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1 | INTRODUCTION

Our understanding of dental biofilms (dental plaque), a
complex microbial ecosystem that drives the pathogene-

| Anna Dongari-Bagtzoglou?

Abstract

This commentary provides background, historical context, and a critical assess-
ment of the concept that microbial dysbiosis drives the pathogenesis of peri-
odontal diseases. It is long known that periodontal pathogenesis is dependent
on tooth-borne microbial biofilms (dental plaque) that trigger host inflamma-
tion resulting in periodontal destruction and tooth loss in some patients. Eco-
logical principles governing plaque biofilm development, along with localized
host responses, are both rooted in evolution. Interpretation of available evidence
suggests that, in most patients, alveolar bone loss results from interactions of a
highly diverse commensal microbiota with the host, and not from “overgrowth”
of a few “pathobionts” that results in a “dysbiosis.” Most previously described
dysbiotic chronic diseases, for example, inflammatory bowel diseases and der-
matitis, are characterized by decreased microbial diversity (likely due to frank
overgrowth of one or a few microbial taxa). Most common forms of periodontitis
do not appear to conform to this general principle, and the associated micro-
biome in fact almost always shows increased bacterial diversity compared with
periodontal health. This diversity is driven by interactions of genetic and envi-
ronmental factors working in concert within specific windows of time. Periodon-
tal pathogenesis is likely the result of “personalized pathology,” insofar as each
patient likely has a variable constellation of microbes and host risk factors influ-
encing specific tissue sites where disease activity occurs, and during a limited
window of time (a tissue-destructive “burst”). The concept of cooperative viru-
lence of higher abundance commensals in periodontal pathogenesis, which does
not conform to the model of dysbiosis observed for other diseases, is discussed.
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sis of periodontitis, has dramatically evolved over the past
century. Human periodontitis results from a polymicro-
bial insult, including as yet unidentified and never culti-
vated bacterial species,” and possibly viruses, fungi, and
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parasites. A recent model to explain periodontal patho-
genesis involves microbial dysbiosis initiated by keystone
pathogens,l which describes a state of resident microbiota
imbalances that are incompatible with health. However,
the number and identities of member bacterial species of
a dysbiotic periodontal microbiome often differ between
individuals within study groups, and between groups with
similar disease types in different studies.?-* Also, microbial
community structure shifts due to host or environmental
pressures do not always accompany tissue destruction.’-’
Thus, the term dysbiosis may not apply to common cases
of periodontal disease.

Detailed and accurate knowledge of the pathogenesis
of periodontitis has important clinical implications with
respect to diagnosis and treatment of this complex and
consequential disease. The goal of this broad view (“from
35,000 feet”) commentary is to provide historical context
and a critical assessment of the recent concept that micro-
bial dysbiosis explains the etiology of periodontitis.

2 | TRADITIONAL IDEAS OF
INFECTION AND ORAL DISEASES

Research methods devised by pioneer scientists such as
Pasteur and Koch in the mid-1800s showed that several dis-
eases result from infection by a single, virulent pathogen
(e.g., tuberculosis, cholera, rabies, Streptococcus pneumo-
niae infection, etc.).® From this work, a “pathogen” was
defined as a biological agent causing disease or illness to
its host, disrupting normal physiology or tissue integrity.
Oral microbiologists have since searched to identify one or
a few pathogenic species that cause the most common oral
diseases, dental caries, and periodontitis.

Starting in the 1950s, research focused on how dental
plaque was causally linked to gingivitis and periodontitis.’
By 1970, Socransky summarized the evidence on the role
of plaque bacteria in the initiation, progression, and exper-
imental transmission of periodontal disease.'’ The extent
of gingival inflammation and bone loss was already known
to be related to the amount of dental plaque, and remov-
ing plaque from teeth slowed, and often prevented, the
progression of disease. Other studies found dental plaque-
induced periodontal bone loss in animals, and pure cul-
tures of (often) anaerobic bacteria isolated from human
periodontitis plaque colonized animals resulting in a “syn-
drome” similar to human periodontitis. The consensus
view was that all bacteria in plaque contribute to tissue
destruction supporting the “non-specific plaque hypothe-
sis.”

