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Abstract

Archaea have been detected in several ecological niches of the human body such as the large in-
testine, skin, vagina as well as the oral cavity. At present, archaea are recognized as nonpathogenic
microorganisms. However, some data indicate that they may be involved in the etiopathogenesis of
several diseases, including intestinal diseases as well as oral diseases: periodontitis, peri-implantitis
and endodontitis. In this study, on the basis of 16S rRNA gene sequence analysis, we examined whether
archaea might be present in inflamed pulp tissues and contribute to the development of endodontic
infection. In comparison, we also determined selected bacterial species associated with endodontitis.
We detected archaea in 85% of infected endodontic samples. In addition, Prevotella intermedia, Por-
phyromonas gingivalis, Tannerella forsythia and Treponema denticola were present in inflamed pulp
tissue samples and Treponema denticola occurred with the highest frequency (70%). Further analysis
revealed the presence of methanogenic archaea in analyzed samples. Direct sequencing of archaeal
168 rRNA gene PCR products indicated the occurrence of methanogenic archaea in inflamed pulp tis-
sues; phylogenetically most similar were Methanobrevibacter oralis and Methanobrevibacter smithi.
Therefore, our results show that methanogenic archaea are present in inflamed pulp tissues and may

participate in the development of endodontic infection.
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Introduction

Archaea are microorganisms classified as a third, sepa-
rate domain of life. They are phylogenetically distant from
bacteria and even more closely related to eucarya [1]. Al-
though archaeal overall cell organization is quite similar to
that in bacteria, archaea have some specific features. Their
cell wall is devoid of peptidoglycan and their membrane
lipids contain ether linkages — far more stable than bacte-
rial ester linkages. In addition archaea have some unique
external structures like archaella, pili, hami and cannulae
[2, 3]. The best studied group of archaea is methanogens —
strictly anaerobic microorganisms which synthesize meth-
ane using simple inorganic compounds like CO, and H,
in the process of methanogenesis [4]. Originally, archaea
were thought to be a primitive form of life, living only in
extreme environments like hot springs and salt lakes but
recent studies have indicated that they are even more eco-
logically widespread.

Although archaea were firstly detected in natural eco-
systems, emerging data indicate that they might be closely
associated with human microbiome [5, 6]. High amounts
of methanogens have been detected in the human gastroin-
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testinal tract, especially in the large intestine [7, 8]. More-
over, methanogens have been found among the microbial
flora of the human vagina [9]. Recently, Probst et al. [10]
has demonstrated that ammonia oxidizing archaea may be
a part of human skin microbiome. Taking into consider-
ation that human microbiome plays an important role in
many physiological processes, one can assume that archaea
also participate in the maintenance of homeostasis in sev-
eral ecological niches of the human body. Even though
archaea are now recognized as nonpathogenic microor-
ganisms and as a natural component of human microbiota,
some data reveal that archaea may participate in the devel-
opment of various diseases. Nevertheless, the potential role
of archaea in etiopathogenesis of several diseases is still
poorly understood. At present, there is no clear evidence
that archaea could be pathogenic microorganisms and none
of them has been described as a pathogenic agent. Recent-
ly, however, some associations between the presence of
methanogens and the occurrence of intestinal diseases such
as colon cancer [11], inflammatory bowel disease [12], ir-
ritable bowel disease [13], and even obesity [14] have been
reported.
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Several studies have shown that archaea could be in-
volved in some oral diseases, nonetheless the available
data are very limited. Archaea were detected in subgingi-
val plaque samples [15-17] and tongue scrapings [18] from
patients with periodontitis. It should be also stressed that
a significant association between the severity of periodontal
disease and the prevalence of archaea was observed [15, 17].
In addition, Faveri et al. [19] indicated an increased preva-
lence of archaea in peri-implantitis sites. Some data revealed
that archaea are present within inflamed dental pulp tissue
and thus might be associated with endodontic infection [20-
23]. Therefore, the purpose of this study was to analyze the
prevalence and diversity of archaea in infected endodontic
samples from patients with primary endodontic infection
in comparison with selected bacterial species involved in
endodontitis such as Prevotella intermedia, Porphyromonas
gingivalis, Tannerella forsythia, and Treponema denticola.

Material and methods

Patient selection

A total of 20 patients over the age of 18 years were en-
rolled in this study. The patients underwent root canal treat-
ment in the Dental Institute at the Medical University of
Lodz. The study was approved by the Bioethics Committee
of the Medical University of £6dZ, Poland (approval num-
ber RNN/280/14/KB) and informed consent was obtained
from all patients in accordance with the Declaration of
Helsinki. Complete medical and dental histories were tak-
en from all patients participating in this study. The patients
were otherwise healthy and those who had received antibi-
otic treatment during the previous 3 months were excluded
from this investigation.

