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Introduction

Methanogenic archaea (referred to herein as methanogens) and halophilic archaea are the two sole groups of archaea that have been isolated and cultured from the human digestive tract whereas several other groups comprising of Crenarchaeota and Traumarchaeota have been sequence-detected, leaving unknown about their viability and the potential roles they may have in the physiology of the gut [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Khelaifia | Draft genome sequence of a humanassociated isolate of Haloferax alexandrinus strain Arc-hr, an extremely halophilic archaea[END_REF][START_REF] Khelaifia | Haloferax massiliensis sp. nov., the first human-associated halophilic archaea[END_REF]. Methanogens are part of the human microbiota but are more prevalent in the digestive tract (Fig. 1). In a recent study, methanogens have been also found in colostrum and breast milk, notably Methanobrevibacter smithii and Methanobrevibacter oralis [START_REF] Togo | Culture of Methanogenic Archaea from Human Colostrum and Milk[END_REF]. These two methanogens were found in colostrum and milk of healthy lactating mothers by culture, quantitative polymerase chain reaction (qPCR) and amplicon sequencing for the first time ever in our laboratory [START_REF] Togo | Culture of Methanogenic Archaea from Human Colostrum and Milk[END_REF].

The important findings have been published shaked our picture of the ecology and importance of the archaea including the discovery of Thaumarchaeal ammonia oxidation, anaerobic methane oxidation [START_REF] Moissl-Eichinger | Human age and skin physiology shape diversity and abundance of Archaea on skin[END_REF][START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Bang | Archaea: forgotten players in the microbiome[END_REF], the discovery of methanogens seventh order [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Dridi | Age-related prevalence of Methanomassiliicoccus luminyensis in the human gut microbiome[END_REF][START_REF] Borrel | Genome Sequence of "Candidatus Methanomethylophilus alvus" Mx1201, a Methanogenic Archaeon from the Human Gut Belonging to a Seventh Order of Methanogens[END_REF][START_REF] Borrel | Genome Sequence of "Candidatus Methanomassiliicoccus intestinalis" Issoire-Mx1, a Third Thermoplasmatales-Related Methanogenic Archaeon from Human Feces[END_REF][START_REF] Dridi | Methanomassiliicoccus luminyensis gen. nov., sp. nov., a methanogenic archaeon isolated from human faeces[END_REF] and the discovery of the methanogenic properties in Bathyarchaeota, a noneuryarchaeal lineage [START_REF] Vanwonterghem | Methylotrophic methanogenesis discovered in the archaeal phylum Verstraetearchaeota[END_REF].

In nature, most microorganisms grow in mixed consortia. The first evidence of this consortia is methanogens which actively interact with other microorganisms was obtained from defined pure cultures, where syntrophy, mostly based on hydrogen transfer, which is the driving factor for potential benefit for both partners [START_REF] Moissl-Eichinger | Human age and skin physiology shape diversity and abundance of Archaea on skin[END_REF][START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Gaci | Archaea and the human gut: New beginning of an old story[END_REF]. This syntrophy is found in biofilm, consortium or stable microbial-microbial [START_REF] Moissl-Eichinger | Human age and skin physiology shape diversity and abundance of Archaea on skin[END_REF].

Archaea are now recognized as members of human microbiota [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF]. However, the archaea stay as forgotten players in the human microbiota for three main reasons: microscopic examination is non-specific; the culturing of some archaea requires an unusual atmosphere consisting of hydrogen and carbon dioxide; and PCR-based detection requires specific primers and probes [START_REF] Bang | Archaea: forgotten players in the microbiome[END_REF]. Though, several clinical microbiology teams have detected archaea including methanogens and halophilic archaea within the oral and gut microbiota with potential roles in some diseases [START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Gaci | Archaea and the human gut: New beginning of an old story[END_REF].

In this review, we will discuss physiological roles of human microbiota-associated methanogens.

Methods

1. Research strategy and article selection

A bibliographical search was carried out on the "Google", "Google Scholar", "PubMed" and "Web of Science" databases, using the key words: "human microbiota", "methanogenic archaea" (Fig. 2). These key words were used in solo and joint searches, in order to carry out a more exhaustive search as possible. We did not use a time limit in our article search, but patents and citations were excluded in our research. After reading the titles and summaries, we kept only the articles related to our subject. Then we eliminated all the duplicates.

