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Apical periodontitis is an inflammatory disease of the dental periradicular tissues
triggered by bacteria colonizing necrotic root canals. Primary apical periodontitis
results from the microbial colonization of necrotic pulp tissues. Secondary apical
periodontitis results from a persistent infection of incorrectly treated root canals.
The aim of this study was to characterize the microbiota present in primary and
secondary intraradicular infections associated with apical periodontitis using 16S
rRNA gene amplicon sequencing. Teeth exhibiting apical periodontitis with or without
root canal treatment were extracted after informed consent. From each tooth, the
intraradicular content as well as a dentin sample (control) were collected and subjected
to DNA extraction. PCR amplicons of the V3-V4 region of the bacterial 16S rRNA
gene were pooled and sequenced (2 x 300) on an lllumina MiSeq instrument.
The bicinformatics analysis pipeline included quality filtering, merging of forward and
reverse reads, clustering of reads into operational taxonomic units (OTUs), removal of
putative contaminant OTUs and assigning taxonomy. The most prevalent and abundant
OTU in both dentin and root canal samples was assigned to anaerobic bacterium
Fusobacterium nucleatum. Multivariate analysis showed clustering of microbiota by
sample type (dentin vs. intraradicular content) and, in root canals, by pathology (primary
vs. secondary infection). The proportions of Enterococcus faecalis and F. nucleatum
were, respectively, higher and lower when comparing secondary to primary infected
root canals. Co-occurrence network analysis provided evidence of microbial interactions
specific to the infection type. The identification of bacterial taxa differentially abundant
in primary and secondary intraradicular infections may provide the basis for targeted
therapeutic approaches aimed at reducing the incidence of apical periodontitis.

Keywords: apical periodontitis, endodontics, Enterococcus faecalis, Fusobacterium nucleatum, 16S rRNA gene,
community profiling, oral microbiome

INTRODUCTION

Apical periodontitis is an inflammatory disease of dental periradicular tissues triggered by oral
pathogens invading necrotic root canals. The role of bacteria in the etiology of apical periodontitis
was first demonstrated by Kakehashi et al. (1965) who used germ-free and conventional laboratory
rats to compare the inflammatory reactions in surgically exposed dental pulps. Whereas no
apical periodontitis was detected in germ-free rats, all conventional laboratory rats developed a
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pulpal necrosis associated with a severe inflammatory reaction
around periapical tissues. Results from Sundqvist (1992) further
supported the concept of a selective environment in necrotic
root canals that modulates the synergistic and antagonistic
activities of colonizing pathogens. Although classic studies
showed that approximately 200-300 bacterial species can be
cultured from samples collected in the oral cavity, only
few of these species have been isolated from necrotic root
canals. Strictly anaerobic bacteria were shown to dominate
the microbial population of untreated necrotic root canals,
with approximately 5-12 genera including Peptostreptococcus,
Prevotella, Porphyromonas, Fusobacterium, Eubacterium, and
Actinomyces along with facultative anaerobic streptococci. The
presence of such pathogens in necrotic root canals was shown
to fairly correlate with the observation of apical inflammatory
lesions on intraoral radiographs (Bergenholtz, 1974; Fabricious
et al., 1982; Ando and Hoshino, 1990; Chéavez de Paz, 2005).
This so-called “primary apical periodontitis” generally heals
upon completion of a root canal treatment that combines a
chemo-mechanical debridement of infected tissues with a root
canal filling. Unsuccessfully treated root canals may exhibit a
persistent inflammation called “secondary apical periodontitis.”
Treated roots associated with secondary apical periodontitis
have microbial populations distinct from those of untreated
roots and culture-based studies have rarely identified more than
1-3 genera of Gram-positive facultative anaerobes, including
Streptococcus, Lactobacillus, and Enterococcus (Sundqvist et al.,
1998). Some of these bacteria were shown to resist the
action of conventional antimicrobial agents and to survive in
root-filled teeth for many years. A considerable interest has
been focused on Enterococcus faecalis, a bacterium frequently
isolated as a monoculture in root-filled teeth but rarely
identified in untreated root canals (Stuart et al., 2006; Chavez
de Paz et al, 2007). Clinical studies reported that 30-65%
of root-filled teeth may show a radiographic evidence of
secondary apical periodontitis and that apical periodontitis
may exacerbate several systemic diseases (Khalighinejad et al.,
2016).

For many years, knowledge of bacteria colonizing different
ecological niches of the oral cavity was limited to those species
that could be cultured in the laboratory. As an example, only 40-
50% of the bacteria present in the human subgingival plaque can
be cultured in vitro (Paster et al., 2001). A similar observation
was made by Anderson et al. (2012) who combined culture-
dependent and -independent approaches to study the microbiota
in root-filled teeth associated with periradicular lesions. The
authors showed that the two methods used yielded different
results and highlighted the benefit of open-ended molecular
methods for the assessment of microbial diversity in apical
periodontitis. They also pointed out the risk of underestimating
the role of as-yet-uncultivated species in the etiology of apical
periodontitis.

Latest molecular methods that rely on high-throughput
sequencing of the 16S ribosomal RNA (rRNA) gene are now
increasingly used to provide a more comprehensive overview
of the microbiota from different sites of the human body
including the oral cavity. This approach identified taxa not

yet discovered in oral microbiota samples (Keijser et al., 2008;
Lazarevic et al., 2009) and showed that the bacterial diversity in
the oral cavity is larger than thought before (Siqueira and Rogas,
2017). Rogas et al. (2016) used the same methodology to analyze
the microbiota of deep dentinal caries in symptomatic teeth.

