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Abstract: Recent advances in the development of next-generation sequencing (NGS) technologies,
such as the 16S rRNA gene sequencing, have enabled significant progress in characterizing the
architecture of the oral microbiome. Understanding the taxonomic and functional components of the
oral microbiome, especially during early childhood development, is becoming critical for identifying
the interactions and adaptations of bacterial communities to dynamic conditions that may lead to
the dysfunction of the host environment, thereby contributing to the onset and/or progression of
a wide range of pathological conditions. We aimed to provide a comprehensive overview of the
most recent evidence from studies of the oral microbiome of infants and young children, focusing
on the development of oral microbiome in the window of birth to 18 years, focusing on infants. A
systematic literature search was conducted in PubMed, Scopus, WOS, and the WHO clinical trial
website for relevant articles published between 2006 to 2022 to identify studies that examined genome-
wide transcriptome of the oral microbiome in birth, early childhood, and adolescence performed
via 16s rRNA sequence analysis. In addition, the references of selected articles were screened for
other relevant studies. This systematic review was performed in accordance PRISMA guidelines.
Data extraction and quality assessment were independently conducted by two authors, and a third
author resolved discrepancies. Overall, 34 studies were included in this systematic review. Due to
a considerable heterogeneity in study population, design, and outcome measures, a formal meta-
analysis was not carried out. The current evidence indicates that a core microbiome is present in
newborns, and it is stable in species number. Disparity about delivery mode influence are found.
Further investigations are needed.

Keywords: oral microbiome; 16S rRNA sequencing; infants; children; adolescent; healthy microbiome;
pediatric dentistry

1. Introduction

Our body hosts the human microbiome, a term coined by the 2001 Nobel Prize laureate
Joshua Lederberg [1]. The original meaning of the term is an ecosystem of symbiotic,
commensal, and pathogenic microorganisms that reside in the human body, creating a
superorganism also known as holobiont, so its collective genome is called hologenome [2].
This combination is the result of millions of years of coevolution with mutual adaptation
and functional integration, conferring significant benefits for both parties [3].

The second most diversified microbial community is harbored in the oral cavity, with
more than 700 different bacterial taxa, while the first is the human gut [4]. Oral hard and
soft tissues represent a multiplicity of local environments colonized by these microbes,
in connection via saliva [5]. Several early-life factors seem to shape the oral microbiome
in children, such as host genetic elements, birth delivery mode, and type of nutrition
(breast-feeding or formula) [6,7]. Oral microbiome acquisition starts during the fetal life,
and its transmission becomes more complex from birth onward [8]. The first years of life
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are the most crucial to the oral community diversification because during this time, the oral
biofilm starts to assemble itself, achieving over 32 species-level taxa at approximately two
years of age [9]. The oral cavity offers several different surfaces for biofilm proliferation:
keratinized gingiva, buccal mucosa, tongue, teeth, hard palate and palatine wrinkles, ton-
sillar crypts, and so on. Oral biofilm is a complex, three-dimensional, organized microbial
community [10], and its variability and persistence are strictly influenced by eating habits,
oral hygiene procedures, salivary flow, and components [11].

In ecology, two important parameters are present: alpha diversity (α-diversity) and
beta diversity (β-diversity). While α-diversity is a measure of microbiome diversity appli-
cable to a single sample, β-diversity is a measure of the similarity or dissimilarity of two
communities. As for α-diversity, many indices exist, each reflecting different aspects of
community heterogeneity. Key differences relate to how the indices value variation in rare
species if they consider presence/absence only or incorporate abundance and how they
interpret shared absence. β-diversity is widely used for studying the association between
environmental variables and microbial composition [12]. Speaking about microbial ecology,
it should be mentioned that relative abundance tells us how many percentages of the
microbiome are made up of a specific organism (e.g., if S. mutans makes up 1% or 10% of the
total amount of bacteria detected in a sample). The relative abundance in conjunction with
the total number of species detected describes the α-diversity of a microbial community,
while in order to measure the variation between samples, β-diversity is used. In other
words, the statistical description of a sample is provided by α-diversity, and the statistical
comparison between two samples is provided by β-diversity.

α-diversity is expressed through several indices, such as Shannon index, Simpson
index, Chao index, ACE index, and Jackknife index. The most used is the Shannon index,
which considers both species richness and equitability in distribution in a sample, and it
seems to be the best index for biodiversity. Simpson index refers to species proportion in a
sample. Chao index is a nonparametric method for estimating the number of species in a
community. ACE index reflect the richness of the sample, and the Jackknife index estimates
the bias and variance of a statistic.

β-diversity is expressed with Bray–Curtis, Unifrac, and Jaccard indices. Each of these
(dis)similarity measures emphasizes different aspects. Bray–Curtis dissimilarity examines
the abundances of microbes that are shared between two samples and the number of
microbes found in each. Bray–Curtis dissimilarity ranges from 0 to 1. If both samples
share the same number of microbes at the same abundance, their “dissimilarity” will equal
zero. If they have absolutely no shared microbes, they will have maximum dissimilarity,
i.e., 1. UniFrac incorporates phylogenetic information, while Jaccard index ignores exact
abundances and considers only presence/absence values.

In the microbiome comprehension, nine hypervariable regions (V1–V9) in 16S ribo-
somal RNA (rRNA) genes have been found. These regions show a remarkable sequence
diversity among different bacteria and can be used for species identification [13]. The sharp-
ening of next-generation sequencing (NGS) technique allowed the scientific community to
improve microbiome understanding, providing insight into the diversity and community
structure comparing health with disease [14]. An RNA sequence mirrors the sequence of
the DNA from which it was transcribed. Consequently, by analyzing the entire collection
of RNA sequences in a cell (transcriptome), researchers can determine when and where
each gene is turned on or off in the cells and tissues of an organism [15].

Most of the studies available in literature about oral microbiome concern the adult
population, and they describe both what happens in a healthy status and during several
pathological conditions, such as periodontal disease, caries, cancer, autoimmune disorders,
and so on. Regarding oral microbiome in childhood, several studies can be found about
dysbiosis, while a lack of information is observed in relation to oral eubiosis. The purpose
of this systematic review was to summarize the most recent literature evidence from human
studies concerning the oral microbiome patterns in infants, children, and adolescents.
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2. Materials and Methods

A systematic review was conducted using the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines for systematic reviews and
meta-analysis [16].

2.1. Literature Search

To identify relevant studies investigating the oral microbiome from infancy to adoles-
cence using 16S ribosomal RNA-targeted sequencing, a comprehensive search of PubMed,
Web of Sciences, and WHO databases, using the Patient/Population/Problem, Intervention,
Comparison and Outcome (PICO) format, was conducted from 2006 until 2022.

