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Abstract

down-regulated as well as 40 up-regulated OTUs for AP.

microbial infection.

Background: Apical periodontitis (AP) is essentially an inflammatory disease of microbial etiology primarily caused by
infection of the pulp and root canal system. Variation of the bacterial communities caused by AP, as well as their changes
responding to dental therapy, are of utmost importance to understand the pathogensis of the apical periodontitis and
establishing effective antimicrobial therapeutic strategies. This study aims to uncover the composition and diversity of
microbiota associated to the root apex to identify the relevant bacteria highly involved in AP, with the consideration of
root apex samples from the infected teeth (with/without root canal treatment), healthy teeth as well as the healthy oral.

Methods: Four groups of specimens are considered, the apical part of root from diseased teeth with and without root
canal treatment, and wisdom teeth extracted to avoid being impacted (tooth healthy control), as well as an additional
healthy oral control from biofilm of the buccal mucosa. DNA was extracted from these specimens and the microbiome
was examined through focusing on the V3-V4 hypervariable region of the 16S rRNA gene using sequencing on Illumina
MiSeq platform. Composition and diversity of the bacterial community were tested for individual samples, and between-
group comparisons were done through differential analysis to identify the significant changes.

Results: We observed reduced community richness and diversity in microbiota samples from diseased teeth compared
to healthy controls. Through differential analysis between AP teeth and healthy teeth, we identified 49 OTUs significantly

Conclusion: This study provides a global view of the microbial community of the AP associated cohorts, and revealed
that AP involved not only bacteria accumulated with a high abundance, but also those significantly reduced ones due to
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Background

Apical periodontitis (AP) is an endodontic disease, with
inflammatory lesion around the apex of a tooth root
which is usually caused by microbial invasion of the root
canal system [1, 2]. It is mostly the outcome of untreated
dental caries when the root canal system is infected by
oral microbiota [3]. This root canal infection can be-
come symptomatic and evolve to severe spreading and
sometimes life-threatening abscesses [3]. Treatment of
AP involves antibiotic therapy and root canal treatment
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(RCT, also called endodontic therapy) or extraction of the
diseased tooth to eliminate the source of infection. Con-
ventional endodontic therapy was reported yielding a
highly successful outcome, with the contribution of en-
hanced diagnostic tool, antibiotics, and advances in bio-
materials [4]. Endodontic instrumentation alone can’t
achieve a sterile condition due to the anatomical complex-
ities of root canals and limitations of medicaments. Initi-
ation of empirical therapy with antibiotics is highly
recommended for lesion sterilization and tissue repair. As
examples, from the early used EDTA [5], to sodium hypo-
chlorite [6], chlorhexidine and octenidine hydrochloride
[7], as well as the triple antibiotic paste (combination of
metronidazole, ciprofloxacin, and minocycline) [8, 9], are

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-019-5474-y&domain=pdf
mailto:yhliu@ips.ac.cn
mailto:phao@ips.ac.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Qian et al. BMC Genomics 2019, 20(Suppl 2):189

widely applied and tested effective for removing micro-
biome. Even so, quite alarming numbers in the persistence
of AP were reported in literature [4], since complete elim-
ination of microorganisms is not always obtained. The
spectrum of the antimicrobial agent, based on experience
or even microbial susceptibility testing [3], mostly can
only cover partial of the pathogenic community (a set of
species, usually organized in multispecies biofilm) [10, 11].
This highlights the urgency to uncover the composition of
the microbial community involved in AP and hence to
elucidate the “unit of pathogenicity” of AP comparing to
normal conditions.

Early studies of the microbiota in the root canals of
teeth with AP were conducted through broad-range cul-
ture/biochemical methods, by which only cultivable and
predominant bacteria were reachable, with the risk of
missing keystone species [12, 13]. The adoption of 16S
rRNA-based microbial diversity analyses allows the de-
tection of a large scale bacterial communities in end-
odontic infections, including the cultivable/uncultivable
and even the uncharacterized bacterial community
members, as well as the low abundance taxa [14]. Grow-
ing evidence showed that not only one but several spe-
cies contribute to endodontic infection, which interact
one with the other to give rise to disease.

