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Deep origin of eukaryotes outside
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Research onthe morphology, physiology and genomics of Asgard archaea has
provided valuable insights into the evolutionary history of eukaryotes'>. A previous
study suggested that eukaryotes are nested within Heimdallarchaeia*, but their

exact phylogenetic placement within Asgard archaea remains controversial*®. This
debate complicates understanding of the metabolic features and timescales of early
eukaryotic ancestors. Here we generated 223 metagenome-assembled nearly
complete genomes of Asgard archaea that have not previously been documented.
Weidentify 16 new lineages at the genus level or higher, which substantially expands
the known phylogenetic diversity of Asgard archaea. Through sophisticated
phylogenomic analysis of this expanded genomic dataset involving several

marker sets we infer that eukaryotes evolved before the diversification of all
sampled Heimdallarchaeia, rather than branching with Hodarchaeales within the
Heimdallarchaeia. This difference in the placement of eukaryotes is probably caused
by the previously underappreciated chimeric nature of Njordarchaeales genomes,
whichwe find are composed of sequences of both Asgard and TACK archaea (Asgard’s
sister phylum). Using ancestral reconstruction and molecular dating, we infer that
thelast Asgard archaea and eukaryote common ancestor emerged before the Great
Oxidation Event and was probably an anaerobic H,-dependent acetogen. Our findings

support the hydrogen hypothesis of eukaryogenesis, which posits that eukaryotes
arose from the fusion of a H,-consuming archaeal host and a H,-producing

protomitochondrion.

The origin of eukaryotic cells has long remained a mystery®. Asgard
archaea contain more genes encoding eukaryotic signature proteins
(ESPs) than other archaea and are deemed to be the closest relatives of
eukaryotes*>”, Isolation and cultivation of the first Asgard archaeon
(‘Candidatus Prometheoarchaeum (Ca. P.) syntrophicum’ MK-D1),
belonging to Lokiarchaeia, revealed that the archaeon has long and
branching protrusions and is able to degrade amino acids syntrophi-
cally’. These morphological and metabolic features provide new
insightsinto the episodes of eukaryogenesis. For example, it is assumed
that cell protrusion may mediate cell-cell interactions, leading to
engulfment of its partner and gradual formation of mitochondrion.
Subsequently, the second Asgard archaeon (‘CandidatusLokiarchaeum
(Ca. L.) ossiferum’) was recently enriched, and cryo-electron tomog-
raphy and immunostaining revealed the presence of the actin-like
cytoskeletal filament and Lokiactin expression?. It is inferred that the
Lokiactin may have served as ascaffold for the Asgard archaeal celland
played arolein maintenance of cell shape, cell division and molecular
trafficking, similar to actin filaments in eukaryotic cells'®. The results
and hypothesesimplicate that the eukaryotic nuclear lineages evolved
from within the archaea.

Although some eukaryotic-like features have beenidentified in pure
culture or enrichment of Asgard archaea, with such alimited number
of strains, it is challenging to infer the exact phylogenetic position,
timescales and metabolic characteristics of early eukaryotic ances-
tors. Incontrast, phylogenomic analyses based on awealth of archaeal
genomic datacan compensate for these shortcomings'?. By using super-
tree and coalescent methods using more than 3,000 gene families in
archaea and eukaryotes, the Heimdallarchaeota have been proposed
as the closest relatives of eukaryotes®. However, the study used only
six Asgard archaeal genomes and failed to represent the currently
expanded diversity of Asgard archaea. Recently, two studies obtained
inconsistent results revolving around the relationship between eukary-
otes and Asgard archaea based on an expanded genomic sampling
of Asgard archaea. One suggested that eukaryotes are more likely to
have branched from within Asgard archaea as a sister group to the
Heimdallarchaeota-Wukongarchaeotabranch or are a deeper branch
within archaea’, whereas another proposed that eukaryotes branch as
asister lineage to Hodarchaeales within Heimdallarchaeia*. The former
used only 29 concatenated markers to infer phylogenies, whereas the
latter used non-ribosomal proteins as markers in combination with

'State Key Laboratory of Estuarine and Coastal Research, Yangtze Delta Estuarine Wetland Ecosystem Observation and Research Station, Ministry of Education, East China Normal University,
Shanghai, China. 2Archaeal Biology Center, Synthetic Biology Research Center, Shenzhen Key Laboratory of Marine Microbiome Engineering, Key Laboratory of Marine Microbiome Engineering
of Guangdong Higher Education Institutes, Institute for Advanced Study, Shenzhen University, Shenzhen, China. ®Key Laboratory of Geographic Information Science, Ministry of Education,
East China Normal University, Shanghai, China. ®¥e-mail: ljhou@sklec.ecnu.edu.cn; hpdong@sklec.ecnu.edu.cn

990 | Nature | Vol 642 | 26 June 2025


https://doi.org/10.1038/s41586-025-08955-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-08955-7&domain=pdf
mailto:ljhou@sklec.ecnu.edu.cn
mailto:hpdong@sklec.ecnu.edu.cn

extensive exclusion of the sites from the alignments. The exact relation-
ship between eukaryotes and archaea remains to be further clarified.

Here we present 223 new Asgard archaeal genomes, including the
identification of 16 additional order-, family- or genus-level lineages,
recovered from metagenomic samples generated from 14 sites across
coastal wetlands of China, which significantly expand the diversity of
Asgard archaea. By analysing the expanded genomic sampling of Asgard
archaealeveraging sophisticated phylogenomicapproaches, including
recoding of alignments, use of complex site-heterogeneous evolu-
tion modelsin maximum likelihood (ML) and Bayesianinferences and
reduction of rate heterogeneity, we robustly place eukaryotes within
the Asgard archaea as a sister clade to Heimdallarchaeia. By applying
ancestral reconstruction together with molecular dating, the timescale
and metabolic traits of the last Asgard archaea and eukaryote common
ancestor (LAECA) were delineated and found to differ significantly
from previous studies™*.

