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1. Hidden in plain sight: the overlooked world of Archaea 

1.1. Discovery of Archaea 

As far back as Antiquity, Aristotle classified living beings into four groups: mineral, plant, animal 

and human. Since then, this classification has constantly evolved and undergone profound 
changes. In 1735, the introduction of the modern nomenclature "Systema naturæ" by Carl von 

Linné marked a major turning point for the discipline. Linné established the binomial system of 

nomenclature and organised species into a hierarchical system of categories: kingdom, 
phylum, class, order, family, genus and species. Over time, this classification has been 

continually enriched in line with progress in scientific techniques, particularly advances in 
microscopy and genetics. By 1970, the Tree of Life was made up of five domains: Monera, 

Protista, Plantæ, Fungi and Animalia (Figure 1) (Whittaker, 1969). 
 

 

 

Subsequently, the development of molecular biology and DNA sequencing techniques 
led to the advent of phylogenetic classification, based on the notions of evolution and common 

ancestry. In 1977, Carl Woese and George Edward Fox made a groundbreaking discovery that 
revolutionized our understanding of organism classification. Analysis of the 16S ribosomal 

RNA sequence revealed that methanogenic 'bacteria', although similar to other bacteria in size, 

Figure 1: Classification of living organisms proposed by Whittaker in 1969. This five-kingdom 
classification is based on the complexity level and nutritional mode of organisms. 
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shape and cellular organization, are in fact as phylogenetically distant from other bacteria as 

bacteria and eukaryotes (Fox et al., 1977). This discovery prompted the proposal of a new 
classification system comprising three domains: Eukarya, Eubacteria and Archaebacteria 

(Woese & Fox, 1977), later renamed Archaea to avoid any confusion with bacteria (Woese et 
al., 1990). 

 

1.2. Unique yet familiar: the biochemistry of Archaea 

 Since their discovery, the isolation and sequencing of numerous archaeal species have 
unveiled characteristics shared with both bacteria and eukaryotes, alongside distinctive 

features (Table 1). For instance, both archaeal and bacterial cells lack intracellular 

compartmentalization, with transcription and translation processes presumed to be occurring 
simultaneously. While this coupling is well-established in bacteria, it is still only hypothesized 

in archaea. These prokaryotic organisms also share small circular genomes with a high density 
of genes that can be organized into operons (Koonin, 2009). On the other hand, the archaeal 

machineries involved in cellular information processing (DNA replication and repair, 
transcription, translation) are partly homologous to that of eukaryotes (Makarova et al., 2014). 

Archaea also possess unique features distinguishing them from both bacteria and eukaryotes. 
For example, archaeal cytoplasmic membranes are composed of isoprenoid chains linked to 

glycerol-1-phosphate via ether bonds, contrasting with the fatty acid esters linked to glycerol-

Table 1: Comparison of selected characteristics of the three domains of Life. Adapted from 
Dombrowski et al., 2021. 
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3-phosphate found in bacterial and eukaryotic membranes (Cavicchioli, 2011). Recently, a 

putative metabolic pathway for the synthesis of 'archaeal' membrane lipids was identified in a 
Metagenome-Assembled Genome (MAG) of Ca. Cloacimonetes, a bacterium of the 

Fibrobacteres-Chlorobi-Bacteroidetes (FCB) group (Villanueva et al., 2021). This is to date the 
only instance of archaeal-like membrane outside the archaeal domain. 

 

1.3. Ecology and physiology of Archaea  

Initially discovered in extreme environments, considered by human standards, such as around 
hydrothermal vents where temperatures can reach 350°C (Fiala & Stetter, 1986), archaea 

were long associated with extremophily. Some archaea exhibit particular metabolic capacities, 

such as the ability to use inorganic compounds like hydrogen or sulphur as energy sources 
(Bertoldo & Antranikian, 2006; Garcia et al., 2006), demonstrating a metabolic flexibility that 

enables them to colonize varied and often hostile ecological niches.  
  

 Due to their often stringent and specialized growth requirements, cultivation of archaea 
in laboratory settings remains challenging. From the 1990s on, most of the detection of 

unknown archaeal diversity has been achieved through environmental surveys and culture-
independent approaches, such as metagenomics and high-throughput sequencing (Baker et 

al., 2020). These techniques allowed for the detection and characterization of archaea directly 
from environmental samples, bypassing the need for traditional culturing methods, and have 

shown that archaea are present in many more environments than initially thought. They are 

now known to be ubiquitous species and are estimated to account for more than 20% of the 
Earth's total biomass (DeLong & Pace, 2001). Owing to their incredible metabolic diversity, 

they play pivotal roles in global biogeochemical cycles of carbon, nitrogen and sulphur (Offre 
et al., 2013).  

 
 From the early 1980s, archaea were discovered in the human microbiota. Initial studies 

identified Methanobrevibacter smithii in human faeces, marking the first evidence of 
methanogenic archaea in the human gut (Miller & Wolin, 1982). The presence of 

Methanobrevibacter species was then established in the digestive tracts of various mammals, 
including ruminants (Miller & Wolin, 1986). Subsequent studies highlighted the presence of 

methanogenic and non-methanogenic archaeal species on the human skin, in the oral and 

nasal cavities, the lungs and the vagina (Belay et al., 1990; Ferrari et al., 1994; Koskinen et 
al., 2017; Kulik et al., 2001) (Figure 2). Despite the evidence of numerous archaea being 

associated with a wide range of eukaryotes, including humans, no pathogenic species has 
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been reported to date. Archaea are known to produce toxins, such as halocins or sulfolobicins 

(O’Connor & Shand, 2002). They also possess secretion and adhesion systems, recognized 
as crucial virulence factors (Kachlany et al., 2000; Makarova et al., 2016). Moreover, their 

genome are highly dynamic due to the occurrence of horizontal gene transfers (HGT), the 
presence of mobile genetic elements and recombination systems (Wagner et al., 2017). The 

absence of identified pathogenic species is therefore intriguing, considering these potential 
mechanisms for virulence and adaptation. Ongoing research endeavors to unravel the 

ecological and evolutionary factors underlying the apparent lack of pathogenic archaea.  

  
 Even if there is no direct evidence of pathogenicity, studies seem to indicate that 

methanogenic species could be associated with various diseases, such as colorectal cancer 
and inflammatory bowel disease (Mohammadzadeh et al., 2022). It is also believed that 

archaea could have an indirect damaging impact on their hosts through the production of 
metabolites (Figure 2). For instance, it has been suggested that Methanobrevibacter smithii 

metabolites could cause cancer by producing oxidative DNA damage and/or inhibiting DNA 
repair (Dopp et al., 2004). They have also been shown to inhibit the growth of other microbiota 

species and could therefore have the ability to modulate the gut microbiota (Meyer et al., 2008). 

 

 

Figure 2: Archaea associated with the human body. Representative metabolites and their potential 
contributions to human and health and disease are presented. CRC: colorectal cancer. IBD: 
inflammatory bowel disease. IBS: irritable bowel syndrome. TMA: trimethylamine. Adapted from Cai et 
Tang, 2022. 
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1.4. The growing tree of Archaea  

In 1994, Gary Olsen stated ‘...overlooking the Archaea has been equivalent to surveying one 

square kilometer of the African savanna and missing over 300 elephants’ (Olsen, 1994). 
Today, this comparison has been widely verified, and the initial projections have been largely 

exceeded. Following the publication of the first complete archaeal genome of Methanococcus 
jannashii in 1996 (Bult et al., 1996), the number of available genomes available is growing 

exponentially. While in 2011, around a hundred genomes had been published (Brochier-

Armanet et al., 2011), the National Center for Biotechnology Information (NCBI) genome 
database includes almost 23,000 genomes as of July 2024, representing data from both 

cultured microorganisms and direct environmental sampling. This massive burst in the 
availability of genomic data has catalyzed a rapid evolution of the phylogenetic tree of archaea 

since its first version proposed in 1990 (Figure 3).   
 

 

Figure 3: The expanding archaeal diversity. (A) Between 1990 and 2002, only two archaeal phyla 
were known (Euryarchaeota and Crenarchaeota). (B) Additional phyla were identified between 2002 
and 2011, but the phylum-status of Nanoarchaeota was still controversial. (C) Since 2011, various 
additional archaeal lineages of high taxonomic rank have been discovered, propelled by advances in 
sequencing technologies and the use of metagenomic and single-cell genomic techniques. Adapted 
from Spang et al., 2017. 
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 For over a decade, Archaea were thought to be divided between Euryarchaeota and 

Crenarchaeota. Between 2002 and 2011, several new lineages were proposed, such as 
Nanoarchaeota (Huber et al., 2002), Korarchaeota (Elkins et al., 2008), Thaumarchaeota 

(Brochier-Armanet et al., 2008), or Aigarchaeota (Nunoura et al., 2011). In 2011, the Thaum-, 
Aig-, Cren- and Korarchaeota were shown to form a monophyletic group, the TACK 

superphylum (Guy & Ettema, 2011). Metagenomic studies subsequently uncovered a plethora 
of nanosized archaea, which were grouped into the proposed DPANN superphylum, named 

according to the first taxa identified: Diapherotrites, Parvarchaeota, Aenigmarchaeota, 

Nanohaloarchaeota, Nanoarchaeota (Rinke et al., 2013). DPANNs typically possess compact 

genomes of approximately 1 Mbp and seem to have undergone extensive HGT events. They 

are believed to be fast-evolving species with parasitic or symbiotic lifestyle (Dombrowski et al., 

2019). Their monophyly remains debated and could result from a long branch attraction (LBA) 

artifact (Adam et al., 2017). As presented in Figure 4, this phenomenon causes distantly 
related lineages, which have long branches due to high rates of evolution, to be incorrectly 

inferred as closely related.  
 

 

 Since, numerous additional phyla have been described. Notably, a 2015 metagenomic 
survey allowed the identification of Lokiarchaeota from sediment samples collected near Loki's 

Castle, a hydrothermal vent system in the Arctic Ocean (Spang et al., 2015). Lokiarchaeota 
fall into a new superphyla, named Asgard after Norse gods. In the following years, the Asgard 

group has been expanded with the addition of new lineages, including Thorarcheota, 
Odinarchaeota, and Heimdallarchaeota (Seitz et al., 2016; Zaremba-Niedzwiedzka et al., 

2017). Notably, phylogenetic and comparative genomic analyses have indicated that this 

archaeal clade includes the closest archaeal sister lineage of eukaryotes, as detailed below. 
 

Figure 4: Long branch attraction (LBA) artefact in phylogenetic analysis. In cases of trees where 
some branches are considerably longer than others, methods such as parsimony may prefer the wrong 
tree where long branches are grouped together. Adapted from Bawono and Heringa, 2014. 
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1.5. The evolving Tree of Life: insights from Archaea 

Since the establishment of Archaea as a separate domain of Life, their relationship with the 

two other domains has sparked considerable debate. 
 

Eukaryotic cells are characterized by their intracellular compartmentalization, 
distinguishing them from prokaryotic cells. In 1967, Lynn Sagan first proposed the hypothesis 

that eukaryotic organelles, such as mitochondria and chloroplasts, originated through 

endosymbiosis (Sagan, 1967). A viral origin of the eukaryotic nucleus was also proposed by 
Philip Bell (2001) and later gained popularity with the discovery of large, complex DNA viruses 

capable of protein synthesis (Scola et al., 2003). Although the endosymbiosis hypothesis is 
generally accepted, at least for the acquisition of the alphaproteobacterial ancestor of 

mitochondria (Lane & Martin, 2010), the nature of the host cell remains enigmatic. Some 
hypotheses state that this cell was a ‘proto-eukaryote’ similar to modern eukaryotes (Dacks & 

Field, 2007), whereas others propose it was an archaeon or even a bacterium (López-García 
& Moreira, 2015; Martin et al., 2015). For a long time, the prevailing view was thus that Archaea 

and Eukaryotes represent two independent sister lineages in a three-domain (3D) Tree of Life 
(Figure 5A).  

 

 

 

However, some phylogenetic analyses have challenged this model, leading to 
alternative scenarios where Eukaryotes evolved from within the Archaea. The development of 

cultivation-independent genomic approaches and advances in phylogenetic tools resulted in 
the first two-domain (2D) trees, in which Eukaryotes branched from within the archaeal domain, 

more precisely close to the TACK superphylum, and Archaea are not monophyletic (Figure 
5B). This topology was supported by the presence of proteins that were previously assumed 

to be specific to eukaryotes in TACK genomes, i.e., eukaryotic signature proteins (ESP) (Guy 

Figure 5: Evolution of the Tree of Life topology. Schematic depiction of the relationship of Archaea, 
Bacteria, and Eukaryotes according to the (A) Three- and (B) Two-Domain topology, updated with (C) 
the Asgard archaea. Adapted from Spang et al., 2017. 
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& Ettema, 2011) (Figure 6). Nevertheless, these analyses failed to identify a specific archaeal 

lineage as being more closely related to Eukaryotes than the others. The position of 
Eukaryotes among Archaea became clearer with the recent discovery of the Asgard archaea. 

Phylogenomic analyses placed Asgard as a sister group of Eukaryotes, and genome analyses 
revealing extended sets of ESPs in these species further supported this topology (Spang et 

al., 2015; Zaremba-Niedzwiedzka et al., 2017) (Figure 5C). Eukaryotes are currently proposed 
to be a sister lineage to Hodarchaeales, a newly proposed order within Heimdallarchaeia (Eme 

et al., 2023). 
  

 

  

 Although the scientific community is increasingly favoring the 2D Tree of Life, an active 

and vigorous debate continues regarding the validity and implications of both the 2D and 3D 
topologies, and recent studies have formulated several critiques in opposition to the 2D 

scenario. For instance, the overrepresentation of Archaea and Asgard species in the datasets 
could be erroneously favoring 2D topology. Misalignments in multiple sequence alignments 

and the inclusion of fast-evolving species further exacerbate these biases. LBA artifacts, 

particularly between fast-evolving archaea and the long bacterial branch, could misplace 
Eukaryotes within Archaea. Concern has also been raised regarding the potential 

contamination of Asgard metagenomic data from eukaryotic sources, allegedly resulting in the 
false grouping of Eukaryotes and Asgard archaeota. Moreover, Asgard proteins show 

Figure 6: Distribution of eukaryotic signature proteins (ESP) across the archaeal tree. Putative 
homologues are lightly shaded. Adapted from Eme et al., 2017. 
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inconsistent placement in single-protein trees, challenging the robustness of the 2D model. 

Marker selection also influences tree topology; large proteins tend to support 3D trees, while 
short proteins often support 2D trees due to insufficient phylogenetic signal. Additionally, 

individual proteins can significantly affect the overall topology; removing or including specific 
proteins can transform a tree from a 3D to a 2D topology and conversely (Da Cunha et al., 

2017, 2018, 2022).  
 

 Recent cultivation of two Asgard archaeon, Prometheoarchaeum syntrophicum (Imachi 

et al., 2020) and Lokiarchaeum ossiferum (Rodrigues-Oliveira et al., 2023) tempered the 
resonance of these criticisms (Figure 7). Sequencing of the whole genome of cultured single 

cells confirmed the previously observed proximity between Asgard species and Eukaryotes, 
and that the detected ESPs did not stem from eukaryotic contamination. According to recent 

estimates, around 50% of existing archaeal diversity still flies under the radar (Eloe-Fadrosh 
et al., 2016). Further genomic data and phylogenetic analyses will undoubtedly provide 

additional insight on the matter in the years to come.  
 

 

1.6. Relevance of archaeal models in biochemistry and structural 
biology 

As previously discussed, the evolutionary trajectories of archaeal and eukaryotic lineages are 

deeply interconnected. According to current hypotheses, the eukaryotic ancestor likely 
originated within Archaea and subsequently gained complexity over time, eventually resulting 

in modern eukaryotic organisms (see section 1.5). This evolutionary scenario is supported by 
the strong homologies observed between numerous archaeal and eukaryotic proteins and 

cellular processes. Histone proteins, which are nucleoid associated proteins involved in 

genome compaction and organization, are a good illustration of this phenomenon. While 
absent in Bacteria, all eukaryotic and most archaeal genomes encode histone proteins 

Figure 7: Scanning electron microscopy (SEM) imaging of (A) Prometheoarchaeum 
syntrophicum and (B) Lokiarchaeum ossiferum. Scale bars represent 200 nm and 500 nm, 
respectively. Adapted from Imachi et al., 2020 and Rodrigues-Oliveira et al., 2023.  

A B 
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(Henneman et al., 2018). In Eukaryotes, there are five classes of histones: H1, H2A, H2B, H3, 

and H4. They assemble into a histone core, which is constituted of two H2A-H2B dimers and 
a H3-H4 tetramer. A DNA segment of approximately 150 base pair (bp) is wrapped twice 

around each octameric core, forming a nucleosome (Luger et al., 1997). Linker histones H1 
bind the DNA at the entry and exit points of the core particle, sealing the nucleosome (Bednar 

et al., 2017). Nucleosomes interact with each other, forming a compact 30 nm fiber. Histone-
encoding genes have also been identified in most archaea, with the exception of 

Crenarchaeota (Henneman et al., 2018). Many archaeal genomes encode more than one 

histone variant (Sandman et al., 1994), and they bind DNA as dimers (Sandman et al., 1990) 
or tetramers (Pereira et al., 1997). The structure of archaeal histone is very similar to that of 

their eukaryotic homologs, altough they do not possess the N-terminal tail found in eukaryotic 
proteins, which plays a critical role in DNA packaging and regulation through post-translational 

modifications (Henneman et al., 2018) (Figure 8).  
 

  
 When related, archaeal macromolecular edifices are often smaller and simplified version 

of their eukaryotic counterparts. Although very similar, the cellular machineries of Archaea 

involve fewer proteins, and their regulatory pathways are usually simpler. For instance, the 
archaeal 20S proteasome has only two to four different subunits, whereas its eukaryotic 

counterpart has fourteen (Maupin‐Furlow et al., 2006). Consequently, the archaeal complex is 
much simpler to reconstitute in vitro. This makes archaea relevant cellular models for 

integrative studies, providing valuable insights into their complex eukaryotic homologs. In 
addition to enabling more straightforward studies, archaeal models can also provide 

Figure 8: Eukaryotic and archaeal histones are very similar. (A) Eukaryotic nucleosomes are 
composed of DNA wrapped twice around two H2A-H2B dimers and a H3-H4 tetramer. Yellow, H2A; red, 
H2B; blue, H3; green, H4. (B) Archaeal histones are homologous to H3 and H4 eukaryotic histones but 
lack the N-terminal tail. Adapted from Henneman et al., 2018. 
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information regarding the evolutionary history of protein families. As an example, the structural 

and biochemical characterization of the family D replicative DNA polymerase (PolD) of the 
archaeon Pyrococcus abyssi has shed light on the evolutionary history of the 

phosphodiesterase (PDE) domain, a fold found in numerous nucleases and therefore a key 
player in genome maintenance (Figure 9). The ancestor of the PDE domain may have already 

existed in the Last Universal Common Ancestor (LUCA). This ancestral nuclease domain 
would have acquired different substrate specificities, and was integrated into various DNA-

binding proteins to serve distinct functions in genome maintenance, such as DNA 

recombination (Mre11/Rad50) and DNA proofreading (PolD). While Mre11/Rad50 is 
conserved across the Tree of Life, the active polymerase-associated PDE domain is only found 

in Archaea. In Eukaryotes, the PDE domain architecture is preserved in certain DNA 
polymerases but has lost its nuclease activity, replaced by the DnaQ nuclease fold (Betancurt-

Anzola et al., 2023).  
 

Figure 9: Inferred evolution and diversification of the PDE fold across the three domains of Life.   
Mre11 and DNA polymerases PDE folds would share a common ancestor. An active PDE motif has been 
preserved in archaeal PolD and in the universal Mre11. This motif became inactive in eukaryotic 
replicative DNA polymerases as they evolved to incorporate a DnaQ-like exonuclease domain. Adapted 
from Betancurt-Anzola et al., 2023. 
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 Finally, as previously mentioned, many species of archaea are extremophilic (see 

section 1.3), and (hyper)thermophilic species are of particular interest. Thanks to intrinsic 
adaptations of molecular components such as membranes and proteins, these organisms are 

able to thrive at temperatures above 60°C, and up to 122°C (Takai et al., 2008). At the protein 
level, these adaptations correspond to changes in the amino acid sequence, resulting in 

variations of the structure, flexibility, charge, and/or hydrophobicity of the enzymes, enabling 
them to maintain folding and functionality at high temperatures. These proteins often have an 

increased hydrophobic core, and contain more salt bridges and ionic interactions that stabilize 

the structure through electrostatic interactions. Enhanced hydrogen bonding networks and 
aromatic interactions, such as π-π stacking, also contribute to their thermal stability (Jaenicke 

& Böhm, 1998). Furthermore, these proteins tend to have fewer thermolabile amino acids such 
as glutamine and asparagine, which are prone to deamidation at high temperatures (Carré et 

al., 2022). Their structure is generally more compact and rigid, lowering entropy and increasing 
stability (Tehei et al., 2005). Beyond enabling a deeper understanding of molecular adaptations 

in thermophilic organisms, thermostable proteins offer several benefits for biochemistry and 
structural biology experimentations. Firstly, the protein purification process can be carried out 

at room temperature. In the case of recombinant protein expression in a non-thermophilic host, 

a first clarification step consisting in a heat-shock can be used to eliminate the host proteins. 
Moreover, protein production yields are typically higher (Fujino et al., 2020), which is 

particularly interesting for structural biology studies requiring large quantities of the protein of 
interest. Furthermore, in the case of enzyme characterization, activity assays can be controlled 

through temperature regulation. Enzymatic reactions can thus be either activated or inhibited 
so that the time scales are compatible with the techniques used (Ibrahim et al., 2017).  

 
 All these characteristics make archaea highly relevant models for the biochemical and 

structural characterization of a protein family, which is precisely the aim of this thesis project. 
It therefore seemed most appropriate to focus our study of TET peptidases, which will be 

presented in sections 2.4.2.2 and 3 below, on archaeal representatives. Despite being present 

in all three domains of the Tree of Life, archaeal TET peptidases have been more extensively 
studied than their bacterial of eukaryotic counterparts, and have been investigated for over 20 

years in the Extremophiles and Large Molecular Assemblies (ELMA) laboratory, at the 
Structural Biology Institute of Grenoble. During the course of this project, it has been extremely 

valuable to be able to draw upon the expertise previously acquired on those enzymes, either 
regarding the purification, functional or structural characterization of these molecular 

machineries. Despite the studies already conducted on this protein family, the biological 
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function of these peptidases has not yet been clearly determined. It therefore seemed 

appropriate to study them in 'simple' cellular models. Moreover, the presence of many 
extremophiles in this domain of life enabled us to investigate proteins from thermophilic 

organisms, which considerably facilitated the purification process, as detailed in chapter 2 . 
Lastly, the study of archaeal TETs seemed relevant to gain insight on the evolutionary history 

of those enzymes (see general discussion).  
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2. Proteolysis: roles in cellular health and key players 

2.1.  The proteome clockwork: precision and dynamics of protein 
regulation  

In 2011, Mora et al. estimated that there are 8.75 million living species on Earth, of which only 

20% would have been described (Mora et al., 2011). In recent years, culture-independent 
approaches, such as metagenomics and high-throughput sequencing, have transformed our 

exploration of biodiversity (Baker et al., 2020; Handelsman, 2004), and the resulting wealth of 

new genomic data suggest that the existing biodiversity far exceeds this estimate (Wiens, 
2023). Even though our current estimates of existing biodiversity are likely far below the actual 

figures, it is astonishing to contemplate the vast diversity arising from genetic information 
universally encoded by merely four nitrogenous bases —adenine (A), thymine (T), cytosine 

(C), and guanine (G). Despite this seeming simplicity, DNA encodes a surprising breadth of 
genetic information, with the human genome being estimated to comprise between 20,000 and 

25,000 genes (Lander et al., 2001).  
 

 The translation of these genes into proteins introduces a further layer of complexity. For 
instance, 100,000 distinct proteins are estimated to be produced from the human genome 

(Wilhelm et al., 2014). The emergence of sophisticated mechanisms in the course of evolution 

allowed this tremendous complexity to be generated. For instance, alternative splicing allows 
a single pre-mRNA transcript to be spliced in different ways to produce multiple mature mRNA 

variants (Figure 10). This process involves the selective inclusion or exclusion of specific 
exons (coding regions) and introns (non-coding regions) during mRNA processing, enabling 

the production of multiple protein isoforms form a single gene (Pan et al., 2008).  
 

 The proteome, which is defined as the complete set of proteins expressed by an 
organism, cell, or tissue at a specific time, is highly dynamic and is continually reshaped in 

response to internal or external stimuli, such as developmental stages and environmental 
conditions (Goldberg, 2003). This tight regulation of proteome composition can be perceived 

in the variation of renewal rates from one protein to another, with half-lives ranging from a few 

minutes to several years. For instance, regulatory proteins such as protein involved in DNA 
replication or cell cycle progression often have very short half-lives (Fatima et al., 2022; Jenal, 

1998; Udvardy, 1996), allowing cells to quickly adapt to changes in their environment by rapidly 
modulating gene expression (Sears et al., 2000). Conversely, structural proteins, such as 

collagen, have much longer half-lives, up to several years (Verzijl et al., 2000).	 
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 Proteome composition is controlled through various regulatory mechanisms. The first 

level of regulation is exerted during transcription. mRNA synthesis from DNA can be enhanced 
or repressed by transcription factors and is also modulated by epigenetic modifications, such 

as DNA methylation or histone modification, which can regulate gene expression without 
alteration of the DNA sequence (Gibney & Nolan, 2010; Lee & Young, 2013). After mRNA is 

synthesized, various mechanisms can influence its stability, splicing, transport, and translation 
efficiency, such as the alternative splicing mechanism previously mentioned. The following 

step of translation of mRNAs into proteins is also fine-tuned, by translation initiation factors for 

example (Brito Querido et al., 2024). The resulting proteins can then be subjected to post-
translational modifications, such as phosphorylation, ubiquitination, methylation, acetylation, 

or glycosylation, affecting their activity and stability (Lee et al., 2023). Protein localization can 
be controlled through signal peptides addressing proteins to specific cellular compartments, or 

membrane anchors targeting proteins to cell membranes (Bauer et al., 2015). Finally, 
proteolysis ensures the degradation of damaged or excess proteins, maintaining  protein 

homeostasis (Wolf & Menssen, 2018) but also serving several other crucial biological 
functions.  

 

While the regulation of proteome composition involves multiple intricate mechanisms, 
the following sections will be dedicated to the exploration of proteolysis, with a particular focus 

on its key players in prokaryotes.  

Figure 10: Alternative splicing allows proteome diversifying. In eukaryotes, genes are transcribed 
into pre-mRNA including both exons and introns. During alternative splicing, different combination of 
exons are joined together to form distinct mRNA variants, leading to the production of diverse protein 
isoforms from a single gene. Adapted from Kelly et al., 2021.  
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2.2.  Biological functions of proteolysis   

Both specific and non-specific proteolysis serve critical biological functions. As mentioned 

above, proteolysis is responsible for the degradation of abnormal proteins arising from 
transcriptional, translational, or folding defects, as well as those damaged by environmental 

stress or oxidative damage (Ciechanover, 2017). This house-keeping function is vital for 
maintaining cellular homeostasis by preventing the accumulation of defective proteins, and 

contributes to amino acid recycling by breaking down these damaged proteins into their 

constituent amino acids, which can then be reused for the synthesis of new proteins and other 
essential biomolecules. Additionally, proteolysis is also involved in protein activity control 

through the regulation of protein levels, activation and maturation. For instance, the renin-
angiotensin system, crucial for blood pressure regulation in mammals, relies on the action of 

two key peptidases (Figure 11). Firstly, the renin peptidase cleaves the precursor 
angiotensinogen, producing the inactive peptide angiotensin I. This peptide is subsequently 

converted into the active angiotensin II by the angiotensin-converting enzyme (ACE), which is 
a carboxypeptidase. Angiotensin II is a potent vasoconstrictor involved in maintaining arterial 

volume and blood pressure (Banegas et al., 2006). This regulatory function of proteolysis is 
central in numerous cellular processes, such cell cellular differentiation (Hillary & FitzGerald, 

2018), apoptosis (Sahoo et al., 2023), virulence (Bertels et al., 2018), stress response 

(Mackinnon & Stone, 2022), etc.  
 

 

Figure 11: Role of proteolysis in the renin-angiotensin system. Blood pressure regulation in 
mammals involves the renin-angiotensin system, which produces the active angiotensin II from the 
inactive precursor angiotensinogen through successive cleavages by renin and ACE peptidases. 
Cleavage sites are indicated by red arrows. Adapted from Banegas et al., 2006.  
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2.3. Terminology and nomenclature of proteolytic enzymes 

The nomenclature of proteins can be perplexing, with sometimes various terms referring to the 

same entity. Before going over the key players proteolysis in Archaea, it is first necessary to 
present and explain the relevant vocabulary.  

 

2.3.1. Panorama of the synonyms 

A protease is defined as an enzyme degrading proteins by hydrolyzing peptide bonds. 
Similarly, a peptidase hydrolyzes peptide bonds, but it can act on both peptides and proteins. 

The Nomenclature Committee of the International Union of Biochemistry and Molecular 
Biology (NC-IUBMB) recommends using this term and suggests abandoning the term 

protease.  

 
Pre- and suffixes can be added to provide information on the activity of the enzyme 

(Figure 12). An endopeptidase is an enzyme cleaving within a polypeptide chain, whereas 
an exopeptidase will be targeting the N-terminal or C-terminal end of the peptide. 

Exopeptidases that target the N-terminal extremity and cleave one, two or three residues are 
referred to as aminopeptidases, dipeptidyl- or tripeptidyl-peptidases, respectively. For the 

C-terminal end, these are referred to as carboxypeptidases, peptidyl-dipeptidases or 
peptidyl-tripeptidases, respectively (Rawlings & Salvesen, 2013). 

 

  

Figure 12: Nomenclature of peptidases according to their cleavage site. 
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2.3.2. MEROPS classification of peptidases 

The MEROPS classification is commonly used to describe and categorize the wide diversity 

of proteolytic enzymes brought in above. Based on Hartley’s classification of proteases 
according to their catalytic type (Hartley, 1960), Rawling and Barrett (2018) developed this 

classification, which now integrates the notion of evolutionary families. 
 

 Built around a holotype, peptidase families are constructed based on amino acid 

sequence homology. They correspond to groups of enzymes deriving from a common ancestor 
and showing evolutionary relationship, either throughout the whole sequence or at least in the 

part of the sequence responsible for the catalytic activity. The name of a family is constructed 
from a letter indicating the catalytic type (S, T, C, A, G, N, M, P, and U corresponding to serine, 

threonine, cysteine, aspartic, glutamic, asparagine, metallo-, mixed, and unknown catalytic 
type, respectively) and a number (e.g., M42). 

 
 Families can share similarities in their tertiary structures while lacking statistically 

significant similarities in sequence. These proteins have probably derived from the same 
ancestral protein but have diverged to such an extent that their evolutionary relationship can 

no longer be determined by comparison of the primary sequences. Such sets of families are 

grouped in clans, which are named by a letter indicating the catalytic type of the peptidase 
followed by an arbitrary second capital letter (e.g., MH). 

 

2.3.3. Active sites nomenclature 

The commonly used active site nomenclature system was originally proposed by Schechter 
and Berger (1967). This system designates several binding sites in the enzyme, each site 

accommodating an amino acid of the substrate peptidic chain. By convention, the scissile bond 
is located between the P1’ and P1’ residues of the substrate peptide. The residues of the 

peptide are annotated P1 … Pn toward the N-terminal end, and P1’ … Pn’ toward the C-terminal 
end. The enzyme binding sites recognizing these residues are numbered S1 … Sn and S1’ … 

Sn’ for the P and P’ sites, respectively (Figure 13).  
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2.4. Key players of archaeal proteolysis 

Protein destruction in the cytoplasm involves numerous proteases with diverse structures, 

ranging from small single catalytic units to highly complex macromolecular assemblies 
containing multiple domains (Bond, 2019). These enzymes can be distinguished depending 

on whether they are energy-dependent or –independent. Energy-dependent proteases (see 
section 2.4.1) bear an endopeptidase activity and carry out the degradation of proteins into 3 

to 30 residues polypeptides (Sauer & Baker, 2011). Following this initial degradation, the 
generated peptides are then further processed by ATP-independent peptidases (see section 

2.4.2), releasing free amino acids (Yao & Cohen, 1999). In the following sections, the main 
protagonists of archaeal cytoplasmic proteolysis will be presented.  

 

2.4.1. AAA+ proteases 

The foundation of cellular homeostasis lies in energy-dependent proteases, which  achieve the 
targeted degradation of damaged or specific regulatory proteins. These enzymes share a 

common architecture, forming large, multimeric, barrel-shaped complexes in which the 
proteolytic active sites are sequestrated in an inner chamber. ATP-dependent proteases are 

also referred to as AAA+ proteases, as the access to the catalytic chamber is controlled by 

regulatory domains or separate regulatory proteins belonging to the ATPases associated with 
diverse cellular activities (AAA+) superfamily. These ATPases assemble into hexameric rings 

with a narrow central axial opening preventing the passage of native folded proteins, thereby 
protecting the cellular environment from uncontrolled degradation (Lupas et al., 1997; Shin et 

al., 2020).  

Figure 13: Peptidase active site nomenclature according to Schechter and Berger (1967). The 
cleavage site, located between the P1 and P1’ residues of the peptide, is indicated by a red arrow.  
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 As depicted in Figure 14, the recognition of a target protein by the AAA+ protein is 

mediated by a degradation tag, or degron. Other parts of the substrate can interact with 
auxiliary domains of the AAA+ protein, either directly or using adaptor proteins (Sauer & Baker, 

2011). ATP binding and hydrolysis trigger conformational changes of the AAA+ ring and fuel 
the mechanical unfolding of the protein substrate and its subsequent translocation through the 

pore and into the degradation chamber, where proteolysis occurs (Gottesman et al., 1997). 
 

 

  
 AAA+ proteases can be classified into families according to their ATPase, protease and 

auxiliary domain(s) sequences (Sauer & Baker, 2011). In eukaryotes, protein homeostasis is 
ensured by the 26S proteasome (Bard et al., 2018). With the exception of Actimonycetes, 

bacteria generally lack the proteasome 20S core particle and instead possess several AAA+ 

proteolytic complexes (Pouch et al., 2000). For instance, four complexes are found in 
Escherichia coli: ClpXP/ClpAP, FtsH, HslUV, and Lon (Goff et al., 1984; Gottesman et al., 

1998; Rohrwild et al., 1996; Tomoyasu et al., 1995).  In archaea, energy-dependent proteolysis 
is fulfilled by the 20S proteasome and the Lon protease (Chandu & Nandi, 2004).   

  

2.4.1.1 20S proteasome  

As mentioned above, the 20S proteasome is ubiquitous in eukaryotes and archaea but is 
lacking in most bacterial phyla, apart from Actimonycetes. Despite divergences in the primary 

sequence, the architecture of the 20S particle is highly conserved, underscoring its 
fundamental role in protein degradation. The hallmark barrel-like structure consists of four 

Figure 14: Protein degradation by AAA+ proteases. A degradation tag, or degron, on the substrate 
is recognized by an AAA+ protein. ATP binding and hydrolysis is used to fuel the mechanic unfolding 
and translocation of the substrate into the degradation chamber of the associated protease. Adapted 
from Sauer et al., 2011. 
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stacked heptameric rings, with two central b‐rings flanked by two outer a‐rings, delineating a 

∼	700 kDa hollow particle. The proteolytic sites, sequestrated in the inner chamber, are located 

within the b-rings featuring nucleophilic threonine residues at their N-termini (Groll et al., 1997). 

It is therefore a threonine peptidase belonging to the T1 MEROPS family. a-subunits interact 

with each other through their N-termini, forming a gate-like structure that is closed in the free 
20S proteasome. This allows the control of the access to the proteolytic chamber, ensuring 

that only unfolded proteins enter the degradation pathway (Figure 15A) (Groll et al., 2000).  
 

 

 
 The opening of the entry channel of the archaeal 20S core particle was initially thought 

to be controlled by the proteasome-associated nucleotidase (PAN) ATPase, which was found 
to be crucial for recognizing, unfolding, and translocating substrates into the 20S core for 

degradation (Benaroudj & Goldberg, 2000). PAN possesses the canonical AAA+ domain, 
along with an oligonucleotide/oligosaccharide binding (OB) domain exhibiting a chaperone 

activity and recognizing degrons. Two PAN hexameric rings assemble on each side of the 20S 

core particle (Majumder et al., 2019) (Figure 15B). The interaction of the C-terminus part of 
PAN with the core particle is sufficient to trigger the opening of the entry channel (Rabl et al., 

2008).  

a7 ring 

a7 ring 

b7 ring 

b7 ring 

A B 

Figure 15: Architecture of the PAN-20S proteasome. (A) Cryo-EM structure of the Thermoplasma 
acidophilum 20S core particle made of four stacked heptameric rings, with the outer rings formed by α-
subunits and the inner catalytic rings by β-subunits. Adapted from Dutoit, 2021. (B) Cryo-EM 
reconstruction of the 20S core particle (CP) capped by two PAN particles. Six PAN monomers associate 
to form three two-stranded coiled coils, a hexameric oligonucleotide/oligosaccharide binding (OB) ring, 
and a hexameric AAA ring. Adapted from Majumder et al., 2019.  
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 However, some archaeal species, such as Thermoplasma acidophilum, lack the PAN 

complex (J. Maupin-Furlow, 2012). In these organisms, activation of the 20S proteasome 
involves other AAA+ ATPases such as the cell division control protein 48 (Cdc48), the Valosin-

containing protein-like ATPase of Thermoplasma acidophilum (VAT) or the Archaeoglobus and 
Methanogenic Archaea (AMA) ATPase (Barthelme et al., 2014; Djuranovic et al., 2006; 

Forouzan et al., 2012; Rockel et al., 2002).  
 

 Similarly to the ubiquitin system used to address proteins to the 26S proteasome in 

eukaryotes, archaeal proteins to be degraded are tagged with small archaeal modifier proteins 
(SAMPs) (Humbard et al., 2010). Sampylation is carried out by the ubiquitin-like activating 

protein of archaea (UbaA), which is homologous to the eukaryotic E1 enzyme. The C-terminus 
carboxyl group of the SAMP is covalently bound to the ε-amino group of Lys residues of the 

target protein (Hepowit et al., 2016). This degron is recognized by the OB domain on PAN.  
 

 As highlighted above, the archaeal PAN-20S complex is homologous to the eukaryotic 
26S proteasome machinery, and PAN shares 41-45% sequence similarity with human and 

yeast 19S ATPase subunits (Zwickl et al., 1999). The archaeal macromolecular assembly is 

nevertheless simpler than its eukaryotic counterpart. Archaea have one single type of a and b 

subunits, while eukaryotes have fourteen genes coding seven different a subunits and seven 

different b subunits (Bard et al., 2018; Groll et al., 1997; Löwe et al., 1995; Maupin‐Furlow et 

al., 2006). The archaeal proteasome also lacks the elaborate regulatory complex controlling 
the proteasome 26S activity. Instead, the ATPase is solely responsible for the proteolytic 

activity regulation. Combining the compositional simplicity of prokaryotic ATP-dependent 
proteases along with key architectural features of the 26S proteasome, the archaeal 

proteasome is hypothetized to be the evolutionary precursor of the eukaryotic proteasome 
(Majumder et al., 2019). As discussed in section 1.6 above, archaeal macromolecular 

assembly studies offer numerous advantages, and characterization efforts carried out on PAN-
20S in the past decades have provided valuable insights on the eukaryotic 26S proteasome 

regarding structural, mechanistic and evolutionary aspects.  

 

2.4.1.2 Lon  

Lon was the first ATP-dependent protease to be identified (Swamy & Goldberg, 1981). Initially 

identified in E. coli, it was later shown to be ubiquitous in all domains of life. Lon proteases are 

homo-oligomeric enzymes forming hexameric ring structures encoded by a single gene. In 
contrast to the proteasome, it is a homooligomer, with the protease and AAA+ domains being 
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carried by the same subunit (Rotanova et al., 2006). Lon belongs to the S16 MEROPS family, 

with a Ser-Lys dyad being responsible for its proteolytic activity (Botos et al., 2004; Polgár, 
2005). Three subfamilies A, B, and C can be identified based on sequences and structural 

features that will be discussed below (Rawlings et al., 2018).  
 

LonA is the most common subfamily and is mainly found in bacteria and eukaryotic 
organelles (mitochondria, chloroplast, and peroxisome), even though Methanosarcinae 

archaeon are reported to be harnessed with both LonA and LonB (Maupin-Furlow et al., 2005). 

In addition to the canonical AAA+ module and proteolytic domain, LonA possesses an 
extended N-terminal region preceeding the AAA+ module (Figure 16) (Li et al., 2005; 

Rotanova et al., 2013). Beyond general protein degradation, LonA has been reported to be 
involved in the regulation of numerous biological processes, such as cellular division and 

differentation, DNA replication, pathogenocity or stress response (Boddicker & Jones, 2004; 
Kuroda, 2006; Schmidt et al., 1994; Tsilibaris et al., 2006). Despite its involvement in many 

crucial functions, LonA is not essential in E. coli under normal growth conditions due to the 
presence of the ClpAP, ClpXP and HslUV proteolytic complexes fulfilling overlapping functions 

(Wu et al., 1999).  

 

  
  

Figure 16: Domain organization of Lon proteases. All three subfamilies possess an AAA+ module 
and a proteolytic domain. LonA harbours a distinctive N-terminal region. Insertion domains I and I* are 
found in LonB and LonC, respectively. In the membrane-bound LonB, this insertion forms a 
transmembrane segment. Adapted from Kudzhaev et al., 2022.  



INTRODUCTION 
 

 40 

 LonB is restricted to archaea and is mostly found in Euryarchaeota and DPANN species. 

The N-terminal region found in LonA is absent in LonB. Due to the presence of an insertion 
domain in the AAA+ module forming a transmembrane segment, LonB is a membrane-bound 

protease (Figure 16) (Rotanova et al., 2004; Rotanova & Melnikov, 2008). This protease is 
expected to be a functional analog of the bacterial membrane-bound ATP protease FtsH, as 

the latter is absent in archaea. The majority of structural studies have been carried out on LonA 
proteins, but the crystal structure of Thermococcus onnurineus NA1 Lon (TonLon) has been 

solved at a 2.0 Å resolution by Cha et al. (2010), revealing a hexagonal cylinder architecture 

with a large sequestered chamber accessible through an axial channel (Figure 17). The AAA+ 
domains exhibit different nucleotide states, with tight- and weak-binding conformations, 

reflecting the dynamic nature of ATP-driven protein unfolding and translocation processes 
within the protease. Unfortunately, no structural data is available for the membrane-anchoring 

region, that had to be deleted to generate soluble proteins.  
 

 

 

Proteases featuring a LonB-like proteolytic center and a similar ATPase component have 

been identified in some thermophilic bacteria. However, due to substitutions in the ATPase 
region, these enzymes can only bind ATP but not hydrolyze it, and selectively degrade 

Figure 17: Thermococcus onnurineus NA1 Lon exhibits a typical AAA+ protease architecture.  
(A)The hexameric structure of TonLon is shown with five subunits in surface representation and one 
monomer as a ribbon diagram. TonLon monomers are constituted of a protease domain (P), an AAA+ 
domain (A) and an insertion domain (I). The putative membrane‐anchoring region MA is missing in this 
structure. (B) Surface representation of TonLon viewed from the top. Each monomer exists in two 
conformations : one with a tightly bound ADP (T‐monomer) and one with a loosely bound ADP (L‐
monomer). Adapted from Cha et al., 2010. 
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unfolded proteins in an energy-independent manner (Liao et al., 2012, 2013; Rotanova et al., 

2004). These protein form the LonC subfamily, which to date only counts about 10 
representatives and remains largely unexplored (Figure 16).  

 
Recently, the determination of cryo–electron microscopy (cryoEM) structures of Yersinia 

pestis LonA in the absence and presence of substrate highligthed the existence of open- and 
closed-ring conformations, providing a better understanding of the protease activation 

mechanism (Shin et al., 2020). In the absence of substrate, the monomers are arranged in an 

open left-handed spiral. The proteolytic active site is therefore accessible, but promiscuous 
protein degradation is prevented by steric hindrance, with a helix blocking the access to the 

catalytic dyad. Upon substrate binding, this helix unfolds into a loop, liberating the access to 
the catalytic site. The protease adopts a compact closed conformation in which the proteolytic 

activity is confined in a buried inner chamber (Figure 18). This dynamic switch is crucial for 
the controlled degradation of target proteins, driven by ATP hydrolysis.  

 

 
Figure 18: LonA proteolytic activity is controlled by conformational changes. (A) In its idle state, 
LonA adopts an open spiral conformation. (B) Substrate binding triggers rearrangement into the active 
closed-ring conformation. Adapted from Shin et al., 2020.  
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2.4.2. Energy-independent peptidases 

Initial protein degradation by the proteolytic complexes presented in the previous sections 

generates peptides ranging from 3 to 30 residues in length, with an average length of 6 to 9 
amino acids (Kisselev et al., 1999). The complete breakdown of those peptides is then 

achieved by ATP-independent peptidases, releasing free amino acids and thereby contributing 
to maintain the amino acids cellular pool. In addition to this amino acid recycling function, 

energy-independent peptidases are also involved in the regulation of numerous cellular 

processes (see section 2.2). There are a myriad of peptidases acting downstream of the 
proteasome and related proteolytic complexes, and it would be cumbersome to introduce them 

all. Nevertheless, tetrahedral and tricorn peptidases, commonly referred to as TET and TRI 
peptidases, stand out for their ability to oligomerize and form large self-compartmentalized 

assemblies. These complexes have been hypothetized to be functional analogs achieving the 
final steps of protein degradation in prokaryotes, each organism being presumed to possess 

either TRI or TET (Borissenko & Groll, 2005).  
 

2.4.2.1  TRI peptidases 

Searching for regulatory partners of the proteasome, Tamura et al. (1996) identified a large 

tricorn-shaped proteolytic complex, which was therefore named tricorn peptidase. First 
identified in the archaeon Thermoplasma acidophilum, the presence of TRI has been predicted 

in silico in Sulfolobales, Thermoplasmatales, and Thermoproteales. In bacteria, TRI have been 
identified in the Bacteroides, Prevotella, Streptomyces, and Vibrio genera (Ng’ong’a, 2017).  

 

TRI crystallographic structure revealed the assembly of six 120 kDa monomers into a 
hexameric toroid consisting of two staggered and interlocking trimeric rings (Figure 19) 

(Brandstetter et al., 2001). The ∼	720 kDa hexamer has a diameter of about 160 Å, a thickness 
of 88 Å, and features a central conical pore with an external and internal diameter of 45 Å and 

20 Å, respectively (Brandstetter et al., 2002). The in vivo formation of a higher oligomeric state 
has been reported, with 20 hexamers assembling into an astonishing 14,6 MDa icosahedral 

capside particle (Figure 20) (Walz et al., 1997). 
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 TRI is a serine endopeptidase belonging to the S41 family, according to the MEROPS 

classification. Its catalytic site is buried in the particle and is composed of four residues: 
Ser745, His746, Ser965, and Glu1023 (Brandstetter et al., 2002). There is no evidence of 

direct interaction with the proteasome or other related proteolytic complexes, but functional 
characterization of TRI revelead that it hydrolyzes peptides up to 30 amino acids long, 

releasing smaller peptides of 2 to 4 residues. It has therefore been proposed that TRI operates 
downstream of AAA+ proteases (Tamura et al., 2001). The resulting short peptides are then 

further processed by three auxiliary aminopeptidases interacting factors F1, F2 and F3. F1 is 
a 33.5 kDa proline iminopeptidase belonging to the S33 MEROPS family (Tamura et al., 1996). 

F2 and F3 are 89 kDa homolgous metallopeptidases of the M1 family. F2 is a broad-spectrum 
peptidase active against neutral, hydrophobic, and basic amino acid substrates. F3 displays a 

Figure 19: Structure of the tricorn peptidase in ribbon representation (Protein Data Bank (PDB)  
code 1K32, Brandstetter et al., 2001). Six monomers assemble as two perfectly staggered trimeric 
rings, forming a ∼	720 kDa hexagonal toroid structure, here viewed from (A) the front or (B) the side.  

A B

A B C

Figure 20: TRI capside structure solved by cryoEM. The 14,6 MDa assembly is composed of 20 
hexamers. The scale bar represents 50 nm.   
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narrower substrate specificity, targeting acidic residues (Tamura et al., 1998). The 

complementary substrate specificities of these three peptidases allows complete degradation 
of all TRI products. 

 

2.4.2.2 TET peptidases 

The first description of TET peptidases dates back to the early 2000s. At the ELMA laboratory, 
Bruno Franzetti's team was then conducting a research project focusing on the adaptation of 

halophilic archaea to saline stress, specifically searching for chaperone and protease 
complexes associated with saline stress. During the native purification of Haloarcula 

marismortui proteasome, a 500 kDa hollow tetrahedral complex was observed by negative-
stain EM (Figure 21). Functional characterization of this 12-subunits complex revealed it to be 

an ATP-independent broad-spectrum aminopeptidase, which has been named TET for 

tetrahedral peptidase, in reference to the tricorn-shaped TRI peptidase (Franzetti et al., 2002; 
Tamura et al., 1996) (see section 2.4.2.1).  

 
 Following this initial discovery, the study of TET peptidases has been extended to other 

organisms. As halophilic archaeal proteins require multimolar salt concentrations for proper 
folding and solubility, recombinant expression in E. coli is challenging and often unsuccessful. 

H. marismortui TET was no exception to this rule, so Bruno Franzetti’s team therefore oriented 
its efforts toward the characterization of hyperthemophilic archaeon TETs (see section 3.3). 

As previously discussed in section 1.6 above, these organisms constitute highly relevant 
models for structural biology and biochemistry studies. Research on other archaeal, bacterial, 

and eukaryotic TETs in several laboratories has contributed to deepen the understanding of 
this enzymatic family. TET peptidases are now known to be belonging to the M18 and M42 

MEROPS families. The two families share a common architecture, characterized by the 

assembly of 12 subunits into the hollow tetrahedral complex displayed above. Each monomer 

Figure 21: First three-dimensional structure of a TET peptidase.  Negative-stain EM images were 
used to reconstruct a 17 Å resolution structure, revealing the assembly of 12 subunits forming a hollow 
tetrahedral complex. Adapted from Franzetti et al., 2002. 

000000k2. 



INTRODUCTION 
 

 45 

is composed of two domains: a catalytic domain and a dimerization domain (Chaikuad et al., 

2012; Russo & Baumann, 2004). As presented in Figure 22, M18 and M42 peptidases are 
unified by a common catalytic domain fold. However, they can be distinguished by the structure 

of their dimerization domains, adopting either a butterfly fold for M18 or a PDZ-like fold for M42 
members (see sections 3.1 and 3.2.1). They also differ by their taxonomic distributions; M18 

members are predominantly found in eukaryotes and bacteria, while M42 peptidases are 
restricted to prokaryotes (Paysan-Lafosse et al., 2023).  

 

  
 Given that several M42 aminopeptidases have been both functionally and structurally 

thoroughly characterized, it seemed most appropriate to focus on this family during the course 

of this PhD project. The pre-existing knowledge on these enzymes has been instrumental in 
conducting the comprehensive study presented in the following chapters. As the M42 family is 

central to this project, a detailed overview will be provided in section 3 below.  
 

 Conversely, the aspartyl-aminopeptidase from Pseudonomonas aeruginosa is the only 
characterized prokaryotic M18, and archaeal and bacterial M18 peptidases have been very 

poorly investigated. Their eukaryotic counterparts received more interest. In particular, the 
conserved aspartyl-aminopeptidase DNPEP has been structurally and/or functionally in 

numerous species, including Homo sapiens (Chaikuad et al., 2012; Park et al., 2017; Teuscher 
et al., 2007; Wilk et al., 1998; Zheng et al., 2016). Overexpression of the DNPEP gene has 

been observed in brain tumors, breast cancer, and colorectal cancer, but its contribution to 

these pathologies remains poorly understood (Larrinaga et al., 2013; Martínez-Martos et al., 
2011; Mayas et al., 2012). 

Dimerization 
domain 

Catalytic domain 

Figure 22: M18 and M42 monomers architecture. Monomers structural alignment of the M18 
peptidase Ape1 from S. cerevisiae (grey and light blue, PDB code 4R8F) vs. the M42 peptidase PhTET2 
from P. horikoshii (dark blue, PDB code 1XFO). Both catalytic domains share a common fold but the 
dimerization domains have distinct structures.   
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3. M42 aminopeptidases 

The work presented in the rest of the manuscript will be focused on archaeal M42 

aminopeptidases, often designated as TET peptidases by a stretch of terminology. In the 
remainder of this manuscript, both terms will be used to refer to M42 peptidases.  

 

3.1. The M42 family within the MH clan 

According to the MEROPS classification of peptidases, the M42 family is part of the MH clan, 
along with the M18, M20, and M28 families. This clan gathers zinc-dependent exopeptidases 

with aminopeptidase, dipeptidase, tripeptidase, or carboxypeptidase activities (Rawlings et al., 
2018).  

 

 The clan type peptidase is the Ap1 aminopeptidase from Vibrio proteolyticus (Uniprot ID 
Q01693). VpAp1 is a M28 leucyl-aminopeptidase exhibiting a preference for large hydrophobic 

residues. Basic amino acids and proline can also be cleaved to a lesser extent, but glutamate, 
aspartate and cystein are not degraded (Chevrier & D’Orchymont, 2013). The extensive 

characterization of this enzyme allowed the development of biotechnological applications. For 
instance, it is used for the removal of the N-terminal methionine from recombinant therapeutic 

proteins, such as the recombinant human methionine-interferon a-2b used in the treatment of 

chronic hepatitis B and C and certain cancers (Pérez-Sánchez et al., 2011). N-terminal 
methionine cleavage is a common post-translational modification essential for proper protein 

maturation. It is often necessary for subsequent modifications, such as N-terminal acetylation, 
which modulate protein stability, activity and localization. In the case of recombinant protein 

expression, the N-terminal methionine is often retained, presumably due to the saturation of 
methionine aminopeptidases (MAP) (Wingfield, 2017). This can result in reduced stability, 

impaired functionality, and altered localization. In the case of a therapeutic protein, in vitro 
digestion with purified MAP can be used to ensure that the final methionine is removed, 

guaranteeing the efficacy and safety of the molecule (Miller et al., 1987). The use of VpAp1 

MAP is particularly suitable for the human methionine-interferon a-2b, whose N-terminus 

sequence is Met-Cys-Asp-Leu-Pro; only the final Met will be cleaved since the following Cys 

and Asp residues cannot be hydrolyzed. 
 