The aim of this study was to characterize the microbiota
present in primary and secondary intraradicular infections
associated with apical periodontitis using 16S rRNA gene
amplicon sequencing. A deeper knowledge of these microbiota
would contribute to the development of more effective
therapeutic procedures and help to reduce the high incidence of
non-healing necrotic teeth.

MATERIALS AND METHODS

Case Selection

The microbiological samples were collected from teeth scheduled
for extraction at the Department of Oral Surgery of the Geneva
University Hospitals. Only teeth presenting with periapical
lesions visible on intraoral radiographs were included in this
study (PAI score > 3, Orstavik et al., 1986). Teeth associated
with advanced periodontal lesions or extensive crown destruction
allowing permanent contamination from the oral cavity, were
excluded from the analysis. Patients with extremely poor oral
hygiene, severe general health status or patients who received
antibiotics within 2 months preceding the extraction of the tooth
were not included in the study. Teeth were divided in two groups;
either teeth exhibiting necrotic pulps without prior root canal
treatment (primary apical periodontitis group — PAP) or teeth
displaying a pre-existing root canal treatment (secondary apical
periodontitis group — SAP). This study protocol was approved by
the Ethical Committee for human research of the state of Geneva
(number 14-199), and all patients gave their written informed
consent.

Samples Collection and Processing

Prior to tooth extraction, all patients were given a 0.2%
chlorhexidine mouth rinse for 1 min and care was taken
to perform surgical procedures under aseptic conditions.
Immediately after extraction, the tooth was placed in a sterile
compress and transported to the laboratory. The external surface
of the root was gently cleansed for 20 s using an ultrasonic dental
scaling tip (Piezon Master 700, E.M.S. Electro Medical Systems
S.A., Nyon, Switzerland) under molecular grade water irrigation
(Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). The apical
5 mm of the root were then cut with a sterile diamond-coated disk
(NTT Serrated Diamond Discs, Kerr Dental). Only this portion
of the root was used for the intraradicular bacterial sampling.
The intraradicular content was harvested from the canal under
a laminar hood using a #15 dental file (K-files, Micro-Mega)
and collected into a 1.5 mL tube (DNase/RNase free, Axygen
Biosciences). The file used to collect the intraradicular content
was placed in the same tube. For each tooth, external dentin chips
and an unused sterile file were collected into separate tubes and
used as controls.
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DNA Extraction

DNA was extracted using Extract-N-Amp Plant PCR Kit (Sigma-
Aldrich) which may prove useful for samples with low biomass,
since this approach does not include DNA clean-up associated
with high DNA loss (Videvall et al., 2017). The root canal material
(together with the file used for its collection) and dentin chips
obtained from each extracted tooth were added to 100 pL of
Extract-N-Amp Plant Extraction solution and heated at 95°C
for 10 min. One hundred micro liter of Extract-N-Amp Plant
Dilution solution were added and mixed by vortexing. To control
for the reagent DNA contamination, an unused file (negative
control) was processed in parallel with dentin and root canal
samples for each tooth. Crude DNA extracts were kept at —20°C
until further processing.

Amplicon Sequencing

The V3-4 region of the bacterial 16S rRNA genes (Escherichia coli
positions 341-805) was amplified using 5 pL of DNA extract
obtained from clinical (dentin and root canal) samples and
negative controls in a 20 pl volume of KAPA2G Robust HotStart
ReadyMix (Kapa Biosystems) containing each of 0.4 wM forward
primer 341F 5-CCTACGGGNGGCWGCAG-3' and reverse
primer 805R 5-GACTACHVGGGTATCTAAKCC-3'. The PCRs
were carried out with an initial denaturation at 95°C for 3 min,
followed by 33 cycles of denaturation at 95°C for 30 s, annealing
at 51°C for 30 s, and extension at 72°C for 60 s, and a
final extension at 72°C for 5 min. Duplicate PCRs of each
sample were combined and run (1 pL) on a 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, United States) for quality
analysis and quantification. The amplicon barcoding/purification
and construction of the sequencing library were performed
as described previously (Lazarevic et al., 2016). Paired-end
sequencing was carried out for 300 cycles on an Illumina MiSeq
instrument using MiSeq v3 Reagent Kit at LGC Genomics
(Berlin, Germany).

Sequence Analysis
Reads with incorrect barcodes, missing barcodes, or conflicting
barcode pairs were discarded. After removal of adapter remnants
and primer sequences using proprietary LGC Genomics software,
sequencing data were submitted to the European Nucleotide
Archive' under the project number PRJEB26080. Paired reads
were quality filtered and joined using PEAR v. 0.9.10 (-m 460
-n 390 -t 240 -v 20 -q 33 -p 0.0001 -u 0) (Zhang et al,
2014). Merged sequence reads were clustered into operational
taxonomic units (OTUs) at the 97% similarity threshold using
the UPARSE pipeline (Edgar, 2013) implemented in USEARCH
v. 8.1.1861 (Edgar, 2010). This pipeline removes singleton reads
before creating OTUs and filter out putative chimeric sequences.
We removed from the sample dataset OTUs that matched
any of the following criteria: (i) had higher average relative
abundance in negative extraction controls than in root canal
samples; (ii) remained unclassified at the phylum level;
(iii) presented <90% identity to reference EzBioCloud 16S
database sequences as revealed by USEARCH (-usearch_local

I www.ebi.ac.uk/ena

-id 0.9 -query_cov 0.99). The dataset was normalized to
the same number of reads across all samples using the
‘rrarefy’ command of the R vegan package. A representative
sequence of each OTU was classified using EzBioCloud 16S
database (Yoon et al, 2017) via mothur’s (Schloss et al.,
2009) command classify.seq (-method wang -cutoff 80). For
control and comparison purposes, each representative OTU
sequence was also compared against the EzBioCloud 16S
database (downloaded on September 5, 2017) and Human
Oral Microbiome Database (HOMD) 15.1 (Chen et al., 2010)
using USEARCH (-usearch_global -id 0.9 -evalue 0.00001
-top_hits_only) and the taxonomy of the top hit reference
sequence(s) was reported.

