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1 | BEYOND KOCH'S POSTULATES work of historical figures such as Louis Pasteur (1822-1895), or

to his contemporary, Robert Koch (1843-1910), whose postulates
The ability to detect microorganisms and correlate their presence still provide a systematic framework for establishing a causal re-
with specific symptoms has shaped our understanding of infec- lationship between a microbe and a disease. According to these
tious diseases. This understanding owes much to the pioneering postulates, a microorganism should be present in every case of
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the disease, isolated from the host, grown in pure culture, and
cause the same disease when introduced into a healthy host.
Corollaries to these postulates entail that the sole detection of
a pathogen holds a diagnostic value, and as a result, treatment
success hinges on the effective eradication of the pathogen, while
prevention revolves around avoiding exposure to it. To this day,
the identification of causative pathogens remains the cornerstone
of infectiology, and modern microbial detection methods have en-
abled us to fulfill these postulates with unprecedented precision.
For instance, high-throughput sequencing of bacterial 16S rRNA
genes has proven successful in detecting pathogens that were
previously missed by traditional culture techniques or broad-
range PCR amplification, thus contributing to informed therapeu-
tic decisions.’

Whereas Koch's postulates have undeniably laid the founda-
tions of modern clinical microbiology, they appear limited to the
description of purely pathogenic relationships between hosts and
microorganisms. The human body, however, hosts several micro-
bial ecosystems that evolve in homeostasis with their host, and
thus, fail to abide by Koch's postulates. Typically, the oral cavity is
“homeostatically colonized” by one of the richest and most com-
plex microbiota, primarily dominated by the domain Bacteria.? The
774 species-level taxa currently identified within the oral micro-
biota exist in a mutually beneficial equilibrium, contributing to the
regulation of our immune system and preventing colonization by
exogenous pathogens. However, ecological alterations that dis-
rupt this homeostasis may lead to shifts in microbial community
composition and trigger aberrant inflammatory host responses, a
state known as dysbiosis.® In a dysbiotic state, the sole detection
of one pathogenic taxon holds no diagnostic value, and treatment
and prevention strategies rely on re-equilibrating and maintain-
ing homeostatic factors. Indeed, Socransky had foreseen this at
the early stages of contemporary research in periodontal micro-
biology, and in 1979, he proposed a modification of Koch's postu-
lates to better fit the context of periodontal diseases.* Although
diverging from Koch's original purpose, the application of micro-
bial analytical approaches in the oral ecosystem aims at detecting
ecological shifts in oral microbial communities and assessing the
expressed microbial effectors that underlie the specific disease
under scrutiny. Thus far, the application of microbial analytical
approaches has been mostly driven by the research purpose of
etiological discoveries, with few efforts invested in translating this
knowledge to tangible clinical applications.>® Although the poten-
tial of clinical microbiology approaches remains underexploited,
their implementation in oral healthcare may prove highly valuable
to assess early risks for oral diseases, complement clinical obser-
vations to support diagnosis and treatment planning, and finally,
provide auxiliary information for prognosis and monitoring of out-
comes. This review aims to summarize how microbial analytical
methods have shaped our understanding of periodontal diseases
and spotlight those clinical microbiology approaches that may rel-

evantly bridge to patient-oriented applications.

2 | CO-EVOLUTION OF MICROBIAL
DETECTION WITH PERIODONTITIS
ETIOLOGICAL MODELS

2.1 | From culture to DNA probes

The first scientific model that attempted to explain the etiology
of periodontitis closely followed the establishment of the “Germ
Theory” by L. Pasteur and R. Koch. Relying on the theory's funda-
mental principle that attributes infectious diseases to microorgan-
isms, Willoughby Dayton Miller (1853-1907), an American dentist
and student of Robert Koch, extended this principle to the endog-
enous nature of oral diseases. His pioneering culture and light mi-
croscopy observations, albeit rudimentary, led him to formulate his
“chemo-parasitic” theory, which surmises that dental plaque bacte-
ria can challenge the integrity of gingival and dental tissues.” The
further refinement of basic microbial methodologies, together with
the development of novel detection techniques throughout the 20th
century, have gradually enhanced our understanding of the role of
bacteria in the etiology of periodontitis. As such, the technological
improvements to microbial methodologies have rendered it pos-
sible to address more complex scientific questions and resulted in
more accurate discoveries. Figure 1 didactically links the emergence
of key microbial hypotheses in periodontology, with the microbial
techniques that led to their formulation.

Until the 1970s, the prevailing theory suggested that periodontal
inflammation resulted from the overall accumulation of plaque bac-
teria. In this view, the inflammatory transition ensued from an un-
specific overgrowth of indigenous oral bacteria, with little relevance
attributed to taxonomic composition or species pathogenicity. This
standpoint gained support from the still famous experimental gingi-
vitis model, which demonstrated that plaque accumulation through
hygiene abstinence causes reversible gingivitis.8 This theory became
known as the “non-specific plague hypothesis.”’

The “non-specific plague hypothesis” was readily challenged by
revolutionary advances in anaerobic culturing. For example, it be-
came achievable to generate an anaerobic atmosphere with con-
trolled carbon dioxide partial pressure by injecting within culture
jars a mixture of nitrogen, hydrogen, and carbon dioxide. Filtration
of this gas mixture through a palladium catalyst additionally ensured
the absence of oxygen traces.’® Concurrently, improved culture
media formulations that included cysteine, hemin, menadione, or de-
fibrinated sheep blood allowed the isolation of strictly anaerobic and
fastidious species such as Porphyromonas spp. or Prevotella spp.**

These breakthroughs in culturing, together with microscopy
observations, resulted in the detection of specific taxa enriched in
disease-associated sites, which led to their classification as periodon-
tal pathogens (or periodontopathic communities).*? Figure 2 shows
representative dark-field photomicrographs from deep periodon-
tal pockets. The pathogenic character of these taxa was strongly
supported by the discovery that these periodontal species express

potent virulence factors.’®™'® For instance, P.gingivalis secretes
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FIGURE 1 Evolution of microbial hypotheses in periodontology. This timeline overlaps the chronological emergence of key microbial
hypotheses proposed to underlie the etiology of periodontitis, with the concurrent advances in microbial methodologies that shaped these

theories. This timeline results from the compilation of several scientific references. “Specific plaque hypothesis,
ecological plaque hypothesis,”*>*¢ “keystone-pathogen hypothesis,

19,190 « n22 «
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several gingipains, notably two cysteine proteases with arginine
and lysine peptide bond specificity, shown to dysregulate host im-
mune responses and thereby contribute to the species' survival and
persistence.}*1® Aggregatibacter actinomycetemcomitans releases a
pore-forming leukotoxin that kills neutrophils.*>” Treponema den-
ticola expresses chymotrypsin- and trypsin-like proteases that con-
fer to the taxon highly invasive and immunomodulatory properties
by degrading host tissues and impeding neutrophil m(:»tility‘“"18
Furthermore, these periodontopathic communities were detected at
increased rates in distinct types of periodontal affections. Typically,
“adult periodontitis” was associated with gram-negative rods, in-
cluding Fusobacterium spp. and Prevotella spp., as well as high mi-
croscopical counts of Treponema spp.t’ “Early-onset periodontitis”
was distinguished by high detection rates of Porphyromonas spp. and
Prevotella intermedia, while the “localized juvenile periodontitis,” a
distinct form of early-onset periodontitis, was characterized by the
detection of A.actinomycetemcomitans.’’ In contrast, higher propor-
tions of Streptococcus sanguinis, Actinomyces viscosus, A.odontolyti-
cus, or S.mutans were rather associated with healthy, or successfully
treated sites.'? Altogether, these findings suggested that specific
microbial communities were underlying the etiology of distinct
periodontal affections, and culminated in the “specific plaque hy-
pothesis” in 1979.2° The “specific plaque hypothesis” entailed two
important clinical corollaries; first, that detection of these periodon-
topathogens in elevated proportions holds diagnostic value, and
second, that some form of antimicrobial chemotherapy should be

t.20

used as adjunct to mechanical debridemen The “specific plaque

hypothesis” described periodontitis as deriving from a conventional

#20,189 «yon-specific plaque

"98 “polymicrobial synergy and

host-pathogen infective interaction. This appreciation was influ-
enced by the limitations of the early analytical methods underlying
this hypothesis that overlooked low-abundant taxa, and a substan-
tial part of the subgingival microbiota. Importantly, however, this
understanding prompted the exploration of additional putative peri-
odontopathogens using culture-independent techniques as these
became increasingly accurate and accessible over time. Interestingly,
these endeavors led to the models prevailing today, which may be
perceived as refinements of the “specific plaque hypothesis” that in-
tegrate the notions of synergistic polymicrobial interactions and com-
munity dysbiosis, both further elaborated in this section.

The next years of periodontal microbiology research would wit-
ness the advent of molecular approaches to study the ecology of
microbial communities, among which one pivotal breakthrough was
Socransky's DNA-DNA checkerboard in the 1990s. In a nutshell, this
approach was a modification of the classical Southern blot technique
that enabled the detection of up to 40 different bacterial species
in a maximum of 28 clinical samples, all performed on one single-
nylon membrane.?! Based on the frequency of detection of the in-
vestigated species, Socransky statistically associated co-occurring
clusters of these species with the severity of periodontal lesions.??
In doing so, this seminal work proposed the classification of sub-
gingival bacterial species into five color complexes, among which
the notorious red complex characterized by P.gingivalis, Tannerella
forsythia, and T.denticola, was strikingly correlated with deep and
active periodontal lesions.?? Methodologically, identification of the
bacterial species in the DNA-DNA checkerboard relied on the use of
whole-genomic probes, which, in essence, were a purified collection
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FIGURE 2 Darkfield photomicrographs showcasing the landscape of a deep periodontal pocket. A subgingival biofilm sample, collected
using paper points and transported in an anaerobic transport medium, was eluted and a fraction of the resulting suspension was spread on

a glass slide. Microscopy examination unveiled distinctive bacterial “morphotypes” prevalent in deep periodontal pockets. Panel (A) shows

a substantial presence of motile spirochetes, while panel (B) exhibits curved motile rods, primarily indicative of Campylobacter spp. and
Selenomonas spp. within the pocket environment. Panel (C) displays fusiform bacteria. In panel (D), neutrophils are discernible along with a
substantial number of coccoid bacteria in their vicinity, likely indicative of localized host-microbe interactions. As frontline defenders against
the periodontal biofilm, neutrophils are anticipated findings. Notably, an elevated count of neutrophils may signify rapid ongoing tissue
damage. All panels were observed at a magnification of 1000x. (Source: the photomicrographs were compiled and reproduced from Claesson
et al. 2022 in agreement with the terms of a Creative Commons CC-BY license with Frontiers Media SA).

of DNA extracts from pure cultures.?!?3 The undeniable advantages
of this approach lay in its ability to readily detect species-level taxa
in several clinical samples simultaneously, with no need to culture
samples. However, prior culture of the pure species was indispens-
able to the generation of the probes. In other words, the technique
was essentially detecting culturable taxa, albeit with greater sensi-
tivity and higher throughput.