Bacteria located in the apical part of the infected root
canals are arguably directly involved in the AP patho-
genesis. Researchers were challenged in sampling proce-
dures when evaluating the endodontic microbiota was
performed. Paper points are mostly used in early stud-
ies, but it is widely accepted that limited region of the
root canal can be involved. Gryogenic grinding tech-
nique was widely used recently, where the root apex
fragment was sectioned and together with the surround-
ing tissue was cryogenically ground to collect the micro-
biota samples [15].

Based on the 16S rRNA technique, complex bacterial
populations were reported present in AP individuals,
mostly classified within phyla of Proteobacteria, Firmi-
cutes, Bacteriodites, Fusobacteia, and Actinobacteria
[12, 16-23], where Proteobacteria, Firmicutes and Bac-
teriodites were always found prevalent. With 10 pa-
tients (10 extracted teeth) involved, Siqueira’s early
study identified 187 phylotyes belonging to 84 genera
and 10 phyla in apical root canal infections, where Pro-
teobacteria and Firmicutes together occupied about two
thirds of all sequences obtained [16]. Later, in Venger-
feldt’s work [18], Firmicutes and Bacteroidetes were
observed prevalent in chromic apical periodontitis.
Their work has revealed many of the known root canal
pathogens including gram-negtive anaerobes such as
Prevotellasp, Porphyromonassp, Fusobacteriumsp, Tan-
nerellasp, and Pyramidobacter piscolens as well as
gram-positive Dialistersp, oral spirochete Treponema
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socranskii, Solobacterium moorei. They also noted an
increase of E.faecalis after treatment failure. Most re-
cently, Rocas [24] found P.endodontalis, Dialisterinvi-
sus, Olsenellauli and F.nucleatum were most frequently
detected in their asymptomatic AP cases.

We note that the profile of the microbial community
around the apical part of the root in AP differed at differ-
ent taxonomic levels with respect to labs (mainly due to
geographic differences) [25, 26], and individual diversity
was commonly observed even in a single study. Further-
more, researchers aimed to uncover the microbial com-
position and diversity, and focused on the taxons (OTUs,
species or genus) which are predominant in AP to under-
stand the pathogenesis of AP and establish effective anti-
microbial therapeutic strategies [15]. However, no
microbial profile of the root apex was available for normal
condition. This might be due to the fact that it is difficult
or even impossible to collect the extracted tooth for nor-
mal condition. Thus, questions could arise: is there micro-
biome located around the root apex in the normal
condition? Without the answer of this question, it is
ambiguous to consider the microorganisms predominantly
present in AP as putative pathogens. In fact, scientists in
this field did be challenged for clarifying whether more-
virulent communities develop right from the beginning of
the infection process or are a result of a shift in the com-
munity composition due to environmental changes [3].
Contribution from the side of the normal condition (or
close to the normal condition) will aid in unearthing this
pathogenic process of AP. Most recently, Coleman and
colleagues [21] considered the supragingival samples
(supragingival buccal biofilm scraping) from healthy teeth
as reference in their work, and revealed an increased
abundance of Gram-negative (Prevotella, Fusobacterium,
Treponema, Veillonellaceae, TG5 (Synergistetes) bacteria
and a decreased abundance of Gram-positive (Actinomy-
ces, Corynebacterium) bacteria in the diseased tissue
samples. Bacteria decreased in diseased cases were em-
phasized in this study, somehow indicating the dysbiosis
caused by AP. However, the bacterial community located
in the supragingival buccal biofilm is too limited to repre-
sent the root canal system since distinguished variation of
microbial composition and diversity were observed in dif-
ferent regions of human oral cavity [25, 26].

We therefore plan our research in two ways: i) collect-
ing 16S rRNA samples from both healthy wisdom teeth
(extracted in case of becoming impacted) and the oral
sample (through rubbing a sterile cotton swab across the
buccal mucosa) for each contributor, by which to investi-
gate the microbial community close to normal condition
and uncover the relationship between oral and the root
apex microbiota; ii) collecting root apex specimen from
AP to identify the key bacteria relevant to the etiology
and pathogenicity of AP. We also involved the diseased
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teeth failed after conventional root canal therapy (RCT)
to explore the effect of RCT on microorganisms in the
tooth root canal system.

