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The human oral microbiotais highly diverse and has a complex ecology,
comprising bacteria, microeukaryotes, archaea and viruses. These
communities have elaborate and highly structured biogeography that
shapes metabolic exchange onalocal scale and results from the diverse
microenvironments presentin the oral cavity. The oral microbiota
alsointerfaces with theimmune system of the human host and has an
importantrolein not only the health of the oral cavity but also systemic
health. In this Review, we highlight recent advances including novel
insights into the biogeography of several oral niches at the species
level, as well as the ecological role of candidate phyla radiation bacteria
and non-bacterial members of the oral microbiome. In addition, we
summarize the relationship between the oral microbiotaand the
pathology of oral diseases and systemic diseases. Together, these
advances move the field towards a more holistic understanding of the
oral microbiotaanditsrolein health, whichin turn opens the door to
the study of novel preventive and therapeutic strategies.
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Review article

Introduction

“Ididn’t clean my teeth for three days and then took the material that
had lodged in small amounts on the gums above my front teeth...
Ifound afew living animalcules” from Antonie van Leeuwenhoek’s
letter to the Royal Society on observations made from his own dental
plaque, translated by Clifford Dobell)".

The direct visual observation of bacteria in the oral cavity by Antonie
van Leeuwenhoek in 1670 using his self-designed microscope marked
thediscovery of the oral microbiota. The diverse morphologies of the
microorganisms he observed, and later depicted in hisnotebook, were
anearly indication of the complexity of the oral microbial community.
Subsequent study of the human oral microbiome has revealed that the
microorganisms residing in the oral cavity are a major contributor to
overall host health and that dysbiosis in the oral microbiome is fre-
quently involved inthe pathogenesis of both oral and systemic diseases.
The oral microbiome is acquired through both maternal transmis-
sion and the environment, in an organized pattern, with the eruption
of teeth providing new ecological niches and increasing diversity*’.
The acquisition and establishment of the oral microbiome have been
recently reviewed in depth®.

The accessibility of the oral microbiota enables the process of
biofilm and community assembly to be directly captured at the sites
of interest’, and hence the oral microbiota offers a powerful model
system for exploring and understanding complex microbiomes. Dis-
tinct habitats within the mouth are colonized by microbiotas that
are widely different in both composition and spatial organization
(Fig. 1a—e). Within the oral cavity, bacteria, archaea, eukaryotes and
viruses coexist and interact with each other and with the human host
(Fig. 1f). By contrast, at less accessible sites such as the human gut,
microbiome structure and assembly must typically be inferred, for
example, through faecal samples. Therefore, there is enormous poten-
tial in using omics approaches to examine the diverse communities
of'the oral microbiotabothinsituand usingin vitro model systems to
elucidate principles of microbial community assembly and ecology.

Recently developed technologies including culture-independent
metagenomic sequencing, single-cell sequencing, fluorescence in situ
hybridization-based microscopy (FISH-based microscopy), metatran-
scriptomics, metaproteomics and metabolomics have revolutionized
the scale and level of resolution of oral microbiome research. These
technologies have synergized with cultivation-based research, which
has continued to provide the foundational model systems, whereby
hypotheses generated by the new technologies can ultimately be tested
and explored (Box1). Theresulting research has substantially increased
our understanding of the community composition, genomic diversity,
biogeography and metabolic underpinnings of the oral microbiota®™’.
In this Review, we highlight recent findings that have illustrated
that the oral microbiota is diverse, structured and can influence host
pathophysiology on a systemic scale. Metagenomic sequencing and
other technologies have continued to confirm that in addition to
canonical bacteria, the oral microbiota is home to a highly diverse
community of ultrasmall candidate phyla radiation bacteria (CPR
bacteria), as well as fungi, amoebae, flagellates, archaea and viruses
(Fig. 1f). The oral microbiota is also highly structured, with combina-
torial labelling and spectral imaging fluorescence in situ hybridization
(CLASI-FISH) microscopy now able toillustrate microbial biogeography
at the micrometre scale and species level. Finally, in addition to oral
diseases such as dental caries, periodontal disease and oral cancer
(which are also briefly reviewed), the oral microbiome is increasingly
recognized to have amajor role in the development of many systemic
diseases. Itisnot possibletoincludealltheimportant recentadvances
inourunderstanding of the oralmicrobiota and its role in health within
the scope of this Review. Therefore, many topics are covered in broad
terms, and readers are directed to comprehensive reviews that address
specifictopicsin more depth. The topics that are covered inmore detail
represent several of the most recent and impactful breakthroughs.

Diversity of the oral microbiome

Most oral microbiomeresearch, particularly early studies, used 165 rRNA
gene amplicon sequencing and therefore focused on bacteria exclu-
sively. Oral microbiome studies have shown that there is a diverse set of

Fig.1| Biogeography of the oral microbiome and relative sizes of its members.
a-d, Microbial communities with disparate structure and composition colonize
different surfaces in the mouth. a, Distinctive habitats within the oral cavity

host adiversity of resident taxa, whose biogeography can be visualized via
combinatorial labelling and spectral imaging fluorescence in situ hybridization
microscopy of the supragingival plaque (partb), the buccal mucosa (part c)

and the dorsum of the tongue (part d). Shown are bacterial members of the

oral microbiome and the characteristic structures they form at each site. Until
recently, most human microbiome studies analysed the bacterial distribution
atthe genuslevel or even at the phylum level. With the increasing availability

of whole-genome metagenomic sequence data, distribution patterns of

closely related species can be distinguished. e, A recent study analysed the
distribution of species of the abundant oral genus Streptococcus using short-
read metagenomic sequence data from the human mouth and found that

each species was found primarily at one oral site. In the figure, species are
indicated by coloured dots corresponding to the colours in the legend; the

size of species dots corresponds to their abundance. These whole-genome
datacould differentiate closely related taxa such as Streptococcus mitis, found
primarily on the buccal mucosa; Streptococcus oralis found in dental plaque; and
Streptococcus infantis, found on the tongue dorsum'®.. f, Together, the sizes of
oral microorganisms and microbial structures span four orders of magnitude,
from nanoscale viruses to bacterial aggregates of hundreds of microns. Bacterial
cellsrange in size from 200-300 nm (the diminutive Saccharibacteria) up to

10 pm (such as the long spirilliform Treponema), with the majority around

1um (for example, 0.8-pm diameter Streptococcus spp.). Bacterial aggregates
and consortia comprise the largest component of oral microbial biomass

(up to hundreds of microns) and include ordered polymicrobial structures,
distinctively named to suggest their features. ‘Hedgehog’ aggregates are found
abundantly in healthy oral microbiomes and are composed of long filaments

of multiple cells of Corynebacterium decorated with Streptococcus and other
cocciat their periphery (forming ‘corncobs’ up to 50 pmin length) and creating
densely packed environments that facilitate the growth of anaerobe species
including Leptotrichia spp., Fusobacterium spp. and Actinomyces spp. within.
‘Rotund’ aggregates have been identified in association with caries and comprise
aninner mass of Streptococcus mutans and associated exopolysaccharide
matrix, a surrounding layer of S. oralis or other non-mutans streptococciand
an outer layer of non-streptococci. Oral eukaryotes include the rare motile
protists Trichomonas and Entamoeba, as well as the non-motile fungal genera
Candida and Malassezia, and they are all around the same order of magnitude
insize as human neutrophils (around 5-15 pm), which are abundant in the
gingival crevicular fluid during inflammation. The smallest members of the oral
microbiome are the viruses, which are known to include human-infecting
viruses (for example, the abundant anelloviruses), viruses infecting bacteria
(bacteriophages) and likely also viruses infecting oral micro-eukaryotes.

