materials
Review

A Literature Review of Metagenomics and
Culturomics of the Peri-implant Microbiome:
Current Evidence and Future Perspectives
Leonardo Martellacci 1,† , Gianluca Quaranta 2,† , Romeo Patini 1, * , Gaetano Isola 3 ,
Patrizia Gallenzi 1 and Luca Masucci 2
1
2
3

*
†

Fondazione Policlinico Universitario A. Gemelli IRCCS, Institute of Dentistry and Maxillofacial Surgery,
Università Cattolica del Sacro Cuore, 00168 Rome, Italy
Fondazione Policlinico Universitario A. Gemelli IRCCS, Institute of Microbiology and Virology, Università
Cattolica del Sacro Cuore, 00168 Rome, Italy
Department of General Surgery and Surgical-Medical Specialties, School of Dentistry, University of Catania,
95124 Catania, Italy
Correspondence: romeo.patini@unicatt.it; Tel.: +39-06-30154286
The authors contributed equally.

Received: 29 July 2019; Accepted: 16 September 2019; Published: 17 September 2019




Abstract: Background and objectives: In recent years, many different culture-independent molecular
techniques have been developed with the aim of investigating the not yet cultivated part of the
resident flora of the oral cavity and of analyzing the peri-implant and periodontal flora both in
healthy and diseased sites. The most used technologies are Roche 454 pyrosequencing, Illumina
HiSeq/MiSeq, ABI SOLiD and Ion Torrent. Due to these methods, two different approaches are
available: Metagenomics and the 16S gene analysis. A complementary strategy was also recently
developed: Culturomics. Culturomics consists of different culture conditions that allow a very rapid
bacterial identification. The focused question of this review was developed in PICO format in order
to investigate the role of metagenomics, 16S gene analysis and culturomics (interventions) in the
differential study (comparison) of the peri-implant and periodontal microbiome (outcome) in humans
(participants). The secondary aim was the characterization of currents limits and future applications
of the three techniques. Methods: The authors performed a literature search on three databases
(Web of Science, Scopus and PubMed) from 01/01/2003 to 31/06/2019. Date of last search was: 25/08/19.
Any type of article dealing with the analysis of periodontal and peri-implant flora with metagenomic,
culturomic or 16S gene analysis was included. No language restrictions were applied. Risk of bias for
RCT was assessed using the Cochrane collaboration’s tool whereas case-control and cohort studies
were evaluated through the Newcastle–Ottawa scale. Results: The initial search resulted in 330 titles
in total. After careful evaluation of all results no studies were found to satisfy the primary outcome
of the present review. Hence a narrative review dealing with the secondary aim was performed.
Conclusions: Metagenomic and 16S gene analysis approaches contributed in clarifying some crucial
aspects of the oral microbiome. Based on the reported evidence some bacteria could be found around
teeth and implants even in the absence of signs of inflammation and other species are more frequently
found in supragingival peri-implant biofilm. Teeth and implants (even if adjacent) seem not to
share the same microbiome and healthy teeth have a more diversified one. The same analyses also
highlighted that the oral biofilm of smokers is composed by more periodontopathogen bacteria
compared to non-smokers and that geographical location and ethnicity seem to play a role in bacterial
composition. Culturomics, which has not yet been applied to the study of oral microbiota, consists of
the use of different culture conditions and of the identification by matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI–TOF MS) with the aim of increasing the bacterial
repertoire and avoiding the limits of molecular methods. In order to better evaluate perspectives and

Materials 2019, 12, 3010; doi:10.3390/ma12183010

www.mdpi.com/journal/materials

Materials 2019, 12, 3010

2 of 12

limits of the all presented approaches further studies comparing the different molecular techniques
are encouraged. This review received no funding.
Keywords: implantology; microbiology; periodontal medicine; metagenomics; culturomics;
plaque control

