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Abstract

Methanogenic archaea are known as human gut inhabitants since more than 30 years ago through the detection of methane in the breath and isolation of two methanogenic species belonging to the order Methanobacteriales, Methanobrevibacter smithii and Methanosphaera stadtmanae. During the last decade, diversity of archaea encountered in the human gastrointestinal tract (GIT) has been extended by sequence identification and culturing of new strains. Here we provide an updated census of the archaeal diversity associated  with the human GIT and their possible role in the gut physiology and health. We particularly focus on the still poorly characterized 7th order of methanogens, the Methanomassiliicoccales, associated to aged population. While also largely distributed in non-GIT environments, our actual knowledge on this novel order of methanogens has been mainly revealed through GIT inhabitants. They enlarge the number of final electron acceptors of the gut metabolites to mono- di- and trimethylamine. Trimethylamine is exclusively a microbiota-derived product of nutrients (lecithin, choline, TMAO, L-carnitine) from normal diet, from which seems originate two diseases, trimethylaminuria (or Fish-Odor Syndrome) and cardiovascular disease through the proatherogenic property of its oxidized liver-derived form. This therefore supports interest on these methanogenic species and its use as archaebiotics, a term coined from the notion of archaea-derived probiotics.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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INTRODUCTION
Archaea are unicellular microorganisms which have long been seen as “extreme bacteria”. However, although some are indeed extremophiles (e.g., hyperthermophiles hyperacidophiles and hyperhalophiles), it is now clear that a large part of them are mesophiles and widespread in the environment[1,2]. They form a separate branch of life, the domain Archaea, alongside of the two other domains: Eukarya and Bacteria[3]. It has recently been suggested that eukaryotes have appeared within the domain Archaea[4], which nevertheless remains controversial[5]. The domain Archaea includes a wide variety of organisms that share properties with both bacteria (various morphologies: coccus, spirillum, bacillus or irregular shapes, presence of a single circular chromosome, lack of introns, similar post-transcriptional modifications) and eukaryotes (similar molecular machinery for DNA replication, RNA transcription and protein translation, presence of histones for chromosomal DNA packaging)[6]. It also presents unique characteristics such as lack of peptidoglycan in the cell wall, when present and membrane formed by L-glycerol ethers/isoprenoids chains instead of D-glycerol esters/fatty acids as in the two other domains[7-9]. Some of these archaea have a unique and particular metabolism, the methanogenesis. Methanogenic archaea are strict anaerobes that occur in a large range of environments, such as freshwater[10] and marine[11] sediments, soils[12,13] and the gut of numerous animal species[14,15], including humans[16-18]. Their physiology and ecology is widely studied for their intrinsic capacity to produce methane which is both an energy source (biogas) in bioreactor[19] and a greenhouse gas emitted from natural and anthropic environments, including livestock[20,21]. As a recurrent component of the human digestive tract, impact of archaea[22] and more particularly methanogens[23,24] on human health have been questioned for many years.

Notewithstanding the fact that archaea are also identified in the oral microbiota of human (see[25] for a recent review), this article mainly focuses on methanogenic and non-methanogenic archaea in the gut. A concise description of methanogenesis and of the two Methanobacteriales, Methanobrevibacter smithii (M. smithii) and Methanosphaera stadtmanae (M. stadtmanae) whose occurrence in the human gut is known since three decades is given. In a second part the current knowledge about the archaeal diversity in our gut is presented from recent studies, and a more detailed focus is made on a newly described order of methanogens, the Methanomassiliicoccales, for which physiological and genomics data from human-retrieved strains are now available. Finally we display a census of the investigated relationships between methanogens and the physiological state of their human host, with a focus on the age relationships, and we discuss the putative implications of the representatives of the Methanomassiliicoccales for human health.

METHANOGENS, METHANOGENESIS AND THE DIGESTIVE TRACT

Until recently, methanogens were organized into 6 orders (Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales, Methanopyrales, Methanocellales) (filled square yellow boxes in Figure 1), all belonging to the phylum Euryarchaeota. A 7th order of methanogens phylogenetically related to the Thermoplasmatales was recently proposed on the basis of sequences retrieved from human gut[26,27]. Two names were subsequently proposed, Methanoplasmatales[28] and Methanomassiliicoccales[29], the latter being now validated by the International Committee on Systematics of Prokaryotes (ICSP)[30] (Figure 1). Methanogenesis is coupled to different energy conservation systems and represents the sole energetic metabolism of methanogens. For this metabolism, methanogens could only use a limited number of substrates originating from the anaerobic degradation of the organic matter by hydrolytic and fermentative bacteria[31]. Methanogens have therefore a terminal position in the microbial trophic chains. According to the metabolic classification used today, one can define the hydrogenotrophic, methylotrophic and acetotrophic (or acetoclastic) class of methanogenesis[31]. Most of the methanogens are hydrogenotrophs that use H2 (and often formate) to reduce CO2 into methane[32]. The methylotrophic methanogens use methylated compounds such as methanol, methylamines and methyl-sulfides, converting the methyl group of these compounds into CH4 with substrate-specific methyltransferases[33]. Reducing equivalents for this methanogenesis are obtained by an additional oxidation of a methyl group into CO2 through the methyl-oxidation pathway, corresponding to the first steps of the hydrogenotrophic pathway operating in reverse. A variant of this pathway consists in the direct use of H2 present in the environment as an electron donor, instead of the reducing equivalents produced by the methyl-oxidation pathway. Interestingly, the methanogens restricted to this variant were found to be associated to gut environments (see below). Finally, few archaea affiliated to the Methanosarcinales are able to use acetate as substrate for methanogenesis[34]. The methyl-coenzyme M reductase (MCRI or MCRII isoenzyme), responsible for the formation of CH4 from CH3-S-CoM and H-S-CoM, is shared by all methanogens. The alpha-subunit of this enzyme, encoded by mcrA (or mrtA for the isoenzyme MCRII), is considered as a functional marker of methanogens and is widely used for their specific detection by molecular approaches[35]. Owning to the congruence between mcrA and 16S rRNA genes based phylogenies[36], mcrA is also used to investigate the affiliation and phylogenetic diversity of methanogens in various environments, including the human GIT[26,27,37-39]. The digestive tract of animals and especially of ruminants harbors a large variety of methanogens[40] with the different types of methanogenesis (hydrogenotroph, methylotroph and acetotroph), even though acetoclastic methanogenesis is considered to be a minor pathway in rumen[41] and acetoclastic methanogens were never detected in the human distal gut.

