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Abstract : Archaea, one of life's three fundamental domains alongside Bacteria and Eucarya, thrive in nearly every habitat.
Nevertheless, the precise structure of the archaeal tree of life remains unclear, clouding our understanding of the evolutionary
history of this domain. For instance, it is unknown how many times archaea adapted to hypersaline environments. Depending
on the phylogenetic placement of the currently known groups of halophiles, the number could range from one to four times.
Similarly, the DPANN archaea are one of the four major archaeal supergroups along with the TACK, Asgard, and
Euryarchaeota, yet their monophyly and phylogenetic placement in the archaeal tree remains unresolved. The DPANN
archaea are typically classified as nano-sized archaea that grow obligately attached to another archaeon host for their growth
and survival. Resolving the phylogenetic position of the DPANN has important implications for understanding the tempo and
mode of the evolution of these episymbiotic archaea and other major archaeal clades.

The primary goal of my PhD was to conduct a thorough phylogenomic analysis of halophilic and DPANN archaea to gain
deeper insights into their evolutionary history. My research revealed that halophilic archaea independently adapted to
hypersaline environments at least four times. As part of this project, two novel family-level lineages of extreme halophiles,
Afararchaeaceae and Asbonarchaeaceae, were identified from hypersaline lakes in the Danakil Depression in North-Eastern
Ethiopia. My findings also clarified previous phylogenetic inconsistencies, highlighting that unique amino acid compositions in
halophiles led to phylogenetic artifacts. By filtering out these biased data points, I achieved more consistent and reliable
phylogenetic placements. I also reconstructed the evolutionary history of archaeal gene families by mapping events such as
gene duplications, transfers, originations, and losses using gene tree-species tree reconciliation methods. I focused on events
specific to the branches leading to the various halophilic lineages. These results suggested that gene duplication and
horizontal gene transfer played an important role in the adaptation to halophily, for example, by spreading key genes (such as
those encoding potassium transporters) across the various extremely halophilic lineages. In my second project, I aimed to
elucidate the evolutionary history of the DPANN archaea. This involved a comprehensive study of their phylogeny by using an
extensive set of conserved protein markers and a thorough taxon sampling that included representatives from all 11 known
DPANN phyla. By employing various methods to mitigate the potential impact of compositional biases and long-branch
attraction (LBA), I obtained robust support for the monophyly of the DPANN and their placement within the Euryarchaeota.
Additionally, my research revealed that within the DPANN, the Altiarchaeota, potentially free-living, represent the earliest
diverging branch. Together, these results showed that the DPANN archaea are a monophyletic group that evolved from a
free-living Euryarchaeota ancestor. While automated phylogenetic pipelines can resolve some archaeal phylogenetic
questions, this work has shown that in-depth phylogenomic analyses are still needed to resolve major branches of the
archaeal tree. This research has demonstrated that, despite the long-standing awareness of phylogenetic artifacts like
compositional sequence biases, there isn't a single bias that can explain all inconsistencies in the archaeal tree.
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1. Introduction

The word archaea is derived from the Greek word archaios, meaning

“ancient” or “primitive.” Based on biogenic isotopes distinctive of different

metabolisms, it is estimated that archaea were present at least 2.5 billion years ago

(Gribaldo & Brochier-Armanet, 2006). My thesis is inspired by the question, “How

can we understand 2.5 billion years of archaeal evolution with today's methods and

data?”.

1.1. Archaea over the last 50 years

The classification of organisms dates back to ancient times, starting with

Aristotle in the fourth century BC. He categorized animals based on common

morphological characteristics and coined the term "genus" for each group, a term

still used today. Until the 1960s, biologists followed Aristotle’s practices, classifying

organisms by their phenotypic characteristics. This classification approach grouped

all morphologically simple microorganisms (bacteria and archaea), first as the

‘Monera’ by Ernst Haeckel in 1866 and later as ‘Prokaryotes’ by Édouard Chatton in

1937 (Sapp, 2005). However, in the mid-1960s, a groundbreaking shift occurred in

our understanding of microbial evolution with the introduction of molecular

phylogeny based on comparing the sequences of biological macromolecules

(nucleic acids and proteins) (C. R. Woese et al., 1975; Zuckerkandl & Pauling, 1965).

These pioneering methods offered initial glimpses into the evolutionary

relationships among microorganisms beyond their phenotypic traits and eventually

led to the differentiation of two prokaryotic domains, the Archaea and Bacteria

(previously Archaebacteria and Eubacteria, respectively; Fig. 1) (C. Woese, 1990).
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These initial phylogenetic trees were based on the comparison of ribosomal

RNA sequences. Ribosomal RNAs (rRNAs) are non-coding RNAs that are a primary

component of the ribosome. The most notable feature of rRNAs is their high

abundance in all cellular organisms, making them relatively easy to extract (Van de

Peer et al., 1996). rRNA sequences also change slowly over time, allowing the

detection of relatedness over very distant species (Woese et al. 1978). The

universality of rRNAs allowed for the phylogenetic classification of life into the three

primary domains (the Eucarya, Archaea, and Bacteria) (Fig. 1). Additionally, rRNA

sequencing also proved to be a compelling approach for identifying novel microbes

from the environment that could not be cultured (Pace, 2009). Historically, studying

microbes involved the traditional approach of enriching and isolating them

individually. However, routine culturing methods often fail to capture a significant

portion of microbes, a phenomenon referred to as "The Great Plate Count

Anomaly" (Staley and Konopka 1985) and later described as “The Uncultured

Majority” (Rappé & Giovannoni, 2003). The molecular analyses of environmental

16S rRNA sequences substantially expanded our knowledge of the diversity of

microbial life and introduced the era of culture-independent studies (Pace 2009;

Amann et al. 1995; Hugenholtz 2002; Barns et al. 1996; Pace 1997). However, as

more rRNA sequences were added to the tree of life, it became apparent that rRNA

phylogenies did not provide enough resolution for deep phylogenetic relationships

(Brochier-Armanet et al. 2011).
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Figure 1 | The first rooted three-domain tree of life adapted from the seminal

paper by Carl Woese in 1990. This first-rooted three-domain tree of life marked a

pivotal moment in understanding microbial evolution. The tree was built from rRNA

sequence comparisons and was rooted between the Bacteria and Archaea. This

tree also showed that the Archaea were divided into two main kingdoms, the

Euryarchaeota and Crenarchaeota. The Crenarchaeota were considered exclusively

thermophiles, while the Euryarchaeota consisted of a more heterogeneous group

of methanogens, extreme halophiles, and sulfate reducers.

1.2. Archaea in the Genomics Era

Archaea research entered a new era in 1996 with the whole-genome shotgun

sequencing of the first archaeal genome, Methanococcus (now Methanocaldococcus)

jannaschii (Bult et al., 1996). Methanocaldococcus jannaschii is a methanogenic

Euryarchaeota lineage collected from a white chimney smoker 2,600 meters below
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sea level (Bult et al., 1996). This study not only provided the initial insight into the

coding potential of archaea but also reaffirmed their distinct status as a unique

domain of life. In early comparative genomic studies, Methanocaldococcus jannaschii

was analyzed alongside the bacteria Escherichia coli and Synechocystis sp. 6803 and

the yeast Saccharomyces cerevisiae (Rivera et al., 1998). This study confirmed that

eukaryotes exhibit a combination of archaeal and bacterial genes, with

informational genes involved in translation, transcription, and replication showing a

greater similarity to archaeal genes. In contrast, operational genes responsible for

amino acid synthesis, cofactor biosynthesis, cell envelope formation, energy

metabolism, and phospholipid biosynthesis display a closer relationship to bacterial

genes (Rivera et al., 1998).

For over a decade (1990–2002), the Euryarchaeota and Crenarchaeota were

the only recognized archaeal phyla (Fig. 2A) (C. Woese, 1990). The Crenarchaeota

were considered exclusively thermophiles, while the Euryarchaeota consisted of a

more heterogeneous group of methanogens, extreme halophiles, and sulfate

reducers. By 2003, 16 complete archaeal genomes had been sequenced,

comprising 12 euryarchaeota and four crenarchaeota, with several others nearly

complete (Makarova & Koonin, 2003). These early sequencing efforts showed that

Archaea have many unique genetic features that are distinct from Bacteria. One

notable example is the ability of Archaea to thrive under extreme conditions, such

as in the water near hydrothermal vents that are heated to over-boiling

temperatures and saturated with hydrogen sulfide or in extreme salinity (Segerer et

al., 1993; Stetter, 1999). While bacteria can also be found in these environments,

archaea typically dominate these microbial communities (Merino et al., 2019; Oren,

2002; Stetter, 1999). This has largely given rise to a common misconception that all
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archaea are extremophiles despite their presence in almost all known moderate

environments.

Between 2002 and 2011, advancements in next-generation sequencing,

enhanced phylogenetic techniques, and improved genomic assemblies led to the

proposal of several new archaeal phyla (Fig. 2B) (Spang et al. 2017). These included

the Korarchaeota, a group of thermophiles from terrestrial hot springs (Reigstad et

al. 2010; Barns et al. 1996), the Nanoarchaeota, represented by a nano-sized

hyperthermophilic archaeon from a submarine hot vent, and the

ammonia-oxidizing Thaumarchaeota (DeLong 1992; Brochier-Armanet et al. 2008).

Together with the candidate phylum Aigarchaeota (Nunoura et al., 2011), the

Thaum-, Cren-, and Korarchaeota were proposed as a new archaeal superphylum

known as the “TACK” (also called the “Proteoarchaeota”) (Guy and Ettema 2011;

Petitjean et al. 2015). While the “TACK” acronym is still used today, it now

encompasses a greater diversity of phyla, including the Bathyarchaeota (Barns et

al., 1996; Kubo et al., 2012), the Geoarchaeota (Kozubal et al., 2013), and the

Verstraetearchaeota (Vanwonterghem et al., 2016). In general, the TACK

superphylum contains lineages with diverse metabolisms, such as

ammonia-oxidizers, autotrophs, and methanogens, and are important biological

members of the global carbon and nitrogen cycles (Adam et al., 2017; Ingalls et al.,

2006; Kozubal et al., 2013).
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Figure 2 | The expansion of the archaeal tree over the last decades. This figure

was adapted from Spang et al. 2017 and illustrates our progressive understanding

of the archaeal tree of life over the last 30 years. (A) The initial classification by Carl

Woese in 1990 identified the Euryarchaeota and the Crenarchaeota as the first two

archaeal phyla. (B) Between 2002 and 2011, advancements in genomic sequencing

and environmental 16S rRNA surveys resulted in the classification of the

Euryarchaeota and TACK superphyla, along with the identification of a novel

phylum, the Nanoarchaeota. (C) The archaeal tree now has four major

superphyla—Euryarchaeota, TACK, Asgard, and DPANN. It is important to note that

although these four superphyla are commonly used to describe the overall
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organization of the archaeal tree, a superphylum is not an officially recognized

taxonomic rank.

As of today, the archaeal tree now includes four major superphyla: the TACK,

Euryarchaeota, and most recently, the DPANN (Rinke et al., 2013) and Asgard

archaea (Zaremba-Niedzwiedzka et al., 2017). The Asgard archaea have garnered

significant attention in the last several years owing to their close evolutionary

relationship with eukaryotes (Eme et al., 2023; Spang et al., 2015;

Zaremba-Niedzwiedzka et al., 2017). The first sequenced member of the Asgard

archaea, Lokiarchaeum, showed an unexpectedly high number of eukaryotic

signature proteins previously thought to be absent in Archaea (Spang et al., 2015).

In agreement with these shared genomic characteristics, an updated universal tree

showed that the Lokiarchaeota were the closest sister group to eukaryotes (Spang

et al., 2015). As more Asgard lineages have been described, phylogenomic analyses

also robustly place the TACK as a sister group to the Asgard (Eme et al., 2023; Spang

et al., 2019; Zaremba-Niedzwiedzka et al., 2017).

1.3. The DPANN archaea

Along with Asgard, the DPANN is one of the more recently proposed archaeal

superphyla. The DPANN acronym represents the first five phyla described for this

group (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and

Nanohaloarchaeota) (Rinke et al., 2013). However, the DPANN now encompasses a

much broader range of taxonomic diversity (11 phyla according to GTDB r214;

(Rinke et al., 2021). DPANN archaea are typically described as nano-sized archaea

that encode a limited set of metabolic proteins. Notably, many DPANN genomes

lack proteins for amino acid, nucleotide, and phospholipid biosynthesis, which are
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typically considered essential for a free-living lifestyle (Castelle et al., 2018). Based

on these genomic features and in agreement with the few successful co-culture

enrichments, it has been suggested that the defining feature of the DPANN archaea

is a symbiotic lifestyle that requires a host for growth and survival (Dombrowski et

al., 2019; Rinke et al., 2013). However, to date, this has only been confirmed for the

few members that have been successfully co-cultured (Fig. 3).
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archaeon Candidatus Micrarchaeota ARM-1 with its host Metallosphaera sp. AS-7

(Sakai et al. 2022).

1.3.1. Nanoarchaeota

The first cultivated member of the DPANN, Nanoarchaeum equitans, was

discovered in 2002 in a geothermal submarine hot vent (Huber et al., 2002). N.

equitans was shown to be a hyperthermophilic nanosized archaeon ~400 nm in

diameter, whose growth was dependent on an archaeal host from the genus

Ignicoccus (Huber et al., 2002). Interestingly, when the researchers of this study

tried to amplify the 16S rRNA from these two cells using archaeal universal primers,

only the rRNA genes from Ignicoccus were amplified. The DPANN went undetected

for many years in rRNA environmental surveys using 'universal' archaeal primers,

initially designed to target highly conserved regions of the 16S rRNA based on

available Crenarchaeota and Euryarchaeota sequences (Casanueva et al., 2008;

Huber et al., 2003). However, after identifying N. equitans, subsequent 16S rRNA

surveys with updated archaeal primers detected additional Nanoarchaeota

environmental sequences (Hohn et al. 2002). Initial 16S rRNA phylogenetic trees of

Nanoarchaeota indicated their status as a novel deep-branching lineage within

Archaea, separate from the recognized phyla at the time: the Crenarchaeota,

Euryarchaeota, and Korarchaeota (Huber et al., 2002, 2003; Waters et al., 2003).

However, depending on the phylogenetic method used, the position of the

Nanoarchaeota seemed to vary between a deep-branching position at the base of

the archaeal tree or nested within the Euryarchaeota (Brochier et al. 2005;

Branciamore et al. 2008). Given its proposed deep-branching position, early

researchers questioned whether the small genome of Nanoarchaeota is an
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inherent "primitive" feature of archaea or the result of significant genome

reduction (Huber et al., 2003; Makarova & Koonin, 2005).

Studies have proposed that the anaerobic and hyperthermophilic lifestyle of

Nanoarchaeota supports the idea that its small genome is a primitive rather than a

derived feature (Huber et al., 2003; Thomson et al., 2004) given that a similar

lifestyle has been proposed for the last archaeal common ancestor (Groussin &

Gouy, 2011; Huber et al., 2003; Williams et al., 2017). However, with the discovery of

additional DPANN lineages, this group no longer has a preferred ecological niche.

DPANN lineages now include mesophiles, thermophiles, aerobes, and anaerobes

(Dombrowski et al., 2019).

To date, nine DPANN lineages have now been successfully cultivated,

including four Nanoarchaeota (Huber et al., 2002; Podar et al., 2013; St. John et al.,

2019; Wurch et al., 2016), three Micrarchaeota (Golyshina et al., 2017; Krause et al.,

2017; Sakai et al., 2022), and two Nanohaloarchaeota (J. N. Hamm et al., 2019; La

Cono et al., 2020). Based on these cultivated representatives, some DPANN seem to

rely on a single host (Hamm et al. 2019), while others can ‘host-switch’ (Sakai et al.

2022; Dombrowski et al. 2020). However, the cultivated DPANN lineages only

represent a small fraction of the known DPANN diversity (Dombrowski et al., 2019).

For example, different lineages within the Micrarchaeota have demonstrated a

broad diversity both in terms of habitat distribution and metabolic coding potential

(L.-X. Chen et al., 2018; Golyshina et al., 2017, 2019; Kadnikov et al., 2020).

1.3.2. Micrarchaeota

Previously named Archaeal Richmond Mine Acidophilic Nanoorganisms

(ARMAN), the Micrarchaeota were first detected in the acid mine drainage systems

of Iron Mountain (CA, USA; (B. J. Baker et al., 2006, 2010) but were later confirmed
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to be widely distributed in many low pH environments, as well as in areas with

neutral pH, soils, peats, freshwater systems, geothermal lakes, and hypersaline

mats (L.-X. Chen et al., 2018; Golyshina et al., 2019; Kadnikov et al., 2020). Despite

their small genomes (0.64–1.08 Mb), the Micrarchaeota play an essential role in

carbon and nitrogen cycling by breaking down various saccharides and proteins

(L.-X. Chen et al., 2018). They have also been shown to generate ATP through

aerobic respiration and fermentation but do not possess biosynthetic pathways for

amino acids and nucleotides (L.-X. Chen et al., 2018; Golyshina et al., 2019).

However, the three cultured representatives of this group are all from acidic

environments (Golyshina et al., 2017; Krause et al., 2017; Sakai et al., 2022).

Interestingly, one Micrarchaeota lineage (strain Sv326), identified in a freshwater

lake, has been proposed to be capable of a free-living lifestyle (Kadnikov et al.,

2020). The authors of this study argued that “Ca. Micrarchaeota Sv326'' retained

several metabolic pathways compared to the acidophilic, host-dependent

Micrarchaeota lineages (Golyshina et al., 2019). These metabolic pathways include a

complete glycolytic pathway and gluconeogenesis, the ability to generate ATP via

phosphorylation, the capacity to utilize some sugars and amino acids as substrates,

and pathways for de novo nucleotide biosynthesis (Kadnikov et al., 2020). However,

the proposal that strain “Ca.Micrarchaeota Sv326' is capable of a free-living lifestyle

based solely on genomic data and has yet to be proven experimentally.

1.3.3. Nanohaloarchaeota

The first extreme halophilic archaeon described outside the classic

Haloarchaea was the Nanohaloarchaeota. In 2011, two different studies assembled

Nanohaloarchaeota metagenome-assembled genomes (MAGs) from disparate

hypersaline lakes located in Australia (Narasingarao et al., 2012a) and in Alicante,
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Spain (Ghai et al., 2011). Based on 16S rRNA phylogenetic trees, the

Nanohaloarchaeota was first described as a new archaeal class within the

Euryarchaeota, sister to the Haloarchaea (Narasingarao et al., 2012a). This position

suggested a shared ancestry between the Nanohaloarchaeota and Haloarchaea

and therefore a single origin of adaptation to extreme halophily in the archaeal tree

(Fig. 6). However, subsequent phylogenomic analyses that included a more

extensive taxonomic sampling of recently proposed uncultivated archaea, argued

that the Nanohaloarchaeota are, in fact, a member of a new archaeal superphylum,

the DPANN archaea (see DPANN archaea section above for more details). This

revised deeper-branching position of the Nanohaloarchaeota suggested at least

two distinct, independent adaptations of archaea to hypersaline environments: one

on the branch leading to the Haloarchaea and another on the branch leading to the

Nanohaloarchaeota (Fig. 6).

Based on environmental samples, the Nanohaloarchaeota appear as small

coccoid cells with an average diameter of ∼0.6 μm (Andrade et al., 2015;

Narasingarao et al., 2012a) and a genome size of ~1 Mbp (Dombrowski et al., 2019).

It was suggested early on that certain Nanohaloarchaeota may be capable of a

free-living lifestyle due to the absence of observed associations between

nanohaloarchaeal cells and potential host cells in environmental samples

(Narasingarao et al., 2012a). However, the first successful co-culture of

Nanohaloarchaeota, sampled from hypersaline lakes in Antarctica, revealed that

the growth of Candidatus Nanohaloarchaeum antarcticus was indeed dependent on

the archaeal host Halorubrum lacusprofundi for survival (Fig. 2B) (J. N. Hamm et al.,

2019). In less than a year, a second co-culture of Nanohaloarchaeota was reported

(La Cono et al., 2020) and revealed a distinct Nanohaloarchaeota genus, Ca.

Nanohalobium was also obligately associated with a haloarchaeal host,
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Halomicrobium sp. LC1Hm. These two co-cultures demonstrated that geographically

and phylogenetically diverse Nanohaloarchaeota lineages rely on a haloarchaeal

host for growth and survival. However, each lineage appears to employ distinct

systems for recognizing hosts and conferring host specificity (La Cono et al., 2020).

This serves as a notable example of the genetic diversity within DPANN archaea,

even within a single family.

1.3.4. Altiarchaeota

Overall, the difficulty with successfully culturing DPANN lineages has made it

challenging to define unifying features for this group. While the nine cultured

DPANN representatives appear to depend strictly on a host for growth and survival,

genomic data suggests that other lineages within may be capable of a more diverse

range of lifestyle preferences. An especially intriguing DPANN lineage, likely

possessing the capability of a free-living lifestyle, is the Altiarchaeota (Esser et al.,

2023; Probst et al., 2014; Schwank et al., 2019). However, the phylogenetic position

of the Altiarchaeota in relation to other DPANN members remains a matter of

debate (Adam et al., 2017; Bird et al., 2016; Dombrowski et al., 2019, 2020; Schwank

et al., 2019).

The Altiarchaeota are strict anaerobes found in cold, sulfidic groundwater

and form highly pure biofilms with the filamentous bacterium Thiothrix sp. (Probst

& Moissl-Eichinger, 2015). Biofilms containing Candidatus Altiarchaeum

hamiconexum (formerly known as SM1 Euryarchaeon) are primarily composed of

Altiarchaeota (95%) with a minimal proportion of diverse sulfate-reducing bacteria

(5%) (Henneberger et al., 2006; Probst & Moissl-Eichinger, 2015). The Altiarchaeota

also have interesting cellular features where they synthesize long filamentous

appendages known as ‘hami’ that establish strong connections with other cells
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(Probst et al., 2014). Additionally, they are among the few archaea with a double-cell

membrane (Klingl, 2014).

Interestingly, specific members of the Altiarchaeota have been shown to

serve as hosts for another DPANN lineage, the Huberarchaeota (Esser et al., 2023;

Schwank et al., 2019). Recent findings also indicated that a significant portion of the

CRISPR-Cas spacer population in Altiarchaeota targets the genomes of

Huberarchaeota (Esser et al., 2023). These findings suggest that CRISPR-Cas

systems play an important role in mediating and controlling host-symbiont

interactions, warranting further exploration in other host-symbiont systems.

As mentioned previously, however, the exact phylogenetic position of the

Altiarchaeota remains unresolved (Adam et al., 2017; Castelle & Banfield, 2018;

Dombrowski et al., 2019, 2020; Probst & Moissl-Eichinger, 2015; Spang et al., 2017).

Phylogenetic analyses have placed the Altiarchaeota as either a deep-branching

Euryarchaeota lineage (Adam et al., 2017), nested within the Euryarchaeota (Probst

& Moissl-Eichinger, 2015), or affiliated with the DPANN archaea (Spang et al. 2017;

Castelle et al. 2018; Castelle and Banfield 2018). When affiliated with the DPANN,

the Altiarchaeota have been placed either sister to all other DPANN (Spang et al.

2017) or sister to the Micrarchaeota and Iainarchaeota (taxonomic names are

according to GTDB r207; the Iainarchaetoa were previously named Diapherotrites)

(Castelle & Banfield, 2018; Dombrowski et al., 2020; Moody et al., 2022). If the

Altiarchaeota are indeed members of the DPANN archaea, this would greatly

expand the metabolic and lifestyle potential of this superphylum.

1.3.5. The monophyly of the DPANN archaea

The monophyly of the DPANN and their relationship with other Archaea have

been highly debated (Adam et al., 2017; Brochier et al., 2005; Dombrowski et al.,
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2019, 2020; Petitjean, Deschamps, López-García, & Moreira, 2015; Rinke et al., 2013;

Spang et al., 2017). There are currently four main hypotheses for placing the

DPANN archaea (Fig. 4).

Figure 4 | Schematic representation of the four possible scenarios for the

phylogenetic placement of the DPANN archaea. A) DPANN is a monophyletic

group at the base of the archaeal tree. B) Some DPANN are monophyletic at the

base of the archaeal tree, while other lineages are reduced Euryarchaeota. C) All

DPANN lineages are reduced Euryarchaeota. D) DPANN are a monophyletic group

that has evolved from a Euryarchaeota-like ancestor.

Rinke et al. initially proposed the DPANN superphylum in 2013. The authors

of this paper suggested that the DPANN form a monophyletic group at the base of

the archaeal tree (Fig. 4A). This position is consistent with most published trees

today that include representatives from all known DPANN groups (Spang et al.

2013; Castelle et al. 2015; Spang et al. 2017; Saw et al. 2015; Williams et al. 2017).

However, subsequent studies have attributed the monophyly of the DPANN to

potential phylogenetic artifacts such as sequence compositional biases and/or

long-branch attraction (LBA) (Aouad et al., 2022; Petitjean, Deschamps,
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López-García, & Moreira, 2015). DPANN archaea are typically placed at the end of

long branches in the archaeal tree, potentially reflecting a faster rate of genome

evolution in symbiotic lineages compared to free-living archaea (Moran & Bennett,

2014; Muñoz-Gómez et al., 2022). In LBA, long branches can be artifactually

grouped in a tree even if distantly related (see section Phylogenetic Methods and

Limitations below) (Bergsten 2005; Susko and Roger 2021; Felsenstein 1978). This is

further supported by the disparity observed between the phylogenetic placement

of individual DPANN lineages and their placement in trees when all DPANN lineages

are considered (Williams et al., 2017). For instance, Nanoarchaeota,

Nanohaloarchaeota, Micrarchaeota, and Altiarchaeota are typically classified within

Euryarchaeota when considered individually (Adam et al., 2017; Aouad et al., 2018;

Brochier et al., 2005; Feng et al., 2021; Petitjean, Deschamps, López-García, &

Moreira, 2015; Schwank et al., 2019). However, they group with other DPANN when

a more extensive taxonomic sampling of DPANN is included (Castelle & Banfield,

2018; Dombrowski et al., 2020; Hug et al., 2016; Rinke et al., 2013; Spang et al.,

2017; Williams et al., 2017).

Similar to LBA, lineages that share amino acid compositions can also

artifactually group together in phylogenetic trees even if they are distantly related

(B. A. Baker et al., 2023; Muñoz-Gómez et al., 2022). In bacteria, it has been shown

that the genomes of symbiotic lineages tend to be biased towards A and T

nucleotides (and their proteins towards F, I, M, N, K, and Y amino acids, as A+T-rich

codons encode them) in contrast to free-living lineages (which can be biased

towards G+C-rich genomes and G, A, R and P amino acids) (Clark et al., 1999; Gu et

al., 1998; Muñoz-Gómez et al., 2019, 2022). Like symbiotic bacteria, many DPANN

genomes also tend to be A+T-rich (Dombrowski et al., 2019). However, this does not

apply uniformly to all DPANN archaea, particularly those with larger genomes, like
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the Micrarchaeota or Nanohaloarchaeota. Shared amino acid compositions could

also be why individual DPANN lineages are placed in various parts of the archaeal

tree. For example, the Nanohaloarchaeota might be artifactually attracted to their

haloarchaeal hosts due to shared amino acid preferences as a mode of adaptation

to salinity.

1.4. Halophilic archaea

97% of all aquatic systems on Earth are considered saline environments

(Cassardo & Jones, 2011). In these saline environments, halophilic organisms from

all three domains of life (Bacteria, Eucarya, and Archaea) can be found (Oren, 2002).

In general, halophiles require a minimum of 1 M salt for growth and can thrive

across a broad range of salt concentrations (Oren, 2002). Depending on the optimal

salt requirement for growth, halophiles are typically classified as either slight

(0.34–0.85 M NaCl), moderate (0.85–3.4 M NaCl), or extreme (3.4–5.1 M NaCl) (Dutta

& Bandopadhyay, 2022). As salt concentrations increase, the overall taxonomic

diversity decreases in high-salt environments (Oren, 2002). In some hypersaline

environments, it has been shown that up to 99% of the operational taxonomic units

(OTUs) were assigned to diverse groups of halophilic archaea (Belilla et al., 2019,

2021).

For over 30 years, all known extreme halophilic archaea belonged to a single

archaeal order, the Halobacteriales (also called halobacteria; henceforth:

haloarchaea). Yet, most hypersaline environments (e.g., salterns, soda lakes,

deep-sea brine pools, and fermented foods) are known to be nutrient-rich

ecosystems with high cell densities, making it surprising that only a single archaeal

order would thrive in these environments (Oren, 2002). As predicted,
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advancements in metagenomics and the capacity to assemble

metagenome-assembled genomes (MAGs) have increased the diversity of known

groups of extreme halophilic archaea over the past decade. This includes the

Nanohaloarchaeota, a group of nano-sized and symbiotic archaea (Ghai et al., 2011;

Narasingarao et al., 2012b), the Methanonatronarchaeia, a group of extremely

halophilic methanogens (Sorokin et al., 2017), and most recently the

Haloplasmatales, a new order within the Thermoplasmatota (Zhou et al., 2022).

However, the exact phylogenetic placement of these new lineages and their

relationship to each other remains a matter of debate (Aouad et al., 2018, 2019;

Feng et al., 2021; Martijn et al., 2020; Petitjean, Deschamps, López-García, Moreira,

et al., 2015; Sorokin et al., 2019).

1.4.1. Acidic proteomes of salt-in strategists

The distinguishing characteristic between slight or moderate halophiles and

extreme halophiles is their strategy for dealing with osmotic pressure. Slight or

moderate halophiles employ what is known as a ‘salt-out’ strategy, whereas

extreme halophiles employ a ‘salt-in’ strategy (Andrei, Banciu, and Oren 2012). As

the name suggests, ‘salt-out’ strategists actively pump salt out of their cells while

simultaneously synthesizing osmoprotects. Osmoprotectants or compatible solutes

are small organic molecules like glycine or betaine that, at high concentrations, help

a cell maintain osmotic equilibrium (Deole and Hoff 2020). However, this strategy

can be energetically expensive for obligate halophiles living in high-salt

environments (Gunde-Cimerman, Plemenitaš, and Oren 2018). Conversely, 'salt-in'

strategists, unique to extreme halophiles, actively pump salt into their cells,

establishing an intracellular osmotic pressure that matches their surrounding

environment (Andrei et al., 2012). This means that extreme halophiles can maintain
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a high molar salt concentration, usually in the form of potassium ions, in their

cytoplasm at any given time (Siglioccolo et al., 2011). For non-halophilic organisms,

elevated intracellular salt concentrations can trigger protein aggregation and

misfolding (Andrei et al., 2012; Lanyi, 1974; Sun et al., 2016). To deal with high

intracellular salt concentrations, extreme halophiles have had to undergo

proteome-wide modifications (Deole et al., 2013). Specifically, haloarchaeal

proteomes exhibit a massive enrichment in acidic amino acids (aspartic (D) and

glutamic (E) acid) and a depletion in basic and large hydrophobic amino acids (such

as isoleucine (I) and lysine (K)) (Fukuchi et al., 2003; Lanyi, 1974). The exact

mechanistic benefits of an acidic proteome are not fully understood. Still, it is

hypothesized that the negative ionic charge of acidic amino acids, through

interactions with water molecules, increases the protein's water activity, either

directly or cooperatively with hydrated cations (Gunde-Cimerman et al., 2018; Lanyi,

1974; Sun et al., 2016). Using genomic data, these proteome modifications can be

detected by calculating the isoelectric point of each protein in a proteome (Ghai et

al., 2011; Paul et al., 2008). A protein's isoelectric profile (pI value) represents the

distribution of negatively charged amino acids. While non-halophilic archaea have a

bi-modal distribution, extreme halophiles have a single spike of around three on a 0

to 14 pI scale (Ghai et al., 2011). While an acidic proteome seems to be a defining

feature of salt-in strategists and extreme halophiles, the evolutionary history of

these proteome modifications in archaea remains enigmatic until the halophilic

species tree is resolved.

1.4.2. Methanogen-to-halophile transition

Since the first archaeal trees, Haloarchaea has been positioned as a sister

group to methanogenic Euryarchaeota, specifically Class-II methanogens (C. Woese,
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1990). This placement has always been intriguing, given the large-scale genome

rearrangement thought to be required to transition from an anaerobic

methanogen to a heterotrophic extreme halophile (Martijn et al., 2020). Previous

studies suggested that this transition was accompanied by extensive horizontal

gene transfer (HGT) events from bacteria (Becker et al., 2014; Groussin & Gouy,

2011; Nelson-Sathi et al., 2012, 2015). However, the extent and timing of these

events are still debated. Early studies proposed a single acquisition of over 1,000

bacterial genes in the last common ancestor of Haloarchaea (Nelson-Sathi et al.,

2012). These findings indicated that HGT, on a significant scale, played a

transformative role, converting a strictly anaerobic, chemolithoautotrophic

methanogen into the heterotrophic, oxygen-respiring common ancestor of

Haloarchaea. However, upon reevaluating the results of this study, it became

apparent that the methodology employed systematically inflated the count of

genes acquired at the root of the Haloarchaea and incorrectly assumed bacterial

origins for these genes (Groussin et al., 2016). Beyond the mentioned studies,

additional research has identified authentic horizontal gene transfer (HGT) events

from bacteria to Haloarchaea, particularly with a more extensive taxonomic

sampling of Haloarchaea. However, these events occurred on a much smaller scale

than previously suggested (Becker et al., 2014; Gadda & McAllister-Wilkins, 2003).

An important discovery for understanding the evolution of Haloarchaea was

the Hikarchaeia (Martijn et al., 2020). The Hikarchaeia (originally marine group IV)

were first detected by a 16S rRNA gene sequence survey of a deep-sea site located

at a 3000 m depth at the Antarctic Polar Front (López-García et al., 2001). However,

it took another 20 years before an in-depth phylogenomic analysis reconstructed

the first genomes for this group and confirmed their phylogenetic placement as the

closest-known relative to the Haloarchaea (Martijn et al., 2020). By incorporating
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Hikarchaeia genomes, this study reevaluated the evolution of gene families along

the branches connecting methanogenic Euryarchaeota and Haloarchaea. Unlike a

single event responsible for this transition, this study proposed an updated

scenario in which an aerobic halophilic lifestyle gradually evolved from a

methanogenic ancestor through stepwise gene gain and loss events. However,

shortly before the publication of this study, a new group of extreme halophiles,

known as Methanonatronarchaeia, was identified (Sorokin et al., 2017). This group

was significant in understanding the methanogen-to-halophile transition as they

were the first described as extreme halophilic methanogens. It is important to note

that methanogens had been previously identified in slight or moderate saline

environments (Borton et al., 2018; Oren, 2002). However, this was the first instance

of an extreme halophilic methanogen. Like other extreme halophiles, the

Methanonatronarchaeia were also shown to be salt-in strategists. Initial

phylogenetic analysis of the Methanonatronarchaeia placed them as the closest

sister group to the Haloarchaea. However, the Hikarchaeia were not included in this

analysis (Sorokin et al., 2017). The authors of this study argued that the

Methanonatronarchaeia were an evolutionary intermediate between methanogens

and extreme halophiles. Subsequent phylogenetic analyses, however, suggested

that the Methanonatronarchaeia placed much deeper in the Euryarchaeota tree, at

the base of the Methanotecta superclass (Fig. 6), and their placement as a sister

group to the Haloarchaea is a result of tree reconstruction artifacts (Aouad et al.,

2019; Martijn et al., 2020). If the Methanonatronarchaeia does indeed place at this

deeper-branching position, this would suggest an independent adaptation to high

salt environments outside the Haloarchaea. However, their exact phylogenetic

position is still debated (Feng et al., 2021; Sorokin et al., 2019)
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Figure 6 | Schematic representation of the proposed phylogenetic positions of

various groups of halophilic archaea. The red circles on this tree indicate

proposed instances of archaea adapting to hypersaline environments.

1.5. Archaeal taxonomy

Most proposed archaeal phyla have been identified solely through genomic

sequencing and lack isolated cultures or recognized type strains according to the

International Code of Nomenclature of Prokaryotes (ICNP) (Pallen, 2021). To

manage the surge in genomic data in recent years, the ICNP now assigns

'Candidatus' as a temporary status to newly described sequence-based taxa.
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However, the problem is that the temporary status Candidatus has now been

applied to over 1,000 taxa (as of 2021) and has been widely adopted by journals

and databases (Pallen, 2021). This problem has rapidly been magnified by

advancements in metagenomics and metagenome-assembled genomes (MAGs).

Metagenomics enables direct DNA sequencing from an environment, usually

achieved through shotgun sequencing (Quince et al., 2017). When analyzing a single

genome, shotgun sequencing is often compared to shredding a book into small

fragments and then reconstructing it back to its original form by individually

matching overlapping words and phrases. If we extend this metaphor to include

metagenomic shotgun sequencing, we now have hundreds of books that we must

reassemble instead of having only a single book. Scientifically, the reassembled

books within a library would be MAGs. The objective is to ensure that the original

and reassembled books are identical. However, it is feasible that similar books

could contain identical or nearly identical sentences, leading to the misassignment

of these sentences. This scenario can also be observed during the assembly of

MAGs. When assembling MAGs, the aim is to identify patterns, primarily based on

k-mer profiles, to decide whether two contigs belong to the same genome.

However, this can quickly become problematic when an environment has high

strain heterogeneity (Parks et al., 2015). When working with MAGs, it is essential to

consider whether a particular MAG represents a genuine genome or a mosaic of

closely related strains/genomes (Setubal, 2021). This issue becomes particularly

challenging in regions of high genomic variability, where specific segments are

present in some strains but absent in others (data from my Master's thesis,

conducted in Dr. Jose de la Torre's Lab). In microbial genomes, these variable

regions can contribute important adaptive phenotypes, such as antibiotic

resistance or stress response genes (Bellanger et al., 2014; Dobrindt et al., 2004;
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López-Pérez et al., 2014). Since these variable regions can be missed in MAG

assemblies, it is important to understand what questions can be answered when

comparing MAGs.

To address challenges associated with working with MAGs, an early

recommendation was to incorporate quality assessments, usually focused on

evaluating MAG completeness and contamination (Parks et al., 2015). CheckM

(Parks et al. 2015) is the most commonly used software for assessing the

completeness and contamination of prokaryotic genomes. CheckM relies on a set

of highly conserved marker genes in Archaea or Bacteria and assesses their

placement and co-occurrence within a genome (Parks et al., 2015). However, a

single standardized set of markers for all archaea or bacteria is insufficient for

specific taxonomic groups (Dombrowski et al., 2019). For example, the DPANN

archaea are recognized for encoding a limited set of metabolic proteins attributed

to their proposed symbiotic lifestyle, which results in a seemingly low completion

rate among these lineages, even for genomes that are known to be complete

(Dombrowski et al., 2019). However, recent advancements in assessment tools have

tried to tackle these challenges (Chklovski et al., 2023).