1. Introduction
The term “microbiome” has been used for referring to the genomes of all microbes living inside
and on the human body [1]. In literature, frequently, the term “microbiome” is confused with
microbiota, which is the set of bacterial communities that reside in an environment and that constitute
the microbiome. In 2016, over 700 prokaryotic taxa were isolated in the oral cavity, of which 54%
were represented by named species; 14% were non-named but cultivated species; of the remaining
32% only their phylotype was known. The same analysis evidenced that each individual would host
approximately 300 species in its mouth [2]. Part of these estimates comes from bacterial cultures, and
part from culture-independent bacterial identification methods, like the 16S rRNA gene analysis [3–5].
The HOMD (Human Oral Microbiome Database) provides information on these bacteria that can be
found into the oral cavity. The HOMD is a database of 16S rRNAs, which also proposes a scheme for
naming species or phylotypes that have not been named to date. It allows phenotypic, phylogenetic,
clinical and bibliographic information about the bacteria present in the catalog. As part of the HOMD,
the Human Microbiome Project (HMP) provides genomic sequences for around 400 oral bacterial taxa
that account for the 58% of known species [6].
The most used technologies for the identification of the not yet cultivated part of the resident flora
of the oral cavity are: Roche 454 pyrosequencing, Illumina HiSeq/MiSeq, ABI SOLiD and Ion Torrent.
With the developing of these methods, two different approaches became available: Metagenomics and
the 16S gene analysis. A complementary strategy was also recently developed: Culturomics. It consists
of multiple culture conditions combined with the rapid identification of bacteria and allows the culture
of hundreds of new microorganisms providing exciting new perspectives on host–bacteria relationships.
The primary aim of this review (provided in PICO format) was to investigate the role of
metagenomics, 16S gene analysis and culturomics in the differential study of the peri-implant and
periodontal microbiome in humans. The secondary aim was the characterization of currents limits and
future applications of the three techniques.
2. Materials and Methods
Two authors (LM and RP) performed a systematic literature search in PubMed, Web of Science
and Scopus databases. The analysis was conducted with the aim of identifying any coherent article
published between 1 January2003 and 31 June 2019. The time interval was chosen since no literature
reports regarding any of the three analyzed techniques before 2003 were available. No language
restrictions were applied. Risk of bias for RCT was assessed using the Cochrane collaboration’s tool
whereas case-control and cohort studies were evaluated through the Newcastle–Ottawa scale.
A combination of the sequent free text words has been used: “Metagenomics”, “culturomics”,
“16S gene analysis”, “periodontal”, “peri-implant”, “oral cavity” and “mouth”. The free text words
have been variably connected among them with the Boolean operators “AND” and “OR”.
Studies have been screened independently and in duplicate by two calibrated authors (LM and
RP). In case of disagreement the two authors discussed with one of the authors’ supervisors (L Mas or
PG) until consensus. The reviewers screened all the titles and abstracts and for studies apparently
coherent with the review topic they analyzed the full-text. All the analyses were made with the help of
a data extraction form.
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Another important aspect is that it is possible to identify genetic segments potentially associated with
health or disease. 16S DNA has lower costs and less computational requirements than metagenomics,
for these reasons it is often preferred by researchers. Nevertheless in the study of the oral microbiome,
metagenomics has been demonstrated to provide more detailed information [7].
The other approach aside from metagenomics is 16S rRNA analysis. This gene has some
hypervariable regions that could be considered as the genetic fingerprint of a single microorganism.
Such regions have been numbered from V1 to V9 and for every one of them specific primers are
produced. Some authors pointed out that there is no hypervariable region that alone allows the
diagnosis of all the bacterial genera examined, so it would be advisable to investigate different
regions [11,12]. One example is found in the Synergistetes spp. that is not identifiable by the primer for
V5–V6 regions but, if searched with the primer V1–V2, they represent more than 1% of the classes.
Fusobacteria spp. undergoes a similar outcome and Clostridia spp., on the other hand, is four times
more abundant in the samples if analyzed with V5–V6 [12].
4.2. The Peri-Implant and Periodontal Microbiome
In literature, there are numerous studies that aim to analyze the peri-implant bacterial flora both
in healthy sites and those affected by various forms of disease (mucositis and peri-implantitis) and to
make a comparison with the flora present around the dental elements (both healthy ones and those
with varying degrees of periodontal disease).
Quirynen and Elter reported that the bacterial flora around implants was mostly composed of
Streptococci (45%–86%), Actinomyces naeslundii, Actinomyces oris, Actinomyces meyeri, Neisseria spp. and
Rothia spp. [13,14]. These two studies used different investigation techniques: Elter analyzed the
bacterial biofilm grown on the healing abutment using the scanning electron microscopy, the second
electron and the Rutherford back-scattering detection method. Nevertheless these methods were
limited by not being able to clearly identify the sub-gingival biofilm. Quirynen instead used the
DNA–DNA checkerboard hybridization technique [13,14].
According to studies by Persson et al. and Casado et al. and to the systematic review by
Patini et al., sometimes bacteria associated with periodontitis including Fusobacterium nucleatum,
Prevotella intermedia, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans and Filifactor alocis
are found around the implants, even in the absence of obvious signs of inflammation [15–17]. The
presence of such bacterial species in periodontal and peri-implant sulcus has also been linked with an
increasing number of diseases affecting other organs beyond the mouth [18–24]. Persson et al. used
the DNA–DNA checkerboard hybridization technique [15] while Casado et al. the analysis of the
crevicular fluid instead [16].
Zaura et al. adopted the Roche 454 platform to pyrosequence the V5–V6 variable region with the
aim of investigating the composition of oral microbiome in health condition. They collected samples of
