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1 | INTRODUCTION

The interaction of the oral microbiome and the host response,
and the development of periodontitis, is complex. The complexity
arises, in part, from the wide range of bacterial taxa resident within
the subgingival microbiota and the individual to individual varia-
tions in the repertoire of these taxa, and also from the intricacy
of the immune and inflammatory responses of the host operative
within the gingival tissues, and whether these are protective or
destructive influences. Nonetheless, in the midst of these com-
plexities, some broad defining principles concerning the role of the
microbiota in disease have emerged and have gained consensus
support.

First, bacteria are essential for the development of destructive
disease evidenced, for example, by the largely effective treatment
of disease using strategies that target the subgingival biofilm, and
also by experimental studies in germ-free animals that demonstrate
the requirement of a commensal microbiome for destructive peri-
odontal bone loss.! Second, whole-scale changes to the overall mi-
crobial population structure of the subgingival biofilms and bacterial
load are invariably associated with destructive disease. The shifts
in microbial community profile appear largely independent of the
acquisition of new members of the microbiota, rather they reflect
changes in the abundance of individual organisms or consortia of
organisms resident within the subgingival biofilm in health. This
disease-associated community shift, or dysbiosis of the microbiota,
may be driven by alterations to the local environmental conditions,
and one likely driver of this altered ecology is the inflammatory re-
sponse of the host.? Third, uncontrolled inflammatory and immune
responses may be largely, if not entirely, responsible for tissue de-
struction.®* Therapeutic strategies that target the inflammatory
pathways that lead to tissue destruction or hasten the resolution
of the inflammatory response may provide an alternative route to

treatment.

While these principles provide a framework for understanding
the role of the microbiota in disease, there remain several areas of
controversy. We can be reasonably certain that bacteria cause gin-
givitis as their removal leads to reversal of this inflammatory condi-
tion. However, the factors that determine progression from gingivitis
to periodontitis in a proportion of the population are less clearly es-
tablished. Dysbiosis is clearly associated with periodontitis®®, but
whether dysbiosis causes disease or results from disease is a matter
of conjecture. Likewise, the molecular details of the microbial stim-
ulus responsible for driving the destructive inflammatory response
are open to question although there is a significant body of evidence,
largely drawn from in vitro studies, which implicates a range of viru-
lence determinants, but only in the very limited number of disease-as-
sociated bacteria that have been investigated in any detail to date.”
While one should not underestimate the challenge in addressing
these issues, there may be significant gains in making progress: an im-
proved understanding may have significant implications for determin-
ing susceptibility to destructive disease, and for the development and
application of novel diagnostic approaches and treatment modalities.
In this review, we aim to highlight some recent advances in this field.

2 | THE SUBGINGIVAL MICROBIOME IN
HEALTH

Diverse microbial communities develop attached to the root surfaces
of teeth. These communities are better protected from shear forces
and environmental oxygen than their supragingival counterparts.
Nutritionally, subgingival communities depend on gingival crevicular
fluid, a serum-like exudate positively flowing into the sulcus from the
adjacent gingival tissues, and to a lesser extent on salivary or dietary
nutrients. Subgingival microbial communities are composed of bac-
teria, archaea, fungi, and viruses.®’ Bacteria are the most abundant

component with about 500 species estimated to exist in subgingival
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plaque.”*® Individual subgingival sites, however, harbor only a few
numerically dominant bacterial species, with a large number of taxa
present in low abundance. Such long tail distribution is typical of
microbial communities regardless of their host and environment.
Early microscopic studies of subgingival communities in health
show that gram-positive cocci and rods are numerically dominant.** A
classic cultivation study by Moore and Moore identified Actinomyces
naeslundii as the most frequently recovered subgingival species in
health.? Other Actinomyces spp. such as A. meyeri and A. odontolyt-
icus also appeared in large numbers in healthy communities.” Oral
Actinomyces are gram-positive rods and are among the first microor-
ganisms to colonize pristine tooth surfaces. They have the ability to co-
aggregate with other early colonizing bacteria such as Streptococcus,
which together form the backbone of early dental plaque.}?® Other
species detected via cultivation in abundance in subgingival plaque
of healthy sites include the gram-positive Streptococcus sanguinis,
S. oralis, S. intermedius, S. gordonii, Peptostreptococcus micros, Gemella
morbillorum, and the gram-negative Veillonella parvula, V. atypica,
Capnocytophaga ochracea, and C. gingivalis.” In addition, the same
study reported Fusobacterium nucleatum, a gram-negative filamentous

spindle-shaped rod, as the second most frequently recovered species
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in healthy plague. These data confirm early microscopic observa-
tions, showing that gram-positives are abundant in healthy subgin-
gival plaque, but also that some gram-negatives such as F. nucleatum,
Veillonella spp., and Capnocytophaga spp. are important components.