2.2 | The 16S rRNA gene for taxonomy
identification

Fairly in parallel to the DNA-DNA checkerboard, in 1990, the field
of periodontal microbiology was revolutionized by the emergence of
the 16S ribosomal RNA gene as a new tool for the systematic clas-
sification of bacterial taxonomy,24 The gene bears several distinctive
features that render it uniquely suitable for taxonomic identifica-
tion, particularly within complex polymicrobial communities.?>2¢
The 1500bp average sequence of the gene encodes the RNA strand
that composes the ribonucleoprotein complex of the small ribosomal
subunit required for protein translation. This function is indispensa-
ble to life, and the gene is therefore ubiquitous in all prokaryotes.
Additional features rely on its sequence, which combines slow-
evolving regions along with nine fast-evolving regions. The slowly

evolving regions guide the rRNA self-hybridization into its 3D fold-
ing. Because the folding is essential for the rRNA to reach its func-
tional structure, sequences of these slowly evolving regions must be
conserved.?’ In contrast, the fast-evolving regions are “variable” in
that their sequence differs among distinct taxa, thereby constituting
valuable targets for taxonomic assignment.?® These variable regions
are numbered from V1 to V9, and taxonomic assignment is com-
monly achieved by spanning a compilation of variable regions.?’ Oral
microbiology studies typically target regions V1 to V2, V3 to V4, or
V4 alone to generate community profiles that confidently reach the
genus level. 293t |t is noteworthy that regions V1 to V2—sometimes
including V3—are longer and display higher variability.>? These fea-
tures endow these regions with higher discrimination potential and
have been shown to possibly distinguish between species of the
genus Streptococcus, acknowledged for their similarity.3%32

These features enable the 16S sequence to be exploited either
in a closed-ended manner (understand taxa-targeted) or in an open-
ended manner (untargeted to specific taxa). Researchers have ini-
tially used the 16S in a closed-ended manner, mostly by designing
PCR primers that anneal within the taxa-specific variable regions.
An amplification using such primers was testimony of the presence
of these specific taxa. This approach was originally used to confirm
the occurrence of previously identified bacteria in the subgingival
ecosystem, yet with PCR-like sensitivity. Besides bacterial presence,
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it was soon possible to quantify bacterial abundance with the ad-
vent of quantitative PCR (qPCR) in the early 2000s.3473¢ Although
these molecular approaches were culture independent, their closed-
ended nature impeded the discovery of new taxa. Their application,
however, drastically facilitated the identification of fastidious peri-
odontal pathogens in pockets and consolidated the “specific plaque
hypothesis.”

2.3 | Ecological perspective on periodontal
diseases

The real turning point emerged with the use of the 16S in an open-
ended manner. This entailed amplifying any 16S variable regions
using PCR primers in the flanking conserved regions and sequenc-
ing the PCR products.37 With this approach, any 16S sequence from
virtually all bacteria present in a sample can be detected irrespec-
tive of their prior characterization. Inits original application, the PCR
amplicons were cloned to maximize the likelihood of multiplying and
sequencing individual bacterial sequences.®® Taxonomy was then as-
signed by comparison with existing 16S databases, and yet-unknown
sequences were assigned a “phylotype” based on similarities with

).3% This approach

known taxa (an approach conserved to this day
unveiled an unprecedented diversity of the subgingival microbiota
comprising around 400 species-level taxa, of which 215 were novel,
likely species-level, phylotypes.*® The realization of this microbial
“dark matter,” hidden in artificial culture, spurred considerable ef-
forts to devise innovative culture strategies to characterize their
physiological and pathological properties.****? This involved simulat-
ing the ecological niche of these taxa in vitro, typically by diluting the
culture media with saliva for oligotrophic taxa, or supplementing it
with compounds naturally present in their polymicrobial ecosystem
(e.g., acyl-homoserine lactones, siderophores, spent medium from
“helper” species).*> 44

The revelation of this previously unrecognized microbial diver-
sity not only introduced a myriad of unknown taxa but also drew
attention to the presence of typical periodontopathogens in healthy
sites. With this, the key concept of ecological balance within micro-
bial communities emerged, bridging the apparent dichotomy be-
tween the “non-specific” and “specific” plaque hypotheses. This is
the framework of the “ecological plaque hypothesis,” which posits
that the microbiota and the host coexist in a homeostatic equilib-
rium during health.*>*¢ Yet, ecological alterations may generate a
microenvironment conducive to the expansion of inflammophilic
periodontal pathogens that now increase in proportions or viru-
lence.”” These taxa elicit aberrant inflammatory responses that cre-
ate a microenvironment bearing higher peptide content, higher pH,
and reduced redox potential.*® Within this altered ecosystem, these
periodontopathogens thrive and instigate a self-perpetuating cycle
that fuels sustained inflammation, which in turn supports further se-
lection of pathogenic taxa.*’ This cycle gradually leads to a dysbiotic
state, marked by shifts in the composition and metabolic function
of the subgingival microbiota that are no longer compatible with

ooy ) AR

health. These alterations may be detected clinically as early as the
gingivitis stage.’°~>? Periodontitis, therefore, results from the induc-
tion of a self-destructing inflammatory response driven by microbial

dysbiosis.>%%4

2.4 | High-throughput technologies to tackle the
subgingival diversity

The need to better grasp this subgingival microbial diversity
prompted the development of microbial identification methods able
to address such complex composition. The original “cloning and se-
quencing” was hardly affordable on large scales and was displaying
limited throughput. Yet, relying on the 16S sequences identified in
the subgingival microbiota, a microarray method was developed that
allowed the detection of over 300 species-level taxa using prede-
fined DNA probes; namely the human oral microbe identification
microarray (HOMIM).>> The application of HOMIM proved espe-
cially valuable in comparing the distribution of these 300 species
across different periodontal conditions, although its closed-ended
nature prevented further exploration of new taxa.’*>8 One impor-
tant achievement of these efforts to compile 16S sequences of oral
taxa was the creation of a dedicated repository—the Human Oral
Microbiome Database (HOMD).”? With the concurrent develop-
ment of next-generation sequencing (NGS), that is, high-throughput
sequencing technologies, HOMD became a reference database for
taxonomic assignment.l60 To this day, sequencing and mapping the
16S rRNA gene remain instrumental for the identification and phylo-
genetic classification of bacterial taxa in an open-ended manner.>%¢!
The method, however, is bound to inherent limitations as the 16S
sequence is poorly informative of other genomic regions,’>%% which
yet underpin bacterial pathogenicity in periodontitis.

The ever-increasing sensitivity and base call accuracy of NGS
technologies allow the direct sequencing of microbial genomic frag-
ments present in a sample without prior PCR amplification.®* This
approach is termed shotgun metagenomic sequencing. By sequenc-
ing virtually every bacterial genomic fragment, complex communi-
ties can be profiled with taxonomic resolution reaching the species
or strain level.?>%® More importantly, sequence reads may be em-
ployed to re-assemble whole genomes or predict the functional
potential of microbial communities.” These developments led to
the identification of new disease-associated taxa. Typically, yet-
uncharacterized species of Desulfobulbus, Dialister, or Anaeroglobus
were recognized, and the presence in deep pockets of asaccharolytic
gram positives such as Peptostreptococcus stomatis or Filifactor alocis
was described.>¢872

While the level of taxonomic characterization provided by
metagenomics offers indispensable insights into microbial com-
munities, full elucidation of periodontitis etiopathogenesis ulti-
mately requires knowledge of the actively expressed effectors.
Integration of metagenomic data with metatranscriptomics or
metaproteomics becomes imperative in this pursuit.”>’* An ef-

fective approach to delineate the functional roles of specific
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subgingival bacteria within the periodontal niche involves meta-
transcriptomics, which includes analyzing the entire set of active
gene transcripts in the microbial community. Metatranscriptomic
investigations of subgingival plaque have unveiled disease-specific
microbial transcripts, highlighting a conserved core metatran-
scriptome associated with periodontitis.”® Despite significant vari-
abilities between sites and patients, this core metatranscriptome
predominantly involves metabolic and biosynthetic pathways, in-
cluding iron acquisition, lipopolysaccharide synthesis, and the pro-
duction of short-chain fatty acids.”>”>7® Interestingly, evidence
shows that bacteria usually associated with health may exhibit
heightened activity during periodontitis, typically transcribing pu-
tative virulence factors associated with cobalamin synthesis, pro-
teolysis, or potassium transport.73 Furthermore, treatment does
not appear to restore the subgingival microbial communities to a
“healthy” microbiota; instead, it tends to diminish the existing bac-
terial activity, particularly at actively progressing diseased sites.””
Certainly, bacteria are acknowledged for their ability to adapt to
distinctive physicochemical conditions through the modulation
of protein synthesis, metabolism, and the secretion of small bio-
molecules. Thus, a comprehensive understanding of subgingival
microbiome functional diversity necessitates integrating DNA- or
RNA-based information with high-throughput measurements of
microbial metabolic products and proteins, namely through me-
tabolomics and metaproteomics.”882

In this context, metaproteomics emerges as a powerful tool,
offering a more comprehensive and real-time snapshot of the
subgingival microbiota compared to DNA or mRNA transcripts.83
Mass spectrometry and bioinformatics are the current tools for
generating metaproteomic data from polymicrobial communities.
Metaproteomics has been effectively employed in various studies to
characterize in vitro grown, mono- or multispecies subgingival bio-
films (recently reviewed in Bostanci et al. 20218%2). Focusing on the
proteins expressed or secreted by specific periodontal pathogens,
the “metaproteome” can shed light on how the cellular units of the
subgingival microbiota interact with each other and compete for nu-
trients and resources, that is, “which organism is doing what.”84-87
Although metaproteomics has been in existence for nearly 20vyears,
their application to oral microbial communities is still considered to
beinits early stages, and specific explorations of the metaproteomic
profiles of communities at different stages of the disease are still
warranted. The complexity and heterogeneity of subgingival micro-
biota pose significant challenges in accurately identifying and quan-
tifying proteins in the metaproteome, making it a more daunting task

compared to conventional proteomics of single organisms.

2.5 | The current ecological framework:
polymicrobial interactions orchestrate dysbiosis

Whereas the extensive taxonomic and metagenomic profiling of
subgingival communities reinforced the concept of “ecological
plaque hypothesis,” it also highlighted the need to better understand

the functional interactions driving dysbiosis.”® Attention was natu-
rally turned first to known inflammophilic periodontal pathogens
such as P.gingivalis.91 The taxon demonstrates the ability to inhibit
the secretion of IL-8, thereby potentially hampering neutrophil
chemotaxis.”?"?* This inhibition may facilitate the establishment of
P.gingivalis in its niche and foster the proliferation of other taxa.”>?¢
Moreover, the gingipains released by P.gingivalis were found to
act as convertases on the complement, generating C5a moieties
that initiate a subversive cross-talk between the C5a receptor and
the Toll-like receptor 2. This interaction hinders the killing activity
of neutrophils and is essential for the persistence of P.gingivalis in
the subgingival ecosystem.”® In essence, despite its low abundance
within a microbial community, P. gingivalis exerts a community-wide
impact thatis able to tilt the balance toward dysbiosis. This prompted
the concept of “keystone pathogen,” drawing an analogy to the ma-
rine ecological definition of “keystone species,” precisely referring
to species that disproportionately affect their communities despite
their low abundance.””?® Two notions unfolded from this “keystone
pathogen” concept; first, that P. gingivalis requires physiological and
metabolic support from its fellow consortium members to exert its
pathogenicity, and second, that other members also possess the
ability to heighten the overall community pathogenicity.3*49’99*100
These notions reconciled the “ecological plagque hypothesis” with
the concept of “keystone pathogen” in the model of “polymicrobial
synergy and dysbiosis”.***

Metatranscriptomics and, to a greater extent, metaproteomics
emerged as analytical tools of choice to investigate the effector path-
ways exploited by putative periodontopathogens to enhance the
pathogenicity of their whole community.8? One such example is the
species Anaeroglobus geminatus, a strictly anaerobic gram-negative
coccus of the Veillonellaceae family showing close relation to the
genus Megasphaera.!? The species was shown to display higher
rates of subgingival colonization in cases of chronic and aggressive
periodontitis, although a potential role of A. geminatus in influenc-
ing the composition and dynamics of polymicrobial communities re-
mained unexplored.’®® The application of an LC-MS/MS label-free
proteomic approach in an in vitro polymicrobial subgingival biofilm
model revealed the ability of A.geminatus to instigate the prolifer-
ation of other periodontopathogens, such as P.intermedia, and to
up-regulate virulence properties across the entire community.70
Similarly, mounting evidence also points to the newly discovered
F.alocis as another potential orchestrator of microbial community
dynamics. Epidemiologically, the taxon appears to co-occur with
A.actinomycetemcomitans, and to be associated with increased at-
tachment loss.>’ Investigation into its pathogenic potential unveils a
repertoire of virulence factors, notably the taxon expresses a mem-
brane protein that binds the C3 moiety, thereby impeding a pivotal
step in complement activation.’®* F.alocis is also notorious for its
secretion of extracellular vesicles that interact with Toll-like recep-
tor 2, promoting osteoclastogenesis.los'106 A proteomic exploration
of these vesicles delineated strain-specific differences in excretion,
establishing a connection between this secretory activity and dis-
tinct virulence profiles among strains.®® Additionally, the recent
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identification of FtxA, an unknown protein belonging to the RTX
superfamily of exotoxins with cytolytic activity, further underscores
the multifaceted virulence strategies employed by F.alocis.”*8’
These findings highlight how low-abundant members of the
subgingival microbiota act as drivers of dysbiosis and orchestrate
pathogenicity.3 Their adeptness at exploiting synergies with fellow
community members and manipulating host immune responses un-
derscores the complexity of microbial interactions in the context of

periodontal health and disease.