Socransky also cited evidence that mixed infections with
fusobacteria and spirochetes, as well as monocultures of
specific strains could induce periodontitis in animals.!’

He suggested these bacteria release cytotoxic products that
injure the gingival tissues, or induce inflammation result-
ing in periodontal destruction. Loe et al. developed the
human experimental gingivitis model and showed that
removal of tooth biofilm is followed by recolonizing bacte-
ria, with Gram-positive cocci (Firmicutes), Gram-positive
rods (Actinomyces), and Gram-negative cocci (Veillonella)
dominating. Within 48 to 96 hours, transitional species
appear (Fusobacteria, Corynebacteria, and other species),
coinciding with the initiation of gingivitis."" Recent micro-
biome studies of experimental gingivitis found enrich-
ment of TM7, Tannerella, Cardiobacterium, Campylobac-
ter, Porphyromonas, Leptotrichia, and Selenomonas spps.,12
whereas others reported Actinomyces, Rothia, Veillonella,
and Spirochetes associated with the climax community."
Consistent associations between specific bacterial species
and clinical disease parameters reported in the 1970s led
to the proposed “specific plaque hypothesis” by Loesche.'*
Indeed, many papers to this day often cite specific plaque
bacterial species as “the” cause of periodontitis and associ-
ated systemic diseases.

3 | ECOLOGIC MODELS OF DENTAL
PLAQUE BIOFILM DEVELOPMENT

Stable microbial colonization of host habitats, including
tooth surfaces, takes place by selective adaptation over the
course of evolution, in a bidirectional relationship with
the host defense system,'>'® following principles of natu-
ral selection. Ecological succession orchestrates changes
in species membership within a community over time.
In the case of the natural history of a forest, the time
for succession scale can be decades (e.g., after a wild-
fire), or even millions of years (after a mass extinction).
For a microbial habitat, the time scale can be consid-
erably shorter, starting with a small number of pioneer
species, followed by community succession with increas-
ing complexity until the community becomes stable and
self-perpetuating. The “engines” of succession are the
impact of established organisms upon their own envi-
ronments, together with environmental or host defense-
mediated perturbations. When >2 species use the same
source of nutrients, some will be compromised, and oth-
ers excluded. Ultimately, a steady state results where multi-
ple species with mutualistic relationships coexist over long
periods of time. Variations in environmental conditions
may allow one or another species in a mixed population
to “bloom,” and new species sometimes enter the com-
petition, and others die off. Processes such as synergism
(one species provides nutrients to another) and antago-
nism (one species produces products toxic to another) also
contribute to the resulting equilibrium.
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A variety of mechanisms have been proposed to explain
microbial succession in dental plaque. In the early 1960s,
Loesche proposed that nutritional networks between bac-
teria control plaque development, with some bacteria pro-
ducing substances used as nutrients by other bacteria.'”
Later, Gibbons and co-workers discovered that the attach-
ment of bacteria to teeth was essential for bacterial colo-
nization and plaque development.'®

4 | PERIODONTITIS AS THE RESULT
OF POLYMICROBIAL ACTIVITY

Socransky and coworkers proposed the red complex, a
group of Gram negative anaerobic species (Porphyromonas
gingivalis, Tanerella forsythia, and Treponema denticola)
that together cause periodontal disease.” There is con-
tinued interest to identify “specific pathogens” or “patho-
bionts,” and “keystones,” low abundant but particularly
subversive species, that initiate the process."”’ One hope
is for a vaccine or drug therapy specific for one or only a
few bacteria to prevent periodontitis.