1.5.1. Genome taxonomy database

The taxonomy of major archaeal groups is inconsistent across studies due to

a lack of clear genome-based guidelines for classifying microorganisms. While some

genome-based criteria, such as average nucleotide identity (ANI) or average amino

acid identity (AAI), exist (Jain et al., 2018), these methods are inadequate for

classifications above the genus level. To tackle the observed taxonomic

inconsistencies across studies, the Genome Taxonomy Database (GTDB) was

introduced in 2018 as a new genome-based microbial taxonomy ranking scheme
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(Parks et al., 2018; Rinke et al., 2021). In brief, GTDB first retrieves a set of highly

conserved single-copy marker genes from quality-filtered genomes (53 genes for

Archaea and 120 for Bacteria). These sequences are then aligned, assessed for

taxonomic congruence, concatenated into a supermatrix, and trimmed to

approximately 5,000 sites due to computational restrictions. This supermatrix is

then fed into an ML framework using IQTREE (Minh et al., 2020) with the

LG+C10+F+G model of sequence evolution (see section Phylogenomics for more

details). This phylogenetic tree is then used to normalize taxonomic ranks based on

relative evolutionary divergence (RED) values between the last common ancestor

(set to RED = 0) and all extant taxa (RED = 1). To normalize taxonomic ranks, RED

intervals were then defined as the median RED value for taxa at each rank, and

internal nodes were linearly interpolated between these values according to

lineage-specific rates of evolution (Parks et al., 2018; Rinke et al., 2021). This ranking

scheme enables a standardized taxonomic classification of microorganisms using

genomic data. However, a notable drawback is that GTDB uses historical taxonomic

names to define new taxonomic ranks, posing significant challenges when

conducting a historical overview of archaeal taxonomy.

1.5.2. The Archaeal root

One of the major unanswered questions in archaeal phylogenetics is the

placement of the archaeal root. To date, three main hypotheses have been

proposed for the placement of the archaeal root (Fig. 5).
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Figure 5 | Schematic representation of the three possible root positions

proposed for the archaeal tree of life. Root positions (a,b) were determined using

bacterial sequences as an outgroup, whereas root position (c) was identified

through a novel approach employing a gene tree-species tree reconciliation model.

The first 16S rRNA-based phylogenies of Archaea suggested a root between the

Euryarchaeota and Crenarchaeota (Fig. 5a; (C. Woese, 1990)). Initially, these two

groups were considered to have equal taxonomic ranks. However, the

Euryarchaeota are now classified as a superphylum, whereas the Crenarchaeota

retained their status as a phylum. The discovery of additional archaeal groups, such

as the Thaum- (Brochier-Armanet et al. 2008), Aig- (Nunoura et al., 2011), and

Korarchaeota (Elkins et al., 2008) (now the TACK superphylum (Guy & Ettema,

2011)), challenged this initial view of a bipartite archaeal tree. Following the

incorporation of TACK lineages, two studies sought to reevaluate the archaeal root

position by using bacterial sequences as an outgroup (Petitjean et al. 2015;

Raymann et al. 2015). However, each study arrived at a distinct rooting position.

Mirroring the bipartite archaeal tree initially proposed by Carl Woese (C. Woese,

1990), Petitjean et al. placed the root between the Euryarchaeota and the rest of

Archaea, while Raymann et al. placed the root within the Euryarchaeota (Fig. a and

b). The latter position suggested that the Euryarchaeota are a paraphyletic group,
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and the TACK evolved from an Euryarchaeota ancestor (Fig. 5b; (Raymann et al.

2015)). The main difference between these two analyses stemmed from the

variation in taxon sampling and the phylogenetic markers used to reconstruct the

phylogenetic trees. The observed impact of these choices on the archaeal root

position suggests that the placement of the root may be influenced by a potential

phylogenetic artifact rather than a genuine historical signal. Previous studies have

suggested that using outgroup sequences to establish the root of a tree can be

susceptible to phylogenetic artifacts, such as long-branch attraction (LBA) (Graham

et al., 2002; Williams et al., 2017). This is particularly relevant for rooting the

archaeal tree with outgroup sequences from bacteria due to the extremely long

branch that separates these two domains (Petitjean, Deschamps, López-García, &

Moreira, 2015). In LBA, long branches can be artifactually attracted to one another

even if they are distantly related (Bergsten, 2005; Felsenstein, 1978; Susko & Roger,

2021).

For this reason, both of these studies chose not to include the DPANN

archaea in their main analyses despite many DPANN lineages known at that time

(Rinke et al., 2013). The DPANN archaea are especially prone to LBA due to a faster

rate of genome evolution in symbiotic lineages compared to free-living archaea

(Dombrowski et al., 2019). However, Petitjean et al. did run a secondary

phylogenetic tree which included the DPANN. In this analysis, the authors

recovered the DPANN as a polyphyletic group, branching at various positions within

the Euryarchaeota (Fig. 4C). The authors concluded that based on this analysis, the

DPANN should be considered as a bona fide Euryarchaeota species, as opposed to

a monophyletic supergroup, as previously suggested (Rinke et al., 2013). Finally,

neither of these studies incorporated the Asgardarchaeota due to the unavailability

of genomes.
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Two years later, the first study included taxon sampling from all four major

archaeal superphyla (Williams et al., 2017). This most recent rooting analysis was

particularly interesting because it employed a method to root the archaeal tree

independent of an outgroup. The authors of this study first combined protein

concatenation and a supertree approach using 3,242 single-gene trees to resolve

an unrooted archaeal tree. They then inferred a root for that tree using a

probabilistic gene tree-species tree reconciliation model (Szöllősi et al., 2013a). In

brief, gene tree-species tree reconciliation models describe the evolutionary history

of a gene family (also referred to as an orthologous group) along a species tree by

mapping gene duplication, transfer, loss, and origination events along the species

tree (Boussau and Scornavacca, 2020). The most commonly used software for this

analysis is amalgamated likelihood estimation (ALE) (Szöllősi et al., 2013a). The

input for ALE requires a rooted species tree to perform the reconciliation.

Expanding on this requirement, Williams et al. conducted a reconciliation analysis

on several archaeal species trees, each with different root positions. Varied roots

on the species tree gave rise to diverse gene family evolution scenarios, which

resulted in different likelihoods for gene families within the gene tree-species tree

reconciliation model utilized in ALE (Williams et al., 2017). Various rooting

hypotheses were then statistically distinguished based on these likelihoods.

Applying this approach, Williams et al. determined that rooting the species tree

between the DPANN and all other archaea provided the most favorable likelihood.

In summary, the three analyses that focused on resolving the position of the

archaeal root have resulted in three different hypotheses (Fig. 5). Although the

analysis conducted by Williams et al. stands as the only study incorporating all four

major archaeal superphyla, placing the root between the DPANN and all other
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archaea carries significant implications for understanding the last archaeal

common ancestor (LACA) (see Discussion).

1.6. Phylogenomics

Deciphering the ancient evolutionary relationships within the archaeal tree of

life is challenging due to historical artifacts that can potentially introduce noise into

the phylogenetic analysis. Considering these artifacts at each analysis stage is

essential for producing robust and reliable phylogenetic trees.

1.6.1. Taxon selection

The first step in any phylogenetic analysis is to determine the depth of

taxonomic sampling. When analyzing the archaeal tree, the ideal scenario would be

to include all known archaeal species; however, this can become computationally

demanding and induce biases due to uneven taxonomic sampling

(Martinez-Gutierrez & Aylward, 2021). Large taxon sampling alone is not necessarily

computationally demanding, but the combination of extensive taxon sampling with

many alignment characters can be (Zhu et al., 2019). In a recent study attempting to

analyze the phylogenetic relationships among 10,575 taxa of bacteria and archaea,

the researchers faced computational constraints. To address this, they

compromised by restricting the number of alignment sites to a maximum of 100

sites per gene for the analysis (Zhu et al., 2019). Additionally, the selection of

high-quality genomes should be prioritized over the number of genomes to avoid

introducing contamination. After completing taxon selection, the next challenge is

choosing a set of phylogenetic markers that accurately represents the true

phylogenetic relationships among the selected taxa.
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1.6.2. Marker selection

Choosing a set of reliable phylogenetic markers aims to pinpoint proteins (or

genes) that are genuinely orthologous, display minimal compositional biases, and

reflect the average rate of evolution within a given proteome. To provide a general

definition, orthologous genes are related via speciation (i.e., vertical descent),

whereas paralogs are genes related via duplication (Fitch, 1970). To identify a set of

orthologous genes for phylogenetic analysis, studies often use the Basic Local

Alignment Search Tool (BLAST) (Altschul et al., 1990). However, BLAST was designed

to identify regions of sequence similarity, but these sequences or genes may not

necessarily represent the closest phylogenetic neighbors (Dick et al., 2017; Eisen,

2000; Koski & Golding, 2001). There are instances where the best BLAST hit may

correspond to a paralog, and the true ortholog might be the second, third, or fourth

BLAST hit. This can occur due to variations in evolutionary rates, where two

distantly related genes may be identified as best matches if their evolution rates

are both slow or two closely related genes may not match well if they have evolved

rapidly (Eisen, 2000). A rapidly evolving paralog could match a genuine ortholog in a

similarly fast-evolving lineage, even if they are phylogenetically distantly related.

There is also the possibility that the best BLAST hit could result from assembly

contamination. Without retrieving multiple BLAST hits for each taxon in your

dataset, these scenarios will go undetected. It is necessary to reconstruct the

phylogeny for each marker family to identify the true ortholog, incorporating the

top three or four BLAST hits for each taxon. The goal is then to iteratively remove

sequences that are paralogs, contamination, or cases of horizontal gene transfers

(HGTs). These sequences can then can be detected through inconsistencies in the

phylogenetic tree, divergent patterns in the sequence alignment, or by comparing
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the problematic sequences to a larger set of prokaryotic sequences such as

ReqSeq’s non-redundant database (O’Leary et al., 2016). It is especially important to

try to remove all cases of HGTs. Prokaryotic genomes, in particular, have been

shown to exhibit high rates of inter- and intra-domain HGT (Doolittle, 1999; Forterre

et al., 2002; Hilario & Gogarten, 1993, 1993; Koonin et al., 2001; Makarova et al.,

1999). However, detecting HGTs can be challenging in single-gene trees (SGTs) due

to a lack of phylogenetic signals in individual proteins (Gogarten & Townsend,

2005). Recent HGTs are generally easier to detect than ancient ones, and transfers

across diverse taxonomic groups are more straightforward than among closely

related strains. Detecting HGTs can become increasingly more difficult when they

have occurred between closely related lineages and/or are ancient transfers

(Gogarten & Townsend, 2005; Koonin et al., 2001; Olendzenski et al., 2002).

However, HGTs will only be detected if you collect multiple BLAST hits per taxa in

your initial marker set curation.

After selecting and curating the phylogenetic markers, the next step involves

aligning and trimming each marker before concatenating them into the final

supermatrix. However, previous studies have shown that different alignment and

trimming programs and settings can produce conflicting phylogenetic trees

(Nguyen et al., 2015; Ogden & Rosenberg, 2006; Smythe et al., 2006; Talavera &

Castresana, 2007). This highlights a reproducibility challenge in phylogenetics and

emphasizes the need to publicly share untrimmed and trimmed alignments

(Salomaki et al., 2020).

1.6.3. Phylogenetic methods and models

The final data preparation step in a phylogenomic analysis is concatenating

the individually trimmed alignments into a supermatrix. Early studies underscored
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the enhanced robustness of supermatrices against phylogenetic artifacts in

comparison to single-gene phylogenies (Baldauf et al., 2000; J. R. Brown et al.,

2001). This advantage is largely attributed to the increased number of

phylogenetically informative sites and the ability to better withstand variations in

evolutionary rates among different genes. Once the supermatrix is created, the

final step involves running a phylogenetic tree. In modern phylogenetics, two main

statistical inference frameworks are used: maximum likelihood and Bayesian. While

both frameworks handle nucleotide and protein sequences, the emphasis in this

section will be exclusively on protein data.

1.6.3.1. Maximum likelihood
Maximum likelihood (ML) in phylogenetics involves finding the evolutionary

tree that produces the highest probability of the observed sequence data given the

model of evolution (Felsenstein, 1981). The ML of a tree is found by making small

changes to that tree and repeatedly evaluating its likelihood (Felsenstein, 1981). In

both ML and Bayesian frameworks, a model of sequence evolution requires at least

a substitution model. A substitution model for protein data, also called an

amino-acid exchange rate matrix for protein sequences, is a 20x20 matrix, which

estimates the instantaneous substitution rate from one amino acid to another. The

rate of going to two biochemically different amino acids, for example, going from an

arginine (positively charged) to an aspartate (negatively charged), is under negative

selection and has a low rate. In contrast, replacements between isoleucine and

alanine (both hydrophobic) are frequent and have a high rate (Quang et al., 2008). A

reliable rate matrix is needed to accurately estimate the true evolutionary distances

(branch lengths) and relationships among species (tree topology) (Whelan &

Goldman, 2001). A way to improve amino acid replacement modeling is to use
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different matrices depending on the data (Le & Gascuel, 2008). For example,

different matrices exist for nuclear, mitochondrial, or viral data. However, if your

data does not fall under one of these categories, there are general matrices, such

as the WAG (Whelan & Goldman, 2001) or LG (Le & Gascuel, 2008) matrices. When

using a substitution model by itself, it assumes that all sites are evolving at the

same rate. However, it is known that sites of a protein do not all evolve at the same

rate (referred to as site-heterogeneity) (Yang, 1994). For example, some sites evolve

slowly due to strong functional or structural constraints, whereas others with low

evolutionary pressure evolve rapidly. A discrete gamma model and a rate matrix

can account for rate heterogeneity across sites. A discrete gamma model uses

several categories of rates to approximate the gamma distribution (Yang, 1994).

Within a gamma distribution, each category holds an equal probability, and each

site's likelihood is assessed compared to the mean value of each rate category

(Susko et al., 2003). The advantage of this method is that you don’t have to decide

upfront which category each site falls into. Typically four categories are sufficient,

but more categories can also be used (Yang, 1994).

In addition to rate heterogeneity, sequence sites also experience

heterogeneity in substitution patterns depending on a protein's function, the

secondary and tertiary structure, and solvent exposure (Quang et al., 2008). For

example, buried sites within a protein preferentially accept hydrophobic amino

acids, whereas residues at an active site are more likely to be charged amino acids

(Quang et al., 2008). Standard substitution models accommodate only one amino

acid rate matrix, while protein mixture models were introduced to address the

different rates (substitutional heterogeneity) of amino acid substitutions for specific

sites. In an ML framework, common protein mixture models are the C10, 20, 30, 40,

50, and 60-profile mixture models (Quang et al., 2008). These mixture models
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(C10..C60) use 10 to 60 different amino acid substitution rate matrices instead of a

standard single matrix. Protein mixture models can help address mutational

saturation by allowing different sites in a protein sequence to evolve at different

rates. This flexibility allows variations in substitution rates across different protein

regions, which can be especially important when certain sites are evolving rapidly

while others are more conserved. Protein mixture models can provide a more

nuanced representation of the evolutionary dynamics of protein sequences.

1.6.3.2. Bayesian

Another commonly used approach in phylogenetics is Bayesian inference

(BI). In a phylogenetic setting, BI is similar to ML in that it uses a likelihood function

and a substitution rate matrix. The feature of BI that sets it apart from ML is the

ability to include prior information. In theory this is done by giving a prior

probability distribution of trees. However, in practice, implementing realistic prior

probabilities is challenging so most analyses use a simple prior which assumes that

all trees have equal probabilities (Archibald et al., 2003). BI also uses Markov Chain

Monte Carlo (MCMC) simulations in combination with the chosen model and data to

produce a posterior probability distribution of trees. In a BI phylogenetic software

like Phylobayes (Lartillot & Philippe, 2004), the distribution of trees is summarized

as a majority rule consensus tree, which is then used to determine the support

values (Archibald et al., 2003; Huelsenbeck et al., 2002). The branch support on a

Bayesian phylogeny is the posterior probability for that clade, meaning the

probability that the clade is “true” given the priors, model, and data (Archibald et al.,

2003). It is also common practice in BI to run multiple MCMC chains in parallel and

then test whether or not these chains converge to the same tree.
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One of the advantages of using BI is the availability of the CAT model (Lartillot

& Philippe, 2004). The CAT model is a protein mixture model similar to the C10..C60

mixture model in a ML framework. However, as opposed to the C10..C60 model

where the number of profiles/classes are determined beforehand, the CAT model

has the substitution rates as parameters, which means the number of mixture

model profiles is optimized during the analysis (Lartillot & Philippe, 2004).

Unfortunately, the CAT model can pose significant computational demands for

large datasets and usually requires the dataset to be subsetted in terms of the

number of taxa. Despite the computational challenges associated with the CAT

model, it has been shown to be less susceptible to phylogenetic artifacts such as

LBA by more accurately modeling amino acid mutational saturations (Lartillot et al.,

2007).

1.6.4. Phylogenetic artifacts

It can be difficult to place some archaeal lineages in the archaeal tree for

several reasons. One of the major difficulties arises from LBA (Bergsten, 2005;

Felsenstein, 1978; Susko & Roger, 2021). In LBA, long branches in a phylogenetic

tree can artifactually group even if distantly related. However, many factors can

lead to the emergence of long branches in a phylogenetic tree, such as

compositional heterogeneity, substitution saturation, or insufficient taxonomic

sampling. In the archaeal tree, there are still several major branches that are

undersampled, such as the Hadarchaeota (B. J. Baker et al., 2016; Chuvochina et al.,

2019), the Hydrothermarchaeota (Chuvochina et al., 2019; Vetriani et al., 1999), and

various DPANN phyla, such as the Huberarchaeota (Probst et al., 2018), and several

other unnamed DPANN phyla (SpSt-1190, EX4484-52, etc.). These taxa typically
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appear at the end of long branches in a phylogenetic tree because there are no

other closer relatives to break the long branch.

Long branches can also result from compositional heterogeneity, the

unequal distribution of amino acids within a gene or between genes and/or

organisms (Collins et al., 1994; Foster & Hickey, 1999). Simple phylogenetic models

face challenges distinguishing between amino acids changes that are evidence of

shared ancestry (synapomorphies) and instances where multiple changes are a

result of convergent evolution (Collins et al., 1994; Foster & Hickey, 1999). One way

to deal with this is to remove the most saturated sites (Philippe et al., 2000).

However, this can sometimes result in removing more than half of the total number

of amino acid sites (Aouad et al., 2019; Martijn et al., 2020; Sorokin et al., 2019).

Current phylogenetic mixture models, as mentioned above, can also account

for compositional heterogeneity within genes. However, these models do not

account for heterogeneity between organisms (or branches in a tree), a

phenomenon referred to as branch heterogeneity (Muñoz-Gómez et al., 2022).

Branch-heterogeneity can arise from either lineage-specific evolutionary rates, such

as faster-evolving symbiotic lineages, like the DPANN archaea versus typically

slower-evolving free-living lineages, a phenomenon known as heterotachy (Lopez et

al., 2002), or from selective environmental pressures (B. A. Baker et al., 2023;

Muñoz-Gómez et al., 2022).

For example, extreme halophiles have undergone proteome-wide

modifications to address high intracellular salt concentrations and prevent protein

aggregation (B. A. Baker et al., 2023). These modifications typically include a highly

acidic proteome in the form of an over-representation of acidic amino acids,

specifically aspartic (D) and glutamic (E) acid, and an under-representation of basic

and large hydrophobic amino acids, such as isoleucine (I) and lysine (K),
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respectively. In short proteins with few amino acids, such as ribosomal proteins,

which are about 2–4 times smaller than average proteins (Reuveni et al., 2017), a

few highly biased sites can artifactually group these sequences even if distantly

related (B. A. Baker et al., 2023; Eme et al., 2023; Petitjean, Deschamps,

López-García, & Moreira, 2015). This has also been proposed as a potential source

of phylogenetic artifacts driving the monophyly of the DPANN archaea

(Dombrowski et al. 2019). In bacteria, it has been shown that the genomes of

symbiotic, especially parasitic lineages tend to be biased towards A and T

nucleotides (and their proteins towards amino acids encoded by A+T-rich codons: F,

I, M, N, K, and Y) in contrast to free-living groups that have not evolved reductively

(which can be biased towards G+C-rich genomes and G, A, R, and P amino acids)

(Muñoz-Gómez et al. 2022; Clark, Moran, and Baumann 1999; Muñoz-Gómez et al.

2019; Gu, Hewett-Emmett, and Li 1998). Similar to symbiotic bacteria, DPANN

archaea tend to have a higher frequency of F, I, M, N, K, and Y amino acids

compared to free-living archaea, which tend to have a higher frequency of G, A, R,

and P amino acids.
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2. Objectives
1. Resolve the phylogenetic position of extremely halophilic archaea. Are

the Nanohaloarchaeota members of the DPANN archaea?

The genomic features and symbiotic lifestyle of the Nanohaloarchaeota

suggest that this lineage belongs to the DPANN archaea. However, since their

discovery, their phylogenetic position in the archaeal tree has been unstable for

over a decade. Initially, the Nanohaloarchaeota was described as a distinct,

deep-branching lineage within the Euryarchaeota, separate from the only other

known group of halophilic archaea, the Halobacteriota. However, with the discovery

of additional nano-sized archaeal lineages, the Nanohaloarchaeota shifted to a

position within the DPANN superphylum. However, studies as recent as 2022 have

still questioned the phylogenetic placement of the Nanohaloarchaeota and have

argued that they are indeed Euryarchaeota. Considering that the

Nanohaloarchaeota are the most frequently discovered group outside of the

DPANN in phylogenetic trees, our initial focus was determining their precise

phylogenetic position and, by extension, the phylogenetic position of all halophilic

archaea. To achieve this, we described two new family-level lineages of halophilic

archaea and developed new robust phylogenetic methods to deal with amino acid

biases prevalent in all extremely halophilic archaea.

2. Resolve the phylogenetic position of the DPANN archaea. Is the DPANN

a monophyletic group? Where does the DPANN place in the archaeal tree of

life?

The DPANN archaea are one of the four proposed archaeal superphyla,

along with the TACK, Asgard, and Euryarchaeota. The DPANN are typically
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characterized by their small cell sizes and limited set of metabolic proteins (e.g.,

amino acid and lipid biosynthesis). Nonetheless, the monophyletic status of this

group is still an unresolved question. Initial phylogenetic analyses of individual

DPANN lineages, for example, Nanoarchaeum equitans and Nanosalinarun sp.

J07AB56 suggested these organisms were deep-branching Euryarchaeota. However,

as additional DPANN lineages were uncovered, subsequent phylogenetic analyses

indicated the formation of a monophyletic group. Advocates of the monophyletic

status of the DPANN argue that earlier research lacked sufficient taxonomic

sampling.

Conversely, critics argued that adding more taxa could potentially lead to

phylogenetic tree reconstruction artifacts, such as long-branch attraction,

attributed to the rapid evolutionary rate of these lineages. To address this question,

the objective was to investigate whether the unstable position of the DPANN

archaea results from taxon sampling in specific lineages or is influenced by

phylogenetic artifacts such as long-branch attraction or compositional biases in

amino acids within phylogenetic datasets. Subsequently, we will apply comparable

phylogenetic methodologies, as outlined in the halophiles paper, to investigate how

amino acid biases influence the phylogenetic positioning of DPANN.
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3. Materials and Methods

We used several phylogenomic approaches to infer the phylogenetic position

of several branches in the archaeal tree. Our approaches included identifying and

eliminating biased amino acid alignment sites unique to our taxonomic groups of

interest. To mitigate long-branch attraction, we employed sub-sampling in our

datasets and utilized sophisticated models of sequence evolution. Furthermore, in

collaboration with a team at Dalhousie University, we implemented a

site-and-branch-heterogeneity model tailored specifically to our archaeal groups of

interest. Even if our different studies had some specificities, we followed a similar

overall methodological approach summarized in this section.

3.1. Generation of backbone datasets for phylogenetic

analyses

All archaeal genomes were downloaded from the Genome Taxonomy

Database (GTDB) (Rinke et al., 2021) to generate a representative archaeal

reference set. We first subsetted the number of genomes using the software

Treemmer v0.3 (Menardo et al., 2018). Treemmer selects the leaves in a

phylogenetic tree representing the greatest diversity based on a predefined

number of taxa. We further subsetted this dataset by selecting at least one

representative from each archaeal class according to GTDB. When multiple

representatives per class were available, we selected the genomes with the highest

completion (>60%) and lowest contamination scores (<5%) based on CheckM (Parks

et al., 2015). Once our final taxa were selected, all genomes were run through
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Prodigal (Hyatt et al., 2010) to ensure that all open reading frames were uniformly

predicted.

3.2. Selection of marker proteins for phylogenetic analyses

The marker proteins used in our phylogenetic analyses were based on a

previously curated set of 200 archaeal single-copy markers shown to be highly

conserved across the archaeal domain (Petitjean et al. 2015). Throughout the

chapters of this thesis, we refer to this dataset as the NM (new markers) dataset.

Sequences similar to the NM proteins were identified in the set of archaeal taxa

using BLAST (Altschul et al., 1990) with relatively relaxed criteria (>20% sequence

identity over 30% query length) to retrieve even divergent homologs, which is

especially relevant for fast-evolving lineages like the DPANN archaea. Up to five

BLAST hit sequences for each taxon were included for preliminary phylogenetic

reconstruction using FastTree2 (Price et al., 2010). These preliminary trees were

manually examined to identify the correct orthologue for each taxon and to detect

cases of contamination, HGT, or paralogy. These spurious sequences were

removed, and the remaining ones were used to reconstruct a new tree. Multiple

rounds of manual curation were done this way until all problematic sequences

were removed. We also removed some of the initial 200 markers poorly

represented in our taxonomic sampling. This resulted in 136 NM markers for the

Halophiles project and 126 NM markers for the DPANN project. Once curated,

sequences of each of the NM markers were aligned with MAFFT L-INS-i v7.450

(Katoh & Standley, 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3 -g 0.2

-h 0.5) (Criscuolo & Gribaldo, 2010). We performed a final round of verification of

the single gene trees reconstructed using the more sophisticated LG+C60+F+Γ4
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model in IQ-TREE (Minh et al., 2020) before concatenating the individually trimmed

alignments into the NM supermatrix.

Additionally, we compared the NM dataset and a set of ribosomal proteins

(RP), given their extensive use in phylogenetic analyses, serving as a benchmark for

evaluating the NM dataset. The RP dataset was manually curated using the

methods outlined for the NM dataset, as described above. This resulted in a set of

48 ribosomal proteins used as a second dataset alongside the NM dataset.

3.3. Phylogenetic analyses

All phylogenetic/phylogenomic trees (NM and RP datasets) were

reconstructed using maximum likelihood (ML) (Felsenstein, 1981) and Bayesian

inference (BI) (Huelsenbeck & Ronquist, 2001). All of our ML analyses were run with

IQ-TREE (Minh et al., 2020) under the LG+C60+G model of sequence evolution and

PhyloBayes-MPI (Lartillot et al., 2013) for BI analyses under the CAT+GTR model.

Due to computational constraints, we could not run the full NM and RP datasets for

the BI analyses. Consequently, all BI analyses were conducted on subsets of the NM

and RP datasets (see each chapter for more details). All trees were visualized using

FigTree (Rambaut et al., 2016) and iTOL (Letunic & Bork, 2007).

3.4. Detecting compositional biases

To obtain an overview of the amino acid composition of our datasets, we

computed the frequency of each amino acid for both the individual markers and

the proteomes of each taxon. This enabled us to assess the amino acid composition

of both the NM and RP datasets and to make comparisons with the overall

proteome. While the amino acid composition of the NM dataset closely resembled
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that of the proteomes, a distinct contrast was evident in the amino acid profile of

the RP dataset compared to the proteomes. We determined what amino acids

drove these differences based on principal component analysis (PCA) vectors. We

then verified these using a Z-score binning method developed by our collaborators

at Dalhousie University (see chapters for more details). Depending on the archaeal

group of interest, namely the Halophiles or the DPANN, we identified amino acids

that were enriched and depleted in those taxa. This classification resulted in two

distinct 'bins' of taxa, which we call the up and down bins. The ‘up-bin’ consists of

taxa enriched in the amino acids of interest, while the ‘down-bin’ consists of taxa

depleted in those amino acids.

Z-score binning formula: 𝑍 = 𝑝1−𝑝2𝑝0(1−𝑝0)( 1𝑛1 + 1𝑛2 )𝑝1 = 𝑋1𝑛1 ,  𝑝2 = 𝑋2𝑛2 ,  𝑝0 = 𝑋1+𝑋2𝑛1+𝑛2
We then addressed the compositionally biased amino acid sites using two

strategies: 1) removing biased sites and 2) modeling biased sites.

3.4.1. Removal of biased sites

After identifying the amino acids responsible for the most compositionally

biased alignment sites, we developed a formula to systematically remove the most

biased sites from the NM and RP dataset alignments. First, we divided our taxa into

two bins depending on the biased sites we focused on (see chapters for more

details). We had one bin enriched in a specific set of amino acids and one depleted

in those amino acids . We then calculated the frequency of each set of amino(𝑃𝑑𝑜𝑤𝑛)
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acids of interest based on the analyses described above. A count(𝑃𝐴𝐴𝑠𝑒𝑡1, 𝑃𝐴𝐴𝑠𝑒𝑡2) 
constant 0.01 was added to each amino acid frequency of interest . The(α) (𝑋𝑖)
summed frequencies for the amino acids of interest were then divided by the total

number of amino acids counted plus the count constant multiplied by the total(𝑁)
number of possible amino acids . This was calculated for both the up(α𝑑,  𝑑 = 20)

and down bins. Lastly, we calculated the total ratio by taking the(𝑃𝑢𝑝) (𝑃𝑑𝑜𝑤𝑛) (𝑃𝑡𝑜𝑡𝑎𝑙)
logarithmic value of the up bin divided by the down bin.

Biased-sites ranking formula:

,𝑃𝐴𝐴𝑠𝑒𝑡1 = 𝑋𝑖+α𝑁+α𝑑 𝑃𝐴𝐴𝑠𝑒𝑡2 = 𝑋𝑖+α𝑁+α𝑑𝑃𝑢𝑝 = 𝑃𝐹𝐼𝑀𝑁𝐾𝑌𝑃𝐺𝐴𝑅𝑃 , 𝑃𝑑𝑜𝑤𝑛 = 𝑃𝐹𝐼𝑀𝑁𝐾𝑌𝑃𝐺𝐴𝑅𝑃  
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑙𝑜𝑔 𝑃𝑢𝑝𝑃𝑑𝑜𝑤𝑛( )

The alignment site ratios were then ranked in descending order based on the 𝑃𝑡𝑜𝑡𝑎𝑙
value, and the most biased sites were progressively removed from the NM and RP

alignments by 10% increments.

3.4.2. Modeling of biased sites

We also modified the new GFmix model (Muñoz-Gómez et al., 2022) by

transforming the b parameter depending on the taxon group of interest (see each

chapter for more details). This allowed us to model the compositionally biased sites

instead of removing them. The GFmix model was initially designed to represent the

GARP/FIMNKY amino acid ratio across all descendant taxa at each branch in a tree.
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However, we transformed the b parameter for our analysis to fit the amino acid

bins determined in the Z-score binning analysis described above. We then

calculated the likelihood of different tree topologies under these variants of the

GFmix model with the LG+C60+F+Γ4 model of sequence evolution. Branch length

and alpha shape parameters for each tree tested were estimated using IQTREE

v2.0.3 (Minh et al., 2020) and then fed into GFmix, specifying the custom enriched

and depleted amino acid bins for the taxa of interest.
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4. Several independent adaptations of

archaea to hypersaline environments

4.1. Context

This study started when our team realized we had potentially exciting MAGs

assigned to new groups of extreme halophilic archaea. This was particularly

interesting to my thesis because one of these groups looked to be a new

deep-branching Nanohaloarchaeota lineage. The Nanohaloarchaeota is one of the

most phylogenetically unstable DPANN lineages, so adding new taxonomic data to

this group might help stabilize its position.

As my Ph.D. project initially focused on the DPANN, our taxonomic sampling

favored DPANN lineages, constituting approximately half of the datasets. We were

very lucky when we switched our focus to the halophiles because we already had all

of the known groups of extreme halophilic archaea in our taxonomic sampling

(Nanohaloarchaeota, Halobacteriota, Haloplasmatales, and

Methanonatronarchaeia). We were lucky because each time we added new taxa to

our dataset, I had to reanalyze the single gene trees (SGTs) for all our phylogenetic

protein markers. I spent the first full year of my PhD manually curating our

markers. Since the quality of the phylogenetic markers was at the core of all

subsequent analyses, we spent a lot of time curating this dataset and ensuring we

removed all paralogs, cases of horizontal gene transfers and contamination. In

total, I performed four rounds of manual curation on 200 single-gene trees, which

means I ended up reviewing over 800 trees.

Ultimately, this project took over three years to complete from start to

submission. However, throughout this project, we developed many new tools and
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methods that could be applied to various phylogenetic questions. For example, we

established a collaboration with a team at Dalhousie University in Canada (Andrew

Roger, Ed Susko, and Charley McCarthy) that helped us adapt a new phylogenetic

model for dealing with compositional branch-heterogeneity. We also developed a

ranking scheme to identify and remove compositionally-biased sites. Last, we

performed in-depth comparative analyses between our ribosomal protein and NM

datasets. We determined that ribosomal proteins are not robust when placing

lineages with strong compositional biases. We later applied these methods to the

DPANN project, and our analyses were significantly faster. I also ran a gene

tree-species tree reconciliation analysis as implemented through the software ALE,

and this was the first time anyone in our lab had done an analysis like this. This

analysis had a huge learning curve, but the scripts and methods I developed for this

analysis were later shared with other members of my lab, who used them to

answer questions regarding the evolution of bacteria and eukaryotes.

We submitted the manuscript of this project to Nature Microbiology in July

2023 and received very positive reviews. As of writing this, we have resubmitted our

revisions and await the final decision.

