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Archaea are a unique system for investigating the diversity of life. There are the most diverse group of organisms with the longest evolutionary history of life on Earth. Phylogenomic investigations reveal the complex evolutionary history of Archaea, overturning longstanding views of the history of life. They exist in the harshest environments and benign conditions, providing a system to investigate the basis for living in extreme environments. They are frequently members of microbial communities, albeit generally rare. Archaea were central in the evolution of Eukaryotes and can be used as a proxy for studying life on other planets. Future advances will depend not only upon phylogenomic studies but also on a better understanding of isolation and cultivation techniques.
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1 INTRODUCTION
Archaea are the most genetically diverse taxa of life (Eme and Doolittle, 2015). They live in exceedingly diverse habitats, including the most environmentally extreme (Baker et al., 2020). And Archaea are foundational in the evolutionary origins of Eukaryotes (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017). Despite their centrality in the diversity and natural history of life, Archaea were unknown for much of the early history of biological investigation. Even after the discovery of microorganisms in the mid-17th century, prokaryotic organisms were collectively known as Monera or bacteria until the mid-1970s (Woese and Fox, 1977). The discovery of two ancient lineages of prokaryotes, rather than one, overturned understanding of the history of life on Earth (Woese and Fox, 1977; Spang et al., 2017) and continues to challenge perspectives on the genetic basis of living systems (Oren, 2004). Archaeal model systems provide uniquely powerful insights into genetics and the evolution of genetic complexity (Williams et al., 2013). They provide a rich comparative genetic history since Archaea are more diverse than both bacteria and eukaryotes, demonstrating the scope of genetic and phenotypic possibilities that would otherwise be unknown in their absence.
In this review, we provide several vignettes on active research on Archaea. This review aims to shed light on vibrant and exciting research demonstrating fruitful avenues for further investigation, primarily focusing on a phylogenomic perspective on ecological and evolutionary questions. Broadly, what are the ecological and evolutionary causes, and consequences, of Archaeal diversity? We discuss the roles of Archaea in environmental communities and microbiomes, that Archaea are members of an elusive biosphere hidden in plain sight, and they are observed in unanticipated host-associated environments. We also highlight that Archaea are central to understanding the origin and complexity of eukaryotes and provide insights into the origin of life on Earth and elsewhere. The structure of each section has a historical framing to emphasize the dynamism in the field and the research opportunities. We begin with an overview of the discovery of Archaea.
2 THE DISCOVERY AND DIVERSITY OF ARCHAEA
More than 40 years ago, Carl Woese changed the paradigms of taxonomy and biological classification. Using ribosomal RNA (rRNA) as a molecular marker for phylogenetic reconstruction, (Woese and Fox, 1977) distinguished two separate lineages of prokaryotes from Eukaryotes. Later Woese proposed the three domains model: eukaryotes (Eukarya) and two prokaryotic groups (Bacteria and Archaea) (Woese et al., 1990). Of the two prokaryotic domains, Archaea is still the least studied; its name comes from the Greek adjective “Archaios,” meaning “ancient” or “primitive” (Woese et al., 1990). This clade comprises single-cell microorganisms, many of which live under extreme environmental conditions that few bacteria and eukaryotes can tolerate (Allers and Mevarech, 2005). Extreme conditions include temperature, pH range, osmotic pressure, salt concentration, and anoxic conditions (Olsen, 1994; DeLong, 1998; Gribaldo and Brochier-Armanet, 2006; Spang et al., 2017). Recent studies have revealed that Archaea are also found in mesophilic conditions, living on Earth subsurfaces, sediments, terrestrial and aquatic environments (Chaban et al., 2006; Brochier-Armanet et al., 2008; Korzhenkov et al., 2019). Archaea are essential components of hydrological systems. They play crucial roles in global biogeochemical cycling of essential redox elements, such as C, S, and N (Ramos-Vera et al., 2009; Liu et al., 2012; Offre et al., 2013), and their abundance and composition changes according to ecological spatial and temporal scales (Church et al., 2003).
Archaea are increasingly a topic of interest, especially over the last decade, because of their great physiological, metabolic morphological, and evolutionary diversity (Walsby, 1980; Stoeckenius, 1981; Eme and Doolittle, 2015). Observations of Archaeal phylogenetic richness have dramatically increased over the past several decades and especially over the last 10 years. The availability of Archaeal sequences has grown with the advent of Next Generation Sequencing (NGS) techniques and metagenomic analysis of environmental samples. In the early ’90s, only two phyla within the domain were known, Euryarchaeota and Crenarchaeota. In 2011, the TACK superphylum was proposed consisting of Crenarchaeota, Thaumarchaeota comprising ammonia-oxidizers, Aigarchaeota retrieved by metagenomics from a microbial mat in a gold mine, and Korarchaeota found in hydrothermal vents. The TACK superphylum is metabolically diverse and includes anaerobic and chemosynthetic microorganisms (Guy and Ettema, 2011). In 2013, the DPANN superphylum was Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaeota phyla, to which were later added Woesearchaeota, Micrarchaeota, and Pacearchaeota (Castelle et al., 2015). The DPANN superphylum is characterized by Archaea with small genomes, some of them symbionts (Adam et al., 2017). Members of the Asgard superphylum, another deep branching clade, were detected in estuaries (Seitz et al., 2016) and aquatic sediments (Zaremba-Niedzwiedzka et al., 2017), consisting of Thorarchaeota, Lokiarchaeota, Odinarchaeota, and Heimdallarchaeota.
One of the persistent challenges for Archaeal study has been determining their phylogenetic associations, given their genetic diversity and previously limited genetic information on some species. The Archaeal tree is rapidly expanding with new branches (see Figure 1), demonstrating that much of the Archaeal domain remains unexplored. In a recent depiction of the tree of life, encompassing the diversity of sequenced genomes, Archaea is represented by 26 phyla (Hug et al., 2016). This reconstruction summarizes all known Archaeal lineages, most of which are novel, and some include only one species of uncultivated microbe. The 30,437 genomes available from the three domains of life have been assembled through phylogenomics using a set of ribosomal protein sequences for each organism (Hug et al., 2016), unveiling the current state of genomic sampling. While most Bacteria lineages have been sampled, it appears that only 50% of the Archaeal domain has been explored (Spang et al., 2017). Even from this incomplete sampling, we can already observe that Archaea are the most metabolically diverse forms of life. And that the Asgard phyla is currently the closest relative to eukaryotes.
[image: Figure 1]FIGURE 1 | Phylogenetic tree reconstruction encompassing 16S rRNA sequences from Archaea and Bacteria domains, using the Maximum Likelihood algorithm with GTR + (G + l) evolutionary model. Reliability of inferred tree was conducted with the bootstrap test of phylogeny using 1,000 bootstraps.
Phylogenomic reconstructions suggest that Archaeal lineages of the superphylum Asgard were particularly important in the organization of the eukaryotic nucleus (Spang et al., 2015; Seitz et al., 2016). The successful co-cultivation of an Asgard archaeon associated with bacteria was recently reported after long-term methane-fed bioreactor culture of deep marine sediments (Imachi et al., 2020). These non-traditional long-term cultures demonstrated that samples from untapped environments contain reservoirs of genetic and functional diversity yet to be uncovered. Due to the constant expansion of the Archaeal domain through sequencing, we have realized that traditional isolation techniques are insufficient to retrieve some microorganisms. Microbes that, for example, thrive under extreme conditions or inhabit places that are difficult to access, such as the deep ocean floors, hydrothermal vents, volcanoes, hot springs, and other sites where even sampling may represent a risk.
2.1 Archaea in Nature
The history of life on Earth is predominately microbial. All life was exclusively microbial for over three thousand million years from the origin of life through almost all Proterozoic (Bell et al., 2015; Tashiro et al., 2017). Even today, microbes make up most of the biodiversity of life. Since they first evolved, microbes have expanded the limits of life and have geochemically transformed the planet. Microbes are the makers and maintainers of the biosphere. They support food chains through carbon and nitrogen fixation, supply organic matter, and produce metabolites needed by multicellular organisms to grow and survive. Understanding how Archaea have shaped and continue to shape the natural world is central to investigating the organization of living systems.