Part b reprinted with permission from ref. 93, PNAS. Photos in partscand d
courtesy of J.M.W. Part e adapted with permission fromref. 101, Wiley.
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a Distinctive habitats within the mouth

Spatial organization of the oral microbiota shows close association

between disparate taxa
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Box 1

Strategies and factors that may influence detection of oral

microorganisms

¢ Detection of oral microorganisms

Sequence information can predict ecology

Cultivation of sequence-divergent

is facilitated by synergy between
key methodologies'® including
cultivation, sequencing and bio-
informatics, and microscopy and
fluorescence-based cell sorting
(see the figure). For example, in
an approach deemed ‘reverse-
genomics isolation’, sequence
information can be used to engi-
neer antibodies for recovering
specific microorganisms from

and growth requirements and enable the
engineering of antibodies for ‘fishing’ viable
target microorganisms out of oral samples

Cultivation

Microscopy using FISH-based
approaches uncovers fine-scale spatial
relationships, revealing potential
microbial metabolic partnerships and
optimal growth conditions

viruses (phages) facilities recognition of
otherwise unassignable ‘dark matter’ as
bona fide viral

Sequencing and
bioinformatics

Fluorescence-based cell sorting
enables targeted sequencing of the
genomes of single cells

Oral
microbiome

complex samples for subsequent
cultivation’®

e Examples of factors that may
influence detection of oral
microorganisms

Sample collection and

fractionation

Cells that are small, narrow or lacking cell walls (for example,
Mycoplasma, Thermoplasmata'’, L-forms'®® and candidate phyla
radiation (CPR) bacteria'®) will pass through 0.2-um filters commonly
used to collect bacteria; those without cell walls, and amoebae and
flagellates, may be killed by osmotic shock. Viruses associated with
large particles are lost if using sub-0.2 um fractions (common for
viromes), and cells and viruses inside microeukaryotes and human
cells are lost if excluding larger size fractions. Small or richly encap-
sulated bacteria may not pellet readily, and lipid-containing virions
partition differently from tailed phages in ultra-centrifugal density
gradients"%"”". Some viruses (including phages) are damaged by
chloroform'®"' and bind to plastic consumables'.

Dependence on interactions

Removed from the comforts of their natural niches, microorganisms
may require or benefit from co-culture with syntrophic microorga-
nisms'>"”° that provide necessary unknown growth factors. The need
for co-cultivation reaches extremes with microorganisms that rely on
specific hosts for replication (CPR and predatory bacteria, and viruses).

Cultivation conditions

For culture experiments, the following needs to be considered:
temperature (35-39°C); pH (2-8); electron donors and acceptors;
osmolarity; vitamins; iron (and perhaps siderophores'”); suitable

Sequence information enables the design
of taxon-specific and gene-specific
probes for use in FISH-based microscopy

) (and FACS)
Microscopy and

fluorescence-based cell sorting

nutrient and carbon sources (for example, dietary and human-derived
or microorganisms-derived, such as muropeptides for Tannerella');
presence of reactive oxygen species produced during autoclaving of
agar and phosphate-containing media'”’; and oxygen toxicity — new
chemical-based and co-cultivation-based approaches are reported
for oxic cultivation of anaerobes'®"®, Recent work™®' on gut anaerobes
shows that they grow well at low oxygen concentrations (0.10-0.14%,
‘anaerobic’ growth), which enables the use of traditional oxygen-
requiring fluorescent protein tags and opening the doors for use of
these methods with oral anaerobes.

Nucleic acid extraction, sequencing and bioinformatics
Microorganisms differ in susceptibility to extraction protocols

(for example, proteinase K-resistant cell walls'®?, requirement for
bead beating® and requirement for protease treatment for some
viruses'"). Common primers may have mismatches or lack specificity
(for example, divergence of 16S ribosomal DNA sequences in some
CPR phyla' and off-target amplification with high cycle number'®).
Finally, rarity or unusual genome features (for example, DNA modifi-
cations, repeats and viral genome length) and lack of appropriate
reference databases affect sequence-based detection and classifi-
cation, especially for fungi®® and viruses (identification of oral phages
for incorporation into the Human Oral Microbiome Database is under-
way, and IMG/VR™* identifies and clusters phage contigs predicted in
oral metagenomes).

FACS, fluorescence-activated cell sorting; FISH, fluorescence in situ hybridization.

more than 700 bacterial species’ (Human Oral Microbiome Database)
drawn largely from a few dozen genera across seven phyla: Actino-
mycetota (formerly, Actinobacteria"), Bacteroidota (Bacteroidetes),

Bacillota (Firmicutes), Fusobacteriota (Fusobacteria), Pseudomon-
adota (Proteobacteria), Saccharibacteria (TM7) and Spirochaetota
(Spirochaetes). The abundant bacterial species that make up the bulk
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of the oral microbiome are generally conserved across individuals.
However, differences in the relative abundances of the taxa, as well as
strain-level differences and the presence of rare strains and species,
account foralarge fraction of the gene-level diversity observed across
individuals and canalso be used to distinguish individuals™. The declin-
ing cost of sequencing and increased computing power, combined
with the development of new bioinformatics tools, hasled toincreased
use of metagenomic and metatranscriptomic sequencing to study the
oral microbiome. Crucially, metagenomics enables the detection of
organisms thatlack 16S rRNA genes, thus substantially expanding the
known oral microbiome beyond bacteria. The oral microbiome is now
known to harbour an abundance of viruses, as well as less common,
but impactful, taxa such as fungi, protozoa and archaea (Fig. 1f). The
following sections provide an overview of several of these groups of
organisms that have historically beenless well studied, but are receiving
increased attention as their prevalence becomes more clear.