4.2. Results

Our results show that halophilic archaea independently adapted to

hypersaline environments at least four times during archaeal evolution. We also

robustly show with high confidence that the Nanohaloarchaeota is indeed a

member of the DPANN archaea. As part of this project, we also described two new

uncultured lineages, Afararchaeaceae and Asbonarchaeaceae, which break the long

branches at the base of Haloarchaea and Nanohaloarchaeota, respectively. Our
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findings highlight that unique amino acid compositions shared among the

halophiles have artifactually placed these lineages together in previous

phylogenetic analyses. We achieved more consistent and reliable phylogenetic

placements by filtering out these biased data points and modeling these biases

with the adapted branch-heterogeneity model. In this project, we also

reconstructed the evolutionary history of archaeal gene families by mapping events

such as gene duplications, transfers, originations, and losses using gene

tree-species tree reconciliation methods. In this analysis, we focused on

evolutionary events that impacted the ancestral branches leading to the various

groups of halophilic lineages. These results suggested that gene duplication and

horizontal gene transfer played an important role in the adaptation to halophily, for

example, by spreading key genes (such as those encoding potassium transporters)

across the various extreme halophilic lineages.
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Abstract  17 
Several extremely halophilic archaeal lineages thrive in saturating salt concentrations. They 18 
include Halobacteria (henceforth Haloarchaea), Nanohaloarchaeota, 19 
Methanonatronarchaeia, and Halarchaeoplasmatales. They maintain osmotic equilibrium 20 
with their environment using a 'salt-in' strategy, which involves pumping molar 21 
concentrations of potassium into the cells. This, in turn, has led to extensive proteome-wide 22 
accumulation of acidic amino acids to prevent protein aggregation. However, the 23 
evolutionary history underlying these adaptations remains poorly understood. In particular, 24 
the number of times that these dramatic proteome-sweeping changes occurred is unclear 25 
due to the conflicting phylogenetic positions found for several of these lineages. Here, we 26 
present a resolved phylogeny of extremely halophilic archaea obtained using improved taxon 27 
sampling and state-of-the-art phylogenetic approaches designed to cope with the strong 28 
compositional biases of their proteomes. We describe two new uncultured lineages, 29 
Afararchaeaceae and Asbonarchaeaceae, which break the long branches at the base of 30 
Haloarchaea and Nanohaloarchaeota, respectively. Our extensive phylogenomic analyses 31 
show that at least four independent adaptations to extreme halophily occurred during 32 
archaeal evolution. Gene-tree/species-tree reconciliation suggests that gene duplication and 33 
horizontal gene transfer played an important role in this process, for example, by spreading 34 
key genes (such as those encoding potassium transporters) across the various extremely 35 
halophilic lineages.36 



Main 37 
For decades, all known extremely halophilic archaea (growing at salt concentrations >30% 38 
w/v) belonged to the Haloarchaea1,2. Recently, metagenomics uncovered additional groups, 39 
whose phylogenetic positions have been unclear (Extended Data Fig. 1): i) 40 
Nanohaloarchaeota3–5, tiny symbiotic archaea initially thought to be closely related to the 41 
Haloarchaea but placed later in the DPANN super-group6, suggesting an independent 42 
adaptation to extreme salinity; ii) Methanonatronarchaeia7, a class of extremely halophilic 43 
methanogens, initially proposed to be an "evolutionary intermediate" between non-44 
halophilic Class II methanogens and Haloarchaea, but placed at the base of Methanotecta in 45 
more recent studies8–11; and iii) Halarchaeoplasmatales12, an order robustly placed within 46 
Thermoplasmatota. These extremely halophilic archaea have evolved unique strategies to 47 
cope with osmotic stress: they pump high levels of potassium into their cells13 and maintain 48 
acidic proteomes, rich in aspartic and glutamic acids and depleted in basic and large 49 
hydrophobic amino acids14–17. These amino acid usage biases and the higher evolutionary rate 50 
at the base of halophilic archaea can lead to long-branch attraction (LBA) and other 51 
phylogenetic reconstruction artefacts, resulting in conflicting evolutionary relationships9,18,19. 52 
Thus, how many times these adaptations evolved remains enigmatic. Here, we introduce two 53 
new families of extreme halophiles, Afararchaeaceae and Asbonarchaeaceae. With 54 
sophisticated methods and broader taxonomic sampling, we establish a comprehensive 55 
phylogeny of halophilic archaea. Our updated scenario highlights at least four independent 56 
adaptations to hypersaline environments and emphasizes the adaptive role of horizontal gene 57 
transfer (HGT) between different halophilic groups. 58 
 59 
Results 60 
Characterization of two new groups of extremely halophilic archaea 61 
The Danakil Depression (Afar region, Ethiopia) contains hypersaline lakes hosting extremely 62 
halophilic archaea20,21. Among the metagenome-assembled genomes (MAGs) reconstructed 63 
from these lakes22, we identified 13 belonging to two new lineages of extreme halophiles, 64 
plus one additional MAG placed deep in the Haloarchaea (Fig. 1a,c, Supplementary Data 1).  65 

The first group – a novel family-level lineage named Afararchaeaceae, after Ethiopia’s Afar 66 
region – was represented by four moderately GC-rich (53-60%) MAGs with average nucleotide 67 
identity (ANI) values between 72 and 74% among them (Supplementary Data 2, 68 
Supplementary Fig. 1a,b). Afararchaeaceae branched with maximal support as a sister lineage 69 
to the group UBA12382 (or ‘hikarchaea’10)+Haloarchaea (Fig. 1a). Initially described as 70 
intermediates between non-halophilic methanogens and Haloarchaea10, this result suggests 71 
that hikarchaea adapted secondarily to low salinity from an extremely halophilic ancestor.  72 

The most complete afararchaeal MAG (DAL-WCL_na_97C3R), formally named 73 
Afararchaeum irisae gen. nov., sp. nov. (see description below), had a size of ~1.9 Mbp 74 
(Supplementary Data 1). KEGG annotation23 indicates that Afararchaeaceae are likely 75 
heterotrophic aerobes that utilize branched-chain amino acids as a carbon source, similar to 76 
many known Haloarchaea24 (Fig. 1b, Supplementary Data 3). They are probably mobile, 77 
possessing all genes for the archaeal flagellum (archaellum)25 and a chemotaxis operon. 78 
Additionally, afararchaeal MAGs encode a single type-II sensory rhodopsin for phototaxis26, 79 
but lack bacteriorhodopsin genes, suggesting that these archaea do not use light as an 80 
additional energy source like many Haloarchaea27. As expected, Afararchaeaceae likely 81 
employ a salt-in osmoregulation involving multiple K+ transporters (eight Trk-like and two Kef-82 



like), mechanosensitive ion channels (MscS and MscL), and Na+/Ca2+ exchangers 83 
(Supplementary Data 2). Consequently, they also exhibit a highly acidic proteome (Fig. 2a,b). 84 

The second group comprises nine MAGs (46-64% GC content) with ANI values between 74 85 
and 79% among them (Supplementary Data 2, Supplementary Fig. 1c,d). They branched as a 86 
sister group to the DPANN family Nanosalinaceae (Fig. 1c) and are related to MAGs that were 87 
previously classified as ‘Nanoanaerosalinaceae’ and ‘Nanohalalkaliarchaeaceae’5 88 
(Supplementary Fig. 4). However, these two families have been merged  within the family 89 
‘JALIDP01’ in GTDB28. Our MAGs provide substantial coverage of this family, with three related 90 
to the former ‘Nanoanaerosalinaceae’ and six to the single MAG representing the 91 
‘Nanohalalkaliarchaeaceae’5 (Supplementary Fig. 4). Given this taxonomic uncertainty and 92 
their presence in both anoxic5 and oxic (this work) environments, we propose formally naming 93 
this family Asbonarchaeaceae, derived from ‘asbo’, meaning salt in the Afar language, 94 
acknowledging their consistent presence in hypersaline systems.   95 

DPANN genomes, like those in the Asbonarchaeaceae, typically lack certain genes, leading 96 
to an underestimated genome completeness, typically maximally ~85%29,30. We thus likely 97 
obtained a nearly complete asbonarchaeal MAG (DAL-WCL_45_84C1R, 84% complete) 98 
representing the type species for this family, Asbonarchaeum danakilense gen. nov., sp. nov. 99 
(see description below), with a genome size of 1.2 Mbp, similar to other DPANNs29 100 
(Supplementary Data 1). Asbonarchaeaceae lack crucial biosynthetic pathways (lipid, 101 
nucleotide, and amino acid biosynthesis), suggesting they live symbiotically, relying on a host 102 
like other DPANN groups31–33 (Fig. 1d and Supplementary Data 4). They lack a canonical 103 
electron transport chain but possess all essential subunits of a V/A-type ATP synthase (Fig. 104 
1d)31. We again predict that Asbonarchaeaceae employ salt-in osmoregulation with multiple 105 
K+ transporters (Supplementary Data 4) and a highly acidic proteome (Fig. 2a,b). Despite their 106 
phylogenetic relationship with the Nanosalinaceae, they display a distinct amino acid 107 
composition (Fig. 2a), confirming their status as a new group within the Nanohaloarchaeota. 108 





the afararchaeal MAGs. Gene abbreviations are as follows: agmatinase (speB), eukaryotic 132 
initiation factor 5A (eif5a), di-adenylate cyclase (dacZ), arsenate reductase (arsC), tRNA 133 
nucleotidyltransferase (cca), thymidylate kinase (tmk). 134 
 135 

 136 
Fig. 2 | Protein amino acid compositional biases in extremely halophilic archaeal lineages. 137 
(a) PCA plot of 192 archaeal proteomes based on amino acid frequencies. The red ellipse 138 
indicates the clustering of all extreme halophiles (colored diamonds), including the newly 139 
identified families Afararchaeaceae (green color) and Asbonarchaeaceae (wine color). (b) 140 
Isoelectric point (pI) distribution of 192 archaeal proteomes. Non-halophilic archaea (grey 141 
lines) display a bimodal distribution of pI values, while extreme halophiles (colored lines) 142 
exhibit a single spike at pI ~4, indicating a highly acidic proteome. (c,d) D+E/I+K site-by-site 143 
bias (defined as the ratio [D+E/I+K for halophiles]/[D+E/I+K for non-halophiles]) for the 2,000 144 
most biased sites of the (c) NM dataset (39,385 amino acid positions) and (d) RP dataset 145 
(6,792 amino acid positions). Inset pie charts depict the proportion of amino acids with a ratio 146 
greater than or equal to 1 (dark blue) versus less than 1 (grey). (e,f) Binomial tests for the (e) 147 
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NM and (f) RP datasets compare the proportions of all 20 amino acids between extreme and 148 
non-halophiles. Z-scores were calculated relative to extreme halophiles, with |Z| > 1.96 149 
indicating significant enrichment of a given amino acid in extreme halophile sequences 150 
(“Over-represented”), |Z| < -1.96 indicating significant depletion of a given amino acid in 151 
extreme halophile sequences (“Under-represented”), and some amino acids showing no 152 
significant bias (“NS”). 153 
 154 
Novel gene families in Afararchaeaceae and Asbonarchaeaceae  155 
We identified novel gene families using a two-step approach. First, we searched for genes in 156 
Afararchaeaceae and Asbonarchaeaceae genomes with no detectable homologs in sequence 157 
databases of cultured organisms (RefSeq34, Pfam35, and EggNOG36), revealing a significant 158 
number of potentially novel genes (10-30% of their total genes; Extended Data Fig. 2a). 159 
Second, we compared these genes against a vast collection of 169,529 prokaryotic 160 
genomes37, confirming that only 14% (Asbonarchaeaceae) and 17.1% (Afararchaeaceae) have 161 
related genes in other uncultured species, highlighting many unknown lineage-specific genes 162 
(Supplementary Data 4 and 5). Notably, these novel genes encode proteins with an acidic pH 163 
isoelectric point, aligning with adaptation to hypersaline environments38 (Extended Data Fig. 164 
2b). A considerable percentage of these proteins contain transmembrane domains or signal 165 
peptides, likely targeting them to the membrane or extracellular space, directly interacting 166 
with the external high salt concentrations. We analyzed their genomic context to predict their 167 
functions. Approximately 5% (Afararchaeaceae) and 18% (Asbonarchaeaceae) of them have 168 
conserved synteny and co-localize with genes with known functions, indicating roles related 169 
to those of their neighboring genes (Supplementary Data 5 and 6). For example, we found a 170 
novel protein in Afararchaeaceae next to a mechanosensitive ion channel (Fig. 1e), suggesting 171 
a potential role in osmotic regulation39. 172 
 173 
Identifying a conserved core of archaeal phylogenetic markers  174 
Previous attempts to determine the phylogenetic placement of extreme halophiles mainly 175 
relied on limited datasets like single proteins3,9 or concatenated ribosomal proteins7,10. 176 
However, these small datasets contain few sites, and provide limited phylogenetic 177 
information18,40. Moreover, ribosomal proteins may have compositional biases that differ 178 
from the rest of the proteome due to their complex protein-protein and protein-RNA 179 
interactions18,41. To address these issues and accurately determine the positions of extreme 180 
halophilic archaea, we conducted a comprehensive phylogenomic analyses using a dataset of 181 
136 new marker proteins (NM dataset; 39,385 positions) highly conserved among archaea18. 182 
These proteins serve various functions (Supplementary Data 7), reducing potential biases 183 
linked to co-evolution patterns. Based on individual phylogenetic trees, we manually curated 184 
our NM marker set to exclude possible HGT or hidden paralogy (see Methods). Additionally, 185 
we curated a set of 48 ribosomal proteins (RP dataset, 6,792 positions) to compare their 186 
phylogenetic signal with that of the NM dataset. 187 
 188 
Testing the influence of taxon sampling  189 
Extreme halophilic archaea often display long branches, potentially yielding artefactual 190 
placements due to LBA42,43. To address this, we employed different datasets and approaches. 191 
In addition to the full dataset (Fig. 3a, Extended Data Figs. 3 and 4), we used smaller taxon 192 
samplings, focusing on specific archaeal groups such as Euryarchaeota only (including 193 
Afararchaeaceae) and Euryarchaeota+Nanohaloarchaeota (Supplementary Figs. 5-8, 194 





Addressing the effect of compositional biases  226 
Model misspecification induced by compositional bias is a known source of phylogenetic 227 
error. To reduce potential LBA artifacts affecting extreme halophiles, previous studies either 228 
recoded data into four character states10,46 or removed the fastest-evolving sites8,10,46. 229 
However, the latter method resulted in the loss of up to 50% of alignment sites, which is 230 
problematic for small datasets like the RP-based ones11. Therefore, we explored two 231 
alternative approaches to address halophile-specific compositional biases while preserving 232 
substantial phylogenetic information. 233 

First, we identified amino acids significantly over or under-represented in extreme 234 
halophiles compared to non-halophiles in the 192 taxa NM and RP datasets. D+E and I+K were 235 
the most over-and under-represented amino acids, respectively (Fig. 2c,d). We then applied 236 
the GFmix model45 to cope with these specific compositional biases. GFmix is a site-237 
heterogeneous mixture model that adjusts amino acid frequencies for each class of the 238 
mixture model in a branch-specific manner to accommodate shifts in amino acid composition 239 
over the branch. Amino acids were categorized into three groups: those that increased, 240 
decreased, or remained unchanged in frequency on the branch. We used the LG+C60+F+Γ4 241 
model with GFmix (GFmix-DE/IK model), where [D+E]/[I+K] compositional ratio varied over 242 
branches. Despite improvements in likelihood values under this model, the RP and NM 243 
datasets remained incongruent regarding the position of Methanonatronarchaeia (Extended 244 
Data Fig. 5). We also explored a GFmix variant with larger groups of significantly over and 245 
under-represented amino acids (Fig. 2c,d). Although it further improved the likelihood, the 246 
relative preferences of topologies for each dataset remained unchanged (Extended Data Fig. 247 
5). 248 

Our second approach involved the gradual removal of highly compositionally biased 249 
alignment sites. We calculated the D+E/I+K ratio for halophilic versus non-halophilic lineages, 250 
ranked the sites accordingly, and then progressively removed the most biased sites. For the 251 
192 taxa NM dataset, the position of Methanonatronarchaeia remained unchanged until 80% 252 
of sites were removed, after which they branched as the sister group of the AHH-clade with 253 
weak support (Fig. 3b). By contrast, for the 192 taxa RP dataset, Methanonatronarchaeia 254 
shifted to a fully supported sister position to Methanotecta with only 5% of the most biased 255 
sites removed (Fig. 3c). This indicates that while the NM dataset does contain sites with biased 256 
D+E/I+K ratios (Extended Data Fig. 6), their impact is very minor compared to the RP dataset, 257 
which has a higher proportion of highly biased sites (0.4% versus 4% of positions with a ratio 258 
≥1, respectively; Fig. 2e,f). 259 

We examined the ribosomal proteins with the most biased sites (e.g., L1, L12e, S6, and 260 
S15) and found they were located on the outer surface of the ribosomal complex, in close 261 
interaction with the K+-rich cytoplasm (Supplementary Fig. 13 and Supplementary Video 1). 262 
To confirm the impact of the D+E/I+K bias on the RP-based phylogeny, we inferred an ML tree 263 
using a concatenation of the 18 most biased ribosomal proteins, which resulted in all 264 
extremely halophilic groups clustering with 100% support (Supplementary Fig. 14). We also 265 
reconstructed Bayesian phylogenies with 20% of the most biased alignment sites removed for 266 
both the 104-NM and 104-RP datasets. Contrary to trees constructed with the untreated 267 
datasets (see above), all MCMC chains for both datasets supported the deeper-branching 268 
position of Methanonatronarchaeia sister to Methanotecta (Supplementary Figs. 15 and 16). 269 

A recent study suggested that, given their slow evolutionary rate and their belonging to a 270 
single complex, ATP synthase subunits A and B are less susceptible to phylogenetic artifacts9. 271 
A phylogeny based on the concatenation of both subunits supported the Nanohaloarchaeota 272 



sister to Haloarchaea9,47. However, when we removed 15% of the highest D+E/I+K ratio sites 273 
from this dataset, Nanohaloarchaeota branched deeper (Extended Data Fig. 7), indicating that 274 
a few highly biased sites artificially drove their position close to Haloarchaea. 275 

In conclusion, our phylogenomic analyses, especially those mitigating the strong 276 
convergent compositional bias shared by the halophilic lineages, robustly support at least four 277 
independent adaptations to extreme halophily in archaea: in the AHH-clade, 278 
Methanonatronarchaeia, Halarchaeoplasmatales, and Nanosalinaceae+Asbonarchaeaceae. 279 
 280 
Tree-aware reconstruction of gene content evolution in archaeal extreme halophiles  281 
We used the amalgamated likelihood estimation (ALE) method to examine gene content 282 
evolution in the 192 taxa dataset. By reconciling individual gene trees with the species tree 283 
(Fig. 3a), we estimated gene duplications, transfers, originations, losses, and copy numbers at 284 
all ancestral nodes. This approach included Methanonatronarchaeia, previously excluded 285 
from similar analyses due to their unresolved phylogenetic position10. Gene transfer and loss 286 
appear to be the primary drivers of gene content evolution in archaea, including halophilic 287 
groups (Fig. 4, Extended Data Figs. 8-9). Haloarchaea, with some of the largest genome sizes 288 
among archaea48, also experienced significant gene originations and duplications during their 289 
early evolution. This expansion involved key inorganic ion transporters (Trk and Kef-type K+ 290 
transporters, Mg2+ transporters, SSF Na+/solute symporters, NhaP-type K+/H+ antiporters, 291 
Ca+/Na+ and Na+/H+ antiporters) crucial for osmotic regulation (Supplementary Figs. 17-24, 292 
Extended Data Fig. 10a), and molecular chaperones like GrpE (Supplementary Fig. 25), which 293 
prevents protein aggregation during response to hyperosmotic stress49. Amino acid 294 
transporters, vital for species of these groups thriving on amino acids24, also exhibited 295 
duplications (Extended Data Fig. 9). Presence probabilities estimated by ALE at key halophilic 296 
ancestors are reported for each of these proteins in Supplementary Data 9. 297 

Halarchaeoplasmatales also had numerous gene duplications, spanning metabolism and 298 
informational processes like transcription, DNA replication, and repair (Extended Data Fig. 9). 299 
In Nanosalinaceae and Asbonarchaeaceae, gene transfer was dominant but less pronounced 300 
due to constraints in these small-sized archaea to maintain compact genomes50. By contrast, 301 
the 'hikarchaea' displayed extensive gene loss, which supports the hypothesis that these 302 
marine archaea evolved from extremely halophilic ancestors (the Hik-Haloarchaea ancestor 303 
with 1,323 inferred protein-coding genes, Fig. 4) and adapted to nutrient-poor deep-sea 304 
environments through gene loss, typical of many streamlined marine prokaryotes51,52. 305 
Nevertheless, this adaptation also included duplications of specific genes linked to energy 306 
production, conversion, and carbohydrate and amino acid transport and metabolism 307 
(Extended Data Fig. 9). Notably, we observed multiple copies of aerobic-type carbon 308 
monoxide dehydrogenase, found in other microorganisms adapted to the same nutrient-poor 309 
environments53 (Supplementary Fig. 26). 310 

Massive HGT from bacteria has likely played a significant role in the evolution of 311 
Haloarchaea, although its extent and timing are still debated54–57. Several transfers happened 312 
before the split between Afararchaeaceae and Haloarchaea, facilitating the adaptation of 313 
their common ancestor to extreme halophily. For instance, the choline dehydrogenase BetA, 314 
involved in glycine-betaine osmoprotectant synthesis58, was acquired through HGT (Extended 315 
Data Fig. 10b). Notably, this gene is absent in hickarchaea, reinforcing the idea of gene loss 316 
during their secondary adaptation to low-salt environments. Another example is a BCCT 317 
family transporter involved in osmoprotectant uptake, such as glycine and betaine58, which 318 
Methanonatronarchaeia acquired from bacteria (Supplementary Fig. 27).  319 





Fig. 4 | Schematic representation of the tree reconciliation analysis based on the NM 337 
species tree. The full archaeal tree is shown on the left; boxes on the right highlight the details 338 
for the four main groups of halophilic archaea: Nanosalinaceae+Asbonarchaeaceae, 339 
Halarchaeoplasmatales, Methanonatronarchaeia, and Afararchaeaceae+Haloarchaea. The 340 
bar plots on the branches represent the number of gene duplications, transfers, originations, 341 
and losses, and the circles indicate the number of predicted ancestral gene copy numbers. 342 
The number of taxa in each collapsed clade is indicated by the number in parentheses next to 343 
the clade name. The complete version of this tree with the events for all archaeal nodes can 344 
be found in Extended Data Fig. 8. 345 
 346 
Conclusions 347 
Our study yields a robust archaeal phylogeny, including two newly discovered halophilic 348 
lineages, Asbonarchaeaceae (closely related to Nanosalinaceae within the DPANN) and 349 
Afararchaeaceae (closely related to the Haloarchaea+‘hikarchaea’ group). The position of 350 
Afararchaeaceae challenges the previous notion of 'hikarchaea' being intermediates between 351 
methanogens and haloarchaea10, as they instead adapted secondarily to low salinity from 352 
extremely halophilic ancestors. Our phylogenomic analyses also position 353 
Methanonatronarchaeia as sister to Methanotecta, not as intermediates between Class II 354 
methanogens and haloarchaea7. Thus, we identify four independent adaptations to extreme 355 
halophily in archaea: in Haloarchaea+Afararchaeaceae, Methanonatronarchaeia, 356 
Halarchaeoplasmatales, and Nanosalinaceae+Asbonarchaeaceae. All these adaptations 357 
involve a salt-in strategy with convergent independent extensive proteome acidifications. In 358 
addition, HGT played a crucial role in spreading key genes, such as ion transporters, among 359 
these halophilic lineages. This prompts the question of whether the initial adaptations to 360 
extreme halophily occurred as a singular event in one group, spreading through HGT to the 361 
other groups, and which lineage of extreme halophiles emerged first. Answering these 362 
intriguing questions will require further investigation of adaptive genes and their distribution 363 
in known and potential novel halophilic archaea. 364 
 365 
Taxonomic descriptions 366 
All new names have been described under the SeqCode60 as follows: 367 
 368 
Description of Afararchaeum gen. nov. 369 
Afararchaeum (A.far.ar.chae’um. N.L. neut. n. archaeum, an archaeon; N.L. neut. n. 370 
Afararchaeum, an archaeon from the Afar region). Type species: Afararchaeum irisae. 371 
 372 
Description of Afararchaeum irisae sp. nov. 373 
Afararchaeum irisae (i.ri'sae. N.L. gen. n. irisae, named after the Iris Foundation (France), 374 
which supports the study and preservation of endangered ecosystems including those in the 375 
Afar region. This archaeon lives in oxic hypersaline waters. It encodes genes for aerobic 376 
respiration and likely uses amino acids for organoheterotrophic growth. Its genome is around 377 
1.9 Mbp (GC content: 55%). It is known from environmental sequencing only. DAL-378 
WCL_na_97C3R is the designated type MAG. 379 
 380 
Description of Afararchaeaceae fam. nov.  381 
Afarachaeaceae (A.far.ar.chae.a.ce'ae. N.L. neut. n. Afararchaeum, a genus name; -aceae, 382 
ending to denote a family; N.L. fem. pl. n. Afararchaeaceae, the Afararchaeum family). 383 



 384 
Description of Asbonarchaeum gen. nov. 385 
Asbonarchaeum (As.bon.ar.chae'um. asbo, salt in the Afar language; N.L. neut. n. archaeum, 386 
an archaeon; N.L. neut. n. Asbonarchaeum, a salt archaeon). Type species: Asbonarchaeum 387 
danakilense. 388 
 389 
Description of Asbonarchaeum danakilense sp. nov. 390 
Asbonarchaeum danakilense (da.na.kil.en'se. N.L. neut. adj. danakilense, pertaining to the 391 
Danakil Depression). This halophilic archaeon lives in oxic hypersaline waters of the Danakil 392 
Depression. It has a ~1.2 Mb streamlined genome (GC content: 61%). It lacks most 393 
biosynthetic pathways, most likely growing as a symbiont of an unknown host. It is known 394 
from environmental sequencing only. DAL-WCL_45_84C1R is the designated type MAG. 395 
 396 
Description of Asbonarchaeaceae fam. nov. 397 
Asbonarchaeaceae: (As.bon.ar.chae.a.ce'ae. N.L. neut. n. Asbonarchaeum, a genus name; -398 
aceae, ending to denote a family; N.L. fem. pl. n. Asbonarchaeaceae, the Asbonarchaeum 399 
family). 400 
 401 
Description of Chewarchaeum gen. nov. 402 
Chewarchaeum (Chew.ar.chae'um. chew, salt in the Amharic language; N.L. neut. n. 403 
archaeum, an archaeon; N.L. neut. n. Chewarchaeum, a salt archaeon). Type species: 404 
Chewarchaeum aethiopicum. 405 
 406 
Description of Chewarchaeum aethiopicum sp. nov. 407 
Chewarchaeum aethiopicum (ae.thi.o'pi.cum. L. neut. adj. aethiopicum, Ethiopian). This 408 
halophilic archaeon lives in oxic hypersaline waters of the Danakil Depression. It encodes 409 
genes for aerobic respiration and likely uses amino acids for organoheterotrophic growth. Its 410 
genome is around 2.9 Mb (GC content: 61%). It is known from environmental sequencing only. 411 
DAL-9Gt_70_90C3R is the designated type MAG. 412 
 413 
Description of Chewarchaeaceae fam. nov. 414 
Chewarchaeaceae (Chew.ar.chae.a.ce'ae. N.L. neut. n. Chewarchaeum, a genus name; -aceae, 415 
ending to denote a family; N.L. fem. pl. n. Chewarchaeaceae, the Chewarchaeum family). 416 
 417 
Methods 418 
Selection of metagenome-assembled genomes  419 
We searched for MAGs related to known groups of extremely halophilic archaea in the Danakil 420 
Depression dataset obtained by Gutiérrez-Preciado et al22. For this, we included 61 Danakil 421 
MAGs in a preliminary phylogenetic tree containing 488 representatives of archaeal diversity 422 
and constructed a phylogenetic tree using 49 concatenated ribosomal proteins with IQ-TREE 423 
v1.6.1061 (Supplementary Fig. 38). The tree was built using the LG+C20+F+Γ4 model of 424 
sequence evolution and support at branches was estimated from 1,000 ultrafast bootstrap 425 
replicates. From this analysis, we selected 14 high-quality MAGs (>50% completeness, ≤5% 426 
redundancy) representing potential new groups of extremely halophilic archaea based on 427 
their position compared to other known halophilic archaea. These 14 MAGs were 428 
taxonomically classified using GTDB-TK28 (version 2.3.0, r207; April 1st, 2022) and assigned to 429 
novel families within three GTDB orders: four MAGs were assigned to a novel family belonging 430 



to the order 'JAHENH01', for which we have named Afararchaeaceae; nine MAGs were 431 
assigned to another novel family belonging to the order Nanosalinales, for which we propose 432 
to name Asbonarchaeaceae; and one MAG belonged to a third novel family in the order 433 
Halobacteriales, for which we have named Chewarchaeaceae (see taxonomic description 434 
above for more details). The pairwise ANI values for the four Afararchaeaceae MAGs 435 
(Supplementary Fig. 1a) and nine Asbonarchaeaceae MAGs (Supplementary Fig. 1c) were 436 
calculated using FastANI62. The pairwise AAI values for the four Afararchaeaceae MAGs 437 
(Supplementary Fig. 1c).  and nine Asbonarchaeaceae MAGs (Supplementary Fig. 1d) were 438 
calculated using an online calculator63. This AAI calculator estimates the AAI using the 439 
reciprocal best hits (two-way AAI) between two genomic datasets of proteins. 440 
 441 
Metagenome-assembled genome annotation  442 
Coding DNA sequences (CDSs) were predicted with Prodigal v2.6.364 and subjected to Pfam35 443 
and COG65 functional annotations inside the Anvi’o v5 pipeline66. Genes were also annotated 444 
with KofamKOALA67 and eggNOG-mapper v2.1.536. Additional manual curation was done for 445 
the two most complete Afararchaeaceae and Asbonarchaeaceae MAGs (DAL-WCL_na_97C3R 446 
and DAL-WCL_45_84C1R, respectively). Further information on gene annotations and 447 
functional predictions can be found in Supplementary Data 3 and 4. 448 
 449 
Detecting novel protein families in Afararchaeaceae and Asbonarchaeaceae  450 
We computed family clusters of the proteins predicted for the MAGs of the new archaeal 451 
families Afararchaeaceae and Asbonarchaeaceae using Mmseqs268 with relaxed thresholds: 452 
minimum percentage of amino acids identity of 30%, e-value <1e-3, and a minimum sequence 453 
coverage of 50% (--min-seq-id 0.3 -c 0.5 --cov-mode 2 --cluster-mode 0). To detect families 454 
with no homologs in reference databases, we mapped i) the protein sequences encoded in 455 
the MAGs against EggNOG using eggNOG-mapper v236 (hits with an e-value <1e-3 were 456 
considered as significant) ii) the protein sequences encoded in the MAGs against PfamA 457 
domains using HMMER69 (hits with an e-value <1e-5 were considered as significant), iii) the 458 
protein sequences encoded in the MAGs against PfamB domains using HMMER69 (hits with 459 
an e-value < 1e-5 were considered as significant) and iv) the CDS sequences of the MAGs 460 
against RefSeq using Diamond BLASTx70 (‘sensitive’ flag, hits with an e-value <1e-3 and query 461 
coverage >50% were considered as significant). We only considered novel families those with 462 
no detectable homologs in these databases. To address the taxonomic breadth of the novel 463 
families, we used Diamond BLASTp70 (‘sensitive’ flag, hits with an e-value <1e-3 and query 464 
coverage >50% were considered as significant) to map the longest sequence of each family 465 
against the proteins encoded in a collection of 169,484 genomes spanning the prokaryotic 466 
tree of life and including non-cultured species coming from diverse sequencing efforts: the 467 
Genomic Catalog of Earth’s Microbiomes (GEM)71, the Global Microbial Gene Catalog 468 
(GMGC)72, the Unified Human Gastrointestinal Genome collection (UHGG)73, and the Ocean 469 
Microbiomics Database (OMD)74. We then expanded each protein family with the hits from 470 
this database. If, after expanding, a family incorporated genes with homologs in EggNOG, that 471 
family was then discarded from the novel family set. We predicted signal peptides and 472 
transmembrane domains on the gene families using SignalP75 and TMHMM76. Protein families 473 
were considered as transmembrane or exported if >80% of their members had a predicted 474 
transmembrane domain or a signal peptide, respectively. 475 
 476 
Phylogenomic analyses  477 



We collected the proteomes of 192 taxa spanning all major archaeal super-groups (including 478 
the new Afararchaeaceae and Asbonarchaeaceae). We reconstructed two phylogenomic 479 
datasets consisting of 48 ribosomal proteins (RP) and 136 new markers (NM) widely 480 
distributed in archaea (Supplementary Fig. 39). The 136 NM dataset was based on curating a 481 
set of 200 markers previously shown to be highly conserved across the archaeal domain18. To 482 
ensure standardized protein-coding gene predictions, all 192 genomes were first run through 483 
Prodigal64. Next, sequences similar to the RP and NM proteins were identified using BLAST77 484 
with relatively relaxed criteria (>20% sequence identity over 30% query length) to retrieve 485 
even divergent homologs, such as those found in fast-evolving lineages like the DPANN 486 
archaea. For each of the 192 taxa, up to five of the best BLAST hit sequences were kept and 487 
included in a single file for phylogenetic reconstruction. Preliminary trees  inferred with 488 
FastTree278 were manually examined to identify the correct orthologue for each taxon and to 489 
detect cases of contamination, HGT, or paralogy. These spurious sequences were removed 490 
and the remaining ones used for reconstruction of a new tree. Multiple rounds of manual 491 
curation were done in this way until all problematic sequences were removed. Once curated, 492 
each orthologous group was aligned with MAFFT L-INS-i v7.45079 and trimmed with BMGE 493 
v1.1280 (-m BLOSUM30 -b 3 -g 0.2 -h 0.5). We performed a final round of verification of the 494 
single gene trees reconstructed using the more sophisticated LG+C60+F+Γ4 model in IQ-TREE 495 
before concatenating the individually trimmed alignments into two supermatrices (RP and 496 
NM). The 192-RP and 192-NM alignments were then subsampled to generate two additional 497 
alignments consisting of 87 taxa containing only Euryarchaeota (87-RP and 87-NM) and 104 498 
taxa, including the 87 Euryarchaeota plus 8 Nanosalinaceae and 9 Asbonarchaeaceae (104-RP 499 
and 104-NM). These six alignments were then used for maximum likelihood (ML) phylogenetic 500 
reconstruction under the LG+C60+F+Γ4 sequence evolution model (with 1,000 ultra-fast 501 
bootstrap replicates) using IQTREE v2.0.381. For four of the six alignments (87-RP, 104-RP, 87-502 
NM, and 104-NM), Bayesian phylogenetic reconstructions were also run using the CAT+GTR 503 
model as implemented in PhyloBayes v1.882. Four MCMC chains were run in parallel for each 504 
alignment. Although convergence was not reached after 8 months of calculation, a sufficient 505 
effective sample size was reached (effsize >300) while using a burnin of 3,000 cycles and 506 
sampling every 50 generations after the burn-in. 507 
 508 
Amino acid composition analysis  509 
We used an in-house Python script (https://github.com/bbaker567/phylogenetics) to 510 
estimate the frequency of each amino acid in our selection of 192 archaeal taxa for the whole 511 
predicted proteomes, as well as for the RP and NM datasets. These frequencies were analyzed 512 
using principal component analysis with ggplot283. 513 

In addition, for each amino acid, the compositional bias between halophiles and non-514 
halophiles was measured for the RP and NM datasets with the Z-score from a binomial test 515 
of two proportions: 516 
 517 𝑍 = 𝑝1 − 𝑝2𝑝0(1 − 𝑝0)( 1𝑛1 + 1𝑛2)	518 

	519 𝑝1 = 𝑋1𝑛1 , 𝑝2 = 𝑋2𝑛2 , 𝑝0 = 𝑋1 + 𝑋2𝑛1 + 𝑛2	520 	521 



 522 
where X1 and X2 are the total numbers of that amino acid, and n1 and n2 are the total 523 
numbers of all 20 amino acids across halophiles and non-halophiles, respectively. Calculating 524 
Z-scores in this way assumes that the proportions of an amino acid across halophiles and non-525 
halophiles are approximately normal, with the null hypothesis that p1=p2. |Z| >1.96 indicates 526 
rejection of the null hypothesis at a significance level of p <0.05. Amino acids with |Z| >1.96 527 
were considered significantly enriched in halophiles relative to non-halophiles, whereas 528 
amino acids with |Z| <-1.96 were considered significantly depleted in halophiles relative to 529 
non-halophiles. Amino acids were divided into ‘Over-represented’ (|Z| >1.96), ‘Under-530 
represented’ (|Z| <-1.96), and ‘Not significant’ (|Z| not statistically significant). 531 

We also implemented the new GFmix-DE/IK model by transforming the b parameter of the 532 
GFmix model45 (originally designed to represent the ratio of GARP/FYMINK amino acids across 533 
all descendant taxa at each branch in a tree) to accommodate amino acid groupings other 534 
than GARP/FYMINK, in our case those identified to be biased in extreme halophiles. We then 535 
calculated the likelihood of different tree topologies under these variants of the GFmix model 536 
with LG+C60+F+Γ445. Branch length and alpha shape parameters for each tree tested were 537 
estimated using IQTREE v2.0.381 and then fed into GFmix, specifying the custom enriched and 538 
depleted amino acid bins for halophiles versus non-halophiles. We used this approach to 539 
calculate the likelihood of four different tree topologies: i) 540 
Nanosalinaceae+Asbonarchaeaceae within DPANN and Methanonatronarchaeia sister to the 541 
AHH-clade; ii) Nanosalinaceae+Asbonarchaeaceae within DPANN and 542 
Methanonatronarchaeia deep within Euryarchaeota; iii) monophyly of the AHH-clade, 543 
Methanonatronarchaeia, and Nanosalinaceae+Asbonarchaeaceae, with 544 
Methanonatronarchaeia as the deepest branch, and iv) monophyly of the AHH-clade, 545 
Methanonatronarchaeia, and Nanosalinaceae+Asbonarchaeaceae, with 546 
Nanosalinaceae+Asbonarchaeaceae as the deepest branch (Extended Data Fig. 5). 547 
 548 
Progressive removal of compositionally biased sites  549 
To remove the most compositionally biased sites from the sequence datasets, we split the 550 
sequence alignments in two based on whether the taxa were classified as extreme halophiles 551 
or non-halophiles. We then calculated the ratio of D+E divided by I+K for each alignment site 552 
for both the halophiles and non-halophiles sub-alignments. We then divided the D+E/I+K ratio 553 
for each halophile sub-alignment site by the corresponding ratio in the non-halophile sub-554 
alignment. When the denominator of one of the ratios was equal to zero, we substituted ‘0’ 555 
for ‘0.1’ in order to still consider the alignment position. Alignment sites were then ranked 556 
from the highest to the lowest ratio, using the highest ratio as a proxy for the most biased 557 
alignment site. Next, we progressively removed alignment sites in increments of 1%, 5%, 10%, 558 
20%, 30%, and up to 90%. This resulted in 11 alignments for both the RP and NM datasets. 559 
These 11 alignments were then used for ML phylogenetic reconstruction under the 560 
LG+C60+F+Γ4 model (with 1,000 ultra-fast bootstraps). 561 

In the case of ribosomal proteins, we mapped the acidic amino acid positions on the large 562 
ribosomal subunit structures of the extremely halophilic haloarchaeon Haloarcula 563 
marismortui (PDB accession number 1S7284) and the non-halophilic methanogen 564 
Methanothermobacter thermautotrophicus (PDB accession number 4ADX85). We located 565 
these positions on their respective structures using ChimeraX86, which was also used to 566 
produce a video showing them (Supplementary Video 1). 567 
 568 



Orthologous groups and single-gene trees  569 
Orthologous groups (OGs) were identified for all the proteins of the species included in the 570 
192 taxa dataset using OrthoFinder v2.5.187 with Diamond BLAST (--ultra-sensitive, --query-571 
cover 50%, and --id 30%) and an inflation parameter of 1.1. This resulted in 17,827 OGs, which 572 
were aligned using MAFFT --auto v7.45079 with default settings and trimmed using trimAl88 (-573 
automated1 -resoverlap 0.75 -seqoverlap 75). To avoid poorly resolved single gene trees due 574 
to little phylogenetic information, we removed OGs that presented a trimmed alignment 575 
length of less than 60 amino acids. This resulted in 17,288 OGs, which were used to 576 
reconstruct individual trees with IQTREE v2.0.381. For computational time reasons, the trees 577 
of the 200 OGs containing the largest number of sequences were inferred under the 578 
LG+C20+F+Γ4 model of sequence evolution, while the remaining phylogenies were run under 579 
LG+C60+F+Γ4. Statistical support at branches was estimated using 1,000 ultrafast bootstrap 580 
replicates. Finally, for OGs containing only two or three sequences, “bootstrap” samples were 581 
artificially generated for subsequent analysis in ALE89, corresponding to the single possible 582 
unrooted tree topology. 583 
 584 
Gene tree-aware ancestral gene content reconstruction  585 
The 17,288 single-gene trees were reconciled with the species tree inferred from the 192-NM 586 
dataset using the ALEml_undated algorithm of the ALE suite v0.489. ALE infers, for each gene 587 
family, duplications, losses, transfers, and originations events along a species tree89. The raw 588 
relative reconciliation frequencies outputted by ALE were summed for all events. These 589 
relative frequency values support an evolutionary event occurring at a given node by 590 
incorporating the uncertainty of the reconstructed individual gene tree, as represented by 591 
the bootstrap replicates. A few gene families were manually selected based on their patterns 592 
of presence/absence and/or HGTs in halophilic groups. The presence probability for the 593 
various nodes of interest for each of these gene families mentioned in the text can be found 594 
in Supplementary Data 9. ALE also predicts the ancestral copy number for each node in the 595 
species tree. Phylogenetic trees were visualized using Figtree v.1.4.4 596 
(http://tree.bio.ed.ac.uk/software/figtree), iTOL90, and the ETE3 Toolkit v.3.1.291. 597 

To detect possible genes of bacterial origin in halophilic archaea, we carried out Blast77 598 
searches of the proteins considered by ALE as ‘originations’ in these archaea against the 599 
RefSeq34 database. Proteins with similar sequences in bacteria were aligned using MAFFT --600 
auto v7.45079 with default settings and trimmed using trimAl88 (-automated1). Maximum 601 
likelihood trees were then reconstructed with IQTREE v2.0.361 under the LG+C60+F+Γ4 model 602 
of sequence evolution. Statistical support at branches was estimated using 1,000 ultrafast 603 
bootstrap replicates. Phylogenetic trees were visualized using Figtree v.1.4.4 604 
(http://tree.bio.ed.ac.uk/software/figtree). 605 
 606 
Data availability 607 
The MAGs reported in this study have been deposited in GenBank under BioProject number 608 
PRJNA901412. All raw data underlying phylogenomic analyses (raw and processed alignments 609 
and corresponding phylogenetic trees) and all predicted proteomes have been deposited into 610 
Figshare (https://figshare.com/s/353259800b42a4e190eb). 611 
 612 
Code availability 613 
Custom code used for data analysis is available at GitHub: 614 
(https://github.com/bbaker567/phylogenetics). 615 
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Afararchaeaceae MAGs. (a) The average number of novel genes in the nine asbonarchaeal and four afarachaeal MAGs 
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Extended Data Fig. 5 | Likelihood values for alternative positions of the extremely halophilic archaeal lineages. 
Likelihoods are calculated using IQ-TREE with the LG+C60+F+Γ4 model alone or combined with the new GFmix model (taking 
into account all significantly enriched (Bin 1) or depleted (Bin 2) amino acids in halophiles or only the most extremely biased 
ones (D+E and I+K). The highest-scoring topology is indicated with a red rectangle for the (a) RP and (b) NM datasets. 
Likelihood differences between a given topology and the highest-scoring topology per model are given in parentheses.
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b

192-taxa RP dataset
Model Bin 1 Bin 2 Topology 1 Topology 2 Topology 3 Topology 4
LG+C60+G+F None None Likelihood=-1317976,09 Likelihood= -1318026,107 Likelihood= -1318569,945 Likelihood= -1318599,398

(Total di ff .=0) (Total diff.= -50,078) (Total diff.= -593,916) (Total diff.= -623,369)
LG+C60+G+F+GFmix DE IK Likelihood=-1314937,111 Likelihood= -1314977,65 Likelihood= -1315670,918 Likelihood= -1315685,576

(Total di ff .=0) (Total diff.= -40,539) (Total diff.= -733,808) (Total diff.= -748,465)
LG+C60+G+F+GFmix DEQTAVG KILCMFYWS Likelihood=-1315018,218 Likelihood= -1315065,115 Likelihood= -1315704,916 Likelihood= -1315727,147

(Total di ff .=0) (Total diff.= -46,898) (Total diff.= --686,698) (Total diff.= -708,93)

192-taxa NM dataset
Model Bin 1 Bin 2 Topology 1 Topology 2 Topology 3 Topology 4
LG+C60+G+F None None Likelihood= -6557969,994 Likelihood=-6557639,577 Likelihood= -6561223,122 Likelihood= -6561620,115

(Total diff.= -330,418) (Total di ff .=0) (Total diff.= -3583,545) (Total diff.= -3980,538)
LG+C60+G+F+GFmix DE IK Likelihood= -6547076,576 Likelihood=-6546711,68 Likelihood= -6550656,783 Likelihood= -6550979,577

(Total diff.= -364,896) (Total di ff .=0) (Total diff.= -3945,103) (Total diff.= -4267,898)
LG+C60+G+F+GFmix DEAVTQGRHP KINFSCLYM Likelihood= -6541714,646 Likelihood=-6541405,489 Likelihood= -6545093,421 Likelihood= -6545459,741

(Total diff.= -309,156) (Total di ff .=0) (Total diff.= -3687,931) (Total diff.= -4054,252)
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Extended Data Fig. 9  |  Heat map of the number of gene duplications, transfers, originations, and losses in various 
archaeal halophilic lineages according to their COG classification. The counts were obtained using the amalgamated 
l el hoo  estimation (ALE) tree reconciliation method on the set of 17,288 orthologous genes present in the 192-taxa genomic 
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to the nodes in the complete tree shown in Extended Data Fig. 8.
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5. Phylogenomic analysis of DPANN archaea

reveals their monophyly and evolutionary

origins

5.1. Context

The phylogenetic position of the DPANN archaea is one of the major

unresolved questions in archaeal phylogenetics. However, since we invested

substantial time in curating our phylogenetic markers and developing tools and

methods during the project focused on the phylogeny of halophilic archaea, the

project about the phylogeny of DPANN archaea progressed relatively smoothly.