The idea that periodontitis is the result of true polymi-
crobial activity is supported by much evidence. Molecu-
lar microbiome studies show both cultivable and never-
cultivated bacteria amongst the diverse group of microbes
associated with disease.**?!-*> While reported findings are
in general agreement at the phylum level, high abundance
bacteria associated with periodontitis vary at the species
level.>*?! Metatranscriptomic analysis reveals that cer-
tain metabolic signatures are consistent with disease pro-
gression, suggesting the whole community, and not just
a handful of oral pathogens, drive disease progression.”*
Also, not every tooth site with tissue destruction har-
bor suspected pathogens, and longitudinal studies report
no major differences between the cultivable subgingi-
val microbiota of periodontal sites with recent increased
pocket depth compared with stable sites.? To further com-
plicate matters, recent microbiome studies from multiple
groups have established that the most abundant species,
such as Filifactor alocis, P. gingivalis, and T. denticola,
which increase in disease, still represent <4% of the total
microbial species involved.>?!

Hajishengallis and Lamont proposed a model whereby
periodontitis is initiated by a dysbiotic and synergistic
microbiota, as opposed to a conventional infectious dis-
ease caused by a single or a few select species, such as
the "red complex."”’ They argued that diverse bacteria
(or specific combinations of genes within the commu-
nity) fulfill distinct roles that converge to form a stable,
disease-provoking microbiota. The microbes within the
biofilm work together to resist the host responses and
drive inflammation, with concomitant increased prote-

olytic activity and cytokine induction that results in tissue
destruction.

Yet, many papers continue to promote one species or
another as the cause of disease or the major driver of dys-
biosis (often red complex species or Fusobacterium nuclea-
tum). Some investigators, and dental practitioners, still
monitor only one or a few species as indicators of dis-
ease activity. Indeed, treatment in the form of antibiotics,
is sometimes prescribed based on the use of these species
as biomarkers, even in the absence of strong evidence of
efficacy.

5 | ORAL BIOFILMS AND
PERIODONTITIS FROM AN
EVOLUTIONARY PERSPECTIVE

Almost all bacteria found in dental biofilms are commen-
sals, or members of the health-associated microbiota, that
have evolved with the human host over millions of years.
Thus, none of these organisms should a priori be consid-
ered true pathogenic species. High-throughput sequencing
studies of human dental calculus (tartar, or calcified dental
plaque) from ancient remains, which serve as a long-term
biorepository for microorganisms,”* show that the micro-
biome in ancient calculus broadly resembles that of con-
temporary humans.”*

The transition from human hunter-gatherer to farm-
ing practice substantially shifted the oral microbial
community, where more Gram-negative species become
common.” The composition of the oral microbiota
remained unexpectedly constant between Neolithic and
medieval times, after which (the now ubiquitous) cario-
genic bacteria became dominant, apparently as a result of
the increased exposure to a refined-sugar containing diet.”®

Modern gut microbial ecosystems are markedly less
diverse than those from prehistoric populations.”’ This
reduced diversity may result from the fiber rich diet of
ancient humans compared with modern humans, and that
ancient people were not exposed to commercial antimicro-
bials, which diminish microbial diversity. Similar observa-
tions have been noted for the oral microbiome.?® While we
now consider periodontal bone loss as a pathogenic pro-
cess, it is possible that periodontal inflammation evolved
as a “normal” response to contain the oral microbiota,
and protect the host from assault by diverse indigenous
microbes. Since the average life-span of ancient humans
was considerably shorter than that of present humans,
alveolar bone loss likely did not reduce the survival of
most prehistoric humans. Since periodontitis often man-
ifests in older individuals, it probably did not impact indi-
vidual evolutionary fitness. Interestingly, Manji et al. have
recently argued that progression and regression of both
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caries and periodontitis may be considered as “natural,”
rather than pathological events, even if left unchecked
over long periods of time, and they can result in tissue
destruction.?’ The likelihood of progression or regression
of tissue damage can be influenced by other determi-
nants, but these processes could nevertheless occur in the
absence of such influences.”’