For prediction of functional profiles of bacterial communities,
representative sequences of OTUs from the decontaminated and
normalized data set were mapped to the Greengenes 16S rRNA
gene reference database (13.5) (McDonald et al., 2012) pre-
clustered at 97% identity using USEARCH (-usearch_local -id
0.97 -query_cov 0.9 -top_hit_only). Phylogenetic Investigation of
Community by Reconstruction of Unobserved States (PICRUSt)
v.1.1.3 (Langille et al., 2013) was used to normalize the data by
16S rRNA gene copy numbers and derive Kyoto Encyclopedia
of Genes and Genomes (KEGG) Orthology (Ogata et al,
1999) abundance data. Functional profiles were compared with
STatistical Analysis of Metagenomic Profiles (STAMP) v2.1.3
(Parks et al., 2014).

Comparison of Bacterial Communities
Microbiota comparisons were carried out using Bray-Curtis
similarity (Bray and Curtis, 1957). The similarity matrix,
based on the square-root-transformed relative abundance of
OTUs was constructed in PRIMER (Primer-E Ltd., Plymouth,
United Kingdom). Principal coordinates analysis (PCoA) and
group average hierarchical clustering of Bray-Curtis similarity
matrices were performed in PRIMER. Shannon diversity index
(H’ loge) was calculated from the relative abundance of OTUs in
PRIMER.

Statistical Analysis

To assess differences between different sample types (dentin,
root canal), pathologies (PAP, SAP) we used PERmutational
Multivariate ANalysis Of VAriance (PERMANOVA, PRIMER)
of the Bray-Curtis similarity matrix. Canonical Analysis of
Principal Coordinates (CAP, PRIMER) (Anderson and Willis,
2003), based on the Bray—Curtis similarity matrix was used to
test whether the pathology (PAP and SAP) could be predicted
from the microbiota profiles. PERMANOVA and CAP were
run with 9,999 permutations. Wilcoxon rank-sum test was used
to assess statistical significance of differences in the relative
abundance of individual taxa. Statistical significance was set at
the 95% confidence level (P < 0.05). Co-presence and mutual
exclusion of bacterial taxa were assessed by CoNet (Faust
et al., 2012) using Cytoscape plugin (Shannon et al, 2003).
The Spearman’s rank correlation coefficient values >0.5 and
<—0.5 were considered to reflect significant positive and negative
correlations.
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RESULTS

Sequencing of 16S rRNA Gene

Amplicons

Mumina sequencing of the 16S rRNA V3-4 amplicon libraries
generated from 52 root canals, 52 dentin and 52 negative controls
yielded 6,950,125 raw read pairs of which 6,058,205 were joined
and passed the quality control steps. After removal of the reads
from contaminant OTUs (Supplementary Table S1), whose
proportions were significantly higher in dentin than in root canal
samples (45 vs. 14.6%), we normalized the sequence data set
to 14,000 reads per sample. We discarded samples that did not
reach this threshold, which was chosen based on the distribution
of the number of sequences obtained per root canal samples
and the trade-off between sequencing depth and sample size of
PAP and SAP groups. The remaining 43 dental roots (of which
21 were associated with PAP and 22 with SAP) and 21 dentin
samples were further analyzed. They contained 347 and 303
OTUs, respectively, of which 276 were shared by the two sample
types (Supplementary Table S2).

Taxonomic Composition of Root Canal

and Dentin Samples

Representative OTUs were classified against the manually
curated EzBioCloud database, containing 61,933 16S rRNA gene
sequences from prokaryotic species and phylotypes. The 374
OTUs identified were assigned to 18 phyla (Supplementary
Tables S2, S3) and 177 genera (Supplementary Tables S2, $4).
Of 16 bacterial phyla identified in root canal samples, five
(Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, and
Synergistetes) corresponded together to more than 90% of the
sequence reads. Fusobacterium nucleatum OTU18 was by far the
most proportionally abundant OTU, both in dentin and root
canal samples (Figure 1). Phocaeicola abscessus OTUS was among
the top five most abundant OTUs at both anatomical sites. No
other OTUs were common to top ten most abundant OTUs
in dentin and root canals. We also compared the prevalence
(i.e., the presence regardless of the relative abundance) of OTUs
in two sample types. Again, F. nucleatum OTU18 was most
prevalent, being detected in all but one (root canal) sample. Three
other OTUs, Mogibacterium timidum OTU22, Pseudoramibacter
alactolyticus OTUI11 and Fretibacterium_GU430992 OTU56
were among ten most prevalent OTUs in both sample types.
However, overall microbiota profiles suggested that dentin and
canal samples had distinct microbiota. Principal coordinate
analysis (PCoA) of Bray-Curtis similarity showed microbiota
clustering by sample type (Figure 2A), where dentin and root
canal samples are mainly associated with positive and negative
PCo-2 values, respectively. PERMANOVA analysis confirmed
statistically significant (P = 0.0003) differences in microbiota
profiles from the two sample types. However, inter-site (dentin
vs. root canal) microbiota Bray-Curtis similarities varied among
the subjects from 5.5 to 90 (on a 0-100 scale) with an
average value of 50.5 (Supplementary Table S5). The three
individuals with highest (>80) inter-site Bray—Curtis similarity
(PAP13, SAP16, and SAP44) did not show much similarity

between each other in terms of bacterial community composition
(Figure 1).