In nature, microbes exist in communities as members of mixed populations, which is also the case for Archaea. Such communities frequently occur as microbial mats widely distributed in the environment and are the focus of much microbiological research. Significant efforts involve analyzing their components with different hypotheses for their construction and persistence (Baumgartner et al., 2009; Preisner et al., 2016). Microbial mats have a long history, existing for at least 75% of the Earth’s history. We know this partly because of fossil stromatolites. Stromatolites result from the lithification of organic material and sedimentary elements by microbial mats over time. The fossil record of stromatolites provides a historical narrative to evaluate existing microbial mats because their structures differ depending upon the constituent organisms (Dupraz and Visscher, 2005; Baumgartner et al., 2009).
Stromatolites are rare in the modern world but were previously as common as microbial mats are today. Mat communities from Shark Bay, Australia, have been a focus of study because it is one of the few places where stromatolites remain abundant. Using whole-shotgun 454 pyrosequencing, mat communities were observed to be dominated by bacteria, with a small number of Archaea; Crenarchaeota, Euryarchaeota, and Thaumarchaeota phyla were identified (Ruvindy et al., 2016). In 2017, a comparison of the Archaeal community was performed between two types of mats using Illumina MiSeq reads of amplicons. Smooth mats were dominated by Parvarchaeota, Euryarchaeota, Marine Benthic Group B (MBGB), and Micrarchaeota phyla, while pustular mats primarily consisted of Euryarchaeota, Parvarchaeota and Thaumarchaeota phyla (Wong et al., 2017). A comprehensive diversity-metabolic study was conducted 3 years later using Illumina NextSeq sequencing technology and Metagenome Assembly Genome (MAG). 550 MAGS were obtained; the vast majority with a phylogenetic affiliation to Bacteria, but remarkably five Archaeal genomes were assembled, including two Asgard phyla: Lokiarchaeota and Thorarchaeota, and two recently added phyla, Micrarchaeota and Woesearchaeota (Wong et al., 2018). In the previous study, Illumina HiSeq sequencing was implemented, revealing an Archaea domain proportion of 3% from the whole community, including Euryarchaeota, Thaumarchaeota, Asgardeota, and Nanoarchaeota phyla.
The studies in Shark Bay illustrate how advances in technology have led to a better understanding of Archaea. Over time, as sequencing technologies have improved, new discoveries are made possible and with greater confidence. With the aforementioned studies, better 1) sampling, 2) DNA extraction techniques, 3) NGS technologies, and 4) bioinformatics pipelines played a crucial role in the discovery of species identification and distribution. For example, more efficient and higher sampling provides better representations of microbial populations and communities (Quince et al., 2017). In addition, controlling for external contamination during sampling and nucleic acid extraction gives better estimates of sample diversity. Improved sampling also improves genome coverage and depth, leading to better genome and metagenome assembly. Higher depth contributes to robust results and the ability to detect variants with rare and de novo mutations. Finally, computing platforms and assembly parameters make a difference between results (Haiminen et al., 2011; Desai et al., 2013).
Studies of microbial mats elsewhere have also yielded Archaea, albeit with differing profiles. The Atacama Desert in northern Chile is well known for being the oldest existing desert on Earth (Demergasso et al., 2004; Robinson et al., 2015). It is also a habitat with a singular collection of prokaryotic diversity. Numerous surveys have identified Archaeal signatures from Euryarchaeaota, Crenarchaeota, and Thaumarchaeota phyla. These Archaea are involved in methane production, sulfur cycle, and nitrification processes, respectively, in high salinity environments (Robinson et al., 2015; Fernandez et al., 2016; Fernandez-Martinez et al., 2019). More recently, 16s rRNA gene sequences from Pacearchaeota, Woesearchaeota, and Lokiarcheota phyla and biosignatures from the TACK superphylum were detected (Saghai et al., 2017). The occurrence of these taxa is linked to oligotrophic environments such as deserts in which functional genes involved in abiotic stress are highly abundant, and genes for antibiotic resistance used in microbial competition are less abundant (Fierer et al., 2012).
The Cuatro Cienegas Basin (CCB) has a vibrant microbial fauna (Souza et al., 2006; Souza et al., 2008; Souza et al., 2018), including stromatolites and extensive microbial mats that are due, in part, to a highly skewed low phosphorous stoichiometry (Souza et al., 2018). CCB contains ∼250 permanent and seasonal pozas (ponds) and streams, all within 843.4747 km2 area in the Chihuahuan desert Coahuila, Mexico. Recent work at a new site in CCB (Medina-Chávez et al., 2020) identified a complex microbial mat architecture exhibiting a system of rigid gas containing hill-like domes (Archaeal Domes: AD) that rise 2–3 cm above the ground, covered by a dense, salty liquid. After three seasons (wet-dry-wet), each one represented by one metagenomic analysis on a dome (AD1, AD2, and AD3), the results show a vast diversity of members of the Archaea domain. An average of 230 Archaeal species were found in the mat (Medina-Chávez et al., 2020), covering five phyla, Euryarchaeaota, Crenarchaeota, and the unexpected Thaumarchaeota, Korarchaeota, and Nanoarchaeota phyla (Medina-Chávez et al., 2019). Total Archaeal diversity was constant through seasons, appearing as a stable Archaeal core throughout time.
Even so, more minor changes in community composition were observed. The changes in the community composition for three seasons are summarized based on the taxonomic assignment of reads. The richness between metagenomes shared 83% of the species; AD1 had 28 different species in comparison with the two others (AD2 and AD3), AD2 had one unique species that AD1 and AD3 did not have, and AD3 did not have any unique species. Phylogenetic reconstruction of species found in AD1, AD2, and AD3 was performed to display the taxonomic composition (see Supplementary Figure S1). Abundance and diversity were particularly large for Halobacteria and Methanomicrobia classes, relative to Crenarchaeota, consistent with the hypersaline microbial mat environment.
Finally, microbial mats containing Archaea are not limited to purely natural environments. For example, in Guerrero Negro, an artificial saltern located in the north of Mexico, Archaeal abundance is mainly distributed within two phylogenetic clades, Eucaryarchaeota and Crenarchaeota phyla (Robertson et al., 2009), as suggested by earlier less intensive studies (Spear et al., 2003; Orphan et al., 2008; Sabet et al., 2009; Dillon et al., 2013; Garcia-Maldonado et al., 2015). More recent sequencing validated the observation of the previously identified Archaea and greatly expanded the number of phyla. In addition, the Woesearchaeota, Nanohaloarchaeota, Diapherotrites, Aenigmarchaeota, and Lokiarchaeota phyla were also detected (Garcia-Maldonado et al., 2018).
From what we have learned about Archaea living in microbial mats and elsewhere (see below), Archaeal lineages appear widely distributed, with little evidence of geographic isolation. This raises the question: How cosmopolitan are Archaea? Previously, Archaea were thought to be constrained to oceans, especially on deep surfaces or hydrothermal vents, where life may have originated (DeLong, 1992; Pereira et al., 2019; Santoro et al., 2019). However, the discovery of Archaea in many locations, even in non-natural environments, demonstrates that Archaea are not limited to extreme environments and suggests that Archaea are not dispersal limited. The wide distribution of Archaea also means they may play significant roles in communities, carrying out metabolic activities that are either not available to bacteria or by doing those activities in a competitively superior manner.
The relevance of microbial mat research is not conditioned only to the identification of biogenicity. Microbial mats date back to the earliest life in the Archean eon (Nisbet and Fowler, 1999), well before many subsequent significant evolutionary changes in the history of life. The presence of Archaea in present-day mat structures provides insights into the ecological and evolutionary processes of mats in general, potentially providing a lost “fossil record” for prokaryotes. The study of Archaea found on microbial mats will likely also improve the molecular dating of evolutionary events, like divergence time estimates, speciation, and extinction rates.
2.2 Now You See Me, Now You Don’t
As mentioned above, Archaeal species are frequently at low relative abundances and are members of the rare biosphere. Members of the rare biosphere are often identified as genotypes with persistent sequence diversity at low relative abundance, less than <0.1%. The persistence of these rare organisms at such low frequencies raises several questions about Archaeal species and other species at very low abundances. Their low abundances may be due to a variety of ecological and evolutionary processes, including negative selection mediated by phages, banks of microbial seeds, or dormancy (Sogin et al., 2006; Jones and Lennon, 2010).