Expanded diversity of Asgard archaea

Theincreasein genomicdiversity of Asgard contributes toresolving the
evolutionary relationship between eukaryotes and Asgard archaea**’.
To this end, we collected 40 sediment samples from salt marsh and
mangrove wetlands across China and performed metagenomic
sequencing (Supplementary Table1and Supplementary Fig. 1a). After
de novo assembly and binning of scaffolds, we reconstructed 11,878
metagenome-assembled genomes (MAGs) (Supplementary Fig. 1b).
Ofthese MAGs, 223 belonged to the Asgard archaea, with greater than
70% completeness and less than 10% contamination (Supplementary
Table 2 and Supplementary Fig. 1c). These MAGs were combined with
395 publicly available genomes with high quality. By using dRep* to
select representatives at species level (ANI at least 95%), we finally
obtained a set of 411 Asgard genomes, of which 136 are derived from
thisstudy (Supplementary Table 2). Among these, two are from cultured
Asgard archaea (Ca. P. syntrophicum and Ca. L. ossiferum) while the
remaining genomes are MAGs recovered from environmental samples
(Fig.1). These genomes have amean completeness of 85.3% and amean
contamination of 3.6%.

Toresolve the phylogenetic position of these clades, we inferred an
ML tree of a concatenated set of 53 archaeal-specific marker proteins
in the Genome Taxonomy Database (GTDB)"™ (GTDB.ar53) for a phy-
logenetically diverse set of archaeal genomes (411 Asgard archaea,
51 DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nano-
archaeota and Nanohaloarchaeota) archaea, 47 Euryarchaea and 70
TACK (Thaumarchaeota, Aigarchaeota, Crenarchaeota, Korarchaeota)
archaearepresentatives, Supplementary Table 3). The tree confirmed
the existence of ten class-level Asgard archaeal lineages (Fig.1). Based
on the relative evolutionary distance'®, we identified two putative
order-level lineages in Odinarchaeia and Heimdallarchaeia (relative
evolutionary distance less than 0.53), which were provisionally named
Yangjianarchaeales and Wenzhongarchaeales. In addition, four new
family-level clades (represented by six MAGs) and ten new genus-level
clades (represented by 18 MAGs) were identified within Sifarchaeia,
Hodarchaeales, Hermodarchaeia and Lokiarchaeia. Insix out of the ten
Asgard archaea classes, we presented 108 species-level new genomes
(Fig.1). Currently, the placement of the recently proposed Njordar-
chaeales in archaeal phylogeny is intensely debated*'”’8, Recently,
it was placed within Heimdallarchaeia in the tree inferred using new
alternative markers (NM57), forming a clade with Gerdarchaeales,
Kariarchaeaceae and Heimdallarchaeaceae®. We selected 12 sets of
frequently used marker proteins from previous studies (Supplemen-
tary Table 4)*5781319-23 that are conserved in most of archaeal clades
(Methods). ML phylogenomic analyses of these marker sets, based on
aset of 579 archaeal representatives including the enlarged genomic
sampling of Asgard archaea, were performed under a sophisticated
evolutionary model (LG + C60 + F + G + PMSF). These results showed

that, except forinthe NM57 tree, Njordarchaeales was placed within the
TACK superphylum and branched as a sister lineage to Korarchaeota
with high support in the other 11 trees (Supplementary Fig. 2). Given
that Njordarchaeales often branched with eukaryotesin previous phy-
logenomicanalyses*’8, itis essential to identify the factors underlying
the conflicting topologies among different trees for position of Njor-
darchaeales within archaea.

Revisit of Njordarchaeales placement

Eme et al.* argued that the monophyly of Njordarchaeales and Korar-
chaeotainthe RP56 tree may be caused by high compositional similar-
ity in RP56 ribosomal marker protein sequences, which is connected
with thermophilic lifestyle of the two lineages. Based on this hypoth-
esis, they proposed a new marker dataset consisting of 57 proteins of
archaeal origin that excluded ribosomal proteins to infer the phylogeny
ofarchaea. The NM57 markers are selected from a set of 200 archaeal
conserved marker proteins (NM200) identified by Petitjean et al.” and
most of themare functional proteins involved in metabolic and cellular
processes. We observed that, despite the absence of ribosomal proteins,
the ML tree of the NM200 dataset positioned Njordarchaeales as a
sister clade to Korarchaeota within the TACK superphylum (Supple-
mentary Fig. 2k). This suggests that the clustering of Njordarchaeales
and Korarchaeota is not necessarily related to ribosomal proteins.
Theinconsistent topologies may be attributed to the differencesin the
number and nature of amino acid positions in the alignments of the
two datasets. In contrast to the NM57 topology, the NM200 tree, with
more amino acid sites, is more likely to represent the true evolutionary
relationship between Njordarchaeales and other archaea.

In phylogenomic analysis, the even distribution of marker proteins
in the different archaeal phyla or clades is crucial for clarifying the
phylogenetic relationships between archaeal clades. To this end, we
integrated the 12 sets of frequently used marker proteins from previous
studies (Supplementary Table 4) and selected 67 markers (S67) thatare
conserved across all sampled archaeal genomes (identified in at least
60% of representatives of each of the archaeal clades; Methods). The
S67 marker set was comprised of 39 ribosomal proteins and 28 func-
tional proteins involved in diverse cellular activities (Supplementary
Table 4). ML phylogenomic analyses of the S67 dataset under sophis-
ticated evolutionary models confirmed Njordarchaeales as a sister to
Korarchaeota and resolved all nodes of the Asgard archaea with high
support (Bootstrap values at least 95) (Extended Data Fig. 1).

Given that concatenation of large amount of data may strengthen
non-phylogenetic signal and lead to artifactual trees with high sup-
port, we next evaluated the effect of data exclusion on phylogenetic
inference by removing mutationally saturated or rate-biased sites** %,
We tracked the evolution of bootstrap support for the monophyly of
either (1) Njordarchaeales and Korarchaeota or (2) Njordarchaeales
and Heimdallarchaeiain treesinferred from the S67 alignments using
complexsite-heterogeneous evolution model, as fast-evolving sites are
progressively removed. The grouping of Njordarchaeales and Korar-
chaeota consistently received strong support until 80% or more of the
fastest-evolving sites were removed, whereas the monophyly of Njord-
archaeales and Heimdallarchaeia was never supported (Extended Data
Fig.2a). Thessignificantloss of phylogenetic signal probably accounted
for the decline in support observed after the removal of 80% or more
of the fastest-evolving sites.