6 | PERIODONTITIS AS A CHRONIC
DYSBIOTIC DISEASE

The term dysbiosis was first mentioned in a 1959 paper
addressing gastrointestinal disturbance in infants.** By the
1980s, dysbiosis was implicated in the pathogenesis of a
number of gut diseases, for example., inflammatory bowel
disease, ulcerative colitis, and Crohn’s disease.>! In fact,
the dysbiosis described for these conditions appears as
enrichment of the gastrointestinal microbiota (including
in the stomach, small intestine, and bowel) by unusual
species such as Proteus, coincident with a sharp decrease
in intestinal absorption. Disease signs and symptoms were
mimicked in mice infected with Proteus.*?

While early studies were limited by the use of culture
techniques, more recent studies using molecular methods
that assess cultivable and “non-cultivable” gut microbes
corroborate earlier impressions. Thus, in most cases of
chronic GI tract diseases, microbial dysbiosis is accompa-
nied by reductions in microbiome diversity, likely due to
overgrowth of select species.®*3* Other diseases such as
dermatitis are also characterized by decreased microbial
diversity.*

Not all chronic infectious diseases show reduced micro-
bial diversity. Bacterial vaginosis shows an increase in vagi-
nal mucosal bacterial diversity, which in health is domi-
nated by Lactobacillus species maintaining a low vaginal
pH.3® Vaginal dysbiosis-related changes can vary among
individuals, but typically involve enrichment with anaer-
obic bacterial pathobionts that outcompete lactobacilli,*
and thus increase the local diversity of the microbiome.
Similarly, there is greater bacterial diversity in the lower
airways of the asthmatic patient compared with health.’’
However, in these cases, pathobionts mostly replace com-
mensal species, whereas in the periodontium health-
associated species are not generally lost, but represent
a smaller fraction of the total community as the plaque
biomass increases.”?! Importantly, compared with the oral
cavity and GI tract, the healthy vaginal and lower respi-
ratory mucosa are sparsely colonized and have low bacte-
rial diversity.*® It is not surprising that disease-associated
dysbiotic shifts manifest as an increase in diversity since
expansion of a smaller number of bacterial species in
these mucosal sites represent dysbiotic shifts, compared

with the periodontium. Although proinflammatory activ-
ities of some of these species was confirmed experimen-
tally, whether or not an altered microbiome contributes to
pathogenesis or is only a marker of inflammation remains
unresolved.*”*" Note that diversity of the upper respiratory
tract mucosa (where diversity in health resembles the oral
cavity) is significantly reduced in patients with pneumonia
compared with healthy controls,*® demonstrating another
site where high microbial diversity in health changes to
reduced diversity in disease. In contrast, the microbiota
associated with periodontal inflammation is almost always
increased in diversity.>~**!

Most studies that describe dysbiosis in periodontal dis-
eases often have methodologic and analytical limitations.
First and foremost, as there is no formal accepted defi-
nition of active periodontitis, and disease activity occurs
intermittently in most patients,*' it is likely that sampling
is often performed when the disease is not active. Thus,
correlating a microbiota to disease activity is problem-
atic. Also, most studies are cross-sectional, and therefore
results from them cannot define causality. It is interest-
ing to note that recent longitudinal studies that combine
metagenomics and metatranscriptomics analyses to com-
pare health with disease, or progressing and not progress-
ing sites, report that a large number of bacterial taxa are
increased in patients with periodontitis when compared
with those with periodontal health.*** These findings sup-
port the concept of synergistic virulence of metabolically
active commensals and not expansion of specific patho-
bionts, which is the hallmark of most dysbiotic diseases.

Most cross-sectional oral microbiome studies have ana-
lyzed samples between groups, not within-groups, and
used pooled samples, either from a tooth, from multiple
teeth, from saliva, or from a mucosal swab. Pooling of sam-
ples may dilute the proportion of taxa in a sample. As few
studies assess quantities or proportions of taxa at specific
sites, it is not possible to assess variation in quantities of
species between tooth sites.** Studies are also lacking that
localize specific species at microscopic scale within a site,
and then correlate findings to disease activity at that site.

