). Most studies that focus on

Introduction

The oral microbiome is unique to each individual and com-
prises a diverse community of microorganisms, including bac-
teria, archaea, fungi, protozoa, and viruses (Wade 2013). Even
among healthy individuals, there are substantial differences in
the composition of the resident oral microbiome (Aas et al.
2005). Furthermore, the microbial composition differs across
microniches within a healthy oral cavity (Zhou et al. 2013).
Equilibrium among the commensal microbiota of the oral eco-
system, interacting with each other and the host, is considered
one of the most important factors for maintaining a healthy
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microbiota (Zaura et al. 2014). In addition, various internal and
external factors, such as diet, oral hygiene, use of antibiotics,
and others, affect the composition and the stability of the oral
microbiome (Dagli et al. 2016).

To date, emphasis has been on describing the differences of
caries-affected versus caries-free children (Luo et al. 2012;
Jiang et al. 2016), while there is limited knowledge on the
“normal” (healthy) microbiome, especially in children.
Development and maintenance of the normal microbiome
throughout childhood are not well studied due to various limi-
tations, particularly cross-sectional study designs, targeted
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the oral microbiome in young children define their “caries-
free” populations as a cavity-free group (decayed missing
filled surfaces [dmfs] = 0) (Crielaard et al. 2011; Teng et al.
2015; Xu et al. 2015; Li et al. 2018; Xu et al. 2018; Hurley
et al. 2019) or fail to report the assessment of the caries status
(Papaioannou et al. 2009; Shi et al. 2018) and thus might have
included children with clinically detectable enamel lesions in
their healthy group.

We aimed to characterize the healthy maturation of the sali-
vary and plaque microbiome in children aged 1 to 4 y. For that,
we only included the children who were free of clinical signs
of caries at all time points throughout 3 y of the study.

Materials and Methods

This report conforms to the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) guide-
lines for cohort studies. Detailed materials and methods of the
study are described in the Materials and Methods section in the
online Appendix. In brief, this study was part of a larger project
with 1,323 children and their primary caregivers (Fontana et al.
2019). Only those participants who were enrolled and passed
inclusion criteria of the parental project could participate in the
current study. In total, 503 child-caregiver pairs consented to
participate in the current study at the baseline visit (time point
T1, children ~1 y old). Of these, 321 participant pairs attended
and provided samples at the second visit when children were
2.5 y old (T2). Finally, 268 participant pairs attended and pro-
vided samples at the third visit at the age of 4 y (T3) (Fontana
et al. 2018). Teeth were cleaned, dried, and assessed using the
International Caries Detection and Assessment System
(ICDAS T1I) criteria (ICDAS Coordinating Committee 2012)
by calibrated dental professionals. A self-reported 53-item
questionnaire (DCR-007-Primary Caregiver Questionnaire)
was used in the parental study (Eckert et al. 2010; Fontana
etal. 2011; Daly et al. 2016; Fontana et al. 2019). Only general
questions (demographics, delivery mode, Medicaid) about the
child and the caregiver were included in this study.

Current Study Population

In total, 266 children and their primary caregivers completed
sample collections at all 3 time points (T1, T2, and T3). Among
the 266 participants at the third visit (T3), 127 (47.7%) chil-
dren had dental caries lesions (ICDAS >1), 119 (44.7%) chil-
dren were caries free (ICDAS = 0) at all time points, and 20
(7.5%) children had experienced remineralization of dental
caries lesions. Only children who did not present with clinical
signs of dental caries by visual observation until the age of 4y
(n = 119) and their caregivers (n = 116) were included in the
current study (Appendix Fig. 1).

Sample Collection and Processing

Saliva samples of children were collected at each visit by
swabbing the mouth with sponges in the cheek pouch. From
this point onward, a saliva swab sample is referred to as a

saliva sample. If teeth were present, a pooled dental plaque
sample was taken prior to the ICDAS exam by swabbing all
buccal surfaces of the child’s teeth with a sterile microbrush.
Unstimulated saliva was collected by drooling from all pri-
mary caregivers at T1, while from some caregivers (n = 66),
saliva was collected at all 3 visits. Samples were transported on
dry ice and stored at —80°C.