Nevertheless, it is observed that the incremental exclusion of
the fastest-evolving sites from the NM57 alignments also strongly
supported the grouping of Njordarchaeales and Heimdallarchaeia
(Extended Data Fig. 2b). To identify the cause of this effect, we deter-
mined the taxonomic profiles of contigs of the ten Njordarchaeales rep-
resentatives using CAT*?’ and MMseqs2 (refs. 30,31) taxonomy tools.
Although the two tools use different algorithms, they generated com-
parable results. Ineach genome, approximately 24-60% of the contigs
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Fig.1|Phylogenomic analysis of 53 concatenated archaeal markers
(GTDB.ar53)in GTDBr207. ML tree inferred using IQ-TREE under the

LG +C60 +F + G + PMSF model, based onaset of 579 archaeal taxa (411 Asgard
archaea, 51DPANNarchaea, 47 Euryarchaeaand 70 representatives of TACK
archaea). Only Asgard archaeal lineages areshowninthe tree. Two cultured

(Fig.2a,b) were assigned to TACK archaea, which collectively accounted
for 22-51% of the genome size (Supplementary Fig. 3). In contrast,
3-35% of the contigs were assigned to Asgard archaea, whose combined
lengths comprised 1-34% of the genome size (Supplementary Fig. 3).
Theresults indicate that these Njordarchaeales MAGs may contain
high levels of contamination stemming from misbinning, or alterna-
tively, that extensive horizontal gene transfers (HGT) have occurred
between TACK and Asgard archaea, specifically into the Njordarchae-
ales. Subsequently, we examined the distribution patterns of contigs
of these MAGs across several metagenomes from the same sampling
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location**** using read recruitment. We found that contigs from four

out of the ten MAGs were mapped by reads from at least two samples.
Based on their sequence composition and differential coverage pat-
terns across different metagenomes, the contigs of each of the four
MAGs were partitioned into two to four distinct clusters (Fig. 2c,d). For
the B7_G17_GCA_029856635, contigsinits two larger clusters were used
separately toinfer ML phylogeny based on the NM57 markers. The con-
tigsin one cluster were placed as asister to Korarchaeota, while those in
another cluster branched with Asgardarchaeia within Asgard archaea
(Extended DataFig.3). Theresultsindicate that these Njordarchaeales
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MAGs may represent chimeric assemblies derived from two or three
distinct populations. Compared with other datasets, The NM57 dataset
may harbour more robust phylogenetic signals that support the Asgard
part of these MAGs, possibly because the NM57 markers were selected
based on their distribution across Asgard archaea®*. The taxonomic
profiles of Njordarchaeales and its phylogenetic trees inferred using
ribosomal proteins-containing marker sets (Fig. 2, Supplementary
Figs. 2 and 4 and Supplementary Discussion) revealed that the bulk
of these MAGs appeared to be affiliated with the TACK archaea. The
inclusion of such chimeras in tree reconstruction can be expected to
impact the evolutionary position of eukaryotes within archaea.

Eukaryaemerged outside Heimdallarchaeia

Our expanded Asgard archaeal genomes help toresolve the placement
of eukaryotes among archaea. To this end, we added 14 commonly
used eukaryotic taxa*>’ (Supplementary Table 3) into the S67 data-
set to generate a supermatrix: ES67. The ML tree of the ES67 dataset
placed eukaryotes within the TACK superphylum as a sister clade to
Njordarchaeales and Korarchaeota (Supplementary Fig. 5a), which
had never been observed previously in previous studies*”. This may
be caused by the high compositional similarity between the Asgard
archaeal sequences in the Njordarchaeales genomes and eukaryotic
sequences. To mitigate the effect of distant outgroups on the place-
ment of eukaryotes, we removed DPANN, Euryarchaea, Korarchaeota
and Njordarchaeales sequences from the ES67 dataset while retaining
50 representatives of TACK archaea as the outgroup; alternatively,
all outgroup sequences were omitted. The resulting supermatrices
were named tES67 and AsES67, respectively. ML analysis of the tES67
dataset showed that eukaryotes branched with Heimdallarchaeia with
high support (Heimdallarchaeia-sister) (Fig. 3a and Supplementary
Fig. 5b). The unrooted ML phylogeny of Asgard archaea and eukary-
otes on the basis of the ASES67 dataset also strongly supported the
Heimdallarchaeia-sister topology (Supplementary Fig. 5¢).

Based on the tES67 and AsES67 datasets, we examined the effect
of rate heterogeneity on the position of eukaryotes by progressively
removing fast-evolving sites of the two datasets. Along the decreas-
ing heterogeneity gradient, ML phylogenies were computed to
assess the support for Heimdallarchaeia-sister and the monophyly
of eukaryotes and Hodarchaeales (Hodarchaeales-sister). Support
for Hodarchaeales-sister was never observed, whereas support for
Heimdallarchaeia-sister fluctuated as rate heterogeneity decreased
(Extended DataFig.4). We inferred that the fluctuation in support for
Heimdallarchaeia-sister may be ascribed to the dynamic relationship
between the loss of phylogenetic signals and the level of rate hetero-
geneity. Although Bayesian inferences of the SR4-recoded** tES67 and
AsES67 datasets displayed the Heimdallarchaeia-sister topology, sup-
port was weak (posterior probability (PP) support values of 0.69 and 0.5,
respectively) (Fig. 3a and Supplementary Fig. 6). The results suggest
that the S67 marker set does not contain enough phylogenetic signal
toresolve the node between eukaryotes and Asgard clades.

To address the issue, we relaxed our marker selection criterion.
Based on conservation of marker proteins in the expanded Asgard
genomes, we selected two additional marker sets from previously
reported marker proteins that are conserved in archaea*>">??!, The
first marker set consisted of 97 markers (S97) that were found in at
least 60% of representatives of each of the Asgard clades, whereas the
second marker setincluded 150 markers (S150) that were identified in
atleast 80% of Asgard archaeal genomes (Supplementary Table 4). ML
trees inferred from the untreated S97 dataset and its fastest-evolving
site-excluded subsets based on Asgard archaea and eukaryotic taxa
provided significant support for the Heimdallarchaeia-sister topol-
ogy (bootstrap support greater than 95) (Fig. 3b,c). In contrast,an ML
treeinferred from the untreated S150 dataset strongly supported the
clustering of eukaryotes and Hodarchaeales (Extended Data Fig. 5a).
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Given that the larger amount of missing data contained in the S150
supermatrix could bias the estimation of the site evolutionary rates,
asite-by-site desaturation strategy was also applied to the S150 super-
matrix. We observed that support for the Hodarchaeales-sister was
replaced by support for the Heimdallarchaeia-sister after the 40%
fastest-evolving sites were removed (Extended Data Fig. 5b). The
grouping of eukaryotes with Heimdallarchaeia was also confirmed
by the Bayesian inferences of the SR4-recoded S97 and S150 datasets
(PP values of 1.0 and 0.8, respectively; Fig. 3b, Supplementary Fig. 7).