 All enzymes of the MH clan share seven conserved catalytic residues defining the active 
site: His97, Asp99, Asp117, Glu151, Glu152, Asp179, and His256 according to VpAp1 

numbering. In each active site, two metal ions are coordinated. The first ion is bound by 
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Asp117, Glu152, and His256, while the second is coordinated by His97, Asp117, and Asp179. 

Glu151 acts as the catalytic base and is responsible for the deprotonation of a water molecule 
bound by the two metal ion (Chevrier et al., 1994). To date, the role of Asp99 is still poorly 

understood but there is evidence of its interaction with His97 and the second metal ion. Dutoit 
et al. (2020) proposed that this residue could reduce the Lewis acidity of the second metal ion, 

explaining the distinct role of the two metal sites in the catalytic mecanism (see section 3.3.3 
below). 

 

 In addition to sharing the same catalytic amino acids, the families of the MH clan are 
unified by a common catalytic domain fold. Conversely, their oligomeric state and associated 

oligomerization domains structure differ greatly (Figure 23). M28 peptidases are either 

monomeric or dimeric. In this family, oligomerization involves four a helices adjacent to the 

active site. Most enzymes of the M20 family form dimers, but some have been reported to  
assemble as tetramers, such as Pseudomonas aeruginosa carboxypeptidase CG2 (PDB code 

1CG2). Monomers assembly is mediated by a dimerization domain distinct from the catalytic 

Figure 23: Diversity of the oligomeric states of MH clan enzymes. On the top row, quaternary 
structures of H. sapiens glutamate carboxypeptidase II (PDB code 1Z8L), P. aeruginosa 
carboxypeptidase CG2 (PDB code 1CG2), P. horikoshii PhTET2 (PDB code 1Y0R) and S. cerevisiae 
Ape1 (PDB code 4R8F). For each complex, one monomer is colored in blue, with the catalytic and 
dimerization domains in pale and dark blue, respectively. For greater convenience, each dimerization 
domain fold is represented alone in the lower row.  
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domain, consisting in a four-stranded b sheet flanked by two a helices. For tetramer-forming 

enzymes, dimers interact through the a helices, forming a four-layer (baab)-sandwich (Rowsell 

et al., 1997).  Higher oligomeric states are achieved in the M18 and M42 families. As presented 
in section 2.4.2.2, these enzymes are typically forming 12-subunits tetrahedral particles. 

Despite this common quartenary structure, protomers assembly is mediated by distinct 
dimerization domain structures, adopting either a butterfly fold for M18 peptidases or a PDZ-

like fold for the M42 family. Dimers assemble into dodecamers or even tetracosamers. The 
structure of these complexes will be more extensively covered in section 3.2 below. 

 

3.2. The hallmark architecture of TET peptidases 

The most remarkable feature of TET aminopeptidases is undoubtedly the distinctive hollow 
tetrahedral architecture adopted by the dodecameric complex. In the following sections, the 

structure of the different oligomeric forms adopted by these enzymes will be presented. 
 

3.2.1. Structure of the monomer 

M42 peptidase monomer is typically around 340 residues long, with a molecular weight of 37 

to 40 kDa. The high-resolution structures obtained for several enzymes have revealed the 
common structure adopted by M42 peptidase monomers. All subunits consist of two separated 

domains, a dimerization and a catalytic domain, which have been briefly outlined in previous 

sections. The dimerization domain adopts a PDZ-like fold made of a mixed six-stranded b-

sheet and two a helices. The catalytic domain adopt the fold common to all MH clan enzymes, 

which consists of a central b-sheet encircled by eight a helices, forming a three-layer aba 

sandwich. A b-sheet extension, also present in M18 and M20 families, is involved in dimer 
formation through interaction with the dimerizaition domain of another subunit (Figure 24A). 

 
 As presented in section 3.1 above, the active site itself consists of seven catalytic 

residues, five of which are involved in the coordination of two metallic ion co-factors. In 

Pyrococcus horikoshii TET2 (PDB code 1Y0R), the catalytic residues are His68, Asp70, 
Asp182, Glu212, Glu213, Asp235, and His323 (Figure 25). The existence of a third metallic 

site formed by Thr232, Asp254, Glu281, Thr285 and Thr287 has been reported in Pyrococcus 
furiosus TET3 by Colombo et al. (2016). This additional site could extend the substrate 

specificity of the enzyme. 
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Figure 24: Main oligomeric forms adopted by M42 aminopeptidases. The depicted structures 
correspond to P. horikoshii PhTET2 (PDB code 1Y0R). (A) The monomer is composed of a dimerization 
domain (dark blue) and a catalytic domain (light blue). (B) Dimers are formed through the interaction of 
the dimerization domain of one subunit with the catalytic domain of another subunit. (C) Dimers self-
assemble as a dodecameric tetrahedral particle.  

Figure 25: Representation of the active site of Pyrococcus horikoshii TET2 aminopeptidase (PDB 
code 1Y0R). Residues involved in metal ion coordination and catalysis are represented as sticks. The 
metal cofactors are shown as green spheres. The oxygen of the water molecule is represented by a red 
sphere. The metal ions Zn1 and Zn2 are coordinated by the residues Asp182, Glu213, His323 and His68, 
Asp182, Asp235, respectively. Glu212 is the catalytic base. A water molecule is bound by the metal 
ions. 
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All M42 peptidases share the same active site, but they exhibit distinct preferences for 

specific amino acid substrates. This specificity could be dictated by the composition of the 
substrate-binding specificity pocket S1 that is adjacent to the active site. In PhTET2, it consists 

of Thr237, Ile238, Glu291, Leu293 and Ile322. The link between S1 pocket composition and 
substrate specificity will be further discussed in section 3.3.2 below. 

 

3.2.2. Formation of the dimer, building-block of TET peptidases 

A few hydrogen bonds occur between two dimerization domains, but dimers are mainly formed 

by the interaction of the b-sheet extension of the catalytic domain of one momoner with the 

dimerization domain of another monomer, forming an extensive hydrogen bonds and salt 

bridges network (Schoehn et al., 2006) (Figure 24B). Due to this large interaction surface, the 
dimer is highly stable and the existence of this oligomeric form has been observed in vivo 

(Appolaire et al., 2013; Appolaire, Durá, et al., 2014). The dimer is therefore considered to be 
the building-block of the tetrahedral assembly, and the dodecamer is often described as the 

assembly of six dimers. This oligomeric form is catalytically active, although less active than 
the dodecamer (Colombo et al., 2016; Lee et al., 2012).  

 

3.2.3. The tetrahedral dodecamer 

The self-assembly of six dimers is driven by the metal ion cofactors (Dutoit et al., 2019). The 
removal of the metal ions, for instance by treatment with a chelating agent or by formation of 

metal hydroxides in alkaline conditions often leads to the disassembly, or at least 
destabilization of the complex (Colombo et al., 2016; Moser et al., 1970; Rosenbaum et al., 

2011). Dimers interaction results in the formation of a 12-subunit hollow tetrahedral particle 

with a molecular weight of about 450 kDa and a diameter approaching 135 Å (Figure 24C). 
The dimers are positioned along the edges of the complex and interact through extensive 

contacts between the catalytic domains. These interactions have been estimated to be more 
important for the stability of the dodecamer than the interactions between two monomers 

(Krissinel & Henrick, 2007). The faces of the tetrahedron are delimited by three dimers creating 
a central opening (~20 Å diameter), assumed to be the substrate entrance, leading to a wide 

inner cavity (60 Å diameter). All catalytic sites are oriented toward this chamber. The protease 
activity is thus confined within the complex, protecting the cell from uncontrolled peptide 

degradation. The apexes of the tetrahedron, containing the active sites, are formed by three 

monomers delineating smaller openings (~7 Å) believed to be the product exit ways (Appolaire 
et al., 2016; Borissenko & Groll, 2005).  
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 Inside the catalytic chamber are located twelve loops, one for each monomer, 

hypothetized to be involved in substrate trafficking and specificity. Due to their high flexibility 
and mobility, these parts are either poorly modelled or missing in 3D structures determined so 

far. Their position in the particle and functional importance for the catalytic activity of TET 
peptidases have been investigated using Nuclear Magnetic Resonance (NMR) (Gauto et al., 

2022). However, the mechanisms of substrate trafficking and processing remain debated and 
will be further discussed in section 3.2.5 below.  

 

 Appolaire et al. (2013) proposed an assembly process for the dodecamer involving 
hexameric intermediates formed by the interaction of three dimers through their catalytic 

domains. Closed (tricorn-like form) and open (Z-form) conformations of the hexamer would 
coexist, with the Z-form conformer being able to self-associate, forming the tetrahedral 

dodecamer (Figure 26). More recently, Macek et al. (2017) challenged this assembly process 
and proposed a stochastic model instead, supported by the observation of oligomeric forms 

ranging from dimer to dodecamer by increments of two subunits. Interestingly, the existence 
of octamers was also reported in Appolaire’s study. The discrepencies between the two models 

could be linked to the mutations introduced by Appolaire et al. to slow down the oligomerization 

process, possibly altering dimers interaction. The Macek et al. model may also suffer from 
technical biases, as they used harsh physico-chemical conditions (high EDTA concentrations 

and low pH) to generate the TET precursors, which could destabilize the particles. Evidence 
from a Small-Angle Neutron Scattering (SANS) study on TET2-3 heterooligomers aligns with 

the Appolaire model (Appolaire, Girard, et al., 2014). In	 this study, no mutations were 
introduced to slow down the oligomerization process.  

Figure 26: TET dodecamer assembly model. Dimers are the building-blocks of the tetrahedron and 
associate to form closed hexamers. This closed conformation (tricorn) coexists with two open 
conformations (Z-form) that can assemble into a dodecameric particle. Adapted from Appolaire et al., 
2013. 
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 Of note, the formation of a higher oligomeric form has been reported for P. horikoshii 

PhTET1, with 24 subunits assembling to form a 800 kDa octahedron-shaped tetracosamer 
(Schoehn et al., 2006). To date, this constitutes the only reported instance of such oligomer.  

 

3.2.4. Heterocomplex formation 

The in vitro and in vivo existence of PhTET2-PhTET3 heterocomplexes have been 
demonstrated in P. horikoshii (Appolaire, Durá, et al., 2014; Appolaire, Girard, et al., 2014). 

Comparaison of homo- and heterododecamer peptidolytic activites revelead an enhanced 
efficiency of the heterocomplexes. Interstingly, PhTET1 was not found in these 

heterooligomers. As PhTET4 was only discovered at a later stage, its involvement in 
heterocomplexes formation was not assessed. 

 

 The occurrence of M42 peptidases heterooligomers displaying increased peptide 
destruction properties has also been reported in the bacteria Geobacillus staerothermophilus 

and Symbiobacterium thermophilum (Kumaki et al., 2011; Stoll et al., 1972). Dutoit (2021) 
suggested that such complexes could also exist in Thermotoga maritima. During the study of 

the three M42 peptidases of this species, he was unable to obtain in vitro homododecamers 
for TmPep1048 and TmPep1049 proteins. He postulated that these enzymes may only exist 

in a dodecameric form in heterocomplexes and suggested coexpressing the entire TM_1048-
TM_1049-TM_1050 operon to ascertain this hypothesis.   

 

3.2.5. Substrate trafficking and processing within the TET particle  

The EM observation of the internal organization of the PhTET1 complex, combined with the 
analysis of surface properties of archaeal particles (PhTET2 and PhTET3), bacterial 

(MHJ_0125), and eukaryotic (hDNPEP) particles, have led the proposal of a peptide trafficking 

model (Figure 27).  
 

The TET particle features two types of pores: four located on the faces (~20 Å in 
diameter) and four at the vertices (~15 Å in diameter). The large pores on each of the four 

faces of the tetrahedron are considered to be the entry pores, and provide access to four 
channels that intersect at the center of the particle. The distribution of electrostatic charges 

within the channel is highly contrasted, and would be guiding the substrate through the particle 
and toward the catalytic pockets. In the glutamyl-aminopeptidase PhTET1, the electrostatic 

potential is negative (Asp74, Glu75) at the entrance of the channel. As the substrate 
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progresses into the particle, the potential becomes positive and then negative again before 

reaching the intersection of the channels. Lys122 is part of a flexible loop that would aid in 
directing the substrate toward the catalytic pockets located at the tetrahedron’s apices 

(Schoehn et al., 2006).  

 

The loop, missing in high-resolution crystal structures due to its high flexibility, was 

recently modelled for the first time using magic-angle spinning NMR (Gauto et al., 2022). In 
PhTET2, it fills close to 30% of the catalytic chamber volume. This flexible element would play 

a crucial role in substrate trafficking by stabilizing ligands in the active site, and would also be 
involved in the activation of the catalytic water molecule. Its dynamic nature and electrostatic 

charge distribution would guide substrates through the wide central chamber and into the 
catalytic pockets.  

 
These pockets open to the exterior via small pores located at the vertices of the complex, 

which are thought to be the exit pores for the released free amino acids. Another hypothesis 

proposed for PhTET2 by Borissenko et al. (2005) suggests that the products are redirected 
into the central cavity and expelled through small pores surrounding the large entry pore. 

Figure 27: Interior of the PhTET1 particle from P. horikoshii (PDB ID: 2WYR). (A) Cross-section of 
the tetrahedral structure. The surface of the particle is coloured according to the negative (blue) or 
positive (red) electrostatic potential. Left: seen from an entrance pore. Right: seen from the exit pore. 
The blue and yellow stars indicate the entry and exit pores, respectively. (B) Schematic representation 
of the internal channels traversing PhTET1 from the entrance pores (blue stars) to the exit pores (yellow 
stars). The three arrows indicate the three active sites adjacent to the exit pores. 
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3.3. M42 aminopeptidases activity  

3.3.1. Functional flexibility in M42 peptidases 

M42 peptidases are aminopeptidases known to sequentially degrade the N-terminal residues 

of peptides up to 40 amino-acids in length (Franzetti et al., 2002). These enzymes exhibit a 
non-processive mechanism, releasing the substrate after each cleavage event (Durá et al., 

2005, 2009; Schoehn et al., 2006).  
 

 The existence of N-deblocking activity, which refers to the ability to degrade N-terminally 

modified peptides, is debated. According to Franzetti and coworkers, P. horikoshii TETs would 
be devoid of deblocking activity (Appolaire et al., 2016). Nonetheless, several studies have 

documented N-deblocking activity in various M42 aminopeptidases, suggesting a broader 
functional capability for these enzymes (Ando et al., 1999; Jia et al., 2011; Kamp et al., 1998; 

Tsunasawa, 1998). 
 

 Additionnaly, TET peptidases could possess secondary, moonlighting activities that 
extend beyond peptide bond hydrolysis. One such putative activity is glycoside hydrolase 

function, first reported by Kobayashi et al. (1993). In their study, a new glycoside hydrolase, 
designated CelM, was isolated from Clostridium thermocellum. This enzyme was observed to 

degrade carboxymethylcellulose. Curiously, CelM amino acid sequence did not match any 

known glycoside hydrolase family in the CAZy database, but was instead classified under the 
M42 family. Additionally, the sequence of CelM does not contain any tryptophan residue, which 

is commonly found in vicinity of the active site of glycoside hydrolases (Nakamura et al., 2013).	
Further investigations into CelM activity produced conflicting results. A study published by 

Dutoit et al. (2012) revealed CelM aminopeptidase activity while failing to replicate the 
carboxymethylcellulase activity reported by Kobayashi and colleagues. Despite the 

contentious nature of their glycoside hydrolase activity, M42 aminopeptidases have 
demonstrated the ability to bind carbohydrates. For example, MHJ_0125 from Mycoplasma 

hyopneumoniae can bind heparin without degrading it (Robinson et al., 2013). Conversely, 

Franzetti and coworkers never observed any moonlighting activity for any of the TET 
peptidases they have been studying. 

 

3.3.2. TET peptidases exhibit contrasted substrate specificities 

The substrate specificities of TET peptidases are typically determined using synthetic 
substrates, which consist of amino acids coupled to a chromogenic or fluorogenic reporter 
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molecule mimicking a peptide bond. This method offers a convenient alternative to the more 

time-consuming and labor-intensive determination of peptide digestion profiles by high 
pressure liquid chromatography (HPLC). 

 
 As summarized in Table 2, the functional characterization of several archaeal and 

bacterial representatives revealed strongly heterogenous activity spectra. Some enzymes, 
such as Haloarcula marismortui TET or Geobacillus stearothermophilus aminopeptidase I, 

exhibit a broad-spectrum activity (Franzetti et al., 2002; Roncari & Zuber, 1969). In contrast, 

other M42 peptidases exhibit much narrower susbtrate specificities, targeting either neutral, 
acidic or basic residues. For instance, P. horikoshii peptidases PhTET1, PhTET2, and PhTET3 

are classified as glutamyl-, leucyl-, and lysyl-aminopeptidases, respectively (Durá et al., 2005, 
2009; Durá & Franzetti, 2013). The fourth TET of this organism, PhTET4, is the only strict 

glycyl-aminopeptidase described to date in this family (Basbous et al., 2018). Given that only 
ten archaeal enzymes have been functionally characterized so far, and that most are from 

closely related species, it is uncertain whether our current knowledge fully accounts for the 
functional diversity of these enzymes, or if novel substrate specificites remain to be discovered. 

 

 Despite these marked preferences observed on short synthethic substrates, the activity 
spectrum of M42 peptidases seems to be broadening with substrate chain length. For example, 

the glutamyl-peptidase PhTET1 is able to cleave an Ala-Ala-Ala peptide (Schoehn et al., 2006).  
 

 Furthermore, substrate specificities have not been determined in the same way for all 
enzymes. For instance, TNA1_DAP1 and TNA1_DAP2 are classified as leucyl-

aminopeptidases, but their activity has been evaluated on leucine and methionine only (Lee et 
al., 2012). 

 
 The substrate specificity of a M42 aminopeptidase cannot be inferred from its primary 

sequence. It is conferred by the tree-dimensional folding of the particle, which enables the 

formation of the specificity pocket S1. The dimension of this catalytic pocket and the charge 
properties of the residue delineating the pocket appear to be driving the specificity of the 

enzyme. Broad-spectrum M42 peptidases are characterized by a large S1 pocket bordered by 
hydrophobic residues such as Val236, Ile238, Leu293 and Ile322 in PhTET2 (Borissenko & 

Groll, 2005; Durá et al., 2005). The lysl aminopeptidase PhTET3  preferentially cleaves lysine, 
and less effectively arginine. Non-polar amino acids such as leucine, phenylalanine and 

alanine  are  hydrolysable  to  a  lesser  extent.  The  S1  pocket  of  this  enzyme  is  bordered  
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by Asp262, Thr240, Thr295 and Thr297, the presence of Asp262 allowing to accommodate 

the positive side chain of lysines and arginines (Durá et al., 2009). Accordingly, Chaikuad et 
al. (2012) suggested that the conserved Lys374 residue could be a marker of the aspartyl-

aminopeptidase activity of hDNPEP, PaAP, PfM18AAP and bDNPEP. In PhTET1 and 
SpPepA, both classified as glutamyl-aminopeptidases, this lysine is substituted by an arginine, 

which also carries a positively charged side chain.  
 

 Currently, predicting the substrate specificity of TET peptidases based on primary 

sequence signatures or well-defined structural features remains challenging; therefore, 
functional characterization of these enzymes is still required (Basbous et al., 2018; Durá et al., 

2005, 2009; Durá & Franzetti, 2013; Schoehn et al., 2006). However, as more TET peptidases 
are characterized, the accumulation of comprehensive functional and structural data may 

eventually facilitate the identification of markers for substrate specificity and allow for accurate 
predictions. 

 

3.3.3. At the molecular scale: catalytic mechanism and metallic cofactor 

The catalytic mechanism of TET peptidases, common to all enzymes in the MH clan, is shown 
in Figure 28, and described using the protease cleavage site nomenclature introduced by 

Schechter and Berger (1967) presented in section 2.3.3 above. 
 

Figure 28: Proposed catalytic mechanism for TET aminopeptidases. The numbering of the catalytic 
residues represented corresponds to Pyrococcus horikoshii PhTET2 (PDB code 1Y0R). The ligands of 
the two zinc ions are shown in the first panel only (upper left corner). 
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 The carboxyl oxygen of the P1 residue is bound by Zn1. Concomitantly, the catalytic base 

Glu212 deprotonates the water molecule bound by the two metal ions. The hydroxide ion 
formed then attacks the carbonyl group of the peptidic bond of the substrate. Glu212, in its 

protonated form, acts as an acid and yields its proton to the nitrogen of the amide group of the 
P’1 residue of the substrate, resulting in the rupture of the peptidic bond. Finally, a water 

molecule allows the product to be released and the catalytic site to be regenerated (Auld, 
2004).   

 
 The two metal ion cofactors coordinated in the active site are critical for the activity of 

the enzyme. As presented in Table 2, the metal cofactor preferences of M42 peptidases were 
investigated in several biochemical studies, revealing that most of these metallopeptidases are 

cobalt-activated enzymes (Ando et al., 1999; Bacon et al., 1994; Colombo et al., 2016; Durá 
et al., 2005, 2009; Dutoit et al., 2019; Kumaki et al., 2011; Robinson et al., 2013). Nevertheless, 

some enzymes do not follow this general rule. For example, PhTET4 and APDkam589 are 
preferentially activated by nickel and manganese, respectively (Basbous et al., 2018; 

Slutskaya et al., 2012). As illustrated by the work of Colombo et al. (2016), the effect of divalent 
metals are temperature- and concentration-dependent. In the case of PfTET3, cobalt acts as 

an inhibitor at 20°C and 50°C, but as an activator at 85°C. Additionally, the activation is more 

than twice as significant at a concentration of 0.1 mM compared to 1 mM. 
 

 Although cobalt is preferred by most enzymes, zinc is often modeled in the active site of 
many M42 peptidase structures. This can be explained by experimental biases, such as the 

heterologous production of proteins in E. coli. The bacterial metallome is estimated to be 
approximately eight times richer in zinc than in cobalt (Barton et al., 2007). The abundance of 

zinc and the lower availability of cobalt can thus explain the presence of zinc in the active sites. 
Rosenbaum et al. (2011) measured the metal ion content of PhTET2 recombinantly produced 

in E. coli. Even though this enzyme has been characterized as cobalt-activated, zinc 
represented the majority of the metal bound, followed by calcium and iron.  

 

3.4. Beyond their structure: M42 peptidases in a biological context 

3.4.1. The elusive distribution and phylogeny of M42 peptidases 

M42 peptidases are reported to be restricted to prokaryotes, being present in most archaeal 

phyla but less prevalent in bacteria (Rawlings & Bateman, 2019). Initial characterization of 
archaeal TETs concentrated on hyperthermophilic species within the order Thermococcales, 

which facilitated extensive structural biology studies (see section 3.3). As in the case of the 
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archaeon P. horikoshii, up to four homologs are found in these species (Basbous et al., 2018; 

Durá et al., 2005, 2009; Durá & Franzetti, 2013). Conversely, the Halobacteriales archaeon H. 
marismortui only possesses a single TET. Little is known about the copy number per organism 

in other archaeal lineages, leaving significant gaps in our understanding of this enzymatic 
family. Moreover, due to a low primary sequence conservation (Appolaire et al., 2016), along 

with frequent misannotations as cellulases or endoglucanases (Dutoit et al., 2012; Slutskaya 
et al., 2012), the identification of M42 peptidases in genomic or proteomic databases remains 

challenging, hindering the assessment of their prevalence and distribution across Archaea. 

 
A preliminary phylogenetic study conducted as part of Alexandre Appolaire’s PhD thesis 

and in collaboration with Simonetta Gribaldo suggests the existence of two distinct lineages 
with either archaeal or bacterial origins, and indicates possible HGTs between these lineages 

(Appolaire, 2014). Nevertheless, the evolutionary history of M42 peptidases remains enigmatic 
and would benefit from a more in-depth investigation. 

 
 Overall, in contrast to the thorough study of their structure, as evidenced by the in-depth 

description provided in the previous sections, key aspects such as the prevalence, ecological 

and taxonomic distributions, and evolution of M42 peptidases have been scarcely investigated. 
These topics represent significant opportunities for further research, which could lead to a more 

comprehensive understanding of these enzymes. 
 

3.4.2. TET peptidases in biological systems : cellular localization and 
potential roles  

TET peptidases do not contain any signal peptide indicative of membrane translocation or 

secretion, and are believed to be intracellular peptidases. In archaea, this putative cellular 
localization is supported by the absence of the three M42 peptidases of Thermococcus 

barophilus, encoded by the TERMP_00689, TERMP_00728, and TERMP_01137 genes, in its 
secretome (Batour et al., 2023). However, contrary to long-held beliefs, proteins can be 

exported without a classical N-terminal signal peptide through leaderless secretion pathways 
(Bendtsen et al., 2004; Maffei et al., 2017). Several studies identified membrane-bound or 

surface-presented M42 aminopeptidases. For instance,  Roncari and Zuber (1969) reported 
that GsApI remains tightly bound to the membrane after cell disruption. In M. hyopneumoniae, 

MHJ_0125 is mainly located in the intracellular compartment, but is also found bound to the 

membrane or secreted into the extracellular environment (Robinson et al., 2013). 
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 Genetic knock-down experiments, consisting in abolishing the expression of a specific 

gene to study the resulting effects on the organism, are typically used to determine the function 
on a gene. To this day, no genetic knock-down experiments have ever been performed on 

M42 peptidases, and their cellular function are still undetermined. Even though the 
physiological functions of membrane-bound or secreted M42 peptidases remain obscure, 

several hypotheses have been formulated concerning the intracellular role of these enzymes.  
  

 As suggested in section 2.4.2 above, these peptidases could be among the ATP-

independent peptidases intervening downstream of the proteasome or other related proteolytic 
complexes. They would therefore be involved in the non-specific degradation of peptides 

generated by AAA+ proteases, participating in proteins turnover and amino acid homeostasis 
(Borissenko & Groll, 2005; Franzetti et al., 2002). In accordance with this hypothesis, the 

overexpression of two M42 aminopeptidases has been reported in the archaeon 
Thermococcus kodakarensis under oxidative and heat stresses (Jia et al., 2011). 

 
 They could also be responsible of the degradation of exogenous or endogenous peptides 

for metabolic or energetic purposes, contributing to metabolic pathways such as carbon 

fixation or amino acid fermentation (Aklujkar et al., 2014; Lloyd et al., 2013; Ward et al., 2002). 

In aerobic conditions, glutamate can be used to fuel the Krebs cycle by being converted to a-

ketoglutarate through transamination and oxidative deamination. The resulting a-ketoglutarate 
can then enter the Krebs cycle, contributing to energy production (Plaitakis et al., 2017). In 

Pyrococcus furisous, the overexpression of a gene encoding a PhTET1 homologue has been 

observed when cells are cultured in a peptide-enriched medium, corroborating this hypothesis 
(Schut et al., 2003).  

 
 Finally, the narrow substrate specificities observed for some M42 aminopeptidases may 

be indicative of selective, targeted degradation of specific proteins. They could intervene in 
regulatory processes such as protein or peptide maturation.  

 
 Among the different hypotheses put forward, it is plausible that multiple may hold true. 

Given the vast diversity of M42 peptidases, they likely fulfill a variety of roles. Further research 
is required to elucidate their physiological function(s) and to determine the full spectrum of their 

activities. 
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As outlined in the introductory section, while TET peptidases have been extensively structurally 

characterized, particularly in archaeal species of the Thermococcales order, our understanding 
of the biological significance of these proteic complexes remains limited. The work presented 

here aims at expanding our knowledge on TETs by adopting a broader perspective, exploring 
them at the scale of the entire archaeal domain. We also seek to move beyond structural 

approaches to investigate their roles as integral components of the cellular machinery and 
explore their biological functions. 

 

 The general objective of this work is to establish a comprehensive overview of TET 
peptidases within archaeal genomes, addressing the following key questions: 

 

• Is it possible to define conserved sequence domains, sites, motives or markers that can 
serve as reliable markers for large-scale identification of TET peptidases? 
 

• What is the phylogenetic diversity and distribution of TET peptidases across Archaea? 
 

• Does current knowledge fully capture the functional diversity of these enzymes, or could 
further exploration uncover new substrate specificities? 

 

• Are the number of copy per genome and the substrate specificities of TET peptidases 
associated with environmental adaptations or metabolic capacities of archaeal species? 

 

• What are the evolutionary relationships within archaeal TET peptidases, and between 
archaeal and bacterial TET peptidases? 

 

 To address these questions, the first chapter of this thesis will describe the development 
of markers for the identification of TET peptidases, which will be used for extensive screening 

of archaeal genomes. This approach will lay the foundation for exploring the functional diversity 
of TET peptidases, which has so far only been assessed in a limited set of enzymes within a 

narrow taxonomic range. The second and third chapters of this manuscript will cover the 
production, purification and functional characterization of selected enzymes. Finally, by 

integrating biochemical and phylogenetic data, the findings of this study will be reframed within 

a broader biological context to explore the evolutionary history and biological significance of 
TET peptidases. 
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Chapter 1  

From identification to classification: 

tracing TET peptidases in Archaea 
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1. Foreword  
M42 peptidases are widely distributed accross many prokaryotic species. However, despite 

studies of a few bacterial and archaeal proteins (see Table 2 above), our understanding of the 
abundance, taxonomic distribution and diversity of these enzymes remains limited.  

 
 Crystallographic structure resolution of several prokaryotic TETs revealed a high degree 

of homology (Borissenko & Groll, 2005; Colombo et al., 2016; Durá et al., 2005, 2009; Dutoit 

et al., 2019; Kim et al., 2010; Petrova et al., 2015). All structurally characterized M42 
peptidases form hollow tetrahedral particles (400-500 kDa) composed of 12 subunits (~40 

kDa). Despite this very strong structural homology, TET peptidases exhibit low primary 
sequence conservation (Appolaire et al., 2016). This variability, coupled with frequent 

misannotations as cellulases or endoglucanases (Dutoit et al., 2012; Slutskaya et al., 2012), 
makes it challenging to identify TETs in genomic or proteomic databases, hindering a deeper 

understanding of this enzymatic family.  
 

 One of the objectives of this thesis was to provide a comprehensive assessment of M42 
peptidases distribution in archaea. Consequently, the first stage of the project involved 

establishing identification markers that would enable fast and robust identification of these 

enzymes in archaeal genomes. The approach used to establish these identification criteria, 
based on the pioneering work of Alexandre Appolaire (2014), will be detailed in this chapter. 

Briefly, since all the enzymes in this family share a highly conserved architecture, the structural 
elements involved in the formation of the unique tetrahedral edifice were used as key 

determinants.  
 

 These structure-based identification criteria were then used to screen archaeal genomes 
for M42 peptidases, prodiving a global perspective on their distribution in these organisms.  

The results of this exaustive analysis will be presented in this chapter. 
 

 Finally, phylogenetic analysis of the retrieved sequences allowed us to propose a 

classification for archaeal TET peptidases. This classification served as a foundation for 
guiding subsequent characterization of new enzymes, ensuring that the diversity of TET 

peptidases in archaea is comprehensively represented. 
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2. Material and methods 

2.1. Identification criteria refinement   

To refine the identification criteria previously proposed in Alexandre Appolaire’s PhD thesis 

(2014), a dataset of 195 M42 archaeal aminopeptidases was constructed by retrieving all 
archaeal M42 peptidases sequences from the MEROPS database (v12.0) and eliminating 

truncated entries comprising less than 260 amino acids (Rawlings et al., 2018). Then, as we 

estimated TET4 homologues to be under-represented in this dataset, we used the pattern 
LD[AE][EL]EKKED (canonical for the TET4 group) and ran a PHI-BLAST search against the 

National Center for Biotechnology Information (NCBI) nr database restricted to Archaea 
(Zhang et al., 1998). The 15 more divergent sequences were identified using the T-Coffee trim 

tool (v11.0.8) and were added to the initial set of sequences (Notredame et al., 2000).  
 

 Finally, the 210 resulting sequences were aligned with T-Coffee using default 
parameters. The alignment was visualized using AliView (v1.28) (Larsson, 2014). 

 
 Additionnaly, M42 peptidase structures were visualized and aligned using PyMOL (The 

PyMOL Molecular Graphics System, v2.5.2 Schrödinger, LLC). PDB identifiers are provided in 

Table 2. 
 

2.2. Detection of TET peptidases in archaeal genomes 

The 210 sequence alignment was used to build an HMM profile using the HMMBUILD tool 

from the HMMER suite (v3.3.2) (Johnson et al., 2010).  
 

 The rest of the work presented in this section was carried out by Najwa Taib from the 
Biologie Evolutive de la Cellule Microbienne laboratory (Institut Pasteur, Paris).  

 
 Briefly, a local database containing 4,016 archaeal genomes representative of all major 

phyla available in public databases as of January 2022 was constructed. The generated HMM 
profile was used to carry out homology-based searches using HMMSEARCH. All hits were 

retrieved, aligned using MAFFT (v7.481) with the option -auto (Katoh & Standley, 2013) and 
filtered upon the presence of the conserved motifs characterizing TET peptidases (i.e., 

residues Gly44, His62, Asp64, Gly77, Gly85, Gly86, Asp173, Glu205, Glu206, Glu211, 
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Asp228, and His307 according to PhTET1 numbering, PDB code 2WYR). This resulted in 

2,030 archaeal TET peptidase homologue sequences. 
 

 The set of homologous sequences was aligned using MAFFT with the option -auto, and 
the resulting alignment was trimmed using BMGE (v1.12) with the options (-m BLOSUM30 -b 

1 -w 1 -h 0.95) (Criscuolo & Gribaldo, 2010).  
 

 Finally, a maximum likelihood tree was inferred using IQ-TREE (v2.0.6) with the model 

LG+F+R10 (Minh et al., 2020), selected by ModelFinder according to BIC criteria 
(Kalyaanamoorthy et al., 2017). All phylogenies were annotated using IToL (Letunic & Bork, 

2019). 
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3. Results 

3.1. Structure-based M42 peptidase identification criteria 

During his PhD thesis, Alexandre Appolaire studied the structure of M42 peptidases, focusing 

on their oligomerisation process and functional regulation (2014). Part of his work involved 
identifying conserved structural motifs to help pinpoint TET peptidases in archaeal genomes. 

Since the identification criteria used in this project are largely based on those established by 

Alexandre, I will first present his original determinants before discussing the modifications I 
introduced. 

 

3.1.1. Appolaire’s original identification criteria 

To identify the conserved structural elements involved in the formation of the canonical 
tetrahedral structure of TET peptidases, Appolaire compared the structures of fifteen TET 

homologues identified using the structural homology search tool Dali (Holm & Rosenström, 
2010). His study highlighted five conserved features shared by all tetrahedral dodecameric 

proteins, here described according to PhTET1 sequence numbering (PDB 2WYR).  

 

 Firstly, the presence of a dimerization domain seemed to be essential for monomers 
assembly and for the formation of the tetrahedral particle. To illustrate this, Appolaire pointed 

out the monomeric M28 peptidase AAP (PDB 1RTQ). While the catalytic domain of AAP 
closely resembles that of TET peptidases, it completely lacks the dimerization domain present 

in all TETs (Figure 29). Based on these observations, he proposed that the presence of this 

domain would be a marker of oligomerization in M42 peptidases. 

Figure 29: Structure comparison of AAP (left, PDB 1RTQ) and PhTET1 (right, PDB 2WYR). AAP 
lacks the dimerization domain represented in dark blue.  
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 However, the mere presence of this domain did not seem to guarantee tetrahedral 

particle formation. This is exemplified by the Q11Z05_CYTH3 aminopeptidase from Cytophaga 
hutchinsonii (PDB 3CPX), which assembles as a trimer rather than forming a tetrahedral 

structure. A comparison with dodecameric TET peptidases revealed that Q11Z05_CYTH3 
dimerization domain lacks two critical motifs—IDIGAXXXE (I132 to E140) and 

[RK]303Y304— found in all TETs at the contact interfaces between monomers. Appolaire 
proposed that these motifs would be essential for the oligomerization of TET peptidases.

  

 By studying the interactions between dimers forming the TET dodecamer, Appolaire also 
identified the dodecamerization interface, distinct from the dimerization interface. This interface 

involves few interactions and is not highly conserved in sequence, though it shows strong 
structural similarities. Comparison of dodecameric TET peptidase structures with TmPep1050 

aminopeptidase from Thermotoga maritima (PDB 3ISX), which had been purified as a dimer 

only (Dutoit et al., 2012), seemed to indicate that the a5 helix—specifically, the presence of 

residues with long, charged side chains—was crucial for the dodecamer formation.  

 
 Furthermore, sequence analysis of dodecameric TET peptidases revealed several highly 

conserved glycine residues near the catalytic site—Gly19, 67, 85, 86, 208, and 211—which 
were hypothetized to provide the necessary flexibility for proper folding around the active site. 

 
 Finally, the presence of the seven conserved catalytic residues presented in 

introduction section 3.1—His62, Asp64, Asp173, Glu205, Glu206, Asp/Glu228, and 
His307—was considered to be essential for both the catalytic activity and oligomerization of 

TET peptidases. 
 

3.1.2. Identification criteria refinement 

When establishing the initial identification criteria, Appolaire relied on a few proteins only due 

to the limited number of characterized M42 peptidases available at the time. Since then, new 
structures have been resolved, and many additional sequences have been annotated as 

putative M42 peptidases. These new data have been used to modify the original identification 

criteria, ensuring that our study adequately captures the diversity of TET peptidases. 
 

 To refine the identification criteria, a more comprehensive dataset was constructed by 
retrieving 195 full-length sequences annotated as M42 peptidases from the MEROPS 
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database. Among the characterized M42 peptidases, PhTET4 clearly stands out, notably due 

to the absence of the IDIGAXXXE and [RK]Y motifs identified by Appolaire in the dimerization 
domain of TETs. Instead, a LD[AE][EL]EKKED motif is found in PhTET4 and homologues. To 

incorporate this diversity into our study, which was poorly represented in MEROPS, a PHI-
BLAST search was conducted against the NCBI nr database restricted to archaea using the 

LD[AE][EL]EKKED pattern. The fifteen more divergent sequences were retained. The resulting 
210 sequences were aligned, and the resulting alignment was used to refine the identification 

criteria.   

3.1.2.1 Dimerization domain and dimerization interface 

The IDIGAXXXE and [RK]Y motifs used by Appolaire to describe the dimerization interface 
were not strictly conserved in our extended dataset. It seemed difficult to define a pattern broad 

enough to cover the variability observed in this region while remaining discriminating (Figure 
30). Moreover, these motifs are absent in PhTET4, which has nevertheless been determined 

to be dodecameric in the ELMA laboratory (Basbous et al., 2018). It was therefore decided to 
only consider the presence of the dimerization domain as the main criterion for dimerization.  

 

3.1.2.2 Dodecamerization interface 

To describe the dodecamerization interface, Appolaire used the example of TmPep1050 

aminopeptidase from Thermotoga maritima, which had only been purified as a dimer despite 
having a sequence very similar to that of dodecameric TETs (Dutoit et al., 2012). The absence 

Figure 30: Multipe sequence alignement of 20 of the sequences used for the identification criteria 
refinement. The IDIGAXXXE motif identified by Appolaire in the dimerization domain, here highlighted 
in orange, is not strictly conserved and is completely lacking in PhTET4 homologues (top four 
sequences). 
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of charged residues in the a5 helix of TmPep1050 was pointed out to be responsible for this 

lower oligomeric state. 
 

 However, it was later discovered that the oligomeric state of TmPep1050 was altered by 

the presence of a His-tag used for its purification (Dutoit, 2021). The untagged protein was 
successfully purified as a dodecamer, even though it still lacked the charged residues in the 

a5 helix that Appolaire identified as crucial for dodecamerization (Dutoit et al., 2019). These 
findings led me to revise the relevance of the presence of these charged residues as markers 

for the oligomerization of TET peptidases. 
 

3.1.2.3 Glycine residues 

In Appolaire's limited dataset, seven glycine residues were identified as conserved. However, 
in our extended dataset of 210 sequences, some of these residues were no longer conserved, 

while other nearby glycines showed higher conservation. Consequently, it was decided to look 
for the conservation of the following limited set of glycine residues: Gly44, 77, 85, 86, and 211. 

 

3.1.3. Synthesis of retained identification criteria 

Ultimately, the following criteria were retained for M42 peptidase identification: 
 

• presence of a dimerization domain 

• conservation of the catalytic residues His62, Asp64, Asp173, Glu205, Glu206, 
Asp/Glu228, and His307 

• conservation of the glycine residues Gly44, 77, 85, 86, and 211 
 

 These criteria were subsequently applied for archaeal genomes screening, as presented 
in section 3.2 below. Filtering based on the presence of the catalytic residues enabled to 

retrieve sequences from all MH clan families (M18, M20, M28, and M42). Further filtering 
based on the conserved glycines residues allowed to eliminate M18, M20, and M28 

sequences, effectively segregating M42 peptidases. All sequences meeting these two criteria 
also contained the expected dimerization domain. Consequently, the catalytic residues and 

conserved glycine residues would be sufficient to identify M42 peptidases and could be used 
alone (Figure 31). 
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Figure 31: Structure-based determinants for identifying M42 peptidases. The represented 
secondary structure corresponds to PhTET1 (PDB code 2WYR). Three criteria were retained for the 
identification of TET aminopeptidases: conserved catalytic residues H62, D64, D173, E205, E206, 
[DE]228, H307 (red stars), conserved glycine residues 44, 77, 85, 86, and 211 (blue triangles) and 
presence of the dimerization domain (residues 65 to 154). Residue numbering according to PhTET1 
sequence. 
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3.2. M42 peptidases in Archaea 

3.2.1. Comprehensive screening for M42 peptidases in archaeal genomes 

To comprehensively assess the distribution of M42 peptidases in Archaea, a hidden Markov 

model (HMM) profile was constructed using 210 archaeal M42 sequences obtained from the 
MEROPS and NCBI nr databases. This profile was used for an extensive homology search of 

M42 peptidases against a large database comprising 4,016 archaeal genomes, covering all 
currently available diversity including uncultured phyla. All positive hits were retrieved and 

filtered based on the presence of conserved catalytic sites and glycine residues presented in 

section 3.1.3 above, resulting in 2,030 archaeal M42 homologues. M42 peptidases were 
identified in 39.7% (1,595) of genomes, with copy numbers ranging from one to five per 

genome. 
 

 M42 homologues were prevalent in Euryarchaeota and Asgard but exhibited uneven to 
sporadic distribution across the TACK and DPANN superphyla, respectively. Intriguingly, some 

M42 peptidase sequences from Asgard displayed a unique insertion of approximately 20 
residues, which has never been detected in any M42 peptidase described to date. This 

distinctive insertion, located just after the dimerization interface, was specific to Asgard species 
and exhibits a strong charge contrast. A similar but shorter insertion (9-10 residues) was 

detected in a few Thermoplasmata species (Figure 32). The potential roles of this insertion 

will be discussed in chapter 3 section 3.1 below. 

 

3.2.2. Archaeal M42 peptidases phylogeny   

To explore the relationships among archaeal M42 peptidases, we inferred a maximum 
likelihood tree using the 2,030 archaeal M42 sequences (Figure 33). According to the topology 

of the tree, several distinct families can be delineated.  

Figure 32: Multiple sequence alignment of 11 archaeal M42 peptidases illustrating a previously 
unreported insertion in Asgard and Thermoplasmata sequences. The unique ~20 residue 
insertion, specific to some Asgard species, is highlighted in orange. A shorter but similar insertion (9-
10 residues), highlighted in green, was identified in certain Thermoplasmata sequences. 
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The TET1, TET2, TET3, and TET4 groups were already identified prior to this study, with 

several characterized representatives from species such as Pyrococcus horikoshii, 
Pyrococcus furiosus and Thermococcus onnurineus (see Table 2) (Basbous et al., 2018; 

Colombo et al., 2016; Durá et al., 2005, 2009; Durá & Franzetti, 2013; H. S. Lee et al., 2007; 

Y. G. Lee et al., 2012; Schoehn et al., 2006). These groups form four distinct and supported 
monophyletic clades, with ultra-fast bootstrap (UFB) values of 98%, 100%, 100%, and 100% 

respectively. TET2 and TET3 appear as sister clades, suggesting a recent duplication event, 

Figure 33: Phylogeny of archaeal M42 peptidase homologues and delineation of TET families in 
Archaea. Maximum-likelihood phylogeny obtained from an alignment of 2,030 sequences and 337 
amino acid positions. The scale bar represents the average number of substitutions per site. Circles at 
the branches indicate ultra-fast bootstrap values ≥ 90 %. TET families were delineated based on the 
taxonomic distribution and the topology of the tree (i.e., branch lengths, node supports). Darker bars on 
the outer circle represent enzymes characterized either before or during this study. 
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which is further supported by studies showing the in vitro and in vivo formation of PhTET2-

PhTET3 heterocomplexes in P. horikoshii (Appolaire, Durá, et al., 2014; Appolaire, Girard, et 
al., 2014). Interestingly, while TET2, TET3, and TET4 contain exclusively sequences from 

Thermococcales, TET1 also includes three sequences from Geoglobus, suggesting a HGT 
from Thermococcales to Archaeoglobales (see Appendix 1). 

 
 To delineate new families, the topology of the phylogenetic tree—considering branch 

length, support, monophyly, and taxonomic distribution—was analyzed. This approach led to 

the identification of seven new families, which were named TET5 to TET11 in accordance with 
the existing nomenclature (Figure 33). Some of these newly identified families were specific 

to taxonomic groups: TET5 and TET6 were exclusively found in the Halobacteriales, TET9 in 
Asgard, and TET10 in TACK. In contrast, the TET7, TET8, and TET11 families exhibitied a 

broader distribution across Archaea, with TET11 being found in all superphyla. The taxonomic 
distribution of the twelve TET families will be explored in more detail in the general discussion 

section. The previously characterized HmTET from Haloarcula marismortui (Franzetti et al., 
2002) and APDkam589 from Desulfurococcus amylolyticus (Petrova et al., 2015; Slutskaya et 

al., 2012) fall into the TET6 and TET10 families, respectively, and were accordingly renamed 

HmTET6 and DaTET10. Notably, all sequences featuring the novel insertion described in 
section 3.2.1 above were found in the TET7 group. 

 
 Collectively, these eleven families account for 1,619 sequences, the remaining 411 

sequences could not be affiliated to any family due to poorly supported branching (Figure 33). 

 
3.2.3. Sequence selection for functional and structural characterization 

A striking observation from this phylogenetic analysis is that previous extensive 
characterization of archaeal TET peptidases, which focused mainly on a few species within 

the Thermococcales order (TET1-4 groups) (Basbous et al., 2018; Colombo et al., 2016; Durá 
et al., 2005, 2009; Durá & Franzetti, 2013; Franzetti et al., 2002), remained marginal with 

regard to the real taxonomic distribution and overall diversity in archaeal genomes. These 
findings highlighted the need for broader protein characterization to explore the functional 

diversity of TET peptidases in Archaea.  
 

 To address this, thirteen sequences were selected for recombinant protein expression, 

purification, and characterization, ensuring representation from all the TET peptidase families 
delineated in our analysis, while also capturing sequences from taxonomically diverse archaeal 
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species. Given that the TET1 to TET4 groups have already been extensively studied, efforts 

were directed toward the other lesser-known or entirely unexplored families. Careful 
consideration was given to ensuring taxonomic diversity, including representatives from the 

Euryarchaeota, TACK, DPANN, and Asgard phyla. Whenever possible, sequences were 
chosen from cultured and thermophilic organisms to provide ecological context related to their 

lifestyle and environment and facilitate purification. Three sequences featuring the insertion 
unique to Asgard sequences were selected (i.e., HoTET7, PsTET7, and ThTET7) to 

investigate the role of this novel extension. The selected candidates are presented in Table 3, 

and the corresponding sequences are provided in Appendix 2. 
 
Table 3: Selected candidate proteins for further characterization. The choosen proteins are listed 
below, along with the corresponding species and taxonomy.   
 

TET Species Taxonomy 

HvTET5 Haloferax volcanii Methanotecta; Halobacteria; Halobacteriales; 
Haloferacaceae; Haloferax; 

HvTET6 Haloferax volcanii Methanotecta; Halobacteria; Halobacteriales; 
Haloferacaceae; Haloferax; 

HoTET7 Ca. Hodarchaeales archaeon LC_3 Asgardarchaeota; Heimdallarchaeia; 
Hodarchaeales; LC-3; LC-3;  

PsTET7 Ca. Prometheoarchaeum syntrophicum Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; 
Prometheoarchaeum 

ThTET7 Ca. Thorarchaeota archaeon MP8T_1 Asgardarchaeota; Thorarchaeia; Thorarchaeales; 
Thorarchaeaceae; MP8T-1;  

HoTET8 Ca. Hodarchaeales archaeon LC_3 Asgardarchaeota; Heimdallarchaeia; 
Hodarchaeales; LC-3; LC-3; LC-3 sp001940645; 

PsTET8 Ca. Prometheoarchaeum syntrophicum Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; 
Prometheoarchaeum;  

PsTET9 Ca. Prometheoarchaeum syntrophicum Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; 
Prometheoarchaeum;  

TaTET10 Thermosphaera aggregans TACK; Thermoproteia/Crenarchaeota; Sulfolobales; 
Desulfurococcaceae; Thermosphaera; 

AlTET11 Altarchaeia archaeon ex4484_2 DPANN; Altarchaeia; IMC4; QMZM01; EX4484-2;  

MfTET11 Methanothermus fervidus 
Methanomada; Methanobacteria; 
Methanobacteriales; Methanothermaceae; 
Methanothermus; 

MtTET11 Methanoculleus thermophilus 
Methanotecta; Methanomicrobia; 
Methanomicrobiales; Methanoculleaceae; 
Methanoculleus; 

MkTET Methanopyrus kandleri Methanomada; Methanopyri; Methanopyrales; 
Methanopyraceae; Methanopyrus; 

 
 The cloning, recombinant expression and purification of these proteins will be covered in 

chapter 2. Their functional and structural characterization will be presented in chapter 3.   
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4. Discussion and future perspectives 

The refinement of TET petidase identification criteria presented here represents a significant 

advancement over the initial criteria established by Alexandre Appolaire. Due to the limited 
dataset he was working with, Appolaire’s original criteria were highly stringent. While effective 

for a specific subset of TET peptidases, these criteria limited the discovery of the full diversity 
present in archaeal genomes. New studies on TET peptidases published since his initial work 

revealed a greater diversity than previously recognized, prompting us to broaden the 

identification criteria. This adjustment was crucial for identifying diverse TET families that do 
not strictly conform to the original rigid motifs but still maintain the key functional characteristics 

of TET peptidases. The refined criteria now allow for a more inclusive and comprehensive 
survey of TET peptidases, reflecting the diversity of these enzymes more accurately. 

 
 However, the current criteria will likely require further revision as more genomes continue 

to be sequenced and our understanding of TET molecular machineries deepens. This iterative 
process of refinement is essential to ensure that those criteria remain relevant and effective. 

 
 Despite these improvements, it is important to acknowledge the potential limitations of 

our methodology. In particular, the TET4 group, which has a distinctive signature that 

distinguishes it from other families (see section 3.1.2.1), was over-represented in the HMM 
profile used for sequence identification. We enriched our initial dataset with sequences from 

this group to ensure that this diversity was well represented, with PhTET4 homologs 
accounting for 11% of the sequences used to construct the HMM profile. However, the results 

of archaeal genomes screening indicate that we overestimated the prevalence of TET4 
sequences, which are in fact found in Thermococcales exclusively and account for 1% only of 

identified M42 peptidases.   
 

 While this study aimed at exploring the diversity of archaeal TET peptidases as 
extensively as possible, practical limitations necessitated the selection of a restricted set of 

sequences for recombinant expression, purification, and characterization. The selected 

sequences were chosen to cover all the identified TET families as well as a wide taxonomic 
range of archaeal species. However, given the vast diversity within some of the larger families, 

particularly TET11 and TET-other, further characterization of additional members from these 
families would be highly valuable. The TET-other group, in particular, might benefit from 

subdivision into more refined subgroups based on further phylogenetic analysis and functional 



CH. 1: FROM IDENTIFICATION TO CLASSIFICATION: TRACING TET PEPTIDASES IN ARCHAEA 
 

 80 

data. Detailed studies focusing on these subgroups could provide deeper insights into the 

diversity of TET peptidases. 
 

 Ultimately, the work presented in this chapter underscores the dynamic and evolving 
nature of enzyme classification and the ongoing need to adapt our approaches as new data 

becomes available. While the refined criteria developed here offer a more inclusive tool for 
identifying TET peptidases, they are not without their limitations. Continued efforts should be 

directed toward refining these approaches, incorporating new sequences, and characterizing 

new peptidases. By doing so, future studies will provide a deeper understanding of TET 
peptidase diversity, functional roles in archaeal biology, and ecological and evolutionary 

significance. 
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5. Résumé du chapitre en français  

Depuis leur découverte en 2002, un peu plus d’une vingtaine de peptidases TET ont été 

fonctionnellement et structuralement caractérisées chez les archées. Ces études ont révélé 
une grande conservation de l'architecture caractéristique des peptidases TET, tout en mettant 

en évidence une diversité fonctionnelle surprenante. Bien que ces travaux aient permis une 
description détaillée de certains représentants, la prévalence et la diversité des peptidases 

TETs à l’échelle globale des archées restent mal comprises.  

 
 Ce chapitre présente une étude exhaustive de la distribution des peptidases M42 chez 

les archées. Pour ce faire, des critères d’identification basés sur des éléments structuraux 
conservés  ont été mis en place. Ces critères, initialement établis par Alexandre Appolaire 

(2014), ont été modifiés pour mieux correspondre à la diversité de ces enzymes mise à jour 
par les études récentes. En collaboration avec Najwa Taib du laboratoire de Biologie Evolutive 

de la Cellule Microbienne (Institut Pasteur, Paris), un ensemble de 210 séquences de 
peptidases M42 a été utilisé pour construire un modèle de Markov (Hidden Markov Model). Ce 

modèle a ensuite été utilisé pour mener une recherche par similarité à grande échelle dans 
les génomes archéens, permettant d’identifier 2 030 homologues de peptidase M42.  