After DNA extraction and purification, bacterial DNA con-
centration was determined by 16S ribosomal DNA (rDNA)
quantitative polymerase chain reaction (QPCR) (Ciric et al.
2010). The V4 hypervariable region of the 16S rRNA gene was
amplified with barcoded forward and reverse primers (Kozich
et al. 2013) and sequenced (MiSeq; Illumina). The sequences
are available in the NCBI BioProject database under accession
number PRINAS575641.

The reads were denoised using UNOISE3 (Edgar 2016) and
mapped to the zero-radius operational taxonomic units (zOTUs).
The representative zOTU sequences were assigned a taxonomy
using HOMD v14.51 (Chen et al. 2010). The zOTU table was
subsampled at 7,000 reads/sample.

The concentration of fungal DNA in the samples was deter-
mined using qPCR (Vollmer et al. 2008). The fungal load was
calculated as the percentage of fungal DNA over the bacterial
DNA.

Statistical Analyses

The zOTU table was log-2 transformed and ordinated by prin-
cipal component analysis (PCA), and differences in microbial
profiles in unrelated samples were assessed with PERMANOVA
using PAST v.3.18 (Hammer et al. 2001). PERMANOVA on
dependent samples was performed using adonis with permuta-
tions restricted within the subject (vegan v.2.4-6; R v.3.4.3; R
Core Team 2019). R? values in adonis give the effect size of the
variation in distances that is explained by the variables being
tested. Similarity in microbiome profiles was assessed using
Bray-Curtis similarity and diversity by Shannon Diversity
Index and Species richness using PAST. The Venn diagrams
were created using Venny (Oliveros 2007). The linear discrimi-
nant analysis effect size (LEfSe) biomarker discovery tool
(Segata et al. 2011) was used to identify discriminatory zOTUs.
Differences in univariate data were tested using SPSS version
25 (SPSS, Inc.). False discovery rate (FDR) correction of P
values for multiple comparisons was performed in R v.3.4.3.
The FDR was set to 5%.

Results

Extended results of the study are presented in the Results sec-
tion of the Appendix file. In total, 119 children who were car-
ies-free at all study time points were included in the study
(Table). Children were paired with their own primary caregiv-
ers, forming a child-caregiver pair. In case of twins (n = 3
pairs), 1 caregiver was paired with each of his or her twin chil-
dren separately, creating 2 child-caregiver pairs.

The subsampled data set included 2,320 zOTUs, which
were classified in 12 phyla (Fig. 1, Appendix Fig. 2) and in 163
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genera or higher taxa (Appendix Table 1A, B). Child saliva
samples were dominated by genus Streptococcus, followed by
Haemophilus and Neisseria, while most reads in saliva of care-
givers were classified as Streptococcus, Prevotella, Veillonella,
Haemophilus, and Neisseria. The top 3 genera in child dental
plaque samples were Streptococcus, Neisseria,and Actinomyces
(Appendix Table 1B). The predominance of the genera men-
tioned above was consistent among all 3 time points.

At the phylum level, the salivary microbiome of children
changed most from T1 to T2, with significant decreases in rela-
tive abundance of Firmicutes and Bacteroidetes and increases
in Proteobacteria, Fusobacteria, Actinobacteria, and
Saccharibacteria (TM7) (Appendix Fig. 3). In plaque, only
Actinobacteria increased significantly with time, while
Bacteroidetes and Proteobacteria decreased (Appendix Fig. 3).

Atthe genus level, Leptotrichia, Fusobacterium, Actinomyces,
Corynebacterium, and Rothia increased significantly with time
both in saliva and plaque (Fig. 2). Genera Streptococcus,
Veillonella, Granulicatella, Porphyromonas,and Alloprevotella
decreased significantly with time in saliva, while in plaque,
decreases were observed with Capnocytophaga and Neisseria

(Fig. 2).