Throughout the halophiles project, it became evident that our ribosomal protein

phylogenies were affected by phylogenetic artifacts, primarily stemming from

amino acid compositional biases. Consequently, ribosomal protein markers proved

unreliable when resolving our phylogenetic questions. Because of this prior

knowledge from the first project, we prioritized the results of the NM phylogenetic

markers for the DPANN project. Additionally, many of the DPANN branches of

interest had extremely low statistical branch support in the RP-based trees

compared to the NM-based ones. A few analyses for this project are still finishing,

but clear trends can be observed in the available results.

If I had more time on this project and in my PhD in general, I would have

wanted to address the position of the root of the archaeal tree. However, since this

is still an open question, we had to decide how to root our trees to compare the

topologies across datasets. We decided to root all trees on the TACK/Asgard branch

for several reasons. One, when we rooted the trees on the DPANN branch, we
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routinely recovered the Euryarchaeota to be paraphyletic. While the paraphyly of

the Euryarchaeota has been found before (Adam et al., 2017a; Raymann et al.,

2015), these analyses did not include any DPANN lineages. Based on our data, we

looked for any evidence that could support or refute it. We examined the

orthologous groups (OGs) shared among the archaeal superphyla as an initial

analysis. Our rationale was that if the Euryarchaeota is indeed paraphyletic, the

group that places sister to the TACK/Asgard (Euryarchaeota 1) might share more

OGs with this branch than with the other Euryarchaeota (Euryarchaeota 2).

However, we found the opposite: Euryarchaeota 2 shared more OGs with the

TACK/Asgard than Euryarchaeota 1.

Additionally, in previous rooting analyses that place the root between DPANN

and all other archaea, the Euryarchaeota were monophyletic (Williams et al., 2017).

Surprisingly, no archaeal rooting analyses currently include the DPANN archaea and

the Altiarchaeota. As both of these lineages have been proposed as the

deepest-branching archaeal lineages, their inclusion could significantly influence

the placement of the root. Together with the fact that the root has been previously

found between the TACK (Crenarchaeota) and all other archaea (Petitjean,

Deschamps, López-García, & Moreira, 2015; C. Woese, 1990), we thought these

factors were supportive evidence for placing the root on the TACK/Asgard branch.

5.2. Results

In this project, we aimed to evaluate the monophyly of the DPANN archaea

and their position within the archaeal tree. We robustly show that the DPANN

archaea are a monophyletic group that branches well nested within the

Euryarchaeota when the tree is rooted on the TACK/Asgard branch. The placement
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of the DPANN nested within the Euryarchaeota suggests that the DPANN evolved

from a Euryarchaeota-like free-living ancestor. This ancestral trait is further

reinforced by the position of the free-living Altiarchaeota at the base of the DPANN

clade. If all other DPANN lineages are truly obligate episymbionts, this would

suggest that the transition from a free-living ancestor to a host-dependent

episymbiont occurred only once at the base of the DPANN clade after the

divergence from the Altiarchaeota. Yet, the ubiquity of a host-dependent lifestyle

remains a major open question that needs to be confirmed experimentally for most

known DPANN phyla. We also observed ancient evolutionary links between the

DPANN archaea and diverse groups of bacteria, specifically the Patescibacteria and

Omnitrophota, which have also been shown to have a similar host-dependent

lifestyle (López-García & Moreira, 2021; Seymour et al., 2023). HGT appears to have

played a pivotal role in shaping the convergent evolution of these distinct lineages

in Bacteria and Archaea towards similar host-dependent lifestyles (Aouad et al.,

2018; Castelle et al., 2021; Castelle & Banfield, 2018; Dombrowski et al., 2020; Jaffe

et al., 2019; Narasingarao et al., 2012a; Podar et al., 2008; Rinke et al., 2013).

Altogether our results provide an updated scenario for the evolution of the DPANN

archaea where a single evolutionary event leading to the transition to a symbiotic

lifestyle from a free-living ancestor occurred within the Euryarchaeota, most likely

accompanied by several HGT events from bacteria.

5.3. Draft manuscript 2
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Abstract
The DPANN archaea have been proposed as one of the four major archaeal
superphyla, alongside the TACK, Asgard, and Euryarchaeota. However, the monophyly
of this group and its placement within the archaeal tree remain open questions.
Reconstructing the phylogeny of the DPANN archaea is difficult and has been shown to
be influenced by the choice of markers, taxon sampling, and phylogenetic approaches.
This has been particularly apparent in studies that tried to place individual DPANN
lineages within the broader archaeal tree. This instability suggests a non-negligible
effect of phylogenetic artefacts. In this study, we use a set of 126 highly conserved
protein markers, extensive taxon sampling including representatives of the 11 known
phyla, and in-depth phylogenomic analyses to reevaluate the monophyly of DPANN
archaea and their relationship to other archaea. Our analyses, designed to alleviate
possible long-branch attraction (LBA) artefacts derived from differences in evolution and
sequence compositional biases, robustly support the monophyly of DPANN archaea
and place them well nested within the Euryarchaeota. Notably, we also find the likely
free-living Altiarchaeota emerging as the earliest diverging branch within the DPANN
archaea, providing new insights into the early stages of the symbiotic lifestyle of the
DPANN archaea. Further, we identify 14 proteins that appear exclusive to and shared
across the DPANN radiation. Phylogenetic analyses reveal that DPANN archaea likely
acquired several of them through ancient horizontal gene transfer events from different
bacterial donors. These donors notably include Patescibacteria and Omnitrophota, two
bacterial phyla that exhibit an episymbiotic lifestyle similar to DPANN archaea. Our
results support that the DPANN archaea are monophyletic and evolved from a
free-living euryarchaeal ancestor and suggest that proteins of bacterial origin played a
role in establishing their ancestrally symbiotic lifestyle.

Introduction
Nanoarchaeum equitans, which grows as an obligate episymbiont of the
hyperthermophilic archaeon Ignicoccus hospitalis, was the first nano-sized archaeon to
be described (Huber et al. 2002). This discovery was important not only as the initial
characterization of an episymbiotic archaeon but also for unveiling a novel,
deep-branching archaeal phylum, the Nanoarchaeota (Huber et al. 2002; 2003), which
joined the three other archaeal phyla recognized at the time, the Euryarchaeota,
Crenarchaeota, and Korarchaeota (Barns et al. 1996; Woese 1990). Subsequent
environmental exploration and advancements in metagenomic and single-cell-based
methods revealed several additional phyla characterized by small-cell sizes and
reduced genomes (Dombrowski et al. 2019; Rinke et al. 2013; Castelle and Banfield
2018; Hug et al. 2016; Castelle et al. 2015). Initial phylogenetic analyses of these newly
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identified archaea suggested that these lineages constituted a new monophyletic
superphylum, collectively known as the DPANN archaea (an acronym that refers to the
first five phyla described for this group; Diapherotrites, Parvarchaeota,
Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota) (Rinke et al. 2013).
Currently, the DPANN superphylum encompasses a much broader diversity, including
11 phyla (according to the Genome Taxonomy Database, GTDB r207 (Rinke et al.
2021)), which represent a significant fraction of the known diversity of archaea. In GTDB
r207, the archaeal tree, along with the 11 DPANN phyla, comprises 8 additional phyla,
including Thermoproteota (historically the TACK superphylum), Asgardarchaeota
(historically the Asgard superphylum), and 6 phyla historically associated with the
Euryarchaeota superphylum (Halobacteriota, Hydrothermarchaeota, Methanobacteriota,
Methanobacteriota_B, Thermoplasmatota, and Hadarchaeota).

DPANN genomes consistently lack genes coding for amino acid, nucleotide, and
phospholipid biosynthesis pathways, typically considered essential for a free-living
lifestyle (Castelle et al. 2018). Based on these genomic characteristics, it has been
suggested that the defining feature of the DPANN archaea is a symbiotic lifestyle that
requires a host for growth and survival (Dombrowski et al. 2019; Rinke et al. 2013).
However, to date, this has only been confirmed for the few species that have been
successfully co-cultured, which include four Nanoarchaeota (Huber et al. 2002; Podar et
al. 2013; St. John et al. 2019; Wurch et al. 2016), three Micrarchaetoa (Kram et al.
2017; Golyshina et al. 2017; Sakai et al. 2022), and two Nanohaloarchaeota (Hamm et
al. 2019; La Cono et al. 2020). Based on these cultivated representatives, some
DPANN seems to rely on a single host (Hamm et al. 2019), while others can
‘host-switch’ (Sakai et al. 2022; Dombrowski et al. 2020). However, these cultivated
lineages only represent a small fraction of the known DPANN diversity (Dombrowski et
al. 2019). For example, different lineages within the Micrarchaeota exhibit a broad
diversity both in terms of habitat distribution and metabolic potential (Golyshina et al.
2017; Kadnikov et al. 2020; Golyshina et al. 2019; Chen et al. 2018). Although all three
cultured representatives of the Micrarchaeota are from acidic environments (Krause et
al. 2017; Golyshina et al. 2017; Sakai et al. 2022), this phylum has also been detected
in environments with neutral pH, including soils, freshwater systems, geothermal lakes,
and hypersaline mats (Kadnikov et al. 2020; Golyshina et al. 2019; Chen et al. 2018).
Interestingly, the freshwater lineage Candidatus ‘Fermentimicrarchaeum limneticum’ has
retained several metabolic pathways lost in the acidophilic, host-dependent
Micrarchaeota lineages (Golyshina et al. 2019) and has been proposed to be capable of
a free-living lifestyle (Kadnikov et al. 2020). However, this is based solely on genomic
data and has yet to be proven experimentally.

Since the proposal of the DPANN superphylum, its monophyletic status has been
questioned based on potential phylogenetic artefacts due to sequence compositional
biases and/or high evolutionary rates (Petitjean et al. 2015; Aouad et al. 2018; Feng et
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al. 2021; Brochier et al. 2005). Lineages with similar protein amino acid compositions
can artefactually group in phylogenetic trees even if they are distantly related (B. A.
Baker et al. 2023; Muñoz-Gómez et al. 2022). Like many parasitic lineages (Rocha and
Danchin 2002; Bohlin et al. 2020), many DPANN genomes tend to be A+T-rich
(Dombrowski et al. 2019), and consequently, their proteomes are enriched in amino
acids encoded by A+T-rich codons. In addition, DPANN generally has a faster
evolutionary rate of genome evolution typical of symbiotic lineages, in contrast to
free-living ones (Moran and Bennett 2014; Muñoz-Gómez et al. 2022). This tendency
often places them at the end of long branches in phylogenetic trees, often leading to
long-branch attraction (LBA); this artefact erroneously groups together lineages with
long branches in a phylogenetic tree, regardless of their actual evolutionary distances
(Bergsten 2005; Susko and Roger 2021; Felsenstein 1978). Further support of the
DPANN being susceptible to LBA arises from the discrepancy between the phylogenetic
placement of individual DPANN phyla and their placement in trees when all DPANN
lineages are considered (Williams et al. 2017). This has been routinely shown for the
Nanoarchaeota (Brochier et al. 2005), Nanohaloarchaeota (Feng et al. 2021; Aouad et
al. 2018), Micrarchaeota (Petitjean et al. 2015), and Altiarchaeota (Adam et al. 2017;
Dombrowski et al. 2020; Schwank et al. 2019).

The phylogenetic placement of the Altiarchaeota is a specifically interesting case.
As for the Micrarchaeota commented above, Altiarchaeota has also been proposed to
have a free-living lifestyle (Schwank et al. 2019; Probst and Moissl-Eichinger 2015).
More recently, it has even been shown that certain members of the Altiarchaeota serve
as hosts for members of another DPANN lineage, the Huberarchaeota (Schwank et al.
2019; Esser et al. 2023). It is still unclear whether the Altiarchaeota are truly members
of the DPANN archaea. Previous phylogenetic analyses have either placed them as a
very deep-branching lineage within the Euryarchaeota (Adam et al. 2017), nested within
the Euryarchaeota (Probst and Moissl-Eichinger 2015), sister to all other DPANN
(Spang, Caceres, and Ettema 2017) or within the DPANN as a sister group to the
Micrarchaeota and Iainarchaeota (previously named Diapherotrites) (Moody et al. 2022;
Dombrowski et al. 2020; Castelle and Banfield 2018). If the Altiarchaeota are indeed
members of the DPANN archaea, this would greatly expand the metabolic and lifestyle
potential of this archaeal superphylum.

In this work, we studied the phylogeny of DPANN archaea using a large set of
conserved protein markers and a comprehensive taxon sampling, including
representatives of the 11 known phyla. Applying different methods to minimize the
potential impact of compositional biases and LBA, we found strong support for the
monophyly of DPANN and their placement within the Euryarchaeota. Among the
DPANN, the potentially free-living Altiarchaeota is the first branch to diverge. These
results have important implications for understanding the tempo and mode of the
evolution of the symbiotic lifestyle of DPANN.
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Results and Discussion
To investigate the monophyletic nature of the DPANN and their evolutionary

relationship with other archaea, we performed a comprehensive range of phylogenomic
analyses. For these analyses, we used a carefully selected set of 126 conserved
proteins (NM126 dataset; see Methods; Suppl. Data 1) that are present in all four
archaeal supergroups (TACK, Asgard, Euryarchaeota, and DPANN) (Suppl. Fig. 1). Our
taxonomic sampling comprised 321 taxa, spanning all 19 archaeal phyla. To maintain
uniformity, we utilized the taxonomic nomenclature and archaeal classification system
suggested by GTDB (release 207; Rinke et al. 2021), along with the informal archaeal
supergroups (TACK, Asgard, Euryarchaeota, and DPANN) (Suppl. Data 2). To capture
the diversity of the known DPANN lineages, 158 out of the 321 taxa were assigned to
the 11 known DPANN phyla. Initial maximum-likelihood (ML) phylogenetic inference
based on the NM126 dataset confirmed the monophyly of the 11 DPANN phyla, of the
TACK (Thermoproteota sensu GTDB) and Asgard (Asgardarchaeota sensu GTDB), as
well as of six distinct Euryarchaeota phyla (Fig. 1). The NM126 tree, rooted on the
TACK/Asgard branch, placed the DPANN as a monophyletic group (100% bootstrap
support), sister to a clade containing the phyla Halobacteriota, Thermoplasmatota,
Methanobacteriota_A, and Hydrothermarchaeota (98% bootstrap support) (Fig. 1 and
Suppl. Fig. 2). However, given the recurrent uncertainty regarding the monophyly of the
DPANN (Petitjean et al. 2015; Feng et al. 2021; Aouad et al. 2018; Brochier et al. 2005;
Dombrowski et al. 2019; B. J. Baker et al. 2020), we conducted in-depth phylogenomic
analyses of the NM126 dataset to ascertain the reliability of the DPANN both in terms of
their monophyly and relationship to other archaea.

101





Draft of manuscript 2

As expected, we consistently observed shorter branch lengths within the DPANN part of
the tree in the one-chimera dataset compared to the full dataset (Fig. 2b). This
approach yielded the additional advantage of substantially improving marker coverage
for each DPANN chimeric lineage (Fig. 2c). However, an exception to the general trend
of branch shortening arose with the phylum SpSt-1190, which displayed a longer
root-to-tip branch in the one-chimera tree compared to the full tree (Fig. 2c). This
deviation can be attributed to a shift in the position of this group, from a deeper one in
the full tree to a more apical one in the one-chimera tree (Fig. 1 and 2a). This shift
provides support for the hypothesis that the placement of this phylum in the full tree may
have been influenced by an LBA artefact, which is known to misplace long branches
towards the base of the phylogenetic trees (Philippe et al. 2000). The chimera analysis
appears, therefore, to effectively alleviate potential LBA artefacts. Recently, a member
of the SpSt-1190 was found to have a genome size of 4 Mb, which encodes a nearly
complete pathway for methanogenesis and several other methane-related metabolisms,
such as the ribulose monophosphate pathway and methanofuran biosynthesis (Zhang
et al. 2023). To our knowledge, this is the first instance of a DPANN member encoding
pathways related to methanogenesis. Determining the precise phylogenetic position of
this group is important to understand the evolution of these metabolic features better.

A potential negative effect of the chimera approach is that it reduces the number
of taxa, and thus can increase the distances between internal nodes of the DPANN tree.
To test if this affected our results, we subsequently included a second chimera for each
DPANN lineage by selecting the two shortest branches from each DPANN phylum in the
NM126 single-gene trees (“two-chimeras” dataset; see Methods for more details). The
resulting ML tree again recovered the DPANN as a monophyletic group with maximum
statistical support (Fig. 2d), consistent with the one-chimera and all-taxa datasets (Fig. 1
and 2a). Additionally, since only one Huberarchaeota representative was present in the
full dataset, we could not generate a chimera for this lineage. To evaluate the impact of
the long branch of Huberarchaeota on our analyses, we ran the one-chimera dataset
without the Huberarchaeota (Suppl. Fig. 3). The new tree still retrieved the monophyly
of the DPANN with full support and the same relationships among the DPANN branches
as in the previous analyses.
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Figure 2 | Phylogenetic analysis of the DPANN using chimera datasets. (a)
Maximum likelihood (ML) phylogenetic tree (LG+C60+G model) of the one-chimera
dataset. The dataset comprised 11 DPANN phyla, each represented by a single chimera
and 163 other Archaea. The statistical support for branches corresponds to 1,000
ultrafast bootstrap replicates. The scale bar indicates the expected average number of
substitutions per site. All taxonomic names shown are based on the GTDB r207
phylum-level classification. (b) Root-to-tip branch lengths for the 158 DPANN taxa of the
full NM126 dataset. The branch lengths (y-axis) are the root-to-tip number of
substitutions per site. Dashed lines represent the branch lengths for the 11 DPANN in
the one-chimera dataset. (c) The number of NM126 markers present in each of the 158
DPANN taxa. Black dotted lines represent the number of markers present in the DPANN
chimeras of the one-chimera dataset. (d) ML phylogenetic tree (LG+C60+G model) of
the two-chimera dataset, consisting of two chimeras for each of the 11 DPANN phyla
and 163 other Archaea. The statistical support for branches corresponds to 1,000
ultrafast bootstrap replicates. The scale bar indicates the expected average number of
substitutions per site. All taxonomic names shown are based on the GTDB r207
phylum-level classification. The branch leading to Huberarchaeota was shortened by
half in both trees and did not represent a chimeric sequence.

As with LBA, lineages with similar protein amino acid compositions can
artefactually group in a tree even if they are distantly related (B. A. Baker et al. 2023;
Muñoz-Gómez et al. 2022). Therefore, we tested the possible impact of shared amino
acid preferences in symbiotic lineages as a potential source of phylogenetic artefacts
driving the monophyly of the DPANN (Dombrowski et al. 2019). In bacteria, it has been
shown that the genomes of symbiotic, especially parasitic lineages tend to be biased
towards A and T nucleotides (and their proteins towards amino acids encoded by
A+T-rich codons: F, I, M, N, K, and Y) in contrast to free-living groups that have not
evolved reductively (which can be biased towards G+C-rich genomes, and G, A, R, and
P amino acids) (Muñoz-Gómez et al. 2022; Clark, Moran, and Baumann 1999;
Muñoz-Gómez et al. 2019; Gu, Hewett-Emmett, and Li 1998). Similar to symbiotic
bacteria, we observed that the DPANN archaea tend to have a higher frequency of F, I,
M, N, K, and Y amino acids compared to free-living archaea, which tend to have a
higher frequency of G, A, R, and P amino acids (Suppl. Fig. 4). Most models of
sequence evolution, such as the C10-C60 mixture model in an ML framework (Quang,
Gascuel, and Lartillot 2008) or the CAT model in a Bayesian framework (Lartillot and
Philippe 2004), are built to deal with compositional differences between sites in a
protein dataset (site-heterogeneity) but not with amino acid compositional differences
between different branches of a tree (branch-heterogeneity) (Muñoz-Gómez et al. 2022;
Groussin, Boussau, and Gouy 2013).
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To mitigate potential phylogenetic artefacts arising from shared amino acid
biases among the DPANN taxa, we excluded the most biased DPANN taxa from the
NM126 dataset. These were identified as the lineages displaying the most pronounced
compositional biases based on a principal component analysis (PCA) of the amino acid
composition of the sequences of the different taxa (Suppl. Fig. 5; see Methods for more
details). Using this method, we again observed full statistical support for the monophyly
of the DPANN (Suppl. Fig. 6).

We also examined the impact of removing the most biased alignment sites as an
alternative to removing the most biased taxa. For our 321-taxa dataset, both a PCA
analysis and a binomial test of two proportions revealed that FIMNKY and GARP are
the two sets of amino acids that exhibited the highest over- and under-representation,
respectively, in DPANN in comparison to other archaeal lineages (see Methods for more
details; Suppl. Figs. 4 and 7). We therefore developed a ranking scheme for
progressively removing the sites exhibiting the greatest compositional biases associated
with FIMNKY and GARP amino acids. We first calculated the FIMNKY/GARP ratio for
DPANN versus non-DPANN lineages, ranked the sites accordingly, and then removed
15% of the most biased sites. A phylogenetic tree based on the resulting alignment
again retrieved the monophyly of the DPANN with full statistical support (Suppl. Fig. 8).
However, as all DPANN taxa did not show uniform amino acid preferences (Suppl Figs.
4 and 9), we also calculated the site-by-site FIMNKY/GARP ratio between two taxon
sets selected based on their proteome-wide amino acid compositions. One set
comprised taxa whose overall proteome is enriched in FIMNKY amino acids, while the
second set included taxa whose proteome is enriched in GARP amino acids,
irrespective of their phylogenetic affiliation (Suppl. Data 3). After removing 15% of the
most biased sites identified in this way, we again recovered the DPANN as a
monophyletic group with full statistical support (Suppl. Fig. 10).

The phylogenetic relationship between the DPANN and other
Archaea

Based on the initial ML phylogenetic inference of the NM126 dataset rooted on
the TACK/Asgard branch, the DPANN archaea placed as a monophyletic group within
the Euryarchaeota, sister to the clade encompassing the phyla Halobacteriota,
Thermoplasmatota, Methanobacteriota_A, and Hydrothermarchaeota (Fig. 1). While
individual DPANN lineages have been previously found within the Euryarchaeota
(Petitjean, Deschamps, López-García, and Moreira 2015; Aouad et al. 2018; Feng et al.
2021; Brochier et al. 2005), to our knowledge, this is the first time all DPANN lineages
were recovered as a monophyletic group within the Euryarchaeota. To verify this
position, we again tested whether this placement could be attributed to potential
phylogenetic artefacts such as sequence compositional biases and/or LBA.
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First, to test the impact of LBA on the position of the DPANN, we analyzed the
positions of individual DPANN lineages (Micrarchaeota, Nanoarchaea,
Nanohaloarchaeota, and Altiarchaeota) known for their variable placements (Petitjean
et al. 2015; Narasingarao et al. 2012; Aouad et al. 2018; B. J. Baker et al. 2006;
Brochier et al. 2005). Each of these studies used a different taxonomic sampling and set
of phylogenetic markers. However, without any artefact, all the constituent DPANN
lineages should be individually placed at the same point in the archaeal tree when using
similar markers (Williams et al. 2017). In our analyses, always rooted on the
TACK/Asgard branch, the Micrarchaeota, and Nanoarchaeota were placed individually
at the base of the Euryarchaeota with maximum statistical support (Suppl. Figs. 11 and
12). While this placement has been previously reported for a subset of Nanoarchaeota
lineages (Huber et al. 2002; Brochier et al. 2005; Williams et al. 2017), this is the first
instance where the Micrarchaeota placed at the base of the Euryarchaeota when other
DPANN phyla were not considered.

Contrary to the Micrachaeota and Nanoarchaeota, the Altiarchaeota and
Nanohaloarchaeota were nested within the Euryarchaeota with full statistical support,
albeit at different positions (Suppl. Fig. 13 and 14). Unlike previous studies which have
found the Nanohaloarchaeota as either sister to the Halobacteriota (Narasingarao et al.
2012; Petitjean et al. 2015; Feng et al. 2021) or sister to Methanocellales (Aouad et al.
2018), we found the Nanohaloarchaeaota sister to the clade formed by Halobacteriota
and Thermoplasmatota (Suppl. Fig. 14). However, the position of the
Nanohaloarchaeota has been previously shown to be sensitive to tree reconstruction
artefacts due to the convergent evolution of amino acid preferences with other halophilic
archaea (B. A. Baker et al. 2023). This suggests that the Nanohaloarchaeota might be
artefactually drawn to the Halobacteriota when other DPANN lineages are absent.

Furthermore, like the Nanohaloarchaeota, the Altiarchaeota have also been
found in various positions within the Euryarchaeota (Probst et al. 2014; Adam et al.
2017). In our analyses, we routinely recover the Altiarchaeota sister to the
Halobacteriota, Thermoplasmatota, Methanobacteriota_A, and Hydrothermarchaeota,
agreeing with the position of all DPANN in the full NM126 tree (Fig. 1 and Suppl. Fig.
13). Interestingly, in our full NM126 tree, we recover the Altiarchaeota as a sister group
of all other DPANN (Fig. 1). This position differs from recent phylogenetic analyses of
the DPANN, which places the Altiarchaeota sister to the Micrarchaeota and
Iainarchaeota (Dombrowski et al. 2020; Moody et al. 2022; Castelle and Banfield 2018).
These two conflicting positions for the Altiarchaeota significantly impact our
interpretation of the evolutionary history of the DPANN archaea. Altiarchaeota, which
exhibit the most gene-rich genomes among DPANN archaea, have been proposed to be
free-living organisms (Probst et al. 2014). Recent studies have also suggested that
certain members of the Altiarchaeota likely function as a host for another DPANN group,
the Huberarchaeota (Esser et al. 2023; Schwank et al. 2019). If the Altiarchaeota do
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place as a sister group of the other DPANN lineages, this would suggest that they
diverged before the other DPANN lineages adapted to a symbiotic lifestyle. We
conducted an approximately unbiased (AU) test (Shimodaira 2002) to compare these
two tree topologies. We found that the NM126 alignment strongly rejects the placement
of the Altiarchaeota sister to the Micrarchaeota and Iainarchaeota (P-value = 0.00546).

To test the possible effect of LBA on the analysis of individual DPANN phyla, we
applied the same approach of branch shortening based on the construction of two
chimeric sequences for each DPANN subset, as described above (Suppl. Figs. 15-18).
Interestingly, the Nanoarchaeota and Micrarchaeota trees with the two-chimera
sequences agreed with the full NM126 dataset, placing them with full support sister to
the group formed by the Halobacteriota, Thermoplasmatota, Methanobacteriota_A, and
Hydrothermarchaeota (Fig. 1 and Suppl. Figs. 15 and 16). In contrast, the Altiarchaeota
moved to a deeper-branching position sister to the Hydrothermarchaeota, albeit with low
statistical support (68% ultrafast bootstrap) (Suppl. Fig. 17), while the
Nanohaloarchaeota again placed sister to the Thermoplasmatota and Halobacteriota
(Suppl. Fig. 18). The consistent placing of the Nanohaloarchaota sister to the
Thermoplasmatota and Haloarchaeota suggests that compositional biases, as opposed
to LBA, drive the signal in this dataset. The observed conflicting placements of the
Micrarchaeota and Nanoarchaeota lineages in the full subset analyses seem to be
influenced, at least in part, by LBA.

The phylogeny of DPANN archaea based on ribosomal proteins
Ribosomal proteins are one of the most commonly used sets of proteins for

reconstructing the phylogeny of archaea (Hug et al. 2016; Dombrowski et al. 2020;
Castelle and Banfield 2018; Matte-Tailliez et al. 2002; Ramulu et al. 2014; Brochier et al.
2005; Pace 1997). Despite their prevalence in phylogenomic analyses, ribosomal
proteins have been suggested to contribute to phylogenetic artefacts due to inherent
sequence compositional biases (Eme et al. 2023; Petitjean et al. 2015; B. A. Baker et al.
2023). Indeed, PCA analyses of our comprehensive archaeal taxon dataset
corresponding to the amino acid composition of a set of 48 ribosomal proteins (RP48
dataset) and the NM126 dataset showed remarkable differences between the two (Fig.
3a and b). Nevertheless, due to their historical significance, we ran all aforementioned
phylogenetic analyses using the RP48 dataset. For all of the RP48 datasets, we
recovered the DPANN as a monophyletic group with full statistical support (Fig. 3c;
Suppl. Figs. 19-31). Additionally, when rooted on the TACK/Asgard branch, we again
found the DPANN nested within the Euryarchaeota, consistent with the NM dataset, but
in a varied position, sister to a group consisting of the Halobacteriota and
Thermoplasmatota, albeit with low statistical support (Fig. 3c; Suppl. Figs. 19-31).

Furthermore, the Altiarchaeota routinely placed sister to the Micrarchaeota and
Iainarchaeota in all the RP trees (Fig. 3c; Suppl. Figs. 19-25), similar to what has been
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observed in previous analyses (Moody et al. 2022; Dombrowski et al. 2020; Castelle
and Banfield 2018). We conducted an AU test (Shimodaira 2002) to compare the
Altiarchaeota NM and RP topologies. We found that the NM alignment strongly rejected
the RP topology as mentioned above (P-value = 0.00546), but the RP alignment did not
reject the NM topology (P-value = 0.0771). The Altiarchaeota also placed as a sister
group to the Micrarchaeota and Iainarchaeota in the one- and two-chimeras RP
datasets with full statistical support (Suppl. Figs. 20-22). This supports the idea that this
placement is not a result of LBA, indicating the presence of a conflicting signal in the
NM and RP datasets (Fig. 3a and b).

Figure 3 | Compositional and phylogenetic analyses of ribosomal proteins. (a)
Principal component analysis (PCA) based on the amino acid composition of 48
ribosomal proteins (RP48 dataset, circles) versus the complete proteomes (squares) for
321 archaeal species. (a) PCA based on the amino acid composition of 126
non-ribosomal proteins (NM126 dataset, circles) versus the complete proteomes
(squares) for 321 archaeal taxa. (c) Maximum likelihood phylogenetic tree (LG+C60+G
model) based on the ribosomal RP48 dataset (321 taxa, 5,998 sites). The statistical
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support for branches corresponds to 1,000 ultrafast bootstrap replicates, with filled
circles representing values equal to or larger than 99% support. The scale bar indicates
the expected average number of substitutions per site. All taxonomic names shown are
based on the GTDB r207 phylum-level classification. The expanded tree can be found
in Suppl. Fig. 19.

Identification of DPANN signature proteins
To identify proteins specific to the DPANN archaea that may provide additional

evidence for the monophyly of this group, we grouped the 531,483 proteins encoded in
the 321 archaeal genomes used for phylogenetic analyses into 25,730 clusters of
orthologous genes (OGs). None of these OGs was present across all the 11 DPANN
phyla and absent in other archaea. However, several DPANN genomes are very small
and encode very reduced sets of proteins (e.g., the 518 kb genome of Huberarchaeum
crystalense only codes for 541 proteins (Schwank et al. 2019), which limits the
possibility of finding characteristic DPANN signature proteins. Therefore, we used a less
strict filter to identify proteins shared by at least seven DPANN phyla but absent in other
archaea. Despite these relaxed criteria, we only identified 14 proteins (Suppl. Fig. 32
and Suppl. Data 4), which are likely ancient proteins that have been conserved
throughout the evolutionary history of the DPANN superphylum. An additional OG
(OG0889) was also identified as DPANN-unique. However, it corresponds to the fusion
of the two primase subunits, PriS and PriL. Although both subunits are universal in
archaea, this fused version is only found in several DPANN lineages (Adam et al. 2017).
Our results confirm that the PriS+PriL fusion is present in the Undinarchaeota,
SpSt-1190, Huberarchaeota, Nanoarchaeota, Aengmatarchaeota, EX4484-52, and
Nanohaloarchaeota (Fig. 1), providing a synapomorphy that strongly supports the
monophyly of this DPANN subgroup (Dombrowski et al. 2020).

Most DPANN archaea are thought to have a symbiotic lifestyle, given their
reduced genomes and metabolic repertoires (Castelle et al. 2018; Dombrowski et al.
2019; Castelle and Banfield 2018). It is tempting to speculate that some of the
widespread ancient DPANN-exclusive proteins may have been involved in the evolution
of this lifestyle that depends on close physical interactions with host cells. In agreement
with this idea, transmembrane and secreted proteins were overrepresented among
these proteins (10 out of 14, see Suppl. Data 4). Three of them share a similar
architecture, consisting of an N-terminal transmembrane domain that anchors the
protein to the cell membrane and a C-terminal segment predicted to be exposed outside
the cells and containing a conserved sequence domain involved in adhesion. This is the
case for OG2138, a large protein (between 600 and 1400 amino acids) with a
C-terminal type A von Willebrand factor (vWA, InterPro IPR002035) domain, and for
OG1262 and OG1760, both with C-terminal bacterial-like immunoglobulin fold (Ig,
InterPro IPR013783) domains. vWA and Ig domains have been found in many proteins
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involved in cell adhesion (Whittaker and Hynes 2002; Chatterjee et al. 2021) and have
been proposed to participate in cell-cell interactions in archaea, including DPANN (Qu et
al. 2023).

It can be speculated that three other OGs (OG1509, OG2458, and OG2966) that
have the same architecture may also be involved in cell recognition and adhesion.
However, they do not contain any recognizable protein domain in their C-terminal
regions. Although these OGs are absent in non-DPANN archaea, OG2458 is also
present in diverse bacteria. Phylogenetic analysis of this OG shows that most DPANN
sequences form a well-supported group (100% ultrafast bootstrap) that branches within
a large group of bacterial sequences (Suppl. Fig. 33). Interestingly, these sequences
belong to very diverse Patescibacteria. These bacteria, previously known as Candidate
Phyla Radiation (CPR; (Hug et al. 2016)), form a bacterial phylum that exhibits several
similarities with DPANN archaea (López-García and Moreira 2021), as it contains
species with small cells, reduced genomes and metabolic repertoires, and presumed to
be obligate symbionts of other bacteria (Brown et al. 2015; Castelle and Banfield 2018).
The phylogeny of OG2458 suggests that this gene was acquired by DPANN archaea
from a patescibacterial donor by an ancient horizontal gene transfer (HGT) event. In
addition, several bacterial sequences intermixed with the DPANN ones most likely
reflect more recent cases of HGT.

We observed similar cases of HGT from bacteria at the origin of DPANN OGs
OG2142 and OG2651, which correspond to proteins with a predicted cytosolic
localization (Suppl. Data 4 and Suppl. Figs. 34 and 35). In the case of OG2651, an HD
superfamily phosphohydrolase, the DPANN sequences are also closely related to
patescibacterial sequences (Suppl. Fig. 35), whereas for OG2142, an HxsB
His-Xaa-Ser system radical SAM maturase, the DPANN sequences are closely related
to bacterial sequences from the phylum Omnitrophota (Suppl. Fig. 34). As
Patescibacteria, Omnitrophota seems to correspond to small cells with reduced
genomes and a gene content suggesting a symbiotic lifestyle (Seymour et al. 2023).
Our results support that DPANN archaea obtained some of their most ancient and
widespread genes by HGT from these two groups of host-associated bacteria.
Interestingly, a member of the Omnitrophota, ‘Candidatus Velamenicoccous
archaeavorus’, can parasitize methanogenic archaea of the genus Methanosaeta
(Kizina et al. 2022). This opens the intriguing possibility that some Omnitrophota and
DPANN archaea may share similar archaeal hosts, which could have facilitated the
exchange of genes between these two distant lineages.