In the study by Eme et al.*, based on the NM57 marker set, eukary-
otes were positioned within Heimdallarchaeia, as a sister lineage to
Hodarchaeales. We redid phylogenomic analyses of the NM57 dataset
using the expanded Asgard archaea and eukaryotes. Although the ML
tree of the untreated NM57 supported the Hodarchaeales-sister topol-
ogy (Supplementary Fig. 8a), the support for Hodarchaeales-sister
decreased dramatically, whereas support for Heimdallarchaeia-sister
rose markedly as fastest-evolving sites were progressively reduced
(Fig. 3¢c). The Bayesian inferences of the SR4-recoded® NM57 dataset
also confidently placed eukaryotes outside Heimdallarchaeia (PP, 1.0)
(Supplementary Fig. 8b). The result indicated that the relationship
between eukaryotes and Asgard archaea reported* was probably arti-
factual. Additional tests using vertically evolving markers that support
the Heimdallarchaeia-sister topology are delineated in Supplementary
Information (Supplementary Table 4 and Supplementary Figs. 9-12).
Inaddition, we examined the distribution of ESPs in the expanded sam-
pling of Asgard archaeaand found that the previously delineated ESPs
specifictoHodarchaeales were also present in other Asgard clades (Sup-
plementary Results and Discussion and Supplementary Figs. 13-16).

Taken together, our phylogenetic analyses indicate that eukaryotes
may have evolved before the diversification of all sampled Heimdallar-
chaeia. Theresults were consistent with one of scenarios inferred using
the 29-marker tree reported previously by Liu et al.’, but challenged
the recently proposed Hodarchaeales-sister hypothesis*. Compared
with the study of Liu et al.?, our results were more robust as they were
generated using an expanded genomic sampling of Asgard archaea,
incombination with exclusion of outgroups, removal of fast-evolving
sitesand application of complex site-heterogeneous evolution models
and several marker sets. Our finding helps to infer the nature of the
eukaryotic ancestors.

Timescale and traits of the LAECA

We used MCMCTree™ to estimate the divergence times of key nodes
within the Asgard phylum using a relaxed molecular clock model. An
archaeal root age range of 4.29-3.8 billion years ago (Ga) and uniform
age priors for the other fossil calibrations were applied inthe molecular
datinganalysis (Supplementary Table 5). The last Asgard archaea com-
monancestor (LAsCA) emerged at around 3.38 Ga (confidence interval
(CI),3.72-3.06 Ga) inthe Archean (Supplementary Fig.17). The estimate
forthe age of the Heimdallarchaeia and Lokiarchaeiacommon ancestor
was about 3.16 Ga (Cl, 3.54-2.82 Ga) in the Mesoarchean. As the sister of
eukaryotes, crown Heimdallarchaeia diverged 3.12-2.26 Ga, predating
the Great Oxidation Event®. The result indicates that eukaryotic stem
lineages evolved before the Great Oxidation Event, which is basically
consistent with the timescale of stem eukaryotes reported by Betts
et al.’. Recently, based on the evolutionary history of ATP synthases,
itwas suggested that eukaryotes diverged from Hodarchaeales within
Heimdallarchaeia 2.67-2.19 Ga®. This partially overlaps in time with
our estimates for divergence of Heimdallarchaeia and eukaryotes.
We used a probabilistic gene-tree species-tree reconciliation
method* (amalgamated likelihood estimation (ALE)) to infer ancestral
events and gene content on key nodes of the Asgard archaeal species
tree. Torefine the metabolic reconstruction, asubset of the aforemen-
tioned archaeal genomes with more than 80% completeness and less
than 5% contamination was selected for ALE analyses. This subset, which
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the alignment was SR4-recoded and its Bayesian inference was performed
using the CAT + GTR model (Supplementary Fig. 6a; two chains; 50,000
generations). PP support for the node of eukaryotes and the closest Asgard
relativesis shown (0.69). b, ML phylogenetic analysis of 97 concatenated

included 235 Asgard archaea, 47 Euryarchaea and 60 TACK archaea,
had amean completeness of 88.5% and a mean contamination of 2.7%
(Supplementary Tables 2and 3). Inthe species tree,agradual increase
in ancestral gene content was observed during the evolution from
LAsCA to Heimdallarchaeia ancestor (Supplementary Fig. 18). Along
the evolutionary route, rates of gene loss also increased gradually,
implying that a large amount of gene gain occurred before Heimdal-
larchaeia radiation.

Next, we reconstructed metabolic traits of key ancestors of Asgard
archaea based on presence probability of genes in nodes reported
by ALE (Supplementary Table 6) and gene frequencies across Asgard
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marker proteins based on 411 Asgard archaeal taxaand 14 eukaryotes (inferred
using IQ-IQ-TREE under the LG + C60 + F + G + PMSF model) (§97 alignment;
20,067 sites). Thistreeis unrooted. Inaddition, Bayesian inferences of the
SR4-recoded S97,S150 and NM57 supermatrices were performed using the
CAT + GTRmodel (Supplementary Figs. 7 and 8b). PP support for the node of
eukaryotes and the closest Asgard relatives is shown (PP =1for S97, PP = 0.8 for
S150 and PP =1for NM57). ¢, Evolution of bootstrap support for the grouping
of eukaryotes with Heimdallarchaeia (Heimdallarchaeia-sister, EHeim) or
Hodarchaeales (Hodarchaeales-sister, EHod) in phylogenetic trees inferred
from S97 and NM57 datasets, as the fastest-evolving sites were progressively
removed.

archaeal genomes (Supplementary Table 7). Recent studies on two
cultured Asgard archaea, Ca. P. syntrophicum and Ca. L. ossiferum,
have shown their ability to degrade amino acids anaerobically by
syntrophy*2. Based on these physiological features, it was inferred
that the LAsCA was probably an amino-acid-degrading anaerobe that
produced H, and fatty acids as byproducts®. However, our analysis
revealed that the two cultivated Asgard strains and their three closely
related MAGs lacked most of the key genes for the H,MPT methyl branch
of the archaeal Wood-Ljungdahl pathway*® (WLP), but encoded three
key enzymesin the H,F methyl branch of bacterial WLP: formyltetrahy-
drofolate synthetase (fhs), methylenetetrahydrofolate dehydrogenase
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(folD) and methylenetetrahydrofolate reductase (metF) (Supplemen-
tary Fig. 19). This partial H,F branch can convert glycine, serine and
histidine to formate that mediates interspecies electron transfer! (Sup-
plementary Fig. 20). In contrast, the LASCA was inferred to harbour a
complete archaeal WLP but lacked Fhs in the bacterial WLP (Fig. 4a,
Supplementary Tables 6 and 7 and Supplementary Figs. 19 and 20).
It also encoded various NiFe hydrogenases (Supplementary Table 6
and Supplementary Fig. 21). These results suggest that the LASCA was
a H,-dependent chemolithoautotroph. Abundant CO, in the Archean
ocean* and marine H, from serpentinization* would have provided
ample substrates for these organisms.