The advent of high throughput DNA sequencing has facilitated
characterization of the composition of subgingival communities in
unprecedented detail.1*¢ Studies using 165 rRNA gene sequenc-
ing largely agree with the earlier cultivation-based reports, but at
a far greater taxonomic resolution of healthy biofilm members.
Figure 1 shows the most abundant bacteria found in the healthy
subgingival crevice in 2 studies.?*® In agreement with cultivation
results,” Actinomyces spp. and Mitis-group streptococci appear as
abundant components, together with F. nucleatum, V. parvula, and
Capnocytophaga spp. Sequencing, however, revealed that gram-
positives such as Rothia aeria, R. dentocariosa, Corynebacterium
matruchotti, and C. durum are also important subgingival components
in health (Figure 1). It has been recently shown that Rothia spp. could
serve as initiators of cell-cell co-aggregation interactions in early
biofilms.!” Corynebacteria have also been recently demonstrated as
the key filaments around which a spatially organized consortium of

9 taxa arranges itself during early biofilm formation, as revealed by
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1. Rothia dentocariosa
2. Fusobacterium nucleatum
ss. vincentii

3. Lautropia mirabilis

4. Actinomyces sp. HOT 169

5. Actinomyces sp. HOT 170

6. Haemophilus parainfluenziae

7. Streptococcus mitis

8. Prevotella oris

9. Corynebacterium matruchotii

10. Fusobacterium nucleatum
ss. animalis

11. Fusobacterium nucleatum
ss. nucleatum 13. Corynebacterium durum

12. Actinomyces naeslundii 14. Capnocytophaga sputigena

13. Propionibacterium propionicum | 15. Neisseria elongata

14. Corynebacterium durum 16. Fusobacterium sp.

17. Leptotrichia sp.

18. Actinomyces sp. HOT 171

19. Kingella oralis

20. Bergeyella sp. HOT 322

21. Fusobacterium nucleatum
ss. animalis

1. Actinomyces sp.

2. Streptococcus sp.

3. Rothia aeria

4. Corynebacterium matruchotii

5. Streptococcus sp. HOT 071

6. Neisseria sp.

7. Fusobacterium nucleatum
ss. vincentii

8. Lautropia mirabilis

9. Veillonella parvula

10. Capnocytophaga sp.

11. Streptococcus sp. HOT 058

12. Prevotella sp.

1. Treponema denticola 1. Prevotella intermedia
2. Pseudomonas fluorescens 2. Porphyromonas gingivalis
3. Neisseria flava 3. Rothia dentocariosa
4. Fusobacterium nucleatum 4. Fusobacterium nucleatum
ss. nucleatum ss. vincentii
5. Neisseria subflava 5. Fusobacterium nucleatum
6. Treponema sp. HOT 237 ss. animalis
7. Fusobacterium nucleatum 6. Prevotella tannerae
ss. vincentii 7. Leptotrichia sp.
8. Treponema medium 8. Tannerella forsythia
9. Fusobacterium nucleatum 9. Streptococcus sp.
ss. animalis 10. Prevotella denticola
10. Saccharibacteria (TM7) [G-1] sp. | 11. Fusobacterium sp.

HOT 346 12. Veillonella parvula
11. Saccharibacteria (TM7) [G-1] sp. | 13. Actinomyces sp.

HOT 349 14. Prevotella melaninogenica
12. Neisseria elongata 15. Prevotella nigrescens
13. Rothia dentocariosa 16. Treponema sp.
14. Desulfobulbus sp. HOT 041 17. Corynebacterium matruchotii
15. Filifactor alocis 18. Pyramidobacter piscolens
16. Peptostreptococcaceae [XI1][G-9] | 19. Prevotella oris

[Eubacterium] brachy 20. Fusobacterium nucleatum

17. Prevotella oris ss. polymorphum

18. Peptostreptococcaceae [XI][G-5] | 21. Treponema denticola
[Eubacterium] saphenum 22. Treponema sp. HOT 237

19. Fretibacterium sp. HOT 360

20. Enterobacter sakazakii

21. Mogibacterium timidum

22. Lautropia mirabilis

23. Porphyromonas endodontalis

24. Sneathia sanguinegens

25. Staphylococcus aureus

FIGURE 1 Most abundant members of subgingival microbial communities in health and periodontitis. Dominant bacterial species in
health- and periodontitis-associated subgingival microbial communities, as revealed by 2 16S rRNA gene sequencing studies.**® Bacterial
species shown are those with a mean relative abundance of at least 1% within each group of studied subjects. Names are presented
according to ranked mean relative abundance with the most abundant species at the top of each list
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spectral imaging fluorescence in situ hybridization.® This 9-taxon
structure organized around corynebacteria is spatially differenti-
ated, with individual taxa localized in ways suggestive of a functional
metabolic organization. Other taxa seen as abundant components of
subgingival plaque in these 16S rRNA sequencing studies, such as
Lautropia mirabilis, appear as the core central taxon in other function-
ally arranged consortia detected via microscopy in early plaque.'®
Although the aforementioned spatially arranged consortia were ob-
served supragingivally, the species which they consist of are similar
to those seen in the healthy subgingival crevice, and it is therefore
likely that these organized structures also occur subgingivally.

In summary, subgingival biofilms in health comprise gram-pos-
itives and a few but numerically abundant gram-negative species.
These taxa have the potential to organize into spatially arranged con-

sortia in which specific species physically and metabolically interact.