Concluding remarks
Our in-depth phylogenomic analyses support that the monophyly of the DPANN

archaea does not result from phylogenetic artefacts, such as LBA and/or sequence
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compositional biases. These analyses robustly place the DPANN within the
Euryarchaeota in trees rooted on the TACK/Asgard branch. Given the ongoing
uncertainty surrounding the position of the root of the archaeal tree, we cannot
definitively exclude the possibility that the root is positioned between the DPANN and
the rest of the Archaea. However, according to our phylogenetic analyses, this root
placement would imply that the Euryarchaeota are paraphyletic and that the
TACK/Asgard group evolved from an Euryarchaeota-like ancestor. While this root
position has been previously proposed (Adam et al. 2017; Raymann et al. 2015), neither
of these studies included DPANN lineages in their phylogenetic analysis. Further, a
more recent study that used an outgroup-free rooting approach identified the root
between the DPANN and all other archaea, but contrary to our analysis, recovered the
Euryarchaeota as monophyletic when using a supertree approach (Williams et al.
2017). These studies highlight the ongoing uncertainty surrounding the position of the
archaeal root.

The placement of the DPANN nested within the Euryarchaeota suggests that the
DPANN evolved from a Euryarchaeota-like free-living ancestor. This ancestral trait is
further reinforced by the position of the free-living Altiarchaeota at the base of the
DPANN clade. If all other DPANN lineages are truly obligate episymbionts, this would
suggest that the transition from a free-living ancestor to a host-dependent episymbiont
occurred only once at the base of the DPANN clade after the divergence from the
Altiarchaeota. Yet, the ubiquity of a host-dependent lifestyle remains a major open
question that needs to be confirmed experimentally for most known DPANN phyla.
Intriguingly, lineages within the Micrarchaeota and Iainarchaeota have been proposed to
be capable of a free-living lifestyle based on the analysis of their gene content (Youssef
et al. 2015; Kadnikov et al. 2020). Since these lineages have phylogenetic positions well
nested within the DPANN radiation, it was tempting to speculate that they reverted to a
free-living lifestyle from host-associated ancestors. However, Kadnikov et al. argued
that the potentially free-living Candidatus ‘Fermentimicrarchaeum limneticum’
represents the ancestral state rather than a derived feature of phylum Micrarchaeota
(Kadnikov et al. 2020).

Conversely, for Candidatus ‘Iainarchaeum andersonii’ (Iainarchaeota), the
authors argued that this parasitic-to-free-living evolutionary transition was shaped by
extensive HGT-mediated acquisition of key metabolic proteins from diverse bacterial
donors (Youssef et al. 2015). Interestingly, we also observe ancient evolutionary links
between the DPANN archaea and diverse groups of bacteria, specifically the
Patescibacteria and Omnitrophota, which have also been shown to have a similar
host-dependent lifestyle (López-García and Moreira 2021; Seymour et al. 2023). HGT
appears to have played a pivotal role in shaping the convergent evolution of these
distinct lineages in Bacteria and Archaea towards similar host-dependent lifestyles
(Podar et al. 2008; Dombrowski et al. 2020; Aouad et al. 2018; Jaffe et al. 2019;
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Narasingarao et al. 2012; Castelle and Banfield 2018; Rinke et al. 2013; Castelle et al.
2021). Altogether our results provide an updated scenario for the evolution of the
DPANN archaea where a single evolutionary event leading to the transition to a
symbiotic lifestyle from a free-living ancestor occurred within the Euryarchaeota, most
likely accompanied by several HGT events from bacteria that triggered the DPANN
radiation.

Methods

Selection of archaeal taxa
To ensure we had a representative set of archaeal taxa for our phylogenetic

analyses, we downloaded all archaeal proteomes from the Genome Taxonomy
Database (r207) (Rinke et al. 2021) and selected genomes from all archaeal classes
using Treemmer v0.3 (Menardo et al. 2018). Treemmer selects the leaves in a
phylogenetic tree representing the greatest diversity based on a predefined number of
taxa. After automatically selecting lineages using Treemmer, we manually refined the
selection based on the genome completeness and contamination (>75% and <5%,
respectively) for each archaeal class according to GTDB (r207). Our final selection
included 321 archaeal taxa (158 DPANN, 94 Euryarchaeota, and 69 TACK/Asgard).

Curation of phylogenetic markers
The NM126 dataset was based on curating a set of 136 markers previously

shown to be highly conserved across the archaeal domain (Petitjean et al. 2015; B. A.
Baker et al. 2023). Sequences similar to the NM proteins were identified in the set of
321 archaeal taxa using BLAST (Altschul et al. 1990) with relatively relaxed criteria
(>20% sequence identity over 30% query length) to retrieve even divergent homologs,
which is especially important in the case of fast-evolving lineages like the DPANN
archaea. For each 321 taxa, up to three of the best BLAST hit sequences were included
for preliminary phylogenetic reconstruction using FastTree2 (Price, Dehal, and Arkin
2010). These preliminary trees were manually examined to identify the correct
orthologue for each taxon and to detect cases of contamination, HGT, or paralogy.
These spurious sequences were removed, and the remaining ones were used to
reconstruct a new tree. Multiple rounds of manual curation were done this way until all
problematic sequences were removed. This also removed 10 of the 136 markers
because they were too poorly represented in DPANN. Once curated, sequences of each
of the 126 remaining markers were aligned with MAFFT L-INS-i v7.450 (Katoh and
Standley 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3 -g 0.2 -h 0.5)
(Criscuolo and Gribaldo 2010). We performed a final round of verification of the single
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gene trees reconstructed using the more sophisticated LG+C60+F+Γ4 model in
IQ-TREE (Minh et al. 2020) before concatenating the individually trimmed alignments
into the NM126 supermatrix (126 proteins, 34,495 alignment sites). Finally, the RP48
dataset was based on a previously curated set of 48 ribosomal proteins (B. A. Baker et
al. 2023; Petitjean et al. 2015). The selection and curation process for the RP48 dataset
mirrored that of the NM126 dataset described above. The final RP48 supermatrix
consisted of 48 proteins and 5,998 alignment sites.

Short-branching chimera datasets
To construct the one-chimera dataset, we first selected the shortest branch for

each of the 11 DPANN phyla from the NM126 and RP48 single gene trees (see above).
Once the shortest branch was selected, all other sequences from the corresponding
DPANN phylum were removed from the marker alignment. The new marker datasets
generated in this way were then realigned with MAFFT L-INS-i v7.450 (Katoh and
Standley 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3 -g 0.2 -h 0.5)
(Criscuolo and Gribaldo 2010). The trimmed alignments were concatenated into the
one-chimera supermatrices for the NM and RP markers. We ran this analysis again to
generate the two-chimera datasets, including the two shortest branches for each of the
11 DPANN phyla. To ensure we did not have overlapping taxa in the two chimeras, we
first subdivided each of the 11 phyla into two groups based on the full NM126 tree
(Suppl. Fig. 2 chimera subsets). We then selected the shortest branch from each of the
two subgroups. Again, these new marker datasets were realigned with MAFFT L-INS-i
v7.450 (Katoh and Standley 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3
-g 0.2 -h 0.5) (Criscuolo and Gribaldo 2010). The trimmed alignments were
concatenated into the two-chimera supermatrices for the NM and RP datasets.

Sequence composition-based datasets
To remove the DPANN taxa with the most biased amino acid compositions from

the NM and RP datasets, we built a principal component analysis (PCA) based on the
amino acid frequency of the 158 DPANN proteomes. We then divided the principal
component 1 (PC1) at 2.5 for both the positive and negative directions (Suppl. Fig. 5.
This allowed us to keep all DPANN phyla except the Huberarchaeota. We opted to
remove taxa based on PC1, given its larger contribution to the data (44.1%) compared
to PC2 (10.53%). Taxa that fell outside this boundary were removed from the individual
marker alignments. These datasets were then realigned with MAFFT L-INS-i v7.450
(Katoh and Standley 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3 -g 0.2
-h 0.5) (Criscuolo and Gribaldo 2010). The trimmed alignments were concatenated into
a supermatrix for each NM and RP dataset.
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Removal of compositionally biased sites
We devised a ranking scheme to remove the most {FIMNKY/GARP}-biased

amino acid (AA) alignment sites from the NM and RP datasets. This involved calculating
the ratio of {FIMNKY} versus {GARP} AAs for one set of taxa in relation to a second set
of taxa. For this analysis, we divided the taxa into two bins ( and , using two𝑃𝑢𝑝 𝑃𝑑𝑜𝑤𝑛)
different partitioning schemes. One scheme consisted of binning the taxa by DPANN (

) versus all other Archaea , and the second consisted of binning the taxa with𝑃𝑢𝑝 (𝑃𝑑𝑜𝑤𝑛)
a {FIMNKY/GARP} ratio above the global average for all Archaea ( ) versus taxa𝑃𝑢𝑝
below the global average ( ). We then calculated the frequency of the {FIMNKY}𝑃𝑑𝑜𝑤𝑛

versus {GARP} AAs for each alignment site for each bin. To(𝑃𝐹𝐼𝑀𝑁𝐾𝑌) (𝑃𝐺𝐴𝑅𝑃) (𝑋𝑖)
adjust for a possible denominator of 0, a pseudocount of 0.01 was added to the(α) 
frequency of each AA considered (i.e., 0.6 for FIMNKY and 0.4 for GARP). The adjusted
ratios were then divided by the total number of alignment sites counted (i.e., 6 for(𝑁)
FIMNKY and 4 for GARP) plus the corrected pseudocount for all 20 amino acids

. To calculate the ratio for each of the bins ( and , we then(α𝑑 = 0. 01 × 20) 𝑃𝑢𝑝 𝑃𝑑𝑜𝑤𝑛)
divided the {FIMNKY} ratio by the {GARP} ratio. We then calculated as the𝑃𝑡𝑜𝑡𝑎𝑙
logarithm of the ratio of the up bin versus the down bin. The alignment site ratios were
then ranked in descending order based on the value, and the top 15% of the most𝑃𝑡𝑜𝑡𝑎𝑙
biased sites were removed from the NM and RP datasets.

Biased-sites ranking formula:

,𝑃𝐹𝐼𝑀𝑁𝐾𝑌 = 𝑋𝑖+α𝑁+α𝑑 𝑃𝐺𝐴𝑅𝑃 = 𝑋𝑖+α𝑁+α𝑑𝑃𝑢𝑝 = 𝑃𝐹𝐼𝑀𝑁𝐾𝑌𝑃𝐺𝐴𝑅𝑃 , 𝑃𝑑𝑜𝑤𝑛 = 𝑃𝐹𝐼𝑀𝑁𝐾𝑌𝑃𝐺𝐴𝑅𝑃  
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑙𝑜𝑔 𝑃𝑢𝑝𝑃𝑑𝑜𝑤𝑛( )

Identification of DPANN signature proteins
Orthologous groups (OGs) were identified for all species in our list of 321

archaeal taxa using OrthoFinder v2.5.1 with Diamond BLAST set to (--ultra-sensitive,
--query-cover 50%, and --id 30%) and an inflation parameter of 1.1 (Emms and Kelly
2019). We then analyzed the presence and absence of taxa within the DPANN,
specifically focusing on OGs present in a minimum of 7 out of the 11 DPANN phyla.
Since some absences could be due to genome sequence incompleteness or specific
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losses in some taxa, we deemed a phylum present if at least one species of that phylum
was identified in the OG. This led to the identification of 14 OGs that were present in at
least seven out of the 11 DPANN phyla and absent in the rest of Archaea. Conserved
protein domains were identified using InterproScan v5.31-70.0 (Jones et al. 2014), and
cellular localization was predicted with DeepTMHMM v1.0.24 (Hallgren et al. 2022). We
looked for potential bacterial homologs of these OGs using BLAST (Altschul et al. 1990)
searches against the GTDB r207 database (Rinke et al. 2021) with an e-value threshold
of 1e-03 and keeping a maximum of 500 hits. The sequences of OGs containing both
DPANN and bacterial sequences were aligned with MAFFT L-INS-i v7.450 (Katoh and
Standley 2013) and trimmed with BMGE v1.12 (-m BLOSUM30 -b 3 -g 0.2 -h 0.5)
(Criscuolo and Gribaldo 2010). Maximum likelihood phylogenetic trees were then
reconstructed using the LG+C20+F+Γ4 model of sequence evolution in IQ-TREE (Minh
et al. 2020).
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6. Discussion and perspectives

6.1. The origins of extreme halophily

For over 30 years, extreme halophilic archaea were thought to belong to a

single archaeal order, the Halobacteriales (henceforth Haloarchaea) (Andrei et al.,

2012; Lanyi, 1974; Oren, 2002). This implied a singular origin of adaptation to

hypersaline environments within the archaeal tree. Along with the adaptation to

extreme halophily, the proteomes of Haloarchaea were also shown to be enriched

in acidic amino acids and depleted in large hydrophobic and basic ones to decrease

the hydrophobicity of their proteins and prevent protein aggregation in the face of

high intracellular salt concentrations resulting from a ‘salt-in’ osmotic strategy

(Christian & Waltho, 1962; Dennis & Shimmin, 1997; Lanyi, 1974). Since high

concentrations of salts in an environment are generally thought to be deleterious

to proteins and other macromolecules (Dennis & Shimmin, 1997), it was reasonable

to conclude that the adaptation to extreme halophily was an evolutionarily

challenging transition, particularly since it only occurred once. However, the

discovery of additional extreme halophilic archaeal taxa over the last decade has

fundamentally altered this viewpoint (Aouad et al., 2018; Feng et al., 2021; Martijn

et al., 2020; Narasingarao et al., 2012a; Sorokin et al., 2017; Zhou et al., n.d.).

Nevertheless, as evident from my thesis's introduction and initial chapter,

establishing the evolutionary relationships among these groups has proven

challenging. This complexity arises from phylogenetic artifacts, including

long-branch attraction and/or shared biases in sequence compositions among

extreme halophilic archaea. Additionally, cases of horizontal gene transfers among

these halophilic lineages further contribute to the complexities of their evolutionary

history (B. A. Baker et al., 2023; Feng et al., 2021; Mongodin et al., 2005). However,
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our in-depth phylogenomic analyses of the various extreme halophilic archaeal

lineages, plus the addition of two new family-level lineages of extreme halophilic

archaea, the Afararchaeaceae and Asbonarchaeaceae, robustly showed that

adaptation to extreme halophily in the archaeal tree occurred at least four times

independently, suggesting that this transition was not as evolutionarily unique as

previously thought. Moreover, with the addition of the new Afararchaeaceae family

and their phylogenetic placement as the closest sister group to the Hikarchaeia

(Martijn et al., 2020) and Haloarchaea, our analysis also showed that the

Hikarchaeia could transition back to a moderate saline environment from an

extreme halophilic ancestor. This transition was also marked by the Hikarchaeia

returning to a non-acidic proteome. This is somewhat surprising given the fact that

extreme halophilic archaea are obligate halophiles because their proteins have

been shown to denature and unfold in low salt media due to charge repulsion

(Dennis & Shimmin, 1997; Lanyi, 1974; Madern et al., 2000; Müller-Santos et al.,

2009). However, one important exception is the Methanonatronarchaeia (Sorokin et

al., 2017). While they have experimentally been shown to be ‘salt-in’ strategists and

contain molar concentrations of intracellular salt, their proteomes are noticeably

less acidic than the other groups of known salt-in strategists. It is tempting to

speculate that the Methanonatronarchaeia might have adopted a previously

unknown osmoprotective strategy to prevent protein aggregation in the face of

high intracellular salt concentrations. Only five genomes are currently available for

the Methanonatronarchaeia class, according to the Genome Taxonomy Database

(GTDB) release214 (Rinke et al., 2021). Considering the current genomic data, it is

challenging to determine whether the non-acidic proteome observed in this group

is unique to extreme halophilic methanogens or if these potentially new adaptive

strategies might be present in other archaeal lineages.
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6.1.1. Gene tree-species tree reconciliation and the

evolution of gene content in halophilic archaea

For many decades it was thought that methanogenic Euryarchaeota were the

closest relatives to the Haloarchaea (Adam et al., 2017; Forterre et al., 2002;

Petitjean, Deschamps, López-García, Moreira, et al., 2015; Raymann et al., 2015; C.

Woese, 1990). It was theorized that a massive genome rearrangement would have

been necessary to achieve this evolutionary transition and was thought early on to

be facilitated by a single and substantial episode of massive HGT from Bacteria

(Kennedy et al., 2001; Nelson-Sathi et al., 2012). However, with enhanced methods

and broader taxonomic sampling, current evidence now suggests that this

transition was accompanied by multiple cases of HGT that occurred gradually

(Groussin et al., 2016; Martijn et al., 2020). In our analysis, we also observed a

comparable trend when incorporating a more comprehensive taxonomic sampling

of all currently known groups of extreme halophiles (i.e., Haloarchaea,

Nanohaloarchaea, Methanonatronarchaea, Haloplasmatales, Afararchaea, and

Asbonarchaea).

We employed a recently developed method to analyze gene family evolution,

known as a gene tree-species tree reconciliation, as implemented in the

amalgamated likelihood estimation (ALE) software (Szöllősi et al., 2013b). In brief,

ALE reconciles individual gene trees onto a species tree to estimate the probability

that a gene has experienced duplication, transfer, origination, or loss at each

ancestral node in that species tree. Unlike previous parsimony-based reconciliation

methods, such as NOTUNG (K. Chen et al., 2000) or ecceTerra (Jacox et al., 2016)

that require the costs of such events to be specified a priori, one advantage of ALE

is that it estimates the rates directly from the data (Szöllősi et al., 2013a). However,
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in an ALE analysis, various decisions regarding parameter settings must be made at

every data preparation stage, and these choices can greatly affect the final results.

One of the first steps of a gene tree-species tree reconciliation analysis

involves building reliable orthologous groups (OGs). This is a challenging task,

especially at the scale of the archaeal domain. Several bioinformatic pipelines have

been developed to cluster OGs for a given set of taxa, including but not exclusively

eggNOG-mapper (Cantalapiedra et al., 2021), OrthoMCL (Li et al., 2003), and

OrthoFinder (Emms & Kelly, 2019). However, each software employs a unique

algorithm for OG clustering, and many user-defined parameters can significantly

change the composition of the OGs. In our analysis, we used OrthoFinder (Emms &

Kelly, 2019). We had to make many prior decisions regarding the DIAMOND

(Buchfink et al., 2015) parameters like e-value, sequence identity, and query

coverage, along with the sensitivity parameters (--very-sensitive and

--ultra-sensitive), the inflation parameter (I=1.1, 1.3, or 1.5) and lastly, the software

used for reconstructing the single-gene trees used in refining the OGs (Price et al.,

2010). When OGs are excessively split, the ALE analysis may deduce more

originations for specific branches.

Conversely, if OGs are not split adequately, the analysis might indicate a

complex history for that family involving multiple HGTs and losses across the tree.

Though these decisions are not unique to OrthoFinder, they exemplify the

multitude of a priori choices that can influence the outcome of the ALE results. In

our analysis, the broad taxonomic sampling across the entire archaeal domain

made it challenging to identify parameters that would suit diverse taxonomic

groups with varying rates of genome evolution. For example, we wanted to identify

fast-evolving genes common to the DPANN archaea. However, we needed to be
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careful not to be too relaxed in our clustering criteria to avoid clustering distantly

related paralogs from other archaeal taxa.

Once the OGs are defined, the next data-preparation step involves

reconstructing phylogenetic trees for each OG. This is arguably the most important

data-preparation step for an ALE analysis but can be extremely computationally

demanding. In our dataset, which comprises around 200 archaeal taxa, our analysis

yielded approximately 17,000 OGs, which translated to 17,000 single-gene trees

(SGTs). ALE recommends using a subset of trees generated from a Bayesian Markov

Chain Monte Carlo (MCMC) program, such as PhyloBayes (Lartillot et al., 2009) or

mrBayes (Huelsenbeck & Ronquist, 2001). However, for many analyses, this

approach is computationally impractical. ALE states that the sample of gene trees

for each OG may also be obtained using bootstrap replicates from an ML analysis,

but it is technically less correct (https://github.com/ssolo/ALE). ML phylogenetic

analyses are generally less computationally demanding than Bayesian analyses.

However, complex mixture models in an ML framework, like C10-C60, can extend

the computational time for the largest OGs, for example, those containing over

2,000 sequences, to several weeks or months. Although this can vary greatly

depending on your access to computational resources, this is an important

consideration when deciding whether to do an ALE analysis. In our analysis,

completing SGTs for 17,000 OGs took approximately six months. While this is not

inherently a limitation to the analysis, it does constrain the ability to incorporate

new taxa if important lineages to an analysis become available.

Moreover, even when the most sophisticated ML models of sequence

evolution are used to reconstruct SGTs, it has long been shown that the

phylogenetic signal of those trees can be unreliable due to the minimal

phylogenetic signal contained in single proteins (Forterre et al., 2002; Gogarten &
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Townsend, 2005). ALE is currently the most sophisticated method available to gain

insight into the broad evolutionary patterns of gene families. However, it is

important to remember that each step of the data preparation can influence the

outcome of the final results, and the results are only as reliable as your

reconstructed SGTs.

6.2. The origins of the DPANN archaea

The DPANN archaea are one of the four proposed archaeal superphyla,

along with the TACK, Asgard, and Euryarchaeota. Yet, their monophyly and position

within the archaeal tree remain a matter of debate (Adam et al., 2017; Brochier et

al., 2005; Dombrowski et al., 2019, 2020; Feng et al., 2021; Huber et al., 2002; Moody

et al., 2022; Petitjean, Deschamps, López-García, & Moreira, 2015; Rinke et al., 2013;

Waters et al., 2003). The uncertainty surrounding the position of the DPANN stems

from the instability of phylogenies that only include individual DPANN lineages,

such as the Nanoarchaeota (Brochier et al., 2005; Huber et al., 2002),

Nanohaloarchaeota (Narasingarao et al., 2012a; Petitjean, Deschamps,

López-García, & Moreira, 2015), Micrarchaeota (Petitjean, Deschamps,

López-García, & Moreira, 2015), and Altiarchaeota (Adam et al., 2017; Probst &

Moissl-Eichinger, 2015). Initial phylogenetic studies suggested that the instability

observed for individual DPANN lineages might be addressed by introducing

additional genomic data (Castelle et al., 2015; Rinke et al., 2013), which has been

shown to help resolve unstable evolutionary relationships (Graybeal, 1998; Hedtke

et al., 2006; Hillis et al., 2003). However, as more lineages were described,

subsequent studies argued that the introduction of additional taxa (also

long-branching and compositionally biased) could compound the impact of
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phylogenetic artifacts among these lineages (Aouad et al., 2018; Petitjean,

Deschamps, López-García, & Moreira, 2015).

Identifying potential phylogenetic artifacts influencing the phylogeny of the

DPANN can be challenging due to the potential co-occurrence of multiple artifacts

arising simultaneously. For example, when constructing a principal component

analysis (PCA) on the amino acid frequencies of all archaea, unique patterns

emerge among various DPANN lineages compared to other archaea (see DPANN

thesis chapter for more details). However, these patterns are not conserved across

all DPANN lineages. Notably, the Nanohaloarchaeota exhibit a bias towards acidic

amino acids in response to strong environmental pressures (see Halophiles thesis

chapter for more details). In contrast, other DPANN lineages display a preference

for F, I, M, N, K, and Y amino acids, attributed to genome reduction and enrichment

in A+T nucleotides (Clark et al., 1999; Gu et al., 1998; Muñoz-Gómez et al., 2019,

2022).

Since amino acid biases are not universally conserved across all DPANN, a

general alignment treatment, like removing the fastest-evolving sites, is suboptimal.

Nevertheless, removing the fastest-evolving sites has been suggested as a potential

solution to mitigate artifacts caused by LBA (Dombrowski et al., 2020; Williams et

al., 2017). However, as amino acid preferences, the rate of genome evolution varies

among DPANN lineages, with lineages such as the Nanohaloarchaeota and

Huberarchaeota showing a faster rate of genome evolution compared to the

Micrarchaeota and Iainarchaeota based on relative branch lengths. Lastly, it is also

challenging to select a reliable set of phylogenetic markers for placing the DPANN in

the archaeal tree due to high rates of horizontal gene transfers among DPANN

lineages and their hosts, as well as with other diverse archaea and bacteria

(Dombrowski et al., 2020; Rinke et al., 2013; Waters et al., 2003).
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In our phylogenomic analysis of the DPANN, we systematically addressed

each of the aforementioned phylogenetic artifacts. We performed multiple rounds

of manual curation on our set of phylogenetic markers to eliminate any potential

HGT, paralogs, and/or contamination cases. To deal with compositionally biased

sites, we implemented a ranking scheme to identify and remove the most biased

sites influenced by GARP/FIMNKY preferences. We also implemented the GF-mix

model (Muñoz-Gómez et al., 2022) to model the GARP/FIMNKY preferences instead

of removing them. GFmix is a site-heterogeneous mixture model that adjusts amino

acid frequencies for each class of the mixture model in a branch-specific manner to

accommodate shifts in amino acid composition over the branch. This model refines

the likelihood of existing phylogenetic trees rather than constructing new ones.

Although branch-heterogeneity models hold promise in phylogenetics, current

computational constraints hinder their full implementation. We also selected the

“least-biased” DPANN taxa based on our PCA analyses of amino acid frequencies.

To mitigate potential artifacts from LBA, we conducted a chimera analysis by

selecting the slowest-evolving marker genes for each DPANN phylum. These were

considered chimeric sequences because markers from different DPANN taxa within

a single phylum were concatenated into the chimera supermatrix. Last, we placed

individual DPANN lineages, such as the Nanoarchaeota, Micrarchaeota,

Nanohaloarchaeota, and Altiarchaeota, within the archaeal tree and also conducted

the chimera analysis on these specific groups. Together, these results robustly

support the monophyly of the DPANN archaea and place them well nested within

the Euryarchaeota when rooted on the TACK/Asgard branch. Recent studies that

recover the archaeal root between DPANN and other archaea (Castelle et al., 2015;

Dombrowski et al., 2020; Saw et al., 2015; Spang et al., 2013; Williams et al., 2017),

also routinely recover the Euryarchaeota as monophyletic. When we root our trees
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on the DPANN branch, we always recover the Euryarchaeota as paraphyletic.

Previous analyses that do recover the Euryarchaeota as paraphyletic do not include

the DPANN in their taxonomic sampling and suggest that the archaeal root lies

within the Euryarchaeota (Adam et al., 2017; Raymann et al., 2015)

Our results suggest that the DPANN archaea evolved through

genome-reduction from a free-living Euryarchaeota-like ancestor. This ancestral

trait is further reinforced by the position of the free-living Altiarchaeota at the base

of the DPANN clade. Previous phylogenetic analyses have either placed the

Altiarchaeota as a very deep-branching lineage within the Euryarchaeota (Adam et

al., 2017), nested within the Euryarchaeota (Probst & Moissl-Eichinger, 2015), sister

to all other DPANN (Spang et al., 2017) or within the DPANN as a sister group to the

Micrarchaeota and Iainarchaeota (previously named Diapherotrites) (Castelle &

Banfield, 2018; Dombrowski et al., 2020; Moody et al., 2022). If all other DPANN

lineages are truly obligate episymbionts, the position of the Altiarchaeota at the

base of the DPANN would suggest that the transition from a free-living ancestor to

a host-dependent episymbiont occurred only once at the base of the DPANN clade

after the divergence from the Altiarchaeota. However, the ubiquity of a

host-dependent lifestyle remains a central open question that needs to be

confirmed experimentally for most known DPANN phyla.

Most of what is known about the DPANN is based solely on genomic data

due to the difficulty of establishing cultures for various DPANN lineages

(Dombrowski et al., 2019). One interesting example is the presence of the ATP

synthase in some DPANN lineages based on genomic data but the absence of an

electron transport chain (ETC) (Mahendrarajah et al., 2023). Without an ETC

generating a proton motive force, it is unclear how these ATP synthases can

produce ATP (Castelle et al., 2018). It is still an open question whether or not these
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ATP synthases produce ATP or if these lineages have adapted this complex for

another use. Interestingly, a comparable pattern of ATP synthase presence and

absence (Castelle et al., 2018; Mahendrarajah et al., 2023) has also been observed

in the bacterial superphylum known as the Candidate Phyla Radiation (CPR; (Hug et

al., 2016)) or the Patescibacteria (Rinke et al., 2013).

6.3. Convergent evolution to a symbiotic lifestyle in the

DPANN archaea and CPR bacteria?

In the bacterial domain, the Patescibacteria exhibits several similarities with

the DPANN archaea (López-García & Moreira, 2021), as it contains species with

small cells, reduced genomes and metabolic repertoires, and presumed to be

obligate symbionts of other bacteria (C. T. Brown et al., 2015; Castelle & Banfield,

2018). Like the DPANN archaea, the phylogenetic position of the Patescibacteria has

also been a matter of debate. Initial phylogenetic analyses placed them at the base

of all other bacteria (Bokhari et al., 2020; C. T. Brown et al., 2015; Castelle &

Banfield, 2018; Hug et al., 2016; Méheust et al., 2019; Zhu et al., 2019), while more

recent analyses suggest that they are nested within the Terrabacteria, as a sister

clade to Chloroflexota and Dormibacterota (Coleman et al., 2021;

Martinez-Gutierrez & Aylward, 2021; Moody et al., 2022; Taib et al., 2020). The

position of the Patescibacteria nested within the Terrabacteria suggests that they

evolved reductively from a free-living ancestor (Coleman et al., 2021). The

phylogenomic placement of the DPANN nested within the Euryarchaeota suggests

convergent evolution towards genome reduction in both the bacterial and archaeal

domains. Interestingly, our examination of protein families exclusive to DPANN and

absent in other archaea showed that three of the eleven identified proteins are also
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found in diverse bacteria. Specifically, the phylogeny of two of these families

(OG2458 and OG2651) suggested that they were acquired by DPANN from a

patescibacterial donor by an ancient HGT event. In addition, there were also several

bacterial sequences intermixed with the DPANN ones, which most likely reflect

more recent cases of HGT. Additionally, the DPANN sequences of a third protein

family (OG2142) were shown to be closely related to bacterial sequences from the

phylum Omnitrophota. Like the Patescibacteria, Omnitrophota seems to

correspond to small cells with reduced genomes and a gene content suggesting a

symbiotic lifestyle (Seymour et al., 2023). These results support the idea that

DPANN archaea obtained some of their most ancient and widespread genes by

HGT from these two groups of host-associated bacteria. Interestingly, a member of

the Omnitrophota, ‘Candidatus Velamenicoccous archaeavorus’, can parasitize

methanogenic archaea of the genus Methanosaeta (Kizina et al., 2022). This opens

the intriguing possibility that some Omnitrophota and DPANN archaea may share

similar archaeal hosts, which could have facilitated the exchange of genes between

these two distant lineages. Interestingly, two recent papers have identified giant

proteins (≥30,000 amino acids) in several genomes of Omnitrophota (Kizina et al.,

2022; West-Roberts et al., 2023). A more in-depth in silico analysis of these giant

proteins suggests they may enable prey adhesion and cell wall digestion during

bacterial predation (West-Roberts et al., 2023). Interestingly, large proteins have

also been suggested to mediate the interactions between DPANN archaea and their

hosts (J. N. Hamm et al., 2019). These large proteins in DPANN are considerably

smaller (~8,000 amino acids) than the giant proteins in Omnitrophota (≥30,000

amino acids) but are the second largest protein described for Archaea (J. N. Hamm

et al., 2019). Giant proteins have yet to be identified in the genomes of

Patescibacteria. However, it has been suggested that these giant proteins might be
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more common than previously thought but may be obscured by assembly

fragmentation (West-Roberts et al., 2023). It is tempting to speculate that giant

proteins have independently evolved several times within bacterial and archaeal

symbiotic lineages.

6.4. Rooting the archaeal tree

The placement of the archaeal root remains a major unanswered question.

Currently, there are three main hypotheses for its placement: 1) between

Euryarchaeota and the rest of the archaea (Petitjean, Deschamps, López-García, &

Moreira, 2015; C. Woese, 1990), 2) within the Euryarchaeota (Adam et al., 2017;

Raymann et al., 2015), and 3) between DPANN and the rest of archaea (Castelle et

al., 2015; Rinke et al., 2013; Spang et al., 2017; Williams et al., 2017). The position of

the archaeal root is particularly pertinent for understanding the evolution of the

DPANN, as well as to characterize the last archaeal common ancestor (LACA). If the

DPANN place at the base of the archaeal tree, this could mean that some of these

symbiotic lineages evolved before their archaeal host. Nevertheless, if this holds,

there is also the possibility that bacteria could act as hosts for DPANN. However, to

date, no such cases have yet been reported.

Generally, two main methods have been used to place the archaeal root. One

is to use bacterial sequences as an outgroup (Adam et al., 2017; Castelle et al.,

2015; Petitjean, Deschamps, López-García, & Moreira, 2015; Raymann et al., 2015;

Rinke et al., 2013; Spang et al., 2017; C. Woese, 1990), and a second is to use a gene

tree-species tree reconciliation approach (Williams et al., 2017). While outgroup

rooting has been the predominant approach, this method can be plagued with

phylogenetic artifacts, such as LBA (Bergsten, 2005, 2005; Philippe & Laurent, 1998;

135



Shavit et al., 2007) due to the large evolutionary distances between the archaeal

and bacterial domains (Petitjean, Deschamps, López-García, & Moreira, 2015;

Williams et al., 2017). This is particularly problematic when the DPANN are included

in these analyses due to the frequent placement of DPANN lineages at the end of

long branches compared to other neighboring taxa (Dombrowski et al., 2019).

Previous studies have suggested that the basal position of the DPANN is a result of

LBA when the trees are rooted with bacterial sequences (Adam et al., 2017;

Petitjean, Deschamps, López-García, & Moreira, 2015; Raymann et al., 2015). An

analogous observation in the bacterial domain further reinforces this idea. When

archaeal sequences were used to root the bacterial domain, the Patescibacteria,

with similarly long branches, were placed at the base of the tree (Bokhari et al.,

2020; C. T. Brown et al., 2015; Castelle & Banfield, 2018; Hug et al., 2016; Méheust et

al., 2019; Zhu et al., 2019). However, when an outgroup-free rooting method (gene

tree-species tree reconciliation) was used, the Patescibacteria moved to a nested

position within the Terrabacteria (Coleman et al., 2021). Surprisingly, when a gene

tree-species tree reconciliation approach was applied to the archaeal domain, the

root placement between DPANN and all other Archaea recovered the highest

likelihood from the DTL modeling (Williams et al., 2017). However, while a gene

tree-species tree reconciliation approach avoids potential LBA artifacts that can

result from using an outgroup rooting approach, as mentioned previously (see

Discussion section Gene tree-species tree reconciliation and the evolution of gene

content in halophilic archaea), these analyses can induce their own artifacts during

the data preparation stage (i.e., while clustering OGs and building single-gene

trees). Unfortunately, the archaeal reconciliation rooting analysis did not include

the Altiarchaeota (Williams et al., 2017). Considering their location at the base of the
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DPANN and their proposed free-living lifestyle, their absence could significantly

influence the root position and the inference of the genomic content of LACA.

6.5. A standardized system for taxonomy and in-depth

phylogenomic analyses

One of the most impactful changes in archaeal taxonomy in the last five

years has been the introduction of the Genome Taxonomy Database (GTDB) (Rinke

et al., 2021). GTDB is a standardized taxonomy framework that uses normalized

ranks based on relative evolutionary divergence (RED values) to delineate

higher-rank taxa and average nucleotide identity (ANI) to delineate species clusters

(Parks et al., 2022). GTDB was developed in response to the deluge of new

sequence data deposited into public databases (Hugenholtz et al., 2021). Before

GTDB, the rules for naming new taxa were based on the guidelines of the

International Code of Nomenclature of Prokaryotes (ICNP) (Parker et al., 2019).

However, the ICNP did not consider uncultured microorganisms or recognize the

ranks of phylum and superphylum. Under the ICNP, uncultured Archaea and

Bacteria could be provisionally named using the Candidatus status (Muray and

Stackebrandt 1995). However, these names have no formal standing in

nomenclature and are subject to change. Considering that a significant portion of

newly described microbial taxa stems from uncultured lineages, there was a

pressing need for a revamped system in microbial taxonomy.

However, despite significant improvements, there are still some

imperfections with GTDB. For example, to reduce computational requirements, the

phylogenetic markers that are used to build the base phylogenetic tree are

trimmed by randomly selecting 42 amino acids from each marker, resulting in a
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total of 5,124 alignment sites (Rinke et al., 2021). In our phylogenetic analyses of 48

ribosomal proteins with an initial alignment length of ~6,000 amino acids, the use

of strict trimming parameters, resulting in an alignment of ~5,500 amino acids,

resulted in the movement of deep branches (those that are relevant for the

definition of phyla, for example). This suggests that an alignment of 5,000 amino

acids may lack sufficient phylogenetic signals to place all archaeal lineages robustly.

In these short alignments, we also showed that a few highly compositionally biased

amino acid sites had a strong impact compared to longer alignments (see

Halophiles chapter for more details).

Additionally, GTDB now uses an updated marker set of 53 proteins

(Dombrowski et al., 2020), of which 38 are ribosomal proteins. In both chapters of

my thesis, we routinely show that ribosomal protein markers are especially prone

to phylogenetic artifacts, specifically compositional biases. As individual ribosomal

proteins co-evolve to form a single complex, namely the ribosome, any

compositional biases—such as a preference for acidic amino acids in extreme

halophilic archaea—become magnified across multiple ribosomal proteins. Due to

the generally shorter length of ribosomal proteins than other proteins

(approximately 2–4 times smaller than average proteins (Reuveni et al., 2017)),

these biases have a greater impact on the stability of the phylogenetic tree.

All things considered, I am not sure if there is a better solution other than

potentially reevaluating the phylogenetic markers used. GTDB is an essential

resource for microbial taxonomy in the age of big data genomic studies. I believe

in-depth phylogenomic studies are still essential and can be complemented by a

standardized taxonomic system. However, I'm unsure how to integrate the two

systems. For example, our phylogenomic study of the DPANN changes their

position significantly within the archaeal tree. However, this shift will not be
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reflected in their taxonomy. The challenge is compounded by the community's

uncertainty about the reliability of specific in-depth phylogenomic analyses, which

can change based on taxonomic sampling and the chosen phylogenetic methods. In

conclusion, GTDB has significantly progressed microbial taxonomy, and ongoing

improvements will further refine this system.

6.6. Perspectives

● The position of the archaeal root

The position of the archaeal root is still a major unanswered question in archaeal

phylogenetics. In previous analyses, there have been two main methods to root the

archaeal tree: 1) using bacterial sequences as an outgroup and 2) using a gene

tree-species tree reconciliation approach. Unfortunately, phylogenetic artifacts,

such as sequence compositional biases and LBA, can directly affect both methods.

While a gene tree-species tree reconciliation avoids the potential LBA artifacts

induced by outgroup rooting, it is still susceptible to phylogenetic artifacts when

reconstructing the single gene trees needed for the reconciliation. A third new

approach will need to be developed to answer the question of the placement of the

archaeal root or a more in-depth phylogenomic analysis. The position of the

archaeal root also depends on the taxonomic sampling available at the time of the

analysis. This question will need to be continuously re-evaluated if new

deep-branching lineages are described.