While microbiome studies typically provide relative
abundance data for each species as a percentage of their
community members, few microbiome studies validate
their high-throughput sequencing data with quantitative
polymerase chain reaction or cultivation methods to con-
firm higher biomass in species that exist in higher relative
abundance. Traditional plaque sampling methods (using
curets or paper points) do not allow for standardization
of the amount or the location (more superficial biofilm
versus deeper biofilm layers) of the sample, and therefore
biomass estimates may not be comparable between sites.
However, an increase in relative abundance of a species
in a disease site may be a result of a decrease in the
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biomass of other species in the community and not expan-
sion of the species.?! Similarly, another microbiome study
debunked the idea that Gram-negative biomass increases
in disease since an increase in their relative abundance
could be explained by a decrease in the proportions of
health-associated species of streptococci.

Thus, it appears that periodontal pathogenesis is much
more complicated than what could be addressed by any
single study. Indeed, it is likely that pathogenesis is the
result of “personalized pathology,” insofar as each patient
likely has a variable constellation of microbes and host risk
factors influencing specific tissue sites where disease activ-
ity occurs, and during a limited window of time (a tissue-
destructive “burst”).* The traditional concept of dysbiosis,
as described for other diseases, does not seem to adequately
describe the situation for most common forms of periodon-
titis (chronic or adult periodontitis) at the individual sub-
ject or site level. Studies of longitudinal, integrated multi-
omics data including site-specific host and microbiota pro-
files are needed to further clarify this issue.

7 | PERIODONTAL “DYSBIOSIS”
REVISITED

One idea to explain microbial shifts is that inflamma-
tion in certain individuals triggers microbiome composi-
tion changes by altering the growth environment.?’ A posi-
tive feedback cycle amplifies the inflammatory response to
promote further inflammation and additional changes to
microbiome composition leading to release of potent host
proteases and the loss of tooth connective tissue attach-
ment and alveolar bone resorption. This model assumes
that certain bacteria trigger a cascade of events that
enriches putative periodontal pathogens. This model may
involve specific “keystone” pathogens (e.g., P. gingivalis).?°
But are these truly pathogens? If so, how many pathogenic
taxa influence disease?

The idea that the local inflammatory or hypoxic
microenvironment alters the composition of the micro-
biome is not supported by most human studies. In
patients with periodontitis, neither increasing probing
depth, which reduces local oxygen tension,”* nor pres-
ence of bleeding, a marker of inflammation,? have been
associated with differences in microbial community rel-
ative abundance or structure. Thus, while periodontitis
may result from a whole-mouth dysbiosis rather than site-
specific changes, this cannot be reconciled with the fact
that periodontitis is sometimes a localized disease.

Microbiome analyses of patients with systemic diseases
report that the host background and systemic host sta-
tus influences the microbiome composition more than dis-
ease severity.*®** For example, dental plaque in patients

with rheumatoid arthritis with a healthy periodontium
is enriched with Gram-negative anaerobes that are com-
patible with periodontal homeostasis. This is an example
where the host systemic background drives microbiome
changes that are not consequential to periodontal condi-
tion and thus, at least based on cross-sectional data, cannot
be defined as dysbiosis. Along the same lines, diabetes trig-
gers changes in subgingival community structure, notably
characterized by a reduction in diversity (Fig. 1), which
in certain individuals does not cause clinical evidence of
disease.**+4

The subgingival plaque from smokers with periodonti-
tis is less diverse than that of periodontally healthy smok-
ers or non-smokers, suggesting a true dysbiosis (Fig. 1).*
However, subgingival Gram-negative anaerobe enrich-
ment caused by smoking did not lead to periodontal
changes in a different cohort studied by the same inves-
tigative team.’ Similar findings have been described for
e-cigarette use.” Although disease-associated changes in
microbial gene expression are observed, these changes
were attributed to species that do not differ in abundance
between health and disease.”® This suggests that it is the
bacterial community metabolic activity rather than species
composition that drives disease. Prospective evidence link-
ing subgingival microbiome changes to disease develop-
ment is required to prove dysbiosis as a cause of disease.