3 | CLINICAL MICROBIOLOGY FOR
PERIODONTAL DIAGNOSTICS

The era of the “specific plaque hypothesis,” which posited that de-
fined microbial clusters were the primary instigators of periodontal
diseases, provided the ideal ground for targeted microbial detection.
Within this framework, the identification of specific taxa was hold-
ing diagnostic value; a concept fairly close to the “classical” medical
approach geared toward detecting exogenous pathogens in mono-
infections. It is now clear that these concepts of microbial detection
for diagnostic purposes cannot be seamlessly transposed to peri-
odontology; instead, they require tailored translation to account for
the polymicrobial and ecological dynamics inherent to the etiology
of periodontal diseases. The next subsections offer a description of
the clinical microbiology analytics either currently accessible in peri-

odontology or with prospective clinical applications.

3.1 | Bacterial culture and antimicrobial
susceptibility testing

In spite of the most recent advances in microbial genomics, bacterial
culturing remains the mainstay to provide a phenotypical descrip-
tion of a taxon. As outlined in previous sections, such functional,
biochemical, and enzymatic properties are crucial to complement
genomic data and to achieve the complete characterization of a
taxon.'%” Besides its research applications, bacterial culturing also
finds indispensable clinical use, notably in the acquisition of antimi-
crobial susceptibility testing (AST) data for clinical isolates. 108

AST involves dispersing a previously isolated clinical bacterial
strain onto a culture agar, exposing it to various antibiotic concen-
trations through diffusion from discs or gradient strips. The strain's
ability to grow in the presence of increasing antibiotic concentrations
determines minimal inhibitory concentration (MIC) values. Figure 3
illustrates an example of MIC determination for vancomycin using
two oral clinical isolates of Enterococcus faecalis.'®® International
institutions such as the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) or the Clinical Laboratory Standards
Institute (CLSI) issue guidelines regulating AST procedures to en-
sure standardized and comparable MIC values across laboratories.
Ultimately, the compilation of thousands of MICs, coupled with
parameters such as prevalence of resistance, pharmacokinetics,
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or pharmacodynamics, serves to establish clinical breakpoints and
provide guidance for prescription. In brief, if an isolate's MIC falls
below the clinical breakpoint of that species for a given antibiotic,
it is deemed “susceptible” and treatment with this antibiotic is likely
to be successful. Conversely, if the MIC surpasses the clinical break-
point of the species, the isolate is deemed “resistant” and use of this
antibiotic is unadvised.**?

AST stands as the primary tool for unequivocally confirming
phenotypical antibiotic resistance, and although its application in
periodontology faces the challenges imposed by the 30% of yet-
unculturable subgingival taxa, AST remains instrumental in acquir-
ing crucial epidemiological data. In a comparative study, ASTs were
conducted using first-resort antibiotics (amoxicillin, amoxicillin,
clavulanate, penicillin G, clindamycin, tetracycline, ciprofloxacin, and
azithromycin) on a spectrum of typical periodontal taxa collected
from Spain and the Netherlands, including P.intermedia, Parvimonas
micra, A.actinomycetemcomitans, Fusobacterium nucleatum, and
P.gingivalis.**® Their outcomes revealed an increased prevalence of
resistant taxa in Spain, notably in isolates of A.actinomycetemcom-
itans, F.nucleatum, and P.intermedia to amoxicillin.'*® These obser-
vations were complemented and extended by another group, which
demonstrated that 17%-26% of “Spanish” periodontal Prevotella
spp. isolates were resistant to amoxicillin.*** This resistance could
be in part attributed to the detection of beta-lactamase production
in 54% of these Prevotella spp. isolates. In contrast, a study that in-
vestigated the AST profiles of 247 periodontal isolates to commonly
prescribed antibiotics in the Netherlands reported only few isolates
of A.actinomycetemcomitans, F.nucleatum, and P.intermedia to show
resistance to amoxicillin.!*2 These findings align with a recent longi-
tudinal German study spanning 8years (2008-2015) that assessed
antibiotic resistance in typical periodontal taxa, including P. interme-
dia, F. nucleatum, P. gingivalis, and T. forsythia. This comprehensive
investigation, which tested between 2196 and 3881 isolates every
year, observed a significant increase in the number of resistant taxa
over the years.!*® Although implementation of ASTs in periodon-
tology on an individual basis is likely impracticable, the compilation
of such epidemiological data finds paramount microbiological rele-
vance both for resistance surveillance and to provide prescription

guidance.

3.2 | qPCR for the clinical identification of
signature microbial profiles

Quantitative PCR is a molecular technique used to quantify the
amount of a specific DNA sequence in a given sample.'* It involves
the amplification of the target DNA, most commonly coupled with
fluorescent-intercalating agents, allowing the real-time monitoring
of the amplification process and providing accurate quantification
of the initial DNA concentration in the sample.!*> Typically, gPCR
can be employed to detect and quantify selected species using prim-
ers that anneal into the taxa-specific variable regions of the 16S
rRNA gene. ! It is further possible to transform the amount of DNA
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FIGURE 3 Antimicrobial susceptibility testing using Etest gradient strips. Photographs show two distinct Enterococcus faecalis oral
isolates plated onto Mueller-Hinton agars (supplemented with 5% defibrinated horse blood and 20 mg/L p-NAD), onto which vancomycin
gradient strips were deposited. Strips are labeled with the vancomycin concentration, in micrograms per milliliter (ug/mL). Panel (A) shows

a vancomycin-susceptible E.faecalis isolate, which MIC can be read at the intersection of the lower part of the ellipse-shaped inhibition

zone with the strip (1.5 pg/mL). This typical shape results from the diffusion of increasing vancomycin concentrations along the strip. In
contrast, panel (B) shows a vancomycin-resistant E. faecalis isolate, recognizable by the irregular ellipse-shaped inhibition zone, lacking a clear
intersection point and displaying colonies that invade the area. The clinical breakpoint for the species is defined at 4 pg/mL.

detected into the number of cells of each species investigated using
their genomic weight.“7’118

The growing recognition of the role of subgingival communities
in periodontitis has catalyzed the development of validated clinical
oral microbiology laboratories that offer gPCR services to perio-
dontists. To date, such gPCR tests are rather broadly accessible and
include, for instance, the IAl PadoTest® (“Institut fir Angewandte
Immunologie”—mostly Switzerland and Germany but available
across Europe),''? PerioPOC® (distributors all over the world),*?°
or MyPerioPath®'?! and HR5®22 (exercising in the United States).
These gPCR services typically encompass the quantification of
a panel of periodontal taxa, ranging from 5 to 11 species, often
classified to mirror Socransky's complexes. Figure 4 showcases an
example of gPCR test results generated using the services of such
laboratories.’?312* Whereas companies tend to advertise these tests
beyond their scientifically established value, they may find clinical
relevance provided that the periodontist understands the signif-
icance of the findings and is able to translate them into informed
therapeutic decisions. The interest in gPCR microbiological analytics
in periodontology is multifaceted.

Originally, these efforts were geared toward the identification
of predefined periodontopathogens, which detection was meant

to guide the clinician when considering the need for an antibi-
otic treatment adjunctive to mechanical debridement.'?® To date,
there is rather little evidence to support this approach.'?61?7 A
retrospective study evaluated whether implementing an adjunc-
tive antibiotherapy, informed by microbiological analyses, posi-
tively impacted treatment outcomes.*?® Their findings supported
that the incorporation of antibiotherapy, amoxicillin/metronida-
zole, may enhance treatment outcomes specifically when detect-

ing typical periodontopathogens, such as members of the “red
complex.” 28 The use of adjunct antibiotics may also find a rational
in cases where A.actinomycetemcomitans is specifically detected
regardless of other periodontopathogens. As A.actinomycetem-
comitans colonization is not limited to periodontal pockets but
also invades other oral mucosae, mechanical debridement alone is
unlikely to eliminate the taxon.'??'%% |n instances of A.actinomy-
cetemcomitans detection, adjunct amoxicillin or moxifloxacin was
shown as possible alternative to suppress the taxon, although this
approach weakly correlated with clinical improvement.!?%131:132
Importantly, however, based on the few bodies of evidence cur-
rently existing, current guidelines for antibiotic prescription
do not incorporate baseline detection of specific periodonto-
pathogens, relying exclusively on the severity of periodontitis
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FIGURE 4 Characteristic clinical test results of subgingival gPCR assays. The figure provides an example of typical test results
performed by a periodontist. On both panels, 11 taxa were investigated and their quantification is didactically displayed as horizontal bars.
Increments on these bars are representative of equivalent bacterial colony-forming units/mL. In (A), samples originate from a female in

her 60s displaying a “highly inflamed periodontium,” halitosis, and abundant subgingival calculus on initial examination. The patient was
diagnosed with Stage |V, Grade B generalized periodontitis. Reportedly, the reason for conducting the microbiological test was to gather
data as to whether to complement the scaling and root planing with an adjunctive antibiotherapy. The clinician opted for an antibiotherapy
using amoxicillin and metronidazole. In (B), samples originate from a female in her 40s with good oral hygiene and diligently attending her
hygienist recalls. The patient presented with few supragingival biofilm deposits and minor subgingival calculus on initial examination. The
patient was diagnosed with Stage Il, Grade B localized periodontitis. Reportedly, the periodontist assessed that the severity and localization
of periodontal lesions were incommensurate with the low amount of biofilm deposits, hence the reason for seeking therapeutic guidance
from microbiological tests. The periodontist implemented an amoxicillin/metronidazole antibiotherapy adjunctive to scaling and root
planing. Heicodent is a Swiss-based company that delegates its qPCR analyses to LADR laboratories in Germany. Websites of the companies:
https://heicodent.ch/ and https://www.ladr.de/startseite (URL accessed on December 12, 2023). Test results are courtesy of Dr. P.-J. Loup
(Lecturer, University Clinics of Dental Medicine, Faculty of Medicine, University of Geneva, Switzerland). This figure provides an example of
clinically applied qPCR analytics alongside their clinical context and authors remain neutral with regard to the adopted clinical course.
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as assessed by clinical parameters.’®>%3# This is explained by the
important microbial diversity within the periodontal niche, com-
prising myriad anaerobes, as well as aerobes, gram-negatives as
well as gram-positives, which preclude the tailored selection of an
antibiotherapy. Whereas such approach aims at clinical efficiency,
it may be pointed out that the complete dissociation of microbio-
logical characterization from antibiotic prescription may impede
outcome monitoring, hinder future optimization of antibiotherapy,
and compromise the surveillance of emerging resistances.!3>13¢

Microbial qPCR detection holds other clinical interests besides
antibiotic guidance. The latest ecological findings have re-oriented
the focus of microbial detection on the recognition of taxonomic
shifts driving dysbiosis.**” Although these shifts are typically identi-
fied at the community level by open-ended sequencing approaches,
several analyses of subgingival sequencing datasets have sought to
pinpoint a handful of “signature” taxa indicative of a dysbiotic tran-
sition.?®81%7 These taxa can be further targeted through qPCR to
serve as early indicators of ecological imbalance. In a notable exam-
ple, French researchers utilized deposited 16S rRNA datasets from
health- and periodontitis-associated subgingival biofilms to identify
genus-level taxa differentially abundant in health or periodontitis.138
Among these differentially abundant taxa, those that were pres-
ent in at least 95% of the samples of their respective group were
used to define either health- or periodontitis-associated microbial
markers. In doing so, the authors singled out the genera Treponema,
Campylobacter, Tannerella, and Eubacterium as markers indicative
of periodontitis-related biofilms, while Veillonella, Neisseria, Rothia,
Corynebacterium, and Actinomyces served as testimony of health-
associated biofilms. Interestingly, because the genus Porphyromonas
was present in both health and periodontitis biofilms, the taxon was
excluded from periodontitis markers, although it was detected in in-
creased abundances in diseased sites.**®

Employing a comparable strategy, machine learning algorithms
were used to re-analyze a collection of 16S datasets from health
and periodontitis biofilms, seeking to identify species-level taxa that
differentiate both conditions.’®” The authors found more than 200
species differentially abundant in health and disease, which were
further narrowed down to 49 species informatically determined
to discriminate between conditions with the highest accuracy. The
algorithm was shown to reproducibly and accurately classify un-
known samples into either health or periodontitis associated, based
on the abundance of the species within. This innovative approach
culminated in the development of a “subgingival microbial dysbio-
sis index” (SMDI), providing a quantitative measure for determining
the dysbiotic state of a subgingival microbial sample.139 Among the
species that were highly discriminating for periodontitis, one finds
T.denticola, T.forsythia, Mogibacterium timidum, F.alocis, and several
species of the genus Fretibacterium, while typical commensal taxa
such as S.sanguinis and Actinomyces naeslundii ranked among top
health-associated species.'®’

These studies exemplify how sequencing data can be pragmati-
cally analyzed to identify signature taxa that can further be targeted
by gPCR to serve as dysbiosis markers. This approach enables the

translation of academic knowledge into clinically applicable tools

with readily interpretable outcomes.