 

 Une analyse phylogénétique approfondie des séquences ainsi identifiées a révélé 
l’existance de plusieurs familles de peptidases TET. En plus des familles TET1 à TET4 déjà 

mises à jour lors de précédentes études, sept nouvelles familles ont été identifiées et 
nommées TET5 à TET11, en accord avec la nomenclature existante. De façon surprenante, 

les familles TET1 à TET4, bien que largement étudiées auparavant, se sont avérées 
minoritaires et restreintes à l'ordre des Thermococcales. Ces résultats soulignent la nécessité 

de caractériser plus largement les peptidases TET, en particulier au sein des groupes TET5 à 
TET11, encore peu explorés. 

 
 Treize séquences ont donc été sélectionnées pour être produites sous forme de 

protéines recombinantes, purifiées et caractérisées. Ces séquences couvrent toutes les 

familles de peptidases TET nouvellement définies ainsi que la diversité taxonomique des 
archées. La caractérisation de ces nouvelles enzymes devrait ainsi permettre d’approfondir 

nos connaissances des peptidases TET, offrant une vision plus complète de leur diversité et 
de leur évolution au sein des archées. 
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1. Foreword 

Previous PhD theses conducted on M42 aminopeptidases in the ELMA laboratory were 

devoted to the characterization of one or two enzymes. Given the large number of proteins 
targeted for this project, it seemed sensible to adopt a standardized production and purification 

approach using identical, or at least similar, protocols for all the proteins. This strategy seemed 
all the more relevant considering that so far, with minor adaptations, the techniques and 

protocols employed for the purification and characterization of the various TET 

aminopeptidases described in the laboratory have remained largely consistent. 
 

 The use of a poly-histidine tag (His-tag), which generally facilitates purification and 
increases the purification yield, has been reported for several M42 peptidases (Dutoit et al., 

2012; Kim et al., 2010; Kumaki et al., 2011; Lee et al., 2007; Robinson et al., 2013; Zheng et 
al., 2005). In particular, this approach has been successfully used for the study of 

Methanocaldococcus jannaschii TET in our laboratory (Basbous, 2016). For this project, the 
use of a His-tag seemed particularly advantageous to ease, streamline and speed up the 

purification step, which can be very labour-intensive and time-consuming. 
 

 Consequently, after a step of heterologous expression optimization, the following generic 

purification protocol was adopted: (i) clarification by heat-shock for thermostable proteins 
followed by (ii) immobilized metal affinity chromatography (IMAC), (iii) anion-exchange (AEX) 

chromatography, and (iv) size-exclusion chromatography (SEC).  
 

 Unfortunately, this standardized protocol turned out to be unsuitable for most of our 
targets. As highlighted by the wide diversity of TET peptidases revealed by archaeal genome 

screening (see chapter 1),  it is actually difficult to apply a single protocol for the purification 
of all enzymes within this family. Moreover, as previously pointed out by Dutoit and colleagues 

(Dutoit, 2021), the use of a His-tag can be problematic in the case of metallopeptidases such 
as TETs.  

 

 In the subsequent chapter, the initial approach used for the production and purification 
of the thirteen new TET peptidases to be characterized, along with the associated identified 

difficulties, will be presented. The different strategies considered to overcome these challenges 
will then be discussed. Finally, the protocols that enabled successful purification of novel M42 

aminopeptidases will be described.   
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2. Material and methods 

2.1. Bacterial strains and general information 

E. coli Rosetta2(DE3)pLysS, BL21(DE3)pLysS and ArcticExpress(DE3)RIL chemically 

competent cells were used for recombinant expression. These cells were grown in lysogeny 
broth (LB) media. When used, kanamycin (kan), chloramphenicol (chl) and gentamycin (gen) 

concentrations were 30 µg/mL, 34 µg/mL and 20 µg/mL respectively. E. coli chemical 

transformations were done following manufacturer’s instructions. For sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), protein samples were mixed with 3X Loading 

Buffer (50 mM Tris-HCl, 8 M urea, 2 M thiourea, 75 mM DTT, 3% SDS, 0.05% bromophenol 
blue, pH 6.8), heated to 100 °C for 4 min, and loaded on 12% Criterion™ XT Bis-Tris Protein 

gels (BioRad). Protein molecular weights were estimated relatively to Precision Plus Protein 
All Blue Standards (Biorad). 

 

2.2. Cloning  

The open reading frames of the selected TET genes were codon-optimized for E. coli and 
synthesized by Twist Bioscience. For N-terminal tagged protein expression, synthetic genes 

were digested using NdeI and BamHI restriction enzymes and inserted into the pET28a(+) 
multiple cloning site in frame with a thrombin-cleavable N-terminal His6-tag. For untagged 

protein expression, genes were digested with NdeI and XhoI restriction enzymes and cloned 
into the pET41c(+) vector. Cloning accuracy was confirmed by Sanger sequencing (Eurofins).  

 

2.3. Heterologous expression in E. coli 

2.3.1. Expression optimization  

3 mL of LB were inoculated at a 1:100 ration with overnight culture and cultured at 37 °C (for 
Rosetta2 and BL21 cells) or 30°C (for ArcticExpress cells), 140 rpm until the OD600 reached 

0.6. Unless otherwise indicated, protein overexpression was induced with 1 mM isopropyl-b-

D-thiogalactopyranoside (IPTG) at the selected temperature for the desired duration. 
 

 Cells were harvested by centrifugation at 8,000 ´ g for 15 min at 4 °C, and pellets were 

stored at -80 °C. Cells were resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% 

Triton ´100, pH 8.0) supplemented with 0.05 mg/mL lysozyme, 0.01 mL/mL MgSO4 2M, 1 

mg/mL Pefabloc SC, 0.05 mg/mL DNase, 0.2 mg/mL RNase, and were disrupted on ice in a 
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Vibra-Cell sonifier (35% amplitude with three on/off cycles of 10 s each). The cell lysates were 

centrifugated at 16,000 ´ g, 4 °C for 15 min and the supernatant and pellet were separated. A 
fraction of the supernatant was heat-shocked at 70°C for 15 min and centrifugated at 16,000 

´ g, 4 °C for 15 min. Once again, the supernatant and pellet were separated. Samples were 

deposited on SDS-PAGE gels in order to determine the solubility and thermostability of the 
proteins of interest. 

 

2.3.2. Large-volume cultures 

Once the optimal culture conditions were determined for each protein, large-volume cultures 
were realized. 1.5 L of LB was inoculated at a 1:100 ration with overnight culture and cultured 

at 37 °C (for Rosetta2) or 30°C (for ArcticExpress cells), 140 rpm until the OD600 reached 0.6. 
Protein overexpression was induced with IPTG at the selected temperature for the desired 

duration. Cells were harvested by centrifugation at 8,000 ´ g for 45 min at 4 °C, and pellets 

were stored at -80 °C. Cells were resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 

0.1% Triton ´100, pH 8.0) supplemented with 0.05 mg/mL lysozyme, 0.01 mL/mL MgSO4 2M, 

1 mg/mL Pefabloc SC, 0.05 mg/mL DNase, 0.2 mg/mL RNase, and were disrupted on ice in a 
Vibra-Cell sonifier (35% amplitude with five on/off cycles of  30 s each). For thermostable 

proteins, the lysate was heated at 70° C for 15 min. Insoluble particles were pelleted by 

centrifugation (16,000 ´ g for 30 min at 4 °C) and the cleared extract was filtered at 0.45 μm 

and 0.22 μm. 

 

2.4. Protein purification  

The recombinant proteins were purified from the soluble fractions to near homogeneity using 
various combinations of affinity, anion exchange and gel filtration chromatography. The 

following columns, all supplied by Cytiva, were used: HiTrap Chelating HP 5 mL, DEAE 
sepharose CL-6B resin packed in a XK16 column, ResourceQ 6 mL, Superose 6 Increase 

10/300 GL, Superdex 200 10/300 GL. Purification strategies will be presented below, and 
detailed protocols are available in Appendix 3. Protein concentrations were determined 

following the method of Bradford (1976) using bovine serum albumin as the standard. 
 

2.5. Native PAGE electrophoresis  

Protein samples were mixed with one volume of loading buffer (20 mM Tris-HCl, 62.5% 

glycerol, pH 6.9) just before analysis. Polyacrylamide gels containing 8% 
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acrylamide/bisacrylamide, 20 mM NaCl, 50 mM Tris-HCl, pH 8.8, were run at 4 °C in a 

Tris/glycine buffer (25 mM Tris-HCl, 192 mM glycine, pH 7.5).  
 

2.6. Negative-stain electron microscopy  

4 µL of purified protein samples (0.1 mg/mL) were absorbed onto the clean side of a carbon 

film on mica, stained, and transferred to a 400-mesh copper grid. Images were taken under 
low dose conditions (<10 e-/Å2) with defocus values between 1.2 and 2.5 μm on a Tecnai 12 

LaB6 electron microscope at 120 kV accelerating voltage using CCD Camera Gatan Orius 
1000. 

 

2.7. AlphaFold model predictions 

AlphaFold model predictions were calculated using the AlphaFold3 server 
(https://golgi.sandbox.google.com accessed on 17 May 2024). 

  

https://golgi.sandbox.google.com/
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3. Results  

3.1. Production and purification of His-tagged TETs 

3.1.1. Heterologous expression optimization 

For N-terminally His-tagged protein expression, synthetic genes were cloned in the pET28a(+) 

vector. For each protein, expression tests were carried out by modulating the expression cells 
and the temperature. The following conditions were tested: 

 

• Rosetta2(DE3)pLysS cells at 37 °C for 3 h 30 min / at 20 °C for 16 h 

• BL21(DE3)pLysS cells at 37 °C for 3 h 30 min / at 20°C for 16 h 

• ArcticExpress(DE3)RIL cells at 14 °C for 24 h 
 
 The resistance of the proteins to a 15 min heat-shock at 70°C was also assessed. The 

conditions yielding the highest expression levels and solubility were retained (Table 4). In most 

cases, expression in Rosetta2(DE3)pLysS cells at 20°C gave the best results, producing a 
satisfactory quantity of soluble protein. For proteins with low solubility, ArcticExpress(DE3)RIL 

cells were found to be the most effective, but the quantity of soluble protein produced remained 
low. For HvTET6, no overexpression was obtained in any of the conditions tested despite 

proper cloning.  
 
Table 4: Selected expression conditions for His-tagged protein production. The quantity and 
solubility of overexpressed proteins were evaluated by SDS-PAGE.  
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3.1.2. Development of the purification of His-tagged TETs 

Based on the TET purification protocols in use at the ELMA laboratory, the following strategy 

was initially implemented:  

 
 

However, this approach only enabled the successful purification of ThTET7 (Figure 34). 
For all other proteins, instability and aggregation issues were encountered; precipitation 

occurred either suddenly during or gradually after the IMAC step, ultimately resulting in the 

loss of all soluble protein. Given that IMAC appeared to be the central issue, I explored the 
potential effects of this chromatographic technique and of the use of a His-tag on TETs, and 

on metalloproteins more generally. This purification strategy may prove problematic for metal-
dependent enzymes for several reasons that will be discussed below. 

 

3.1.3. IMAC purification: potential pitfalls for metalloproteins 

Due to its cost-effectiveness, ease of use, and exceptional robustness, IMAC is widely used 
for His-tagged protein purification. IMAC columns are typically packed with a resin, often 

agarose or sepharose, that is functionalized with metal ions like nickel, cobalt, or copper. These 
metal ions coordinate with the histidine residues of the His-tag, allowing for selective binding. 

Heat-shock (for 
thermostable 
proteins only) 

Immobilized 
metal affinity 

chromatography 
(IMAC)

Strong anion 
exchange 

chromatography 
(AEX)

Size exclusion 
chromatography 

(SEC)

Figure 34: SDS-PAGE gel recapitulating the purification of ThTET7. Samples were collected after 
each purification step. ThTET7 monomer migrated at an apparent molecular weight of ∼43 kDa.  
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During elution, imidazole is introduced as a competitive ligand, binding to the metal ions on the 

column and displacing the His-tagged proteins. 
 

 IMAC offers high affinity and specificity, allowing efficient protein capture even in 
complex mixtures. Additionnally, this technique performs well under various conditions, 

including both native and denaturing environments, as well as oxidizing and reducing 
conditions. However, when working with metalloproteins, there are a few aspects to consider 

before diving in blindly.  

 
 First, while the addition of a His-tag can enhance the expression and solubility of a 

protein, it may have detrimental effects on metal-dependent proteins. IMAC purification of His-
tagged proteins relies on the affinity between the imidazole group carried by the side chain of 

histidine residues and metal ions. As a result, the His-tag can compete with the native metal-
binding site of the protein for metal ion binding, thereby altering protein structure or enzymatic 

activity (Ayoub et al., 2023; Freydank et al., 2008; Majorek et al., 2014; Zhao & Huang, 2016). 
Additionally, it is important to note that the imidazole ring is not catalytically inert and can exhibit 

esterase activity. For instance, Schoonen et al. (2017) reported that green fluorescent protein 

(GFP) showed esterase activity after the introduction of a His-tag. While this is not a concern 
for TETs, it could be problematic when working with enzymes possessing an esterase activity. 

 
 Secondly, the IMAC column itself can impact metalloproteins. Metal ions from the column 

may leach out and replace the native metal ions bound to the metalloprotein. Block et al. (2009) 
pinpointed this phenomenon by expressing a His-tagged zinc-finger containing transcription 

factor in E. coli and purifing the protein using both nickel- and zinc-based IMAC in parallel. 
They then determined the metal ion content of both preparations using intercoupled plasma 

mass spectrometry (ICP-MS), revealing that significant exchange of metal ions occured 
between the charged IMAC ligand and the zinc fingers. Conversely, the ion exchange could 

also occur in the opposite direction, with the colomn stripping the protein of its essential metal 

ions.    
 

 Finally, the imidazole used during the elution step can also interfere with metal-
dependent proteins. Imidazole competes with the histidine residues of the His-tag for binding 

to the metal ions on the IMAC resin. This competition is essential for eluting the bound protein 
from the column. However, the high concentration of imidazole needed for efficient elution may 

affect the metalloprotein. If the metal binding affinitiy of imidazole is higher than that of the 
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protein, it can chelate these ions, potentially stripping them from the metalloprotein and 

disrupting its structure or function (Block et al., 2009).  
 

 Overall, while IMAC is a highly effective and widely used method for purifying His-tagged 
proteins, it presents specific challenges when applied to metalloproteins. Therefore, careful 

consideration and optimization are crucial in this context. Although this approach has been 
successfully applied to the purification of several enzymes in the TET family, oligomeric state 

and catalytic activity alteration has already been reported for His-tagged Thermotoga maritima 

TETs (Dutoit, 2021).  
 

3.1.4. Strategies to restore metal cofactor binding  

On my end, the presence of a His-tag and the use of IMAC did not cause any difficulties for 

the purification of ThTET7, that was obtained as an active dodecameric protein. For the other 
recombinant proteins I attempted to purify, the binding of the essential metal cofactors seemed 

to be impaired, resulting in protein instability and aggregation (Figure 35). Considering the 
crucial role of these metallic cofactors in the TET edifice, metal depletion could be causing the 

disassembly of the dodecameric complex into less stable dimeric or even monomeric forms, 
ultimately leading to protein precipitation. I therefore explored several approaches aiming at 

restoring proper metal cofactor binding, hoping to promote stable dodecamer formation.    
 

 

A B 

Figure 35: Precipitation of His-tagged TETs. Precipitation and aggregation occurred at various stages 
during the purification of His-tagged TETs, including (A) during IMAC or (B) post-IMAC dialysis. 
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3.1.4.1 Cobalt-based IMAC 

Firstly, assuming that the difficulties encountered could stem from metal exchange between 

the IMAC column and the proteins, it could be sensible to charge the IMAC ligand with the 
appropriate metal. In our case, the columns were usually loaded with nickel. Considering that 

cobalt seems to be preferred by most TETs, I attempted to perform IMAC with a cobalt-charged 
resin; the column was stripped of all nickel ions using ethylene diamine tetraacetic acid (EDTA) 

and then recharged with cobalt ions, rendering potential metal exchanges between the column 

and the proteins inconsequential. Although no precipitation was observed, the small quantity 
of soluble protein recovered was insufficient for thorough purification. It is therefore difficult to 

conclude on the effectiveness of this method. 
 

3.1.4.2 Metal boosting  

As previously discussed, multiple oligomeric forms of TETs coexist. This is illustrated by the 

presence of several peaks during anion-exchange and size-exclusion chromatography. The 
main forms recovered during recombinant protein purification are the dimer and the 

dodecamer, with variable proportions; sometimes the dimer may be the predominant oligomer. 
Given that the dimer-dodecamer transition is induced by metal ions, metal supplementation 

appears to be a promising approach to promote the formation of dodecamer.  
 

 This strategy has already been used by Dutoit and colleagues for the purification of 
TmPep1050; all buffers were supplemented with 1 mM CoCl2 (Dutoit et al., 2019). At the ELMA 

laboratory, preliminary results were obtained concerning the metal-induced re-

dodecamerization of dimers. Specifically, recombinant PhTET3 eluted from a strong AEX 
column in two distinct peaks, which were identified to be dimeric and dodecameric forms via 

SEC. The dimeric fraction was treated by overnight incubation with 0.2 mM ZnCl2. Subsequent 
SEC analysis confirmed the successful reformation of dodecamers.  

 
 I attempted to apply this strategy during PsTET9 purification, where only the dimeric form 

was recovered after SEC. The protein was treated overnight with 1 mM of various metal salts, 
including CaCl2, CoCl2, MgCl2, MnCl2, NiCl2, and ZnCl2, before being analyzed by native 

PAGE. Unfortunately, the native PAGE protocol employed had been optimized for another 
protein, and our protein of interest did not migrate under the conditions used. Further 

optimization would have been necessary to obtain conclusive results, especially regarding the 

pH of the migration buffer. 
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 A variation of this strategy, involving a milder introduction of the metal through dialysis, 

was also experimented. During the purification of PsTET7, most of the protein of interest did 
not bind to the weak AEX column and eluted in the flow-through. Based on previous results 

obtained with other TET proteins, these were likely light oligomeric forms, possibly monomers. 
Consequently, the flow-through was collected and dialysed against a buffer containing 0.2 mM 

ZnCl2. The sample was then re-applied on the weak AEX column. While a portion PsTET7 was 
still recovered in the flow-through, some of the protein bound to the column and could then be 

eluted with a saline gradient, and further purified using subsequently strong AEX and SEC 

columns. According to the SEC chromatogram, the great majority of the purified protein was 
dodecameric. The dialysis with 0.2 mM ZnCl2 therefore seems to have enabled re-

dodecamerization of PsTET7. However, we cannot exclude the possibility that the quantity of 
protein injected on the weak AEX column was just too important; the binding capacity of the 

resin had perhaps just been exceeded. The same result would maybe have been obtained by 
reinjecting the flow-through directly on the column without dialysis. It would have been 

interesting to precisely evaluate the effects of ZnCl2 treatment by re-injecting the flow-through 
on the column with or without metal dialysis in parallel. Unfortunately, due to time constraints 

and limited protein material, this experiment could not be conducted. 

 
 Finally, it was also attempted to supplement the lysis buffer with 0.2 mM ZnCl2 to improve 

the solubility of stubborn proteins by promoting the formation of dodecamer right from the start 
of the purification, rather than during the final steps (Figure 36). Nonetheless, the qualitative 

SDS-PAGE analysis did not reveal any improvement of proteins solubility. 
 

 Overall, metal supplementation appears as a promising strategy to promote dodecamer 
formation, thereby improving protein solubility, stability, and purification yields. Despite some 

encouraging outcomes, none of the approaches presented here produced clear conclusive 
results. It would undoubtedly be worthwile looking further into this matter and trying to optimize 

the suggested protocols. For example, fine-tuning the metal concentration is definitely crucial 

to achieve more consistent and conclusive results, as this parameter is crucial for controlling 
the oligomeric state of TET peptidases.  
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3.1.4.3 Alternatives to IMAC 

Given the detrimental impact that the IMAC column or the imidazole used for elution can have, 
I then decided to bypass the IMAC step altogether. However, the samples were too complex 

after cell lysis to be directly applied to the strong AEX column, which is too resolutive for such 
crude mixtures, necessitating a clarification step first.  

  
 For thermostable proteins, a 15 min heat-shock at 70°C was used to eliminate most 

mesophilic host proteins. For non-thermostable proteins, ammonium sulfate precipitation was 
used, followed by a weak AEX column. Ammonium sulfate precipitation is a method used to 

purify and concentrate proteins by exploiting their differential solubility in high salt 

concentrations. When ammonium sulfate is added to a protein solution, the salt ions compete 
with proteins for water molecule (salting-out effect). The increased ionic strength enhances 

hydrophobic interactions, reducing the solubility of proteins and causing them to precipitate. 
By carefully adjusting the concentration of ammonium sulfate, specific proteins can be 

Figure 36: Effect of ZnCl2 supplementation in the lysis buffer on PsTET8 solubility. Recombinant 
PsTET8 was expressed in Rosetta2(DE3)pLysS cells at either 37°C or 20°C. Cells were lysed in a buffer 
with or without 0.2 mM ZnCl2. Following lysis, supernatants (S) and pellets (P) were separated by 
centrifugation and analyzed by SDS-PAGE. PsTET8 monomer migrated at an apparent molecular 
weight of ∼42 kDa.  
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selectively precipitated based on their unique solubility properties, allowing for their separation 

from other components in the mixture.  
 

 These clarification steps allowed to obtain samples pure enough for subsequent 
purification on the strong AEX column, followed by the final SEC column. This strategy allowed 

successful purification of dodecameric PsTET7 and HoTET8 enzymes (Figure 37). 
Nevertheless, only HoTET8 showed activity during the subsequent functional characterization. 

 

 

 

3.1.5. Concluding remarks   

IMAC purification of His-tagged proteins has already been successfully used on several 
instances for TET peptidases, and it initially appeared to be a convenient and suitable 

approach for our project, which aimed at purifying thirteen new enzymes of this family. 
However, this strategy only allowed the recovery of one functional dodecameric enzyme (i.e., 

ThTET7). By bypassing the IMAC column, we were able to the purify of one additional active 
His-tagged protein (i.e., HoTET8). Despite multiple attempts to enhance metal ion binding, the 

presence of the His-tag seemed to profoundly alter TET proteins, rendering them insoluble of 
inactive. Consequently, it was decided to fall back on untagged protein purification.  

 

3.2. Production and purification of untagged TETs 

The N-terminal His-tag introduced by the pET28a+ vector could have been removed via 

thrombin digestion. However, to avoid issues such as incomplete protease cleavage or 
retention of extra amino acids from the cleavage site in the fusion protein sequence, the genes 

Figure 37: Size exclusion chromatography purification of His-tagged PsTET7 and HoTET8. Both 
proteins were purified using a Superose 6 Increase 10/300 GL column and eluted as high molecular 
mass complexes of c. 450 kDa. 



CH. 2: CONSIDERATIONS FOR THE PRODUCTION AND PURIFICATION OF TET PEPTIDASES 
 

 97 

encoding the protein of interest were instead re-cloned into a different expression vector 

enabling the production of untagged proteins. 
 

 Given that the decision to resort to untagged protein purification was taken at the end of 
the second year of my PhD thesis, it seemed unrealistic to continue working with thirteen 

different proteins. We therefore narrowed our focus on a reduced set of targets, prioritizing the 
proteins most relevant for our study. Firstly, as active dodecameric proteins were obtained for 

His-tagged ThTET7 and HoTET8, untagged versions of these proteins were not produced. 

Secondly, the challenges in recombinantly expressing and purifying halophilic proteins like 
HvTET5 and HvTET6, which require multimolar salt concentrations for proper folding and 

solubility, led us to exclude them from our study. Additionally, AlTET11 and MfTET11 were 
ruled out because of their high isoelectric points (8.76 and 8.84, respectively), which would 

have required replacing the anion exchange (AEX) column used in all purification protocols 
with a cation exchange (CEX) I did not have at my disposal. Since these proteins belong to the 

same group as MtTET11, which could be purified using columns already available, it was 
decided to keep MtTET11 as the only representative of the TET11 group. Finally, we decided 

to focus on proteins assigned to a family and to discontinue our work on MkTET, which 

belonged to the broader and less defined TET-others group. 
 

3.2.1. Heterologous expression optimization 

Synthetic genes coding for HoTET7, PsTET7, PsTET8, PsTET9, TaTET10, and MtTET11 

were cloned in the pET41c(+) vector. As described above for His-tagged protein production, 
expression and thermostability tests were carried out for each protein. The conditions yielding 

the highest expression levels and solubility were retained (Table 5). Similarly, the best results 
were obtained using Rosetta2(DE3)pLysS cells at 20°C for most proteins.  

 

 

Table 5: Selected expression conditions for untagged protein production. The quantity and 
solubility of overexpressed proteins were evaluated by SDS-PAGE. 
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 Since none of the conditions tested yielded soluble HoTET7 or PsTET8 proteins, we tried 

adding ZnCl2 to the lysis buffer (as described in section 3.1.4.2) or varying the concentration 
of IPTG used to induce overexpression (0.01 / 0.1 / 1 / 5 mM). Although reducing the IPTG 

concentration slightly increased the solubility of PsTET8, the quantity of soluble protein 
remained too low for effective purification. Consequently, neither HoTET7 nor PsTET8 could 

be purified.   
 

3.2.2. Development of the purification of untagged TETs 

The following purification strategy was implemented. For thermostable TaTET10, a 15 min 

heat-shock at 70°C was used as a clarification step. For other non-thermostable proteins, we 
stopped using ammonium sulfate precipitation because this stage led to significant protein 

losses, and lysates were directly injected on a weak AEX column. These clarification steps 

were followed by strong AEX and SEC chromatographies.  
 

 

 This strategy allowed successful purification of dodecameric PsTET7, PsTET9, 
TaTET10, and MtTET11 that were all determined to be active during subsequent functional 

characterization. In contrast, the His-tagged versions of these proteins either formed 
dodecamers but were inactive (PsTET7), were active but only dimeric (TaTET10), or could not 

be purified at all, confirming that the His-tag was indeed responsible of the encountered issues. 
 

3.3. Light at the end of the tunnel - overview of successful 
purifications 

Overall, the following proteins were successfully purified using various combinations of affinity, 

anion exchange and gel filtration chromatography: His-tagged ThTET7 and HoTET8, and 
untagged PsTET7, PsTET9, TaTET10, and MtTET11. An overview of the purification 

strategies that were used is presented in Table 6, and detailed protocols are provided in 
Appendix 3. 

 
 During the final gel filtration chromatography step, all proteins eluted as well-separated 

high molecular mass complexes corresponding to particles of a molecular mass of c. 450 kDa. 

SDS-PAGE analysis of the elution peaks consistently showed a predominant band around 40  

Weak anion exchange 
chromatography (AEX)

Strong AEX 
chromatography

Size exclusion 
chromatography (SEC)

Heat-shock (for TaTET10 only) 

Weak AEX chromatography 
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kDa, indicating the formation of homo-dodecameric complexes. These findings were further 

validated by negative-stain electron microscopy observations, which revealed homogeneous 
populations of tetrahedral particles for most enzymes (Figure 38A). Lower purity of PsTET9 

and TaTET10 samples precluding satisfactory negative-staining imaging, structure predictions 
were generated using AlphaFold3 (Figure 38B). The resulting models displayed the expected 

hollow tetrahedral edifices with high confidence scores (ipTM 0.88 and 0.91), further 
supporting PsTET9 and TaTET10 ability to form high molecular weight assemblies. Alignment 

of the AlphaFold models with the crystallographic structure of the dodecameric PhTET2 (PDB 

code 1Y0R) yielded RMSD values of 0.783 Å for PsTET9 and 0.534 Å for TaTET10, indicating 
a robust superposition.  

Figure 38: Oligomerization state of purified TETs. Size exclusion chromatography purification of 
ThTET7 and HoTET8 was carried out using a Superose 6 Increase 10/300 GL column. Other proteins 
were purified on a Superdex 200 10/300 GL column. All proteins eluted as high molecular mass 
complexes of c. 450 kDa. (a) Negative-stain electron microscopy observation of ThTET7, HoTET8, 
PsTET7, and MtTET11 revealed homogenous populations of hollow tetrahedral particles. (b) Typical 
TET structures were predicted for PsTET9 (blue) and TaTET10 (pink) using AlphaFold3. Models were 
aligned with PhTET2 structure (PDB code 1Y0R, in green). 
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4. Discussion and future perspectives 

Ultimately, six proteins were successfully purified out of the thirteen initially targeted. Despite 

the difficulties encountered during the production and purification processes, we managed to 
obtain a set of purified proteins which, combined with pre-existing studies, covers almost all 

families defined during the phylogenetic analysis presented in chapter 1; only the TET5 and 
TET-others groups will be left unexplored. 

 

 While our first intent was to use a generic protocol for all proteins, each purification 
required considerable optimization. Given the vast diversity of TET peptidases revealed 

through the screening of archaeal genomes (see chapter 1) and considering the challenges 
associated with the production and purification of TET peptidases discussed in this chapter, it 

appears unlikely that a universal protocol could be successfully applied to all proteins. In 
particular, while the use of a His-tag and IMAC purification can be highly effective, it may also 

introduce particular challenges and complications with respect to TET peptidases. As perfectly 
illustrated in this chapter, each protein may respond differently to this purification method; 

some will tolerate it very well, but others may have their functional integrity or structural stability 
impaired.  

 

 It is therefore difficult to draw any general conclusion regarding the use of a His-tag for 
these proteins. It seems sensible to test this approach for each protein individually on a small-

scale. Specifically, the stability of the tagged protein after being subjected to an IMAC column 
should be evaluated. 

 
 If one wishes to use affinity purification for TET peptidases, it may be preferable to use 

a different type of tag. For instance, the Strep-tag seems to be a promising alternative (Schmidt 
& Skerra, 2007). This approach was, in fact, adopted by Dutoit and colleagues for the 

purification of E. coli M42 peptidases after they encoutered difficulties with His-tagged 
enzymes from T. maritima (Dutoit, 2021). It should be mentioned that the resins used for 

purifying Strep-tagged proteins are more expensive, more sensitive to regeneration processes, 

limiting their re-use, and have a lower binding capacity compared to those used for His-tag 
purification (Pina et al., 2014). Nevertheless, since no metals are involved in Strep-tag 

purification, the potential issues associated with His-tag, as discussed in section 3.1.3 above, 
are effectively avoided. 



CH. 2: CONSIDERATIONS FOR THE PRODUCTION AND PURIFICATION OF TET PEPTIDASES 
 

 102 

 Whenever possible, it would be advisable to avoid using any tag, as it sometimes can 

alter the protein’s natural structure, stability, or function, potentially affecting its biological 
activity or interactions with other molecules. For instance, it seems dispensable in the case of 

thermostable proteins for which an initial heat-shock clarification step already allows to 
eliminate most of the protein contaminants.  

 
 Although more time-consuming and labor-intensive, untagged purification is feasible for 

non-thermostable proteins, as demonstrated in section 3.2.2 above. Due to constraints in 

time, protein material, and availability of chromatography columns, the presented purification 
protocols were not fully optimized and would benefit from further refinement. In particular, the 

salt concentrations used for the equilibration, washing, and elution steps in AEX 
chromatographies could be optimized to improve the separation of the proteins of interest from 

contaminants. In addition, it could be preferable to avoid using two types of AEX columns 
(weak and strong) sequentially, as both bind similar charged species. This redundancy can 

result in little to no improvement in purity, thereby reducing purification process efficiency. 
Instead, combining AEX with an orthogonal purification method, such as hydrophobic 

interaction chromatography (HIC), could enhance purification effectiveness. Finally, due to its 

weak chelating properties for divalent metal ions, it might be prudent to avoid using Tris buffer 
when working with metal-dependant (Allen et al., 1967; Hanlon et al., 1966). This chelation 

can reduce the availability of metal ions, potentially inhibiting the activity of the protein by 
disrupting its active site or structural stability. Good's buffers, such as HEPES or PIPES, which 

have minimal metal-binding affinity, could be preferable alternatives to Tris. 
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5. Résumé du chapitre en français 

Ce chapitre présente les défis liés à la production et à la purification de nouvelles 

aminopeptidases TET de la famille M42. Etant donné le nombre important de protéines visées 
dans le cadre de ce projet, une approche standardisée de production et de purification a 

initialement été adoptée, utilisant un protocole générique qui devait pouvoir être facilement 
adapté pour chaque protéine. Cette stratégie se justifiait en raison de la cohérence des 

techniques et protocoles employés pour étudier diverses aminopeptidases TET au laboratoire 

ELMA. En particulier, l’utilisation d’un tag histidine et de la chromatographie par affinité pour 
les métaux immobilisés (IMAC), méthode ayant déjà été utilisée avec succès pour la 

purification de plusieurs peptidases M42, devait faciliter et accélérer le processus de 
purification. Cependant, cette méthode n'a permis d’obtenir qu’une seule enzyme 

fonctionnelle, ThTET7. Pour toutes les autres protéines, des problèmes d'instabilité et 
d'agrégation ont été rencontrés. 

 
 Les défis rencontrés lors de l'utilisation de ce protocole standardisé et les stratégies 

développées pour surmonter ces difficultés sont exposés dans ce chapitre. Il permet 
notamment de détailler comment la présence d’un tag histidine et l'utilisation de l’IMAC 

peuvent affecter la stabilité et l'activité des métalloprotéines en perturbant la liaison des 

cofacteurs métalliques, qui sont essentiels pour ces protéines. Différentes stratégies mises en 
place, visant à rétablir la liaison des cofacteurs métalliques, sont présentées. Cependant, 

seule HoTET8 ayant ainsi pû être purifiée, le recours à une purification sans tag a été 
envisagée comme l’alternative la plus convaincante. 

 
 Ce changement de stratégie, intervenu tardivement au début de la troisième année de 

thèse, a nécessité une réduction du nombre de protéines cibles. Les deux protéines déjà 
purifiées n'ont pas été reproduites et les protéines présentant des défis de purification 

importants ont été écartées. Seules les protéines les plus pertinentes de chaque famille, à 
savoir PsTET7, PsTET9, TaTET10 et MtTET11, ont été retenues pour une purification sans 

tag. Les protocoles utilisés pour ces protéines sont détaillés dans le chapitre. 

 
 En conclusion, ce chapitre souligne l'importance d'adapter les stratégies de purification 

aux caractéristiques spécifiques de chaque enzyme. Des recommandations générales pour la 
purification des peptidases TETs sont également proposées.  
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1. Foreword 

Previous functional characterization of a few archaeal peptidases has already demonstrated 

significant diversity in TET functional characteristics, particularly in terms of substrate 
specificity (see introduction section 3.3.2) (Basbous et al., 2018; Durá et al., 2005, 2009; 

Durá & Franzetti, 2013; Franzetti et al., 2002; Slutskaya et al., 2012).  
 

 However, the comprehensive identification of TET peptidases in archaeal genomes 

presented in chapter 1 uncovered a much broader and unexpected diversity, revealing that 
our current understanding of these enzymes is incomplete and does not capture the full extent 

of their diversity. In light of these results, we wanted to investigate whether the diversity 
observed through phylogenetic analysis correlates with a corresponding functional diversity, 

and to explore the potential existence of novel unreported substrate specificities. For this 
purpose, thirteen proteins were selected, covering all TET peptidase families delineated in our 

analysis and spanning a range of taxonomically diverse archaeal species (see chapter 1 
section 3.2.3). 

 
 To this day, the factors determining the substrate specificity of TET peptidases remain 

poorly understood. Attempts to deduce substrate specificity on the basis of sequence similarity 

are hampered by the lack of clear sequence signatures that correlate with experimentally 
determined function, and even structural analyses have yielded limited insights. For the most 

thoroughly characterized enzymes, the combination of biochemical and structural data points 
to the criticial role of the specificity pocket adjacent to the catalytic site. The dimensions of this 

pocket and the charge characteristics of its defining residues could be driving the substrate 
specificity of the enzyme (see introduction section 3.3.2).  

 
 Despite these promising indications, in silico prediction of substrate specificities for 

uncharacterized enzymes remains out of reach, leaving experimental biochemical approaches 
as the only mean to elucidate the functional properties of these peptidases. Accordingly, the 

following chapter will cover the functional characterization of the six novel TET peptidases that 

were successfully purified: PsTET7, ThTET7, HoTET8, PsTET9, TaTET10, and MtTET11 (see 
chapter 2). Specifically, the determination of their cleavage specificities and optimal enzymatic 

conditions (i.e., temperature, pH, and metallic cofactors) will be presented.  
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2. Material and methods 

TET peptidase hydrolytic activities on synthetic chromogenic and fluorogenic substrates were 

assayed using aminoacyl-para-nitroaniline (pNA) and aminoacyl-7-amino-4-methylcoumarin 
(AMC) conjugates ordered from Bachem. Substrates were solubilized in 100% 

dimethylsulfoxide (DMSO) to a final concentration of 20 mM.  
 

2.1. Enzymatic characterization general protocol 

All assays described below were carried out according to the following standard procedure 

(Durá et al., 2005). Reactions were initiated by addition of 2 to 10 µg/mL of enzyme to a pre-
warmed mixture containing 2.5 mM of the synthetic substrate in 50 mM buffer (pH 5,5 – 11), 

150 mM KCl, and 1 mM XCl2 (X = Ca, Co, Fe, Mg, Mn, Ni or Zn) in a total volume of 60 μL. To 

avoid water evaporation, the total volume was covered by 25 μL of mineral oil. Incubations 
were performed for 3 min to 1 h, reactions were stopped by the addition of 60 μL of 0.1 M 

acetic acid, and samples were placed on ice. After centrifugation at 6,000 ´ g for 3 min, 
liberated pNA or AMC quantities were quantified by OD405 or fluorescence (excitation and 

emission wavelengths 360 nm and 460 nm, respectively) measurement in a Synergy HT 
microplate reader (BioTek) (Figure 39). Three replicates and two enzyme blanks were 

assayed for each experimental point. 

 

 

  

 Enzyme concentrations and incubation durations were adjusted for each peptidase to 
produce a robust signal for accurate measurement (Table 7). 

Figure 39: Principle of aminopeptidase activity assays on monoacyl-pNA/AMC conjugates. 
Synthetic substrates consisting of amino acids linked by a peptide bond (in red) to the chromophore 
pNA or the fluorophore AMC were used.  
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Table 7: Enzyme concentration and incubation duration used for each enzyme.  
 

TET Enzyme concentration Incubation duration 

PsTET7 10 µg/mL 60 min 

ThTET7 10 µg/mL 3 min 

HoTET8 2 µg/mL 3 min 

PsTET9 10 µg/mL 20 min 

TaTET10 10 µg/mL 15 min 

MtTET11 8 µg/mL 10 min 

 
 

2.2. Effect of temperature, metal cations, and pH on TET peptidase 
activities 

The optimal temperature, pH and metallic cofactor were determined using the substrate on 

which maximum activity was measured.  
 

 The effect of temperature on M42 peptidase activities was evaluated between 20 and 
100°C. Assays were conducted as previously described in presence of 50 mM HEPES, 150 

mM KCl, and 1 mM CoCl2, pH 7.5. To prevent enzyme denaturation and to ensure stable 

enzymatic activity, optimal pH and metallic cofactor were then established 10°C below the 
determined optimal temperature.  

 
 The effect of metal cations on M42 peptidase activities was assessed using 1 mM (0.1 

mM for TaTET10) of XCl2 metal (X = Ca, Co, Fe, Mg, Mn, Ni or Zn) with 50 mM HEPES, 150 
mM KCl, pH 7.5.  

 
 The influence of pH was studied in presence of 1 mM CoCl2 (0.1 mM for TaTET10) using 

the following buffers: MES (pH 5.5 to 6.5), HEPES (pH 7.0 to 8.0), CHES (pH 8.5 to 9.5), and 
CAPS (pH 10.0 to 11.0). 

 

2.3. Substrate specificity determination 

For each peptidase, substrate specificity was determined using optimal metal cofactor and pH. 
Incubations were performed 10°C below the established optimal temperatures. 
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2.4. Effect of metal cation concentration on TaTET10 and MtTET11 
activities 

TaTET10 and MtTET11 activities were determined on Met-pNA in presence of either 0.1 mM 

or 1 mM of XCl2 metal (X = Ca, Co, Fe, Mg, Mn, Ni or Zn). Assays were conducted as previously 
described, using 50 mM HEPES, 150 mM KCl, at pH 7.5 and 80°C for TaTET10, and at pH 8 

and 50°C for MtTET11.  
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3. Results 

3.1. Archaeal TET peptidases exhibit remarkable functional 
versatility 

Cleavage specificities were determined using chromogenic (pNA conjugated) and fluorogenic 

(AMC conjugated) aminoacyl substrates. These synthetic substrates are commonly used to 
study the activity of proteolytic enzymes as they enable straightforward and quantitative 

enzyme activity assays. Upon cleavage by a peptidase, they release either pNA, which 

produces a yellow color measurable at 405 nm, or AMC, which fluoresces and can be detected 
with high sensitivity. The flexibility in conjugating different amino acids to pNA or AMC enables 

the investigation of aminopeptidases substrate specificities.  
 

 As presented in Figure 40, observed activity spectra were heterogeneous and could be 
divided into two main groups. The first group includes HoTET8 and PsTET9, which exhibited 

selective activities and can be classified as specialized enzymes. Analogous to the previously 
described PhTET1 peptidase (Durá & Franzetti, 2013), they specifically targeted acidic amino 

acids. Interestingly, PsTET9 maximum activity was measured on Glu-pNA, whereas no 
hydrolysis could be detected on Asp-pNA despite the similarity of these substrates. The same 

substrate specificity has already been reported for the MHJ_0125 glutamyl-aminopeptidase of 

Mycoplasma hyopneumiae (Robinson et al., 2013). No activity profiles resembling PhTET3, 
which targets basic residues (Durá et al., 2009), or PhTET4, which specifically cleaves glycine 

(Basbous et al., 2018), were identified.  
 

 Conversely, PsTET7, ThTET7, MtTET11, and TaTET10 exhibited broad-spectrum 
activity and can be classified as generalist enzymes. These enzymes were found to 

preferentially cleave hydrophobic residues, with PsTET7 and ThTET7 displaying the broadest 
specificities. Optimal amidolytic activities were observed with Ile-pNA, Leu-pNA, Met-pNA, and 

Met-pNA, respectively. Similarities with the cleavage profiles of PhTET2 (Durá et al., 2005) or 
MjTET11 (Basbous, 2016) can be outlined, but this study is the first description of methionyl 

and isoleucyl aminopeptidases in the TET family. Notably, none of the newly characterized 

enzymes exhibited an activity profile similar to HmTET6, which is capable of cleaving a 
remarkably broad range of neutral, basic, and acidic residues (Franzetti et al., 2002). 
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 Interestingly, the two enzymes featuring the novel insertion identified in Asgard 

sequences (i.e., PsTET7 and ThTET7) displayed similar but broader spectrum of activity 
compared to PhTET2, MtTET11, and TaTET10, effectively cleaving all hydrophobic aliphatic 

amino acids. According to AlphaFold3 structure predictions (Appendix 4), these insertions 

would form protruding two-stranded b-sheets that partially obstruct the pores located on the 

faces of the tetrahedral particle, which are believed to be the entry points for substrates 

(Schoehn et al., 2006). The presence of these insertions does not appear to affect the 
oligomerization of PsTET7 and ThTET7 since both enzymes were found to form typical hollow 

tetrahedral particles (see chapter 2 section 3.3). Nonetheless, these protrusions could be 
involved in substrate recognition and selection, conferring broader specificities to PsTET7 and 

ThTET7. Alternatively, they could be mediating interaction with a partner protein. To fully 
elucidate the role of this novel insertion, further functional and structural studies on 

representative members of this family should be prioritized. 
 

 Overall, the results obtained for these new enzymes, combined with pre-existing data, 

underscore the remarkable functional diversity of TET peptidases, which display highly 
contrasting substrate specificities. Two distinct activity profiles emerge: generalist enzymes, 

which effectively cleave a broad range of substrates, particularly hydrophobic residues, and 
specialized enzymes, which exhibit narrower substrate preferences, targeting specific amino 

acids with high selectivity. 
 

3.2. Effects of temperature, pH, and metal ions on TET peptidase 
activities 

TET enzymatic behaviors were investigated across a temperature range of 20°C to 100°C 

(Figure 41). The studied peptidases exhibited markedly contrasting profiles, with maximum 
activities measured for temperatures ranging from 40°C to 90°C. Specifically, PsTET7 and 

PsTET9 showed peak activity within the mesophilic range, while MtTET11, ThTET7, TaTET10, 
and HoTET8 exhibited a preference for higher temperatures, with optimal temperatures for 

enzymatic activities of 60°C, 70°C, 90°C, and 90°C, respectively.  

 
 Of note, during the study of the effect of temperature on PsTET7 activity, two activity 

peaks were consistently observed: one at 40°C and another at 80°C. Given that the native 
organism of this enzyme, Prometheoarchaeum syntrophicum, has been shown to grow 

optimally at 20°C and only grows weakly at 40°C (Imachi et al., 2020), we questioned the 
validity of the second peak observed in our experiments. An additional experiment was thus   
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conducted to investigate this phenomenon. PsTET7 was incubated at 80°C for varying 

durations from 0 to 60 minutes before being tested for activity on Ile-pNA at 30°C, pH 7.5 in 
presence of 1 mM CoCl2. The results of this experiment, conducted in triplicate and presented 

in Figure 42, show that the enzyme’s activity decreased by 75% after just 5 minutes of 
incubation at 80°C. These findings suggest that the activity peak observed at 80°C does not 

represent a true maximum of activity but rather an artifact caused by enzyme denaturation, 
which likely exposes the active site, combined with increased molecular agitation at high 

temperatures, leading to a transient spike in activity. Consequently, we decided to ignore this 

peak and to consider the PsTET7 optimal activity to be at 40°C, which is in agreement with the 
optimal temperature observed for the other characterized enzyme of P. syntrophicum PsTET9 

(Figure 41). 

 

 

The enzymatic activities of TET peptidases were also investigated at pH values from 5.5 
to 11.0. All assayed enzymes exhibited maximum amidolytic activity at neutral pH values 

(Figure 41). Notably, MtTET11 and HoTET8 exhibited higher resilience to alkaline 
environments, whereas aggregation of ThTET7 and PsTET7 enzymes was observed above 

pH 8, revealing their instability under these conditions. TaTET10 showed increased tolerance 

to acidic conditions, maintaining 87% of its optimal activity at pH 5.5.  
 

 The effects of several divalent cations on the enzymatic activities were also examined 
(Figure 41). Consistent with prior characterizations of archaeal and bacterial TET peptidases 

(Colombo et al., 2016; Durá et al., 2005, 2009; Durá & Franzetti, 2013; Dutoit et al., 2019), 

Figure 42: Residual activity of PsTET7 after incubation at 80°C. The enzyme was incubated at 80°C 
for 0 to 60 min before being used for activity assays against Ile-pNA at 30°C, pH 7.5 in presence of 1 
mM CoCl2. Error bars indicate ±s.d. with n=3. 
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maximum stimulatory effect was observed with Co2+ ions for all enzymes. However, TaTET10 

was inhibited by all assayed metallic ions at a 1 mM concentration, and stimulatory effect of 
Co2+ was restored at a reduced concentration of 0.1 mM (see section 3.3). These findings are 

in agreement with previous reports of concentration-dependent activation of TET peptidases 
by metallic ions (Colombo et al., 2016). Interestingly, while the APDkam589 peptidase from 

Desulfurococcus amylolyticus, here renamed DaTET10, is known to be activated by Mg²⁺ and 
Mn²⁺ ions (Slutskaya et al., 2012), HoTET8 stands out as the first characterized enzyme in this 

family to exhibit equal activation by Co²⁺ and Mn²⁺ ions. 

 

3.3. Concentration-dependent activation of TET peptidases by metal 
cofactors  

Following the observed inhibition of TaTET10 by 1 mM divalent ions (see section 3.2), further 
tests were performed at both 0.1 mM and 1 mM concentrations. Due to time constraints and 

limited protein material, this additional analysis was only extended to MtTET11 (Figure 43).  
 

  

Figure 43: Effect of various metal ions at 0.1 or 1 mM concentrations on TaTET10 and MtTET11 
activities. For each condition, activities are expressed as percentage of the maximum activity observed, 
which was attributed a value of 100%. Error bars indicate ±s.d. with n=3. 
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 At lower concentrations, maximal activation of TaTET10 was observed with Co2+ ions. 

Interestingly, Fe2+ also had a weak activating effect, whereas it had a strong inhibitory effect at 
1 mM. Regarding MtTET1, maximum stimulatory effect was observed with Co2+ ions in both 

conditions, though this effect diminished at lower concentrations. Notably, the activating effect 
of Co²⁺ was less pronounced for TaTET10 compared to MtTET11. 

 
 According to previous studies, a 1 mM concentration of metal ions stimulates the activity 

for many TET peptidases; however, inhibition at this concentration is not unique to TaTET10, 

as other enzymes are similarly affected. For instance, Colombo et al. (2016) investigated the 
influence of metal ion concentration on PfTET3 activity, and observed that at 85°C, 0.1 mM 

Co2+ strongly activated the enzyme, whereas 1 mM resulted in only weak activation.  
 

3.4. Impact of metallic cofactor concentration on TET peptidase 
substrate specifity 

One of the key findings from the study by Colombo et al. (2016) is the existence of a third 

metal-binding site M3 in PfTET3 aminopeptidase, identified through a combination of X-ray 
crystallography and anomalous X-ray scattering experiments. This site is coordinated by the 

side chains of residues Glu281, Asp254, and Thr232, and is located in the enzyme's specificity 
pocket. 

 
 The authors also found that the M1, M2, and M3 sites have distinct binding affinities for 

metal ions, therefore enabling to selectively control the occupation of these sites by carefully 

adjusting Co2+ concentrations. They took advantage of this property to favor Co2+ binding at 
the M3 site, while keeping M1 and M2 predominantly occupied by Zn2+. They were thus able to 

demonstrate that Co2+ binding at M3 altered the electrostatic properties of the specificity pocket, 
extending the substrate specificity of the enzyme to include the degradation of glutamate, 

which is normally not processed by the lysyl-aminopeptidase. 
 

 To date, this third metallic site has only been identified in PfTET3, and it remains to be 
determined whether the enzymes characterized in this project possess this additional site. 

Nonetheless, we investigated the effects of metal cofactor concentration on TET peptidase 
substrate specificities by determining the activity spectra of MtTET11 in presence of either 0.1 

mM or 1 mM CoCl2 (Figure 44). 
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 In our case, no impact of metal cofactor concentration on the substrate specificity of the 
enzyme could be observed. While the enzyme was found to be approximately four times more 

active in presence of 1 mM CoCl2 than with 0.1 mM, the enzyme's activity spectrum did not 
appear to be affected by this variation in metal ion concentration. These results can naturally 

not be generalized for all enzymes, and it would have been necessary to repeat the experiment 
with the five other peptidases. It could also have been insightfull to test a wider range of metallic 

ion concentrations. However, limited time prevented a more in-depth exploration of this matter. 

 

3.5. Cd-ninhydrin assay  

In addition to the activity assays on synthetic substrates presented above, I also developed 

the use of the ninhydrin assay, a colorimetric method allowing to detect free amino acids 

generated by the exopeptidase activity of TETs. The free amino groups react with ninhydrin–
a chemical reagent that specifically targets primary amines–generating a colored complex 

known as Ruhemann’s purple. The intensity of the color, measured at 570 nm using a 
spectrophotometer, is directly proportional to the concentration of free amino groups in the 

solution (Moore & Stein, 1948).  
 

 Since ninhydrin reacts with all primary amines, the N-terminal extremity of undegraded 
peptides will also be targeted, resulting in background signal. To mitigate this issue, Doi et al. 

(1981) proposed a modification of the conventional ninhydrin method, incorporating cadmium 
(Cd) to the ninhydrin reagent. The Cd-ninhydrin complex more selectively reacts with free 

Figure 44: Impact of metallic cofactor concentration on MtTET11 substrate specificity. MtTET11 
substrate specificity was determined in presence of either 0.1 mM or 1 mM CoCl2. For each condition, 
activities are expressed as percentage of the maximum activity observed, which was attributed a value 
of 100%. Error bars indicate ±s.d. with n=3. 
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amino acids, reducing the background signal. This reaction produces a red-colored compound, 

which can detected at 505 nm. 
 

 This assay provides a simple but effective tool to study the activity of peptidases, and 
can be very convenient as a preliminary method. However, it does not provide information on 

the enzyme's substrate specificity, as it only measures the release of free amino acids without 
distinguishing between different substrates. Additionally, the Cd-ninhydrin reagent contains 

high concentrations of cadmium, which is a carcinogenic, mutagenic, and reproductive toxin, 

and should be avoided for routine use. This method has therefore only been used for 
occasional tests, and the results will not be discussed in detail here. Nevertheless, given its 

potential utility in specific contexts, the developed protocol is provided in Appendix 5. 
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4. Discussion and perspectives 

Sampling of the previously unexplored families for functional characterization revealed the 

existence of highly contrasted substrates specificities, bringing the functional versatility of TET 
peptidases to light (Figure 40). Temperature, pH, and metal cofactor optima determined for 

MtTET11, TaTET10, PsTET7, and PsTET9 are consistent with the optimal growth conditions 
of Methanoculleus thermophilus, Thermosphaera aggregans, and Candidatus 

Prometheoarchaeum syntrophicum (Huber et al., 1998; Imachi et al., 2020; Rivard & Smith, 

1982; Zabel et al., 1985). The physiology of the uncultivated species Candidatus 
Hodarchaeales archaeon LC_3 and Candidatus Thorarchaeota archaeon MP8T_1 remain 

unknown, and data concerning the physico-chemical conditions at their sampling sites are 
lacking. Regardless, significant differences between the sampling site conditions and the 

species’ native environment are commonly observed for metagenomic samples (Cangelosi & 
Meschke, 2014; Rose et al., 2014). Nevertheless, the optimal growth temperatures of Asgard 

species have been estimated in two parallel studies using either genome-derived features or 

the optimal GDP-binding temperature of the EF-1a translation elongation factor (Eme et al., 

2023; Lu et al., 2024). Interestingly, the high optimal temperatures obtained for ThTET7 and 

HoTET8 (70°C and 90°C, respectively) are in disagreement with the predicted mesophilic 
lifestyles of Thorarchaeales and Hodarchaeales (Figure 41).  