stimulated saliva from three healthy subjects and then, through sterile microbrushes, collected samples
on the mucous surfaces and on different tooth surfaces. The result was that all three microbiomes
analyzed shared 47% of their composition, that is 387 of the 818 OTU (operational taxonomic unit)
found. These phylotypes together contributed 90%–93% to the formation of each microbiome. Fifty-one
of these shared OTUs had high concentration (>0.1% of the microbiome) and together they accounted
for the 62%–73% of the individual microbiome. At a higher taxonomic level, 72% of all taxa were shared
by all three microbiomes, contributing 99.8% of all reads. Only 2%–11% were specific individuals.
From these evidences Zaura et al. proposed the concept of a healthy core microbiome, site-specific
between saliva and mucous membranes and between teeth and saliva [25].
Dabdoub et al. collected samples of subgingival plaque using sterile endodontic paper points
(n = 10, DENTSPLY) placed in the gingival and peri-implant sulcus for 10 s. The V1–V3 and V7–V9
regions of the 16S were used as primers for pyrosequencing in order to try to understand if the teeth
share the microbiota with the adjacent dental implants. From the results obtained in this study, it
was found that teeth and implants have two different microbiota, as dental implants create a real
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microenvironment that selects the bacterial flora. In fact, the same authors found that around 85% of
the study participants shared less than 8% of the species between the tooth and implant if bacterial
species were analyzed with an abundance greater than 1% in the two micro-ecosystems. Another
finding from this study showed that the microbiota was more variegated around teeth rather than
around implants, especially in health conditions [26].
Three years later, in another study, Dabdoub et al. examined 25 subjects with chronic periodontal
disease and 25 healthy patients. The subgingival microbiome was studied through WGS (whole
genomic shotgun) and the samples were recovered with sterile endodontic paper points. Unlike the
other types of analysis, the shotgun allows the identification not only of bacterial DNA, but also of
that belonging to viruses, fungi and archaea. This sampling method combined with WGS revealed
that between 62.96% and 77.22% of the entire DNA obtained did not belong to the oral microflora. In
this study, the definition of the core microbiome was “the one present in at least 80% of the subjects”.
Of the members of the microbial community 75% belonged to 46 species of the genera Streptococcus,
Veillonella, Actinomices, Corynebacterium, Neisseria, Fusobacterium and Selenomonas and 22% belonged to
the core microbiota. Study results revealed that viruses and archaea are not part of the core, whereas
fungi are represented by Candida albicans, present in 87% of the subjects studied [27].
Koyanagi et al. aimed to investigate the differences in the microbiota of teeth affected by
periodontal disease, implants in peri-implant disease and clinically healthy dental implants. In this
study the Roche 454 platform was chosen and the primers used were the 27F (region V1) and the
1492R. The samples were recovered using endodontic paper points placed in the deepest periodontal
or peri-implant pocket and removed after 30 s. The authors of this study hypothesize that the surface
roughness and free energy (wettability) of the implants may have a crucial role in the selection of the
bacteria that adhere to the biofilm on the surface of the implant [28]. The results of this study described
the bacterial flora in cases of peri-implantitis, neglected the description of the flora on an implant
showing no signs of inflammation.
To better understand the variations in the subgingival microbial flora, Shchipkova et al. selected
15 smoking patients and 15 non-smokers, with a moderate to severe degree of periodontal disease.
Plaque samples were collected in pockets deeper than 5 mm using endodontic paper points, held in
place for 10 s. The authors used A17 and 317 primers (Biosynthesis, Lewisville, TX, USA). At the end
of the cloning procedures, the products were purified with the Millipore kit. The obtained results
highlighted no difference in the number of species not yet cultivated between the two groups examined
that are respectively 38.8% for smokers and 44.5% for non-smokers. The taxa not yet cultivated were
composed mainly for both groups from Synergistes, Lachnospira, Desulfobulbus, Selenomonas, Neisseria,
Veillonella, Eubacterium and Catonella. Smokers had higher quantities of Parvimonas, Campylobacter,
Treponema, Bacteroides and Fusobacterium while non-smokers had higher quantities of Streptococcus,
Veillonella and Neisseria. Significant differences were found in the prevalence of some species between
the two groups: Parvimonas micra and Campylobacter gracilis represented the largest sub-gingival flora in
smokers, while non-smokers had higher levels of Veillonella spp., Streptococcus sanguinis and Tannerella
forsythia. Although in this study the clinical manifestations of periodontal pathology were completely
similar in the two groups investigated, it was found that there are differences in the sub-gingival
flora between smokers and non-smokers. Indeed, it appears from the data of this study that the
biofilm associated with smoking patients is richer in periodontopathogens bacteria. It is plausible to
hypothesize that there is a difference in the bacterial flora between the two microenvironments due to
the habit of smoking even in subjects that do not show signs of periodontal pathology [29].
Regarding the composition of the oral microbiome, most studies in the literature cite HMP. HMP
described such composition by taking samples from seven oral and two oropharyngeal sites from
242 healthy subjects [30]. Thus, it was found that 95% of the entire oral microbiome is composed
of Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria and Actinobacteria [11,31]. Of all the body sites
examined, the oral cavity has the greatest α diversity (species richness) after the intestine; if instead the
same sites are compared between different subjects (β diversity), the oral sites have less variability
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compared to other body sites [31,32]. At the sub-gingival level, there is significant variability among
individuals, especially at levels lower than the genus, in the relative abundance of the OTUs [31].
Although the HMP proposes an important volume of data, the 16s rRNA datasets are mostly composed
of samples from US medical students and their data are not available, so it is not possible to evaluate