3.3 | Clinical applications of shotgun
metagenomic sequencing

Conceptually, shotgun metagenomic sequencing exploits every frag-
ment of bacterial genome in a sample, and generates a collection of
“reads” representative of the aggregate genomes of the entire com-
munity.X*® The interpretation of these reads may be either achieved
by computing them individually against annotated databases,
termed read-based analysis (or “mapping”), or by re-assembling them
into whole genomes, termed assembly-based analysis.®” Read-based
analysis is less computationally demanding and more easily deals
with highly complex communities. In effect, the approach relies on
the fraction of reads that effectively map against reference genomes
to profile taxonomy, fairly often to the species level, and to gen-
erate an aggregate picture of the community's predicted metabo-
lism.X** However, as efficiency of this approach heavily depends on
the comprehensiveness of the selected database, it often “struggles”
to link gene functions with specific taxa. Conversely, an assembly-
based analysis imposes a much heavier computational burden and
requires a much deeper sequencing depth to deal with polymicrobial
communities, often resolving only a fraction of the community ge-
nomes. Yet, for taxa with sufficient coverage, whole genomes can
be successfully re-assembled even for entirely novel microorgan-
isms with no sequenced relatives.**? By re-assembling nearly full
genomes, shotgun additionally allows linking genes' function to their
phylogeny even for novel diversity.!*> Databases available to map
shotgun sequencing reads also include dedicate libraries for genes

44 or antibiotic resistance,ms'147

148

with known functions in virulence®
which may find particular clinical relevance.

Surpassing mere taxonomic identification, the ability of shot-
gun metagenomic sequencing to inform on the function of the ge-
nomes present has found insightful clinical interests. The application
of shotgun to subgingival communities was shown to discriminate
between health and disease solely based on the presence of pre-

dicted gene functions. For instance, genes associated with “invasion

» o« n o«

and intracellular resistance,” “proteolysis,” “toxins,” or “antibiotic-
resistance” were shown to be potent discriminators of periodontitis-
affected sites.'*” Another notable longitudinal study monitored the
metagenome of subgingival communities before and after mechan-
ical debridement and attempted to identify microbial indicators
useful for diagnosis or prognosis.150 The authors determined that
“healing” gingival sulci displayed shifts in abundance both at the tax-
onomic and functional levels. Analyses compiling taxonomic profil-
ing, co-occurrence networks, and genes' functions allowed inferring
the clinical state of samples with an accuracy above 80%, and more
importantly, allowed predicting their clinical trajectory as assessed
on subsequent visits. %0

The utility of shotgun metagenomic sequencing in re-

constructing complete genomes is especially compelling for
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genotyping intraspecies genetic diversity. This holds particular
clinical relevance because different strains of the same species
may comprise both harmless and highly virulent variants.’®! These
genetic singularities are exemplified by variations in periodon-

152,153 or

tal pathogenicity among distinct strains of P.gingivalis,
within the stark differences in virulence observed among strains
of A.actinomycetemcomitans.*>* The taxon is classically subtyped
into seven different serotypes, among which serotype b is associ-
ated with higher leukotoxic activity, that is, increased expression
of the leukotoxin LtxA.'%> Investigations of these variants led to
the identification of a 530bp deletion within the promoter of the
ItxA toxin-encoding gene, resulting in a loss of transcriptional reg-
ulation.*®® This genotype, referred to as JP2, is associated with
a significantly elevated risk of periodontitis initiation and more
severe progression, particularly in younger individuals. Additional
genotypes were further identified with either an 886 bp insertion
or a 640bp deletion within the ItxA promoter.t*”*8 Importantly,
all three genotypes induce increased expression of LtxA, lead-
ing to enhanced virulence. These findings highlight the poten-
tial value of shotgun metagenomic sequencing as a strategy to
monitor virulent genotypes of A.actinomycetemcomitans, serving
as a major risk determinant for periodontal disease, especially in
young populations.*®’

The clinical insights offered by shotgun metagenomic sequenc-
ing have encouraged companies to develop streamlined commercial
applications. One such example is the PadoBiom® kit of the com-
pany IAl (Switzerland).1¢° Although the detailed methodology and
bioinformatic pipelines remain undisclosed, the company offers an
array of outcomes that include:

e Evaluation of the community diversity.

e Assessment of the dysbiotic state.

e Determination of the abundance of members of the “red com-
plex” alongside A. actinomycetemcomitans and F. alocis.

e Genotyping of A. actinomycetemcomitans serological subtypes a,
b, c, d, and e, including identification of the JP2 genotype.

e Detection of antibiotic resistance genes to five commonly pre-
scribed molecule classes, that is, beta-lactams, nitroimidazoles,

tetracycline, quinolones, and macrolides.

Based on these microbiological parameters, coupled with
periodontal probing, such a utility offers to guide the patient
management into continued check-ups, the implementation of pro-
phylaxis measures, or scaling and root planing, possibly with adjunct

antibiotics.

4 | OUTLOOK ON MICROBIAL
DIAGNOSTICS IN PERIODONTOLOGY

The gradual technological development of microbial analytical meth-
ods has been instrumental in exploring the microbial etiology of per-
iodontal diseases. While these approaches have provided us with

 perocartaogy 2000 SUINSEER

experimental tools for etiological discoveries and concept validation,
they admittedly met little recognition as a global standard in routine
clinical practice. Current periodontal treatment guidelines predomi-
nantly hinge on clinical parameters and empirical evidence to advise
on treatment courses, prevention strategies, diagnosis, monitoring,
or antibiotic prescription, overlooking the underlying microbial fac-
tors. This oversight of the microbial etiology may seem somewhat
scientifically counterintuitive as mounting evidence supports the
ability of microbial diagnostics to relevantly broaden the periodontal
diagnosis and inform on both patients' risk and monitoring. %162

One clinical situation where the implementation of microbial di-
agnostics may seem particularly relevant is in improving decision-
making as to the use of systemic antibiotics. Currently, the decision
to use an adjunct antibiotherapy is contemplated for patients pre-
senting generalized stage Ill or IV periodontitis, as well as those
with “molar-incisor” patterns.’®* Whereas such clinically based ap-
proach may inform on “when” to prescribe, it sorely lacks insights
into “what” to prescribe. Prior taxonomic identification was shown
to be of little help, except perhaps in cases of A.actinomycetemcom-
itans detection, and thus the polymicrobial nature of periodontitis
continues to pose a dilemma as to the selection of an antibiotic
molecule.’®21%% An alternative strategy to devise an efficient anti-
biotherapy may rely on the detection of antibiotic resistance genes
(ARG) present within the periodontal metagenome, irrespective
of their taxonomic assignment. Evidence supports the presence
of a reservoir of latent ARGs within the periodontal metagenome,
readily expressed upon antibiotic introduction, compromising
treatment efficacy and prompting systemic dissemination.641¢>
Detecting these ARGs, or a panel of the most epidemiologically
prevalent ones, can guide decisions on antibiotic selection, help-
ing to mitigate resistance risks and enhance treatment success. 1%
On a practical level, these ARGs may easily be detected by gPCR
approaches prior to antibiotic selection. Notably, there currently
exist point-of-care solutions that have streamlined the entire gPCR
workflow on ready-to-use disks requiring only a 200pL droplet
of saliva, yielding results within a remarkably short 3-hour inter-
val (from sample to results).*3¢*¢” This rapid turnaround time may
perfectly align with the routine pace of a dental practice, possi-
bly envisioned as an interval between discharging the patient and
confirming the prescription. Beyond aiding antibiotic selection, the
screening of ARGs represents a cutting-edge advantage for surveil-
ling emerging resistances and refining future antibiotic prescription
guidelines.1%8

Another area where microbial diagnostics may relevantly
bridge with clinical interests is in enabling the identification of
a “disease-provoking microbiota” before periodontitis can be de-
clared. As a dysbiosis-induced inflammatory disease, periodonti-
tis chronologically exhibits a “dysbiotic onset” that precedes the
“inflammatory onset” of the disease. Whereas host-dependent
components influence the duration and severity of inflammation
and tissue damage,169 the inflammatory process itself is driven by
the pathogenicity of the dysbiotic polymicrobial communities.}”®
As causal factors, these dysbiotic shifts are inherently preceding
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episodes of inflammatory flares, and hence their detection may
predict upcoming periodontal tissue destruction.'®>%’! As out-
lined in this review, there is mounting evidence that indicates the
feasibility of translating complex sequencing data into more de-
fined sets of signature taxa, sometimes computing microbial dys-
biotic indices such as the SMDI, that may be clinically applied as
biomarkers of dysbiosis.}*®3%14° This index was tested in one lon-
gitudinal study that profiled the subgingival microbiota by 16S se-
quencing and computed the SMDI in periodontal patients prior to
and after scaling and root planing.172 The authors demonstrated
a significant decrease in the SMDI from baseline to day 1 after
treatment, and a stabilization of the index for up to 3 months,
indicating a steady suppression of the dysbiosis following treat-
ment. Of note, associations between the SMDI and periodontal
parameters or treatment outcomes were only limited as sampling
did not extend beyond 3 months.'’? As early indicators of peri-
odontal dysbiosis, these biomarkers could advantageously be
employed for early diagnosis during recalls, or as predictors of dis-
ease relapse for patients in maintenance.'’® Evidence additionally
indicates that such biomarkers should ideally cumulate microbial
and host factors for maximum accuracy and predictability‘im’m’
A particularly attractive application of this strategy is the detec-
tion of initial shifts from a healthy oral state toward gingivitis.
Experimental gingivitis models have shown that changes in plaque
community composition and metabolites, alongside alterations in
host cytokine profiles, can be identified as early as 24 hours fol-

lowing the halt of oral hygiene.177 The diagnostic power of these

Microbial risk factors:
*  Subgingival Microbial Dysbiosis Index (SMDI)
«  Signature genera compilation:
Treponema, Campylobacter, Tannerella, Eubacterium
*  “Red complex” members & A. actinomycetemcomitans
*  Dysbiosis-associated predicted gene functions
*  Dysbiosis-associated metatranscriptome
*  Phenotypical antibiotic-resistance

logical &
risk factors:
Host immune system
Saliva composition

Presence of ARGs

biomarkers warrants large-scale validation and the establishment
of standardized protocols for sample collection, experimental
methodologies, and analysis pipelines to ensure their reproduc-
ibility and clinical relevance.'’® When effectively implemented,
they hold the potential to delineate an “at-risk” population for
periodontitis that may benefit from early interventions to prevent
tissue destruction. Figure 5 provides an example of microbial and
host biomarkers that may be used to outline such an “at-risk” pop-
ulation prior to observing the first clinical signs of inflammation.
There is value in contemplating analogous situations in medicine,
where recognition of similar “at-risk” populations has prompted
the development of prevention policies that drastically decreased
the adverse impact of conditions such as osteoporosis or breast
cancer.}79180

