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1  | INTRODUC TION

The field of human microbiome research has undergone a revolution 
in its approach toward understanding how microorganisms influence 
the physiology of their host.1 Development of culture- independent 
methods has resulted in increased detection and classification of 
microbial species within microbial communities.2 technologies, bio-
marker sequencing, and shotgun metagenomics have become stan-
dard tools used to determine the composition and genetic makeup 
of the human microbiome.3 Other “- omics” technologies, such as 
proteomics and metabolomics, support mechanistic hypotheses 
involved in causal microbial pathways that are related to states of 
health and disease.4,5 Since Antonie van Leeuwenhoek first discov-
ered the existence of microbes in the 1700s while analyzing dental 
plaque under a microscope, the composition of oral microbial com-
munities has been extensively studied.6 Over 250 species from the 
oral cavity have been isolated in culture and characterized, including 
several key pathogens, such as Streptococcus mutans, Porphyromonas 
gingivalis, Tannerella forsythia, and Aggregatibacter actinomycetem-
comitans, involved in the etiology of dental caries and periodontal 
disease.7- 9 An integrated approach toward understanding states of 
oral disease from the polymicrobial perspective has emerged over 
time, attributing disease pathology not only to key pathogens but 
rather to networks of co- occurring microbes, the collective activ-
ities of which contribute to pathogenesis.9- 12 As such, the impor-
tance of understanding the divergences, between oral health and 

disease, in the microbes comprising the system as well as their rel-
ative abundance and functional activity, in addition to genetic fac-
tors and ecological pressures that drive such changes, is a primary 
focus of research within the field of oral health research.9,13- 17 In 
recent decades, genetic approaches have shed light on the func-
tional capacity of members of oral microbiomes, the mechanistic 
underpinnings of caries and periodontal disease pathogenesis, and 
the complex dynamics and fitness factors of key organisms in oral 
microbiomes.3,18

The oral microbial ecosystem is constantly exposed to exoge-
nous foreign substances.17 Such circumstances are defining factors 
for founding microbes and their ability to persist in this environ-
ment, and make for distinct relationships between microbe and 
host that rely on selective pressures. Pioneer microbial colonizers 
of the oral cavity, such as Streptococcus mitis, Streptococcus sangui-
nis, Streptococcus gordonii, and Streptococcus salivarius, display core 
characteristics that make them well suited to this specific niche as 
they are able to bind selectively to tongue and cheek cells before 
the teeth emerge and can outcompete other microbial species.17,19 
Emerging teeth acquire a protective glycoprotein coat, which sets 
in motion successional microbial colonization, resulting in the devel-
opment of complex polymicrobial biofilm communities, namely den-
tal plaque.20 These complex dental plaque matrices create unique 
microenvironments that harbor acidic and anaerobic microenviron-
ments, and thus select for organisms distinct from those growing 
directly on the tooth surface.21
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Diet provides nutritional resources for the oral microbiota and 
also serves as a selective pressure by enriching for organisms best 
adapted to utilize specific host- derived dietary resources.22 Major 
historical dietary shifts throughout evolution are accompanied 
by significant changes in the oral microbiota.4,23 Lifestyle changes 
taking place at the Neolithic Revolution, and the later Industrial 
Revolution, resulted in development of the Westernized Diet, char-
acterized by dietary staples such as farmed animal meats, dairy 
products, refined vegetable oils, and processed cereal grains that 
substantially diverged from pre- agricultural diets. Today, such di-
etary constituents are staples of the American diet, as well as in 
many developed and developing countries. Such changes in diet 
were paralleled by pathologic changes to the oral microbiota, in-
cluding greater representation of acid- producing and acid- tolerant 
organisms and periodontal pathogens.17,22,24,25 While diet influ-
ences the oral microbiome,22,24,26 recent data indicate that the oral 
microbiome influences the dietary preferences of its host. Certain 
bacteria, such as some Clostridia and Prevotella species, have been 
associated with taste thresholds, such as sweet, sour, salty, and bit-
ter, plausibly representing a mechanism by which the oral microbiota 
influences dietary preferences to sustain its membership and per-
sistence in the oral cavity.27,28 Oral hygiene habits are another con-
sistent source of influence on the oral microflora.29- 31 Toothbrushing 
and flossing can be powerful means to disrupt plaque, the microbial 
inhabitants of which can cause tooth demineralization and gingival 
inflammation long- term.32 Toothbrushes themselves, however, can 
also serve as reservoirs for pathogenic bacteria that can then inoc-
ulate the oral cavity, bringing into view the importance of properly 
sanitizing and storing personal dental hygiene equipment.28,33 Novel 
toothpastes have also entered the market to intentionally to shape 
the oral microbiota via proteins designed to foster species associated 
with healthy oral bacterial communities, while other products have 
more general antimicrobial properties.33,34 Mouthwashes are also 
designed to have the same effect as toothpaste in that they reduce 
microbial load via antimicrobial and bactericidal mechanisms.35- 37

The influence of the oral microbiota is not confined to this loca-
tion.38 Oral cavity- associated microbes have been detected in many 
distant organ sites, including the small intestines, lungs, heart, pla-
centa, and brain.39 Many associations between oral microbes, spe-
cifically those implicated in periodontal disease, and other common 
chronic conditions, such as cardiovascular disease and high blood 
pressure, have been established.40 Data on the mechanistic connec-
tions involved in the development of disease at sites distant from the 
oral cavity remain sparse, but early research demonstrates that oral 
cavity- associated microbes can influence immune responses and 
disease pathogenesis outside the oral cavity, and that their ability to 
colonize ectopic sites depends on the current state of health of that 
site.39,41 These data suggest that the oral microbiome may serve as a 
reservoir for pathobionts that can either contribute to or exacerbate 
disease at remote body niches or organ systems. The oral microbi-
ome has become an increasingly important component of recom-
mendations and practices in dental medicine.42 New approaches to 
modulate oral microbiomes are being presented. For example, some 

oral probiotics are being designed to increase the alkalinity of the 
oral cavity and plaque and others are developed to target patho-
genic species, such as S mutans.43- 45 Administration of supplements, 
such as arginine, can also substantially affect the composition and 
metabolic output of an oral microbial community and represents an-
other modular handle.43

2  | RESE ARCH TECHNIQUES

2.1 | Sequence- based culture- independent 
approaches to assess the microbiome

The field of human microbiome research has revolutionized our 
view of the role of microbes on mammalian development and health. 
Traditional approaches revolved around culturing clinical samples in 
vitro, prior to testing their roles in pathogenesis using in vitro or in 
vivo assays. A major advancement in this domain has been the de-
velopment of germ- free mice— animals bred, fed, and raised under 
sterile conditions— which offer a useful tool for studying the mi-
crobiome.46 First conceptualized by Louis Pasteur in 1885 but with 
uses only fully appreciated in recent decades, this approach allows 
experimentation in mammals with either no pre- existing microbi-
ome or a highly defined microbial background.46 Seminal studies 
using germ- free mice confirmed the role of the gut microbiome in a 
number of diseases, including obesity,47 Kwashiorkor,48 and autism- 
spectrum disorder,49 by inducing disease features in recipient ani-
mals following transfer of a patient- associated microbiome. Studies 
using germ- free mice have also been employed in the context of the 
oral microbiome, demonstrating the role of diabetes in disrupting 
the equilibrium of the oral microbiota50 and confirming the role of 
the oral microbiota in periodontal disease pathogenesis.51,52 Studies 
in germ- free mice have also recently identified a novel role of mas-
ticatory forces in eliciting immune surveillance responses in the gin-
giva in a microbiota- independent manner, consistent with the role 
of gingival tissues as a physiological barrier in the face of ongoing 
masticatory challenges.53,54

In vitro biofilm culture systems using human saliva or defined 
media have served as a useful surrogate for oral biofilm research and 
have shed light on the mechanisms involved in microbial adherence, 
species interactions, antibiofilm treatments, and organization of the 
microbial community.55- 59 Biofilms, with anaerobic centers and aer-
obic peripheries, exhibit gradients of oxygenation.60,61 As oral bac-
teria can be fastidious, slow growing, or require specialized growth 
media, and many are strict anaerobes, samples should be collected 
and cultivated appropriately.62,63 Thus, in vitro models need to be 
designed to take into account selective pressures in the oral cav-
ity, including salivary flow, species- mediated biofilm succession, and 
inflammatory substrates, in the development of subgingival biofilm 
communities.56,64,65 In vivo and in vitro biofilm models have been 
combined in an ex vivo oral biofilm growth model to facilitate the 
complex interactions taking place in the oral cavity during microbial 
biofilm succession.66 While powerful insights into oral biofilms have 
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been obtained from in vitro biofilm studies, the difficulty of recapit-
ulating the complexity of the oral cavity in vitro complicates the use 
of such approaches to investigate microbial communities and under-
stand their holistic functional qualities in their entirety.

Culture- independent methods have improved our understand-
ing of microbial diversity in the oral cavity. Advances in sequencing 
and mass spectrometry technologies have permitted assessment of 
microbial community membership, their functional activities, and 
molecular products.9,14,67- 70 Sequence- based approaches to assess 
microbial composition include biomarker approaches that focus on 
a single kingdom- specific ubiquitous microbial gene or region that 
exhibits sequence hypervariability (eg, the 16S ribosomal RNA gene 
in bacteria or the interspacer region in fungi).71 Such hypervariable 
genes or regions permit identification of microbial community mem-
bers but can be limited in their capacity to resolve phylogenetically 
related species or strains and do not provide information on func-
tional gene content of the microbial members present.72 As such, 
they are useful for cataloging differences in microbiota composition, 
particularly in large studies, because the approach is relatively inex-
pensive compared with other, more highly resolving, sequence- based 
approaches.72,73 Newer approaches have developed strategies to 
assess the presence of bacteria in environments with a low- burden 
microbial signal.74,75 One such application is depletion of abundant 
sequences by hybridization, in which the nonmicrobial DNA burden 
is depleted via CRISPR- associated endonuclease Cas9 targeting to 
enhance bacterial signals in samples with a low bacterial burden.74,76