● Phylogenetic position of deep-branching euryarchaea

In our phylogenomic analyses, two euryarchaeal phyla, the Hadarchaeota and

Methanobacteriota_B, had unstable positions in some phylogenetic trees. The

Hadarchaeota and Methanobacteriota_B were the two lineages that also grouped
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with the TACK/Asgard when the trees were rooted on the DPANN branch. Both of

these lineages contain thermophilic representatives, which have been shown to

have sequence compositional biases to increase the thermostability of their

proteins (Barns et al., 1996; Singer & Hickey, 2003). An in-depth phylogenomic

analysis of these lineages is needed to know if these compositional biases are

responsible for their phylogenetic instability. Their position is also highly relevant to

the position of the archaeal root.

● In-depth phylogenomic analyses of the Huberarchaeota and SpSt-1190

DPANN phyla

At the time of our DPANN taxa data collection, only a single Huberarchaeota

genome was available. Since then, additional Huberarchaeota genomes have been

deposited (Esser et al., 2023). In our analyses, the Huberarchaeota had significantly

longer branches than the other DPANN lineages. It would be interesting to

investigate whether these long branches were due to taxonomic sampling issues or

to a faster rate of genome evolution compared to other DPANN. The

Huberarchaeota representative in our dataset had one of the smallest DPANN

genomes (0.5 Mbp). Additional work is needed to examine the evolutionary history

of the Huberarchaeota. This is also true for the unnamed DPANN lineage

SpSt-1190. Recently, a member of the SpSt-1190 was found to have a genome size

of 4 Mb, which encodes a nearly complete pathway for methanogenesis and several

other methane-related metabolisms, such as the ribulose monophosphate pathway

and methanofuran biosynthesis (Zhang et al., 2023). To our knowledge, this is the

first instance of a DPANN member encoding pathways related to methanogenesis.

Determining this group's precise phylogenetic position is important to better
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understand the evolution of these metabolic features and to understand if their

larger genome is ancestral or derived.

● Additional DPANN cultures

Discovering and cultivating new DPANN lineages will reshape our understanding of

this group. Although genomic data has advanced our knowledge, many predicted

proteins in DPANN proteomes still have unknown functions. Many questions

remain elusive for this group. For instance, the cellular mechanisms used by these

lineages to interact with their host are poorly understood. Are all DPANN

episymbionts? Or can some enter their host cell, as recently suggested? (J. Hamm et

al., 2023). Can DPANN only be symbiotic partners of other archaea? Or can their

hosts also include bacteria and eukaryotes? Are there free-living DPANN lineages?

Are their symbiotic relationship strictly commensal? Mutualistic? Parasitic? Despite

significant progress in understanding this group over the past decade, many of

these questions can only be resolved by cultivating additional DPANN lineages.

● An in-depth analysis of the shared gene content between the DPANN

archaea and symbiotic bacteria

In our DPANN paper, we identified three protein families shared between DPANN

and other symbiotic bacteria. This finding was intriguing as it indicated that these

symbiotic groups evolved through convergent evolution. However, this analysis was

not an exhaustive search. We ran the proteomes using default settings through

OrthoFinder (Emms and Kelly 2019) to identify these proteins. However, based on

previous experience with OrthoFinder, sometimes a more tailored approach is

needed for identifying shared orthologous groups (OGs) in the DPANN. Detecting

conserved OGs in DPANN can be difficult due to their accelerated rate of genome
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evolution compared to other archaea, resulting in highly divergent protein

sequences. Moreover, due to their small genome size, several proteins that could

have been present in the ancestral branch leading to the DPANN may have been

lost in extant lineages. To account for these possible losses, we defined an OG as

being ancestral if it was present in at least 7 out of the 11 DPANN phyla.
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7. Conclusions
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7. Conclusions

In this work, I performed in-depth phylogenomic analyses on two significant

archaeal groups—extreme halophilic archaea and DPANN. I introduced novel

methods to mitigate phylogenetic artifacts, including a ranking scheme for

identifying and excluding compositionally biased amino acid sites. Additionally, I

employed advanced models of genome and sequence evolution, such as gene

tree-species tree reconciliation and the GF-mix model (Muñoz-Gómez et al., 2022),

to address branch-heterogeneity. In summary, these analyses revealed that

compositional sequence biases, LBA, and factors such as taxon sampling and

choice of phylogenetic markers contribute significantly to the instability or stability

of the phylogenetic position of archaeal lineages. In these analyses, I demonstrated

that ribosomal proteins are not robust phylogenetic markers for deep-branching

lineages due to biased amino acid sites and relatively short sequence lengths.

Moreover, unique amino acid preferences within specific archaeal groups influence

their phylogenetic stability, presenting a challenge for a universal phylogenomic

approach to resolve the archaeal tree.

Key outcomes of my work:

1) Independent Adaptations in Extreme Halophilic Archaea: Our study reveals

that extreme halophilic archaea have independently adapted to hypersaline

environments at least four times within the archaeal tree.

2) Amino Acid Sequence Biases in Ribosomal Proteins: The phylogenetic

instability of Methanonatronarchaeia is driven by strong amino acid sequence

biases in ribosomal proteins specific to extreme halophilic archaea.
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3) Novel Uncultured Lineages: Two novel uncultured lineages, Afararchaeaceae

and Asbonarchaeaceae, disrupt long branches at the base of Haloarchaea and

Nanohaloarchaeota, respectively. Additionally, Chewarchaeaceae emerges as the

deepest-branching Haloarchaea.

4) Secondary Adaptation of Hikarchaeia: The position of Afararchaeaceae, sister

to Haloarchaea and Hikarchaeia, suggests a secondary adaptation of Hikarchaeia

from a hypersaline ancestor to a moderate saline environment.

5) Role of Gene Duplication and HGT: Gene tree-species tree reconciliation

highlights the significant role of gene duplication and HGT in archaeal adaptation to

hypersaline environments, including the spread of key genes like those encoding

potassium transporters.

6) Horizontal Gene Transfers from Bacteria: Several HGTs from bacteria

occurred before the split between Afararchaeaceae and Haloarchaea, facilitating

the adaptation of their common ancestor to extreme halophily.

7) Origin of DPANN Archaea: DPANN archaea form a monophyletic group nested

within the Euryarchaeota, suggesting their evolution from a free-living

euryarchaeota-like ancestor.

8) Role of Altiarchaeota in DPANN Evolution: Altiarchaeota's position at the base

of all other DPANN further supports the evolution of DPANN from a free-living

ancestor. The transition to host-dependent episymbiotic lifestyle likely occurred

once at the base of the DPANN clade after the divergence from Altiarchaeota.

9) Conserved Orthologous Groups: Fourteen orthologous groups found in at least

seven of the 11 DPANN phyla suggest these are ancient proteins conserved

throughout the DPANN. Ten of these 14 orthologous groups were predicted to be

secreted or contain transmembrane domains, suggesting that they may be involved
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in the interaction with their host and therefore their adaptation to an episymbiotic

lifestyle.

10) Horizontal Gene Transfer from Episymbiotic Bacteria: Three of the 14

DPANN-specific orthologous groups are also present in diverse episymbiotic

bacteria (Patescibacteria and Omnitrophota), indicating the pivotal role of HGT in

shaping convergent evolution across Bacteria and Archaea towards similar

host-dependent lifestyles.
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8. Résumé en français

Phylogénie profonde des archées et dynamique évolutive des DPANN

1.1. Introduction et objectifs

La classification des organismes remonte à l'Antiquité, avec les travaux

d’Aristote au quatrième siècle avant Jésus-Christ. Les animaux étaient classés en

fonction de caractéristiques morphologiques communes et le terme “genre” a été

proposé pour chaque groupe. Ce terme est encore utilisé de nos jours. Jusqu'aux

années 1960, les biologistes ont suivi les pratiques d'Aristote, classant les

organismes en fonction de leurs phénotypes. Cette méthode de classification a

permis de regrouper tous les micro-organismes morphologiquement simples

(bactéries et archées), d'abord sous le nom de "Monera" par Ernst Haeckel en 1866,

puis sous le nom de "Prokaryotes" par Édouard Chatton en 1937 (Sapp 2005).

Cependant, au milieu des années 1960, un changement radical s'est produit dans

notre compréhension de l'évolution microbienne avec l'introduction de la

phylogénie moléculaire basée sur la comparaison des séquences de

macromolécules biologiques (acides nucléiques et protéines) (Carl R. Woese et al.

1975; Zuckerkandl and Pauling 1965). Ces méthodes pionnières ont donné un

premier aperçu des relations évolutives entre les micro-organismes au-delà de

leurs caractéristiques phénotypiques et ont finalement conduit à la différenciation

de deux domaines Procaryotes, les Archaea et les Bacteria (anciennement

Archaebacteria et Eubacteria, respectivement ; Fig. 1) (C. Woese 1990).

Ces premiers arbres phylogénétiques étaient basés sur la comparaison des

séquences d'ARN ribosomal. Les ARN ribosomiques (ARNr) sont des ARN non
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codants qui constituent un composant primaire du ribosome. La caractéristique la

plus notable des ARNr est leur grande abondance dans tous les organismes

cellulaires, ce qui les rend relativement faciles à extraire (Van de Peer, Chapelle,

and De Wachter 1996). Les séquences d'ARNr évoluent également lentement dans

le temps, ce qui permet de détecter des liens de parenté entre des espèces très

éloignées (Woese et al. 1978). L'universalité des ARNr a permis la classification

phylogénétique de la vie en trois domaines primaires (Eucarya, Archaea et Bacteria)

(Fig. 1). En outre, le séquençage de l'ARNr s'est avéré être une approche

convaincante pour identifier de nouveaux microbes dans l'environnement qui ne

micro-organismes impliquait l'approche traditionnelle consistant à les enrichir et à

les isoler individuellement. Les analyses moléculaires des séquences d'ARNr 16S de

l'environnement ont considérablement élargi notre connaissance de la diversité de

la vie microbienne et ont introduit l'ère des études indépendantes de la culture

(Pace 2009; Amann et al. 1995; Hugenholtz 2002; Barns et al. 1996; Pace 1997).

Cependant, au fur et à mesure que des séquences d'ARNr étaient ajoutées à l'arbre

de la vie, il est apparu que les phylogénies d'ARNr n'offraient pas une résolution

suffisante pour établir des relations phylogénétiques profondes (Brochier-Armanet

et al. 2011).
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Figure 1 | Le premier arbre de vie à trois domaines enraciné, adapté de

l'article fondateur de Carl Woese en 1990. Ce premier arbre de vie à trois

domaines a marqué un tournant dans la compréhension de l'évolution

microbienne. L'arbre a été construit à partir de comparaisons de séquences d'ARNr

et a pris racine entre les bactéries et les archées. Cet arbre a également montré

que les Archaea étaient divisés en deux royaumes principaux, les Euryarchaeota et

les Crenarchaeota. Les Crenarchaeota sont considérés comme exclusivement

thermophiles, tandis que les Euryarchaeota se composent d'un groupe plus

hétérogène de méthanogènes, d'halophiles extrêmes et de réducteurs de sulfate.

Pendant plus d'une décennie (1990-2002), les Euryarchaeota et les

Crenarchaeota ont été les seuls groupes d'archées reconnus (Fig. 2A) (C. Woese

1990). Les Crenarchaeota étaient considérés comme exclusivement thermophiles,

tandis que les Euryarchaeota se composaient d'un groupe plus hétérogène de
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méthanogènes, d'halophiles extrêmes et de réducteurs de sulfate. En 2003, 16

génomes complets d'archées avaient été séquencés, dont 12 euryarchaeota et

quatre crenarchaeota, plusieurs autres étant presque complets (Makarova and

Koonin 2003). Ces premiers efforts de séquençage ont montré que les archées

possèdent de nombreuses caractéristiques génétiques uniques, distinctes de celles

des bactéries. Un exemple notable est la capacité des Archaea à se développer

dans des conditions extrêmes, comme dans l'eau à proximité des cheminées

hydrothermales chauffée à des températures supérieures à l'ébullition et saturée

de sulfure d'hydrogène, ou dans des conditions de salinité extrême (Stetter 1999;

Segerer et al. 1993). Bien que l'on puisse également trouver des bactéries dans ces

environnements, les archées dominent généralement ces communautés

microbiennes (Stetter 1999; Oren 2002; Merino et al. 2019). Cela a largement donné

lieu à une idée fausse selon laquelle toutes les archées sont des extrêmophiles,

bien qu'elles soient présentes dans presque tous les environnements modérés

connus.

Entre 2002 et 2011, les progrès du séquençage de nouvelle génération,

l'amélioration des techniques phylogénétiques et des assemblages génomiques ont

conduit à la proposition de plusieurs nouveaux embranchements d'archées (Fig.

2B) (Spang et al. 2017). Il s'agit notamment des Korarchaeota, un groupe de

thermophiles provenant de sources chaudes terrestres (Reigstad et al. 2010; Barns

et al. 1996), les Nanoarchaeota, représentés par une archée hyperthermophile de

taille nanométrique provenante d'une cheminée sous-marine, et les

Thaumarchaeota oxydant l'ammoniac (DeLong 1992; Brochier-Armanet et al. 2008).

Avec le phylum candidat Aigarchaeota (Nunoura et al. 2011), les Thaum-, Cren- et

Korarchaeota ont été proposés comme un nouveau superphylum d’archées connu

sous le nom de "TACK" (également appelé "Proteoarchaeota") (Guy and Ettema
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2011; Petitjean et al. 2015). Si l'acronyme "TACK" est toujours utilisé aujourd'hui, il

englobe désormais une plus grande diversité de phyla, y compris les

Bathyarchaeota (Barns et al. 1996; Kubo et al. 2012), les Geoarchaeota (Kozubal et

al. 2013), et les Verstraetearchaeota (Vanwonterghem et al. 2016). En général, le

superphylum TACK contient des lignées aux métabolismes divers, tels que les

oxydants d'ammoniac, les autotrophes et les méthanogènes, et sont des membres

biologiques importants des cycles globaux du carbone et de l'azote (Kozubal et al.

2013; Ingalls et al. 2006; Adam et al. 2017).

Figure 2 | L'expansion de l'arbre des archées au cours des dernières

décennies. Cette figure a été adaptée de Spang et al. 2017 et illustre notre

compréhension progressive de l'arbre des archées au cours des 30 dernières
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années. (A) La classification initiale de Carl Woese en 1990 identifiait les

Euryarchaeota et les Crenarchaeota comme les deux premiers phylums d’archées.

(B) Entre 2002 et 2011, les progrès du séquençage génomique et les études

environnementales sur l'ARNr 16S ont permis de classer les Euryarchaeota et les

superphyla TACK, ainsi que d'identifier un nouveau phylum, les Nanoarchaeota. (C)

L'arbre des archées compte désormais quatre superphylums majeurs :

Euryarchaeota, TACK, Asgard et DPANN.

1.2. Objectifs

Dans ce contexte général, les objectifs spécifiques de mon doctorat sont les

suivants :

2. Résoudre la position phylogénétique des archées extrêmement

halophiles. Les Nanohaloarchaeota appartiennent-ils aux archées

DPANN ?

Les caractéristiques génomiques et le mode de vie symbiotique des

Nanohaloarchaeota suggèrent que cette lignée appartient aux archées DPANN.

Cependant, depuis leur découverte il y a plus d’une décennie, leur position

phylogénétique dans l'arbre des archées est instable. Au départ, les

Nanohaloarchaeota ont été décrits comme une lignée distincte, aux ramifications

profondes, au sein des Euryarchaeota, séparée du seul autre groupe connu

d'archées halophiles, les Halobacteriota. Avec la découverte d'autres lignées

d'archées de taille nanométrique, les Nanohaloarchaeota ont été placées au sein

du superphylum DPANN. Or, en 2022 de nouvelles études ont mis une fois de plus

en question la position phylogénétique des Nanohaloarchaeota, les classant dans

les Euryarchaeota. Étant donné que les Nanohaloarchaeota sont le groupe le plus
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fréquemment découvert en dehors des DPANN dans les arbres phylogénétiques,

notre objectif initial était de déterminer leur position phylogénétique précise et, par

extension, la position phylogénétique de toutes les archées halophiles. Pour ce

faire, nous avons décrit deux nouvelles lignées familiales d'archées halophiles et

développé de nouvelles méthodes phylogénétiques robustes pour traiter les biais

d'acides aminés prévalant dans toutes les archées extrêmement halophiles.

2. Déterminer la position phylogénétique des archées DPANN. Les

DPANN constituent-ils un groupe monophylétique ? Quelle est la place

des DPANN dans l'arbre de vie des archées ?

Les archées DPANN constituent l'un des quatre superphylums d’archées

proposés, avec les TACK, les Asgard et les Euryarchaeota. Les DPANN se

caractérisent typiquement par la petite taille de leurs cellules et par un ensemble

limité de protéines métaboliques (par exemple, biosynthèse d'acides aminés et de

lipides). Néanmoins, le statut monophylétique de ce groupe reste une question non

résolue. Les premières analyses phylogénétiques des lignées DPANN individuelles,

par exemple Nanoarchaeum equitans et Nanosalinarun sp. J07AB56, ont suggéré

que ces organismes étaient des Euryarchaeota à ramification profonde. Cependant,

à mesure que d'autres lignées DPANN ont été découvertes, les analyses

phylogénétiques ultérieures ont indiqué la formation d'un groupe monophylétique.

Les défenseurs du statut monophylétique des DPANN soutiennent que les

recherches antérieures n'ont pas été suffisamment échantillonnées sur le plan

taxonomique.

À l'inverse, les détracteurs de l'étude soutiennent que l'ajout de taxons

supplémentaires pourrait entraîner des artefacts dans la reconstruction de l'arbre

phylogénétique, tels que l'attraction des longues branches, attribuée au taux
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d'évolution rapide de ces lignées. Pour répondre à cette question, l'objectif était de

déterminer si la position instable des archées DPANN résulte de l'échantillonnage

de taxons dans des lignées spécifiques ou si elle est influencée par des artefacts

phylogénétiques tels que l'attraction des longues branches ou des biais de

composition en acides aminés dans les ensembles de données phylogénétiques.

Par la suite, nous appliquerons des méthodologies phylogénétiques comparables,

telles que décrites dans l'article sur les halophiles, afin d'étudier comment les biais

liés aux acides aminés influencent le positionnement phylogénétique de DPANN.

2.1. Résultats

Manuscrit 1 : Plusieurs adaptations indépendantes des archées aux

environnements hypersalins

Nos résultats montrent que les archées halophiles se sont adaptées

indépendamment aux environnements hypersalins au moins quatre fois au cours

de l'évolution des archées. Nous avons également démontré avec une grande

confiance que le Nanohaloarchaeota est bien un membre des archées DPANN.

Dans le cadre de ce projet, nous avons également décrit deux nouvelles lignées non

cultivées, Afararchaeaeae et Asbonarchaeaeae, qui brisent les longues branches à

la base des Haloarchaea et des Nanohaloarchaeota, respectivement. Nos résultats

soulignent que des compositions uniques d'acides aminés partagées par les

halophiles ont artificiellement placé ces lignées ensemble dans des analyses

phylogénétiques antérieures. Nous avons obtenu des placements phylogénétiques

plus cohérents et plus fiables en filtrant ces points de données biaisés et en

modélisant ces biais à l'aide du modèle d'hétérogénéité de branche adapté. Dans

ce projet, nous avons également reconstruit l'histoire évolutive des familles de
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gènes d'archées en cartographiant des événements tels que les duplications, les

transferts, les origines et les pertes de gènes à l'aide de méthodes de réconciliation

arbre génique-arbre d'espèce. Dans cette analyse, nous nous sommes concentrés

sur les événements évolutifs qui ont eu un impact sur les branches ancestrales

menant aux différents groupes de lignées halophiles. Ces résultats suggèrent que la

duplication et le transfert horizontal de gènes ont joué un rôle important dans

l'adaptation à l'halophilie, par exemple en diffusant des gènes clés (tels que ceux

codant pour les transporteurs de potassium) dans les différentes lignées halophiles

extrêmes.
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Figure 3 | Représentation schématique des positions phylogénétiques

proposées pour divers groupes d'archées halophiles. Les cercles rouges sur cet

arbre indiquent les cas proposés d'adaptation des archées aux environnements

hypersalins.

Manuscrit 2 : L'analyse phylogénomique des archées DPANN révèle leur

monophilie et leurs origines évolutives

Dans ce projet, nous avons cherché à évaluer la monophylie des archées

DPANN et leur position dans l'arbre des archées. Nous montrons de manière

robuste que les archées DPANN sont un groupe monophylétique qui se ramifie

bien à l'intérieur des Euryarchaeota lorsque l'arbre est enraciné sur la branche

TACK/Asgard. Le positionnement des DPANN au sein des Euryarchaeota suggère

que les DPANN ont évolué à partir d'un ancêtre vivant librement, semblable aux

Euryarchaeota. Cette caractéristique ancestrale est encore renforcée par la position

des Altiarchaeota vivant librement à la base du clade DPANN. Si toutes les autres

lignées DPANN sont réellement des épisymbiontes obligatoires, cela suggère que la

transition d'un ancêtre vivant librement à un épisymbionte dépendant de l'hôte ne

s'est produite qu'une seule fois à la base du clade DPANN après la divergence avec

les Altiarchaeota. Cependant, l'ubiquité d'un mode de vie dépendant de l'hôte reste

une question ouverte majeure qui doit être confirmée expérimentalement pour la

plupart des phyla DPANN connus. Nous avons également observé d'anciens liens

évolutifs entre les archées DPANN et divers groupes de bactéries, en particulier les

Patescibacteria et les Omnitrophota, qui ont également montré qu'ils avaient un

mode de vie similaire dépendant de l'hôte (Seymour et al. 2023; López-García and

Moreira 2021). L'HGT semble avoir joué un rôle essentiel dans l'évolution

convergente de ces lignées distinctes de bactéries et d'archées vers des modes de
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vie similaires dépendant de l'hôte (Podar et al. 2008; Dombrowski et al. 2020;

Aouad et al. 2018; Jaffe et al. 2019; Narasingarao et al. 2012a; Castelle and Banfield

2018; Rinke et al. 2013; Castelle et al. 2021). Dans l'ensemble, nos résultats

fournissent un scénario actualisé pour l'évolution des archées DPANN, dans lequel

un événement évolutif unique conduisant à la transition vers un mode de vie

symbiotique à partir d'un ancêtre vivant librement s'est produit au sein des

Euryarchaeota, très probablement accompagné de plusieurs événements HGT à

partir de bactéries.

2.2. Conclusions

Dans ce travail, j'ai effectué des analyses phylogénomiques approfondies sur

deux groupes d'archées importants - les archées halophiles extrêmes et les

DPANN. J'ai introduit de nouvelles méthodes pour atténuer les artefacts

phylogénétiques, y compris un schéma de classement pour identifier et exclure les

sites d'acides aminés biaisés par la composition. En outre, j'ai utilisé des modèles

avancés d'évolution des génomes et des séquences, tels que la réconciliation arbre

génique-arbre d'espèce et le modèle GF-mix (Muñoz-Gómez et al. 2022), pour

traiter l'hétérogénéité des branches. En résumé, ces analyses ont révélé que les

biais de composition des séquences, l'ACL et des facteurs tels que l'échantillonnage

des taxons et le choix des marqueurs phylogénétiques contribuent de manière

significative à l'instabilité ou à la stabilité de la position phylogénétique des lignées

d'archées. Dans ces analyses, j'ai démontré que les protéines ribosomiques ne sont

pas des marqueurs phylogénétiques robustes pour les lignées à ramification

profonde en raison de sites d'acides aminés biaisés et de longueurs de séquences

relativement courtes. En outre, des préférences uniques en matière d'acides
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aminés au sein de groupes d'archées spécifiques influencent leur stabilité

phylogénétique, ce qui représente un défi pour une approche phylogénomique

universelle visant à résoudre l'arbre des archées.
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Supplementary Figure 1 |  Average nucleotide identities (ANI) and average amino acid identities (AAI) among the
Afararchaeaceae and Asbonarchaeaceae MAGs. (a,c) Pairwise ANI for the four Afararchaeaceae and nine Asbonarcha-
eaceae MAGs.  (b,d) Pairwise AAI for the four Afararchaeaceae and nine Asbonarchaeaceae MAGs. ANI are only reported
for values above 70% identity.  
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Supplementary Fig. 38 | Maximum likelihood phylogeny of 427 archaeal taxa based on the concatenated alignment of 49 ribosomal
proteins. he ML tree was constructed using the LG+C20+F+Γ4 model of evolution. Branch support was assessed using 1,000 ultrafast
bootstraps via IQ-TREE implementation. The scale bar represents the estimated number of substitutions per site. Each tip label provides infor-
mation about the archaeal supergroup, taxonomic order based on GTDB, GTDB accession number, species identification, and the number 
of markers identified for each taxon out of the 49 ribosomal proteins.
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Supplementary Fig. 39 | Distribution of NM and RP markers in the 192 archaeal taxa used in this study.
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p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34
p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05
p__Asgardarchaeota__s__YT−063_sp016840065__GB_GCA_016840065__88.32__0.0

p__Asgardarchaeota__s__YT1−039_sp016840025__GB_GCA_016840025__85.91__1.87

p__Aenigmatarchaeota__s__CG10238−14_sp002789635__GB_GCA_002789635__79.44__0.0
p__Aenigmatarchaeota__s__GW2011−AR5_sp10154u__GB_GCA_013331845__81.78__1.87

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0
p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93
p__Aenigmatarchaeota__s__JACPZZ01_sp016202815__GB_GCA_016202815__91.12__0.0

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0
p__Aenigmatarchaeota__s__JACQIF01_sp016432325__GB_GCA_016432325__82.24__0.0
p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0
p__Aenigmatarchaeota__s__JAFGCN01_sp016932615__GB_GCA_016932615__83.18__2.8
p__Aenigmatarchaeota__s__JAFGFG01_sp016931255__GB_GCA_016931255__92.06__0.0

p__Aenigmatarchaeota__s__JAGVVV01_sp018304615__GB_GCA_018304615__78.97__0.93
p__Aenigmatarchaeota__s__JAGVVW01_sp018304635__GB_GCA_018304635__81.46__0.0
p__Aenigmatarchaeota__s__JAHIVW01_sp018816245__GB_GCA_018816245__88.32__0.93
p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0
p__Aenigmatarchaeota__s__JAHLMP01_sp018920315__GB_GCA_018920315__81.93__0.0

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0
p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87

p__Aenigmatarchaeota__s__SZUA−1535_sp015661515__GB_GCA_015661515__85.67__0.0
p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0
p__Altiarchaeota__s__Altiarchaeum_hamiconexum__GB_GCA_001873845__95.02__1.87
p__Altiarchaeota__s__Altiarchaeum_sp002841105__GB_GCA_018260615__95.02__1.87

p__Altiarchaeota__s__CABMCB01_sp902384455__GB_GCA_902384455__92.61__0.0
p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93
p__Altiarchaeota__s__MCBC01_sp001723855__GB_GCA_001723855__76.88__3.12
p__Altiarchaeota__s__WALD01_sp018897475__GB_GCA_018897475__95.02__0.93
p__B1Sed10−29__s__B47−G15_sp003660975__GB_GCA_003660975__85.05__0.0

p__B1Sed10−29__s__CSSED10−269_sp003558235__GB_GCA_003558235__81.78__1.4
p__B1Sed10−29__s__WALL01_sp015522845__GB_GCA_015522845__89.95__1.01
p__B1Sed10−29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0

p__EX4484−52__s__EX4484−52_sp003660905__GB_GCA_003660905__71.96__0.93
p__EX4484−52__s__GLR71_sp013138805__GB_GCA_013138805__85.98__1.87

p__EX4484−52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74
p__EX4484−52__s__LFW−46_sp018897155__GB_GCA_018897155__92.06__1.87
p__EX4484−52__s__WAPT01_sp015520605__GB_GCA_015520605__88.47__0.0

p__Huberarchaeota__s__Huberarchaeum_crystalense__GB_GCA_002789275__70.42__0.0
p__Iainarchaeota__s__0−14−0−20−30−16_sp002779075__GB_GCA_002779075__71.57__0.93

p__Iainarchaeota__s__Forterrea_multitransposorum__GB_GCA_009392915__75.16__0.0
p__Iainarchaeota__s__GW2011−AR10_sp000830275__GB_GCA_000830275__90.65__1.87

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0
p__Iainarchaeota__s__JAADDH01_sp013154035__GB_GCA_013154035__82.24__2.8

p__Iainarchaeota__s__JAAZKV01_sp002068885__GB_GCA_002068885__78.34__0.31
p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31
p__Iainarchaeota__s__JAFCFP01_sp017608575__GB_GCA_017608575__90.65__0.0
p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0

p__Iainarchaeota__s__PCWY01_sp002762975__GB_GCA_002762975__85.98__1.4
p__Iainarchaeota__s__VGJJ01_sp016867455__GB_GCA_016867455__82.4__0.93

p__Micrarchaeota__s__1−14−0−10−45−29_sp002778455__GB_GCA_002778455__91.04__0.0
p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34
p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89
p__Micrarchaeota__s__CABMEP01_sp902385155__GB_GCA_902385155__80.84__0.72
p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0

p__Micrarchaeota__s__CAIKOA01_sp016932815__GB_GCA_016932815__93.15__0.0
p__Micrarchaeota__s__CAILAH01_sp903832205__GB_GCA_903832205__78.83__1.87

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0
p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0

p__Micrarchaeota__s__DTNV01_sp011358415__GB_GCA_011358415__74.92__0.23
p__Micrarchaeota__s__Fermentimicrarchaeum_limneticum__GB_GCA_013426015__95.33__1.87
p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93
p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87
p__Micrarchaeota__s__Micrarchaeum_acidiphilum__GB_GCA_009387755__84.11__0.93

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0
p__Micrarchaeota__s__UBA8480_sp013425325__GB_GCA_013425325__81.31__1.4
p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93
p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81

p__Nanoarchaeota__s__0−14−0−80−44−23_sp002779235__GB_GCA_002779235__84.11__0.93
p__Nanoarchaeota__s__1−14−0−10−44−13_sp002762985__GB_GCA_002762985__85.98__0.93

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0
p__Nanoarchaeota__s__B72−G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__Nanoarchaeota__s__BM511_sp002867475__GB_GCA_002867475__85.05__1.87
p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74
p__Nanoarchaeota__s__CG1−02−39−14_sp001872315__GB_GCA_001872315__68.38__0.0
p__Nanoarchaeota__s__CG1−02−47−18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0
p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0
p__Nanoarchaeota__s__DTJS01_sp011333755__GB_GCA_011333755__69.63__0.0

p__Nanoarchaeota__s__GCA−2686295_sp018819065__GB_GCA_018819065__87.85__0.0
p__Nanoarchaeota__s__GCA−2687185_sp002687185__GB_GCA_002687185__69.16__0.0

p__Nanoarchaeota__s__GCA−2687815_sp002687815__GB_GCA_002687815__73.36__1.87
p__Nanoarchaeota__s__GCA−2688265_sp018697095__GB_GCA_018697095__80.84__0.93

p__Nanoarchaeota__s__GCA−2688775_sp016185945__GB_GCA_016185945__89.49__0.0
p__Nanoarchaeota__s__GCA−2688925_sp002688925__GB_GCA_002688925__84.03__0.0
p__Nanoarchaeota__s__GW2011−AR1_sp002762735__GB_GCA_002762735__68.46__0.0

p__Nanoarchaeota__s__J072_sp003695265__GB_GCA_003695265__86.45__0.93
p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07
p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93
p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0
p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0
p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93
p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0
p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0
p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93
p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0
p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93
p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0
p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0
p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0
p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0
p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0

p__Nanoarchaeota__s__JAGVZF01_sp018302805__GB_GCA_018302805__70.56__1.87
p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0
p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47
p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0
p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93
p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87
p__Nanoarchaeota__s__JAHJUI01_sp018829185__GB_GCA_018829185__80.06__0.93
p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0
p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0
p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0
p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18
p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87
p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93
p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54
p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0
p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93
p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0
p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4
p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0
p__Nanoarchaeota__s__WJKR01_sp016927245__GB_GCA_016927245__80.84__0.0
p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0
p__Nanohaloarchaeota__s__M3−22_sp013343275__GB_GCA_013343275__86.6__0.0

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0
p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48
p__Nanohaloarchaeota__s__PL−Br10−U2g16_sp014297435__GB_GCA_014297435__86.14__0.0

p__SpSt−1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93
p__SpSt−1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07

p__Undinarchaeota__s__Naiadarchaeum_limnaeum__GB_GCA_014189685__90.65__2.8
p__Undinarchaeota__s__UBA543_sp002502135__GB_GCA_002502135__79.91__0.0

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87

p__Hadarchaeota__s__B88−G9_sp003660555__GB_GCA_003660555__80.52__0.5
p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87

p__Hadarchaeota__s__WYZ−LMO6_sp004347925__GB_GCA_004347925__92.37__1.94
p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0

p__Halobacteriota__s__B39−G2_sp003661185__GB_GCA_003661185__83.33__1.31
p__Halobacteriota__s__Bog−38_sp003139855__GB_GCA_003139855__95.92__0.65

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0
p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0
p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05
p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0
p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0
p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31
p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61
p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46

p__Halobacteriota__s__JdFR−19_sp002010075__GB_GCA_002010075__96.73__0.0
p__Halobacteriota__s__JdFR−21_sp002011165__GB_GCA_002011165__96.08__0.65

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65
p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0
p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65
p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0
p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31
p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61
p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0
p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8
p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33
p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0
p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98
p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29
p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93
p__Hydrothermarchaeota__s__SZUA−236_sp002923215__GB_GCA_002923215__90.22__1.87

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0
p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0
p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6
p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0
p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27
p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72
p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0
p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0
p__Thermoplasmatota__s__ARK−15_sp009758405__GB_GCA_009758405__97.58__0.81
p__Thermoplasmatota__s__B31−G17_sp003649915__GB_GCA_003649915__79.2__1.02
p__Thermoplasmatota__s__B47−G6_sp003663565__GB_GCA_003663565__74.11__2.91
p__Thermoplasmatota__s__B87−G9_sp003649695__GB_GCA_003649695__81.16__0.8

p__Thermoplasmatota__s__CG−Epi1_sp002724775__GB_GCA_002724775__82.36__3.33
p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64
p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8
p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6
p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81
p__Thermoplasmatota__s__MGIIa−I_sp002720095__GB_GCA_002720095__81.2__0.8

p__Thermoplasmatota__s__MGIIa−L1_sp018662825__GB_GCA_018662825__85.6__0.0
p__Thermoplasmatota__s__MGIIa−L2_sp002502215__GB_GCA_002502215__80.0__0.0
p__Thermoplasmatota__s__MGIIb−N1_sp011523055__GB_GCA_011523055__84.0__0.0

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61
p__Thermoplasmatota__s__RBG−16−68−12_sp011331255__GB_GCA_011331255__97.6__1.6

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6
p__Thermoplasmatota__s__SM1−50_sp001595945__GB_GCA_001595945__94.74__2.4

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6
p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8

p__Thermoplasmatota__s__SW−10−69−26_sp003009755__GB_GCA_003009755__95.16__0.0
p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2
p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0
p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8
p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0
p__Thermoproteota__s__B12−G16_sp003650925__GB_GCA_003650925__99.26__2.21
p__Thermoproteota__s__B15−G16_sp003649205__GB_GCA_003649205__98.53__5.15

p__Thermoproteota__s__B15−G2_sp003650815__GB_GCA_003650815__87.99__1.47
p__Thermoproteota__s__B20−G17_sp003650785__GB_GCA_003650785__91.18__1.84

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8
p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0

p__Thermoproteota__s__BOG−1369_sp003164815__GB_GCA_003164815__99.03__1.94
p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0
p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0
p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0
p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11
p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87
p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3
p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97
p__Thermoproteota__s__EX4484−135_sp011040545__GB_GCA_011040545__88.71__3.27
p__Thermoproteota__s__EX4484−205_sp002255045__GB_GCA_002255045__91.75__7.99

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63
p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0
p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94
p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94
p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83
p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0
p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93
p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Thermoproteota__s__JdFR−13_sp002011075__GB_GCA_002011075__93.2__0.97
p__Thermoproteota__s__JGI−0000106−J15_sp011364615__GB_GCA_011364615__92.16__0.97

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0
p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97

p__Thermoproteota__s__PALSA−986_sp009781675__GB_GCA_009781675__99.07__1.87
p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93
p__Thermoproteota__s__S012−22_sp015523445__GB_GCA_015523445__94.62__0.96

p__Thermoproteota__s__SCGC−AAA471−B05_sp000380705__GB_GCA_000380705__88.24__1.47
p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0
p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0
p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97
p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01
p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48
p__Thermoproteota__s__WYZ−LMO11_sp004348015__GB_GCA_004348015__98.13__0.0

Supplementary Figure 1 | Presence and absence heatmap of the NM126 and RP48 marker 
datasets. The x-axis contains the 321 archaeal taxa, and the y-axis contains the individual NM and 
RP markers. The blue squares indicate the presence, and the absence is white.
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p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0_68G

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48_83G

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0_87G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_120G

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87_85G

p__Micrarchaeota__s__UBA8480_sp013425325__GB_GCA_013425325__81.31__1.4_80G

p__Nanohaloarchaeota__DAL-9Gt_91_54C5R_50G

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0_97G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_119G

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0_69G

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07_80G

p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0_78G

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0_83G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_94G

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0_95G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_85G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0_64G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Halobacteriota__DAL-WCL_43_77C4R_69G

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21_95G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__EX4484-52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74_92G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Nanohaloarchaeota__DAL-WCL_25_59C5R_37G

p__Nanohaloarchaeota__DAL-9Gt_90_72C1R_72G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_105G

p__Nanohaloarchaeota__DAL-WCL_22_55C1R_59G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_103G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4_68G

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93_82G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_106G

p__Aenigmatarchaeota__s__JAHIVW01_sp018816245__GB_GCA_018816245__88.32__0.93_88G

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0_63G

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93_81G

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0_105G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Micrarchaeota__s__CAIKOA01_sp016932815__GB_GCA_016932815__93.15__0.0_104G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Undinarchaeota__s__Naiadarchaeum_limnaeum__GB_GCA_014189685__90.65__2.8_96G

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93_82G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Micrarchaeota__s__1-14-0-10-45-29_sp002778455__GB_GCA_002778455__91.04__0.0_101G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Aenigmatarchaeota__s__JAFGFG01_sp016931255__GB_GCA_016931255__92.06__0.0_90G