Materials and methods

Subjects population

We considered the teeth and oral samples from AP pa-
tients (31) and healthy controls (9). From the 31 pa-
tients, we collected 8 teeth failed after RCT (labeled as
RCT) and 23 teeth without RCT (labeled as NRCT),
where each patient contributed one. 10 healthy teeth (la-
beled as HT) were obtained through common surgical
extractions of supernumerary or wisdom teeth, where
one healthy control contributed two and others each
contributed one. We also collected 9 oral samples from
healthy people who contribute the wisdom teeth (labeled
as HO). The diseased teeth were presented with a 2—8
mm AP lesion as determined radiographically, and clin-
ically classified as LSA (maximum diameter > =5 mm)
and SSA (maximum diameter <5 mm) according to the
area of AP lesion. The inclusion criteria for RCT failure
cases: i) previous root canal treatment or retreatment
performed at least more than 2 year before; ii)the lesion
remained the same size or increased as compared with
radiographs taken immediately after the initial treat-
ment/retreatment. Exclusion criteria of AP teeth: i) dir-
ect connection of the apical lesion to the oral cavity due
to lack of gingival tissue, vertical root fracture and fis-
tula; ii) previous surgery on the apical root; iii) treated
with antibiotics within one month.

Sampling procedure and clinical data collection

Oral specimen was collected from individual by rubbing
a sterile cotton swab across the buccal mucosa and fro-
zen for storage at —20°C. Diseased teeth with/without
RCT were extracted because of being unrestorable, while
wisdom teeth (healthy controls) were extracted in case
of being impacted. The apical part of the tooth root was
resected at 2 mm from the root end using a sterile Zek-
rya FG 28 mm bur, as reported in [19]. Before the tooth
extraction surgery, the oral cavity was rinsed with 0.12%
chlorhexidine for 2 min and the area to be operated was
gently scrubbed with the same solution. Care was taken
to avoid saliva contamination of the surgical site during
the whole surgery. The root apex specimen was soon
placed in a sterile flask and immediately frozen at —20°
C. The root apexes were finally crushed in a 6750 freezer
mill (Spex, Metuchen, NJ, USA), at the liquid nitrogen
temperature, as reported in [15]. Apical root powder
samples were stored frozen at — 20 °C.

DNA extraction and 16S rDNA amplicon pyrosequencing
Apical root powder samples and oral samples were treated
with the Fast DNA SPIN extraction kits (MP Biomedicals,
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Santa Ana, CA, USA), following the manufacturer’s in-
structions, to extract the total DNA, and stored at — 20 °C
prior to further analysis. The extracted DNAs were then
quantified and qualified using a NanoDrop ND-2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis, respectively. PCR
amplifications were performed using bacterial domain-
specific primers, targeting variable regions V3-V4 of the
16S rRNA gene, using primers 338F (5-ACTCCTACG
GGAGGCAGCA-3") and 802R (5-GGACTACHVGGGT-
WTCTAAT-3"). Details of the PCR components and the
thermal cycling procedures were described in [27].
Purification and quantification of the PCR amplicons were
done by Agencourt AMPure Beads (Beckman Coulter,
Indianapolis, IN) and PicoGreen dsDNA Assay Kit (Invi-
trogen, Carlsbad, CA, USA), respectively. After that, equal
amounts of the amplicons were pooled, and 2 x 250 bp
paire-end sequencing was performed using the illumina
MiSeq platform with MiSeq Reagent Kit v3.

Sequence analysis
Sequences were processed with QIIME following an
established illumima sequencing analysis pipeline [28].
Briefly, paired-end reads were firstly joined using
SeqPrep method (https://github.com/jstjohn/SeqPrep)
where minimum overlap between paired reads is set as
5 bps. Demultiplexing was then performed to assign the
assembled reads to individual samples according to the
barcodes and filtered through the default strategy for
quality filtering of illumina data described in [29]. An
open-reference clustering [30] was then used to ap-
proach OUT picking, where the Greengenes database
(the Greengenes 13_8 97% OTU representative se-
quences) and denovo clustering of unmapped sequences
were combined to build the reference database. Se-
quences were queried against the reference database and
assigned to the reference OTUs if the identity is not less
than 97%. The remainder of the sequences that fail to
hit the reference database were then be clustered using
UCLUST [31] for denovo reference OTUs, and assigned
to the new reference OTUs. An OTU table was further
generated to record the abundance of each OTU in each
sample and the taxonomy of these OTUs. This has
singleton OTUs (or OTUs with a total count of 1) re-
moved, as well as OTUs whose representative (i.e., cen-
troid) sequence couldn’t be aligned with PyNAST [32].
The OTU table was then used to estimate the com-
munity richness (chaol and OTUs) and diversity indi-
ces (Shannon index and simpson index) for individual
sample, using R packages. Shannon index and simpson
index were calculated using the function diversity in
package vegan; Chaol was obtained through chaol in
package fossil.
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Statistical analysis