Candidate phyla radiation bacteria

CPR bacteria are a large monophyletic group” that is now thought
to account for more than 25% of global bacterial diversity" .
Of the more than 70 phyla identified within CPR, Saccharibacteria
(formerly TM7), ‘Candidatus Absconditabacteria’ (SR1) and ‘Candida-
tus Gracilibacteria’ (GNO2) are routinely detected in the human oral
microbiome", Saccharibacteria are of particular interest owing to their
higher prevalence and abundance inthe mouth, as well as their widely
documented association with mucosal diseases' .. The firstisolation
and cultivation of a CPR bacterium, the oral Saccharibacteria species
Nanosynbacter lyticus strain TM7x, demonstrated thatit had an ultras-
mall cell size (200-300 nm), a reduced genome with limited de novo
biosynthetic capabilities® and an epiparasitic lifestyle dependentona
physically associated bacterial host (in this case Schaalia odontolytica).
Thesefeatures are thought to be representative of all CPR bacteria and
explain the difficulty inisolating CPR taxa in pure culture® 2,

There are atleast six major clades of Saccharibacteriain the oral
cavity, known as clades G1-G6 (candidate names proposed inref. 21).
All six Saccharibacteria species-level taxa that have thus far been
cultivated are from the Gl clade” . The current hypothesis is that
mammal-associated G1 Saccharibacteria were ancestrally environ-
mental, perhaps most recently acquired by mammal microbiotas
from groundwater sources'”?, an event that was likely to be accom-
panied by the acquisition of new functions that facilitate their adap-
tation from environmental to mammalian niches. Recent advances
inlong-read sequencing technologies have enabled reconstruction
of complete genomes from metagenomic saliva samples (that is,
without isolation or cultivation) and have produced the first com-
plete genomes from Saccharibacteria clade G6 (aka ‘Candidatus
Nanogingivalaceae’ and HMT-870)%. Analysis of these genomes
illustrated that the minimal pathways encoded by these epibionts are
substantially different from those encoded by the clade G1 Saccha-
ribacteria, which suggests that the non-Gl1 clades may have diverse
hosts and host dependencies as well as diverse ecological and/or
pathogenicroles”.

Although multiple studies have associated Saccharibacteria abun-
dance with disease, their basic physiology and mechanisms of patho-
genesis remain largely unknown. Two recent studies®?*°, which have
begun to shed light on these topics, are described in detail in Box 2.
Association of TM7x with its S. odontolytica bacterial host increased
survival of the host during acid stress, presumably through the argi-
nine deiminase system encoded by TM7x*. This finding illustrated

thatalthough parasites routinely negatively affect the growth of their
hosts, co-evolution selects for host-epibiont pairs that offer advan-
tages to both taxa®. Another study demonstrated that the presence
of Saccharibacteria actually decreased bone loss caused by Actino-
bacteriainamouse model of periodontal disease, in contrast to earlier
hypotheses suggesting that Saccharibacteria were overt periodontal
pathogens®. Together, these studies demonstrated that the distinct,
dynamic interactions between CPR and their bacterial hosts have
considerable impact on the physiological, ecological and pathogenic
roles of their hosts in the oral microbiota and human disease and that
these processes remain poorly understood®.

Microeukaryotes and archaea

Inadditiontobacteria, the oral microbiota also encompasses microeu-
karyotes (fungi,amoebasandflagellates),archaeaand viruses (discussed
subsequently). Although amplicon-based microbiome studies have
identified more than 100 genera of fungi in the mouth?~*, far fewer
aredetected onaroutine basis®. The oral mycobiomes of individuals are
generally dominated by either Candida®* or Malassezia®**° species.
As Candidatypically consume sugars and Malassezia typically consume
lipids, the genera are likely to have quite different ecological roles™.
Thereis arich history of the study of bacterial-fungal interactions in
the oralmicrobiome (reviewed elsewhere>”’). More recent work is add-
ing further depth to the understanding of the molecular mechanisms
behind these relationships and their impacts on the human host. For
example, Streptococcus gordonii facilitates the survival and escape
of Candida albicans from macrophage phagosomes’®, whereas Pseu-
domonas aeruginosainhibits the same processes. Furthermore, strepto-
cocciand Candida species have synergistic carbohydrate metabolisms
and exhibit cross-feeding®**°. C. albicans has been associated with
cariesin microbiome studies* and is known to physically and metaboli-
cally interact with Streptococcus mutans, reinforcing the biofilm and
acid-based virulence of these multispecies biofilms*>*’, Arecent study
demonstrated that aggregates of C. albicans and S. mutans, isolated
fromtoddlers with severe tooth decay, had emergent properties that
were not characteristic of either taxon alone, such as an enhanced
ability to colonize surfaces*.

Less well studied than the oral fungi are archaea, amoeba (Enta-
moeba gingivalis) and amitochondriate flagellates (Trichomonas
tenax®). All three of these groups live primarily in periodontal pock-
etsand are associated with periodontal disease***. E. gingivalis feeds
on live human cells, which suggests a distinct pathological role for
this organism**°°. Both oral amoebas and flagellates seem to have
strain-level differences that account for differences in pathological
potential’*2, The role of Archaea in the oral microbiota, and possibly
human disease, has been recently reviewed*”**. Methanobrevibacter
oralis seems to be the most common and abundant archaeal taxon
found in the oral microbiota®*, Methanogenic archaea can facilitate
the growth of fermentative bacteria by consuming hydrogen’®, and
predicted potential syntrophic partners of oral archaea include the
genera Synergistes, Prevotella and Veillonella”*°. Association studies
show increases in archaeal abundance with obesity and smoking®’.
Although archaeaand microeukaryotes are relatively low inabundance
inthe oral microbiome compared with bacteria, they are likely to have
adisproportionately important ecological and pathogenicrole owing
totheirlarger size and distinct metabolic capabilities. It will be neces-
sary to better integrate the study of these taxa into oral microbiome
research to obtain a more complete picture of their ecology and the
relationship to human disease.
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Box 2

Challenges to early hypotheses in Saccharibacteria ecology

Ideas about the ecological roles of oral Saccharibacteria are
evolving. A recent study identified an arginine deiminase system
(ADS) that was found in the genomes of the mammal-associated

G1 group Saccharibacteria, but was lacking in their environmental
counterparts®. TM7x used the ADS to maintain membrane integrity
and higher levels of infectivity in the presence of arginine (see the
figure, parta). ADSs are known in the context of the dental plaque
microbiome to be part of the bacterial acid tolerance response,

as the metabolism of arginine to ATP and ammonia (an alkaline
molecule) both directly buffers the acidic environment and can
increase ATPase-mediated proton extrusion. Interestingly, the ADS
activity not only increased the viability of TM7x in the presence of
acid stress but also increased survival of the Schaalia odontolytica
host (see the figure, part a). Although TM7x was initially regarded as a
parasite that negatively affects the growth of its host bacterium under
laboratory conditions, and even kills its host under starvation??%',
these findings, along with others that showed that TM7x promoted
biofilm formation by the S. odontolytica host™?, indicate that
association with TM7x can provide advantages for the host bacteria
to persist within the oral cavity under certain conditions.