In addition, these very rare species may represent a reservoir of genetic diversity that actively responds to environmental changes (Coveley et al., 2015). Investigation of the rare biosphere is challenging. Culture-independent approaches such as metagenomics are tremendously helpful to creating prokaryotic collections. However, data for the rare biosphere is frequently discarded because of its relatively low abundance. Low abundance is especially a problem for Archaea, which are both rare and divergent from more abundant organisms. The vast majority of microorganisms have not been cultured or identified, especially in Archaea; therefore, it is not surprising new lineages with lower abundances are retrieved. Normalization of data and improved noise removal methods are essential to determine the relative abundances and identify species below 0.1% instead of defining them as sequencing artifacts. Moreover, careful manipulation, construction of references libraries, deep sequencing, robust pipelines, and technical replicates are possible solutions to the loss of taxa (Zhan and MacIsaac, 2015). The continued detection of a rare biosphere in microbial assemblages can help explain the significance of these taxa in community assembly and function despite their low abundance.
Addressing the causes and consequences of the rare biosphere requires an in-depth investigation of how rare is rare. The previous studies of Archaea at CCB provide an excellent jumping-off point on this question. By defining the “strictly rare” biosphere as the taxa with relative abundances below 0.01%, we found 50 Archaeal OTUs with very interesting demographic behavior. Within this group, 11 OTUs seem to be conditionally rare (Shade et al., 2014), maintaining their lower abundance in only one sampling time (the wet month) and reaching higher abundances in both dry samplings (Figure 2A) (Medina-Chávez et al., 2019). The dynamics of this portion of the rare taxa lead us to speculate that those OTUs from the Archaeal dome formation and those that are more abundant may benefit from a saltier environment under drier conditions. In both cases, it is noticeable that although Archaeal richness and abundance do not change much among samples, the rare (the one driven by environmental fluctuations) biosphere exhibits variation. A response to cold versus warm conditions has been noticed in other systems within CCB, such as in the now extinct Churince system (Rodriguez-Verdugo et al., 2012).
[image: Figure 2]FIGURE 2 | Archaeal rare biosphere from Cuatro Cienegas Basin. (A) Conditional rare Archaea taxa in AD in a time series, typically in low abundances but incrementing his abundance and becoming dominant in some seasons (B) Transiently rare Archaea taxa in AD, which tend to appear and disappear from the environment over time.
Additionally, 39 rare taxa were transiently rare since they were absent in one or two samples (Figure 2B) (Medina-Chávez et al., 2019). We suggest that this type of rarity is driven by stochastic processes such as passive dispersal of lineages temporarily recruited from the microbial seed bank or due to immigration (Lynch and Neufeld, 2015). Archaeal Domes (AD) are, so far, the most diverse microbial community found in CCB, despite the extreme conditions. Since this area is subject to water exploitation by intensive agricultural practices, desiccation and soil nutrient loss have become common in numerous ponds (Hernandez-Becerra et al., 2016). Our research group prioritizes investigating the ecology of these highly diverse Archaeal-rich microbial communities to fluctuating temperature and rainfall conditions.
It may be that the lowest-abundant taxa of the Archaeal Domes (AD) could be undergoing dormancy (Jones and Lennon, 2010), a mechanism that maintains cells alive but inactive and intermittently below detection thresholds. Archaea can enter a dormant cellular state, thereby providing an adaptive response to what would otherwise be a deleterious environmental perturbation. Dormancy has been experimentally demonstrated in the thermoacidophile archaeon Metallosphaera prunae that produces VapC toxins driving cellular dormancy under uranium stress (Mukherjee et al., 2017). Other stressors can induce dormancy in Archaea, including predatory organisms, specifically viruses, which are abundant in the AD metagenomes (∼28%). For example, a research group showed that rare and even inactive viruses induce dormancy in the model archaeon Sulfolobus islandicus (Bautista et al., 2015). And dormant microorganisms can also escape virus predation (Fernandez et al., 2018). Also, low phosphorus environments, such as CCB, are enriched for dormant bacteria (Jones and Lennon, 2010).
From these studies, it is clear that much remains uncertain about Archaea and their roles in the rare biosphere. We have observed surprising dynamics in the rare biosphere. While individual Archaeal species abundances are sensitive to varying abiotic conditions, overall Archaeal abundances are not. This is consistent with the hypothesis that the rare biosphere is a reservoir for genetic diversity and that microbial communities are dependent on seasonal variation, succession, and extinction events. But so far, we have these dynamics only for the rare biosphere “community” itself. Other studies have proposed that microorganisms with low relative abundances have a significant impact in all ecosystems. Rare microbes may provide metabolic diversity when high abundance microorganisms cannot thrive under changing conditions, suggesting seasonal dynamics can be shaping community assemblage.
2.3 Archaea in Surprising Places
Recently, metagenomic data has greatly expanded the known distribution of Archaea, revealing the third domain is common in a wide range of environments, so much so that we can find them in the most unexpected places (Probst et al., 2013; Taffner et al., 2018). These findings have been surprising and exciting at the same time. For example, the human gut has lately been one of the most evaluated micro-environments due to microbiota-linked diseases. Several studies revealed the presence of some Archaeal members like Methanobrevibacter smithii, Methanosphaera stadtmanae as the most abundant species (Samuel et al., 2007; Dridi et al., 2009; Pausan et al., 2019) among other methanogens in low abundance, like Methanobrevibacter arboriphilus (Oxley et al., 2010; Khelaifia et al., 2014) and Methanomassiliicoccus luminyensi (Gorlas et al., 2012). Substantial Archaeal richness has also been found in animal and ruminant guts (Leahy et al., 2010; Guindo et al., 2020).
Astonishingly, human oral and tract cavities also contain Archaea populations, particularly Methanobrevibacter oralis and M. smithii, Methanobrevibacter massiliense (Ferrari et al., 1994; Lepp et al., 2004; Bringuier et al., 2013; Huynh et al., 2017). These species appear to be reducing CO2 to methane. Methanogens as M. smithii can also be part of the vaginal microbiome (Belay et al., 1990). Moreover, human skin is also a niche for Archaea. Using PCR and specific Archaeal primers, some Euryarchaeota genera have been found, such as Halococcus, some unclassified Halobacteriaceae, Methanosarcina, and Methanomethylovorans; and unexpectedly, Thaumarchaota phylum is determined to be present on skin with Candidatus Nitrososphaera archaeon (Caporaso et al., 2011; Hulcr et al., 2012; Probst et al., 2013; Lurie-Weinberger and Gophna, 2015). Similarly, three phylotypes of halophilic Archaea have been detected in belly buttons (Hulcr et al., 2012). The detection of extremophile Archaea associated with humans is particularly surprising.
The rhizosphere is a complex interface (Philippot et al., 2013) with ecological dynamics impacted by the relationship with microbial communities with plant roots. Previously, the rhizosphere was thought to contain only bacteria and fungi, but recently, Archaea species have been observed. In 2018, Taffner et al. (2018), using 16s metagenomics, identified several Archaeal lineages related to bog vegetation. Methanomicrobia, Halobacteria (Euryarchaeota phylum), and Thermoprotei (Crenarchaeta phylum) classes were the most detected; Nitrosopumilus maritimus and Nitrosopumilus viennensis species (Thaumarchaeota phylum) along with unclassified taxa belonging to Thaumarchaeota and Nanoarchaeota phyla were less represented. According to functional annotations, these individuals are important constituents for CO2 fixation, nitrogen fixation, ammonia assimilation, besides their role as stress responders (oxidative and osmotic stress). This study also uncovered a critical involvement of Archaea in one plant-associated hormone biosynthesis, auxin, an essential plant-grow regulator for development and behavior. Other studies have shown that Archaea can substantially alter multiple aspects of a niche, allowing vegetation to grow even in harsh environments. In a study performed in the Qinghai Tibetan plateau, Thaumarchaeota lineages were retrieved from the rhizosphere, indicating ammonia oxidizers are taking a role in nitrogen fixation (Zhang et al., 2020). Nitrogen fixation takes elemental nitrogen (N2) and converts it into ammonia, a form usable for plants to grow.
Reciprocal evolution between Archaea and their hosts has been investigated using genomic approaches, initially for methanogenic Archaea. Newer observations have found archaeon associated with ciliates, marine sponges, and plants (Preston et al., 1996; Simon et al., 2001; Ragensbogenova et al., 2004). Some of these relationships show cross-feeding of resources and endosymbiosis, and may involve gene loss and pseudogenization events. For multicellular animals, comparative analysis of genomes revealed that archaeal endosymbionts depend on the host for the biosynthesis of essential nutrients (Lind et al., 2018), creating linked metabolisms. It has also been suggested that the dynamic between archaeal endosymbionts might be facultative since many archaeal endosymbionts can regularly be replaced by different species (Lind et al., 2018). The Archaeal common interaction with multicellular organisms dates back to early in the history of life, with divergence events within the domain, evolving and adapting to new niches. The exchange of genetic information through horizontal transfer over time explains the shared features and molecular similarities with the Eukarya domain (Staley and Caetano-Anolles, 2018).