In humans, methanogenesis is mainly H2-dependent, for the reduction of CO2 and for the reduction of methyl-compounds: this H2 depletion optimizes the fermentation and modifies the metabolic pathways of fermentative bacteria[17]. This role is shared with two other types of hydrogenotrophic microorganisms, the reductive acetogenic bacteria (e.g., Ruminococcus spp.[42]) and the sulfate-reducing bacteria (e.g., Desulfovibrio spp.[43]). Hydrogenotrophic methanogenesis from CO2 efficiently decreases the gas partial pressure in the colon by consuming 4 moles of H2 and 1 mole of CO2 to produce 1 mole of CH4. The figure 2 shows the role of the gut methanogens (white filled box) in the overall gut metabolism of nutrients (blue circle).

Specific tests have been developed, such as the “breath- test”[16], in which the presence of methane in breath is synonymous to the presence of methanogenic archaea in the gut (usually after a lactose challenge test). It was determined that the detection of more than 1 ppm of methane in breath vs atmospheric concentration (lowest detection capacity) reflects the minimum presence of 107-108 methanogens per gram of stool[44,45]. Using this test, the human population may be divided into two different groups: the methane-producers and the non-methane-producers. A review of the studies based on the methane breath test has stressed the high variability of the prevalence of methane producers in different geographic and ethnic populations[23], ranging from 34% to 87%, with level above 70% observed in rural African populations[46-48].

M. smithii, the DOMINANT human gut methanogen

Metabolism and adaptations

From the 80s to very recently, only 2 different archaeal species belonging to Methanobacteriales have been identified and isolated from the human gut microbiota, M. smithii[49] and M. stadtmanae[50] (formerly named M. stadtmaniae). These archaea have a different metabolism of methanogenesis, M. smithii using H2 (or formate) to reduce CO2 and M. stadtmanae using H2 to reduce methanol. M. smithii is able to colonized the human GIT at least from the cecum to the rectum[39,51,52]. Pyxigraphic sampling on 6 individuals and quantification by culture-based approaches has suggested that M. smithii preferentially colonizes the distal colon[51]. A recent qPCR-based quantification of the hydrogenotrophic microbes associated to the colonic mucosa did not report significant changes in the abundance of methanogens along the colon[39]. However, this study also reports that the methanogens would represent a larger proportion of the hydrogenotrophic microbes in the rectum than in the left and right colon[39]. Several important adaptations of M. smithii to the human gut environment have been described, using genomics and transcriptomics[53-57]. In a humanized gnotobiotic mouse model, M. smithii was shown to adapt its gene expression in presence of a dominant gut microbe, Bacteroides thetaiotaomicron (B. thetaiotaomicron), and to modify the metabolic pathways of this bacteria[53]. M. smithii strains have also the property to produce glycans mimicking those found in the gut[54] and possess a large diversity of adhesion-like proteins whose substrate-related regulation suggests adaptive answers to different niches in the gut[55]. M. smithii and M. stadtmanae have gene to cope with the presence of bile acid, notably the bile acid salts hydrolase gene (BSH)[54,58], with likely a bacterial origin[59]. Over 15% of the coding genes of these two species might have been transferred from bacteria, with a large contribution of Firmicutes, a dominant bacterial lineage in the gut[56,57]. The putative gut origin of these genes is supported by the observation that 20 of the 22 bacterial OTUs found to be positively associated to M. smithii in 136 subjects were affiliated to the Firmicutes[55]. Several of these genes are involved in transport and surface function and could have facilitated the adaptation of M. smithii and M. stadtmanae to human GIT environment. M. smithii was also shown to be efficient in competition for the nitrogenous nutrient pool[54] and have the capacity to use several end-products derived from organic matter degradation in the gut[54]. In regard to this last aspect, it is interesting to quote that almost all sequenced human GIT associated methanogens possess the genes mtaABC encoding methyl-transferases required for methanol utilization (this study, see Table 1 and below), highlighting the importance of this metabolism for gut methanogens. In the case of M. stadtmanae, it is clear that these genes are involved in methanogenesis[58], but their role remains less clear for Methanobrevibacter spp..

M. smithii does not only occur in the distal gut, but also sparsely in the oral cavity[60] and the vagina[61]. In the oral cavity, methanogenic archaea are dominated by a third species, Methanobrevibacter oralis (M. oralis), isolated in the mid 90’[62] and whose genome was recently sequenced[63]. This species have attracted a great attention because its occurrence is strongly related to periodontitis[24]. While M. smithii and M. oralis are phylogenetically close (their 16S rRNA gene share 98% identity), they are clearly specialized on gut and oral cavity, respectively. One aspect of this specialization is supported by the presence of a bile salt hydrolase gene in all sequenced M. smithii species but not in the genome of M. oralis (this study, see Table 1). Another aspect might rely on the versatility of these two species, M. oralis lacking the mtaABC genes present in almost all other M. smithii strains. Moreover, M. oralis is able to reduce CO2 with H2 but not formate for methanogenesis, a difference compared to M. smithii[62]. Obviously their niche partitioning is probably under dependence of other properties, notably those favoring M. oralis over M. smithii in the mouth, which will require further investigations.