Without arginine With arginine
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ADS protects symbionts from acid stress in oral cavity

Another study® used a mouse ligature-induced periodontitis
model to investigate the pathogenicity of Saccharibacteria (see
the figure, part b). Interestingly, although host Actinobacteria
alone induced severe periodontal tissue loss, association with the
Saccharibacteria that were isolated from periodontal pocket reduced
inflammation and consequential bone loss by modulating host
Actinobacteria pathogenicity, challenging the hypothesis that TM7
are overtly pathogenic bacteria®®'?, A possible explanation for these
observations is that although Saccharibacteria are inflammophilic
and can efficiently utilize nutrients from the inflammatory destruction
of tissues, they may not necessarily induce a further inflammatory
response”. Furthermore, the role of Saccharibacteria in human
periodontal disease is likely to be more complicated than what
was demonstrated in this simplified animal model, in which only
Saccharibacteria and their host bacteria were introduced. On
the basis of the current view of the importance of polymicrobial
metabolic synergy in the disease aetiology, the presence of other
human periodontal pathobionts may have an impact on the
interaction between Saccharibacteria and its host bacteria, thus
modulating their role in the disease initiation or progression.
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Glossary

16S rRNA gene amplicon
sequencing

A microbiome sequencing technique
whereby the variable region or regions
of 16S rRNA genes are amplified by PCR
using primers specific to the flanking
conserved regions; the amplicons are
then sequenced, providing information
about the presence of and qualitative
information about the relative
abundances of the various taxa within
the sample.

probes in FISH. Hybridization of probe
to target enables cells or structures
containing the sequence of interest
to be observed directly using a
fluorescence microscope.

Gingipains

A family of proteases secreted by the
pathogen, Porphyromonas gingivalis,
which can degrade cytokines and alter
the host inflammatory response.

Candidate phyla radiation
bacteria

(CPR bacteria). A large, monophyletic
group of bacteria that have reduced
genomes and ultrasmall cell size and
are thought to have an epiparasitic
lifestyle dependent on bacterial host
organism or organisms.

Gingival crevicular fluid

(GCF). A serum-like fluid that flows into
the gingival sulcus (the gap between
gums and teeth) from the blood vessels
within the gingival connective tissue.

Combinatorial labelling and
spectral imaging fluorescence
in situ hybridization
(CLASI-FISH). A microscopy technique
whereby each taxon of interest is
labelled with multiple fluorophores

to greatly expand the number of
distinguishable targets. Microscopes
capable of spectral imaging allow the
use of fluorophores with overlapping
emission spectra.

Metagenomic sequencing

A microbiome sequencing technique
whereby an arbitrary subset of the
DNA extracted from the sample

is sequenced (as opposed to the
sequencing of a targeted region by
PCR, asin16S rRNA gene amplicon
sequencing), providing genomic
information and taxonomic resolution
that is not possible with amplicon
sequencing.

Dysbiosis

Adisruption (that is, a change in
taxonomic abundance, metabolism
and or ecology) in the normal,
health-associated microbiota that
results in an ecological imbalance,
frequently contributing to or resulting in
a pathological state.

Pathobiont

Opportunistic microorganism that
emerges as a result of perturbations in
the healthy microbiome.

Prebiotic

Compounds that foster growth or
activity of microorganisms that are
generally beneficial to the human host.

Fluorescence in situ
hybridization-based
microscopy

(FISH-based microscopy). Microscopy
that uses fluorescently labelled DNA
oligonucleotides complementary to
specific DNA or RNA sequences as

Probiotics

Live microorganisms that are
intended to have health benefits when
administered or consumed.

Syntrophy

A phenomenon (also known as
cross-feeding) whereby one species
is living off the metabolic products of
another species.

Viruses

Most viruses in the oral microbiome are phages that infect bacteria.
Although an early, influential study concluded that phages may not
be asimportantin the oral microbiome as they are in other systems™®,

this finding is being reevaluated as recent work illustrating the diversity
and abundance of phages in the oral microbiome strongly suggests
that phages are exerting substantial selective pressure in the mouth.
A major driving force behind this paradigm shift is greatly improved
sequence databases, sequencing capacity and phage-detecting bioin-
formatics tools, which have thus far led to the identification of more
than 60,000 species-level groups of phages in the oral microbiome®.
Inaddition to theidentification of phage genomes, their influence can
alsobe observedin the microbiome by the presence of phage-targeting
CRISPR spacers in the genomes of oral bacteria®®®'. Although the per-
cent of oral CRISPR spacers identifiable as targeting phages has thus
far been low®?, the increasing number of representative oral phage
genomes within databases (for example, IMG/VRv4 (ref. 59), the Cenote
Human Virome Database®, the Oral Virome Database® and the antici-
pated expansion of the Human Oral Microbiome Database to include
phages) is expected to likewise promote the identification of increas-
ing numbers of spacer sequences as phage-derived. A recent study of
Porphyromonas gingivalis®, for example, has shown that strains of this
species commonly harbour phages that have integrated into their
genomes (as prophages) and that some strains of P. gingivalis encode
CRISPR spacer sequences that would be expected to protect against
infection by these phages, suggesting that phages have a role in
intraspecies antagonismin the oral microbiome. The few studies of oral
phages that have been done also indicate that they have potential to
impact overall community assembly®® and interactions with the human
host®. There are two noteworthy obstacles that have continued to limit
cultivated model phage-bacteria systems to a handful of oral bacterial
species®, First, phage interactions are sensitive to culture conditions
and many have a narrow host tropism®’ (often as a result of the action
of defence systems in bacteria’®”"), requiring studies to include large
panels of culture conditions and strains from each species of interest
or derive the bacterial strains used as baits from the same samples to be
tested for phage’. Second, some phages have life cycles that limit their
detectionwith traditional plaque and turbidity (thatis, bacteria-killing)
assays, necessitating other detection methods”. Overcoming these
hurdles, to establish and investigate more broadly representative oral
phage-bacteria model systems, willbe key to accelerating development
of phage-based bioengineeringtools, clinical practices and therapeu-
tics aimingto shape the oral microbiotato prevent or reverse dysbiosis
and resulting diseases.