• Population: Infants, children, and adolescents;
• Intervention: Healthy oral microbiome analysis;
• Comparator: Adults OR pathological oral conditions;
• Outcomes: Microbiome diversity, oral hygiene habits, dental examination regularity,

and dietary habits.

The following MeSH were used: oral microbiome and next-generation sequencing
in children. An additional manual literature research was performed from the relevant
articles. No time or language restrictions were applied.

2.2. Eligibility Criteria

The inclusion criteria were as follows: all studies analyzing the composition of the
healthy oral microbiome in infants, children, and adolescents based on 16S rRNA gene
sequencing techniques.

The exclusion criteria were as follows: cases having systemic disorders; animal studies;
microbiota analysis employing other microbial detection approaches or reviews; systematic
reviews; metanalyses.

2.3. Data Extraction

Studies were screened by two reviewers independently, and a matrix of relevant
data was produced. Disagreements were resolved by consensus with third reviewer.
Data extraction included general details relating the characteristics of the studies (e.g.,
author, year of publication, sources of funding) and specific details about the microbial
detection methods.

2.4. Assessment of Methodological Quality

The methodological quality of included studies was assessed using the prediction
model risk of bias assessment tool Newcastle—Ottawa Quality Assessment Scale (Table A1).
A qualitative description of the characteristics of the included studies as well as a narrative
data synthesis was performed.

3. Results
3.1. Overall Scenario

The initial website search provided a total of 151 items; in detail, there were 77 from
PubMed, 12 from Scopus, 40 from Web of Science, 0 from WHO International Clinical Trials
Registry Platform, and 22 from the additional manual literature search. About one-third of
total papers were removed because ineligible by automation tools (49), while 47 records
were removed for other reasons, for example, for different age of the sample, for the
presence of local or systemic disease, or for regarding microbiome from other sites (mostly
about gut microbiome). Fifty-five articles accessed the screening phase, and a total of nine
items were removed because of lack of interest in data shown (8) or because represented a
systematic review with or without metanalysis (1). Eligibility was assigned to 46 records
from which 12 were removed for being duplicates. Finally, a total of 34 papers were
involved for the inclusion phase (Figure 1). A detailed table was drawn up including each
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eligible article, authors, year, type of population, age, sample source kind of hypervariable
regions analyzed, NGS software employed, diversity analysis (Table 1), and a brief narrative
summary (Table A2).

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 4 of 12 
 

 

items were removed because of lack of interest in data shown (8) or because represented 
a systematic review with or without metanalysis (1). Eligibility was assigned to 46 records 
from which 12 were removed for being duplicates. Finally, a total of 34 papers were in-
volved for the inclusion phase (Figure 1). A detailed table was drawn up including each 
eligible article, authors, year, type of population, age, sample source kind of hypervariable 
regions analyzed, NGS software employed, diversity analysis (Table 1), and a brief narra-
tive summary (Table A2). 

 
Figure 1. PRISMA flowchart. 

Table 1. Key results. Y., years; N.S., not specified. 

Authors/Year Population (Age)/Sample 
Hypervariable Regions 

/Technique Diversity Analysis (α; β) 

Butler C.A. et al. 2022 [7] 39 (2–60 months)/saliva V4/Ion Torrent 
α (Shannon, Inverse Simpson  

indices) + β (N.S.) 

Xu H. et al. 2022 [17] 13 (4–37 months)/plaque + saliva V3–V4/Illumina 
α (Chao1, Shannon, Simpson  

indices) + β (Bray–Curtis) 
Arweiler N.B. et al. 2021 [18] 46 (6–16 y)/plaque + saliva V4/Illumina β (N.S.) 

Lee E. et al. 2021 [19] 120 (<12 y)/plaque + saliva V3–V4/Illumina α (Shannon index) 

Li F. et al. 2021 [20] 40 (infants + mothers)/plaque V4–V5/Illumina 
α (Ace, Chao1, Shannon,  

Simpson indices) + β (N.S.) 
Jo R. et al. 2021 [21] 120 (18 months–parents)/saliva V1–V2/Illumina N.S. 

Qudeimat M.A. et al. 2021 [22] 128 children (N.S.)/plaque V3–V4/Illumina 
α (Ace, Chao1, Shannon,  

Simpson, Jackknife indices) 

Xu L. et al. 2021 [23] 35 (2–60 months)/saliva V3–V4/Illumina 
α (Ace, Chao1, Shannon,  

Simpson indices) 

Figure 1. PRISMA flowchart.

Table 1. Key results. Y., years; N.S., not specified.

Authors/Year Population (Age)/Sample Hypervariable Regions
/Technique Diversity Analysis (α; β)

Butler C.A. et al., 2022 [7] 39 (2–60 months)/saliva V4/Ion Torrent α (Shannon, Inverse Simpson
indices) + β (N.S.)

Xu H. et al., 2022 [17] 13 (4–37 months)/plaque +
saliva V3–V4/Illumina α (Chao1, Shannon, Simpson

indices) + β (Bray–Curtis)

Arweiler N.B. et al., 2021 [18] 46 (6–16 y)/plaque + saliva V4/Illumina β (N.S.)

Lee E. et al., 2021 [19] 120 (<12 y)/plaque + saliva V3–V4/Illumina α (Shannon index)

Li F. et al., 2021 [20] 40 (infants + mothers)/plaque V4–V5/Illumina α (Ace, Chao1, Shannon,
Simpson indices) + β (N.S.)

Jo R. et al., 2021 [21] 120 (18
months–parents)/saliva V1–V2/Illumina N.S.

Qudeimat M.A. et al.,
2021 [22] 128 children (N.S.)/plaque V3–V4/Illumina α (Ace, Chao1, Shannon,

Simpson, Jackknife indices)

Xu L. et al., 2021 [23] 35 (2–60 months)/saliva V3–V4/Illumina α (Ace, Chao1, Shannon,
Simpson indices)
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Table 1. Cont.

Authors/Year Population (Age)/Sample Hypervariable Regions
/Technique Diversity Analysis (α; β)

Kahharova D. et al., 2020 [24] 235 (1–4 y/adults)/plaque
+ saliva V4/Illumina α (Shannon index)

Lif Holgerson P. et al.,
2020 [25]

381 (<5 y + young
adults)/saliva V3–V4/Illumina α (N.S.)

Nomura Y. et al., 2020 [26] 13 (9–13 y)/plaque V3–V4/N.S. α (Ace, Chao1, Shannon,
Jackknife indices)

Sundström K. et al., 2020 [27] 12 (18–82 y)/saliva V3–V4/Illumina N.S.