the homogeneity of the samples and any ethnic or geographical differences [11].
Nasidze et al. conducted a study in which a total of 120 subjects were enrolled, divided into
groups of 10 individuals from six different regions (each region provided two groups): South America,
North America, Africa, Europe (Germany and Poland), the Middle East and Asia. Analyzing the 16S
of the salivary microbiome, the authors found differences between the various geographical areas,
even though 70% of all the sequences were common among the various subjects. However, the MDS
(multi-dimensional scaling) analysis carried out in this study would suggest that geography would not
significantly affect the bacterial composition [33]. The great limitation of this study was the reduced
number of subjects, the lack of consideration for some variables and the variety of subjects to enroll in
the study. Environmental and cultural (and therefore food) differences were not taken into account.
Age, sex and oral status of the subjects were not reported.
To assess if ethnic differences also lead to variation in the oral microbiome composition, Mason
et al. analyzed the dental plaque of 192 subjects belonging to four ethnic groups (non-Hispanic
black, non-Hispanic white, Hispanic and Chinese) finding some differences [34] in agreement with the
previous literature [11,35–37]. Genetic rather than environmental differences seem to exert a selection
on the bacterial flora because two ethnic groups, while sharing the same lifestyle and the same eating
habits showed substantial differences in the microbiome [34].
A longitudinal study of 85 patients observed weekly for 3 months showed a certain degree of
variability in the composition of the lingual microbiome and in that of other body niches. Such
evidence could lead to the theory that the composition of a microbiome and its variability over time
are individual characteristics [38]. The same theory was strengthened by Xu et al. that affirmed that
the phases of dentition as well as aging select the bacterial composition of the oral cavity [39].
Zheng et al. compared the results obtained from the metagenomic analysis with Illumina (Miseq)
of the hypervariable region V1–V3 with those obtained from the V3–V4 region (the most used in
pyrosequencing protocols). The comparison was made on the basis of taxonomic richness (α diversity)
and species uniformity (β diversity) found at the sub-gingival level in diabetic and non-diabetic patients
affected by periodontitis. The β diversity was found to be similar for the two hypervariable regions,
while for α diversity, it was found that the V1–V3 region provides a greater richness of phylotypes [40].
Szafranski et al. conducted a pilot study to compare the taxonomic resolution power of two
different 16s rRNA primers: The one complementary to the V1–V2 region and the one for the V5–V6.
The chosen NGS platform was Illumina (Miseq). The population of the study was chosen in a random
manner; those who responded to the invitation received by e-mail or telephone were included. A
total of 19 subjects were enrolled among those who agreed to receive an objective examination of the
oral cavity along with an analysis of the subgingival plaque. The plaque was collected with sterile
endodontic paper points placed in the gingival sulcus for 30 s. The DNA was extracted from the cones
in two successive phases. Conclusions drawn from the study highlighted that there is no hypervariable
region that has the same diagnostic power for all the bacterial genera examined; therefore it would be
advisable to use different regions in a combined manner. One example is found in Synergistetes that on
the one hand are not identifiable by the primer for V5–V6 and on the other, if searched with the primer
V1–V2, they represent more than 1% of the classes. The outcome was similar for Fusobacteria. Clostridia
instead are four times more abundant in the samples analyzed with V5–V6 [12].
Metagenomics has been demonstrated to have some limitations. In fact, even if high-throughput
sequencing methods have dramatically reduced the time of analysis of samples owing to integrative
workflows, Lagier et al. explained that metagenomics cannot discriminate between live and dead
bacteria and that they need at least bacteria with a concentration of 105 cells per gram to detect a
population [41].
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Studies in literature are not homogeneous because the choice of the primer used for the
hypervariable region of the 16S analysis and the platform selected for metagenomics can greatly
modify the results [41]. However, it is interesting to note that, despite the previous studies in which the
subgingival and peri-implant flora seemed to be quite similar, in the new ones that use the metagenomic
approach such results seem not to be confirmed.
The majority of studies in literature use paper points for sampling. As has emerged from the
studies by Van der Horst et al. and Pèrez-Chaparro et al., paper points are the main source of bacterial
contamination, and the adsorbent properties of the points make very easy to collect the crevicular fluid
(with desquamated cells, lysed leukocytes and human DNA debris) rather than bacteria. Therefore,
authors suggest collecting sub-gingival plaque samples with sterile curettes [42–44].
Illumina (Miseq) allows us to obtain rapidly profiles of relevant high-resolution taxonomic
abundance of microbial communities; in comparison to pyrosequencing, it guarantees a greater depth
of sequencing, reduced costs and a smaller number of errors. The flip side of the coin is that, by
producing short sequences, it does not make the taxonomic assignment simple [12].
In the systematic review of relevant literature of Padial-Molina et al. the various techniques
with which the peri-implant microbiota was studied were examined: The culture, the DNA–DNA
checkerboard hybridization technique, the PCR and the 16S rRNA [44]. The 16S analysis hardly
distinguishes differences at taxonomic levels lower than the genus; furthermore it is impossible with
the 16S rRNA analysis to outline the pathogenicity of an organism and its virulence factors [12,44]. It is
also impossible to distinguish DNA from transient bacteria, nor to discriminate live bacteria from dead
ones [45,46].
Many authors, in light of the International standards for genomes, transcriptomes and
metagenomes affirm, moreover, that the 16S rRNA analysis (even when using multiple regions)
is one of the least effective genes for distinguishing closely related species, and it is not even the best
gene for distinguishing distantly related species [47–49]. Another limitation of metagenomics is the
challenge of understanding how much DNA is necessary to obtain a correct analysis [50].