Beyond phages, recent discoveries in vaginal, gut and skin micro-
biomes of viruses infecting archaea™, Entamoeba”, Trichomonas™"’
and Malassezia’® suggest that similar viruses will be identified for
oral species of these groups, and indeed the recently described
Redondoviridae’ have now been identified as infecting Entamoebagin-
givalisin the mouth®. Virusesinfecting humans are also presentin the
saliva (recently reviewed elsewhere®*?). Greater than 90% of the human
populationis chronically infected with viruses in the Anelloviridae and
the Herpesviridae® families and both groups are commonly detected
in the saliva®®, with Herpesviridae® potentially contributing to peri-
odontal disease®. Chronic viralinfections are likely to affect the global
state of the human immune system®, highlighting the value of holistic
approachestounderstanding the role of the oral microbiome in health,
inflammation and disease. Altogether, continued investment in eco-
logically representative model systems, reference sequence databases
and cross-sectional and longitudinal studies (such as the foundational
oral virome studies reviewed elsewhere®), which are inclusive of the
CPR bacteria and non-bacterial members of the oral microbiota, will
be important to achieving a comprehensive understanding of these

Nature Reviews Microbiology


https://img.jgi.doe.gov/vr/
https://zenodo.org/record/4498884
https://zenodo.org/record/4498884
https://github.com/RChGO/OVD
https://homd.org/

Review article

microbial communities, and how they might be leveraged as tools and
therapeutics to maintain health and prevent disease.

Biogeography of the oral microbiome

The oral cavity contains many distinct microenvironments that support
different microbial communities (Fig. 1a). These include the hard sur-
face of thetooth enamel (both above and below the gumline), the kerati-
nized surfaces of the palate, gingiva and tongue papillae and the soft
surfaces such as the buccal mucosa. Site specialization by oral bacteria
has been observed for decades, but has been analysed more compre-
hensively and precisely inrecent years using cultivation-independent
methods and genome-scale information®. Interestingly, generasuch as
Fusobacterium and Veillonella, and families such as the Prevotellaceae,
contain separate, distinct species that are specialized for the tongue,
dental plaque or gums, which suggests that the oral microbial com-
munity has evolved to occupy these distinct oral habitats®®. Factors
influencing the microbial community composition at distinct sites
include the surface characteristics of the substrate, gradients of oxygen
and nutrients and proximity to salivary glands®*°°. Because microor-
ganisms from all oral sites are shed into saliva, and salivais distributed
throughout the mouth, most oral microorganisms are detectable at
any oral site, but are detected at up to several orders of magnitude
higher relative abundance at the site or sites thought to be their true
niche®®, The microbiotas of dental plaque, the tongue dorsum and
the keratinized gingiva are the most distinctive from one another®%,

Some of the most compelling recent advancesin oral microbiome
research haverevealed the spatial organization (biogeography) of oral
biofilms. Many of the interactions between bacterial cells, including
adhesion, syntrophy and secretion of molecules that manipulate or
destroy adjacent cells, occur when cells are touching or are only a
few micrometres apart®. Therefore, the spatial organization of oral
biofilms determines which bacteria are located in close enough prox-
imity toinfluence each other’s biology and determines emergent bio-
film properties’. Recent developments in microscopy and imaging
enabled the visualization and analysis of the spatial organization of
microorganisms in complex oral biofilms®~°°, The development of
CLASI-FISHimaging enabled the simultaneous identification of many
different taxa within biofilm samples and demonstrated that bacteria
inthe mouth build complex, spatially organized communitiesin which
taxonomically and metabolically disparate bacteria are directly adja-
centtooneanother (Fig.1b-d). The positions of the various members
relative to one another or within the community overall provided clues
as to the dynamics and interaction of the community members’,
Studies using CLASI-FISH to examine the plaque biofilm suggested
that Corynebacterium matruchotii forms a physical bridge between
the base of the biofilm and its outer layers’*. Some species have even
more precise localization patterns, such as Streptococcus spp., which
localize to the ‘corncob’ assemblage at the tips of Corynebacterium
filaments”® (Fig. 1b). This finding challenged a classic model of oral
biofilm development, in which Fusobacterium nucleatum had a key
structural role in bridging between early and late colonizers®. How-
ever, recent work has suggested that the cross-feeding and trophic
interactions between F. nucleatum and early-colonizing commensals
caninfluence biofilm development and dispersion of later colonizing
pathogens, such as P. gingivalis'®°.

More recently, probes for CLASI-FISH have been developed to
identify oral bacteria at the species level, which is important given
the taxonomic and pathogenic diversity within highly abundant oral
generasuchas Streptococcus and Prevotella. For example, in the context

of dental caries, some streptococci, such as S. mutans, are regarded
as pathogens, whereas others, such as S. gordonii, are regarded as
health-promoting commensals'’'. A recent study analysed the dis-
tribution of species of the abundant oral genus Streptococcus using
short-read metagenomic sequence data from the human mouth and
found that the closely related Streptococcus mitis, Streptococcus oralis
and Streptococcus infantis primarily occupy different regions of the
mouth:S. mitisisfoundinhigh abundance onthebuccalmucosa, S. oralis
in dental plaque and S. infantis on the tongue dorsum'” (Fig. 1e).

Inrecent work using fluorescence microscopy to examine multi-
species biofilms, S. mutans was found either dispersed throughout
the biofilms or densely packed within an extracellular scaffold in what
was termed a ‘rotund’ architecture. When in the rotund architecture,
S. mutans generated a lower-pH environment and caused greatly
increased demineralization of the underlying enamel surface, thus link-
ing spatial organization with localized onset of caries®. Other recent
research examining biogeography hasshownthatin additiontosingle
cells, bacterial aggregates in saliva bind to teeth as large units that
alreadyincludelate colonizersand that these larger aggregatesare ata
growthadvantage compared with single cells'®. These results suggest
analternative biofilm development process, which helps explainin vivo
findingsinwhichlate colonizers were detected as soon as 30 min after
tooth brushing'®?. Therapeutic modulation of oral biofilms will depend
on an accurate understanding of how bacterial cells are recruited to
the biofilm (singly or in clusters) and which taxon-taxoninteractions
arerequired for the survival of key taxa. Using biogeographical datato
inform and refine studies examining the metabolic underpinnings of
oral microbial ecology will be crucial in obtaining a deep understanding
of how the oral microbiota affects human health.

The oral microbiota and oral disease

The oral microbiota hasamajor roleinoral health, as three of the most
prevalent oral diseases, dental caries, periodontal disease and oral
cancer, all have mainly microbial aetiologies.