3 | DYSBIOTIC COMMUNITIES IN
GINGIVITIS

Microbiological studies performed via cultivation have shown that,
upon oral hygiene abstention, a shift in the dominant species present
in subgingival communities occurs. Gram-negative morphotypes in-
cluding rods, filaments, and spirochaetes increase in abundance after
2-3 weeks of undisturbed plaque accumulation, with these shifts
correlating with the appearance of clinical inflammation of the gin-
giva.19 These early investigations have now been complemented by
more recent studies using 16S rRNA gene sequencing and the same
experimental plaque accumulation model to define the gingivitis-as-
sociated shifts in subgingival community composition.2°?2 Figure 2
shows the most abundant species found in 15 subjects at baseline
(day 0) during a state of gingival health, and after 3 weeks (day 21)
of plaque accumulation, when subjects presented with clinical signs
of gingivitis.?? One of the most important changes in the evolution
of communities from health to gingivitis is a decrease in the relative
abundance of R. dentocariosa, with a mean relative abundance of 25
(£ 31)% at day O dropping to a mean proportion of 2 (+ 3)% in the
gingivitis-associated communities (Figure 3). Similar findings have
been reported elsewhere.”® The development of gingivitis was ac-
companied by depletion of Propionibacterium and low abundance of
Stenotrophomonas maltophila (Figure 3). By contrast, Prevotella was
seen to increase proportionately after experimental plaque accumu-
lation (Figures 2 and 3). Selenomonas, although present in low abun-
dance, was another genus showing enrichment (Figure 3). Indeed,
Prevotella and Selenomonas were the genera most strongly associ-
ated with clinical signs of gingivitis, and also with an increase in the
levels of the inflammatory mediators interleukin 1alpha, interleukin
1beta, interleukin 1ra, and lactoferrin in gingival crevicular fluid.??
Interestingly, although the genus Fusobacterium as a whole was not
associated with gingivitis, F. nucleatum ss. polymorphum was enriched
at day 21 and associated with gingival inflammation. Other taxa seen
by other 16S rRNA sequencing studies as associated with gingivitis
include Leptotrichia spp., Porphyromonas catoniae, Tannerella spp. HOT

Health

Experimental
gingivitis

Day O

Day 21

1. Rothia dentocariosa

2. Fusobacterium nucleatum ss.
animalis

3. Veillonella parvula

4. Haemophilus parainfluenziae

vincentii
6. Actinomyces sp. HOT 169
7. Streptococcus mitis
8. Neisseria oralis
9. Actinomyces sp. HOT 170
10. Kingella oralis

5. Fusobacterium nucleatum ss.

1. Veillonella parvula

2. Actinomyces sp. HOT 169

3. Fusobacterium nucleatum ss.
polymorphum

4. Streptococcus mitis

5. Streptococcus mutans

6. Prevotella oris

7. Alloprevotella tannerae

8. Neisseria oralis

9. Haemophilus parainfluenziae

10. Fusobacterium nucleatum ss.

animalis

11. Prevotella oris 11. Capnocytophaga gingivalis

12. Streptococcus oralis 12. Prevotella melaninogenica

13. Streptococcus sanguinis 13. Leptotrichia wadei

14. Streptococcus sp. HOT 064 14. Aggregatibacter paraphrophilus
15. Campylobacter gracilis 15. Streptococcus sanguinis

16. Actinomyces naeslundii 16. Neisseria mucosa

17. Leptotrichia sp. HOT 212

18. Rothia dentocariosa

19. Prevotella oulorum

20. Aggregatibacter sp. HOT 458

21. Prevotella denticola

22. Fusobacterium nucleatum ss.
vincentii

23. Actinomyces sp. HOT 170

24. Saccharibacteria (TM7) [G-1] sp.
HOT 347

FIGURE 2 Most abundant members of subgingival microbial
communities in health and gingivitis. Dominant bacterial species in
health (day 0) and after 3 wk of undisturbed plaque accumulation
accompanied by the development of gingivitis (day 21), as reported
in a 16S rRNA sequencing study.?? Bacterial species shown are
those with a mean relative abundance of at least 1% within each
group. Names are presented according to ranked mean relative
abundance with the most abundant species at the top of each list

286 and HOT 808, Saccharibacteria (TM7) [G-1] spp., and Treponema
socranskii.?%?% It should also be noted that these changes in spe-
cies proportions from health to gingivitis occur concomitantly with
an approximate 3-log increase in bacterial biomass and therefore
the influence of enriched species is much larger than that expected
based simply on their change in proportion (Figure 4). In summary,
the development of gingivitis occurs concomitantly with an increase
in bacterial biomass and a large shift in the composition of subgingival
communities with depletion of gram-positive species such as R. den-
tocariosa and enrichment of gram-negatives such as Prevotella spp.,

Selenomonas spp., and F. nucleatum ss. polymorphum, among others.