Unlike 16S ribosomal RNA sequencing, shotgun metagenomics 
sequences permit a parallel assessment of all microbial kingdoms 
(bacterial, fungal, viral) in a given sample.77,78 This approach employs 
random fragmentation and adapter ligation sequence in an unbiased 
manner all extracted DNA, enabling more in- depth analyses of the 
pan- genomic gene content in microbiomes.3 Whole genomes of or-
ganisms, in addition to strain tracking, can be extracted from the 
data, allowing for evolutionary analysis of specific organisms asso-
ciated with a particular disease or environment.79- 81 The usefulness 
of these techniques has been greatly accelerated by the advent of 
next- generation sequencing technologies, which provide increased 
read- depth, improved accuracy, and are higher throughput than 
older methods, such as Sanger sequencing. Three prominent com-
panies have dominated this field so far, with Illumina MiSeq offering 
shorter- read sequencing, and PacBio and Oxford Nanopore technol-
ogies providing longer read lengths.77 There are pros and cons of 
both short-  and long- read lengths: short- read technology provides 
abundant sequencing data that is less error prone than long- read 
technology; however, it can be difficult to assemble complete ge-
nomes using short read- lengths due to limitations in the technology 
to distinguish repetitive elements. By contrast, long- read technology 
provides more read- length but at the cost of higher error rates.82 
The generation of high- molecular- weight DNA was a limitation that 
prevented long- read technology from demonstrating its full poten-
tial in advancing shotgun metagenomic methodologies; however, re-
cent improvements in sample preparation have resulted in increased 
interest for use of this technology in metagenomic studies.83- 85 

Using shotgun metagenomic sequencing, it is now possible to study 
members of the microbiome other than bacteria, including the oral 
virome, in the context of oral diseases, together with periodontal 
disease.86 Results obtained from the small number of studies per-
formed using shotgun metagenomic sequencing suggest that the 
oral virome may be as significant in disease pathogenesis as the oral 
bacteriome.87,88 Metatranscriptomics, or sequencing of mRNA in a 
sample, provides a snapshot of transcriptionally active microbes.89 
RNA has low stability and thus a short half- life. Hence, the ability of 
transcriptomic approaches to detect RNA from functionally active 
and viable bacteria overcomes the limitations of metagenomic ap-
proaches. Advances in RNA sequencing, such as random hexamer 
priming, permit assessment of microbial and host transcriptomes 
in parallel and are now being explored to assess the interactome.90 
Single- cell sequencing was developed initially for immune- profiling 
purposes but has been adapted to permit assessments of single mi-
crobial cells.91 Assessing individual cells from environmental samples 
increases the detection rate of unculturable organisms while pro-
viding the opportunity to ask more novel questions related to the 
functional capacities and significant roles of single organisms within 
complex microbial communities.92,93 Application of transcriptomic 
approaches has proved extremely significant for delineating both 
microbial and host gene expression in the context of oral health and 
pathology.14,68,94

The field faces some key hurdles, namely the challenge of sep-
arating out the highly complex mixtures that are typical of clinical 
samples while simultaneously visualizing many molecules of a di-
verse chemical nature. In periodontal disease, there is a character-
istic shift in the composition of oral bacteria that is in part mediated 
by bacterial metabolites.95 Despite its drawbacks, use of metabolo-
mics could provide valuable mechanistic insights into how and why 
this shift occurs, and may offer clues to critical time points at which 
therapeutic or lifestyle interventions may be beneficial. Ultimately, 
longitudinal, integrated multimodal analyses, involving a range of 
high- resolution profiling techniques, represent, together with clin-
ical data, the next frontier to understanding microbial host interac-
tions from species level to the molecular level and the implications 
of these on oral health.

2.2 | Metabolomics and proteomics

Recent developments in high- resolution profiling techniques 
have additionally focused on the profile of small molecules, such 
as metabolites and proteins, that are detected via liquid or gas 
chromatography- mass spectrometry or nuclear magnetic resonance 
spectroscopy. Metabolomics represents the study of molecules in 
biological samples, which, in the case of human samples, may be pro-
duced by the host or its microbiome.5 Metabolomics provides insight 
into the metabolic and functional activities of the host and its mi-
crobiome and intricate interspecies interactions encoded within this 
pangenome.89 Metabolite production is influenced by the availability 
of energy sources, environmental stressors, and competition among 
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microbes within a system.5 Metabolomics provides important infor-
mation related to changes in functional and metabolic pathways via 
analysis of divergent metabolite profiles presented in the context of 
health or disease.96,97 In periodontal disease, there is a characteristic 
shift in the profile of oral bacteria that is in part mediated by bacte-
rial metabolites, which comprise a chemical communication network. 
Despite its drawbacks, metabolomics could provide valuable mecha-
nistic insights into how and why this shift occurs, and offer clues 
to potential therapeutic or lifestyle interventions. Longitudinal, in-
tegrated multimodal analyses are ideal for investigating the species 
that are present, active, and that interact with host cells over time. 
By contrast, proteomics seeks to analyze the proteome, namely, the 
profile of all proteins within an organism, tissue, cell, or biological 
fluid, or subcomponent of any of these.98 Such applications provide 
insight related to expression and modulation of proteins under spe-
cific conditions, such as in health or disease.99 These analyses pre-
sent the opportunity to identify proteins present within a sample, 
as well as the abundance, post- translational modifications, isoforms, 
and molecular interactions of proteins.100 Such technologies use 
1-  or 2- dimensional gel electrophoresis/mass spectrometry or liq-
uid chromatography/mass spectrometry.100 Proteomic applications 
have been applied to understand changes in the proteome that di-
verge states of periodontal health from disease and to further char-
acterize various periodontal disease states, including gingivitis, mild, 
moderate, chronic, and aggressive periodontitis.70,101- 104

3  | COMMUNIT Y A SSEMBLY OF THE OR AL 
MICROBIOME

3.1 | Oral colonization in early life

The oral cavity is a site of first encounters. As the gatekeeper of the 
alimentary canal, the oral cavity is the first organ to encounter in-
gested food and drink, exogenous microbes, allergens, and antigens 
before they pass further into the gastrointestinal and/or respiratory 
tracts.54 These direct environmental exposures in the absence of 
keratinized epithelium pose the oral cavity as a highly susceptible 
site for infection.105 Regardless, specialized immune- cell networks in 
the oral cavity respond to the challenges of this fluctuating environ-
ment via tissue- specific cues and exclusive immunologic responses 
that are tailored to the oral cavity.53,106- 108 In line with the role of 
oral mucosa as a physiological barrier, the functions of immune net-
works within this mucosa reflect the site- specific challenges faced 
within the oral cavity. For example, they contribute to homeostasis 
in response to masticatory forces and trigger immune responses to 
the development of pathologic microbial communities.52,53

Oral immune ontogeny, as with the gut, develops by 11 weeks of 
gestation, at which point cellular components related to the prenatal 
secretary immune system demonstrate organization of tissue into 
Peyer's patches.109 Current research findings suggest that the pre-
natal oral cavity is sterile until birth after which colonization with mi-
croorganisms occurs upon exposure to the external environment.110 

However, oral bacteria have been detected at various sites within 
the uterus.110,111 Interestingly, in a study of 12 mother- neonate 
pairs, it was found that the microbiota of the neonatal oral cavity 
displayed clear associations with that of the placenta and was not 
significantly altered by the birth canal or maternal microbiotas, sug-
gesting that the neonatal microbiota may have a prenatal origin.112 
As such, studies pertaining to this question warrant future investiga-
tion. Pathogenic bacteria from the oral cavity found at various sites 
within the uterus are associated with adverse pregnancy outcomes, 
such as preterm delivery and preeclampsia.113- 115 Studies investi-
gating the placental microbiome to understand its role in preterm 
pregnancies have identified bacteria associated with periodontal 
disease, suggesting a relationship between the oral and placental mi-
crobiomes.113- 116 Oral microbes from genera including Streptococcus, 
Fusobacterium, Neisseria, Prevotella, and Porphyromonas have been 
recovered from placenta.111 Interestingly, the placental microbi-
ota more closely resembles that of the maternal oral microbiome 
than that of the gut.116 Animal studies have helped to confirm the 
direct role of the oral microbiota, and more specifically periodon-
tal disease- related pathogens, in adverse pregnancy outcomes.117 
Similarly, bacteria of oral origin, namely Fusobacterium nucleatum, 
were identified in samples of amniotic fluid and cord blood from 
women with pregnancy complications, suggesting oral translocation 
via hematogenous mechanisms.115 Fusobacterium nucleatum has also 
been associated with stillbirth.118

Following birth, overt colonization of the oral cavity with mi-
crobes occurs within 8- 16 hours as a result of transmission of mi-
crobes vertically (through exposure to maternal skin and vaginal 
microbiomes), from the diet via oral fixation by the infant, and hori-
zontally (from human interactions additional to those already men-
tioned).119,120 The infant mouth becomes colonized by early oral 
colonizers associated with the infant's mode of delivery,121 demon-
strated by finding distinct differences in the bacterial phyla predom-
inant in the oral cavities of babies delivered vaginally compared with 
those delivered by Cesarean section.121 Firmicutes, Bacteroides, 
and Actinobacteria were found to be most abundant, respectively, 
in babies delivered vaginally, while Bacteroides, Proteobacteria, and 
Firmicutes were most abundant in babies delivered by Cesarean sec-
tion. Regarding mode of delivery, vast differences in relative abun-
dance at the genus level have been observed for most phyla, with 
the most marked increases being observed for Lactobacillus species 
in children delivered vaginally and for Petrimonas species in children 
delivered by Cesarean section. Lactobacillus species are common 
constituents of the vaginal microbiome, with strong consistency 
found between lactobacilli in the microbiota of the vagina and those 
in the oral cavity of infants delivered vaginally after a natural labor 
and birth.

The composition of the oral microbiome is shaped throughout 
life by factors including host genetics and maternal transmission, 
as well as by environmental factors, such as dietary habits, oral 
hygiene practice, medications, stress levels, and systemic factors 
(Figure 1).24,113,122- 129 Rather than being fixed, the composition of 
the oral microbiota changes throughout life, consistent with the oral 
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cavity being a dynamic microbial environment. Eruption of primary 
deciduous dentition introduces new substrata for microbial colo-
nization, thus introducing ecological shifts within the oral microbi-
ome.130,131 Additional changes throughout one's life, including to 
dietary habits, age, hygiene regimens, and behaviors (such as tobacco 
and alcohol use), also influence changes to the oral microbiome.132 
A 2020 study of crowd- sourced oral microbial swabs, taken from a 
large sample representative of the general population, showed that 
bacterial diversity of oral microbiomes seems to decline with age,133 
an observation that has also been made in lower gastrointestinal 

microbiomes in relation to diet and health status.134 As children age, 
their oral microbiomes tend to stabilize, a feature attributed to the 
establishment of independent oral- hygiene maintenance habits, ac-
quisition of permanent dentition, and consumption of an adult diet 
with more- or- less defined dietary patterns.135

The relative importance, on the oral microbiota, of host genetics 
versus environmental factors has been debated.123,135- 139 In a large 
study of many sets of young and middle- aged Swedish twins, the 
effect of host genetic factors on the salivary microbiota, predicted 
metabolic functions, and immune responses to oral bacteria were 