While this review focused on microbial analytical methods
that have tangible clinical applications, there is value in this out-
look to provide a glimpse into possible future approaches directed
to ecological modulation. The concept of ecological modulation
has evolved from our growing understanding of the metabolic
networks that underlie the ecology of periodontal communities.
Specifically, it has underscored the limitations of traditional in-
fection control methods in reducing the pathogenicity of dys-
biotic microbiota without causing adverse effects for the host.
This realization prompted efforts to interfere within the ecolog-
ical network to curve dysbiotic shifts back to homeostasis.8182
Promising strategies for ecological modulation encompass the use

of prebiotics—substrates selectively metabolized by commensal

*  Hormones
b Genzt'lcl'dsk'd bi r: IG like lectin 5
*  Oral hygi 0 ialic acid binding IG like lectin
. S:olzrm‘;ene *  Defensin alpha-1and -3
*  Local factors * CDKN2B antlser.lse RNA 1

*  IL-1 polymorphism

PERIODONTAL
DYSBIOSIS

2 inflammatory response

Pre-clinical phase

Clinical phase

“At-risk” population

PERIODONTAL HEALTH

PERIODONTAL INFLAMMATION

FIGURE 5 Schematic representation of the etiology and natural history of periodontitis. The scheme depicts the evolution from a healthy
periodontium to periodontitis alongside the ecological, microbial, and host-derived factors known to play a role. The illustration highlights
the possibility of delineating a preclinical phase, in which patients would be “at-risk” of developing further periodontal inflammation, as
opposed to a clinical phase, in which inflammation becomes clinically evident. The data presented in this figure are synthesized from diverse
scientific references.>*7¢:138:139.149.165.201 Tho \yeb interface BioRender was utilized in the design of this illustration.

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T



MANOIL eT AL.

taxa to promote their growth—or probiotics—live microorganisms
whose functions contribute to maintaining homeostasis.!8%184
More recent approaches involve interfering with bacterial
quorum-sensing communication or inoculating bacterial commu-
nities with lytic phages that target specific taxa.®>7288 Although
these strategies are currently the subject of active research, their
potential implementation would require the application of clinical
microbial diagnostics for informed decision-making and monitor-

ing their effectiveness.

ACKNOWLEDGMENTS

This work was supported by institutional funds for “Senior Clinical
Associates” by the Faculty of Medicine of the University of Geneva
(DM), by a postdoctoral funding program of the Regional Government
of Galicia, Spain (no. ED6481B-2023/117) (AP), Swedish Research
Council (2021-03528 to NB and 2022-01014 to GB), and the Steering
Group for Odontological Research (SOF) (FoUI-966140 to NB and
FoUI-978687 to GB). Mr. Efe Ender Cerit (Research Assistant in the
Division of Oral Health and Periodontology, Department of Dental
Medicine, Karolinska Institutet) is acknowledged for the acquisition
of the photographs displayed in Figure 3. Also, Doctor Pierre-Jean
Loup, Lecturer at the University Clinics of Dental Medicine, Faculty
of Medicine (Geneva), is acknowledged for his input in designing
Figure 4.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no datasets were gen-

erated or analyzed during the current study.

ORCID

Georgios N. Belibasakis "= https://orcid.org/0000-0002-6564-9412

REFERENCES

1. Kolb M, Lazarevic V, Emonet S, et al. Next-generation sequenc-
ing for the diagnosis of challenging culture-negative endocarditis.
Front Med (Lausanne). 2019;6:203.

2. Dewhirst FE, Chen T, lzard J, et al. The human oral microbiome. J
Bacteriol. 2010;192(19):5002-5017.

3. Lamont RJ, Koo H, Hajishengallis G. The oral microbiota: dy-
namic communities and host interactions. Nat Rev Microbiol.
2018;16(12):745-759.

4. Socransky SS. Criteria for the infectious agents in dental caries
and periodontal disease. J Clin Periodontol. 1979;6(7):16-21.

5. Abusleme L, Dupuy AK, Dutzan N, et al. The subgingival microbi-
ome in health and periodontitis and its relationship with commu-
nity biomass and inflammation. ISME J. 2013;7(5):1016-1025.

6. Belibasakis GN, Bostanci N, Marsh PD, Zaura E. Applications
of the oral microbiome in personalized dentistry. Arch Oral Biol.
2019;104:7-12.

7. Ring ME, Miller WD. The pioneer who laid the foundation for mod-
ern dental research. N Y State Dent J. 2002;68(2):34-37.

8. Loe H, Theilade E, Jensen SB. Experimental gingivitis in man. J
Periodontol (1930). 1965;36:177-187.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

 perocartaogy 2000 SUINSEES

Theilade E. The non-specific theory in microbial etiology of in-
flammatory periodontal diseases. J Clin Periodontol. 1986;13(10):
905-911.

Syed SA, Loesche WJ. Survival of human dental plaque flora in var-
ious transport media. Appl Microbiol. 1972;24(4):638-644.
Schaedler RW, Dubos R, Costello R. The development of the
bacterial Flora in the gastrointestinal tract of mice. J Exp Med.
1965;122(1):59-66.

Loesche WJ. Bacterial mediators in periodontal disease. Clin Infect
Dis. 1993;16(Suppl 4):5203-5210.

Ohta K, Makinen KK, Loesche WJ. Purification and characteriza-
tion of an enzyme produced by treponema denticola capable of
hydrolyzing synthetic trypsin substrates. Infect Immun. 1986;53(1):
213-220.

Fujimura S, Nakamura T. Isolation and characterization of a prote-
ase from Bacteroides gingivalis. Infect Immun. 1987;55(3):716-720.
Ebersole JL, Sandoval MN, Steffen MJ, Cappelli D. Serum antibody
in Actinobacillus actinomycetemcomitans-infected patients with
periodontal disease. Infect Immun. 1991;59(5):1795-1802.

Curtis MA, Aduse-Opoku J, Rangarajan M. Cysteine proteases of
Porphyromonas gingivalis. Crit Rev Oral Biol Med. 2001;12(3):192-216.
Karakelian D, Lear JD, Lally ET, Tanaka JC. Characterization of
Actinobacillus actinomycetemcomitans leukotoxin pore formation
in HL60 cells. Biochim Biophys Acta. 1998;1406(2):175-187.

Sela MN. Role of Treponema denticola in periodontal diseases. Crit
Rev Oral Biol Med. 2001;12(5):399-413.

Loesche WJ, Syed SA, Schmidt E, Morrison EC. Bacterial pro-
files of subgingival plaques in periodontitis. J Periodontol. 1985;
56(8):447-456.

Loesche WJ. Clinical and microbiological aspects of chemothera-
peutic agents used according to the specific plaque hypothesis. J
Dent Res. 1979;58(12):2404-2412.

Socransky SS, Smith C, Martin L, Paster BJ, Dewhirst FE, Levin
AE. “Checkerboard” DNA-DNA hybridization. Biotechniques.
1994,17(4):788-792.

Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL Jr.
Microbial complexes in subgingival plaque. J Clin Periodontol.
1998;25(2):134-144.

Socransky SS, Haffajee AD, Smith C, et al. Use of checkerboard
DNA-DNA hybridization to study complex microbial ecosystems.
Oral Microbiol Immunol. 2004;19(6):352-362.

Woese CR, Kandler O, Wheelis ML. Towards a natural system
of organisms: proposal for the domains archaea, bacteria, and
Eucarya. Proc Natl Acad Sci U S A. 1990;87(12):4576-4579.
Belibasakis GN, Manoil D. Microbial community-driven etiopatho-
genesis of peri-implantitis. J Dent Res. 2021;100(1):21-28.

Manoil D, Belibasakis GN. Microbial principles of peri-implant in-
fections. In: Neelakantan P, Princy Solomon A, eds. Dental Implants
and Oral Microbiome Dysbiosis: An Interdisciplinary Perspective.
Springer International Publishing; 2022:13-29.

Kuczynski J, Lauber CL, Walters WA, et al. Experimental and an-
alytical tools for studying the human microbiome. Nat Rev Genet.
2011;13(1):47-58.

Yarza P, Yilmaz P, Pruesse E, et al. Uniting the classification of cul-
tured and uncultured bacteria and archaea using 16S rRNA gene
sequences. Nat Rev Microbiol. 2014;12(9):635-645.

Manoil D, Al-Manei K, Belibasakis GN. A systematic review of the
root canal microbiota associated with apical periodontitis: lessons
from next-generation sequencing. Proteomics Clin Appl. 2020;
14(3):e1900060.

Wade WG, Prosdocimi EM. Profiling of oral bacterial communities.
J Dent Res. 2020;22034520914594:621-629.

Na HS, Song Y, Yu Y, Chung J. Comparative analysis of primers
used for 16S rRNA gene sequencing in oral microbiome studies.
Methods Protoc. 2023;6(4):71.

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T


https://orcid.org/0000-0002-6564-9412
https://orcid.org/0000-0002-6564-9412

14
—I—W] |BaA'%% Periodontology 2000

32.
33.

34.

35.
36.
37.
38.
39.

40.

41.

42.

43.
44,

45.
46.
47.

48.

49.

50.
51.

52.

MANOIL eT AL.

F Escapal, Huang Y, Chen T, et al. Construction of habitat-specific
training sets to achieve species-level assignment in 16S rRNA gene
datasets. Microbiome. 2020;8(1):65.

Cabral DJ, Wurster JI, Flokas ME, et al. The salivary microbiome
is consistent between subjects and resistant to impacts of short-
term hospitalization. Sci Rep. 2017;7(1):11040.

Ashimoto A, Chen C, Bakker I, Slots J. Polymerase chain reac-
tion detection of 8 putative periodontal pathogens in subgingi-
val plaque of gingivitis and advanced periodontitis lesions. Oral
Microbiol Immunol. 1996;11(4):266-273.

Lyons SR, Griffen AL, Leys EJ. Quantitative real-time PCR for
Porphyromonas gingivalis and total bacteria. J Clin Microbiol.
2000;38(6):2362-2365.

Sakamoto M, Takeuchi Y, Umeda M, Ishikawa I, Benno Y. Rapid
detection and quantification of five periodontopathic bacteria by
real-time PCR. Microbiol Immunol. 2001;45(1):39-44.

Keijser BJ, Zaura E, Huse SM, et al. Pyrosequencing analy-
sis of the oral microflora of healthy adults. J Dent Res. 2008;
87(11):1016-1020.

Dymock D, Weightman AJ, Scully C, Wade WG. Molecular anal-
ysis of microflora associated with dentoalveolar abscesses. J Clin
Microbiol. 1996;34(3):537-542.

Spratt DA, Weightman AJ, Wade WG. Diversity of oral asacchar-
olytic eubacterium species in periodontitis-identification of novel
phylotypes representing uncultivated taxa. Oral Microbiol Immunol.
1999;14(1):56-59.

Paster BJ, Boches SK, Galvin JL, et al. Bacterial diversity in human
subgingival plaque. J Bacteriol. 2001;183(12):3770-3783.

Wade WG. Has the use of molecular methods for the characteri-
zation of the human oral microbiome changed our understanding
of the role of bacteria in the pathogenesis of periodontal disease?
J Clin Periodontol. 2011;38(Suppl 11):7-16.

Wade W, Thompson H, Rybalka A, Vartoukian S. Uncultured mem-
bers of the oral microbiome.J Calif Dent Assoc. 2016;44(7):447-456.
Vartoukian SR, Adamowska A, Lawlor M, Moazzez R, Dewhirst
FE, Wade WG. In vitro cultivation of ‘unculturable’ oral bacteria,
facilitated by community culture and media supplementation with
siderophores. PLoS One. 2016;11(1):e0146926.

Hoare A, Wang H, Meethil A, et al. A cross-species interaction
with a symbiotic commensal enables cell-density-dependent
growth and in vivo virulence of an oral pathogen. ISME J. 2021;
15(5):1490-1504.