Sample collection

One endodontic sample per patient was collected. The
tooth was isolated with a rubber dam. The crown and the
surrounding area were disinfected with 30% hydrogen
peroxide for 30 s and next with 5.25% sodium hypochlo-
rite for additional 30 s. In order to neutralize disinfectant
agents, 5% sodium thiosulfate was used. An access cavity
was prepared with sterile high-speed diamond burs under
irrigation with sterile saline and it was disinfected in the
same way. The samples were collected with four sterile
paper points which were placed in the root canal. Finally,
the paper points were placed in a sterile tube containing
1 ml of transport fluid (PBS), immediately frozen and
stored at —80°C until further analysis.

Extraction of total genomic DNA

Deep-frozen endodontic samples were thawed and dis-
persed by constant stirring for 30 min. Paper points were
removed and samples were centrifuged at 12000 rpm for
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10 min. After centrifugation the supernatant was discarded
and the pellet containing microbial cells was suspended in
100 pl of Tris-HCl buffer (pH = 8.5). The microbial DNA
was extracted from inflamed pulp tissues using Genomic
Mini kit (A&A Biotechnology, Gdynia, Poland) according
to the manufacturer’s protocol. The cells were lysed using
lysing solution and with proteinase K. DNA was selectively
adsorbed onto silica matrix of the spin column and puri-
fied from the contaminants. Finally, total extracted genomic
DNA was suspended in a solution containing 100 pl of TE
buffer (Tris-EDTA, pH = 7.4). DNA concentration (A260)
and the purity (A260/A280) were measured using a Pico-
drop Microliter Spectrophotometer (Picodrop Limited, UK).
DNA samples were immediately frozen at —80°C and stored
for further analysis.

PCR amplification

DNA extracted from infected pulp tissues was amplified
using 2720 ThermalCycler (Life Technologies, USA). The
abundance of archaeca and some selected bacteria (Prevotella
intermedia, Porphyromonas gingivalis, Tannerella forsyth-
ia, Treponema denticola) was analyzed using oligonucle-
otide specific primers. Primer sequences used for detection
of 16S rRNA gene from total archaea and 16S rRNA gene
from selected endodontic bacteria are presented in Table 1.
Primer sequences and modified PCR conditions for archaea
and bacteria detection were as described by Vianna et al.
[20] and Vickerman et al. [21], respectively. The specifici-
ties and annealing temperatures of the PCR primers for ar-
chaea and bacteria detection were verified in silico using
the Primer-BLAST program at NCBI (http://www.ncbi.nlm.
nih.gov/BLASTY/). The annealing temperature of each prim-
er-pair was analyzed in order to avoid primer dimer interfer-
ence. PCR was performed in a total volume of 25 pl. Each
PCR mixture contained approximately 5 ng of template
DNA, 10 uM of forward and reverse primers and DreamTaq
Green PCR Master Mix (Thermo Scientific, USA) contain-
ing DreamTaq DNA polymerase, 0.4 mM dNTPs and 4 mM
MgCl,. The DNA samples were preheated at 95°C for 3 min
and amplified for 40 cycles under the following conditions:
denaturation at 95°C for 30 s, annealing at the primer specif-
ic annealing temperature for 30 s, elongation at 72°C for 30 s
followed by final elongation at 72°C for 7 min. After PCR
amplification the products were separated by electrophore-
sis in a 2% agarose gel with ethidium bromide in 1 x TBE
buffer (90 mM Tris-borate, 2 mM EDTA) and visualized
under UV light. Genomic DNA extracted from subgingi-
val plaque sample, which was earlier sequenced and was
found to be positive for archaea, was applied as positive
PCR control in each reaction. PCR conditions and specific-
ity of PCR primers for archaea detection were further exper-
imentally ensured by PCR with the reference DNA extracted
from Methanobrevibacter oralis DSM 7256 purchased from
German Collection of Microorganisms and Cell Cultures,
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Table 1. PCR primers and conditions for microbial detection

Microorganism Sequence (5°—3’) Amplicon size Annealing Reference
(bp) temp. ("C)

Total archaea ACKGCTCAGTAACACGT 793 56 20
GTGCTCCCCCGCCAATTCCT

Prevotella intermedia CGTGGACCAAAGATTCATCGGTGGA 260 57 21
CCGCTTTACTCCCCAACAAA

Porphyromonas gingivalis AGGCAGCTTGCCATACTGCG 405 57 21

ACTGTTAGCAACTACCGATGT

Tannarella forsythia TACAGGGGAATAAAATGAGATACG 746 57 21
ACGTCATCCCAACCTTCCTC

Treponema denticola TAATACCGAATGTGCTCATTTACAT 316 57 21

TCAAAGAAGCATTCCCTCTTCTTCTTA

Braunschweig, Germany. DNA isolated from a subgingival
plaque sample of periodontally healthy individuals which
was earlier found to be negative for archaea was used as
negative control. The second negative control contained ul-
trapure water instead of template DNA.