Setting

Bibliographic searches identified 301.846 articles on Google, Google Scholar, PubMed and Web of Science. The first selection allowed us to exclude 301.295 articles after searching titles and abstracts. Then we eliminated 458 duplicates. So, 92 articles were selected to write this review.

Methods for studying human archaea in clinical microbiology

Direct microscopic examination and fluorescent in situ hybridization (FISH)

Direct microscopic examination of methanogens is based on auto-fluorescence. Methanogens carry factor 420, causing blue-green auto-fluorescence when they are exposed to UV light at a wavelength of 420 nm [START_REF] Cheeseman | Isolation and Properties of a Fluorescent Compound, Factor420, from Methanobacterium Strain M.o.H[END_REF][START_REF] Dridi | Laboratory tools for detection of archaea in humans[END_REF]. So, methanogens cells or colonies can be quickly identified by epifluorescence microscopy [START_REF] Dridi | Laboratory tools for detection of archaea in humans[END_REF]. This auto-fluorescence is an interesting feature used in methanogens growth monitoring.

Methanogens can be observed microscopically using fluorescent in situ hybridization (FISH) incorporating an oligonucleotide probe targeting the archaea 16S rRNA gene or a specific methanogens probe targeting the methyl coenzyme-M reductase gene (mcrA) [START_REF] Raskin | Group-specific 16S rRNA hybridization probes to describe natural communities of methanogens[END_REF][START_REF] Luton | The mcrA gene as an alternative to 16S rRNA in the phylogenetic analysis of methanogen populations in landfill[END_REF]. FISH is a reliable method for the visualization of methanogens in the oral mucosa [START_REF] Grine | Tobacco-smoking-related prevalence of methanogens in the oral fluid microbiota[END_REF] and the gastric mucosa [START_REF] Grine | Methanobrevibacter smithii, a methanogen consistently colonising the newborn stomach[END_REF] (Fig. 3).

Molecular approach

There are many routinely used PCR-based detection systems for archaea, one is targeting the archaeal 16S rRNA gene (forward primer: 5'-TCCAGGCCCTACGGG-3'; reverse primer: 5'-YCCGGCGTTGAMTCCAATT-3'; probe: FAM 5'-CCGTCAGAATCGTTCCAGTCAG-3') [START_REF] Raskin | Group-specific 16S rRNA hybridization probes to describe natural communities of methanogens[END_REF], another one is targeting the mcrA gene encoding a methyl-coenzyme-M reductase subunit (an enzyme involved in methanogenesis) (forward primer: 5'-GCTCTACGACCAGATMTGGCTTGG -3'; reverse primer: 5'-CCGTAGTACGTGAAGTCATCCAGCA -3'; probe: FAM 5'-ARGCACCKAACAMCAT GGACACWGT -3') [START_REF] Luton | The mcrA gene as an alternative to 16S rRNA in the phylogenetic analysis of methanogen populations in landfill[END_REF] and haloarchaea-specific primers Halo 1F and Halo 1R [START_REF] Oxley | Halophilic archaea in the human intestinal mucosa: Haloarchaea in the intestinal mucosa[END_REF]. Also, a real-time PCR protocol targeting the rpoB gene encoding for the beta subunit of the RNA polymerase, could be used for the detection of Methanobrevibacter smithii (forward primer: Ms_rpoBF, 5'-AAGGGATTTGCACCCAACAC-3'reverse primer: Ms_rpoBR, 5'-GACCACAGTTAGGACCCTCTGG-3'; probe: Ms_rpoBVIC, 5'-ATTTGGTAAGATTTGTCCGAATG-3') and Methanosphaera stadtmanae forward primer: Stadt_16SF, 5'-AGGAGCGACAGCAGAATGAT-3' Reverse primer: Stadt_16SR, 5'-CAGGACGCTTCACAGTACGA-3'; probe: Stadt_16SFAM, 5'-TGAGAGGAGGTGCATGGCCG-3' [START_REF] Dridi | High Prevalence of Methanobrevibacter smithii and Methanosphaera stadtmanae detected in the Human Gut Using an Improved DNA Detection Protocol[END_REF].