Microbiota Profiles in Relation to Primary

and Secondary Infections

To assess similarities and differences between microbiota
associated with PAP and SAP, we performed PCoA separately
for each sample type. No obvious clustering by pathology
was observed for dentin samples (Figure 2C), which was
in accordance with the result of the PERMANOVA test
(P = 0.8478). Conversely, PAP and SAP cases of root canals
were relatively well separated in first two PCo (Figure 2B) and
differences in microbiota profiles between the two pathologies
were significant (PERMANOVA P < 0.0001). Canonical analysis
of principal coordinates, a method that maximizes differences
between pre-defined groups (PAP and SAP) showed that
the two pathologies may be well predicted from the root
canal microbiota OTU profile, with 90.5 and 77.2% correct
allocations for PAP and SAP, respectively (m = 9, §; = 0.7894,
P =0.0002).

Hierarchical cluster analysis or root canal samples revealed
two major clusters. One of them consisted of seven SAP samples
(Figure 1A) with low bacterial diversity, containing relatively
high levels (17-99.9%) of E. faecalis OTU6. The second major
cluster contained 36 samples generally dominated by bacteria
other than E. faecalis, notably Pyramidobacter piscolens OTU7
and F. nucleatum OTU18. A sub-group of this second major
cluster was mainly formed of PAP samples (10/11) with E. faecalis
OTU6 being undetected or found at low relative abundance
(<0.04%).

Several OTUs were differentially abundant between the two
pathologies (Figure 3) as revealed by Wilcoxon rank-sum test.
The relative abundances of OTUs assigned to F. nucleatum

(OTU18), Parvimonas micra (OTU10), Porphyromonas
endodontalis (OTU24), Prevotella oris (OTU96), Slackia
exigua (OTU47), Dialister pneumosintes (OTUS57), and

Schwartzia_AF287791 (OTU101), which are obligate anaerobes,
and to Streptococcus constellatus (OTU44) which may be
anaerobic or capnophilic, were higher in PAP as compared to
SAP samples. In contrast, the proportion of OTU6 assigned to
E. faecalis, a facultative anaerobe, was higher in SAP than in PAP
samples.

Community differences between the two pathologies were also
observed at the phylum level. Of 16 bacterial phyla identified
in root canal samples, three (Bacteroidetes, Fusobacteria, and
Spirochaetes) had significantly higher relative abundance in PAP
as compared to SAP samples (Supplementary Table S3). Phylum
Actinobacteria was significantly enriched in SAP.

Our data also showed that bacterial diversity in root samples,
measured as Shannon diversity index, was significantly higher
(Wilcoxon rank-sum test, P = 0.0094) in PAP as compared to SAP
(Figure 4).

Patterns of Microbial Communities
To study the co-occurrence and exclusion of OTUs, we
performed a network analysis separately for PAP and SAP root
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canal samples. Our results revealed both positive and negative
associations between OTUs (Figure 5).

In PAP samples, D. pneumosintes OTU57 negatively correlated
with Fretibacterium_GU430992 OTU56, but both of them
displayed positive associations with other OTUs. In the second
disconnected sub-network, another OTU of genus Dialister,
D. invisus OTU15, positively correlated with three OTUs.

In secondary infected root canals, E. faecalis OTU6 negatively
correlated with both F. nucleatum OTUI18 and Mogibacterium
timidum OTU22. In addition, 10 positive correlations including
nine OTUs were identified. P. piscolens OTU7 showed co-
occurrence with four OTUs and was central in a sub-network of
five OTUs that belong to four different phyla and present multiple
positive correlations.

The only organism present in correlation networks (as defined
using cut-offs described in Figure 5) of both PAP and SAP
was P. piscolens OTU?7. Its associations with other community
members differed between the two pathologies.

Prediction of Functional Profiles of

Bacterial Communities
PAP and SAP samples were relatively separated in principal
component analysis based on the PICRUSt data (Figure 6).

This analysis showed that several KEGG pathways differed
between the two groups. Notably, gene families involved in
phosphotransferase systems and the metabolism of galactose,
fructose/mannose, amino sugars, nucleotide sugars and
glycerolipids were enriched in SAP, while those responsible for
lipopolysaccharides biosynthesis were significantly associated
with PAP.

DISCUSSION

The results of the current study, performed on 43 dental roots,
support the polymicrobial etiology of apical periodontitis and
confirm that distinct bacterial communities are found in PAP
and SAP.

The composition of bacterial communities identified in the
current study was globally similar to those found in previous
studies of PAP and SAP by 16S rRNA amplicon sequencing
(Hong et al., 2013; Tzanetakis et al., 2015; Keskin et al., 2017).
However, the proportion of certain bacterial taxa, the presence
of taxa (phyla and genera) discriminating between PAP and SAP,
and differences in bacterial diversity between these pathologies
varied among studies. For example, in one study (Keskin et al.,
2017), Proteobacteria was a dominant phylum whereas in others
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(Hong et al., 2013; Tzanetakis et al., 2015), including ours, it was
much less represented. In agreement with the Tzanetakis study

(Tzanetakis et al., 2015), we found that root canal microbiota
associated with SAP harbored higher levels of Proteobacteria
and Tenericutes than those from PAP patients (Supplementary
Table S3). However, these differences did not reach the threshold
of statistical significance, whereas other phyla showed significant
shifts related to the type of infection. In line with Keskin study
(Keskin et al., 2017), SAP was associated with significantly higher
proportion of Enterococcus and lower proportions of Prevotella
and Slackia (Supplementary Table S4). A significant decrease
in bacterial diversity in our SAP samples compared with PAP
was not common to other studies which reported an increased
diversity of SAP (Tzanetakis et al, 2015) or no significant
difference between the two types of infection (Hong et al., 2013;
Keskin et al., 2017).