F I G U R E  1   The Oral Microbiome: From First Encounters to Lifelong Encounters. Prenatal. The prenatal oral cavity is thought to be sterile 
until birth, with colonization occurring soon after delivery. The composition of the oral microbiota in infants has been shown to correlate 
with mode of delivery. However, infants share an oral microbiota similar to that of their mothers, suggesting that the infant oral microbiota 
may derive from hematogenous or intrauterine transmission from the mother. Detection of oral microbes of maternal origin among several 
intrauterine locations, as well as associations with adverse pregnancy outcomes, demonstrate the role of the maternal oral microbiome in 
prenatal health and suggests in utero colonization. Early life. Microbial colonization begins shortly following birth through vertical transmission 
from the mother, transmission from the diet, and transmission from infant- to- human interactions. Microbial diversity increases upon eruption 
of primary teeth as this process permits the expansion of microbial niches in the oral cavity. Eruption of primary teeth also results in deviation 
from the maternal oral microbiota. As children age, their oral microbiotas begin to stabilize. Adult life. The oral microbiota continues to be 
shaped throughout life by genetic and environmental factors. Environmental factors that influence the composition and function of the oral 
microbiome include diet, stress, oral hygiene practices, drinking alcohol, and smoking. Genetic factors are linked to conserved phylogenetic and 
functional microbial signatures related to development of dental caries and heritable predisposition to periodontal disease. Aging and systemic 
disease. Oral microbiome diversity has been shown to decrease with age. The phylogeny and functional signatures of the oral microbiome are 
linked to states of dental and periodontal diseases, as well as being implicated in various systemic diseases, including cardiovascular disease, 
cancers, and Alzheimer's disease. Systemic conditions, such as stress and diabetes, can additionally affect the oral microbiome. Figure courtesy 
of Dr Ryutaro Kuraji, Assistant Professor, Department of Life Science Dentistry, The Nippon Dental University, Tokyo, Japan; Department 
of Periodontology, The Nippon Dental University School of Life Dentistry at Tokyo, Tokyo, Japan; Visiting Assistant Professor, Department 
of Orofacial Sciences, School of Dentistry, University of California San Francisco, San Francisco, CA, USA
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explored.108 Here, the use of young and middle- aged twins granted 
an understanding of genetics versus environment, as the young 
twins in the study were living together and exposed to similar en-
vironmental backgrounds, whereas the middle- aged twins shared 
genetic factors but had lived apart for many years. The presence and 
relative abundance of all species identified were influenced by envi-
ronmental factors, and thus differed according to the environmental 
factors to which they had been exposed. Conversely, the influence 
of host genetic factors on these parameters were variable at the spe-
cies level, mainly demonstrating strong effects on the presence and 
relative abundance of 27 bacterial species. The bacteria associated 
with host genetic factors were caries- associated species, including 
S mutans, Scardovia wiggisae, and Stomatobaculum longum. Genetic 
factors were also associated with predicted metabolic pathways 
among the salivary microbiota, most specifically in relation to car-
bohydrate metabolism. In support of this, a different study found 
that heritability of microbial functions related to acid production 
was nearly 76%.122 Moreover, heritability of caries is nearly 50% 
among Swedish twins.140 In terms of immune responses, genetic fac-
tors were more strongly associated with serum antibody responses 
to the putative periodontal pathogen P gingivalis. Notably, strong 
host genetic factors existed for several taxa and microbial metabolic 
functions relevant to caries development in the younger cohort, 
while strong host genetic factors on serum antibody levels against 
known periodontal pathogens existed in the older age group.108

3.2 | Biofilm colonization

The mucosal surfaces serve as the chief substrata available for mi-
crobial colonization in the infant oral cavity.141 The most frequently 
detected early colonizers of the predental oral cavity include 
Streptococcus, Staphylococcus, and Fusobacterium species.142,143 
Streptococci are capable of adhering to epithelial cells and are a 
dominant bacterial group in breast milk.144 As such, streptococ-
cal species constitute the majority of the infant oral microbiota. 
Streptococcus salivarius demonstrates the highest relative abun-
dance among newborns and shows a steady decrease after 3 months 
of age.119 Additional early colonizers, such as Gemella, Rothia, 
Granulicatella, and Haemophilus, present at 3- 6 months of age and 
increase in abundance with time.141,142 In a cross- sectional study on 
acquisition of the oral microbiota by infants, Mason and colleagues 
found that in 85% of infants, the composition of the oral microbial 
community was similar to that of their mothers, suggesting a sig-
nificant role of the mother in introducing oral microbial communi-
ties to their children. Moreover, maternal smoking was associated 
with increased levels of F nucleatum and Campylobacter conscisus 
among infants. The eruption of deciduous teeth creates additional 
niches, such as nonshedding enamel surfaces, dentogingival borders, 
and a subgingival environment, for colonization of microbes.143,145 
The eruption of teeth leads to divergence of the infant oral micro-
biota from the maternal microbiota, and such changes persist among 
mixed and permanent dentition states.

The human oral microbiota is markedly diverse among individu-
als.29 However, despite dissimilar phylogeny, functional signatures 
among the oral microbiota are often conserved from one individual 
to another.13,14 Among infants, phylogenetic divergences across in-
dividuals are observed prior to eruption of deciduous teeth143; how-
ever, functional signatures remain conserved.143 Marked expansion 
of oral microbial phylogenetic and functional diversity is observed 
with the eruption of deciduous teeth, suggesting the significance of 
related microbial ecosystems and parallel changes in dietary habits 
(solid foods) to oral microbiome diversity.143 Interestingly, salivary mi-
crobial communities from oral cavities of primary teeth- only cohorts 
demonstrate greater microbial diversity than do pre- dentate, mixed 
dentition, and permanent teeth cohorts. Tooth eruption introduces 
the relative abundance of Streptococcus, Gemella, Granulicatella, and 
Veillonella species.143 Expansion of microbial functions at the time of 
tooth eruption reflect changes in the oral ecosystem, including in-
creased expression of genes related to adhesion, biofilm formation, 
membrane transport, cell mobility, secretion systems, chemotaxis, 
flagella assembly, and oxidative phosphorylation.143 Exfoliation of 
primary dentition, the presence of mixed dentition, and the emer-
gence of permanent teeth continue to alter the oral microbiome in 
early life and childhood.143

Although the oral microbiome in infants evolves with advancing 
age, initial colonizers of the oral cavity remain as permanent coloniz-
ers that influence this colonization trajectory into adulthood.146 The 
significance of primary colonizers suggests that such pioneer organ-
isms play a key role in determining development of the oral microbi-
ome and thus the long- term oral health status of individuals.146 Not 
only does the composition of one's oral microbiome locally impact 
oral health, it may also affect systemic health throughout life.38 This 
is demonstrated by the association of various disease states with the 
oral microbiome, including not only caries and periodontal disease 
but also oral, esophageal, pancreatic, and colorectal cancers, cardio-
vascular disease, and inflammatory bowel disease.147- 153 In line with 
the associations suggested between oral health and systemic health 
later in life, disruptions in the oral microbiota early in life have been 
suggested to play a role in systemic disease states among children. 
Such conditions include tooth decay and abscess formation among 
young children, child weight gain, pediatric appendicitis, and pediat-
ric inflammatory bowel diseases.154- 158 Together, such associations 
between the oral microbiome and systemic health, in line with the 
role of the maternal oral microbiome in establishing intrauterine and 
infant microbial communities, encourage future studies that provide 
insight into the underlying mechanisms of such correlations.

3.3 | Composition in adult life

After the colon, the oral microbiome represents the second most 
diverse microbiota in the human host, with over 700 bacterial spe-
cies presently identified.35 The NIH Human Microbiome Project 
assessed the microbial compositions, encompassing both relative 
abundance and representative microbes, in 9 intraoral sites from 



     |  113SEDGHI Et al.

200 participants and found that, compared with other colonized 
body sites (such as the gut and the skin), the oral microbiome has 
the largest core set of microbes that are shared among unrelated 
individuals.130,159 Moreover, the Human Microbiome Project found 
that the main genus among intraoral sites, at greater than 10% abun-
dance and present in more than 75% of samples, was Streptococcus, 
specifically Streptococcus oralis, S mitis, and Streptococcus peroris. 
Other core members with greater than 1% abundance across at 
least 80% of samples from 1 or more sites, included those from the 
family Pasteurellaceae, those from the genera Gemella, Veillonella, 
Prevotella, Fusobacterium, Porphyromonas, Neisseria, Capnocytophaga, 
Corynebacterium, and Actinomyces, and those from the orders 
Lactobacillales and Lachnospiraceae.160 However, specifically iden-
tifying the exact composition of the oral microbiota among indi-
viduals is difficult because of the nature of the oral cavity: an open 
system that is regularly exposed to food, drink, exogenous microbes, 
air, and human contact.9

3.4 | The commensal microbiota and oral health

The commensal oral microbiota is important in maintaining oral 
health. One such mechanism by which commensals promote oral 
health is via resistance to colonization by pathogens, in which com-
mensals outcompete pathogenic species for colonization substrata, 
thus allowing few opportunities for integration by exogenous patho-
gens.161 Some oral commensals, such as S sanguinis, demonstrate 
direct antagonism against oral pathogens. Streptococcus sanguinis, 
Streptococcus cristatus, S salivarius, S mitis, Actinomyces naeslundii, and 
Haemophilus parainfluenzae have been shown to decrease the ability 
by P gingivalis to adhere to substrate.162,163 Moreover, clinical iso-
lates from individuals with good oral health status contained strains 
of Streptococcus, Actinomyces, and Bifidobacterium, all of which were 
shown to inhibit growth of P gingivalis.164 Lactococcus lactis, a com-
mensal of the oral microbiota, produces nisin, a bacteriocin that has 
been shown to reduce oral tumorigenesis and extend the life span of 
mice with tumors.165,166 In addition, nisin was recently demonstrated 
in vitro to mitigate pathogen- mediated oral tumorigenesis, cancer 
cell migration, and cell invasion of oral squamous cell carcinoma in 
vitro, thus suggesting an anti- cancer role for commensal species.167 
The oral microbiome is also involved in systemic nutrient cycling 
in relation to nitrate metabolism.168- 170 Nearly 25% of ingested ni-
trate is transported, via the enterosalivary circuit, to the oral cavity: 
here, oral microbes reduce nitrate to nitrite, which is taken into the 
bloodstream during digestion and converted to nitric oxide. Nitric 
oxide is important to cardiovascular health as it exerts vasodilation 
and antihypertensive effects.9,168,170 Such findings demonstrate the 
importance of the commensal oral microbiome in maintaining oral 
health and promoting systemic health. Dysfunction of nitric oxide 
signaling is associated with pulmonary hypertension, obesity, and 
cardiovascular disease.171 Studies have found that the use of anti-
bacterial mouthwash can increase blood pressure as a result of its 
inhibitory effect on the oral microbiome.172- 174 Some commensal 

organisms are able to buffer the acid produced by caries- associated 
bacteria by raising the pH of saliva through the production of al-
kaline metabolic by- products.175 The Stephan Response describes 
the re- establishment of pH homeostasis following pulses of car-
bohydrate in the oral cavity: in this reaction, pathways generating 
alkali, including those producing arginine, ornithine, citrulline, gluta-
mate, serine, threonine, and urea, are stimulated following glucose 
intake.176 Organisms involved in re- establishing pH homeostasis in-
clude S gordonii, S sanguinis, and Lactobacillus casei.177