Culture approach

There is different culture approach for archaea isolation from human clinical sample. For methanogens culture we use a technique which is consisting of the use of two compartments for the aerobic culture of methanogens in the presence of Bacteroides thetaiotaomicron (B. thetaiotaomicron) producing hydrogen, the aerobic culture of methanogens being made 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 anti-oxydants and inoculated with B. thetaiotaomicron to produce hydrogen. Subculture seeded on a Petri dish containing SAB medium supplemented with agar and deposited in the upper compartment and the lower compartment contains a culture of B. thetaiotaomicron [START_REF] Khelaifia | Aerobic culture of methanogenic archaea without an external source of hydrogen[END_REF]. Recently, we developed a new technique for methanogens isolation in clinical microbiology. This new technique uses a chemical method form hydrogen production that allow a constant hydrogen production and increase a number of methanogens colonies compared to biological method [START_REF] Guindo | Culture of salivary methanogens assisted by chemically produced hydrogen[END_REF]. In addition, we used new culture conditions to culture halophilic archaea. The culture enrichment and isolation procedures for the culture of halophilic prokaryotes were performed in a Columbia broth medium (Sigma-Aldrich), modified by adding (per Litre): MgCl2•6H2O, 5 g; MgSO4•7H2O, 5 g; KCl, 2 g; CaCl2•2H2O, 1 g; NaBr, 0.5 g; NaHCO3, 0.5 g and 2 g of glucose. The pH was adjusted to 7.5 with 10 M NaOH before autoclaving. All additives were purchased from Sigma-Aldrich. Four concentrations of NaCl were used (150 g L-1, 200 g L-1 and 250 g L-1) [START_REF] Lagier | Culture of previously uncultured members of the human gut microbiota by culturomics[END_REF].

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)

MALDI-TOF MS has recently emerged as a rapid and cost-effective technique for the identification of bacteria, eukaryotes, and giant viruses [START_REF] Seng | Ongoing Revolution in Bacteriology: Routine Identification of Bacteria by Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry[END_REF][START_REF] Dieckmann | Rapid Classification and Identification of Salmonellae at the Species and Subspecies Levels by Whole-Cell Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry[END_REF][START_REF] Pignone | Identification of Mycobacteria by Matrix-Assisted Laser Desorption Ionization-Time-of-Flight Mass Spectrometry[END_REF][START_REF] Fournier | Rapid and cost-effective identification of Bartonella species using mass spectrometry[END_REF][START_REF] Nagy | Species identification of clinical isolates of Bacteroides by matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry[END_REF][START_REF] Cayrou | Matrix-assisted laser desorption/ionization time-offlight mass spectrometry for the identification of environmental organisms: the Planctomycetes paradigm: Planctomycetes MALDI-TOF identification[END_REF][START_REF] Marklein | Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry for Fast and Reliable Identification of Clinical Yeast Isolates[END_REF][START_REF] Stîngu | Rapid identification of oral anaerobic bacteria cultivated from subgingival biofilm by MALDI-TOF-MS[END_REF][START_REF] Haag | Rapid identification and speciation of Haemophilus bacteria by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry[END_REF]. To date there is only one study on the identification of archaea by MALDI TOF MS [START_REF] Dridi | Matrix-assisted laser desorption/ionization time-offlight mass spectrometry identification of Archaea: towards the universal identification of living organisms: IDENTIFYING Archaea BY MASS SPECTROMETRY[END_REF]. The protocol consists in mechanically lysing a suspension of methanogens colonies with glass beads in an Eppendorf tube, the supernatant obtained after the mechanical lysis being re-suspended two times in water after two centrifugations. The MALDI-TOF MS-based clustering of these archaeal organisms was consistent with their 16S rDNA sequence-based phylogeny. The obtained data proved that MALDI-TOF MS profiling could be used as a first-line technique for the identification of human archaea including halophilic and methanogens [START_REF] Dridi | Matrix-assisted laser desorption/ionization time-offlight mass spectrometry identification of Archaea: towards the universal identification of living organisms: IDENTIFYING Archaea BY MASS SPECTROMETRY[END_REF].