Lokiarchaeia included both Helarchaeales and Lokiarchaeales. All
members of Helarchaeales (13 MAGs) are found to encode amethyl-CoM
reductase-like enzyme (Supplementary Table 7) that is similar to that
found in butane-oxidizing archaea®***. ALE analysis inferred the pres-
enceofthemethyl-CoMreductase-like enzymein Lokiarchaeia ancestor
(Supplementary Table 6), suggesting that this ancestor had the poten-
tialto degrade hydrocarbon anaerobically by coupling the B-oxidation
of fatty acids with reverse WLP (Fig. 4a and Supplementary Fig. 20).

Contrary to the result by Eme et al.*, our inference revealed that
the Heimdallarchaeia and Hodarchaeales ancestors also possessed
a complete archaeal WLP pathway (Fig. 4a, Supplementary Fig. 20
and Supplementary Table 6). We found that, in the MAGs of Heim-
dallarchaeia (including three Hodarchaeales genomes) used by Eme
etal.*, genes encoding several key enzymes in the archaeal WLP are
missing. However, we presented 22 new genomes of Hodarchaeales,
representing two new families and seven new genera, in which several
genomes or lineages contained acomplete archaeal WLP (Fig.4b). Asa
basal-branching group in Heimdallarchaeia, the presence of archaeal
WLP in Hodarchaeales supported an autotrophic lifestyle of crown
Heimdallarchaeia. Except for the WLP, the crown Heimdallarchaeia
was inferred to encode a phosphotransacetylase (pta) and an acetate
kinase (ack) that are required for the conversion from acetyl-CoA to
acetate, as well as an energy-converting hydrogenase (ech) that can
potentially serve as anion-translocating chemiosmotic couplingsite,
and an ATP synthase (Supplementary Tables 6 and 7 and Supplementary
Fig. 20). Gene frequency analysis revealed that ack genes were found
exclusivelyinmembers of Heimdallarchaeia (Supplementary Fig. 21a).
These datainspired theinference that Heimdallarchaeia ancestor was
ananaerobic H,-dependent acetogen, as shown in a previous study®.

As a parent of crown Heimdallarchaeia, the LAECA may also be a
H,-dependent acetogenic archaeon. Our metabolicevidence supported
the hydrogen hypothesis, which posits that eukaryogenesis was media-
tedinitially by asyntrophic partnership between aH,-consumingarc-
haeal host and aH,-producing protomitochondrion living under anoxic
conditions, with the protomitochondrionbeing a facultative aerobe***.
We identified an incomplete cytochrome bd-/ ubiquinol oxidase and
an incomplete cytochrome o ubiquinol oxidase in 38 members of
Hodarchaeales and 16 members of Kariarchaeaceae (Supplementary
Fig. 21b and Supplementary Table 7). However, only two subunits of
the cytochrome o ubiquinol oxidase were inferred to be presentin the
Heimdallarchaeia ancestor (Supplementary Fig.20 and Supplementary
Table 6), whichmay have beenacquired through HGT from abacterial
partner. These incomplete complexes probably lacked the capacity to
transport electrons or reduce molecular oxygen to water. The inferred
presence of extremely O, sensitive enzymes, such as acetyl-CoA decar-
bonylase/synthase (cdh), 2-oxoacid: ferredoxin oxidoreductases (kor,
vorand por) and NiFe hydrogenases in the Heimdallarchaeia ancestor
(Supplementary Fig. 20 and Supplementary Table 6 and 7), together
with the anoxic deep ocean environment at that time*®, suggests that
this ancestor must have grown anaerobically.

Insummary, we used sophisticated phylogenomic methodsin com-
bination with asignificantly expanded sampling of Asgard archaea to
re-evaluaterelationships among Asgard archaea, Njordarchaeales and
eukaryotes. Werevealed that the Njordarchaeales genomes probably

represent chimeric assemblies comprising mainly TACK and Asgard
archaeal sequences. These weird assembled genomes would signifi-
cantly affect phylogenetic position of eukaryotes in archaea. After
excluding outgroups, using several marker sets, eukaryotes were
placed confidently within Asgard archaea as a sister to Heimdallar-
chaeia instead of being nested within Heimdallarchaeia branching
with Hodarchaeales. Ancestral reconstructions inferred that the host
lineage at eukaryotic origin was an anaerobic, H,-dependent chemo-
lithoautotroph. Our findings rectified the existing knowledge and
filled some gapsin episodes of the early evolution of eukaryotes. The
further expansion of Heimdallarchaeia diversity and their isolation
will help to refine evolutionary reconstructions*® of eukaryogenesis.
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Methods

Sample acquisition and DNA sequencing

We collected 40 sediment samples from six different locations in coastal
wetlandsacross China: TechengIsland (mangrove swamp); QingmeiPort
(mangrove swamp); Tongming Port (mangrove swamp); Dongzai Port
(mangrove swamp); Changjiang Estuary (salt marsh) and Luchao Port
(salt marsh) (Supplementary Table1and Supplementary Fig.1). A peat
sampler was employed to collect sediment cores. After collection, sedi-
ment samples were sealed in sterile plastic bags, placed immediately
in a pre-chilled icebox and transported to the laboratory as quickly
as possible, where they were stored at —80 °C until DNA extraction.
Detailed information of the sampling is presented in the following
sections.

Samples from Techeng Island. Two 1-m-deep sediment cores were
collected from a mangrove swamp on Techeng Island (Zhanjiang) on
November 25,2018. Three sections with depths of 15-25, 40-45 and
95-100 cmeach core were taken in an anoxic glove box. Genomic DNA
was extracted from 5-10 g sediment using a PowerSoil DNA Isolation
Kit (MoBio Laboratories) according to the manufacturer’s instruc-
tions. Sequencing libraries were prepared using the NEBNext Ultra DNA
Library Prep Kit (New England Biolabs) and sequenced on Illumina
HiSeq 2500 instruments at Guangdong MagiGene Technology Cor-
poration, generating approximately 60 Gbp of raw sequencing data
(2x150 bp) for each sample.