Prevalence in the population

In a large analysis of three different individuals gut bacteria and archaea, with samples from different segments of the intestine and feces (cecum; ascending, transverse, distal and sigmoid colon), the cloning/sequencing of 16S rRNA genes[52] revealed the presence of archaea in 2 of the 3 individuals. Of the 1534 archaeal clones, all the sequences corresponded to M. smithii. This agrees with previous culture-dependent studies[45,47] and subsequent culture-independent studies indicating M. smithii is the most prevalent and abundant methanogen in the human gut[26,27,37,44,64]. Recent metagenomics studies support also this predominance[65-68], even if this kind of studies is prone to difficulties and limitations to correctly attribute nucleic sequences to species: it necessitates more particularly referenced genomes, data that are not always available at the species level for archaea from the gut. The gut microbiota shotgun metagenomics analysis performed on 96 healthy Russian adults indicated that there were variations among individuals, and among populations[69], therefore confirming results from methane breath-tests mentioned above[23,48,70,71]: M. smithii was the second and third most prevalent prokaryotic species in the microbiota in two of the 96 Russian adults (representing between 11% and 14%), and more globally, Russian adults showed generally a higher level of M. smithii than Chinese, Danish and US people, while being lower compared to the Amerindian group[69]. Based on a modified method of DNA extraction, Dridi et al[64] reported that 95.7% of 700 individuals tested by qPCR were positive for M. smithii. However, subsequent studies performed with the same method reported lower levels with 75%-89%[72] and 64%[73] of individuals positive to M. smithii.

Therefore, it seems that M. smithii is found in more than 50% of the adult population, forming a highly prevalent microbe of the gut, but remains undetected in some people. Whether the lack of detection is due to a real absence or of a technical threshold remains still unclear, but it is conceivable that the methanogens present at low abundance in some individuals have likely a very low physiological incidence. M. stadtmanae shows a lower prevalence: it has been found approximately in 1 people on 3 to 5 (32.6%[74] and 17%-25%[27] of the population).

Recent EXPANSION OF the archaeal diversity associated WITH the human GASTROINTESTINAL TRACT

The advent of molecular methods[75,76] has greatly improved our knowledge of the gut microbiota composition. As for bacterial populations, studies based on culture-independent approaches have largely participated to the identification of novel archaeal phylotypes associated to the human GIT. During the last decade, gene sequences retrieved from human oral cavity, colonic mucosa or feces have been affiliated to several taxonomic orders shown in light and dark blue boxes in Figure 1: they represent 1 order within Crenarchaeota and Thaumarchaeota, and 5 within the Euryarchaeota, showing that 3 of the 5 archaeal phyla are represented in the human GIT.

Large diversity of archaea occurring likely at a low abundance

A set of sequences closely related to Sulfolobus species of the phylum Crenarchaeota was obtained by nested PCR on feces of 4 adults[77]. Colonization of the gut by these archaea would be particularly surprising considering the acido-thermophilic nature of other known representatives of Crenarchaeota. Sequences affiliated to this phylum were never retrieved in other studies, and therefore their presence may be attributed to an unusual case or to a microorganism in transit. However, some of the “Uncultured Crenarchaeote” sequences of this study (AY887071; AY887074; AY887077; AY887078) are closely related to “Candidatus Nitrososphaera gargensis”[78], a moderately thermophilic ammonium oxidizer of the phylum Thaumarchaeota[2], not yet proposed in 2005. More recently, an investigation on the associations of diet with fungal and archaeal populations by 16S pyrosequencing also revealed the presence of sequences affiliated to the genus Nitrososphaera, in low yield amplifications and only in samples without M. smithii[79]. These sequences were detected in 16 samples from the 96 analyzed. A nested PCR assay targeting the amoA gene (encoding the ammonia mono-oxygenase) confirmed this result. The report of sequences affiliated to Nitrososphaera in two independent studies argues for their presence, even at low abundance, in the human gut microbiota[79]. Their low abundance might be due, for a part to their oxygen requirement for ammonium-oxidation, as reported for other ammonium-oxidizing archaea so far[80].

Non-methanogenic euryarchaeota affiliated to the Halobacteriales were reported by two studies based on nested-PCR. The analysis of fecal samples using the PCR fingerprinting method DGGE (denaturing gradient gel electrophoresis) showed the presence of several sequences related to halophilic archaea in healthy Koreans. DNA sequences analyses revealed from 93% to 99% of identity to known Halobacteriales, Halorubrum koreense, Halorubrum alimentarium and Halococcus morrhuae[81]. These euryarchaeota are also found in salt-fermented seafood, therefore arguing that they may be related to Korean eating habits[81]. The presence of a large diversity (15 phylotypes with a 97.5% similarity cut off on 16S rRNA gene sequences) of haloarchaea was also detected by nested-PCR approaches in colonic mucosa biopsies and, in a lower extent, from feces obtained from German subjects with IBD[82]. Parallel detection of archaea in table salts has revealed a high and underestimated diversity of haloarchaea suggesting the possible origin of these archaea, regardless of their transient or persistent status in the human gut[82]. Several phylotypes were also detected in pre-endoscopic lavage solutions but were different from those retrieved from the biopsies. Interestingly one haloarchaea related to Halosimplex sp. was enriched in a low salt concentration medium (2.5% w/v) inoculated with microbes associated to a biopsy, showing that some of them are viable.

The few studies performed on archaea associated to mucosa have also detected methanogens not previously retrieved from feces samples[39,82], suggesting that mucosa displays an overall larger diversity of archaea than feces, possibly reflecting greater niche heterogeneity and refuges when less adapted to gut conditions compared to M. smithii and M. stadtmanae. In addition to the haloarchaea, Oxley et al[82] have also reported sequences closely related to Methanobrevibacter arboriphilus from biopsies of two individuals. A strain of this species was subsequently isolated from a human stool sample and its genome was sequenced[83] (Table 1). Clone sequences of mcrA closely related to Methanoculleus chikugoensis, a hydrogenotrophic methanogen of the order Methanomicrobiales were found associated to the intestinal mucosa[39]. As reviewed by Nguyen-Hieu et al[84], several other archaea such as M. mazei and M. congolense were also sparsely retrieved in the oral cavity.

