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Abstract

Methanogens are strictly anaerobic archaea metabolising by-products of bacterial fermentation into methane by using three
known metabolic pathways, i.e. the reduction of carbon dioxide, the fermentation of acetate or the dismutation of methanol or
methylamines. Methanogens described in human microbiota include only Euryarchaeota, i.e. Methanobrevibacter smithii,
Methanobrevibacter oralis, Methanobrevibacter arbophilus, Methanobrevibacter massiliensis, Methanomassiliicoccus
luminyensis, Methanosphaera stadtmanae and Ca. Methanomethylophilus alvus and Ca. Methanomassiliicoccus intestinalis.
Methanogens are emerging pathogens associated with brain and muscular abscesses. They have been implicated in dysbiosis of
the oral microbiota, periodontitis and peri-implantitis. They have also been associated with dysbiosis of the digestive tract
microbiota linked to metabolic disorders (anorexia, malnutrition and obesity) and with lesions of the digestive tract (colon
cancer). Their detection in anaerobic pus specimens and oral and digestive tract specimens relies on microscopic examination
by fluorescence in situ hybridisation, specific DNA extraction followed by polymerase chain reaction (PCR)-based amplification
of'the 16S rRNA and mcrA gene fragments and isolation and culture in the supporting presence of hydrogen-producing bacteria.
Diagnostic identification can be performed by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) and can be further completed by genotyping through multi-spacer sequencing and, ultimately, whole genome
sequencing (WGS). Ornidazole derivatives, fusidic acid and rifampicin are the compounds to be included in in vitro susceptibility
testing to complete the clinical workflow. Clinical microbiology laboratories should work toward developing cheap and easy
protocols for the routine detection and identification of methanogens in selected specimens in order to refine the diagnosis of
infections, as well as to expand the knowledge about this group of intriguing microorganisms.

Introduction: methanogens
in the environment

Methanogenic archaea (further referred to as methanogens),
the only known methane-producing microorganisms in the
environmental and human ecosystems, belong to the orders
Methanococcales, Methanobacteriales, Methanosarcinales,
Methanomicrobiales, Methanopyrales, Methanocellales and
Methanomassiliicoccales (Fig. 1). Methanogens are strictly
aero-intolerant organisms exhibiting fully anaerobic
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respiration. During aerobic respiration, O, is the final acceptor
of electrons to form water, while in the case of methanogens,
carbon present in small organic molecules is the final acceptor
of'electrons [1, 2]. According to the carbon substrates used for
methanogenesis, methanogens are divided into three groups,
hydrogenotrophs, methylotrophs and acetotrophs [1]. Two
new phyla, Bathyarchacota and Verstraetearchaeota, recently
detected in deep-ocean, freshwater sediments, soils and
hydrocarbon-rich environments by metagenomic approaches
are both likely to belong to the methylotrophs [3].

Methanogens in natural human microbiota
Oral microbiota

Five genera of methanogens, namely, Methanobrevibacter spp.,
Methanosphaera spp., Methanosarcina spp., Thermoplasma
spp. and Methanobacterium spp., have been isolated from
subgingival dental specimens [4]. A review of the international
literature concluded that Methanobrevibacter oralis was
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Fig. 1 Methanogens sources, biochemistry and phylogeny

significantly associated with periodontal disease based on com-
parisons of abundance between patients and controls and be-
tween diseased and healthy sites in the same patient [4]. Also,
we recently observed that tobacco smoking increased the prev-
alence of detection of methanogens in the oral cavity, suggest-
ing that environmental factors play a role in the repertoire var-
iation of mucosa-associated methanogens [5].