Sequencing

Archaeal species were identified on the basis of 16S
rRNA gene sequence by direct sequencing of representa-
tive archaeal PCR products. Archaeal DNA samples were
amplified using PCR method and separated using electro-
phoresis as described above. Next, the amplified archaeal
DNA samples were purified with Clean Up kit (A&A Bio-
technology, Gdynia, Poland) according to the manufactur-
er’s protocol. PCR products were sequenced using 3130x1
Genetic Analyser (Applied Biosystems, Warrington, UK)
and the same forward primers as for PCR amplification
were used (Table 1).

Phylogenetic analysis

The obtained archaeal 16S rRNA gene sequences
were precisely analyzed using Sequence Scanner 1.0 soft-
ware and incorrectly aligned positions were edited. The
sequences were compared with those available in the in-
ternational sequence database GenBank using the BLAST
server at the National Centre for Biotechnology Informa-
tion (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST/). Mul-
tiple sequence alignment was performed using ClustalW2
program. The phylogenetic tree reconstruction was made
with MEGA 6.0 software package by the neighbor-joining
method and the bootstrap values were generated.

Results

Prevalence of bacteria and archaea in inflamed
pulp tissue samples

We first estimated, using PCR assay and gel electro-
phoresis, bacterial species present in inflamed pulp tissue
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samples. We noticed that 50% of infected pulp tissues were
positive for single bacterial species, the other constituted
multispecies samples. Two species of bacteria were detect-
ed in 30% of samples, three bacterial species were found
in 15% of samples and only 5% of infected pulp tissues
were positive for all bacterial species. The most prevalent
was Treponema denticola detected in 70% of endodontic
samples. Tannerella forsythia was found in 45% of sam-
ples and Porphyromonas gingivalis was present in 40% of
samples. Prevotella intermedia occurred with the lowest
frequency, inasmuch as only 20% of samples were posi-
tive. Moreover, on the basis of 16S rRNA gene sequence
analysis we investigated the prevalence of members of the
domain Archaea in endodontic samples. We documented
that these microorganisms were present in 85% of ana-
lyzed inflamed pulp tissue samples (Table 2).

Identification of archaea

In order to identify archaea in infected root canals we
conducted direct sequencing of selected representative ar-
chaeal 16S rRNA gene PCR products. The obtained se-
quences were compared with those available in GenBank
database. Figure 1 depicts the phylogenetic affiliation of
16S rRNA gene sequence (using endodontic sample 3 as
a representative sequence) in comparison with represen-
tative members of five archaeal phylums: Euryarchaeo-
ta, Crenarchaeota, Korarchaeota, Nanoarchaeota, and
Thaumarchaeota. We stated that archaea prevalent in in-
fected root canals undoubtedly belonged to the group of
methanogens (phylum: Euryarchaeota). The sequences
obtained from endodontic samples were very similar to
methanogens belonging to the Methanobrevibacter spe-
cies, but also showed a sequence similarity of 91-95% to
the Methanobacterium species. All sequences were closely
related to Methanobrevibacter oralis strain ZR and shared
98-99% sequence identity. The sequenced amplicons also
revealed high similarity values to Methanobrevibacter
smithii strain PS (97-99%), Methanobrevibacter thaueri
strain CW (97-98%), Methanobrevibacter millerae strain
ZA-10 (96-98%). The sequences obtained from samples 3,
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Table 2. The prevalence of bacteria and archaea in endodontic samples

No. of endodontic Prevotella Porphyromonas Tannarella Treponema Archaea
sample intermedia gingivalis forsythia denticola
1 - + + + +
2 + - + + +
3 - - + - +
4 - + + + +
5 + - - + +
6 + - + - +
7 - - - + +
8 + + + + +
9 - + - + +
10 - + - + +
11 - - - + +
12 - - - + +
13 - - - + +
14 - - + - +
15 - + - - -
16 - - + + +
17 - + + - +
18 - + - - -
19 - - - + +
20 - - - + -

6, 9 and 10 showed equal similarity to Methanobrevibacter
smithii strain PS as well as to Methanobrevibacter oralis
strain ZR (99%). Moreover, amplicons from samples 3 and
9 revealed Methanobrevibacter gottschalkii strain HO as
a very close relative and shared 98% identity.