2.4 Eukaryogenesis Originators
The emergence of eukaryotes is one of the most transformational evolutionary outcomes since life appeared almost 3.95 thousand million years ago (Tashiro et al., 2017). All complex multicellular life is Eukaryotic, altering the very landscape of life on Earth. Eukaryogenesis has been described as a multi-step process that occurred over millions of years of evolution (Martijn and Ettema, 2013; Dacks et al., 2016). The origin of Eukaryotes has long been a topic of speculation, with a diversity of theories and hypotheses (Koonin and Yutin, 2014; Booth and Doolittle, 2015; Lopez-Garcia and Moreira, 2020a; Lopez-Garcia and Moreira, 2020b). While endosymbiotic theories for the origin of Eukaryotes have a long history (Martin et al., 2015), the sequence of events and even the organisms involved have remained uncertain. The increasing number of novel Archaeal lineages identified by extensive genome sequencing efforts, combined with improved phylogenomic approaches, shows that the eukaryotes are highly derived descendants from Archaea and Eubacteria microbial consortia. Even so, numerous questions remain because the cellular organization of eukaryotes is far different from Archaea and bacteria, and there are no known organisms with intermediate evolutionary features.
Much of the debate on Eukaryotic origins involve the basis for Archaeal and bacterial interactions. One of the first proposed models was the eocyte hypothesis, involving predator-prey interactions between Archaea and bacteria: phagocytosis of an α-proteobacterium by an Archaea (Lake et al., 1984; Lake, 1988). Somewhat later, the hydrogen hypothesis suggested mutualistic interactions, rather than antagonism, was the basis for the first step in the origins of Eukaryotes. Martin and Müller (1998) proposed a syntrophy between a methanogenic Archaea and the α-proteobacteria as a precursor of mitochondria. Evaluation of these and other hypotheses has been challenging because of the previous lack of data on Archaea, which is now changing.
A metagenomic survey conducted on sediments near “Loki’s Castle,” a hydrothermal vent in the Arctic Mid-Ocean Ridge, revealed an Archaeal lineage (Spang et al., 2015) and the basis for the new taxa, Lokiarchaeota. The lineage belongs to a Deep-Sea Archaeal (DSAG) Marine Benthic Group B clade, a basal group within the TACK superphylum. Three DSAG bins were identified using marker genes and subsequently assembled, recovering one complete genome encoding 5,381 genes. The subsequent cultivation of a Lokiarchaeota species provides a new model for eukaryogenesis (Imachi et al., 2020), involving a two-member syntrophic co-culture composed of Candidatus Prometheoarchaeum syntrophicum strain MK-D1 and a species of methanogenium. Additional genomic discoveries lend support to novel ideas about the origin of eukaryotes.
There remain on-going debates about the overall topology of the tree of life. Phylogenomic analysis and physiological findings have answered some questions on the evolutionary origin of Eukaryotes, and at the same time, raised others. These analyses and their outcomes depend on implementing evolutionary models, dataset nature, and aligning methods. After Spang et al. (2015), many have contributed to the so-called 2-D (two domain) hypothesis, where Asgard superphyla is affiliated with Eukarya, suggesting Heimdallarchaeota as the closest relative Eukarya (Zaremba-Niedzwiedzka et al., 2017). Improved sampling techniques in harsh environmental conditions may result in obtaining new archaeal taxa, strengthening the tree reconstruction, and perhaps answering questions like When? How? Where? did the eukaryotes evolve (Lopez-Garcia and Moreira, 2015)?
Beyond the phylogenetic relationships between Eukarya and Asgard superphylum, both share several features, such as eukaryotic signature proteins (ESPs), including ESCRT-III homologs cytoskeletal components like actin, ubiquitin, and tubulin, which were previously thought to be exclusive to eukaryotes (Koonin, 2015). Thus, we are now far more confident that the complex endosymbiotic origin of Eukaryotes involved multiple unrelated lineages with potentially complementary ecological roles. It is also clear that the origin of eukaryotes is from a branch deep within the Archaean phylogenetic tree. And yet, there is even more uncertainty about the traits of the Eukaryotic progenitors and the topology of the Tree of Life in general.
2.5 Astrobiology Model System
The motivations for space exploration are complex, and yet much is captured by the hypothetical “if life could be found beyond Earth” by Joshua Lederberg (Nobel Prize 1998 for the discovery of bacterial conjugation)1. In the same year, the National Administration of Space and Aeronautics (NASA) was founded to look outward to space and explore other worlds. By investigating the mechanisms of the Universe, we gain a better understanding of life on Earth and the potential for life in general. NASA missions have been invaluable in discovering what is beyond our immediate reach and considering distant planetary bodies that could potentially harbor life. Perhaps surprisingly, Archaea provide a model system for understanding life elsewhere, thereby providing additional insights into life on Earth.
The detection of organic molecules in space environments such as planetary satellites, meteorites, comets, and interstellar media has provided the most significant support for the emergence and existence of life beyond our planet. This organic evidence was recorded in 1940, when CN, CH, and CH+ were recognized by optical absorption spectroscopy (McKellar, 1940). Nowadays, detecting molecular transitions in the microwave part of the electromagnetic spectrum has allowed the identification of carbonaceous compounds in distant galaxies (Ehrenfreund et al., 2006). These compounds can have prebiotic roles or contribute to the synthesis of precursor molecules and complex organics (Kwok, 2016). Identified compounds include sugars like glyceraldehyde, proteins such as formamide and acetamide, some hydrocarbons (largely methane), amines such as methylamine, and other precursors and chemical groups (Kwok, 2016). The search for life in the Universe may be limited by our definition and understanding of life on Earth (Schwieterman et al., 2018). However, the detection of similar Earth compounds in interstellar media suggests that the composition of matter may be universal, and that life on Earth can provide insight on life elsewhere Similarly, biosignatures found in space can provide a model for the early stages of life on our planet and elsewhere, taking into consideration that life and environments have changed and evolved through billions of years.
During the performance of NASA’s Curiosity rover, the mission revealed for the first time the detection of methane at different concentrations; and in 2019, methane was detected at the highest levels (https://www.nasa.gov/feature/jpl/curiosity-detects-unusually-high-methane-levels). This is an extraordinary discovery considering there are only two natural sources to the production of biogas: 1) microbial communities and 2) the interaction of some rocks and water (in this case, frozen water) (Etiope and Sherwood Lollar, 2013; Dean et al., 2018). If we hypothesize that methane gas production is due to the presence of microbial communities, the only known microorganisms capable of withstanding Martian conditions are Archaea. Moreover, the characteristic minerals on Mars are chloride and sulfate; this not only could tell how brines and salts have been part of Mars history but how extreme halophiles or poly-extremophile microorganisms can survive over time (Merino et al., 2019; von Hegner, 2020).
Archaeal methanogens provide insights on the types of microbial communities that might be found in Martian conditions, as Archaeal methanogens and halophiles are frequently found together (Nelson-Sathi et al., 2012; Watkins et al., 2014). Methanogens living in marine environments need high levels of NaCl (0.5 M) for rapid growth (Jones et al., 1987) and are usually halotolerant or halophilic (Boone et al., 1993). These methanogens use methylamines as substrates, which are produced by betaines, an accumulated osmoprotectant synthesized by halophiles (Kelley et al., 2012; Watkins et al., 2014). Both marginally and moderately halophilic methanogens such as Methanohalobium and Methanohalophilus accumulate low molecular weight solutes to equalize internal and external osmolarity, like K+, α-glutamate, β-glutamate, β-glutamine, glycine-betaine, among others (Jones et al., 1987; McGenity, 2010). For example, biogenic methane is thought to have been crucial for maintaining habitable surface temperatures before atmospheric oxygenation (Eigenbrode and Freeman, 2006; Catling et al., 2007). Thus, members of the Archaea domain are ideal models to understand osmoregulation and methanogenesis as a trace of biogenicity that possibly did occur in Mars history, offering a glimpse about the geochemical evolution of the red planet.
2.6 Cultivation Challenges