Dashper S.G. et al., 2019 [9] 268 (infants + adults)/saliva V4/Ion Torrent α (N.S.)

Harris-Ricardo J. et al.,
2019 [28] 30 (5–7 y)/plaque V3–V4/Illumina N.S.

Dzidic M. et al., 2018 [29] 90 (<24 months + 7 y)/saliva V3–V4/Illumina N.S.

Espinoza J.L. et al., 2018 [30] 88 (5–11 y)/plaque N.S./Illumina N.S.

Li H. et al., 2018 [31] 92 (infants)/saliva V3–V4/Illumina N.S.

Mason M.R. et al., 2018 [32] 263 (infants + adolescents +
adults)/plaque + saliva

V1–V3 +
V7–V9/Pyrosequencing

α (Shannon index) + β

(Bray–Curtis)

Tao D. et al., 2018 [33] 40 (infants + mothers)/plaque V4–V5/Illumina α (Shannon, Good’s Coverage
indices) + β (N.S.)

Xu Y. et al., 2018 [34] 40 (6–8 y)/plaque + saliva V1–V3/Pyrosequencing
Ace, Chao1, Shannon,

Simpson, Good’s Coverage
indices

Chu D.M. et al., 2017 [35] 314 (infants + mothers)/saliva V3–V5/Pyrosequencing α (N.S.) + β (Bray–Curtis and
Jaccard indices)

Mashima I. et al., 2017 [36] 90 (7–15 y)/saliva V3–V4/Illumina α (Shannon index) + β (N.S.)

Ren W. et al., 2017 [37] 10 (4–5 y)/plaque + saliva
+ tongue V1–V3/Pyrosequencing α (Shannon index) + β (N.S.)

Santigli E. et al., 2017 [38] 5 (10 y)/plaque V5–
V6/Pyrosequencing+Illumina N.S.

Al-Shehri S. et al., 2016 [39] 38 (infants)/saliva N.S./Illumina N.S.

Jiang S. et al., 2016 [40] 40 (3–4 y)/saliva V3–V4/Illumina α (Shannon index)

Shi W. et al., 2016 [41] 20 (7–9 y)/plaque V3–V4/Illumina Shannon index + β (N.S.)

Xu H. et al., 2014 [42] 19 (19months)/plaque V1–V3/Pyrosequencing α (ACE, Chao1, Shannon,
Simpson indices) + β (N.S.)

Costello E.K. et al., 2013 [43] 6 (8–21 days)/saliva V3–V5/Pyrosequencing α (N.S.) + β (N.S.)

Trajanoski S. et al., 2013 [44] 5 (9–10 y)/plaque V5–V6/Pyrosequencing
α (Ace, Chao1, Shannon
indices) + β (Bray-Curtis

index)

Luo A.H. et al., 2012 [45] 50 (6–8 y)/saliva V1–V3/HOMINGS N.S.

Cephas K.D. et al., 2011 [46] 9 (<5 months/40 y)/saliva V4–V6/Pyrosequencing α (N.S.)

Dominguez-Bello M.G. et al.,
2010 [47] 19 (infants + adults)/saliva V2/Pyrosequencing β (N.S.)

Kang J.G. et al., 2006 [48] 4 (5–32–35–65 y)/saliva N.S./PAUP N.S.

3.2. Detailed Results

Overall, 15/34 (44.1%) articles referred to infants’ population (≤37 months old).
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Further, 19/34 (55.8%) articles used Illumina, while 9/34 (26.5%) articles used
454-Pyrosequencing. Only 1/34 (2.9%) articles did not specify the software used, while 2/34
(5.9%) article used Ion Torrent, 1/34 (2.9%) used PAUP, and 1/34 (2.9%) used HOMING.
Furthermore, 1/34 (2.9%) used Pyrosequencing besides Illumina.

In total, 13/34 (38.2%) articles used V3/V4 regions. 4/34 (11.8%) used only V4 region,
while 4/34 (11.8%) used V1–V3 regions, 3/34 (8.82%) did not specify the regions used,
2/34 (5.8%) used V4–V5 regions, 2/34 (5.8%) used V3–V5 regions, 2/34 (5.8%) used V5–V6
regions, 1/34 (2.9%) used only V2 region, 1/34 (2.9%) used V1–V2 regions.,1/34 (2.9%)
used V4–V6 regions, and 1/34 (2.9%) used V1–V3 + V7–V9 regions.

The majority of the eligible studies (23/34, 67.6%) reported about biodiversity param-
eters as α- and β-diversity indexes. α-diversity is often expressed through the Shannon
index alone or in conjunction with Ace, Chao1, Simpson, Jackknife indices. On the other
side, β-diversity is rarely further explored, as only 4/34 (11.7%) articles declared the use of
Bray–Curtis and/or Jaccard indices.

Moreover, 1/34 (2.9%) articles enrolled edentulous subjects, 3/34 (8.8%) articles en-
rolled children, 11/34 (32.4%) enrolled both edentulous and dentate children, 6/34 (17.7%)
enrolled infants without specification about dental presence, 4/34 (11.7%) enrolled chil-
dren in mixed dentition, 2/34 (5.8%) enrolled newborns, 1/34 (2.9%) articles referred to
adolescents, and 2/34 (5.9%) articles reported about infants and adults.

Regarding the subcategories found, 8/34 articles (23.5%) recruited dyads moth-
ers/infants, while 2/34 (5.9%) articles investigated the relationship among mothers, fa-
thers, and infants. Additionally, 2/34 (5.9%) articles recruited dyads of caries-free moth-
ers/infants vs. caries-active mothers/infants; 8/34 (23.5%) articles evaluated caries-free
children vs. caries-active children, and 1/34 (2.9%) article stratified the results according
to the OHI (Oral Hygiene Index), while 5/34 (14.7%) articles investigated the mode of
delivery. The influence of breast feeding was explored by 2/34 (5.9%) articles, and only
1/34 (2.9%) article compared infants, children, and young adults.

3.3. Taxonomy Synthesis

Operational taxonomic units (OTUs) is the common classification aimed to create
a taxonomy using numeric algorithms such as cluster analysis rather than using subjec-
tive evaluation of their properties [49], and it is always expressed in papers describing
a taxonomical aspect. Proteobacteria, Fusobacterium, Actynobacteria, Bacteroidetes, Firmi-
cutes, Synergistetes, Tenericutes, Capnocytophaga, Neisseria, Sreptococcus, Kingella, Leptotrichia.
Burkholderia, and Strenotrophomas Enterobacteriaceae became dominant genera with a high
level of abundance at 12–24 months old. On the other hand, Firmicutes, Proteobacteria, Acti-
nobacillus, Bacteroidetes, Fusobacterium, Streptococcus, Prevotella, Veillonella, Neisseria, Rothya,
and Haemophilus are predominant in children. Studies that discuss a huge age range com-
paring infants and adults point out the prevalence of Proteobacteria, Fusobacterium, and
Rothya; the great age variability in these works is noteworthy and should not be overlooked.