Gastrointestinal tract microbiota

Only eight methanogen species have been cultured from the
gastrointestinal microbiota, including Methanobrevibacter
smithii, Methanobrevibacter oralis, Methanosphaera
stadtmanae, Methanobrevibacter arbophilus and
Methanobrevibacter massiliensis, all from the order
Methanobacteriales [1], and Ca. Methanomethylophilus
alvus, Ca. Methanomassiliicoccus intestinalis and
Methanomassiliicoccus luminyensis from the order
Methanomassiliicoccales [6, 7]. The healthy human colon
has extremely low oxygen concentrations and methanogens
account for 10% of all gut anaerobes and actively support
digestion efficiency [1]. Quantitative polymerase chain reac-
tion (PCR)-based studies indicated that methanogens includ-
ing M. smithii colonise the human digestive microbiota early
after birth [8, 9], with the mother’s gut or vaginal microbiota
as probable sources of colonisation [10]. Methanobrevibacter
smithii was first isolated in 1982 from faeces [11] and has a
prevalence of up to 95.7%, while M. stadtmanae has a
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prevalence of up to 23% [12]. The latter has the lowest energy
metabolism of all currently known methanogens, being totally
dependent on acetate as a carbon source and showing methane
production that requires methanol and hydrogen [13]. It has
recently been shown that M. smithii and M. stadtmanae induce
monocyte-derived dendritic cells [14]. Furthermore,
M. stadtmanae also induces a strong pro-inflammatory cyto-
kine release from monocyte-derived dendritic cells and is more
common in patients with inflammatory bowel disease [14].
Another study on the newborn’s stomach detected the presence
of M. smithii in all newborns [9]. This observation indicates that
M. smithii is an early inhabitant of the human stomach,
colonising the gastric mucosa just after birth, with the gut mi-
crobiota of the mother being the likely source of colonisation.

Respiratory tract microbiota

Apart from a single metagenomic study demonstrating the
presence of methanogen DNA sequences in lung biopsies
[15], the presence of living methanogens along the respiratory
tract remains to be studied in more detail.

Skin microbiota

The human skin microbiome consists of bacteria, archaea,
eukaryotes and viruses. A study using archaea-specific 16S
rRNA gene primers revealed the presence of archaea on the
skin of 13/13 volunteers, with a relative abundance greater
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than 4% in one individual. Thaumarchaeota sequences were
detected on the palms of two individuals [16]. A recent study
showed that archaeal signatures were more diverse and ar-
chaea also more abundant in individuals younger than 12 years
of'age or older than 60 years than in individuals from other age
groups [17].

Vagina microbiota

A study by Belay et al. [18], performed on vaginal samples,
showed that 2/12 patients cultured M. smithii in two patients
diagnosed with bacterial vaginosis.

Detecting methanogens in the clinical
microbiology laboratory

The clinical specimens

Saliva [5], oral cavity samples [4, 19], newborn gastric fluid
samples [8, 9] and stools [1] have been sampled for the search
of methanogens in microbiota. In addition, pus samples, in-
cluding periodontitis pocket pus, muscular pus and brain ab-
scess pus, have been collected for the search of methanogens
in pathological situations [1] (Fig. 2). Clinical specimens can
be collected at the patient’s bedside directly into a sterile tube

ax

Oral microbiota

intestinal microbiota

Clinical Sample

containing a transport SAB medium [20]. Upon reception in
the laboratory, samples collected into routine sterile tubes will
be inoculated into Hungate tubes containing SAB medium
[20]. Hungate pioneered the culture of methanogens after hav-
ing developed sealed tubes to preserve the anaerobic atmo-
sphere: modern Hungate tubes feature a stream-sterilised
screw cap with a 9-mm opening, a non-toxic, gas-
impervious butyl rubber stopper and a disposable screw cap
keeping an 80% H, and 20% CO, atmosphere [21]. Hungate
tubes have a shelf life of 4 weeks when kept at 4 °C. Then,
they have to be manipulated under strict anaerobic atmosphere
and all further manipulations of Hungate tubes, including in-
oculation of specimens and preparation for subcultures, have
to be performed in a strict anaerobic atmosphere.