All statistical analysis starts from the raw counts of the
OTU table, and taxa of the same type were summarized
at the phylum, class, order, family and genus levels. For
comparisons between samples/groups, abundance of
each OTUs were normalized by a down-sampling way,
where the number of sequences of individual sample
was reduced to the minimum of all the 50 samples by
random sampling. To identify the essential OTUs rele-
vant to AP, the OTUs were firstly filtered to remove the
OTUs present in less than 10% of all samples. Wilcoxon
test [33] was then used to perform differential analysis
between different groups (e.g. HO, HT, NRCT and
RCT). P-values were adjusted by Storey’s Q value [34].
Significant OTUs were selected using q-value 0.05, 2
fold-change as well as the Q3 quantile from the two
groups involved in any comparisons. The Q3 quantile
threshold was employed to filter the candidates if the
75th quantile of the high-level group is less than 10 in
NRCT versus HT at OTU level and less than 100 at
Genus level.

Results

Coverage, richness and diversity

We have 50 16S samples in total including diseased and
healthy teeth samples as well as oral samples. The number
of the valid reads from 16S RNA sequencing for OTUs
detection is ranging from 29,604 to 68,088. 43,839 OTUs
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in total appear across 50 samples, while the number of
OTUs in single sample ranges from 918 to 4436. To study
the changes of the richness and evenness of individual
samples in terms of locations and healthy status, we calcu-
lated the richness (OTUs and Chaol) and diversity indices
(Shannon and Simpson), and compare them from differ-
ent groups (HO, HT, NRCT and RCT). Comparing to the
diseased samples, higher richness and diversity were ob-
served in healthy samples, including healthy oral and
healthy teeth (Fig. 1). In particular, the numbers of the
OTUs in healthy samples (HT and HO) were significantly
higher than the diseased samples (RCT and NRCT). This
indicates that the balance of the microbial community of
the root apex was changed due to the disease as well as
RCT treatment. Dynamically saying, i) healthy tooth host
plentiful of bacteria (both richness and diversity), ii) AP
significantly reduced the OTU richness (P values are
0.0011 and 0.0067 for NRCT versus HT and RCT versus
HT, respectively) and made the community purer; iii) and
after that, RCT treatment further slightly increased the
OTU number but reduced the diversity. We therefore
speculate that microbial infection in AP caused part of the
bacteria increased sharply while part of some other bac-
teria decreased or even disappear. In other word, there
might be some bacteria becoming predominant due to in-
fection. For this, we sorted the OTUs based on their abun-
dance, and calculated the fraction of the abundance
accumulation of the top OTUs in the total abundance of
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the whole sample. Dynamics of the fraction with the in-
creasing of the number of the top OTUs showed that the
fraction in NRCT and RCT groups dramatically increased
and close to a steady state much earlier than healthy
groups (Additional file 1: Figure S1). This indicates that
much fewer bacteria in NRCT and RCT have very high
abundance and dominate the bacterial community (the
fractions close to 85, 83, 75 and 72% at top 100 OTUs in
RCT, NRCT, HT and HO, respectively). Root canal treat-
ment has pulled the richness (OTUs) back slightly (NRCT
compared with RCT, from 764 + 352 to 740 + 229 in Fig.
1), but it is still far away from that in the healthy status
(from 764 + 352 to 1410 + 484 in Fig. 1). Furthermore,
the lower diversity of RCT as well as the top 100 OTUs
occupied 85% of the whole abundance (Additional file 1:
Figure S1) somehow told that root canal treatment was
not able to change the dominant phenomena.