4. Discussion

A systematic review following the PRISMA flowchart was performed in order to
assess the state-of-the-art about the oral microbiome in healthy infants and children. Due
to a considerable heterogeneity in the study population, design, and outcome measures, a
formal meta-analysis was not carried out.

Sometimes used interchangeably, the two terms of microbiome and microbiota have
significant differences. The microbiome refers to the collection of genomes from all the mi-
croorganisms in a specific environment, while microbiota identifies the physical community
of microorganism, so it can be dived into bacteriota for the bacterial composition, mycota for
mycetes and virota for viruses group. This means that there are localized differences in the
microbiota of each person depending on where in the body the microbiota is collected from.
The same cannot be true for the genomic analysis that identify the microbiome. Switching
these terms creates a fundamental bias noted in the writing of this article. The authors’ goal
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is to try to overcome this semantic incongruity, attempting to provide a comprehensive
evaluation of oral microbiome in children, focusing on infants (≤36 months).

In the late 1970s, DNA sequencing allowed the understanding of a reduced number of
bacterial species, which were mostly cultivable. At the onset of the 21st century, NGS pro-
vided an expansion of knowledge by unlocking the comprehension of several uncultivable
species [50]. Techniques advancement made insight strengthening possible, confirming the
presence of specific recurrent phyla.

In light of this, not all articles provided a detailed diversity analysis, which should
be mandatory in the microbiome field. Diversity and richness is strictly connected with
taxonomy. Six main phyla were found: Firmicutes, Bacteroides, Proteobacteria, Actinobacteria,
Fusobacteria, and Spirochaetes [7,9,17,33,34,43]. The valuable work of Arweiler et al. [18]
pointed out a huge β-diversity in microbial abundance between plaque and saliva samples,
but this was not confirmed by Nomura et al. [26], who found a similar biodiversity and
richness between tongue and saliva samples.

Several studies [19,24,33,42,45] stated differences between caries-free and caries-active
children, especially finding a higher heterogeneity in caries-free children. These results
aimed at caries biomarkers isolation. Nevertheless, some authors [22,34,40] revealed
overlapping results for diversity indices between caries-free and caries-active children. The
presence of caries in mothers did not influence their babies’ microbiome [20,33].

As regards the similarity and the maturation of oral microbiome, Sundström et al. [27]
established that adults from the same family share microbial communities, and 18-year-old
relatives are more similar to mothers than fathers.

Despite the dramatic progress made as it pertains to the oral microbiome in recent
years, a paucity of information exists on edentulous infants. With reference to the delivery
mode, Li et al. [20] supported the fact that oral microflora in newborns is affected by the
delivery mode, while Chu et al. [35] and Dominiguez-Bello et al. [47] declared that infants’
microbiome is not related to the kind of delivery but instead primarily driven by body
habitats. A crucial factor affecting the neonates’ microbiome development is represented
by the type of nutrition. According to Butler et al. [7], breastfed newborns present a greater
abundance of healthy-associated oral bacteria, and maternal milk seems to play a prebiotic
role. The introduction of solid food increases the oral microbiome heterogeneity in both
breastfed and formula-fed infants. Dashper et al. [9] affirmed that a core microbiome in
infants is found, and its total number of species remains stable until 48.6 months of age
although the composition varies. Finally, Mason et al. [32] identified two definitive stages
in oral bacterial colonization: an early pre-dentate imprinting and a second wave with the
eruption of primary teeth. Due to the difficult sampling and recruitment in this particular
age, a better cooperation between dental professionals and pediatricians is desirable. The
oral environment is affected also by the use of pre-, post-, and probiotics, whose effects are
investigated mostly in the adult population affected by periodontitis [51], while a lack of
insight is still present for infants and children.

4.1. Evolutionary Perspective

The majority of the studies included aimed to establish stability and uniformity in
the microbial communities of people with the same characteristics (age, sex, environment).
However, from a microbial ecology point of view, a continuing variation is present. Trying
to explain such a complex question, it should be noted that a mesophilic environment is
defined by rapid and abrupt shifts, and terms as eubiosis and dysbiosis are strictly linked
to clinical aspects far from the biomolecular reality. Additionally, the microbial relative
abundance is affected by several factors, such as age, diet, and geographical environment,
which do not result in pathologies. The association between quali-quantitative analysis
of the oral microbiome and several diseases is the product of a pure statistical correlation
because it does not consider the specific molecular mechanisms representing the etiology of
a disease. Another critical aspect is that 16S rRNA sequences are arranged in thousands of
tandem repetitions, the number of which is highly variable from one species to another. This
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implies that the number of amplicons obtained from one bacterial species is not necessarily
proportional to the cells number in the sample since the amplification efficiency could be
different from the rRNA of a species from another.

4.2. Limitations of the Study

The first obstacle that emerged from our analysis is that several studies misinterpreted
microbiota and microbiome, creating confusion in terms of meaning and difficulty in
drawing univocal conclusions. Occasionally, the specific sequencing technique is left out,
making the pertinence analysis difficult. The presence of heterogeneous samples, different
ages also expressed in ranges, and mixed comparisons either in the same individual or
between different ages are all confounding factors. Finally, the absence of conclusions on
the phylogenetic relations represents a severe bias.

5. Conclusions

Exploring the oral microbiome in children and infants is still a complex field. The
majority of studies centered on comparison between caries-active and caries-free popula-
tions, while a lack on healthy babies was revealed in our review. A core number-stable
microbiome is present, and it becomes more differentiated within the first four years of
life, but the mesophilic oral environment is subjected to continuous variations. Conflicting
opinions can be found about the influence of the delivery mode on the oral microbiome
in newborns.
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Appendix A

Table A1. Newcastle-Ottawa Quality Assessment Scale. Possible total points were 4 points for
selection, 2 points for comparability, and 3 points for exposures [52].