Discussion

Pulpitis may be triggered by several external factors,
including trauma from accident or bruxism, improper cav-
ity preparation during dental treatment or contaminated
restorative materials. All these factors facilitate microbial
invasion and thereby infection of the root canal system.
Without any doubt, the most common cause of pulpitis
is indirect bacterial infection. Bacteria may enter the root
canal mainly via caries, but also via dental anomalies,
lateral canals or damaged cementum. The most frequent
bacteria in the infected root canal belong to the phylums
Firmicutes, Proteobacteria, Spirochaetes, Bacteroidetes,
and Actinobacteria [24, 25]. However, some data indicate
differences in microbiota of primary and secondary end-
odontic infections [26, 27]. Primary endodontic infections
are dominated by Fusobacterium sp., Porphyromonas sp.,
Enterococcus sp., Prevotella sp., Treponema sp., Tan-
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nerella sp., Parvimonas sp., Lactobacillus sp. and Pro-
pionibacterium sp. [24-27]. In our study we examined
the prevalence of selected species of bacteria in primary
endodontic infection. We demonstrated that Prevotella in-
termedia, Porphyromonas gingivalis, Tannerella forsyth-
ia, and Treponema denticola occurred in inflamed pulp
tissues and the most prevalent was Treponema denticola.
Thus, our studies are consistent with the current state of
knowledge.

Although bacteria are the main causative agent of
endodontitis, some data suggest that other microorgan-
isms, such as fungi, especially Candida albicans [28] and
viruses [29], can participate in the development of pulp
tissue inflammation, as well. Recently, it has been dis-
cussed whether members of the domain Archaea might be
another etiological agent of endodontic infection. Nowa-
days, however, the available data are very limited. Vianna
et al. [20] detected archaea in 25% of necrotic pulp tissues.
Vickerman et al. [21] indicated the presence of archaea in
1/20 of symptomatic and 1/14 of asymptomatic endodontic
infections. Jiang et al. [23] stated that archaea occurred
in 38% of root canal samples from teeth with primary in-
fections and in 17% of cases diagnosed as secondary root
infected canals. In our study we demonstrated the pres-
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99 - Endodontic sample 3
Methanobrevibacter oralis ZR, NR_104878.1

Methanobrevibacter gottschalkii HO, NR_044789.1
Methanobrevibacter smithii PS, NR_074235.1
Methanobrevibacter woesei GS, NR_104875.1

94 -———  Methanobrevibacter aboriphilus DH-1, NR_042783.1

Methanobrevibacter acidurans ATM, NR_028779.1
100 M

ethanobrevibacter ruminantium M1, NR_042784.1
Methanothermobacter wolfeii DSM 2970, NR_040964.1
Methanosphaera stadtmanae DSM 3091, NR_074323.1
Methanobacterium oryzae FPi, NR_028171.1

98 Methanobacterium bryantii MOH, NR_042781.1

100 Aethanobacterium ivanovii OCM 140, NR_041716.1

Methanococcus voltae A3, NR_074184.1
100, Pyrococcus furiosus DSM 3638, NR_074375.1
100 Pyrococcus woesei DSM 3773, NR_104875.1
Thermococcus coalescens TSI, NR_040968.1
72 Thermococcus litoralis NS-C, NR_104784.1

Euryarchaeota

Nanoarchaeum equitans Kin4-M, AJ318041.1 | Nanoarchaeota

—_—

0.02

87
83 |: Staphylothermus marinus F1, NR_044909.1
100

Pyrodictium occultum PL-19, NR_025933.1

Uncultured thaumarchaeote, KF041037.1 | Thaumarchaeota

Uncultured korarchacote pBAS5, AF176347.1 |K0rarchae0ta

Crenarchaeota

Fig. 1. Phylogenetic tree showing the position of archaeal 16S rRNA gene sequences identified in infected endodontic
samples in comparison with representative species of five phylums: Euryarchaeota, Nanoarchaeota, Korarchaeota, Cre-
narchaeota and Thaumarchaeota. Phylogenetic tree was constructed for representative endodontic sample 3. The scale
bar is 0.02 substitutions per nucleotide. The tree was made using neighbor-joining method with bootstrap analysis. The