Global view of the bacterial communities
26 phyla present in the 50 microbiota samples. From a
global view, the most abundant phyla are Firmicutes,
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Proteroidetes and Bacterioidetes, followed by Actinobac-
teria, Fusobacteria, Spirochaetes, Synergistetes, Acidobac-
teria, TM7, Cyanobacteria, Tenericutes, Chloroflexi, SRI,
Elusimicrobia, GNO2, Planctomycetes, Gemmatimona-
detes, [Thermi] and Nitrospirae. Percentages differed due
to individuals as well as location, healthy status or treat-
ment (Fig. 2, details see Additional file 1: Figure S2). Basic-
ally, bacterial distributions at phylum level did not show
big difference between two healthy groups (HO and HT).
Firmicutes is the most abundant in healthy samples, aver-
aged at round 40% in both teeth and oral, while it dropped
to around 26% in diseased samples (NRCT and RCT). On
the contrary, bacterioidetes jumps to the top 1 in NRCT
(26.6% in NRCT from 11.9% in HT) and a slight decrease
in RCT. Although root canal treatment failed in RCT, it
has changed the percentage of Bacterioidetes (from 26.6
to 17.3%), Fusobacteria (4.2 to 8.6%) and Actinobacteria
(11 to 13.6%).

Clustering results using tSNE (implemented by an R
package Rsne [35]) at OTU level showed that oral sam-
ples (HO) samples are basically separated from teeth

.

Fig. 2 Piechart of the distributions of the species in individual samples at phylum level. NRCT, AP without RCT treatment; RCT, AP failed after RCT
treatment; HT, Healthy control of root apex; HO, the oral healthy control
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samples(HT, NRCT and RCT), and healthy teeth (HT)
can also be distinguished from teeth without root canal
treatment (NRCT), see Additional file 1: Figure S3.
However, teeth samples failed after RCT treatments are
mixed with other samples.

Bacterial communities around healthy root apex

As stated above, we did identify quite a number of
bacterial community round the healthy tooth apex
(1410 + 484 OTUs, 120 +49 Genera). This gives some
clue that the root canal system itself might not initially
clean. On the contrary, there are microorganisms com-
mensal around the tooth apex. That means the bacteria
appear in the root apex will not work as a pathogen even
if they are predominant. Meanwhile, we observed a very
close distribution of taxa at phylum level to the healthy
oral case (Fig. 2). We next go deep into the OTU level
to investigate the relationship of the microbiota between
root apex and oral. 16 paired 16S samples from 8
healthy individuals, each contributed one wisdom teeth
(HT) and one oral sample (HO), were used for compari-
sons in two ways: i) differential analysis based on the
OTUs between HT and HO, and ii) similarity based on
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abundance and richness within and between HT and
HO. Paired Wilcox test combined with Stoery’s FDR ad-
justment was used for differential analysis. However, no
significant OTUs are identified. For the later way, we
calculated the overlaps and uniqueness for every pair of
samples from between or within HT and HO. For any
two samples from HT and HO, we counted the shared
OTUs and those presented uniquely in each samples,
and showed it in one piechart in Fig. 3. We then col-
lected the calculated the ratio of the shared OTUs in the
piechart for each two samples, which were used to
estimate the difference between-group-samples (O2T,
overlaps between oral and tooth samples) and within-
group-samples similarity (020, overlaps between sam-
ples from oral; T2T, overlaps between samples from
teeth). We did the same way on abundance, but focused
on the shared abundance between two samples. Signifi-
cant difference of the pair-wise overlaps was observed
between within oral (O20), within tooth apex (T2T) and
between oral and tooth apex (O2T). Similarity within
oral samples is higher than that of within tooth apex
samples, and within-group (020, T2T) similarity is
higher than between-group (O2T) samples. In particular,
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paired oral and tooth apex samples (oral and tooth sam-
ples from the same individual) did not show higher ratio
of overlaps compared to non-paired samples. In the
abundance case (Fig. 3b), much lower ratio of overlaps
was found, and the pair-wise similarity within tooth apex
is averagely higher than within oral samples.