4 | DYSBIOTIC COMMUNITIES
ASSOCIATED WITH PERIODONTITIS

The development of periodontitis is accompanied by profound
shifts in the composition of subgingival communities, with the
emergence of, for the most part, different gram-negative spe-
cies to those enriched during gingivitis, which outgrow health-as-

sociated taxa. Among the enriched species are the classically
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FIGURE 3 Bacteria associated with health and gingivitis. Graphs show species that significantly changed in relative abundance from day
0 to day 21 of undisturbed plaque accumulation, as reported in a 16S rRNA sequencing study??
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FIGURE 4 Changes in total bacterial load from health to
gingivitis. Bars show the change in 16S rRNA gene copy number
between the healthy state (day 0) and after 3 wk of undisturbed
plague accumulation (day 21), as reported in a 16S rRNA
sequencing study??

described red-complex triad consisting of T. denticola, P. gingivalis,
and Tanneralla forsythia®* (Figure 1). Several other Treponema spp.
also appear as abundant components of periodontitis communi-
ties in agreement with classic microscopy studies, which indicated
that the abundance of spirochaetes was associated with the se-
verity of periodontal destruction.?’> P. intermedia, Filifactor alocis,
Desulfobulbus sp. HOT 041, and Fretibacterium sp. HOT 360, among
others, are also abundant components of periodontitis communities
(Figure 1). Species that appear associated with periodontal health
and periodontitis in recent 16S rRNA sequencing studies are re-
viewed elsewhere.??® Figure 5 shows the species most strongly
associated with health or periodontitis, as judged by their repeated
appearance in molecular surveys conducted by different groups in
distinct patient cohorts.**%2? Two Actinomyces spp., 2 Rothia spp.,
and S. sanguinis appear as the main health-associated taxa depleted
in periodontitis, while a diverse group of mostly gram-negatives are
enriched in periodontitis. The greater number of species associated
with periodontitis than species associated with health is consistent
with the higher diversity of periodontitis communities, in which spe-
cies are more evenly distributed, and therefore more species can be
detected with a similar sequencing effort than in the less diverse

healthy communities, which tend to be dominated by a few taxa.t
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Health-associated
species

Actinomyces naeslundii

CURTIS ET AL.

Core species

Periodontitis-associated
species

Bacteroides [G-2] sp.
HOT 274
Desulfobulbus sp. HOT 041
Eubacterium saphenum
Fretibacterium fastidiosum
Fretibacterium sp. HOT 360
Parvimonas micra

FIGURE 5 Health-associated,
periodontitis-associated, and core species
of the subgingival microbiome. Green and
red ovals show species with significantly
increased proportions in either health

or periodontitis, appearing in at least

3 different 16S rRNA gene sequencing
studies, as reviewed elsewhere,?® and
therefore strongly associated with

health or disease.**” The gray oblong
indicates core species, which are those
with unchanged proportions in health
and periodontitis, and classified as core

Actinomyces spp. HOT 171 Campylobacter Porphyromonas endodontalis in both of our 16S rRNA gene sequencing
gracilis Porphyromonas gingivalis studies!*1¢
Rothia aeria Prevotella intermedia
Fusobacterium Saccharibacteria (TM7) [G-1] sp.
Rothia dentocariosa nucleatum ss. HOT 349
vincentii Selenomonas sputigena

Streptococcus sanguinis

Tannerella forsythia

Treponema denticola
Treponema lecytinolyticum
Treponema maltophilum
Treponema socranskii
Treponema sp. HOT 237

This increased diversity is a distinctive feature of the microbiome
alterations that accompany periodontitis and is in contrast to other
oral diseases such as caries, or to gastrointestinal inflammatory
conditions such as inflammatory bowel disease, in which disease
development is associated with decreased diversity.>>3! There may
be a number of explanations for this difference. Diverse communi-
ties possibly indicate niches with a more diverse pool of available
nutritional resources delivered through an increased inflammatory
response, or alternatively, niches in which cooperation is necessary
for the efficient utilization of nutrients, and therefore a single spe-
cies cannot dominate. In vitro oral community models have indeed
revealed that increased species diversity represents a benefit when
communities grow using complex nutritional substrata, with multi-
species consortia being more efficient in the utilization of complex
glycoproteins, such as those in gingival crevicular fluid, than single
microorganisms.?3% Hence, periodontitis communities may depend
on a larger web of metabolic interactions than their healthy counter-
parts. Alternatively, it is possible that the subgingival environment
in periodontitis may represent a site of immune dysfunction that
permits the proliferation of species normally controlled by the host
defense. Lowered efficiency of the innate and adaptive response in
periodontal disease has been suggested through, for example, inhi-
bition of interleukin-8 activity by P. gingivalis, so-called chemokine
paralysis.>* Interestingly, the mucosal microbiota associated with
colorectal cancer tumors and polyps—sites of immune suppression
in the colon—also demonstrate elevations in population diversity

compared with healthy mucosal surfaces.3>3¢

It should also be noted that health-associated species are still
present in periodontitis and vice versa, which reinforces the princi-
ple that dysbiosis results from changes in dominant species rather
than from de novo colonization of periodontitis-associated taxa.'***
Furthermore, numerical analyses demonstrate a significant increase
in the total load of health-associated species in periodontal dis-
ease compared with periodontal health, albeit that this increase is
dwarfed by the concomitant rise in numbers of the disease-asso-
ciated species (Figure 6). The potential role played by this increase
in the microbial load of the health-associated species in periodontal
disease is not known. However, as we describe later, the properties
of the members of this group of bacteria do appear to switch to po-
tentially more pathogenic behavior in disease compared with health,
suggesting that they may contribute to the overall microbial chal-
lenge to the host tissues.