The variations between root canal microbiota across studies
may be due to a combination of factors including differences in
inclusion/exclusion criteria, tooth treatments or methodologies
used to sample the microbiota. For example, only the bacterial
content of the apical portion of the root was used in this
study, owing to the fact that bacteria in close vicinity of the
periapical tissues were more likely to elicit apical periodontitis
(Ozok et al, 2012). Also, care was taken to control for
contamination of the tooth samples with saliva during tooth
extraction. The differences in taxonomic composition of bacterial
communities found in many root canal-dentin pairs of samples
show that dentin microbiota cannot be used as a proxy for
root canal microbial communities and suggest that no external
contamination of root canals has occurred during sampling
(Figure 1). This control is not possible when samples are
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prepared for cryopulverization and crushed in a cryogenic
grinder to collect dentin powder for analysis (Siqueira et al,
2011; Keskin et al., 2017). In addition, DNA extraction methods,
strategies used to amplify the 16S rRNA gene and bioinformatics
pipelines may also have contributed to variations among studies.
Finally, all above-mentioned studies have been conducted in
different countries, and therefore the influence of geographic-
related factors, including environmental contaminants from food
or other extraoral sources cannot be ruled out (Zehnder and
Guggenheim, 2009; Anderson et al., 2015; Tzanetakis et al,
2015).

The current study further attempted to analyze the co-
presence or exclusion of OTUs within the two pathologies.
Several bacterial taxa present in networks of interactions in PAP
or SAP have been previously associated with oral dysbiosis.
For example, OTU17, found in the network of interactions
in PAP, was assigned to Fretibacterium fastidiosum a recently
described species shown to belong to the dysbiotic oral
microbiome in periodontal disease and to resist conventional
endodontic therapy (Rogas et al., 2014; Deng et al., 2017).
D. invisus OTU15 and D. pneumosintes OTU57 that establish
multiple interactions with other species in PAP (Figure 5),
belong to the genus frequently identified as a member of the
endodontic microbiota of infected root canals (Munson et al.,
2002).

In SAP samples, E. faecalis OTU6 was the most abundant
OTU detected, with proportions significantly higher than those
in PAP. This may suggest that E. faecalis, possibly iatrogenically
introduced, better resists to the environmental conditions of
treated root canals. Higher functional potential of the microbiota
for sugar uptake and metabolism in SAP, as compared to PAP,
may also be ascribed to ecological changes due to root canal
treatment.

Our network analysis of SAP samples shows a strong negative
correlation between E. faecalis OTU6 and F. nucleatum OTU18
which is the most abundant species in PAP (Figures 3, 5).
E. faecalis also displays negative correlation with M. timidum
OTU22, a bacterium with higher detection frequency in the
subgingival microbiota of periodontitis patients than in healthy
controls (Mayanagi et al., 2004). In addition, E. faecalis has several
mechanisms that may improve its survival in the treated root
canal environment. These include its ability to form biofilms
on root canal walls, to resist calcium hydroxide medication
during treatment (Siqueira and de Uzeda, 1996) and to enter
a viable-but-non-cultivable state (VBNC) to survive fastidious
conditions (Distel et al., 2002; Evans et al., 2002; Lleo et al., 2002).
In agreement with the Antunes et al. (2015) study, E. faecalis
was not detected in all SAP samples, challenging the role of
this species as a main SAP pathogen. Given the polymicrobial
origin of intraradicular infections, species with central positions
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in the networks of interactions may be considered as possible
analogs of keystone pathogens in periodontitis. Even though such
organisms are not considered as “classical pathogens” causing
clear-cut mono-infections, they may represent putative targets
for therapeutic interventions (Rocas and Siqueira, 2012).

There is growing evidence that either PAP or SAP may
exacerbate several systemic diseases including cardiovascular
diseases, diabetes mellitus, chronic liver diseases and blood
disorders (Caplan et al., 2006; Khalighinejad et al., 2016). A better
knowledge of the microbiota involved in either PAP or SAP
would help to more precisely define endodontic conditions
predisposing to systemic diseases. F. nucleatum, the most
prevalent and proportionally abundant bacterial species in PAP,
is also prevalent in colorectal cancer tissues and associated distal
metastases (Bullman et al., 2017). On the other hand, E. faecalis
commonly found in many (but not all) SAP samples is one of
the most common causes of nosocomial infections that can be
complicated to treat because of increased antibiotic resistance, as
recently confirmed by Tyson et al. (2018).

Clearly, more research is warranted to better understand
associations between oral bacteria as well as their interaction with
the immune system in order to delineate more efficient strategies

REFERENCES

Anderson, A. C., Hellwig, E., Vespermann, R., Wittmer, A., Schmid, M.,
Karygianni, L., et al. (2012). Comprehensive analysis of secondary dental root
canal infections: a combination of culture and culture-independent approaches
reveals new insights. PLoS One 7:€49576. doi: 10.1371/journal.pone.0049576

Anderson, A. C, Jonas, D., Huber, I, Karygianni, L., Woélber, J., Hellwig, E.,
et al. (2015). Enterococcus faecalis from food, clinical specimens, and oral sites:
prevalence of virulence factors in association with biofilm formation. Front.
Microbiol. 6:1534. doi: 10.3389/fmicb.2015.01534