Author Year Selection Comparability Exposure Total Score

Butler C.A. et al. [7] 2022 3 1 3 7
Xu H. et al. [17] 2022 2 1 2 5
Li F. et al. [20] 2021 3 2 2 7

Lee E. et al. [19] 2021 3 2 3 8
Arweiler N.B. et al. [18] 2021 3 1 2 6

Xu L. et al. [23] 2021 2 2 3 7
Jo R. et al. [21] 2021 2 1 3 6

Qudeimat M.A. et al. [22] 2021 3 2 3 8
Nomura Y. et al. [26] 2020 2 1 2 5

Sundström K. et al. [27] 2020 2 1 2 5
Lif Holgerson P. et al. [25] 2020 3 2 3 8
Kahharova D. et al. [24] 2020 3 2 2 7

Harris-Ricardo J. et al. [28] 2019 3 2 2 7
Dashper S.G. et al. [9] 2019 1 1 3 5

Li H. et al. [31] 2018 2 1 3 6
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Table A1. Cont.

Author Year Selection Comparability Exposure Total Score

Dzidic M. et al. [29] 2018 3 2 1 6
Espinoza J.L. et al. [30] 2018 2 2 2 6
Mason M.R. et al. [32] 2018 2 2 3 8

Xu Y. et al. [34] 2018 3 2 1 6
Tao D. et al. [33] 2018 2 2 2 6
Ren W. et al. [37] 2017 1 2 3 6

Mashima I. et al. [36] 2017 2 2 3 7
Santigli E. et al. [38] 2017 2 1 2 5
Chu D.M. et al. [35] 2017 4 2 3 9

Al-Shehri S. et al. [39] 2016 2 2 3 7
Jiang S. et al. [40] 2016 1 2 3 6
Shi W. et al. [41] 2016 2 1 2 5
Xu H. et al. [42] 2014 3 2 3 8

Costello E.K. et al. [43] 2013 2 2 2 6
Trajanoski, S. et al. [44] 2013 3 2 3 8

Luo A.H. et al. [45] 2012 3 2 2 7
Cephas K.D. et al. [46] 2011 3 2 2 7

Dominguez-Bello M.G. et al. [47] 2010 4 2 3 9
Kang J.G. et al. [48] 2006 3 2 3 8

Table A2. Articles matching inclusion criteria.

Authors/Year Conclusions

Butler C.A. et al., 2022 [7]

Breastmilk plays a prebiotic role in selection of early-colonizing,
health-associated oral bacteria.

The microbiomes of both groups became more heterogenous following the
introduction of solid foods.

Xu H. et al., 2022 [17]
Oral bacterial development follows an ordered sequence during the primary
teeth eruption. “Fully eruption of all primary anterior teeth” is a critical stage

in this process.

Arweiler N.B. et al., 2021 [18] A significantly β-diversity between saliva and dental biofilms was reported.
The comparison between allergic/healthy children is not relevant to the review.

Lee E. et al., 2021 [19] There are significant alterations in the oral microbiome according to dental
caries and age, and these differences can be used as diagnostic biomarkers.

Li F. et al., 2021 [20] Oral microbiota of children was more like their mothers’ with increasing age
regardless of whether the mothers had dental caries.

Jo R. et al., 2021 [21] Infants’ oral microbiome is different from their parents and immature
depending on the site examined (tongue, saliva).

Qudeimat M.A. et al., 2021 [22] Caries-active and caries-free children have overlapping diversity indexes.

Xu L. et al., 2021 [23] Analysis of microbial diversity and community structure revealed a similar
pattern between male and female healthy subjects.

Kahharova D. et al., 2020 [24]
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.

Lif Holgerson P. et al., 2020 [25] Alpha diversity increased by age, with 2-day- and 3-month-old infants in one
sub-group and 18-month- and 3-year-old children in another.

Nomura Y. et al., 2020 [26]

When comparing samples of the dental plaque and tongue, the indices of ACE,
Chao1, Jackknife, and Shannon were not significantly different, proving that

the bacterial diversity and richness were similar in samples collected from the
dental plaque and tongue.
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Authors/Year Conclusions

Sundström K. et al., 2020 [27] Adult family members share bacterial communities, and adult children (18 y)
were more similar to mothers than fathers.

Dashper S.G. et al., 2019 [9] There is an ordered temporal development of the oral microbiome and a
limited core oral microbiome.

Harris-Ricardo J. et al., 2019 [28]
Plaque in children with DMFT showed low microbiological diversity both in

presence and in relative abundance in terms of genus as well as bacterial
species.

Dzidic M. et al., 2018 [29]

Infants born by C-section had initially skewed bacterial content compared with
vaginally delivered infants, but this was recovered with age. Shorter

breastfeeding habits and antibiotic treatment during the first 2 years of age
were associated with a distinct bacterial composition at later age.

Espinoza J.L. et al., 2018 [30] Authors created a genome encyclopedia showing several new previously
uncharacterized but ubiquitous microbial lineages in the oral microbiome.

Li H. et al., 2018 [31] Different modes of birth delivery affect oral microbiome in healthy infants.

Mason M.R. et al., 2018 [32] Two definitive stages in oral bacterial colonization were identified: an early
pre-dentate imprinting and a second wave with the eruption of primary teeth.

Tao D. et al., 2018 [33]

Oral microbial diversity is significantly different between mothers and infants
regardless of dental caries status, but no significant difference was found
between mothers with and without dental caries or between their infants.

Mother’s oral microbial diversity has an overall impact on the infants aged 12
months.

Xu Y. et al., 2018 [34] The abundance and diversity of microbiota vary between caries-active and
caries-free groups verified the ecological plaque hypothesis.

Chu D.M. et al., 2017 [35]
Within the first 6 weeks of life, the infant microbiota undergoes substantial
reorganization, which is primarily driven by body site and not by mode of

delivery.

Mashima I. et al., 2017 [36] This is the first study demonstrating an important association between increase
of Veillonella and poor oral hygiene status in children.

Ren W. et al., 2017 [37] Taxa with different relative abundances were further identified, confirming the
existence of microbial differences across the three niches.

Santigli E. et al., 2017 [38]
The inter-individual plaque variability is greater than intra-individual

differences. Statistical analyses of microbial populations should consider this
baseline variability.

Al-Shehri S. et al., 2016 [39] The mode of feeding influences the development of oral microbiota, and this
may have implications for long-term human health.

Jiang S. et al., 2016 [40] The salivary microbiome profiles of caries-free and caries-affected children
were similar.

Shi W. et al., 2016 [41] There are differences in microbial diversity and composition between
permanent and deciduous teeth sites in mixed dentition.

Xu H. et al., 2014 [42] Differences in abundance were identified for several microbial groups between
the caries and caries-free host populations.

Costello E.K. et al., 2013 [43]
Concurrent molecular surveillance of multiple body sites in low-birthweight

neonates reveals a delayed compositional differentiation of the oral cavity and
distal gut microbiota.