Marsh PD. Microbial ecology of dental plaque and its significance
in health and disease. Adv Dent Res. 1994;8(2):263-271.

Marsh PD. Are dental diseases examples of ecological catastro-
phes? Microbiology (Reading). 2003;149(Pt 2):279-294.
Hajishengallis G. The inflammophilic character of the periodontitis-
associated microbiota. Mol Oral Microbiol. 2014;29(6):248-257.
Manoil D, Belibasakis GN. Subgingival ecology of the periodontal
pocket. In: Jakubovics NS, Krom BP, Koo H, eds. Oral Biofilms in
Health and Disease. Springer International Publishing; 2024.
Hajishengallis G, Lamont RJ. Dancing with the stars: how choreo-
graphed bacterial interactions dictate nososymbiocity and give
rise to keystone pathogens, accessory pathogens, and pathobi-
onts. Trends Microbiol. 2016;24(6):477-489.

Nowicki EM, Shroff R, Singleton JA, et al. Microbiota and meta-
transcriptome changes accompanying the onset of gingivitis. MBio.
2018;9(2):e00575-18.

Abusleme L, Hoare A, Hong BY, Diaz PIl. Microbial signa-
tures of health, gingivitis, and periodontitis. Periodontol 2000.
2021;86(1):57-78.

Iniesta M, Chamorro C, Ambrosio N, Marin MJ, Sanz M, Herrera
D. Subgingival microbiome in periodontal health, gingivitis
and different stages of periodontitis. J Clin Periodontol. 2023;
50(7):905-920.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lopez R, Hujoel P, Belibasakis GN. On putative periodontal patho-
gens: an epidemiological perspective. Virulence. 2015;6(3):249-257.
Kinane DF, Stathopoulou PG, Papapanou PN. Periodontal dis-
eases. Nat Rev Dis Primers. 2017;3:17038.

Colombo AP, Boches SK, Cotton SL, et al. Comparisons of sub-
gingival microbial profiles of refractory periodontitis, severe peri-
odontitis, and periodontal health using the human oral microbe
identification microarray. J Periodontol. 2009;80(9):1421-1432.
Colombo AP, Bennet S, Cotton SL, et al. Impact of periodontal
therapy on the subgingival microbiota of severe periodontitis:
comparison between good responders and individuals with re-
fractory periodontitis using the human oral microbe identification
microarray. J Periodontol. 2012;83(10):1279-1287.

Fine DH, Markowitz K, Fairlie K, et al. A consortium of
Aggregatibacter actinomycetemcomitans, Streptococcus parasangui-
nis, and Filifactor alocis is present in sites prior to bone loss in a
longitudinal study of localized aggressive periodontitis. J Clin
Microbiol. 2013;51(9):2850-2861.

Belstrom D, Fiehn NE, Nielsen CH, et al. Differences in bacterial
saliva profile between periodontitis patients and a control cohort.
J Clin Periodontol. 2014;41(2):104-112.

Chen T, Yu WH, Izard J, Baranova OV, Lakshmanan A, Dewhirst FE.
The human oral microbiome database: a web accessible resource
for investigating oral microbe taxonomic and genomic informa-
tion. Database (Oxford). 2010;2010:baq013.

Goodwin S, McPherson JD, McCombie WR. Coming of age: ten
years of next-generation sequencing technologies. Nat Rev Genet.
2016;17(6):333-351.

Kumar PS, Dabdoub SM, Ganesan SM. Probing periodontal mi-
crobial dark matter using metataxonomics and metagenomics.
Periodontol 2000. 2021;85(1):12-27.

Langille MG, Zaneveld J, Caporaso JG, et al. Predictive functional
profiling of microbial communities using 16S rRNA marker gene
sequences. Nat Biotechnol. 2013;31(9):814-821.

Bouillaguet S, Manoil D, Girard M, et al. Root microbiota in primary
and secondary apical periodontitis. Front Microbiol. 2018;9:2374.
Varoni EM, Bavarian R, Robledo-Sierra J, et al. World work-
shop on oral medicine VII: targeting the microbiome for oral
medicine specialists-part 1. A methodological guide. Oral Dis.
2019;25(Suppl 1):12-27.

Truong DT, Franzosa EA, Tickle TL, et al. MetaPhlAn2 for en-
hanced metagenomic taxonomic profiling. Nat Methods. 2015;
12(10):902-903.

Luo C, Knight R, Siljander H, Knip M, Xavier RJ, Gevers D.
ConStrains identifies microbial strains in metagenomic datasets.
Nat Biotechnol. 2015;33(10):1045-1052.

Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. Shotgun
metagenomics, from sampling to analysis. Nat Biotechnol.
2017;35(9):833-844.

Griffen AL, Beall CJ, Campbell JH, et al. Distinct and complex bac-
terial profiles in human periodontitis and health revealed by 16S
pyrosequencing. ISME J. 2012;6(6):1176-1185.

Perez-Chaparro PJ, Goncalves C, Figueiredo LC, et al. Newly iden-
tified pathogens associated with periodontitis: a systematic re-
view. J Dent Res. 2014;93(9):846-858.

Bao K, Bostanci N, Thurnheer T, Belibasakis GN. Proteomic shifts
in multi-species oral biofilms caused by Anaeroglobus geminatus.
Sci Rep. 2017;7(1):4409.

Oscarsson J, Claesson R, Bao K, Brundin M, Belibasakis GN.
Phylogenetic analysis of Filifactor alocis strains isolated from
several oral infections identified a novel RTX toxin, FtxA. Toxins
(Basel). 2020;12(11):687.

Aruni W, Chioma O, Fletcher HM. Filifactor alocis: the newly
discovered kid on the block with special talents. J Dent Res.
2014;93(8):725-732.

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T



MANOIL eT AL.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Yost S, Duran-Pinedo AE, Teles R, Krishnan K, Frias-Lopez J.
Functional signatures of oral dysbiosis during periodontitis pro-
gression revealed by microbial metatranscriptome analysis.
Genome Med. 2015;7(1):27.

Nemoto T, Shiba T, Komatsu K, et al. Discrimination of bacterial
community structures among healthy, gingivitis, and periodonti-
tis statuses through integrated metatranscriptomic and network
analyses. mSystems. 2021;6(6):e0088621.

Jorth P, Turner KH, Gumus P, Nizam N, Buduneli N, Whiteley M.
Metatranscriptomics of the human oral microbiome during health
and disease. MBio. 2014;5(2):e01012-e01014.

Duran-Pinedo AE, Chen T, Teles R, et al. Community-wide tran-
scriptome of the oral microbiome in subjects with and without
periodontitis. ISME J. 2014;8(8):1659-1672.

Duran-Pinedo AE, Solbiati J, Teles F, Frias-Lopez J. Subgingival
host-microbiome metatranscriptomic changes following scaling
and root planing in grade II/Ill periodontitis. J Clin Periodontol.
2023;50(3):316-330.

Fiehn O. Metabolomics-the link between genotypes and pheno-
types. Plant Mol Biol. 2002;48(1-2):155-171.

Kleiner M, Thorson E, Sharp CE, et al. Assessing species biomass
contributions in microbial communities via metaproteomics. Nat
Commun. 2017;8(1):1558.

Bao K, Li X, Poveda L, et al. Proteome and microbiome mapping
of human gingival tissue in health and disease. Front Cell Infect
Microbiol. 2020;10:588155.

Douglas GM, Maffei VJ, Zaneveld JR, et al. PICRUSt2 for prediction
of metagenome functions. Nat Biotechnol. 2020;38(6):685-688.
Bostanci N, Grant M, Bao K, et al. Metaproteome and metabolome
of oral microbial communities. Periodontol 2000.2021;85(1):46-81.
Califf KJ, Schwarzberg-Lipson K, Garg N, et al. Multi-omics anal-
ysis of periodontal pocket microbial communities pre- and post-
treatment. mSystems. 2017;2(3):e00016-17.

Bao K, Belibasakis GN, Selevsek N, Grossmann J, Bostanci N.
Proteomic profiling of host-biofilm interactions in an oral infec-
tion model resembling the periodontal pocket. Sci Rep. 2015;
5:15999.

Bao K, Bostanci N, Selevsek N, Thurnheer T, Belibasakis GN.
Quantitative proteomics reveal distinct protein regulations caused
by Aggregatibacter actinomycetemcomitans within subgingival bio-
films. PLoS One. 2015;10(3):e0119222.

Bostanci N, Bao K, Wahlander A, Grossmann J, Thurnheer T,
Belibasakis GN. Secretome of gingival epithelium in response to
subgingival biofilms. Mol Oral Microbiol. 2015;30(4):323-335.

Bao K, Bostanci N, Thurnheer T, et al. Aggregatibacter actinomyce-
temcomitans H-NS promotes biofilm formation and alters protein
dynamics of other species within a polymicrobial oral biofilm. NPJ
Biofilms Microbiomes. 2018;4:12.

Bao K, Claesson R, Belibasakis GN, Oscarsson J. Extracellular ves-
icle subproteome differences among Filifactor alocis clinical iso-
lates. Microorganisms. 2022;10(9):1826.

Bao K, Claesson R, Gehrig P, Grossmann J, Oscarsson J, Belibasakis
GN. Proteomic characterization of the oral pathogen Filifactor
alocis reveals key inter-protein interactions of its RTX toxin: FtxA.
Pathogens. 2022;11(5):590.

Hettich RL, Pan C, Chourey K, Giannone RJ. Metaproteomics:
harnessing the power of high performance mass spectrometry to
identify the suite of proteins that control metabolic activities in
microbial communities. Anal Chem. 2013;85(9):4203-4214.
Bostanci N, Belibasakis GN. Porphyromonas gingivalis: an invasive
and evasive opportunistic oral pathogen. FEMS Microbiol Lett.
2012;333(1):1-9.

Darveau RP, Belton CM, Reife RA, Lamont RJ. Local chemokine
paralysis, a novel pathogenic mechanism for Porphyromonas gingi-
valis. Infect Immun. 1998;66(4):1660-1665.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

 perocartangy 2000 SIS

Bostanci N, Allaker RP, Belibasakis GN, et al. Porphyromonas gingi-
valis antagonises campylobacter rectus induced cytokine produc-
tion by human monocytes. Cytokine. 2007;39(2):147-156.
Belibasakis GN, Thurnheer T, Bostanci N. Interleukin-8 responses
of multi-layer gingival epithelia to subgingival biofilms: role of the
“red complex” species. PLoS One. 2013;8(12):e81581.
Hajishengallis G, Liang S, Payne MA, et al. Low-abundance biofilm
species orchestrates inflammatory periodontal disease through
the commensal microbiota and complement. Cell Host Microbe.
2011;10(5):497-506.

Darveau RP, Hajishengallis G, Curtis MA. Porphyromonas gingi-
valis as a potential community activist for disease. J Dent Res.
2012;91(9):816-820.

Sanford E. Regulation of keystone predation by small changes in
ocean temperature. Science. 1999;283(5410):2095-2097.
Hajishengallis G, Darveau RP, Curtis MA. The keystone-pathogen
hypothesis. Nat Rev Microbiol. 2012;10(10):717-725.

Miller DP, Fitzsimonds ZR, Lamont RJ. Metabolic signaling and
spatial interactions in the oral polymicrobial community. J Dent
Res. 2019;98(12):1308-1314.

Zhou P, Manoil D, Belibasakis GN, Kotsakis GA. Veillonellae: be-
yond bridging species in oral biofilm ecology. Front Oral Health.
2021;2:774115.

Hajishengallis G, Lamont RJ. Beyond the red complex and into
more complexity: the polymicrobial synergy and dysbiosis (PSD)
model of periodontal disease etiology. Mol Oral Microbiol. 2012;
27(6):409-419.