Anderson, M. J., and Willis, T. J. (2003). Canonical analysis of principal
coordinates: a useful method of constrained ordination for ecology. Ecology 84,
511-525. doi: 10.1890/0012-9658(2003)084[0511: CAOPCA]2.0.CO;2

Ando, N., and Hoshino, E. (1990). Predominant obligate anaerobes invading the
deep layers of root canal dentine. Int. Endod. J. 23, 20-27. doi: 10.1111/.1365-
2591.1990.tb00798.x

Antunes, H. S., Rogas, I. N., Alves, F. R. F., and Siqueira, J. F. Jr. (2015). Total
and specific bacterial levels in the apical root canal system of teeth with post-
treatment apical periodontitis. J. Endod. 41, 1037-1042. doi: 10.1016/j.joen.
2015.03.008

Bergenholtz, G. (1974). Micro-organisms from necrotic pulp of traumatized teeth.
Odontol. Revy 25, 347-358.

Bray, R, and Curtis, J. T. (1957). An ordination of the upland forest communities
of southern Wisconsin. Ecol. Monograph. 27, 325-334. doi: 10.2307/1942268
Bullman, S., Pedamallu, C. S., Sicinska, E., Clancy, T. E., Zhang, X., Cai, D.,
et al. (2017). Analysis of Fusobacterium persistence and antibiotic response in

colorectal cancer. Science 358, 1443-1448. doi: 10.1126/science.aal5240

Caplan, D. J., Chasen, J. B., Krall, E. A, Cai, J., Kang, S., Garcia, R. L, et al. (2006).
Lesions of endodontic origin and risk of coronary heart disease. J. Dent. Res. 85,
996-1000. doi: 10.1177/154405910608501104

Chévez de Paz, L. (2005). Gram-positive organisms in endodontic infections.
Endod. Top. 9,79-96. doi: 10.1111/j.1601-1546.2004.00107 x

Chévez de Paz, L. E., Bergenholtz, G., Dahlén, G., and Svensiter, G. (2007).
Response to alkaline stress by root canal bacteria in biofilms. Int. Endod. J. 40,
344-355. doi: 10.1111/§.1365-2591.2006.01226.x

Chen, T., Yu, W.-H., Izard, J., Baranova, O. V., Lakshmanan, A., and Dewhirst,
F. E. (2010). The Human Oral Microbiome Database: a web accessible resource
for investigating oral microbe taxonomic and genomic information. Database
2010:baq013. doi: 10.1093/database/baq013

for the elimination of endodontic pathogens and their systemic
effects.

AUTHOR CONTRIBUTIONS

DM, MG, JL, NG, SL, and VL performed the experiments and
analyzed the data. VL, SB, and JS edited the manuscript and
designed, supervised, and coordinated the whole project.

FUNDING

This study was supported by Grant #31003A-149962 of the Swiss
National Science Foundation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.02374/full#supplementary- material

Deng, Z.-L., Szafranski, S. P., Jarek, M., Bhuju, S., and Wagner-Débler, 1. (2017).
Dysbiosis in chronic periodontitis: key microbial players and interactions with
the human host. Sci. Rep. 7:3703. doi: 10.1038/s41598-017-03804-8

Distel, J. W., Hatton, J. F., and Gillespie, M. J. (2002). Biofilm formation
in medicated root canals. J. Endod. 28, 689-693. doi: 10.1097/00004770-
200210000-00003

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Evans, M., Davies, J. K., Sundqvist, G., and Figdor, D. (2002). Mechanisms involved
in the resistance of Enterococcus faecalis to calcium hydroxide. Int. Endod. J. 35,
221-228. doi: 10.1046/j.1365-2591.2002.00504.x

Fabricious, L., Dahlen, G., OHman, A. E., and MOLler, A. J. R. (1982). Predominant
indigenous oral bacteria isolated from infected root canals after varied times of
closure. Eur. J. Oral Sci. 90, 134-144. doi: 10.1111/§.1600-0722.1982.tb01536.x

Faust, K., Sathirapongsasuti, J. F., Izard, J., Segata, N., Gevers, D., Raes, J., et al.
(2012). Microbial Co-occurrence relationships in the human microbiome. PLoS
Comput. Biol. 8:¢1002606. doi: 10.1371/journal.pcbi.1002606

Hong, B.-Y., Lee, T.-K,, Lim, S.-M., Chang, S. W, Park, J., Han, S. H,, et al. (2013).
Microbial analysis in primary and persistent endodontic infections by using
pyrosequencing. J. Endod. 39, 1136-1140. doi: 10.1016/j.joen.2013.05.001

Kakehashi, S., Stanley, H. R., and Fitzgerald, R. J. (1965). The effects of surgical
exposures of dental pulps in germ-free and conventional laboratory rats. Oral
Surg. Oral Med. Oral Pathol. 20, 340-349. doi: 10.1016/0030-4220(65)90166-0

Keijser, B. J., Zaura, E., Huse, S. M., van der Vossen, J. M., Schuren, F. H., Montijn,
R. C,, et al. (2008). Pyrosequencing analysis of the oral microflora of healthy
adults. J. Dent. Res. 87, 1016-1020. doi: 10.1177/154405910808701104

Keskin, C., Demiryiirek, E. O., and Onuk, E. E. (2017). Pyrosequencing analysis
of cryogenically ground samples from primary and secondary/persistent
endodontic infections. J. Endod. 43, 1309-1316. doi: 10.1016/j.joen.2017.
03.019

Khalighinejad, N., Aminoshariae, M. R., Aminoshariae, A., Kulild, J. C., Mickel, A.,
and Fouad, A. F. (2016). Association between systemic diseases and apical
periodontitis. J. Endod. 42, 1427-1434. doi: 10.1016/j.joen.2016.07.007