In vitro susceptibility testing

Most antibiotics used to fight bacteria are in vitro inactive against methanogens [START_REF] Khelaifia | Susceptibility of archaea to antimicrobial agents: applications to clinical microbiology[END_REF]. Indeed, intestinal Methanobrevibacter smithii (M. smithii) isolates are highly resistant to beta-lactams, aminoglycosides, glycopeptides, lincosamides and fluoroquinolones and susceptible to metronidazole, fusidic acid, rifampicin, bacitracine and squalamine [START_REF] Khelaifia | Susceptibility of archaea to antimicrobial agents: applications to clinical microbiology[END_REF][START_REF] Dridi | The antimicrobial resistance pattern of cultured human methanogens reflects the unique phylogenetic position of archaea[END_REF][START_REF] Khelaifia | Hydrophobicity of imidazole derivatives correlates with improved activity against human methanogenic archaea[END_REF][START_REF] Dermoumi | Isolation and Antimicrobial Susceptibility Testing of Fecal Strains of the Archaeon Methanobrevibacter smithii[END_REF]. Lovastatine is a pro-drug, which needs to be metabolized by anaerobes before being active against M. smithii 

Role of Human-associated methanogens

Direct physical contact might support symbiotic metabolism

Methanogens in different human microbiota are in close contact with bacteria. This association between methanogens and bacteria has been used to develop a method of cultivating methanogens in co-culture with B. thetaiotamicron which produces hydrogen and therefore allows the production of methane by methanogens by consuming hydrogen [START_REF] Khelaifia | Aerobic culture of methanogenic archaea without an external source of hydrogen[END_REF].

Methanobrevibacter massilensis was co-cultivated for the first time in the oral cavity with the bacterium Pyramidobacter piscolens [START_REF] Huynh | A new methanogen "Methanobrevibacter massiliense" isolated in a case of severe periodontitis[END_REF] and a recent article has shown Syntrophy via Interspecies H2 Transfer between Christensenella and Methanobrevibacter genus [START_REF] Ruaud | Syntrophy via Interspecies H 2 Transfer between Christensenella and Methanobrevibacter Underlies Their Global Cooccurrence in the Human Gut[END_REF].

Methanogens and carbohydrates degradation

The human diet contains numerous oligosaccharides and polysaccharides (complex carbohydrates) correlates with the evidence that the digestive microbiota contains microbial species diversity that have evolved in a very large number and variety of enzymes to assimilate (break down) these molecules to simple sugars [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Duca | Gut microbiota, nutrient sensing and energy balance[END_REF][START_REF] Fava | The type and quantity of dietary fat and carbohydrate alter faecal microbiome and short-chain fatty acid excretion in a metabolic syndrome 'at-risk' population[END_REF][START_REF] Donati Zeppa | Mutual Interactions among Exercise, Sport Supplements and Microbiota[END_REF][START_REF] Yamaguchi | Association of Intestinal Microbiota with Metabolic Markers and Dietary Habits in Patients with Type 2 Diabetes[END_REF][START_REF] Conlon | The Impact of Diet and Lifestyle on Gut Microbiota and Human Health[END_REF]. In this sugar environment, methanogens stand out by their almost complete lack of enzymes for carbohydrate assimilation. Thus, the genomes of M. smithii, M. oralis, M. stadmanaea, Methanobrevibacter arboriphilicus (M. arboriphilus) and Methanobrevibacter millerae (M. millerae) do not encode enzyme for the breakdown of glycosidic bonds, while M. luminyensis only encodes two enzymes involved in its own intracellular trehalose cycle. Although these methanogens have little capacity to breakdown external glycans to monosaccharides, their genomes do contain the enzymes that can link monosaccharides to a variety of acceptors to build glycoconjugates. It has been reported that the methanogens are unable to recycle the carbohydrate structures that they assemble [START_REF] Coutinho | The relationship between glucose and incident cardiovascular events. A metaregression analysis of published data from 20 studies of 95,783 individuals followed for 12.4 years[END_REF].