3.5 | Microbial dysbiosis and oral disease

Conversely, states of oral disease are induced by dysbiosis of the oral 
microbiome.178,179 Such dysbiosis is prompted by various factors, 
including host diet, inflammatory responses, systemic disruptions, 
and habits such as alcohol intake, smoking tobacco and consuming 
alcohol.50,180- 186 Dental caries is attributed to high dietary intake of 
carbohydrates, leading to increased production of acid by microbes 
(which reduces the buffering capabilities of saliva), reductions in 
salivary pH, increased production of biofilm exopolysaccharide ma-
trix (that entraps and concentrates acids on enamel surfaces), and 
induction of positive- feedback loops that encourage outgrowth of 
aciduric and acidogenic species, including S mutans and Lactobacillus 
species.8,9,22,181,187- 189 Carious lesions, if left untreated, may lead to 
more advanced oral pathologies, such as abscess formation or pulpal 
involvement.190 Untreated dental caries is the most common rea-
son for hospitalization of youth.155 Fleming and Afful found that un-
treated carious lesions among adolescents comprise nearly 15% of 
the total cases of caries among adolescents aged 12- 19 years, with 
untreated carious lesions primarily occurring in non- Hispanic black 
youth (17.1%), followed by Hispanic (13.5%), non- Hispanic white 
(11.7%), and non- Hispanic Asian (10.5%) youth.191 Moreover, the 
prevalence of untreated caries decreased from 18.6% for youths liv-
ing below the federal poverty line to 7% among youths in families 
with incomes 300% above the federal poverty line.191

Periodontal disease is caused by dysbiosis of subgingival micro-
bial communities that adversely affects the host immune system 
such that it creates and maintains unmitigated inflammation in gin-
gival and periodontal tissues, thus preventing immune subversion 
and tissue recovery.10 Key species in oral biofilm are recognized as 
etiological agents in the development of periodontal disease: these 
species include the red complex bacteria— T forsythia, Treponema 
denticola, and P gingivalis— that exhibit the capacity to drive the pro-
cesses involved in periodontal disease pathogenesis by orchestrat-
ing restructure of the microbiota and promoting inflammation.178 
Inflammatory and immune- mediated processes, directly instigated 
by the microbes in the local plaque environment, mediate the devel-
opment of gingivitis and periodontal disease.21 Early inflammatory 
processes, such as gingivitis, can be mitigated through oral hygiene 
and removal of the bacterial biofilm. Stable plaque, which can also 
acquire opportunistic pathogens, can cause long- term inflamma-
tion that leads to periodontal disease.21 While the inflammation 
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characteristics of gingivitis are mostly reversible, periodontitis re-
sults in long- term, irreversible damage to the periodontal tissues 
and alveolar bone that manifests as tissue detachment from the 
tooth, formation of a pocket wherein pathogenic bacteria can pro-
liferate further, and eventual tooth loss in advanced stages of the 
disease.192- 195

3.6 | Oral microbiome in systemic disease

In addition to causing local (periodontal) disease, oral infection has 
implications in systemic disease. Three primary mechanisms linking 
oral infection to systemic pathology have been identified: spread of 
infection from the oral cavity as a result of transient bacteremia; cir-
culation of microbial toxins; and systemic inflammation caused by 
adverse immunologic responses to oral microbes.196 Saliva contains 
109 bacteria per milliliter, with the bacteria present in saliva being 
shed from the tongue, cheeks, and dental and gingival plaque.197 
Between 0.75 and 1.5 L of saliva are produced per day by the oral 
cavity and the majority is swallowed either alone or with food or 
drink.198 Oral bacteria are therefore frequently transferred to the 
gut. Most oral bacteria are not well adapted to survive in a healthy 
lower gastrointestinal tract; however, increased levels of oral- 
associated microbes are found in the gut of patients with inflamma-
tory bowel disease, HIV, liver cirrhosis, and colon cancer.39,41 These 
diseases are often associated with a perturbed gut microbiota, sug-
gesting an increased ability of oral microbes to colonize ectopically 
in the context of immune dysregulation. For instance, Klebsiella spe-
cies isolated from the oral cavities of patients with Crohn's disease 
have been shown to be effective colonizers of the gut of germ- free 
mice.39 Oral Klebsiella species can also stimulate T- helper- cell induc-
tion and cause severe colonic inflammation in genetically suscepti-
ble mouse models through upregulating interferon- inducible genes 
in host dendritic cells and colonic epithelial cells, demonstrating 
stimulation of the gut- associated lymphoid tissue. It is hypothesized 
that disease states, such as chronic bowel inflammation, may enable 
aerotolerant species from the oral cavity to colonize distant sites 
more effectively.39

Periodontal disease shares many associative and causative links 
with systemic disease, and it increases susceptibility to systemic 
diseases via shared risk factors, such as by harboring pathogenic 
gram- negative anaerobes in subgingival biofilms, and by fashioning 
the periodontium as a reservoir for pro- inflammatory mediators.199 
Subgingival biofilms have a large bacterial load and, because of 
their close proximity to deeper periodontal tissues, may serve as 
reservoirs of lipopolysaccharide and gram- negative pathogens for 
systemic circulation. When present in systemic circulation, lipopoly-
saccharide induces pathologic outcomes in the vasculature, including 
production of inflammatory infiltrate within vessel walls and intra-
vascular coagulation.200,201 Moreover, lipopolysaccharide induces 
secretion of inflammatory factors that promote platelet aggregation 
and adhesion, formation of lipid foam cells, and accumulation of cho-
lesterol deposits.196 Diseased periodontal tissues additionally stores 

pro- inflammatory mediators associated with periodontitis.51,183,202 
Such pro- inflammatory molecules can directly access the circular-
ity (cardiovascular) system and induce systemic effects, such as co-
agulation and thrombosis, platelet aggregation and adhesion, and 
accumulation of cholesterol deposits.196 As such, cardiovascular 
disease demonstrates a close association with oral infection.203,204 
Periodontal disease predisposes humans to cardiovascular patholo-
gies, such as atherosclerosis and myocardial infarction, as a result of 
inducing increased levels of systemic pro- inflammatory cytokines, 
inflammatory cells and infiltrates, and white blood cell counts.199

Rheumatoid arthritis is a chronic autoimmune disease character-
ized by synovial inflammation that can result in damage to articular 
cartilage and bone.205 Studies have revealed a link between rheuma-
toid arthritis and dysbiosis of the gut and oral cavity microbiomes, 
and a long- term correlation between periodontal disease and rheu-
matoid arthritis exists.206 When rheumatoid arthritis is treated, the 
oral microbiome is partially restored, and vice versa.207,208 Antibodies 
against P gingivalis virulence factors are elevated in patients with 
rheumatoid arthritis in a way that correlates with disease sever-
ity.209,210 Recently, significant progress has been made in uncovering 
the mechanistic underpinning of this association. Development of 
rheumatoid arthritis occurs largely through a loss of tolerance for 
proteins that have undergone citrullination (ie, posttranslational 
modification of a positively charged arginine into a neutral citrulline 
group).205 Citrullination of arginine occurs via the action of peptidyl 
arginine deiminase, an enzyme found in both humans and P gingiva-
lis.211 Infection with P gingivalis and the subsequent development of 
microbial dysbiosis stimulates a pro- inflammatory immune response 
in the gingiva in response to the lipopolysaccharides and endotoxins 
produced by increased bacterial pathogens.212 This response is char-
acterized by increased activation of pathologic T cell populations by 
antigen- presenting complexes and production of pro- inflammatory 
cytokines.52 Porphyromonas gingivalis also expresses peptidyl argi-
nine deaminase, which citrullinates gingival proteins and bacterial 
peptides, and also undergoes autocitrullination.208 Citrullination of 
local proteins in the gingiva stimulates production of antibodies to 
both citrullinated peptidyl arginine deiminase and P gingivalis. Local 
protein citrullination in the gingiva promotes production of anti- 
citrullinated peptidyl arginine deaminase, and antibodies against P 
gingivalis. Human peptidyl arginine deaminase induces the same ac-
tion in joints. Porphyromonas gingivalis peptidyl arginine deaminase 
citrullinated α- enolase can also generate antibodies that cross react 
with similar host- citrullinated α- enolaseyes, eliciting autoantibody 
activity through molecular mimicry. Ultimately, long- standing in-
flammation evolves into chronic rheumatoid arthritis.

Porphyromonas gingivalis and periodontal disease have also been 
identified as significant risk factors for the development of amyloid 
beta plaques, dementia, and Alzheimer's disease.213 Gingipains, an-
other virulence factor of P gingivalis, are implicated in Alzheimer's 
disease pathology. A diagnosis of Alzheimer's disease correlates with 
the gingipain load in the brain and also with other P gingivalis- specific 
virulence factors, including P gingivalis lipopolyaccharide. Gingipains 
colocalize with tau protein, a protein in the brain which becomes 
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misfolded and insoluble in patients with Alzheimer's disease. It has 
now been demonstrated that gingipains cleave tau protein and con-
tribute to tau tangle formation resulting disease. Studies in mice 
have shown that oral P gingivalis consistently invades the brain in a 
gingipain- assisted manner, and that injection of gingipains into the 
brain increases neuronal degeneration to a level higher than that 
found in controls.213

Periodontitis is also associated with increased risk of oral 
squamous cell carcinoma.214,215 A recent study by Kamarajan and 
colleagues investigated the mechanisms by which T denticola, P gin-
givalis, and F nucleatum promote oral carcinogenesis. Their findings 
demonstrate that T denticola, P gingivalis, and F nucleatum enhance 
cell migration, invasiveness, stemness, and oral tumorigenesis of oral 
squamous cell carcinomas but have little effect on cell proliferation 
and apoptosis.167 Moreover, a mechanistic understanding of this was 
attributed to crosstalk between oral pathogens and integrin/focal 
adhesion kinase and toll- like receptor/Myd88 signaling pathways. 
Interestingly, these interactions were reversed by treatment with 
the bacteriocin, nisin.167