Overall, this larger diversity suggests new functionalities and putative new archaea-host interactions. However most of these lineages of methanogenic and non-methanogenic archaea were identified from nested-PCR based experiments, suggesting there low abundance and possibly transient status in the human GIT[39,77,79,81,82]. This is not the case of sequences affiliated to the recently proposed 7th order of methanogens[26,27,37,38].

Seventh order of methanogens: From an uncultured Thermoplasmatales-related lineage to the Methanomassiliicoccales

In 2008, two studies on the human gut methanogens revealed, in addition to sequences attributed to M. smithii and M. stadtmanae, mcrA sequences extremely distant to any other cultured methanogens[26,37]. These sequences were associated to the Methanosarcinales order in the study of Scanlan et al[37] due to a weak, but higher homology with sequences of this order than of all others[37]. The other study concluded to a clearly distinct and distant evolutionary branch compared to all other methanogens, and postulated for a new order of methanogens[26]. In parallel, the investigation of the co-occurring archaeal 16S rRNA genes provided a sequence related to the Thermoplasmatales, only in the sample positive for the atypical mcrA sequence[26]. The almost strict co-occurrence of Thermoplasmatales-related 16S rRNA sequences and atypical mcrA sequences was extended to a larger range of human-associated samples, highlighting also the diversity of this putative new order[27]. The final evidences of the existence of these new methanogens phylogenetically related to the Thermoplasmatales were subsequently provided by the culturing of several representatives of this order from human feces samples, either in pure culture (Methanomassiliicoccus luminyensis[85]) or in consortia (Ca. Methanomethylophilus alvus[86] and Ca. Methanomassiliicoccus intestinalis[87]), and the sequencing of their genome[86-88] (Table 1). The phylogenetic positioning of these methanogens was confirmed by a phylogenomic approach including 7472 marker positions from 84 Euryarchaeota genomes[89]. On the basis of enrichment cultures from hindgut of termites the name of Methanoplasmatales was proposed for this order[28]. However, according to the rules of the International Code of Nomenclature of Bacteria[90], the name of Methanomassiliicoccales was then claimed by Iino et al[29] in 2013 and subsequently validated by the International Committee on Systematics of Prokaryotes[30]. In the human digestive tract, the occurrence of the Methanomassiliicoccales representatives is not restricted to the colon as the 16S rRNA gene sequences of Ca. M. alvus shares 97%-98% identity with two 16S rRNA gene sequences retrieved in the oral cavity (FJ458322[91]; JQ433705[38]). These two sequences derived from oral cavity were almost similar to each other (2 differences on 357 aligned sites), suggesting that they belong to two strains of a same Ca. Methanomethylophilus species. In their study, Horz et al[38] retrieved it in 10% of the subjects where it was estimated to represent 0.5% of the overall prokaryotic community[84]. It is thus likely that some species of Methanomassiliicoccales are more adapted to the oral cavity while others are more adapted to the colonic environment, similarly to the niche partitioning of M. smithii and M. oralis between the colon and the oral cavity, respectively[92].

UNIQUE PROPERTIES OF THE METHANOMASSILIICOCCALES IN THE HUMAN GUT

The only isolated strain of this order, Methanomassiliicoccus luminyensis B10, was obtained from human feces[85]. This strain is H2 and methanol dependent for its methanogenesis[85], like M. stadtmanae[58]. This is also the case for Ca. Methanomethylophilus alvus[86] and Ca. Methanomassiliicoccus intestinalis[87]. Other members of the Methanomassiliicoccales cultured in consortia from the GIT of higher termites and millipedes[28] and from an anaerobic digester sludge[29] share the same characteristic. The first genome analyses of Ca. M. alvus, Ca. M. intestinalis and M. luminyensis revealed several fundamental aspects and putative generalized characteristics of this order[87-89]. First of all, the genes involved in the CO2-reduction/methyl-oxydation pathways are completely absent[89], while the other methanol-using methanogen under dependence of H2, M. stadtmanae, still possesses most of them. Moreover, the three genomes show the genetic potential to encode an unusual amino acid, pyrrolysine (Pyl) discovered 10 years earlier in Methanosarcinaceae[93-95]. This 22nd proteinogenic amino acid is derived from lysine which is then incorporated into proteins by a specific genetic code during the translation, and relies on the amber stop codon suppression though specific tRNAs[94]. This strange event in the evolution of the genetic code is restricted to a few bacteria and methanogenic archaea from the Methanosarcinaceae family. In the Methanomassiliicoccales, this seems followed by a specific evolution, with consequences for the entire genome (very low use of amber codon UAG as translation stop signal, regardless of GC%) (Borrel et al[95]).

Adding methylamines to the list of valuable electron acceptors in the human gut

Pyrrolysine is an essential component of the catalytic site of the methyltransferase which is involved in the methylotrophic methanogenesis from methylated amines [monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA)]. The genes for these methyltransferases (respectively mtmB, mtbB and mttB) are present in the three genomes, their open reading frame being interrupted by an amber stop codon[86,87,95,96], as observed in the Methanosarcinaceae[94]. The detection of mttB transcripts, having an amber stop codon presumably coding for Pyl has also been demonstrated in inhabitants of the cattle rumen belonging to the Methanomassiliicoccales (the Rumen Cluster C, RCC cluster[97]). In this study, this gene was overexpressed in ruminal microbiota cultures in the presence of TMA, coupled to enhanced methanogenesis, providing strong clues that TMA is a substrate for methanogenesis in the representatives of the Methanomassiliicoccales. Using the isolated strain M. luminyensis B10 in pure culture, we definitively demonstrated that TMA, in presence of H2, is one of its methanogenic substrates, as are also MMA and DMA, in addition to methanol[96]. Therefore, this leads to reconsider the electron acceptors in the human gut by including methylamines, when representatives of Methanomassiliicoccales are present (Figure 3). This could have likely important consequences for the digestive physiology as well as for human pathologies.

Large environmental distribution with a clade evolution dedicated to the GIT?