Samples from Qingmei Port. Two 0.5-m-deep sediment cores were
collected from the Qingmeigang Mangrove Reserve (Sanya) in Septem-
ber 2020. Four fractions taken from depths of 0-5,10-15, 25-30 and
45-50 cm, respectively, for each core were used for DNA extraction.
Metagenomic sequencing was carried out on Illlumina HiSeq 2500 plat-
form at Suzhou Genewiz Biotechnology Company. Eachsampleyielded
80-120 Gbp of sequencing data in the form of 2 x 150-bp paired-end
reads.

Samples from Tongming Port. Three 1-m-deep sediment cores were
acquired from amangrove swamp near Tongming Harbour (Zhanjiang)
inJune 2021. Samples for DNA extraction were taken from the layers of
15-20 and 45-50 cm of each core. Metagenomic sequencing was per-
formed onlllumina HiSeq 2500 platform at Novogene Biotechnology
Company (Tianjin, China), yielding 80-120 Gbp of sequencing data
for each sample.

Samples from Dongzai Port. Three sediment cores were obtained from
the Dongzhai Port Mangrove Nature Reserve (Haikou) in September
2021. Six samples of each of these cores were taken from depths of
15-20 and 45-50 cm. One additional sample was collected from the
95-100 cm layer of one of the cores. Metagenomic sequencing were
conducted as described for samples of Tongming Harbour.

Samples from Changjiang Estuary. Two sediment cores were obtained
in November 2018 from the DongTan salt marsh wetland (Shanghai),
covered with reeds, located at the estuary of the Yangtze River. Six
samples of the two cores were taken from depths of 15-20, 40-55 and
95-100 cm for DNA extraction. Metagenomic sequencing was gener-
ated using lllumina HiSeq 2500 by Novogene, yielding 80-120 Gbp of
sequencing data for each sample.

Samples from Luchao Port.InNovember2021, twosediment coreswere
obtained from asalt marsh wetland covered with Spartina alterniflora
near the Luchao Port of Shanghai. Samples for DNA extraction were
collected fromthe layers of20-25,40-45and 95-100 cm of each core.
Nucleicacids were sequenced using lllumina HiSeq 2500 by Novogene.
Each sample produced 100 Gbp of sequencing data.

Metagenomic assembly and genome reconstruction

A total of 3.54 Tbp of raw reads was obtained from metagenomes
generated from the 40 sediment samples. These reads were trimmed
using Trimmomatic* (v.0.39) to remove the adaptors and low-quality
regions. The resulting clean reads were single-sample de novo assem-
bled using SPAdes*® (v.3.15.3) with the parameters: ‘-k 21,33,55,77,99
-meta’. The assembled scaffolds were used to recruit reads from their
own metagenomes and other metagenomes from the same geographi-
cal location using Bowtie2 (ref. 51) (v.2.4.4). The SAM files generated
were converted to BAM files using Samtools™ (v.1.9). The coverage
for each of BAM files was then calculated with the jgi_summarize_
bam_contig_depthscriptin MetaBAT2 (ref. 53) (v.2.15). These coverage
fileswere applied asinput files for Metabat2 (ref. 53) binning analysis.
For each sample, binning was performed using both single-coverage
and multi-coverage methods**, combined with eight different com-
binations of specificity and sensitivity parameters: --maxP 95 or 60,
--minS 95 or 60, and --maxEdges 200 or 500. As for asingle assembly, an
optimized, non-redundant set of bins was chosen by using DAS-Tool*
(v.1.1.6). Scaffolds ineach bin with divergent GC content or tetranucleo-
tide signatures or coverage profiles were removed with mmgenome®
and RefineM*’. In the end, 11,878 genome bins were obtained from
these samples (Supplementary Fig. 1b) and their quality including the
completeness, contamination and strain heterogeneity were assessed
using CheckM*® (v.1.1.3).

Asgard archaeal genome set

Atotal of 223 high-quality Asgard MAGs (completeness at least 70%,
contamination less than or equal to 10%) were reconstructed in this
study. An additional 395 high-quality Asgard MAGs plus 15 Njordar-
chaeales MAGs were downloaded from publicly available databases
(NCBI and GTDBY) as of September 23, 2023. Redundant genomes at
species level (ANl at least 95%) were then removed using dRep™ (v.3.4.3)
with parameters‘-comp 70 -con 10 --S_ani 0.95’, resulting in 411 Asgard
genome representatives. Of these, 136 were derived from this study,
constituting approximately 32% of the total (Supplementary Table 2).
Protein coding genes, ribosomal RNA genes and transfer RNA genes
in these genomes were identified using Prodigal® (v.2.6.3), Barrnap
(v.0.9) (https://github.com/tseemann/barrnap) and tRNAscan-SE®°
(v.2.0.9), respectively.

Phylogenomic analysis

Selection of other archaeal genomes outside Asgardarchaeota.
Taxa in the GTDB® archaeal reference tree (gtdb_r207_ar53_deco-
rated_fullids_unrooted.tree) were clustered using TreeCluster® witha
distance threshold of length1(parameter:--threshold 1). After exclud-
ing these singleton clusters, the highest quality genome in a cluster
was retained. To balance the taxon sampling, 10-15 genomes were
selected randomly from each order. For orders with fewer than ten
genomes, all available genomes were used. Finally, we obtained 51
DPANN archaea, 47 Euryarchaea and 70 TACK archaea representatives
asthe outgroup of the following Asgard phylogenies (Supplementary
Table 3).