 
 It is worth noting that the observed optima may be affected by experimental biais. In 

particular, the activity assays were based on endpoint measurements rather than continuous 
monitoring of substrate degradation, which raises a few potential issues. One concern is 

ensuring that, within the experimental conditions, the enzyme did not fully degrade the 
substrate by the time the reaction was stopped. In this case, this problem can be ruled out, as 

I confirmed that all signals obtained were lower than what would have been measured in the 

case of complete substrate digestion. One should also keep in mind that the incubation times 
and enzyme concentrations had to be adjusted for each enzyme to ensure detectable and 

reliable signals; the incubation times ranged from 3 to 60 minutes, and the enzyme 
concentrations from 2 to 10 µg/mL. Our objective was not to determine kinetic parameters such 

as Km or Vmax, and it may seem that varying incubation times is less critical since we were 
not measuring initial velocity.  

 
 However, it has been shown that both the duration of the reaction and the enzyme 

concentration can influence the temperature optima. For instance, Almeida et al. (2019) 
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reported a 5°C shift in the optimal temperature of Spodoptera frugiperda β-glucosidase (from 

42°C to 37°C) when extending the assay time from 20 to 60 minutes. This can be explained 
by the fact that the optimal temperature is often close to the point where the enzyme begins to 

denature. Thus, while the enzyme may be more active at 42°C, it may not be able to sustain 
this temperature for extended periods. To mitigate this issue, we chose to determine the 

optimal pH, metal cofactors, and substrate specificities 10°C below the determined optimum 
temperatures. It would have been valuable to complement our study with half-life experiments 

to further assess enzyme stability. 

 
 Additionally, the authors reported that the optimal temperature varied with enzyme 

concentration, being 37°C at 85 nM and 42°C at 280 nM. As far as possible, it would be 
advisable to use consistent concentrations for all enzymes, or at least keep concentrations 

within the same order of magnitude. In our case, we ensured that enzyme concentrations were 
kept between 2 and 10 µg/mL. Given the varying levels of activity among our enzymes, we 

could not reduce this range any further. 
 

 Despite these potential experimental biais, that could mainly be affecting the determined 

optimal temperatures, the obtained results support the delination of TET families presented in 
chapter 1 section 3.2.2. If the families had been delimited on the basis of tree topology alone, 

without considering taxonomy, the TET6 and TET9 groups could have been merged into a 
single family. However, given their very different taxonomic distributions (TET6 in 

Halobacteriales, TET9 in Asgard), we chose to divide them into two distinct families. 
Biochemical data supported this classification, showing that the HmTET6 and PsTET9 

enzymes have radically different substrate specificities (Figure 40).   
 

 Although additional enzyme characterizations are needed to confirm this trend, 
especially for the broader groups, enzymes within the same family seem to share similar 

substrate specificities. For instance, TaTET10 has been identified as a generalist enzyme 

predominantly targeting hydrophobic residues, which is consistent with the substrate specificity 
of the previously characterized DaTET10 peptidase (Slutskaya et al., 2012). Similarly, the 

activity spectrum of the newly characterized MtTET11 aligns with that of MjTET11, despite 
these enzymes being far apart in the phylogenetic tree. The same holds true for PhTET3 and 

PfTET3 enzymes, which also display consistent substrate specificities (Figure 33). These 
results highlight the strength of the hybrid approach used in this study, combining phylogeny 

and biochemistry, to achieve a more accurate delineation of enzyme families.  
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5. Résumé du chapitre en français 

Ce dernier chapitre présente la caractérisation fonctionnelle de six nouvelles peptidases de la 

famille des TET (i.e., PsTET7, ThTET7, HoTET8, PsTET9, TaTET10 et MtTET11). Des tests 
d'activités enzymatiques ont été réalisés sur des substrats chromogéniques et fluorogéniques 

pour déterminer leurs spécificités de clivage, ainsi que leurs conditions optimales en termes 
de température, de pH et de cofacteurs métalliques. 

 

 Concernant la spécificité de substrat de ces enzymes, des spectres d’activités très 
contrastés ont été observés, mettant en évidence la grande polyvalence fonctionnelle des 

peptidases TETs. Deux principaux profils d’activité peuvent être distingués. D'une part, 
PsTET9 et HoTET8 se sont révélées très sélectives, ciblant spécificiquement les acides 

aminés chargés négativement. D'autre part, MtTET11, PsTET7, TaTET10 et ThTET7 se sont 
distinguées par leur spectres d’activité plus large, ciblant préférentiellement les résidus 

hydrophobes. Bien que des spécificités de substrat similaires aient déjà été identifiées chez 
d’autres peptidases TET caractérisées avant cette étude, des variations subtiles mais 

significatives dans les préférences de substrats sont observées. Ces résultats soulignent la 
forte diversité fonctionnelle de ces enzymes.  

 

 Les conditions optimales de température, pH et ions métalliques ont également été 
déterminées. Les activités maximales ont été enregistrées sur une plage de températures 

allant de 40°C à 90°C, avec des comportements qui varient selon les enzymes ; PsTET7 et 
PsTET9 peuvent être qualifiées de mésophiles, tandis que les optima de MtTET11, ThTET7, 

TaTET10 et HoTET8 ont été obtenus pour des températures plus élevées. Concernant le pH, 
la majorité des enzymes ont montré une activité optimale à des valeurs neutres. MtTET11 et 

HoTET8 ont démontré une meilleure tolérance aux environnements alcalins, tandis que 
ThTET7 et PsTET7 ont montré des signes d'instabilité au-dessus de pH 8. Enfin, comme la 

majorité des peptidases TET caractérisées à ce jour, les six enzymes se sont révélées être 
activées par le cobalt. Des expériences supplémentaires ont également permis d’étudier l’effet 

de la concentration en ions métalliques sur l’activation et la spécificité de substrat des TETs. 

 
 Finalement, les données biochimiques s’alignent avec ceux obtenus pour les peptidases 

TET précédemment caractérisées et confirment la délimitation des familles initialement établie 
sur la base de l’analyse phylogénétique, soulignant ainsi la solidité de l’approche combinée 

employée dans cette étude.



 

 123 

General discussion 
  



 

 124 

 

  



GENERAL DISCUSSION  
 

 125 

During this thesis, the implementation of structure-based identification criteria for high-

throughput screening of M42 peptidases allowed for a comprehensive assessment of their 
prevalence and diversity in Archaea, shedding light on an unsuspected wealth and revealing 

that prior studies only captured a narrow glimpse of TETs diversity. Phylogenetic analysis of 
archaeal TET peptidases allowed to delineate eleven families, of which seven were newly 

identified in the course of this study (see chapter 1 section 3.2.2). Biochemical 
characterization of representatives from the previously uncharted TET7 to TET11 groups, 

combined with previous studies, provided a broad overview of the functional diversity of TET 

peptidases (see chapter 3) (Figure 45).  
 

TET11 

TET4 

TET1 

TET3 

TET2 

TET9 

TET6 TET8 

TET10 

TET5 

TET7 

Figure 45: Contribution of this study to the comprehensive understanding of TET peptidases in 
Archaea. This work allowed to uncover the full diversity of archaeal TET peptidases, and to functionally 
characterize six new enzymes representative of this diversity. Enzymes characterized before or during 
this study are indicated in grey and red, respectively.       
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 To gain insight of the significance of the striking diversity observed, a comprehensive 

examination of the taxonomic distribution of each defined family across the archaeal tree was 
conducted (Figure 46). TET11 emerged as the most prevalent group, distributed across the 

entire Archaea tree, and consistently present in methanogenic species. TET7 and TET8 
groups span two superphyla and are found in species from the Asgard and TACK groups. 

These sister clades also possess unique TET families, with TET9 and TET10 being found 
exclusively in Heimdallarchaeia and Crenarchaeota, respectively. The remaining groups 

exhibit more confined distributions; TET1, TET2, TET3, and TET4 groups appear to be 

restricted to Thermocci species (with the exception of a few TET1 sequences found in 
Archaeoglobales), whereas TET5 and TET6 members were exclusively detected in 

Halobacteria.  While being less widespread than the TET11 family, TET-other members are 
found in species spanning the entire archaeal tree. Apart from a notable absence in the vast 

majority of methanogenic species, no clear distribution pattern can be identified for this group.  
 

 Remarkably, previous studies on archaeal TET peptidases were largely focused on the 
characterization of TET1, TET2, TET3, and TET4 family members, which turn out to be a 

unique case restricted to Thermococci species. The TET11 family, which is the most prevalent 

and spans the entire archaeal tree, was completely overlooked until now. 
 

 Significant heterogeneity is observed in the number of TET peptidases per organism. 
Organisms with a single TET enzyme tend to possess a member of the TET11 group, which 

likely comprises broad-spectrum activity peptidases (e.g., MtTET11 from M. thermophilus and 
MjTET11 from Methanocaldococcus jannaschii are broad-spectrum methionyl-

aminopeptidases, see Figure 40). Conversely, narrow substrate specificity appears to occur 
in species with multiple TETs only, such as P. horikoshii, which possesses four TET 

peptidases: PhTET2 functions as a broad-spectrum leucyl-aminopeptidase, while PhTET1, 
PhTET3, and PhTET4 specifically target acidic, basic, and glycine residues, respectively 

(Basbous et al., 2018; Durá et al., 2005, 2009; Durá & Franzetti, 2013). Similarly, specialized 

enzymes belonging to the TET8 and TET9 groups have been identified in the genomes of Ca. 
Hodarchaeales archaeon LC_3 and Ca. P. syntrophicum containing two and three putative 

TET peptidase genes, respectively. Multiplicity is also observed in Halobacteriales, which 
typically harbor both a TET5 and a TET6. HmTET6, the only characterized enzyme of the TET6 

group, displays broad-spectrum activity (Franzetti et al., 2002). Although no enzyme from the 
TET5 group has been characterized to date, it could be hypothesized that this group exhibits  
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Figure 46: Phylogenetic distribution of the TET families in Archaea. Distribution of the different TET 
families homologs on a schematic reference phylogeny of Archaea based on Garcia et al. (2022). The 
sizes of the circles vary between 0% and 100% and indicate the percentage of genomes where a family 
is found. Circles are colored according to the activity spectrum of the characterized representatives of 
each family: pink for generic activities, green for specific activities, and yellow for undetermined 
activities.   
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narrower activity profiles. Accordingly, since TET-other group members are found in species 

possessing either a single TET or both a TET-other and an additional specialized TET, it can 
be hypothesized that enzymes of this group function as generalists. 

 
 Interestingly, the four TETs of P. horikoshii exhibit complementary activity spectra, 

suggesting that they function in concert to achieve complete peptide hydrolysis (Basbous et 
al., 2018; Durá et al., 2005, 2009; Durá & Franzetti, 2013). Similarly, PsTET7 and PsTET9 

have distinct, non-redundant activities. However, further study of PsTET8, the third TET from 

Ca. P. syntrophicum, would be necessary to determine if a similar complementarity also exists 
in this species. Unfortunately, we did not manage to purify this enzyme. Synergic specific 

activities of multiple TET peptidases have also been reported for the bacteria Geobacillus 
stearothermophilus (Roncari & Zuber, 1969) and Symbiobacterium thermophilum (Kumaki et 

al., 2011). In contrast, preliminary studies on the three TETs of Escherichia coli revealed 
redundant broad activity spectra (Dutoit, 2021). Additional characterization of TET peptidases 

from other organisms would be needed to provide additional insight.  
 

 To delve deeper into the origin of the unsuspected diversity of TET peptidases, we 

extended our analysis to bacterial homologues. We first balanced taxonomic sampling by 
reducing the number of archaeal genomes (593 Archaea and 401 Bacteria). Using the same 

methodology as for our initial screening of archaeal genomes (see chapter 1 section 2.2), we 
retrieved 339 archaeal and 187 bacterial homologues. A maximum likelihood tree was inferred 

using the model LG+R10 (Figure 47). The resulting phylogeny revealed a complex 
evolutionary history, shaped by multiple HGTs intra and inter domains, and several 

duplications. Two distinct groups can be delineated: the first group primarily contains archaeal 
sequences, spanning the full diversity of Archaea, with representatives from the TET1, TET4, 

and TET11 families. Interestingly, sequences belonging to Bacteria, mainly Elusimicrobia, 
Thermotogae, Firmicutes, and Proteobacteria branch within this group, indicating several 

independent HGTs between archaea and these bacteria. The second group consists of a 

mixture of archaeal, mainly from the TACK and Asgard superphyla, and bacterial sequences, 
encompassing the remaining TET families. 
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Figure 47: Phylogeny of archaeal and bacterial M42 peptidase homologues. Maximum-likelihood 
phylogeny obtained from an alignment of 526 sequences and 337 amino acid positions. The scale bar 
represents the average number of substitutions per site. Circles at the branches indicate ultra-fast 
bootstrap values ≥ 90 %. Archaeal and bacterial sequences are indicated in red and blue, respectively. 
Archaeal characterized sequences are highlighted. Archaeal taxonomic distribution is represented on 
the right. 
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 The phylogenetic analysis indicates that TET multiplicity arose independently multiple 

times. This phenomenon is not exclusively attributable to HGTs, as evidenced by the 
emergence of the TET1 and TET4 groups by duplication. It does not appear to stem from 

environmental adaptation either, as no correlation was identified between TET distribution and 
specific biotopes. For example, Archaeoglobales, Thermococcales, Methanococcales, and 

Desulfurococcales have been identified as primary colonizers of deep-sea hydrothermal vents 
(Huber et al., 2002; Nercessian et al., 2003; Takai et al., 2004). Despite sharing the same 

ecological niche, these organisms exhibit markedly different TET distribution patterns. 

 
 On the other hand, the number and degree of specificity of TET peptidases present in 

an organism might be correlated with the metabolic capabilities of the species. Indeed, multiple 
TETs are found in Hadarchaea, Thermococcales, Halobacteriales, Crenarchaeota  

(Vulcanisaeta genus), Heimdallarchaeota, Korarchaeota, and Bathyarchaeota species, for 
which a heterotrophic or mixotrophic lifestyle involving protein and peptide degradation has 

been proposed (Baker et al., 2016; Bertoldo & Antranikian, 2006; Bulzu et al., 2019; Cai et al., 
2020; Elkins et al., 2008; Feng et al., 2019; Hou et al., 2023; Itoh, 2002; Khomyakova et al., 

2023; Lee et al., 2008; Liu et al., 2021; McKay et al., 2019; Oren, 2006; Pillot et al., 2021). It 

can thus be hypothesized that TETs play a metabolic role in the degradation of environmental 
peptides used as carbon source. The presence of multiple TETs in these organisms may allow 

for a more efficient utilization of organic matter in their environment. To investigate this 
potential function, it could be enlightening to study the expression profiles of TET peptidases in 

Thermococcales in different metabolic contexts. While these species are heterotrophic, thriving 
on organic substrates, certain species have also demonstrated the ability to fix CO2 under 

hydrogen-rich, sulfur-depleted conditions (Le Guellec et al., 2021). It would be particularly 
insightful to explore whether TET peptidase expression is differentially regulated in response 

to these distinct metabolic states. 
 

 However, TET peptidases are also found as single copies in autotrophic species such 

as methanogens, which do not depend on the degradation of exogenous peptides, hinting at 
an alternative physiological role for these enzymes. As initially proposed by Franzetti et al., 

TETs may participate in protein homeostasis and amino acid recycling by processing peptides 
downstream of the proteasome and other related proteolytic complexes (Borissenko & Groll, 

2005; Franzetti et al., 2002). 
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 The biological function of TET peptidases remains an open question. In an attempt to 

identify co-located genes that might be functionally related or co-regulated, the genomic 
neighborhood was examined; however, no significant genomic conservation or noteworthy 

syntenic blocks were identified (data not shown). To this day, the preliminary results from the 
triple knock-out experiment of E. coli TET peptidases remain the only genetic studies reported 

on these enzymes. No growth defects were observed in minimal media or under various stress 
conditions, suggesting that the genes encoding TET peptidases are not essential in this 

organism (Dutoit, 2021). Similarly, a transposon sequencing experiment conducted on the 

archaeon Methanococcus maripaludis indicates that the single TET peptidase in this species 
is also non-essential (Sarmiento et al., 2013).  

 
 These findings could be interpreted in two different ways: TET peptidases may not be 

essential in these species, or there could be functional analogs compensating for their 
absence. Previous studies suggested complementarity between M42 and M18 or TRI 

peptidases (Borissenko & Groll, 2005; Dutoit, 2021; Dutoit et al., 2012). To investigate these 
theories, we used the PFAM domains PF14684 and PF02127 to search for TRI and M18 

homologues in our local database of archaeal genomes (Appendix 6). Our results challenge 

these hypotheses; M18 and TRI homologues were only sparsely detected, primarily in species 
possessing M42 peptidases. Furthermore, several lineages (e.g., Theionarchaea, 

Pontarchaeia, Thalassoarchaeia, Methanocellia, Thaumarchaeota) lack all three peptidase 
families. This points to a more complex relationship and suggests the existence of other 

functional analogs yet to be identified. Notably, although M18 peptidases are typically 
described in the literature as being restricted to eukaryotes and bacteria, homologs have also 

been identified in archaea, and were even found to be more abundant than TRI peptidases. 
Still, M18 peptidases remain relatively rare in these organisms compared to M42 peptidases. 
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In this study, we adopted a hybrid approach, combining structural biology, phylogeny, and 

biochemistry, aiming for a more global understanding of TET peptidases. We sought to 
broaden our perspective on these peptidases, leveraging structural insights to delve deeper 

into their biological significance. 
 
 Building on Alexandre Appolaire’s pioneering work (2014), the development of structure-

based identification criteria allowed for a comprehensive detection of TET peptidases in 

archaeal genomes, shedding light on an unsuspected diversity. This extensive screening, 
coupled with phylogenetic analysis, allowed us to outline an eleven-family classification for 

archaeal TETs, including four already established and seven new families. 
 

 Considering that previous studies only scratched the surface of the diversity and 
taxonomic distribution of TET peptidases in Archaea, we selected thirteen sequences to 

capture this diversity as extensively as possible. Production and purification of some of these 
enzymes proved challenging, providing an opportunity to reflect on the difficulties of working 

with metalloenzymes and to suggest ways to prevent similar issues in future studies. 
 

 We successfully produced and purified six peptidases and proceeded with their 

functional characterization. Heterogeneous activity spectra were observed, underscoring the 
functional versatility of TET peptidases. These contrasting profiles were categorized into two 

groups, distinguishing between generalist and specialized enzymes. With more time at our 
disposal, additional experiments could have expanded the presented functional 

characterization. In particular, conducting activity assays on longer peptides coupled with 
HPLC analysis would have been insightful. Although more time-consuming and costly than 

assays using synthetic substrates, this would have allowed us to verify whether the broadening 
of PhTET1 substrate specificity observed with increasing peptide chain length also applied to 

the six newly characterized enzymes. 
 

 Importantly, the results of this biochemical study are in agreement with our proposed 

classification of archaeal TETs, as enzymes within the same family exhibited similar substrate 
specificities. Nonetheless, additional enzyme characterizations would be required to fully 

validate this classification. In particular, no representatives of the TET5 and TET-other groups 
have yet been characterized. Expanding the taxonomic scope to include enzymes from 

DPANN species, which could not be produced in this study, would also be crucial for confirming 
the relevance of our classification across the entire archaeal tree. 
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 In light of these new data on TET peptidase activity, and by extending our analysis to 

bacterial TETs, we gained valuable insights into the evolutionary history of this enzymatic 
family. The diversity of archaeal TETs likely originated from an ancestral enzyme within the 

TET11 subgroup, which probably exhibited broad substrate specificity. Over time, multiple 
HGTs occurred both within Archaea and between Archaea and Bacteria, along with several 

duplication events, eventually giving rise to the eleven families identified in this study and 
allowing the emergence of more specialized substrate specificities. To obtain a complete 

understanding of the evolutionary dynamics of TET peptidases, similar comprehensive studies 

should be conducted on bacterial and eukaryotic enzymes, including both M18 and M42 
peptidase families. Given the expansive nature of such a study and the significant number of 

enzymes involved, this project would be challenging and highly time-consuming. 
 

  Our comprehensive approach enabled us to investigate the biological role of TET 
peptidases. In addition to their commonly proposed function as ATP-independent peptidases 

involved in intracellular proteolysis, acting downstream of the proteasome, our findings suggest 
that these enzymes could also play a metabolic role, participating in the degradation of 

environmental peptides. Genetic studies would be required to establish the precise 

physiological role of these enzymes. Methanocaldococcus jannaschii might be a suitable 
candidate for this type of study, as genetic tools are available for this species (Susanti et al., 

2019), and it possesses a single TET peptidase belonging to the TET11 family, thought to be 
the ancestral archaeal family. It would be valuable to conduct genetic studies in species with 

different trophic types. In addition to the autotroph M. jannaschii, it could be particularly 
interesting to work on the heterotroph Thermococcus barophilus, for which the LMEE 

laboratory developed a genetic tool (Birien et al., 2018; Thiel et al., 2014). While working on T. 
barophilus would be more laborious as it possesses three TETs, it would provide a unique 

opportunity to investigate the effects of a triple knock-out and various knock-out combinations, 
offering deeper insights into the functional roles of these enzymes. 

 

 To fully leverage the findings of this study, it would be beneficial to combine them with 
structural studies. In particular, obtaining the structures of PsTET7 and ThTET7 enzymes, 

which display an insertion newly identified in some Asgard sequences, would help elucidate 
the role of this insertion. To this end, cryo-EM grids were prepared for both enzymes, and data 

were collected at 2.3–2.5 Å resolution for the two TETs. However, due to time constraints, the 
density maps could not be further refined to obtain the final cryo-EM structures.  
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 Such structural studies could also provide valuable insights into what drives the substrate 

specificity of these enzymes. Now that multiple enzymes with the same substrate specificity 
have been identified, structural comparisons might reveal specific features critical for substrate 

recognition and binding. Ultimately, this could allow us to identify sequence signatures 
enabling the prediction of TET substrate specificities. 

 
 The innovative and comprehensive strategy presented here could significantly expand 

the potential biotechnological applications of TET peptidases. The ELMA laboratory is already 

actively working on the industrial valorization of these enzymes. Preliminary studies have 
demonstrated that the synergistic use of TETs can eliminate toxic peptides, such as gluten, or 

produce a wide variety of peptides from hydrolyzates. This technology addresses the needs of 
a rapidly growing market that utilizes enzymatic hydrolysis to produce biostimulants for the 

nutrition and health sectors. The ELMA laboratory has already filed three European patents 
covering two specific peptidases and the synergistic action process (EP 3498831 / 3724328 / 

3498108). A collaboration has also been initiated with the LEMAR laboratory at IFREMER 
Brest as part of the NutriZym project. The project aims to produce biostimulants for the 

aquaculture sector using industrial bio-waste. In this context, processing the protein fraction of 

a microalgal biomass with TET peptidases could generate a broader diversity of peptides 
compared to current hydrolysis protocols, conferring biostimulant properties to the hydrolyzate 

(antiviral, antibacterial, growth-promoting effects, etc.). 
 

 In this study, we uncovered a vast and previously unsuspected diversity of TET 
peptidases that remains largely untapped in terms of biotechnological applications. Further 

exploration of this diversity could significantly expand the range of enzymes available for 
industrial use. 

 
 Overall, this work represents a significant step toward uniting structural and functional 

insights, offering a more integrated understanding of TET peptidases. The findings of this study 

will be published in a scientific article, a draft of which is provided in Appendix 7.  
  



 

 138 

  



 

 139 

Appendices 
  



 

 140 

  



APPENDICES 
 

 141 

  

(including Thermoccocales) 

(including Archaeoglobales) 

Appendix 1: Phylogeny of archaeal M42 peptidase homologues indicates the 
occurrence of a HGT from Thermococcales to Archaeoglobales. Maximum-likelihood 
phylogeny obtained from an alignment of 2,030 sequences and 337 amino acid positions. The 
scale bar represents the average number of substitutions per site. Circles at the branches 
indicate ultra-fast bootstrap values ≥ 90 %. Taxonomic distribution is represented on the outer 
circle. TET2, TET3, and TET4 contain exclusively sequences from Thermococcales, TET1 
also includes three sequences from Geoglobus (indicated by a red arrow), suggesting a HGT 
from Thermococcales to Archaeoglobales. 
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Appendix 2: Sequences of the proteins retained for functional and structural 
characterization 

 
>HvTET5 

MDDDRRAFLEDLLTTPSPSGYEVAGQRVWVDYVSQFADDVTVDDYGNAVAVHEGTGEGP
EIAFTGHADQIGYIVRDIDDDGFVRIGPIGGADRTVSKGQHVTVHGDDGDVAGVIGQTAIHLR
DVGSEEYDDLEEQFVDIGATSKGDAKDHVEVGDPVTVEARVRDLAGDRVAANGMDNRVGT
WSAAEGLRAAVEADVDATVYAVSTVQEEVGVQGAKMVGYDLDPDAMVAVDVTHATDNPD
VPGKRKGPVELGEGPVVSRGSANHPNVVALARDAAGEADIGVQLQAAGIRTGTDADAFYTS
RSGIPSLNIGIPNRYMHTPVEVVSTSDLDDVAALLGSMAALAGDVESFGVEL 
 

>HvTET6 
MEFDFDRLKQLTETSGVPGYEDRIRALVREDLEATTDSVRVDGMGNVVGTIEGESDYEVAV
AAHMDEIGFMVRHVNDEGFLQLDALGGWDPRVLKAQRVTVHAEDEDLTGVIGSVPPHTLTE
EQKQKEPKVEDVYVDLGLPAETVEETVSVGDLVTMEQTTVRMGNHVTGKAIDDRVCLFAML
EAAKRIENPEVTIHFAATVQEEVGLRGAQALGVDLDPDLALGLDTTVANDVPGFDPADHVTK
LGAGAGIKLKDSSAIANPKVHRRLRAVAEDDDIPYQMELLPAGGTDTGGFQNSYGAKPVGAI
SMPTRYLHTVTESVHEDDVVAYIDLLTAFLESETGEFDYTL 
 
>HoTET7 

MIFLSQNTINTKFLEEICNAFGPSGFETQVQTIIHNYGKQFADEVLFDRLGSVIFKRGSNGPKI
MLAGHSDEIGFIISEIVESGFLKISNIGGWWSQTLLNTQLLIKPFKGEEKIIGIITAKPPHILSSEE
RNKVVELKQMFVDIGCNSKEEVEALGLRIGDPAIPYGSFRTMKRTRKEKKDGKSEEREVNLA
VSKAFDDRIGAFIVTEVLRRLFEENIDHPNTIYSVSSTQEEIGLRGARTSAQMIQPDIGFALDV
DISGDVPGTTGIVQKMGQGVSISAMDGSMIPNPIFRKFVIEVAEEEKIKWQPAFLPAGGTDA
GIIHLTGIGAPSIFIGVPTRHIHSHHSMLDLDDVQQAVNLLIAVIKRLDKEKLKEFITL 
 
>PsTET7 

MADDKLDLKLLETLTNAFGPSGHENEVQKITRDYGQKFADDVLYDRTGSVIFKYGKSGPKIM
LAGHADEIGYIISSIGKKGFLKISNIGGIFPTVQLGQEILIRPFKGGEDIIGIIQSAFPGAIKDMKEV
KPLDQLLVDIGCNSEKEVEALGIKVGDPAVPYATYRSIKRKRLIKDDNGKEEEKDVHLVVAKA
FDDRIGVFIALEIIRRLSEEKSNPPNIIYSVSTVQEEIGCRGARTAAQLLQPDIGMSLDVTVSGD
VPGTKNADQKMGDGVVIHAMDNSMMANPKFRKFAIKIAEENGIKWQMGFLNRGGTDAGSI
HLTGAGVPSLFIGIATRYVHSHHSLLDLEDVEGAIQLVIAMLKKLDQKTVESFTTL 
 

>ThTET7 
MADMKFDLKLLETLCNAFGPSGHEHEVQKIVQEYGKKYADEVLQDGLGSVIFRKGEGGPKI
MLAGHVDEIGFVITEIKKDGYLAFHQLGGWWDQTLLTQEVVISPYEGGEKIIGVIGAPPPHILP
PEARTKVVTKEKMFIDIGCSSADEVKDLGIRVGDPAVPHAIFRTMKRTRKEKKDDDKEAKEE
TREVTLGVAKAFDDRIGVFIILEALKRISENNISLPNEVYFVSTTQEEVGLRGARTASQKIKPDI
GFALDVDISGDSPGAEGLVQKMGKGVSISAGDGSMIPNPRLRKFVIKLAEEKEIKYQPAFLKA
GGTDAGIIHLAGMGAPSLFLGIPTRYIHSHHGMLDFDDVENAIQLLVEVLQKLDEKTVESFTA
L 
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>HoTET8 

MIFLSQNTINTKFLEEICNAFGPSGFETQVQTIIHNYGKQFADEVLFDRLGSVIFKRGSNGPKI
MLAGHSDEIGFIISEIVESGFLKISNIGGWWSQTLLNTQLLIKPFKGEEKIIGIITAKPPHILSSEE
RNKVVELKQMFVDIGCNSKEEVEALGLRIGDPAIPYGSFRTMKRTRKEKKDGKSEEREVNLA
VSKAFDDRIGAFIVTEVLRRLFEENIDHPNTIYSVSSTQEEIGLRGARTSAQMIQPDIGFALDV
DISGDVPGTTGIVQKMGQGVSISAMDGSMIPNPIFRKFVIEVAEEEKIKWQPAFLPAGGTDA
GIIHLTGIGAPSIFIGVPTRHIHSHHSMLDLDDVQQAVNLLIAVIKRLDKEKLKEFITL 
 
>PsTET8 

MSESNLLENVVEIQRKLSTLIGVSGHENDVSAFIFNELKQHADNVWMDKMGNVLGIKKGTDP
DGLRIMIDAHMDEVGLLISYIEKNGFLRFVPLGGIDKRLYPGSDIKIQTKSGKTISGIIGMNPPHI
TDPKLRDISPDHANLFIDIGAKDEEEVKNLGIIVGNRAVLDGRFEYNPDIGGGFMRGRAFDDR
TGCNVALQVSKLINDMEPIPNTILYSFTVCEEVGGRGVPAATDGLNPDIGIALENTIAADVPGV
PLNKQITQLEHGPAFSVADRRTLYHEKLLEIFKMRAEELGYSWQYKQPAFGGTNAGLWHTM
HKGIPSGCISVPSRYIHSPIAMIKISDILATINTLLAILTKPIEI 
 

>PsTET9 
MSEKIENIEKKPRIINEKFLEKLVNAPSPTGFEQPAQSVYREYLNDIADKIKTDVMGNVDAVLN
LEGNPRIALMAHVDEVGLQVKYIDEKGFIRFHMLGGVDAHLTPGNRVRILTGSKGKILGVIGK
KAIHLQKPEERKNVVKLDQQFIDIGATSREEAVKELGIEIGDPIIFEHSYAPLGKGDLVVSRCF
DDKIGTFIIAEVIKSLKGTKFEGEVHAVATTQEEIGTRGAITSTYSVNPQVGIAYDVTFATDTPD
MKESDIGIVKMGGGPVIVRGPNINPILFNLFVETAKELGIPYQILATPRATGNDARSIQISRSGV
ATGVIAIPNRYMHSMSEIVNLNDVNMIVELTVAVIQKITKEMSFIPQ 
 
>TaTET10 

MSWREELLLLIKELTQLPGPSGYEHRVRDKVVELVKPYADRLWIDAWGNVIAVKKGKTSDR
RLMLAAHMDEIGLFVSHIEDDGFLRAIPIGGVLERTLLYQRVIVVTRTGRMIRGVIGLKPPHVIK
PEEAQKVPELRELFIDIGASSKEEVEKLGVRNGDIVVFDRDVSELSGNRITGKAFDDRVGVA
VLIKALEMMGQPEVDAYFVFTVQEEVGLKGARTSAYGITPDVALAVDVTIASDVPGVAKSEW
FTRLGRGPAIKIVDGRNATGLIAHPKVVDFLVTLAEKHKIPYQLDVVPGGTTDASIIALNKDGV
PAGTVSIPSRYIHSPVEVLDLEDVYNASKLAAAFASEATEEWIKSLKGMVIK 
 
>MtTET11 

MVKELLKKLSDAHGVTSREGNIRDIVRAELAGVVDEFREDKMGNLIAIKRGDGFSIMLAAHM
DEIGLMVQYIDEKGFIRVVPLGGWFGPVLYCQRVILHGTKGPVPGVIGAKPPHVMKEEERRK
EIKIEDMFIDVGAASAEEVKNLGIEIGTPITIDREYRELAGTRVTGKALDNRVGVAMLIRALQQA
DSPHTLYAVFTVQEELGLKGAKVSAYSLNPDCAIATDVTIPGDHPGIDKKDASVEMGKGPVL
VLVSASGRGLMADPRMTAWLRETAEKNNIPYQLEVGTGGNTDATIIHLERGGIPSIPFSIPAR
YIHSPVEVVDTADIEAGVRLLVEALKSKPAL 
 

>MfTET11 
MKKLIKKLTETPGISGFEEKIRELIKNEIEDYVDEVKYDSLGNLIAVKKGGDKKVMLAAHMDEI
GLMVKHINKKGFVKFSKIGGINDQMLLNQTVKIHGEKTVTGVIGSKPPHRMKPKERKRVISYE
NMFIDIGVKNEKEAKKLISVGDPITFEGNFEMLSDKIFKAKALDNRLGCLVMIEVLKKVDSSATI
YGVGTVQEEVGLKGARTSAYQINPDLAIALDVTIAGDHPGIKKEDAPVELGKGPVIVLTDASG
RGIITHPKVRKLLITTAEKENIEYQLEVSEGGTTDATAIHLTRAGIPSGVLSVPTRYIHTPVSVA
HLDDVKNCIKLLTKALEKYLEVIEN 
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>AlTET11 

MNLIEELCRASGVSGFEKDVASVMKKQLQESCEKVEEDSFGNVIARKGKGEKKIMLAAHMD
EIGLMVKHINEKGFISFIKIGGIDDRILLNQRVIIKSREGDVPGIIGSKPPHLQKDDERKKVIKHG
DMFIDIGAKDRKDADKKIAVGDPILFEANYGSLNKKLFYGKAIDNRIGCYVMLKVMEKLPRDIK
STIYAVATAQEEVGLKGARVSAFKLEPDYAFAIDTTIAGDTPQIKENESDLKVGEGPAITITEA
SGRGVVTHPKLRDLLIKTAKKHKIPYQVDVLEGGMTDAAIIYMTRAGVPSGVISIPCRYIHSSS
GVFSIDDVNNSIKLLVNALKEFK 
 
>MkTET 

MGTVETLTEHLRELVGRVAPPGWEDEVREYVEATLEKYCDDVHVDTLGNVIGTIEGSEYEV
MVAAHMDEVGFIVKSIDKNGFIRFAKLGGIDDRILPGSRVIIVNSEGEKVPGVVGTKPPHIQEP
KDRRKVPKHKDLFIDIGASDREEAEELVSVGDVGVLAGEFVELVGSRVNGRGLDDKIGVAVL
LALAERLADLDGDHPTFYLVGTVQEEVGLKGAKTSAFEVYPDGAVVLDTAVAGDVPGVKEA
ELKLGKGPAITVVDASGRGLITHPKVRKLLIDTAEELDIPYQLEVGEGGTTDATAIHLTRGGVP
TGVVGIPTRYLHSPAEVLDLEDAKHALELVVEVVQRFPDYVPR 
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Appendix 3: Purification protocols 

 
ThTET7 

After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

supplemented with imidazole (final concentration 10 mM) and loaded on a HiTrap Chelating 
HP 5 mL column (Cityva) equilibrated with 50 mM Tris, 150 mM NaCl, 10 mM imidazole, pH 

8.0. Bound proteins were eluted with a linear gradient of imidazole (10 to 500 mM). Fractions 
corresponding to the elution peak at 400 mM imidazole were pooled, dialysed against 50 mM 

Tris, 20 mM NaCl, pH 8.0 and loaded on a ResourceQ column (Cytiva) equilibrated with the 
same buffer. Elution was achieved by a linear NaCl gradient (20 to 500 mM) and fractions 

containing protein of similar mass (37-39 kDa) according to SDS-PAGE were combined and 
concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff. The 

protein was utlimately loaded on a Superose 6 Increase 10/300 GL column (Cytiva) in 50 mM 
Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular mass 

around 450 kDa were pooled and subsequently concentrated using an an Amicon Ultra-15 

ultrafiltration unit (Millipore) with a 30 kDa cutoff. 
 

HoTET8 
After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

diluted to a final NaCl concentration of 75 mM and loaded on a ResourceQ column (Cytiva) 
equilibrated with 50 mM Tris, 75 mM NaCl, pH 8.0. Elution was achieved by a linear NaCl 

gradient (75 to 300 mM) and fractions containing protein of similar mass (37-39 kDa) according 
to SDS-PAGE were combined and concentrated using an Amicon Ultra-15 ultrafiltration unit 

(Millipore) with a 30 kDa cutoff. The protein was then loaded on a Superose 6 Increase 10/300 
GL column (Cytiva) in 50 mM Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak 

corresponding to a molecular mass around 450 kDa were pooled and subsequently 

concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff.  
 

TaTET10 
After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

dialysed against 50 mM Tris, 50 mM NaCl, pH 8.0 and loaded on a ResourceQ column (Cytiva) 
equilibrated with the same buffer. Elution was achieved by a linear NaCl gradient (50 mM to 1 

M) and fractions containing protein of similar mass (37-39 kDa) according to SDS-PAGE were 
combined and concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 

kDa cutoff. The protein was then loaded on a Superdex 200 10/300 GL column (Cytiva) in 50 
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mM Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular 

mass around 450 kDa were pooled and subsequently concentrated using an Amicon Ultra-15 
ultrafiltration unit with a 30 kDa cutoff.  

 
 

PsTET7, PsTET9, and MtTET11 
After cell lysis and clarification, the resulting supernatant was dialysed against 50 mM Tris, 20 

mM NaCl, pH 8.0 and loaded on a DEAE sepharose CL-6B resin (Cytiva, XK16/20 column) 

equilibrated with the same buffer. Elution was achieved by a linear NaCl gradient (20 to 600 
mM) and fractions containing protein of similar mass (37-39 kDa) according to SDS-PAGE 

were combined, dialysed against 50 mM Tris, 50 mM NaCl, pH 8.0 and loaded on a ResourceQ 
column (Cytiva) equilibrated with the same buffer. Elution was achieved by a linear NaCl 

gradient (50 to 500 mM) and fractions containing the protein of interest were pooled and 
concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff. The 

protein was then loaded on a Superdex 200 10/300 GL column (Cytiva) in 50 mM Tris, 150 
mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular mass around 

450 kDa were combined and subsequently concentrated using an Amicon Ultra-15 

ultrafiltration unit with a 30 kDa cutoff.  
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Appendix 4: (a) PsTET7 AlphaFold3 model (ipTM score 0.87) featuring the novel insertion 
identified in some Asgard sequences, here colored in blue. (b) Associated plDDT plot per 
residue. The dashed red line indicates the confidence threshold (plDDT > 70), above which 
predicted structures are generally considered reliable. The region of the novel insertion 
(between residues 166 and 185) is highlighted in blue. 

b a 
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Appendix 5: Cd-ninhydrin assay protocol 

 
In my case, activity assays were conducted on whey hydrolyzate as substrate, using the same 

protocol as described for pNA/AMC substrates (see chapter 3 section 2), before revelation 

with the Cd-ninhydrin reagent.  
 

Preparation of the Cd-ninhydrin reagent: 
 

• Dissolve 80 mg of ninhydrin in 8 mL of ethanol. 

• Add 1 mL of acetic acid to the solution. 

• Separately, dissolve 100 mg of CdCl₂ in 0.1 mL of distilled water. 

• Slowly add the CdCl₂ solution to the ninhydrin solution. 

• Mix thoroughly until homogenous. 
 

The prepared Cd-ninhydrin reagent can be stored at room temperature for up to one month. 

 
Sample revelation: 

 

• Mix the Cd-ninhydrin reagent with the sample at a 2:1 ratio (reagent:sample). 

• Incubate the reaction mixture at 84°C for 5 minutes. 

• Immediately place the tubes on ice to stop the reaction. 

• Centrifuge 13,000 rpm for 5 minutes to remove any precipitate. 

• Measure the absorbance at 505 nm. 
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Appendix 6: Phylogenetic distribution of M42, M18, and TRI peptidases in Archaea. 
Distribution of the M42, M18, and TRI homologs on a schematic reference phylogeny of 
Archaea based on Garcia et al. (2022). The sizes of the circles vary between 0% and 100% 
and indicate the percentage of genomes where a family is found.  
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Appendix 7: Scientific article draft 
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Introduction 
 

In all living cells, proteolysis is a central process serving critical biological functions such as 

protein quality control, cell-cycle regulation, stress response, virulence, immune response, etc1–

6. To maintain cellular integrity, proteolytic enzymes must be tightly regulated. Numerous 

proteases have been identified to self-compartmentalize; the proteolytic activity is confined in 

an inner chamber, thereby protecting the cellular environment from uncontrolled degradation7. 

While most cytosolic compartmentalized proteases adopt a barrel-shaped architecture, TET 

peptidases form unique edifices with a distinctive tetrahedral shape.   

 

According to MEROPS classification, TET aminopeptidases are found in the M18 and 

M42 families. Both families belong to the MH clan, which also encompasses the M20 and M28 

families8. M18 members are predominantly found in eukaryotes and bacteria, while M42 

peptidases are restricted to prokaryotes9. The first TET complex was identified in the archaeon 

Haloarcula marismortui10 and following this initial discovery, several high-resolution 

structures revealed a conserved architecture, characterized by the assembly of twelve subunits 

into a hollow tetrahedral complex. Dimers, which are the building block of the dodecamer, are 

positioned along the edges of the complex. The faces of the tetrahedron are delimited by three 

dimers creating a central opening (~20 Å diameter), assumed to be the substrate entrance, 

leading to a wide inner cavity (60 Å diameter). All catalytic sites, situated in the apexes of the 

complex, are oriented toward this chamber11–14. The active site comprises seven catalytic 

residues, conserved across all enzymes in the MH clan15, with five of these residues 

coordinating two metallic ion cofactors12,16–18. 

 

Although TET peptidases are found in all three domains of Life, archaeal complexes of 

the M42 family have been the focus of particularly extensive research. Initial studies 

concentrated on hyperthermophilic species within the order Thermococcales, which possess 

adapted, robust proteins facilitating structural biology experiments. Functional characterization 

of the four TETs of Pyrococcus horikoshii reavealed for types with distinct substrate 

specificities: PhTET1, PhTET2, PhTET3, and PhTET4 are glutamyl-, leucyl-, lysyl-, and 

glycyl-specific aminopeptidases, respectively13,19–22. Beyond their utility in structural biology, 

extremophilic archaeal proteins hold significant potential for biotechnological applications, as 

they can withstand harsh conditions such as high temperatures or salinity. Three European 

patents covering two specific TET peptidases and a synergistic action process have already been 
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filed23–25. However, archaea are not limited to extreme environments, and are found in a wide 

range of habitats, making the study of archaeal proteins valuable for understanding 

environmental adaptation as well.  

 

Even though archaeal TET peptidases have been extensively structurally characterized, 

particularly in species of the Thermococcales order, their biological significance remains poorly 

understood. TETs have been hypothesized to be involved in intracellular proteolysis, acting 

downstream of the proteasome10,11; however, no clear evidence supporting this putative 

biological function has been presented. Furthermore, the prevalence, ecological and taxonomic 

distributions of these enzymes are still poorly investigated. Notably, while four homologs were 

identified in P. horikoshii, only one was found in H. marismortuii, and little is known about the 

copy number per organism in other archaeal lineages. With only a few archaeal enzymes 

thoroughly functionally characterized so far, most of them from closely related species, it is 

uncertain whether our current knowledge fully accounts for the functional diversity of these 

enzymes10,13,16,19–22,26. 

 

In this work, we introduce structure-based identification, enabling high-throughput 

screening for M42 TET peptidases. By applying these criteria to 4,016 archaeal genomes, the 

first comprehensive analysis of TET distribution in Archaea was conducted, uncovering an 

unsuspected diversity. Through phylogenetic analysis, a classification of archaeal TETs in 

eleven families is proposed. Biochemical characterization of six new enzymes from previously 

undescribed families and covering a wide taxonomic range of archaeal species offers an 

extensive overview of the functional diversity of TETs. Finally, by combining biochemical and 

phylogenetic data, the evolutionary history of these peptidases is addressed, offering new 

insights into their potential biological roles. 

 

 

Material and methods 
 

M42 peptidases identification in bacterial and archaeal genomes 
 

To study the taxonomic distribution and the evolution of the M42 peptidase family in Archaea, 

we assembled a large database containing 4,016 archaeal genomes and 401 bacterial genomes 



APPENDICES 
 

 153 

representatives of all major phyla available in public databases as of January 2022 

(Supplementary Table XX). 

 

For homology searches, we built a specific HMM profile for the M42 archaeal peptidase 

family. For this, we used the MEROPS database (v12.0)8 and retrieved all archaeal M42 

peptidase sequences longer than 260 amino acids (195 sequences). We estimated TET4 

homologues to be under-represented in this dataset so in parallel, the LD[AE][EL]EKKED 

pattern, canonical for the TET4 group, was used to search the National Center for 

Biotechnology Information (NCBI) nr database restricted to Archaea using PHI-BLAST 

(default parameters)27. We retrieved 43 hits and used the T-Coffee trim tool (v11.0.8)28 to 

identify the 15 more divergent sequences, which were added to the initial set. Finally, the 210 

resulting sequences were aligned with T-Coffee using default parameters, and the alignment 

was used to build an HMM profile using the HMMBUILD tool from the HMMER suite 

(v3.3.2)29. 

 

This profile was used to carry out homology-based searches against our local Archaea 

database using HMMSEARCH. All hits were retrieved, aligned using MAFFT (v7.481, with 

the option -auto)30 and filtered upon the presence of the conserved motifs characterizing M42 

peptidases (i.e., residues Gly44, His62, Asp64, Gly77, Gly85, Gly86, Asp173, Gl205, Glu206, 

Gly211, Asp/Glu228 and His307 according to PhTET1 numbering, PDB code 2WYR). This 

resulted in 2030 archaeal M42 peptidase homologues (Supplementary Table XX). These 

sequences were aligned using MAFFT (with the option -auto), and the resulting alignment was 

trimmed using BMGE (v1.12, with the options -m BLOSUM30 -b 1 -w 1 -h 0.95)31. Finally, a 

maximum likelihood phylogeny was inferred using IQ-TREE (v2.0.6)32 with the model 

LG+F+R10 selected by ModelFinder according to BIC criteria33.  

 

To investigate the origin and evolution of archaeal M42 peptidase, we extracted a 

reduced and taxonomically balanced database covering both archaea and bacteria from our local 

database (593 Archaea and 401 Bacteria, see Supplementary Table XX). Homology searches, 

alignment, and filtering steps were conducted as described above, yielding in 339 archaeal and 

187 bacterial M42 peptidase homologues (Supplementary Table XX). The 526 sequences 

were aligned using MAFFT (with the option -auto), and trimmed using BMGE (with the options 

-m BLOSUM30 -b 1 -w 1 -h 0.95). A maximum likelihood phylogenetic tree was inferred using 
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IQ-TREE and the model LG+R10 selected by ModelFinder according to BIC criteria 

(Supplementary Fig. 5). All phylogenies were annotated using IToL34. 

 

Finally, we used HMMSEARCH (with the option -cut_nc) and the PFAM domains 

PF14684, PF02127, and PF05299 to search for peptidases tricorn, M18, and M61, respectively, 

in our local database of Archaea (Supplementary Table XX). 

 

Bacterial strains and general information  
 

Escherichia coli DH5a and Rosetta 2(DE3)pLysS chemically competent cells were used for 

cloning and recombinant expression, respectively. Cells were grown in lysogeny broth (LB) 

media in a rotary shaker at 37°C (or 20°C when specified), 140 rpm. When used, final 

concentrations of kanamycin and chloramphenicol were 30 μg/mL and 34 μg/mL, respectively. 

 

For SDS-PAGE analysis, protein samples were mixed with loading buffer (50 mM Tris-

HCl, 8 M urea, 2 M thiourea, 75 mM DTT, 3% SDS, 0.05% bromophenol blue, pH 6.8) in a 

1:3 ratio, heated to 100°C for 4 min, and loaded on 12% CriterionTM XT Bis-Tris Protein gels 

(BioRad). Protein bands were visualized by staining with InstantBlue (Expedon). Molecular 

weights were estimated relative to Precision Plus Protein All Blue Prestained Standards 

(Biorad). 

 

Expression and purification  
 

The open reading frames of the selected genes were optimized for E. coli codon usage and 

synthesized by Twist Bioscience. For tagged protein expression, synthetic genes were digested 

with NdeI and BamHI restriction enzymes and inserted into the pET28a(+) vector, in frame with 

a thrombin-cleavable N-terminal His6-tag. For untagged protein expression, genes were 

digested with NdeI and XhoI restriction enzymes and cloned into the pET41c(+) vector. Cloning 

accuracy was assessed by Sanger sequencing (Eurofins).  

 

The resulting recombinant plasmids were used for transformation of E. coli Rosetta 

2(DE3)pLysS cells according to standard procedures35. Overnight cultures were diluted 1:100 

and grown at 37°C, 140 rpm until OD600 reached 0.6. Protein overexpression was induced with 

1 mM of isopropyl-b-D-thiogalactopyranoside (IPTG) for 16 h at 20°C. Cells were harvested 
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by centrifugation at 8,000 ´ g for 45 min at 4°C, and pellets were stored at -80°C. Cells were 

resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton ´100, pH 8.0) 

supplemented with 0.05 mg/mL lysozyme, 0.01 mL/mL MgSO4 2M, 1 mg/mL Pefabloc SC, 

0.05 mg/mL DNase, 0.2 mg/mL RNase, and were disrupted on ice in a Vibra-Cell sonifier (35% 

amplitude with five on/off cycles of  30 s each). For thermostable proteins, the lysate was heated 

at 70°C for 15 min. Insoluble particles were pelleted by centrifugation (16,000 ´ g for 30 min 

at 4°C) and the cleared extract was filtered at 0.45 μm and 0.22 μm. The recombinant proteins 

were purified from the soluble fractions to near homogeneity using various combinations of 

affinity, anion exchange and gel filtration chromatography (see supplementary information). 

Ultimately, purified proteins were loaded on a Superose 6 Increase 10/300 GL or Superdex 200 

10/300 GL size exclusion column (Cytiva) equilibrated with 50 mM Tris-HCl, 150 mM NaCl, 

pH 8.0. A high molecular weight calibration kit (Cytiva) was used as a standard to assess the 

oligomeric state of purified TETs. Protein concentrations were determined following the 

method of Bradford36 using bovine serum albumin as the standard. 

 

Negative-stain electron microscopy  
 

4 µL of purified protein samples (0.1 mg/mL) were absorbed onto the clean side of a carbon 

film on mica, stained, and transferred to a 400-mesh copper grid. Images were taken under low 

dose conditions (<10 e-/Å2) with defocus values between 1.2 and 2.5 μm on a Tecnai 12 LaB6 

electron microscope at 120 kV accelerating voltage using CCD Camera Gatan Orius 1000. 

 

AlphaFold model predictions 
 

AlphaFold model predictions were calculated using the AlphaFold3 server 

(https://alphafoldserver.com/ accessed on May 17th, 2024). 

 

Enzymatic characterization general protocol  
 

M42 peptidase hydrolytic activities on synthetic chromogenic and fluorogenic substrates were 

assayed using aminoacyl-para-nitroaniline (pNA) and aminoacyl-7-amino-4-methylcoumarin 

(AMC) conjugates ordered from Bachem. Substrates were solubilized in 100% 

dimethylsulfoxide (DMSO) to a final concentration of 20 mM. All assays described below were 

carried out according to the following standard procedure19. Reactions were initiated by 

addition of 2 to 10 µg/mL of enzyme to a pre-warmed mixture containing 2.5 mM of the 

https://alphafoldserver.com/
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synthetic substrate in 50 mM buffer (pH 5,5 – 11), 150 mM KCl, and 1 mM CCl2 (X = Ca, Co, 

Fe, Mg, Mn, Ni or Zn) in a total volume of 60 μL. To avoid water evaporation, the total volume 

was covered by 25 μL of mineral oil. Incubations were performed for 3 min to 1 h, reactions 

were stopped by the addition of 60 μL of 0.1 M acetic acid, and samples were placed on ice. 

After centrifugation at 6,000 ´ g for 3 min, liberated pNA or AMC quantities were quantified 

by OD405 or fluorescence (excitation and emission wavelengths 360 nm and 460 nm, 

respectively) measurement in a Synergy HT microplate reader (BioTek). Three replicates and 

two enzyme blanks were assayed for each experimental point.  

 

Enzyme concentrations and incubation durations were adjusted for each peptidase to 

produce a robust signal for accurate measurement. 

 

TET Enzyme concentration Incubation duration 

HoTETb 2 µg/mL 3 min 

MtTET 8 µg/mL 10 min 

PsTETa 10 µg/mL 60 min 

PsTETc 10 µg/mL 20 min 

TaTET 10 µg/mL 15 min 

ThTET 10 µg/mL 3 min 

 

Effect of temperature, metal cations, and pH on M42 peptidase activities 
 

For each enzyme, optimal temperature, pH and metallic cofactor were determined using the 

substrate on which maximum activity was measured. The effect of temperature on M42 

peptidase activities was evaluated between 20 and 100°C. Assays were conducted as previously 

described in presence of 50 mM HEPES, 150 mM KCl, and 1 mM CoCl2, pH 7.5. To prevent 

enzyme denaturation and to ensure stable enzymatic activity, optimal pH and metallic cofactor 

were established 10°C below the determined optimal temperature. The effect of metal cations 

on M42 peptidase activities was assessed using 1 mM (0.1 mM for TaTET) of XCl2 metal (X = 

Ca, Co, Fe, Mg, Mn, Ni or Zn) with 50 mM HEPES, 150 mM KCl, pH 7.5. The influence of 

pH was studied in presence of 1 mM CoCl2 (0.1 mM for TaTET) using the following buffers: 

MES (pH 5.5 to 6.5), HEPES (pH 7.0 to 8.0), CHES (pH 8.5 to 9.5), and CAPS (pH 10.0 to 

11.0). 
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Substrate specificity determination 
 

For each peptidase, substrate specificity was determined using optimal metal cofactor and pH. 