Sequence database mining associated to phylogenetic studies have now shown that this order of methanogens has a large environmental distribution[28,29,89]. It seems that this order may be divided in at least 3 different evolutionary clades[89], two of them being represented in Figure 1. One is almost only composed of GIT members[28] and is proposed to form a distinct family among this order to which we will refer therein as Ca. Methanomethylophilaceae. A second clade, more distantly related, is exclusively composed of sequences retrieved from other environments and is to date, without any genome sequences and/or isolated representative. At last, there is a third clade, with an intermediary phylogenetic position between these two formers containing sequences from both GIT and non-GIT environments[89]: even if retrieved from human feces, M. luminyensis and Ca. M. intestinalis belong to this latter clade (family Methanomassiliicoccaceae among the Methanomassiliicoccales order), mostly composed of sequences derived from sediments and soils[89].

Ca. M. alvus belongs to the clade mainly composed of sequences from GIT, and therefore its genome could be of particular interest to understand the role of the Methanomassiliicoccales in the human (and other animals) GIT. It reveals typical adaptations to the GIT which are not present in the others. For example, the genome of Ca. M. alvus encodes a bile salts hydrolase (BSH) that confers resistance to the antimicrobial properties of bile salts in the digestive environment[96] (Table 1), absent from M. luminyensis and Ca. M. intestinalis. We report here the presence of the BSH genes in the genomes of the 20 strains of M. smithii isolated and sequenced by Hansen et al[55] and in the genome of M. arboriphilus[83] (Table 1). This gene is poorly represented in other archaeal lineages with the notable exception of a distant homolog present in numerous Halobacteriales genomes[98].

A comparative genome analysis has been realized for these human digestive representatives of Methanomassiliicoccales and revealed other significant differences between the Methanomassiliicoccus spp. and Ca. M. alvus[99]. Thus, Methanomassiliicoccus spp. could be more recent human GIT inhabitants, and/or accidental ones, giving them a different role in the human GIT, positive or negative. Therefore, obtaining other human and environmental strains coupled with epidemiological studies will allow learning more about them.

Relationships of methanogens with physiological states of the human host

During the last three decades, studies have tried to determine if any relationship existed between the presence of methanogens and some human diseases. These possible diseases are indicated in the figure 2, while the table 2 summarizes some of the putative pros and cons of the role of archaea from available data on humans concerning various digestive pathologies (colorectal cancers CRC, inflammatory bowel disease IBD, irritable bowel syndrome IBS, obesity, constipation). To date, no direct link with mechanisms has been established between these diseases and methanogens, and contradictory results were found for example concerning CRC. However, it was proposed that the presence of M. smithii promotes calories intake from diet: in an animal model, M. smithii was shown to influence the metabolism of one of the most important saccharolytic microbiota species, B. thetaiotaomicron[53]. This phenomenon was observed in germ-free mice inoculated with M. smithii and B. thetaiotaomicron, together or separately[53]: the co-implementation led to a mutual gain with an increase in energy retrieval (hydrolysis and fermentation), and importantly, an increased lipogenesis and host fat. Very recently, M. stadtmanae has been shown to be more prevalent in IBD patients[100]. Interestingly, M. stadtmanae stimulates in vitro TNF production, an inflammatory cytokine, from peripheral blood mononuclear cells of healthy patients, while patients affected by IBD have a higher circulating IgG response to M. stadtmanae[100]. At last, methanogens seem also linked to a pathology of the oral cavity, the periodontitis, in which the severity corroborates to the abundance of methanogens[24] (Table 2).
higher prevalence and diversity of methanogens with age

Among all the various relationships sought between the occurrence of methanogens and the physiological state of human host cohorts, the age relationship was the most consistently observed. As highlighted by the literature review of Levitt et al[23] (2006) on studies based on the methane breath test, the proportion of people excreting methane is higher among adults than among children with virtually no methane producers under 5-year-old[16,101,102]. Such age-related increase of the proportion of methane producers was less clearly observed during adulthood with more studies reporting no statistical change (see for example[23,103,104]). Recently, an association between age (and also sex) and breath methane was described in the German population (428 subjects, age range: 4-95)[105]. Studies based on molecular approaches support this relationship and provide supplemental information through the lower detection limit of the methanogens and the access to their diversity. Significantly lower proportion of methanogens among babies[27] and children[44] than among adults were also reported based on PCR approaches. Time monitoring of the gut microbiota composition in babies over 2 years have shown that gut associated methanogens can be present in the early life, with 7 on 14 babies positive for methanogens[106]. However, their abundance was low (103-106 copies/g of stool), likely below the necessary threshold for CH4 detection in the breath and they were only temporarily present during the first weeks of life[107]. This transient state contrast with reports of stable populations of methanogens in adults sampled at several time points[55,107,108]. The prevalence of M. smithii has been linked to bacterial genera[79] and gut enterotypes[65] which are also considered stables in adults, suggesting the very specific competitive and symbiotic interactions of methanogens with other member of the microbiota. Due to the fast evolving composition of the microbiota of babies, the occurrence of the favorable ecological conditions for the colonization of M. smithii could only be temporary. Another non-exclusive reason of this low prevalence and transient state could rely on the high transit time in babies.