Phylogenomic analyses of previously used archaeal marker sets.
A phylogeny of 53 archaeal marker proteins from the GTDB Toolkit*
(GTDB-Tk) was inferred to examine phylogenetic diversity of Asgard
archaea. In addition, to resolve the phylogenetic position of Njord-
archaeales in archaea, an additional 12 sets of pre-existing markers
that are conserved across archaea were used for inference of trees.
Information on these markers is as follows: (1) the RP55 set compris-
ing 55 ribosomal protein sequences”, (2) the Dacunha_35uni set con-
sisting of 21 ribosomal proteins and 14 functional proteins®, (3) the
Zare_48uni set consisting of 31 ribosomal proteins and 17 functional
proteins’, (4) the Spang_udin56ar set comprising 25 ribosomal proteins
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and 31 functional proteins®, (5) the Spang_udin28ar set consisting
of ten ribosomal proteins and 18 functional proteins®, (6) the Tom-
NEE_21 set consisting of nine ribosomal proteins and 12 functional
proteins®, (7) the Liu_209 set consisting of 45 ribosomal proteins and
164 functional proteins®, (8) the RP15 set consisting of 15 ribosomal
proteins®, (9) the PV4 set consisting of 30 ribosomal proteins and seven
functional proteins?, (10) the Liu_29 set consisting of 23 ribosomal
proteins and six functional proteins®, (11) the NM200 set consisting
of 200 non-ribosomal proteins* and (12) the NM57 set consisting of
57 non-ribosomal proteins* (Supplementary Table 4). These markers
were identified in genomes of 411 Asgard archaea and the outgroup
by searching against a self-built database composed of all arCOG**
sequences as well as partial sequences from COG**, AsCOG®, Pfam®
and TIGRFAMs®, using either BLASTP® or HMMER®". For the RP15 set,
theseribosomal proteins were adopted if their genes were located on
ascaffold harbouring at least five out of 15 ribosomal protein genes.
The marker sequences were aligned with MAFFT®® (v.7.487, -linsi) and
pruned using BMGE® (v.1.12) (-m BLOSUM30). IQ-TREE” (v.2.2.2.6)
was used toinfer phylogenetic treesunder the LG + C60 + F + G + PMSF
model. Branch support was assessed with 1,000 ultrafast bootstrap
approximations” (-B1,000). Phylogenetic trees were visualized using
iTol”? (https://itol.embl.de). Phylogenomic analyses of all marker sets
placed Njordarchaeales within TACK superphylum as a sister clade to
Korarchaeota, except for the NM57 dataset.

Construction and phylogenomic analyses of new marker sets.
The expanded diversity of Asgard genomes necessitates new sets of
markers that are distributed evenly across Asgard lineages or other
archaeal phyla. To further resolve phylogenetic position of Njordar-
chaeales and eukaryotes within archaea, we integrated these previ-
ously reported marker sets used for confidently inferring the archaeal
phylogeny***?! and selected 67 markers (S67) that are conserved
acrossallsampled archaeal genomes. The 67 markers were selected be-
cause they were identified in atleast 60% of representatives of each of
the archaeal clades as well asin 60% of eukaryotic taxa. The S67 mark-
er set was comprised of 39 ribosomal proteins and 28 functional pro-
teinsinvolvedin diverse cellular activities (Supplementary Table 4).
We used the 67 markers to build four supermatrices: S67, ES67, tES67
and AsES67. The S67 supermatrix was constructed by including all
sampled archaeal genomes (411 Asgard archaea, 51 DPANN archaea,
47 Euryarchaea, and 70 TACK archaearepresentatives), whereas the
ES67 supermatrix was built by adding 14 representative eukaryotic
genomes into the S67 dataset. These eukaryotic taxa were chosen
accordingto previous studies*”. The tES67 supermatrix was created
by removing DPANN, Euryarchaea, Korarchaeota and Njordarchaeales
sequences fromthe ES67 supermatrix, whereas the ASES67 superma-
trix was built by including only 411 Asgard archaea and 14 eukaryotic
taxa.

To increase the phylogenetic signal of supermatrices when out-
groups were excluded, we relaxed our marker selection criterion and
generated two additional marker sets: S150 and S97 (Supplementary
Table 4). Both of these were extracted from the aforementioned 13
set of marker proteins*>781315192L22 The §150 set comprises 150 pro-
teins, including 52 ribosomal proteins and 98 functional proteins,
which were selected based on presence of these markers in at least
80% of Asgard archaeal genomes. The S97 set consists of 97 proteins,
including 41 ribosomal proteins and 56 functional proteins, which were
selected based on their presence of at least 60% of representatives of
each of the Asgard clades. The two marker sets were used to build two
supermatrices: S150 and S97, by including 411 Asgard archaea and 14
eukaryotic taxa.

Before inferring phylogenies of these marker sets, preliminary
trees of each individual marker, inferred using FastTree2 (ref. 73)
under the LG + CAT model, were checked manually to identify the
correct orthologues for each taxon and to detect any instances of

paralogues. Any identified paralogous sequences were removed
manually from the remaining trees. Single-gene trees with paralo-
gous sequences removed have been uploaded to Figshare (https://
figshare.com/s/6e523322b0b647b91dda)™. In addition, by excluding
markers that failed to recover archaea and bacteria as reciprocally
monophyletic domains, we obtained 47, 60 and 99 markers (S47,
S60 and S99) from the S67, S97 and S150 marker sets, respectively
(Supplementary Table 4). Detailed analyses of these marker sets
are provided in the Supplementary Information. ML trees of these
amino acid supermatrices were inferred using IQ-TREE” with the
LG +C60 +F + G + PMSF model. The model was selected because it
can capture variations in the substitution or replacement process
across sites. The robustness of the resulting trees was assessed with
1,000 ultrafast bootstrap approximations™ (-B1,000). Bayesian infer-
ences were performed using PhyloBayes-MPI” (v.1.9) with CAT + GTR
after the alignments were recoded into four categories using the SR4
scheme®, Two independent Markov chains were run until a sufficient
effective sample size (greater than 300) was achieved. For consensus
tree reconstruction, the first 5,000 cycles (for the run with 20,000
iteration times) or the first 10,000 cycles (for the run with 50,000
iteration times) were discarded as burn-in. In all Bayesian inferences,
the two chains did not converge, probably due to the large size of the
supermatrices and computational limitations.

To examine effect of mutationally saturated or rate-biased sites on
tree reconstruction®?*”’, we tracked the bootstrap support values
of branches of interest. The evolutionary rate of sites (evolving-rate
score) was estimated using IQ-TREE’ with the empirical Bayesian
algorithm’® (--rate). The sites were classified into ten categories from
the fastest to the slowest evolving. A series of alignments were gener-
ated by removing 10% to 90% of the data in a stepwise fashion. The
resulting alignments were used to compute 1,000 ultrafast bootstrap™
supportvaluesinIQ-TREE”, using the LG + C60 + F + G + PMSF model.
Intheend, thebootstrap support for each bipartition of interest was
calculated and tracked as the fastest-evolving sites were progres-
sively removed.