Changes of bacterial communities due to apical
periodontitis
From above, we found the changes of richness, diversity
as well as distribution due to geographical location (oral
and teeth), healthy state (diseased versus healthy) and
therapy (RCT and NRCT). Next, differential analysis at
OTU level and genus level was done for NRCT versus
HT, HT versus HO, and RCT versus NRCT, respectively.
We identified 89 significant OTUs in total, details see
Additional file 2. 49 of them were significantly decreased
in the AP samples compared to healthy teeth. These
OTUs are basically from genera of Streptococcus, Hae-
mophilus (parainfuenzae in particular), Actinomyces,
Granulicatella, Leptotrichia. The species including

Page 181 of 185

subflava, dispar, nanceiensis, melaninogenica, mucilagi-
nosa were found. Almost all of these OTUs have a high
abundance in the healthy teeth, while very low abun-
dance was observed in AP teeth (close to zero). These
OTUs were clustered into two groups using hclust in R,
C1 and C2 in Fig. 4. C1 showed very high abundance in
healthy, but almost empty in NRCT, while OTUs in C2
were found with a low level, low level of these OTUs
were also observed in the oral control and RCT group
(Fig. 5a). This indicates that there exists high abundance
of bacterial community specific in healthy teeth, but
killed due to AP, and they are not recovered in most of
the RCT samples. In literature, researchers focused on
the abundant bacteria appeared in the AP teeth to iden-
tify the pathogenic bacteria for AP. No report was found
to describe the bacterial profile around the root apex of
healthy teeth, due to limitation of sampling. With the
healthy controls in our case, these decreased OTUs told
that there did exist plentiful of bacteria and they dis-
appear in the AP cases. We therefore speculate that
these abundant bacteria specific in health teeth root

Fig. 4 Heatmap of the key OTUs identified through comparison between AP (NRCT) and health control (HT). Key OTUs are clustered into 5
groups, C1~C5 which differed at their variation patterns due to healthy and disease as well as the subtypes (A and B) in the AP samples, detailed

OTUs see Additional file 3
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might be essential for keeping a healthy environment.
Interestingly, Streptococcus and Granulicatella were con-
sidered as putative pathogens due to the fact that they
were detected in acute apical abscesses (belong to AP)
[3]. They did be detected in our NRCT samples. But far
more abundant of them (Streptococcus in particular) was
found in our healthy teeth. From our experiment, we say
that Streptococcus and Granulicatella are relevant for
AP because of their reduction, other than their presence.
Prevotella was found in both increased and decreased
OTUs we identified, while it was widely reported to be
increased in literature. Two species in genera of Prevo-
tella, Prevotella naneiensis and Prevotella melaninogen-
ica, are decreased in NRCT compared to HT.

Forty OTUs are significantly increased in AP. These
OTUs were grouped into three clusters, i.e. C3, C4 and
C5 in Fig. 4. OTUs in C3 showed higher abundance in A
than B (A and B are subtypes in NRCT by samples clus-
tering and match with the large lesion and small lesion,
respectively with a high accuracy 0.89). The reverse for
OTUs in C4. OTUs in C5 were high in both A and B.
All of these 40 OTUs showed very low abundance (close
to zero) in healthy teeth but very high level in NRCT, in-
cluding the OTUs in the genera of TG5(Synergistetes),
Treponema (socranskii), Sphaerochaeta, Burkholderia,
Schwartzia, Dialister, Pseudoramibacter Eubacterium,

[Prevotella], Slackia, Bifidobacterium (longum) and
[Mogibacteriaceae] (family). Among them, treponema,
prevotella, TGS are wildly reported to be present in peri-
odontitis [21, 36]. In particular, Prevotella, Treponema,
and TG5 (Synergistetes) were observed increased in AP
root apex compared to supragingival buccal biofilm (HO
samples in our case) from healthy teeth [21]. Sphaero-
chaeta was found in subgingival microbiota with a high
abundance from chronic periodontitis patients [37] but
in our case it is very low in NRCT and empty in healthy
teeth. Very high abundance of Burkholderia was found
in our NRCT while it is not reported in previous
researches. Low abundant Bifidobacterium (longum) was
detected in our NRCT, as described in subgingival in
[36, 38], but empty in any of the healthy teeth. We found
2 OTUs from Pseudoramibacter_Eubacterium genus, both
are absent in healthy teeth, while one is with very high
abundance and the other is at a low level in NRCT. Dialis-
ter is frequently recovered from endodontal infections and
deep periodontal pockets [3]. Prevotella and Treponema
were also reviewed as factors involving in AP infections [3].