Methane release and H2 consumption

Methanogens such as M. smithi and M. stadtmanae have able to remove hydrogen excess from the gut in the case hydrogen accumulation in human gut reduces the energy and the efficiency of microbial processes [48]. The gut methanogens metabolize the hydrogen generated during the fermentation of carbohydrates into methane and promotes more ATP synthesis in anaerobic bacteria in the gut microbiota and subsequently promotes resident bacterial population growth including opportunistic pathogens. This evidence suggests that methanogens, through their methane production, can have a directly positive impact in human intestinal transit [48].

In an anaerobic respiration, methanogens oxidize carbon such as CO2 as a terminal electron acceptor. Thus, methanogens are common in habitats that are poor in other electron acceptors, (O2, NO3, Fe 3+ and SO4 2-). Methanogens as strict anaerobes have long been classified to be limited to anoxic habitats. However, recent studies have shown that some methanogens are able to produce methane in oxygenated soils [START_REF] Lyu | Metabolic shift at the class level sheds light on adaptation of methanogens to oxidative environments[END_REF] and even in human microbiota [START_REF] Grine | Tobacco-smoking-related prevalence of methanogens in the oral fluid microbiota[END_REF].

Methanogens were classified into three biochemical groups based on the substrates using for hydrogen production: hydrogenotrophic, aceticlastic and methylotrophic [START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Ruaud | Syntrophy via Interspecies H 2 Transfer between Christensenella and Methanobrevibacter Underlies Their Global Cooccurrence in the Human Gut[END_REF][START_REF] Lyu | Metabolic shift at the class level sheds light on adaptation of methanogens to oxidative environments[END_REF] (Fig. 4).

The most group described in human microbiota is hydrogenotrophic methanogens who oxidize H2, formate or a few simple alcohols and reduce CO2 to CH4 [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Ruaud | Syntrophy via Interspecies H 2 Transfer between Christensenella and Methanobrevibacter Underlies Their Global Cooccurrence in the Human Gut[END_REF].

Heavy metal transformation

Heavy metals or metalloids are transformed into methylated derivatives, which are more toxic compounds [START_REF] Meyer | Volatilisation of metals and metalloids: An inherent feature of methanoarchaea?[END_REF]. M. smithii and M. stadtmanae were shown to be able to produce more trimethyl-bismuth by bismuth reduction produced in human feces [START_REF] Meyer | Volatilisation of metals and metalloids: An inherent feature of methanoarchaea?[END_REF][START_REF] Harwood | Microbial source tracking markers for detection of fecal contamination in environmental waters: relationships between pathogens and human health outcomes[END_REF]. This volatile bismuth is produced in human feces and has toxic effects not only on human cells but also on bacteria such as B. thetaiotaomicron [START_REF] Meyer | Volatilisation of metals and metalloids: An inherent feature of methanoarchaea?[END_REF][START_REF] Harwood | Microbial source tracking markers for detection of fecal contamination in environmental waters: relationships between pathogens and human health outcomes[END_REF].

Methanogens as probiotics

The possible use of methanogens as probiotics has received particular attention since the recent discovery that some methanogens can use trimethylamine as a substrate for methanogenesis [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF]. This trimethylamine is produced by intestinal bacteria from food ingredients and an abnormal level of trimethylamine in the blood correlates with a very high risk of cardiovascular disease [START_REF] Juneau | Athérosclérose: le rôle du microbiome intestinal[END_REF][START_REF] Randrianarisoa | Relationship of Serum Trimethylamine N-Oxide (TMAO) Levels with early Atherosclerosis in Humans[END_REF]. In a recent study, Brugère et al demonstrated that M. luminyensis is able to use hydrogen to reduce trimethylamine to methane during its growth [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF]. According to the same authors, Candidatus Methanomethylophilus alvus and Candidatus Methanomassiliicoccus intestinalis are also able to use hydrogen to reduce trimethylamine to methane during their growth [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF]. The level of trimethylamine in the human body is therefore modulated by the composition of the intestinal microbiota and in particular by the quantity of these methanogen species [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF]. On this basis they were able to demonstrate that the use of these different species of methanogens as a probiotic in individuals with a hereditary defect in flavin-containing monooxygenase 3 would be an alternative to the treatment of metabolic disorders linked to a high level of trimethylamine [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF].