Moving forward, studies with Archaeal model systems will continue to take advantage of the advances in sequencing technology. All the data collected from sequences has allowed “supposing,” hypothesizing, and predicting natural phenomena occurring in this domain. It is hard to overstate how improvements in sequencing have greatly enlarged our view of Archaea. In addition, we anticipate that there will be new and more determined efforts for the isolation and growth of Archaeal species. To understand many of the phenomena in Archaea, just as in Bacteria, the physical isolation of microbes is extraordinarily helpful. While phylogenomic studies of Archaea identified patterns in their presence in environmental mats, host-associated environments, and the rare biosphere, understanding the mechanistic processes underlying those patterns is greatly aided by Archaeal isolation and culture. For example, some natural events such as adaptive evolution, species divergence, mutations, LGT/HLT (lateral-horizontal gene transfer) processes, pathogenesis, and even the large-scale production of high-value metabolites such as antibiotics would not be possible without isolation of the relevant microbes.
Isolation and culturing techniques have long been a bottleneck for studying Archaea. At present, there are several very different isolation techniques, such as streaking, plating dilution, enrichments, and media refinement for selective cultivation, most of which are derived from the history of culturing bacteria. Additional success in cultivating Archaea is likely by considering up-to-date Archaeal culturing skills and application of multiple cultivation techniques. These include co-culture, direct interspecies electron transfer (DIET), single-cell isolation, high-throughput culturing (HTC), and simulation of the natural habitat (Sun et al., 2020). A major challenge in growing Archaea is that it demands real patience. Rates of growth are extremely slow for some Archaeal strains, and the evidence of one single colony can take from 15 days up to 3, 6, or even 12 months. Not to mention the closest relative of eukaryotes to date, the ASGARD archaeon Prometheoarchaeum syntrophicum took ∼12 years until final isolation. Prometheoarchaeum doubling time has been estimated at around 14–25 days (Imachi et al., 2020).
Even the easiest Archaea to cultivate can be challenging. Halophilic microorganisms belonging to the Euryarchaeaota phylum are frequently cited as the easiest group to isolate since the only limiting and extreme condition is the salt concentration (NaCl). Nevertheless, despite being “the easiest” group, some challenges and technical issues still make it out of the ordinary. When culturing halophiles, it is a challenge to keep plates hydrated for 2–3 weeks or until small colonies start to appear. However, in an isolation effort done these past few years, we observed that precipitation of salts in the agar media was essential for colony growth. Even reactivation of these strains was more efficient in terms of growth when the biomass is cryopreserved along with precipitated salts.
Current isolation techniques require improvement. Although new strategies are continuously being developed, greater success can be achieved by studying Archaea physiology and metabolism through NGS functional analysis. Primary isolation is improved by mimicking the natural physicochemical conditions where Archaea thrive and by collecting the soil, water, or surface from Archaea can be retrieved. But to create an entirely whole natural niche is an impossible task. Since conditions like pH, temperature, oxygenation, and humidity can be controlled, selective and complex media design will be the key to future isolation venues. The use of transcriptomics and the modeling of metabolic networks can be proposed to facilitate media design using specific metabolites or waste products used by Archaea naturally. Furthermore, one of the achievements of Bacterial culturing is the performance of microcosm experiments and their enrichments which can also provide a greater chance to recover new and targeted archaeal species.
3 DISCUSSION
It has been over 40 years since Archaea were discovered, and recognition of their importance in biology has increased tremendously. Initially, Archaea were the “other” prokaryote that was rare, exclusively living in extreme environments, and peripheral to most biology. Perceived as evolutionary oddities, they were interesting in their strangeness and that they are not bacteria. With the advent of relatively inexpensive sequencing that is increasingly powerful, a better understanding of the centrality of Archaea for life on Earth is emerging. At a minimum, the evolutionary diversity of Archaea is greater than both Bacteria and Eukaryotes combined (Staley and Caetano-Anolles, 2018). There are multiple deeply rooted lineages of Archaea that have long, apparently independent, evolutionary histories with specific environments. These lineages have the potential to provide insights into the ancient Earth before the appearance of eukaryotic, multicellular species that are likely to be inaccessible by any other means. That is over 50% of Earth’s history (Sanchez-Baracaldo et al., 2017). And because Eukaryotes are evolutionarily derived from Archaea, understanding Eukaryotes requires investigation of Archaea.
Understanding of the deep evolutionary history of Archaea, and therefore life in general, is currently in flux. The traditional view of the three domains model (Eukaryotes, Bacteria, and Archaea) hypothesized by Woese was challenged by the endosymbiotic origins of Eukaryotes involving both Bacteria and Archaea. Even so, a nuanced three domains perspective has persisted for some time, with Eukaryotes having a hybrid origin. But even this perspective is now untenable, in part because of the diversity within Archaea. The two main branches of Archaea are as deeply rooted as their separation from Bacteria, possibly suggesting a four (or more) domain model. And the relationship between Archaea and Eukaryotes is in question because Eukaryotes could be viewed more appropriately as a derived Archaeal lineage than a separate domain. These different perspectives are not likely to be resolved without additional information, which might be obtained by discovering additional diverse Archaeal lineages. However, questions about the earliest divergences across extant life could persist for some time.
While the evolutionary history of the diversity of life remains uncertain, increasing clarity is being obtained on extant Archaeal diversity. In brief, Archaea are everywhere. Frequently Archaea are rare in comparison to bacteria or eukaryotes, even when there is substantial Archaeal diversity. Archaea are often most abundant in extreme environments, even though they can also be observed in mesophilic environments. The maintenance of Archaeal diversity remains an open question, as it is for microbial species in general. Abiotic and biotic factors both contribute to changes in diversity, as for many species, yet their general rarity across most environments remains a question. In particular, how much of their current abundance can be attributed to a long evolutionary history versus unique adaptive traits or capabilities?
The ability of Archaea to persist in harsh environments makes them a good model system for astrobiological investigations. In the absence of life from elsewhere, Archaea provide insights into how life in challenging environments might exist. Archaea grow slowly, some very slowly. And yet, many Archaea grow under conditions that are well outside expectations for other microbes. The initial discovery of Archaea was surprising and dramatically altered our understanding of the microbial world. When considering life elsewhere and reflecting on Archaea, the pace of life may be far slower than typically observed for aerobic bacteria. And may involve environmental conditions that might be considered inhospitable, or even inimical, to other life. Recognizing the broad scope of living conditions that Archaea can inhabit can inform our investigations into life elsewhere, as well as on the early Earth. Continued identification of new Archaeal diversity is still generating surprises and is changing our perspectives, with much remaining unknown and exciting work to be done.
Reflecting over what we have already learned from Archaea, future advances are likely to enlighten biological understanding in primarily two ways, on the ecology of the existing biosphere and on evolutionary possibilities. First, our knowledge of the ecological contributions of Archaea is primarily limited to particularly harsh extreme environments, even though Archaea are found virtually everywhere. Because Archaea are so diverse, their ecological contributions are likely to be as diverse and not as narrowly constrained as initially thought. A better appreciation of the role of Archaea in ecological communities, especially those in which they are rare, provides insights into Archaeal diversity and the basis for ecological diversity itself. Archaeal distinctiveness offers a critical metric to understand ecological patterns and processes in a rapidly changing world.
The breadth of Archaeal diversity will have even greater utility in assessing evolutionary possibilities. Studying Archaea is essential for understanding Eukaryogenesis, which was a transformative event seemingly unique in the history of life and deeply dependent upon Archaea. Disentangling the basis for Eukaryogenesis will substantially enlighten our understanding of biological innovation itself. These insights include the origins of meiosis and the evolutionary benefits of recombination. More generally, the extraordinary evolutionary diversity of Archaea is a largely untapped natural experiment. Because of the large number of deep independent branches, investigations into Archaea show the potential for evolutionary possibilities that would not be otherwise available in their absence. Archaeal discoveries have repeatedly altered our understanding of the history of life, and that is likely to continue into the future.