Trajanoski, S. et al., 2013 [44] Results show high intra-subject similarities compared to inter-subject
variability.

Luo A.H. et al., 2012 [45]
The diversity of microbe within saliva derived from isolated population

increased in caries-active status, and there are some bacteria in salivary flora
can be as candidate biomarkers for caries prognosis in mixed dentition.
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Table A2. Cont.

Authors/Year Conclusions

Cephas K.D. et al., 2011 [46] A rich bacterial community exists in the infant oral cavity prior to tooth
eruption.

Dominguez-Bello M.G. et al., 2010 [47]
In direct contrast to the highly differentiated communities of their mothers,
neonates harbored bacterial communities that were undifferentiated across

multiple body habitats regardless of delivery mode.

Kang J.G. et al., 2006 [48] Saliva of a young child and a senior showed higher bacterial diversity than
that of young adults.

References
1. Lederberg, J.; Mccray, A.T. Ome Sweet’Omics—A Genealogical Treasury of Words. Scientist 2001, 15, 8.
2. Bordenstein, S.R.; Theis, K.R. Host Biology in Light of the Microbiome: Ten Principles of Holobionts and Hologenomes. PLoS Biol.

2015, 13, e1002226. [CrossRef] [PubMed]
3. Kilian, M. The oral microbiome—Friend or foe? Eur. J. Oral Sci. 2018, 126, 5–12. [CrossRef]
4. Shaiber, A.; Willis, A.D.; Delmont, T.O.; Roux, S.; Chen, L.X.; Schmid, A.C.; Yousef, M.; Watson, A.R.; Lolans, K.; Esen, Ö.C.; et al.

Functional and genetic markers of niche partitioning among enigmatic members of the human oral microbiome. Genome Biol.
2020, 21, 292. [CrossRef] [PubMed]

5. Mark Welch, J.L.; Ramírez-Puebla, S.T.; Borisy, G.G. Oral Microbiome Geography: Micron-Scale Habitat and Niche. Cell Host
Microbe 2020, 28, 160–168. [CrossRef] [PubMed]

6. Davenport, E.R. Tooth Be Told, Genetics Influences Oral Microbiome. Cell Host Microbe 2017, 22, 251–253. [CrossRef] [PubMed]
7. Butler, C.A.; Adams, G.G.; Blum, J.; Byrne, S.J.; Carpenter, L.; Gussy, M.G.; Calache, H.; Catmull, D.V.; Reynolds, E.C.; Dashper,

S.G. Breastmilk influences development and composition of the oral microbiome. J. Oral Microbiol. 2022, 14, 2096287. [CrossRef]
8. Kaan, A.M.; Zaura, E. Oral Microbiome Transmission and Infant Feeding Habits. mBio 2022, 13, e0032522. [CrossRef]
9. Dashper, S.G.; Mitchell, H.L.; Lê Cao, K.A.; Carpenter, L.; Gussy, M.G.; Calache, H.; Gladman, S.L.; Bulach, D.M.; Hoffmann, B.;

Catmull, D.V.; et al. Temporal development of the oral microbiome and prediction of early childhood caries. Sci. Rep. 2019,
9, 19732. [CrossRef]

10. Wood, S.R.; Kirkham, J.; Marsh, P.D.; Shore, R.C.; Nattress, B.; Robinson, C. Architecture of intact natural human plaque biofilms
studied by confocal laser scanning microscopy. J. Dent. Res. 2000, 79, 21–27. [CrossRef]

11. Li, X.; Liu, Y.; Yang, X.; Li, C.; Song, Z. The Oral Microbiota: Community Composition, Influencing Factors, Pathogenesis, and
Interventions. Front Microbiol. 2022, 13, 895537. [CrossRef] [PubMed]

12. BIOMCARE. Available online: https://biomcare.com/info/key-terms-in-microbiome-projects/#:~{}:text=While%20alpha%20
diversity%20is%20a,different%20aspects%20of%20community%20heterogeneity (accessed on 19 August 2022).

13. Chakravorty, S.; Helb, D.; Burday, M.; Connell, N.; Alland, D. A detailed analysis of 16S ribosomal RNA gene segments for the
diagnosis of pathogenic bacteria. J. Microbiol. Methods 2007, 69, 330–339. [CrossRef] [PubMed]

14. Ahn, J.; Yang, L.; Paster, B.J.; Ganly, I.; Morris, L.; Pei, Z.; Hayes, R.B. Oral microbiome profiles: 16S rRNA pyrosequencing and
microarray assay comparison. PLoS ONE 2011, 6, e22788. [CrossRef]

15. NIH National Human Genome Research Instute. Available online: https://www.genome.gov/about-genomics/fact-sheets/
Transcriptome-Fact-Sheet (accessed on 19 August 2022).

16. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2021, 10, 89.
[CrossRef] [PubMed]

17. Xu, H.; Tian, B.; Shi, W.; Tian, J.; Wang, W.; Qin, M. Maturation of the oral microbiota during primary teeth eruption: A
longitudinal, preliminary study. J. Oral Microbiol. 2022, 14, 2051352. [CrossRef]

18. Arweiler, N.B.; Rahmel, V.; Alhamwe, B.A.; Alhamdan, F.; Zemlin, M.; Boutin, S.; Dalpke, A.; Renz, H. Dental Biofilm and Saliva
Microbiome and Its Interplay with Pediatric Allergies. Microorganisms 2021, 9, 1330. [CrossRef]

19. Lee, E.; Park, S.; Um, S.; Kim, S.; Lee, J.; Jang, J.; Jeong, H.O.; Shin, J.; Kang, J.; Lee, S.; et al. Microbiome of Saliva and Plaque in
Children According to Age and Dental Caries Experience. Diagnostics 2021, 11, 1324. [CrossRef]

20. Li, F.; Fu, D.; Tao, D.; Feng, X.; Wong, M.C.M.; Xu, W.; Lu, H. Dynamic Observation of the Effect of Maternal Caries on the Oral
Microbiota of Infants Aged 12–24 Months. Front Cell Infect. Microbiol. 2021, 11, 637394. [CrossRef]

21. Jo, R.; Yama, K.; Aita, Y.; Tsutsumi, K.; Ishihara, C.; Maruyama, M.; Takeda, K.; Nishinaga, E.; Shibasaki, K.I.; Morishima, S.
Comparison of oral microbiome profiles in 18-month-old infants and their parents. Sci. Rep. 2021, 11, 861. [CrossRef]

22. Qudeimat, M.A.; Alyahya, A.; Karched, M.; Behbehani, J.; Salako, N.O. Dental plaque microbiota profiles of children with
caries-free and caries-active dentition. J. Dent. 2021, 104, 103539. [CrossRef]