Incubation was performed 10°C the established optimal temperature. 

 

 

Results 
 

1. Structural determinants for the identification of M42 aminopeptidases   
 

Despite a very strong structural homology, M42 peptidases show low primary sequence 

conservation (30-40% similarity)14. This variation, coupled with frequent misannotations as 

cellulases or endoglucanases26,37, makes it challenging to identify M42 peptidases in genomic 

or proteomic databases, hindering the comprehensive assessment of their distribution. Using 

the structural elements involved in the formation of their unique tetrahedral architecture as key 

determinants, we identified markers to better delineate M42 aminopeptidases (Fig. 1). First, the 

presence of the seven conserved catalytic residues (His62, Asp64, Asp173, Glu205, Glu206, 

Asp/Glu228, and His307 in PhTET1, PDB code 2WYR) is essential12. These amino acids 

coordinate two metal ions that are central to the catalytic activity and structural stability of the 

complex16–18. These residues being shared by all MH clan enzymes, additional criteria are 

needed for accurate M42 peptidase segregation. Sequence and structure comparison of M18, 

M20, M28 and M42 enzymes highlighted the unique presence of five glycine residues (Gly44, 

77, 85, 86, 211 in PhTET1) in M42 peptidases that confer the required flexibility for proper 

protein folding in the periphery of the active site. Taken together, these two criteria provide a 

robust method for screening M42 aminopeptidases in genomic and proteomic databases. 
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Fig. 1: Structure-based determinants for identifying M42 peptidases. Multiple sequence alignment of 
structurally and functionally characterized M42 aminopeptidases. The represented secondary structure 
corresponds to PhTET1 (PDB code 2WYR). Two criteria were retained for the identification of TET 
aminopeptidases: conserved catalytic residues H62, D64, D173, E205, E206, [DE]228, H307 (red 
stars), and conserved glycine residues 44, 77, 85, 86, and 211 (blue triangles). Residue numbering 
according to PhTET1 sequence. 

                                                TT   .                PhTET1            

                     1                 10        20         30        

PhTET1                                                            SG E                D                                     E LK    I G        IR  II  I   A  .....................MMS..........MI K  KFTQ P I  Y E.R  EE  RE KDF  .

PhTET2                                                            SG E                D                                     ELLK V EA G        IR VVIE I   V  .....................MEV.RNMVDY.....    K V  P V  Y FLG  D    E KDY  E

PhTET3                                                            SG E                D                                      LM  I EA G        IR IVVD L   A  M...................DLKGGESMVDW.....K  QE I  P V  Y HLG  D    V KEV  E

PfTET3                                                            SG E                D                                     ELMK I E  G        IR LVVD L   A  ...........................MVDW.....    K I SP V  Y HLG  D    I KDV  E

APDkam589                                                         SG E                D                                     ELIK L  L          VK LVAE M   V  MGSSHHHHHHSSGLVPRGSHMLEDPVNTLEWRGQYI    K TS HAP  R D.P  D    L KSH  K

Thaumarchaeota_TET                                                 SG E                D                                     ELMK L EA G        V  I  E M   A  ..........................SNADK...SM    T M  F P  F R.E NA CK Y EPY  E

TmPep1050                                                         SG E                D                                     ELIR L EA G        VR IILE L   I  ..................................MK    K T  F P  R E.E  S    E EGH  G

SpPepA                                                            SG E                D                                       IK V EL          VR  L E L   V  ....................SMTT..........LFSK  E T  AAV  H A.P  AY R K TPH  E

    TT      .                           TT                            PhTET1            

 40         50          60        70        80        90       100    

PhTET1               D  G                    H D  G         G       GG                 G  V  I NLI    G      RIL MA M  I LLIT I  E  LR   V  I    L   HV   T   YK  A     VE.L EG..EE   F     E      G TD  K  FRK    DDRL YGR  NVV EK 

PhTET2               D  G                    H D  G         G       GG                 GV V  L NVI   KG     PKVMIAA M  I LMVT I    FLRV  I  V    LI QR         K  K     AHK  E...G          Q      H EKN     AP    DPKT  A  FKVWIDK 

PhTET3               D  G                    H D  G         G       GG                 GV V  L NVI   KG     PRIMVAA M  I VMVN I  D YLHI  I  V    LV QRI   T    K  K     AHF  S...S          K      H DK      VP    LPET  A   RFF EK 

PfTET3               D  G                    H D  G         G       GG                 GV I  L NVI   KG     PKVMVAA M  I LMVN I  D YLRV  I  V    LI QKI   T    K  K     AHF  S...A          K      H DK      VP    LPET  A   RFF EK 

APDkam589            D  G                    H D  G         G       GG                 GL I    NVV   KG     GKIMIAA M  I L IS I  D FLRV  I  V    LL QRV   T    W  VW    GYR  SK.GS          E   F  H ED      IP    LERT  Y   VVR RD 

Thaumarchaeota_TET    D  G                    H D  G         G       GG                 GV V  L SV    KG     PRILMA     V  IVS I  E YL    L       LL QRV   T    V  K    TFIA  ND..R      G T E  F   S SK    TFNT   WWSQV  G   VVR CK 

TmPep1050            D  G                    H D  G         G       GG                 G  I  L NLI   KG      KVIL A I  I VVVT V    FL I  V  V    LL  RI       HR  G     VW.  SG..EK    D    E      N DDK   T EP    SPYM  GK  RF..EN 

SpPepA               D  G                    H D  G         G       GG                 GV    L  I    H      PRVLVA  M  V  MVS I  D   RV  I       V  QR    T    VT G  G FGIK SEAVDA      S   E  F   E KP  TF  VE   WNPMV SS  FKLL RD 

  .        TT                                   TT                    PhTET1            

    110       120         130       140        150        160         

PhTET1                                            D G     E                                 GVIG  PPHL     D         L I I A SKE A  L  K      F       LN      IL.D    AT    SLE.R KSVIP.WYD V     E     LE .V PLDFAV KKH.FSV  GKYVS.

PhTET2                                            D G     E                                 GV    PPHI     D         I I I A SKE AE MG KIG    W       L   R V KFIY  GASV    QKP.E RKKAPDWDQ F     E      D  V   TVIT DGR.LER GKH F .

PhTET3                                            D G     E                                 GVVG  PPHL     D         I V V A SKE AE MG RVG    F       LN  R A ER.Y    VL    RRGQE KGSKIDWDQ V     S      E  F   TVGE APN.FTR  EH F .

PfTET3                                            D G     E                                 GVVG  PPHL     D         I V V A SRE AE MG RIG    F       LS  R A ER.Y    VL    RREAK QGGKIDWDS I     S      E  F   TIGE APN.FTR  EH F .

APDkam589                                         D G     E                                 GVIG  PPHV     E         L I V A SKE VE MG RVG    F       L   R   RLYR    LK    IKP.E AQKVPELRE F     S      K  I   DIAV DRE.VAE GWN IT.

Thaumarchaeota_TET                                 D G     E                                 GII   PPHI     E         M I I A S E AE  G KVG            IQ  R A MV.H   ASK    LPP.D RKKIVEARD F     T E    ES V   DPIVPWSP.FSV  NG V M

TmPep1050                                         D G     E                                 GVVG  G        E         L I I A SRE A  M   IG    Y       VS  K V TI..    ME ETTEER.Q NVRKLSFDK F     N     QK .CP  SFGV DSG.FVE  .G Y .

SpPepA                                            D G     E                                  I G  PPHL               I        K  AE  G R G            AN    I HEIPV S SV    TRG.KGGPTMPAIAD VF G FAD A   SF I P DTIVPDSSAILT  EKNI .

                                                                      PhTET1            

170       180       190         200       210       220        230     

PhTET1                D R                             VQEE GL GA                        T    D   V ALIEAIK L          V  A T    V  K  K       P    AID S A     RGL   FG V       D VDHE..LEGK IF F            FLANHYY QYAF   . F CCSP

PhTET2                D R                             VQEE GL GA                        S    D I V  ILEVAK L          VY V T    V  R  R     I PD   AIDVT A     IAF    A YT      Q KD....AKAD  F A            TSAFG E  YGF     I ADIP

PhTET3                D R                             VQEE GL GA                        T    D I L AMIEAAR L          IY V S    V  R  R     I PE  IAMDVT A     PYL    C Y       Q GD....HEAD  I G            VASYA N  VG      F KQPH

PfTET3                D R                             VQEE GL GA                        T    D I L AMIEAAR L          IY V S    I  R  R     I PE  IAMDVT A     PYL    C Y       Q GE....HEAD  I A            VASFA D  VG      F KQPN

APDkam589             D R                             VQEE GL GA                        S    D V V VML AL  L          VY V T    V  K  K     I PD  LAIDVT A     KAF    G V   K  EM EK....HDVD  L A            TSAYG S  VA      I SDVP

Thaumarchaeota_TET     D R                             VQEE GL GA                             D I A VLMEAIR M          VY   T    V  R        V PD  LVLEV  A    GKAF    G F       R KDQGIEHPNT  GSA           QTTAHV D  VA     DI GDVP

TmPep1050             D R                             VQEE GL GA                        S    D I   VIVEV K I          LY V S    V           V  D  IAIDVT       KAM    GCA     F R K.....PAVT  G F        V  SVAGYG PA EA      DSADTP

SpPepA                D R                             VQEE GL GA                        S        V MV ELA  L          LY   N    V  R  H       PE  LAVD S A     KAW N YG L  S   EA SGQK..LGNE  LGS            TSTTKFD  VF    C P GDVY

          TT                                                          PhTET1            

      240       250           260       270       280         290     

PhTET1                         G      D                    A    I  Q         T A                 KLG  PVI           I    L   V  I  K      I     GGG D         LTGD....V   K    RAV ....NSA YSRD ARK WS  E NG EI  GV..T      SAFQDRSK

PhTET2                         G      D                    A    I  Q         T A                 HLG   AI           I    I  WL  L  K      L     GGG D   I LTK GTPEHKQVT   K T  KIM ....RSV CHPT VR  EE  K HE PY  EIL.L      GA H   A

PhTET3                         G      D                    A    I  Q         T A                  LG  PVM                L  FA  V  K      V     P G D   M INK D..KGKIVPE  K    ... ....VGPNINPK RA  DE  K YE PL  EPSPR T    NV Q   E

PfTET3                         G      D                    A    I  Q         T A                  LG  PVM                L  FA  V  K      V     P G D   M INR D..KGKIVPE  K    ... ....VGPNINPK RQ  DE  K YE PL  EPSPR T    NV Q   E

APDkam589                      G      D                    A    I  Q         T A                 RLG  PAI           I    V  FL  I  K      L     GG  D   I LNK GVAKSEWFT   Y    KIV GRNAGGL AHPK GE  VS  E KR PY  DVI.S  T   ST A   E

Thaumarchaeota_TET              G      D                    A    I  Q         T A                 KMG  P L           I    L  FV  V         L     GGG D   I MNR GIKPHEALT   K  G VTY ....RSM PNQP KE  IN  KQAQ PL  SQM.S      GR H   A

TmPep1050                      G      D                    A    I  Q         T A                 RL   PAL           I    I   L  I  K      M      GG        TR KAIKRHA.M  SG    KVK ....RAS SSKR LEN IE  E FD KY  EVL.TF   N MGYQR  E

SpPepA                         G      D                    A    I  Q         T A                 KIG   LI           L    M  FL                   GG D   A L   GGQG.....   D T  RFY ....PGH LLPG KD  LTT EEAG KY YYC..GK     GA H KNG

...             TT                                                    PhTET1            

     300       310       320       330                                

PhTET1                          HS        D                                                T  LSVP KYL    E L L  LE  V LI  LA  L                              ... LA    I     EV T H N   KL K  EA  FE ..............                

PhTET2                          HS        D                                             GV T  LSVP RYI    EVV    VD  V LM  AL  I                                P GA    A     NT   DER   AT E  TK  EN HELKI.........                

PhTET3                          HS        D                                             GV T  LSIP RYM    ELA A  VD  I LA  LL  L                                A AV    I     QV   D R   NT K  KA  EE KPMDF.......TP                

PfTET3                          HS        D                                             GV T  LSIP RYM    ELA A  VD  I LA  LL  L                                A AV    I     QV   D R   NT K  KA  EE KPMDF.......TP                

APDkam589                       HS        D                                             GV    ISIP RYI    EVV L  L     LA   I  A                                AAGT    S     PV   D R  YNASL  KAF EE TPEWIQSIKGVVIK                

Thaumarchaeota_TET               HS        D                                             G  S  ITIP R I     LL L   E  I LV  LI  L                               CP VV    T H   HVG  S K T NA R  IE  KR DLETVEGFT.....                

TmPep1050                       HS        D                                             GI S  VSIP RYV    EMI    VE  V LL   L                                   P AT    T     PS   APD   AT D  IRY ...............GA                

SpPepA                          HS        D                                             GV S  I V  RYI     L  M         L  LV  L                                P TT G CA     HQT YA D FLEAQAF QA  KK DRSTVDLIK...HY                

α1 α2 

β1 β2 β3 β4 β5 η1 β6 

β7 η2 α3 β8 β9 β10 

α4 β11 η3 α5 β12 β13 

η4 β14 α6 β15 η5 

β16 β17 β18 α7 
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2. Beyond the tip of the iceberg: unveiling the hidden diversity of TET peptidases in 

archaea 
 

This study focuses on M42 peptidases, often designated as TET peptidases by a stretch of 

terminology. To ensure clarity and consistency with previous studies, the term 'TET peptidases' 

will be used exclusively for the remainder of this article. 

 

 An HMM profile was built using 210 archaeal TET sequences gathered from the 

MEROPS and NCBI nr databases. This profile was used to conduct an exhaustive homology 

search of TET peptidases against a large database covering all currently available diversity, 

including uncultured phyla, and containing 4,016 genomes of Archaea. All positive hits were 

retrieved and filtered upon the presence of the conserved catalytic site and glycine residues 

mentioned above, resulting in 2,030 archaeal TET homologues (Supplementary Table XX). 

TET peptidases were found in 39.7% of archaeal genomes (1,595) with varying numbers of 

TET copies per species, ranging from one to five per genome. While TET homologues are 

widely present in Euryarchaeota and Asgard, their distribution is uneven to sporadic in the 

TACK and the DPANN superphyla, respectively (Supp table XXX). Intriguingly, some TET 

peptidase sequences from the Asgard display a specific pattern consisting in an insertion of 

approximately 20 residues, which has never been detected in any TET peptidase described to 

date. This peculiar insertion, located just after the dimerization interface, was found in 72 

Asgard species only and exhibits a strong charge contrast. A similar but shorter insertion (9-10 

residues) was also observed in 24 Thermoplasmata species (Supplementary Fig. 1). 

 

To understand how archaeal TET peptidases are related to each other, we inferred a 

maximum likelihood tree using the 2,030 archaeal M42 sequences (Fig. 2). The TET1, TET2, 

TET3, and TET4 groups were already identified prior to this study, with several characterized 

representatives from species such as Pyrococcus horikoshii, Pyrococcus furiosus and 

Thermococcus onnurineus species13,16,19–22,38,39. In TET phylogeny, these groups form four 

distinct and supported monophyletic clades (with UFB values of 98%, 100%, 100%, and 100% 

respectively). TET2 and TET3 are sister clades, indicating a recent duplication event. 

Interestingly, prior studies showed the in vitro and in vivo formation of PhTET2-PhTET3 

heterocomplexes in P. horikoshii17,40. While TET2, TET3, and TET4 contain exclusively 

sequences from Thermococcales, TET1 also includes three sequences from Geoglobus, 

indicating a horizontal gene transfer (HGT) from Thermococcales to Archaeoglobales (Fig. 2). 
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Fig. 2: Phylogeny of archaeal TET peptidase homologues. Maximum-likelihood phylogeny obtained 
from an alignment of 2,030 sequences and 337 amino acid positions. The scale bar represents the 
average number of substitutions per site. Circles at the branches indicate ultra-fast bootstrap values >= 
90 %. TET1 to TET4 families were delineated based on the taxonomic distribution and the topology of 
the tree. Gray bars on the inner circle indicate enzymes characterized prior to this study. Archaeal 
taxonomic groups are represented on the outer circle. 
 
 

 Prior studies on the four enzymes of P. horikoshii reavealed distinct substrate specificities, 

already unveiling the functional versatility of TET peptidases: PhTET2 functions as a broad-

spectrum leucyl-aminopeptidase19, while PhTET1, PhTET3, and PhTET4 specifically target 

acidic, basic, and glycine residues, respectively13,20,21. However, a striking observation from the 

present analysis is that previous characterization of a few archaeal TET peptidases, primarily 

from TET1 to TET4 groups, remained marginal with regard to the real taxonomic distribution 

and overall diversity of TET peptidases in archaeal genomes10,13,16,19–21. These findings 

GCA004525915_Bathyarchaeiaarc@TFH18289.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA014860485_Bathyarchaeiaarc@MBE0633514.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA007050865_Bathyarchaeiaarc@TRO51331.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

LAN000001447_Bathyarchaeiarc@LAN000001447.1_00459|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA018648905_Bathyarchaeiaarc@MBT3284703.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA020444005_Bathyarchaeiaarc@MCB2171504.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA014730055_Bathyarchaeiaarc@MBD3205299.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

LAN000000076_Bathyarchaeiarc@LAN000000076.1_01568|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA017883585_Bathyarchaeiarc@GCA017883585.1_00216|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA001774245_Bathyarchaeiaarc@OGD55738.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941 sp001774245; Bathyarchaeia archaeon RBG_13_52_12

GCA013329615_Bathyarchaeiaarc@HIH87795.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941 sp8941u; Bathyarchaeia archaeon

GCA016930055_Bathyarchaeiaarc@MBN1683627.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

LAN000000461_Bathyarchaeiarc@LAN000000461.1_01465|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA020346605_Bathyarchaeiaarc@UCD45945.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA002726865_Bathyarchaeiaarc@MBQ04327.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; GCA-2726865; GCA-2726865 sp002726865; Bathyarchaeia archaeon

GCA014381835_Bathyarchaeiaarc@MBC8223304.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; GCA-2726865; GCA-2726865 sp014381835; Bathyarchaeia archaeon

GCA020354065_Bathyarchaeiaarc@UCH57783.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA020697735_Bathyarchaeiarc@GCA020697735.1_00668|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA004377395_Bathyarchaeiaarc@TEU09111.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA018396865_Bathyarchaeiaarc@MBS7653096.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA018396695_Bathyarchaeiaarc@MBS7630145.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA003662205_Bathyarchaeiaarc@RLI08532.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B46-G15; B46-G15 sp003662205; Bathyarchaeia archaeon

NAY330001751345_Bathyaarc@NAY330001751345.1_00732|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B23; B23_NA; Bathyarchaeia archaeon

GCA001593875_Bathyarchaeiaarc@KYH38307.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B23; B23 sp001593875; Bathyarchaeia archaeon B23

GCA003601775_Bathyarchaeiaarc@RJS88826.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; PIYN01; PIYN01 sp003601775; Bathyarchaeia archaeon

GCA011363805_Hadarchaealesarc@HGK57236.1|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; DSZJ01; DSZJ01; DSZJ01_NA; Hadarchaeales archaeon

GCA011361855_Hadarchaealesarc@HGJ10805.1|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; DSZJ01; DSZJ01; DSZJ01 sp011361855; Hadarchaeales archaeon

MCK000000311_Hadarchaealearc@MCK000000311.1_00040|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; DSZJ01; DSZJ01; DSZJ01_NA; Hadarchaeales archaeon

MCK000000315_Hadarchaealearc@MCK000000315.1_00184|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; DSZJ01; DSZJ01; DSZJ01_NA; Hadarchaeales archaeon

GCA018396405_Bathyarchaeiaarc@MBS7605215.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA011362345_Bathyarchaeiaarc@HGT95408.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA011363945_Bathyarchaeiaarc@HGK75223.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01 sp011363945; Bathyarchaeia archaeon

GCA018396995_Bathyarchaeiaarc@MBS7640839.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA011380195_Bathyarchaeiaarc@HHR12155.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01 sp011380195; Bathyarchaeia archaeon

GCA011366945_Bathyarchaeiaarc@HGT86639.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01 sp011366945; Bathyarchaeia archaeon

GCA011364715_Bathyarchaeiaarc@HGN41258.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01 sp011364715; Bathyarchaeia archaeon

GCA018396635_Bathyarchaeiaarc@MBS7623975.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA018396975_Bathyarchaeiaarc@MBS7639314.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA018396655_Bathyarchaeiaarc@MBS7606819.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01_NA; Bathyarchaeia archaeon

GCA011043095_Bathyarchaeiaarc@HDO42149.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B26-1_NA; B26-1_NA; Bathyarchaeia archaeon

NAY330001740613_Bathyaarc@NAY330001740613.1_00705|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; DTEX01; DTEX01 sp011363705; Bathyarchaeia archaeon

GCA003662645_Bathyarchaeiaarc@RLI35345.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B17-G17; B17-G17 sp003662645; Bathyarchaeia archaeon

GCA001593935_Bathyarchaeiaarc@KYH41494.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B26-1; B26-1 sp001593935; Bathyarchaeia archaeon B26-2

NAY330001751316_Bathyaarc@NAY330001751316.1_00906|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B26-1; B26-1 sp001593925; Bathyarchaeia archaeon

GCA012961545_Bathyarchaeiaarc@HIE14855.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B26-1_NA; B26-1_NA; Bathyarchaeia archaeon

NAY330002317722_Bathyaarc@NAY330002317722.1_00472|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; PIYB01; PIYB01_NA; Bathyarchaeia archaeon

GCA018397055_Bathyarchaeiaarc@MBS7615048.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; PIYB01; PIYB01_NA; Bathyarchaeia archaeon

GCA003601835_Bathyarchaeiaarc@RJS74768.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; PIYB01; PIYB01 sp003601835; Bathyarchaeia archaeon

GCA003601725_Bathyarchaeiaarc@RJS86453.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B63; B63 sp003601725; Bathyarchaeia archaeon

GCA021162605_Bathyarchaeiaarc@MCD6537576.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B63; B63 sp003661975; Bathyarchaeia archaeon

GCA001593845_Bathyarchaeiaarc@KYH42794.1|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1; B63; B63 sp001593845; Bathyarchaeia archaeon B63

GCA015520475_Bathyarchaeiarc@GCA015520475.1_00259|~Archaea; TACK; Bathyarchaeia; B26-1; B26-1_NA; B26-1_NA; B26-1_NA; Bathyarchaeia archaeon

GCA014361095_Hadarchaeumarc@MBC7219188.1|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; Hadarchaeaceae; Hadarchaeum; Hadarchaeum sp014361095; Hadarchaeum archaeon

NAY330002769087_Hadarcarc@NAY330002769087.1_00047|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; Hadarchaeaceae; Hadarchaeaceae_NA; Hadarchaeaceae_NA; Hadarchaeaceae archaeon

GCA001515215_Hadarchaealesarc@KUO42851.1|~Archaea; Stygia; Hadarchaeia; Hadarchaeales; Hadarchaeales_NA; Hadarchaeales_NA; Hadarchaeales_NA; Hadarchaeales archaeon YNP_N21

GCA020345645_Bathyarchaeiaarc@UCD96842.1|~Archaea; TACK; Bathyarchaeia; B26-1; SOJC01; SOJC01_NA; SOJC01_NA; Bathyarchaeia archaeon

NAY3300027863142_Batharc@NAY3300027863142.1_00514|~Archaea; TACK; Bathyarchaeia; B24; B24; DTBU01; DTBU01 sp011374155; Bathyarchaeia archaeon

NAY33000174069_Bathyarcarc@NAY33000174069.1_01041|~Archaea; TACK; Bathyarchaeia; B24; B24; DTBU01; DTBU01 sp011361905; Bathyarchaeia archaeon

GCA001593865_Bathyarchaeiaarc@KYH36454.1|~Archaea; TACK; Bathyarchaeia; B24; B24; B24; B24 sp001593865; Bathyarchaeia archaeon B24

GCA003662445_Bathyarchaeiaarc@RLI25505.1|~Archaea; TACK; Bathyarchaeia; B24; B24; B24; B24_NA; Bathyarchaeia archaeon

GCA018396535_Bathyarchaeiaarc@MBS7641894.1|~Archaea; TACK; Bathyarchaeia; B24; DRYS01; DRYS01; DRYS01 sp011367275; Bathyarchaeia archaeon

NAY330001739110_Bathyaarc@NAY330001739110.1_00248|~Archaea; TACK; Bathyarchaeia; B24; DRYS01; DRYS01; DRYS01 sp011375775; Bathyarchaeia archaeon

NAY330001742912_TACKarc@NAY330001742912.1_01293|~Archaea; TACK; EX4484-205; EX4484-205; JAAOZP01; JAAOZP01; JAAOZP01_NA; TACK archaeon

GCA011389375_TACKarc@HHS33569.1|~Archaea; TACK; EX4484-205; EX4484-205; JAAOZP01; JAAOZP01; JAAOZP01 sp011389375; TACK archaeon

GCA017601245_TACKarc@MBO3769818.1|~Archaea; TACK; EX4484-205; EX4484-205; JAAOZP01; JAAOZP01; JAAOZP01 sp011363915; TACK archaeon

NAY330002554659_Bathyaarc@NAY330002554659.1_00340|~Archaea; TACK; Bathyarchaeia; 40CM-2-53-6; 40CM-2-53-6_NA; 40CM-2-53-6_NA; 40CM-2-53-6_NA; Bathyarchaeia archaeon

GCA011332645_TACKarc@HGC55179.1|~Archaea; TACK; EX4484-205; EX4484-205; DTQO01; DTQO01; DTQO01 sp011332645; TACK archaeon

GCA017601265_TACKarc@MBO3803190.1|~Archaea; TACK; EX4484-205; EX4484-205; DTQO01; DTQO01; DTQO01_NA; TACK archaeon

GCA020348865_Bathyarchaeiaarc@UCE29390.1|~Archaea; TACK; Bathyarchaeia; B26-1_2; B26-1_2_NA; B26-1_2_NA; B26-1_2_NA; Bathyarchaeia archaeon

GCA004376295_Bathyarchaeiaarc@TET20342.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; SOJZ01; SOJZ01 sp004376295; Bathyarchaeia archaeon

GCA020352535_Bathyarchaeiaarc@UCG45900.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; SOJZ01; SOJZ01_NA; Bathyarchaeia archaeon

GCA020344435_Bathyarchaeiaarc@UCC33665.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA1_NA; BA1_NA; Bathyarchaeia archaeon

GCA020348365_Bathyarchaeiaarc@UCE44034.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA1_NA; BA1_NA; Bathyarchaeia archaeon

NAY3300024353132_Batharc@NAY3300024353132.1_01724|~Archaea; TACK; Bathyarchaeia; B26-1; SOJC01; SOJC01; SOJC01 sp004376645; Bathyarchaeia archaeon

GCA002779555_Bathyarchaeiaarc@PIU59103.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; 20-14-0-80-47-9; 20-14-0-80-47-9 sp002779555; Bathyarchaeia archaeon CG07_land_8_20_14_0_80_47_9

NAY3300009503141_Batharc@NAY3300009503141.1_00650|~Archaea; TACK; Bathyarchaeia; 40CM-2-53-6; DTGE01; DTOY01; DTOY01 sp011358085; Bathyarchaeia archaeon

NAY330002554626_Bathyaarc@NAY330002554626.1_00721|~Archaea; TACK; Bathyarchaeia; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia archaeon

GCA018396395_Bathyarchaeiaarc@MBS7609450.1|~Archaea; TACK; Bathyarchaeia; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia_NA2; Bathyarchaeia archaeon

GCA018813845_Gimiplasmatalesarc@MBU0624682.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA001800815_Gimiplasmatalesarc@OGS56010.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21 sp001800815; Gimiplasmatales archaeon RBG_19FT_COMBO_56_21

NAY330001312937_Gimiplarc@NAY330001312937.1_00871|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA016930135_Gimiplasmatalesarc@MBN1677124.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA001800715_Gimiplasmatalesarc@OGS52565.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon RBG_13_61_15

GCA018814355_Gimiplasmatalesarc@MBU0685886.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA020725925_Gimiplasmataarc@GCA020725925.1_00987|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA020347565_Gimiplasmatalesarc@UCE91752.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA020347645_Gimiplasmatalesarc@UCE81297.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA020696365_Gimiplasmataarc@GCA020696365.1_01169|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA018818785_Gimiplasmatalesarc@MBU1158012.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; UBA9653; UBA9653_NA; Gimiplasmatales archaeon

GCA013329135_Gimiplasmatalesarc@HĲ16697.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; UBA9653; UBA9653 sp9653u; Gimiplasmatales archaeon

GCA020696365_Gimiplasmataarc@GCA020696365.1_01336|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA011355145_Gimiplasmatalesarc@HGD08210.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; DTMW01; DTMW01; DTMW01 sp011355145; Gimiplasmatales archaeon

GCA011046235_Gimiplasmatalesarc@HDP96792.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; DTMW01; DSAX01; DSAX01 sp011046235; Gimiplasmatales archaeon

LAN000000220_Methanomassiarc@LAN000000220.1_00145|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01; JAAEEP01_NA; Methanomassiliicoccales archaeon

GCA013415695_Methanomassiliicoccalearc@NYT12287.1|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01; JAAEEP01 sp013415695; Methanomassiliicoccales archaeon

CHE222201551257_Methanarc@CHE222201551257.1_00216|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01_NA; JAAEEP01_NA; Methanomassiliicoccales archaeon

CHE222161552149_Methanarc@CHE222161552149.1_00191|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01_NA; JAAEEP01_NA; Methanomassiliicoccales archaeon

CHE2211551270_Methanomasarc@CHE2211551270.1_01033|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01_NA; JAAEEP01_NA; Methanomassiliicoccales archaeon

HUA000263247_Methanomassiarc@HUA000263247.1_00261|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JACIVX01; JACIVX01; JACIVX01_NA; Methanomassiliicoccales archaeon
NAY330002218163_Methanarc@NAY330002218163.1_00468|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; UBA472; UBA472; UBA472_NA; Methanomassiliicoccales archaeon

GCA002497075_Methanomassiarc@GCA002497075.1_01171|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; UBA472; UBA472; UBA472 sp002497075; Methanomassiliicoccales archaeon UBA472
NAY330002705126_Methanarc@NAY330002705126.1_00961|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; UBA472; UBA472; UBA472_NA; Methanomassiliicoccales archaeon
LAN000000172_Methanomassiarc@LAN000000172.1_01728|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; UBA472; UBA472; UBA472_NA; Methanomassiliicoccales archaeonGCA016294985_Smarinoarchaea@GCA016294985.1_01475|~Archaea; Asgardarchaeota; Sifarchaeia; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeotum marinoarchaeaGCA019057385_Bweybense@GCA019057385.1_02779|~Archaea; Asgardarchaeota; Sifarchaeia; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Borrarchaeum weybenseGCA016840315_Sifararchaeiarc@GCA016840315.1_00440|~Archaea; Asgardarchaeota; Sifarchaeia; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia_NA; Sifarchaeia archaeonGCA016840425_Wyapensis@GCA016840425.1_00687|~Archaea; Asgardarchaeota; Heimdallarchaeia; Wukongarchaeales; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeum yapensisGCA016840505_Wukongarchaearc@GCA016840505.1_00412|~Archaea; Asgardarchaeota; Heimdallarchaeia; Wukongarchaeales; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeales archaeon

GCA018238825_Thorarchaeacarc@GCA018238825.1_00998|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon
GCA018238205_Thorarchaeacarc@GCA018238205.1_02076|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon
GCA019056835_Thorarchaeacarc@GCA019056835.1_00465|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon

GCA003345545_Thorarchaeaceaearc@RDE13434.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1 sp003345545; Thorarchaeaceae archaeon

GCA016840385_Thorarchaeacarc@GCA016840385.1_00049|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon

GCA004525645_Thorarchaeaceaearc@TFH11097.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon

GCA002825465_Thorarchaeacarc@GCA002825465.1_00367|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1 sp002825465; Thorarchaeaceae archaeon MP8T_1

GCA004524595_Thorarchaeaceaearc@TFG34720.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1 sp004524595; Thorarchaeaceae archaeon

GCA016839715_Thorarchaeacarc@GCA016839715.1_01695|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45_NA; Thorarchaeaceae archaeon

GCA001940705_Thorarchaeaceaearc@OLS30501.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45 sp001940705; Thorarchaeaceae archaeon AB_25

GCA004376265_Thorarchaeaceaearc@TET07034.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45 sp004376265; Thorarchaeaceae archaeon

GCA016840685_Thorarchaeacarc@GCA016840685.1_03059|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45_NA; Thorarchaeaceae archaeon

GCA002825515_Thorarchaeacarc@GCA002825515.1_01215|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45 sp002825515; Thorarchaeaceae archaeon MP11T_1

GCA011364905_Thorarchaeaceaearc@NHI88491.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45 sp011364905; Thorarchaeaceae archaeon

GCA016840855_Thorarchaeacarc@GCA016840855.1_02110|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-45; SMTZ1-45_NA; Thorarchaeaceae archaeon

GCA003662775_Thorarchaeaceaearc@RLI57617.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; Thorarchaeaceae_NA; Thorarchaeaceae_NA; Thorarchaeaceae archaeon

GCA016839445_Thorarchaeacarc@GCA016839445.1_01258|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; Thorarchaeaceae_NA; Thorarchaeaceae_NA; Thorarchaeaceae archaeon

GCA016933575_Thorarchaeaceaearc@MBN2231182.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; MP8T-1; MP8T-1_NA; Thorarchaeaceae archaeon

GCA016840825_Thorarchaeacarc@GCA016840825.1_02473|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; TEKIR-14; TEKIR-14_NA; Thorarchaeaceae archaeon

GCA016841005_Thorarchaeacarc@GCA016841005.1_00385|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; TEKIR-14; TEKIR-14_NA; Thorarchaeaceae archaeon

GCA004524445_Thorarchaeaceaearc@TFG13981.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; TEKIR-14; TEKIR-14 sp004524445; Thorarchaeaceae archaeon

GCA018238375_Thorarchaeacarc@GCA018238375.1_00546|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; WTCK01; WTCK01_NA; Thorarchaeaceae archaeon

GCA018238925_Thorarchaeacarc@GCA018238925.1_00793|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; WTCK01; WTCK01_NA; Thorarchaeaceae archaeon

GCA004524435_Thorarchaeaceaearc@TFG10910.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; TEKIR-12S; TEKIR-12S sp004524435; Thorarchaeaceae archaeon

GCA016839605_Thorarchaeacarc@GCA016839605.1_02226|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-83; SMTZ1-83_NA; Thorarchaeaceae archaeon

GCA020355105_Thorarchaeaceaearc@UCH04683.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-83; SMTZ1-83_NA; Thorarchaeaceae archaeon

GCA016840245_Thorarchaeacarc@GCA016840245.1_03719|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; WTCK01; WTCK01_NA; Thorarchaeaceae archaeon

GCA016840225_Thorarchaeacarc@GCA016840225.1_02355|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; WTCK01; WTCK01_NA; Thorarchaeaceae archaeon

GCA011364985_Thorarchaeaceaearc@NHI83687.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SMTZ1-83; SMTZ1-83 sp011364985; Thorarchaeaceae archaeon

GCA008080745_Thorarchaeaceaearc@TXT57637.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; SHMX01; SHMX01 sp008080745; Thorarchaeaceae archaeon

GCA013388835_Thorarchaeaceaearc@NWF96803.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; JACAEL01; JACAEL01 sp013388835; Thorarchaeaceae archaeon

GCA003662805_Thorarchaeaceaearc@RLI62120.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; B65-G9; B65-G9 sp003662765; Thorarchaeaceae archaeon

GCA014730275_Thorarchaeaceaearc@MBD3160083.1|~Archaea; Asgardarchaeota; Thorarchaeia; Thorarchaeales; Thorarchaeaceae; TEKIR-14; TEKIR-14_NA; Thorarchaeaceae archaeon

GCA016840305_Hodarchaealearc@GCA016840305.1_00654|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08; B3-JM-08_NA; Hodarchaeales archaeon

GCA019057655_Hodarchaealearc@GCA019057655.1_00548|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08; B3-JM-08_NA; Hodarchaeales archaeon

GCA016933055_Lokiarchaeiaarc@MBN2157246.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1_NA; Lokiarchaeia archaeon

GCA004524545_Lokiarchaeiaarc@TFG16405.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1 sp004524545; Lokiarchaeia archaeon

GCA008000775_Psyntrophicum@QEE15541.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; Prometheoarchaeum; Prometheoarchaeum syntrophicum; Prometheoarchaeum syntrophicum

GCA016933055_Lokiarchaeiaarc@MBN2155649.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1_NA; Lokiarchaeia archaeon

GCA016839385_Lokiarchaeiaarc@GCA016839385.1_00892|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1_NA; Lokiarchaeia archaeon

GCA001940645_Hodarchaealesarc@OLS26085.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; LC-3; LC-3; LC-3 sp001940645; Hodarchaeales archaeon LC_3

GCA013166775_Heimdallarchaeiaarc@NPD89175.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460 sp013166775; Heimdallarchaeia archaeon

GCA016840095_Heimdallarcharc@GCA016840095.1_00060|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heimdallarchaeia archaeon

GCA016839875_Heimdallarcharc@GCA016839875.1_00219|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heimdallarchaeia archaeon

GCA016839945_Heimdallarcharc@GCA016839945.1_00253|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heimdallarchaeia archaeon

GCA016839985_Heimdallarcharc@GCA016839985.1_01318|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heimdallarchaeia archaeon

GCA019057375_Heimdallarcharc@GCA019057375.1_00221|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460 sp002505645; Heimdallarchaeia archaeon

GCA016840095_Heimdallarcharc@GCA016840095.1_00061|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heimdallarchaeia archaeon

GCA018238585_Heimdallarcharc@GCA018238585.1_00239|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heimdallarchaeia archaeon

GCA018238805_Heimdallarcharc@GCA018238805.1_01172|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heimdallarchaeia archaeon

GCA018238245_Heimdallarcharc@GCA018238245.1_02651|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heimdallarchaeia archaeon

GCA019894795_Heimdallarchaeiaarc@MBY9000653.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heimdallarchaeia archaeon

GCA003660845_Pacearchaealesarc@RLG15394.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; GW2011-AR1; CABMGN01; CABMGN01_NA; Pacearchaeales archaeon

GCA019894765_Borrarchaealesarc@MBY8994906.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA016649575_Borrarchaealesarc@MBK5112308.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA019058165_Borrarchaealarc@GCA019058165.1_02633|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA019058195_Borrarchaealarc@GCA019058195.1_02304|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA016840945_Borrarchaealarc@GCA016840945.1_00741|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA011364945_Borrarchaealesarc@NHJ04613.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA016927615_Borrarchaealesarc@MBN1329635.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA018238085_Borrarchaealarc@GCA018238085.1_00306|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA018238155_Borrarchaealarc@GCA018238155.1_01713|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA019057515_Borrarchaealarc@GCA019057515.1_01303|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA011366285_Borrarchaealesarc@NHK31695.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA011366295_Borrarchaealesarc@NHJ39915.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Borrarchaeales; JABLTI01; JABLTI01; JABLTI01_NA; Borrarchaeales archaeon

GCA004524255_Lokiarchaeiaarc@TFF90486.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA011364965_Hodarchaealesarc@NHJ02543.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08; B3-JM-08 sp011364965; Hodarchaeales archaeon

GCA016839515_Hmangrovi@GCA016839515.1_02761|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08_NA; B3-JM-08_NA; Hodarchaeum mangrovi

GCA015520535_Hodarchaealearc@GCA015520535.1_01757|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales archaeon

GCA020351745_Hodarchaealesarc@UCG90748.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08; B3-JM-08_NA; Hodarchaeales archaeon

GCA020353515_Hodarchaealesarc@UCG03509.1|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08; B3-JM-08_NA; Hodarchaeales archaeon

GCA016839625_Hodarchaealearc@GCA016839625.1_00275|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08_NA; B3-JM-08_NA; Hodarchaeales archaeon

GCA016550405_Hermodarchaearc@GCA016550405.1_01376|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550385_Hermodarchaearc@GCA016550385.1_04533|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550495_Hermodarchaearc@GCA016550495.1_00970|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550425_Hermodarchaearc@GCA016550425.1_01018|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016839365_Hermodarchaearc@GCA016839365.1_02107|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550425_Hermodarchaearc@GCA016550425.1_00085|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016840185_Hermodarchaearc@GCA016840185.1_02346|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016840405_Hyapensis@GCA016840405.1_00452|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeum yapensis

GCA016839805_Hermodarchaearc@GCA016839805.1_01911|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550385_Hermodarchaearc@GCA016550385.1_02127|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550415_Hermodarchaearc@GCA016550415.1_00779|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550415_Hermodarchaearc@GCA016550415.1_02920|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550485_Hermodarchaearc@GCA016550485.1_00356|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016840065_Hermodarchaearc@GCA016840065.1_00140|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA015522685_Korarchaeacearc@GCA015522685.1_00993|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeaceae_NA; Korarchaeaceae_NA; Korarchaeaceae archaeon

GCA021158805_Korarchaeaceaearc@MCD6244887.1|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeaceae_NA; Korarchaeaceae_NA; Korarchaeaceae archaeon

GCA021160065_Korarchaeaceaearc@MCD6348421.1|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeaceae_NA; Korarchaeaceae_NA; Korarchaeaceae archaeon

NAY330002653126_Korarcarc@NAY330002653126.1_00857|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeaceae_NA; Korarchaeaceae_NA; Korarchaeaceae archaeon

GCA003344655_Korarchaeumarc@RDD54214.1|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeum; Korarchaeum sp003344655; Korarchaeum archaeon NZ13-K

GCF000019605_Kcryptofilum@WP_148204038.1|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Korarchaeum; Korarchaeum cryptofilum; Korarchaeum cryptofilum OPF8

GCA011042755_Korarchaeaceaearc@HDM92435.1|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; DRBY01; DRBY01 sp011042755; Korarchaeaceae archaeon

GCA003661365_Korarchaealesarc@RLG53535.1|~Archaea; TACK; Korarchaeia; Korarchaeales; QMVU01; QMVU01; QMVU01 sp003661365; Korarchaeales archaeon

NAY33000244237_Korarchaarc@NAY33000244237.1_00301|~Archaea; TACK; Korarchaeia; Korarchaeales; QMVU01; QMVU01; QMVU01_NA; Korarchaeales archaeon

GCA012961625_Korarchaealesarc@HIE24249.1|~Archaea; TACK; Korarchaeia; Korarchaeales; QMVU01; QMVU01; QMVU01_NA; Korarchaeales archaeon

GCA019721075_Sjiujiangense@MBX8640403.1|~Archaea; Diaforarchaea; Thermoplasmata; Sysuiplasmatales; Sysuiplasmataceae; Sysuiplasmataceae_NA; Sysuiplasmataceae_NA; Sysuiplasma jiujiangense

GCA019720975_Ssuperficiale@MBX8632115.1|~Archaea; Diaforarchaea; Thermoplasmata; Sysuiplasmatales; Sysuiplasmataceae; Sysuiplasmataceae_NA; Sysuiplasmataceae_NA; Sysuiplasma superficiale

NAY330001792510_Bathyaarc@NAY330001792510.1_01311|~Archaea; TACK; Bathyarchaeia; 40CM-2-53-6; FEN-987; FEN-987_NA; FEN-987_NA; Bathyarchaeia archaeon

GCF000993805_Iuzonense@WP_052883567.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_A; Thermofilum_A uzonense; Infirmifilum uzonense

GCA002855745_Tsp@PLJ77924.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_A; Thermofilum_A sp002855745; Thermofilum sp. NZ13

GCF014876775_Ilucidum@WP_192818578.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_A; Thermofilum_A_NA; Infirmifilum lucidum

GCA011372985_Tpendens@HHP04467.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_C; Thermofilum_C pendens_A; Thermofilum pendens

GCA011334595_Tpendens@HGB25227.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_C; Thermofilum_C_NA; Thermofilum pendens

NAY330002554657_Thermoarc@NAY330002554657.1_01004|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_B; Thermofilum_B_NA; Thermofilum_B archaeon

GCA000446015_Tadornatum@AGT34565.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_B; Thermofilum_B adornatum; Thermofilum adornatum

GCF000015225_Tpendens@WP_011751677.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilum_B; Thermofilum_B pendens_A; Thermofilum pendens Hrk 5

GCA015520305_Thermofilacearc@GCA015520305.1_00646|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilaceae_NA; Thermofilaceae_NA; Thermofilaceae archaeon

GCA011361705_Tsp@HGW33441.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; DRZQ01; DRZQ01_NA; Thermofilum sp.

GCA011053655_Tsp@HEE79375.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; DRZQ01; DRZQ01 sp011053655; Thermofilum sp.

GCA003649495_Thermofilaceaearc@RLE98121.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; B17-G15; B17-G15 sp003649495; Thermofilaceae archaeon

GCA003649405_Thermofilaceaearc@RLE84249.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilaceae_NA; Thermofilaceae_NA; Thermofilaceae archaeon

NAY330002247023_Thermoarc@NAY330002247023.1_00820|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilaceae_NA; Thermofilaceae_NA; Thermofilaceae archaeon

GCA003649405_Thermofilaceaearc@RLE85152.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; Thermofilaceae; Thermofilaceae_NA; Thermofilaceae_NA; Thermofilaceae archaeon

GCA003649305_Thermofilalesarc@RLE82483.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B15-G2; B15-G2; B15-G2 sp003650815; Thermofilales archaeon

NAY330001491121_Thermoarc@NAY330001491121.1_01279|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B15-G2; B15-G2; B15-G2 sp003649445; Thermofilales archaeon

NAY33000214935_Thermofiarc@NAY33000214935.1_01400|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B9-G17; B9-G17_NA; B9-G17_NA; Thermofilales archaeon

GCA003650715_Thermofilalesarc@RLE71913.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B9-G17; B9-G17_NA; B9-G17_NA; Thermofilales archaeon

NAY330001488729_Thermoarc@NAY330001488729.1_00125|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B20-G17; B20-G17; B20-G17 sp003650785; Thermofilales archaeon

NAY330002151312_Thermoarc@NAY330002151312.1_00442|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B20-G17; B20-G17; B20-G17_NA; Thermofilales archaeon

GCA021162845_Thermoproteiaarc@MCD6509633.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; QMSL01; QMSL01; QMSL01_NA; QMSL01_NA; Thermoproteia/Crenarchaeota archaeon

GCA003649345_Thermofilalesarc@RLE81002.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B20-G17; B14-G17; B14-G17 sp003649515; Thermofilales archaeon

GCA021160905_Thermofilalesarc@MCD6369152.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B20-G17; B67-G16; B67-G16 sp003650675; Thermofilales archaeon

GCA017601145_TACKarc@MBO3801606.1|~Archaea; TACK; EX4484-205; EX4484-205; JAAOZO01; JAAOZO01; JAAOZO01_NA; TACK archaeon

NAY330002554621_TACKarc@NAY330002554621.1_00133|~Archaea; TACK; EX4484-205; EX4484-205; JAAOZO01; JAAOZO01; JAAOZO01_NA; TACK archaeon

NAY3300027863148_Mwashbu@NAY3300027863148.1_00863|~Archaea; TACK; Korarchaeia; Korarchaeales; Korarchaeaceae; Methanodesulfokores; Methanodesulfokores washburnensis; Methanodesulfokores washburnensis

GCA011772365_Geothermarchaealesarc@NIN52646.1|~Archaea; TACK; Nitrososphaeria/Thaumarchaeota; Geothermarchaeales; Geothermarchaeales_NA; Geothermarchaeales_NA; Geothermarchaeales_NA; Geothermarchaeales archaeon

NAY330001751315_Baldararc@NAY330001751315.1_00076|~Archaea; Asgardarchaeota; Baldarchaeota; Baldarchaeota_NA; Baldarchaeota_NA; Baldarchaeota_NA; Baldarchaeota_NA; Baldarchaeota archaeon

GCA003973285_Thalassarchaeaceaearc@RUA03877.1|~Archaea; Diaforarchaea; Thalassoarchaeia; Poseidoniales; Thalassarchaeaceae; Thalassarchaeaceae_NA; Thalassarchaeaceae_NA; Thalassarchaeaceae archaeon

GCF007671685_Hsalsamenti@WP_144919945.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum salsamenti; Halorubrum salsamenti

GCA000022205_Hlacusprofundi@ACM56326.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum lacusprofundi; Halorubrum lacusprofundi ATCC 49239

GCF003990725_Hsp@WP_127116943.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum sp003990725; Halorubrum sp. PV6

GCA018623055_Hsp@QWC19886.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum_NA; Halorubrum sp. 2020YC2

GCA017873815_Halkaliphilum@MBP1922429.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum_NA; Halorubrum alkaliphilum

GCA009806985_Hsp@MWV65164.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum sp009806985; Halorubrum sp. JWXQ-INN 858

NAY330002778448_Haloruarc@NAY330002778448.1_01043|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum sp003554605; Halorubrum archaeon

GCA900188065_Hvacuolatum@SNR23011.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum vacuolatum; Halorubrum vacuolatum

GCF001542905_Haethiopicum@WP_066414663.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum aethiopicum; Halorubrum aethiopicum

GCF001462205_Hsedimenti@WP_058367280.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Haloparvum; Haloparvum sedimenti; H
aloparvum sedimenti

GCA002952775_Hdesulfuricum@AUX08182.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halalkaliarchaeum; Halalkaliarchaeum desulfuricum; Halalkaliarchaeum desulfuricum

GCA003551725_Haloferacacearc@GCA003551725.1_03247|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; N1521; N1521 sp003551725; Haloferacaceae archaeon

GCF013342525_Haloferacaceaearc@NUE02130.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; N1521; N1521 sp003551725; Haloferacaceae archaeon YAN

GCF005239175_Haloferacacearc@GCF005239175.1_00058|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; N1521; N1521 sp005239175; Haloferacaceae archaeon SHRA6

GCF000496235_Haloferacaceaearc@ESS11632.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; J07HR59; J07HR59 sp000496235; Haloferacaceae archaeon A07HR60

GCF005155585_Hsp@WP_137048773.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Haloprofundus; Haloprofundus halophilus; Haloprofundus sp. MHR1

GCF010692885_Hborinquense@WP_163485510.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halogeometricum; Halogeometricum borinquense; Halogeometricum borinquense

GCA000337095_Hpallidum@ELZ27282.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halogeometricum; Halogeometricum pallidum; Halogeometricum pallidum JCM 14848

GCF003351065_Hlongus@WP_092537310.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halopelagius; Halopelagius longus; Halopelagius longus

GCF002025255_Hsp@WP_079235111.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halolamina; Halolamina sp002025255; Halolamina sp. CBA1230

GCF000224475_Halolaminaarc@AEN04615.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halolamina; Halolamina sp000224475; Halolamina archaeon DL31

GCF013402875_Hsalinum@WP_179270025.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halobaculum; Halobaculum sp013402875; Halobaculum salinum

GCA000495475_Htyrrellensis@ESP88971.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halobaculum; Halobaculum tyrrellense; Halobonum tyrrellensis G22

GCA003020945_Halobaculumarc@PSQ05230.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halobaculum; Halobaculum sp003020945; Halobaculum archaeon QS_6_71_20

GCA019880225_Hsp@QZY00153.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halobaculum; Halobaculum_NA; Halobaculum sp. C46

NAY33000004121_Halobacuarc@NAY33000004121.1_00993|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halobaculum; Halobaculum_NA; Halobaculum archaeon

GCF002906575_Srubrum@WP_103424822.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Salinigranum; Salinigranum rubrum; Salinigranum rubrum

GCF002844195_Hsoli@WP_101296323.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halegenticoccus; Halegenticoccus soli; H
alegenticoccus soli

GCA000025685_Hvolcanii@ADE02990.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Haloferax; Haloferax volcanii; H
aloferax volcanii DS2

GCF004087835_Hsp@WP_128477853.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Halorussus; Halorussus sp004087835; Halorussus sp. RC-68

GCF003382685_Hlitoreus@WP_115862587.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Halorussus; Halorussus lito
reus; Halorussus lito

reus

GCF008831545_Hsp@WP_158057320.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Halorussus; Halorussus sp008831545; Halorussus sp. ZS-3

GCF020700235_Hpallidirubidus@WP_227774836.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Haladaptatus; Haladaptatus_NA; Haladaptatus pallidirubidus

GCF000376445_Hpaucihalophilus@WP_007979149.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Haladaptatus; Haladaptatus paucihalophilus; Haladaptatus paucihalophilus DX253

GCF003298465_Haladaptatusarc@RBI61202.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Haladaptatus; Haladaptatus sp003298465; Haladaptatus archaeon

GCA009791395_Horiensis@MWG33316.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Halomarina; Halomarina oriensis; Halomarina oriensis

NAY33000269628_Halobactarc@NAY33000269628.1_01067|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Halobacteriaceae; Halobacteriaceae_NA; Halobacteriaceae_NA; Halobacteriaceae archaeon

GCA003021975_Halomarinaarc@PSQ00595.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Halomarina; Halomarina sp003021975; Halomarina archaeon QS_5_70_17

GCA003022005_Haloarculaceaearc@PSQ10688.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloarculaceae; QS-5-70-15; QS-5-70-15 sp003022005; Haloarculaceae archaeon QS_5_70_15

GCA003023195_Halobacterialesarc@PSQ19223.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; SW-7-71-33; SW-7-71-33; SW-7-71-33 sp003023195; Halobacteriales archaeon QS_8_69_26

GCF000383975_Ntibetense@WP_006089188.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Natronorubrum; Natronorubrum tibetense; Natronorubrum tibetense GA33

GCA007127735_Nsp@GCA007127735.1_00156|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Natronorubrum; Natronorubrum tibetense; Natronorubrum sp.