Differential analysis at genus level identified fewer sig-
nificantly changed genera than that found through OTU
level, see Additional file 3 for details, including the de-
creased ones Haemophilus, Actinobacillus, Granulicatella,
Staphylococcus and Streptococcus, and the increased ones
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Schwartzia, Slackia, Treponema, TGS, Pseudoramibacter_-
Eubacterium. All of them are covered in the genera identi-
fied at the OTU level.

Relationships between the key OTUs

As described above, significant bacteria (OTUs) are
identified through comparison between NRCT and HT.
We further investigate the relationships between the key
OTUs based on the abundance of each OTU across all
the samples. Correlations of these OTUs were calculated
using R package corr.test with the method of Pearson.
The OTUs highly correlated (correlations bigger than
0.6 and adjusted p-value less than 0.05) were selected to
construct a network using cytoscape (Fig. 5b). In the
network, OTUs (nodes in Fig. 5b) are partitioned into
three sub-networks, basically consisted of increased
OTUs (SubA), decreased OTUs (SubB) as well as both
increased and decreased OTUs (SubC), respectively.
OUT 43244264 (yellow filled box) works as a connection
between SubA and SubB. K-core calculations (the
strength to be a core of any cluster) of the whole net-
work showed a bimodal distribution wherein most of the
OTUs have a very high value of k-core values and others
with very low values. Decreased OTUs from the phyla of
Firmicutes, Proteobacteria as well as some unknown spe-
cies are tightly connected in SubB. We say that these
decreased species co-varied with respect to location, AP
or RCT therapy with equivalent contribution, and built a
robust network. This somehow indicates the difficulty to
destroy the balance of the bacterial community through
the decreased species. In other word, it is hard to re-
cover once the network is broken. This somehow ex-
plained the failure of RCT in our case, where decreased
OTUs showed no big changes in RCT compared to
NRCT (Fig. 5a). Increased OTUs are interacted in SubA,
but showed weak relationships (fewer connections and
smaller correlation values). SubB and SubC are nega-
tively connected (blue dashed edges).

Subtypes in diseased AP patients

At the genus level, the AP patients can be partitioned into
two groups (labelled as A and B, respectively), using an R
package hclust (see Additional file 1: Figure S3). This clus-
tering showed significant agreement with the clinical clas-
sification based on the lesion area of AP, where A and B
match to LSA and SSA with an accuracy of 0.885 (p <
107 (- 6)), respectively (See Table 1, complete clinical in-
formation was in Additional file 4). At phylum level, a big
difference between A and B was found in the percentages
of Protepbacteria (19.6% in A and 32.5% in B) and Actino-
bacteria (14.9% in A and 6.1% in B), see Additional file 1:
Figure S5. Differential analysis of A versus B identified 53
significant OTUs, basically from phyla Proteobacteria,
Firmicutes, Actinobacteria and Bacteroidetes, details see
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Additional file 5. Interestingly, 51 of them showed higher
abundance in group B, see Additional file 1: Figure S6,
and showed different variation patterns, P1~P4. That
means these bacteria enriched in the teeth with small le-
sion area (SSA). In other word, the lesion area will be big-
ger without these bacteria. Furthermore, a large number
of B-abundant OTUs showed similar abundance in the
healthy teeth, yellow rectangle in Additional file 1: Figure
S6. Among them, lactococcus (genus), known as a lactic
acid bacteria, was reported to cause teeth decay known as
caries. However, previous researches demonstrated that
fermentation products produced by lactic acid bacteria
contribute to the attenuation of pathogens and improve-
ment of human animal health [39]. We therefore specu-
late that the abundant lactic acid bacteria in our case
(Lactococcus, Enterococcus and Streptococcus) might act as
probiotics to impair the infection.