Carlier JP, Marchandin H, Jumas-Bilak E, et al. Anaeroglobus
geminatus gen. nov., sp. nov., a novel member of the family
Veillonellaceae. Int J Syst Evol Microbiol. 2002;52(Pt 3):983-986.
Kumar PS, Griffen AL, Moeschberger ML, Leys EJ. Identification of
candidate periodontal pathogens and beneficial species by quanti-
tative 16S clonal analysis. J Clin Microbiol. 2005;43(8):3944-3955.
Jusko M, Miedziak B, Ermert D, et al. FACIN, a double-edged
sword of the emerging periodontal pathogen Filifactor alocis:
a metabolic enzyme moonlighting as a complement inhibitor. J
Immunol. 2016;197(8):3245-3259.

Vashishta A, Jimenez-Flores E, Klaes CK, et al. Putative periodon-
tal pathogens, Filifactor alocis and Peptoanaerobacter stomatis, in-
duce differential cytokine and chemokine production by human
neutrophils. Pathogens. 2019;8(2):59.

Kim HY, Song MK, Gho YS, Kim HH, Choi BK. Extracellular vesi-
cles derived from the periodontal pathogen Filifactor alocis induce
systemic bone loss through toll-like receptor 2. J Extracell Vesicles.
2021;10(12):e12157.

Vartoukian SR, Palmer RM, Wade WG. Strategies for culture of
‘unculturable’ bacteria. FEMS Microbiol Lett. 2010;309(1):1-7.
Manoil D, Cerit EE, Fang H, Durual S, Brundin M, Belibasakis GN.
Profiling antibiotic susceptibility among distinct Enterococcus
faecalis isolates from dental root canals. Antibiotics (Basel). 2024;
13(1):1-14.

Leclercq R, Canton R, Brown DF, et al. EUCAST expert rules
in antimicrobial susceptibility testing. Clin Microbiol Infect.
2013;19(2):141-160.

van Winkelhoff AJ, Herrera D, Oteo A, Sanz M. Antimicrobial pro-
files of periodontal pathogens isolated from periodontitis patients in
The Netherlands and Spain. J Clin Periodontol. 2005;32(8):893-898.
Maestre JR, Bascones A, Sanchez P, et al. Odontogenic bacteria in
periodontal disease and resistance patterns to common antibiotics
used as treatment and prophylaxis in odontology in Spain. Rev Esp
Quimioter. 2007;20(1):61-67.

Veloo AC, Seme K, Raangs E, et al. Antibiotic susceptibility profiles
of oral pathogens. Int J Antimicrob Agents. 2012;40(5):450-454.
Jepsen K, Falk W, Brune F, Fimmers R, Jepsen S, Bekeredjian-Ding
I. Prevalence and antibiotic susceptibility trends of periodontal

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T



16
—I—W] |BaA'%% Periodontology 2000

114.

115.

116.

117.

118.
119.

120.

121.

122.
123.
124.
125.

126.
127.

128.
129.
130.
131.
132.

133.

MANOIL eT AL.

pathogens in the subgingival microbiota of German periodonti-
tis patients: a retrospective surveillance study. J Clin Periodontol.
2021;48(9):1216-1227.

Mackay IM. Real-time PCR in the microbiology laboratory. Clin
Microbiol Infect. 2004;10(3):190-212.

Sereti M, Zekeridou A, Cancela J, Mombelli A, Giannopoulou C.
Microbiological testing of clinical samples before and after peri-
odontal treatment. A comparative methodological study be-
tween real-time PCR and real-time-PCR associated to propidium
monoazide. Clin Exp Dent Res. 2021;7(6):1069-1079.

Boutaga K, van Winkelhoff AJ, Vandenbroucke-Grauls CM,
Savelkoul PH. The additional value of real-time PCR in the quan-
titative detection of periodontal pathogens. J Clin Periodontol.
2006;33(6):427-433.

Ammann TW, Bostanci N, Belibasakis GN, Thurnheer T. Validation
of a quantitative real-time PCR assay and comparison with fluo-
rescence microscopy and selective agar plate counting for species-
specific quantification of an in vitro subgingival biofilm model. J
Periodontal Res. 2013;48(4):517-526.

Greenwood D, Afacan B, Emingil G, Bostanci N, Belibasakis GN.
Salivary microbiome shifts in response to periodontal treatment
outcome. Proteomics Clin Appl. 2020;14(3):e2000011.

IAl Institut fir Angewandte Immunologie. PadoTest®. 2023.
https://www.institut-iai.ch/en/analyses/padotest-en.  Accessed
December 15, 2023.

GENSPEED Biotech. PerioPOC. 2023. https://en.periopoc.com/.
Accessed December 15, 2023.

OralDNA Labs. MyPerioPath® Early Warning of Oral Pathogens.
2023. https://www.oraldna.com/test/myperiopath/. Accessed
December 15, 2023.

Direct Diagnostics LLC. HR5®. 2023. https://www.directdiag
nostics.com/hr5. Accessed December 15, 2023.

heico Dent GmbH. PCRdent. 2023. https://heicodent.ch/labor-
dres-hauss/. Accessed December 15, 2023.

LADR GmbH. Laboratory diagnostics in dentistry. 2023. https://
www.ladr.de/odm. Accessed December 15, 2023.

Shaddox LM, Walker C. Microbial testing in periodontics: value,
limitations and future directions. Periodontol 2000. 2009;50:25-38.
Bizzarro S, Laine ML, Buijs MJ, et al. Microbial profiles at baseline
and not the use of antibiotics determine the clinical outcome of
the treatment of chronic periodontitis. Sci Rep. 2016;6:20205.
Feres M, Herrera D. Systemic antibiotics in periodontal therapy.
In: Lang NP, Lindhe J, eds. Clinical Periodontology and Implant
Dentistry. 7th ed. Wiley Blackwell; 2022:848-875.

Eick S, Nydegger J, Burgin W, Salvi GE, Sculean A, Ramseier C.
Microbiological analysis and the outcomes of periodontal treat-
ment with or without adjunctive systemic antibiotics-a retrospec-
tive study. Clin Oral Investig. 2018;22(9):3031-3041.

Muller HP, Heinecke A, Borneff M, Kiencke C, Knopf A, Pohl
S. Eradication of Actinobacillus actinomycetemcomitans from
the oral cavity in adult periodontitis. J Periodontal Res. 1998;
33(1):49-58.

Fine DH, Patil AG, Velusamy SK. Aggregatibacter actinomyce-
temcomitans (aa) under the radar: myths and misunderstand-
ings of aa and its role in aggressive periodontitis. Front Immunol.
2019;10:728.

van Winkelhoff AJ, Tijhof CJ, de Graaff J. Microbiological and
clinical results of metronidazole plus amoxicillin therapy in
Actinobacillus actinomycetemcomitans-associated periodontitis. J
Periodontol. 1992;63(1):52-57.

Ardila CM, Guzman IC. Benefits of adjunctive moxifloxacin in
generalized aggressive periodontitis: a subgroup analyses in
Aggregatibacter actinomycetemcomitans-positive/negative  pa-
tients from a clinical trial. J Investig Clin Dent. 2017;8(2):e12197.
Nibali L, Koidou VP, Hamborg T, Donos N. Empirical or microbio-
logically guided systemic antimicrobials as adjuncts to non-surgical

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

periodontal therapy? A systematic review. J Clin Periodontol.
2019;46(10):999-1012.

Sanz M, Herrera D, Kebschull M, et al. Treatment of stage I-lll
periodontitis-the EFP S3 level clinical practice guideline. J Clin
Periodontol. 2020;47(Suppl 22):4-60.

Preus HR, Scheie AA, Baelum V. Letter to the editor: Re: the clini-
cal effect of scaling and root planing and the concomitant admin-
istration of systemic amoxicillin and metronidazole: a systematic
review; Re: effectiveness of systemic amoxicillin/metronidazole as
adjunctive therapy to scaling and root planing in the treatment of
chronic periodontitis: a systematic review and meta-analysis; Re:
effectiveness of systemic amoxicillin/metronidazole as an adjunc-
tive therapy to full-mouth scaling and root planing in the treatment
of aggressive periodontitis: a systematic review and meta-analysis.
J Periodontol. 2014;85(3):374-384.

Belibasakis GN, Lund BK, Kruger Weiner C, et al. Healthcare
challenges and future solutions in dental practice: assessing oral
antibiotic resistances by contemporary point-of-care approaches.
Antibiotics (Basel). 2020;9(11):810.

Leonhardt A, Carlen A, Bengtsson L, Dahlen G. Detection
of periodontal markers in chronic periodontitis. Open Dent J.
2011;5:110-115.

Meuric V, Le Gall-David S, Boyer E, et al. Signature of microbial
dysbiosis in periodontitis. Appl Environ Microbiol. 2017;83(14):e00
462-17.

Chen T, Marsh PD, Al-Hebshi NN. SMDI: an index for measuring
subgingival microbial dysbiosis. J Dent Res. 2022;101(3):331-338.
Riesenfeld CS, Schloss PD, Handelsman J. Metagenomics: ge-
nomic analysis of microbial communities. Annu Rev Genet.
2004;38:525-552.

Segata N, Boernigen D, Tickle TL, Morgan XC, Garrett WS,
Huttenhower C. Computational meta'omics for microbial commu-
nity studies. Mol Syst Biol. 2013;9:666.

Simpson JT, Pop M. The theory and practice of genome sequence
assembly. Annu Rev Genomics Hum Genet. 2015;16:153-172.
Simpson JT. Exploring genome characteristics and sequence
quality without a reference. Bioinformatics. 2014;30(9):1228-1235.
Chen L, Yang J, Yu J, et al. VFDB: a reference database for bac-
terial virulence factors. Nucleic Acids Res. 2005;33(Database
issue):D325-D328.

Gupta SK, Padmanabhan BR, Diene SM, et al. ARG-ANNOT, a new
bioinformatic tool to discover antibiotic resistance genes in bacte-
rial genomes. Antimicrob Agents Chemother. 2014;58(1):212-220.
Jia B, Raphenya AR, Alcock B, et al. CARD 2017: expansion and
model-centric curation of the comprehensive antibiotic resistance
database. Nucleic Acids Res. 2017;45(D1):D566-D573.

Feldgarden M, Brover V, Haft DH, et al. Validating the AMRFinder
tool and resistance gene database by using antimicrobial resis-
tance genotype-phenotype correlations in a collection of isolates.
Antimicrob Agents Chemother. 2019;63(11):e00483-19.
Purushothaman S, Meola M, Egli A. Combination of whole genome
sequencing and metagenomics for microbiological diagnostics. Int
J Mol Sci. 2022;23(17):9834.

Dabdoub SM, Ganesan SM, Kumar PS. Comparative metagenom-
ics reveals taxonomically idiosyncratic yet functionally congruent
communities in periodontitis. Sci Rep. 2016;6:38993.

Shi B, Chang M, Martin J, et al. Dynamic changes in the subgingi-
val microbiome and their potential for diagnosis and prognosis of
periodontitis. MBio. 2015;6(1):e01926-14.

Curtis MA, Diaz PI, Van Dyke TE. The role of the microbiota in
periodontal disease. Periodontol 2000. 2020;83(1):14-25.

Enersen M, Nakano K, Amano A. Porphyromonas gingivalis fim-
briae. J Oral Microbiol. 2013;5:5.

Boyer E, Leroyer P, Malherbe L, et al. Oral dysbiosis induced
by Porphyromonas gingivalis is strain-dependent in mice. J Oral
Microbiol. 2020;12(1):1832837.

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T


https://www.institut-iai.ch/en/analyses/padotest-en
https://en.periopoc.com/
https://www.oraldna.com/test/myperiopath/
https://www.directdiagnostics.com/hr5
https://www.directdiagnostics.com/hr5
https://heicodent.ch/labor-dres-hauss/
https://heicodent.ch/labor-dres-hauss/
https://www.ladr.de/odm
https://www.ladr.de/odm

MANOIL eT AL.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Belibasakis GN, Maula T, Bao K, et al. Virulence and pathogenicity
properties of Aggregatibacter actinomycetemcomitans. Pathogens.
2019;8(4):222.

Nedergaard S, Jensen AB, Haubek D, Norskov-Lauritsen N.
Multilocus sequence typing of Aggregatibacter actinomycetemcom-
itans competently depicts the population structure of the species.
Microbiol Spectr. 2021;9(3):e0108521.