23. Xu, L.; Wu, Z.; Wang, Y.; Wang, S.; Shu, C.; Duan, Z.; Deng, S. High-throughput sequencing identifies salivary microbiota in
Chinese caries-free preschool children with primary dentition. J. Zhejiang Univ. Sci. B 2021, 22, 285–294. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pbio.1002226
http://www.ncbi.nlm.nih.gov/pubmed/26284777
http://doi.org/10.1111/eos.12527
http://doi.org/10.1186/s13059-020-02195-w
http://www.ncbi.nlm.nih.gov/pubmed/33323122
http://doi.org/10.1016/j.chom.2020.07.009
http://www.ncbi.nlm.nih.gov/pubmed/32791109
http://doi.org/10.1016/j.chom.2017.08.018
http://www.ncbi.nlm.nih.gov/pubmed/28910628
http://doi.org/10.1080/20002297.2022.2096287
http://doi.org/10.1128/mbio.00325-22
http://doi.org/10.1038/s41598-019-56233-0
http://doi.org/10.1177/00220345000790010201
http://doi.org/10.3389/fmicb.2022.895537
http://www.ncbi.nlm.nih.gov/pubmed/35572634
https://biomcare.com/info/key-terms-in-microbiome-projects/#:~{}:text=While%20alpha%20diversity%20is%20a,different%20aspects%20of%20community%20heterogeneity
https://biomcare.com/info/key-terms-in-microbiome-projects/#:~{}:text=While%20alpha%20diversity%20is%20a,different%20aspects%20of%20community%20heterogeneity
http://doi.org/10.1016/j.mimet.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17391789
http://doi.org/10.1371/journal.pone.0022788
https://www.genome.gov/about-genomics/fact-sheets/Transcriptome-Fact-Sheet
https://www.genome.gov/about-genomics/fact-sheets/Transcriptome-Fact-Sheet
http://doi.org/10.1186/s13643-021-01626-4
http://www.ncbi.nlm.nih.gov/pubmed/33781348
http://doi.org/10.1080/20002297.2022.2051352
http://doi.org/10.3390/microorganisms9061330
http://doi.org/10.3390/diagnostics11081324
http://doi.org/10.3389/fcimb.2021.637394
http://doi.org/10.1038/s41598-020-78295-1
http://doi.org/10.1016/j.jdent.2020.103539
http://doi.org/10.1631/jzus.B2000554
http://www.ncbi.nlm.nih.gov/pubmed/33835762


Int. J. Environ. Res. Public Health 2022, 19, 11403 12 of 13

24. Kahharova, D.; Brandt, B.W.; Buijs, M.J.; Peters, M.; Jackson, R.; Eckert, G.; Katz, B.; Keels, M.A.; Levy, S.M.; Fontana, M.; et al.
Maturation of the Oral Microbiome in Caries-Free Toddlers: A Longitudinal Study. J. Dent. Res. 2020, 99, 159–167. [CrossRef]
[PubMed]

25. Lif Holgerson, P.; Esberg, A.; Sjödin, A.; West, C.E.; Johansson, I. A longitudinal study of the development of the saliva microbiome
in infants 2 days to 5 years compared to the microbiome in adolescents. Sci. Rep. 2020, 10, 9629. [CrossRef] [PubMed]

26. Nomura, Y.; Otsuka, R.; Hasegawa, R.; Hanada, N. Oral Microbiome of Children Living in an Isolated Area in Myanmar. Int. J.
Environ. Res. Public Health 2020, 17, 4033. [CrossRef]

27. Sundström, K.; Mishra, P.P.; Pyysalo, M.J.; Lehtimäki, T.; Karhunen, P.J.; Pessi, T. Similarity of salivary microbiome in parents and
adult children. PeerJ 2020, 8, e8799. [CrossRef]

28. Harris-Ricardo, J.; Fang, L.; Herrera-Herrera, A.; Fortich-Mesa, N.; Olier-Castillo, D.; Cavanzo-Rojas, D.; González-Quintero, R.
Bacterial profile of the supragingival dental biofilm in children with deciduous and early mixed dentition using next generation
sequencing (HOMINGS) technique. Enferm. Infecc. Microbiol. Clin. 2019, 37, 448–453. [CrossRef]

29. Dzidic, M.; Collado, M.C.; Abrahamsson, T.; Artacho, A.; Stensson, M.; Jenmalm, M.C.; Mira, A. Oral microbiome development
during childhood: An ecological succession influenced by postnatal factors and associated with tooth decay. ISME J. 2018, 12,
2292–2306. [CrossRef]

30. Espinoza, J.L.; Harkins, D.M.; Torralba, M.; Gomez, A.; Highlander, S.K.; Jones, M.B.; Leong, P.; Saffery, R.; Bockmann, M.;
Kuelbs, C.; et al. Supragingival Plaque Microbiome Ecology and Functional Potential in the Context of Health and Disease. mBio
2018, 9, e01631-18. [CrossRef]

31. Li, H.; Wang, J.; Wu, L.; Luo, J.; Liang, X.; Xiao, B.; Zhu, Y. The impacts of delivery mode on infant’s oral microflora. Sci. Rep.
2018, 8, 11938. [CrossRef]

32. Mason, M.R.; Chambers, S.; Dabdoub, S.M.; Thikkurissy, S.; Kumar, P.S. Characterizing oral microbial communities across
dentition states and colonization niches. Microbiome 2018, 6, 67. [CrossRef]

33. Tao, D.; Li, F.; Feng, X.; Wong, M.C.M.; Lu, H. Plaque biofilm microbial diversity in infants aged 12 months and their mothers
with or without dental caries: A pilot study. BMC Oral Health 2018, 18, 228. [CrossRef] [PubMed]

34. Xu, Y.; Jia, Y.H.; Chen, L.; Huang, W.M.; Yang, D.Q. Metagenomic analysis of oral microbiome in young children aged 6-8 years
living in a rural isolated Chinese province. Oral Dis. 2018, 24, 1115–1125. [CrossRef] [PubMed]

35. Chu, D.M.; Ma, J.; Prince, A.L.; Antony, K.M.; Seferovic, M.D.; Aagaard, K.M. Maturation of the infant microbiome community
structure and function across multiple body sites and in relation to mode of delivery. Nat. Med. 2017, 23, 314–326. [CrossRef]
[PubMed]

36. Mashima, I.; Theodorea, C.F.; Thaweboon, B.; Thaweboon, S.; Scannapieco, F.A.; Nakazawa, F. Exploring the salivary microbiome
of children stratified by the oral hygiene index. PLoS ONE 2017, 12, e0185274. [CrossRef]