bootstrap values lower than 50 are not shown

ence of archaea in 85% of infected pulp tissues using the
same primers like Vianna et al. [20]. We suppose that such
a huge discrepancy between results may be due to rules of
patient selection and criteria for patient inclusion. It is also
possible that microbiological variations between different
populations exist. Baumgartner ef al. [25] demonstrated
that differences in bacteria detected in endodontic infec-
tions might be underlined by geographical locations.
Previously, it has been shown that archaea associated
with endodontic infection belong to the group of meth-
anogens [20-23]. Moreover, there are no data indicating
the presence of other groups of archaea in infected pulp
tissues. Thus, it seems that methanogens may be the only
archaea involved in dental root disease. Direct sequenc-
ing of PCR products based on 16S rRNA gene sequence
found the domination of Methanobrevibacter oralis-like
phylotype in infected pulp tissues [20, 21]. The results
indicated the presence of methanogens in inflamed pulp
tissues. Comparative analysis of archaeal 16S rRNA gene
sequence demonstrated that oral inhabitant Methanobre-
vibacter oralis can occur in inflamed pulp tissues. The
obtained 16S rRNA gene sequences were almost identical
to this archaeon and shared 98-99% identity. However,
4/9 of obtained sequences also shared 99% similarity to

Methanobrevibacter smithii, thus this archaeon may be
also detected in endodontic samples. Moreover, we cannot
exclude the occurrence of other methanogens like Metha-
nobrevibacter thaueri, Methanobrevibacter millerae and
Methanobrevibacter gottschalkii.

The question whether archaea could be potential human
pathogens remains still open. Previous observations [20-23]
as well as our results clearly demonstrated that infected pulp
tissue is colonized not only by several bacterial species but
also by archaea, especially methanogens. This leads to the
hypothesis that archaea in cooperation with bacteria may take
part in the course of pulp tissue inflammation. However, the
coexistence between bacteria and archaea is not clear. It was
suggested that this cooperation depends on syntrophic interac-
tions between bacteria and archaea connected with hydrogen
transfer [15, 22]. Recently, it has been shown that there is
a possible competition for H, between archaea, sulfate-reduc-
ing bacteria and acetogenic bacteria Treponema sp. It was
indicated that these three hydrogenotrophic microbial groups
may function as alternative syntrophic partners of secondary
fermenting periodontal pathogens [15, 17]. In addition, these
interactions may be very important because Treponema den-
ticola is a well-known oral pathogen and sulfate reducing bac-
teria are able to synthesize hydrogen sulfide toxic for tissues.
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Table 3. Identification of archaea in endodontic samples on the basis of 16S rRNA gene sequence

Archaeal strains

No. of endodontic sample

1 3 4 6 8 9 10 16 17
Sequence identity [ %]
Methanobrevibacter oralis ZR 99 99 98 99 99 99 99 99 98
Methanobrevibacter smithii PS 98 99 97 99 98 99 99 98 97
Methanobrevibacter thaueri CW 98 98 97 98 98 98 97 97 97
Methenobrevibacter millerae ZA-10 98 98 96 98 98 98 98 97 97
Methanobrevibacter gottschalkii HO 97 98 96 96 97 98 96 96 96
Methanobrevibacter woesei GS 97 97 96 97 97 97 96 96 96
Methanobrevibacter arboriphilus DH-1 16S 94 95 95 94 95 96 95 95 94
Methanobrevibacter acididurans ATM 94 95 95 94 94 96 96 95 94
Methanobrevibacter boviskoreani JH1 94 94 95 96 95 96 96 94 95
Methanobrevibacter ruminantium M1 94 95 95 94 94 95 94 94 95
Methanobrevibacter wolinii SH 94 94 94 95 94 95 93 94 94
Methanobrevibacter cuticularis REM-1 94 95 93 94 95 93 92 93 93
Methanobrevibacter olleyae KM1HS5-1P 94 95 94 94 95 95 96 94 95
Methanobrevibacter curvatus RFM-2 93 94 92 93 92 93 93 93 93
Methanobacterium flexile GH 92 94 93 92 94 95 93 94 92
Methanobrevibacter filiformis RFM-3 92 93 92 93 92 93 93 92 92
The results with identity lower than 92% are not shown.
Nowadays, nothing is known about archaeal virulence 3. Albers SV, Meyer BH (2011): The archaeal cell envelope. Nat

factors. Moreover, there is no knowing whether archaea
invasion can induce the response of the immune system.
Yamabe et al. [30] documented that Japanese patients with
severe periodontitis had IgG antibodies against Methano-
brevibacter oralis. It was also shown that the chaperonin
subunits of Methanobrevibacter oralis were recognized by
the host immune system of periodontitis patients [31, 32].
Taking into account that archaea are not only the important
members of human microbiome, but also can be involved
in the etiopathogenesis of some diseases it seems to be of
great importance to find out whether archaeal components
stimulate immune response.
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