Dental caries

Caries is associated with a dysbiosis of the dental plaque microbiota;
specifically, there is an abundance of biofilm-forming, acid-producing
and acid-tolerant species. Because S. mutans embodies all three of
these traits, was frequently isolated from lesions and able to cause
robust disease in animal models, it was historically considered a pri-
mary aetiologic agent of dental caries'’’. The development of the
cultivation-independent microbiome analysis established thatin an
appreciable number of cases, caries occurs without substantial, or
occasionally evendetectable, levels of S. mutans. Therefore, the specific
importance of S. mutans has been called into question'®*, and caries
is understood to be the result of more complex changes in ecology,
rather thanjust infection by a single species. Although S. mutans is
not required for caries pathogenesis, the unusual ability of S. mutans
to generate extracellular glucans from sucrose means that when
S.mutansis present, itis typically animportant driver of biofilm forma-
tionand dysbiosis. This hypothesis was supported by arecent study of
the caries-associated microbiome using deep metagenomics, showing
that S. mutans was only present in a minority of subjects, but when it
was present, it was very strongly correlated with caries'®. Other aci-
dophilic organisms such as lactobacilli and Veillonella species have
been known to be associated with caries for decades'®; however, it
has been debated whether these represent true drivers of pathogen-
esis or simply bystanders in the climax community resulting from an
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increasingly acidic biofilm. As mentioned earlier, C. albicans can also
have arole in caries pathogenesis. In addition to these more canoni-
cal caries-associated microorganisms, recent metagenomics studies
have also associated other microorganisms, such as Epstein-Barr virus
(formerly called human gammaherpesvirus 4) and Prevotella spp., with
caries'”'”_ However, further researchis needed to solidify these links
and underlying mechanisms. An important recent discovery was the
association of nitrate-reducing bacteria, namely, taxa within the genera
Rothia, Neisseria and Haemophilus, with good dental health'0>'981%%,
This finding hasled to the recentinvestigation of nitrate as an anticar-
ies prebioticand nitrate-reducing bacteria as anti-caries probiotics'® ™",
similar to how arginine and arginine deiminase-encoding bacteria
have been explored as a prebiotic and probiotics, respectively™. As
dental caries remains the most common chronic infectious disease
globally, continued advances in the understanding of its ecological
pathogenesis may lead to new preventive modalities that synergize
well with oral hygiene and fluoride treatments, which are currently
the primary clinical defence'®'>,

Periodontal disease

Periodontal disease is aninflammatory disruptionin the host-microbial
homeostasis of the periodontal pocket. The tissues supporting the
tooth are highly vascularized with a constant positive flow of gingival
crevicular fluid recruiting neutrophils and other immune cell types
to help maintain this balance between the constantly growing sub-
gingival microorganisms and the innate and adaptive responses of
the host. In most humans, this non-passive relationship resulting in
healthy homeostasisis defined as an active inflammatory surveillance
state™. Disruptions of this homeostasis triggered by changes in the
microbiome or host lead to inflammation and ultimately gingivitis and
periodontitis. Although gingivitis is an antecedent reversible disease
state, which may lead to periodontitis if unchecked, periodontitis is
defined by irreversible bone resorption and is classified according to
stages and grades of severity'”. There are many recent comprehensive
reviews covering the disease aetiology, microbial and host biomarkers
of active and progressing sites as well as what has been found across
mechanistic studies in animal models of periodontitis"®"”. The wide-
spread use of single-cell RNAseq approaches has also now enabled
the characterization of the differences between healthy subjects and
those with periodontitis, which has led to the identification of spe-
cific host cell populations with inflammatory profiles that enhanced
neutrophil and leukocyte recruitment and promoted antimicrobial
defences®. Overall, since the first early descriptions by culture-based
methods, microbial communities found in periodontitis sites have con-
tinued to be characterized with higher resolution, predominantly from
cross-sectional studies comparing health and disease, studies com-
paring diseased sites pre-surgical and post-surgical and non-surgical
treatments"’ as well as studies on progressing and non-progressing
periodontitis sites. This hasrevealed the prevalence, abundances and,
in some cases, the active processes in the microorganisms'* that may
influence ongoing inflammatory responses in chronic periodontal
disease. More recent analyses have discovered that in addition to
canonical bacterial taxa associated with the disease (that is, Porphy-
romonas, Treponema and Tannerella species), Filifactor alocis, Peptoa-
naerobacter stomatis and Saccharibacteria are potential periodontal
pathogens™. Recent microbiome studies of periodontal disease have
also identified novel species—species correlations'” and functional
interactions'”’, as well as new insights into the periodontitis-associated
virome'**'**, which leads to further questions regarding their roles in

preventing resolution of inflammation or perpetuating inflammatory
conditions.

Theaccessibility of the oral microbiota makes it a powerful model
and experimental system. Experimental gingivitisisaclinicalmodelused
to study the dynamics of microbially induced inflammation lead-
ing to gingivitis directly in humans as plaque can grow unabated
(Supplementary Box 1). A major strength of this model is that there
are currently no other human models for other mucosal surfaces that
enable the induction of acute inflammation with normal bacterial
overgrowth of endogenous species, and then reversal of this state,
especiallyinamanner thatis readily accessible and clinically relevant.
Studies using this model typically examine growth and maturation
of the subgingival community during the transition from a healthy
state to aninflammophilic subgingival community. Arecent landmark
study used the experimental gingivitis model to examine changes in
the oral microbiome as well as variationin the inflammatory response
of the subjects. Importantly, although all healthy subjects responded
to oral plaque accumulation, the rate and severity of the inflamma-
tory responses varied, resulting in three inflammatory responder
types'”, high, low and slow, with distinct microbial and host signatures
(Fig.2).Subjects differed in their degree of inflammation, with high and
low inflammatory responses observed across multiple independent
experimental gingivitis studies’ . Uniquely, the newly recognized
slow phenotype'” had a delayed plaque growth and maturation rate
but shared similar increased mediator profiles as the high responder
group during the induction phase. The slow responders displayed a
signature of high abundance of Streptococcus species (Streptococcus
sanguinisandS. oralis) thatis maintained at the time of inclusioninthe
study (day —14) and after recovery (day 35)'*. The existence of these
three responder types suggests an important role for both microbial
and human host immune phenotypes in the outcome of episodes
of gingivitis. Identifying potential targets during disease initiation
and development within the different human response types could
translate to personalized treatment and intervention strategies.

Oral cancers

Alarge and growing percentage of oral cancers are associated with
viralinfections: ~90% of oral squamous cell carcinomas (OSCCs) inthe
USA are driven by infection with human papilloma virusand more than
90% of nasopharyngeal carcinomas are associated with Epstein-Barr
virus?*? Recent studies have also examined the microbiome associ-
ated with oral cancers, with one finding that a dysbiotic mycobiomerich
in C. albicans was prevalent in patients with OSCC™". Conversely, higher
abundances of Malassezia species were correlated with better overall
survival in patients with OSCC"***!, which suggests that the fungal
genus may serve as a useful prognostic biomarker and that any mecha-
nistic underpinnings of this association should be further explored. The
interaction between the microbiome and tumours has been recently
reviewed in more detail**?, and recent exploratory work has begun to
examine the potential for health-associated oral microorganisms to be
utilized as anticancer probiotics'. In addition to oral cancers, the oral
microbiome has recently been associated with anumber of other types
of cancer as well, as discussed in the following section.