Changes in Microbial Profiles over Time

Microbial profile analyses of salivary (Fig. 3A) and dental
plaque samples (Fig. 3B) of children showed that samples col-
lected at the earliest time point (T1) formed a separate cluster
from the other samples. Although no clear separation was dis-
cernible between the later time points, T2 and T3, the differ-
ences were significant among all 3 time points (saliva: P =
0.0001, R* = 0.1; plaque: P = 0.0001, R* = 0.07, restricted
PERMANOVA), also between T2 and T3 in saliva (P = 0.006,
R? = 0.009, Bonferroni corrected, restricted PERMANOVA),
and in plaque (P = 0.006, R* = 0.007, Bonferroni corrected,
restricted PERMANOVA). Microbial profiles of the caregivers
from whom saliva was collected at all time points (n = 66)
changed significantly across the 3 time points (P = 0.01,
restricted PERMANOVA) (Appendix Fig. 4A). Explained
variation was 0.08% (R* = 0.008).

Comparison of the salivary microbiome profiles of children
and their caregivers showed that samples of the caregivers
clustered separately from those of children collected at all time
points (P = 0.0001, R* = 0.21, restricted PERMANOVA) (Fig.
3C, Appendix Fig. 4B-D). Although the microbial composi-
tions of children and adults remained significantly different
throughout the 3 y of the study, the similarity in salivary micro-
biome between each child and his or her caregiver increased
significantly from the age of 1 (T1) to 2.5 y (T2) (P < 0.01,
FDR-corrected general linear model repeated measures test).
Within an individual child, the microbial composition changed
the most between the first time point and the others (Fig. 3D).

Diversity of both saliva and plaque collected at T1 was sig-
nificantly lower than at the later time points (T2, T3), while
diversity did not change from T2 to T3 (Appendix Fig. 5A, B).
The salivary microbiome of the caregivers was significantly

Table. Demographic and Socioeconomic Data of the Children Who
Were Caries Free during All Time Points (n = 119).

Characteristics Value

Age, median (range), mo

TI 11.3(9-15.9)

T2 29 (25.1-35.7)

T3 47 (42.9-53.8)
Sex, n (%)

Male 62 (52.1)

Female 57 (47.9)
Race/ethnicity, n (%)

Caucasian not Hispanic 74 (62.2)

African American not Hispanic 16 (13.4)

Hispanic 14 (11.8)

Multirace 15 (12.6)
Medicaid, n (%)

Yes 54 (45.4)

No 61 (51.3)

Unknown 4(3.4)
Recruitment site, n (%)

Duke University 13 (10.9)

Indiana University 39 (32.8)

University of lowa 67 (56.3)
Delivery mode, n (%)

Vaginal 77 (64.7)

C-section 42 (35.3)
Caregiver, n (%)

Mother 110 (92.4)

Father 7(5.9)

Grandmother 2(1.7)

more diverse (median, 400 [244 to 641] zOTUs/sample) than
that of children at all time points (at T1: 235 [112 to 457], T2:
369 [141 to 518], T3: 359 [161 to 573] zOTUs/sample)
(Appendix Fig. 5B).

Individual Microbial Taxa over Time
and in Comparison with the Caregivers

A single zOTU, zOTUI, classified as Streptococcus, was pres-
ent in all saliva and plaque samples (n = 925) of the study (16%
of the reads). All saliva samples of children and their caregivers
(n =471) shared 3 zOTUs: zOTU1, zOTU32 (Streptococcus),
and zOTU9 (Gemella) with 22%, 0.7%, and 3% of the reads,
respectively (Appendix Table 1C). There was 76% overlap in
zOTUs in the overall child saliva composition across the 3 time
points and 60% overlap overall between the child and care-
giver saliva (Appendix Fig. 6A).

A large variation in the proportion of the shared zOTUs was
observed within an individual child over time (2% to 42% of
zOTUs in saliva; 2.5% to 38% in plaque) or within a child-
caregiver pair throughout all time points (2% to 17% of zOTUs
in saliva) (Appendix Fig. 6B).