One study from our group[27] has reported a not significant trend of increased prevalence among elderly adults (79.4 ± 6.7 years) in comparison to younger adults (33.0 ± 6.4 years) which agrees with previous reports based on the methane breath test[27]. Importantly this study has pointed an increase of the diversity of the methanogens. Indeed, several distant phylotypes affiliated to the Methanomassiliicoccales were more frequently observed in the elderlies (40% of those tested on a small panel of 20 patients) and far less in adults (10%), and almost absent in the newborns (only 1 positive out of 17 tested)[27]. Accordingly, a similar age-related increase of M. luminyensis and possibly Ca. M. intestinalis was subsequently observed based on qPCR[74]. The increase of diversity between adults and elderlies remains unexplained, even if it is now well known that the gut microbiota of the elderlies is different from the adults[109,110] with variations due to diet/nutrition, residence location and the general health of the elderlies[66]. Several hypotheses can be made: first, methanogenic archaea are known to be insensitive to most of the antibiotics used in human health[9,111], mainly due to the composition of their membrane and cell wall, but also to their specificity in their DNA/RNA metabolism. It is therefore tempting to hypothesize that they could be selected by treatments accumulation during the life. Second, methanogenic archaea have relatively long doubling time, and the slower transit time observed with aging may be also a factor of this over representation in the elderlies compared to the adult, and even more compared to newborns and infants under two years[109,112]. Collectively these studies suggest that the prevalence of methanogens in the population increases rapidly in the first years of life, mainly by the colonization of M. smithii, and that the last part of life is characterized by an increase of the diversity through the colonization by various representatives of the Methanomassiliicoccales. Another hypothesis relies not directly to aging, but to the different generations between elderlies compared to present adults: exposure to farm animals, germs carried by food and diet habits, etc… have evolved over the years, and it may be possible that present adults have less chance to be inoculated than have their parents. Studies on various ethnical/geographical populations would provide interesting complementary data.

TMA-based methanogenesis, a beneficial incidence in human health?

Due to their very specific metabolism leading to TMA depletion for methanogenesis, the currently identified representatives of the Methanomassiliicoccales might have a positive effect on health. TMA is responsible of the rotting fish characteristic odor, to which our olfaction is extremely sensitive. This prevents us to ingest spoiled fishes and seafood. TMA is however a product of diet metabolism by the intestinal microbiota, usually associated to the consumption of foods containing either choline and lecithin (such as eggs, beef, dairy products, vegetables…), L-carnitine (meat, energy drinks…) or TMAO (trimethylamine-N-oxide in seafood, fish…), as exemplified in Figure 3A[113-116]. TMA is then absorbed in the intestine, goes to the liver where it is oxidized to the odorless TMAO via a flavin monooxygenase (mainly the FMO3), which reaches the circulation before being eliminated in the urine, leading to a TMAO vs (TMA+TMAO) urine ratio superior to 92% (Figure 3B). It is likely that TMA is also metabolized into methane when archaea from the Methanomassiliicoccales are present, preferentially to methanol for which inter-microbial species competition occurs in the intestine (i.e., with M. stadtmanae, and possibly M. smithii). Therefore, when present, the Methanomassiliicoccales could lower the intestinal TMA concentration, leading to lowered TMA intestinal absorption, and in consequence to a lower TMAO plasmatic level after liver conversion.

The gut origin of TMA is involved at least in two human diseases. The team of the Pr Stanley Hazen in Cleveland recently demonstrated an association between plasma levels of TMAO and the risk of myocardial infarction, stroke, and death within the next three years. Thus, in 2595 patients, plasma levels of L- carnitine, related to high plasmatic TMAO levels is correlated to a high incidence of cardiovascular events, with or without adjustments to the traditional risk factors[115]. This is identical with plasma levels of choline, betaine and TMAO[117], the upper quartile of plasmatic TMAO concentration increasing the major adverse cardiovascular events to 2.5[113]. These prognostic values of choline and betaine are only effective when concomitant to an increase in plasma TMAO level, i.e. from TMA production in the gut[118]. Plasma TMAO seems however much more than a plasma marker: it seems to promote foam cell formation by increasing the expression of receptors involved in macrophage uptake of circulating cholesterol (scavenger receptors CD36 and SR-A1), and conversely by reducing the reverse cholesterol transport and its elimination as bile acids from the intestine[115]. Therefore, limiting TMA production and absorption in the intestine is a mean to reduce plasmatic TMAO level, and its deleterious effects on blood vessels, which is likely to what the Methanomassiliicoccales contributes naturally when present.

There is also another human pathology, the trimethylaminuria[119-121] (TMAU) which involves the gut microbiota TMA production. After intestinal TMA production and absorption, some people are unable to oxidize it into TMAO in their liver, due to a genetic or acquired liver deficiency affecting the FMO3 functionalities. In this case, unmetabolized TMA reaches the general circulation and is distributed throughout the body fluids. It is next excreted through sweat, exhalation and urine [where TMAO vs (TMAO+TMA) ratio is then below 92%, with a decrease depending on the severity of the FMO3 deficiency]. Thus, TMAU causes an unpleasant odor of rotten fish to the affected person, due to its presence in sweat and breath, for which the human olfactory system is very sensitive. This causes an extremely debilitating disease, at the social and psychological level[120], for which no real treatments are proposed: the affected people often empirically adapt their diet in order to limit gut TMA production, by renouncing to eggs, red meat, beans,…. Still poorly recognized and diagnosed, its prevalence remains unknown, but some FMO3 encoding gene mutations could affect about 1% of the population[122]. Here again, the unique metabolic properties of the Methanomassiliicoccales could limit gut TMA concentration, without the bad side effects of limiting choline inputs by diet.

We then suppose the physiological positive impact that may have the Methanomassiliicoccales as a TMA depleting agent in the intestinal microbiota, leading to the conversion of TMA into CH4, an odorless and inert gas before it reaches the liver for eventual conversion. This metabolism is so far only realized by a few methanogens, and among gut-naturally occurring methanogens, only members of the Methanomassiliicoccales. What can be inherently possible in the gut microbiota containing the methanogenic Methanomassiliicoccales could be reproduced by supplementing the gut microbiota by this kind of microorganism. Accordingly, the 7th order of methanogens could therefore be used as a probiotics to prevent cardiovascular disease, acting by reducing the amount of the pro-atherogenic TMAO produced by the liver and therefore its plasma level. A supply with Methanomassiliicoccales could also be a simple way to limit TMAU, by reducing the TMA concentration in the gut and in consequence, its olfactory impact on the body. In both pathology cases, it will be possible to avoid drastic diets (as it is usually done for TMAU patients), thus limiting nutritional deficiencies risks. This concept of probiotics has recently been developed under the name of “archaebiotics” as to show the innovative and the positive aspect that we expect from archaeal strains to human health[96]. However, it remains to be shown that this metabolic activity is effective in the human GIT (as it is already done in the rumen[97]) without causing inconvenience or bad side effects. Preliminary in vitro studies on human microbiota[123,124] are therefore necessary to determine which representatives of the Methanomassiliicoccales could be supplied and further tested for their impact on other gut microbiota components, as it was recently done for the gut methanogen M. smithii (W. Tottey, personal communication). Using exhaustive microbiota analysis tools applicable to in-vitro systems such as Next Generation Sequencing[76] or DNA phylogenetic microarrays like the HuGChip[125], an in-vitro selection of the best strains should be possible, also based on functional analysis (e.g., transcriptomics and metabolomics), that would be then followed by rationale tests in animals/humanized gnotobiotic mice, before clinical research.