An important finding from subgingival microbiome characteriza-
tions via 16S rRNA gene sequencing is the identification of species
whose proportions do not change from health to disease. These
species are referred to as core species, as they are present in sim-
ilar proportions regardless of health status. Core species represent
bacteria capable of interacting with health-associated and periodon-
titis-associated community members. Two of the most consistently
detected species in this group are Campylobacter gracilis and F. nu-
cleatum ss. vincentii (Figure 5). The latter is also an abundant com-
ponent of both healthy and periodontitis-associated plaque, and
has been suggested as an important component of plaque structure

because of its ability to co-aggregate with many other species.>”%?
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Bacterial cells
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I Health-associated

Health L Health S Periodontitis A Periodontitis B

FIGURE 6 Types of health-associated and periodontitis-associated subgingival communities. We have found that each state is
represented by 2 types of communities.*® Healthy subjects could be clustered into 2 community types: type L which is enriched for health-
associated taxa, and type S which are communities enriched for core and gingivitis-associated species. Two types of communities are also
associated with periodontitis, with type A communities enriched for core and gingivitis-associated species, and type B communities enriched
for taxa strongly associated with periodontitis. Individuals with the greatest periodontitis severity had type B communities indicating a more
advanced dysbiotic state. Pie charts show the proportions of each group of species in the different community types. Bars show proportions
normalized to bacterial load, depicting the true total abundance of each species group in the different community types. A 3-log difference
in biomass between health and periodontitis was assumed to calculate total load

Similar to the shifts associated with gingivitis, the shifts that
occur in the composition of communities in periodontitis need to be
placed within the context of changes in the total biomass. Estimation
of the total bacterial load in health and periodontitis reveals that
after a single pass of a curette, 1,000 times more bacterial cells
can be recovered from periodontitis sites in comparison with sites
in healthy subjects.14 These measurements agree with previously
reported data by Moore and Moore using a cultivation approach.’
Within this context, it is thus evident that although core species
do not change in proportion as disease develops, comprising about
25% of the biomass in either health or disease, the host interacts
with a 3-log higher load of core species such as F. nucleatum during
periodontitis. The greatest change, however, is observed in the load
of periodontitis-associated species, which occupies about 5% of the
total biomass in health but increases to comprise close to 50% of the
biomass in disease, thereby showing a ~4-log increase in their load
(Figure 6).%¢

The influence of microbial load vs microbial composition of the
subgingival microbiota on the development of periodontitis has re-
cently been examined in experimental periodontitis.40 In these ex-
periments, the expansion of resident memory T helper 17 cells and
associated neutrophil accumulation were necessary for inflamma-
tory tissue destruction in a murine model of ligature-induced peri-
odontitis. Treatment of ligature-induced periodontitis with a variety
of different antibiotic regimens that were able to either reduce the
total load or target only specific components of the microbiota with-
out reduction to the total microbial burden demonstrated that while
an increased microbial load is essential for activation of the cellular
responses and development of destructive disease, this was insuf-
ficient unless accompanied by specific alterations to the overall mi-
crobial community structure associated with the ligature placement.

Hence, in this system, a nonspecific challenge to the host tissues

based on solely increased microbial burden is insufficient to drive

disease.

5 | SUBJECT-TO-SUBJECT VARIABILITY IN
SUBGINGIVAL MICROBIAL COMMUNITIES

Although the previous section described common patterns discerned
from groups of subjects with health or disease, it should be noted
that the composition of subgingival communities varies from indi-
vidual to individual. This is consistent with the known inter-subject
variability in the overall composition of the oral microbiome, which
itself is liable to be governed at the individual level by both the expo-
sure and acquisition of oral microbial communities from the environ-
ment from birth to adulthood, and by the genetic landscape of the
host.%¢ In a group of 79 healthy subjects, the emergence of 2 slightly
different community types was observed, which were referred to as
community L and community S (Figure 6).262¢ The letter designations
refer to the size of the clusters, with most subjects falling under the
large cluster L.1® The difference between these 2 healthy commu-
nity types was a higher abundance of health-associated taxa such as
R. aeria, Actinomyces spp., Streptococcus spp., L. mirabilis, and G. adia-
cens in the L community, whereas the small cluster S (with less sub-
jects than cluster L) had a higher abundance of core species such as
C. gracilis and F. nucleatum ss. vincentii, and also a higher abundance
of gingivitis-associated species such as F. nucleatum ss. polymorphum,
L. wadeii, and P. catoniae, despite a healthy clinical state.*¢
Similarly, 2 distinct communities were observed in subjects
with periodontitis.'® These communities are designated by the
letters A and B (Figure 6). The A communities differed from the
B communities by having increased proportions of core species

and gingivitis-associated taxa, whereas the B communities were
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enriched in taxa strongly associated with periodontitis such as the
red complex, F. alocis, T. maltophilum, T. medium, and Fretibacterium
sp. HOT 360.16:2¢ Interestingly, subjects with the highest extent
of disease had type B communities. These findings suggest differ-
ent degrees of dysbhiosis and point to a longitudinal progression in
which taxa strongly associated with periodontitis dominate com-
munities of subjects with advanced disease. It should also be noted
that periodontitis is a site-specific disease. However, healthy shal-
low sites in subjects with periodontitis have communities that are
more aligned with diseased sites than with shallow sites in healthy
subjects.® Therefore, dysbiotic changes affect the whole mouth,
rather than specific sites.