4 CONCLUSIONS/FINAL REMARKS
Archaea are a unique system for investigating the diversity of life. There are the most diverse group of organisms with possibly the longest evolutionary history of life on Earth. They exist in the harshest environments and benign conditions, providing a system to investigate the basis for living in extreme environments. Archaea were critical for the evolution of Eukaryotes and can be used as a proxy for studying life on other planets.
AUTHOR CONTRIBUTIONS
NM-C and MT jointly conceived the manuscript. NM-C wrote the first draft and carried out the analyses. Both authors discussed the interpretation of results and contributed to the final manuscript.
FUNDING
Funds for this work were provided by a Conacyt Postdoctoral Fellowship 516728 (NM-C), NSF EF-1724011 (MT), and NASA IDEAS16002 (MT).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We want to thank Micropop and Susana de la Torre Zavala for their critical review of the manuscript, their valuable support, and their critical observations throughout the project.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.693193/full#supplementary-material and “https://www.mg-rast.org/mgmain.html?mgpage=project&project=mgp90438
FOOTNOTES
1https://astrobiology.nasa.gov/about/history-of-astrobiology/.
REFERENCES
 Adam, P. S., Borrel, G., Brochier-Armanet, C., and Gribaldo, S. (2017). The Growing Tree of Archaea: New Perspectives on Their Diversity, Evolution and Ecology. ISME J. 11, 2407–2425. doi:10.1038/ismej.2017.122
 Allers, T., and Mevarech, M. (2005). Archaeal Genetics - the Third Way. Nat. Rev. Genet. 6, 58–73. doi:10.1038/nrg1504
 Baker, B. J., De Anda, V., Seitz, K. W., Dombrowski, N., Santoro, A. E., and Lloyd, K. G. (2020). Diversity, Ecology and Evolution of Archaea. Nat. Microbiol. 5, 887–900. doi:10.1038/s41564-020-0715-z
 Baumgartner, L. K., Dupraz, C., Buckley, D. H., Spear, J. R., Pace, N. R., and Visscher, P. T. (2009). Microbial Species Richness and Metabolic Activities in Hypersaline Microbial Mats: Insight into Biosignature Formation through Lithification. Astrobiology 9, 861–874. doi:10.1089/ast.2008.0329
 Bautista, M. A., Zhang, C., and Whitaker, R. J. (2015). Virus-induced Dormancy in the Archaeon Sulfolobus Islandicus. MBio 6, e02565. doi:10.1128/mBio.02565-14
 Belay, N., Mukhopadhyay, B., Conway de Macario, E., Galask, R., and Daniels, L. (1990). Methanogenic Bacteria in Human Vaginal Samples. J. Clin. Microbiol. 28, 1666–1668. doi:10.1128/jcm.28.7.1666-1668.1990
 Bell, E. A., Boehnke, P., Harrison, T. M., and Mao, W. L. (2015). Potentially Biogenic Carbon Preserved in a 4.1 Billion-Year-Old Zircon. Proc. Natl. Acad. Sci. USA 112, 14518–14521. doi:10.1073/pnas.1517557112
 Boone, D. R., Whitman, W. B., and Rouvière, P. (1993). “Diversity and Taxonomy of Methanogens,” in Methanogenesis: Ecology, Physiology, Biochemistry & Genetics ed . Editor J. G. Ferry (Boston, MA: Springer US), 35–80. doi:10.1007/978-1-4615-2391-8_2
 Booth, A., and Doolittle, W. F. (2015). Eukaryogenesis, How Special Really?Proc. Natl. Acad. Sci. USA 112, 10278–10285. doi:10.1073/pnas.1421376112
 Bringuier, A., Khelaifia, S., Richet, H., Aboudharam, G., and Drancourt, M. (2013). Real-Time PCR Quantification of Methanobrevibacter Oralis in Periodontitis: Table 1. J. Clin. Microbiol. 51, 993–994. doi:10.1128/jcm.02863-12
 Brochier-Armanet, C., Boussau, B., Gribaldo, S., and Forterre, P. (2008). Mesophilic Crenarchaeota: Proposal for a Third Archaeal Phylum, the Thaumarchaeota. Nat. Rev. Microbiol. 6, 245–252. doi:10.1038/nrmicro1852
 Caporaso, J. G., Lauber, C. L., Costello, E. K., Berg-Lyons, D., Gonzalez, A., Stombaugh, J., et al. (2011). Moving Pictures of the Human Microbiome. Genome Biol. 12, R50. doi:10.1186/gb-2011-12-5-r50
 Castelle, C. J., Wrighton, K. C., Thomas, B. C., Hug, L. A., Brown, C. T., Wilkins, M. J., et al. (2015). Genomic Expansion of Domain Archaea Highlights Roles for Organisms from New Phyla in Anaerobic Carbon Cycling. Curr. Biol. 25, 690–701. doi:10.1016/j.cub.2015.01.014
 Catling, D. C., Claire, M. W., and Zahnle, K. J. (2007). Anaerobic Methanotrophy and the Rise of Atmospheric Oxygen. Phil. Trans. R. Soc. A. 365, 1867–1888. doi:10.1098/rsta.2007.2047
 Chaban, B., Ng, S. Y. M., and Jarrell, K. F. (2006). Archaeal Habitats - from the Extreme to the Ordinary. Can. J. Microbiol. 52, 73–116. doi:10.1139/w05-147
 Church, M. J., DeLong, E. F., Ducklow, H. W., Karner, M. B., Preston, C. M., and Karl, D. M. (2003). Abundance and Distribution of Planktonic Archaea and Bacteria in the Waters West of the Antarctic Peninsula. Limnol. Oceanogr. 48, 1893–1902. doi:10.4319/lo.2003.48.5.1893
 Coveley, S., Elshahed, M. S., and Youssef, N. H. (2015). Response of the Rare Biosphere to Environmental Stressors in a Highly Diverse Ecosystem (Zodletone spring, OK, USA). PeerJ 3, e1182. doi:10.7717/peerj.1182
 Dacks, J. B., Field, M. C., Buick, R., Eme, L., Gribaldo, S., Roger, A. J., et al. (2016). The Changing View of Eukaryogenesis - Fossils, Cells, Lineages and How They All Come Together. J. Cel Sci. 129, 3695–3703. doi:10.1242/jcs.178566
 Dean, J. F., Middelburg, J. J., Röckmann, T., Aerts, R., Blauw, L. G., Egger, M., et al. (2018). Methane Feedbacks to the Global Climate System in a Warmer World. Rev. Geophys. 56, 207–250. doi:10.1002/2017rg000559
 DeLong, E. F. (1992). Archaea in Coastal marine Environments. Proc. Natl. Acad. Sci. 89, 5685–5689. doi:10.1073/pnas.89.12.5685
 DeLong, E. (1998). Archaeal Means and Extremes. Science 280, 542–543. doi:10.1126/science.280.5363.542
 Demergasso, C., Casamayor, E. O., Chong, G., Galleguillos, P., Escudero, L., and Pedrós-Alió, C. (2004). Distribution of Prokaryotic Genetic Diversity in Athalassohaline Lakes of the Atacama Desert, Northern Chile. FEMS Microbiol. Ecol. 48, 57–69. doi:10.1016/j.femsec.2003.12.013
 Desai, A., Marwah, V. S., Yadav, A., Jha, V., Dhaygude, K., Bangar, U., et al. (2013). Identification of Optimum Sequencing Depth Especially for De Novo Genome Assembly of Small Genomes Using Next Generation Sequencing Data. PLoS One 8, e60204. doi:10.1371/journal.pone.0060204
 Dillon, J. G., Carlin, M., Gutierrez, A., Nguyen, V., and McLain, N. (2013). Patterns of Microbial Diversity along a Salinity Gradient in the Guerrero Negro Solar Saltern, Baja CA Sur, Mexico. Front. Microbiol. 4, 399. doi:10.3389/fmicb.2013.00399
 Dridi, B., Henry, M., El Khéchine, A., Raoult, D., and Drancourt, M. (2009). High Prevalence of Methanobrevibacter Smithii and Methanosphaera Stadtmanae Detected in the Human Gut Using an Improved DNA Detection Protocol. PLoS One 4, e7063. doi:10.1371/journal.pone.0007063
 Dupraz, C., and Visscher, P. T. (2005). Microbial Lithification in marine Stromatolites and Hypersaline Mats. Trends Microbiol. 13, 429–438. doi:10.1016/j.tim.2005.07.008
 Ehrenfreund, P., Rasmussen, S., Cleaves, J., and Chen, L. (2006). Experimentally Tracing the Key Steps in the Origin of Life: The Aromatic World. Astrobiology 6, 490–520. doi:10.1089/ast.2006.6.490
 Eigenbrode, J. L., and Freeman, K. H. (2006). Late Archean Rise of Aerobic Microbial Ecosystems. Proc. Natl. Acad. Sci. 103, 15759–15764. doi:10.1073/pnas.0607540103
 Eme, L., and Doolittle, W. F. (2015). Archaea. Curr. Biol. 25, R851–R855. doi:10.1016/j.cub.2015.05.025
 Etiope, G., and Sherwood Lollar, B. (2013). Abiotic Methane on Earth. Rev. Geophys. 51, 276–299. doi:10.1002/rog.20011
 Fernandez, A. B., Rasuk, M. C., Visscher, P. T., Contreras, M., Novoa, F., Poire, D. G., et al. (2016). Microbial Diversity in Sediment Ecosystems (Evaporites Domes, Microbial Mats, and Crusts) of Hypersaline Laguna Tebenquiche, Salar de Atacama, Chile. Front. Microbiol. 7, 1284. doi:10.3389/fmicb.2016.01284
 Fernández, L., Rodríguez, A., and García, P. (2018). Phage or Foe: an Insight into the Impact of Viral Predation on Microbial Communities. ISME J. 12, 1171–1179. doi:10.1038/s41396-018-0049-5
 Fernández-Martínez, M. Á., Dos Santos Severino, R., Moreno-Paz, M., Gallardo-Carreño, I., Blanco, Y., Warren-Rhodes, K., et al. (2019). Prokaryotic Community Structure and Metabolisms in Shallow Subsurface of Atacama Desert Playas and Alluvial Fans after Heavy Rains: Repairing and Preparing for Next Dry Period. Front. Microbiol. 10, 1641. doi:10.3389/fmicb.2019.01641
 Ferrari, A., Brusa, T., Rutili, A., Canzi, E., and Biavati, B. (1994). Isolation and Characterization ofMethanobrevibacter Oralis Sp. Nov. Curr. Microbiol. 29, 7–12. doi:10.1007/bf01570184
 Fierer, N., Leff, J. W., Adams, B. J., Nielsen, U. N., Bates, S. T., Lauber, C. L., et al. (2012). Cross-biome Metagenomic Analyses of Soil Microbial Communities and Their Functional Attributes. Proc. Natl. Acad. Sci. 109, 21390–21395. doi:10.1073/pnas.1215210110
 García-Maldonado, J. Q., Bebout, B. M., Everroad, R. C., and López-Cortés, A. (2015). Evidence of Novel Phylogenetic Lineages of Methanogenic Archaea from Hypersaline Microbial Mats. Microb. Ecol. 69, 106–117. doi:10.1007/s00248-014-0473-7
 García-Maldonado, J. Q., Escobar-Zepeda, A., Raggi, L., Bebout, B. M., Sanchez-Flores, A., and López-Cortés, A. (2018). Bacterial and Archaeal Profiling of Hypersaline Microbial Mats and Endoevaporites, under Natural Conditions and Methanogenic Microcosm Experiments. Extremophiles 22, 903–916. doi:10.1007/s00792-018-1047-2
 Gorlas, A., Robert, C., Gimenez, G., Drancourt, M., and Raoult, D. (2012). Complete Genome Sequence of Methanomassiliicoccus Luminyensis, the Largest Genome of a Human-Associated Archaea Species. J. Bacteriol. 194, 4745. doi:10.1128/jb.00956-12