Starting from the provocative question of Ruppè et al.: “since metagenomic sequencing techniques
can detect bacteria (or viruses) never identified before, these should be considered false positives?” [51],
all of the scientific community began to consider that the use of metagenomics to identify new
pathogens is a difficult challenge since any new pathogenic suspect identified with metagenomics
must be confirmed as a minimum in a group of subjects and through the use of other approaches
considered the gold standard, like the culture [51].
Despite all the highlighted limitations of metagenomic and 16S gene analysis approaches such
techniques contributed in clarifying some crucial aspects of the oral microbiome. Basing on the reported
evidence some bacteria like Fusobacterium nucleatum, Prevotella intermedia, Porphyromonas gingivalis,
Aggregatibacter actinomycetemcomitans and Filifactor alocis can be found around teeth and implants even
in the absence of signs of inflammation and Actinomyces, Neisseria and Rothia spp. are more frequently
found in supragingival peri-implant biofilm. Teeth and implants (even if adjacent) seem not to share
the same microbiome and healthy teeth have a more diversified one. Metagenomic and 16S gene
analysis also highlighted that the oral biofilm of smokers is composed of more periodontopathogen
bacteria compared to non-smokers and that geographical location and ethnicity seem to play a role in
bacterial composition.
With the aim of compensating the limits of the molecular methods a new cultural analytic approach
was developed: Culturomics.
4.3. Future Perspectives: Culturomics
Due to metagenomics, molecular techniques have supplanted cultural methods, which are
characterized by longer analysis times and a high degree of laboriousness. However, some studies
have suggested that molecular investigation techniques covered a different spectrum than the one
investigated with cultural methods [52,53]. Lagier et al. demonstrated the complementarity between
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culture-dependent and culture-independent methods since the two techniques succeeded in identifying
concomitantly only 15% of species. This discrepancy in the identification of microorganisms with
the two approaches induced researchers to carry out larger culture-based studies to complete the
characterization of the microbiota of the human intestine [54].
Culturomics consists of the use of different culture conditions and of the identification by
matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI–TOF MS) with
the aim of increasing the bacterial repertoire [54,55].
The first aim of culturomics was to provide different culture conditions with the aim of promoting
the growth of fastidious bacteria living in the human gut [55]. Culture media were improved
using blood and rumen fluid in blood culture bottles and the growth of minority populations was
promoted [41]. In the first reported culturomics study, 212 different culture conditions generated
more than 30,000 colonies. Among all the bacterial species isolated 31 were new or belonged to rare
phyla [41,54].
Culturomics consists of different laboratory phases. The first step is the division of the sample
and the establishment of different culture conditions [55]. Such conditions suppress the culture of
majority populations and improve the growth of fastidious microorganisms. Culturomics allows
the identification of bacterial species by MALDI–TOF mass spectrometry in less than one hour. If
identification fails, colonies are analyzed through the 16S ribosomal RNA (rRNA) sequencing. The
identification of new species by culturomics allowed us to increase the repertoire of bacterial species
associated with humans. Moreover, culturomics allows for obtaining living bacteria that could
be investigated for different microbiological features; for example, each isolated colony could be
tested for antimicrobial susceptibility. This is a very important aspect concerning the safety and
identification of a resistant bacterial strain [41]. As regards in describing microbiota there are mainly
two strategies: Metagenomics, which has highlighted the gut microbiota diversity but also revealed
that the majority of bacteria in the gut remain uncultured, and culturomics that was developed to
culture and identify previously un-identified bacteria [55]. For all these reasons culturomics provided
exciting new perspectives on host-bacteria relationships [54,56–63]. Metagenomics in addition to
undeniable positive aspects such as analytical quickness, multiple sample analysis and detection of
taxa relative abundance, presents many limitations such as the possible bias during DNA extraction
protocol, a limited depth of analysis (bacteria population under 105 cells per gram are undetectable)
and the inability to discriminate between live and dead bacteria. The culturomic method despite the
long analytical times has a greater analytical depth allowing the detection of bacterial populations up
to concentrations of 102 cells per gram [53]. An important limitation of culturomics, however, must
be highlighted: Being an approach based on the induction to the growth of the greatest number of
bacterial species present on the sample it is evident that the analytical result can only be qualitative. No
quantitative information can be drawn. This negative aspect, however, can be avoided by combining
culturomics with the real time PCR that, however, obviously causes an increase in costs.
By adopting culturomics in dentistry, indeed, it will be possible to expand the knowledge regarding
oral health and pathological conditions afflicting this district beyond the current limits. In order to
better evaluate perspectives and limits of the all presented approaches further studies comparing the
different molecular techniques are encouraged.
It is necessary to underline an important limitation of the present review. The absolute lack of
articles comparing the metagenomic, culturomic and 16S gene analyses in the study of the periodontal
and peri-implant microbiota composition led the authors to the impossibility to satisfy the primary
aim of the review. It would be desirable that, in the future, other authors could investigate these three
methods and comparing them in order to provide information that can be analyzed with a systematic
approach and give a greater specific weight to scientific knowledge.
Author Contributions: Conceptualization, L.M. (Leonardo Martellacci) and L.M. (Luca Masucci); methodology,
R.P.; writing—original draft preparation, L.M. (Leonardo Martellacci) and G.Q.; writing—review and editing, R.P.;
visualization, G.I.; supervision, P.G. and L.M. (Luca Masucci).