6 | CHANGES IN THE FUNCTIONAL
PROPERTIES OF SUBGINGIVAL
COMMUNITIES FROM HEALTH TO DISEASE

While 16S rRNA gene sequencing is able to discern the taxonomic
profiles of bacterial subgingival communities, direct sequencing of
DNA obtained from plaque via a shot-gun approach can reveal the
presence of nonbacterial microbial components. A recent shot-gun
DNA sequencing study of subgingival communities in health and
periodontitis was able to detect archaea, fungi, and viruses, in ad-
dition to bacteria as community members.® This study confirmed
that bacteria are the most abundant component of communities,
comprising at least 95% of the reads obtained. Although present in
low abundance, archaea showed differential patterns of coloniza-
tion in health and disease, with Methanobrevibacter oralis, M. smittii,
Methanomassiliicoccus luminyensis, and Methanosphaera stadtma-
nige appearing in significantly higher proportions in periodontitis.
Although present in low abundance, Archaea may have an impor-
tant role in allowing the increase in biomass seen in periodontitis,
as they occupy a terminal position in the community metabolic
chain, removing hydrogen from the environment and thus creating
more thermodynamically favorable conditions for the growth of
anaerobic bacteria.*! Contrary to archaea, the fungus Candida albi-
cans was found associated with health, decreasing in abundance in
periodontitis.8

Taxonomic differences in species dominating communities in
health and periodontitis also correlate with differences in the met-
abolic activities of these communities. In an analysis of the meta-
bolic potential of communities in health and disease, Dabdoub et al®
showed that periodontitis communities have an expanded func-
tionality, with an overrepresentation of genes encoding for lipid-A
biosynthesis, antibiotic resistance, and iron acquisition, among oth-
ers. Also, while virulence factors account for 8.9% of the genome
content in health, 33.1% of the genome content in disease can be
mapped to virulence-related attributes. Periodontitis communities
may thus have an increased pathogenic potential compared with
communities in health.

These largely descriptive studies of the DNA content of a given
sample reveal little about the functional activities of the organisms

present within these communities. A proper understanding of the
metabolic activity of bacteria in periodontitis, and hence the nature
of the microbial challenge to the host's tissues, can only be deter-
mined using experimental approaches that measure functions rather
than microbial presence or absence. Consequently, applications of
community-wide analyses of the transcriptome (mRNA), the pro-
teome (proteins), and the metabolome (metabolites), are required.
Largely as a result of the technical challenges, these studies are still
in their infancy, but the limited number of investigations to date are
beginning to reveal a hitherto hidden level of complexity.

Metatranscriptomic RNA sequencing permits evaluation of dif-
ferences in the true metabolic activities of specific species within
communities, or metabolic changes in the community as a whole. An
evaluation of the metatranscriptome of communities in health and
periodontitis showed enrichment in periodontitis of transcripts from
genes related to flagellar motility, peptide transport, iron acquisition,
beta-lactam degradation, lipid A biosynthesis, and cellular stress re-
sponses, in agreement with the hypothesis that periodontitis com-
munities may have increased pathogenic potential.*> Upregulation
of iron acquisition mechanisms in periodontitis suggests that a re-
quirement for any species to thrive in disease is to be able to com-
pete efficiently for this nutrient. Evaluation of longitudinal changes
in individual tooth sites showing disease progression (loss of attach-
ment) agrees with these findings, showing enrichment of the gene
ontology in terms of pathogenesis, response to oxidative stress, fer-
rous iron transport, protein secretion and growth, among others, in
progressing sites.*

Altogether, these studies show that subgingival communities
associated with health and disease do not only differ in their taxo-
nomic composition, but that the metabolic activities of communities
are distinct under the 2 states. Subgingival communities associated
with periodontal sites that exhibit loss of attachment over time have
been shown to be different metabolically from communities of sta-
ble sites, with these differences detected prior to disease progres-
sion.*® Those sites that exhibited disease progression had a greater
number of metabolically active species and an increased represen-
tation of transcripts related to lipid A biosynthesis, oxidative stress
responses, flagellar motility, and transport of amino acids, iron, and
potassium. These results suggest that prior to detectable destruc-
tion of tissues, the environmental conditions of the site and the
characteristics of the community are different to those in sites that
remain stable, possibly implying increased pathogenic potential of
communities from progressing sites.

Perhaps the most revealing findings of these metatranscriptomic
studies of the microbiota in periodontitis have come from scrutiny
of the functional properties of individual organisms. For instance,
the core species F. nucleatum does not change proportions in either
healthy or diseased sites, but it upregulates the pathway of lysine
fermentation to butyrate in disease.** This switch possibly cor-
relates with the greater anaerobiosis of periodontal pockets, as in
vitro studies show a negative correlation between environmental
oxygen levels and butyrate production by F. nucleatum.*> Moreover,
analysis of red-complex species of periodontal disease in these
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functional studies showed that all 3 species undergo an activation of
the metalloproteases, peptidases, and proteins involved in iron me-
tabolism, suggesting that these may represent important virulence
factors in these well-established oral pathogens.