Microscopic examination and morphology

Methanogens can be observed microscopically using a fluo-
rescence in situ hybridisation (FISH) technique, combining an
oligonucleotide probe targeting the 16S rRNA gene [22] or a
probe targeting the methyl coenzyme-M reductase gene
(mcrA) [23] and confocal laser scanning microscopy. FISH
is a reliable method for the visualisation of methanogens in
the oral [5] and gastric mucosa [9]. Although the oligonucle-
otide probes currently used for FISH are not species-specific,
they do visualise a diplococcoid morphology for M. smithii
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and a bacillary morphology for M. oralis [5]. The morphology
of methanogens varies: coccoid forms are seen for members of
the genera Methanococcus spp., Methanosphaera spp.,
Methanococcoides spp. and some Methanobrevibacter spp.,
the baton form is observed for Methanobacterium spp. and
Methanobrevibacter spp., and the chain stick for
Methanopyrus spp. [24]. Other methanogens may have a spi-
ral shape (e.g. Methanospirillum spp. and Methanoplanus
spp.), but these methanogens have not yet been detected in
humans [25-27]. The irregular cocci forming sarcina (cell
packages) is characteristic of Methanosarcina spp. [28].
Methanolobus spp., Methanosarcina spp. and
Methanobacterium spp. can form cell aggregates as well [29].

DNA-based detection and identification

Molecular techniques are effective alternatives to culture for
studying the prevalence of methanogens in human specimens
and for studying the potential association of methanogens
with human diseases, albeit they detect both living and dead
methanogens [1]. DNA extraction is a crucial step upstream
of PCR. One study compared different DNA extraction
methods on 110 human stool samples and showed that a
semi-automated protocol consisting of digestion with protein
K coupled with a mechanical lysis step using glass powder
was the fastest and most quantitative method [30]. There are
two routinely used PCR-based detection systems for
methanogens, one targeting the archaeal 16S rRNA gene
[31] and the other targeting the mcrA gene [23]. Also, a
real-time PCR protocol targeting the rpoB gene encoding
the beta subunit of the RNA polymerase could be used for
the detection of M. smithii and M. stadtmanae [12].
Numerous studies have detected M. smithii, M. stadtmanae,
M. arboriphilus, M. luminyensis, M. oralis, M. massiliense,
Methanosarcina and Methanoculleus sequences in the oral
cavity and in the digestive tract [1, 5, 6, 12]. These studies
have shown that members of the genus Methanobrevibacter
spp. were dominant in the digestive tract and in the oral
cavity [1, 4, 5].

Isolation and culture

The growth of any methanogen is detected in inoculated Hungate
tubes through methane production. Gas chromatography (GC)
makes it possible to detect methane release in the medium [24].
GC detects the presence of living methanogens but does not
allow for more precise identification of methanogens [6, 9, 24].
Inoculated broth of Hungate tubes positive for methane produc-
tion is subcultured onto solid SAB culture medium. In order to
simplify the subculture process, we recently developed a new
culture technique [32]. This technique uses two compartments
for the aerobic culture of methanogens in the presence of
Bacteroides thetaiotaomicron producing hydrogen, while the
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aerobic culture of methanogens is being made further possible
by using antioxidants. In brief, the sample is seeded in the
Hungate tube containing SAB broth supplemented with ascorbic
acid, uric acid and glutathione as antioxidants and inoculated
with B. thetaiotaomicron to produce hydrogen. Subcultures seed-
ed on SAB medium supplemented with agar and deposited in the
upper compartment and the lower compartment contain a culture
of B. thetaiotaomicron [32] (Fig. 3). Methanogens are auto-
fluorescent microorganisms and this feature could be used for
the rapid detection of methanogen colonies (but not in clinical
specimens) by epifluorescence microscopy [24]. Indeed,
methanogens carry a factor 420, excited in green blue when
exposed to UV light at a wavelength of 420 nm [21]. The factor
420 is a deazaflavin hydride carrier coenzyme comprising
three cycles (Supplementary Fig. 1) [33]. F45 was purified and
structurally characterised from the methanogen
Methanobacterium sp. strain M.o.H. [33]. Methanogens use
F450 for two reduction steps in methanogenesis going from
methenyltetrahydromethanopterin to
methyltetrahydromethanopterin, as well as for other hydride
transfer reactions [33].