Materials 2019, 12, 3010

9 of 12

Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.
5.
6.
7.
8.

9.
10.
11.
12.

13.
14.

15.
16.
17.

18.

19.

The Human Microbiome Project: Extending the Definition of What Constitutes a Human. Available
online: https://www.genome.gov/27549400/the-human-microbiome-project-extending-the-definition-ofwhat-constitutes-a-human (accessed on 29 July 2019).
Kilian, M.; Chapple, I.L.C.; Hannig, M.; Marsh, P.D.; Meuric, V.; Pedersen, A.M.L.; Tonetti, M.S.; Wade, W.G.;
Zaura, E.; Pedersen, A.M.L. The oral microbiome—An update for oral healthcare professionals. Br. Dent. J.
2016, 221, 657–666. [CrossRef] [PubMed]
Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.; Yu, W.H.; Lakshmanan, A.; Wade, W.G. The
human oral microbiome. J. Bacteriol. 2010, 192, 5002–5017. [CrossRef] [PubMed]
Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E.
Bacterial Diversity in Human Subgingival Plaque. J. Bacteriol. 2001, 183, 3770–3783. [CrossRef] [PubMed]
Paster, B.J.; Olsen, I.; Aas, J.A.; Dewhirst, F.E. The breadth of bacterial diversity in the human periodontal
pocket and other oral sites. Periodontol 2000 2006, 42, 80–87. [CrossRef] [PubMed]
Krishnan, K.; Chen, T.; Paster, B.J. A practical guide to the oral microbiome and its relation to health and
disease. Oral Dis. 2017, 23, 276–286. [CrossRef] [PubMed]
Xu, P.; Gunsolley, J. Application of metagenomics in understanding oral health and disease. Virulence 2014, 5,
424–432. [CrossRef] [PubMed]
Handelsman, J.; Rondon, M.R.; Brady, S.F.; Clardy, J.; Goodman, R.M. Molecular biological access to the
chemistry of unknown soil microbes: A new frontier for natural products. Chem. Biol. 1998, 5, R245–R249.
[CrossRef]
Chen, K.; Pachter, L. Bioinformatics for Whole-Genome Shotgun Sequencing of Microbial Communities.
PLoS Comput. Biol. 2005, 1, e24. [CrossRef] [PubMed]
Daubin, V. Phylogenetics and the Cohesion of Bacterial Genomes. Science 2003, 301, 829–832. [CrossRef]
Moon, J.-H.; Lee, J.-H. Probing the diversity of healthy oral microbiome with bioinformatics approaches.
BMB Rep. 2016, 49, 662–670. [CrossRef]
Szafranski, S.P.; Wos-Oxley, M.L.; Vilchez-Vargas, R.; Jáuregui, R.; Plumeier, I.; Klawonn, F.; Tomasch, J.;
Meisinger, C.; Kühnisch, J.; Sztajer, H.; et al. High-Resolution Taxonomic Profiling of the Subgingival
Microbiome for Biomarker Discovery and Periodontitis Diagnosis. Appl. Environ. Microbiol. 2015, 81,
1047–1058. [CrossRef] [PubMed]
Quirynen, M.; Vogels, R.; Pauwels, M.; Haffajee, A.; Socransky, S.; Uzel, N.; Van Steenberghe, D. Initial
Subgingival Colonization of ‘Pristine’ Pockets. J. Dent. Res. 2005, 84, 340–344. [CrossRef] [PubMed]
Elter, C.; Heuer, W.; Demling, A.; Hannig, M.; Heidenblut, T.; Bach, F.W.; Stiesch-Scholz, M. Supra- and
subgingival biofilm formation on implant abutments with different surface characteristics. Int. J. Oral
Maxillofac. Implant. 2008, 23, 327–334.
Persson, G.R.; Renvert, S. Cluster of bacteria associated with peri-implantitis. Clin. Implant Dent. Relat. Res.
2014, 16, 783–793. [CrossRef] [PubMed]
Casado, P.L.; Otazu, I.B.; Balduino, A.; De Mello, W.; Barboza, E.P.; Duarte, M.E.L. Identification of Periodontal
Pathogens in Healthy Periimplant Sites. Implant. Dent. 2011, 20, 226–235. [CrossRef] [PubMed]
Patini, R.; Staderini, E.; Lajolo, C.; Lopetuso, L.; Mohammed, H.; Rimondini, L.; Rocchetti, V.; Franceschi, F.;
Cordaro, M.; Gallenzi, P. Relationship between oral microbiota and periodontal disease: A systematic review.
Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 5775–5788. [PubMed]
Patini, R.; Gallenzi, P.; Spagnuolo, G.; Cordaro, M.; Cantiani, M.; Amalfitano, A.; Arcovito, A.; Callà, C.;
Mingrone, G.; Nocca, G. Correlation Between Metabolic Syndrome, Periodontitis and Reactive Oxygen
Species Production. A Pilot Study. Open Dent. J. 2017, 11, 621–627. [CrossRef]
Mohammed, H.; Varoni, E.M.; Cochis, A.; Cordaro, M.; Gallenzi, P.; Patini, R.; Staderini, E.; Lajolo, C.;
Rimondini, L.; Rocchetti, V. Oral Dysbiosis in Pancreatic Cancer and Liver Cirrhosis: A Review of the
Literature. Biomedicines 2018, 6, 115. [CrossRef]

Materials 2019, 12, 3010

20.

21.

22.

23.

24.

25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.
36.

37.
38.

39.
40.