Of the zOTUs included in the analyses, the relative abun-
dance of over 200 zOTUs was significantly higher in saliva of
the caregivers compared to the children (Appendix Table 2A).
Over 180 and 130 taxa increased in their relative abundance
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Figure I. Taxonomic distribution of the relative abundance of reads of major bacterial phyla in (A) salivary and (B) plaque samples of children at all
time points (T1, T2, T3). The samples are ordered according to the age of the participants (T1: 9 to 15.9 mo of age; T2: 25.1 to 35.7 mo of age, T3:
42.9 to 53.8 mo of age) at the time of the sample collection (red bars below the taxonomy plots). Green bars indicate the number of teeth present
(range, 0 to 20) at the time of the sample collection. Species richness (number of zero-radius operational taxonomic units/sample) of each sample
(range, 66 to 629) is indicated with mustard-colored bars, and the fungal load (percentage of fungal DNA/bacterial DNA) of each sample (range, 0 to

10.9) is shown as purple bars below the respective taxonomy plots.

with time in saliva and plaque, respectively, including
Fusobacterium, Actinomyces, and Corynebacterium (Fig. 4A,
B), while over 40 taxa in saliva and over 20 taxa in plaque
showed significant decreases over time (Appendix Table 2A).

To address if specific microbial taxa (namely, Streptococcus
mutans and Porphyromonas gingivalis) traditionally associ-
ated with dental caries and periodontal diseases are present in
orally healthy children between 1 and 4 y of age, we assessed
the presence and relative abundance of these 2 taxa in both
child and caregiver samples (Results section of the Appendix
file). In brief, 7 zZOTUs were classified as S. mutans, found in
saliva of 18 and plaque of 21 children. A single zOTU was
classified as P. gingivalis, which was found at a very low rela-
tive abundance (0.01% to 0.02%) in only 4 children.

Differences between Salivary and Plaque
Microbial Composition

We compared the microbial composition of 2 types of samples,
unstimulated saliva and pooled dental plaque, over time. As
expected, microbial profiles of saliva were significantly differ-
ent from those of plaque (T1: P = 0.0001, R* = 0.23; T2: P =
0.0001, R* = 0.13; T3: P = 0.0001, R* = 0.15, restricted
PERMANOVA), although the compositions of plaque and
saliva became more similar from 1 to 2.5 y of age (Appendix
Fig. 7A—C). Saliva samples had significantly higher species
richness than plaque samples at T1 (P < 0.0001, FDR-corrected
Friedman test). Of 214 zOTUs that were at a significantly
higher proportion in saliva compared to plaque at T1, zOTUs
classified as Streptococcus, Alloprevotella, Neisseria,
Haemophilus, and Gemella differed the most (Appendix Fig.
8A). In plaque, 151 zOTUs were higher in their relative abun-
dance than in saliva at T1, with Neisseria, Streptococcus san-
guinis, Actinomyces, Capnocytophaga sputigena, Rothia aeria,
and Corynebacterium durum being the most discriminatory

between the 2 sample types (Appendix Fig. 8B; Appendix
Table 2B). These taxa remained in the top 10 most discrimina-
tory zOTUs also at later time points (Appendix Fig. 8).

Microbiome Differences by Age and Tooth
Eruption Status of the Children at T

The age of the children at the start of the study (T1) varied
from 9 to 15.9 mo and included both predentate (» = 18) and
dentate (n = 101) children (median, 4 teeth; range, 0 to 12)
(Table, Fig. 1).

We stratified the children at T1 into 3 subgroups by their age:
1) below 11 mo (n=54),2) 11 to 13.9 mo (n =40), and 3) 14 mo
or older (n = 25). Both the salivary and plaque microbiome of
the youngest children differed significantly from the 2 older sub-
groups (Appendix Fig. 9A, B). The diversity of the microbiome
of the youngest children (T1) was significantly lower than that
of the older children (T2, T3) (Appendix Fig. 9E, F).