Langille, M. G. I, Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes,
J. A, et al. (2013). Predictive functional profiling of microbial communities
using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821. doi:
10.1038/nbt.2676

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2374


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02374/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02374/full#supplementary-material
https://doi.org/10.1371/journal.pone.0049576
https://doi.org/10.3389/fmicb.2015.01534
https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
https://doi.org/10.1111/j.1365-2591.1990.tb00798.x
https://doi.org/10.1111/j.1365-2591.1990.tb00798.x
https://doi.org/10.1016/j.joen.2015.03.008
https://doi.org/10.1016/j.joen.2015.03.008
https://doi.org/10.2307/1942268
https://doi.org/10.1126/science.aal5240
https://doi.org/10.1177/154405910608501104
https://doi.org/10.1111/j.1601-1546.2004.00107.x
https://doi.org/10.1111/j.1365-2591.2006.01226.x
https://doi.org/10.1093/database/baq013
https://doi.org/10.1038/s41598-017-03804-8
https://doi.org/10.1097/00004770-200210000-00003
https://doi.org/10.1097/00004770-200210000-00003
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1046/j.1365-2591.2002.00504.x
https://doi.org/10.1111/j.1600-0722.1982.tb01536.x
https://doi.org/10.1371/journal.pcbi.1002606
https://doi.org/10.1016/j.joen.2013.05.001
https://doi.org/10.1016/0030-4220(65)90166-0
https://doi.org/10.1177/154405910808701104
https://doi.org/10.1016/j.joen.2017.03.019
https://doi.org/10.1016/j.joen.2017.03.019
https://doi.org/10.1016/j.joen.2016.07.007
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bouillaguet et al.

Microbiota in Infected Teeth

Lazarevic, V., Gaia, N., Girard, M., and Schrenzel, J. (2016). Decontamination of
16S rRNA gene amplicon sequence datasets based on bacterial load assessment
by qPCR. BMC Microbiol. 16:73. doi: 10.1186/s12866-016-0689-4

Lazarevic, V., Whiteson, K., Huse, S., Hernandez, D., Farinelli, L., @sterds, M., et al.
(2009). Metagenomic study of the oral microbiota by Illumina high-throughput
sequencing. J. Microbiol. Methods 79, 266-271. doi: 10.1016/j.mimet.2009.
09.012

Lleo, M. M., Bonato, B., Tafi, M. C,, Signoretto, C., Boaretti, M., and Canepari, P.
(2002). Resuscitation rate in different enterococcal species in the viable but non-
culturable state. J. Appl. Microbiol. 91, 1095-1102. doi: 10.1046/j.1365-2672.
2001.01476.x

Mayanagi, G., Sato, T., Shimauchi, H., and Takahashi, N. (2004). Detection
frequency of periodontitis-associated bacteria by polymerase chain reaction in
subgingival and supragingival plaque of periodontitis and healthy subjects. Oral
Microbiol. Immunol. 19, 379-385. doi: 10.1111/j.1399-302x.2004.00172.x

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z., and
Probst, A. (2012). An improved Greengenes taxonomy with explicit ranks
for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,
610-618. doi: 10.1038/ismej.2011.139

Munson, M. A, Pitt-Ford, T., Chong, B., Weightman, A., and Wade, W. G. (2002).
Molecular and Cultural analysis of the microflora associated with endodontic
infections. J. Dent. Res. 81, 761-766. doi: 10.1177/0810761

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999).
KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27, 29-34.
doi: 10.1093/nar/27.1.29

Orstavik, D., Kerekes, K., and Eriksen, H. M. (1986). The periapical index: a
scoring system for radiographic assessment of apical periodontitis. Endod. Dent.
Traumatol. 2, 20-34. doi: 10.1111/j.1600-9657.1986.tb00119.x

Ozok, A. R, Persoon, I. F., Huse, S. M., Keijser, B. J. F., Wesselink, P. R,
Crielaard, W., et al. (2012). Ecology of the microbiome of the infected root canal
system: a comparison between apical and coronal root segments. Int. Endod. J.
45, 530-541. doi: 10.1111/j.1365-2591.2011.02006.x

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP:
statistical analysis of taxonomic and functional profiles. Bioinformatics 30,
3123-3124. doi: 10.1093/bioinformatics/btu494

Paster, B. J., Boches, S. K., Galvin, J. L., Ericson, R. E., Lau, C. N., Levanos, V. A.,
et al. (2001). Bacterial diversity in human subgingival plaque. J. Bacteriol. 183,
3770-3783. doi: 10.1128/jb.183.12.3770-3783.2001

Rogas, I. N, Alves, F. R. F., Rachid, C. T. C. C,, Lima, K. C., Assungio, I. V., Gomes,
P. N, et al. (2016). Microbiome of deep dentinal caries lesions in teeth with
symptomatic irreversible pulpitis. PLoS One 11:¢0154653. doi: 10.1371/journal.
pone.0154653

Rogas, I. N, Neves, M. A. S, Provenzano, J. C., and Siqueira, J. F.
(2014). Susceptibility of as-yet-uncultivated and difficult-to-culture bacteria to
chemomechanical procedures. J. Endod. 40, 33-37. doi: 10.1016/j.joen.2013.
07.022

Rogas, I. N., and Siqueira, J. F. (2012). Characterization of microbiota of root canal-
treated teeth with posttreatment disease. J. Clin. Microbiol. 50, 1721-1724.
doi: 10.1128/jcm.00531-12

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B, et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537-7541. doi: 10.1128/AEM.
01541-09