CONCLUSION
The diversity of the archaeal component of the human gut microbiota has been greatly renewed during these last few years and will likely continue to grow: difficulties to culture them in the laboratory has been counterpart by the generalization of Next Generation Sequencing technologies, used mainly in 16S diversity studies and metagenomics. Links with diseases/human health, if any, will therefore be established in the next years, considering the archaea as a diverse population, as it is for bacteria, with more discriminant methods than methane in breath for methanogens. The recently discovered 7th order of methanogens illustrates these points: the presence of different phylogenetic clusters may signify different, even opposite, incidence for the health, and therefore highly-discriminant tools are needed. This order was named Methanoplasmatales, and then Methanomassiliicoccales (according to the first described species)[28,29], the current official name[30]. Within, and besides Methanomassiliicoccaceae, we propose the family name of Methanomethylophilaceae for the clade encompassing the digestive species of the Candidatus genus Methanomethylophilus. This would highlight the unique dependence to methylated compounds among methanogens, for the whole order (methane-, methanogenic; methylophilus, that likes methyl compounds). Genomics has strongly helped in the determination of their putative roles in the GIT, and indicated their unique metabolic properties before experimental proofs. This shows the potent physiological importance of the still poorly known domain Archaea in the human gut, and the role of its members, beneficial or deleterious, remaining to be determined. It may also provide, as it is for the Methanomassiliicoccales, new directions in probiotics design.
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Figure 1  Archaeal representatives associated to the human digestive tract. A simplified phylogeny of the Archaea (adapted from[89,148]) is shown. Taxonomic orders are drawn in filled square boxes, those composed of methanogens in yellow and others in light grey. Orders in which some members have been found in the human digestive tract are indicated in light blue boxes when identified by sequences derived from nested-PCR (or deep sequencing on low yield amplifications for Nitrososphaera spp.) or a limited number of studies, and other are indicated in dark blue boxes in which abundant and recurrently reported species are mentioned in orange boxes or light blue when observed from limited number of studies. For the Methanomassiliicoccales (1), also referred as Methanoplasmatales in the literature, the repartition of Methanomassiliicoccus spp. and Ca. Methanomethylophilus spp. in two different clades is highlighted by yellow branches (see the text for details).
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Figure 2  simplified representation of the role of methanogens in the gut microbiota metabolism and possible association with diseases. Diet leads to proteins and polysaccharides that enter the gut where they are metabolized by the hydrolytic and fermentative bacteria present in the gut (large blue circle). This produces various compounds (some important being indicated in orange circles), and large amounts of H2, which in turn inhibit the fermentation processes. H2 partial pressure is lowered by hydrogenotrophs, three different types being present in the gut (sulfate-reducing bacteria, acetogens and methanogens). Here, only the methanogens are shown, which are either able to use CO2, methanol, or methyl-compounds [monomethylamine (MMA); dimethylamine (DMA) and trimethylamine (TMA)] reduced by hydrogen to form methane, found in breath and flatulence. A highlight on the TMA use is given in Figure 3. The presence of methanogens in the mouth is also indicated. Altogether, the presence of methanogens has been linked to several diseases (in yellow) but these remains to be clarified (see Table 2 for further explanations).
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Figure 3  Faith of trimethylamine originating from the gut microbiota metabolism and putative role of representatives of Methanomassiliicoccales. A: Several common foods (containing lecithin/choline, L-carnitine, trimethylamine oxide,…) are metabolized into trimethylamine (TMA) by some bacterial components of the microbiota; B: When the microbiota does not contain any members of the 7th order of methanogens, the gut-originating TMA reaches the liver, where it is oxidized by the flavin-monoxygenase FMO3 into trimethylamine oxide (TMAO) (Blue arrows in B). This odorless molecule has recently been shown to be associated to cardiovascular diseases (CVD) and has pro-atherogenic properties. In some people however, with a deficiency in liver oxidation, the TMA is not or less metabolized (orange arrows in B) and reaches various body fluids, leading to trimethylaminuria (TMAU) or “fish-odor syndrome”; C: When present, either naturally or by supplementation (Archaebiotics), it is hypothesized that members of the 7th order of methanogens, through their up to now unique metabolism in the gut, might decrease the concentration of TMA by converting it into methane, therefore leading to an archaea-mediated TMA depletion before it can reach the liver. This could therefore be a convenient way to prevent CVD or limit TMAU.


Table 2  Possible association between several human diseases and methanogens


Pathology


�
Pros for a role or an association


�
Cons


�
�
Colorectal 


cancer�
80% of colorectal cancer patients are methane producers[127]


�
No significant relation with the amount of breath methane[48,71,129-131]


�
�
�
Methane production increases with the severity of colorectal cancer[128]


�
Native Africans with high level of methanogenic archaea are less susceptible to sporadic colorectal cancer[48]


�
�
Obesity


�
Higher levels of methanogens in obese[132]


�
Decreased proportion of M. smithii in obese[72,73,133]


�
�
Anorexia


�
Higher levels of M. smithii in anorexic people (adaption to diet restriction?)[134]


�
�
�
IBD


�
Lower proportion of methane-producers/methanogen carriers in patients with IBD[104,135]


�
�
�
IBS


�
Correlation with higher production of methane (also compared to IBD patients)[136]


�
No significant difference in methane production with controls[137]


�
�
Diverticulosis


�
Subjects with diverticulosis often with high level of methanogens[45]


�
�
�
Constipation


�
Association with chronic constipation/transit time[138,139]


�
No significant difference between constipated children and controls[144]


�
�
�
Level of methane significantly associated with the severity of constipation[136,140]


�
�
�
�
Association with IBS constipation/increase of transit time[141-143]


�
�
�
Periodontitis


�
Possible pathogenic role and increased proportions of hydrogenotrophs and methanogens in severe cases[24,145,146]


�
�
�
�
After therapy, decrease in the prevalence of archaea[147]


�
�
�
IBD: Inflammatory bowel disease; IBS: Irritable bowel disease.