The share of methanogens, in particular M. smithii has also been demonstrated in severe acute malnutrition [START_REF] Million | Increased Gut Redox and Depletion of Anaerobic and Methanogenic Prokaryotes in Severe Acute Malnutrition[END_REF]. In this recent study, Million et al showed the complete absence of M. smithii in children suffering from severe acute malnutrition compared to healthy children [START_REF] Million | Increased Gut Redox and Depletion of Anaerobic and Methanogenic Prokaryotes in Severe Acute Malnutrition[END_REF]. Considering the fact that methanogens represent 10% of anaerobic microorganisms in the gut and that the species M. smithii is the most represented with a prevalence of up to 97.5% [START_REF] Dridi | High Prevalence of Methanobrevibacter smithii and Methanosphaera stadtmanae detected in the Human Gut Using an Improved DNA Detection Protocol[END_REF][START_REF] Miller | Enumeration of Methanobrevibacter smithii in human feces[END_REF][START_REF] Stewart | Carriage, quantification, and predominance of methanogens and sulfate-reducing bacteria in faecal samples[END_REF]; considering their essential role in the digestion of food by using the hydrogen produced by the fermented products of the bacteria thus facilitating the absorption of food; considering the fact that malnutrition could be the consequence of a food malabsorption syndrome and the total depletion of M. smithii observed only in severe acute malnourished in the study carried out by Million et al, an exogenous intake of this strain in children suffering from severe acute malnutrition would be an alternative to be taken into consideration in view of the predominant role played by this species in food digestion.

Human associated methanogens and human diseases

Methanogens associated with dysbiosis

Methanogens are the only archaea groups involved in the dysbiosis of the human microbiota, especially the intestinal, oral, sinus, vaginal and urinary microbiota. The methanogens involved in dysbiosis of the intestinal microbiota are mainly M. smithii (most involved), M. stadtmanae and M. luminyensis [START_REF] Sereme | Methanogenic Archaea: Emerging Partners in the Field of Allergic Diseases[END_REF]. There is a decrease in methanogens during Crohn's disease, ulcerative colitis, malnutrition [START_REF] Million | Increased Gut Redox and Depletion of Anaerobic and Methanogenic Prokaryotes in Severe Acute Malnutrition[END_REF][START_REF] Scanlan | Human methanogen diversity and incidence in healthy and diseased colonic groups using mcrA gene analysis[END_REF][START_REF] Mckay | Methane excretion in man--a study of breath, flatus, and faeces[END_REF] and an increase during diverticulosis, inflammatory bowel disease, irritable bowel syndrome, constipation, obesity, colorectal cancer and colonic polyposis [START_REF] Attaluri | Methanogenic Flora Is Associated With Altered Colonic Transit but Not Stool Characteristics in Constipation Without IBS[END_REF][START_REF] Weaver | Incidence of methanogenic bacteria in a sigmoidoscopy population: an association of methanogenic bacteria and diverticulosis[END_REF][START_REF] Sc | Breath methane production in children with constipation and encopresis[END_REF][START_REF] Triantafyllou | Methane and Gastrointestinal Motility[END_REF][START_REF] Chatterjee | The Degree of Breath Methane Production in IBS Correlates With the Severity of Constipation[END_REF][START_REF] Zhang | Human gut microbiota in obesity and after gastric bypass[END_REF][START_REF] Pimentel | Normalization of lactulose breath testing correlates with symptom improvement in irritable bowel syndrome a double-blind, randomized, placebocontrolled study[END_REF][START_REF] Yazici | Breath Methane Levels Are Increased Among Patients with Diverticulosis[END_REF][START_REF] Piqué | Methane production and colon cancer[END_REF][START_REF] Lee | Breath methane positivity is more common and higher in patients with objectively proven delayed transit constipation[END_REF][START_REF] Lecours | Increased Prevalence of Methanosphaera stadtmanae in Inflammatory Bowel Diseases[END_REF][START_REF] Mbakwa | Gut colonization with methanobrevibacter smithii is associated with childhood weight development: Gut Archaea and Weight Development in Children[END_REF][START_REF] Kim | Methanobrevibacter smithii is the Predominant Methanogen in Patients with Constipation-Predominant IBS and Methane on Breath[END_REF][START_REF] Vandeputte | Stool consistency is strongly associated with gut microbiota richness and composition, enterotypes and bacterial growth rates[END_REF][START_REF] Ghoshal | Slow Transit Constipation Associated With Excess Methane Production and Its Improvement Following Rifaximin Therapy: A Case Report[END_REF][START_REF] Pimentel | Methane production during lactulose breath test is associated with gastrointestinal disease presentation[END_REF].