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D,
et al. (2003). Cytoscape: a software environment for integrated models of

biomolecular interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/
gr.1239303

Siqueira, J. F., Alves, F. R. F., and Rogas, 1. N. (2011). Pyrosequencing analysis of
the apical root canal microbiota. J. Endod. 37, 1499-1503. doi: 10.1016/j.joen.
2011.08.012

Siqueira, J. F., and de Uzeda, M. (1996). Disinfection by calcium hydroxide pastes
of dentinal tubules infected with two obligate and one facultative anaerobic
bacteria. J. Endod. 22, 674-676. doi: 10.1016/S0099-2399(96)80062-8

Siqueira, J. F., and Rogas, I. N. (2017). “The oral microbiota in health and disease:
an overview of molecular findings,” in Oral Biology: Molecular Techniques and
Applications, eds G. J. Seymour, M. P. Cullinan, and N. C. K. Heng (New York,
NY: Springer), 127-138.

Stuart, C. H., Schwartz, S. A., Beeson, T. J., and Owatz, C. B. (2006). Enterococcus
faecalis: its role in root canal treatment failure and current concepts in
retreatment. J. Endod. 32, 93-98. doi: 10.1016/j.joen.2005.10.049

Sundqyist, G. (1992). Associations between microbial species in dental root canal
infections. Oral Microbiol. Immunol. 7, 257-262. doi: 10.1111/j.1399-302X.
1992.tb00584.x

Sundgqvist, G., Figdor, D., Persson, S., and Sjogren, U. (1998). Microbiologic
analysis of teeth with failed endodontic treatment and the outcome of
conservative re-treatment. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
Endodontol. 85, 86-93. doi: 10.1016/S1079-2104(98)90404-8

Tyson, G. H., Sabo, J. L., Rice-Trujillo, C., Hernandez, J., and McDermott, P. F.
(2018). Whole-genome sequencing based characterization of antimicrobial
resistance in Enterococcus. Pathog. Dis. 76:fty018. doi: 10.1093/femspd/fty018

Tzanetakis, G. N., Azcarate-Peril, M. A., Zachaki, S., Panopoulos, P.,
Kontakiotis, E. G., Madianos, P. N., et al. (2015). Comparison of bacterial
community composition of primary and persistent endodontic infections
using pyrosequencing. J. Endod. 41, 1226-1233. doi: 10.1016/j.joen.2015.
03.010

Videvall, E., Strandh, M., Engelbrecht, A., Cloete, S., and Cornwallis, C. K. (2017).
Direct PCR offers a fast and reliable alternative to conventional DNA isolation
methods for gut microbiomes. mSystems 2:¢00132-17. doi: 10.1128/mSystems.
00132-17

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences
and whole-genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613-1617. doi:
10.1099/ijsem.0.001755

Zehnder, M., and Guggenheim, B. (2009). The mysterious appearance of
enterococci in filled root canals. Int. Endod. J. 42, 277-287. doi: 10.1111/j.1365-
2591.2008.01537.x

Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast and
accurate Illumina Paired-End reAd mergeR. Bioinformatics 30, 614-620. doi:
10.1093/bioinformatics/btt593

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bouillaguet, Manoil, Girard, Louis, Gaia, Leo, Schrenzel and
Lazarevic. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2374


https://doi.org/10.1186/s12866-016-0689-4
https://doi.org/10.1016/j.mimet.2009.09.012
https://doi.org/10.1016/j.mimet.2009.09.012
https://doi.org/10.1046/j.1365-2672.2001.01476.x
https://doi.org/10.1046/j.1365-2672.2001.01476.x
https://doi.org/10.1111/j.1399-302x.2004.00172.x
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1177/0810761
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1111/j.1600-9657.1986.tb00119.x
https://doi.org/10.1111/j.1365-2591.2011.02006.x
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1128/jb.183.12.3770-3783.2001
https://doi.org/10.1371/journal.pone.0154653
https://doi.org/10.1371/journal.pone.0154653
https://doi.org/10.1016/j.joen.2013.07.022
https://doi.org/10.1016/j.joen.2013.07.022
https://doi.org/10.1128/jcm.00531-12
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.joen.2011.08.012
https://doi.org/10.1016/j.joen.2011.08.012
https://doi.org/10.1016/S0099-2399(96)80062-8
https://doi.org/10.1016/j.joen.2005.10.049
https://doi.org/10.1111/j.1399-302X.1992.tb00584.x
https://doi.org/10.1111/j.1399-302X.1992.tb00584.x
https://doi.org/10.1016/S1079-2104(98)90404-8
https://doi.org/10.1093/femspd/fty018
https://doi.org/10.1016/j.joen.2015.03.010
https://doi.org/10.1016/j.joen.2015.03.010
https://doi.org/10.1128/mSystems.00132-17
https://doi.org/10.1128/mSystems.00132-17
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1111/j.1365-2591.2008.01537.x
https://doi.org/10.1111/j.1365-2591.2008.01537.x
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1093/bioinformatics/btt593
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Root Microbiota in Primary and Secondary Apical Periodontitis
	Introduction
	Materials and Methods
	Case Selection
	Samples Collection and Processing
	DNA Extraction
	Amplicon Sequencing
	Sequence Analysis
	Comparison of Bacterial Communities
	Statistical Analysis

	Results
	Sequencing of 16S rRNA Gene Amplicons
	Taxonomic Composition of Root Canal and Dentin Samples
	Microbiota Profiles in Relation to Primary and Secondary Infections
	Patterns of Microbial Communities
	Prediction of Functional Profiles of Bacterial Communities

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