�





Table 1  Available genomics data (GenBank, March 2014) from methanogens of the human gut


Species


�
Strain (DSMZ collection number)


�
Status1


�
Size (Mb)


�
GC%


�
mta


�
BSH


�
Accession


�
Genome reference


�
�
�
�
�
�
�
ABC


�
gene


�
number


�
�
�
Methanobacteriales


�
�
�
�
�
�
�
�
�
�
   Methanobrevibacter smithii


�
PS (DSM 861)


�
Chromosome


�
1.85


�
31.0


�
1


�
1


�
CP000678.1


�
[54]


�
�
�
F1 (DSM 2374)


�
Scaffolds


�
1.73


�
31.3


�
0


�
1


�
ABYV00000000


�
[126]


�
�
�
ALI (DSM 2375)


�
Scaffolds


�
1.71


�
31.3


�
1


�
1


�
ABYW00000000


�
[126]


�
�
�
TS145A


�
Contigs


�
1.78


�
31.1


�
 12


�
 12


�
AEKU00000000


�
[55]


�
�
�
TS145B


�
Contigs


�
1.80


�
31.1


�
 12


�
 12


�
AELL00000000


�
�
�
�
TS146A


�
Contigs


�
1.79


�
31.2


�
 12


�
 12


�
AELM00000000


�
�
�
�
TS146B


�
Contigs


�
1.79


�
31.1


�
 12


�
 12


�
AELN00000000


�
�
�
�
TS146C


�
Contigs


�
1.95


�
31.2


�
 12


�
 12


�
AELO00000000


�
�
�
�
TS146D


�
Contigs


�
1.71


�
31.1


�
 12


�
 12


�
AELP00000000


�
�
�
�
TS146E


�
Contigs


�
1.95


�
30.4


�
 12


�
 12


�
AELQ00000000


�
�
�
�
TS147A


�
Contigs


�
2.01


�
30.5


�
 12


�
 12


�
AELR00000000


�
�
�
�
TS147B


�
Contigs


�
1.97


�
30.4


�
 12


�
 12


�
AELS00000000


�
�
�
�
TS147C


�
Contigs


�
1.97


�
30.4


�
 12


�
 12


�
AELT00000000


�
�
�
�
TS94A


�
Contigs


�
1.89


�
30.2


�
 12


�
 12


�
AELU00000000


�
�
�
�
TS94B


�
Contigs


�
1.89


�
30.2


�
 12


�
 12


�
AELV00000000


�
�
�
�
TS94C


�
Contigs


�
1.91


�
30.3


�
 12


�
 12


�
AELW00000000


�
�
�
�
TS95A


�
Contigs


�
1.99


�
30.2


�
 12


�
 12


�
AELX00000000


�
�
�
�
TS95B


�
Contigs


�
1.97


�
30.2


�
 12


�
 12


�
AELY00000000


�
�
�
�
TS95C


�
Contigs


�
1.98


�
30.2


�
 12


�
 12


�
AELZ00000000


�
�
�
�
TS95D


�
Contigs


�
2.01


�
30.2


�
 12


�
 12


�
AEMA00000000


�
�
�
�
TS96A


�
Contigs


�
1.98


�
30.3


�
 12


�
 12


�
AEMB00000000


�
�
�
�
TS96B


�
Contigs


�
1.87


�
30.2


�
 12


�
 12


�
AEMC00000000


�
�
�
�
TS96C


�
Contigs


�
1.82


�
31.1


�
 12


�
 12


�
AEMD00000000


�
�
�
   Methanobrevibacter arboriphilus


�
ANOR1


�
Scaffolds


�
2.22


�
25.5


�
 12


�
 22


�
CBVX000000000


�
[83]


�
�
   Methanobrevibacter oralis


�
JMR01


�
Scaffolds


�
2.11


�
27.8


�
2


�
2


�
CBWS000000000


�
[63]


�
�
   Methanosphaera stadtmanae


�
(DSM 3091)


�
Chromosome


�
1.77


�
27.6


�
4


�
1


�
CP000102


�
[58]


�
�
Methanomassiliicoccales


�
�
�
�
�
�
�
�
�
�
   Methanomassiliicoccus luminyensis


�
B10 (DSM 25720)


�
Contigs


�
2.62


�
60.5


�
 33


�
0


�
CAJE00000000


�
[88]


�
�
   Ca. Methanomassiliicoccus intestinalis


�
Issoire-Mx1


�
Chromosome


�
1.93


�
41.3


�
 33


�
0


�
CP005934


�
[87]


�
�
   Ca. Methanomethylophilus alvus


�
Mx1201


�
Chromosome


�
1.67


�
55.6


�
 13


�
1


�
CP004049


�
[86]


�
�
1as given by genbank, March 2014; 2original analysis from this work: a tblasn of the protein sequence of mtaA (YP_447810), mtaB (YP_447248), mtaC (YP_447249) and the BSH (Bile Salt Hydrolase) gene (YP_447796) from Methanosphaera stadtmanae on the draft genome sequence of Methanobrevibacter arboriphilus ANOR1, Methanobrevibacter oralis JMR01 and Methanobrevibacter smithii strains from[55]. 3Numbers of mtaBC genes detected, homologues of mtaA genes are also present in the 3 Methanomassiliicoccales genomes but their specific implication in either methanol and/or methylamines utilization pathways has not yet been determined.