The relationship of the oral microbiome with systemic health is 
bidirectional, meaning that systemic disease may also influence the 
oral microbiome. Type 2 diabetes mellitus, and the hyperglycemia re-
lated to this disease, are associated with increased risk of periodonti-
tis as a result of the vascular complications of diabetes and increased 
levels of pro- inflammatory molecules.216- 218 Differences in the com-
position of subgingival plaque have been found among patients with 
periodontitis, with or without type 2 diabetes; specifically, patients 
with diabetes harbor higher proportions of Capnocytophaga species, 
F nucleatum, Eikenella corrodens, and A actinomycetemcomitans than 
patients without diabetes.219 Capnocytophaga species are sacchar-
olytic organisms that have been shown to demonstrate increased 
proteolytic potential in the presence of elevated glucose levels.220 
Fusobacterium nucleatum and A actinomycetemcomitans are well rec-
ognized in periodontal disease,220,221 and F nucleatum is noted for 
its role in the development of anaerobic microenvironments that 
facilitate the outgrowth of anaerobic periodontal pathogens.222 
Moreover, E corrodens is associated with chronic and aggressive 
periodontitis. Interestingly, increased proportions of saccharo-
lytic bacteria, including Streptococcus, Neisseria, and Veillonella, are 
speculated to occur among patients with diabetes as a result of the 
increased glucose contents in serum and gingival crevicular fluid 
of such patients, which selects for the outgrowth of these organ-
isms.219,223 Chronic psychological stress is also classified as a risk 
indicator for periodontal disease and may serve as an early sign of 
increased risk for development of periodontal disease. Emerging 
evidence suggests that chronic stress and related diseases, such 
as depression and anxiety, may be significant factors contributing 
to the development of oral dysbiosis, progression of periodontal/
peri- implant disease, and inconsistent wound healing following peri-
odontal therapy.125,224- 226 Moreover, the stress hormone, cortisol, 
has been shown to directly induce shifts in the composition of the 
oral microbial community and in its gene expression profiles in vitro, 

which reproduces results found for the gene expression profiles of 
the oral microbial community in periodontal disease and during its 
progression.94

4  | PL AQUE FORMATION AND 
PERIODONTAL DISE A SE

4.1 | Biogeography and ecology of the oral cavity

Many distinct microenvironments exist in the oral cavity, and these 
are used as distinct niches for microbial colonization. The nonshed-
ding enamel surfaces, the gingival crevice, the mucosal epithelium of 
the cheeks, the tongue dorsum, and tonsillar crypts, together present 
the oral cavity as a complex microbial environment with wide- ranging 
topography.227,228 The hard, nonshedding dental enamel surfaces 
present a unique opportunity for formation of mature microbial bio-
film. The enamel surfaces are coated by an acquired salivary pellicle, 
composed of proteins, lipids, glycoproteins, and glycolipids that per-
mit initial adherence by primary colonizers.229,230 The oral cavity as 
a microbial environment is further complicated by spatial gradients 
created by salivary flow, nutrient availability, oxygen concentration, 
saliva, and gingival crevicular fluids,61,227,231,232 in addition to regular 
environmental disturbances caused by eating and mastication, fa-
cial movement related to speaking and expression, and oral hygiene 
practices.227 Variation in the amount and velocity of salivary flow 
experienced by these sites, dictated by proximity to salivary glands, 
affects the composition of microbial communities harbored in dis-
tinct niches.231 Within the biofilm, chemical and nutritional spatial 
gradients are created as a result of microbial colonization patterns, 
microbial succession, microbial metabolism, and nutrient cycling. For 
example, colonization by Corynebacterium provides long filaments 
on which distinct microenvironments are created, and streptococci 
at the periphery of oral biofilms produce lactate, which serves as 
a preferred substrate for catabolism by Veillonella, Corynebacterium, 
and Eubacterium species.61,233 Moreover, aerobic streptococci create 
an anaerobic environment via the production of carbon dioxide, lac-
tate, and acetate, facilitating the growth of anaerobic Fusobacterium, 
Leptotrichia, and Capnocytophaga species.61

Many microbial subtypes are specialized to reside in either dental 
plaque, on the dorsum of the tongue, or on keratinized gingiva.234 For 
example, among Streptococcus species in the oral cavity, S salivarius 
and Streptococcus parasanguinis are specialized for colonization on 
tongue dorsal surfaces, whereas S sanguinis and S gordonii instead 
reside in dental plaque communities.234 Strong site preference is ad-
ditionally observed among several Actinomyces species, as well as in 
Corynebacterium, Fusobacterium, and Prevotella species. Alternatively, 
some species, such as S mitis, H parainfluenzae, and Porphyromonas 
pasteri do not demonstrate site specialization and are found in a va-
riety of habitats. However, most microbes in the mouth demonstrate 
site specialization. Site specialization is dictated by the ability of a 
microbe to adhere, colonize, grow, and divide at that site.227,234
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4.2 | Oral biofilm colonization

Primary colonizers of dental biofilm with specific adhesion factors 
form weak, long- range physicochemical interactions with the pelli-
cle to facilitate receptor- mediated binding.235,236 Primary colonizers 
are primarily gram- positive cocci and rods, especially Streptococcus 
species, such as S salivarius.237 Traditional models of microbial bio-
film succession follow a sequential process in which the initial at-
tachment of primary colonizers, namely Streptococcus, Actinomyces, 
Gemella, Veillonella, Rothia, and Neisseria species, bind to dental pel-
licle and facilitate subsequent colonization by F nucleatum, which 
functions as a bridging species between early and late coloniz-
ers.235 From approximately 18 hours to 4 days following coloniza-
tion of dental biofilm, primary colonizers remain the predominant 
species among biofilm communities.238 However the proportions 
of anaerobes, such as Porphyromonas, Fusbobacterium, Prevotella, 
and Capnocytophaga, gradually increase.235 Spectral imaging and 
fluorescence in situ hybridization offer a different perspective of 
biofilm structure, in which a radially arranged consortium of bac-
teria forms along the annulus of filamentous Corynebacteria.61 
This model shows that microbial localization is organized in such 
a way that position reflects functional and metabolic capacities, 
with anaerobic taxa toward the interior and aerobic organisms at 
the periphery.61 While traditional models recognize Fusobacterium 
as critical for connecting early and late biofilm successors, findings 
from this study instead found Cornybacterium as the cornerstone 
of biofilm development.61,236 Once established, the new commu-
nity of bacteria then begins the process of replication, maturation, 
and formation of a complex biofilm that can contain hundreds of 
species.20,239

4.3 | Microbial and immunologic involvement in 
periodontal disease

Biofilms become more pathologic as maturation progresses, with 
the proportion of pathogenic species increasing over time as the 
maturing biofilm selects for anaerobic species through metabolic 
and physical interactions.232,240 Biofilm communities maintained at 
the dentogingival border stimulate immunologic responses at the 
gingiva, further driving dysbiosis and reinforcing inflammation.241 
Sustained inflammatory responses induce tissue destruction and 
deepening of the gingival crevice, leading to formation of an anaer-
obic subgingival pocket. Homeostatic immune responses in the gin-
giva are disturbed following the integration of keystone pathogens, 
such as P gingivalis. The direct interactions of keystone pathogens 
with members of the microbial community, combined with their 
ability to elicit, yet also to subvert, host immune responses, result 
in the creation of a dysbiotic microbial community that thrives 
under inflamed conditions. The integration of periodontal patho-
gens, even at low abundance, is able to alter the composition of 
the microbiota and results in destruction of periodontal tissues by 

inflammatory processes that they induce.51 Via its interactions with 
the commensal microbiota, P gingivalis is able to promote disease 
by exploiting the pro- inflammatory responses of the host, through 
which the dysbiotic microbiota induces the pathologic bone loss 
characteristic of periodontitis. Crosstalk between complement 
and pattern recognition receptors in response to dysbiosis further 
reinforces the immunomicrobial nature of periodontitis, in which 
these factors permit dysbiosis via inflammatory destruction of 
periodontal tissues and the provision of proteinaceous metabolic 
by- products that further drive dysbiosis and tissue destruction.241 
Microbial dysbiosis is also necessary for additional inflammatory 
responses characteristic of periodontal disease, including local ex-
pansion of pathologic interleukin- 17+/CD4+ T- helper (T- helper 17) 
cells.52 High T- helper 17 cell and neutrophil populations are main-
tained in inflamed gingival tissues via reciprocal reinforcement, 
mediated primarily via the action of the inflammatory cytokines 
interleukin- 6, interleukin- 17, interleukin- 23, tumor necrosis factor- 
alpha, interferon- gamma, and granulocyte- colony stimulating 
factor, as well as by interleukin- 8, C- C motif chemokine ligand 2, 
and C- C motif chemokine ligand 20 chemokines,241 further driv-
ing reciprocal reinforcement of microbial dysbiosis and pathologic 
inflammation in periodontal tissues.

The development of pathologic subgingival biofilms is largely 
dependent on the organisms present in homeostatic biofilm com-
munities.240 A study by Thurnheer and colleagues sought to define 
microbial succession during the transition of from supragingival to 
subgingival plaque by recapitulating, in vitro, the environmental 
pressures faced during the transition of biofilm from aerophilic to 
microaerophilic and then to anaerobic conditions.64 At the end of 
the microaerophilic phase, at which point primary and secondary 
colonizers had been introduced, biofilm thickness doubled relative 
to the biofilm thickness at the end of the aerobic phase in which 
only primary colonizers were present in the system. Moreover, bio-
film viability increased during the transition to the anaerobic phase. 
Interestingly, a novel role for aerobic exopolysaccharide synthesis 
in subgingival biofilm formation was identified, in which treatment 
with dextranase reduced bacterial numbers in subgingival communi-
ties,64 thus highlighting the importance of supragingival biofilms in 
the formation of subgingival biofilm.64 The importance of commensal 
species to pathogenesis is further demonstrated by the requirement 
for commensal microbial communities in the instigation of disease 
by periodontal pathogens.51,52 Moreover, S gordonii has been shown 
to increase the virulence of A actinomycetemcomitans by producing 
lactate via streptococcal carbon metabolism.242 Pathogenic species 
may also enhance the outgrowth of other pathogens through sym-
biotic relationships. For example, P gingivalis stimulates the growth 
of T denticola via the production of isobutyric acid, and T denticola 
produces succinic acid that enhances the growth of P gingivalis.243 
Such interactions demonstrate the role of microbial interactions in 
promoting disease via multifaceted physical and metabolic inter-
actions that are the cornerstone of the polymicrobial synergy and 
dysbiosis model.178
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5  | DIET AND THE OR AL MICROBIOME