Roles in systemic health and disease

Evidence linking the oral microbiota to systemic diseases and overall
health continues to accumulate (summarized in Fig. 3a-f). In particular,
periodontal disease and associated pathogens, such as P. gingivalis,
Aggregatibacter actinomycetemcomitans and F. nucleatum, have now
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been linked to a myriad of extra-oral diseases, including Alzheimer
disease, diabetes, cardiovascular disease, colorectal cancers, inflam-
matory bowel disease, rheumatoid arthritis, nonalcoholic fatty liver
disease and obesity (excellently reviewed in more depthin ref. 134).
The periodontal microbiotainfluences the pathology of distal diseases
through two main mechanisms, which can also be synergistic: direct

disease-promoting effects from the translocation of oral bacteria to
distal sites and a range of indirect effects caused by the presence of
dysbiotic oral microbial communities in the mouth. Remarkably, the
establishment of oral microorganisms in the gut may also serve as
abroad sign of human disease; a recent meta-analysis of thousands
of gut metagenomes representing more than 50 diseases, as well as

Nature Reviews Microbiology



Review article

Fig. 2| Experimental gingivitis in humans reveals three distinct response
types. a, Human experimental gingivitis model study design (Supplementary
Box 1). A typical experimental gingivitis model with healthy subjectsincludes
the following phases: hygiene phase for 2 weeks before baseline (days -14 to 0),
gingivitis induction phase lasting for 3 weeks (days 0-21) and resolution phase
for 2 weeks (days 21-35). Subgingival plaque and gingival crevicular fluid

(GCF) are taken from unbrushed test teeth (test teeth) as well as the teeth that
had maintained oral hygiene (control teeth). This model has allowed tracking
of changes in the oral microbiome as well as variation in the inflammatory
response of the subjects. Although all subjects typically respond to oral plaque
accumulation in experimental gingivitis studies, the rate and severity of the
inflammatory response has been shown to vary. A recent study investigating
healthy subjects (age 18-35) has stratified these responses on the basis of the
combined analyses and clustering of temporal trajectories in clinical measures
ofinflammation. This analysis resulted in three inflammatory responder
types'”: high and low responders (previously recognized in the literature)

and a novel slow responder each with distinct microbial and host signatures.

b, Plaque growth rate variation between inflammatory responder types.

Slow responders display a delayed plaque growth rate, whereas high and low
responders have the same growth rate. ¢, Inflammation variation over time
measured by the percent of unbrushed test sites with bleeding on probing.
Thelow responders do not reach a high level of inflammation and the newly
described slow responders have delayed inflammation. d, Heatmap illustrating
variationin a panel of host mediators (cytokines and chemokines) in GCF. When
comparing mean values for chemokine expression over time for responders
(row normalized data, red represents high values, white is low value and each
columnisavisit), the low responder phenotype exhibits lower overall mediator
concentrations than the other types. Relative inflammation changes measured

by the gingival index (a standard clinical measure of gingivitis severity based
ontissue redness) shown as arow-normalized heatmap across the bottom of
the plot. e, Dynamic changesin relative abundance across the seven major
phyla and three candidate phyla radiation group membersin responder type
across the phases. Variation is observed across subgingival plaque microbial
compositions as well as the rate of change in the relative abundance of certain
generaover the induction phase. Coloured areas represent the different genera
that make up each phylum, and the plots show the mean relative abundance of
different generaby responder group. Consistently across experimental gingivitis
studies that have relied on culturing or culture-independent methods, the two
most abundant Gram-positive phyla, Firmicutes and Actinobacteria, decrease
inrelative abundance as the plaque community grows and matures. With

16S rRNA sequencing across early and late time points, additional resolution
has been gained recently. For example, Selenomonasbecomes a higher
proportion of the total Firmicutes by day 21 across responders. By contrast,
members of the Prevotella genus predominantly contribute to this increase

of the Bacteroidetes. Porphyromonas also increase over time but represent
asmaller relative proportion of this total. Within the phylum Spirochaetes,
Treponema genus members in gingivitis here tend to show a large enrichment
that occurs after aweek or more of plaque growth. A defining feature of the slow
responder phenotype is the higher abundance of Streptococcus at the time of
inclusion in the study (day —14), whichis then restored after the induction phase
inflammation is resolved. In addition, the newly recognized ultrasmall reduced
genome epibionts belonging to the CPR, ‘Candidatus Absconditabacteria’,
‘Candidatus Gracilibacteria’ and Saccharibacteria also show increases during
gingival inflammation with variation across responder types. f, Overview of the
prevalence and defining features of the newly characterized responder types.
Datain parts b-d fromref. 125. Parts b-d adapted from ref. 125, PNAS.

healthy donors, revealed that many common oral taxa are biomarkers
of disease in the gut'*. Although the existence of a placental microbiota
remains highly controversial, there is some evidence in animal mod-
els that oral infection with particular periodontal pathogens, such as
P. gingivalis and F. nucleatum, is associated with adverse pregnancy
outcomes'”.

Thetranslocation of oral bacteria, particularly periodontal patho-
gens, todistal sites can directly exert disease-promoting effects. Colo-
nization of the lung by oral bacteria can lead to aspiration pneumonia™®
(Fig. 3e). Oral bacterial colonization of the gastrointestinal tract can
be exacerbated by abnormal secretion of gastric and bile acids owing
to systemic diseases such as cirrhosis™”"*? and has been linked to
inflammatory bowel diseases'°'*?and colorectal cancer'®, The inter-
action of host and bacterial factors can beimportant in pathogenesis.
For example, at the site of a colorectal tumour, F. nucleatum can be
enriched by the gene expression profile of the cancerous cells, as these
cells express Gal-Gal-NAc that is bound by the F. nucleatum surface
protein, Fap2 (ref. 144). In turn, the presence of F. nucleatum drives
tumour progression through multiple mechanisms. The F. nuclea-
tum adhesin, FadA, upregulates expression of host annexin Al, which
induces Wnt-p-catenin signalling, driving tumour proliferation'*. The
FadA adhesin forms amyloid-like protein aggregates that may have a
critical role in pathogenesis'. F. nucleatum also binds to the human
inhibitory receptors, TIGIT and CEACAML, which recruits immune
suppressor cells and disrupts the antitumour activity of T cells and
natural killer cells""*® (Fig. 3c).