GCF003670115_Natronorubruarc@GCF003670115.1_01563|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Natronorubrum; Natronorubrum sp003670115; Natronorubrum archaeon SHR37

GCA000025325_Hturkmenica@ADB59790.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Haloterrig
ena; Haloterrig

ena turkmenica; Haloterrig
ena turkmenica DSM 5511

GCF017352155_Hsp@WP_207287662.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Haloterrig
ena; Haloterrig

ena_NA; Haloterrig
ena sp. KZCA68

GCF001971705_Hdaqingensis@WP_076579158.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natronorubrum; Natronorubrum daqingense; Haloterrig
ena daqingensis

GCA900110455_Hsalifodinae@SEV99554.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natrin
ema; Natrin

ema salifodinae; Halopiger salifodinae

GCA017352095_Hlonga@QSW85127.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natrin
ema; Natrin

ema ejinorense; Haloterrig
ena longa

GCA003430805_Nsulfurire
ducens@AXR81016.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Natria
lbaceae; Natrarchaeobaculum; Natrarchaeobaculum sulfurire

ducens; Natrarchaeobaculum sulfurire
ducens

GCF002156705_Naegyptiacum@WP_086887044.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natrarchaeobaculum; Natrarchaeobaculum aegyptiacum; Natrarchaeobaculum aegyptiacum

GCA000328685_Noccultus@AGB36409.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natronococcus; Natronococcus occultus; Natronococcus occultus SP4

GCF006543045_Shalalkaliphilus@WP_141466615.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; XQ-INN-246; XQ-INN-246 sp006543045; Salinadaptatus halalkaliphilus

GCA000025625_Nmagadii@
ADD06038.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Natria
lbaceae; Natria

lba; Natria
lba magadii; N

atria
lba magadii ATCC 43099

GCF000455345_Hgoleimassiliensis@WP_049926217.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Halopiger_A; Halopiger_A goleimassiliensis; Halopiger goleimassiliensis

GCF000230715_Ngregoryi@WP_005581337.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natronobacterium; Natronobacterium gregoryi; N
atronobacterium gregoryi SP2

GCA000217715_Hxanaduensis@AEH38555.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Halopiger; H
alopiger xanaduensis; Halopiger xanaduensis SH-6

GCA003841485_Nhalalkaliphilus@RQG91150.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Natrarchaeobius; Natrarchaeobius halalkaliphilus; Natrarchaeobius halalkaliphilus

GCA017357105_Natria
lbaceaarc@GCA017357105.1_03541|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Natria
lbaceae; Tc-Br11

; Tc-Br11
_NA; Natria

lbaceae archaeon

GCF017357405_Hsp@WP_207590408.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Saliphagus; Saliphagus_NA; Halovivax sp. KZCA124

GCA007119345_Hsp@GCA007119345.1_01350|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Natria

lbaceae; Halovivax; Halovivax sp007119345; Halovivax sp.

NAY33000003506_Natria
lbarc@NAY33000003506.1_02312|~Archaea; M

ethanotecta; H
alobacteria; H

alobacteriales; N
atria

lbaceae; Tc-Br11
-E2g1; Tc-Br11

-E2g1 sp001564255; N
atria

lbaceae archaeon

GCA000328525_Hruber@
AGB15703.1|~Archaea; M

ethanotecta; H
alobacteria; H

alobacteriales; N
atria

lbaceae; H
alovivax; H

alovivax ruber; H
alovivax ruber X

H-70

GCA003021085_Halobacterialesarc@PSP76505.1|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; PXRE01; PXRE01; PXRE01 sp003021085; H

alobacteriales archaeon QS_1_68_20

NAY33000261313_Halobactarc@NAY33000261313.1_01283|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; H

alobacteriaceae; H
alobacteriaceae_NA; H

alobacteriaceae_NA; H
alobacteriaceae archaeon

GCA003552885_Natria
lbaceaarc@GCA003552885.1_00406|~Archaea; M

ethanotecta; H
alobacteria; H

alobacteriales; N
atria

lbaceae; Tc-Br11
-E2g8; Tc-Br11

-E2g8 sp003552885; N
atria

lbaceae archaeon

NAY330002778429_Natria
arc@NAY330002778429.1_02084|~Archaea; M

ethanotecta; H
alobacteria; H

alobacteriales; N
atria

lbaceae; Tc-Br11
-E2g8; Tc-Br11

-E2g8 sp001564115; N
atria

lbaceae archaeon

NAY33000111
854_Halorubearc@NAY33000111

854.1_00471|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; N

atria
lbaceae; H

alorubellus; H
alorubellus_NA; H

alorubellus archaeon

GCF020567525_Hsalinus@WP_227131779.1|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; N

atria
lbaceae; H

alorubellus; H
alorubellus_NA; H

alorubellus salinus

GCA900103505_Hiranensis@SDM41594.1|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; N

atria
lbaceae; H

aloarchaeobius; H
aloarchaeobius ira

nensis; H
aloarchaeobius ira

nensis

GCF000230955_Hsp@WP_009761926.1|~Archaea; M
ethanotecta; H

alobacteria; H
alobacteriales; H

alobacteriaceae; H
alobacterium; H

alobacterium sp000230955; H
alobacterium sp. D

L1

GCA009831555_Hsp@MXR21742.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alobacte
riaceae; H

alobacte
rium; H

alobacte
rium sp

009831555; H
alobacte

rium sp
. P

CN9

GCA001305655_Hsulfurire
ducens@

ALG81719.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alobacte
riaceae; H

alanaeroarch
aeum; H

alanaeroarch
aeum su

lfurire
ducens; H

alanaeroarch
aeum su

lfurire
ducens

GCA003721175_Hsp@QLC34062.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alobacte
riaceae; H

alarch
aeum; H

alarch
aeum grantii; 

Halarch
aeum sp

. C
BA1220

GCA014647475_Hacid
itolerans@

GGL60024.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alobacte
riaceae; H

alocalcu
lus; H

alocalcu
lus a

cid
itolerans; H

alocalcu
lus a

cid
itolerans

GCF020614395_Sjaponicu
m@WP_227262123.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria; H
alobacte

riales; H
alobacte

riaceae; S
alarch

aeum; S
alarch

aeum_NA; S
alarch

aeum japonicu
m

GCA007129135_Halalka
lico

carc@
GCA007129135.1_01550|~Arch

aea; M
ethanotecta

; H
alobacte

ria; H
alobacte

riales; H
alalka

lico
cca

ceae; S
KXI01; S

KXI01 sp
007129135; H

alalka
lico

cca
ceae arch

aeon

GCA000196895_Hjeotgali@
ADJ15763.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria; H
alobacte

riales; H
alalka

lico
cca

ceae; H
alalka

lico
ccu

s; H
alalka

lico
ccu

s je
otgali; H

alalka
lico

ccu
s je

otgali B
3

GCA007121215_Halobacte
riaarc@

GCA007121215.1_00599|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; S

KNY01; S
KNY01_NA; S

KNY01_NA; H
alobacte

riales a
rch

aeon

GCA003021235_Halococcu
sarc@

PSP45075.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alococca
ceae; H

alococcu
s; H

alococcu
s s

p003021235; H
alococcu

s a
rch

aeon QH_6_64_20

GCA003021725_Halococcu
sarc@

PSP60751.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alococca
ceae; H

alococcu
s; H

alococcu
s s

p003021725; H
alococcu

s a
rch

aeon QH_8_64_26

GCA003022925_Halococcu
sarc@

PSQ20760.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

alococca
ceae; H

alococcu
s; H

alococcu
s s

p003022925; H
alococcu

s a
rch

aeon QS_8_65_32

GCF013391105_Nsalina@WP_178333325.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

p013391105; N
atro

nomonas s
alina

GCA013391085_Nhalophila@QLD86701.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

p013391085; N
atro

nomonas h
alophila

GCF013391635_Ngomsonensis
@WP_178916461.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria; H
alobacte

riales; H
aloarcu

laceae; N
atro

nomonas; N
atro

nomonas g
omsonensis

; N
atro

nomonas g
omsonensis

GCA007135435_Nsp@GCA007135435.1_02648|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

p007135435; N
atro

nomonas s
p.

NAY33000270826_Natro
nomarc@

NAY33000270826.1_00243|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas_NA; N

atro
nomonas a

rch
aeon

GCF000591055_Nmoolapensis
@WP_015409304.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria; H
alobacte

riales; H
aloarcu

laceae; N
atro

nomonas; N
atro

nomonas m
oolapensis

; N
atro

nomonas m
oolapensis

 8.8.11

GCF005239135_Nsalsu
ginis@

WP_137275523.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

alsu
ginis; 

Natro
nomonas s

alsu
ginis

GCA007121575_Nsp@GCA007121575.1_00497|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

p007121575; N
atro

nomonas s
p.

GCA007122455_Natro
nomonasarc@

GCA007122455.1_02410|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloarcu
laceae; N

atro
nomonas; N

atro
nomonas s

p007122455; N
atro

nomonas a
rch

aeon

GCA900103715_Hgelatinilyt
icu

m@SDM12304.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria; H

alobacte
riales; H

aloferacaceae; H
alogranum; H

alogranum gelatinilyt
icu

m; H
alogranum gelatinilyt

icu
m

GCA003021785_Haloarcu
laceaearc@

PSP37676.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; C

BA1134; C
BA1134 sp

003021785; H
aloarcu

laceae arch
aeon QH_7_65_31

GCF001950595_Nsp@WP_075936651.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; C

BA1134; C
BA1134 sp

001950595; N
atro

nomonas s
p. C

BA1134

GCA003021175_Haloarcu
laceaearc@

PSP57374.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; C

BA1134; C
BA1134 sp

003021175; H
aloarcu

laceae arch
aeon QH_7_66_36

GCF003862495_Horie
nsis

@WP_124953861.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; H

alomarin
a; H

alomarin
a orie

nsis
_A; H

alomarin
a orie

nsis

GCA003023415_Halovenusarc@
PSQ63381.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria
; H

alobacte
ria

les; H
aloarcu

laceae; H
alovenus; H

alovenus s
p003021015; H

alovenus a
rch

aeon SW_8_66_22

GCA003021015_Halovenusarc@
PSP91440.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria
; H

alobacte
ria

les; H
aloarcu

laceae; H
alovenus; H

alovenus s
p003021015; H

alovenus a
rch

aeon QS_4_66_20

GCA003551945_Hsp@GCA003551945.1_02342|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; H

alovenus; H
alovenus s

p003551945; H
alovenus s

p.

GCA003021335_Halovenusarc@
PSP15219.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria
; H

alobacte
ria

les; H
aloarcu

laceae; H
alovenus; H

alovenus s
p003021335; H

alovenus a
rch

aeon QH_10_67_13

GCF000415945_Halovenusarc@
ERG88889.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria
; H

alobacte
ria

les; H
aloarcu

laceae; H
alovenus; H

alovenus_NA; H
alovenus a

rch
aeon J0

7HX5

GCF009831575_Hsp@WP_159762943.1|~Arch
aea; M

ethanotecta
; H

alobacte
ria

; H
alobacte

ria
les; H

aloarcu
laceae; H

alovenus; H
alovenus s

p009831575; H
alovenus s

p. W
SH3

GCA003021285_Halovenusarc@
PSP27674.1|~Arch

aea; M
ethanotecta

; H
alobacte

ria
; H
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ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Natronom

onas; Natronom
onas pharaonis; Natronom

onas pharaonis DSM
 2160

G
CF013391105_Nsalina@

W
P_178332705.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Natronom
onas; Natronom

onas sp013391105; Natronom
onas salina

G
CA007122455_Natronom

onasarc@
G

CA007122455.1_01768|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Natronom

onas; Natronom
onas sp007122455; Natronom

onas archaeon

G
CF001950595_Nsp@

W
P_075936599.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; CBA1134; CBA1134 sp001950595; Natronom
onas sp. CBA1134

G
CA003021785_Haloarculaceaearc@

PSP37631.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; CBA1134; CBA1134 sp003021785; Haloarculaceae archaeon Q

H_7_65_31

G
CA003021175_Haloarculaceaearc@

PSP59111.1|~Archaea; M
ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; CBA1134; CBA1134 sp003021175; Haloarculaceae archaeon Q

H_7_66_36

G
CA003022005_Haloarculaceaearc@

PSQ
07720.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Q
S-5-70-15; Q

S-5-70-15 sp003022005; Haloarculaceae archaeon Q
S_5_70_15

G
CF007421925_Hirregulare@

W
P_144262528.1|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Haloarculaceae; Q
S-4-70-19; Q

S-4-70-19 sp007421925; Haloglom
us irregulare

NAY330002758021_Halobaarc@
NAY330002758021.1_00973|~Archaea; M

ethanotecta; Halobacteria; Halobacteriales; Halobacteriales_NA; Halobacteriales_NA; Halobacteriales_NA; Halobacteriales archaeon

G
CA002728565_Thalassarchaeaceaearc@

M
BR18483.1|~Archaea; Diaforarchaea; Thalassoarchaeia; Poseidoniales; Thalassarchaeaceae; M

G
IIb-O

3; M
G

IIb-O
3 sp002728565; Thalassarchaeaceae archaeon

G
CA018238805_Heim

dallarcharc@
G

CA018238805.1_01239|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heim

dallarchaeia archaeon

G
CA018238585_Heim

dallarcharc@
G

CA018238585.1_00127|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heim

dallarchaeia archaeon

G
CA018238245_Heim

dallarcharc@
G

CA018238245.1_00292|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heim

dallarchaeia archaeon

G
CA016840095_Heim

dallarcharc@
G

CA016840095.1_03154|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460; UBA460_NA; Heim

dallarchaeia archaeon

G
CA013166775_Heim

dallarchaeiaarc@
NPD88136.1|~Archaea; Asgardarchaeota; Heim

dallarchaeia; UBA460; UBA460; UBA460; UBA460 sp013166775; Heim
dallarchaeia archaeon

G
CA016839875_Heim

dallarcharc@
G

CA016839875.1_03359|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heim

dallarchaeia archaeon

G
CA019057815_Heim

dallarcharc@
G

CA019057815.1_00065|~Archaea; Asgardarchaeota; Heim
dallarchaeia; UBA460; UBA460; UBA460_NA; UBA460_NA; Heim

dallarchaeia archaeon

G
CA003660845_Pacearchaealesarc@

RLG
12422.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; G

W
2011-AR1; CABM

G
N01; CABM

G
N01_NA; Pacearchaeales archaeon

G
CA016839625_Hodarchaealearc@

G
CA016839625.1_02862|~Archaea; Asgardarchaeota; Heim

dallarchaeia; Hodarchaeales; B3-JM
-08; B3-JM

-08_NA; B3-JM
-08_NA; Hodarchaeales archaeon

G
CA020353515_Hodarchaealesarc@

UCG
01136.1|~Archaea; Asgardarchaeota; Heim

dallarchaeia; Hodarchaeales; B3-JM
-08; B3-JM

-08; B3-JM
-08_NA; Hodarchaeales archaeon

G
CA016840305_Hodarchaealearc@

G
CA016840305.1_01624|~Archaea; Asgardarchaeota; Heim

dallarchaeia; Hodarchaeales; B3-JM
-08; B3-JM

-08; B3-JM
-08_NA; Hodarchaeales archaeon

G
CA016840025_Hodarchaealearc@

G
CA016840025.1_05408|~Archaea; Asgardarchaeota; Heim

dallarchaeia; Hodarchaeales; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales archaeon

G
CA018238965_Prom

etheoarcarc@
G

CA018238965.1_02244|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AM
ARA-1; Prom

etheoarchaeum
; Prom

etheoarchaeum
_NA; Prom

etheoarchaeum
 archaeon

G
CA008000775_Psyntrophicum

@
Q

EE15070.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AM
ARA-1; Prom

etheoarchaeum
; Prom

etheoarchaeum
 syntrophicum

; Prom
etheoarchaeum

 syntrophicum

G
CA018238965_Prom

etheoarcarc@
G

CA018238965.1_02243|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AM
ARA-1; Prom

etheoarchaeum
; Prom

etheoarchaeum
_NA; Prom

etheoarchaeum
 archaeon

G
CA014860485_Bathyarchaeiaarc@

M
BE0633863.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon

G
CA004525915_Bathyarchaeiaarc@

TFH18996.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG
-16-57-9; RBG

-16-57-9_NA; Bathyarchaeia archaeon

G
CA018648905_Bathyarchaeiaarc@

M
BT3285148.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon

G
CA001577155_Bathyarchaeiarc@

G
CA001577155.1_00208|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon TCS64

G
CA020444005_Bathyarchaeiaarc@

M
CB2172252.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon

LAN000001447_Bathyarchaeiarc@
LAN000001447.1_00693|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon

G
CA014729945_Bathyarchaeiaarc@

M
BD3173417.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG

-16-57-9; RBG
-16-57-9_NA; Bathyarchaeia archaeon

GCA007049905_Bathyarchaeiaarc@
TRO49970.1|~Archaea; TACK; Bathyarchaeia; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia archaeon

LAN000000076_Bathyarchaeiarc@
LAN000000076.1_00282|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA016934355_Bathyarchaeiaarc@
M

BN2334841.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA017883585_Bathyarchaeiarc@
GCA017883585.1_01217|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA013329615_Bathyarchaeiaarc@
HIH88570.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941 sp8941u; Bathyarchaeia archaeon

GCA016930055_Bathyarchaeiaarc@
M

BN1682614.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA016867505_Bathyarchaeiaarc@
M

BM
3291758.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA020354535_Bathyarchaeiaarc@
UCH37200.1|~Archaea; TACK; Bathyarchaeia; RBG-16-48-13; RBG-16-48-13_NA; RBG-16-48-13_NA; RBG-16-48-13_NA; Bathyarchaeia archaeon

GCA007049905_Bathyarchaeiaarc@
TRO47128.1|~Archaea; TACK; Bathyarchaeia; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia_NA3; Bathyarchaeia archaeon

GCA002726865_Bathyarchaeiaarc@
M

BQ03883.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; GCA-2726865; GCA-2726865 sp002726865; Bathyarchaeia archaeon

GCA020346605_Bathyarchaeiaarc@
UCD45197.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

LAN000000461_Bathyarchaeiarc@
LAN000000461.1_02323|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA003662205_Bathyarchaeiaarc@
RLI09462.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B46-G15; B46-G15 sp003662205; Bathyarchaeia archaeon

GCA018396695_Bathyarchaeiaarc@
M

BS7631369.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

NAY330001751345_Bathyaarc@
NAY330001751345.1_00368|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B23; B23_NA; Bathyarchaeia archaeon

NAY330002442313_Bathyaarc@
NAY330002442313.1_01312|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B23; B23_NA; Bathyarchaeia archaeon

GCA017601265_TACKarc@
M

BO3804353.1|~Archaea; TACK; EX4484-205; EX4484-205; DTQO01; DTQO01; DTQO01_NA; TACK archaeon

GCA003601775_Bathyarchaeiaarc@
RJS90081.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; PIYN01; PIYN01 sp003601775; Bathyarchaeia archaeon

NAY330001740623_Nezhaaarc@
NAY330001740623.1_00648|~Archaea; TACK; Verstraetearchaeia; Nezhaarchaeales; W

YZ-LM
O8; W

YZ-LM
O8; W

YZ-LM
O8 sp011362155; Nezhaarchaeales archaeon

DEA499822232120_Nezhaaarc@
DEA499822232120.1_01345|~Archaea; TACK; Verstraetearchaeia; Nezhaarchaeales; W

YZ-LM
O8; W

YZ-LM
O8; W

YZ-LM
O8_NA; Nezhaarchaeales archaeon

HUA000263245_Nezhaarchaeaarc@
HUA000263245.1_01585|~Archaea; TACK; Verstraetearchaeia; Nezhaarchaeales; W

YZ-LM
O8; W

YZ-LM
O8; W

YZ-LM
O8 sp004347965; Nezhaarchaeales archaeon

GCA003649345_Therm
ofilalesarc@

RLE81754.1|~Archaea; TACK; Therm
oproteia/Crenarchaeota; Therm

ofilales; B20-G17; B14-G17; B14-G17 sp003649515; Therm
ofilales archaeon

NAY330001488615_Therm
oarc@

NAY330001488615.1_00974|~Archaea; TACK; Therm
oproteia/Crenarchaeota; QM

SL01; QM
SL01; B3-G16; B3-G16 sp003649665; Therm

oproteia/Crenarchaeota archaeon

GCA003649205_Therm
oprotealesarc@

RLE54754.1|~Archaea; TACK; Therm
oproteia/Crenarchaeota; Therm

oproteales; B15-G16; B15-G16; B15-G16 sp003649205; Therm
oproteales archaeon

GCA015520305_Therm
ofilacearc@

GCA015520305.1_00393|~Archaea; TACK; Therm
oproteia/Crenarchaeota; Therm

ofilales; Therm
ofilaceae; Therm

ofilaceae_NA; Therm
ofilaceae_NA; Therm

ofilaceae archaeon

GCA003649495_Therm
ofilaceaearc@

RLE97988.1|~Archaea; TACK; Therm
oproteia/Crenarchaeota; Therm

ofilales; Therm
ofilaceae; B17-G15; B17-G15 sp003649495; Therm

ofilaceae archaeon

GCA019057435_Lokiarchaeiaarc@
GCA019057435.1_01362|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM

01; SDNM
01_NA; Lokiarchaeia archaeon

GCA019058445_Lokiarchaeiaarc@
GCA019058445.1_00473|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM

01; SDNM
01_NA; Lokiarchaeia archaeon

GCA004524515_Lokiarchaeiaarc@
TFG29305.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM

01; SDNM
01 sp004524515; Lokiarchaeia archaeon

GCA019058355_Lokiarchaeiaarc@
GCA019058355.1_05733|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA016930515_Lokiarchaeiaarc@
M

BN1802451.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA004524535_Lokiarchaeiaarc@
TFG25718.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM01; SDNM01 sp004524535; Lokiarchaeia archaeon

GCA019058015_Lokiarchaeiaarc@
GCA019058015.1_00286|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA016839555_Lokiarchaeiaarc@
GCA016839555.1_02826|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8_NA; Lokiarchaeia archaeon

GCA008080765_Lokiarchaeiaarc@
TXT66338.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8 sp008080765; Lokiarchaeia archaeon

GCA014730295_Lokiarchaeiaarc@
MBD3211188.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8_NA; Lokiarchaeia archaeon

GCA004524365_Lokiarchaeiaarc@
TFF99287.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8 sp004524365; Lokiarchaeia archaeon

GCA016926735_Lokiarchaeiaarc@
MBN1216086.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA019894715_Lokiarchaeiaarc@
MBY9007360.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA016933055_Lokiarchaeiaarc@
MBN2156119.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1_NA; Lokiarchaeia archaeon

GCA004524545_Lokiarchaeiaarc@
TFG19954.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1; AMARA-1 sp004524545; Lokiarchaeia archaeon

GCA014729055_Lokiarchaeiaarc@
MBD3353312.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; AMARA-1_NA; AMARA-1_NA; Lokiarchaeia archaeon

GCA007133855_Lokiarchaeiaarc@
GCA007133855.1_00502|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; CR-4_NA; CR-4_NA; CR-4_NA; Lokiarchaeia archaeon

GCA012798355_Lokiarchaeiaarc@
NMC07260.1|~Archaea; Asgardarchaeota; Lokiarchaeia; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia archaeon

GCA014729935_Lokiarchaeiaarc@
MBD3188646.1|~Archaea; Asgardarchaeota; Lokiarchaeia; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia_NA; Lokiarchaeia archaeon

DEA221214256_Helarchaealearc@
DEA221214256.1_02899|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; HEL-GB-B; HEL-GB-B; HEL-GB-B_NA; Helarchaeales archaeon

DEA221618161_Helarchaealearc@
DEA221618161.1_04242|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; HEL-GB-B; HEL-GB-B_NA; HEL-GB-B_NA; Helarchaeales archaeon

GCA005191425_Helarchaealearc@
GCA005191425.1_01101|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; HEL-GB-B; HEL-GB-B; HEL-GB-B sp005191425; Helarchaeales archaeon Hel_GB_B

W
AN000001550_Helarchaealearc@

W
AN000001550.1_01173|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; HEL-GB-B; HEL-GB-B_NA; HEL-GB-B_NA; Helarchaeales archaeon

DEA049935604_Helarchaealearc@
DEA049935604.1_00925|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; RDOG01; RDOG01; RDOG01_NA; Helarchaeales archaeon

DEA022121420_Helarchaealearc@
DEA022121420.1_02556|~Archaea; Asgardarchaeota; Helarchaeia; Helarchaeales; RDOG01; RDOG01_NA; RDOG01_NA; Helarchaeales archaeon

W
AN000001545_Methanofastiarc@

W
AN000001545.1_00689|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3_NA; NM3_NA; Methanofastidiosa archaeon

W
AN000001544_Methanofastiarc@

W
AN000001544.1_00545|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3_NA; NM3_NA; Methanofastidiosa archaeon

GCA004212155_Methanofastidiosaarc@
RZN47089.1|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3; NM3 sp004212155; Methanofastidiosa archaeon

W
AN000001546_Methanofastiarc@

W
AN000001546.1_00490|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3_NA; NM3_NA; Methanofastidiosa archaeon

W
AR000000271_Methanofastiarc@

W
AR000000271.1_01130|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3_NA; NM3_NA; Methanofastidiosa archaeon

W
AR000000270_Methanofastiarc@

W
AR000000270.1_00592|~Archaea; Acherontia; Methanofastidiosa; NM3; NM3; NM3_NA; NM3_NA; Methanofastidiosa archaeon

GCA021158985_Diaforarchaeaarc@
MCD6156732.1|~Archaea; Diaforarchaea; B47-G6; B47-G6B; 47-G6; B47-G6; B47-G6 sp003663585; Diaforarchaea archaeon

GCA011042605_Diaforarchaeaarc@
HDJ50786.1|~Archaea; Diaforarchaea; B47-G6; B47-G6B; 47-G6; B47-G6; B47-G6_NA; Diaforarchaea archaeon

NAY330002648820_Korarcarc@
NAY330002648820.1_00409|~Archaea; TACK; TACK_NA; TACK_NA; TACK_NA; TACK_NA; TACK_NA; Korarchaeia archaeon

NAY330002853419_Thermoarc@
NAY330002853419.1_00812|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus archaeon

GCA013153595_Thermococcusarc@
NPA47442.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp013153595; Thermococcus archaeon

GCA000022365_Tgammatolerans@
ACS33302.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gammatolerans; Thermococcus gammatolerans EJ3

GCA021162705_Tsp@
MCD6523559.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus guaymasensis; Thermococcus sp.

GCF900198835_Thenrietii@
W

P_099211823.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp900198835; Thermococcus henrietii

GCF000265525_Tcleftensis@
W

P_014789480.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus cleftensis; Thermococcus cleftensis

GCF012027355_Tsp@
W

P_167894784.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027355; Thermococcus sp. M36

GCF000966265_Pferrophilus@
W

P_048148432.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus ferrophilus; Palaeococcus ferrophilus DSM 13482

GCA000221185_Tsp@
AEK73966.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp000221185; Thermococcus sp. 4557

GCA012027595_Tsp@
NJF25517.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027595; Thermococcus sp. Bubb.Bath

GCA015522395_Tsp@
GCA015522395.1_01651|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015521485_Tsp@
GCA015521485.1_01101|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCF002214585_Tprofundus@
W

P_088859041.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus profundus; Thermococcus profundus

GCA015523195_Tsp@
GCA015523195.1_01506|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015520695_Tsp@
GCA015520695.1_01511|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015521485_Tsp@
GCA015521485.1_01345|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA000018365_Tonnurineus@
ACJ16520.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus onnurineus; Thermococcus onnurineus NA1

GCF002214385_Tgorgonarius@
WP_088885350.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gorgonarius; Thermococcus gorgonarius

GCF002214525_Tsp@
WP_088882930.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp002214525; Thermococcus sp. P6

GCF002214365_Tceler@
WP_088862694.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus celer; Thermococcus celer Vu 13 = JCM 8558

GCF001316165_Tsp@
GCF001316165.1_01215|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus kodakarensis; Thermococcus sp. JCM 11816

GCA000009965_Tkodakarensis@
BAD84970.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus kodakarensis; Thermococcus kodakarensis KOD1

GCA015520705_Tsp@
GCA015520705.1_00109|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcaceae_NA; Thermococcaceae_NA; Thermococcus sp.

GCA000725425_Ppacificus@
AIF70041.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus pacificus; Palaeococcus pacificus DY20341

GCA021162525_Psp@
MCD6558905.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus sp003663695; Palaeococcus sp.

NAY330002732317_Thermoarc@
NAY330002732317.1_02372|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_C; Thermococcus_C sp002009975; Thermococcus_C archaeon

GCA001433455_Tbarophilus@
ALM75274.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_B; Thermococcus_B barophilus; Thermococcus barophilus

GCA001507935_Thermococcus_Aarc@
KUJ98490.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp000430485; Thermococcus_A archaeon 44_46

GCF000246985_Tlitoralis@
WP_004067414.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A litoralis; Thermococcus litoralis DSM 5473

GCA011039715_Tlitoralis@
HDD31924.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A_NA; Thermococcus litoralis

GCF000430485_Tsp@
WP_042699285.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp000430485; Thermococcus sp. PK

NAY330001753338_Thermoarc@
NAY330001753338.1_00194|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A_NA; Thermococcus_A archaeon

GCA011374335_Tlitoralis@
HHI00988.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A_NA; Thermococcus litoralis

GCA000022545_Tsibiricus@
ACS90269.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sibiricus; Thermococcus sibiricus MM 739

GCA012027425_Tsp@
NJE25701.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp012027425; Thermococcus sp. MV5

GCA000215995_Pyayanosii@
AEH24281.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus yayanosii; Pyrococcus yayanosii CH1

GCA000007305_Pfuriosus@
AAL81671.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus furiosus; Pyrococcus furiosus DSM 3638

GCA003660485_Pyrococcusarc@
RLF91247.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp003660485; Pyrococcus archaeon

GCA000011105_Phorikoshii@BAA30637.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus horikoshii; Pyrococcus horikoshii OT3

GCF000263735_Psp@WP_014734512.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp000263735; Pyrococcus sp. ST04

GCA015520695_Tsp@GCA015520695.1_01707|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015522535_Tsp@GCA015522535.1_00642|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA000221185_Tsp@AEK72578.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp000221185; Thermococcus sp. 4557

GCF002214585_Tprofundus@WP_088858522.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus profundus; Thermococcus profundus

GCA015521485_Tsp@GCA015521485.1_01354|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA012027595_Tsp@NJF25923.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027595; Thermococcus sp. Bubb.Bath

GCA021162705_Tsp@MCD6524232.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus guaymasensis; Thermococcus sp.

GCA000022365_Tgammatolerans@ACS33363.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gammatolerans; Thermococcus gammatolerans EJ3

GCF000265525_Tcleftensis@WP_014788152.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus cleftensis; Thermococcus cleftensis

GCF900198835_Thenrietii@WP_099210351.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp900198835; Thermococcus henrietii

NAY330002853419_Thermoarc@NAY330002853419.1_00766|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus archaeon

GCA015523195_Tsp@GCA015523195.1_00296|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCF002214385_Tgorgonarius@WP_088884916.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gorgonarius; Thermococcus gorgonarius

GCA000018365_Tonnurineus@ACJ15854.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus onnurineus; Thermococcus onnurineus NA1

GCF012027355_Tsp@WP_167895200.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027355; Thermococcus sp. M36

GCA000009965_Tkodakarensis@BAD85366.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus kodakarensis; Thermococcus kodakarensis KOD1

GCF002214365_Tceler@WP_088863707.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus celer; Thermococcus celer Vu 13 = JCM 8558

GCF002214525_Tsp@WP_088882813.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp002214525; Thermococcus sp. P6

GCA015520705_Tsp@GCA015520705.1_02457|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcaceae_NA; Thermococcaceae_NA; Thermococcus sp.

GCA003660485_Pyrococcusarc@RLF91989.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp003660485; Pyrococcus archaeon

GCA000011105_Phorikoshii@BAA30940.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus horikoshii; Pyrococcus horikoshii OT3

GCF000263735_Psp@WP_014734835.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp000263735; Pyrococcus sp. ST04

GCA000007305_Pfuriosus@AAL81985.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus furiosus; Pyrococcus furiosus DSM 3638

GCA000215995_Pyayanosii@AEH23809.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus yayanosii; Pyrococcus yayanosii CH1

GCA021162525_Psp@MCD6558643.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus sp003663695; Palaeococcus sp.

GCF000966265_Pferrophilus@WP_048151766.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus ferrophilus; Palaeococcus ferrophilus DSM 13482

GCA000725425_Ppacificus@AIF69491.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus pacificus; Palaeococcus pacificus DY20341

GCF000430485_Tsp@WP_042701065.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp000430485; Thermococcus sp. PK

GCA001507935_Thermococcus_Aarc@KUJ99275.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp000430485; Thermococcus_A archaeon 44_46

GCF000246985_Tlitoralis@WP_004068515.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A litoralis; Thermococcus litoralis DSM 5473

GCA011374335_Tlitoralis@HHI00440.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A_NA; Thermococcus litoralis

GCA000022545_Tsibiricus@ACS90560.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sibiricus; Thermococcus sibiricus MM 739

GCA012027425_Tsp@NJE26660.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp012027425; Thermococcus sp. MV5

GCA001433455_Tbarophilus@ALM74768.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_B; Thermococcus_B barophilus; Thermococcus barophilus

NAY330002732317_Thermoarc@NAY330002732317.1_00847|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_C; Thermococcus_C sp002009975; Thermococcus_C archaeon

GCA015523125_Aciduliprofuarc@GCA015523125.1_01522|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA013154005_Aciduliprofundaceaearc@NPA75046.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01 sp013154005; Aciduliprofundaceae archaeon

GCA015521465_Aciduliprofuarc@GCA015521465.1_01061|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015520575_Aciduliprofuarc@GCA015520575.1_00262|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015520985_Aciduliprofuarc@GCA015520985.1_01079|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015520975_Aciduliprofuarc@GCA015520975.1_00603|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA015522935_Aciduliprofuarc@GCA015522935.1_00938|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015522545_Aciduliprofuarc@GCA015522545.1_00384|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA002255165_Aciduliprofundaceaearc@OYT60580.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon ex4484_178

NAY330000777214_Acidularc@NAY330000777214.1_00787|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundum; Aciduliprofundum_NA; Aciduliprofundum archaeon

GCA000025665_Aboonei@ADD09132.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundum; Aciduliprofundum boonei; Aciduliprofundum boonei T469

GCA021160945_Aciduliprofundaceaearc@MCD6370382.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA002255165_Aciduliprofundaceaearc@OYT59524.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon ex4484_178

GCA015522955_Aciduliprofuarc@GCA015522955.1_01175|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

NAY330002732336_Acidularc@NAY330002732336.1_01013|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; JdFR-45; JdFR-45; JdFR-45 sp002011395; Aciduliprofundales archaeon

GCA019594025_Haloplasmataarc@GCA019594025.1_01062|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWKY01; PWKY01_NA; Haloplasmataceae archaeon

GCA003560595_Haloplasmataarc@GCA003560595.1_00832|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWKY01; PWKY01 sp003560595; Haloplasmataceae archaeon

GCA007133925_Haloplasmataarc@GCA007133925.1_00103|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWKY01; PWKY01 sp007133925; Haloplasmataceae archaeon

NAY330002778447_Haloplarc@NAY330002778447.1_01656|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWKY01; PWKY01 sp003553085; Haloplasmataceae archaeon

GCA003552585_Haloplasmataarc@GCA003552585.1_01081|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PUNK01; PUNK01 sp003552585; Haloplasmataceae archaeon

GCA019594305_Haloplasmataarc@GCA019594305.1_00241|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; SKVC01; SKVC01_NA; Haloplasmataceae archaeon

GCA019594055_Haloplasmataarc@GCA019594055.1_00204|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; SKVC01; SKVC01_NA; Haloplasmataceae archaeon

GCA007130065_Haloplasmataarc@GCA007130065.1_00355|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; SKVC01; SKVC01_NA; Haloplasmataceae archaeon

GCA019594065_Haloplasmataarc@GCA019594065.1_00221|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; SKVC01; SKVC01 sp007129655; Haloplasmataceae archaeon

GCA019594235_Haloplasmataarc@GCA019594235.1_01489|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; B1SED10-34; B1SED10-34_NA; Haloplasmataceae archaeon

GCA019594565_Haloplasmataarc@GCA019594565.1_00392|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; B1SED10-34; B1SED10-34_NA; Haloplasmataceae archaeon

GCA003551065_Haloplasmataarc@GCA003551065.1_01304|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; B1SED10-34; B1SED10-34 sp003551065; Haloplasmataceae archaeon

GCA018610145_Haloplasmataarc@GCA018610145.1_00483|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA019594505_Haloplasmataarc@GCA019594505.1_00913|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA019594195_Haloplasmataarc@GCA019594195.1_00282|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA019594135_Haloplasmataarc@GCA019594135.1_00184|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA018334835_Haloplasmataceaearc@MBS3790086.1|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA018334755_Haloplasmataceaearc@MBS3816581.1|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA019594485_Haloplasmataarc@GCA019594485.1_00614|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; Haloplasmataceae_NA; Haloplasmataceae_NA; Haloplasmataceae archaeon

GCA003551675_Haloplasmataarc@GCA003551675.1_00880|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWHR01; PWHR01 sp003551675; Haloplasmataceae archaeon

GCA003555395_Haloplasmataarc@GCA003555395.1_00982|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWHR01; PWHR01 sp003555395; Haloplasmataceae archaeon

GCA003554965_Haloplasmataarc@GCA003554965.1_00688|~Archaea; Diaforarchaea; Thermoplasmata; Haloplasmatales; Haloplasmataceae; PWHR01; PWHR01 sp003554965; Haloplasmataceae archaeon

NAY330001101343_Thermoarc@NAY330001101343.1_00308|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5_NA; SG8-5_NA; SG8-5_NA; Thermoplasmata archaeon

NAY330002017115_Thermoarc@NAY330002017115.1_01506|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5; UBA147; UBA147 sp013791785; Thermoplasmata archaeon

GCA002496385_Thermoplasmaarc@GCA002496385.1_01067|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5; UBA147; UBA147 sp002496385; Thermoplasmata archaeon UBA147

GCA002499085_Thermoplasmaarc@GCA002499085.1_00793|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5; UBA147; UBA147 sp002499085; Thermoplasmata archaeon UBA280

NAY330002791799_Thermoarc@NAY330002791799.1_01471|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5; SG8-5; SG8-5 sp001595885; Thermoplasmata archaeon

GCA020697715_Thermoplasmaarc@GCA020697715.1_00435|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5_NA; SG8-5_NA; SG8-5_NA; Thermoplasmata archaeon

GCA016214785_Thermoplasmataarc@MBI5001379.1|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5_NA; SG8-5_NA; SG8-5_NA; Thermoplasmata archaeon

GCA018813845_Gimiplasmatalesarc@MBU0623870.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

NAY330001312937_Gimiplarc@NAY330001312937.1_01757|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA020725925_Gimiplasmataarc@GCA020725925.1_01939|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA016930135_Gimiplasmatalesarc@MBN1677414.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA001800815_Gimiplasmatalesarc@OGS55671.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21 sp001800815; Gimiplasmatales archaeon RBG_19FT_COMBO_56_21

GCA018814355_Gimiplasmatalesarc@MBU0684816.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; COMBO-56-21; COMBO-56-21_NA; Gimiplasmatales archaeon

GCA018818785_Gimiplasmatalesarc@MBU1158333.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; UBA9653; UBA9653_NA; Gimiplasmatales archaeon

GCA013329135_Gimiplasmatalesarc@HĲ17814.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; UBA9653; UBA9653 sp9653u; Gimiplasmatales archaeon

GCA020347645_Gimiplasmatalesarc@UCE81340.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA020348345_Gimiplasmatalesarc@UCE45658.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA020347565_Gimiplasmatalesarc@UCE90884.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA013331315_Gimiplasmatalesarc@HIH00521.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; UBA10834 sp10834u; Gimiplasmatales archaeon

GCA020696365_Gimiplasmataarc@GCA020696365.1_00233|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; UBA10834; Gimiplasmatales; Gimiplasmatales_NA; Gimiplasmatales archaeon

GCA011355145_Gimiplasmatalesarc@HGD08079.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; DTMW01; DTMW01; DTMW01 sp011355145; Gimiplasmatales archaeon

GCA011046235_Gimiplasmatalesarc@HDP96131.1|~Archaea; Diaforarchaea; Thermoplasmata; Gimiplasmatales; DTMW01; DSAX01; DSAX01 sp011046235; Gimiplasmatales archaeon

HUA000263247_Methanomassiarc@HUA000263247.1_01022|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JACIVX01; JACIVX01; JACIVX01_NA; Methanomassiliicoccales archaeon

NAY3300027863173_Metharc@NAY3300027863173.1_01327|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JACIVX01; JACIVX01; JACIVX01 sp011334735; Methanomassiliicoccales archaeon

CHE222161552149_Methanarc@CHE222161552149.1_00883|~Archaea; Diaforarchaea; Thermoplasmata; Methanomassiliicoccales; JAAEEP01; JAAEEP01_NA; JAAEEP01_NA; Methanomassiliicoccales archaeon

NAY330002789658_Thermoarc@NAY330002789658.1_01033|~Archaea; Diaforarchaea; Thermoplasmata; DTKX01; DTKX01_NA; DTKX01_NA; DTKX01_NA; Thermoplasmata archaeon

GCA016550495_Hermodarchaearc@GCA016550495.1_00290|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550425_Hermodarchaearc@GCA016550425.1_00489|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550415_Hermodarchaearc@GCA016550415.1_03105|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550405_Hermodarchaearc@GCA016550405.1_00207|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016840185_Hermodarchaearc@GCA016840185.1_00318|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016840065_Hermodarchaearc@GCA016840065.1_00800|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCA016550485_Hermodarchaearc@GCA016550485.1_00661|~Archaea; Asgardarchaeota; Hermodarchaeia; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia_NA; Hermodarchaeia archaeon

GCF000246985_Tlitoralis@WP_004067771.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A litoralis; Thermococcus litoralis DSM 5473

GCA001507935_Thermococcus_Aarc@KUK00023.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp000430485; Thermococcus_A archaeon 44_46

GCA000022545_Tsibiricus@ACS89205.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sibiricus; Thermococcus sibiricus MM 739

GCA012027425_Tsp@NJE26010.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_A; Thermococcus_A sp012027425; Thermococcus sp. MV5

NAY330002732317_Thermoarc@NAY330002732317.1_00921|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_C; Thermococcus_C sp002009975; Thermococcus_C archaeon

GCA021162525_Psp@MCD6558529.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus sp003663695; Palaeococcus sp.

GCA000725425_Ppacificus@AIF69996.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus pacificus; Palaeococcus pacificus DY20341

GCA001433455_Tbarophilus@ALM74813.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus_B; Thermococcus_B barophilus; Thermococcus barophilus

GCF900198835_Thenrietii@WP_099210593.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp900198835; Thermococcus henrietii

NAY330002853419_Thermoarc@NAY330002853419.1_00586|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus archaeon

GCF000265525_Tcleftensis@WP_014787973.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus cleftensis; Thermococcus cleftensis

GCF002214385_Tgorgonarius@WP_088885514.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gorgonarius; Thermococcus gorgonarius

GCF012027355_Tsp@WP_167894990.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027355; Thermococcus sp. M36

GCF000966265_Pferrophilus@WP_048148129.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Palaeococcus; Palaeococcus ferrophilus; Palaeococcus ferrophilus DSM 13482

GCA021162705_Tsp@MCD6523872.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus guaymasensis; Thermococcus sp.

GCA000018365_Tonnurineus@ACJ16057.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus onnurineus; Thermococcus onnurineus NA1

GCA004366975_Geoglobusarc@GCA004366975.1_01129|~Archaea; Methanotecta; Archaeoglobi; Archaeoglobales; Archaeoglobaceae; Geoglobus; Geoglobus sp002494725; Geoglobus archaeon

GCF000789255_Gacetivorans@AIY90314.1|~Archaea; Methanotecta; Archaeoglobi; Archaeoglobales; Archaeoglobaceae; Geoglobus; Geoglobus acetivorans; Geoglobus acetivorans

GCA015522195_Gsp@GCA015522195.1_00849|~Archaea; Methanotecta; Archaeoglobi; Archaeoglobales; Archaeoglobaceae; Geoglobus; Geoglobus_NA; Geoglobus sp.

GCA000215995_Pyayanosii@AEH25551.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus yayanosii; Pyrococcus yayanosii CH1

GCA013153595_Thermococcusarc@NPA47696.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp013153595; Thermococcus archaeon

GCA000007305_Pfuriosus@AAL80493.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus furiosus; Pyrococcus furiosus DSM 3638

GCA000011105_Phorikoshii@BAA29607.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus horikoshii; Pyrococcus horikoshii OT3

GCF000263735_Psp@WP_081482828.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp000263735; Pyrococcus sp. ST04

GCA003660485_Pyrococcusarc@RLF87424.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp003660485; Pyrococcus archaeon

NAY330002146912_Verstrarc@NAY330002146912.1_00261|~Archaea; TACK; Verstraetearchaeia; B29-G17; B10-G16; B10-G16; B10-G16 sp003649185; Verstraetearchaeia archaeon

GCA015523455_Asp@GCA015523455.1_01517|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; Aeropyrum; Aeropyrum_NA; Aeropyrum sp.

GCA000011125_Apernix@BAA80327.2|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; Aeropyrum; Aeropyrum pernix; Aeropyrum pernix K1

GCA015523465_Aeropyrumarc@GCA015523465.1_01380|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; Aeropyrum; Aeropyrum_NA; Aeropyrum archaeon

GCA015521095_Acidilobaceaarc@GCA015521095.1_00262|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; JAADGB01; JAADGB01_NA; Acidilobaceae archaeon

GCA015523485_Acidilobaceaarc@GCA015523485.1_01302|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; JAADGB01; JAADGB01_NA; Acidilobaceae archaeon

GCA015521085_Acidilobaceaarc@GCA015521085.1_00525|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; JAADGB01; JAADGB01_NA; Acidilobaceae archaeon

GCA015521175_Acidilobaceaarc@GCA015521175.1_00225|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; JAADGB01; JAADGB01_NA; Acidilobaceae archaeon

GCA015522645_Sulfolobalesarc@GCA015522645.1_00807|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

NAY330002803022_Sulfolarc@NAY330002803022.1_00591|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

GCA015522635_Sulfolobalesarc@GCA015522635.1_01288|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

GCA015521205_Sulfolobalesarc@GCA015521205.1_00645|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

GCA013154355_Thermocladiaceaearc@NPB00595.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermoproteales; Thermocladiaceae; JAADER01; JAADER01 sp013154355; Thermocladiaceae archaeon

GCA013153275_Thermocladiaceaearc@NPA23174.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermoproteales; Thermocladiaceae; JAADER01; JAADER01 sp013153275; Thermocladiaceae archaeon

NAY330002841729_Thermoarc@NAY330002841729.1_00756|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermoproteales; Thermocladiaceae; JAADER01; JAADER01_NA; Thermocladiaceae archaeon

GCA011041645_Thermoproteiaarc@HDJ84053.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Thermoproteia/Crenarchaeota archaeon

GCA015521735_Sulfolobalesarc@GCA015521735.1_00359|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

GCA015520265_Sulfolobalesarc@GCA015520265.1_00939|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeon

GCA015520365_Conexivisphaarc@GCA015520365.1_00801|~Archaea; TACK; Nitrososphaeria/Thaumarchaeota; Conexivisphaerales; Conexivisphaerales_NA; Conexivisphaerales_NA; Conexivisphaerales_NA; Conexivisphaerales archaeon

GCA015521705_Acidilobaceaarc@GCA015521705.1_00196|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Acidilobaceae; Acidilobaceae_NA; Acidilobaceae_NA; Acidilobaceae archaeon

GCA015520575_Aciduliprofuarc@GCA015520575.1_00396|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015521465_Aciduliprofuarc@GCA015521465.1_01143|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015523125_Aciduliprofuarc@GCA015523125.1_00608|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA013154005_Aciduliprofundaceaearc@NPA75972.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01 sp013154005; Aciduliprofundaceae archaeon

GCA015520985_Aciduliprofuarc@GCA015520985.1_00246|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

GCA015522965_Aciduliprofuarc@GCA015522965.1_00637|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA015522935_Aciduliprofuarc@GCA015522935.1_00333|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; JAADDK01; JAADDK01_NA; Aciduliprofundaceae archaeon

NAY330000777214_Acidularc@NAY330000777214.1_00802|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundum; Aciduliprofundum_NA; Aciduliprofundum archaeon

GCA002255165_Aciduliprofundaceaearc@OYT60020.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon ex4484_178

GCA000025665_Aboonei@ADD09240.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundum; Aciduliprofundum boonei; Aciduliprofundum boonei T469

GCA015522955_Aciduliprofuarc@GCA015522955.1_00793|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA021163705_Aciduliprofundaceaearc@MCD6276032.1|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA015520975_Aciduliprofuarc@GCA015520975.1_01016|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; Aciduliprofundaceae; Aciduliprofundaceae_NA; Aciduliprofundaceae_NA; Aciduliprofundaceae archaeon

GCA003649695_Thermoplasmataarc@RLF29464.1|~Archaea; Diaforarchaea; Thermoplasmata; B87-G9; B87-G9; B87-G9; B87-G9 sp003649695; Thermoplasmata archaeon

NAY330002546211_Thermoarc@NAY330002546211.1_00645|~Archaea; Diaforarchaea; Thermoplasmata; ARK-15; ARK-15; ARK-15_NA; ARK-15_NA; Thermoplasmata archaeon

GCA009758405_Thermoplasmataarc@MVT36137.1|~Archaea; Diaforarchaea; Thermoplasmata; ARK-15; ARK-15; ARK-15; ARK-15 sp009758405; Thermoplasmata archaeon

NAY330002732336_Acidularc@NAY330002732336.1_00541|~Archaea; Diaforarchaea; Thermoplasmata; Aciduliprofundales; JdFR-45; JdFR-45; JdFR-45 sp002011395; Aciduliprofundales archaeon

GCA011042605_Diaforarchaeaarc@HDJ50785.1|~Archaea; Diaforarchaea; B47-G6; B47-G6B; 47-G6; B47-G6; B47-G6_NA; Diaforarchaea archaeon

GCA021162855_Diaforarchaeaarc@MCD6502684.1|~Archaea; Diaforarchaea; B47-G6; B47-G6B; 47-G6; B47-G6; B47-G6 sp003663565; Diaforarchaea archaeon

GCA021158985_Diaforarchaeaarc@MCD6156731.1|~Archaea; Diaforarchaea; B47-G6; B47-G6B; 47-G6; B47-G6; B47-G6 sp003663585; Diaforarchaea archaeon

GCA011362025_Jordarchaeiaarc@HGU09992.1|~Archaea; Asgardarchaeota; Jordarchaeia; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia archaeon

GCA011364305_Jordarchaeiaarc@HGM84202.1|~Archaea; Asgardarchaeota; Jordarchaeia; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia archaeon

NAY330001491144_Jordararc@NAY330001491144.1_00213|~Archaea; Asgardarchaeota; Jordarchaeia; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia archaeon

GCA019056875_Jmadagascariens@GCA019056875.1_00589|~Archaea; Asgardarchaeota; Jordarchaeia; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeia_NA; Jordarchaeum madagascariense

GCA016840425_Wyapensis@GCA016840425.1_01628|~Archaea; Asgardarchaeota; Heimdallarchaeia; Wukongarchaeales; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeales_NA; Wukongarchaeum yapensis

GCA000022365_Tgammatolerans@ACS33869.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gammatolerans; Thermococcus gammatolerans EJ3

GCF900198835_Thenrietii@WP_099210607.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp900198835; Thermococcus henrietii

GCA021162705_Tsp@MCD6523643.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus guaymasensis; Thermococcus sp.

GCA000221185_Tsp@AEK72276.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp000221185; Thermococcus sp. 4557

GCA000018365_Tonnurineus@ACJ16114.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus onnurineus; Thermococcus onnurineus NA1

GCF000265525_Tcleftensis@WP_014787928.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus cleftensis; Thermococcus cleftensis

GCF002214385_Tgorgonarius@WP_088885029.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus gorgonarius; Thermococcus gorgonarius

GCA015522395_Tsp@GCA015522395.1_00079|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015523195_Tsp@GCA015523195.1_00780|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015520695_Tsp@GCA015520695.1_02365|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus_NA; Thermococcus sp.

GCA015520705_Tsp@GCA015520705.1_01139|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcaceae_NA; Thermococcaceae_NA; Thermococcus sp.