5.1 | Paleolithic- Neolithic transition: the 
introduction of grains

The introduction of agriculture ~ 10,000 years ago at the Mesolithic- 
Neolithic transition drastically changed dietary composition, such 
that grain- derived carbohydrates emerged as a main staple of the 
human diet.244 Increased consumption of cereal grains at this tran-
sition was accompanied by the emergence of dental and periodon-
tal diseases, which is further reflected by distinct shifts in the oral 
microbiota.245- 247 Little evidence of dental and periodontal disease 
exists for pre- Neolithic hunter- gatherer societies.245 Changes in 
the proportions and representation of oral microbial species at 
the Mesolithic- Neolithic transition are evident in samples of pre-
served dental calculus from the Mesolithic that demonstrate a 
compositionally distinct microbial profile from samples of dental 
calculus collected from the Neolithic, Bronze Age, and Medieval 
periods, and modern times.24 Interestingly, the microbial profiles of 
plaque samples from the Neolithic onward largely cluster together 
in terms of proportions and species of microbes present, despite 
additional dietary changes over time: compared with the propor-
tions and species of oral microbes present in pre- agriculture plaque 
samples, such samples from farming populations of the Neolithic 
onward are dominated by caries- associated species, such as those 
from the family Veillonellaceae, as well as taxa associated with peri-
odontal disease, including P gingivalis, T forsythia, and T denticola.24 
The distinction between the microbial profiles found in Mesolithic 
and post- Mesolithic eras suggests that increased carbohydrate 
consumption introduced profound effects on the composition of 
the oral microbiota that have been maintained over time.24 Such 
changes in the pre- Neolithic oral microbiota have been further 
exacerbated by the evolution of food- processing techniques that 
emerged during the Industrial Revolution, ~ 200 years ago, consist-
ent with the invention of mechanical steel roller mills in the 19th 
century, in which the nutritive properties of grains were signifi-
cantly altered by the isolation of starch- rich components (flour) and 
removal of the outer bran layer that provides micronutrients and di-
etary fiber.248- 250 Moreover, processed carbohydrate consumption 
has been associated with increased incidence of periodontal dis-
ease.8,24,26,181,188,251 Processing of grains further impacted several 
additional aspects of diet, including total nutritive content, starch 
bioavailability, and texture. Current World Health Organization 
guidelines recommend that starch- derived carbohydrates consti-
tute > 55% of daily energy intake. This encompasses cereal grains, 
starchy tubers, whole grains, legumes, etc., in which complex 
carbohydrate consumption is favored widely over processed car-
bohydrate consumption in regard to health. In the United States, 
carbohydrates constitute > 50% of total energy intake, with refined 
cereal grains representing > 85% of total cereal grains consumed. 
Moreover, refined sugars constitute approximately 20% of caloric 
intake.252- 254

5.2 | Ancestral diets and oral health

Dietary staples and processing techniques that emerged during the 
Neolithic and Industrial Revolution periods significantly changed 
several central components of the human diet, including total ma-
cronutrient content, glycemic load, fatty acid composition, sodium 
and potassium levels, micronutrient levels, dietary pH, and fiber 
content.253,255,256 The pre- agricultural diet was largely limited to 
nonprocessed, wild fruits and vegetables, legumes, nuts, and wild 
animals.253 Staples of the modern diet, including dairy products, re-
fined carbohydrates, vegetable oils, and alcohol, that were not nu-
tritional features of the pre- agricultural diet, now constitute ~ 70% 
of the total daily energy intake by people in the US.255 The transi-
tion from hunter- gatherer lifestyles to farming societies is associ-
ated with a decline in oral health as well as several additional disease 
states, including (but not limited to) cardiovascular disease, inflam-
matory bowel diseases, rheumatic diseases, many cancers, and obe-
sity.24,245,253,257 Modern day hunter- gatherer societies, although 
scarce, offer a unique opportunity to observe the impact of ances-
tral diets on human health in the absence of Westernized dietary 
influences. An oral health study among the Hadza hunter- gatherers 
of Tanzania offered a rare opportunity to study the impact of ances-
tral diets among “bush dwellers” and increasingly Westernized diets 
on the oral health status among “villagers.”258 The findings from this 
study were consistent with the hypothesis that agricultural socie-
ties demonstrate poorer dental health than hunter- gatherer socie-
ties: women who lived in village settings and consumed a primarily 
agricultural diet had significantly greater incidences of caries and 
periodontal disease than those who lived in a bush setting and con-
sumed a wild- food diet including legumes, wild game, berries, and 
uncultivated tubers.24,258,259 However, men living in the bush did not 
uphold the same oral health status as their female counterparts, pre-
dictively because of cultural influences, including high consumption 
of honey and tobacco use.258

5.3 | Dietary texture and oral health

The low rates of periodontitis among bush- dwelling women com-
pared with women who lived in village settings was suggested to 
result not only from compositional differences in their diets, but also 
from textural differences.258 It was hypothesized that consumption 
of fibrous, uncultivated tubers by bush dwellers offered increased 
masticatory challenge that was effective in helping to interrupt 
plaque formation by mechanically abrading dentogingival sur-
faces.258,260 The benefits of dietary texture on oral health are more 
commonly recognized among animal studies.23,261,262Wild animals 
have an oral health status superior to that of animals living in captiv-
ity because of the absence of masticatory challenge among foods 
given to domestic and captive animals.23,261,263- 265 Interestingly, 
periodontal disease among captive animals was reversed when their 
diets were increased in texture to provide masticatory challenge to 
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dentogingival surfaces and alleviate plaque formation.264,265 A novel 
role for dietary texture/hardness in periodontal immunity was re-
cently demonstrated by Dutzan et al.53 Mice consuming soft or hard 
diets demonstrated differential immune responses in gingival tis-
sues: interleukin- 17- producing T cells accumulated (in an interleukin- 
6- dependent manner) in periodontal tissue of mice fed a hard diet.53 
In addition, mechanical damage induced by consumption of foods 
with increased texture led to elevated expression of epithelial de-
fensins and neutrophil chemoattractants and promoted increased 
neutrophil counts in gingival tissues.53 Although it was found that 
increased mechanical damage prompted periodontal bone loss, 
consistent with destruction of hard tissue in periodontal disease, 
it was speculated that mechanically induced T- helper 17 cells may 
elicit barrier protection at the gingiva.53,54 These findings were 
further elucidated by an additional study in which the periodontal 
T- helper 17 populations governing health and disease were differ-
entiated: homeostatic T- helper 17 cells were found to be induced by 
mechanical stimuli in a microbiome- independent manner, whereas 
periodontitis- associated T- helper 17 cells were found to accumulate 
in a microbiome- dependent manner and to require both interleukin-
 6 and interleukin- 23.52,54 Cumulatively, these findings offer a greater 
mechanistic understanding of how dietary nutrition and texture 
alike alter the oral microbiota and immune response at the gingiva.

5.4 | Dietary fiber and oral health

Total macronutrient shifts as a result of increased grain consump-
tion at the Paleolithic- Neolithic transition are well recognized.253 
However, the nutritional value of grains is dictated by multiple fac-
tors, including grain particle size (ie, degree of processing) and prep-
aration method (ie, cooking).250,266 Such processing and preparation 
methods subsequently affect food texture and the bioavailability of 
inner starch components.248,250,267,268 Processing techniques seek 
to remove the outer, fibrous bran layer of grains to isolate the inner 
starch- rich endosperm components.248,250,269 Removal of this outer 
bran layer not only depletes fiber content but decreases dietary tex-
ture due to a loss of grain integrity.249,268- 272 The role of dietary fiber 
consumption in oral health status has been recognized predomi-
nantly from a correlative perspective.258,259,273,274 In a study of fiber 
consumption and periodontal disease incidence among US adults, it 
was determined that consumption of whole grains significantly de-
creased periodontal disease incidence among adults aged 30 years 
and older.274 Conversely, low whole grain consumption was associ-
ated with increased incidence of periodontitis.274 Consumption of 
whole grains and fruit has also been shown to reduce periodontal 
disease progression and improve periodontal disease status among 
high- risk subjects.273,275 Lowered consumption of carbohydrates 
has additionally been determined to decrease markers of gingival 
and periodontal inflammation.26,276 Such correlative studies have 
offered a clinical perspective regarding the role of dietary carbohy-
drates and/or dietary fiber on worsened and improved periodontal 
disease status, respectively. The impact of increased carbohydrate 

consumption and increased fiber consumption, however, has yet to 
be understood from mechanistic perspectives. Periodontal disease 
is a multifaceted disease state involving intricate crosstalk between 
the oral microbiome and the periodontal and systemic immune sys-
tems.10 While the impact of diet on the clinical parameters of peri-
odontal disease has been noted, the impact of diet on microbial and 
immunologic parameters has yet to be fully delineated. Despite 
these limitations, a handful of studies have identified changes to 
the oral microbiota and/or periodontal immunity in response to di-
etary interventions. For example, a study by Woelber and Tennert26 
found that reduced consumption of processed carbohydrate signifi-
cantly altered the proportions of microbes in supragingival plaque 
and salivary samples, such that the numbers of S mitis, Granulicatella 
adiacens, Actinomyces species, and Fusobacterium species were re-
duced.277 Baumgartner et al251 additionally identified significant 
shifts in the proportions of microbes in dental plaque in response 
to “stone- age” dietary interventions in the absence of oral hygiene, 
in which counts of the periodontal pathogens T forsythia and A ac-
tinomycetemcomitans, as well as Streptococcus species, from tongue 
samples were reduced following 4 weeks of dietary intervention.251 
Although the amount of plaque on teeth was higher at the experi-
ment endpoint than at baseline, decreased bleeding on probing and 
periodontal pocket depths were noted and, despite abstinence from 
oral hygiene, gingival inflammation did not increase.251 The effect 
of dietary texture on oral health status is a relatively unexplored 
area of research; however, recent studies have offered insight to 
this emerging field.273- 275,278 A study by Sedghi and colleagues278 
found that the addition of dietary fiber as a mechanical influence 
in the oral cavity prompted significant changes to the murine den-
togingival microbiota.278 Interestingly, this study found that the 
most significant changes influenced by dietary fiber occurred in 
the presence of sugar compared with sugar alone.278 When com-
bined with sucrose, fiber significantly increased species richness, 
compared with a decrease in the Firmicutes to Bacteroides ratio 
prompted by a sucrose- only diet.278 Moreover, the addition of fiber 
led to a decrease in Corynebacterium species, which are recognized 
as a cornerstone of oral biofilm formation.61,278 These findings have 
implications for altering microbial dysbiosis elicited by modern- day 
diets and, as such, the role of fiber on the oral microbiome warrants 
further investigation.