MALDI-TOF MS identification

The first-line identification of colonies can be done by
matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF MS), a rapid technique
for the identification of prokaryotes, eukaryotes and virus-
es [34]. To date, there is only one study on the identifi-
cation of methanogens by MALDI-TOF MS [35]. The
protocol consists of mechanically lysing a suspension of
methanogen colonies with glass beads in an Eppendorf
tube and two successive washes in water. A 1.5-uL vol-
ume of the suspension is deposited on the MALDI-TOF
MS steel sample plate and covered with matrix, prior to
analysis. Identification can be confirmed by detecting the
16S rRNA gene, the mcrA gene or the rpoB gene using
qPCR or PCR sequencing as described above.
Identification can be refined by genotyping colonies using
multi-spacer typing, as previously described [36, 37].
Briefly, this technique relies on sequencing four PCR-
amplified intergenic spacers in order to get a strain-
specific fingerprint of the isolate. So far, 15 spacer types
have been described for M. smithii [36] and nine for
M. oralis [37]. Finally, the overall genetic information is
obtained by whole genome sequencing (WGS), after ap-
propriate DNA extraction and Illumina protocols as de-
scribed above. Methanobrevibacter smithii genome sizes
are between 1.8 and 2.1 Mb with a 30-32% GC value,
whereas the M. oralis genome is between 2.12 and
2.15 Mb with a 27.7-28% GC value. These methanogens
do not harbour plasmids or transposons.
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In vitro antibiotic susceptibility testing

Most antibiotics used to fight bacteria are in vitro inactive
against methanogens [38]. Indeed, intestinal M. smithii iso-
lates are highly resistant to beta-lactams, aminoglycosides,
glycopeptides, lincosamides and fluoroquinolones, and sus-
ceptible only to metronidazole, fusidic acid, rifampicin, baci-
tracin and squalamine [38, 39]. Lovastatin is a pro-drug,
which needs to be metabolised by anaerobes before being
active against M. smithii [1]. The in vitro susceptibility of
methanogens to chloramphenicol is variable: M. smithii,
M. oralis and M. luminyensis encode a chloramphenicol O-
acetyltransferase and exhibit minimum inhibitory concentra-
tions (MICs) of up to 25 mg/L, in contrast to M. stadtmanae,
which exhibits an MIC of 4 mg/L [38].

Role of methanogens in diseases
Digestive tract dysbioses
Obesity

Gavage of B. thetaiotaomicron-inoculated germ-free mice
with M. smithii led to weight gain, suggesting a role of the
methanogen in weight gain and possibly obesity [40].
However, three clinical studies found exactly the opposite,
that the prevalence of Methanobrevibacter spp., including
M. smithii, was lower in obese individuals compared to con-
trols, illustrating the limits of animal models in terms of hu-
man physiology and pathology [41].

Malnutrition

A recent study showed that M. smithii was not detected in the 20
stool samples of West African children suffering from severe
malnutrition, while it was detected in 40-75% of the healthy
controls. These findings provided important new insights into
malnutrition, correlating altered redox metabolism with potential-
ly irreversible disruption of host-archaeal-bacterial mutualism
through anaerobic and methanogenic depletion [42].

Anorexia

Metagenomic studies revealed profound gut microbiome per-
turbations in anorexia nervosa, characterised by an unbal-
anced relative abundance between Gram-positive and Gram-
negative bacterial species [41]. In addition, anorexia nervosa
microbial communities were unexpectedly enriched in
M. smithii in comparison with healthy subjects.

Digestive tract lesions

Some studies have shown the negative methanogen impact in
different digestive tract lesions: colorectal cancer, inflamma-
tory bowel diseases, irritable bowel syndrome and diverticu-
losis. In the case of colorectal cancer, the observed abundance
and detection rate of species belonging to Methanobacteriales,
Fusobacterium spp. and Bacteroides spp. may be a potential
marker for the early detection of colorectal cancer [1]. A re-
cent study showed a low incidence of methanogens in inflam-
matory bowel diseases using mcrA analysis [1]. The density
of methanogens in patients with irritable bowel syndrome is
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lower than in controls and the proportion of methane pro-
ducers is significantly higher in patients with constipation-
predominant bowel syndrome (58% methane producers) than
in patients with diarrhoea-predominant bowel syndrome (28%
methane producers) [43]. In 1986, a study of the incidence and
concentration of methane-producing bacteria in enema sam-
ples of 130 specimens collected prior to sigmoidoscopy did
not show any difference between the presence of methanogens
in control patients and patients with diverticulosis [44].
However, a higher number of methanogen colonies was ob-
served in the group with diverticulosis compared to controls
[44]. One study found that patients with diverticulosis were
more likely to be methane-producers and their mean breath
methane concentrations were higher than in controls [45].