10 of 12

Lucchese, A.; Matarese, G.; Manuelli, M.; Ciuffreda, C.; Bassani, L.; Isola, G.; Cordasco, G.; Gherlone, E.
Reliability and efficacy of palifermin in prevention and management of oral mucositis in patients with acute
lymphoblastic leukemia: A randomized, double-blind controlled clinical trial. Minerva Stomatol. 2016, 65,
43–50.
Ferlazzo, N.; Currò, M.; Zinellu, A.; Caccamo, D.; Isola, G.; Ventura, V.; Carru, C.; Matarese, G.; Ientile, R.
Influence of MTHFR genetic background on p16 and MGMT methylation in oral squamous cell cancer. Int. J.
Mol. Sci. 2017, 18, 724. [CrossRef]
Isola, G.; Ramaglia, L.; Cordasco, G.; Lucchese, A.; Fiorillo, L.; Matarese, G. The effect of a functional
appliance in the management of temporomandibular joint disorders in patients with juvenile idiopathic
arthritis. Minerva Stomatol. 2017, 66, 1–8.
Lo Giudice, G.; Lo Giudice, R.; Matarese, G.; Isola, G.; Cicciù, M.; Terranova, A.; Palaia, G.; Romeo, U.
Evaluation of magnification systems in restorative dentistry. An in-vitro study. Dent. Cadmos 2015, 83,
296–305. [CrossRef]
Cutroneo, G.; Piancino, M.G.; Ramieri, G.; Bracco, P.; Vita, G.; Isola, G.; Vermiglio, G.; Favaloro, A.; Anastasi, G.;
Trimarchi, F. Expression of muscle-specific integrins in masseter muscle fibers during malocclusion disease.
Int. J. Mol. Med. 2012, 30, 235–242. [CrossRef]
Zaura, E.; Keijser, B.J.; Huse, S.M.; Crielaard, W. Defining the healthy “core microbiome” of oral microbial
communities. BMC Microbiol. 2009, 9, 259. [CrossRef]
Dabdoub, S.; Tsigarida, A.A.; Kumar, P.S. Patient-specific Analysis of Periodontal and Peri-implant
Microbiomes. J. Dent. Res. 2013, 92, 168S–175S. [CrossRef]
Dabdoub, S.M.; Ganesan, S.M.; Kumar, P.S. Comparative metagenomics reveals taxonomically idiosyncratic
yet functionally congruent communities in periodontitis. Sci. Rep. 2016, 6, 38993. [CrossRef]
Koyanagi, T.; Sakamoto, M.; Takeuchi, Y.; Ohkuma, M.; Izumi, Y. Analysis of microbiota associated with
peri-implantitis using 16S rRNA gene clone library. J. Oral Microbiol. 2010, 2, 5104. [CrossRef]
Shchipkova, A.Y.; Nagaraja, H.N.; Kumar, P.S. Subgingival Microbial Profiles of Smokers with Periodontitis.
J. Dent. Res. 2010, 89, 1247–1253. [CrossRef]
Human Microbiome Project Consortium. A framework for human microbiome research. Nature 2012, 13,
215–221.
Zhou, Y.; Gao, H.; Mihindukulasuriya, K.A.; La Rosa, P.S.; Wylie, K.M.; Vishnivetskaya, T.; Podar, M.;
Warner, B.I.; Tarr, P.; Nelson, D.E.; et al. Biogeography of the ecosystems of the healthy human body.
Genome Biol. 2013, 14, R1. [CrossRef]
Huse, S.M.; Ye, Y.; Zhou, Y.; Fodor, A.A. A Core Human Microbiome as Viewed through 16S rRNA Sequence
Clusters. PLoS ONE 2012, 7, e34242. [CrossRef]
Nasidze, I.; Li, J.; Quinque, D.; Tang, K.; Stoneking, M. Global diversity in the human salivary microbiome.
Genome Res. 2009, 19, 636–643. [CrossRef]
Mason, M.R.; Nagaraja, H.N.; Camerlengo, T.; Joshi, V.; Kumar, P.S. Deep Sequencing Identifies
Ethnicity-Specific Bacterial Signatures in the Oral Microbiome. PLoS ONE 2013, 8, e77287. [CrossRef]
Rylev, M.; Kilian, M. Prevalence and distribution of principal periodontal pathogens worldwide. J. Clin.
Periodontol. 2008, 35, 346–361. [CrossRef]
Haffajee, A.D.; Bogren, A.; Hasturk, H.; Feres, M.; Lopez, N.J.; Socransky, S.S. Subgingival microbiota of
chronic periodontitis subjects from different geographic locations. J. Clin. Periodontol. 2004, 31, 996–1002.
[CrossRef]
Kim, T.; Kang, N.; Lee, S.B.; Eickholz, P.; Pretzl, B.; Kim, C.K. Differences in subgingival microflora of Korean
and German periodontal patients. Arch. Oral Biol. 2009, 54, 223–229. [CrossRef]
Flores, G.E.; Caporaso, J.G.; Henley, J.B.; Rideout, J.R.; Domogala, D.; Chase, J.; Leff, J.W.; Vázquez-Baeza, Y.;
González, A.; Knight, R.; et al. Temporal variability is a personalized feature of the human microbiome.
Genome Biol. 2014, 15, 531. [CrossRef]
Xu, X.; He, J.; Xue, J.; Wang, Y.; Li, K.; Zhang, K.; Guo, Q.; Liu, X.; Zhou, Y.; Cheng, L.; et al. Oral cavity contains
distinct niches with dynamic microbial communities. Environ. Microbiol. 2015, 17, 699–710. [CrossRef]
Zheng, W.; Tsompana, M.; Ruscitto, A.; Sharma, A.; Genco, R.; Sun, Y.; Buck, M.J. An accurate and efficient
experimental approach for characterization of the complex oral microbiota. Microbiome 2015, 3, 48. [CrossRef]

Materials 2019, 12, 3010

41.

42.

43.

44.
45.

46.
47.
48.

49.
50.
51.
52.

53.

54.

55.

56.

57.
58.
59.

60.