37. Ren, W.; Zhang, Q.; Liu, X.; Zheng, S.; Ma, L.; Chen, F.; Xu, T.; Xu, B. Exploring the oral microflora of preschool children.
J. Microbiol. 2017, 55, 531–537. [CrossRef]

38. Santigli, E.; Trajanoski, S.; Eberhard, K.; Klug, B. Sampling Modification Effects in the Subgingival Microbiome Profile of Healthy
Children. Front Microbiol. 2017, 7, 2142. [CrossRef] [PubMed]

39. Al-Shehri, S.S.; Sweeney, E.L.; Cowley, D.M.; Liley, H.G.; Ranasinghe, P.D.; Charles, B.G.; Shaw, P.B.; Vagenas, D.; Duley, J.A.; Knos,
C.L. Deep sequencing of the 16S ribosomal RNA of the neonatal oral microbiome: A comparison of breast-fed and formula-fed
infants. Sci. Rep. 2016, 6, 38309. [CrossRef]

40. Jiang, S.; Gao, X.; Jin, L.; Lo, E.C. Salivary Microbiome Diversity in Caries-Free and Caries-Affected Children. Int. J. Mol. Sci. 2016,
17, 1978. [CrossRef]

41. Shi, W.; Qin, M.; Chen, F.; Xia, B. Supragingival Microbial Profiles of Permanent and Deciduous Teeth in Children with Mixed
Dentition. PLoS ONE 2016, 11, e0146938. [CrossRef]

42. Xu, H.; Hao, W.; Zhou, Q.; Wang, W.; Xia, Z.; Liu, C.; Chen, X.; Qin, M.; Chen, F. Plaque bacterial microbiome diversity in children
younger than 30 months with or without caries prior to eruption of second primary molars. PLoS ONE 2014, 9, e89269. [CrossRef]

43. Costello, E.K.; Carlisle, E.M.; Bik, E.M.; Morowitz, M.J.; Relman, D.A. Microbiome assembly across multiple body sites in
low-birthweight infants. mBio 2013, 4, e00782-13. [CrossRef] [PubMed]

44. Trajanoski, S.; Klug, B.; Klymiuk, I.; Bozic, M.; Grube, M.; Wimmer, G.; Santigli, E. Next-generation sequencing in microbiome
analysis: Factors affecting reproducibility of repeated biofilm sampling of the gingival sulcus of children. J. Dent. Oral Craniof.
Epidemiol. 2013, 1, 34–46.

45. Luo, A.H.; Yang, D.Q.; Xin, B.C.; Paster, B.J.; Qin, J. Microbial profiles in saliva from children with and without caries in mixed
dentition. Oral Dis. 2012, 18, 595–601. [CrossRef] [PubMed]

46. Cephas, K.D.; Kim, J.; Mathai, R.A.; Barry, K.A.; Dowd, S.E.; Meline, B.S.; Swanson, K.S. Comparative analysis of salivary bacterial
microbiome diversity in edentulous infants and their mothers or primary care givers using pyrosequencing. PLoS ONE 2011,
6, e23503. [CrossRef]

47. Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. USA 2010, 107,
11971–11975. [CrossRef]

48. Kang, J.G.; Kim, S.H.; Ahn, T.Y. Bacterial diversity in the human saliva from different ages. J. Microbiol. 2006, 44, 572–576.
49. Wikipedia. Available online: https://en.wikipedia.org/wiki/Numerical_taxonomy (accessed on 19 August 2022).

http://doi.org/10.1177/0022034519889015
http://www.ncbi.nlm.nih.gov/pubmed/31771395
http://doi.org/10.1038/s41598-020-66658-7
http://www.ncbi.nlm.nih.gov/pubmed/32541791
http://doi.org/10.3390/ijerph17114033
http://doi.org/10.7717/peerj.8799
http://doi.org/10.1016/j.eimc.2018.10.019
http://doi.org/10.1038/s41396-018-0204-z
http://doi.org/10.1128/mBio.01631-18
http://doi.org/10.1038/s41598-018-30397-7
http://doi.org/10.1186/s40168-018-0443-2
http://doi.org/10.1186/s12903-018-0699-8
http://www.ncbi.nlm.nih.gov/pubmed/30594172
http://doi.org/10.1111/odi.12871
http://www.ncbi.nlm.nih.gov/pubmed/29667264
http://doi.org/10.1038/nm.4272
http://www.ncbi.nlm.nih.gov/pubmed/28112736
http://doi.org/10.1371/journal.pone.0185274
http://doi.org/10.1007/s12275-017-6474-8
http://doi.org/10.3389/fmicb.2016.02142
http://www.ncbi.nlm.nih.gov/pubmed/28149291
http://doi.org/10.1038/srep38309
http://doi.org/10.3390/ijms17121978
http://doi.org/10.1371/journal.pone.0146938
http://doi.org/10.1371/journal.pone.0089269
http://doi.org/10.1128/mBio.00782-13
http://www.ncbi.nlm.nih.gov/pubmed/24169577
http://doi.org/10.1111/j.1601-0825.2012.01915.x
http://www.ncbi.nlm.nih.gov/pubmed/22458262
http://doi.org/10.1371/journal.pone.0023503
http://doi.org/10.1073/pnas.1002601107
https://en.wikipedia.org/wiki/Numerical_taxonomy


Int. J. Environ. Res. Public Health 2022, 19, 11403 13 of 13

50. Barba, M.; Czosnek, H.; Hadidi, A. Historical perspective, development and applications of next-generation sequencing in plant
virology. Viruses 2014, 6, 106–136. [CrossRef]

51. Butera, A.; Gallo, S.; Pascadopoli, M.; Maiorani, C.; Milone, A.; Alovisi, M.; Scribante, A. Paraprobiotics in Non-Surgical
Periodontal Therapy: Clinical and Microbiological Aspects in a 6-Month Follow-Up Domiciliary Protocol for Oral Hygiene.
Microorganisms 2022, 10, 337. [CrossRef]

52. Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur. J. Epidemiol. 2010, 25, 603–605. [CrossRef]

http://doi.org/10.3390/v6010106
http://doi.org/10.3390/microorganisms10020337
http://doi.org/10.1007/s10654-010-9491-z

	Introduction 
	Materials and Methods 
	Literature Search 
	Eligibility Criteria 
	Data Extraction 
	Assessment of Methodological Quality 

	Results 
	Overall Scenario 
	Detailed Results 
	Taxonomy Synthesis 

	Discussion 
	Evolutionary Perspective 
	Limitations of the Study 

	Conclusions 
	Appendix A
	References