However, the most surprising outcome of these preliminary for-
ays into functional analysis of bacteria in periodontitis has been the
demonstration that the transcriptional profile of normally health-as-
sociated species may also be altered to a more potentially pathogenic
status in sites that subsequently develop disease, and also in sites of
progression. For example, in a comparison of baseline vs progress-
ing sites, those organisms with the largest number of upregulated
putative virulence determinants were health-associated streptococ-
cal species. Similar results were obtained when comparing baseline
nonprogressing to baseline progressing sites.*> These findings fur-
ther emphasize that focusing solely on those organisms that become
dominant in disease as the drivers of periodontitis may be an over-
simplification: while the contribution of the disease-associated spe-
cies, many of which have been shown to have properties consistent
with deregulation of the immune and inflammatory response,’ can-
not be ignored, the overall virulence challenge in periodontitis may

actually be a product of the entire microbial community.46

7 | DRIVERS OF DYSBIOSIS

The undisturbed microbial accumulation at the gingival crevice and
its triggering of host responses results in increased efflux of gin-
gival crevicular fluid from adjacent tissues into the sulcus. Indeed,
the flow rate of gingival crevicular fluid has been shown to gradu-
ally increase from health to gingivitis to periodontitis.***® In vitro
evaluation of the role of serum as a modulator of oral communities
suggests a serum-like exudate like gingival crevicular fluid promotes
the enrichment of proteinase-rich taxa, which are usually associated
with periodontitis.*”>* Another environmental parameter bound to
affect the composition of communities is oxygen. Taxa associated
with health and gingivitis have a higher tolerance to oxygen than
some of the periodontitis-associated taxa.’?>>® Disruption of tis-
sues and the presence of blood cells could also modify subgingival
communities, as certain species such as black pigmented anaerobic
bacteria associated with periodontitis prefer to utilize hemoglobin-
derived hemin as a source of iron.

Finally, while the preceding section emphasized the importance
of the entire microbial community in the development of the chal-
lenge to host tissues in periodontitis, this should not diminish the
potentially crucial role played by individual species in orchestrating
the development of dysbiosis. For example, one of the presumed im-
portant pathobionts, P. gingivalis, has been shown as able to elicit a
profound effect on the quantitative and qualitative composition of
the oral commensal microbiome in the mouse model of periodon-
tal disease. In so doing, P. gingivalis drives dysbiosis of the normally
benign oral microbiota into a community structure responsible for
the tissue and bone destruction in this animal model.® That these
changes occurred when only low numbers of P. gingivalis were
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present led to the proposal that this bacterium may be considered
a keystone pathogen with elevated disease potential above that
anticipated for a low-abundance species.5 The mechanism through
which P. gingivalis appears able to act as an orchestrator of dysbiosis
in model systems is most likely through disabling and deregulatory
effects on the host immune and inflammatory systems, in particular
complement.! These disruptive properties may thereby create the
environment for outgrowth of other members of the microbiota, a
further example of how alterations to the local ecology can play a
fundamental role in shaping the dysbiotic potential of the oral com-
mensal microbiota.

8 | INFLAMMATION IN PERIODONTITIS

Cytokines, chemokines, and metalloproteinases are known to in-
crease dramatically in periodontal tissues and gingival crevicular
fluid in periodontitis.>*>® The early response lipid mediators, leu-
kotriene B4 and prostaglandin E2, are markedly increased.’”¢°
Prostaglandin E2, which is significantly elevated in gingival crevic-
ular fluid of periodontitis patients and correlates well with disease
severity and ongoing activity, can be used to predict future disease
episodes.””! Cyclooxygenase activity, in particular cyclooxyge-
nase-2, is increased in periodontitis, and in response to periodontal
pathogens in vitro.$2%¢

In the natural resolution of acute inflammation, a distinct class of
lipid mediators called specialized proresolving mediators emerge to
regulate a coordinated return to tissue homeostasis.®”*® Neutrophils
from periodontal patients produce increased lipoxin A4,%¢ especially
in patients with localized aggressive periodontitis. Leukotriene B4
and prostaglandin E2 are also detected.?”%® The chronic periodontal
lesion is characterized by hyperactivated neutrophils with activated
lipoxin pathways; however, the lipoxins are insufficient in quantity as
resolution of inflammation is not achieved.

The insufficient resolution response was demonstrated ex-
perimentally in a rabbit model of ligature-induced periodontitis
comparing wild-type rabbits with transgenic rabbits with elevated
circulating levels of lipoxin A4.%% The transgenic rabbits were pro-
tected from periodontal tissue damage and bone loss. Thus suffi-
cient quantities of lipoxin prevent tissue destruction in bacterially
induced periodontal disease. In humans, dysregulation of resolution
was demonstrated in localized aggressive periodontitis.”® Taken to-
gether, the data suggest a failure to resolve local inflammation in-
duced by bacteria in the periodontium leads to periodontal disease
progression.