11 of 12

Lagier, J.C.; Dubourg, G.; Million, M.; Cadoret, F.; Bilen, M.; Fenollar, F.; Levasseur, A.; Rolain, J.M.;
Fournier, P.E.; Raoult, D. Culturing the human microbiota and culturomics. Nat. Rev. Genet. 2018, 16,
540–550. [CrossRef]
Van Der Horst, J.; Buijs, M.J.; Laine, M.L.; Wismeijer, D.; Loos, B.G.; Crielaard, W.; Zaura, E. Sterile paper
points as a bacterial DNA-contamination source in microbiome profiles of clinical samples. J. Dent. 2013, 41,
1297–1301. [CrossRef]
Perez-Chaparro, P.; Duarte, P.; Pannuti, C.; Figueiredo, L.; Mestnik, M.; Gonçalves, C.; Faveri, M.; Feres, M.
Evaluation of human and microbial DNA content in subgingival plaque samples collected by paper points
or curette. J. Microbiol. Methods 2015, 111, 19–20. [CrossRef]
Padial-Molina, M.; López-Martínez, J.; O’Valle, F.; Galindo-Moreno, P. Microbial Profiles and Detection
Techniques in Peri-Implant Diseases: A Systematic Review. J. Oral Maxillofac. Res. 2016, 7, e10. [CrossRef]
Sedghizadeh, P.P.; Yooseph, S.; Fadrosh, D.W.; Zeigler-Allen, L.; Thiagarajan, M.; Salek, H.; Farahnik, F.;
Williamson, S.J. Metagenomic investigation of microbes and viruses in patients with jaw osteonecrosis
associated with bisphosphonate therapy. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2012, 114, 764–770.
[CrossRef]
Young, G.; Turner, S.; Davies, J.K.; Sundqvist, G.; Figdor, D. Bacterial DNA Persists for Extended Periods
after Cell Death. J. Endod. 2007, 33, 1417–1420. [CrossRef]
Mason, C.E.; Afshinnekoo, E.; Tighe, S.; Wu, S.; Levy, S. International Standards for Genomes, Transcriptomes,
and Metagenomes. J. Biomol. Tech. JBT 2017, 28, 8–18. [CrossRef]
Lan, Y.; Rosen, G.; Hershberg, R. Marker genes that are less conserved in their sequences are useful for
predicting genome-wide similarity levels between closely related prokaryotic strains. Microbiome 2016, 4, 18.
[CrossRef]
Mao, D.P.; Zhou, Q.; Chen, C.Y.; Quan, Z.X. Coverage evaluation of universal bacterial primers using the
metagenomic datasets. BMC Microbiol. 2012, 12, 66. [CrossRef]
Charalampakis, G.; Belibasakis, G.N. Microbiome of peri-implant infections: Lessons from conventional,
molecular and metagenomic analyses. Virulence 2015, 6, 183–187. [CrossRef]
Ruppé, E.; Greub, G.; Schrenzel, J. Messages from the first International Conference on Clinical Metagenomics
(ICCMg). Microbes Infect. 2017, 19, 223–228. [CrossRef]
Lagier, J.C.; Armougom, F.; Million, M.; Hugon, P.; Pagnier, I.; Robert, C.; Bittar, F.; Fournous, G.; Gimenez, G.;
Maraninchi, M.; et al. Microbial culturomics: Paradigm shift in the human gut microbiome study.
Clin. Microbiol. Infect. 2012, 18, 1185–1193. [CrossRef]
Dubourg, G.; Lagier, J.C.; Robert, C.; Armougom, F.; Hugon, P.; Metidji, S.; Dione, N.; Dangui, N.P.M.;
Pfleiderer, A.; Abrahao, J.; et al. Culturomics and pyrosequencing evidence of the reduction in gut microbiota
diversity in patients with broad-spectrum antibiotics. Int. J. Antimicrob. Agents 2014, 44, 117–124. [CrossRef]
Lagier, J.-C.; Hugon, P.; Khelaifia, S.; Fournier, P.-E.; La Scola, B.; Raoult, D. The Rebirth of Culture in
Microbiology through the Example of Culturomics to Study Human Gut Microbiota. Clin. Microbiol. Rev.
2015, 28, 237–264. [CrossRef]
Masucci, L.; Quaranta, G.; Nagel, D.; Primus, S.; Romano, L.; Graffeo, R.; Ianiro, G.; Gasbarrini, A.;
Cammarota, G.; Sanguinetti, M. Culturomics: Bacterial species isolated in 3 healthy donors for faecal
microbiota transplantation in Clostridium difficile infection. Microbiol. Med. 2017, 32, 6510. [CrossRef]
Patini, R.; Cattani, P.; Marchetti, S.; Isola, G.; Quaranta, G.; Gallenzi, P. Evaluation of Predation Capability of
Periodontopathogens Bacteria by Bdellovibrio Bacteriovorus HD100. An in Vitro Study. Materials 2019, 12,
2008. [CrossRef]
Facciolo, M.-T.; Riva, F.; Gallenzi, P.; Patini, R.; Gaglioti, D. A rare case of oral multisystem Langerhans cell
histiocytosis. J. Clin. Exp. Dent. 2017, 9, e820–e824. [CrossRef]
Pippi, R.; Santoro, M.; Patini, R. The central odontogenic fibroma: How difficult can be making a preliminary
diagnosis. J. Clin. Exp. Dent. 2016, 8, e223–e225. [CrossRef]
Coviello, V.; Zareh Dehkhargani, S.; Patini, R.; Cicconetti, A. Surgical ciliated cyst 12 years after Le Fort I
maxillary advancement osteotomy: A case report and review of the literature. Oral Surg. 2017, 10, 165–170.
[CrossRef]
Pippi, R.; Santoro, M.; Patini, R. Fibrolipoma of the Oral Cavity: Treatment Choice in a Case with an Unusual
Location. J. Clin. Diagn. Res. 2017, 11, ZJ07–ZJ08. [CrossRef]

Materials 2019, 12, 3010

61.
62.

63.

12 of 12

Patini, R.; Coviello, V.; Riminucci, M.; Corsi, A.; Cicconetti, A. Early-stage diffuse large B-cell lymphoma of
the submental region: A case report and review of the literature. Oral Surg. 2017, 10, 56–60. [CrossRef]
Pippi, R.; Pietrantoni, A.; Patini, R.; Santoro, M.; Santoro, M. Is telephone follow-up really effective in early
diagnosis of inflammatory complications after tooth extraction? Med. Oral Patol. Oral Cir. Bucal 2018, 23,
e707–e715. [CrossRef]
Paduano, S.; Bucci, R.; Rongo, R.; Silva, R.; Michelotti, A. Prevalence of temporomandibular disorders and
oral parafunctions in adolescents from public schools in Southern Italy. CRANIO 2018, 14, 1–6. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