GCF002214585_Tprofundus@WP_088857844.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus profundus; Thermococcus profundus

GCA000009965_Tkodakarensis@BAD84964.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus kodakarensis; Thermococcus kodakarensis KOD1

GCA012027595_Tsp@NJF24650.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027595; Thermococcus sp. Bubb.Bath

GCF012027355_Tsp@WP_167894942.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp012027355; Thermococcus sp. M36

GCF002214525_Tsp@WP_088882629.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp002214525; Thermococcus sp. P6

GCF002214365_Tceler@WP_088862786.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus celer; Thermococcus celer Vu 13 = JCM 8558

GCF000263735_Psp@WP_014733858.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus sp000263735; Pyrococcus sp. ST04

GCA000011105_Phorikoshii@BAA29828.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Pyrococcus; Pyrococcus horikoshii; Pyrococcus horikoshii OT3

GCA013153595_Thermococcusarc@NPA47360.1|~Archaea; Acherontia; Thermococci; Thermococcales; Thermococcaceae; Thermococcus; Thermococcus sp013153595; Thermococcus archaeon

NAY330002218818_Thermoarc@NAY330002218818.1_00131|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5_NA; SG8-5_NA; SG8-5_NA; Thermoplasmata archaeon

NAY330001101343_Thermoarc@NAY330001101343.1_00824|~Archaea; Diaforarchaea; Thermoplasmata; SG8-5; SG8-5_NA; SG8-5_NA; SG8-5_NA; Thermoplasmata archaeon

GCA016840025_Hodarchaealearc@GCA016840025.1_00956|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales archaeon

GCA016839955_Hodarchaealearc@GCA016839955.1_03799|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales_NA; Hodarchaeales archaeon

GCA016839625_Hodarchaealearc@GCA016839625.1_01641|~Archaea; Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; B3-JM-08; B3-JM-08_NA; B3-JM-08_NA; Hodarchaeales archaeon

GCA004524515_Lokiarchaeiaarc@TFG27234.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM01; SDNM01 sp004524515; Lokiarchaeia archaeon

GCA019058445_Lokiarchaeiaarc@GCA019058445.1_01784|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SDNM01; SDNM01_NA; Lokiarchaeia archaeon

GCA004524325_Lokiarchaeiaarc@TFF96116.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA016930515_Lokiarchaeiaarc@MBN1802161.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA019057355_Lokiarchaeiaarc@GCA019057355.1_02667|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA019894955_Lokiarchaeiaarc@MBY9003758.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01; SOKP01_NA; Lokiarchaeia archaeon

GCA016839905_Lokiarchaeiaarc@GCA016839905.1_00174|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA014730295_Lokiarchaeiaarc@MBD3214731.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8_NA; Lokiarchaeia archaeon

GCA019894715_Lokiarchaeiaarc@MBY9006913.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA016926735_Lokiarchaeiaarc@MBN1214713.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01_NA; SOKP01_NA; Lokiarchaeia archaeon

GCA014730125_Lokiarchaeiaarc@MBD3197108.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; TEKIR-8; TEKIR-8_NA; Lokiarchaeia archaeon

GCA001940655_Lokiarchaeiaarc@OLS12337.1|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; CR-4; CR-4; CR-4 sp001940655; Lokiarchaeia archaeon CR_4

GCA014729945_Bathyarchaeiaarc@MBD3171425.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

LAN000001447_Bathyarchaeiarc@LAN000001447.1_00488|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA004525915_Bathyarchaeiaarc@TFH18531.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA018648905_Bathyarchaeiaarc@MBT3283257.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA001577155_Bathyarchaeiarc@GCA001577155.1_01736|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon TCS64

GCA014730055_Bathyarchaeiaarc@MBD3206993.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA001775965_Bathyarchaeiaarc@OGD54582.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9 sp001775965; Bathyarchaeia archaeon RBG_13_60_20

GCA016934355_Bathyarchaeiaarc@MBN2335836.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

LAN000000076_Bathyarchaeiarc@LAN000000076.1_01605|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; RBG-16-57-9; RBG-16-57-9_NA; Bathyarchaeia archaeon

GCA016783455_Bathyarchaeiaarc@MBL7167582.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA020346605_Bathyarchaeiaarc@UCD45326.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

LAN000000461_Bathyarchaeiarc@LAN000000461.1_02455|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA002726865_Bathyarchaeiaarc@MBQ04653.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; GCA-2726865; GCA-2726865 sp002726865; Bathyarchaeia archaeon

GCA014381835_Bathyarchaeiaarc@MBC8223397.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; GCA-2726865; GCA-2726865 sp014381835; Bathyarchaeia archaeon

GCA004377395_Bathyarchaeiaarc@TEU11504.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeon

GCA003662205_Bathyarchaeiaarc@RLI09248.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; B46-G15; B46-G15 sp003662205; Bathyarchaeia archaeon

GCA001774245_Bathyarchaeiaarc@OGD59943.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941 sp001774245; Bathyarchaeia archaeon RBG_13_52_12

GCA017883585_Bathyarchaeiarc@GCA017883585.1_01229|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA013329615_Bathyarchaeiaarc@HIH89121.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941 sp8941u; Bathyarchaeia archaeon

GCA016867505_Bathyarchaeiaarc@MBM3292278.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA016930055_Bathyarchaeiaarc@MBN1683312.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; UBA8941; UBA8941_NA; Bathyarchaeia archaeon

GCA000025625_Nmagadii@ADD07194.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Natrialba; Natrialba magadii; Natrialba magadii ATCC 43099

GCF000383975_Ntibetense@WP_006091154.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Natrialbaceae; Natronorubrum; Natronorubrum tibetense; Natronorubrum tibetense GA33

GCF008831545_Hsp@WP_158059124.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Halorussus; Halorussus sp008831545; Halorussus sp. ZS-3

GCF001542905_Haethiopicum@WP_066416839.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; Halorubrum; Halorubrum aethiopicum; Halorubrum aethiopicum

GCF004765805_Hsp@WP_135830254.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Halorussus; Halorussus sp004765805; Halorussus sp. HD8-83

GCF000376445_Hpaucihalophilus@WP_007982046.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Haladaptatus; Haladaptatus paucihalophilus; Haladaptatus paucihalophilus DX253
GCF020700235_Hpallidirubidus@WP_227774147.1|~Archaea; Methanotecta; Halobacteria; Halobacteriales; Haladaptataceae; Haladaptatus; Haladaptatus_NA; Haladaptatus pallidirubidus
GCA003661265_Korarchaealesarc@RLG41357.1|~Archaea; TACK; Korarchaeia; Korarchaeales; QMVU01; QMVU01; QMVU01 sp003661265; Korarchaeales archaeon
GCA003661365_Korarchaealesarc@RLG50684.1|~Archaea; TACK; Korarchaeia; Korarchaeales; QMVU01; QMVU01; QMVU01 sp003661365; Korarchaeales archaeon
NAY330001739824_Sulfolarc@NAY330001739824.1_00960|~Archaea; TACK; Thermoproteia/Crenarchaeota; Sulfolobales; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales_NA; Sulfolobales archaeonGCA003649235_Thermofilalesarc@RLE63150.1|~Archaea; TACK; Thermoproteia/Crenarchaeota; Thermofilales; B69-G16; B69-G16; B69-G16 sp003649235; Thermofilales archaeonGCA021163375_Aigarchaealesarc@MCD6535676.1|~Archaea; TACK; Nitrososphaeria/Thaumarchaeota; Aigarchaeales; NZ13-MGT; EX4484-121; EX4484-121_NA; Aigarchaeales archaeonGCA019057975_Lokiarchaeiaarc@GCA019057975.1_02217|~Archaea; Asgardarchaeota; Lokiarchaeia; CR-4; SOKP01; SOKP01; SOKP01_NA; Lokiarchaeia archaeonGCA018396695_Bathyarchaeiaarc@MBS7630816.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeonGCA018396865_Bathyarchaeiaarc@MBS7652411.1|~Archaea; TACK; Bathyarchaeia; TCS64; TCS64; TCS64_NA; TCS64_NA; Bathyarchaeia archaeonGCA001587575_Mmethylthiophilus@KYC50705.1|~Archaea; Acherontia; Methanofastidiosa; Methanofastidiosales; Methanofastidiosaceae; Methanofastidiosum; Methanofastidiosum sp001587575; Methanofastidiosum methylthiophilus

NAY330002567759_Methanarc@NAY330002567759.1_00240|~Archaea; Acherontia; Methanofastidiosa; Methanofastidiosales; Methanofastidiosaceae; Methanofastidiosum; Methanofastidiosum sp001587595; Methanofastidiosum archaeon

NAY330002585944_Methanarc@NAY330002585944.1_01257|~Archaea; Acherontia; Methanofastidiosa; Methanofastidiosales; Methanofastidiosaceae; Methanofastidiosum; Methanofastidiosum_NA; Methanofastidiosum archaeon

GCA020854815_Msp@MCC7572346.1|~Archaea; Acherontia; Methanofastidiosa; Methanofastidiosales; Methanofastidiosaceae; Methanofastidiosum; Methanofastidiosum_NA; Methanofastidiosum sp.

GCA003558335_Methanofastiarc@GCA003558335.1_01056|~Archaea; Acherontia; Methanofastidiosa; Methanofastidiosales; Methanofastidiosaceae; Methanofastidiosum; Methanofastidiosum sp003558335; Methanofastidiosum archaeon

NAY330002572769_Nanoararc@NAY330002572769.1_00613|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018694635_Nanoarchaeiaarc@MBT6941446.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA016845225_Nanoarchaeiaarc@GCA016845225.1_00625|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY330002434464_Nanoararc@NAY330002434464.1_00164|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018655015_Nanoarchaeiaarc@MBT3865503.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018658265_Nanoarchaeiaarc@MBT4577301.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018302985_Nanoarchaeiaarc@MBS3144381.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY330002781580_Nanoararc@NAY330002781580.1_00416|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY3300027819115_Nanoarc@NAY3300027819115.1_00266|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA016177265_Nanoarchaeiaarc@MBI1972966.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA002505585_Nanoarchaeiaarc@GCA002505585.1_00562|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489; UBA489 sp002505585; Nanoarchaeia archaeon UBA489

GCA002688745_Nanoarchaeiaarc@MAG78514.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR17; GW2011-AR17_NA; GW2011-AR17_NA; Nanoarchaeia archaeon

GCA018648525_Nanoarchaeiaarc@MBT3324021.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR17; GW2011-AR17_NA; GW2011-AR17_NA; Nanoarchaeia archaeon

GCA014729555_Woesearchaealesarc@MBD3304591.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; ARS49; ARS49_NA; ARS49_NA; Woesearchaeales archaeon

GCA016181215_Nanoarchaeiaarc@MBI2110120.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY330002405487_Nanoararc@NAY330002405487.1_00058|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA020056315_Diapherotritarc@GCA020056315.1_00119|~Archaea; DPANN; Diapherotrites; Diapherotritales; UBA10191; UBA10191_NA; UBA10191_NA; Diapherotritales archaeon

GCA016867455_Diapherotritalesarc@MBM3282369.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales archaeon

GCA020053155_Diapherotritarc@GCA020053155.1_00298|~Archaea; DPANN; Diapherotrites; Diapherotritales; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales archaeon

GCA016699555_Diapherotritalesarc@QQR92777.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales archaeon

GCA016432305_Nanoarchaeiaarc@QQG38640.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY3300027819125_Nanoarc@NAY3300027819125.1_00532|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; PNOQ01; PNOQ01_NA; PNOQ01_NA; Nanoarchaeia archaeon

GCA018813975_Diapherotritalesarc@MBU0636516.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; UBA10191; UBA10191_NA; UBA10191_NA; Diapherotritales archaeon

GCA017608295_Woesearchaeaarc@GCA017608295.1_00117|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA018302335_Woesearchaealesarc@MBS3164996.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA002762705_Woesearchaealesarc@PIN69369.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; CG08-08-20-14; CG08-08-20-14; CG08-08-20-14 sp002762705; Woesearchaeales archaeon CG11_big_fil_rev_8_21_14_0_20_43_8

GCA016202725_Aenigmatarchaeiaarc@MBI4182096.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZZ01; QMZZ01_NA; QMZZ01_NA; Aenigmatarchaeia archaeon

GCA016198585_Aenigmatarchaeiaarc@MBI4021352.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA018816245_Aenigmatarchaeiaarc@MBU0953220.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZZ01; QMZZ01_NA; QMZZ01_NA; Aenigmatarchaeia archaeon

GCA016198125_Diapherotritalesarc@MBI4044026.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales_NA; Diapherotritales archaeon

GCA016193585_Aenigmatarchaeia_Aarc@MBI2971631.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

NAY3300027819103_Aeniarc@NAY3300027819103.1_00130|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016187365_Aenigmatarchaeia_Aarc@MBI2579287.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016180925_Aenigmatarchaeia_Aarc@MBI2172997.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016213535_Aenigmatarchaeia_Aarc@MBI4896520.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016202845_Aenigmatarchaeia_Aarc@MBI4162214.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016184005_Aenigmatarchaeia_Aarc@MBI2232580.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016187335_Aenigmatarchaeia_Aarc@MBI2578830.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016202745_Aenigmatarchaeiaarc@MBI4175757.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA018221065_Aenigmatarchaeaceaearc@MBR9682750.1|~Archaea; DPANN; Aenigmatarchaeia; Aenigmatarchaeales; Aenigmatarchaeaceae; Aenigmatarchaeaceae_NA; Aenigmatarchaeaceae_NA; Aenigmatarchaeaceae archaeon

GCA016234865_Nanoarchaeiaarc@MBI5872278.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR17; GW2011-AR17_NA; GW2011-AR17_NA; Nanoarchaeia archaeon

GCA016180945_Aenigmatarchaeia_Aarc@MBI2076339.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA002688355_Nanoarchaeiaarc@MAG47829.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR20; GCA-2688355; GCA-2688355 sp002688355; Nanoarchaeia archaeon

GCA018303005_Nanoarchaeiaarc@MBS3134394.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR20; GCA-2688355; GCA-2688355_NA; Nanoarchaeia archaeon

GCA018303005_Nanoarchaeiaarc@MBS3134384.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR20; GCA-2688355; GCA-2688355_NA; Nanoarchaeia archaeon

GCA002688355_Nanoarchaeiaarc@MAG47821.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR20; GCA-2688355; GCA-2688355 sp002688355; Nanoarchaeia archaeon

GCA011772535_Aenigmatarchaeaceaearc@NIM46883.1|~Archaea; DPANN; Aenigmatarchaeia; Aenigmatarchaeales; Aenigmatarchaeaceae; CS1-C013; CS1-C013_NA; Aenigmatarchaeaceae archaeon

GCA017608545_Aenigmatarcharc@GCA017608545.1_00318|~Archaea; DPANN; Aenigmatarchaeia; Aenigmatarchaeales; Aenigmatarchaeaceae; CS1-C013; CS1-C013_NA; Aenigmatarchaeaceae archaeon

NAY3300027835137_Nanoarc@NAY3300027835137.1_00315|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA016177025_Aenigmatarchaeiaarc@MBI1978708.1|~Archaea; DPANN; Aenigmatarchaeia; CG10238-14; SCSR01; SCSR01_NA; SCSR01_NA; Aenigmatarchaeia archaeon

GCA016187385_Aenigmatarchaeiaarc@MBI2543233.1|~Archaea; DPANN; Aenigmatarchaeia; CG10238-14; SCSR01; SCSR01_NA; SCSR01_NA; Aenigmatarchaeia archaeon

GCA016181005_Aenigmatarchaeiaarc@MBI2084844.1|~Archaea; DPANN; Aenigmatarchaeia; CG10238-14; SCSR01; SCSR01_NA; SCSR01_NA; Aenigmatarchaeia archaeon

GCA018920185_Aenigmatarchaeiaarc@MBU5537364.1|~Archaea; DPANN; Aenigmatarchaeia; CG10238-14; SCSR01; SCSR01_NA; SCSR01_NA; Aenigmatarchaeia archaeon

GCA016198685_Aenigmatarchaeia_Aarc@MBI4018619.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA018812625_Micrarchaeiaarc@MBU0527414.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

NAY330001808078_Micrararc@NAY330001808078.1_00705|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

GCA018302785_Nanoarchaeiaarc@MBS3150156.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA018302805_Nanoarchaeiaarc@MBS3146787.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR18; GW2011-AR18_NA; GW2011-AR18_NA; Nanoarchaeia archaeon

GCA000830315_Nanoarchaeiaarc@AJF62767.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GW2011-AR20; GW2011-AR20; GW2011-AR20 sp000830315; Nanoarchaeia archaeon GW2011_AR20

GCA018302725_Nanoarchaeiaarc@MBS3153224.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA018302465_Nanoarchaeiaarc@MBS3156382.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA016203115_Nanoarchaeiaarc@MBI4159097.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA018302685_Nanoarchaeiaarc@MBS3150229.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA016185635_Nanoarchaeiaarc@MBI2672540.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA016185615_Nanoarchaeiaarc@MBI2663345.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

NAY330002042374_Nanoararc@NAY330002042374.1_00152|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA016185605_Nanoarchaeiaarc@MBI2667268.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018303485_Nanoarchaeiaarc@MBS3108677.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA018303705_Nanoarchaeiaarc@MBS3095509.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; SCGC-AAA011-G17_NA; Nanoarchaeia archaeon

GCA016188065_Nanoarchaeiaarc@MBI2507649.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GCA-2688095; GCA-2688095; GCA-2688095_NA; Nanoarchaeia archaeon

GCA018302705_Nanoarchaeiaarc@MBS3151265.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GCA-2688095; GCA-2688095; GCA-2688095_NA; Nanoarchaeia archaeon

GCA016181275_Nanoarchaeiaarc@MBI2105860.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; GCA-2688095; GCA-2688095; GCA-2688095_NA; Nanoarchaeia archaeon

GCA019323275_Woesearchaealesarc@MBW3017873.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA019323495_Woesearchaealesarc@MBW3012703.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA014728875_Woesearchaealesarc@MBD3259234.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA019323355_Woesearchaealesarc@MBW3013884.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA018303365_Nanoarchaeiaarc@MBS3117265.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; UBA489; UBA489_NA; UBA489_NA; Nanoarchaeia archaeon

GCA019323525_Woesearchaealesarc@MBW3003710.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; CG1-02-33-12; CG1-02-33-12_NA; CG1-02-33-12_NA; Woesearchaeales archaeon

GCA018303205_Woesearchaealesarc@MBS3127628.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; B72-G16; B72-G16_NA; B72-G16_NA; Woesearchaeales archaeon

GCA016203135_Nanoarchaeiaarc@MBI4156463.1|~Archaea; DPANN; Nanoarchaeia; SCGC-AAA011-G17; ARS1178; ARS1178_NA; ARS1178_NA; Nanoarchaeia archaeon

GCA016208715_Woesearchaealesarc@MBI4739395.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; UBA11576; UBA11576_NA; UBA11576_NA; Woesearchaeales archaeon

GCA013331695_Woesearchaealesarc@HIG95511.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; UBA12501; UBA12501; UBA12501 sp10192u; Woesearchaeales archaeon

GCA003695435_Woesearchaealesarc@RME78486.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; UBA11576; J101; J101 sp003695435; Woesearchaeales archaeon

GCA018303425_Woesearchaealesarc@MBS3113232.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales_NA; Woesearchaeales archaeon

GCA002762855_Woesearchaealesarc@PIN79871.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; DSVV01; DSVV01_NA; DSVV01_NA; Woesearchaeales archaeon CG10_big_fil_rev_8_21_14_0_10_34_8

GCA021162685_Diapherotritesarc@MCD6523177.1|~Archaea; DPANN; Diapherotrites; Diapherotrites_NA; Diapherotrites_NA; Diapherotrites_NA; Diapherotrites_NA; Diapherotrites archaeon

GCA016202745_Aenigmatarchaeiaarc@MBI4176097.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA016198165_Diapherotritalesarc@MBI4044548.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; GW2011-AR10; GW2011-AR10_NA; GW2011-AR10_NA; Diapherotritales archaeon

NAY3300027819104_Diaparc@NAY3300027819104.1_00386|~Archaea; DPANN; Diapherotrites; Diapherotritales; GW2011-AR10; GW2011-AR10_NA; GW2011-AR10_NA; Diapherotritales archaeon

GCA016186855_Diapherotritalesarc@MBI2598076.1|~Archaea; DPANN; Diapherotrites; Diapherotritales; GW2011-AR10; GW2011-AR10_NA; GW2011-AR10_NA; Diapherotritales archaeon

GCA002790905_Pacearchaealesarc@PJA69965.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; CG1-02-35-32; CG1-02-35-32 sp002792635; Pacearchaeales archaeon CG_4_9_14_3_um_filter_35_19

GCA002792635_Pacearchaealesarc@PIZ80347.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; CG1-02-35-32; CG1-02-35-32 sp002792635; Pacearchaeales archaeon CG_4_10_14_0_2_um_filter_35_33

GCA009992365_Pacearchaealesarc@NCN99195.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; CG1-02-35-32; CG1-02-35-32 sp002792635; Pacearchaeales archaeon

GCA002497285_Pacearchaealarc@GCA002497285.1_00465|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; UBA92; UBA92 sp002497285; Pacearchaeales archaeon UBA92

NAY330002537716_Paceararc@NAY330002537716.1_00175|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; CG1-02-39-14; CG1-02-39-14_NA; Pacearchaeales archaeon

GCA002788615_Pacearchaealesarc@PJC44747.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; CG1-02-39-14; CG1-02-39-14 sp001872315; Pacearchaeales archaeon CG_4_9_14_0_2_um_filter_39_13

GCA012960605_Pacearchaealesarc@HIG52129.1|~Archaea; DPANN; Nanoarchaeia; Pacearchaeales; UBA73; PSPM01; PSPM01 sp004195435; Pacearchaeales archaeon

GCA016213555_Aenigmatarchaeia_Aarc@MBI4895067.1|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

NAY3300027835101_Aeniarc@NAY3300027835101.1_01099|~Archaea; DPANN; Aenigmatarchaeia_A; GW2011-AR5; GW2011-AR5_NA; GW2011-AR5_NA; GW2011-AR5_NA; Aenigmatarchaeia_A archaeon

GCA016203445_Woesearchaealesarc@MBI4139348.1|~Archaea; DPANN; Nanoarchaeia; Woesearchaeales; ARS49; ARS49_NA; ARS49_NA; Woesearchaeales archaeon

GCA018812955_Aenigmatarchaeiaarc@MBU0530343.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

NAY33000258915_Methanosarc@NAY33000258915.1_01237|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp001714685; Methanosarcina archaeon

NAY33000095565_Methanosarc@NAY33000095565.1_02540|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp001714685; Methanosarcina archaeon

GCA003164755_Msp@GCA003164755.1_01255|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp003164755; Methanosarcina sp.

GCA017883485_Msp@GCA017883485.1_02217|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina_NA; Methanosarcina sp.

GCA003584605_Mthermophila@BAW29155.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina thermophila; Methanosarcina thermophila

NAY330001252146_Mthermoph@NAY330001252146.1_00383|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina thermophila; Methanosarcina thermophila

NAY330001027311_Mthermoph@NAY330001027311.1_02507|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina thermophila; Methanosarcina thermophila

GCF004099695_Msp@WP_128505906.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp004099695; Methanosarcina sp. MSH10X1

GCA002494845_Msp@GCA002494845.1_01327|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp002499445; Methanosarcina sp. UBA43

GCA001027005_Mbarkeri@AKJ39879.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina barkeri; M
ethanosarcina barkeri CM1

GCF000970005_Msp@WP_048126395.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp000969965; Methanosarcina sp. WH1

GCF020804225_Msp@WP_229390969.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina_NA; Methanosarcina sp. DH2

GCA000970265_Mlacustris@AKB75729.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina lacustris; Methanosarcina lacustris Z-7289

GCA000007065_Mmazei@AAM30369.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina mazei; Methanosarcina mazei Go1

GCA013331265_Msp@HII80666.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina sp10923u; Methanosarcina sp.

GCF000007345_Macetivorans@WP_048065828.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcina; Methanosarcina acetivorans; Methanosarcina acetivorans C2A

GCF000970045_Msp@WP_048177894.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; MTP4; MTP4 sp000970045; Methanosarcina sp. MTP4

GCA016841625_Methanosarciarc@GCA016841625.1_02279|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; MTP4; MTP4_NA; Methanosarcinaceae archaeon

NAY330002860254_Methanarc@NAY330002860254.1_00569|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanosarcinaceae_NA; Methanosarcinaceae_NA; Methanosarcinaceae archaeon

GCA009783635_Msp@GCA009783635.1_00205|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus sp009783635; Methanimicrococcus sp.

GCA009784005_Msp@GCA009784005.1_00146|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus sp009784005; Methanimicrococcus sp.

GCA020685265_Mblatticola@MCC2509086.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus blatticola; Methanimicrococcus blatticola

NAY330002860162_Methanarc@NAY330002860162.1_01334|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus_NA; Methanimicrococcus archaeon

NAY22257890034_Methanimarc@NAY22257890034.1_00118|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus_NA; Methanimicrococcus archaeon

GCA009776675_Msp@GCA009776675.1_00274|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus sp009776675; Methanimicrococcus sp.

GCA017613335_Methanimicrococcusarc@MBO4302869.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus_NA; Methanimicrococcus archaeon

GCA012518265_Methanimicrococcusarc@NLI62902.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanimicrococcus; Methanimicrococcus sp012518265; Methanimicrococcus archaeon

GCA017873415_Mbombayensis@MBP1910279.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus_NA; Methanolobus bombayensis

GCA000504205_Mtindarius@ETA69085.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus tindarius; Methanolobus tindarius DSM 2278

GCA900114835_Mprofundi@SFM57094.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus profundi; M
ethanolobus profundi

GCA016278385_Msp@GCA016278385.1_00750|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus_NA; Methanolobus sp.

GCA016932675_Methanolobusarc@MBN2111181.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus_NA; Methanolobus archaeon

GCF000306725_Mpsychrophilus@AFV22961.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus psychrophilus; Methanolobus psychrophilus R15

GCF002243045_Mpsychrotolerans@WP_094226454.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus psychrotolerans; Methanolobus psychrotolerans

NAY330002860130_Methanarc@NAY330002860130.1_02538|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus_NA; Methanolobus archaeon

GCA003565715_Methanolobusarc@GCA003565715.1_00694|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus sp003565715; Methanolobus archaeon

GCA013388255_Mzinderi@
QLC49624.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus zinderi; M

ethanolobus zinderi

GCF004745425_Mhalotolerans@WP_135388244.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus sp004745425; Methanolobus halotolerans

GCA020055655_Methanolobusarc@GCA020055655.1_00365|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanolobus; Methanolobus_NA; Methanolobus archaeon

GCF000328665_Mhollandica@WP_015325142.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanomethylovorans; Methanomethylovorans hollandica; Methanomethylovorans hollandica DSM 15978

NAY33000065178_Methanomarc@NAY33000065178.1_01699|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanomethylovorans; Methanomethylovorans sp001896725; Methanomethylovorans archaeon

GCA002508425_Methanomethyarc@GCA002508425.1_00628|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanomethylovorans; Methanomethylovorans sp002508425; Methanomethylovorans archaeon UBA470

GCA014361205_Msp@MBC7085699.1|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanomethylovorans; Methanomethylovorans sp014361205; Methanomethylovorans sp.

DON000004026_Methanovoranarc@DON000004026.1_02849|~Archaea; Methanotecta; Methanosarcinia; Methanosarcinales; Methanosarcinaceae; Methanovorans_ANME-3; Methanovorans_ANME-3_NA; Methanovorans archaeon

GCA019429165_Methanovoransarc@MBW6471012.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanovorans_ANME-3; M

ethanovorans_ANME-3_NA; M
ethanovorans archaeon

GCA020793565_Methanovoransarc@HJH31069.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanovorans_ANME-3; M

ethanovorans_ANME-3_NA; M
ethanovorans archaeon

GCA016935475_Methanovoransarc@MBN2488548.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanovorans_ANME-3; M

ethanovorans_ANME-3_NA; M
ethanovorans archaeon

GCA016926455_Methanovoransarc@MBN1134224.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanovorans_ANME-3; M

ethanovorans_ANME-3_NA; M
ethanovorans archaeon

DEA000006924_Methanovoranarc@DEA000006924.1_01930|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanovorans_ANME-3; M

ethanovorans_ANME-3_NA; M
ethanovorans archaeon

GCF000970325_Mmethylutens@WP_048205538.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanococcoides; M

ethanococcoides methylutens_A; M
ethanococcoides methylutens MM1

GCF000765475_Mmethylutens@WP_048194777.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanococcoides; M

ethanococcoides methylutens; M
ethanococcoides methylutens

GCF000013725_Mburtonii@
WP_011498835.1|~Archaea; M

ethanotecta; M
ethanosarcinia; M

ethanosarcinales; M
ethanosarcinaceae; M

ethanococcoides; M
ethanococcoides burtonii; M

ethanococcoides burtonii D
SM 6242

GCA000025865_Mmahii@
ADE36363.1|~Archaea; M

ethanotecta; M
ethanosarcinia; M

ethanosarcinales; M
ethanosarcinaceae; M

ethanohalophilus; M
ethanohalophilus mahii; M

ethanohalophilus mahii D
SM 5219

GCA017874375_Mlevihalophilus@MBP2031242.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanohalophilus; M

ethanohalophilus_NA; M
ethanohalophilus levihalophilus

GCF000196655_Mevestigatum@WP_013194211.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanohalobium; M

ethanohalobium evestigatum; M
ethanohalobium evestigatum Z-7303

GCA000217995_Mzhilinae@AEH60398.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanosalsum; M

ethanosalsum zhilinae; M
ethanosalsum zhilinae DSM 4017

GCA003555325_Mnatronophilum@GCA003555325.1_00675|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanosarcinaceae; M
ethanosalsum; M

ethanosalsum natronophilum; M
ethanosalsum natronophilum

GCA021108405_Methanocomedenaceaearc@MCD4846207.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; HR1; HR1_NA; M
ethanocomedenaceae archaeon

GCF002926195_Methanocomedenaceaearc@PPA79140.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; HR1; HR1 sp002926195; M
ethanocomedenaceae archaeon HR1

GCA019429385_Methanocomedenaceaearc@MBW6518804.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; Q
BUR01; Q

BUR01_NA; M
ethanocomedenaceae archaeon

GCA013374385_Methanocomedenaceaearc@KAF5410408.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; Q
BUR01; Q

BUR01 sp013374385; M
ethanocomedenaceae archaeon

GCA014237145_Methanocomedenaceaearc@MBC2699471.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; U
BA7939; U

BA7939 sp014237145; M
ethanocomedenaceae archaeon

DON000004032_Methanocomedarc@DON000004032.1_00489|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; U
BA7939; U

BA7939 sp009649835; M
ethanocomedenaceae archaeon

GCA013572335_Methanocomedenaceaearc@MBA1341522.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; U
BA7939; U

BA7939 sp7939u; M
ethanocomedenaceae archaeon

GCA014859725_Methanocomedenaceaearc@MBE0523470.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; M

ethanocomedenaceae_ANME-2ab; M
ethanocomedenaceae_ANME-2ab_NA; M

ethanocomedenaceae_ANME-2ab_NA; M
ethanocomedenaceae archaeon

GCA004212095_Ethanoperedensarc@RZN15755.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; Argoarchaeaceae; Ethanoperedens; Ethanoperedens sp004212095; Ethanoperedens archaeon

GCA004193545_Aethanivorans@RZB31372.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; Argoarchaeaceae; Ethanoperedens; Ethanoperedens ethanivorans; Argoarchaeum ethanivorans

DOM000000053_Ethanoperedearc@DOM000000053.1_01210|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; Argoarchaeaceae; Ethanoperedens; Ethanoperedens_NA; Ethanoperedens archaeon

DON000006038_Ethermophilum@DON000006038.1_00183|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; Argoarchaeaceae; Ethanoperedens; Ethanoperedens thermophilum; Ethanoperedens thermophilum

GCA003661045_Argoarchaeumarc@RLG23554.1|~Archaea; M
ethanotecta; M

ethanosarcinia; M
ethanosarcinales; Argoarchaeaceae; Argoarchaeum; E

X4572-44 sp002254825; Argoarchaeum archaeon

GCA905171695_Argoarch
aeumarc@

CAD7771633.1|~Arch
aea; M

ethanotecta
; M

ethanosarcin
ia; M

ethanosarcin
ales; A

rgoarch
aeaceae; Argoarch

aeum; Argoarch
aeum_NA; Argoarch

aeum arch
aeon GB37

NAY330001312318_Methanarc@
NAY330001312318.1_03714|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA003104905_Methanoperedensarc@
PWB54346.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p003104905; M
ethanoperedens a

rch
aeon

GCA012026795_Msp@NJD
53769.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p012026795; M
ethanoperedens s

p.

GCA018899795_Methanoperedensarc@
MBU4076191.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA007280025_Methanoperedensarc@
TRZ91541.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA004298585_Msp@TAN41497.1|~Arch
aea; M

ethanotecta
; M

ethanosarcin
ia; M

ethanosarcin
ales; M

ethanoperedenaceae_ANME-2d; M
ethanoperedens; M

ethanoperedens_NA; M
ethanoperedens s

p.

GCA902386115_Methanoperedensarc@
VVB86516.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386115; M
ethanoperedens a

rch
aeon

NAY330002803236_Methanarc@
NAY330002803236.1_00645|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA902386255_Methanoperedensarc@
VVB95223.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386255; M
ethanoperedens a

rch
aeon

NAY330002982133_Methanarc@
NAY330002982133.1_01012|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens_A; M
ethanoperedens_A sp

002839545; M
ethanoperedens_A arch

aeon

GCA902386135_Methanoperedensarc@
VVB91852.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386135; M
ethanoperedens a

rch
aeon

GCA012026835_Msp@NJD
78071.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p012026835; M
ethanoperedens s

p.

GCA902386085_Methanoperedensarc@
VVB87667.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386085; M
ethanoperedens a

rch
aeon

NAY330002795816_Methanarc@
NAY330002795816.1_02062|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA000685155_Mnitro
reducens@

KCZ72884.1|~Arch
aea; M

ethanotecta
; M

ethanosarcin
ia; M

ethanosarcin
ales; M

ethanoperedenaceae_ANME-2d; M
ethanoperedens; M

ethanoperedens n
itro

reducens; M
ethanoperedens n

itro
reducens

NAY330001312318_Methanarc@
NAY330001312318.1_01071|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA012026795_Msp@NJD
51528.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p012026795; M
ethanoperedens s

p.

GCA902386115_Methanoperedensarc@
VVB85695.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386115; M
ethanoperedens a

rch
aeon

GCA902386085_Methanoperedensarc@
VVB89841.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386085; M
ethanoperedens a

rch
aeon

GCA902386135_Methanoperedensarc@
VVB84345.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386135; M
ethanoperedens a

rch
aeon

NAY33000146862_Methanoparc@
NAY33000146862.1_01020|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens_NA; M

ethanoperedens a
rch

aeon

GCA012026835_Msp@NJD
78624.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p012026835; M
ethanoperedens s

p.

GCA902386255_Methanoperedensarc@
VVB94418.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p902386255; M
ethanoperedens a

rch
aeon

GCA003104905_Methanoperedensarc@
PWB52733.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; M

ethanoperedens; M
ethanoperedens s

p003104905; M
ethanoperedens a

rch
aeon

GCA013331375_Methanoperedenaceaearc@
HIH43509.1|~Arch

aea; M
ethanotecta

; M
ethanosarcin

ia; M
ethanosarcin

ales; M
ethanoperedenaceae_ANME-2d; U

BA10536; U
BA10536 sp

10536u; M
ethanoperedenaceae arch

aeon

DON000003012_Methanophagaarc@
DON000003012.1_00594|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

ENJ01; Q
ENJ01_NA; M

ethanophagaceae arch
aeon

GCA013374505_Methanophagaceaearc@
KAF5431568.1|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

ENJ01; Q
ENJ01 sp

013374505; M
ethanophagaceae arch

aeon

DON000006016_Methanophagaarc@
DON000006016.1_01801|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; JA

CGMN01; JA
CGMN01_NA; M

ethanophagaceae arch
aeon

DON000005017_Methanophagaarc@
DON000005017.1_01157|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

ENH01; Q
ENH01_NA; M

ethanophagaceae arch
aeon

GCA003336485_Methanophagaceaearc@
RCV65379.1|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

ENH01; Q
ENH01 sp

003336485; M
ethanophagaceae arch

aeon

AND000000023_Methanophagaarc@
AND000000023.1_00729|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

ENH01; Q
ENH01_NA; M

ethanophagaceae arch
aeon

DON000000304_Methanophagaarc@
DON000000304.1_02060|~Arch

aea; M
ethanotecta

; S
yntro

pharch
aeia; M

ethanophagales; M
ethanophagaceae_ANME-1; Q

EXZ01; Q
EXZ01_NA; M

ethanophagaceae arch
aeon

GCA021159475_G60ANME1arc@
MCD6203453.1|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; G

60ANME1; G
60ANME1_NA; G

60ANME1 arch
aeon

GCA003194435_Gsp
003194435@PXF52222.1|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; G

60ANME1; G
60ANME1 sp

003194435; G
60ANME1 sp

003194435

AND000000016_Methanophagaarc@
AND000000016.1_02351|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; M

ethanophagace
ae_ANME-1_NA; M

ethanophagace
ae_ANME-1_NA; M

ethanophagace
ae arch

aeon

GCA003601795_Methanophagace
aearc@

RJS
69335.1|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; Q

EXZ01; Q
EXZ01 sp

003601795; M
ethanophagace

ae arch
aeon

GCA014384645_Methanophagace
aearc@

MBC8521240.1|~Arch
aea; M

ethanotecta
; S

yn
tro

pharch
aeia; M

ethanophagales; 
Methanophagace

ae_ANME-1; W
JO

V01; W
JO

V01_NA; M
ethanophagace

ae arch
aeon

GCA003194425_Asp
003194425@PXF51938.1|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; A

NME1a; A
NME1a sp

003194425; A
NME1a sp

003194425

GCA016930255_Methanophagace
aearc@

MBN1763123.1|~Arch
aea; M

ethanotecta
; S

yn
tro

pharch
aeia; M

ethanophagales; 
Methanophagace

ae_ANME-1; J
ACGMN01; J

ACGMN01_NA; M
ethanophagace

ae arch
aeon

HAL00911
2021_Methanophagaarc@

HAL00911
2021.1_00565|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01_NA; M

ethanophagace
ae arch

aeon

GCA011
049045_Methanophagace

aearc@
HDS46060.1|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01 sp

011
049045; M

ethanophagace
ae arch

aeon

NAY330001752629_Methanarc@
NAY330001752629.1_00308|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01_NA; M

ethanophagace
ae arch

aeon

DON000000222_Methanophagaarc@
DON000000222.1_01351|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01_NA; M

ethanophagace
ae arch

aeon

DEA49982223232_Methanoparc@
DEA49982223232.1_00159|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01_NA; M

ethanophagace
ae arch

aeon

DEA49982223244_Methanoparc@
DEA49982223244.1_00798|~Arch

aea; M
ethanotecta

; S
yn

tro
pharch

aeia; M
ethanophagales; 

Methanophagace
ae_ANME-1; J

ACGMN01; J
ACGMN01_NA; M

ethanophagace
ae arch

aeon
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 sp.

G
C

A002067565_M
sp@

O
PY23739.1|~Archaea; M

ethanom
ada; M

ethanobacteria; M
ethanobacteriales; M

ethanobacteriaceae; M
ethanobacterium

_A; M
ethanobacterium

_A sp002067565; M
ethanobacterium

 sp. PtaU
1.Bin242

N
AY33000228303_M

ethanobarc@
N

AY33000228303.1_01161|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacterium
_A; M

ethanobacterium
_A sp003166335; M

ethanobacterium
_A archaeon

G
C

A015661405_M
sp@

G
C

A015661405.1_02176|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacterium
_A; M

ethanobacterium
_A_N

A; M
ethanobacterium

 sp.

G
C

A003161815_M
sp@

G
C

A003161815.1_01092|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacterium
_A; M

ethanobacterium
_A sp003161815; M

ethanobacterium
 sp.

G
C

A017883605_M
ethanobactearc@

G
C

A017883605.1_00899|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacteriaceae_N
A; M

ethanobacteriaceae_N
A; M

ethanobacteriaceae archaeon

G
C

A015661405_M
sp@

G
C

A015661405.1_00409|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacterium
_A; M

ethanobacterium
_A_N

A; M
ethanobacterium

 sp.

N
AY33000259527_M

ethanobarc@
N

AY33000259527.1_01591|~Archaea; M
ethanom

ada; M
ethanobacteria; M

ethanobacteriales; M
ethanobacteriaceae; M

ethanobacterium
_D

; M
ethanobacterium

_D
_N

A; M
ethanobacterium

_D
 archaeon

G
C

A015521565_H
ydrotherm

ararc@
G

C
A015521565.1_00420|~Archaea; H

ydrotherm
archaeota; H

ydrotherm
archaeia; H

ydrotherm
archaeales; BM

S3B; JAAD
FX01; JAAD

FX01_N
A; H

ydrotherm
archaeales archaeon

G
C

A015521615_H
ydrotherm

ararc@
G

C
A015521615.1_01636|~Archaea; H

ydrotherm
archaeota; H

ydrotherm
archaeia; H

ydrotherm
archaeales; BM

S3B; JAAD
FX01; JAAD

FX01_N
A; H

ydrotherm
archaeales archaeon

N
AY330002651952_H

ydrotarc@
N

AY330002651952.1_00559|~Archaea; H
ydrotherm

archaeota; H
ydrotherm

archaeia; H
ydrotherm

archaeales; BM
S3B; JAAD

FH
01; JAAD

FH
01_N

A; H
ydrotherm

archaeales archaeon

G
C

A015521945_H
ydrotherm

ararc@
G

C
A015521945.1_00956|~Archaea; H

ydrotherm
archaeota; H

ydrotherm
archaeia; H

ydrotherm
archaeales; BM

S3B; JAAD
FH

01; JAAD
FH

01_N
A; H

ydrotherm
archaeales archaeon

G
C

A002011125_H
profundi@

G
C

A002011125.1_01629|~Archaea; H
ydrotherm

archaeota; H
ydrotherm

archaeia; H
ydrotherm

archaeales; H
ydrotherm

archaeaceae; H
ydrotherm

archaeum
; H

ydrotherm
archaeum

 profundi; H
ydrotherm

archaeum
 profundi

G
C

A002897955_H
ydrotherm

archaealesarc@
G

BE55305.1|~Archaea; H
ydrotherm

archaeota; H
ydrotherm

archaeia; H
ydrotherm

archaeales; BM
S3B; BM

S3B; BM
S3B sp002897955; H

ydrotherm
archaeales archaeon BM

S3Bbin15

G
C

A002923215_H
ydrotherm

archaealesarc@
G

BE18291.1|~Archaea; H
ydrotherm

archaeota; H
ydrotherm

archaeia; H
ydrotherm

archaeales; SZU
A-236; SZU

A-236; SZU
A-236 sp002923215; H

ydrotherm
archaeales archaeon BM

S3Abin16

G
C

A003695745_H
ydrotherm

archaealesarc@
R

M
F90770.1|~Archaea; H

ydrotherm
archaeota; H

ydrotherm
archaeia; H

ydrotherm
archaeales; SZU

A-236; J060; J060 sp003695745; H
ydrotherm

archaeales archaeon

G
C

A016212785_H
ydrotherm

archaeaceaarc@
M

BI5254043.1|~Archaea; H
ydrotherm

archaeota; H
ydrotherm

archaeia; H
ydrotherm

archaeales; H
ydrotherm

archaeaceae; Hydrotherm
archaeaceae_N

A; H
ydrotherm

archaeaceae_N
A; H

ydrotherm
archaeaceae archaeon

G
CA015520145_Hydrotherm

ararc@
G

CA015520145.1_01933|~Archaea; Hydrotherm
archaeota; Hydrotherm

archaeia; Hydrotherm
archaeales; Hydrotherm

archaeaceae; Hydrotherm
archaeaceae_NA; Hydrotherm

archaeaceae_NA; Hydrotherm
archaeaceae archaeon

G
CA003229275_Hydrotherm

ararc@
G

CA003229275.1_00438|~Archaea; Hydrotherm
archaeota; Hydrotherm

archaeia; Hydrotherm
archaeales; Hydrotherm

archaeaceae; Hydrotherm
archaeaceae_NA; Hydrotherm

archaeaceae_NA; Hydrotherm
archaeaceae archaeon

G
CA015661555_M

okinawensis@
HIQ

32297.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanococcaceae; M

ethanofervidicoccus; M
ethanofervidicoccus_NA; M

ethanotherm
ococcus okinawensis

G
CA015662355_M

okinawensis@
HIP84032.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanofervidicoccus; M

ethanofervidicoccus_NA; M
ethanotherm

ococcus okinawensis

G
CA004310395_M

abyssi@
G

BF35869.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanococcaceae; M

ethanofervidicoccus; M
ethanofervidicoccus abyssi; M

ethanofervidicoccus abyssi

G
CF003351865_M

sp@
W

P_148119972.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanococcaceae; M

ethanofervidicoccus; M
ethanofervidicoccus sp003351865; M

ethanofervidicoccus sp. A16

G
CA019561555_M

sp@
M

BW
9221693.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanofervidicoccus; M

ethanofervidicoccus_NA; M
ethanotherm

ococcus sp. SCG
C AD-155-C09

G
CA000179575_M

okinawensis@
AEH07537.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanotherm

ococcus_A; M
ethanotherm

ococcus_A okinawensis; M
ethanotherm

ococcus okinawensis IH1

G
CA000017185_M

aeolicus@
ABR56292.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanotherm

ococcus_A; M
ethanotherm

ococcus_A aeolicus; M
ethanococcus aeolicus Nankai-3

G
CF000011585_M

m
aripaludis@

W
P_011171060.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanococcus; M

ethanococcus m
aripaludis; M

ethanococcus m
aripaludis S2

G
CA000017165_M

vannielii@
ABR54348.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanococcus; M

ethanococcus vannielii; M
ethanococcus vannielii SB

G
CA017875565_M

voltae@
M

BP2201941.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanococcaceae; M

ethanococcus; M
ethanococcus_NA; M

ethanococcus voltae

G
CF000376965_M

therm
olithotrophicus@

W
P_018154721.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanotherm

ococcus; M
ethanotherm

ococcus therm
olithotrophicus; M

ethanotherm
ococcus therm

olithotrophicus DSM
 2095

G
CA000214415_M

igneus@
AEF95633.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanococcaceae; M
ethanotorris; M

ethanotorris igneus; M
ethanotorris igneus Kol 5

G
CA902827205_M

sp@
CAB3287651.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanocaldococcaceae; M
ethanocaldococcaceae_NA; M

ethanocaldococcaceae_NA; M
ethanocaldococcus sp. SG

1

G
CF000091665_M

jannaschii@
W

P_010870059.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanocaldococcaceae; M

ethanocaldococcus; M
ethanocaldococcus jannaschii; M

ethanocaldococcus jannaschii DSM
 2661

G
CA000024625_M

vulcanius@
ACX72847.1|~Archaea; M

ethanom
ada; M

ethanococci; M
ethanococcales; M

ethanocaldococcaceae; M
ethanocaldococcus; M

ethanocaldococcus vulcanius; M
ethanocaldococcus vulcanius M

7

G
CF000092305_M

infernus@
W

P_013100142.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanocaldococcaceae; M

ethanocaldococcus_A; M
ethanocaldococcus_A infernus; M

ethanocaldococcus infernus M
E

G
CF000371805_M

villosus@
W

P_017981109.1|~Archaea; M
ethanom

ada; M
ethanococci; M

ethanococcales; M
ethanocaldococcaceae; M

ethanocaldococcus_A; M
ethanocaldococcus_A villosus; M

ethanocaldococcus villosus KIN24-T80

G
CA015520605_DPANNarc@

G
CA015520605.1_00179|~Archaea; DPANN; EX4484-52; EX4484-52; EX4484-52_NA; EX4484-52_NA; EX4484-52_NA; DPANN archaeon

G
CA011040285_Altarchaeiaarc@

HDH41089.1|~Archaea; DPANN; Altarchaeia; IM
C4; Q

M
ZM

01; Q
M

ZJ01; Q
M

ZJ01 sp003663115; Altarchaeia archaeon

NAY330002789369_Altarcarc@
NAY330002789369.1_00898|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; Q

M
ZJ01; Q

M
ZJ01_NA; Altarchaeia archaeon

G
CA016931955_Altarchaeiaarc@

M
BN2014968.1|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; Q

M
ZM

01_NA; Q
M

ZM
01_NA; Altarchaeia archaeon

NAY330001751329_Altarcarc@
NAY330001751329.1_00852|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; Q

M
ZM

01; Q
M

ZM
01 sp003663175; Altarchaeia archaeon

G
CA016933855_Altarchaeiaarc@

M
BN2251001.1|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; CAIYYO

01; CAIYYO
01_NA; Altarchaeia archaeon

G
CA903930485_Altarchaeiaarc@

G
CA903930485.1_00846|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; CAIYYO

01; CAIYYO
01 sp903930485; Altarchaeia archaeon

G
CA003663045_Altarchaeiaarc@

RLI88223.1|~Archaea; DPANN; Altarchaeia; IM
C4; Q

M
ZM

01; Q
M

ZG
01; Q

M
ZG

01 sp003663045; Altarchaeia archaeon

G
CA015523055_Altarchaeiaarc@

G
CA015523055.1_00379|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; Q

M
ZM

01_NA; Q
M

ZM
01_NA; Altarchaeia archaeon

G
CA018896735_Altarchaeiaarc@

M
BU4342146.1|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; Q

M
ZM

01_NA; Q
M

ZM
01_NA; Altarchaeia archaeon

G
CA002254565_Altarchaeiaarc@

O
YT53425.1|~Archaea; DPANN; Altarchaeia; IM

C4; Q
M

ZM
01; EX4484-2; EX4484-2 sp002254565; Altarchaeia archaeon ex4484_2

G
CA003663165_Altarchaeiaarc@

RLI93914.1|~Archaea; DPANN; Altarchaeia; IM
C4; Q

M
ZM

01; Q
M

ZM
01_NA; Q

M
ZM

01_NA; Altarchaeia archaeon

G
CA011041525_Altarchaeiaarc@

HDN83668.1|~Archaea; DPANN; Altarchaeia; IM
C4; Q

M
ZM

01; Q
M

ZM
01_NA; Q

M
ZM

01_NA; Altarchaeia archaeon

G
CA020718025_Asp@

G
CA020718025.1_01052|~Archaea; DPANN; Altarchaeia; IM

C4; IM
C4; IM

C4; IM
C4 sp001742785; Altiarchaeum

 sp.

G
CA001723845_Altarchaeiaarc@

O
DS37331.1|~Archaea; DPANN; Altarchaeia; IM

C4; W
O

R-SM
1-SCG

; W
O

R-SM
1-SCG

-A; W
O

R-SM
1-SCG

-A sp001723845; Altarchaeia archaeon W
O

R_SM
1_SCG

G
CA001723855_Altarchaeiaarc@

O
DS34945.1|~Archaea; DPANN; Altarchaeia; IM

C4; W
O

R-SM
1-SCG

; W
O

R-SM
1-SCG

; W
O

R-SM
1-SCG

 sp001723855; Altarchaeia archaeon W
O

R_SM
1_86-2

G
CA018815265_Altarchaeiaarc@

M
BU0761605.1|~Archaea; DPANN; Altarchaeia; IM

C4; SCG
C-AAA252-I15; SCG

C-AAA252-I15_NA; SCG
C-AAA252-I15_NA; Altarchaeia archaeon

NAY330001799267_Altarcarc@
NAY330001799267.1_00929|~Archaea; DPANN; Altarchaeia; IM

C4; SCG
C-AAA252-I15; SCG

C-AAA252-I15_NA; SCG
C-AAA252-I15_NA; Altarchaeia archaeon

G
CA011380095_Altarchaeiaarc@

HHQ
45215.1|~Archaea; DPANN; Altarchaeia; IM

C4; SCG
C-AAA252-I15; DSAL01; DSAL01 sp011380095; Altarchaeia archaeon

G
CA014729705_Altarchaeiaarc@

M
BD3260788.1|~Archaea; DPANN; Altarchaeia; IM

C4; SCG
C-AAA252-I15; SCG

C-AAA252-I15_NA; SCG
C-AAA252-I15_NA; Altarchaeia archaeon

NAY330002819318_Altarcarc@
NAY330002819318.1_02005|~Archaea; DPANN; Altarchaeia; IM

C4; SCG
C-AAA252-I15; SCG

C-AAA252-I15; SCG
C-AAA252-I15 sp000402775; Altarchaeia archaeon

G
CA016867655_Altarchaeiaarc@

M
BM

3309515.1|~Archaea; DPANN; Altarchaeia; IM
C4; IM

C4_NA; IM
C4_NA; IM

C4_NA; Altarchaeia archaeon

G
CA018260835_Asp@

G
CA018260835.1_01403|~Archaea; DPANN; Altarchaeia; Altarchaeales; Altarchaeaceae; Altarchaeum

; Altarchaeum
 sp002083985; Altiarchaeum

 sp.