Inaddition to oral bacteriatranslocating further down the gastro-
intestinal and respiratory tracts, periodontal disease induces inflam-
mation and the disruption of periodontal epithelial barriers, which
leads to bacteraemia and systemic dissemination of oral bacteria'****°,

Although this type of bacteraemia is typically transient, the conse-
quences of the pro-inflammatory and immunomodulatory effects at
distalsites, such as bone marrow, cardiovascular tissues, the brainand
theliver, can be substantial'**>"*>2, Translocation of P. gingivalis to the
bloodstream raised IL-6 levels and skewed mononuclear immune cell
development to favour production of highly active osteoclasts, which
drive bone loss disorders, such as rheumatoid arthritis">***, Inanimal
models and in vitro human endothelial cells, P. gingivalis gingipains
degrade platelet endothelial cell adhesion molecule 1 and vascular
endothelial cadherin, degrading barrier function and further promot-
inginflammation®™'. The presence of P. gingivalis proteinsin the brain is
correlated with Alzheimer disease, and P. gingivalis gingipains degrade
tau proteins, which leads to tangles of fragmented tau proteins that
promote disease, as well as increased neuronal inflammation™>'>*
(Fig. 3d). In addition to passive translocation in the bloodstream,
P. gingivalis is known to modulate the trafficking and behaviour of
dendritic cells that have phagocytosed the pathogen, which leads
to enhanced pro-inflammatory activity and accumulation at ather-
omatous plaques”*"’ (Fig. 3a). In mice, excess nitrate present during
inflammation enabled oral Veillonella parvulato ectopically colonize
the gut using nitrate respiration™®,

Beyond translocating to extra-oral sites to cause disease, peri-
odontal pathogens can also affect distant sites through variousindirect
mechanisms. For example, through different mechanisms, P. gingi-
valis and A. actinomycetemcomitans promote citrullination of host
proteins, which function as autoantigens and lead to the generation
of anti-citrullinated protein antibodies, whichis hypothesized to pro-
mote rheumatoid arthritis in genetically susceptible individuals™*'*°
(Fig. 3f). In mice, periodontal pathobiont-specific T cells migrate to
the gut, where they exacerbate colitis and lead to the development
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Fig. 3 | Links between the oral microbiota and systemic diseases. The oral
microbiota, and particularly periodontal pathogens, have beenincreasingly
linked to anumber of systemic diseases, either directly through translocation
of oral pathogens to other sites or indirectly through modulation of the host
immune system and inflammatory response. This illustration highlights
anumber of these links with the insets highlighting the mechanism(s).

a, Cardiovascular disease: in vitro and ex vivo studies have suggested that
Porphyromonas gingivalis bacteraemia alters dendritic cell behaviour, causing
pro-inflammatory accumulations at atherosclerotic plaques'*°. b, Inflammatory
bowel disease: animal studies have illustrated that when T cells primed and
reactive to oral pathobionts encounter ectopic periodontal pathogens in the gut,
they increase inflammation (particularly via IL-1B) and contribute to colitis'***%
¢, Colorectal cancer: mouse models and human studies have established that
Fusobacterium nucleatum outgrowth synergizes with tumour growth via
multiple mechanisms. The F. nucleatum surface protein Fab2 binds to cancer
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cells, inducing pro-metastatic chemokines, and activates TIGIT, allowing for
evasion of immune surveillance by the tumour'**'*, Another F. nucleatum surface
protein, FadA, stimulates cancer cell proliferation by inducing E-cadherin-
mediated Wnt-B-catenin signalling'®. d, Alzheimer disease: animal models and
observational studies in humans have shown that P. gingivalis, on reaching the
brain via bacteraemia, causes neuronal inflammation, degrades tau protein
causing neurofibrillary tangles and contributes to the formation of amyloid-f§
plaques, reviewed elsewhere. e, Aspiration pneumonia: human studies have
shown that the translocation of oral bacteria to the lung can lead to pneumonia,
reviewed elsewhere®. f, Rheumatoid arthritis: in mice, P. gingivalis that
reaches the bone marrow skews immune cell development viaIL-6, promoting
production of osteoclasts and contributing to bone loss'>*. Meanwhile, animal
and human studies have illustrated that P. gingivalis and Aggregatibacter
actinomycetemcomitans can citrullinate host proteins, which triggers
autoimmunity>¢°,

of an immunological profile reminiscent of what is observed clini-
cally in humans with inflammatory bowel disease'**'*', which sug-
gests thatimmune priming at the oral mucosa may lead to animmune
response in the gut (Fig. 3b). In mice, experimental periodontitis
induced bone-marrow-mediated trained innate immunity, a systemic,
maladaptive pro-inflammatory state of immune responsiveness'®.
The associations of periodontal disease and oral dysbiosis with
extra-oral and systemic diseases seem to be bidirectional. Systemic

inflammatory diseases may also disrupt theimmune barrier function of
the oral mucosa, whichleads to increased susceptibility to periodontal
disease*'°*1®* Thus, many of these comorbidities are synergisticand
lead to positive feedback, further increasing morbidity and mortality™*.
Despite this growing body of evidence linking the oral microbiota to
systemic disease, many of the links have been studied only in animal
models, and intra-individual variability in humans presents a major
hurdlein future research',
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Perspectives

Over the past decade, advancesin omics analyses (particularly sequenc-
ing), culture systems and microscopy have accelerated the pace of
discovery in oral health and oral microbiome research. However,
to realize the promise of improving human health through a better
understanding of the impact of the human microbiota, the research
community at large must incorporate the oral microbiome fully into
its human microbiome research programmes. Large-scale longitudinal
studies of the human microbiome mustinclude oral as well as gut sam-
ples.Sampling protocols for the oral microbiota should recognize that
although a saliva sample provides a snapshot of primarily the tongue
microbiota, itisunlikely to be adequate for assessing habitats that are
sites where oral bacteriaand products may enter the bloodstream such
assubgingival dental plaque. Furthermore, in vitro model systems must
be developed that more accurately resemble the oral in vivo communi-
ties in both taxonomic composition and behaviour, and incorporate
interaction of the microbiota with host tissue. More time-course studies
areneeded to address several key outstanding questions, including (1)
the growth and turnover rates of microbial cells in situ; (2) the frac-
tion of microorganisms lost to phage or other predation; and (3) the
rate of dispersion of microbial cells to the epithelium, to other sites
in the mouth and to extra-oral habitats. It will be essential to conduct
this future research in amanner that is inclusive of the non-canonical
members of the oral microbiota and elucidates their complex eco-
logical, structural, physiological and metabolic interspecies roles.
Although CPR bacteria, archaea, microeukaryotes and viruses are less
dominant in terms of biomass, they are proving to have ecologically
and functionally important roles in human health. Altogether, these
approaches will enable the development of novel therapeutic and pre-
ventive strategies, such as prebiotics and probiotics, that combat both
oral diseases such as dental caries and periodontitis and also systemic
diseases such asinflammatory bowel disease, cancer, Alzheimer disease
and cardiovascular disease.
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