There are three methanogens involved in dysbiosis of the oral microbiota, namely M. oralis (most involved), Methanobrevibacter massiliense (M. massiliens) and M. smithii [START_REF] Sogodogo | First characterization of methanogens in oral cavity in Malian patients with oral cavity pathologies[END_REF]. They have been found in periodontal dysbiosis such as periodontitis, peri-implantitis and gingivitis [START_REF] Sogodogo | First characterization of methanogens in oral cavity in Malian patients with oral cavity pathologies[END_REF][START_REF] Nguyen-Hieu | Methanogenic archaea in subgingival sites: a review[END_REF][START_REF] Faveri | Prevalence and microbiological diversity of Archaea in peri-implantitis subjects by 16S ribosomal RNA clonal analysis: Archaea in peri-implantitis subjects[END_REF][START_REF] Belkacemi | Peri-implantitis-associated methanogens: a preliminary report[END_REF][START_REF] Lepp | Methanogenic Archaea and human periodontal disease[END_REF][START_REF] Vianna | Identification and Quantification of Archaea Involved in Primary Endodontic Infections[END_REF][START_REF] Kulik | Identification of archaeal rDNA from subgingival dental plaque by PCR amplification and sequence analysis[END_REF]. In a recent study conducted in our laboratory, Sogodogo et al found M. oralis, M. smithii and M. massiliense in sinus abscesses, more precisely in refractory maxillary sinusitis [START_REF] Sogodogo | Nine Cases of Methanogenic Archaea in Refractory Sinusitis, an Emerging Clinical Entity[END_REF].

M. smithii is so far the only archaea implicated in vaginal dysbiosis including vaginosis [START_REF] Grine | Coculture of Methanobrevibacter smithii with enterobacteria during urinary infection[END_REF][START_REF] Belay | Methanogenic bacteria in human vaginal samples[END_REF]. The role of archaea in dysbiosis of the urinary microbiota was studied in a recent study by Grine et al [START_REF] Grine | Coculture of Methanobrevibacter smithii with enterobacteria during urinary infection[END_REF]. In this study, the authors used a polyphasic approach (PCRsequencing and culture) to highlight M. smithii as the only archaea involved in urinary tract infection [START_REF] Grine | Coculture of Methanobrevibacter smithii with enterobacteria during urinary infection[END_REF].

Methanogens associated with abscesses

There are only three studies carried out on the role of archaea in human abscesses and all these studies were done in our laboratory [START_REF] Drancourt | Evidence of Archaeal Methanogens in Brain Abscess[END_REF][START_REF] Nkamga | Methanobrevibacter smithii and Bacteroides thetaiotaomicron cultivated from a chronic paravertebral muscle abscess[END_REF][START_REF] Nkamga | Methanobrevibacter oralis detected along with Aggregatibacter actinomycetemcomitans in a series of community-acquired brain abscesses[END_REF]. In a study conducted by Drancourt et al, M. oralis was isolated and cultured from a brain abscess [START_REF] Drancourt | Evidence of Archaeal Methanogens in Brain Abscess[END_REF]. In this study, the authors carried out a polyphasic approach (PCR-sequencing, metagenomics and culture) on brain abscess samples. They were able to detect 8/18 positive samples by qPCR, 28/32 positive samples by metagenomics and succeeded in isolating by culture the M. oralis in a brain abscess sample taken from a 51-year-old woman with a history of dental avulsion of one month [START_REF] Drancourt | Evidence of Archaeal Methanogens in Brain Abscess[END_REF]. M. smithii was detected by PCR specific for 16S RNA and mcrA genes in a paravertebral muscle abscess in a 41-year-old man suffering from lumbar swelling with night sweats and chronic fever [START_REF] Nkamga | Methanobrevibacter smithii and Bacteroides thetaiotaomicron cultivated from a chronic paravertebral muscle abscess[END_REF]. In a study by Nkamga et al, M. oralis was detected by PCRspecific sequencing of the 16S RNA and mcrA genes in a brain abscess sample from a 30year-old woman suffering from persistent headaches for four days and a left temporal abscess [START_REF] Nkamga | Methanobrevibacter oralis detected along with Aggregatibacter actinomycetemcomitans in a series of community-acquired brain abscesses[END_REF].