6  | FOOD METABOLISM IN THE OR AL 
C AVIT Y

6.1 | Digestion and macromolecule metabolism in 
the oral cavity

Digestion of starch is initiated in the oral cavity through the action 
of salivary alpha- amylase that catalyzes the hydrolysis of starch by 
cleaving α- 1,4- glycosidic linkages to yield smaller saccharide moie-
ties, such as maltose, maltotriose, and alpha- limit dextrins,279,280 
which can be utilized by early biofilm colonizers as well as by some 
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periodontal pathogens.8,281,282 The Agricultural (~10,000 years 
ago) and Industrial (~200 years ago) Revolutions resulted in historic 
boosts of sugar intake, and the rates of sugar intake have been ris-
ing ever since.17 A 2014 study estimated that added sugar consump-
tion among adults in the US has increased by more than 30% over 
the last 3 decades alone.283 The incidence of dental caries has in-
creased in parallel with rising sugar consumption.284 Excess carbo-
hydrate, particularly processed simple sugars, promotes the growth 
of rapidly growing saccharolytic microbes whose growth advantage 
permits out- competition of slower- growing species with alterna-
tive nutritional requirements.285 Saccharolytic bacteria, including 
Streptococcus, Actinomyces, and Veillonella species, degrade carbohy-
drates via the Embden- Meyerhof- Parnas pathways to produce acidic 
by- products, including lactate, acetate, ethanol, and formate, which 
cause demineralization of dental enamel and the development of 
carious lesions.22,188,286 A diet rich in carbohydrate intake promotes 
bacterial acidogenicity and acidurance by increasing the permeabil-
ity of the cell membrane to protons, induction of H+- ATPase activity, 
and stimulation of metabolic pathways involved in acid neutraliza-
tion and alkalination. Such processes encourage the outgrowth of 
acidogenic bacteria, such as S mutans, lactobacilli, and bifidobacte-
ria that enhance the carcinogenicity of dental plaque.8 Pathways in 
which sugar is metabolized are also shared among some periodontal 
pathogens, such as Fusobacterium and Prevotella, which can likewise 
cause acidification.8

Carbohydrate use by S mutans is a well- recognized feature in 
the pathogenicity of dental caries.22,188,286 Expansion of the genetic 
repertoire of S mutans to include increased uptake of carbohydrate 
and stimulation of genes involved in carbohydrate metabolism ap-
pears to have been a key evolutionary turning point, as popula-
tion genomics studies predict that the S mutans population started 
growing exponentially 10,000 years ago, around the advent of 
human agriculture.24,25 Streptococcus mutans uses dietary sucrose 
to produce exopolysaccharide matrix via glucosyltransferases and 
fructosyltransferases.181 The exopolysaccharide matrix and related 
glucan constituents synthesized by glucosyltransferases provide 
binding sites for further bacterial colonization and contribute to the 
resilience, bulk, and physical integrity of biofilm communities.188 
Furthermore, exopolysaccharides create chemical and metabolic 
gradients within biofilms that affect chemical and nutrient cycling as 
well as diffusion, thus altering the microenvironment and pH within 
biofilms consortium.187,287,288 For transporting mono-  and disac-
charides, S mutans primarily uses the phosphoenolpyruvate:sugar 
phosphotransferase system. While readily metabolizable mono-  and 
disaccharides are preferred, S mutans also transports oligosaccha-
rides through ATP- binding cassette transporters, such as the mul-
tiple sugar metabolism and maltose transport complex systems.289 
Carbohydrate catabolite repression is another important mechanism 
by which bacteria utilize carbohydrates, and this may offer increased 
fitness.290,291 Carbohydrate catabolite repression enables metabo-
lism of nonpreferred carbohydrates if preferred sources, such as glu-
cose, are not available. Carbohydrate catabolite repression functions 
through a complex regulatory framework that relies on feedback 

from the build up of glycolytic intermediates and through regulating 
expression of glycolytic genes by EII permeases. This adaptation en-
ables S mutans to optimize extraction of energy from carbohydrate 
types that pass through the oral cavity. The carbohydrate catabolite 
repression gene, catabolite control protein A (ccpA), is located up-
stream of the S mutans bacteriocin production regulon and has been 
shown to regulate the expression of this by controlling the expres-
sion of S mutans competence stimulating peptide.292

During the development of periodontal disease, protein- rich and 
neutral- alkaline environmental pressures promote the outgrowth 
of periodontal pathogens. Inflammatory processes promote the 
outgrowth of inflammophilic bacteria via the production of protein-
aceous substrates resulting from tissue destruction.8,293 Deepening 
of the gingival crevice and increased production of gingival crevic-
ular fluid increases the relative abundance of protein- degrading 
bacteria.8 Proteins can be metabolized into peptides and amino 
acids, such as aspartate, serine, and cysteine, by both host prote-
ases and peptidases. Amino acids are fermented to produce short- 
chain fatty acids, such as propionate, butyrate, succinate, acetate, 
and formate.8 Amino acid fermentation neutralizes acidic environ-
ments, making the environment more favorable for outgrowth of 
additional periodontitis- associated pathogens.8 Some bacteria, such 
as Prevotella intermedia, exist as both proteolytic and saccharolytic, 
depending on environmental pressures.294

6.2 | Influence of microbiota on taste 
perception and dietary preference

There has been extensive research on how nutrition and diet shape 
the microbiota, but comparably little research on how the microbi-
ota influences dietary behaviors and preferences. Recently insights 
have been  made into relationships between the oral microbiota 
and taste perception. Taste influences eating behaviors and there-
fore has major implications in overall health. There is well- known 
host genetic variability in taste perception that leads to different 
thresholds of sweet, sour, salty, and bitter taste between individu-
als. The most commonly studied variable genetic taste element is 
the taste 2 receptor member 38 (TAS2R38) gene, which encodes 
a bitter taste receptor. Three major haplotypes of this gene exist: 
proline- alanine- valine/proline- alanine- valine (PAV/PAV), or “super-
tasters”; proline- alanine- valine/alanine- valine- isoleucine (PAV/AVI), 
or “medium tasters”; and alanine- valine- isoleucine/alanine- valine- 
isoleucine (AVI/AVI), or “nontasters.” The phenotypes are generally 
determined by a taste test of perceived bitterness of the compound 
6- n- propylthiouracil. A recent study of healthy subjects defined as 
nontasters or supertasters (medium tasters were excluded) exam-
ined the potential link between taste and the tongue microbiota.27 
Lower thresholds for sweet, sour, salty, and bitter tastes were ob-
served for supertasters than for tasters, and the density of fungi-
form papillae was higher in supertasters. Through 16S ribosomal 
RNA gene profiling, the study also found higher relative abundances 
of Actinomyces, Oribacterium, Campylobacter, Solobacterium, and 
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Catonella species in the tongue dorsum microbiotas of supertasters 
than in that of nontasters. A follow- up study by the same group 
showed preliminary associations between some bacterial taxa on 
the tongue dorsum with gustatory functions. Additional associations 
were made between the bacterial taxa on the tongue dorsum and 
vegetable- rich diets (such as Prevotella) or diets rich in proteins and 
fats (such as Clostridia).295 These studies present the possibility that 
microbes may influence dietary preferences. Although conclusive 
mechanistic evidence in support of this hypothesis remains limited, 
it is plausible that microbes may modulate the expression levels of 
taste receptors in the mouth or that they may stimulate or inhibit 
these types of receptors through metabolite secretion. Future stud-
ies using functional microbiome analysis techniques can elucidate 
how diet- microbiota- host genetic interactions influence overeating, 
unhealthy eating, and the dental and periodontal implications of 
these behaviors.

6.3 | SARS- CoV- 2 Infection and Dysgeusia

The coronavirus disease 2019 (COVID- 19) pandemic, caused by 
the novel severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2), is associated with many symptoms including sore throat, dry 
cough, muscle aches, and chills, as well as enteric symptoms includ-
ing diarrhea, nausea, and vomiting.296 While many of these symp-
toms are shared with the common cold and influenza, a symptom 
more specific to COVID- 19 infection is loss of taste and smell, in 
which loss of taste, or dysgeusia, occurs in approximately 88.8% of 
cases.297,298 Such chemosensory deficits experienced in COVID- 19 
are often short- lived, with most symptoms resolving in 7- 10 days, 
with sense of smell often returning slightly earlier than taste.299 
Angiotensin- converting enzyme 2, the receptor that mediates entry 
of SARS- CoV- 2 into cells, is expressed in the oral mucosa and is 
enriched in human tongue cells among both gustatory and nongus-
tatory tongue epithelium.300,301 While the specific underlying mech-
anism of dysgeusia in COVID- 19 is not completely known, various 
hypotheses have emerged as new information continues to unfold. A 
neurologic mechanism has been suggested, in which direct damage 
to nonneural cells in the olfactory epithelium via SARS- CoV- 2 may 
also result in loss of taste.302 Another hypothesis includes the direct 
disturbance of angiotensin- converting enzyme 2- expressing cells 
in the taste buds and peripheral taste neurosensory chemorecep-
tors,303 or damage to cranial nerves involved in gustatory sensation, 
including cranial nerves 7, 9, and 10. Involvement of inflammatory re-
sponse pathways has also been suggested, in which the angiotensin- 
converting enzyme 2 receptors lining the oral mucosa are used by 
the virus to enter epithelial cells.304,305 Entry by SARS- CoV- 2 into 
the oral mucosa via angiotensin- converting enzyme 2 receptors may 
elicit an inflammatory response.306 Tissue hypoxia and tissue injury 
resulting from anemia and/or impaired oxygen transport exists as 
another potential mechanism by which COVID- 19 alters taste.307 
Hypozincemia is another possible mechanism, in which zinc chelation 
via immune mechanisms and related molecules may increase with 

the inflammatory processes implicated in COVID- 19. Such changes 
may induce localized changes in zinc homeostasis and hypozincemia 
of oral gustatory cells, thus resulting in taste disturbances that are 
also common in zinc deficiency.298,308

The significance of the oral microbiome in coinfection with SARS- 
CoV- 2 is a growing area of study. COVID- 19 has also been associated 
with coinfection by additional viruses, fungi, and bacteria, some of 
which are derived from the oral cavity. Poor oral hygiene, cough, 
abnormal inhalation, and in some cases mechanical ventilation are 
suggested to be mechanisms by which oral microorganisms may 
gain entry to the lower respiratory tract. For example, metagenomic 
sequencing of bronchoalveolar lavage fluid among patients with 
COVID- 19 demonstrated an increased presence of oral and upper- 
respiratory- tract bacteria.309 Opportunistic oral bacteria, including 
Veillonella parvula, Capnocytophaga gingivalis, Leptotrichia buccalis, 
and Prevotella melaninogenia were overrepresented in bronchoalve-
olar lavage fluid of patients with COVID- 19, suggesting that the oral 
cavity may serve as a reservoir of bacteria implicated in coinfection 
with SARS- CoV- 2 in COVID- 19.310 Such findings implicate a possible 
role for co- infection by the oral microbiota and SARS- CoV- 2 in the 
lungs of COVID- 19 patients,311 and highlight the importance of the 
oral microbiota in COVID- 19 infection and thus justify future studies 
in this area of research.