Assessment of Njordarchaeales representative MAGs. The taxo-
nomic profiles of contigs of Njordarchaeales MAGs were determined
using two state-of-the-art tools: CAT?** and MMseqs2 (refs. 30,31),
by comparison with TACK and Asgard archaeal sequences from the
GTDB database” (r220) excluding Njordarchaeales-related sequences.
CAT is atool for taxonomic annotation of contigs based on protein
homologies to a reference database, while MMseqs2 determines the
taxonomicidentity of contigs through a weighted voting mechanism.
The two tools both rely on a well-defined reference database. Given
that the position of Njordarchaeales moved between TACK superphy-
lumand Asgardarchaeotain species trees, we retrieved representative
genomes of TACK and Asgard archaea only from the GTDB" data-
base (r220) to construct the reference database. This strategy aims
to minimize the impact of other archaeal sequences on taxonomic
classification. As shown in Fig. 2a,b, 20-73% of the contigs in each
MAG were not assigned to a specific classification, probably indicat-
ing that these contigs contain sequences that are too divergent from
those in the database.

Metagenomic samples from which Njordarchaeales MAGs were
reconstructed were downloaded from publicly available databases**>*,
These metagenomes were generated from deep-sea hydrothermal vent
sediments. Metagenomic reads were mapped to these Njordarchaeales
MAGs using Bowtie2 (ref. 80) (v.2.3.5). The resulting SAM files were
converted to BAM files with Samtools® (v.1.9), which were used to create
aninput index for Anvi'o®®. Coverage and GC content of contigs were
recorded. Contigs of these MAGs were clustered according to their
sequence composition and coverage of contigs. Contigs originating
from the same organism typically exhibit similar sequence coverage.
Therefore, those with divergent coverage profiles are often considered
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as potential contaminants®*®2, These contaminating contigs are particu-
larly proneto displaying differential coverage patterns across different
metagenomicsamples®. Inthis study, four Njordarchaeales MAGs were
completely matched by reads from several metagenomes generated
fromsimilar habitats. The average coverages of contigsin the clusters
differed across metagenomes.

Phylogenetic divergence time estimation. Molecular dating analysis
was carried out with the MCMCtree program in PAML®? using the WAG
model. The analysis was runiteratively until convergence was achieved.
Sevennodesinthe phylogenetic tree were calibrated using four types
of constraint®*: (1) the Archaeal root constraint was set at 4.29-3.80 Ga,
(2) the chitinage had aminimum constraint of 1.58 Ga, (3) the oxygen age
had amaximum constraint of 2.32 Gaand (4) the HGT from Viridiplantae
to Thaumarchaeotawas constrained to1.49-0.75 Ga. Further details are
provided in Supplementary Table 5.

Ancestral metabolic reconstruction. For analyses of amalgamated
likelihood estimation®®®, a set of archaeal genomes with more than 80%
completeness and less than 5% contamination (mean completeness of
88.5% and mean contamination of 2.7%) was selected, comprising 235
Asgard archaea, 47 Euryarchaeaand 60 TACK archaearepresentatives
(Supplementary Table 2 and 3). These genomes had a mean quality
score of 75%, with the lowest quality value” being 51%. All predicted
protein sequences from these genomes were annotated by search-
ing against arCOGs® and nr database using BLASTP®¢ (E-value less
than 1x107%) or Pfam® and TIGRFAMs®’ databases using HMMER®®
with a GA bitscore cutoff. The SwissProt database® was further used
to validate protein functions. Protein sequences with identical func-
tional descriptions were clustered to infer individual gene trees. Seq-
uences were aligned and pruned using MAFFT® (-linsi) and BMGE®’
(-mBLOSUM30). Gene tree profiles were theninferred using FastTree2
(ref. 73) withthe LG + CAT model. Subsequently, the species tree of the
S47 dataset, along with the gene tree profiles, were applied to perform
gene-tree species tree reconciliations using ALEobserve (v.1.0) and
ALEml_undated. Events of loss, transfer, origination or duplication as
well as presence/absence of gene (copies) were considered only if they
had araw reconciliation frequency of at least 0.1. The copy number
(proteome size) and the events are summarized in Supplementary
Table 6 and 8, and visualized on the branches of the species tree (Sup-
plementary Fig. 18). The resulting data were then used for metabolic
reconstruction. To support the inferences of ALE, gene frequencies
for key metabolic pathways across Asgard archaea are provided in
Supplementary Table 7.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allsequence dataarearchivedinthe NCBI database under BioProject ID
PRJNA1162170. All raw data underlying phylogenomic analyses (raw and
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Extended DataFig.1| The maximum likelihood phylogenomic analysis of
theS67 dataset. The tree wasinferred using IQ-TREE under the LG + C60 +
F + G+ PMSF model, based on 579 archaeal taxa (11,860 sites, 67 concatenated
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Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Bowtie2 v2.4.4; MetaBAT2 v2.15; DAS Tool v1.1.6; Trimmomatic v0.38; metaSPAdes v3.15.3; SAMtools v1.9

Data analysis Published software used for data analysis include CheckM v1.1.13; Prodigal v2.6.3; tRNAscan-SE v2.0; psiblast v2.12.0; MMseqs2; MUSCLE
v5.0.1; FastTree v2.1.11; Barrnap v0.9; mafft v7.487; BMGE v1.12; IQ-Tree v2.2.2.6; Anvi’o v8.0; PhyloBayes-MPI v1.9; GTDBtk v2.1.0; HMMER
v3.3.2; Bowtie2 v2.4.4; SAMtools v1.9; MEGA X; PAML v4.10.6; ALE v1.0; Interproscan 5.52-86.0; kofam_scan v1.3.0; dRep V3.4.3; CAT V6.0.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Asgard archaeal genomes generated in this study are deposited in NCBI under BioProject ID PRINA1162170. All raw data underlying phylogenomic analyses (raw
and processed alignments and corresponding phylogenetic trees) have been deposited on Figshare (https://figshare.com/s/6e523322b0b647b91dda).




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or  Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The number of lineages used in phylogenomic analyses is based on a balance between diversity and representativeness of species and
computational resources.

Data exclusions  No data was excluded
Replication Robustness and reliability of all maximum likelihood trees were evaluated using 1000 ultrafast bootstrap replicates.
Randomization  Randomness is not applicable in phylogenetic and comparative genomic analyses.

Blinding Blinding is not applicable in phylogenetic and comparative genomic analyses.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies IXI D ChlIP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology g D MRI-based neuroimaging

Animals and other organisms
Clinical data
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Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-authentication-procedures for-each seed stock-used-ornovel-genotype generated. Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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