Effect of RCT on bacterial communities

No significant OTUs was identified between NRCT and
RCT. Decreased OTUs due to AP showed no obvious
changes after RCT (Fig. 5a). In some patients (eg.
T_D_RCT.Jm), most of the increased OTUs (due to AP)

Table 1 Clinical information of the AP patients without RCT
treatment

SamplelD Gender Age Lesion Levels Clusters
T_D_None_B24 M 74 2x2 mm SSA B
T_D_None_B.23 F 62 2X2 mm SSA B
T_D_None_A3 M 72 2x3 mm SSA A
T_D_None_A25 M 65 3x2mm SSA A
T_D_None_B.2 F 41 3x2 mm SSA B
T_D_None_B.15 F 52 3X2mm SSA B
T_D_None_B.1 F 74 3X3mMm SSA B
T_D_None_B.27 F 72 3x3mm SSA B
T_D_None_B.30 F 62 3xX3mm SSA B
T_D_None_A.14 M 45 4x3mm SSA A
T_D_None_A26 M 28 3x4 mm SSA A
T_D_None_B.7 F 62 4x3 mm SSA B
T_D_None_B.22 M 79 4x4 mm SSA B
T_D_None_B.21 F 34 4x4 mm SSA B
T_D_None_A28 M 59 6x3 mm LSA A
T_D_None_A9 F 73 4x5mm LSA A
T_D_None_A.12 F 29 6x4 mm LSA A
T_D_None_AS8 F 52 6X5 mm LSA A
T_D_None_A.19 F 61 5%X6 mm LSA A
T_D_None_A.29 M 34 6X5 mm LSA A
T_D_None_AS5 M 41 8x5 mm LSA A
T_D_None_AXy F 42 8x5 mm LSA A
T_D_None_A.13 M 83 6X7 mm LSA A
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did disappeared, failure of the therapy might be due to
the fact that decreased OTUs are not recovered. From
this, we say that AP might be a multi-species infection.

Discussion

In this study, we collected microbiota samples from root
apex diagnosed as AP with and without RCT treatment,
as well as the healthy controls including root apex and
supragingival buccal biofilm, and sequenced the 16S
ribosomal RNA gene fragments using a next-generation
sequencing platform.

Our study focused on the bacterial community around
the root apex to investigate the microbial features with re-
spect to apical periodontitis. We start our investigations
from the community richness and diversity in AP patients
(NRCT) as well as other relevant groups, including failed
AP after root canal treatment (RCT), healthy control of
root apex (HT), as well as and the oral healthy control
(HO). We observed significant decreasing of the richness
and diversity from healthy controls to diseased samples
(Fig. 1), somehow indicates that AP has broken the micro-
bial balance, where both richness and diversity were re-
duced. Next, we identified the key bacteria relevant to AP
by comparison between AP without root canal treatment
(NRCT) and the healthy control (HT). Compared to the
healthy root apex, we found a large population of bacteria
down-regulated in AP root apex, basically from genera of
Haemophilus (parainfuenzae in particular), Streptococcus,
Granulicatella, Actinomyces, and some unknown bacteria,
as well as the species including subflava, dispar, nanceien-
sis, melaninogenica.

Our study emphasizes the importance of the healthy
control, based on which we revealed plentiful of bacteria
around healthy root apex and further identified both up
and down regulated bacteria relevant for AP. Further-
more, we involved the supragingival buccal biofilm (HO)
as additional healthy control to confirm whether it works
instead of the healthy root apex (HT). Global view of the
clustering of all the 16S samples using R package hclust
showed that HO samples are much closer to HT samples
than to AP teeth samples (NRCT or RCT), see Additional
file 1: Figure S4. Meanwhile, microbial richness and diver-
sity are also similar with higher values in HO and HT
samples, and no significant OTUs can be found through
differential analysis between HT and HO. However, these
are not enough to determine that supragingival buccal
biofilm can work as healthy controls. To confirm this we
did differential analysis between NRCT and HO, and
found lots of bacteria (150 OTUs) significantly up/down
regulated. Nevertheless, only 13 out of 150 OTUs over-
lapped with that of NRCT versus HT. Most of the de-
creased OTUs and some wildly reported increased OTUs
including Sphaerochaeta, Burkholderia, Schwartzia, Dial-
ister and [Prevotella], missed in NRCT versus HO.
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Conclusions

This study provide a global view of the microbial com-
munity of the apical periodontitis associated cohorts,
and revealed that apical periodontitis involved not only
bacteria accumulated with a high abundance, but also
those significantly reduced ones due to microbial infec-
tion. This provides a more precise spectrum of patho-
genic community, aiding for choosing or designing
antimicrobial agent used in RCT treatment.
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