7  | OR AL HYGIENE AND THER APIES: 
IMPLEMENTING OR AL MICROBIOME 
LE ARNINGS IN DENTAL MEDICINE

7.1 | Toothbrushes

Toothbrushes have been used since the 19th century for a variety 
of oral health- related purposes.312 Toothbrushing is the cornerstone 
of most oral hygiene routines in developed countries. The American 
Dental Association recommends brushing one's teeth twice a day 
for 2 minutes with a soft- bristled toothbrush, along with flossing be-
tween teeth once per day. Toothbrushing mechanically displaces oral 
bacteria and plaque from the dentition and gingiva in order to limit 
long- term damage from their metabolic by- products. The American 
Dental Association recommends replacing one's toothbrush every 
3- 4 months, or once bristles become worn out.32 Toothbrushes are 
consistently exposed to microbes from the mouth and from the en-
vironment in which they are stored. A previous review highlights 
that during normal use, toothbrushes become heavily contaminated 
from sources including the oral cavity, environment, hands, aero-
sol, and storage containers.28 Previous studies have demonstrated 
that toothbrushes can inoculate the oral cavity with microorgan-
isms, but there has been little research on how the microbes har-
bored on the toothbrush influence the oral microbiota as a whole.55 
A 2020 study in which the microbial diversity in toothbrushes and 
oral cavities of 20 participants was examined using high- throughput 
sequencing, found that the oral and toothbrush microbiota shared 
similar Shannon Indices and that certain species were enriched in 
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toothbrushes, including Acinetobacter baumannii, Staphylococcus au-
reus, and Candida albicans.33 Such species have been implicated in in-
fectious disease, neurodegenerative disease, cardiovascular disease, 
and cancer. However, it is still unclear how readily these pathogens 
and other toothbrush bacteria can seed and survive in the oral cav-
ity; nonetheless, this highlights that toothbrushes may be reservoirs 
of bacteria, which are reintroduced to the host on a daily basis.

7.2 | Toothpaste

The effects of toothpaste on the oral microbiota have been inves-
tigated more thoroughly than the effects of toothbrushes. In the 
same study as previously described,33 the researchers also com-
pared the oral and toothbrush microbiotas of participants who 
used either traditional Chinese medicine toothpaste or antibacterial 
toothpaste. While both types of toothpaste effectively reduced the 
numbers of a selection of pathogenic bacteria, they also suppressed 
oral S salivarius and L salivarius, both of which are considered ben-
eficial. The toothpastes reduced bacterial numbers to differing de-
grees: ingredients in the Chinese toothpaste, such as honeysuckle, 
pseudo- ginseng, and mint, which replace antibacterial ingredients 
like sodium fluoride, permitted growth of higher numbers of bac-
teria. Other toothpaste formulations have been developed formu-
lated to shift oral ecology, rather than to completely decimate the 
microbiota. ZendiumTM contains proteins designed to promote oral 
health and limit disease- associated organisms. Amyloglucosidase, 
glucose oxidase, and lactoperoxidase are added to promote produc-
tion of hydrogen peroxide and hypothiocyanite, both of which exert 
antibacterial activity against plaque- forming species. Zendium also 
contains lysozyme, lactoferrin, and IgG. A randomized clinical study 
comparing Zendium toothpaste with a control toothpaste containing 
fluoride showed that brushing with Zendium increased the abun-
dance of organisms associated with gum health and decreased the 
numbers of those associated with periodontal disease. These results 
prove an important concept, namely that oral ecology can be manip-
ulated via the introduction of biochemical mediators. Future studies 
in this area will probe the metabolic output of these restructured 
communities, providing a more complete picture of the potential 
benefits shown in these preliminary results.34

7.3 | Mouthwash: old and new theories

Antimicrobial mouthwashes have long been used as antiseptics be-
cause of their ability to kill pathogens, such as methicillin- resistant 
S aureus, C albicans, S mutans, P gingivalis, and some viruses.37 These 
treatments are nonspecific and can wipe out large swathes of the 
commensal oral microbiota. Mouthwashes often claim to kill “99% 
of germs” in the mouth, a title that the modern understanding of 
oral microbes in health no longer condones due to improved under-
standing of the crucial role played by the oral microbiome in initiat-
ing food digestion and maintaining oral and systemic health.35 Most 

mouthwashes contain alcohol, hydrogen peroxide, or chlorhexidine, 
or a mixture of these active ingredients. Alcohol, although widely 
used in high concentrations as an antiseptic agent for surfaces, in 
most mouthwashes actually has little capacity to kill microbes be-
cause the amount of ethanol present is 25% or less. Furthermore, 
alcohol- containing mouthwashes can exacerbate bad breath, a com-
mon driver of mouthwash use, by reducing production of saliva in the 
mouth.17,71 Chlorhexidine digluconate is one of the most frequently 
used agents to kill bacteria, especially in dental clinics, and has po-
tent broad- spectrum antiseptic properties against gram- positive and 
gram- negative bacteria. It is also highly adherent to oral surfaces, 
making it an effective plaque- disrupting agent.36

The antimicrobial properties of mouthwashing agents have been 
well studied. Until recently, however, their effects on the function 
of oral microbial communities have been scarcely investigated. A 
recent 2020 study assessed the effects of repeated use of chlorhex-
idine mouthwash on the salivary microbiome and plasma biomark-
ers in 36 orally healthy patients: shifts in the proportions of oral 
microbes were found after 7 days of use of chlorhexidine mouth-
wash, most notably a greater abundance of species from the phyla 
Firmicutes and Proteobacteria, in conjunction with reductions of 
species from the genus Bacteroides, the phylum Saccharibacteria 
(formerly TM7), Candidate Division SR1, and Fusobacteria. These 
changes were accompanied by significant reductions in salivary pH 
and saliva buffering capacity and increased salivary lactate. Reduced 
salivary pH, increased salivary lactate, and reduction in the buffering 
capacity of saliva are associated with tooth decay and periodontal 
diseases. Chlorhexidine mouthwash also decreased the concentra-
tions of nitrite in the mouth and plasma.36 Oral nitrite can affect the 
concentrations of nitric oxide (which is vasodilatory) present in the 
bloodstream.173 Preliminary research points to a reduction of sys-
tolic blood pressure by the production of nitrite from oral microbi-
ota through this pathway.313 The oral nitrate- reducing capacity of 
bacteria in the mouth was also significantly reduced in the chlor-
hexidine mouthwash group compared with the control group. Nitrite 
forms in the mouth by bacterial reduction of nitrate obtained either 
from the diet or endogenously (from the synthesis of nitric oxide).314 
Species of the genera Veillonella and Actinomyces are thought to be 
the major reducers of nitrate in the oral cavity.315 In the chlorhex-
idine mouthwash group, the abundance of Actinomyces decreased 
significantly, possibly contributing to the lower reductive capacity 
observed. While more studies are needed to flesh out the contribu-
tions of oral bacteria to nitric oxide- associated clinical parameters, 
preliminary evidence suggests meaningful influences that should be 
considered in the use of chlorhexidine- containing and other antimi-
crobial mouthwashes.

7.4 | Probiotics

Oral probiotics are a method of direct introduction of particular spe-
cies into the oral microbiome to manipulate the pre- existing micro-
biota or elicit a biochemical and/or physiological response. A few 
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different approaches have been employed to generate anti- caries pro-
biotic formulations. One primary target is to harness the alkalogenicity 
of certain species to combat acidification and tooth demineralization 
by pathogenic organisms. A major source of alkalinity in the oral cavity 
is the breakdown of arginine to ornithine, carbon dioxide, and 2 mol-
ecules of basic ammonia. Administration of arginine alone has been 
shown to be effective at inhibiting the initiation of dental caries, and 
arginine has recently been included as a supplement in some tooth-
pastes.315 Many common oral microbes maintain this metabolic ca-
pacity. Microbial metabolism of arginine is accomplished primarily by 
the arginine deaminase system, which consists minimally of 3 different 
enzymes. Researchers have studied the effects of introducing probi-
otic strains of bacteria with superior arginolytic capacity. Lactobacillus 
brevis is known to produce high levels of arginine deaminase, and in a 
study in which L brevis- containing lozenges were administered to 21 
patients with periodontal disease, the treatment led to complete ame-
lioration of all clinical parameters analyzed in all patients.42 It is now 
recognized that the arginine deaminase system is important in more 
than just pH modulation— it also influences the inflammatory immune 
response of the host to periodontal pathogens, which can damage 
host tissue. In the study above, of L brevis, activity of the inflammatory 
markers prostaglandin E2, interferon- gamma, and Matrix metallopro-
teinase were substantially decreased in treated patients. As arginine 
is also a substrate for nitric oxide synthase, a mediator of multiple in-
flammatory pathways, it is hypothesized that increasing the competi-
tion for this substrate using the arginine deaminase system decreases 
nitric oxide production, thus reducing inflammatory activation.42

Another angle that has been taken in designing probiotics is the 
targeting of specific pathogenic bacteria that are known potentia-
tors of dental caries and periodontal disease. Streptococcus mutans 
is a key contributor to dental biofilms associated with the formation 
of dental caries,44 and plays a major role in the development and es-
tablishment of extracellular polysaccharide matrices, which increase 
the virulence of the biofilm and facilitate persistence of an acidic 
environment in the mouth.316 Certain bacteria obtained from plaque 
of caries- free persons have exhibited inhibitory properties toward 
pathogens, such as S mutans. In addition to strongly expressing the 
arginine deaminase pathway, the novel strain of Streptococcus, called 
A12, produced hydrogen peroxide in large quantities along with 
specific virulence factors that could arrest S mutans growth and in-
terrupt S mutans signaling pathways.45 A12 also demonstrated the 
capacity to prevent S mutans from killing other arginine deiminase 
system (ADS) producers by degrading the S mutans bacteriocin- 
inducing peptide signal—  accomplished through secreting a protease 
that blocked the competence- stimulating peptide signaling system. 
This protease, termed challisin, was first discovered in a certain S gor-
donii strain and was thought to be specific to this organism.317 These 
results thus demonstrate the existence of organisms with convincing 
anti- caries phenotypes that may be leveraged to establish healthy 
oral microbiomes. However, these qualities are very specific at the 
species and strain levels, and tight quality assurance will be needed 
for incorporation into probiotic formulations.

Throughout the last decade, human microbiome research has fo-
cused on the gut and its connection with various diseases. Interest 
has now shifted to other areas of the human body with an increased 
focus on the oral microbiome. Hippocrates’ famous quote, “All dis-
ease begins in the gut” still holds true today, but we must remember 
that everything in the gut must pass through the oral cavity. This has 
led to an increased interest in the oral microbiome and its relationship 
to health and disease. Advancements in sequencing technologies 
combined with longitudinal multimodal approaches have increased 
our understanding of the role of the oral microbiome in health and 
in systemic diseases. Evidence connecting the relationship between 
dysbiosis of the oral microbiome and various systemic diseases has 
raised awareness of the importance of the oral microbiome in reg-
ulating health. Full knowledge of the role of the oral microbiome in 
health, and methods to modulate these ecosystems, can provide an 
alternative approach to disease prevention and treatment.
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