Conclusions and perspectives

Archaea are an integral part of the human microbiota and are found in humans from the first day of birth [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Grine | Methanobrevibacter smithii, a methanogen consistently colonising the newborn stomach[END_REF]. There are three phyla found in humans including Euryarchaeota (the most important), Crenarchaeota and Thaumarchaeota [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF] and methanogens are the most common archaea found in humans [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Dridi | Laboratory tools for detection of archaea in humans[END_REF]. Since their first isolation in humans more than five decades ago, only ten species of archaea have been cultured in humans and all these species belong to the phylum Euryarchaeota (eight methanogens and two halophilic archaea) [START_REF] Nkamga | Archaea: Essential inhabitants of the human digestive microbiota[END_REF][START_REF] Khelaifia | Draft genome sequence of a humanassociated isolate of Haloferax alexandrinus strain Arc-hr, an extremely halophilic archaea[END_REF][START_REF] Khelaifia | Haloferax massiliensis sp. nov., the first human-associated halophilic archaea[END_REF][START_REF] Sogodogo | Methanogens as emerging pathogens in anaerobic abscesses[END_REF][START_REF] Guindo | Culture of salivary methanogens assisted by chemically produced hydrogen[END_REF][START_REF] Nottingham | Isolation of methanogenic bacteria from feces of man[END_REF]. This fact is linked to their fastidious culture which requires anaerobiosis control and the supply of hydrogen [START_REF] Guindo | Culture of salivary methanogens assisted by chemically produced hydrogen[END_REF][START_REF] Garcia | Taxonomic, Phylogenetic, and Ecological Diversity of Methanogenic Archaea[END_REF][START_REF] Ferrari | Isolation and characterization of Methanobrevibacter oralis sp[END_REF]. There is therefore a need to optimize current methods of isolating and culturing archaea in order to be able to isolate new species. It would also be very useful to conduct studies to better understand their role in human pathologies as well as their possible use as probiotics [START_REF] Brugère | Archaebiotics: Proposed therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease[END_REF].

There is a real enormous deficit of knowledge and partially contradictory information concerning human methanogens, it is helpful to develop a methodology and standard operating procedures allowing detection, quantification and characterization of methanogens in clinical samples.

The development of new methods of identification and culture of these particular microorganisms from clinical samples is therefore necessary. This will allow to isolate new species and characterize them phenotypically, to explore their genome by sequencing and study population dynamics in particular specify their exact role within the complex flora associated with the mucous microbiota of human.
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Highlights

Methanogens are very important for humans and contribute to human well-being by playing major physiological roles. However, their involvement in certain pathologies related to dysbiosis has been mentioned in several works.

The current review emphasizes the physiological roles of human microbiota-associated methanogens. 

[ 39 ]

 39 . The in vitro susceptibility of methanogens to chloramphenicol is variable: M. smithii, Methanobrevibacter oralis(M. oralis) and Methanomasillicoccus luminyensis(M. luminyensis) encodes a chloramphenicol O-acetyltransferase and exhibit minimum inhibitory concentration (MIC) up to 25 mg/L, in contrast to Methanosphaera stadtmanae (M. stadtmanae) which exhibits MIC of 4 mg/L [36].
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 1 Figure 1. Repertoire of methanogens in human digestive microbiota.
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 2 Figure 2. Flow chart of selection of included articles in the review. Each box indicates the number of selected articles.
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 3 Figure 3. Methods for studying human archaea in clinical microbiology.
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 4 Figure 4. Metabolisms supporting archaeal methanogenesis in aerobic (gray background) and