 Gribaldo, S., and Brochier-Armanet, C. (2006). The Origin and Evolution of Archaea: a State of the Art. Phil. Trans. R. Soc. B 361, 1007–1022. doi:10.1098/rstb.2006.1841
 Guindo, C. O., Davoust, B., Drancourt, M., and Grine, G. (2020). Diversity of Methanogens in Animals' Gut. Microorganisms 9, 13. doi:10.3390/microorganisms9010013
 Guy, L., and Ettema, T. J. G. (2011). The Archaeal 'TACK' Superphylum and the Origin of Eukaryotes. Trends Microbiol. 19, 580–587. doi:10.1016/j.tim.2011.09.002
 Haiminen, N., Kuhn, D. N., Parida, L., and Rigoutsos, I. (2011). Evaluation of Methods for De Novo Genome Assembly from High-Throughput Sequencing Reads Reveals Dependencies that Affect the Quality of the Results. PLoS One 6, e24182. doi:10.1371/journal.pone.0024182
 Hernández-Becerra, N., Tapia-Torres, Y., Beltrán-Paz, O., Blaz, J., Souza, V., and García-Oliva, F. (2016). Agricultural Land-Use Change in a Mexican Oligotrophic Desert Depletes Ecosystem Stability. PeerJ 4, e2365. doi:10.7717/peerj.2365
 Hug, L. A., Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle, C. J., et al. (2016). A New View of the Tree of Life. Nat. Microbiol. 1, 16048. doi:10.1038/nmicrobiol.2016.48
 Hulcr, J., Latimer, A. M., Henley, J. B., Rountree, N. R., Fierer, N., Lucky, A., et al. (2012). A Jungle in There: Bacteria in Belly Buttons Are Highly Diverse, but Predictable. PLoS One 7, e47712. doi:10.1371/journal.pone.0047712
 Huynh, H. T. T., Pignoly, M., Drancourt, M., and Aboudharam, G. (2017). A New Methanogen "Methanobrevibacter Massiliense" Isolated in a Case of Severe Periodontitis. BMC Res. Notes 10, 657. doi:10.1186/s13104-017-2980-3
 Imachi, H., Nobu, M. K., Nakahara, N., Morono, Y., Ogawara, M., Takaki, Y., et al. (2020). Isolation of an Archaeon at the Prokaryote-Eukaryote Interface. Nature 577, 519–525. doi:10.1038/s41586-019-1916-6
 Jones, S. E., and Lennon, J. T. (2010). Dormancy Contributes to the Maintenance of Microbial Diversity. Proc. Natl. Acad. Sci. 107, 5881–5886. doi:10.1073/pnas.0912765107
 Jones, W. J., Nagle, D. P., and Whitman, W. B. (1987). Methanogens and the Diversity of Archaebacteria. Microbiol. Rev. 51, 135–177. doi:10.1128/mr.51.1.135-177.1987
 Kelley, C. A., Poole, J. A., Tazaz, A. M., Chanton, J. P., and Bebout, B. M. (2012). Substrate Limitation for Methanogenesis in Hypersaline Environments. Astrobiology 12, 89–97. doi:10.1089/ast.2011.0703
 Khelaifia, S., Garibal, M., Robert, C., Raoult, D., and Drancourt, M. (2014). Draft Genome Sequence of a Human-Associated Isolate of Methanobrevibacter Arboriphilicus, the Lowest-G+c-Content Archaeon. Genome Announc. 2, e01181. doi:10.1128/genomeA.01181-13
 Koonin, E. V., and Yutin, N. (2014). The Dispersed Archaeal Eukaryome and the Complex Archaeal Ancestor of Eukaryotes. Cold Spring Harbor Perspect. Biol. 6, a016188. doi:10.1101/cshperspect.a016188
 Koonin, E. V. (2015). Archaeal Ancestors of Eukaryotes: Not So Elusive Any More. BMC Biol. 13, 84. doi:10.1186/s12915-015-0194-5
 Korzhenkov, A. A., Toshchakov, S. V., Bargiela, R., Gibbard, H., Ferrer, M., Teplyuk, A. V., et al. (2019). Archaea Dominate the Microbial Community in an Ecosystem with Low-To-Moderate Temperature and Extreme Acidity. Microbiome 7, 11. doi:10.1186/s40168-019-0623-8
 Kwok, S. (2016). Complex Organics in Space from Solar System to Distant Galaxies. Astron. Astrophys Rev. 24, 8. doi:10.1007/s00159-016-0093-y
 Lake, J. A., Henderson, E., Oakes, M., and Clark, M. W. (1984). Eocytes: a New Ribosome Structure Indicates a Kingdom with a Close Relationship to Eukaryotes. Proc. Natl. Acad. Sci. 81, 3786–3790. doi:10.1073/pnas.81.12.3786
 Lake, J. A. (1988). Origin of the Eukaryotic Nucleus Determined by Rate-Invariant Analysis of rRNA Sequences. Nature 331, 184–186. doi:10.1038/331184a0
 Leahy, S. C., Kelly, W. J., Altermann, E., Ronimus, R. S., Yeoman, C. J., Pacheco, D. M., et al. (2010). The Genome Sequence of the Rumen Methanogen Methanobrevibacter Ruminantium Reveals New Possibilities for Controlling Ruminant Methane Emissions. PLoS One 5, e8926. doi:10.1371/journal.pone.0008926
 Lepp, P. W., Brinig, M. M., Ouverney, C. C., Palm, K., Armitage, G. C., and Relman, D. A. (2004). Methanogenic Archaea and Human Periodontal Disease. Proc. Natl. Acad. Sci. 101, 6176–6181. doi:10.1073/pnas.0308766101
 Lind, A. E., Lewis, W. H., Spang, A., Guy, L., Embley, T. M., and Ettema, T. J. G. (2018). Genomes of Two Archaeal Endosymbionts Show Convergent Adaptations to an Intracellular Lifestyle. ISME J. 12 (11) 2655–2667. doi:10.1038/s41396-018-0207-9
 Liu, Y., Beer, L. L., and Whitman, W. B. (2012). Sulfur Metabolism in Archaea Reveals Novel Processes. Environ. Microbiol. 14, 2632–2644. doi:10.1111/j.1462-2920.2012.02783.x
 López-García, P., and Moreira, D. (2015). Open Questions on the Origin of Eukaryotes. Trends Ecol. Evol. 30, 697–708. doi:10.1016/j.tree.2015.09.005
 López-García, P., and Moreira, D. (2020a). Cultured Asgard Archaea Shed Light on Eukaryogenesis. Cell 181, 232–235. doi:10.1016/j.cell.2020.03.058
 López-García, P., and Moreira, D. (2020b). The Syntrophy Hypothesis for the Origin of Eukaryotes Revisited. Nat. Microbiol. 5, 655–667. doi:10.1038/s41564-020-0710-4
 Lurie-Weinberger, M. N., and Gophna, U. (2015). Archaea in and on the Human Body: Health Implications and Future Directions. Plos Pathog. 11, e1004833. doi:10.1371/journal.ppat.1004833
 Lynch, M. D. J., and Neufeld, J. D. (2015). Ecology and Exploration of the Rare Biosphere. Nat. Rev. Microbiol. 13, 217–229. doi:10.1038/nrmicro3400
 Martijn, J., and Ettema, T. J. G. (2013). From Archaeon to Eukaryote: the Evolutionary Dark Ages of the Eukaryotic Cell. Biochem. Soc. Trans. 41, 451–457. doi:10.1042/bst20120292
 Martin, W., and Müller, M. (1998). The Hydrogen Hypothesis for the First Eukaryote. Nature 392 (6671), 37–41. doi:10.1038/32096
 Martin, W. F., Garg, S., and Zimorski, V. (2015). Endosymbiotic Theories for Eukaryote Origin. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370 (1678), 20140330. doi:10.1098/rstb.2014.0330
 McGenity, T. J. (2010). “Methanogens and Methanogenesis in Hypersaline Environments,” in Handbook of Hydrocarbon and Lipid Microbiology ed . Editor K. N. Timmis (Berlin, Heidelberg: Springer Berlin Heidelberg), 665–680. doi:10.1007/978-3-540-77587-4_53
 McKellar, A. (1940). Evidence for the Molecular Origin of Some Hitherto Unidentified Interstellar Lines. Publ. Astron. Soc. Pac. 52, 187. doi:10.1086/125159
 Medina-Chávez, N. O., De la Torre-Zavala, S., Arreola-Triana, A. E., and Souza, V. (2020). “Cuatro Ciénegas as an Archaean Astrobiology Park,” in Astrobiology and Cuatro Ciénegas Basin as an Analog of Early Earth ed . Editors V. Souza, and A. Segura (Foster: Jamie Springer International Publishing), 219–228. 
 Medina-Chávez, N. O., Viladomat-Jasso, M., Olmedo-Álvarez, G., Eguiarte, L. E., Souza, V., and De la Torre-Zavala, S. (2019). Diversity of Archaea Domain in Cuatro Cienegas Basin: Archaean Domes. bioRxiv , 766709. doi:10.1101/766709
 Merino, N., Aronson, H. S., Bojanova, D. P., Feyhl-Buska, J., Wong, M. L., Zhang, S., et al. (2019). Living at the Extremes: Extremophiles and the Limits of Life in a Planetary Context. Front. Microbiol. 10, 780. doi:10.3389/fmicb.2019.00780
 Mukherjee, A., Wheaton, G. H., Counts, J. A., Ijeomah, B., Desai, J., and Kelly, R. M. (2017). VapC Toxins Drive Cellular Dormancy under Uranium Stress for the Extreme Thermoacidophile Metallosphaera Prunae. Environ. Microbiol. 19, 2831–2842. doi:10.1111/1462-2920.13808
 Nelson-Sathi, S., Dagan, T., Landan, G., Janssen, A., Steel, M., McInerney, J. O., et al. (2012). Acquisition of 1,000 Eubacterial Genes Physiologically Transformed a Methanogen at the Origin of Haloarchaea. Proc. Natl. Acad. Sci. 109, 20537–20542. doi:10.1073/pnas.1209119109
 Nisbet, E. G., and Fowler, C. M. R. (1999). Archaean Metabolic Evolution of Microbial Mats. Proc. R. Soc. Lond. B 266, 2375–2382. doi:10.1098/rspb.1999.0934
 Offre, P., Spang, A., and Schleper, C. (2013). Archaea in Biogeochemical Cycles. Annu. Rev. Microbiol. 67, 437–457. doi:10.1146/annurev-micro-092412-155614
 Olsen, G. J. (1994). Archaea, Archaea, Every where. Nature 371, 657–658. doi:10.1038/371657a0
 Oren, A. (2004). Prokaryote Diversity and Taxonomy: Current Status and Future Challenges. Phil. Trans. R. Soc. Lond. B 359, 623–638. doi:10.1098/rstb.2003.1458
 Orphan, V. J., Jahnke, L. L., Embaye, T., Turk, K. A., Pernthaler, A., Summons, R. E., et al. (2008). Characterization and Spatial Distribution of Methanogens and Methanogenic Biosignatures in Hypersaline Microbial Mats of Baja California. Geobiology 6, 376–393. doi:10.1111/j.1472-4669.2008.00166.x
 Oxley, A. P. A., Lanfranconi, M. P., Würdemann, D., Ott, S., Schreiber, S., McGenity, T. J., et al. (2010). Halophilic Archaea in the Human Intestinal Mucosa. Environ. Microbiol. 12, 2398–2410. doi:10.1111/j.1462-2920.2010.02212.x
 Pausan, M. R., Csorba, C., Singer, G., Till, H., Schöpf, V., Santigli, E., et al. (2019). Exploring the Archaeome: Detection of Archaeal Signatures in the Human Body. Front. Microbiol. 10, 2796. doi:10.3389/fmicb.2019.02796
 Pereira, O., Hochart, C., Auguet, J. C., Debroas, D., and Galand, P. E. (2019). Genomic Ecology of Marine Group II, the Most Common marine Planktonic Archaea across the Surface Ocean. Microbiologyopen 8, e00852. doi:10.1002/mbo3.852
 Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013). Going Back to the Roots: the Microbial Ecology of the Rhizosphere. Nat. Rev. Microbiol. 11, 789–799. doi:10.1038/nrmicro3109
 Preisner, E. C., Fichot, E. B., and Norman, R. S. (2016). Microbial Mat Compositional and Functional Sensitivity to Environmental Disturbance. Front. Microbiol. 7, 1632. doi:10.3389/fmicb.2016.01632