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0_71G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0_58G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0_60G

p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0_105G

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0_104G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_108G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_124G

p__Aenigmatarchaeota__s__JAFGCN01_sp016932615__GB_GCA_016932615__83.18__2.8_79G

p__B1Sed10-29__s__CSSED10-269_sp003558235__GB_GCA_003558235__81.78__1.4_81G

p__Iainarchaeota__s__VGJJ01_sp016867455__GB_GCA_016867455__82.4__0.93_75G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Iainarchaeota__s__JAAZKV01_sp002068885__GB_GCA_002068885__78.34__0.31_80G

p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0_70G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_114G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Nanohaloarchaeota__s__M3-22_sp013343275__GB_GCA_013343275__86.6__0.0_86G

p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93_81G

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0_90G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93_92G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_110G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Nanoarchaeota__s__GW2011-AR1_sp002762735__GB_GCA_002762735__68.46__0.0_61G

p__Iainarchaeota__s__Forterrea_multitransposorum__GB_GCA_009392915__75.16__0.0_73G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0_56G

p__Undinarchaeota__s__UBA543_sp002502135__GB_GCA_002502135__79.91__0.0_85G

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0_75G

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0_62G

p__Nanoarchaeota__s__DTJS01_sp011333755__GB_GCA_011333755__69.63__0.0_64G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Nanoarchaeota__s__WJKR01_sp016927245__GB_GCA_016927245__80.84__0.0_80G

p__Nanoarchaeota__s__GCA-2686295_sp018819065__GB_GCA_018819065__87.85__0.0_87G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31_65G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_112G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0_73G

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93_107G

p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87_77G

p__Nanoarchaeota__s__BM511_sp002867475__GB_GCA_002867475__85.05__1.87_88G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G

p__Nanoarchaeota__s__GCA-2687815_sp002687815__GB_GCA_002687815__73.36__1.87_65G

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0_63G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_107G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0_72G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_85G

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0_84G

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93_88G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93_72G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_119G

p__Micrarchaeota__s__CAILAH01_sp903832205__GB_GCA_903832205__78.83__1.87_90G

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07_83G

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87_104G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93_76G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93_83G

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0_74G

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93_79G

p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87_109G

p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0_65G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_124G

p__Aenigmatarchaeota__s__JAGVVW01_sp018304635__GB_GCA_018304635__81.46__0.0_76G

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93_65G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__B1Sed10-29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0_51G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_122G

p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0_73G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0_69G

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87_71G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_110G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Iainarchaeota__s__JAFCFP01_sp017608575__GB_GCA_017608575__90.65__0.0_100G

p__Altiarchaeota__s__MCBC01_sp001723855__GB_GCA_001723855__76.88__3.12_88G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Iainarchaeota__s__GW2011-AR10_sp000830275__GB_GCA_000830275__90.65__1.87_95G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Nanoarchaeota__s__GCA-2688925_sp002688925__GB_GCA_002688925__84.03__0.0_95G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0_70G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_111G

p__EX4484-52__s__LFW-46_sp018897155__GB_GCA_018897155__92.06__1.87_99G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_100G

p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47_85G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Iainarchaeota__s__0-14-0-20-30-16_sp002779075__GB_GCA_002779075__71.57__0.93_62G

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89_77G

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93_80G

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18_62G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_109G

p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0_69G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Aenigmatarchaeota__s__SZUA-1535_sp015661515__GB_GCA_015661515__85.67__0.0_84G

p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0_74G

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0_61G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_98G

p__Huberarchaeota__s__Huberarchaeum_crystalense__GB_GCA_002789275__70.42__0.0_64G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_111G

p__Nanohaloarchaeota__DAL-Ass_36_69C3R_Archaea_59G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_88G

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34_106G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Nanohaloarchaeota__DAL-Ass_51_71C0R_56G

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0_74G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_109G

p__Aenigmatarchaeota__s__JACQIF01_sp016432325__GB_GCA_016432325__82.24__0.0_75G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_104G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_86G

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0_77G

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97_74G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93_67G

p__EX4484-52__s__GLR71_sp013138805__GB_GCA_013138805__85.98__1.87_87G

p__Micrarchaeota__s__CABMEP01_sp902385155__GB_GCA_902385155__80.84__0.72_82G

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07_70G

p__B1Sed10-29__s__B47-G15_sp003660975__GB_GCA_003660975__85.05__0.0_85G

p__Aenigmatarchaeota__s__JACPZZ01_sp016202815__GB_GCA_016202815__91.12__0.0_87G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_93G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Aenigmatarchaeota__s__JAHLMP01_sp018920315__GB_GCA_018920315__81.93__0.0_83G

p__Iainarchaeota__s__JAADDH01_sp013154035__GB_GCA_013154035__82.24__2.8_82G

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0_77G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_107G

p__Halobacteriota__DAL-WCL_46_54C5R_71G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_113G

p__Aenigmatarchaeota__s__CG10238-14_sp002789635__GB_GCA_002789635__79.44__0.0_74G

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81_101G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_109G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0_97G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_92G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_95G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0_89G

p__Micrarchaeota__s__Fermentimicrarchaeum_limneticum__GB_GCA_013426015__95.33__1.87_103G

p__Halobacteriota__DAL-WCL_na_97C3R_116G

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0_87G

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0_106G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_92G

p__Altiarchaeota__s__Altiarchaeum_hamiconexum__GB_GCA_001873845__95.02__1.87_111G

p__Nanoarchaeota__s__GCA-2687185_sp002687185__GB_GCA_002687185__69.16__0.0_62G

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0_66G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0_68G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_117G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_117G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_109G

p__Halobacteriota__DAL-WCL_40_62C4R_64G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_109G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__EX4484-52__s__WAPT01_sp015520605__GB_GCA_015520605__88.47__0.0_94G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_98G

p__Altiarchaeota__s__Altiarchaeum_sp002841105__GB_GCA_018260615__95.02__1.87_112G

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54_65G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0_112G

p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93_79G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0_76G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_95G

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0_79G

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93_86G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0_76G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Altiarchaeota__s__WALD01_sp018897475__GB_GCA_018897475__95.02__0.93_114G

p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81_106G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G

p__Aenigmatarchaeota__s__JAGVVV01_sp018304615__GB_GCA_018304615__78.97__0.93_76G

p__Aenigmatarchaeota__s__GW2011-AR5_sp10154u__GB_GCA_013331845__81.78__1.87_80G

p__Micrarchaeota__s__DTNV01_sp011358415__GB_GCA_011358415__74.92__0.23_74G

p__Nanoarchaeota__s__J072_sp003695265__GB_GCA_003695265__86.45__0.93_86G

p__Micrarchaeota__s__Micrarchaeum_acidiphilum__GB_GCA_009387755__84.11__0.93_79G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93_76G

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74_86G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_109G

p__Nanohaloarchaeota__DAL-WCL_45_78C1R_69G

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0_87G

p__Nanoarchaeota__s__GCA-2688775_sp016185945__GB_GCA_016185945__89.49__0.0_101G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_94G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_108G

p__Nanoarchaeota__s__JAHJUI01_sp018829185__GB_GCA_018829185__80.06__0.93_74G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0_77G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Nanohaloarchaeota__DAL-WCL_45_84C1R_84G

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93_89G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G
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Supplementary Figure 2 | Maximum likelihood phylogeny of 321 archaeal taxa based on the 
NM126 dataset. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents 
one of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number 
of substitutions per site. Each tip label contains the GTDB phylum, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the NM126 
dataset.
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Supplementary Figure 3 | Maximum likelihood phylogeny of NM126 one-chimera tree with no 
Huberarchaeota. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents one 
of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number of 
substitutions per site. Each tip label contains the GTDB phyla, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the NM126 
dataset. The chimera taxa are indicated by the DPANN GTDB phylum, followed by a _0, and the total 
number of markers per chimera.
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p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31

p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0

p__B1Sed10-29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0

p__Aenigmatarchaeota__s__JAFGFG01_sp016931255__GB_GCA_016931255__92.06__0.0

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93

p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96

p__Aenigmatarchaeota__s__JACPZZ01_sp016202815__GB_GCA_016202815__91.12__0.0

p__EX4484-52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0

p__Iainarchaeota__s__PCWY01_sp002762975__GB_GCA_002762975__85.98__1.4

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0

p__Undinarchaeota__s__Naiadarchaeum_limnaeum__GB_GCA_014189685__90.65__2.8

p__Micrarchaeota__s__1-14-0-10-45-29_sp002778455__GB_GCA_002778455__91.04__0.0

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87

p__Aenigmatarchaeota__s__GW2011-AR5_sp10154u__GB_GCA_013331845__81.78__1.87

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6

p__Halobacteriota__DAL-WCL_40_62C4R

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29

p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0

p__Aenigmatarchaeota__s__JAGVVV01_sp018304615__GB_GCA_018304615__78.97__0.93

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8

p__Iainarchaeota__s__GW2011-AR10_sp000830275__GB_GCA_000830275__90.65__1.87

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7

p__Nanoarchaeota__s__GCA-2687185_sp002687185__GB_GCA_002687185__69.16__0.0

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0

p__Nanoarchaeota__s__GCA-2688775_sp016185945__GB_GCA_016185945__89.49__0.0

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0

p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0

p__Halobacteriota__DAL-WCL_46_54C5R

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86

p__Halobacteriota__DAL-9Gt_70_90C3R

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61
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Supplementary Figure 6 | Maximum likelihood phylogeny of NM126 PCA tree with “most biased” 
DPANN taxa removed. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/
ultrafast bootstrap support is shown above each branch via IQ-TREE implementation. Each color 
represents one of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the 
estimated number of substitutions per site. Each tip label contains the GTDB phylum, species, 
accession number, completeness, contamination, and the total number of markers present in that taxa 
out of the NM126 dataset.
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Supplementary Figure 7 |  Z-score from a binomial test of two proportions for the full-NM126 
dataset. Z-scores were calculated relative to the (a) DPANN and (b) FIMNKY-enriched taxa, with |Z| > 
1.96 indicating significant enrichment of a given amino acid in (a) DPANN or (b) FIMNKY-enriched taxa 
sequences (“Up”), |Z| < -1.96 indicating significant depletion of a given amino acid in (a) DPANN and (b) 
FIMNKY-enriched taxa (“Down”), and some amino acids showing no significant bias (“Other”).
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p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48_83G

p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87_77G
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p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0_89G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0_70G
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p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87_85G
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p__Iainarchaeota__s__JAADDH01_sp013154035__GB_GCA_013154035__82.24__2.8_82G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G
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p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0_84G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93_86G

p__Nanoarchaeota__s__JAGVZF01_sp018302805__GB_GCA_018302805__70.56__1.87_66G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93_88G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0_66G

p__Nanoarchaeota__s__GW2011-AR1_sp002762735__GB_GCA_002762735__68.46__0.0_61G

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0_68G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93_83G

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0_104G

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_115G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0_74G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Undinarchaeota__s__UBA543_sp002502135__GB_GCA_002502135__79.91__0.0_85G

p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0_73G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0_70G
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p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0_63G
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Supplementary Figure 8 | Maximum likelihood phylogeny of NM126 with 15% most GARP/FIMNKY-
biased sites removed binned DPANN versus non-DPANN lineages. The ML tree was reconstructed 
using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown above each branch via IQ-
TREE implementation. Each color represents one of the 19 archaeal phyla, according to GTDB r207. The 
scale bar represents the estimated number of substitutions per site. Each tip label contains the GTDB 
phylum, species, accession number, completeness, contamination, and the total number of markers 
present in that taxa out of the NM126 dataset.
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Supplementary Figure 9 |  Z-score from a binomial test of two proportions for NM126 subset 
datasets. Z-scores were calculated relative to the (a) Altiarchaeota, (b) Micrarchaeota, or (c) 
Nanoarchaeota, with |Z| > 1.96 indicating significant enrichment of a given amino acid in (a) 
Altiarchaeota, (b) Micrarchaeota, or (c) Nanoarchaeota sequences (“Up”), |Z| < -1.96 indicating 
significant depletion of a given amino acid in (a) Altiarchaeota, (b) Micrarchaeota, or (c) Nanoarchaeota 
(“Down”), and some amino acids showing no significant bias (“Other”). 
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p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0

p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0

p__Iainarchaeota__s__Forterrea_multitransposorum__GB_GCA_009392915__75.16__0.0

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6

p__Iainarchaeota__s__VGJJ01_sp016867455__GB_GCA_016867455__82.4__0.93

p__EX4484-52__s__EX4484-52_sp003660905__GB_GCA_003660905__71.96__0.93

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0

p__Nanoarchaeota__s__WJKR01_sp016927245__GB_GCA_016927245__80.84__0.0

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97

p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61

p__Micrarchaeota__s__CAILAH01_sp903832205__GB_GCA_903832205__78.83__1.87

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87

p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63

p__Micrarchaeota__s__CAIKOA01_sp016932815__GB_GCA_016932815__93.15__0.0

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87

p__Nanoarchaeota__s__BM511_sp002867475__GB_GCA_002867475__85.05__1.87

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31

p__Altiarchaeota__s__WALD01_sp018897475__GB_GCA_018897475__95.02__0.93

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93

p__EX4484-52__s__LFW-46_sp018897155__GB_GCA_018897155__92.06__1.87

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0

p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0

p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64

p__Iainarchaeota__s__JAADDH01_sp013154035__GB_GCA_013154035__82.24__2.8

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6

p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65

p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0

p__Aenigmatarchaeota__s__JACQIF01_sp016432325__GB_GCA_016432325__82.24__0.0

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0

p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81

p__Halobacteriota__DAL-WCL_43_77C4R

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0

p__Undinarchaeota__s__UBA543_sp002502135__GB_GCA_002502135__79.91__0.0

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0

p__EX4484-52__s__GLR71_sp013138805__GB_GCA_013138805__85.98__1.87

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93

p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0

p__Aenigmatarchaeota__s__SZUA-1535_sp015661515__GB_GCA_015661515__85.67__0.0

p__Aenigmatarchaeota__s__JAFGCN01_sp016932615__GB_GCA_016932615__83.18__2.8

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93

p__Nanoarchaeota__s__GCA-2688775_sp016185945__GB_GCA_016185945__89.49__0.0

p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0

p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25

p__Halobacteriota__DAL-9Gt_70_90C3R

p__B1Sed10-29__s__CSSED10-269_sp003558235__GB_GCA_003558235__81.78__1.4

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87

p__Aenigmatarchaeota__s__GW2011-AR5_sp10154u__GB_GCA_013331845__81.78__1.87

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0

p__Halobacteriota__DAL-WCL_46_54C5R

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87

p__Iainarchaeota__s__PCWY01_sp002762975__GB_GCA_002762975__85.98__1.4

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97

p__Nanoarchaeota__s__JAGVZF01_sp018302805__GB_GCA_018302805__70.56__1.87

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97

p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Huberarchaeota__s__Huberarchaeum_crystalense__GB_GCA_002789275__70.42__0.0

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61

p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47

p__Aenigmatarchaeota__s__JAHLMP01_sp018920315__GB_GCA_018920315__81.93__0.0

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93

p__Iainarchaeota__s__0-14-0-20-30-16_sp002779075__GB_GCA_002779075__71.57__0.93

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05

p__Aenigmatarchaeota__s__CG10238-14_sp002789635__GB_GCA_002789635__79.44__0.0

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93

p__Iainarchaeota__s__JAFCFP01_sp017608575__GB_GCA_017608575__90.65__0.0

p__EX4484-52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74

p__Nanoarchaeota__s__GCA-2686295_sp018819065__GB_GCA_018819065__87.85__0.0

p__Nanohaloarchaeota__DAL-Ass_36_69C3R_Archaea

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0

p__Micrarchaeota__s__UBA8480_sp013425325__GB_GCA_013425325__81.31__1.4

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94

p__Nanohaloarchaeota__DAL-9Gt_90_72C1R

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0
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Supplementary Figure 10 | Maximum likelihood phylogeny of NM126 with 15% most GARP/
FIMNKY-biased sites removed binned FIMNKY-enriched taxa versus GARP-enriched taxa. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown 
above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phylum, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the NM126 dataset.
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p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_111G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_110G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_117G

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0_104G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_95G

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0_105G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_109G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_100G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Halobacteriota__DAL-WCL_na_97C3R_116G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89_77G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Halobacteriota__DAL-WCL_43_77C4R_69G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_109G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_109G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93_107G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_98G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_85G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_117G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_115G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_93G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0_72G

p__Micrarchaeota__s__Micrarchaeum_acidiphilum__GB_GCA_009387755__84.11__0.93_79G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_92G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_103G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_88G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_98G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_112G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_100G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_113G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_120G

p__Micrarchaeota__s__Fermentimicrarchaeum_limneticum__GB_GCA_013426015__95.33__1.87_103G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_108G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_108G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_113G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_119G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_107G

p__Micrarchaeota__s__UBA8480_sp013425325__GB_GCA_013425325__81.31__1.4_80G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_92G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_95G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_124G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_120G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_86G

p__Halobacteriota__DAL-WCL_46_54C5R_71G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_106G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_118G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_115G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_119G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0_105G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_99G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93_92G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_114G

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81_101G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_85G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34_106G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G
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Supplementary Figure 11 | Maximum likelihood phylogeny of NM126 Micrarchaeota only tree. 
The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is 
shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the NM126 dataset.
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p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97

p__Nanoarchaeota__s__BM511_sp002867475__GB_GCA_002867475__85.05__1.87

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0

p__Nanoarchaeota__s__GCA-2687185_sp002687185__GB_GCA_002687185__69.16__0.0

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0

p__Halobacteriota__DAL-WCL_40_62C4R

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0

p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0

p__Nanoarchaeota__s__JAHJUI01_sp018829185__GB_GCA_018829185__80.06__0.93

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96

p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0

p__Nanoarchaeota__s__DTJS01_sp011333755__GB_GCA_011333755__69.63__0.0

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84

p__Halobacteriota__DAL-WCL_46_54C5R

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7

p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0

p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0

p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0

p__Nanoarchaeota__s__GCA-2688775_sp016185945__GB_GCA_016185945__89.49__0.0

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0

p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87

p__Nanoarchaeota__s__J072_sp003695265__GB_GCA_003695265__86.45__0.93

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0

p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87

p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93

p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0

p__Nanoarchaeota__s__GCA-2688925_sp002688925__GB_GCA_002688925__84.03__0.0

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6

p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27

p__Halobacteriota__DAL-9Gt_70_90C3R

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0

p__Nanoarchaeota__s__WJKR01_sp016927245__GB_GCA_016927245__80.84__0.0

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93

p__Nanoarchaeota__s__JAGVZF01_sp018302805__GB_GCA_018302805__70.56__1.87

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33
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Supplementary Figure 12 | Maximum likelihood phylogeny of NM126 Nanoarchaeota only tree. 
The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is 
shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the NM126 dataset.
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p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_120G

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_115G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_86G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_95G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_109G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_118G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_100G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_92G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_119G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_113G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Altiarchaeota__s__Altiarchaeum_sp002841105__GB_GCA_018260615__95.02__1.87_112G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_124G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_105G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Altiarchaeota__s__Altiarchaeum_hamiconexum__GB_GCA_001873845__95.02__1.87_111G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_98G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_114G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Halobacteriota__DAL-WCL_na_97C3R_116G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_103G

p__Altiarchaeota__s__CABMCB01_sp902384455__GB_GCA_902384455__92.61__0.0_115G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_108G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_111G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_92G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_94G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_85G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Altiarchaeota__s__WALD01_sp018897475__GB_GCA_018897475__95.02__0.93_114G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_115G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_93G

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93_102G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_122G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Halobacteriota__DAL-WCL_43_77C4R_69G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_109G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_94G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_98G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_111G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_104G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_119G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_117G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_119G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_112G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_107G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_107G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_99G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_124G

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_110G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_106G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Halobacteriota__DAL-WCL_46_54C5R_71G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_113G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_119G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_112G

p__Halobacteriota__DAL-WCL_40_62C4R_64G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_109G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_85G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_106G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_120G

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21_95G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_109G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_92G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_95G

p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81_106G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_117G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_110G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_88G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Altiarchaeota__s__MCBC01_sp001723855__GB_GCA_001723855__76.88__3.12_88G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_109G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_103G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_109G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_100G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_108G
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Supplementary Figure 13 | Maximum likelihood phylogeny of NM126 Altiarchaeota only tree. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown 
above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phylum, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the NM126 dataset.
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p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_120G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_119G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_94G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_124G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_104G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_119G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0_74G

p__Nanohaloarchaeota__DAL-WCL_45_78C1R_69G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_92G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_111G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_109G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_88G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48_83G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_103G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_112G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_105G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G

p__Nanohaloarchaeota__DAL-WCL_25_59C5R_37G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_106G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Halobacteriota__DAL-WCL_43_77C4R_69G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_113G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_109G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Nanohaloarchaeota__DAL-9Gt_90_72C1R_72G

p__Nanohaloarchaeota__DAL-Ass_51_71C0R_56G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_92G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_108G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_95G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_100G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_115G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_109G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_120G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_119G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_107G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_112G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_124G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Nanohaloarchaeota__DAL-9Gt_91_54C5R_50G

p__Nanohaloarchaeota__s__M3-22_sp013343275__GB_GCA_013343275__86.6__0.0_86G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_92G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_85G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Nanohaloarchaeota__DAL-WCL_45_84C1R_84G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_93G

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0_88G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_111G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_119G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Nanohaloarchaeota__DAL-Ass_36_69C3R_Archaea_59G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_94G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_107G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0_87G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_103G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_113G
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Supplementary Figure 14 | Maximum likelihood phylogeny of NM126 Nanohaloarchaeota only 
tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support 
is shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the NM126 dataset.
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p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_106G

p__Nanoarchaeota_1_0_104G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_106G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_122G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Halobacteriota__DAL-WCL_40_62C4R_64G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G
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Supplementary Figure 15 | Maximum likelihood phylogeny of NM126 Nanoarchaeota only 
chimera tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents one 
of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number of 
substitutions per site. Each tip label contains the GTDB phylum, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the NM126 
dataset.
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p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_92G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_98G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_109G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_120G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_113G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_105G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Halobacteriota__DAL-WCL_46_54C5R_71G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_112G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_114G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_122G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_118G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_109G

p__Halobacteriota__DAL-WCL_40_62C4R_64G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_119G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_112G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_95G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_124G

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_110G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_94G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_103G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_106G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Micrarchaeota_2_0_122G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_103G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Halobacteriota__DAL-WCL_na_97C3R_116G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_100G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_109G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_119G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_117G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21_95G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_108G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_109G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_117G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_99G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_92G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_98G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_119G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_115G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_110G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_94G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_85G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_100G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_119G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_115G

p__Micrarchaeota_1_0_112G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_86G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G
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Supplementary Figure 16 | Maximum likelihood phylogeny of NM126 Micrarchaeota only chimera 
tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support 
is shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the NM126 dataset.



Supplementary Figure 17 | Maximum likelihood phylogeny of NM126 Altiarchaeota only chimera 
tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support 
is shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the NM126 dataset.
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p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_104G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_118G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_109G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

100/100

100/100

100/100

99/67

100/100

100/100

97.2/99

100/79

99.3/100

100/100

71.2/65

100/100

100/100

100/100

100/100

100/100

100/100

100/100

86.1/90

100/100

95.5/99

100/100

100/100

100/100

74/68

100/100

100/100

100/100

89.9/61

100/100

100/100

100/99

99.4/88

93.6/76

66.9/88

58/97

100/100

100/100

100/100

79.1/94

100/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

100/100

63.7/95

95.6/100

99.7/70

97.1/99

100/100

100/97

100/100

100/100

100/100

100/100

100/100

100/67

100/100

100/100

100/100

100/99

100/100

100/100

100/100

100/100

100/100

100/97

99.8/96

100/100

100/100

65.1/65

100/100

100/100

100/100

50.2/60

100/100

100/100

100/100

71.3/87

100/100

100/100

100/100

100/100

99.5/98

100/100

100/100

100/100

100/100

100/100

99.7/96

100/100

100/100

100/99

99.6/100

100/100

100/100

100/100

99.7/93

100/100

100/100

99.5/100

100/100

100/100

100/100

100/100

100/80

100/97

100/100

100/99

100/73

100/100

89/99

100/100

100/100

100/100

99.5/100

100/100

100/100

100/100

94.9/100

100/45

100/100

100/100

100/100

98.7/45

100/100

100/100

100/100

100/100

100/100

45.4/56 100/100

100/100

99.8/99

100/100

100/100

100/100

100/100

100/100
72.8/99

100/100

85.5/64

100/100

100/100

100/100

67/55

95.4/93

100/100

100/100

100/100

100/100

81.7/52

100/100

100/100

100/100

100/100

100/100

100/100



0.4

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_115G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_108G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_92G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_119G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_119G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_110G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_109G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_85G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_112G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_91G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_114G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_109G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_119G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_109G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_109G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_117G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_116G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_108G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_117G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_118G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_90G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_121G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_112G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_117G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_122G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_120G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_100G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_74G

p__Halobacteriota__DAL-9Gt_70_90C3R_107G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_97G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_116G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_111G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_100G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_86G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_111G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_105G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_111G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_95G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_109G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_98G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_108G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_102G

p__Halobacteriota__DAL-WCL_40_62C4R_64G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_105G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_98G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_107G

p__Halobacteriota__DAL-WCL_43_77C4R_69G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_118G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_115G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_95G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_121G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_124G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_112G

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21_95G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_112G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_111G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_91G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_104G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_99G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_99G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_120G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_111G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_107G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_120G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_106G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_120G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_113G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_104G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_114G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_124G

p__Halobacteriota__DAL-WCL_na_97C3R_116G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_94G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_108G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_119G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_109G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_100G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_122G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_107G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_98G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_116G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_113G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_123G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_104G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_114G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_98G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_93G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_113G

p__Nanohaloarchaeota_1_0_74G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_115G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_87G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_98G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_122G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_119G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_110G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_119G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_114G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_107G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_88G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_99G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_96G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_110G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_95G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_106G

p__Halobacteriota__DAL-WCL_46_54C5R_71G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_86G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_111G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_80G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_98G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_103G

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0_121G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_109G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_114G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_106G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_111G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_107G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_119G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_120G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_92G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_106G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_116G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_106G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_94G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_109G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_92G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_107G

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_110G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_115G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_124G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_109G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_113G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_122G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_110G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_104G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_119G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_114G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_110G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_108G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_113G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_110G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_99G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_117G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_124G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_103G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_111G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_107G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_105G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_103G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_61G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_85G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_114G

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6_120G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_91G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_116G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_115G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_107G

p__Nanohaloarchaeota_2_0_99G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_89G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_88G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_119G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_120G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_117G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_119G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_117G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_119G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_92G
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Supplementary Figure 18 | Maximum likelihood phylogeny of NM126 Nanohaloarchaeota only 
chimera tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents one 
of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number of 
substitutions per site. Each tip label contains the GTDB phylum, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the NM126 
dataset.
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p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0_48G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_47G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_46G
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p__Nanohaloarchaeota__s__M3-22_sp013343275__GB_GCA_013343275__86.6__0.0_48G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_44G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_43G

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93_43G
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p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_43G

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87_48G

p__Micrarchaeota__s__Micrarchaeum_acidiphilum__GB_GCA_009387755__84.11__0.93_44G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_44G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_46G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_48G
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p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_44G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_47G

p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0_47G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_45G

p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0_45G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_46G

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93_43G

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81_42G

p__Nanoarchaeota__s__GW2011-AR1_sp002762735__GB_GCA_002762735__68.46__0.0_47G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_47G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_48G

p__EX4484-52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74_42G

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07_43G

p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4_44G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_45G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_48G

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89_41G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_43G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_47G

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48_46G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_46G

p__Iainarchaeota__s__GW2011-AR10_sp000830275__GB_GCA_000830275__90.65__1.87_46G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_47G

p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0_44G

p__Nanoarchaeota__s__JAGVZF01_sp018302805__GB_GCA_018302805__70.56__1.87_44G

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0_48G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_48G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_47G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_42G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_46G

p__B1Sed10-29__s__CSSED10-269_sp003558235__GB_GCA_003558235__81.78__1.4_46G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_46G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_47G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_47G

p__Aenigmatarchaeota__s__JAGVVV01_sp018304615__GB_GCA_018304615__78.97__0.93_45G

p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0_45G

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93_44G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_40G

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0_46G

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93_47G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_46G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_46G

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0_48G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_48G

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0_48G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_44G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_47G

p__Iainarchaeota__s__JAFCFP01_sp017608575__GB_GCA_017608575__90.65__0.0_46G

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93_48G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_46G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_45G

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93_46G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_47G

p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0_43G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_47G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_45G

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0_48G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_48G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_45G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_16G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_46G

p__Micrarchaeota__s__CAILAH01_sp903832205__GB_GCA_903832205__78.83__1.87_40G

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93_48G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_45G

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0_48G

p__Nanohaloarchaeota__DAL-9Gt_91_54C5R_28G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_43G

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07_26G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_43G
p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_44G

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0_45G

p__Nanoarchaeota__s__GCA-2687815_sp002687815__GB_GCA_002687815__73.36__1.87_48G

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93_46G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_46G

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93_47G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_44G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_46G

p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0_48G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_38G

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0_38G

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51_43G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_41G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_47G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_45G

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0_47G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_48G

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0_47G

p__Nanohaloarchaeota__DAL-Ass_36_69C3R_Archaea_44G

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87_46G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_44G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_47G

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07_47G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_46G

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6_48G

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0_47G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_48G

p__Halobacteriota__DAL-WCL_na_97C3R_46G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_48G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_44G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_46G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_47G

p__Altiarchaeota__s__CABMCB01_sp902384455__GB_GCA_902384455__92.61__0.0_45G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_46G

p__EX4484-52__s__EX4484-52_sp003660905__GB_GCA_003660905__71.96__0.93_39G

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0_48G

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0_47G

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11_47G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_42G

p__Nanohaloarchaeota__DAL-Ass_51_71C0R_39G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_44G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_34G

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0_46G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_46G

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0_47G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_48G

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0_48G

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93_47G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_45G

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93_43G

p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0_48G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_46G

p__Aenigmatarchaeota__s__JACPZZ01_sp016202815__GB_GCA_016202815__91.12__0.0_46G

p__Halobacteriota__DAL-WCL_43_77C4R_31G

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0_47G

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0_45G

p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93_47G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_45G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_48G

p__Nanohaloarchaeota__DAL-WCL_22_55C1R_32G

p__Micrarchaeota__s__Fermentimicrarchaeum_limneticum__GB_GCA_013426015__95.33__1.87_44G

p__Aenigmatarchaeota__s__CG10238-14_sp002789635__GB_GCA_002789635__79.44__0.0_45G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_45G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_48G

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54_45G

p__Halobacteriota__DAL-WCL_46_54C5R_26G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_46G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_23G

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0_46G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_48G

p__B1Sed10-29__s__B47-G15_sp003660975__GB_GCA_003660975__85.05__0.0_46G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_47G

p__B1Sed10-29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0_37G

p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93_46G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_45G

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0_48G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_46G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_46G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_47G

p__Huberarchaeota__s__Huberarchaeum_crystalense__GB_GCA_002789275__70.42__0.0_42G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_47G

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0_48G

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_48G

p__Nanoarchaeota__s__GCA-2688925_sp002688925__GB_GCA_002688925__84.03__0.0_43G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_48G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_45G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_47G

p__Iainarchaeota__s__JAAZKV01_sp002068885__GB_GCA_002068885__78.34__0.31_44G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_46G

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34_46G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_47G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_45G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_46G

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0_48G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_45G

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93_39G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_47G

p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81_47G

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0_46G

p__Undinarchaeota__s__Naiadarchaeum_limnaeum__GB_GCA_014189685__90.65__2.8_47G

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74_48G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_47G

p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31_42G

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0_47G

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_46G

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0_46G

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0_35G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_46G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_47G

p__Nanoarchaeota__s__GCA-2686295_sp018819065__GB_GCA_018819065__87.85__0.0_46G

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0_46G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_44G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_46G
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Supplementary Figure 19 | Maximum likelihood phylogeny of 321 archaeal taxa based on the 
RP48 dataset. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents one 
of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number of 
substitutions per site. Each tip label contains the GTDB phylum, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the RP48 
dataset.
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Supplementary Figure 20 | Maximum likelihood phylogeny of RP48 one-chimera tree. The ML tree 
was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown above 
each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phyla, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the NM126 dataset. The chimera taxa are indicated 
by the DPANN GTDB phylum, followed by a _0, and the total number of markers per chimera.
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Supplementary Figure 21 | Maximum likelihood phylogeny of RP48 two-chimera tree. The ML tree 
was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown above 
each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phyla, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the NM126 dataset. The chimera taxa are indicated 
by the DPANN GTDB phylum, followed by a _1_0 or _2_0, followed by the total number of markers per 
chimera.
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Supplementary Figure 22 | Maximum likelihood phylogeny of RP48 one-chimera tree with no 
Huberarchaeota. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast 
bootstrap support is shown above each branch via IQ-TREE implementation. Each color represents one 
of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the estimated number of 
substitutions per site. Each tip label contains the GTDB phyla, species, accession number, 
completeness, contamination, and the total number of markers present in that taxa out of the RP48 
dataset. The chimera taxa are indicated by the DPANN GTDB phylum, followed by a _0, followed by the 
total number of markers per chimera.
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p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8

p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0
p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0

p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0

p__Halobacteriota__DAL-WCL_40_62C4R

p__EX4484-52__s__WAPT01_sp015520605__GB_GCA_015520605__88.47__0.0

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0

p__Nanoarchaeota__s__GCA-2688775_sp016185945__GB_GCA_016185945__89.49__0.0

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87

p__Nanohaloarchaeota__DAL-9Gt_90_72C1R

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65

p__Aenigmatarchaeota__s__JAGVVV01_sp018304615__GB_GCA_018304615__78.97__0.93

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0

p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81

p__Micrarchaeota__s__CAIKOA01_sp016932815__GB_GCA_016932815__93.15__0.0

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27

p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0

p__Undinarchaeota__s__Naiadarchaeum_limnaeum__GB_GCA_014189685__90.65__2.8

p__EX4484-52__s__LFW-46_sp018897155__GB_GCA_018897155__92.06__1.87

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93

p__Aenigmatarchaeota__s__JAGVVW01_sp018304635__GB_GCA_018304635__81.46__0.0

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0
p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81

p__B1Sed10-29__s__B47-G15_sp003660975__GB_GCA_003660975__85.05__0.0

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0
p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0

p__Halobacteriota__DAL-WCL_43_77C4R

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05

p__Micrarchaeota__s__DTNV01_sp011358415__GB_GCA_011358415__74.92__0.23

p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0

p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0
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Supplementary Figure 23 | Maximum likelihood phylogeny of RP48 PCA tree with “most biased” 
DPANN taxa removed. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/
ultrafast bootstrap support is shown above each branch via IQ-TREE implementation. Each color 
represents one of the 19 archaeal phyla, according to GTDB r207. The scale bar represents the 
estimated number of substitutions per site. Each tip label contains the GTDB phylum, species, 
accession number, completeness, contamination, and the total number of markers present in that taxa 
out of the RP48 dataset.
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p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31_48G

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93_48G

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0_46G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_46G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_44G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_47G

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0_48G

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0_48G

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47_44G

p__Thermoproteota__s__Acidilobus_saccharovorans__RS_GCF_000144915__99.37__0.0_47G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_45G

p__EX4484-52__s__WAPT01_sp015520605__GB_GCA_015520605__88.47__0.0_47G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_32G

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93_39G

p__Nanoarchaeota__s__GCA-2686295_sp018819065__GB_GCA_018819065__87.85__0.0_46G

p__Aenigmatarchaeota__s__JACPJW01_sp016187335__GB_GCA_016187335__88.79__0.93_46G

p__Halobacteriota__s__Halorientalis_persicus__RS_GCF_900110215__99.93__1.7_47G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_48G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_43G

p__B1Sed10-29__s__WALL01_sp015522845__GB_GCA_015522845__89.95__1.01_47G

p__Aenigmatarchaeota__s__JAFGFG01_sp016931255__GB_GCA_016931255__92.06__0.0_47G

p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81_42G

p__Aenigmatarchaeota__s__JAHLMP01_sp018920315__GB_GCA_018920315__81.93__0.0_45G

p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0_46G

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93_48G

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18_37G

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93_48G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_47G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_46G

p__Nanoarchaeota__s__BM511_sp002867475__GB_GCA_002867475__85.05__1.87_47G

p__Halobacteriota__DAL-9Gt_70_90C3R_41G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_46G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_48G

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0_48G

p__Micrarchaeota__s__Micrarchaeum_acidiphilum__GB_GCA_009387755__84.11__0.93_44G

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54_45G

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0_48G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_38G

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0_47G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_48G

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0_47G

p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0_47G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_45G

p__Altiarchaeota__s__Altiarchaeum_hamiconexum__GB_GCA_001873845__95.02__1.87_47G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_48G

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93_47G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_43G

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0_46G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_47G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_44G

p__B1Sed10-29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0_37G

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0_45G

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0_38G

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87_48G

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0_47G

p__Aenigmatarchaeota__s__JAADIF01_sp016932735__GB_GCA_016932735__89.25__0.0_47G

p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0_45G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_46G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_48G

p__Micrarchaeota__s__1-14-0-10-45-29_sp002778455__GB_GCA_002778455__91.04__0.0_42G

p__Nanoarchaeota__s__GCA-2688925_sp002688925__GB_GCA_002688925__84.03__0.0_43G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_47G

p__Aenigmatarchaeota__s__JAHIVW01_sp018816245__GB_GCA_018816245__88.32__0.93_48G

p__Halobacteriota__DAL-WCL_43_77C4R_31G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_47G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_47G

p__Nanohaloarchaeota__DAL-WCL_45_84C1R_45G

p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0_47G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_34G

p__Iainarchaeota__s__GW2011-AR10_sp000830275__GB_GCA_000830275__90.65__1.87_46G

p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0_44G

p__Nanohaloarchaeota__s__M3-22_sp013343275__GB_GCA_013343275__86.6__0.0_48G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_44G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_45G

p__Halobacteriota__s__Methanohalobium_sp018609725__GB_GCA_018609725__99.35__0.65_46G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_47G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_48G

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74_48G

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87_46G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_46G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_46G

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93_46G

p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0_44G

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93_43G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_46G

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93_48G

p__Aenigmatarchaeota__s__SZUA-1535_sp015661515__GB_GCA_015661515__85.67__0.0_46G

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93_47G

p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0_45G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_44G

p__Micrarchaeota__s__Bilamarchaeum_dharawalense__GB_GCA_902386555__92.76__0.0_46G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_48G

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0_46G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_45G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_38G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_47G

p__B1Sed10-29__s__B47-G15_sp003660975__GB_GCA_003660975__85.05__0.0_46G

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0_48G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_47G

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0_48G

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93_44G

p__Nanoarchaeota__s__GCA-2687185_sp002687185__GB_GCA_002687185__69.16__0.0_43G

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93_48G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_44G

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0_46G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_23G

p__Micrarchaeota__s__DTNL01_sp011358645__GB_GCA_011358645__95.33__0.0_46G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_47G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_47G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_46G

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0_48G

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0_46G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_48G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_45G

p__Altiarchaeota__s__CABMCB01_sp902384455__GB_GCA_902384455__92.61__0.0_45G

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93_43G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_46G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_48G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_47G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_48G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_47G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_46G

p__Micrarchaeota__s__CABMEP01_sp902385155__GB_GCA_902385155__80.84__0.72_42G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_43G

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0_47G

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97_47G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_46G