The following subgroups were created based on the teeth
eruption status at T1: 1) predentate (n = 18), 2) 1 to 4 teeth
erupted (n = 56), and 3) 5 to 12 teeth erupted (n = 45). Saliva of
the predentate children and children with 1 to 4 teeth differed
significantly from the microbial profiles of the saliva from chil-
dren with 5 or more teeth (Appendix Fig. 9C). These differences
were reflected in their alpha and beta diversities (Appendix Fig.
9G, H). Microbial profiles and diversity of plaque from children
with 1 to 4 teeth differed significantly from the children with 5
to 12 teeth erupted (Appendix Fig. 9D, G, H).

Salivary and Plaque Microbiome by
Demographic Data and Exposure to Antibiotics

We found no differences in the composition of the salivary and
plaque microbiome by delivery mode, while plaque at T2
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Figure 3. Principal component analysis (PCA) plots displaying the microbial profiles of (A) saliva
of children (n = 356 samples), (B) plaque of children (n = 323), and (C) saliva of children and
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of children at all time points (T1, T2, T3) and saliva of their caregivers collected at T1. PCA was
performed on subsampled and log-2 transformed zero-radius operational taxonomic unit data. Axis
shows the first 2 greatest principal components (PCs) explaining the highest intersample variation
(percentage of variance). The P and F values indicate the output of PERMANOVA analyses, using
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were significantly different (P < 0.05) in all but the time point indicated with $.

differed by sex (P =0.007, PERMANOVA) and at T3 by race/
ethnicity (Caucasian vs. African American, P = 0.002,
PERMANOVA). Microbial profiles of saliva collected at T2
and plaque collected at all 3 time points differed in beta-
diversity by Medicaid status of the children (P < 0.01,
PERMANOVA). Plaque samples collected at T3 from the
Medicaid group showed higher diversity (Shannon Diversity
index, P = 0.007, Kruskal-Wallis test) than plaque from the
non-Medicaid group. At all time points, multiple zOTUs sig-
nificantly discriminated between the 2 groups (Appendix Table
2C). Microbial composition of both saliva and plaque samples
of children who were exposed to antibiotics within 4 wk of
sample collection differed significantly from those who were
not (P < 0.05, PERMANOVA).

In this study, we focused on develop-
ment of the healthy oral microbial eco-
system. The children who remained
caries free up to age 4 y were followed in
time from 1 y of age. Both salivary and
plaque microbial composition under-
went major changes from 1 until 2.5 y of
age, followed by less pronounced micro-
bial shifts up to 4 y of age. However,
salivary and plaque microbial composi-
tion still did not reach the complexity of
the microbiome of their caregivers. At
the population level, the majority of the
microbial taxa (zOTUs) were shared
throughout the 3 y of this study. However, at the level of the
individual, large variation in the number of shared zOTUs was
observed and only a few taxa were present throughout the 3 y.

Among the longitudinal oral microbiome studies on chil-
dren, 3 studies, similar to ours, have used the ICDAS = 0 for
defining caries-free individuals (Lif Holgerson et al. 2015;
Richards et al. 2017; Dzidic et al. 2018). In 2 of these, the
sample size of the caries-free group was small (n = 22 in
Richards et al. [2017]; n = 11 in Lif Holgerson et al. [2015]). A
study by Dzidic et al. (2018) followed the largest group and for
the longest period to date; they described the salivary microbi-
ome from 3 mo until 7 y in 90 Swedish children, of whom 45
were caries free at the age of 9 y. Their study provides exten-
sive description of salivary microbiome development in
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relation to postnatal factors and caries.
Unfortunately, no caries assessment was
performed before the age of 9 y, preclud-
ing the diagnosis of lesions in deciduous
teeth other than canines and molars
remaining in the mixed dentition at that
age. Any dynamics in the caries process
evidenced by remineralization of enamel .
lesions obtained at a very young age also

2 a

Relative abundance (%)

A zOTU_2 Neisseria (pharyngis/sicca/mucosaffiava)

b

zOTU_10 Veillonella (atypica/dispar)

< a a b b c

@ © n o

Relative abundance (%)

w

could not be recorded. For example, in m

32% of the 2.5-y-old children in our
cohort diagnosed with enamel lesions, 3w a
the lesions were remineralized at the age »
of4y.