Oral cavity diseases

Methanogens were detected from subgingival samples of pa-
tients with periodontitis, peri-implantitis and infected root canals
and in their saliva specimens. The diversity and abundance of
methanogenic archaea in the oral cavity have been analysed by
different methods, including the PCR sequencing methods
targeting specific archaea, metagenomic methods and
methanogen culture methods. According to those methods, the
most abundant methanogen species in oral microbiota is the spe-
cies M. oralis. In addition to M. oralis, several other methanogen
species were detected, including M. smithii, Methanosarcina
mazei, Methanobacterium congolense and M. massiliensis.
Among these methanogens, only M. oralis, M. smithii and
M. massiliensis have been cultivated [19]. Recently, using PCR
sequencing of the 16S rRNA gene and quantitative PCR
targeting the mcrA gene, the methanogens were described in
peri-implantitis disease. Thirty peri-implantitis samples and 28
control samples were collected in 28 consenting peri-implantitis
patients and the results showed the high prevalence of M. oralis
in 31/58 (51%) samples, including 16/28 (57%) control samples
and 15/30 (50%) peri-implantitis samples, followed by
M. massiliense detected in 5/58 (8.6%) samples, including 3/28
(1%) control samples and 2/30 (6.7%) peri-implantitis samples.
Fisher’s exact test demonstrated that there was no difference in
the prevalence of M. oralis or M. massiliense in peri-implantitis
and control samples [46].

Brain abscess

Brain abscesses are focal infections that can present with a wide
variety of symptoms and signs, depending on the number, loca-
tion and size of the abscesses. The annual incidence of bacterial
brain abscesses in the general population is as high as 0.3 to 1.3
per 100,000 population [47]. Brain abscesses are mainly caused
by various microorganisms, such as pyogenic bacteria,
Mycoplasma spp. or, less commonly, mycobacteria, fungi or
protozoa.
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A recent molecular and culture-based study has also shown
the presence of methanogens in brain abscesses [47].
Methanobrevibacter oralis was co-cultivated with
Streptococcus intermedius in the brain abscess samples.
Further investigation of a series of 18 brain abscess specimens
by RT-PCR detected M. oralis in 7/18 (38.9%) specimens,
with an average gene copies/specimen of 1.01E+03 +
1.14E+03/mL and M. smithii in 1/18 (5.6%) cases, with a gene
copies/specimen of 1.88E+02/mL. The metagenomic study of
32 brain abscess samples showed that archaea formed 5-27%
of the brain abscess microbiota. These archaca mostly belong
to the Euryarchaeota (64.2%) and Crenarchaeota (29.7%);
M. thermoautotrophicus and M. marburgensis were the most
abundant species. Finally, M. oralis was shown to be patho-
genic to neuronal tissues in a mouse model [47, 48].

Chronic paravertebral muscle abscess

A single study looked for methanogens by molecular testing
by applying specific archaca 16S rRNA gene and methyl co-
enzyme M reductase (mcrA) PCR assays on ten human inter-
nal abscesses of various origins [49]. The authors detected
M. smithii in one paravertebral muscular abscess from a 41-
year-old man. This was the first time that M. smithii occurred
in a paravertebral abscess [49].

Conclusions

Our review indicates that methanogens are linked to certain pa-
thologies, but, thus far, the exact role of methanogens in these
different pathologies remains unknown. Several questions re-
main to be addressed regarding the sources of methanogens
and their dynamics in microbiota. The potential for inoculum
effect in the induction of pathologies is unclear at this stage.
The consortium effect of methanogens and anaerobes in pathol-
ogies needs to be better defined. Also, the mechanisms contrib-
uting to the development of a methanogenic disease, such as the
potentially toxic role of methane, need to be investigated in much
greater detail. So far, methanogens have always been co-isolated
with anaerobic bacteria [47-49]. Efforts should be made to in-
corporate the detection, isolation and culture of methanogens in
the routine practice of clinical microbiology laboratories, in order
to increase knowledge on the repertoire of mucosae-associated
methanogens, their infectious potential and to increase the
knowledge on effective anti-methanogen drugs. The methods
reviewed here could be easily implemented in modern clinical
microbiology laboratories.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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