An increase in bacterial diversity in periodontitis in sys-
temically healthy hosts may not reflect true dysbiosis, but
the succession of microbiota over time to an ecologically
stable state, without overgrowth of pathobionts. High-
throughput sequencing studies reproduced earlier culture
findings showing a diverse subgingival microbiome, and
also expanded the spectrum of disease-associated phyla
(e.g., Synergistes) or species (e.g., Filifactor alocis). Shifts
in community membership and structure from health
to periodontitis suggests ecological succession to poten-
tially more diverse and stable communities.>?! High-
throughput studies show an increase in the biomass of
health-associated core species and periodontitis-associated
species.>?! Thus, total microbial biomass and not commu-
nity membership emerges again as a significant disease
driver, in harmony with the non-specific plaque hypothe-
sis of periodontal pathogenesis. These findings discourage
the use of systemic antibiotics to treat most cases of peri-
odontitis in systemically healthy patients.*

8 | PERIODONTAL DYSBIOSIS AND
HOST GENETICS

Host-genetic determinants that increase periodontal
disease susceptibility may influence the subgingival
microbiome to drive dysbiosis. As an example, the
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FIGURE 1 Alternative models of plaque biofilm development in health and disease. A) Early biofilm dominated by initial colonizers
such as streptococci and Gram-positive rods such as Actinomyces. B) Mature plaque, with ecological succession that allows for colonization
of diverse organisms, including multiple streptococcal and Gram-positive rod species, and later introduction of filamentous forms such as
Corynebacteria that serve as scaffolds for streptococci and other species. This stage of development, which results from poor hygiene that
allows biofilm development, is associated with gingivitis. C) Continued succession allowing for colonization by diverse Gram-negative
anaerobic species and spirochetes. This stage of development is associated with periodontitis. D) Aberrant development resulting in dysbiotic
plaque biofilm with reduced diversity, as influenced by various environmental perturbations (smoking, diabetes, stress, etc.). Both outcomes
require a permissible host genetic background. (Illustration by Heather McDonald, BioSerendipity, LLC, Elkridge, MD, USA.)
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subgingival microbiome of patients with leukocyte adhe-
sion deficiency shows significantly reduced diversity, with
fewer, unique and more invasive species associated with
severe periodontal destruction. Such a microbiome is not
found in common forms of periodontitis in healthy hosts,
and is thus more consistent with dysbiosis.*’ Similarly,
a reduction in diversity has been reported in patients
with aggressive periodontitis with tissue-invasive bacteria
thought to overwhelm other members of the microbiota.?*

9 | SUMMARY

We posit that periodontitis in systemically healthy adults
is not a result of a dysbiosis but an increase in the biomass
of a highly diverse microbiota that has evolved over time
in each individual. In genetically susceptible or systemi-
cally compromised individuals, environmental perturba-
tions sometimes drives a reduction in diversity which
results in a more severe disease phenotype that represents
true dysbiosis. In all cases the commensal microbiome,
through cooperative virulence, influences periodontal dis-
ease phenotypes. To better define the role for bacteria in
disease pathogenesis, more accurate models for periodon-
tal pathogenesis are required, and new methods to accu-
rately identify periodontal disease activity are essential to
pinpoint the character of the microbiota present at the site
at the time of disease activity. Microbial spatial pattern-
ing present within subgingival plaque may influence site-
specific disease activity.*® Further development of imag-
ing methods to characterize the biogeography of plaque
biofilm development in situ during human disease might
localize different taxa of microbes within plaque biofilm
to compare healthy and disease sites, and sites that break
down over time. Finally, detailed study of a larger num-
ber of species, including heretofore uncultivated microbial
species, in periodontal pathogenesis would help to illumi-
nate their role in disease pathogenesis.
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