Brogan JM, Lally ET, Poulsen K, Kilian M, Demuth DR. Regulation
of Actinobacillus actinomycetemcomitans leukotoxin expression:
analysis of the promoter regions of leukotoxic and minimally leu-
kotoxic strains. Infect Immun. 1994;62(2):501-508.

He T, Nishihara T, Demuth DR, Ishikawa |. A novel insertion sequence
increases the expression of leukotoxicity in Actinobacillus actinomy-
cetemcomitans clinical isolates. J Periodontol. 1999;70(11):1261-1268.
Claesson R, Gudmundson J, Aberg CH, Haubek D, Johansson A.
Detection of a 640-bp deletion in the Aggregatibacter actinomyce-
temcomitans leukotoxin promoter region in isolates from an ado-
lescent of Ethiopian origin. J Oral Microbiol. 2015;7:26974.

Amano A, Chen C, Honma K, Li C, Settem RP, Sharma A. Genetic
characteristics and pathogenic mechanisms of periodontal patho-
gens. Adv Dent Res. 2014;26(1):15-22.

IAl Institut fir Angewandte Immunologie. PadoBiom®. 2023.
https://www.institut-iai.ch/en/analyses/padobiom-en. Accessed
December 15, 2023.

Claesson R, Johansson A, Belibasakis GN. Clinical laboratory diag-
nostics in dentistry: application of microbiological methods. Front
Oral Health. 2022;3:983991.

Belibasakis GN, Belstrom D, Eick S, Gursoy UK, Johansson A,
Kononen E. Periodontal microbiology and microbial etiology of
periodontal diseases: historical concepts and contemporary per-
spectives. Periodontol 2000. 2023. Online ahead of print.
Tsaousoglou P, Nietzsche S, Cachovan G, Sculean A, Eick S.
Antibacterial activity of moxifloxacin on bacteria associated
with periodontitis within a biofilm. J Med Microbiol. 2014;63(Pt
2):284-292.

Sukumar S, Roberts AP, Martin FE, Adler CJ. Metagenomic insights
into transferable antibiotic resistance in Oral bacteria. J Dent Res.
2016;95(9):969-976.

Anderson AC, von Ohle C, Frese C, et al. The oral microbiota is a
reservoir for antimicrobial resistance: resistome and phenotypic
resistance characteristics of oral biofilm in health, caries, and peri-
odontitis. Ann Clin Microbiol Antimicrob. 2023;22(1):37.

Wheeler NE, Price V, Cunningham-Oakes E, et al. Innovations in
genomic antimicrobial resistance surveillance. Lancet Microbe.
2023;4(12):e1063-e1070.

Baumgartner D, Johannsen B, Specht M, et al. OralDisk: a chair-
side compatible molecular platform using whole saliva for mon-
itoring Oral health at the dental practice. Biosensors (Basel).
2021;11(11):423.

Antimicrobial Resistance Collaborators. Global burden of bacte-
rial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629-655.

Kinane DF, Peterson M, Stathopoulou PG. Environmental and
other modifying factors of the periodontal diseases. Periodontol
2000. 2006;40:107-119.

Kinane DF, Bartold PM. Clinical relevance of the host responses of
periodontitis. Periodontol 2000. 2007;43:278-293.

Gursoy UK, Kononen E, Pussinen PJ, et al. Use of host- and
bacteria-derived salivary markers in detection of periodontitis: a
cumulative approach. Dis Markers. 2011;30(6):299-305.

Johnston W, Rosier BT, Carda-Dieguez M, et al. Longitudinal
changes in subgingival biofilm composition following periodontal
treatment. J Periodontol. 2023;94(9):1065-1077.

Kc S, Wang XZ, Gallagher JE. Diagnostic sensitivity and specificity
of host-derived salivary biomarkers in periodontal disease amongst
adults: systematic review. J Clin Periodontol. 2020;47(3):289-308.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

 peracartangy 2000 SIS

Salminen A, Gursoy UK, Paju S, et al. Salivary biomarkers of bac-
terial burden, inflammatory response, and tissue destruction in
periodontitis. J Clin Periodontol. 2014;41(5):442-450.

Gursoy UK, Pussinen PJ, Salomaa V, Syrjalainen S, Kononen E.
Cumulative use of salivary markers with an adaptive design im-
proves detection of periodontal disease over fixed biomarker
thresholds. Acta Odontol Scand. 2018;76(7):493-496.

Zhang Y, Kang N, Xue F, et al. Evaluation of salivary biomark-
ers for the diagnosis of periodontitis. BMC Oral Health. 2021;
21(1):266.

Huang S, He T, Yue F, et al. Longitudinal multi-omics and micro-
biome meta-analysis identify an asymptomatic gingival state
that links gingivitis, periodontitis, and aging. MBio. 2021;12(2):
e03281-20.

Gursoy UK, Kantarci A. Molecular biomarker research in periodon-
tology: aroadmap for translation of science to clinical assay valida-
tion. J Clin Periodontol. 2022;49(6):556-561.

Kling JM, Clarke BL, Sandhu NP. Osteoporosis prevention,
screening, and treatment: a review. J Womens Health (Larchmt).
2014;23(7):563-572.

Massat NJ, Dibden A, Parmar D, Cuzick J, Sasieni PD, Duffy SW.
Impact of screening on breast cancer mortality: the UK pro-
gram 20years on. Cancer Epidemiol Biomarkers Prev. 2016;25(3):
455-462.

Gibson GR, Hutkins R, Sanders ME, et al. Expert consensus doc-
ument: the International Scientific Association for Probiotics
and Prebiotics (ISAPP) consensus statement on the definition
and scope of prebiotics. Nat Rev Gastroenterol Hepatol. 2017;
14(8):491-502.

Parga A, Otero A. Ecological modulation of oral biofilms: novel
approaches to treat and prevent oral diseases. In: Jakubovics NS,
Krom BP, Koo H, eds. Oral Biofilms in Health and Disease. Springer
International Publishing; 2024.

Mazurel D, Carda-Dieguez M, Langenburg T, et al. Nitrate and a
nitrate-reducing Rothia aeria strain as potential prebiotic or syn-
biotic treatments for periodontitis. NPJ Biofilms Microbiomes.
2023;9(1):40.

Nguyen T, Brody H, Radaic A, Kapila Y. Probiotics for peri-
odontal health-current molecular findings. Periodontol 2000.
2021;87(1):254-267.

Parga A, Muras A, Otero-Casal P, et al. The quorum quenching en-
zyme Aii20J modifies in vitro periodontal biofilm formation. Front
Cell Infect Microbiol. 2023;13:1118630.

Parga A, Manoil D, Brundin M, Otero A, Belibasakis GN. Gram-
negative quorum sensing signalling enhances biofilm formation
and virulence traits in gram-positive pathogen Enterococcus faeca-
lis. J Oral Microbiol. 2023;15(1):2208901.

Szafranski SP, Slots J, Stiesch M. The human oral phageome.
Periodontol 2000. 2021;86(1):79-96.

Xiang Y, Ma C, Yin S, et al. Phage therapy for refractory periapical
periodontitis caused by Enterococcus faecalis in vitro and in vivo.
Appl Microbiol Biotechnol. 2022;106(5-6):2121-2131.

Loesche WJ. The specific plaque hypothesis and the antimicrobial
treatment of periodontal disease. Dent Update. 1992;19(2):68,
70-2, 4.

Schultz-Haudt S, Bruce MA, Bibby BG. Bacterial factors in non-
specific gingivitis. J Dent Res. 1954;33(4):454-458.

Gibbons RJ, Socransky SS, Sawyer S, Kapsimalis B, Macdonald JB.
The microbiota of the gingival crevice area of man. Il. The predom-
inant cultivable organisms. Arch Oral Biol. 1963;8:281-289.
Socransky SS, Gibbons RJ, Dale AC, Bortnick L, Rosenthal E,
Macdonald JB. The microbiota of the gingival crevice area of man.
I. Total microscopic and viable counts and counts of specific or-
ganisms. Arch Oral Biol. 1963;8:275-280.

Gersdorf H, Pelz K, Gobel UB. Fluorescence in situ hybrid-
ization for direct visualization of gram-negative anaerobes

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T


https://www.institut-iai.ch/en/analyses/padobiom-en

18
—I—W] |BaA'%% Periodontology 2000

194.

195.

196.
197.

198.

MANOIL eT AL.

in subgingival plaque samples. FEMS Immunol Med Microbiol.
1993;6(2-3):109-114.

Gmur R, Guggenheim B, Giertsen E, Thurnheer T. Automated im-
munofluorescence for enumeration of selected taxa in supragingi-
val dental plaque. Eur J Oral Sci. 2000;108(5):393-402.

Assmus B, Hausner M, Grenier D, Schloter M, Hartmann A,
Goldner M. Direct examination of subgingival plaque from a dis-
eased periodontal site using confocal laser scanning microscopy
(CLSM). New Microbiol. 1997;20(2):155-159.

Ma JK, Kelly CG, Munro G, Whiley RA, Lehner T. Conservation of
the gene encoding streptococcal antigen I/Il in oral streptococci.
Infect Immun. 1991;59(8):2686-2694.

Griffen AL, Leys EJ, Fuerst PA. Strain identification of Actinobacillus
actinomycetemcomitans using the polymerase chain reaction. Oral
Microbiol Immunol. 1992;7(4):240-243.

Segata N, Haake SK, Mannon P, et al. Composition of the adult di-
gestive tract bacterial microbiome based on seven mouth surfaces,
tonsils, throat and stool samples. Genome Biol. 2012;13(6):R42.

199. Zaura E, Keijser BJ, Huse SM, Crielaard W. Defining the healthy

“core microbiome” of oral microbial communities. BMC Microbiol.
2009;9(1):259.

200. Burne RA,ZenglL, Ahn SJ, et al. Progress dissecting the oral micro-

201.

biome in caries and health. Adv Dent Res. 2012;24(2):77-80.
Schaefer AS, van der Velden U, Laine ML, Loos BG. Genetic sus-
ceptibility to periodontal disease: new insights and challenges.
In: Lang NP, Lindhe J, eds. Clinical Periodontology and Implant
Dentistry. Wiley Blackwell; 2022:288-304.

How to cite this article: Manoil D, Parga A, Bostanci N,
Belibasakis GN. Microbial diagnostics in periodontal
diseases. Periodontology 2000. 2024;00:1-18. doi:10.1111/

prd.12571

85UB017 SUOLIWIOD BAER.D) (el |dde auy Ag peusenob a1 3l YO 1SN JO S9N 10} ARG BUIIUO A3]IM UO (SUORIPUOD-PUR-SWBILIOD" A1 ARR1q 1/oU1IUO//SANY) SUORIPUOD PUe SWR L 3LY 85 *[202/50/22] U0 ARIQIT3UIUO A8]IM ‘UOTRULIOJUL| 3P UOSIAIQ ‘SA8USD 3P B1SIAIUN,| 3P anbeuioldig Aq TLSZT PAd/TTTT OT/I0p/woo 4| 1mAriq1ieu!|uo//Sdiy woJj papeojumod ‘0 ‘2G20009T


https://doi.org/10.1111/prd.12571
https://doi.org/10.1111/prd.12571

	Microbial diagnostics in periodontal diseases
	Abstract
	1|BEYOND KOCH'S POSTULATES
	2|CO-�EVOLUTION OF MICROBIAL DETECTION WITH PERIODONTITIS ETIOLOGICAL MODELS
	2.1|From culture to DNA probes
	2.2|The 16S rRNA gene for taxonomy identification
	2.3|Ecological perspective on periodontal diseases
	2.4|High-�throughput technologies to tackle the subgingival diversity
	2.5|The current ecological framework: polymicrobial interactions orchestrate dysbiosis

	3|CLINICAL MICROBIOLOGY FOR PERIODONTAL DIAGNOSTICS
	3.1|Bacterial culture and antimicrobial susceptibility testing
	3.2|qPCR for the clinical identification of signature microbial profiles
	3.3|Clinical applications of shotgun metagenomic sequencing

	4|OUTLOOK ON MICROBIAL DIAGNOSTICS IN PERIODONTOLOGY
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