 Preston, C. M., Wu, K. Y., Molinski, T. F., and DeLong, E. F. (1996). A Psychrophilic Crenarchaeon Inhabits a Marine Sponge: Cenarchaeum Symbiosum Gen. Nov., Sp. Nov. Proc. Natl. Acad. Sci. 93 (13), 6241–6246. doi:10.1073/pnas.93.13.6241
 Probst, A. J., Auerbach, A. K., and Moissl-Eichinger, C. (2013). Archaea on Human Skin. PLoS One 8, e65388. doi:10.1371/journal.pone.0065388
 Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., and Segata, N. (2017). Shotgun Metagenomics, from Sampling to Analysis. Nat. Biotechnol. 35, 833–844. doi:10.1038/nbt.3935
 Ramos-Vera, W. H., Berg, I. A., and Fuchs, G. (2009). Autotrophic Carbon Dioxide Assimilation in Thermoproteales Revisited. J. Bacteriol. 191, 4286–4297. doi:10.1128/jb.00145-09
 Regensbogenova, M., McEwan, N. R., Javorsky, P., Kisidayova, S., Michalowski, T., Newbold, C. J., et al. (2004). A Re-Appraisal of the Diversity of the Methanogens Associated With the Rumen Ciliates. FEMS Microbiol. Lett. 238 (2), 307–313. doi:10.1111/j.1574-6968.2004.tb09771.x
 Robertson, C. E., Spear, J. R., Harris, J. K., and Pace, N. R. (2009). Diversity and Stratification of Archaea in a Hypersaline Microbial Mat. Appl. Environ. Microbiol. 75, 1801–1810. doi:10.1128/aem.01811-08
 Robinson, C. K., Wierzchos, J., Black, C., Crits-Christoph, A., Ma, B., Ravel, J., et al. (2015). Microbial Diversity and the Presence of Algae in Halite Endolithic Communities Are Correlated to Atmospheric Moisture in the Hyper-Arid Zone of the Atacama Desert. Environ. Microbiol. 17, 299–315. doi:10.1111/1462-2920.12364
 Rodríguez-Verdugo, A., Souza, V., Eguiarte, L. E., and Escalante, A. E. (2012). Diversity across Seasons of Culturable Pseudomonas from a Desiccation Lagoon in Cuatro Cienegas, Mexico. Int. J. Microbiol. 2012, 201389. doi:10.1155/2012/201389
 Ruvindy, R., White III, R. A., Neilan, B. A., and Burns, B. P. (2016). Unravelling Core Microbial Metabolisms in the Hypersaline Microbial Mats of Shark Bay Using High-Throughput Metagenomics. ISME J. 10, 183–196. doi:10.1038/ismej.2015.87
 Sabet, S., Diallo, L., Hays, L., Jung, W., and Dillon, J. G. (2009). Characterization of Halophiles Isolated from Solar Salterns in Baja California, Mexico. Extremophiles 13, 643–656. doi:10.1007/s00792-009-0247-1
 Saghaï, A., Gutiérrez-Preciado, A., Deschamps, P., Moreira, D., Bertolino, P., Ragon, M., et al. (2017). Unveiling Microbial Interactions in Stratified Mat Communities from a Warm saline Shallow Pond. Environ. Microbiol. 19, 2405–2421. doi:10.1111/1462-2920.13754
 Samuel, B. S., Hansen, E. E., Manchester, J. K., Coutinho, P. M., Henrissat, B., Fulton, R., et al. (2007). Genomic and Metabolic Adaptations of Methanobrevibacter Smithii to the Human Gut. Proc. Natl. Acad. Sci. 104, 10643–10648. doi:10.1073/pnas.0704189104
 Sánchez-Baracaldo, P., Raven, J. A., Pisani, D., and Knoll, A. H. (2017). Early Photosynthetic Eukaryotes Inhabited Low-Salinity Habitats. Proc. Natl. Acad. Sci. USA 114, E7737–E7745. doi:10.1073/pnas.1620089114
 Santoro, A. E., Richter, R. A., and Dupont, C. L. (2019). Planktonic Marine Archaea. Annu. Rev. Mar. Sci. 11, 131–158. doi:10.1146/annurev-marine-121916-063141
 Schwieterman, E. W., Kiang, N. Y., Parenteau, M. N., Harman, C. E., DasSarma, S., Fisher, T. M., et al. (2018). Exoplanet Biosignatures: A Review of Remotely Detectable Signs of Life. Astrobiology 18, 663–708. doi:10.1089/ast.2017.1729
 Seitz, K. W., Lazar, C. S., Hinrichs, K.-U., Teske, A. P., and Baker, B. J. (2016). Genomic Reconstruction of a Novel, Deeply Branched Sediment Archaeal Phylum with Pathways for Acetogenesis and Sulfur Reduction. ISME J. 10, 1696–1705. doi:10.1038/ismej.2015.233
 Shade, A., Jones, S. E., Caporaso, J. G., Handelsman, J., Knight, R., Fierer, N., et al. (2014). Conditionally Rare Taxa Disproportionately Contribute to Temporal Changes in Microbial Diversity. MBio 5, e01371. doi:10.1128/mBio.01371-14
 Simon, H. M., Dodsworth, J. A., and Goodman, R. M. (2001). Erratum: Crenarchaeota Colonize Terrestrial Plant Roots (Environmental Microbiology 2:5 (495-505)). Environ. Microbiol. 3 (5), 354. doi:10.1046/j.1462-2920.2001.00194.x
 Sogin, M. L., Morrison, H. G., Huber, J. A., Welch, D. M., Huse, S. M., Neal, P. R., et al. (2006). Microbial Diversity in the Deep Sea and the Underexplored "rare Biosphere". Proc. Natl. Acad. Sci. 103, 12115–12120. doi:10.1073/pnas.0605127103
 Souza, V., Espinosa-Asuar, L., Escalante, A. E., Eguiarte, L. E., Farmer, J., Forney, L., et al. (2006). An Endangered Oasis of Aquatic Microbial Biodiversity in the Chihuahuan Desert. Proc. Natl. Acad. Sci. 103, 6565–6570. doi:10.1073/pnas.0601434103
 Souza, V., Eguiarte, L. E., Siefert, J., and Elser, J. J. (2008). Microbial Endemism: Does Phosphorus Limitation Enhance Speciation?Nat. Rev. Microbiol. 6, 559–564. doi:10.1038/nrmicro1917
 Souza, V., Moreno-Letelier, A., Travisano, M., Alcaraz, L. D., Olmedo, G., and Eguiarte, L. E. (2018). The Lost World of Cuatro Ciénegas Basin, a Relictual Bacterial Niche in a Desert Oasis. Elife 7, e38278. doi:10.7554/eLife.38278
 Spang, A., Saw, J. H., Jørgensen, S. L., Zaremba-Niedzwiedzka, K., Martijn, J., Lind, A. E., et al. (2015). Complex Archaea that Bridge the gap between Prokaryotes and Eukaryotes. Nature 521, 173–179. doi:10.1038/nature14447
 Spang, A., Caceres, E. F., and Ettema, T. J. G. (2017). Genomic Exploration of the Diversity, Ecology, and Evolution of the Archaeal Domain of Life. Science 357, eaaf3883. doi:10.1126/science.aaf3883
 Spear, J. R., Ley, R. E., Berger, A. B., and Pace, N. R. (2003). Complexity in Natural Microbial Ecosystems: the Guerrero Negro Experience. Biol. Bull. 204, 168–173. doi:10.2307/1543553
 Staley, J. T., and Caetano-Anollés, G. (2018). Archaea-First and the Co-Evolutionary Diversification of Domains of Life. Bioessays 40, e1800036. doi:10.1002/bies.201800036
 Stoeckenius, W. (1981). Walsby's Square Bacterium: fine Structure of an Orthogonal Procaryote. J. Bacteriol. 148, 352–360. doi:10.1128/jb.148.1.352-360.1981
 Sun, Y., Liu, Y., Pan, J., Wang, F., and Li, M. (2020). Perspectives on Cultivation Strategies of Archaea. Microb. Ecol. 79, 770–784. doi:10.1007/s00248-019-01422-7
 Taffner, J., Erlacher, A., Bragina, A., Berg, C., Moissl-Eichinger, C., and Berg, G. (2018). What Is the Role of Archaea in Plants? New Insights from the Vegetation of Alpine Bogs. mSphere 3, e00122. doi:10.1128/mSphere.00122-18
 Tashiro, T., Ishida, A., Hori, M., Igisu, M., Koike, M., Méjean, P., et al. (2017). Early Trace of Life from 3.95 Ga Sedimentary Rocks in Labrador, Canada. Nature 549, 516–518. doi:10.1038/nature24019
 von Hegner, I. (2020). Extremophiles: a Special or General Case in the Search for Extra-terrestrial Life?Extremophiles 24, 167–175. doi:10.1007/s00792-019-01144-1
 Walsby, A. E. (1980). A Square Bacterium. Nature 283, 69–71. doi:10.1038/283069a0
 Watkins, A. J., Roussel, E. G., Parkes, R. J., and Sass, H. (2014). Glycine Betaine as a Direct Substrate for Methanogens (Methanococcoides spp.). Appl. Environ. Microbiol. 80, 289–293. doi:10.1128/aem.03076-13
 Williams, T. A., Foster, P. G., Cox, C. J., and Embley, T. M. (2013). An Archaeal Origin of Eukaryotes Supports Only Two Primary Domains of Life. Nature 504, 231–236. doi:10.1038/nature12779
 Woese, C. R., and Fox, G. E. (1977). Phylogenetic Structure of the Prokaryotic Domain: the Primary Kingdoms. Proc. Natl. Acad. Sci. 74, 5088–5090. doi:10.1073/pnas.74.11.5088
 Woese, C. R., Kandler, O., and Wheelis, M. L. (1990). Towards a Natural System of Organisms: Proposal for the Domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad. Sci. 87, 4576–4579. doi:10.1073/pnas.87.12.4576
 Wong, H. L., Visscher, P. T., White III, R. A., Smith, D.-L., Patterson, M. M., and Burns, B. P. (2017). Dynamics of Archaea at fine Spatial Scales in Shark Bay Mat Microbiomes. Sci. Rep. 7, 46160. doi:10.1038/srep46160
 Wong, H. L., White, R. A., Visscher, P. T., Charlesworth, J. C., Vázquez-Campos, X., and Burns, B. P. (2018). Disentangling the Drivers of Functional Complexity at the Metagenomic Level in Shark Bay Microbial Mat Microbiomes. ISME J. 12, 2619–2639. doi:10.1038/s41396-018-0208-8
 Zaremba-Niedzwiedzka, K., Caceres, E. F., Saw, J. H., Bäckström, D., Juzokaite, L., Vancaester, E., et al. (2017). Asgard Archaea Illuminate the Origin of Eukaryotic Cellular Complexity. Nature 541, 353–358. doi:10.1038/nature21031
 Zhan, A., and MacIsaac, H. J. (2015). Rare Biosphere Exploration Using High-Throughput Sequencing: Research Progress and Perspectives. Conserv Genet. 16, 513–522. doi:10.1007/s10592-014-0678-9
 Zhang, M., Chai, L., Huang, M., Jia, W., Guo, J., and Huang, Y. (2020). Deciphering the Archaeal Communities in Tree Rhizosphere of the Qinghai-Tibetan Plateau. BMC Microbiol. 20, 235. doi:10.1186/s12866-020-01913-5
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Medina-Chávez and Travisano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Archaeal Communities: The Microbial Phylogenomic Frontier		1 Introduction

		2 The Discovery and Diversity of Archaea		2.1 Archaea in Nature

		2.2 Now You See Me, Now You Don’t

		2.3 Archaea in Surprising Places

		2.4 Eukaryogenesis Originators

		2.5 Astrobiology Model System

		2.6 Cultivation Challenges





		3 Discussion

		4 Conclusions/Final Remarks

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		Footnotes

		References









OPS/images/cover.jpg
* frontiers
in Genetics

Archaeal Communities: The
Microbial Phylogenomic Frontier





OPS/images/fgene-12-693193-g001.gif
— 7
Y 7/
‘\k\,\\.l! _ :
e U

N
—a

PSS






OPS/images/fgene-12-693193-g002.gif
Reltive abundance %

Rolative abundanco %










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
1N Genetics