Abnormalities in localized aggressive periodontitis were re-
versed with exogenous resolvin E1 derived from the omega-3 fatty
acid, eicosapentaenoic acid (26). Hasturk and co-workers’* showed
that localized aggressive periodontitis neutrophils respond to re-
solvins, but not to lipoxins. Perhaps selective abnormalities of the
response, together with variability in the composition of the micro-
biota described previously, explain aspects of individual variability in
susceptibility to disease.
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9 | INFLAMMATION AND THE
MICROBIOME

As described earlier, the etiologic stimulus for periodontitis in sus-
ceptible individuals is the bacterial challenge, and there are strong
associations with the outgrowth of disease-associated organisms,
including P. gingivalis, T. forsythia, and T. denticola’?, and numerous
other species shown in Figure 5. Active control of inflammation
with specialized proresolving mediators prevents periodontitis in
animal models and demonstrates that control of inflammation in an
infectious disease can lead to clearance of the infection, not to dis-
seminating infection.”*”® Direct monitoring of the lesion-associated
biofilm revealed that control of inflammation reversed the biofilm
changes with resolution of microbial dysbiosis.”®

The new molecular methodologies that sequence-cloned DNA
from communities of microorganisms have completely changed our
understanding of the relationship between the host response and
the microbes that colonize the body.”* The concept that periodon-
tal disease is a consequence of the outgrowth of a relatively small
number of “pathogenic species”, which become dominant in disease,
is now replaced by a view that the microbiome as a whole is in a
bidirectional relationship with the host inflammatory response.”> 8
For example, intracellular pathogens that persist can cause signifi-
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cant dysregulation of inflammation and upregulation of systemic

Periodontal health
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inflammation, as in obesity and type 2 diabetes, resulting in dysbiosis
of the gut microbiome.”?

Thus it has been suggested that a reappraisal of the temporal
sequence of the periodontal microbiome and inflammation in peri-
odontal disease is necessary. Oral microbiome dysbiosis is clearly
associated with periodontitis in cross-sectional studies,”® but the
temporal interplay between bacteria and inflammation is only be-
ginning to be described.8*® Susceptibility to periodontitis and
resultant tissue destruction is mediated by the host response to

86-88

bacteria, and excess, uncontrolled inflammation,®??! but there

are few longitudinal studies that demonstrate that inflammation pre-

92,93

dicts disease progression, and even fewer that dysbiosis occurs

after onset of disease.”

In studies of periodontitis progression and treatment with resol-
vin E1 in rabbits, specialized proresolving mediators prevented and
reversed disease and promoted bone remodeling.”>7374%> Active
control of inflammation resulted in spontaneous disappearance of
periodontal pathogens without mechanical or antimicrobial therapy.
The temporal dynamics of inflammation-induced dysbiosis were
examined in rat periodontitis.8* Active control of inflammation pre-
vented and successfully treated ligature-induced periodontitis in
the rat with significant regeneration of lost tissues including bone.
Dysbiotic shifts in the local microbiota induced by inflammation
were reversed to a significant degree.
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FIGURE 7 The bidirectional relationship between the subgingival microbiome and the inflammatory and immune response. The
symbiotic microbiota in health is dominated by health-associated species (green) and low abundances of species associated with gingivitis
(orange) and periodontitis (red). Gingivitis is characterized by an increased biomass (green and orange arrows) comprising both green and
particularly orange species and an associated increase in inflammation. In periodontitis, biomass increases further (green, orange, and red
arrows) and the red species become increasingly dominant in the dysbiotic microbiota. Furthermore, the gene expression profiles of the
green and orange species are modified with increased expression of virulence determinants. This is accompanied by the development of a
deregulated inflammatory response and tissue destruction. Interventions which are able to resolve the inflammatory response may also be
important in the reversal of the dysbiotic microbiota
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These findings reveal important principles relating to the
role of inflammation in host/microbiome interactions in health
and disease. Observations of the microbiome in periodontitis are
quite different to other infectious diseases, probably because it
is characterized by a dysbiosis of the commensal flora. Species
that are associated with disease overgrow because inflammation
induces changes in the local ecology. The disease-associated mi-
crobiome is more diverse (alpha diversity), while the microbiome
of diseased sites within an individual become more similar (beta
diversity).1#1>9¢%8 The shifts in the microbiome induced by in-
flammation favor overgrowth of certain commensals and this may
also change the expression of virulence factors. However, as we
described previously, the shifts induced by inflammation may ul-
timately depend upon the repertoire of organisms that are pres-
ent in a given niche. Variations in this “baseline” microbiota may
therefore influence susceptibility. Global differential gene expres-
sion analyses reveal that virulence factors are upregulated in all
bacteria, in presumed pathogens as well as in health-associated
commensals.*?>*® Thus there appears to be a direct link between
local environmental conditions and the amount, the composition,
and the activity of the microbiota, and increasing evidence that
this can be reversed with active control of inflammation. These
changes are not observed with inhibition of inflammation with
drugs, including nonsteroidal anti-inflammatory drugs.””

Taken together, the data suggest that the inflammatory response
and the microbiome are in bidirectional balance in oral health (ho-
meostasis) and bidirectional imbalance in periodontitis. The in-
flammatory response can contribute to microbiome changes and
expression of bacterial virulence factors. Active control of excess
inflammation can positively impact management of dysbiosis and
periodontitis (Figure 7). Beyond oral diseases such as periodontitis,
similar observations are made in sepsis, inflammatory bowel disease,

and other diseases as well 100101
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