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0_47G

p__EX4484-52__s__JAFCBV01_sp017610545__GB_GCA_017610545__83.66__3.74_42G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_43G

p__EX4484-52__s__LFW-46_sp018897155__GB_GCA_018897155__92.06__1.87_48G

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0_48G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_46G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_46G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_47G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_46G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_48G

p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0_48G

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0_47G

p__Nanoarchaeota__s__GCA-2687815_sp002687815__GB_GCA_002687815__73.36__1.87_48G

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0_48G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_48G

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0_36G

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0_42G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_44G

p__Nanoarchaeota__s__JAFCFZ01_sp017608385__GB_GCA_017608385__79.6__0.0_47G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_44G

p__Nanoarchaeota__s__JAHJUI01_sp018829185__GB_GCA_018829185__80.06__0.93_48G

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7_47G

p__Nanohaloarchaeota__DAL-9Gt_91_54C5R_28G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_46G

p__Nanohaloarchaeota__s__JAFCCC01_sp017610385__GB_GCA_017610385__79.91__0.0_47G

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93_43G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_45G

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0_47G

p__Nanohaloarchaeota__DAL-WCL_45_78C1R_44G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_47G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_42G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_47G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_47G

p__Nanohaloarchaeota__s__PL-Br10-U2g16_sp014297435__GB_GCA_014297435__86.14__0.0_47G

p__Aenigmatarchaeota__s__JACQIF01_sp016432325__GB_GCA_016432325__82.24__0.0_45G

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0_48G

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0_48G

p__Asgardarchaeota__s__Sifarchaeotum_subterraneus__GB_GCA_016292335__81.46__1.87_45G

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0_46G

p__EX4484-52__s__GLR71_sp013138805__GB_GCA_013138805__85.98__1.87_47G

p__Iainarchaeota__s__0-14-0-20-30-16_sp002779075__GB_GCA_002779075__71.57__0.93_44G

p__Nanoarchaeota__s__PCXY01_sp002762785__GB_GCA_002762785__85.51__0.0_48G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_45G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_46G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_46G

p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87_45G

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87_46G

p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87_45G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_33G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_45G

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0_46G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_41G

p__B1Sed10-29__s__CSSED10-269_sp003558235__GB_GCA_003558235__81.78__1.4_46G

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93_47G

p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93_46G

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8_43G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_47G

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4_48G

p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31_42G

p__Nanohaloarchaeota__DAL-WCL_22_55C1R_32G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_43G
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Supplementary Figure 24 | Maximum likelihood phylogeny of RP48 with 15% most GARP/
FIMNKY-biased sites removed binned DPANN versus non-DPANN lineages. The ML tree was 
reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown above each 
branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, according to 
GTDB r207. The scale bar represents the estimated number of substitutions per site. Each tip label 
contains the GTDB phylum, species, accession number, completeness, contamination, and the total 
number of markers present in that taxa out of the RP48 dataset.
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p__Micrarchaeota__s__VGKX01_sp016866895__GB_GCA_016866895__91.82__3.81

p__Aenigmatarchaeota__s__JAHLMP01_sp018920315__GB_GCA_018920315__81.93__0.0

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93

p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0

p__Nanohaloarchaeota__DAL-9Gt_91_54C5R

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97

p__Micrarchaeota__s__JACPGT01_sp016207165__GB_GCA_016207165__88.79__0.93

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0

p__Altiarchaeota__s__Altiarchaeum_hamiconexum__GB_GCA_001873845__95.02__1.87

p__Thermoproteota__s__DTCV01_sp011366425__GB_GCA_011366425__98.1__2.11

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67

p__Halobacteriota__DAL-9Gt_70_90C3R

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31

p__Nanoarchaeota__s__GCA-2687185_sp002687185__GB_GCA_002687185__69.16__0.0

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87

p__Nanoarchaeota__s__GCA-2688925_sp002688925__GB_GCA_002688925__84.03__0.0

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25

p__Thermoproteota__s__WAQK01_sp015520265__GB_GCA_015520265__98.1__1.51

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0

p__Nanohaloarchaeota__DAL-Ass_51_71C0R

p__Nanoarchaeota__s__GCA-2687815_sp002687815__GB_GCA_002687815__73.36__1.87

p__SpSt-1190__s__JAAOXX01_sp018220935__GB_GCA_018220935__89.1__0.07

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07

p__EX4484-52__s__WAPT01_sp015520605__GB_GCA_015520605__88.47__0.0

p__Aenigmatarchaeota__s__PWEA01_sp003554845__GB_GCA_003554845__87.85__0.0

p__Nanoarchaeota__s__JAAZWY01_sp014240455__GB_GCA_014240455__72.43__0.0

p__Micrarchaeota__s__DTNV01_sp011358415__GB_GCA_011358415__74.92__0.23

p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0

p__Halobacteriota__DAL-WCL_na_97C3R

p__Micrarchaeota__s__UBA97_sp001871595__GB_GCA_001871595__83.8__0.93

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8

p__EX4484-52__s__EX4484-52_sp003660905__GB_GCA_003660905__71.96__0.93

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47

p__Aenigmatarchaeota__s__JAFCDY01_sp017609445__GB_GCA_017609445__81.54__0.0

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46

p__Nanoarchaeota__s__GW2011-AR1_sp002762735__GB_GCA_002762735__68.46__0.0

p__Aenigmatarchaeota__s__SZUA-1535_sp015661515__GB_GCA_015661515__85.67__0.0

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0

p__Asgardarchaeota__s__WJJB01_sp014729935__GB_GCA_014729935__88.21__2.8

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0

p__Nanoarchaeota__s__J072_sp003695265__GB_GCA_003695265__86.45__0.93

p__Halobacteriota__s__Methermicoccus_shengliensis__RS_GCF_000711905__100.0__0.0

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01

p__Iainarchaeota__s__JAADDH01_sp013154035__GB_GCA_013154035__82.24__2.8

p__Micrarchaeota__s__CABMDW01_sp902385045__GB_GCA_902385045__72.9__1.89

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0

p__Aenigmatarchaeota__s__JACOWB01_sp016187415__GB_GCA_016187415__81.78__0.0

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93

p__Halobacteriota__s__Halovenus_aranensis__RS_GCF_900100385__97.65__0.4

p__Micrarchaeota__s__CAIKOA01_sp016932815__GB_GCA_016932815__93.15__0.0

p__Altiarchaeota__s__WALD01_sp018897475__GB_GCA_018897475__95.02__0.93

p__Nanohaloarchaeota__s__M3-22_sp013343275__GB_GCA_013343275__86.6__0.0

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4

p__Altiarchaeota__s__IMC4_sp001742785__GB_GCA_001742785__79.12__2.81

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93

p__Altiarchaeota__s__JAFGQM01_sp016935655__GB_GCA_016935655__83.21__0.93

p__Altiarchaeota__s__Altiarchaeum_sp002841105__GB_GCA_018260615__95.02__1.87

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87

p__Nanoarchaeota__s__UBA10117_sp10117u__GB_GCA_013331935__76.17__0.0

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8

p__Undinarchaeota__s__UBA543_sp002502135__GB_GCA_002502135__79.91__0.0

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27

p__Thermoplasmatota__s__SW-10-69-26_sp003009755__GB_GCA_003009755__95.16__0.0

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97

p__Aenigmatarchaeota__s__WALA01_sp015522745__GB_GCA_015522745__76.64__0.0

p__Iainarchaeota__s__JAFCFF01_sp017608775__GB_GCA_017608775__74.45__0.31

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6

p__Micrarchaeota__s__DTGI01_sp011362975__GB_GCA_011362975__92.76__0.0

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0

p__Aenigmatarchaeota__s__CG10238-14_sp002789635__GB_GCA_002789635__79.44__0.0

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8

p__Micrarchaeota__s__UBA93_sp002792915__GB_GCA_002792915__85.83__0.93

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61

p__Aenigmatarchaeota__s__GW2011-AR5_sp10154u__GB_GCA_013331845__81.78__1.87

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6

p__Halobacteriota__s__Ferroglobus_placidus__RS_GCF_000025505__100.0__0.0

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0

p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28

p__B1Sed10-29__s__WAMD01_sp015522495__GB_GCA_015522495__56.07__0.0

p__Nanoarchaeota__s__JAFCDB01_sp017609885__GB_GCA_017609885__69.7__0.0

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0

p__Nanohaloarchaeota__s__Nanosalinarum_sp000220355__GB_GCA_000220355__78.58__7.48

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61

p__Methanobacteriota__s__UBA349_sp002839705__GB_GCA_002839705__100.0__1.6

p__Micrarchaeota__s__JACRGF01_sp016212395__GB_GCA_016212395__90.65__1.87

p__Nanohaloarchaeota__s__Nanohalobium_sp001761425__GB_GCA_001761425__87.77__0.0

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07

p__Nanoarchaeota__s__CG1-02-39-14_sp001872315__GB_GCA_001872315__68.38__0.0

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65

p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96

p__Nanohaloarchaeota__DAL-9Gt_90_72C1R

p__Iainarchaeota__s__GW2011-AR10_sp000830275__GB_GCA_000830275__90.65__1.87

p__Aenigmatarchaeota__s__JAHLMO01_sp018920305__GB_GCA_018920305__76.95__0.0

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0

p__Iainarchaeota__s__Iainarchaeum_andersonii__GB_GCA_000402355__90.19__0.0

p__Halobacteriota__s__Methanoculleus_sp002839645__GB_GCA_002839645__99.54__1.31

p__Aenigmatarchaeota__s__JACQIB01_sp016198755__GB_GCA_016198755__76.4__0.0

p__Methanobacteriota__s__Methanobrevibacter_D_filiformis__RS_GCF_001639265__96.0__0.0

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96

p__Thermoproteota__s__UBA168_sp002507085__GB_GCA_002507085__88.4__0.0

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0

p__Thermoproteota__s__B15-G2_sp003650815__GB_GCA_003650815__87.99__1.47

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91

p__Micrarchaeota__s__Gugararchaeum_adminiculabundum__GB_GCA_902384795__92.99__0.0

p__Aenigmatarchaeota__s__QMZS01_sp003663355__GB_GCA_003663355__80.37__1.87

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93

p__Nanoarchaeota__s__GCA-2688265_sp018697095__GB_GCA_018697095__80.84__0.93

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31

p__Thermoproteota__s__Sulfodiicoccus_acidiphilus__RS_GCF_003967175__97.62__0.6

p__Aenigmatarchaeota__s__JAHIVW01_sp018816245__GB_GCA_018816245__88.32__0.93

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0

p__B1Sed10-29__s__B47-G15_sp003660975__GB_GCA_003660975__85.05__0.0

p__Aenigmatarchaeota__s__JAGVVW01_sp018304635__GB_GCA_018304635__81.46__0.0

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0

p__Undinarchaeota__s__Undinarchaeum_sp002687935__GB_GCA_002687935__89.72__1.87

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27

p__Iainarchaeota__s__JAFGOX01_sp016926295__GB_GCA_016926295__81.31__0.0

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18

p__Aenigmatarchaeota__s__JACQIF01_sp016432325__GB_GCA_016432325__82.24__0.0

p__Nanoarchaeota__s__UBA489_sp002505585__GB_GCA_002505585__79.44__0.0

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93

p__Micrarchaeota__s__CAILAH01_sp903832205__GB_GCA_903832205__78.83__1.87

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87

p__Nanoarchaeota__s__ASMP01_sp018303885__GB_GCA_018303885__69.55__0.0

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3

p__Nanoarchaeota__s__JAHJUI01_sp018829185__GB_GCA_018829185__80.06__0.93

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33

p__Nanoarchaeota__s__WJKV01_sp014728875__GB_GCA_014728875__72.51__0.0

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6

p__Nanoarchaeota__s__JAGVXY01_sp018303545__GB_GCA_018303545__81.78__0.0

p__Iainarchaeota__s__VGJJ01_sp016867455__GB_GCA_016867455__82.4__0.93

p__Aenigmatarchaeota__s__JAFGFG01_sp016931255__GB_GCA_016931255__92.06__0.0

p__Halobacteriota__s__Methanomarinus_sp002926195__GB_GCA_002926195__95.42__0.7

p__Altiarchaeota__s__CABMCB01_sp902384455__GB_GCA_902384455__92.61__0.0

p__Aenigmatarchaeota__s__JAFGCN01_sp016932615__GB_GCA_016932615__83.18__2.8

p__SpSt-1190__s__JAAOXV01_sp018220955__GB_GCA_018220955__84.11__0.93

p__EX4484-52__s__LFW-46_sp018897155__GB_GCA_018897155__92.06__1.87

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6

p__B1Sed10-29__s__WALL01_sp015522845__GB_GCA_015522845__89.95__1.01

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97

p__Nanohaloarchaeota__DAL-WCL_25_59C5R

p__Iainarchaeota__s__JAAZKV01_sp002068885__GB_GCA_002068885__78.34__0.31

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86
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Supplementary Figure 25 | Maximum likelihood phylogeny of RP48 with 15% most GARP/
FIMNKY-biased sites removed binned FIMNKY-enriched taxa versus GARP-enriched taxa. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown 
above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phylum, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the RP48 dataset.
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p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_46G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_47G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_34G
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p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_45G
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p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_47G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_46G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_48G
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p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_46G
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p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_45G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_47G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_47G

p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_47G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_47G

p__Micrarchaeota__s__CABMGC01_sp902385515__GB_GCA_902385515__74.51__0.0_35G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_48G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_47G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_45G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_23G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_45G

p__Micrarchaeota__s__CABMEP01_sp902385155__GB_GCA_902385155__80.84__0.72_42G

p__Thermoproteota__s__EX4484-135_sp011040545__GB_GCA_011040545__88.71__3.27_45G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_45G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_48G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_48G

p__Micrarchaeota__s__UBA8471_sp001871535__GB_GCA_001871535__81.0__0.0_36G

p__Micrarchaeota__s__Burarchaeum_australiense__GB_GCA_902386535__91.28__2.34_46G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_42G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_44G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_46G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_46G
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p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_44G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_47G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_45G
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p__Halobacteriota__s__Halolamina_pelagica__RS_GCF_900115675__97.21__0.76_46G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_46G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_47G
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Supplementary Figure 26 | Maximum likelihood phylogeny of RP48 Micrarchaeota only tree. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is 
shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per 
site. Each tip label contains the GTDB phylum, species, accession number, completeness, 
contamination, and the total number of markers present in that taxa out of the RP48 dataset.
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p__Halobacteriota__s__Natronococcus_occultus__RS_GCF_000328685__99.73__0.8_47G

p__Halobacteriota__s__B39-G2_sp003661185__GB_GCA_003661185__83.33__1.31_45G

p__Nanoarchaeota__s__JAHJAV01_sp018813685__GB_GCA_018813685__89.49__1.87_48G

p__Thermoplasmatota__s__UBA287_sp002495235__GB_GCA_002495235__65.03__0.86_33G

p__Nanoarchaeota__s__UBA9989_sp9989u__GB_GCA_013329045__85.28__0.0_46G

p__Hydrothermarchaeota__s__BMS3B_sp002897955__GB_GCA_002897955__97.2__0.93_46G

p__Hadarchaeota__s__Hadarchaeum_yellowstonense__GB_GCA_001515205__89.72__1.87_46G

p__Asgardarchaeota__s__YT-063_sp016840065__GB_GCA_016840065__88.32__0.0_45G

p__Thermoplasmatota__s__VGTL01_sp016874675__GB_GCA_016874675__98.27__2.0_48G

p__Halobacteriota__s__UBA114_sp002506335__GB_GCA_002506335__98.37__0.65_48G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_43G

p__Thermoproteota__s__JAAOZO01_sp017601145__GB_GCA_017601145__88.35__1.94_43G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_44G

p__Nanoarchaeota__s__JAFCDW01_sp017609475__GB_GCA_017609475__68.46__0.0_47G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_46G

p__Nanoarchaeota__s__JABIAG01_sp018653365__GB_GCA_018653365__78.5__0.93_48G

p__Thermoproteota__s__EX4484-205_sp002255045__GB_GCA_002255045__91.75__7.99_46G

p__Nanoarchaeota__s__JAFCGI01_sp017608235__GB_GCA_017608235__79.13__0.93_47G

p__Nanoarchaeota__s__UBA10107_sp016935155__GB_GCA_016935155__74.3__1.87_46G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_45G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_45G

p__Nanoarchaeota__s__UBA492_sp002688315__GB_GCA_002688315__86.21__0.0_48G

p__Halobacteriota__s__UBA288_sp012728895__GB_GCA_012728895__95.72__0.0_46G

p__Nanoarchaeota__s__JAHIPG01_sp018894775__GB_GCA_018894775__79.13__0.93_43G

p__Thermoproteota__s__WYEN01_sp009903825__GB_GCA_009903825__98.51__1.48_44G

p__Thermoplasmatota__s__SM1-50_sp001595945__GB_GCA_001595945__94.74__2.4_42G

p__Thermoproteota__s__B20-G17_sp003650785__GB_GCA_003650785__91.18__1.84_44G

p__Methanobacteriota__s__Methanobacterium_A_sp003166335__GB_GCA_003166335__100.0__0.0_47G

p__Halobacteriota__s__Natronoarchaeum_philippinense__RS_GCF_900215575__98.73__0.8_46G

p__Halobacteriota__s__Natronomonas_pharaonis__RS_GCF_000026045__99.29__1.28_47G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_44G

p__Nanoarchaeota__s__JABGXB01_sp018675975__GB_GCA_018675975__81.54__0.93_48G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_47G

p__Nanoarchaeota__s__JAHIWS01_sp018815925__GB_GCA_018815925__71.26__0.93_47G

p__Methanobacteriota_B__s__Thermococcus_celer__RS_GCF_002214365__100.0__0.0_48G

p__Thermoplasmatota__s__SP79_sp002715545__GB_GCA_002715545__52.67__0.8_16G

p__Thermoproteota__s__JAAOZP01_sp011363915__GB_GCA_017601245__92.23__0.0_46G

p__Halobacteriota__s__Halorubrum_lacusprofundi__RS_GCF_000022205__99.76__0.0_46G

p__Nanoarchaeota__s__JAFCDU01_sp017609535__GB_GCA_017609535__69.24__0.93_48G

p__Nanoarchaeota__s__JABHWZ01_sp018657525__GB_GCA_018657525__70.56__0.0_47G

p__Asgardarchaeota__s__JACAEL01_sp013388835__GB_GCA_013388835__94.39__3.74_46G

p__Asgardarchaeota__s__Hermodarchaeum_sp016839805__GB_GCA_016839805__94.86__0.0_47G

p__Halobacteriota__s__Bog-38_sp003139855__GB_GCA_003139855__95.92__0.65_45G

p__Thermoproteota__s__DSZF01_sp011372955__GB_GCA_011372955__95.79__0.0_47G

p__Thermoplasmatota__s__B47-G6_sp003663565__GB_GCA_003663565__74.11__2.91_32G

p__Asgardarchaeota__s__WAKA01_sp015523565__GB_GCA_015523565__91.12__2.34_43G

p__Thermoplasmatota__s__JACIWB01_sp014361195__GB_GCA_014361195__98.8__0.8_48G

p__Halobacteriota__s__Syntropharchaeum_A_caldarius__GB_GCA_001766815__96.08__0.33_47G

p__Nanoarchaeota__s__B72-G16_sp003650545__GB_GCA_003650545__63.48__0.07_26G

p__Halobacteriota__s__Methanohalophilus_halophilus__RS_GCF_001889405__99.51__0.0_48G

p__Nanoarchaeota__s__DTBS01_sp011366705__GB_GCA_011366705__79.91__0.0_48G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_34G

p__Halobacteriota__s__JAFNKG01_sp017883965__GB_GCA_017883965__90.31__2.61_48G

p__Nanoarchaeota__s__UBA525_sp002498125__GB_GCA_002498125__82.24__0.93_47G

p__Asgardarchaeota__s__SMTZ1-45_sp001940705__GB_GCA_001940705__90.12__3.19_44G

p__Halobacteriota__s__Methanocalculus_sp002496395__GB_GCA_002496395__98.69__0.0_47G

p__Nanoarchaeota__s__J072_sp003695265__GB_GCA_003695265__86.45__0.93_47G

p__Thermoproteota__s__DRVV01_sp011373895__GB_GCA_011373895__99.07__0.0_47G

p__Thermoplasmatota__s__SOIM01_sp004377185__GB_GCA_004377185__97.6__1.6_48G

p__Thermoproteota__s__B25_sp003662305__GB_GCA_003662305__86.45__0.0_44G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_46G

p__Nanoarchaeota__s__0-14-0-80-44-23_sp002779235__GB_GCA_002779235__84.11__0.93_46G

p__Thermoproteota__s__Nitrosotalea_sinensis__RS_GCF_900143675__99.51__0.97_46G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_48G

p__Asgardarchaeota__s__LCB-4_sp001940665__GB_GCA_001940665__96.26__1.4_48G

p__Nanoarchaeota__s__WIAN01_sp015519985__GB_GCA_015519985__73.36__1.4_44G

p__Nanoarchaeota__s__GW2011-AR1_sp002762735__GB_GCA_002762735__68.46__0.0_47G

p__Nanoarchaeota__s__SKIS01_sp007117145__GB_GCA_007117145__61.14__2.18_37G

p__Halobacteriota__s__Methanonatronarchaeum_thermophilum__RS_GCF_002153915__97.22__2.61_47G

p__Halobacteriota__s__Halopenitus_malekzadehii__RS_GCF_900108505__98.41__0.0_47G

p__Thermoproteota__s__Desulfurococcus_amylolyticus__RS_GCF_000513855__100.0__0.0_47G

p__Asgardarchaeota__s__Wukongarchaeum_yapensis__GB_GCA_016840425__92.52__4.05_47G

p__Nanoarchaeota__s__SKIA01_sp007117065__GB_GCA_007117065__82.01__0.0_45G

p__Halobacteriota__s__Methanocella_conradii__RS_GCF_000251105__100.0__0.0_48G

p__Thermoproteota__s__DTDM01_sp011362245__GB_GCA_011362245__97.2__1.87_47G

p__Nanoarchaeota__s__WJKR01_sp016927245__GB_GCA_016927245__80.84__0.0_46G

p__Halobacteriota__s__Methanimicrococcus_sp012518265__GB_GCA_012518265__90.85__0.65_48G

p__Asgardarchaeota__s__YT1-039_sp016840025__GB_GCA_016840025__85.91__1.87_43G

p__Thermoplasmatota__s__B31-G17_sp003649915__GB_GCA_003649915__79.2__1.02_23G

p__Thermoproteota__s__WALU01_sp015522685__GB_GCA_015522685__92.45__1.01_47G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_47G

p__Thermoproteota__s__JAGTQU01_sp018396695__GB_GCA_018396695__92.99__0.93_46G

p__Methanobacteriota_B__s__Methanofastidiosum_sp003558335__GB_GCA_003558335__85.27__3.96_44G

p__Methanobacteriota__s__Methanobrevibacter_A_sp902788255__GB_GCA_902788255__100.0__0.0_46G

p__Halobacteriota__DAL-WCL_46_54C5R_26G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_46G

p__Thermoproteota__s__JdFR-13_sp002011075__GB_GCA_002011075__93.2__0.97_45G

p__Thermoplasmatota__s__CG-Epi1_sp002724775__GB_GCA_002724775__82.36__3.33_42G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_45G

p__Nanoarchaeota__s__JACPCE01_sp018302765__GB_GCA_018302765__81.54__0.0_48G

p__Thermoplasmatota__s__JACQPN01_sp016207515__GB_GCA_016207515__98.27__0.0_48G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_48G

p__Hadarchaeota__s__WYZ-LMO6_sp004347925__GB_GCA_004347925__92.37__1.94_46G

p__Halobacteriota__DAL-WCL_40_62C4R_24G

p__Thermoplasmatota__s__UBA8886_sp002731905__GB_GCA_002731905__72.13__0.8_38G

p__Thermoproteota__s__Sulfolobus_acidocaldarius__RS_GCF_000012285__99.4__0.0_45G

p__Nanoarchaeota__s__JAAOXT01_sp018221045__GB_GCA_018221045__84.58__0.07_47G

p__Thermoplasmatota__s__UBA9212_sp9212u__GB_GCA_013329495__82.93__2.8_42G

p__Halobacteriota__s__UBA148_sp002495885__GB_GCA_002495885__96.24__2.29_47G

p__Thermoplasmatota__s__MGIIa-I_sp002720095__GB_GCA_002720095__81.2__0.8_42G

p__Thermoproteota__s__QCWD01_sp013114725__GB_GCA_013114725__96.12__0.97_46G

p__Nanoarchaeota__s__JAGVXA01_sp018304025__GB_GCA_018304025__66.98__0.0_48G

p__Thermoplasmatota__s__Cuniculiplasma_divulgatum__RS_GCF_900083515__96.33__0.0_45G

p__Thermoproteota__s__Nitrosopumilus_adriaticus__RS_GCF_000956175__100.0__0.0_45G

p__Nanoarchaeota__s__CAIPOI01_sp903866625__GB_GCA_903866625__70.02__0.0_48G

p__Thermoplasmatota__s__B87-G9_sp003649695__GB_GCA_003649695__81.16__0.8_45G

p__Nanoarchaeota__s__JABJCP01_sp018668595__GB_GCA_018668595__85.51__0.93_48G

p__Nanoarchaeota__s__CAIWSB01_sp903915225__GB_GCA_903915225__87.38__3.74_48G

p__Nanoarchaeota__s__Tiddalikarchaeum_anstoanum__GB_GCA_902385255__78.97__0.93_46G

p__Nanoarchaeota__s__Nanopusillus_acidilobi__GB_GCA_001552015__74.07__0.0_46G

p__Nanoarchaeota__s__CG1-02-47-18_sp002763335__GB_GCA_002763335__80.61__0.0_48G

p__Nanoarchaeota__s__JAGWAF01_sp018302085__GB_GCA_018302085__81.31__0.47_45G

p__Methanobacteriota__s__Methanothermus_fervidus__RS_GCF_000166095__100.0__0.0_48G

p__Halobacteriota__s__JAHENH01_sp018609935__GB_GCA_018609935__91.89__5.46_44G

p__Asgardarchaeota__s__DXJG01_sp019056805__GB_GCA_019056805__95.33__4.67_48G

p__Thermoproteota__s__JAGTQN01_sp018396395__GB_GCA_018396395__85.6__1.94_39G

p__Thermoplasmatota__s__JAFGLL01_sp016929175__GB_GCA_016929175__78.81__0.0_43G

p__Thermoplasmatota__s__DSAX01_sp011046235__GB_GCA_011046235__91.07__1.64_43G

p__Nanoarchaeota__s__PEVX01_sp002780285__GB_GCA_002780285__68.46__0.0_48G

p__Halobacteriota__DAL-WCL_na_97C3R_46G

p__Thermoproteota__s__JAGTRE01_sp018396415__GB_GCA_018396415__99.07__0.47_48G

p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_45G

p__Nanoarchaeota__s__JAANXH01_sp018263355__GB_GCA_018263355__89.25__0.0_48G

p__Nanoarchaeota__s__DSQK01_sp011331795__GB_GCA_011331795__77.57__0.0_47G

p__Nanoarchaeota__s__JAFGUC01_sp016938695__GB_GCA_016938695__84.58__0.0_46G

p__Thermoproteota__s__B24_sp001593865__GB_GCA_001593865__96.73__2.8_47G

p__Nanoarchaeota__s__JAFGBP01_sp016930415__GB_GCA_016930415__82.24__0.0_47G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_46G

p__Nanoarchaeota__s__UBA12030_sp10106u__GB_GCA_013331945__71.18__0.54_45G

p__Nanoarchaeota__s__JAGVZZ01_sp018302165__GB_GCA_018302165__76.1__0.0_47G

p__Thermoproteota__s__B15-G16_sp003649205__GB_GCA_003649205__98.53__5.15_47G

p__Thermoproteota__s__JACIWG01_sp014361085__GB_GCA_014361085__96.12__5.83_45G

p__Nanoarchaeota__s__GCA-2686295_sp018819065__GB_GCA_018819065__87.85__0.0_46G

p__Nanoarchaeota__s__Nanoarchaeum_equitans__GB_GCA_000008085__73.13__0.0_48G

p__Thermoproteota__s__B12-G16_sp003650925__GB_GCA_003650925__99.26__2.21_47G

p__Methanobacteriota_B__s__JAFGGT01_sp016930445__GB_GCA_016930445__76.73__1.27_47G

p__Thermoproteota__s__Fervidicoccus_fontis__RS_GCF_000258425__99.53__0.63_48G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_46G

p__Thermoplasmatota__s__SKVC01_sp007129655__GB_GCA_007129655__90.8__1.6_41G

p__Asgardarchaeota__s__Hodarchaeum_sp016840285__GB_GCA_016840285__90.19__1.25_45G

p__Methanobacteriota_A__s__Methanocaldococcus_A_infernus__RS_GCF_000092305__99.05__0.0_47G

p__Thermoplasmatota__s__MGIIa-L2_sp002502215__GB_GCA_002502215__80.0__0.0_44G

p__Thermoproteota__s__Caldivirga_maquilingensis__RS_GCF_000018305__99.26__0.0_46G

p__Thermoplasmatota__s__UBA71_sp002504405__GB_GCA_002504405__97.98__0.0_46G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_46G

p__Thermoproteota__s__JACPRH01_sp016190055__GB_GCA_016190055__94.66__0.0_45G

p__Nanoarchaeota__s__JAGVYD01_sp018303405__GB_GCA_018303405__89.25__0.0_48G

p__Halobacteriota__s__UBA12382_sp009889685__GB_GCA_009889685__73.04__0.98_38G

p__Thermoproteota__s__JACAEJ01_sp011358735__GB_GCA_011358735__99.51__1.94_46G

p__Nanoarchaeota__s__1-14-0-10-44-13_sp002762985__GB_GCA_002762985__85.98__0.93_47G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_47G

p__Nanoarchaeota__s__JABHXF01_sp018661705__GB_GCA_018661705__88.16__0.0_46G

p__Thermoproteota__s__Ignicoccus_A_hospitalis__RS_GCF_000017945__99.37__0.84_47G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_46G

p__Thermoplasmatota__s__ARK-15_sp009758405__GB_GCA_009758405__97.58__0.81_45G

p__Thermoproteota__s__WYZ-LMO11_sp004348015__GB_GCA_004348015__98.13__0.0_47G

p__Thermoproteota__s__DTJL01_sp011333845__GB_GCA_011333845__97.09__0.3_44G

p__Thermoproteota__s__DTQO01_sp017601265__GB_GCA_017601265__84.47__0.97_40G

p__Asgardarchaeota__s__LC30_sp019058495__GB_GCA_019058495__95.48__3.74_43G

p__Halobacteriota__s__Archaeoglobus_A_sulfaticallidus__RS_GCF_000385565__100.0__0.0_48G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_46G

p__Nanoarchaeota__s__UBA583_sp002505525__GB_GCA_002505525__73.36__0.0_47G

p__Thermoplasmatota__s__Aciduliprofundum_sp000327505__RS_GCF_000327505__100.0__0.0_47G

p__Thermoproteota__s__PALSA-986_sp009781675__GB_GCA_009781675__99.07__1.87_47G

p__Thermoproteota__s__HRBIN02_sp002898395__GB_GCA_002898395__98.06__0.0_43G

p__Asgardarchaeota__s__UBA460_sp013166775__GB_GCA_013166775__93.46__1.4_47G

p__Thermoproteota__s__S012-22_sp015523445__GB_GCA_015523445__94.62__0.96_44G

p__Nanoarchaeota__s__JACPIN01_sp016188065__GB_GCA_016188065__75.39__0.0_48G

p__Asgardarchaeota__s__HEL-GB-B_sp005191425__GB_GCA_005191425__86.92__1.4_44G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_44G

p__Methanobacteriota_B__s__Pyrococcus_yayanosii__RS_GCF_000215995__100.0__0.0_48G

p__Nanoarchaeota__s__UBA119_sp002505945__GB_GCA_002505945__69.25__0.93_41G

p__Nanoarchaeota__s__PCYB01_sp018676855__GB_GCA_018676855__82.71__0.93_48G

p__Halobacteriota__s__Methanohalarchaeum_thermophilum__GB_GCA_001914405__97.71__0.65_48G

p__Asgardarchaeota__s__DTBI01_sp011362025__GB_GCA_011362025__99.07__1.4_48G

p__Thermoplasmatota__s__MVRC01_sp002067865__GB_GCA_002067865__99.19__1.61_46G

p__Halobacteriota__s__Halalkalicoccus_jeotgali__RS_GCF_000196895__99.84__0.0_46G

p__Nanoarchaeota__s__GCA-2687815_sp002687815__GB_GCA_002687815__73.36__1.87_48G

p__Nanoarchaeota__s__Parvarchaeum_acidiphilum__GB_GCA_002502045__81.8__0.97_47G

p__Halobacteriota__s__Methanoregula_formicica__RS_GCF_000327485__99.87__0.0_47G

p__Nanoarchaeota__s__JAGVZJ01_sp018302465__GB_GCA_018302465__73.36__0.93_47G

p__Nanoarchaeota__s__WJKC01_sp014729335__GB_GCA_014729335__77.89__0.0_46G

p__Halobacteriota__DAL-9Gt_70_90C3R_41G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_43G

p__Thermoplasmatota__s__Methanomassiliicoccus_A_intestinalis__RS_GCF_000404225__98.79__0.81_48G

p__Nanoarchaeota__s__JAHIVP01_sp018816335__GB_GCA_018816335__70.56__0.0_48G

p__Thermoproteota__s__DTMT01_sp018396915__GB_GCA_018396915__97.2__0.0_46G

p__Halobacteriota__s__Haloarcula_vallismortis__RS_GCF_000337775__99.93__0.0_47G
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Supplementary Figure 27 | Maximum likelihood phylogeny of RP48 Nanoarchaeota only tree. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown 
above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phylum, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the RP48 dataset.
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Supplementary Figure 28 | Maximum likelihood phylogeny of RP48 Altiarchaeota only tree. The 
ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is shown 
above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal phyla, 
according to GTDB r207. The scale bar represents the estimated number of substitutions per site. Each 
tip label contains the GTDB phylum, species, accession number, completeness, contamination, and the 
total number of markers present in that taxa out of the RP48 dataset.
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Supplementary Figure 29 | Maximum likelihood phylogeny of RP48 Nanohaloarchaeota only tree. 
The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support is 
shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the RP48 dataset.
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Supplementary Figure 30 | Maximum likelihood phylogeny of RP48 Nanoarchaeota only chimera 
tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support 
is shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the RP48 dataset.
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p__Thermoplasmatota__s__UBA186_sp002494765__GB_GCA_002494765__92.53__3.2_45G

p__Halobacteriota__s__JdFR-21_sp002011165__GB_GCA_002011165__96.08__0.65_46G

p__Hadarchaeota__s__B88-G9_sp003660555__GB_GCA_003660555__80.52__0.5_48G

p__Halobacteriota__s__JdFR-19_sp002010075__GB_GCA_002010075__96.73__0.0_48G

p__Thermoproteota__s__JGI-0000106-J15_sp011364615__GB_GCA_011364615__92.16__0.97_44G

p__Thermoplasmatota__s__DTFW01_sp011363025__GB_GCA_011363025__96.8__2.4_45G

p__Thermoproteota__s__SCGC-AAA471-B05_sp000380705__GB_GCA_000380705__88.24__1.47_44G

p__Thermoproteota__s__DRYM01_sp011375895__GB_GCA_011375895__92.46__0.63_44G

p__Methanobacteriota_A__s__Methanopyrus_sp002201895__RS_GCF_002201895__95.94__1.6_47G

p__Thermoproteota__s__DRAE01_sp011041895__GB_GCA_011041895__90.58__1.87_46G

p__Thermoplasmatota__s__MGIIa-L1_sp018662825__GB_GCA_018662825__85.6__0.0_45G

p__Thermoproteota__s__QMWL01_sp003661605__GB_GCA_003661605__83.1__0.93_43G

p__Thermoplasmatota__s__MGIIb-N1_sp011523055__GB_GCA_011523055__84.0__0.0_46G

p__Thermoplasmatota__s__JACRNV01_sp016214785__GB_GCA_016214785__96.0__1.6_46G

p__Asgardarchaeota__s__Borrarchaeum_yapensis__GB_GCA_016840515__95.02__5.61_46G

p__Halobacteriota__s__JAANXF01_sp018263395__GB_GCA_018263395__82.79__1.31_34G

p__Halobacteriota__DAL-WCL_40_62C4R_24G

p__Halobacteriota__s__UBA12382_sp002503845__GB_GCA_002503845__89.24__0.0_45G

p__Methanobacteriota_A__s__Methanococcus_maripaludis_C__RS_GCF_000018485__99.98__0.0_45G

p__Halobacteriota__s__UBA12382_sp009889625__GB_GCA_009889625__86.44__0.0_46G

p__Asgardarchaeota__s__Loki-b32_sp016839915__GB_GCA_016839915__89.25__0.93_43G

p__Methanobacteriota_B__s__Methanofastidiosum_sp001587575__GB_GCA_001587575__90.98__2.72_46G

p__Halobacteriota__s__Halogeometricum_borinquense__RS_GCF_000172995__99.92__0.05_46G

p__Thermoplasmatota__s__RBG-16-68-12_sp011331255__GB_GCA_011331255__97.6__1.6_47G

p__Thermoproteota__s__Thermofilum_C_pendens_A__GB_GCA_011372985__97.79__1.1_47G

p__Halobacteriota__s__Methanoliparum_thermophilum__GB_GCA_004212075__92.46__1.31_47G

p__Hydrothermarchaeota__s__SZUA-236_sp002923215__GB_GCA_002923215__90.22__1.87_46G

p__Thermoproteota__s__UBA213_sp011331095__GB_GCA_011331095__99.93__0.97_46G

p__Asgardarchaeota__s__6H3-1_sp019058015__GB_GCA_019058015__91.74__4.21_46G

p__Thermoproteota__s__BOG-1369_sp003164815__GB_GCA_003164815__99.03__1.94_44G

p__Thermoplasmatota__s__Thermoplasma_sp008709555__GB_GCA_008709555__98.74__0.0_45G
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Supplementary Figure 31 | Maximum likelihood phylogeny of RP48 Micrarchaeota only chimera 
tree. The ML tree was reconstructed using the LG+C60+Γ4 model. SH-aLRT/ultrafast bootstrap support 
is shown above each branch via IQ-TREE implementation. Each color represents one of the 19 archaeal 
phyla, according to GTDB r207. The scale bar represents the estimated number of substitutions per site. 
Each tip label contains the GTDB phylum, species, accession number, completeness, contamination, 
and the total number of markers present in that taxa out of the RP48 dataset.
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Supplementary Figure 32 | Presence and absence heatmap of the 14 OGs present in at least 7 
DPANN phyla. The x-axis contains the OG identifier, and the y-axis contains the 11 DPANN phyla. The 
fuchsia squares indicate the presence, and the absence is cyan. The annotations of these 14 OGs can 
be found in Supplementary Data 3.