G
CA018260715_Aham

iconexum
@

G
CA018260715.1_01297|~Archaea; DPANN; Altarchaeia; Altarchaeales; Altarchaeaceae; Altarchaeum

; Altarchaeum
_NA; Altiarchaeum

 ham
iconexum

GCA018260655_Asp@
GCA018260655.1_01726|~Archaea; DPANN; Altarchaeia; Altarchaeales; Altarchaeaceae; Altarchaeum

; Altarchaeum
 sp002841105; Altiarchaeum

 sp. HURL_250

GCA001873845_Asp@
OIQ06293.1|~Archaea; DPANN; Altarchaeia; Altarchaeales; Altarchaeaceae; Altarchaeum

; Altarchaeum
 ham

iconexum
; Altiarchaeum

 sp. CG2_30_32_3053

NAY330001799181_DPANNarc@
NAY330001799181.1_00574|~Archaea; DPANN; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN archaeon

GCA016935655_DPANNarc@
M

BN2517723.1|~Archaea; DPANN; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN archaeon

NAY330002774244_DPANNarc@
NAY330002774244.1_00690|~Archaea; DPANN; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN archaeon

NAY330001313075_DPANNarc@
NAY330001313075.1_00795|~Archaea; DPANN; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN_NA; DPANN archaeon

GCA015522745_Aenigm
atarcharc@

GCA015522745.1_00165|~Archaea; DPANN; Aenigm
atarchaeia_A; GW

2011-AR5; GW
2011-AR5_NA; GW

2011-AR5_NA; GW
2011-AR5_NA; Aenigm

atarchaeia_A archaeon

GCA019323525_W
oesearchaealesarc@

M
BW

3003372.1|~Archaea; DPANN; Nanoarchaeia; W
oesearchaeales; CG1-02-33-12; CG1-02-33-12_NA; CG1-02-33-12_NA; W

oesearchaeales archaeon

GCA001564035_Nanohaloarcharc@
GCA001564035.1_00645|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g21; B1-Br10-U2g21 sp001564035; Nanohaloarchaeaceae archaeon PL-Br10_U2g27

NAY330000036132_Nanohaarc@
NAY330000036132.1_00715|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g21; B1-Br10-U2g21_NA; Nanohaloarchaeaceae archaeon

GCA001563915_Nanohaloarcharc@
GCA001563915.1_00253|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g21; B1-Br10-U2g21 sp001563915; Nanohaloarchaeaceae archaeon B1-Br10_U2g21

NAY20252060037_Nanosaliarc@
NAY20252060037.1_00478|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; Nanosalina; Nanosalina sp000220375; Nanosalina archaeon

NAY20252060038_Nanosaliarc@
NAY20252060038.1_00081|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; Nanosalinarum

; Nanosalinarum
 sp000220355; Nanosalinarum

 archaeon

GCA001563905_Nanohaloarcharc@
GCA001563905.1_00175|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g19; B1-Br10-U2g19 sp001563905; Nanohaloarchaeaceae archaeon B1-Br10_U2g19

GCF009617975_Nconstans@
W

P_153549682.1|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; SG9; SG9 sp009617975; Nanohalobium
 constans

GCA001563875_Nanohaloarcharc@
GCA001563875.1_00767|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g19; B1-Br10-U2g19 sp001563875; Nanohaloarchaeaceae archaeon B1-Br10_U2g1

NAY330000035031_Nanohaarc@
NAY330000035031.1_00606|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; B1-Br10-U2g19; B1-Br10-U2g19_NA; Nanohaloarchaeaceae archaeon

GCA001761425_Nanohaloarchaeaceaearc@
AOV94475.1|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; SG9; SG9 sp001761425; Nanohaloarchaeaceae archaeon SG9

NAY20252060038_Nanosaliarc@
NAY20252060038.1_00032|~Archaea; DPANN; Nanohaloarchaeia; Nanohaloarchaeales; Nanohaloarchaeaceae; Nanosalinarum

; Nanosalinarum
 sp000220355; Nanosalinarum

 archaeon

LAN000001104_Bathyarchaeiarc@
LAN000001104.1_01444|~Archaea; TACK; Bathyarchaeia; B25; B25; B25_NA; B25_NA; Bathyarchaeia archaeon

GCA013329495_Izem
archaeiaarc@

HIH97667.1|~Archaea; Diaforarchaea; Izem
archaeia; UBA9212; UBA9212; UBA9212; UBA9212 sp9212u; Izem

archaeia archaeon

GCA003663355_DPANNarc@
RLJ02386.1|~Archaea; DPANN; QM

ZS01; QM
ZS01; QM

ZS01; QM
ZS01; QM

ZS01 sp003663355; DPANN archaeon

GCA021163805_DPANNarc@
M

CD6274736.1|~Archaea; DPANN; QM
ZS01; QM

ZS01; QM
ZS01; QM

ZS01; QM
ZS01_NA; DPANN archaeon

GCA002254685_DPANNarc@
OYT42961.1|~Archaea; DPANN; QM

ZS01; QM
ZS01; QM

ZS01; QM
ZS01_NA; QM

ZS01_NA; DPANN archaeon ex4484_56

GCA016932615_DPANNarc@
M

BN2094924.1|~Archaea; DPANN; QM
ZS01; QM

ZS01; QM
ZS01; QM

ZS01_NA; QM
ZS01_NA; DPANN archaeon

GCA002780595_Hcrystalense@
PIV13720.1|~Archaea; DPANN; Huberarchaeia; Huberarchaeales; Huberarchaeaceae; Huberarchaeum

; Huberarchaeum
 crystalense; Huberarchaeum

 crystalense

GCA002841675_Huberarchaeum
arc@

PKM
92291.1|~Archaea; DPANN; Huberarchaeia; Huberarchaeales; Huberarchaeaceae; Huberarchaeum

; Huberarchaeum
_NA; Huberarchaeum

 archaeon HGW
-Euryarchaeota-1

NAY330002247038_DPANNarc@
NAY330002247038.1_00029|~Archaea; DPANN; EX4484-52; EX4484-52; JAADEF01; JAADEF01_NA; JAADEF01_NA; DPANN archaeon

GCA015522105_DPANNarc@
GCA015522105.1_00299|~Archaea; DPANN; EX4484-52; EX4484-52; JAADEF01; JAADEF01_NA; JAADEF01_NA; DPANN archaeon

GCA015520885_DPANNarc@
GCA015520885.1_00346|~Archaea; DPANN; EX4484-52; EX4484-52; JAADEF01; JAADEF01_NA; JAADEF01_NA; DPANN archaeon

GCA015520895_DPANNarc@
GCA015520895.1_00475|~Archaea; DPANN; EX4484-52; EX4484-52; JAADEF01; JAADEF01; JAADEF01_NA; DPANN archaeon

GCA013153555_DPANNarc@
NPA38414.1|~Archaea; DPANN; EX4484-52; EX4484-52; JAADEF01; JAADEF01; JAADEF01 sp013153555; DPANN archaeon

GCA002494765_Diaforarchaearc@
GCA002494765.1_00707|~Archaea; Diaforarchaea; UBA186; UBA186; UBA186; UBA186; UBA186 sp002494765; Diaforarchaea archaeon UBA186

GCA002502135_Undinarchaeaarc@
GCA002502135.1_00240|~Archaea; DPANN; Undinarchaeia; Undinarchaeales; UBA543; UBA543; UBA543 sp002502135; Undinarchaeales archaeon UBA543

NAY330001313699_Micrararc@
NAY330001313699.1_00628|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

GCA903934895_Micrarchaeiaarc@
GCA903934895.1_01028|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

NAY330001312387_Micrararc@
NAY330001312387.1_00696|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

NAY330001798777_Micrararc@
NAY330001798777.1_00341|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161_NA; UBA10161_NA; Micrarchaeia archaeon

NAY330000532659_Micrararc@
NAY330000532659.1_00744|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

NAY330001420453_Micrararc@
NAY330001420453.1_00804|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

NAY330002829929_Micrararc@
NAY330002829929.1_00870|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

GCA013331805_Micrarchaeiaarc@
HIH30272.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161 sp10161u; Micrarchaeia archaeon

NAY330001747330_Micrararc@
NAY330001747330.1_00161|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161; UBA10161_NA; Micrarchaeia archaeon

NAY330002892324_Micrararc@
NAY330002892324.1_00427|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214_NA; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

GCA018304295_Micrarchaeiaarc@
MBS3069234.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; CABMCJ01; CABMCJ01_NA; Micrarchaeia archaeon

GCA902384585_Astagnisolia@
VVB58942.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; CABMCJ01; CABMCJ01 sp902384585; Anstonella stagnisolia

NAY330002781987_Micrararc@
NAY330002781987.1_00722|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161_NA; UBA10161_NA; Micrarchaeia archaeon

GCA001871475_Micrarchaeiaarc@
OIO21254.1|~Archaea; DPANN; Micrarchaeia; UBA10214; CG1-02-47-40; CG1-02-47-40; CG1-02-47-40 sp001871475; Micrarchaeia archaeon CG1_02_47_40

GCA016866895_Micrarchaeiaarc@
MBM3229624.1|~Archaea; DPANN; Micrarchaeia; UBA10214; CG1-02-47-40; CG1-02-47-40_NA; CG1-02-47-40_NA; Micrarchaeia archaeon

GCA902384555_Micrarchaeiaarc@
VVB57638.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; CAIXYX01; CAIXYX01 sp902384555; Micrarchaeia archaeon

GCA903923795_Micrarchaeiaarc@
GCA903923795.1_00318|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; CAIXYX01; CAIXYX01 sp903923795; Micrarchaeia archaeon

GCA020056305_Micrarchaeiaarc@
GCA020056305.1_00895|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10161; UBA10161_NA; UBA10161_NA; Micrarchaeia archaeon

GCA021163225_Micrarchaeiaarc@
MCD6549377.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214_NA; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

GCA903900885_Micrarchaeiaarc@
GCA903900885.1_00433|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMU01; CAILMU01 sp903835325; Micrarchaeia archaeon

GCA903835325_Micrarchaeiaarc@
GCA903835325.1_00630|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMU01; CAILMU01 sp903835325; Micrarchaeia archaeon

GCA020052325_Micrarchaeiaarc@
GCA020052325.1_00549|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMU01; CAILMU01_NA; Micrarchaeia archaeon

GCA020053355_Micrarchaeiaarc@
GCA020053355.1_00727|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMU01; CAILMU01_NA; Micrarchaeia archaeon

GCA903835385_Micrarchaeiaarc@
GCA903835385.1_00059|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMQ01; CAILMQ01 sp903835385; Micrarchaeia archaeon

NAY3300027896104_Micrarc@
NAY3300027896104.1_00015|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; CAILMQ01; CAILMQ01_NA; Micrarchaeia archaeon

GCA018812625_Micrarchaeiaarc@
MBU0527329.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

GCA016926175_Micrarchaeiaarc@
MBN1169395.1|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

GCA015520875_Micrarchaeiaarc@
GCA015520875.1_00553|~Archaea; DPANN; Micrarchaeia; UBA10214; J096; JAADEL01; JAADEL01_NA; Micrarchaeia archaeon

GCA013153395_Micrarchaeiaarc@
NPA22004.1|~Archaea; DPANN; Micrarchaeia; UBA10214; J096; JAADEL01; JAADEL01 sp013153395; Micrarchaeia archaeon

GCA011380495_Micrarchaeiaarc@
HHR18621.1|~Archaea; DPANN; Micrarchaeia; UBA10214; J096; JAADEL01; JAADEL01 sp011380495; Micrarchaeia archaeon

GCA003694965_Micrarchaeiaarc@
RME79939.1|~Archaea; DPANN; Micrarchaeia; UBA10214; J096; J096; J096 sp003694965; Micrarchaeia archaeon

NAY330000585844_Micrararc@
NAY330000585844.1_00333|~Archaea; DPANN; Micrarchaeia; UBA10214; J096; J096_NA; J096_NA; Micrarchaeia archaeon

GCA903863105_Micrarchaeiaarc@
GCA903863105.1_00579|~Archaea; DPANN; Micrarchaeia; CABMDC01; CABMDC01; CABMDC01_NA; CABMDC01_NA; Micrarchaeia archaeon

GCA903905725_Micrarchaeiaarc@
GCA903905725.1_00525|~Archaea; DPANN; Micrarchaeia; UBA10214; UBA10214_NA; UBA10214_NA; UBA10214_NA; Micrarchaeia archaeon

NAY330001312376_Micrararc@
NAY330001312376.1_00543|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480_NA; UBA8480_NA; UBA8480_NA; Micrarchaeia archaeon

GCA016188965_Micrarchaeiaarc@
MBI2445746.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480_NA; UBA8480_NA; UBA8480_NA; Micrarchaeia archaeon

GCA016212375_Micrarchaeiaarc@
MBI5225994.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480_NA; UBA8480_NA; UBA8480_NA; Micrarchaeia archaeon

NAY330002781994_Micrararc@
NAY330002781994.1_00330|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480_NA; UBA8480_NA; UBA8480_NA; Micrarchaeia archaeon

GCA016207165_Micrarchaeiaarc@
MBI4360185.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480_NA; UBA8480_NA; UBA8480_NA; Micrarchaeia archaeon

GCA002778425_Micrarchaeiaarc@
PIT85459.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; 0-14-0-20-59-11; 0-14-0-20-59-11_NA; Micrarchaeia archaeon CG10_big_fil_rev_8_21_14_0_10_59_7

GCA902384935_Nmeridionalis@
VVB67896.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; 0-14-0-20-59-11; 0-14-0-20-59-11 sp902384935; Norongarragalina meridionalis

GCA002763345_Micrarchaeiaarc@
PIO06655.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; 0-14-0-20-59-11; 0-14-0-20-59-11 sp002763345; Micrarchaeia archaeon CG08_land_8_20_14_0_20_59_11

GCA903893865_Micrarchaeiaarc@
GCA903893865.1_00576|~Archaea; DPANN; Micrarchaeia; UBA8480; CAITNU01; CAITNU01; CAITNU01 sp903893865; Micrarchaeia archaeon

GCA013425325_Micrarchaeiaarc@
NYZ75071.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480; UBA8480; UBA8480 sp013425325; Micrarchaeia archaeon

GCA001871495_Micrarchaeiaarc@
OIO22487.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA8480; UBA8480; UBA8480 sp001871495; Micrarchaeia archaeon CG1_02_51_15

NAY330002803246_Micrararc@
NAY330002803246.1_00197|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; UBA93; UBA93_NA; Micrarchaeia archaeon

GCA002792915_Micrarchaeiaarc@
PIZ90909.1|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; UBA93; UBA93 sp002792915; Micrarchaeia archaeon CG_4_10_14_0_2_um_filter_60_11

GCA002499405_Micrarchaeiaarc@
GCA002499405.1_00236|~Archaea; DPANN; Micrarchaeia; UBA8480; UBA93; UBA95; UBA95 sp002499405; Micrarchaeia archaeon UBA95

GCA015522865_Micrarchaeiaarc@
GCA015522865.1_00665|~Archaea; DPANN; Micrarchaeia; Micrarchaeia_NA3; Micrarchaeia_NA3; Micrarchaeia_NA3; Micrarchaeia_NA3; Micrarchaeia archaeon

GCA011772645_Aenigmatarchaeiaarc@
NIS72844.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152 sp011772645; Aenigmatarchaeia archaeon

GCA011773905_Aenigmatarchaeiaarc@
NIP39937.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152 sp011772645; Aenigmatarchaeia archaeon

GCA011772255_Aenigmatarchaeiaarc@
NIO22443.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152 sp011772645; Aenigmatarchaeia archaeon

NAY330001797175_Aenigmarc@
NAY330001797175.1_00055|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152_NA; Aenigmatarchaeia archaeon

GCA020343735_Aenigmatarchaeiaarc@
UCC91471.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152_NA; Aenigmatarchaeia archaeon

NAY330000205393_Aenigmarc@
NAY330000205393.1_00302|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; CS3-C152; CS3-C152_NA; Aenigmatarchaeia archaeon

GCA021162425_Aenigmatarchaeiaarc@
MCD6590837.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; QMZT01_NA; QMZT01_NA; Aenigmatarchaeia archaeon

GCA003663325_Aenigmatarchaeiaarc@
RLJ00467.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZT01; QMZT01; QMZT01 sp003663325; Aenigmatarchaeia archaeon

GCA003663415_Aenigmatarchaeiaarc@
RLJ07935.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZY01; QMZY01 sp003663415; Aenigmatarchaeia archaeon

GCA017609145_Aenigmatarcharc@
GCA017609145.1_00472|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA003663445_Aenigmatarchaeiaarc@
RLJ06496.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZZ01; QMZZ01; QMZZ01 sp003663445; Aenigmatarchaeia archaeon

GCA021163005_Aenigmatarchaeiaarc@
MCD6496108.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01_NA; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA020343635_Aenigmatarchaeiaarc@
UCD03383.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01_NA; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA016931255_Aenigmatarchaeiaarc@
MBN1896852.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01_NA; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA016934325_Aenigmatarchaeiaarc@
MBN2330766.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA015520105_Aenigmatarcharc@GCA015520105.1_00240|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

GCA018829405_Aenigmatarchaeiaarc@MBU2519707.1|~Archaea; DPANN; Aenigmatarchaeia; QMZP01; QMZP01; QMZP01_NA; QMZP01_NA; Aenigmatarchaeia archaeon

NAY330001742334_Aenigmarc@NAY330001742334.1_00954|~Archaea; DPANN; Aenigmatarchaeia; Aenigmatarchaeales; Aenigmatarchaeales_NA; Aenigmatarchaeales_NA; Aenigmatarchaeales_NA; Aenigmatarchaeales archaeon

GCA020355185_DPANNarc@UCG95786.1|~Archaea; DPANN; PWEA01; PWEA01_NA; PWEA01_NA; PWEA01_NA; PWEA01_NA; DPANN archaeon

GCA011041995_DPANNarc@HDI02784.1|~Archaea; DPANN; PWEA01; PWEA01_NA; PWEA01_NA; PWEA01_NA; PWEA01_NA; DPANN archaeon

GCA021160955_DPANNarc@MCD6367471.1|~Archaea; DPANN; PWEA01; PWEA01_NA; PWEA01_NA; PWEA01_NA; PWEA01_NA; DPANN archaeon

GCA021162085_DPANNarc@MCD6477653.1|~Archaea; DPANN; PWEA01; PWEA01_NA; PWEA01_NA; PWEA01_NA; PWEA01_NA; DPANN archaeon

NAY330002549822_Bathyaarc@NAY330002549822.1_00098|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRUK01; DRUK01_NA; Bathyarchaeia archaeon

NAY330001802421_Bathyaarc@NAY330001802421.1_00743|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRUK01; DRUK01_NA; Bathyarchaeia archaeon

GCA017885625_Bathyarchaeiarc@GCA017885625.1_00744|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRUK01; DRUK01_NA; Bathyarchaeia archaeon

GCA011053435_Bathyarchaeiaarc@HEH84992.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DSLH01; DSLH01 sp011053435; Bathyarchaeia archaeon

GCA019685655_Bathyarchaeiaarc@MBX5328935.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DSLH01; DSLH01_NA; Bathyarchaeia archaeon A05DMB-5

GCA002779555_Bathyarchaeiaarc@PIU58784.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; 20-14-0-80-47-9; 20-14-0-80-47-9 sp002779555; Bathyarchaeia archaeon CG07_land_8_20_14_0_80_47_9

NAY330001313365_Bathyaarc@NAY330001313365.1_01139|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; 20-14-0-80-47-9; 20-14-0-80-47-9_NA; Bathyarchaeia archaeon

GCA002782745_Bathyarchaeiaarc@PIX31434.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233_NA; UBA233_NA; Bathyarchaeia archaeon CG_4_8_14_3_um_filter_42_8

GCA013388905_Bathyarchaeiaarc@NWF86673.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; JACAEI01; JACAEI01 sp013388905; Bathyarchaeia archaeon

GCA018396615_Bathyarchaeiaarc@MBS7632271.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233_NA; UBA233_NA; Bathyarchaeia archaeon

NAY330002732329_Bathyaarc@NAY330002732329.1_00637|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; JdFR-07; JdFR-07 sp002010975; Bathyarchaeia archaeon

GCA003601605_Bathyarchaeiaarc@RJS77035.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; JdFR-07; JdFR-07 sp003601605; Bathyarchaeia archaeon

GCA004376975_Bathyarchaeiaarc@TET65770.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; SOJA01; SOJA01 sp004376975; Bathyarchaeia archaeon

GCA011772235_Bathyarchaeiaarc@NIO38507.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; SOJA01; SOJA01_NA; Bathyarchaeia archaeon

GCA011364585_Bathyarchaeiaarc@HGN51790.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRVP01; DRVP01 sp011364585; Bathyarchaeia archaeon

NAY330001740637_Bathyaarc@NAY330001740637.1_00765|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRVP01; DRVP01_NA; Bathyarchaeia archaeon

GCA018396875_Bathyarchaeiaarc@MBS7608916.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRVP01; DRVP01_NA; Bathyarchaeia archaeon

GCA018396705_Bathyarchaeiaarc@MBS7646724.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRVP01; DRVP01_NA; Bathyarchaeia archaeon

GCA019685555_Bathyarchaeiaarc@MBX5320972.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233_NA; UBA233_NA; Bathyarchaeia archaeon A05DMB-3

GCA018396675_Bathyarchaeiaarc@MBS7616873.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; WUQU01; WUQU01_NA; Bathyarchaeia archaeon

GCA009889605_Bathyarchaeiarc@GCA009889605.1_02170|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; WUQU01; WUQU01 sp009889605; Bathyarchaeia archaeon

NAY330001740034_Bathyaarc@NAY330001740034.1_00835|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DSZD01; DSZD01 sp011364805; Bathyarchaeia archaeon

GCA014361045_Bathyarchaeiaarc@MBC7129871.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DSZD01; DSZD01_NA; Bathyarchaeia archaeon

NAY3300027863160_Batharc@NAY3300027863160.1_00282|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; DRVV01; DRVV01 sp011373895; Bathyarchaeia archaeon

NAY33000255467_Bathyarcarc@NAY33000255467.1_01388|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233_NA; UBA233_NA; Bathyarchaeia archaeon

GCA021161205_Bathyarchaeiaarc@MCD6446430.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; PIYF01; PIYF01 sp003601875; Bathyarchaeia archaeon

NAY330001313365_Bathyaarc@NAY330001313365.1_01304|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; 20-14-0-80-47-9; 20-14-0-80-47-9_NA; Bathyarchaeia archaeon

NAY3300027917111_Batharc@NAY3300027917111.1_00775|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; AD8-1; AD8-1 sp001273385; Bathyarchaeia archaeon

GCA016649625_Bathyarchaeiaarc@MBK5133848.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; AD8-1; AD8-1_NA; Bathyarchaeia archaeon

GCA011040605_Bathyarchaeiaarc@HDI07417.1|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233; UBA233 sp003661945; Bathyarchaeia archaeon

GCA002507245_Bathyarchaeiarc@GCA002507245.1_00609|~Archaea; TACK; Bathyarchaeia; B26-1; UBA233; UBA233; UBA233 sp002507245; Bathyarchaeia archaeon UBA233

GCA003096235_Bathyarchaeiaarc@PVX23078.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BIN-L-1; BIN-L-1 sp003096235; Bathyarchaeia archaeon

GCA018680575_Bathyarchaeiaarc@MBT8171751.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BIN-L-1; BIN-L-1_NA; Bathyarchaeia archaeon

GCA004376385_Bathyarchaeiaarc@TET27943.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BIN-L-1; BIN-L-1 sp004376385; Bathyarchaeia archaeon

NAY330001747031_Bathyaarc@NAY330001747031.1_00930|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA1_NA; BA1_NA; Bathyarchaeia archaeon

NAY330002755514_Bathyaarc@NAY330002755514.1_00608|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BIN-L-1; BIN-L-1_NA; Bathyarchaeia archaeon

GCA020344315_Bathyarchaeiaarc@UCC59228.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA1_NA; BA1_NA; Bathyarchaeia archaeon

GCA014859755_Bathyarchaeiaarc@MBE0512738.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA1_NA; BA1_NA; Bathyarchaeia archaeon

GCA001399795_Bathyarchaeiaarc@KPV63832.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; BA2; BA2 sp001399795; Bathyarchaeia archaeon BA2

GCA020356305_Bathyarchaeiaarc@UCH70896.1|~Archaea; TACK; Bathyarchaeia; B26-1; BA1; B1-G15; B1-G15_NA; Bathyarchaeia archaeon

GCA003662595_Bathyarchaeiaarc@RLI33869.1|~Archaea; TACK; Bathyarchaeia; RBG-16-48-13; RBG-16-48-13_NA; RBG-16-48-13_NA; RBG-16-48-13_NA; Bathyarchaeia archaeon

GCA011040775_Bathyarchaeiaarc@HDI12183.1|~Archaea; TACK; Bathyarchaeia; B26-1; WUQV01; WUQV01_NA; WUQV01_NA; Bathyarchaeia archaeon

GCA003662385_Bathyarchaeiaarc@RLI22192.1|~Archaea; TACK; Bathyarchaeia; B26-1; WUQV01; WUQV01_NA; WUQV01_NA; Bathyarchaeia archaeon

GCA021158125_Bathyarchaeiaarc@MCD6243273.1|~Archaea; TACK; Bathyarchaeia; B26-1; WUQV01; WUQV01_NA; WUQV01_NA; Bathyarchaeia archaeon

GCA003661645_Stygiaarc@RLG72110.1|~Archaea; Stygia; B88-G9; B88-G9_NA; B88-G9_NA; B88-G9_NA; B88-G9_NA; Stygia archaeon

GCA020352645_Bathyarchaeiaarc@UCG36203.1|~Archaea; TACK; Bathyarchaeia; B26-1; SOJC01; SOJC01_NA; SOJC01_NA; Bathyarchaeia archaeon

NAY330002217010_Bathyaarc@NAY330002217010.1_00089|~Archaea; TACK; Bathyarchaeia; EX4484-135; EX4484-135; EX4484-135; EX4484-135_NA; Bathyarchaeia archaeon

GCA003662245_Bathyarchaeiaarc@RLI12709.1|~Archaea; TACK; Bathyarchaeia; EX4484-135; EX4484-135; EX4484-135; EX4484-135_NA; Bathyarchaeia archaeon

NAY330001491128_Thermoarc@NAY330001491128.1_00058|~Archaea; TACK; Thermoproteia/Crenarchaeota; QMSL01; QMSL01; B12-G16; B12-G16 sp003650925; Thermoproteia/Crenarchaeota archaeon

GCA003661585_Korarchaeiaarc@RLG66625.1|~Archaea; TACK; Korarchaeia; DRAE01; DRAE01; DRAE01; DRAE01_NA; Korarchaeia archaeon

NAY330001751331_Korarcarc@NAY330001751331.1_00713|~Archaea; TACK; Korarchaeia; DRAE01; DRAE01; DRAE01; DRAE01 sp011041895; Korarchaeia archaeon

GCF000007185_Mkandleri@WP_011018753.1|~Archaea; Methanomada; Methanopyri; Methanopyrales; Methanopyraceae; Methanopyrus; Methanopyrus kandleri; Methanopyrus kandleri AV19

DEA000000146_Methanopyrusarc@DEA000000146.1_00009|~Archaea; Methanomada; Methanopyri; Methanopyrales; Methanopyraceae; Methanopyrus; Methanopyrus_NA; Methanopyrus archaeon

NAY330002841723_Methanarc@NAY330002841723.1_00039|~Archaea; Methanomada; Methanopyri; Methanopyrales; Methanopyraceae; Methanopyrus; Methanopyrus sp013154335; Methanopyrus archaeon

NAY330002841723_Methanarc@NAY330002841723.1_01601|~Archaea; Methanomada; Methanopyri; Methanopyrales; Methanopyraceae; Methanopyrus; Methanopyrus sp013154335; Methanopyrus archaeon

Tree scale: 1
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highlight the need for broader protein characterization to fully explore their functional diversity 

in Archaea. To this aim, we selected thirteen sequences from nine different species (1 TACK, 1 

DPANN, 3 Asgardarchaeota, 2 Methanotecta, and 2 Methanomada) for recombinant protein 

expression and purification (Table 1, sequences provided in Supplementary Table XX). 

Notably, three Asgard sequences featuring the newly identified insertion were selected to 

investigate the role of this extension. 

 
Table 1: Candidate proteins for further characterization. Thirteen proteins spanning the phylogenetic 
tree and representing a broad range of taxonomically diverse species were selected. 

 
TET Species Taxonomy 
HvTETa 

Haloferax volcanii Methanotecta; Halobacteria; Halobacteriales; Haloferacaceae; 
Haloferax; HvTETb 

HoTETa Ca. Hodarchaeales 
archaeon LC_3 

Asgardarchaeota; Heimdallarchaeia; Hodarchaeales; LC-3; 
LC-3;  HoTETb 

PsTETa Ca. 
Prometheoarchaeum 
syntrophicum 

Asgardarchaeota; Lokiarchaeia; CR-4; AMARA-1; 
Prometheoarchaeum;  PsTETb 

PsTETc 

ThTET Ca. Thorarchaeota 
archaeon MP8T-1 

Asgardarchaeota; Thorarchaeia; Thorarchaeales; 
Thorarchaeaceae; MP8T-1;  

TaTET Thermosphaera 
aggregans 

TACK; Thermoproteia/Crenarchaeota; Sulfolobales; 
Desulfurococcaceae; Thermosphaera; 

MfTET Methanothermus 
fervidus 

Methanomada; Methanobacteria; Methanobacteriales; 
Methanothermaceae; Methanothermus; 

MtTET Methanoculleus 
thermophilus 

Methanotecta; Methanomicrobia; Methanomicrobiales; 
Methanoculleaceae; Methanoculleus; 

MkTET Methanopyrus 
kandleri 

Methanomada; Methanopyri; Methanopyrales; 
Methanopyraceae; Methanopyrus; 

AlTET Altarchaeia archaeon 
ex4484_2 DPANN; Altarchaeia; IMC4; QMZM01; EX4484-2;  

 

3. Archaeal TET peptidases exhibit contrasting substrate specificities  
 

Of the thirteen initially targeted proteins, six were successfully produced and purified to near 

homogeneity from E. coli extracts using a combination of affinity, anion exchange, and gel 

filtration chromatography (i.e., HoTETb, PsTETa, PsTETc, ThTET, TaTET, and MtTET).	
During the final gel filtration chromatography step, all proteins eluted as well-separated high 

molecular mass complexes corresponding to particles of a molecular mass of c. 450 kDa 



APPENDICES 
 

 162 

(Supplementary Fig. 2a).  SDS-PAGE analysis of the elution peaks consistently showed a 

major band around 40 kDa, indicating the formation of homo-dodecameric complexes (data not 

shown). These findings were further validated by negative-stain electron microscopy 

observations, which revealed homogeneous populations of tetrahedral particles for most 

enzymes (Supplementary Fig. 2b). Lower purity of PsTETc and TaTET samples precluding 

satisfactory negative-staining imaging (data not shown), structure predictions were generated 

using AlphaFold3 (Supplementary Fig. 2c). The resulting models displayed the expected 

hollow tetrahedral edifices with high confidence scores (ipTM 0.88 and 0.91), further 

supporting PsTETc and TaTET ability to form high molecular weight assemblies. Alignment of 

the AlphaFold models with the crystallographic structure of the dodecameric PhTET2 (PDB 

code 1Y0R) yielded RMSD values of 0.783 Å for PsTETc and 0.534 Å for TaTET, indicating 

a robust superposition. 

 

 Previous functional characterization of various Thermococcales TETs revealed wide 

disparities in terms of substrate specificity. However, structural analyses of these different 

enzymatic edifices, based on primary sequence signatures or well-defined structural properties, 

fail to predict these different specificities13,19–22. To investigate whether the diversity here 

observed through phylogenetic analysis reflects a functional diversity, cleavage specificities 

were thus studied using chromogenic [para-nitroaniline (pNA) conjugated] and fluorogenic [7-

amino-4-methylcoumarin (AMC) conjugated] aminoacyl substrates. The observed activity 

spectra were heterogenous and can be divided into two main groups. The first group includes 

PsTETa, ThTET, MtTET, and TaTET, which exhibited broad-spectrum activities and can be 

classified as generalist enzymes. These enzymes were found to preferentially cleave 

hydrophobic residues, with PsTETa and ThTET displaying broader specificities. Optimal 

amidolytic activities were observed with Ile-pNA, Leu-pNA, Met-pNA, and Met-pNA, 

respectively. Similarities with the cleavage profile of PhTET219 can be outlined, but this study 

is the first description of methionyl and isoleucyl aminopeptidases in the TET family (Fig. 3). 

Conversely, PsTETc and HoTETb exhibited more selective activities and can be classified as 

specialized enzymes. Analogous to the previously described PhTET1 peptidase, they 

specifically targeted acidic amino acids20. Interestingly, PsTETc maximum activity was 

measured on Glu-pNA, whereas no hydrolysis could be detected on Asp-pNA despite the 

similarity of these substrates (Fig. 3). The same substrate specificity has already been reported 

for the MHJ_0125 glutamyl-aminopeptidase of Mycoplasma hyopneumiae41. 
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Fig. 3: Characterized TET aminopeptidases exhibit diverse substrate specificities. Cleavage 
specificities were assayed using synthetic chromogenic and fluorogenic substrates. For each enzyme, 
activities are expressed as percentage of the maximum activity observed, which was attributed a value 
of 100%. Enzymes characterized prior to this study are indicated by dashed lines. Error bars indicate 
±s.d. with n=3. NA: not assessed. 

 

4. Effects of temperature, pH, and metal ions on TET aminopeptidase activities 
 

TET enzymatic behaviors were investigated across a temperature range of 20°C to 100°C and 

at pH values from 5.5 to 11.0 (Fig. 4). The studied peptidases exhibited markedly contrasting 

profiles, with maximum activities measured for temperatures ranging from 40°C to 90°C. 

Specifically, PsTETa and PsTETc showed peak activity within the mesophilic range, while 

MtTET, ThTET, TaTET, and HoTETb exhibited a preference for higher temperatures, with 

optimal temperatures for enzymatic activities of 60°C, 70°C, 90°C, and 90°C, respectively. For 

all assayed enzymes, maximum amidolytic activity was measured at neutral pH values. Notably, 

MtTET and HoTETb demonstrated higher resilience to alkaline environments, whereas 

aggregation of ThTET and PsTETa enzymes was observed above pH 8.0, revealing their 

instability under these conditions. TaTET showed increased tolerance to acidic conditions, 

maintaining 87% of its optimal activity at pH 5.5.  
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Fig. 4: Temperature, pH and metal ions influence on TET enzymatic activities. For each enzyme, 
optimal conditions regarding temperature (top), pH (middle) and divalent cations (bottom) were 
determined. Error bars indicate ±s.d. with n=3. 

 

 The effects of several divalent cations on the enzymatic activities were also examined 

(Fig. 4). Consistent with prior characterizations of archaeal and bacterial TET 

peptidases13,16,19,20,42, maximum stimulatory effect was observed with Co2+ ions for all enzymes. 

However, TaTET was inhibited by all assayed metallic ions at a 1 mM concentration, and 

stimulatory effect of Co2+ was restored at a reduced concentration of 0.1 mM (data not shown). 

These findings are in agreement with previous reports of concentration-dependent activation of 

TET peptidases by metallic ions16. Interestingly, while the APDkam589 peptidase from 

Desulfurococcus kamchatkensis is known to be activated by Mg²⁺ and Mn²⁺ ions26, HoTETb 

stands out as the first characterized enzyme in this family to exhibit equal activation by Co²⁺ 

and Mn²⁺ ions. 

 

 Temperature, pH and metal cofactor optima determined for MtTET, TaTET, PsTETa and 

PsTETc are consistent with the optimal growth conditions of Methanoculleus thermophilus43,44, 

Thermosphaera aggregans45, and Candidatus Prometheoarchaeum syntrophicum46. The 

physiologies of the uncultivated species Candidatus Hodarchaeales archaeon LC_3 and 

Candidatus Thorarchaeota archaeon MP8T_1 remain unknown, and data concerning the 
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physico-chemical conditions at their sampling sites are lacking. Nevertheless, the optimal 

growth temperatures of Asgard species have been estimated in two parallel studies using either 

genome-derived features47 or the optimal GDP-binding temperature of the EF-1α translation 

elongation factor48. Interestingly, the high optimal temperatures obtained for ThTET and 

HoTETb (70°C and 90°C, respectively) are in disagreement with the predicted mesophilic 

lifestyles of Thorarchaeales and Hodarchaeales (Fig. 4).  

 

5. Archaeal TET peptidases can be delineated into several families 
 

The phylogenetic analysis presented in this study uncovered a previously underappreciated 

wealth of TET peptidases in archaea (Fig. 2). Considering that the pre-existing TET1 to TET4 

families covered only a small fraction of this diversity, new families were defined using the 

topology of the phylogenetic tree, i.e., branch length, branch supports, monophyly, and 

taxonomic distribution. The delineation of these new families was further refined according to 

the distinct biochemical properties of characterized enzymes (Fig. 3). Specifically, beyond their 

distinct taxonomic distribution, contrasted substrate specificities led us to separate the TET6 

and TET9 groups. Conversely, the broad TET11 family was maintained as a single family due 

to the similarities between the substrate specificities of the enzymes of Methanocaldococcus 

jannaschii (Atalah et al., in preparation) and Methanoculleus thermophilus, along with 

consistent taxonomic distribution. Additionally, TaTET has been identified as a generalist 

enzyme predominantly targeting hydrophobic residues, which is consistent with the substrate 

specificity of the previously characterized APDkam589 peptidase belonging to the same 

family26. Consequently, seven new families were described across the tree, which were named 

TET5 to TET11 in accordance with the existing nomenclature (Supplementary Fig. 3). 

Notably, all sequences featuring the novel insertion described above were found in the TET7 

group. Collectively, these eleven families account for 1,619 sequences, the remaining 411 

sequences were not affiliated to any family due to poorly supported branching or lack of 

characterized representatives. 

 

 To gain insight into the significance of TET peptidase diversity, a comprehensive 

examination of the taxonomic distribution of each identified group across the tree of Archaea 

was conducted (Fig. 5). 
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Fig. 5: Phylogenetic distribution of the TET families in archaea. Distribution of the different TET 
families homologs on a schematic reference phylogeny of Archaea based on Garcia et al49. The sizes of 
the circles vary between 0% and 100% and indicate the percentage of genomes where a family is found. 
Circles are colored according to the activity spectrum of the characterized representatives of each 
family: pink for generic activities, green for specific activities, and yellow for undetermined activities.   
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 TET11 emerged as the most prevalent group, distributed across the entire Archaea tree, 

and consistently present in methanogenic species. TET7 and TET8 groups span two superphyla 

and are found in species from the Asgard and TACK groups. These sister clades also possess 

unique TET families, with TET9 and TET10 being found exclusively in Heimdallarchaeia and 

Crenarchaeota, respectively. The remaining groups exhibit more confined distributions; TET1, 

TET2, TET3, and TET4 groups appear to be restricted to Thermocci species (with the exception 

of a few TET1 sequences found in Archaeoglobales), whereas TET5 and TET6 members were 

exclusively detected in Halobacteria. Sequences that were not affiliated to any family were 

regrouped in the TET-other category. While being less widespread than the TET11 family, 

enzymes of this group are found in species spanning the entire Archaea tree. Apart from a 

notable absence in the vast majority of methanogenic species, no clear distribution pattern can 

be identified for this group.  

 

 

Discussion 
 

In this study, the implementation of structure-based identification criteria for high-throughput 

screening of M42 peptidases allowed for a comprehensive assessment of their prevalence and 

diversity in archaea, shedding light on an unsuspected wealth. Phylogenetic analysis and 

characterization of archaeal TET peptidases identified eleven families, seven of which had 

never been investigated before (Supplementary Fig. 3).  Strikingly, previous studies on 

archaeal TET peptidases have focused on the extensive characterization of TET1, TET2, TET3, 

and TET4 families, which are now understood to be a unique case restricted to Thermococci 

species. The TET11 family, which is the most prevalent, was completely overlooked until now 

(Fig. 5).  

 

 This approach also revealed a previously unreported ~20-residue insertion in some 

Asgard TET peptidases, located immediately after the dimerization domain essential for TET 

particle assembly (Fig. 1). This insertion does not appear to disrupt oligomerization, since both 

PsTETa and ThTET still form typical hollow tetrahedral particles (Supplementary Fig. 2a and 

b). AlphaFold3 structure predictions suggest that these insertions would form protruding two-

stranded b-sheets that may partially obstruct the pores on the faces of the tetrahedral particle, 

which are believed to be the entry points for substrates22 (Supplementary Fig. 4). Considering 

that PsTETa and ThTET exhibit a similar but broader substrate specificity compared to 
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PhTET2, MtTET and TaTET, this insertion may be involved in substrate recognition and 

recruitment. Alternatively, this insertion located on the surface of the TET particle could be 

mediating interaction with a partner protein. To fully elucidate the role of this novel insertion, 

further functional and structural studies on representative members of this family should be 

prioritized. 

 

 Significant heterogeneity is observed in the number of TET peptidases per organism. 

Organisms with a single TET enzyme tend to possess a member of the TET11 group, which 

likely comprises broad-spectrum activity peptidases (e.g., MtTET from M. thermophilus is a 

broad-spectrum methionyl-aminopeptidase, Fig. 3). Conversely, narrow substrate specificity 

appears to occur in species with multiple TETs only, such as P. horikoshii, which possesses four 

TET peptidases: PhTET2 functions as a broad-spectrum leucyl-aminopeptidase19, while 

PhTET1, PhTET3, and PhTET4 specifically target acidic, basic, and glycine residues, 

respectively13,20,21. Similarly, specialized enzymes belonging to the TET8 and TET9 groups 

have been identified in the genomes of Ca. Hodarchaeales archaeon LC_3 and Ca. P. 

syntrophicum containing two and three putative TET peptidase genes, respectively. Multiplicity 

is also observed in Halobacteriales, which typically harbor both a TET5 and a TET6. HmTET6, 

the only characterized enzyme of the TET6 group, displays broad-spectrum activity. Although 

no enzyme from the TET5 group has been characterized to date, it could be hypothesized that 

this group exhibits narrower activity profiles. Accordingly, since TET-other group members are 

found in species possessing either a single TET or both a TET-other and an additional 

specialized TET, it can be hypothesized that enzymes of this group function as generalists. 

 

 Interestingly, the four TETs of P. horikoshii exhibit complementary activity spectra, 

suggesting that they function in concert to achieve complete peptide hydrolysis13,19–21. 

Similarly, PsTETa and PsTETc have distinct, non-redundant activities. However, further study 

of the third TET from Ca. P. syntrophicum would be necessary to determine if a similar 

complementarity also exists in this species. Synergic specific activities of multiple TET 

peptidases have also been reported for the bacteria Geobacillus stearothermophilus50 and 

Symbiobacterium thermophilum51. In contrast, preliminary studies on the three TETs of 

Escherichia coli revealed redundant broad activity spectra52. Additional characterization of 

TET peptidases from other organisms would be needed to provide additional insight. Still, 

current evidence suggests that the presence of multiple TETs does not necessarily imply 

complementary substrate specificities.  
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 To investigate the origin of the unsuspected diversity of TET peptidases, bacterial 

homologues were included in the phylogenetic analysis. We retrieved 339 archaeal and 187 

bacterial homologues. In Bacteria, TET homologues were identified in 30% of genomes (121) 

and displayed a patchy distribution across phyla such as Thermotogae, Proteobacteria, 

Firmicutes, Chloroflexi, Deinococcota, Atribacteria, Bipolaricaulota, and Verrumicrobia. We 

inferred a maximum likelihood tree (Supplementary Table XX, Supplementary Fig. 5), 

which revealed a complex evolutionary history, shaped by multiple HGT intra and inter 

domains and several duplications. Two distinct groups can be delineated: the first group 

primarily contains archaeal sequences, spanning the full diversity of Archaea, with 

representatives from the TET1, TET4, and TET11 families. Interestingly, sequences belonging 

to Bacteria, mainly Elusimicrobia, Thermotogae, Firmicutes, and Proteobacteria branch within 

this group indicating several independent HGT between archaea and these bacteria. The second 

group consists of a mixture of archaeal, mainly from the TACK and Asgard superphyla, and 

bacterial sequences, encompassing the remaining TET families. 

 

 While the majority of the TET groups are restricted to few taxonomic groups (e.g., TET1-

4 in Thermococci, TET5-6 in Halobacteria), the TET11 group is widespread in Archaea and is 

found in all superphyla (Fig. 5), suggesting that this family emerged at the base of Archaea. 

According to MtTET (Fig. 3) and MjTET (Atalah et al., in preparation) characterization, TET11 

members would display broad-spectrum activities. The ancestral origin of TET11, coupled with 

its enzymatic activity, might suggest that this family was the first to appear in Archaea, followed 

by several duplications and horizontal transfers giving rise to multiple families with different 

activities.  

 

 Regardless, the phylogenetic analysis indicates that TET multiplicity arose independently 

multiple times. This phenomenon is not exclusively attributable to HGTs, as evidenced by the 

emergence of the TET1 and TET4 groups by duplication. It does not appear to stem from 

environmental adaptation either, as no correlation was identified between TET distribution and 

specific biotopes. For example, although Archaeoglobales, Thermococcales, Methanococcales, 

and Desulfurococcales all share the same ecological niche as primary colonizers of deep-sea 

hydrothermal vents53–55, these organisms exhibit markedly different TET distribution patterns.  

 

 On the other hand, the number and degree of specificity of TET peptidases present in an 

organism may correlate with its metabolic capabilities. Multiple TETs are found in 
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heterotrophic and mixotrophic Hadarchaea56, Thermococcales57–59, Halobacteriales60, 

Crenarchaeota61 (Vulcanisaeta genus), Heimdallarchaeota62–64, Korarchaeota65,66, and 

Bathyarchaeota67–69 species. This suggests that TETs may play a metabolic role in the 

degradation of environmental peptides used as carbon sources, enabling efficient organic matter 

utilization. In contrast, TET peptidases are typically found in single copy in autotrophic species 

such as methanogens, which do not depend on the degradation of exogenous peptides, hinting 

at an alternative physiological role for these enzymes. As initially proposed by Franzetti et al., 

TETs may participate in protein homeostasis and amino acid recycling by processing peptides 

downstream of the proteasome and other related proteolytic complexes10,11. 

 

 The biological function of TET peptidases remains an open question. In an attempt to 

identify co-located genes that might be functionally related or co-regulated, the genomic 

neighborhood was examined; however, no significant genomic conservation or noteworthy 

syntenic blocks were identified (data not shown). To this day, the preliminary results from the 

triple knock-out experiment of E. coli TET peptidases remain the only genetic studies reported 

on these enzymes. No growth defects were observed in minimal media or under various stress 

conditions, suggesting that the genes encoding TET peptidases are not essential in this 

organism52. Similarly, a transposon sequencing experiment conducted on the archaeon 

Methanococcus maripaludis indicate that the single TET peptidase in this species is also non-

essential70. These findings could be interpreted in two different ways: TET peptidases may not 

be essential in these species, or there could be functional analogs compensating for their 

absence. Previous studies suggested complementarity between M42 and M18 or TRI 

peptidases11,37,52. To investigate these theories, we used the PFAM domains PF14684 and 

PF02127 to search for TRI and M18 homologues in our local database of archaeal genomes 

(Supplementary Table XX). Our results challenge these hypotheses; M18 and TRI 

homologues were only sparsely detected, primarily in species possessing M42 peptidases. 

Furthermore, several lineages (e.g., Theionarchaea, Pontarchaeia, Thalassoarchaeia, 

Methanocellia, Thaumarchaeota) lack all three peptidase families. This points to a more 

complex relationship and suggests the existence of other functional analogs yet to be identified. 

 

 Further genetic studies would be needed to establish the exact physiological role of these 

enzymes. Methanocaldococcus jannaschii might be a good candidate for this type of study; 

genetic tools are available for this species71 and it possesses a single TET peptidase belonging 

to the TET11 family, thought to be the archaeal ancestral family.  
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 Ultimately, the hybrid approach adopted in this study—integrating structural biology, 

phylogeny, and biochemistry—revealed an unsuspected diversity of TET peptidases. This 

innovative strategy shed light a complex evolutionary history to light, uncovering an ancient 

subgroup of archaeal enzymes that had so far gone unnoticed, yet appears to represent the 

general case among archaea. Additionally, this approach allowed for the classification of 

archaeal TET peptidases into eleven distinct families. Characterized representatives from these 

families revealed contrasting and biochemical properties, underscoring the potential value of 

this approach for biotechnological applications. For instance, archaeal TET peptidases, used 

individually or combined in mixtures, can increase the diversity of bioactive peptides in 

hydrolyzates derived from natural biomass23–25. These functionalized hydrolyzates have 

potential applications in nutrition, health, and cosmetics. Further research on the newly 

discovered classes of archaeal TET peptidases could expand the range of enzymes available for 

these industrial applications. 

 

 

Supplementary figures 

 
Supplementary Fig. 1: Multiple sequence alignment of 11 archaeal M42 peptidases illustrating a 
previously unreported insertion in Asgard and Thermoplasmata sequences. The unique ~20 residue 
insertion, specific to some Asgard species, is highlighted in orange. A shorter but similar insertion (9-
10 residues), highlighted in green, was identified in certain Thermoplasmata sequences. 
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Supplementary Fig. 2: New TET peptidases purification. (a) Size exclusion chromatography 
purification. ThTET and HoTETb were purified using a Superose 6 Increase 10/300 GL column. Other 
proteins were purified on a Superdex 200 10/300 GL column. All proteins eluted as high molecular mass 
complexes of c. 450 kDa. (b) Negative-stain electron microscopy observation of purified TETs. 
Homogenous populations of hollow tetrahedral particles were observed. (c) Structural alignment of 
PsTETc (blue) and TaTET (pink) AlphaFold3 models vs. PhTET2 (PDB code 1Y0R, in green). Typical 
TET structures were predicted for PsTETc and TaTET. 
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Supplementary Fig. 3: Delineation of TET peptidases families in Archaea. Maximum-likelihood 
phylogeny obtained from an alignment of 2,030 sequences and 337 amino acid positions. The scale bar 
represents the average number of substitutions per site. Circles at the branches indicate ultra-fast 
bootstrap values >= 90 %. TET families were delineated based on the taxonomic distribution, the 
topology of the tree (i.e., branch lengths, node supports) and substrate specifities. Darker bars on the 
outer circle represent enzymes characterized either before or during this study.  

  

TET11 

TET4 

TET1 

TET3 

TET2 

TET9 

TET6 TET8 

TET10 

TET5 

TET7 



APPENDICES 
 

 174 

 

 
 
Supplementary Fig. 4: (a) PsTETa AlphaFold 3 model (ipTM score 0.87) featuring the novel insertion 
identified in some Asgard sequences, here colored in blue. (b) Associated plDDT plot per residue. The 
dashed red line indicates the confidence threshold (plDDT > 70), above which predicted structures are 
generally considered reliable. The region of the novel insertion (between residues 166 and 185) is 
highlighted in blue.  
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Supplementary Fig. 5: Phylogeny of archaeal and bacterial M42 peptidase homologues. Maximum-
likelihood phylogeny obtained from an alignment of 526 sequences and 337 amino acid positions. The 
scale bar represents the average number of substitutions per site. Circles at the branches indicate ultra-
fast bootstrap values ≥ 90 %. Archaeal and bacterial sequences are indicated in red and blue, 
respectively. Archaeal characterized sequences are highlighted. Archaeal taxonomic distribution is 
represented on the right. 
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Supplementary information  
 

ThTET purification protocol 
 

After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

supplemented with imidazole (final concentration 10 mM) and loaded on a HiTrap Chelating 

HP 5 mL column (Cityva) equilibrated with 50 mM Tris, 150 mM NaCl, 10 mM imidazole, pH 

8.0. Bound proteins were eluted with a linear gradient of imidazole (10 to 500 mM). Fractions 

corresponding to the elution peak at 400 mM imidazole were pooled, dialysed against 50 mM 

Tris, 20 mM NaCl, pH 8.0 and loaded on a ResourceQ column (Cytiva) equilibrated with the 

same buffer. Elution was achieved by a linear NaCl gradient (20 to 500 mM) and fractions 

containing protein of similar mass (37-39 kDa) according to SDS-PAGE were combined and 

concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff. The 

protein was utlimately loaded on a Superose 6 Increase 10/300 GL column (Cytiva) in 50 mM 

Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular mass 

around 450 kDa were pooled and subsequently concentrated using an an Amicon Ultra-15 

ultrafiltration unit (Millipore) with a 30 kDa cutoff. 

 

HoTETb purification protocol 
 

After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

diluted to a final NaCl concentration of 75 mM and loaded on a ResourceQ column (Cytiva) 

equilibrated with 50 mM Tris, 75 mM NaCl, pH 8.0. Elution was achieved by a linear NaCl 

gradient (75 to 300 mM) and fractions containing protein of similar mass (37-39 kDa) according 

to SDS-PAGE were combined and concentrated using an Amicon Ultra-15 ultrafiltration unit 

(Millipore) with a 30 kDa cutoff. The protein was then loaded on a Superose 6 Increase 10/300 

GL column (Cytiva) in 50 mM Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak 

corresponding to a molecular mass around 450 kDa were pooled and subsequently concentrated 

using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff.  

 

TaTET purification protocol 
 

After cell lysis, incubation at 70 °C for 15 min and clarification, the resulting supernatant was 

dialysed against 50 mM Tris, 50 mM NaCl, pH 8.0 and loaded on a ResourceQ column (Cytiva) 

equilibrated with the same buffer. Elution was achieved by a linear NaCl gradient (50 mM to 1 
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M) and fractions containing protein of similar mass (37-39 kDa) according to SDS-PAGE were 

combined and concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 

kDa cutoff. The protein was then loaded on a Superdex 200 10/300 GL column (Cytiva) in 50 

mM Tris, 150 mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular 

mass around 450 kDa were pooled and subsequently concentrated using an Amicon Ultra-15 

ultrafiltration unit with a 30kDa cutoff.  

 

PsTETa, PsTETc, and MtTET purification protocol 
 

After cell lysis and clarification, the resulting supernatant was dialysed against 50 mM Tris, 20 

mM NaCl, pH 8.0 and loaded on a DEAE sepharose CL-6B resin (Cytiva, XK16/20 column) 

equilibrated with the same buffer. Elution was achieved by a linear NaCl gradient (20 to 600 

mM) and fractions containing protein of similar mass (37-39 kDa) according to SDS-PAGE 

were combined, dialysed against 50 mM Tris, 50 mM NaCl, pH 8.0 and loaded on a ResourceQ 

column (Cytiva) equilibrated with the same buffer. Elution was achieved by a linear NaCl 

gradient (50 to 500 mM) and fractions containing the protein of interest were pooled and 

concentrated using an Amicon Ultra-15 ultrafiltration unit (Millipore) with a 30 kDa cutoff. The 

protein was then loaded on a Superdex 200 10/300 GL column (Cytiva) in 50 mM Tris, 150 

mM NaCl, pH 8.0. Fractions from the elution peak corresponding to a molecular mass around 

450 kDa were combined and subsequently concentrated using an Amicon Ultra-15 

ultrafiltration unit with a 30kDa cutoff.  
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Title: Phylogenetic and biochemical insights into the diversity of TET peptidases in Archaea 
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Résumé : Les peptidases TET sont des 
aminopeptidases géantes présentes dans les 
trois domaines du vivant. Elles sont 
supposées intervenir dans la protéolyse 
intracellulaire, en aval du protéasome. Des 
études structurales ont montré que ces 
enzymes forment des complexes 
tétraédriques dodécamériques creux. Chez 
les Archées, les peptidases TET ont 
principalement été étudiées chez des 
espèces de l’ordre des Thermococcales, 
révélant quatre types distincts de TET. 
Cependant, la répartition et la diversité 
fonctionnelle de ces peptidases dans les 
autres lignées archéennes restent mal 
connue, et leur rôle biologique précis est 
toujours indéterminé. 
Dans cette étude, des critères d’identification 
basés sur des éléments structuraux 
conservés sont définis, permettant 
l’identificatio 

l’identification des TETs à grande échelle. En 
utilisant ces critères pour le screening de 
4016 génomes d'archées, la première 
analyse complète de la distribution des TETs 
chez ces organismes est présentée, mettant 
à jour une diversité insoupçonnée. À travers 
une analyse phylogénétique, une 
classification des TETs archéennes en onze 
familles est proposée. 
La caractérisation biochimique de six 
nouvelles enzymes, issues de familles 
jusqu’ici non explorées et représentant une 
large diversité taxonomique, offre ainsi un 
aperçu complet de la diversité fonctionnelle 
des TETs.  
Enfin, la combinasion des résultats des 
analyses phylogénétiques et biochimiques 
éclaire l’histoire évolutive des TETs et 
apporte de nouvelles perspectives sur leurs 
potentielles fonctions biologiques. 

Abstract: TET peptidases are giant 
aminopeptidases ubiquitous accross all 
domains life, proposed to be involved in 
intracellular proteolysis, acting downstream of 
the proteasome. Structural studies have 
shown that these enzymes form hollow 
dodecameric tetrahedral complexes. In 
Archaea, TET peptidases have primarily been 
studied in Thermococcales species, revealing 
four distinct types of TETs. However, the 
prevalence and functional diversity of these 
peptidases in other archaeal lineages remain 
poorly understood, and their precise 
biological role is still unclear.  
In this work, structure-based identification 
criteria are introduced, enabling high-
throughput screening for TETs. By applying  

these criteria to 4,016 archaeal genomes, the 
first comprehensive analysis of TET 
distribution in Archaea was conducted, 
uncovering an unsuspected diversity. 
Through phylogenetic analysis, a 
classification of archaeal TETs in eleven 
families is proposed. 
Biochemical characterization of six new 
enzymes from previously undescribed 
families and covering a wide taxonomic range 
of archaeal species offers an extensive 
overview of the functional diversity of TETs.  
Finally, by combining biochemical and 
phylogenetic data, the evolutionary history of 
these peptidases is addressed, offering new 
insights into their potential biological roles. 