Therefore, with the current longitudi-
nal study on 119 individuals, we have
provided the first and largest to date
extensive description of the maturation
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of the healthy oral ecosystem in caries- ™
free children aged from 1to 4 y. B

We found an overall increase in
microbial diversity with increasing age,
supporting the findings of previous stud-
ies (Holgerson et al. 2015; Richards et al.
2017; Dzidic et al. 2018; Li et al. 2018).
Only a few taxa (several species of genus
Streptococcus and Gemella) were pres-
ent in all samples of children over time,
which is in agreement with the study
from Sweden where infants from 3 mo
until 3 y of age were followed (Holgerson
et al. 2015).

Due to the ease of collection, saliva is
the most frequently collected sample in
oral microbiome studies (Humphrey and
Williamson 2001). Due to the young age
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zOTU_22 Neisseriaceae (Neisseria/Kingella)

20TU_17 Corynebacterium matruchotii
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zOTU_29 Capnocytophaga sputigena
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Relative abundance (%)

T2 T3

zOTU_61 Actinomyces massiliensis
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of the study participants, it was not pos-
sible to collect saliva samples using stan-

™

dard saliva collection protocols such as
unstimulated saliva by drooling. Instead,
a slow and gentle swab over the floor of
the mouth with 2 relatively large sponges
was performed, allowing salivary absorp-
tion. This, however, may have resulted in
saliva sample contamination with micro-
biota residing on the sublingual mucosa.
On the other hand, studies comparing dif-
ferent intraoral niches in adults have
shown that saliva closely resembles the mucosal surface.
Sampling of dental plaque requires a clinical setting and an
experienced operator but allows site-specific assessment of the
microbiome (Simon-Soro and Mira 2015). Interestingly, despite
distinct differences in the composition of these 2 sample types,
we observed similar dynamics of the maturation in saliva and
plaque during the 3 y of the study.

Relating to the ecological plaque hypothesis in caries etiol-
ogy, we cannot ensure that some individuals within our cohort,

Figure 4. Relative abundance of zero-radius operational taxonomic units (zOTUs) that showed
most significant changes over time in (A) saliva or (B) plaque. The individual values at T1, T2,

and T3 originating from each individual are connected with a line. Incomplete lines indicate

missing samples from the child at one of the time points. Bold black dots connected with a line
indicate median of the relative abundance of zOTU at each time point. The presented zOTUs are
classified to the highest possible bacterial taxon at a species, genus, or family level. Different letters
indicate statistically significant differences (P < 0.05, paired samples Friedman test followed by
Wilcoxon rank-sum test with false discovery rate correction). The zOTUs were first identified as
discriminatory, using the linear discriminant analysis effect size (LEfSe) (the top 10 zZOTUs by their
linear discriminant analysis scores are shown in Appendix Table 2A), followed by pairwise tests.

even though diagnosed as enamel caries free at the last time
point (aged 4 y), might not, in fact, be experiencing a microbial
ecological shift toward caries. A clinical follow-up of the
included children at a later age should be performed to confirm
their healthy status.

Yeasts, such as Candida albicans, are frequently associated
with early childhood caries (Raja et al. 2010), while little is
known of fungal communities in health. We found a high preva-
lence of fungal DNA and especially a high concentration of fungi
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in the saliva of children at the earliest time point. The low com-
plexity of the bacterial communities, as well as a rather immature
immune system during the first year of life, might contribute to
enrichment of these microbes (Salvatori et al. 2016). Since their
roles in health and in transition to disease remain unclear, this
warrants mycobiome assessment in future studies.

In conclusion, the oral ecosystem of caries-free toddlers is
highly heterogeneous and dynamic, with substantial changes in
microbial composition and only a few taxa persistent across
the 3 y of the study. However, the salivary microbiome of 4-y-
old children is still distinct from that of their caregivers.
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